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ABSTRACT: Two complete mixed-ligand series of lumines-
cent Ce complexes with the general formulas [(Me,Si),NC-
(NPr),],Ce™[N(SiMe;), 15—, (x =0, 1-N; x = 1, 2-N, x = 2, 3-
N; x = 3, 4) and [(Me;Si),NC(N'Pr),],Ce™(OAr),_, (x = 0,
1-OAr; x = 1, 2-OAr, x = 2, 3-OAr; x = 3, 4) were developed,
featuring photoluminescence quantum yields up to 0.81(2)
and lifetimes to 117(1) ns. Although the 4f — Sd absorptive
transitions for these complexes were all found at ca. 420 nm,
their emission bands exhibited large Stokes shifts with maxima
occurring at 553 nm for 1-N, 518 nm for 2-N, 508 nm for 3-N,
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and 459 nm for 4, featuring yellow, lime-green, green, and blue light, respectively. Combined time-dependent density functional
theory (TD-DFT) calculations and spectroscopic studies suggested that the long-lived *D excited states of these complexes
corresponded to singly occupied Sd.> orbitals. The observed difference in the Stokes shifts was attributed to the relaxation of
excited states through vibrational processes facilitated by the ligands. The photochemistry of the sterically congested complex 4
was demonstrated by C—C bond forming reaction between 4-fluoroiodobenzene and benzene through an outer sphere electron
transfer pathway, which expands the capabilities of cerium photosensitizers beyond our previous results that demonstrated inner

sphere halogen atom abstraction reactivity by 1-N.

1. INTRODUCTION

Photoluminescent complexes find direct applications in light-
emitting materials,’ but have also drawn significant attention for
applications in photovoltaic devices”® and photoredox
catalysis.” The luminescence phenomenon implies the existence
of long-lived electronic excited states that are energetically
poised to engage in single electron transfer (SET) reactions,
much more so than in their ground states. The development of
photoreduction chemistry relies on the availability of powerful
photoreductants as well as the ability to tune their optical and
electrochemical properties using simple modifications.”~”
Molecular complexes, including Ru(bpy);** (bpy = 2,2'-
bipyridine), fac-Ir(ppy); (ppy = 2,2'-phenylpyridine), and
their derivatives, have been widely applied as visible light
photoredox catalysts to promote C—C bond forming
reactions® ™' and CO, reduction."” Similarly, dimeric [Au,(u-
dppm),]** (dppm = bis(diphenylphosphanyl)methane) was
also shown to promote C—C bond formation under UV light or
sunlight.””*" As powerful reductants with excited-state
reduction potentials as low as —3.0 V versus Cp,Fe””, the
excited states of luminescent tungsten(0) isocyanide complexes
were shown to be effectively quenched by very weak oxidants
such as benzophenone and anthracene.””*” Moreover, develop-
ments in C—N,**"* C—0,”” C-S§,*® and C—C**' bond
coupling reactions with luminescent Cu' complexes indicate
that SET mechanisms are viable pathways for Ullmann-type
coupling chemistry. And the use of Cu' photosensitizers has
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contributed to establishing the application of earth abundant
elements for photoredox catalysis.”* >

Single photon excitation of transition metal photosensitizers
leads to excited states through metal-to-ligand charge transfer
transitions (MLCT).*® The resulting singlet excited states
quickly undergo intersystem crossing (ISC) to afford long-lived
triplet states. In order to take full advantage of solar energy, the
ideal absorption energy for visible light photosensitizers is ca.
2.8 eV (440 nm, blue light), defined by the intensity maximum
in the sunlight spectrum.”””** However, the intersystem
crossing (ISC) process inevitably results in losses of absorbed
energy.

In contrast to the transition metal photosensitizers, the
luminescence of the Ce'™ cation is metal-centered and does not
involve a change in spin state.””*’ The interconfigurational f —
d transition for Ce™ cations is electron dipole allowed based on
AS=0and ] — J'| £3 <] + J'l selection rules, where J and J'
are the total angular momentum quantum numbers of the f*
ground and f"~'d" excited-state configurations, respectively."'
The promise of applying Ce'™ cations for photochemistry was
supported by early photolysis studies in aqueous solutions; H,
gas evolution was observed upon irradiation of aqueous
solutions containing Ce"" cations with UV light.**~* Recently,
we reported a physical basis for visible light promoted reductive
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photochemistry in organic media with well-defined molecular
complexes, Ce[N(SiMe;),]; (1-N) and [(Me;Si),NC(N'Pr),]-
Ce[N(SiMe;),], (2-N).* Both complexes absorbed blue light
to access “D excited states’’ featuring singly occupied Sd,’
orbitals. The metalloradical character of the resulting *D
excited states promoted inner sphere halogen atom abstraction
reactions toward PhCH,Cl, aryl iodides, and aryl bromides in
stoichiometric and catalytic fashions. These photoreduction
reactivities demonstrated that the energy of light absorbed by
these complexes can be effectively directed into chemical
transformations.

Our interests in developing Ce™ photosensitizers are also
grounded in the earth abundance of the element. Cerium has a
similar abundance to copper in Earth’s upper continental crust
with relative abundance of ~10™ (atoms per 10° atoms of Si)
and is more abundant than tungsten (10°), gold (107°),
ruthenium (107%), and iridium (<107°), respectively.48 Cerium
is also readily separated from other lanthanide elements using
oxidation chemistry®” and is a waste byproduct in the
separations chemistry of light rare earth elements.

