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ABSTRACT: Metal single atom catalysts (SACs) promise great rewards in terms of metal atom efficiency. However, the require-
ment of particular conditions and supports for their synthesis, together with the need of solvents and additives for catalytic im-
plementation, often precludes their use under industrially viable conditions. Here, we show that palladium single atoms are spon-
taneously formed after dissolving tiny amounts of palladium salts in neat benzyl alcohols, to catalyze their direct aerobic oxidation
to benzoic acids without ligands, additives or solvents. With this result in hand, the gram-scale preparation and stabilization of
Pd SACs within the functional channels of a novel methyl-cysteine-based metal-organic framework (MOF) was accomplished, to
give a robust and crystalline solid catalyst fully characterized with the help of single-crystal X-ray diffraction (SCXRD). These
results illustrate the advantages of metal speciation in ligand-free homogeneous organic reactions and the translation into solid

catalysts for potential industrial implementation.

INTRODUCTION

Single atom catalysts (SACs) attract great interest due to
their unique catalytic properties in different reactions of cap-
ital importance.! However, various limitations linked with
their real application, such as the difficulties related to their
gram-scale preparation, their challenging characterization
and the need to use protective ligands to stabilize these SACs
—preventing their agglomeration- still need to be overcome.?
4 In this context, the formation, stabilization and catalytic ac-
tion of soluble SACs in the neat reactant is still a quite unex-
plored field, since metals, even in very low amounts, tend to
agglomerate in organic solutions after reduction.57 However,
this may not be the case for molecules able to concomitantly
reduce, stabilize and be activated by the in-situ formed SACs.8

Benzyl alcohols are fundamental starting materials in or-
ganic synthesis such as, for instance, in the formation of ben-
zaldehydes and benzoic acids after oxidation.9* Figure 1
shows that the dehydrogenation of benzyl alcohols occurs un-
der a variety of metal catalysts and reaction conditions,"¢ and
that the radical oxidation of benzaldehydes occurs spontane-
ously under air for substrates with >98% purity, otherwise just
a >2% of remaining benzyl alcohol acts as a very good
quencher of radical oxygen species (ROS)."7 With these results
in mind, it is not surprising that, in contrast to the stepwise
process, the direct aerobic oxidation of benzyl alcohols to ben-
zoic acids is a challenging reaction that requires of harsh oxi-
dation agents or organometallic complex catalysts, additives
and solvents, otherwise different undesired reactions such as
ether and ester formation occurs.’8-28
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Figure 1. Stepwise and direct catalytic oxidation of benzyl al-
cohols to benzoic acids (top), and the catalytic systems used

here (bottom).
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Benzyl alcohol is an industrial reagent for the reduction of
noble metal salts (e.g. Pd, Au,...) to nanoparticles, with the
concomitant formation of benzaldehyde.?® Thus, we envi-
sioned that, perhaps, the dissolution of a metal salt into tiny
amounts of neat benzyl alcohols could generate a viable, self-
stabilized redox single metal atom for the catalytic oxidation
of benzyl alcohols to benzoic acid, under air. This highly reac-
tive single atom would, in principle, feature the empty coordi-

nating sites required for the different chemical events during
reaction, including dehydrogenation and oxygen activa-
tion,92° while most-likely circumventing severe benzyl alco-
hol poisoning. From a material synthesis point of view, the

SAC could be considered an arrested state of the metal during

the reduction/aggregation process into the benzyl alcohol,

which keeps the metal seeds alive and catalytically active for
the solvent-, ligand- and additive-free oxidation reaction, be-
yond some other metal species could be present.3°-33

RESULTS AND DISCUSSION

Figure 2. a) Initial turnover frequency (TOF,) for the aerobic oxidation of neat benzyl alcohol 1a with increasing amounts of
Pd(OAc), at 150 °C under 4 bars of O,. b) Representative time-yield kinetic plot of the reaction, for 0.05 mol% Pd(OAc),. c) Two
different AC-HAADF-STEM images of the Pd species in solution during reaction, after being trapped in active charcoal. Some Pd
SACs are marked with yellow circles. d) X-ray absorption near edge structure (XANES, top) and extended X-ray absorption fine

structure (EXAFS, bottom) spectra of the solution (red lines), compared to Pd foil (blue lines).

solution. These results confirm that the Pd catalyst formed un-
der these conditions is able to override the poisoning of 1a un-

Figure 2a shows the catalytic results for the aerobic oxida-
tion of neat benzyl alcohol 1a to benzoic acid 2a with a 0.03-
0.3 mol% of dissolved Pd(OAc),, and it can be observed that a
high initial turnover frequency (TOF,) for 2a is achieved with
<0.1 Pd mol% but not with higher amounts of Pd, with yields
of 2a around 50-80% after 4 h reaction time (Figure S1 in Sup-
porting Information). Similar results were observed with other
Pd sources, including K,PdCl,, Pd.(dba); and Pd(acac),, but
not with Pd complexes having a stronger ligand such as a
phosphine, i.e. Pd(PPh;), or Pd(PPh,).Cl, (Table S1 and Figure
S2). Figure 2b shows that, remarkably, 2a starts to be formed
at intermediate conversions, when >50% of 1a still remains in

der aerobic conditions. An acceptorless dehydrogenation
pathway can be ruled out since an open vial reaction gave very
conversion of 1a, thus confirming the need of O, to facilitate
the one-pot oxidation.

