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Abstract 
 

THE DEVELOPMENT OF ORGANIC REDUCTION REACTIONS BY 
BINARY HYDRIDES AND BINARY METAL CATALYSTS 

 
Gabriella A. Amberchan 

The synthesis of a binary hydride, diisobutylaluminum borohydride 

[(iBu)2AlBH4], was achieved from the equimolar addition of diisobutylaluminum 

hydride and borane dimethyl sulfide. Exploration into the reductive scope of 

(iBu)2AlBH4 showcased its versatility as a reducing agent. It was found that 

(iBu)2AlBH4 can convert aldehydes, ketones, and epoxides into alcohols (up to 98% 

yield), nitriles and tertiary amides to amines (up to 99% yield), and carboxylic acids 

and esters into alcohols (up to 93%). These reactions occurred at ambient conditions 

and the product was isolated with simple acid-base extractions, without the need for 

further purification via column chromatography. Further investigation showed that 

(iBu)2AlBH4 is effective as a selective hydride, as shown through a series of 

competitive reactions.  

Borohydrides are not limited to reducing organic functional groups, as shown 

in the synthesis of an amorphous nickel and boron composite (NBC) catalyst. The NBC 

catalyst was synthesized from the reduction of a nickel salt by sodium borohydride and 

supported on mesoporous aluminosilicate nanoparticles (MASN). The NBC-MASN 

catalyst demonstrated excellent catalytic activity for the selective reduction of the nitro 

group on a variety of substituted nitroarenes, using hydrazine hydrate (N2H4•H2O) as 

the H2 source. Reuse and regeneration of NBC-MASN for the reduction of para-

nitrotoluene demonstrated that the catalyst could be recycled up to nine times (67-99% 



 xxii 

yield). The structure and composition of NBC-MASN were fully characterized by 

electron microscopy, various X-ray spectroscopy techniques, thermogravimetric 

analysis, and inductively coupled plasma optical emission spectroscopy.  

By using Raman spectroscopy in a non-invasive, ex situ style, the reduction of 

nitroarenes in aqueous media was monitored. The catalytic reduction of nitroarenes 

was observed by the disappearance of the distinct nitro stretch (1350 cm-1). 

Spectroscopic data determined that the aqueous reaction proceeded with pseudo first-

order kinetics. Similarly, the reduction of cyclic ketones by dimethylamine borane 

(DMAB) in aqueous medium was also monitored using Raman spectroscopy. In this 

biphasic system, consisting of a carbonyl compound layer and an aqueous DMAB 

layer, the ex situ probe monitored the loss of the carbonyl stretch (1713 cm-1). Density 

functional theory analysis established that the reaction occurred through a concerted 

hydride transfer.  

As hydrogen cylinders are no longer available at UC Santa Cruz for academic 

research, it was of interest to develop a safe and efficient method of generating on-

demand hydrogen gas. A binary gallium:aluminum (3:1) alloy was synthesized as a 

reagent to efficiently produce hydrogen gas from water. Gallium acts to remove the 

aluminum oxide coating. This allows pristine aluminum sites to be available for the 

water splitting reaction. Any source of water, including wastewater, commercial 

beverages, or ocean water were found to produce H2. Similarly, commercial and waste 

aluminum were used to rapidly generate H2. Gallium in the spent alloy was isolated 

and reused indefinitely. Characterization of the alloy showed aluminum particles 
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within gallium were responsible for this room temperature water splitting activity, 

which likely proceeded through the Grotthuss mechanism. This work illustrates a 

possible method of generating H2 without the need of fossil fuels and at ambient 

conditions.  
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Metal Hydrides and Binary Hydrides in Organic Reactions 
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1.1. Introduction 

The reduction of organic functional groups is an integral chemical 

transformation. As there are a plethora of functional groups, so are the number of 

reducing reagents, each with their own set of abilities and limitations. Early 20th century 

reduction focused on reducing carbonyls. The methodologies included reacting the 

substrate with a metal in a highly acidic environment,1 with either the use of the 

Meerwein-Ponndorf-Verley (MPV) reaction,2-5 or the Bouveault-Blanc method for 

ester reduction (Figure 1). In addition to competing side reactions, many of these 

reactions suffered from high temperatures, extended reaction times, and excess 

reagents, none of which are sustainable reaction conditions for the modern era.6, 7   

 
Figure 1.1. Non-hydridic reduction methods of the early 20th century. 
 

(H)R R’

OH

Fe

HO

O

6-7 h
110 °C

H R’

O

RO R’

O

Na°
EtOH
reflux

R(H) R’

O

Al(OR)3

iPrOH
reflux

R R’

O

Zn
NaOH
EtOH

2-3 h
70 °C

R R’

O Na°

EtOH

Bouveault Blanc

Meerwein-Ponndorf-Verley



 3 

Research has been done to alleviate some of these hurdles. The MPV reaction 

has seen renewed efforts in modernizing the reaction with the inclusion of additives,8 

and development of base-mediated reactions.9 The Bouveault-Blanc method has been 

updated by using less pyrophoric sodium sources.10, 11 Even with these changes these 

methods still suffer from excessive and costly reagents, limited functional group 

reactivity, and restricted solvent systems.  

The development of hydrides was considered revolutionary for organic 

chemists because they were seen as relatively safer than sodium metal, tolerated wider 

solvents systems, and did not require extreme excess of reagents. More importantly, it 

was found that these hydride reagents could be tunable for the precise needs of the 

chemist, thus expanding the organic chemist’s synthetic toolbox.  

1.2. Metal Hydrides 

Metal hydrides have become some of the most common reagents for reduction 

reactions, because they are easy to use and do not require extensive reagent preparation. 

Two most notable metal hydrides, lithium aluminum hydride (LiAlH4) and sodium 

borohydride (NaBH4), have remained as a constant presence in research, 

undergraduate, and industry laboratories. Lithium aluminum hydride and sodium 

borohydride represent two types of hydrides of aluminum and boron respectively, with 

wildly different reactivities. Known as the most powerful hydride, LiAlH4 readily 

reduces aldehydes, ketones, nitriles, carboxylic acids and its derivatives, epoxides, and 

nitro groups.12 Because of its high reactivity, it is not suitable as a selective reducing 
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reagent for multifunctional compounds. Additionally, aluminum hydrides are notorious 

for being extremely flammable and are challenging to handle on a large scale. 

1.2.1. Borohydrides 
 

Since its discovery in the 1940s, NaBH4 has become a popular reagent and its 

uses vary from reducing agent in organic synthesis to hydrogen storage material. The 

polarization of the δ+B-Hδ- bond is the reason it is considered a hydride and can react 

with electrophilic functional groups. The advent of 11B NMR has allowed for facile 

identification of borohydride species, many of which display signals in the range of δ-

26-45ppm. The variation in chemical shift derives from the corresponding cation, 

substituents on the boron atom, and solvent choice.  

Two syntheses have been developed to produce NaBH4, the Brown-Schlesinger 

method13 (equation 1) and the Bayer process14 (equation 2).  

4	#$% + '()*%!)!
"#$	℃,⎯⎯. #$'%' + 3	#$)*%! (1) 

 
#$"'')( + 16	#$ + 8	%" + 7	45)" → 4	#$'%' + 7	#$"45)! (2) 

 
The Brown-Schlesinger method is frequently used in industrial production of 

NaBH4, but work has been conducted to modernize the Bayer process. This has 

included using magnesium instead of sodium and hydrated borax, instead of the 

anhydrous version.14 Once isolated, the white powder is soluble in water and alcohol 

solvents. In the presence of methanol, NaBH4 evolves hydrogen gas, which is why it is 

considered a potential hydrogen source. Compared to LiAlH4, NaBH4 is categorized as 

a mild reducing reagent, readily reducing aldehydes, ketones, and acid chlorides.12  
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Interestingly, by changing the cation on the borohydride, the reactivity alters, 

which in turn causes differences in the reductive capabilities of the hydride. For 

instance, when aluminum chloride was mixed with sodium borohydride in diglyme, the 

new reagent produced was able to reduce a wider range of functionalities compared to 

NaBH4 (Table 1.1).15 Additionally, unlike NaBH4,  lithium borohydride (LiBH4) has 

the advantage of being soluble in ethereal solvents16 and was found to reduce 

aldehydes, ketones, and esters.17 The reduction of esters proceeded slowly, but later 

work showed that when LiBH4 was combined with catalysts, such as B-methoxy-9-

BBN or methyl borate, then aliphatic and aromatic esters were reduced in 1-2 h.18  

 

Table 1.1. Comparison of functional groups reduced by NaBH4, Al(BH4)3, and LiBH4 

Functional 
Group NaBH4a Al(BH4)3b LiBH4c 

Aldehyde Alcohol Alcohol Alcohol 
Ketone Alcohol Alcohol Alcohol 
Ester - Alcohol Alcohold 

Acid - Alcohol Partial reductione 

Acid halide Alcohol Alcohol Alcohol 
Acid anhydride - Glycol - 

Epoxide - Alcohol Alcohol 
Lactone - Glycol - 

3° Amide - t-amine - 
Nitrile - Amine - 
Nitro - - Partial reductionf 

Disulfide - Thiol - 
a Ref:12 bRef:15 cRef:17 d Reaction proceeded slowly (6 h) and required refluxing 
conditions. e Aromatic acids underwent no reaction, but aliphatic acids saw minor 
conversion to the alcohol. f Refluxing nitrobenzene with LiBH4 in an ether:THF 
mixture of 16 h produced aniline (22%), starting material (30%), and unknown mixture 
of intermediates (30%).  
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A trend has been observed that might indicate why these borohydride species 

have different reactivities. The reducing strength of the borohydride increases as the 

size of the corresponding cation decreases (Scheme 1.1).12, 19 Additionally, different 

metals exert slight variations in their polarization of the BH4- ion explaining the 

differences in their reactivity.  

              
Scheme 1.1. Reducing power of different metal borohydrides. 
 

The fact that cations influenced the reactivity, physical characteristics, and 

solvent compatibility of the corresponding borohydrides implies that hydrides can be 

tailor-made for specific reactions. Therefore, researchers have begun combining 

different hydrides together or reacting metal salts with hydrides to create new binary 

hydrides, all with the goal of developing unique reagents with different reactivities and 

applications.  

1.2.2. Binary Hydrides  

By combining two hydrides, the resulting mixture could contain two hydrides 

that can work synergistically with each other. Or the mixture affords an entirely new 

hydride that has its own reactivity profile. The advantage of binary hydrides is the 

potential for selective, partial, or tandem reductions. This is clearly observed in the 

reduction of 4-(bromomethyl)benzonitrile by a series of binary hydrides.20 

Dichloroindium hydride (HInCl2) is a mild reagent that can be synthesized from a 

variety of sources. One method includes reacting indium trichloride (InCl3) with 

NaBH4 > LiBH4 > Al(BH4)3

Increasing reducing 
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diisobutylaluminum hydride (DIBAL), which produces the hydride along with a 

byproduct, diisobutylaluminum chloride (Figure 1.2, reaction A).  

As we will see in the next section, NaBH4 reacts with metal salts to create metal 

catalysts that can then be used to reduce a variety of functional groups. Interestingly, 

the reaction of InCl3 and NaBH4 does not produce In0, but instead HInCl2.21 

Furthermore, when the reaction occurs in THF, 11B NMR analysis of the reaction 

mixture displayed a quartet (J = 105 Hz) at δ = -1 ppm, which is attributable to the 

borane-tetrahydrofuran adduct (BH3:THF) (Figure 1.2, reaction B).22 Therefore, both 

HInCl2 and BH3:THF were formed in situ and as each hydride source have unique 

reductive profiles it implied that the two hydrides could work cooperatively in a tandem 

reduction reaction.  

Consequently, reduction of 4-(bromomethyl)benzonitrile with HInCl2,  

prepared by various methods was studied. As expected, HInCl2 synthesized by different 

methods afforded different reduced products (Figure 1.2). The HInCl2 made by 

DIBAL/InCl3 (route A) produced 4-cyanotoluene, suggesting that HInCl2 can 

dehalogenate a benzyl bromide, but it is too mild to reduce a cyano group.23 The 

reduction of the same compound, but with the binary hydride of HInCl2 and BH3:THF 

(B) tandemly reduced the substrate to give the primary amine. In this instance, both 

hydrides, HInCl2 and BH3:THF, are working cooperatively within the reaction to obtain 

the different substituents. The HInCl2 acts to dehalogenate the benzyl bromide and the 

BH3:THF reduces the cyano group to afford the primary amine.24 
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Interestingly, another tandem reduction can occur based on the order of addition 

of the hydrides. It was found that when DIBAL was allowed to react with 4-

(bromomethyl)benzonitrile first (4 h) and then HInCl2 was added to the mixture, 4-

tolualdehyde was produced (Figure 1.2, reaction C).23   

 
Figure 1.2. The partial and tandem reduction reactions 4-(bromomethyl)benzonitrile 
by HInCl2 (A), and binary hydrides HInCl2 and BH3:THF (B), DIBAL and HInCl2 (C).  
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mentioned above, mixing InCl3 and NaBH4 in THF produces HInCl2 and BH3:THF. 

When this binary hydride was allowed to react with methyl 4-(bromomethyl) benzoate. 
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reaction D). A separate experiment revealed that BH3:THF showed no reaction with 4-
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reactive species and BH3:THF is too weak to react with either functionality. To further 

corroborate and confirm that HInCl2 cannot reduce the ester, the hydride was 

synthesized from DIBAL and InCl3 (Figure 1.3, reaction E). Under these reaction 

parameters, methyl 4-toluate was produced in 78% yield.  

If the goal was to reduce both functionalities of 4-(bromomethyl) benzoate, 

Snelling and colleagues were able to achieve it using a tandem reduction reaction 

system.23 It is known that lithium aminoborohydrides (LABs) can reduce esters.25 And 

as it has been established that HInCl2 can dehalogenate this compound, it was predicted 

that both functionalities could be reduced by the two hydrides working synergistically. 

Consequently, reaction of 4-(bromomethyl) benzoate with HInCl2 followed by addition 

of lithium dimethylaminoborohydride (MeLAB) showed that to be the case, affording 

4-methylbenzyl alcohol in 90% yield (Figure 1.3, reaction F). 

 
Figure 1.3. The partial and tandem reduction reactions 4-(bromomethyl) benzoate by 
binary hydrides HInCl2 and BH3:THF (D), HInCl2 (E), and HInCl2 and MeLAB (F).  
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1.3. Metal Boron Composites  

Many of the hydrides mentioned above do not reduce nitro groups, which are 

valuable sources to amines or aniline derivatives. As one of the more powerful 

hydrides, LiAlH4 does react with nitro groups. Upon closer examination it was found 

that LiAlH4 will reduce aromatic nitro compounds to the azo state and aliphatic nitro 

compounds to amines (Scheme 1.2).26 Aniline compounds are highly useful and so 

developing a method to safely and efficiently obtain aniline derivatives from 

nitroarenes would be valuable.  

 
Scheme 1.2. Reduction of aliphatic (left) and aromatic (right) nitro groups to amines 
and azo compounds, respectively.  
  

Sodium borohydride on its own cannot reduce a nitro group because the 

hydrogen is less polarized, thus inhibiting the reaction from even occurring.27 

Therefore, bond activation is required to promote reduction. Activation can be achieved 

from reaction with metal salts to create a heterogeneous catalyst, referred to here as a 

metal boron composite (MBC) catalyst. These amorphous catalysts, easily identifiable 

by the black color of the precipitate, have been shown to reduce more challenging 

functional groups. A more in-depth discussion on the composition of these types of 
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used to hydrogenate carbon double bonds and reduce nitriles and nitro groups.  
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1.3.1. Hydrogenation of Alkenes and Dienes 

Initial application of the heterogeneous catalyst, synthesized from a metal salt 

and NaBH4, was found in hydrogenation of alkenes. Expansion of that work examined 

if the catalyst was selective in the hydrogenation of dienes.28 It is known that Ni0 

species will undergo oxidative addition to allyl substrates and form a 7-allylnickel 

complex (G).29, 30 Rather than using a nickel catalyst with expensive ligands, NiCl2 and 

NaBH4 were combined  in methanol to make the catalyst in situ. A selection of dienes 

containing electron-donating groups at R1 were tested to determine if regioselective 

hydrogenation (H or I alkenes) or if complete hydrogenation was obtained. It was 

found that the 3,4-double-bond underwent hydrogenation to produce H-type alkenes in 

high yields even when excess NaBH4 was present (Table 1.2). Under these reaction 

conditions, alkylamino and alkyloxy groups were tolerated, as were protecting groups 

(entry 3). Bulky groups did not appear to deter the reaction, but if a nitro group was 

present it also underwent reduction to the amine (entry 4). Interestingly, the I-type of 

alkene was formed if the R1-group was an alkyl substituent (entry 5). These 

observations led to the identification that if R1 is an electron-donating group the hydride 

will react solely at carbon 3, affording H-type alkenes. Also, if the electron-donating 

group is on R2 and R1 is a phenyl group, H- type alkenes were formed. They 

rationalized that the sterics of the phenyl group influenced the hydride attack in these 

circumstances.   

 

 



 12 

Table 1.2. Selected dienes for the regioselective reduction.a,b 

 
Entry Diene Product Yield 

1 
  

85 

2 

  

84 

3 

  

93 

4 

  

60 

5 
  

67 

a Reactions were carried out on a 1 mmol scale: NiCl2 (0.2 mmol), NaBH4 (10 mmol), 
5 mL MeOH/DME (1/1, v/v). b Ref: 28 
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in methanol. Catalysts synthesized from both methods were then used to reduce 2-

cyclohexen-1-one, which afforded very different products (Scheme 1.3). When the 

catalyst was just washed with methanol, the saturated alcohol was produced. 

Oppositely, the refluxed catalyst produced cyclohexanone. It was hypothesized that the 

over-reduction of the 8,β-unsaturated ketone was due to residual NaBH4 present in the 

catalyst. When the catalyst was placed under refluxing conditions the excess 

borohydride was destroyed and only the 1,4-reduction occurred. This simple 

experimental change provides for catalysis selectivity.  

 
Scheme 1.3. Reduction of 2-cyclohexen-1-one by a nickel catalyst synthesized from 
washing with MeOH vs. refluxed in MeOH.  
 

The black precipitate was also observed when a Mn[N(SiMe3)2]2 was subjected 

to an equimolar amount of DIBAL.32 The in situ formation of the Mn nanoparticles 

were successfully tested as a hydrogenation catalyst for alkenes, alkynes, and imines. 

This demonstrates that the hydride required to reduce a metal salt is not limited to 

NaBH4 and that other hydrides can form the MBC catalysts. Sodium borohydride is 

more favorable because it is less expensive and more prevalent. 
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synthesis of a cobalt boron composite catalyst (CBC) that could effectively 

hydrogenate aromatic nitriles to the corresponding benzylic amines.33, 34 Several 

mechanistic pathways were postulated for this hydrogenation: 1) complexation of the 

borohydride to the catalyst surface, which then acts as the “hydride donor”, 2) a cobalt 

hydride formed from the decomposition of the borohydride interacting with the catalyst 

surface, or 3) the nitrile complexes with the catalyst surface and then undergoes 

reduction by free borohydride. Subsequently, a series of experiments were conducted 

to elucidate the possible pathway. The researchers found that the rate of reduction was 

independent of the nitrile concentration and was more dependent upon the 

concentration of BH4- (calculated as first-order dependence). They also tested whether 

simply the supernatant solution above the catalyst could reduce benzonitrile and found 

that this was not the case. This suggested that the reduction was occurring on the 

catalyst surface and that the nitrile was coordinating to the metal. To test this theory, 

an equimolar amount of benzonitrile and CBC were combined, and it was found that 

the nitrile was strongly adsorbed upon the catalyst’s surface. Subsequent ammonolysis 

with NH4OH released the substrate from the metal surface. Based on these findings it 

was rationalized that pathway 1 was not reasonable because it does not follow the 

observed kinetics data. The formation of a cobalt hydride, as predicted in pathway 2, 

could be possible with the kinetics. However, to form the cobalt hydride a resulting 

BH3 species should also be present. In an effort to trap the possible BH3, 2-

aminopyridine was added but no formation of the borane was observed. As such, route 

2 does not appear to be a likely pathway. This leaves route 3 as the possible mechanism, 
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wherein the nitrile complexes with the catalyst’s surface and is activated, thus allowing 

a borohydride species to undergo the hydride addition (Figure 1.4).  

 

Figure 1.4. Proposed mechanism of the reduction of benzonitrile with CBC catalyst 
and NaBH4.33 
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Table 1.3. Selection of examples for the Ni-catalyzed reduction nitriles to Boc-amines.a 

 
Entry Starting Nitrile Product Yield (%) 

1  
 

77 

2 

  

21 

3 

  

93b 

4 

  

52 

5 

  

45 

aThirty nitriles were subjected to this methodology; reaction conditions: NiCl2•6H2 (0.1 

equiv.), NaBH4 (7 equiv.), Boc2O (2 equiv.). bReaction was complete in 1 h.  
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Figure 1.5. Reduction of nitriles to the primary aldimine followed by addition of an 
amine to generate the secondary aldimine. Or the nitrile can undergo full reduction to 
the primary amine.  

 
Benzonitrile and cyclohexylamine were allowed to react with a cobalt catalyst, 

synthesized from CoBr2 and sodium triethylborohydride (NaHBEt3), as the reductant, 

and a tridentate ligand, iPrPNHP.37 The order of reagent addition proved to be essential 

in predicting the selectivity. When CoBr2 and NaHBEt3 were combined first, a black 

precipitate was immediately formed indicating the formation of the cobalt boron 

composite (CBC) catalyst. Whether iPrPNHP was absent from the reaction mixture in 

the beginning or was added afterwards did not affect the product distribution but gave 

the complete conversion of benzonitrile into the primary amine product 2 (Figure 1.6, 

reaction J). Some secondary aldimine 1 was observed (3%) and all of the 

cyclohexylamine was recovered, indicating it did not participate in this reaction under 

the above reaction condition. This method was effective in reducing aromatic and 

aliphatic nitriles to the corresponding primary amines. This methodology tolerated the 

presence of esters, amides, and alcohols, but did hydrogenate alkenes.  

Interestingly, when CoBr2 was combined with iPrPNHP followed by NaHBEt3 a 

homogeneous solution was obtained and this time only secondary aldimines were 

produced.37 Under these reaction conditions it appeared that the primary aldimine 
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underwent a nucleophilic addition with cyclohexylamine to generate 3 (87%) and a 

minute amount of 1 (Figure 1.6, reaction K). Overall, this suggests that the ligand 

affects the selectivity of the catalyst and offers a tunable catalytic system for chemists 

to synthesize either primary amines or secondary aldimines.  

  
Figure 1.6. Co-catalyzed selective reduction of nitriles to primary amines (J) or 
secondary aldimines (K).  
 
1.3.3. Reduction of Nitro Groups 

As mentioned earlier, few hydride reagents can reduce nitro groups to amines 

in an efficient manner. However, activation of the hydride can be achieved in the 

presence of metal catalysts, which can then be used to effectively hydrogenate nitro 

groups. As shown in Table 1.4, MBC catalysts can transform nitrobenzene into aniline 

in high yields. The metal salts are typically first row transition metals (entries 1-7), 

such as cobalt and nickel, but other metals have been shown to produce effective 

catalysts (entry 8). The hydride used to reduce the metal salt is frequently NaBH4 

because it is inexpensive and easy to use. Other hydride sources, such as ammonia 
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borane or other borohydrides, have been effective in reducing the metal cations to M0 

(entries 1-2).  

Table 1.4. Reduction of nitrobenzene to aniline using various MBC catalysts. 

 

Entry Metal Salt Hydridea Support/Additives H2 
Sourceb 

Yield 
(%)c Ref 

1 CoCl2 NH3:BH3 -- NaBH4 64 38 
2 CoCl2 NH3:BH3 -- N2H4 94 38 
3 Co3S4 NaBH4 -- NaBH4 73 39 
4 CoCl2•6H2O NaBH4 PVP N2H4•H2O 50 40 
5 NiCl2•6H2O NaBH4 -- NaBH4 76 41 
6 NiCl2•6H2O NaBH4 PVP N2H4•H2O 99 40 

7 
NiCl2•6H2O 

and  
CoCl2 

NaBH4 PVP N2H4•H2O 96 42 

8 Au(en)3Cl3 NaBH4 
Mesoporous TiO2 

nanoparticle 
assemblies (MTA) 

NaBH4 95 43 

a Hydride used to reduce metal salt. b Compound used for the hydrogenation reaction. 
cIsolated yield.  
 

For the reduction of nitroarenes, a hydrogen atmosphere is necessary, and it can 

be generated in situ from an excess of NaBH4 (if the catalyst was made in an in situ 

style) or from hydrazine hydrate (N2H4•H2O). For the reduction of nitroarenes both 

hydrogen sources are viable and effective in achieving complete reduction, unless other 

reducible functionalities are present. To explore potential chemo-selectivity, 

benzonitrile was tested using the same CBC catalyst but changed the H2 source.38  The 

nitrile was converted into the amine with NaBH4, but no reaction occurred when N2H4 

was used (Scheme 1.4, reactions L and M). This led to the possibility that the catalysis 

NO2 MBC NH2
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of CBC with N2H4 could be chemo-selective. To test this, 4-nitrobenzonitrile was 

subjected to the CBC catalyst and N2H4. This reaction afforded 4-aminobenzonitrile in 

70% yield (Scheme 1.4, reactions N). Thus, demonstrating that this catalytic system 

can be chemo-selective.  

 

Scheme 1.4. Reaction of benzonitrile with CBC, synthesized from Vernekar’s 
procedure,38 and NaBH4 (L) or N2H4 (M). Reaction of 4-nitrobenzonitrile with CBC 
and N2H4 (N). 
 

An advantage of using alternative hydrogen sources like NaBH4 or hydrazine 

is that the reduction  can be carried out under one atmospheric pressure. Both NaBH4 

and hydrazine will degrade to provide the necessary hydrogen gas for the  reductions, 

but how they liberate hydrogen is where they differ. Borohydrides in the presence of a 

metal salt and water/alcohol will reduce the metal, form borate species, and liberate 

hydrogen (equation 3).44, 45  

'%') + 2:"* + 2%") → 2: + ')") + 4%* + 2%"                    (3) 
 

Hydrazine when it interacts the MBC will decompose into hydrogen and a diimide 

intermediate (equation 4).46-49 It has been reported that diimide on its own will not 

reduce a nitro or nitrile group, unless a metal catalyst is present to induce the reaction; 
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so both components are necessary to obtain the amine.50 After the reaction, the diimide 

degrades into nontoxic N2 and hydrogen (equation 5).  

#"%' → #"%" + ;) + 2%*       (4) 

#"%" → #" + 2;) + 2%* (5) 

1.3.4. Other Reductions with Metal Boron Composite Catalysts 

Some groups have been able to take these reduction reactions a step further and 

trap the amine to undergo additional reactions. For example, nickel chloride was 

combined with TEMPO-oxidized nanocellulose, NaBH4(aq), and the nitro substrate for 

the conversion to the corresponding aniline.51 The addition of the TEMPO-oxidized 

nanocellulose was to increase the catalyst’s surface area, which lowered the reaction 

time and increase the product yields for the reduction of nitroarenes. It was predicted 

that the addition of an epoxide would synthesize β-amino alcohols in a one-pot reaction 

from the nitro compound (Figure 1.7). The metal salt would reduce first, it would then 

reduce the nitro group to the corresponding amine, and then the amine would act as a 

nucleophile and open the epoxide. This tandem reduction proved effective for both the 

aromatic and the aliphatic nitro and epoxide substrates.  

 
Figure 1.7. Tandem reduction and epoxide ring opening C-N coupling reaction.51  
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Similarly, a one-pot reaction was used to synthesize Boc-amines. Excess 

NaBH4 was used to reduce both the nickel salt and the nitro group.51 Once the amine 

was formed di-tert-butyl dicarbonate was present to react in situ with the product 

amine. The corresponding Boc-protected amines were isolated in high yields (up to 

98%).  

Further application of an MBC catalyst has been shown to facilitate reductive 

cleavage of allyl esters to glycals.28 By using NaBD4 and CD3OD with NiCl2 it was 

possible to examine the stereochemistry of the cleavage and to propose a possible 

mechanism. After the NiCl2 and NaBD4 were combined, the MBC catalyst underwent 

an oxidative addition with 4 to produce a 7-allylnickel complex 5 (Figure 1.8). The 

hydride attack only occurred at carbon 3 on structure 5 to produce the final product and 

the researchers surmised that the 7-allylnickel complex was the cause for the 

selectivity. After the hydride transfer, the MBC catalyst reacts with D2 to restart the 

cycle. In addition to the deuterated compound, it was found that allyl esters containing 

a range of hydroxy protecting groups from acetyl to t-butyldiphenylsilyl groups were 

well tolerated and even the acyclic 3-phenylallyl acetate underwent cleavage. These 

examples illustrate that these heterogeneous catalysts can have wider reaching 

synthesis possibilities beyond use as reducing reagents.  
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Figure 1.8. Proposed mechanism for the cleavage of allyl esters. 
 
1.4. Hydrogen Generation 

The discussion above focused primarily on how hydrogen can be used in the 

reduction of organic functional groups and in hydrogenation reactions. However, 

hydrogen has also been explored as an alternative fuel source, because it has a high 

gravimetric energy density (33.3 kWh/kg, in comparison, gasoline has a gravimetric 

energy density of 11.8 kWh/kg)52, 53 and a nontoxic byproduct (water). The latter of 

which has led to its nickname as a “clean fuel.” As the lightest gas, transporting it in 

theory would be less costly than fossil fuels, except that because of its low density it 

needs to be compressed. This is not ideal as hydrogen is flammable. Thus, storage of 

hydrogen is a widely and hotly discussed topic. In this section, focus will be on 

hydrogen sources and their effectiveness.  
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1.4.1. Borohydrides as a H2 Source 

Sodium borohydride has been considered as a potential source of hydrogen 

because it contains four hydrogen atoms that could be accessed and converted into 

hydrogen. Furthermore, the hydrolysis of NaBH4 demonstrates that for one mol of 

borohydride, four moles of hydrogen are produced along with the nontoxic borate 

species (equation 6). 

'%') + 2%") → ')") + 4%"                    (6) 
 

Sodium borohydride is not the only hydride that undergoes hydrolysis to 

produce hydrogen. As shown in Figure 1.9, a selection of hydrides have been tested 

for hydrogen production.53, 54 In general, aluminum hydrides underperform compared 

to the metal borohydrides. Of the M+BH4- species, LiBH4 ranks as the best hydrogen 

producer, however LiBH4 and the Al and Mg analogs are not typically considered  for 

hydrogen generation. That is because solid NaBH4 is advantageous for being more 

stable and less pyrophoric, a desired quality when dealing with hydrogen generation.  

 
Figure 1.9. Hydrolysis of various hydrides and complex hydrides. 
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Brown and Schlesinger did notice that the rate of hydrogen evolution from 

NaBH4 varied with the pH of the system.45 Initial observations found that the more 

basic the solution the less hydrogen was produced. Therefore, it seemed reasonable to 

assume that the addition of acidic accelerators would increase the rate of hydrogen 

production. Eighteen acidic materials were tested, and it was found that all except one 

produced >50% H2 (Figure 1.10). Oxalic, malonic, succinic, and malic acid all 

facilitated in producing ≥95% H2 and only necessitated a 0.6:2.6 mol ratio of accelerant 

to NaBH4. 

 
Figure 1.10. Acidic accelerants (0.2-0.3 mol of compound/2.6 mol NaBH4) to promote 
hydrogen evolution from the hydrolysis of NaBH4 in 10 min (blue bars). Acidic 
accelerants using 0.4 mol of accelerant to 2.6 mol NaBH4 in 10 min (grey bars). Acidic 
accelerants using 0.6 mol of accelerant to 2.6 mol NaBH4 in 10 min (purple bars). 
Acidic accelerants using 0.7 mol of accelerant to 2.6 mol NaBH4 in 10 min (red bars). 
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Acidic accelerants using 0.8 mol of accelerant to 2.6 mol NaBH4 in 10 min (light blue 

bars). Acidic accelerants using 0.9 mol of accelerant to 2.6 mol NaBH4 in 10 min 

(orange bars). Acidic accelerants using 1.0 mol of compound to 2.6 mol NaBH4 in 10 

min (green bars). Acidic accelerants using 1.8 mol of compound/2.6 mol NaBH4 in 10 

min (yellow bars).  

 

Although NaBH4 can reasonably produce hydrogen from reaction with water or 

alcohol solvents it has not been considered for commercial use because research has 

yet to close the “hydrogen cycle.” Even though the borate byproduct is environmentally 

benign, it would be more sustainable if the borate byproduct could be recycled into the 

synthesis of NaBH4.  

Recently, a method was reported for converting hydrated borax into NaBH4.14 

Through the in situ formation of MgH2 as the reductant, Zhu and colleagues were able 

to obtain NaBH4 in 80% yield (equation 7). Through powder X-ray spectroscopy and 

11B NMR spectroscopy they were able to determine the reaction steps. They project 

that the first step of this reaction occurs between Na2B4O7•5H2O, NaH, and Mg to 

generate Na2B4O5(OH)4. As this reaction is underway a simultaneous reaction takes 

place between Mg and H2 to produce MgH2. Once the MgH2 is formed it can react with 

Na2B4O5(OH)4 and NaOH to produce NaBH4, MgO and H2. Although this method does 

repurpose the borate byproduct, this process necessitates 3.5 h of ball milling, which is 

not energetically favorable.  

#$"'')( ∙ 5%") + 2#$% + 12:> + 2%" → 4#$'%' + 12:>)  (7) 

Another group has done work to close the “hydrogen cycle” by developing an 

atom economical triangle of recycling (Figure 1.11).55 In this system, NaBH4 

undergoes methanolysis to liberate hydrogen and NaB(OCH3)4. Addition of water then 
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hydrolyzes NaB(OCH3)4 into NaB(OH)4. At this point, to convert NaB(OH)4 into 

NaBH4 it has to go through the borate, NaBO2. Through dehydration (calcination at 

500 °C) NaB(OH)4 can be converted into NaBO2. Lastly, NaBO2 is reduced to NaBH4. 

Reduction by hydrogen keeps the process atom economical, but other reducing agents 

such as MgH2 were found effective as well.  

 
Figure 1.11. The methanolysis products of NaBH4 were recycled back into the starting 
borohydride.55  
  

As the previous two examples demonstrate, research have been conducted 

aiming to find sustainable and economical methods of synthesizing NaBH4 and to 

recycling the byproducts into useful materials. Although imperfect at this point, these 

pathways are promising beginnings into developing more sustainable hydrogen fuel 

system from NaBH4. 

 

 

NaBH4

NaB(OCH3)4NaB(OH)4

NaBO2

4CH3OH

4CH3OH

4H2

4H2

4H2O

2H2O

2H2O

M
ethanolysis

HydrolysisCa
lci
na
tio
n
Re
du
cti
on



 28 

1.4.2. Water Splitting to Produce H2  

Additionally, energy researchers have worked to explore obtaining hydrogen 

from water. Water splitting is a sustainable option for hydrogen generation because 

water is readily available and, on its most basic level, it splits into hydrogen and oxygen 

(equation 8).  

2%") → )" + 2%"  (8) 
 

However, this reaction requires a large energy input of 286 kJ/mol (at ambient 

conditions).56 Thus, finding an efficient method is a primary goal where maximum 

level of hydrogen is produced  with minimum amount of energy input. In general, there 

are six types of methodologies that are currently in use for splitting water: 1) reforming 

of fossil fuels, 2) electrolysis, 3) photocatalysis, 4) nuclear hydrogen production, 5) 

biomass strategies, and 6) metal-water reactions. Each of the above water splitting 

technique suffers from unique challenges and the following sections will explore some 

of these methods.  

1.4.2.1. Reforming of Fossil Fuels to Produce H2  

The vast majority (95%) of the hydrogen produced in the United States is from 

natural gas reforming.57 In this method high-temperature steam (700-1,000 °C) is 

pressurized with a carbon source to generate hydrogen (equation 9). Methane is 

frequently used  as the carbon source, but ethanol and propane can also be used as 

feedstocks.  

*%' + %")
∆→ *) + 3%" (9) 
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Since excess steam is typically used in these plants, a second reaction occurs, 

known as a water-gas shift reaction (equation 10). In this reaction, the carbon 

monoxide that was produced in the initial water splitting reaction reacts with the steam 

again to form hydrogen and carbon dioxide.  

*) + %") → *)" + %" + ∆   (10) 
 

A main criticism for this method is that it still uses fossil fuel sources as the 

primary feedstock. One group decided to test “trap grease” as possible carbon sources 

for the production of hydrogen.58 Trap grease refers to the sewage lines present in 

restaurants and food processing plants. This oil does not have much of a commercial 

value and so finding a way to repurpose it seemed desirable. It was then subjected to 

the steam reforming conditions with a Ni-based catalyst at  >800 °C for 120 h. Under 

those conditions 100 g of grease was able to produce 74% of the theoretical amount of 

hydrogen. A significant hurdle for this process was the aggregation of the Ni-based 

catalyst causing the gradual decline in hydrogen production over time.  

Even if food waste could substitute the fossil fuels, generation of hydrogen by 

steam reforming requires extended reaction times, high temperatures and pressures, and 

they end up producing carbon monoxide and carbon dioxide as the byproduct. Thus, 

this method is not considered a true “clean fuel.”  

1.4.2.2. Water Splitting by Electrolysis  

Electrolysis applies an electric current that causes water to split and produce 

hydrogen. Two reactions have to take place for this to occur, the oxygen evolution 

reaction (OER,) and the hydrogen evolution reaction (HER), one at the anode and the 
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other at the cathode end (equations 11 and 12). Figure 1.12 provides a basic schematic 

of the movement of electrons as they move from the OER anode side to the HER 

cathode end.  

@A5B5A	)CD:	2%") → )" + 4;) + 	4%*  (11) 
@A5B5A	%CD: 4;) + 4%* → 2%"              (12) 

 
Figure 1.12. Schematic of the HER and OER reactions in a simplified example of 
electrolysis.56 
 

For the HER and OER reactions to happen an input of at least 1.23 V is required. 

