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Received September 6, 2010; E-mail: reiner.anwander@uni-tuebingen.de

Abstract: Homoleptic rare-earth metal silylamide complexes
Ln[N(SiMe3)2]3 (Ln ) Y, La, Nd) were grafted onto a series of
partially dehydroxylated periodic mesoporous silica (PMS) sup-
ports, SBA-15-500 (dp ) 7.9 nm), SBA-15LP-500 (dp ) 16.6 nm),
and MCM-41-500 (dp ) 4.1 nm). The hybrid materials
Ln[N(SiMe3)2]3@PMS efficiently catalyze the intramolecular hy-
droamination/cyclization reaction of 2,2-dimethyl-4-penten-1-
amine. Under the prevailing slurry conditions the metal size (Y >
La > Nd), the pore size, and the particle morphology affect the
catalytic performance. Material Y[N(SiMe3)2]3@SBA-15LP-500 dis-
played the highest activity (TOF ) up to 420 h-1 at 60 °C), with
the extralarge pores minimizing restrictive product inhibition
and substrate diffusion effects. The catalytic activity of
Y[N(SiMe3)2]3@SBA-15LP-500 is found to be much higher than
that of the molecular counterpart (TOF ) up to 54 h-1), and its
recyclability is demonstrated.

The hydroamination of unsaturated carbon-carbon bonds is
a prominent, highly atom-efficient reaction for the synthesis of
nitrogen-containing compounds.1 Particularly, intramolecular
hydroamination/cyclization (IHC) displays an efficient route for
accessing multifunctional N-heterocycles of relevance for natural
product synthesis and hence pharmaceuticals.2 Since the seminal
discovery of organolanthanide(metallocene)-catalyzed IHC by
Marks and co-workers,3 this and related olefinic transformations
emerged as a most prolific branch of rare-earth metal-based
homogeneous catalysis.4 Both metallocene and nonmetallocene
complexes were found to provide high catalytic activities and
stereoselectivities.5-7 Setting out from aminoalkenes3-7 the
scope of Ln3+-promoted IHC transformations was quickly
extendedtovariousunsaturatedmoleculesincludingaminoalkynes,5b,8

aminoallenes,9 conjugated aminodienes10 and aminodialkenes,
aminodialkynes, and aminoalkenalkynes.11 Easy and complete
product/catalyst separation is crucial for the production of highly
pure biologically active compounds and best achieved via
heterogeneous catalysis. So far, only the homogeneous IHC
catalysts (C5Me5)2Ln[CH(SiMe3)2] (Ln ) La, Sm) and
[Me2Si{(C5Me4)(NtBu)}]Sm[N(SiMe3)2] were ingeniously im-
mobilized in situ on various amino-functionalized polystyrene
resins.12 A flexible catalystTsupport binding allowed the release
and recapturing of the catalyst after IHC completion. Some of
these polymer-supported catalysts displayed activities comparable
to those of their homogeneous counterparts (e.g., TOF ≈ 22.5
versus 30 h-1), showing only minor to moderate loss of activity
upon recycling.12 This contribution represents the first hetero-

genization of rare-earth metal catalysts on inorganic supports
for the IHC reaction. Aiming at well-defined heterogeneous
catalysts,13 we found that materials Ln[N(SiMe3)2]3@PMS (PMS
) periodic mesoporous silica) display excellent catalytic activi-
ties for the transformation of 2,2-dimethyl-4-penten-1-amine (1a)
into pyrrolidine (1b), with the pore diameter and morphology
of the PMS material crucially affecting the catalytic performance.

