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An enzyme-mimic single Fe-N3; atom catalyst
for the oxidative synthesis of nitriles via C—C bond

cleavage strategy

Jingzhong Qin11‘, Bo Han21', Xixi Liu11', Wen Dai3*, Yanxin Wang’, Huihui Luo3, Xiaomei Lu1,

Jiabao Nie’, Chensheng Xian', Zehui Zhang’*

The cleavage and functionalization of recalcitrant carbon—carbon bonds is highly challenging but represents a very
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powerful tool for value-added transformation of feedstock chemicals. Here, an enzyme-mimic iron single-atom
catalyst (SAC) bearing iron (lll) nitride (FeN3) motifs was prepared and found to be robust for cleavage and cyana-
tion of carbon-carbon bonds in secondary alcohols and ketones. High nitrile yields are obtained with a wide vari-
ety of functional groups. The prepared FeN3-SAC exhibits high enzyme-like activity and is capable of generating a
dioxygen-to-superoxide radical at room temperature, while the commonly reported FeN;-SAC bearing FeN4 mo-
tifs was inactive. Density functional theory (DFT) calculation reveals that the activation energy of dioxygen activa-
tion and the activation energy of the rate-determining step of nitrile formation are lower over FeNs-SAC than
FeN,4-SAC. In addition, DFT calculation also explains the catalyst’s high selectivity for nitriles.

INTRODUCTION

Nitriles are a ubiquitous class of compounds present in natural
products, agrochemicals, and pharmaceuticals and serve as the ver-
satile intermediates in organic synthesis (I). Hence, the development
of efficient methodologies toward nitrile synthesis continues to be
scientifically interesting and attracts the attention of the synthetic
community (2). Classical methods to nitrile synthesis include tran-
sition metal-catalyzed cyanation of aryl halides (3), Sandmeyer re-
action (4), and direct cyanation of C—H bonds (5, 6). While the
methods are successful at accessing arene cyanation under homo-
geneous conditions, complications associated with stability, separa-
tion, and recyclability of catalyst, large-scale production, and metal
residues are still a challenge. Moreover, toxic organic or inorganic
cyanides and stoichiometric metal oxidants have generally been used,
thus posing a notable safety and environment concern (Fig. 1A).
Therefore, a sustainable, cyanide-free, and one-step direct construc-
tion of aryl nitriles under heterogeneous catalytic conditions re-
mains highly desired, especially in pharmaceutical-oriented organic
synthesis (7, 8).

Alcohols and carbonyl compounds (aldehydes and ketones) are
broadly accessible and cheap feedstocks, and, thus, numerous efforts
have been undertaken toward the development of versatile methods
for the direct conversion of alcohols and carbonyl compounds to
nitriles under cyanide-free conditions (9-11). Prominent methods
include catalytic aerobic ammoxidation of primary alcohols or alde-
hydes into nitriles (Fig. 1B) (12). As for the construction of nitriles
from secondary alcohols or ketones, the cleavage of C—C bond bearing
high bond dissociation energy is inevitably involved (13). To the
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best of our knowledge, the one-step direct conversion of secondary
alcohols or ketones into nitriles is still unexplored with NHj as the
nitrogen source, although a multistep conversion of secondary
alcohols or ketones to nitriles via aldehydes or carboxylic acid inter-
mediates has been reported (Fig. 1B) (14, 15).

In recent years, single-atom catalysts (SACs) have emerged as
promising heterogeneous systems for various chemical reactions
due to their maximal atom utilization, superior stability, and high
activity and selectivity (16, 17). In particular, the single metal site of
SACs with well-defined atomic structure and electronic coordina-
tion environments can effectively mimic the catalytic sites of natural
enzymes, which has opened a previously unknown research frontier
in the catalysis field (18, 19). It is well known that cytochrome P450
enzymes activate oxygen at heme iron centers to oxidize a broad
spectrum of biologically active compounds under mild conditions
(20). To mimic the active site of cytochrome P450, we designed two
types of SACs bearing atomically dispersed Fe sites with three and
four coordinated nitrogen atoms (FeN3;-SAC and FeNy-SAC, respec-
tively), which can be selectively fabricated via varying the pyrolysis
temperature. The FeN3-SAC shows a high enzyme-like activity and
is capable of activating O, to superoxide radical anion at room tem-
perature, while the commonly reported FeN4-SAC is inactive. Driven
by the inherent advantages and exceptional performance for acti-
vating O, of FeN3-SAC and as a continuation of our long-time interest
in value-added transformation of chemical feedstocks via cleavage
and functionalization of C—C bonds (21, 22), we intended to inves-
tigate the utilization of the enzyme-inspired FeN3;-SAC for oxidative
cleavage and cyanation of secondary alcohols and ketones. Here, we
report a general, efficient, and practical method for nitrile formation
through FeN3-SAC-catalyzed cleavage and cyanation of C—C bonds
in secondary alcohols and ketones, with oxygen as the environmen-
tally benign oxidant and ammonia as a nitrogen source. Density
functional theory (DFT) calculation reveals the activation energy for
the reduction of O,, and synthesis of nitrile is much lower over
FeN3-SAC than FeN,-SAC (Fig. 1C). Therefore, the developed enzyme-
mimic FeN3-SAC can serve as a bridge between enzymatic catalysis
and heterogeneous catalysis.
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Fig. 1. Representative examples for the cyanation of alcohols and carbonyl compounds. (A) Traditional cyanation. (B) Representative example for alcohols or car-
bonyl compounds to nitriles. (C) This work: Oxidative cleavage and cyanation of secondary alcohols or ketones to nitriles.

