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1. Introduction NPs assemblies into superstructures using previcialyilized

. . Au NPs by the protein wheat germ aggutinin (WGA-XBSs)?
_ Metal nanoparticles (M NPs) have been the subject ofne caj's group described the use of a fluorousafiine imide
intensive study due to their important size-depandenctional 55 stapilizer of palladium nanoparticfet addition, structured
attributes. Several approaches are used for thgaggon of M gemjflyorinated  polymer ionic  liquids form  fluorous
NPs, with some of the most common consisting in cbahdind  compartiments, that have been used for the préparat Au and
electrochemical reduction or thermal decompositibra metal Ag NPs?® More recently, the spontaneous self-organizatibn o

salt, metal vapour deposition, as well as photolyaisd gissimilar ligands (hydrogenated (H-) and fluorgth{F-)) on the
sonochemical decomposition of metal complexes tis.s&the ¢ face of gold nanoparticles was studied B¥ NMR
most used method is the chemical reduction of ainselt in the experiments and multiscale molecular simulatibns.

presence of a suitable stabilizer employed to preckister over-
agglomeration and the formation of bulk metal. A¢ time of Our work in this field began with the preparation af NPs
our group’s entry into this field, the heavily flimated using discrete polyfluorinated compounds as stedt. Thus, in
compounds did not seem suitable as stabilizersnfetallic @ 2002 publication, M. Moreno-Mafiasal. reported that several
nanoparticles. Since then, we and other groups tkesigned and simple organofluorine species were efficient in preing Pd
used different type of stabilizers containing phigfinated nanoparticles agglomeratinWe later discovered that certain
chains. Among them we want to emphasize the employofent 15-membered olefinic macrocycles bearing threeréius chains
triblock-type fluoroalkylated oligomers (FRM),-Rd, Re: were also good stabilizers for RPs? Further development of
perfluorinated chain), which aggregate in aqueousorganic ~ the concept, however, required the design of newilizeis,
media, and were shown to stabilize Au, Cu, Fe NPse use of Which would be easier to prepare. We envisaged lieafeiatures
perfluorinated amphiphiles (HS:FRPEG) for the preparation of that could enhance the stabilizing effects shoeld(l) presence
water soluble Au NP%,as well asthe study of dendrimers of long polyfluorinated chains; (i) the stericallk, and (iii)
containing  perfluorinated  shells  (from  perfluorieét presence of potentially coordinating donor atomasegi on these
alkenethiols) to encapsulate Ag NPs in perfluorinaetvents ~ criteria, we prepared some star-shaped fluorous atiom
have also been describtMoreover,the group of Zhu reported sulfurs!® We demonstrated that, despite that heavily flued
the use of fluorous-tagged molecules for the cantibn of Au  compounds are not expected to be the best comdstuer
protecting shields due to the very small attractiveeractions
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toward other materials and among themselves, tlabjlige M
Nps. Then, we considered adapting such materialsuser in
heterogeneous catalysis. In particular, we weregugd by the
idea of immobilizing these MNPson fluorours silica gel by
taking of the possible fluorous-fluorous interanso In a
subsequent study, the catalyst recycling was peddrmith the
nanoparticles contained within a fluorous silica arging the

Tetrahedron

(15 equiv) in a standard water-methanol mixture undel,F
catalysis proved unsuccessful, as did the testsloging the
formic acid as both solvent and catalyst. Howevery efficient
sol-gel formation was achieved using a trifluorocatid-based
approach described by Shapal,'® affording the homogeneous
materiall (Scheme 2, Figure 1) after a 5 days ageing petitd;
incorporation of the fluorous stabilizer was confun by

Mizoroki-Heck coupling between iodobenzene and methyklemental analysis (0.441 mmol of ligand per ¢)of?

