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ABSTRACT 

Selective Carbonyl Hydroboration via Homogeneous Lanthanide Catalysis 

Christopher J Barger 

 The lanthanides, with their limited orbital effects and high oxophilicity, represent a class 

of catalytic metals highly distinguished from more commonly-utilized transition metals. 

Homogeneous lanthanide catalysts often afford high catalytic rates and impressive selectivity. 

However, challenges regarding the synthesis and utilization of highly air- and water-sensitive 

organo-lanthanide complexes have limited widespread adoption throughout the catalytic and 

synthetic chemistry communities. The focus of the work presented herein is on the discovery of 

more accessible methodologies utilizing lanthanide catalysis for the reduction of carbonyl-

containing functional groups. 

 Throughout this work, the ability of commercially-available lanthanide complex 

La[N(SiMe3)2]3 to catalyze the hydroboration of carbonyl groups is explored. First, ketones and 

aldehydes are shown to be reduced by pinacolborane with catalyst loadings as low as 0.01% and 

turnover frequencies as high as 40,000 h-1. Second, La[N(SiMe3)2]3 is shown to also catalyze the 

hydroboration of esters with high activity and selectivity over a variety of functional groups. Third, 

secondary and tertiary amides are cleanly reduced with pinacolborane to their corresponding 

amines, again using La[N(SiMe3)2]3 as a catalyst. Throughout, detailed discussions on the 

mechanisms of these reactions are presented, supported by robust experimental and computational 

findings. Notably, it is shown that La[N(SiMe3)2]3 does not act as a simple Lewis acid activating 

the carbonyl for reduction, but rather it catalyzes complex, multi-step reactions involving unusual 

and highly reactive hemiacetal/hemiaminal intermediates.  
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Abstract 

Rapid, clean hydroboration of ketones and aldehydes with HBpin is achieved using the 

homoleptic rare-earth catalyst La[N(SiMe3)2]3 (LaNTMS). The reaction employs low catalyst 

loadings (0.01–1 mol % LaNTMS), proceeds rapidly (>99% in 5 min) at 25 °C, and is moderately 

air-tolerant. Additionally, this hydroboration has good functional group compatibility, including 

halides, nitro groups, and nitriles, and is exclusively carbonyl-selective in the presence of alkenes 

and alkynes. 

 

Introduction 

The reduction of aldehydes and ketones serves as an efficient synthetic route to functionalized 

alcohols, making this transformation an invaluable tool in fine chemical production and natural 

product synthesis. Active hydride reagents are used ubiquitously for this transformation, but 

frequently show poor functional group tolerance (i.e., LiAlH4 reduction of nitro groups, nitriles, 

amides, etc.) and/or modest reaction rates (i.e., NaBH4 with hindered ketones).1 Employing a 

catalyzed system with a less active reductant, such as pinacolborane (HBpin), can greatly enhance 

both the selectivity and the rate of carbonyl reduction. Unlike catalytic carbonyl hydrosilylation, 

which has a well-established literature precedent,2-5 catalytic carbonyl hydroboration remains 

relatively unexplored, and as such, is currently of great interest.   

 The catalyst scope for carbonyl hydroboration is rapidly expanding, as detailed in a recent 

review.6 Alkaline earth,7-9 transition metal,10-17 and main group catalysts18-22 all mediate this 

transformation. While most are effective in aldehyde reduction, they typically perform poorly with 

ketones, requiring high catalyst loadings, long reaction times, or elevated temperatures. 
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Additionally, many recently reported catalysts require multi-step, air-free syntheses and rigorously 

dried substrates and solvents.  Here we report that inexpensive, commercially available homoleptic 

La[N(SiMe3)2]3 (abbreviated henceforth as LaNTMS) catalyzes the rapid, regioselective 

hydroboration of diverse aldehydes and ketones with HBpin at room temperature. 

 Organolanthanide catalysts were previously shown to effectively catalyze hydroelementations 

of olefins, allenes, and acetylenes,23-29 however their reactivity with carbon-heteroatom multiple 

bonds remains relatively unexplored. After discovering that [Cp*2LaH]2 efficiently catalyzes the 

hydroboration/dearomatization of pyridines,30 we sought to investigate hydroborations of other 

substrates having carbon-heteroatom multiple bonds and to enhance the reaction utility by 

employing a more synthetically accessible/less air- and water-sensitive catalyst than [Cp*2LaH]2. 

Homoleptic lanthanide amides of the type Ln[N(SiMe3)2]3 are commercially available for most 

lanthanides and are less air- and moisture-sensitive than many other organolanthanides. These 

complexes (Ln[N(SiMe3)2]3) effectively catalyze olefin/allene/alkyne hydroelementation,24-25,27-29 

as well as aldehyde amidation31 and the Tishchenko reaction,32-33 but the potentially useful 

hydroboration of carbonyl-containing substrates has not been investigated. 

 

Results and Discussion 

 At a loading of 0.01 mol% in benzene, LaNTMS catalyzes benzophenone hydroboration with 

HBpin in up to 99% conversion in less than 5 min at 25 °C by 1H NMR assay (see Experimental 

Section for details). This corresponds to a TOF >40,000 h-1, which is among the most rapid 

pinacolborane-based reductions reported to date.6,9 Analogous lanthanide amides (Y, Ce, Sm) were 

also investigated and yielded full conversion with only slightly diminished rates relative to La.34 
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 Table 1.1 summarizes the full scope of ketones investigated in this report (see Experimental 

Section for full product characterization). Electron-rich, aromatic ketones (benzo-phenone, 4-

methylbenzophenone, and 4,4’-dimethylbenzo-phenone, Table 1.1 entries 2-4) proceed rapidly at 

a LaNTMS loading of only 0.01 mol%, while aliphatic and less electron-rich ketones require LaNTMS 

loadings of 0.1 mol% for comparable rates. Otherwise, little variation in rate among the various 

ketones is noted. Note that halogenated substrates are tolerated (Table 1.1 entry 7) and no side-

reactions with alkenes or nitro groups are observed (Table 1.1, entries 6 and 10, respectively).  

Benzalacetone (6) undergoes hydroboration selectively at the ketone while preserving the olefin 

functionality, even at catalyst loadings as high as 5 mol%. This is significant since the low cost 

and commercial availability of the catalyst make such high loadings practical if required. Rotenone 

(11), a natural product used as a pesticide and insecticide,35 is likewise only reduced at the ketone, 

exhibiting >99% selectivity over alkene hydroboration and cyclic ether ring-opening, the latter of 

which is common for other lanthanide Lewis acids.36 Note also that LaNTMS is not deactivated by 

the potentially chelating catechol dimethyl ether.  
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Table 1.1. Scope of ketone hydroboration with LaNTMS 

 

 

 aNMR yield.  Ketone (0.25mmol) added to 0.5 mL HBpin solution (0.30mmol) and C6Me6 

internal standard in C6D6. LaNTMS added from a stock solution of appropriate concentration, and 

reaction monitored by 1HNMR.  

 

 

  
Substrate 

(1) 

Product 

(2) 

Cat 

(%) 

Time 

(min) 

Yield 

(%)a 

1 
  

--- 1 week <1 

2 
  

0.01 15 >99 

3 
  

0.01 15 >99 

4 
  

0.01 15 >99 

5 
  

0.1 15 >99 

6 
  

0.1 15 >99 

7 
  

0.1 15 >99 

8 
  

0.1 15 >99 

9 
  

0.1 
15 

90 

50 

98 

10 
  

0.1 15 >99 

11 

  

1.0 15 >99 
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   Benzophenone hydroboration serves as the basis for further investigation into the general 

applicability of this catalytic system, including scalability, ambient atmosphere tolerance, and 

solvent minimization for “greener” processes. Preparative scale reactions (1 g, repeated 4 times) 

do not show any obvious loss in reactivity from exposure to ambient atmosphere and no side 

reactions are observed; after hydrolysis of the product boryl ester, diphenylmethanol is obtained 

in 86% isolated yield. Note that this reaction was conducted entirely on the bench, foregoing the 

use of a Schlenk line and using unpurified benzophenone, LaNTMS, and benzene, taking no special 

precautions to exclude air or moisture. Further exploration of the catalyst’s tolerance to ambient 

atmosphere was hindered by the moisture sensitivity of HBpin, which we found to be at least as 

susceptible to hydrolysis as LaNTMS. Other solvents can also be used (e.g., heptane, ether, THF, 

CH2Cl2), and this reaction can be run neat, with HBpin acting as the solvent (safety note: the 

reaction is exothermic and, without solvent to dissipate evolved heat, should be run in an ice bath). 

This is highly desirable from a waste-reduction perspective and further demonstrates the 

robustness of the catalyst. After removing volatiles in vacuo, benzophenoxy pinacolborane is 

obtained in 97% isolated yield.  

  Aldehydes are also cleanly reduced by this system, showing high selectivity towards C=O 

reduction over alkenes, alkynes, and nitriles, as well as exhibiting halide tolerance (Table 1.2 

entries 6, 4, 8, and 5 resp.).  However, reaction rates are generally slower than for ketones, and 

higher catalyst loadings are required for comparable reaction rates (Table 1.2). This observation is 

contrary to what has been observed previously, where aldehydes are more reactive than ketones.6 
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Table 1.2. Scope of aldehyde hydroboration with LaNTMS. 

 

 
Substrate 

(3) 

Product 

(4) 

Cat. 
(%) 

Time 
(min) 

Yield 

(%)a 

1 
 

 

--- 60 11% 

2 
 

 

0.1 
15 

60 

50 

>99 

3 
 

 

1.0 15 >99 

4 
 

 

0.1 15 >99 

5 
 

 

1.0 15 >99 

6 
 

 

1.0 15 >99 

7 
 

 

0.1 15 >99 

8 
 

 

0.1 15 >99 

9 
  

0.1 15 >99 

10 
 

 

0.1 15 >99 

 

a.NMR yield. Aldehyde (0.25mmol) added to 0.5 mL solution of HBpin (0.30 mmol) and C6Me6 

(0.05mmol) internal standard in C6D6.  LaNTMS added from stock solution of appropriate 

concentration, and the reaction monitored by 1H NMR. Isolated alcohol yields of novel boronic 

esters are reported in the Experimental Section. 
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The empirical rate law for catalytic ketone hydroboration (eq. 1.1) was determined via 1H NMR 

monitoring with reference to C6Me6 as internal standard (see Experimental Section for details). 

The most sluggish ketone examined was dicyclohexylketone, which was used for kinetic analysis 

to enable precise rate monitoring at low conversions (< 20%). Under the present reaction 

conditions the rate is found to be first-order in [Ketone], [HBpin], and [LaNTMS], suggesting all are 

involved in the turnover-limiting step or in a rapid pre-equilibrium before this step.  Activation 

parameters for the dicyclohexylketone hydroboration are ΔH≠ = +17 ± 1 kcal/mol and ΔS≠ = -15 ± 

2 e.u. The large ΔH≠ may reflect unfavorable steric repulsions in the transition state.  

 

Rate = k [LaNTMS]1 [HBpin]1 [Ketone]1 (1.1) 

 

 The rate law for catalytic aldehyde hydroboration (eq. 1.2) was determined in a similar manner 

(see Experimental Section) using cyclohexylcarboxaldehyde due to its structural similarity to 

dicyclohexylketone.  Interestingly, the rate is zero-order in [HBpin] and [Aldehyde] under the same 

conditions, and the activation parameters are markedly different as well (ΔH≠ = +12 ± 2 kcal/mol 

and ΔS≠ = -33 ± 7 e.u.), suggesting distinct mechanistic departure from the ketone hydroboration 

process. Further mechanistic details are currently under investigation. 

 

Rate = k [LaNTMS]1[HBpin]0[Aldehyde]0          (1.2) 

 

  These surprising ketone vs aldehyde rate and mechanistic differences prompted competition 

experiments to directly probe hydroboration selectivity.   In a reaction of 4-acetyl-benzaldehyde 

(11, Scheme 1.1a) with 1.0 equiv. HBpin at 97% conversion, the aldehyde-only hydroboration 
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product (11a) is obtained in 91% yield (by NMR), with only 6% of the di-hydroborated product 

(11b) and <1% of the ketone-only hydroboration product (11c). Subsequent addition of a second 

equivalent of HBpin gives 11b in >99% yield by 1H NMR. Similar intramolecular selectivity was 

reported using a metal-free diazaphospholene catalyst19 and an aluminum monohydride catalyst.22 

However in those cases ketones are much less reactive than aldehydes in isolated reactions, 

requiring longer reaction times, higher temperatures, or higher catalyst loadings. In a competition 

study, where equimolar acetophenone and benzaldehyde are allowed to compete for 1.0 equiv. 

HBpin (Scheme 1.1b), preference for aldehyde hydroboration is again observed, reaching 91% 

conversion of benzaldehyde and only 9% conversion of acetophenone. When a second equiv. of 

HBpin is introduced, both borylated products are obtained in >99% yield. Such selectivity for 

aldehyde vs ketone hydroboration with pinacolborane is also noteworthy and has only been 

reported twice before using either [Ru(p-cymene)Cl2]2
13 or an aluminum monohydride catalyst.22 

Again, these systems exhibit lowered activity with ketones vs aldehydes in independent systems, 

requiring longer reaction times and/or higher temperatures for ketone reduction. The present 

system, which displays selectivity that is contrary to what would be expected based on kinetic data, 

is highly unusual and, to our knowledge, has not been reported previously for pinacolborane-based 

reductions.  
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Scheme 1.1. Competitive Aldehyde/Ketone Hydroboration Selectivity Study. A. 4-

Acetylbenzaldehyde. B. Benzaldehyde and acetophenone. 

 

Conclusion 

In conclusion, we report the rapid catalytic hydroboration of ketones and aldehydes with HBpin 

using a simple lanthanum amido catalyst. High selectivity for aldehyde hydroboration over ketones 

and C-C unsaturation is observed, along with good functional group tolerance for many other 

groups. Further investigations of scope and mechanism are in progress. 

 

Experimental Section 

 Materials and Methods.  All manipulations of air-sensitive materials were carried out 

with rigorous exclusion of oxygen and moisture in flame- or oven-dried Schlenk-type glassware 

on a dual-manifold Schlenk line, interfaced to a high-vacuum line (10−6 Torr), or in an argon-filled 

vacuum atmospheres glovebox with a high capacity recirculator (<1 ppm O2). Benzene-d6 

(Cambridge Isotope Laboratories; 99+ atom % D) was stored over Na/K alloy and vacuum 

transferred immediately prior to use. La[N(SiMe3)2]3  (LaNTMS)and hexamethylbenzene were 

purchased from Sigma-Aldrich Co. and sublimed under high-vacuum (10-6 Torr). Pinacolborane 

11 
11a 

11b 11c 
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(“HBpin”) was purchased from Sigma-Aldrich Co. and distilled under high-vacuum (10-6 Torr). 

Carbonyl-containing substrates were purchased from Sigma-Aldrich Co. and dried over 3Å 

molecular sieves and distilled off prior to use (for liquid substrates) or dried under vacuum (for 

solid substrates). Known boryl esters were characterized by 1H, 13C, and 11B NMR and compared 

to literature values. Unknown boryl esters were also fully characterized by NMR, and then 

hydrolyzed by refluxing in 1M NaOH/H2O and MeOH for 1 hour (for dicyclohexyl methanol and 

phenyl cyclohexyl methanol) or by refluxing with silica gel and H2O for 3 hours (for 

perflouorodiphenyl methanol and 2-ethynyl benzyl alcohol). The product was extracted with DCM 

and the organic layer was dried over MgSO4, and the solvent was removed by rotary evaporation. 

If necessary, the crude was purified by column chromatography, using 30% THF in hexanes. The 

resulting alcohol was characterized by 1H and 13C NMR and EI- or ESI-MS.  

 Physical and Analytical Measurements. NMR spectra were recorded on a Bruker Avance 

III (500 MHz, 1H ;  125 MHz, 13C), Varian Inova 500 (500 MHz, 1H; 125 MHz, 13C), Agilent DD 

MR-400 (400 MHz, 1H; 100 MHz, 13C; 128 MHz, 11B),  or Agilent DD2 500 (500 MHz, 1H ;  125 

MHz, 13C). Chemical shifts (δ) for 1H and 13C are referenced to residual solvent resonances (7.16 

and 128.06 ppm, resp., for benzene-d6). 
11B shifts are referenced to an external BF3·OEt2 standard. 

NMR scale reactions were carried out either in Teflon-sealed J. Young tubes or PTFE septum-

sealed tubes. Mass spectra were recorded on a Bruker AmaZon SL LC-MS (ESI, Quadrupole ion 

trap) or Agilent 5973 GC-MS (EI, Quadrupole ion trap).   

 

 Typical NMR-Scale Reaction of HBpin with Solid Ketones and Aldehydes and 

LaNTMS Catalyst. In a glovebox, the aldehyde/ketone (0.25 mmol) was massed in a vial. 500 μL 



27 
 

of a stock solution containing HBpin (0.30 mmol, 1.2 equivalents vs. aldehyde/ketone) and the 

internal standard hexamethylbenzene (50 μmol) was added to the vial, and the vial was shaken 

until all solids were dissolved. This solution was added to a J. Young tap NMR tube, and 100 μL 

of a stock solution containing an appropriate loading of La[N(SiMe3)2]3 was added. The tube was 

capped and shaken, and the reaction was monitored by 1H NMR.  

 

 Typical NMR-Scale Reaction of HBpin with Liquid Ketones and Aldehydes and 

LaNTMS
 Catalyst. In a glovebox, 100 μL of a stock solution containing an appropriate loading of 

La[N(SiMe3)2]3 was added to a septum-sealed NMR tube. 500 μL of a stock solution containing 

HBpin (0.30 mmol, 1.2 equivalents vs. aldehyde/ketone) and the internal standard 

hexamethylbenzene (50 μmol) was added to a septum-sealed vial, and both were brought out of 

the glovebox. The liquid aldehyde/ketone (0.25 mmol) was injected into the vial with HBpin and 

standard, the vial was shaken, and the contents were injected into the NMR tube with catalyst, all 

under N2. The tube was shaken, and the reaction was monitored by 1H NMR.    

 Scale-Up/Air and Moisture Tolerance Test Reaction. Benzophenone (1.0 g, 5.5 mmol) 

and HBpin (0.96 mL, 6.6 mmol) were dissolved in benzene (5 mL) in a vial outside of a 

glovebox. To this solution was added LaNTMS (34 mg, 0.055 mmol). After stirring for 5 minutes, 

volatiles were removed in vacuo, and the resulting white powder was taken up in 10 mL of 10% 

NaOH in MeOH. The mixture was sonicated and refluxed for 1 hour. The product 

(diphenylmethanol) was extracted in ethyl acetate and purified by column chromatography (1:5 

THF:hexanes). Final yield of diphenylmethanol: 0.87g (86%). 
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Typical NMR-Scale Reaction for Kinetic Monitoring by 1H-NMR Arrays. In a 

glovebox, 500 μL of a stock solution of aldehyde/ketone and 500 μL of a stock solution containing 

HBpin and the internal standard, hexamethylbenzene (50 μmol), were mixed in a vial. This 

solution was then added to a rubber septum-sealed NMR tube, wrapped with parafilm, and 

removed from the box. At the NMR, the magnet was locked, tuned, and shimmed to the sample, 

then 100 μL of a stock solution containing an appropriate loading of La[N(SiMe3)2]3 was added. 

The tube was shaken and reinserted into the instrument and scanning was begun. Single (1H NMR) 

scans were collected at regular intervals. Substrate and/or product concentrations were determined 

relative to the intensity of the internal standard resonance plotted versus time.  

Kinetic Analysis. Kinetic analysis of the NMR-scale reactions described above was 

carried out by collecting multiple (>15) data points early in the reaction (<20% conversion). Under 

these conditions, the reaction can be approximated as pseudo-zero-order with respect to the 

substrate concentrations. The product concentration was measured from the area of the 

R2CHOBpin or RCH2OBpin peak formed in the product standardized to the methyl peak area of 

the C6Me6 internal standard. Data were fit by least-squares analysis (R2 > 0.98) according to eq 

1.3, where t is time, [product] is the concentration of product at time t, and m is the rate of reaction.  

    [𝑝𝑟𝑜𝑑𝑢𝑐𝑡] = 𝑚𝑡     (Eq. 1.3) 

Orders for each reactant were determined from the average rates (≥3 trials) at varying 

concentrations (Figures 1.1 and 1.2). Ketone/ aldehyde and HBpin concentrations were varied 

from 25% to 125% (relative to the other reactant) and catalyst concentration was measured at 

0.05%, 0.10%, 0.15%, and 0.20% (for dicyclohexylketone) or 0.025%, 0.05%, 0.075%, and 0.1% 

(for cyclohexylcarboxaldehyde). (Note: in general, ketones react more quickly than aldehydes, 
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except in the case of dicyclohexylketone). These data were then plotted as ln(rate) vs. ln[ketone].30 

The negative rate of disappearance of ketone is proportional to the concentration of ketone to the 

order (α) (see eq. 1.4). Therefore, the order is the slope of a plot of ln(rate) vs. ln[ketone] (eq. 1.5).  

 

−𝑑[𝑘𝑒𝑡𝑜𝑛𝑒]

𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝑘𝑒𝑡𝑜𝑛𝑒]

𝛼     (Eq. 1.4) 

 

ln(𝑟𝑎𝑡𝑒) = 𝑙𝑛𝑘𝑜𝑏𝑠+∝ ln⁡[𝑘𝑒𝑡𝑜𝑛𝑒]    (Eq. 1.5) 



30 
 

 

Figure 1.1. (A) Plot of concentration ketone vs. reaction rate (mol/h); (B) Plot for reaction rate 

law order in [ketone]; (C) Plot of concentration HBpin vs. rate (mol/h); (D) Plot for reaction rate 

law order in [HBpin]; (E) Plot of concentration LaNTMS vs. rate (mol/h); (F) Plot for reaction rate 

law order in LaNTMS.  
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Figure 1.2. (A) Plot of concentration aldehyde vs. reaction rate (mol/h); (B) plot for reaction rate 

law order in [aldehyde]; (C) Plot of concentration HBpin vs. rate (mol/h); (D) plot for reaction rate 

law order in [HBpin]; (E) Plot of concentration LaNTMS  vs. rate (mol/h); (F) plot for reaction rate 

law order in LaNTMS .  

 

y = 0.1437x - 8.0102 

R² = 0.3277 
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Temperature Analysis. Data on the rate dependence on temperature was obtained as 

shown above. A rate at each temperature were determined from the average rates (≥3 trials) at 

temperatures set on the NMR and measured using a methanol (<25°C) or ethylene glycol (>25°C) 

standard.  

These data were then plotted as 1000/T vs. ln(k/T)30 (Figure 1.3 and 1.4) from which the 

enthalpy and entropy of the transition state could be obtained using the Eyring equation (see eq. 

1.6). ΔH≠ is the negative slope times R and ΔS≠ is the intercept minus the natural log of kb/h times 

R.  

ln
𝑘

𝑇
=⁡

𝛥𝐻≠

𝑅𝑇
⁡[
Δ𝑆≠

𝑅
−⁡ln

𝑘𝑏

ℎ
]    (Eq. 1.6) 

From a plot of 1000/T vs. ln(k), the activation energy can be obtained using the 

Arrhenius equation (eq. 1.7). Ea is the negative slope times R.  

ln 𝑘 = ⁡−
𝐸𝑎

𝑅𝑇
− ln𝐴             (Eq. 1.7) 

 

Figure 1.3. (A) Plot of 1000/temperature vs. ln(k/T) for the lanthanum-catalyzed hydroboration 

of dicyclohexylketone. (B) Plot of 1000/temperature vs. ln (k). 
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Figure 1.4. (A) Plot of 1000/temperature vs. ln(k/T) for the lanthanum-catalyzed hydroboration 

of cyclohexylcarboxaldehyde. (B) Plot of 1000/temperature vs. ln (k). 
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Characterization Data for Ketone/Aldehyde Hydroboration Products 

 

2-(diphenylmethoxy)pinacolborane. 

