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M A T E R I A L S  S C I E N C E

Expedient synthesis of E-hydrazone esters and  
1H-indazole scaffolds through heterogeneous  
single-atom platinum catalysis

Cuibo Liu1*, Zhongxin Chen1*, Huan Yan1*, Shibo Xi2*, Kah Meng Yam3, Jiajian Gao4, 

Yonghua Du2†, Jing Li1, Xiaoxu Zhao1,5, Keyu Xie6, Haisen Xu1, Xing Li1, Kai Leng1,  

Stephen J. Pennycook5, Bin Liu4, Chun Zhang3, Ming Joo Koh1‡, Kian Ping Loh1‡

Unprotected E-hydrazone esters are prized building blocks for the preparation of 1H-indazoles and countless 
other N-containing biologically active molecules. Despite previous advances, efficient and stereoselective synthesis 
of these compounds remains nontrivial. Here, we show that Pt single atoms anchored on defect-rich CeO2 
nanorods (Pt1/CeO2), in conjunction with the alcoholysis of ammonia borane, promotes exceptionally E-selective 
hydrogenation of a-diazoesters to afford a wide assortment of N-H hydrazone esters with an overall turnover 
frequency of up to 566 hours−1 upon reaction completion. The a-diazoester substrates could be generated in situ 
from readily available carboxylic esters in one-pot hydrogenation reaction. Utility is demonstrated through concise, 
scalable synthesis of 1H-indazole–derived pharmaceuticals and their 15N-labeled analogs. The present protocol 
highlights a key mechanistic nuance wherein simultaneous coordination of a Pt site with the diazo N═N and 
ester carbonyl motifs plays a central role in controlling stereoselectivity, which is supported by density functional 
theory calculations.

INTRODUCTION

The advent of single-atom catalysis as a new frontier that integrates 
the merits of both homogeneous and heterogeneous catalysis (1, 2) 
has garnered widespread attention since its seminal coinage in 2011 
(3). Finely dispersed metal atoms with robust, well-characterized 
active centers, stabilized by judiciously designed support, are highly 
desirable in heterogeneous catalysis for a number of reasons: (i) their 
maximized atom utilization efficiency, high surface coverage, and 
uniform structure often translate to excellent selectivity, turnover 
numbers, and turnover frequencies (TOFs); (ii) they have reactive sites 
wherein the isolated atoms and their local coordination environ-
ment can be reliably elucidated through modern microscopy and 
spectroscopy techniques (4), facilitating useful active site structure- 
activity relationships to be established for rational catalyst design; 
and (iii) they are easily separable from the products and can be 
recycled without appreciable deterioration in catalytic performance. 
Discovery of new single-atom catalysts (SACs) that promote a variety 
of chemical transformations such as hydrogenation (5), oxidation 
(6), and C─C bond formation (7) (see note S1 for extended bibliog-
raphy) has burgeoned in recent years, with the demonstration of 

superior activity/selectivity profiles (compared to metal clusters, 
nanoparticles, or homogeneous variants) (8) in many instances.

Notwithstanding these advances, critical challenges remain to be 
solved. Although SACs display distinct advantages in promoting 
gas-phase reactions (9), their utility under liquid-phase conditions 
is underdeveloped. This may be due to the instability of certain 
SACs in solution and insufficient activation of reactants by single 
metal sites under ambient conditions, where leaching and aggregation 
of metallic atoms diminish catalytic activity (10). Consequently, 
applications of single-atom catalysis to promote complex liquid- 
phase organic transformations that facilitate synthesis of biologically 
active molecules are scant (11). We sought to address this short-
coming by identifying highly stable and functional group tolerant 
heterogeneous SACs to promote liquid-phase reactions for the 
preparation of key building blocks en route to fine chemicals and 
specialty chemicals (e.g., pharmaceuticals and agrochemicals) (12).

The key challenges and proposed solution
A long-standing limitation in chemical synthesis relates to the 
efficient construction of 1H-indazoles and their derivatives. These 
privileged heterocyclic compounds commonly reside in pharmaco-
logically active entities (Fig. 1) that exhibit a broad range of anti- 
inflammatory, antidepressant, anticancer, and/or antifertility properties 
(13); examples include lonidamine (14), adjudin (14), gamendazole 
(15), and the U.S. Food and Drug Administration (FDA)–approved 
granisetron (16). A direct and convenient approach to assemble the 
1H-indazole nucleus involves the synthesis of aryl-substituted 
E-a-hydrazone esters, followed by intramolecular cyclization with 
the neighboring aryl motif (17). Current methods that afford 
a-hydrazone esters typically involve the condensation of hydrazine 
with a-ketoesters under harsh acidic conditions (18) and sometimes 
require the use of sensitive reagents at cryogenic temperatures (19). 
Varying mixtures of E/Z isomers were generated from these reac-
tions depending on substrate structure (18–20); thus, the overall 

1Department of Chemistry, National University of Singapore, 3 Science Drive 3, 
Singapore 117543, Singapore. 2Institute of Chemical and Engineering Sciences, 
Agency for Science, Technology and Research (A*STAR), 1 Pesek Road, Jurong 
Island, Singapore 627833, Singapore. 3Department of Physics, National University 
of Singapore, 3 Science Drive 3, Singapore 117543, Singapore. 4School of Chemical 
and Biomedical Engineering, Nanyang Technological University, 62 Nanyang Drive, 
Singapore 637459, Singapore. 5Department of Materials Science and Engineering, 
National University of Singapore, Singapore 117575, Singapore. 6State Key Laboratory 
of Solidification Processing, Center for Nano Energy Materials, Northwestern 
Polytechnical University, Xi’an 710072, China.
*These authors contributed equally to this work.
†Present address: National Synchrotron Light Source II, Brookhaven National Lab, 
Upton, NY 11973, USA.
‡Corresponding author. Email: chmkmj@nus.edu.sg (M.J.K.); chmlohkp@nus.edu.sg 
(K.P.L.)

Copyright © 2019 

The Authors, some 

rights reserved; 

exclusive licensee 

American Association 

for the Advancement 

of Science. No claim to 

original U.S. Government 

Works. Distributed 

under a Creative 

Commons Attribution 

License 4.0 (CC BY).

 o
n
 S

e
p
te

m
b
e
r 2

9
, 2

0
2
0

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 



Liu et al., Sci. Adv. 2019; 5 : eaay1537     6 December 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 9

approach is not sufficiently general. It merits mention that the 
E-hydrazone isomers are indispensable to the success of cyclization 
(21) and that Z-to-E isomerization typically requires heat or pro-
longed ultraviolet (UV) irradiation (22), which may give rise to 
undesired side reactions and/or substrate degradation.