Figure 2c shows aberration-corrected high-angle annular
dark field scanning-transmission electron microscopy (AC-
HAADF-STEM) measurements of the metal species in solu-
tion during reaction, trapped in-situ with active charcoal.
Since AC HAADF-STEM imaging is proportional in good ap-
proximation to the squared atomic number, Z2, Pd species can



be reliably identified as the brightest contrasts in the image
(some of them have been marked with orange circles). While
Pd single atoms are the main species present at <0.1 Pd mol%,
only clusters and eventually NPs were found at >0.1 Pd mol
(see Figures S3 and S4). Figure 2d shows X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements of the solution, which con-
firm the reduction of Pd and the generation of very small ag-
glomerates, with an average number of ~6 Pd-Pd bonds (see
also Table S2), much lower than in Pd foil (12 Pd-Pd bonds).
Ultraviolet-visible (UV-Vis) spectrophotometric titrations
with PPh; confirm the progressive disappearance of Pd>* in so-
lution during reaction (Figure S5 top). These results strongly
support that partially reduced Pd, species could be the cata-
lytic active species for the direct aerobic oxidation of 1a to 2a.

The very low catalytic activity found with intermediate Pd
amounts (0.1-0.25 mol%) is consistent with the formation of
sub-nanometric Pd clusters, catalytically inactive in this case.®
In order to check this hypothesis, sub-nanometric Pd clusters
in solution were independently prepared by two reported
methods, i.e. endogenous reduction in aqueous N,N-dimethyl
formamide® and supporting, reduction and leaching from eth-
ylene vinyl alcohol polymer (EVOH),? and tested as catalyst
for the oxidation of 1a under the same conditions than Pd salts
and complexes. The results (Figure S5 bottom) show that
these clusters are inactive as catalysts for the oxidation of 1a
to 2a, which strongly supports that Pd, is the main catalytic
active species for the oxidation reaction. It is reasonable to
think that the combination of a mild reductant agent (benzyl
alcohol) which can act, as the same time, as a stabilizer, could
have the same effect than a support/strong reductant system
for the preferential formation of Pd, species.”3 In any case, the
Pd clusters may unable not only to catalyze the redox reaction
but also to dislodge Pd single atoms, according to the canoni-
cal Ostwald ripening mechanism. In accordance with this hy-
pothesis, the formation of 2a starts to be observed again at Pd
concentrations where NPs are formed (>0.3 mol%). This is in
good agreement with the reported catalytic activity of some
metal NPs for this reaction,28 as well as with the ability of
metal NPs to dissociate O, and dislodge single atoms in solu-
tion.3# Commercially available samples of Pd/C with different
Pd loadings (1-10 wt%) and particle size (5-50 nm average di-
ameter) were tested as catalyst for the reaction and only the
sample with highest loading and biggest NP size was active for
the formation of 2a (Figure S6). A quenching test with tri-
phenylphosphine, under the indicated reaction conditions,
showed that the catalytic activity comes from species in solu-
tion (Figure S7). These results strongly support that the oxida-
tion of 1a to 2a in the neat reagent is catalyzed by soluble Pd,
species, regardless the amount of Pd employed.3s

SACs are, by definition, supported metal species.*#+ Thus,
once stablished the catalytic activity of in-situ prepared Pd,
SACs for the one-pot oxidation of 1a to 2a, it would be of in-
terest to find a solid able to generate and stabilize such Pd°,
species. However, this is a quite difficult task. The appropriate
solid has to be able to preserve the required electronic and
structural chemical nature of SACs, preventing their leaching
out under reaction conditions and diffusing onto the solid to
aggregate and, at the same time, enable a clear-cut character-
ization of the supported Pd, site and surroundings. In this con-
text, metal-organic frameworks3®-4 (MOFs) are one of the
most suitable platforms to overcome these difficulties. MOFs

chemistry have reached high microporosity control, fine-tun-
ing of the functionalities decorating their channels, and in-
depth characterization of the final hosted metal species using
single-crystal X-Ray diffraction (SC-XRD).42-48 As a direct con-
sequence, MOFs have experienced rapid growth over the last
decades in catalysis, by means of their constituting building
blocks -both organic linkers and open metal sites— and/or cat-
alytically active guest species within their pores.49-57