RESULTS

Catalyst preparation and characterization

ZIE-8 with the zeolitic imidazolate framework was first prepared by
the coordination of Zn*" with 2-methylimidazole (23). Ferrocene
and ZIF-8 were used as the precursors for the preparation of a single
Fe atom catalyst (abbreviated as Fe-N3/NC-1100) via the gas diffu-
sion strategy at 1100°C (Fig. 2A). During the pyrolysis process, fer-
rocene was first sublimed into a gas phase and then diffused into the
ZIE-8 framework. At high pyrolysis temperature, ZIF-8 gradually
transformed into a nitrogen-doped porous carbon polyhedron with
single Fe atoms, while the Zn atoms in ZIF-8 were evaporated off
because of the low boiling point of Zn at 908°C. The Fe content in
Fe-N3/NC-1100 was determined to be 0.52 weight % (wt %) by in-
ductively coupled plasma atomic emission spectrometry (ICP-AES)
(table S1), while the Zn content was below the detection limit. The
surface area and pore volume of Fe-N3/NC-1100 were determined
to be 811 mz/g and 0.67 cm3/g by Brunauer-Emmett-Teller (BET)
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measurements (fig. S1 and table S1), respectively. Scanning electron
microscope (SEM) and transmission electron microscope (TEM)
images of Fe-N3/NC-1100 revealed that the as-prepared catalyst re-
mained the rhombic dodecahedron-like morphology of the parent
ZIF-8 (Fig. 2, B and C). No Fe nanoparticles were observed in the
TEM and high-resolution TEM (HRTEM) images of Fe-N3/NC-1100
(Fig. 2, D and E). HRTEM image only showed the graphitic carbon
layers with a d-spacing of 0.250 nm, corresponding to its (101) lat-
tice plane (Fig. 2E). Powder x-ray diffraction (XRD) patterns of
Fe-N3/NC-1100 also gave no diffraction peaks of Fe species but showed
two weak peaks at 24.4° and 44.6°, assigning to the (002) and (101)
crystal planes of graphitic carbon (fig. S2). Two peaks with the Raman
shifts around 1350 cm™ (called D bond) and 1570 cm™ (called
G bond) were observed in the Raman spectra of Fe-N3/NC-1100
(fig. S3), which were attributed to the defect carbon and graphitic
carbon, respectively. The Fe species in Fe-N3/NC-1100 was identified
by the aberration-corrected high-angle annular dark-field scanning
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Fig. 2. Preparation and characterization of the Fe-N3/NC-1100 catalyst. (A) Catalyst preparation. (B to D) STEM images. (E) HRTEM image. (F) The aberration-corrected
HAADF-STEM image (single-atom Fe sites are highlighted with red circles). (G) O 1s XPS spectra. (H) X-ray absorption near-edge structure (XANES) spectra at the Fe
K-edge. (I) Fourier-transformed extended x-ray absorption fine structure (FT-EXAFS) spectra of the Fe foil, Fe304, FeO, and Fe-N3/NC-1100. (J) R space and (K) k space of

Fe-N3/NC-1100. a.u., arbitrary units.

TEM (HAADEF-STEM). As shown in Fig. 2F, single Fe atoms were
identified by isolated bright dots and marked with red circles. X-ray
photoelectron spectroscop3y (XPS) of Fe 2p can be fitted into two
types peaks for Fe** and Fe’*, suggesting that Fe atoms were bonded
with other atoms with the valence states between +2 and +3 (fig. S4)
(24). Five types of nitrogen atoms were fitted in the N 1s XPS spec-
tra (fig. S5): pyridinic N (398.5 eV), Fe-N, (399.3 eV), pyrrolic N
(400.3 eV), graphitic N (401.2 eV), and oxidized N (404.2 eV). The
O 1s XPS spectra were deconvoluted into three peaks with the binding
energies at 533.6, 532.2, and 530.7 eV (Fig. 2G). The peak at 533.6 eV
was assigned to the C—OH and C—O—OH group, and the peak at
532.2 eV was attributed to the C=0 groups. The large peak at
530.7 eV was assigned to the absorbed oxygen molecules during the
exposure of the Fe-N3/NC-1100 catalyst in the air, suggesting that
Fe-N3/NC-1100 had a strong ability to adsorb O, at room tempera-
ture (22, 25, 26).

X-ray absorption near-edge structure (XANES) and extended x-ray
absorption fine structure (EXAFS) spectroscopy at the Fe K-edge
are performed to verify the electronic structure and coordination
information. The absorption edge energy of Fe-N3/NC-1100 is located
between that of FeO and Fe;Oy, suggesting that the valence state of
Fe-N3/NC-1100 is between +2 (FeO) and +8/3 (Fe;0,) (Fig. 2H). As
shown in the Fourier-transformed (FT)-EXAFS spectra (Fig. 2I),
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Fe—Fe bond at 2.2 A is not observed by comparison with the spectra
of Fe foil, while a primary peak at 1.5 A is present, which is associated
with Fe-N(O) contributions, indicating the formation of the Fe-N,
configuration (27-30). Furthermore, the EXAFS wavelet transform
plot exhibited only one intensity maximum at ~3.5 A" in k space
that was assigned to Fe-N(O) (fig. S6). A least-squares EXAFS curve
fit is performed to achieve the quantitative structural parameters of
Fe in Fe-N3/NC-1100 (Fig. 2, ] and K, and table S3). The coordination
numbers of the single Fe atom were calculated to be 4.8, where the
coordination numbers for the nitrogen and oxygen atoms were 2.7
and 2.1, respectively. Therefore, the atomically dispersed Fe center
is mainly coordinated with three N atoms and two O atoms.
Because of the instability of Fe—O bond at 1100°C (31) and the
presence of adsorbed O, in the O 1s XPS spectra, the Fe—O bonds
should be derived from the axially coordinated O, molecules. O,
temperature-programmed desorption (TPD) profiles of Fe-N3/NC-1100
also showed a strong desorption peak of O, at room temperature
(Fig. 3A), further confirming that the single Fe atoms had the strong
affinity to O,. As far as the coordination of O, molecules, one mod-
el is the only adsorption of one O, molecule via a side-on coordina-
tion mode (fig. S7, A and C), in which the two oxygen atoms in one
O, molecule were simultaneously coordinated to the single Fe atom.
The other model is the adsorption of two O, molecules in the end-on
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Fig. 3. Characterization and DFT calculation of the as-prepared Fe catalysts.
(A) O-TPD profiles of Fe-N3/NC-1100 and Fe-N4/NC-800. (B) 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) spin-trapping electron paramagnetic resonance (EPR) spectrum
of air with Fe catalysts in methanol. The optimized structure of O, adsorption and
activation on (C) Fe-N3/NC-1100 and (D) Fe-N4/NC-800. The projected electron
density of (E) O,/Fe-N3/NC-1100 and (F) O,/Fe-N4/NC-800. (G) The charge variation
of Fe atom upon O; adsorption.

configuration (fig. S7B), where two O, molecules were coordinated
with an Fe-Nj plane from the front and back, respectively. DFT
calculation revealed that the optimal structure of Fe-N3/NC-1100
was present in the enclosed Fe-Nj plane with the single Fe atom
axially coordinated by one O, molecule via a side-on coordination
mode (Fig. 3C and fig. S7A).

