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Abstract

The chemistry of zeolite-supported site-isolated cobalt, rhodium, and iridium complexes that are
essentially molecular was investigated with density functional theory (DFT) and the results
compared with experimentally determined spectra characterizing rhodium and iridium species
formed by the reactions of Rh(C2H4)2(acac) and Ir(C2Ha)z2(acac) (acac = acetylacetonate) with
acidic zeolites such as dealuminated HY zeolite. The experimental results characterize ligand
exchange reactions and catalytic reactions of adsorbed ligands, including olefin hydrogenation
and dimerization. Two molecular models were used to characterize various binding sites of the
metal complexes in the zeolites, and the agreement between experimental and calculated infrared
frequencies and metal-ligand distances determined by extended X-ray absorption fine structure
spectroscopy was generally very good. The calculated structures and energies indicate a metal—
support-oxygen (M(I)-O) coordination number of two for most of the supported complexes and
a value of three when the ligands include the radicals C2Hs or H. The results characterizing
various isomers of the supported metal complexes incorporating hydrocarbon ligands indicate
that some carbene and carbyne ligands could form. Ligand bond dissociation energies (LDEs)
are reported to explain the observed reactivity trends. The experimental observations of a
stronger M—CO bond than M—(C2Ha4) bond for both Ir and Rh match the calculated LDEs, which
show that the single-ligand LDEs of the mono and dual-ligand complexes for CO are ~12 and
~15 kcal/mol higher in energy (when the metal is Rh) and ~17 and ~20 kcal/mol higher (when
the metal is Ir) than the single-ligand LDEs of the mono and dual ligand complexes for C2Ha,
respectively. The results provide a foundation for the prediction of the catalytic properties of
numerous supported metal complexes, as summarized in detail here.
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1. Introduction

Numerous zeolite- and oxide-supported metal complexes, an important class of catalysts,
have been prepared from precursors incorporating metals with formal charges of +1 or +2
reacting with the acidic sites of the supports. Thoroughly investigated materials in this class
include Group 9 metals on zeolite HY,"*3* Ir, Rh, and Ru complexes on zeolite HB,>® and Ir
complexes on zeolite HSSZ-53.7 The Si/Al atomic ratios of the zeolites were chosen to be high
(Si/Al = 30, 18, and 24, for zeolites Y, B, and SSZ-53,7% respectively) to allow formation of
widely separated supported mononuclear species isolated at the Al sites. The nearly unique, well-
defined structures of some of these site-isolated supported species were demonstrated by images
of the isolated metal atoms obtained with high-resolution aberration-corrected scanning
transmission electron microcopy.

This novel class of catalysts offers the advantages of both soluble and supported catalysts
that are highly uniform and essentially molecular.”!° These advantages may include both high
catalytic activity and selectivity.!! For example, Rh(I) and Ir(I) are highly active metal centers in
catalysts for numerous reactions'>!*!%!% including olefin hydrogenation, C—C bond formation,
C-H bond activation, and N-H bond activation. Comparisons of the rate of ethylene
hydrogenation catalyzed by dealuminated Y zeolite (DAY zeolite)-supported Ir complexes and
by isostructural Ir complexes on other supports demonstrate the important role of the acidic
zeolite Al sites as binding sites that withdraw electron density from the metal, enhancing the
capability of the sites for dissociating H2 in the presence of the olefin and thereby facilitating
C=C bond hydrogenation.'® An Ir complex supported on zeolite DAY was found to be ~35 times
more active than the isostructural Rh complex on that support.” Complexes of Rh and of Ru on
zeolite HY used to convert ethylene in the presence of H> have been found to have high
selectivities for dimerization, forming butenes much more rapidly than ethane.'®!”-!® More
complicated reactions are also catalyzed by such supported metal complexes, including, for
example, cyclotrimerization of acetylene to form benzene catalyzed by DAY zeolite-supported
Rh complexes.'’

The high degree of uniformity and structural simplicity of the metal complexes in these
catalysts commend them to deeper investigation by computational theory and experiment,?’ and
in the following we summarize the results of calculations that provide new insights into the
chemistry of supported Co, Rh, and Ir complexes. The new results provide strong confirmation
of the reported experimental values characterizing the structure and bonding in these essentially
molecular surface species.

The comparisons with experiment focus our attention on samples characterized by infrared
(IR) and extended X-ray absorption fine structure (EXAFS) spectroscopy as well as atomic-
resolution microscopy. Such samples include those on zeolite DAY formed from the precursors
M(L)2(acac)i-2 (acac = acetylacetonate), with M = Ir, Rh, Ru, or Au and the ligands L = C:Ha4,
CO, or CHs. The experimental results led to the conclusion that the metal centers become bonded
to the zeolite upon removal of an acac ligand by substitution from a proton on the strong
Bronsted acidic AI-OH sites of the zeolite.”®* EXAFS and IR spectra of supported metal
complexes that incorporate two CO ligands (metal gem-dicarbonyls) confirm that the metal—
support-oxygen bonds form at the zeolite Al sites; the sharp, intense vco bands are significantly
blue-shifted relative to those of the unsupported organometallic precursors,>’*? i

indicating that
the binding sites withdraw electron density from the metals,?!?*> as expected for the strongly
acidic Al binding sites.



EXAFS data showing the interactions between supported species formed from
Rh!(CO)2(acac) and zeolite DAY indicate that the metal bonds to the acidic sites of the zeolite
via two or three Rh—O bonds, which have been modeled using density functional theory (DFT)
by three different ring-like structures.?? Optimization of the structures led to one structure with
two O binding sites on the same Al atom and a second structure with a third O site from a
neighboring T (Al or Si) atom. Even when a simpler AI(OH)sM model was used, DFT
calculations with the B3LYP functional gave good agreement with experiment: (a) interatomic
distances with optimized geometry parameters of Rh'(C2Ha4)2~Al(OH)4, for example, differed by
< 0.05 A from the EXAFS values!® and (b) scaled vibrational frequencies in most cases agreed
within 10 cm™ with the experimental IR values.?

Experimental investigations of zeolite-supported metal complexes were recently extended to
zeolites other than zeolite Y, including zeolite B.° A larger model system, AI(OR)sM, was used
in a computational investigation of the Rh and Ru complexes on the 3 zeolite, where R is either
H or a silanol group.>* A third binding site could be derived from a silanol anion group in the
vicinity of the Al atom and, for M"! complexes, such as Ru(II) and Os(II) complexes, the anion is
needed for charge balance.

The adsorption of N2, CO and H2 on structurally well-defined dealuminated HY zeolite-
supported iridium diethylene complexes has also been investigated experimentally and
computationally at the DFT level with the B3LYP functional.®® Four different models for the
zeolite acid site were used, a simple Ir—Al(OH)4 model, the Ir—Al(OSi(OH)3)4~ model, and two
large cluster models derived from the zeolite Y crystal structure,?® with each terminal O atom
capped by an H atom and one Ir atom at the acid site. The larger cluster models two structures as
Zeo(24-T)Ir with 109 atoms and Zeo(48-T)Ir with 181 atoms where T is the number of Si and Al
atoms. The calculations on the Zeo(48-T)Ir were done in the ONIOM approach with only a
portion of the model treated at the B3LYP level with the remainder at the Pm6 level. The
calculated frequencies with the three smaller models are all larger and in good agreement with
experiment in contrast with the DFT/ONIOM calculations for the largest model which are
smaller than experiment. The latter result was attributed to issues with the PM6 parameters used
for the lower level part of the ONIOM calculations. The results showed that the Ir—Al(OH)4 and
Ir-Al(OS1(OH)3)4” models gave similar results for the ligand dissociation energies as long as the
geometries remained the same, and both gave good agreement with the largest Zeo(48-T)Ir
model. For the largest model, the issues with the PM6 parameters in the ONIOM calculations
tend to cancel in the reactants and products in the LDE calculations. The intermediate Zeo(24-
T)Ir model differs from the others in some cases due to the structure of the mono-ligand
complexes.

This work was further extended to an experimental and computational study of CO, H2, and
C2Hs with single sites of Ir in a zeolite.?” In this second study, the computational work was
performed with the Ir-Al(OH)4 and Zeo(48-T)Ir models. For the calculations on the small model,
the aug-cc-pVDZ(-PP for Ir) basis set was used and for the larger model a double-( basis set with
ECPs on all atoms was used with the B3LYP functional. Both models gave good agreement with
the experimental frequencies. The LDEs calculated for the simple Ir—-Al(OH)4 model and the
Zeo(48-T)Ir model are in excellent agreement and further demonstrate that the ligand
dissociation energies are dominated by the single metal local site interactions. It is important to
note that the LDEs are not small, usually > 40 kcal/mol and in some cases as high as 80
kcal/mol. This is relevant as it means that the ligands under study are strongly interacting with
the local metal site, so that weak interactions with the rest of the zeolite are not important in



determining either the ligand vibrational frequencies or the LDEs.

Questions about the reactivities and catalytic properties of such supported metal complexes
motivated the research reported here. Specific questions remaining to be addressed include why
the reactivity of ethylene on zeolite-supported Ir complexes is higher than that of ethylene on the
isostructural Rh complexes. To address this and related issues, we calculated the adsorption
energies of a family of ligands on models of zeolite-supported Co, Rh, and Ir complexes. The
calculated results are compared with experimental results, especially IR spectra, which have been
useful for the identification of the species formed in catalytic reactions.® The DFT vibrational
frequencies were found to be highly accurate in representing the band assignments.!*2%2%2” Some
critical bands in the C—H and C=0 stretching regions are difficult to resolve, because these bands
can be slightly shifted in the presence of a second ligand on the metal. DFT isotopic frequency
calculations combined with IR spectra of the isotopically labeled species have been found to
distinguish these vibrational bands in a number of cases.?%*

We have reported the ligand bond dissociation energies (LDEs) for a range of ligands
including H, Hz, CO, N2, C2Hs, and C2Hs on the zeolite-supported species represented as Rh(I)—
Al(OH)4 (1),%°

M(L1)(L2)-Al(OH)4 — M(L1)-Al(OH)4 + L2 (1)
with the LDE given by eq. (2):
LDE = E(M(L1)-Al(OH)4) + E(L2) — E(M(L1)(L2)-Al(OH)4) (2)

We have also reported the LDEs for N2, CO, Hz, and C2H4 on different models of Ir binding to
the acid site in a zeolite. 7 In the work reported here, we provide a complete set of LDEs for
Co, Rh, and Ir. We also further compare the experimental and calculated vibrational frequencies
of the ligands to provide information about the structural uniformity of the samples and the
appropriateness of the choice of the models of the supports. The calculated potential energy
surface (PES) values for a relatively simple catalytic test reaction, ethylene hydrogenation, on
the M(I)-Al(OH)4 sites, show how the choice of metal influences the chemistry, with various
intermediates found for the various metals.