Herein, we report a novel three-dimensional (3D) MOF, de-
rived from the amino acid S-methyl-L-cysteine, with formula
{CueSr[(S,S)-Mecysmox];(OH),(H,O)} - 15H,O (3) (Mecysmox
= bis[S-methylcysteine]oxalyl diamide) (Figure 3a), featuring
pores densely decorated with dimethyl thioether groups,
which allow the sequential formation and stabilization of Pd,
SACs within their functional channels (Figure 3a-c). In order
to do so, a two-step post-synthetic (PS)57 strategy has been ap-
plied, leading to the formation of two novel adsorbates with
formulas [Pd',(H,O)(NHs;)s]o.sCL@{Sr!'Cull[(S,S)-
Mecysmox];(OH), CH;0H)}} - 12H,O (4) (Figure 3b) and
(Pde,)o([PdT(H,0)(NH,),]CL)o s@{SHICulls[(S,5)-
Mecysmox];(OH), CH;OH)}} - 3H,O (5), respectively, (Fig-
ures 1 bottom and 3¢, Table S3). Figure 3 serves a dual purpose:
shows the crystal structures of 3-5 and illustrates the SACs for-
mation route. Firstly, this consists on the insertion of
[Pd(NH,),]Cl, cations in the starting MOF (3) to form the
Pd>*-containing MOF (4) and the concomitant in-situ reduc-
tion of half of the Pd>* cations to form the mixed valence Pd>*/
Pd, hybrid compound (5) (see Experimental Section). It is wor-
thy to remark that the sulfur-containing groups play a dual
key role in this PS approach. They retain the Pd>* cations in
specific positions after the insertion process, which allows
their homogeneous distribution along the channels, and pre-
vent their agglomeration forming NCs or NPs during the re-
duction process. Besides, the crystal structure of each phase
could be unveiled by SC-XRD given the high crystallinity and
robustnesss8-64 of the pristine MOF (Figure 3 and Table S4).

Compounds 3-5 are isomorphous —crystallizing in the chiral
P6; space group- and exhibit a chiral 3D strontium(II)-
copper(Il) network, featuring hexagonal channels where the
dimethyl thioether chains from methylcysteine residues are
confined. These functional arms exploit their intrinsic flexibil-
ity adopting different most stable conformations depending
on the nature of target: i.e. solvent molecules in 3 (Figures S8-
S10), Pd>* in 4 (Figures 3c-d and Su) or both Pd>* cations and
Pde°, SACs in 5 (Figures 3e-f and S12). The Pd>*-S bond dis-
tances [1.96(4) and 2.17(2) A (4)] (Figure 3d and Figure Si3a)
are close enough to those observed previously,® and similar to
the Pd°-S bond distance observed in 5 2.16(2) A] (Figures 3f
and S13b). In 3-5 the thioether chains from Mecysmox ligand
show as basic conformation one of the two distinct moieties
in a distended conformation towards the center of the pores,
and the other one regularly bent, with the terminal methyl
groups pointing towards the smaller interstitial voids residing
along a axis (Figures Sio and Si4). Both conformations allow
amino acid arms to target efficiently Pd** ions by S binding
sites,48:06-68 a5 confirmed by crystal structure of 4. However,
only the Pd>* ions residing in the most accessible pores [50%
of total Pd>*ions] could be chemically reduced to Pd®, as con-
firmed by XPS spectrum of 5 (vide infra) (Figures 4b, Su-Sig).
This situation was observed previously.®> In 5, Pd, SACs are
fixed to sulfur atoms in the larger hexagonal pores (Figures 4a
and S12), whereas Pd>* ions are still stabilized by sulfur atoms



of dimethyl thioether located in interstitial voids (Figure S14).
The water molecule acting as bridge between two-coordinated
Pd>+* ions in 4, still remains coordinated in 5, but as terminal
ligand, to only one of Pd>* metal ions, as a consequence of the
breaking linkage after Pd, SAC formation [Pd-Ow 2.00(6) and
3.03(7) A in 4 and 1.99(2) A in 5] (Figure S13) (vide infra). Pde,

weakly interact also with oxamate moieties with Pt---O dis-
tances of 2.84(1) and 2.88(1) A (see also Figures S12 and S13b).
As far as we know, no examples of crystallographically precise
Pd, SACs have been reported so far. Nevertheless, this Pd---O
distance is close enough to that previously reported for Pd
nanoclusters (2.9 A).64

Figure 3. PS approach showing the structures of 3-5 determined by single-crystal X-ray diffraction which consists of two consec-
utive processes. First, the insertion of [Pd(NH,),]>* cations within the channels of 3 (a-b) to give 4 (c-d) and second the reduction
of Pd>* cations to form the Pd°, single atoms in 5 (e-f). Copper and strontium atoms from the network are represented by cyan and
purple spheres, respectively, whereas organic ligands are depicted as gray sticks. Yellow and blue spheres represent S and Pd atoms
(grey spheres in e represent Pd° atoms). Dotted lines represent the Pd---S interactions.

