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Recent work, both in this research group and elsewhere, has
shown that the o,0'-diiminopyridine ligand [o,a'-{2,6-
(iPr),PhN=C(Me)},(CsH;N)], well known for its ability to
form highly active polymerization catalysts,['! can be involved
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in the organometallic transformations of metal centers.
Alkylating agents may attack not only the imino function?
but also all of the pyridine ring carbon atoms®* and even the
nitrogen atom.! In addition, dimerization may be achieved by
imine reductive coupling¥ or by the cycloaddition of two
pyridine rings to form a tricyclic system.™ In parallel with all
of these transformations, either one or both of the CH; groups
attached to the imine functions may be partly deprotonat-
ed.*3! In this unusual variety of transformation, the metal
center coordinated to the ligand may engage in redox
reactions and may either lower or even increase its oxidation
state.>%7 This behavior illustrates the unique ability of this
ligand system to a) accept negative charge with preferential
spin-density localization on the imine groups and on the
pyridine N and C,,,, atoms, and b) to engage in internal redox
processes with the coordinated metal. The ability of the ligand
to accept or to donate negative charge to the metal is
paramount to the fine-tuning of the redox potential of the
metal, and of its Lewis acidity which, in turn, determines the
catalytic behavior of the metal complex.

Given the above scenario, we became interested in clarify-
ing the ability of this remarkable ligand system to accept
negative charge. For this purpose, we have carried out the
reduction of [a,a'-{2,6-(iPr),PhN=C(Me)},(CsH;N)] with
strong reductants such as Li and [Li(naphthalenide)], in the
absence of transition metals. Herein we describe our findings.

The reactions were carried out by treating a solution of
[a,0/-{2,6-(iPr),PhN=C(Me)},(CsH;N) ] with either metallic Li
under argon or [Li(naphthalenide)] under nitrogen in THF.
Regardless of the stoichiometric ratio, the reduction with
Li afforded a mixture of [a,a’-{2,6-({Pr),PhN=C(Me)},-
(CsH3;N)J[Li(thf)]; (1) and [{a-[2,6-(iPr),PhN=C(Me)]}-
{a’-[2,6-(iPr),PhN-C(=CH,) |}CsH;N][Li(thf) [,[Li(thf),]  (2)
through a readily reproducible process. Both species contain
a trianionic ligand (Scheme 1). Separation of the two ex-
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Scheme 1.

tremely air-sensitive species was possible because of their
relative solubilities in hexane. However, we observed that
reactions carried out at low temperature with 3 equiv of
[Li(naphthalenide)] afforded 2 as the only isolated compound
(67 %) and no evidence for the presence of 1.

The connectivity of 1 was elucidated by an X-ray crystal
structure (Figure 1). The complex contains the intact ligand,
which adopts the usual chelating tridentate conformation
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Figure 1. Thermal ellipsoid plot of 1. Relevant bond lengths [A] and angles
[°]: C1-C21.522(4), C2-C3 1.373(4), C3-N2 1.421(4), C3-C4 1.481(4), C4-C5
1.407(5), C8-C9 1.512(4), Li3-N1 2.203(6), Li3-N2 1.993(6), Li3-N3
2.276(6), Lil-N1 1.994(6), Lil-N2 2.077(6), Lil-C2 2.138(6), Li2-C8
2.146(7), Li2-N2 2.049(6), Li2-N3 1.989(6); Lil-N2-Li2 154.6(3), Li3-N2-
C3 119.1(3), Li3-N2-C7 121.2(2).

around the first Li atom which is, in turn, coordinated to one
molecule of THF, with an overall distorted square-planar
geometry. Two additional Liatoms, each solvated by one
molecule of THF, are symmetrically placed on either side of
the plane defined by the central Li atom and the three donor
atoms. Each of these Li atoms is coordinated to a N,,CCN;,
fragment in a geometry reminiscent of metal-diene com-
plexes. As a result, the pyridine N atom is pentacoordinated,
and displays a near-regular trigonal bipyramidal geometry.
The two out-of-plane Li atoms occupy a trigonal planar
environment, with respect to the N and O donor atoms.

Complex 1 is a rare example of a paramagnetic organo-
lithium complex that displays a magnetic moment (U.;=
1.30 pg) which is lower than expected for a complex with
one unpaired electron per molecule. The presence of anti-
ferromagnetic exchange between the radical anions is a
reasonable expectation. The ESR spectrum shows a single
resonance peak at g=2.001 with a hyperfine pattern appear-
ing as a complex 25 line spectrum.