acrylate as the model systéhiThe supported catalyst was reused
14 consecutive cycles without loss of activity witte tcatalyst
recovered each time via centrifugation. Controlegkpents, by
%F NMR, of the crude mixture after filtration of toatalyst were
also carried to assess whether leaching of thediaftafluorous
stabilizer could take place. In an effort to createnore robust
catalyst, we envisioned the synthesis of an hybrdenal with
the stabilizer linked covalently to the silica gehtrix, 1. The
idea, in fact, was not completely new, given prior kvdy
Bannwarthet al on the adsorption of palladium(ll) complexes
containing perfluoro-phosphine ligands on F8@We essayed
fluorous materiall as stabilizer for metal nanopatrticles (Pd, Ru,
Rh) with excellent results (Scheme d,;b andc). The Pd@1
resulted a valuable tool for facilitating the reeoy and reuse of
the expensive metal in palladium catalyzed crosgpliog
reactions that were carried out under aerobic adgiiine free
conditions as Mizoroki-Heck Sonogashid and Suzuki-
Miyaura’® The catalytic properties dRh@1 and Ru@1 were
tested in the hydrogenation of arenes, a procebigbfindustrial
interest'® We found thatRh@1 catalyzes the quantitative
hydrogenation of aromatic compounds such as benzeluene,
styrene, phenol and pyridine at mild conditions, rgasRh@1
was less activ¥’

Herein, we report our recent results on the synthesid
characterization of fluoro-tagged iridiurand less common
osmium nanoparticles using materiabs stabilizer (Scheme 1)
and its uses as catalysts in oxidation reactions.
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Scheme 1. Preparation of materisl1: a-c illustrate previous
results, whiled ande show new work.

2. Results and discussion

The full details on the synthesis of the stabilidzethave
already been described by our group elsewh@rmriefly, the
synthesis of 1, took advantage of a controlled stepwise
nucleophilic aromatic substitution to the 2,4,@&tioro-1,3,5-
triazine core. Specifically, selective substitutioh two out of
three chlorine atoms of cyanuric chlorid2, with the thiol

F;,C;CH,CH,SH could be achieved at 0 °C. The remaining"C|3'

chlorine atom was replaced with the commercially labée
bifunctional sylilated amine linker (Scheme 2), caffing the
target tri-substituted! in 97% vyield. As we described earlier,
initial attempts to carry out the co-gelificatioh4with Si(OEt),
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Material 1 was subsequently applied as a stabilizer to the
synthesis of osmium nanoparticles. Previously, fidrenation
of such nanoparticles has been promoted by diveyses of
chemical entities, including the ionic liquid
butyl(methyl)imidazolium tetrafluoroboraté, the 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic &idr by cetyl
trimethyl ammonium bromid&. Several groups also reported
the preparation of Os(0) nanoclusters supportedcarbon
nanotube$? zeolite?® silica? and on graphen®.We found
that Os@1 nanoparticles could be easily prepared by the
reduction of OsGI3H,O in THF wusing LIiE{BH
(superhydride) at room temperature for 2 hours é8ud 1,d).
The new nanoparticles were found to be uniformlyakrand
disperse, with a @.,= 1.3+ 0.2 nm as determined by TEM
(Figure 2a). The electron diffraction rings obtainfor this
material were indexed to thd 1), (102, (110 and @O01)
crystallographic planes of the hexagonal -close-pdck
structure (see Sl). Similarly, the power X-ray dafftion
(pXRD) measurements showed the pattern expectedhier t
metallic hexagonal osmium §2= 43.5° corresponding to the
metal (L01) plane(see SI) Multiplex spectra corresponding to
Fls, OAf and SEp were obtained through XPS studies of a
sample ofOs@1 (see Sl).

Si(OEt); T T 1

o_ 0 0O
cl Cl H,N(CH,)sSi(OED); HNV o NI/
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N N N N =
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Scheme 2. Preparation of fluorinated organic-inaigahybrid
materiall

a)

N

Figure 1. Images: a) g€l after ageing (5 days); b) gdl
isolated; c) material after drying.