In the present work, we studied the binding of various ligands on the acidic site of the zeolite
supported Co, Rh and Ir catalysts with two different structural models, including a range of
common hydrocarbon ligands and small gas molecules. In particular, we describe the different
behaviors of the metal-ethylene (section 3.2) and metal-hydrogen (section 3.3) bonding on the
three metal catalyst centers, which shows significant implication for the catalysis of the
hydrogenation of ethylene . In addition, we studied the stability of the carbene and carbyne
complexes on the three metal centers (section 3.4), as such complexes could be involved in the
ethylene activation process as potential intermediates. In sections 3.5 and 3.6, we present the
calculated energetics for ligand adsorption for the Ir, Rh, and Co catalysts as well as the the
vibrational frequencies characterizing the intermediates to provide direct connections to
experiments. The theoretically predicted potential energy surfaces of the ethylene hydrogenation
reaction on the zeolite supported catalysts are given in section 3.7. The discussion of the
calculated results provides relationships to the available experiments, especially the ethylene
hydrogenation reactions on the catalysts.

2. Computational Methods

We employed two models in this study, a simple model of the acid site AI(OH)4M (Figure 1)
and a more extended model (Figure 2). We chose the simple model on the basis of our previous



investigations which showed that this model provided appropriate values for the energetics,
structures, and spectral properties in comparison with experiment and with larger models. We
used the simple model to investigate the effects of changing the metal from Ir to Rh to Co. The
binding of a variety of ligands and pairs of these ligands was investigated in the current work.
The ligands include H, H2, CO, N2, C2H2, C2Hs4, CHCH3s, and C2Hs; these were chosen because
they are relevant to the comparison experiments and to catalysis. Open-shell calculations were
done in the spin unrestricted formalism. Geometry optimization and second-derivative frequency
calculations of the MLn—Al(OH)4 complexes were done by using DFT with the B3LYP
exchange-correlation functional,?®2%3% the aug-cc-pVDZ basis sets*! on H, C, N, O, and Al, and
the aug-cc-pVDZ-pp basis set and appropriate pseudopotential®? on Co, Rh, and Ir. We label this
combination of basis sets as aug-cc-pVDZ-(pp). This simple model representing the surface sites
was chosen because of the large number of calculations to be done and the fact that that this
simple model provides good agreement with the structural and vibrational frequency
measurements determined by experiment for Rh and Ir in the acid site of a zeolite and good
agreement for the LDEs.?*>>?” The choice of the electronic structure method is that used for the
Rh complexes, which consistently showed good agreement between calculated and experimental
values.? The -D3 version of Grimme’s empirical dispersion with the original -D3 damping
function®® was used to check and where needed to correct the LDEs for the Co(L1)(L2)-Al(OH)4
complexes, as the Co-ligand binding energies are generally much weaker than the Rh-lignad and
Ir-ligand bonding.

Although a third binding site is typically not important for the Rh! and Ir' complexes, we
included the possibility of bonding of the Rh! and Ir! species on a 30 site to predict the barrier to
conversion between candidate structures suggested by the EXAFS spectra of Rh!(CO):2 species
on DAY zeolite. Structures incorporating 3Oshort structures were calculated by using the
AI(OH)sM model with Rh or Ir anchored at three-hollow sites of AI(OH)4™ to form an umbrella-
like species (see Figure 1 for details). The umbrella-like model qualitatively represents the
environment of the 30 site in zeolite-supported metal catalysts.
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Figure 1. Ir(CO)(H>) on (a) 20 and (b) 30 sites of AI(OH)4. Cyan: iridium. Red: oxygen. Grey: carbon. White:
hydrogen.
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Figure 2. The Zeo(48-T)Ir model for the zeolite-supported Ir catalyst. The high layer is displayed in “ball and bond”” mode, and the low layer is displayed as a
wire frame. Cyan: iridium. Red: oxygen. Black: silicon.



We used the Zeo(48-T)Ir model to better understand any effects missing from the simple
model and to examine the potential effects of longer-range interactions in the zeolite. The acidic
center, Al, and the metal catalyst site, Ir, were placed on a 12-member ring, as the 12-member
ring is part of the wall of the zeolite supercage. The entire supercage is not included in the
calculation because of the high computational cost and because the upper part of the supercage is
expected to have only small effects on the ligand binding to Ir, especially in our case, for which
the ligands are all very small. We used the ONIOM?>* (our own n-layered integrated molecular
orbital and molecular mechanics) hybrid method, which allows ab-initio and semi-empirical
molecular orbital and density functional theory methods to be applied to different parts of the
molecular system. In the ONIOM calculations, the “high-level” calculation layer comprises the
12-membered ring, two Si—O— groups on the Al, and Ir(L1)(L2). The remainder of the system was
treated as the “low-level” calculation layer. The “high-level” calculation was done at the
DFTlevel with the B3LYP exchange-correlation functional and the cc-pVDZ basis set on the
main group elements®> and the ECPs and basis sets without diffuse functions from above.?? The
“low-level” calculation was performed by using the semi-empirical PM6 molecular orbital
method. We chose to use PM6 to perform the “low-level” calculations due to the the most recent
parameters available for iridium at the teime the work was initiated which was PM6.

All of the calculations were done by using the Gaussian 09 program system.>

3. Results

A comparison of the various Group 9 metal complexes provides an understanding of the
periodicity of ligand binding to them. The relative energies of the various isomers for a given
pair of ligands are given in the Supporting Information as is the matrix of ligands (L1 and L2) and
their total ligand dissociation energies (LDEs). EXAFS spectra and previously reported
computational results characterizing the zeolite-supported metal complexes with various ligands,
including Rh(CO)2, Rh(C2H4)2, Ir(CO)2, and Ir(C2H4)2 supported on zeolites Y, B, SSZ-53, and
SSZ-42578.9.37:38 (each in the hydrogen form [e.g., HY zeolite]) indicate that the zeolite-anchored
Rh(I) or Ir(I) center bonds to 2 terminal O atoms at the acidic Al site with M" replacing a proton,
which is why we chose the simplest model to be M'~AI(OH)4). Most of the Rh(L1)(L2)-
AI(OH)s structures with Rh were taken from our previous work,?° with L = C2Ha, C2Hs, CO, N2,
H, and H». Additional ligands, such as C:H: and other hydrocarbons, were investigated in the
present work, which also extends the earlier work to zeolite-anchored complexes of Co and Ir
with the same set of ligands, including the new ligands. The results for the optimized geometries
for M(L1)(L2)-Al(OH)4 (M = Co, Rh, and Ir) at the B3LYP/aug-cc-pVDZ(-pp) level are shown
in the Supporting Information.

As noted above, the simple model of the acid binding site works well in comparison to the
much larger Zeo(48-T)Ir(L1)(L2) model and to experiment.>>*” Most of the optimized dual-ligand
Zeo(48-T)Ir(L1)(L2) complexes and the optimized mono n? ligand Ir(L) complexes were found to
form bonds with two O atoms on Al with the distance (Ir-O) equal to ~ 2.1 A. This result
essentially matches EXAFS and computational results for the zeolite-supported metal
complexes,>’#%3738 which indicate that the metal center bonds to 2 terminal O atoms of the
acidic Al site with M" replacing a proton. DFT calculations without using ONIOM show that
even for the mono ligand complex, Zeo(48-T)Ir(C2Ha4) that the 20 site is slightly more stable
than the 30 site.?’

The results for the Zeo(48-T)Ir model are completely consistent with those of the simpler



model. The next nearest O atom, from the adjacent Si—O-Si, is ~3 A from the Ir. The mono 1!
ligand Ir(L) complexes except Ir(C2Hs) were bonded to 2 O atoms on Al and a O atom on the
neighbor Si with #(Ir-0) = 2.1 ~ 2.2 A. Zeo(48-T)(Hz2) and Zeo(48-T)(H3) also have 3 O atoms
bonded to Ir. The addition of the third O atom completes the coordination environment about the
Ir. Most of the Zeo(48-T)Ir(L1)(L2) complexes with two ligands and two O atoms around the
metal display a square-planar or pseudo-square-planar geometry, and so do most of the mono-
ligand Zeo(48-T)Ir(L) complexes with 3 O atoms bonded to Ir. Both of the singlet and triplet
states of Zeo(48-T)Ir have Ir bonded to 3 O atoms.

The optimized low-spin Ir(L1)(L2)-Al(OH)4 geometries are consistent with the optimized
Zeo(48-T)(L1)(L2) geometries, especially for the dual-ligand complexes. The major difference
between the optimized geometries of these two models is that the Ir is in the O—Al-O plane in
the Al(OH)4 model, whereas the Ir is out of the O—Al-O plane with an [r-OO—-Al dihedral angle
of 30-40° in the Zeo(48-T)Ir model. This difference is attributed to the additional geometry
constraints in the larger model. In the calculations for the mono ligand Ir complexes using the
larger model, an O atom from a neighboring Si can form a bond with Ir to fill the empty position,
found by the AlI(OH)4 model to give square-planar coordination at the Ir.

3.1 Spin states of M(L1)(L2)-Al(OH)4 complexes

In the cases for which the metal (Co, Rh, Ir) incorporates an even total number of radical
ligands such as C2Hs and H, the entire molecule can be in a singlet or triplet state; with an odd
number of radical ligands, it is in a doublet or a quartet state (Values of S? are given in the
Supporting Information. Most of the values are in excellent agreement with the expected values
showing the presence of little to very modest amounts of spin contamination). Both the low-
(singlet/doublet) and high-spin (triplet/quartet) states for all of the Co, Rh, and Ir complexes
were investigated. The quintet/sextet states of the Co complexes were also investigated, but none
of them is the ground state for the complexes we analyzed. The low-spin Rh and Ir species are
always ground states except for Rh—Al(OH)4, Ir—Al(OH)4, Ir(C2Hs)—Al(OH)s, and Ir(C2Hs)(H)—
Al(OH)s. The Co complexes are mostly high-spin, except for Co(CO)(H)-Al(OH)s+ and
Co(CO)(C2Hs)-Al(OH)4, which are ground state doublets by a few kcal/mol. The natural bond
orbital (NBO) analysis**#**#142 shows that the low-spin Rh and Ir complexes have the o and B
valence d electrons maximally paired, whereas the high-spin Co complexes have the valence d
orbitals half occupied (Supporting Information). This type of behavior is also observed in the
metal oxides of Cr, Mo, and W.*3#

The M—AI(OH)4 complexes have similar geometries. Low-spin Ir-Al(OH)4+ complexes with
two ligands and two oxygen atoms around the metal normally display a square-planar or pseudo-
square-planar geometry, and most of the mono-ligand compounds have the ligand and two
oxygen atoms of the zeolite framework filling three of the four square-planar corner positions.
Structures with the metal bonded to three oxygen atoms were also investigated but were found to
be less stable for most ligands, consistent with the adsorption mode generally accepted on the
basis of the EXAFS results.®!*18

The high-spin triplets and quartets have non-planar ligand coordination around the metal,
being tetrahedral when two ligands are present and octahedral AX3Es (with X in one axial and
two equatorial positions) for the mono ligand complexes. This result is consistent with ligand
field theory arguments showing that tetrahedral coordination gives rise to only small d orbital
splitting, so that the d occupation of the transition metal remains high-spin.** These results are



consistent with the reported IR and DFT results indicating that Co(CO)4" is a Cay structure that is
Jahn-Teller distorted from the Ta structure,® in contrast to the square-planar geometry of
Rh(CO)4+" found by single-crystal X-ray diffraction crystallography.*’ No experimental results
are available for Ir(CO)4".

