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Heterogeneous catalysis is crucially important for the well-being of society, and new catalysts are
continuously discovered to improve chemical processes. Here we report a catalytic system based on an
atomically precise Au;o(DPPF)4PPhs (DPPF = bidentate 1,1'-bis(diphenylphosphino)ferrocene) cluster,
where two functional units are combined into one catalyst for N-hydroformylation of pyrrolidine with
CO, and H,. The two units execute their respective roles, including two types of ligands that mediate the
structural framework and further reinforce the catalytic stability of the cluster, and a metal core
consisting of ten gold atoms that are all potentially active sites participating in the hydrogenation of CO,

toward the key intermediate, such as formic acid. Sequentially, formylation proceeds via a relay
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Accepted 5th September 2025 migration of protons along a proposed transition state originating from the intermediate and pyrrolidine,
thereby breaking the N—H bond and constructing the C—N bond. The synergy between the active sites

DOI: 10.1039/d5sc06255a and the neighbouring environment therefore enables optimal activity and stability of the cluster catalyst,

rsc.li/chemical-science outperforming most catalysts reported under comparable conditions.
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Introduction

Catalysis is immensely important for chemical transformations,
and approximately 90% of chemicals are synthesized involving
at least one catalytic process. It is therefore not surprising that
new catalysts are continually required to improve catalytic
performances with respect to activity, selectivity, stability and
more. Metal nanoparticles are the most important catalysts for
the majority of current chemical processes, such as partial
oxidation,™* selective hydrogenation,** electrocatalysis,>® fuel
generation,” etc. Additionally, single-atom catalysts are attract-
ing growing attention due to their 100% atom efficiency.**°
Between the nanoparticles and singe-atom catalysts, there are
atomically precise metal clusters with -crystallographically
solved structures, which have constituted a new generation of
metal catalysts and provided tremendous opportunities in
catalysis science."™™” Such clusters not only permit a precise
correlation of their structures with catalytic properties but also
allow for identification of catalytically active sites. More
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importantly, they exhibit intermediate properties between
molecular behavior and metallic properties, thereby integrating
catalysis of homogeneous organometallic-based complexes and
heterogeneous metal nanoparticles.

Formamides are widely used as solvents and intermediates
for value-added chemicals such as pharmaceuticals, fungicides,
N-heterocycles and isocyanates.’®? Due to the cost, toxicity-
free, abundance and widespread accessibility, the N-
hydroformylation of amines coupled with CO, hydrogenation
as a renewable carbonyl feedstock has attracted much attention.
Since the initial report by Adkins et al. on nickel-catalyzed
synthesis of formamides with CO, and H,,” a series of
transition-metal catalysts such as ruthenium, iridium, palla-
dium and copper have been developed.*™** For example, Noyori
et al. in 1994 reported a RuCl,[P(CHj3);], homogeneous catalyst
and a turnover number (TON) of 370000 for N,N-di-
methylformamide (DMF) synthesis was obtained in supercrit-
ical CO, with 8 MPa H,.*” Ding and coworkers developed a Ru-
pincer complex homogeneous catalyst with a TON of 1 940 000
for DMF synthesis (120 °C, Pco, = Py, = 3.5 MPa).”® Due to the
difficulties of the separation and recyclability of organometallic-
based complexes, heterogeneous catalysts were explored. Ma
et al. reported an isolated Ir catalyst supported on a nano-
diamond/graphene hybrid, achieving a TON of 6340000 for
methylmorpholine at 150 °C and 4.8 MPa (CO, : H, = 1:1).*” Shi
and coworkers successfully constructed Cu,O/Cu interface sites,
which showed high yields for diverse amine substrates at 150 °C
and 4 MPa (CO,: H, = 1: 3).*** However, heterogeneous cata-
lysts usually suffer from the requirement of additives and harsh

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc06255a&domain=pdf&date_stamp=2025-10-11
http://orcid.org/0000-0003-0668-5074
http://orcid.org/0000-0001-5848-9775
http://orcid.org/0009-0006-4017-770X
http://orcid.org/0000-0002-5993-4110
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06255a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016040

Open Access Article. Published on 15 September 2025. Downloaded on 1/27/2026 3:52:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
conditions.**** Therefore, integrating the advantages of
homogeneous and heterogeneous catalysis into a catalytic
system with high activity and excellent recyclability are highly
desirable.

