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Abstract

:

Gold nanoparticles (AuNPs) were functionalized by ruthenium porphyrins through a sulfur/gold covalent bond using a three-steps reaction. The catalyst was characterized by scanning electron microscopy (SEM) and thermogravimetric analysis (TGA) in order to control the binding of ruthenium porphyrin on AuNPs’ surface. The catalyst was tested and compared with an analog system not bound to AuNPs in the oligomerization reaction using 1-phenylacetylene as the substrate.
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1. Introduction


Gold nanoparticles (AuNPs) are attracting the attention of a large community of scientists because of their tunable electronic structures that generate useful characteristics such as size-related and shape-related optoelectronic properties [1,2,3]. large surface-to-volume ratio, excellent biocompatibility, and low toxicity [4,5,6], which stimulated their applications in several fields such as biotechnology [7,8], sensing [9], and catalysis [10].



Properties and applications of AuNPs can be tuned by functionalization, which allows the imprinting of a hydrophilic or a hydrophobic character, varies hindrance, and influences photoluminescence. Functionalization is usually carried out by capping AuNPs with labile ligands (citrates, thiols, or other adsorbed ligands), subsequently displaced by thiols through a location with ligand exchange reaction to synthesize monolayer-protected AuNPs, thus allowing the spontaneous binding of organic molecules or biomolecules through the formation of –S–Au bonds [11,12,13].



Hybrid architectures composed of both porphyrin/metalloporphyrin and different materials such as organic or inorganic nanoparticles [14,15] and carbon-based-nanomaterials [16], obtained by a bottom-up approach, are well suited for the formation of functional nanostructures [17] that display structural control and synergic functionalities. These preparation methods will result in the formation of unique materials with properties fundamental for the development of compounds that find wide space in several fields such as optics [18,19,20,21,22]; electronics [23]; photodynamic therapy [24]; materials able to enhance light absorption [25]; and catalysis [26].



Ruthenium porphyrins, properly functionalized, represent suitable candidates to be used as organic units to bind on AuNPs’ surface. Some different synthetic methods have been proposed to obtain these assemblies, depending on the porphyrin functional group used as a linker for AuNPs [27,28]. These networks represent the combination of different moieties with various functionalities in order to obtain a final composite material that has more complex functions to be employed in the field of catalysis.



Metalloporphyrins are well known for their catalytic properties [29] in many important organic reactions, such as, for example, the oxidation of organic substrates [17,30,31,32]; the cyclopropanation of olefins [33,34,35,36]; the carbonyl ylide/1,3-dipolar cycloaddition reactions of a-diazoketones [37]; the insertion of carbene into the S–H bond [38,39]; the amination of hydrocarbons [40,41]; and the olefination of aldehydes [42].



The oligomerization reaction [26,43,44,45] is an important test to obtain information on the conjugated compound because it can provide different, although limited products, alkyne scaffolds, which are considered the most useful building blocks for a wide variety of applications such as organic light emitters [46,47], discotic liquid crystals [48,49], high-porosity materials [50,51], or tools to design organic units in synthetic and material chemistry [52,53].



In the present study, we investigated the functionalization of AuNPs with a Ru-thiomethyl-tetraphenylporphyrin (Ru-TPP-CH2-SH) and compared the selectivity of coupled compound Ru-TPP-CH2S-AuNPs to separate moieties for the oligomerization of phenylacetylene.



The aim of this investigation is to determine whether the conjugated compound Ru-TPP-CH2S-AuNPs is stable and its catalytic properties prevail over metalloporphyrin without AuNPs.



The synthetic strategy required an ad hoc synthesis of Ru tetraphenylporphyrin, substituted with a thiomethyl group in para-position of one of the phenyl rings (Ru-TPP-CH2-SH) and subsequent functionalization with monodispersed gold nanoparticles. The strategy adopted for the synthesis of Ru-TPP-CH2-SH is a three-stepped one based on the substitution of the acetyloxy group of 5-(4′-acetyloxymethylphenyl)-10,15,20-triphenylporphyrin by the thioacetate group, metalation, and subsequent deprotection of the thioacetate to yield the corresponding thiol group. The 30 nm diameter, monodispersed citrate capped AuNPs were obtained by radiochemical methods and subsequently used for functionalization according to a recently standardized method [54]. This is a two-phases reaction, where the citrate substitution with thiolated porphyrin occurs at the interphase between the aqueous and the organic solution, using acetone as transfer agent. The obtained catalyst Ru-TPP-CH2S-AuNPs was, then, tested and compared with the not-bound Ru-TPP-CH2-SH in an oligomerization reaction using phenylacetylene as a substrate.




2. Materials and Methods


2.1. Materials and Equipment


Compounds 5-(4′-acetyloxymethylphenyl)-10,15,20-triphenylporphyrin (1), 5-(4′-acetylthiomethylphenyl)-10,15,20- triphenylporphyrin (2), ruthenium(II) 5-(4′-acetylthiomethylphenyl)- 10,15,20-triphenylporphyrin (3), and ruthenium(II) 5-(4′-sulfanylmethylphenyl)- 10,15,20-triphenylporphyrin (4) were synthesized and characterized as reported [55].