The atomic ground state for Co* is the °F derived from the d® configuration, with the °F
derived from the d’s! being 9.6 kcal/mol higher in energy.*® The high-spin Co(L1)(L2)-Al(OH)4
ground-state structures likely arise from the d’s' excited state of Co*, which has four unpaired
electrons. The ground state of Rh* is the *F derived from the d® electron configuration, with all of
the excited states derived from the d® configuration lying within 40 kcal/mol of the ground state.
The ground state configuration of Rh* has only two unpaired electrons, and the low-spin
character of Rh(L1)(L2)-Al(OH)4 is derived from it. Ir" has a °F ground state derived from the
d’s! configuration, with the 3F and P states derived from the d® configuration being 6.5 and 8.8
kcal/mol higher in energy, respectively. The d® excited states give rise to the low-spin character
of Ir(L1)(L2)-Al(OH)a.

3.2 ethylene species

The ethylene ligand can be adsorbed to the Ir, Rh, and Co complexes by forming two M-C
bonds. The ordering of the M-C bond strength in the ethylene species is Ir-C > Rh-C > Co-C,
consistent with the ordering of bond distance r(Ir-C) < r(Rh-C) < r(Co-C) (Supporting
Information, Table S8). The stronger Ir-C bonding leads to weaker C-C bonding in the ethylene
ligands, as indicated from the longer r(C-C) and lower v(C—C) in the Ir(C2H4)(L) complexes than
in the Rh and Co counterparts. This implies that the Ir complex has a larger impact on the C=C
double bond in ethylene than in the Rh and Co complexes.

3.3 n*-Hydrogen and dihydride species

The adsorption of hydrogen appears to be quite different from one metal complex to another.
H: is bonded to Co in its molecular form (n>-hydrogen) with an average #(H-H) of 0.79 A and an
average r(Co—H) of 1.90 A in the presence of an ancillary ligand (C2H4, C2Hs, N2 or CO). A
slightly elongated »(H-H) of 0.87 A and decreased (Co—H) of 1.60 A is predicted when n2-
hydrogen is the only ligand. In the Ir complexes, H2, however, splits and forms a dihydride with
the 7(H-H) bonds elongated to approximately twice the bond length (0.74 A) of the H:
molecule.®” The Ir-H bonds are generally ~0.3 A shorter than the Co—H bonds, suggesting that
H> is more strongly bonded to the Ir. The hydrogen ligands on the Rh complexes are a mixture of
n?-hydrogen and a dihydride depending on the ancillary ligand. The H: is in the dihydride form
when the co-ligand on Rh is CCH3 or CHCH3, or when H> is the only ligand attached to the Rh
complex; in both cases 7(H-H) is greater than 1.5 A. Otherwise, the Hz ligand is adsorbed in the
elongated molecule form by the Rh complexes with »(H-H) averaging ~ 0.95 A, and »(M—H)
averaging 1.6 A.

In the Co complexes, the Co—H2 bonds indicate predominantly a donor—acceptor interaction
between the empty Co valence orbital and the H2 o orbital, and the back-donation between Co d
and H2 o* is weak. In the Ir complexes, the strong back-donation overlap between filled Ir d
orbitals and the H2 o* orbital leads to the formation of M—H & bonds.>® In the Rh complexes, the
back-donation interactions are weaker than for Ir, and can be either reinforced or reduced by the
ancillary ligands on the metal, which leads to the dihydride and n*-hydrogen forms of the H>



ligand, respectively. Furthermore, in the presence of the C2Hz co-ligand, both the n?-hydrogen
and dihydride species could be formed with the latter 2.4 kcal/mol higher in energy than the
former. The Rh dihydride species may be very close to the transition state species for Hz splitting
and are thus sensitive to the chemical environment. The vibrational frequencies of the H> ligands
follow the bonding trends. Strong n-donor ligands such as CHCH3, CCH3s, and C2H2 can enhance
the back-bonding between the metal and H, and strong ¢ donors such as CO and N2 decrease the
bond strength between metal and H slightly. The C2Hs ligand has an even greater impact on the
M-H bond strength, as shown by a comparison between their bond lengths and the bond lengths
of the metal complexes with a single Hz ligand.

The NBO analysis of the Hz species shows that the n*-hydrogen is bound to the metals by a
donor-acceptor bond, whereas the dihydrides form two M—H valence bonds with the metals
(Supporting Information). The occupancies of the M—H bonding orbitals of the M—dihydride
complexes are between 1.7 and 1.9 electrons. A three-center/two-electron bonding scheme has
been used to describe the n>-hydrogen—metal interactions.’® As the electron density becomes
more localized between the metal and the H atom, the H> splits into two separate metal hydrides
with #(H-H) increasing and »(M—H) decreasing.

The results of the calculations are consistent with a number of experimental observations.>!
Rh(C2H4)(C2H4) and Ir(C2H4)(C2H4) complexes on zeolite Y dissociate H2 much faster than
Rh(CO)(CO) and Ir(CO)(CO) species, respectively. Indeed, when Hz flows over the supported
ethylene complexes, ethyl ligands form along with the appearance of a new band in the IR
spectra ascribed to a metal hydride. Carbonyl ligands on each metal are stable in the presence of
H: as no hydrides are observed. The reactivities for Hz dissociation are reduced by more than an
order of magnitude when one or more CO ligands is bonded to the metal, and the Ir carbonyl
complexes are much less reactive than those with two C2Ha4 ligands. The ethylene ligands in
these complexes appear to be resistant to the formation of ethyl ligands. These observations
match the DFT prediction that the H-H bond in the Ir complex with C2Hs as an auxiliary ligand
is weaker than the H-H bond in the Ir complex with CO as an auxiliary ligand, as shown by the
calculated bond lengths and vibrational frequencies.

3.4 Organic ligand complexes

M(C2Hs5)(H)-AI(OR)4 species have been proposed as intermediates in the catalytic
hydrogenation of ethylene.'® Our calculations characterizing M(C2Hs)(L)-Al(OH)s for M = Rh
and Ir show that the optimized geometries can depend on the specific metal. 'Ir(C2Hs)-Al(OH)4
relaxed into [r(CHCH3)(H)—Al(OH)4 or Ir(C2H4)(H)—Al(OH)4 on optimization, depending on the
initial structure. Catalytic reaction experiments conducted with a flow reactor initially containing
Ir(C2H4)(C2H4) complexes supported on zeolite DAY have shown that contact of this catalyst
with a pulse of H2 at 298 K and 1 bar leads to a fast conversion of the initial n-bonded C2H4
species as observed by the disappearance of the CH2 moiety evidenced in the IR spectrum.!'%>%%3
This result suggests that the latter structure, while possible according to our calculations, is
relatively unstable. The results of experiments carried out with D2 instead of H> demonstrate the
formation of Ir—H species as potential intermediates in the ethylene hydrogenation
reaction, !6Error! Bookmark not defined. (Ca]cylations for the subsequent addition of a second H to the Ir
complexes showed that an initial 'Ir(C2Hs)(H)-Al(OH)s structure optimizes to a dihydride
structure, Ir(CHCH3)(H2)-Al(OH)a4.

For C:Hs4 bonded to Zeo(48-T)Ir, the most stable structure is Zeo(48-T)Ir(CCH3)(H)
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(Supporting Information). In all other cases, involving, C2H4 with additional ligands, the C2Ha
moiety forms the lowest energy isomer. The form of the ligands can change during the
optimization, usually with H-transfer. For example, the monosubstituted Zeo(48-T)Ir(CHCH3)
optimized to Zeo(48-T)Ir(CCHs)(H), but the CHCH3 ligands do not transfer hydrogen in the
dual-ligand Zeo(48-T)Ir(CHCH3)(L) complexes. The optimized Zeo(48-T)Ir(C2Hs) has an a-H
weakly interacting with Ir in contrast to the smaller model. Such a weak Ir—H interaction was not
found in the dual-ligand Zeo(48-T)Ir(C2Hs)(L) complexes. Again, the rearrangements occur to
maintain the coordination environment about the metal with H transfer in addition to the
association of a third O. Zeo(48-T)Ir(C2Hs)(H) optimized into Zeo(48-T)Ir(CHCH3)(Hz2) where
the Ha is really a dihydride with (H-H) > 2 A with one a-H on C2Hs transferred to the Ir, just as
was found for the smaller model. Additional details are given in the Supporting Information.

C2Hs does not dissociate on the single-ligand Rh and Co complexes, and in some cases, a
terminal H of C2Hs is weakly bonded to Rh or Co, forming an agostic stabilized structure which
is intermediate in energy between C2Hs and C2Ha/H. This result is relevant to the single-ligand
case as Rh(I)(C2Hs) is hypothesized to be a reactive intermediate in the catalytic ethylene
hydrogenation reaction. >* In ethylene hydrogenation catalyzed by the Rh complex, the
Rh(C2H4)(Hz2)—zeolite Y is converted to Rh(C2Hs)(H)—zeolite Y before ethane is released. Thus,
the calculated results provide insight beyond the experimental results, as the Rh and Ir
complexes seem to be indistinguishable from each other in terms of reaction intermediates on the
basis of the available IR and EXAFS spectra, which indicate partial hydrogenation of the
ethylene ligands present initially and the formation of hydride ligands on each metal. A key
difference between the two metals is that the C2Hs ligands on Ir (in contrast to those on Rh) may
be converted to give M(CHCH3)(H)-Al(OH)4 species. The M(C2H4)(Hz2)—zeolite Y complexes
are the lowest energy minimum on both PES’s of the C2H4 hydrogenation reactions for M = Ir
and Rh. The partially hydrogenated species are transient and thus could not be observed
experimentally as a consequence of the energetics. With regard to the Co complex-catalyzed
C2H4 hydrogenation reaction, Co(C2H4)(Hz2), Co(C2Hs)(H), and Co(C2Hs)—zeolite Y are more
nearly comparable to each other as compared to potential energy surfaces (PES’s) of the Ir and
Rh reactions, and therefore, experiments are expected to yield different results.

We also investigated the adsorption of other alkyl, alkene, carbene, and carbyne isomers on
our M(I)-Al(OH)4 model of the zeolite to determine the energy differences and LDEs for the
various hydrocarbon isomers. We replaced all of the C:Hs ligands in the M(C2H4)-Al(OH)4
complexes with CHCH3 ligands, and replaced all the C2Hs ligands in the M(C2Hs)—Al(OH)4
complexes with CHCH3/H ligands, for M = Co, Rh, and Ir (Supporting Information, Table S6).
Most of the M(CHCH3)(L)-Al(OH)4 complexes are vibrationally stable species, although a few
optimize to structures different from the starting one. With regard to the Rh complexes, although
C2Hs was shown to be a stable ligand, some of its isomers, such as CHCH3/H, can lie close to it
in energy, and the IR spectra may not be able to distinguish them. Therefore, we carefully
optimized the Co, Rh, and Ir complexes with organic ligands that are possibly formed in
rearrangements from C2Hn or C2Hn/Hm.

