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A continuing goal in catalysis is the transformation of processes from homogeneous to heterogeneous. To this end, nanoparticles
represent a new frontier in heterogeneous catalysis, where this conversion is supplemented by the ability to obtain new or divergent
reactivity and selectivity. We report a novel method for applying heterogeneous catalysts to known homogeneous catalytic
reactions through the design and synthesis of electrophilic platinum nanoparticles. These nanoparticles are selectively oxidized by
the hypervalent iodine species PhICl,, and catalyze a range of m-bond activation reactions previously only homogeneously
catalyzed. Multiple experimental methods are utilized to unambiguously verify the heterogeneity of the catalytic process. The
discovery of treatments for nanoparticles that induce the desired homogeneous catalytic activity should lead to the further
development of reactions previously inaccessible in heterogeneous catalysis. Furthermore, our size and capping agent study
revealed that Pt PAMAM dendrimer-capped nanoparticles demonstrate superior activity and recyclability compared to larger,

polymer-capped analogues.

The field of homogeneous catalysis can be characterized as a source of easily tuned, selective catalysts with high activity.
Heterogeneous catalysts also offer many advantages, some of which are not displayed by their homogeneous counterparts, including
recyclability, ease of separation from the reaction mixture and use in continuous flow processes. It is highly desirable to develop new
systems that blend the many advantages of heterogeneous catalysis with the versatility of homogeneous catalysts.' Most efforts approach
from the homogeneous side and are comprised of immobilized homogeneous catalyst species that promote reactions already accessible by
homogeneous solution-state conditions."* We sought to utilize an alternative method wherein heterogeneous catalysts are extended to
reactions previously only catalyzed by homogeneous species. Metal nanoparticles (NPs) that serve as heterogeneous catalysts in which the
metal particle size and oxidation state can be characterized are well-suited for our study. In addition, it is known that the reactivity and
selectivity of monodisperse metal NPs can be altered by changes in their size and shape.™ Although Pd and Au NPs have been

1623 studies have not yet yielded the

demonstrated to catalyze a range of cross-coupling and oxidation/reduction reactions in solution,
control necessary to develop new NP catalysts applicable to a wider variety of reactions.

A further challenge involves the specific nature of the catalyst. In particular, the distinction between homogeneous and heterogeneous
catalysis is often difficult to determine. This is due to the possibility that metal leaches from a heterogeneous catalyst into solution and acts
as the catalytically active species. Thus, it was important for us to consider in our studies the fact that for many of the NPs used in carbon-
carbon bond forming reactions, formation of a catalytically active homogeneous species from the NP precursor cannot be excluded. For
example, it is generally accepted that Pd nanoparticles, when used in solution, degrade into various homogeneous species and provide a
strong case for the assumption that a nanoparticle catalyst is leaching in solution until proven heterogeneous. >'*'7* Thus, we aimed to
design and synthesize truly heterogeneous NPs capable of catalyzing an alternative yet broad class of reactions for functionalizing n-bonds
that, to date, has been achieved exclusively with homogeneous catalysts. To accomplish this goal, the NP catalysts would require
significant electrophilic character likely imparted by an increase in metal oxidation state, similar to that found in electron-deficient, late-
metal homogeneous catalysts. In doing so, we would obtain new activity from heterogeneous metal NP catalysts resulting in selective,

solution-phase carbon-carbon and carbon-heteroatom bond forming reactivity not previously observed with known heterogeneous catalysts.



Results and Discussion
Catalyst Development and Reactivity

Given that the aforementioned set of desired transformations are currently known to be catalyzed by Pt halides, we focused our study on
Pt NPs. Two general types of NPs were prepared in a range of sizes that allow for thorough investigation of the effects of various
parameters on reactivity. These Pt NPs were synthesized utilizing two techniques: dendrimer or polymer encapsulation (Figure 1a). Fourth
generation hydroxyl terminated polyamidoamine (PAMAM) dendrimers (G4OH) were used as a capping agent™'"?¢ for smaller sized 1.0
nm 40 atom Pt (Pty) NPs. Alternatively, polyvinylpyrrolidone (PVP) was used to generate 1.5, 2.9 and 5.0 nm sized NPs by existing
procedures.”’ Fabrication of the NPs was followed by deposition onto SBA-15 or, in the case of the larger 5.0 nm NPs, MCF-17
mesoporous silica. Notably, NPs capped with PAMAM dendrimers are active for a variety of reactions when supported on SBA-15 silica
and calcinations or other similar manipulations of the NPs are not necessary, unlike PVP or other capping agents.?**® In addition to
allowing for recycling of the catalyst, deposition of the PAMAM dendrimer NPs on SBA-15 imparts additional thermal stability against
aggregation.***?® Furthermore, since PAMAM dendrimers are normally soluble only in protic liquids, loading the NPs on SBA-15 allows
for their use in organic solvents.

Our initial studies focused on a hydroalkoxylation reaction in which an electrophilic Pt catalyst activates an alkyne towards nucleophilic
attack by an oxygen functionality.” When 1.5 nm Pt/PVP/SBA-15 NPs were used, no appreciable reaction was observed. Given that the
homogeneous Pt catalysts for this type of reaction exist in the (+2) or (+4) oxidation state, we hypothesized that the failure of the NPs was
due to an overabundance of Pt in the (0) oxidation state. In fact, X-ray photoelectron spectroscopy (XPS) studies on these Pt/PVP NPs
have confirmed that >90% of the metal exists in a metallic Pt(0) oxidation state. Thus, we turned to the Pt;(/G4OH NPs, which are >70%
oxidized as determined by XPS.>*** However, exposure of alkyne 1 to 1.0 nm Pt;o/G4OH NPs generated only a 10% yield of product.
This result is likely due to the presence of catalytically inactive Pt oxide species on the Pt,;(/G4OH NP surface. To address this lack of
activity, we postulated that known oxidizing agents for metals might be used to selectively modify the NP surface to produce a catalyst
species with the requisite activity. Recent work has shown the formation of oxidized [PtCl4]* layers on Pt surfaces with Cl, etching, as
well as oxidation of Pd catalysts to form Pd—Cl bonds with the hypervalent iodine species iodosobenzene dichloride (PhICL,).** These
precedents serve to reinforce the ability of PhICI, to act as a mild oxidant to transform the Pt NP surface into a catalytically active state.
Gratifyingly, we found that PhICI, successfully generated the desired electrophilic catalyst species. Treatment of either Ptyo/G4OH/SBA-
15 (further reduced under H, atmosphere at 100°C for 24 h prior to reaction) or Pt/PVP/SBA-15 NPs with three equivalents (relative to
catalyst loading) of PhICI, resulted in an excellent yield of >95% for benzofuran 2 (Figure 1b). Further evidence for the oxidation of the Pt
NPs was obtained from an XPS spectrum of 1.5 nm Pt/PVP NPs treated with PhICl, showing that >25% of the Pt was oxidized.

Figure 1. Depiction of the nanoparticle synthesis for the two capping agents, and the initial reactivity results for electrophilic
catalysis. a) In the top scheme, Pt ions are loaded onto a PAMAM dendrimer and reduced to form a dendrimer encapsulated NP.
Sonication deposits the NPs on the mesoporous silica SBA-15 to generate the NP catalysts. In the bottom scheme,
polyvinylpyrrolidone encapsulates the NP. Deposition on SBA-15 follows to produce the catalyst. In both cases, the NPs are
synthesized before loading onto SBA-15. b) Hydroalkoxylation of 1 with Pt NPs. To obtain electrophilic activity from the Pt NPs,
treatment with the mild oxidant PhICI, is required. Pt ,/G4OH/SBA-15 NPs must be further reduced under H, atmosphere at 100°C
for 24 h prior to reaction. This treatment generates catalytically active NPs which activate the n-bond in 1 resulting in
hydroalkoxylation to benzofuran 2. Yields determined by NMR vs internal standard.