If the added energy is increased the rate of production increases, but the output has to 

be greater than the input, or else it is not a viable process. The use of metal catalysts 

aid in reducing the amount of extra energy needed and keep the system to the minimum 

amount of energy input. Precious metals, such as iridium, ruthenium, and rhodium,59 
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are frequently chosen as the catalyst; but work has been conducted to show that first 

row transition metals can also split water.60   

Since seawater makes up >95% of the water on Earth, the development of a 

water splitting protocol using seawater would be an innovative feat and a potential 

answer to the energy crisis. However, ocean water has salt ions that in the presence of 

an electric current can undergo a chlorine evolution reaction. Consequently, that 

reaction produces toxic chlorine gas that is not ideal, and the ions tend to degrade the 

anodes, which is unhelpful for continuous long-lasting energy production.  

To circumvent this problem, different designs have been made to reduce or 

eliminate the chlorine evolution reaction. Some reports suggest that the metal catalysts 

react with the Cl2 to produce the corresponding metal chlorides.60, 61 Furthermore, a 

systematic study of pH found that a Ni catalyst performed well in splitting water and 

saw minimal chlorine production at high pH (pH 13).62 These high alkaline 

environments may be conducive for chlorine suppression but they are highly corrosive 

and introduce other safety concerns. Thus, there remains challenges that impede 

commercial production of water splitting by electrolysis and electrocatalysis (and even 

photocatalysis).   

1.4.2.3. Metal-Water Reactions 

As previously mentioned, transition metal catalysts have been used to aid in 

hydrogen production for borohydride hydrolysis and in electrolysis reactions. These 

metals on their own will not readily react to split water. But there are some metals that 

are notorious for reacting extremely rapidly with water and produce hydrogen. Sodium 
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and potassium are classic examples of violently reacting with water causing an 

explosion. Research has shown that when the water droplets land on the metal surface 

the morphology changes.63 Pristine metal surfaces are then available for reaction with 

the next water molecule. Thus, a cyclic pattern emerges and as the exothermic reaction 

continues until an explosion occurs. In this instance, the production of hydrogen is 

extremely difficult to control, but by moving across the periodic table another element 

is able to split water in a more controlled manner.  

In theory, one gram of aluminum can produce 1.24 L of hydrogen. An added 

benefit is that aluminum is highly abundant (8 wt%) making it much more cost-

effective than some of the noble metals found in electrocatalysis. The limitation of 

aluminum is that it oxidizes readily. The constant coat of aluminum oxide that resides 

on the surface impedes any water splitting from happening. The oxide layer can be 

removed by ball milling, which grinds the metal into a fine powder. However, it then 

needs to be stored under an inert atmosphere to prevent oxidation.64-66 The layer has 

also been shown to be removed under highly alkaline environments. Interestingly, once 

the layer is removed it has been shown that a high pH augments the water splitting 

reaction as displayed in the following chemical reactions:67  

2@F + 6%") + 2#$)% → 2#$@F()%)' + 3%"  (13) 
#$@F()%)' → #$)% + @F()%)!    (14) 
2@F + 6%") → 2@F()%)! + 3%"    (15) 

 
Another method of removing the aluminum oxide layer is dissolving it in a 

room temperature liquid metal like gallium to form an alloy.68, 69 Gallium diffuses into 

the metal lattice, removes the oxide layer, and helps to create aluminum particles. Once 
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the pristine aluminum surface is available, water molecules can be split, and hydrogen 

can be produced. Multi-metal alloys have been studied to enhance the hydrogen 

production. A more detailed discussion of these types of alloys will be conducted in 

chapter five. Overall, the advantage of the Ga-Al alloy is that hydrogen generation 

happens rapidly and at room temperature, unlike some of the previously mentioned 

water splitting methods.  

1.5. Conclusions 

Since their discovery, hydrides have shown their extreme value as reducing 

agents of organic functional groups, as participants in metal catalyzed reactions, and 

use in generating hydrogen. They have far reaching abilities in academic research, 

industrial applications, and pharmaceutical uses, making them highly versatile.  

The versatility of metal hydrides, borohydrides, and boranes is an incredibly 

important characteristic as they can be easily tuned to achieve a high levels of 

functional group selectivity. Moreover, binary hydrides, the mixing of two hydrides, 

enables the creation of new reducing agents that have been shown to have unique 

characteristics, including functional group selectivity, varying solvent compatibility, 

and stability. Or by combining two hydrides they can work cooperatively to achieve 

partial or tandem reduction reactions.   

Furthermore, hydrides have been shown to react with metal salts to create 

distinct black particulates. These heterogenous catalysts are highly catalytic and can 

reduce more challenging functionalities, such as nitro groups and nitriles to primary 

amines. Even in these catalysis systems some selectivity can be obtained, seemingly 
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due to the hydrogen source, be it pressurized H2, NaBH4, or hydrazine. Expansion of 

this work has led to other uses of the catalysts in organic synthesis.  

Lastly, hydrides have become part of the race to find renewable energy sources. 

Hydrogen’s potential as a “clean fuel” has made identifying potential hydrogen sources 

automatic. The hydrolysis of NaBH4 produces hydrogen in a facile manner and the 

addition of metal catalysts has increased its viability. However, it is in the area of water 

splitting where hydrogen generation has flourished and continues to offer potential as 

an alternative fuel. Liquid metals in particular are interesting compounds to better 

understand and determine their hydrogen production abilities.  

1.6. Thesis Outline  

In chapter two, the synthesis of diisobutylaluminum borohydride, a binary 

hydride,  and its reduction profile towards various organic functional groups is 

described (Scheme 1.5). The hydride readily reduced aldehydes and ketones to the 

corresponding alcohols (up to 97% yield). Nitriles were reduced to the primary amines 

(up to 94% yield). Aliphatic epoxides afforded the more substituted alcohol (up to 70% 

yield). Esters produced the corresponding alcohols (up to 68% yield). Tertiary amides 

produced amines (up to 99% yield) and lactams were shown to retain their cyclic 

structure (up to 71% yield). Synthesis of this binary hydride can be obtained by reacting 

diisobutylaluminum hydride and borane dimethyl sulfide in a 1:1 ratio or by combining 

sodium borohydride and diisobutylaluminum chloride. A series of competitive 

reactions demonstrate that diisobutylaluminum borohydride shows some functional 

group selectivity.  
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Scheme 1.5. Reduction of functional groups by diisobutylaluminum borohydride. 
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In chapter four, reduction reactions in aqueous media are reported and are 

monitored ex situ using a portable Raman spectrometer. The non-invasive analytical 

tool provided precise monitoring of the reduction of nitroarenes with the NBC catalyst, 

such that the reaction kinetics could be calculated as pseudo first order kinetics. Further 

analysis of this ex situ technique led to the analysis of the reduction of cyclohexanone 

and 2-cyclohexen-1-one by dimethylamine borane in water. Through 11B NMR 

analysis and density functional theory calculations it was determined that the carbonyl 

reduces once the amine dissociates.  

In chapter five, a unique methodology of hydrogen generation by splitting 

neutral water, at ambient temperature with a gallium aluminum alloy, is elaborated. 

The alloy was synthesized in a 3:1 (Ga:Al) atomic ratio, which allowed for effective 

solvation of the aluminum and removal of the inhibiting oxide layer. Electron 

microscopy showed that the aluminum resides in a sea of gallium. The Al particles 

react with water to produce hydrogen. The generation of hydrogen could be formed 

from deionized water, ocean water, rainwater, and commercial beverages. The 

aluminum sources could also vary by using pristine commercial aluminum foil or waste 

aluminum foil. The used alloy was then separated into the aluminum oxide byproduct 

and gallium. The gallium was extracted, recycled, and reused for successive water 

splitting reactions. A hydrogenation reaction was conducted to demonstrate the utility 

of this hydrogen source in a chemical reaction. The hydrogen produced in this manner 

has also been shown to power a toy hydrogen fuel cell car.  
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CHAPTER 2 
 

Reaction of Diisobutylaluminum Borohydride, A Binary Hydride, with Selected 
Organic Compounds Containing Representative Functional Groups 
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2.1. Introduction  
 

The reduction of functional groups is an integral synthetic operation. As such, 

a variety of reducing reagents exist, such as hydrides,1-8 bimetallic hydrogenation 

catalyses,9-13 boranes,14-16 and silanes.17, 18 Metal hydrides, such as lithium aluminum 

hydride (LiAlH4), sodium borohydride (NaBH4), and diisobutylaluminum hydride 

(DIBAL) are conventional reagents used to reduce a variety of functional groups.19  

Sodium borohydride efficiently reduces aldehydes and ketones,20-22 anhydrides, esters 

and lactones,23 as well as, acid chlorides19 to the corresponding alcohols. However, the 

poor solubility of NaBH4 in ether and hydrocarbon solvents restricts its reduction 

capabilities. In addition to the functional groups capable of being reduced by NaBH4, 

DIBAL reduction profile include epoxides, carboxylic acids, nitriles, and tertiary 

amides.2 Unlike NaBH4, DIBAL is soluble in both ethereal and hydrocarbon solvents, 

making it a more versatile reagent.24  

Seminal work on hydroboration reactions and reductions with borane 

tetrahydrofuran (BH3:THF) and other alkylboranes established them as significant 

reagents in organic chemistry.25, 26 Unfortunately, commercial BH3:THF is temperature 

sensitive and easily degrades into dialkoxyborane and trialkoxyborane, and therefore 

cannot be shipped due to quality control concerns.27-30 Later, borane dimethyl sulfide 

(BMS, BH3:S(CH3)2) was developed as a more stable alternative to BH3:THF, which 

is capable of carrying out almost the same organic functional group reductions.15, 19 A 

limitation, however, with BMS is that the dimethyl sulfide needs to be distilled off as 

the reduction reaction is going.  
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Versatile boranes and borohydrides can be developed by fine tuning the stereo-

electronic nature of the ligands on the B-atom.19 Binary hydride reagents are implicated 

in the hydrogenation of functional groups using bimetallic catalysts.31, 32 Alternatively, 

binary hydride reagents can be generated from NaBH4 and metal halides. Thus, a binary 

hydride system containing dichloroindium hydride (HInCl2) and BH3:THF was 

generated from indium trichloride (InCl3) and NaBH4 in THF.33, 34 This result prompted 

the investigation of the synthesis of other binary hydride systems, by mixing BH3:THF 

and BMS with metal hydrides, such as HInCl2 and DIBAL. Unfortunately, both 

BH3:THF and BMS did not generate a binary hydride system with HInCl2 as evidenced 

by 11B NMR spectral analysis. However, the reaction of BMS with DIBAL showed the 

formation of a single binary hydride. This hydride displayed a quintet at δ -36 ppm (J 

= 83 Hz) in the 11B NMR spectrum and has been attributed as a new binary hydride, 

diisobutylaluminum borohydride [(iBu)2AlBH4]. Since this new binary hydride is 

stable at room temperature, examination of its reducing characteristics toward 

representative organic functional groups at 25 °C was conducted.  Herein, we report 

the scope and limitations of (iBu)2AlBH4 as an effective reducing agent.  

 

2.2. Results and Discussion 
 

2.2.1. Synthesis of Diisobutylaluminum Borohydride 

Even through both borane dimethyl sulfide (BMS) and diisobutylaluminum 

hydride (DIBAL) are Lewis acids, they are not equivalent in their Lewis acid strength. 

DIBAL behaves like a metal hydride and transfers its hydride completely to BMS upon 
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mixing the two reactants in a 1:1 ratio (Scheme 2.1). As shown below, 11B NMR 

analysis was used to monitor the disappearance of the BMS quartet (δ -20 ppm, J = 103 

Hz) and the appearance of a quintet at δ -36 ppm (J = 83 Hz), indicative of a 

borohydride species, known as diisobutylaluminum borohydride [(iBu)2AlBH4] 

(Figure 2.1).  

 

 
Scheme 2.1. Synthesis of Diisobutylaluminum Borohydride [(iBu)2AlBH4] from 
BMS and DIBAL (1:1) 

 
Figure 2.1. 11B NMR (coupled) of (iBu)2AlBH4 

AlH Al
BH4

25 °C

1 eq 1 eq

S
H3C

H3C
BH3
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Ready access to reagents like BMS or DIBAL may be challenging and so 

exploration into other methods to synthesize (iBu)2AlBH4 from readily available 

starting materials were carried out. Sodium borohydride (NaBH4) is a prevalent 

reagent, and in theory, combining it with diisobutylaluminum chloride (DIBAL-Cl) 

should produce (iBu)2AlBH4 (Scheme 2.2).  

 
Scheme 2.2. NaBH4 reaction with DIBAL-Cl to produce (iBu)2AlBH4 

 
The first hurdle to carry out this reaction is the solubility of NaBH4.  It is soluble 

in water and alcohol solvents, but insoluble in ethereal and hydrocarbon solvents. On 

the other hand, DIBAL-Cl is water reactive and is commercially available as a 

hydrocarbon solution. Fortunately, NaBH4 is also soluble in pyridine, tetraglyme, N-

methyl pyrrolidone (NMP), and in a mixed solvent of THF:NMP (1:1). Accordingly, 

NaBH4 and DIBAL-Cl were combined in a 1:1 ratio in each of the above solvents, 

stirred at 25 °C for one hour and the reaction mixtures analyzed via 11B NMR (Figure 

2.2). 

In NMP and THF:NMP (1:1) solvent media, unreacted NaBH4 was present 

(quartet, δ -41 ppm) along with a quartet at δ -10 ppm (Figure 2.2a, Figure 2.2b). The 

quartet at δ -10ppm is close to that of pyrrolidine:BH3, arising from the reduction of 

NMP.35 Similarly, the reaction in pyridine displayed a quartet at δ -10 ppm, indicating 

that NaBH4 liberates borane with DIBAL-Cl and is trapped by pyridine to give 

Al
Cl

NaBH4 Al BH4 NaCl
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pyridine:BH3 (Figure 2.2c).35, 36 When NaBH4 and DIBAL-Cl were in the mixed 

solvent of THF:EtOH (1:1) there was an incomplete reaction, with NaBH4 remaining, 

as well as, a borate species (singlet at δ +3 ppm), (Figure 2.2d). Finally, addition of 

DIBAL-Cl to a tetraglyme solution of NaBH4 successfully afforded (iBu)2AlBH4 as the 

major product [quintet at δ -37ppm (J = 81 Hz)] along with a quartet at δ -20ppm 

(Figure 2.2e). This quartet at δ -20 ppm disappeared when 1-hexene was added to the 

reaction mixture, indicating that the quartet at δ -20ppm may be due to a 

tetraglyme:BH3 complex (Figure 2.2f).  In order to minimize the amount of tetraglyme, 

THF was added as a co-solvent (1:4). Using this mixed solvent system, successful 

synthesis of (iBu)2AlBH4 was achieved from NaBH4 and DIBAL-Cl. However, for the 

reduction of selected organic functional group reported in this chapter, (iBu)2AlBH4 

was made from the method using BMS and DIBAL.    

 
Figure 2.2. 11B NMR (coupled) spectra of NaBH4 and DIBAL-Cl in a) NMP, b) 
THF:NMP (1:1), c) pyridine, d) THF: EtOH (1:1), e) tetraglyme, f) addition of 1-
hexene, and g) THF:tetraglyme (4:1).  
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2.2.2. Reduction of Aldehydes & Ketones 

Reduction optimization of benzaldehyde with (iBu)2AlBH4 demonstrated that 

the aldehyde is efficiently converted to the corresponding alcohol at ambient conditions 

and in one hour. Because the conversion of an aldehyde to an alcohol requires the 

addition of one hydride, only 0.5 equivalence of (iBu)2AlBH4 was necessary to 

complete the reduction (Scheme 2.3). Since (iBu)2AlBH4 is synthesized from BMS and 

DIBAL, it was necessary to compare (iBu)2AlBH4 to its parent reagents. Both BMS 

and DIBAL require excess hydride for the complete reduction of benzaldehyde to 

benzyl alcohol at 0 °C (Scheme 2.3).2, 37 Even though (iBu)2AlBH4 reacts similarly to 

BMS and DIBAL, the binary hydride is required to achieve complete conversion.  

 

 

Scheme 2.3. Reduction of benzaldehyde via BMS, DIBAL, and (iBu)2AlBH4. a 

Conversion yields. b Isolated yields. c Ref 37. d Ref 2. 
 

A wider scope of aldehyde substrates illustrates the ease which (iBu)2AlBH4 

can reduce the carbonyl at ambient conditions (Table 2.1). Aliphatic aldehydes, such 

H4BAl
OH

99%a

DIBALd

0.5 hr, 0 °C

H

O

BMSc

99%a

OH
1 hr, 0 °C

93%b

OH

1 hr, 25 °C

1 equiv.

4 equiv.

1.3 equiv.

0.5 equiv.
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as cyclohexanecarboxaldehyde, reacted with (iBu)2AlBH4 to produce the 

corresponding alcohol in good yields (Table 2.1, entry 1). A variety of aromatic 

aldehydes were tested producing the corresponding benzyl alcohol in high yields (Table 

2.1, entries 2-9). 2-Phenylpropionaldehyde was reduced to the alcohol in 81% yield 

(Table 2.1, entry 10).  Halides and nitro groups were well tolerated by (iBu)2AlBH4, 

reducing solely the carbonyl group (Table 2.1, entries 5-9). The lack of reactivity 

towards the nitro group is similar to BMS15 but is different from DIBAL, which 

produces the corresponding hydroxylamine.2 An aldehyde containing a furan 

substituent was also reduced efficiently (Table 2.1, entry 10). In general, aliphatic and 

aromatic aldehydes can be reduced by (iBu)2AlBH4, regardless of the type or position 

of the substituents present, at ambient conditions and in an hour.  

Table 2.1. Reduction of Aldehydes using (iBu)2AlBH4a  

 
Entry Substrate Product (Yield %)b 

1 

  
71% 

2 

 
 

98% 

R H

O
H4BAl THF

1 hr, 25 °C R OH

H

O
OH

H

O

CH3

OH

CH3
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3 

 
 

98% 

4 

 
 

82% 

5 

 
 

92% 

6 

 
 

76% 

7 

 
 

79% 

8 

 
 

88% 

9 

 

 
90% 

 

10 
  

81% 

11 

 
 

74% 
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aReaction conditions with (iBu)2AlBH4: aldehyde substrate (5 mmol, 1 equiv.), 
(iBu)2AlBH4 (2.5 mmol, 0.5 equiv.), anhydrous THF (5mL), 25 °C, 1 h, under argon 
atmosphere. bIsolated yield. 
 

Similar to aldehydes, the transformation of ketones to secondary alcohols is 

efficiently completed with (iBu)2AlBH4. Acetophenone was used to optimize the 

reaction conditions. Only half an equivalence of (iBu)2AlBH4 was necessary to achieve 

essentially quantitative conversion to the corresponding secondary benzylic alcohol 

(Scheme 2.4). In comparison, both BMS and DIBAL require excess hydride for the 

complete reduction of ketones.2, 37 

 
Scheme 2.4. Reduction of acetophenone via BMS, DIBAL, and (iBu)2AlBH4. a 

Conversion yields. b Isolated yields. c Ref 37. d Ref 2. 
 

A variety of ketones were examined showing the generality of (iBu)2AlBH4’s 

ability to reduce ketones to the corresponding alcohol (Table 2.2). Initial work began 

with the quantifiable reduction of aliphatic ketones (Table 2.2, entries 1 and 2). 

Acetophenone analogues, containing halide and methoxy substituents gave good yields 

H4BAl
99%a

DIBALd

0.5 hr, 0 °C

O

BMScOH

99%a

OH

1 hr, 0 °C

98%b

OH

1 hr, 25 °C

1 equiv.

4 equiv.

1.3 equiv.

0.5 equiv.
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(Table 2.2, entries 3 and 4). Both naphthalene and thiophene-based ketones react 

efficiently to form the corresponding secondary alcohol (Table 2.2, entries 5 and 6). 

Interestingly, having acidic protons did not impede the reaction nor did the hydride 

undergo a dehalogenation (Table 2.2, entries 7-8).  

Table 2.2. Reduction of Ketones using (iBu)2AlBH4a 

 
Entry Substrate Yield (%)b 

1 
 

 
99% 

2 
 

 
89% 

3 

 
 

86% 

4 

  
69% 

5 

 
 

99% 

THF
H4BAl

R R’

O

R R’

OH

1 h, 25 °C

O
OH

O
OH

O

Br

OH

Br

O

OCH3
O

HO

O
OH
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6 

  
86%c 

7 

  
60% 

8 

  
84%d 

   

aReaction conditions: ketone substrate (5 mmol, 1 equiv), (iBu)2AlBH4 (2.5 mmol, 0.5 
equiv), anhydrous THF (5mL), 25 °C, 1 h, under argon atmosphere. bIsolated Yield. 
cReaction ran for 5 h. dReaction ran for 7 h.  
 
2.2.3. Reduction of Nitriles 

The reduction of nitriles using (iBu)2AlBH4 is an important transformation to 

understand the reduction profile of this binary hydride. Amines are chemical motifs 

frequently found in natural products, fine chemicals, and biomolecules38,39, 40 and have 

been accessed from nitriles using silanes,41 samarium diiodide,10 and metal hydrides.42-

44 Metal hydrides, such as lithium aluminum hydride (LiAlH4),42, 43 aluminum hydride 

(AlH3),44 dichloroindium hydride (HInCl2),34 and even NaBH4, when in the presence 

of a ruthenium catalyst,9 can reduce nitriles to primary amines. Milder reagents, 

including aminoborohydrides6 and boranes,14, 45 will reduce nitriles, albeit slowly. 

Interestingly, bulky aluminum hydride reagents, like DIBAL can provide the aldehyde 

upon hydrolysis of the imine intermediate.24, 46  

S

O

S

OH

O

Br

OH

Br

H3CO

O
Br

H3CO
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When mapping the reductive profile of (iBu)2AlBH4, it could act like BMS and 

give a primary amine or behave like the bulky DIBAL and afford the corresponding 

imine, which could undergo further reduction with BMS to give the primary amine.  

Borane dimethyl sulfide has been shown to reduce benzonitrile to the amine, but excess 

hydride was necessary due to the formation of a borazine intermediate.15 Additionally, 

the reaction was sluggish at room temperature and requires heating and continuous 

removal of methyl sulfide to achieve a complete reaction (Scheme 2.5).15 In 

comparison, the reduction of benzonitrile with DIBAL formed the benzaldehyde imine 

at 0 °C, which afforded benzaldehyde following hydrolysis.3, 5 With (iBu)2AlBH4, 

benzonitrile reacted within one hour at room temperature to cleanly generate the 

primary amine.  

 
Scheme 2.5. Reduction of benzonitrile via BMS, DIBAL, and (iBu)2AlBH4. aIsolated 
yield. b Ref 15. c Ref 3, 5. 
 

As shown in Table 2.3, (iBu)2AlBH4 can reduce aromatic nitriles containing a 

variety of substituents. Halogens were tolerated to generate the amine in good yields 

(Table 2.3, entries 1-4). Table 2.3, entry 5, demonstrates that (iBu)2AlBH4 is a 

CN

H4BAl
NH2

76%a

DIBALc

0.25 h
reflux

BMSb

90%a

H
9.5 h, 45 °C

99%a

NH2
1 h, 25 °C

1 equiv.

1 equiv.

3.3 equiv.

1 equiv.

O

N Al(iBu)2H2O/H+
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selective reagent and is capable of reducing nitriles in the presence of nitro groups. 

Trisubstituted aryl nitriles can be reduced to the corresponding benzyl amine (Table 

2.3, entries 6-8). It was found that sterics do cause a decrease in the product yield as 

demonstrated in Table 2.3, entries 7 and 8. A more complex nitrile, such as 4-(4-

methyl-5-thiazolyl)benzonitrile, was reduced using (iBu)2AlBH4 and the product was 

isolated in high yields, demonstrating the capability of the reagent (Table 2.3, entry 9).  

Table 2.3. Reduction of Aryl Nitriles by (iBu)2AlBH4a 

 
Entry Substrate Product Yield (%)b 

1 
 

 
94% 

2 
 

 
37% 

3 

 
 

72% 

4 
 

 
85% 

5 
 

 
98% 

THF
H4BAl 1 h, 25 °C

CN
R R

NH2

CN

Br
Br

NH2

CN

Cl
Cl

NH2
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6 
 

 
94% 

7 

 
 

27% 

8 

  
16% 

9 

 
 

90% 

   
aReaction conditions with (iBu)2AlBH4: nitrile substrate (5 mmol, 1 equiv), 
(iBu)2AlBH4 (5 mmol, 1 equiv), anhydrous THF (5mL), 25 °C, 1 h, under argon 
atmosphere. bIsolated yield.  
 

Benzylic nitriles were also included in this study to determine whether the 

acidic benzylic protons would inhibit the reduction (Table 2.4). Nevertheless, the 

conversion to the amine was efficient and clean, demonstrating that the acidic protons 

do not significantly hinder the hydride from reduction of the nitrile. The examples 

chosen contained both electron donating and withdrawing substituents, which were 

well tolerated for these reduction reactions (Table 2.4, entries 1-3). Similarly, 

heterocycles, like thiophene, could produce the corresponding amine in good yields 

(Table 2.4, entry 4).  
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Table 2.4. Reduction of benzylic nitriles to amines using (iBu)2AlBH4a,b 

 

Entry Substrate Product Yield (%) 

1 

 
 

47% 

2 

 
 

74% 

3 

 
 

74%  

4 

  

71% 

a
Reaction conditions with (iBu)2AlBH4: nitrile substrate (5 mmol, 1 equiv), 

(iBu)2AlBH4 (5 mmol, 1 equiv), anhydrous THF (5mL), 25 °C, 1 h, under argon 

atmosphere. 
b
Isolated yield.  

 

2.2.4. Reduction of Epoxides 
Hydridic ring opening reactions of epoxides affords the corresponding alcohol 

products.
1, 24, 47

 Since epoxides require one hydride to react completely, 0.5 equivalents 

of (iBu)2AlBH4 was employed. As expected, when cyclohexene oxide was reduced 

with (iBu)2AlBH4, cyclohexanol was produced as the sole product (Table 2.5, entry 1). 

Unsymmetric epoxides afforded a more interesting product distribution due to the 

THF
H4BAl 1 h, 25 °C

CNR R
NH2

F3C

CN
F3C

NH2

S

CN

S

NH2
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presence of regioselectivity at different reactive sites.  Reduction of 1,2-epoxy-hexane 

at 25 °C gave a mixture 2-hexanol and 1-hexanol in a 77:23 ratio, respectively (Table 

2.5, entry 2). However, at 0 °C only 2-hexanol was obtained and isolated in a 70% yield 

(Table 2.5, entry 3).  The regioselectivity exhibited by (iBu)2AlBH4 is similar to that 

of DIBAL2 implying that (iBu)2AlBH4, again, is influenced by its parent hydrides. 

Another unsymmetric epoxide, 2-biphenylyl glycidyl ether, was reduced regioselective 

to the secondary alcohol in high yields (Table 2.5, entry 4). This reaction further 

demonstrated that (iBu)2AlBH4 most likely attacks the least hindered carbon atom in a 

SN2-like pathway.  

Table 2.5. Reduction of Epoxides by (iBu)2AlBH4a 

 
Entry Epoxide Temperature Yield (%) 

1 
 

0°C  
84%c 

2  25°C  
77%b 

 
23%b 

3  0°C  
70%c 

R
O

H4BAl

1 equiv. 0.5 equiv.

THF

1 hr, Temp. R

OH
R OH

O

OH

O OH
OH

O OH
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4 

 

0°C 

 
90%c 

a Reaction conditions: epoxide substrate (5 mmol, 1 equiv), (iBu)2AlBH4 (0.5 equiv.), 
anhydrous THF (5mL), 1 h, under argon atmosphere. b Ratio based on 1H NMR. c 
Isolated yield. 
 

The SN2-pathway could occur when the bulky aluminum atom coordinates to 

the epoxide oxygen and directs the hydride to the sterically less hindered carbon atom, 

providing the more substituted alcohol product (Scheme 2.6).2  

 

 
Scheme 2.6. Possible Mechanism for the Reduction of Epoxides by (iBu)2AlBH4 

 

Styrene oxide is an interesting substrate as the stereo-electronic effects can 

influence the site of the hydridic attack. If the hydride undergoes a primary attack (SN2-

like) the more substituted alcohol, 1-phenylethanol, is formed (Figure 2.3, blue route). 

Should the hydride react at the secondary carbon, the less substituted alcohol, 2-

phenylethanol, is generated (Figure 2.3, green route). A selection of hydrides and their 

corresponding products after reaction with styrene oxide are displayed in Table 2.7.  
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Figure 2.3. Reduction of styrene oxide by hydrides produces either 2-phenylethanol 
(green) or 1-phenylethanol (blue), depending upon where the hydride reacts. 

 
Aluminum-based hydrides have complex reactivities when reacting with 

styrene oxide. Reaction of the epoxide with LiAlH4 generates primarily 1-

phenylethanol (Table 2.7, 99-93%) with minimal quantities of 2-phenylethanol (1-

7%).48 The reverse selectivity is shown when LiAlH4 was combined with AlCl3, 

producing 2-phenylethanol as the major product (Table 2.7, 99%).48, 49 It has been 

reported that the combination of LiAlH4 with excess AlCl3 forms a mixed metal 

hydride, HAlCl2.49 As a strong Lewis acid, HAlCl2 favors an attack at the benzylic 

carbon. This is in contrast to the weaker Lewis acid, AlH3, which favors the production 

of 1-phenylethanol (76%),2, 44, 50 as does many of the other alkoxyaluminum hydrides.50  

Diisobutylaluminum hydride differs from the alkoxyaluminum hydrides, 

producing a roughly 70:30 mixture of 2-phenylethanol to 1-phenylethanol in toluene at 

0 °C.2 However, through the course of this work, it was found that DIBAL reacts with 

styrene oxide at 25 °C, to produce 2-phenylethanol as the sole product. Other reports 

describe the reduction of styrene oxide by combining DIBAL with n-butyl lithium and 

LiCl, respectively.2, 51 The reaction with n-butyl lithium displayed a dramatic 

preference for 1-phenylethanol (96%).51 Similarly, the reaction with LiCl appeared to 

favor the secondary alcohol (86%), although not to the same degree.2  

OOH
OH

2-Phenylethanol 1-Phenylethanol

HH

2° attack

1° attack
SN2-like
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It has been reported that lithium borohydride (LiBH4) will react with aliphatic 

epoxides to afford the more substituted alcohol (SN2-like attack) as the single product.52 

Reaction of LiBH4 with styrene oxide generated a mixture of products, with 1-

phenylethanol as the major product (74%) (Table 2.6). This result is in agreement with 

the fact that borohydrides act as Lewis bases and so it would prefer to react with areas 

of low electron density.53 Interestingly, when different para-substituted styrene oxides 

were reduced with LiBH4, it was observed that the substituents greatly influenced the 

product ratios (Table 2.6).52 A trend was observed that as electron-donating abilities 

increased, the SN2-like products decreased. For instance, when methoxy was present in 

the para-position the major product was the primary alcohol (Table 2.6, entry 4, 95%). 

It was rationalized that strong electron-donating groups aid in stabilizing the slight 

positive charge on the benzylic carbon. An exception was when a strong electron-

withdrawing group, such as a nitro group, was present as the para-substituent on the 

styrene ring. In which case, a mixture of the primary alcohol (62%) and the secondary 

alcohol (38%) was observed.  

Table 2.6. Reduction of para-substituted styrene oxide by LiBH4a 

 

Entry Substituent (Y) 
Relative  

Yield of 2 (%) 

Relative  

Yield of 3 (%) 

1 NO2 38 62 

Y

O LiBH4

Y Y

OH
OH

A B
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2 Br 84 16 

3 H 74 26 

4 OCH3 5 95 

aRef 52 

The reduction of styrene oxide with BH3:THF occurred more slowly, but there 

was a clear preference for the formation of 2-phenylethanol (Table 2.7). 37, 54 The yields 

were improved when boron trifluoride was added.55  

Table 2.7. Reaction of various hydrides with styrene oxide.  

 
Hydride 2-Phenylethanol 1-Phenylethanol References 
LiAlH4 1-7% 99-93% 48, 50 

“HAlCl2” 

LiAlH4  + AlCl3a 98% 2% 48, 49 

AlH3 24% 76% 2, 44, 50 

AlH2O-t-Bu 21% 79% 50 

AlH(O-t-Bu)2 20% 80% 50 

AlH2O-i-Pr 15% 85% 50 

DIBALe 73% 27% 2 

DIBALf 99% -- This work 

DIBAL+n-BuLib 4% 96% 51 

DIBAL+LiCl 14% 86% 2 

LiBH4 26% 74% 52 

LiEt3BH - 97% 47 

NaBH4+BF3 52% 19% 53 

BH3:THFc 41% 1% 54 

BH3:THFd 28% -- 37 

BH3-BF3e 98% Trace 55 
a LiAlH4 and AlCl3 mixed in a 1:3 and 1:4 ratios produced similar results. b Reaction 

conditions: 0 °C, 1.5 h. c Reaction was occurred over 12 days, analysis of which also 

O OH OH
Hydride

2-Phenylethanol 1-Phenylethanol
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detected: styrene oxide (8%), 2-n-butoxy-2-phenylethanol (~24%), and unknown 
products (~5%). d Reaction took place over 6 h at 25 °C.e Reaction conditions: 0 °C, 
30 min. f Reaction conditions: Styrene oxide (1 equiv), DIBAL (2 equiv), reaction 
occurred at 25 °C for 1 h.  
 

Therefore, it was important to determine how well (iBu)2AlBH4 reduced 

styrene oxide and if it would generate a mixture of products or a single product. 

Unfortunately, (iBu)2AlBH4 consistently produced a mixture of products (Table 2.8). 

There was a slight favorability for 2-phenylethanol, but not a substantial amount to 

indicate selectivity. Consequently, reduction of styrene oxide using (iBu)2AlBH4 is 

synthetically not useful.  

Table 2.8. Reaction of styrene oxide with (iBu)2AlBH4.a,b  

 

Entry Temperature  
Yield (%)  

Yield (%) 
1 25 °C 55 45 
2 0 °C 52 48 
3 -4 °C 54 46 
4 -78 °C 61 39 
5 reflux 65 35 
6c 25 °C 66 34 

a Reaction conditions: styrene oxide (5 mmol, 1 equiv), (iBu)2AlBH4 (5 mmol, 1 
equiv.), anhydrous THF (5mL), 1 h, under argon atmosphere. b Yield based upon 1H 
NMR analysis. c (iBu)2AlBH4 (7.5 mmol, 1.5 equiv.) 
 
 
 

O
THF

H4BAl
OH

OH

1 h

OH OH
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2.2.5. Reduction of Carboxylic Acids 

Benzoic acid was used as the representative substrate for the reduction of 

carboxylic acids with the binary hydride. Borane dimethyl sulfide is known to reduce 

aliphatic carboxylic acids rapidly (30 min) and reduce aromatic carboxylic acids more 

slowly (4 h) while having a significantly lower yield.56  Addition of trimethyl borate as 

an additive showed an increase in yields of the primary alcohols in this reduction.56 

Similarly, reduction of benzoic acid with DIBAL affords benzyl alcohol after 12 h 

(Scheme 2.7).2, 3, 56, 57 Earlier work with DIBAL has also implicated partial reduction 

of the acid to the aldehyde.57 It should be noted that an excess of BMS or DIBAL were 

required because of the hydride reaction with the acidic proton.2, 56 For the optimized 

reaction conditions with (iBu)2AlBH4, a slight excess (1.5 equivalents) of the hydride 

was necessary, due to the reaction with the acidic proton present on the carboxylic acid 

group. Complete reduction to the corresponding alcohol products were achieved in high 

yields, at room temperature, in one hour.  

 
Scheme 2.7. Reduction of benzoic acid via BMS, DIBAL, and (iBu)2AlBH4. aIsolated 
yield. bRef 56. cRef 2, 3. 
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Several carboxylic acids were investigated to establish the generality of the 

reduction of carboxylic acids using (iBu)2AlBH4 (Table 2.9). Aromatic acid 

derivatives were reduced efficiently, under ambient conditions (Table 2.9, entries 1-4). 

Neither the acidic benzylic protons nor the benzylic chloride in 4-

(chloromethyl)benzoic acid interfered with the hydride reduction producing the 

corresponding alcohol in 95% isolated yield (Table 2.9, entry 2). An aryl carboxylic 

acid with an electron donating group, such as a methoxy group, was reduced 

successfully (Table 2.9, entry 3). Aryl bromides were tolerated in the reduction of 2-

bromophenylacetic acid. However, this reduction required longer reaction time (3 h) to 

achieve complete reduction, possibly due to the steric inhibition of the ortho substituent 

(Table 2.9, entry 4). Overall, (iBu)2AlBH4 readily reduced carboxylic acids to the 

corresponding alcohols in good yields and at ambient conditions.  

Table 2.9. Reduction of Carboxylic Acids by (iBu)2AlBH4a 

 
Entry Carboxylic Acid Yield (%)b 

1 

 

 
44% 

2 

 

 
95% 

R OH

O
H4BAl

THF

1 hr, 25 °C
R OH

OH

O OH

OH

O

Cl
Cl

OH
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3 

 
 

98% 

4c 

 

 
79% 

a Reaction conditions: carboxylic acid (5 mmol, 1 equiv), (iBu)2AlBH4 (5.5 mmol, 1.1 
equiv.), anhydrous THF (5mL), 1 h, under argon atmosphere. b Isolated yield. c Reaction 
ran for 3 h.  
 
2.2.6. Reduction of Esters  

The reduction of esters generated the alcohol products but are typically slower 

reactions. H. C. Brown found that to achieve the reduction of esters by BMS, the 

mixture required refluxing conditions and constant distilling off of the methyl sulfide.15 

He hypothesized that the accumulation of methyl sulfide was the cause of the decrease 

in reaction rates and yields for two reasons. First, the proposed mechanism for the 

reduction implicated a transfer reaction, to form structures C or D (Figure 2.4); any 

accumulation of the methyl sulfide would suppress the formation of these 

intermediates. Second, if dimethyl sulfide accrues in the reaction flask it would 

decrease the temperature of the reaction mixture, leading to lowering the reaction rate.  

 

Figure 2.4. Brown’s proposed pathway for the reduction of esters by BMS.  
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Ethyl benzoate was subjected to the two reaction parameters, no distillation versus 

distillation. It was found that the rate of the reactions were different.15 The experiment 

that removed the methyl sulfide was able to achieve 100% reaction after 1 h, compared 

to the 8 h required to achieve a 98% reaction when no distillation was used. After 

determining the optimum conditions, a more detailed study on the different types of 

esters were examined. The data showed that BMS reduced aliphatic esters more quickly 

than aromatic esters and that nitro, halides, and ether groups were well tolerated 

(Scheme 2.8). Diethyl succinate and !-butyrolactone were chosen as representative 

examples for the reduction of lactones and diesters. Both afforded 1,4-butanediol in 

similar yields. However, the reduction of the aromatic lactone, phthalide, using BMS 

produced a mixture of products.  
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Scheme 2.8. Reduction of various esters by BMS. 