The predictions of the lowest-energy complexes among the complexes with isomeric ligands
based on the Ir(Li)(L2)-Al(OH)s model, in general, agree with the predictions made using the
Zeo(48-T)Ir(L1)(L2) model. One of the exceptions is that the carbyne CCH3/H ligand groupings
(Supporting Information, Figure S3) are the most stable isomer ligands on Ir—Al(OH)4 among the
C2H4 isomers. The reaction path could be different for the reactions catalyzed by the Ir
complexes because the CHCH3 complex is energetically accessible as a reactive intermediate.

11



For example, M(C:H4)(C2H4) is calculated to be ~10 kcal/mol more stable than
M(C2H4)(CHCH3), so the CHCH3 intermediate with no additional ligand would only be observed
at low C2H4 concentrations.

Our calculations show that the C:H4/L ligands are more stable than their isomeric
counterparts on the Ir-Al(OH)4 and Rh—AI(OH)4 complexes in most cases, whereas the mono
hydrocarbon ligands such as C:Hs, C:Hs, and Z-but-2-ene are more favored by the Co
complexes, and Co(C2H4)(L) complexes are slightly higher in energy than their lowest isomers.
The stabilities of the carbene and carbyne ligands on the various metal complexes are in the
order Ir > Rh > Co. The carbene complexes relative to the olefin complexes are substantially
more stable than the isolated carbene, for which the triplet carbene, *HCCHs, is 67.8 kcal/mol
higher in energy than the C2Ha; and the singlet carbene, 'HCCHs, is even higher in energy, 72.5
kcal/mol relative to C2Ha.

For the Rh complexes, the energy gaps between the complexes with the CHCH3/L ligands (or
other most stable carbene ligands) and the lowest-energy isomers are ~ 20 kcal/mol, which is 5
to 10 kcal/mol greater than the gaps between the isostructural Ir complexes. The carbyne
complex Rh(CCH3)(H)-Al(OH)4 is 13 kcal/mol higher in energy than the lowest isomeric
complex Rh(C2H4)-Al(OH)4 and 2 kcal/mol more stable than Rh(CHCH3)—Al(OH)4. The energy
gaps continue to increase when the CHCH3 ligand is attached to the Co complexes, and structural
rearrangements occur in a few cases; for example, CHCH3/CHCH3 combines to form Z-but-2-
ene (Supporting Information, Figure S3).

On the basis of the metal-carbon bond lengths and vibrational stretching frequencies
(Supporting Information), the bonds between the metal centers M and the carbene/carbyne
ligands can be described as metal-carbon double/triple bonds. The values for W=CH2 in models
of the Schrock complex are (M—C) = 1.89 A with v(M—C) 816 cm™.> The M-C bond lengths
are in the range of 1.83-1.87 A for the Ir complexes incorporating carbene ligands, compared
with the average r(Ir-C) = 2.05 A of the bond in the Ir(C2Hs)(L)-Al(OH)s complexes. The
vibrational frequencies characterizing the metal-carbon stretching modes are in the range of 620
to 720 cm™! in the Ir(CHCH3)(L)-Al(OH)4 complexes, 819 cm™ for CH2/C3Hs, and 759 cm™ for
the cyclo-IrCHCHCH(CH3) 4-member ring structure; the values for Ir—C2Hs are in the range of
500 to 560 cm™!. The Ir complexes with the B-agostic C2Hs ligands are characterized by values of
r(Ir-C) and v(Ir-C) falling between those of the Ir(C2Hs) and Ir(CHCH3) complexes, indicating
that the Ir—C bonds in the complexes are stronger than an Ir—C single bond and weaker than an
Ir—C double bond, consistent with the calculated LDEs, which show that the hydrogen-bonded
C2Hs ligands are more stable than a ‘normal’ C2Hs when they are attached to the Ir atom. The Ir—
carbyne molecule, Ir(CCH3)(H)-Al(OH)s, has a shorter #(Ir—C) (1.70 A) and a higher v(Ir—C)
(1478 cm™) than those of the If(CHCH3)(L)-Al(OH)4 species.

C2Hs can form two weak C—HCo interactions with Co—Al(OH)a4, and it is the lowest-energy
isomer of the C2Ha/Hz ligand combinations. The adsorption of hydrogen-bonded ethane on the
Rh complexes is ~20 kcal/mol more endothermic than the formation of the lowest-energy
isomer, Rh(C2H4)(H2)-Al(OH)4, but it is stable in terms of the adsorption of C2Hs/H and
CHCH3/Hz. Ethane forms an extremely unstable triplet complex with Ir—AI(OH)4, ~60 kcal/mol
higher in energy than the lowest-energy isomeric complex Ir(C2Ha4)(H2)-AI(OH)a.

M(C2H4)(C2Ha4)-Al(OH)4 is the lowest-energy isomer for M = Rh and Ir but for M = Co, the
lowest energy isomer is Co(Z-but-2-ene)-Al(OH)s. Similarly, M(C2H4)(C2Hs)-Al(OH)4 is the
lowest-energy isomer for M = Ir and Rh, whereas M(sec-butyl)-Al(OH)4 is 8.7 kcal/mol lower in
energy for M = Co.

12



3.5 Ligand bond dissociation energies (LDEs) for M(I)(L1)(L2)-X (X = AI(OH)4)

To calculate the ligand dissociation energies (reaction (1) and equation (2)), we used the
lowest-energy *M—Al(OH)s structure. For the dual-ligand Ir complexes (Ir(L1,L2)), the average
single LDEs (Table 1) are in the order: H = CO > C2Hs = C2H2 = C2H4> H2 > Na. For the dual-
ligand Rh complexes, the average single LDEs behave similarly with H > CO > C2Hs > C2Hz =
C2Ha> N2 = Ha. These LDEs are large enough that they will be dominated by the interaction
with the metal and the effect of the surrounding ligand environment will be small. For the dual-
ligand Co complexes, the average single LDEs are in the order, H > C2Hs > CO > C:H2 > CoHs >
N2 > Haz, which is similar to those for the Ir and Rh complexes but does show some differences.
The corresponding values with the -D3 dispersion corrected functional®® for the Co complexes
show only modest effects for the weak interactions. The impact of the surrounding zeolite
environment will be larger for the low LDEs in the Co complexes. The results show that Hz is
unbound or only very weakly bound to the Co, whereas it is more strongly bonded for the Ir and
Rh complexes. The average LDEs for the single ligand dissociation follow the trend Ir > Rh >
Co. The LDEs of the dual-ligand Ir complexes are ~ 15 kcal/mol greater than the LDEs of the
corresponding Rh complexes, and ~50 kcal/mol greater than the LDEs of the corresponding Co
complexes, in general. The LDEs of radical ligands such as C2Hs and H on the Co complexes are
only ~ 25 kcal/mol less than the LDEs of the corresponding Ir complexes.

Table 1. Calculated Average LDEs in kcal/mol for M(L,,L,) and M(L) Complexes

Ligand | If(L1,L2)* | Rh(Li,L2) | Co(Li,L2)® | I(L)* Rh(L) Co(L)*
H 70/77 59 44(44) 79/ 56 72(72)
CO 69/70 50 28(33) 77/71 47 45(45)
CoHs 53¢/59 42 17(20) /72 549/44 56(58)
CoHo 50/54 36 12(16) 87/83 47 49(51)
C2Hq 49/52 36 9(10) 60/47 35 39(43)
Ho 42/46 27 3(4) 54/45 22 26(27)
N> 36/41 25 0(1) 45/43 23 19(19)

Values after the slash are for the LDEs calculated with the Zeo(48-T)Ir model. ® -D3 results in
parentheses. ¢ M-L LDEs were calculated using the Zeo(48-T)Ir model for Ir(C2Hs)(L) as
Ir(C2Hs)-Al(OH)4 is not a minimum energy structure. ¢ agostic C2Hs.

For the Ir and Co complexes with one ligand, the metal-ligand bond is much stronger than
the bonds in the two-ligand complexes for the same ligand. For the Rh complexes, the bond
dissociation energies for the first and second ligands are comparable to each other in most cases.
The LDEs characterizing the mono-ligand complexes (in kcal/mol) are as follows: C2:H2 > H =
CO > C2H4 > H2 > N2 for Ir; H = agostic C2Hs > CO = C2H2 = C2Hs > C2Hs4 > N2 = Hz for Rh;
and H > C2Hs > C2H2 > CO > C2H4 > N2 > Hz for Co. For Co, the corresponding values with the
-D3 correction again show only small effects. These energy differences can affect the overall
energetics of ligand adsorption and can potentially change the selectivity of the ligand
adsorption, especially for the hydrocarbons.

The detailed LDEs for Zeo(48-T)Ir(L) and Zeo(48-T)Ir(Li)(L2) are shown in Table S4
(Supporting Information). The LDEs (in kcal/mol) for mono ligand Zeo(48-T)Ir(L) are in the
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order: C2H2 > C2Hs = H = CO > C2Hs > H2 > Na. For the dual-ligand Zeo(48-T)Ir(L1)(Lz2), the
LDEs for a given L are generally lower than the LDEs(L) for the mono ligand complex Zeo(48-
T)Ir(L) for most L. In the dual-ligand complexes with C2Hz ligands, the LDE for both ligands
were significantly lower (by ~ 30 kcal/mol for most Zeo(48-T)Ir(C2H2)(L)) than the
corresponding LDEs in the mono-ligand complexes. The presence of C2Hs also lowers the LDEs
in the dual-ligand complexes as compared to the LDEs in the mono-ligand complexes, by ~15
kcal/mol on average, which is smaller than the effect of C2H2. The CO ligand in the dual-ligand
complexes has a very small effect on the LDEs. Slightly higher LDEs were found for both
ligands of most dual- ligand complexes that contain H, H2, or C2H4 than the corresponding LDEs
in the mono ligand complexes. The increase in LDEs of the dual-ligand complexes with H, Ha,
and C:H4 ligands might be attributed to weak interactions between the ligands. These results
suggest that in the dual ligand Zeo(48-T)Ir(L1)(L2) complexes, the bonding between Ir and the
ligand can decrease the LDE for its auxiliary ligand, but this effect can be canceled out by the
interaction between the two ligands. The LDE(CHCH3) for Zeo(48-T)Ir(CHCH3) and LDE(L)
for Zeo(48-T)Ir(CHCH3)(L) are not shown, because Zeo(48-T)Ir(CHCH3) relaxed into Zeo(48-
T)Ir(CCH3)H during the optimization. The bonds between Ir and CHCH3 were found to be very
strong in the dual-ligand Zeo(48-T)Ir-(CHCH3)(L) complexes, ~ 80 kcal/mol for L = C2Hz and ~
110 kcal/mol for the remaining L’s.