As predicted, the oxidized NP catalysts demonstrated a size and capping agent effect on catalytic activity. Although multiple studies
conducted on various reactions in both the gas and solution phase have demonstrated the importance of NP parameters for reactivity and
selectivity, fewer discuss supported NPs in solution.”'*** Under our oxidative modification conditions, additional size and capping agent
effects were found for the PVP and dendrimer capped, SBA-15 supported Pt NPs. Results from detailed reaction monitoring indicate that
smaller, dendrimer capped NPs are more stable in higher oxidation states than larger NPs and remain in this catalytically active state for
prolonged times. Based on previous observations, this trend may be due to the stability imparted by the PAMAM dendrimer NPs with
higher oxidation states.”®?***32 It is also possible that, under the reaction conditions, the dendrimer could decompose. However, any
decomposition does not appear to affect the catalytic activity as evidenced by the similar activity of the Pt,o/G4OH/SBA-15 NP catalyst

after recycling and its consistent difference from the PVP capped NPs. Furthermore, recent reports that suggest more harsh conditions are



1313637 Regardless, Pty proved to be the most robust catalyst and, after oxidative modification

required for complete dendrimer remova
with PhICI,, maintained a steady rate of reaction, only to decrease as the reaction neared complete consumption of starting material (Figure
2a). The stability of the Pt,, catalyst was additionally tested by isolation of the SBA-15 supported catalyst and immediate resubmission to
a new solution of substrate. In this case, an overall decrease in activity was observed, but the catalyst remained consistently active until all
substrate was consumed with no further deactivation. The Pt;(/G4OH PAMAM NPs, when supported on SBA-15, showed excellent
recyclability over multiple cycles after simple filtration, reduction and retreatment with PhICl, (Figure 2b). A sample of Pt;(/G4OH/SBA-
15 NPs has been recycled four times with a consistent yield of >90% under the reported reaction conditions. In addition, a single batch of
catalyst was active for a month, and a turnover number of 400 (per metal basis) was obtained. Monitoring of the reaction indicated no loss
of activity after recycling as compared to the initial catalyst use, and simple filtration of the catalyst through a glass microfiber filter was
sufficient to separate the metal species from the product solution. Much like their use in the gas-phase, PAMAM dendrimers exhibit
significant advantages as NP capping agents in solution. This templating strategy allows for the generation of monodisperse NPs as small

as 1 nm and is complemented by the resulting performance enhancements and potential for further catalyst development in combination

with the oxidative modification.

Figure 2. Monitoring the reaction using Pt NP catalysts to show size and capping agent effects as well as recyclability. Graphs
display the reaction yield of 2 from 1 as a function of time. All catalysts treated with PhICl, (3 catalytic equiv.) For
Pt4o/G4OH/SBA-15 (3 mol%) (a) initial run, and (b) recycled. For 1.5 nm Pt/PVP/SBA-15 (1 mol%) (c) initial run, and (d)
recycled (80 h reaction time). Note the excellent recyclability of the Ptso/G4OH catalyst as opposed to the significant deactivation
of the Pt/PVP NPs.

For larger NP sizes, PVP capping was required. However, the 1.5, 2.9 and 5.0 nm Pt/PVP/SBA-15 NPs had distinctly different activity
from the smaller, dendrimer capped NPs. In addition to a decrease in activity as NP size increased, these larger NPs demonstrated a
marked initial spike in activity, followed by rapid deactivation and prolonged time to reach completion (Figure 2c). For example, when
only 1 mol% of 1.5 nm Pt/PVP/SBA-15 NPs treated with PhICI, were used, approximately 70% yield was reached in the first 1.5 hours.
Then, nearly 60 hours were required to reach complete conversion to product. Immediate resubmission of the PVP NPs to a new batch of
substrate did indeed prove the catalyst was deactivated, as the reaction was extremely slow and never reached completion in significantly
more time than initially required. Even after reduction and PhICI, retreatment of the recycled catalyst, substantial deactivation of the
catalyst was observed (Figure 2d). In comparison, 2 mol% of PhICl, oxidized 5.0 nm Pt/PVP/SBA-15 NPs generated only ~14% yield in
the initial activity spike, and after 70 hours, only 60% yield was obtained, demonstrating the decrease in activity resulting from larger NP
sizes. It is important to note that while the PVP capped catalyst did exhibit a more rapid deactivation, a batch of 2.9 nm Pt/PVP/SBA-15
NPs treated with PhICI, remained active for one month. A turnover number of 415 (per metal basis) was obtained. For these larger NP
sizes, we believe that the NP has more metallic character and tends to revert to the Pt(0) oxidation state.***° With smaller sizes, the NP
more readily retains its oxidized state as the electronic valency of the surface atoms is less saturated and more atomic character is present.
It is also likely that the increased activity of smaller NPs is due to the larger number of Pt atoms, and therefore active sites after treatment
with PhICI,, present on the surface of the NP. Beyond size considerations, the increased rate of deactivation and limited recyclability for
the PVP capping agent renders the oxidatively modified PAMAM dendrimer capped NPs as the optimal catalyst system.

Having developed two highly active Pt NP catalysts, we sought to test them for a range of n-bond activation reactions previously known
to occur only with electrophilic homogeneous catalysts. Gratifyingly, the NPs were found to catalyze several reactions in the solution-
phase under relatively mild conditions with minimal or no side-reactions. Figure 3 shows the results of these reactions with both G40OH
PAMAM dendrimer and PVP capping agents. Five- and six- membered ring heterocycles were formed by addition of nitrogen and oxygen

#1492 activated by the Pt nanoparticle catalysts. Carbon-carbon bond formation has also

nucleophiles to alkynes and allenes (Figure 3a-c),
been accomplished utilizing a hydroarylation reaction (Figure 3d).** It is important to note that all reactions are catalyzed by Pt NPs in
yields comparable to, if not slightly better than those obtained with homogeneous PtCl,. Furthermore, in the case of the cyclization of
compound 9, our NP catalysts show selectivity favoring the para-isomer 10 over the ortho-isomer, nearly equivalent to that observed in
homogeneous PtCl, systems. This highlights the potential of unique heterogeneous catalysts to offer similar selectivities relative to
homogeneous species. Generality for the oxidative treatment was shown when Pd;/G4OH/SBA-15 NPs were used for the formation of 2

from 1 (Figure 4). Just as was found for Pt, the Pd NPs required further reduction [H, (1 atm), 100°C, 24h] followed by in situ treatment



with PhICI, to generate electrophilic catalytic activity. The yield obtained with the Pd NPs (48%) was comparable to that obtained with

PdCl, homogeneous catalyst.

Figure 3. Cyclization Reactions of Pt NPs. Both PVP and dendrimer encapsulated NPs result in good to excellent yields of nitrogen
and oxygen containing heterocycles resulting from n-bond activation by electrophilic Pt. Catalyst systems: A: Pts/G4OH/SBA-15
(4 mol%), PhICL, (12 mol%); B: 2.9 nm Pt/PVP/SBA-15 (2.5 mol%), PhICL, (7.5 mol%); C: PtCl, (5 mol%). Pts//G4OH/SBA-15
NPs must be further reduced under H, atmosphere at 100°C for 24 h prior to reaction. Yields determined by NMR vs internal
standard. Figure 3d, catalyst system C reacted at 80°C for 17h.**

Figure 4. Cyclization Reaction with Pd NPs. Reaction with Pd NPs demonstrates generality for the oxidative modification.
Pd4/G4OH/SBA-15 NPs must be further reduced under H, atmosphere at 100°C for 24 h prior to reaction. Yields determined by
NMR vs internal standard.