Catalyst screening

The catalytic activity of the as-prepared catalysts was first evaluated
by the ammoxidation of benzaldehyde with O, as the aldehydes are
the key intermediates of the oxidative transformation of 1,2-diols,
ketones, and secondary alcohols into nitriles. To our great pleasure,
Fe-N3/NC-1100 demonstrated the super-high catalytic activity at room
temperature under atmospheric oxygen pressure (Table 1, entry 1),
in consistency with the above statements that Fe-N3/NC-1100-bearing
Fe-N; motifs showed a strong affinity to O, at room temperature.
Fe-N3/NC-1000 was also prepared at the pyrolysis temperature of
1000°C. The Fe content in Fe-N3/NC-1000 was higher than that in
Fe-N3/NC-1100 (0.76 wt % versus 0.52 wt %), but 0.54 wt % of Zn
was still present in Fe-N3/NC-1000 (table S1). The activity of Zn
atoms in Fe-N3/NC-1000 could be excluded, as Zn/NC-1000 showed
no activity, which was prepared by the pyrolysis of ZIF-8 at 1000°C
(Table 1, entry 3). XRD patterns (fig. S2), Raman spectra (fig. S3),
Fe 2p and N 1s XPS spectra (figs. S4 and S5), TEM images (fig. S8),
and XANES and EXAFS (fig. S9) of Fe-N3/NC-1000 were almost
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the same as Fe-N3/NC-1100. Therefore, the Fe species in Fe-N3/
NC-1000 should also be present in the single Fe atoms bearing Fe-N;
motifs. Although Fe-N3/NC-1000 had higher Fe weight percentage
than Fe-N3/NC-1100, it delivered lower conversion (Table 1, entry
1 versus entry 2), possibly because of its smaller surface area (627 m*/g
versus 811 m?/g) (fig. S1 and table S1), because the large specific
surface area is more conducive to the adsorption of substrate mole-
cules, and XPS (table S2 and fig. S5) shows that the content of Fe
and Fe-N, on the Fe-N3/NC-1100 surface is higher than content of
Fe and Fe-N,, on the Fe-N3/NC-1000 surface. Besides the high activity,
the single Fe atom catalysts also demonstrated an excellent selectivity
of benzonitrile (>99%) without the formation of benzamide by-product
(32). As expected, no target product was formed under nitrogen at-
mosphere (Table 1, entry 4), which suggested that Fe-N3/NC-1100
could not catalyze the dehydrogenative oxidation of aldimine inter-
mediate (C¢HsCH=NH) into benzonitrile. The oxidation of benzal-
dehyde was not observed in the absence of NH3;-H,O (Table 1, entry 5),
which suggested that the oxidation of benzaldehyde into benzoic
acid was much more difficult than the oxidation of aldimine inter-
mediate (CsHsCH=NH) into benzonitrile, and, thus, the excellent
selectivity could be obtained in our catalytic system.

To further demonstrate the superior activity of Fe-N3/NC-1100,
Fe-N4/NC-800 bearing Fe-N, motifs was also prepared by the py-
rolysis of Fe-coordinated 1,10-phenanthroline complex with the same
procedures as reported in the reference (33). Preliminary character-
izations (figs. S10 and S11) revealed that the Fe species in Fe-Ny4/
NC-800 were also presented as single Fe atoms with a weight per-
centage of 1.0, being close to the reported data (33). However,
Fe-N4/NC-800 showed no activity at room temperature, and it still
delivered much lower conversion at 150°C than that over Fe-N3/
NC-1100 at 25°C (Table 1, entry 1 versus entries 6 and 7). The great
differences in the activation of O, between Fe-N3/NC-1100 and
Fe-N4/NC-800 were further studied by O,-TPD and electron para-
magnetic resonance (EPR) technologies (Fig. 3, A and B) (34). Unlike
Fe-N3/NC-1100 with a strong O, desorption peak at room tempera-
ture, a very weak O, desorption peak around 100°C was only observed
for Fe-N4/NC-800 (Fig. 3A). In addition, no reductive oxygen spe-
cies were detected by EPR technology over Fe-N4/NC-800 at room
temperature, while the strong signal of the reductive oxygen species
was observed over Fe-N3/NC-1100 (Fig. 3B). These results suggested
that Fe-N3/NC-1100 bearing Fe-N3 motifs could more likely be re-
garded as a mimic of the enzymes such as hemoglobin enzyme and
cytochrome P450 (fig. S12) rather than the commonly reported Fe-
N,4/NC-800-bearing Fe-N4 motifs.

Furthermore, DFT calculation was carried out to illustrate the dif-
ference in the catalytic activity between Fe-N4/NC-800 and Fe-Ns/
NC-1100. As shown in Fig. 3 (C and D), the adsorption energy of O,
over Fe-N3/NC-1100 was —2.467 eV, which was much larger than
that over Fe-N4/NC-800 (-1.083 eV), suggesting that the single Fe
atom catalyst bearing Fe-N; motifs demonstrated much stronger
affinity to O, than that bearing Fe-N4 motifs. In addition, the bond
length of O—O after the activation by Fe-N3/NC-1100 was larger
than that by Fe-N,/NC-800 (1.392 A versus 1.351 A). DFT calcula-
tion further revealed that the electron transfer from the Fe center to
activate O, was larger over Fe-N3/NC-1100 than that over Fe-N4/
NC-800 (0.292 eV versus 0.159 eV; Fig. 3, E to G). Both DFT and
characterization data all revealed that Fe-N3/NC-1100 was robust to
adsorb and activate O,. After the activation of O,, the oxidative de-
hydrogenation of the two H atoms (—NH and —CH) in aldimine
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Table 1. Catalyst screening for the ammoxidation of benzaldehyde. *
o

Catalyst T(°Q)

Catalyst
NH;-H,0, O,

G

Time (hours) Con. (%) Sel. (%)