The formation of dimerization and trimerization products of phenylacetylenes was measured by gas chromatography (GC) analyses, with a Focus Thermo Fisher Instrument (Waltham, MA, USA), using helium as the carrier gas (35 cm/s). A Restek MXT-5 column (length 15 m; i.d. 0.28 mm; low-polarity stationary phase) was used. The gas chromatographic conditions were as follows: initial temperature, 70 °C for 2 min; temperature increase rate, 40 °C/min; final temperature, 320 °C; injector temperature, 320 °C; detector temperature, 350 °C.



The compounds are detected by flame ionization detector (FID).



The surface morphology and diameter of AuNPs was determined with an FE-SEM, Field Emission Scanning Electron Microscope SUPRA TM 35, Carl Zeiss SMT, Oberkochen (Germany), operating at 7 kV. The diameter of AuNPs was estimated using Image J and the histogram of particle size was elaborated with Origin Pro program and fitted using a Gaussian function to determine the averaged particle size. For the estimation of the particle size, we used 4 microscope images, analyzing the size of 55–65 particles per image.



TGA measurements were carried with a TA-Instruments Q500 under N2 flow at a heating rate of 10°/min.




2.2. Synthesis


2.2.1. Synthesis of AuNPs


The synthesis of the AuNPs was performed by a reaction of HAuCl4 with trisodium citrate (NaCt), which also acts as a capping agent (Scheme 1). In a typical synthesis, 50 mL of 0.25 mM HAuCl4 was refluxed in water under constant and vigorous stirring.



Then, 1 mL of 34.0 mM (1.0 wt.%) trisodium citrate (NaCt) was added. The colour of the solution turns from light yellow to grey and finally to red. The red colour corresponds to the formation of AuNPs (with a plasmon around 520 nm). The reaction was carried out until the colour of the suspension did not undergo any further changes. The resulting suspension/solution was cooled to room temperature.




2.2.2. Synthesis of Ru-TPP-CH2-SH (4)


The strategy adopted for the synthesis of Ru-TPP-CH2-SH porphyrin used for binding on the AuNPs surface in order to form the new Ru-TPP-CH2S-AuNPs catalyst is a three-step reaction.



The Ru-TPP-CH2S-AuNPs catalyst investigated in this work has never been considered for catalytic applications. All intermediate compounds have been synthesized and characterized according to the literature [55], as highlighted in Section 2.1.



The starting material 5-(4′-acetyloxymethylphenyl)-10,15,20-triphenylporphyrin was obtained according to the literature method [56].



The first step was the substitution of the acetyloxy group of the 5-(4′-acetyloxymethylphenyl)-10,15,20-triphenylporphyrin (1) by the thioacetate group [57], dissolving compound 1 and potassium thioacetate in dry DMF under nitrogen for 5 h at 100 °C to obtain compound 2 in 40% of yield.



Subsequently, the second step consists in the metalation of the obtained compound 2 with Ru3(CO)12 in toluene under nitrogen for 48 h to obtain compound 3 (yield 75%) [58].



Finally, the third step was the deprotection of the thioacetate, reacting with compound 3 with NaOH in THF for 2 h under nitrogen [59] to yield the corresponding porphyrin thiol derivative and compound 4 in a quantitative yield (>99%).



In Scheme 2, the synthetic pathways for obtaining the Ru-TPP-CH2-SH (4) compound are reported.




2.2.3. Synthesis of Ru-TPP-CH2S-AuNPs (5)


The functionalization of AuNPs with Ru-TPP-CH2-SH porphyrin (4) was performed by a variant of the two-phases synthetic procedure previously proposed [54,60] and reported in Scheme 3.



Specifically, 2.5 mL of the solution containing AuNPs, stabilized with citrate and 0.6 mL of acetone used as transfer agent, was added to 1 mg/mL of compound 4 dispersed in toluene. The mixture was stirred vigorously until the color changed from red to colorless, indicating that Ru-TPP-CH2-SH porphyrins (4) were anchored on the surface of the AuNPs to form Ru-TPP-CH2S-AuNPs’ final compound (5).





2.3. Typical Oligomerization Reaction


In order to evaluate the performance of Ru-TPP-CH2-SH (4) as a catalyst, in a one-neck flask, 1 mg (0.0013 mmol) of Ru-TPP-CH2-SH (4) was added to 1 mL of substrate (phenylacetylene) under magnetic stirring at 160 °C.



In order to analyze the products of the reaction by gas chromatographic analysis, three aliquots of the mixture were taken up at different reaction times, 3 h, 10 h, 24 h, and 48 h.



The same procedure was repeated by adopting the same reaction condition but using AuNPs and Ru-TPP-CH2S-AuNPs (5) as catalysts.



The stability of the Ru-TPP-CH2S-AuNPs (5) system at high reaction temperatures (160 °C) was verified by the UV-Vis method. In fact, after 24 h and 48 h of reaction, no trace of free metalloporphyrin was detected in the reaction medium.