Leaching Tests

While the remarkably consistent recyclability of the PhICI, treated Pt,o/G4OH/SBA-15 NPs is a strong indication of its heterogeneity,
we wanted further verification that the NPs were not leaching to form a homogeneous active catalyst. To demonstrate that the NP activity
was not attributable to leaching of PtCl, or PtCl, species, we examined a reaction that is not catalyzed by either of these two compounds.
We turned to a recent report of a dehydroalkoxylation-cyclization cascade reaction in which Ptl, was the only catalyst to demonstrate
appreciable activity for the formation of tetracycle 13.** We confirmed that when urea 11 was treated with either PtCl, or PtCl,
homogeneous catalyst in toluene at 110°C, only a low yield of 13 was observed. Addition of three catalytic equivalents of PhICl, to the
homogeneous salt also did not result in any change in reaction conversion or yield. However, both Pt/PVP/SBA-15 and Pt,,/G4OH/SBA-
15 NPs oxidatively modified with PhICI, resulted in 43-48% yield after 48 h for a completely different product, the bis-indole 12 (Figure
5). While small amounts of the tetracycle 13 were formed by the NP catalysts, the majority of the consumed starting material went towards
this alternative catalytic reaction pathway. This remarkable outcome not only represents divergent reactivity from homogeneous catalysts,
but is further evidence that the unique properties of NPs can result in new transformations and catalyst selectivity beyond what
homogeneous catalysts can provide.***® In this case, not only does a different nitrogen act as the nucleophile, but the NPs catalyze a
cascade that results in the formation of several new carbon-carbon bonds to afford 12, a transformation unprecedented in homogeneous
catalysis. This reaction also provides support for the assertion that no leaching of the NP catalysts occurs to form homogeneous
catalytically active species, in that no appreciable amount of bis-indole 12 was obtained from Pt salts that could potentially form in situ.
Moreover, the NPs generate alternative products than expected with homogeneous catalysts and can be considered a unique metal species

distinct even from the concept of supported homogeneous catalysts which would form 13 in analogy to unanchored homogeneous catalysts.

Figure 5. Oxidatively modified Pt NP catalyzed cyclization of phenylurea 11. While homogeneous catalysts provided low yields of
tetracycle 13, the NPs result in an unprecedented reaction to the methylene-bridged bis-indole compound 12.

The striking improvement in long-term activity of the smaller sized PAMAM dendrimer capped NPs over the larger PVP capped NPs is
complemented by the differing recycling ability based on capping agent. Both results illustrate the effect of size and capping agent, which
would not be possible if homogeneous catalysts were generated as the active species even if a “release and capture” dynamic were present.

In a more rigorous test for the formation of a homogeneous species, a 3-phase test*”*®

was employed with Wang resin-bound substrate 14
(Figure 6a). In the presence of homogeneous PtCl,, 26% conversion of resin bound substrate to product was observed. However, both 2.9
nm Pt/PVP/SBA-15 and Pt,/G4OH/SBA-15 oxidized with PhICI, resulted in <2% conversion. In addition, transmission electron
microscopy (TEM) images of supported Pt;(/G4OH/SBA-15 NPs before and after reaction do not show any appreciable aggregation or
leaching (Figure 6b). Furthermore, an experiment was conducted in which a Pt;(/G4OH/mesoporous silica pellet was used to allow for
facile removal of the reaction solution from the NP catalyst under the reaction conditions and inert atmosphere. In this case, detailed in
Figure 6¢, a solution of starting material, PhICl, and solvent are added to the catalyst pellet in a reactor (A) and begin to generate product.

After 42% yield is achieved, the reaction solution in A is transferred to a new vessel with no catalyst (B). The oxidized catalyst pellet



remains in A. A fresh solution of starting material and solvent is then added into A. Now, the solution in A begins to convert to product
while the solution in B does not react and remains at 42% yield. This further indicates the active catalyst is heterogeneous. If any
homogeneous leached species were present, it would have also been transferred to B and an increase in yield would have been observed for
the solution after it was removed from the heterogeneous catalyst pellet in A. Moreover, the new solution added to A begins to react,
showing that the active catalyst has, in fact, remained in A. Finally, elemental analysis by inductively coupled plasma of a centrifuged
solution (1 with Pt,;o/G4OH/SBA-15 and PhIC], in toluene) after reaction was unable to detect any significant amount (<1 ppm) of Pt above
the instrument’s detection limits. By the same analytical method, no loss of Pt was observed from the Pt;(/G4OH/SBA-15 catalyst when
it was isolated after the reaction. All together, this collection of experiments strongly indicates that no homogeneous catalytically active
species had leached from the treated/oxidized Ptyo/G4OH/SBA-15 NPs during the reaction, and that the catalytically active species is the

heterogeneous NP.

Figure 6. Results from catalyst heterogeneity tests. a) A 3-phase test to determine the presence of a homogeneous catalyst by
leaching or release and capture. The reaction rate between heterogeneous catalyst and polymer-bound substrate should be
negligible. Yields determined by NMR vs internal standard. b) TEM images of Pt,o/G4OH/SBA-15 before reaction, and after
treatment with PhICI, and reaction with 1. No leaching or aggregation is observed. Further TEM data including average diameters
and standard deviations can be found in the SI. c) Filtrate transfer test. A reaction vessel (A) is charged with substrate. Into this
vessel (A) is added a pellet of Pt,4o/G4OH/mesoporous silica catalyst and PhICl, oxidant (green section). The mixture is stirred and
the yield monitored (i). When the reaction in vessel A reaches 42% yield, the solution is removed and placed into a new vessel (B).
A fresh solution of starting material is added to vessel A where the catalyst pellet remains (yellow section). Both vessel A and B
are now stirred and monitored (ii). The yield in B remains constant, while product is generated in A (red section). Yield
determined by GC vs internal standard. All transfers and reactions conducted under Ar at 100°C. Catalyst pellet pre-reduced under
H, atmosphere at 100°C for 36 h prior to reaction.

Conclusion

We have contributed to the larger goal of bridging the gap between homo- and heterogeneous catalysis with a strategy for developing
catalytically active NPs capable of performing reactions previously in the exclusive purview of homogeneous chemistry. To this end, we
have successfully identified novel electrophilic Pt NPs which catalyze a range of n-bond activation reactions with equivalent or superior
yields and selectivities relative to reported homogeneous variants. Instrumental to this success were NP structural analyses and
mechanistic insights that uncovered the importance of treatment with the hypervalent iodine oxidizing agent PhICl,. Moreover, reaction
kinetic analysis confirmed the capability of tuning nanoparticle size and capping agent to improve catalytic ability. Multiple experimental
results indicate the heterogeneity of the dendrimer encapsulated NP catalyst supported on SBA-15. These discoveries, most notably the
oxidative modification, illustrate the ability to obtain new reactivity from existing NP systems, and, in some cases, divergent reaction
pathways are accessible. In a larger sense, this concept represents a significant advancement in the solution phase applications of supported
NPs, and further application with other metals and treatment methods may facilitate the development of heterogeneous catalysts with novel
activity or selectivity in an even larger array of chemical reactions. Efforts are underway to better understand the nature of the oxidation in
order to further increase as well as maintain catalyst activity to allow for the development of a continuous flow system. Future studies can
also move beyond traditional homogeneous ligand control and utilize NP shape or dendrimer composition to provide opportunities for

selective solution-phase reactions.

