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Electron- and Hydride-Reservoir Organometallics as Precursors of
Catalytically Efficient Transition Metal Nanoparticles in Water

Fangyu Fu,”) Qi Wang,” Roberto Ciganda,™® Angel M. Martinez-Villacorta,” Ane Escobar,"”
Sergio Moya," Eric Fouquet,® Jaime Ruiz,” and Didier Astruc*®

/Abstract: Nanoparticles (NPs) are actively investigated for
their efficient use in catalysis, but their means of synthesis is
a key factor influencing their catalytic properties owing to
surface coverage with byproducts. Here, neutral electron-
and hydride-rich late transition metal organometallics are
compared for the synthesis of late transition metal NPs in
the presence of poly(vinylpirolidone) (PVP). In particular, the
effect of electron-reservoir donors, hydride-reservoir donors,
and electron-rich dimers yielding NPs electrostatically stabi-
lized by cationic organometallics are compared in terms of
NP size and catalytic efficiency. The catalytic reactions scruti-

NS

nized with excellent results include 4-nitrophenol reduction
to 4-aminophenol by NaBH, for the AuNPs and PdNPs, and
Suzuki-Miyaura reactions for the PdNPs. The nature of the
reductant has more influence on the NP size in the case of
AuNPs than PdNPs, and the best NP catalysts are obtained
with hydride-reservoir complexes as reductants. The less
bulky hydride donors are superior, with the complex
[CoCp(n*-CsHe)] (Cp=n*-CHs) giving the NPs with the best
catalyst efficiencies for both reactions. Protection of the NP
cores by the organometallic sandwich salt is found to be the
key to catalytic efficiency.

Yy Yy Y. )

Introduction

Nanoparticles (NPs) have increasingly been shown to be an es-
sential part of academic research in catalysis; their methods of
synthesis are crucial for their catalytic efficiency, and are still
constantly investigated and optimized."’ So far, sodium boro-
hydride has been the most frequently used reductant of pre-
cursor metal salts for the synthesis of transition metal nanopar-
ticles (TMNPs),” but organoboranes formed in organic solu-
tions and borates formed in aqueous solution partly inhibit the
catalytic activity of the TMNP surface.”’ Therefore, a number of
other reductants have been probed successfully, including H,,
NaBH,, (SiMe,)s, Mg, Li or Na in liquid NHs, and Li or Na naph-
thalenide in the presence of a stabilizer."*

Here, we use as reductants electron-rich® and hydride-rich
neutral organometallics,® for which both the reduced and oxi-
dized forms are stable. Thus, following the reduction of the
metal salts, these organometallics are found to be relatively
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bulky cationic stabilizers of the TMNPs. This strategy has re-
cently been probed with ferrocenes upon the reduction of
HAuCI, to form AuNPs with various late transition metal salts.”
With ferrocene itself, large AuNPs were formed owing to the
weak driving force resulting from the weak reducing power of
ferrocene.”’ Here, the goal is to compare various electron-re-
servoir systems with very negative redox potentials with hy-
dride donors of closely related structures. The electron-reser-
voir systems are known 19-electron Fe' sandwich complexes of
the [FeCp(n®-arene)] series (Cp=n’-cyclopentadienyl).”) The
parent compound [FeCp(n®-C¢Hy)] is not stable at room tem-
perature (RT) and disproportionates in THF to ferrocene and
iron metal, and dimerizes slowly in pentane at RT.! Derivatives
with methyl groups on the arene ligand are more stable but
behave similarly, except the hexamethylbenzene complex
[FeCp(n®-C¢Meg)], which is stable up to 100°C and for which
the X-ray crystal structure and very low ionization potential de-
termined by He' photoelectron spectroscopy are known (inter
alia).”? Here, both the benzene and hexamethylbenzene iron
complexes are used, as well as the dimer of the mesitylene
complex and the hydride adducts. The three types of neutral
iron sandwich compounds, 19-electron complex, dimer, and
hydride derivative, all give the cationic structure upon reduc-
tion of a substrate such as the TM precursor salt, as shown in
Scheme 1.

These Fe complexes are compared to ferrocene (FeCp,) and
cobaltocene (CoCp,)"” and its hydride derivative [CoCp(n*-
CsHs)1, which also give the same cobalticenium salt upon sub-
strate reduction (Scheme 2)."" Decamethylferrocene is avoided
because it combines both disadvantages of a poor reductant
(given its weak driving force) and bulky donor (providing long-
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Scheme 1. Inter-relations between the CpFe (benzene) structures involved in
the reduction of metal salt precursors of metal NPs.
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Scheme 2. Interactions between the cobalt sandwich complexes involved in
the reduction of metal salts of metal salt precursors of metal NPs.

distance, slow electron transfer), leading to the formation of
large NPs, which therefore cannot be competitive in catalysis.
All these organometallic complexes are used here to reduce
HAuCl, and K,PdCl,, and the AuNPs"? and PdNPs™ formed are
subsequently characterized. Their formation is discussed as a
function of the nature and driving force,!" steric constraints,
and other factors provided by the organometallic reductant,
and these NPs are examined as catalysts in the reduction of 4-
nitrophenol by NaBH,"¥ (AuNPs and PdNPs) and Suzuki-
Miyaura cross C—C coupling reactions (PdNPs).!"

