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Abstract 
 

BINARY HYDRIDES AND THEIR UTILITY AS REDUCING 
AGENTS FOR A VARIETY OF FUNCTIONAL GROUPS 

 
Rachel A Snelling 

 

Selective, partial, or tandem reductions of bifunctional compounds containing 

primary alkyl or benzyl bromides can generate a variety different of products using a 

mixture of dichloroindium hydride (HInCl2) and an additional hydride, such as 

borane-tetrahydrofuran (BH3:THF) or diisobutylaluminum hydride (DIBAL-H). 

Binary metal hydride systems, containing HInCl2 and BH3:THF, are readily generated 

from anhydrous indium trichloride (InCl3) and sodium borohydride (NaBH4) in THF.  

Dichloroindium hydride can reduce a variety of primary halides and in the presence 

of another hydride, either generated in situ or added to the single-pot reaction, which 

allows for the tandem reduction of a variety of bifunctional bromides. Together, the 

hydrides reduce carbon-halogen bonds as well as an electrophilic group, such as a 

nitrile, ester, or carboxylic acid. The reduction of 4-(bromomethyl)benzonitrile using 

the HInCl2 and BH3:THF binary metal hydride system affords 4-methylbenzylamine 

in excellent yield under ambient conditions and short reaction times.  By using the 

binary metal hydride system consisting of HInCl2 and DIBAL-H, the tandem 

reduction of 4-(bromomethyl)benzonitrile was achieved affording para-tolualdehyde 

in excellent yield, also under ambient conditions. Reduction of 4-

(bromomethyl)phenyl acetic acid by HInCl2 selectively reduced the carbon-halogen 

bond generating para-tolylacetic acid. When using either binary hydride system, both 



 xvii 

functional groups are reduced generating 4-methylphenethyl alcohol. Methyl 4-

(bromomethyl) benzoate underwent a selective or tandem reduction to generate [4-

(bromomethyl)phenyl]methanol, methyl 4-methyl benzoate or para-tolylmethanol 

depending on the hydride system used. Consequently, a single bifunctional compound 

is transformed to a variety of different compounds by simple manipulation of the 

binary hydride system used without the need of protecting groups, and in most cases, 

a one-pot procedure.  

A new reducing agent has been developed for the reduction of tertiary amides 

under ambient conditions. A synthetically simple mixed metal hydride, 

diisobutylaluminum borohydride [(iBu)2AlBH4], is easily generated from a 1:1 

mixture of borane-dimethylsulfide (BMS) and diisobutylaluminum hydride (DIBAL). 

Tertiary aliphatic and aromatic amides as well as lactams are reduced to the 

corresponding amine in five minutes under ambient conditions using (iBu)2AlBH4. 

The enhanced reactivity is due to the mixed hydride reagent acting in a synergistic 

fashion through a push-pull activation of the amide by a Lewis acid-hydride 

interaction, allowing the reduction to proceed smoothly. The product is obtained 

through a simple acid-base extraction work-up and does not require any column 

chromatography technique for the isolation or purification of the amine in yields of 

71 to 99%. After the reduction is complete, addition of methanol converts aluminum 

containing compounds to a solid polymer, which is removed through simple filtration. 

This new methodology works well for aliphatic and aromatic amides as well as 

lactams. 
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Dichloroindium Hydride and Organoindium reagents and Their Applications in 
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1.1 Introduction 

The use of metal-mediated reactions have played an important role in the 

development and advancement of organic chemistry with far reaching effects 

spanning from novel laboratory techniques to vital industrial applications. Among the 

many uses of metals, metal hydride reduction of functional groups are among the 

most common and useful chemical transformations used in modern organic 

chemistry. Traditional and commonly used metal hydrides like sodium borohydride 

(NaBH4)1 and lithium aluminum hydride (LiAlH4)2 form an integral part of the 

modern organic chemist’s toolbox. While both hydrides are used extensively, the 

ability of LiAlH4 to reduce most functional groups limits its use in the reduction of 

multifunctional compounds when selective reduction is desired.  Conversely, NaBH4 

is a mild reducing agent with limited abilities in the reduction of many functional 

groups such as nitriles and carboxylic acids.  Sodium borohydride is known to 

selectively reduce ketones and aldehydes in the presence of other functional groups. 

Many alternatives have recently been developed to safely and selectively reduce 

several functional groups.3 Among these alternatives, a variety of Group 13 metal 

hydride derivatives have been developed over the years, some of which are utilized 

extensively.4 Indium has recently garnered attention in metal-mediated reactions due 

in part to the relatively low oxidation potentials of the most common oxidation states 

of  indium: In+ (0.14 V) and In3+ (0.44 V).5 These oxidation potentials tend to 

produce favorable reaction conditions for the synthesis of organoindium compounds 

under ambient conditions. 
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 Indium hydride reagents (LiInH4, LiPhInH3, and LiPh2InH2) were first 

prepared from InCl3 and LiH by Wiberg and Schmidt6 and were later explored by 

Butsugan and coworkers who further demonstrated their ability to reduce a variety of 

functional groups including aldehydes, ketones, esters, and halides.7 Subsequently, 

other indium hydride reagents have been developed.  

1.2  Preparation of dichloroindium hydride (HInCl2) 

1.2.1 Generation of HInCl2 using Bu3SnH 

Dichloroindium hydride was first prepared by Baba and coworkers by the 

reduction of InCl3 with tributyltin hydride (Bu3SnH) (Scheme 1.1).8  

 

Scheme 1.1 Generation of dichloroindium hydride8 

The in situ generated HInCl2 arising from the reduction of InCl3 with Bu3SnH 

was able to reduce a variety of functionalities including aldehydes, ketones and alkyl 

halides.8  Interestingly, the InCl3/Bu3SnH system was found to effect stereoselective 

reductive aldol reactions affording both syn or anti selectivity depending on the 

solvent used (Scheme 1.2).9  
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Scheme 1.2 Selective reductive aldol reactions of αβ-unsaturated ketones9  

The use of anhydrous THF favors the anti product (syn:anti 5:95), while the 

use of methanol or H2O/THF favors the syn derivative products (syn:anti 99:1 and 

95:5 respectively). Additionally, acid chlorides are partially reduced to the 

corresponding aldehyde in the presence of triphenylphosphine (PPh3) along with 

HInCl2 generated using a catalytic amount of InCl3 and one equivalent of Bu3SnH 

(Scheme 1.3).10  

 

Scheme 1.3 Proposed catalytic cycle for acid chloride reductions10  
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The proposed catalytic cycle by Baba and coworkers proceeds via the coordination of 

PPh3 to InCl3, followed by a hydride transfer from the Bu3SnH to the InCl3 to 

generate HInCl2, which subsequently reduces the acid chloride to the corresponding 

aldehyde and regenerates the InCl3.10  

Dichloroindium hydride was also found to be an efficient radical initiator, 

catalyzing the reduction of organic halides (Table 1.1).11a  

Table 1.1 InCl3/Bu3SnH reduction of halides11a 

 
entry halide time (h) yield  (%) 
1 1-bromododecane 2.0 83 
2 

 

2.0 79 

3 

 

2.5 12 

4a 

 

5 90 

5b 

 

5 61 

aInCl3 0.1 mmol, Bu3SnH 1 mmol, RX 1 mmol, THF 2 mL, rt. bBu3SnH 
(3 mmol) was used. 

 

The proposed catalytic cycle for the reduction of organic halides suggests a radical 

dehalogenation mechanism wherein the In-H bond is cleaved to form the indium 

radical, which then reduces organic halides (Scheme 1.4).11a  
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Scheme 1.4 Proposed catalytic cycle for the dehalogenation of organic halides11a 

 This system has recently been utilized in the generation of allylic indium 

through the hydroindation of 1,3-dienes that then react with carbonyl or imine 

compounds in a one-pot reaction system.11b For example, 1,4-diphenyl-1,3-butadiene 

underwent hydroindation; upon the addition of aliphatic aldehyde, 3-phenylpropanal 

afforded the allylated product in 88% yield.11b  However, because of the toxicity of 

Bu3SnH, alternative reducing agents were considered to obtain HInCl2.  

1.2.2 Generation of HInCl2 using DIBAL-H 

 Oshima and coworkers developed an alternative method of generating HInCl2 

using diisobutylaluminum hydride (DIBAL-H) as the hydride source to reduce InCl3 

(Scheme 1.5).12  
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Scheme 1.5 Generation of HInCl2 with DIBAL-H12  

Oshima suggests the reaction proceeds through a radical addition of indium hydride 

across an alkyne.12 He further suggests the initially formed (Z)-alkenylindium 

dichloride does not isomerizes to the (E)-isomer, through the gem-diindium 

intermediate, due to the low reactivity of the dichloroindium radical toward the 

alkenylindium. Formation of (Z)-alkenes are also observed using gallium hydride.13 

The authors state that if further addition occurs, the diindium species is generated, 

leading to isomerization of the (Z)-alkenylinidum to the (E) form via addition-

elimination. Dichloroindium hydride was produced and used along with 

triethylborane (Et3B) to carry out the hydroindation of a variety of alkynes to the 

corresponding (Z)-alkenes (Table 1.2).12  

Table 1.2 Hydroindation of alkynes followed by iodolysisa 12  

 
 

entry R yield (%) E/Zb 
1 PhCH2O(CH2)3 79 1/99 
2 EtOOC(CH2)6 99 <1/99 
3 HO(CH2)4 577 <1/99 
4a CH2=CH(CH2)8 74 1/99 
5b Ph 99 7/93 
aAlkyne (1.0 mmol), HInCl2 (1.3 mmol), and Et3B (0.20 mmol) were used. bDetermined 
by 1H NMR. 
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Oshima suggests that the addition of Et3B promotes the reaction by acting as a 

radical initiator that facilitates the radical addition of HInCl2 across the carbon-carbon 

triple bond. As evidence for a radical mechanism, HInCl2 and Et3B in the presence of 

dioxygen were found to promote radical cyclizations of substrates such as alkyl 

iodide (1 in scheme 1.6) via the generation of an ethyl radical. This then reacts with 

HInCl2 to provide the indium radical •InCl2.13 The generated •InCl2 can then abstract 

an iodine atom to form the radical intermediate 2 which subsequently cyclizes to 

afford intermediate 3, followed by a hydrogen atom abstraction from HInCl2 to 

regenerate •InCl2 and afford the final product 4 (Scheme 1.6).13  

 

Scheme 1.6 Proposed catalytic cycle of the radical cyclizations of halo acetals13  

Chemoselective reductions of alkyl bromides and carbonyl functionalities using 

HInCl2 have also explored.13 Interestingly, alkyl bromides were found to undergo 
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exclusive reduction in the presence of ester and ketone functionalities, but aldehydes 

were found to undergo reduction with HInCl2 faster than alkyl bromides.13  

1.2.3 Generation of HInCl2 using silanes  

Mixtures of silanes and InCl3 have also been used to carry out a variety of 

reductions in organic synthesis. The combination of chlorodimethylsilane and InCl3 

was first used to catalyze the reductive Friedel-Crafts alkylation of various aromatics 

with carbonyl compounds (Scheme 1.7).14  

 

Scheme 1.7 Friedel-Crafts alkylation with aromatic carbonyl compounds14  

Subsequently, reductive deoxygenation of aryl ketones was achieved using 

chlorodimethylsilane and InCl3 (Scheme 1.8).15  

 

Scheme 1.8 Reductive deoxygenation of various ketones15 
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This mixture of chlorodiphenylsilane and InCl3 has also been shown to bring about 

analogous reductive deoxygenations of a variety of secondary and tertiary alcohols 

(Scheme 1.9) 16  

 

Scheme 1.9 Reduction of various alcohols16  

Additionally, this system was found to give high chemoselectivity for reduction of 

hydroxyl groups in the presence of other functional groups, such as esters, as 

exemplified by the selective deoxygenation of hydroxy-esters (Scheme 1.10).16 
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Scheme 1.10 Direct chemoselective reduction of alcohols by Ph2SiHCl and InCl3
16  

It was proposed that InCl3 acts as a Lewis acid that loosely coordinates to 

oxygen to accelerate the deoxygenation of the resulting intermediate by promoting a 

hydride transfer from silane.16 While the generation of HInCl2 was not reported in 

these earlier studies, the in situ formation of HInCl2 may also explain the observed 

reductions. Later studies of InCl3 with other silanes including triethylsilane (Et3SiH), 

have involved the proposal of the in situ generation of HInCl2 and its use in reductive 

aldol reactions (Scheme 1.11).17  

Scheme 1.11 Diastereoselective aldol reactions17 
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Interestingly, InBr3 was also found to undergo a similar reduction in the 

presence of Et3SiH to generate HInBr2, which was used in a variety of 

diastereoselective reductive Aldol reactions.17 Mechanistically, it was suggested that 

HInX2 is generated by the slow transmetallation of InX3 with Et3SiH, which then 

undergoes a 1,4 addtion to the enone to afford the indium enolate 1. Subsequent 

reaction of 1 with 2 via a Zimmerman-Traxler six-membered cyclic transition state 

and silyl exchange ultimately affords the product 4 (Scheme 1.12).17  

 

Scheme 1.12 Plausible mechanistic cycle17  

Further exploration of the InCl3/Et3SiH system revealed its ability to reduce 

alkyl bromides in addition to the intramolecular cyclization of enynes via the 

hydroindation of alkynes.18 The proposed mechanism proceeds via the formation of a 

vinyl radical which cyclizes onto the alkene. For example, diethyl 
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allylpropargylmalonate afforded the cyclized exo-methylene compound in a 53 % 

yield (eq. 1, Scheme 1.13).18a Additionally, Baba and coworkers have also 

demonstrated the inter- and intramolecular radical coupling of ene-ynes and halo-

alkenes using the InCl3/MeONa/Ph2SiH2 system.18b  For example, phenyl iodide and 

acrylonitrile afforded the coupled 3-phenylpropanenitrile product in a 60% yield (eq. 

2, Scheme 1.13).18b  

 

Scheme 1.13 Cyclization of enynes and radical addition to acrylonitrile mediated by 
HInCl2

18a,b  
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The versatility of the InCl3/Et3SiH system to generate HInCl2 has also been 

extended to the reduction of organic azides to the corresponding amines in a highly 

chemoselective fashion (Scheme 1.14).19  

 

Scheme 1.14 HInCl2 reduction of azides to primary amines19  

Additionally, γ-azidonitriles cyclize to afford pyrrolidin-2-imines (Scheme 1.15).19  

The authors propose the γ-azidonitriles undergo a radical cyclization similar to that of 

the aforementioned cyclization of enynes. 

 

Scheme 1.15 HInCl2 cyclization of γ-azidonitriles19  

More recently, the chemoselective reductive amination of carbonyl 

compounds has also been demonstrated by Yang and coworkers using the 

InCl3/Et3SiH system (Scheme 1.16).20  
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Scheme 1.16 Reductive amination of aldehydes and ketones with various amine 
salts20  
 

The system can be applied to a variety of cyclic, acyclic, aromatic and aliphatic 

amines in the presence of functionalities such as esters, hydroxyls, carboxylic acids 

and olefins. NMR and ESI-MS were used to help elucidate the reaction pathway and 

found the existence of a stable methanol-coordinated indium (III) species which was 

postulated to be responsible for the generation of indium hydride.20 The authors 

propose the reaction begins with InCl3 exchanges one Cl ligand with MeOH to form 

the cationic [InCl2(MeOH)x]+ complex. Transmetallation with Et3SiH results in the 

active indium hydrdie species [InHCl2(MeOH)x-1]. Simultaneously, Et3SiOMe is 

generated. The active indium hydride complex then transfers the hydride to in situ 

generated iminium ion, formed betwedd the carbonyl and secondary amine-HCl salt 

to give the amine-indium intermediate. The product is formed by displacement of the 

tertiary amine by MeOH to regenerate [InCl2(MeOH)x]+ for another catalytic cycle 

(Scheme 1.17).20 
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Scheme 1.17 Proposed pathway for the InCl3/Et3SiH/MeOH system-promoted 
reductive amination20  
 

Sakai and coworkers have further explored the scope of the reductive 

capabilities of indium hydride with various carbonyl compounds. Tertiary amides 

were directly reduced to the corresponding tertiary amines using the InBr3/Et3SiH 

reducing system (Scheme 1.18).21  

 

Scheme 1.18 Reduction of amides to amines21  
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The reduction of carboxylic acids to primary alcohols is achieved using a 

similar system.22 Sakai and coworkers also describe an efficient method for directly 

converting carboxylic acids to the corresponding primary alcohol using InBr3 and 

1,1,3,3-tetramethyldisiloxane (TMDS) (Scheme 1.19).22  

 

Scheme 1.19 Synthesis of primary alcohols from aliphatic carboxylic acids22  

1.2.4  Generation of HInCl2 Using NaBH4 

Although HInCl2 has great potential as a mild reducing agent, some of the 

methods used previously for its synthesis utilize less than ideal conditions and 

reagents. The InCl3/NaBH4 reagent system has received significant attention due to 

the simple and convenient in situ preparation of HInCl2.23 NaBH4 is less expensive 

and a less toxic than Bu3SnH originally used to prepare HInCl2.8 Dichloroindium 

hydride was first generated with NaBH4 by Baba and coworkers when exploring 

alternative hydride sources to tin hydride (Scheme 1.20).23  

 

Scheme 1.20 HInCl2 reduction of halides23  
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This new system was also used in the representative intramolecular cyclization of 1-

allyloxy-2 iodobenzene which afforded 3-methyl-2,3-dihydrobenzofuran in 62 % 

yield (Scheme 1.21). 23  

 

Scheme 1.21 Intramolecular cyclization of 1-allyloxy-2iodobenzene23  

Representative InCl3/NaBH4 intermolecular radical additions were also demonstrated 

using iodobenzene and electron-deficient olefins (Scheme 1.22).23  

 

Scheme 1.22 Radical addition of iodobenzene to electron-deficient olefins23  

In subsequent work, Ranu and coworkers used the InCl3/NaBH4 system to generate 

HInCl2 and chemoselectively reduce conjugated alkenes (Scheme 1.23).24, 25  

 

Scheme 1.23 Reduction of carbon-carbon bond of conjugated alkenes24  
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This system was shown to selectively reduce a variety of conjugated alkenes 

such as, α,α-dicyano olefins, α,β-unsaturated nitriles, cyanoesters, cyanophosphonate 

and dicarboxylic esters. Interestingly, the attempted reduction of chalcones produced 

a mixture of saturated ketones and alcohols when quenched with water, and 

exclusively saturated alcohols when quenched with MeOH.24  Similarly, Ranu and 

coworkers also found that the InCl3/NaBH4 system selectively reduces αβ-carbon-

carbon double bond in αβ:γδ-unsaturated diaryl ketones, dicarboxylic esters, cyano 

esters and dicyano compounds (Scheme 1.24).26  

 

Scheme 1.24 Selective reduction of α,β-carbon-carbon double bonds26  

Ranu and coworkers have also demonstrated the InCl3/NaBH4 system’s ability 

to synthesize (E)-alkenes through the stereoselective reduction of vic-dibromides (eq. 

1, Scheme 1.25),27 as well as the selective reduction of 2,3-epoxybromides to the 

corresponding allylic alcohols (eq. 2, Scheme 1.25).28 Interesting reactions using 

alkynes have also been developed using the InCl3/NaBH4 system, including the 

dimerization of terminal alkynes to enynes (eq. 3, Scheme 1.25).29  
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Scheme 1.25 Dimerization of terminal alkynes to enynes29  

Others have continued to explore the InCl3/NaBH4 system and its reaction 

with alkynes. Pan and coworkers have been able to synthesize stereoselectively (E)-2-

arylvinylphosphonates through the hydroindation and subsequent hydrolysis of 

arylalkylphosphonates (Scheme 1.26).30 They were able to expand this methodology 

to the coupling of terminal alkynes with aryl halides to give disubstituted (E)-

alkenes.31  

Scheme 1.26 Synthesis of (E)-2-arylvinylphosphonates using the InCl3/NaBH4 
system30  

 
Although a considerable number of studies have examined the InCl3/NaBH4 

system, few have reported the influence solvent can have on reaction rates and yields 
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of reductions.23,31 For example, Baba and coworkers report that alkyl halides were 

efficiently reduced (up to 78%) using a catalytic amount of InCl3 along with one 

equivalent stoichiometric amount of NaBH4 in MeCN (Table 1.3, entry 4).  However, 

the same reaction is low yielding in THF (only 15% reduction) under the same 

reaction conditions (Table 1.3, entry 5).23 Similar solvent effects were observed by 

others working with HInCl2.31  

Table 1.3 Hydride and solvent effects on indium catalyzed reduction of a halide 23 

 
entry metal hydride solvent yield (%) 
1 Bu3SnH THF 82 
2 LiH THF trace 
3 BH3-THF THF trace 
4 NaBH4 MeCN 78 
5 NaBH4 THF 15 
6 NaBH4 MeCN 90b 

aInCl3 (0.1 mmol), metal hydride (1 mmol), halide (1 mmol), 
solvent (2 mL). b1.5 mmol of NaBH4 was used. 

 

The Singaram group further explored the InCl3/NaBH4 reagent system by 

monitoring the boron species formed during the reaction via 11B NMR 

spectroscopy.32 A 1:1 molar ratio of InCl3 to NaBH4 was mixed in both THF and 

MeCN, and the supernatant solution was analyzed by 11B NMR spectroscopy to probe 

the identity of the boron species formed in situ (Scheme 1.27).32  
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Scheme 1.27 Reaction of equimolar InCl3/ NaBH4 in THF and MeCN32  

11B NMR spectral analysis of InCl3/NaBH4 in THF (Scheme 1.27, equation 1) 

revealed the formation of a borane-tetrahydrofuran complex (BH3·THF).33   When the 

same reaction was run in MeCN (Scheme 1.27, equation 2), a significantly different 

11B NMR spectrum was observed. A BH2 species (H2B-N=CCH3) was observed, 

which is believed to be the result of the reduction of the MeCN solvent by borane. 

The Singaram group has suggested that the poor reduction of alkyl halides 

using a catalytic amount of InCl3 along with one equivalent of NaBH4 in THF 

previously reported23 is likely to be due to inhibition of the catalytic cycle by the in 

situ generated BH3·THF. Consequently, when a stoichiometric amount of InCl3 was 

used along with three equivalents of NaBH4, (3-bromopropyl)benzene was fully 

reduced to propylbenzene in an isolated yield of 80%, indicating that BH3·THF or the 

solvent THF had little effect on stoichiometric reduction involving HInCl2.  

Based on the 11B NMR spectral data, the Singaram group then postulated that 

the InCl3/NaBH4 system in THF should reduce nitriles efficiently. After some 

optimization, it was found that 1 equivalent of InCl3 and 3 equivalents of NaBH4 in 
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THF was the optimum ratio to reduce aromatic, heteroaromatic, and aliphatic nitriles 

to the corresponding primary amines (Scheme 1.28).32  

 

Scheme 1.28 InCl3/NaBH4 reduction of aromatic, heteroaromatic and aliphatic 
nitriles to primary amines32  

 

The InCl3/NaBH4 system was able to reduce a variety of aromatic nitriles, 

including aromatic nitriles with electron-donating groups in good to excellent yields 

(70-99%). A variety of halogen substituted aromatic nitriles were also reduced using 

this simple procedure. Although the reduction of benzylic and aliphatic nitriles is 

typically challenging due to the acidity of the α–hydrogens, which tend to be 

deprotonated using some methods,34 the InCl3/NaBH4 system in THF readily reduced 

these substrates to their corresponding primary amines in good to excellent yields. 

Nitriles containing heteroaromatic rings, such as thiopheneacetonitriles, were also 

successfully reduced using this system.  

