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ABSTRACT: Although essentially molecular, noble metal species provide active sites and highly tunable platforms for design of 
supported catalysts, the susceptibility of the metals to reduction and aggregation and the consequent loss of catalytic activity and 
selectivity limit opportunities for their application. Here, we demonstrate a new construct to stabilize supported molecular noble metal 
catalysts, taking advantage of sterically bulky ligands on the metal that serve as surrogate supports and isolate the active sites under 
conditions involving steady-state catalytic turnover in a reducing environment. The result is demonstrated with an iridium pair-site 
catalyst incorporating P-bridging calix[4]arene ligands dispersed on siliceous supports, chosen as prototypes because they offer 
weakly interacting surfaces on which metal aggregation is prone to occur. This catalyst was used for hydrogenation of ethylene in a 
flow reactor. Atomic-resolution imaging of the Ir centers and spectra of the catalyst before and after use show that the metals resisted 
aggregation and deactivation, remaining atomically dispersed and accessible for catalysis. This strategy thus allows stabilization of 
the catalysts even when they are weakly anchored to supports.

Introduction
Supported metal catalysts with molecular structures and 

atomic dispersions are generating intense interest because they 
offer unprecedented opportunities for precise design of catalytic 
sites combined with maximally efficient use of expensive noble 
metals.1–5 This field has been invigorated by newly developed 
capabilities for atomic-resolution imaging of the metals on the 
supports and innovations that extend the class of catalysts 
beyond those incorporating single, isolated metal atoms to those 
incorporating pairs of metal atoms in the catalytic sites.3,6–11 
Approaches for stabilizing molecular catalysts on supports have 
advanced our understanding of strong metal–support 
interactions and how these interactions lead to binding of the 
metal in a state of high dispersion.2,12–27

But the support can be much more than a platform for 
anchoring the metal. Here, we demonstrate a general approach 
for stabilization of an active site in a supported molecular 
catalyst, relying on sterically bulky ligands that control 
transport of reactants and products to and from the catalytically 
active metal centers while hindering deactivation via metal 
aggregation. Bulky calixarenes have been used previously to 
stabilize open, coordinatively unsaturated bonding sites in 
catalysts,28,29 but they have not heretofore been used to stabilize 
sites under steady-state conditions involving catalytic turnover. 
Our approach is demonstrated with the P-bridging calix[4]arene 
diiridium complex [Ir(CO)2PPhL]2 1 (Figure 1a) supported on 
fumed, dehydroxylated silica, which has been chosen as a 
prototypical weakly interacting surface, one that we posited 
should not hinder metal aggregation.30–32 To demonstrate 
generality of the concept illustrated here, we also supported 1 
on a crystalline zeolitic silicate material, which has the SSZ-70 
framework topology.33

Results and Discussion
The solid-state structure of 1 was elucidated on the basis of 

single-crystal X-ray diffraction (XRD) crystallography and 
high-angle annular dark-field (HAADF) STEM (Figures 1, 2, 
S3, S26, the latter two in the Supporting Information, SI). The 
data show that 1 consists of two Ir atoms, which are bridged 
with two P-calix[4]arene ligands and are separated by a distance 
of 2.72 Å, consistent with reported Ir–Ir single-bond 
distances.34,35 The two Ir atoms comprising the dimer cluster in 
the solid state have different coordination geometries. One of 
them, labeled Ir(2) in Figure 1d, is present in a square-planar 
geometry and the other in tetrahedral. This coordination 
geometry is related to that observed in a valence-shell 
dirhodium complex incorporating bridging phosphido 
ligands.36 The square-planar coordination within the phosphido-
bridged Rh-dimer corresponds to a 16-electron rhodium 
species, whereas the tetrahedral coordination corresponds to an 
18-electron Rh species, in the solid state and at low temperature 
in deuterated toluene solution.36,37 Extending these results to the 
solid-state structure of 1 (Figures 1c, d), we surmise that Ir(2) 
is a 16-electron and Ir(1) an 18-electron species. This 
configuration enables a single Ir–Ir bond within the P-bridged 
Ir dimer. 31P- and 13C-NMR spectra of 1 in deuterated 
dichloromethane solution at room temperature show a single 
sharp resonance at δ = 273 ppm (Figures S7 in the SI) and a 
triplet at δ = 181 ppm (2JP-C = 15.3 Hz) for the bridging 
phosphorus and the carbonyl ligands (Figures S5, S6 in the SI), 
respectively. Thus, we surmise an all-square-planar 
coordination for Ir(1) and Ir(2) (Figures 1b; isomer 1-PP) in this 
solution, which lacks an Ir–Ir bond, in contrast to the mixed-
valence cluster (1-TP) observed in the solid state of 1. Upon 
lowering the temperature to 223 K, no structural changes were 

