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ABSTRACT: Single-atom catalysts (SACs) have generated excitement for their
potential to downsize metal particles to the atomic limit with engineerable local
environments and improved catalytic reactivities and selectivities. However,
successes have been limited to small-molecule transformations with little progress
toward targeting complex-building reactions, such as metal-catalyzed cross-
coupling. Using a supercritical carbon-dioxide-assisted protocol, we report a
heterogeneous single-atom Pt-catalyzed Heck reaction, which provides the first
C—C bond-forming migratory insertion on SACs. Our quantum mechanical
computations establish the reaction mechanism to involve a novel C-rich coordination site (i.e., PtC,) that demonstrates an
unexpected base effect. Notably, the base was found to transiently modulate the coordination environment to allow migratory
insertion into an M—C species, a process with a high steric impediment with no previous example on SACs. The studies showcase
how SACs can introduce coordination structures that have remained underexplored in catalyst design. These findings offer immense
potential for transferring the vast and highly versatile reaction manifold of migratory-insertion-based bond-forming protocols to
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heterogeneous SACs.

1. INTRODUCTION

Single-atom metal catalysts (SACs) have attracted wide
attention in catalysis and energy research because they enable
maximized metal utilization while introducing diverse and
tailorable active sites.'~* Compared to conventional nano-
catalysis, SACs both reduce the negative effects of hard-to-
control physicochemical parameters such as local facets of
nanoparticles and facilitate controlled modulation of the
uncovered intrinsic active sites.” In principle, these atomically
dispersed metal sites have clear coordination structures, giving
rise to unique reaction pathways distinct from traditional
heterogeneous catalysis.”® The remarkable engineerability of
SACs is complemented by many additional advantages such as
high stability, lower preparation cost, and robustness toward
harsh conditions.”"

The discovery of the most economical ways to construct C—
C bonds has become increasingly significant for both industrial
and academic research. With their unique and diverse
reactivities, organometallic transition-metal catalysis has
developed the foundation of modern organic synthetic
methods, particularly in the construction of C-C
bonds."'~'® Notably, nearly all organometallic transition-
metal-catalyzed reactions comprise only a few elementary
reactions such as oxidative addition, reductive elimination,
transmetalation, migratory insertion, f-H elimination, meta-
thesis, and hydrogen transfer (Figure la). For example, the
Suzuki—Miyaura coupling,'” one of the most powerful
reactions in the pharmaceutical chemist armory, comprises
oxidative addition, transmetalation, and reductive elimination.
Similarly, the consecutive sequence of oxidative addition,
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migratory insertion, and $-H elimination gives rise to the Heck
reaction, * the discovery of which shared the 2010 Nobel prize.
The Heck reaction is involved in countless applications in the
medical, pharmaceutical, and electronics industries," ' #1774
not only for organic synthesis but also for novel reaction-based
functionalities such as human genome mapping by coupling
fluorescent dyes with DNA strands. Nowadays, expedited
access to complex molecules is being increasingly achieved by
new methods with purposeful combination and programming
over the toolkit of known elementary reactions to improve the
economics, efficacy, and yields in both experimental
laboratories and industry. Therefore, the implementation of
diverse elementary reactions is of primary significance for any
transition-metal-centered catalyst. This is clearly mirrored by,
for example, the rapid diversification of iron—metalloenzyme-
catalyzed reactions in recent years as their reactivity modes
have expanded toward carbene-based and other function-
alities.”>~** For the SAC counterparts, however, nearly all
transition-metal-catalyzed C—C bond-forming methods have
remained limited to Suzuki—Miyaura coupling and reactions
with similar mechanisms.””*

We argue that further expansion of elementary reactions can
offer great opportunities for numerous organic reactions
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Figure 1. Introduction. (a) Known and unexplored elementary reactions at single-atom metal sites, demonstrating how programmable arrays of
elementary reactions (left) give rise to the Suzuki and Heck reactions (right). (b) This work: single-atom Pt-catalyzed Heck reaction (left) and a
plausible mechanistic model (right) featuring C-rich coordination and base-promoted adaptive coordination, which enables an in situ steric tuning

to allow the olefinic insertion.

currently inaccessible for SACs, especially the lack of migratory
insertion, given its pivotal role in C—C bond construc-
tion.”” " However, migratory insertion into a single-atom M—
C bond is greatly challenged by the substantial steric demand,
as two sizable organic moieties are joined together in an inner-
sphere fashion. This can hardly be accommodated by metal
atoms embedded on a solid surface. Moreover, M—C bonding
is usually highly localized and directional because the sp™
hybridized C orbital is strictly oriented toward the metal
center, which hampers effective orbital interactions with the
inserting partner. Strategic catalytic design for resolving these
multifaceted challenges has yet to be achieved.