Solid materials doped with Ce®" cations were important in
the development of white light LEDs due to their broad
emission bands originating from the D excited states of Ce®*
cations.”® For example, the yellow emitter YAG:Ce>* absorbs
blue light and exhibits a broad emission band spanning from
450 nm to over 700 nm.>' Thus, the combination of emitted
light from YAG:Ce phosphor and transmitted blue light from
blue LEDs produces white light. Although Ce™ cations exhibit
intrinsic 4f — Sd absorptive transitions,”” luminescence has not
typically been observed from molecular Ce™ compounds likely
due to rapid quenching of their excited states by nonradiative
relaxation pathways.”” In fact, only a small number of
luminescent molecular Ce'™ complexes have been re-
ported.””™>* Among these, a large variation was observed in
the luminescence properties; a photoluminescence quantum
yield of 0.7 was reported for [K(THF),][(CsMe;),Cel,]
compared to 0.01 for [(CsMes),Cel(NCMe),].>* In order to
rationally design Celll photosensitizers for varied purposes, a
working model of the photophysical properties of Ce'
luminescence is required.”” Herein, we report two complete
mixed-ligand series of cerium(III) complexes that display varied
emission wavelengths corresponding to yellow, green, and blue
light, despite basically invariant absorption bands at ca. 420 nm.
The photophysical properties and excited-state reduction
potentials of the series were evaluated based on electrochemical
and spectroscopic data. We also demonstrate that a sterically
congested homoleptic tris-guanidinate Ce"™ complex (4) can be
applied as photocatalyst by outer sphere electron transfer, a
fundamental expansion from the exclusively inner sphere
photosensitizers demonstrated in our initial report.*®
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2. RESULTS AND DISCUSSION

2.1. Synthesis of Luminescent Cerium Complexes. The
promise of applying rigid guanidinate ligands toward accessing
highly luminescent Ce(III) complexes was initiated from a
simple insertion reaction of Ce[N(SiMe;),]; (1-N) with excess
N,N'-diisopropylcarbodiimide (Scheme 1).*° The resulting
monoinsertion product [(Me;Si),NC(N'Pr),]Ce[N(SiMe;),],
(2-N) was found to be a much brighter emitter than 1-N; the
photoluminescence quantum yields (@®p;) were determined to
be 0.46 for 2-N compared to 0.03 for 1-N.*° To extend the
scope of luminescent complexes, the corresponding aryloxide
complex, [(Me;Si),NC(N'Pr),]Ce(OAr), (2-OAr), was syn-
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Scheme 1. Synthesis of Luminescent Ce(III) Complexes
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thesized through protonolysis reaction of 2-N with 2 equiv of
HOAr (Ar = 2,6-di-tert-butylphenol) (Scheme 1). Similarly,
protonolysis of 1-N with 3 equiv of HOAr resulted in
Ce(OAr); (1-OAr) according to a previous report.””°"

With the monoguanidinate bis-amide/aryloxide Ce(III)
complexes in hand, we set out to prepare bis- and tris-
guanidinate derivatives. However, treatment of 2-N with excess
N,N'-diisopropylcarbodiimide did not lead to further insertion
reactivity up to 80 °C in benzene.*® In order to understand the
energy requirements for the insertion reactions, density
functional theory (DFT) calculations were carried out for 1-
N and the established and expected insertion products: 2-N,
[(Me;Si),NC(N'Pr),],Ce[N(SiMe;),] (3-N), and
[(Me;Si),NC(N'Pr),];Ce (4) in the gas phase at the B3LYP
level of theory. The results from the ground-state DFT
calculations were consistent with experimental observations;
AG at 298.15 K for the first carbodiimide insertion into 1-N
was found to be essentially thermoneutral (0.79 kcal mol™)
while the second and third insertions were less favorable on
thermodynamic grounds (AG, = 3.87 kcal mol™!, AG; = 8.46
kcal mol™") (Figure S83).

In light of these observations, salt metathesis reactions were
performed between Cel; and 2 equiv of [(Me;Si),NC(N'Pr),]-
Na(THF) in THF to afford the pale yellow bridging iodide
complex, [(Me;Si),NC(N'Pr),],Ce™},(u*1), (3-I) (Scheme
1). An Xay crystallography study revealed the dimeric
structure of the product, featuring a [Ce,],]*" diamondoid
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Figure 1. Thermal ellipsoid plots of 2-N (a), 3-N (b), and 4 (c) at the 30% probability level.
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Figure 2. Absorption (solid lines) and emission spectra (dashed lines) of 1-N (red), 2-N (green), 3-N (pink), and 4 (blue). Inset: images of toluene
solution of 1-N, 2-N, 3-N, and 4 in 1 cm path length quartz cuvettes (1.0 mM) under 365 nm UV irradiation.

core (Figure S2). Four broad resonances were observed in the
"H NMR spectrum obtained at 300 K for 3-I in toluene-dg or
Ce¢Ds (Figure S11). Heating the toluene-dg solution of 3-I
resulted in peak coalescence at 325 K (Figure S13). The 'H
NMR spectrum, fully resolved at 380 K (Figure S12), displayed
three resonances at 14.20, 3.68, and —3.26 ppm in a 2:18:12
ratio, attributable to —CH('Pr), —CH,(‘Pr), and —CH,(SiMe;)
groups, respectively, from the guanidinate ligands. Further salt
metathesis reactions of 3-I with NaN(SiMes), or Na(OAr)
(THF), afforded bright yellow solids of corresponding amide
and aryloxide derivatives, [(Me;Si),NC(N'Pr),],Ce[N-
(SiMe;),] (3-N) and [(Me;Si),NC(NPr),],Ce(OAr) (3-
OAr) (Scheme 1).