1.2.5 Generation of HInCl2 using lithium aminoborohydride (LAB) 

The Singaram lab recently explored alternative methods of producing HInCl2 

by the reduction of InCl3 using lithium aminoborohydride (LAB) reagents previously 
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discovered in the Singaram laboratory.35 The experiments were carried out by 

reacting one to three equivalents of anhydrous InCl3 with one to three equivalents of 

lithium dimethylaminoborohydride (MeLAB) in THF for 1 h at 25 °C. The reactions 

were evaluated by obtaining the 11B NMR spectrum of the supernatant solution under 

an inert atmosphere. The generation of the aminoborane complex (BH2-NMe2) was 

monitored. It was discovered that the ratio of InCl3 to MeLAB played a significant 

role in the formation of the reducing species (Table 1.4).32  

Table 1.4 The InCl3/MeLAB system and production of HInCl2 and In0 

 
entry InCl3 (equiv) MeLAB (equiv) isolated In0 (equiv) 
1 1 3 0.98 
2 1 2 0.99 
3 1 1 0.41 
4 2 1 0.24 
5 3 1 0 
a Reactions were carried out on 1 mmol scale in 10 mL of solvent. 

 

When an excess of MeLAB was used (Table 1.4, entries 1 and 2), the reaction 

mixture quickly turned dark grey and precipitated colloidal indium metal, which 

aggregated to form a shiny indium nugget. From the weight of the indium metal, it 

was concluded that indium metal was formed quantitatively in these reactions. The 

recovered indium metal can be used in a number of reactions, such as forming allylic 

or propargylic nucleophiles from the corresponding halides. These reactions are 
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discussed in detail below.  These results indicate that two equivalents of MeLAB 

reagent were sufficient to fully reduce InCl3 to indium metal in a quantitative manner 

(Table 1.4, entry 2). However, when two or more equivalents of InCl3 were used and 

one equivalent of MeLAB was added slowly over 5 minutes (Table 1.4, entries 4 and 

5), little or no indium metal was generated and only a slight browning of the reaction 

mixture was observed.  11B NMR spectroscopy revealed the complete disappearance 

of the MeLAB quartet at δ -15 ppm and the appearance of the corresponding 

aminoborane [BH2N(CH3)2]n complex, believed to be a dimer with a triplet at δ 5 

ppm.32   

It was also found that the HInCl2 produced using the MeLAB/InCl3 reagent 

system possesses similar reductive capabilities to that of HInCl2 prepared via other 

methods. Aliphatic halides were reduced. For example, (3-bromopropyl)benzene was 

reduced to give propylbenzene in a 77% yield (Scheme 1.29).32  

 

Scheme 1.29 Carbon-bromine bond reduction using InCl3/MeLAB32 

1.2.6.  Tandem, selective and partial reductions using HInCl2 

As discussed above, dichloroindium hydride can be synthesized by a variety 

of methods. As seen previously, the method and the reaction conditions utilized can 

have a profound effect on the reaction outcome. The Singaram lab suggested that 
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these dramatic differences can in part be explained by the reaction of by-products 

generated during the synthesis of HInCl2. This allows for the customization of the 

reductive capabilities depending on the method used to prepare HInCl2 (Scheme 

1.30).  

 

Scheme 1.30 Various methods of generating HInCl2 

1.2.6.1 Tandem reductions using HInCl2 and BH3·THF 

 While previous studies demonstrated the InCl3/NaBH4 system’s ability to 

reduce nitriles to primary amines utilizing in situ generated BH3·THF,32  the Singaram 

group also sought to explore the reductive capabilities of the mixture of HInCl2 and 

BH3·THF. This was achieved by investigating a tandem reduction reaction that 

utilized both the HInCl2 and BH3·THF generated in situ from the InCl3/NaBH4 system 

(Scheme 1.31). 
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Scheme 1.31 Generation of HInCl2 and BH3·THF 

Since HInCl2 is known to reduce alkyl halides,23 4-(bromomethyl)benzonitrile 

and 4-(chloromethyl)benzonitrile underwent the expected tandem reduction to afford 

4-methylbenzylamine in isolated yields of 85% and 65%, respectively. Similarly, 

using the InCl3/NaBH4/THF system, 6-bromohexanenitrile was found to undergo the 

tandem reduction of both the halide and nitrile using the InCl3/NaBH4 system in THF 

to afford hexan-1-amine in an isolated yield of 68%, clearly demonstrating the 

reductive potential of HInCl2 and BH3·THF generated in situ from the InCl3/NaBH4 

system in THF (Scheme 1.32).  

 

 

Scheme 1.32 Tandem reduction of halo nitriles using InCl3/NaBH4/THF 
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1.2.6.2 Selective reduction of halides in the presence of nitriles  

The selective reduction of halides in the presence of nitriles using the 

InCl3/NaBH4 system was explored. The main obstacle envisioned for this reaction 

was the selective scavenging of BH3·THF from the mixture of HInCl2 and BH3·THF. 

Attempts were made to capture the generated borane with 

tetramethylethylenediamine (TMEDA), which is known to readily complex with BH3 

to form (BH3)2·TMEDA.36  However, TMEDA also tightly complexed HInCl2 and 

prevented it from reducing carbon-halogen bonds. Based on these results, the 

MeLAB/InCl3 system was revisited. The MeLAB/InCl3 system previously reduced 

(3-bromopropyl) benzene to the corresponding propylbenzene in 77% yield. The 

Singaram group used this system to selectively reduce carbon-halogen bonds in the 

presence of nitriles (Scheme 1.33).  

 

Scheme 1.33 Generation of HInCl2 with MeLAB 

After some optimization, the MeLAB/InCl3 system was found to selectively 

reduce alkyl halides in the presence of nitriles as evidenced by the reduction of 4-

(bromomethyl)benzonitrile and 4-(chloromethyl)benzonitrile to p-tolunitrile in 

isolated yields of 70%  and 94%, respectively (Scheme 1.34).  
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Scheme 1.34 Selective reductions using MeLAB/InCl3 

As noted earlier, MeCN was found to be an excellent borane scavenger and 

generated only HInCl2 from the InCl3/NaBH4 system. This property of MeCN along 

with the ability of HInCl2 to reduce halides was utilized to selectively reduce 4-

(bromomethyl)benzonitrile and 4-(chloromethyl)benzonitrile to p-tolunitrile in 

isolated yields of 98%  and 68%, respectively (Scheme 1.35). 

 

Scheme 1.35 Selective reduction using InCl3/NaBH4/MeCN 

1.2.6.3 Tandem, selective, and partial reduction of halo-nitriles using DIBAL-H 
and InCl3 
 

Generation of HInCl2 using DIBAL-H was also explored and utilized to 

selectively reduce halides in the presence of nitriles. As previously mentioned, 

Oshima and coworkers demonstrated the generation of HInCl2 using InCl3/DIBAL-H. 

The Singaram group was able to utilize HInCl2 generated via Oshima’s procedure to 

selectively reduce 4-(bromomethyl)benzonitrile and 4-(chloromethyl)benzonitrile to 

p-tolunitrile in isolated yields of 85% and 74%, respectively (Scheme 1.36). 
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Scheme 1.36 Selective reduction using InCl3/DIBAL-H 

It is well established that DIBAL-H can partially reduce nitriles to 

aldehydes.37 Interestingly, DIBAL-H selectively and partially reduces 4-

(bromomethyl)benzonitrile and 4-(chloromethyl)benzonitrile to the corresponding 

aldehydes in very good yields (Scheme 1.37).  

 

Scheme 1.37 Selective partial reductions using DIBAL-H 

Sequential addition of two equivalents of DIBAL-H followed by addition of 

InCl3 afforded an efficient tandem reduction reaction of halo nitriles. The first 

equivalent of DIBAL-H partially reduced the nitrile functionality while the second 

equivalent of DIBAL-H, in conjunction with InCl3, reduced the carbon-halogen bond. 

This was exemplified by the tandem reduction of 4-(bromomethyl)benzonitrile and 4-

(chloromethyl)benzonitrile to 4-methylbenzaldehye in 67% and 63%, respectively 

(Scheme 1.38).  
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Scheme 1.38 Tandem partial reduction of nitriles and halides using InCl3/DIBAL-H 

Generation of HInCl2 using a variety of hydride sources, such as: Bu3SnH, 

Et3SiH, NaBH4, DIBAL-H, and MeLAB, is comparatively reviewed. The methods of 

HInCl2 generation and the reaction by-products allowed for tailoring of the systems 

towards tandem, selective and partial reductions of halo nitriles. The 

InCl3/NaBH4/THF system was found to efficiently reduce both nitriles and carbon-

halogen bonds in a tandem fashion utilizing both HInCl2 and BH3·THF. In 

comparison, the InCl3/NaBH4/MeCN system, in which acetonitrile scavenges the in 

situ generated borane, affords the selective reduction of the carbon-halogen bond in 

halo nitriles. Similarly, the InCl3/MeLAB and the InCl3/DIBAL-H systems were also 

found to selectively reduce the carbon-halogen bond in halo nitriles, while DIBAL-H 

alone selectively reduced halo nitriles to the corresponding halo aldehyde. The 

sequential addition of two equivalents of DIBAL-H followed by the addition of an 

equivalent of InCl3 allowed the partial reduction of halo nitriles to halo imines and 

subsequent reduction of the carbon-halogen bond to afford the corresponding 

aldehyde in a one-pot procedure. 
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1.3 Utilization of Organoindium Reagents 

1.3.1 Arylation 
The generation of arylindium reagents has been a challenge due to the 

difficulty of indium insertion into carbon-halogen bonds. Knochel’s group found that 

reacting aryl iodide with indium powder and LiCl resulted in the insertion of indium 

in the C-I bond, thus forming the arylindium reagent (Table 1.5).38 This reaction 

could be accomplished in 20 minutes. In addition, this methodology tolerates a wide 

range of functionalities, including electron-deficient and electron-rich substituents as 

well as heterocycles. 

Table 1.5 Arylindium reagents from In0 and LiCl 

 

 arylindium  yielda (%)   arylindium yielda (%) 
 
1 

 

 
96 

 
5 

 

 

 
97 

 
2 

 

 
90 

 
6 

 

 
78 

 
3 

 

 
70 

 
7 

 

 
88 

 
4 

 

 
78 

 
8 

 

 

 
92 

aYields based on GC 
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Another approach in the synthesis of arylindium required a bimetallic system 

of CoBr2 and indium in the presence of a bathophen ligand (Scheme 1.39).39 The 

reaction of aryl bromides with CoBr2 and indium produced a variety of functionalized 

arylindium reagents. This reaction required the bathophen ligand. In the absence of 

the ligand, no insertion was observed. Other bidentate nitrogen and diphospine 

ligands were screened, however bathophen performed the best, producing the iodide 

product in 83% yield.  

 

Scheme 1.39. Synthesis of arylindium reagent using CoBr2 and indium 

 

Yoshikai’s group proposed a catalytic cycle for the insertion of the indium 

(Scheme 1.40).39 The cycle starts with indium reducing Co(II) to Co(I). Cobalt (I) 

undergoes oxidative addition generating Co(III). Indium reduces Co(III) followed by 

then transmetallation of indium (III) with aryl cobalt to generate aryl indium. Finally 

indium reduces cobalt (II) to cobalt (I). 
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Scheme 1.40 Proposed catalytic cycle of the insertion of indium 

 

Arylindium reagents can be further applied in cross-coupling reactions using 

rhodium, palladium, and iron catalysts.40-44 Sarandeses’s group found that the reaction 

of α,β-unsaturated carbonyls with arylindium using a rhodium catalyst produced 

cross-coupled products in high yields (Scheme 1.41).41 This reaction tolerated cyclic, 

lactones, and acyclic α,β-unsaturated carbonyls, but with limited functionality on the 

arylindium reagent.  

 



 35 

 

Scheme 1.41 Indium mediated aryl addition to α,β-unsaturated carbonyl compounds 

 

Arylindium reagents also have been employed in palladium-catalyzed 

reactions. Using indium and LiCl, Minehan and Papoian reacted the corresponding 

arylindium with aryl iodides and palladium to generate cross-coupled products.40 

Scheme 1.42 shows that this reaction tolerates electron-deficient and electron-rich 

aryl iodides for the indium insertion. Following the insertion, the cross-coupling 

reaction with a palladium catalyst produced functionalized biaryls. The group noticed 

that any yield <50% produced a significant amount of the homodimer product, which 

they attributed to a dimerization between the arylindium reagent and palladium.     

 

Scheme 1.42 Synthesis of functionalized biaryls from an arylindium reagent and 
cross-coupled in the presence of Pd(dppf) 
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An environmentally friendly cross–coupling reaction using arylindium 

reagents has been reported using an iron catalyst.45 In an annulation reaction, 

arylindium reagents reacted with alkynes to generate a series of naphthalene 

derivatives. The reaction produced good yields when the arylindium reagent 

contained electron-donating groups such as a methoxy or electron-neutral groups such 

as methyl or phenyl substituents. Electron-withdrawing groups such as fluorine or 

trifluoromethyl produced the products in <35%.  

Triarylindiums are effective reagents for the synthesis of functionalized 

biaryls. Giri’s group showed that a triarylindium reagent could be synthesized from 

PhLi and InCl3.
46 Di- or triaryl indiums can undergo insertion with para iodotoulene 

in the presence of copper iodide (CuI), generating the corresponding biaryl 

compounds (Table 1.6).  
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Table 1.6 Coupling of the triarylindium reagent with aryl iodides in the presence of a 
copper catalyst46 

 
product yielda (%) product yielda (%) 

 

 
 

74  

 
 

83 

 
89 

 

73 

 

 
83 

 

 
69 

 

 
 

85 

 

 
 

39 

aisolated yield 
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Knochel reported that reaction of an aryl bromide with magnesium turnings, 

LiCl, and InCl3 produced the triarylindium reagent (Scheme 1.43).43  

 

 

Scheme 1.43 Generation of triaryl indium using magnesium and lithium chloride 

Using triarylindium reagents in conjunction with a functionalized aryl bromide or 

iodide in the presence of catalytic Pd(OAc)2 and 2-dicyclohexylphosphino-2′,6′-

dimethoxybiphenyl (S-Phos) produced a variety of biaryls. Table 1.7 shows that this 

methodology works best with electron-withdrawing substituents such as esters, 

amides, or nitro on the aryl group. Heteroaryl bromides were also tolerated, 

producing the biaryl products in high yields (entries 5 and 6).  
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Table 1.7 Substrate scope of triaryl indium generated using magnesium and lithium 
chloride followed by coupling with an electron-poor aryl bromide 

 

 
  product yield 

(%) 

   

 
57 

 
 

 
  

 
 

82 

   

 
84 

 
 

 

 
 

87 

   

 
82 

  
 

 
 

76 

 

The use of triarylindium reagents as a coupling partner for the synthesis of 4-

substituted quinazolines can be carried out in a one-pot procedure (Table 1.8).46 The 

reaction withstood functionalities such as halides, alkyl and cycloalkyl, and electron-

donating groups, producing the 4-quinazolines in moderate to high yields.  
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Table 1.8 Synthesis of 4-substituted quinazolines using triarylindiums 

 
R isolated yield (%) 

 
   

83 70 61 70 

   
 

68 74 74 53 
  

It has been reported that triarylindium cross-coupling reactions can be 

achieved without a transition metal catalyst but through a Lewis acid.47 By reacting 

chromene acetal or isochroman acetal with a triarylindium reagent, a diverse set of 

functionalized 2-substituted chromenes and 1-substituted isochromans were 

produced. This reaction tolerates electron-withdrawing substituents and thiophenes 

(Table 1.9). While the rest of the reactions require heating at 80 °C, electron-rich 

species, like the tri(4-methoxyphenyl)indium and the tri(p-tolyl)indium can be carried 

out at 25 °C.  
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Table 1.9 Synthesis of 2-substituted chromenes 

 
triarylindium  product  yield (%) 

  

 
91 

 
 

 
88a 

 
 

 
84a 

 
 

 
67 

 
 

 
85 

  

 
74 

aReactions run at room temperature 
 

Similar triarylindium reagents were applied towards the synthesis of 1-

substituted isochromans (Table 1.10). In these cases, reactions with electron rich 

triarylindium reagents had to be run at 80 °C not room temperature. This difference 

was attributed to the stabilization of the oxocarbenium ion. For the isochromans the 



 42 

intermediate is stabilized through only the aryl ring but for the chromenes there is 

stabilization from the double bond in addition to the aryl ring. 

Table 1.10 Synthesis of 1-substituted isochromans 

 
entry triarylindium reagent (Ar3In) product  yield (%) 

 
1 

 
 

 
92 

 
 
2 

 

 

 

 
 

90 

 
 
3 

 

 

 

 
 

84 

 
 
4  

 

 
 

88 

 
 
5 

 
 

 
 

71 
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1.3.2 Allylation 

An asymmetric allylation of aldehydes has been developed by Singaram and 

co-workers under Barbier-type conditions utilizing indium, allyl bromide and an 

amino alcohol asymmetric ligand.55.56 Using the chiral amino alcohol (1S,2R)-(+)-2-

amino-1,2-diphenylehanol, up to 99% conversion was achieved affording the (S)-

enantiomer of the corresponding homoallylic alcohols in excellent enantiomeric 

purity (Scheme 1.44). While a wide variety of aldehydes can be successfully used as 

substrates, ketones afforded the corresponding tertiary homoallylic alcohols in 

diminished enantioselectivites.  Density functional theory calculations have been 

reported to rationalize this stereoselectivity.106  

 

Scheme 1.44 Synthesis of (S)-homoallylic alcohols 

 

The Singaram group has reported the asymmetric addition of allyl, methallyl, 

and propargyl groups to aldehydes and ketones using β-

chlorodiisopinocampheylborane (dDIP-Cl), indium metal and allyl, methallyl, and 

propargyl bromides (Scheme 1.45).57  Under Barbier-type conditions, indium 

promotes the transfer of allyl, methallyl, and propargyl groups to the B-atom of dDIP-
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Cl forming the corresponding chiral borane reagents.  These chiral borane reagents, 

formed in situ, then react with aldehydes and ketones to give the homoallylic and 

homopropargyl alcohols in high yields and excellent enantioselectivity (up to 98% of 

the (S)-isomer). This is the first example of direct synthesis of substituted 

allylboranes from the corresponding substituted allyl bromide using indium and dDIP-

Cl.  

 

Scheme 1.45 Synthesis of ally or propargyl alcohols using dDIP-Cl 

 Homoallyl esters can be generated from aromatic aldehydes in a one-pot, 

three-component tandem reaction as shown by Du and co-workers (Scheme 1.46).58  

This reaction tolerates electron-donating, electron-withdrawing substituents and 

heteroaromatic groups on the aldehyde.  The authors report that aliphatic anhydrides 

are more suitable for this reaction compared to aromatic anhydrides. This method 

uses the relatively non-toxic metal indium and short reaction times, affording the 

products in excellent yields.  
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Scheme 1.46 Synthesis of homoallyl esters from aromatic aldehydes 

The Loh group has reported a highly regioselective indium-mediated 

crotyllation in aqueous media to produce substituted homoallylic alcohols.# By 

changing the solvent or concentration, one can manipulate the regioselectivity of the 

product.  Pure γ-product can be obtained in 95% yield by using a 1:1 ratio of 

THF:H2O and six equivalents of aldehyde to one equivalent of the allyl bromide.  

When six equivalents of H2O to one equivalent of substrate were used, essentially 

pure α-product is obtained in 85% yield.  Prior to this example, the α-homoallylic 

alcohols had only been reported with the use of bulky aldehyde groups (Scheme 

1.47).  

 
 α γ 
Scheme 1.47 Synthesis of crotyl alcohols 

 Indium mediated allylation of imines was recently reported.59 This reaction 

utilizes indium metal, allyl bromides, and aldimines to generate homoallylamines in 

excellent yields under Barbier conditions. Using (+)-cinchonine as an asymmetric 

ligand, the homoallylamines can be generated in 22-44% ee (Scheme 1.48).  
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Scheme 1.48 Homoallylic amine synthesis under Barbier-type conditions 

The Welch group has shown that difluoroacetlyltrialkylsilanes can be used to 

produce the corresponding homoallylic alcohols via an indium-mediated pathway 

(Scheme 1.49).60 Under the reported reaction conditions, the normally observed 

Brook rearrangement does not occur. This allylation reaction requires a mixed solvent 

system containing THF and water as the solubility of difluoroacetlyltrialkylsilanes 

decreases in aqueous media.  Substituents on the silicon have no effect on the product 

formation, and small substituted allyl groups did not give the desired product. 

 

Scheme 1.49 Difluoroacetyltrialkylsilane synthesis using In0 
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The Kim group demonstrated the regioselective mono-allylation of 1,5-

dicarbonyl compounds using indium metal and allyl bromide.61 The authors show that 

various 2,3-dihydro-4H-pyran-4-ones, 3,4-dihydro2h-[1,4]oxazines, and 3,4-dihydro-

2H-pyrans can be synthesized through sequential indium-mediated Barbier-type 

allylation followed by acid-catalyzed dehydrative cyclization (Scheme 1.50).  When 

the reaction is carried out using crotyl bromide under the same reaction conditions, 

the product is obtained in a 62% yield with a 2:1 syn:anti diastereoselectivity. 

 

Scheme 1.50 Synthesis of 2-allyl-2,6-dimethyl-2H-pyran-4(3H)-one 

Minehan and workers have reported the allylation of D-glyceraldhyde 

acetonide with 2,3-dichloro-1-propene to give the corresponding homoallylic alcohol 

in 92% yield with a diastereoselectivity of 7:1  anti:syn, respectively (Scheme 1.51).62  

The major isomer was assigned the anti stereochemistry, which is analogous to other 

reports of allylation of glyceraldehyde.  The vinyl chloride moiety in the products can 

act as a handle for further chemical transformations, such as cross-coupling reactions. 
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 S 7:11 

Scheme 1.51 Allylation of D-glyceraldhyde acetonide with 2,3-dichloro-1-propene  

Baba and Babu have reported a chelation controlled Barbier-type indium-

mediated addition of γ-substituted allylic halides to N-aryl-α-iminoesters with high 

diastereoselectivites.63 The new C-C bond formation produces two contiguous 

stereocenters favoring the syn isomer (Scheme 1.52).  The imine can be substituted 

with aromatic functional groups containing electron-donating, electron-withdrawing, 

or biaryl systems.  This reaction is efficient in forming N-aryl α-amino acid 

derivatives without the need for dry organic solvents, as the best solvent system for 

this reaction is a 1:1 mixture of THF:H2O.  

Scheme 1.52 N-aryl-α-iminoester formation through Barbier-type indium-mediated 
addition of γ-substituted allylic halides 
 

Baba and Babu have also reported the stereoselective cinnamylation of N-aryl 

α-imino esters (Scheme 1.53).64  The two contiguous stereocenters are generated 

through a chelation-controlled indium-mediated reaction under Barbier-type 

conditions.  Electron-donating, electron-withdrawing or heteroaromatic substituents 

H
O

O

O

Cl
Cl

+
In0

DMF
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on the imine group are tolerated.  The reaction proceeds in ethanol and is complete in 

six hours at 30 °C.  This reaction is highly diastereoselective favoring the syn isomer.  

The stereochemistry of the major isomer was assigned based on an X-ray structure. 

 

 

Scheme 1.53 Stereoselective cinnamylation of N-aryl α-imino esters 

Kim and co-workers have shown that ortho-cyanobenzamide can undergo 

allylation of the nitrile group under Barbier-type conditions.65 They reported that the 

cyano group is readily attacked by an allylindium reagent to form an imine 

intermediate.  The imine intermediate reacts further with the amide group generating 

the substituted quinazoline derivatives (Scheme 1.54). 

