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Summary: Lanthanide(II]) bent-metallocene complexes with a
novel photofunctionalized pentamethylc g/clopenzadlenyl ligand
having an N-phenylcarbazolyl group (Cp*"““ = y°-CsMe,CH
CsH 5>N), [Ln(Cp*"““)>(THF)] (Ln = Tb (1), Gd (2)), were
prepared and their molecular structures and luminescence pro-
perties were investigated. The f—f emission from the terbium
metal centw of 1 was efficiently sensitized by Cp*"““" (e = 0.88 x
10 M~ em™" at 331 nm, ® = 0.67 at 330 nm excitation, k, =
1.68x 10° s~ 1. Additionally, the solid-state structure of potas-
sium salts of Cs-ring (i7°-CsRs, R = Me, H) derivatives was
uncommonly characterized in Cp""~“".

Ligand functionalization is a common approach to form
metal complexes that have a desired structure and function-
ality. To date, various photofunctionalized ligands have
been developed and successfully utilized as photosensitizers
for transition-metal and lanthanide complexes.! Among
them, macrocyclic polyamines such as cyclam (1,4,8,11-tetra-
azacyclotetradecane) and tacn (1.,4,7-triazacyclononane), which
are popular ligands in inorganic chemistry, are widely emp-
loyed as useful frameworks to construct adaptable and effi-
cient photofunctionalized ligands.>* Although the anionic
pentamethylcyclopentadienyl ligand (Cp* = #°-CsMes) is
one of the most common and important ligands in organo-
metallic chemistry,* photofunctionalized Cp* derivatives have
been hitherto unknown because of troublesome synthesis and
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isolation of the ligand.” We believe that photofunctionalized
Cp* ligands could open a new field of organometallic chemis-
try, including developments of novel photocatalysts and lumi-
nous materials. We have now found that a new class of photo-
functionalized ligands, the N-phenylcarbazolyl-functionalized
Cp* ligand (Cp™"“™ = 3°-CsMe,CH,C, sH ,N), serves as an
efficient photosensitizer for the terbium(III) ion. Thus, a
highly luminescent organolanthanide complex having a fast
radiation rate was successfully prepared by proper combina-
tion of the metal ion and the photofunctionalized Cp* ligand
(vide infra). Herein we report the synthesis, structure, and
photophysical properties of a terbium(IIl) complex with
Cp™r [Th(Cp“*"),I(THF)] (1). The gadolinium(I1I) com-
plex [Gd(Cp"“*"),I(THF)] (2) was also synthesized to gain
insight into the photosensitization of the N-phenylcarbazolyl
group. Furthermore, the solid-state polymeric structure of
the THF-solvated Cp™™*" potassium salt, which is a key
precursor for the preparation of 1 and 2, is presented. Solid-
state structural information for the Cp* or Cp (°-CsHs)
derivative alkali-metal salts is comparatively limited, even
though their salts are widely used for preparing organome-
tallic complexes.**¢
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Scheme 1. Preparation of the Potassium Salt KCp
Lanthanide(III) Complexes 1 and 2
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The N-phenylcarbazolyl-functionalized Cp* ligand Cp™™“*"

was synthesized by a method used to synthesize other types
of CsMeyR ligands, where R = NMe,, allyl, indenyl, dithia-
nyl,” and was isolated as the potassium salt, [K(Cp""“*)-
(THF)] (KCp™™®™), in 25% overall yield from 3-bromo-
9-phenylcarbazole (Scheme 1). Pale yellow crystals suitable
for X-ray diffraction analysis were obtained from a saturated
THF solution of KCp*"“®" at room temperature. An X-ray
diffraction study shows that the crystal structure of KCp"*
consists of polymeric zigzag chains of composition [K(Cp™“")-
(THF)].., in which a weak interaction between the potassium
ion and the tethered N-phenylcarbazolyl substituent is obser-
ved (K- - - C12(carbazole) distance 3.495(2) A) (Figure 1).8 The
K—O(THF) distance is 2.663(2) A. The centroid of the five ring-
carbon atoms in the cyclopentadienyl group, ring™, is 2.746 A
from the potassium ion on one side and 2.760 A from another
potassium ion on the other. The ring®"—K-—ring®" and
K—ring®"—K angles are 141.68(4) and 174.01(5)°, respectively.
This is a rare example of a crystallographically characterized
THF-solvated potassium salt of Cp* or Cp derivatives.®

