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Abstract. The hydroboration of aldehydes and ketones using a silica-supported zirconium catalyst 

is reported. Reaction of Zr(NMe2)4 and Mesoporous Silica Nanoparticles (MSN) provides the 

catalytic material Zr(NMe2)n@MSN. Characterization of Zr(NMe2)n@MSN with solid-state NMR and 

infrared spectroscopy, elemental analysis, powder X-ray diffraction, electron microscopy, and 

reactivity studies suggests its surface structure is primarily the monopodal ≡SiO–Zr(NMe2)3. This 

material reacts with pinacolborane (HBpin) to provide Me2N-Bpin and a surface bonded zirconium 

hydride, which was characterized by solid-state NMR spectroscopy and infrared spectroscopy 

through its reactivity with D2. The zirconium hydride material or the zirconium amide precursor 

Zr(NMe2)n@MSN catalyze the hydroboration of aldehydes and ketones with HBpin. This catalytic 

material may be recycled without loss of activity at least eight times, and air-exposed materials are 
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catalytically active, showing that these single-site zirconium centers are robust catalytic sites for 

carbonyl reduction. 

Keywords. single-site catalysts, carbonyl hydroboration, zirconium hydride, interfacial catalysis, 

mesoporous silica, solid-state NMR  

 

Introduction 

Surface-supported early transition metal hydrides are highly reactive toward C–H bond breaking 

reactions that allow stoichiometric methane metalation1 and catalytic conversions such as alkane 

metathesis and hydrogenolysis of polyethylene.2,3 Although the surface provides kinetic 

stabilization of metal hydrides against multi-metallic decomposition reactions, solution-phase early 

metal and rare earth hydrides are implicated in a range of catalytic chemistry including 

hydrosilylation,4-10 hydrogenation,11 dehydrocoupling and dehydrogenative polymerization,12-14 

and hydroboration.15,16 Often, the metal hydrides in these reactions are generated and used in situ 

or are proposed as intermediates in catalytic cycles. This in situ generation could also be an 

advantageous approach for the application of surface-supported metal hydrides in catalysis. 

Moreover, a surface-supported hydride such as (≡SiO)3ZrH could tolerate more forcing conditions 

(e.g., higher temperature) than soluble analogues in catalytic addition chemistry thereby permitting 

more difficult conversions as well as a straightforward means for recycling the catalytic materials. 

We recently reported a homogeneous magnesium-catalyzed cleavage and hydroboration of esters 

using an in situ generated magnesium hydridoborate catalyst.17 Despite the oxophilicity of the 

magnesium center, the catalytic site could be generated by reaction of pinacolborane (HBpin) and 

magnesium alkoxide. Similarly, [{Nacnac}MgH]2 (Nacnac = ((2,6-iPr2C6H3)NCMe)2HC) is a highly 

active catalyst for hydroboration of pyridines, ketones and aldehydes.15,18 A related zwitterionic 

magnesium catalyst is sufficiently reactive to reduce carbon dioxide to a methanol equivalent.19 
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Hydroboration of aldehydes and ketones is catalyzed by soluble titanium,20 molybdenum,21 as well 

as few late metal catalysts.22,23  Recently, divalent germanium and tin compounds were also shown 

to catalyze this reaction, and hydrides were postulated intermediates.24 Group 4 catalyzed carbonyl 

hydrosilylations and hydrogenations are also known.4,25-28 Additionally, the reaction of Zr(NMe2)4 

and SBA-15 was recently reported to give an azazirconocyclopropane surface species,29 as does a 

titanium amide on silica en route to a titanium imido.30 On the basis of the known chemistry of 

(≡SiO)3ZrH,1,31-33 the hydroboration of carbonyls appears to be an appropriate choice for an in situ 

generated catalytic site. Here we report the synthesis of a Mesoporous Silica Nanoparticle (MSN)-

supported zirconium amide and its catalytic reactivity in hydroboration of carbonyl compounds 

with HBpin.  

 

Methods and Materials 

General. All reactions were performed under a dry argon atmosphere using standard Schlenk 

techniques or under a nitrogen atmosphere in a glovebox, unless otherwise indicated. Dry, oxygen-

free solvents were used throughout. Benzene, toluene, pentane, methylene chloride, and 

tetrahydrofuran were degassed by sparging with nitrogen, filtered through activated alumina 

columns, and stored under nitrogen. Benzene-d6 was heated to reflux over Na/K alloy and vacuum-

transferred. SBA-15 type Mesoporous Silica Nanoparticles (MSN) were synthesized according to the 

literature, and the sample's materials and surface properties were characterized by N2 

sorption/desorption,34 powder XRD, TEM, solid-state NMR spectroscopy, and infrared 

spectroscopy.  Zr(NMe2)4,35 {PhB(OxMe2)2C5H4}Zr(NMe2)2 (OxMe2 = 4,4-dimethyl-2-oxazoline),36 and 

Si(SiMe3)437,38 were synthesized according to literature procedures. Pinacolborane was purchased 

from Aldrich and was used as received.  Solution-phase 1H, 13C{1H} and 11B NMR spectra were 

collected either on a Bruker DRX-400 spectrometer, Bruker Avance III 600 spectrometer or an 

Agilent MR 400 spectrometer. 11B NMR spectra were referenced to an external sample of BF3·Et2O. 
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Infrared spectra were recorded on a Bruker Vertex spectrometer. Elemental analyses were 

performed using a Perkin-Elmer 2400 Series II CHN/S in Iowa State Chemical Instrumentation 

Facility. 

