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single-atom sites unlocked ligand-to-metal charge transfer processABSTRACT: The  outer-sphere  single-electron  transfer  (SET)  is

the main pathway for activating substrates during semiconductor
photocatalysis,  which  is  limited  by  energy  band  structure  and
excited-state  lifetime.  Under  light  irradiation,  the  inner-sphere
ligand-to-metal  charge  transfer  (LMCT)  from  substrate  to  metal
species  can  break  through  the  above  limitations  and  be
complementary  to  the  SET  process.  However,  this  LMCT
activation  mode  has  rarely  been  involved  in  heterogeneous
semiconductor  photocatalysis.  Herein,  we  build  Fe-N2  single
atom  sites  on  carbon  nitride  (Fe-N2/CN)  and  achieve  the
photocatalytic decarboxylative Giese reaction via radical–radical
cross-coupling  (up  to  99% yields).  This  Fe-N2/CN photocatalyst
has both LMCT and SET activity, which could activate carboxylic
acids  and  electron-deficient  alkenes  simultaneously.  The  carboxylic  acid  could  coordinate  with  Fe  sites  and  convert  into
alkyl radical via photo-induced LMCT decarboxylation pathway. Meanwhile, the electron-deficient olefins could be activated
to  radical  anion  through  single-electron  reduction  by  electrons  in  the  conduction  band  of  carbon  nitride.  Combining  the
LMCT  and  SET  strategy  opens  a  new  avenue  for  the  design  of  semiconductor  catalysts,  expanding  the  scope  of
photocatalytic redox reactions.
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 1    Introduction
Photocatalysis,  recognized  as  a  sustainable  and  green  method  for
organic  synthesis,  offers  novel  opportunity  different  from
conventional  ground-state  catalysis  [1−7].  The  out-sphere  single-
electron  transfer  (SET)  between  photoexcited  catalysts  and
substrates  serves  as  the  dominant  mechanism  for  photocatalytic
redox  reactions  in  heterogeneous  semiconductor  catalysis
(left  of Fig.  1(a))  [8−10].  The  efficiency  of  this  process  is  largely
governed by the energy band structure and excited-state lifetime of
the  photocatalyst,  both  of  which  have  been  extensively

investigated [11−13]. The reactions are hard to take place when the
redox  potential  of  substrates  are  beyond  that  of  photocatalysts.
Recently,  a  photo-induced  inner-sphere  electron  transfer  process
from  ligand  centered  orbital  to  metal  centered  orbital  has  been
proposed  in  homogeneous  photocatalysis  (right  of Fig.  1(a))
[14−17].  This  ligand-to-metal  charge  transfer  (LMCT)  pathway
could break limitations of redox potential and excited-state lifetime,
complementing  with  the  SET  process.  In  the  LMCT,  the  type  of
metal center and ligand effect determine the catalytic performance.

Carboxylic  acid  groups  are  one  of  the  most  ubiquitous
functionalities  in  organic  molecules,  affording  the  advantage  of
commercial  availability  [18].  Decarboxylative  Giese  reactions
represent a powerful strategy for constructing C(sp3)–C(sp3) bonds
[19].  Due  to  the  rapid  addition  rate  of  C-centered  radicals  to
electron-deficient  alkenes,  which  can  reach  up  to  106  M−1·s-1 [20],
Giese  reactions  exhibit  excellent  functional  group  compatibility.
Moreover,  decarboxylative  Giese  reactions  offer  distinct  site
selectivity,  making them an important  protocol  in  the synthesis  of
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natural  products  and  pharmaceuticals  [21].  The  unique  redox
activity  of  photochemistry  provides  a  mild  and green pathway for
decarboxylation.  Under  photocatalysis,  the  direct  oxidation  of
carboxylic acids or reduction of carboxylic acid derivatives, such as
redox-active  esters,  enables  the  generation  of  the  corresponding
alkyl radicals for functionalization reactions [22−24]. However, the
high oxidation potential of alkyl carboxylic acids poses challenges in
terms of functional group tolerance. On the other hand, the use of
carboxylic  acid  derivatives  reduces  both  atom  economy  and  step
economy.  Over  the  past  decade,  the  LMCT  process  has  provided
another feasible route for direct decarboxylation of carboxylic acids,
which can overcome redox potential  limitation of substrates.  After
carboxylic  groups  coordinate  with  metal  species,  the  homolytic
cleavage of the M–O bond occurs under photoexcitation, releasing
carboxyl  radicals  and  then  achieving  decarboxylation  (Fig.  1(b)).
Ce(IV)  [25, 26],  Cu(II)  [27, 28]  and  Fe(III)  [29−35]  have  been
demonstrated  to  catalyze  the  LMCT  process  in  decarboxylative
functionalization.