Conversely, treatment of Cely with 3 equiv of [(Me;Si),NC-
(NPr),]Na(THF) in toluene afforded pale yellow solids of
[(Me,Si),NC(N'Pr),]5Ce (4) (Scheme 1). The identity of 4
was confirmed by X-ray crystallography (Figure 1lc), constitut-
ing the first homoleptic Ce™ guanidinate complex. The 'H
NMR spectrum of 4 in CyDg at 300 K revealed three
resonances at 10.02, 2.81, and —4.15 ppm, consistent with a C;,
solution geometry. Complex 4 was robust toward ligand
redistribution reactions; heating a 1:1 mixture of 1-N and 4 in
C¢Dg at 80 °C for 30 h resulted in only negligible amounts of 2-
N and 3-N as detected by "H NMR spectroscopy (Figure S21).
The preparation of the yellow Ce™ compounds described
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above completed two mixed-ligand series with the general
formulas [(Me;Si),NC(NPr),],Ce™[N(SiMe;),]5_, (x = 0, 1-
N; x =1, 2-N, x = 2, 3-N; x« = 3, 4) and [(Me,;Si),NC-
(N'Pr),],Ce™(OAr);_, (x = 0, 1-OAr; x = 1, 2-OAr, x = 2, 3-
OAr; x = 3, 4). All of these compounds were found to be
luminescent, thus allowing a systematic comparison by stepwise
structural variations to study the photophysical properties of
luminescent Ce'' complexes.

2.2. Electronic Structures of Luminescent Ce(lll)
Complexes. We noted that both series of Ce™ complexes
defined in the current work were exclusively yellow despite the
difference in their ligand coordination spheres. Indeed, the
electronic absorption spectra collected for 1-N, 2-N, 3-N, 4,
and 3-OAr, 2-OAr, and 1-OAr in toluene displayed remarkable
similarity; absorption features at ca. 420 nm and ca. 360 nm
were observed for all complexes with absorptivities of & ~ 10>
M~ ecm™". These molar extinction coefficients are consistent
with reported values for f — d transitions.””*> Absorption and
emission spectra for the representative guanidinate—amide
mixed-ligand series are shown in Figure 2, featuring the yellow-
emitting complex 1-N, lime-green 2-N, green 3-N, and blue 4.

Our previous work on 1-N and 2-N showed the origins of
the absorption features between 320 and 500 nm as metal-
centered interconfigurational 4f — Sd transitions.* For the
other members of the series, 3-N and 4, time-dependent
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density functional theory (TD-DFT) calculations were carried
out at the B3LYP level of theory to assist in assignment of the
observed transitions. Subsequent to the TD-DFT calculations,
natural transition orbital (NTO) computations were performed
to visualize compact orbital representations for the vertical
excitations of interest.®*%°

For all the complexes, the donor and acceptor orbitals for the
transition at ca. 420 nm were identified to be 4f orbitals and
5d, orbitals, respectively (Figure 3). This result was readily

3-N

Figure 3. Calculated acceptor natural transition orbitals (NTOs) of
the transition at ca. 420 nm for 1-N, 2-N, 3-N, and 4, demonstrating
the primarily nonbonding 5d.: orbital character.

rationalized by inspection of the complex crystal structures. In
the complexes with approximately C;, geometry (1-N and 4),
or those with approximately C,, geometry (2-N and 3-N), the
5d.? orbitals are essentially nonbonding in character. While the
ligand field has an only small impact on the optical energies of
4f orbitals,®° the energy of metal-centered 4f — Sd transitions is
dependent on the relative energies of the acceptor 5d orbitals.’”
Therefore, the nonbonding nature of the S5d; orbitals is
understood to be responsible for the similar lowest energy
absorption features in visible range (400—800 nm) of these
luminescent Ce'™ complexes, as well as their yellow colors.

On the other hand, the identities of acceptor orbitals for the
second lowest energy absorptive 4f — Sd transitions are
dictated by the ligand field splitting of the Sd manifold. For 1-N
and 4 with C;, solution symmetry, 2-fold degenerate sets of 5d
orbitals were assigned as the corresponding acceptor orbitals
using NTO calculations (Figures S81 and $82). In comparison,
the degeneracy of the Sd manifold was broken for complexes 2-
N and 3-N in approximate C,, solution symmetry; only one of
the 5d,; or 5d,, orbitals was identified as the acceptor (Figure
S77).