2.4. Recycling of the Ru-TPP-CH2S-AuNPs (5) Catalyst


At the end of the reaction, the solvent was evaporated under vacuum, and the solid was washed with three portions of fresh chloroform or dichloromethane, each time using centrifugation to obtain the starting solid. The absence of any free catalyst in the solution was confirmed by UV-Vis analysis.



The recovered catalyst was dried under vacuum at 60 °C for 2 h and reused.





3. Results and Discussion


The synthesized Ru-TPP-CH2S-AuNPs (5) catalyst was characterized with different techniques. In particular, the average size of AuNPs and the presence of the Ru-TPP-CH2-SH porphyrins (4) on AuNPs’ surface were estimated by using SEM microscopy. TGA was also used to confirm the obtained functionalization of compound 4 on Au nanoparticles. Subsequently, gas-chromatography analysis was used to confirm the ability of Ru-TPP-CH2S-AuNPs (5) to be used as a catalyst in oligomerization reactions of phenylacetylenes.



3.1. Characterization of Ru-TPP-CH2S-AuNPs (5) Catalyst


In Figure 1a, the SEM image of the Ru-TPP-CH2S-AuNPs (5) catalyst is reported. The size distribution of AuNPs is estimated using SEM analysis showing an average diameter of 24.58 ± 5.85 nm, as reported in Figure 1b. The covalent anchoring of Ru-TPP-CH2-SH (4) on AuNPs’ surface can be observed in the ~4 nm texture surrounding the AuNPs, as shown in Figure 1a.



The binding of Ru-TPP-CH2-SH porphyrins (4) to AuNPs’ surface was confirmed by thermogravimetric analysis. In particular, the TGA thermogram of Ru-TPP-CH2S-AuNPs, in the range of 100–650 °C, as reported in Figure 2, indicates a weight loss of about 2.1 wt % completed at 430 °C and attributed to the loss of organic moieties, i.e., the porphyrins, bonded to the Au surface. The degree of functionalization of the AuNPs can be estimated by combining SEM and TGA information. More in detail, considering that the density of bulk face-centered cubic (fcc) Au is 59 atoms/nm3 and that the average diameter of a gold particle is D ≅ 25 nm, the approximate number of gold atoms in a nanoparticle is consistent with NAu = (59 nm3)(π/6) D3 = 482,692. Since AuNPs (atomic mass ≅ 200) represent 97.9% of weight loss and ligands (Ru-TPP-CH2SH, molar mass 753 g/mol) represent 2.1% of the weight loss, proportionally, this corresponds to an approximate number of 2746 ligands per AuNP.




3.2. Oligomerization of Phenylacetylenes Catalyzed by Ru-TPP-CH2S-AuNPs


Our investigation was then directed to the evaluation of the efficiency of Ru-TPP-CH2S-AuNPs (5) as a catalyst for the phenylacetylene oligomerization reaction.



In these regards, the formation of several triphenylbenzenes and 1-phenylnapthalene has been particularly considered.



For this instance, a decision was made to study the performance of our new Ru-TPP-CH2S-AuNPs (5) catalyst in the oligomerization reaction of phenylacetylene using gas chromatographic analysis and to compare the results with those obtained using two other catalysts, i.e., AuNPs and the Ru-TPP-CH2-SH (4) compound, for the same reaction as shown in Scheme 4.



In Table 1, the formation of dimers and trimers in terms of percentage of product (%) after 24 h and 48 h using AuNPs, Ru-TPP-CH2-SH (4), and Ru-TPP-CH2S-AuNPs (5) as catalyst are reported.



Analyzing the results obtained by gas chromatographic analysis during the time interval between 3 h and 10 h for the phenylacetylene oligomerization reaction, this elapsed time is not sufficient to form the expected dimerization/trimerization products. Only low percentages of 1-PN product were obtained for all catalysts used.



The reaction times of 24 h and 48 h are chosen based on previous experimental evidence in which a similar catalyst, i.e., Ru-porphyrin bound to a Merrifield resin [26], was used for the oligomerization reaction. For this reason, the data after 24 h and 48 h, using AuNPs, Ru-TPP-CH2-SH (4), and Ru-TPP-CH2S-AuNPs (5) as catalysts, are considered significant and are reported in Table 1.



The control experiment without any catalysts was performed, but no results in terms of the formation of dimers and trimers were obtained.



Figure 3 shows the comparison of percentage of products (%) obtained using AuNPs, Ru-TPP-CH2-SH (4), and Ru-TPP-CH2S-AuNPs (5) as catalysts after 24 h and 48 h reaction times.



In particular, by comparing the efficiency of Ru-TPP-CH2S-AuNPs (5) with respect to AuNPs and Ru-TPP-CH2-SH (4) at 24 h and 48 h, it can be observed that the functionalization of porphyrin with AuNPs increases, in all cases, the response in terms of percentage of products (%) in the formation of trimers.