Among  them,  Fe  is  abundant  in  the  earth’s  crust  and
characterized by low toxicity  and inexpensive.  In previous reports,
the  Fe-catalyzed  LMCT  processes  were  significantly  influenced  by
ligand effects.  With the addition of homogeneous nitrogen ligands
such as pyridine [32],  bipyridine [30],  and diethylenetriamine [29]
enhancing  catalytic  performance  (Fig.  1(c)).  However,
homogeneous  ligands  are  hard  to  recovery  and  reuse,  and  also
complicate product separation and purification.

In  single-atom  site  catalysts  (SASCs),  the  isolated  metal  active
sites  with quasi-homogeneous coordination environment could be
constructed  on  the  surface  of  heterogeneous  support  [36−39]
Combining  single-atom  catalysis  with  LMCT  process,  the  light-
induced  decarboxylative  functionalization  might  be  realized  in
heterogeneous  catalytic  system.  However,  thus  far,  the  photo-
induced LMCT mechanism has rarely been involved in single-atom
catalysis.  Inspired  by  the  coordination  environment  of
homogeneous Fe catalysts, we have built the Fe-N2 single-atom sites
on  carbon  nitride  (Fe-N2/CN),  which  could  catalyze  the
decarboxylative  Giese  reactions  via  radical–radical  cross-coupling
(Fig.  1(d)).  Apart  from  the  Fe-N2/CN  and  solvent,  this  reaction
achieves  excellent  yields  (up  to  99%)  without  any  additives,
outperforming other homogeneous Fe complexes. The Fe-N2 single-

atom sites  are  the key to  catalyze  the LMCT process,  which could
achieve  the  decarboxylation  of  alkyl  acids  to  C-centered  radicals.
Moreover,  the  carbon  nitride  (g-C3N4)  could  also  be  excited  by
light,  promoting  the  oxidation  from  Fe(II)  back  to  Fe(III)  and
reduction  activation  of  electron-deficient  olefins  to  corresponding
radical anion. Hence, this SASC has both LMCT and SET activity.
We  believe  that  the  structural  design  and  catalytic  mechanism  of
SASCs  could  be  inspired  by  molecular  catalysts,  expanding  the
application scenarios of heterogeneous photocatalysts.

 2    Experimental

 2.1    Materials
The  urea,  iron(III)  acetylacetonate,  dichloromethane,  alkyl
carboxylic  acids,  and  olefins  were  purchased  from  Shanghai
Aladdin  Biochemical  Technology  Co.,  Ltd.  (China),  Bide
Pharmatech Ltd.  (China),  or  J&K Scientific  Co.,  Ltd.  (China).  The
light-emitting  diode  (LED)  reactors  were  purchased  from  Wuhan
Shangjiukeji  Co.,  Ltd.  (China).  All  reagents  were  used  directly
without purification.

 2.2    Catalyst preparation
The preparation process of g-C3N4: 40 g urea was put into crucible
and then  the  crucible  was  moved into  a  Muffle  furnace.  The  urea
was heated to 550 °C at a heating rate of 0.5 °C/min, held for 2 h.
After  cooling  down  to  room  temperature,  carbon  nitride  was
obtained as light-yellow solid powder.