In this work, we synthesize an atomically precise metal
cluster, determine its chemical formula, and solve its total
structure. This novel cluster is unique in the library of metal
clusters and has “open” metal sites, and thereby all metal atoms
of the cluster are potentially active centers. Notably, this cluster
exhibits exquisite specificity for molecular recognition,
providing an opportunity for oriented catalysis toward the
customized product. Exemplified by the N-hydroformylation of
pyrrolidine with CO, and H,, the cluster catalyst not only
exhibits highly catalytic efficiency, comparable to homogeneous
single-metal complexes, but also is conveniently recycled and
reused, holding promise for industrial applications in hetero-
geneous catalysis.

Results and discussion

The Au,o(DPPF),PPh; (hereinafter Au,,) cluster, protected by
bidentate 1,1’-bis(diphenylphosphino)ferrocene (abbreviated as
DPPF) and triphenylphosphine (PPh;), was synthesized for the
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first time, and its total structure was determined by single-
crystal X-ray crystallography. As shown in Fig. 1a and Table S1,
the cluster belonged to the P2,/c space group and consisted of
ten gold atoms, four DPPF ligands and one PPh; ligand. Ten
gold atoms made up the metal core of the cluster, where only
one Au atom was situated in the center and established metallic
bonds with the Au atoms around it, and another nine Au atoms
were bonded to phosphines to create surface-coordinated units.
Specifically, as shown in Fig. 1b, for bidentate DPPF ligands,
one ligand was bonded to the top and waist Au atoms (Aul and
Au2), one was coordinated with the bottom two Au atoms (Au5
and Aub6), and the remaining two DPPF ligands were combined
with the waist and bottom Au atoms (Au3 and Au4, Au7 and
Au8). The PPh; ligand was coupled with the last waisted Au
atom (Au9). In addition, one Cl™ served as the counterion in the
cluster.

Electrospray ionization mass spectrometry (ESI-MS) further
confirmed the composition and molecular formula of the
cluster (Fig. 1c). The major peak located at 2225m/z corre-
sponded to [Au,o(DPPF),PPh;-€]**, which was well compatible
with the formula of the single crystal. Moreover, the isotopic
experimental spectrum of the Au,, cluster ion peak matched the
computational simulation spectrum exactly (the inset in

¢ Au
@ Fe
®er
ec
0.6
c [(AU10F94P9C154H127)"-e]2* d e Au
— Exp. 298 0.4 o P
—_ — Cal. )
= fe)] () [ N ] [ ]
s = e R TRl
£ < S 0.0/
s 2 Q
Q
E 2222 2224 2226 2228 < 423 5_0_2
i b
PJPJ“’ 0.4
1500 2000 2500 3000 3500 250 350 450 550 650 750 S I3 345678910
Mass (m/z) Wavelength (nm) Number

Fig. 1

(a) Total structure of the Au;o(DPPF)4PPhs cluster. (b) The coordinated modes of DPPF and PPhs ligands attached to Au atoms. Benzene

rings and hydrogen atoms are omitted for clarity. (c) ESI-MS profiles of the cluster. The illustration compares experimental (black) and theoretical
simulation (red) isotopic patterns of the cluster. (d) UV-vis absorption spectrum of the Auio(DPPF)4PPhs cluster. (e) The Hirshfeld charge

distribution of each Au atom and its adjacent P atom labelled in (b).
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Fig. 2 Calculated frontier Kohn—Sham orbitals of Au,o(DPPF),PPhs with an isosurface value of 0.02 a.u. at the SMD(MeCN)-RI-ROTPSS/def2-

SVP level.

Fig. 1c). Notably, the additional small peak at 2094m/z was
assigned to the production of [Au;o(DPPF),-e]** due to the
removal of the PPh; ligand when the MS measurement was
processed. As can be seen from the TG profile (Fig. S1), Auyo(-
DPPF),PPh; exhibited substantial thermal stability below 150 °
C, indicating its structural integrity. Thermal decomposition
initiated above this threshold, with sequential PPh; ligand
dissociation, followed by DPPF ligand release above 275 °C.
Near-complete deligation occurred above 485 °C, resulting in
a cumulative mass loss of 54.8%. The Au,, cluster exhibited
a distinctive UV-vis spectrum with two obvious absorption
peaks at 423 and 298 nm and a weak acromion at ~500 nm

18644 | Chem. Sci., 2025, 16, 18642-18651

(Fig. 1d). Based on the optimized geometries of the Au,, cluster
shown in Fig. S2 at the PBE0-D3/6-31G(d) level (LanL2DZ for Au
and Fe), the distribution of Hirshfeld charge for Au,, was
calculated (Fig. 1e and Table S2), which showed that the Au sites
of Au,, were weakly negatively charged and the charges of
surface Au sites were essentially equal. We recognized that the
ten Au atoms of the cluster might be all potentially active sites
participating in a chemical process.

