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ABSTRACT: Single-site organolanthanum complexes supported ‘ S S
on mesoporous silica nanoparticles, La{C(SiHMe,),;},@MSNs, ’
catalyze the ring-opening hydroboration reaction of aliphatic and
styrenic epoxides with pinacolborane (HBpin). The surface-bound
complexes, synthesized by reaction of the homoleptic tris(alkyl)-
lanthanum La{C(SiHMe,);}; and SBA-type MSN treated at 700
°C (MSN7OO)) are mOSﬂY monopodal ESIO_La{C(SIHMeZ)S}Z A recyclable organolanthanum Catalytic Intermediates
and contain an average of one bridging La<—H—Si per alkyl ligand. Catalyst for ,r::";’:;’:e Ros T n o
This structure was established through a combination of solid-state Ao —\OBOK
NMR (SSNMR) experiments, including J-resolved SiH coupling

and quantitative *°Si measurements, diffuse reflectance IR, and elemental analysis. These rigorous analyses also established that
grafting reactions in pentane provide a preponderance of =SiO—La{C(SiHMe,);}, sites and are superior to those in benzene and
THE, and that grafting onto MSN treated at 550 °C (MSNj;,) results in a mixture of surface species. The single-site supported
catalysts are more selective and in most cases more active than the homogeneous analogue, allow easy purification of products from
the catalyst, are strongly resistant to leaching into solution phase, and may be recycled for reuse at least five times. After reaction of
La{C(SiHMe,);},@MSN and HBpin, species including =SiO—La{C(SiHMe,);}(H,Bpin) and =SiO—La{C(SiHMe,);}{x*—
pinB—O(CMe,),0BH,} are identified by detailed 1D and 2D ''B SSNMR experiments.

Optimization of Synthesis
Catalyst Structure

Podality

La=H-Si Interaction

B INTRODUCTION The oxophilic lanthanide centers also form strong bonds to
oxygen in metal oxides, which is a useful property for attaching
these sites onto supports in heterogeneous catalysts.”’™>
Homoleptic compounds in particular, such as La-
(CH,Ph);THF; or La{CH(SiMe;),};,°>*" have potential in
surface organometallic chemistry (SOMC).**** For example,
lanthanum benzyl grafted onto silica is a catalyst for styrene
and ethylene polymerization and alkyne dimerization.*”
Unfortunately, the molecular precursors are limited by their

L > - ] typically difficult syntheses, tendency to tightly coordinate
intermediates containing Ln—O bonds (Ln = lanthanides donors, such as THF or Cl as LiCl adducts, and thermal
and group 3). A few examples of hydroboration of ketones and

aldehydes, using the homoleptic lanthanum catalysts La{N-
(SiMe;),}; and Cp;La,”~"" or hydroboration and C—O bond
cleavage of esters catalyzed by La{C(SiHMe,),}; or La{N-

The bond-activating properties of organolanthanides, which
are well-known to readily break and form C—H and C-C
bonds," ™ hold promise for new catalytic transformations that
complement mechanisms and selectivity of transition-metal-
catalyzed reactions.*”" Lanthanide oxophilicity can also enable
C—O bond cleavage in ethers or in transesterification
reactions; however, reductive catalytic C—O bond cleavage
processes are typically inhibited by the stabilization of

lability. These properties are exacerbated in the large, early
lanthanides (i.e., La, Ce, Pr, Nd). Moreover, the combination
of highly electrophilic rare-earth centers and reducing alkyl
ligands results in polar Ln—C bonds that can undergo side

(SiMey),};, "' suggest strategies for overcoming the Ln—O reactions with siloxane linkages on silica to dealkylate and
bond strength to make use of highly electrophilic lanthanide deactivate organolanthanide sites in SOMC. Such reactions are
centers. In fact, La{C(SiHMe,);}; represents the most active difficult to trace in surface species as a result of limited
and versatile Catalyst fOI' the ring—opening hydroboration Of Spectroscopic Signatures of the homoleptic precursors' In
epoxides to date.'”'™'> We note that a related approach to

breaking strong M—O bonds of oxophilic sites is enabled by Received: October 28, 2019

redox-active metal centers, for example, with Ti complexes Published: January 12, 2020

under homogeneous conditions,"®"” or in metal—organic
frameworks (MOFs),'® as well as Ce-containing MOF-
catalyzed hydroboration of alkenes and pyridines."”

© 2020 American Chemical Society https://dx.doi.org/10.1021/jacs.9b11606
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addition, the lanthanide centers that mediate cleavage of C—O
bonds, such as the reaction which occurs during the catalytic
hydroboration of epoxides, might also readily break the Si—O
bonds that link the organometallic species to the surface.

In contrast to benzyl and trimethylsilyl compounds, the new
class of homoleptic compounds Ln{C(SiHMe,);}; benefit
from rich infrared and NMR spectroscopic features associated
with the silicon-hydride moiety.””** The 'Jg;; of 137 Hz for
La{C(SiHMe,);};, measured at room temperature, corre-
sponds to the mean of exchanging bridging La«<H—Si (YJg =
114 Hz) and nonbridging SiH (‘Jgy = 186 Hz), which are
resolved to a 2:1 ratio at —94 °C. These properties have been
useful in studying grafting reactions of disilazido compounds
such as Ln{N(SiHMe,),};THF, or Ln{N(SiHMe,)tBu},
(with Ln = Y and Sc), which also contain bridging Ln—H-—
Si structures.”””* In Y{N(SiHMe,)tBu},, for example, the
averaged 'Jg;; value responds to the presence (145 Hz) or
absence (124 Hz) of a THF ligand; the value in the THF-free
silica-grafted surface species (141 Hz) suggests an additional
interaction with surface siloxane as a 2 e~ donor.”’ Thus, the
NMR properties of SiH groups in the lanthanide alkyl species
Ln{C(SiHMe,),}; might also facilitate assignment of surface
structures formed in grafting reactions.

In the present study, we have pursued the thermally stable,
easily synthesized compound La{C(SiHMe,);}; as a reactant
for producing organolanthanum compounds in SOMC on
mesoporous silica nanoparticles (MSNs). We report on the
synthesis and structure of MSN-grafted La{C(SiHMe,);}, and
on the improved per-site catalytic activity, selectivity, and
recyclability of this material compared to its soluble precursor
for ring-opening hydroboration of epoxides. Among the
analytical techniques capable of probing the grafting process,
as well as the structures and dynamics of surface-attached
organometallic species, nuclear magnetic resonance (NMR)
spectroscopy proved to be particularly powerful”*>*>~*
Here, definitive structural characterizations of the surface-
grafted alkyl lanthanum species were obtained from one- and
two-dimensional (1D and 2D) solid-state (SS)NMR measure-
ments on 'H, "B, *C, and *Si nuclei, performed in concert
with solution-state NMR, elemental analysis, and diffuse
reflectance infrared spectroscopy (DRIFTS). Importantly,
SSNMR experiments were used to understand and optimize
the grafting reactions, to provide spectroscopic signatures of
the secondary La<—H—Si interactions in the grafted species,
and to propose the structures of the active catalytic centers
generated by reacting pinacolborane (HBpin) with surface-
attached alkyl lanthanum species.