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) was performed on ten 

samples to measure the amount of zirconium loaded in MSN. The samples (2.0 – 4.0 mg each) were 

digested for 24 h in aqueous HF and HCl solution (0.18% and 5% respectively) and analyzed in a 

Perkin Elmer Optima 2100 DV Inductively Coupled Plasma-Optical Emission Spectroscope. 

N2 sorption isotherms were measured in a Micromeritics Tristar surface area analyzer. Samples 

were previously degassed for 6 h under N2 flow at 393 K, and the isotherms were determined at 77 

K. The surface area was calculated using the Brunauer-Emmett-Teller equation, and the pore size 

distribution was obtained from analysis of the adsorption branch of the isotherm using the Barret-

Joyner-Halenda method. 

Powder X-ray Diffraction (XRD) patterns were obtained with a Rigaku Ultima IV diffractometer 

using a Cu target at 40 kV and 44 mA. Kβ was removed with a monochromator, and the data were 

collected from 0.7 to 8 2θ° with a resolution of 0.02 2θ°. 

Transmission Electron Microscopy (TEM) and High Angle Annular Dark Field Scanning 

Transmission Electron Micrograph (HAADF-STEM) images were acquired in a Tecnai G2 F20 

electron microscope operated at 200 kV. Samples were prepared by dispersion into benzene, 

deposition of a single drop in a copper grid coated with lacey carbon, and evaporation at room 

temperature. Energy dispersive X-ray spectra were collected on representative areas to probe for 

homogeneity of elemental composition.  

Solid-state (SS)NMR measurements were performed at 14.1 T using a Varian DDR NMR 

spectrometer, equipped with a 1.6-mm magic-angle spinning (MAS) probe. Several one-

dimensional (1D) and two-dimensional (2D) experiments were used, including 1D 1H, 13C, and 11B 

MAS with direct polarization (DPMAS), 1D 1H→13C cross-polarization under MAS (13C CPMAS), 2D 
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11B triple-quantum (3Q)MAS, and 2D 1H-11B heteronuclear correlation (Hetcor) NMR. The samples 

were packed in zirconia MAS rotors in a glove box under nitrogen atmosphere. NMR experiments 

were carried out under N2 atmosphere, as well. The experimental parameters are given in the figure 

captions using the following symbols: νR denotes the MAS rate, νRF(X) is the magnitude of the RF 

field applied to X nuclei, τcp is the cross-polarization time, τRD is the recycle delay, Δt1 is the time 

interval of t1 during 2D acquisition. 

Preparation of Zr(NMe2)3@MSN. A benzene solution of Zr(NMe2)4 (0.095 g, 0.355 mmol, 5 mL) 

was added to MSN (0.20 g, 0.34 mmol of –OH groups) suspended in benzene (15 mL). The 

suspension was stirred for 20 h at ambient temperature, and then the mixture was centrifuged and 

the solvent was decanted. The unreacted Zr(NMe2)4 was removed from the solid material by 

washing with benzene (3 × 5 mL) and then pentane (2 × 5 mL). The solid material was dried under 

vacuum yielding a white solid (0.253 g). IR (KBr, cm–1): 2940 (m), 2853 (m) 2777 (m), 1465 (m), 

1084 (s, νSi-O), 950 (m), 902 (m), 807 (s), 480 (s). Elemental analysis: Found: C, 5.91; H, 1.08; N, 

3.44; Zr, 8.3 wt % (0.91 mmol). 

General procedure for the catalytic hydroboration of carbonyls (aldehydes and ketones) 

using Zr(NMe2)3@MSN. A mixture of the carbonyl substrate (1 mmol) and HBpin (1.3 mmol) was 

added to a Zr(NMe2)3@MSN (0.05 mmol Zr) that was suspended in benzene (10 mL). The reaction 

mixture was stirred for 10 h at room temperature for aldehydes or at 60 °C for ketones. The 

reaction mixture was filtered, the filtrate was quenched with 1 M aqueous NaOH solution, and the 

alcohol product was extracted with diethyl ether. The pure alcohol was obtained after drying the 

Et2O solution over Na2SO4 for 2 h and evaporating the solvent under reduced pressure. 