To examine the molecular orbital characteristics of the Auy,
cluster in more depth, the frontier Kohn-Sham orbitals were
calculated under the restricted open-shell self-consistent field
scheme. The singly occupied molecular orbital (SOMO) and its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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neighboring orbitals are visualized in Fig. 2. The SOMO and the
other four virtual orbitals (SOMO+1, SOMO+2, SOMO+3 and
SOMO+5), with similar orbital energies, exhibited superatom
features of a complete group of d-orbitals to some extent, while
the doubly occupied SOMO-1 orbital somehow showed
superatom features of a p,-orbital.*>»**

We next began our investigation into catalysis of the Auy,
cluster as a new catalyst for N-hydroformylation of amines with
CO, hydrogenation. As displayed in Fig. 3a, exemplified by the
pyrrolidine hydroformylation, the Au,, cluster was indeed
robust and gave rise to a high yield of formylpyrrolidine at 100 °©
C and 6 MPa (CO, : H, = 1: 3). Notably, the DPPF ligand had no
activity, revealing that the Fe atoms of DPPF were not active
sites. The reference catalyst such as the gold precursor
(AuPPh;Cl) showed an extremely low activity and totally
degraded during the reaction (Fig. S3). Although another gold
precursor (HAuCl,-4H,0) exhibited a slight activity, the
majority degraded and turned into black precipitate following
the reaction. The catalytic performance of gold nanoparticles
(Au NPs) was also assessed, as shown in Fig. 3a, which showed
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much lower activity compared to the Au,, cluster. In addition,
as shown in Fig. S4a, when dichloroethane (DCE) and dimethyl
sulfoxide (DMSO) were used as solvents, Au,, clusters showed
little formylation activity. In contrast, the activity of Auy, clus-
ters was essentially enhanced in ethanol (EtOH) and acetonitrile
(MeCN) solvents. It can be seen from Fig. S4b that the UV-vis
absorption peaks of Au,, clusters totally vanished in DMSO and
DCE, indicating the cluster fluctuation and instability in the two
cases, while UV-vis spectra of the clusters in the EtOH and
MeCN systems showed no change, suggesting that the clusters
were stable in the latter two cases. Obviously, just as the cluster
structure was retained under reaction conditions, the Auyq
cluster can show its wunique high activity for N-
hydroformylation.

Moreover, the activity of Auy, clusters followed a typical
volcanic curve, as shown in Fig. S5, showing notable activity
solely upon reaching 80 °C, with activity basically peaking at 100
°C, then declining at 120 °C, and finally falling below 50% at
150 °C. Additionally, the formylation selectivity of the catalyst
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(a) Catalytic activity of Aujo(DPPF)4PPhs, gold precursors, Au NPs and DPPF ligands for the pyrrolidine hydroformylation with CO, and H,.