Here, we report the first Heck reaction with SACs, providing
the first realization of an olefinic migratory insertion (Figure
1b). In order to improve the density of Pt sites, we developed a
supercritical carbon dioxide (scCO,)-assisted protocol to
uniformly disperse platinum acetylacetonate (Pt(acac),) on
carbon supports, including nitrogen-doped porous carbon and
activated carbon, followed by thermal reduction. Extensive
quantum mechanics modeling of the atomistic catalytic process
in tandem with experimental validation implicates a novel C-
rich coordination environment for the Pt site. We propose that
in the presence of acetate base, the PtC,-type active site can

transiently generate a unique PtC;/C—OAc-type structure that
significantly lowers the steric impediment to olefin insertion.
This rare report on C-rich metal coordination in the SAC field
highlights how coordination regulation at heterogeneous
single-atom sites can offer classically inaccessible catalytic
units to expand the reaction manifold of SACs.

2. RESULTS

2.1. Synthesis and Characterization of the Catalysts.
The wet impregnation method is often carried out for the
preparation of SACs.*> Poor dispersion and high interfacial
tension of solid supports in the solvent limit the uniform
distribution of the metal precursors. This increases the
likelihood of the sintering of metals to a varied population of
nanostructures, including atomic species, clusters, and nano-
particles.”*™*° Toward this end, we demonstrated the scCO,-
assisted method to highly disperse Pt atoms on nitrogen-doped
porous carbon (denoted as Pt;/NPC). The fabrication process
is illustrated in Figure 2a. Pt(acac), molecules were completely
dissolved into scCO, to form a single phase at 65 °C and 10
MPa. Due to its low viscosity, zero surface tension, and high
di[”fusivity,‘%_39 gas-like scCO, delivered Pt(acac), to any
location on the carbon particles, leading to a uniform
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Figure 2. Preparation and characterization of Pt;/NPC. (a) Schematic illustration of the scCO,-assisted method for Pt;/NPC synthesis, (b)
aberration-corrected HAADF-STEM image of Pt;/NPC with elemental mappings of (c), C, (d), N, (e), O, and (f), Pt. Scale bar in (b) is 2 nm. (g)
N, adsorption—desorption isotherms of NPC, Pt(acac),/NPC, and Pt,;/NPC. (h) Pt K-edge Fourier transform EXAFS of Pt,/NPC with reference

material of Pt foil, and its fit of Pt;/NPC.

distribution (denoted as Pt(acac),/NPC). Finally, the Pt,/
NPC catalyst was obtained by a thermal reduction with 10 vol
% H,/Ar at 200 °C.

NPC supports with abundant defects were prepared using
pyrolyzed zeolitic imidazolate frameworks (ZIF-8) (see the
Section 4) and characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), Raman spectrosco-
py, and X-ray photoelectron spectroscopy (XPS) (Figures S1
and S2). The high-intensity ratio of the D (ca. 1342 cm™") and
G (ca. 1586 cm™") bands indicates the high density of defects
in NPC supports™® (Figure S2a). The high-resolution N 1s
XPS spectrum revealed the presence of four types of N species,
namely, pyridinic N (398.6 eV), pyrrolic N (399.7 eV),
graphitic N (401.0 eV), and oxidized N (402.3 eV) (Figure
$2b).*" The introduction of N-doping during the high-
temperature pyrolysis process leads to the formation of various
defects, including nitrogen divacancy, carbon vacancy, edge-
site defects, and topological defects.”” Aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) showed numerous individual
bright dots that correspond to single Pt atoms on the surface of
the NPC supports (Figure 2b). Electron energy loss spectros-
copy (EELS) maps of the Pt;/NPC catalyst established that C,
N, O, and Pt were evenly dispersed throughout the carbon
layers (Figure 2c—f). Characterization of the material by XRD,
TEM, and high-resolution TEM suggested the absence of Pt
aggregates (Figures S3 and S4). The content of Pt in the Pt;/
NPC sample was examined by inductively coupled plasma
optical emission spectrometry (ICP-OES) and found to be 4
wt %. As the Pt loading increased (up to 6 wt %), the sample
displayed the coexistence of individual atoms and clusters with
an average size of ~1.2 nm (labeled as Pt;/Ptcs/NPC)