SC-XRD data also allows to suggest certain parameters of
the Pd, formation mechanism. First, the bridging water mole-
cule in [Pd,(H,O)(NHj;)e] units (4) (Figures 3d and S13a) might
play a crucial role during the SACs formation process (5), act-
ing synergistically with the flexible dimethyl thioether chains
from methylcysteine residues stabilizing Pd>* metal ions in 4.
The reduction process of Pd>*-S units located inside the most
accessible pores breaks water bonds from one side, meanwhile
generates the Pd° -S ones in 5. This leaves the water molecule
still coordinated and stabilizing the unreduced mononuclear
Pd>* complexes residing in hindered interstitial voids (Figures
3f and Si13b). Secondly, the length of the amino acid residue
also seems to play a key role in the nuclearity of the metal spe-
cies formed. Thus, in the present MOF, where Pd>* cations are
connected to shorter dimethyl thioether chains within the
channels, Pd, SACs are formed during the reduction process.
In turn, in a previously reported work with an isoreticular
MOF prepared from the amino acid L-methionine,%67 the
larger length of the ethylmethyl thioether chains decorating
the channels allows a closer approach of the metal species, and
dinuclear Pt, nanoclusters could be obtained.%

The virtual diameter of the channels only slightly decreases
from ca. 0.9 nm in the precursor material 3 to ca. 0.7 nm in 4
and 5 (Figures Sg, Su and Si12). This is in total agreement with
adsorption measurements. Thus, the permanent porosity of
the samples —particularly important in the case of 4 and 5 for
catalytic applications- was verified by measuring their N, ad-
sorption isotherms at 77 K. They confirm permanent porosity
for 3-5 (Figure Si5), which is slightly lower for 4 and 5, as ex-
pected from the decrease of their accessible void due to the
presence of the Pd guests within the channels (calculated
Brunauer-Emmett-Teller (BET) surface areas® for 3, 4 and 5
are 719, 548 and 572 m?/g, respectively).



Figure 4. Perspective views of one single channel of 5 along
the ¢ (a) and b (b) axes. Copper and strontium atoms from the
network are represented by cyan and purple polyhedra, re-
spectively, whereas organic ligands are depicted as gray sticks.
Yellow and blue spheres represent S and Pd atoms. Dual color
sticks represent the Pd---S interactions.

Besides the structural characterization, the chemical iden-
tity of 3-5 was also stablished by elemental analyses (C, H, S,
N), inductively coupled plasm-mass spectrometry (ICP-MS),
powder X-ray diffraction (PXRD), electronic microscopy, X-
ray photoelectron spectroscopy (XPS) and thermo-gravimet-
ric (TGA) analyses (see Supporting Information). Figure S16
shows the experimental powder X-ray diffraction (PXRD) pat-
terns of 3-5. They are identical to the theoretical ones (bold
lines in Figure S16), which confirms that the bulk samples are
pure and homogeneous. The solvent contents of 3-5 were, on
the other hand, definitively established by thermogravimetric
analysis (TGA) (see Figure S17, Supporting Information). The
XPS spectra of 4 and 5 are shown in Figure S18. The Pd3d line
of 2 is only one doublet with a binding energy (BE) of the
Pd3ds/2 peak of 337.8 eV, typical of Pd>* cations (Figure S18a)
which is close enough to other reported values.®4 In turn, Fig-
ure S18b clearly shows, apart from the same Pd3ds;. doublet
with a BE of 337.7 eV, an additional peak at 335.8 eV, attributed
to reduced Pd°, SACs,% with a 11 ratio respect to Pd>*. This
feature indicates that only a 50% of Pd>* -those occupying ac-
cessible positions- are reduced when in contact with reducing
agent, whereas those Pd>* cations situated in inaccessible shel-
tered interstitial positions (see structural description) remain

in their original oxidation state. These values are close enough
to those observed for other Pd>*/ Pd, species.® Therefore, they
suggest that the thioether groups do not alter significantly ei-
ther the native electronics nor the open-shell structure of the
Pd, site, which is ready to catalyze the aerobic oxidation of 1
to 2.

In order to further confirm the presence of partially reduced
Pd SACs within 5, Fourier transform infrared under CO (FTIR-
CO), XANES and EXAFS spectroscopic measurements and
computational calculations based on the density functional
theory (DFT) were carried out. Figure 5 shows the low-tem-
perature (-196 °C) FTIR-CO results of 5, where no signals
above 2150 cm?, corresponding to bare Pd>*, can be observed,
which supports the partial reduction of Pd. However, two
clear broad signals centered at 2114 and 2012 cm™, attributable
to unreduced Pd?* and highly dispersed, partially reduced Pd®*
atoms (8=0-1),% respectively, can be clearly seen, together
with the increasing sharp signal of free CO (2137 cm™) at high
CO doses. These peaks are accompanied by a very broad signal
at 1820 cm™, which can be assigned to Pd(o) nanoparticles.54
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Figure 5. Low-temperature Fourier transform infrared spec-
trum, under CO (FTIR-CO), of fresh MOF 5. Peak assign-
ments: free CO (2137 cm™), Pd** (214 cm™), Pd® (2012 cm?,
8=0-1), Pd° NPs (1820 cm™).

Figure 6 shows the EXAFS and XANES spectra of MOF 5,
compared to Pd foil. The results confirm the partial reduction
of Pd, as occurred for the Pd catalyst in solution (see Figure 2d
above and Figure Si9 for comparison and fitting). It can be ob-
served in both cases, i.e. in solution and in MOF s, that the
first oscillations beyond the edge are flattened respect to the
foil due to quantum size effects of the single atoms, also indi-
cating a large fraction of low coordination Pd atoms, more in-
tensified in the case of MOF 5. No Pd-Pd bond signals can be
detected for the latter, but an average of 3 Pd-S bonds (see also
Table S2 and experimental in the SI, with references), in nice
agreement with the SCXRD structure. These results, com-
bined, strongly support the single atom nature of Pd within
MOF 5.
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Figure 6. XANES (top) and EXAFS (bottom) spectra of fresh
MOF 5 (red lines), compared to Pd foil (blue lines).