Reaction conditions: 2 mmol pyrrolidine, 0.1 mol% Au or 0.4 mol% DPPF, 5 mL acetonitrile, 6 MPa (CO, : H, =1: 3), 100 °C, 24 h. (b) Recyclability
of Auyg clusters. Reaction conditions: 2 mmol pyrrolidine, 0.1 mol% Au, 5 mL acetonitrile, 8 MPa, 100 °C, 15 h. (c) Catalytic performances of Aujg
clusters for pyrrolidine hydroformylation with CO, and H in the solvent-free system. Reaction conditions: 30 mmol pyrrolidine, 10 mg cluster,
8 MPa, 15 h. (d) Comparison of catalytic performances of different catalytic systems reported for N-hydroformylation of amines with CO, and H.
Note: STY: space-time yield; —CHO: formylation products. The reaction parameters of these catalytic systems are summarized in Table S3.
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increased as the reaction temperature rose above 100 °C, sug-
gesting that the increase in temperature was conducive to deep
hydrogenation of formylation products. It further implied that
the activity of the Au,, catalyst highly depended on the struc-
tural sturdiness. The catalytic activity of Auy, clusters was also
influenced by the reaction pressure (Fig. S6). It is noteworthy
that the Au,, catalyst can be easily recovered by the addition of
a small quantity of water and straightforward centrifugation
after the solvent is extracted by vacuum distillation. In Fig. 3b
and S7, the formylation product yield of the Au,, catalyst
remained essentially unchanged for a duration of up to 10
cycles, indicating the excellent recyclability of Au,, clusters that
can be comparable to heterogeneous catalysts. Time-resolved
UV-vis spectra and in situ Fourier-transformed infrared (FTIR)
spectra of the Au,, clusters at reaction temperatures were
recorded to probe the changes of the structure and ligands of
the clusters (Fig. S8), which illustrated that the Auy, clusters
were intact and no ligands were detached from the clusters
under reaction conditions. The observations suggested the
intimate coordination between the surface ligands and the
metal core, thereby strengthening active sites of the cluster
against its deactivation during the reactions.

More notably, unlike the traditional organic solvent-
mediated catalytic reaction system, the Au,, clusters showed
excellent catalytic properties in the solvent-free system (Fig. 3c),
which indicated the potential scalability of Au,, clusters in
practical applications. The maximum formylation yield with
a TON value over 12 000 can be observed at a reaction temper-
ature of 110 °C, where Au,, was still robust (Fig. S9a). Impres-
sively, although prolonged reaction time was needed, further
decreasing the cluster loading could significantly improve TON
values, and a very high TON value of up to 2359590 can be
achieved under the optimal conditions (Table 1). UV-vis spectra
confirmed structural integrity of spent Auy, clusters, as evi-
denced by retention of characteristic absorption bands across
varying substrate concentrations (Fig S9b). Manifestly, the
catalytic capability of Auy, clusters was indeed superior to that
of metal-based (Ru, Ir, Au, Pd, Cu, Fe, Co, etc.) catalysts reported
under comparable conditions (Fig. 3d and Table S3).

With the precise structure of the cluster in hand, we initiated
mechanistic studies to unveil fundamental insights into the
Auy, cluster that can integrate homogeneous and heteroge-
neous catalysis. X-ray photoelectron spectroscopy (XPS) was first
utilized to measure the charge states of Au and Fe elements of
the Au,, cluster. As depicted in Fig. S10a, the binding energy of
Au 4f on the Au,, cluster was higher than that of metallic gold
(84.0 eV), indicating positively charged gold in the cluster, i.e.,
Au’* (0 < 6 < 1).*% Furthermore, little discernible discrepancy of
the Au 4f;,, binding energy on the Au,, cluster after the catalytic
reaction suggested that the electronic configuration of the
cluster remained relatively stable during the reaction. The
binding energy of Fe 2p;, on the DPPF ligand was 708.0 eV
(Fig. S10b), which was consistent with the literature report.*®
Besides, no shift of binding energy of Fe 2p on the spent sample
further corroborated the robustness of the cluster under reac-
tion conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The normalized HD formation rate during the H,—D, exchange reaction for the Au;o(DPPF)4PPhs cluster and the DPPF ligand,

respectively. (b) Ligand substitution calculations of the Aujg cluster. The upper panel shows the structures of the DPPF ligand (left) and the
simplified P2 ligand (right). The lower panel shows the structural changes of the Auo(P2)4PPhs cluster during optimizations (from left to right). (c)
Time-resolved in situ FTIR spectra obtained from the reaction of pyrrolidine and CO, performed in the high-pressure liquid cell system without
the catalyst. (d) Time-resolved in situ FTIR spectra corresponding to reaction intermediate species formed in the high-pressure liquid cell during
the pyrrolidine hydroformylation reaction with CO, and H, catalysed by Au,q clusters.