The PMS support and active rare-earth metal component were
chosen on the basis of the following criteria: (a) PMSs emerged as
versatile supports offering high surface areas and an easily tunable
pore size/configuration;14,15 (b) “simple” Ln[N(SiMe3)2]3 (2) were
shown to serve as efficient IHC catalysts;16 (c) the surface chemistry
of 2 on silica materials is well-understood.17 Keeping in mind the
implications of both the pore size and Ln3+ size for the catalytic
performance,18 we initially selected SBA-1519 as a relatively large
pore PMS as well as yttrium, lanthanum, and neodymium as rare-
earth metal centers. Accordingly, the solution grafting of 0.5 equiv
of 2a-c in hexane at ambient temperature onto SBA-15, partially
dehydroxylated at 500 °C (denoted as SBA-15-500), gave hybrid
materials Y[N(SiMe3)2]3@SBA-15-500 (3a), La[N(SiMe3)2]3@SBA-
15-500 (3b), and Nd[N(SiMe3)2]3@SBA-15-500 (3c), via Ln-N bond
protonolysis (Scheme S1).17 All of the organometallic-inorganic
hybrid materials were characterized by elemental analysis and
DRIFT and 1H/13C NMR spectroscopies (Table S1, Figures S2 and
S3), suggesting a mixture of {(tSiO)Ln[N(SiMe3)2]2} (∼40%,
monopodal) and {(tSiO)2Ln[N(SiMe3)2]} (∼60%, bipodal) surface
species.17a,b,d

Parent SBA-15-500 and the hybrid materials 3a-c were further
characterized by nitrogen physisorption (Figure S4, Table S1).
Analysis of the Barret-Joyner-Halenda (BJH) pore size distribu-
tion revealed a consistent decrease of the pore diameter (∆dp ≈
1.2-1.4 nm) for all grafted materials (3a-c). While the filling of
the mesopores was clearly indicated, the intrinsic mesoporosity was
retained (type-IV isotherms).14,18

The catalytic activity of Ln[N(SiMe3)2]3@SBA-15 (3a-c) for
the IHC reaction was examined employing 2,2-dimethyl-4-penten-
1-amine (1a) as a routine substrate at 50 °C in benzene-d6 on the
NMR scale and compared to that of the homogeneous yttrium
counterpart 2a (Table 1, runs 1-4, Figure 1).20 All IHC reactions
using the supported precatalysts 3a-c proceeded rapidly and cleanly
to the cyclized product 1b, while the homoleptic complex 2a
showed a higher activity (TOFi ) 54 h-1). Surprisingly, the
heterogenized silylamido catalysts exhibited the highest activity for
yttrium as the rare-earth metal center (run 2), contrary to previous
results where the TOFs usually increase with the ionic radii of the
Ln3+ center.21

The conversion versus time plots for the IHC catalyzed by
Ln[N(SiMe3)2]3@SBA-15-500 (3a-c) feature a plateau (Figure 1),
characteristic for heterogeneously catalyzed reactions, where re-
stricted diffusion of the substrate/product becomes prominent with
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increasing conversion. The unsupported complex 2a shows also a
slight curve inflection after the first half-life. This has been already
observed for rare-earth metal silylamide complexes, where the rate
law is generally admitted to be different from zero-order in
aminoalkene concentration.3a,5,6b,7c,e For the silica supported cata-
lysts 3a-c the curve inflections are already distinct at 20%
conversion, suggesting a substantial competitive product inhibition
(e.g., formation of metal secondary amine adduct species) which
could be enhanced by pore confinement of the product. Moreover,
formation of inactive surface species through thermal decomposition
of the supported lanthanide silylamido species (formation of
trisiloxy rare-earth metal [(tSiO)3Ln] and silazane [tSiNHR]
surface species) cannot be totally excluded.22

In order to unveil the pore confinement hypothesis, we investi-
gated two more hexagonal channel-like PMS materials with two
extreme pore sizes, MCM-41-500 (regular small pore, dp ) 4.1 nm)23

and SBA-15LP-500 (extralarge pore, dp ) 16.6 nm),24 as well
as an amorphous silica, SiO2(Aerosil300)-500. With the same
grafting conditions applied (vide supra), hybrid materials

Y[N(SiMe3)2]3@SBA-15LP-500 (4a), Y[N(SiMe3)2]3@MCM-41-500

(5a), and Y[N(SiMe3)2]3@SiO2-500 (6a) were obtained and fully
characterized (Table S1, Figures S5 and S6). The nitrogen adsorp-
tion/desorption isotherms of materials 4a and 5a (Table S1, Figure
S7) revealed that mesoporosity was retained (type-IV isotherms)
with a major change of pore size for 4a compared to the parent
SBA-15LP silica (∆dp ≈ 2.2 nm; 3a: ∆dp ≈ 1.2 nm; 5a: ∆dp ≈
1.0 nm). Note that the pore size of 4a is at least 2-fold and 4-fold
larger than in the case of 3a and 5a, respectively (14.4 nm versus
6.7 and 3.1 nm).