The TD-DFT assignment of the absorptive transitions was
further supported by experimental evidence. The lanthanum
analogue of 1-N, La[N(SiMe,),]; (4f°), showed no absorption
feature between 320 and 500 nm, further supporting that both
absorption bands observed for 1-N are 4f — 5d transitions and
not CT transitions (Figure S42). We also prepared the NEt,Cl
adduct of 1-N. The blue-emitting compound, [NEt,]{Ce"'Cl-
[N(SiMe;),]5} (1-NCI7), demonstrated a trigonal pyramidal
CeCIN; core with sum of N—Ce—N angles at 347.3(1)°
(Figure S8). The electronic absorption spectrum of 1-NCI~
demonstrated only one absorption feature at 366 nm as
compared to two bands for 1-N (Figure S42). The absence of
the absorptive transition at ca. 420 nm for 1-NCI" is consistent
with the assignment as a transition to a state corresponding to
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the 5d: orbital in 1-N that is driven to higher energies by
crystal field arguments upon coordination of CI” in 1-NCI".
Despite the similar absorption energies for 1-N, 2-N, 3-N,
and 4, the wavelengths of their emission maxima spanned a
large range from 553 nm (1-N) to 459 nm (4) (Figure 2). This
observation was best described with the observed Stokes shifts
calculated from the difference in wavelength between the
positions of emission maxima and the lowest energy absorption
maxima. Among the guanidinate—amide mixed-ligand series,
complex 1-N featured the largest Stokes shift of 138 nm while
complex 4 demonstrated a much smaller Stokes shift of 35 nm.
Interestingly, the observed Stokes shifts were found to decrease
with increasing numbers of guanidinate ligands across the series
(Figure 4, solid line). The existence of such a trend was

160
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Figure 4. Observed Stokes shift of guanidinate—amide mixed-ligand
series (solid line, including 1-N, 2-N, 3-N, and 4) and guanidinate—
aryloxide mixed-ligand series (dashed line, including 1-OAr, 2-OAr, 3-
OAr, and 4).

confirmed by the guanidinate—aryloxide mixed-ligand series
(Figure 4, dashed line). The largest Stokes shift in the
guanidinate—aryloxide mixed-ligand series was found to be 112
nm for 1-OAr, smaller than 138 nm observed for 1-N.

In an effort to understand the Stokes shifts, we attempted to
assign the ground and excited states giving rise to the emissive
transitions. We determined that the lifetime for 4 was invariant
when measured at different emission wavelengths. This result
suggested that only one long-lived excited state was involved in
the emission process. Excitation spectra collected in toluene for
both series of complexes showed intense bands, overlapping
with their lowest energy absorption bands at ca. 420 nm (See
Figures S44—S51). This observation allowed us to conclude
that lowest lying 5d.> orbital based excited state corresponded
to the long-lived excited state for these complexes. All the
emission spectra were fit with two overlapping Gaussian
functions (on an energy scale) separated by 1200 to 1700 cm ™
(Figures S52—S59). The energy difference between the two
Gaussian functions was consistent with the spin—orbit splitting
the *F ground-state manifold into the *Fs/, ground state and
*F,, excited state for the Ce*" cation.

The Stokes shifts represent the degree of energy loss
between excited state following the absorptive vertical
transition and long-lived excited state. Since complexes 1-N,
2-N, 3-N, and 4 demonstrated a common long-lived D excited
state with singly occupied nonbonding 5d orbital and 4f
orbital based ground states, very little geometric change was
expected for the excited-state structures compared to the
ground-state ones. This was consistent with the findings for
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reported complexes [(CsH,SiMe,);Ln"]”™ (Ln = La, Ce, Pr,
Nd, Gd, Tb, Dy, Ho, Er)®*~7° with 5d_ orbital based ground
states and [(CsH,SiMe;),U'']=7" and
{[CsH;(SiMe;),];Th"} = with 6d, orbital based ground
states; the bond lengths and geometries of these divalent
species were essentially identical compared to their Ln'™, U™,
and Th™ counterparts, resulting from the nonbonding
character of 5d,> and 6d, orbitals.

The difference in the Stokes shifts for the guanidinate—amide
and guanidinate—aryloxide series reflects the difference in
energy relaxation of long-lived °D excited states in the series.
Such decrease of relaxed excited-state energy is likely facilitated
by coupled vibrational modes. We expected that the dominant
relaxation pathway occurred through interactions of the metal
cation with ligand C—H oscillators. The geometry of complex
1-N had previously been determined to be tri7%onal pyramidal
through gas phase electron diffraction studies.”” The deviation
of 1-N from trigonal planar geometry implied the presence of
C—H agostic interactions between the Ce** cation and methyl
groups of the silyl amide ligands. The replacement of amide
ligands with guanidinate ligands removed C—H agostic
interactions and thus resulted in less dissipation of energy
through vibrational process in excited state. In addition, we
postulate that the rigidity of bidentate guanidinate ligands
compared to monodentate amide ligands restricted the
vibration relaxation process through Ce—N and N—Si bonds.