Results and Discussion

We first examine the characteristics of the organometallic re-
ductants, in particular with the use of cyclic voltammetry. We
then investigate the AuNP and PdNP syntheses and finally the
reactions catalyzed by these NPs, before concluding by com-
paring the qualities of the reductants. To follow the discussion,
note that the NPs bear the same numbers as their organome-
tallic precursors in Figure 1. For instance Au"+R1 gives Aul,
and so on.

Electron-reservoir and hydride-reservoir reductants

Known neutral electron-reservoir and hydride-reservoir organo-
metallic reducing agents with iron®®'® and cobalt"™ sandwich
structures were chosen as reductants of late TM salts to gener-
ate catalytically active late TMNPs. These organometallic reduc-
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Au NPs Sizes: Au1 > Au3 > Au8 > Au5 > Aub > Au4 > Au2 > Au7
Pd NPs Sizes: Pd8 > Pd7 > Pd4 > Pd5 > Pd3 > Pd1 > Pd6 = Pd2
4-NP Kapp (Au): Au5 > Au6 > Au1 > Au7 > Au8 > Au3 > Au2 > Aud
4-NP kapp (Pd): Pd5 > Pd6 > Pd7 > Pd8 > Pd1 > Pd2 = Pd4 > Pd3
Suzuki-Miyaura (Pd): Pd5 > Pd7 > Pd6 > Pd1 > Pd8 > Pd3 > Pd2 > Pd4

Figure 1. Various neutral electron-reservoir and hydride-reservoir organome-
tallic sandwich complexes, denoted R1 to R8, used for the reduction of Au"
and Pd" to AuNPs and PdNPs, respectively, their potentials E;,, of reversible
oxidation (or E, for irreversible oxidation), ranking of the TMNP sizes ob-
tained using these reductants, and ranking of the TMNP efficiencies in the

catalysis of 4-nitrophenol reduction (rate constants k,,, with AUNPs and

PdNPs) and Suzuki-Miyaura cross C—C coupling reactions (TONs with
PdNPs). The nanoparticles are denoted by the atom (Au or Pd) followed by
the same number as the number n of the reductant Rn used for their syn-
thesis.

tants are the three 19-electron complexes of Fe and Co (elec-
tron reservoirs R2, R3, and R4) and three hydride-reservoir
compounds of closely related structures (hydride reservoirs R5,
R6, and R7). We wished to compare single-electron donors and
single-hydride donors yielding, after reaction, the same cation-
ic full sandwich structure. In addition, an organometallic dimer
R8" was included in the series of reductants, because it also
provides a cationic sandwich complex similarly to the electron-
reservoir and hydride-reservoir complexes after oxidation.
Finally, ferrocene®'” was also compared with the more elec-
tron-rich complexes to examine the influence of the reaction
driving force with the same metallocenic molecular structure.
In Figure 1, these reductants are represented with their oxida-
tion potentials (from Refs. [5], [18], [19], or new cyclic voltam-
metry measurements). At the bottom of Figure 1, the reducing
power ranking is shown. The ranking of the catalytic efficien-
cies of the TMNPs synthesized with these reductants was fur-
ther determined in the present work in the reduction of 4-ni-
trophenol (AuNPs and PdNPs) and the Suzuki-Miyaura reaction
(PANPs). The numbers indicated for the TMNPs correspond to
those of the reductants used for their synthesis (Figure 1).

The redox potentials indicated in Figure 1 are exclusively the
oxidation potentials of the neutral organometallic compounds.
These values were recorded using decamethylferrocene
(FeCp*,) as the internal reference™ or another permethylated
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sandwich compound as reference with the measured potential
in the same region as decamethylferrocene.”® All the redox
potential values are indicated versus FeCp*,.”” The cyclic vol-
tammetry (CV) of complexes R5, R6, R7, and R8 that had not
been reported earlier and were recorded specifically for the
present study are given in Figure 2 a—-d for R5-R8, respectively.
The oxidation potentials of R1, R2, R3, and R4 are known,™ """ '8
and they are recorded here as well as in Figure 2a-d with
values that are found to be analogous to those reported in the
literature.