 

Scheme 1.54 Formation of a quinazoline derivative via allylation of the cyano 
substituent 
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Kim’s group also reported the generation of fully substituted 4-

alkenylimidazoles starting from N-(cyanoalkyl)-amides.66a-d  The allylation of the 

nitrile proceeds smoothly under Barbier-type conditions, followed by subsequent 

dehydrative cyclization (Scheme 1.55).  This reaction is very general and tolerates 

aliphatic and aromatic substituents on the amine. 

 

Scheme 1.55 Synthesis of 4-alkenylimidazoles starting from N-(cyanoalkyl)-amides 

 In a stereoselective total synthesis of tubulysin V, the Lin group used indium-

mediated allylation to synthesize the desired (S)-N-tert-butane-sulfinyl imine in 76% 

yield and 92% de (Scheme 1.56).67 

 

Scheme 1.56 Indium-mediated allylation of (R)-N-tert-butane-sulfinyl imine 
 

The Ague group has reported the allylation of ketones with allyl bromides 

using indium metal as a catalyst.68 The regeneration of active indium in this allylation 

reaction was achieved using a mixture of manganese metal and TMSCl (Scheme 
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1.57). The authors suggest that manganese could be acting as the reductant, 

regenerating the active indium metal.  These reaction conditions work for both 

aldehydes and ketones.    

 

Scheme 1.57 Catalytic indium for the synthesis of secondary or tertiary alcohols 

This reaction gives rise to the anti isomer, arising from a non-chelation controlled 

transition state.  The Felkin-Ahn model shows addition of the nucleophile (Figure 

1.1).69 

 

Figure 1.1 The Felkin-Ahn nucleophilic addition model 

Cook and coworkers showed that catalytic indium-mediated carbon-carbon 

bond formation could be carried out in water. 69  The indium catalyst can be recovered 

and reused without any loss of activity. This reaction demonstrates high regio- and 

diastereoselectivity of asymmetric catalysis in water using the optically active 

bis(oxazoline) ligand.  The regiochemistry depends on the substitution of the R1 and 

R2 groups.  In most cases the syn isomer is observed, however, when R1 and R2 are 2-
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MeO-C6H4 and Me respectively, the anti isomer is the major product.  The authors 

suggest that the reaction mechanism proceeds through a single electron transfer, 

triggering the formation of the reactive allylindium(I) at the metal surface through 

catalytic transmetallation (Scheme 1.58).  

 

 >99 1 
Scheme 1.58 Synthesis tertiary alcohols using catalytic indium 

 

Cook and co-workers have shown indium sufficiently mediates 

diasteroselctive allylation of chiral hydrazones with high selectivity (Table 1.11).70 

This method works well with sterically hindered olefins and alkyl groups. Often 

allylic bromides or iodides are employed in allylation as the allylic metal precursor. 

The method of Cook and co-workers utilized allylic acetate instead of the delicate 

allylic halides. The reductive transmetallation using Pd0 broadens the scope of 

nucleophiles because allylic acetate is tolerated. The acetate group can later be 

cleaved and used as a handle for further chemical transformations. 

 

 



 53 

Table 1.11 Pd/In allylation substrate scope 

 
entry R1 R2 dr yield (%) 

1 Et i-Pr 99:1 92 
2 i-Bu i-Pr 99:1 74 
3 EtOCO i-Pr 80:20 80 
4 PhCH2 i-Pr 99:1 77 
5 i-Bu PhCH2 97:3 79 
6 i-Bu Ph 86:14 69 
7 Ph(CH2)2 PhCH2 99:1 91 

 

The most plausible catalytic cycle for the umpolung-type allylation has been 

proposed by Araki and co-workers (Scheme 1.59).7a-b A π-allylpalladium 

intermediate is formed, followed by redox transmetallation to generate Indium(III) 

with regeneration of Pd0. The authors hypothesize that Pd(II)-In(I) coordinative bond 

enhances the allyl ligand transfer. 
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Scheme 1.59 Mechanistic hypothesis for allylation  

Complex A must undergo ligand dissociation to open up the coordination site B, 

which then forms bimetallic complex C. The metal allyl complex D can then react 

with the imine species E, generating the final amine product F. 

Cook and co-workers have also shown that isatins can be converted to 

homoallylic alcohols through N-Boc-glycine-assistance.71 To show the importance of 

N-Boc-glycine as an additive to promote the reaction, a comparative study was 

carried out (Table 1.12). The authors reported a high decrease in reaction time as well 

as an increase in yield when using Boc-Gly-OH as an additive.  A variety of 

substitutions on the ring and the nitrogen were well tolerated.  
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Table 1.12 Boc-Gly-OH assisted In-mediated allylation of isatin 

 
entry R1 R2 methoda time yield (%) 
1 H H A 

B 
10 min 
6 hours 

98 
70 

2 Me H A 
B 

10 min 
4 hours 

97 
76 

3 Ph H A 
B 

20 min 
6 hours 

98 
83 

4 Bn H A 
B 

10 min 
3 hours 

96 
72 

5 H 5-OMe A 
B 

10 min 
4 hours 

96 
79 

6 H 7-CF3 A 
B 

15 min 
3.5 hours 

93 
68 

aMethod A: Isatin (1 equiv) was treated with allyl bromide (1 equiv) in the presence of In0 (1 
equiv) and Boc-Gly-OH (2 equiv) in MeOH at 25 °C for stipulated time; Method B: Same as 
Method A without the Boc-Gly-OH 

 

The authors suggest that Boc-Gly-OH assists the nucleophilic transfer of the allylic 

moiety from the organometallic indium reagent to the carbonyl, which ultimately 

increases the efficiency and yield. The additive may be interacting with the reagent to 

increase the electron density on the metal. To confirm that the additive played a role 

in the formation of the allyl indium reagent, the authors performed an NMR study 

that showed the formation of allylindium in the presence of Boc-Gly-OH. When the 

additive was not present, the formation of the allylindium species was not observed, 

suggesting an increase in the rate of formation of the nucleophilic reagent with the 

additive. 
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Traditional methods using allyl lithium or Grignard reagents with carbon 

dioxide (CO2) is very limited in functional group tolerance because of the highly 

reactive allylmetal reagents. Transition metal-catalyzed carboxylation reactions 

starting from allylmetals including allylstannanes, which are toxic, and allylboranes 

often afford a mixture of 2- and 3-alkenoic acids. However, Ma and co-workers have 

overcome this by direct transformation of allylic halides to 3-alkenoic acids.72 They 

were the first to report the allylation of CO2 mediated by indium. 

 Under 20 atmosphere of pressure, the allylation of CO2 resulted in 

regioselective 3-alkenoic acids in moderate yields without the use of transition metals 

(Table 1.13).72 

Table 1.13 Functional group tolerance in the allylation of CO2 

 
entry R2 yield (%) 
1 p-F 76 
2 p-Cl 70 
3 p-CF3 61 
4 p-COOEt 70 
5 m-CN 50 
6   

p-   
  

 
58 

 

Substrates with electron-withdrawing groups in the meta- or para- postions were well 

tolerated. Functional groups such as esters and cyano groups were used successfully 
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in the generation of alkenoic acids. Acetal groups were not compatible under this 

methodology, however a ketal functionality survived the carboxylation (Table 1.13, 

entry 6). 

 Indium has also been used in the diastereoselective allylation of N-tert-

butanesulfinyl imines derived from α-ketoesters. Stereoselective allylation to imine 

and imine derivatives is useful because the compounds are valuable building blocks. 

The reaction of N-tert-butanesulfinyl imino esters with allyl bromide in the presence 

of indium led to the formation of the homoallyl amino ester derived as a single 

diastereoisomer (Table 1.14).73  

Table 1.14 Allylation of N-tert-butanesulfinyl imines derived from α-ketoesters 

 
entry R2 allylic bromide methoda yield (%) 
1 -CH3 R3=H, R4=H  A 41 
2 -CH3 R3=H, R4=CH3 B 53 (66:34)b 

3 -CH3 R3=CO2Et, R4=H B 79 
4 -CH2CH3 R3=H, R4=H A 61 
5 -CH2CH3 R3=CH3, R4=H A 82 
6 -CH2CH3 R3=CO2Et, R4=H B 93 
aMethod A N-tert-butanesulfinyl imino ester (1 equiv), allyl bromide (3 equiv), In0 (1.5 equiv), THF, 25 °C for 6 
hours. Method B: N-tert-butanesulfinyl imino ester (1 equiv), allyl bromide (3 equiv), In0 (4.0 equiv), NaBr-
H2O, 25 °C for 48 hours. 
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The formation of the homoallyl amino ester derivative as a single 

diastereoisomer was isolated as the only product with exception of the crotylation of 

N-tert-butanesulfinyl imino ester derivative (Table 1.14, entry 2). 

Schmid and co-workers utilized indium-mediated allylation in pentose and 

hexose elongation in the total synthesis of 2-amino-functionalized heptoses and 

octoses (Scheme 1.60).74 

 

Scheme 1.60 Allylation of D-sugars 

D-arabinose, D-galactose, and D-glucose successfully underwent indium-mediated 

allylation. This method can be a useful tool in the preparation of three-carbon chain 

elongated carbohydrates, which provides an olefin handle that can undergo further 

chemical transformations. 

 Singh and co-workers reported indium-mediated Csp3-S/O cross-coupling of 

α-enolic acetate-dithioacetate systems.75 This system is highly regioselective without 

additional co-catalyst or promoter while the in situ generated organoindium promotes 

the reaction by acting as a coupling partner of the α-enolic acetate-dithioacetate 

substrates. The reaction is specific to the γ-position while tolerating a wide range of 

dithioesters and allyl halides (Table 1.15) 
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Table 1.15 Substrate scope for the synthesis of C-allylated products 

 
product product 

  
85% 78% 

  
82% 78% 

  
82% 85% 

 
75% 

 

This method tolerates aliphatic, aromatic, heteroaromatic, and aliphatic dithioesters. 

Electron-donating groups as well as branched allylic bromides gave the Csp3-S/O 

cross-coupled products in good yields. Upon further investigation of this 

methodology, the authors employed nonallylic halides. Under ambient conditions, no 

reaction took place, however a highly regioselective product was observed when the 
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temperature was increased to 60 °C. A wide variety of α-oxoketene-S,S-acetals were 

isolated within 12-24 hours (Table 1.16). 

Table 1.16 Synthesis of α-oxoketene-S,S-acetals from nonallylic halides 

 
product product 

  
24 hours, 80% 12 hours, 85% 

  
16 hours, 83% 16 hours, 87% 

 

Dorn and co-workers76 showed that indium nanoparticles can be generated 

through indium trichloride (InCl3) with lithium sand and a catalytic amount of 4,4’-

di-tert-butylbiphenyl (DTBB) in THF at 25 °C. The indium nanoparticles were 

generated in situ and applied to the allylation of a variety of aldehydes and ketones 

(Table 1.17). 
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Table 1.17 Indium nanoparticle allylation of carbonyl compounds 

 
entry carbonyl product yield (%) 
 
1 

 
(-) mentonea 

 

 

 
12%b 

 
2 

 
 

 
82% 

 
3 

  

 
82% 

 
 
4 

 

 

 

 

 
 
OMe 
Cl 
CF3  
NO2 

 
 
= 
= 
= 
= 

  
 
97 
72 
99 
95 

 
 
 
5 

 

 
 

 

 

 
 
OMe 
Cl 
CN 
NO2 

 
 
= 
= 
= 
= 

 
 
85 
98 
99 
99 

aEnantiomer of (-)-mentone but was reported as (-)-mentone by Dorn and co-
workers. bDiastereomer unspecified  

 

Allylation proceeded smoothly with aliphatic aldehydes as well as functionalized 

benzaldehydes. Unfortunately the allylation with (-)-mentone proceeded with a very 
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low conversion (Table 1.17, entry 1). This could be due to the steric hindrance caused 

by the isopropyl substituent attached to the α-position of the carbonyl group, making 

it difficult for the allylindium intermediate to approach the electrophilic center. 

 Cook and co-workers have also reported multiple diastereoselective 

allylations with hydrazones to produce valinol-based substrates (Scheme 1.61).77 

Excess allyl iodide reacted with a variety of hydrazones (R = aromatic or aliphatic 

substrates; Xc = H, Ph, Bn, or iPr) to afford the corresponding products with high 

diastereoselectivities (up to >99:1). Aromatic derivatives showed better selectivity 

than aliphatic substrates. The authors developed a perfluoroalkylsulfone BINOL 

ligand, which improved the selectivity from the previously reported allylations as 

well as allowing allyl bromide-derivatives to be used. The new sulfone-based BINOL 

derivative gave the highest ee ever reported for a catalytic asymmetric allylation of an 

aliphatic imine derivative (74% ee), a great improvement over first-generation ligands 

(34% ee). Typically allylic halides are used in allyl metal precursors, however Araki 

reported the use of Pd0 for the preparation of allylinidum reagents from allylic 

acetates and alcohols. Using allylic acetates and alcohols is beneficial because it 

broadens the scope of nucleophiles that may be used. Umpolung Pd-catalyzed 

allylation methods have been used with aldehydes. Cook and co-workers expanded 

this methodology by applying it to Pd-catalyzed indium-mediated allylation with 

imine substrates. 
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Scheme 1.61 Diastereoselective allylations with hydrazones to produce valinol-based 
products 
 
1.3.3. Propargylation 

The Singaram group has further extended the utility of indium in asymmetric 

catalyzed synthesis by demonstrating an enantioselective propargylation of aromatic 

aldehydes and ketones.78,79 In the case of an aromatic aldehyde, homopropargylic 

alcohols can be prepared with yields in the range of 53-90% and ee’s up to 95% 

(Scheme 1.62). 
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Scheme 1.62 Synthesis of homopropargylic alcohols using indium and propargyl 
bromide 
 

For ketones, essentially quantitative conversions were achieved, however, a 

1:1 mixture of the corresponding homopropargylic alcohol and allenic alcohol were 

obtained as products (Scheme 1.63).  

 

Scheme 1.63 Conversion of ketones to a 1:1 mixture of homopropargylic alcohols 
and allenic alcohols 
 

The Lee group has reported the Michael-addition of propargyl/allenyl indiums 

to α,β-enones.80 The indium reagent is generated under Grignard-type addition from 

indium and 1-bromo-2-butyne (Scheme 1.64).  Successive additions of the enone and 

TMSCl are necessary to give the Michael-addition products in good yields.  The role 

of TMSCl is not fully understood, however, it may be activating the carbonyl group.  
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Scheme 1.64 Michael addition of α,β-enones with propargyl/allenyl indium 

The Uziel group showed that indium-mediated alkynylation of simple 

carbohydrate derivatives can readily generate several C-glycosides (Scheme 1.65).81  

Sugar derivatives with an acetyl group on the anomeric position were tested as 

potential electrophiles for the indium-mediated alkynlation under Barbier-type 

conditions.  Both pyranosyl and furanosyl carbohydrates were studied, leading to 

diastereomeric mixtures favoring the β-anomer. In order for C-glycosylation to take 

place using indium-mediated conditions, carbohydrates containing an oxygen atom at 

the C-2 positions, groups such as acetonide or benzyl groups are required.  

 

Scheme 1.65 Indium-mediated alkynylation of simple carbohydrates 

Foubelo, Yus, and co-workers have reported the regioselective propargylation 

of optically active sulfinylimines under Barbier-type conditions to give the optically 

active N-protected homopropargylic amines (Table 1.18).82 
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Table 1.18 Regioselective propagylation of aldimines 

 
entry product dr yield (%) 
 
 
1 

 

 
 

>98:2 

 
 

57 

 
 
2 

 

 
 

88:12 

 
 

80 

 
 
3 

 

 
 

79:21 

 
 

51 

 
 
 
4 

 

 
 
 

95:5 
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5 

 

 

97:3 
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The enantio- and/or diastereoselective addition of organometallic reagents to 

carbonyl compounds and their imines is of particular interest because at least one new 

stereogenic center is generated. Using allyl or propargyl organometallic reagents 
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offers the possibility for further transformation of the unsaturated moiety to form 

carbon-carbon or carbon-heteroatom bonds.  In the case of propargyl substrates, α- or 

γ-substitution also involves regioselectivity because a propargyl or allenyl species can 

be alternatively produced (Scheme 1.66). 

 

Scheme 1.66 Regioselectivity in the addition of propargyl/allenyl metals to carbonyl 
and imine compounds 
 

 The authors suggest that the formation of the propargylic product is determined by 

the organoindium intermediate (Scheme 1.67). The starting allylic bromide reacts 

with indium metal initially giving intermediate I. The intermediate undergoes 

metallotropic rearrangement in equilibrium with allenylidium II. It is well-known that 

silicon atoms are stable alpha to carbanions via d orbital interactions, which explains 

why the more stable intermediate is II. Allylindium intermediates preferentially adds 

to the γ position over the α position, therefore intermediate IV is preferred to III, 

generating the propargyl product. 
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Scheme 1.67 Proposed mechanism for regioselective propargylation vs. allenylations 
of chiral sulfinylimines 
 
 

1.3.4 Cyclization  

Togo’s group reported that ring expansion of α-iodomethyl cyclic β-keto 

esters can be mediated through indium metal and a solvent mixture of 1:1 tert-amyl 

alcohol (tAA) and water (Scheme 1.68).83 The authors suggest that the ring expansion 

reaction proceeds through a 3-exo-trig carbon-centered radical cyclization. An 

external radical is generated from the methyl iodide, which reacts with the carbonyl 

carbon to form a cyclopropyl intermediate. This intermediate breaks to undergo a ring 

expansion producing methyl 3-oxocyclooctanecarboxylate. This indium-mediated 
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ring expansion is advantageous over reactions involving toxic tin reagents and/or 

benzene solvent. 

 

Scheme 1.68 Ring expansion of α-iodomethyl cyclic β-keto esters 

In 2004, Lee reported an indium-mediated cyclization reaction to form 

substituted pyrrolidine and piperidine ring systems (Scheme 1.69).84 This reaction can 

be carried out at room temperature when KI is used as an additive.  Without KI, the 

reaction requires reflux conditions. 

 

Scheme 1.69 Indium-mediated cyclization forming substituted pyrrolidine and 
piperidines 

 

Elaborating on Lee’s work, the Salter group expanded this intramolecular 

cyclization reaction to oxygen containing heterocycles as well as electron-

withdrawing groups containing carbocycles (Scheme 1.70).85  The Salter group has 

shown that this reaction can be carried out in a 1:1 mixture of THF:H2O.  This 

reaction proceeds smoothly at room temperature even without the addition of KI and 
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is particularly attractive because it is operationally simple, clean, and provides a 

useful contribution to the growing field of green chemistry. 

 

Scheme 1.70 Intramolecular cyclization reaction to heterocycles 

In 2008, Perumal and Shanthi reported the indium-mediated, three-

component, one-pot synthesis of 4-allyl-2amino-4H-chromenes starting from 

salicylaldehyde, malononitrile, and allyl bromide (Scheme 1.71).86 This was the first 

example of using indium for the synthesis of substituted 2-amino-chromenes.  This 

reaction is simple, proceeds smoothly in water, achieved yields of 80% or higher, 

thereby demonstrating its utility in green chemistry. 

 

Scheme 1.71 Indium-mediated, three-component, one-pot synthesis of 4-allyl-
2amino-4H-chromenes 
 

Another indium-mediated cyclization is the generation of substituted indoles 

reported by Kim’s group.87 These authors have developed a simple and efficient, 
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indium mediated, one-pot procedure to generate 2-arylindoles in good yields (Scheme 

1.72).  Catalytic amounts of a quaternary ammonium salt, aliquat 336, is necessary to 

achieve high yields.  The authors suggest that this unique cyclization reaction 

involves the reduction of the nitro group followed by intramolecular 5-endo-dig 

cyclization. 

 

Scheme 1.72 Indium-mediated, one-pot procedure to generate arylindoles 

1.3.5 Reactions with Baylis-Hilman Adducts 

The Kim group has developed an efficient method for synthesis of diallylated 

δ-valerolactam and γ-butyrolactam derivatives via an indium-mediated successive 

double Barbier-type allylation (Scheme 1.73).88  The starting materials for this 

cyclization are readily obtained from Baylis-Hillman adducts.  In this reaction, 

allylindium reagents add selectively to the nitriles and imines.  The synthetic 

usefulness of the diallyl products was demonstrated by carrying out further 

transformations, such as Grubb’s ring closing metathesis reaction. 
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Scheme 1.73 Synthesis of diallylated δ-valerolactam and γ-butyrolactam derivatives 

Yadav and co-workers have reported indium-mediated alkynylations of 

Baylis-Hilman acetates (Scheme 1.74).89 This reaction produces 1,4-enynes in high 

yields with (E)-stereoselectivity through an SN2’ type allylic substitution.  In the 

presence of catalytic InBr3 (10%) enyne products were produced in an 4:1 ratio 

favoring the (E) isomer.  In the absence of InBr3, the mixture of products are obtained 

in a 1:1 ratio.  The two products can be easily separated by column chromatography. 

 

Scheme 1.74 Indium-mediated alkynylations of Baylis-Hilman acetates 

1.3.6 Preparations of Selenides 

The Jang group has shown that alkylphenyl selenides can be generated in a 

one-pot reaction using indium metal (Scheme 1.75).90  This reaction shows selectivity 

for tert-alkyl, benzylic, and allylic halides over primary and secondary alkyl halides.   

The authors suggest that a plausible mechanism for this reaction begins with indium 



 73 

metal reacting with the diselenide to generate In(SePh)3, which in turn can react with 

the alkyl halide via  a carbocation-like intermediate.  

 

Scheme 1.75 Synthesis of alkylphenyl selenides 

 Selenol esters can also be generated in a one-pot synthesis as demonstrated by 

the Braga group (Scheme 1.76).91 This method can tolerate a variety of functional 

groups within the diphenyl diselenide and the acyl coupling partners, such as benzoyl 

chloride.  This method is useful for a variety of reasons including the ready 

availability of acylating agents, and the air and moisture stability of indium. 

Moreover, indium is relatively non-toxic and tolerates a variety of functional groups 

on the diorgano diselenide and/or the acyl chloride coupling partner. 

 

Scheme 1.76 One-pot synthesis selenol esters 

1.3.7 Other reactions using organoindium reagents 

The Loh group has shown that Barbier-type alkylation of carbonyl compounds 

in water using unactivated alkyl halides is possible (Scheme 1.77).92 This reaction 
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needs to be carried out in water with three reagents: indium metal, CuI and I2.  When 

indium is not present, the reaction does not proceed. When CuI and I2 are not present, 

the reaction yields are low. When this reaction is carried out in organic solvent or 

used as a co-solvent, the reaction proceeds sluggishly.  

 

 

Scheme 1.77 Synthesis of alcohols with unactivated alkyl halides 

The Murphy group has shown that deoxygenation of epoxides can be carried 

out using indium (Scheme 1.78).93 They propose this reaction goes through a single 

electron transfer initiated by indium metal.   

 

Scheme 1.78 Deoxygenation of epoxides with indium metal 

 The Lin group has reported the preparation of allenes using indium-mediated 

dehalogenation in aqueous solution.94 This is a very simple and efficient method for 

the synthesis of various allenes from the corresponding of vicinal dihalides (Scheme 

1.79).  The authors propose the mechanism involves the generation of the 
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corresponding allylic radical followed by β-hydride elimination to produce the 

corresponding allene.  