To quantitatively determine the efficiency of emission,
photoluminescence quantum yields (®p;) were obtained in
toluene through a comparative method” referenced to 9,10-
diphenylanthracene (@, = 0.97) in cyclohexane.”* The
calculated quantum yields (Figure S) were found to increase
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Figure S. Quantum yields and lifetime data for 1-N, 2-N, 3-N, 4, 3-
OAr, 2-OAr, and 1-OAr. Standard deviations of data are provided.

with increasing number of guanidinate ligands in both the
guanidinate—amide mixed-ligand series (from 0.03 for 1-N to
046 for 2-N, 0.79 for 3-N, and 0.81 for 4) and the
guanidinate—aryloxide mixed-ligand series (from 0.18 for 1-
OAr to 0.24 for 2-OAr, 0.32 for 3-OAr, and 0.81 for 4). For
both series, the quantum yields reached maxima at 0.81 for the

5988

blue-emitting complex 4. This quantum yield was higher than
the reported quantum yield of 0.55 in ethanol for the single
other blue-emitting Ce'™ complex, [Ce™(triRNTB),]-
(CF;S0;); complex (triRNTB = tris(N-propylbenzimidazol-2-
ylmethyl)amine).>® On the other hand, the low quantum yield
of 0.03 for 1-N indicated the presence of severe nonradiative
relaxation processes that quenched the long-lived *D excited
state.

Time-resolved luminescence data were collected near the
emission maxima upon excitation at 380 nm (Figures S60—
S68). Single exponential fits were applied to the decay data to
afford lifetimes (7). The lifetime for the *D excited state of 1-N
was found to be shorter (7 = 24 ns) compared to 2-N (7 = 65
ns), 3-N (7 = 117 ns), and 4 (7 = 83 ns). These data are within
the range of reported lifetimes for molecular Ce™ emitters.>*
The difference in lifetime was attributable to the nonradiative
decay processes imposed by ligand oscillators. The ability of
X—H (x = C, N, O, B) oscillators to quench lanthanide long-
lived excited states had been widely established in the
literature.”> ™" With the partial replacement of amide ligands
for guanidinate ligands, the quenching processes from low
energy ligand vibrational modes were suppressed. This
phenomenon was reflected in the nonradiative decay rates
(ky) extracted from the photoluminescence quantum yields
and lifetimes (Table 1); k,, was determined to be 41.0(1) X 10°

Table 1. Predicted Radiative Decay Rates k,5® from
Strickler—Berg Analysis and Observed Radiative Decay
Rates k,°> and Nonradiative Decay Rates k,,°*

k,SB (X106 S—l)u kr°bs (X106 S—l)b kmobs (><106 S—l)b

1-N 1.7 1.12(1) 41.0(1)
2-N 1.7 7.0(1) 8.3(1)
3-N 1.8 6.8(2) 1.8(2)
4 24 9.7(3) 2.4(3)
3-OAr 1.7 2.8(1) 5.8(1)
2-OAr 2.1 2.8(1) 8.9(1)
1-OAr 2.7 2.0(1) 9.0(1)

%P was calculated from Strickler—Berg equation. bkt and ko

were obtained from the equations k,°> = @y, /7, k. = (1 — ®p)/7.

s7! for 1-N, larger than the value 8.3(1) X 10° s determined
for 2-N, and the values of 1.8(2) X 10° s™' and 2.4(3) x 10° ™"
for 3-N and 4, respectively. Similarly, a decreasing trend of k,,
was also noted for the guanidinate—aryloxide series, ranging
from 9.0(1) X 10° s™! for 1-OAr to 8.9(1) x 10°s™! for 2-OAr,
5.8(1) x 10° s7! for 3-OAr, and 2.4(3) X 10° s™! for 4. The
decrease in k,, can also be attributed to the suppression of
vibrational quenching processes; the pyramidal solid-state
structure of 1-OAr®" indicates the presence of C—H agostic
interactions. The S-fold smaller k, value found for 1-OAr
compared to 1-N can be understood based on differences in the
ligands and their sterics.””®* For example, the spatial
orientation of methyl groups in the OAr~ ligand prohibits
C—H bonds from engaging in agostic interactions as efliciently
as the [N(SiMe,),] ™ ligands. In addition, the trend in observed
k.. for the mixed-ligand series is consistent with the expectation
from the energy gap law:*** compounds with lower emission
energies demonstrate higher nonradiative decay rates (Figures
S72 and S73). On the other hand, the observed radiative decay
rates, k,, ranged from 1.12(1) x 10° s™" for 1-N to 9.7(3) X 10°
s for 4. The magnitudes of k, values were consistent with

DOI: 10.1021/jacs.6b02248
J. Am. Chem. Soc. 2016, 138, 5984—5993


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02248/suppl_file/ja6b02248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02248/suppl_file/ja6b02248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02248/suppl_file/ja6b02248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02248/suppl_file/ja6b02248_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b02248

Journal of the American Chemical Society

predictions made from the Strickler—Berg equation®® (Table 1,
also see Supporting Information).

As with 4, the pale yellow dimeric complex, 3-I, was found to
be blue emitting, with a quantum yield of 0.53 and a lifetime of
69 ns in toluene. The colorless complex 1-NCI™ emitted blue
light under UV light with a quantum yield of 0.80 and a lifetime
of 76 ns. The small Stokes shift (38 nm for 3-I, 88 nm for 1-
NCI"), high quantum yield, and long lifetime of 3-I and 1-
NCI™ further support our thesis about the role of vibrational
relaxation processes in these luminescent Ce™ complexes. With
the above photophysical interpretation of Ce™ long-lived
excited states obtained from spectroscopic and computational
results, we were prompted to investigate the photochemical
properties for the guanidinate—amide mixed-ligand series.