B METHODS AND MATERIALS

Synthesis of Materials. La{C(SiHMe,);}; was prepared by
reaction of Lal; and KC(SiHMe,),,>* SBA-type MSN's were prepared
by P104-templated condensation of tetramethyl orthosilicate
(TMOS) under acidic conditions.*” The silica surface was partially
dehydroxylated by heating under dynamic vacuum (1 mTorr) at S50
°C (MSNyq,) or 700 °C (MSN,q,) for 12 h. The surface areas and
pore sizes, determined by N, sorption, are 441 m*/g and 9.1 nm for
MSNG;;, and 409 m?*/g and 9.1 nm for MSN,q, (see Table S1 in the
Supporting Information, which includes additional textural properties
of both samples). The TEM images of MSN ,, shown in Figure S2 in
the Supporting Information, further demonstrate the stability of the
MOSN structure upon thermal treatment in vacuo. Titration of surface
silanols with Mg(CH,Ph),(0,C,H;), revealed 0.7S mmol/g for
MSN;, and 0.62 mmol/g for MSN,,.*
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SSNMR Spectroscopy. SSNMR experiments were performed on
a 600 MHz (14.1 T) Varian NMR spectrometer, equipped with 1.6
and 3.2 mm magic angle spinning (MAS) probes, and a 400 MHz (9.4
T) Varian NMR spectrometer, equipped with 3.2 and 5.0 mm MAS
probes. 1D and 2D experiments were carried out on 'H, 'B, '*C, and
2Si nuclei and included 1D DPMAS, 1D CPMAS, 2D HETCOR and
idHETCOR, 2D J-resolved spectroscopy,™ and 2D MQMAS.* The
abbreviations refer to direct polarization (DP), cross-polarization
(CP), directly and indirectly detected heteronuclear correlation
spectroscopy (HETCOR and idHETCOR), and multiple-quantum
(MQ)MAS. The idHETCOR technique was used in combination
with fast MAS to enhance the signal-to-noise ratio via the detection of
'H nuclei in the direct dimension of the 2D spectrum (horizontal axis
in our figures) and relegating the less sensitive nuclei, here 28i, to the
indirect (vertical) dimension.***” To minimize the possibility of
oxygen contamination, the samples were packed in zirconia rotors in a
glovebox under nitrogen atmosphere, and the experiments were
carried out using nitrogen to propel the MAS rotors. The
experimental details are given as needed in the text and in the figure
captions, using the following symbols: By is the magnetic field, vy the
MAS rate, 7¢p the cross-polarization contact time to the observed
nuclei, 7gp the recycle delay, T the longitudinal relaxation time, and
AT the total acquisition time. The full sets of experimental parameters
for all experiments are listed in Table S2 in the Supporting
Information. The chemical shifts for 'H, 3C, ?°Si, and ''B nuclei
were denoted as 6 and referenced according to the IUPAC
recommendations.*®

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Silica-Sup-
ported Organolanthanides. The homoleptic tris(alkyl)
lanthanum compound La{C(SiHMe,);}; (1)**’* and
MSNss* or MSN,y, reacted in a rapidly stirred pentane
suspension at room temperature over 20 h to give La{C-
(SiHMe,)3},@MSNs5o (1@MSN;50) or La{C(SiHMe,);},@
MSN,yo (1@MSN,y,) and HC(SiHMe,); (Scheme 1). The
materials 1@MSN;, and 1@MSN,,, were characterized by
mass balance of grafting, surface alcoholysis reactions,
elemental analysis, as well as DRIFTS and SSNMR spectros-
copy as described below.

La Loading and Podality. The La loadings and surface
speciations (ratios of monopodal sites to bipodal sites, where
podality is defined as the number of X-type surface silanoate
ligands)*® in 1@MSN;s, and 1@MSN,, were evaluated by
mass balance of grafting (in situ solution-state NMR, method
I), quantification of surface alcoholysis reactions (in situ
solution-state NMR, method II), and elemental analysis
combined with quantitative *’Si SSNMR (method IIT). The
data obtained from these three methods are summarized in
Table 1. In the first method, the grafting reaction performed
between excess 1 and a tared quantity of MSN in benzene-dj
was monitored by solution-state NMR, with internal standard
Si(SiMe,), of known concentration added. The decrease in the
concentration of 1 (1 ypeumed) is proportional to the La loading,
and the amount of HC(SiHMe,); produced (HC-
(SiHMe, )3_gafiing) vields the number of Si—O—La linkages
formed. With these two pieces of information, the monopodal
to bipodal ratio could then be estimated assuming (1) that
quantities of physiosorbed La{C(SiHMe,);}; and (geometri-
cally unlikely) tripodal (=Si—0),La are low with respect to
the total amount of grafted lanthanum and (2) that 1
consumed by grafting at silanols produces primarily HC-
(SiHMe,);. The amounts of 1.,smeq for both MSN, and
MSN,, grafting reactions are less than initial surface silanol
loading, for reasons discussed in detail below, and 1 is not

https://dx.doi.org/10.1021/jacs.9b11606
J. Am. Chem. Soc. 2020, 142, 2935—-2947
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Scheme 1. Reactions of La{C(SiHMe,);}; and Partially Dehydroxylated Mesoporous Silica Nanoparticles (MSNs) Previously
Treated under Vacuum at 550 °C (MSNj;,) or 700 °C (MSN,,)

A. Grafting onto MSN;5o
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Table 1. Podalities for 1@MSN;,, and 1@MSN,y, Determined by Mass Balance of Grafting (in Situ Solution-State NMR),
Surface Alcoholysis Reactions (in situ Solution-State NMR), and Elemental Analysis with Quantitative >’Si SSNMR

Method 1@MSNsso 1@MSN700
1consumed (manl/g) 0.35 0.25
erafting mass balance HC(SiHMez2)s-grafiing (mmol/g) 0.55 0.27
(method I) ratio Teonsumed : HO(SiHMe2)s-grating 1.0: 1.6 1.0: 1.1
ratio monopodal : bipodal 0.4:0.6 0.9:0.1
Lconsumea (Mmol/g) 0.35 0.25
alcoholysis quantiﬁcation HC(SiHMC:)}—:PrOH (mlTlOl/g) 0.55 0.48
(method II) ratio Teonsumed : HC(SiHMe2)s-ipron 1.0: 1.6 1.0:19
ratio monopodal : bipodal 0.6:0.4 0.9:0.1
ICP-OES, La (mmol/g) 0.353 0.269
quantitative **Si SSNMR and »Si DPMAS, —C(SiHMez); (mmol/g) 0.473 0.513
elemental analysis (method I1T) ratio La : ~C(SiHMez)s 1.00: 1.34 1.00: 1.91
ratio monopodal : bipodal 0.34 : 0.66 0.91 : 0.09