In order to further support the stability of the Pd SACs in
MOF 5, density-functional theory (DFT) calculations were
performed. Figure 7 shows the periodic DFT calculations
through geometry optimization of Pd(o) in three different en-
vironments within the MOF (see also Figure S2o and Table
Ss5), and which support the crystallographic characterization
of 5. Pd(o) is always linearly coordinated to two ligands (O or
S) with optimized Pd-O and Pd-S distances between 2.1 and
2.3 A, as measured in the X-ray absorption spectroscopy (XAS)
techniques (compare with Table S2). The calculated atomic
charge on Pd in PdCl, within the MOF is nearly the same as in
the gas phase calculated at the same level of theory (0.678 e),
while the net atomic charges on two Pdo models are just
slightly positive, and slightly negative in the third one (see Ta-
ble S5). With the optimized structure of MOF 5 in hand, the
interaction of the Pd SACs with CO was simulated by DFT cal-
culations, in order to compare with the experimental results
in Figure 5. The results (Table S6 and Figure S21) show that
CO interacts strongly with all models of Pd(o) but not with
PdCL, with calculated interaction energies between -28 and -
40 kcal-mol”, and with optimized rPd-CO distances around 1.8
A. In particular, the interaction of Pd with CO in the Pdo-A
system is so strong that the Pd-O bond is broken. The calcu-
lated v(CO) frequency in this system, 1997 cm?, is similar to
that obtained for CO adsorbed on top of a corner Pd atom in
a small Pd,; cluster used as reference (1999 cm™), and nicely
fits with the observed experimental peak at 2012 cm? (see
above). In the other two models (Pdo-B-C), where the Pd(o)
atom remains attached to two MOF ligands after CO coordi-
nation, the calculated v(CO) frequency is slightly shifted to

1930-1945 cm?, in any case still assignable to the experimental
peak observed.

the MOF, for three different coordination environments (Pdo-
A-C, see also Figure S20 and Table Ss). Pd, Cu, Sr, S, N, O, Cl,
C and H atoms are depicted as cyan, orange, pink, yellow,
blue, red, green, grey and white balls, respectively.

The catalytic results for the aerobic oxidation of benzyl al-
cohol 1a with MOFs 3-5 show that only Pd, SACs-MOF (5) cat-
alyzes the oxidation with good efficiency (28% of benzalde-
hyde and 43% of benzoic acid 2a) while, in contrast, 4 barely
catalyzes the reaction and 3 is completely inactive. The inac-
tivity of 4 can be explained by the need of using a reducing
agent stronger than 1a to obtain the catalytically active Pd,
species within the MOF, which then show a catalytic activity
comparable to the Pd(o) complex Pd,(dba); (see Table S1). Fig-
ure 8a shows that MOF 5 is recyclable, without minimal de-
pletion of the catalytic activity after 3 reuses. In order to verify
the integrity of the SACs in MOF s, electronic microscopy ex-
periments were carried out after the catalytic experiments,
where no SC-XRD measurements could be carried out due to
the loss of the crystallinity of the material. Figures 9 and S22
show representative AC-HAADF-STEM images of 5. Note how
highly dispersed Pd species are clearly observed. In particular,
they show a 0.135 nm average diameter, which is in a good
agreement with isolated atomic species. Only very scarcely,
small agglomerations could be observed in some areas, with
diameters <o.5 nm, thus confirming that the Pd atoms do not
aggregate into large NCs. In the same vein, PXRD pattern of 5,
recovered after catalysis (Figure S23a), confirm that the mate-
rial remains crystalline and that no characteristic XRD peaks
of Pd NPs or oxides are observed, further confirming the in-
tegrity of Pd, SACs. Moreover, the XPS spectra of 5 after cata-
lytic experiments (5’) is very similar to that of the starting ma-
terial (Figure S23b), confirming that a 1:1 ratio for Pd° and Pd>*
remains after catalysis. In accordance with all the characteri-
zation made to the used MOF 5 sample, leaching tests after
filtration in hot of the catalyst (Figure S24) reveals that no re-
action occurs after filtration of the solid catalyst, neither for



the benzaldehyde intermediate nor product 2a, which dis-
cards the presence of catalytically active Pd species in solution
from MOF 5.
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Figure 8. a) Reusability of Pd°, SACs-MOF (5); reaction con-
ditions: 1.96 mmol substrate, 0.1% mol Pd°, SACs-MOF, 4 atm
02, 150°C, 450 1pm, 15 h; GC vyields. b) Plausible reaction
mechanism for Pd in solution. c¢) Reaction scope with
Pd(OAc), (0.3 mol%); Reaction conditions: 1.96 mmol sub-
strate, 0.3% mol Pd(OAc),, 4 atm O2, 150°C, 450 rpm, 4 h. GC
yields. * 15 h. 20.1% mol Pd°, SACs-MOF, 24 h.