 

Results and Discussion 

Tetrakis(dimethylamido)zirconium was grafted on high surface area mesoporous silica to give 

Zr(NMe2)n@MSN. The silica support, in the form of SBA-15 type MSN characterized by a hexagonal 
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array (p6mm) of 9.7 nm diameter pores, was produced by hydrolysis-condensation of 

tetramethylorthosilicate using the Pluronic P104 template, calcined at 550 °C, and subsequently 

stored in a glovebox away from ambient air and moisture.34 The material is composed of particles 

with 385 m2/g surface area. The SiOH group surface concentration of 1.7 mmol/g was determined 

by measuring the concentration of toluene produced in a titration with Mg(CH2Ph)2(O2C4H8)239 and 

by spin counting of Q3-sites with 29Si DPMAS NMR spectroscopy (1.6 mmol/g).  

Thus-prepared MSN and Zr(NMe2)4 react in benzene at room temperature for 20 h producing 

Zr(NMe2)n@MSN, a grafted material that is primarily monopodal tris(dimethylamido)zirconium 

≡SiO–Zr(NMe2)3 (eq. 1).  

 

Upon scale-up, the Zr(NMe2)n@MSN is purified from excess Zr(NMe2)4 by pentane and benzene 

washes. The zirconium sites were identified and characterized by the mass-balance implied by 

stoichiometry from the synthesis, quantitative metals analysis using inductively-coupled plasma 

atomic emission spectroscopy (ICP-OES), combustion analysis, infrared spectroscopy, solid-state 

NMR spectroscopy, and the stoichiometry and observed products of its reactions with HBpin and 

D2. In addition, the material was characterized by powder X-ray diffraction (XRD) and transmission 

electron microscopy (TEM). 

First, the amount of Zr(NMe2)4 grafted onto MSN was approximated by quantifying the soluble 

zirconium amide before and after its reaction with the silica. A benzene solution of excess 

Zr(NMe2)4 (1.78 mmol) stirred with 1 g of MSN results in the consumption of 1 mmol of Zr(NMe2)4, 

indicating that the loading is ca. 1 mmol Zr per gram of MSN. In this reaction, 1.2 mmol of HNMe2 is 

produced per gram of silica. These amounts were determined by integration of the reactant and 
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product resonances in 1H NMR spectra of the reaction mixtures, which contained a known 

concentration of Si(SiMe3)4 as an internal standard. This loading was further supported by ICP-OES 

analysis that indicated the presence of 8.4±0.1 weight % Zr in Zr(NMe2)n@MSN (0.91±0.1 mmol 

Zr/g; Table 1). This result is based on 10 measurements performed over several days on samples of 

Zr(NMe2)n@MSN and establishes the stability of the ziconium-supported material and the 

reproducibility of the method for the comparison of the series of materials derived from 

Zr(NMe2)n@MSN. Heating of Zr(NMe2)n@MSN at 60 °C in benzene does not affect the material's 

weight %. 

 

Table 1. Zirconium loading of Zr(NMe2)n@MSN materials. 

Material preparation conditionsa weight % Zrb mmol Zr/g  

Zr(NMe2)4 + MSN → Zr(NMe2)n@MSN 20 h, r.t. 8.4±0.1 0.91 

Zr(NMe2)n@MSN heated at 60 °C 2 h, 60 °C 8.4±0.1 0.92 

Zr(NMe2)n@MSN + 10 HBpin → ZrH@MSN 2 h, 60 °C  8.2±0.1 0.89 

Zr(NMe2)n@MSN + 10 HBpin + 10 PhMeC=O 2 h, 60 °C 8.2±0.1 0.89 

aBenzene solvent. bDetermined by ICP-OES analysis. 

 

A powder XRD measurement of Zr(NMe2)n@MSN showed diffraction peaks assigned to the 

periodic channels of the mesoporous silica support (see Supporting Information (SI)). In addition, 

TEM images (Figure 1A) of Zr(NMe2)n@MSN showed the ordered mesoporous nature of the SBA-

15-type material is maintained after its treatment with Zr(NMe2)4. There was no evidence for large 

zirconium clusters forming in the grafting experiments in the TEM and dark field STEM images 

(Figure 1B), and EDX analysis suggests that zirconium is well dispersed over the silica.   

The presence and number of dimethylamide groups in Zr(NMe2)n@MSN was identified through a 

combination of infrared spectroscopy, solid-state NMR spectroscopy, and elemental analysis. First, 
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an IR spectrum of calcined MSN (acquired in a KBr matrix) contained an absorption at 3747 cm–1 

assigned to isolated SiOH groups (Figure 2A).40 A broad band at 1650 cm–1 is commonly assigned to 

surface-bonded water;41,42 however, a broad signal in this region  

 

Figure 1. (A) Transmission electron micrograph (TEM) of Zr(NMe2)n@MSN, (B) High Angle 

Annular Dark Field Scanning Transmission Electron Micrograph (HAADF-STEM)  of 

Zr(NMe2)n@MSN, (C) Energy dispersive X-ray (EDX) analysis of the region enclosed in the red 

square in the HAADF-STEM image of Zr(NMe2)n@MSN, (D) TEM of  Zr(NMe2)n@MSN + HBpin, (E) 

HAADF-STEM of Zr(NMe2)n@MSN + HBpin, and (F) EDX analysis of the regions enclosed in the red 

squares in the HAADF-STEM image showing consistent Zr:Si ratios throughout the material. 
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persists after vigorous dehydration and reactions of surface SiOH groups in the presence of 

Zr(NMe2)4 and HBpin (Figures 2C and 6A). After the reaction between MSN and Zr(NMe2)4,  

 

Figure 2. Infrared spectra of (A) MSN, (B) Zr(NMe2)4, and (C) Zr(NMe2)n@MSN. 

several new signals associated with organic groups were observed at 2972, 2897, 2853, 2802 and 

1472 cm–1. The infrared spectrum of Zr(NMe2)4 contains similar bands at 2822, 2768 and 1456 cm–1 
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(Figure 2B). After the grafting reaction, the IR bands associated with surface SiOH moieties were 

not detected. 