(Figures S3, SS, and S6). In contrast, Pt nanoparticles on NPC
(Pt NP/NPC) were obtained by using the wet impregnation
method with the same amount of Pt(acac), (Figures S3, S7,
and S8). The superiority of the scCO,-assisted approach over
the wet impregnation method was demonstrated by Brunauer—
Emmett—Teller (BET) surface area analysis. The NPC
supports display abundant supermicopores (<1 nm), attributed
to the cavities.”” The BET surface area of NPC supports
decreased significantly after the adsorption of Pt(acac),
molecules in the scCO, environment. After the thermal
reduction process, the resulting Pt;/NPC exhibited nearly
the same BET surface area as the NPC supports (Figures 2g
and S9b). The high BET surface area (853 m* g™') and porous
structures (Table S1) indicate excellent accessibility of the Pt
atoms. In contrast, the low BET surface areas of samples
prepared with the wet impregnation method indicate that poor
dispersion of Pt(acac), molecules on the support may be the
main reason for the formation of Pt nanoparticles rather than
single atoms (Figure S9¢,d). Additionally, this scCO,-assisted
method avoids the use of large amounts of organic solvents
and drying processes, making it both economical and
environmentally friendly.

XPS analysis demonstrated a peak position of the Pt (4f,,)
between those of Pt(II) and Pt(0), confirming that Pt(acac),
molecules were reduced by H, (Figure S10). No obvious Pt—
O XPS signal was detected. X-ray absorption near-edge
structure (XANES) indicates that the white line intensity of
the Pt;/NPC was between that of Pt foil and PtO,, suggesting
the partial oxidation state of Pt (Figure S11), which is
consistent with the XPS result. The Fourier transforms of the
extended X-ray absorption fine structure (EXAFS) analysis
(Figure 2h) presented an intense peak at approximately 1.58 A,
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Figure 3. Heck reaction performance. (a) Reaction scheme for the Heck reaction. The reaction was run with iodobenzene 1a (1.0 equiv), ethyl
acrylate 2a (1.3 equiv), Pt;/NPC catalyst (1 mol %), and KOAc (1.5 equiv) in DMF (0.5 mol) at 125 °C for 24 h under a nitrogen atmosphere.
Yields shown in this figure were determined by 'H NMR analysis using dibromomethane as an internal standard. (b) Recycle performance of Pt,/
NPC catalyst. (c) Catalytic activity of Pt;/NPC and various Pt-based heterogeneous and homogeneous catalysts of Pt NPs/NPC, Pt/C (2—3 nm,
BASF), Pt(II) Porphyrin, and Pt(acac),. (d) Catalytic activity with various bases.

which corresponds to Pt—C/N/O coordination. The absence
of a Pt—Pt scattering peak at the position of 2.76 A is
consistent with the detailed wavelet transform (WT) EXAFS
(WT-EXAFS). These results confirm that single-atom Pt sites
dominate the Pt;/NPC (Figure S12). Due to various
anchoring sites in NPC supports, possible single-site structures
of Pt have Pt—C/N/O coordination. The EXAFS results lead
to a best fit of 3.9 + 0.3 for the coordination number of the
first-coordination sphere with a distance of 1.98 + 0.01 A
(Figure 2h and Table S2).