1 Fe-N3/NC-1100 25

13° Se,S,N-CNs-1000 80

>99
>99

>99

*Reaction conditions: Benzaldehyde (0.50 mmol), catalyst (20 mg), NH3-H,0 (26.5 wt %, 200 pl) toluene (1.5 ml), O, (1 bar), 25°C, and 8 hours.
$The reaction was performed in the absence of NH3-H,0.
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performed at 80°C and 10 bars of O,.
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Fig. 4. DFT calculation of the Fe-N3/NC-1100 and Fe-N4/NC-800 catalysts.
(A) The energy profile along the benzonitrile formation route [the oxidative dehy-
drogenation of the two hydrogen atoms (—NH and —CH) in aldimine intermediate
(C¢HsCH=NH) generated benzonitrile] on Fe-N3/NC-1100 (blue line) and Fe-N4/NC-
800 (red line) catalysts. (B) The main structures of benzonitrile formation on Fe-N3/
NC-1100 catalyst.

intermediate (CsHsCH=NH) generated the benzonitrile product. DFT
calculation (Fig. 4) revealed that the oxidative dehydrogenation of
the first H atom from N—H in C¢HsCH=NH was the rate-determining
step. The energy required for this step was 1.086 eV over Fe-N3/
NC-1100, while that was high to 1.771 eV over Fe-N4/NC-800. DFT
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1The reaction
§ The results were reported from (6), which were

calculation also revealed that the ammoxidation of benzaldehyde over
the catalyst with Fe-N3; motifs was much easier than that with Fe-Ny
motifs, in good accordance with the experimental data (Table 1). In
addition, the superior catalytic performance of Fe-N3/NC-1100 to
other homogeneous transition metal catalysts was also compared. At
the room temperature, homogenous Fe complex including ferrocene,
iron(II) phthalocyanine, and FeCl; showed no catalytic activity for
the ammoxidation of benzaldehyde (Table 1, entries 8 to 10). The
reported Cu salts with the ability to activate O, (35, 36) were also
unable to catalyze this transformation at room temperature (Table 1,
entries 11 and 12). Moreover, we also compared the as-prepared
Fe-N3/NC-1100 catalyst with the state-of-the art Se,S,N-tridoped carbon
nanosheets (Se,S,N-CNs-1000) for the same reaction (Table 1, en-
tries 13), which was performed at 80°C and 5 bars of O, (7). The
reaction rate of the Fe-N3/NC-1100 catalyst at room temperature and
atmospheric oxygen pressure (1.8 x 10~ mmol mgcatalysfl hour™)
was much higher than that over Se,S,N-CNs-1000 at 80°C and 5 bars
of O, pressure (1.0 x 10> mmol mgcamlys{l hour™). In addition, the
Fe content (~5 wt %) in Earth for the preparation of the single Fe
atom catalyst was much more abundant than Se (trace) for the
preparation of Se,S,N-CNs-1000. All these results listed in Table 1
demonstrate the unique advantages of the Fe-N3/NC-1100 room tem-
perature activation of O, molecules and the followed ammoxidation
of aldehyde into nitriles.

Oxidative transformation of aldehydes into nitriles at

room temperature

Delighted by the excellent performance of Fe-N3/NC-1100 toward
the oxidative cyanation of benzaldehyde to benzonitrile, the ammoxi-
dation of different kinds of aldehydes into nitriles were also studied.
As shown in Fig. 5, different kinds of aromatic and fused ring aro-
matic aldehydes (S1 to S19), regardless of the electronic properties
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Fig. 5. Substrate scope of the oxidative transformation of aldehydes into nitriles. Reaction conditions A: aldehydes (0.50 mmol), Fe-N3/NC-1100 (20 mg, 0.93 mmol
%), NH3-H,0 (26.5 wt %, 200 ul), toluene (1.5 ml), O, (1 bar), 25°C, and 24 hours. Reaction conditions B: aldehydes (0.50 mmol), Fe-N3/NC-1100 (20 mg, 0.93 mmol %),

NH3-H,0 (26.5 wt %, 200 pl), toluene (1.5 ml), O, (1 bar), 50°C, and 24 hours.

of the substituted groups, were successfully transformed into the corre-
sponding benzonitrile derivates with excellent to quantitative yields
at room temperature and atmospheric oxygen pressure. Substrates
with dialdehyde groups (S8 and S§9) were smoothly transformed into
the dinitriles with yields in 95 to 97%. No steric hindrance was observed
for the substrates with one to three substituted groups due to the
introduction of linear nitrile group, which was very important for
the synthesis of bioactive molecules bearing multiply substituted
groups. For example, 2,6-dichlorobenzonitrile, which severs a key
intermediate for the preparation of a series of highly potential pesticides
and various special kinds of engineering plastics, has been success-
fully synthesized in quantitative yield from the ammoxidation of
2,6-dichlorobenzaldehyde (S10). Cyano-substituted heterocycles are
highly important compounds with a wide application in medical mole-
cules. In general, cyano-substituted heterocycles are synthesized by
cyanation from the corresponding heteroaryl halides (37, 38). To
our great pleasure, the Fe-N3/NC-1100 catalyst was effective for the
synthesis heterocyclic nitriles along with aryl nitriles bearing het-
erocyclic backbones from the corresponding aldehydes (S15 to S19).
Compared with the state-of-the art methods (7), our method was
also effective for the ammoxidation of inert aliphatic aldehydes (S20
to §28), affording the corresponding aliphatic nitriles with high yields
at the low reaction temperature of 50°C. Besides the wide substrate
scope, the Fe-N3/NC-1100 catalyst also showed the advantages with
a good tolerance to many functional groups including halogen,
nitro, thio-ether, sulfone, and vinyl groups. For example, substrates
$2 and $22 with C=C bonds have been selectively oxidized to give
the corresponding nitriles in yields up to 90% without the isomeri-
zation, hydrogenation, and hydration of the C=C bonds.
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Oxidative transformation of 1,2-diols into nitriles

After the success in the ammoxidation of aldehydes into nitriles, the
one-pot oxidative transformation of 1,2-diols into nitriles was in-
vestigated. The reaction conditions were optimized for the model
reaction using R,R-hydrobenzoin as the starting material (tables S4
to S6), which were as follows: toluene as the best solvent, 26.5 wt %
of NH3-H,O (400 pl), 25°C, and 1 bar of O,. Benzaldehyde was the
intermediate, and the ammoxidation of benzaldehyde into benzoni-
trile was the rate-determining step (table S6). As shown in Fig. 6,
Fe-N3/NC-1100 could successfully catalyze the oxidative transformation
of benzylic-benzylic 1,2-diols (529 to S37) into the corresponding
nitriles with high yields (89 to 99%) at room temperature and 1 bar
of O,. The steric configuration of the 1,2-diols (529 and S30) and
the electronic properties and position of the substituted groups in
1,2-diols (S31 to $37) showed no significant influence on the cata-
lytic efficiency. In addition, Fe-N3/NC-1100 was also effective for the
oxidative transformation of heteroaromatic 1,2-diols (S38 and $39)
into the corresponding nitriles. Compared with benzylic-benzylic
1,2-diols, benzylic-aliphatic 1,2-diols and monosubstituted benzylic
1,2-diols (S40 to S46) were much less active, and 120°C was required
for the oxidative transformation of them into the corresponding
nitriles with good yields. In addition, different kinds of aromatic
primary alcohols (547 to S58) were also successfully transformed
into the corresponding nitriles with good yields.