The CV of R5 in DMF (Figure 2a) shows a partly chemically
reversible wave at —0.35V versus FeCp*,. At this scan rate
(0.2Vs™), the 17-electron species formed upon monoelectron-
ic oxidation of R5 is shown on the CV to decompose partly
with cleavage of a C—H bond of the methylene group, to give

CoCp.+0
a OLPa CoCp,2-
\/‘X/?
NI
\\/
/

e

R5 V vs. FeCp*,

04 0 -04 -08 -1.2 -1.4 -1.6 -1.8

b CPFeCyHgn R eCeMes™

Q V vs. [CpFe(CgMeg)]* PFg

6
181.61.41.21.00.80.60.40.2 0-0.2-0.4-0.6

¢ CoCp,2-
CoCp,*0
CpFeC¢Meg*0

R7 V vs. [CoCp,]* PF¢
12 1.0 0.8 0.6 0.4 0.2 0 -0.20.4-0.6-0.8-1.0 1.2
d CpFeMesitylene+o

FeCp,*0

V vs. FeCp,
02 0 02-04-06-08-1.0-12-1.4-1.6-1.8-2.0 2.2

Figure 2. a) CV of R5. Internal reference: FeCp*,. b) CV of R6. Internal refer-
ence: [CpFeCsMeg] [PF¢l; E;/, (RE) vs. E,j, ([CpFeCoMel[PF)=1.19V; E, ),
([CpFeCe¢Megl[PF)) vs. E, ), (FeCp*,) =—1.54V, so E,, (R6)=—0.35 V. ¢) CV of
R7. Internal reference: [CoCp,] [PF¢l; E, (R7) vs. E;j; ([CoCp,]l[PFel) =0.89 V, E; ),
(ICoCp,] [PFy]) vs. E, ), (FeCp*,)=—0.85V, so E, (R7)=0.04 V. d) CV of R8. In-
ternal reference: ferrocene; E, (R8) vs. E,, (ferrocene) = —0.86 mV, E,, (ferro-
cene) vs. E; ), (FeCp*;) =0.48 mV, so E, (R8)=—0.38 mV. Solvent: DMF; 298 K;
reference electrode: Ag; working and counter electrodes: Pt; scan rate:

0.2 Vs™'; supporting electrolyte: [nBu,NI[PF] (0.1 m).
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back the 18-electron cobalticinium cation. The two CV waves
of the latter (Co"™" and Co") are electrochemically reversible,
as reported by Geiger."® This CV shows the relatively fast oxi-
dation of R5, but the partial chemical reversibility allows access
to the E,, redox potential.?"

The CV of R6 (Figure 2b) shows a very similar situation to
that of R5, that is, the CV wave of R6 is partly chemically rever-
sible, allowing both the determination of the E;,, redox poten-
tial of R6 at —0.35 V versus FeCp*,, and observation of the de-
composition product R3* (presumably formed by exo-cyclic
C—H bond cleavage by comparison to the oxidation of R7, vi-
deinfra), which appears as an electrochemically reversible
wave of R3%°. The E,,, values are accessible using the internal
reference R4™ as its PF,~ salt.

The CV of R7 (Figure 2¢) shows an essential difference from
that of its parent analogue R6, in that the CV wave of R7 is
completely irreversible at the working scan rates up to 1Vs .
This indicates that the decomposition of R7 by exo-cyclic C—H
bond cleavage to form R4™ is much faster than that of R6. The
result is the same in both cases R6 and R7, however, in that
the oxidation product is observed in the CV as a reversible
wave. For R7, this oxidation product is R4*. A convenient inter-
nal reference in this case was cobalticenium R2* introduced as
the PF salt.

The CV of R8 (Figure 2d), similarly to that of R7, shows an ir-
reversible wave and the appearance of a reversible wave for
the oxidation product [FeCp(n®-mesitylene)]*,'? resulting from
exo-cyclic C—C bond cleavage in R8 following oxidation, with
the bond cleavage faster than the electrochemical timescale. It
is difficult to state whether C—C cleavage occurs after the first
or the second monoelectronic anodic oxidation, but the oxida-
tion wave of R8 is very broad, which favors the second hypoth-
esis, with an electrostatic factor provoking the second monoe-
lectronic oxidation at a more positive potential than the first.

The knowledge of the oxidation potential order, R4 >R3>
R2>R8>R6=R5>R7>R1, will be useful in examining the in-
fluence of the driving force of the reductant on the AuNP and
PdANP sizes and catalytic efficiencies.