Methods

Synthesis of Nanoparticle Catalysts

Dendrimer templated NPs

Generation 4 dendrimers (G40OH) were purchased from Dendritech Inc. (Midland, MI) as 10.2% (mass) methanol solutions. A dendrimer stock solution
(250 pM) was prepared by adding water to the dendrimer methanol solution. The dendrimer stock solution was mixed with 15-40 mole equivalents of an
aqueous solution of 0.01 M K,PtCly in a 20 mL vial. The vial was purged with Ar for 30 min, tightly sealed with a septum and let sit for 66 h for
complexation. Then a 20-fold excess of freshly prepared 0.5 M NaBHj, (stored at 0°C before use) was injected dropwise into the vial with vigorous stirring.
The reaction solution was then stirred for an additional 8 h after which, the reaction solution (10 mL) was purified by dialysis against 2 L of deionized water
in cellulose dialysis sacks with a molecular weight cutoff of 12,000 (Sigma-Aldrich, Inc., St. Louis, MO). Dialysis occurred over 24 h with the water
changed four times.
PVP capped NPs

Chloroplatinic acid (H,PtCls - 6H,0, 99.9% pure on metals basis) and polyvinylpyrrolidone (PVP) with a molecular weight of 29,000 were purchased
from Sigma-Aldrich.



For the synthesis of 1.5 nm Pt particles, NaOH was dissolved in ethylene glycol (12.5 mL, 0.5 M). This solution was added to an ethylene glycol solution
(12.5 mL) containing H,PtClg - 6H,0 (0.25 g, 0.48 mmol). During N, purging, this combined solution was heated to 160°C and held for 3 h. The resulting
NPs were precipitated with 2 M HCI and dispersed in an ethanol/PVP mixture.

For the synthesis of 2.9 nm Pt particles, aqueous H,PtCls - 6H,O (20 mL of 6.0 mM) was added into 180 mL of methanol. PVP (133 mg) was then
dissolved in this mixture and refluxed for 3 h.

For the synthesis of 5.0 nm Pt particles, freshly prepared 2.9 nm Pt particles were mixed in a 90% methanol/10% water solution (100 mL). Methanol (90
mL) and a solution of H,PtCls - 6H,0 (36.9 mg) in water (10 mL) were added and the combined mixture refluxed for 3 h.

Mesoporous SBA-15 silica

Pluronic P123 (6.0 g, BASF) was dissolved in deionized water (45 g) and 2 M HCI (180 g) while stirring at 35°C for 1 h. Tetraethylorthosilicate (12.8 g,
Sigma Aldrich, 98%) was then added to the solution and allowed to stir for 20 h. The mixture was then aged at 100°C for 24 h. The mixture was filtered to
give a white powder and further purified by washing with ethanol and deionized water. This purified product was dried in air at 100°C and then calcined at
550°C for 12 h. The white powder was stored in a dessicator.

Preparation of Pt/SBA-15 catalysts

Pt NPs were loaded onto the mesoporous SBA-15 silica prior to the catalytic studies. SBA-15 was added to a colloidal solution of the Pt NPs and the
resulting slurry was sonicated for 3 h at room temperature. The NP supported SBA-15 was separated from the solution by centrifuge at 4200 rpm for 6 min.
After centrifugation, the solution was clear. The solution was then decanted and the catalyst was dried under ambient conditions and then at 100°C.

PVP encapsulated NPs were loaded to 1.0 wt% Pt. SBA-15 was used for 1.5 and 2.9 nm NPs. MCF-17 was used for 5.0 nm NPs. The larger size
mesoporous silica was required for successful loading of the larger sized NPs.

Dendrimer encapsulated NPs were loaded to 0.7 wt% Pt. SBA-15 was used as the support.

Representative Procedure for Catalytic Reactions

To a dry 10 mL glass reaction tube with stirbar and Teflon screwvalve cap under Ar was added 2-(phenylethynyl)phenol (1) (20 mg, 0.1025 mmol),
Pt(2.9 nm)/PVP/SBA-15 (50 mg, 0.0026 mmol, 2.5 mol%), PhICl, (2.1 mg, 0.0077 mmol, 7.5 mol%), mesitylene (15 pL, internal standard, Aldrich) and
toluene-ds (2 mL, Cambridge Isotopes). The reaction mixture was degassed (freeze/pump method) three times and placed under 1 atm of Ar. The reaction
tube was sealed and the mixture heated with stirring to 100°C for 15 hours. The mixture was then cooled to rt and the solid catalyst filtered by glass
microfiber filter. The filtrate was transferred to a NMR tube for analysis.

For the Pt4(/G4OH/SBA-15 catalyst, prior to addition of all other reaction materials, the catalyst was added to the dry 10 mL glass reaction tube and
placed under 1 atm of H,. The catalyst was then heated to 100°C for 24 hours. After cooling to rt and replacing the H, atmosphere with Ar, the reaction
setup was continued as discussed above.

2-Phenylbenzofuran (2) can be isolated in the following manner. The toluene solution containing the product from the catalytic reaction was concentrated
and purified by flash chromatography (5% ethyl acetate/hexanes, Fisher ACS grade).
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Supporting Information

Converting Homogeneous to Heterogeneous in Electrophilic Catalysis Using Monodisperse Metal

Nanoparticles

Cole A. Witham, Wenyu Huang, Chia-Kuang Tsung, John N. Kuhn, Gabor A. Somorjai, F. Dean Toste
Department of Chemistry, University of California, Berkeley, CA, and Chemical and Materials Sciences

Divisions, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720

General Information. Unless otherwise noted, all commercial materials were used without further
purification. Triethylamine was purified by passing through a column of alumina under argon. Unless
otherwise noted, all other solvents were used as received. PhICI, was prepared according to the method
of Skulski et al.’

TLC analysis of reaction mixtures was performed on Merck silica gel 60 F,s; TLC plates. Flash
chromatography was carried out on Sorbent Technologies 40-63 D 60 A silica gel. 'H and °C NMR
spectra were recorded with Bruker AVB-400, AV-500, DRX-500 or AV-600 spectrometers and were
referenced to residual 'H and "°C signals of the deuterated solvents relative to TMS, respectively. GC-MS
data were obtained via a HP 8690 Series Gas Chromatograph with a 5973 Series Mass Selective Detector.
IR spectra were recorded on a Nicolet MAGNA-IR 850 spectrometer as thin films on a NaCl disc. High
resolution mass spectral data were obtained via the Micro-Mass/Analytical Facility operated by the
College of Chemistry, University of California at Berkeley. ICP-MS data were obtained via Galbraith
Laboratories, Inc., Knoxville, TN. Sonication was performed on a VWR ultrasonic cleaner, 75T, 120 W,

45 kHz. Centrifugation was performed on a Thermo Scientific IEC Centra® CL2.

Synthesis of Nanoparticle Catalysts.
Dendrimer templated NPs

Dendrimer encapsulated NPs were synthesized following previously published methods® with some
modifications.” Generation 4 dendrimers (G4OH) were purchased from Dendritech Inc. (Midland, MI) as
10.2% (mass) methanol solutions. A dendrimer stock solution (250 uM) was prepared by adding water to
the dendrimer methanol solution. The dendrimer stock solution was mixed with 15-40 mole equivalents
of an aqueous solution of 0.01 M K,PtCl, in a 20 mL vial. The vial was purged with Ar for 30 min,
tightly sealed with a septum and let sit for 66 h for complexation. Then a 20-fold excess of freshly
prepared 0.5 M NaBH, (stored at 0°C before use) was injected dropwise into the vial with vigorous

stirring. The reaction solution was then stirred for an additional 8 h after which, the reaction solution (10
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mL) was purified by dialysis against 2 L of deionized water in cellulose dialysis sacks with a molecular
weight cutoff of 12,000 (Sigma-Aldrich, Inc., St. Louis, MO). Dialysis occurred over 24 h with the water

changed four times.

PVP capped NPs

47

The Pt NPs capped by PVP were synthesized using established methods. Chloroplatinic acid
(H,PtClg - 6H,0, 99.9% pure on metals basis) and polyvinylpyrrolidone (PVP) with a molecular weight of
29,000 were purchased from Sigma-Aldrich.

For the synthesis of 1.5 nm Pt particles, NaOH was dissolved in ethylene glycol (12.5 mL, 0.5 M).
This solution was added to an ethylene glycol solution (12.5 mL) containing H,PtCl - 6H,O (0.25 g, 0.48
mmol). During N, purging, this combined solution was heated to 160°C and held for 3 h. The resulting
NPs were precipitated with 2 M HCI and dispersed in an ethanol/PVP mixture.