The  preparation  process  of  Fe-N2/CN:  Firstly,  400  mg  carbon
nitride  and  100.9  mg  Fe(acac)3 were  added  in  20  mL  CH2Cl2 and
the mixture was stirred vigorously for 5 h. And then, the precursor
solution was transferred to a 250 mL beaker and placed in a fume
hood  to  completely  volatilize  CH2Cl2.  The  solid  mixture  and
100  mL  deionized  water  was  added  into  a  photo  reactor  and
irradiated  with  a  xenon  lamp  for  5  h.  Finally,  through  filtration,
washing  and  drying,  the  single-atom  Fe-N2/CN  photocatalyst  was
obtained.

 2.3    Photocatalytic decarboxylative Giese reactions
The  cyclohexanecarboxylic  acid  (1a,  0.4  mmol,  2.0  equiv.),

 

Figure 1    (a) Outer-sphere SET process in photocatalytic decarboxylation. (b) Light-induced inner-sphere LMCT process via Fe(III) catalysis. (c) The promotion effect of
homogeneous  ligands  in  Fe-catalyzed  decarboxylative  functionalization.  FG,  functional  group.  w/,  with.  w/o,  without.  (d)  This  work:  Heterogeneous  Fe-N2 sites  to
promote LMCT in photocatalytic decarboxylative Giese reactions.
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benzylidenemalononitrile (2a, 0.2 mmol, 1.0 equiv.) and Fe-N2/CN
photocatalyst  (10  mg)  were  added  into  a  Schlenk  tube.  And  then
the  tube  was  charged  with  nitrogen  gas.  Finally,  toluene  (1.5  mL)
was  added.  The  reaction  mixture  was  stirred  and  irradiated  by  a
commercially available single wavelength ultraviolet LED (365 nm)
for 48 h. After quenching by ethyl acetate (5 mL), the photocatalyst
was extracted and filtered to achieve solid–liquid separation.

The aqueous phase was extracted with ethyl acetate (3 × 15 mL)
and  the  combined  organic  layers  were  dried  over  Na2SO4 and
filtered. The filtrate was concentrated in vacuo and purified by flash
column chromatography eluting with petroleum ether/ethyl acetate
(EtOAc) to obtain desired product.

The  detailed  performance  of  catalysts  and  experiment
procedures are described in the Electronic Supplementary Material
(ESM).

 3    Result and discussion

 3.1    Characterization of Fe-N2/CN
The  design  and  construction  of  single-atom  photocatalyst  are

mainly  based  on  the  coordination  anchoring  of  Fe  atoms  by  the
lone  pair  electrons  of  abundant  N  atoms  in  the  carbon  nitride
skeleton  (Fig.  2(a)).  The  ligand  exchange  reaction  could  be
promoted  by  light  irradiation,  which  is  called  the  photo-induced
ligand  exchange  (PILE)  strategy  [40].  The  inductively  coupled
plasma-emission  spectrometry  (ICP-OES)  results  showed  that  the
loading amount of Fe was 2.2 wt.% (Table S1 in the ESM). Energy-
dispersive  X-ray  spectroscopy  (EDX)  elemental  mappings
(Fig.  2(b))  exhibited  that  the  Fe  element  was  homogeneously
dispersed  on  the  g-C3N4 (Fig.  2(d)).  The  individual  bright  dots
could  be  detected  by  the  aberration-corrected  high-angle  annular
dark-field scanning transmission electron microscopy (AC HAADF-
STEM) (Fig. 2(c)). This indicated that at the microscopic level, the
Fe  species  did  not  undergo  agglomeration  but  rather  remained
atomically  dispersed.  Synchrotron  X-ray  absorption  spectroscopy
(XAS)  results  confirmed  the  valence  state  and  coordination
environment of Fe species. In the Fe K-edge X-ray absorption near-
edge  structure  (XANES)  spectra,  the  pre-edge  of  Fe-N2/CN
indicated the oxidation state of iron in Fe-N2/CN may lie between
+2  and  +3.  Hence,  this  catalyst  contained  both  Fe(II)  and  Fe(III)
(Fig.  2(d)).  In R-space of  extended X-ray absorption fine structure