Here, we proposed a reaction sequence that commences with in 
situ formation of a-diazoesters from simple carboxylic esters, followed 
by E-selective reduction of the diazo motif (catalyzed by an appro-
priate heterogeneous SAC) to give the desired N-H hydrazone esters 
for further transformation to 1H-indazoles (Fig. 1). Such a strategy 
offers the following unique advantages: (i) compared to conven-
tionally used a-ketoesters, carboxylic esters are less costly and more 
widely available; (ii) severely acidic/basic and/or sensitive reagents 
which may be detrimental to certain functionalities can be precluded; 
(iii) unprotected a-hydrazone esters, which can be diversified to 
other important N-containing linear and heterocyclic compounds 
like N-acylhydrazones (19–23) and pyrroles (24), can be directly 
obtained without isolation of any diazo intermediates. An inherent 
challenge is that the Z isomers of N-H hydrazone esters, particu-
larly the aryl-derived variants, are typically lower in energy and 
therefore favored by thermodynamics. This is supported by density 
functional theory (DFT) studies on the configurational stability 
of the hydrazone ester–free molecule. Thus, a kinetically controlled 
transformation that generates E isomers preferentially would have 
to overcome adventitious E-to-Z isomerization during the course 
of reaction. The central issue is the identification of an effective 

SAC system that is sufficiently stable, robust, and active to ac-
complish the key hydrogenation step with high selectivity under 
mild conditions.

RESULTS

Synthesis of an effective SAC
Although single-atom metal-catalyzed hydrogenation of organic 
compounds such as nitroarenes (25), carbonyl compounds (5), alkenes 
(5, 26), alkynes (8, 26), and phenols (27) (see note S2 for extended 
bibliography) has been described, none demonstrated utility for the 
preparation of complex bioactive molecules. A useful strategy in 
these transformations involves catalyst activation by the substrate/
reagent to form a highly reactive metal species (such as a metal 
hydride), which are used to initiate subsequent reactions (5, 28, 29). 
For instance, Zheng and co-workers (5) discovered that reduction 
of alkenes and aldehydes is triggered by a Pd-H species generated in 
situ from H2 dissociation over Pd atoms, aided by neighboring 
oxygen on the support. Therefore, efficient and controlled formation of 
the putative metal hydride in the presence of a suitable SAC may offer 
a route toward stereoselective synthesis of E-hydrazones while mini-
mizing side reactions like over-reduction or undesired hydrogenation 
of other functionalities. Our preliminary experiments showed that 
the activation of supported Pt catalysts (30) through alcoholysis of a 
hydrogen source [e.g., ammonia borane (31)] reliably generates the 
required metal-H species for diazo reduction.

Fig. 1. The significance and challenges in developing heterogeneous single-atom metal catalysts that furnish E-hydrazones and 1H-indazoles. 1H-Indazoles are 
common entities in medicinally relevant compounds (e.g., granisetron, lonidamine, and gamendazole in dashed box) and are conventionally derived from unprotected 
E-hydrazone precursors, of which synthesis is nontrivial. An attractive approach to E-hydrazones involves in situ diazo formation followed by catalytic hydrogenation in 
one sequence.
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We fabricate a hybrid catalytic system based on Pt single atoms 
on porous, defect-rich CeO2 nanorods (Pt1/CeO2). CeO2 nanorods 
are endowed with the Ce3+/Ce4+ redox couple and structural defects 
due to edges and oxygen vacancies; the latter act as strong promoter 
sites and anchoring sites for SAC due to strong metal-substrate 
interaction (SMSI) (9). Defect-rich CeO2 nanorods were synthesized 
by a two-step hydrothermal reaction on gram scale, where the 
second step at 160°C was critical for the generation of oxygen vacan-
cies as anchoring sites for Pt SACs (fig. S1 for nondefective CeO2 
nanorods). The defects in CeO2 nanorods were revealed by scanning 
transmission electron microscopy in the annular dark-field mode 
(STEM-ADF) in Fig. 2A and fig. S2. Typical atomic force micros-
copy (AFM) images of the CeO2 nanorods reveal diameters of 4 to 
8 nm (fig. S3). The absorption/desorption isothermal curves of 
defective CeO2 in fig. S4 reveals a type IV behavior with higher 
Brunauer-Emmett-Teller (BET) surface area than nondefective CeO2 
(132 m2 g−1 versus 96 m2 g−1). Because of the abundance of O 
vacancies, Pt single atoms can be readily doped into the CeO2 
nanorods by atomic layer deposition (ALD) (32). Atomic-resolution 
STEM-HAADF (high-angle annular dark-field) images in Fig. 2 
(B and C) and fig. S5 confirm the uniform distribution of individual 
Pt atoms on CeO2, which are observed as bright spots overlapping 
with the Ce column in the lattice structure of CeO2 and marked 
with white circles. The Pt mass loading was determined as 1.38% 
by inductively coupled plasma optical emission spectroscopy (ICP-
OES). The intensity profile along the line in Fig. 2C corroborates 

the presence of isolated Pt atoms. Energy-dispersive x-ray spectroscopy 
(EDS) elemental mapping in fig. S6 further supports the existence 
of Pt single atoms on CeO2 nanorods.

X-ray absorption near-edge spectroscopy (XANES) and extended 
x-ray absorption fine structure (EXAFS) profiles were recorded to 
determine the electronic structure and coordination of the Pt atoms 
in Pt1/CeO2. The white line of Pt L3-edge XANES of Pt1/CeO2 is 
similar to that of PtO2 in Fig. 2F, revealing that the Pt species in 
Pt1/CeO2 exists in the oxidized state. The combination of calculated 
and experimental XANES curves in Fig. 2F confirms the replacement 
of a Ce atom by a Pt single atom and the existence of two O vacancies 
nearby (Pt@VCe + 2VO). Other atomic configuration models from 
DFT-based structural optimization fail to reproduce the main fea-
tures of experimental XANES curve, as shown in fig. S7, and have 
been ruled out. Fourier-transformed EXAFS (FT-EXAFS) spectrum 
also exhibits a prominent Pt-O peak at 1.56 Å, which was fitted and 
obtained a coordination number of 4 in table S1. No metallic Pt-Pt 
peak at 2.51 Å was observed for Pt1/CeO2, revealing that Pt1 exists 
as isolated single atoms, consistent with the HAADF-STEM data. 
The oxidation state of a Pt single atom is determined to be ~+4 from 
x-ray photoelectron spectroscopy (XPS), where the Pt4f core-level 
spectrum consists of the spin-orbit doublets Pt 4f7/2 and 4f5/2 at 73.5 
and 76.7 eV, respectively. These binding energies are much higher 
than that of Pt(0) species, which can be attributed to the formation 
of Pt─O bonding (Pt2+) and the SMSI between Pt single atoms and 
defective CeO2 nanorods. Moreover, the Ce species in defective 