For the synthesis of 2.9 nm Pt particles, aqueous H,PtCls - 6H,O (20 mL of 6.0 mM) was added into
180 mL of methanol. PVP (133 mg) was then dissolved in this mixture and refluxed for 3 h.

For the synthesis of 5.0 nm Pt particles, freshly prepared 2.9 nm Pt particles were mixed in a 90%
methanol/10% water solution (100 mL). Methanol (90 mL) and a solution of H,PtClg - 6H,0 (36.9 mg) in

water (10 mL) were added and the combined mixture refluxed for 3 h.

Mesoporous SBA-15 silica

Mesoporous SBA-15 silica was prepared utilizing the conventional method.® Pluronic P123 (6.0 g,
BASF) was dissolved in deionized water (45 g) and 2 M HCI (180 g) while stirring at 35°C for 1 h.
Tetraethylorthosilicate (12.8 g, Sigma Aldrich, 98%) was then added to the solution and allowed to stir
for 20 h. The mixture was then aged at 100°C for 24 h. The mixture was filtered to give a white powder
and further purified by washing with ethanol and deionized water. This purified product was dried in air

at 100°C and then calcined at 550°C for 12 h. The white powder was stored in a dessicator.

Mesoporous MCF-17 silica

The synthesis of MCF-17 followed the previous reports.”'® 1,3,5-trimethylbenzene (4 g) was added
to a solution containing triblockcopolymer Pluronic P123 (4 g), HCI (conc., 10 mL) and deionized water
(75 mL). The solution was stirred at 40°C for 2 h after which tetraethoxysilane (9.2 mL) was added.
After stirring for 5 min, the solution was aged at 40°C for 20 h with no stirring. Then, NH,F (46 mg) was
added to the solution. This solution was transferred to an autoclave and aged at 100°C for an additional
24 h. The precipitate formed was filtered, washed with deionized water and ethanol and calcined in air at

550°C for 6 h. The white powder obtained was stored in a dessicator.
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Preparation of Pt/SBA-15 catalysts

Pt NPs were loaded onto the mesoporous SBA-15 silica prior to the catalytic studies. SBA-15 was
added to a colloidal solution of the Pt NPs and the resulting slurry was sonicated for 3 h at room
temperature. The NP supported SBA-15 was separated from the solution by centrifuge at 4200 rpm for 6
min. After centrifugation, the solution was clear. The solution was then decanted and the catalyst was
dried under ambient conditions and then at 100°C.

PVP encapsulated NPs were loaded to 1.0 wt% Pt. SBA-15 was used for 1.5 and 2.9 nm NPs. MCF-
17 was used for 5.0 nm NPs. The larger size mesoporous silica was required for successful loading of the
larger sized NPs.

Dendrimer encapsulated NPs were loaded to 0.7 wt% Pt. SBA-15 was used as the support.

Preparation of Pt/mesoporous silica pellet catalyst

For a typical synthesis, P123 (1 g, MW = 5800, Aldrich) was dissolved in a mixture with ethanol (5g)
and HCI (0.2 g, aqueous, 1 M), and stirred until a homogeneous solution formed. While the mixture was
still stirring, TEOS (2.08 g) was added to the solution, and the mixture was further stirred for 10 min. The
solution derived above was then transferred into a ceramic vessel and aged at room temperature for 36 h
in air. Then the silica gel was covered with a layer of liquid paraffin in 2-3-mm thickness and heated at 60
°C for 18 h to remove the ethanol completely. The residue liquid paraffin on the surface of the products
was removed and cleared by using filter paper. For the removal of the block copolymer, calcination was
carried out in an oven at 550 °C in air for 6 h."

For loading the nanoparticles onto the pellet, a Pty colloidal solution (10 mL) was concentrated to 1
mL by rotovap at 50°C. The solution was added the pellet of mesoporous support and sonicated for 3 h at
rt. The pellet solution was then evaporated at 50°C and the remaining solid was further dried at 100°C for
24 h.

TEM of Pt NPs and Pt/SBA-15 catalysts

Pt NPs were imaged by TEM using a FEI Tecnai G2 S-Twin electron microscope at an accelerating
voltage of 200 kV. A representative TEM image of the dendrimer capped Ptsy NPs is shown in the insert
of Figure Sla. After counting more than 300 NPs, the size distribution of the NPs is shown in Figure Sla.
The averaged size of the nanoparticle is 1.1 £ 0.3 nm. The averaged diameter of the NPs agrees with
calculated size for a 40 atoms Pt cluster assuming a spherical shape (1.05 nm). For the PVP capped 2.9
nm Pt NPs, the size distribution is shown in Figure S1b (diameter is 2.9 =+ 0.5 nm). The insert in Figure

S1b is a representative TEM image for the 2.9 nm Pt NPs.
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Figure S1. Metal particle size distributions obtained by TEM measurements of (a) dendrimer capped Pty

NPs and (b) PVP capped 2.9 nm Pt NPs. Inserts in (a) and (b) are representative TEM images of Pty and

2.9 nm Pt NPs, respectively.

S4



Characterization of Pt/SBA-15 NP catalysts

Characterization results for the dendrimer and PVP capped NPs have been published previously.*'

Degradation of PAMAM dendrimer

It is possible that, under the reaction conditions, the dendrimer could decompose. However, the
similar, reproducible catalytic activity of the Pt,,/G4OH/SBA-15 NP catalyst after recycling, and its
divergence from that observed for the PVP capping agent both before and after recycling suggests its
continued presence. Furthermore, no aggregation or leaching of the NPs are observed during/after
reaction. Recent reports that suggest more harsh conditions are required for complete dendrimer
removal.'>'*!* Regardless, if decomposition of the dendrimer is occurring, it does not appear to alter the
catalytic activity. For the purposes of this manuscript we will include the capping agent of the

nanoparticles in their names as a reference to their origin and initial state.

Synthesis of Pd NPs

Pd NPs'®"” were made following the same procedure as Pt with the following exceptions: 1) The
dendrimer stock solution was mixed with 15-40 mole equivalents of an aqueous solution of 0.01 M
K,PdCl4 in a 20 mL vial. The vial was purged with Ar for 30 min, tightly sealed with a septum and let sit
for 1 h for Pd complexation. 2) For the sysnthesis of the dendrimer templated NPs, the reaction solution
was then stirred for an additional 1 h after which, the reaction solution (10 mL) was purified by dialysis
against 2 L of deionized water in cellulose dialysis sacks with a molecular weight cutoff of 12,000
(Sigma-Aldrich, Inc., St. Louis, MO). 3) Dendrimer encapsulated NPs were loaded to 0.3 wt% Pd. SBA-

15 was used as the support.

Preparation and Characterization of Organic Substrates and Products
Preparation of 1
OH
X
Ph
2-(Phenylethynyl)phenol (1) was prepared by the Pd catalyzed reaction of methoxymethyl protected
2-iodophenol with phenylacetylene followed by deprotection. Spectral data were consistent with the
values previously reported.” 'H NMR (CDCls, 500 MHz): & 5.87 (s, 1H), 6.94 (td, 1H, J = 0.8 and
7.5 Hz), 7.01 (d, 1H, J = 8.0 Hz), 7.30 (t, 1H, J = 7.5 Hz), 7.39-7.42 (m, 3H), 7.45 (dd, 1H, J= 1.5 and
8.0), 7.55-7.59 (m, 2H).
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Characterization of 2

o)

2-Phenylbenzofuran (2) was identified by comparison to published characterization data. Spectral
data were consistent with the values previously reported.”® 'H NMR (CDCls, 500 MHz): & 7.06 (s, 1H),
7.23-7.33 (m, 2H), 7.38 (t, 1H, J=7.5 Hz), 7.48 (t, 2H, J = 7.3 Hz), 7.55 (d, 1H, J= 8.2 Hz), 7.61 (d, 1H,
J=7.8Hz), 7.89 (d, 2H, J= 7.0 Hz).