 1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.37  

1H NMR (C6D6, 500 MHz): 7.45-7.41 (m, 4H), 7.12-7.07 (m, 4H), 7.03-6.98 (tt, 2H, 3JHH = 7.4, 

4JHH = 1.2), 6.41 (s, 1H), 0.98 (s, 12H). 11B{1H} NMR (C6D6, 128 MHz): 22.83. 13C{1H} NMR 

(C6D6, 125 MHz): 143.89, 128.57, 127.54, 126.97, 82.85, 78.53, 24.62. 

 

2-(para-tolylphenylmethoxy)pinacolborane. 

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.38   

1H NMR (C6D6, 500 MHz): 7.46 (d, 2H, 3JHH= 7.7 Hz), 7.37 (d, 2H, 3JHH= 7.7 Hz), 7.11 (t, 2H, 

3JHH= 7.5 Hz), 7.01 (t, 1H, 7.5 Hz), 6.93 (d, 2H, 3JHH= 7.7 Hz), 6.43 (s, 1H), 2.05 (s, 3H), 0.99 (s, 

12H). 11B{1H} NMR (C6D6, 128 MHz): 22.86. 13C{1H} NMR (C6D6, 125 MHz): 144.15, 

141.10, 136.93, 129.28, 128.54, 127.46, 127.01, 126.94, 82.80, 78.43, 24.64, 21.06 
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2-(di-para-tolylmethoxy)pinacolborane.  

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.39 

1H NMR (C6D6, 500 MHz): 7.39 (d, 4H, 3JHH= 7.7 Hz), 6.94 (d, 4H, 3JHH= 7.7 Hz), 6.44 (s, 1H), 

2.05 (s, 6H), 1.00 (s, 12H). 11B{1H} NMR (C6D6, 128 MHz): 22.84. 13C{1H} NMR (C6D6, 125 

MHz): 141.35, 136.82, 129.24, 126.99, 82.76, 78.33, 24.66, 21.06 

 

2-(1-phenylethoxy)pinacolborane.  

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.37  

1H NMR (C6D6, 500 MHz): 7.37-7.33 (m, 2H), 7.17-7.11 (m, 2H), 7.08-7.02 (tt, 1H, 3JHH = 7.4, 

4JHH = 2.1 Hz), 5.39 (q, 1H, 3JHH = 6.4 Hz), 1.45 (d, 3H, 3JHH = 6.5 Hz), 1.00 (s, 12H). 11B{1H} 

NMR (C6D6, 128 MHz): 22.52. 13C{1H} NMR (C6D6, 125 MHz): 145.39, 128.54, 127.35, 

125.70, 82.54, 72.94, 25.79, 24.70, 24.62. 

 

2-(di-perfluorophenylmethoxy)pinacolborane.  
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1H NMR (C6D6, 500 MHz): 6.90 (s, 1H, H-5), 1.03 (s, 12H, H-7). 11B{1H} NMR (C6D6, 128 

MHz): 22.62. 13C{1H} NMR (C6D6, 125 MHz): 145.13 (dm, C-Ar , J=253.6 Hz), 141.60 (dt, C-

Ar, J= 255.4 Hz, J= 13.2 Hz), 137.92 (dt, C-Ar, J=250.7 Hz, J=14.1 Hz), 131.78 (s, C-1), 84.14 

(s, C-6), 62.77 (s, C-5), 24.45 (s, C-7). 

Perfluorodiphenylmethanol.   62% isolated yield.  

1H NMR (C6D6, 500 MHz): 5.94 (d, 1H, H-5, 3JHH = 5.8 Hz), 2.20 (d, 1H, OH, 3JHH = 5.8 Hz). 

19F{1H} NMR (C6D6, 376 MHz): -143.5 - -143.8 (m, 2F), -153.8 (t, 1F, J=22Hz), -161.6 - -162.0 

(m, 2F). 13C{1H} NMR (C6D6, 125 MHz): 144.4 (dm, C-Ar , J=253 Hz), 140.9 (dm, C-Ar, J= 

255 Hz), 137.4 (dm, C-Ar, J=251 Hz), 125.5 (s, C-Ar), 113.7 (s, C-OH). LC-MS: [2M-H]-: Calc: 

726.9813. Found: 726.9818 

 

2-(dicyclohexylmethoxy)pinacolborane.  

1H NMR (C6D6, 500 MHz): 3.78 (t, 1H, H-5, 3JHH = 6.0 Hz), 1.89-1.82 (m, 2H, H-1), 1.75-1.66 

(m, 4H, H-Cy), 1.64-1.49 (m, 6H, H-Cy), 1.29-1.07 (m, 10H, H-Cy), 1.10 (s, 12H, H-7). 11B{1H} 

NMR (C6D6, 128 MHz): 22.46. 13C{1H} NMR (C6D6, 125 MHz): 82.79 (C-6), 82.14 (C-5), 

39.66 (C-1), 30.19 (C-Cy), 27.64 (C-Cy), 26.94 (C-Cy), 26.82 (C-Cy), 26.58 (C-Cy), 24.68 (C-

Cy).  

Dicyclohexylmethanol.   92% isolated yield. 

1H NMR (C6D6, 500 MHz): 2.88 (q, 1H, H-5, 3JHH = 5.7 Hz), 1.85-1.78 (m, 2H, H-Cy), 1.77-

1.67 (m, 4H, H-Cy), 1.66-1.60 (m, 2H, H-Cy), 1.51-1.44 (m, 2H, H-Cy), 1.40-1.31 (m, 2H, H-
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Cy), 1.25-0.97 (m, 10H, H-Cy), 0.81-0.76 (m, 1H, H-OH). 13C{1H} NMR (C6D6, 125 MHz): 

80.13 (C-5), 40.30 (C-1), 30.33 (C-Cy), 27.69 (C-Cy), 27.02 (C-Cy), 26.96 (C-Cy), 26.65 (C-Cy). 

GC-MS [M-H2O]+: Calc: 178.17; Found: 178.25.  

 

  2-(cyclohexylphenylmethoxy)pinacolborane.  

1H NMR (C6D6, 500 MHz): 7.38-7.33 (m, 2H, H-2), 7.20-7.12 (m, 2H, H-3), 7.10-7.04 (m, 1H, 

H-4), 5.03 (d, 1H, H-5, 3JHH = 6.4 Hz), 2.03-1.94 (m, 1H, H-6), 1.75-1.45 (m, 6H, H-Cy), 1.25-

1.05 (m, 4H, H-Cy), 1.03 (s, 6H, H-11), 0.99 (s, 6H, H-11). 11B{1H} NMR (C6D6, 128 MHz): 

22.60. 13C{1H} NMR (C6D6, 125 MHz): 143.13 (C-1), 128.25 (C-Ar), 127.38 (C-Ar), 127.05 

(C-Ar), 82.47 (C-10), 81.48 (C-5), 45.45 (C-6), 29.65 (C-Cy), 28.63 (C-Cy), 26.78 (C-Cy), 26.47 

(C-Cy), 26.40 (C-Cy), 24.64 (C-Cy).   

Cyclohexyl(phenyl)methanol.  83% isolated yield.  

1H NMR (C6D6, 500 MHz): 7.22-7.17 (m, 4H, H-Ar), 7.12-7.08 (m, 1H, H-Ar), 4.10 (dd, 1H, H-

5, 3JHH = 6.8 Hz, 4JHH = 3.3 Hz), 2.04-1.98 (m, 1H, H-6), 1.72-1.65 (m, 1H, H-Cy), 1.61-1.48 (m, 

3H, H-Cy), 143-1.36 (m, 1H, H-Cy), 1.19 (d, 1H, H-Cy, 3JHH = 3.4 Hz), 1.18-0.98 (m, 4H, H-

Cy), 0.94-0.85 (m, 1H, H-Cy). 13C{1H} NMR (C6D6, 125 MHz): 144.61 (C-1), 127.40 (C-Ar), 

126.99 (C-Ar), 79.15 (C-5), 45.54 (C-6), 29.71 (C-Cy), 28.92 (C-Cy), 26.86 (C-Cy), 26.54 (C-

Cy), 26.47 (C-Cy). GC-MS [M]+: Calc: 190.14; Found: 190.20. 
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2-(1-cinnamylethoxy)pinacolborane. 

 1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.37  

1H NMR (C6D6, 500 MHz): 7.22-7.17 (m, 2H), 7.12-7.06 (m, 2H), 7.05-6.99 (m, 1H), 6.64 (dd, 

1H, 3JHH = 16 Hz, 4JHH = 0.95 Hz), 6.19 (dd, 1H, 3JHH = 16 Hz,  3JHH = 5.9 Hz), 4.98 (ddq, 1H, 

3JHH = 6.2 Hz, 3JHH = 6.4 Hz, 4JHH = 1.2 Hz), 1.33 (d, 3H, 3JHH = 6.4 Hz), 1.06 (d, 12H, 3JHH = 2.3 

Hz) 11B{1H} NMR (C6D6, 128 MHz): 22.50. 13C{1H} NMR (C6D6, 125 MHz): 137.43, 132.72, 

129.49, 128.76, 127.65, 126.88, 82.51, 71.47, 24.95, 24.80, 24.67, 23.43. 

 

 

2-(1-(4-nitrophenyl)ethoxy)pinacolborane.  

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.37 

1H NMR (C6D6, 500 MHz): 7.80-7.72 (m, 2H), 7.00-6.92 (m, 2H), 5.13 (q, 1H, 3JHH = 6.5 Hz), 

1.20 (d, 3H, 3JHH = 6.5 Hz), 0.94 (s, 12H). 11B{1H} NMR (C6D6, 128 MHz): 22.43. 13C{1H} 

NMR (C6D6, 125 MHz): 151.82, 147.47, 126.09, 123.64, 82.94, 71.96, 25.33, 24.62. 
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2-(Rotenoxy)pinacolborane.  

1H NMR (C6D6, 500 MHz): 7.26 (d, 1H, J=8.2 Hz), 6.71 (s, 1H), 6.60 (d, 1H, J=8.2 Hz), 6.51 

(s, 1H), 5.48 (d, 1H, J=4.0), 5.08-5.05 (m, 1H), 4.96 (t, 1H, J=8.8 Hz), 4.89 (t, 1H, J=10 Hz), 

4.76-4.73 (m, 1H), 4.67-4.61 (m, 1H), 4.17 (ddd, 1H, J=1.2, 4.8, 9.8 Hz), 3.59 (s, 3H), 3.31 (s, 

3H), 3.12-3.01 (m, 2H), 2.93-2.85 (m, 1H), 1.58 (s, 3H), 0.95 (s, 6H), 0.92 (s, 6H). 11B{1H} 

NMR (C6D6, 128 MHz): 22.29. 13C{1H} NMR (C6D6, 125 MHz): 162.60, 150.67, 150.19, 

150.12, 144.54, 144.40, 130.38, 114.64, 113.96, 113.20, 111.15, 109.91, 102.88, 101.54, 86.70, 

82.67, 70.17, 69.41, 65.45, 56.63, 55.36, 38.03, 32.57, 24.80, 24.31, 17.32. LC-MS [M+Na]+ 

Calc.: 545.232, Found: 545.233 

2-(benzyloxy)pinacolborane.  

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.37  

1H NMR (C6D6, 500 MHz): 7.32-7.28 (m, 2H), 7.16-7.10 (m, 2H), 7.08-7.02 (m, 1H), 4.94 (s, 

2H), 1.04 (s, 12H). 11B{1H} NMR (C6D6, 128 MHz): 22.79. 13C{1H} NMR (C6D6, 125 MHz): 

140.1, 128.59, 127.57, 127.05, 82.75, 66.96, 24.70. 
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2-(2-ethynylbenzyloxy)pinacolborane.   

1H NMR (C6D6, 500 MHz): 7.61 (m, 1H), 7.35 (dd, 1H, 3JHH= 7.7 Hz), 7.04 (dt, 1H, 3JHH= 7.7 

Hz, 4JHH = 0.96 Hz), 6.86 (m, 1H), 5.34 (s, 2H) 2.89 (s, 1H), 1.03 (s, 12H). 11B{1H} NMR (C6D6, 

128 MHz): 22.76. 13C{1H} NMR (C6D6, 125 MHz): 142.45, 132.67, 129.22, 127.10, 126.24, 

119.94, 82.83, 81.11, 65.26, 24.68 

2-ethynylbenzyl alcohol.  77% isolated yield. 

1H NMR (C6D6, 500 MHz): 7.38 (dd, 1H, H-2, 3JHH = 7.7 Hz, 4JHH = 0.9 Hz), 7.32 (d, 1H, H-5, 

3JHH = 7.7 Hz), 7.01 (dt, 1H, H-3, 3JHH = 7.7 Hz, 4JHH = 1.1 Hz), 6.85 (t, 1H, H-4, 3JHH = 7.7 Hz), 

4.67 (s, 2H, H-9), 2.85 (s, 1H, H-8), 1.42 (br s, 1H, OH). 13C{1H} NMR (C6D6, 125 MHz): 

144.34 (C-1), 132.82 (C-Ar), 129.23 (C-Ar), 127.15 (C-Ar), 127.00 (C-Ar), 120.22 (C-6), 82.37 

(C-9), 81.53 (C-7), 63.43 (C-8). GC-MS [M]+: Calc: 132.06; Found: 132.10. 

2-(cinnamylmethoxy)pinacolborane.  

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.40  

1H NMR (C6D6, 500 MHz): 7.22-7.16 (m, 2H), 7.13-7.07 (m, 2H), 7.06-7.00 (m, 1H), 6.62 (dt, 

1H, 3JHH = 15.9 Hz, 4JHH = 1.7 Hz), 6.19 (dt, 1H, 3JHH = 15.9 Hz, 3JHH = 5.3 Hz), 4.55 (dd, 2H, 

3JHH = 5.3 Hz, 4JHH = 1.7 Hz), 1.08 (s, 12H). 11B{1H} NMR (C6D6, 128 MHz): 22.70. 13C{1H} 

NMR (C6D6, 125 MHz): 137.36, 130.91, 128.76, 127.69, 127.52, 126.85, 82.70, 65.54, 24.74. 
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2-(4-chlorobenzyloxy)pinacolborane.  

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.37  

1H NMR (C6D6, 500 MHz): 7.09-7.04 (m, 2H), 7.02-6.96 (m, 2H), 4.76 (s, 2H), 1.03 (s, 12H). 

11B{1H} NMR (C6D6, 128 MHz): 22.64. 13C{1H} NMR (C6D6, 125 MHz): 138.46, 133.35, 

128.71, 128.40, 82.87, 66.09, 24.69. 

 

2-(cyclohexylmethoxy)pinacolborane.  

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.37  

1H NMR (C6D6, 500 MHz): 3.76 (d, 2H, 3JHH = 64 Hz), 1.75-1.67 (m, 2H), 1.65-1.57 (m, 2H), 

1.56-1.45 (m, 2H), 1.18-1.04 (m, 3H), 1.07 (s, 12H), 0.97-0.84 (m, 2H). 11B{1H} NMR (C6D6, 

128 MHz): 22.29. 13C{1H} NMR (C6D6, 125 MHz): 82.37, 70.60, 39.86, 29.74, 26.90, 26.18, 

24.77.  

 

2-(mesitylmethoxy)pinacolborane.  
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1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.41  

1H NMR (C6D6, 500 MHz): 6.73 (s, 2H), 5.03 (s, 2H), 2.37 (s, 6H), 2.12 (s, 3H), 1.04 (s, 12H). 

11B{1H} NMR (C6D6, 128 MHz): 22.58. 13C{1H} NMR (C6D6, 125 MHz): 137.78, 137.39, 

132.98, 129.35, 82.53, 61.53, 24.70, 21.07, 14.64. 

 

  2-(4-cyanobenzyloxy)pinacolborane.  

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.39  

1H NMR (C6D6, 500 MHz): 7.03-6.99 (m, 2H), 6.92-6.87 (m, 2H), 4.667 (s, 2H), 1.04 (s, 12H). 

11B{1H} NMR (C6D6, 128 MHz): 22.66. 13C{1H} NMR (C6D6, 125 MHz): 144.57, 132.10, 

126.78, 118.85, 111.61, 83.10, 65.84, 24.67. 

 

2-(ferrocenylmethoxy)pinacolborane. 

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.37  

1H NMR (C6D6, 500 MHz): 4.75 (s, 2H), 4.21 (dd, 2H, 3JHH = 1.9 Hz, 4JHH = 1.9 Hz), 3.98 (s, 

5H), 3.95 (dd, 2H, 3JHH = 1.9 Hz, 4JHH = 1.9 Hz), 1.07 (s, 12H). 11B{1H} NMR (C6D6, 128 

MHz): 22.67. 13C{1H} NMR (C6D6, 125 MHz): 86.08, 82.61, 69.02, 68.80, 68.52, 63.44, 24.82.  
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2-(4-N,N-dimethylaminobenzyloxy)pinacolborane 

1H, 11B{1H} and 13C{1H} spectra are identical to those reported in the literature.39 

1H NMR (C6D6, 500 MHz): 7.36-7.32 (m, 2H), 6.60-6.53 (m, 2H), 5.00 (s, 2H), 2.50 (s, 6H), 

1.07 (s, 12H). 11B{1H} NMR (C6D6, 128 MHz): 22.80. 13C{1H} NMR (C6D6, 125 MHz): 

150.16, 128.57, 112.42, 82.15, 66.85, 39.92, 24.39.  
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CHAPTER 2 

La[N(SiMe3)2]3 – Catalyzed Ester Reductions with Pinacolborane.  

Scope and Mechanism of Ester Cleavage 

 

Adapted From:  

Barger, C. J.; Motta, A.; Weidner, V. L.; Lohr, T. L.; Marks, T. J.; ACS Catal. 2019, 9(10), 

9015-9024 
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Abstract 

Tris[N,N-bis(trimethylsilyl)amido]lanthanum (LaNTMS) is an efficient, highly active, and 

selective homogeneous catalyst for ester reduction with pinacolborane (HBpin). Alkyl and aryl 

esters are cleaved to the corresponding alkoxy- and aryloxy-boronic esters which can then be 

straightforwardly hydrolyzed to alcohols. Ester reduction is achieved with 1 mol% catalyst loading 

at 25-60°C, and most substrates are quantitatively reduced in 1 hour. Nitro, halide, and amino 

functional groups are well-tolerated, and ester reduction is completely chemoselective over 

potentially competing intra- or intermolecular alkene or alkyne hydroboration. Kinetic studies, 

isotopic labeling, and DFT calculations with energetic span analysis argue that ester reduction 

proceeds through a rate-determining hydride transfer step that is ligand-centered (hydride is 

transferred directly from bound HBpin to bound ester) and not through a metal hydride-based 

intermediate that is often observed in organolanthanide catalysis. The active catalyst is proposed 

to be a La-hemiacetal, [(Me3Si)2N]2La-OCHR(OR)[HBpin], generated in situ from LaNTMS via 

hydroboronolysis of a single La-N(SiMe3)2 bond. These results add to the growing compendium 

of selective oxygenate transformations that LaNTMS is competent to catalyze, further underscoring 

the value and versatility of homoleptic lanthanide complexes in homogeneous catalytic organic 

synthesis. 
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Introduction 

 

 The selective reduction of esters is a topic of great interest to both the academic and industrial 

synthetic chemistry communities.1 In addition to being an important transformation in the 

synthesis of fine chemicals and pharmaceuticals,2 ester linkages are ubiquitous in lignocellulosic 

biomass and plant-based oils, valuable renewable sources of fuels and chemical feedstocks, and 

their selective reduction is of great importance.3 Unlike ketones and aldehydes, esters are generally 

inert towards mild reductants as typified by NaBH4 and instead require more aggressive reductants 

such as BH3 and LiAlH4, reagents which can pose significant handling risks and often suffer from 

poor selectivity in the presence of other reducible functionalities.4 Catalytic hydrogenation has 

been explored extensively as a more atom-efficient and selective route to ester reduction, however 

the high pressures and temperatures required to achieve satisfactory conversions, typically in 

excess of 5 bar and 100°C, pose significant safety concerns, and require capital-intensive 

equipment.5  The need for safer and more convenient ester reduction methodologies has generated 

great interest in recent years in catalytic hydrosilylation, leading to a wealth of reports detailing 

the selective reduction of esters and other carbonyl groups at ambient pressures and moderate 

temperatures (typically < 100°C).6 Conversely,  reports of efficient, selective ester hydroboration 

are sparse,7 a surprising observation considering that silanes and boranes often behave similarly in 

other hydrofunctionalization processes,1a, 6b, 8 and that hydroboration is well-developed in the 

context of ketone/aldehyde reduction.7c, 9   

   Encouraged by recent results from this laboratory on lanthanide triflate-catalyzed ester Calkoxy-O 

bond tandem hydrogenolysis processes, we turned our focus to kinetically labile and electrophilic 
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lanthanide complexes with alternative reducing agents to affect Cacyl-O bond reduction, 

specifically hydroboronolysis (Figure 2.1A).10 Tris[N,N-bis(trimethylsilyl)amido]lanthanide 

complexes (Ln[N(SiMe3)2]3, abbreviated here as LnNTMS, Figure 2.1B) are commercially available 

for many lanthanides, or they can be readily synthesized/purified, rendering them accessible and 

of great utility to the synthetic methods community.11 As such, they are frequently employed as 

precursors to more elaborate lanthanide organometallics12 and as homogeneous catalysts, 

particularly for alkene/alkyne hydrofunctionalization.13 Recently, we reported that LaNTMS 

displays remarkable catalytic activity for ketone and aldehyde hydroboration with HBpin (Figure 

2.1B), with turnover frequencies as high as 40,000 h-1 at 25°C.9l With this in mind, we sought to 

explore the catalytic hydroboration activity of LaNTMS with more complex, less readily-reduced 

oxygenates. While this investigation was in progress, Patnaik and Sadow reported that the 

homoleptic lanthanide tris-hydrocarbyl La[C(SiHMe2)3]3 is highly active for the hydroboration of 

epoxides and esters, raising the intriguing question of whether commercially available lanthanide 

amides such as LaNTMS might be viable ester hydroboration catalysts, and if so, with what scope 

and reaction mechanism.7a  
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Figure 2.1. A. Comparison of ester Calkoxy-O bond cleavage/hydrogenolysis, previously reported 

for lanthanide (Ln) triflates),10 and Ln-catalyzed Cacyl-O bond cleavage/hydroboronolysis 

pathways (this work). OTf¯ = CF3SO3¯. B. Structures of tris[N,N-

bis(trimethylsilyl)amido]lanthanide complexes (LnNTMS) where Ln = any lanthanide, and 

pinacolborane (HBpin). 

 

   Here we report that LaNTMS effectively mediates the cleavage of a wide variety of alkyl and 

aryl esters to the corresponding alkoxyboranes. This system, which utilizes a commercially 

available catalyst, mild reaction conditions, and easily-handled HBpin, represents a significant 

advance over traditional ester reduction methods. We discuss the scope and mechanism of this 

transformation through combined experiment and DFT-level theory, which is, to the best of our 

knowledge, the first attempt to do so in the field of catalytic ester hydroboration. It will be seen 

that the reaction, which is selective over nitro functionalities as well as alkene and alkyne 

reductions, proceeds through a La-hemiacetal active catalyst/resting state with a very unusual 

ligand-centered hydride transfer step.  