Synthesis and characterization of the AuNPs and PdNPs

HAuCl, and K,PdCl, were reduced by the organometallic reduc-
tants R1-R8 to examine the influence of the characteristics of
these reductants on the sizes and catalytic efficiencies of the
TMNPs formed in this way. The reductant stoichiometry in the
reduction of HAuCl, and K,PdCl, matches that of the chloride
numbers in the precursor. In the case of AuNPs and PdNPs ob-
tained by reduction using R2 (for details, see Experimental Sec-
tion), the four required equivalents of CoCp, were injected
quickly into the aqueous solution of precursor [HAuCl,:3H,0
(1 mg) or K,PdCl, (0.83 mg), 2.54x 10> mmol] and poly(vinyl-
pyrolidone) (PVP10000) under N, at RT. The solution color
changed immediately after reactant mixing, indicating the for-
mation of TMNPs. The TMNPs were further named Aux and
Pdy, with x or y denoting the number of the organometallic
precursor Rx or Ry in Figure 1. The UV/Vis spectra of these
TMNPs are shown in Figure 6 and Figures S2-S8 and S27 (Sup-
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porting Information). For example, the UV/Vis spectrum of Au2
shows both the surface plasmon band (SPB)"'? at 500 nm, char-
acteristic of the Au2 core, and the cobalticinium absorption at
393 nm, which is also observed in Pd2. In all cases, metalloce-
nium absorptions are present in the UV/Vis spectra, showing
that all the organometallic reductants are oxidized by the
metal cations to form the metalloceniums and the metal(0)
NPs, in accord with the favorable driving forces and with the
CV studies.

Au7, which showed the smallest and best dispersed NPs
among all the AuNPs according to the TEM (see below), was
chosen for XPS measurements. The Au4f,,, peak of Au7 in the
XPS spectrum (Figure 3) at around 83.3 eV is assigned to Au’,
which is confirmed by the AuNP SPB. The XPS of Pd7 reduced
by the same reductant (R7) shows that there is approximately
51% Pd® and 49% Pd".

All the TMNPs were characterized by TEM (Figures 4 and 5;
see Figures S9, S10, Supporting Information, for the histo-
grams). R1 (ferrocene)!'” is the weakest reductant among the

a 4 x10° -Audf _ b x10° Pd 3d

: 250 Pd 3d 335.03 30.550%

245 N\ Pd 3d 340.29 20.454%

31 /‘Pd(n) 336.65 29.347%

- 240 \ \Pd(u) 341.91 19.649%
£ 2 5235 /:\H\

230,/ V | A A
1 225 1% \\._/,‘”\\;
e - 220 g,

355 350 345 340 335 330 325
Binding energy (eV)

093751780 87 85783 81 79
Binding energy (eV)

Figure 3. X-ray photoelectron spectroscopy of a) Au7 and b) Pd7 NPs.
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organometallic reductants R1-R8,"® and therefore, not surpris-
ingly, large AuNPs are formed with R1. Aul NPs were obtained
with an average size of 19 nm. Except for Aul, however, it is
difficult to establish a correlation between the driving force
and the AuNP core size. Concerning the PdNPs, the driving
force and nature, that is, electron reservoir versus hydride re-
servoir, does not seem to have any significant influence on the
PdNP core size, which is between 3.0 and 3.8 nm; only the
bulk of the reductant appears to be responsible for the forma-
tion of relatively large PdNPs in the cases of R7 (Pd7: 4.7 nm)
and R8 (Pd8: 9.1 nm). The reaction between R1 and Au" ap-
pears to be relatively fast, however. Conversely, no color
change was observed upon injection of R1 into aqueous
K,PdCl,; the blue color corresponding to ferricinium appeared
after 1 h, indicating that more than 1 h is required to obtain
the Pd1 NPs.

Comparison of catalytic efficiencies of AuNPs and PdNPs for
4-nitrophenol reduction

The reduction of nitroaromatics, including nitrophenols, which
are toxic and anthropogenic, to aminoaromatics, which are
very useful for a wealth of applications, is an essential TM-cata-
lyzed redox reaction.?*?¥ |n particular, the reduction of 4-ni-
trophenol (4-NP) to 4-aminophenol (4-AP) by NaBH, is a model
reaction allowing the evaluation of the activity of the catalyst
surface.™ The absorption of 4-NPate in the UV/Vis spectra at
400 nm thus facilitates the observation of the reaction kinetics
by following the decrease of this band, whereas the increase
in the absorption band at 300 nm shows the formation of 4-
AP. The AuNPs (0.5 mol% Au) or PdNPs (0.02 mol% Pd) were

Figure 4. TEM pictures of AuNPs: a) Au1; b) Au2; c) Au3; d) Au4; e) Au5; f) Au6; g) Au7; h) Aus8.
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Figure 5. TEM pictures of PdNPs: a) Pd1 (scale bar: 10 nm); b) Pd2 (scale bar: 20 nm); c) Pd3 (scale bar: 20 nm); d) Pd4 (scale bar: 15 nm); e) Pd5; f) Pd6;

g) Pd7 (scale bar: 20 nm); h) Pd8 (scale bar: 50 nm).

added according to the procedure described in the Experimen-
tal Section, and the reactions were monitored by UV/Vis spec-
troscopy (Figures S11-526, Supporting Information). The kinetic
rate constants for this reaction follow the equation k,,,xt=
—In(C/C,), and are shown in Table 1. The value of k,,, decreas-
es in the order Au5>Au6>Aul>Au7>Au8>Au3>Au2>
Au4 and Pd5>Pd6>Pd7>Pd8>Pd1>Pd2=Pd4>Pd3. The
TMNPs Au5 and Pd5 obtained from R5 are therefore the most

Table 1. 4-NP reduction by NaBH, catalyzed by TMNPs in water at 20°C.