Oxidative transformation of ketones and secondary alcohols
into nitriles

Then, the oxidative cleavage of ketones into nitriles was studied,
which was more challenging than the use of 1,2-diols as the starting
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Fig. 6. Substrate scope of the oxidative transformation of diols and primary alcohol into nitriles. Reaction conditions A: 1,2-diols (0.20 mmol), Fe-N3/NC-1100
(20 mg, 0.93 mmol %), NH3-H,0 (26.5 wt %, 400 pl), toluene (1.5 ml), O, (1 bar), 25°C, and 24 hours. Reaction conditions B: 1,2-diols (0.20 mmol), Fe-N3/NC-1100 (20 mg,
0.93 mmol %), NH3-H,0 (26.5 wt %, 400 pl), toluene (1.5 ml), O, (1 bar), 120°C, and 16 hours. Reaction conditions C: primary alcohols (0.20 mmol), Fe-N3/NC-1100 (20 mg,
0.93 mmol %), NH3-H,0 (26.5 wt %, 400 pl), toluene (1.5 ml), O, (1 bar), 120°C, and 24 hours.

materials, and harsh reaction conditions (150°C and 10 bar of O,)
were required to access nitriles from ketones (tables S7 and S8).
First, different kinds of (het)aryl-methyl ketones (S59 to S82)
were explored for the synthesis of nitriles (Fig. 7). Substrates with
electron-withdrawing substituents (S60 to S68) not only demon-
strated higher activity than those with electron-donating groups (569
to §78) but also gave higher selectivity to nitriles. In all cases, ben-
zamides were detected to be the sole by-products. According to the
following discussion, the oxidative cleavage of aromatic ketones into
nitriles proceeded via benzaldehydes as the intermediates. The
benzamide by-products should be formed by the condensation of
NH;-H,O with benzoic acids, which were formed by further oxidation
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of benzaldehydes. Our results indicated that the electron-donating
groups in benzaldehydes promoted further oxidation of benzaldehydes
into benzoic acids, resulting in the slight decrease in nitrile selectivity.
Furthermore, the efficiency was also affected by the position of the
substituents. Substrates with the p-substituted groups gave higher
selectivity to nitriles than those with o- and m-substituted groups
(S69 versus S70 and S71; S74 versus S75). In addition, Fe-N3/NC-1100
was also robust for the oxidative transformation of fused ring sub-
strates (S78 and S79) and heteroaryl-methyl ketones (S80 and S81)
into the corresponding nitriles with yields >97%. 1,4-Diacetylbenzene
(582) with two methyl ketone groups was successfully converted into
the dinitrile product, showing a great protentional in the synthesis
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Fig. 7. Substrate scope of the oxidative transformation of aryl-methyl ketones, aryl-aliphatic ketones, aliphatic carbonyl compounds, and secondary alcohols into
nitriles. Reaction conditions: substrates (0.20 mmol), Fe-N3/NC-1100 catalyst (20 mg, 0.93 mmol %), NH3-H,0 (26.5 wt %, 400 pl), toluene (1.5 ml), O, (10 bar), and 150°C.

of polymer building blocks. Again, the Fe-N3/NC-1100 catalyst showed
a good tolerance to the functional groups in ketones such as halogen,
nitro, and nitrile groups. Furthermore, Fe-N3/NC-1100 also demon-
strated a high stability during the recycling experiments without the
significant loss of its activity (fig. S13).

Besides aryl-methyl ketones, other kinds of aryl-aliphatic ketones
were also investigated. Using standard conditions, aromatic-alkyl
ketones (S83 to S88) were also successfully transformed into the
corresponding nitriles with high to excellent yields. The carbon chain
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length in the alkyl fragment showed no significant influence on these
transformations with high yields after 10 hours (S83 to S86). How-
ever, substrates with the —CH— groups at the a-position (587 and
$88) proceeded much more slowly because of the larger steric hin-
drance. Again, substrate S83 with the electro-withdrawing substi-
tuted group gave higher nitrile selectivity than the counterpart (S84)
with electro-donating group. In addition, the aryl-aliphatic ketones
with a-CH,— groups connected by ketones and phenol (590) were
also successfully converted into benzonitrile with high to excellent
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yields. In the abovementioned aryl-aliphatic ketones, the aliphatic
fragment was not detected as either aliphatic aldehydes or aliphatic
nitriles by gas chromatography-mass spectrometry (GC-MS), but
CO, was detected in the gas phase (fig. S14). These results suggested
that the aliphatic fragments were fully oxidized into CO, via the
consecutive C(O)—C bond cleavage. To further study the oxidative
process, aryl-aliphatic ketones containing phenyl group in the alkyl
fragments were chosen as the substrates. Substrate 91 gave two dif-
ferent kinds of benzonitriles with excellent yields, and substrate §92
gave double yields of benzonitrile. These results indicated that the
oxidative transformation of aryl-aliphatic ketones proceeded via the
oxidative cleavage of C(O)—C bonds into two kinds of aldehydes.
However, the products from aryl-aliphatic ketones with the phenyl
group in the alkyl fragments depended on the carbon atoms between
the carbonyl group and the phenyl group. Substrate $93 with two
carbon atoms to isolate the carbonyl group and the phenyl group
gave double yields of benzonitrile. However, substrate $94 with three
carbon atoms between the carbonyl group and the phenyl group
gave 110% yield of benzonitrile and 74% yield of 3-phenylpropionitrile.
Similar results were also observed with phenylacetaldehyde (S95) and
3-phenylpropionaldehyde (S96) as the substrates. The above results
indicated that the consecutive cleavage of C(O)—C bonds in aliphatic
aldehydes with the terminal phenyl group became much more diffi-
cult with much more carbon atoms between the aldehyde group and
the phenyl group, and the direct aerobic ammoxidation of the ali-
phatic aldehydes to generate the aliphatic nitriles became the major
reaction route. In addition, Fe-N3/NC-1100 was also effective for the
oxidative transformation of aliphatic ketone (§97) and ketene (598)
into benzonitrile with high yields. Besides the wide scope of carbonyl
compounds, Fe-N3/NC-1100 was also active for the oxidative trans-
formation of secondary alcohols (S99 to S103) into benzonitriles with
excellent yields in one pot, including the first step of oxidation of
secondary alcohols into ketones, and followed by oxidative transfor-
mation of ketones into nitriles.