detected in extracts upon washing 1@MSN with benzene or
pentane, suggesting that physiosorbed La{C(SiHMe,);};, if
any, is a minor component of the products. Using a
complementary method II, the number of —C(SiHMe,),
groups coordinating surface-attached La centers could be
approximated directly by reacting isolated 1@MSNjs, or 1@
MSN,,, with isopropyl alcohol (iPrOH, surface alcoholysis
reaction). The podality was then deduced by comparing the
produced HC(SiHMe,); (HC(SiHMe,);_p,0on) with the La
loading obtained from the mass balance experiment. With
method III, the La loading and the number of —C(SiHMe,);
groups coordinating surface-bound La centers were independ-
ently determined using elemental analysis (ICP-OES) and
quantitative **Si SSNMR measurements, providing alternative
measurements for calculating the average podality. As can be
seen from the good agreement in results from methods I-III in
Table 1, 90% of surface species in 1@MSN,,, are monopodal
dialkyl sites of the type =Si—O—La{C(SiHMe,);},. In
contrast, 1@MSNjq, is a mixture of surface species, most likely
monopodal and bipodal ((=Si—O0—),LaC(SiHMe,);) in an
approximately 1:1 ratio. The minor deviation between
estimated podality in MSNj;, for the three methods could
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be attributed to side dehydrocoupling and SiH/SiC redis-
tribution reactions involving —C(SiHMe, ), and surface SiOH
groups, exacerbated in benzene solvent needed for method I,
whereas the sample for method 1I is prepared in pentane (see
below), which increased the amount of HC(SiHMe, ), released
during alcoholysis reactions. Additional inaccuracies of
methods I and II may arise due to the reactions of
HC(SiHMe,); with the silica surface, which were indicated
by the *C CPMAS spectra discussed below.

Note that the La loadings on MSNss, and MSN,y, are
relatively similar, 0.35 and 0.27 mmol/g, respectively. From the
amounts of Si—O—La linkages formed (see Scheme 1 and
Table 1) and the titration results of the silica surface, it follows
that the fractions of surface SiOH groups consumed by grafting
in these two samples were about 73% and 44%. It is clear that,
at a lower calcination temperature of MSN, the bipodal form is
preferable and accounts for 60—70% of all La metal centers.
Evidently, partially dehydroxylating the MSN at higher
temperature, which primarily reduces the number of vicinal
silanol groups, prevents the formation of bipodal sites with
only a minor effect on La loading.

https://dx.doi.org/10.1021/jacs.9b11606
J. Am. Chem. Soc. 2020, 142, 2935—-2947
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The “incomplete consumption” of the SiOH groups is
primarily due to the bulky size of 1, which limits the surface
site density (La{C(SiHMe,),},@MSN;s, 0.48 La per nm?;
La{C(SiHMe,),},@MSN,q, 0.37 La per nm’; see Figure 1),

monopodal

%

bipodal

P oa B

4 nm X 4 nm

1@MSNq

1@MSNs5, 4nm X 4 nm

Figure 1. Surface coverage model of La{C(SiHMe,);},@MSN. Note
that the presented scheme does not account for pore curvature.

rendering a fraction of silanols inaccessible. Second, the '

CPMAS and *’Si CPMAS spectra (Figure 2B—E and Figure S9
in the Supporting Information), discussed in detail later in this
paper, show that some of the accessible SiOH groups were
taken up by the products of side reactions with the

HC(SiHMe,), ligands released during grafting. Third, a non-
negligible fraction of SiOH groups may reside in inaccessible
micropores in the SBA. Although the nitrogen sorption
isotherms (see Figure S1 in the Supporting Information)
showed the presence of micropores in MSNjs, and MSN,,, at
less than 1.5% and 0.5% of the total pore volume, respectively,
these sites are difficult to quantify. The exact diameters of
micropores are not known, except that they are smaller than 2
nm, and some may be off-limits also to the titrating molecules
(Mg(CH,Ph),(0,C,Hy),). However, even with the surface-to-
volume ratio being higher in small-diameter pores, their SiOH
content is unlikely to exceed a few %. Lastly, we considered
another hypothesis that could explain the presence of
unreacted SiOH groups, namely, clogging of the pore
entrances with the initially grafted species. However, we
found the pore-clogging scenario to be unlikely for two
reasons. First, the mesopores have a uniform pore size of ~9.1
nm (see Figure S1 in the Supporting Information), which is
much wider than the molecular size of the grafted species (ca.
1.2 nm). A densely packed monolayer of monopodal species
would only decrease the effective pore diameter to ca. 6.5 nm,
which would not block intrapore diffusion. Second, the STEM
images and EDX spectroscopy mapping showed a homoge-
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Figure 2. (A) Bipodal and monopodal structures of 1@MSN with peak assignments. (B, C) *C CPMAS spectra of 1@MSNjso and 1@MSN,qy;
(D, E) "H{®Si} idHETCOR spectra of I@MSNjs, and 1@MSN.; all grafted in pentane. Experimental conditions: By = 9.4 T, vy = 8 kHz (B, C)
and 18 kHz (D, E), 7¢p = 2 ms (B, C) and 4 ms (D, E), and AT = 3.1 h (B, C) and 25.5 h (D, E). A more detailed list of parameters is given in the

Supporting Information.
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neous distribution of La over the MSN (see Figure S3 in the
Supporting Information).

Surface Infrared Spectroscopy. The DRIFTS spectra of
isolated 1@MSNs, and 1@MSN,y, are very similar and
suggest that both samples contain organometallic species (see
Figure S4 in the Supporting Information). The most notable
features are bands at 2108 and 1864 cm™, which are assigned
to gy of terminal SiH and bridging La<~H—Si moieties,
respectively, in organometallic surface species. These assign-
ments are aided by similar bands at 2110 and 1829 cm™ in the
corresponding spectrum of 1, and supported by Hessian
calculations of an energy-minimized gas-phase structure and
the comparable solid-state structure determined by single-
crystal X-ray diffraction.”* The DRIFTS spectra indicate that at
least some of the secondary interactions in 1 are also present
after grafting reactions replace one or two —C(SiHMe,),
ligands with =Si—O—TLa linkages to the silica surface. The
frequency of the La<~H—Si band in 1@MSN is higher than
the corresponding signal in 1, which may reflect a higher ratio
of H—Si to La<~H—Si in the surface species (see 'Jqy
discussion below).