The LDEs and total LDEs for Ir(L1)(L2)-Al(OH)4 (Supporting Information) are consistent in
most cases with the LDEs calculated using the Zeo(48-T)Ir(L1)(L2) model, and the energy
differences are ~5 kcal/mol for the single-ligand LDE, and <10 kcal/mol for the total LDE with a
few exceptions. The C2H4 LDE for Ir(C2Ha4) calculated by using the large Zeo(48-T)Ir model is
~13 kcal/mol smaller than using the Ir-AI(OH)4 model, and the H LDE for Ir(C2H4)H calculated
by using the Zeo(48-T)Ir model is ~14 kcal/mol larger than the value obtained using the Ir—
Al(OH)4 model, both of which suggest that the bond between Ir and C2H4 in Zeo(48-T)Ir(C2Ha)
is weaker than the Ir-C2Ha bond in Ir(C2H4)—Al(OH)4. This difference is likely a consequence of
the fact that the orientation of the n>-C2Ha4 in the optimized geometry calculated by using the
Zeo(48-T)Ir model is different from that determined by using the Ir-AI(OH)4 model (Supporting
Information, Figure S4). In IrC2Hs+—Al(OH)4, the C:Ha ligand is approximately in the O—Ir-O
plane (i.e., in one of the octahedral positions around Ir), and the C=C bond is perpendicular to
the O—Ir—O plane. In Zeo(48-T)Ir(C2H4), the C2H4 ligand is more bent out of plane, and the C=C
bond is no longer perpendicular to the O—Ir—O plane. The distortion of the Ir—-C2H4 in Zeo(48-
T)Ir(C2H4) decreases the overlap between the electron densities of Ir and C=C, and thus
decreases the C2Ha bond energy. This difference is most likely a consequence of a steric effect in
the large Zeo(48-T)Ir model, as the n? bonding C2H4 is relatively bulky relative to the other
ligands that were investigated. Although C2H: is also an n? bonding ligand, the steric effect for
zeolite-supported Ir(C2Hz2) is small (Figure S4). The C2Hz ligands are characterized by the same
distance to two terminal O atoms on Ir, and the C=C bond is perpendicular to the O—Ir—O plane
determined by each computational model. The stability of the alkyl, carbene and carbyne isomers
of the M(C2H4)(L) complexes is substantially related to the strength of the M-C bond between M
and C:Has. The slightly weaker M-C bond predicted by the more realistic Zeo(48-T)Ir model
infers that the stability of the alkyl, carbene and carbyne isomer complexes might be somewhat
overestimated by using the M—AI(OH)4, but such isomers should still be relevant for ethylene
activation.

Considering the much higher computational cost of using the Zeo(48-T)Ir model, the more
efficient and reasonably reliable small model is appropriate for the investigation of the large
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number of M(L1)(L2)-Al(OH)s complexes that we considered. For Ir(CO), Ir(N2), Ir(H), and
Ir(Hz2), which were predicted to have one more O atom bonded to Ir on the basis of the Zeo(48-
T)Ir model than on the basis of the Ir-AI(OH)4 model, the differences in the LDEs according to
the two models were found to be small, suggesting that the additional O atom that is bonded to Ir
has only a small influence on the energetics. The average LDE(L1) values (in kcal/mol) for the
dual-ligand Zeo(48-T)Ir(L1)(L2), where the remaining ligand L follow the same order as for the
simple complex.

3.6 Vibrational frequencies

The calculated vibrational frequencies of the M(L1)(L2)-Al(OH)4 complexes were scaled by
using the ratios between the experimental IR fundamental bands and the B3LYP/aug-cc-pVDZ(-
pp) frequencies for the ligand molecules.’® The C—H stretches of C2Hz, C2Ha, C2Hs, CHCH3, and
other hydrocarbon ligands were scaled by a factor of 0.960 on the basis of vexpt/vdast of C2Ha or
C2Hz; the C—O and N-N stretches were scaled by 0.987 and 0.959 on the basis of vexpt/vdft for
molecular CO and N2; and the Ir—H stretching modes were scaled by a factor of 0.983 on the
basis of vexpt/vart of Ha. The scaled calculated vibrational frequencies for M(L1)(L2)-Al(OH)4 are
shown in Tables S8-S16 (Supporting Information).

The C—H stretching modes calculated for the Ir-AI(OH)4 complexes are in the range of ~
2800 to 3000 cm'! for the C2Hs ligands (Supporting Information, Table S11), 2900 to 3100 cm™
for the C2H4 ligands (Supporting Information, Table S12), and in the 3100+ cm™ region for the
C2H2 ligands (Supporting Information, Table S13). The C—H stretches characterizing the Rh
complexes are ~ 10 to 20 cm™! higher in frequency than those characterizing the Ir complexes
with the same ligands, on average. The trend does not hold as well when moving from Rh to Co,
but the frequencies of most C—H stretches in the Co complexes are greater than those in the Rh
complexes.

The C-O, N-N, and Ir—H stretches characterizing most of the Ir complexes are in the range
of 2000 to 2400 cm™ (Supporting Information, Tables S8, S14 and S15). The C-O stretches have
very strong intensities, with the frequencies mostly being in the range of ~ 2020 to 2060 cm™!
(2095 cm™! for the symmetric or antisymmetric bands in the gem-dicarbonyl complex). The C-O
stretches in the Rh(CO)(L)-Al(OH)s are ~10-20 cm™' higher in frequency than the stretches
characterizing the Ir complexes, and the frequencies of the CO stretches characterizing the Co
complexes are mostly a few tens of cm™! higher than those characterizing the Rh complexes. The
N-N stretches characterizing the Ir complexes are found to be in the range of 2140 to 2195 cm™'.
Similar to the C-O stretches, the N-N stretches characterizing the Rh and Co complexes are
higher than the stretches characterizing the Ir complexes, due to the stronger M-CO/M-N2
bonding of the Ir complex.

The Ir—H stretching modes range in frequency between 2190 and 2370 cm™ and have
moderate intensities. The vibrational frequencies characterizing the M—H stretching modes in the
M(H2)L-AI(OH)4 complexes largely depend on the strength of the H2 3-center-2-electron bond,
as discussed above. The frequency of the M—H stretching modes of M(H)(L)—-Al(OH)4 decreases
from Ir to Rh to Co. The Co(H)(L)-Al(OH)4 complexes are characterized by Co—H stretches of
the high-spin species that are significantly lower in frequency than those of the Co—H stretches
of the low-spin species. Thus the Co—H stretching frequencies can be used to distinguish the
ground states of the Co complexes when there are multiple spin states that are close to each other
in energy. The Co complexes with the n?-hydrogen ligands display high v(H-H) values in the

1
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region of 3650-4120 cm’!, indicating that the forces between Co and Hz are weak in comparison
with the strength of the H-H bond. The calculated values of v(H-H) for the n?-hydrogen ligand
Co complexes show red shifts from the calculated harmonic value of 4356 cm™ for molecular Hz
(v(experiment) = 4159 cm™ with @e=4401.21 cm™ and wexe= 121.34 cm™).#

In summary, the Ir complexes have the highest M—L stretching frequencies, and the Co
complexes have the lowest frequencies. The vibrational frequencies of the stretching modes in
the ligands display a reversed order, with the Ir complexes having the lowest frequencies due to
the denser electron density on the Ir-L bonds. This pattern is consistent with the increase of the
LDEs from Co to Rh to Ir. The back-donation bond strength increases from Co to Rh to Ir,
leading to lower intra-ligand stretching frequencies and larger M—L stretching frequencies. The
changes in frequencies can be attributed to the increases of the electron density donated into the
molecular orbitals between M and L.

3.7 Hydrocarbon activation reaction potential energy surfaces

The results described in the above six sections characterize the stable stationary points on
the potential energy surface. The ethylene hydrogenation reaction catalyzed by the molecular
organometallic fragments on zeolites was investigated with the Zeo(48-T)Ir and M—AI(OH)4
models (Figure 3). Reaction energies of -31.7 kcal/mol obtained at the B3LYP/aug-cc-pVDZ(-pp)
level and -32.0 kcal/mol obtained at the B3LYP/cc-pVDZ level for the reaction C2:Hs + H2 —
C2Hs agree well with the reaction energy of -32.6 kcal/mol calculated from the experimental gas-
phase enthalpies of formation at 298 K.’ We investigated the process whereby the metal
complex catalyst adsorbs C2H4 and H2 in different order as shown by reactions (5) and (6):

H>z + M(C2H4)-Al(OH)4 — C2Hes + M—AI(OH)4 (5)

C2H4 + M(H2)-Al(OH)4 — C2He + M—AI(OH)4 (6)
The singlet Ir—Al(OH)4 precursor catalyst is 2.3 kcal/mol higher in energy than the ground state
triplet (Figure 3b). The singlet states are lower in energy than the triplet states for the formation
of the first-step adsorption products, Ir(C2H4)-Al(OH)4 and Ir(H2)-Al(OH)4, and the singlet-
triplet splitting is less than 5 kcal/mol. The singlet-triplet splitting increases to ~ 40 kcal/mol for
the second-step adsorption product Ir(C:H4)(H2)-Al(OH)s4 (and the rearranged isomer
Ir(CHCH3)(H2)-AI(OH)4), and so we can infer that the reaction will proceed on the singlet
surface.

The rearranged isomers Ir(CHCH3)(H2)-Al(OH)s and Ir(CHCH3)(H)-AI(OH)s4 are more
important on the Ir PES than on the Rh and Co PES’s. Ir(C2H4)-Al(OH)4 can isomerize into
Ir(CCH3/H)-Al(OH)s exothermically by -16.8 kcal/mol. Ir(C2Ha4)(H2) rearranges into
intermediates including a-H bonded Ir(C2Hs)(H), B-H bonded Ir(C2Hs)(H), and Ir(CHCH3)(Hz)
with the AI(OH)4 model, but only the latter is found using the Zeo(48-T)Ir model. Ir(CHCH3)(H2)
is 11.3 kcal/mol higher in energy than Ir(C2H4)(H2) on Al(OH)4, but is more stable than the a-H
bonded Ir(C2Hs)(H) and the B-H bonded Ir(C2Hs)(H) by a few kcal/mol. If the H’s on Ir are not
involved in the rearrangement (i.e., intra-ligand) of Ir(C:Hs)(H2) to form Ir(CHCHs3)(H2), the
transition state is predicted to be a bridged [r(HC-H-CH2)(H2) structure, with a barrier of ~70
kcal/mol. The Ir(CHCH3)(Hz2) can also form by an inter-ligand exchange process where a H on
Ir can attack the C of C2Ha4 to break the Ir—C bond and become a -H in the newly formed ligand.
This pathway has a much lower reaction barrier than the intra-ligand H transfer path. With the
Ir-Al(OH)4 model, the inter-ligand H transfer possibly forms -H bonded Ir(C2Hs)(H) before the
formation of Ir(CHCH3)(Hz2), whereas with the Zeo(48-T)Ir model, Ir(C2Hs)(H) is no longer
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predicted to be a local minimum, and Ir(CHCH3)(H2) become the H transfer intermediate.
Ir(CHCH3)(Hz2) can also be formed by the addition of H2 to Ir(CCH3)(H)-AI(OH)s, with a
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Figure 3. Potential energy surfaces with reaction energies (AE + AZPE) in kcal/mol characterizing the catalytic ethylene hydrogenation reaction on (a) Zeo(48-
T)Ir at the ONIOM(B3LYP, PM6)/cc-pVDZ(-pp) level, (b) Ir-Al(OH)a, singlet (values with (3) are for the triplet), (c) [r-Al(OH)4, triplet, (d) Rh—AI(OH)s,
singlet (values with (3) are for the triplet), (¢) Co—Al(OH)4 , triplet, and (f) Ir(CO)-AI(OH)s4, singlet. Surfaces (b) — (f) are at the B3LYP/aug-cc-pVDZ(-pp) level.
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reaction exothermicity of -17.1 kcal/mol, and a reaction barrier of ~25 kcal/mol. The geometry of
the Ir complex with the CHCH3/Hz ligand pair has the proper orientation to eliminate C2He with
the two H atoms bonded to Ir 2.20 A away from the carbene C atom of CHCH3. On another
reaction path, starting from the Ir(C2H4)(Hz2) complex, a H(-Ir) can be transferred to a C of C2Ha
to form Ir(C2Hs) with a B-H of C2Hs bonded to Ir, followed by the transfer of second H(-Ir) to
generate C2He. The transition state for the Ir(C2H4)(H2) — Ir(B-C2Hs) reaction was not found at
the B3LYP/aug-cc-pVDZ level most likely due to the presence of a very low reaction barrier.
The transition state is expected to have a geometry similar to the singlet f-H bonded Ir(C2Hs)(H)
complex, which is ~15 kcal/mol higher in energy than the singlet Ir(C2H4/H2) complex, so the
reaction barrier can be estimated to be slightly more than 15 kcal/mol. As noted previously, the
inter-ligand H transfer of Ir(C2H4)(H2) to form Ir(CHCH3)(H2) is expected to be comparable to
the 15 kcal/mol barrier to form B-H bonded Ir(C:Hs)(H) complex, especially for the reaction
based on the Zeo(48-T)Ir model. Although the reaction barriers between the intermediates of the
lowest pathway on the Ir singlet PES are commonly low, formation of C:He from the
intermediates is an endothermic process. The reaction step to form and release C:He¢ from
Ir(CHCH3)(H) is predicted to be 55 and 62 kcal/mol endothermic by using the Ir—Al(OH)4 and
the Zeo(48-T)Ir models respectively.