Plausible reaction mechanism

First, the active sites for the oxidative transformation of 1,2-diols,
ketones, and secondary alcohols into nitriles were explored by con-
trol experiments (tables S9 and 10). The NC-1100 catalyst exhibits
no catalytic activity, indicating that the presence of Fe is critical.
Compared with Fe-N3/NC-1100, the catalytic activity of the Fe-N3/
NC-1100-H" catalyst after acid etching did not decrease, but addition
of KSCN will greatly decrease the catalytic activity of the Fe-N3/
NC-1100-H" catalyst, indicating that the active site for the oxidative
transformation of 1,2-diols, ketones, and secondary alcohols into
nitriles is the Fe-N3 site; because SCN™ can form stable chelate com-
plexes with Fe cations, KSCN would poison the Fe-Nj site (33). Then,
the reactive oxygen species were explored by radical inhibition ex-
periments (table S11). The reaction almost stopped with a radical
scavenger of 2,6-di-tert-butyl-4-methylphenol, revealing that the re-
action was a radical reaction process. The reaction stopped in the
presence of the superoxide (-O,") scavenger of 1,4-benzoquinone,
while no significant influence was observed with singlet oxygen ('O,)
scavenger of furfuryl alcohol and hydroxyl radical (-OH) scavenger
of isopropyl alcohol. There results confirmed that -O,~ was the reac-
tive oxygen species, which was further confirmed by EPR technology
(Fig. 3B). Second, the plausible reaction pathways were unified for
the oxidative transformation of 1,2-diols, secondary alcohols, and
ketones into nitriles over Fe-N3/NC-1100, using 1-phenyl-ethanol,
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1-phenyl-1,2-ethanediol, and acetophenone as the representative
substrates. The direct oxidation of 1-phenyl-ethanol without NH3-H,O
at 150°C gave low amounts of acetophenone and benzaldehyde
within 2 hours (fig. S15), where benzoic acid from the oxidation of
benzaldehyde and its ester were observed after 8 hours (fig. S15).
These results suggested that the oxidative transformation of 1-phenyl-
ethanol into benzonitrile proceeded via the oxidation of 1-phenyl-
ethanol into acetophenone, followed by the oxidative cleavage C—C
bond of acetophenone into benzaldehyde (21) and the final step of
the ammoxidation of benzaldehyde into benzonitrile. To further
identify the potential intermediates of the oxidative cleavage C—C
bond of acetophenone into benzaldehyde, the oxidative transformation
of acetophenone was performed with trace amount of NH3-H,O. In
this case, 2,2-dihydroxy-acetophenone, phenylglyoxylic acid, benz-
aldehyde, benzoic acid, benzamide, and benzonitrile were identified
by GC-MS spectra (fig. S16), in which 2,2-dihydroxy-acetophenone
(7; Fig. 8), phenylglyoxylic acid (8; Fig. 8), and benzaldehyde (9;
Fig. 8) were the intermediates.

According to the above results, the plausible reaction mechanism
is proposed (Fig. 8). O, first adsorbs and then axially coordinates to the
single Fe atom in the Fe-N3/NC-1100 catalyst via a side-on coordi-
nation mode (Fig. 3C). Because of the flexible valence state of Fe?*
and Fe**, the electron transfer from Fe*" to O, generates the reductive
oxygen species (-O,/ Fe®*-N3), and electron transfer from Fe atom to
O, was also confirmed by DFT calculation (Fig. 3, E and G). As far
as the oxidation of 1-phenyl-ethanol (1) into acetophenone (2), the
H* from —OH is transferred to -O, /Fe?*-N; to generate -O—O—H/
Fe’*-N; species and then captures one H™ from C—H bond to generate
acetophenone. Meanwhile, -O—O—H/Fe’"-Nj species combines with
H™ to release H,O,, which was detected using an ultraviolet-visible

Fig. 8. Proposed mechanism of the oxidative cleavage C—C bonds of diols, sec-
ondary alcohols, and ketones into nitriles over the Fe-N3/NC-1100 catalyst.
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spectrophotometer (fig. $17) (39), and the Fe’"-N3 complex is trans-
formed to the initial Fe?*-N3 complex state to start the catalytic cy-
cle or subsequent oxidation reactions.

The oxidative cleavage C—C bond of acetophenone begins with
the oxidation of C—H in acetophenone to give the 2-hydroxy-1-
phenylethanone intermediate (5), but it was not detected by GC-MS,
suggesting that it was the active intermediate. As far as the oxida-
tion of C—H in acetophenone, .0, /Fe*™-N; captures the -H from
C—H in acetophenone to generate H—O—0™—/ Fe**-Nj; species and
CgHsCOC-(H,) intermediate (3). Then, the H—O—O ™ —/Fe**-Nj;
species decomposes into H—O—O- radical and Fe**-Nj species.
The combination of C¢gH5;COC-(H,) with H—O—O- generates the
C¢HsCOC(O-0O-H)(H;) intermediate (4). As shown in Fig. 8, the
intermediate (4) can undergo two pathways to give 2-hydroxy-1-
phenylethanone (5) or phenylglyoxal (6) via the cleavage of O—O
bond in the —C—0O—O—H group (40). However, phenylglyoxal (6) was
not observed by GC-MS, but the hydration product of 2,2-dihydroxy-
acetophenon (7) was detected (fig. S16) possibly because of the much
higher stability of 2,2-dihydroxy-acetophenon (7). Phenylglyoxal (6)
can also be produced from the oxidation of 2-hydroxy-1-phenylethanone
(5). 2,2-Dihydroxy-acetophenon can be produced by the second
oxidation of C—H bond in 2-hydroxy-1-phenylethanone (5) into
C—OH. The further oxidation of phenylglyoxal (6) or 2,2-
dihydroxy-acetophenon (7) generates the important phenylglyoxylic
acid intermediate (8) as detected by GC-MS (fig. S16) (41). Then,
the C—C bond cleavage of phenylglyoxylic acid (8) produces benz-
aldehyde (9) and simultaneously released CO; (42). Last, the am-
moxidation of benzaldehyde produced benzonitrile (11). As far as
the use of 1-phenyl-1,2-ethanediol (15) as the starting materials, the
oxidation of 1-phenyl-1,2-ethanediol into 2-hydroxy-1-phenylethanone
(5) should be the first step, as the hydroxyl group near the phenyl
group was more active than the other hydroxyl group. Then, other
steps were the same as described for the oxidative transformation of
acetophenone. Some of the abovementioned intermediates were sub-
jected to the standard conditions, and they also gave excellent yield
of benzonitrile (fig. S18), which further confirmed that the proposed
mechanism was plausible.