 
 

The reduction of esters using DIBAL requires excess hydride, otherwise poor 

yields were observed. Two equivalents of DIBAL achieved the highest results to 

convert esters into the corresponding alcohols.2, 3 It has been proposed that the reaction 

intermediate is an alkoxy aluminum compound that generates an aldehyde, and then 

subsequently undergoes a hydride attack to afford the alcohol (Scheme 2.9).2, 58 Some 

research groups have tried to stop the reaction at the aldehyde by drastically lowering 

the reaction temperature (-78 °C) or use microreactors at a slightly higher temperature 

(-20 °C).58  
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Scheme 2.9. Proposed mechanism for the reduction of esters by DIBAL. 

 

Using (iBu)2AlBH4, methyl benzoate was reduced completely to benzyl alcohol 

using a 1:1 ratio of the binary hydride to ester (Table 2.10, entry 1). Both aryl and 

benzylic halides were well tolerated by (iBu)2AlBH4 and no dehalogenation was 

observed (Table 2.10, entries 2-4).  Full conversion of methyl-4-hydroxybenzoate and 

the pyridine analogue were not seen, but it demonstrates that some transformation does 

occur and that (iBu)2AlBH4 can reduce these esters (Table 2.10, entries 5 and 6). 

Additionally, the propionate derivative was cleanly reduced to the primary alcohol 

(Table 2.10, entry 7).  

Table 2.10. Reduction of Esters by (iBu)2AlBH4a 

 
Entry Substrate Yield (%)b 

1 

 

 
74% 

2 

 
 

93% 

3 

 

 
89% 
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O DIBAL
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4 

 
 

84% 

5 

 
 

70%c,d 

6 

 
 

20%c 

7 

 
 

91% 

a Reaction conditions: ester (3 mmol, 1 equiv), (iBu)2AlBH4 (3 mmol, 1 equiv.), 
anhydrous THF (3mL), 3 h, under argon atmosphere. b Isolated yield. c Yield based on 
1H NMR.d Reaction ran for 24 h. 
 
2.2.7. Reduction of Amides 

Finally, we studied the reductions of amides as they are a more difficult 

functional group to reduce at ambient temperatures, due to the low electrophilicity at 

the carbonyl position. In general, the reduction of amides can produce aldehydes or 

alcohols, when the reaction undergoes a C-N bond cleavage or provide an amine when 

there is a C-O bond cleavage.59 Amides are classified as either primary, secondary, or 

tertiary depending on the substitution of the nitrogen atom. This distinction is important 

because there are varying reactivities in the substituted amides and also produce unique 

products when reduced.  

For instance, reduction of primary amides by LiAlH4 appeared contingent upon 

the stoichiometry (Table 2.11). If 0.5 equivalents of LiAlH4 was used, then the nitrile 

was produced in greater quantities.60 A 1:1 ratio of hydride to amide generated the 
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Br
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corresponding amine.61 Similarly, the reduction of primary amides by NaBH4 produced 

conflicting products. In one report, benzamide (1 equiv) was converted into 

benzonitrile by NaBH4 (1.1 equiv) when refluxed in diglyme.62 Yet another group 

reported that reacting benzamide (1 equiv) with excess NaBH4 (4 equiv) converted the 

primary amide into benzylamine in 1.5 h, also in diglyme and refluxing conditions.63  

Reaction of primary amides with boranes produced the amine, however it 

required heating the reaction. A detailed rate study revealed that aliphatic primary 

amides reduce more rapidly than aromatic amides.64 Borane dimethyl sulfide reduced 

amides, but it required concurrent removal of dimethyl sulfide by distillation.15 

Table 2.11. Reduction of Primary Amides by Various Hydrides 

Primary Amide Reduction 
Hydride Product Reference 

BH3:THFa amine 64 

LiAlH4 amineb 61 
nitrile c 60 

NaBH4d nitrile 62 
NaBH4d amine 63 

NaBH4 + AlCl3e No reduction 65 
DIBALf amine 2 

BMS amine 15, 16 
a Reflux in THF. b Requires 1:1 (amide:hydride). c Requires 1:<0.5 (amide:hydride). d 
Reaction conditions: reflux in diglyme (162 °C). e Used 3:1 (NaBH4:AlCl3) in diglyme. 
f Slow reduction 
 

Secondary and tertiary amides produced amines more readily, as seen in Table 

2.12. Lithium aluminum hydride reduced secondary and tertiary amides to the 

corresponding amines.61 Sodium borohydride, under refluxing conditions, also 



 75 

afforded the tertiary amines from tertiary amides.61 Interestingly, DIBAL could 

successfully reduce tertiary amides but not secondary amides.2  

Borane tetrahydrofuran and BMS reduced secondary and tertiary amides at 

higher temperatures and required excess of the hydride.64 For BMS, constant removal 

of the dimethyl sulfide by distillation was found to facilitate the reduction reaction.15  

Table 2.12. Reduction of Secondary and Tertiary Amides by Various Hydrides.  

Secondary Amide Reduction 
Hydride Product Reference 
LiAlH4 amine 61 

BH3:THF amine 64 
BMSa amine 15 

Tertiary Amide Reduction 
LiAlH4 amine 61 

BH3:THF amine 64 
BMS amine 15 

NaBH4b amine 61 
NaBH4 + AlCl3 amine 65 

DIBAL Amine 2 
a Reaction conditions: 1:2.2 (amide:BMS), reflux in THF b Reaction conditions: reflux 
in pyridine.  
 

Thus, examining how (iBu)2AlBH4 reacted with amides was of interest. It was 

found that aromatic primary and secondary amides were not reduced with (iBu)2AlBH4. 

When benzamide, N-methylbenzamide, and unsubstituted acetanilide were reacted 

with the binary hydride, the starting material was recovered. Even increasing the 

amount of hydride (2 equivalents) and employing a longer reaction time (24 h) the 

reductions were unsuccessful. These results indicate that (iBu)2AlBH4, just like 

DIBAL, is unsuitable for the reduction of primary or secondary amides.  
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Satisfactorily, tertiary amides were reduced using (iBu)2AlBH4 at ambient 

temperature to the corresponding tertiary amines in under an hour (Table 2.13). These 

reductions were followed by IR spectral analysis of aliquots withdrawn periodically 

from the reaction mixture; the reduction was considered complete when the carbonyl 

stretch was no longer visible in the IR spectrum analysis. An exception to this was the 

reduction of N,N-dimethylbenzamide which underwent C-N bond cleavage to produce 

benzyl alcohol in 98% yield (Table 2.13, entry 1). N,N-Diethylbenzamide and N,N-

diethyl-m-toluamide afforded the corresponding benzyl amines in 80% and 99% 

isolated yields, respectively (Table 2.13, entries 2 and 3). Even sterically hindered 

amides, such as N,N-diisopropylbenzamide, were reduced to N,N-diisopropylbenzyl 

amine in 99% isolated yield (Table 2.13, entry 4). Unsymmetrical N-methyl-N-

propylbenzylamine was isolated from the reduction of N-methyl-N-propylbenzamide 

in 92% yield (Table 2.13, entry 5). Benzamides with electron-withdrawing groups, 

such as bromo or trifluoromethyl substituents, were successfully reduced (Table 2.13, 

entries 6 and 7). 

Table 2.13. Reduction of aromatic tertiary amides using iBu2AlBH4a 

 
Entry Amide Yield (%)b 

1 

 
 

98% 

N

O
R

R’ H4BAl N R

R’1 hr, 25 °C
THF

N

O
CH3

CH3

OH
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2 

 
 

80% 

3 

 
 

99% 

4 

 
 

99% 

5 

 
 

92% 

6 

 
 

89% 

7 

 
 

84% 
a Reaction conditions: amide (5 mmol, 1 equiv), (iBu)2AlBH4 (5.5 mmol, 1.1 equiv.), 
anhydrous THF (5mL) were combined at 0 ºC. Once all the hydride was added the ice 
bath was removed and the reaction mixture continued to stir for 1 h, under argon 
atmosphere. b Isolated yield.  
 

Aliphatic tertiary amides and lactams were also reduced efficiently by 

(iBu)2AlBH4 to the corresponding amines in very good yields (Table 2.14, entries 1-

3). Lactams can be reduced either to acyclic amino alcohols or cyclic amines.66 

Reduction of lactams by either BMS15 or DIBAL67 afforded the cyclic amine. Similar 

to the parent hydrides, (iBu)2AlBH4 reduced 1-octyl-2-pyrrolidone to 1-

octylpyrrolidine in 87% isolated yield (Table 2.14, entry 4). Most notably, 1-phenyl-

N

O N

N

O

CH3

N

CH3

N

O
N

N

O

CH3

N
CH3

N

O
Br

H3C

N
Br

H3C

F3C

N

O

F3C
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2-pyrrolidone was reduced to 1-phenylpyrrolidine in a 71% isolated yield (Table 2.14, 

entry 5). Reduction of this lactam with other reducing agents typically gives the amino-

alcohol product, 4-(phenylamino)butan-1-ol.66 Apparently, reductions using 

(iBu)2AlBH4 go through an imine intermediate leading to the cyclic amine product. N-

methyl-2-piperidone and N-methylcaprolactam were reduced to give the 1-

methylpiperidine-borane complex and 1-methylazepane-borane complex, respectively 

(Table 2.14, entries 6 and 7).  

Table 2.14. Reduction of aliphatic amides and lactams using iBu2AlBH4a  

 
Entry Amide Product (Yield %)b 

1 

 

 
84% 

2 

 

 
88% 

3 

 
 

83% 

R N

O
R’

R”

or

N

O
R

H4BAl
THF

R N R’

R”

or

N R

n n

N

O N

N

O N

N

O

Br
N Br
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4 

 
 

87% 

5 

 
 

71% 

6 

 
 

X 

7 

  
 

X 
a Reaction conditions: amide (5 mmol, 1 equiv.), (iBu)2AlBH4 (5.5 mmol, 1.1 equiv.), 
anhydrous THF (5mL) were combined at 0 ºC. Once all the hydride was added the ice 
bath was removed and the reaction mixture continued to stir for 1 h, under argon 
atmosphere. b Isolated yield.  
 
2.2.8. Chemoselective Reactions  

As described above, (iBu)2AlBH4 is capable of reducing a wide range of 

functionalities, but the hallmark of a useful reducing agent is its ability to reduce a 

specific functional group in a multifunctional compound. Consequently, we examined 

whether (iBu)2AlBH4 would selectively reduce an aldehyde or ketone in the presence 

of a nitrile or ester. The reaction of (iBu)2AlBH4 and 4-cyanobeznaldehyde 1 illustrated 

the selective reduction of the aldehyde in the presence of a cyano group (Scheme 2.10). 

It is important to note that this selectivity occurs at 0 °C. When the reaction was 

performed at room temperature the nitrile was partially reduced (Table 2.15, entry 1). 

When BMS was subjected to 1  it reduced the carbonyl and retained the cyano group, 

but the reaction was much slower (Table 2.15, entry 3). With DIBAL, both 

N

O N

N

O
Ph

N
Ph

N

O
CH3

N CH3

N
CH3

O N
CH3
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functionalities reduced, thus offering no functional group selectivity (Table 2.15, entry 

2). Similar results were observed for 4-cyanoacetophenone 2 and 4-

cyanobenzophenone 3 with (iBu)2AlBH4. Reaction of 2 and 3 at 0 ° C illustrate that the 

ketones were reduced preferentially over the nitrile to generate a single product, 

whereas a mixture of products was observed with DIBAL and BMS.  

 
Scheme 2.10. Chemoselective Reductions of Aldehydes and Ketones with 
(iBu)2AlBH4 

 

Table 2.15. Chemoselective Reduction Between an Aldehyde or Ketone and a Nitrile 
using (iBu)2AlBH4,a DIBAL,b and BMSc 

 
Entry Hydride Temperature Product (%)d 

1 iBu)2AlBH4 25 °C  
R = H     88% 
R = CH3 87% 
R = Ph    84% 

 
R = H     12% 
R = CH3 13% 
R = Ph    16% 

NC

R

O

H4BAl
THF

4 hr, 0 °C NC

R

OH

1  R = H
2  R = CH3
3  R = Ph

R = H      81%
R = CH3   97%
R = Ph     75%

R

O

NC
THF

Hydride

Temp.

R = H
R = CH3
R = Ph

R

OH

NC

R

OH

H

O
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2 DIBAL 0 °C  
R = H     79% 
R = CH3 18% 
R = Ph    17% 

 
R = H     0% 

R = CH3 82% 
R = Ph    83% 

3 BMS 0 °C  
R = H     66%e 

R = CH3 33%e 

R = Ph    42%e 

a Reaction conditions: substrate (1 equiv), (iBu)2AlBH4 (1 equiv.), anhydrous THF, 4 
h, under argon atmosphere. b Reaction conditions: substrate (1 mmol, 1 equiv), DIBAL 
(4 equiv.), anhydrous THF, 5 h, under argon atmosphere. c Reaction conditions: 
substrate (1 equiv), BMS (1.33 equiv.), anhydrous THF, 3.5 h, under argon atmosphere.  
d Yield based on 1H NMR. e Isolated yields  
 

Further exploration into the selectivity of (iBu)2AlBH4 with bifunctional 

compounds led to a substrate containing an ester and an aldehyde or ketone substituent 

(Scheme 2.11). These reactions have to be conducted at -78 °C to in order to selectively 

reduce the carbonyl group of an aldehyde or ketone.  

 
Scheme 2.11. Chemoselective Reduction of Aromatic Esters with (iBu)2AlBH4 
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For many of these multifunctional compound reductions, NaBH4 can be used 

to achieve similar selectivity as that of (iBu)2AlBH4. However, NaBH4 is soluble only 

in alcohol solvents and undergo solvolysis decomposition to produce H2 gas. 

Diisobutylaluminum borohydride is more advantageous, because it has a wider solvent 

compatibility as it is soluble in both ethereal and hydrocarbons. Overall, the mixed 

metal hydride can be selective for aldehydes and ketones when in the presence of 

nitriles or esters.  

One of the benefits of (iBu)2AlBH4 is its ability to reduce tertiary amides and 

nitriles in an efficient manner. However, the question remains if (iBu)2AlBH4 has a 

preference to react with one of these nitrogen compounds over the other. The results of 

the competitive reaction between 4-tolunitrile and N,N-diethyl-m-toluamide with 

(iBu)2AlBH4 are reported in Scheme 2.12. At room temperature, the nitrile and amide 

were both reduced. However, when the reaction mixture was cooled to -78 °C, clear 

selectivity for the reduction of the nitrile was achieved, producing the primary amine 

in good yields.  

 
Scheme 2.12. Chemoselective Reduction of 4-tolunitrile with (iBu)2AlBH4 

 
 
 
 

CN
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2.3. Conclusions 

In summary, the work described in this chapter explored the reductive scope of 

diisobutylaluminum borohydride [i(Bu)2AlBH4]. In a 1:1 ratio of borane dimethyl 

sulfide and diisobutylaluminum hydride (DIBAL), i(Bu)2AlBH4 is generated and it is 

stable at ambient conditions. To make the binary hydride more accessible it is possible 

to synthesize i(Bu)2AlBH4 from sodium borohydride and diisobutylaluminum chloride 

in a THF:tetraglyme mixture. Under ambient conditions, i(Bu)2AlBH4 effectively and 

efficiently reduced aldehydes, ketones, carboxylic acids, and esters to the 

corresponding alcohols. It was found that the reduction of unsymmetric epoxides 

produced the more substituted alcohol. The binary hydride system can also reduce 

tertiary amides and nitriles to the corresponding amines. It should be noted that DIBAL 

is known to reduce tertiary amides to the corresponding aldehyde at low temperatures. 

Borane dimethyl sulfide is not a sufficiently strong reducing agent for the reduction of 

tertiary amides because the reaction requires long reaction times along with concurrent 

distillation of dimethyl sulfide. Additionally, i(Bu)2AlBH4 showed to be selective 

towards aldehydes and ketones when in the presence of nitriles or esters. In a 

competitive reaction between a nitrile or a tertiary amide, the nitrile was reduced first. 

This new reducing agent is an attractive alternative to lithium aluminum hydride or 

borane tetrahydrofuran. Overall, i(Bu)2AlBH4  is a relatively safe reducing agent that 

can reduce a wide variety of functionalities, and product isolation did not require 

column chromatography.  
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CHAPTER 3 

A Mesoporous Nanoparticle Supported Nickel Boron Composite for the 
Catalytic Reduction of Nitroarenes 
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3.1. Introduction  

3.1.1 History of the Reduction of Nitroarenes 

Anilines are essential compounds as they are found in the production of dyes, 

pharmaceuticals, fertilizers, pesticides, and numerous polymers.1 Synthesis of aniline 

and its analogues can come from the reduction of nitroarenes, a process that largely 

requires a metal catalyst and a hydrogen source. Various metal catalysts can be used 

and will be discussed further in this chapter. The source of hydrogen is equally as varied 

but one of the most common is a pressurized H2 cylinder, which involves specific safety 

precautions. Alternatively, hydrogen made in situ from the hydrolysis of sodium 

borohydride (NaBH4) or degradation of hydrazine hydrate (N2H4•H2O) are seen as 

safer and more stable chemical sources of the gas.2-7  

The accepted mechanism for the reduction of nitroarenes was first modeled in 

the 19th century using electrochemical experiments. This pathway has persisted 

regardless of metal catalyst and follows two possible routes: direct reduction or 

condensation followed by reduction (Scheme 3.1).8 In both pathways the first step is 

the formation of the nitroso (A) and hydroxylamine (B) species. At that point, aniline 

can be formed directly from the hydroxylamine intermediate. The second possible 

pathway has the nitroso and hydroxylamine condense to form a series of azoxy (C), 

azo (D), and hydrazo (E) species before reducing to aniline. Depending upon the 

catalyst and hydrogen source used, some of these intermediates can be observed 

through gas chromatography (GC) or nuclear magnetic resonance (NMR) spectroscopy 

thus revealing that specific catalysis mechanism.  
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Scheme 3.1. Two possible mechanisms for the reduction of nitroarenes to aniline. 
 

One of the oldest industrial methods of reducing nitroarenes was discovered by 

Béchamp (1854).9 Iron in aqueous acid was refluxed with the nitroarene to produce 

aniline. Derivations of his original methodology have included using zinc and tin; 

however, shortcomings of this process, included stoichiometric amounts of metal, the 

generation of vast amounts of waste, and slow reaction rates. Consequently, this 

process is not useful in modern practice. Focus has since shifted to catalytic 

hydrogenation and hydrogen from non-acidic sources.  

Metal catalyzed reductions have become more popular, as they do not require 

stoichiometric quantities of the catalyst, which is an economic necessity when some of 

these methodologies use expensive noble metals, including platinum,10 palladium,11 or 

ruthenium.12 Other drawbacks associated with these heterogeneous catalysis systems 

can include large energy consumption and safety hazards associated with the use of 

compressed hydrogen gas at elevated temperatures and pressures. First row transition 

metals, like iron, cobalt, and nickel, are earth abundant, making them cheaper and 

easier reagents to obtain and use.8  
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While iron-mediated reduction of nitroarenes has been known for over a 

century, modern methodologies have found a way to use it catalytically. Iron oxide 

catalysts have found success in reducing nitroarenes with the aid of hydrazine hydrate. 

In one example, iron(III) chloride when reduced by sodium hydroxide (2M) forms an 

iron oxide hydroxide catalyst that has been shown to reduce nitroarenes in the presence 

of nitriles, azo groups, and carboxylic acids (Scheme 3.2).13 However, the 

methodology is susceptible to a competitive condensation reaction if an aldehyde is 

present, causing the production of benzylidene-amines or dibenzylidine-hydrazines. 

Through Hammett plot analysis, it was found that the reaction rate increased when an 

electron-withdrawing group was present but decreased with electron-donating 

substituents.  

 
Scheme 3.2. Iron oxide hydroxide catalyst used to reduce nitroarenes in the presence 
of hydrazine hydrate. 

 
In a one-pot method, Cantillo and colleagues were able to reduce a variety of 

nitro-containing substrates with their in situ generated iron oxide nanocrystals.14 A 

brief chemoselective study was conducted and saw that no dehalogenation nor amide 

reduction occurred, therefore generating the corresponding aniline products in 

excellent yields (92-84% yield). Aliphatic nitro-substrates and aromatic azides were 

rapidly reduced in 2-3 min when under microwave conditions (150 °C) (96-99% yield). 

One of the major intentions for using iron oxide nanocrystals was to utilize their 
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magnetic nature for ease of collection followed by subsequent catalyst reuse. The group 

found that the catalyst could be used up to three times before seeing a decline in 

conversion. Inductively coupled plasma-mass spectrometry (ICP-MS) revealed 

continued loss of iron (~5%) each time the catalyst was recycling, which was likely a 

cause of the gradual decline in catalytic efficiency. 

It has been reported that several of these iron oxide catalysts undergo an 

Fe2+/Fe3+ redox pathway with hydrazine hydrate to form the necessary six electrons 

required of a direct reduction pathway (Scheme 3.1).14, 15 Evidence of this pathway has 

included observing the hydroxylamine with GC-MS analysis.16 It was reasoned that if 

the hydroxylamine is observed then the nitroso species forms rapidly thus cannot be 

detected.  

In addition to iron, nickel-based catalysts have been well used in the reduction 

of nitroarenes, notably the catalyst Raney Nickel (Raney Ni). Commercial Raney Ni 

can be used as a hydrogenation catalyst for many functionalities, including nitriles, 

olefins, aldehydes, ketones, and nitro groups.17, 18 Originally developed at the 

University of Wisconsin, Raney Ni is a bimetallic catalyst of nickel and aluminum. It 

was developed as an alternative to the high-pressure Pt and Pd catalysts that were in 

use at that time. Almost comparable to that of the noble metals, Raney Ni gained in 

popularity in part because it can hydrogenate nitroarenes at low pressures. However, 

due to the fine Ni and Al particles present, the catalyst can ignite if dried in air.19  

It is then advantageous to develop catalysts that does not share similar 

pyrophoric qualities. A nickel-catalyzed hydrosilylative process was developed and 
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found great utility in reducing analogues of nitro-containing 3,4-dihydropyrimidin-

2(1H)-one.20 Cyano, ester, and azide substituents were well tolerated, affording only 

reduction of the nitroarene. Interestingly, a trimetallic catalyst was created combining 

nickel, cobalt, and iron to create Ni-doped cobalt ferrite nanoparticles.21 These 

nanoparticles combined with sodium borohydride (NaBH4) reduced 4-nitrophenol to 

4-aminophenol. Although this catalyst was not subjected to a wide substrate scope of 

nitroarenes, it is interesting to note the use of NaBH4. In their report, NaBH4 was used 

as the hydrogen source; however, a large excess was used in the reaction. It was also 

noted that once all the reagents were combined, the solution turned from yellow to 

black, which they took as indicative as a complete reduction of the nitro group. 

However, there is a class of amorphous catalysts where the black precipitate is an iconic 

feature when metal salts are reduced by borohydrides.  

3.1.2. History of Metal Boron Composites 

Amorphous heterogeneous catalysts composed of mixtures of transition metal 

and various boron species, have a long history of success in a wide variety of reduction 

reaction schemes.22-25 These catalysts are formed from reacting metal salts (typically 

those of Ni or Co) with NaBH4. In protic solvents at ambient pressure and temperature, 

most salts of the first row transition metals, to the left of copper, generate precipitates 

containing various boron species when reacted with excess NaBH4, whereas copper 

and noble metal salts with more favorable reduction potentials tend to give pure 

metallic phases.26 In the case of nickel (and similarly for cobalt), these precipitates have 

historically been referred to as amorphous nickel borides (Ni3B, Ni2B, etc.), a 
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designation initially based on a combination of elemental analysis and powder X-ray 

diffraction studies of the crystalline structures evolved upon heating in inert 

atmosphere.27-29 These amorphous precipitates are now known to be more structurally 

complex. They possess a variety of possible compositions and morphologies, 

depending on the choice of synthetic parameters (solvent system, pH, temperature, 

mixing rate and the presence of oxygen in solution), the ratio of borohydride to nickel 

reacted, and the choice of nickel salt precursor.26, 30 

One of the first reports describing the combination of metal salts with NaBH4 

was focused on hydrogen generation. Schlesinger’s group found that metal salts could 

act as catalytic accelerators to promote H2 generation.3 In aqueous media, NaBH4 

reduced the metal salts (such as NiCl2 and CoBr2) to their corresponding metallic (M0) 

phase, while undergoing hydrolysis to form borate species and liberate hydrogen gas 

(equation 1).3, 31 

!"!" + 2%#$ + 2"#& → 2% + !&#" + 4"$ + 2"#                    (1) 
 

To explain the characteristically high activity of amorphous catalysts such as 

nickel boron and cobalt boron composites (NBC and CBC, respectively), earlier works 

in this field suggested the presence of a direct metal-boron interaction based on X-ray 

photoelectron spectroscopy (XPS) data. One scenario put forward is that electron 

donation occurs from boron to symmetry related transition metal d-orbitals, and 

therefore increases catalytic activity through electron enrichment of the metal surface, 

while also sacrificially protecting the metal from oxidation.30, 32-38  However, a review 

of the previously published XPS data reveals a certain amount of ambiguity in 
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assigning both the B 1s and Ni or Co 2p binding energy shifts to that of the 

corresponding borides, as well as debate about the direction of electron donation 

between the metal and boron, in both the amorphous and crystalline compounds.39 

With careful use of electron microscopy and elemental analysis, some authors 

have shown that bulk NBC and CBC powders are nanocomposites comprising single-

nanometer sized crystalline metal particles imbedded in an amorphous matrix 

containing boron oxides (transition or alkali metal borates, (poly)borates, etc.).40-45 

Although many of these authors invoke the presence of borides, they presume that the 

main function of the amorphous matrix is to physically prevent sintering and rapid 

oxidation of the catalytically active metal particles during synthesis, thereby preserving 

the large catalytic surface area claimed to be responsible for high activity.   

While the exact nature of the metal-boron interaction in these amorphous 

materials remains uncertain, it is known that crystalline borides of transition metals are 

routinely formed under much more energetically demanding conditions than those of 

protic solvent synthesis at near-ambient conditions. Traditional nickel borides are 

synthesized in solid state reactions such as laser ablation or melt quenching of 

elemental Ni and B,46 or in non-protic solvent systems at elevated temperatures (~90 

°C).26 Given that borohydrides are known to decompose readily in protic solvents39 to 

produce H2 and various borates (B(OH)4-, BO2-, B2O3, polyborates, etc.), and given that 

this process is autocatalyzed in situ by the very same precipitates formed during the 

reaction of borohydrides with certain transition metal salts, particularly Ni2+ and Co2+,3 

it seems self-evident that protic solvent synthesis routes cannot produce true transition 
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metal borides.  It is much more plausible that such reactions primarily produce oxides 

of boron, which may then interact strongly with metallic precipitates to form 

amorphous transition metal and borate composites.47 

Regardless of the specific bonding and composition of these NBC or CBC 

catalysts, they have shown themselves to be valuable catalysts. After Schlesinger’s 

initial foray into the synthesis of borohydride reduced metal salts, Brown expanded 

upon the work by taking the resultant black precipitate and using it as a hydrogenation 

catalyst.48 The synthesis of the black solid in aqueous media, termed P-1 Ni catalyst, 

displayed good reactivity in hydrogenating alkenes and suffered less double bond 

migration compared to Raney Ni. An even more significant advantage to the P-1 Ni 

catalyst was that it was not pyrophoric, a trait Raney Ni suffers from. A second 

generation of this nickel-based catalyst was synthesized  again from a nickel salt and 

NaBH4, but this time in ethanol. Named P-2 Ni catalyst, it exhibited greater selectivity 

as it underwent partial reduction of conjugated dienes and reduced alkynes to cis 

alkenes.22 

The reductive abilities of the amorphous catalysts have been particularly 

successful at reducing nitroarene compounds to their corresponding aniline 

derivatives.4, 49 In a one-pot method, Nose combined nickel chloride hexahydrate 

(NiCl2•6H2O) with NaBH4 and a nitroarene (in situ catalyst formation).49 The reaction 

mixture was stirred at room temperature to afford the corresponding aniline analogues 

(76-95%). Under this catalytic system halides and carboxylic acids were tolerated, 

solely reducing the nitro group. They were pleasantly surprised to discover that nitroso, 
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azoxy, azo, and hydroxylaminobenzenes were rapidly reduced to aniline as well. These 

last few reactions suggest that the reduction occurs through the condensation pathway 

mentioned earlier (Scheme 3.1).  

Three decades later, the reduction of nitroarenes by these amorphous catalysts 

are still being studied. In one report, Ni-Co bimetallic nanoparticles were synthesized 

by combining NiCl2•6H2O and CoCl2 with an ethanolic solution of NaBH4, producing 

a black precipitate.4 These nanoparticles were shown to have a smaller particle size, 

average diameter of 2.5 nm, than the individual Ni and Co nanoparticles. This would 

then indicate that there were more active sites for interaction with the nitroarene. It 

would then be advantageous if these highly active nanoparticles could be recycled and 

reused for multiple reactions. However, the catalyst showed only moderate 

performance when reused, with 56% aniline isolated compared to the 96% isolated 

yield when fresh catalyst was used. Through transmission electron microscopy (TEM) 

imaging and XPS  data, it was concluded that particle aggregation and oxidation were 

the causes for the product depletion.  

The reusability of these metal boron catalysts is typically limited due to particle 

sintering, agglomeration, and surface oxidation. More recently it has been shown that 

supporting these composites on inert scaffolds (such as titania, silica gel or mesoporous 

silica nanoparticles) can enhance activity and reusability, compared to the bulk 

powders, by increasing catalyst surface area and stabilizing against particle 

agglomeration. In one example, a Ni boron composite catalyst was synthesized within 

nanocellulose to aid in reducing particle agglomeration.7 The hypothesis was that the 
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positively charged Ni ions would associate with the negatively charged carboxylates 

on the nanocellulose and thus allow for even particle dispersion and prevent particle 

agglomeration. In addition to reducing a variety of nitroarenes and conducting a tandem 

reduction and epoxide ring opening reaction to produce β-amino alcohols, the 

nanocellulose nickel boron catalyst was reused for multiple reaction cycles. As shown 

in Table 3.1, high isolated yields were obtained when 4-nitrobenzoic acid was reduced 

with the catalyst even after the 5th cycle. Longer reaction times were required, 

indicating that the surface morphology was changing and likely lessening the catalyst’s 

overall reactivity. It is important to note that after each cycle, additional NaBH4 was 

added to maintain the metallic Ni and likely to remove any oxide layer potentially 

forming.  

Table 3.1. Recyclability of Nickel Boron Composite Catalyst Supported on 
Nanocellulosea 

Cycle Time (min) Yield (%)b 

1st 12 96 
2nd 15 95 
3rd 19 96 
4th 50 96 
5th 120 83 

a Reaction conditions: nanocellulose (4.0 mL, 0.01 wt%), NiCl2 (0.0015 mmol), and 
NaBH4 (1.5 mmol) were combined and allowed to react at 25 °C. After 1 min, 4-
nitrobenzoic acid (0.6 mmol) was added. b Isolated yield.  
 

Further illustrating the usefulness of placing the metal catalysts on a support, 

Petal and coworkers compared the morphology of bulk cobalt boron nanoparticles to 

the nanoparticles embedded into nonporous silica and mesoporous silica particles.50 

When examining the electron microscopy images, the bulk nanoparticles appeared as 

spheres (diameter 30-40 nm) crowding together. The addition of the nonporous silica 
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to the catalyst allowed the nanoparticles to disperse but the nanoparticle size remained 

similar to that of the bulk catalyst. When the cobalt boron catalyst was loaded onto the 

mesoporous silica, the nanoparticle size decreased (~10 nm) and greater particle 

dispersion was observed. This led the authors to conclude that because of the many 

mesopore channels present, the catalyst can grow without agglomerating. The varying 

particle morphology appeared to dictate the reactivity of the catalyst, with the 

mesoporous silica being the most reactive, followed by the nonporous, and lastly the 

bulk.  

Several of these catalysis schemes have also benefited from the use of safer 

sources of hydrogen, such as N2H4•H2O.2, 4-7 Hydrazine itself is toxic but the hydrated 

form is less harmful. Advantageously, N2H4•H2O does not require pressure or heat to 

form H2 and will generate it in situ, only producing N2 as the byproduct. These qualities 

have made N2H4•H2O a more attractive source of hydrogen. Additionally, a pattern has 

emerged that, of the catalysis research that use N2H4•H2O, more functional groups are 

tolerated. In particular, nitroarenes containing reducible functionalities like nitriles,6, 51 

aldehydes and ketones,6, 51, 52 alkenes,4, 51 and alkynes4 remained untouched after the 

reaction, a trait that is not seen when pressurized hydrogen or hydrogen from NaBH4 

is used.7, 24, 51, 53, 54  

Hydrazine’s selectivity is likely due to how it degrades. The catalytic 

decomposition of hydrazine has been well known to produce a diimide intermediate, 

which then undergoes further degradation into nontoxic N2(g) (equations 2 and 3).14, 16, 
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52, 55 The diimide then reacts preferentially with the nitro substituent before 

decomposing into N2. 

)#"! → )#"# + *" + 2"$       (2) 

)#"# → )# + 2*" + 2"$ (3) 

The motivation for this project was to investigate the safe and economically 

efficient reduction of nitroarenes using N2H4•H2O and a reusable amorphous nickel 

boron composite (NBC) catalyst, derived from the reaction of Ni2+ salts with NaBH4, 

and supported on mesoporous aluminosilicate nanoparticles (MASN) (Scheme 3.3). In 

the course of this work, fundamental questions arose concerning the difference in 

physical character between supported and unsupported versions of NBC. Therefore, 

the bulk NBC and supported NBC-MASN catalysts studied here are not referred to as 

nickel boride, in recognition that the exact identities of the boron species present in 

such composites are still not entirely known. Additionally, NBC-MASN was found to 

be an efficient, recyclable, and selective catalyst for the reduction of nitroarene 

compounds.  
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Scheme 3.3.  Schematic illustration of (a) the synthesis and (b) use of NBC-MASN 

catalyst for the reduction of nitroarenes with hydrazine hydrate.56 

 
3.2. Results and Discussion 
 

3.2.1 Metal Screening  

This work began by screening a number of catalysts made from different 

transition metal salts reacted with sodium borohydride (NaBH4) in ethanol, for the 

reduction of p-nitrotoluene to p-toluidine using hydrazine hydrate (N2H4•H2O) (Table 

3.2). Zinc, indium, and copper salts did not perform the reduction as only starting 

material was observed after 24 h of reaction time (entries 1-4). It was found that 

NiCl2•6H2O was the most suitable precursor in forming a catalyst to this effect (entry 

5). Control experiments were also conducted and show that both the metal catalyst and 

NaBH4 are required for the reduction reaction to occur (entries 8-10). When the 

hydrogen source was changed from N2H4•H2O to hydrazine acetate minimal amounts 

of p-toluidine was produced, indicating that N2H4•H2O was the superior hydrogen 

source (entries 12 and 13). Supporting the catalyst, which we have termed nickel boron 
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composite (NBC), on an inert scaffold made of mesoporous aluminosilicate 

nanoparticles (MASN) improved catalytic activity (entry 11). 
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Table 3.2. Catalyst screening results.a 

 

Entry Metal Salt Reducing 
Agent Support H2 Source Yield 

(%)b 

1 ZnBr2 NaBH4 -- N2H4•H2O 0% 

2 InCl3 NaBH4 -- N2H4•H2O 0% 

3 CuCl2 NaBH4 -- N2H4•H2O 0% 

4 InBr3 NaBH4 -- N2H4•H2O 0% 

5 NiCl2•6H2O NaBH4 -- N2H4•H2O 85% 

8 NiCl2•6H2O -- -- N2H4•H2O 0% 

9 -- NaBH4 -- N2H4•H2O 0% 

10 -- NaBH4 MASN N2H4•H2O 0% 

11 NiCl2•6H2O NaBH4 MASN N2H4•H2O 94% 

12 NiCl2•6H2O NaBH4 -- N2H4•Acetate 0% 

13 NiCl2•6H2O NaBH4 MASN N2H4•Acetate 15%c 
a Reaction conditions: nitroarene (2 mmol), metal salt (10 mol%), reducing agent (20 
mol%), hydrazine hydrate (10 mmol), MeOH (8 mL), 25 °C, 24 h, under argon 
atmosphere. b Isolated yield. c Ratio based on NMR. 
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In their work to remove organosulfur compounds from fossil fuels, the Oliver 

research group developed MASN as an appropriate support for their silver-based 

adsorbent.57 They found that the addition of aluminum allowed their silver 

nanoparticles to adhere more effectively to the mesoporous silica nanoparticles (MSN). 

The aluminum ions create mildly negative surface charges that would electrostatically 

attract the silver ions into the mesochannels much better than the neutral MSN. 

Confirmation through inductively coupled plasma optical emission spectroscopy (ICP-

OES) showed that negligible amounts of the silver nanoparticles appeared after the 

desulfurization reaction, suggesting tight coordination to the MASN. Subsequent 

electron microscopy imaging showed the presence of the silver ions within the MASN 

mesochannels further demonstrating the interaction between the silver nanoparticles to 

the support. Therefore, in an effort to improve the NBC catalyst, MASN was chosen as 

the support owing to the material’s robust aluminosilicate structure, high surface area 

(~100 nm average diameter, ~1000 m2·g-1), and coordination with metal nanoparticles.  

It was hypothesized that these features would allow for good incorporation of 

Ni2+ into the support during impregnation with NiCl2•6H2O, and also slow diffusion of 

Ni2+ out of MASN during reaction of dried NiCl2-MASN with NaBH4 in absolute 

ethanol. Attempts to support NBC on non-aluminum MSN resulted in a greater quantity 

of large, detached NBC particles formed separate from the MSN support, as observed 

by electron microscopy (Figure 3.1). The better retention and slowed diffusion of Ni2+ 

from MASN appears to allow for even distribution of the resulting composite material 

formed close to the MASN surface, and possibly anchored within its mesochannels.  
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Low temperature (0 °C) synthesis was likewise chosen to allow for slower and more 

complete reaction of Ni2+ with BH4-. Indeed, the synthesis of NBC-MASN was found 

to take approximately 2 h to complete, compared to approximately 20 min for the 

synthesis of unsupported NBC.   