Fig. 2. Evidence of Pt single atoms on porous CeO2 nanorods. (A and B) STEM-HAADF images; (C) atomic-resolution STEM-HAADF image of Pt1/CeO2 nanorods. 
(D) Intensity profile along the line in (C). (E) Temperature-programmed desorption (TPD) curves of the chemo-adsorption of methanol on various catalysts. (F) Pt L3-edge 
x-ray absorption near-edge spectroscopy (XANES) spectra and the calculated spectrum using the model (G) with the replacement of a Ce atom by a Pt single atom and 
two O vacancies next to a Pt single atom (Pt@VCe + 2VO). The color scheme used: white-gray for Ce; red for O; gray for Pt. Encut, 400 eV; convergence criterion, 
energy = 10−4; force = 0.02 eV Å. (H) Fourier-transformed extended x-ray absorption fine structure (FT-EXAFS) spectra of Pt foil, PtO2, and Pt1/CeO2 nanorods. Dash lines 
represent the fitting of EXAFS spectra. (I) High-resolution x-ray photoelectron spectroscopy (XPS) Pt4f spectra of Pt1/CeO2 nanorods. Scale bars, 100 nm (A), 5 nm (B), and 
1 nm (C). a.u., arbitrary units.
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CeO2 was determined to be a mixture of the Ce3+ and Ce4+ states in 
fig. S8, suggesting that O vacancies are abundant. This is confirmed 
by the stronger methanol chemical absorption for defective CeO2 
than the nonporous counterpart in the temperature-programmed 
desorption (TPD) curves in Fig. 2E, whereas the benchmark 10% 
Pt/C and Pt1 SAC on graphene have very weak methanol absorption. 
Detailed characterization of Pt1/CeO2 and control samples could be 
found in figs. S9 to S11.

E-selective synthesis of unprotected hydrazone esters
Control experiments revealed that Pt1/CeO2 SAC promoted release 
of H2 from the hydrolysis of ammonia borane in water at ambient 
temperature more rapidly than other Pt-based materials (fig. S12), 
which can be exploited for the hydrogenation of diazoesters. We 
began by investigating various heterogeneous catalytic systems 
in the hydrogenation of a-diazoester 2a (prepared from methyl 
2-phenylacetate 1a) using excess ammonia borane in CH3OH (to 
ensure efficient generation of Pt-H species; Fig. 3A). With Pt1/CeO2 
[0.2 mole percent (mol %) Pt], the reaction was completed within 
40 min (81% E-selectivity), furnishing 3a in 80% yield as the pure 
E isomer. The calculated TOF value for Pt1/CeO2 upon reaction 
completion is ~566 hours−1, which is much higher than other Pt-based 
catalysts such as commercial 10 weight % (wt %) Pt/C (~297 hours−1, 
77% E-selectivity), Pt nanoparticles on CeO2 (~367 hours−1, 76% 
E-selectivity), and Pt1/graphene (~410 hours−1, 60% E-selectivity) 
(table S2, entries 4 to 6, and fig. S13). The less efficient utilization of 
Pt nanoparticles and the weak adsorption of methanol on carbon 
support account for the reduced catalytic efficiency, substantiating 
the importance of well-dispersed Pt atoms on defective CeO2 in 
promoting hydrogenation. Pt single atoms on nonporous CeO2 
nanorods (denoted as Pt1/CeO2-non) gives a much lower Pt loading 
(0.85%; fig. S10) and a relatively poor performance (56% yield; table 
S2, entry 7), indicating the importance of defect engineering on 
catalytic performance. Although non-noble metal catalysts (e.g., Co 
and Fe based) have been reported to catalyze ammonia borane 
hydrolysis or alcoholysis (33), both Co1/graphene and Fe1/graphene 
were found to be ineffective under the reduction conditions, due 
perhaps to the insufficient activation of the diazo substrate (table S2, 
entries 8 and 9).

Additional investigations showed that other solvents were 
unsatisfactory, and both Pt and ammonia borane were essential for 
the hydrogenation reaction (table S3, entries 10 to 14). The loading 
of ammonia borane can be reduced to three equivalents without 
appreciable diminution in efficiency (table S4, entries 16 and 17). 
The use of 8 atm H2 to replace ammonia borane afforded 3a in only 
37% yield (table S4, entry 18), suggesting that generation of the 
Pt-H species through alcoholysis of ammonia borane is more 
efficient than direct Pt-promoted H2 dissociation. Other borane 
sources, including borane tetrahydrofuran complex, borane dimethyl 
sulfide complex, (CH3)3N·BH3, (CH3)2NH·BH3, and tBuNH2·BH3 
were inferior or exhibited no activity despite longer reaction times 
(table S4, entries 19 to 23). These results corroborate the critical role of 
Pt1/CeO2 and ammonia borane in the stereoselective hydrogenation 
of diazo compounds to E-hydrazones. The Pt1/CeO2 catalyst can be 
recycled five times with a minor decrease in reaction efficiency from 
89 to 81% (isolated yield of 3r; fig. S14). The small drop in efficiency 
probably stems from the deposition of the B(OMe)3 by-product 
on the surface active sites of the catalyst (0.36% B residual from 
ICP-OES) (31, 34). The leaching of Pt metal can be ruled out from 

the ICP-OES measurement with negligible difference between the 
fresh and spent catalysts (1.38% versus 1.37% Pt loading). This is 
also proven by the absence of Pt in the clear solution after the recovery 
of catalyst from reaction mixture. STEM and EXAFS results further 
revealed the intact single-atom nature of the spent catalyst in 
figs. S15 and S16, which can be attributed to the strong bonding of 
O with Pt in defect-rich CeO2.

To assess the generality of our established conditions, various 
a-diazoesters with different electronic and/or steric attributes were 
examined (Fig. 3B). Diazoesters that bear either electron-rich or 
electron-deficient aryl units are effective substrates, affording N-H 
hydrazone esters in 77 to 89% yield (3b to 3j). Notably, 3j may serve 
as a useful precursor for the preparation of polyfluorinated inda-
zoles with neuroprotective activities (35). Commonly occurring and 
versatile functionalities such as a thioether (3l), a phenol (3k), a 
bromide (3m), a cyano group (3n), a ketone (3o), and an alkene (3t) 
were tolerated. The latter five examples that contain potentially 
reducible functional groups (5, 26, 27) highlight the remarkable 
chemoselectivity of the present hydrogenation protocol. Transforma-
tions with heterocyclic diazoesters and their H- and alkyl-substituted 
variants were similarly efficient, delivering the desired products 
in 85 to 89% yield (3p to 3r). Likewise, isopropyl and allyl ester 
substrates underwent hydrogenation to deliver the corresponding 
E-hydrazones (3s and 3t). In all instances, high stereoselectivity was 
observed (up to 98:2 E:Z ratios), and the E isomeric form could be 
isolated cleanly after simple chromatography purification.