The adsorption and activation behavior of H, on the Auy,
cluster was explored using H,-D, exchange experiments. As
shown in Fig. 4a, the formation rate of HD on the Au,, cluster
was much higher than that on the DPPF ligand, suggesting that
the hydrogen could be significantly adsorbed and activated onto
the Au sites of the Au,, cluster.”” Notably, the H,-D, exchange
signals were hardly observed over the DPPF ligand, indicating
that the DPPF ligand could not activate H,, which was essen-
tially in agreement with the catalytic result of the pure DPPF
ligand as a catalyst (Fig. 3a). To further reveal the role of the
DPPF ligand, we substituted the ferrocene group in Au,, with
the trans-2-butaene group that kept the geometric properties of
ferrocene, the corresponding model ligand was named P2
(Fig. 4b). The substituted P2 ligands was first pre-optimized and
then optimized the Au,((P2),PPh; cluster. The average P-P
distance of the P2 ligands varied little from 5.38 A to 5.27 A,
while the Au,, structure changed significantly, with the RMSD
of the 10 Au atoms reaching 0.611 A. Besides, the average
Hirshfeld charges of the 10 Au atoms changed from —0.047 to
—0.037 after the ligand substitution, indicating that the ferro-
cene group shared more electrons with the Au atoms than
ordinary phosphine ligands. These results indicated that
although the DPPF ligands did not directly participate in the
reaction mechanism, they made significant contributions to the
structural stability of the Au,q cluster. The 10 Au atoms could
not form the compact cluster core without DPPF. The coordi-
nation mode of CO, onto the Auy, clusters was also detected by
in situ FTIR spectroscopy (Fig. S11). When CO, was introduced
into the IR cell with the Au,, clusters, the IR spectra did not
obviously change, indicating that the Au,, cluster could not
directly activate CO, molecules.

© 2025 The Author(s). Published by the Royal Society of Chemistry

To further probe the reactant intermediates and the evolu-
tion process of pyrrolidine hydroformylation with CO, and H,
over the Au,, clusters, in situ FTIR studies were conducted using
a temperature-controlled system with a high-pressure liquid
cell. As shown in Fig. 4d, the representative bands at 1656 cm ™"
assigned to ammonium carbamate***® appeared as soon as the
reaction began, and then rapidly vanished with reaction time.
Supported by the time-independent in situ FTIR spectra from
the reaction of CO, and pyrrolidine without the -catalyst
(Fig. 4c), pyrrolidine existed as ammonium carbamate at room
temperature by capturing CO,, and was released at reaction
temperatures (100 or 110 °C). At the initial stage of reaction, as
the band at 1656 cm™ ' disappeared, a new band located at
~1723 cm™', together with another new band at 1214 cm ™",
emerged simultaneously and their intensities enhanced grad-
ually with reaction time. By calibrating through standard
substances under identical catalytic conditions, the bands at
~1723 and 1214 cm™' were respectively assigned to the
stretching vibrations of carbonyl and carbon-oxygen bonds
from formic acid (Fig. S12a). The results indicated that formic
acid was initially the key intermediate. In succession, the band
at ~1723 cm™ ! substantially shifted to 1743 cm ™' accompanied
by the rapid enhancement of intensity, whereas the intensity of
the band at 1214 cm ™" decreased with time, implying that for-
mic acid could convert into more stable intermediate species as
the reaction proceeded. Meanwhile, a new band emerging at
1189 cm ™' showed the same trend of intensity as the new strong
band at 1743 cm . Both of them could be respectively assigned
to the typical absorption of the carbon-oxygen bond and the
carbonyl group,®® suggesting that the stable intermediate
species likely contained the ester group. To further identify the
stable intermediate species, when the intensities of bands at

Chem. Sci., 2025, 16, 18642-18651 | 18647
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1743 and 1189 cm ' reached their maxima, heating was
stopped, and the IR spectra were collected during the cooling
process. As illustrated in Fig. S13a, the intensities of the bands
assigned to the stable intermediate species slightly modulated
with cooling. Meanwhile, the characteristic band belonged to
ammonium carbamate at ~1656 ¢cm ™' faintly returned with
cooling, indicating that tiny residual pyrrolidine reacted with
CO,. Thus, we speculated that most pyrrolidine was involved in
the generation of stable intermediate species and hence the
intermediate contained the amino group. From the above
results, it was therefore deduced that the stable intermediate
associated with both the ester and amino groups likely derived
from the interaction between formic acid and pyrrolidine,
which could be further verified by our calculation studies. When
the IR bands reached their maxima, the signals of the double
bonds assigned to the stable intermediate subsequently began
to decrease gradually (Fig. 4d), while the signals of the for-
mylated product characterized by the carbonyl band at
1683 cm~ ' (Fig. S12b) constantly increased, indicating the
conversion of the stable intermediate species toward the prod-
ucts. It was noteworthy that two additional small bands were
probed at 1622 and 1636 cm ™', and their intensities subtly
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increased with the conversion of the stable intermediate species
(Fig. S13b). The former at 1622 cm ™" was confirmed to be the
signal of by-product H,O by the calibration (Fig. S12c), and the
latter at 1636 cm ™" was speculated to be the carbonyl group that
was assigned to another intermediate species that was gener-
ated during the conversion of the stable intermediate to the
products. Taken overall, the IR data unveiled that in terms of
the Auy, catalyst system, formic acid was first generated and
then interacted with pyrrolidine to form the stable intermediate
species that were further transformed toward the formylated
product.

