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Heterometallic complexes play an important role in catalysis and
activation of small molecules due to the synergistic effects from
different metals. Here we report a straightforward strategy to con-
struct a series of heterobimetallic complexes of bromine bridged
cerium(in)-alkali metal or group 9 metals using a multidentate
nitrogen—phosphorus ligand.

Rare-earth metal containing heterometallic clusters are of
great interest because of their multimetallic synergistic effects
in organic catalysis’ and activation of small molecules.>
Cerium plays an especially unique role in the rare-earth chem-
istry due to its stable +4 oxidation state and the Ce(u/iv) redox-
couple,® and has been widely investigated in materials
science,” organic synthesis,” and industrial catalysis.® A
general method for the synthesis of cerium(m) heterometallic
clusters was reported by the reactions of Ce(NOj3);-6H,0 with
metal acetates, nitrites or polyoxometalates (POMs).” Leung
and co-workers reported the synthesis of cerium(v) hetero-
metallic clusters with Re, Mo, V, Os, or Mn employing a Kldui
tripodal ligand [Co(n’-CsH;){P(O)(OEt),};]".% Schelter and co-
workers reported the construction of Ce(ur)/Ce(iv) heterometal-
lic clusters with (S)-binolate ligand and explored their oxi-
dation, electronic, and -catalytic performances.” Recently,
Nippe and co-workers reported the preparation of a novel
complex with an unsupported Ce-Fe bond by the reaction of a
PyCp,> -stabilized cerium complex with K[FeCp(CO),]."
However, heterometallic clusters with cerium and other tran-
sition metals such as Rh and Ir remain under developed due
to the absence of an efficient synthetic strategy.

The development of new ligands is an important issue in
synthetic organometallic chemistry, which plays a key role in

the construction of heterometallic clusters.’ Multidentate
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Isolation of heterometallic cerium(in) complexes
with a multidentate nitrogen—phosphorus ligand+
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ligands are typically used to construct heterometallic clusters
or to stabilize metal-metal bonds. For example, Thomas group
has demonstrated that the species with transition metal-metal
multiple bonds could be linked by a phosphinoamide ligand
framework (Chart 1, A)."> The Arnold group found that the
phosphine-substituted phenol ligand (Chart 1, B) could be
useful to synthesize species with uranium-metal bonds."® Lu
and co-workers isolated a series of complexes with metal-
metal bond and employing a tripodal ligand with three NCH,P
units (Chart 1, C)."* The ligand with NCH,P units could also
be used to synthesize heterometallic complexes with LM — Sc
(LM = Ni, Pd, Pt) dative bond."® Recently, our group also devel-
oped a straightforward method for the construction of hetero-
metallic clusters with multiple U-M bonds by employing a
multidentate ligand with three rigid N-P units (Chart 1, D)."°

Herein, we report a new multidentate ligand with two rigid
N-P units (compound 1), which could be used to synthesize
hetereometallic clusters containing cerium(ui) and alkali metal
or group 9 metals. This study not only offers a new ligand for
the construction of heterometallic cluster with rare-earth
metals but also allows investigation of the potential appli-
cation of cerium-containing heterometallic cluster in metalla-
photocatalysis.
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Chart 1 Representative ligands for the construction of heterometallic
species.
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The multidentate N-P ligand, compound 1, was readily syn-
thesized by the reaction of (2-CsH,N)CH,N(CH,CH,NH,), with
two equivalents of i-Pr,PCl in the presence of excess Et;N
(see ESIT for details)."” Treatment of compound 1 with two
equivalents of n-BuLi at —30 °C and further stirring at room
temperature (RT) in tetrahydrofuran (THF) for 2 h, followed by
the addition of one equivalent of CeBr; and stirring at RT over-
night formed a red solution, from which complex 2 was
isolated as a red solid in 76% yield (Scheme 1). The '"H NMR
spectrum of complex 2 shows paramagnetically shifted reso-
nances in the range from +21.06 to —12.38 ppm, which is
typical of Ce(m) complexes.” Moreover, the *'P{'"H} NMR
spectrum of 2 consists of two resonances at 49.2 and 33.0 ppm
(see Fig. S8 and S9 in the ESIf).

The molecular structure of complex 2 was confirmed by
single-crystal X-ray diffraction.'® As shown in Fig. 1, complex 2
is an unsymmetrical dimer, in which each cerium center is co-
ordinated to three p-Br atoms and four N atoms, adopting a
distorted pentagonal bipyramidal geometry. This structural
feature is also consistent with the complicated "H NMR spec-
trum of complex 2. The bond lengths of Ce1-N1 (2.348(2) A)
and Cel-N2 (2.370(3) A) are shorter than those of Cel-N4
(2.613(2) A), which are consistent with the Ce-N bond
lengths observed in [Ce{N(CH,CH,NSiMe,tBu);},(1-Br)]*° and
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Scheme 1 The synthesis of complex 2.