Catalyst, NaBH,
HO NO, ——— = HO NH,
Water, 293K

Catalyst  Amount” [mol%] D™ [nm] 9 [s]  kypp® [10725 7]
Aul 0.5 18.83 0 15.0
Aul-1 0.5 17.38 - -
Au2 0.5 4.19 0 4.75
Au3 0.5 6.82 0 7.87
Au4 0.5 447 0 3.26
Au5 0.5 5.15 0 22.7
Au6 0.5 4.77 0 17.4
Au7 0.5 3.59 0 12.5
Au8 0.5 5.75 0 8.84
Pd1 0.02 3.26 0 14.6
Pd2 0.02 2.99 0 1.3
Pd3 0.02 3.31 0 7.56
Pd4 0.02 3.83 0 1.3
Pd5 0.02 3.47 0 38.0
Pdé6 0.02 2.99 0 21.3
Pd7 0.02 4.72 0 16.9
Pd8 0.02 9.02 0 15.8

[a] Amount of catalysts used in the catalyzed 4-NP reduction. NaBH, is in
excess (81 equiv.). [b] Core size (TEM) of the TMNPs. [c] Induction time.
[d] Rate constant.
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efficient catalysts. In addition, no induction times are observed
in all cases, and the PdNPs work better than the AuNPs. Pd5,
with an average particle size of 3.5 nm, exhibits the highest re-
action rate, k,,,=38x107>s™", with 200 ppm catalytic metal,
which is the most efficient catalyst compared with recent liter-
ature concerning AuNP and PdNP catalysis in 4-NP reduction
reactions (Table 2).

Even though Aul is large (19 nm), it performs well and ex-
hibits a higher reaction rate (k,,,=15%10>s"") than some Au
NPs of smaller size (for instance, Au7, Au8, Au3, Au2, Au4) in
the 4-NP reduction reaction. Remarkably, if ferricinium chloride
is removed from the Aul surface by dialysis (Figure 6b, noted
Au1-1), however, Aul-1 loses its activity in the reaction (no re-
action in 6 h), although its SPB changes only from 600 for Au1
to 586 nm after dialysis in Au1. Then no clear color change ap-
pears, because the color is dominated by the blue plasmonic
absorption, even if in the same time the absorption at 616 nm
corresponding to ferricinium, which is hidden by the broad Au
SPB band, is removed upon dialysis. Upon dialysis of Pd1 to
Pd1-1 (Figure S27, Supporting Information), however, the color
changes from green (owing to ferricinium) to faint yellow, and
the clear disappearance of the ferricinium absorption in the
UV/Vis spectrum is characteristic of the removal of ferricinium.
Interestingly, the average AuNP core size does not change sig-
nificantly from Aul to Aul-1 (Figure S28, Supporting Informa-
tion), indicating that the removal of ferricinium chloride and
cancelling of catalytic properties in 4-NP reduction upon dialy-
sis does not influence the AuNP core size. Although the reac-
tion mechanism of 4-NP reduction is not precisely known,™”
Ballauff's group suggested rearrangement of the substrates 4-
NP and NaBH, at the NPs surface on the basis of the Lang-
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Table 2. Comparison of 4-NP reduction by NaBH, using various Pd and Au NP catalysts in recent literature.
Catalysts Stabilizer Catalyst amount [mol %] NaBH, [equiv] Kapp [M073s7" Ref.
Pd NPs PVP10000 0.02 81 38 this work
PEDOT-PPS 77 excess 65.8 [24]
CeO, 0.56 83 8 [25]
GO0—27 TEG dendrimer 0.2 100 4 [26]
CNT/PiHP 4 80 5 [27]
Fe,0, 10 139 33 [28]
microgels 2.1 100 1.5 [29]
Ppy/TiO, 26 1 122 [30]
SBA-15 100 1000 12 [31]
SPB 0.36 100 441 [22], [32]
glycodendrimers 0.2 81 44 [33]
tristrz-PEG2000 0.2 81 248 [34]
PEG2000 0.2 81 16.9 [35]
Au NPs tristrz-PEG2000 0.2 81 43.7 [34]
PEG2000 0.2 81 15.8 [35]
DMF 15 2000 7 [36]
CTAB 1.25 500 6.1 [37]
PEO-b-PAA 0.5 300 9.5 [38]
PVP 1.56 147 10.2 [39]
cyclodextrin 17.6 44 4.56 [40]
polyaniline 17.6 44 1.7 [41]
methyl-imidazolium-based ionic polymer 20 88 33 [42]
PAMAM 0.1 100 791 [43]
PPI 0.1 100 14.7 [44]
dendritic 1,2,3-triazole terminated with peg2000 0.5 80 7 [45]
Fc'-trz-Cl 0.5 80 1.1 [46]
mono-trz-PEG2000 0.2 81 14 [47]
nano-PEG550 0.2 81 7.5 [47]
polymer trz-PEG 0.2 81 1 [47]
NaBH, 1 100 20 [3b]
Abroma augusta Linnbark extract 43 300 7 [48]
1,4-bis(terpyridine-4-yl) benzene not provided (0.5 mg catalyst) 100 1.9 [49]
GO®@NH, 4.5 80 356 [50]
Fe,0,-GO 5 50 42 [51]
triazoletemini PEO 0.5 81 5.2 [52]
an i dride, and the PVP stabilizer appears to be remote from the
b surface, which allows free approach of the substrate and hy-
. 00 . dride. On the other hand, in the absence of ferricinium, the
Lhs =i Sl e PVP binds the AuNP core surface directly, provoking inhibition
\\/\ of the catalysis of 4-NP reduction.
00 w The effect of cobalticenium in this reaction was researched
300 400 S0 600 700 800 pyggig 300 400 500 600 700 800 . . . . )
Wavelength (vm) — Wavelength (nm) with the best Au5 NPs upon dialysis (Figure 6c,d). Following
d " this process, the UV/Vis absorption at 394 nm (cobalticinium) is