The adiabatic surface of the PES for the I[r-AI(OH)s + C2H4 + H2 — Ir—Al(OH)4 + C2Hs
basically resembles the reaction PES obtained by using the Zeo(48-T)Ir model (Figure 3a). Most
of the structures shown on the Zeo(48-T)Ir + C2H4 + H2 — Zeo(48-T)Ir + C2He PES (Figure 3a)
are singlets except for triplet Zeo(48-T)Ir. The reaction energies for the C2H4 and H2 mono
ligand adsoption are comparable, with the C2H4 reaction being 2 kcal/mol more exothermic.
Zeo(48-T)Ir(C2H4) can relax to form Zeo(48-T)Ir(CCHs)(H) with an exothermicity of ~20
kcal/mol, which can happen only if there is not a second ligand bonded to Ir. Zeo(48-
T)Ir(CHCH3)(Hz2) can be formed by adding H2 to Zeo(48-T)Ir (CCH3)H or transfering H in
Zeo(48-T)Ir(C2H4)(H2). Zeo(48-T)Ir(CHCHs)(Hz2) is predicted to be ~7 kcal/mol higher in
energy than Zeo(48-T)Ir(C2H4)(Hz2). The CHCH3/Hz2 ligand pair has closer geometry to C2Hs
than the C2Ha4/Hz ligand pair, and therefore Ir(CHCH3)(Hz) is likely an important intermediate in
the formation of C2He catalyzed by the zeolite-supported Ir catalysts.

As noted above, the triplet states on the C2Hs4 + H2 + AI(OH)4 PES are not as stable as the
singlets once ligands are added (Figure 3c¢). In contrast to the energetics for the singlet PES, the
triplet Ir(CHCH3)(H2) complex is ~20 kcal/mol higher in energy than the triplet Ir(C2Hs)(H)
intermediate. The triplet B-H bonded Ir(C2Hs/H) is predicted to be a transition state instead of the
local minimum predicted the singlet. The reaction barrier for *Ir(C2Hs)(H2) — >Ir(C2Hs)(H) is
predicted to be ~18 kcal/mol.

The adiabatic PES for ethylene hydrogenation on the Rh complex catalyst (Figure 3d) is
mostly on the singlet surface, with triplet Rh—Al(OH)4 being 10.5 kcal/mol lower in energy than
the singlet and triplet Rh(C2He)—Al(OH)4 being 6.8 kcal/mol lower than the singlet. The singlet-
triplet splittings are less than 5 kcal/mol for the first step/second adsorption products and some of
the rearrangement intermediates. The reaction energy for ligand rearrangement from C:Hs to
CCHs/H is endothermic by 13.3 kcal/mol. Rh(C2H4)(H2)-Al(OH)4 can rearrange into B-H
bonded Rh(C2Hs)(H)-Al(OH)s, Rh(C2Hs)(H)-AI(OH)4, Rh(CHCHs3)(H2)-Al(OH)4, and
Rh(C2He¢)-Al(OH)4, with the isomerization energies of 10.6, 22.2, 19.8, and 27.4 kcal/mol,
respectively. The (average) distances between the a-C atom and H(—M) in these four complexes
are 2.49,2.43,2.18, and 1.13 A, respectively. The crossover between the singlet and triplet PESs
occurs at Rh(C:He)-Al(OH)4. The barrier to form B-H bonded Rh(C:2Hs)(H)-Al(OH)4 is
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predicted to be ~10 kcal/mol for the lowest pathway. The transition state between the B-H
bonded Rh(C2Hs)(H)—Al(OH)4 and Rh(C2Hs)(H)—Al(OH)4 was not found at the B3LYP/aug-cc-
pVDZ level, so the reaction barrier is the endothermicity of the conversion reaction, ~12
kcal/mol. The remaining barriers are also quite small on the singlet surface for Rh. Overall the
energetics for the Rh complexes are not as negative as those for the Ir complexes.

The triplet PES is the adiabatic one for the Co complex catalyst (Figure 3e). The first excited
state could be the singlet or the quintet, and the calculations predict that the quintet is normally
much higher in energy than the triplet for the mono- and dual-ligand Co complexes. The only
exception is that quintet Co—Al(OH)4 is slightly higher in energy than the ground state (by 3.9
kcal/mol). Co(C2H4)-AI(OH)s could rearrange into Co(CHCH3)-Al(OH)4, but the reaction is
endothermic by ~25 kcal/mol. Co(C2H4)(H2)-AI(OH)4 could convert into Co(C2Hs)(H)—Al(OH)4
and Co(C2He)-Al(OH)4, with respective reaction energies of 1.1 and -6.7 kcal/mol. The
calculated distances between the a-C atom and the H atoms on Co are 2.34 A for Co(C2Hs)(H)—
Al(OH)4 and 1.13 A for Co(C2He)-Al(OH)s. The energies for the Co surface are less negative
than for Rh. The Co(CHCH3)(H2)—-Al(OH)4 iso-structure is not predicted to be a local minimum
on the PES. The important barrier is the formation of Co(C2Hs)(H)-AI(OH)s from
Co(C2H4)(H2)—Al(OH)4 with a barrier of 32 kcal/mol as compared to the barriers for the rate
limited steps of 10-15 kcal/mol for Rh and over 50 kcal/mol for Ir. Moreover, this barrier is now
only 5 kcal/mol below the energy of the reactant asymptote. The remaining barriers are again
small.

4. Discussion
4.1 Comparison of experimental and calculated vibrational frequencies

Table 2 is a summary of the available calculated and experimental results comparing IR
vibrational frequencies of C-H and C=0O bonds for Ir and Rh complexes with various
combinations of C2H4 and CO ligands on six different zeolites.>”3*3738 These metal complexes,
including M(C2H4)(C2H4), M(CO)(CO), and M(C2H4)(CO), are among the best-characterized
metal complexes on zeolite supports. It is advantageous to use these complexes for comparison
because the vcn and vco frequencies of C2H4 and CO ligands are sensitive to the electronic
structure of the metal. The vco frequencies of the metal carbonyl complexes are especially
informative from an experimental point of view because they represent prominent features in the
IR spectra.

Because the electron transfer between a CO ligand and a metal atom involves both ¢
donation from a p orbital of CO to a vacant d orbital of the metal and lateral n-backbonding from
a filled metal d orbital to a vacant antibonding n* orbital of CO, as the electron density of a metal
increases, the electron transfer from the metal to CO through m-antibonding increases,
lengthening the C=0 bond and lowering its vibrational frequency. Therefore, analysis of the vco
frequencies of Rh(CO)(CO) and Ir(CO)(CO) provides the following comparison of the electron
density on the metal atoms in the complexes on the six zeolites: Y < B = ZSM-5 < SSZ-42 =
mordenite < SSZ-53. The results summarized in Table 2 show that the calculated vco frequencies
of both Ir—Al(OH)4 and Rh—AI(OH)4 complexes match the experimental values very well. The
vco predictions based on the Ir—Al(OH)4 model are in slightly better agreement with experiment
than are the predictions based on the Zeo(48-T)Ir model. This difference might be explained by
the smaller basis set used in the more expensive Zeo(48-T) calculations. The results indicate that
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Table 2. Comparison of Experimental and Calculated Vibrational Frequencies (¢cm™) of the C—H and C=0 bonds characterizing Iridium and Rhodium Complexes
on Various Zeolites. 2

Metal complex Mode Experimental v characterizing metal complex supported on the zeolite DFTv characteqzmg
bonded to . metal on zeolite
zeolite assignment S B SSZ-53 | SSZ-42 | ZSM-5 | mordenite | AI(OH)/aD | Zeo/D
2979 2990
2991
3016 3001
Rh(C2H4)2 C-H 3064
3062 3066
3084 3088
3092
3003
3011
Rh(C2H4)(CO) CH 3081
3102
C=0 2056 2048 2037
2052 2048 2045 2048 2045 2041
Rh(CO)2 =0 2117 2115 2111 2115 2111 2104
2968
2964 2980
2996
2998 3003
Ir(C2Ha)2 C-H 3009 3060
3022 3038 3039 3069
3057 3084
3082 3125 3085 3096
3012 2991 2988
C_H 3023 3000 3017
Ir(C2H4)(CO) 3078 3069 3082
3118 3092 3089 3108
C=0 2054 2059 2041 2022 1984
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Ir(CO)2

C=0

2038

2035

2027

2029

2026

1984

2109

2106

2099

2102

2095

2050

2 Experimental IR frequencies taken from Refs 5, 7, 8, 9, 37, and 38.
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all of the experimental vco are slightly higher than the calculated results, and the values match
more closely as the electron density on the metal increases. For example, the vco frequencies of
Ir(CO)2 on zeolite SSZ-53 (2027 and 2099 cm!) are only 1 and 4 cm™! higher than the calculated
values, respectively, whereas the vco frequencies of the isostructural Ir complex on zeolite Y
(2038 and 2109 cm™') are 12 and 14 cm™ higher than the calculated values (2026 and 2095 cm™,
respectively).