Density functional theory calculations (B3LYP)E'l on
model complex 1a (with the aryl substituents replaced by
hydrogens) indicated the presence of a rather substantial
SOMO-LUMO gap (approximately 2.3 eV) which accounts
for the low-spin electronic configuration. The SOMO and
HOMO are essentially identical to the LUMO and LUMO +
1 of the free ligand. Both orbitals (see Figure 2) are
antibonding in the pyridine ring and between the C and
N atoms of the imine moiety; the HOMO has substantial
density at the N and C,,, atoms of the pyridine moiety,
whereas the SOMO has a nodal plane through these atoms.
This behavior is in good agreement with the bond lengths
displayed in the crystal structure, where the C—C bond formed
between the ortho and meta C atoms are essentially single
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HOMO SOMO
Figure 2. Pictorial drawing of the HOMO and SOMO of 1a.

bonds whereas the C—C bonds formed by the para C atom are
substantially shorter.

Although complex 2 originates from the same reaction and
contains the same ligand skeleton, its structure is remarkably
different. From the formal point of view it can also be
regarded as a rare example of an organotrilithium complex.
The loss of a proton from one of the methyl groups leads to
the formation of a double bond with the adjacent C atom
(Figure 3). The olefinic function is rotated approximately 30°
out of the plane of the pyridine ring. One Li atom displays

Figure 3. Thermal ellipsoid plot of 2. Relevant bond lengths [A] and angles
[°]: C20-C21 1.366(4), C20-N3 1.364(3), C20-C19 1.526(4), C19-C18
1.374(4), C18-C17 1.442(4), C17-C16 1.352(4), C16-C15 1.446(4), C15-N2
1.451(4), C13-C15 1.394(4), C13-C14 1.514(4), Lil-N1 2.017(6), Li1-C13
2.156(6), Lil-C15 2.171(6), Lil-N2 2.121(6), Li2-N1 1.989(6), Li2-C13
2.779(6), Li2-N2 1.956(6), Li3-N3 1.958(5), Li3-C18 2.528(6), Li3-C19
2.754(6); C27-N3-Li3 129.7(2), C20-N3-Li3 110.(2), C20-N3-C27 118.4(2),
C19-C20-C21 119.2(3), N3-C20-C21 128.1(3).

normal chelation to the iminopyridine moiety, while the
second sits above the ring plane and binds to the N, CCN;,
fragment in much the same way as the out-of-plane lithium
atoms of 1; both of these Liatoms are coordinated to one
THF molecule. The third Li atom is o-bound to the dangling
enamide nitrogen atom and coordinated to two THF mole-
cules. The pattern of bond lengths indicates substantial
localization in the sense of the resonance structure depicted
in Scheme 1.

The loss of a H atom from one of the two methyl groups of
the imine carbon atom during the formation of 2 was
conclusively demonstrated by NMR. The spectrum shows
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the presence of the two CH, protons at 2.04 and 3.01 ppm,
coupled to each other and to the same carbon atom
(66.39 ppm); their identity as CH, protons was confirmed
from a DEPT experiment. The spectrum also displayed a
remarkable upfield shift of the three pyridine resonances, two
distinct phenyl rings, and two sets of iPr groups.

In agreement with the observed diamagnetism of 2, the
conversion of 1 to 2 implies the loss of one hydrogen atom
which corresponds to a formal one-electron oxidation. This
might explain why a stronger reducing agent, such as metallic
Li, is necessary for the formation of 1 while a milder reducing
agent ([Li(naphthalenide)]) may favor the formation of 2. In
addition, the basicity of [Li(naphthalenide)] may play a role
by promoting competition between reduction and hydrogen
abstraction during its reaction with the free ligand. Finally, we
have observed that 1 is thermally unstable and completely
converts to 2 upon heating in toluene.