 

Scheme 1.79 Synthesis of allenes from vicinal dihalides 

The first synthesis of unsymmetrical diaryl amines from aryl boronic acids 

and azides has been reported by Reddy and co-workers.95 This example uses 

azidobenzene and phenyl boronic acid (Scheme 1.80). In the presence of methanol, 

this reaction proceeds smoothly to produce a variety of unsymmetrical diaryl amines.  

This is an one-pot synthesis and requires both indium metal and copper(II) acetate.  

The reaction tolerates aryl azides with electron-donating groups and heteroaryl 

boronic acids. The reaction does not proceed when the aromatic azide contains halide 

substituents. Aliphatic azides are sluggish, however aromatic azides work well. The 

authors suggest that the reaction begins with an indium-mediated reduction of the 

azide to the corresponding aniline. The copper species then coordinates to aniline, 

transmetallation occurs with the aryl boronic acid, and finally undergoes reductive 

elimination to give the corresponding diaryl amine. 
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Scheme 1.80 Unsymmetrical diaryl amines from aryl boronic acids and azides 

The Minehan group has shown that arylindium reagents can be directly 

prepared from indium metal and aryl iodides (Scheme 1.81).96 In the presence of 

lithium chloride, this reaction proceeds smoothly to generate the organoindium 

reagent capable of participating in the palladium catalyzed cross-coupling reaction.  

This reaction produces the biaryl products efficiently, even in the presence of protic 

solvents.  Indium can be regenerated by the reduction of the residual indium salts via 

zinc.  

 

Scheme 1.81 Cross-coupling reaction via aryl iodide and arylindium reagents 
 

The Soengas group has reported a new method of synthesizing 2-nitroalkan-1-

ol using indium from isobutyraldehyde and 1-bromo-1-nitro ethane using sonication 

(Scheme 1.82).97  This reaction gives a mixture of the syn:anti diastereomers, in 78% 

yield and 1:3 ratio respectively.  Most of the aldehydes used in this study favor the 

formation of the anti isomers over the syn isomers.  The authors reason that the 
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diastereoselective formation of the anti isomer can be explained through a more 

stable pseudo-chair transition state. 

 

Scheme 1.82 Synthesis of 2-nitroalkan-1-ol 

The Hammond group reported a new method for generating gem-

difluorohomopropargyl alcohols in aqueous media using ultrasound (Scheme 1.83).98 

This reaction uses catalytic amounts of indium and a more inexpensive metal, such as 

zinc, as the stoichiometric reductant to regenerate the indium.  With zinc alone, this 

reaction mainly affords the propargyl dimeric byproduct.  Other metals such as 

magnesium, aluminum, copper, iron, and tin are not as effective as zinc in the 

regeneration of the indium metal.  The yields are moderate but the reaction is highly 

regioselective.  The undesired fluoroallenyl alcohols were not detected.  

 

Scheme 1.83 Synthesis of gem-difluorohomopropargyl alcohols 
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1.4 Conclusion 

 Dichloroindium hydride in synthetic organic chemistry is becoming widely 

used. Dichloroindium hydride can be generated in by variety of different methods, 

which can be utilized in selective, partial, and tandem reductions of compounds 

containing multiple functional groups. Indium has an extremely low toxicity and is 

favorable over tin regents, making them highly useful in industry. 

 Dichloroindium hydride selectively cleaves aliphatic and benzyl carbon-halide 

bonds in the presence of other functionalities such as esters, nitriles, and amides. One 

byproduct of HInCl2 reactions is indium metal, which can be used to generate 

nucleophilic arylation, allylation, and propargylation reagents from the corresponding 

halides. Being able to fully utilize the byproduct of reactions is useful as this 

produces less waste and is overall environmentally friendly. Although HInCl2 is not 

as readily available as silane or tin hydride reagents, indium aggregates and forms a 

pure nugget, which is easily removable after the reaction is completed and can later 

be utilized in organoindium reactions. 

1.5 Thesis outline 

The second chapter will describe the utilization of dichloroindium hydride in 

the selective, partial, and tandem reduction of bifunctional compounds containing 

benzyl halides and carboxylic acids, esters, or nitriles. 
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Scheme 1.84 Partial, selective and tandem reductions of bifunctional compounds by 
In0 

The third chapter will discuss the development of a new reducing agent, 

diisobutylaluminum borohydride. This chapter will discuss the different functional 

groups that can be reduced. This chapter will also detail the 11B NMR analysis that 

confirmed the characteristics of this borohydride. 

 

Scheme 1.85 Synthesis of diisobutylaluminum borohydride 

The fourth and final chapter will discuss the reduction of tertiary amides to the 

corresponding amines. This reduction is carried out under ambient conditions and is 
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complete within five minutes. It is a safer alternative to pyrophoric LiAlH4 commonly 

used to carry out this reduction.  

 

Scheme 1.86 Reduction of tertiary amides using diisobutylaluminum borohydride 

The method developed for isolation of the corresponding amine, in good to great 

yields, does not require further purification. 
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CHAPTER 2 

 

Synthesis of Dichloroindium Hydride and Exploration of its Reactivity with Organic 

Functional Groups. Tandem, Selective and Partial Reductions of Halo-Nitriles, Halo-

Esters, and Halo-Carboxylic Acids 
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2.1 Introduction 

2.1.1 Importance of Selectivity 

The ability to synthesize complex compounds that improve the 

pharmaceutical, agriculture, and materials industries is a key driving force for organic 

chemists. In modern organic chemistry it is important to be able to synthesize 

complex compounds from readily available starting materials while eliminating the 

use of unnecessary steps, including protection/deprotection, using expensive reagents, 

and disposing of hazardous waste. Having the ability to directly carry out chemical 

transformations will also help the overall yield of the product due to the decrease in 

steps required for multiple chemical transformations. Development of new 

methodology can greatly increase the efficiency in synthesizing compounds. Baran 

has recently highlighted the importance of developing new methodologies, in 

particular cascade or tandem reductions can maximize the structural change in a 

compound.1 He suggested that exploiting the inherent reactivities in a compound to 

reduce or eliminate the need for protecting groups could be discovered through the 

study of new methodologies. Due to the inability to control the chemoselectivity of 

reactions, there is always a need for efficient protecting groups in the synthesis of 

otherwise unobtainable compounds. Baran has fittingly referred to chemoselectivity 

as the “mother of invention in total synthesis.” 

 Chemoselectivity occurs when a chemical reagent preferentially reacts with 

one functional group of a molecule containing two ore more functionalities. In 1973, 
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Trost coined the term chemoselectivity when he demonstrated that sulfenylation-

dehydrosulfenylation allowed for introduction of unsaturation to carbonyls.2 The 

interest to increase Trost’s concept of chemoslectivity has grown due to the 

recognition of its importance in chemistry. 

 

2.1.2 Alkyl Tin Hydrides  

 There are a many different hydrides capable of reducing various carbonyl 

groups. Alkyl tin, silyl, or indium hydrides are capable of reducing alkyl and benzyl 

halides and can be used in some chemoselective functional group reductions.3-7 

Tin hydride (SnH4) is very unstable and has received little attention until the 

discovery that increasing the size of the alkyl or aryl groups bonded to tin increased 

its stability (Table 2.1). Kraus and Greer introduced organotin hydrides in 1922. 

Equations 1 and 2 were the only methods of tin hydride synthesis for 25 years after 

their discovery.8 

Table 2.1 Synthesis of tin hydrides 

 

 

 

(1) 

 

 

(2) 
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In 1947, Finholt, Bond, and Schlesinger developed a different method of 

organitin hydride preparation that is still used today (Table 2.2).9 

Table 2.2 Synthesis of organotin hydrides using lithium aluminum hydride 

Oganotin hydride ΔHvap (cal/mol) 
 

 
 

5750 
 

 
 

6790 
 

 
 

7240 
 

Kuivila and coworkers investigated a mechanism for cleaving halogens in 

alkyl, aryl, and acyl halides by organotin hydrides by some free radical Q•.10 They 

proposed that organotin hydrides undergo a radical reaction with the following 

mechanism (Scheme 2.1).10 

 

Scheme 2.1 Organotin hydride reaction mechanism10 
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The evidence that this reaction proceeds by a radical mechanism was that 

cyclopropylcarbinyl chloride does not react upon heating, however methylallyl 

chloride was readily reduced under ambient conditions using organotin hydrides. The 

authors suggest that this reactivity does not follow observations in solvolysis of 

cyclcopropylcarbinyl and allyl halides in ethanol. Kuivila and coworkers also carried 

out a rate study that determined the reactivity of n-heptyl iodide is 65 times more 

reactive that n-butyl bromide because the I-R bond is weaker than a Br-R bond. 

 Trialkyltin hydride has a relatively weak Sn-H bond energy (78 kcal/mol).9,10 

The mechanism in Scheme 2.1 shows some free radical, Q•, abstracts the hydrogen 

on trialkyltin hydride creating a tin radical. Propagation occurs with this stannyl 

radical abstracting the halide from an alkyl halide, forming trialkyltin halide and R•. 

The alkyl radical generated then abstracts H from another organotin hydride, forming 

a dehalogentated hydrocarbon and R3Sn•, which can then repeat the cycle. 

 Although this dehalogenation reaction is useful, there are many drawbacks to 

utilizing tin, including bioaccumulation and toxicity to mammals.11 Another problem 

with using organtin hydrides is the difficulty to completely remove the tin 

byproducts. Due to the toxicity of tin byproducts, the use of organotin has been 

limited in the pharmaceutical industry. Tributyltin is also known to be an obesogen.12 

As a result, other metal hydrides capable of undergoing radical reactions have been 

studied. 
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 Tris(trimethyl)silylsilane [(TMS)3SiH] is an effective reagent in reducing the 

same functional groups as the more toxic alternative, tributyltin. The radical 

mechanisms for these two hydrides have been proposed to undergo similar 

pathways.13 There is still a great need to develop less toxic and safer alternatives to 

silane and tin based hydrides. 

2.1.3 Dichloroindium hydride 

Today, indium is mostly used in inorganic and materials chemistry. The most 

notable use of indium is indium tin oxide (ITO), a component of the transparent 

material in touch screen devices that allows for recognition when your finger makes 

contact with the screen.14 Indium has other useful properties that makes it appealing 

in organic chemistry, such as its relatively low ionization potential (Table 2.3).15
 

Table 2.3 First ionization potentials of various metals 

Metal 
 

Ionization Potential (eV) 

Zinc (Zn) 9.39 
Silicon (Si) 8.15 

Magnesium (Mg) 7.65 
Tin (Sn) 7.43 

Aluminum (Al) 5.98 
Indium (In) 5.79 
Lithium (Li) 5.39 
Sodium (Na) 5.12 

 

Due to the relatively low first ionization potential of indium, it has become an 

attractive metal for possible hydride reduction. Wiberg and Schmidt were the first to 

develop a variety of different indium hydride reagents (LiInH4, LiPhInH3, and 
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LiPh2InH2) synthesized from indium trichloride (InCl3) and LiH.16 Unfortunately 

since indium hydride is relatively unstable and not reactive toward most functional 

groups, it has not been studied at length. Other indium hydride reagents, such as 

dichloroindium hydride (HInCl2), have been developed and are used as alternatives to 

the organotin and organosilyl reducing reagents. 

 Dichloroindium hydride was first developed by Baba and coworkers while 

investigating indium hydride species.17 It was discovered that HInCl2 could be 

generated through reaction of InCl3 and Bu3SnH. Indium trichloride is reduced by tin 

hydride. This reaction gives a stereoselective aldol reaction (Figure 2.1).18 The syn 

product is observed using methanol as the solvent, and the anti product is observed 

when using THF is the solvent.  

 

Figure 2.1 Proposed Zimmerman-Traxler transition states of α,β-unsaturated 
carbonyl reduction using InCl3 and HSnBu3 
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The authors observed that the use of anhydrous THF gives the anti-aldolate. The 

transformation is controlled through the (E)-enolate giving the anti product upon 

hydrolization with water. When methanol was used as the solvent, the formation of 

the (Z)-enolate is the preferred intermediate in the 1,4 addition of indium hydride. 

The authors suggest the (Z)-enolate is initially generated due to the preferred 1,4-

addition of HInBr2 to the enone. The enolate that is formed reacts with the aldehyde 

to give the syn-indium aldolate. In methanol, the syn-intermediate is protonated to 

give the syn-aldol. The same intermediate is formed when using anhydrous THF, 

however the retro aldol reaction takes place to give the anti aldolate, in which the 

transformation is controlled thermodynamically. Although the methodology using 

HInCl2 is useful, the overall reductive capabilities of HInCl2 are the same as Bu3SnH. 

 Dichloroindium hydride can also be synthesized from triethylsilane. The 

method using triethylsilane is a safer alternative to organotin reagents. Another reason 

for the increased interest in dichloroindium hydride is that HInCl2 has a similar 

reductive profile to organotin and organosilanes. In 2000 Shibata and Baba reported 

that acid chlorides were reduced to the corresponding aldehydes using Bu3SnH and a 

catalytic amount of InCl3. To exclude the possibility that InCl3 simply assists the 

radical reduction promoted by Bu3SnH, Baba and coworkers developed hydride 

sources (Mt-H) other than tin hydrides, which have no ability to reduce organic 

halides (Scheme 2.2). They further suggested that in situ formation of HInCl2 is 

responsible for the reduction of acid chlorides.19-32 Due to the evidence that Bu3SnH, 

Et3SiH, and HInCl2 overall reduce the same functional groups, an alternative method 
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for generating HInCl2 would be advantageous in avoiding the use of toxic Bu3SnH. In 

a subsequent paper, Baba considered that Bu3SnH could be responsible for the 

reactivity as opposed to the HInCl2 (Scheme 2.2).23 

 

Scheme 2.2 Baba’s proposed radical pathway using HInCl2 or HSnBu3 reduction 
method23 

 

Oshima and coworkers developed a method to generate HInCl2 via the reduction of 

InCl3 with DIBAL (eq 2.3).31-33 

 

 
(2.3) 

 

They showed that this methodology is capable of reducing alkynes followed by 

iodination to give the Z-alkene product (Table 2.4).34 

 



 96 

Table 2.4 Triethylborane-induced hydroindation of alkynes followed by iodolysis 

 
entry R yield (%) E:Zb 

1 PhCH2O(CH2)3 79 1:99 
2 EtOOC(CH2)6 99 <1:99 
3 HO(CH2)4 57 <1:99 
4a H2C=CH(CH2)8 74 1:99 
5b Ph 99 7:93 

aAlkyne (1.0 mmol), HInCl2 (1.3mmol), and Et3B (0.20 mmol) were used.  
bDetermined by 1H NMR 
 

Oshima suggested that the catalytic amount of triethylborane (Et3B) promotes the 

radical reaction of HInCl2 across the carbon-carbon triple bond. Without the radical 

initiator, the yield suffered tremendously. The alkene was isolated in an overall 34% 

yield, further suggesting the reaction proceeds through a radical-mediated pathway.34a 

The authors report the Z-selectivity is due to the low reactivity of dichloroindium 

radical toward Z-alkenylindium dichloride that is initially formed.34b-e If further 

addition occurs, a diindium species is formed, which leads to isomerization of the Z-

alkenylindium compound into the E-form via an addition-elimination sequence. 

Although there have been numerous studies done on the InCl3/NaBH4 system, 

there have been few reports about the role of the solvent. Baba and coworkers noted 

that dehalogenation of alkyl halides occured in 5-80% yields using a catalytic amount 

of InCl3 and a full equivalent NaBH4 when using acetonitrile (MeCN) as the solvent. 

Under the same reaction conditions but changing the solvent to THF, only a trace 

amount of the reduced product was isolated (Table 2.5).33 
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Table 2.5 Indium catalyzed reduction of alkyl halide with Mt-Ha 

 
entry M-H solvent yield (%) 

1 Bu3SnH THF 82 
2 LiH THF trace 
3 BH3:THF THF trace 
4 NaBH4 THF trace 
5 NaBH4 toluene 0 
6 NaBH4 diglyme 62 
7 NaBH4 MeCN 78 
8b NaBH4 MeCN 81 
9c NaBH4 MeCN 5 

10d NaBH4 MeCN 0 
11e NaBH4 MeCN 90 

aInCl3 0.1 mmol, Mt-H 1 mmol, alkyl halide 1 mmol, solvent 2 
mL.b1.0 mmol of InCl3 was used. cWithout InCl3 dAlCl3 was used 
instead of InCl3 e1.5 mmol of NaBH4 was used. 

 

Singaram further investigated the solvent effect on the reaction of InCl3 and 

NaBH4. It was found that both HInCl2 and BH3:THF are generated. When using 

MeCN as a solvent, the borane generated in situ is trapped and rendered unreactive. 

When THF is used as the solvent, BH3:THF is generated (eqns 2.4-2.5).38 The 

chemical shift of the boron complexes were observed through 11B NMR. When the 

reaction of InCl3 and NaBH4 was carried out in MeCN, a triplet at δ -8.5 ppm (J = 

102 Hz) was observed. This species is indicative of the formation of (H2B)2-

NCH2CH3 (eq 2.4). When the same reaction was carried out in THF as a solvent, a 

much different 11B NMR spectrum was observed, a quartet at δ-1 ppm (J = 105 Hz) 

corresponding to the formation of the borane tetrahydrofuran (BH3:THF) complex. 
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(2.4) 

 

 
 

(2.5) 

 

Baba and coworkers never reported the effect the solvent had on the reaction; 

and most likely the BH3:THF generated was interfering with their reaction and 

inhibited the formation of the product. Singaram reported a binary hydride system 

that can be used to carry out tandem reductions of a compound containing two 

functional groups, for example a nitrile and a benzyl halide (Scheme 2.3).38 

 

Scheme 2.3 Utilization of HInCl2 and BH3:THF for the tandem reduction of a 
bifunctional compound 

 

Since HInCl2 is known to reduce alkyl and benzyl halides and BH3:THF is 

known to reduce nitriles, albeit under refluxing conditions, Singaram investigated the 



 99 

tandem reduction of a variety of different mono- and di- substituted aromatic, 

heteroaromatic, and aliphatic substrates (Table 2.6).38 

Table 2.6 InCl3/NaBH4 Reduction of halobenzylnitriles to primary amines 

 
entry substrate product isolated yield (%) 

 
1 

 

 

 

 

 
 
 
 

75 

 
2 

 

 

 

 

 
 
 

72 

 
3 

 

 

 

 

 
 

 
 

97 

 
4 

 

 

 

 

 
 
 
 

61 

 

5 
 
 
 

 

 

 
 
 
 
 

 

 

 

 
68 
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This system successfully reduced nitriles or nitriles and alkyl or benzyl 

bromides in tandem. Typically BH3:THF or HInCl2 alone is not capable of reducing 

nitriles under ambient conditions; when combined, HInCl2 activates the nitrile and 

BH3:THF generated in situ successfully reduced the nitrile at 25 °C. 

During the course of this work, it was discovered that HInCl2 could also be 

generated using lithium aminoborohydride (LAB) reagent. A ratio study was carried 

out to determine the optimal amount of reducing agent required to fully convert InCl3 

to HInCl2 without over-reducing the metal. The results showed that a 3:1 of InCl3 to 

LAB reagent did not generate indium metal (In0), indicating that InCl3 was fully 

utilized to generate HInCl2 and there was no over reduction to indium metal (Table 

2.7).38  

Table 2.7 InCl3/MeLAB for the production of HInCl2 and In0 

 

entry InCl3 
(equiv) 

MeLAB 
(equiv) 

isolated In0 
(equiv) 

1 1 3 0.98 
2 1 2 0.99 
3 1 1 0.41 
4 2 1 0.24 
5 3 1 0 
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The benefit of generating HInCl2 through this method is that THF can be used as 

the solvent. In this methodology BH3:THF is not formed, as seen when generating 

HInCl2 from InCl3/NaBH4 in THF. If the reaction is solvent sensitive and borane is 

undesirable, this methodology can be used as an alternative way of generating 

HInCl2. The different methods of synthesizing HInCl2 are summarized in Figure 2.2. 

 

 

Figure 2.2 Generation of HInCl2 by various methods 

2.2 Background 

 Exploration of chemoselective reduction of a compound containing two 

functional groups is carried out using HInCl2 as well as another reducing agent, either 

generated in situ or added sequentially in a one-pot reaction. Dichloroindium hydride 
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can be generated through the reduction of InCl3 using NaBH4, DIBAL-H, LAB, 

Bu3SnH, or Et3SnH reagents (Figure 2.2).  

By understanding the different roles the solvent has on the reducing systems, a 

wide variety of selective, partial, and tandem reductions can be achieved. Aliphatic 

and aromatic bifunctional compounds containing an alkyl or benzyl halide as well as 

a nitrile, carboxylic acid, or ester are subject to different reducing systems to generate 

a wide variety of different products. In the presence of benzyl bromides or chlorides, 

BH3:THF can selectively reduce carboxylic acids to the corresponding alcohols in 

quantitative yields, and nitriles to the corresponding primary amines in excellent 

yield.  In either reaction, only one equivalent of BH3:THF is necessary to achieve full 

reduction. Similarly, DIBAL can selectively reduce carboxylic acids as well as esters 

to the corresponding alcohols in the presence of benzyl halides. For carboxylic acid 

reduction, the reaction requires three equivalents of DIBAL, and for complete 

reduction of an ester, two equivalents of the hydride are required.  Selective reduction 

of nitriles in the presence of benzyl halides using DIBAL gives the corresponding 

imine intermediates, and upon hydrolysis, the aldehydes were afforded in good yields. 

Dichloroindium hydride can be synthesized in many ways; however, using NaBH4 in 

acetonitrile or DIBAL are the less toxic alternatives compared to silane- and tin-based 

methods. Dichloroindium hydride can be successfully synthesized from one 

equivalent of anhydrous InCl3 and one equivalent of DIBAL. To generate HInCl2 

from anhydrous InCl3 and NaBH4 in MeCN, three equivalents of NaBH4 are required. 

Generating HInCl2 by either method results in the same selective reduction of the 
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benzyl halide functional group, giving the corresponding tolyl product.  

Dichloroindium hydride alone does not reduce esters, carboxylic acids, or nitriles.  

Therefore, it can be used to selectively reduce carbon-halogen bonds in the presence 

of these functional groups.  It is important to note that when selectively reducing the 

carbon-halide bond from a substrate containing a carboxylic acid, two equivalents of 

hydride are required. If only one equivalent of hydride is added, the acidic proton is 

deprotonated, and upon work up, the starting material is recovered. 