Based on the precise structure of the Au,,(DPPF),PPh;
cluster, the activation modes of reactants and the reaction
intermediates obtained, density functional theory (DFT) and
semi-empirical quantum chemistry calculations were utilized to
further shed light in detail on the molecular-level reaction
mechanism of pyrrolidine hydroformylation with CO, and H,
on the Au,, cluster. First, to describe the equilibrium structures
of Au,-containing species, the geometry of the Au,, cluster was
optimized at the semi-empirical GFN1-xTB level, where the 10
Au atoms showed small differences from the X-ray crystal
structure (RMSD = 0.046 A) and from DFT optimized structure

TS-0-1
40 (33.7)
= 30 [\ TS-1-2
2 Lt @48 TS-6-P-A
T 201 H, W8 N\ (16.4) (18.9)
= o5 —, TS-2-3 Int6 ¥
j 2 (8.7) 79 / }
% 19 Auy | T Int3 — /-LH:
S o0 Au 0D t

1.10 8o
e 8 1.45| P \ °
e
Int5 Inté

Fig. 5 The upper panel shows the Helmholtz free energy profile and the lower panel shows the corresponding molecular structures of
intermediates and transition states from the pyrrolidine hydroformylation with CO, and H, on the Au,q cluster catalysts. Atomic distances are
labeled in A. Note: THP: pyrrolidine, FP: formylpyrrolidine. The computational level is SMD(MeCN)-RI-TPSS-D4/def2-SVP//ALPB (MeCN)-GFN1-
XTB for the blue part of the profile and SMD(MeCN)-PBE0-D3/6-311 +G(d,p)//PBEO-D3/6-31G(d) for the green part.
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(RMSD = 0.225 A) at the PBE0-D3/6-31G(d) (LanL2DZ) level
(Fig. S14). Then we located the preliminary reaction pathways at
the GFN1-xTB level with the combined molecular dynamics and
coordinate driving method (MD/CD)*»** implemented in the
Automated Design of Chemical Reactions (ADCR) program, and
further DFT calculations were performed to yield more accurate
single-point electronic energies. The Helmholtz free energy
profile of the main pathway of pyrrolidine hydroformylation
with CO, and H, catalyzed by the Au,, cluster is illustrated in
Fig. 5 and Table S4. The first step was the activation of H, at the
PPh;-coordinated surface Au atom via TS-0-1 to afford the Au-H
intermediate Int1, with an activation barrier of 33.7 kcal mol ™.
The direct dissociation of the ligand PPh; from the Au,, cluster
was energetically unfavorable, with a heat uptake of 31.2 kcal
mol " on the Helmholtz free energy and a subsequent H, acti-
vation barrier of up to 60.0 kcal mol~' (Table S4). Then, the
reduction of CO, can easily occur through the cascade hydride
transfer (TS-1-2) and proton transfer (TS-2-3) to form the formic
acid Int3 (HCOOH) and to restore the Au,, cluster. The relative
activation barrier is only 4.7 kcal mol " with respect to Int1 and
CO,. The overall procedure to form HCOOH was exothermic by
0.2 kcal mol™'. Along this pathway, the DPPF-coordinated
surface Au atoms and the central Au atom of the cluster
might also participate in the HCOOH formation, which involved
slightly higher activation barriers (TS-0-1b and TS-0-1c in
Fig. S15).