As part of the same study, the formation of iridium
nanoparticles was investigated. It is important aterthat most
of the reported syntheses of Ir NPs involve the c&dn of an
iridium salt by the appropriate reducing agentha presence of
the stabilizer. Following this approach, NPs have been
prepared using a variety of iridium precursors, fresnmonly
H,0% and HIrClgH,0.2” Another suitable method is the
so-called “organometallic approach” starting witle thi olefin
complexes as for example [Ir(cod)&df Ir(cod)(meCpf®
[Ir(OMe)(cod)L*™® and Ir(cod)(acad). In what could be
considered a variation on the latter approach, syrghesis of
iridium nanoparticles was also performed the thermolysis of



the tetrairidium dodecacarbonyl cluster,(@O),,) in a high-
boiling ionic liquid™ Given the unsatisfactory results obtained in
the preparation offr @1 with previously assayed methodologies,
the latter thermolysis method drew our attentiorr. these tests,
the diphenyl ether was chosen as a reaction medjivan its
boiling point of 259 °C, which we hoped would be fisignt for
the decarbonylative thermolysis of the Ir carboclyisters. In a
typical experiment, the JfCO),, cluster was first dissolved under
nitrogen atmosphere in diphenyl ether (DPE) (headin§0 °C
for 1.5 hours to improve solubility). Then, thelslizer 1 was
added and the solution was heated up to 210 °C 9ohadurs
(Scheme 1¢). The decomposition of the cluster was followed by
IR spectroscopy, with the gradual decrease in ttengity of a
carbonyl absorption band 2058 cni, until its full
disappearance, which was used as a sign that thgoredad
reached completion. The procedure afforded a dagkemal
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batches of thér @1 materials following the same conditions.

Entry Ir % wiw Average particle
size (nm)
1 14.6 1.1+0.2
2 22.7 0.5+0.2
3 16.0 1.1+0.2
4 17.0 1.2+0.3
20.1 0.9+0.2
6 20.1 0.8+0.2
7 17.7 1.0+0.2
8 15.8 1.4+0.4

containing Ir nanoparticles with@,,= 0.5-1.4 nm. The protocol
was repeated multiple times, affording reproducibtches of
nanoparticles with Ir content between 14.6-22.7 % igufe 2b,
Table 1). X-ray powder diffractometry revealed ttresence of
fce Ir(0) with the presence of a peak & =2 40.6 corresponding
to the metal 111) plane. Elemental analysis (17.7 % Ir and
42.5% of C), IR spectrum and solfdC NMR of the batch
corresponding to entry 7 of Table 1, confirmed phesence of
the hybrid organic-inorganic matrix. Based on thdr%ontent,
the yield of this sample of @1 (entry 1, Table 1) was calculated
to be 93%. Multiplex spectra corresponding tbsHr4f, Si2p,
Cls were obtained through XPS studies of a samplér @il.
The new material presented a surface area of 14§ (BET)
and was found to be stable for over four months raicg to the
TEM images.

a) HRTEM image ofOs@1:

Distribution (%}

b) H

RTEM images ofr@1:

Figure 2. HRTEM images
As has been mentioned, the method was highly rielitdy

the preparation of the Ir NPs (Table 1). Less rdpoible
results were obtained in the case of Os NPs.

Ak

During the course of the preparation of the Ir NRa the
thermolysis of the W(CO),, cluster, we were surprised to find
that Ir NPs were formed even in the absence of uarflus
stabilizer, i. e. simply by heating,(€0O),, in PhO. The reaction
produced nanoparticles with a mean particle siz€®.6f1.3 nm
Table 1. Reproducibility results in the synthesis different

*Molar relation of metal to stabilizer 1 (1:1) irl tile cases

(Figure 3); the pXRD analysis confirmed, once again, the
presence of thdcc Ir(0) phase. Given an apparent lack of a
stabilizing additive, we went on to further probe tiamoparticle
composition. The material was found to contain 23v%n Ir
(ICP analysis), with the rest consisting of orgammatter,
attributed as stemming from the .;Bhused during the synthesis
(Scheme 3). Indeed, the solid st&f® CP-MAS NMR spectrum
of this material, which we denote BS@DPE, contained signals
which could be matched to those present in @ NMR
spectrum of pure B® (Figure 3). We are currently unsure of the
mode by which diphenylether could stabilize a metal
nanoparticle, given that, beyond the weakly donatixggen, the
PhO lacks any feature typically associated with an otiffe
nanoparticle stabilizer. We speculate that theilstabon might
involve an activation of the aromatic CH grooptho to the
oxygen; in that respect, we note the formation oélsmmounts
of dibenzofuran observed in the GC-MS trace of thether
liquor of the reaction mixture. Even in the expegits withl as
support and stabilizer of Ir Nps (using ,Bh as solvent),
incorporation of PJO was observed by solid stdf€ CP-MAS
NMR spectrum of materialr @1 (see Sl). The new material
presented a surface area of 7 0g(BET).