SSNMR: Basic Structures of 1@MSNss, and T@MSN g,
The '3C CPMAS and 'H{*Si} idHETCOR spectra of 1@
MSN;s, and 1@MSN-g, grafted in pentane are shown in
Figure 2, along with the corresponding schematic structures
and site assignments. The 'H, 3C, and ?°Si chemical shifts,
which are all attributable to silica-bound species, are listed in
Table 2. The resonances labeled H1, H2, C1, C2, and Sil can

Table 2. Summary of Observed 'H, *C, and *Si
Resonances and Their Corresponding Assignments

chemical chemical
shift* shift”~*
resonance (6, ppm) (8, ppm) assignment
H1 —0.1 0.4" —SiH(CH,),
H2 39 4.3° —SiH(CH,),
C1 -1 3.6" —SiH(CH,),
C2 24 31.8° —C(SiHMe,),
c2 30 NAS La—C(SiHMe,)SiMe,0—*
C3 70 68.07 (—0O)C(SiHMe,),”
C4 127 122,57 (—0),C(SiHMe,),”
Sil -18 -18.5" —OLa{C(SiHMe,),},
Si2 1 0.0°¢ —0SiHMe,
Si3 11 12.0° —0SiMe;

“The chemical shifts observed in SSNMR experiments. The *Si
resonances associated with the silica support, corresponding to Q"
sites described by a general formula (=Si0O),Si(OH),_,, are not
included. “The chemical shifts reported for 1 by solution-state
NMR.** “N.A.: not available. “The corresponding structures and
chemical shift values obtained from DFT calculations are included in
the Supporting Information. “The chemical shifts were reported by
Tuel et al.>' "This peak may also include a minor contribution from Si
in dehydrocoupled alkyl ligand in 1@MSNG;s, (see Scheme S1 in the
Supporting Information).

be assigned to 1@MSN (Figure 2A), based on the chemical
shift values reported for 1 by solution-state NMR.** Note that
C2 is represented by a single line in 1@MSN;s, and 1@
MSN,,, whereas the resonance assigned to C1 consists of at
least two partly overlapping components, which is more
evident in the spectrum of 1@MSN,,, (Figure 2C). The C1
line shape reflects the conformational differences between the
ligands due to interactions with the silica surface within the
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pores but also includes resonances from ligands released during
grafting and subsequently bound to the silica surface (vide
infra). As expected, the dominant Sil peak at —18 ppm,
observed in the 'H{*Si} idHETCOR spectra in Figure 2D,E,
correlates strongly with H2 and relatively weakly with HI,
which further confirms the assignments of H1, H2, and Sil
(note that there is one H2 atom per 6 methyl Hls, but the
latter are two bonds away and undergo rapid rotations which
hinder the polarization transfers).

Minor Organic Surface Species. In the following we discuss
the possible origins of weaker resonances representing carbons
C2’, C3, and C4 (observed at ~30, ~70, and ~127 ppm), as
well as silicons Si2 and Si3 (observed at ~1 and ~11 ppm).
Based on the '*C CPMAS measurements on MSNgs, and
MSN,q, supports, which did not yield any discernible *C
signals, we can conclude that all peaks observed in 1@MSN
represent species originating from grafted groups. The most
plausible assignment of the weakest resonance labeled C2’ is to
the C2 carbon in the La-bound ligand that underwent the Si—
H/SiOH dehydrocoupling reaction (see Scheme S1 in the
Supporting Information). To assign C3 and C4, we considered
the surface-bound species (—O)C(SiHMe,); and (—O),C-
(SiHMe,),, respectively, resulting from La-mediated alkox-
ylation on the surface with —C(SiHMe, ), ligands. To support
these assignments, we carried out DFT calculations of '*C and
29Si chemical shifts for both structures; the calculation details
and corresponding structures are given in the Supporting
Information (Figures SS and $6). The "*C shifts calculated for
the surface-bound carbons in (—O)C(SiHMe,); and (—0),C-
(SiHMe,), species agree well with the experimental values for
C3 and C4, whereas the 2°Si chemical shift values coincide
with the peak labeled Si2 in Figure 2D. The appearance of the
surface (—O)—C linkage, however, is surprising under our
oxidant-free grafting conditions and contrasts the typical
nucleophilic behavior of the —C(SiHMe,); ligand. Nonethe-
less, these surface alkoxides are also most plausible, considering
the moieties present in the reaction mixture during grafting
and ®C NMR chemical shifts, and we are currently
investigating related reactions to better understand the
mechanism of this result.

Additional information about the minor silica-bound species
was obtained from the "H{*’Si} idHETCOR spectra in Figure
2D,E. Here, the signal Si3 is assigned to —OSiMe; species
formed according to Scheme S2 in the Supporting
Information, where the intermediate species —OSiHMe, may
further contribute to the previously discussed Si2 peak. These
assignments are based on reported chemical shifts,”' the
observed 'H—*’Si correlations being Si2—HI1, Si2—H2, and
Si3—H1 (see Figure 2D), and a chemical shift anisotropy
(CSA) recoupling experiment’” that revealed asymmetric and
axially symmetric CSA for Si2 and Si3, respectively. The
organo-rare-earth compounds, particularly hydrides, are known
to catalyze redistribution of organosilanes via Si—C bond
cleavage steps,””>* and these reactions catalyzed by solution-
phase 1 or grafted I@MSN may indeed produce the additional
surface silyl species depicted in Scheme S2. Note that
HC(SiHMe,); is not capable of silylating or alkylating the
bare MSNss, surface, as demonstrated by the spectrum in
Figure S7 in the Supporting Information.

To summarize the analysis of the “unwanted” surface
species, we point out that our study provided several important
insights. First, guided by the above results, we were able to
optimize the grafting process such that it led to deposition of

https://dx.doi.org/10.1021/jacs.9b11606
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the desired organolanthanum complexes with minimum
pollution by the side reactions, as detailed in the next section.
Second, the reactions of HC(SiHMe,); with the surface were
not extensive enough to affect the podality estimates by
methods I and II, which agreed well with method III. Lastly,
none of the species appeared to be active in the catalyst
generated by reacting 1@MSN with HBpin. To substantiate
this claim, we note that the *C CPMAS spectrum of 1@
MSN;s,+HBpin contained all the three peaks attributed to
C2’, C3, and C4 (see Figure S8 in the Supporting
Information).

Optimization of the Synthesis Guided by SSNMR. Our
SSNMR analysis of 1@MSNs shows that the grafting process is
influenced by the silica pretreatment temperature and the
solvent. By comparing Figure 2B with Figure 2C and Figure
2D with Figure 2E, it is clear that the treatment of MSN at 700
°C under vacuum leads to “cleaner” deposition of the desired
structures depicted in Figure 2A. Indeed, the *C peaks at 30
and 127 ppm present in the *C CPMAS spectrum of 1@
MSNi5, were not observed in 1@MSN,y,. More importantly,
grafting on MSN,y, suppressed the surface side reactions,
yielding only the Sil resonance in the 'H{*’Si} idHETCOR
spectrum of Figure 2E. The 1D *’Si CPMAS spectra further
confirmed this result (see Figure S9 in the Supporting
Information). In the grafting of 1 on MSN,, *Si NMR
data also rule out reactions involving highly strained siloxanes
present in MSN700.55

The *°Si CPMAS spectra of samples grafted in pentane,
THEF, and benzene (Figure 3) demonstrated that the loading of

1@MSN;5, (THF)

[ —— 1@MSN;5, (pentane)
|
/ 1@MSN;5, (benzene)

I
\ "\
\ \
ot W\\A\/\/\/\/J“ v A DY Ao
100 50 0 -50 100  -150  -200
28i § (ppm)

Figure 3. Si CPMAS spectra of 1@MSNj;, grafted in different
solvents. The signal intensities are normalized with respect to the Sil
peak height. Experimental conditions: By = 9.4 T, vy = 18 kHz, 7¢p =
4 ms, and AT = 6.4 h. A more detailed list of parameters is given in
the Supporting Information.