The solid-state 13C CPMAS spectrum of Zr(NMe2)n@MSN (Figure 3, top) showed a broad signal, 

with the chemical shift (~ 40 ppm) similar to that of Zr(NMe2)4 dissolved in benzene-d6 (42 ppm). 

The completeness of the CPMAS spectrum was confirmed by the 13C DPMAS experiment (Figure 3, 

bottom), which yielded the same line shape. These 13C spectra contrast with those reported earlier 

by El Eter et al, in which ≡SiO–Zr(NMe2)(η2-NMeCH2), formed from the reaction of SBA-15700°C (i.e., 

mesoporous silica pretreated at 700 °C) and Zr(NMe2)4 in pentane for 1 h, yielded three signals at 

36, 47 and 85 ppm.29 

 

Figure 3. 13C CPMAS (top) and DPMAS (bottom) spectra of Zr(NMe2)n@MSN. The spectra were 

obtained using νR = 25 kHz, νRF(13C) = 100 kHz, and τRD = 60 s. 

Spin counting, using 13C DPMAS NMR experiments, quantified the NMe2 loading at 2.7 mmol/g, 

whereas the Zr loading measured from ICP-OES was 0.91 mmol/g. These results lead to Zr:NMe2 

ratio of almost exactly 1:3. As a second check of the Zr:NMe2 ratio in Zr(NMe2)n@MSN, the carbon 

(5.91%, 4.9 mmol/g), hydrogen (1.08%, 10.8 mmol/g), and nitrogen (3.44%, 2.5 mmol/g) loadings 

were measured using combustion analysis. From these data, the Zr:C:N ratio is 1:5.4:2.7 

corresponding to a Zr:NMe2 ratio of 1:2.7. This value, and the value obtained from 13C NMR spin 
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counting experiments are in sufficient agreement to suggest the surface species in Zr(NMe2)n@MSN 

is primarily the monopodal ≡SiO–Zr(NMe2)3. 

The reaction of Zr(NMe2)n@MSN and HBpin further characterizes the zirconium amide sites by 

quantification of reactive NMe2 groups (eq. 2). A micromolar scale reaction of Zr(NMe2)n@MSN and 

excess HBpin in the presence of Si(SiMe3)4 as an internal standard affords 2.50±0.05 mmol of Me2N-

Bpin per gram of material. In the 1H NMR spectrum of the soluble portion of the reaction mixture, a 

resonance at 2.62 ppm was assigned to the NMe2 group. In the corresponding solution-phase 11B 

NMR spectrum, a singlet at 24.2 ppm was assigned to Me2N-Bpin.43 Excess HBpin was also detected 

(28.5 ppm, 1JBH = 174 Hz) and assigned based on comparison to the authentic sample. The amount 

of Me2N-Bpin quantified by integration suggests that 2.75 NMe2 groups are accessible per 

zirconium center, further supporting the identification of surfaces species as ≡SiO–Zr(NMe2)3. This 

experiment also does not support the presence of any cyclometalated amide in this sample because 

the interaction of two equivalents of HBpin and ≡SiO–Zr(NMe2)(NMeCH2) could give pinB-

NMeCH2Bpin, and that species was not detected.  

 

The identity of the silica-supported product of the reaction given by equation 2 is less easily 

established. A dominant 11B NMR signal appeared at 18 ppm accompanied by two weak signals at 

around 0 ppm and -15 ppm (Figure 4A) in the 11B DPMAS spectrum of the isolated solid product 

obtained upon reaction of HBpin and ≡SiO–Zr(NMe2)3. The signal at 18 ppm must be attributed to 

trigonally coordinated boron species on the basis of its observed shift. Additional information about 

this resonance was derived from the 2D 3QMAS measurement, which removed the anisotropic 

broadening due to the second-order quadrupolar interaction.44 The resulting spectrum (Figure 4B) 
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confirmed that the resonance at 18 ppm was the dominant species. In addition, this spectrum 

allowed for determination of the pure chemical shift for this site (δCS ≈ 21 ppm).45 The so-called 

isotropic (vertical) dimension of this spectrum revealed a small shoulder representing an 

additional resonance with δCS ≈ 23 ppm (vide infra). We also measured the 2D 1H-11B Hetcor 

spectrum (Figure 4D), which demonstrated the correlation between the 11B signal at 18 ppm and 

the 1H signal around 1 ppm. The peak around 1 ppm dominated the 1H DPMAS spectrum of this 

sample (Figure 4C) and was assigned to the methyl protons of the pinacol moiety. The same 

resonance was also observed in the solution 1H NMR spectrum of Me2N-Bpin and in the solid-state 