Specifically, an evident increase in the percentage of products (%) of 1,3,5-TFB is observed at 24 h: from 12.5% (AuNPs) and 14.7% (Ru-TPP-CH2-SH) to 22.7% using Ru-TPP-CH2S-AuNPs (5) as the catalyst.



A comparable increase, in terms of percentage of product (%) in the formation of trimers, was observed at 48 h using the Ru-TPP-CH2S-AuNPs (5) system.



Substrate conversion for all reactions reported is always above 95%, and the reaction products did not change under experimental conditions, after three recycling cycles, and remained within the experimental error.



The different formation of dimers and trimers seems to be affected by the presence of AuNPs in terms of an increase in trimer products. This effect can be due to the different steric hindrances of the Ru-TPP-CH2S-AuNPs (5) compound compared with metalloporphyrin without AuNPs, as reported in our previous studies [26] for an analog system comprising ruthenium porphyrin bound to a Merrifield resin.



In a previous study [61], we proposed a mechanism for the oligomerization of phenylacetylene to produce 1-PN, catalyzed by ruthenium porphyrins, in terms of the formation of a vinylidene intermediate of the metal complex by a Z2-1-alkyne-Z1-vinilydene rearrangement. Such an intermediate could then undergo the concerted attack of a second molecule of alkyne in a Diels–Alder reaction (Scheme 5) in order to produce the final dimeric product while the trimers are probably derived from an open intermediate.





4. Conclusions


In the present investigation, we synthesized a newly functionalized material by coupling ruthenium porphyrin to AuNPs through the formation of –S–Au bonds using three-step reactions and characterizing the new material by SEM and TGA analysis in order to evaluate the degree of functionalization of AuNPs’ surface. The catalytic efficacy of the new hybrid architecture is studied and compared to the separate moieties in the oligomerization of phenylacetylene. The study determines that compound Ru-TPP-CH2S-AuNPs is stable and shows an increase in terms of percentage of product for the formation of trimers for the oligomerization of phenylacetylene, as an effect of the different accessibilities of the catalytic site by the reagent and different electronic properties due to coupling with metal nanoparticles, when compared with metalloporphyrin without AuNPs.







Author Contributions


Conceptualization, P.T., F.L. and M.C.; validation, P.T., F.L., M.C., A.L., H.R. and E.M.B.; investigation, F.L., A.L. and E.M.B.; writing—original draft preparation, P.T., F.L. and M.C.; writing—review and editing, A.L, H.R. and E.M.B.; visualization, P.T., F.L. and M.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sau, T.K.; Rogach, A.L.; Jaeckel, F.; Klar, T.A.; Feldmann, J. Properties and applications of colloidal nonspherical noble metal nanoparticles. Adv. Mater. 2011, 22, 1805–1825. [Google Scholar] [CrossRef] [PubMed]

	



Hu, M.; Chen, J.; Li, Z.Y.; Au, L.; Hartland, G.V.; Li, X.; Marquez, M.; Xia, Y. Gold nanostructures: Engineering their plasmonic properties for biomedical applications. Chem. Soc. Rev. 2006, 35, 1084–1094. [Google Scholar] [CrossRef] [PubMed]

	



Ogarev, V.A.; Rudoi, V.M.; Dement’eva, O.V. Gold Nanoparticles: Synthesis, Optical Properties, and Application. Inorg. Mater. Appl. Res. 2018, 9, 134–140. [Google Scholar] [CrossRef]

	



Khlebtsov, N.; Dykman, L. Biodistribution and toxicity of engineered gold nanoparticles: A review of in vitro and in vivo studies. Chem. Soc. Rev. 2011, 40, 1647–1671. [Google Scholar] [CrossRef]

	



Murphy, C.J.; Gole, A.M.; Stone, J.W.; Sisco, P.N.; Alkilany, A.M.; Goldsmith, E.C.; Baxter, S.C. Gold Nanoparticles in Biology: Beyond Toxicity to Cellular Imaging. Acc. Chem. Res. 2008, 48, 1721–1730. [Google Scholar] [CrossRef]

	



Carnovale, C.; Bryant, G.; Shukla, R.; Bansal, V. Identifying Trends in Gold Nanoparticle Toxicity and Uptake: Size, Shape, Capping Ligand, and Biological Corona. ACS Omega 2019, 4, 242–256. [Google Scholar] [CrossRef]

	



Dunning, C.A.S.; Bazalova-Carter, M. Sheet beam X-ray fluorescence computed tomography (XFCT) imaging of gold nanoparticles. Med. Phys. 2018, 45, 2572–2582. [Google Scholar] [CrossRef]

	



Repenko, T.; Rix, A.; Nedilko, A.; Rose, J.; Hermann, A.; Vinokur, R.; Moli, S.; Cao-Milàn, R.; Mayer, M.; von Plessen, G.; et al. Strong Photoacoustic Signal Enhancement by Coating Gold Nanoparticles with Melanin for Biomedical Imaging. Adv. Funct. Mater. 2018, 28, 1705607. [Google Scholar] [CrossRef]