In conclusion, we have established that the popular [o,0/'-
{2,6-(iPr),PhN=C(Me)},(CsH;N)] ligand can accommodate
up to three electrons in the antibonding orbitals of the imino
unit and the pyridine ring in a low-spin configuration.
Assuming that upon alkylation similar metal-to-ligand
charge-transfer also occurs in the transition-metal complexes
formed with this ligand, the observed variety of transforma-
tions may be easily explained. The localization of spin density
on the meta Catoms of the pyridine group explains the
cycloaddition observed in the related Cr complex,! while the
formation of a double bond explains the reductive coupling
observed with Mn.™% The charge localization at the para
position of the pyridine ring accounts for both the lithiation!>!
and for the possibility of transferring alkyl groups directly
from the metal center to any position of the pyridine ring.[*-*!
What remains to be unveiled is how this ligand supports a high
level of catalytic activity with various metals. The ability of the
large m-system to accommodate negative charge might con-
currently lead to increased Lewis acidity of the metal center,
which has an obvious positive impact on catalytic perform-
ance. On the other hand, it may also help the stabilization of
electron-rich, low-valent metals, as is often observed during
the alkylation of these derivatives, and whose ability to
promote polymerization is still controversial.l’]

Experimental Section

1: Freshly cut fragments of lithium foil (0.14 g, 21 mmol) were washed with
hexanes, dried, and suspended in THF (100 mL). [o,0'-{2,6-(iPr),PhN=
C(Me)},(CsH3N)] (1.0 g, 2.1 mmol) was added to the reaction vessel. The
mixture was stirred for 48 h under an argon atmosphere during which the
color of the solution changed from light yellow to dark red/brown. Excess
lithium was removed through a glass filter. THF was evaporated from the
reaction mixture in vacuo without heating and the dark-brown residue was
suspended in pentane (20 mL). Compound 2 was isolated as an insoluble,
brown microcrystalline powder which was present even after filtration and
additional washing with pentane (0.618 g, 38 % ). The filtrate was concen-
trated to give a 15-mL solution and then cooled to —35°C. Dark-red
crystals of 1 (0.14 g, 0.2 mmol, 10%) were isolated from the pentane
solution. The extreme air-sensitivity of this compound, combined with the
spontaneous loss of solvent, prevented any meaningful analytical data
being obtained.

2: A solution of [Li(naphthalenide)] in THF (10 mL) was prepared by
stirring a solution of naphthalene (0.8 g, 6.2 mmol) and freshly cut
fragments of lithium foil (0.05g, 6.6 mmol). The resulting dark-green
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solution was diluted with additional THF (50 mL) and subsequently treated
with [a,a’-{2,6-(iPr),PhN=C(Me)},(CsH;N)] (1.0 g, 2.1 mmol). An instant
color change from dark green to dark brown occurred. The reaction was
stirred for an additional 10 min and the solvent was then removed in vacuo.
The dry residue was left under dynamic vacuum overnight at room
temperature to remove most of the naphthalene. The residual solid was
then washed with cold pentane (30 mL), filtered, and isolated as an
insoluble, brown diamagnetic powder (1.1 g, 1.4 mmol, 67 % ). Crystals of 2
suitable for X-ray diffraction were grown by cooling a saturated solution in
hexane to —35°C. 'H NMR (500 MHz, [D4]THF, 23°C): 6 =6.88 (2H, m;
CH aromaticy) s 675 (2H, m; CH aromatic)) ; 6-63 (1H, m; CH aromaric)) ; 6-36 (1H, m;
CH uromaiic) s 5-49 (1H, brs; CH 1igine)) s 5.34 (1H, brs; CH pigine)) ; 4.68 (1H,
brs; CHyridgin); 3.67 (12H, m; THF); 3.40 (4H, 2 overlapping septets;
CH_pp,)); 3.01 (1H, brs; CH,);2.04 (1H, brs; CH,); 1.76 (12H, m; THF); 1.38
(BH, S, CHimino); 1.19, 1.17, 1.09, 1.08 ppm (24H, 6 overlapping doublets;
Me ;). "C NMR (125.72 MHz, [Dg] THF, 23°C): 6 = 167.52,165.96, 157.98,
155.66, 154.80 (Cquaemary)); 144.24, 143.82 (CHpyrigine)); 123.01, 122.83,
119.76, 119.38, 115.38 (CH (yromatic)) ; 11435 (CHpyridine)) : 112.66 (CH (yromaiic)) 5
108.31 (Cguaternary))s 83.09 (CH pyriging); 67.75 (THF); 66.39 (CH,); 35.55,
32.57 (CHpy)); 25.44 (THF); 24.99, 24.93, 24.50, 23.56 (Me p,)).