2.2. Heck Reaction Performance. To evaluate the
reactivity of Pt;/NPC in migratory insertion, we chose a
well-known organic reaction, the Heck reaction, as a model
(Figure 3a). To demonstrate the improvement brought about
by SACs, we use Pt rather than Pd-based catalysts due to the
relatively low reactivity of Pt in homogeneous catalysts.
However, this choice faces several formidable challenges: (i)
oxidative addition to a tetracoordinate Pt(0) species (18 e~
structure) at the PtC, center is quite difficult (oxidative
addition is usually initiated by a bis-coordinated Pt(0) complex
with a 14 e~ structure); (ii) halogen dissociation of the Pt(II)
oxidative addition intermediates may be slower than that of
Pd(II) analogs, which hampers the olefin-Pt interaction; (iii)
alkene insertion in a congested Pt(II) intermediate is
kinetically unfavorable; and (iv) reductive elimination of
Pt(II)-H species with a base to regenerate the active Pt(0)
state is much more difficult than its Pd counterpart.

To our satisfaction, the Pt;/NPC catalyst displays
remarkably high activity with a 91% yield (determined by 'H
NMR) for the reaction between iodobenzene and ethyl
acrylate (Figure 3a). After four recycles, more than 90%
activity with a yield up to 83% was retained, also indicating
high recyclability (Figure 3b). The used catalyst was again
characterized using TEM, high-resolution TEM, STEM,
aberration-corrected HAADF-STEM, and elemental mappings

24129

(Figures S13—S15). These combined results affirm the stability
of Pt;/NPC under the conditions of the Heck reaction. The
comparison with Pt NPs and Pt cluster catalysts highlights the
advantage of downsizing Pt NPs on the support to create SACs
with improved reactivity (only ~20% yield for Pt NPs/NPC
and commercial Pt/C catalysts and 75% for Pt,/Ptcs/NPC)
(Figure 3c). Next, we compared the activity between Pt;/NPC
and Pt-based homogeneous catalysts including Pt(acac), and
Pt(II)-porphyrin. These results showed that a 78% yield can be
achieved on Pt(acac), against only 40% for Pt(II)-porphyrin.
The low performance of Pt(II)-porphyrin indicates that a Pt—
N, configuration is likely not an active structure for this
reaction.

Next, to further validate the catalytic activity of Pt;/NPC on
various substrates, we investigated the reactant scope under the
optimized reaction conditions at 125 °C (Figure 3d). These
results revealed that Pt;/NPC catalyzes the Heck reaction
experimentally not only for different aryl iodides but also for
aryl bromides with alkenes in the presence of KOAc(3a). Both
electron-withdrawing and electron-rich functional group-
substituted aryl iodides react well with ethyl acrylate to
produce the coupled products 3b—3d with high yields (>80%).
Meta-disubstituted aryl iodide also furnishes a high yield (3e).
Furthermore, diverse acrylates can be smoothly converted into
the corresponding products 3f—3h, including the industrially
produced ultraviolet (UV)-protecting agent cinnamyl 3h.
Moreover, a promising >80% yield was obtained when scaled
up to use 20 mmol of iodobenzene and 0.5 mol % of Pt;/NPC.
Thus, the high catalytic activity of Pt;/NPC in various organic
metal reactions and large-scale reaction conditions demon-
strates the great potential of SACs for applications in real-
world problems of pharmaceutical production.

2.3. Theoretical Studies. After establishing the single-
atom Pt-catalyzed Heck reaction, we questioned the origin of
such reactivity and its implications for migratory insertion. To
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Figure 4. Effect of C-rich coordination on oxidative addition. (a) Free-energy profiles for possible inner-sphere coordination modes, showcasing

the lower activation barrier at C-rich Pt centers. (b) Transition state structures with Hirshfeld charge populations

#3 and distortion/interaction

energies** reveal stretched and charge-separated characters for the PtN,, site, explaining the preferential C-rich coordination. Partial charges at the
reactant state are presented in parentheses and are analogous for the two sites. All free energies are in eV and distances in A.

this end, we employed quantum mechanical (QM) calculations
to investigate the possible catalytic mechanisms for a single-
atom Pt site. Based on the XPS and EXAFS analysis, we
considered PtC,N,_, (x = 0—4) models as possible Pt sites.
Our results indicate that the SAC catalyst relies on a C-rich
coordination, and we find that an unanticipated acetate-based
dynamical coordination regulation can promote the migratory
insertion through lowering the activation barrier by a notable
~0.4 eV.