Page 1 of 8

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



observable by 13C NMR spectroscopy. However, at 203 K, only 
a single broad resonance was observed, indicating a transition 
between the all-square planar (1-PP) and square-
planar/tetrahedral (1-TP) structure (Figures S6 in the SI), 
consistent with phenomena observed upon decreasing the 
temperature of the phosphido-bridged Rh-dimer in deuterated 
toluene solution.36,37

Figure 1. (a) Molecular structure of [Ir(CO)2PPhL]2 (1); (b) 
[Ir(CO)2PPhL]2: Isomer 1-TP (tetrahedral/square planar 

coordination sphere); isomer 1-PP (all-square planar coordination 
sphere); (c) and (d) crystal structure of 1; (e) scheme illustrating 1-
SiO2.

Figure 2. HAADF-STEM image of 1-SiO2. Inset shows an area in 
higher magnification, which includes intact dimers as well as debris 
formed by beam damage.

To isolate the catalytic sites in this Ir-dimer for reaction of 
gas-phase reactants and avoid solvent effects, we supported 1 
on the surface of fumed, dehydroxylated silica (further labeled 
1-SiO2; Figure 1e), a weakly interacting support (Figures S11 
in the SI), using an alkane solvent, from which 1 partitions to 
the more polar solid phase.27,30,38 The weak nature of the 
interactions are evident by the fact that 1 can be fully recovered 
from 1-SiO2, without any decomposition or ligand loss, by a 
simple wash with toluene (Figures S15, S16), a finding that is 
unremarkable given purification of 1 via silica chromatography 
during its synthesis. EXAFS spectroscopy of 1-SiO2 shows 
identical Ir-C, Ir-P and Ir-Ir coordination numbers and distances 
(Table S2, Figure S14a) with 1. This similarity fully supports 
our assertion of the same molecular structure of the Ir complex 
in 1 and 1-SiO2. Infrared (IR) spectra of 1-SiO2 recorded under 
catalytic ethylene hydrogenation conditions demonstrate that 
catalytic activation proceeds via dissociation of one of the four 
CO ligands during the course of the first 24 h on stream 
(Table 1). The loss of CO to open an active center on the Ir-
dimer core was also characterized by EXAFS spectroscopy. 
The latter data for 1-SiO2 before and after catalysis demonstrate 
a decrease in the Ir-C contribution that is consistent with the IR 
data above, and no change in the Ir-Ir and Ir-P coordinations. 
Thus, besides the loss of the single CO, spectroscopy shows no 
significant changes to the supported cluster following catalysis 
(Tables S2, S3, Figure S16).

Table 1. CO loss of 1-SiO2 resulting from treatments in 
various gases at 50 °C.