There are not enough available experimental results characterizing the vcu frequencies of the

metal complexes to allow a comparison for the metal complexes on all six zeolites with the
calculated results. Within the limits of the available results, we can conclude that the calculations
generally agree very well with the experimental results characterizing the hydrocarbon ligands.
For example, the scaled calculated vcu frequencies of the Rh(C2Ha)(C2H4) complex on zeolite Y
(2990, 3001, 3066, and 3088 cm™') differ by only 11, 15, 4, and 4 cm™' from the experimental
values (2979, 3016, 3062, and 3084 cm™). In contrast to the intensities of the vco bands, the
intensities of the vcu bands of C2Ha ligands are relatively weak (more than an order of magnitude
lower in intensity than the vco bands), and therefore they are challenging to identify. Because of
peak broadening, the resolved experimental bands are fewer in number than predicted by the
DFT calculations. Thus, the calculated results are especially valuable for interpretation of the
experimental results. The vcu predictions determined for the Ir—AI(OH)s model are generally
~10cm™! lower than the predictions made with the Zeo(48-T)Ir model.
In summary, the data presented in Table 2 show good agreement between the calculated and
experimental vco and vcu frequencies. The data provide a strong justification of the simplified
zeolite model used for the calculations. Moreover, the comparisons point to opportunities for
future work in seeking zeolite models with parameters that can be tuned to account for the subtle
differences in electron donating/withdrawing properties of the various zeolite frameworks.

4.2 Experimental confirmation of LDEs

Figure 4 shows reactions of zeolite-supported Ir and Rh complexes with CO and C2H4 based
on analyses of transient IR and EXAFS data. >*° The experimental results show that all of the
C:Ha-containing complexes (i.e., M(C2H4)(C2Hs), M(C2H4)(CO), and M(C:2H4)(C2H4)(CO))
underwent fast and complete ligand exchange when brought in contact with a pulse of CO at 298
K and 1 bar, transforming each of the complexes into M(CO)(CO) without any detectable
intermediates. In contrast, when M(CO)(CO) complexes were brought in contact with a
continuous stream of C:Hs4, M(CO)(CO)(C2H4) intermediate species were detected by IR
spectroscopy. Moreover, treatments of M(CO)(CO) in C2H4 led to only partial ligand exchange,
forming M(C2H4)(CO) or M(C2H4)(C2H4)(CO). These experimental observations suggest a
stronger M—CO bond than M—(C2H4) bond for both Ir and Rh, precisely matching the calculated
LDEs, which show that the single-ligand LDEs of the mono and dual-ligand complexes for CO
are ~12 and ~15 kcal/mol higher in energy (when the metal is Rh) and ~17 and ~20 kcal/mol
higher (when the metal is Ir) than the single-ligand LDEs of the mono and dual ligand complexes
for C2Ha4, respectively. Furthermore, the calculated LDEs of C2H4 for Ir are significantly greater
than for Rh (the differences are 25 and 15 kcal/mol for the single-ligand LDEs of the mono and
dual ligand complexes, respectively), which explains the observation that when M(CO)(CO) is
treated in C2Ha, a mixture of M(C2H4)(CO) and M(C2H4)(C2H4)(CO) is formed when M = Ir,
whereas when M = Rh, only M(C2H4)(CO) is observed.

28



0 0
74 \ N\ / C.H
// N 200 200, \C\ & 2

\ /

~

0] O
\ / \ /
Al Al
1.4 C,H,
0 _
// T /‘\}n\/
77y —c=0 o 0
/ \ A4
o 0O Al

\,/
w0% AT / 7
Ir’
/ N\
O\A |/O 0.4 C,H,

60 % co
0 0
N \
/// \\ 200 2C,H, \\C\ /cf// f
RA Rh
/
\AI \AI/
C,H,
_ o -
IIl
Cco // ? 04/0
! T"Rh”
/ \
/ 0 O\ /O
/C// Al
Rh - -
/ \
O @]
\ /
Al
CcoO
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K and 1 bar.
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4.3 Metal-ethylene bonding and catalytic implications

The relative strength of back-donation between the occupied metal d and C—-C n* orbitals of
C2Ha could be the origin of the stability ordering for the metal complexes, as many of the
isomerizations involve C=C or M—C bond breaking. In general, the bonding between transition
metals and olefins can be explained by the Dewar-Chatt-Duncanson model.>®*° In this model, the
metal back-donates electron density from its filled d (or pd" hybrid) orbitals into the empty olefin
w*2p anti-bonding orbital, as the empty metal d orbitals perpendicular to the >C=C< plane accept
electron density from the filled olefin m2p orbital. The donation and back-donation lead to a
reduced C—C bond order, an elongated C—C distance, and a red-shifted C—C stretching band.

The C—C and M-C bond lengths and the C—C stretching vibrational frequencies
characterizing the M(C2H4)(L)-Al(OH)4 complexes, for M = Co, Rh, and Ir, are given in the
Supporting Information. The ordering of C—C bond lengths in the metal complexes is Ir > Rh >
Co, and the ordering of the M—C bond lengths and C—C frequencies is Ir < Rh < Co. This
comparison indicates stronger electron density donation between the metal and ethylene in the Ir
complexes than in the Rh complexes than in the Co complexes. The only exception is Co(C2H4)—
Al(OH)4, which has slightly stronger bonding between the metal and the ethylene ligand than in
Rh(C2H4)-Al(OH)4. This result agrees well with the ordering of electrophilicities of the three
metals: Ir > Rh > Co.%°

Molecular orbital diagrams of the M(C2H4)—Al(OH)4 complexes (M = Co, Rh, and Ir), show
that the bonding paradigm is different from the Dewar-Chatt-Duncanson model. The bonding
between the metal and ethylene is stronger than the bonding that the Dewar-Chatt-Duncanson
model would suggest in all of the Rh complexes, Ir complexes, and the Co complexes Co(C2Ha4)—
Al(OH)s and Co(C:Ha)(H2)-Al(OH)4 (Supporting Information). There is electron density
donated from the ethylene C—C o orbital to the metal d orbital (denoted as o-d donation), in
addition to the m-d donation and d-m* back-donation according to the Dewar-Chatt-Duncanson
model. The d-n* back-bonds are not formed in the Co complexes other than the two mentioned
above, and only n-d donation is observed. One reason for the differences is that in the high-spin
ground state of the Co complexes, electrons are unpaired so that they occupy more metal valence
orbitals leading to increased electron repulsion in the case of back-donation from the ligand,
which prevents the formation of strong d-n* back-bonds. Moreover, in the high-spin ground-state
Co complexes, the ligands no longer occupy the octahedral coordination positions around the
metal so that the ligand(1)-metal-ligand(2) angles are much greater than 90°. The Co d orbital in
the d-n* back-bonds will be distorted by the second ligand, so that no strong d-n* overlaps can
be formed. The Co d orbital is even more distorted when the ancillary ligand on the metal has an
acceptor orbital that can hold the metal d electron density (e.g., CO n*). H2 is weakly attached to
Co as n>~Hz, so it would change the electron densities in Co(C2Ha)(H2)~Al(OH)4 by only a small
amount, which is why Co(C:H4)(H2)-Al(OH)s+ shows characteristics similar to those of
Co(C2H4)-Al(OH)4. The calculations show 6-d donation in most of the low-spin excited states
for these Co complexes. Given the lack of d-m* back-donation, the bonds between Co and
ethylene are weaker than Rh—ethylene and Ir—ethylene bonds.

The isomerization of Co(C2H4)(L)-AI(OH)4 is different from those of the Rh and Ir ethylene
complexes, with the carbene and carbyne complexes being less likely to form. This result is
consistent with the strength of the Co—ethylene bonding. The electron densities in the C—C
bonding orbitals show that they are weakly donating and strongly localized on the olefin, so that
the C—C bonds are difficult to break via a homolytic process. Formation of the carbene or

30



carbyne complexes requires the breaking of the C—C m-bond. Moreover, Hz is bound to Co
mainly in its molecular form with extremely weak d-c* back-donation between Co and Ha. This
comparison suggests that the Co complexes are likely to be much less active catalysts than the Ir
and Rh complexes for C—C and H-H activations, as the ligands in the Co complexes maintain
their molecular characters. The ethylene hydrogenation reaction on the Co catalyst is likely to
have a higher energy barrier if the reaction follows a path whereby H> dissociates and then H is
added to the C—C bond. Co(Z-but-2-ene)-Al(OH)s could possibly be formed from
Co(C2H4)(C2H4)—Al(OH)4 with the attribution of the m-m conjugation between two ethylene
ligands, followed by the hydrogen transfer of the ligands, and, again, the driving force is not C—C
bond breaking.

In contrast, the Ir—ethylene bonds are relatively strong, and a full rupture of the Ir—ethylene
bonds will be highly endothermic and thus difficult. Nevertheless, the strong o-d, n-d, and d-m*
donations make the Ir—ethylene bonds overpopulated with electron density, so that the electron
density will tend to be reallocated. A back-bond between Ir d and ethylene n* orbitals has two
segments that are the overlaps of electron densities between Ir and each of the two C atoms.
During the catalytic reaction, one of the d-n* back-donation segments could be strengthened as
the other segment decomposes. These changes lead to the formation of an Ir—C c-bond between
the Ir d-orbital and C p-orbital, and a nascent acidic center is created, which can induce hydrogen
transfer reactions. This inference explains why the Ir carbene/carbyne complexes are low-lying
isomers or even the lowest-energy isomers. If the donation and back-donation of electron
densities between ethylene and the metal are strong enough, even the C—C bonds can be broken,
forming complexes like M(CH2)(CH2)-Al(OH)s and M(CH2)(C3Hes)-Al(OH)4, in which the
back-donation bond is converted into two M—C sigma bonds.

Rh—ethylene bonds are weaker than the Ir—ethylene bonds but stronger than the Co—ethylene
bonds, and they exhibit intermediate characteristics. Because ethylene activation on the metal
catalysts is largely related to the ability of the metal sites to create acidic centers, the Ir
complexes should perform better than the Rh complexes for ethylene activation. This inference is
consistent with the experimental observation of a much higher catalytic ethylene hydrogenation
rate on the zeolite Y-supported Ir catalyst than on the zeolite Y-supported Rh catalyst.'®!®
The catalytic activities for ethylene hydrogenation and H: dissociation of Ir(C2H4)(C2Ha)
complexes on two different zeolites (Y and SSZ-53) were reported recently.” These experimental
results led to the conclusion that when Ir is bonded to the acidic zeolite, C2H4 activation is rate-
limiting for ethylene hydrogenation. This situation is contrasted with that when the support is the
electron-donating MgO, for which H: activation is rate-limiting.'® Furthermore, the Ir(C2Ha4)2
complex is more electron deficient when bonded to zeolite Y than to SSZ-53, which leads to a
stronger interaction between the Ir atom and C2H4 ligands and thus a higher activity for ethylene
hydrogenation. The DFT/ONIOM predictions show that the LDE(H2) is only 2.2 kcal/mol (6.6
kcal/mol with the simple model) less than LDE(C:H4) for the according model iridium
complexes. Moreover, the activation barrier is hypothesized to be low because of the strong
interaction between Ir and the atoms (C’s and H’s) in the ligand attached to Ir. The results
suggest that it is possible to change the activation energy by altering the support material. The
different predictions for the (LDE(C2H4) - LDE(H2)) using the Zeo(48-T)Ir and Ir—Al(OH)4
models are mainly attributed to the larger steric effect with the Zeo(48-T)Ir model, which
suggests the size of the supercages in the support can also have an influence on the rate-limiting
step.
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4.4 Potential Energy Surfaces

For the ethylene hydrogenation reactions (on the bare metal catalysts) discussed in section
3.7, the first-step adsorption of C2H4 is more exothermic than that of Ha for all three metals, but
the differences between the LDEs of C2H4 and Hz, which are equivalent to the energy differences
between the first-step adsorptions and also ligand exchange energies, are markedly different for
the three metals. The C2H4—H:2 ligand exchange energy is only 6.6 kcal/mol for the reaction with
the Ir complex; 13.4 kcal/mol for Rh; and 30.9 kcal/mol for Co, which will impact the direction
in which the reaction will proceed.