As anticipated, hybrid material Y[N(SiMe3)2]3@SBA-15LP-500

(4a) with the extralarge pores displayed a much better catalytic
performance (TOFi ≈ 74 h-1, up to 99% conversion after 75 min;
Table 1, run 5, and Figure S10) than large-pore material
Y[N(SiMe3)2]3@SBA-15-500 (3a). Further, the heterogenized catalyst
4a exhibited a higher activity than the homogeneous counterpart
2a. The latter phenomenon and accelerated IHC reaction rate can
be ascribed to a bulkier, more electron-withdrawing silica
ligand.3a,6a,c,25 Raising the reaction temperature to 60 °C boosted
the initial TOFs to 417 h-1 (Table 1, run 11). Even at 70 °C,
degradation of the catalytically active species seems not to be
distinct (Table 1, run 12). In accordance with the pore confinement
hypothesis, Y[N(SiMe3)2]3@MCM-41-500 (5a) with a considerably
smaller pore diameter was less active in the IHC reaction (TOFi ≈
16 h-1; Table 1, run 15). Nevertheless, by plotting the pore diameter
dp against the initial TOF, a slightly better performance was
expected for yttrium catalyst 5a (Figure 2). This mismatch is
attributed to not only the concurrence of various effects, including
product inhibition and substrate diffusion, but also a different
dispersion behavior of the MCM-41-derived material. Hybrid
materials 3a and 4a feature a similar necklace-like particle
morphology with an average size of 20 µm (long) × 2 µm
(diameter), while 5a is composed of nonregular particles with an
average size of 25-35 µm, as evidenced by SEM micrographs
(Figures 2, S8, and S9). As a consequence, hybrid materials 3a
and 4a stay well dispersed in solution for hours limiting any mass
transfer effect (same activities were observed with and without
agitation). This is not the case for MCM-41-based 5a, which
disperses poorly, or for Y[N(SiMe3)2]3@SiO2-500 (6a), producing a
sticky gel even in larger amounts of bezene-d6 (solvent-sponge).

Detailed kinetic studies on the transformation of 1af 1b using
4a at 50 °C revealed that the reaction rate is still catalyst-dependent
(first-order, Figure S11) but show a constant deviation from zero-

Table 1. Catalytic Performance of Y[N(SiMe3)2]3@PMS in the IHC
of 2,2-Dimethyl-4-penten-1-amine (1a)a

run catalyst T
(°C)

Timef

(h)
TOFg

(h-1)

1 Y[N(SiMe3)2]3 (2a)b 50 1.9 54/16
2 Y[N(SiMe3)2]3@SBA-15 (3a)b 50 8.6 39/4
3 La[N(SiMe3)2]3@SBA-15 (3b)b 50 11.4 36/3h

4 Nd[N(SiMe3)2]3@SBA-15 (3c)b 50 14.1 26/1i

5 Y[N(SiMe3)2]3@SBA-15LP (4a)b 50 0.9 74/36
6 Y[N(SiMe3)2]3@SBA-15LP (4a)c 30 0.8 27/19
7 Y[N(SiMe3)2]3@SBA-15LP (4a)c,d 30 3.2 17/5
8 Y[N(SiMe3)2]3@SBA-15LP (4a)c,e 30 7.6 6/1j