Conditions of treatment in 
flowing gas

Number of CO ligands per 
Ir-dimer
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none (catalyst as-prepared) 4

24 h in helium, 50 °C 3.9

24 h in ethylene, 50 °C 3.9

24 h in H2, 50 °C 3.1

24 h in ethylene + H2 during 
catalytic hydrogenation, 50 °C

3.0

Tracking the sample with IR spectroscopy, we replicated the 
loss of a single CO ligand from 1-SiO2 in a stream of H2 gas at 
323 K (Table 1, Figure S18 in the SI). During this reaction, we 
observed the appearance and growth of a new IR band at 
2130 cm-1 (Figures S19, S25 in the SI), assigned to Ir–H.32,39 
Because time scales corresponding to both loss of CO ligands 
and formation of the iridium hydride match the timescale 
observed for increase in catalytic activity during time on stream  
under ethylene hydrogenation conditions (Figure S21 in the SI), 
we conclude that the activation of 1-SiO2 for catalysis was 
accompanied by the replacement of a single CO ligand with a 
bound hydride, which subsequently reacted rapidly with 
ethylene. A subsequent CO treatment after reaction of 1-SiO2 
with flowing H2 led to a fast recarbonylation, to give a species 
again incorporating four CO ligands per Ir2 moiety (Figure S18 
in the SI). In contrast, exposure of 1-SiO2 to either pure flowing 
helium or ethylene gas at temperatures up to 353 K did not lead 
to desorption of any CO ligands (Tables 1, S4). This result is 
contrasted with that characterizing the silica-supported 
molecular catalyst consisting of phosphine-substituted 
tetrairidium clusters Ir4L1

3/SiO2 (L1 = calixarene-phosphine), 
which lost approximately 3 of its 9 CO ligands at 311 K in 
flowing helium.28 Moreover, the initial rate of CO dissociation 
from Ir4L1

3/SiO2 was independent of whether H2 was present,32 
demonstrating that the CO dissociation was not hydrogen 
assisted,28,39 contrary to what was observed for 1-SiO2.

We measured a steady-state turnover frequency (TOF) of 
540 h-1 for ethylene hydrogenation catalysis at 323 K using 1-
SiO2 (Figure 3a) as the catalyst, which—significantly— 
remained stable after more than 90 h on stream, with no 
observable decrease in activity. This steady-state activity is two 
orders of magnitude higher than that reported for the calixarene-
phosphine-bound Ir4L1

3/SiO2 cluster.39 We attribute the higher 
activity, at least in part, to the higher Ir oxidation state (+1 on 
average in 1, vs. 0 in Ir4L1

3). Bolstering this inference, recent 
reports demonstrate that the activity of supported iridium 
carbonyl clusters for ethylene hydrogenation scales with the 
electron deficiency of the cluster core, correlated with the 
frequency of the carbonyl band.40

Figure 3. Catalytic activities: (a) TOF of 1-SiO2 showing 
activation of the catalyst. Inset shows long-term stability. (b) TOFs 
of 2-SiO2, 3-SiO2 and 4-SiO2. The steady-state activity of 1-SiO2 
is represented as a black line for visual clarity.  2-SiO2 is silica-
supported Crabtree catalyst; 3-SiO2 is silica-supported Wilkinson 
catalyst; 4-SiO2 is silica-supported Schrock-Osborn catalyst. 

HAADF-STEM images recorded before and after catalysis 
by 1-SiO2 (Figures 2, 4, S26, S28, the latter two in the SI) show 
the molecular integrity of the silica-supported sites even after 
catalysis (the heavy Ir atoms on the light SiO2 support were 
imaged with atomic resolution), and the dimeric structure of the 
molecular site is evidenced by the 2.43 ± 0.4 Å distance 
between the Ir atoms. The similarity of this distance with that 
found for 1 by single-crystal XRD is consistent with the same 
Ir dimer structure and Ir–P coordination sphere in the supported 
samples. EXAFS data recorded before and after catalysis agree 
with the HAADF-STEM data, further supporting the 
demonstration of integrity of the Ir–Ir and Ir–P coordination 
spheres before and after catalysis (Tables S2, S3 in the SI). This 
conclusion is further corroborated by XANES data (Figure S31 
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in the SI), which demonstrate a lack of change in the iridium 
oxidation state as a result of catalysis.