 

Figure 2    Design and characterization of  the Fe-N2/CN. (a)  Design of  the Fe-N2/CN via PILE strategy.  (b) Transmission electron microscopy (TEM) image and EDX
elemental mappings. (c) AC HAADF-STEM image. (d) The XANES and (e) Fourier transform (FT)-EXAFS spectra. (f) The wavelet transforms for EXAFS.
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(EXAFS)  spectra,  the  first  coordination  shell  of  Fe–N  could  be
detected, without Fe–Fe coordination peaks (Fig. 2(e)). The EXAFS
fitting results indicated that the coordination number was 2, which
imply the existence of Fe-N2 sites (Table S2 in the ESM). The X-ray
photoelectron  spectroscopy  (XPS)  spectrum  of  Fe  2p  (at  711  eV
and  724  eV)  indicated  the  existence  of  both  Fe(III)  and  Fe  (II)
species (Fig. S3 in the ESM), which was consistent with XAS results.
Figure 2(f) shows the intensity maximum of wavelet transforms in
different  Fe  species.  The  4.4  Å−1 in  Fe-N2/CN  could  be  caused  by
Fe–N bonds. The feature peaks at 2θ = 27.6° (002) and 12.8° (210)
were  detected  by  X-ray  diffraction  (XRD)  analysis  both  in  Fe-
N2/CN  and  g-C3N4 (Fig.  S4  in  the  ESM).  Using  the
ultraviolet–visible  (UV−vis)  spectra  (Fig.  S5  in  the  ESM)  and
valence  band  XPS  spectra  (Fig.  S6  in  the  ESM),  the  energy  band
structure of Fe-N2/CN has been clarified, which was as same as that
of g-C3N4. These results indicated that the introduction of Fe single-
atom  sites  did  not  change  the  skeleton  of  g-C3N4.  In  transient
photocurrent  tests  (Fig.  S7  in  the  ESM),  the  Fe-N2/CN  showed  a
higher  photocurrent  density  (10  μA·cm−2)  under  light  irradiation,
implying  that  Fe  single-atom  sites  could  promote  the  carrier
migration.

 3.2    Fe-N2/CN catalyzed decarboxylative Giese reactions
After  clarifying  the  structure  of  Fe-N2/CN,  it  has  been  used  to
realize  the  decarboxylative  Giese  reactions  between
cyclohexanecarboxylic  acid  (1a)  and  2-benzylidenemalononitrile
(2a) under irradiation of 365 nm LEDs (Fig. 3). Under the standard
conditions,  only the Fe-N2/CN catalyst  and solvent were necessary
besides  substrates,  and  the  Giese  radical  addition  product  (3aa)
could  be  obtained  with  99%  yield.  Through  the  control
experiments,  the  light  irradiation  was  necessary.  When  using  g-
C3N4 instead of Fe-N2/CN, the yield would decrease to 4%, implying

that  only  through  the  SET  process  it  is  hard  to  activate  the  alkyl
acid. Using homogeneous FeCl3 as the catalyst instead of Fe-N2/CN,
the  yield  would  reduce  significantly  to  21%.  And  then,  we  added
four kinds of homogeneous ligand with 2–4 ligating N atoms into
reaction systems with FeCl3, respectively. The bipyridine yielded the
optimal  results  (FeCl3+L1,  62%  yield).  This  indicates  that  Fe–N2

coordination  might  be  the  most  favorable  for  LMCT,  which  was
consistent  with  single-atom catalysis.  And we  measured  the  initial
reaction rate and obtained that the apparent quantum yield (AQY)
was 0.66% (Fig. S13 in the ESM).