1H DPMAS experiment on a reference sample prepared from the reaction of calcined MSN and 

HBpin (Figure S2B in the SI). A 11B DPMAS experiment on that zirconium-free reference sample also 

contained a single resonance at 18 ppm (Figure S2 in SI), suggesting that the reaction of equation 3 

occurs in the absence of zirconium to give a silica surface decorated with ≡Si-O-Bpin groups. These 

results imply that ≡Si-O-Bpin is also the dominant boron-containing structure found in the 

zirconium-containing material from equation 2. Note that the abovementioned minor component at 

δCS ≈ 23 ppm (Figure 4B) may represent the residual Me2N-Bpin species trapped within the MSN 

pores. Indeed, based on solution NMR the expected 11B δCS value for such species is around 24 ppm. 

The concentration of Me2N-Bpin in the solid material is expected to be low because 2.5 mmol Me2N-

Bpin per gram of material is measured in the solution-phase 1H NMR spectrum, and thus almost all 

of the 2.7 mmol NMe2/g present in the starting material is transformed into Me2N-Bpin and 

removed by washing. Most likely, the correlation between the 11B NMR signal at 18 ppm and 1H 

NMR signal at 2.4 ppm is assigned to the intermolecular  
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Figure 4. (A) 11B DPMAS, (B) 2D 11B 3QMAS, (C) 1H DPMAS, and (D) 2D 1H-11B Hetcor spectra of the 

product of ZrH@MSN. The spectra were obtained using νR = 25 kHz, (A) νRF(11B) = 125 kHz during 

hard pulse (corresponding to ~10° flip angle), νRF(1H) = 100 kHz during TPPM 1H decoupling, (B) 

νRF(11B) = 125 kHz and 15 kHz during hard and soft (z-filter) pulses, respectively, νRF(1H) = 100 kHz 

during TPPM 1H decoupling, (C) νRF(1H) = 100 kHz during hard pulse, (D) νRF(1H) = 125 kHz, 75 kHz, 

and 100 kHz during hard pulse, cross polarization, and TPPM 1H decoupling, νRF(11B) = 50 kHz 

during cross polarization, τcp = 2 ms, 64 row with Δt1 = 20 μs, and τRD = 1 s. 
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interaction between the 11B of abundant ≡Si-O-Bpin and 1H of Me2N-Bpin. Further studies will help 

to identify the additional correlation between the 11B NMR signal at 18 ppm and 1H NMR signals at 

4.0 ppm. 

The 11B NMR signals at 0 and –15 ppm do not show correlations to the signals in the 1H NMR 

dimension, and there is no experimental support for the presence of possible (donor)HBpin, 

[H2Bpin]– or [HXBpin]– moieties that might be associated with the upfield 11B NMR signals. These 

11B signals were not detected in the zirconium-free material ≡Si-O-Bpin. Moreover, 1H NMR 

resonances > 10 ppm that were previously assigned as (≡SiO)3ZrH and (≡SiO)2ZrH233 were notably 

absent from the 1H NMR spectrum of the product from ≡SiO–Zr(NMe2)3 and HBpin. Despite the 

absence of those downfield 1H resonances, a zirconium hydride species, albeit with a modified 

coordination sphere from (≡SiO)3ZrH and (≡SiO)2ZrH2, is a possible product of the reaction of ≡SiO–

Zr(NMe2)3 and HBpin. In fact, the room temperature, solution-solid interfacial reaction conditions 

of the hydroboration are mild with respect to the gas-solid 150 °C reaction of ≡SiO–Zr(CH2CMe3)3 

that gives (≡SiO)3ZrH and (≡SiO)2ZrH2. That is, HBpin as a hydride source may provide access to 

new zirconium-hydride surface structures. Unfortunately, we are unaware of any reliable chemical 

shift information on structures such as ≡SiO–ZrH3. Interestingly, a small resonance at around 6.8 

ppm is present in our sample (Figure 4D inset). This signal is not observed in the sample from the 

reaction of MSN and HBpin (Figure S2, SI). The zirconium-bound hydrogen chemical shifts in 

Cp*2ZrH2, (Cp*2ZrH)2O, and Cp*2ZrN(NH2) (Cp* = C5Me5) were reported to be 7.46, 5.5 and 4.82 ppm 

respectively,46,47 and even further upfield ZrH resonances were reported for Cp*2ZrH(NH2BH3).48 

That is, association of pinacolborate group or amide moieties with a surface-bonded zirconium 

hydride might result in upfield chemical shifts with respect to (≡SiO)3ZrH and (≡SiO)2ZrH2. To test 

for the presence of a surface-supported zirconium hydride that is distinct from (≡SiO)3ZrH and 

(≡SiO)2ZrH2 and assign the 1H NMR signal at 6.8 ppm, the HBpin-treated solid was allowed to react 

with D2 gas in benzene. Upon treatment with 1 atm of D2, the signal at 6.8 ppm diminished 50%, and 
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after 3 cycles with 1 atm of D2, the signal disappeared entirely (Figure 5). Thus, this resonance is 

assigned as a zirconium hydride.  