Figure 4. (a) and (b) HAADF-STEM images of 1-SiO2 after catalysis.

Figure 5. HAADF-STEM images of 2-SiO2 (a) before and (b) after catalysis; 4-SiO2 (c) before and (d) after catalysis.
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To demonstrate the uniqueness of the structural integrity of 
1-SiO2, we compared its performance and structure with those 
of well-known, highly active silica-supported hydrogenation 
catalysts (Figure S2 in the SI), consisting of Wilkinson’s 
([(PPh3)3RhCl], 3),41 Schrock-Osborn’s ([(PPh3)2Rh(COD)], 
COD = cyclooctadiene, 4),42 and Crabtree’s catalysts 
([(COD)Ir(py)(Pcy3)], py = pyridine, cy = cyclohexyl, 2), 43 all 
of which have properties tuned by the choice of the phosphine 
ligands. These three supported catalysts were benchmarked 
under our standard catalytic reaction conditions used for 1-SiO2 
(323 K, 1 bar). Although Wilkinson’s catalyst (3-SiO2) exhibits 
low activity (TOF < 20 h-1), consistent with its known lack of 
proficiency for ethylene hydrogenation,41 the Crabtree (2-SiO2) 
and Schrock-Osborn catalysts (4-SiO2) show high initial 
activities, with TOF values > 1000 h-1. However, within the first 
6–12 h onstream, the activities of these two catalysts 
plummeted to values below the stable steady-state TOF 
observed for 1-SiO2 (Figure 3b). 

HAADF-STEM images of the used catalysts show changes 
that lead to this deactivation (Figure 5): The metals in 2-SiO2, 
4-SiO2, and 3-SiO2 all aggregated into poorly defined clusters 
(2-SiO2, 4-SiO2; Figure 5) or nanoparticles (3-SiO2; Figure 
S30, Supporting Information),43 whereas the metal in our 
ligand-protected dimer catalyst (1-SiO2) retained its initial 
dispersion. The aggregation of metal in the Wilkinson catalyst 
3-SiO2, led to an increased catalytic activity (Figure 3b), 
because the rhodium metal nanoparticles formed initially are 
small enough to be more active than the original molecular 
species (Figure S30 in the SI). The observed aggregation was 
expected,27,38 and it extends beyond supported catalysts to 
soluble ones as well.43 The loss of molecular structure in these 
catalysts corresponds to a loss of ability to tune their properties, 
such as by the choice of ligands. 

To demonstrate the generality of this concept, we also 
supported 1 on the surface of a zeolitic silicate having the SSZ-
70 framework topology, making 1-SSZ-70. We did this because 
we expected this crystalline surface topology comprising 12-
MR hemispherical pockets on the surface to be significantly 
different from the varied ring sizes comprising our fumed, 
dehydroxylated silica surface used in the other catalysts. Data 
characterizing ethylene hydrogenation in the flow reactor 
(Figure S32 in the SI) demonstrate that 1-SSZ-70 is also a stable 
catalyst, exhibiting steady-state turnover at about the same 
times on stream as observed for 1-SiO2, with approximately 
twice the turnover frequency.

Conclusions
In summary, catalysts 1-SiO2 and 1-SSZ-70 are robust 

supported molecular catalysts that exhibit stable turnover and 
do not show any evidence of metal aggregation during 
hydrogenation catalysis. These results demonstrate multiple 
benefits of the bulky calixarene phosphine ligands: they 
maintain the iridium dimer centers isolated in the ligation 
sphere – keeping the catalysts as essentially molecular species, 
and they prevent aggregation of the metal on the supports. Thus, 
the data demonstrate a new paradigm for stabilizing supported 
molecular catalysts by isolating the metals, a function that is 
typically provided by the support. We see opportunities for 
stabilization of new families of supported molecular metal 
catalysts, whereby the choice of support can now be 
unconstrained by requirements of metal–support interactions 
for catalyst stability.
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