The reaction of two equivalent KCp*"* groups with Tbl;
in THF at room temperature led to the formation of the
terbium(III) complex 1 in good yield (83%) as a white
powder (Scheme 1). The isolated complex is stable indefi-
nitely under a dry nitrogen atmosphere. Crystals of 1 suitable
for X-ray diffraction analysis were grown from a saturated
Et,0 solution at —22 °C. The solid-state molecular structure
of 1is depicted in Figure 2.% The structure is typical of a bent
metallocene species that contains two additional ligands. The
ligand arrangements around the formally eight-coordinate
Tb atom are pseudotetrahedral, with the two Cs rings of
Cp™"“an oxygen atom of THF, and an iodide ligand.
The ring®"=Tb—ring"" and iodide—Tb—oxygen angles are
134.03(9) and 88.30(9)°, respectively. These values are in the
range of typical bis(pentamethylcyclopentadienyl)lanthanide
complexes with two other ligands (133(1)—137.22(11)° for
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Figure 1. ORTEP drawing of a zigzag [K(Cp™"“*")(THF)]... chain.
Hydrogen atoms are omitted for clarity, thermal ellipsoids are at
50% probability. Selected bond distances (A) and angles (deg):
K—ring™"(1) = 2.746, K—ring®"(2) = 2.760, K—0O = 2.663(2),
K. --Cl12 = 3.495(2); ring*"(1)—K—ring*"(2) = 141.68(4), K—
ring“"(1)—K = 174.01(5). “ring“"” indicates the centroid of the
five ring-carbon atoms.

the angle of ring®"—metal—ring®", 87.17(12)—91.6(5)° for
the angle of halide—metal—oxygen).’

Figure 3 (black) displays the UV —vis absorption spectrum
of 1in THF at room temperature. The absorption bands at
296, 331, and 345 nm (e = 4.56 x 10%, 0.88 x 10*, and 0.84 x
10* M~ em™!, respectively) are assigned to the intramole-
cular 7 — 7* transition of the N-phenylcarbazolyl moieties.'
Under the excitation of 1 at 330 nm, the luminescence spec-
trum characteristic of terbium ions was observed (Figure 3, red).
The seven bands in the spectrum are assigned to the following
transitions: °Dy — "Fg (497 nm), D, — 'F5 (547 nm), °Ds —
"F4 (590 nm), D, — "F5 (620 nm), D, — 'F, (648 nm), °Dy —
"F, (662 nm), and °D4 — "F, (679 nm).'®* The absence of
broad luminescence arising from the ligand-centered tran-
sitions indicates that the ligand-centered excited state in the
Cp"rCer ligand was almost completely quenched by the ter-
bium ion (Figure S1, Supporting Information). Furthermore,
the excitation spectrum monitored at 547 nm (°Dy — Fs
transition) was almost identical to the absorption spectrum
of 1 (Figure S2). These findings univocally indicate that
an efficient intramolecular energy transfer occurs from the
N-phenylcarbazolyl moieties to the terbium ion.

In the luminescent lanthanide complexes, the energy level
of the lowest triplet ligand-centered excited state is one of
the crucial factors determining the luminescence quantum
yields.'®€ To estimate the energy level of the lowest triplet
state in 1, the gadolinium(IIT) complex 2 having the same
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Figure 2. ORTEP drawing of terbium(III) complex 1. Hydro-
gen atoms and cocrystallized solvent molecules are omitted for
clarity; thermal ellipsoids are at the 50% probability level. Selec-
ted bond distances (A) and angles (deg): Tb—ring®"(1) = 2.391,
Tb—ring®"(2) = 2.404, Tb—I = 3.0308(4), Tb—O = 2.414(3);
ring®?(1)=Tb—ring®*(2) = 134.03(9), I-Tb—O = 88.30(9),
ring™"(1)=Tb—0 = 104.98(12), ring""(2)—Tb—0O = 106.63(13),
ring®*(1)=Tb—1 = 105.44(7), ring®"(2)—Tb—1 = 108.01(7).