The potential co-catalysis by the Cu atoms in the MOF was
discarded on the basis of comparative experiments (Table S7),
since Cu(OAc), merely does not catalyze the reaction (0.6% of
2a and 2.8% of benzaldehyde under optimized reaction con-
ditions) while a Cu-MOF treated under reduction conditions
(NaBH, in methanol) and not having any Pd, showed a similar
catalytic activity than Cu(OAc), (0.8% of 2a and 5.0% of ben-
zaldehyde). These results discard Cu, in its own, as a catalyst
of the reaction, and when Cu(OAc), was put together with
Pd(OAc)., the yield of benzoic acid 2a was lower than with Pd
alone. These results, together, confirm that Pd is the only
metal catalyst for the reaction here. Overall, these results
nicely fit the observations during the reactions in solution,
and strongly support that ligand-free Pd, are the catalytically
active species during the one-pot oxidation of benzyl alcohols
to benzoic acids under additive- and solvent-free conditions.

Figure 9. AC-HAADF-STEM image of reused MOF 5 showing
the presence of Pd SACs.

Kinetic experiments evidence that the rate equation for Pd,
in solution is vo=kexp[Pd][O.][1a]* (Figure S25), that this equa-
tion rate is similar if one starts from benzaldehyde rather than
benzyl alcohol 1a (Figure S26) and that the kinetic isotopic ef-
fect (KIE) is 2.6(7) when 1a-d2 is used as the neat substrate.
The inverse reaction order for 1a, obtained by dilution experi-
ments with n-hexadecane, is in accordance with the expected
tendency of 1a to poison the oxidation catalyst. The good lin-
earity of the reaction rate with O, pressure supports the lack
of diffusion effects and sufficient solubility in the neat reac-
tant.7° Trapping of benzaldehyde as an acetal with a diol, in-
situ, completely stops the formation of benzoic acid 2a, and
starting the reaction from the corresponding ester does not
give any product 2a, while dibenzyl ether does give 2a (Figures
S27-28). Moreover, the addition of the oxygen radical inhibitor
DABCO to the reaction mixture stops the formation of 2a, but
did not affect the formation of benzaldehyde (Figure S29).
These kinetic, isotopic and reactivity results, together,
strongly support the reaction mechanism proposed in Figure
8b for Pd in solution, where the rate-determining step of the
reaction is the oxidation of benzaldehyde to 2a. This explains
the catalytic activity of Pd, in the neat reactant, since the de-
hydrogenation of 1a proceeds extremely well and no base or
additional stabilizing are needed. However, given that this is
an early step in the reactive sequence, the addition of catalytic
amounts of NaOAc did increase the reaction rate (Figure
S30).828 In contrast, the rate equation obtained with MOF 5
as a catalyst on the basis of initial rates (Figure S31) is
vo=K'exp[5][1a], which differs from soluble Pd (compare with
Figure S25). The lack of influence of O, for the solid catalyst
can be explained by diffusion limitations, thus the dehydro-
genation step being slower than in solution. Indeed, the ex-
perimental activation energy for the latter (7.7 Kcal-mol™), also
on the basis of initial rates, is much higher than for the former
(35.2 Kcal-mol™), showcasing the more difficult access to the
catalytic sites in the solid. The inhibiting effect with the strong
ligand PPh; also occurs (Table S1).



The fact that different Pd sources work well as catalysts in
solution (Table S1) suggests that the dynamic system drives to
a common catalytically active reduced Pd species in variable
amounts, while, in contrast, the reduced Pd species are di-
rectly obtained within the MOF 5 during the reduction treat-
ment and not during reaction, since MOF 4 does not work
well. These results illustrate the stability conferred by the
MOF structure to the confined Pd single atoms, at expenses of
losing substrate availability. Nevertheless, Figure 8c shows the
reaction scope for the Pd, catalyst in neat benzyl alcohols 1a-
i, which provides a limited number of benzoic acids 2a-i in
moderate yields, however, fairly comparable to most of the
catalytic metal systems previously reported.” Besides, the cal-
culated turnover frequency for product 2a under optimized
conditions is 7.95 min™, which is a 50-fold increases respect to
any other catalytic system previously reported for this reaction
(Table S8).

CONCLUSIONS

In summary, we report, in the first part of the manuscript,
the in-situ formation of Pd, in neat benzyl alcohols, which are
able to catalyze the aerobic oxidation to benzoic acids. Then,
we present the gram-scale preparation of well-defined Pd,
SACs in a methyl-cysteine-based MOF, homogeneously dis-
tributed and stabilized along the functional channels. Syn-
chrotron SC-XRD allows, for the first time, to clearly visualize
the Pd, SACs and surroundings. The nature of Pd, in both so-
lution and MOF is further supported by microscopic and XAS
techniques, in addition to DFT calculations for the solid. The
latter enable us to support SC-XRD results unveiling the main
interactions between palladium atoms and the network, as
well as infer a plausible formation mechanism of Pd, SACs.
The present results show a straightforward manner to obtain,
in multigram scale, well-defined ligand-free Pd, SACs, which
can be effectively used in catalysis under industrially viable re-
action conditions without additional reagents. This further
demonstrates the great versatility of MOFs, and represents a
step closer to the real application of MOF-based materials in
catalysis.