 

Results 

 

Ester catalytic reduction scope. Optimal conditions for ester cleavage (Table 2.1) are achieved 

with 1 mol % of LaNTMS catalyst and a slight excess of HBpin (2.2 equiv vs. ester). Table 2.1 shows 
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the full scope of esters investigated. Other LnNTMS complexes (Ln = Ce, Sm, Yb, and Y) were also 

screened with phenyl benzoate reduction as the model reaction. These catalysts are found to have 

similar, though slightly diminished reduction rates relative to LaNTMS.  This, combined with the 

relative ease with which NMR spectra of metal-organics containing diamagnetic La3+ can be 

analyzed, led us to pursue further studies with LaNTMS exclusively. Catecholborane (“HBcat”) and 

9-borabicyclo[3.3.1]nonane (“9-BBN”) were also explored as alternative reductants to HBpin 

(also using phenyl benzoate reduction as a model reaction). HBcat produces negligible product 

(<5%) after 20 hours at 25°C, while 9-BBN affords 46% conversion under the same conditions. 

These are both significantly poorer performing than HBpin (97% yield after 16 hours at 25°C; 

Table 2.1). 

  As can be seen in Table 2.1, all esters are reduced near-quantitatively at 25°C under the conditions 

described above, although several require heating at 60°C for more convenient reaction times (≤ 5 

h). Importantly, side-reactions with nitro groups or conjugated alkenes are not observed (Table 

2.1, entries 16 and 11, respectively), and intermolecular competition experiments indicate that the 

esters are preferentially reduced with complete exclusion of added 1-octene or 1-octyne (Scheme 

2.1).  Given the high activity observed for LaNTMS-catalyzed ketone and aldehyde hydroboration,9l 

selectivity for ester reduction over these more reactive functional groups would not be expected. 

Predictably, reduction of tert-butyl acetoacetate occurs only at the ketone, and the ester 

functionality remains intact, even after 16 hours at 25°C. Preparative-scale (2.5 mmol) reduction 

of ethyl acetate (entry 2) gives a 94% isolated yield of EtOBpin under conditions identical to those 

used in the NMR scale reaction.  
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Table 2.1. Scope of LaNTMS-catalyzed ester reduction/cleavage with pinacolboranea                          
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Scheme 2.1. Competition experiments illustrating the selective reduction of phenyl benzoate in 

the presence of 1-octene (top) and 1-octyne (bottom). N.D. = not detected. Conditions: 1.00 mL 

C6D6, 60°C, 5h. 

 

While all ester substrates are efficiently reduced at 60°C, steric impediments at the alkoxy- 

position (R’ in Table 2.1) significantly depress rates at 25°C, with tert-butyl acetate (Table 2.1, 

entry 5) requiring 16 h to reach completion, vs. 1 h for cyclohexyl- and 2-adamantyl acetate (entries 

4 and 6, respectively) and only 10 min for ethyl acetate (entry 2). Interestingly, steric impediments 

at the acyl position (R in Table 2.1) have very little effect on the rate of reduction, with ethyl 

acetate ethyl isobutyrate, and ethyl pivalate (entries 2, 8, and 9, respectively) all required ≤ 30 min 

at 25°C to reach completion. The presence of a phenyl group in the R’ position (entries 1 and 3) 

likewise depresses the rate, suggesting the charge density on the alkoxy oxygen is an important 

factor in determining the overall conversion rate, possibly implicating La-O coordination in the 

turnover-limiting step (vide infra).  Note also that ε-caprolactone (Table 2.1, entry 10) is reduced 

quantitatively to the ring-opened bis-borane at 25°C in ~15 min, with no evidence of potentially 

competing polymerization. This is surprising since the analogous SmNTMS and YNTMS complexes 

are reported to be highly active catalysts for caprolactone ring-opening polymerization.14 Indeed, 

when ε-caprolactone is added to a LaNTMS solution in benzene without HBpin present, rapid 
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polymerization ensues, as evidenced by solidification of the reaction mixture. Interestingly, 

subsequent addition of HBpin to the polycaprolactone results in rapid de-polymerization and 

conversion to a non-viscous liquid that is NMR spectroscopically identical to the product of entry 

10 in Table 2.1.  

 

Experimental kinetic studies. To probe the mechanism of the present ester cleavage process, the 

rate law for catalytic phenyl benzoate reduction was determined by a combination of initial rates 

analysis at various catalyst concentrations (for the order in LaNTMS concentration) and by 

monitoring substrate consumption under pseudo-first order conditions. The reaction rate is 

observed to have a first-order dependence on LaNTMS concentration, whereas ester and HBpin 

concentration variations over a broad range have no detectable effect on the rate (eq. 2.1). 

Activation parameters calculated for the reduction of phenyl benzoate over the temperature range 

of 15-35°C reveal a relatively 

 

Rate = k[LaNTMS]1[Ester]0[HBpin]0                                         (2.1) 

 

low apparent activation enthalpy (ΔH‡ = 8.2 ± 0.3 kcal/mol) and a very large, negative activation 

entropy (ΔS‡ = -53.1 ± 0.9 e.u.). To gauge the impact of electron density at the carbonyl carbon 

on the rate of reaction, a Hammett plot (Figure 2.2) was constructed using a series of para-

substituted methyl benzoates (Table 2.1 entries 12-16). A significant increase in turnover is 

observed for substrates with electron-withdrawing substituents at the R position, as indicated by a 

positive value (1.11) for the parameter ρ. Additional mechanistic details were obtained from 
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isotopic labeling studies. Replacing HBpin with DBpin in the reduction of methyl 4-(N,N-

dimethylamino)benzoate eliminates both methylene protons in the product 1H NMR spectra, 

indicating both hydride equivalents are delivered to the carbonyl carbon (Figure 2.3). Comparing 

these reaction rates yields a kinetic isotope effect (KIE) of 1.49.  

 

 

 

Figure 2.2. Hammett plot generated for the LaNTMS-catalyzed reduction of para-substituted methyl 

benzoates with HBpin. 
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Figure 2.3. 1H NMR spectra of the LaNTMS-catalyzed reduction of methyl 4-

(dimethylamino)benzoate with 2 equiv of HBpin (top) and DBpin (bottom). The absence of a 

signal in the ~δ 5.0 ppm region (outlined in red) for reduction with DBpin shows that both 1H 

NMR-silent deuteride equivalents are delivered to the carbonyl carbon of the substrate. 

 

In Situ Stoichiometric 1H, 13C and 11B NMR Spectroscopic Studies. The pathway(s) and species 

involved in the present ester hydroboration process were probed in situ by examining the reactivity 

of LaNTMS with stoichiometric amounts of ester and/or HBpin at room temperature. No reaction is 

observed between LaNTMS and phenyl benzoate only, however the 1H NMR signals of both species 

shift slightly, suggesting that ester reversibly coordinates to Lewis acidic LaNTMS.15 In contrast, 

LaNTMS and HBpin undergo reaction, as evidenced by the appearance of several new signals in the 

1H, 13C and, 11B NMR spectra. In the 1H NMR, singlets at δ 0.37 and 1.03 ppm (integrating as 18 

and 12 H, respectively) are attributable to the known compound pinB-N(SiMe3)2.
16

 Singlets at δ 

1.37 and 1.56 ppm, both integrating to 6 H, as well as a quartet in the 11B NMR at -6.3 ppm, are 

indicative of a reaction pathway involving ring-opening of a pinacolborane ring to give the off-

cycle borate complex shown below (AOC, Scheme 2.2A). A similar complex was reported, by this 

laboratory, to be an off-cycle product of lanthanocene-catalyzed pyridine dearomatization with 
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pinacolborane (Scheme 2.2B) and characterized by x-ray diffraction.17 Notably, in the present 

system, the La-O bond integrity is maintained, as evidenced by a greater downfield shift in the 

adjacent C(CH3)2 protons (1.56 ppm),18 whereas with pyridine hydroboration, this bond is broken 

and replaced by an intact Bpin moiety (adjacent C(CH3)2 protons appear at 1.30 ppm; Scheme 

2.2B). When ester is added to complex AOC, or when stoichiometric ester and HBpin are added 

simultaneously to LaNTMS, the 11B NMR signal at -6.3 ppm disappears and a triplet at 47.4 ppm 

grows in, indicating a hydride is transferred from the R-BH3
ˉ group, yielding R-BH2 and a partially 

reduced ester (BOC, Scheme 2.2A). Subsequent addition of excess substrates does not result in 

turnover, indicating this is, in fact, an off-cycle pathway that likely results in deactivation. We 

propose that the true active catalyst (vide infra) is not detectable by NMR, likely due to the 

availability of the above deactivation pathway at low substrate concentrations relative to catalyst 

concentration (such as those employed in the above spectroscopic studies). Attempts to more fully 

characterize these off-cycle products were unsuccessful due to their decomposition into 

intractable, white solids over the course of 2 hours at room temperature. However, DFT analysis 

argues that these products are energetically accessible in the conditions employed above and their 

formation is highly exergonic.  
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Scheme 2.2. A. Catalyst off-cycle products observed in NMR studies of stoichiometric substrate 

and LaNTMS.  B. Structure of a product similar to AOC isolated from an organolanthanide-catalyzed 

pyridine dearomatization/hydroboration process.17 Cp* = η5-pentamethylcyclopentadienyl 

 

DFT Mechanistic Analysis. To more fully understand the mechanism of LaNTMS-catalyzed ester 

reduction with pinacolborane, DFT modeling of the catalyst activation process, catalytic cycle, 

and potential off-cycle pathways was performed using methyl benzoate as a model ester. Figure 

2.4 shows the computed catalyst activation process. The LaNTMS pre-catalyst is activated for ester 

reduction first by HBpin-mediated cleavage of a La-N(SiMe3)2 bond (TSact-1), forming complex 

Iact-2. Direct hydride transfer from the coordinated [(SiMe3)2NB(H)pin]- molecule of Iact-2 to a 

coordinated ester molecule (TSact-2) then affords lanthanide-hemiacetal species Iact-3 and pinB-

N(SiMe3)2 as a byproduct. Subsequent coordination of a second HBpin molecule leads to the active 

catalyst. The entire process is exergonic (-44.9 kcal/mol) and has an energy barrier of only 9.9 

kcal/mol associated with the scission of the La-N bond in TSact-1. The possibility of a 
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[(Me3Si)2N]2La-H active catalyst was also explored due to the ubiquity of proposed L2Ln-H 

species as both active catalysts and intermediates in the organolanthanide literature,17, 19 however 

the energy required to form such a species in the present system (> 30kcal/mol) appears to be 

unlikely. 

 

 

         

    

Figure 2.4. Gibbs free energy profile (kcal/mol) of the LaNTMS pre-catalyst activation process using 

methyl benzoate as a model ester substrate. The occurrence of a La-centered hydride (via the step 

denoted by a red “X”) is energetically implausible. La = violet, C = grey, H = cyan, B = yellow, 

and N[SiMe3]2 = brown.   
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       The proposed catalytic cycle consists of three principal steps (Figure 2.5): 1) Lewis acidic 

boron (of the coordinated HBpin molecule) attack on the hemiacetal oxygen of the active catalyst 

A (TS1), leading to formation of a new B-O bond and dissociation of the La-Ohemiacetal bond. This 

step, which produces a La-coordinated hemiacetal-pinacolborate species, proceeds with a 

computed barrier of 3.1 kcal/mol, and the subsequent coordination of a second ester molecule leads 

to an overall stabilization (-12.4 kcal/mol) and generates complex B. 2) Transfer of the ester 

methoxy group to the coordinated HBpin, followed by a rapid hydride transfer from 

[HB(OMe)(pin)]– to the La-hydroborate complex (TS2), forms the first reduction product, 

MeOBpin. The product of this step (complex C) is highly stabilized by the coordination of both 

ester and HBpin molecules, leading to an overall stabilization of -46.0 kcal/mol. 3) Intramolecular 

hydride transfer from complex C to the coordinated ester (TS3) leads to formation and subsequent 

release of the second reduction product, PhCH2OBpin, restoring the active catalyst A. In the 

transition state structure, HBpin loses its coordination with the La metal center and interacts 

weakly with the carbonyl oxygen of the coordinated ester. This step is exergonic (-7.1 kcal/mol) 

and represents the rate-determining step with an energy barrier of 14.7 kcal/mol. 
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Figure 2.5. Gibbs free energy profile (kcal/mol) for the catalytic cleavage of methyl benzoate via 

hydroboration. The active catalyst is derived from LaNTMS (Figure 2.4); TDI = turnover-

determining intermediate, TDTS = turnover-determining transition state. La = violet, C = grey, H 

= cyan, B = yellow, and N[SiMe3]2 = brown.   
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Discussion 

 

   Figure 2.6 presents a plausible scenario that accounts for the experimental mechanistic 

observations and DFT calculations discussed above. Note that negligible reaction is observed in 

stoichiometric mixtures of LaNTMS and phenyl benzoate, providing evidence that LaNTMS must be 

activated with HBpin to initiate the catalytic reduction cycle. According to the DFT and NMR 

results described above, activation of the ester-coordinated precatalyst with HBpin, followed by 

coordination of additional HBpin, generates the lanthanide-hemiacetal active catalyst A and 

known pinB-N(SiMe3)2 as a by-product. Just as in the stoichiometric studies described above, the 

TMS methyl protons of the aminoborane are also observed in the in situ 1H NMR spectra of 

catalytic reactions (the Bpin methyl protons are obscured by substrate/product signals).16 This 

resonance integrates in an approximate 1:2 ratio to the LaNTMS methyl protons (at δ 0.28 ppm), 

arguing mono-activation of the pre-catalyst does in fact occur.  Furthermore, Sadow and co-

workers recently proposed a similar hemiacetal-based catalytic intermediate, [La]-OCHR(OR), for 

La[C(SiHMe2)3]3-catalyzed ester hydroboration based on detailed kinetic studies.7a The 

similarities between these homoleptic lanthanide complexes, both in terms of structure and 

reactivity, suggest similar species would be active for ester hydroboration. Additionally, the 

involvement of both ester and HBpin in catalyst activation is supported in the present work by the 

off-cycle reaction observed when HBpin is allowed to react with LaNTMS in the absence of ester 

(vide supra). This suggests that without a substantial excess of ester (relative to LaNTMS) to accept 

the hydride from La-coordinated HBpin and generate A, an unstable La-hydride/borate species is 

formed, opening the pinacolate ring of HBpin and deactivating the La center.17  
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Figure 2.6. Catalyst activation and catalytic cycle for LaNTMS-catalyzed ester hydroboration. N* = 

N(SiMe3)2. Step iii is proposed to be turnover limiting, and the DFT-computed turnover-

determining transition state (TDTS) is shown.  

 

    Activated by the oxophilic La center, HBpin promotes La-Ohemiacetal bond dissociation and B-

Ohemiacetal bond formation (Figure 2.6, step i), producing a transient complex that is spontaneously 

stabilized by coordination of a new ester molecule, yielding intermediate B.  This sterically 

congested species then rearranges intramolecularly, yielding R’OBpin. Subsequent, barrierless 

coordination of HBpin affords stabilized complex C (step ii). Finally, intramolecular hydride 

transfer from the boron atom of the hydroborate-La complex to the coordinated ester (step iii) 

restores the active catalyst A for subsequent catalytic cycles. Assignment of this step as turnover-

limiting is supported by several experimental observations. The experimentally derived activation 
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parameters, consisting of a small, positive ΔH‡ and large, negative ΔS‡, suggest the transition state 

is highly organized and sterically congested, and the overall first-order reaction rate requires that 

the turnover-limiting step is intramolecular.20 Notably, the activation parameters reported for this 

system (ΔH‡ = 8.2 kcal/mol,  ΔS‡ = -53.1 e.u.) are very similar to those reported previously for 

aldehyde hydroboration with B-alkyl-9-BBN (ΔH‡ = 9.1 - 9.8 kcal/mol,  ΔS‡ = -43 - -49 e.u.).21 

The transition state proposed for this reaction is also quite similar to the one proposed above, as it 

proceeds through a sterically congested and conformationally constrained transition state and 

involves intramolecular hydride transfer to the carbonyl.  

    The zero order reaction rate law found experimentally for HBpin and ester concentrations is 

supported by the DFT calculations (Figure 2.5), which find that neither HBpin nor ester enters the 

catalytic cycle between the turnover-determining intermediate (TDI, C) and the turnover-

determining transition state (TDTS, TS3).22 The high degree of steric congestion in the transition 

state would lead to depressed rates for sterically encumbered substrates, which is observed 

experimentally. A small, positive Hammett ρ value (ρ = 1.11, Figure 2.2) indicates that the 

transition state is stabilized by withdrawal of electron density from the carbonyl carbon, but to a 

much lesser extent than is observed for typical base-catalyzed ester cleavages (ρ =1.9-2.5).23 This 

supports the present assignment that the turnover-limiting step involves nucleophilic hydride 

attack on a carbonyl bond that has been activated, in this case by simultaneous C=O coordination 

to both HBpin and La, priming the acyl carbon for nucleophilic attack and diminishing ρ.  

    While the present KIE of 1.49 for ester reduction with DBpin is small for a primary KIE, it is 

much larger than typical values for secondary isotope effects, 20 supporting an assignment of B-H 

scission in the turnover-limiting step. While the lack of previously reported KIEs for HBpin-based 
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ester reduction prevents direct comparison, analogous reductions of N-heteroarenes,24 ketones,25 

and nitriles26 proceed with somewhat higher KIEs, ranging from 2.3-2.8. However, Hartwig and 

co-workers report a similarly small KIE (1.62) for the addition of catecholborane, via σ-bond 

metathesis, to a Ru-alkyl, indicating KIEs this small are not without precedent for B-H bond 

scission.27 In this system, it is likely that slight O→B interaction in the TDTS likely weakens the 

B-H bond prior to scission, contributing to the lower KIE than might be expected for such a 

reaction. The terminal location of the borane derived hydrogens is also telling. As noted above, 

the deuterium-labelling experiment shows that both hydride equivalents are delivered to the 

carbonyl carbon, effectively ruling out the possibility of a reverse-Tishchenko-based mechanism 

(Scheme 2.3). Such a mechanism warrants consideration since the Tishchenko reaction (coupling 

of aldehydes to form esters) is catalyzed by LnNTMS complexes,28 and a similar mechanism was 

proposed previously for Mg-catalyzed ester hydroboration.7d Note also that a Tishchenko-like pre-

equilibrium could not account for substrates lacking an α-H in the R’ position (i.e., Table 2.1, 

entries 1, 3, and 5) since the aldehyde C=O bond cannot form at a fully substituted carbon center. 

                                    

 

Scheme 2.3. Isotopic labelling differentiation of the hemiacetal-based ester hydroboration 

mechanism proposed here and the reverse-Tishchenko type mechanism proposed for Mg-catalyzed 

ester hydroboration.7d  
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Conclusions 

 

   The scope and mechanism of LaNTMS-catalyzed, pinacolborane-based reduction of a diverse 

series of esters is investigated experimentally and by DFT computation. The catalyst shows 

complete selectivity for ester reduction over competing nitro groups, alkenes, and alkynes, even at 

temperatures as high as 60°C. Experimental and computation-based mechanistic studies indicate 

that the active catalyst is generated from the LaNTMS pre-catalyst by HBpin-mediated La-N bond 

scission, generating a La-hemiacetal species that is active for ester reduction. The presence of ester 

in the catalyst activation process likely inhibits the formation of a L2La-H species, which could 

explain the selectivity of this catalyst over alkene and alkyne hydroboration, reactions which have 

previously been proposed to proceed through a L2La-H active catalyst.13k, 19e The turnover-limiting 

step is proposed to involve intramolecular, concerted hydride transfer/C-O bond cleavage, leading 

to an overall first-order rate law, rate = [LaNTMS]1[ester]0[HBpin]0. This report further demonstrates 

the important role that lanthanide catalysis can play in experimental chemical synthesis, and it 

represents the first attempt at a combined experimental-theoretical approach to discerning HBpin-

mediated ester reduction. By combining a mild reductant like HBpin with the highly active and 

readily accessible catalyst LaNTMS, a safer, more selective, and convenient route to ester reduction 

has been realized.  
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Experimental Section 

 

Materials and Methods. All manipulations of air-sensitive materials were carried out with 

rigorous exclusion of O2 and moisture in flame- or oven-dried Schlenk-type glassware on a dual-

manifold Schlenk line or in an argon-filled glovebox with a high capacity recirculator (<0.5 ppm 

O2). Benzene-d6 (Cambridge Isotope Laboratories; 99+ atom % D) was stored over Na/K alloy 

and vacuum transferred prior to use. La[N(SiMe3)2]3 (LaNTMS) and hexamethylbenzene were 

purchased from Sigma-Aldrich Co. and sublimed under high-vacuum (10-6 Torr). Pinacolborane 

(“HBpin”) was purchased from Sigma-Aldrich Co. and distilled under high-vacuum (10-6 Torr) to 

remove trace boronic acid impurities and stored at -35°C in a glovebox.17 Ester substrates were 

purchased from Sigma-Aldrich Co. and dried over 3Å molecular sieves (liquid esters) or under 

vacuum overnight (solid esters). The products of ester cleavage (alkoxy boryl esters) were 

characterized by 1H, 13C, and 11B NMR. NMR spectra were recorded on a Bruker Avance III (500 

MHz, 1H; 125 MHz, 13C), Varian Inova 500 (500 MHz, 1H; 125 MHz, 13C), Agilent DD MR-400 

(400 MHz, 1H; 100 MHz, 13C; 128 MHz, 11B), or Agilent DD2 500 (500 MHz, 1H; 125 MHz, 13C). 

Chemical shifts (δ) for 1H and 13C are referenced to residual solvent resonances (7.16 and 128.06 

ppm, resp., for benzene-d6). 
11B shifts are referenced to an external BF3·OEt2 standard. NMR scale 

reactions were carried out either in Teflon-sealed J. Young tubes or rubber septum-sealed tubes.  

 

General Procedure for NMR-scale, LaNTMS-catalyzed ester reductions with HBpin.  
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For solid esters: In the glovebox, the ester substrate (0.25 mmol) and HBpin (0.55 mmol) were 

dissolved in benzene-d6 (total volume 1.0 mL). This solution was then injected into a vial 

containing LaNTMS (2.5 μmol) and shaken to dissolve the catalyst. The reaction mixture was next 

transferred to a J. Young capped NMR tube and removed from the glovebox, and the ensuing 

reaction was monitored by 1H NMR. 

  For liquid esters: In a glovebox, LaNTMS (2.5 μmol) was placed in a rubber septum-sealed NMR 

tube, and the cap was wrapped with Parafilm. HBpin (0.55 mmol) and benzene-d6 were next added 

to a septum-sealed vial, and the cap was wrapped with electrical tape. Outside the glovebox, the 

liquid ester (0.25 mmol) was then injected into the vial with HBpin and internal standard, the vial 

was shaken, and the contents were injected into the NMR tube containing the catalyst, all under 

N2. The tube was shaken to dissolve the catalyst, and the ensuing reaction was monitored by 1H 

NMR.  