As mentioned earlier, Z isomers of N-H hydrazone esters (espe-
cially those that are aryl substituted) are thermodynamically favored 
(fig. S17). The question is asked therefore on why high kinetic 
E-selectivity can be obtained for diazo reduction here. As illustrated 
in the catalytic cycle in Fig. 3C, we proposed that ammonia borane 
alcoholysis (34, 36) in the presence of catalytic Pt1/CeO2 generates 
the putative Pt-H species II with concomitant protonation of a 
nearby oxygen on CeO2 (5). II can simultaneously interact with the 
weakly Lewis basic diazo and ester carbonyl motifs to give III, 
enabling regio- and stereoselective Pt-H addition across the N═N 
bond in a syn fashion to afford IV. Subsequent protonation of IV by 
a neighboring O-H unit then releases the stereo-defined E product 
and regenerates the catalyst. DFT calculations revealed that there is 
stronger adsorption of the diazo substrate on a Pt single atom than 
O vacancy of CeO2 (fig. S18 and table S5). Steric effects of the aryl 
ring appear to be insignificant since reactions with diazo substrates 
bearing relatively smaller groups (3q and 3r) were similarly E-selective. 
Control experiments indicated that adventitious Z-to-E isomerization 
was minimal under the reaction conditions (fig. S19). DFT studies 
showed that the calculated magnitude of the adsorption energies of 
the E product adsorbed on the Pt catalyst is much larger than that of 
the corresponding Z isomer, providing further justification for the 
predominant formation of E-hydrazones in our system (figs. S20 to 
S22 and table S5).

In line with our initial proposition, we proceeded to test the fea-
sibility of a one-pot process by combining diazo formation and 
reduction in a single vessel (Fig. 3D). Using Pt1/CeO2 (0.6 mol % Pt) 
in the presence of excess ammonia borane, the desired E-hydrazone 
3a (stereochemistry ascertained by x-ray crystal structure analysis) 
could be obtained in 69% yield within 3 hours. This result illustrates 
the reliability of the Pt catalytic system for efficient generation of 
unprotected hydrazone esters from simple ester molecules, an 
important strategy that we adopted for the concise synthesis of 
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Fig. 3. E-selective synthesis of N-H hydrazone esters. (A) Compared to other classes of Pt catalysts and non-noble metal-based SACs, Pt1/CeO2 exhibits superior activity 
in catalyzing hydrogenation of a-diazoesters to E-hydrazones. (B) A wide assortment of H-, alkyl-, and aryl(heteroaryl)-substituted E-hydrazone esters containing useful 
functional units can be accessed with Pt1/CeO2 catalyst. (C) Proposed catalytic cycle highlighting the importance of the ester moiety in directing regio- and stereoselective 
Pt-H addition across the diazo N═N bond (*MeOH depicts MeOH adsorbed on the surface of CeO2). (D) Direct conversion of readily available carboxylic esters to 
N-H E-hydrazones in a single vessel enhances the practicality of our catalytic method. The observed E-selectivity is up to 98% [determined by 1H NMR (nuclear magnetic 
resonance) analysis of the crude reaction mixture]. All isolated yields are of the pure E isomer. The reaction to obtain 3o was performed with 0.6-equivalent NH3BH3 at 
10°C for 3 hours. See methods S1 to S13 for details.
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Fig. 4. Synthesis of 1H-indazole–derived biologically active compounds. (A) Anticancer lonidamine was assembled in 42% overall yield by a concise two-pot sequence, 
which may be used to prepare derivatives such as 4. (B) Formal synthesis of gamendazole, a drug candidate for male contraception, was accomplished in 61% overall yield 
within three steps through a 1H-indazole intermediate 6. (C) The method is amenable to the construction of the tricyclic pyridazino[1,2-a]indazolium scaffold commonly 
found in alkaloids such as nigellicine and nigeglanine. (D) The versatility of our protocol is further highlighted through facile preparation of 15N-labeled analogs of key 
therapeutic agents. See methods S1 to S13 for details. DMSO, dimethyl sulfoxide.
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1H-indazole scaffolds (see below for further discussion). For the sake 
of versatility and practical use, we also supplied gram-scale synthesis 
in fig. S23, wherein a reasonably high yield of 80% (1.7 g) could be 
obtained by our approach using model substrate 2a.

Synthesis of biologically active compounds
To demonstrate the utility of our catalytic method, we focused on 
devising new synthetic approaches to pharmaceutically important 
1H-indazole-3-carboxylates. These molecules contain a versatile 
ester handle that may be further converted to other useful func-
tionalities [e.g., hydrogen (14), bromine (17), 1,2,4-oxadiazole 
(19), alcohol (20); see note S3 and methods S1 to S13 for details].

The first application involves the synthesis of anticancer lonidamine 
(14) and its fluoro-analog 4 (Fig. 4A). Stereoselective access to E- 
hydrazones 3u and 3v from the corresponding aryl acetate esters 
through a single-pot diazo formation/hydrogenation followed by 
catalytic cyclization, alkylation, and hydrolysis furnished the desired 
products in 32 to 42% overall yields (see table S6 for comparison). The 
two-pot process compares favorably with previously reported multistep 
procedures to construct the 1H-indazole core (14, 17, 37, 38) and 
is amenable to the preparation of different derivatives (e.g., 4), 
which are otherwise difficult to access by alternative routes. It merits 
mention that synthesis of lonidamine can also be achieved on gram 
scale in four separate steps with an improved overall yield of 53% (see 
figs. S24 and S25).

In another instance, E-hydrazone ester 3w obtained through a 
similar pathway as before, was subjected to catalytic cyclization/
alkylation to afford 1H-indazole-3-carboxylate 6, a known precursor 
en route to the male contraceptive drug candidate gamendazole 
(Fig. 4B) (15). Overall, 6 can be prepared in three steps with an overall 
yield of 61%, in contrast to a previous six-step sequence that used 
toxic thionyl chloride, generating the product in 40% overall yield (15).

Yet, another utility is the efficient construction of the fused 
tricyclic pyridazino[1,2-a]indazolium ring system present in bioac-
tive alkaloids such as nigellicine and nigeglanine (39), which can be 
readily accomplished from E-hydrazone 3x (Fig. 4C), further show-
casing the advantage of our unprotected E-hydrazone strategy to 
facilitate preparation of complex N-containing molecules. Numerous 
other 1H-indazole–substituted pharmaceuticals can be obtained in 
similar fashion through the present protocol (see retrosynthetic 
analysis in fig. S26).

Last, the SAC-catalyzed strategy is highly versatile and can be 
extended to prepare the 15N-labeled analog of key therapeutic agents, 
with the objective of streamlining the process of target cloning, 
protein expression, screening, and preliminary protein folding/
aggregation assessment by nuclear magnetic resonance (NMR) 
spectroscopy and other methods (40). In addition, 15N labeling 
studies may offer insights pertaining to the metabolism and degra-
dation of N-containing drug molecules (41). 15N-labeled pharma-
ceuticals such as lonidamine, adjudin, and granisetron were synthesized 
in high yields, and the excellent 15N-labeling efficiency (using 
sodium azide-1-15N in a-diazoester formation) offers opportunities 
to study their pharmacokinetic and pharmacodynamic properties 
through metabolism investigations (Fig. 4D).