O
IF(CO); DPE = @
(OC)3|F“\'\"/-Ir(CO)3 > Ir@DPE
| 210°C; -CO
(cop, !

Scheme 3. Formation of Ir NPs via thermolysis gfQO);, in
PhO.

Figure 3. HRTEM image ‘ofr @DPE; °C CP-MAS NMR of
Ir @DPE (green)vsthe*C NMR of PhO (brown).
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corresponding aldehydeéga and 6b were obtained in 85% and
90%, respectively (entries 14-15, Table 2 and Sehet)
indicating that, at least for these substrate€)l was a more
effective catalyst thalr @DPE.

In the process of exploring the chemical reactiwty the
newly prepared Os and Ir NPs, we tested their abdiggromote
the aerobic oxidation of alcohols.

The recycling of the Ir NPs proved difficult, giveimat both
Ir@1 and Ir@DPE are very fine powders difficult to filter or

M NPs cat. R . . .
OH X0 ‘a,R=H centrifuge. After five centrifugation cycles we werblea to
ib,R=Me : recover Ir@DPE, and this catalyst, once pre-heated, was as
R 5 toluene R 6 16 R =NOy; effective as in the first run (entry 15, Table Mp agglomeration

of nanoparticles was observed after the first rush the average
) o particle size was found to be 0.5-1.3 nm (by TEMJhile
Scheme 4. Aerobic metal-catalyzed oxidation of bE”ZYSupporting the concept, obviously, the recyclinggedure was
alcohols not operationally practical.

Thus, we proceeded to test the Os- and Ir-based ialater The Ir NPs were also tested in the aerobic benzylidation
the aerobic oxidation of the benzylic alcohol. Regay the  of yanthene. The reaction proved somewhat sluggisi, as
former, indeed, S. Ozkat al®*’have demonstrated that zeolite- seen in the oxidation of alcohols, the catalytitivity of It @1

Y-based Os Nps could be successfully employed in éneb&  \yas syperior to that of @DPE (Scheme 5). Thus, after approx.
oxidation of alcohols under mild conditions (2 mo®8, 80 °C 1 \week at 100 °C under a balloon of e use ofir@1 (1.3

and 1 atm of §). In this protocol, however, the recycling studies moo, Ir) led to a quantitative formation of theget8; only 64%
with this material showed the loss of activity in tiecond run.  f g was obtained usinig @DPE.
Herein we describe the use of fluoro-tagged osmium

nanoparticlesOs@1 as active catalysts in aerobic oxidation of o

benzyl alcohol,5a, to benzaldehydefa (Scheme 4). The Ir NPs (1.33 mol%) rNPs
experiments were conducted using a Fischer-Porteselein ACa(allooy’ — )
toluene under Qat 80 °C and in the absence of any added base.™ © toluene o @1 vield = 99%

A control experiment in the absence of catalystamn@.5 atm @ 7 100°C, 188 h 8 N@DPE: ield = 64%

overpressure only led to traces of benzaldehydi&y(dn Table

2). In contrast, moderate yields 6& were achieved using 1 Scheme 5. Ir NPs catalyzed aerobic CH oxidation nfthene
mol% Os at 0.5-2.5 atm of oxygen (entries 2-3, T&)leSome