	



Li, B.; Li, X.; Dong, Y.; Wang, B.; Li, D.; Shi, Y.; Wu, Y. Colorimetric Sensor Array Based on Gold Nanoparticles with Diverse Surface Charges for Microorganisms Identification. Anal. Chem. 2017, 89, 10639–10643. [Google Scholar] [CrossRef]

	



Ishida, T.; Murayama, T.; Taketoshi, A.; Haruta, M. Importance of Size and Contact Structure of Gold Nanoparticles for the Genesis of Unique Catalytic Processes. Chem. Rev. 2020, 120, 464–525. [Google Scholar] [CrossRef]

	



Lim, I.I.S.; Ip, W.; Crew, E.; Njoki, P.M.; Mott, D.; Zhong, C.J.; Pan, Y.; Zhou, Z. Homocysteine-mediated reactivity and assembly of gold nanoparticles. Langmuir 2007, 23, 826–833. [Google Scholar] [CrossRef]

	



Zhang, F.X.; Han, I.; Israel, I.B.; Daras, J.G.; Maye, M.M.; Ly, N.K.; Zhong, C.J. Colorimetric detection of thiol-containing amino acids using gold nanoparticles. Analyst 2002, 127, 462–465. [Google Scholar] [CrossRef]

	



Li, L.; Li, B. Sensitive colorimetric detection of cysteine using gold nanoparticles as colorimetric probes. Analyst 2009, 134, 1361–1365. [Google Scholar] [CrossRef]

	



Carcione, R.; Limosani, F.; Antolini, F. Cadmium telluride nanocomposite films formation from thermal decomposition of cadmium carboxylate precursor and their optical properties. Crystals 2021, 11, 253. [Google Scholar] [CrossRef]

	



Limosani, F.; Carcione, R.; Antolini, F. Formation of CdSe Quantum Dots from Single Source Precursor Obtained by Thermal and Laser Treatment. J. Vac. Sci. Technol. B 2020, 38, 012802. [Google Scholar] [CrossRef]

	



Scarselli, M.; Limosani, F.; Passacantando, M.; D’Orazio, F.; Nardone, M.; Cacciotti, I.; Arduini, F.; Gautron, E.; De Crescenzi, M. Influence of Iron Catalyst in the Carbon Spheres Synthesis for Energy and Electrochemical Applications. Adv. Mater. Interfaces 2018, 5, 1800070. [Google Scholar] [CrossRef]

	



Matassa, R.; Carbone, M.; Lauceri, R.; Purrello, R.; Caminiti, R. Supramolecular structure of extrinsically chiral porphyrin hetero-assemblies and achiral analogues. Adv. Mater. 2007, 19, 3961–3967. [Google Scholar] [CrossRef]

	



Limosani, F.; Tessore, F.; Di Carlo, G.; Forni, A.; Tagliatesta, P. Nonlinear Optical Properties of Porphyrin, Fullerene and Ferrocene Hybrid Materials. Materials 2021, 14, 4404. [Google Scholar] [CrossRef]

	



Limosani, F.; Possanza, F.; Ciotta, E.; Pepi, F.; Salvitti, C.; Tagliatesta, P.; Pizzoferrato, R. Synthesis and Characterization of Two New Triads with Ferrocene and C60 Connected by Triple Bonds to the Beta-positions of Meso-tetraphenylporphyrin. J. Porphyr. Phthalocyanines 2017, 21, 364–370. [Google Scholar] [CrossRef]

	



Possanza, F.; Limosani, F.; Tagliatesta, P.; Zanoni, R.; Scarselli, M.; Ciotta, E.; Pizzoferrato, R. Functionalization of Carbon Sphere with a Porphyrin-Ferrocene Dyad. ChemPhysChem 2018, 19, 2243–2249. [Google Scholar] [CrossRef]

	



Kaur, R.; Possanza, F.; Limosani, F.; Bauroth, S.; Zanoni, R.; Clark, T.; Arrigoni, G.; Tagliatesta, P.; Guldi, D.M.J. Understanding and controlling short- and long-range electron/charge transfer processes in electron donor-acceptor conjugates. J. Am. Chem. Soc. 2020, 142, 7898–7911. [Google Scholar] [CrossRef] [PubMed]

	



Limosani, F.; Kaur, R.; Cataldo, A.; Bellucci, S.; Micciulla, F.; Zanoni, R.; Lembo, A.; Wang, B.; Pizzoferrato, R.; Guldi, D.M.; et al. Designing cascades of electron transfer processes in multicomponent graphene conjugates. Angew. Chem. Int. Ed. 2020, 59, 23706–23715. [Google Scholar] [CrossRef] [PubMed]

	



Kadish, K.M.; Smith, K.M.; Guilard, R. Handbook of Porphyrin Science with Applications to Chemistry, Physics, Materials Science, Engineering, Biology and Medicine; World Scientific Publishing Company: London, UK, 2012; p. 430. [Google Scholar]

	



