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Photocatalysts
 Yusen Qiao, Thibault Cheisson, Brian C. Manor, Patrick J. Carroll, and Eric J. Schelter* 

A structural modification strategy to improve the photocatalytic 
performance of a series of cerium(III) bis(guanidinate) 
mono(amide) molecular luminophores was demonstrated. 
Reducing the steric bulkiness of the amide ligand gave rise to two 
categories of complexes with distinct photophysical and 
photochemical properties. A structural parameter, the amide cone 
angle (θ), was applied to differentiate the two categories. 
Complexes with smaller cone angles (θ < 156°, category B) exhibited 
more reducing potentials and faster electron-transfer rates than 
those of complexes with larger cone angles (θ > 173°, category A).  
And only complexes in the category B could achieve the 
photocatalytic phenylation of an aryl bromide. These results 
demonstrated that reducing the steric bulkiness of the amide ligand 
improved the performance of cerium(III) bis(guanidinate) 
mono(amide) photocatalysts in a synthetic manner.

Significant research efforts have been devoted to the 
development of efficient and practical photocatalysis.1, 2 
Investigations of transition-metal photocatalysts, such as Ru- 
and Ir-based polypyridyl complexes, have been crucial to recent 
advancements in photoredox catalysis (Fig. 1).1, 2 These 
photocatalysts can generate reactive intermediates from a 
variety of organic substrates, from their ability to absorb visible 
light and initiate electron- or energy transfer reactions from 
reactive excited states. The excited-state redox properties of 
these catalysts are tuned by ligand modifications.3, 4 For 
example, adding electron-withdrawing substituents, such as 
fluoride or trifluoromethyl groups, to the phenylpyridine 
ligands in Ir(III) photocatalysts increase the Ir3+/4+ oxidation 
potential.3 Such ligand modifications generate stronger iridium 
photooxidants with better catalytic efficiencies.2
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Fig. 1 Common approaches and our approach to tailor photocatalysts.

Recently, there has been a motivation to develop earth-
abundant metal and organic photocatalysts as complimentary 
reactive species to Ru/Ir photocatalysts, in an effort to provide 
equal or better performance in organic synthesis, for the 
purposes of sustainable development.5-9 Molecular design 
principles that improve the photochemical properties of  earth-
abundant metal and organic photocatalysts have been reported 
(Fig. 1).10-13 For example, incorporating a BINAP (2,2′-
bis(diphenylphosphino)-1,1′-binaphthyl) ligand increased the 
reduction power of a Cu(I)-based photocatalyst and afforded 
the best yield (87%) in a reductive decarboxylative Csp

3–Csp bond 
coupling reaction among fifty Cu(I)-based photocatalysts.10 
Modification of the electron density of phenoxazine 
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photocatalysts was used to alter triplet energies and excited-
state redox potentials to achieve high conversions while 
maintaining good control of dispersity (< 1.3) over the entire 
duration of methyl methacrylate polymerizations.13 

Our group initiated development of earth-abundant 
lanthanide photocatalysts, especially for cerium.14-19 Our group 
have incorporated cerium photocatalysts into C(sp3)−C(sp3) and 
C(sp2)−C(sp2) bond forming reactions,17, 18 as well as 
dehalogenation and borylation of unactivated aryl chlorides.16, 

19 Cerium photocatalysis has also been applied in 
dehydrogenation of amines,20 C−C bond cleavage and 
amination of alkanols,21, 22 and C−H activation of alkanes.23 
Structure-photophysics correlations, in terms of emission colors 
and brightness, have been established for molecular Ce(III) 
luminophores.15 Despite the emerging applications of cerium 
photocatalysis in organic synthesis, strategies to control their 
reactivity have not yet been clearly elucidated. Herein, we 
describe a series of Ce(III) bis(guanidinate) mono(amide) 
complexes (1−5) and their structural, electrochemical, 
photophysical, and photochemical characteristics. Syntheses, 
structures, and catalytic applications of rare earth 
bis(guanidinate) mono(amide) complexes have been 
reported.24-27 We hypothesized that the bis(guanidinate) 
mono(amide) ligand framework, which has been applied to 
provide a good quantum yield (79%) and relatively slow non-
radiative decay rates compared to related Ce(III) 
luminophores,15, 18 would allow us to modify the amide ligand 
substituents without quenching Ce(III) luminescence. And the 
electron-donating guanidinate and amide ligands would 
engender more reducing Ce(III) complexes. The goal here was 
to elucidate a structural modification approach to improve the 
performance for Ce(III) photocatalysts. 
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Scheme 1 Synthesis of Ce(III) bis(guanidinate) mono(amide) complexes 1−5.