improvement in vyield could be achieved by raisinige t

temperature and the amount of catalyst loadedirlgad an 87% As conclusion, fluoro-tagged Os and Ir NPs have been
yield of 6a (entries 4-5, Table 2). However, the recycling @& th prepared, demonstrating once more, the abilityusfrbus hybrid
catalyst showed a substantial loss of activity ie #cond run organic-inorganic silica to support and stabilizetah NPS. In
(down to 38%, entry 5). Next, same oxidation proeess tested adittion, thermolysis of the 4CO),, in diphenyl ether gave Ir(0)
using thelr @1 material as catalyst. During preliminary tests, weNps. We have shown that Os and Ir NPs could catalyzbiae
noticed that benzaldehyde was obtained only in aematel 50-  oxidation of benzyl alcohols. Particularly effeetiwas found to
60% yield even after two days at 100 °C in tolueme ander a  be the iridium nanoparticlds @1, whereby the catalytic activity
balloon of Q (entry 6, Table 2). Suspecting that the low cai@lyt could be greatly enhanced through a simple prestiin
activity might be due to the presence of absorlpetties on the procedure. With this material, benzylic alcoholsuldo be
surface of a nanoparticle (such as residual CO),ntveduced a  oxidized under @balloon in the absence of a basic additive; the
pre-activation step, whereby the@1 material was subjected to oxidation stopped selectively at the correspondienzaldehyde.
heating prior to a catalytic run. Such catalysictieation is not  Promisingly, the same reaction conditions were useda
uncommon (including preheating of a M NPs unde).*¥ benzylic CH oxidation of xanthene. The presenceneffluorous
Indeed, pre-heating the catalyst to 135 °C provégtieve, with  stabilizerl was found to be crucial for the catalytic activityith
the subsequent aerobic oxidation of benzyl alc¢h@3 mol% inferior catalytic performance achieved using miatdr @DPE
Ir, a balloon of Q) affording excellent yields of benzaldehyde lacking this stabilizer.

after 23 h (entries 7-8, Table 2); inferior resuliere achived

usinglr@1 activated at 200 °C (entries 9-10). In fact, aofrk

pre-heating to 135 °C proved sufficient, as represk by the

96% vield recorded in entry 7 of Table 2. An analysy TEM of

nanoparticles pre-heated at 135 °C indicated thsepice of well

dispersed spherical nanopatrticles of an averageale& among

0.5-1.3 nm. No agglomeration was observed. It shaldd be

noted that the optimized reaction could be condlciging less

solvent (at 3M), leading to a 97% of the targethlgtie6a (entry

11, Table 2). Two additional primary benzyl alcohalere also

selectively oxidized to the aldehydes under theindped

conditions (entries 14 and 15, Table 2). The oxabf 5b (p-

methyl) andsc (p-NO,) gave the aldehydes in 89 and 98 % yield

respectively (entries 12 and 13, Table 2). The atiich of5a and

5b was also tested using the material@DPE obtained

previously via thermolysis of CO),, in diphenyl ether. Once

again, pre-heating the nanoparticles to 135 °C gqatdeneficial

for the catalytic activity. Under the optimized cdiahs the



Table 2. Tested conditions of Os and Ir NPs as catalystéeinbic oxidation of benzyl alcohols via Scheme 4

Entry Alcohol M NPscat. Mol % cat Ffre-' Pressure T(CC) T(h) Yield (%)
activation

1 5a - - - 0.5 atm 80 20 3

2 5a Os@1 1 No 0.5 atm 80 20 63

3 5a Os@1 1 No 2.5 atm 80 20 75

4 5a Os@1 1 No 2.5 atm 100 15 84

5 5a Os@1 2 No 2.5 atm 100 15 87/38

6 5a Ir@1 1.3 No O, balloon 100 23 61

7 5a Ir@1 1.3 135 °C/2h Q@ balloon 100 23 96

8 5a Ir@1 1.3 135°C/22h Q balloon 100 23 91

9 5a Ir@1 1.3 200°C/2h O; balloon 100 23 86

10 5a Ir@i 1.3 200°C/22h Oz balloon 100 23 59

11 5a Ir@1 1.3 135°C/2h 0O; balloon 100 23 97

12 5b Ir@i 1.3 135°C/2h O balloon 100 12 89

13 5¢ Ir@1 1.3 135°C/2h O; balloon 100 74 98

14 5a Ir @DPE 1.3 135°C/2h O, balloon 100 23 85

15 5b Ir @DPE 1.3 135°C/2h O; balloon 100 12 90/90

precipitate was filtered of and was washed with toluenefford
. i 360 mglr@1 (93% vyield). Analysis found: 17.7 % Ir; 42.5 % C.
3. Experimental section Average particle diameter: 0.5-1.4 nm (based on TEXBD:
40.6 (26). BET: 14.50 rfg.