Zeng, J.; Yang, W.; Shi, D.; Li, X.; Zhang, H.; Chen, M. Porphyrin Derivative Conjugated with Gold Nanoparticles for Dual-Modality Photodynamic and Photothermal Therapies In Vitro. ACS Biomater. Sci. Eng. 2018, 4, 963–972. [Google Scholar] [CrossRef]

	



Kanehara, M.; Takahashi, H.; Teranishi, T. Gold(0) porphyrins on gold nanoparticles. Angew. Chem. 2008, 120, 313–316. [Google Scholar] [CrossRef]

	



Ciammaichella, A.; Leoni, A.; Tagliatesta, P. Ruthenium porphyrin bound to a Merrifield resin as heterogeneous catalyst for the cyclooligomerization of arylethynes. New J. Chem. 2010, 34, 2122–2124. [Google Scholar] [CrossRef]

	



Ohyama, J.; Hitomi, Y.; Higuchi, Y.; Shinagawa, M.; Mukai, H.; Kodera, M.; Teramura, K.; Shishido, T.; Tanaka, T. One-Phase Synthesis of Small Gold Nanoparticles Coated by a Horizontal Porphyrin Monolayer. Chem. Commun. 2008, 47, 6300–6302. [Google Scholar] [CrossRef]

	



Ohyama, J.; Teramura, K.; Higuchi, Y.; Shishido, T.; Hitomi, Y.; Aoki, K.; Funabiki, T.; Kodera, M.; Kato, K.; Tanida, H.; et al. An in Situ Quick XAFS Spectroscopy Study on the Formation Mechanism of Small Gold Nanoparticles Supported by Porphyrin-Cored Tetradentate Passivants. Phys. Chem. Chem. Phys. 2011, 13, 11128–11135. [Google Scholar] [CrossRef]

	



Tagliatesta, P.; Carbone, M. Encapsulated Porphyrins as Catalysts for Organic Synthesis. In Encapsulated Catalysts; Elsevier: Amsterdam, The Netherlands, 2017; pp. 249–278. [Google Scholar]

	



Meunier, B. Metalloporphyrins as versatile catalysts for oxidation reactions and oxidative DNA cleavage. Chem. Rev. 1992, 92, 1411–1456. [Google Scholar] [CrossRef]

	



Grinstaff, M.W.; Hill, M.G.; Labinger, J.A.; Gray, H.B. Mechanism of Catalytic Oxygenation of Alkanes by Halogenated Iron Porphyrins. Science 1994, 264, 1311–1313. [Google Scholar] [CrossRef]

	



Meunier, B.; Robert, A.; Pratviel, G.; Bernadou, J. Metalloporphyrins in Catalytic Oxidations and Oxidative DNA Cleavage. In The Porphyrin Handbook; Kadish, K.M., Smith, K.M., Guilard, R., Eds.; Academic Press: New York, NY, USA, 2000; p. 119. [Google Scholar]

	



Wolf, J.R.; Hamaker, C.G.; Djukic, J.P.; Kodadek, T.; Woo, L.K. Shape and stereoselective cyclopropanation of alkenes catalyzed by iron porphyrins. J. Am. Chem. Soc. 1995, 117, 9194–9199. [Google Scholar] [CrossRef]

	



Maxwell, J.L.; Brown, K.C.; Bartley, D.W.; Kodadek, T. Mechanism of the Rhodium Porphyrin-Catalyzed Cyclopropanation of Alkenes. Science 1992, 256, 1544–1547. [Google Scholar] [CrossRef] [PubMed]

	



Tagliatesta, P.; Pastorini, A. Remarkable selectivity in the cyclopropanation reactions catalysed by an halogenated iron meso-tetraphenylporphyrin. J. Mol. Catal. A Chem. 2003, 198, 57–61. [Google Scholar] [CrossRef]

	



Tagliatesta, P.; Pastorini, A. Electronic and steric effects on the stereoselectivity of cyclopropanation reactions catalysed by rhodium meso-tetraphenylporphyrins. J. Mol. Catal. A Chem. 2002, 185, 127–133. [Google Scholar] [CrossRef]

	



Zhou, C.Y.; Yu, W.Y.; Che, C.M. Ruthenium(II) Porphyrin Catalyzed Tandem Carbonyl Ylide Formation and 1,3-Dipolar Cycloaddition Reactions of α-Diazo Ketones. Org. Lett. 2002, 4, 3235–3238. [Google Scholar] [CrossRef] [PubMed]

	



Galardon, E.; Le Maux, P.; Simonneaux, G. Cyclopropanation of alkenes with ethyl diazoacetate catalysed by ruthenium porphyrin complexes. Chem. Commun. 1997, 10, 927–928. [Google Scholar] [CrossRef]

	



Galardon, E.; Roué, S.; Le Maux, P.; Simonneaux, G. Asymmetric cyclopropanation of alkenes and diazocarbonyl insertion into SH bonds catalyzed by a chiral porphyrin Ru(II) complex. Tetrahedron Lett. 1998, 39, 2333–2334. [Google Scholar] [CrossRef]

	