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm)

Wavelength (nm)

Figure 6. UV/Vis spectra and photographs of Aul and Au5 before (a and c)
and Aul-1 and Au5-1 after (b and d) dialysis.

muir-Hinshelwood (LH) kinetic model.”? Ferricinium appears
to be an excellent electrostatic stabilizer, which, using its large
bulk, protects the core surface from inhibition by the PVP poly-
mer. If ferricinium is close to the surface, it is not bonded to it,
allowing easy approach and binding by the substrate and hy-
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missing, which indicates that cobalticinium is also removed by
dialysis. Then the NPs become PVP-stabilized Au5-1. Even
though the SPB and color do not change much, the k,,, value
of the 4-NP reduction reaction decreases from 22.7x10 s
(Au5) to 3.1x1073s™" (Au5-1) with the same catalytic amount
(Figure S29, Supporting Information). The disappearance of the
electrostatically protecting metallocenium upon dialysis pro-
vokes the cancellation or decrease of the catalytic properties
of the AuNPs, which shows the unique role of the metalloceni-
um in NP catalysis. It also illustrates the fact that approach to
the NP core surface is crucial for the catalytic reaction and is
facilitated by the presence of the metallocenium cation.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Comparison of catalytic efficiency of PANPs for the Suzuki-
Miyaura coupling reaction

The catalytic activities of PANPs were examined in one of the
representative Pd-catalyzed reactions, the Suzuki-Miyaura
cross C—C bond coupling, which plays a key role in the con-
struction of carbon backbones and has attracted research in-
terest with extensive applications in organic synthesis."” The
amounts of Pd catalysts reported in the literature are very vari-
able, and there are several examples of Suzuki-Miyaura reac-
tions reported with catalyst amounts of the order of parts per
million.®?

Indeed, the minimization of the amount of Pd catalyst in
these reactions is an essential goal toward possible applica-
tions in industrial synthesis. Another key parameter for “green
chemistry” is the avoidance of the use of toxic and expansive
ligands such as phosphines, which are often found in organo-
metallic catalysts. This is achieved well with PANPs, especially if
they are used in very small amounts. PVP-stabilized Pd1-Pd8
NPs are utilized here to catalyze the Suzuki-Miyaura reaction
between bromobenzene and phenylboronic acid at 80°C
under N, with 300 ppm Pd catalyst (Table 3). The three PdNPs
synthesized from the hydride reservoirs R5, R6, and R7 are the
three best catalysts in the series, with Pd5 again the best cata-
lyst. Pd5 catalyzes the Suzuki-Miyaura cross C—C bond cou-
pling between bromobenzene and phenylboronic acid with
99% isolated yield and a TOF of 13.8 h™' (Table 3).

From the comparison of all the AuNPs and PdNPs in the 4-
NP reduction and Suzuki-Miyaura reactions, Au5 and Pd5
always show the best activities. On the other hand, the activi-
ties of Au2 and Pd2 are rather poor. R2 is a stronger electron-
transfer reductant than R5 according to the CV data, and the
NP size orders Au2 <Au5 and Pd2 < Pd5 (Figures 4 and 5) are
fully consistent with the order of the driving forces. The oxi-
dized form of R2 and R5 is the same, for example, cobalticini-
um (Figure 2a, and Figures S2 and S5, Supporting Information),
showing that the hydride reservoirs give better results than
electron reservoirs for the catalytic activity of AuNPs and
PdNPs in these catalytic reactions. A possible explanation is
that hydride reservoirs transfer hydrides to transition metal cat-

Table 3. Suzuki-Miyaura reaction catalyzed by PdNPs.”!