 

Typical NMR-Scale Reaction for Kinetic Monitoring by 1H-NMR Arrays. In a glovebox, ester, 

HBpin, and the internal standard were mixed in a vial and dissolved in C6D6 (Vtotal=1 mL). This 

solution was then added to a rubber septum-sealed NMR tube, wrapped with film, and removed 

from the box. At the NMR, the magnet was locked, tuned, and shimmed to the sample, then a stock 

solution containing an appropriate loading of La[N(SiMe3)2]3 (also prepared in a glovebox) was 

injected into the tube. The tube was shaken and reinserted into the instrument and the experiment 

was started. Single 1H NMR scans were collected at regular intervals. Substrate and/or product 

concentrations were determined relative to the intensity of the internal standard resonance and 

plotted versus time.  
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Kinetic Analysis. Kinetic analysis of the NMR-scale reactions described above was carried out 

by collecting multiple (>15) data points early in the reaction (<20% conversion). Under these 

conditions, the reaction can be approximated as pseudo-zero-order with respect to the substrate 

concentrations. The product concentration was measured from the area of the RCH2OBpin product 

peaks relative to a C6Me6 internal standard. Data were fit by least-squares analysis (R2 > 0.98) 

according to eq. 2.2, where t is time, [product] is the concentration of product at time t, and m is 

the rate of reaction.  

    [𝑝𝑟𝑜𝑑𝑢𝑐𝑡] = 𝑚𝑡     (2.2) 

Orders for HBpin and ester (phenyl benzoate) were determined by running the reaction under 

pseudo-first-order conditions (10-fold excess of non-measured reactant). The order of the reactant 

not in excess was determined from the linearity of plots of [A] vs. time (zeroth order), ln[A] vs. 

time (first order), and [A]-1 vs. time (second order).34  
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Figure 2.7. Pseudo-first order plots for reaction order in HBpin for ester reduction (10-fold excess 

of ester). Only the zeroth-order plot ([ROBpin] vs. time) is linear. Reaction conditions: 0.125 μmol 

LaNTMS, 1.25 mmol phenyl benzoate, 0.125 mmol HBpin, 0.0330 mmol C6Me6, C6D6 (total volume 

1.00 mL). 
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Figure 2.8. Pseudo-first order plots for reaction order in phenyl benzoate (10-fold excess of 

HBpin). Only the zeroth-order plot ([ROBpin] vs. time) is linear. Reaction conditions: 0.125 μmol 

LaNTMS, 0.125 mmol phenyl benzoate, 1.25 mmol HBpin, 0.0330 mmol C6Me6, C6D6 (total volume 

1.00 mL). 
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The order for LaNTMS was determined from the rates of reduction at 5 different catalyst loadings 

(0.1-0.5%). The rates were measured as the slope of the line for [Product] vs. time at conversion 

< 20%. These rates were then plotted as ln(rate) vs. ln[LaNTMS]. The negative rate of disappearance 

of LaNTMS is proportional to the concentration of LaNTMS to the order (α) (see eq. 2.3). Therefore, 

the order is the slope of a plot of ln(rate) vs. ln[LaNTMS] (eq. 2.4).17  

 

−𝑑[𝐿𝑎𝑁𝑇𝑀𝑆]

𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝐿𝑎𝑁𝑇𝑀𝑆]

𝛼     (2.3) 

ln(𝑟𝑎𝑡𝑒) = 𝑙𝑛𝑘𝑜𝑏𝑠+∝ ln⁡[𝐿𝑎𝑁𝑇𝑀𝑆]     (2.4) 
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Figure 2.9. Ln vs. ln rate plot for the determination of the reaction order in [LaNTMS] for ester 

reduction.  
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DBpin Synthesis. This synthesis was adapted from literature procedures.29 BD3•SMe2 (Cambridge 

Isotope Laboratories, 8.5 mmol, 10 M) was diluted with 10 mL DCM in an addition funnel under 

N2. This solution was next added dropwise over 30 min to a 0°C solution of pinacol (8.5 mmol, 

1.0 g) in 20 mL DCM. After addition was complete, the solution was brought to room temperature 

and stirred until bubbling was no longer observed (1 h). The DBpin was purified by distillation 

(0°C at 10 mmHg). 1H NMR (400 MHz, C6D6): 1.00 (s, 12H, DBpin) 11B NMR (128 MHz, C6D6): 

28.37 (t, 2JDB=22.8 Hz). 

 

Kinetic Isotope Effect Determination. Rate studies were carried out with HBpin and DBpin 

under the same 1H NMR kinetic monitoring conditions outlined above - 0.125 mmol ester, 0.275 

mmol HBpin, 0.0330 mmol C6Me6, C6D6 (total volume 1.00 mL), using methyl 4-

(dimethylamino)benzoate as a representative substrate. 
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Figure 2.10. Plot for the determination of the kinetic isotope effect for ester reduction using HBpin 

and DBpin.  
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Temperature Analysis. Temperature-dependent rate data were obtained via arrayed NMR scans 

as described above. Temperatures were set on the NMR instrument using an external temperature 

controller and calibrated using ethylene glycol (>25°C) or methanol (<25°C) standards. Rates at 

each temperature were determined from the average of three trials. 

These data were then plotted as 1000/T vs. ln(k/T) from which the enthalpy and entropy of the 

transition state could be obtained using the Eyring equation (see eq. 2.5). ΔH≠ is the negative slope 

times R and ΔS≠ is the intercept minus the natural log of kb/h times R.  

ln
𝑘

𝑇
=⁡

𝛥𝐻≠

𝑅𝑇
⁡[
Δ𝑆≠

𝑅
−⁡ln

𝑘𝑏

ℎ
]     (2.5) 

From a plot of 1000/T vs. ln(k), the activation energy can be obtained using the Arrhenius equation 

(eq. 2.6). Ea is the negative slope times R. 

ln 𝑘 = ⁡−
𝐸𝑎

𝑅𝑇
− ln𝐴              (2.6)  
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Figure 2.11. Eyring (blue) and Arrhenius (red) plots for the reduction of phenyl benzoate.  

 

Hammett Analysis. Rates were determined by 1H NMR (vide supra) for a series of para-

substituted methyl benzoates (NO2, F, H, Me, NMe2). The rates of reduction for each substrate 

were plotted according to the Hammett equation (eq. 2.7), so that the slope of the line gives rho 

(ρ), which indicates the sensitivity of the reaction to the electron density at the carbonyl carbon of 

the substrate.35  

𝑙𝑜𝑔
𝑘

𝑘𝐻
= 𝜎𝜌      (2.7) 

 

Competition Studies. To gauge the selectivity of LaNTMS for ester hydroboration over olefin 

hydroboration, intermolecular competition experiments were performed using 1-octene and 1-
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octyne (representative 1H NMR spectrum below). Phenyl benzoate (0.125 mmol), 1-octene/1-

octyne (0.125 mmol), and HBpin (0.275 mmol) were dissolved in C6D6 in a J. Young capped NMR 

tube. LaNTMS (1.25 μmol) was added and the tube was shaken. After 5 hours at 60°C, complete 

conversion of the phenyl benzoate was observed, with no concomitant reduction of olefin.  

 To test the selectivity of LaNTMS-catalyzed ester reduction over more easily reduced 

ketones, the reduction of tert-butyl acetoacetate was examined. Tert-butyl acetoacetate (0.25 

mmol) and HBpin (0.80 mmol, 3.2 equiv.) were dissolved in 0.500 mL C6D6. This solution was 

added to LaNTMS (0.0025 mmol) in 0.100 mL C6D6 in a J. Young capped NMR tube. The reaction 

was monitored by 1H NMR. Complete reduction of the ketone moiety was observed after 30 

minutes, and no reduction of the ester group was observed, even after heating the solution at 60°C 

for 5 hours.  
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Figure 2.12. 1H NMR spectra showing the selective reduction of phenyl benzoate in the presence 

of 1-octene (top) and 1-octyne (bottom).  
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Figure 2.13. 1H NMR spectrum of the reduction of tert-butyl acetoacetate. Spectrum shows 

complete conversion to the partially reduced species CH3CH(OBpin)COOtBu. 
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Stoichiometric Studies. Attempts to experimentally characterize the catalyst activation process 

were carried out by monitoring stoichiometric mixtures of LaNTMS and substrates HBpin and 

phenyl benzoate via 1H and 11B NMR. However, only the proposed off-cycle/deactivation products 

described above are observed (Scheme 2.2). When various mixtures of LaNTMS and HBpin are 

examined (0.5-6 equiv HBpin), the spectrum below is obtained with varying degrees of conversion 

of LaNTMS. Full conversion is observed at 4 equiv HBpin, which matches what would be expected 

given the proposed deactivation pathway. However, additional, uncharacterized decomposition 

products are observed at such high HBpin ratios, and therefore 1:3 LaNTMS:HBpin mixtures were 

studied further (Figures 2.14-2.16). Addition of phenyl benzoate (1 equiv vs LaNTMS) to either a 

pre-mixed solution of LaNTMS and HBpin, or simultaneous mixing of all reagents, leads to the 

partial reduction of the ester, as evidenced by a new peak at 4.76 ppm in the 1H NMR (Figure 

2.17), the disappearance of the RBH3
- quartet at -6.42ppm and the appearance of a triplet (RBH2) 

at 47.20 ppm in the 11B NMR (Figure 2.18). 
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Figure 2.14. 1H NMR spectra of catalyst deactivation product (ADeact, Scheme 2.2) obtained from 

1:3 mixture of LaNTMS and HBpin in benzene-d6. Top: Full spectrum. Bottom: Expanded portion 

with relevant peaks labeled. * = unidentified side product. 

1 2

 

3

 

6

 

7

 

4

 

HN(SiMe3)2 

LaNTMS 

*

 *

 

5

 



79 
 

 

 

Figure 2.15. 11B NMR spectrum of catalyst deactivation product (ADeact, Scheme 2.2) obtained 

from 1:3 mixture of LaNTMS and HBpin in benzene-d6. * = Unidentified side product, possibly 

weakly and reversibly coordinated pinB-N(SiMe3)2 or B2pin3. Peak at 31.6 ppm is a broad doublet, 

likely due to coordination of the B-H to the metal center or exchange with RBH3
-. The downfield 

shift is similar to previously reported coordinated boranes.36  
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Figure 2.16. 13C NMR spectrum of catalyst deactivation product (ADeact, Scheme 2.2) obtained 

from 1:3 mixture of LaNTMS and HBpin in benzene-d6. 
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Figure 2.17. 1H NMR spectrum of catalyst deactivation product (BDeact, Scheme 2.2) obtained from 

1:3:1 mixture of LaNTMS : HBpin : Phenyl Benzoate in benzene-d6. 
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Figure 2.18. 11B NMR spectrum of catalyst deactivation product (BDeact, Scheme 2.2) obtained 

from 1:3:1 mixture of LaNTMS : HBpin : Phenyl Benzoate in benzene-d6. * = Unidentified side 

product, possibly weakly and reversibly coordinated pinB-N(SiMe3)2 or B2pin3. 
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Figure 2.19. 1H-13C HSQC DEPT NMR spectrum of catalyst deactivation product (BDeact, Scheme 

2.2) obtained from 1:3:1 mixture of LaNTMS : HBpin : Phenyl Benzoate in benzene-d6.  
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Computational Details. Geometry optimizations of all reactants, products, intermediates, and 

transition states were carried out along the entire catalytic cycle.  Calculations were performed 

adopting the M06 hybrid meta-GGA functional.  The effective core potential of Hay and Wadt30, 

(LANL2DZ) and the relative basis set were used for the La and Si atoms. The standard all-electron 

6-31G** basis31 was used for all the remaining atoms.  Molecular geometry optimization of 

stationary points was carried out without symmetry constraints and used analytical gradient 

techniques.  The transition states were searched with the “distinguished reaction coordinate 

procedure” along the emerging bonds.  Step i of Figure 2.4 was monitored along the emerging C–

O bond, whereas the subsequent bond formation/breaking step induced by the approach of a second 

HBpin molecule (step ii) was monitored along the breaking C–O bond. Finally, the hydride transfer 

of step iii and the catalyst activation step were monitored along the emerging C-H bond. Methyl 

benzoate was adopted as substrate model. Frequency analysis was performed to obtain 

thermochemical information about the reaction pathways at 298 K using the harmonic 

approximation. The difference in translational and rotational Gibbs free energy when moving from 

gas to solvent are accounted for by adding an energy contribution of 8RT to each species as 

detailed in the literature.32 Moreover, the effect of concentration on moving from 1 atm to 1 M is 

accounted for by adding an energy contribution of 1.89 kcal/mol (RTln(P1M/P1atm)) to each species. 

All calculations were performed using the G16 code33 on Linux cluster systems. 

 

DFT Examination of Catalyst Decomposition Pathway. DFT calculations were performed to 

better understand the decomposition path of the LaNTMS precatalyst induced by HBpin without 

ester (Figure 2.20). The decomposition path involves four main steps. The coordination of the first 
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HBpin leads to the formation of the pinBH-N(SiMe3)2
- borate species (Ideact-1, -7.0 kcal/mol). The 

second step is promoted by the approach of a second HBpin leading to hydride transfer from the 

pinBH-N(SiMe3)2
- species to the coordinated HBpin, producing a new H2Bpin- species and 

releasing the pinB-N(SiMe3)2 molecule. This intermediate is stabilized by the coordination of a 

third HBpin (Ideact-2, -28.5 kcal/mol). The third step is analogue to the first one involving the 

formation of a new pinBH-N(SiMe3)2
- borate species (Ideact-3, -29.4 kcal/mol). The last step 

involves the opening of the H2Bpin- species and the subsequent hydride transfer from pinBH-

N(SiMe3)2
- to the opened H2Bpin- leading to the final product. A second pinB-N(SiMe3)2 molecule 

is released and a new HBpin coordinates and stabilizes the final product (-34.5 kcal/mol). This last 

step is the rate determining step with a Gibbs free energy barrier of 14.9 kcal/mol. 
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Figure 2.20. Energy profile associated with the decomposition pathway of LaNTMS precatalyst 

induced by HBpin. 
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The reaction of HBpin with LaNTMS can also induce the deactivation of the catalyst during 

the ester hydroboration process starting from the intermediate C (Figure 2.21). In this case the 

releasing of the PhCH2OBpin product occurs by the hydride exchange from the hydridoborate-La 

complex to the coordinated HBpin instead of to the coordinated ester. The subsequent exchange 

of the ester substrate with the HBpin molecule leads to the intermediates Ideact-2 and Ideact-3 as 

previously described. However, in presence of ester the subsequent releasing of the pinB-

N(SiMe3)2 is followed by the coordination of a new ester molecule instead of the HBpin leading 

to the Ideact-4 (G = -46.1 kcal/mol). A barrierless and slightly endergonic proton transfer from the 

ring-opened pinBH3
- to the ester molecule leads to Ideact-5 (G = -42.7 kcal/mol). The coordination 

of an additional HBpin molecule promotes a barrierless transfer of the ester methoxy group to the 

coordinated HBpin (Ideact-6, G = -64.0 kcal/mol). Finally, hydride transfer from the 

[HB(OMe)(pin)]– to the La-hydridoborate complex occurs with an energy barrier of 8.2 kcal/mol. 

The MeOBpin product is released, leading to the final deactivated species (G = -71.3 kcal/mol). 

The overall energy barrier is computed to be 23.8 kcal/mol with I2 as the TDI and TSdeact-3 as the 

TDTS.  
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Figure 2.21. Energy profile associated to the decomposition path of LaNTMS active catalyst along 

the ester hydroboration process. 
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Product Characterization. Characterization data for the products of ester reduction are given 

below. Previously reported products were characterized by 1H, 11B{1H}, and 13C{1H} NMR. 

Previously unreported products were run at a preparative scale (1 mmol ester). The boryl ester was 

characterized by 1H, 11B{1H}, and 13C{1H} NMR, then hydrolyzed according to established 

procedures.9l The corresponding alcohol was then characterized by 1H and 13C{1H} NMR. 

 

 

NMR spectra are identical to those reported in the literature.9l, 37  

1H NMR (400 MHz, C6D6): 1.03 (s, 12H, PhCH2OBpin), 1.04 (s, 12H, PhOBpin), 4.92 (s, 2H, 

PhCH2OBpin), 6.82-6.87 (m, 1H, PhOBpin), 7.03-7.10 (m, 3H, PhOBpin/PhCH2OBpin), 7.11-

7.15 (m, 2H, PhCH2OBpin), 7.17-7.21 (m, 2H, PhOBpin), 7.26-7.30 (m, 2H, PhCH2OBpin). 

11B{1H} NMR (128 MHz, C6D6): 22.1 (PhOBpin), 22.4 (PhCH2OBpin). 13C{1H} NMR (125 

MHz, C6D6): 24.6 (PhOBpin), 24.7 (PhCH2OBpin), 66.9 (PhCH2OBpin), 82.8 (PhCH2OBpin), 

83.3 (PhOBpin), 120.1 (PhOBpin), 123.3 (PhOBpin), 127.0 (PhCH2OBpin), 127.6 

(PhCH2OBpin), 128.6 (PhCH2OBpin), 129.6 (PhOBpin), 140.0 (PhCH2OBpin), 154.4 

(PhOBpin).   

 

 

NMR spectra are identical to those reported in the literature.7d  
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1H NMR (400 MHz, C6D6): 1.05 (s, 12H, EtOBpin), 1.09 (t, 3JHH = 7.0 Hz, 3H, CH3CH2OBpin), 

3.87 (q, 3JHH = 7.0 Hz, 2H, CH3CH2OBpin). 11B{1H} NMR (128 MHz, C6D6): 22.4 (EtOBpin). 

13C{1H} NMR (125 MHz, C6D6): 17.5 (CH3CH2OBpin), 24.8 (EtOBpin), 60.7 (CH3CH2OBpin), 

82.4 (EtOBpin). 

 

 

NMR spectra are identical to those reported in the literature.7d, 37  

1H NMR (400 MHz, C6D6): 1.03 (s, 12H, EtOBpin), 1.05 (s, 12H, PhOBpin), 1.10 (t, 3JHH = 7.1 

Hz, 3H, CH3CH2OBpin), 3.89 (q, 3JHH = 7.1 Hz, 2H, CH3CH2OBpin) 6.82-6.87 (m, 1H, PhOBpin), 

7.03-7.10 (m, 2H, PhOBpin), 7.19-7.23 (m, 2H, PhOBpin). 11B{1H} NMR (128 MHz, C6D6): 22.1 

(PhOBpin), 22.4 (EtOBpin). 13C{1H} NMR (125 MHz, C6D6): 17.5 (CH3CH2OBpin), 24.6 

(PhOBpin), 24.8 (EtOBpin), 60.7 (CH3CH2OBpin), 82.4 (EtOBpin), 83.3 (PhOBpin), 120.1 

(PhOBpin), 123.3 (PhOBpin), 129.6 (PhOBpin), 154.4 (PhOBpin).   

 

 

NMR spectra are identical to those reported in the literature.7d, 25  

1H NMR (400 MHz, C6D6): 1.05 (s, 12H, EtOBpin), 1.07 (s, 12H, CyOBpin), 1.09 (t, 3JHH = 7.0 

Hz, 3H, CH3CH2OBpin), 1.10-1.18 (m, 3H, CyOBpin), 1.24-1.34 (m, 1H, CyOBpin), 1.38-1.50 

(m, 2H, CyOBpin), 1.55-1.65 (m, 2H, CyOBpin), 1.81-1.91 (m, 2H, CyOBpin), 3.87 (q, 3JHH = 7.0 

Hz, 2H, CH3CH2OBpin), 4.12-4.21 (m, 1H, CyOBpin). 11B{1H} NMR (128 MHz, C6D6): 22.4 

(CyOBpin/EtOBpin). 13C{1H} NMR (125 MHz, C6D6): 17.5 (CH3CH2OBpin), 24.1 (CyOBpin), 
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24.8 (CyOBpin/EtOBpin), 25.8 (CyOBpin), 34.8 (CyOBpin), 60.7 (CH3CH2OBpin), 72.7 

(CyOBpin), 82.2 (CyOBpin), 82.4 (EtOBpin). 

 

 

NMR spectra are identical to those reported in the literature.7d, 37  

1H NMR (400 MHz, C6D6): 1.05 (s, 12H, EtOBpin), 1.06 (s, 12H, tBuOBpin), 1.09 (t, 3JHH = 7.0 

Hz, 3H, CH3CH2OBpin), 1.34 (s, 9H, (CH3)3CH3OBpin), 3.87 (q, 3JHH = 7.0 Hz, 2H, 

CH3CH2OBpin). 11B{1H} NMR (128 MHz, C6D6): 21.5 (tBuOBpin), 22.4 (EtOBpin). 13C{1H} 

NMR (125 MHz, C6D6): 17.5 (CH3CH2OBpin), 24.7 (tBuOBpin), 24.8 (EtOBpin), 30.3 

((CH3)3CH3OBpin), 60.7 (CH3CH2OBpin), 73.5 ((CH3)3CH3OBpin), 81.8 (tBuOBpin), 82.4 

(EtOBpin). 

 

 

NMR spectra are identical to those reported in the literature.7d, 25  

1H NMR (400 MHz, C6D6): 1.05 (s, 12H, EtOBpin), 1.07 (s, 12H, AdmOBpin), 1.09 (t, 3JHH = 

7.0 Hz, 3H, CH3CH2OBpin), 1.39-1.46 (m, 2H, AdmOBpin), 1.53-1.64 (m, 5H, AdmOBpin), 1.66-

1.74 (m, 3H, AdmOBpin), 2.00-2.05 (m, 2H, AdmOBpin), 3.87 (q, 3JHH = 7.0 Hz, 2H, 

CH3CH2OBpin), 4.39-4.44 (m, 1H, AdmOBpin). 11B{1H} NMR (128 MHz, C6D6): 22.4 

(AdmOBpin/EtOBpin). 13C{1H} NMR (125 MHz, C6D6): 17.5 (CH3CH2OBpin), 24.8 

(AdmOBpin/EtOBpin), 27.5 (AdmOBpin), 28.0 (AdmOBpin), 31.6 (AdmOBpin), 34.6 

(AdmOBpin), 36.7 (AdmOBpin), 37.9 (AdmOBpin), 60.7 (CH3CH2OBpin), 77.1 (AdmOBpin), 

82.2 (AdmOBpin), 82.4 (EtOBpin). 
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NMR spectra of EtOBpin are identical to those reported in the literature.7d Cy(OBpin)2 had not 

been reported previously, and as such, was characterized per the above procedure. The NMR 

spectra of the alcohol are identical to those reported in the literature.38  

1H NMR (400 MHz, C6D6): 1.01-1.06 (m, 2H, Cy(OBpin)2), 1.05 (s, 12H, EtOBpin), 1.09 (t, 3JHH 

= 7.0 Hz, 3H, CH3CH2OBpin), 1.11 (s, 12H, Cy(OBpin)2), 1.14 (2, 12H, Cy(OBpin)2), 1.32-1.43 

(m, 2H, Cy(OBpin)2), 1.50-1.60 (m, 2H, Cy(OBpin)2), 1.81-1.91 (m, 2H, Cy(OBpin)2), 3.87 (q, 

3JHH = 7.0 Hz, 2H, CH3CH2OBpin). 4.30-4.38 (m, 2H, Cy(OBpin)2). 11B{1H} NMR (128 MHz, 

C6D6): 22.4 (Cy(OBpin)2/EtOBpin). 13C{1H} NMR (125 MHz, C6D6): 17.5 (CH3CH2OBpin), 21.9 

(Cy(OBpin)2), 24.7 (Cy(OBpin)2), 24.8 (EtOBpin), 24.9 (Cy(OBpin)2), 29.8 (Cy(OBpin)2), 60.7 

(CH3CH2OBpin), 73.5 (Cy(OBpin)2), 82.3 (Cy(OBpin)2), 82.4 (EtOBpin). 

cis-Cy(OH)2 (white powder in 85% yield)- 
1H NMR (400MHz, CDCl3): 1.26-1.34 (m, 2H), 1.72-

1.81 (m, 6H), 2.18 (br s, 2H), 3.75-3.77 (m, 2H). 13C{1H} NMR (125 MHz, CDCl3): 21.5, 30.0, 

70.5 

 

 

NMR spectra are identical to those reported in the literature.7d, 39  

1H NMR (400 MHz, C6D6): 0.83 (d, 3JHH = 6.7 Hz, 6H, (CH3)2CHCH2OBpin), 1.05 (s, 12H, 

EtOBpin), 1.06 (s, 12H, iBuOBpin) 1.09 (t, 3JHH = 7.0 Hz, 3H, CH3CH2OBpin), 1.77 (nonet, 3JHH 

= 6.7 Hz, 1H, (CH3)2CHCH2OBpin), 3.68 (d, 3JHH = 6.5, 2H, (CH3)2CHCH2OBpin), 3.87 (q, 3JHH 
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= 7.0 Hz, 2H, CH3CH2OBpin). 11B{1H} NMR (128 MHz, C6D6): 22.4 (EtOBpin/iBuOBpin). 