Subsequently,  we  conducted  cycling  experiments  and  observed
that the initial reaction rate decreased significantly in the third cycle
(Fig.  S14 in the ESM). Through ICP-OES analysis,  we determined
that the decline in yield was due to Fe leaching. Hence, we used the
PILE  strategy  again  for  reloading  Fe  onto  the  recycled  catalyst,
which  restored  its  catalytic  activity.  Therefore,  for  Fe-N2/CN,  only
the ligand (carbon nitride) is recyclable and reusable.

 3.3    Mechanism investigations
At  first,  the  light  on/off  tests  indicated  that  the  continuous
illumination  was  necessary,  excluding  the  radical  chain  reaction
(Fig.  4(a)).  Through  Stern–Volmer  experiments,  the  electron
transfer  pathway  between  excited-state  Fe-N2/CN  and  substrates
has  been  proved  (Fig.  4(b)).  The  excited-state  Fe-N2/CN  could  be
quenched by both Fe(II) and 2a, but could not be quenched by 1a.
These results implied that Fe(II) could be oxidized to Fe(III) by the
hole  of  g-C3N4,  and  the  photogenerated  electron  could  reduce 2a.
Notably,  there  was  no  direct  electron  transfer  between 1a and
excited-state g-C3N4.  It  indicated that the hole of g-C3N4 could not
oxidize 1a and  realize  the  decarboxylation.  Through  the  electron
paramagnetic resonance (EPR) spin-trapping test with 5,5-dimethyl-
1-pyrroline-N-oxide  (DMPO),  the  radical  intermediate  could  be

 

Figure 3    Fe-N2/CN catalyzed decarboxylative Giese reactions and control experiments. Standard conditions: 1a (2 equiv., 0.4 mmol), 2a (1 equiv., 0.2 mmol), Fe-N2/CN
(10 mg), toluene (1.5 mL), rt, N2, 48 h, 365 nm LEDs. 5 mol% Fe salts and ligands were used for comparation with single-atom catalytic systems.
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trapped and detected.  When only 2a was added without 1a under
standard  reaction  conditions,  a  carbon-centered  radical  could  be
captured by DMPO (AN = 14.02 G, and AH = 19.62 G), implying the
radical anion of 2a. And the oxidative product of DMPO showed a
triplet  peak  (Fig.  4(c)).  Further  control  experiments  revealed  that
the  addition  of  hole  (TEA)  or  electron  sacrificial  agents  (AgNO3)
markedly  inhibited  the  reaction  (Table  S3  in  the  ESM).  This
indicated  that  both  the  oxidation  by  holes  and  the  reduction  by
photogenerated electrons were essential in the reaction process. The
radical inhibitors, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl or (2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl  (TEMPO)  and  butylated
hydroxytoluene  (BHT),  could  completely  suppress  the  reaction
(Table  S3  in  the  ESM).  These  results  indicated  that  the  radical
should  be  the  key  intermediate.  And  the  radical/radical  cross-
coupling  product  between  benzyl  radical  and  TEMPO  could  be
obtained with 90% isolated yield (Fig. 4(d)). If using g-C3N4 instead
of Fe-N2/CN, the benzyl radical could not be trapped. This implied
that the Fe sites were the key for the decarboxylation.

To  sum up,  the  proposed  mechanism is  shown in Fig.  4(e).  At
first,  Fe(II)  could  be  oxidized  to  Fe(III)  by  the  hole  of  carbon
nitride. After the carboxyl group coordinates with Fe(III), the Fe–O
bond  homolysis  was  promoted  by  light  irradiation  to  produce
corresponding  O-centered  radical  and  Fe(II).  Through  the
decarboxylation, the corresponding alkyl radical could be obtained.
Meanwhile, the photogenerated electron could reduce 2a to radical
anion. In this way, the electron-deficient olefins could be activated.
Through  the  radical/radical  cross-coupling  between  alkyl  radical
and radical anion, the new C–C bond could be formed. The LMCT
and SET catalytic cycles could be merged and operate smoothly in
this Fe-N2/CN catalytic system.