Study of the product selectivity by DFT calculation

Besides the super-high activity of Fe-N3/NC-1100, the other great
advantage of our developed method is the high selectivity to nitriles.
As depicted in Fig. 8, the competitive side reaction is the overoxidation
of benzaldehyde into benzoic acid (13), which further undergoes
the condensation with NHj to generate the benzamide by-product
(14) (41). DFT calculation was further used to probe the two com-
petitive reaction routes (Fig. 9). As far as the oxidation of benzalde-
hyde into benzoic acid, the first step is the addition of one water to
benzaldehyde to generate the geminal diol intermediate (12) (41),
which underwent the consecutive release of two H atoms (—OH
and —CH) with the assistance of -O," to give benzoic acid. On the
similar way, the oxidative dehydrogenation of the two hydrogen at-
oms (—NH and —CH) in aldimine intermediate (CsH;CH=NH)
(10) generated benzonitrile. DFT calculation revealed that the ac-
tive energy for the oxidation of benzaldehyde into benzoic acid was
much higher than that for the oxidation of aldimine intermediate
(CsH5CH=NH) to benzonitrile (2.212 eV versus 1.086 eV). DFT cal-
culation revealed that the oxidation of benzaldehyde into benzoic
acid was much more difficult than the oxidation of benzaldehyde into
benzonitrile; thus, the side reaction could be successfully inhibited
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Fig. 9. DFT calculation of benzonitrile formation and benzoic acid formation.
(A) Comparison of the energy profiles of benzonitrile route [blue line; the oxidative
dehydrogenation of the two hydrogen atoms (—NH and —CH) in aldimine interme-
diate (C¢HsCH=NH) generated benzonitrile (Fig.8, 10 and 11)] and benzoic acid
route [red line; the oxidative dehydrogenation of the two hydrogen atoms (—OH
and —CH) in geminal diol intermediate generated benzoic acid (Fig.8, 12 and 13)].
(B) The main structures of benzoic acid formation on Fe-N3/NC-1100 catalyst.

over Fe-N3/NC-1100. The DFT results were consistent with our ex-
perimental data (Table 1), which had been discussed above.

Practical applications in the synthesis of a single product
from mixed substrates and the bioactive molecules

Last, the practical application of our developed method was studied.
One of the most important applications in the chemical industry
was to get the single product from a crude mixture of aromatic ketones
derived from fossil fuels and biomass. For example, a mixture of
aromatic-alkyl ketones was successfully converted into a single prod-
uct of benzonitrile with a high yield of 82% (fig. S19A). Second, the
developed catalytic system can also be applied for the synthesis of
bioactive molecules. Bioactive molecules such as tocopherol (sub-
strate $104) were worked well over the developed method, afford-
ing the corresponding nitriles with isolated yields of 66% at 150°C
after 36 hours (fig. S19B).

Practical applications in the large-scale preparation
of catalyst and the products
The practical application of a developed catalytic method requires
the facile preparation of the catalyst and the products in large scale.
The procedure of the catalyst preparation is very simple, and the
single Fe atom catalyst can be prepared in a large scale of 5.12 g
(table S12). The catalytic activity of Fe-N3/NC-1100 remained sta-
ble with different scales from 160 mg to 5.12 g by the test of several
representative substrates including aldehydes and ketones (table S13).
With the facile and large-scale preparation of the catalyst in a
large scale, the large-scale synthesis of the nitrile products was also
performed. As shown in table S14, some representative substrates in-
cluding 2-naphthaldehyde, 2,6-dichlorobenzaldehyde, mesitaldehyde,
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1,4-phthalaldehyde, 6-nitrobenzo[d][1,3]dioxole-5-carbaldehyde, and
4-chlorobenzaldehyde were also performed with the loading of 2 g.
To our great pleasure, the corresponding products of 2-naphthonitrile,
2,6-dichlorobenzonitrile, mesitonitrile, 1,4-dicyanobenzene, 6-nitrobenzo
[d][1,3]dioxole-5-carbonitrile, and 4-chlorobenzonitrile were obtained
in the isolated yields from 83 to 95%. Furthermore, the catalytic ac-
tivity did not decrease after five large-scale cycle experiments (table
S§15), and the structure of Fe-N3/NC-1100 after five large-scale cycle
experiments also did not change (figs. $20 and S21), indicating that
Fe-N3/NC-1100 exhibits high stability.

DISCUSSION

In conclusion, we have developed a method for the aerobic oxida-
tive cleavage of 1,2-diols, secondary alcohols, and ketones into nitriles
over the FeN3-SAC catalyst bearing FeN3 motifs, easily prepared
from the simple pyrolysis method. Compared with the FeN4-SAC
bearing Fe-N, motifs, FeN3-SAC was robust toward the activation of
O, to generate the superoxide species (-O, ") at room temperature.
FeN3-SAC successfully promoted the oxidative transformation of a
broad range of the substrates including 1,2-diols, secondary alcohols,
and ketones into nitriles with yields in 72 to 99% via C—C bond
cleavage strategy. DFT calculation reveals that the activation energy
of O, activation and the activation energy of the rate-determining
step of nitrile formation are lower over FeN3;-SAC than FeNy-
SAC. The side reaction of the overoxidation of aldehydes into car-
boxvylic acids was successfully inhibited because of its much higher
activation energy over FeN3;-SAC. The absence of precious metals,
toxic solvents, and reagents and the use of O, and NHj as the oxi-
dant and the nitrogen source with H,O as the only by-product make
this catalyst more appealing for the synthesis of nitriles by the oxi-
dative cleavage of 1,2-diols, secondary alcohols, and ketones than
any previously reported systems.