 

Figure 3.1.  NBC supported on mesoporous silicate nanoparticles (NBC-MSN), 
showing large particles of NBC not bound to MSN. 

The initial catalysis reaction using fresh NBC-MASN in the reduction of p-

nitrotoluene to p-toluidine reached completion after 2 h. Subsequent reuse cycles of the 

catalyst, however, showed progressively longer incubation periods to achieve full 

conversion of p-toluidine (Figure 3.2).   
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Figure 3.2. Percent yield of p-toluidine after successive reuse cycles of NBC-MASN. 
Yields based on 1H NMR ratios. 

It was speculated the cause of this increasing incubation period might be due to 

a loss of catalytic surface area, from the agglomeration of active Ni, and/or passivation 

of the catalytic surface by NiO formation during successive catalysis reactions. This 

prompted us to characterize the catalytic surface of NBC-MASN using various 

techniques. For structural comparison the characterization of unsupported NBC was 

included.    

3.2.2. Catalyst Characterization  

High angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) imaging of NBC-MASN revealed a very thin (< 10 nm) amorphous 

coating of material covering the honeycombed MASN particles (Figure 3.3a) after 

synthesis (Figure 3.3b).  Synthesis of unsupported NBC typically gave particles in the 
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hundreds of nanometers size regime (Figure 3.4a). Energy-dispersive X-ray 

spectroscopy (EDS) confirmed the presence of nickel in both NBC-MASN and 

unsupported NBC (Figure 3.4b), but detection of boron could not be confirmed due to 

its low signal intensity and overlap from the adjacent carbon signal (Figure 3.5). Given 

the more positive reduction potential of nickel, the majority of oxygen present in NBC 

(Figure 3.4c) is likely from borate species, rather than NiO, since freshly synthesized 

and carefully handled NBC should contain mostly reduced nickel. No information from 

EDS mapping of oxygen in NBC-MASN can be gained since the signal from SiO2 

overwhelms any contribution from borates. 

 

 
Figure 3.3. HAADF-STEM images of (a) as-synthesized MASN, (b) NBC-MASN 
imaged within 30 s of beam exposure, (c) NBC-MASN after EDS mapping for 5 min, 
with (d) the corresponding Ni EDS map. (e) HRTEM images of NBC-MASN after 5 
min exposure to electron beam showing segregated regions of Ni, and (f) a magnified 
section (box in e) showing lattice fringes associated with these regions (arrows). 
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Figure 3.4. HAADF-STEM image of (a) unsupported NBC, and corresponding EDS 
elemental maps of (b) Ni and (c) O present in the composite. HRTEM of unsupported 
NBC, imaged within 2 min of beam exposure, progressively magnified (d-f) to show 
lattice fringes for Ni nanocrystals embedded within an amorphous matrix. 

 

Figure 3.5.  a) EDS spectrum for NBC-MASN. b) EDS spectrum for NBC. 

Both HAADF-STEM and high-resolution transmission electron microscopy 

(HRTEM) imaging of fresh NBC-MASN indicated the NBC coating was amorphous. 

If NBC-MASN particles were subjected to several minutes of continuous electron flux, 

however, it was observed that small spots of high contrast material developed on or 

within NBC-MASN (Figure 3.3c). EDS mapping revealed that these spots appear to 
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correspond with higher concentrations of Ni compared to the bulk of the composite 

(Figure 3.3d). HRTEM shows these tiny regions have crystallinity (Figure 3.3e,f), 

indicating the amorphous nickel in the composite segregated into larger particles and 

partially crystallized under the electron beam. The segregation/crystallization was 

particularly difficult to avoid during EDS mapping, wherein the samples were 

necessarily subjected to long exposures and higher beam current (Figure 3.3c, d).  

Figure 3.6 shows the progression of this segregation starting at 30 s and after 5 min.   

 

 

Figure 3.6.  Segregation/crystallization of Ni in NBC-MASN after electron beam 
exposure for 5 min. 

By comparison, HRTEM imaging of fresh unsupported NBC immediately 

revealed the presence of approximately 1-3 nm nanocrystalline domains of metallic Ni 

deposited within a surrounding amorphous matrix (Figure 3.4d-f, and 3.7), an 

observation consistent with previous reports of a similarly formed composite.39 The 

unsupported NBC appeared much more stable under the electron beam than the 

amorphous surface of NBC-MASN, and additional segregation/crystallization of Ni 

was more difficult to observe during longer beam exposures in the case of unsupported 

NBC. This suggests that much of the metallic nickel resides as these pre-formed 
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nanocrystals in unsupported NBC, whereas nickel in NBC-MASN is more 

homogenously amorphous and evenly distributed within the NBC structure that coats 

the MASN. 

 

 

Figure 3.7.  The electron diffraction pattern from Ni in the unsupported NBC material 
(left) and the lattice spacing plot from the corresponding HRTEM (right). 

To confirm the amorphous quality of the catalyst, powder X-ray diffraction 

(PXRD) was conducted to identify the level of crystallinity within the catalyst. Hofer 

and researchers found that their similarly synthesized NBC catalysts displayed 

amorphous PXRD profiles when at room temperature. But when the catalysts were 

heated to 250 °C crystallization and the presence of metallic nickel appeared. 

Increasing the temperature to 750 °C caused similar effects in the PXRD profiles.27  

Further characterization of these transition metal boron composite catalysts 

demonstrated similar findings. Corrias examined both two boron composite catalysts, 

one containing nickel and a second with cobalt.29 He too found that at low temperatures 

the samples are amorphous but as the catalysts are heated the morphology changes. The 

Ni-based catalyst showed diffraction signals for metallic Ni and Ni3B at 350 °C. As the 
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temperature increased the peak for metallic Ni increased and by 600 °C it was the only 

pattern visible. A similar trend was seen with the cobalt-based catalyst.   

A separate research group studied whether the Ni:B ratio of these NBC catalysts 

would affect the formation of the observed crystallization.28 Two ratios were examined, 

a 1:4 (Ni:B) mmol ratio compared to a 1:2 (Ni:B) mmol ratio. PXRD analysis of the 

catalysts prepared in either method showed amorphous patterns when at room 

temperature (303K). Increased heating of the samples from 303K to 803K showed that 

the catalyst with more boron had better thermal stability. This catalyst did not display 

the strong metallic nickel diffraction signals until 803K compared to the reduced boron 

catalyst which showed the signals at 603K. The researchers concluded that the greater 

thermal stability was caused by the higher metalloid content and that the increased 

boron content could cause the decrease in the aggregation of the nickel nanoparticles.   

Therefore, heating these amorphous composites in inert atmospheres allowed 

for identification of the mixture of crystalline nickel and nickel boron species present 

in bulk materials such as NBC.27-29 Figures 3.9 and 3.10 show the PXRD profiles for 

NBC-MASN and NBC, respectively, in their as-synthesized (or fresh) form, and after 

calcination in air or flowing nitrogen at 550 °C for 2 h. The high angle diffraction data 

for as-synthesized NBC-MASN displays an amorphous profile, while that of 

unsupported NBC gives only a broad peak occurring near the (111) reflection for fcc 

Ni (44.5° 2θ). This lack of appreciable diffraction from the nanocrystalline nickel 

present in fresh unsupported NBC can be explained by their small size, below the ~5 

nm domain cut-off necessary to produce X-ray diffraction in metallic nanoparticles.58, 
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59 Calcining NBC and NBC-MASN in either air or N2(g) gave crystalline diffraction 

profiles in both cases, likely due in part to the same segregation/crystallization 

phenomena observed by electron microscopy. Interestingly, the air-calcined NBC-

MASN diffraction profile shows only peaks indexed to NiO, whereas the unsupported 

NBC calcined in air gave a profile showing predominantly metallic Ni, with relatively 

low intensity peaks for NiO. The N2(g)-calcined NBC-MASN gave a profile for metallic 

Ni, whereas similar calcination of unsupported NBC yielded a mixture of crystalline 

Ni and Ni3B (ICDD 00-048-1223).   

In an attempt to explain this commonly reported formation of Ni3B upon 

calcination of NBC in an inert atmosphere, we offer preliminary evidence to suggest 

there may be residual boron hydrides within the amorphous matrix of NBC.  It has been 

previously shown that various alkali earth and transition metal borohydrides and 

boranes [Mg(BH4), Ti(BH4)3, Zr(BH4)4, Hf(BH4)4, and Cr(B3H8)2] can undergo 

thermal decomposition to form the corresponding metal borides at high temperatures 

(> 400 °C).60-65 In particular, it has been shown that Ni3B can be formed at 530 °C from 

the precursors NiCl2 and various boranes (B5H9 or B10H14).66 Thermal decomposition 

of residual boron hydrides during calcination of NBC would explain why crystalline 

nickel boride phases were observed in NBC catalyst (equation 4).  

)+,-# + 2).!"! → )+(!"!)# + ).,-
∆→")+#!"

&'°23)+)!        (4) 
 

When unsupported NBC was first refluxed in methanol for several hours prior 

to N2(g)-calcination, then only crystalline Ni was observed (Figure 3.8a). Refluxing in 

methanol has been previously shown to remove residual boron hydrides from similar 
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materials,24 which was presuming to be trapped within the composite during the rapid 

reaction of Ni2+ and BH4-. 11B NMR analysis of the supernatant solution of the refluxed 

material provided a singlet at 18 ppm, suggesting that a borate formed from hydrolysis 

of borohydride (Figure 3.8b). Trapped boron hydride [possibly Ni(BH4)2]26 or 

hydrogen adducts67 in the matrix of unsupported NBC may then decompose during 

heating, explaining the formation of Ni3B upon N2(g)-calcination (equation 4), as well 

as the predominance of Ni over NiO upon air-calcination of unsupported NBC. The 

slow formation of the thin NBC layer in NBC-MASN may prevent this entrapment of 

boron hydrides and would explain the formation of both Ni upon N2(g)-calcination and 

NiO upon air-calcination of NBC-MASN.  

 

 
Figure 3.8.  a) PXRD of NBC-MASN after MeOH reflux followed by N2(g)-calcination. 
b) 11B NMR of the supernatant solution after NBC was refluxed in methanol for 3 h. 

 
The predominance of Ni compared to NiO in the PXRD profile of air-calcined 

NBC may also be attributed to the sintering and surface passivation of the Ni 

nanocrystals during heating.  These agglomerated Ni nanocrystals may retain interior 

particle domains of Ni sufficiently large to diffract X-rays, while being protected from 

further oxidation by an exterior layer composed of NiO and borate, as previously shown 
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for similarly formed cobalt boron composites.34 In the case of air-calcined NBC-

MASN, where only NiO was present in the PXRD profile, it may be that the very thin 

layer of homogenously amorphous NBC coating the MASN was more extensively 

oxidized than in bulk unsupported NBC. Finally, in the case of N2(g)-calcination of 

NBC-MASN, amorphous Ni present in the NBC-MASN simply segregates and 

crystalizes in domains large enough to diffract X-rays.    

Calcining NBC or NBC-MASN in either air or N2(g) atmosphere diminished the 

catalytic activity toward the reduction of aromatic nitro groups, likely due to nickel 

segregation/crystallization and a subsequent loss of catalytic surface area, as well as 

catalytically inactive surface NiO in the case of air-calcination.  

The location of NBC on the external surface of MASN is apparent in Figure 

3.3, but whether this material extends into the mesochannels of the support is less 

apparent due to the low contrast between NBC and SiO2.  Some information can be 

determined, however, from low angle PXRD of the material. The inset in Figure 3.9 

shows the change in the (100) peak position and intensity for the MASN support, before 

and after NBC formation and subsequent calcination in air or nitrogen.  This peak 

corresponds to the distance between the walls of the ~3 nm diameter channels that run 

through the MASN spheres.  The reduction of intensity and slight shift to lower 2-theta 

angles may be attributed, respectively, to inclusion of NBC material within the 

channels, and a subtle expansion of the pores as a result of their partial degradation 

during calcination.46 This degradation was not typically seen upon template extraction 

during MASN synthesis, which occurred at the same temperature of 550 °C, so it may 
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result here in part from the growth of a crystalline nickel phase within the mesochannels 

upon calcination of NBC-MASN. Inclusion of the NBC coating within the channels of 

MASN may indicate that the composite is partially anchored in the pores of the MASN, 

allowing it to remain highly dispersed and catalytically active over multiple reuse 

cycles (vide infra). 

 

Figure 3.9. A comparison of PXRD profiles for as-synthesized (fresh) NBC-MASN 
and after calcination in air or flowing nitrogen.  The inset shows the low angle 
diffraction pattern for the bare MASN compared to as-synthesized NBC-MASN before 
and after calcination.  
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Figure 3.10. A comparison of PXRD profiles for as-synthesized (fresh) unsupported 
NBC and after calcination in air or flowing nitrogen.  All peaks in the N2 calcined 
sample not assigned to Ni (asterisks) can be assigned to Ni3B (ICDD 00-048-1223).  
The inset shows an enlargement of the profile for the air-calcined material, indicating 
the presence of NiO. 

Thermogravimetric analysis (TGA) of both unsupported NBC and NBC-

MASN was performed to investigate the possible decomposition of trapped 

borohydride in NBC in general, as well as the oxidation of metallic nickel in both 

materials (Figure 3.11).  Upon heating to 800 °C in air, NBC-MASN shows only the 

expected mass loss associated with removal of physically adsorbed water, with no 

appreciable mass gain that would indicate oxidation of boron or nickel.  Considering 

that PXRD clearly shows the formation of NiO at 550 °C in air-calcined NBC-MASN, 

this TGA result is not easily explained. However, a similar TGA of unsupported NBC 

demonstrated two increases in mass initiating at approximately 350 °C and 650 °C. The 

first mass gain initiates very close to that observed for NaBH4 similarly heated in air, 
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which initiates at a temperature of ~360 °C and may indicate the presence of residual 

borohydride in unsupported NBC, while the second mass increase starting at ~650 °C 

is consistent with the oxidation of Ni nanoparticles in the nanometer size regime.68 

 

 
Figure 3.11. TGA data in air for NBC vs. NBC-MASN (top) and NBC vs NaBH4 
(bottom). 

Because the surface of a catalytic material is of particular interest, X-ray 

photoelectron spectroscopy (XPS) was used in an attempt to identify the surface species 

present in both NBC-MASN and unsupported NBC.  Figures 3.12 and 3.13 show the 

wide-scans and core-level scans for freshly prepared samples of both NBC-MASN and 

NBC, respectively.  Table 3.3 gives the relevant electron binding energies for Ni, B 

and O in each material.  It is evident from the Ni 2p core-level scans that the catalyst 

surface in both cases contains a mixture of metallic and oxidized nickel.  The B 1s core-
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level scans show the presence of oxidized boron as well as a peak occurring at 187.7 

eV for both materials, which is within the region typically assigned to nickel boride in 

the literature.30, 32, 3330–32 The interpretation of this B 1s peak and its assignment to 

nickel boride is difficult to make, considering the very slight shifts in binding energy 

observed between elemental boron, borohydride, and the relevant borides.39 As for the 

B 1s shifts in these materials, the assigned shifts for Ni 2p binding energies are also 

typically less than 1 eV from that of metallic Ni.30, 33, 69 There is also considerable and 

longstanding disagreement as to whether electron donation occurs from boron to metal 

or vice versa in amorphous nickel borides.39 Evidence has been given of residual 

hydrides or hydrogen adducts in both nickel and cobalt composites, particularly when 

synthesized in ethanol, though the specific identity of these purported hydrides (M-H 

or B-H) has not been resolved.67 Considering the interpretation of PXRD and TGA data 

in this work, we reason that the B 1s binding energy previously reported by others as 

evidence of amorphous nickel boride, may actually be indicative of residual 

borohydride sequestered in the composite upon formation.  Indeed, the presence of 

residual borohydride in similar nickel based composites has been previously reported.24 

In comparing the spectra for NBC-MASN and unsupported NBC, the greatly 

diminished intensity of this B 1s peak at 187.7 eV relative to the adjacent borate peak 

implies a much lower surface concentration of this boron species in NBC-MASN. 

Considering the NBC layer on MASN appears by HAADF-STEM to be quite thin 

(perhaps only a few nanometers on average), the XPS analysis, with a reliable surface 

penetration depth of 5 to 10 nm, may largely account for the entire composition of the 
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NBC layer in NBC-MASN.  Assuming the B 1s peak at 187.7 eV arises from 

sequestered borohydride, then its lower concentration in NBC-MASN could account 

for the lack of any Ni3B phase observed by PXRD after calcining in N2(g). Of course, 

some portion of the initial NaBH4 will fully react and become borate in the composite 

matrix (or rinse away as boric acid), which explains why a mixture of metallic nickel 

and nickel boride are typically seen after calcination. 

 

 
Figure 3.12. XPS data for NBC-MASN. 
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Figure 3.13.  XPS data for unsupported NBC. 

Table 3.3. Binding Energies of NBC-MASN and NBC 

Element NBC-MASN (eV) NBC (eV) Possible Compounds 
Ni 2p 852.6 852.3 Ni 

 856.8 856.6 NiO, Ni(OH)2, Ni(BO2)2 

B 1s 187.7 187.7 BxHy  
 193.0 192.4 BO2-, B2O3 

O 1s 532.8 532.3 NiO, BO2-, B2O3 

 
Further evidence for the presence of borohydride trapped within the matrix of 

NBC was given by examining the quantity of hydrogen evolved during synthesis of 

both unsupported and supported NBC (Table 3.4). For unsupported NBC, only 51% of 

the theoretical amount of hydrogen was released when NiCl2:NaBH4 (1:2) were 

allowed to react at 0 °C in ethanol.  Even when varying the ratio of NiCl2:NaBH4 from 

1:1 to 1:0.5, the amount of hydrogen evolved were 43% and 54%, respectively. Similar 



 125 

results were obtained for NiCl2-MASN:NaBH4 (1:2), which liberated 56% of the 

theoretical amount of hydrogen, indicating that some B-H compound remains 

unreacted, possibly sequestered within the interstitial spaces of the material.  

Table 3.4.  Gas evolution analysis of NBC for differing ratios of Ni:BH4 and NBC-

MASNa 

NiCl2:NaBH4 NiCl2 NaBH4 H2 Evolved Theoretical 
Amount of H2 

Percentage of 
H2 Evolved 

1:2 0.5 mmol 1 mmol 2.05 mmol 4 mmol 51% 

1:1 0.5 mmol 0.5 mmol 0.85 mmol 2 mmol 43% 

1:0.5 0.5 mmol 0.25 mmol 0.54 mmol 1 mmol 54% 

Ni:NaBH4 Ni-MASN NaBH4 H2 Evolved Theoretical 
Amount of H2 

Percentage of 
H2 Evolved 

1:2 0.15 mmol 0.3 mmol 0.71 mmol 1.256 mmol 56% 

aAnhydrous NiCl2 and solid NaBH4 were added and the flask cooled to 0 °C. A cannula 

connected the round bottom flask to the gas burette reservoir. The system was allowed 

to equilibrate before the addition of 4 mL of 0 °C ethanol via syringe. By the controlled 

relief of pressure in the closed system into a graduated cylinder, the volume of gas 

generated, plus total volume injected, was measured by water displacement. The 

temperature of the displaced water and barometric pressure was also measured, and the 

temperature dependent vapor pressure of water. The quantity of hydrogen produced 

was then determined by the following method published before.70  

The bulk nickel and boron content in both NBC-MASN and unsupported NBC 

were determined by ICP-OES. Throughout this work, the content of Ni initially present 

in fresh NBC-MASN averaged 9.0w%, while the calculated loading of Ni2+ into MASN 

via impregnation with NiCl2•6H2O was 10.w%. However, no significant amount of Ni 

was observed by ICP-OES in the ethanol/water supernatant collected after the 

syntheses of either NBC or NBC-MASN. Therefore, additional moisture adsorbed in 

the hydrated nickel salt and instrumental error inherent during ICP-OES may account 
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for the discrepancy. The initial ratio of Ni:B was approximately 2 in both NBC and 

NBC-MASN and remained unchanged for both catalysts after calcination in either 

nitrogen or air. 

 

3.2.3. Recycling Study 

ICP-OES was further used to track changes in the nickel and boron content after 

successive reuses of NBC-MASN in the reduction of p-nitrotoluene to p-toluidine. 

Figures 3.14 and 3.15 show, respectively, the Ni:B ratio NBC-MASN and the percent 

yield of p-toluidine determined after 24 h by 1H NMR for two different reuse studies. 

In both studies, 5 mmol of N2H4•H2O was used as the reducing agent for 1 mmol of p-

nitrotoluene, in the presence of NBC-MASN containing approximately 0.1 mmol of 

nickel. Sodium borohydride was used either ex situ or in situ with N2H4•H2O, in an 

attempt to prolong the catalyst’s reusable lifetime. In the ex situ-NaBH4 study, when 

the percent yield of p-toluidine was observed to decrease significantly (below 80%) 

upon cycling, the used NBC-MASN catalyst was cleaned, dried, and regeneration 

attempted by reacting it with a quantity of NaBH4 equivalent to twice the molar amount 

of Ni assumed to be present in the catalyst. In the in situ-NaBH4 reuse study, a 

combination of N2H4•H2O and equimolar NaBH4 were used, with the intention of 

affecting continuous in situ regeneration of the catalyst by reaction with NaBH4. As 

can be seen in Figure 3.14, a progressive loss of boron from NBC-MASN is observed 

upon each cycle in both study but is more dramatic in the study where only N2H4•H2O 

is present, compared to in situ regeneration by NaBH4. As can be seen in Figure 3.15, 

the use of NaBH4 along with N2H4•H2O extends the lifetime of the catalyst up to nine 
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reuse cycles, compared to only four cycles when regeneration is performed ex situ. No 

significant loss of nickel from NBC-MASN was observed during either reuse study, 

indicating that all of the Ni2+ initially loaded onto MASN was reacted during the 

synthesis of the catalyst.   

It must be pointed out that N2H4•H2O will not reduce NiO to Ni0 at 25°C, and 

oxidation from continuous reaction with the substrate nitro group during catalysis 

makes oxidation of the catalyst inevitable.71 The sustained catalytic activity of NBC-

MASN observed when both NaBH4 and N2H4•H2O were present during each catalysis 

cycle (Figure 3.15) is attributed to the ability of borohydride to reduce passivating 

surface NiO. It is also possible, given the higher average boron content compared to 

the ex-situ study, that in situ NaBH4 may replenish some protective borate species that 

physically prevent agglomeration of the active nickel or its more rapid oxidation.  In 

contrast, it was found that exposing the catalyst to additional borohydride ex situ, as 

soon as catalytic activity was observed to decrease, did not improve catalytic 

performance upon subsequent reuse. As can be seen in Figure 3.14, the boron content 

in NBC-MASN did increase after these ex situ borohydride treatments prior to reuse 7 

and 9, but sharply decreased again upon further cycling. We interpret this as evidence 

that NaBH4 is reducing oxides formed on the catalytically active nickel surface, so long 

as the oxidation is not too extensive—as may be the case in the ex situ regeneration 

study. Severe oxidation of the amorphous nickel, along with loss of the surrounding 

borate matrix, may leave the nickel constituent vulnerable to agglomeration, and loss 

of surface area, during subsequent reduction by borohydride. Further XPS and electron 
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microscopy studies examining the surface oxidation and agglomeration/crystallization 

of nickel at each reuse cycle, would likely elucidate the point at which surface oxidation 

and/or segregation/crystallization deactivates the catalyst, and either in situ or ex situ 

borohydride regeneration is no longer possible for NBC-MASN.   

 

Figure 3.14.  ICP-OES data for the Ni:B molar ratio in NBC-MASN after successive 
reuses in the catalytic hydrogenation of p-nitrotoluene. Two reaction conditions are 
compared: N2H4•H2O as reducing agent (red diamonds), and N2H4•H2O with an 
equimolar addition of NaBH4 (blue squares).  The two red circular markers for reuse 
numbers 7 and 9 indicate the Ni:B ratio after ex-situ regeneration of NBC-MASN with 
NaBH4 but before catalysis using N2H4•H2O. 
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Figure 3.15.  Reuse study:  The percent yield for the conversion of p-nitrotoluene to p-
toluidine is plotted against reuse cycle number, using either N2H4•H2O as the reducing 
agent or a combination of N2H4•H2O and NaBH4 as reducing and regenerating agents.  
The product yields were determined after 24 h reaction.  Yield was determined by 
isolation and the purity was verified by 1H NMR spectroscopy. 

A tandem 1H NMR spectroscopy study was performed during the reuse study 

where NBC-MASN was regenerated with NaBH4 ex situ (Figure 3.16).  The first 

catalysis reaction using fresh NBC-MASN to reduce p-nitrotoluene to p-toluidine 

reached completion after 2 h. However, subsequent reuses of the catalyst showed 

progressively longer incubation periods to achieve full conversion of p-toluidine.  This 

may be evidence of the formation of an oxide layer on the catalytic nickel surface, 

which inhibits the interaction of hydrazine.72 Although full conversion to p-toluidine 

was not achieved in the 5th cycle, all of the starting material was consumed and several 
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intermediates were identified that did not fully react with the catalyst to finish 

conversion into p-toluidine. 

 
Figure 3.16. Percent yield of p-toluidine after 24 h. Yields are based on 1H NMR ratios. 

3.2.4. Mechanistic Insights 

As mentioned earlier, the reduction of nitroarenes to anilines can progress by 

one of two proposed pathways, direct reduction or condensation. 1H NMR analysis was 

used to monitor the reaction progress to better understand how the reduction occurs 

with NBC-MASN and hydrazine hydrate (Figure 3.17). In the first hour, p-nitrotoluene 

was present and some initial conversion into p-toluidine was seen. Additional signals 

corresponding to two reaction intermediates 4,4-dimethylazoxybenzene (B) and 4,4-

dimethylhydrazobenzene (D) were also present. After 2 h, a steep decline in p-

nitrotoluene can be seen as product intensity increased. Intermediate B remained but D 

was no longer as prominent suggesting a rapid transformation into the product. After 3 
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h, the reaction was complete as only signals corresponding to p-toluidine were present. 

The presence of the azoxy and hydrazo reaction intermediates suggests that the 

reduction of p-nitrotoluene using this methodology occurs through the condensation 

pathway. The condensation pathway appears to be the preferred route for many of these 

metal boron composite catalysts.4, 51, 54 

 

Figure 3.17. Left: 1H NMR spectra of sample aliquots after 1 h, 2 h, and 3 h. Right: 
proposed reaction pathway for the reduction of nitroarenes. 

3.2.5. Nitroarene Substrate Scope 

In order to verify the catalytic ability of NBC-MASN for the reduction of other 

nitroarenes, a preliminary substrate scope was investigated (Table 3.5). Simple 

nitroarenes, such as p-nitrotoluene and nitrobenzene easily produced the aniline 

products (entries 1 and 2).  Halogenated nitroarenes were reduced in excellent yields 

to the corresponding aniline derivatives and no dehalogenated product was observed 

(entry 3). Both trisubstituted and pyrene nitroarene derivatives were tolerated as well 

(entries 4 and 5).  
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Interestingly, 4-nitro-benzonitrile was selectively reduced to 4-cyano-

benzylamine (entry 6) while the nitrile in 4-cyanotoluene remained unreacted during 

the catalysis (entry 7). This selectivity differs from previously published catalyst 

systems, which reduced both nitro and nitrile groups simultaneously.73-75 In those 

methodologies, the reducing agent was H2 generated from NaBH4, as opposed to 

N2H4•H2O.  

Table 3.5. NBC-MASN vs NBC for selective nitro group reduction 

 
aIsolated yield; b Reaction conditions for supported catalyst: nitroarene (4 mmol), NBC-
MASN (10 mol%), MeOH (8 mL), hydrazine hydrate (20 mmol), 25 °C, 24 h, under 
argon atmosphere; c Reaction conditions for unsupported catalyst: nitroarene (4 mmol), 
NBC (10 mol%), MeOH (8 mL), hydrazine hydrate (20 mmol), 25 °C, 24 h, under 
argon atmosphere. 
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These results propose that the hydrogen source can dictate functional group 

selectivity. To further demonstrate this fact, Vernekar’s group compared how their Co-

Co2B catalyst performed in the presence of different functionalities and substituents 

when mediated with NaBH4 or with hydrazine hydrate.51 Both hydrogen sources did 

not reduce carboxylic acids, oximes, or esters and they tolerated the presence of halides, 

alcohols, and ethers. If a nitrile or alkene was present, NaBH4 would react to produce 

the amine or saturated compound, respectively. Interestingly, hydrazine would not 

react with either of those functional groups. The hydrogenation with NaBH4 converted 

aldehydes and ketones to the corresponding alcohols, while when hydrazine was used 

partial conversion was achieved. More specifically, hydrazine and the catalyst would 

react with aldehydes to produce the hydrazine adduct and with ketones the alcohol and 

hydrazo product would form (2:1). These observations follow a similar trend found by 

other researchers.4, 6, 54  

Overall, the initial arylamine product yield was higher for a variety of substrates 

when using supported NBC-MASN catalyst, compared with the unsupported NBC 

catalyst. This is likely due to the more amorphous character of NBC grown on MASN, 

potentially possessing a larger proportion of minimally coordinated nickel sites for 

catalysis, compared to the more crystalline character of NBC.7, 76  Similar arguments 

have been made for the enhanced activity of Co-B when dispersed on mesoporous silica 

nanoparticles versus solid silica beads or bulk Co-B, where larger domains of metallic 

Co tend to aggregate.50  
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3.2.6. Alternative Ni-based Catalyst 

 Most of the discussion surrounding these amorphous metal catalysts involves 

reducing a metal salt with NaBH4, to obtain the active catalyst. But as described above 

the borohydride species is there to reduce Ni2+ to Ni0 and so it should be possible for 

other hydrides to reduce a metal salt and achieve similar results. This query was tested 

by reacting NiCl2 with diisobutylaluminum borohydride [(iBu)2AlBH4] and 

diisobutylaluminum hydride (DIBAL), both reactions produced a black precipitate. 

The catalysts were then subjected to the optimized reduction reaction conditions to 

reduce p-nitrotoluene (Scheme 3.4). The reduction reaction with (iBu)2AlBH4 did not 

achieve complete reduction. Even after 24 h the product was a mixture of intermediates 

in addition to the final product. Interestingly, catalyst synthesized from DIBAL 

performed well, accomplishing a complete reduction to p-toluidine in 78% isolated 

yield. It should be noted that DIBAL on its own will not reduce nitroarenes to aniline 

but instead stops at the hydroxylamine stage.77  

 
Scheme 3.4. Synthesis of Ni catalyst with (left) (iBu)2AlBH4 and (right) DIBAL and 
the subsequent reductions of p-nitrotoluene. Yields based on NMR ratios. aIsolated 
yield. 
 

The Ni catalyst made from DIBAL was then cleaned and reused for multiple 

cycles. The isolated yield of p-toluidine remained steady and did not see a dramatic 

decrease even after the 5th recycle (Figure 3.18). Unlike NBC-MASN, which benefited 
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from in situ addition of NaBH4 to reduce the oxide layer, the DIBAL synthesized 

catalyst did not require additional quantities of the hydride. This suggests that the 

catalyst was less susceptible to agglomeration or oxide formation. Although a full 

characterization profile was not conducted it seems that the aluminum from DIBAL is 

interacting with Ni to maintain a highly active catalyst. 

 
Figure 3.18. Recycling and reuse study of the reduction of p-nitrotoluene with the 
catalyst formed from Ni and diisobutylaluminum hydride. 
 
3.3. Conclusions 

In summary, a nickel boron composite (NBC) supported on mesoporous 

aluminosilicate nanoparticles (NBC-MASN) was synthesized for the purpose of 

reducing nitroarenes. The supported catalyst showed increased catalytic activity 

compared to unsupported NBC for the selective reduction of several different 

nitroarenes to their corresponding aniline derivatives. The catalytically active 

amorphous nickel in NBC-MASN may be deactivated by oxidation and/or 
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agglomeration/crystallization of nickel during catalysis, leading to an average reusable 

lifetime of four cycles. The reusable lifetime of the catalyst could be prolonged up to 

nine cycles (for the reduction of p-nitrotoluene) when equimolar NaBH4 was used with 

N2H4•H2O during catalysis, but not when NaBH4 was used ex situ to attempt 

regeneration of the exhausted catalyst.  Introducing NaBH4 in situ during catalysis 

likely reduces surface NiO back to Ni and may help to fortify the borate content 

believed responsible for preventing agglomeration and rapid oxidation of the 

amorphous nickel present in NBC.   

The structural character and negative surface charge of the MASN support 

appears to aid in forming a thin, highly dispersed amorphous coating of NBC on MASN 

during synthesis.  Comparatively, unsupported NBC consists of much larger particles 

containing 1-3 nm metallic nickel nanocrystals embedded in an amorphous matrix. We 

attribute the boron content in NBC-MASN, observed by ICP-OES and XPS, largely to 

the presence of unknown borate species rather than amorphous nickel boride, since the 

degradation of borohydrides in protic solvents prohibits the formation of elemental 

boron or true borides.  The XPS, TGA, and PXRD analyses, along with the results of 

methanol refluxing, indicate the possible entrapment of borohydrides within the rapidly 

formed precipitate of unsupported NBC. This residual borohydride may explain the 

formation of Ni3B upon N2(g-calcining of unsupported NBC.  The slower formation of 

the thin NBC layer grown on MASN may allow for a more complete reaction of NaBH4 

and would explain why only crystalline Ni is observed by PXRD upon N2(g)-calcining 

of NBC-MASN, as well as the greatly reduced intensity of the B 1s peak at 187.7 eV 
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in the case of NBC-MASN compared to that of unsupported NBC. The same 2:1 Ni:B 

ratio observed by ICP-OES for both NBC-MASN and unsupported NBC may be 

explained if the majority of boron present in the supported catalyst is oxidized, while 

some portion of the boron in NBC is residual boron hydride trapped within the 

amorphous matrix.   
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Real-Time Monitoring of Aqueous Organic Reduction Reactions  
Using Fiber Optic Ex Situ Raman Spectroscopy 
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4.1. Introduction  
 
4.1.1. Background  

Chemists have worked diligently to develop methods that reduce pollution by 

designing more sustainable methodologies and minimizing waste.1-3 Many organic 

solvents have been singled out for being toxic, environmentally hazardous, and 

contributing to unnecessary waste. Designer solvents, including ionic liquids, 

supercritical fluids, and liquid polymers, have found use as reaction media for a variety 

of chemical reactions; nonetheless, many are too expensive for high volume industrial 

use.4, 5 Consequently, the focus has shifted towards conducting organic reactions in 

aqueous medium because water is non-toxic, economically viable, and readily 

accessible.6-12 However, one significant drawback in the use of water-based reaction 

media has been that most traditional reaction-monitoring spectroscopic techniques are 

not compatible with an aqueous environment. One exception is Raman spectroscopy, 

wherein the bands associated with water vibrational modes are mostly located in a 

spectral range (above 3000cm-1) away from the bands associated with many organic 

species.13, 14 This unique aspect of Raman spectroscopy has led to a wide realm of 

medical research centered on using Raman for detection of biomolecules,15, 16 probes,17-

19 and even in aiding in understanding protein function.20 The application of using this 

analytical tool to monitor aqueous organic reactions, such as the reduction of 

nitroarenes and carbonyl compounds, is highly desirable.  
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4.1.2. History of the Reduction of Nitroarenes   

The reduction of nitroarenes suffers from various unsustainable reaction 

conditions, such as toxic metal catalysts, pressurized hydrogen, and extreme 

temperatures (see chapter 3 introduction).21-23 Mitigation of these unsafe practices have 

included using earth abundant metals, safer hydrogen sources, and atmospheric 

conditions.24-28 Specifically, a nickel boron composite (NBC) catalyst combined with 

a more stable hydrogen source, hydrazine hydrate, has been shown to reduce 

nitroarenes at ambient conditions.26 A step further in developing more sustainable 

reactions would be to conduct it in an aqueous system. By using Raman spectroscopy, 

the reduction of nitroarenes to aniline derivatives could be easily monitored without 

interference from the solvent. This reaction monitoring technique could then be applied 

to the neutralization of more energetic compounds, such as trinitrotoluene (TNT).   

4.1.3. History of Amine Boranes  

As a more sustainable solvent, water-based reactions aid in conducting 

experiments with greener practices in mind. However, many hydrides are not soluble 

in water or are highly reactive in water. Amine boranes are good sources of diborane, 

as they are more stable than other borane adducts (such as borane-tetrahydrofuran, 

BH3:THF),29 less sensitive to moisture and air (such as borane dimethyl sulfide, 

BH3SMe2),30 and more soluble in more diverse solvents.31 By combining 

trimethylamine and diborane, Schlesinger and Burg synthesized the trimethylamine 

borane (equation 1).32 Subsequent exchange reactions have since been found to form 

amine boranes including combining the amine of choice with either BH3:THF or 
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BH3SMe2 (equation 2).33 If starting from an amine salt, then a metal borohydride can 

be used to generate the amine borane; however, this method also produces hydrogen 

gas and thus, is less ideal (equation 3).34-37  

 

Traditionally, the reduction of carbonyl compounds requires the use of metal 

hydrides or reactive boranes in organic solvents, but they may also be achieved using 

amine boranes in a water-alcohol mixture.38-40 Amine boranes have found wide utility 

in the reduction of a variety of functional groups because they can tolerate protic and 

aprotic solvents.33, 41, 42 Table 4.1 illustrates a selection of amine boranes and their 

solubilities in different solvents. All of the selected amine boranes are soluble in the 

ethereal solvents, THF and diethyl ether. The use of benzene and dichloromethane 

showed reasonable solubility across the amine boranes; however, use of these solvents 

is not ideal from a green chemistry perspective. It is the protic solvents, ethanol and 

water, that make amine boranes differ from other reducing agents, which would react 

with the solvent. Even within this selection of amine boranes, few are soluble in water. 

Ammonia borane, dimethylamine borane (DMAB), and morpholine borane are the 

most soluble in water.   