1 and surface silylation are both strongly influenced by the
solvent used during the grafting process. Clearly, pentane
exhibited the best performance among the solvents tested; not
only was the integrated spectral intensity of Sil per unit mass
of sample more than doubled compared to THF and benzene
(Table 3), but the surface silylation was significantly
suppressed. As implied above, the surface silylation and CH/
SiOH dehydrocoupling reactions of the HC(SiHMe,),
product of grafting are catalyzed by lanthanum, and these
reactions, which compete with La{C(SiHMe,),}; grafting, are
apparently faster in THF and benzene.

SSNMR: Secondary La—H-Si Interactions. The DRIFTS
spectra of 1@MSN discussed above suggested that secondary
interactions of the type La<~H—Si were also present on the
surface. Similarly to our earlier study of MSN-grafted
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Table 3. Integrated Sil Peak Intensities in **Si CPMAS
Spectra for 1@MSN;;,, Grafted in Different Solvents

solvent used in grafting process integrated intensity of Sil peak”

pentane 9.52
THEF 4.09
benzene 3.99

“The peak intensity is normalized to the mass.

Y{N(SiHMe,)tBu};,”® we acquired the 2D J-resolved *’Si
SSNMR* spectra to obtain additional signatures of such
interactions in 1@MSNy, and 1@MSN,y,. Two traces of 2D
spectra projected along the 'Jg;; dimension at Sil position are
shown in Figure 4. After proper rescaling, the 'Jq;; values for

162 Hz
(A) 1@MSN;5,
165 Hz
(B) 1@MSN;,
Ill|l|]||||I|||||I||I|I||||I|||||l||||I|I||I|||||l]l||l||||]|
-600 -400 -200 0 200 400 600
"Jsin (Hz)

Figure 4. 'Jgy; doublets (scale corrected) extracted for Sil from the
2D J-resolved spectra of (A) 1@MSNys, and (B) 1@MSN,y,. The
spectra were acquired using the pulse scheme reported by Lesage et
al,* with phase-modulated Lee—Goldburg (PMLG)*® 'H-'H
homonuclear decoupling during the evolution time. The scaling
factor was determined to be 0.41 by experimentally measuring the 2Si
J-splitting of (4-methoxyphenyl)-phenyl silane. Experimental con-
ditions: By = 14.1 T, vy = 15 kHz, 7cp = 4 ms, and AT = 30 h. A more
detailed list of parameters is given in the Supporting Information.

1@MSNss, and 1@MSN, are equal to 162 and 165 Hz,
respectively. These couplings are smaller than the 186 Hz value
associated with the 2-center—2-electron (2c—2e) Si—H bond
and larger than the 114 Hz value that characterizes the La<
H-Si 3-center—2-electron (3c—2e) interaction. However, they
agree very well with the average 'Jgy value of 1/3(2 X 186 +
114) = 162 Hz, corresponding to two Si—H and one La<H—
Si configurations undergoing fast exchange. For comparison,
the averaged 'Jgy value for two La<~H-Si and one Si—H
configurations matches the experimental value of 137 Hz for 1,
which indeed contains two La<~H—Si interactions per every
—C(SiHMe,); ligand.”* Thus, we confirm that there is indeed
one La~H—Si interaction per every —C(SiHMe,); ligand in
1@MSN. Fewer secondary interactions in 1@MSN are
somewhat unexpected because a coordinatively unsaturated,
monopodal La center on the silica surface should be highly
electrophilic. Instead, we propose that the metal center is
stabilized by the coordination of an oxygen in a surface
siloxane to satisfy the coordination sphere.

Catalytic Hydroboration of Epoxides with HBpin
Using 1T@MSNs. Both materials 1@MSN;, and 1@MSN-q,
proved to be effective precatalysts at S mol % La loading
(relative to epoxide) for ring-opening C—O bond cleavage of

https://dx.doi.org/10.1021/jacs.9b11606
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epoxides via hydroboration to give borate esters, and both
performed similarly in terms of activity and product yield
(Table 4). These reaction performance metrics are compara-

Table 4. Catalytic Hydroboration Results of Epoxides with
Pinacolborane Using 1@MSN;s, and 1@MSN,,,

Reaction® Catalyst Yield?
c
o _cat OBpin 1 100 (92)
", HBpin 1@MSNsso 100 (92)
’ i 1@MSN7gg 100
1 98 (85)°
Q HB QOBpln 1@MSNssg 92 (88)
in
’ 1@MSNygo 98
2 cat. 1 98 (78)°
© Q’OBP"‘ 1@MSNss 74 (651
HBpin 1@MSN.gp osd
[0}
cat. 1 98 (95)¢
—_—
HBpin OBpin 1@MSNsso 92 (90)
1@MSN7g9 100
Ph . Ph_cat oh L 100 08
“HBpin 1@MSNGsso 96
° HBpin OBpin
1@MSN7g9 100
Ph Ph cat. o Ph 1 L3ce
“Hepin 1@MSNGsso 96
o HBpin OBpin
1@MSN7g9 100
1 73
1 95/
HBpm Br OBpln 1@MSNss, 93418
1@MSNygg 1008 (90)
1 60
1 92f
HBpln Cl OBpin 1@MSNGsso 100
1@MSNy 100 (92)
1 95
©/ “HBpin 1@MSNsso 9118
pin
OBpm 1@MSN7gg 9742% (86)
1 92
m 1@MSNssg 90408
in
: 7 HBpln P! 1@MSN;g 872 (78)

“Reaction conditions: S mol % La (as 1@MSN), suspended in
benzene or benzene-dg, 1.5 equiv of HBpin, r.t, 1 day. "NMR yield,
using Si(SiMe;), as the internal standard; isolated (as alcohol) given
in parentheses. “Ref 12. 60 °C, 1 day. “Obtained as a mixture of 1,2-
diphenylalcohol and 2,2-diphenylalcohol. 760 °C, 1 h. £Average of
three experiments.

ble, and often superior, to the soluble catalyst precursor
La{C(SiHMe,);}; ~ in several cases the supported catalyst
out-performed the homogeneous precursor. These organo-
lanthanide catalysts also are advantaged over the state-of-the-
art transition-metal-based catalysts, which are limited to
conversions of styrenyl oxides in reactions with HBpin.'"'"?
Most of the catalytic hydroboration reactions proceeded at
room temperature, although cyclopentene oxide required
gentle heating at 60 °C for 1 day. In the absence of one of
these catalysts, equivalent amounts of styrene oxide and HBpin
reactants were present in solution before and after standing for
10 days at room temperature (i.e., uncatalyzed hydroboration
is insignificant under these conditions). The catalysts were
effective for a wide range of aliphatic- and aromatic-substituted
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epoxides, including 2,2-dialkyl-epoxides, cycloalkene oxides,
styrene oxides, 2,3-alkylaryl-epoxides, stilbene oxides, and
ether-substituted epoxides. The latter two types of epoxides
include bromo- and chloroaryl groups, and aryl alkyl ether
moieties, and these functionalities were retained in the ring-
opened products. 1@MSN,,-catalyzed hydroboration of halo-
substituted styrene oxides occurred quantitatively at room
temperature, whereas homogeneous 1 required heating.
Branched products were obtained with alkyl-substituted
epoxides, resulting from cleavage of the C—O bond at the
less substituted position. In contrast, styrenic epoxides reacted
to give linear products resulting from C—O bond cleavage at
the benzylic position. C—O bond cleavage in reactions of f-
methylstyrene oxide also occurred in the position adjacent to
the phenyl. Likely, benzylic stabilization of carbon at that site
affects the relative stability of the intermediates, giving selective
cleavage.