Fig. 2 Thermal ellipsoid plot of 2 at 30% probability level.

The Ce(III) bis(guanidinate) mono(amide) complexes 
described in this study were prepared by salt metathesis 
between a Ce(III) bis(guanidinate) iodide starting material, 
{[(Me3Si)2NC(NiPr)2]2Ce}2(μ2‒I)2,18 and alkali metal salts of 
amide ligands, MNR1R2 (M = Na for 1, or K for 2−5), in THF (for 
1)18 or toluene (for 2−5) at room temperature (Scheme 1). All 
complexes were crystallized from saturated n-pentane 
solutions at –25 °C and isolated in ca. 50% yields (see section 2 
in the ESI† for details). Complexes 1−5 were characterized by X-
ray diffraction studies (Fig. 2 and S6-S9). We found that the cone 
angles (θ) of the amide moieties (−NR1R2)28 decreased from ca. 
170° for 1 and 2 to ca. 150° for 3−5, and complexes 1−5 could 
be divided into two categories based on their cone angles: 
complexes 1 and 2 (θ > 173°, category A), and complexes 3−5 (θ 
< 156°, category B) (Table 1, see the section 10 in the ESI†). The 
photophysical and photochemical properties of 1−5 were 
evaluated next to detect the impact of the structural change. 

Table 1 The cone angles (θ), CeIII/IV reduction potentials (E1/2), and quenching rates (kq) 
with 4-bromofluorobenzene of 1−5. Standard deviations were given in parentheses. 
Complexes are divided into two categories (A and B) based on their cone angles.

compound category θ (°) E1/2 (V) kq (× 107 M−1 s−1)

1 A 173.87 −0.14 0.43(1)
2 173.56 −0.26 0.41(1)

3 B 147.41 −0.41 1.0(1)
4 155.78 −0.57 2.2(1)
5 146.68 −0.56 5.3(1)

Electronic absorption spectra of complexes 1−5 were 
collected in toluene at room temperature (Fig. 3). The spectra 
displayed two bands with ε ∼ 102 M−1 cm−1 for 1−3. The higher 
energy band (λabs

2) was at ca. 350 nm and the lower energy 
band (λabs

1) was red-shifted from 429 nm for 1 to 463 nm for 3. 
The spectra for 4 and 5 only displayed the λabs

1 at ca. 460 nm. 
The λabs

2 of 4 and 5 overlapped with higher energy bands that 
were tentatively assigned as ligand-to-metal charge transfer 
(LMCT) bands.15 The molar extinction coefficients (ε) and the 
full width at half maxima (FWHM) of the λabs

1 and λabs
2 bands 

were consistent with the reported values of Ce(III) 4f→5d 
transitions (Table S1).15, 19, 29-32 The assignment of 4f→5d 
transitions was further supported by time-dependent density 
functional theory (TD-DFT) calculations and natural transition 
orbitals (NTOs) analyses (see section 9 in the ESI† for details).33, 

34 The λabs
1 was assigned to a 4f→5dz

2 transition, whereas the 
λabs

2 was assigned to a 4f→5dxz or 4f→5dyz transition.15, 18 The 
red shift of λabs

1 was consistent with the decrease in energy of 
the 4f→5dz

2 transition from 3.01 eV (412 nm) for 115 to 2.82 eV 
(440 nm) for 5. The TD-DFT calculations overestimated the 
energies of the λabs

2 bands, therefore the computed λabs
2 bands 

of 1−5 overlapped with higher energy LMCT bands in the 
calculated absorption spectra. Moreover, complexes in the 
category B exhibited lower energy λabs

1 bands (ca. 460 nm) 
compared to those of complexes in the category A (ca. 430 nm) 
(Fig. S61, ESI†). 