2.3.1. Effect of C-Rich Coordination. Following the
standard Heck pathway, we postulated that the catalysis is
initiated by the oxidative addition of the reactive C(sp*)—I
bond in 1a, furnishing aryliodoplatinum species IM1 via
transition state TS1. As presented in Figure 4a, the energetics
of this process heavily depend on the ligating atoms, strongly
favoring C-rich coordination. Thus, the activation energies for
PtC,-TS1 and PtC;N,-TS1 are plausible (AG* ~ 1.2 eV),
whereas oxidative additions via PtN,-/PtC;N;-/PtC,N,-TS1
exhibit prohibitively high barriers (AG* > 1.7 eV). The
formation energies of resultant IM1 follow a similar trend of
favoring C-rich centers.

We analyzed the origin of the C-rich coordination. Shown in
Figure 4b is a composite geometric/charge-population analysis
for PtC,-TS1 and PtN,-TS1. While PtC,-TS1 supports
concerted character with reasonable interatomic distances
and close-to-neutral partial charges at the Pt/Ar—I reaction
center, PtN,-TS1 presents strong nonconcerted features with
an exceptionally stretched C(sp*)—I bond (3.04 A) and an
elongated Pt—I distance (3.18 A). These values are associated
with a rather negatively charged iodine (g = —0.67),"
manifesting features of a partially dissociative closed-shell I~
which becomes unfavorable to further bonding. In accordance
with our observations, distortion/interaction analysis,44 which
partitions the activation energy into

(a) distortion energies (Eg,) for the individual reactants and

24130

(b) interaction energy (E,) between the distorted (thus
prepared) reactants,

yields a high substrate distortion energy in PtN,-TS1
(Egi1a(PEN,-TS1) of 2.97 eV vs Egy 1,(PLC,-TS1) = 0.92 €V).
Notably, despite contrasting patterns of charge redistribution
at TS1, the PtC, and PtN, sites exhibit similar charges for the
reactant state (see values in parentheses). Meanwhile,
calculations of intrinsic bond orbitals***® along the reaction
path show that the expected d,,(Pt) — aryl and o(aryl-1) -
Pt electron flows of oxidative addition occur on both sites
(Figure S16). We thus ascribe the coordination effect to the
distinct trends of charge redistribution accompanying oxidative
addition, rendering PtN, to be much more repulsive than PtC,
in TS1.

In addition to the electronic effect, the PtC, center more
readily undergoes out-of-plane structural distortion, which is
seen in Figure 4b from the side-view display and the lower
distortion energies (Edist,IMO(PtC4'TSI) = 1.07 eV <
Edist’IMO(PtN4-TSI) 1.54 eV, see Figure S17 for scanned
distortion profiles). This also contributes to the preference for
C-ligation.

In addition, Figure 4a suggests a violation of the general
trend in the sense that PtC;N, shows a lower intermediate
energy than PtN,. Based on an analysis of the intermediate
structures, we tentatively hypothesize that the introduction of a
single N atom in the PtC;N; site enables more geometric
relaxations that minimize electronic destabilization (Figure
S18).

We also examined oxidative addition for the Pt—P
homogeneous catalyst. Likely for similar reasons, the additions
of 1a to the Ny-coordinated Pt exhibit a prohibitively high
barrier (2.44—2.64 €V, see Figure S19). Given the ubiquity of
M—N,-type active sites in many domains of catalysis, our
model highlights that the underexplored C-rich coordination
can form a new basis for the rational engineering of transition-
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(a) Free Energy Profile for Heck Reaction at PtC, Site
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Figure 5. Base effect on C—C bond formation. (a) Free-energy profile for the PtC, site continuing from Figure 4a, showing that olefin insertion is
the rate-limiting step and that AcO™ transiently breaks a Pt—C bond to provide a fleeting PtC;/C—OAc structure in the transition state PtC,-TS2.
This adaptive ligation dramatically lowers the activation barrier of PtC,-TS2 compared with that of the iodine-bound counterpart PtC,-TS2’. All
free energies are in eV, distances in A. (b) Distortion/interaction reactivity analysis for the two above-mentioned transition states, suggesting
distortion control of olefin insertion. (c) Steric tuning, as indicated by the structural prearrangement prior to olefin insertion, supports the proposed
in situ coordination regulation. (d) Reaction yields when different base reagents are used instead of KOAc. All carbonates led to no observable
reaction. Other conditions strictly follow the standard one described in Figure 3.
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metal reactivity applicable beyond single-atom catalysis.
Further validation is presented later to strengthen our
hypothesis.