CONCLUSIONS

We have demonstrated that Pt-based SAC anchored on defect-rich 
CeO2 nanorods (Pt1/CeO2) is capable of delivering selective access 

to unprotected E-hydrazone esters, under mild reaction conditions, 
and with ammonia borane as the hydrogen source. A wide range of 
functionalized a-diazoesters may be used, highlighting the excep-
tional robustness and functionality tolerance of the Pt-based catalyst. 
For example, the present method can be extended to practical one-pot 
procedures, where a-diazoesters generated in situ from commercial 
and readily available carboxylic esters are directly reduced with 
ammonia borane and catalytic amounts of Pt1/CeO2 to furnish the 
desired E-hydrazones in a single sequence. Implementation of the 
current protocol as the key step in the concise synthesis of several 
1H-indazole–derived biologically active molecules and their 
15N-labeled analogs demonstrates the viability of SACs as a powerful 
platform through which synthetically valuable building blocks can 
be assembled.

MATERIALS AND METHODS

Gram-scale synthesis of defect-rich CeO2 nanorods
CeO2 nanorods were prepared by hydrothermal reaction according 
to the literature (42). Ce(NO3)3·6H2O (1.736 g) and NaOH (19.2 g) 
were dissolved in 10 and 70 ml of deionized (DI) water and mixed 
under stirring for 30 min. The milky slurry was then transferred in 
a Teflon liner sealed tightly in a stainless-steel Parr autoclave. 
Hydrothermal reaction was carried out at 100°C for 24 hours. 
Crude products were separated by centrifugation, washed with DI 
water and ethanol to remove excess NaOH, and then re-dispersed 
in DI water at 2 mg ml−1 for the second-step hydrothermal reaction 
at 160°C for 12 hours to create surface oxygen vacancies on CeO2 
nanorods. The products were dried at 80°C for 12 hours and lastly 
ground in a mortar and pestle to obtain pale yellow powders.

Synthesis of Pt1/CeO2 SACs by ALD
The synthesis of Pt1 SACs was performed in a viscous ALD flow 
reactor (Plasma-assisted ALD system, Wuxi MNT Micro and 
Nanotech Co. Ltd., China) by alternatively exposing CeO2 nanorods 
to MeCpPtMe3 precursors and O3 at 150°C (8, 31). Ultrahigh purity 
N2 (99.99%) was used as carrier gas with a flow rate of 50 ml min−1. 
The Pt precursors were heated at 100°C to generate a high enough 
vapor pressure. The reactor and reactor inlets were held at 150° and 
120°C, respectively, to avoid any precursor condensation. An in situ 
thermal reduction of as-received CeO2 nanorods was conducted at 
300°C for 5 min before performing Pt ALD. The timing sequence 
was 100, 120, 150, and 120 s for the MeCpPtMe3 exposure, N2 purge, 
O3 exposure, and N2 purge, respectively. Conducting Pt ALD with 
1 cycle allows for the synthesis of Pt1/CeO2 with a Pt loading of 
1.38 ± 0.02 wt %.

One-pot synthesis of E-hydrazone esters from  
carboxylic esters
Typically, carboxylic ester (0.1 mmol), TsN3 (0.12 mmol), and 
CH3CN (0.3 ml) were added to a glass vial (4 ml). With stirring, 
1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) (0.12 mmol) was added 
dropwise. The reaction mixture stirred at room temperature (RT) 
for 1 hour. Then, 9 mg of Pt1/CeO2 catalysts and 2.0 ml of MeOH 
were added directly and sonicated for 15 min. After that, 0.9 mmol 
of ammonia borane was added. The vial was quickly sealed, and the 
reaction mixture was stirred at RT for another 3 hours. After reaction, 
the mixture was centrifuged to remove catalyst and washed three 
times with CH2Cl2. The supernatant was vapored under reduced 
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pressure, and the residuals were subjected to be separated using 
thin-layer chromatography plate. The yield was calculated by dividing 
the amount of the obtained desired product by the theoretical yield. 
Details on reaction setup and synthesis of substrates can be found 
in methods S1 to S13.

Synthesis of E-hydrazone esters from diazo compounds
Typically, 3 mg of Pt1/CeO2 catalysts was dispersed in 2.0 ml of 
MeOH and sonicated for 15 min. Then, 0.1 mmol of diazo compound 
and 0.3 mmol of ammonia borane were added sequentially. The vial 
(4 ml) was sealed quickly, and the reaction mixture was stirred at 
RT for 40 min. Other conditions remain identical to the one-pot 
synthesis from aryl acetate esters.

Equipment
STEM/EDS (JEOL ARM200F equipped with ASCOR probe cor-
rector, Oxford X-Max 100TLE, at 200 kV), XPS (Axis Ultra DLD 
monochromatic Al Ka), x-ray diffraction (XRD; Bruker D8), ICP-OES 
(Perkin Elmer 5300DV), NMR (Bruker AV300), gas chromatography–
mass spectrometry (MS) (Agilent 5975 C inert MSD with triple-axis 
detector), MS (Bruker MicroTOF-QII), electron paramagnetic 
resonance (EPR) (Jeol FA200), Raman (Horiba Jobin Yvon), TPD 
(Quantachrome chemBET pulsar), AFM (Dimension Fast Scan), 
BET (Quantachrome Autosorb-iQ), and Fourier transform infrared 
(Varian 3100). XANES and EXAFS: 150 mg of sample was first 
ground into fine powder using a mortar and pestle before being 
pressed into a 10-mm pellet. Measurements were carried out at 
Singapore Synchrotron Light Source, x-ray absorption fine structure 
for catalysis beamline in fluorescence mode (43). Data analysis and 
simulation were carried out on Athena and Artemis (version 0.9.26) 
(44). Details on NMR spectra and single-crystal XRD data can be 
found in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
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content/full/5/12/eaay1537/DC1

Note S1. Expanded discussion on SACs catalyzed organic reactions

Note S2. Expanded discussion on SACs catalyzed hydrogenation

Note S3. Transformation of the ester moiety in the product to generate more complex 

molecules

Method S1. Computational details

Method S2. Synthesis of Co1/graphene and Fe1/graphene

Method S3. Synthesis of Pt1/graphene

Method S4. Synthesis of E-hydrazone esters 3o

Method S5. Total synthesis of lonidamine and F-containing lonidamine 4

Method S6. The synthesis of key intermediate 6 for gamendazole

Method S7. The construction of tricyclic pyridazino[1,2-a]indazolium ring frameworks 8 and 9

Method S8. The synthesis of 15N-labeled lonidamine and adjudin

Method S9. The synthesis of 15N-labeled granisetron

Method S10. Product transformation by decarboxylation of ester to hydrogenation

Method S11. Product transformation by decarboxylation of ester to bromine

Method S12. Product transformation to 1,2,4-oxadiazoles by cyclization of indazole carboxylic 

acid esters and amidoximes

Methods S13. Product transformation by reduction of carboxylic acid esters to alcohol

Fig. S1. STEM-ADF images of nonporous CeO2 nanorods.