 

(CH3)3N
BH3:THF

or 
BH3SMe2

(CH3)3N:BH3

THF
or 

SMe2

2(CH3)3N 2(CH3)3N:BH3B2H6

R3NH X
LiBH4

or 
NaBH4

R3N:BH3
LiX
or 

NaX
H2

(1)

(2)

(3)
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Table 4.1. Solubilities of amine borane complexes at 25 °C a,b  

Borane Complex H2O CH3OH Et2O THF Hexane Benzene CH2Cl2 

Ammonia VS VS VS VS SS S VS 

t-butylamine S VS S VS I S S 

dimethylamine VS VS VS VS I VS VS 

trimethylamine SS VS VS VS I VS VS 

triethylamine SS VS VS VS VS VS VS 

morpholine VS VS S VS I S VS 

N,N-diethylaniline R R VS VS VS VS VS 

pyridine SS VS VS VS I VS VS 

2,6-lutidine SS VS S VS I VS VS 

a R = reacts; I = insoluble, <0.1g/100mL; SS = slightly soluble, 0.1-1.0g/100mL; S = 
soluble, 1.0-3.0g/100mL; VS = very soluble, >3.0g/100mL. b Refs: 41, 42 
 

Nonetheless, the precise reducing ability of amine borane complexes is specific 

to the amine. For instance, a trend has been observed in which the reducing ability of 

an aliphatic amine borane decreases as the sterics surrounding the nitrogen atom 

increases: H3N:BH3 > RNH2:BH3 > R2NH:BH3 > R3N:BH3.37, 42  Thus, DMAB should 

be a desirable reducing agent as it is both soluble in water and not too sterically 

demanding. Various reports have illustrated DMAB as an effective reductant in 

electroless plating,43-45 as a hydrogen source for catalytic hydrogenation reactions,46-48 

and in reductive amination reactions.48, 49 As a reducing reagent for organic 

transformations, DMAB has been shown to reduce Schiff bases,50 imines,42 and !,β-
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unsaturated hydrazones.51 Based on its reductive abilities and its solubility in water, 

DMAB was chosen to demonstrate the aqueous reduction of carbonyls and how Raman 

spectroscopy can be used to monitor the aqueous reaction.   

4.1.4. Raman Spectroscopy in Organic Reactions 

A Raman spectrometer can be outfitted with a fiber optic probe that may be 

immersed into the reaction vessel (in situ) or placed outside of the reaction vessel (ex 

situ) to perform “real-time” monitoring and analysis of any reaction (Figure 4.1). The 

ex situ probe allows for fast monitoring that is easy to use, non-invasive, and requires 

little to no sample preparation. Utilization of this ex situ52 analytical tool ranges in 

disciplines from art conservation analysis53, 54 to forensic science.55, 56  In spite of these 

uses, Raman spectroscopy has been used sparingly as a tool to monitor reactions in an 

aqueous medium, especially in terms of ex situ real-time reaction monitoring. 

 

Figure 4.1. a) An example of the set up for an in situ reaction monitoring with Raman 
spectroscopy. b) An example of the set up for an ex situ reaction monitoring with 
Raman spectroscopy.  
 

Raman spectroscopy has been used to monitor some organic reactions. Many 

of them involve the in situ method,57-60 or the reactions occur under neat or organic 

solvents, which have distinct signals that may obscure the signal of interest.57-61 For 
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instance, the synthesis of substituted imidazoles and epoxides were two reactions where 

in situ Raman spectroscopy was used to monitor the reaction mixtures’ progress.57, 58 

In both reactions, an immersible probe was dipped into the reaction flask and as the 

reaction progressed, scans were taken to monitor the decrease of the reactant signals 

and the increase of the product signals. After normalizing the Raman signals and 

isolating distinct signals relating to starting materials and products, the Raman data 

could be plotted against time. By doing this, researchers were able to identify a clear 

moment when the reactions reached completion.  

Additionally, the synthesis of coumarins were shown to be easily monitored by 

Raman spectroscopy, and by careful analysis of the data, some mechanistic information 

could be obtained, expanding Raman’s utility.59 The Pechmann condensation reaction, 

between resorcinol and ethyl acetoacetate, was chosen as the model reaction for this 

chemical transformation (Scheme 4.1). The Raman probe was immersed into the 

reaction mixture and scans were taken every 10 minutes. The Raman stretches 

associated with the starting materials and the products were distinct enough to allow 

for clear real-time reaction monitoring. The reaction progressed as anticipated, with the 

resorcinol and ester signals decreasing in intensity over time and the signals for the 

coumarin product increasing in intensity. To show more clearly the transformation, the 

intensities from the 998 cm-1 stretch for resorcinol and the two stretches indicative for 

the coumarin product (the 1570 cm-1 associated with the C-O stretch and 1200 cm-1 

correlated to the trisubstituted arene) were normalized and plotted against reaction 

time. Interestingly, the resorcinol stretch at 998 cm-1 showed two sharp declines, after 
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0.5 h and 1.5 h, yet the product plots do not increase as sharply until after the 2 h 

reaction mark. This data indicated that, within the first two hours, the reaction was 

undergoing a series of intermediate steps. The researchers predicted an electrophilic 

aromatic substitution and transesterification steps followed by dehydration. This has 

since been corroborated with NMR studies of some isolated intermediates.62 Even 

though the intermediates themselves were not observed in Raman spectroscopy, this 

work highlights how Raman spectroscopy could be used to monitor a reaction, and 

through subtle tuning, mechanistic insights can be obtained.  

 

Scheme 4.1. Pechmann condensation reaction between resorcinol and ethyl 
acetoacetate to produce 7-hydroxy-4-methylcoumarin and their significant Raman 
stretches.  
 

Similarly, mechanistic observations were obtained from the real-time 

monitoring of the acetalization of acetone with glycerol to afford solketal (Scheme 

4.2).60 In addition to the stretches corresponding to starting materials and product, 

Raman spectroscopy was able to detect glycerol-glycerol interactions (3324 cm-1) and 

glycerol-acetone interactions (732 cm-1). It was interesting to observe that the glycerol-

glycerol interactions appeared 30 min after the acidic catalyst, (3-

mercaptopropyl)trimethoxy silane, was added. However, since solketal stretches were 

present within the first several minutes, it was reasoned that the glycerol-glycerol 

HO OH O

O

O HCl

6 h, 60 °C

OHO O

242, 524, 640, 744, 
998, 1075, 1302, 1730 cm-1

538, 862, 1112, 1156, 
1632, 1734 cm-1

802, 986, 1070, 1158, 
1200, 1324, 1376, 1446, 
1516, 1570, 1626 cm-1



 154 

interactions were not important for the formation of solketal. Oppositely, the glycerol-

acetone stretch emerged as soon as the acidic catalyst was added, and soon afterwards 

the bands relating to solketal appeared. This trend indicates that the glycerol-acetone 

interaction was a necessary occurrence for the formation of the product. These results 

demonstrate that Raman spectroscopy is a subtle analytical tool that can be used to 

monitor a reaction, in real-time, and be used to better under a reaction’s mechanism.  

 

Scheme 4.2. Production of solketal from the acetalization of acetone and glycerol with 
3-mercaptopropyl)trimethoxy silane as the acidic catalyst.  
 

Limited reports describe using Raman spectroscopy in an ex situ manner to 

monitor a reaction.63, 64 Work conducted by Leadbeater and Smith demonstrate how a 

Suzuki coupling reaction can be monitored with Raman spectroscopy.63 By setting up 

the Raman probe outside the reaction vessel, they were able to observe the coupling 

reaction occur through a non-invasive manner.  

Similarly, when salicylaldehyde and ethyl acetoacetate were combined with 

piperidine as the catalyst, and ethyl acetate as the solvent, 3-acetylcoumarin was 

formed (Figure 4.2a).64 This reaction took place in a microwave unit containing a 

cavity where the Raman probe could be inserted and positioned against the reaction 

vessel. The reaction mixture was monitored in real time using the ex situ method. Of 

the Raman stretches associated with 3-acetylcoumarin, the signals at 1563 cm-1  and 
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1608 cm-1 were closely monitored as they do not overlap with any of the starting 

materials or reagents. Closer examination of the 1500-1680 cm-1 region showed a local 

maximum at 1630 cm-1 that formed and then disappeared once the reaction was 

complete (Figure 4.2b). The researchers theorized that this peak was an intermediate 

of the reaction, thus demonstrating that Raman spectroscopy can aid in providing 

mechanistic insights. Because of the non-invasive monitoring approach, kinetic data 

was easily obtained and calculated to be first order rate laws.  

 

Figure 4.2. a) Condensation reaction between salicylaldehyde and ethyl acetoacetate 
to produce 3-acetylcoumarin and its significant Raman stretches. b) 3D profile of 
Raman spectra relating to 3-acetylcourmarin as a function of time and intensity from 
the region of 1500-1680 cm-1.64 
 

In both of these examples of ex situ reaction monitoring, additional data 

manipulation was required due to their selection of solvent systems, water/ethanol, and 

ethyl acetate, respectively.63, 64  The organic solvents contain Raman stretches that 

mask the reactant and product signals. The researchers overcame this problem by 

subtracting out the solvent signals. However, a more efficient method would be to use 

a more water-based reaction system, as the water signal is less apparent in the region 

for many organic compounds.  
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Accordingly, aqueous reductions of nitroarenes and ketones, using a nickel 

boron composite catalyst and dimethylamine borane respectively, were undertaken to 

evaluate the utility of ex situ Raman spectroscopy (Figure 4.3). The instrument’s 

sensitivity in calculating reaction kinetics and substrate selectivity demonstrate the 

efficacy and practicality of this analytical tool. Herein, we report the viability of using 

Raman spectroscopy as an ex situ, real-time, and non-invasive reaction monitoring 

technique for reactions in aqueous medium. 

 

Figure 4.3. Ex situ reaction monitoring with Raman spectroscopy for aqueous 
reduction reactions.  
 
4.2. Results and Discussion 
 
4.2.1. Reduction of Nitroarenes Monitored with Raman Spectroscopy 

Tri-nitroarenes are explosive compounds which may be neutralized by 

chemical reduction in aqueous media before safe disposal.65 Advantageously, the 

aromatic nitro groups exhibit Raman signals (1330 – 1370 cm-1) and thus enable the 

safe real-time monitoring of the transformation to more innocuous amines. The facile 

reduction of 4-nitrotoluene to the amine was achieved using a catalysis procedure, as 
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reported in Chapter 3, in which the nitro group is reduced to the amine using a nickel 

boron composite (NBC) catalyst (Scheme 4.3).26  

  

 
Scheme 4.3. Reduction of 4-nitrotoluene to 4-toluidine (90% isolated yield) using NBC 
catalyst and hydrazine hydrate. 
 

We were able to continuously monitor the nitro group reduction by positioning 

the fiber optic probe against the test tube, and wherein the laser focal point was focused 

just inside the vial glass wall so as to just impinge on the reaction mixture on the other 

side of the glass wall. This ex situ technique is convenient in that it avoids the need for 

an immersion probe or for the need to remove aliquots for analysis. The reduction of 

4-nitrotoluene was considered complete when the nitro group signal (1350 cm-1) was 

no longer observed, or was undifferentiated from the baseline noise, (ca. 30 min.) 

(Figure 4.4).  
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Figure 4.4. a) Ex situ Raman monitoring of the reduction of 4-nitrotoluene catalyzed 

with NBC catalyst and hydrazine hydrate in toluene at 25 °C. Red and green highlight 

the start and end of the reaction. b) A plot of the natural log of concentration vs. time 

to extract the rate constant of the nitro reduction reaction.   

 
Visually, the reaction mixture transformed from a yellow solution to a yellow 

turbid mixture, and then finally to a clear colorless solution (Figure 4.5). Quantitative 

product formation was confirmed by determining 1H NMR spectrum of the isolated 

product, which showed signals corresponding to the complete conversion of 4-

nitrotoluene to 4-toluidine.  
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Figure 4.5. Photographs showing the reduction of 4-nitrotoluene at various time points. 
Overtime the reaction mixture transforms from clear and yellow to turbid and 
yellow/colorless to a clear and colorless solution.  

 

A calibration curve of 4-nitrotoluene was used to determine the concentration 

of the reactant as the reaction proceeded. Prior to initiating the reaction or reagent 

addition, the intensity of the nitro stretch at 10 concentrations between 1.0 M and 0.01 

M were measured and normalized to a toluene co-solvent peak at 1379 cm-1 (Figure 

4.6). The rate of reaction could then be determined. By comparing the normalized peak 

intensity of 4-nitrotoluene as the reaction progressed over time, Raman spectroscopy 

provided a straightforward method to calculate that the reduction follows a pseudo first 

order rate law (equation 4).66, 67   

 
"#[%(')] = +' + "#[%(0)]; + = −0.018 ± 0.003; %(0) = 1.0	6	  (4) 
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Figure 4.6. a) Near-IR Raman spectra of 4-nitrotoluene in a series of dilutions in 
toluene from 0.01 M to 1.0 M. b) Calibration curve developed from taking the ratio of 
the nitro peak at 1343 cm-1 and the toluene peak at 1379 cm-1.   

 
As mentioned earlier, the reduction and neutralization of nitroarenes 

comprising of multiple nitro groups are of interest as they are higher energy compounds 

and are more challenging to neutralize and/or to dispose of. The reduction of di-

nitroarenes are less explored and typically require elevated temperatures to obtain 

either partial or complete reduction of the dinitro compounds.25 The compound 2,4-

dinitrotoluene was selected to undergo reduction with NBC catalyst and hydrazine 

hydrate (Scheme 4.4).  
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Scheme 4.4. Reduction of 2,4-dinitrotoluene to 2,4-diaminotoluene (55% isolated 
yield) using NBC catalyst and hydrazine hydrate.  
 
Under our reaction conditions, no reduction was observed at 25 °C, but initiated at 80 

°C. Interestingly, as soon as hydrazine was introduced to the reaction mixture the 

solution turned red, possibly due to a Meisenheimer complex formation between the 

nucleophilic hydrazine and the electron-poor aromatic ring (Figure 4.7).68 Over time, 

the red color disappeared and the reaction mixture returned to a colorless solution.   

 
Figure 4.7. Images of the reduction of 2,4-dinitrotoluene at the early stages and late 
stages of the experiment. Overtime the reaction mixture transforms from clear and 
yellow to turbid and colorless. 
 

Real-time monitoring of the reduction of 2,4-dinitrotoluene with the ex situ 

Raman probe showed that the nitro signal (1350cm-1) disappeared after a 60 min 

(Figure 4.8). Using the spectral data and the calibration curve (Figure 4.9), we were 
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able to calculate the kinetics of the reduction reaction follows a pseudo first order rate 

law (equation 5).  

"#[%(')] = +7 + "8[%(0)]; + = −0.049 ± 0.029; %(0) = 1.0	6	  (5) 
 

 
 

Figure 4.8. a) Full spectrum of ex situ Raman monitoring of the reduction of 2,4-
dinitrotoluene using the NBC catalyst and hydrazine hydrate at 80 oC with continuous 
stirring where red and green highlight the start and end of the reaction. b) Expansion 
of the region associated with the nitro group.  

 

Figure 4.9. a) Infrared Raman spectra of neat toluene (green), of a crystalline sample 
of 2,4-dinitrotoluene (red), and of 2,4-dinitroltoluene dissolved in toluene from 0.01 
M to 1.0 M (black). b) Calibration curve based on the ratio of the nitro peak at 1350 
cm-1 and the toluene peak at 1379 cm-1. c) A test of the goodness of fit of the 
calibration data.  
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We also probed the reduction of 2,4,6-trinitrotoluene (TNT) using an ex situ 

Raman spectroscopy. In this reduction we also observed a color changed from pale 

yellow to purple, suggesting the formation of a Meisenheimer complex. As before, the 

ex situ Raman probe enabled us to monitor the disappearance of the nitro signal at 1360 

cm-1 over a 3 h period (Figure 4.10). Although the amine was not isolated, these data 

demonstrate that TNT can be reduced using this method and the utility of ex situ Raman 

spectroscopy to monitor the reduction of hazardous materials in real-time. 

 

Figure 4.10. a) Full spectrum ex situ Raman monitoring of the reduction of 2,4,6-
trinitrotoluene using an NBC catalyst and hydrazine hydrate at 80 oC with continuous 
stirring. The red graph is the initial measurement, and the green graph is the final 
measurement. b) Expansion of the region associated with the nitro group. The red graph 
is the initial measurement, and the green graph is the final measurement. 

4.2.2. Reduction of Cyclohexanone by Aqueous Dimethylamine Borane (DMAB).  

We monitored in real-time the reduction reactions of ketones by DMAB in 

aqueous media using ex situ Raman spectroscopy. The relatively high solubility of 

DMAB in water (8 M) and immiscibility with most carbonyl compounds produced two 

phases (organic-water) after mixing.  The biphasic system allows for the Raman probe 
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to be focused ex situ in or about on each separate phase, thereby lessening any signal 

overlap or interference that would be present in a homogenous system.  

Cyclohexanone was initially chosen for this study due to its ease of reduction 

and immiscibility in water. Previous amine boranes have been shown to reduce the 

cyclic ketone, but many require extended reaction times or acidic environments to 

achieve high product yields (Figure 4.11).41 Conversely, reduction by DMAB occurs 

at in water, under basic conditions, and complete reduction is achieved in under 5 min 

(Figure 4.11, blue box). Because DMAB contains three hydrides and cyclohexanone 

only needs one hydride to form the alcohol, a 3:1 stoichiometric ratio 

(cyclohexanone:DMAB) was employed. Overall, complete reduction of 

cyclohexanone to cyclohexanol was rapidly achieved at ambient conditions and 

without the aid of an acidic catalyst.  

 
Figure 4.11. Reduction of cyclohexanone by different amine boranes. This work, 
reported in this chapter, is in the blue box. The reductions on the right with cyclic amine 
boranes occurred in glacial acetic acid at 25 °C. 
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The real-time ex situ monitoring of the carbonyl reduction by aqueous DMAB 

captured the rapid conversion of the carbonyl to the secondary alcohol (Figure 4.12). 

As the reaction progressed, three distinct signal shifts were observed. The most 

prominent feature was the disappearance of the carbonyl signal (C=O stretch at 1707 

cm-1) after 5 min. Additionally, as the reaction proceeded, the ring stretch position 

shifted from 753 cm-1 to 789 cm-1. The ring stretch is the in-phase extension of the C-

C and C-H bond lengths.69 The shift occurs due to the decreased bond stiffness of the 

C-O bond allowing the C-C and C-H bonds to vibrate at a higher frequency.70 Lastly, 

the secondary alcohol (C-O stretch at 1450 cm-1) appeared and grew as the carbonyl 

stretch decreased.69, 71  
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Figure 4.12. a) Full Raman spectra of the reduction of cyclohexanone using DMAB in 
water. The black spectrum shows starting material, and the green spectrum shows the 
product. b) and c) Expanded Raman spectra of the reduction of cyclohexanone using 
DMAB in water. The red spectrum shows starting material with the C=O stretch 
(carbonyl, 1707 cm-1) and C-C ring stretch (753 cm-1). The black spectra show the 
reaction progression. The green spectrum shows significant changes in the regions 
between 600 to 1800 cm-1, attributed to the conversion of ketone to alcohol, including 
the appearance of the C-O (2° alcohol, 1450 cm-1) and shifted C-C ring stretch (798 
cm-1). 
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4.2.3. Reduction of Cyclohexene-1-one by Aqueous Dimethylamine borane 

(DMAB).  

The reduction by DMAB of a less reactive ketone was studied to explore the 

utility of aqueous DMAB and to monitor the reaction by placing the Raman probe 

outside the reaction vessel.38 Indeed, this reduction required a significantly longer 

reaction time of 4 h compared to cyclohexanone reduction in 5 min (Scheme 4.5). 

When using a 3:1 ratio of a,b-unsaturated ketone to DMAB, cyclohexanol was isolated 

as a singular product. Interestingly, when ketone:DMAB was used in 3:2 ratio, a 

mixture of products containing 2-cyclohexen-1-ol (60%) and cyclohexanol (40%) was 

obtained. This product distribution suggests that 1,2-reduction is more facile than 1,4-

reduction. 

 
Scheme 4.5. The reduction of cyclohexen-1-one to cyclohexanol (95% isolated yield) 
in aqueous DMAB (pH 10). 
 

By placing the fiber optic probe against the reaction vial, clear observation of 

the carbonyl stretch (1659 cm-1) and the alkene stretch (1615 cm-1) were seen to 

diminish in intensity over the course of 4 h (Figure 4.13). The reaction was considered 

complete after 4 h when no distinct carbonyl stretch was observed. Much like the 

saturated ketone, there was an observed peak shift from 767 cm-1 to 785 cm-1 associated 

with the in-phase ring stretch of alkyl ring.  
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Figure 4.13. a) Full Raman spectra of the reduction of 2-cyclohexen-1-one using 
DMAB in water. The red spectrum shows starting material, the black spectra show the 
reaction progression, and the green spectrum shows the final reaction spectrum. b) and 
c) Expanded Raman spectra of the reduction of cyclohexen-1-one using DMAB in 
water. The red spectrum shows starting material with the C=O stretch (carbonyl, 1659 
cm-1), C=C (alkene, 1615 cm-1), ring stretch (767 cm-1). The black spectra show the 
reaction progression. The green spectrum shows significant changes indicative of 
reaction completion the appearance of the C-O (2° alcohol, 1442 cm-1) and shifted C-
C ring stretch (785 cm-1). 
 
4.2.4. Competitive Reductions by Aqueous Dimethylamine borane (DMAB).  

As mild reducing reagents, amine boranes have the advantage of being chemo-

selective, for instance they can reduce aldehydes or ketones in the presence of esters.39 

However it would be fruitful to further understand if there is reliable selectivity 

between aldehydes and ketones or even between higher and lower reactive ketones. 
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Andrews found that aldehydes were selectively reduced over cyclohexanone by t-

butylamine borane. Additionally, t-butylamine borane preferentially reduced 

cyclohexanone when in the presence of aliphatic or aromatic ketones. When comparing 

cyclohexanone to 2-cyclohexen-1-one, t-butylamine converted cyclohexanone in 95% 

yield. His results demonstrate that when an amine borane is in the presence of two 

carbonyls it will selectively reduce the more reactive one.38  

Since aqueous DMAB reacts more slowly with the a,b-unsaturated carbonyl 

compound, it seemed possible that it could be used as a selective reducing agent for 

saturated carbonyl compounds. Accordingly, a competitive reaction between 2-

cyclohexen-1-one and cyclohexanone was conducted to demonstrate this selectivity of 

aqueous DMAB (Scheme 4.6). A sub-stoichiometric amount of DMAB (0.33 equiv) 

was used in the competitive reactions so that only the faster reacting carbonyl 

compound might be reduced selectively. By positioning the Raman probe outside the 

reaction vessel, it was possible to observe in real-time the competitive reduction 

reaction of the two carbonyl compounds. In the presence of aqueous DMAB, the 

Raman spectral analysis exhibited the saturated carbonyl stretch (1707 cm-1) 

disappeared in 5 min while the a,b-unsaturated carbonyl signal (1659 cm-1) remained 

unchanged (Figure 4.14). Product analysis through 1H NMR spectroscopy confirmed 

the presence of unreacted 2-cyclohexen-1-one while cyclohexanone was fully 

converted into the corresponding alcohol.  
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Scheme 4.6. To elucidate the reaction kinetics of the mixture, a 1.5:1.5:3 mmol reaction 
of cyclohexanone:2-cyclohexen-1-one:DMAB was performed. 

 
 

Figure 4.14. a) Full Raman spectra of the reduction of a 1:1 mixture of 

cyclohexanone:cyclohexen-1-one using DMAB in water. The selective reduction of the 

saturated ketone was complete within 5 min as shown by the disappearance of the 

carbonyl stretch (1707 cm-1). The red and green spectra show the pure starting material 

and product in solution, respectively. b) Expanded view of the Raman spectra relating 

to the carbonyl stretch (1707 cm-1). The red and green spectra show the pure starting 

material and product in solution, respectively.  

 

Further exploration of aqueous DMAB as a selective reducing agent warranted 

us to compare the relative rate of the cyclohexanone reduction with the reduction of an 

epoxide, such as cyclohexene oxide (Scheme 4.7). Similar to the results for 2-cyclohex-

1-one reported above, the saturated ketone was reduced in less than 5 min, as evidenced 

by the fiber optic Raman spectral data, and the epoxide remained unreactive under the 

same reaction condition and was recovered in essentially pure form when 0.33 

equivalence of DMAB was used (Figure 4.15). The reaction of cyclohexanone and 

cyclohexene oxide was reacted for 15 minutes; however, the selective reduction of the 
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cyclohexanone was complete within 5 min. as evidenced by the disappearance of the 

carbonyl stretch (1707 cm-1). The epoxide remained unreacted as demonstrated by the 

presence of the C-O stretch (1262 cm-1).58, 72, 73,74 It is evident from these experimental 

results, that aqueous DMAB can be used as a selective reducing agent for saturated 

carbonyl compounds in presence of conjugated carbonyl compounds and simple 

epoxides.  

 
Scheme 4.7. To elucidate the reaction kinetics of the mixture, a 1.5:1.5:3 mmol reaction 
of cyclohexanone:cyclohexene oxide:DMAB was performed. 
 
 

 

Figure 4.15. Raman spectra of the reduction of a 1:1 mixture of 
cyclohexanone:cyclohexene oxide using DMAB in water. The reaction was monitored 
for 14 min total, but the selective reduction of the saturated ketone completed within 5 
min as shown by the disappearance of the carbonyl stretch (1707 cm-1) and the 
continued presence of the C-O stretch (1262 cm-1). The red and green spectra show the 
starting material and product in solution.  
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4.2.5. Mechanistic Insights for the Reduction of DMAB and Cyclohexanone.  

During the reactions with cyclohexanone, some interesting observations were 

made that led to the exploration into the mechanism of DMAB’s hydride transfer. 

When neat cyclohexanone was mixed with aqueous DMAB (8M, pH 10), an opaque-

amber emulsion was formed, with heat generation and gas evolution observed. The 

Raman data that was collected after mixing indicated that the reaction was essentially 

complete in 5 min. Although, gas evolution was observed, hydrogen gas meter 

measurements75 showed only a small amount of hydrogen evolution (<9%), due to 

hydrolysis of DMAB (Table 4.2).  

Table 4.2.  Gas evolution analysis of the reaction between cyclohexanone and 
aqueous DMABa  

Trial Cyclohexanone DMAB 
H2 

Evolved 

Theoretical 
Amount of 

H2 

Percentage 
of H2 

Evolved 

1 3 mmol 1 mmol 0.233 
mmol 3 mmol 7% 

2 3 mmol 1 mmol 0.273 
mmol 3 mmol 9% 

aCyclohexanone was added to a round-bottom flask containing a side-arm, which was 
then attached to the hydrogen meter. Once the system had equilibrized, aqueous DMAB 
was injected and the H2 was quantified.  
 

We subsequently found that the gas evolution and bubbling was due to gaseous 

dimethylamine, as shown by a gas trapping experiment and 1H NMR analysis (Figure 

4.16). However, when a more dilute aqueous DMAB (2 M) was used, we did not 

observe the gas evolution or bubbling.  
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Figure 4.16. 1H NMR of dimethylamine in CDCl3. 

 

Based on these observations, three scenarios may be mechanistically plausible: A) at 

high pH, the hydroxide anions in the reaction mixture may activate the DMAB to form 

a monohydroxy borohydride species (Figure 4.17A), B) DMAB reacts with the 

protonated carbonyl group at the organic-water interface (Figure 4.17B), or C) the 

undissociated DMAB molecule in the aqueous phase undergoes phase transfer into the 

cyclohexanone organic phase, and reacts with cyclohexanone in the organic phase in a 

concerted fashion (Figure 4.17C).76, 77 
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Figure 4.17. Three proposed interactions between DMAB, cyclohexanone, and water 

molecules. A) Basic conditions allow the hydroxide anion to displace the 

dimethylamine, forming a monohydroxy borohydride, -BH3(OH), which would then 

react with the carbonyl. B) Water activates the carbonyl and DMAB reacts with the 

carbonyl. C) DMAB reacts with the unativated carbonyl. 

 

In mechanism (A), a reactive monohydroxy borohydride species, -BH3(OH), 

with anionic character, is proposed to form from DMAB and hydroxide anion by 

displacement of dimethylamine from DMAB. The carbonyl reduction is therefore 

speculated to occur via the hydridic -BH3(OH) species rather than with BH3. Other 

boranes, such as BH3:SMe2, in the presence of hydroxide anions are expected to form 

an adduct with hydroxide anions to form a reactive monohydroxy borohydride species, 

NaBH3(OH).75  In an analogous fashion, it was anticipated that DMAB will form 

Me2NH+ -BH3OH under basic conditions, which may transfer its hydride to the 

carbonyl group. To probe this hypothesis, BH3:SMe2 and DMAB were mixed 

separately with sodium hydroxide and subsequently analyzed by 11B NMR 

spectroscopy for the NaBH3(OH) signal (-10 ppm).78 The 11B NMR spectrum of a 

mixture of BH3:SMe2 and solid NaOH displayed three signals attributable to 

NaBH3(OH) (-10 ppm),78 unreacted BH3:SMe2, and NaB2H7 (δ -29 ppm)79 (Figure 
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4.18). The NaBH3(OH) was absent in the 11B NMR spectrum of the mixture of DMAB 

and aqueous NaOH, displaying solely the unreacted amine borane (δ -15 ppm). The 

unchanging 11B NMR spectrum of DMAB indicated the stability of DMAB, even under 

high pH environments, and confirmed that no monohydroxy borohydride was formed 

in aqueous DMAB over a period of 12 h at 25 °C. Consequently, we suggest that 

Me2NH+ -BH3OH is not the source of hydride for the exothermic reduction reaction, 

thus pathway A is ruled out.  

 
Figure 4.18. 11B NMR (decoupled) studies at 25 °C. a) BH3:SMe2 with 5% NaOH 
(solid) displayed peaks at δ -10 ppm [NaBH3(OH)], δ -20 ppm (BH3:SMe2), and δ -29 
ppm (NaB2H7). Insets b) and c) are expansions of the δ -10 ppm and -29 ppm signals, 
respectively. These peaks were quartets in the coupled spectra. d) DMAB with 
NaOH (aqueous) exhibiting a peak at δ -15 ppm (DMAB).  
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Alternatively, the reaction pathway may involve the activation of the carbonyl 

group by a hydrogen bonded water molecule followed by a hydride transfer (Figure 

4.17B).38-40, 80 Density functional theory (DFT) was used to calculate the energy of the 

optimized geometry of different molecular conformations during the hydride transfer. 

However, we could not discover or find a transition state for this pathway. 

Consequently, we omitted pathway B from our mechanistic consideration. 

Pathway C involves a concerted transfer of a hydride from DMAB to the 

carbonyl carbon atom.76 Theoretical calculations, for the hydroboration of carbonyls 

with ammonia borane in THF and methanol, predicted a concerted double hydrogen 

atom transfer.81, 82 If this double hydrogen atom transfer were to occur with aqueous 

DMAB, we would expect to observe the cyclic dimer of dimethylamino-borane (Me2N-

BH2)2 in the 11B NMR spectrum (δ 5, t, J = 114 Hz).46, 83 Additionally, this cyclic dimer 

has been shown to be an inactive reducing agent in the absence of a catalyst.84 Since 

the reduction of cyclohexanone with DMAB in 3:1 stoichiometry afforded 

cyclohexanol essentially quantitatively and no (Me2N-BH2)2 signal was observed in the 

11B NMR spectrum, it was concluded that the double hydrogen atom transfer was not 

a viable pathway for this aqueous reduction reaction.  

Previous reports suggested a four-membered transition state for pathway C, that 

eventually afforded borate esters.76, 77, 85 To arrive at the cyclic transition state, the 

amine needs to dissociate first through two possible routes: first, the amine could 

dissociate from the BH3 which is then captured by the carbonyl O-atom or the amine is 

displaced from DMAB as the carbonyl coordinates to the boron center.77 DFT analysis 
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found that, for the rate determining dissociation of BH3 followed by formation of 

adduct with carbonyl O-atom, the activation barrier is 20 kcal/mol (Scheme 4.8). 

Following that coordination, the BH3:carbonyl adduct (2) undergoes a rapid hydride 

transfer to the carbonyl carbon, structure 3, which then gives way the reduced product 

(4). As previously reported, after the first hydride transfer, two more cyclohexanones 

would add to 4 leading to borate esters.77 Borate ester formation was confirmed by 11B 

NMR analysis (broad singlet at δ 19 ppm) of the reaction mixture (Figure 4.19).77 Since 

water is not involved in pathway C, we can assume that this reaction is occurring in the 

organic phase explaining the lack of significant H2 evolution during this reduction.  

 
 

Scheme 4.8. DFT analysis of reaction pathway C. 
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Figure 4.19. 11B NMR (decoupled) of the reaction after DMAB reacts with 
cyclohexanone. 

 
4.3. Conclusion 

In conclusion, we have demonstrated that portable fiber optic Raman 

spectroscopy can be used as a real-time tool to monitor various reduction reactions in 

aqueous medium. The ex situ probe configuration was convenient as the reaction 

mixture can be monitored easily without the need for an immersion probe or the 

removal of aliquots. Two types of reduction reactions were conducted to demonstrate 

the applicability of Raman spectroscopy in organic reactions, the reduction of 

nitroarenes and the reductions of ketones. The reduction of mono- and di- nitroarenes 

to the corresponding aniline derivatives were easily observed by following the 

disappearance of the nitro stretch (1350 cm-1). Additional information calculated from 

the Raman data determined that the reaction progresses under pseudo first-order 

kinetics. The reduction of ketones with aqueous DMAB in a biphasic system was also 
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followed in real-time by monitoring the two separate phases. Aqueous DMAB 

efficiently reduced saturated carbonyls, such as cyclohexanone, to the corresponding 

alcohol within a 5 min period. Using both 11B NMR and DFT analysis, we determined 

that the reduction of cyclohexanone by DMAB, likely occurs by a hydride transfer in a 

cyclic transition state. When a less reactive a,b-unsaturated ketone was used as the 

substrate, the corresponding saturated alcohol was obtained as well, albeit at a slower 

rate. This discovery revealed that aqueous DMAB can be used as a selective reducing 

reagent for saturated carbonyls in the presence of either conjugated carbonyl 

compounds. Aside from these specific organic transformations, we envision using the 

probe to monitor any reaction in an ex situ fashion and we have shown the proof of 

principle of the utility of this monitoring tool when there are sensitive reactants or a 

water-based reaction environment.  
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5.1 Introduction 
The generation of sustainable, renewable energy with new or existing materials 

has long been sought, even before the correlation between fossil fuel emissions and the 

changing climate was proposed.1 Hydrogen fuel is an appealing option because of its 

substantial energy density and its nontoxic water byproduct, leading to its designation 

as a “clean fuel.” Hydrogen evolution reactions through water splitting is well 

established via electrocatalysis,2, 3 photocatalysis,4 and electrolysis.5-12 These methods, 

however, require expensive catalysts (e.g. Pt/C, Ru/C or Ir/C) or an applied potential 

and are thus not feasible as a continuous, affordable source of chemical energy. They 

also produce minimal amounts of hydrogen and require extended periods of time to 

generate the gas (2-9 mL of H2 in 50-180 min, depending on the catalyst).3, 6-12 

Aluminum is ideal for hydrogen generation because it is economically viable 

and in high abundance (approximately 8 wt.% in the earth’s crust).13 One gram of pure 

aluminum can in principle produce 1.24 L of hydrogen while generating aluminum 

oxide as the only byproduct (Equation 1).14  

2"# + 3&!' → "#!'" + 3&!   (1) 
 

To access aluminum’s potential, however, the passivating aluminum oxide 

layer present on the surface must be removed. Eradication of the layer can occur 

through mechanical manipulation, extreme pH, or room temperature liquid metals. Ball 

milling is a technique to synthesize a powder from two or more materials.15 Those 

materials are subjected to a pressurized environment for extended periods of time to 

achieve a fine particle structure. The fine particle morphology allows for more surface 

area but there is greater susceptibility for the oxide coating to return. The powders must 
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therefore be kept under an inert environment, such as an argon-purged glove box.16-18 

Concentrated acidic or alkaline solution is effective at removing the oxide layer, but 

the reagents are highly corrosive and costly.19, 20 

 
5.1.1. Background of Water Splitting  

A room temperature liquid metal mixed with aluminum creates a eutectic 

system that simultaneously prevents the passivation layer from forming and liquifies 

the aluminum, allowing for efficient production of hydrogen. Woodall discovered in 

1968, that when aluminum dissolved in gallium the resultant material can split water. 

This opened the possibility that aluminum could be a viable hydrogen production 

material. His choice of gallium is clever as he utilizes the metal’s inherent 

characteristics to his advantage. Gallium has a low melting point (29 °C) and a high 

boiling point (~2204°C).21 Due to these properties, it has been used in high temperature 

thermometers and in the 1960s it was used in some semiconductors. Woodall’s mixing 

with aluminum takes advantage of gallium’s low melting point to dissolve the 

aluminum (melting point of 660 °C) and form an alloy.  

In Woodall’s work, he compared different gallium aluminum ratios and how 

well they split water to produce hydrogen. He focused on binary Al-Ga alloys 

composed of 28wt%Al-72wt%Ga and 50wt%Al-50wt%Ga.22 However, the use of 

weight precents is misleading as the former would imply that the alloy was Ga-rich, 

but when the atomic ratio was calculated it is actually a 1:1 (Ga:Al) alloy. Similarly, 

the 50:50wt% corresponds to a 1:2.6 (Ga:Al) ratio, or in other words, aluminum-rich 

alloys. Since gallium is costly, Woodall wanted to use the minimum amount of gallium 
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necessary to dissolve the aluminum. When the binary alloy was in a 1:1 ratio the 

maximum production of H2 occurred after 5 min but only 8% was obtained. The Al-

rich suffered even more, only generating 3% of H2 in 6 min (Table 5.1, entry 1).  

Further research expanded into ternary,23 quaternary,22 and quinary24 alloys that 

included mixing Al with Ga, In, Sn, and Bi in various ratios. The motivation for 

producing some of these alloys was to generate hydrogen at less elevated temperatures 

and to reduce the formation of the aluminum oxide layer.  