The HCOOH intermediate could be further captured by
pyrrolidine (THP) molecules to form the Brgnsted acid-base
aggregates Int4, Int5 and Int6, with the calculated Hirshfeld
charges on the carbon atom of the formic acid as 0.174, 0.159
and 0.175, respectively. They were stable intermediate species
indicated by FTIR results, which could undergo the amidation
process to yield the final formylated product (FP) directly or with
assistance from small molecules inside the reaction system. It
was also found that HCOOH and pyrrolidine could convert
directly into formylated products at 100 °C without Au,, clus-
ters, which was consistent with the experimental results
(Fig. S16). Three amidation modes were proposed in Fig. S17: (a)
one THP molecule assisted amidation via a six-membered-ring
transition state TS-6-P-A (intrinsic reaction coordinate (IRC)
curve shown in Fig. $18), (b) one H,0 molecule assisted ami-
dation via a six-membered-ring transition state TS-6-P-B, and (c)
direct amidation via a four-membered-ring transition state TS-
6-P-C. The corresponding Helmholtz free energy barriers were
27.2, 33.0 and 40.0 kcal mol ', respectively. The amidation of
the main intermediate Int5 was exothermic by 6.4 kcal mol ™
(Fig. 5). Thus, we speculate that molecules containing OH or NH
groups (i.e., H,O or THP) could promote the formation of a six-
membered proton transfer transition state between the
substrate and HCOOH, thereby accelerating the breaking of the
N-H bond and the formation of the C-N bond. In addition, the
lower energy barrier of the transition state TS-6-P-A accounted
for the experimental fact that the high yield of the formylated
product can be obtained over the Au,, catalyst in the absence of
solvent (Fig. 3c).

Interestingly, the Au,, cluster exhibited exquisite recognition
for amine molecules, thereby achieving specificity for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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customized products. As shown in Fig. S19a, the Au,, cluster
catalyst showed the highest activity for the pyrrolidine hydro-
formylation, while the activity almost vanished when the ortho
position of pyrrolidine was substituted by carbonyl. The
conversion of piperidine was also significantly diminished by
swapping out the para-C of piperidine for an oxygen atom
(morpholine). Relative to non-substituted heterocyclic aliphatic
amines, the straight chain amines (e.g., Et,NH and Me,NH)
tended to react less with CO, and H, over the cluster catalysts,
and N-methylaniline had little conversion. The reaction effi-
ciency of secondary amine hydroformylation with CO, and H,
on the Au,, catalyst was shown in a descending sequence: pyr-
rolidine > piperidine > Me,NH > morpholine > Et,NH > N-m-
ethylaniline ~ pyrrolidone. Fig. S19 showed that the Helmholtz
free energy barriers of pyrrolidone and N-methylaniline with
little yield of amidation were as high as 58.1 and 35.6 kcal
mol ', respectively, and the overall amidation processes were
only exothermic by 2.4 and 5.3 kcal mol™". The strong hydro-
philicity of morpholine (log P = —0.86) was also responsible for
the low yield of its amidation, despite a low energy barrier of
formylation (25.2 kcal mol ). Besides, the reaction energy
barrier might be related to the alkalinity of the N atom on the
substrate. According to the transition state of proton transfer
(Fig. S19b), it can be inferred that the stronger the alkalinity of
the N atom on the substrate, the lower the energy barrier of the
transition state. Thus, it was speculated that the reaction ther-
modynamics, the energy barrier and the logP value of the
substrate molecules might together affect the amidation
processes.

Conclusions

In summary, we report the catalytic coupling of the DPPF ligand
anchored Au,, cluster catalyst, in which the surface ligands
manipulate the charge distribution between the metal core and
the ligand and further support the cluster framework against
structural collapse and sintering during catalytic processes, and
thereby the Au,, core can give its excellent performance for the
hydrogenation of CO, toward the crucial intermediate. The
surrounding environment that has access to the active sites of
the cluster sequentially plays a positive par in facilitating the
formylation process of the intermediates and amine. The
combined catalysis from the cooperative communication within
the cluster catalyst and the interplay between the active center
and the neighbouring environment ultimately brings the
Au,(DPPF),PPh; cluster to a highly efficient catalyst. Overall,
this study not only demonstrates the power of atomically
precise metal clusters for achieving remarkable performances,
but also promotes the exploration of new catalysts for existing
catalysed processes. We believe that atomically precise metal
clusters hold promise in both fundamental studies and indus-
trial applications in homogeneous and heterogeneous catalysis.
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