Fig. 1 Molecular structure of complex 2 (thermal ellipsoids shown at
40% probability). Hydrogen atoms and isopropyl moieties in P'Pr, are
omitted for clarity. Selected bond distances (A): Ce1-N1 2.348(2), Cel-
N2 2.370(3), Cel-N3 2.645(3), Cel-N4 2.613(2), Cel-Brl 3.1249(4),
Cel-Br2 3.1516(3), Cel-Br3 3.1539(3), Ce2—-N5 2.380(2), Ce2—N6 2.393(3),
Ce2-N7 2.483(3), Ce2-N8 2.584(2), Ce2-Brl 3.2034(4), Ce2-Br2
3.1300(3), Ce2-Br3 3.2903(4), C5-C6 1.511(4), C15-C16 1.348(4).
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[CeN{CH,CH,(2-tBuNO)};Br].>° The bond length of Cel-N3
(2.645(3) A) is slightly longer than that of Ce1-N4, reflecting a
weak coordination of the pyridyl nitrogen atom with the
cerium center. The Ce2-Nymido and Ce2-Nymine bond lengths
are comparable to those of Cel-Nimigo and Cel-Numine,
whereas the bond length of Ce2-N7 (2.483(3) A) is significantly
shorter than that of Ce1-N3 (2.645(3) A). In addition, the bond
length of C15-C16 (1.348(4) A) is also shorter than the bond
length of C5-C6 (1.511(4) A), which suggests that the benzylic
position (C15) of this pyridine was deprotonated and C15-C16
is a double bond. This result is consistent with the short bond
length of Ce2-N7. The Ce-Br bond lengths (3.1249(4)-
3.2903(4) A) in complex 2 are longer than the terminal Ce-Br
bond lengths of 2.912(5)/2.885(2) and 2.874(2)-2.912(2) A
observed in [CeBr,{N(SiMe;),}(THF),] and [CeBr;THF,],>""**
which is largely due to their bridging nature and the Li
coordination effect. There is need for more base to afford
complex 2 logically. However, the yield of complex 2 was
reduced when we tried the reaction of compound 1 with
2.5 equivalents of n-BuLi. Moreover, an attempt to synthesize
the C5 deprotonated product from compound 1 was also
unsucessful.

Fortunately, upon the reaction of complex 2 with wet Et,O
at RT for 48 h, the protonated product, complex 3, was isolated
in 45% yield as a yellow crystalline solid (Scheme 2). The
'H NMR spectrum of complex 3 also exhibits paramagnetically
shifted resonances in the range from +18.40 to —7.60 ppm
(Fig. S107). The *'P{"H} NMR signals were observed at 169.4
and 69.6 ppm (Fig. S11}). The structure of complex 3 was con-
firmed by single-crystal X-ray diffraction (Fig. 2). The cerium
centers in dimer 3 also adopt distorted pentagonal bipyrami-
dal geometry, in which each cerium atom is coordinated by
four N atoms and three bridged-Br atoms. The four Ce-Nymido
bond lengths (range from 2.329(3) to 2.427(4) A) are shorter
than the two Ce-Numine (2.665(4) and 2.664(4) A) and two
Ce-Npyriayl (2.696(4) and 2.688(4) A) bond lengths, indicating
the protonation of the benzylic position (C15) to regenerate
the pyridyl unit. The formation of complex 3 may be caused by
traces of water in the Et,O. Complexes 2 and 3 represent a rare
example of a heterometallic cluster with rare-earth metal
cerium and main-group metals.

With complex 2 in hand, we tried to synthesize heterometal-
lic clusters with other transition metals. Treatment of 2 with
one equivalent of [Rh(COD)Cl], at 90 °C in toluene for 2 h
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Scheme 2 The synthesis of complex 3.
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Fig. 2 Molecular structure of complex 3 (thermal ellipsoids shown at
40% probability). Hydrogen atoms and isopropyl moieties in P'Pr, are
omitted for clarity. Selected bond distances (A): Ce1-N1 2.427(4), Cel-
N2 2.330(4), Cel-N3 2.696(4), Cel-N4 2.665(4), Cel-Brl 3.2733(5),
Cel-Br2 3.0797(5), Cel-Br3 3.0620(5), Ce2—N5 2.402(3), Ce2-N6 2.329(3),
Ce2-N7 2.688(4), Ce2—N8 2.664(4), Ce2—Brl 3.0941(5), Ce2-Br2 3.0727(5),
Ce2-Br3 3.2923(5).