This combination of hydrides can be used to reduce compounds with two 

different functional groups. As explained above, HInCl2 reduces carbon-halogen 

bond, while BH3:THF reduces carboxylic acids and nitriles. When anhydrous InCl3 

and NaBH4 are mixed in THF, both HInCl2 and BH3:THF are generated in situ. This 

reaction is carried out under ambient conditions and both hydrides are completely 

generated in one hour. A compound containing two functional groups, a primary 

halogen as well as an ester, carboxylic acid, or nitrile is added to the reaction 

containing the bimetallic system. The tandem reduction of both functional groups is 

complete within four hours. It is interesting to note that BH3:THF alone requires 

refluxing conditions as well as long reaction times, typically a minimum of twelve 

hours.  However, when the reduction is carried out using the dual hydride system, the 

reduction is complete within four hours at 25 °C. A possible reason that this reduction 

takes place under mild conditions is that the lone pair of electrons on the nitrile 

nitrogen is being activated by HInCl2, a Lewis acid. Borane-tetrahydrofuran 

(BH3:THF) can then reduce the nitrile to the corresponding primary amine followed 
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by reduction of the carbon-halogen bond to the alkyl group. Tandem reductions occur 

when HInCl2, (generated using anhydrous InCl3 and DIBAL) followed by additional 

DIBAL, are added to compounds containing two functional groups including a 

primary halogen as well as esters, carboxylic acids, or nitriles; thus generating 

different combinations of products. Dichloroindium hydride reduces the carbon-

halogen bond, while DIBAL partially reduces nitriles or fully reduced carboxylic 

acids or esters. Dichloroindium hydride is synthesized in THF by using one 

equivalent of anhydrous InCl3 as well as one equivalent of DIBAL (1M is hexane) 

and is complete within one hour at 25 °C. The bi-functional compound is then added 

to the pot and HInCl2 reduces the carbon-halogen bond within four hours. Additional 

DIBAL is then added to the same reaction flask for the reduction of the other 

functional group (carboxylic acid, ester, or nitrile). For carboxylic acids, three 

additional equivalents of DIBAL are required for the complete reduction to the 

alcohol. For partial reduction of the nitrile, one additional equivalent of DIBAL is 

required. The imine intermediate is generated, and, upon hydrolysis, the 

corresponding aldehyde is obtained successfully. For esters, two additional 

equivalents of DIBAL are required for the complete reduction of the ester to the 

alcohol. This method successfully reduces both functional groups; however, the 

product is often contaminated by unwanted impurities. It is desirable to develop 

methods to isolate the product without the need for further purification, such as 

column chromatography. The tandem reduction can be carried out in a two-pot 

synthesis, eliminating the need for column chromatography. For the bifunctional 
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benzylic bromides shown in Scheme 2.4, the carbon-halogen bond is first reduced 

using HInCl2. para-Toluate is isolated as a crude product and the reduction of the 

ester is then carried out using MeLAB. The isolation of para-tolyl benzyl alcohol 

using this two-pot method is simple and straightforward. This methodology works 

well for both aliphatic and aromatic bifunctional compounds containing a carbon-

halogen as well as an ester, carboxylic acid, or nitrile (Scheme 2.4). 

 

Scheme 2.4 Selective, partial, and tandem reductions using binary hydride systems 

2.3 Results and Discussion 

2.3.1 Reduction of 6-bromohexanoic acid 

For aliphatic halo-acids, 6-bromohexanoic acid is used as a representative 

substrate. There are three different outcomes possible in the selective or tandem 

reduction of 6-bromohexanoic acid, including 6-bromohexanol, 1-hexanol, or 
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hexanoic acid. Selective or tandem reduction of halogenated carboxylic acids is 

achieved using a variety of different hydrides and the results are summarized in 

Scheme 2.5. The selective reduction of the carboxylic acid gives 6-bromohexanol and 

is accomplished using DIBAL or BH3:THF, with yields of 94 and 98%, respectively. 

(Scheme 2.5, b or c).  Both reactions are carried out under ambient conditions. For 

complete reduction, three equivalents of DIBAL are needed, whereas only one 

equivalent of BH3:THF is needed for the quantitative production of 6-bromohexanol. 

Neither BH3:THF nor DIBAL reduce the carbon-halogen bond. Using BH3:THF is 

more attractive because of the stoichiometry, facile work-up procedure and higher 

yield of 6-bromohexanol. However, commercial samples of BH3:THF are often 

compromised during the shipping and handling process.39 Consequently, it is 

advisable to check the purity of BH3:THF by 11B NMR or hydride analysis as some of 

the commercial samples contain only tributoxyborate due to decomposition of the 

THF during shipping. Selective reduction of the carbon-halogen bond affords 

hexanoic acid, and is achieved using two equivalents of HInCl2 synthesized from 

InCl3 and DIBAL in THF. This pathway is the only method that selectively cleaves 

the carbon-halogen bond while leaving the unprotected carboxylic acid intact. This 

method requires no radical initiator (such as Et3B).34(b),35,40-42 A stepwise reduction of 

6-bromohexanoic acid to hexanol is achieved by reducing the acid first, using 

BH3:THF or DIBAL, followed by reduction of the crude 6-bromohexanol by HInCl2 

generated in a separate flask from InCl3 and DIBAL. Unfortunately, the InCl3/NaBH4 

in THF system does not afford the tandem reduction of the carbon-halogen and the 
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carboxylic acid group, but instead generates 6-bromohexanol. This is most likely 

because the reduction of the carbon-bromide bond by HInCl2 is inhibited by 

BH3:THF.33,38 The reduction of 6-bromohexaonic acid with InCl3 and NaBH4 in 

MeCN gives a complex mixture of products. For the tandem reduction of the 

carboxylic acid as well as the carbon-halogen bond, use of anhydrous InCl3 and 

NaBH4 in THF is not only the safest but is the most efficient and least wasteful 

method. 

 
a All reactions were run on a 3 mmol substrate scale at 25 °C for 4 h under Ar. b 3 equivalents of DIBAL required 
for complete reduction of the carboxylic acid group (94%). c 1 equivalent of BH3:THF required for complete 
reduction of the carboxylic acid group (98%). d 1 equivalent of InCl3 and 3 equivalents of NaBH4 in THF were 
used for the reduction of the carboxylic acid group (94%). e 2 equivalents of HInCl2 (from InCl3 and DIBAL) 
required for complete reduction of the C-Br bond. The first for deprotonation of the acidic proton and the second 
for the cleavage of the C-Br bond (78%). f HInCl2 generated in a separate flask from InCl3 and DIBAL and added 
to 6-bromohexanol (92%).  

 

Scheme 2.5 Selective or tandem reduction of 6-bromohexanoic acid with single or 
binary hydrides  
 
2.3.2 Reduction of ethyl 6-bromohexanoate 

Ethyl 6-bromohexanoate was selected as a representative example to probe the 

possibility of tandem and selective reductions of bromo-esters using binary reducing 

agents. Three different products are feasible via selective or tandem reductions (Table 



 108 

2.8).  Selective reduction of the ester carbonyl group gives the bromo-alcohol. This is 

accomplished by using two equivalents of DIBAL under ambient conditions (Table 2. 

8, entry 1).  Brown showed that pure BH3:THF does not reduce esters. However, 

commercial BH3:THF, containing NaBH4 as a stabilizer, affords a significant amount 

of  bromo-alcohol arising from the reduction of the ester group (Table 2.8, entry 2). 

Selective reduction of the carbon-bromide bond is achieved using two equivalents of 

HInCl2 generated from InCl3 and DIBAL to afford ethyl hexanoate, again without the 

use of a protecting group, radical initiator, or column purification (Table 2.8, entry 

3).35 Using 1.3 equivalents of HInCl2 gives incomplete reduction; in order to achieve 

full reduction of the carbon-bromide bond, one equivalent of excess hydride is used 

rather than adding a radical initiator, such as triethyl borane.40 Stepwise reduction of 

the carbon-bromide bond and ester carbonyl group is carried out using a two-pot 

procedure.  The ester is reduced using DIBAL, which gives the halo-alcohol.  The 

crude halo-alcohol is then reduced using HInCl2, which gives the corresponding 

aliphatic alcohol (Table 2.8, entry 4).  Indium trichloride (InCl3) and NaBH4 in THF 

gives the selective reduction of the ester group to form the bromo-alcohol. Since 

BH3:THF alone does not reduce the ester, the NaBH4 stabilizer most likely catalyzes 

the reduction of the ester leading to the formation of 6-bromohexanol, albeit in a low 

isolated yield. As expected, changing the solvent from THF to acetonitrile results in 

selective reduction of the carbon-bromide bond (Table 2.8, entry 6). When one 

equivalent of HInCl2 is used, only the starting material is recovered. However, when 
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HInCl2 is increased to two equivalents, ethyl hexanoate is formed in 92% isolated 

yield. 

Table 2.8 Selective and tandem reductions of aliphatic halo-esters 

 

a All reactions were run on a 3 mmol substrate scale at 25 °C for 4 h under Ar. b Reduction carried 
out in a one-pot procedure. c HInCl2 was generated from InCl3 and DIBAL in a separate reaction 
flask and added to the haloalkoxy mixture. d Isolated Yield. e alcohol:ester ratio based on 1H NMR 
integration. 
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2.3.3 Reduction of methyl octanoate 

Methyl octanoate was used as a representative example of the family of 

aliphatic esters. This study compares the reductive reactivity of aliphatic esters with 

the results obtained with aliphatic bromo-esters using the binary reducing agents 

(Table 2.9). In the reduction of an aliphatic ester, two products are possible: partial 

reduction to give an aldehyde or complete reduction leading to a primary alcohol. At 

ambient temperature, complete reduction of the ester group is achieved using two 

equivalents of DIBAL (Table 2.9, entry 1). It should be noted that at -78 °C, DIBAL 

is capable of reducing esters to the corresponding aldehydes with very little over-

reduction arising from aluminum hydride (Al-H) derived by β-hydride 

elimination.43,44 As with the bromo-ester, commercial BH3:THF produces a mixture 

of octanol and unreacted starting material via incomplete NaBH4 catalyzed ester 

reduction (Table 2.9, entry 2). Dichloroindium hydride, generated from InCl3/DIBAL 

in THF or InCl3/NaBH4 in MeCN does not reduce the aliphatic ester (Table 2.9, 

entries 3 and 6).  Dichloroindium hydride as a single hydride reagent does not reduce 

the ester (Table 2.9, entries 3 and 6). However, excess DIBAL proceeds to give 

octanol (Table 2.9, entry 4). Indium trichloride (InCl3) and NaBH4 in THF generates a 

binary reducing system containing both HInCl2 and BH3:THF.38 This mixture of 

hydrides reduces methyl octanoate to 1-octanol in a quantitative yield (Table 2.9, 

entry 5).  Even though both HInCl2 and BH3:THF are not capable of reducing the 

ester group on their own, in the binary reducing system, the two hydrides act 

synergistically and reduce the carbonyl group. Dichloroindium hydride potentially 
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acts as a Lewis acid to activate the ester group and facilitates hydride transfer from 

BH3:THF. A similar synergistic effect in the reduction of aryl cyanides using a binary 

reducing system containing both HInCl2 and BH3:THF has been  observed 

previously.38  

Table 2.9 Reduction of methyl octanoate with mono- or binary hydrides 

 

a All reactions were run on a 3 mmol substrate scale at 25 °C for 4 h under Ar. b Reduction carried out in a 
one-pot procedure. c HInCl2 was generated from InCl3 and DIBAL in a separate reaction flask and added to 
the haloalkoxy mixture. 
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2.3.4 Reduction of 4-(bromomethyl)benzoate 

The reduction of aromatic halo-esters was also explored; methyl 4-

(bromomethyl) benzoate was the representative example for this class of compounds. 

For the selective reduction of the ester functional group to the corresponding alcohol, 

DIBAL was the only successful hydride in this study (Table 2.10, entry 1). The 

stoichiometry of DIBAL in this reduction is critical; when 3 equivalents of DIBAL 

are used, the ester group is reduced as well as a significant amount of the carbon-

bromide bond. By decreasing the amount of DIBAL to 2.2 equivalents, only the ester 

group is reduced affording [4-(bromomethyl)phenyl]methanol in a 90% isolated 

yield. Conversely, pure or commercial BH3:THF alone does not reduce the aromatic 

esters and only the starting material was recovered (Table 2.10, entry 2).  The only 

pathway for the tandem reduction of both the benzylic halide and aromatic ester is use 

of the binary hydride system of MeLAB and HInCl2, which is generated from InCl3 

and DIBAL.  Unfortunately, the tandem reduction of the carbon-halogen bond and the 

aromatic ester group is not achieved using HInCl2 and excess DIBAL in a sequential 

addition one-pot procedure. The aluminum alkoxide formed in the ester reduction is 

likely insoluble, making the initial product of the tandem reduction unavailable for 

the second stage of reduction. para-(Bromomethyl)benzyl alcohol is isolated from the 

first step and the crude compound undergoes reduction with HInCl2 to give para-

methylbenzyl alcohol. In order to accomplish the tandem reduction in a one-pot 

procedure, HInCl2 is generated using InCl3 and DIBAL to reduce the benzyl bromide. 

Lithium, dimethylaminoborohydrdie (MeLAB) is added to the reaction to reduce the 
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ester to produce 4-methylbenzylalcohol. This reducing agent is not only known to 

reduce ester functional groups, but MeLAB and InCl3 also generate HInCl2.38 As 

mentioned previously, the stoichiometry of MeLAB to InCl3 plays a significant role 

in the formation of HInCl2 from InCl3 and MeLAB. Three equivalents of InCl3 are 

needed for 1 equivalent of MeLAB; otherwise, HInCl2 gets over-reduced to form a 

metal nugget.38 In order to eliminate the use of excess anhydrous InCl3, 

dichloroindium hydride is synthesized by using 1 equivalent of anhydrous InCl3 and 1 

equivalent of DIBAL. With HInCl2 in hand, methyl 4-(bromomethyl) benzoate is 

added, and the reduction of benzyl bromide proceeds smoothly. Methyl-LAB is 

added, resulting for the reduction of the ester group (Table 2.10, entry 4). 

Immediately upon the addition of the LAB reagent, a solid precipitate aggregates to 

form a metal nugget in the reaction flask. Excess LAB reagent is added in order to 

reduce the ester functional group. Powder X-ray diffraction (PXRD) is used to 

elucidate the composition of the metal nugget, and the analysis shows that the sample 

is a highly crystalline indium metal with no impurities or amorphous phases (Figure 

2.3). The powder diffraction of the recovered indium nugget matches the theoretical 

pattern of indium metal (depicted as red bars). 
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Figure 2.3 Powder XRD of indium metal recovered  

 

The selective reduction of the carbon-bromide bond is achieved in a variety of 

ways. Dichloroindium hydride generated from anhydrous InCl3 and DIBAL 

selectively reduces the carbon-halide bond in 78% isolated yield (Table 2.10, entry 

3). Anhydrous InCl3 and NaBH4 in THF or MeCN (Table 2.10, entries 5 and 6) gives 

para-methyl-toluate in 99 and 84% yields, respectively. Although InCl3 and NaBH4 

in THF generates both HInCl2 and BH3:THF, only the carbon-bromide bond is 

cleaved because neither BH3:THF nor HInCl2 reduces aromatic esters. The highest 

yield of para-methyl-toluate is achieved using the InCl3/NaBH4 system in THF, and 

this reaction utilized a simple work-up procedure. The product was obtained by 

quenching the reaction with sodium hydroxide (3M NaOH), followed by extraction 

with ether. 
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Table 2.10 Reduction of aromatic benzylhalo-esters with mono- or binary hydrides 

 

a All reactions were run on a 3 mmol substrate scale at 25 °C for 4 h under Ar. b Reduction carried out in a one-
pot procedure. c HInCl2 was generated from InCl3 and DIBAL in a separate reaction flask and added to the 
haloalkoxy mixture. d Isolated Yield. e alcohol:ester ratio based on 1H NMR integration. 
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2.3.5 Reduction of 4-(bromomethyl)phenyl acetic acid 

4-Bromomethy-l-phenyl acetic acid served as a representative example for the 

family of halomethyl-aryl acids. Three different products are possible via either 

selective or tandem reductions (Scheme 2.6). Both DIBAL and BH3:THF achieve 

selective reduction of the carboxylic acid group in the presence of the benzyl bromide 

functionality in 85% and 94% isolated yields, respectively (Scheme 2.6, b and c).  

Only one equivalent of BH3:THF is required for the selective reduction of the 

carboxylic acid, while three equivalents of DIBAL are required for the complete 

reduction of the carboxylic acid group at 25 °C.16 Selective reduction of the carbon-

halogen bond is successfully achieved using HInCl2 generated from InCl3 and DIBAL 

and gives para-tolylacetic acid in 90% yield without the need of a protecting group or 

radical initiator (Scheme 2.6, d). A one-pot tandem reduction of 4-

(bromomethyl)phenylacetic acid is achieved using a variety of different binary metal 

hydride systems. Examples include HInCl2 generated from InCl3 and an excess of 

DIBAL, as well as HInCl2 from InCl3 and NaBH4 in THF or MeCN. For the tandem 

reduction, one equivalent of HInCl2 from InCl3 and DIBAL followed by 3 equivalents 

of DIBAL gives 4-methylphenethyl alcohol in 70% isolated yield (Scheme 2.6, e).  

The same product is obtained using InCl3 and NaBH4 in THF or MeCN with isolated 

yields of 94 and 59%, respectively (Scheme 2.6, f and g). The binary reducing system 

containing HInCl2 and BH3:THF gives the highest isolated yield of 4-

methylphenethyl alcohol, with the same simple base-wash work-up procedure 

described in 2.3.4 (page 113). 
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a Reaction run on a 3 mmol scale at 25 °C. b 3 equiv of DIBAL required for the complete reduction of the 
carboxylic acid (85%). c 1 equiv of BH3:THF required for the complete reduction of the carboxylic acid (94%). d 6 
mmol HInCl2 generated from InCl3 and DIBAL and allowed to stir for 1 hour. 3 mmol of the substrate was added 
to HInCl2 and allowed to stir for 4 hours (90%). e Binary hydride system was used for the tandem reduction of 4-
(bromomethyl)phenyl acetic acid. 6 mmol HInCl2 generated from InCl3 and DIBAL and allowed to stir for 1 hour. 
3 mmol of the substrate was added to HInCl2 and allowed to stir for 4 hours followed by the addition of 9 mmol of 
DIBAL for the reduction of the carboxylic acid (70%). f Binary hydride system HInCl2 and BH3:THF was 
generated from InCl3 and NaBH4 in THF and allowed to mix for 1 hour, followed by the addition of 4-
(bromomethyl)phenyl acetic acid and stirred for 4 hours (94%). g HInCl2 was generated from InCl3 and NaBH4 in 
MeCN. Excess NaBH4 reduced the carboxylic acid group. Reaction allowed to stir for 1 hour, followed by the 
addition of 4-(bromomethyl)phenyl acetic acid and mixed for 4 hours (59%). 
 

Scheme 2.6 Selective and tandem reduction of aromatic halo-carboxylic acids  
 
 
2.3.6 Reduction of 4-(halomethyl)benzonitrile 

  4-(Bromomethyl)benzonitrile was selected as a representative member of the 

family of aromatic halo-nitriles. The most interesting results of selective, partial, and 

tandem reductions were seen with halogenated substituted aromatic nitriles. Binary 

reducing agents lead to five different useful compounds. Using DIBAL, partial 

reduction of the nitrile group in both 4-(bromomethyl)benzonitrile and 4-

(chloromethyl)benzonitrile is carried out at 25 °C to give the corresponding 

halomethyl substituted benzaldehyde in isolated yields of 85% and 80%, respectively 

(Table 2.11, entry 1). Selective reduction of 4-(bromomethyl)benzonitrile is achieved 
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using BH3:THF under THF refluxing conditions for 12 hours to afford 4-

(bromomethyl)-phenyl)methanamine (Table 2.11, entry 2).44 In this study, BH3:THF 

is the only reagent available to selectively convert the nitrile to the corresponding 

primary amine in the presence of a primary or benzylic halide. 4-

(Bromomethyl)benzonitrile is reduced by sequential addition of DIBAL followed by 

HInCl2 to produce 4-methylbenzaldehyde through the intermediate formation of the 

corresponding imine derivative (Table 2.11, entry 4). When the tandem reduction is 

carried out under ambient conditions using InCl3 and NaBH4 in THF, HInCl2 reduces 

the carbon-halogen bond and BH3:THF reduces the nitrile and gives 4-

methylbenzylamine (Table 2.11, entry 5).38 For the chemoselective reduction of the 

carbon-halogen bond, the InCl3 and NaBH4 in MeCN system is used. Borane 

generated in situ is trapped by MeCN and renders the borane unavailable for 

reduction of the nitrile functionality. Consequently, InCl3/NaBH4 in MeCN gives 

selective reduction of the carbon-halogen bond to afford para-methylbenzonitrile 

(Table 2.11, entry 6).38 This selective reduction is also achieved using HInCl2 

prepared from InCl3 and DIBAL (Table 2.11, entry 3). 
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Table 2.11 Selective, partial, and tandem reduction of aromatic halo-nitriles  

 
 

a All reactions were run on a 3 mmol substrate scale at 25 °C for 4 h under 
Ar. b Reaction was run in two-pot procedure. DIBAL was added to 4-
(bromomethyl)benzonitrile and allowed to stir for 4 hours.  In a separate pot, 
HInCl2 was generated and then added to the first reaction mixture. c Isolated 
yield.d Ref 21. e Ref 38. 
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2.4 Conclusion 

Dichloroindium hydride containing either BH3:THF or DIBAL shows 

promising results as a binary hydride reducing system to achieve selective, partial, 

and tandem reductions of bifunctional benzylic halides. The development of hydride 

systems for the chemoselective reduction of these bifunctional compounds using a 

single or binary hydride system was accomplished. The bimetallic systems described 

in these partial, selective, or tandem reductions of bifunctional compounds is 

achieved without the use of protecting groups, pyrophoric reagents, or radical 

initiators. With several methods to generate HInCl2, the binary hydride reducing 

system was utilized in a deliberate fashion for chemoselective reduction of targeted 

functional groups.  For example, 4-(bromomethyl)benzonitrile produces five different 

products, based on the binary hydride system used. Diisobutylaluminum hydride 

generates 4-(bromomethyl)benzaldehyde in excellent yield, while BH3:THF gives 4-

(bromomethyl)benzylamine. When 4-(bromomethyl)benzonitrile is sequentially 

reduced with HInCl2 and DIBAL, para-tolualdehyde is obtained.  When the binary 

reducing system of HInCl2 and BH3:THF, generated in situ from InCl3/NaBH4 in 

THF is used, 4-methylbenzylamine is isolated as the tandem reduction product. 

Meanwhile, when using HInCl2 as a single hydride, whether generated from InCl3 via 

DIBAL or NaBH4 in MeCN, only cleavage of the carbon-halogen bond occurs and 

the nitrile is left intact.  This method also works for other benzyl halides containing 

electrophilic groups, such as carboalkoxy benzylic bromides, which gives three 

possible different products. This methodology was expanded to both aliphatic and 
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aromatic esters containing a primary or benzylic bromide, generating all possible 

different products. This study also includes the reductions of monosubstituted 

compounds for comparison. The results are summarized in Table 2.12. 

Table 2.12 Summary of chemoselective hydride reductions of various functional 
groups 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a NR = No Reaction. b Ref Ref 22. c Ref 21. d Ref 4a. e Ref 12. f Ref 16. g Ref 7a. h Reduction of the functional  
group occurs from DIBAL-H or BH3:THF. HInCl2 alone does not reduce carboxylic acids. i Ref 6. j Mixture of products 
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2.5 Experimental 

All reactions were carried out under an argon atmosphere. All glassware, 

needles, and cannula were oven-dried at 120 °C and all glassware was cooled to 25 

°C under argon atmosphere prior to use.  All reactions were equipped with magnetic 

stirring. All air and moisture sensitive compounds were introduced via argon-purged 

syringe or cannula through a rubber septum. All of the reagents were purchased from 

Fisher Scientific or Aldrich Chemical Co., and stored under argon without further 

purification before use. Acetonitrile (MeCN) and tetrahydrofuran (THF) were 

transferred from a solvent purification system to an ampule under an argon 

atmosphere and stored for no more than 4 weeks. All products were isolated through 

simple acid-base extraction and no further purification was utilized. Products were 

analyzed through nuclear magnetic resonance (NMR) spectroscopy and measured in 

ppm. Data obtained on a 500 MHz spectrometer using CDCl3 (δ=7.26) as an internal 

standard for 1H NMR and 125 MHz using CDCl3 (δ=77.0) as an internal standard for 

13C spectra. Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet, br = broad; coupling constants (J) are given in Hertz (Hz). 