. ; . 3.2.4. Iridium nanoparticles stabilized by diphengther
.HR'T\EM N analyses were perfor\med in the SeTve' OleIr@DPE: A 25 mL round-bottom flask was charged with
Microscopia” of the Universitat Autonoma de Barceloira a Ir(CO);, (100 mg, 0.09 mmol) and diphenyl ether (5 mL). The
‘;])Ercf)(i_rnis dM-i?lO%r?e n‘]%(:;?\l,e?t dzg?]alﬁ; gjiriir:%,," (gzgglszse;’verﬁﬂxture was left stirring firs'F at 90 °C_for 24 h(hm_en heated to
Universitat Autonoma de Barcelona 210 °C for 29 h. The precipitate was isolated hyafiion and was
) washed with toluene to afford 280 mg lof@DPE (91% vyield).
3.2.General preparative methods Analysis found: 22.7 % Ir; 45.4 % C. Average partidiameter:

) ) ) ) ) 0.5-1.3 nm (based on TEM). XRD: 40(@6). BET: 6.90 Vg
3.2.1. Preparation of materidl: Trifluoroacetic acid (1.8 mL)

was added to a vial containing the fluorinated moeo2n(300 3.2.5. Typical procedure for oxidation of alcohulgh Os@1.

mg, 0.24 mmol) and Si(OGt{767 mg, 3.61 mmol, 15.1 eq). The A mixture of benzyl alcohol (20§, 218 mg, 2 mmol) and
mixture was stirred manually to assure homogeneityaas left ~ Os@1 (60 mg, 2%) in toluene (10 mL) was charged onsaltér-
undisturbed at room temperature. After 2 h, gelativas Porter reactor. We purged three times (pressuiizing
observed. After a 5-day ageing period, the resultjetj was depressurizing cycles) with oxygen and then le&t.&tatm for 15
crushed to a fine powder and was washed successivedg D at 100°C. Upon cooling to room temperature, the reaction
times with each of the following solvents: g8, water, EtOH, ~Mixture was filtered through celite using &H, and dried to
and, finally, EfO. The product was dried overnight in a vacuumdive the benzaldehyde (182 mg, 87 % yield).

oven at.80’C affording 500 mg of a light-orange solid. Anal. 35 ¢ Typical procedure for oxidation of alcohaetith Ir@L
Found (|r.1 two separate analyses): C, 14.02 and 1#29.27 o |r@DPE: Ir@1 was activated by heating at £85during 2
and 1.30; N, 2.47 and 2.46. hours. Then, a mixture of benzyl alcohol (31D, 323 mg, 3

3.2.2. Fluoro-tagged osmium nanopartic®s@1: A 25 mL ~ mmol) and preactivatetr @1 (46 mg, 1.3 mol%) in toluene (1
round-bottom flask was charged with materla(63 mg) and ML) was charged into a reactor tube. We purged ttirees
anhydrous THF (10 mL) under nitrogen atmosphere.|gBi6;0  (Pressurizing/ depressurizing cycles) with oxyged kit for 23
(16 mg, 0.5 mmol) was added under vigorous stirsingd then a h at 100 °C under an oxygen atmosphere (balloomnigpoling
solution of LiB(GHs)H (7 mL, 1M in THF) was slowly added. 0 room temperature, the reaction mixture was &tfethrough
The resulting mixture was left stirring during 2 heuThe solid ~ Celite using CHCI, and dried to give the benzaldehyde (305 mg,
was centrifugated and then washed with EtOH, water, an87 % yield).
acetone successively. A black solid was obtained. @ami
content: 11 %. Average particle diameter: 1.3 +ro2(based on Acknowledgments
TEM). XRD: 43.5 (26).

3.1.General methods

o . We are thankful for financial support from SpailvVdCINN
3.2.3. Fluoro-tagged iridium nanoparticlds@L: A 25 ML (Grants CTQ2014-53662-P and CTQ2017-86936-P) and MEC

round-bottom flask was charged with(€O), (100 mg, 0.09 (CTQ2016-81797-REDC). The DURSI-Generalitat de Catalufia
mmol) and diphenylether (5 mL). The mixture was &itring at  (2017-SGR465) is also acknowledged.

90 °C for 1.5 h. Then materizl(110 mg) was added to the flask,
and the resulting mixture was heated to 210 °C2frh. The
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