MATERIALS AND METHODS

Materials

All of the chemicals including the starting materials for the catalyst
preparation and the chemical reactions were purchased from Aladdin
Ltd. (Shanghai, China). All the solvents were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). All chemicals used in this
study were analytical grade and used without further purification.

Preparation of Fe-N3/NC-1100 and Fe-N3/NC-1100-H*
Ferrocene (7 mg) and ZIF-8 (500 mg) were placed on the front and
rear ends of a corundum boat with a cover, respectively. The corun-
dum boat was placed in the center of a tube furnace, and then the
tube furnace was heated from room temperature to 1100°C with a
ramp rate of 5°C/min under the flow of nitrogen and then held at
1100°C for 2 hours. After cooling to room temperature under nitro-
gen atmosphere, the nitrogen-coordinated single Fe atom catalyst
was obtained with a mass of 160 mg. According the characteriza-
tion, the as-prepared catalyst represents the single Fe atom catalyst,
in which each Fe atom is coordinated with three nitrogen atoms.
Thus, the as-prepared catalyst is labeled as Fe-N3/NC-1100. Then,
the obtained Fe-N3/NC-1100 was stirred with 50 ml of 2 M HNO;
solution at 60°C for 24 hours. The recovered solid was washed with
water until the filtrate became neutral and then dried at 60°C for
12 hours. The resultant sample is labeled as Fe-N3;/NC-1100-H".
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Preparation of Zn/NC-1000 and NC-1100

ZIF-8 (500 mg) was placed on a corundum boat with a cover. The
corundum boat was placed in the center of a tube furnace, and then
the tube furnace was heated from room temperature to 1000°C with
a ramp rate of 5°C/min under the flow of nitrogen and then held at
1000°C for 2 hours. After cooling to room temperature under nitrogen
atmosphere, the Zn/NC-1000 was obtained with mass of 150 mg.
The preparation of NC-1100 is the same as that of Zn/NC-1000 ex-
cept that the calcination temperature is changed to 1100°C.

Preparation of Fe-N;/NC-800

A mixture of Fe(OAc); (0.5 mmol, 106 mg) and 1,10-phenanthroline
monohydrate (1.5 mmol, 330 mg) was added to 50 ml of ethanol and
sonicated for 10 min, followed by addition of 3.16 g of MgO-nano
and sonicated for another 10 min. Then, the mixture was stirred
under reflux at 60°C overnight. After ethanol was removed by rota-
ry evaporation, the remaining solid was dried at 60°C for 12 hours
and then transferred to a quartz boat in the oven and fluxed with N,
for 30 min. The oven was then heated to 800°C in nitrogen atmo-
sphere at a ramp of 2°C/min and was held at 800°C for 2 hours. The
obtained black solid was stirred with 100 ml of 1 M HNOj solution
at room temperature for 2 hours, and this leaching procedure was
repeated three times to remove the MgO support. The recovered
solid was washed with water until the filtrate became neutral and
then dried at 60°C for 12 hours. The resultant sample is labeled as
Fe-N4/NC-800.

Characterization

The BET surface area, pore volume, pore size distribution, and
average pore diameter of catalysts were characterized by nitro-
gen adsorption/desorption analysis at 77 K on a Quantachrome
Quadrasorb SI instrument. Before the measurements, the samples
were degassed at 150°C for 4 hours. TEM images were acquired on
a Hitachi S-4800 SEM operated at 15 kV. The sample was first dis-
persed in ethanol and dropped onto copper grids for observation.
Raman spectra were obtained in a Thermo Fisher Scientific DXR2
xi spectrometer with an excitation wavelength at 532 nm. Powder
XRD studies were conducted on a Bruker advanced D8 diffractometer
with a Cu Ka source at 40 kV and 20 mA. The morphology and sizes
of the samples were studied by HRTEM (JEM-2100 from JEOL).
XPS measurements were performed on a Thermo Fisher Scientific
ESCALAB Xi+ system equipped with a hemispherical analyzer and
using a monochromatic Al Ko radiation source. The iron content in
the catalyst was determined by ICP-AES on an Agilent 720ES instru-
ment. XANES and EXAFS data reduction and analysis were pro-
cessed by the Athena software. The O,-TPD measurements were
performed using a MicroActive for AutoChem II 2920 Version with
a flowing 5% O,/He stream (50 ml min™!) at -50°C. EPR measure-
ments were performed at room temperature on a Bruker Benchtop
EMX Nano EPR spectrometer.

General procedures

In a typical procedure, the substrate (0.20 mmol), Fe-N3/NC-1100
[20 mg, 0.93 millimole % (mmol %)], and toluene (1.5 ml) were charged
into a 4-ml high-pressure stainless steel reactor (Xi’an Taikang Bio-
technology Co., Itd, China). The air in the autoclave was removed by
the flush of oxygen gas, and then the autoclave was equipped with
the oxygen balloon or charged with 10 bar of O,. The reaction was
performed at room temperature or the setting temperature with a
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magnetic stirring at 800 RPM. After the reaction, ethyl benzene was
added into the reaction mixture as the internal standard, and the mix-
ture was analyzed by GC. The products were confirmed by GC-MS
(Thermo Trace 1300 GC-ISQ) and nuclear magnetic resonance (NMR)
technologies.

To isolate these products, the reaction mixture was first concen-
trated under reduced pressure and then purified by silica gel chro-
matography eluting using hexane and dichloromethane (hexane/ethyl
acetate = 4/1) as the eluent. The structures of the purified products
were characterized by 'H and *C NMR.

Analytic methods

Products analysis was performed on an Agilent 7890A GC instru-
ment with a cross-linked capillary HP-5 column (30 m by 0.32 mm by
0.4 mm), which was equipped with a flame ionization detector. N, was
used as the carrier gas with a flow rate of 40 ml min™". Standard anal-
ysis conditions were described as follows: injector temperature of
300°C, detector temperature of 300°C, and column temperature pro-
gram from 50°C (hold for 1.5 min) to 300°C (hold for 3 min) at a heat-
ing rate of 10°C min". The content of each compound was determined
on the basis of the internal standard. The structures of products were
identified by NMR technology (Bruker TCI IIITM 400 MHz).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add1267
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