The infrared spectrum of the ZrH@MSN solid product further supported this assignment, and a 

few points are notable (Figure 6B). First, the νCH bands in ≡SiO–Zr(NMe2)3 at 2802 and 2853 cm–1 

were not detected upon reaction with HBpin, and a new strong band at 2980 cm–1 dominated the 

HBpin treated material. Interestingly, the weak, broad unsymmetrical band at 1650 cm–1 was 

overwhelmed by a stronger band centered at 1628 cm–1. Previously, a signal at 1638 cm–1 was 

assigned to the νZrH in (≡SiO)3ZrH,33 and we also assign the 1628 cm–1 band to a νZrH. This 

assignment is supported by two additional control experiments: first, the IR spectrum of MSN 

treated with HBpin was analyzed, and only the minor non-symmetrical band at 1649 cm–1 was 

detected (Figure 6A). Importantly, this signal was not detected in the IR spectrum of the ZrH@MSN 

exposed to D2 (Figure 6C). Moreover, the band at 1649 cm–1 in as-synthesized MSN was observed 

after that material was treated with D2 as a broad signal at 1634 cm–1 (Figure 6D). Note that the IR 

band assigned to isolated SiOH groups was also readily apparent. These observations are consistent 

with the solid-state 1H NMR results and support the characterization of this material as containing a 

zirconium hydride.  
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Figure 5.   1H DPMAS spectra of Zr(NMe)n@MSN + 10 HBpin, (A) as synthesized,  (B) 1 time of D2 

exchange, (C) 3 times of D2 exchange. The spectra are normalized to the sample amount and show 

the absolute intensities. The spectra were taken using νR = 40 kHz, νRF(1H) = 125 kHz, and τRD = 20 s. 
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Figure 6. IR spectra of (A) Bpin@MSN, (B) ZrH@MSN, (C) ZrH@MSN + D2, and (D) MSN + D2. 

A second test for β-metalation of NMe2 involves the reaction of ≡SiO–Zr(NMe2)3 and D2, where 

H/D exchange could provide ≡SiO–Zr(NMe2)3-dn. Interestingly, addition of H2 (1 atm, 60 °C, 12 h) to 

a suspension of ≡SiO–Zr(NMe2)3 in benzene-d6 produces HNMe2 (0.4 mmol/g), which is detected by 

solution-phase 1H NMR spectroscopy. This was unexpected because an equilibrium between [Zr]–H 

and H–NMe2 with [Zr]–NMe2 and H2 would be anticipated to favor the zirconium amide. However, 

the region in the IR spectrum from 1700 – 1600 cm–1 did not contain resonances readily assigned to 

a νZrH. Likely, a small amount of zirconium hydride is formed by hydrogenolysis of the Zr–N bond to 

produce HNMe2, and then the silica surface reacts with the incipient zirconium hydride to form new 

Zr–O and Si–H bonds (eq. 4). Moreover, the labeling experiment with D2 provides DNMe2 as the by-

product rather than dimethylamine-d2. 
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On the basis of the facile reaction of ≡SiO–Zr(NMe2)3 and HBpin, we tested ≡SiO–Zr(NMe2)3 as a 

catalyst for the hydroboration of carbonyl compounds with pinacolborane. Initially, benzaldehyde 

was used as a test substrate to compare the reactivity of supported zirconium with possible 

background reactions and homogeneous analogues. With grafted tris(amido)zirconium as the 

precatalyst (5 mol %, based on ICP-OES-determined zirconium loading), quantitative conversion of 

benzaldehyde to its pinacolborane ester is accomplished at room temperature after 2 h in benzene-

d6, as determined by 1H NMR spectroscopy (eq. 5). Control experiments, in which PhCHO and HBpin 

are mixed in benzene at room temperature with or without MSN give only trace quantities of 

product (Table 2). Additionally, conversion of PhCHO and HBpin occur to the same extent with the 

zirconium-free material ≡SiO-Bpin, obtained from the reaction of MSN and HBpin, as the slow, 

uncatalyzed background reaction. Thus, the zirconium sites present in the ≡SiO–Zr(NMe2)3 catalyst 

precursor are responsible for catalytic activity. 

 

Further support for this idea is provided by related homogeneous catalysis. The compound 

Zr(NMe2)4 is an effective catalyst for this carbonyl hydroboration reaction, as is 

{PhB(OxMe2)2C5H4}Zr(NMe2)2.36 In the presence of 5 mol % of either soluble complex, quantitative 

conversion of PhCHO to PhCH2OBpin is observed after 30 min in benzene-d6 at 60 °C.  