All complexes were luminescent and demonstrated a range 
of emission colors: green for 1 and 2, yellow for 3, and lime 
green for 4 and 5. The different emission colors resulted from 
the different Stokes shifts between 1−5. The Stokes shift for 3 
(112 nm) was larger than those for the other complexes (ca. 80 
nm), presumably due to the larger geometric relaxation after 
the excitation for 3.15 The emission bands for all complexes 
were fit by two Gaussian bands, corresponding to 2D→2F5/2 and 
2D→2F7/2 transitions (Fig. S18-S21, ESI†).15 Complexes in the 
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category B exhibited lower energy emission bands compared to 
those of complexes in the category A (Fig. S62, ESI†). 

Fig. 3 Absorption (solid lines) and emission spectra (dashed lines) of 1 (blue), 2 (red), 3 
(yellow), 4 (green), and 5 (pink). Inset: images of toluene solutions of 1−5 in 1 cm path 
length quartz cuvettes (1.0 mM) under 365 nm UV irradiation. The spectra were collected 
in toluene. The λabs

1 and λabs
2 bands were assigned in the absorption spectra.

Lifetimes (τ) and photoluminescence quantum yields (φPL) were 
obtained in toluene at room temperature (Table S1, ESI†). The 
lifetimes for the 2D excited states of 1 (117 ns), 2 (221 ns), 3 (158 
ns), 4 (41 ns), and 5 (43 ns) were consistent with reported 
lifetimes for molecular CeIII emitters.15, 29-32 The quantum yields 
were found to increase from 5 (0.10), 4 (0.14), and 3 (0.23) to 2 
(0.75) and 1 (0.79). The increase of quantum yields was 
consistent with the increase of amide cone angles (θ)28 from ca. 
150° for the category A to ca. 170° for the category B (Fig. S63). 

Cyclic voltammetry (CV) experiments of complexes 1–5 were 
conducted at ambient temperature in CH2Cl2 and demonstrated 
quasi-reversible CeIII/IV redox features (Fig. S26-S30, ESI†). The 
ground-state CeIII/IV reduction potentials (E1/2) were determined 
to be −0.14 V, −0.26 V, −0.41 V, −0.57 V, and −0.56 V versus 
Cp2Fe0/+ for 1, 2, 3, 4, and 5, respectively (Table 1). Complexes 
2–5 were more reducing than our previous Ce(III) 
guanidinate−amide complexes (E1/2 = +0.05 V to −0.22 V versus 
Cp2Fe0/+).18 To explore the role of ligand modification in 
affecting the cerium reduction potentials, we computed the 
electronic structures for 1–5 by DFT calculations (see section 9 
in the ESI† for details). The optimized structures were in good 
agreement with the crystallographically determined bond 
lengths and bond angles. While the lowest unoccupied 
molecular orbital (LUMO) energy for all complexes remained 
mostly unaffected by the ligand modifications, the highest 
occupied molecular orbitals (HOMO) energy was found to 
increase from −5.03 eV for 1 to −4.54 eV for 5 (Table S11, ESI†). 
Moreover, a linear correlation was established between the E1/2 

and the HOMO energy for 1–5: compounds with higher HOMO 
energies had more reducing E1/2 values (Fig. S57, ESI†). Similar 
HOMO-energy to reduction-potential correlations have been 
observed in a series of Fe(depe)2(N2) complexes (depe = 1,2-
bis(diethylphosphino)-ethane)35 and tungsten−alkylidyne 
complexes.36 A linear LUMO energy-reduction potential 
correlation for Ce(IV) complexes was established by our 
group.37 For the current series, we observed a relationship 
between the HOMO energies and the cone angles: compounds 
with smaller cone angles (category B) exhibited higher HOMO 
energies (Fig. S64, ESI†) and thereby more reducing potentials 
(Fig. S65, ESI†) than those of compounds with larger cone angles 
(category A). An important finding here was that even though 

the amide ligands in 1 (pKa = 30 in DMSO), 2 (pKa = 34 in THF), 
and 3 (pKa = 31 in THF) were more electron-rich than that in 5 
(pKa = 25 in DMSO),38, 39 the reduction potential of 5 was more 
reducing than those of 1−3, which was the opposite result that 
would be expected on the basis of electronic effects alone. 
While the pKa of the amide ligand in 4 (pKa ≈ 31 in DMSO) was 
higher than that in 5 (pKa = 25 in DMSO),38, 39  complexes 4 and 
5 exhibited similar absorption and emission spectra, HOMO 
energies, and reduction potentials. Moreover, DFT calculations 
demonstrated that introducing fluoride or methoxy groups at 
the para positions of the phenyl rings in complex 5 did not 
significantly impact the energies of the 4f→5dz

2 transitions and 
the CeIII/IV reduction potentials (see section 9 in the ESI† for 
details). Consequently, we postulated that the physical 
properties of complexes 1−5 were governed by the steric effects 
instead of the electronic effects. We next investigated the 
excited-state photochemistries for 1–5.