13C{1H} NMR (125 MHz, C6D6): 17.5 (CH3CH2OBpin), 19.0 ((CH3)2CHCH2OBpin), 24.8 

(EtOBpin/iBuOBpin), 30.3 ((CH3)2CHCH2OBpin), 60.7 (CH3CH2OBpin), 71.5 

((CH3)2CHCH2OBpin), 82.4 (EtOBpin/iBuOBpin). 

 

 

 

NMR spectra are identical to those reported in the literature.40  

1H NMR (400 MHz, C6D6): 0.88 (s, 9H, (CH3)3CCH2OBpin), 1.05 (s, 12H, EtOBpin), 1.07 (s, 

12H, (CH3)3CCH2OBpin) 1.09 (t, 3JHH = 7.0 Hz, 3H, CH3CH2OBpin), 3.61 (s, 2H, 

(CH3)3CCH2OBpin), 3.87 (q, 3JHH = 7.0 Hz, 2H, CH3CH2OBpin). 11B{1H} NMR (128 MHz, 

C6D6): 22.4 (EtOBpin/(CH3)3CCH2OBpin). 13C{1H} NMR (125 MHz, C6D6): 17.5 

(CH3CH2OBpin), 24.8 (EtOBpin/(CH3)3CCH2OBpin), 26.2 ((CH3)3CCH2OBpin), 32.5 

((CH3)3CCH2OBpin), 60.7 (CH3CH2OBpin), 75.1 ((CH3)3CCH2OBpin), 82.4 

(EtOBpin/(CH3)3CCH2OBpin). 

 

 

 

pinBO(CH2)6OBpin had not been reported previously and was characterized per the above 

procedure. The NMR spectra of the alcohol are identical to those reported in the literature.41  

1H NMR (400 MHz, C6D6): 1.07 (s, 24H, pinBO(CH2)6OBpin), 1.18-1.24 (m, 4H, 

pinBOCH2CH2CH2CH2CH2CH2OBpin), 1.40-1.49 (m, 4H, pinBOCH2CH2CH2CH2CH2-
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CH2OBpin), 3.85 (t, 3JHH = 6.6 Hz, 4H, pinBOCH2CH2CH2CH2CH2CH2OBpin). 11B{1H} NMR 

(128 MHz, C6D6): 22.5 (pinBO(CH2)6OBpin). 13C{1H} NMR (125 MHz, C6D6): 24.8 

(pinBO(CH2)6OBpin), 25.7 (pinBO(CH2)6OBpin), 32.0 (pinBO(CH2)6OBpin), 65.0 

(pinBO(CH2)6OBpin), 82.4 (pinBO(CH2)6OBpin). 

HO(CH2)6OH (white powder in 92% yield) – 1H NMR (400 MHz, CDCl3): 1.19-1.27 (m, 4H), 

1.28-1.49 (m, 4H), 3.27-3.46 (m, 4H), 4.11 (br s, 2H). 13C{1H} NMR (125 MHz, CDCl3): 25.4, 

32.6, 62.6. 

 

 

NMR spectra are identical to those reported in the literature.9l, 42  

1H NMR (400 MHz, C6D6): 1.03 (s, 12H, PhCH=CHCH2OBpin), 1.06 (s, 12H, MeOBpin), 3.48 

(s, 3H, MeOBpin), 4.51 (dd, 4JHH = 1.4 Hz, 3JHH = 5.3 Hz, 2H, PhCH=CHCH2OBpin), 6.16 (dt, 

3JHH = 5.3 Hz, 3JHH = 15.9 Hz, 1H, PhCH=CHCH2OBpin), 6.55-6.61 (m, 1H, 

PhCH=CHCH2OBpin), 6.98-7.03 (m, 1H, PhCH=CHCH2OBpin), 7.05-7.10 (m, 2H, 

PhCH=CHCH2OBpin), 7.15-7.19 (m, 2H, PhCH=CHCH2OBpin). 11B{1H} NMR (128 MHz, 

C6D6): 22.6 (PhCH=CHCH2OBpin/MeOBpin). 13C{1H} NMR (125 MHz, C6D6): 24.8 

(PhCH=CHCH2OBpin/MeOBpin), 52.4 (MeOBpin), 65.5 (PhCH=CHCH2OBpin), 82.5 

(MeOBpin), 82.7 (PhCH=CHCH2OBpin), 126.8 (PhCH=CHCH2OBpin), 127.5 

(PhCH=CHCH2OBpin), 127.7 (PhCH=CHCH2OBpin), 128.8 (PhCH=CHCH2OBpin), 130.9 

(PhCH=CHCH2OBpin), 137.3 (PhCH=CHCH2OBpin). 
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NMR spectra are identical to those reported in the literature.25, 42  

1H NMR (400 MHz, C6D6): 1.04 (s, 12H, Me2NPhCH2OBpin), 1.06 (s, 12H, MeOBpin), 2.51 (s, 

6H, Me2NPhCH2OBpin), 3.49 (s, 3H, MeOBpin), 4.98 (s, 2H, Me2NPhCH2OBpin), 6.53-6.59 (m, 

2H, Me2NPhCH2OBpin), 7.29-7.35 (m, 2H, Me2NPhCH2OBpin). 11B{1H} NMR (128 MHz, 

C6D6): 22.6 (Me2NPhCH2OBpin/MeOBpin). 13C{1H} NMR (125 MHz, C6D6): 24.7 (MeOBpin), 

24.8 (Me2NPhCH2OBpin), 40.3 (Me2NPhCH2OBpin), 52.4 (MeOBpin), 67.2 

(Me2NPhCH2OBpin), 82.5 (Me2NPhCH2OBpin/MeOBpin), 112.8 (Me2NPhCH2OBpin), 128.0 

(Me2NPhCH2OBpin), 129.0 (Me2NPhCH2OBpin), 150.6 (Me2NPhCH2OBpin).  

 

 

NMR spectra are identical to those reported in the literature.7d, 42  

1H NMR (400 MHz, C6D6): 1.04 (s, 12H, MePhCH2OBpin), 1.05 (s, 12H, MeOBpin), 2.09 (s, 

3H, MePhCH2OBpin), 3.49 (s, 3H, MeOBpin), 4.94 (s, 2H, MePhCH2OBpin), 6.96 (d, 3JHH = 7.9 

Hz, 2H, MePhCH2OBpin), 7.24 (d, 3JHH = 7.9 Hz, 2H, MePhCH2OBpin). 11B{1H} NMR (128 

MHz, C6D6): 22.6 (MePhCH2OBpin/MeOBpin). 13C{1H} NMR (125 MHz, C6D6): 21.1 

(MePhCH2OBpin), 24.7 (MeOBpin), 24.8 (MePhCH2OBpin), 52.4 (MeOBpin), 66.9 

(MePhCH2OBpin), 82.5 (MeOBpin), 82.7 (MePhCH2OBpin), 127.2 (MePhCH2OBpin), 129.3 

(MePhCH2OBpin), 137.0 (MePhCH2OBpin), 137.2 (MePhCH2OBpin).  

 

 

NMR spectra are identical to those reported in the literature.37, 42  
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1H NMR (400 MHz, C6D6): 1.04 (s, 12H, PhCH2OBpin), 1.05 (s, 12H, MeOBpin), 3.49 (s, 3H, 

MeOBpin), 4.93 (s, 2H, PhCH2OBpin), 7.02-7.08 (m, 1H, PhCH2OBpin), 7.10-7.16 (m, 2H, 

PhCH2OBpin), 7.27-7.33 (m, 2H, PhCH2OBpin). 11B{1H} NMR (128 MHz, C6D6): 22.6 

(PhCH2OBpin/MeOBpin). 13C{1H} NMR (125 MHz, C6D6): 24.7 (MeOBpin), 24.8 

(PhCH2OBpin), 52.4 (MeOBpin), 66.9 (PhCH2OBpin), 82.5 (MeOBpin), 82.7 (PhCH2OBpin), 

127.0 (PhCH2OBpin), 127.6 (PhCH2OBpin), 128.6 (PhCH2OBpin), 140.0 (PhCH2OBpin).  

 

 

NMR spectra are identical to those reported in the literature.42, 43  

1H NMR (400 MHz, C6D6): 1.04 (s, 12H, FPhCH2OBpin), 1.05 (s, 12H, MeOBpin), 3.49 (s, 3H, 

MeOBpin), 4.79 (s, 2H, FPhCH2OBpin), 6.73-6.81 (m, 2H, FPhCH2OBpin), 7.05-7.11 (m, 2H, 

FPhCH2OBpin). 11B{1H} NMR (128 MHz, C6D6): 22.6 (FPhCH2OBpin/MeOBpin). 13C{1H} 

NMR (125 MHz, C6D6): 24.69 (FPhCH2OBpin), 24.74 (MeOBpin), 52.4 (MeOBpin), 66.2 

(FPhCH2OBpin), 82.6 (MeOBpin), 82.8 (FPhCH2OBpin), 115.3 (d, 2JCF = 21.5 Hz, 

FPhCH2OBpin), 135.8 (FPhCH2OBpin), 161.7 (FPhCH2OBpin), 163.6 (FPhCH2OBpin).  

 

NMR spectra are identical to those reported in the literature.7d, 42  

1H NMR (400 MHz, C6D6): 1.04 (s, 12H, NO2PhCH2OBpin), 1.06 (s, 12H, MeOBpin), 3.49 (s, 

3H, MeOBpin), 4.70 (s, 2H, NO2PhCH2OBpin), 6.96 (d, 3JHH = 8.6 Hz, 2H, NO2PhCH2OBpin), 

7.82 (d, 3JHH = 8.6 Hz, 2H, NO2PhCH2OBpin). 11B{1H} NMR (128 MHz, C6D6): 22.6 

(NO2PhCH2OBpin/MeOBpin). 13C{1H} NMR (125 MHz, C6D6): 24.67 (NO2PhCH2OBpin), 
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24.74 (MeOBpin), 52.4 (MeOBpin), 65.6 (NO2PhCH2OBpin), 82.6 (MeOBpin), 83.2 

(NO2PhCH2OBpin), 123.6 (NO2PhCH2OBpin), 125.8 (NO2PhCH2OBpin), 146.7 

(NO2PhCH2OBpin), 147.6 (NO2PhCH2OBpin). 
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CHAPTER 3 

La[N(SiMe3)2]3-Catalyzed Deoxygenative Reduction of Amides with 

Pinacolborane. Scope and Mechanism 

 

Adapted From:  

Barger, C. J.; Dicken, R. D.; Weidner, V. L.; Motta, A.; Lohr, T. L.; Marks, T. J.; J. Am. Chem. 

Soc. 2020, 142(17), 8019-8028 
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Abstract 

Tris[N,N-bis(trimethylsilyl)amide]lanthanum (LaNTMS) is an efficient and selective 

homogeneous catalyst for the deoxygenative reduction of tertiary and secondary amides with 

pinacolborane (HBpin) at mild temperatures (25–60 °C). The reaction, which yields amines and 

O(Bpin)2, tolerates nitro, halide, and amino functional groups well, and this amide reduction is 

completely selective, with the exclusion of both competing inter- and intramolecular alkene/alkyne 

hydroboration. Kinetic studies indicate that amide reduction obeys an unusual mixed-order rate 

law which is proposed to originate from saturation of the catalyst complex with HBpin. Kinetic 

and thermodynamic studies, isotopic labeling, and DFT calculations using energetic span analysis 

suggest the role of a [(Me3Si)2N]2La-OCHR(NR′2)[HBpin] active catalyst, and hydride transfer is 

proposed to be ligand-centered. These results add to the growing list of transformations that 

commercially available LaNTMS is competent to catalyze, further underscoring the value and 

versatility of lanthanide complexes in homogeneous catalysis. 
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Introduction 

The deoxygenative reduction of amides to amines is an important transformation in academic, 

pharmaceutical, and industrial synthetic chemistry (Figure 3.1A).1-5  The natural prevalence and 

synthetic accessibility of amides makes them valuable precursors to amines, but the inertness of 

the resonance-stabilized amide C═O bond generally necessitates the use of harsh reductants such 

as LiAlH4, BH3, and pressurized H2.
6-9  These reagents present significant safety concerns and 

often suffer from poor functional group tolerance, particularly with nitro groups and 

alkenes/alkynes. As such, novel methods enabling the safe, selective, and efficient reduction of 

amides would be valuable additions to the synthetic chemist’s toolkit.10  Significant progress has 

been made in this area, with much of the focus directed toward catalytic hydrosilylation.11-

13  Interestingly, amide reduction via catalytic hydroboration (with mild, easily handled boranes 

such as HBpin, Figure 3.1B) is largely unexplored, especially with lanthanide catalysts,14-17 

despite extensive precedent for the use of boranes as reductants for ketones and aldehydes,14,18-

26 as well as the intense recent interest in the more-challenging reduction of esters via 

hydroboration.14,27-31  Recently, we reported that the homoleptic lanthanide amide La[N(SiMe3)2]3 

(LaNTMS, Figure 3.1B) displays extremely high catalytic activity for a variety of carbonyl 

reductions using HBpin, with 25–60 °C turnover frequencies as high as 40,000 h–1 for ketones and 

aldehydes and 400 h–1 for esters.31,32  With these results in mind, we sought to explore the LaNTMS-

catalyzed hydroboration of more challenging amides. 

Tris[N,N-bis(trimethylsilyl)amido]lanthanide complexes (Ln[N(SiMe3)2]3, abbreviated here as 

LnNTMS) are encountered frequently in the lanthanide catalysis literature, both as precursors to 

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig1
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more complex lanthanide organometallics33-43 and as homogeneous catalysts, particularly for 

hydro-functionalization/reduction of alkenes and alkynes.44-56  These complexes are commercially 

available for many lanthanides, or can be readily synthesized and purified, rendering them highly 

accessible and of great interest to the synthetic methods community.57-59  A report from the Marks 

laboratory showed that it is possible to carry out the catalytic synthesis of amides with 

LnNTMS,60 but the LaNTMS-catalyzed reduction of amides had not yet been investigated. Given this, 

and the proven ability of LaNTMS to catalyze carbonyl hydroboration, LaNTMS-catalyzed amide 

hydroboration was an intriguing target.  

Here we report that LaNTMS effectively mediates the deoxygenative reduction of a variety of alkyl 

and aryl amides to the corresponding amines. This system, which utilizes a commercially available 

catalyst, mild reaction conditions, and easily handled HBpin, constitutes a significant advance over 

traditional amide reduction methods, and is the first report of a borane-based amide reduction 

catalyzed by a lanthanide complex. We discuss here the scope of this transformation, as well as a 

proposed mechanism informed by a combined experimental-theoretical investigation. 
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Figure 3.1. A. Examples of selective deoxygenative amide reductions practiced at scale.1 B. 

Structures of tris[N,N-bis(trimethylsilyl)amido]lanthanide complexes (LnNTMS), where Ln = any 

lanthanide, and pinacolborane (HBpin). 
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Results and Discussion 

Hydroboration Scope. Amide reduction is found to occur via deoxygenation to yield the 

corresponding amine and bis(pinacolboryl)oxide (pinB-O-Bpin, 1H NMR: δ 1.00 ppm, 11B NMR: 

δ 21.7 ppm in C6D6) as a co-product (Table 3.1), analogous to that reported for other borane- and 

silane-based reductions.13,15,61  Near quantitative conversion of amide to amine is observed for each 

of the substrates examined (Table 3.1) at a catalyst loading of 5 mol%, and acidic workup of 

preparative reactions (0.5 g scale) affords the amine hydrochloride product in good yields without 

the need for column chromatography (see Experimental Section below). Although only 2 equiv of 

HBpin (relative to amide) is formally required by stoichiometry for complete amide reduction, 5 

equiv was typically found necessary to achieve full conversion over the time and temperature range 

selected. This is likely attributable to reversible formation of transient amide–borane and amine–

borane adducts which, once formed, would effectively reduce the amount of active HBpin 

available in solution. Considering the DFT-derived geometries in the proposed catalytic cycle, 

bulky HBpin-amide or HBpin-amine adducts would be expected to approach the catalyst complex 

and participate in amide reduction with greater difficulty. Such effects were previously observed 

in similar reductions, and other catalytic systems require HBpin to be held in even greater 

excess.15  Tertiary amides are reduced cleanly at 25 °C, although sterically encumbered amides 

and lactams (Table 3.1, entry 7) require elevated temperature (60 °C) for rapid reduction. 

Formamides (R = H) generally react more rapidly than amides (R ≠ H; e.g., Table 3.1, entry 1 vs 

2). Similarly, steric encumbrance at the R′ and R″ positions depresses the turnover rate 

(e.g., Table 3.1, entry 1 vs 5). Even with HBpin in excess, the reduction of amides is completely 

chemoselective over the hydroboration of alkenes and alkynes in intermolecular competition 

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
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experiments (Scheme 3.1). Likewise, no intramolecular alkene hydroboration products are 

observed during the reduction of N-allyl-N-methylbenzamide (Table 3.1, entry 8). In addition to 

LaNTMS, the catalytic activity of commercially available SmNTMS and YNTMS was also investigated 

for the reduction of N,N-dimethylbenzamide (Table 3.1, entry 4). While the reaction proceeds 

similarly in all three cases, the observed rate of reduction, not unexpectedly, diminishes as the 

ionic radius of the central metal decreases (i.e., La > Sm > Y). 

 

 

 

Scheme 3.1. Selective Reduction of N,N-Dimethylbenzamide in the Presence of 1-Octene (Top) 

and 1-Octyne (Bottom) (Yields calculated via 1H NMR of crude reaction mixtures. N.D. = not 

detected. Conditions: 1.00 mL of C6D6, 60 °C, 2 h.) 

  

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#sch1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
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Table 3.1. Scope of LaNTMS-Catalyzed Amide Reduction with Pinacolboranea 

 

 

a Reaction conditions: LaNTMS (12.5 μmol), amide (0.25 mmol), and HBpin (1.25 mmol, 5 equiv) 

in C6D6 (1 mL total volume). b % yields of amine products calculated by integration vs a 

hexamethylbenzene internal standard. c SmNTMS. d YNTMS. e 10 equiv of HBpin. 

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#t1fn1
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Secondary amides proved somewhat more challenging, requiring both elevated 

temperatures and longer reaction times to reach satisfactory yields (Table 3.1, entries 9 and 10). 

This is likely attributable to the rapid conversion of LaNTMS to a lanthanide tris-amidate species in 

situ, possibly hindering formation of the active catalyst for amide reduction (Scheme 3.2). Such a 

reactivity pattern has been reported previously62 and is supported by the presence of free 

HN(SiMe3)2 in the 1H NMR spectrum of the secondary amide reaction mixture. In an attempt to 

fully characterize these tris-amidate complexes, the stoichiometric reaction of LaNTMS and 

benzanilide (1:3) was conducted. Upon mixing, the 1H NMR spectrum shows the complete 

conversion of the LaNTMS signal (δ 0.29 ppm, C6D6) to a new signal corresponding to 

HN(SiMe3)2 (δ 0.10 ppm, C6D6). Additionally, upon complexation, the aromatic proton signals 

belonging to benzanilide become quite broad when compared to the 1H NMR spectrum of the 

secondary amide alone (Figures 3.15 and 3.16). Variable-temperature (VT) NMR studies were 

next performed in toluene-d8 due to the superior temperature profile enabled by toluene vs 

benzene. However, the aromatic proton signals of the La-benzanilide tris-amidate species do not 

sharpen or coalesce with increasing temperature (up to 100 °C in toluene-d8). Furthermore, 

integrations of these spectra provide minimal information. However, in situ studies conducted by 

adding amide and HBpin to the aforementioned 1:3 mixture of LaNTMS and benzanilide (i.e., 

forming the lanthanide tris-amidate species in situ) suggest this species is a less active but 

nevertheless competent amide reduction catalyst (Figure 3.17). Our attempts to isolate these tris-

amidate complexes were unsuccessful. Reduction does not occur with the two primary amides 

tested (acetamide and benzamide), and instead an intractable, off-white precipitate is formed. 

While ligand insertion into carbon–heteroatom double bonds has been observed previously with 

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#tbl1
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#sch2
https://pubs.acs.org/doi/suppl/10.1021/jacs.0c02446/suppl_file/ja0c02446_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.0c02446/suppl_file/ja0c02446_si_001.pdf
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similar rare earth silylamide complexes,63 DFT studies indicate that, in this system, a ligand 

insertion pathway is energetically unfavorable (see Experimental Section). Furthermore, 

spectroscopic studies reveal that upon addition of benzamide to LaNTMS, HN(SiMe3)2 is produced 

instantaneously with precipitation of a catalytically inactive La-amide species. Characterization of 

this marginally soluble species by 1H and 29Si NMR spectroscopy suggests that it is a La-

hemiaminalate complex, e.g., [(Me3Si)2N]2La{η2-OC(NH)Ph} (monomeric or oligomeric; see 

Experimental Section).64  Formation of this marginally soluble complex likely precludes the HBpin 

coordination necessary for efficient reduction to take place. 

 

 

Scheme 3.2. Observed Reaction of LaNTMS with Secondary Amides 

 

Kinetics and Mechanism. To probe the mechanism of this reaction, the rate law for catalytic N,N-

dimethylbenzamide reduction was determined by a combination of initial rates analysis at various 

catalyst concentrations (for the order in LaNTMS concentration) and by monitoring substrate 

consumption under pseudo-first-order conditions (see Experimental Section for details). Amide 

reduction is found to proceed with a first-order dependence on the LaNTMS concentration and zero-

order dependence on the amide concentration. The order in HBpin was not amenable to 

determination under pseudo-zero-order conditions (10 equiv of amide), as evidenced by a non-
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linear correlation for zeroth-, first-, and second-order plots (see Experimental Section). Initial rates 

analysis reveals that at low HBpin concentrations ([HBpin] < 1.67 M, 5–7 equiv vs amide), the 

rate has a first-order dependence on HBpin concentration; however, a transition occurs when 

[HBpin] ≥ 1.67 M (≥8 equiv vs amide), and the order in HBpin becomes 0. This mixed-order 

system (eq 3.1) is reminiscent of Michalis–Menten kinetics, wherein the turnover-limiting step in 

Rate = k[LaNTMS]1[Amide]0[HBpin]1/0   (Eq. 3.1) 

the catalytic cycle depends on an equilibrium involving a substrate–catalyst complex.65  While this 

regime is not frequently encountered outside of enzyme catalysis,66 there are a few notable 

examples where saturation kinetics are observed in hydroelementation reactions.30,67-69  The 

presence of an equilibrium between a La complex and HBpin in or immediately preceding the 

turnover-limiting step could explain the unusual rate behavior observed above. However, a non-

equilibrium process, such as the availability of two different turnover-determining transition states, 

the relative energies of which depend on [HBpin], could also explain this rate law. As such, 

activation parameters for the reduction of N,N-dimethylbenzamide were determined at both low 

[HBpin] (5 equiv of HBpin vs amide) and high [HBpin] (10 equiv of HBpin vs amide) conditions 

over a temperature range of 30–70 °C. Both low and high [HBpin] conditions yield very similar 

activation parameters consisting of relatively small and positive enthalpies (ΔH⧧ = 10.3 and 11.3 

kcal/mol, respectively) and extremely large and negative entropies (ΔS⧧ = −49.7 and −46.4 e.u., 

respectively). These data support assignment of a transition state that is highly organized, sterically 

congested, and associative, and they strongly suggest the same rate-determining step is operative 

in low and high [HBpin] reactions, indicating the mixed-order rate law is most likely due to 

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#eq1
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saturation of the catalyst complex with HBpin at ∼8 equiv of HBpin vs amide (i.e., the reaction 

becomes pseudo-first-order at this point; vide infra for a closer examination with DFT techniques). 