Ragaini, F.; Penoni, A.; Gallo, E.; Tollari, S.; Li Gotti, C.; Lapadula, M.; Mangioni, E.; Cenini, S. Amination of Benzylic CH Bonds by Arylazides Catalyzed by CoII–Porphyrin Complexes: A Synthetic and Mechanistic Study. Chem.—Eur. J. 2003, 9, 249–259. [Google Scholar] [CrossRef]

	



Leung, S.K.Y.; Tsui, W.M.; Huang, J.S.; Che, C.M.; Liang, J.L.; Zhu, N. Imido Transfer from Bis(imido)ruthenium(VI) Porphyrins to Hydrocarbons: Effect of Imido Substituents, C−H Bond Dissociation Energies, and RuVI/V Reduction Potentials. J. Am. Chem. Soc. 2005, 127, 16629–16640. [Google Scholar] [CrossRef] [PubMed]

	



Mirafzal, G.A.; Cheng, G.L.; Woo, L.K. A New and Efficient Method for the Selective Olefination of Aldehydes with Ethyl Diazoacetate Catalyzed by an Iron(II) Porphyrin Complex. J. Am. Chem. Soc. 2002, 124, 176–177. [Google Scholar] [CrossRef]

	



Douglas, W.E. Solvent-free oligomerization of phenylacetylene catalyzed by (cyclopentadienyl)nickel complexes. J. Chem. Soc. Dalton Trans. 2000, 1, 57–62. [Google Scholar] [CrossRef]

	



Saraev, V.V.; Kraikivskii, P.B.; Vilms, A.I.; Zelinskii, S.N.; Yunda, Y.A.; Danilovtseva, E.N. Kuzakova, A.S. Cyclotrimerization and Linear Oligomerization of Phenylacetylene on the Nickel(I) Monocyclopentadienyl Complex CpNi(PPh3)2. Kinet. Catal. 2007, 48, 834–840. [Google Scholar] [CrossRef]

	



Tagliatesta, P.; Floris, B.; Galloni, P.; Leoni, A.; D’Arcangelo, G. The First Solvent-Free Cyclotrimerization Reaction of Arylethynes Catalyzed by Rhodium Porphyrins. Inorg. Chem. 2003, 42, 7701–7703. [Google Scholar] [CrossRef] [PubMed]

	



Deng, K.; Huai, Q.Y.; Shen, Z.L.; Li, H.J.; Liu, C.; Wu, Y.C. Rearrangement of dypnones to 1,3,5-triarylbenzenes. Org. Lett. 2015, 17, 1473–1476. [Google Scholar] [CrossRef] [PubMed]

	



Dash, B.P.; Satapathy, R.; Gaillard, E.R.; Maguire, J.A.; Hosmane, N.S. Synthesis and Properties of Carborane-Appended C3-Symmetrical Extended π Systems. J. Am. Chem. Soc. 2010, 132, 6578–6587. [Google Scholar] [CrossRef] [PubMed]

	



Wöhrle, T.; Beardsworth, S.J.; Schilling, C.; Baro, A.; Giesselmann, F.; Laschat, S. Columnar propeller-like 1,3,5-triphenylbenzenes: The missing link of shape-persistent hekates. Soft Matter 2016, 12, 3730–3736. [Google Scholar] [CrossRef]

	



Bao, C.; Lu, R.; Jin, M.; Xue, P.; Tan, C.; Xu, T.; Liu, G.; Zhao, Y. Helical Stacking Tuned by Alkoxy Side Chains in π-Conjugated Triphenylbenzene Discotic Derivatives. Chem.—Eur. J. 2006, 12, 3287–3294. [Google Scholar] [CrossRef] [PubMed]

	



Chae, H.K.; Siberio-Pérez, D.Y.; Kim, J.; Go, Y.; Matzger, A.J.; O’Keeffe, M.; Yaghi, O.M. A route to high surface area, porosity and inclusion of large molecules in crystals. Nature 2004, 427, 523–527. [Google Scholar] [CrossRef]

	



Kaleeswaran, D.; Vishnoi, P.; Murugavel, R. [3+3] Imine and β-ketoenamine tethered fluorescent covalent-organic frameworks for CO2 uptake and nitroaromatic sensing. J. Mater. Chem. C 2015, 3, 7159–7171. [Google Scholar] [CrossRef]

	



Reppe, W.; Kutepow, N.; Magin, A. Cyclization of Acetylenic Compounds. Angew. Chem. Int. Ed. 1969, 8, 717–733. [Google Scholar] [CrossRef]

	



Iyer, V.S.; Vollhardt, K.P.C.; Wilhelm, R. Near-Quantitative Solid-State Synthesis of Carbon Nanotubes from Homogeneous Diphenylethynecobalt and -Nickel complexes. Angew. Chem. Int. Ed. 2003, 42, 4379–4383. [Google Scholar] [CrossRef]

	