Preparation of 3

N
CO,Me

X
Ph

To a dry flask containing 2-iodoaniline (2.65 g, 13.7 mmol, Aldrich) was added pyridine (30 mL,
EMD Drisolv®) and methyl chloroformate (2 mL, 25.9 mmol, Aldrich) under Ar at 0°C. The reaction
mixture was stirred and warmed to room temperature, then allowed to stir for an additional 12 h. At this
point, TLC analysis indicated complete consumption of starting material and HC1 (30 mL, 1 M) was
added to the reaction solution. The resulting mixture was extracted with CH,Cl, (3 x 15 mL, Fisher
HPLC grade). The combined organic layers were dried with MgSO,, filtered and concentrated. Pyridine
was removed by toluene azeotrope with a rotary evaporator. The resulting methyl 2-iodophenylcarbamate
(3.63 g, 96%, pale yellow solid) was used in the next step without further purification. "H NMR (CDCl;,
400 MHz) & 3.85 (s, 3H), 6.85 (td, 1H, J = 1.6 and 7.6 Hz), 7.01 (br s, 1H), 7.38 (t, 1H, J = 7.2 Hz), 7.80
(dd, 1H,J=1.2 and 7.6 Hz), 8.10 (d, 1H, J = 8.0 Hz).

To a dry flask containing dry, degassed triethylamine (20 mL) was added methyl 2-
iodophenylcarbamate (2 g, 7.23 mmol) and phenylacetylene (872 pL, 7.94 mmol, Aldrich) under Ar.
Then, Pd(PPh;), (166 mg, 0.14 mmol, 2 mol%, Strem) and freshly prepared Cul" (69 mg, 0.36 mmol, 5
mol%) was added. The mixture was then stirred for 12 h in the dark under Ar. The reaction mixture was
filtered through a plug of silica and the plug was washed with Et,0 (~100 mL, Fisher Anhydrous ACS
grade). The filtrate was concentrated and purified by flash chromatography (10% ethyl acetate/hexanes,
Fisher ACS grade) to afford methyl 2-(phenylethynyl)phenylcarbamate (3) as a yellow solid (1.77g, 7.05
mmol, 98%). "H NMR (CDCls;, 500 MHz): & 3.816 (s, 3H), 7.04 (t, 1H, J = 7.5 Hz), 7.34-7.40 (m, 4H),
7.48 (dd, 2H, J = 1.5 and 7.5 Hz), 7.56 (dd, 2 H, J = 2.5 and 7.5 Hz), 8.18 (d, 1H, J = 8.0 Hz). °C NMR
(CDCls, 125 MHz): & 52.4, 84.1, 96.2, 111.3, 117.6, 122.3, 122.5, 128.5, 128.8, 129.7, 131.6, 131.7,
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138.9, 153.6. IR: 3042, 1742, 1580, 1520, 1491, 1454, 1306, 1281, 1239, 1214, 1103, 1063, 1039, 953
cm’'. HRMS (ED) calc. for C;sH;3NO, 251.0950, found 251.0946.

Characterization of 4
CO,Me

N

Methyl 2-phenyl-1H-indole-1-carboxylate (4). Yellow oil. 'H NMR (CDCls;, 500 MHz): § 3.82 (s,
3H), 6.63 (s, 1H), 7.29 (t, 1H, J = 7.5 Hz), 7.35-7.46 (m, 6H), 7.58 (d, 1H, J = 7.5 Hz), 8.18 (d, 1H, J =
8.5 Hz). “C NMR (CDCl;, 125 MHz): § 53.4, 110.8, 115.4, 120.6, 123.3, 124.5, 127.7, 127.8, 128.6,
129.4, 134.1, 137.1, 140.5, 152.2. IR: 1740, 1454, 1439, 1361, 1329, 1266, 1220, 1131, 1050 cm™.
HRMS (EI) calc. for C;cH;3NO, 251.0948, found 251.0946.

Preparation of 5

0]

1B
o u

X
Ph
tert-Butyl 2-(phenylethynyl)benzoate (5) was prepared according to the published procedure.
Spectral data were consistent with the values previously reported.”® 'H NMR (CDCls, 500 MHz): & 1.62
(s, 9H), 7.34-7.39 (m, 4H), 7.45 (td, 1H, J=1.6 and 7.7 Hz), 7.55-7.59 (m, 2H), 7.62 (dd, 1H, J=1.1 and
7.7 Hz), 7.88 (dd, 1H, 1.2 and 7.8 Hz).

Characterization of 6

Qﬁ
Z>pn

3-Phenyl-1H-isochromen-1-one (6) was identified by comparison to published characterization data.
Spectral data were consistent with the values previously reported.”’ "H NMR (CDCls;, 500 MHz): § 6.98
(s, 1H), 7.43-7.54 (m, 5H), 7.74 (t, 1H, J = 7.5 Hz), 7.90 (d, 2H, J= 7.3 Hz), 8.33 (d, 1H, J = 8.2 Hz).
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Preparation of 7
NHTs

4-Methyl-N-((1-(4-methylpenta-2,3-dienyl)cyclohexyl)methyl)benzenesulfonamide (7) was preprared
according to the published procedure. Spectral data were consistent with the values previously reported.*
"H NMR (toluene-dg, 500 MHz): & 1.1-1.42 (m, 10H), 1.61 (s, 3H), 1.62 (s, 3H), 1.87 (d, 2H, J = 8.0 Hz),
1.95 (s, 3H), 2.80 (d, 2H), 7.0 Hz), 4.82-4.88 (m, 2H), 6.82 (d, 2H, J = 8.0 Hz), 7.81 (d, 2H, J = 8.0 Hz).

Characterization of 8
NTs

3-(2-Methylprop-1-enyl)-2-tosyl-2-azaspiro[4.5]decane (8) was identified by comparison to published
characterization data. Spectral data were consistent with the values previously reported.” 'H NMR
(toluene-ds, 500 MHz): 6 0.8-1.4 (m, 12H), 1.60 (s, 3H), 1.69 (s, 3H), 1.98 (s, 3H), 3.00 (d, 1H, J=10.0
Hz), 3.47 (d, 1H, J=10.4 Hz), 4.41 (q, 1H, J= 8.8 Hz), 6.86 (d, 2H, J = 8.0 Hz), 7.77 (d, 2H, J = 8.0 Hz).

Preparation of 9

AN

MeO

2-Ethynyl-3’-methoxybiphenyl (9) was prepared according to the published procedure. Spectral data
were consistent with the values previously reported.*® 'H NMR (CDCls, 600 MHz): & 3.07 (s, 1H), 3.87
(s, 3H), 6.93 (ddd, 1H, J = 0.6, 2.4 and 8.4 Hz), 7.17 (m, 2H), 7.31 (td, 1H, J =2.4 and 7.2 Hz), 7.35 (t,
1H, J=8.0 Hz), 7.41 (m, 2H), 7.63 (d, 1H, J = 8.4 Hz).
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Characterization of 10
= =

MeO para ortho

3-Methoxyphenanthrene (10) was identified by comparison to published characterization data.
Spectral data were consistent with the values previously reported.”* (para-10): '"H NMR (CDCl;, 600
MHz): & 4.04 (s, 3H), 7.26 (dd, 1H, J = 2.0 and 8.5 Hz), 7.53-7.67 (m, 3H), 7.69 (d, 1H, J = 9.0 Hz), 7.82
(d, 1H, J=9.0 Hz), 7.89 (d, 1H, J = 7.2 Hz), 8.07 (d, 1H, J = 2.4 Hz), 8.62 (d, 1H, J = 8.4 Hz). (ortho-
10): "H NMR (CDCls, 600 MHz): & 4.05 (s, 3H), 7.02 (d, 1H, J = 7.8 Hz), 7.58-7.66 (m, 3H), 7.75 (d, 1H,
J=9.0 Hz), 7.91 (d, 1H, J = 9.0 Hz), 8.25 (d, 1H, J = 9.0 Hz), 8.29 (d, 1H, J = 8.4 Hz), 8.68 (d, 1H, J =
8.4 Hz).