Fig. S2. STEM-ADF images of porous CeO2 nanorods.

Fig. S3. Representative AFM image of porous CeO2 nanorods.

Fig. S4. BET and pore-size distribution of various catalysts.

Fig. S5. Atomic-resolution STEM-ADF images of Pt1-CeO2 catalyst.

Fig. S6. EDS mapping of Pt1-CeO2 catalyst.

Fig. S7. Detailed XANES simulations and the experimental curve of Pt1/CeO2.

Fig. S8. XRD and XPS data of various catalysts.

Fig. S9. UV-Raman, EPR, and TPD data of various catalysts.

Fig. S10. STEM-HAADF images of Pt1 on nonporous CeO2 by ALD.

Fig. S11. STEM-HAADF images of Co1/graphene, Fe1/graphene, and Pt1/graphene.

Fig. S12. The hydrolysis of ammonia borane by various catalysts.

Fig. S13. E/Z selectivity of the Pt-catalyzed reduction of diazo substrate 2a from NMR.

Fig. S14. Recycling efficiency of Pt1-CeO2 and Pt1-CeO2-non for selective E-hydrazone 

synthesis.

Fig. S15. STEM-HAADF images of the used Pt1/CeO2 catalyst.

Fig. S16. Pt L3-edge XANES and EXAFS spectra of the fresh and spent Pt1/CeO2 catalysts.

Fig. S17. Thermodynamic stability of hydrazone-free molecule by DFT.

Fig. S18. Comparison of 2a adsorption on Pt and O vacancy of CeO2.

Fig. S19. The E/Z transformation under standard conditions.

Fig. S20. H adsorption on a Pt single atom on CeO2 nanorods.

Fig. S21. The optimized adsorption configuration of the E- and Z-isomers on Pt1/CeO2 catalyst.

Fig. S22. Adsorption energies for the E and Z isomers on Pt1/CeO2 catalyst.

Fig. S23. Large-scale synthesis for selective E-hydrazone synthesis.

Fig. S24. Total synthesis of lonidamine in four steps.

Fig. S25. Gram-scale synthesis of lonidamine.

Fig. S26. Retrosynthesis of pharmaceuticals using the E-hydrazone strategy.

Table S1. Results of DFT calculations.

Table S2. Catalyst screening for selective E-hydrazone synthesis.

Table S3. Solvent screening for selective E-hydrazone synthesis.

Table S4. Borane screening for selective E-hydrazone synthesis.

Table S5. Results of the EXAFS fitting on PtO2 and Pt1/CeO2.

Table S6. Representative methods for the total-synthesis of lonidamine.

References (45–53)

REFERENCES AND NOTES
 1. A. Q. Wang, J. Li, T. Zhang, Heterogeneous single-atom catalysis. Nat. Rev. Chem. 2, 65–81 

(2018).

 2. X. Cui, W. Li, P. Ryabchuk, K. Junge, M. Beller, Bridging homogeneous and heterogeneous 

catalysis by heterogeneous single-metal-site catalysts. Nat. Catal. 1, 385–397 (2018).

 3. B. Qiao, A. Wang, X. Yang, L. F. Allard, Z. Jiang, Y. Cui, J. Liu, J. Li, T. Zhang, Single-atom 

catalysis of CO oxidation using Pt1/FeOx. Nat. Chem. 3, 634–641 (2011).

 4. X.-F. Yang, A. Wang, B. Qiao, J. Li, J. Liu, T. Zhang, Single-atom catalysts: A new frontier 

in heterogeneous catalysis. Acc. Chem. Res. 46, 1740–1748 (2013).

 5. P. Liu, Y. Zhao, R. Qin, S. Mo, G. Chen, L. Gu, D. M. Chevrier, P. Zhang, Q. Guo, D. Zang, 

B. Wu, G. Fu, N. Zheng, Photochemical route for synthesizing atomically dispersed 

palladium catalysts. Science 352, 797–800 (2016).

 6. Y. Zhu, W. Sun, J. Luo, W. Chen, T. Cao, L. Zheng, J. Dong, J. Zhang, M. Zhang, Y. Han, 

C. Chen, Q. Peng, D. Wang, Y. Li, A cocoon silk chemistry strategy to ultrathin N-doped 

carbon nanosheet with metal single-site catalysts. Nat. Commun. 9, 3861 (2018).

 7. L. Wang, W. Zhang, S. Wang, Z. Gao, Z. Luo, X. Wang, R. Zeng, A. W. Li, H. Li, M. Wang, 

X. Zheng, J. Zhu, W. Zhang, C. Ma, R. Si, J. Zeng, Atomic-level insights in optimizing 

reaction paths for hydroformylation reaction over Rh/CoO single-atom catalyst.  

Nat. Commun. 7, 14036 (2016).

 8. H. Yan, H. Cheng, H. Yi, Y. Lin, T. Yao, C. Wang, J. Li, S. Wei, J. Lu, Single-atom Pd1/

graphene catalyst achieved by atomic layer deposition: Remarkable performance 

in selective hydrogenation. J. Am. Chem. Soc. 137, 10484–10487 (2015).

 9. L. Nie, D. H. Mei, H. F. Xiong, B. Peng, Z. B. Ren, X. I. P. Hernandez, A. DeLaRiva, M. Wang, 

M. H. Engelhard, L. Kovarik, A. K. Datye, Y. Wang, Activation of surface lattice oxygen 

in single-atom Pt/CeO2 for low-temperature CO oxidation. Science 358, 1419–1423 

(2017).

 10. H. Yan, C. Su, J. He, W. Chen, Single-atom catalysts and their applications in organic 

chemistry. J. Mater. Chem. A 6, 8793–8814 (2018).

 11. Z. Chen, E. Vorobyeva, S. Mitchell, E. Fako, M. A. Ortuño, N. López, S. M. Collins, 

P. A. Midgley, S. Richard, G. Vilé, J. Pérez-Ramírez, A heterogeneous single-atom 

palladium catalyst surpassing homogeneous systems for suzuki coupling.  

Nat. Nanotechnol. 13, 702–707 (2018).

 12. L. Zhang, Y. Ren, W. Liu, A. Wang, T. Zhang, Single-atom catalyst: a rising star for green 

synthesis of fine chemicals. Natl. Sci. Rev. 5, 653–672 (2018).