2.3. Photoinduced Inner and Outer Sphere Electron
Transfer. In our previous work, we demonstrated that the *D
excited state of 1-N and 2-N could effectively participate in
chemical reactions through single electron transfer (SET).*
The presence of an accessible coordination site in 1-N and 2-N
allowed inner sphere halogen abstraction reactivity. In this
work, the decrease of observed Stokes shifts from 138 nm for 1-
N to 35 nm for 4 implied less energy loss in the excited state of
complex 4 compared to 1-N, affording more powerful
photoreductants. On the other hand, the steric congestion
around the Ce®" cation in 4 was increased compared to 1-N,
making Ce®" center less accessible for substrates.

In order to estimate the excited-state reduction potentials
(E, /2)18 ggr 3-N and 4, the Rehm—Weller formalism was
used:

Ep*=E ), —Ep+w

In this relationship, the energy difference between zeroth
vibrational electronic ground state and excited state (E;,) can
be approximated by the emission band energy. The electrostatic
interaction due to the separation of charges is represented by
the work function, @. The work function is a small contribution
compared to Ey, and usually omitted from the equation for
simplicity."® The ground-state reduction potential (E,,) was
obtained from electrochemistry data collected in CH,Cl,.
Cyclic voltammetry of 2-N, 3-N, and 4 in CH,Cl,
demonstrated quasi-reversible redox features (Figure 6). The
observed large separations between the cathodic and anodic
waves were intrinsic to the compounds and attributed to slow
heterogeneous electron transfer kinetics between the electrodes
and solution species.””*® To better establish their thermody-

Current (A. U.)

0.6 0.2 -0.2 -0.6
Potential (V vs. Fc¢/Fc*)

Figure 6. Cyclic voltammetry of 2-N, 3-N, and 4 at a scan rate of 0.5 V
s in CH,Cl,, with 0.1 M ["Pr,N][BAr",] supporting electrolyte.
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namic potentials, the cyclic voltammograms were simulated
using reversible Ce™" couples (E, /») and standard heteroge-
neous electron transfer rates (Figure S32). The simulated
potentials of the Ce™" couples (E; 1) for 2-N, 3-N, and 4
were determined at +0.09, —0.15, and —0.22 V versus szFeO/+,
respectively. The decreasing E,,, from 2-N to 4 indicated that
guanidinate ligand was more electron donating than the amide
ligand. In the case of 1-N, no feature was observed in CH,Cl,.
Electrochemical data for 1-N obtained from THE® were
applied for the estimation of E,,,*, after correcting for the
potential difference between those solvents with Cp,Fe®*
couple.

Thus, the excited-state reduction potentials E,,* were
estimated to be —2.19, —2.30, —2.59, and —-2.92 V for
complexes 1-N, 2-N, 3-N, and 4, respectively (Table 2). These

Table 2. Estimation of Ce™/IV Reduction Potential in the 2D
Excited State for 1-N, 2-N, 3-N, and 4

E )" /eV Eyo/eV E,,*/eV
1-N +0.05" 224 -2.19
2N +0.09¢ +2.39 —2.30
3-N —0.15¢ +2.44 —2.59
4 —022° +2.70 —2.92

“Cyclic voltammetry in 0.1 M ["Pr,N][BAr",]/CH,CL,. *No features
observed for 1-N in CH,Cly; E;/, of 1-N in THF was used and
corrected for the difference of Cp,Fe®* in THF and CH,Cl,. “The
quasi-reversible cyclic voltammetry spectra were simulated with Ce'™!
couple (E;/,) and heterogeneous electron transfer rates.

results put complex 4 among the strongest known photo-
reductants, comparable to [(PNP)Cu'], (PNP~ = bis(2-
(diisobutylphosphino)phenyl)amide)** with its estimated
Ej/p+ of =3.2 V versus Cp,Fe®* and W(CNIph)s (Iph = 2,6-
diisopropylphenyl)*” with an E, 5« of —2.8 V versus Cp,Fe”*.
The guanidinate—amide series complexes are much more
reducing than [Ru(bpy);]** (bpy =2,2'-bipyridine) and Ir-
(ppy)s (ppy =2,2'-phenylpyridine) with values of E, 5« = —1.31
V and —2.23 V versus Cp,Fe”*, respectively.”

Previously, we demonstrated the inner sphere halogen
abstraction reactivity of benzyl chloride for 1-N and 2-N in
their D excited states. Irradiating C4Dg solutions of 1-N or 2-N
with excess PhCH,Cl using commercially available compact
fluorescent lamps (CFLs) led to the formation of correspond-
ing Ce'—Cl compounds, 1-NCI and 2-NCl, accompanied by
the formation of PhCH,CH,Ph (Scheme 2).

In the current work, complexes 3-N and 4 were more readily
oxidized than 1-N and 2-N in their ground state. The smaller
Stokes shifts of 3-N and 4 compared to 1-N and 2-N indicate
less energy losses for 3-N and 4 in their excited states following
vertical transitions at ca. 420 nm. However, no reaction was
observed for 3-N or 4 with PhCH,CI under the same reaction
conditions (Figures S22 and $23). The lack of reactivity for 3-
N and 4 toward PhCH,CI can be rationalized based on the
accessibility of the Ce" cation; the steric congestion in 3-N and
4 around the Ce’" cations does not favor substrate association
in their *D excited states.