“ring®*"” indicates the centroid of the five ring-carbon atoms.
7F
6
T 5¢ 5
§ &
s 4L 2,
g 3f <
o3 s
[ c
& o2r Z
| A LA

300 400 500 600 700
Wavelength (nm)

Figure 3. UV—vis absorption (black) and corrected luminescence
(red) spectra of 1 in THF at room temperature (Ae, = 330 nm).

ligands as 1 was synthesized (Scheme 1) and characterized.
Because the energy levels of the lowest triplet states for
N-phenylcarbazole derivatives (ca. 24000 cm™")'" are con-
siderably lower than that of the metal-centered state for the
gadolinium(IIT) ion (32000 cm "), the ligand-centered lumi-
nescence would not be quenched in the gadolinium(III)
complex 2. The solid-state molecular structure of 2 is depicted
in Figure S3.% The unit cell constants show that the lantha-
nide complexes 1 and 2 are isomorphous. The ring®"—metal—
ring®" and iodide—metal—oxygen angles of 2 (133.85(10)
and 88.58(10)°, respectively) are consistent with those of
1 (134.03(9) and 88.30(9)°, respectively). The UV—vis

(11) Henry, B. R.; Kasha, M. J. Chem. Phys. 1967, 47, 3319.
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absorption spectrum of 2 in THF at room temperature is
also consistent with that of 1 (Figure S4): An.x = 296, 331,
and 345 nm (e = 4.38 x 10*,0.83 x 10*, and 0.81 x 10* M ™!
cm !, respectively). From the phosphorescence spectra of
the gadolinium(III) complex 2 in Me-THF at 77 K (Figure S5),
the energy level of the lowest excited state in the N-phenyl-
carbazolyl moieties was estimated as approximately 24 200 cm ™.
Thus, the energy gap (AE) between the lowest ligand-centered
(24200 cm ") and metal-centered (20 100 cm ') levels in 1 is
calculated to be 4100 cm ™', much higher than that normally
placed as an upper limit (AE = 1850 cm™~")'? for back energy
transfer from the terbium ion at room temperature: the
energy gap in 1 is large enough to cause no back energy
transfer to the ligand center. This result supports the efficient
and straightforward intramolecular energy transfer from the
Cp""Cr ligand to the terbium ion in 1.

The luminescence quantum yield (®) of 1 was determined
to be 0.67 in THF using 9,10-diphenylanthracene in cyclo-
hexane as a reference (® = 0.97)."* The quantum yield is
comparable to those for recently reported highly luminescent
terbium complexes, which used macrocyclic polyamines
(0.43—0.78),? pyridine derivatives (0.31—0.95),'* 2-hydroxy-
isophthalamide derivatives (0.40—0.63),"> and others
(0.40—0.85)'® as ligands. The lifetime (7) of 1 in THF at
room temperatue (400 us) is considerably shorter than those
found in the highly luminescent terbium complexes discussed
above (~3.16 ms)>'* "¢ and is slightly longer than that found
in the organometallic terbium complex [Tb(;7°-CsH4CHj)»-
CI(THF)] (300 us).'” Thus, the radiative rate constant (k, =
®/7) of 11is calculated to be k, = 1.68 x 10° s~ !, which is the
highest in the terbium complexes discussed above (~1.59 x
10* s~ " mostly less than 0.90 x 10° s '). Since it is known that
asymmetric environments of lanthanide(III) ions promote
f—fradiative transition and thereby provide higher quantum
yields,'® the asymmetric structure around the terbium ion of
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1 (vide ante, Figure 2) would contribute to the photophysical
properties of 1.

In conclusion, we have demonstrated the potentiality of
the photofunctionalized Cp* ligand Cp"““" to form a highly
luminescent lanthanide complex. The newly prepared ligand
was isolated as the potassium salt, and its solid-state struc-
ture was unequivocally characterized. The terbium complex
1supported by the Cp"““" ligands shows the efficient photo-
sensitization of f—f luminescence via energy transfer from
the photosensitized N-phenylcarbazolyl group and the fairly
fast radiation rate. Thus, a new class of photofunctionalized
ligands, Cp™"“*" and related Cp* derivative ligands, could
provide a new strategy to construct novel photofunctional
organometallic compounds and open a new field of organo-
metallic photochemistry. Further work is currently in progress
on the basis of this approach.
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