Powder X-ray diffraction (PXRD) data was collected on a Rigaku SmartLab X-ray 

diffractometer equipped with a copper X-ray tube [λ (Cu Kα) = 1.54056 Å, tube 

energy 44 mA / 40 kV]. Analysis was carried out at room temperature with a scan 

rate of 3.0 °/min and with a step size of 0.02 °. 
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General Procedures for Selective, Partial, and Tandem Reductions using Binary 

Hydrides 

Selective reduction of 6-bromohexanoic acid using DIBAL to produce 6-

bromohexanol (known) 

 

The following procedure is for the selective reduction of 6-bromohexanoic acid using 

DIBAL (Scheme 2.5, b).  An oven-dried round bottom flask (RBF) (50-mL) was 

cooled under argon and charged with a stir bar, 6-bromohexanoic acid (0.585 g, 3 

mmol) and re-flushed with argon.  Anhydrous THF (10 mL) was added at 25 °C 

followed by DIBAL (1.2 M in hexanes, 7.5 mL, 9 mmol) dropwise over 5 minutes 

and the mixture stirred for 4 hours (Caution: Hydrogen evolution!).  Thin layer 

chromatography (TLC) analysis indicated completion of the reaction.  The reaction 

mixture was quenched with 3M NaOH (15 mL) (Caution: Hydrogen evolution!) and 

the mixture was extracted with Et2O (3 X 10 mL).  The combined organic layers were 

dried with MgSO4, filtered, and evaporated under reduced pressure (25 °C, 1 Torr) to 

afford 6-bromohexanol as a colorless oil (0.511g, 2.82 mmol, 94%).   1H NMR (500 

MHz, CDCl3) δ 1.36 (m, 2H) δ 1.42 (m, 2H), δ 1.54 (m, 2H), δ 1.83 (m, 2H), δ 2.60 

(s br, 1H), δ 3.38 (t, J = 6.5; 2H), δ 3.60 (t, J = 6.5; 2H). 13C NMR (125 MHz, 

CDCl3) δ 24.96, 27.96, 32.44, 32.73, 33.95, 62.68 ppm. 
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Selective reduction of 6-bromohexanoic acid using BH3:THF to produce 6-

bromohexanol (known) 

 

 The following procedure is for the selective reduction of 6-bromohexanoic acid using 

BH3:THF (Scheme 2.5, c).  6-bromohexanoic acid (0.585 g, 3 mmol) was added to an 

oven-dried RBF (50-mL) and charged with argon and a stir bar. Anhydrous THF (10 

mL) followed by BH3:THF (1.0 M in THF, 3.0 mL, 3 mmol) dropwise over 5 minutes 

at 25 °C (Caution: Hydrogen evolution!). The mixture was stirred for 4 hours at 25 

°C under argon.  TLC analysis indicated completion of the reaction.  The reaction 

mixture was quenched with 3M NaOH (10 mL) (Caution: Hydrogen evolution!) and 

the mixture was extracted with Et2O (3 X 10 mL).  The combined organic layers were 

dried with MgSO4, filtered, and evaporated under reduced pressure (25 °C, 1 Torr) to 

afford the 6-bromohexanol product as a colorless oil (0.532 g, 2.94 mmol, 98%). 1H 

NMR (500 MHz, CDCl3) δ 1.36 (m, 2H), δ 1.42 (m, 2H), δ 1.54 (m, 2H), δ 1.83 (m, 

2H), δ 2.60 (s br, 1H), δ 3.38 (t, J = 6.5; 2H), δ 3.60 (t, J = 6.5; 2H). 13C NMR (125 

MHz, CDCl3) δ 24.96, 27.96, 32.44, 32.73, 33.95, 62.68 ppm. 

 

Selective reduction of 6-bromohexanoic acid to hexanoic acid using HInCl2 

(known) 
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The following method is used for the selective reduction of 6-bromohexanoic acid 

using HInCl2 (Scheme 2.5, e).  An oven-dried RBF (100-mL) was equipped with a 

stir bar, rubber septum and cooled under argon to 25 °C. Anhydrous InCl3 (1.326 g, 6 

mmol) was added and the flask was re-flushed with argon. Anhydrous THF (20 mL) 

was added and the mixture stirred vigorously for 5 minutes at 25 °C.  The RBF was 

then placed in a water bath and DIBAL (1.2 M in hexanes, 5.0 mL, 6 mmol) was 

added dropwise over 5 minutes.  The reaction was allowed to stir for 1 hour at 25 °C.  

To the reaction flask was added solid 6-bromohexanoic acid (0.585 g, 3 mmol) and 

re-flushed with argon (Caution: Hydrogen evolution!). The mixture was stirred for 4 

hours at 25 °C.  TLC analysis indicated completion of the reaction and was quenched 

with 3M NaOH (15 mL) (Caution: Hydrogen evolution!) and acidified to pH 4 with 

acetic acid. The mixture was extracted with Et2O (3 X 10 mL).  The combined 

organic layers were dried with MgSO4, filtered, and evaporated under reduced 

pressure (25 °C, 1 Torr) to afford the hexanoic acid as a colorless oil (0.272 g, 2.34 

mmol, 78%). 1H NMR (500 MHz, CDCl3) δ 0.89 (m, 3H), δ 1.32 (m, 4H), δ 1.64 (m, 

2H), δ 2.34 (t, J = 7; 2H), δ 11.30 (s br; 1H). 13C NMR (125 MHz, CDCl3) δ 13.85, 

22.31, 24.39, 31.24, 34.15, 180.89 ppm. 

 

Stepwise reduction of 6-bromohexanoic acid using binary hydrides DIBAL and 

HInCl2 to produce 1-hexanol (known) 
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The following procedure was used for the tandem reduction of 6-bromohexanoic acid 

using binary hydride system DIBAL and HInCl2 (Scheme 2.5, f).  An oven-dried 100-

mL RBF was cooled under argon to 25 °C and charged with a stir bar and rubber 

septum. 6-bromohexanoic acid (0.585 g, 3 mmol) was added and the flask was re-

flushed with argon.  To this was added anhydrous THF (10 mL), followed by the 

dropwise addition of DIBAL (1.2 M in hexanes, 7.5 mL, 9 mmol) over 5 minutes 

(Caution: Hydrogen evolution!). The mixture was stirred for 4 hours at 25 °C under 

argon. The reaction was quenched with 3M NaOH (15 mL) and the mixture was 

extracted with Et2O (3 X 10 mL).  The combined organic layers were dried with 

MgSO4, filtered, and evaporated in vacuo (25 °C, 1 Torr) to afford crude 6-

bromohexanol. A separate 100-mL oven-dried RBF, cooled under argon to 25 °C and 

was fit with a rubber septum and stir bar. Anhydrous InCl3 (1.326 g, 6 mmol) was 

added and re-flushed with argon followed by anhydrous THF (20 mL) and the 

mixture stirred vigorously for 5 minutes at 25 °C.  The RBF was then placed in a 

water bath and DIBAL (1.2 M in hexanes, 5.0 mL, 6 mmol) was added dropwise over 

5 minutes.  The reaction was allowed to stir for 1 hour at 25 °C. 6-bromohexanol 

(0.39 mL, 3 mmol) was added (Caution: Hydrogen evolution!) and the mixture was 

stirred for 4 hours at 25 °C under argon.  Thin layer chromatography analysis 

indicated completion of the reaction.  The reaction mixture was quenched with 3M 

NaOH (15 mL) (Caution: Hydrogen evolution!) and the mixture was extracted with 

Et2O (3 X 10 mL).  The combined organic layers were dried with MgSO4, filtered, 

and evaporated in vacuo (25 °C, 1 Torr) to afford 1-hexanol product as a colorless oil 
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(0.281 g, 2.76 mmol, 92%). 1H NMR (500 MHz, CDCl3) δ 0.87 (t, J = 7, 3H), δ 1.27 

(m, 7H), δ 1.53 (m, 2H), δ 3.60 (t, J = 6.5, 2H). 13C NMR (125 MHz, CDCl3) δ 

14.01, 22.65, 25.47, 27.97, 31.69, 32.98, 63.11. 

 

Selective reduction of 6-bromohexanoic acid using binary hydrides HInCl2 and 

BH3:THF to produce 6-bromohexanol (known) 

 

Binary hydrides HInCl2 and BH3:THF (Scheme 2.5, d) are used for the selective 

reduction of 6-bromohexanoic acid to produce 6-bromohexanol.  A 50-mL oven dried 

RBF was fitted with a stir bar and rubber septum was allowed to cool to 25 °C using 

argon.  Anhydrous InCl3 (0.663 g, 3 mmol) was quickly added and the RBF was 

again flushed with argon. Anhydrous THF (10 mL) was added and the mixture stirred 

vigorously for 5 minutes while the indium dissolved. Sodium borohydride (NaBH4, 

0.340 g, 9 mmol) was added and the reaction flask was re-purged with argon.  The 

reaction mixture stirred at 25 °C for 1 hour and the reaction flask became and opaque 

silver color. 6-bromohexanoic acid (0.585 g, 3 mmol) was then added and the 

reaction flask was purged with argon (Caution: Hydrogen evolution!). The mixture 

stirred for 4 hours at 25 °C under argon.  Thin layer chromatography analysis 

indicated completion of the reaction.  The reaction mixture was quenched with 3M 

NaOH (10 mL) (Caution: Hydrogen evolution!). The mixture was filtered using a 

Büchner funnel, and the solid was discarded. The filtrate was extracted with Et2O (3 
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X 10 mL).  The combined organic layers were dried with MgSO4, filtered, and 

evaporated in vacuo (25 °C, 1 Torr) to isolate 6-bromohexanol as a colorless oil 

(0.511g, 2.82 mmol, 94%). 1H NMR (500 MHz, CDCl3) δ 1.36 (m, 2H), δ 1.42 (m, 

2H), δ 1.54 (m, 2H), δ 1.83 (m, 2H), δ 2.60 (s br, 1H), δ 3.38 (t, J = 6.5; 2H), δ 3.60 

(t, J = 6.5; 2H). 13C NMR (125 MHz, CDCl3) δ 24.96, 27.96, 32.44, 32.73, 33.95, 

62.68 ppm. 

Selective reduction of Ethyl 6-bromohexanoate using DIBAL to produce 6-

bromohexanol (known) 

 

The following procedure is used for the selective reduction of ethyl 6-

bromohexanoate using DIBAL (Table 2.8, entry 1).  A 50-mL oven-dried RBF was 

cooled under argon and charged with a stir bar and fit with a rubber septum.  Ethyl 6-

bromohexanoate (0.53 mL, 3 mmol) was added followed by anhydrous THF (10 mL). 

DIBAL (1.2 M in hexanes, 5.0 mL, 6 mmol) was added dropwise over 5 minutes at 

25 °C.  The mixture was stirred for 4 hours at 25 °C under argon.  Thin layer 

chromatography analysis indicated completion of the reaction.  The reaction mixture 

was quenched with 3M NaOH (15 mL) (Caution: Hydrogen evolution!) and the 

mixture was extracted with Et2O (3 X 10 mL).  The combined organic layers were 

dried with MgSO4, filtered, and evaporated in vacuo (25 °C, 1 Torr) to afford the 6-

bromohexanol product as a colorless oil (0.537 g, 2.97 mmol, 99%). 1H NMR (500 

MHz, CDCl3) δ 1.36 (m, 2H), δ 1.42 (m, 2H), δ 1.54 (m, 2H), δ 1.83 (m, 2H), δ 2.60 
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(s br, 1H), δ 3.38 (t, J = 6.5; 2H), δ 3.60 (t, J = 6.5; 2H). 13C NMR (125 MHz, 

CDCl3) δ 24.96, 27.96, 32.44, 32.73, 33.95, 62.68 ppm. 

Attempted Reduction of Ethyl 6-bromohexanoate using BH3:THF  

An oven-dried RBF (50-mL) fit with a rubber septum, was cooled under argon and 

charged with a stir bar. Ethyl 6-bromohexanoate (0.53 mL, 3 mmol) was added, 

followed by anhydrous THF (10 mL) at 25 °C. Next, BH3:THF (stabilized with 

NaBH4, 1.0 M in THF, 3.0 mL, 3 mmol), was added dropwise over 5 minutes at 25 

°C (Table 2.8, entry 2).  The mixture was stirred for 4 hours at 25 °C under argon. To 

avoid hydrolyzing the ester group, the reaction mixture was quenched with 3M 

NH4OH (10 mL) (Caution: Hydrogen evolution!)  and the mixture extracted with 

Et2O (3 X 10 mL).  The combined organic layers were dried with MgSO4, filtered, 

and evaporated in vacuo (25 °C, 1 Torr) to afford a mixture (66:34) of 6-

bromohexanol and ethyl 6-bromohexanoate products respectively (based on 1H NMR 

integration).  

Selective reduction of Ethyl 6-bromohexanoate to ethyl hexanoate using HInCl2 

(known) 

 

The following procedure was employed for the selective reduction of ethyl 6-

bromohexanoate using HInCl2 (Table 2.8, entry 3).  An oven-dried RBF (100-mL) 

with stir bar and fitted with a rubber septum was cooled under argon. When the flask 
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reached 25 °C, anhydrous InCl3 (1.326 g, 6 mmol) was added and the flask was re-

purged with argon. Anhydrous THF (20 mL) was then added and the mixture stirred 

vigorously for 5 minutes and 25 °C.  The RBF was immersed in a water bath and 

DIBAL (1.2 M in hexanes, 5.0 mL, 6 mmol) was added dropwise over 10 minutes at 

25 °C.  The reaction stirred for 1 hour at 25 °C.  Ethyl 6-bromohexanoate (0.53 mL, 3 

mmol) was added and the mixture stirred under argon at 25 °C for 4 more hours.  

Thin layer chromatography analysis indicated completion of the reaction and the 

reaction mixture was quenched with 3M NH4OH (10 mL) (Caution: Hydrogen 

evolution!). The mixture was extracted with Et2O (3 X 10 mL).  The combined 

organic layers were dried with MgSO4, filtered, and evaporated under reduced 

pressure (25 °C, 1 Torr) to give the ethyl hexanoate as colorless oil. (0.337 g, 2.34 

mmol, 78%) 1H NMR (500 MHz, CDCl3) δ 0.88 (t, J = 7, 3H), δ 1.24 (t, J = 7, 3H), δ 

1.30 (m, 4H), δ 1.61 (m, 2H), δ 2.27 (t, J = 7.5, 2H), δ 4.12 (q, J = 7, 2H). 13C NMR 

(125 MHz, CDCl3) δ 13.88, 14.22, 22.33, 24.68, 31.33, 34.38, 60.20, 174.12. 

 

Stepwise reduction of 6-bromohexanoic acid using binary hydrides DIBAL and 

HInCl2 to produce 1-hexanol (known) 

 

The following procedure was used for the stepwise reduction of ethyl 6-

bromohexanoate using binary hydride DIBAL and HInCl2 (Table 2.8, entry 4).  An 
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oven-dried RBF (50-mL) fit with a rubber septum and stir bar, was cooled under 

argon to 25 °C. Ethyl 6-bromohexanoate (0.53 mL, 3 mmol) was added followed by 

anhydrous THF (10 mL). DIBAL (1.2 M in hexanes, 5.0 mL, 6 mmol) was then 

added dropwise over 10 minutes at 25 °C.  The mixture was stirred for 4 hours at 25 

°C under argon.  TLC analysis indicated complete absence of starting material.  The 

reaction mixture was quenched with 3M NaOH (15 mL) and the mixture was 

extracted with Et2O (3 X 10 mL).  The combined organic layers were dried with 

MgSO4, filtered, and evaporated under reduced pressure (25 °C, 1 Torr) to afford 

crude 6-bromohexanol, the product of the first stage of the tandem reduction. In a 

separate reaction flask with a rubber septum, cooled under argon and charged with a 

stir bar, was added anhydrous InCl3 (1.326 g, 6 mmol). Anhydrous THF (20 mL) was 

added and the mixture stirred vigorously for 5 minutes and 25 °C.  The RBF was then 

submerged in a water bath and DIBAL (1.2 M in hexanes, 5.0 mL, 6 mmol) was 

added dropwise over 10 minutes at 25 °C.  The reaction was allowed to stir for 1 

hour. Crude 6-bromohexanol (0.39 mL, 3 mmol) was added to the HInCl2-Al(iBu)2Cl 

mixture (Caution: Hydrogen evolution!) and stirred for 4 hours at 25 °C under argon. 

The reaction mixture was quenched with 3M NaOH (15 mL) (Caution: Hydrogen 

evolution!) and the mixture was extracted with Et2O (3 X 10 mL).  The combined 

organic layers were dried with MgSO4, filtered, and evaporated in vacuo (25 °C, 1 

Torr) to afford 1-hexanol (0.281 g, 2.76 mmol, 92%). 1H NMR (500 MHz, CDCl3) δ 

0.87 (t, J = 7, 3H), δ 1.27 (m, 7H), δ 1.53 (m, 2H), δ 3.60 (t, J = 6.5, 2H). 13C NMR 

(125 MHz, CDCl3) δ 14.01, 22.65, 25.47, 27.97, 31.69, 32.98, 63.11. 
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Selective reduction of Ethyl 6-bromohexanoate using binary hydrides HInCl2 

and BH3:THF to produce 6-bromohexanol (known) 

 

Ethyl 6-bromohexanoate underwent a selective reduction using binary hydrides 

HInCl2 and BH3:THF to produce 6-bromohexanol by the following method (Table 

2.8, entry 5). An oven-dried RBF (50-mL) was fitted with a rubber septum, stir bar 

and allowed to cool under argon to 25 °C. Anhydrous InCl3 (0.663 g, 3 mmol) was 

added and the RBF was re-purged with argon. Anhydrous THF (10 mL) was then 

added and the mixture stirred vigorously for 5 minutes at 25 °C.  Sodium borohydride 

(NaBH4, 0.340 g, 9 mmol) was added and the reaction flask was reflushed with argon.  

The reaction mixture stirred at 25 °C for 1 hour and during this time, the reaction 

mixture became an opaque silver color. Ethyl 6-bromohexanoate (0.53 mL, 3 mmol) 

was then added and the mixture was stirred for additional 4 hours at 25 °C under 

argon.  Thin layer chromatography analysis indicated completion of the reaction.  The 

reaction was quenched with 3M NaOH (10 mL) (Caution: Hydrogen evolution!). The 

mixture was filtered using a Büchner funnel, and the solid was discarded. The filtrate 

was extracted with Et2O (3 X 10 mL).  The combined organic layers were dried with 

MgSO4, filtered, and evaporated under reduced pressure (25 °C, 1 Torr) to afford the 

6-bromohexanol product as a colorless oil (0.386 g, 2.13 mmol, 71%). 1H NMR (500 

MHz, CDCl3) δ 1.36 (m, 2H), δ 1.42 (m, 2H), δ 1.54 (m, 2H), δ 1.83 (m, 2H), δ 2.60 
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(s br, 1H), δ 3.38 (t, J = 6.5; 2H), δ 3.60 (t, J = 6.5; 2H). 13C NMR (125 MHz, 

CDCl3) δ 24.96, 27.96, 32.44, 32.73, 33.95, 62.68 ppm. 

Selective carbon-halogen bond reduction of ethyl 6-bromohexanoate using single 

hydride HInCl2 to generate ethyl hexanoate 

 

Ethyl 6-bromohexanoate underwent a selective carbon-halogen bond reduction using 

HInCl2 (Table 2.8, entry 6). An oven dried 50-mL RBF was cooled to 25 °C using 

argon, and was fit with a rubber septum and stir bar. Anhydrous InCl3 (0.663 g, 3 

mmol) was added and the flask was reflushed with argon. To this was added 

anhydrous MeCN (10 mL) and the mixture stirred vigorously for 5 minutes until the 

indium trichloride dissolved. Sodium borohydride (0.340 g, 9 mmol) was added and 

the flask was flushed with argon. The heterogeneous reaction mixture stirred for 1 

hour at 25 °C. Over the course of the hour, the reaction turned an opaque silver color. 

Ethyl 6-bromohexanoate (0.27 mL, 1.5 mmol) was added to the reaction mixture and 

stirred for 4 hours. TLC analysis indicated complete absence of the starting material.  

The reaction mixture was quenched with 3M NH4OH (10 mL) to avoid hydrolysis of 

the ester functional group (Caution: Hydrogen evolution!). The mixture was filtered 

using a Büchner funnel, and the solid was discarded. The filtrate was extracted with 

Et2O (3 X 10 mL). The combined organic layers were dried using MgSO4, filtered, 

and evaporated under reduced pressure (25 °C, 1 Torr) to afford the product ethyl 
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hexanoate as a colorless oil (0.141 g, 1.38 mmol, 92%). 1H NMR (500 MHz, CDCl3) 

δ 0.88 (t, J = 7, 3H), δ 1.24 (t, J = 7, 3H), δ 1.30 (m, 4H), δ 1.61 (m, 2H), δ 2.27 (t, J 

= 7.5, 2H), δ 4.12 (q, J = 7, 2H). 13C NMR (125 MHz, CDCl3) δ 13.88, 14.22, 22.33, 

24.68, 31.33, 34.38, 60.20, 174.12. 

General Method for the reduction of methyl octanoate to produce 1-octanol 

(known)  

 

The following is the representative general procedure for the reduction of methyl 

octoanoate. An oven-dried RBF (50-mL) was cooled under argon and charged with a 

stir bar and methyl octanoate (0.54 mL, 3 mmol).  To this was added anhydrous THF 

(10 mL) followed by DIBAL (1.2 M in hexanes, 5.0 mL, 6 mmol), dropwise over 5 

minutes at 25 °C (Table 2.9, entry 1).  The mixture was stirred for 4 hours at 25 °C 

under argon.  Thin layer chromatography analysis indicated completion of the 

reaction.  The reaction mixture was quenched with 3M NaOH (15 mL) (Caution: 

Hydrogen evolution!) and the mixture was extracted with Et2O (3 X 10 mL).  The 

combined organic layers were dried with MgSO4, filtered, and evaporated in vacuo 

(25 °C, 1 Torr) to afford the 1-octanol product as a colorless oil (0.387g, 2.97 mmol, 

99%). 1H NMR (500 MHz, CDCl3) δ 0.87 (t, J = 6.5; 3H), δ 1.27 (m, 10H), δ 1.55 

(m, 2H), δ 2.54 (s br, 1H), δ 3.63 (t, J = 6.5; 2H). 13C NMR (125 MHz, CDCl3) δ 

14.10, 22.69, 25.78, 29.31, 29.44, 31.85, 32.72, 63.12 ppm. 
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Using binary hydrides DIBAL-HInCl2 for the reduction of methyl octanoate 

(Table 2.9, entry 3)  

 

Methyl octanoate (0.54 mL, 3 mmol) was added to an oven-dried RBF that was fit 

with a rubber septum, stir bar, and cooled under argon to 25 °C.  Anhydrous THF (10 

mL) was then added at 25 °C. DIBAL (1.2 M in hexanes, 5.0 mL, 6 mmol) was 

added, dropwise over 5 minutes at 25 °C and allowed to stir for 4 hours.  In a separate 

oven-dried RBF (50-mL) that was cooled to 25 °C  under argon, fit with a rubber 

septum and stir bar was added anhydrous InCl3 (0.663 g, 3 mmol) and anhydrous 

THF (10 mL). The mixture was allowed to stir for 5 minutes until all of the InCl3 was 

dissolved. DIBAL (1.2 M in hexanes, 2.5 mL, 3 mmol) was added dropwise over 5 

minutes. The reaction stirred for 1 hour at 25 °C to generate HInCl2 and ClAl(iBu)2. 