Preparation of 11

n-Pr
Z

NiN/©

Me (I)Me

N-Methoxy-N’-methyl-N’-(2-pent-1-ynyl)phenyl)-N-phenylurea (11) was prepared according the
published procedure. Spectral data were consistent with the values previously reported.”> '"H NMR
(CDCl;, 500 MHz): & 1.05 (t, 3H, J = 7.5 Hz), 1.62 (q, 2H, J = 7.3 Hz), 3.21 (s, 3H), 3.28 (s, 3H), 7.05
(dd, 1H, J= 1.1 and 7.9 Hz), 7.14 (t, 2H, J = 7.8 Hz), 7.19 (d, 3H, J = 8.2 Hz), 7.26 (t, 2H, J = 7.2 Hz),
7.38 (dd, 1H, J=1.6 and 7.6 Hz).

Characterization of 12
Me

N
O / n-Pr
O S—npr

N

Me
Bis(1-methyl-2-propyl-1H-indol-3-yl)methane (12). Orange oil. '"H NMR (CDCl;, 600 MHz): & 0.86
(t, 6H,J = 7.2 Hz), 1.47 (p, 4H, J = 7.6 Hz), 2.70 (t, 4H, J = 7.8 Hz), 3.65 (s, 6H), 4.17 (s, 2H),
6.96 (t, 2H, J = 7.2 Hz), 7.10 (t, 2H, J = 7.2 Hz), 7.22 (d, 2H, J = 7.8 Hz), 7.40 (d, 2H,
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J=7.8Hz). "“C NMR (CDCl;, 150 MHz): § 13.9 (CHs), 19.8 (CH,), 23.1 (CH,), 26.7 (CH,), 29.5
(CH3), 108.4 (CH), 110.4, (C-q), 118.5 (CH), 118.6 (CH), 120.2 (CH), 128.2 (C-q), 136.6 (C-q), 137.2
(C-q). LRMS (EI): m/z = 358.20. HSQC correlations (CDCls, 600 and 150 MHz): 'H 0.86 and *C 13.9,
'H 1.47 and "*C 23.1, 'H 2.70 and C 26.7, "H 3.65 and "°C 29.5, 'H 4.17 and "*C 19.8, 'H 6.96; 7.40 and
C 118.5; 118.6, 'H 7.10 and °C 120.2, 'H 7.22 and "*C 108.4.

Characterization of 13

n-Pr

5-Methyl-12-propylindolo[1,2-c]quinazolin-6(5H)-one (13) was identified by comparison to
published characterization data. Spectral data were consistent with the values previously reported.” 'H
NMR (CDCl;, 500 MHz): 6 1.11 (t, 3H, J = 7.2 Hz), 1.82 (sextet, 2H, J = 7.5 Hz), 3.16 (t, 2H,
J=7.8 Hz), 3.72 (s, 3H), 7.25-7.32 (m, 2H), 7.38-7.45 (m, 3H), 7.69-7.71 (m, 1H), 8.09 (dd, 1H,
J=8.4 Hz and 1.2 Hz), 8.73-8.75 (m, 1H).

Representative Procedure for Catalytic Reactions

To a dry 10 mL glass reaction tube with stirbar and Teflon screwvalve cap under Ar was added
2-(phenylethynyl)phenol (1) (20 mg, 0.1025 mmol), Pt(2.9 nm)/PVP/SBA-15 (50 mg, 0.0026 mmol, 2.5
mol%), PhICI, (2.1 mg, 0.0077 mmol, 7.5 mol%), mesitylene (15 pL, internal standard, Aldrich) and
toluene-dg (2 mL, Cambridge Isotopes). The reaction mixture was degassed (freeze/pump method) three
times and placed under 1 atm of Ar. The reaction tube was sealed and the mixture heated with stirring to
100°C for 15 hours. The mixture was then cooled to rt and the solid catalyst filtered by glass microfiber
filter. The filtrate was transferred to a NMR tube for analysis.

For the Pt4,/G4OH/SBA-15 catalyst, prior to addition of all other reaction materials, the catalyst was
added to the dry 10 mL glass reaction tube and placed under 1 atm of H,. The catalyst was then heated to
100°C for 24 hours. After cooling to rt and replacing the H, atmosphere with Ar, the reaction setup was
continued as discussed above.

2-Phenylbenzofuran (2) can be isolated in the following manner. The toluene solution containing the
product from the catalytic reaction was concentrated and purified by flash chromatography (5% ethyl

acetate/hexanes, Fisher ACS grade).
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Preparation of Wang Resin-Bound Benzoate 14.
0]

0"

X
Ph

To a 30 mL polypropylene Spe-ed cartridge with 70p PE frit was added Wang resin (1.25 g, 1.13
mmol, NovaBioChem). CH,Cl, (15 mL, Fisher HPLC grade) was then added and the resin swelled for 30
min. Then, 2-(phenylethynyl)benzoic acid® (1.25 g, 5.63 mmol), diisopropylcarbodiimide (0.876 mL,
5.63 mmol) and dimethylaminopyridine (137 mg, 1.13 mmol) was added. The cartridge was capped and
shaken for 100 h. The CH,Cl, was then removed, and the resin washed with dimethylformamide (3 x 10
mL, Fisher), tetrahydrofuran (3 x 10 mL, Fisher ACS grade), methanol (3 x 10 mL, Fisher ACS grade),
tetrahydrofuran (3 x 10 mL, Fisher ACS grade) and then CH,Cl, (3 x 10 mL, Fisher HPLC grade). The
mixture was allowed to sit for 2 minutes after each addition of solvent before the solvent was removed.
The resin was then dried in vacuo for 24 h at rt. The Wang resin-bound 2-(phenylethynyl)benzoate (14)
was transferred to a polypropylene bottle and stored at -20°C when not in use.

To determine the percent loading of substrate on the resin, the following procedure was employed. A
solution of CH,Cl, (9 mL, Fisher HPLC grade), trifluoroacetic acid (0.95 mL, Aldrich), H,O (0.025 mL,
deionized), and triisopropylsilane (0.025 mL, Aldrich). To a 6 mL polypropylene Spe-ed cartridge with
70p PE frit was added Wang resin-bound 2-(phenylethynyl)benzoate (14) (300 mg) and 5 mL of the
previously described solution. The cartridge was capped and shaken for 2 h. The solution was then
collected and the resin washed with an additional 5 mL of the previously described solution. The resin
was further washed with CH,Cl, (3 x 5 mL, Fisher HPLC grade). All wash solutions were collected and
combined with the first solution and concentrated. The residue was purified by flash chromatography
(30%-50% ethyl acetate/hexanes (Fisher HPLC grade)) to yield 26 mg of 2-(phenylethynyl)benzoic acid.

This correlates to a loading of 43% on the resin.

Representative Procedure for 3-Phase Test

To a dry 10 mL glass reaction tube with stirbar and Teflon screwvalve cap under Ar was added Wang
resin-bound 2-(phenylethynyl)benzoate (14) (20 mg, 0.1025 mmol), Pt(2.9 nm)/PVP/SBA-15 (50 mg,
0.0026 mmol, 2.5 mol%), PhICI, (2.1 mg, 0.0077 mmol, 7.5 mol%), mesitylene (15 pL, internal standard,
Aldrich) and toluene-ds (2 mL, Cambridge Isotopes). The reaction tube was sealed and the mixture
heated with stirring to 100°C for 15 hours. The mixture was then cooled to rt and the solid catalyst and
resin-bound starting material filtered by glass microfiber filter. The filtrate was transferred to a NMR

tube for analysis.
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For the Pt,o/G4OH/SBA-15 catalyst, prior to addition of all other reaction materials, the catalyst was
added to a dry 10 mL glass reaction tube and placed under 1 atm of H,. The catalyst was then heated to

100°C for 24 hours. After cooling to rt, the reaction setup was continued as discussed above.