 3.4    Substrate scope
Under optimal conditions, we have explored the substrate scope of

decarboxylative Giese reactions (Fig. 5). Secondary cyclic carboxylic
acids could afford the corresponding products in moderate to good
yields  (3aa, 3ba, 3ca).  For  2,3-dihydro-1H-indene-1-carboxylic
acid, the yield would decrease to 43% (3da). We proposed that the
conjugated  effect  reduced  the  delocalization  index  of  C-centered
radical,  making  it  less  prone  to  undergo  radical  addition  with  the
alkene.  Tertiary cyclic  carboxylic  acids show good yields (3ea, 3fa,
3ga), and the cyclopropyl group could be reserved (3ga). The chain
tertiary  carboxylic  acid  (3ha)  affords  a  moderate  yield.  The
phenylacetic  acid  derivatives  (3ia, 3ja)  have  good  compatibility,
including  ibuprofen  with  a  99%  yield  (3ka).  The  presence  of
electron-donating  groups  on  the  benzene  ring  could  increase  the
electron density, resulting in a significant improvement in yield. For
chain  primary  carboxylic  acids,  the  corresponding  products  could
not be detected (Fig. S13 in the ESM). We proposed that the radical
stability  was  the  key  for  obtaining  good  yield.  Primary  carbon
radicals  generally  exhibited  low  stability.  When  olefins  become
relatively  electron-rich,  the  yields  will  decrease  accordingly  (3ib,
3ic).  Through  Stern–Volmer  experiments,  the  styrene  exhibited
negligible  quenching of  the  excited-state  carbon nitride,  indicating
that electrons in the conduction band cannot reduce styrene to the
radical anion (Fig. S15 in the ESM). These results suggested that the
single-electron  reduction  of  the  alkene  was  crucial  for  promoting
the Giese reaction in this system. Hence, only the electron-deficient
olefins  can  obtain  corresponding  products.  Moreover,  the  C–N
bond  could  form  through  the  similar  decarboxylative  Giese
reactions (3id).

 4    Conclusions
In  summary,  we  have  built  Fe-N2 single-atom  sites  on  carbon
nitride via the photo-induced ligand exchange strategy. Under light
irradiation, the ligand-to-metal electron transfer could achieve from

 

Figure 4    Mechanism investigation of decarboxylative Giese reactions. (a) Time profiles of decarboxylative Giese reaction with and without light. (b) Fe-N2/CN emission
quenching with 1a, 2a,  and ferrocene.  (c)  EPR analysis  with DMPO and fitting results.  Conditions: 2a (1 equiv.,  0.2 mmol),  Fe-N2/CN (10 mg),  DMPO (1 equiv.,  0.2
mmol), toluene (1.5 mL), rt, N2, 1 h, 365 nm LEDs. C-centered radical: AN = 14.02 G, AH = 19.62 G. Oxidative product of DMPO: AN = 15.22 G. (d) TEMPO trapping
experiments.  Conditions: 3i (1  equiv.,  0.2  mmol),  TEMPO,  2,2,6,6-tetramethyl-1-piperidinyloxy  (2.5  equiv.,  0.5  mmol),  photocatalyst  (10  mg,  Fe-N2-CN  or  g-C3N4),
toluene (1.5 mL), rt, N2, 48 h, 365 nm LEDs. (e) Proposed mechanism.
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carboxylic  acid  to  Fe-N2 sites,  and  the  decarboxylative  Giese
reaction  can  be  realized  smoothly.  Notably,  by  constructing  a
similar  coordination  structure  of  homogeneous  metal  complexes,
the  single-atom  sites  may  exhibit  analogous  structure–activity
relationships. It implies that single-atom catalysts might bridge the
homo- and  heterogeneous  catalytic  system  and  offers  a  new
opportunity to achieve organic transformations.

 Electronic  Supplementary  Material: Supplementary  material
(including  the  experimental  procedure,  characterization  data,  and
copies of 1H and 13C spectra) is available in the online version of this
article at https://doi.org/10.26599/NR.2026.94908469.
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