To gauge the impact of electron density at the carbonyl carbon on the rate of amide reduction, a 

Hammett plot (Figure 3.2) was created using a series of para-substituted benzoyl piperidines. A 

slight increase in activity is observed for substrates with electron-withdrawing substituents at the 

R position, as indicated by a small, positive value for the Hammett parameter ρ of 0.56. Additional 

mechanistic details were obtained from isotopic labeling studies. Replacing HBpin with DBpin 

(see Experimental Section for details) leads to complete disappearance of the RCH2NR′R″ 1H 

NMR resonance when DBpin is the reductant. Rate studies with DBpin and HBpin yield a kinetic 

isotope effect (KIE) of 1.50 for reduction of N,N-dimethylbenzamide. 

  

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig2
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig2
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Figure 3.2. Hammett plot generated from the reduction of para-substituted N-benzoylpiperidines 

with HBpin. Rates determined via integration of product 1H NMR signals relative to a 

hexamethylbenzene internal standard. 

 

Computational Mechanistic Analysis. Informed by the above kinetic and thermodynamic data, 

DFT modeling was next employed to better understand the mechanism of LaNTMS-catalyzed amide 

hydroboration. In order to accurately model the behavior of the central metal, various 

computational approaches were taken, using a number of different basis sets including LANL2DZ, 

LANL2DZ+pol,70 and Def2-SVP.71  However, the addition of such polarization functions affords 

negligible changes in the stabilization energies of the key intermediates and transition states along 

the proposed reaction coordinate (see Experimental Section). Therefore, as in our previous work 

detailing a similar reduction of esters,31 the LANL2DZ basis set was ultimately used to model the 
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lanthanum atom in this transformation. It will be seen that the active catalyst for this transformation 

is found to be the lanthanum hemiaminal species [(Me3Si)2N]2La-OCHR(NR′2)-[HBpin] 

(Figure 3.3, B), a species which bears a striking resemblance to the active catalyst this laboratory 

found recently for LaNTMS-catalyzed ester hydroboration.31 While the transient nature of this 

complex (vide infra) precludes its NMR spectroscopic observation in situ, the formation of this 

species is supported by the appearance of 1.0 equiv (relative to LaNTMS) of pinB-N(SiMe3)2 in 

the 1H NMR spectra of catalytic reactions (at δ 1.03 and δ 0.37 ppm),72 indicating that the 

hydroboronolysis of a single −N(SiMe3)2 precatalyst ligand occurs. The formation of pinB-

N(SiMe3)2 could also be indicative of a metal–hydride active catalyst (e.g., [(Me3Si)2N]2La-H]), 

(A, Figure 3.3) however the energy required to form such a species (+20.5 kcal/mol vs −21.2 

kcal/mol barrierless for structure B) makes its presence in the catalytic cycle highly unlikely 

(see Figure 3.5). Moreover, no spectroscopic evidence indicating the presence of a La–H species 

is observed. Attempts to isolate complex B were unsuccessful due to the formation of an off-cycle 

product containing ring-opened pinacolborane (see Experimental Section for characterization 

details) that predominates at the low substrate concentrations required for stoichiometric studies. 

This is identical to the deactivation product observed for LaNTMS-catalyzed ester hydroboration 

and is analogous to that found in lanthanocene-catalyzed pyridine dearomatization 

(Figure 3.4).31,73  In an attempt to further investigate the proposed catalyst activation process 

shown in Figure 3.3, NMR-monitored stoichiometric experiments were conducted. Species I-act-

1 was obtained from a 1:1 mixture of LaNTMS and N,N-dimethylbenzamide. Full conversion of the 

La[N(SiMe3)2]3 proton signal at δ 0.29 ppm (C6D6) to a new signal at δ 0.41 ppm (C6D6) indicates 

the formation of what is presumed to be I-act-1 (Figures 3.33 and 3.34). Regarding species I-act-

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig3
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig3
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig3
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig3
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig5
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig5
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig4
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig4
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig3
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig3
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2 and I-act-3, we attempted to isolate and characterize these intermediates by adding 1 equiv of 

HBpin to a 1:1 mixture of LaNTMS and N,N-dimethylbenzamide (I-act-1), however, the resulting 

spectra revealed a complex mixture of products and obvious decomposition. The ratios of LaNTMS, 

amide, and HBpin were also varied but these too yielded mixtures of products. Additionally, 

adding 1 equiv of amide to a solution of a precoordinated HBpin-LaNTMS complex was carried out, 

but attempts to isolate or unambiguously characterize I-act-2 or I-act-3 were ultimately 

unsuccessful. 
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Figure 3.3. Proposed catalyst activation process for the hydroboration/reduction of amides 

catalyzed by LaNTMS. 
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Figure 3.4. A. Off-cycle product observed in stoichiometric studies of both amide and ester 

hydroboration catalyzed by LaNTMS.31  B. Comparable deactivation product reported for 

[Cp*2LaH]2-catalyzed pyridine dearomatization; Cp* = η5-pentamethylcyclopentadienyl and 

characterized by single-crystal X-ray diffraction.69 
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Figure 3.5. DFT-computed Gibbs free energy profile of the catalyst activation process for the 

subsequent hydroboration/reduction of amides catalyzed by LaNTMS. 

  



116 
 

The proposed mechanistic pathway consists of four major steps (Figure 3.6). First, coordination of 

an additional amide molecule and approach of the Lewis acidic boron center of the coordinated 

HBpin molecule toward the hemiaminal oxygen of active catalyst B, leads to the formation of a 

new B–O bond and dissociation of the La–O bond. This step, which yields a La-coordinated 

pinacolborate species, proceeds spontaneously, providing an overall stabilization energy of 19.4 

kcal/mol and producing C as a relative minimum in the energetic profile (Figure 3.7). Next, a 

HBpin molecule approaches the catalyst complex. Hydride transfer from the La-coordinated 

hemiaminal-hydroborate species to the coordinated HBpin forms La-coordinated [H2Bpin]−, a 

species often proposed to facilitate hydride transfer in HBpin-mediated reductions.29,30,74-77  With 

reorganization, and the approach and subsequent coordination of an additional amide substrate 

after TS1, the complex then forms species D with a stabilization energy of 18.4 kcal/mol. A 

significant portion of this stabilization energy coming from amide coordination alone (Figure 3.7). 

Third, C–O bond scission of the hemiaminal–borane species D results in a transient carbocationic 

species and La-bound −OBpin (TS2). The carbocationic species is subsequently reduced by 

[H2Bpin]− to yield free amine. This step proceeds with a 4.0 kcal/mol barrier and is highly 

exergonic (−41.3 kcal/mol) forming species E. Next, a second HBpin molecule approaches the 

catalyst complex forming complex EHBpin. Even though this step is slightly exoenthalpic (ΔH = 

−3.2 kcal/mol), the entropy gain related to the association process shifts up the energy value along 

the Gibbs free energy profile (ΔG = 4.7 kcal/mol). Finally, hydride transfer from the activated 

HBpin of EHBpin to the coordinated amide substrate acquired in the second step allows for the 

formation of the pinB-O-Bpin co-product and restoration of the active catalyst B. It is worth noting 

that because the reaction described requires an excess of HBpin, it is plausible that an equilibrium 

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig6
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig6
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig7
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig7
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig7
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig7
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exists between catalyst–amide and catalyst–HBpin coordination. For this reason, it is likely that 

other intermediates which are not shown in Figure 3.7 do exist within the proposed catalytic cycle. 

DFT calculation also supports this notion (Figure 3.25). However, the proposed catalytic cycle 

includes only the most stable intermediates and transition states, as these species are the largest 

contributors to the thermodynamic and kinetic behavior experimentally observed. In the transition 

state structure (TS3), HBpin interacts weakly with the carbonyl oxygen of the coordinated amide. 

This step is isoergonic and proceeds with an energy barrier of 20.3 kcal/mol. The above energetic 

profile shows that species E can be assigned as the turnover-determining intermediate (TDI) 

and TS3 can be assigned as the turnover-determining transition state (TDTS). The computed 

parameters, ΔH⧧ = 10.9 kcal/mol and ΔS⧧ ≈ −35 e.u., agree well with the experimental findings. 

Moreover, the formation of the EHBpin complex convincingly explains the shift from first to zero-

order [HBpin] experimentally observed by increasing the HBpin concentration (Figure 3.11). 

  

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig7
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig7
https://pubs.acs.org/doi/suppl/10.1021/jacs.0c02446/suppl_file/ja0c02446_si_001.pdf
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Figure 3.6. Proposed DFT-computed catalytic cycle and transition states for the catalytic 

hydroboration/reduction of N,N-dimethylbenzamide catalyzed by LaNTMS. 
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Figure 3.7. DFT-computed Gibbs free energy profile/catalytic cycle for the hydroboration/ 

reduction of N,N-dimethylbenzamide catalyzed by LaNTMS. 

 

A first-order dependence on [HBpin] is expected, as HBpin enters the catalytic cycle between 

the TDI and TDTS, in agreement with the low [HBpin] rate law determined experimentally, Rate 

= k[La]1[Amide]0[HBpin]1 (vide supra). However, the observation that a high HBpin 

concentration can induce saturation of the catalyst complex with HBpin (effectively 

eliminating EHBpin from the energetic profile) likely underlies the first-to-zero-order transition 

observed for [HBpin] in the rate law. 
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In addition to the activation parameters discussed above, other experimental observations point 

to E and TS3 as the TDI and TDTS, respectively. Steric encumbrance on the amide substrate 

strongly depresses the reaction rates at 25 °C, which is to be expected for an associative, crowded 

transition state such as TS3. A small, positive Hammett ρ value (ρ = 0.56, Figure 3.2) indicates 

that the transition state is stabilized by withdrawal of electron density from the carbonyl carbon, 

but to a much lesser extent than is observed for typical base-catalyzed ester cleavages (ρ = 1.9–

2.5).19  This supports the present assignment that the turnover-limiting step involves nucleophilic 

hydride attack on a carbonyl bond that has been activated, in this case by simultaneous C═O 

coordination to both HBpin and La, priming the acyl carbon for nucleophilic attack and 

diminishing ρ. Similar results were recently found for the analogous ester hydroboration 

process.31  Finally, the observed HBpin/DBpin KIE of 1.50 indicates that a bond to an HBpin-

derived hydride is broken or formed during the rate-determining step.78  No other KIEs have been 

reported for amide hydroboration, making direct comparison impossible, but this value is 

significantly smaller than KIEs found for several comparable reactions.79-82 However, this 

laboratory recently reported a nearly identical KIE (1.49) for ester hydroboration.31 Notably, in the 

TDTS of both systems, the B–H bond of a coordinated hemiaminal-/hemiacetal-hydroborate is 

broken, and a new C–H bond is formed. 

Conclusions 

 The scope and mechanism of LaNTMS-catalyzed, pinacolborane-based deoxygenative 

reduction of a diverse group of variously substituted amides are reported. The catalyst shows 

complete selectivity for amide reduction over nitro groups, alkenes, and alkynes, even at 

https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig2
https://pubs.acs.org/doi/full/10.1021/jacs.0c02446#fig2
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temperatures as high as 60 °C and catalyst loadings of 5 mol%. A combined 

experimental/theoretical analysis of the mechanism of this reaction reveals an unusual catalytic 

cycle involving ligand-centered hydride transfer. This gives rise to a rate law that is mixed-order 

with respect to HBpin: Rate = k[La]1[Amide]0[HBpin]1 at low [HBpin] and Rate 

= k[La]1[Amide]0[HBpin]0 at high [HBpin]. This represents the first time a lanthanide catalyst has 

been employed for the pinacolborane-based reduction of amides, and it is the first attempt at a 

computationally aided analysis of the mechanism of amide hydroboration. By combining a mild 

reductant such as HBpin with a highly active and readily accessible catalyst like LaNTMS, a safer, 

more selective, and convenient route to amide reduction has been realized, highlighting the 

important role lanthanide catalysis can play in experimental chemical synthesis. 

Experimental Section 

Materials and Methods. All manipulations of air-sensitive materials were carried out with 

rigorous exclusion of oxygen and moisture in flame- or oven-dried Schlenk-type glassware on a 

dual-manifold Schlenk line or in an argon-filled glovebox with a high capacity recirculator (<1 

ppm O2). Benzene-d6 (Cambridge Isotope Laboratories; 99+ atom % D) was stored over Na/K 

alloy and vacuum transferred prior to use. La[N(SiMe3)2]3 (LaNTMS)* and hexamethylbenzene were 

purchased from Sigma-Aldrich Co. and sublimed under high-vacuum (10-6 Torr). Pinacolborane 

(“HBpin”) was purchased from Sigma-Aldrich Co. and distilled under high-vacuum (10-6 Torr) to 

remove trace boronic acid impurities. Amide substrates were purchased from Sigma-Aldrich Co. 

and used as received or prepared according to established procedures. The products of amide 

deoxygenation were isolated as the amine hydrochlorides and then characterized by 1H-NMR and 
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13C-NMR, unless otherwise noted. The LaNTMS precatalyst can also be used as received without 

further purification. 

 

Physical and Analytical Measurements. NMR spectra were recorded on a Bruker Avance III 

(500 MHz, 1H; 125 MHz, 13C; 125 MHz, 29Si), Varian Inova 500 (500 MHz, 1H; 125 MHz, 13C), 

Agilent DD MR-400 (400 MHz, 1H; 100 MHz, 13C; 128 MHz, 11B; ), or Agilent DD2 500 (500 

MHz, 1H; 125 MHz, 13C). Chemical shifts (δ) for 1H are referenced to residual solvent resonances 

(δ 7.16 for benzene-d6; 4.79 ppm for D2O). 13C shifts are referenced to residual solvent resonances 

(δ 128.06 ppm for benzene-d6) or external SiMe4 standard. 11B shifts are referenced to an external 

BF3·OEt2 standard. 29Si shifts are referenced to an external SiMe4 standard. NMR scale reactions 

were carried out either in Teflon-sealed J. Young tubes or rubber septum-sealed tubes (vide infra).  

Typical NMR-scale reaction involving solid amides. In a glovebox, the amide (0.25 mmol), 

internal standard hexamethylbenzene (50 μmol), and HBpin (1.25 mmol) were dissolved in 

benzene-d6 (total volume 1.0 mL). This solution as injected into a vial containing LaNTMS (12.5 

μmol), shaken to dissolve the catalyst. The reaction mixture was transferred to a J. Young capped 

NMR tube, and the reaction was monitored by 1H-NMR spectroscopy.  

 

Typical NMR-scale reaction involving liquid amides. In a glovebox, LaNTMS (12.5 μmol) was 

placed in a septum-sealed NMR tube, and the cap was wrapped in film. Internal standard (50 

μmol), HBpin (1.25 mmol) and benzene-d6 were added to a septum-sealed vial. Outside the 

glovebox (to prevent amine poisoning of the glovebox circulation catalyst), the liquid amide (0.25 

mmol) was injected into the vial with HBpin and internal standard, the vial was shaken, and the 
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contents were injected into the NMR tube containing the catalyst, all under N2. The tube was 

shaken to dissolve the catalyst, and the reaction was monitored by 1H-NMR spectroscopy.  

 

Scale-Up/ Isolation of Amine Hydrochlorides. In a glovebox, LaNTMS (0.125mmol) was weighed 

into a 25 mL round bottom and dissolved in 5 mL benzene. HBpin (12.5 mmol) and amide (2.5 

mmol) were dissolved in 5 mL benzene, and the solution was injected into the stirred catalyst 

solution at 25 °C or 60 °C. Low boiling amines (trimethylamine, N,N-dimethylethylamine, N-

methylpyrrolidine, N-methylethylamine, ) were isolated by evaporation. Nitrogen was bubbled 

into a solution containing the reaction mixture. A cannula needle was used to bubble the volatile 

amine product into a 1M HCl/methanol solution cooled to 0 oC (Figure 3.8). The methanol was 

then removed by rotary evaporation, and the remaining solid was washed with pentanes.  Amines 

with boiling points similar to HBpin (N-methylpiperidine and N,N-diisopropylmethylamine) were 

first isolated by distillation under vacuum. To the distillate, 1M HCl/methanol was added, 

precipitating a solid that was subsequently collected and washed with pentanes. The remaining 

high-boiling or solid amines were isolated by first removing HBpin under vacuum, re-dissolving 

the amine in benzene, and filtering the solution through a basic alumina plug to remove trace 

HBpin, pinB-O-Bpin, and the catalyst. A 1M HCl/methanol solution was then added, precipitating 

a solid that was collected and washed with ether or pentanes. 
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Figure 3.8. Schematic of reaction apparatus to trap volatile amine products from large-scale amide 

reductions. 

 

Typical NMR-Scale Reaction for Kinetic Monitoring by 1H-NMR Arrays. In a glovebox, 

amide, HBpin, and the internal standard were mixed in a vial and dissolved in C6D6 (Vtotal =1.0 

mL). This solution was then added to a rubber septum-sealed NMR tube, wrapped with film, and 

removed from the box. At the NMR, the magnet was locked, tuned, and shimmed to the sample, 

then a stock solution containing an appropriate loading of La[N(SiMe3)2]3 was injected into the 

tube. The tube was shaken and reinserted into the instrument and the experiment was started. 

Single (1H-NMR) scans were collected at regular intervals. Substrate and/or product 

concentrations were determined relative to the intensity of the internal standard resonance and 

plotted versus time.  

Kinetic Analysis. Kinetic analysis of the NMR-scale reactions described above was carried out 

by collecting multiple (>15) data points early in the reaction (<20% conversion). Under these 

conditions, the reaction can be approximated as pseudo-zero-order with respect to the substrate 

concentrations. The product concentration was measured from the area of the RCH2NR’R” product 
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peaks relative to the C6Me6 internal standard. Data were fit by least-squares analysis (R2 > 0.98) 

according to eq. 3.2, where “t” is time, “[product]” is the concentration of product at time t, and 

“m” is the rate of reaction.  

     [𝑝𝑟𝑜𝑑𝑢𝑐𝑡] = 𝑚𝑡     (3.2) 

Reaction orders for HBpin and N,N-dimethylbenzamide were determined by running reaction 

under pseudo-first-order conditions (10-fold excess of non-measured reactant). The order of the 

reactant not in excess was determined from the linearity of plots of [A] vs. time (zeroth order), 

ln[A] vs. time (first order), and [A]-1 vs. time (second order).83 As discussed in the paper, the order 

in HBpin for amide reduction was not amenable to determination under pseudo-first order 

conditions (Figure 3.10) and instead had to be determined by initial rates analysis (Figure 3.11). 
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Figure 3.9. Pseudo-first order plots for reaction order in N,N-dimethylbenzamide (HBpin in 10-

fold excess). The zeroth-order plot ([Amine] vs. time, top-left) is linear, while the other two plots 

are not. Reaction conditions: 6.25 μmol LaNTMS, 0.125 mmol N,N-dimethylbenzamide, 1.25 mmol 

HBpin, 0.0330 mmol C6Me6, C6D6 (total volume 1.00 mL). 
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Figure 3.10. Pseudo-first order plots for reaction order in HBpin for amide reduction (10-fold 

excess of amide). None of the plots are linear, indicating HBpin consumption is likely mixed-order 

for amide reduction. Reaction conditions: 6.25 μmol LaNTMS, 1.25 mmol N,N-dimethylbenzamide, 

0.125 mmol HBpin, 0.0330 mmol C6Me6, C6D6 (total volume 1.00 mL). 
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Figure 3.11. Ln vs. ln plot for the determination of reaction order of HBpin in amide reduction. A 

mixed order system is observed, wherein at [HBpin] < 1.67 M, the order in HBpin = 1 (slope = 

0.910 ≈ 1, vide infra for derivation and explanation). At [HBpin] ≥ 1.67 M, the order in HBpin = 

0 (slope = 0.0268 ≈ 0).  
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The order for LaNTMS was determined from the rates of reduction of N,N-dimethylbenzamide at 5 

different catalyst loadings (0.5-2.5%). The rates were measured as the slope of the line for 

[Product] vs. time at conversion < 20%. These rates were then plotted as ln(rate) vs. ln[LaNTMS]. 

The negative rate of disappearance of LaNTMS is proportional to the concentration of LaNTMS to 

the order (α) (see eq. 3.3). Therefore, the order is the slope of a plot of ln(rate) vs. ln[amide] (eq. 

3.4).84 

 

−𝑑[𝐿𝑎𝑁𝑇𝑀𝑆]

𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝐿𝑎𝑁𝑇𝑀𝑆]

𝛼     (3.3) 

 

ln(𝑟𝑎𝑡𝑒) = 𝑙𝑛𝑘𝑜𝑏𝑠+∝ ln⁡[𝐿𝑎𝑁𝑇𝑀𝑆]     (3.4) 
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Figure 3.12. Ln vs. ln plot for the determination of the reaction order of LaNTMS for reduction of 

N,N-dimethylbenzamide.  
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Isotopic Labeling Studies. DBpin was synthesized according to literature procedures.85 

BD3•SMe2 (Cambridge Isotope Laboratories, 8.5 mmol, 10 M) was diluted in 10 mL DCM in an 

addition funnel under N2. This solution was added dropwise over 30 min to a 0 °C solution of 

pinacol (8.5 mmol, 1.0 g) in 20 mL DCM. After addition was complete, the solution was brought 

to room temperature and stirred until bubbling was no longer observed (1 h). DBpin was purified 

by distillation (0°C at 10 mmHg). 1H-NMR (400 MHz, C6D6): 1.00 (s, 12H, DBpin) 11B{1H-

NMR (128 MHz, C6D6): 28.37 (t, 2JDB=22.8 Hz, DBpin).  

 

Rate studies were carried out with HBpin and DBpin under the same 1H NMR kinetic monitoring 

conditions outlined above using N,N-dimethylbenzamide (Figure 3.13). 
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Figure 3.13. Plots for the determination of the kinetic isotope effect for reduction of N,N-

dimethylbenzamide using HBpin and DBpin.  
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Variable-Temperature Kinetic Analysis. Temperature-dependent rate data were obtained via 

arrayed NMR scans as described above. Temperatures were set on the NMR instrument using an 

external temperature controller and calibrated using ethylene glycol (>25 °C) or methanol (<25 

°C) standards. Rates at each temperature were determined from the average of three trials. These 

data were then plotted as 1000/T vs. ln(k/T) from which the enthalpy and entropy of the transition 

state could be obtained using the Eyring equation (see eq. 3.5). ΔH≠ is the negative slope times R 

and ΔS≠ is the intercept minus the natural log of kb/h times R.  

 

ln
𝑘

𝑇
=⁡

𝛥𝐻≠

𝑅𝑇
⁡[
Δ𝑆≠

𝑅
−⁡ ln

𝑘𝑏

ℎ
]     (3.5) 

 

From a plot of 1000/T vs. ln(k), the activation energy can be obtained using the Arrhenius equation 

(eq. 3.6). Ea is the negative slope times R. 