In one example, Al was mixed with Ga and Sn to create a ternary alloy.25 Using 

a mass ratio of Ga:Sn (1.7:1) the researchers then varied the alloys’ composition by 

adding in, by weight percent, different amounts of the Ga:Sn mixture to the Al (3wt%-

15wt% of the Ga-Sn mixture). Hydrogen generation from the ternary alloy was 

quantified using those samples as well as testing the water splitting reaction at a range 

of temperatures (10-70 °C) (Table 5.1, entry 2). A trend was observed that as the Ga 

and Sn content increased so did the H2 production. Similarly, when the reaction 

temperature increased the H2 increased too. The best H2 production was obtained at 70 

°C using a 15wt% Al-Ga-Sn alloy (90% of H2). Using the same 1.7:1 (Ga:In) mass 

ratio, Al-Ga-In alloys (3wt% and 15wt% of the Ga-In mixture) were synthesized, which 

performed similarly to the Sn version. The exception was that the 15wt% Al-Ga-In 

alloy performed well across all of the temperatures, seeing hydrogen yields ranging 

from 85-98% (entry 3). The addition of Sn and In were chosen because they could alloy 

with the Al and disrupt the oxide layer to create active sites for the water splitting to 

occur at.   
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The addition of Sn and In into the Al-Ga alloy was also predicted to produce 

H2 at lower temperatures because the Ga-In-Sn eutectic melting point (10 °C)26, 27 is 

lower than pure Ga.22 Consequently, the hydrogen production of the Al-Ga-In-Sn alloy 

(50 wt% Al-34 wt% Ga-11 wt% In-5 wt% Sn, or 44:12:2:1 mol ratio) was compared 

across four temperatures. At the highest temperature, 55 °C, the Al-rich alloy rapidly 

produced 83% of hydrogen in under 1.5 min (Table 5.1, entry 4). The lowest 

temperature, 24 °C, took longer to achieve the maximum amount of hydrogen (78% of 

H2 in 5 min). The researchers observed that at higher temperatures, 45 °C and 55 °C, 

the maximum amount of hydrogen was achieved early (in under 2 min) and stops 

evolving gas after 3 min. The two lower temperatures, 24 °C and 35 °C, took longer to 

achieve the maximum amounts of hydrogen, 5 min (78% of H2) and 3 min (84% of 

H2), respectively, and the gas production stopped after 7 min. Characterization of the 

alloy illustrated the inhomogeneity of the material. Based on scanning electron 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) it appears that 

the aluminum is concentrated on the outermost edges of the alloy while the inner areas 

are mostly comprised of In and Sn. The higher concentration of Al on the surface allows 

for higher contact with water to perform the water splitting reaction. Powder x-ray 

diffraction (PXRD) analysis of the spent alloy found Al(OH)3 and In3Sn patterns, which 

is consistent with the data presented in the SEM and EDX that the alloy is not 

homogeneous and that there are In-Sn rich domains.   

A quinary alloy, synthesized from Ga, Sn, In, Zn, and Al was formed, and its 

ability to split water was tested.16 The composition of the Al-rich alloy (5.3wt% Ga, 
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5.4wt% Sn, 7.3wt% Zn, and 80 wt% Al, or mol ratio of 4:3:1:6:171) remained the same 

when the two preparation methods were tested. Two methods for the alloy synthesis 

were compared, one had the metals melted together and the second through mechanical 

milling. The mechanical milling method applied a ball miller to mix the metals together 

at 0.2-0.3 MPa for 5 h to create a powder. Each produced hydrogen, however, the 

milling method produced greater amounts of H2 (77%) compared to the melting method 

(Table 5.1, entry 5). Through thermal analysis it was concluded that the milling method 

was more effective because there were more distinct Al sites for the water splitting to 

react with.  

Further expansion into different additives included a quinary alloy composed 

of Al-Ga-InSn4-InBi.24 The alloy composition consisted of 80 wt% Al, 5 wt% Ga, 3.77 

wt% In, 7.80wt% Sn, and 3.43 wt% Bi, which translates to a mol ratio of 186:5:2:4:1, 

therefore an Al-rich alloy. The addition of In and Sn have been frequent partners with 

Al and Ga, and this group wanted to reduce the amount of In by supplementing the 

alloy with Bi, another low melting metal and less expensive than In. With this quinary 

alloy, water splitting typically yielded >90% production of H2 (Table 5.1, entry 6). The 

alloy produced hydrogen rapidly (in under 10 min) at 50 °C and 60 °C. At 30 °C and 

40 °C, longer reaction times were needed to achieve maximum H2 gas evolution, 48 

and 26 min, respectively. Differential scanning calorimetry (DSC) curves showed 

peaks at 26 °C, 63 °C, and 85 °C. The latter two temperatures have been correlated 

with the melting point between Al and InSn4 and Al with In-Bi. The 26 °C peak in DSC 

corresponds to the Al-Ga binary eutectic, which was not observed when Al-Ga-InSn4 
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alloys were made as controls. This led the researchers to conclude that the Bi aids in 

the Al-Ga interaction. However, once used the metals in the spent alloy could not be 

separated for reuse, making it limited in application.  

Table 5.1. Binary, ternary, quaternary, and quinary alloys and their hydrogen 
production. 

Entry Alloy Hydrogen 
Production (%) 

References 

1 Al-Gaa 3-8% 22 
2 Al-Ga-Snb 90% 25 
3 Al-Ga-Inb 90% 25 
4 Al-Ga-In-Sna 78-83% 22 
5 Ga-Sn-In-Zn-Alc 48% (melting) 

77% (milling) 
16 

6 Al-Ga-InS4-InBid 90-99% 24 
a The alloys were prepared by heating the components to 700 °C for 10 h in an N2 
environment. b The alloys were synthesized using an arc melting method under an inert 
atmosphere. c A ball miller combined the metals under 0.2-0.3 MPa for 5 h in an inert 
atmosphere. d The metals were combined and heated to 800 °C for 1 h in an N2 
environment. 
 

Many of these multicomponent alloys suffer from being unable to extract the 

metals for reuse. And as many of them are costly or rare, being able to reuse each metal 

is an economic necessity (Figure 5.1). Therefore, further alloy generations need to be 

recyclable and relatively nontoxic if they are to find application outside of academia.  

 
Figure 5.1. Metal cost per mol.28 
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Consequently, the goal of this project was to develop a method to generate 

hydrogen that was efficient, recyclable, and stable. While previous work focused on 

Al-rich alloys,22, 24 it was found that the Ga-rich compositions produce hydrogen in far 

greater yield and rate. Additionally, different sources of water and aluminum were 

found effective at producing hydrogen from the binary alloy. An added discovery was 

the finding that the gallium fully regenerates, allowing it to be reused for multiple 

hydrogen generation cycles. Characterization of the alloy found that aluminum 

particles in the gallium are responsible for this room temperature water splitting 

activity, as previously predicted by theoretical calculations.29, 30 As an initial example 

of the application of the evolved H2, a hydrogenation reaction was conducted to 

demonstrate its ease of use.  

5.2 Results and Discussion 
 
5.2.1. Synthesis of the Gallium Aluminum Alloy 
 

Two methods were developed to synthesize the gallium aluminum alloy. In the 

first method, samples of solid gallium and commercial aluminum foil were placed into 

a reaction flask and melted together with a heat gun. As the flask was swirled, the 

melted gallium appeared to dissolve the aluminum. The second method consisted of 

weighing out the aluminum foil on weigh paper then adding the liquified gallium to it. 

The sample was then manually combined to ensure all the aluminum was dissolved into 

gallium. Once no solid aluminum remained, the sample was solidified (by cooling it 

with dry ice), peeled off the paper, placed into a reaction vessel, and remelted to create 

what appears to be a uniform nugget. These alloys were then attached to the hydrogen 
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meter for hydrogen quantification. The two methods were then compared based on how 

much hydrogen they each produced. 

Even though most of the literature uses Al-rich alloys, it was important to test 

samples using a variety of molar compositions of the binary alloy. Samples were made 

using the two synthetic methods in each of the three ratio categories: 1:1 (Ga:Al), 2:1 

(Ga:Al), and 1:2 (Ga:Al). Then the percent of hydrogen produced was calculated for 

each alloy sample’s reaction with water (Figure 5.2). Across all ratios tested, the 

manual mixing method consistently produced more hydrogen than the heat gun 

method. It is likely that the heat gun method does not allow the aluminum to fully 

dissolve in gallium and so aluminum’s full potential is not harnessed. This is in contrast 

to the mechanical mixing, which can produce >70% of the theoretical amount of 

hydrogen. Therefore, it can be surmised that using this manual mixing method ensures 

that the gallium has contact with the aluminum and can fully dissolve to create micro-

aluminum domains. 

Of the different ratios examined the gallium-rich alloys performed better than 

the aluminum-rich alloy (Figure 5.2). The 2:1 (Ga:Al) ratio produced the largest 

quantity of hydrogen for either synthetic method. The 1:1 (Ga:Al) alloy produced 50% 

H2 versus the aluminum-rich alloy, which generated 17% H2. Increasing the amount of 

gallium further in a 3:1 (Ga:Al) ratio saw a corresponding increase in H2 production, 

77% of H2 on average. This suggests that having a slight excess of gallium present 

increases the hydrogen efficacy, likely due to it more effectively removing the 

aluminum oxide layer and potentially creating aluminum particles. A large excess of 
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gallium does not appear to drastically increase the hydrogen production as seen in the 

4:1 and 6:1 (Ga:Al) samples, which produced 66% and 74%, respectively. Based on 

these results the 3:1 (Ga:Al) alloys became the optimized alloy ratio.  

 
Figure 5.2. The gallium aluminum alloy was synthesized by two methods, with a heat 
gun or mechanically mixed on paper. Different alloys of atomic gallium aluminum 
ratios were made, and their hydrogen production was quantified. 
 
5.2.2. Synthesis of Alloys Using Other Low Melting Point Metals 
 

Other reports have described using other low melting point metals as additives 

to aid in hydrogen production. As a control, an alloy of gallium and bismuth was made 

to show that aluminum was the hydrogen source and that the dissolving metals do not 

undergo their own water splitting reaction. The 1:1 (Ga:Bi) alloy did not produce any 

hydrogen as expected (Table 5.2, entry 1). When aluminum was added to the mixture, 

16% H2 was produced (entry 2). Two ternary alloys were synthesized out of gallium, 

aluminum, and indium. Both were gallium-rich, which was reported earlier to enhance 
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the production of hydrogen.  However, for these alloys, <20% of H2 was obtained 

(entries 3 and 4). A third quaternary aluminum alloy was made using a commercially 

available eutectic alloy known as Galinstan (Gs). Galinstan consists of Ga (68.5%), In 

(21.5%), and Sn (10%). It was developed as a nontoxic liquid metal to replace mercury 

in thermometers and other devices. Three ratios were tested, 1:1, 2:1, and 3:1 (Gs:Al), 

with the largest production of hydrogen coming from the 3:1 (Gs:Al) ratio (entries 5-

7). The Gs-Al alloy performed better than the Bi or the Ga-Al-In alloys, but its 

hydrogen production with water remained lower than the binary alloy of gallium and 

aluminum (3:1).  

Table 5.2. Alternative metal alloysa 

Entry Alloy Ratio Hydrogen Production 
(%) 

1 1:1 (Ga:Bi) 0 
2 1:2:4 (Bi:Ga:Al) 16 
3 2:1:1 (Ga:Al:In) 17 
4 4:1:1 (Ga:Al:In) 13 
5 1:1 (Gs:Al) 49 
6 2:1 (Gs:Al) 35 
7 3:1 (Gs:Al) 56 

a Alloys synthesized using the mechanical mixing method. Each alloy reacted with 
deionized water (10 mL) to produce hydrogen. See experimental for hydrogen meter 
set up.  
 
5.2.3. Hydrogen Generation via Splitting Other Sources of Water  
 

In addition to deionized water (DI water), other water sources proved successful 

in generating hydrogen using the 3:1 (Ga:Al) alloy. Tap water produced substantial 

amounts of hydrogen, much like DI water (89%, Figure 5.3). Rainwater, collected from 

a rainstorm, was tested producing 86% H2, almost equivalent to that of tap water. Ocean 

water or simulated sea water produced ~30% H2. Gas chromatography mass 



 200 

spectrometry confirmed that no chlorine gas was formed, a pervasive problem that 

prevents the use of electrode-based water splitting.5, 31 Visual comparison showed a 

much less vigorous reaction for the alloy in ocean water than in DI water. The slower 

production of hydrogen could be due to the presence of sodium chloride passivating 

the alloy. A NaCl solution (0.33M) was made to emulate the salt content of ocean water 

to confirm that the salt was the inhibiting factor. The water splitting reaction with the 

NaCl solution produced  25% H2 indicating that the salt was the likely culprit for the 

decreased hydrogen yield in ocean water splitting using Ga:Al alloy.  

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis 

of the residual water showed that Ga was present at a concentration of 12.77 ppm and 

Al was present at 9.212 ppm. The concentration of Al was slightly higher than the 

normal range of Al3+ known to exist in groundwater (0.1-8.0 ppm).32 And the 

concentration of Ga found in the residual water was much greater than that found in 

the water supply, indicating that this water should not be introduced into the water 

supply.33 However, it was possible to collect and reuse that water in subsequent water 

splitting reactions, producing good amounts of hydrogen (72%). This demonstrated that 

the concentration of Al or Ga present due to previous reactions did not greatly effect 

subsequent water splitting reactions. Lastly, a degassed commercial soda (Coca Cola) 

yielded 86% H2, showing that the sweetener does not impede the reaction. On average, 

the 3:1 (Ga:Al) alloy generates 109 mL of H2 within 15 min at room temperature, 

demonstrating that the alloy maintains excellent hydrogen production, regardless of 

water source.  
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Figure 5.3. Hydrogen generation from water splitting using 3:1 Ga:Al alloy and water 
from different sources. 
 
5.2.4. Different Aluminum Sources 
 

Pristine aluminum foil was initially used to optimize the Ga:Al alloy ratio that 

produced high yields of hydrogen from water. Further expansion into waste aluminum, 

such as used commercial baking trays and food wrappers, demonstrated that hydrogen 

was efficiently generated even when using waste aluminum (Figure 5.4).  

In the United States, the most recycled source of aluminum is beverage cans. 

Since such an abundant aluminum source is widely accessible, it was deemed necessary 

to demonstrate that hydrogen can be produced from an alloy comprised of this 

ubiquitous aluminum source.34 The top and bottom of a standard soda can contains over 

90% of the aluminum and far less paint and polymer coating resides in those areas. 

Therefore, the can was segmented into three sections: the top of the can, bottom of the 
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can, and the wall of the can, and each were tested individually for the synthesis of Ga:Al 

alloy and was tested in the hydrogen generation from water. When testing the soda can, 

it was discovered that a higher ratio of gallium was necessary to dissolve the aluminum 

completely due to its greater thickness (Ga:Al of 6:1) (Figure 5.4). Subsequent 

hydrogen studies revealed that the Ga-Al alloy made from a soda can lid produced 80% 

of the theoretical amount of H2, while the bottom and can walls produced <50% H2. 

The polymer present on the aluminum can likely interferes with the aluminum 

interacting with water, causing the decrease in hydrogen yield.  

 
Figure 5.4. Hydrogen generation from water splitting using Ga-Al alloy and aluminum 
from different sources. 
 
5.2.5. Recycling Gallium and Storage of the Alloy 
 

As stated earlier, gallium is expensive and since gallium-rich alloys generate 

more hydrogen, development of a method to recycle and reuse gallium metal was 

desirable. Fortunately, an efficient method to recycle gallium was developed. By a 

simple filtration and aqueous rinse, gallium (unoptimized recovery ~ 98%) can be 
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separated from the aluminum byproduct, Al2O3. The recovered gallium was then reused 

for subsequent Ga:Al alloy synthesis and H2 generation showing no depreciating effect 

for the ability of recycled Ga to produce hydrogen (84%). The fact that both the gallium 

and water can be reused and recycled for subsequent water splitting reactions illustrates 

the versatility of this hydrogen generation method. 

Hydrogen storage is a major challenge for practical use of hydrogen as an 

energy source. Initially, storage of the Ga:Al alloy was a challenge because moisture 

from the atmosphere degrades the efficacy of the material. However, it was discovered 

that the Ga-Al alloys can be stored as pre-made pellets under cyclohexane and used as 

needed. Samples of the Ga-Al alloy nuggets under cyclohexane were tested 

periodically over three months of storage for their hydrogen production and it 

maintained an average yield of 82%. The alloy pellets can therefore be stored and used 

as and when needed without any oxidative or hydrolytic decomposition. 

5.2.6.  Gallium Aluminum Alloy Characterization  
 

It was speculated that the hydrogen evolution reaction occurs through micro-

aluminum sites present within the gallium and that after the water splitting occurs 

gallium regenerates along with aluminum oxide, Al2O3. This hypothesis prompted the 

characterization of the (Ga:Al) alloy through various electron microscopy techniques. 

Transmission electron microscopy (TEM) coupled with electron energy loss 

spectroscopy (EELS) analysis of the optimal 3:1 (Ga:Al) alloy revealed particles of 

aluminum in the ~ 8-27 nm diameter range (Figure 5.5a). Furthermore, scanning 

electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) showed an 
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even distribution of Al particles in the Ga (Figure 5.5b). Electron diffraction confirmed 

the dark areas are aluminum and the lighter areas in between are gallium (Figure 5.6b).  

a)  b)  

Figure 5.5. (a) TEM imaging coupled with EELS spectroscopy shows dark areas are 
likely Al particles while the remaining area is Ga . (b) SEM-EDS map of the alloy’s 
surface shows the Al particles (red) well distributed in the Ga (green). 
 

 
 

Figure 5.6. TEM of a Ga-Al sample: a) red arrows point to particles in the matrix; b) 
Diffraction for the selected area in a) showing rings that can be indexed for phase 
identification. 
 

Structural analysis of the alloys at various Ga:Al ratios were performed using 

powder X-ray diffraction (PXRD) (Figure 5.7). Aluminum-rich samples contained 

stronger signals characteristic for cubic aluminum (Fm3m: 38.5, 44.7, 65.1 and 75.3° 
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(2q)) while the Ga-rich samples displayed patterns indicative of orthorhombic gallium 

(Cmca: 30.3, 30.6, 45.4, 46.4, 57.6, 63.6, 76.3 and 77.0° (2q).35  

 
Figure 5.7. PXRD for varying Ga:Al ratio and the theoretical patterns for pure Al and 
Ga. 
 
5.2.7. Proposed Mechanism for Hydrogen Evolution Reaction 
 

It is generally believed that hydrogen generation occurs at the interface between 

the particles of aluminum and water, thus requiring a pristine micro-aluminum 

surface.29, 30  Bulk commercial aluminum foil will not generate hydrogen gas, as a 

passivating oxide layer prevents any reaction from occurring with water. According to 

the data presented above, it was proposed that gallium dissolves aluminum, removing 

any passivating aluminum oxide film and forming aluminum particles that can split 

water and form aluminum oxide and hydrogen gas.  

Scanning emission microscopy clearly indicates aluminum particles form 

within a sea of gallium by simple mechanical mixing in 3:1 (Ga:Al) ratio (Figure 5.8). 
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Additionally, each element maintains their individual crystal structures as seen in 

PXRD data (Figure 5.7). Therefore, at these micro-aluminum sites, a series of 

hydrogen bond exchanges occur to liberate hydrogen.29, 30, 36, 37 The Al2O3 byproduct is 

porous and gets swept away by the agitation of bubble formation, exposing a new 

surface of pristine aluminum on the particles for further reaction.  

 

Figure 5.8. SEM image of 3:1 (Ga:Al) alloy. 

These observations are in qualitative agreement with the theoretical 

calculations previously reported that aluminum particles can split water by the 

Grotthuss mechanism.29, 30, 36 The Grotthuss mechanism is the movement of protons 

through the hydrogen bonds of water. It typically involves the transfer of a proton from 

a hydronium ion to a water molecule and this hopping of protons continues until 

solvation of the hydronium ion is achieved.38, 39 Theoretical calculations of water 
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splitting reactions using aluminum have shown that the hydrogens transfer in a similar 

manner.  

Simulations of aluminum clusters (Aln, n = 16, 17, and 18) for water splitting 

were conducted to better understand the interaction between aluminum and water.29, 30, 

36, 40 It was reasoned that a water molecule bonds to Lewis acidic sites on the aluminum 

cluster, which then creates a Lewis basic site at the opposite end of the cluster. Then 

through a series of proton transfers, in a Grotthuss mechanism-like fashion, a hydrogen 

atom attaches to the Lewis basic end of the metal cluster. A molecule of H2 is then 

released and the process can continue again.  

Similar results were obtained when density functional theory calculations were 

conducted on 13-atom clusters of Al13, Ga13, and GaAl12.37 An in-depth analysis of 

complementary Lewis acid/base pairs of these metal clusters facilitates the production 

of hydrogen. Further calculations revealed that H2 forms through two possible 

pathways, either from the simultaneous breaking of O-H and Al-H bonds or from the 

cleavage of two neighboring Al-H bonds. It is important to note that when the 

aluminum clusters were doped with gallium there was a decrease in the transition state 

barrier for water splitting. This is encouraging as this is another reason for gallium’s 

importance as part of the binary alloy.  

5.2.8. Hydrogenation Reactions 
 

To demonstrate the utility of the alloy for use in a research setting, a 

hydrogenation reaction was conducted. These reactions traditionally use a metal 
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catalyst under pressurized hydrogen and heat to induce the transformation. The 

substrate, 4-phenyl-1-buten-4-ol, was chosen as a representative substrate. Previous 

hydrogenation reactions of this olefin have been reported.41-43 Ghosh described a 

procedure using Lindlar’s catalyst (10 wt%) to produce the benzyl alcohol in high 

yields.41 A Parr hydrogenation apparatus was required to introduce the H2 (20 psi), 

which is not ideal for industrial use. Two ruthenium catalysis methods were developed 

to undergo the same transformation. One used a H2 cylinder to achieve hydrogenation42 

while the second used 1,4-butanediol as the in situ H2 source for a transfer 

hydrogenation reaction.43 Both were able to produce 1-phenyl-butanol in high yields 

although heightened temperatures were necessary (110 °C).   

With the Ga-Al alloy, hydrogen generation occurred under atmospheric 

pressure and room temperature conditions. Hydrogen was generated ex situ and then 

transferred via cannula into the flask containing the substrate and a nickel catalyst. The 

alkene was hydrogenated in an hour and the product was isolated in very high yields 

and purity (Scheme 5.1). This hydrogenation reaction can be completed with methanol 

instead of water as the hydrogen source, which reacts more vigorously and quickly with 

the alloy to produce hydrogen.  

  

 
Scheme 5.1. Reduction of 4-phenyl-1-buten-4-ol (1.25 mmol) with Ni catalyst (1.25 
mmol) in EtOH, followed by reaction with alloy-generated hydrogen (9.0 mmol) (2.6 
g) in DI water (5 mL). 

90%

OH OH1. Ni(II) Acetate
    NaBH4, EtOH

2. H2, 1 hr, 25 °C
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5.3. Conclusions  
 

Previous reports of Ga-Al alloys used primarily Al-rich alloys to generate 

hydrogen and required special milling techniques and higher temperatures.22, 24 As the 

data presented in this chapter showed, Ga-rich alloys are far more effective at 

producing hydrogen from water and can be used under ambient conditions. The gallium 

dissolves the aluminum, removes the passivating oxide layer, and allows the pristine 

micro-aluminum surface to split water into hydrogen gas. Because the gallium 

selectively dissolves the aluminum, waste aluminum such as soda cans generate 

equivalent amounts of hydrogen as pure aluminum, without needing to expend energy 

into cleaning the surface. Different types of water ranging from DI H2O to rainwater 

were all comparable in generating stoichiometric amounts of hydrogen in under 15 min 

and at room temperature. Characterization and theoretical predictions verified that the 

hydrogen evolution reaction occurs at micro-aluminum sites in a sea of gallium. 

Application of the alloy in a simple hydrogenation reaction demonstrated that the 

hydrogen can be used without needing to pressurize the system. The used alloy can be 

separated and recovered into aluminum oxide and its original gallium components. The 

aluminum oxide could act as an aluminum source for smelting plants. The gallium can 

be recycled into subsequent alloys with no depletion in its ability to generate hydrogen. 

Overall, the Ga-rich Ga-Al alloy can produce substantial amounts of hydrogen at room 

temperature, no energy input and without excessive material manipulation or pH 

modification.  
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General Methods 

All materials were commercially available unless otherwise notes. All products were 

analyzed by nuclear magnetic resonance (NMR) spectroscopy measured in ppm and 

recorded on a Bruker 500 MHz spectrometer at 297 K using CDCl3 (δ = 7.26) as an 

internal standard for 1H NMR and 125.7 MHz using CDCl3 (δ = 77.0) as an internal 

standard for 13C NMR. Using a different probe, 11B NMR analysis occurred on a 160 

MHZ spectrometer using BF3•Et2O (δ = 0) as an external standard. Coupling constants 

(J) are given in Hertz (Hz) and signal multiplicities are abbreviated as s = singlet, d = 

doublet, t = triplet, m = multiplet, and br = broad. Spectra of compounds were consistent 

with literature data. 
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6.1.1. Chapter 2 

Synthesis of Diisobutylaluminum Borohydride [i(Bu)2AlBH4]. In an argon-purged 

100mL round bottom flask, DIBAL (1M in toluene, 5 mL, 5 mmol, 1 equiv.) was 

added. BMS (0.474mL, 5 mmol, 1 equiv.) was added dropwise. The reaction mixture 

was allowed to stir for 1 h at room temperature. The i(Bu)2AlBH4 (1M) was used 

without purification or stored under Ar  in an ampule. 11B NMR (500 MHz) δ -36 

(quintet, J = 83Hz).  

 

Alternative Synthesis of Diisobutylaluminum Borohydride. In an Ar-purged 100mL 

round bottom flask, NaBH4 (0.078g, 2 mmol, 1 equiv.) and tetraglyme (2mL) were 

allowed to stir until a homogenous solution formed. To that solution 

diisobutylaluminum chloride (1M in hexanes, 0.49 mL, 2 mmol, 1 equiv.) was added. 

The reaction mixture was allowed to stir for 1 h at room temperature. Anhydrous THF 

(7.96mL) was added to make a 0.25M solution. The i(Bu)2AlBH4 (0.25M) was used 

without purification. 11B NMR (500 MHz) δ -36 (quintet, J = 83Hz). 

 

Representative Procedure for the Reduction of Aldehydes Using i(Bu)2AlBH4. In 

an Ar-purged 100mL round bottom flask fitted with a rubber septum, aldehyde (1 

equiv.) and anhydrous THF were combined. The i(Bu)2AlBH4 (0.5 equiv.) was added 

dropwise. Once all the i(Bu)2AlBH4 was added the reaction mixture was allowed to stir 

for 1 h at room temperature. The reaction mixture was quenched with methanol (5 mL) 

and deionized H2O (5 mL) (caution: H2 evolution!). A gel formed with the addition of 
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methanol. The resulting reaction mixture was filtered, and the filtrate was acidified with 

concentrated HCl (12 M, 1 mL). The product was extracted with diethyl ether (3x10 

mL) and the combined organic extracts were dried (MgSO4) and concentrated to afford 

the alcohol.  

 

 Benzyl alcohol. Benzaldehyde (0.5 mL, 5 mmol) was reacted with 

i(Bu)2AlBH4 ( 3.3 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product was isolated via 

the above procedure (0.494g, 93%): 1H NMR (500 MHz, Chloroform-d) δ 7.38 – 7.30 

(m, 5H), 4.63 (s, 2H), 2.64 (bs, 1H). 13C NMR (126 MHz, Chloroform-d) δ 140.91, 

128.55, 127.61, 127.04, 65.12. 

 

 Cyclohexanemethanol. Cyclohexanecarboxaldehyde (0.61 mL, 5 mmol) 

was reacted with i(Bu)2AlBH4 (4.55 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product 

was isolated via the above procedure (0.406g, 71%): 1H NMR (500 MHz, Chloroform-

d) δ 4.72 (s, 1H), 3.41 (s, 2H), 1.72 (s, 5H), 1.45 (s, 1H), 1.20 (d, J = 46.3 Hz, 3H), 

0.91 (d, J = 9.8 Hz, 2H); 13C NMR (126 MHz, Chloroform-d) δ 68.81, 40.58, 29.69, 

26.71, 25.96. 

 

OH

OH
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2-Methylbenzyl alcohol. 2-Tolualdehyde (0.35 mL, 3 mmol) was reacted 

with i(Bu)2AlBH4 (2.11 mL, 1.5 mmol) in THF (3 mL) for 1 h. The product was isolated 

via the above procedure (0.483g, 98%): 1H NMR (500 MHz, Chloroform-d) δ 7.38 (d, 

J = 9.0 Hz, 1H), 7.26 (d, J = 11.8 Hz, 2H), 7.23 (d, J = 2.9 Hz, 1H), 4.66 (s, 2H), 2.75 

(s, 1H), 2.38 (s, 3H); 13C NMR (126 MHz, Chloroform-d) δ 138.78, 136.05, 130.28, 

127.69, 127.53, 126.04, 63.19, 18.64. 

 

3-Methylbenzyl alcohol. 3-Tolualdehyde (0.35 mL, 3 mmol) was reacted 

with i(Bu)2AlBH4 (2.11 mL, 1.5 mmol) in THF (3 mL) for 1 h. The product was isolated 

via the above procedure (0.358g, 98%): 1H NMR (500 MHz, Chloroform-d) δ 7.13 (t, 

J = 7.5 Hz, 1H), 7.04 (s, 1H), 7.00 (dd, J = 14.5, 7.7 Hz, 2H), 4.48 (s, 2H), 2.77 (s, 1H), 

2.24 (s, 3H);
 13C NMR (126 MHz, Chloroform-d) δ 140.88, 138.18, 128.46, 128.33, 

127.80, 124.09, 65.17, 21.41. 

 

4-Methylbenzyl alcohol. 4-Tolualdehyde (0.24 mL, 2 mmol) was 

reacted with i(Bu)2AlBH4 (1.09 mL, 1 mmol) in THF (2 mL) for 1 h. The product was 

isolated via the above procedure (0.201g, 82%): 1H NMR (500 MHz, Chloroform-d) δ 

OH

CH3

OH

CH3

H3C

OH
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7.27 (d, 2H), 7.18 (d, 2H), 4.65 (s, 2H), 2.35 (s, 3H), 1.56 (bs, 1H); 13C NMR (500 

MHz, Chloroform-d) δ 137.9, 137.4, 129.3, 127.1, 65.3, 21.2 

 

4-Chlorobenzyl alcohol. 4-Chlorobenzaldehyde (0.420 g, 3 mmol) 

was reacted with i(Bu)2AlBH4 (2.11 mL, 1.5 mmol) in THF (3 mL) for 1 h. The product 

was isolated via the above procedure (0.396g, 93%): 1H NMR (500 MHz, Chloroform-

d) δ 7.33 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 4.67 (s, 2H), 1.72 (s, 1H); 13C 

NMR (126 MHz, Chloroform-d) δ 139.25, 133.38, 128.69, 128.27, 64.58. 

 

2-Fluorobenzyl alcohol. 2-Fluorobenzaldehyde (0.3 mL, 3 mmol) was 

reacted with i(Bu)2AlBH4 (3.75 mL, 3 mmol) in THF (3 mL) for 1 h. The product was 

isolated via the above procedure (0.288g, 76%): 1H NMR (500 MHz, Chloroform-d) δ 

7.32 (t, J = 7.6 Hz, 1H), 7.18 (q, J = 7.0, 6.6 Hz, 1H), 7.05 (t, J = 7.5 Hz, 1H), 6.98 – 

6.92 (m, 1H), 4.65 (s, 2H), 2.23 (s, 1H);
 13C NMR (126 MHz, Chloroform-d) δ 161.59, 

159.63, 129.30, 127.87, 127.76, 124.21 (d, J = 3.6 Hz), 115.32, 115.15, 59.26 (d, J = 

4.4 Hz). 

 

2-Chloro-5-nitrobenzyl alcohol. 2-Chloro-5-nitrobenzaldehyde 

(0.47 g, 2.5 mmol) was reacted with i(Bu)2AlBH4 (1.4 mL, 1.26 mmol) in THF (2.5 

Cl

OH

OH

F

OH

Cl

O2N
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mL) for 1 h. The product was isolated via the above procedure (0.37g, 79%): 1H NMR 

(500 MHz, Chloroform-d) δ 8.46 (d, J = 2.7 Hz, 1H), 8.11 (dd, J = 8.7, 2.7 Hz, 1H), 

7.52 (d, J = 8.7 Hz, 1H), 4.87 (d, J = 4.5 Hz, 2H), 1.56 (s, 1H); 13C NMR (126 MHz, 

Chloroform-d) δ 140.42, 138.82, 130.16, 128.59, 126.62, 123.43, 123.09, 61.89. 

 

5-Chloro-2-nitrobenzyl alcohol. 5-Chloro-2-nitrobenzaldehyde 

(0.557 g, 3 mmol) was reacted with i(Bu)2AlBH4 (2.11 mL, 1.5 mmol) in THF (3 mL) 

for 1 h. The product was isolated via the above procedure (0.496g, 88%): 1H NMR (500 

MHz, Chloroform-d) δ 8.09 (d, J = 8.7 Hz, 1H), 7.82 (s, 1H), 7.43 (d, J = 9.5 Hz, 1H), 

5.02 (s, 2H), 2.17 (s, 1H);
 13C NMR (126 MHz, Chloroform-d) δ 140.93, 139.13, 

129.45, 128.35, 126.53, 62.00. 

 

4-Bromo-3-nitrobenzyl alcohol. 4-Bromo-3-nitrobenzaldehyde 

(0.400 g, 1.74 mmol) was reacted with i(Bu)2AlBH4 (1.2 mL, 0.87 mmol) in THF (2 

mL) for 1 h. The product was isolated via the above procedure (0.363 g, 90%): 1H NMR 

(500 MHz, Chloroform-d) δ 7.86 (d, J = 2.2 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.43 

(dd, J = 8.3, 1.9 Hz, 1H), 4.76 (s, 2H); 13C NMR (126 MHz, Chloroform-d) δ 142.03, 

135.04, 131.03, 123.49, 112.96, 63.31. 

 

OH

NO2

Cl

OH

NO2

Br
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2-Phenyl-1-propanol. 2-Phenylpropionaldehyde (0.66 mL, 5 mmol) 

was reacted with i(Bu)2AlBH4 (3.42 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product 

was isolated via the above procedure (0.552g, 81%): 1H NMR (500 MHz, Chloroform-

d) δ 7.39 (d, J = 7.5 Hz, 2H), 7.31 – 7.27 (m, 3H), 3.73 (d, J = 7.5 Hz, 2H), 2.98 (h, J 

= 7.0 Hz, 1H), 1.89 (s, 1H), 1.33 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, Chloroform-

d) δ 143.94, 128.66, 127.58, 126.67, 68.66, 42.49, 17.72. 

 

Furan-3-methanol. 3-Furancarboxaldehyde (0.418 mL, 5 mmol) was 

reacted with i(Bu)2AlBH4 (3.42 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product 

was isolated via the above procedure (0.361g, 74%): 1H NMR (500 MHz, Chloroform-

d) δ 7.37 (s, 2H), 6.39 (s, 1H), 4.48 (s, 2H), 2.70 (s, 1H); 13C NMR (126 MHz, 

Chloroform-d) δ 143.39, 139.87, 125.16, 109.82, 56.37. 

 

Representative Procedure for the Reduction of Ketones Using i(Bu)2AlBH4. In an 

Ar-purged 100mL round bottom flask, ketone (1 equiv.) and anhydrous THF were 

combined. The i(Bu)2AlBH4 (0.5 equiv.) was added dropwise. Once all the 

i(Bu)2AlBH4 was added the reaction mixture was allowed to stir for 1 h at room 

temperature. The reaction mixture was quenched with methanol (7mL) and deionized 

H2O (5 mL) (Caution! Hydrogen evolution). A gel formed with the addition of 

methanol. The resulting reaction mixture was filtered, and the filtrate was acidified with 

OH

O

OH
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concentrated HCl (12M, 1mL). The product was extracted with diethyl ether (3x10mL) 

and the combined organic extracts were dried (MgSO4) and concentrated to afford an 

alcohol.   

 

1-Phenylethanol. Acetophenone (0.585 mL, 5 mmol) was reacted with 

i(Bu)2AlBH4 (2.5 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product was isolated via 

the above procedure (0.598g, 98%): 1H NMR (500 MHz, Chloroform-d) δ 7.33 (s, 4H), 

7.28 – 7.24 (m, 1H), 4.83 (q, J = 6.5 Hz, 1H), 2.72 (s, 1H), 1.46 (d, J = 5.0 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 145.82, 128.51, 127.48, 125.39, 70.43, 25.17. 

 

2-Octanol. 2-Octanone (0.785 mL, 5 mmol) was reacted with 

i(Bu)2AlBH4 (2.75 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product was isolated via 

the above procedure (0.683g, 99%): 1H NMR (500 MHz, Chloroform-d) δ 3.77 (sextet, 

J = 6.2 Hz, 1H), 2.69 (bs, 1H), 1.49 – 1.35 (m, 3H), 1.26 (s, 7H), 1.16 (d, J = 6.2 Hz, 

3H), 0.87 – 0.84 (m, 3H). 13C NMR (126 MHz, Chloroform-d) δ 68.19, 39.38, 31.83, 

29.31, 25.73, 23.47, 22.60, 14.06. 

 

5-Nonanol. 5-nonanone (0.711 g, 5 mmol) was reacted with 

i(Bu)2AlBH4 (2.75 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product was isolated via 

OH

OH

OH
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the above procedure (0.640g, 89%): 1H NMR (500 MHz, Chloroform-d) δ 3.59 (s, 1H), 

1.42 (m, 13H), 0.91 (s, 6H).
 13C NMR (126 MHz, Chloroform-d) δ 71.86, 37.14, 27.83, 

22.75, 14.00. 

 

1-(2-Bromophenyl)ethanol. 2-Bromo-acetophenone (0.67 mL, 5 mmol) 

was reacted with i(Bu)2AlBH4 (2.5 mL, 3.3 mmol) in THF (5 mL) for 1 h. The product 

was isolated via the above procedure (0.858g, 86%): 1H NMR (500 MHz, Chloroform-

d) δ 7.56 (d, J = 7.7 Hz, 1H), 7.49 (d, J = 7.9 Hz, 1H), 7.32 (t, J = 7.3 Hz, 1H), 7.10 (t, 

J = 7.6 Hz, 1H), 5.20 (q, J = 6.4 Hz, 1H), 1.45 (d, J = 6.5 Hz, 3H).
 13C NMR (126 MHz, 

Chloroform-d) δ 144.72, 132.63, 128.73, 127.85, 126.71, 121.67, 69.12, 23.61. 

 

1-(2-Methoxyphenyl)ethanol. 2-Methoxy-acetophenone (0.413 mL, 3 

mmol) was reacted with i(Bu)2AlBH4 (2.68 mL, 1.5 mmol) in THF (3 mL) for 1 h. The 

product was isolated via the above procedure (0.239g, 69%): 1H NMR (500 MHz, 

Chloroform-d) δ 7.35 (d, J = 7.5 Hz, 1H), 7.27 – 7.23 (m, 1H), 6.97 (t, J = 7.5 Hz, 1H), 

6.88 (d, J = 8.2 Hz, 1H), 5.10 (q, J = 6.5 Hz, 1H), 3.86 (s, 3H), 2.54 (s, 1H), 1.51 (d, J 

= 6.5 Hz, 3H).
 13C NMR (126 MHz, Chloroform-d) δ 156.58, 133.48, 128.31, 126.12, 

120.82, 110.46, 66.56, 55.28, 22.87. 