We have also demonstrated the photocatalytic coupling
reactions between 4-F-CqH,X (x = Br, I) and benzene
mediated by 1-N to afford 1-(4-fluorophenyl)benzene.** In
addition to the observation of corresponding Ce'Y—Br species
in stoichiometric reactions between 1-N and 1-bromo-4-
fluorobenzene,™ the inner sphere SET mechanism of 1-N
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Scheme 2. Reaction of 1-N, 2-N, 3-N, and 4 with Excess
PhCH,CI in C¢D4 under Compact Fluorescent Lamp
Irradiation
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with aryl bromides is also reflected in the relative conversions of
catalytic reactions toward different para-substituted substrates
(Table 3). The conversion of 4-R-C¢H,Br (R = Me, H, F) was

Table 3. Catalytic Photoinduced Arylation Reactions of
Benzene Mediated by 1-N

entry X R conversion“/% yield“/%
1 Br 4-Me 92 76
2 Br H 80 72
3 Br 4-F 69 32
4 Br 2-F >99 86
N I 4-Me >99 76
6 I H >99 85
7 I 4-F >99 91
8 I 2-F >99 87
9 I 3-Me >99 88
10 I 2-Me >99 23

“All percentage conversions to product (percentage conversions of
aryl halide starting materials) are determined by GC.

found to decrease with the electron donating ability of the
substituents under same reaction conditions (entry 1—3). Such
a pattern of reactivity is opposite to that expected for an outer
sphere SET mechanism where electron poor aryl rings would
be more efficient electron acceptors. Rather, the observed Me >
H > F sequence is consistent with an inner sphere SET pathway
where more electron-rich aryl bromide associates with Ce**
cation more readily. Interestingly, 2-fluorophenyl bromide
reacts much faster and reaches complete conversion under
the same reaction conditions (entry 4). We tentatively
attributed this result to the chelation effect of 2- ﬂuorophenyl
bromide to the Ce®* cation through C—F—Ce™ interac-
tion”"™” that facilitated substrate binding to the Ce>* cation.
The involvement of C—F—Ln™ (Ln = La, Sm, Yb) interactions
has also been postulated for stoichiometric and catalytic
functionalization of C—F bonds mediated by lanthanide
complexes.”*™®
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The arylation reaction of benzene catalyzed by 1-N was
found to be faster for aryl iodides compared to aryl bromides;
quantitative conversion can be achieved for aryl iodides (entries
5—10) under the same reaction conditions for aryl bromides.
Notably, a significantly lower yield was observed for 2-
methylphenyl iodide (entry 10, 23%) compared to 4-
methylphenyl iodide (entry S, 76%) and 3-methylphenyl iodide
(entry 9, 88%), despite the complete conversion for all three
substrates. This observation can also be reasoned based on our
proposed reaction pathway (Scheme 4A); direct H atom
abstraction of bulky °*N(SiMe;), radical from radical adduct
[Ar—C¢H]® is expected to be unfavorable for the 2-
methylphenyl iodide substrate.

Scheme 3. Catalytic Photoinduced Phenylation of 4-
Fluorophenyl Iodide with 4

10 mol% 4 O
OX 1.1 equiv (THF)Na[('Pr),CN(SiMe;),] O
CgH
F 3 6d F
X=1 35%
Br  no reaction
Cl  no reaction

Scheme 4. Proposed Cycle for Photoinduced Arylation of
Benzene through Inner Sphere SET Pathway and Outer
Sphere SET Pathway

A. Inner sphere SET pathway with 1-N (X = Br, I):

~N(SiMe3),

1
[Ce™] a
HN(SiMe;), =
N(S|Me3)2
X-[Ce"] [Ce"T*
w0 <
Ar Ar- Ar—X
B. Outer sphere SET pathway with 4 (X =1)
Ar—X
[Ar—X]""
[Ce"]* } X
3 [ceM’ Ar
[cellll H % H
WX ©
H
A=) Va (%)

We also investigated phenylation reactions of aryl halides
with complex 4. Such reactions using 4-F-C;H,X (x = Br, I)
and stoichiometric amount of NaN(SiMe,), in benzene with 1-
N as photoredox catalyst had been shown by us to afford 1-(4-
fluorophenyl)benzene by an inner sphere halogen abstraction
pathway.*® In this case, irradiation of a benzene solution
containing 4-fluoroiodobenzene, (THF)Na[(N'Pr),CN-
(SiMe;),], and 10 mol% 4 for 6 days led to the isolation of
1-(4-fluorophenyl)benzene in 35% yield (Scheme 3) while no
reactions were observed for the 4-F-C,H,Br and 4-F-C4H,Cl
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substrates. The phenylation reaction of 4-fluoroiodobenzene
mediated by 4 was also performed with intermittent light
(Figure S84); no 1-(4-fluorophenyl)benzene formation was
observed during the dark period, suggesting that the product
formation likely did not involve a radical propagation process.

To further elucidate the difference in interactions of Ce™
complexes with substrates, quenching kinetic data were
obtained for 1-N, 2-N, 3-N, and 4 through Stern—Volmer
experiments”” using 4-fluoroiodobenzene as a quencher. The
calculated quenching rate, k,, was found to be 3.5(1) X 10’ M™!
s™! for 4, 2 orders of magnitude smaller than 2.12(2) X 10° M~
s calculated for 1-N (Table 4). The smaller quenching rate
for 4 was attributed to the steric encumbrance around the Ce?**
cation, preventing its direct interaction with aryl iodide
substrates.