O+ Orsom

Catalyst, K,CO3, Ny

e
HoO/EtOH, 24h, 353K

Catalysts Conversion [%]® Yield [%]" TON TOF [h "]
Pd1 58 52 1733 7.2
Pd2 30 26 86.7 3.6
Pd3 32 27 90 3.8
Pd4 15 10 333 1.4
Pd5 100 929 330 13.8
Pdé 70 64 2133 8.9
Pd7 87 81 270 1.3
Pd8 45 42 140 5.8

[a] Reaction conditions: bromobenzene (0.5 mmol), phenylboronic acid
(0.75 mmol), K,CO;5 (1 mmol), 300 ppm catalysts, H,O/EtOH: 1:1 mL, 80°C,
24 h, under N,. [b] 'H NMR conversion. [c] Isolated yield.
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ions, which is followed by fast reductive elimination to
metal(0), and further hydride transfer makes the NP surface
very reactive. On the other hand, electron transfer to cationic
transition metals is followed by more significant structural re-
organization before the metal(0) state is reached.

Conclusions

The parameters of the organometallic reductants of HAuCl,
and K,PdCl, to form AuNPs and PdNPs, including driving force,
bulk, and electron- versus hydride-reservoir nature, have been
scrutinized for their potential influence on the catalytic effi-
ciency. The hydride-reservoir complexes [CoCp(n*-CsHg)l,
[FeCp(n®>-C¢H,)], and [FeCp(n>-CsHH)] are shown here to form
AuNPs and PdNPs in the presence of PVP, giving better catalyt-
ic results than those formed using the electron-reservoir com-
plexes FeCp, CoCp, [FeCp(n®-C¢He)l, and [FeCp(n®-CsMeg)]
under the same conditions. The best results for both 4-nitro-
phenol reduction by NaBH, and Suzuki-Miyaura cross C—C
coupling are obtained with AuNPs and PdNPs synthesized
through reduction of the precursors HAuCl, and K,PdCl, by
[CoCp(n*-CsHg)]. For the former reaction, the PANPs are some-
what more efficient than the AuNPs. Indeed, the PdNPs ob-
tained from this complex show the high reaction rate constant
k,pp=38x107*s™" with 200 ppm catalyst. This data shows that
it is the most efficient catalyst compared with recent literature
concerning AuNPs and PdNPs in the catalysis of 4-NP reduc-
tion. These PdNPs also catalyze the Suzuki-Miyaura coupling
between bromobenzene and phenylboronic acid with 99 % iso-
lated yield and a TOF of 13.8 h™". The bulky reductants R4 and
R7 with a permethylated ring and the dimer R8 give less satis-
factory catalytic efficiencies than the parent complexes, appa-
rently because of steric problems around the NP core. The
presence of the PVP stabilizer in the NP synthesis decreases
the catalytic activities of the NP catalysis considerably. The
presence of the cationic sandwich complex that surrounds the
NP cores is responsible for the high catalytic efficiency, seem-
ingly because the sandwich salt inhibits close contact between
the PVP polymer and the NP core. Meanwhile, a certain pro-
portion of the chloride counter anions of the cationic sandwich
units are coordinated to the AuNP core. For instance, dialysis
of the NPs removes the metallocenium chloride, leaving the
PVP-stabilized NP core size unchanged, and these metalloceni-
um-free AuNPs then show a loss of or decrease in the catalytic
efficiency. This shows that the carefully optimized mode of NP
synthesis is excellent and very efficient for catalytic applica-
tions. Note that all the organometallic sandwich complexes
surrounding the NPs have absolutely no catalytic activities by
themselves, because they are robust 18-electron cationic com-
plexes that do not undergo any decoordination to active 16-
electron species.'

Experimental Section

Tetrahydrofuran (THF) and pentane were heated at reflux and
freshly distilled, and milli-Q water (18.2 MQ) was used for all the
NP preparations.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Synthesis of Au and Pd nanoparticles

From 19e sandwich complexes; example of R2: In a Schlenk
flask, Na/Hg amalgam was prepared in dry THF under N, at RT.
Then, cobalticenium hexafluorophosphate [CoCp,][PFs] (Cp=n°-
CsHs) (50 mg) and THF (20 mL) were added, and the mixture was
stirred for 2 h. The solution changed color progressively from
yellow to brown, indicating the formation of cobaltocene [CoCp,].
The solvent was removed in vacuo, providing the crude product,
which was redissolved in pentane to eliminate the insoluble NaPFg
salt by cannula filtration.