Another difference in the potential energy surfaces of the three metals is the energetic
ordering of the isomers of M(C2H4)(H2)-Al(OH)4. The ordering is C2H4/H2 < CHCH3/H2 <<
3C,Hs/H << 3C2Hs for Ir, C2Ha/H2 << CHCH3/H> ~ C2Hs =~ C2Hs/H for Rh, and C2Hs < C2H4/H>
~ C2Hs/H < CHCHs/Hz (rearranged) for Co. This comparison suggests that as the metal is
changed from Ir to Co, the selectivity of the isomerization changes dramatically, and the reaction
path will favor M(C2Hs)-Al(OH)4 and not favor M(C2H4)(H2)-Al(OH)4 and M(CHCH3)(H2)—
Al(OH)a.

The differences in the stabilities of the intermediates on the PES’s for M = Ir, Rh, and Co
lead to markedly different predicted mechanisms for the C2H4 hydrogenation reaction on these
M-zeolite catalysts; specifically, the reaction step that determines the rate of the C:Ha
hydrogenation differs for the three metals. For Rh, all of the steps including the step to form
C2He on the lowest-energy reaction pathway are predicted to have comparable small barriers of
10-15 kcal/mol. For Co, the step for conversion of the Co(C2H4)(H2) intermediate to the
Co(C2Hs)(H) intermediate has the highest barrier. For Ir, the last step of the catalytic cycle,
formation and release of C2Hg, is the one that controls the rate of reaction. The reaction PES for
Ir shows that the intermediates are very stable, so that there is a much larger barrier to eliminate
the C2He. The energy to release C2He decreases from Ir to Rh to Co. If a surface crossing can
occur from the singlet to triplet in the exit channel, the energy to form C2Hs is only 3 kcal/mol
for Rh. On the triplet surface for Co, this energy to release C2He is 12 kcal/mol. On the Ir surface,
this energy is closer to ~55 kcal/mol. Our results suggest that the zeolite-supported Rh catalyst
may be the most active of the three as it will require the least excess energy to overcome any
energy barriers; the elimination of C2Hs from the intermediate should be relatively facile; and the
well depths characterizing the intermediates are not as great as for Ir. The barriers on the lowest-
energy reaction pathways of the Ir PES are also of moderate magnitude, but the release of C2Hs
from the Ir catalyst requires a larger excess energy as compared to the Rh and Co catalysts as a
consequence of the stabilities of the intermediates. The stability and variety of the Ir
intermediates are of interest in terms of potential trapping of observable intermediates, and their
manipulation may be useful in directing different synthetic pathways.

As the calculated LDE results show, Ir forms the strongest M-ethylene and M-H2 bonds
among the three metals. The stronger Ir-C and Ir-H bonds leads to an effective weakening of the
C=C and H-H bonds in ethylene and H>, respectively. This has two implications in the catalysis
of the ethylene hydrogenation reactions: 1) the Ir catalyst can most efficiently activate the
adsorbed ethylene and hydrogen; and 2) it is more difficult for the Ir catalyst to release the
hydrogenation product C2He. The well depth of the Ir PES is deeper than that of the Rh and Co
PES’s, which is consistent with the two catalytic implications. Experimentally, the Ir catalyst has
better performance than the Rh catalyst for ethylene hydrogenation reactions. Our results are
consistent with this as the C2Hs can be readily displaced by an incoming ligand such as C2Ha4 or
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CO (See Figure 3b and 3f).

It is important to note that the calculated reaction PES is based on a tetra-coordinate MX4 (M
= Co, Rh, Ir, and X = silicate, H2, C2Ha, C2Hs, etc) geometry, which is best describes the reaction
when the acidic site adsorbs one ethylene only. The zeolite supported Group 9 catalysts can have
a strong ¢ donor ligand (CO) bonded to the metal as the auxiliary ligand if M(CO)2(acac) was
used to synthesize the catalyst as the precursor. The CO auxiliary ligand will weaken the
backbonding between M and the C=C or H-H of the co-existing ligands. The reaction
mechanism could differ when two ethylene ligands have been adsorbed (or one auxiliary ligand
and one ethylene), in which cases the reaction is based on the octahedral coordination (MXae,
where X = silicate, H, C2H4, C2Hs, etc). The MXe reaction is not discussed in detail in the current
work and a systematic study of the MXe reactions with different auxiliary ligands on the metal is
currently ongoing. Figure 3f shows the thermodynamics of the ethylene hydrogenation reaction
on Ir(CO)-AI(OH)s4, where the Ir mostly has MXs or MXs coordination. The exothermicities of
the initial adsorption reactions to form Ir(CO)(C:H4)-Al(OH)4 and Ir(CO)(H2)-Al(OH)s4 are
comparable to the exothermicities of the initial adsorption reactions on Ir—Al(OH)s. The
formation of Ir(CO)(C2H4)—-Al(OH)4 is more favorable by 4.5 kcal/mol than the formation of
Ir(CO)(H2)—-Al(OH)4, as compared to the energy difference of 8.2 kcal/mol on Ir—Al(OH)4. The
PES with the Ir—Al(OH)4 precursor shows that Ir(C2Ha4)(H2)—Al(OH)4 is a stable intermediate for
the ethylene hydrogenation reaction. This is not the case for the ethylene hydrogenation reaction
on Ir(CO)-Al(OH)4, where the formation of Ir(CO)(C2Hs)(Hz2) from the first-step adsorption
products are endothermic. Instead, Ir(CO)(C2Hs)(H)-AI(OH)4 is found to be the only structure
that is formed from the Ir(CO)(C2H4)-Al(OH)4 + H:z reaction. This result is consistent with the
suggestion that Ir(C2Hs)(H) is a reaction intermediate for the ethylene hydrogenation reaction on
the zeolite supported iridium catalyst on the basis of experimental studies.'®?” The well depth of
the ethylene hydrogenation reaction is calculated to be ~65 kcal/mol on Ir(CO)-AI(OH)s4, much
smaller than the well depth (~105 kcal/mol) when the auxiliary CO ligand is absence, but still a
significant stabilization. The Ir(CO)(C2Hes)-Al(OH)4 complex where C2Hs is bonded to Ir(CO)—
Al(OH)4 by a Ir-H(C) bond, is formed from Ir(CO)(C:Hs)(H)-AI(OH)4 by an endothermic
reaction with AH = 13 kcal/mol. Clearly, the existence of the auxiliary CO ligand reduces the
excess energy required to form ethane. The isomers with the carbene and carbyne ligands are
predicted to be energetically unfavorable on Ir(CO)-Al(OH)4, even though some of these
isomers are vibrationally stable (local minima).

4. Conclusions

Two computational models of different sizes were used to characterize ligand properties and
dissociation energetics of zeolite-supported Group 9 transition metal complex catalysts. The
simple M'-AI(OH)s model provided geometries, vibrational frequencies, and LDEs
characterizing the zeolite-supported Group 9 transition metal catalysts that are consistent with
the limited amount of available experimental values for Rh and Ir and with the computational
results based on the ONIOM calculations determined using the much larger Zeo(48-T)Ir model.
The use of the AI(OH)4aM model greatly reduced the computational cost—yet still retained most
of the key energetic features for the simulation of the Group 9 transition metal complex catalysts
in a zeolite environment. In addition, the use of the -D3 dispersion corrected functional®® did not
substantially change the results for the Co complexes.

The ground-state structures of Co(L1)(L2)AI(OH)s complexes tend to be high-spin and have
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non-planar ligand coordination as a consequence of the tetrahedral ligand field, whereas most of
the ground-state structures of Rh(L1)(L2)AI(OH)4 and Ir(L1)(L2)Al(OH)4 complexes are low-spin
and have planar geometry in an octahedral ligand field. The differences between the geometry
and stability of the Co complexes, and the Rh and Ir complexes, are related to the low-lying
electronic states of the Co™, Rh*, and Ir" ions.

Binding of common ligands from the gas phase to the model structure M—Al(OH)4 (M = Co,
Rh, Ir) was investigated by using DFT, including calculations of the LDEs, NBO charges, and
vibrational frequencies. The calculated ligand dissociation energies show that the metal-ligand
interaction strength has the following order: LDE(Ir-L) > LDE(Rh-L) > LDE(Co-L). The
strength of the M—L bond is related to the electron density distribution in the ligand, which
affects the reactivities in ligand activation reactions on the transition metal complex catalysts.
Carbyne and carbene ligands, which are potential intermediates in the observed organic ligand
activations, were found to be more stable on the Ir complexes than on the Rh or Co complexes.
The results suggest that the Ir complex catalyst should be the best for C=C and H-H bond
activation in terms of generating stable intermediates. The relative values of the calculated LDEs
are consistent with the experimental results determined in transient IR and EXAFS experiments
characterizing the Ir and Rh complexes with CO and C:Hs. Good agreement was also found
between the calculated and experimental vCO and vCH frequencies. The computational results
provide the first reasonable estimates of these quantities for these types of single-site catalysts,
and they can be used to improve catalyst design.

The potential energy surfaces were calculated for the ethylene hydrogenation reaction
catalyzed by the Ir, Rh, and Co complexes. The PES for the ethylene hydrogenation reaction on
Ir has the deepest well depth among the three metals, implying that the Ir catalyst has the best
performance in activation consistent with the experimental observation that Ir is more active than
Rh. The zeolite supported Group 9 catalysts can have a CO bonded to the metal as the auxiliary
ligand if M(CO)z(acac) was used as the precursor in the synthesis. For the hydrogenation
reaction on the Ir catalysts, the auxiliary CO ligand can lower the stability of the various reaction
intermediates, reduce the reaction barrier (which is correlated to the well depth) to release C2Hse,
and consequently improve the reaction efficiency. The ethylene hydrogenation PES largely
depends on the electrophilicity of the isolated M site (with or without auxiliary ligands), which
determines the M-C and M-H bond strengths. The reactivity of the hydrogenation reaction can be
improved by the choice of the metal, supports, and auxiliary ligands. Overall, the computational
results together with the experimental observations provide a relatively complete picture of the
catalytic hydrogenation of ethylene on single-site supported Rh and Ir catalysts and provide
suggestions as to what to observe in future experimental investigations.
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