 13. H. Cerecetto, A. Gerpe, M. González, V. J. Arán, C. O. de Ocáriz, Pharmacological 

properties of indazole derivatives: Recent developments. Mini Rev. Med. Chem. 5, 

869–878 (2005).

 14. A. Veerareddy, G. Surendrareddy, P. K. Dubey, Total syntheses of lonidamine and adjudin 

(AF-2364)-male hormonal contraceptives. Der Pharma Chemica 4, 1371–1374 (2012).

 15. A. Veerareddy, G. Surendrareddy, P. K. Dubey, Total synthesis of AF-2785 

and gamendazole–experimental male oral contraceptives. Synth. Commun. 1, 2236–2241 

(2013).

 16. L. A. Raedler, Sustol (Granisetron) First extended-release 5-HT3 receptor antagonist 

approved for the prevention of acute and delayed CINV. Special Feature 10, 81–84 (2017).

 17. A. Veerareddy, G. Surendrareddy, P. K. Dubey, Regioselective synthesis of 1-substituted 

indazole-3-carboxylic acids. J. Heterocyclic Chem. 51, 1311–1321 (2014).

 o
n
 S

e
p
te

m
b
e
r 2

9
, 2

0
2
0

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 



Liu et al., Sci. Adv. 2019; 5 : eaay1537     6 December 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 9

 18. S. M. Nicolle, C. J. Hayes, C. J. Moody, Alkyl halide-free heteroatom alkylation 

and epoxidation facilitated by a recyclable polymer-supported oxidant for the in-flow 

preparation of diazo compounds. Chem. Eur. J. 21, 4576–4579 (2015).

 19. E. Yasui, M. Wada, N. Takamura, New entry for synthesis of N-acylhydrazones, 

pyridazinones, and 1,3,4-oxadiazin-6-ones from a-amino acid esters. Chem. Pharm. Bull. 

55, 1652–1654 (2007).

 20. S. M. Nicolle, C. J. Moody, Potassium N-iodo p-toluenesulfonamide (TsNIK, iodamine-T): 

A new reagent for the oxidation of hydrazones to diazo compounds. Chem. Eur. J. 20, 

4430–4425 (2014).

 21. K. Inamoto, M. Katsuno, T. Yoshino, Y. Arai, K. Hiroyaa, T. Sakamoto, Synthesis 

of 3-substituted indazoles and benzoisoxazoles via Pd-catalyzed cyclization reactions: 

application to the synthesis of nigellicine. Tetrahedron 63, 2695–2711 (2007).

 22. L. A. Tatum, X. Su, I. Aprahamian, Simple hydrazone building blocks for complicated 

functional materials. Acc. Chem. Res. 47, 2141–2149 (2014).

 23. E. Yasui, M. Wada, N. Takamura, Development of novel pyrrole synthesis 

for the preparation of intermediates of bioactive pyrrole alkaloids. Tetrahedron Lett. 50, 

4762–4765 (2009).

 24. E. Yasui, M. Wada, S. Nagumo, N. Takamura, A novel method for the synthesis 

of 3,4-disubstitutedpyrrole-2,5-dicarboxylates from hydrazones derived from a-diazo 

esters. Tetrahedron 69, 4325–4330 (2013).

 25. H. Wei, X. Liu, A. Wang, L. Zhang, B. Qiao, X. Yang, Y. Huang, S. Miao, J. Liu, T. Zhang, 

FeOx-supported platinum singleatom and pseudo-single-atom catalysts 

for chemoselective hydrogenation of functionalized nitroarenes. Nat. Commun. 5,  

5634 (2014).

 26. G. Kyriakou, M. B. Boucher, A. D. Jewell, E. A. Lewis, T. J. Lawton, A. E. Baber, H. L. Tierney, 

M. Flytzani-Stephanopoulos, E. C. H. Sykes, Isolated metal atom geometries as a strategy 

for selective heterogeneous hydrogenations. Science 335, 1209–1212 (2012).

 27. G. Liu, A. W. Robertson, M. M.-J. Li, W. C. H. Kuo, M. T. Darby, M. H. Muhieddine, Y.-C. Lin, 

K. Suenaga, M. Stamatakis, J. H. Warner, S. C. E. Tsang, MoS2 monolayer catalyst doped 

with isolated Co atoms for the hydrodeoxygenation reaction. Nat. Chem. 9, 810–816 (2017).

 28. Y. Zhai, D. Pierre, R. Si, W. Deng, P. Ferrin, A. U. Nilekar, G. Peng, J. A. Herron, D. C. Bell, 

H. Saltsburg, M. Mavrikakis, M. Flytzani-Stephanopoulos, Alkali-stabilized Pt-OHx species 

catalyze low-temperature water-gas shift reactions. Science 329, 1633–1636 (2010).

 29. S. Syrenova, C. Wadell, F. A. A. Nugroho, T. A. Gschneidtner, Y. A. D. Fernandez, G. Nalin, 

D. Świtlik, F. Westerlund, T. J. Antosiewicz, V. P. Zhdanov, K. Moth-Poulsen, 

C. Langhammer, Hydride formation thermodynamics and hysteresis in individual Pd 

nanocrystals with different size and shape. Nat. Mater. 14, 1236–1244 (2015).

 30. G. Chen, C. Xu, X. Huang, J. Ye, L. Gu, G. Li, Z. Tang, B. Wu, H. Yang, Z. Zhao, Z. Zhou, G. Fu, 

N. Zheng, Interfacial electronic effects control the reaction selectivity of platinum 

catalysts. Nat. Mater. 15, 564–569 (2016).

 31. H. Yan, Y. Lin, H. Wu, W. Zhang, Z. Sun, H. Cheng, W. Liu, C. Wang, J. Li, X. Huang, T. Yao, 

J. Yang, S. Wei, J. Lu, Bottom-up precise synthesis of stable platinum dimers on graphene. 

Nat. Commun. 8, 1070 (2017).

 32. J. Lu, J. W. Elam, P. C. Stair, Atomic layer deposition—Sequential self-limiting surface 

reactions for advanced catalyst “bottom-up” synthesis. Surf. Sci. Rep. 71, 410–472 

(2016).

 33. X. Zhou, Z. Chen, D. Yan, H. Lu, Deposition of Fe–Ni nanoparticles on polyethyleneimine-

decorated graphene oxide and application in catalytic dehydrogenation of ammonia borane. 

J. Mater. Chem. 22, 13506–13516 (2012).

 34. S. M. Fu, N.-Y. Chen, X. F. Liu, Z. H. Shao, S.-P. Luo, Q. Liu, Ligand-controlled cobalt-

catalyzed transfer hydrogenation of alkynes: Stereodivergent synthesis of Z- and E-alkenes. 