 

ln 𝑘 = ⁡−
𝐸𝑎

𝑅𝑇
− ln𝐴              (3.6)  
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Figure 3.14. Eyring (blue) and Arrhenius (red) plots for the reduction of N,N-dimethylbenzamide 

at low [HBpin] (5 equiv, top) and high [HBpin] (10 equiv, bottom).  

 



134 
 

Hammett Analysis. A series of para-substituted N-benzoyl piperidines was synthesized from the 

corresponding benzaldehydes and piperidine according to literature procedures (1H- and 13C-NMR 

spectra were identical to those previously reported).86 Rates were determined by 1H-NMR 

spectroscopy (vide supra). The rates of reduction for each substrate were plotted according to the 

Hammett equation (eq. 3.7), so that the slope of the line gives rho (ρ), which indicates the 

sensitivity of the reaction to the electron density at the carbonyl carbon of the substrate.87 

 

𝑙𝑜𝑔
𝑘

𝑘𝐻
= 𝜎𝜌      (3.7) 

 

Competition Studies. To gauge the selectivity of LaNTMS for amide hydroboration over 

olefin/alkyne hydroboration, intermolecular competition experiments were performed using 1-

octene and 1-octyne. N,N-dimethylbenzamide (0.125 mmol), 1-octene/1-octyne (0.125 mmol), and 

HBpin (0.625 mmol) were dissolved in C6D6 in a J. Young capped NMR tube. LaNTMS (6.25 μmol) 

was added and the tube was shaken. After 2 h at 60 °C, complete conversion of the N,N-

dimethylbenzamide was observed, with no concomitant reduction of olefin. 

 

Secondary Amide Reduction. To determine the active catalyst for secondary amide reduction, 

LaNTMS (2.08 μmol) and benzanilide (6.25 μmol, 3 equiv.) were dissolved in C6D6 in a J. Young 

capped NMR tube. After 15 min at 25 °C, no LaNTMS was observed in the 1H-NMR spectrum 

(ligand methyl signals appear at 0.30 ppm), and only free HN(SiMe3)2 (0.10 ppm) was present, 

indicating complete conversion of the precatalyst to a lanthanide tris-amidate species had occurred. 

Introducing additional benzanilide (0.125 mmol) and HBpin (0.625 mmol) to this in situ generated 

catalyst results in ~90% conversion of the amide. 
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Figure 3.15. 1H-NMR (500 MHz) spectrum of benzanilide in benzene-d6. 
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Figure 3.16. 1H-NMR (500 MHz) spectrum of in situ formed lanthanum tris-amidate catalyst 

obtained from benzanilide and LaNTMS (3:1 molar ratio) in benzene-d6. 
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Figure 3.17. 1H-NMR (500 MHz) spectrum of the reduction of benzanilide with HBpin using an 

in situ formed lanthanum tris-amidate catalyst. 
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Primary Amide Reduction. Reduction does not occur with the two primary amides tested 

(acetamide and benzamide), and instead an intractable, off-white precipitate is observed. To 

determine the identity of the precipitate formed during primary amide reduction, first LaNTMS (50 

μmol) and benzamide (50 μmol, 1 equiv.) were dissolved in C6D6 in a J. Young capped NMR tube 

at rt in an inert atmosphere glovebox. A white precipitate was immediately formed and allowed to 

settle to the bottom of the NMR tube. The solvent was decanted and the J. Young capped NMR 

tube containing the white precipitate was sealed, removed from the glovebox, and dried on a high 

vacuum line. After drying, the NMR tube was again sealed and taken into the glovebox where the 

precipitate was dissolved in THF to give a pale yellow solution. A sealed capillary containing d6-

DMSO was added in to provide a solvent lock. NMR spectroscopic experiments were then 

performed (Figures 3.19, 3.20). After all data were collected, the NMR tube containing the 

precipitate dissolved in THF was opened under strong flow of argon and 1 drop of D2O was added 

in order to confirm ligand identities by hydrolyzing/quenching the metal complex. The tube was 

gently inverted to obtain a homogeneous solution before additional NMR experiments were 

performed, again using a d6-DMSO solvent lock (Figures 3.21, 3.22). The spectroscopic 

experiments support the identity of the precipitate to be the unsymmetrical La-hemiaminalate 

complex [(Me3Si)2N]2La{η2-OC(NH)Ph} which is not catalytically active under the reaction 

conditions described. Based on the low solubility of this complex, it is plausible that it may exist 

as an oligomeric species, having bridging hemiaminalate ligands. There is no spectroscopic 

evidence of a ligand insertion reaction between the LaNTMS precatalyst and the primary amide (i.e. 

-N(SiMe3)2 insertion into the amide C=O bond). 
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Figure 3.18. Proposed monomeric or oligomeric La-hemiaminalate complex [(Me3Si)2N]2La{η2-

OC(NH)Ph} obtained from the reaction of LaNTMS with the primary amide benzamide. 
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Figure 3.19. 1H-NMR (500 MHz) spectrum of a proposed La-hemiaminalate complex 

[(Me3Si)2N]2La{η2-OC(NH)Ph} obtained as a precipitate from the reaction of benzamide and 

LaNTMS (1:1 molar ratio) in benzene-d6. Spectrum obtained from a solution of precipitate in THF 

with a sealed capillary containing d6-DMSO. * = HN(SiMe3)2 
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Figure 3.20. 29Si-NMR (125 MHz) spectrum of a proposed La-hemiaminalate complex 

[(Me3Si)2N]2La{η2-OC(NH)Ph} obtained as a precipitate from the reaction of benzamide and 

LaNTMS (1:1 molar ratio) in benzene-d6. Spectrum obtained from a solution of precipitate in THF 

with a sealed capillary containing d6-DMSO. * = HN(SiMe3)2 

 

 

 

 



142 
 

 

 

Figure 3.21. 1H-NMR (500 MHz) spectrum of the D2O-quenched proposed La-hemiaminalate 

complex [(Me3Si)2N]2La{η2-OC(NH)Ph} obtained as a precipitate from the reaction of benzamide 

and LaNTMS (1:1 molar ratio) in benzene-d6. Spectrum obtained from a solution of precipitate in 

THF with a sealed capillary containing d6-DMSO. * = HN(SiMe3)2 
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Figure 3.22. 29Si-NMR (125 MHz) spectrum of the D2O-quenched proposed La-hemiaminalate 

complex [(Me3Si)2N]2La{η2-OC(NH)Ph} obtained as a precipitate from the reaction of benzamide 

and LaNTMS (1:1 molar ratio) in benzene-d6. Spectrum obtained from a solution of precipitate in 

THF with a sealed capillary containing d6-DMSO. * = HN(SiMe3)2 
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Figure 3.23. 29Si-NMR (125 MHz) spectrum of LaNTMS precatalyst in benzene-d6 included for 

reference. (For 1H-NMR spectrum of LaNTMS precatalyst in benzene-d6, see Figure 3.29). 
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DFT Examination of Primary Amide Reduction. DFT calculations were performed to assess 

the feasibility of a ligand insertion reaction between the LaNTMS precatalyst and the primary amide 

benzamide (i.e., La-N(SiMe3)2 insertion into the amide C=O bond) (Figure 3.24). The insertion of 

the La-silylamide group (-N(SiMe3)2) into the primary amide C=O bond and subsequent silyl 

migration to yield a La-siloxide complex was modeled. First, the approach of the primary amide 

produces a stabilization of 17.4 kcal/mol due to an interaction between the carbonyl group of the 

amide and the La metal center. However, the insertion of the La-silylamide  (La-N(SiMe3)2) into 

the primary amide C=O bond is very endoergonic (+22.8 kcal/mol) with an energy barrier of +32.6 

kcal/mol. Finally, the silyl migration and formation of a La-siloxide complex is exoergonic (-0.6 

kcal/mol with an energy barrier of +21.2 kcal/mol). Thus, the overall reaction is slightly 

endoergonic (+4.8 kcal/mol) with an energy barrier of +44.0 kcal/mol. 
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Figure 3.24. Gibbs free energy profile for a La-silylamide group (La-N(SiMe3)2) insertion of the 

LaNTMS precatalyst into the benzamide C=O bond and subsequent silyl migration to yield a La-

siloxide complex.   

 

Computational Details. Geometry optimizations of all reactants, products, intermediates, and 

transition states were carried out along the entire catalytic cycle.  Calculations were performed 

adopting the M06 hybrid meta-GGA functional.  The effective core potential of Hay and Wadt,88,89 

(LANL2DZ) and the relative basis set were used for the La and Si atoms. The standard all-electron 

6-31G** basis90 was used for all the remaining atoms. Molecular geometry optimization of 

stationary points was carried out without symmetry constraints and used analytical gradient 
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techniques.  The transition states were searched with the “distinguished reaction coordinate 

procedure” along the emerging bonds. N,N-dimethylbenzamide was adopted as substrate model. 

Frequency analysis was performed to obtain thermochemical information about the reaction 

pathways at 298 K using the harmonic approximation. The difference in translational and 

rotational entropy when moving from gas to solvent are accounted for by adding an energy 

contribution of 8RT to the Gibbs free energy of each species as detailed in the literature.91 

Moreover, the effect of concentration on moving from 1 atm to 1 M is accounted for by adding an 

energy contribution of 1.89 kcal/mol (RTln(P1M/P1atm)) to each species. All calculations were 

performed using the G16 code92 on a Linux cluster system.  

 

 

 

Figure 3.25. Gibbs free energy profile/catalytic cycle for the hydroboration/reduction of amides 

catalyzed by LaNTMS, and conversion of active catalyst B to species D. 
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Stoichiometry Reactivity Studies. Catalyst activation intermediate I-act-1 was obtained from a 

1:1 mixture of the LaNTMS precatalyst and N,N-dimethylbenzamide. This intermediate was 

characterized using 1H- and 13C- NMR spectroscopy (Figures 3.26-3.32). Attempts to 

experimentally characterize additional catalyst activation intermediates were carried out by 

monitoring stoichiometric mixtures of LaNTMS and substrates HBpin and N,N-dimethylbenzamide 

via 1H- and 11B-NMR. However, only the proposed off-cycle/deactivation product described in the 

main text is observed. When various mixtures of LaNTMS and HBpin are examined (0.5-6 equiv 

HBpin), the spectrum below is obtained with varying degrees of conversion of LaNTMS. Full 

conversion is observed at 4 equiv HBpin, which matches what would be expected given the 

proposed deactivation pathway. However, additional, uncharacterized decomposition products are 

observed at such high HBpin ratios, and therefore 1:3 LaNTMS:HBpin mixtures were studied further 

(Figures 3.33-3.34). A solution of LaNTMS, HBpin and N,N-dimethylbenzamide (1:3:1) yields 

incomplete reduction of the amide, as evidenced by the appearance of O(Bpin)2 and amine, but 

primarily the off-cycle product described below. 
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Figure 3.26. 1H-NMR (500 MHz) spectrum of the catalyst deactivation product (Figure 3.4A) 

obtained from 1:3 mixture of LaNTMS and HBpin in benzene-d6. 
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Figure 3.27. 11B-NMR (128 MHz) spectrum of the catalyst deactivation product (Figure 3.4A) 

obtained from 1:3 mixture of LaNTMS and HBpin in benzene-d6. * = Unidentified side product, 

possibly weakly and reversibly coordinated pinB-N(SiMe3)2 or B2pin3. The peak at δ 31.6 ppm is 

a broad doublet, likely due to coordination of the B-H to the metal center or exchange with RBH3
-

. The downfield shift is similar to previously reported coordinated boranes.93  
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Figure 3.28. 13C-NMR (125 MHz) spectrum of the catalyst deactivation product (Figure 3.4A) 

obtained from 1:3 mixture of LaNTMS and HBpin in benzene-d6. 
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Figure 3.29. 1H-NMR (500 MHz) spectrum of the LaNTMS precatalyst in benzene-d6 included for 

reference.  
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Figure 3.30. 13C-NMR (125 MHz) spectrum of the LaNTMS precatalyst in benzene-d6 included for 

reference. 
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Figure 3.31. 1H-NMR (500 MHz) spectrum of N,N-dimethylbenzamide in benzene-d6 included 

for reference. 
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Figure 3.32. 13C-NMR (125 MHz) spectrum of N,N-dimethylbenzamide in benzene-d6 included 

for reference. 
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Figure 3.33. 1H-NMR (500 MHz) spectrum of the proposed catalyst activation intermediate I-act-

1 in benzene-d6. 
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Figure 3.34. 13C-NMR (125 MHz) spectrum of the proposed catalyst activation intermediate I-act-

1 in benzene-d6. 
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DFT Examination of Catalyst Decomposition Pathway. DFT calculations were performed to 

better understand the decomposition path of the LaNTMS precatalyst induced by HBpin (Figure 

3.35). The decomposition path involves four main steps. The coordination of the first HBpin 

leads to the formation of the pinBH-N(SiMe3)2
- borate species (Ideact-1, -7.0 kcal/mol). The 

second step is promoted by the approach of a second HBpin leading to hydride transfer from the 

pinBH-N(SiMe3)2
- species to the coordinated HBpin, producing a new H2Bpin- species and 

releasing pinB-N(SiMe3)2. This intermediate is stabilized by the coordination of a third HBpin 

(Ideact-2, -28.5 kcal/mol). The third step is analogous to the first one involving the formation of a 

new pinBH-N(SiMe3)2
- borate species (Ideact-3, -29.4 kcal/mol). The last step involves the ring-

opening of the H2Bpin- species and the subsequent hydride transfer from pinBH-N(SiMe3)2
- to 

the opened H2Bpin-, leading to the final product. A second pinB-N(SiMe3)2 molecule is released 

and a new HBpin coordinates and stabilizes the final product (-34.5 kcal/mol). This last step is 

the rate determining step with a Gibbs free energy barrier of 14.9 kcal/mol. 
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Figure 3.35. Energy profile associated with the decomposition pathway of LaNTMS precatalyst 

induced by HBpin. 
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Evaluation of the Effect of Different Basis Sets on the Accuracy of the Theoretical Model. It 

is well known that while 4f electrons must be considered when spectroscopic properties are 

being studied, it has been shown that the atomic 4f shells of the lanthanides are strongly 

stabilized and do not contribute significantly to the chemical bonding or reactivity.94 For this 

reason, it is expected that adding a polarization function (f function) to the basis set used on the 

lanthanum atom should not have a significant effect on the calculated energetic profile 

corresponding to the catalytic cycle discussed in this work. Nevertheless, in order to investigate 

the effects of different basis sets a series of calculations on the key steps of the catalytic cycle 

were performed. In particular, to evaluate the first hydrogen exchange step we have applied 

alternative basis sets to the formation of complex C and TS1. Similarly, to evaluate the second 

hydrogen exchange step we have applied alternative basis sets to the formation of complex E and 

TS2.  The data reported in Table 3.2 show the stabilization energy for the formation of complex 

C, TS1, complex E and TS2 computed at the SCF level of theory (at zero kelvin, without 

considering temperature and pressure) using different basis sets. 

 

Table 3.2. Stabilization energy (kcal/mol) obtained using different basis sets computed at the SCF 

level of theory. 

 LANL2DZa LANL2DZ + polb Def2-SVPc 

C –32.2 –32.0 –32.7 
TS1 –11.0 –11.0 –13.6 

E –72.4 –72.4 –73.9 
TS2 –61.1 –62.2 –62.6 

aECP and basis set applied to the lanthanum atom in the present work. bGeometry optimization 

using a polarization function (f function) added only to the basis set of the lanthanum atom.95 
cGeometry optimization using the Def2-SVP basis set reported by Ahlrich and coworkers on all 

atoms.96  
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It is evident that adding the polarization function to the LANL2DZ basis set (see Table 3.2, 

LANL2DZ + pol) produces negligible changes in the stabilization energies of complex C, TS1 

as well as complex E. Only TS2 becomes slightly more stabilized, experiencing a decrease in 

energy by approximately 1 kcal/mol. Additionally, upon using a full electron basis set plus 

polarization for all atoms (see Table 3.2, Def2-SVP) we obtain a slightly greater stabilization for 

all intermediates and transition states shown above. Ultimately, these additional calculations 

suggest that adding the polarization function to the lanthanum atom does not significantly 

modify the stabilization energies along the catalytic cycle and it does not produce any significant 

improvement in the accuracy of the calculations. 

 

Characterization of Amide Hydroboration/Reduction Products. Characterization data for the 

products of amide reduction are given below. Products were converted to amine•HCls (unless 

otherwise noted) and characterized by 1H and 13C{1H} NMR. Previously unreported products were 

compared to amine•HCls synthesized from commercially available amines. 

 

1.  (white powder in 50% yield – low yield due to volatility of amine) 

NMR spectra are identical to those reported in the literature.97  

1H-NMR (D2O, 500 MHz): 2.93 (9 H) 13C{1H}-NMR (D2O, 125 MHz): 44.76 

 

2.  (white powder in 56% yield) 

NMR spectra are identical to those reported in the literature. 97 
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1H-NMR (D2O, 500 MHz): 1.32 (t, 3H, 3JHH=7.3 Hz, N-CH2CH3), 2.87 (s, 6H, N-CH3), 3.20 (q, 

2H, 3JHH=7.2 Hz, N-CH2CH3). 13C{1H}-NMR (D2O, 125 MHz): 9.02 (N-CH2CH3), 42.01 (N-

CH3), 53.01 (N-CH2CH3) 

3.  (white powder in 88% yield) 

NMR spectra are identical to samples prepared from commercially available amine. 

1H-NMR (D2O, 500 MHz): 1.40-1.54 (m, 1H, N-C5H10), 1.65-1.88 (m, 3H, N-C5H10), 1.89-2.02 

(m, 2H, N-C5H10), 2.84 (s, 3H, Me), 2.95 (t, 2H, 3JHH=12.5 Hz, N-C5H10), 3.48 (d, 2H, 3JHH=12.7 

Hz, N-C5H10).13C{1H}-NMR (D2O, 125 MHz): 20.61 (N-C5H10), 22.98 (N-C5H10), 43.19 (N-Me), 

54.92 (N-C5H10). 

 

4.  (white powder in 79% yield) 

NMR spectra are identical to those reported in the literature. 97  

1H-NMR (D2O, 500 MHz): 2.87 (s, 6H, N-CH3), 4.33 (s, 2H, N-CH2Ph), 7.49-7.58 (m, 5H, N-

CH2Ph). 13C{1H}-NMR (D2O, 125 MHz): 42.07 (N-CH3), 61.12 (N-CH2Ph), 129.30 (N-CH2Ph), 

130.15 (N-CH2Ph), 130.77 (N-CH2Ph) 

 

5.  (white powder in 92% yield) 

NMR spectra are identical to samples prepared from commercially available amine. 

1H-NMR (D2O, 500 MHz): 1.33 (dd, 12H, 3JHH=6.7 Hz, 4JHH=19.2 Hz, N-(CH(CH3)2)2), 2.70 (s, 

3H, N-CH3), 3.70 (septet, 2H, 3JHH=6.7 Hz, N-(CH(CH3)2)2). 13C{1H}-NMR (D2O, 125 MHz): 

15.57 (N-CH(CH3)2), 18.06 (N-CH(CH3)2), 30.68 (N-Me), 54.92 (N-CH(CH3)2), 
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6.  

NMR spectra are in accordance with those in the literature.98  

1H-NMR (C6D6, 500 MHz): 0.97 (t, 3H, 3JHH=7.0 Hz, NCH2CH3), 3.47 (q, 2H, 3JHH=7.0 Hz, 

NCH2CH3), 6.81-6.86 (m, 2H, N-Ph), 6.89-6.93 (m, 4H, N-Ph), 7.08-7.13 (m, 4H, N-Ph) 

13C{1H}-NMR (C6D6, 125 MHz): 12.77 (N-CH2CH3), 46.51 (N-CH2CH3), 121.38 (N-Ph), 121.46 

(N-Ph), 129.58 (N-Ph), 148.28 (N-Ph) 

 

7.  (oily solid in 91% yield) 

NMR spectra are identical to samples prepared from commercially available amine. 

1H-NMR (D2O, 500 MHz): 1.98-2.08 (m, 2H, N-C4H8), 2.13-2.22 (m, 2H, N-C4H8), 2.93 (s, 3H, 

N-Me), 3.03-3.11 (m, 2H, N-C4H8), 3.62-3.69 (m, 2H, N-C4H8). 13C{1H}-NMR (D2O, 125 MHz): 

22.83 (N-Me), 40.56 (N-C4H8), 55.76 (N-C4H8) 

 

8.  (white powder in 93% yield) 

NMR spectra are in accordance with those in the literature. 99  

1H-NMR (CDCl3, 500 MHz): 2.63 (d, 3H, N-CH3 coupling to N-H), 3.77-3.40 (m, 2H, PhCH2), 

4.20-4.00 (m, 2H, N-CH2), 5.49 (d, 1H, 3JHH = 17.2 Hz, NCH2CH=CH2), 5.59 (d, 1H, 3JHH = 10.1 

Hz, NCH2CH=CH2), 6.29-6.17 (m, 1H, NCH2CH=CH2), 7.48-7.42 (m, 3H, Ph), 7.65-7.59 (m, 2H, 

Ph). 13C{1H}-NMR (CDCl3, 125 MHz): 131.30, 130.34, 129.60, 128.50, 126.65, 126.09, 59.01, 

57.77, 38.89. 

N
Ph

Ph
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9.  (white powder in 66% yield) 

NMR spectra are identical to samples prepared from commercially available amine. 

1H-NMR (D2O, 500 MHz): 1.28 (t, 3H, 3JHH=7.5 Hz, N-CH2CH3), 2.70 (s, 3H, N-CH3), 3.09 (q, 

2H, 3JHH=7.5 Hz, N-CH2CH3). 13C{1H}-NMR (D2O, 125 MHz): 10.33 (N-CH2CH3), 32.12 (N-

CH3), 44.23 (N-CH2CH3) 

 

10.  (gray powder in 75% yield) 

NMR spectra are identical to samples prepared from commercially available amine. 

1H-NMR (CDCl3, 500 MHz): 4.36 (s, 2H, PhCH2-N), 7.20-7.28 (m, 3H, Ph), 7.29-7.40 (m, 7H, 

Ph). 13C{1H}-NMR (CDCl3, 125 MHz): 56.09 (PhCH2-N), 124.00 (Ph), 128.84 (Ph), 129.29 (Ph), 

129.55 (Ph), 129.82 (Ph), 131.17 (Ph), 134.45 (Ph), 133.93 (Ph) 

 

11.  

NMR spectra are in accordance with those in the literature. 100  

1H-NMR (C6D6, 500 MHz): 1.29-1.39 (m, 2H, pip), 1.56 (p, 4H, 3JHH=5.9 Hz, pip), 2.31 (br s, 

4H, pip), 2.48 (s, 6H, PhNMe2), 3.45 (br s, 2H, PhCH2Npip), 6.46 (d, 2H, 3JHH=8.1 Hz, Ph), 7.54 

(d, 2H, 3JHH=8.1 Hz, Ph). 13C{1H}-NMR (C6D6, 125 MHz): 17.02 (N-pip), 23.25 (N-pip), 48.72 

(PhNMe2), 55.58 (N-pip), 62.96 (PhCH2-Npip), 121.25 (Ph), 131.86 (Ph), 134.86 (Ph), 136.24 

(Ph). 

Npip

N
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12.  