9 Y[N(SiMe3)2]3@SBA-15LP (4a)c 50 0.3 95/48
10 Y[N(SiMe3)2]3@SBA-15LP (4a)c,d 50 7.0 15/2
11 Y[N(SiMe3)2]3@SBA-15LP (4a)c 60 0.2 417/105
12 Y[N(SiMe3)2]3@SBA-15LP (4a)c 70 <0.1 -k/>225
13 Y[N(SiMe3)2]3@SBA-15LP (4a)c,d 70 0.3 82/49
14 Y[N(SiMe3)2]3@SBA-15LP (4a)c,e 70 15.6 7/1
15 Y[N(SiMe3)2]3@MCM-41 (5a)b 50 0.3 16/10
16 Y[N(SiMe3)2]3@SiO2 (6a)b 50 10.0 21/4g,l

a Reaction conditions: in benzene-d6 (0.7 mL). b 2.85 mol % cat.
c 5.70 mol % cat. d 1st recycling. e 2nd recycling. f Time required for
90% conversion. g Initial TOF versus overall TOF (taken at 90%
conversion, unless otherwise stated). h At 80% conversion. i At 55%
conversion. j At 25% conversion. k Conversion complete after <3 min.
l Reaction conditions: in benzene-d6 (1.7 mL).

Figure 1. Conversion versus time plots for the IHC of 1a using
Y[N(SiMe3)2]3@SBA-15LP (4a, orange), Y[N(SiMe3)2]3 (2a, magenta),
Y(N(SiMe3)2)3@SBA-15 (3a, blue), La[N(SiMe3)2]3@SBA-15 (3b, red),
and Nd[N(SiMe3)2]3@SBA-15 (3c, green) (cf., Table 1, runs 1-5). Lines
are drawn only as a guide.

Figure 2. Initial turnover frequency TOFi of the catalyzed IHC versus
maximum pore diameter dp max (from BJH pore size distributions, adsorption
branch)andparticlemorphology(SEMmicrographs),forY[N(SiMe3)2]3@SBA-
15 (3a), Y[N(SiMe3)2]3@SBA-15LP (4a), and Y[N(SiMe3)2]3@MCM-41
(5a) (cf. Table 1: runs 2, 5, and 15).
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order linearity after the first half-life with variable substrate
concentrations (Figures S12-S16), as previously reported for Ln
amide catalysts.3,7d,10b,16a In our case, product inhibition is more
pronounced due to the presence of predominantly pore-confined
active sites. Analysis of the Eyring and Arrhenius plots implies
highly constrained transition states (∆H‡ ) 41.6(2.7) kJ mol-1 and
∆S‡ ) -136(8) J mol-1 K-1) suggesting a similar IHC mechanism
and TON-limiting olefin insertion into Ln-N bonds as previously
reported, albeit the activation energy (Ea ) 46.9(2.8) kJ mol-1) for
heterogenized 4a is lower (Figures S17/S18).3a,26

The supported catalyst Y[N(SiMe3)2]3@SBA-15LP-500 (4a) could
be recovered and reused twice for this very transformation at
different temperatures (Table 1, runs 6-10 and 12-14) albeit with
a substantial loss of activity for every recycling step. Leaching of
any active Y species could be excluded, since addition of a second
batch of 1a, either to the filtered supernatant or the supernatant
nonvolatiles, did not produce any IHC activity. Investigations into
the surface species after the second recycling step by DRIFT
spectroscopy showed three weak νNH absorptions (3351, 3291, and
3077 cm-1) attributable to [Y(NHR)x(NHR2)y] moieties (Figures 3
and S19).3a Addition of isopropyl alcohol to this recycled catalyst
gave an average of ∼1.0-1.3 equiv of 1a and ∼4.2-5.1 equiv of
1b per Y metal center, indicative of a pronounced product
inhibition.27

In summary, we have shown that simple rare-earth metal
silylamide complexes Ln[N(SiMe3)2]3 display considerably higher
catalytic activity in the IHC of aminoalkenes when grafted onto
PMS (Y > La > Nd). Crucially restrictive product inhibition and
substrate diffusion effects can be minimized by the use of an
extralarge pore PMS material. Under the prevailing slurry conditions
the particle morphology seems to affect the catalytic performance
as well. Such rare-earth metal silylamido surface species can be
modified by neutral and/or monoanionic chiral ligands to afford
new efficient and selective catalysts. A more general message from
this study is that the structural (long-range) ordering of porous
materials such as PMSs or PMOs (periodic mesoporous organo-
silicas) at the micro- and nanoscale, and in particular the pore size,
is a vital criterion for assessing their suitability as supports for
catalytic transformations.
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