Table 2.  Catalytic hydroboration of benzaldehyde and acetophenone with pinacolborane.a      
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Reaction Catalyst (5 mol%) 
Temp. 
(°C)  

Time 
(h) 

Conv. (%)b 

 

No cat 

MSN 

Zr(NMe2)4 

MSN-Zr(NMe2)3 

{PhB(OxMe2)2C5H4}Zr(NMe2)2 

25 

25 

25 

25 

25 

1 

1 

0.5 

2 

0.5 

Trace 

   0 

>99 

>99 

>99 

 

No cat 

MSN 

Zr(NMe2)4 

Zr(NMe2)4 

MSN-Zr(NMe2)3 

MSN-Zr(NMe2)3 

{PhB(OxMe2)2C5H4}Zr(NMe2)2 

{PhB(OxMe2)2C5H4}Zr(NMe2)2 

25-100  

25-100  

25 

60 

25 

60 

25 

60  

2 

2 

1 

0.5 

24 

2 

10 

1 

  0 

  0 

>99 

>99 

>99 

>99 

>99 

>99 

a5 mol % catalyst in benzene-d6 using 1.3 equiv. of HBpin. bObtained by integration of product 
signal in comparison to Si(SiMe3)4 as an internal standard. 

 

The catalytic reduction is selective in the presence of a number of functional groups, as 

determined by conversion of substituted benzaldehydes shown in Table 3. Aldehyde substrates 

containing ethers (p-methoxy-benzaldehyde and furfural), nitro groups (p-nitrobenzaldehyde), 

halides (p-chlorobenzaldehyde), alkyl substitution (p-tolualdehyde), an aliphatic aldehyde 

(cyclohexanecarboxaldehyde) and ferrocene substitution (ferrocene-2-carboxaldehyde) are readily 

reduced, although para-chlorobenzaldehyde required 5× greater reaction time than benzaldehyde. 

Para-substitution by formyl or pinacolborane ester groups does not impact the reacting moiety as 

assessed by the hydroboration of p-phthaldialdehyde which gives 1,4-bis(pinacolborane 
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ester)benzene. Equivalent amounts of the solvent, reactants, and catalysts are used in each 

experiment for consistency and straightforward comparisons between substrates. 

 

Table 3.  ≡SiO–Zr(NMe2)3-catalyzed hydroboration of aldehydes with pinacolborane.a      

Catalytic Conversion 
Time 
(h) 

Conv. 
(%)b 

Boronate 
Yield (%)c 

Alcohol Yield  
(%)d 

 

2 >99 98 95 

 

2 >99 97 95 

 

2 >99 98 95 

 

2 >99 98 96 

 

10 >99 97 95 

 

3 >99 98 94 
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3 >99 98 95 

 

2 >99e 98 95 

 

3 >99 98 n.a. 

aAll the reactions are carried with 5 mol % ≡SiO–Zr(NMe2)3 in benzene-d6 at room temp. using 1.3 
equiv. of HBpin. bObtained by integration of RCH2OBpin signal against Si(SiMe3)4 as an internal 
standard. cIsolated yields for RCH2OBpin product. dIsolated yield of RCH2OH product after 
hydrolysis with NaOH. e2 equiv. HBpin used. 

 

The hydroboration of ketones is also efficiently catalyzed by ≡SiO–Zr(NMe2)3. A background 

screen of catalyst-free conditions, calcined MSN, or ≡SiO-Bpin as catalysts for the addition of 

acetophenone and pinacolborane only returned unreacted acetophenone, even with heating to 100 

°C (see Table 1). A loading of 5 mol % ≡SiO–Zr(NMe2)3 catalyzes quantitative formation of 1-

phenylethoxyborane ester after 24 h at room temperature in benzene. However, 60 °C appears to 

be a generally appropriate temperature for convenient rates of conversion.  As in the aldehyde 

hydroboration examples, reactions of acetophenone and HBpin with 5 mol % Zr(NMe2)4 or 

{PhB(OxMe2)2C5H4}Zr(NMe2)2 (under homogeneous conditions) is accomplished in shorter times 

than with 5 mol % ≡SiO–Zr(NMe2)3. 

As in the aldehyde hydroboration, aliphatic substituents with α-hydrogen are reduced without 

production of pinacolborane enolate ester side products that might form through substrate 

deprotonation. Linear aliphatic ketones are reduced more rapidly than cyclic aliphatic or aryl-
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substituted ketones. Ketones containing nitroarene or trifluoromethyl groups are readily reduced 

without affecting the functionality. In addition, α,β-unsaturated ketones are reduced selectively at 

the carbonyl, leaving the carbon-carbon bond intact. Benzophenone and fluorenone are also 

reduced in good yield, with fluorenone showing faster conversion under equivalent conditions. 