OH

Br

O

HO
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1-(2-Naphthyl)ethanol. 2-Acetonaphthone (0.851 mL, 5 mmol) was 

reacted with i(Bu)2AlBH4 (2.75 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product 

was isolated via the above procedure (0.879g, 99%): 1H NMR (500 MHz, Chloroform-

d) δ 7.86 – 7.80 (m, 4H), 7.52 – 7.46 (m, 3H), 5.06 (q, J = 6.5 Hz, 1H), 2.09 (bs, 1H), 

1.59 (d, J = 6.5 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 143.19, 133.34, 132.94, 

128.33, 127.94, 127.68, 126.16, 125.81, 123.81, 70.56, 25.16. 

 

1-(3-Thienyl)ethanol. 3-Acetylthiophene (0.25 g, 2 mmol) was reacted with 

i(Bu)2AlBH4 (1.25 mL, 1 mmol) in THF (2 mL) for 5 h. The product was isolated via 

the above procedure (0.219g, 86%) 1H NMR (500 MHz, Chloroform-d) δ 7.29 (d, J = 

8.1 Hz, 1H), 7.17 (s, 1H), 7.09 (d, J = 5.0 Hz, 1H), 4.94 (q, J = 6.5 Hz, 1H), 2.29 (s, 

1H), 1.51 (d, J = 6.5 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 147.34, 126.14, 

125.65, 120.17, 66.54, 24.47. 

 

2-Bromo-1-phenyl-1-propan-1-ol. 2-Bromopropiophenone (0.45 mL, 3 

mmol) was reacted with i(Bu)2AlBH4 (2.68 mL, 1.5 mmol) in THF (3 mL) for 1 h. The 

product was isolated via the above procedure (0.385g, 60%) 1H NMR (500 MHz, 

OH

S

OH

OH

Br
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Chloroform-d) δ 7.37 (d, J = 8.1 Hz, 5H), 4.62 (d, J = 7.6 Hz, 1H), 4.37 – 4.32 (quintet, 

1H), 1.57 (d, J = 6.8 Hz, 3H).
 13C NMR (126 MHz, Chloroform-d) δ 139.64, 128.62, 

128.53, 126.73, 79.20, 58.47, 22.73. 

 

2-Bromo-1-(4-methoxyphenyl)ethanol. 2-Bromo-4-

methoxyacetophenone (0.043 mL, 0.188 mmol) was reacted with i(Bu)2AlBH4 (0.23 

mL, 0.188 mmol) in THF (0.2 mL) for 7 h. The product was isolated via the above 

procedure (0.036g, 84%)
 1H NMR (500 MHz, Chloroform-d) δ 7.30 (d, J = 8.7 Hz, 

2H), 6.90 (d, J = 8.7 Hz, 2H), 4.87 (dd, J = 8.9, 3.5 Hz, 1H), 3.81 (s, 3H), 3.61 – 3.50 

(m, 2H), 2.65 (s, 1H).
 13C NMR (126 MHz, Chloroform-d) δ 159.69, 132.47, 127.25, 

114.09, 73.48, 55.32, 40.24.  

  

Representative Procedure for the Reduction of Nitriles Using i(Bu)2AlBH4. In an 

Ar-purged 100mL round bottom flask, the nitrile (1 equiv.) and anhydrous THF were 

combined. The i(Bu)2AlBH4 (1 equiv.) was added dropwise. Once all the i(Bu)2AlBH4 

was added the reaction mixture was allowed to stir for 1 h at room temperature. The 

reaction mixture was quenched with methanol (5mL) and deionized H2O (5 mL) 

(Caution! Hydrogen evolution). A gel formed with the addition of methanol. The 

resulting reaction mixture was filtered, and the filtrate was acidified with concentrated 

HCl (12M, 1mL). The reaction mixture was refluxed for 1 h. The reaction mixture was 

H3CO

OH
Br
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extracted with diethyl ether (3x10mL) and the combined aqueous extracts were basified 

with NaOH(s) (pH ~12). The product was then extracted with diethyl ether (3x10mL). 

The product was extracted with diethyl ether (3x10mL) and the combined organic 

extracts were dried (MgSO4) and concentrated to afford the amine. 

 

Benzylamine. Benzonitrile (0.408 mL, 4 mmol) was reacted with 

i(Bu)2AlBH4 (4.37 mL, 4 mmol) in THF (4 mL) for 1 h. The product was isolated via 

the above procedure (0.425 g, 99%) 1H NMR (500 MHz, Chloroform-d) δ 7.20 (d, J = 

19.8 Hz, 4H), 7.12 (s, 1H), 3.72 (s, 2H), 1.45 (s, 2H).
 13C NMR (126 MHz, Chloroform-

d) δ 143.42, 128.53, 127.08, 126.77, 46.54. 

 

4-Methylbenzyl amine. 4-Methylbenzonitrile (0.470 g, 4 mmol) 

was reacted with i(Bu)2AlBH4 (4.4 mL, 4 mmol) in THF (5 mL) for 1 h. The product 

was isolated via the above procedure (0.459 g, 94%). 1H NMR (500 MHz, Chloroform-

d) δ 7.21 (d, J = 7.8 Hz, 2H), 7.15 (d, J = 7.9 Hz, 2H), 3.83 (s, 2H), 2.35 (s, 3H), 1.36 

(s, 2H).
 13C NMR (126 MHz, Chloroform-d) δ 140.42, 136.34, 129.21, 127.03, 46.27, 

21.06. 

 

NH2
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2-Bromobenzyl amine. 2-Bromobenzonitrile (0.548 g, 3 mmol) was 

reacted with i(Bu)2AlBH4 (2.5 mL, 3 mmol) in THF (3 mL) for 1 h. The product was 

isolated via the above procedure (0.207 g, 37%). 1H NMR (500 MHz, Chloroform-d) 

δ 7.50 (d, J = 4.3 Hz, 1H), 7.34 (d, J = 7.4 Hz, 1H), 7.23 (s, 1H), 7.12 – 7.03 (m, 1H), 

3.87 (s, 2H).
 13C NMR (126 MHz, Chloroform-d) δ 142.18, 132.78, 129.03, 128.43, 

127.71, 123.51, 46.78. 

 

3-Bromobenzyl amine. 3-Bromobenzonitrile (0.546 g, 3 mmol) was 

reacted with i(Bu)2AlBH4 (3.3 mL, 3 mmol) in THF (3 mL) for 1 h. The product was 

isolated via the above procedure (0.399 g, 72%). 1H NMR (500 MHz, Chloroform-d) 

δ 7.46 (s, 1H), 7.35 (d, J = 7.8 Hz, 1H), 7.22 (d, J = 7.6 Hz, 1H), 7.18 (d, J = 7.7 Hz, 

1H), 3.83 (s, 2H), 1.42 (s, 2H).
 13C NMR (126 MHz, Chloroform-d) δ 145.61, 130.15, 

130.08, 129.81, 125.66, 122.61, 45.91. 

 

4-Chlorobenzylamine. 4-Chlorobenzonitrile (0.691 g, 5 mmol) was 

reacted with i(Bu)2AlBH4 (5.49 mL, 5 mmol) in THF (5 mL) for 1 h. The product was 

isolated via the above procedure (0.604 g, 85%) 1H NMR (500 MHz, Chloroform-d) δ 

7.29 (d, J = 8.5 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 3.83 (s, 2H), 1.51 (s, 2H).
 13C NMR 

(126 MHz, Chloroform-d) δ 141.66, 132.44, 128.60, 128.45, 45.79. 

Br

NH2

Cl

NH2
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4-Nitrobenzyl amine. 4-Nitrobenzonitrile (0.086 g, 0.58 mmol) 

was reacted with i(Bu)2AlBH4 (0.623 mL, 0.58 mmol) in THF (1 mL) for 1 h. The 

product was isolated via the above procedure (0.87 g, 98%). 1H NMR (500 MHz, 

Chloroform-d) δ 8.20 (d, J = 8.7 Hz, 2H), 7.50 (d, J = 8.6 Hz, 2H), 3.49 (s, 2H), 1.59 

(s, 2H).13C NMR (126 MHz, Chloroform-d) δ 147.46, 128.63, 123.73, 115.06, 52.45. 

 

2,4-Dichlorobenzyl amine. 2,4-Dichlorobenzonitrile (0.860 g, 5 

mmol) was reacted with i(Bu)2AlBH4 (5.5 mL, 5 mmol) in THF (5 mL) for 1 h. The 

product was isolated via the above procedure (0.833 g, 94%). 1H NMR (500 MHz, 

Chloroform-d) δ 7.26 – 7.22 (m, 2H), 7.13 (dd, J = 8.3, 2.1 Hz, 1H), 3.80 (s, 2H), 1.40 

(s, 2H). 13C NMR (126 MHz, Chloroform-d) δ 137.06, 135.73, 131.77, 129.59, 129.49 

(d, J = 6.8 Hz), 129.37, 129.15, 127.47, 43.75. 

 

2,6-Dichlorobenzyl amine. 2,6-Dichlorobenzonitrile (0.860 g, 5 mmol) 

was reacted with i(Bu)2AlBH4 (5.5 mL, 5 mmol) in THF (5 mL) for 1 h. The product 

was isolated via the above procedure (0.236, 27%). 1H NMR (500 MHz, Chloroform-

d) δ 7.21 (d, J = 8.0 Hz, 2H), 7.04 (t, J = 7.9 Hz, 1H), 4.02 (s, 2H), 1.75 (s, 2H). 13C 

NMR (126 MHz, Chloroform-d) δ 138.54, 135.91, 133.80, 130.96, 128.83, 128.15, 

47.90. 
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2-Chloro-6-fluorobenzyl amine. 2-Chloro-6-fluorobenzonitrile (0.780 g, 

5 mmol) was reacted with i(Bu)2AlBH4 (5.5 mL, 5 mmol) in THF (5 mL) for 1 h. The 

product was isolated via the above procedure (0.129 g, 16%). 1H NMR (500 MHz, 

Chloroform-d) δ 7.16 (m, J = 2.8, 2.4 Hz, 2H), 7.00 – 6.96 (m, 1H), 3.99 (d, J = 1.9 

Hz, 2H), 1.55 (s, 2H). 13C NMR (126 MHz, Chloroform-d) δ 162.06, 129.03, 128.89, 

125.43, 114.39, 114.21, 37.29. 

 

4-(4-Methyl-5-thiazolyl)benzenemethanamine. 4-(4-Methyl-5-

thiazolyl)benzonitrile (0.111 g, 0.554 mmol) in THF (1 mL) for 1 h. The product was 

isolated via the above procedure (0.11 g, 90%). 1H NMR (500 MHz, Chloroform-d) δ 

8.67 (s, 1H), 7.42 (s, 4H), 3.88 (s, 2H), 2.54 (s, 3H), 1.70 (s, 2H). 13C NMR (126 MHz, 

Chloroform-d) δ 161.46, 150.23, 148.48, 130.92, 129.39, 128.69, 52.47, 16.13. 

 

2-(4-Methoxyphenyl)ethanamine. 4-

Methoxyphenylacetonitrile (0.4 mL, 3 mmol) was reacted with i(Bu)2AlBH4 (3.3 mL, 

3 mmol) in THF (3 mL) for 1 h. The product was isolated via the above procedure 

(0.214 g, 47%). 1H NMR (500 MHz, Chloroform-d) δ 7.11 (d, J = 8.6 Hz, 2H), 6.84 (d, 

J = 8.7 Hz, 2H), 3.78 (s, 3H), 2.92 (t, J = 6.9 Hz, 2H), 2.68 (t, J = 6.9 Hz, 2H), 1.41 

NH2
S

N
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(bs, 2H). 13C NMR (126 MHz, Chloroform-d) δ 158.05, 131.89, 129.72, 113.88, 55.23, 

43.68, 39.18. 

 

2-Bromophenethylamine. 2-Bromophenylacetonitrile (0.39 mL, 3 

mmol) was reacted with i(Bu)2AlBH4 (4 mL, 3 mmol) in THF (3 mL) for 1 h. The 

product was isolated via the above procedure (0.446 g, 74%). 1H NMR (500 MHz, 

Chloroform-d) δ 7.51 (d, J = 8.0 Hz, 1H), 7.20 (s, 2H), 7.05 (s, 1H), 2.94 (t, J = 7.0 Hz, 

2H), 2.87 (t, J = 6.9 Hz, 2H), 1.77 (s, 2H). 13C NMR (126 MHz, Chloroform-d) δ 

139.14, 132.92, 130.88, 127.91, 127.41, 124.69, 42.07, 40.36. 

 

4-Trifluoromethylphenethylamine. 4-

(Trifluoromethyl)phenylacetonitrile (0.377 g, 2 mmol) was reacted with i(Bu)2AlBH4 

(2.22 mL, 2 mmol) in THF (2 mL) for 1 h. The product was isolated via the above 

procedure (0.283 g, 74%). 1H NMR (500 MHz, Chloroform-d) δ 7.54 (d, J = 8.0 Hz, 

2H), 7.30 (d, J = 7.9 Hz, 2H), 2.97 (t, J = 6.9 Hz, 2H), 2.79 (t, J = 6.9 Hz, 2H). 

 

2-Thiophen-3-ylethanamine. 3-Thiopheneacetonitrile (0.570 mL, 5 

mmol) was reacted with i(Bu)2AlBH4 (4.5 mL, 5 mmol) in THF (5 mL) for 1 h. The 

F3C

NH2

S

NH2
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product was isolated via the above procedure (0.451 g, 71%).
 1H NMR (500 MHz, 

Chloroform-d) δ 7.19 – 7.16 (m, 1H), 6.91 (s, 1H), 6.86 (d, J = 5.1 Hz, 1H), 2.87 (t, J 

= 6.9 Hz, 2H), 2.71 (t, J = 6.9 Hz, 2H), 2.14 (s, 2H).
 13C NMR (126 MHz, Chloroform-

d) δ 140.09, 128.16, 125.63, 121.07, 42.69, 34.36. 

 

Representative Procedure for the Reduction of Epoxides Using i(Bu)2AlBH4. In an 

Ar-purged 100mL round bottom flask, the epoxide (1 equiv.) and anhydrous THF were 

combined. The flask was placed in an ice bath and cooled to 0 °C before i(Bu)2AlBH4 

(0.5 equiv.) was added dropwise. Once all the i(Bu)2AlBH4] was added the reaction 

mixture was allowed to stir for 1 h under the ice bath. The reaction mixture was 

quenched with methanol (7mL) and deionized H2O (5 mL) (Caution! Hydrogen 

evolution). A gel formed with the addition of methanol. The resulting reaction mixture 

was filtered, and the filtrate was acidified with concentrated HCl (12M, 1mL). The 

product was then extracted with diethyl ether (3x10mL). The product was extracted 

with diethyl ether (3x10mL) and the combined organic extracts were dried (MgSO4) 

and concentrated to afford the alcohol. 

 

Cyclohexanol. Cyclohexene oxide (0.5 mL, 5 mmol) was reacted with 

i(Bu)2AlBH4 (3.13 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product was isolated via 

the above procedure (0.42 g, 84%). 1H NMR (500 MHz, Chloroform-d) δ 3.57 (dp, J = 

8.6, 4.2 Hz, 1H), 1.89 (d, J = 23.7 Hz, 3H), 1.70 (s, 2H), 1.51 (d, J = 12.3 Hz, 1H), 1.24 

OH
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(d, J = 8.1 Hz, 4H), 1.14 (d, J = 2.9 Hz, 1H).
 13C NMR (126 MHz, Chloroform-d) δ 

70.32, 35.56, 25.54, 24.24. 

 

2-Hexanol. 1,2-Epoxy hexane (0.6 mL, 5 mmol) was reacted with 

i(Bu)2AlBH4 (2.5 mL, 2.5 mmol) in THF (5 mL) for 1 h. The product was isolated via 

the above procedure (0.356 g, 70%). 1H NMR (500 MHz, Chloroform-d) δ 3.74 (dq, J 

= 11.8, 6.2 Hz, 1H), 2.23 (bs, 1H), 1.43 (m, 6H), 1.14 (d, J = 6.2 Hz, 3H), 0.86 (d, J = 

7.2 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 68.20, 39.07, 27.96, 23.49, 22.71, 

14.06. 

 

1-biphenyl2-yloxypropan-2-ol. 
2-Biphenylyl glycidyl ether (0.452 g, 2 

mmol) was reacted with i(Bu)2AlBH4 (1.36 mL, 1 mmol) in THF (2 mL) for 1 h. The 

product was isolated via the above procedure (0.41 g, 90%).
 1H NMR (500 MHz, 

Chloroform-d) δ 7.55 (d, J = 6.9 Hz, 2H), 7.44 (t, J = 7.6 Hz, 2H), 7.38 – 7.32 (m, 3H), 

7.10 (t, J = 7.5 Hz, 1H), 7.01 (d, J = 8.2 Hz, 1H), 4.10 – 4.04 (m, 1H), 3.98 (d, J = 9.2 

Hz, 1H), 3.78 (dd, J = 9.2, 7.6 Hz, 1H), 2.21 (d, J = 3.7 Hz, 1H), 1.21 (d, J = 6.4 Hz, 

3H).
 13C NMR (126 MHz, Chloroform-d) δ 155.44, 138.45, 131.48, 130.92, 129.46, 

128.74, 128.12, 127.09, 121.65, 113.38, 74.31, 66.20, 18.65. 

OH

O
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Reduction of Styrene Oxide Using DIBAL. In an Ar-purged 100mL round bottom 

flask, styrene oxide (0.230 mL, 2 mmol, 1 equiv.) and anhydrous THF (2.43 mL) were 

combined. Diisobutylaluminum hydride (1M, 4 mL, 4 mmol, 2 equiv.) was added 

dropwise and once all the DIBAL was added the reaction mixture was allowed to stir 

for 1 h at room temperature. The reaction mixture was quenched with 3M HCl (2mL) 

(Caution! Hydrogen evolution). The product was extracted with diethyl ether 

(3x10mL) and the combined organic extracts were dried (MgSO4) and concentrated to 

afford the alcohol (0.562g, >99%). 

 

2-Phenylethanol. 1H NMR (500 MHz, Chloroform-d) δ 7.24 – 7.20 (m, 

2H), 7.13 (d, J = 7.5 Hz, 3H), 3.74 (t, J = 6.6 Hz, 2H), 2.76 (t, J = 6.6 Hz, 2H), 2.02 (s, 

1H).
 13C NMR (126 MHz, Chloroform-d) δ 138.64, 129.08, 128.59, 126.46, 63.62, 

39.22. 

 

Representative Procedure for the Reduction of Carboxylic Acids Using 

i(Bu)2AlBH4. In an Ar-purged 100mL round bottom flask, the carboxylic acid (1 

equiv.) and anhydrous THF were combined. The i(Bu)2AlBH4 (1.1 equiv.) was added 

dropwise and once all the i(Bu)2AlBH4 was added the reaction mixture was allowed to 

stir for 1 h at room temperature. The reaction mixture was quenched with methanol 

(7mL) and deionized H2O (5 mL) (Caution! Hydrogen evolution). A gel formed with 

the addition of methanol. The resulting reaction mixture was filtered, and the filtrate 

OH
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was acidified with concentrated HCl (12M, 1mL). The product was extracted with 

diethyl ether (3x10mL) and the combined organic extracts were dried (MgSO4) and 

concentrated to afford the alcohol. 

 

Benzyl alcohol. Benzoic acid (0.491 g, 4 mmol) was reacted with 

i(Bu)2AlBH4 (6 mL, 4 mmol) in THF (4 mL) for 1 h. The product was isolated via the 

above procedure (0.43 g, 99%).
 1H NMR (500 MHz, CDCl3) δ 7.37-7.36 (m, 5H, J = 

4.4 Hz), 4.68 (s, 2H), 1.85 (s, 1H). 13C NMR (151 MHz, CDCl3) δ 140.88, 128.47, 

127.49, 127.01, 64.73. 

 

3,5-Dimethylbenzene methanol. 3,5-Dimethylbenzoic acid (0.303 g, 2 

mmol) was reacted with i(Bu)2AlBH4 (2.82 mL, 2 mmol) in THF (2 mL) for 1 h. The 

product was isolated via the above procedure (0.122 g, 44%). 1H NMR (500 MHz, 

Chloroform-d) δ 6.82 (s, 2H), 6.80 (s, 1H), 4.42 (s, 2H), 2.83 (s, 1H), 2.19 (s, 6H). 13C 

NMR (126 MHz, Chloroform-d) δ 140.84, 138.17, 129.25, 124.86, 65.37, 21.26. 

 

4-(Chloromethyl)-benzene methanol. 4-(Chloromethyl)benzoic 

acid (0.689 g, 4 mmol) was reacted with i(Bu)2AlBH4 (6.03 mL, 4.4 mmol) in THF (4 

mL) for 1 h. The product was isolated via the above procedure (0.597 g, 95%). 1H NMR 

OH

OH

Cl
OH
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(500 MHz, Chloroform-d) δ 7.36 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 4.62 (s, 

2H), 4.57 (s, 2H), 2.64 (s, 1H).
 13C NMR (126 MHz, Chloroform-d) δ 141.21, 136.81, 

128.83, 127.29, 64.71, 46.08. 

 

4-Methoxybeznene methanol. 
4-Methoxybenzoic acid (0.610 g, 4 

mmol) was reacted with i(Bu)2AlBH4 (4.84 mL, 4.4 mmol) in THF (4 mL) for 1 h. The 

product was isolated via the above procedure (0.657 g, 98%).
 1H NMR (500 MHz, 

Chloroform-d) δ 7.31 (d, J = 8.1 Hz, 2H), 6.92 (d, J = 8.5 Hz, 2H), 4.91 (s, 1H), 4.63 

(s, 1H), 3.83 (d, J = 1.7 Hz, 3H).
 13C NMR (126 MHz, Chloroform-d) δ 159.21, 128.67, 

113.96, 64.99, 55.30. 

 

2-Bromobenzene ethanol. 
2-Bromophenylacetic acid (0.862 g, 4 

mmol) was reacted with i(Bu)2AlBH4 (6 mL, 4.4 mmol) in THF (4 mL) for 1 h. The 

product was isolated via the above procedure (0.639 g, 79%).
 1H NMR (500 MHz, 

Chloroform-d) δ 7.56 (d, J = 7.9 Hz, 1H), 7.28 – 7.25 (m, 2H), 7.12 – 7.08 (m, 1H), 

3.89 (t, J = 6.7 Hz, 2H), 3.03 (t, J = 6.7 Hz, 2H), 1.62 (s, 1H).
 13C NMR (126 MHz, 

Chloroform-d) δ 137.81, 132.98, 131.27, 128.22, 127.47, 124.70, 62.09, 39.34. 

 

Representative Procedure for the Reduction of Esters Using i(Bu)2AlBH4. In an 

Ar-purged 100mL round bottom flask, the ester (1 equiv.) and anhydrous THF were 

OH

O
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combined. The i(Bu)2AlBH4 (1 equiv.) was added dropwise and once all the 

i(Bu)2AlBH4 was added the reaction mixture was allowed to stir for 3 h at room 

temperature. The reaction mixture was quenched with methanol (7mL) and deionized 

H2O (5 mL) (Caution! Hydrogen evolution). A gel formed with the addition of 

methanol. The resulting reaction mixture was filtered, and the filtrate was acidified with 

concentrated HCl (12M, 1mL). The product was extracted with diethyl ether (3x10mL) 

and the combined organic extracts were dried (MgSO4) and concentrated to afford the 

alcohol. 

 

Benzyl alcohol. Methyl benzoate (0.328 mL, 3 mmol) was reacted with 

i(Bu)2AlBH4 (4.3 mL, 3 mmol) in THF (3 mL) for 1 h. The product was isolated via 

the above procedure (0.239 g, 74%). 1H NMR (500 MHz, Chloroform-d) δ 7.40 – 7.29 

(m, 5H), 4.60 (s, 2H), 3.17 (s, 1H). 13C NMR (126 MHz, Chloroform-d) δ 140.98, 

128.52, 127.55, 127.05, 64.97. 

 

2-Bromobenzyl methanol. Methyl 2-bromobenzoate (0.42 mL, 3 mmol) was 

reacted with i(Bu)2AlBH4 (4.29 mL, 3 mmol) in THF (3 mL) for 1 h. The product was 

isolated via the above procedure (0.52 g, 93%). 1H NMR (500 MHz, Chloroform-d) δ 

7.55 (d, J = 7.9 Hz, 1H), 7.49 (d, J = 7.6 Hz, 1H), 7.34 (t, J = 7.5 Hz, 1H), 7.17 (t, J = 

OH

OH

Br
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7.7 Hz, 1H), 4.76 (s, 2H), 1.69 (bs, 1H).
 13C NMR (126 MHz, Chloroform-d) δ 139.73, 

132.61, 129.14, 128.94, 127.66, 122.60, 65.13. 

 

2-Fluorobenzyl alcohol. 
Methyl 2-fluorobenzoate (0.637 mL, 5 mmol) 

was reacted with i(Bu)2AlBH4 (6.94 mL, 5 mmol) in THF (5 mL) for 1 h. The product 

was isolated via the above procedure (0.563 g, 89%).
 1H NMR (500 MHz, Chloroform-

d) δ 7.45 (s, 1H), 7.31 – 7.28 (m, 1H), 7.17 (t, J = 7.8 Hz, 1H), 7.07 (s, 1H), 5.08 (s, 

1H), 4.78 (s, 2H).
 13C NMR (126 MHz, Chloroform-d) δ 161.63, 129.30 (d, J = 4.5 Hz), 

127.78, 124.23, 115.36, 59.37. 

 

4-(Bromomethyl)benzene methanol. Methyl 4-

(bromomethyl)benzoate (0.688 g, 3 mmol) was reacted with i(Bu)2AlBH4 (4.29 mL, 3 

mmol) in THF (3 mL) for 1 h. The product was isolated via the above procedure (0.505 

g, 84%). 1H NMR (500 MHz, Chloroform-d) δ 7.39 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 

8.2 Hz, 2H), 4.70 (s, 2H), 4.50 (s, 2H), 1.67 (s, 1H).
 13C NMR (126 MHz, Chloroform-

d) δ 141.18, 137.20, 129.27, 127.33, 64.93, 33.22. 

 

3-Phenyl-1-propanol. Ethyl 3-phenylpropionate (0.479 mL, 4.5 

mmol) was reacted with i(Bu)2AlBH4 (6.78 mL, 4.95 mmol) in THF (4.5 mL) for 1 h. 

OH

F
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The product was isolated via the above procedure (0.558 g, 91%). 1H NMR (500 MHz, 

Chloroform-d) δ 7.25 (t, J = 7.6 Hz, 2H), 7.17 (d, J = 7.7 Hz, 3H), 3.60 (t, J = 6.5 Hz, 

2H), 2.66 (t, J = 7.8 Hz, 2H), 2.41 (bs, 1H), 1.87 – 1.82 (m, 2H).
 13C NMR (126 MHz, 

Chloroform-d) δ 141.85, 128.43, 125.88, 62.26, 34.24, 32.11. 

 

General Procedure for the Reduction of Amides Using i(Bu)2AlBH4. The following 

procedure for the reduction of N,N-diethylbenzamide by i(Bu)2AlBH4 is representative 

of the amide reductions. An oven-dried 50-mL round-bottom flask equipped with a 

magnetic stir bar and cooled under Argon atmosphere. N,N-diethylbenzamide (0.886 

g, 5 mmol, 1 equiv) was added to the flask. The flask was fitted with a rubber septum 

and cooled to 0 °C. Anhydrous THF (5 mL) was added to the flask via a syringe. 

Diisobutylaluminum borohydride (6.0 mL, 5.5 mmol, 1.1 equiv) was added dropwise 

over 15 minutes with stirring. Upon the completion of the addition of i(Bu)2AlBH4, the 

ice-bath was removed, and the reaction mixture was allowed to stir at 25 °C for 1 h. 

The reaction mixture was then concentrated under reduced pressure and the reaction 

flask was recapped with a septum.  Methanol (15 mL) was added slowly to the residue 

(Caution! Hydrogen evolution) and was and stirred for 1 h at 25 °C. The reaction 

mixture was concentrated under reduced pressure to give a white solid. Methanol (15 

mL) followed by conc. HCl (12M, 1 mL) was added and the reaction refluxed for 1 h. 

The reaction was filtered and concentrated. Pentane (10 mL) and deionized water (5 

mL) were added to the filtrate. The layers were separated, and the aqueous layer was 

neutralized using NaOH(s) until the pH of the aqueous layer becomes 10. The aqueous 
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layer was then extracted with diethyl ether (3 x 10 mL). The combined organic layers 

were dried with anhydrous MgSO4, filtered, and concentrated to afford the amine 

(0.653g, 80%). 

 

Benzyl alcohol. Colorless oil. 1H NMR (500 MHz, CDCl3): δ 7.37-7.36 

(m, 5H, J = 4.4 Hz), 4.68 (s, 2H), 1.85 (s, 1H); 13C NMR (151 MHz, CDCl3): δ 140.88, 

128.47, 127.49, 127.01, 64.73. 

 

N,N-Diethylbenzylamine. Colorless oil. 1H NMR (500 MHz, CDCl3): 

δ 7.35-7.31 (m, 5H), 3.58 (s, 2H), 2.53 (q, 4H, J = 5 Hz), 1.05 (t, 6H, J = 5 Hz); 13C 

NMR (126 MHz, CDCl3): δ 139.80, 129.01, 128.15, 126.73, 57.55, 46.70, 11.70. 

 

N,N-Diethyl-(3-methylbenzyl)amine. Colorless oil. 1H NMR (500 

MHz, CDCl3): δ 7.21 (s, 1H), 7.17 (d, 1H, J = 7.4 Hz), 7.09 (d, 2H, J = 7.4 Hz), 3.58 

(s, 2H), 2.57 (q, 4H, J = 7.1 Hz), 2.38 (s, 3H), 1.09 (q, 6H, J = 7.1 Hz); 13C NMR (151 

MHz, CDCl3): δ 139.58, 137.92, 130.01, 128.27, 127.80, 126.40, 57.67, 46.87, 21.64, 

11.76. 
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N,N-Diisopropylbenzylamine. Colorless oil. 1H NMR (500 MHz, 

CDCl3): δ 7.44 (d, 2H, J = 7.4 Hz), 7.34 (d, 2H, J = 7.4 Hz), 7.24 (t, 1H, J = 7.4 Hz), 

3.70 (s, 2H), 3.08 (dt, 2H, J = 12.9, 6.5 Hz), 1.09 (d, 12H, J = 6.5 Hz); 13C NMR (151 

MHz, CDCl3): δ 143.25, 128.00, 127.92, 126.18, 48.97, 47.81. 

 

N-Benzyl-N-methylpropan-1-amine. Colorless oil.  1H NMR (600 

MHz, CDCl3): δ 7.32-7.30 (m, 4H), 7.25-7.21 (m, 1H) 3.47 (s, 2H), 2.32 (d, 2H, J = 

7.6 Hz), 2.18 (s, 3H), 1.53 (h, 2H, J = 7.4 Hz), 0.90 (t, 3H, J = 7.4 Hz); 13C NMR (151 

MHz, CDCl3): δ 139.47, 129.27, 128.38, 127.06, 62.53, 59.75, 42.45, 20.76, 12.10. 

 

1-(3-bromo-4-methylbenzyl)pyrrolidine. Colorless oil. 1H NMR 

(500 MHz, CDCl3): δ 7.49 (s, 1H), 7.14 (app. s, 2H), 3.52 (s, 2H), 2.47 (app. s, 4H), 

2.35 (s, 3H), 1.76-1.74 (m, 4H); 13C NMR (151 MHz, CDCl3): δ 139.06, 136.45, 

132.76, 130.74, 127.98, 124.92, 59.92, 54.30, 23.66, 22.74. 

 

1-(4-(trifluoromethyl)benzyl)pyrrolidine. Colorless oil. 1H NMR 

(500 MHz, CDCl3): δ 7.49 (d, 2H, J = 8 Hz), 7.39 (d, 2H, J = 8 Hz), 3.61 (s, 2H), 2.47-

2.44 (app. T, 4H, J = 6.6 Hz), 1.75-1.72 (m, 4H); 13C NMR (126 MHz, CDCl3): δ 

N

N
CH3

N
Br

H3C

F3C

N
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143.43, 129.01, 127.47, 125.17, 123.22, 60.15, 54.20, 23.50; 19F NMR (470 MHz, 

CDCl3): δ -64.45. 

 

N,N-Dimethylhexan-1-amine. Colorless oil. 1H NMR (500 MHz, 

CDCl3): δ 2.21-2.17 (m, 2H), 2.15 (s, 6H), 1.42-1.36 (m, 2H), 1.26-1.21 (m, 6H), 0.82 

(t, 3H, J = 6.8 Hz); 13C NMR (126 MHz, CDCl3): δ 59.73, 45.13, 31.70, 27.37, 27.07, 

22.49, 13.89. 

 

1-Hexylpyrrolidine. Colorless oil. 1H NMR (500 MHz, CDCl3): 

δ 2.42 (app. t, 4H, J = 5.6 Hz), 2.35 -2.32 (m, 2H), 1.70 (q, 4H, J = 3.1 Hz), 1.47-1.40 

(m, 2H), 1.22 (s, 6H), 0.85-0.79 (m, 3H); 13C NMR (126 MHz, CDCl3): δ 68.27, 62.24, 

56.68, 54.11, 31.77, 28.94, 27.39, 23.29, 22.55, 13.97. 

 

1-(2-bromophenethyl)pyrrolidine. Colorless oil. 1H NMR (500 MHz, 

CDCl3): δ 7.47 (d, 1H, J = 8 Hz), 7.22-7.16 (m, 2H, J = 7.4 Hz), 7.00 (app. t, 1H, J = 

8.4 Hz), 2.93 (dd, 2H, J = 9.8, 6.8 Hz), 2.66-2.62 (m, 2H), 2.57 (app. s, 4H), 1.77 (app. 

s, 4H); 13C NMR (151 MHz, CDCl3): δ 139.94, 132.95, 130.86, 127.97, 127.66, 124.68, 

56.54, 54.27, 36.03, 23.70.  

N

N

N Br
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1-Octylpyrrolidine. Colorless oil. 1H NMR (500 MHz, 

CDCl3): δ 2.40 (app. t, 4H, J = 5.2 Hz), 2.34-2.31 (m, 2H), 1.68 (app. s, 4H), 1.20-1.19 

(m, 12H), 0.79 (t, 3H, J = 7.0 Hz); 13C NMR (126 MHz, CDCl3): δ 56.70, 54.17, 31.81, 

29.54, 29.22, 29.06, 27.73, 23.33, 22.61, 14.02. 

 

1-Phenylpyrrolidine. Colorless oil. 1H NMR (500 MHz, CDCl3): δ 7.15-7.11 

(m, 2H), 6.58-6.55 (m, 1H), 6.48 (d, 2H, J = 8.6 Hz), 3.18 (app. t, 4H, 6.2 Hz), 1.91-

1.88 (m, 4H); 13C NMR (126 MHz, CDCl3): δ 148.06, 129.20, 115.45, 111.73, 47.66, 

25.56. 

 

Reduction of 4-formyl-benzonitrile with i(Bu)2AlBH4. In an Ar-purged 100mL 

round bottom flask, 4-formyl-benzonitrile (0.1g, 0.76 mmol, 1 equiv.) and anhydrous 

THF (1mL) were combined. The i(Bu)2AlBH4 (0.8M, 0.95 mL, 0.76 mmol, 1 equiv.) 

was added dropwise and once all the i(Bu)2AlBH4 was added the reaction mixture was 

allowed to stir for 4 h at 0 °C. The reaction mixture was quenched with methanol (5mL) 

(Caution! Hydrogen evolution). A gel formed with the addition of methanol, which was 

filtered off and rinsed with DI H2O (5mL). The filtrate was acidified with HCl (1M) to 

achieve pH ~2. The product was extracted with diethyl ether (3x10mL) and the 

combined organic extracts were dried (MgSO4) and concentrated to afford the alcohol 

(0.082g, 81%). 

N

N
Ph
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 4-(Hydroxymethyl)-benzonitrile. 1H NMR (500 MHz, Chloroform-

d) δ 7.64 (d, J = 7.9 Hz, 2H), 7.47 (d, J = 7.9 Hz, 2H), 4.77 (s, 2H), 2.09 (s, 1H);
 13C 

NMR (126 MHz, Chloroform-d) δ 146.22, 132.32, 127.02, 118.83, 111.17, 64.21. 

 

Reduction of 4-acetyl-benzonitrile with i(Bu)2AlBH4. In an Ar-purged 100mL round 

bottom flask, 4-acetyl-benzonitrile (0.729g, 5 mmol, 1 equiv.) and anhydrous THF 

(5mL) were combined. The i(Bu)2AlBH4 (0.8M, 6.25 mL, 5 mmol, 1 equiv.) was added 

dropwise and once all the i(Bu)2AlBH4 was added the reaction mixture was allowed to 

stir for 4 h at 0 °C. The reaction mixture was quenched with methanol (5mL). A gel 

formed with the addition of methanol, which was filtered off and rinsed with DI H2O 

(5mL) (Caution! Hydrogen evolution). The filtrate was acidified with HCl (1M) to 

achieve pH ~2. The product was extracted with diethyl ether (3x10mL) and the 

combined organic extracts were dried (MgSO4) and concentrated to afford the alcohol 

(0.726g, 97%).  

 

 4-(1-Hydroxyethyl)-benzonitrile. 1H NMR (500 MHz, Chloroform-d) 

δ 7.59-7.54 (d, 2H), 7.44 (d, J = 7.9 Hz, 2H), 4.89 (q, J = 6.5 Hz, 1H) 2.98 (bs, 1H), 

1.44 (dd, J = 6.6, 1.4 Hz, 3H);
 13C NMR (126 MHz, Chloroform-d) δ 151.35, 132.28, 

126.10, 118.89, 110.81, 69.50, 25.35. 