2.3.2. Base-Promoted Dynamical Coordination Regula-
tion. To establish a model for bond formation, we next
explored the entire Heck pathway using PtC, as a
representative structure. We note that other Pt sites show
almost parallel energy profiles in the following steps, albeit the
differential oxidative addition energies render C-rich coordi-
nation overall lower in energy (Figure S20). As displayed in
Figure Sa, anti-displacement of the oxidative adduct PtC,-IM1
with KOAc can occur to furnish PtC,-IM2. This is exergonic
because the dual Pt—I and Pt—Ar bonds of PtC,-IM1 on the
same side of the metal build up a high strain. Thereafter, I"/
AcO™ exchange can spontaneously give PtC,-IM2, which has a
more stable octahedral coordination, to effectively release the
strain. Notably, these structural relaxations predict that, besides
the anticipated axial binding, AcO™ is covalently attached to a
ligating C neighbor. A five-membered chelate ring is thereby
formed that can be carried over for the following intermediates.
Subsequent elementary steps include olefin insertion with Pt—
Ar species (IM2 + 2a — IM3), f-H elimination to generate
the coupling product (IM3 — IM4 + 3a), and reductive
elimination to reinstitute the Pt site.

Our main interest in this study lies in the olefin insertion in
SACs, which constitutes the rate-limiting step, as anticipated.
Unexpectedly, we found a critical base effect on C—C bond
formation. The insertion is viable only in the presence of
AcO~, namely, via PtC,-TS2 (AG* = 149 eV). For
comparison, the iodine-bound form PtC,-TS2’ exhibits an
elevated barrier (AG* = 1.98 eV). Inspection of the transition
states suggests a transient interruption of Pt—C bonding in
PtC,-TS2, forming a unique PtC;/C-OAc site, wherein Pt
becomes more accessible. We postulate that the sterically
crowded M—C olefin insertion can be better accommodated
because of this in situ coordination regulation.”’ =’

We then examined our hypothesis with combined energetic/
structural analysis. As an energetic probe, distortion/
interaction analysis** identified dramatically lower arylplati-
num distortion energy (Egg ) in the base-stabilized PtC,-
TS2 (1.15 eV) than in the iodine-bound PtC,-TS2’ (1.99 eV,
notice that Eg ,, and E; are largely consistent, see Figure Sb)
(note: a distortion/interaction analysis on transition state
models with reduced size gave consistent results, see Table
S$3). To delineate the dynamic process of how AcO™ tailors the
Pt site, we then explored the preparatory coordination
regulation prior to PtC,-TS2. As depicted in Figure Sc,
AcO™ can readily predissociate from Pt while remaining
attached to the C neighbor (AG = 0.22 €V). The resultant
pentacoordinate arylplatinum PtC,-IM2’ features a perturbed
aryl positioning. This prearranged structure exposes a
considerably more approachable Pt—Ar than the octahedrally
coordinated PtC,-IM2, thus facilitating the desired olefin
insertion. This prearranged site can then transiently undergo
Pt—C bond cleavage during insertion to form the PtC;/C—
OAc structure in PtC,-TS2.

To further support our computational insight, we validated
our hypothesis that the effect of C-rich coordination can
promote the Heck reaction by the occurrence of C-rich and N-
rich SAC. The Pt;/NC was synthesized using the NC with a
high amount of N doping (9 at%), while the Pt,/XC-72 was
prepared using commercial carbon black (Vulcan XC-72)
activated carbon. The superiority of Pt,/XC-72 demonstrated

a ~S-fold yield increase, reaching 75% (Figure 5d), validating
our above hypothesis. Further improving the activity of Pt;/
XC-72, requires increasing the Pt density, which remains a
challenge due to the low density of defects for hosting Pt sites
on activated carbon.