 

Table 4.  ≡SiO–Zr(NMe2)3-catalyzed hydroboration of ketones with pinacolborane.a 

Reaction Time (h) Conv. (%)b 
Boronate Yield 
(%)c 

Alcohol 
Yield  (%)d 

 

2 >99 97 91 

 

2 >99 97 92 

 

2 >99 95 92 

 

4 >99 97 94 

 

2 >99 98 93 
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1 >99 98 92 

 

1 >99 98 92 

 

0.5 >99 91 87 

 

0.5 >99 90 85 

aAll the reactions are carried with 5 mol % catalyst in benzene-d6 at 60 °C using 1.3 equiv. of HBpin. 
bObtained by integration of R2CHOBpin signal against Si(SiMe3)4 as an internal standard. cIsolated 
yields for R2CHOBpin. dIsolated yield for R2CHOH 

 

A possible intermediate in the zirconium-catalyzed carbonyl hydroboration is a zirconium alkoxy 

moiety of the type [Zr]–OCHRR'. The reaction of such an intermediate with pinacolborane to form a 

B–O bond is not necessarily straightforward given the oxophilicity of zirconium. We should note, 

however, that our recently proposed boron-centered zwitterionic mechanism for a magnesium-

catalyzed hydroboration of esters avoids the magnesium alkoxide intermediate.17 A related 

mechanism could bypass the Zr–O bond in the current catalysis. Despite this possibility, magnesium 

alkoxides and HBpin react to give pinacolborane esters. Moreover, the surface-supported zirconium 

amide and HBpin react to give Me2N-Bpin.  

Thus, the intermediacy of [Zr]OCHRR' is not ruled out, and there are (at least) two types of Zr–O 

bonds present in a possible (≡SiO)nX3-nZr–OCHRR' intermediate, a siloxide-zirconium bond and an 
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alkoxide-zirconium bond. Both moieties might be capable of reaction with HBpin, with the reaction 

of ≡SiO–Zr bonds potentially resulting in catalyst leaching. In order to test for this possibility, the 

≡SiO–Zr(NMe2)3 was reacted with excess HBpin and the MSN product was analyzed. Low angle 

powder XRD (Figure S1, SI) and TEM measurements (Figure 1D-E) indicate that the pore structure 

and particle morphology were not affected by the pinacolborane. In addition, EDX measurements 

show that the well-distributed zirconium remains unchanged after treatment with HBpin. Thus the 

zirconium-surface interaction and the silica wall structure is maintained in the presence of HBpin. 

A number of additional experiments also were performed to test for zirconium leaching. First, the 

catalytic material was isolated by filtration, washed with benzene, dried under vacuum, and reused 

in hydroboration of benzaldehyde or acetophenone. This sequence was performed eight times with 

both PhCHO and PhC(O)Me as substrates without apparent loss of catalytic activity. In the first 

cycle with ≡SiO–Zr(NMe2)3 as the precatalyst, the Me2N-Bpin byproduct of catalyst activation is 

present in the crude RR'HCO–Bpin product. This substance was not observed during subsequent 

cycles, and pure boronate ester product is obtained after filtration and evaporation of volatile 

materials. 

 Secondly, the zirconium loading on MSN after catalysis, as determined by ICP-OES, is 

identical within error after grafting of Zr(NMe2)4 on calcined MSN and after heating at 60 °C in 

benzene. The same weight % Zr is obtained for the ZrH@MSN material obtained from the reaction 

of HBpin and ≡SiO–Zr(NMe2)3 and after catalytic hydroboration reactions (Table 1). In addition, a 

catalytic reaction mixture was filtered after 50% conversion to give a mixture of PhCOMe, HBpin, 

and PhMeHCO-Bpin, and the soluble portion of the reaction mixture was heated at 60 °C. The ratio 

of starting material and product in this separated solution-phase portion is invariant over 1 h, while 

full conversion to PhMeHCO–Bpin is observed in an unfiltered parallel experiment. Finally, the 

supernatant was evaporated after a catalytic reaction and only trace amount of zirconium (0.001 
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mM) was detected by ICP-OES. These experiments reinforce the robust nature of the supported 

zirconium catalyst and the supported nature of the hydroboration catalyst. 

 

Conclusion 

The zirconium sites on MSN are active in carbonyl hydroboration even after exposure of the 

catalytic materials to air. For example, reaction of ≡SiO–Zr(NMe2)3 and air produces detectable 

amounts of HNMe2, but the addition reaction of HBpin and acetophenone is readily catalyzed by the 

hydrolyzed material under the conditions of Table 4. Thus, this MSN-supported early transition 

metal system is a capable, robust catalyst for the reduction of oxygenated organic compounds. 

Although the catalytic reduction of oxygenates by early transition metal sites has previously been 

demonstrated with homogeneous catalysis, zirconium hydrides are typically associated with 

extreme sensitivity to air and moisture. This includes silica surface-supported zirconium hydrides 

which have previously shown high reactivity toward inert substrates such as methane.1,31,32,49 The 

present work has shown that surface-supported, catalytically active zirconium hydrides are 

accessible from amides and likely from metal alkoxides using HBpin as the hydride source. We are 

currently exploring other hydride sources to access surface-supported hydrides for catalytic new 

applications. 

Supporting Information Available. Powder XRD patterns, 1H NMR spectra of Zr(NMe2)4 grafting 

and HBpin reactions for quantification, and catalysis products, and solid-state 1H and 11B DPMAS 

NMR spectra. This material is available free of charge via the Internet at http://pubs.acs.org.  
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