OH

NC

OH

NC
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Reduction of 4-benzoyl-benzonitrile with i(Bu)2AlBH4. In an Ar-purged 100mL 

round bottom flask, 4-benzoyl-benzonitrile (0.623g, 3 mmol, 1 equiv.) and anhydrous 

THF (3mL) were combined. The i(Bu)2AlBH4 (0.7M, 4.29 mL, 5 mmol, 1 equiv.) was 

added dropwise and once all the i(Bu)2AlBH4 was added the reaction mixture was 

allowed to stir for 4 h at 0 °C. The reaction mixture was quenched with methanol 

(5mL). A gel formed with the addition of methanol, which was filtered off and rinsed 

with DI H2O (5mL) (Caution! Hydrogen evolution). The filtrate was acidified with HCl 

(1M) to achieve pH ~2. The product was extracted with diethyl ether (3x10mL) and the 

combined organic extracts were dried (MgSO4) and concentrated to afford the alcohol 

(0.468g, 75%). 

 

 4-(Hydroxyphenylmethyl)-benzonitrile. 1H NMR (500 MHz, 

Chloroform-d) δ 7.51 (d, J = 8.3 Hz, 2H), 7.44 (d, J = 8.2 Hz, 2H), 7.31 (m, 5H), 5.75 

(s, 1H), 3.48 (bs, 1H); 13C NMR (126 MHz, Chloroform-d) δ 149.33, 142.95, 132.24, 

128.81, 128.14, 127.11, 126.75, 118.97, 110.72, 75.39. 

 

Reduction of methyl-4-formylbenzoate with i(Bu)2AlBH4. In an Ar-purged 100mL 

round bottom flask, methyl-4-formylbenzoate (0.492g, 3 mmol, 1 equiv.) and 

anhydrous THF (3mL) were combined. The i(Bu)2AlBH4 (0.7M, 4.23 mL, 3 mmol, 1 

equiv.) was added dropwise and once all the i(Bu)2AlBH4 was added, the reaction 

mixture was allowed to stir for 5 h at -78 °C. The reaction mixture was quenched with 

OH

CN
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methanol (5mL) (Caution! Hydrogen evolution). The reaction mixture was evaporated 

followed by the addition of pentanes (5 mL) and DI H2O (5mL). The reaction mixture 

was filtered, and the filtrate was acidified with HCl (1M) to achieve pH ~2.  The 

product was extracted with diethyl ether (3x10mL). The combined organic extracts 

were dried (MgSO4) and concentrated to afford the alcohol (0.272g, 55%).  

 

Methyl 4-(hydroxymethyl)benzoate.
 1H NMR (500 MHz, 

Chloroform-d) δ 8.02 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 4.76 (s, 2H), 3.91 

(s, 3H), 1.79 (s, 1H).
 13C NMR (126 MHz, Chloroform-d) δ 166.97, 145.97, 129.85, 

129.33, 126.46, 64.69, 52.11. 

 

Reduction of methyl-4-acetylbenzoate with i(Bu)2AlBH4. In an Ar-purged 100mL 

round bottom flask, methyl-4-acetylbenzoate (0.530g, 3 mmol, 1 equiv.) and anhydrous 

THF (3mL) were combined. The i(Bu)2AlBH4 (0.7M, 4.23 mL, 3 mmol, 1 equiv.) was 

added dropwise and once all the i(Bu)2AlBH4 was added, the reaction mixture was 

allowed to stir for 5 h at -78 °C. The reaction mixture was quenched with methanol 

(5mL) (Caution! Hydrogen evolution). The reaction mixture was evaporated followed 

by the addition of pentanes (5 mL) and DI H2O (5mL). The reaction mixture was 

filtered, and the filtrate was acidified with HCl (1M) to achieve pH ~2. The product 

was extracted with diethyl ether (3x10mL). The combined organic extracts were dried 

(MgSO4) and concentrated to afford the alcohol (0.417g, 77%). 

H3CO
OH

O
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Methyl-4-(1-hydroxyethyl)benzoate.
 1H NMR (500 MHz, 

Chloroform-d) δ 7.91 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.4 Hz, 2H), 4.86 (q, J = 6.5 Hz, 

1H), 3.84 (s, 3H), 2.96 (s, 1H), 1.43 (d, J = 6.6 Hz, 3H).
 13C NMR (126 MHz, 

Chloroform-d) δ 167.08, 151.26, 129.70, 128.85, 125.28, 69.68, 52.04, 25.19. 

 

Competitive reduction between 4-cyanotoluene and N,N-diethyl-3-

methylbenzamide with i(Bu)2AlBH4. In an Ar-purged 100mL round bottom flask, 4-

cyanotoluene (0.175g, 1.5 mmol, 1 equiv.), N,N-diethyl-3-methylbenzamide (0.290 

mL, 1.5 mmol, 1 equiv.), and anhydrous THF (1.5 mL) were combined. The 

i(Bu)2AlBH4 (0.7M, 2.1 mL, 1.5 mmol, 1 equiv.) was added dropwise and once all the 

i(Bu)2AlBH4 was added, the reaction mixture was allowed to stir for 24 h at -78 °C. 

The reaction mixture was then concentrated under reduced pressure and the reaction 

flask was recapped with a septum. Methanol (5 mL) was added slowly to the residue 

(Caution! Hydrogen evolution) followed by conc. HCl (12M, 1 mL) and the reaction 

refluxed for 1 h. The reaction was filtered and concentrated. Pentane (5 mL) and 

deionized water (5 mL) were added to the filtrate. The layers were separated, and the 

aqueous layer was neutralized using NaOH(s) until the pH~10. The aqueous layer was 

then extracted with diethyl ether (3 x 10 mL). The combined organic layers were dried 

with anhydrous MgSO4, filtered, and concentrated to afford 4-methylbenzyl amine 

(0.500g, >99%).  

OCH3

O

OH
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6.1.2. Chapter 3 

Synthesis of MASN.  Mesoporous aluminosilicate nanoparticles (MASN) were 

synthesized by adding a mixture of TEOS (4.58 g, 21.98 mmol) and Al(O-i-Pr)3 (0.244 

g, 1.19 mmol) (briefly sonicated) to a previously prepared solution consisting of water 

(485 g), CTAB (1.0 g, 2.74 mmol) and solid NaOH (2.80 g, 70.01 mmol).  The CTAB 

and NaOH solution was first stirred for 15 minutes at 80 °C to homogenize, before 

adding the alkoxide mixture drop wise over 5 minutes.  The combined solution was 

stirred at 80 °C for 2 h, then allowed to cool to room temperature while stirring for an 

additional hour.  The cooled precipitate was filtered and washed with 1.0 L of Milli-Q 

water and then dried in vacuo overnight at 100 °C.  The dried material was then ground 

to a fine powder and calcined in air at 550 °C for 5 h (at a heating rate of 1 °C per 

minute) to remove the organic template.  

 

Synthesis of NBC-MASN Catalyst.  In a typical synthesis of NBC-MASN catalyst, 

MASN support (0.65 g) was dried in a vacuum oven overnight at 100 °C, cooled to 

room temperature, and then soaked in a solution of NiCl2•6H2O (0.26 g, 1.09 mmol) 

dissolved in 50/50 v/v EtOH and water.  A minimal amount (~3 mL) of solvent was 

used to create a thick slurry with the MASN.  This slurry was sonicated in a tightly 

sealed 20 mL scintillation vial for 90 minutes and then allowed to soak for 5 d before 

drying overnight in a thoroughly Ar(g) purged vacuum oven at 100°C.  Dried NiCl2-

MASN was mechanically ground with NaBH4 (0.084 g, 2.20 mmol) until thoroughly 

mixed together as a fine powder.  The powder mixture was then gently purged with 
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Ar(g) while cooling in a 0 °C water bath for 20 min, before rapidly introducing 19 mL 

of 0 °C absolute EtOH (200 proof) with vigorous magnetic stirring.  The synthesis was 

carried out in a semi-sealed scintillation vial with two small ports in the cap, one to 

allow for the introduction of a glass cannula into the reaction solution to deliver Ar(g), 

and the other for gas ventilation.  The synthesis proceeded with continuous argon 

purging of the solution and rapid stirring for approximately 2 h, or until no more 

effervescent bubbling from H2(g) production could be observed.  The solution was then 

diluted with 30 mL of room temperature water to help remove excess salts, centrifuged 

to isolate the solid, and the solid was dried overnight in a Ar(g) purged vacuum oven at 

100 °C.   The dry NBC-MASN catalyst was then stored under Ar(g) until use in catalysis 

or characterization. 

 

Synthesis of NBC Catalyst.  Unsupported, bulk NBC catalyst powder was synthesized 

by adding a solution of NiCl2•6H2O (0.26 g, 1.09 mmol) dissolved in 8.5 mL of 

absolute EtOH to a solution of NaBH4 (0.084 g, 2.20 mmol) suspended in 8.5 mL of 

absolute EtOH, with rapid stirring at 0 °C under continuous Ar(g) purging as described 

above.  Synthesis proceeded for approximately 20 min or until no more H2(g) production 

could be observed, at which point the material was rinsed, retrieved and dried as 

described above.   
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Calcination of as-synthesized catalysts.  A custom-made calcination furnace with a 

quartz tube was used to heat the catalyst materials in either flowing nitrogen or air at 

550 °C for 2 h, at a heating rate of 10 °C·min−1.   

 

General Procedure for the Reduction of Nitroarenes. To an argon-purged 50-mL 

round bottom flask the NBC-MASN catalyst (0.235 g, 0.4 mmol of Ni), nitroarene (4 

mmol), MeOH (8 mL), and either N2H4•H2O (20 mmol) or a combination of N2H4•H2O 

(20 mmol) and NaBH4 (20 mmol) were added and allowed to stir at room temperature 

for 24 h. The reaction mixture was then centrifuged, and the supernatant decanted into 

a pre-weighed 100 mL round bottom flask.  The solid catalyst was rinsed with 15 mL 

of MeOH under brief sonication, followed by centrifugation and the supernatant was 

decanted into the same 100 mL flask.  This rinse step was repeated, and the combined 

supernatants were then concentrated by rotary evaporation and analyzed via 1H and 13C 

NMR. 

 

4-Toluidine.1H NMR (500 MHz, Chloroform-d): δ 7.00 (d, J = 7.5 

Hz, 2H), 6.63 (d, J = 8.2 Hz, 2H), 3.46 (s, 2H), 2.27 (s, 3H). 13C NMR (CDCl3, 500 

MHz): δ 143.8, 129.8, 127.8, 115.3, 20.5  

 

 

H3C

NH2
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4-Iodo-aniline.1H NMR (500 MHz, Chloroform-d): δ 7.41 (d, J = 8.6 Hz, 2H), 6.47 (d, 

J = 8.7 Hz, 2H), 3.49 (s, 2H). 13C NMR (CDCl3, 500 MHz): δ 137.9, 117.3. 

  

 

Aniline.1H NMR (500 MHz, Chloroform-d): δ 7.19 (t, 2H), 6.77 (t, J = 7.4 Hz, 1H), 

6.69 (d, J = 7.5 Hz, 2H), 3.66 (s, 2H). 13C NMR (CDCl3, 500 MHz): δ 143.4, 129.3, 

118.6, 115.2. 

 

 

4-Bromo-aniline.1H NMR (500 MHz, Chloroform-d): δ 7.24 (d, J = 8.5 Hz, 2H), 6.57 

(d, J = 8.6 Hz, 2H), 3.65 (s, 2H). 13C NMR (CDCl3, 500 MHz): δ 145.4, 132.0, 116.7, 

110.2. 

  

 

4-Chloro-aniline. 1H NMR (500 MHz, Chloroform-d): δ 7.10 (d, J = 8.7Hz, 2H), 6.60 

(d, J = 8.7 Hz, 2H), 3.60 (s, 2H). 13C NMR (CDCl3, 500 MHz): δ 144.9, 129.1, 123.1, 

116.3.  

I

NH2

NH2

Br
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4-Bromo-3-methylaniline. 1H NMR (500 MHz, Chloroform-d): δ 7.25 (d, J = 8.0 Hz, 

1H), 6.57 (s, 1H), 6.39 (d, J = 8.1 Hz, 1H), 3.59 (bs, 2H), 2.30 (s, 3H). 13C NMR 

(CDCl3, 500 MHz): δ 145.7, 138.4, 132.7, 117.5, 114.3, 112.9, 22.9. 

  

 

1-Aminopyrene. 1H NMR (500 MHz, Chloroform-d): δ 8.05 (d, J = 6.2 Hz, 2H), 7.98 

(s, 3H), 7.91 (d, J = 8.5 Hz, 2H), 7.82 (s, 1H), 7.39 (s, 1H), 4.52 (bs, 2H). 13C NMR 

(CDCl3, 500 MHz): δ 140.9, 132.2, 131.6, 127.6, 126.1, 125.5, 124.3, 124.1, 123.8, 

123.6, 120.2, 116.9, 113.9. 

  

General Procedure for Cleaning NBC-MASN.  The used NBC-MASN catalyst and 

methanol (2 ´ 15 mL) were combined in an argon-purged Falcon tube, the mixture was 

sonicated for 10 min, then centrifuged and the supernatant decanted.  Ethanol (2 ´ 15 

mL) was added to the catalyst and sonicated for 10 min, centrifuged, and the 

supernatant decanted. Methanol (10 mL) was added to the catalyst before sonication 

for 10 min, centrifuged, and the supernatant decanted. The catalyst was then 

immediately reused. 



 253 

General Procedure for the Regeneration of NBC-MASN. Cleaned (as above) and 

dried NBC-MASN and NaBH4 (2 mol equivalent to Ni, assuming Ni was 10w% of 

NBC-MASN) were added to an argon-purged Falcon tube capped with a rubber 

septum.   The tube was cooled to 0 °C before adding 5 mL of 0 °C ethanol.  The cold 

mixture was rapidly stirred for approximately 1 h or until no more H2(g) production was 

observed.  The mixture was then centrifuged, the supernatant decanted, and the 

recovered solid was rinsed as described above and dried in an argon-purged vacuum 

oven until further use. 

 

Characterization. Powder X-ray diffraction (PXRD) was performed on a Rigaku 

SmartLab X-ray diffractometer with Cu-Kα (1.54 Å) radiation (40 kV, 44 mA).  All 

samples were prepared fresh and handled with minimal exposure to atmosphere prior 

to scanning.  All samples were ground under Ar(g) and evenly dispersed on an 

amorphous SiO2 sample holder and scanned with a step size of 0.01° and scan rate of 

1°·min−1. High angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) imaging was performed on an FEI Titan TEM operated at 300 kV.  

The STEM probe had a convergence semiangle, α, of 10 mrad and a beam current of 

25 pA (300 kV). HAADF-STEM images were acquired using a Fischione annular dark-

field (ADF) detector with an inner semiangle, β, of 45 mrad.  EDS data was 

simultaneously collected along with HAADF-STEM data on four silicon drift detectors 

with a solid angle of 0.7 steradians (SuperX) and analyzed using Bruker’s Espirit 

software.  HRTEM images were acquired using an FEI ThemIS microscope operated 
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at 300kV with a FEI Ceta Camera.  All electron microscopy and EDS data collection 

were carried out on fresh samples suspended by brief sonication in absolute ethanol 

and deposited on 400 mesh copper TEM grids with lacey carbon support.  Inductively 

coupled plasma optical emission spectroscopy (ICP-OES) data were collected on a 

PerkinElmer Optima 7000 DV.  Samples for ICP-OES were prepared by digestion in 

an aqueous solution comprised of 50v% concentrated HNO3 and 5v% H2O2 (30% stock 

solution) at 85 °C, rapidly stirring in a sealed polypropylene container for 2 h prior to 

dilution with Milli-Q water.  Thermogravimetric analysis (TGA) was performed on a 

TA Q500 Thermoanalyzer, using a platinum weighing boat and flowing air during 

heating fresh samples at a rate of 10 °C·min-1.  X-ray photoelectron spectroscopy was 

performed on a Kratos Axis Ultra spectrometer using an Al-Kα source (ℎ" = 1486.69 

eV) operated at 150 W and a hemispherical electron energy analyzer.  Spectral 

positions were calibrated using adventitious alkyl carbon signals by shifting the C 1s 

peak to 284.8 eV.  For samples which exhibited charging, a flood gun was used to 

neutralize the sample.   

 

General Procedure for Hydrogen Evolution by Gas Burette. To the gas burette 

reservoir, outfitted with a rubber septum, 1 M HCl (15mL), methanol (15mL), and 

tetrahydrofuran (15mL) were added and allowed to stir. A few trials of sacrificial 

hydride sources were used for the purpose of equilibrating the system. In a separate Ar-

purged round bottom flask, anhydrous NiCl2 (0.065 g, 0.5 mmol) and solid NaBH4 

(0.038 g, 1 mmol) were added and the flask cooled to 0 °C. A cannula connected the 
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round bottom flask to the gas burette reservoir. The system was allowed to equilibrate 

before the addition of 4 mL of 0 °C ethanol via syringe. By the controlled relief of 

pressure in the closed system into a graduated cylinder, the volume of gas generated, 

plus total volume injected, was measured by water displacement. The temperature of 

the displaced water and barometric pressure was also measured, and the temperature 

dependent vapor pressure of water.  

 

Synthesis of Nickel Catalyst with Diisobutylaluminum Borohydride 

[(iBu)2AlBH4].  Unsupported, bulk catalyst powder was synthesized by adding NiCl2 

(0.066 g, 0.5 mmol), anhydrous THF (5 mL), and (iBu)2AlBH4 (0.549 mL, 0.5 mmol) 

together at 25 °C for 1 h. The THF was decanted off and the catalyst was immediately 

used.  

 

Reduction of 4-Nitrotoluene by (iBu)2AlBH4 Synthesized Catalyst.  4-Nitrotoluene 

(0.689 g, 5 mmol), methanol (11 mL), and hydrazine hydrate (1.22 mL, 25 mmol) were 

added to the catalyst. The reaction mixture was allowed to stir at room temperature for 

24 h. Additional methanol (2  ´  15 mL) was added followed by sonication (10 min). 

The reaction mixture was centrifuged (6 min, 4200 RPM) and the supernatant decanted. 

The process was repeated once more. The combined supernatant layers were dried with 

MgSO4, filtered, and concentrated under vacuum to afford a mixture of products (0.523 

g).  
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Synthesis of Nickel Catalyst with Diisobutylaluminum Hydride (DIBAL).  

Unsupported, bulk catalyst powder was synthesized by adding NiCl2 (0.074 g, 0.5 

mmol), anhydrous THF (5 mL), and DIBAL (2 mL, 2 mmol, 0.4 equiv) together at 25 

°C for 1 h. The catalyst was used as is.  

 

Reduction of 4-Nitrotoluene by DIBAL Synthesized Catalyst.  4-Nitrotoluene 

(0.694 g, 5 mmol), methanol (8 mL), and hydrazine hydrate (1.22 mL, 25 mmol) were 

added to the catalyst. The reaction mixture was allowed to stir at room temperature for 

24 h. Additional methanol (2  ´  15 mL) was added followed by sonication (10 min). 

The reaction mixture was centrifuged (6 min, 4200 RPM) and the supernatant decanted. 

The process was repeated once more. The combined supernatant layers were 

concentrated under vacuum to afford 4-toluidine (0.424 g, 78%). 1H NMR (500 MHz, 

Chloroform-d): δ 6.98 (d, J = 7.5 Hz, 2H), 6.63 (d, J = 8.2 Hz, 2H), 3.56 (bs, 2H), 2.24 

(s, 3H). 13C NMR (CDCl3, 500 MHz): δ 143.7, 129.8, 127.9, 115.3, 20.4.  

 

Procedure for Cleaning DIBAL synthesized Nickel Catalyst.  The used catalyst and 

methanol (2 ´ 15 mL) were combined in an argon-purged Falcon tube, the mixture was 

sonicated for 10 min, then centrifuged and the supernatant decanted.  Ethanol (2 ´ 15 

mL) was added to the catalyst and sonicated for 10 min, centrifuged, and the 

supernatant decanted. Methanol (10 mL) was added to the catalyst before sonication 

for 10 min, centrifuged, and the supernatant decanted. The catalyst was then 

immediately reused. 
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6.1.3. Chapter 4 
Measurements. All reactions were monitored using a 1064 nm BaySpec BRAM 

Raman System (BaySpec Inc., San Jose, CA). The system features a fiber optic probe 

with a working distance of 4.5 mm. The 80 mW diode laser system was adjusted so 

that the incident beam focal point was located just within the wall of the reaction vessels 

as to maximize the signal intensity.   

 

Synthesis of Nickel Boron Composite (NBC) Catalyst. Bulk NBC catalyst powder 

was synthesized by adding a solution of NiCl2•6H2O (0.26 g, 2 mmol) dissolved in 

ethanol (10 mL) to a solution of NaBH4 (0.076 g, 2 mmol) suspended in ethanol (8.5 

mL), with rapid stirring at 0 °C under a moisture-free Ar environment. After the initial 

H2 bubbling subsided, the solution was diluted with water (30 mL) and centrifuged to 

isolate the solid. The solid catalyst was then dried in an Ar-purged vacuum oven at 100 

°C.  

 

Procedure for the Reduction of 4-Nitrotoluene.  NBC catalyst (0.0117 g, 0.2 mmol 

of Ni), 4-nitrotoluene (0.274 g, 2 mmol), toluene (0.5 mL), and water (0.5 mL) were 

combined. The Raman fiber optic probe was positioned outside of the reaction vial so 

that laser beam spot was focused so as to impinge upon the liquid just inside the vial. 

The probe was then secured and fixed in place when the signal was maximized. Prior 

to initiating the reaction or reagent addition, the intensity of the nitro stretch at 10 

concentrations between 1.0 M and 0.01 M were measured and normalized using a 

toluene co-solvent peak at 1379 cm-1. The reaction progress was determined by 
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correlating the normalized intensity of the symmetric nitro stretch (1350 cm-1) of the 

sample to a calibration curve. For each measurement, a single 5000 millisecond 

accumulation at 350 mW laser power was collected. The reaction was considered 

complete as determined by monitoring the loss or complete disappearance of the nitro 

stretch. Once deemed complete, the reaction mixture was centrifuged, and the 

supernatant was decanted and concentrated to isolate 4-toluidine (0.192 g, 90% yield). 

 

4-Toluidine.  1H NMR (500 MHz, Chloroform-d) δ 7.02 (d, J = 7.9 

Hz, 2H), 6.65 (d, J = 8.1 Hz, 2H), 3.56 (s, 2H), 2.30 (s, 3H). 13C NMR (126 MHz, 

Chloroform-d) δ 143.95, 129.82, 127.76, 115.32, 20.52. 

 

Procedure for the Reduction of 2,4-dinitrotoluene. NBC catalyst (0.0117 g, 0.2 

mmol of Ni) was added to an Ar-purged test tube, followed by 2,4-dinitrotoluene (0.366 

g, 2 mmol), toluene (2 mL), and water (2 mL). The substrate was allowed to dissolve 

before adding N2H4•H2O (0.94 mL, 10 mmol). The reaction vial was then placed in a 

water bath at 80 °C for 20 min and then the hot water bath was removed, and the 

reaction continued at 25 °C until the reaction was deemed complete by Raman 

spectroscopy. The reaction mixture was monitored, and the product was isolated, using 

the same procedure as described above. (0.132 g, 55% yield).  

H3C

NH2
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2,4-Diaminotoluene. 1H NMR (500 MHz, Chloroform-d) δ 6.85 (d, J = 7.8 

Hz, 1H), 6.11 (d, J = 7.9 Hz, 1H), 6.05 (s, 1H), 3.54 (s, 4H), 2.10 (s, 3H).
 13C NMR 

(126 MHz, Chloroform-d) δ 145.61, 145.36, 131.10, 112.87, 106.02, 102.28, 16.49. 

 

Procedure for the Reduction of Cyclohexanone or 2-Cyclohexen-1-one by DMAB. 

The ketone (5 mmol) was added to a test tube containing a stir bar. To that vessel, 

DMAB (0.101 g, 1.7 mmol) and DI water (100 μL) were added. For each measurement, 

a single 5000 millisecond accumulation at 350 mW laser power was collected. After 

the reaction was complete as determined by the Raman peak intensity data, the reaction 

mixture was acidified with HCl (1M) to pH 2, after which the organic layer was 

extracted with diethyl ether (3x10 mL), dried over MgSO4, and then filtered and 

concentrated to obtain the product.  

 

Cyclohexanol. 1H NMR (500 MHz, Chloroform-d) δ 3.55 (s, 1H), 2.35 (s, 

1H), 1.85 (d, J = 3.8 Hz, 2H), 1.68 (s, 2H), 1.50 (d, J = 12.1 Hz, 1H), 1.22 (s, 5H). 13C 

NMR (126 MHz, Chloroform-d) δ 70.19, 35.45, 25.45, 24.15. 

 

Procedure for Measuring Hydrogen Evolution by Gas Buret. To a gas buret 

reservoir, outfitted with a rubber septum, 1 M HCl (15 mL), methanol (15 mL), and 

NH2
CH3

NH2

OH
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tetrahydrofuran (15 mL) were added and allowed to stir. A few trials of sacrificial 

hydride sources, such as NaBH4 and BH3SMe2, were used for the purpose of system 

equilibration. In a separate round-bottom flask containing a side-arm, cyclohexanone 

(0.3 mL, 3 mmol) was added. A solution of DMAB (0.125 mL, 1 mmol, 8 M) was then 

injected via syringe through the side-arm of the flask. By the controlled relief of 

pressure in the closed system into a graduated cylinder, the volume of gas generated, 

plus total volume injected, was measured by water displacement. The temperature of 

the displaced water and barometric pressure were also measured, in addition to the 

temperature-dependent vapor pressure of water. The quantity of hydrogen ultimately 

produced was determined by following a previously published method.  

 

Computational Details. Density functional theory (DFT) for several steps along the 

hydride transfer in the reduction of cyclohexanone were performed using Gaussian 09. 

The B3LYP/6-311G (d,p) basis set was utilized to perform a geometry optimization 

along with a frequency calculation. The energies of the optimized geometry were used 

to construct the proposed reaction pathway. A series of geometry optimization were 

performed to find the steps along the reaction pathway. The structures contained no 

imaginary frequencies. The * + ,!"## energy for each structure were extracted from 

the log file, converted to kcal/mol, and used for constructing the reaction pathway. 

Listed below are the Cartesian coordinates for the structures in pathway C.  
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DFT calculated optimized structures where white, grey, green, blue, and red represent 

hydrogen, carbon, boron, nitrogen, and oxygen respectively. 

Cartesian Coordinates Structure 1 

C        3.2625330000     -0.5032260000      1.3789110000                  

N        2.7840550000      0.0366460000      0.0847210000                  

C        3.6396840000     -0.4180550000     -1.0357760000                  

H        1.8434910000     -0.3455980000     -0.0722840000                  

B        2.6213150000      1.6613870000      0.1182320000                  

H        1.8479290000      1.9027870000      1.0215380000                  

H        3.7276550000      2.1138950000      0.3178940000                  

H        2.1792600000      1.9772950000     -0.9670120000                  

H        3.2174060000     -0.0499710000     -1.9691890000                  

H        4.6361650000      0.0067020000     -0.9110520000                  
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H        3.7015450000     -1.5096650000     -1.0604390000                  

H        2.5745290000     -0.1905720000      2.1623030000                  

H        3.3186250000     -1.5948630000      1.3479170000                  

H        4.2475670000     -0.0861460000      1.5898100000                  

C       -2.1911190000      1.5134570000      0.1564310000                  

C       -1.1321280000      0.8259230000     -0.7322660000                  

C       -0.9765070000     -0.6405760000     -0.3872570000                  

C       -2.2663180000     -1.4320650000     -0.2699620000                  

C       -3.3014900000     -0.7123390000      0.6198670000                  

C       -3.5149590000      0.7395610000      0.1745480000                  

O        0.1066190000     -1.1718080000     -0.2117300000                  

H       -2.3441820000      2.5368250000     -0.1959020000                  

H       -1.7991220000      1.5930220000      1.1766390000                  

H       -0.1635140000      1.3234220000     -0.6663950000                  

H       -1.4639750000      0.8715140000     -1.7791260000                  

H       -2.0277890000     -2.4316540000      0.0969170000                  

H       -2.6774160000     -1.5356130000     -1.2833410000                  

H       -2.9497960000     -0.7252170000      1.6581030000                  

H       -4.2437720000     -1.2671270000      0.6026550000                  

H       -3.9624120000      0.7525950000     -0.8276120000                  

H       -4.2282870000      1.2332950000      0.8412360000                  
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Cartesian Coordinates Structure 2 

 

C        0.9891710000     -1.5972120000      0.0152500000                  

C        0.5059720000     -0.2559350000     -0.5807520000                  

C        1.3654260000      0.8928540000     -0.1497440000                  

C        2.8585490000      0.6992690000     -0.1598500000                  

C        3.2865820000     -0.6502300000      0.4516720000                  

C        2.4959650000     -1.8137430000     -0.1566160000                  

O        0.9325990000      2.0006500000      0.1880130000                  

H        0.4200780000     -2.4053250000     -0.4498610000                  

H        0.7370930000     -1.6170970000      1.0813010000                  

H       -0.5455130000     -0.0806460000     -0.3529110000                  

H        0.5954550000     -0.2961860000     -1.6768790000                  

H        3.3245800000      1.5525140000      0.3346970000                  

H        3.1630670000      0.7240950000     -1.2158640000                  

H        3.1210030000     -0.6215600000      1.5345900000                  

H        4.3611280000     -0.7844470000      0.3029710000                  

H        2.7383580000     -1.9049570000     -1.2230160000                  

H        2.7948390000     -2.7549230000      0.3138220000                  

C       -3.8520600000     -0.3053010000     -1.1242280000                  

N       -2.9673170000     -0.2672480000      0.0337680000                  

C       -3.5729110000     -0.8287070000      1.2349590000                  
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H       -3.3771120000      0.2043350000     -1.9654610000                  

H       -4.8359620000      0.1639860000     -0.9490780000                  

H       -4.0310250000     -1.3448260000     -1.4188100000                  

H       -2.6766050000      0.6890810000      0.2119520000                  

H       -4.5457030000     -0.3768930000      1.4969260000                  

H       -2.8972090000     -0.6965610000      2.0830270000                  

H       -3.7350010000     -1.9032930000      1.0997230000                  

B       -0.6131140000      2.5224050000      0.2277760000                  

H       -0.4963150000      3.7018870000      0.4101590000                  

H       -1.1085930000      1.9319880000      1.1612010000                  

H       -1.0907380000      2.2263650000     -0.8419980000           

        

 

Cartesian Coordinates Structure 3 

C       -3.1026960000      0.6371800000     -0.9492980000                  

N       -2.8478740000     -0.3197700000      0.1550890000                  

C       -2.8811580000      0.3488500000      1.4807190000                  

H       -3.5746610000     -1.0326320000      0.1386150000                  

B       -1.4146360000     -1.1656200000     -0.0595330000                  

H       -1.5379320000     -1.6950940000     -1.1490050000                  

H        0.2301520000     -0.2783140000     -1.9508260000                  

H       -1.4374870000     -1.9623290000      0.8624210000                  
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H       -2.7847730000     -0.4097130000      2.2558990000                  

H       -2.0243010000      1.0178350000      1.5350040000                  

H       -3.8100640000      0.9093150000      1.6141330000                  

H       -3.1514200000      0.0847200000     -1.8864500000                  

H       -4.0336200000      1.1866530000     -0.7873170000                  

H       -2.2626780000      1.3284170000     -0.9882790000                  

C        2.4169050000     -1.0770100000      0.6396210000                  

C        1.6737020000     -1.2682150000     -0.6896830000                  

C        0.6596790000     -0.1383150000     -0.9464820000                  

C        1.3539020000      1.2291950000     -0.8795010000                  

C        2.1005930000      1.4322160000      0.4471810000                  

C        3.1019710000      0.2962650000      0.7043790000                  

O       -0.3848110000     -0.1554400000      0.0146930000                  

H        3.1532470000     -1.8759870000      0.7772810000                  

H        1.6975070000     -1.1620640000      1.4605920000                  

H        1.1506810000     -2.2290660000     -0.7050340000                  

H        2.3943630000     -1.2840340000     -1.5182270000                  

H        0.6082790000      2.0181910000     -1.0247560000                  

H        2.0620500000      1.3009440000     -1.7148440000                  

H        1.3693780000      1.4591100000      1.2615900000                  

H        2.6140330000      2.3998910000      0.4453330000                  

H        3.8995540000      0.3397680000     -0.0501260000                  
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H        3.5870770000      0.4334040000      1.6768790000         

Cartesian Coordinates Structure 4 

C        1.3764880000     -1.7200790000     -0.3496750000                  

C        0.6495080000     -0.4242310000     -0.7427400000                  

C        1.0517210000      0.7309940000      0.1732990000                  

C        2.5652790000      0.9325490000      0.2152520000                  

C        3.2876640000     -0.3637640000      0.6128380000                  

C        2.8990890000     -1.5294150000     -0.3074880000                  

O        0.4436940000      1.9495610000     -0.3105590000                  

H        1.1097520000     -2.5170370000     -1.0502050000                  

H        1.0264370000     -2.0489040000      0.6374370000                  

H       -0.4356500000     -0.5579760000     -0.6980390000                  

H        0.9080600000     -0.1478910000     -1.7720460000                  

H        2.8082160000      1.7425490000      0.9100330000                  

H        2.8934500000      1.2557410000     -0.7794580000                  

H        3.0316240000     -0.6208980000      1.6488450000                  

H        4.3699450000     -0.2040620000      0.5934230000                  

H        3.2667380000     -1.3264470000     -1.3213880000                  

H        3.3880120000     -2.4510610000      0.0238950000                  

C       -3.9633840000      0.0662660000     -0.9113100000                  

N       -3.0305590000     -0.3118810000      0.1432160000                  

C       -3.5633200000     -1.3300210000      1.0400950000                  
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H       -3.5435070000      0.8886350000     -1.4947360000                  

H       -4.9541660000      0.3799610000     -0.5386020000                  

H       -4.1193450000     -0.7804990000     -1.5881350000                  

H       -2.7652600000      0.5098380000      0.6772800000                  

H       -4.5386050000     -1.0660250000      1.4853070000                  

H       -2.8560230000     -1.5098920000      1.8528930000                  

H       -3.6942520000     -2.2709120000      0.4952440000                  

B       -0.5514230000      2.5760870000      0.3282240000                  

H       -0.9866710000      3.5670620000     -0.1755250000                  

H        0.6757200000      0.5407250000      1.1871930000                  

H       -0.9812610000      2.1495410000      1.3657940000                  
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6.1.4. Chapter 5 

General Procedure to Prepare the Gallium Aluminum Alloy. On a piece of 

weighing paper, shape aluminum foil (0.108 g, 4 mmol) into a cup and into the center 

add 65 °C gallium (0.837 g, 12 mmol). Fold the weighing paper in fourths, pressing the 

aluminum and gallium together. Continue pressing the gallium into the aluminum until 

the alloy appears homogenous and shiny in color. Once all the aluminum has been 

dissolved by the gallium, fold the paper in half and press a dry ice pellet over the paper, 

solidifying the alloy. The Ga-Al alloy will appear dull grey when it hardens. Using a 

razor blade, delicately peel the alloy off the paper and place into desired vessel or store 

under cyclohexane for future use.   

 

General Procedure for Measuring Hydrogen Evolution by Gas Buret. An alloy 

nugget was placed into a round-bottom flask containing a 65 °C magnetic stir bar, the 

heat from which “melted” the alloy in ~1 min. The flask was connected to a gas buret 

reservoir via a cannula. DI water (10 mL) was added to the flask containing the alloy 

causing hydrogen gas to evolve immediately. Measurements were taken after it 

appeared all of the material had reacted, 15 min. By the controlled release of pressure 

in the closed system into a graduated cylinder, the volume of gas generated was 

measured by water displacement. The temperature of the displaced water and 

barometric pressure were also measured. The quantity of hydrogen produced was 

determined by following a previously published method. 
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Procedure to Recycle Ga. The used alloy reaction mixture was vacuum filtered, and 

the residue was collected. The Ga appears in the residue as shiny nuggets and were 

collected in a vial.  

 

Characterization. ICP-OES data were obtained on a Thermo Scientific iCAP 7000 

Series ICP spectrometer using scandium and yttrium as internal standards. Calibration 

curves for aluminum and gallium were prepared using external standards. 

 

Procedure for the Hydrogenation of 4-Phenyl-1-butene-4-ol Using Nickel 

Catalyst.  In a 100-mL round-bottom flask, NaBH4 (1 g, 26.43 mmol) was suspended 

in EtOH (24 mL) and 2 M NaOH (1.25 mL, 2.5 mmol) with stirring. In a separate 100-

mL round-bottom flask, nickel(II) acetate tetrahydrate (0.314 g, 1.25 mmol) was 

dissolved in EtOH (12.5 mL). To the nickel solution, the NaBH4 solution (1.25 mL, 

1.38 mmol) was added slowly via syringe. (CAUTION: H2 evolution!). Once the 

hydrogen evolution abates, the stirring was stopped and the alkene, 4-phenyl-1-butene-

4-ol (0.187 mL, 1.25 mmol), was added to the reaction flask and a balloon was then 

connected to the reaction flask. An Ga:Al alloy nugget (0.945 g, 4 mmol of theoretical 

H2) was placed into a separate round-bottom flask and melted with a warm stir bar, 

then connected via cannula to the reaction flask containing the nickel catalyst and the 

alkene. With both flasks stirring, DI water (5 mL) was added to the alloy flask to 

generate hydrogen that is then led into the reaction flask. After 15 min the two flasks 

were disconnected and a second flask containing another alloy nugget (0.945 g, 4 mmol 
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of theoretical H2) was attached and the same procedure as above was conducted to 

generate hydrogen gas. After the hydrogen had evolved, the reaction mixture was 

allowed to stir for 1 h. The reaction mixture was then centrifuged and the supernatant 

decanted. The solid catalyst was rinsed with diethyl ether (2´10 mL), centrifuged and 

the supernatant decanted. The combined supernatants were then concentrated by rotary 

evaporation to afford essentially pure product, 1-phenyl-1-butanol, (yield 90%).  

 

1-Phenyl-1-butanol.  1H NMR (500 MHz, Chloroform-d) δ 7.35 (d, J 

= 5.5 Hz, 4H), 7.30 – 7.26 (m, 1H), 4.66 (dd, J = 7.5, 5.8 Hz, 1H), 2.12 (s, 1H), 1.83 – 

1.76 (m, 1H), 1.72 – 1.65 (m, 1H), 1.47 – 1.40 (m, 1H), 1.35 – 1.28 (m, 1H), 0.94 (t, J 

= 7.4 Hz, 3H).
 13C NMR (126 MHz, Chloroform-d) δ 144.99, 128.41, 127.45, 125.93, 

74.40, 41.26, 19.05, 13.99.  

 

OH
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