Finally, pentane was removed in vacuo, and the product was redis-
solved again in dry THF (20 mL) for further use. HAuCl,:3H,0
(1 mg, 2.54x10*>mmol) or K,PdCl, (0.83 mg, 2.54x 10> mmol)
and PVP10000 (2 equiv.) were dissolved in 20 mL milli-Q water
under nitrogen in a standard Schlenk flask and stirred for 30 min.
Then a fresh [CoCp,] solution (4 equiv.) was injected quickly into
the Schlenk flask, and the color change of the solution indicated
the formation of the NPs Au2 or Pd2.

The syntheses of AuNPs and PdNPs from the other 19e sandwich
compounds [FeCp(n®-C¢Hy)] (R3, synthesized from [FeCp(n®-CqHq)]
[PF4] as starting materials at 0°C) and [FeCp(n®-CsMey)] (R4, synthe-
sized from [FeCp(n®-CgMey)] [PFq] as starting materials at RT), and
from ferrocene (R1, used as purchased) were performed in a similar
way, except that the reaction between R1, K,PdCl,, and PVP-1000
required stirring for 2 h to form the Pd1 NPs.

From hydride-reservoir sandwich complexes; example of R5: Co-
balticenium  hexafluorophosphate  [CoCp,][PFs]  (Cp=n*-CsHs)
(50 mg) and THF (20 mL) were added in a Schlenk flask under N, at
RT. Then, NaBH, (5 equiv.) was added, and the mixture was stirred
for 2 h. The solution changed color progressively from yellow to
red, indicating the formation of R5. The solvent was removed in va-
cuo, providing the crude product, which was redissolved in pen-
tane to eliminate the insoluble NaPF, salt by cannula filtration. Fi-
nally, pentane was removed in vacuo, and the product was redis-
solved again in dry THF (20 mL) for further use.

HAuUCl,:3H,0 (1 mg, 2.54x 10> mmol) or K,PdCl, (0.83 mg, 2.54x
10> mmol) and PVP10000 (2 equiv.) were dissolved in Milli-Q
water (20 mL) under nitrogen in a standard Schlenk flask and
stirred for 30 min. Then, a fresh R5 solution (4 equiv.) was injected
quickly into the Schlenk flask, and the color change of the solution
indicated the formation of Au5 or Pd5 nanoparticles.

Au and Pd NPs were formed similarly from other H-donor sand-
wich compounds, R6 (synthesized from [FeCp(n®-C4HIIPF,] as
starting materials at 0°C) and R7 (synthesized from [CpFe(n®-
CsMey)l[PF¢] as starting materials at 50 °C).

From the dimer R8: In a Schlenk flask, Na/Hg amalgam was pre-
pared in dry THF under N, at RT. Then, [CpFe(n®-mesitylene)][PF]
(50 mg) and THF (20 mL) were added, and the mixture was stirred
for 2h at 0°C. The solution changed color progressively from
yellow to forest green, indicating the formation of [CpFe(n®-mesity-
lene)]. The solvent was removed in vacuo, providing the crude
product, which was redissolved in pentane to eliminate the insolu-
ble NaPF; salt by cannula filtration. Then, the pentane solution was
kept overnight to allow spontaneous dimerization to occur. Finally,
pentane was removed in vacuo, and the red product (R8) was re-
dissolved in dry THF (20 mL) for further use.
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Reduction of 4-NP by NaBH, (at 20°C)

Generally, 4-NP (1 equiv.) was mixed with excess NaBH, (81 equiv.)
in water under air. The color of the solution changed from light
yellow to dark yellow owing to the formation of the 4-nitropheno-
late ion. Then, a solution containing AuNPs (0.5 mol%) or Pd NPs
(200 ppm) was added to the mixture. The solution quickly lost its
dark yellow color with time, and the progress of the reaction was
monitored by UV/Vis spectroscopy (40 s for each run).

Suzuki-Miyaura reaction catalyzed by PdNPs

A dry Schlenk flask was charged with phenylboronic acid
(0.75 mmol.), bromobenzene (0.5 mmol), and K,CO; (1 mmol). Cata-
lytic amounts of a solution of PANPs were added successively, then
H,O and EtOH were added to make a total solvent volume of 2 mL
(H,O/EtOH = 1:1, vol/vol). The suspension was then allowed to stir
under N, for 24 h at 80°C. After the reaction, the Schlenk flask was
cooled to RT, the mixture was extracted three times with diethyl
ether (3x20 mL), the organic phase was dried over Na,SO,, and
the solvent was removed in vacuo. The crude product was checked
by "H NMR to calculate the conversion. In parallel, the reaction was
checked using TLC in only petroleum ether as eluent. Purification
by flash chromatography column was conducted with silica gel as
the stationary phase and petroleum ether as the mobile phase.
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