EXPERIMENTAL SECTION

Preparation of {CusSr[(S,S)-Mecysmox];(OH).(H.O)} -
15H,0 (3): (Me,N),{Cu,[(S,S)-methox](OH).} - 4H,O (4.32 g,
6.0 mmol) was dissolved in 50 mL of water. Then, another
aqueous solution (10 mL) containing Sr(NOjs), (0.42 g, 2.0
mmol) was added dropwise under stirring. After further stir-
ring for 10 h, at room temperature, a green polycrystalline
powder was obtained and collected via filtration and dried
with ethanol, acetone and diethyl ether. Yield: 2.91 g, 83%;
Anal.: caled for C50CusSrH;6S6N6Os56 (1752.2): C, 20.56; H, 4.03;
S, 10.98; N, 4.80%. Found: C, 20.51; H, 4.00; S, 10.99; N, 4.83%.
IR (KBr): v = 1605 cm™ (C=0). Well-shaped hexagonal prisms
of 1 suitable for X-ray structural analysis could be obtained by
slow diffusion, in an H-shaped tube, of H,O/DMF (1:9) solu-
tions containing stoichiometric amounts of
(Me,N),{Cu,[(S,S)-Mecysmox](OH),} - 5H,O (013 g,
0.18 mmol) in one arm and Sr(NOj;), (0.012 g, 0.06 mmol) in
the other. They were isolated by filtration on paper and air-
dried.

Preparation of [Pd.(H.O)(NH;)¢]o.sCL@{Sr""Cu'[(S,S)-
Mecysmox];(OH).(CH;0H)} - 12H,O (4): Well-formed hex-

agonal green prisms of 2, which were suitable for X-ray dif-
fraction, were obtained by soaking crystals of 1 (ca. 25 mg,
0.015 mmol) in a H,O/CH;0H (1:1) solution of [Pd(NH;),]CL,
(0.015 mmol) for 6 hours. The process was repeated five times
to ensure the maximum loading of [Pd(NH;),]CL. Crystals
were washed with a H,O/CH;0H (1:1) solution several times,
isolated by filtration on paper and air-dried. Anal.: calcd for
C5CLCueSTH,6PdSsNyOs; 5 (1949.6): C, 19.10; H, 3.93; S, 9.87;
N, 6.47%. Found: C, 19.07; H, 3.89; S, 9.91; N, 6.45%. IR (KBr):
v =1603 cm-1 (C=0).

A multigram scale procedure was also developed by using
the same synthetic procedure but using a higher amount of a
polycrystalline sample of 1 (2 g, 1.15 mmol), which were sus-
pended a H,O/CH;OH (11) solution of [Pd(NH,),]CL, (11
mmol) for 1 hour under a mild stirring. The process was re-
peated 5 times. Finally, the product was collected by filtration,
washed with a H,O/CH;0H (1:1) solution and air-dried. Anal.:
caled for C5,CL,CueSrH,6PdSeNgOs;5 (1949.6): C, 19.10; H, 3.93;
S, 9.87; N, 6.47%. Found: C, 19.02; H, 3.87; S, 9.91; N, 6.47%. IR
(KBr): v =1602 cm-1 (C=0).

(Pd®)o 5([PA(H,0)(NH,),]CL,)o s@{St1Cullg[ (S, )-
Mecysmox];(OH),(CH;0H)} - 13H,O (5): The same proce-
dure was applied, with the same successful results to both,
crystals (ca. 25 mg) and a powder polycrystalline sample of 2
(ca. 2 g). They were suspended in H,O/CH;CH,OH (1:1) solu-
tions to which NaBH,, divided in 15 fractions (0.4 mmol of
NaBH, per mmol of MOF each), were added progressively in
the space of 72 hours. Each fraction was allowed to react for
1.5 hour. After this period, samples were gently washed with a
H,O/CH,;0H solution and filtered on paper. Anal.: caled for
C5,ClCusSTH 5 sPASeN, 50545 (1906.6): C,19.53; H, 3.89; S, 10.01;
N, 5.51%. Found: C, 19.48; H, 3.87; S, 10.03; N, 5.49%. IR (KBr):
v =1601 cm™ (C=0).

Catalysis details. All reactions were performed under aer-
obic solvent-free conditions. For that, palladium acetate
(Sigma Aldrich, >99.8% purity) was weighted (0.13 - 1.3 mg,
which corresponds to 0.03 to 0.30 %mol, respectively) in a
double-walled 5 mL reactor equipped with needle connected
to a manometer. Then, the corresponding benzyl alcohol (0.2
mL, Sigma Aldrich, >98%) was added and, after setting an at-
mosphere of 4 bar O,, the reactor was placed at 150°C at a stir-
ring rate of 450 rpm for the required reaction time. Aliquots
were taken periodically to follow the course of the reaction by
GC and by GC-MS, after adding mesitylene (3 pl) as an exter-
nal standard. Supported Pd nanoparticles (Sigma Aldrich,
98%) of different loadings 10%, 5% and 1% in weight (3.1, 6.1
and 30.7 mg, respectively) and MOF 5 (1% in weight, 30.7 mg)
were used as catalysts for the same purpose.