The mixture was then transferred via cannula to the RBF that contained methyl 

octanoate and DIBAL. The mixture was allowed to stir for an additional 4 hours. The 

reaction was then quenched and worked up according to the general method for the 

reduction of methyl octanoate (0.387 g, 2.97 mmol, 99%).  

Using HInCl2-BH3:THF for the reduction of methyl octanoate (Table 2.9, entry 

4) 
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An oven-dried RBF (50-mL) was cooled under argon and charged with a stir bar, 

anh5ydrous InCl3 (0.663 g, 3 mmol) fit with a rubber septum and purged with argon. 

Anhydrous THF (10 mL) was added via and the mixture stirred vigorously for 5 

minutes and 25 °C.  Sodium borohydride (0.340 g, 9 mmol) was added and the flask 

was reflushed with argon.  The reaction mixture stirred at 25 °C for 1 hour and during 

this time the mixture turned an opaque silver color. Methyl octanoate (0.54 mL, 3 

mmol) was then added and the reaction mixture was further stirred for 4 hours at 25 

°C under argon to complete the reduction. 1-octanol was isolated as explained in the 

general method for the reduction of methyl octanoate (0.387 g, 2.97 mmol, 99%). 

Attempted Reduction of methyl octanoate using BH3:THF  

The following procedure is for the reduction of methyl octanoate using BH3:THF 

(stabilized with NaBH4) (Table 2.9, entry 2).  An oven-dried RBF (50-mL) was fitted 

with a rubber septum, cooled under argon and charged with a stir bar. Methyl 

octanoate (0.54 mL, 3 mmol) was added and then anhydrous THF (10 mL) at 25 °C. 

BH3:THF (1.0 M in THF, 3.0 mL, 3 mmol) was added dropwise over 5 minutes at 25 

°C.  The mixture was stirred for 4 hours at 25 °C under argon. The reaction mixture 

was quenched with 3M NH4OH (10 mL) to avoid hydrolyzing the ester group 

(Caution: Hydrogen evolution!) and the mixture was extracted with Et2O (3 X 10 

mL).  The combined organic layers were dried with MgSO4, filtered, and evaporated 

under reduced pressure (25 °C, 1 Torr) to afford a mixture of methyl octanoate (20%) 



 137 

and 1-octanol (80%) products as determined by integration of 1H NMR spectral 

analysis. 

Selective reduction of Methyl 4-(bromomethyl)benzoate using DIBAL to 

produce [4-(bromomethyl)phenyl]methanol (known)  

 

The following procedure was employed for the selective reduction of methyl 4-

(bromomethyl)benzoate using DIBAL (Table 2.9, entry 1).  An oven-dried RBF (50-

mL) was cooled under argon and charged with a stir bar, methyl 4-

(bromomethyl)benzoate (0.687 g, 3 mmol), and again was purged with argon.  To this 

was added anhydrous THF (10 mL) at 25 °C followed by DIBAL (1.2 M in hexanes, 

5.5 mL, 6.6 mmol) dropwise over 5 minutes at 25 °C.  The mixture was stirred for 4 

hours at 25 °C under argon.  Thin layer chromatography analysis indicated 

completion of the reaction.  The reaction mixture was quenched with 3M NaOH (15 

mL) (Caution: Hydrogen evolution!) and the mixture was extracted with Et2O (3 X 

10 mL).  The combined organic layers were dried with MgSO4, filtered, and 

evaporated under reduced pressure (25 °C, 1 Torr) to afford 4-

(bromomethyl)phenyl]methanol as a white solid (0.542g, 2.70 mmol, 90%). 1H NMR 

(500 MHz, CDCl3) δ 4.46 (s, 2H), δ 4.57 (s, 2H), δ 7.27 (d, J = 7.5, 2H), δ 7.35 (d, J 

= 7.5; 2H). 13C NMR (125 MHz, CDCl3) δ 33.45, 64.56, 127.45, 129.37, 137.21, 

141.32 ppm. 
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Selective reduction of carbon-bromide bond in methyl 4-(bromomethyl)benzoate 

using HInCl2 to synthesize methyl para-toluate (known) 

 

The following procedure was used for the selective reduction of the carbon-bromide 

bond of methyl 4-(bromomethyl)benzoate using HInCl2 (Table 2.10, entry 4). An 

oven-dried RBF (100-mL) was fitted with a rubber septum, stir bar, and was cooled 

under argon to 25 °C. Anhydrous InCl3 (0.796 g, 3.6 mmol) was added and the flask 

was re-purged with argon. Anhydrous THF (12 mL) was added to the mixture and 

stirred vigorously for 5 minutes and 25 °C.  The RBF was then submerged in a water 

bath and DIBAL (1.2 M in hexanes, 3 mL, 3.6 mmol) was added dropwise over 5 

minutes at 25 °C. The reaction stirred for 1 hour. Methyl 4-(bromomethyl)benzoate 

(0.687 g, 3 mmol) was quickly added and the flask and re-purged with argon. The 

mixture stirred for 4 hours at 25 °C.  TLC analysis indicated completion of the 

reaction.  The reaction mixture was quenched with 3M NH4OH (15 mL) (Caution: 

Hydrogen evolution!) and the mixture was extracted with Et2O (3 X 10 mL).  The 

combined organic layers were dried with MgSO4, filtered, and evaporated in vacuo 

(25 °C, 1 Torr) to afford the product, methyl para-toluate, a colorless oil (0.351 g, 

2.34 mmol, 78%). 1H NMR (500 MHz, CDCl3) δ 2.41 (s, 1H), δ 3.9 (s, 3H), δ 7.24 

(d, J = 7.5, 2H), δ 7.94 (d, J = 7.5; 2H). 13C NMR (125 MHz, CDCl3) δ 21.64, 51.97, 

129.20, 129.31, 129.73, 143.68, 167.36 ppm. 
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Tandem reduction of methyl 4-(bromomethyl)benzoate using binary hydrides 

methyl-LAB and HInCl2 to produce para-tolylmethanol (known) 

 

Tandem reduction of methyl-(bromomethyl)benzoate using binary hydride system 

methyl-LAB and HInCl2 was carried out as follows (Table 2.10, entry 4).  An oven-

dried RBF (100-mL) was cooled under argon to 25 °C and was fitted with a stir bar 

and rubber septum. Anhydrous InCl3 (0.796 g, 3.6 mmol) was added and the flask 

was flushed using argon. Anhydrous THF (12 mL) was then added, and the mixture 

and stirred vigorously for 5 minutes and 25 °C until the InCl3 was fully dissolved. 

The RBF was then immersed in a water bath and DIBAL (1.2 M in hexanes, 3 mL, 

3.6 mmol) was added dropwise over 5 minutes at 25 °C and the reaction stirred for 1 

hour. Methyl-(bromomethyl)benzoate (0.687 g, 3 mmol) was added to the flask and 

was re-flushed with argon. The mixture was stirred for 4 additional hours at 25 °C 

under argon.  For the reduction of the ester group, methyl-LAB (1.0 M in THF, 9 mL, 

9 mmol) was added and a precipitate crashed out and aggregated which formed a 

metal nugget consisting of In(0) (the metal nugget was determined to be pure indium 

by PXRD analysis) and reaction stirred for 1 hour at 25 °C. TLC indicated 

completion of the reaction.  The reaction mixture was quenched with 3M NaOH (10 

mL) (Caution: Hydrogen evolution!)  and the mixture was extracted with Et2O (3 X 

10 mL). The organic layer was then washed with 3M HCl (10 mL) and the acidic 

solution was extracted with Et2O (3 X 10 mL). The combined organic layers were 
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dried with MgSO4, filtered, and evaporated in vacuo (25 °C, 1 Torr) to afford the 

para-tolylmethanol product as a white solid (0.330, 2.70 mmol, 90%). 1H NMR (500 

MHz, CDCl3) δ 2.25 (s, 2H), δ 4.64 (s, 3H), δ 7.18 (d, J = 7.5, 2H), δ 7.26 (d, J = 7.5; 

2H). 13C NMR (125 MHz, CDCl3) δ 21.18, 28.01, 65.32, 127.27, 129.37, 137.52 

ppm. 

Selective reduction of methyl 4-(bromomethyl)benzoate using binary hydrides 

HInCl2 and BH3:THF to produce methyl para-toluate (known) 

 

Selective reduction of methyl-(bromomethyl)benzoate using binary hydrides HInCl2 

and BH3:THF (Table 2.10, entry 5) was carried out as follows.  An oven-dried RBF 

(50-mL) was cooled under argon and charged with a stir bar, anhydrous InCl3 (0.663 

g, 3 mmol) fitted with a rubber septum and purged with argon. Anhydrous THF (10 

mL) was added and the mixture stirred vigorously for 5 minutes at 25 °C.  Sodium 

borohydride (NaBH4, 0.340 g, 9 mmol) was added and the flask was reflushed with 

argon.  The reaction mixture stirred at 25 °C for 1 hour; during this time the mixture 

turned an opaque silver color. To the reaction flask was added methyl-

(bromomethyl)benzoate (0.687 g, 3 mmol) and again re-purged with argon. The 

mixture was stirred for 4 hours at 25 °C under argon. After TLC analysis indicated 

the reaction was complete, the mixture was quenched with 3M NH4OH (10 mL) 
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(Caution: Hydrogen evolution!)  and the solid precipitate was filtered and discarded. 

The filtrate was extracted with Et2O (3 X 10 mL).  The combined organic layers were 

dried with MgSO4, filtered, and evaporated in vacuo (25 °C, 1 Torr) to afford the 

methyl para-toluate product as a white solid (0.446 g, 2.97 mmol, 99%). 1H NMR 

(500 MHz, CDCl3) δ 2.41 (s, 1H), δ 3.9 (s, 3H), δ 7.24 (d, J = 7.5, 2H), δ 7.94 (d, J = 

7.5; 2H). 13C NMR (125 MHz, CDCl3) δ 21.64, 51.97, 129.20, 129.31, 129.73, 

143.68, 167.36 ppm. 

Selective reduction of Methyl 4-(bromomethyl)benzoate using HInCl2 to produce 

methyl para-toluate (known) 

 

The same procedure using InCl3 and NaBH4 in THF was followed for the selective 

reduction of the carbon-bromide bond of methyl-(bromomethyl)benzoate using InCl3 

and NaBH4 (Table 2.10, entry 6), however the solvent was changed from THF to 

MeCN. Methyl para-toluate was also obtained (0.378 g, 2.52 mmol, 84%). 1H NMR 

(500 MHz, CDCl3) δ 2.41 (s, 1H), δ 3.9 (s, 3H), δ 7.24 (d, J = 7.5, 2H), δ 7.94 (d, J = 

7.5; 2H). 13C NMR (125 MHz, CDCl3) δ 21.64, 51.97, 129.20, 129.31, 129.73, 

143.68, 167.36 ppm. 
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Selective reduction of 4-(bromomethyl)phenylacetic acid using DIBAL to 

produce 2-(4-(bromomethyl)phenyl)ethanol (known) 

 

The following procedure was used for the selective reduction of 4-

(bromomethyl)phenyl acetic acid using DIBAL (Scheme 2.6, b).  An oven-dried RBF 

(50-mL) was cooled under argon, charged with a stir bar and methyl 4-

(bromomethyl)phenyl acetic acid (0.687 g, 3 mmol).  To this was added anhydrous 

THF (10 mL) followed by DIBAL (1.2 M in hexanes, 7.5 mL, 9 mmol), dropwise 

over 10 minutes at 25 °C (Caution: Hydrogen evolution!).  The mixture was stirred 

for 4 hours at 25 °C under argon.  Thin layer chromatography analysis indicated 

completion of the reaction.  The reaction mixture was quenched with 3M NaOH (15 

mL) (Caution: Hydrogen evolution!)  the mixture was extracted with Et2O (3 X 10 

mL).  The combined organic layers were dried with MgSO4, filtered, and evaporated 

in vacuo (25 °C, 1 Torr) to afford the 2-(4-(bromomethyl)phenyl)ethanol product as a 

white solid (0.548 g, 2.55 mmol, 85%). 1H NMR (500 MHz, CDCl3) δ 2.89 (t, J = 

6.5, 2H), δ 3.85 (t, J = 6.5, 2H), δ 4.49 (s, 2H), δ 7.21 (d, J = 7.5, 2H), δ 7.34 (d, J = 

7.5; 2H). 13C NMR (125 MHz, CDCl3) δ 33.54, 38.86, 63.38, 129.40, 129.64, 136.11, 

139.22 ppm. 

13C NMR (125 MHz, CDCl3) δ 139.22, 136.11, 129.64, 129.40, 63.38, 38.86, 33.54 

ppm. 
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Selective reduction of 4-(bromomethyl)phenyl acetic acid using BH3:THF to 

produce 2-(4-(bromomethyl)phenyl)ethanol (known) 

 

Selective reduction of 4-(bromomethyl)phenyl acetic acid using BH3:THF (Scheme 

2.6, c) was carried out the following way.  An oven-dried RBF (50-mL) was fit with a 

rubber septum and charged with a stir bar. The flask was cooled to 25 °C with argon. 

Methyl 4-(bromomethyl)phenyl acetic acid (0.687 g, 3 mmol) was added and 

followed by anhydrous THF (10 mL). BH3:THF (1.0 M in THF, 3.0 mL, 3 mmol) 

was added dropwise over 10 minutes at 25 °C (Caution: Hydrogen evolution!). After 

4 hrs, reaction mixture was quenched with 3M NaOH (10 mL) (Caution: Hydrogen 

evolution!), and extracted with Et2O (3 X 10 mL). The combined organic layers were 

dried with MgSO4, filtered, and evaporated in vacuo (25 °C, 1 Torr) to afford the 2-

(4-(bromomethyl)phenyl)ethanol product as a white solid (0.606 g, 2.82 mmol, 94%). 

1H NMR (500 MHz, CDCl3) δ 2.89 (t, J = 6.5, 2H), δ 3.85 (t, J = 6.5, 2H), δ 4.49 (s, 

2H), δ 7.21 (d, J = 7.5, 2H), δ 7.34 (d, J = 7.5; 2H). 13C NMR (125 MHz, CDCl3) δ 

33.54, 38.86, 63.38, 129.40, 129.64, 136.11, 139.22 ppm. 

Selective reduction of 4-(bromomethyl)phenyl acetic acid using HInCl2 forming 

para-tolylacetic acid (known) 
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The following is for the selective reduction of 4-(bromomethyl)phenyl acetic acid 

using HInCl2 (Scheme 2.6, d). An oven-dried RBF (100-mL) was cooled under argon 

and charged with a stir bar and fit with a rubber septum. Anhydrous InCl3 (1.326 g, 6 

mmol) was then added and the flask was re-purged with argon. Anhydrous THF (20 

mL) was added and the mixture stirred vigorously for 5 minutes at 25 °C.  The RBF 

was then immersed in a water bath and DIBAL (1.2 M in hexanes, 5.0 mL, 6 mmol) 

was added dropwise over 10 minutes at 25 °C.  The reaction was allowed to stir for 1 

hour at 25 °C. Methyl 4-(bromomethyl)phenyl acetic acid (0.687 g, 3 mmol) was 

added and the stirring continued for an additional 4 hours at 25 °C under argon.  Thin 

layer chromatography analysis indicated completion of the reaction.  The reaction 

mixture was quenched with 3M NaOH (15 mL) (Caution: Hydrogen evolution!) and 

acidified using acetic acid to pH 4. The mixture was extracted with Et2O (3 X 10 

mL).  The combined organic layers were dried with MgSO4, filtered, and evaporated 

in vacuo (25 °C, 1 Torr) to afford para-tolylacetic acid as a white solid (0.405 g, 2.70 

mmol, 90%). 1H NMR (500 MHz, CDCl3) δ 2.36(s, 3H), δ 3.80 (s, 2H), δ 7.18 (d, J 

= 8, 2H), δ 7.21 (d, J = 8, 2H). 13C NMR (125 MHz, CDCl3) δ 28.83, 41.23, 54.29, 

70.28, 129.44, 129.61, 137.29, 177.25 ppm. 

Tandem reduction of 4-(bromomethyl)phenyl acetic acid using binary hydrides 

DIBAL and HInCl2 to produce 4-Methylphenethyl alcohol (known) 
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The following method was used for the tandem reduction of 4-(bromomethyl)phenyl 

acetic acid using binary hydride system DIBAL and HInCl2 (Scheme 2.6, e).  An 

oven-dried RBF (100-mL) was cooled under argon and charged with a stir bar, 4-

(bromomethyl)phenyl acetic acid (0.687 g, 3 mmol) and reflushed with argon.  

Anhydrous THF (10 mL) was added at 25 °C followed by DIBAL (1.2 M in hexanes, 

7.5 mL, 9 mmol), dropwise over 5 minutes at 25 °C (Caution: Hydrogen evolution!).  

The mixture stirred for 4 hours at 25 °C under argon.  In a separate reaction flask 

(100-mL), cooled under argon, fit with a septum and charged with a stir bar, was 

added anhydrous InCl3 (0.663 g, 3 mmol). Anhydrous THF (10 mL) was added, and 

the mixture stirred vigorously for 5 minutes at 25 °C.  The RBF was then submerged 

in a water bath and DIBAL (1.2 M in hexanes, 2.5 mL, 3 mmol) was added dropwise 

over 5 minutes at 25 °C.  The reaction was allowed to stir for 1 hour at 25 °C. To the 

reaction flask containing 4-(bromomethyl)phenyl acetic acid and DIBAL was added 

HInCl2, transferred via cannula, and the mixture was stirred for 4 more hours at 25 °C 

under argon.  Thin layer chromatography analysis indicated completion of the 

reaction.  The reaction mixture was quenched with 3M NaOH (15 mL) (Caution: 

Hydrogen evolution!) and the mixture was extracted with Et2O (3 X 10 mL).  The 

combined organic layers were dried with MgSO4, filtered, and evaporated in vacuo 

(25 °C, 1 Torr) to afford the 4-methylphenethyl alcohol l product as a white solid 

(0.286 g, 2.1 mmol, 70%). 1H NMR (500 MHz, CDCl3) δ 2.42 (s, 3H), δ 2.89 (t, J = 

6.5, 2H), δ 2.94(s br, 1H), δ 3.85 (t, J = 6.5, 2H), δ 7.21 (d, J = 7.5, 2H), δ 7.23 (d, J 
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= 7.5, 2H). 13C NMR (125 MHz, CDCl3) δ 21.16, 38.89, 63.78, 129.16, 129.43, 

135.78, 136.03 ppm.  

Tandem reduction of 4-(bromomethyl)phenyl acetic acid using binary hydrides 

BH3:THF and HInCl2 to produce 4-Methylphenethyl alcohol (known) 

 

The following method was used for the tandem reduction of 4-(bromomethyl)phenyl 

acetic acid using binary hydrides HInCl2 and BH3:THF (Scheme 2.6, f).  An oven-

dried RBF (50-mL) was cooled under argon and charged with a stir bar, anhydrous 

InCl3 (0.663 g, 3 mmol) and purged with argon. Anhydrous THF (10 mL) was added 

and the mixture stirred vigorously for 5 minutes at 25 °C.  Sodium borohydride 

(NaBH4, 0.340 g, 9 mmol) was added and the flask was reflushed with argon.  The 

reaction mixture stirred at 25 °C for 1 hour and the mixture turned an opaque silver 

color. 4-(bromomethyl)phenyl acetic acid (0.687 g, 3 mmol) was added quickly and 

the flask was reflushed with argon. The mixture was stirred for 4 hours at 25 °C under 

argon.  Thin layer chromatography analysis indicated completion of the reaction.  The 

reaction mixture was quenched with 3M NaOH (10 mL) (Caution: Hydrogen 

evolution!). The solid precipitate was filtered and discarded. The filtrate was 

extracted with Et2O (3 X 10 mL).  The combined organic layers were dried with 

MgSO4, filtered, and evaporated in vacuo (25 °C, 1 Torr) to afford the 4-

methylphenethyl alcohol product as a white solid (0.384 g, 2.82 mmol, 94%). 1H 
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NMR (500 MHz, CDCl3) δ 2.42 (s, 3H), δ 2.89 (t, J = 6.5, 2H), δ 2.94(s br, 1H), δ 

3.85 (t, J = 6.5, 2H), δ 7.21 (d, J = 7.5, 2H), δ 7.23 (d, J = 7.5, 2H). 13C NMR (125 

MHz, CDCl3) δ 21.16, 38.89, 63.78, 129.16, 129.43, 135.78, 136.03 ppm. 

Tandem reduction of 4-(bromomethyl)phenyl acetic acid using HInCl2 to 

produce 4-Methylphenethyl alcohol (known) 

 

The same procedure as InCl3 and NaBH4 in THF was used for the selective reduction 

of the carbon-bromide bond of 4-(bromomethyl)phenyl acetic acid using InCl3 and 

NaBH4 (Scheme 2.6, g), however the solvent was changed from THF to MeCN. 4-

Methylphenethyl alcohol was also obtained as a white solid (0.241 g, 1.77 mmol, 

59%). 1H NMR (500 MHz, CDCl3) δ 2.42 (s, 3H), δ 2.89 (t, J = 6.5, 2H), δ 2.94(s br, 

1H), δ 3.85 (t, J = 6.5, 2H), δ 7.21 (d, J = 7.5, 2H), δ 7.23 (d, J = 7.5, 2H). 13C NMR 

(125 MHz, CDCl3) δ 21.16, 38.89, 63.78, 129.16, 129.43, 135.78, 136.03 ppm. 

Partial reduction of 4-(halomethyl)benzonitrile using DIBAL to produce para-

(halomethyl)benzaldehyde (known) 

 

The following procedure for the partial reduction of 4-(halomethyl)benzonitrile is as 

follows (Table 2.11, entry 1). An oven dried round bottom flask (25-mL) fitted with a 



 148 

rubber septum was cooled under argon and charged with a stir bar. Anhydrous THF 

(5 mL) and 4-(halomethyl)benzonitrile (0.455 g, 3 mmol) were added at 25 °C.  

DIBAL (1 M in hexanes, 3 mL, 3 mmol) was added to the reaction mixture dropwise 

via syringe over 5 min. and the reaction stirred at 25 °C for 4 h. Thin layer 

chromatography analysis indicated the completion of the reaction. The reaction was 

quenched with 1.5 M hydrochloric acid (10 mL), methanol (5 mL) and the mixture 

stirred for 30 min (Caution: Hydrogen evolution!). The reaction mixture was then, 

filtered and extracted with Et2O/THF (3 x 10 mL) and the combined organic layers 

were dried with anhydrous MgSO4, filtered and evaporated in vacuo (25 °C, 1 Torr) 

to afford the tandem reduction 4-(halomethyl)benzaldehyde product as a white solid 

(Cl = 0.371 g, 2.40 mmol, 80%). 1H NMR (500 MHz, CDCl3) δ 4.61 (s, 2H), δ 7.52 

(d,  J = 8, 2H), δ 7.89 (d, J = 8, 2H), δ 10.05 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 

45.30, 129.20, 130.20, 132.7, 143.8, 191.7 ppm. (Br = 0.507 g, 2.55 mmol, 85%) 1H 

NMR (500 MHz, CDCl3) δ 4.56 (s, 1H), δ 7.59 (d, J = 8, 2H), δ 7.91 (d, J = 8, 2H), δ 

10.07 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 33.1, 129.8, 130.2, 136.4, 144.6, 191.9 

ppm.  