In addition, the supported organolanthanide also provided
improved selectivity in the catalytic ring-opening hydro-
boration of cis-stilbene oxide, giving 1,2-diphenylethanol,
whereas the soluble catalyst precursor La{C(SiHMe,),};
afforded a mixture of 1,2-diphenylethanol and a rearranged
2,2-diphenylethanol product.”

The catalytic activity of 1@MSN was solely associated with
the solid material, even though soluble 1 is a viable catalyst in
its own right. Styrene oxide ring-opening hydroboration
reactions, in which half of the supernatant solution was
separated from the reaction mixture and filtered after 1 h (at
ca. 35% conversion), did not undergo further conversion over
1 day, whereas the portion of solution that remained in contact
with 1@MSN fully converted to borate ester. Thus, the active
sites are bonded to the surface and remain attached to the
silica throughout the catalytic transformation. The La loading
of the catalyst after hydroboration, analyzed by ICP-OES, was
0.260 + 0.002 mmol/g, which is similar to the 0.269 La
loading in the virgin 1@MSN,q, material (Table 1). Finally,
the La concentration in the supernatant solution was below the
ICP-OES detection limit; thus, leaching can be excluded.
These data indicate that the active sites are bonded to the
surface and remain attached to the silica throughout the
catalytic transformation.

The solid catalytic material derived from 1@MSN,, could
be recovered from the reaction mixture (by centrifugation) and
reused for additional hydroboration reactions. In these
experiments, conversions were measured by solution-state
NMR after 5 h. The conversion was equivalent after recycling
the solid catalyst 3 times but was diminished by a factor of ca.
2 in the fourth and fifth cycles (Table S). These results are
remarkable, given the reducing nature of the lanthanum surface

Table 5. Recycling Experiments Run to Partial Conversion

remainin product conversion”
recycle  [styrene oxide ﬁ (M) [PhCH,CH,OBpin] (M) (%)
0 0.083 0.10 SS+1
1 0.082 0.09 S1+1
2 0.082 0.09 S1+2
3 0.080 0.09 S1+2
4 0.18 0.05 25+ 3
S 0.18 0.05 25+ 3

“S h reaction time using 1@MSN,q, as catalyst. Average of two
sequences of recycling experiments.

https://dx.doi.org/10.1021/jacs.9b11606
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Scheme 2. Reaction of La{C(SiHMe,),},@MSN,, and HBpin (Surface Products Are Further Discussed below)
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Figure 5. (A—E) "B SSNMR spectra of 1@MSN;,+HBpin, acquired at 14.1 T, using v = 36 kHz and 7yp = 1 s (which is greater than ST for all
sites involved). (A) Z-filtered MQMAS, AT = 42.7 h, dashed line denotes the so-called chemical shift axis, along which the resonances would be
located in the absence of quadrupolar interactions; (B) 'H{''B} HETCOR, 7cp = 0.2 ms and AT = 36.4 h. (C) DPMAS, AT = 2.3 h. (D)
Projection of the MQMAS spectrum (in part A) along the MAS (horizontal) dimension. (E) Projection of the HETCOR spectrum (in part B)
along the '"B dimension. (F, G) ''B DPMAS spectra of 1@MSNys+HBpin after reacting with acetophenone and of a reference sample
(Me,HSi);C—Bpin@MSNGs, respectively, both acquired with AT = 2.3 h, under otherwise the same conditions as parts A—E. A more detailed list

of experimental parameters is given in the Supporting Information.

species and of HBpin. HBpin could potentially react to break
=Si—O—1La surface linkages allowing the catalyst to be
leached from the surface. Leaching, as noted above, was not
detected. Alternatively, strongly reducing LaH or La{H,Bpin}
surface species could reduce Si—O-—Si linkages, giving
tripodal (=Si0);La, which would be deactivated for hydro-
boration. Such steps are proposed in the hydrogenolysis of =
SiOZr(CH,CMe;);, which gives the tripodal (=Si0),ZrH.>’
This latter process could occur but was sufficiently slow that
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catalytic activity for styrene oxide ring-opening hydroboration
was equivalent over 3 recycling steps.

Characterization of Catalytic Sites in 1T@MSNs;, or 1@
MSN,,, after the Reaction with HBpin. Solution-State
NMR: Reaction of 1@MSN,,, with HBpin. Reaction of 0.020 g
(0.005 mmol) of 1@MSN,q, (0.269 mmol of La/g) and 5.0
equiv of HBpin in benzene-ds released 0.9 equiv of
(Me,HSi);C—Bpin and 0.54 equiv of HC(SiHMe,); (see
Scheme 2) into the solution phase. Si(SiMe,), and nBuBpin

https://dx.doi.org/10.1021/jacs.9b11606
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were used as standards for determining concentrations in
solution-state "H and ''B spectra, respectively. (Me,HSi);C—
Bpin was identified by 'H NMR signals at 4.51, 1.00, and 0.40
ppm, and by a singlet in the ''B NMR spectrum at 32 ppm.
The 'H NMR signals for HC(SiHMe,); appeared at 4.31,
0.160, and —0.85 ppm.58 The reaction consumed 2.5 equiv of
HBpin (0.012 mmol). Reactions with a larger excess of HBpin
(e.g, 9 equiv) consumed and produced similar amounts of
HBpin, (Me,HSi);C—Bpin, and HC(SiHMe,};. For compar-
ison, 1 and HBpin reacted to give (Me,HSi);C—Bpin and
H,La{C(SiHMe,);};_,, where the latter species was revealed
as hydridic by its reaction with acetophenone to give
lanthanum alkoxide [La]OCHMePh, and then hydrolyzed to
the alcohol 1-phenylethanol.'” The hydride species, however,
was not directly detected by '"H NMR. Moreover, we note that
'"H and "B NMR spectra of H,La{C(SiHMe,);};_, in the
presence of HBpin contained signals for HBpin and
(Me,HSi);C—Bpin, whereas persistent lanthanum-pinacolbor-
ane or lanthanum pinacolborohydride adducts were not
detected. Instead, these lanthanide borohydride species were
postulated on the basis of kinetic experiments that revealed
their transient nature in solution phase.

The formation of HC(SiHMe,); in the reactions of 1@
MSN,y, and HBpin is unexpected. In order to test for the
source of H in the surprising alkane product, we reacted 1@
MSN,, and *HBpin, which yielded (Me,HSi);C—Bpin and
HC(SiHMe,),. *HC(SiHMe,); was not detected in the *H
NMR spectrum of the reaction mixture, whereas the spectrum
of an independently prepared sample of *HC(SiHMe,),
contained a *H NMR signal at —0.93 ppm. From these
observations, we propose that HC(SiHMe,); is formed from
reactions of surface silanols and lanthanum alkyls as a result of
treatment with HBpin. In particular, the unsaturated
lanthanum alkyl intermediate =SiO—La(H)C(SiHMe,),
formed in the presence of HBpin could more readily react
with a silanol in close proximity than bulky =SiO—
La{C(SiHMe,);},.