Fig. 4 A plot of the cone angles (θ) and the reduction potentials (E1/2) for 
complexes 1−5. The dashed box is used to indicate two categories of compounds.

The excited-state reduction potentials (E1/2
*) were 

estimated to be −2.6, −2.6, −2.6, −2.9, and −2.9 V versus Cp2Fe0/+ 
for 1, 2, 3, 4, and 5, respectively, by the Rehm−Weller 
formalism.40, 41 The E1/2

* values of 4 and 5 approached the 
reduction potential of phenyl bromide (EPhBr

•−/PhBr = −2.89 V 
versus Cp2Fe0/+ in DMF)42, and 4 and 5 were more reducing than  
[Ru(bpy)3]2+ (E1/2

* ≈ −1.21 V versus Cp2Fe0/+), fac-Ir(ppy)3 (E1/2
* ≈ 

−2.13 V versus Cp2Fe0/+),43 and the lanthanide reducing agent, 
SmI2 in the presence of hexamethylphosphoramide (HMPA) 
(E1/2 = −2.31 V versus Cp2Fe0/+).44  Stern−Volmer experiments of 
1–5 demonstrated moderately fast quenching rates (kq ≈ 106 
−107 M−1 s−1) toward 4-bromofluorobenzene (Table 1). 
Complexes in the category B (3−5) exhibited faster quenching 
rates (1.0−5.3 × 107 M−1 s−1) than those of complexes in the 
category A (1 and 2, 4.1−4.3 × 106 M−1 s−1) (Fig. S66, ESI†). 
Therefore, reducing the steric bulkiness of the amide moiety 
increased the interactions of the Ce 5dz

2 excited states with the 
organic substrates.14 The data indicated that complex 5 was the 
most potent photoreductant among the current series. To 
demonstrate that complex 5 was also the most efficient in 
photocatalysis, we compared the performance of 1–5 in the 
photocatalytic phenylation of 4-bromofluorobenzene (Table 2). 
No product was formed without Ce(III) complexes. The 
reactions with 1–5 were conducted under identical conditions, 
except for the use of different amide bases to maintain the 
identities of the Ce(III) catalysts. The yield of the phenylation 
product was significantly increased from 0% using 1 to 66% 
using 5. Moreover, the yield using 5 (66%) was higher than that 
using the best catalyst in the previous Ce(III) guanidinate-amide 
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series, Ce[N(SiMe3)2]3 (32%).18 And only the complexes in the 
category B achieved phenylation of aryl bromides (yields: 12–
66%), whereas complexes in the category A basically showed no 
reactivity with aryl bromides (Table 2). 

Table 2 Phenylation of 4-bromofluorobenzene by 1–5.a

Br

F RT, 72 h

10 mol% [Ce]

F

1.1 equiv base
blue light lamp

+

solvent
entry [Ce] catalyst base yield (%)

1 1 KN(SiMe3)2 0b

2 2 KN(SiMe3)(tBu) < 5b

3 3 KN(SiMe3)(iPr) 12c(18)b

4 4 KN(Ph)(iPr) 36c(43)b

5 5 KN(Ph)2 66c(70)b

6 - KN(Ph)2 0b

astandard conditions: 0.2 mmol 4-bromofluorobenzene, 0.02 mmol (10 mol%) Ce 
catalyst, 0.22 mmol base, 2 mL benzene, irradiated by a 34 W blue light lamp with 
fan cooling at room temperature for 72 h. byield (conversion) was determined by 
19F NMR spectroscopy with p-fluorotoluene as an internal standard. cisolated yield.

In summary, we demonstrated that altering the steric 
bulkiness of the amide ligand resulted in two categories of 
Ce(III) bis(guanidinate) mono(amide) luminophores with 
distinct photophysical and photochemical properties. 
Complexes with smaller amide ligands exhibited more reducing 
potentials, faster electron-transfer rates, and improved 
efficiency for the photocatalytic phenylation of an aryl bromide. 
We are currently employing the structural modification 
approach to design more potent lanthanide photocatalysts to 
activate challenging organic substrates. 
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