Procedure for Reaction with NP Pellet

The Pt4/G4OH/mesoporous silica pellet catalyst (190 mg, 0.007 mmol, 6 mol%, 0.7 wt%) was added
to a dry 10 mL glass Schlenck reaction tube with stirbar and placed under 1 atm of H,. The catalyst was
then heated to 100°C for 24 hours. After cooling to rt, the catalyst was placed under vacuum followed by
Ar. Then, 2-(phenylethynyl)phenol (1) (21.9 mg, 0.113 mmol), hexamethylbenzene (18 mg, internal
standard, Aldrich), 3.5 mL of toluene (HPLC, Fisher) and PhICI, (5.6 mg, 0.020 mmol, 12 mol%) was
added. The catalyst mixture was degassed (freeze/pump method) three times and placed under 1 atm of
Ar. The reaction was then heated with stirring to 100°C. The mixture was monitored by removal of
aliquots via syringe, dilution and submission to GC-MS. After 42% yield was obtained, the solution was
transferred via cannula to a second dry 10 mL glass Schlenck reaction tube with stirbar under a positive
pressure of Ar at 100°C. Then, a fresh, degassed (freeze/pump method) solution of
2-(phenylethynyl)phenol (1) (21.9 mg, 0.0897 mmol), hexamethylbenzene (18 mg, internal standard,
Aldrich) and 3.5 mL of toluene (HPLC, Fisher) was added via cannula to the original 10 mL glass
Schlenck reaction tube under Ar at 100°C. The solution was then stirred under Ar at 100°C. Both
reaction tubes now containing solution were monitored by removal of aliquots via syringe, dilution and

submission to GC-MS.

Recycling Data
After isolation by filtration of the supported NP catalyst, the catalyst was washed with CH,Cl, (2 x 1
mL) and dried in vacuo. The catalyst was then added to a dry 10 mL glass reaction tube with stirbar and
Teflon screwvalve cap and reduced under 1 atm of H, at 100°C for 24 hours. The catalytic reaction was
then carried out as described above.
Recycling results (with retreatment):
Initial: 96% conversion, 92% yield
1x: >99% conversion, 96% yield
2x: >99% conversion, 98% yield
3x: >99% conversion, 98% yield
4x:>99% conversion, 97% yield
For recycling without retreatment, after reaction at 100°C, the mixture was cooled to rt and

centrifuged (3 min, 8000 rpm). The supernatant was removed and toluene (1.0 mL) was added.
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Sonication was then used to redisperse the solid catalyst in toluene. The catalyst suspension was then
added to a solution of starting material, mesitylene and toluene (1.0 mL) in a dry 10 mL glass reaction
tube with stirbar and Teflon screwvalve cap under Ar. The reaction mixture was degassed (freeze/pump
method) three times and placed under 1 atm of Ar. The catalytic reaction was then carried out as

described above.

XPS Data

NPs were deposited onto a silicon wafer. Experiments were performed on a Perkin-Elmer PHI 5300
XPS spectrometer with a positron-sensitive detector and a hemispherical energy analyzer in an ion-
pumped chamber (evacuated to 2 x 10° Torr). The Al K, (BE = 1486.6 ¢V) X-ray source of the XPS

spectrometer was operated at 300 W with 15 kV acceleration voltage.

o

s

| Dendrimer | P Pt(0)
G40H(Pt,) |~ ¢~ ‘

Counts (a.u.)

4f,

a2 80 78 76 74 72 70 68
Binding Energy (eV)

Figure S2. X-ray Photoelectron Spectra for Pt,,/G4OH.
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Figure S3. X-ray Photoelectron Spectra for Pt (1.5 nm)/PVP.
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Figure S4. X-ray Photoelectron Spectra for Pt (1.5 nm)/PVP/SBA-15 (4 wt%) NPs after treatment with
PhICl,.

Treatment conditions: To a dry 10 mL glass reaction tube with stirbar and Teflon screwvalve cap

under Ar was added Pt(1.5 nm)/PVP/SBA-15 (4 wt%) (50 mg, 0.0103 mmol), PhICI, (8.5 mg, 0.0307
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mmol), mesitylene (15 pL, internal standard, Aldrich) and toluene (2 mL, Fisher HPLC grade). The
reaction mixture was degassed (freeze/pump method) three times and placed under 1 atm of Ar. The
reaction tube was sealed and the mixture heated with stirring to 100°C for 15 hours. After cooling to rt a

sample was deposited on a silicon wafer and quickly transferred to the XPS vacuum chamber.

Monitoring of Reaction Yield vs Time for Cyclization of 1 to 2

Reactions were conducted at a larger scale but as described above, except with hexamethylbenzene as
internal standard. Aliquots of reaction were filtered by glass microfiber filter, diluted with ethyl acetate
(Fisher HPLC grade) and analyzed by GC-MS. All catalysts treated in situ with PhICl, (3 cat. equiv.)
unless otherwise stated.

OH

e Ph
\\ Ar (1 atm), toluene %
1 Ph 100°C 2

Yield (%)

0 10 20 30 40 50 60
Time (h)

Figure S5. Pt4t(/G4OH/SBA-15 (3 mol%). Initial use of catalyst.
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Figure S6. Pty /G4OH/SBA-15 (3 mol%). Recycle of catalyst without reduction/retreatment.
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Figure S7. Pty o/G4OH/SBA-15 (3 mol%). Recycle of catalyst with reduction/retreatment.
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Figure S8. Pt (1.5 nm)/PVP/SBA-15 (1 mol%). Initial use of catalyst.
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Figure S9. Pt (1.5 nm)/PVP/SBA-15 (1 mol%). Recycle of catalyst without reduction/retreatment.
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Figure S10. Pt (1.5 nm)/PVP/SBA-15 (1 mol%). Recycle of catalyst with reduction/retreatment.
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Figure S11. Pt (2.9 nm)/PVP/SBA-15 (1 mol%). Initial use of catalyst.
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Figure S12. Pt (2.9 nm)/PVP/SBA-15 (1 mol%). Recycle of catalyst without reduction/retreatment.
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Figure S13. Pt (2.9 nm)/PVP/SBA-15 (1 mol%). Recycle of catalyst with reduction/retreatment.
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Figure S14. Pt (5.0 nm)/PVP/SBA-15 (2 mol%). Initial use of catalyst.

8 8

Yield (%)

0 10 20 30 40 50 60 70 80 9 100 110
Time (h)

Figure S15. Pt (5.0 nm)/PVP/SBA-15 (2 mol%). Recycle of catalyst without reduction/retreatment.
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Figure S16. Pt (5.0 nm)/PVP/SBA-15 (2 mol%). Recycle of catalyst with reduction/retreatment.

ICP-MS Data
Method: GLI Procedure ME-70
Analysis: Platinum
Before reaction Ptyo/G4OH/SBA-15: 0.610% (basis: dried)
After reaction Pt,(/G4OH/SBA-15: 0.662% (basis: dried)
Centrifuged solution with Pty¢/G4OH/SBA-15 removed (after treatment with PhICL,): 1.7 ppm (basis: as
received) (det. limit: 1 ppm)
Filtered solution (glass microfiber filter) with Ptyo/G4OH/SBA-15 removed (after treatment with PhICL,):
<1.0 ppm (basis: as received) (det. limit: 1 ppm)
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California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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