J. Am. Chem. Soc. 138, 8588–8594 (2016).

 35. R. M. Claramunt, C. López, C. Pérez-Medina, M. Pérez-Torralba, J. Elguero, G. Escames, 

D. Acuña-Castroviejo, Fluorinated indazoles as novel selective inhibitors of nitric oxide 

synthase (NOS): Synthesis and biological evaluation. Bioorg. Med. Chem. 17, 6180–6187 

(2009).

 36. L. Wang, H. Li, W. Zhang, X. Zhao, J. Qiu, A. Li, X. Zheng, Z. Hu, R. Si, J. Zeng, Supported 

rhodium catalysts for ammonia–borane hydrolysis: Dependence of the catalytic activity 

on the highest occupied state of the single rhodium atoms. Angew. Chem. Int. Ed. 56, 

4712–4718 (2017).

 37. M. Tang, Y. Kong, B. Chu, D. Feng, Copper(I) oxide-mediated cyclization of o-haloaryl 

N-tosylhydrazones: Efficient synthesis of indazoles. Adv. Synth. Catal. 358, 926–939 (2016).

 38. G. C. Senadi, J.-Q. Wang, B. S. Gore, J.-J. Wang, Bis(dibenzylideneacetone)

palladium(0)/tert-butyl nitrite-catalyzed cyclization of o-alkynylanilines with tert-butyl 

nitrite: Synthesis and applications of indazole 2-oxides. Adv. Synth. Catal. 359, 2747–2753 

(2017).

 39. E. L. Elliott, S. M. Bushell, M. Cavero, B. Tolan, T. R. Kelly, Total synthesis of nigellicine 

and nigeglanine hydrobromide. Org. Lett. 7, 2449–2451 (2005).

 40. K. Q. Zhao, J. Hartnett, M. R. Slater, 15N Labeling of proteins overexpressed 

in the Escherichia coli strain KRX. Promega Notes 97, 28–29 (2007).

 41. R. C. A. Schellekens, F. Stellaard, H. J. Woerdenbag, H. W. Frijlink, J. G. W. Kosterink, 

Applications of stable isotopes in clinical pharmacology. Br. J. Clin. Pharmacol. 72, 

879–897 (2011).

 42. S. Zhang, Z.-Q. Huang, Y. Ma, W. Gao, J. Li, F. Cao, L. Li, C.-R. Chang, Y. Qu, Solid 

frustrated-Lewis-pair catalysts constructed by regulations on surface defects of porous 

nanorods of CeO2. Nat. Commun. 8, 15266 (2017).

 43. Y. Du, Y. Zhu, S. Xi, P. Yang, H. O. Moser, M. B. H. Breese, A. Borgna, XAFCA: A new XAFS 

beamline for catalysis research. J. Synchrotron Radiat. 22, 839–843 (2015).

 44. B. Ravel, M. Newville, ATHENA, ARTEMIS, HEPHAESTUS: Data analysis for X-ray absorption 

spectroscopy using IFEFFIT. J. Synchrotron Radiat. 12, 537–541 (2005).

 45. G. Kresse, J. Hafner, Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47, 

558–561 (1993).

 46. G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy calculations 

using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).

 47. J. P. Perdew, E. Burke, M. Ernzerhof, Generalized gradient approximation made simple. 

Phys. Rev. Lett. 77, 3865–3868 (1996).

 48. P. E. Blöchl, Projector augmented-wave method. Phys. Rev. B 50, 17953–17979 (1994).

 49. S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, A. P. Sutton, Electron-energy-loss 

spectra and the structural stability of nickel oxide: An LSDA+U study. Phys. Rev. B 57, 

1505–1509 (1998).

 50. Y. Feng, Q. Wan, H. Xiong, S. Zhou, X. Chen, X. I. Pereira Hernandez, Y. Wang, S. Lin, 

A. K. Datye, H. Guo, Correlating DFT calculations with CO oxidation reactivity 

on Ga-doped Pt/CeO2 single-atom catalysts. J. Chem. Phys. C 122, 22460–22468 (2018).

 51. M. Chaumontet, R. Piccardi, N. Audic, J. Hitce, J.-L. Peglion, E. Clot, O. Baudoin, Synthesis 

of benzocyclobutenes by palladium-catalyzed C–H activation of methyl groups: Method 

and mechanistic study. J. Am. Chem. Soc. 130, 15157–15166 (2008).

 52. H. Keipour, T. Ollevier, Iron-catalyzed carbene insertion reactions of a-diazoesters into 

Si–H bonds. Org. Lett. 19, 5736–5739 (2017).

 53. S. K. Vernekar, H. Y. Hallaq, G. Clarkson, A. J. Thompson, L. Silvestri, S. C. R. Lummis, 

M. Lochner, Toward biophysical probes for the 5-HT3 receptor: Structure-activity 

relationship study of Granisetron derivatives. J. Med. Chem. 53, 2324–2328 (2010).

Acknowledgments: We thank P. Xinwen at South China University of Technology for XPS 

measurements and W. L. Kwai and W. Jien for HRMS and NMR measurements. Funding: K.P.L. 

thanks National Research Foundation, Singapore for NRF Investigator Award “Graphene oxide 

a new class of catalytic, ionic, and molecular sieving materials,” award number NRF-NRF12015-01. 

M.J.K. thanks the National University of Singapore start-up grant under the President’s 

Assistant Professorship Scheme. Author contributions: C.L. and Z.C. conceived the research 

and wrote the initial draft. C.L., H.Y., Z.C., and J.L. synthesized the materials and C.L. tested the 

catalytic reactions. Z.C., X.Z., and S.J.P. conducted STEM characterization and data analysis. S.X. 

and Y.D. performed the EXAFS and XANES measurements and analysis. K.M.Y. and C.Z. 

performed the theoretical calculations. J.G. and B.L. conducted the TPD measurements. K.X. 

prepared the SAC samples on graphene. H.X., X.L., and K.L. assisted with materials 

characterization and data analysis. M.J.K. and K.P.L. supervised the research and revised the 

manuscript with comments from all authors. Competing interests: The authors declare that 

they have no competing interests. Data and materials availability: All data needed to 

evaluate the conclusions in the paper are present in the paper and/or the Supplementary 

Materials. Additional data related to this paper may be requested from the authors.

Submitted 25 May 2019

Accepted 21 October 2019

Published 6 December 2019

10.1126/sciadv.aay1537

Citation: C. Liu, Z. Chen, H. Yan, S. Xi, K. M. Yam, J. Gao, Y. Du, J. Li, X. Zhao, K. Xie, H. Xu, X. Li, 

K. Leng, S. J. Pennycook, B. Liu, C. Zhang, M. J. Koh, K. P. Loh, Expedient synthesis of E-hydrazone 

esters and 1H-indazole scaffolds through heterogeneous single-atom platinum catalysis. Sci. Adv. 

5, eaay1537 (2019).

 o
n
 S

e
p
te

m
b
e
r 2

9
, 2

0
2
0

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 