Crystal data for 1: C;sHg;N;Li;053, M, = 718.84, monoclinic, space group C2/
¢, a=212094(11), b=11.5121(7), c=37.855(2) A, p=103.279(2)°, V=
8995.7(9) A3, Z=8, T=233K, Fy,=3128, R=0.0789, wR?=0.2220,
GOF =1.043. 2: C,4H;N;O,Li;, M,=789.93, monoclinic, space group
P21/c, a=15.0732(16), b=18.855(2), c=179425(19) A, p=105.170(2)°,
V=4921.6(9)A3, Z=4, T=203°K, Fyy=1720, R=0.0759, wR?=0.1971,
GOF =1.067. CCDC-189630 and -189631 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Room-Temperature Synthesis in Acidic Media
of Large-Pore Three-Dimensional
Bicontinuous Mesoporous Silica with Ia3d
Symmetry**

Xiaoying Liu, Bozhi Tian, Chengzhong Yu,
Feng Gao, Songhai Xie, Bo Tu, Renchao Che, Lian-
Miao Peng, and Dongyuan Zhao*

Since the discovery of a new family of mesoporous silicate
materials, denoted M41S and including MCM-41, MCM-48,
and MCM-50, by researchers at Mobil !l major developments
have been made in this field. A great variety of mesostruc-
tures has been obtained, including mesoporous silica, metal
oxides, metals, carbon, and hybrid organosilicates.’) Up to
now, the main research efforts have concentrated on the
MCM-41 silica structure, which consists of a hexagonal
packing of one-dimensional (1D) channels (p6mm), and
fewer investigations have been reported on mesoporous
MCM-48, which has a 3D bicontinuous mesostructure
(1a3d). This may result from the small domain of this cubic
phase (la3d) of MCM-48 in phase diagrams. Several method-
ologies have been developed for the syntheses of mesoporous
silica MCM-48 by using a cationic alkylammonium surfac-
tant,[3! mixed cationic/anionic surfactants,*! or cationic/non-
ionic surfactants as templates.’] Generally, these syntheses
were carried out under the severe conditions of high-temper-
ature (>100°C) hydrothermal synthesis in alkaline aqueous
media. Relatively expensive ionic surfactants were employed,
and the resulting mesostructures have a limited range of small
pore sizes (pore diameter 1.5-4.5 nm). These restrictions may
limit the potential applications of 3D bicontinuous mesopo-
rous materials as adsorbents, separators, and catalysts.
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Here we report the synthesis of large-pore 3D bicontinuous
mesoporous silica (designated FDU-5) at room temperature
in acidic media by using a commercial nonionic triblock
copolymer as template and an organosiloxane or organic
compound as additive. To the best of our knowledge, this is
the first preparation of Ia3d mesostructured material at room
temperature under acidic conditions. The FDU-5 products
have uniform large pores (4.5-9.5 nm). Such mesoporous
materials with large 3D bicontinuous pores could have
applications in sorption and transport, especially of large
molecules.

Large-pore 3D bicontinuous mesoporous FDU-5 was
synthesized at room temperature in ethanol solution by a
solvent-evaporation method. Triblock poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide) copolymer
(EO,PO4EO,, P123) was used as template, tetraethyl
orthosilicate (TEOS) as silica source, and a small amount of
3-mercaptopropyltrimethoxysilane (MPTS), benzene, or a
benzene derivative (methyl-, ethyl-, dimethyl-, or trimethyl-
benzene) as additive.

Transmission electron microscopy (TEM) images and
corresponding Fourier diffractograms recorded along the
[100], [111], [110], and [331] directions of calcined FDU-5
silica prepared with P123 as template and MPTS as additive in
acidic medium at room temperature are shown in Figure 1.
These images clearly show that the products have large
domains of ordered 3D bicontinuous mesostructure. The two
principal directions displaying continuous pores are [100] and
[111] (Figure 1a,b), and two types of hexagonally packed dots
with different sizes and darknesses (Figure 1b) are clearly
observed. The images shown in Figure 1 are beautiful
representative packing patterns for bicontinuous cubic mes-
ostructures (Ia3d).*”! The cell parameter a calculated from
these TEM images is 18.0 nm. On the basis of these TEM

Sl nm
——

Figure 1. TEM images and corresponding Fourier diffractograms of
calcined FDU-5 prepared at room temperature under acidic conditions
with triblock copolymer P123 as template and MPTS as additive. The
images were recorded along the directions [100] (a), [111] (b), [110] (c), and
[331] (d).
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