SSNMR: Structures of 1@MSNssp+HBpin and 1@
MSNpo+HBpin. The structures of catalytic centers involved
in hydroboration and the associated reaction mechanisms were
studied by using an array of ''B SSNMR experiments, which
included DPMAS, MQMAS, and 'H{''B} HETCOR. Because
the catalysts are recyclable, without loss of activity over several
experiments, the HBpin-treated 1@MSN ofters the possibility
to characterize species that are most likely associated with
catalytic activity. Except for the relative peak intensities, the
spectra taken for 1@MSN;s,+HBpin and 1@MSN,,,+HBpin
were very similar, and while only the former are shown in
Figure S, their implications are applicable to both catalysts.
The DPMAS and MQMAS spectra of 1@MSN,,,+HBpin are
shown in the Supporting Information. Overall, the ''B spectra
are unexpectedly complicated, featuring multiple peaks, which
we labeled as B1—B8. The 'H resonances in the HETCOR
spectrum are labeled H1—HS, where H1 and H2 represent the
previously identified hydrogen atoms in 1@MSNss,. For the
convenience of readers who are mainly interested in the results,
we show in Table 6 the observed 'B shifts, along with the
proposed corresponding structures. Assigning these structures
required examination of multiple spectra, as summarized
below.

We first briefly explain the information content associated
with different spectra in Figure S. The DPMAS spectra of half-
integer quadrupolar nuclei, such as ''B, are quantitative when
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Table 6. Summary of the Observed "'B Resonances and
Their Corresponding Assignments

" ":TSZHSE MeoHsi, PinB2_
e HSin L= C /
/C\ /HS‘BiO 0 Me2HS|\C\+/ -0
B1 Messi, ~Ltas Bl |20 g ' La 0\ _
2Ny L Hs o, MesSiy  ~% B3,
SnmR: 12.0 ppm ? Snma: 19.0 ppm H™ oh4” ;'j
5:-10.0 ppm _Si. ' 8:19.2 ppm é
o] | —l,
A P B3 )
9L | Bwm-150ppm e O ]
v 8:-13.0 ppm Rt
B4 q>4o | BS CJ}i
nmr: 17.0 ppm /84/ | Snwm: 2.0 ppm B Hs
5:-18.5 ppm C|>  8:4.0 ppm /o,\o
Si _Si Si
07\ 07} 07\
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B6 g ~ PoB7
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5:8.0 ppm (lj/ ? i §:31.0 ppm MezHSi\b__BB’ r,
! . : / “o—
_Si., _Si., Me,HSi “
/O \ 0 /O \ "0 e HSi
ool 0T

“Assignments for hydrogen in —C(SiHMe,); groups are shown in
Figure 2A and Table 2. H1: —SiH(CHj;),; H2: —SiH(CHj,),; H3 is
assigned to the methyl protons in HBpin derivatives. ~Assignment for
B7 (Sawmr = —23.0 ppm, § = —20.0 ppm) is unknown. Sy and &
denote the observed NMR shift and “true” chemical shift, respectively,
as explained in the text.

taken under appropriate experimental conditions (here, we
used a small flip angle of 15° and rigorously confirmed that the
recycle delay 7y, was greater than ST for all sites involved).””
Thus, the spectra shown in Figure SC,F,G reflect the relative
abundance of each boron species in 1@MSN;,+HBpin, 1@
MSN;s0+HBpin reacted with acetophenone, and
(Me,HSi);C—Bpin@MSNy;,, respectively. In contrast, the
2D spectra in Figure 5 are not quantitative but provide
important structural information. The MQMAS experiment
yields reliable values of ''B chemical shifts for all species that it
can detect,”” which then may be referred to the solution-state
NMR literature for specific assignments. Note that in the single
quantum (SQ) dimension the quadrupolar interaction
displaces the observed NMR shift of "B nucleus (Syym)
from “true” chemical shift (§) by the so-called quadrupole
induced shift (Jqs), whose contribution can be directly
differentiated through the analysis of the MQMAS spectra.”’
Here, the contributions of dqys are relatively small (<3 ppm)
for all observed resonances (see Table 6). The relative peak
intensities in the MQMAS spectra are skewed due to the
strong dependence of the MQ_excitation and conversion on
the size of quadrupolar interaction and the local molecular
motions.*> The 'H{"'B} HETCOR experiment relied on
through-space ''B — 'H polarization transfers via hetero-
nuclear dipolar couplings, which in turn depend on
internuclear distances as well as molecular mobility. Under
the experimental conditions used here (zcp = 0.2 ms), the
observed 'H—"'B correlations are dominated by short-range
interactions. With this information in mind, we assigned the
resonances labeled B1—B8 as follows.

B1, B2, and B3. The intense resonances labeled as B1, B2,
and B3 are attributed to boron moieties associated with
organolanthanide species. Specifically, Bl is assigned to the
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surface-attached lanthanum hydridopinacolborate, whereas B2
and B3 belong to the silica-bound borate-ring-opening
pinacolborohydride zwitterionic structure formed by Bl
further reacting with HBpin (Table 6). To support these
assignments we first note that the chemical shifts for B2 and B3
extracted from the MQMAS spectrum (19.0 and —13.0 ppm,
respectively) are close to the solution-state NMR values
reported by Dudnik et al.”* for the zwitterionic structure
depicted in Figure 6A. Concurrently, hydrogen H4, which

)

% Bpin
%\Lg;\gﬁ

A
/BH3<— 2.38-2.77 ppm
-14.4 ppm

B)

\La""‘H("‘Bpin
AN : \H/
Figure 6. Structures of (A) the zwitterion formed by deactivating

lanthanum hydride with HBpin and (B) the intermediate with two
protons bridging boron and lanthanum, as proposed in ref 63.

22.3 ppm
v

3.4 ppm

shows strong correlation to B3 in the HETCOR spectrum
(Figure SB), resonates close to hydrogens in the —OBH;~
moiety in Figure 6A (1.9 ppm vs 2.38—2.77 ppm). According
to Dudnik et al, the formation of the zwitterionic species
occurs via lanthanum hydridopinacolborate intermediate
Cp*,La{u>*~H,Bpin},* with two hydrogens bridging boron
and lanthanum, as shown in Figure 6B. Since B1 correlates
with H1, H3, and HS, and HS has a chemical shift value (3.2
ppm) close to that of the two bridging protons (~3.4 ppm, see
Figure 6B), we assigned Bl to the analogous surface-bound
lanthanum hydridopinacolborate (see Table 6). We could not
independently verify the chemical shift for B1; however, the
reported chemical shifts of boron dihydrides are higher than
the corresponding trihydrides.”* Based on previous studies,
hydrogen H3, resonating at 0.9 ppm, can be unambiguously
assigned to methyl groups of pinacolborane, whereas the
assignment of HS is discussed below.””®" Lastly, we note that
the above assignments are consistent with the spectrum in
Figure SF, which demonstrates that the B1, B2, and B3 species
were consumed during the catalytic reaction between 1@
MSN;;,+HBpin and acetophenone (in the case of B2, this is
less obvious due to the overlap with B4). We note that B1 is a
proposed intermediate in the catalytic cycle for hydroboration
of esters by La{C(SiHMe,);}; under homogeneous con-
ditions,'” whereas the zwitterionic structure of B2/B3
corresponds to catalyst deactivation in hydroboration of
pyridines.”>*® The disappearance of B2 and B3 upon reaction
with acetophenone suggests that the zwitterionic structure may
transform back into an active species. This idea is consistent
with the high catalytic activity of 1@MSN,y, for ketone
hydroboration, which we measured to be 1000 turnovers
within 5 min for the reaction of acetophenone.