NMR spectra are in accordance with those in the literature. 101  

1H-NMR (C6D6, 500 MHz): 1.28-1.39 (m, 2H, pip), 1.54 (p, 4H, 3JHH=5.9 Hz, pip), 2.15 (s, 3H, 

PhCH3), 2.29 (br s, 4H, pip), 3.35 (br s, 2H, PhCH2Npip), 7.02 (d, 2H, 3JHH=8.1 Hz, Ph), 7.28 (d, 

2H, 3JHH=8.1 Hz, Ph). 13C{1H}-NMR (C6D6, 125 MHz): 16.94 (N-pip), 21.15 (MePh), 26.55 (N-

pip), 54.85 (N-pip), 63.97 (PhCH2-Npip), 129.26 (Ph), 131.76 (Ph), 136.32 (Ph), 136.81 (Ph). 

 

13.  

NMR spectra are in accordance with those in the literature. 102  

1H-NMR (C6D6, 500 MHz): 1.25-1.35 (m, 2H, pip), 1.47 (p, 4H, 3JHH=5.6 Hz, pip), 2.26 (br s, 

4H, pip), 3.33 (s, 2H, PhCH2Npip), 7.07-7.12 (m, 1H, Ph), 7.15-7.22 (m, 2H, Ph), 7.33-7.38 (m, 

2H, Ph). 13C{1H}-NMR (C6D6, 125 MHz): 16.94 (N-pip), 26.52 (N-pip), 54.86 (N-pip), 64.17 

(PhCH2-Npip), 127.10 (Ph), 129.21 (Ph), 131.76 (Ph), 139.86 (Ph). 

14.  

NMR spectra are in accordance with those in the literature.103  

1H-NMR (C6D6, 500 MHz): 1.24-1.32 (m, 2H, pip), 1.45 (p, 4H, 3JHH=5.4 Hz, pip), 2.20 (br s, 

4H, pip), 3.19 (s, 2H, PhCH2Npip), 6.80-6.87 (m, 2H, Ph), 7.08-7.20 (m, 2H, Ph). 13C{1H}-NMR 

(C6D6, 125 MHz): 16.94 (N-pip), 26.48 (N-pip), 54.71 (N-pip), 63.17 (PhCH2-Npip), 115.07 (Ph), 

115.24 (Ph), 130.62 (Ph), 131.76 (Ph). 

Npip

Npip

Npip

F
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15.  

NMR spectra are in accordance with those in the literature.100  

1H-NMR (C6D6, 500 MHz): 1.19-1.23 (m, 2H, pip), 1.43 (p, 4H, 3JHH=5.4 Hz, pip), 2.10 (br s, 

4H, pip), 3.05 (s, 2H, PhCH2Npip), 7.01 (d, 2H, 3JHH=7.9 Hz, Ph), 7.88 (d, 2H, 3JHH=7.9 Hz, Ph). 

13C{1H}-NMR (C6D6, 125 MHz): 22.22 (N-pip), 23.92 (N-pip), 52.28 (N-pip), 60.45 (PhCH2-

Npip), 121.04 (Ph), 126.75 (Ph), 144.58 (Ph), 145.02 (Ph).  

Npip

O2N
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Original Research Proposal: CO2 Fixation by Frustrated Lewis Pair-Functionalized Metal 

Organic Frameworks 

Christopher J Barger 

Abstract 

Rising atmospheric CO2 levels are a key contributor to global warming, and drastic steps 

need to be taken to ensure the continued functioning of the planetary ecosystem. While reducing 

CO2 emissions by transitioning to renewable energy sources is the primary component of most 

strategies aimed at addressing climate change, most experts believe “net-negative” CO2 emissions 

are likely to be necessary to successfully limit global warming. Such technologies enabling CO2 

capture, sequestration, and functionalization are relatively nascent in their development, and 

significant advancements will need to be made to contribute meaningfully to CO2 reduction. 

 Both metal-organic frameworks (MOFs) and frustrated Lewis pairs (FLPs) have been 

studied to address these issues, the former by capturing CO2 from the atmosphere in its pores, and 

the latter by functionalizing captured CO2 into value-added carbon feedstocks. While both 

approaches show promise, they suffer from drawbacks that would limit their applicability in wide-

scale use. The work herein proposes to address these shortcomings by combining both motifs into 

one hybrid material, harnessing the high porosity and CO2-selective adsorption of MOFs with the 

CO2-activiting capabilities of FLPs. By doing so, a new class of materials (FLP@MOFs) capable 

of selectively and sustainably adsorbing and functionalizing CO2 may be realized, reducing our 

reliance on non-renewable carbon feedstocks and reducing atmospheric CO2 levels.  
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Introduction 

Rising atmospheric carbon dioxide (CO2) concentration poses an existential threat to 

Earth’s environment. A multi-faceted approach is likely needed to curb further increases in 

atmospheric CO2 levels and prevent catastrophic and irreversible damage to Earth’s climate.1 In 

addition to a shift to renewable energy sources, removal of CO2 from the atmosphere (CO2 

sequestration) and a transition to net-negative CO2 emissions will likely play a major role in 

meeting the necessarily ambitious goals laid out in the Paris Climate Accord (Figure A.1).2-4 Given 

potential limitations and drawbacks associated with conventional geophysical CO2 

sequestration/mineralization (e.g. leakage over time, geological disruptions), novel methods for 

CO2 sequestration are currently of great interest.5 Two promising approaches are CO2 

sequestration in metal-organic frameworks (MOFs) and CO2 fixation/functionalization with 

frustrated Lewis pairs (FLPs).  

Figure A.1. Analysis of CO2 emission scenarios that have a >66% likelihood of successfully 

limiting global temperature rise to <1.5℃ by 2100. Even with aggressive mitigation through 

reduction in fossil fuel utilization, most scenarios require net-negative emissions through 

atmospheric CO2 capture. (Adapted from IEA IPCC Report).4  
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MOFs are a class of highly crystalline, 3-dimensional materials consisting of metal ions 

(or clusters thereof) connected by bridging organic ligands (Figure A.2).6 They exhibit 

exceptionally high surface areas and unparalleled structural tunability. As such, MOFs show great 

promise for CO2 sequestration (i.e. the process of removing CO2 from the atmosphere and storing 

it underground).7, 8 CO2 uptake as high as 37.8 wt. % has been reported for the Mg-MOF-74, all 

the while maintaining remarkable uptake selectivity over non-polar gases such as methane.7 This 

high performance is attributed to the nature of the metal nodes, which are highly Lewis acidic and 

coordinatively unsaturated.7, 9, 10 However, sequestration presents a major drawback – while 

theoretically effective at reducing atmospheric 

CO2 levels, the captured CO2 must be 

permanently stored, resulting in logistical 

hurdles. Additionally, since CO2 is a valuable and 

essentially unlimited carbon feedstock, a 

valuable potential source of renewable fuels and 

chemical feedstocks is wasted.  

CO2 fixation and functionalization, on the other hand, converts CO2 to useful carbon 

feedstocks like CO, methyl formate, and methanol, not only eliminating CO2 from the atmosphere, 

but also lessening our dependence on fossil fuels for commodity chemicals.11 Frustrated Lewis 

Pairs (FLPs) offer an exciting approach to catalytic CO2 fixation that has been extensively studied 

in laboratory models. An FLP consists of a Lewis acid and a Lewis base that are “frustrated,” or 

prevented from forming an inert adduct, typically by separating them with steric bulk or 

conformational rigidity (Figure A.3). As such, they are highly reactive and have been shown to 

Figure A.2. Representative schematic of 

Metal-Organic Frameworks (MOFs) 
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efficiently activate a variety of small 

molecules, including CO2.
12-17 Most FLPs 

explored for CO2 fixation have been studied 

in homogeneous systems. While this makes 

them easier to study, heterogeneous systems 

are more attractive for commercial uses due 

to their generally improved ease of handling, recyclability, and thermal stability over 

homogeneous systems.18 Additionally, advancements in FLP chemistry are limited by strict 

synthetic requirements: pairs must be sterically encumbered or conformationally constrained to 

prevent acid/base adduct formation. Novel methods of Lewis acid/base frustration must be 

explored to fully utilize this unique chemistry.19 

By integrating FLPs into MOFs, there is the potential for a synergistic relationship. By 

utilizing the high surface areas and CO2-selective uptake observed in select MOFs and the high 

CO2-fixing activity demonstrated by FLPs, a highly effective and scalable method of converting 

atmospheric CO2 to useful products may be realized. Additionally, by appending Lewis basic 

moieties to MOF linkers and utilizing the inherent Lewis acidity of many MOF metal nodes, an 

entirely new class of conformationally-constrained FLPs could be discovered. In this work, the 

current state-of-the-art in the burgeoning field of FLP tethering in MOFs will first be explored 

before examining potential approaches to synthesizing and characterizing a new class of MOF-

tethered FLPs (FLP@MOF). 

 

 

Figure A.3. Representative schematic of 

sterically frustrated (A) and conformationally 

frustrated (B) Lewis pairs (FLPs) 
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Scientific Objectives 

The objective of this work is to (1) develop a method to synthesize a series of MOFs with 

Lewis base-appended linkers and Lewis acidic, unsaturated metal nodes (FLP@MOF), and (2) 

explore their activity and selectivity for the fixation and hydrogenation of CO2. By integrating 

CO2-fixing FLPs onto porous and CO2-selective MOFs, a new class of CO2-functionalization 

catalysts may be realized, offering a novel approach to mitigating the devastating effects of rising 

atmospheric CO2 levels.  

Previous Work 

The heterogenization of FLPs in MOFs is an area of recent, active interest and is a 

promising approach to overcoming the stability and recyclability shortcomings faced by 

homogeneous FLP systems. Work in this area to date has focused on tethering one moiety of the 

Lewis pair onto MOF linkers or nodes, either before or after MOF synthesis, and subsequently 

introducing the second component of the Lewis pair. This approach was first demonstrated 

computationally by Ye and Johnson, with UiO-66 serving as the MOF and 1-(difluoroboranyl)-4-

methyl-1H-pyrazole, tethered to the aryl linker, serving as the FLP. It was shown in this and 

subsequent studies that incorporation of various FLPs into the MOF not only lead to retention of 

the MOF pore structure, but it also afforded clean and selective hydrogenation of CO2 to formic 

acid.20-22 The first experimental confirmation of such a system was in 2018 by Ma and co-

workers.23 In this work, MIL-101(Cr) was synthesized and exposed to a solution of the Lewis base 

1,4- diazabicyclo[2.2.2]octane (DABCO), resulting in one of the two Ns in DABCO coordinating 

to an open metal site in the MOF, with the other protruding into the pore. Lewis acidic B(C6F5) 

was then introduced, forming the FLP in situ in the pore of the MOF. The MOF structure was 
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retained after FLP functionalization, and high activity for the hydrogenation of imines was 

reported and maintained even after 7 reaction/recovery cycles. Interestingly, the catalyst 

demonstrated high hydrogenation selectivity for imines with smaller substituents on the imine N, 

a feature which was not observed in parallel homogeneous FLP hydrogenations, confirming the 

potential for size-selective catalysis in FLP-decorated MOFs. A subsequent study demonstrated 

the system’s amenability to pore engineering and resulting selectivity for imine hydrogenation in 

α,β-unsaturated substrates.  

An alternative approach to FLP-functionalized MOFs was pursued by Dyson and co-

workers, wherein a novel, water stable MOF (SION-105) was synthesized with Eu(III) dimer 

nodes and tris(p‐carboxylic acid)tridurylborane functioning as both the organic linker and as the 

Lewis acid.24 A variety of o-aryldiamines were then introduced, functioning as both the Lewis 

basic portion of the FLP and as the substrate in the synthesis of fused benzimidazoles from CO2 

and silane reducing agents. The reaction proceeded cleanly, and no reduction in conversion was 

observed after 5 recycling experiments. In a subsequent report, the same laboratory achieved direct 

CO2 hydrogenation using tetrakis(4-carboxyphenyl)porphyrin-based MOF-545.24 With the 

porphyrin linker acting as the Lewis base and tris(pentafluorophenyl)borane as the Lewis acid, 

CO2 hydrogenation to give the corresponding methoxyborate was achieved under the relatively 

mild conditions (100℃, 20 bars of CO2 and H2, 20 hours). Notably, while the catalyst is recyclable, 

hydrolysis of the resulting methoxyborate was necessary to generate free methanol, limiting 

practical applications. 

While the above approaches clearly show great promise for catalytic CO2 fixation, they 

suffer a common drawback: by employing pseudo-conventional FLPs that prevent inert adduct 
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formation through  steric bulk or fixed, intramolecular spatial separation, they face the same 

synthetic constraints for homogeneous FLPs discussed above. Not only do these constraints limit 

the scope of FLP structures that could be investigated, but it is also likely that this leads to reduced 

catalytic activity compared to a hypothetical FLP that is sterically unencumbered and 

conformationally flexible. Additionally, leaving half of the Lewis pair untethered would likely 

lead to leaching over many catalytic cycles and reduce the long-term recyclability/stability of the 

catalyst. Finally, the decrease in pore volume that arises from the addition of sterically bulky Lewis 

basic and Lewis acidic moieties into the MOF significantly reduce the pore volume available for 

CO2 adsorption and capture, likely limiting CO2 uptake and turnover.  

Proposed Research 

The work proposed herein is hypothesized to circumvent the above-mentioned limitations 

by tethering a sterically-unencumbered Lewis basic moiety of the FLP to the organic linker of a 

MOF, with a coordinatively unsaturated metal node acting as the Lewis acidic moiety (Figure A.4). 

First, by tethering both the Lewis acidic and Lewis basic 

moieties of the FLP to the framework  of the MOF, a new class 

of FLPs may be realized, relying on the spatial separation 

afforded by the rigidity of the metal-organic framework to 

prevent adduct formation rather than steric encumbrance or 

intramolecular separation. Second, utilizing MOFs with naturally coordinatively-unsaturated, 

Lewis acidic metal nodes not only simplifies the synthesis of the FLP@MOFs, but it also enhances 

the atom efficiency of the catalyst, frees up more intra-pore volume for CO2 adsorption, and avoids 

the use of costly designer Lewis acids like B(C6F5)3. Finally, given the ability of Lewis acidic 

Figure A.4. Representative 

schematic of FLP@MOFs 
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MOFs to selectively adsorb CO2 within their pores, unprecedented selectivities and rates for CO2 

fixation may be realized.  

Initial synthetic efforts will be focused on MOFs derived from HKUST-1 (paddlewheel 

Cu2+ dimer nodes with 1,3,5-benzenetricarboxylate linkers) and Mg-MOF-74 (Mg2+ ions with 2,5- 

dihydroxyterephthalate linkers forming cylindrical pores), both of which have unsaturated, Lewis 

acidic metal sites.9, 25, 26 While both MOFs have relatively poor water stability that would limit 

commercial applications, they have been studied and derivatized extensively, making them an 

ideal proof-of-concept for laboratory-scale investigation. Additionally, favorable CO2 uptake and 

selectivity profiles have been described for both MOFs. Initial attempts at linker synthesis will be 

focused on aryl lithiation of the corresponding benzoic acids for each MOF (trimesic acid for 

HKUST-1 and 2,5-dihydroxyterephthalic acid for Mg-MOF-74, Scheme A.1).27, 28 Treatment with 

excess s-BuLi and TMEDA should yielding the corresponding aryl lithiates, which, when exposed 

to Lewis base-functionalized alkyl chlorides, will form the intended functionalized linkers. An 

alternative linker syntheses for HKUST-1-based FLP@MOF could also be adapted from that 

Scheme A.1. Proposed synthetic schemes for the Lewis base-appended linkers to be used in 

the synthesis of FLP@MOFs 
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described by Ye and Johnson, wherein 2-bromomesitylene (HKUST-1) or 2-bromo-para-xylene29 

(Mg-MOF-74) is derivatized with a pendant Lewis base through Negishi coupling, followed by 

oxidation (via the Amoco process or similar oxidative method) to the corresponding benzoic acid 

used for MOF synthesis.30, 31  While it is envisioned that a variety of Lewis bases will be explored 

across multiple MOF architectures, initial efforts will be devoted investigating tertiary phosphines 

in HKUST-1 and tertiary amines in Mg-MOF-74. Both Lewis bases have been used extensively in 

FLP research, and the pairing of Cu(II)/P and Mg(II)/N ensures strong FLP activity based on 

relative acid/base hardness (i.e. Cu(II) and P are soft acids/bases, and Mg(II) and N are hard 

acids/bases). Since solvothermal synthesis will be used to make the FLP@MOFs, the stability of 

each tethered Lewis base under these harsh conditions must be considered. Tertiary amines would 

likely be protonated under these conditions, preventing ligation with the metal node prior to MOF 

formation and likely helping to maintain the parent structure of Mg-MOF-74. Post-synthetic 

deprotonation of the amines with a weak base would then activate the FLP. Phosphines, 

particularly sterically unencumbered alkyl phosphines, would likely be far less stable under 

solvothermal conditions. Protection of these groups via oxidation to form relatively stable 

phosphine oxides (prior to MOF synthesis) may be necessary. Post-synthetic silane-mediated 

reduction of these phosphine oxides would then yield the desired FLP. While this reduction can 

be forced without a catalyst under harsh conditions, work out of the Beller group demonstrating 

Cu(II)-catalyzed phosphine oxide reduction with tetramethyldisiloxane suggests the metal node 

may in fact act as a catalyst.32  

Solvothermal conditions based on those originally reported for HKUST-1 and Mg-MOF-

74  will first be attempted for MOF assembly (HKUST-1: 1.8 mM Cu(NO3)2 • 3H2O and 1.0 mM 
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linker in 1:1 H2O:EtOH at 180℃ for 12 hours in a pressure vessel; Mg-MOF-74: 1.85 mM 

Mg(NO3)2 • 6H2O and 0.559 mM linker in 15:1:1 DMF:EtOH:H2O at 125℃ for 20 hours).25, 26, 33 

It is expected that the FLP@MOFs in this study will retain the structures of their parent MOFs 

given their ability to maintain structural conformity with other pendant groups.34, 35 In order to 

achieve this conformity, Lewis base-functionalized linkers will likely have to be diluted with the 

standard linkers used in the synthesis of the parent MOFs. Initially, a 1:100 ratio of modified 

linkers to standard linkers will be tested, with the loading increased systematically to identify the 

point at which the parent MOF structure is no longer formed. This can be confirmed via powder 

and/or single crystal x-ray diffraction. N2 isotherms and BET surface area calculations will 

determine if the parent MOF pore structure is also maintained upon Lewis base functionalization. 

Logically, the FLP@MOF’s N2 adsorptive capacity and surface are likely to be reduced in a 

manner consistent with the loading of the Lewis base-functionalized linkers. However, at 

sufficiently low modified-linker loadings, the parent adsorption profile should be essentially 

unperturbed. Measuring adsorption dynamics at progressively higher modified linker ratios will 

be vital to understanding the ideal loading, maximizing FLP sites while maintaining high surface 

area and gas flow into and out of the pores. Solid-state 31P and 15N NMR (for diamagnetic Mg-

MOF-74) and EXAFS will also be powerful tools for evaluating the coordination environment of 

the metal nodes and their proximity to the Lewis base moieties, which will help determine whether 

the Lewis pairs form adducts, are non-interacting, or are truly frustrated.36, 37  

Disorder in the FLP@MOF crystal structures, due the necessity of a flexible linker for the 

Lewis base, could preclude structural characterization via single crystal XRD. As such, inferences 

as to the structure could be made by through a combination of the studies mentioned above and 
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DFT modeling. DFT could also be very useful for guiding the linker synthesis, particularly with 

regards to the length of the Lewis base tether. Should the FLP@MOFs not be readily accessible 

under previously reported conditions, it might be necessary to first synthesize the parent MOFs 

(Mg-MOF-74 and HKUST-1) then incorporate the Lewis base moiety through post-synthetic 

linker modification or linker exchange.38, 39 

Upon successful synthesis and characterization of the FLP@MOFs, CO2 isotherms will 

first be collected, and from these, the heats of adsorption for CO2 will be calculated. A higher heat 

of adsorption would be expected for the FLP@MOFs than their parent MOFs due to the highly 

exothermic and irreversible chemisorption of CO2 to the FLP.25  In situ diffuse-reflectance UV-

Vis and IR spectroscopies (DRUVS and DRIFTS, resp.) will be used to monitor reaction progress 

and identify intermediates upon exposure of the FLP@MOFs to CO2 (at various temperatures and 

pressures). 13C-labeled CO2 will also be used to facilitate solid state NMR spectroscopic 

characterization of the intermediates. After CO2 is confirmed to be fixed in the FLP@MOF via the 

above methods, hydrogen will be introduced (at various temperatures and pressures) and reaction 

progress will be monitored by DRUVS, DRIFTS and solid-state NMR. Formation of value-added 

C1 products (e.g., methanol, formic acid, CO) will be monitored by gas chromatography-mass 

spectrometry (GC-MS). By conducting initial CO2 hydrogenation studies in a stepwise fashion, 

more detailed information can be ascertained about the intermediates formed during the 

fixation/hydrogenation process. These data will be used to propose a catalytic mechanism for CO2 

hydrogenation with FLP@MOFs, which is expected to resemble mechanisms described for other 

FLP systems, wherein CO2 is activated by O coordination to the Lewis acidic metal center, 

following by nucleophilic attack of the Lewis base, forming a bridging carboxylate.40 Subsequent 
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hydrogenolysis of the bridging carboxylate to formic acid represents a potential pathway of CO2 

functionalization to value-added C1 product (Figure A.5). After thorough characterization of the 

catalytic process is achieved through stepwise studies, concerted CO2 fixation/hydrogenation via 

a single gas feed will be explored. Batch and plug-flow reactor setups will be screened to determine 

the optimal reaction conditions. While plug-flow reactors are more scalable, batch reactors allow 

more flexibility for lab-scale approaches and are easier to manage, making both important to study. 

The CO2/H2 ratio, temperature, pressure and reaction time will be varied to optimize selectivity 

for reduced C1 products. Reaction progress will be monitored by DRUVS, DRIFTS, and GC-MS, 

as described above.  

Figure A.5. Proposed catalytic cycle for CO2 hydrogenation, using phosphine-appended 

FLP@HKUST-1 as an example catalyst. MOF superstructure omitted for clarity.  
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Hydrogenation of CO2, while highly desirable due to its atom-efficiency, is quite 

challenging, and many FLP systems have proven incapable of reducing CO2 with hydrogen alone. 

Hydroboration and hydrosilylation of FLP-fixed CO2, however, often occurs readily and under 

mild conditions, and these products can be readily converted to methanol.19 While not as atom-

efficient as direct hydrogenation, these reactions would serve as a proof of concept for this system 

if hydrogenation fails. It is also possible that, in mixed CO2/H2 reactions, the MOF@FLPs could 

have a higher affinity for activating H2 than CO2. It is likely, given previous reports, that CO2 

hydrogenation could still occur (i.e. the FLP is first hydrogenated, then the FLP-hydride facilitates 

CO2 fixation/functionalization).20, 41 However, if H2 activation by the MOF@FLP does not lead to 

CO2 hydrogenation, olefin and imine hydrogenation could be explored. These reactions are less 

energetically demanding than CO2 hydrogenation but are still highly useful in academic and 

industrial synthetic chemistry, and pore constraints from the MOF could give rise to interesting 

substrate size/shape selectivity.23, 42 

Summary and Conclusions 

 The aim of the research proposed herein is to synthesize and characterize a novel class of 

materials known as FLP@MOFs. By appending Lewis basic moieties to the linkers of MOFs with 

coordinatively unsaturated, Lewis acidic metal nodes, it is hypothesized that improved activity and 

stability will be observed over conventional homogeneous FLPs while also harnessing the gas 

sorption capabilities of MOFs. CO2 functionalization, a promising approach to reducing the 

devastating effects of climate change which has been demonstrated in both FLPs and MOFs 

individually, will then be explored with these hybrid materials. 
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