Table 4. Quenching Rates of 1-N, 2-N, 3-N, and 4 with 4-
Fluoroiodobenzene as Quencher

1-N
212(2)

2N
2.18(3)

3-N 4

kg (x10° M~ s7Y) 0.19(1) 0.35(1)

In addition, we also noted that complex 4 was incapable of
associating a CI™ anion (Figure S28) or reacting with an inner
sphere oxidant Ph;C—Cl (Figure $29). In contrast, complex 1-
N reacts readily with NEt,Cl to form [NEt,]{Ce"™CI[N-
(SiMe;),]5} (1-NCI™) and with PhyC—Cl to afford Ce™'CI[N-
(SiMe;),]; (1-NCI). These differences in reactivity between 1-
N and 4 suggest that the steric encumbrance around the Ce®"
cation in 4 was sufficiently large to prevent substrate binding.
Considering the differences in quenching kinetics and
reactivity, we are prompted to propose that the single electron
transfer of 4 occurs through an outer sphere pathway instead of
an inner sphere pathway. Therefore, the catalytic cycle for the
phenylation of aryl iodide with 4 would comprise the following
steps (Scheme 4B): (1) photoinduced reduction of 4-F-C4H,I
by 4 to produce 4" and [4-F-C¢H,I]*7; (2) dissociation of the
radical anion to give iodide and 4-F-C4H,*; (3) addition of 4-F-
CgH,* to benzene forming a radical adduct; (4) oxidation of the
radical adduct by 4" to regenerate 4; (S) reaction of
(THF)Na[ (N'Pr),CN(SiMe;),] with H* to afford the biphenyl
product. Similar outer sphere single electron transfer pathways
for catalytic phenylation reactions of aryl halides have been
reported with group I and transition metal 1,10-phenanthroline
complexes at elevated temperatures.'”°~'** More recently,
homolytic aromatic substitution reactions mediated by the
photoredox catalyst Ir(ppy); have also been demonstrated."*

The one-electron oxidation product of 4 was synthesized.
Treatment of 4 with [Cp,Fe][BArf,] in THF followed by
recrystallization from CH,Cl,/n-pentane layering afforded dark
green crystals of [4*][BAr",]. An X-ray diffraction study of
[4*][BAr",] confirmed the proposed cationic tris-guanidinate
structure with average Ce—N bond length observed at 2.397(4)
A for 4%, compared to 2.526(4) A observed for 4 (Figure S7).
The ca. 0.1 A difference in Ce—N bond lengths was consistent
with the difference in ionic radii between Ce®* and Ce*
cations.'” The dark green color of 4" cation is uncommon
for Ce" compounds.”® A UV—vis spectrum of [4*][BAr’,]
collected in CH,CI, revealed an intriguingly low energy
absorption band at 1.60 eV (775 nm, Figure S41), indicative
of small HOMO-LUMO gap.**'”” This LMCT band was
tentatively assigned to a transition from the guanidinate
nonbonding 7 orbitals (7,) to a cerium 4f orbital. The isolation
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of [4"] suggests that the outer sphere single electron transfer of
4 is a viable process.

3. CONCLUSIONS

We have demonstrated, through comparison studies on two
complete mixed-ligand series, that vibrational relaxation process
played a key role in Ce™ luminescence. The *D excited states,
with singly occupied 5d, orbital, were determined, using a
combination of TD-DFT and spectroscopic studies, to be the
long-lived excited state for the luminescent Ce™ complexes, in
approximate C,, or C;, geometries. Although essentially the
same energy of light (ca. 420 nm, 2.95 eV) is required to
promote the vertical absorptive transitions for these complexes
to their lowest energy D excited states, drastically different
emission energies (from 553 nm, 2.24 eV to 459 nm, 2.70 eV)
were found for the complexes. Such energy variance reflected in
the Stokes shifts indicates different degrees of vibrational
relaxation associated with the local ligand environments. The
long-lived excited state also suffered from vibrational quenching
processes, leading to various lifetimes and quantum yields of
the complexes.

In terms of rational Ce™ photosensitizer design, we propose
that the relaxation of the excited state should be minimized in
order to confer maximum energy from light into chemical
transformations or photovoltages. Our studies offer a design
strategy for achieving powerful molecular Ce™ photoreductants
by using rigid ligands as well as removing C—H oscillators from
proximity with the metal cation, in order to minimize
vibrational relaxation of the excited state. On the other hand,
tuning the degree of relaxation and quenching process could
afford Ce'™ luminophores with tunable emission colors and
efficiency.

As an expansion to the inner sphere electron transfer
reactivity of 1-N previously reported by us,* we demonstrated
that complex 4, with a less accessible metal cation than 1-N,
participated in an outer sphere electron transfer pathway with
4-fluoroiodobenzene to afford 1-(4-fluorophenyl)benzene.
These combined results revealed the possibility of using f-
block cations as photoredox catalysts. However, the efficiency
of these catalytic reactions mediated by Ce'™ photosensitizers is
currently limited by the low absorptivity intrinsic to f — d
transitions. Further studies on sensitization of Ce'™ lumino-
phores are underway to improve their light harvesting
capabilities.
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