We note that the current modeling does not fully capture the
complexity of the secondary catalytic environment and its
broader context. While we believe that our modeling offers
valid insights into the dominant coordination site, further
investigations may be needed to understand fully the larger-
scale heterogeneous environmental effects that might play a
role in the catalytic process.

3. CONCLUSIONS

We described a novel heterogeneous single-atom Pt-catalyzed
Heck reaction. Using a scCO,-assisted protocol, the resulting
Pt SAC achieved excellent activity, robust recyclability, and
good functional group tolerance. Our quantum mechanics
computations established a unique mechanism of catalysis in
which the single-atom site possesses a reactive C-rich
coordination mode. These analyses highlight the merits of
SACs as useful platforms for studying underexplored
coordination structures for transition-metal catalysis. Most
surprisingly, base-assisted adaptive coordination regulation
facilitates bond-forming migratory insertion, greatly reducing
the otherwise prohibitively large steric impediment for the
approaching olefin. Indeed, our work represents the first
realization of migratory insertion into single-atom-site M-C
species. The strategies and principles implicated are expected
to offer ample opportunities for heterogeneous SACs to
advance toward the vast space of migratory-insertion-based
complexity-building reactions, which hold great potential for
efficient synthetic access to value-added molecular products.

4, METHODS
4.1. Synthesis of NPC and N-Rich NC Supports. A 15 mL

methanol solution containing 0.513 g of zinc nitrate hexahydrate was
mixed with another 15 mL of 2-methylimidazole (0.577 g) methanol
solution. The mixture solution was loaded into an autoclave and then
placed in an oven at 120 °C for 4 h. The ZIF-8 suspension was
collected, washed with methanol several times, and then dried at 60
°C in a vacuum oven overnight. The ZIF-8 powders were pyrolyzed at
950 °C for 3 h under an Ar atmosphere, followed by washing with 2
M HCI solution at 80 °C overnight to remove Zn species and drying
at 80 °C in a vacuum oven. The obtained product with N content of
3.5 atom % was denoted NPC. The NC with increased N content up
to 9 atom % was prepared by the pyrolysis of ZIF-8 powders at 900
°C for 1 h.

4.2. scCO,-Assisted Synthesis. For Pt;/NPC synthesis, 60 mg of
NPC powders, S mg of Pt(acac),, and 1.5 mL of tetrahydrofuran
(THF) were loaded into a glass cell and then placed into an autoclave
(volume capacity: SO mL) located on a heater. THF was used to
modify the polarity of CO, to dissolve the Pt(acac), molecules. The
autoclave was heated to 60 °C and 10 MPa of CO, was pumped into
the autoclave. After stirring for 12 h with a speed of 200 rpm, the
autoclave was cooled down to 50 °C and then vented out the CO,
slowly. The collected powders, labeled as Pt(acac),/NPC were
treated with 10 vol % H,/Ar for 2 h at 200 °C with a heating rate of 2
°C min~".

4.3. Wet Impregnation Method. 60 mg of NPC was dispersed
in 50 mL of THF solvent under sonication for 2 h. S mL of Pt(acac),
THEF solution (1 mg mL™") was added dropwise into NPC solution
under sonication. The suspension was stirred vigorously for 12 h, and
the solvent was removed by rotary evaporation. The resulting powder
was thermally treated using the same conditions of Pt;/NPC. The
sample was denoted as Pt NPs/NPC.
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4.4. Physical Characterizations. SEM images were recorded on
an FEI Nova Nano 450 with a voltage of S kV. TEM and HRTEM
images, together with element mapping images, were acquired on a
JEOL JEM 2100F working at 200 kV. HAADF-STEM images were
performed on FEI Theims Z had an accelerating voltage of 200 kV.
XRD analysis was performed on a Bruker D8 Advance diffractometer
with Cu—Ka (4 = 1.5405 A) with a scan rate of 0.1° min~". The
surface chemical state of Pt in the samples was analyzed by XPS
conducted on a Thermo Scientific Nexsa. The BET surface areas of
the samples were measured by N, sorption isotherms (77 K) with an
ASAP 2020. The pore size distributions were calculated by fitting the
full isotherm with the quench solid density functional theory model
with slit pore geometry from NovaWin (Quantachrome Instruments).
The metal loading was determined by an Agilent ICP-OES system.
XAS measurements were performed in transmission or fluorescence
mode at the beamline 1WI1B station of the Beijing Synchrotron
Radiation Facility operated at 2.5 GeV and 250 mA. The XAS data
were processed and fitted using the IFEFFIT package. The raw data
were background-subtracted, normalized, and Fourier-transformed by
the ATHENA program.