Carbone, M.; Sabbatella, G.; Antonaroli, S.; Remita, H.; Orlando, V.; Biagioni, S.; Nucara, A. Exogenous control over intracellular acidification: Enhancement via proton caged compounds coupled to gold nanoparticles. Biochim. Biophys. Acta Gen. Subj. 2015, 1850, 2304–2307. [Google Scholar] [CrossRef] [PubMed]

	



Carbone, M.; Micheli, L.; Limosani, F.; Possanza, F.; Abdallah, Y.; Tagliatesta, P. Ruthenium and manganese metalloporphyrins modified screen-printed electrodes for bio-relevant electroactive targets. J. Porphyr. Phthalocyanines 2018, 22, 491–500. [Google Scholar] [CrossRef]

	



Paolesse, R.; Macagnano, A.; Monti, D.; Tagliatesta, P.; Boschi, T. Synthesis and Characterization of meso-Tetraphenylporphyrin-Corrole Unsymmetrical Dyads. J. Porphyr. Phthalocyanines 1998, 2, 501–510. [Google Scholar] [CrossRef]

	



Tsutsui, M.; Ostfeld, D.; Francis, J.N.; Hoffman, L.M. UNUSUAL METALLOPORPHYRINS VIII: Synthesis of Ruthenium Mesoporphyrin IX Dimethylester Carbonyl and its Imidazole Derivatives; Observation of a new type of Tautaumerism—Metal Shuttling. J. Coord. Chem. 1971, 1, 115–119. [Google Scholar] [CrossRef]

	



Adler, A.D.; Longo, F.R.; Kampas, F.; Kim, J. On the preparation of metalloporphyrins. J. Inorg. Nucl. Chem. 1970, 32, 2443–2445. [Google Scholar] [CrossRef]

	



Béthencourt, M.I.; Srisombat, L.O.; Chinwangso, P.; Lee, T.R. SAMs on gold derived from the direct adsorption of alkanethioacetates are inferior to those derived from the direct adsorption of alkanethiols. Langmuir 2009, 25, 1265–1271. [Google Scholar] [CrossRef]

	



Sabbatella, G.; Antonaroli, S.; Diociauti, M.; Nucara, A.; Carbone, M. Synthesis of proton caged disulphide compounds for gold nanoparticle functionalization. New J. Chem. 2015, 39, 2489–2496. [Google Scholar] [CrossRef]

	



Elakkari, E.; Floris, B.; Galloni, P.; Tagliatesta, P. The Formation of 1-Aryl-Substituted Naphthalenes by an Unusual Cyclization of Arylethynes Catalyzed by Ruthenium and Rhodium Porphyrins. Eur. J. Org. Chem. 2005, 2005, 889–894. [Google Scholar] [CrossRef]








[image: Materials 15 01207 sch001 550] 





Scheme 1. Synthetic pathway for obtaining AuNPs. 






Scheme 1. Synthetic pathway for obtaining AuNPs.



[image: Materials 15 01207 sch001]







[image: Materials 15 01207 sch002 550] 





Scheme 2. Synthetic pathways for obtaining Ru-TPP-CH2-SH (4). 
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Scheme 3. Synthetic pathway for obtaining Ru-TPP-CH2S-AuNPs (5). 
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Figure 1. (a) SEM micrograph of Ru-TPP-CH2S-AuNPs (5) and (b) particle size distribution of AuNPs. 
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Figure 2. TGA of Ru-TPP-CH2S-AuNPs compound (5). 
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Scheme 4. Phenylacetylene oligomerization reaction catalyzed by (a) AuNPs, (b) RuTPP-CH2-SH (4), and (c) RuTPP-CH2S-AuNPs (5). 
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Figure 3. Histogram comparing the GC results of AuNPs, Ru-TPP-CH2SH (4), and Ru-TPP-CH2S-AuNPs (5) on the percentage of products (%) of dimers/trimers after 24 h and 48 h. 
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Scheme 5. Hypothetical mechanism for the formation of dimerization products. 
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Table 1. Oligomerization of phenylacetylene reaction using AuNPs, Ru-TPP-CH2-SH (4), and Ru-TPP-CH2S-AuNPs (5) as catalysts.






Table 1. Oligomerization of phenylacetylene reaction using AuNPs, Ru-TPP-CH2-SH (4), and Ru-TPP-CH2S-AuNPs (5) as catalysts.





	
Reaction Time

	
AuNPs

(%)

	
Ru-TPP-CH2-SH

(%)

	
Ru-TPP-CH2S-AuNPs (%)

	
Products






	
24 h

	
77.4

	
76.1

	
62.4

	
1-PN




	
1.9

	
1.7

	
3.0

	
1,2,3-TFB




	
8.2

	
7.4

	
11.9

	
1,2,4-TFB




	
12.5

	
14.8

	
22.7

	
1,3,5-TFB




	
48 h

	
77.3

	
77.0

	
64.6

	
1-PN




	
1.0

	
1.7

	
2.5

	
1,2,3-TFB




	
9.3

	
7.4

	
10.2

	
1,2,4-TFB




	
12.4

	
14.8

	
22.7

	
1,3,5-TFB
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