afforded complex 4, which was isolated as a yellow crystalline
solid in 28% yield (Scheme 3). Complex 4 shows two doublets
with characteristic ‘/p_g, coupling constants of 149.4 Hz and
155.4 Hz in the *'P{'"H} NMR spectrum (Fig. S137). Under the
similar conditions, complex 2 could also react with one
equivalent of [Ir(COD)Cl], to generate complex 5 in 34% crys-
talline yield (Scheme 3). The resonances in "H NMR spectra of
complexes 4 and 5 were difficult to assigned due to their low
solubility and the paramagnetism of Ce(ui). Therefore, the
purities of the bulk samples of 4 and 5 were further confirmed
by elemental analysis and powder X-ray diffraction (Fig. S16
and S177%).
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Scheme 3 Reactions of 2 with [M(COD)Cl], (M = Rh, Ir).
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Fig. 3 Molecular structure of complex 4 (thermal ellipsoids shown at
40% probability). Hydrogen atoms and isopropyl moieties in P'Pr, are
omitted for clarity. Selected bond distances (A): Ce1-N1 2.453(8), Cel-
N2 2.466(7), Cel-N3 2.676(8), Cel-N4 2.630(7), Cel-Brl 2.9139(14),
Cel-Br2 3.0509(14), Cel-Br3 2.9448(13), Rh1-Brl 2.4891(17), Rh1-P1
2.350(2), Rh2—-Br2 2.4787(13), Rh2-P2 2.338(2).

The solid-state structure of 4 was confirmed by single-
crystal X-ray diffraction (Fig. 3). The most important structural
feature of complex 4 is that the rare-earth metal (Ce) and two
transition metals (Rh) are bridged by two Br atoms. Complex 4
represents the first example of a heterometallic cluster contain-
ing both Ce and Rh.*® The bond angles of Ce1-Br1-Rh1 and
Cel-Br2-Rh2 are 91.36(5)° and 91.02(4)°, respectively. The
bond lengths of Ce1-N1 (2.453(8) A) and Ce1-N2 (2.466(7) A)
are significantly shorter than those of Ce1-N3 (2.676(8) A) and
Cel-N4 (2.630(7) A). The Ce-Br bond lengths (2.9139(14)-
3.0509(14) A) are shorter than those observed in complex 3.
The Rh-P bond lengths of 2.350(2) and 2.338(2) A are similar
to those previously reported.>*

The structural features of complex 5 were also revealed by
X-ray diffraction (Fig. 4). It is also a heterometallic cluster with
one rare-earth cerium and two transition metals (Ir). The bond
distances of Ce1-N1 (2.445(7) A) and Ce1-N2 (2.447(7) A) in
complex 5 are very close to that observed in complex 4, and are
also shorter than the bond lengths of Ce1-N3 (2.671(7) A) and
Ce1-N4 (2.624(7) A). We attempted to synthesize heterometal-
lic cluster with direct Ce-M bonds by the reduction of com-
plexes 4 and 5 but were unsuccessful.

Fig. 4 Molecular structure of complex 5 (thermal ellipsoids shown at
40% probability). Hydrogen atoms and isopropyl moieties in P'Pr, are
omitted for clarity. Selected bond distances: Cel-N1 2.445(7), Cel-N2
2.447(7), Cel-N3 2.671(7), Cel-N4 2.624(7), Cel-Brl 3.0742(14), Cel-
Br2 2.9215(14), Cel-Br3 2.9440(12), Ir1-Brl 2.4547(13), Ir1-P1 2.343(2),
Ir2—Br2 2.4432(14), Ir2-P2 2.340(2).
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Fig. 5 UV-Visible electronic absorption spectra of heterobimetallic
clusters 2 (black), 3 (red), 4 (blue), and 5 (magenta) recorded in THF
at RT.

The ultraviolet-visible (UV-Vis) absorption spectra of 2, 3,
4, and 5 were recorded in THF at RT (Fig. 5). All the heterobi-
metallic complexes showed strong absorption in the region
from 300 to 500 nm, in which shoulder peaks of 2, 3, 4, and 5
were found at about 295 nm and the molar absorption coeffi-
cients of 4 (e =~10151 M~ " ecm ") and 5 (¢ = ~8522 M~ em ™)
were significantly higher than those of 2 and 3 (¢ = ~4837 and
4857 M ' em ™).

Conclusions

In summary, a series of novel heterobimetallic complexes con-
taining a rare-earth metal (Ce) and an alkali metal (Li) or tran-
sition metals (Rh and Ir) were constructed based on a novel
hexadentate N,P, ligand with two rigid N-P units. This study
offers an effective ligand for the construction of heterometallic
clusters with different metals, and thus provides new opportu-
nities for the investigation of the potential applications of
these heterometallic clusters. Studies on the reactivity and cat-
alysis of these heterobimetallic clusters and the construction
of heterometallic clusters with direct metal-metal bonds
based on novel N-P ligands are currently under investigation.
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