4.5. Heck Reaction Catalytic Performance. Heck reactions
were carried out under a N, atmosphere in oven-dried Schlenk tubes.
Reaction temperatures are reported as the temperature of the heat
transfer medium surrounding the vessel unless otherwise stated.
Unless otherwise noted, the reaction was carried out as follows: An
oven-dried 25 mL Schlenk tube equipped with a stirrer bar was
charged with catalyst (1 mol %, relative to substrate), and then
halobenzene 1 (0.2 mmol), acrylate 2 (0.26 mmol), and KOAc (0.3
mmol) were added into the reaction mixture with DMF (0.5 mL).
The mixture was stirred at 125 °C for 24 h under a N, atmosphere.
The reaction mixture was then cooled to room temperature. The
solvent was evaporated, and the residue was subjected to silica gel
column chromatography to give the desired product 3. To
demonstrate the potential industrial value, we have conducted large-
scale experiments for a 20 mmol system with catalyst (0.5 mol %)
under the standard reaction condition (halobenzene 1 (20 mmol),
acrylate 2 (26 mmol), and KOAc (30 mmol) were added into the
reaction mixture with DMF (50 mL)).

4.6. Structure Characterization of Product 3. NMR spectra
were recorded on a Bruker AV 400 spectrometer at 400 MHz ('H
NMR) and 100 MHz (**C NMR). Chemical shifts (§) for 'H and *C
NMR spectra are given in ppm relative to tetramethylsilane (TMS).
The residual solvent signals were used as references for 'H and *C
NMR spectra, and the chemical shifts were converted to the TMS
scale (CDCly: 6H = 7.26 ppm, 6C = 77.16 ppm). 'H and “C
multiplicities are reported as follows: singlet (s), doublet (d), triplet
(t), quartet (q), doublet of doublets (dd), triplet of quartets (tq),
multiplet (m), and broad resonance (br). Products 3 are well-known
compounds, so they were characterized by a comparison of NMR data
witkslsthose reported in the literature: 3a-3b,°! 3¢-3d,°* 3¢, 3f—3g,54
3h.

4.7. Reaction Regents. Halobenzene 1 and acrylate 2 are
commercially available, purchased from J&K, Sigma-Aldrich,
Bidepharm, or Energy Chemical. Dry solvents (<50 ppm of H,0)
were purchased from Sigma-Aldrich and stored over molecular sieves
under an argon atmosphere and transferred under N,. Thin-layer
chromatography was done on precoated silica gel 60 F254 plates
(Merck). Silica gel 60H (200—300 mesh) was used for general
chromatography.

4.8. Computational Methods. Quantum mechanical calcula-
tions were carried out using the ORCA software package™® with a
PtC,N,_,/DV—C,,, flake model where the peripheral dangling bonds
were capped by 28 H atoms. For all structure optimization, the
Perdew—Burke—Ernzerhof (PBE) approximation®’ was employed in
combination with the def2-SV(P) atom-centered Gaussian basis set.”®
The resultant structures were verified to be either energy minimum
(all positive frequencies) or transition state (a single negative
curvature) by vibrational frequency calculations at the same level.
Single-point energies were evaluated using the PBEO global hybrid*”
with the def2-TZVP basis set,’® and the solvation of DMF was

accounted for using the SMD model.”’ All calculations employed the

DFT-D4 London dispersion correction.’’ Free energies were
evaluated through the application of the entropic quasi-rigid-rotor-
harmonic-oscillator approximation.®> Visualizations were carried out
in the PyMOL program.63
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