B4, B5, and B6. The resonances labeled as B4, BS, and B6
appear to be associated with the reaction of HBpin with the
silica surface. The structure corresponding to B4 was
unambiguously established in our previous study.” Note that
B4 overlaps with B2 in the ''B DPMAS spectrum (Figure 5C);
however, B4 is dominant. Sites BS and B6 have not been
previously observed. Based on the small second order
quadrupolar broadening and the strong MQ intensity revealed
by the MQMAS spectrum in Figure SA, both of these sites are
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four-coordinated and are immobilized on the surface. Since
resonance B6 correlates only with H3, we assigned it to the
surface-attached —Bpin borate (i.e., four-oxygen coordination,
see Table 6). BS, which correlates with H3 as well as H5 (3.2
ppm), is assigned to the silica-bound HOBpin. Indeed,
according to Hwang et al., the OH resonance in three-oxygen
coordinated boron is found at 3.3 ppm.”” Accordingly, H5 has
two contributions, the other one being the bridging proton
between La and B1 (vide supra). Evidence for the assignments
of BS and B6 sites is also fortified by their chemical shifts.”®
We finally note that, upon the exposure of 1@MSN;s,+HBpin
to acetophenone, BS disappeared, suggesting that it reacted
with the silica surface to form B4 or B6, both of which have
indeed increased.

B7 and B8. The intensity of B7 is very small (see Figure
SC), and its existence mainly came to light in the MQMAS
spectrum. B7 is likely involved in the catalytic process, since
this peak disappeared when 1@MSNs,+HBpin reacted with
acetophenone (see Figure SF); however, the experimental data
are not sufficient for structural identification. B8, on the other
hand, can be confidently assigned to (Me,HSi);C—Bpin that is
weakly absorbed onto the silica surface. Since the boron
resonance in (Me,HSi);C—Bpin is found at 32 ppm in
solution-state NMR, we carried out the ''B DPMAS
measurement of (Me,HSi);C—Bpin adsorbed onto MSNjs,.
Indeed, the resulting spectrum (Figure SG) is dominated by a
peak at 31 ppm. The lack of B8 in the MQMAS and HETCOR
spectra is consistent with the high molecular mobility. Note
last that the spectrum in Figure SG also includes resonances
previously attributed to B4 and BS, which suggests that
(Me,HSi);C—Bpin may react with surface hydroxyl groups in
two different ways to generate B4, (Me,HSi);CH, and
HOBpin (BS), as illustrated in Scheme S3 in the Supporting
Information.

Similarity between 1@MSNsso+HBpin and 1@
MSN;po+HBpin. Whereas increasing the calcination temper-
ature of MSN resulted in cleaner deposition of 1, the ''B
DPMAS and MQMAS spectra of 1@MSN;s,+HBpin and 1@
MSN,,+HBpin showed the same set of resonances (see
Figures S10 and S11 in the Supporting Information). The main
observed change is in the relative peak intensities, with BS and
B6 being diminished compared to other peaks, which is
consistent with the smaller surface concentration of SiOH
groups.

B CONCLUDING REMARKS

Tris(dimethylsilyl)methyl lanthanum compounds are effective
precatalysts for ring-opening hydroboration of epoxides. The
dimethylsilyl-based hydrocarbyl ligand provides a means for
establishing the surface structures and coordination environ-
ment of supported electrophilic organolanthanide centers
through spectroscopic analysis and comparisons with the
homoleptic precursors. Importantly, the soluble species
La{C(SiHMe,)}; contains two bridging La<—H—Si per alkyl
ligand, whereas the monopodal grafted species contains only
one La<~H-Si per alkyl ligand. The number of La<~H-Si in
the complex reflects a combination of the electrophilicity and
coordination number of the metal center, further perturbed by
steric effects.

In La{C(SiHMe,);};, the ligands are organized in an
unusual approximate C, structure,”* which is no longer
possible in the surface-supported =Si—O—La{C-
(SiHMe,);},. A comparison with related Ln<H—Si contain-
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ing species suggests that a combination of =Si—O-—La and a
Si—O—Si donor likely reduces the electrophilicity of the
lanthanum center in =Si—O—La{C(SiHMe,);},, as re-
flected by fewer La<—H—Si per site. For example, zwitterionic
Ce{C(SiHMe,);},HB(C(Fs); and NdC(SiHMe,),{HB-
(CeFs)3}, contain two Ln<—H—Si per alkyl ligand as well as
Ln«F and Ln~~H—B in the coordination sphere.”” The Nd
complex features hexahapto toluene coordination.”” These
other ligands apparently do not interfere with the secondary
interactions. In contrast, the 'Jg_;; of surface-supported
yttrium silazido species Y{N(SiHMe,)tBu},@MSN,,, which
also contains Ln<H—Si, suggested a siloxane-based oxygen
donor in addition to the surface =Si—O—Y interaction.””

These =Si—O—La{C(SiHMe,);}, represent the prepon-
derance of lanthanum sites grafted on the highly dehydroxy-
lated surface, and accessing this uniformity was only possible
by combination of *’Si SSNMR spectroscopy with screening of
grafting reactions conditions. Moreover, the detailed character-
ization of the sites, and the ability to prepare surface sites with
high uniformity, facilitated the interrogation of catalytic
properties through comparisons of solution phase and
surface-organometallic performance.

Overall, the =Si—O—La{C(SiHMe,);}, surface species
performs equivalently or better than La{C(SiHMe,);}; as a
soluble catalyst for ring-opening hydroboration of epoxides,
based on similar conversion times for equivalent mol %
lanthanum in the reaction mixtures. This conclusion assumes
that both soluble and supported catalytic sites activate
equivalently, which is unlikely to be rigorously true. Likely,
the kinetics and mechanisms of catalyst activation are distinct
in these systems, and our current efforts are focused on
probing these mechanisms through in situ spectroscopy in
order to design supported catalysts with longer lifetimes and
higher activities. The scrupulous "B SSNMR investigations
that characterize the catalytic materials, postborylation, are a
first, yet essential, step in this direction. Regardless, the total
turnover numbers accessible for this recyclable, supported
catalyst are significantly higher than the single-use soluble
catalyst, which highlight the capacity of supported organo-

lanthanum species in new catalytic transformations.
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