General procedure for the oxidation of 1a with palladium
catalysts: In a 10 ml glass vial equipped with a stirring bar, the
corresponding benzyl alcohol (1.96 mmol) was charged with
the different amounts of the palladium catalyst. The vial was
closed with a septum, an oxygen balloon was connected, and
the mixture was placed in a pre-heated metal heating plate at
150°C and stirred at 450 rpm for the indicated time. Alterna-
tively, an in-house made double-walled vial connected to a
manometer, where O, can be introduced at the desired pres-
sure through a cannula, was used. After the reaction time, the
mixture was analyzed as above.

The following procedure was followed to get the active cat-
alytic species trapped in situ after 60 minutes of reaction, at



150 °C and 4 bar O,: Active charcoal was added after depres-
surization of the reaction, while the reaction mixture was be-
ing stirred at reaction temperature. While still hot, the reactor
was set aside and 2 mL of methanol were added to reactor. The
mixture was kept in stirring for 10 minutes. Afterwards, the
whole mixture was transferred to a 2 mL vial, which was then
centrifuged and washed 3 times, with 2 mL of fresh methanol
each time. After this procedure, the samples were dried at 70
°C under vacuum overnight, and then analyzed by HR-TEM.
The amount of charcoal used to trap the species (5 - 30 mg)
was calculated in order to obtain a sample with approximately
2-3 wt% of Pd.

General procedure for ultraviolet-visible (UV-Vis)
spectrophotometric titrations. In a 10 ml glass vial
equipped with a stirring bar, the corresponding benzyl alcohol
(1.96 mmol) was charged with 0.006 mmol of palladium ace-
tate. The vial was closed with a septum equipped with a ma-
nometer and charged with 4 bars of oxygen. Then, it was
placed in a pre-heated metal heating plate at 150°C and stirred
at 450 rpm for the indicated time. Afterward the mixture was
quenched with 4 ml of a 0.02M triphenylphosphine solution
in CH,CL, and analyzed by UV-Vis spectrophotometry in
quartz cuvettes with an optical path of 10x10 mm.

X-ray crystallographic details. Diffraction data for 3 were
collected on a Bruker-Nonius X8APEXII CCD area detector
diffractometer using graphite-monochromated Mo-K, radia-
tion (A = 0.71073 A), whereas data for 4 and 5 using synchro-
tron radiation at [19 beamline of the Diamond Light Source at
L =0.6889 A. Crystal data for 3-5: hexagonal, space group P6;,
T =100(2), Z = 2. 3: C3oCuH;0Ns03S6St, a = 18.057(4) A, ¢ =
12.800(3) A, V = 3614.6(17) A3; 4: C5,CusH,6NyO3;5S6SrPdCL,, a
= 17.86780(10) A, ¢ = 12.80840(10) A, V = 3541.34(5) A3; 5:
C5:.CugHy3 5N, 505, sS6SrPAC, a =17.8206(2) A, ¢ = 12.7821(3) A,
V = 3515.42(11) A3, Further details can be found in the Supple-
mentary Information. CCDC 1995182- 1995183 - 1995184 for 3,
4 and s5, respectively contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html or from
the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or de-
posit@ccdc.cam.ac.uk.

X-ray Powder Diffraction Measurements. Polycrystal-
line samples of 3, 4 and 5 were introduced into 0.5 mm boro-
silicate capillaries prior to being mounted and aligned on a
Empyrean PANalytical powder diffractometer, using Cu Ko ra-
diation (A = 1.54056 A). For each sample, five repeated meas-
urements were collected at room temperature (26 = 2-60°)
and merged in a single diffractogram. A polycrystalline sample
of 5 was also measured after catalysis following the same pro-
cedure.

X-ray photoelectron spectroscopy (XPS) measure-
ments. Samples 4, 5 and 5 (after catalysis) were prepared by
sticking, without sieving, the MOF onto a molybdenum plate
with scotch tape film, followed by air drying. Measurements
were performed on a K-Alpha™ X-ray Photoelectron Spec-
trometer (XPS) System using a monochromatic Al K(alpha)
source (1486.6 eV). As an internal reference for the peak posi-
tions in the XPS spectra, the Cis peak has been set at 284.8 eV.

FTIR spectroscopy of adsorbed CO. Fourier transform in-
frared (FTIR) using CO as a probe molecule was used to eval-
uate electronic properties of MOF 5. Spectra were recorded

once complete coverage of CO at the specified CO partial pres-
sure was achieved. See SI for details.

Computational. Periodic density functional theory (DFT
calculations were performed with the Vienna Ab-initio Simu-
lation Package (VASP) code, using the Perdew-Burke-Ern-
zerhof (PBE) exchange-correlation functional. See SI for de-
tails.

XAS techniques. XANES and EXAFS measurements of Pd
foil, Pd acetate and MOF 5 were carried out on CLAESS beam-
line at ALBA Synchrotron Light Source, Barcelona, Spain. See
SI for details.
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