Selective reduction of 4-(halomethyl)benzonitrile using HInCl2 to produce para-

tolunitrile (known) 
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For the selective reduction of 4-(halomethyl)benzonitrile using HInCl2 the following 

procedure was used (Table 2.11, entry 3). An oven dried round bottom flask (50-mL) 

fitted with a rubber septum was cooled under argon and charged with a stir bar, 

anhydrous InCl3 (0.663 g, 3 mmol), anhydrous THF (10 mL) and DIBAL (1 M in 

hexanes, 3.1 mL, 3.1 mmol).  The reaction was then stirred at 25 °C for 1 h. 4-

(halomethyl)benzonitrile (0.588 g, 3 mmol) was added to the RBF and the reaction 

mixture was stirred at 25 °C. After 4 h, TLC analysis indicated completion of the 

reaction. The reaction was quenched with deionized water (10 mL) (Caution: 

Hydrogen evolution!) and the mixture extracted with Et2O (3 x 10 mL). The 

combined organic layers were dried with anhydrous MgSO4, filtered and evaporated 

in vacuo (25 °C, 1 Torr) to afford the selectively reduced para-tolunitrile product as a 

colorless oil (Cl = 0.260 g, 2.22 mmol, 74%. Br = 0.299 g, 2.55 mmol, 85% yield). 

1H NMR (500 MHz, CDCl3) δ 2.41 (s, 3H), δ 7.28 (d, 2H), δ 7.52 (d, 2H). 13C NMR 

(125 MHz, CDCl3) δ 21.9, 109.4, 119.3, 130.0, 132.2, 143.9 ppm. 

Tandem reduction of 4-(halomethyl)benzonitrile using binary hydrides DIBAL 

and HInCl2 to produce para-methylbenzaldehyde (known) 

 

The following procedure is for the tandem reduction of 4-(halomethyl)benzonitrile 

(Table 2.11, entry 4). An oven dried round bottom flask (50-mL), fitted with a rubber 

septum and stir bar, was cooled under argon to 25 °C. Anhydrous THF (5 mL) and 4-



 150 

(halomethyl)benzonitrile (0.588 g, 3 mmol) were added to the RBF.  DIBAL (1M in 

hexanes, 3 mL, 3 mmol) was then added to the reaction mixture dropwise over 5 min. 

and the reaction stirred at 25 °C for 4 h. A second equivalent of DIBAL (1 M in 

hexanes, 3.3 mL, 3.3 mmol) followed by anhydrous InCl3 (0.663 g, 3 mmol) was then 

added and the reaction stirred at 25 °C for 4 h. TLC analysis and infrared 

spectroscopy indicated the completion of the reaction. The reaction was quenched 

with 1.5 M hydrochloric acid (10 mL), methanol (5 mL) and the mixture stirred for 

30 min (Caution: Hydrogen evolution!). The reaction mixture was then, filtered and 

the remaining acidic solution was extracted with Et2O/THF (3 x 10 mL). The 

combined organic layers were dried with anhydrous MgSO4, filtered and evaporated 

in vacuo (25 °C, 1 Torr) to afford the tandem reduction 4-(methyl)benzaldehyde 

product as a colorless oil (Cl = 0.227 g, 1.89 mmol, 63%. Br = 0.242 g, 2.01 mmol, 

67%). 1H NMR (500 MHz, CDCl3) δ 2.43 (s, 3H), δ 7.28 (d, J = 8.5, 2H), δ 7.81 (d, J 

= 8.5, 2H), δ 9.96 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 21.8, 129.5, 134.3, 145.6 

(4 C), 191.7 ppm. 
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CHAPTER 3 

 

Synthesis of Diisobutylaluminum Borohydride and its Reduction Profile with Various 

Functional Groups 
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3.1 Introduction 

 Hydrides play an important role in organic chemistry. The reduction of many 

electrophilic functional groups can be carried out using hydride nucleophiles. Mild 

hydride nucleophiles, such as sodium borohydride (NaBH4), are limited to the 

reduction of aldehyde and ketone functionalities. This can be useful in the selective 

reduction of aldehydes or ketones in the presence of other functionalities such as 

esters, nitriles, and carboxylic acids. Strong hydride reducing agents, such as lithium 

aluminum hydride (LiAlH4) can reduce most functional groups. Lithium aluminum 

hydride is pyrophoric and not advantageous to use for large-scale reactions. This 

chapter will discuss the development of diisobutylaluminum borohydride 

(iBu2AlBH4) and its reduction profile. 

3.1.1 Lithium aluminum hydride 

Metal hydrides revolutionized reduction reactions in modern organic 

chemistry. Lithium aluminum hydride (LiAlH4) was developed by Schlesinger and 

coworkers; it was a better hydride reducing agent compared with sodium metal in 

hydroxylic conditions.1 Lithium aluminum hydride can reduce most functional groups 

in high yields, and often with no side reactions (Scheme 3.1).  
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Scheme 3.1 Lithium aluminum hydride reduction capabilities 

 

Lithium aluminum hydride was one of the first metal hydrides developed and is still 

used currently. This metal hydride is generated by treating lithium hydride (LiH) with 

a solution of aluminum chloride (AlCl3) in ether (eq 3.1).1 

 

 
 

(3.1) 
 

Even though LiAlH4 is very pyrophoric, it is a safer alternative to hydrogen 

gas which was commonly used until the discovery of metal hydrides. A main 

drawback of LiAlH4 is that it must be used in ethereal solvents; substrates that are 
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insoluble in ether do not react satisfactorlly. Substances that contain acidic protons or 

“active” hydrogens can decompose the reagent by liberating hydrogen gas. 

 

3.1.2 Diisobutylaluminum hydride2 

Another aluminum-based reducing agent is diisobutylaluminum hydride 

(DIBAL). This metal hydride is milder than LiAlH4. Diisobutylaluminum hydride can 

partially reduce esters, carboxylic acids, and nitriles to the corresponding aldehyde 

while LiAlH4 produces the alcohols. There are two common ways to synthesize 

DIBAL. The first is through lithium hydride and diisobutylaluminum chloride (eq 

3.2).3 

 

 

 
 

(3.2) 
 

 

The more common method of generating DIBAL is by heating triisobutylaluminum 

(TIBA) to 100 ºC. One of the isobutyl groups undergoes a β-hydride elimination 

resulting in diisobutylaluminum hydride and isobutene (eq 3.3).4 

 

 

 

 
(3.3) 
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Many benefits accrue by using DIBAL to carry out reduction reactions. 

Diisobutylaluminum hydride is soluble in both ethereal and hydrocarbon solvents. To 

the contrary, DIBAL is unstable in dichloromethane or any cholorinated solvent, 

potentially resulting in hazardous reactions with the solvents.5 Partial reduction of 

carboxylic acids, esters, and nitriles to the corresponding aldehydes can be achieved 

using DIBAL, which can be attributed to the stability of the tetrahedral intermediate 

produced in the reaction.6 With the exception of nitriles, partial reduction reactions 

are carried out at -78 ºC. It has been reported that DIBAL is capable of reducing N,N-

disubstituted amides to the corresponding aldehyde. However, yields are low and 

product purification requires column chromatography.6 Zakharkin reported that 

DIBAL could reduce tertiary amides to the corresponding tertiary amine when the 

reaction was heated to 200 ºC. This method for reducing tertiary amides to the 

corresponding amine is not typically used because there are safer and more efficient 

alternatives.7 Functional groups that are reduced using DIBAL are summarized in 

Scheme 3.2. 

 



 159 

 

 

Scheme 3.2 Diisobutylaluminum hydride reduction capabilities 

 

3.1.3 Borane Complexes (BH3:Ligand) 

 With the growing complexity of synthetic compounds, the need for reducing 

agents with different selectivities is important in modern organic chemistry. By 

having access to a wide variety of reducing agents, selective, partial, and tandem 

reductions can be achieved. Since its discovery, borane:tetrahydrofuran (BH3:THF), 

has been widely utilized in delivering hydrides to different classes of reducible 

compounds (Scheme 3.3).  
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Scheme 3.3 Borane:ligand reduction capabilities 

Brown studied the reductions of carbonyl compounds using BH3:THF. He 

classified substrates containing carbonyl groups into three categories: 1) rapid: the 

reaction is complete within 15 minutes at room temperature 2) slow: several hours are 

required for the reaction to reach completion when no reaction is observed at room 

temperature, and 3) unreactive: no reaction is observed.8  

Borane became even more widely used after Brown discovered its 

hydroboration properties of alkenes and alkynes. He found that H-B could be added 

across carbon-carbon double and triple bonds (eq 3.4). Upon oxidation using alkaline 
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hydrogen peroxide, the anti-Markovnikov alcohol or less substituted carbonyl was 

obtained (eq 3.5) from alkenes and alkynes, respectively.9 

 

 
(3.4) 

 

 
 
 

 
(3.5) 

 

Due to the increasing demand of borane adducts, there has been tremendous 

effort in the development of alternative ways to synthesize these complexes. Borane-

tetrahydrofuran (BH3:THF) is the most commonly used borane complex. However, 

commercial samples must be shipped under refrigeration to prevent degradation. To 

determine the purity of BH3:THF, it is easily checked through 11B NMR analysis, 

observed as a quartet at δ -1 ppm (J = 106 Hz). The degraded reagent contains 

dialkoxyborane (δ +36 ppm) and/or trialkoxyborane (δ +16 ppm) (Figure 3.1). 

 

Figure 3.1 Decomposed commercially purchased BH3:THF 



 162 

Because commercially available BH3:THF is often compromised, borane can 

be coordinated to different solvents such as dimethylsulfide, morpholine, substituted 

pyridines, and a wide variety of different amines. The more upfield the chemical shift 

of the adducts compared to BH3:THF, the tighter the coordination of borane to the 

Lewis base (Table 3.1).10 This property makes these borane complexes more stable 

than BH3:THF, and therefore not as easily degraded. 

Table 3.1 Commercially available borane complexes10 

borane 11B chemical shift (ppm) 
 

 
 

 
NH3 = -23 

 

NR3 = -8 to -13 

 

 
 

 
 
 

-13 

 

 
 

 
 
 

-16 

 

 

 
 
(BMS) 

 
 

-20 
 

 

These complexes are more stable than BH3:THF. Another issue with these 

borane complexes is that the Lewis base can often interfere with or retard the rate of 

the reaction. Brown reported the decreased reactivity of borane:dimethylsulfide 
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(BMS) compared to BH3:THF. He attributed this to the tighter coordination of borane 

and dimethyl sulfide. Brown showed that distilling off dimethyl sulfide during the 

reaction reestablished the reactivity of borane.11  

Because BH3:THF is the most reactive of the borane:ligand species, 

developing new methods to synthesize BH3:THF have been studied. Singaram 

showed that BH3:THF can be made in situ from indium trichloride (InCl3) and 

sodium borohydride in THF.12 When acetonitrile is used as the solvent instead of 

THF, the borane generated is scavenged and rendered inactive for reductions (Scheme 

3.4).12 

 

 

 

Scheme 3.4 Generation of borane using InCl3 and NaBH4 

 

Although HInCl2 is generated along with BH3:THF in the reaction of NaBH4 

with InCl3 in THF, HInCl2 alone does not reduce many functionalities, such as 

carboxylic acids, esters, or amides.13 Therefore, HInCl2 should not interfere with the 

reduction using BH3:THF if any of these functional groups are present. 
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3.1.4 Sodium borohydride 

 In early 1941, Schlesinger and Brown explored methods of synthesizing 

volatile uranium compounds for the Manhattan project. Originally, they studied 

uranium (IV) and (VI) complexes derived from 1,3-diketones and other chelating 

agents. They found that these reactions would not be sufficient for generating volatile 

uranium derivatives.14 Schlesinger and coworkers had already discovered how to 

synthesize aluminum15, beryllium,16 and lithium borohydrides17 (eq 3.6, 3.7,  and 3.8 

respectively).  

 

 

 
 
(3.6) 

 

 
 
(3.7) 

 

 
 
(3.8) 

 

Lithium borohydride (LiBH4) was prepared similar to the synthesis of 

aluminum and beryllium borohydrides. However, LiBH4 has different chemical 

properties and is useful as a reducing agent (eq 3.8) . Aluminum and beryllium 

borohydride are spontaneously flammable whereas LiBH4 is air stable in air. Lithium 

borohydride has a melting point of 275-280 °C giving it a salt-like character that 

makes it air stable. The chemical and physical properties of diborane, Al(BH4)3, 

Be(BH4)2, and LiBH4 are summarized in Table 3.2. 
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Table 3.2 Borane and borohydride chemical and physical property comparison 

 diborane aluminum 
borohydride 

beryllium 
borohydride 

lithium 
borohydride 

Reagent Formula (H3B)2 Al(BH4)3 Be(BH4)2 LiBH4 
 

Increasing tendency to react as BH4 derivatives 

Increasing tendency to react as BH3 derivatives 
 

 

M. p., °C -165.5 -64.4 123 275 
B.  p., °C -92.5 44.5 91.3 dec. 275 

V. p. 0°, mm. Very high 
(>15,000) 

119 0.5 Very low 
(<<10-5) 

 

Early methods of generating borohydrides were carried out by reacting 

diborane with metal alkyls. Because no known alkyl uranium species are known, 

uranium borohydride was achieved through the interaction of uranium(IV) fluoride 

with aluminum borohydride (eq 3.9).18 

 

 (3.9) 

    

The methods of preparing borohydrides on large scales require different 

methods other than the preparation from diboranes. The metal alkyl and diborane 

method are slow and require a large excess of diborane to completely remove any 

remaining alkyl metals from the product.  

  Sodium borohydride (NaBH4) is the most common metal borohydride. 

Although structurally similar to LiBH4, the synthesis is different than other metal 
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borohydrides. Lithium borohydride can be generated through lithium hydride and 

diborane. Unfortunately, a similar synthesis is not viable for NaBH4. There are three 

different methods available that are used to synthesize NaBH4 (eq 3.10-3.12). These 

reactions are used to generate NaBH4 on a large scale and in high yields. 

 

 (3.10) 
 

 (3.11) 
 

 (3.12) 
 

Sodium borohydride is a very mild reducing agent. Under mild conditions 

NaBH4 is capable only of reducing acid chlorides, aldehydes and ketones. The mild 

nature of NaBH4 can be exploited in the selective reduction of aldehydes and/or 

ketones in the presence of less electrophilic functional groups without the need for 

using protecting groups (Scheme 3.5).  
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Scheme 3.5 Sodium borohydride reduction profile 

Unfortunately, NaBH4 is insoluble in common ethereal solvents and only slightly 

soluble in tetrahydrofuran (THF) and acetonitrile (MeCN).19  

Kolonitsch, Fuchs, and Gabor were able to reduce carboxylic acids and esters 

to alcohols using NaBH4 in the presence of lithium or magnesium iodides.20 These 

authors successfully reduced many functional groups using calcium, strontium, and 

barium borohydrides that cannot be reduced by NaBH4 alone.20 Brown further 

demonstrated that in the presence of aluminum chloride (AlCl3), NaBH4 was able to 

reduce esters, carboxylic acids, anhydrides, amides, and nitriles (Scheme 3.6).21 
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Scheme 3.6 Sodium borohydride in the presence of AlCl3 reduction capabilities 

 

A mixture of AlCl3:NaBH4 in a ratio of 1:3 produced a reducing agent capable 

of reducing esters in one hour at 25 °C (eq 3.13).  

 

 (3.13) 
 

    

It has been suggested that AlCl3 and NaBH4 generate aluminum borohydride, 

which is able to reduce a wide variety of functional groups.20,21 Using NaBH4 in 

conjunction with AlCl3 allows for less electrophilic carbonyl compounds to be 

reduced, compared to using only NaBH4. Interestingly, alkenes were also reduced to 

the corresponding alkane using the AlCl3/NaBH4 system followed by workup with a 
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carboxylic acid. Sodium borohydride alone is capable of reducing only acid chloride, 

aldehyde, and ketone carbonyls, but when AlCl3 is added, the reducing agent 

generated has reducing power comparable to that of LiAlH4. 

Kollonitsch and coworkers showed different metal borohydrides could be 

synthesized by reacting NaBH4 with the corresponding metal halide.20 Lithium 

borohydride is generated using NaBH4 and lithium chloride (LiCl) (eq 3.14). 

Magnesium and calcium borohydrides are generated in a similar fashion (eq 3.15 and 

3.16 respectively). These borohydrides are much more sensitive to water and 

compounds containing acidic protons. 

 

 
 

(3.14) 

 
 

(3.15) 

 
 

(3.16) 

 

Brown and coworkers showed that esters are reduced to the corresponding 

primary alcohol in good yields under ambient conditions using a mixture of NaBH4 

and lithium bromide (LiBr) (Table 3.3).21 Brown suggested that NaBH4 and LiBr 

generate a small amount of LiBH4, which immediately reacts with the ester. Together, 

NaBH4 and LiBr in diglyme are more powerful than NaBH4 alone while being less 

reactive than LiAlH4. 
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Table 3.3 Reduction of esters using NaBH4 and LiBr21 

ester product yield (%)a 

 

 

 

 

 
98 

 

 

 
 

 

 
 

 
93 

 

 

 

 

 
 

100 

 

 

 

 

 
98 

aIsolated yield 
 

 Many different hydrides have been developed for the nucleophilic addition of 

electrophiles. Strong reducing agents, such as LiAlH4, are pyrophoric and limited to 

the use in ethereal solvents. Mild reducing agents such as NaBH4 are limited to 

reducing acid chlorides, aldehydes, and ketones; and require a polar protic solvent. 

Diisobutylaluminum hydride can partially reduce carboxylic acids, esters, and 

nitriles; however it does not readily reduce amides to amines. The reducing systems 

containing NaBH4/AlCl3 and NaBH4/LiBr are safer compared to LiAlH4, with 

comparable reducing abilities. 21 
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3.2 Background 

The Singaram group has previously reported the use of binary hydride 

systems containing dichloroindium hydride (HInCl2) and BH3:THF generated from 

indium trichloride (InCl3) and NaBH4 in THF.12,13 These results prompted the  

investigation of other binary hydride systems. The experimental work described in 

this thesis uses a variety of substituted bimetallic borohydrides. The goal was to 

develop a system that could carry out a wide variety of reduction reactions under safe 

and user-friendly conditions. Borane:dimethylsulfide was employed to synthesize the 

organoboranes because it is more stable than BH3:THF. Although trialkylboranes are 

traditionally used as a radical initiator and are very pyrophoric, investigation of 

reactivity with metal hydrides was studied. Trihexylborane (B(hex)3) was generated 

using three equivalents of 1-hexene with one equivalent of BMS. Trihexylborane was 

reacted with a variety of different hydrides, including DIBAL, HInCl2, or HMgCl 

(Figure 3.2). The reaction was followed by 11B NMR spectroscopy; this analysis 

shows that the reaction of trihexylborane with each of these metal hydrides resulted in 

alkyl exchanges. Because the reaction did not afford any mixed metal hydride, the 

reaction was not further pursued. 
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Figure 3.2: Synthesis of trialkylborane and its reaction with various metal hydrides. 

 

The reaction of dialkylborane (Cy2BH) with metal hydrides was also 

investigated. A dialkylborane was generated using two equivalents of cyclohexene 

and one equivalent of BMS resulting in dicyclohexylborane. Reaction of DIBAL, 

HInCl2, or HMgCl with dicyclohexylborane did not afford pure mixed metal 

borohydride, as evidenced by 11B NMR spectroscopy (Figure 3.3). 
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Figure 3.3: Synthesis of dialkylborane and its reaction with various metal hydrides 

Next, a monoalkylborane (RBH2) with metal hydrides was studied. A 

monoalkylborane was generated using one equivalent of tetramethylethelene and 

BMS. Thexylborane (thexBH2) was reacted with DIBAL, HInCl2, and HMgCl. 

(Figure 3.4).  
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Figure 3.4: Synthesis of monoalkylborane and its reaction with various metal 
hydrides 

Thexylborane mixed with HInCl2 or HMgCl did not afford mixed metal borohydride 

as evidenced by 11B NMR spectroscopy. Interestingly, thexBH2 and DIBAL 

generated a mixture of BH3 and BH4 species. A two-step reaction is required to 

generate the BH3 species from thexBH2 and DIBAL. The reactions of thexBH2 and 

HInCl2, HMgCl, or DIBAL did not afford pure mixed metal borohydride as 

evidenced by 11B NMR spectroscopy. 

Borane-dimethyl sulfide was added to DIBAL, HInCl2, HMgCl or HBPin. 

Chloromagnesium hydride (HMgCl) was synthesized from a 1:1 mixture of 

pinacolborane (HBPin) and isopropylmagnesium chloride (iPrMgCl), which also 

contained an equimolar amount of isopropylpinacolborane iPrBPin. Consequently, 
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the reaction of HMgCl and BMS was not studied further because there is not a simple 

method of separating iPrBPin from the mixed hydride. These results indicate that 

BH3:SMe2 does not react with Lewis acids such as HInCl2 or HBPin. However, a 

single mixed metal borohydride was successfully generated with HMgCl or DIBAL 

(Figure 3.5). 

 

Figure 3.5: Borane-dimethylsulfide and its reaction with various metal hydrides 

3.3 Results and discussion 

3.3.1 Synthesis of diisobutylaluminum borohydride 

Because of interested in developing a new reducing agent that is simple to 

generate, safe to use, and effective at reducing a wide variety of functional groups, 

the newly synthesized borohydride using BH3:SMe2 and DIBAL was investigated 
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further. Although BH3:THF is commercially available, it must be shipped under 

refrigeration and is often delivered contaminated with decomposed product. Using 

more stable BH3:SMe2 (BMS) allows for a more reliable method to generate the 

desired borohydride. A 1:1 mixture of BMS and DIBAL was examined by 11B NMR 

spectroscopy: it showed a signal shift from BMS (δ -20 ppm, q, J = 103 Hz) change 

to a borohydride species (δ -37 ppm, p, J = 83 Hz) (Figure 3.6).  

 

Figure 3.6 Top: 11Boron NMR spectrum of BMS. Bottom: 11Boron NMR spectrum of 
iBu2AlBH4 

Based on the 11B NMR, the structure of diisobutylaluminum borohydride was 

elucidated to be a “BH4” species (Scheme 3.6) . Boron NMR signals follows the n+1 

rule: an observation of a quintet indicates that there are four equivalent hydrogens, 

and the coupling constant of J = 83 Hz suggests a borohydride species.  
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Scheme 3.7 Synthesis of diisobutylaluminum borohydride (iBu2AlBH4) 

 

To optimize the hydride stoichiometry, different ratios of BMS:DIBAL were 

studied and analyzed by 11B NMR spectroscopy (Table 3.4). The reaction using a 1:1 

mixture of BMS:DIBAL successfully afforded iBu2AlBH4 as a pure product. When 

excess BMS was added, 11B NMR spectral analysis showed the presence of excess 

BMS. Because the 11B NMR spectrum shows only the presence of boron containing 

compounds; when excess DIBAL was added, 11B NMR analysis showed that all the 

BMS is converted to the borohydride. However, the spectrum did not show the 

presence of the excess aluminum containing compounds. Use of excess DIBAL does 

not show any significant advantage in the synthesis of diisobutylaluminum 

borohydride (iBu2AlBH4). A 1:1 mixture of BMS and DIBAL is sufficient to produce 

pure iBu2AlBH4 and furthermore, is more atom-economical and efficient. 

 

Table 3.4 Stoichiometric analysis of BMS:DIBAL  

BMS:DIBAL 11B NMR Splitting shift (ppm) J-value (Hz) 
1:1 Quintet -37 83 
2:1 Quartet; Quintet -20; -37 103; 83 
3:1 Quartet; Quintet -20; -37 103; 83 
1:2 Quintet -37 83 
1:3 Quintet -37 83 



 178 

The reaction was analyzed at different time intervals; it was determined that 

iBu2AlBH4 was generated as soon as the addition of DIBAL was complete. The order 

of addition of the hydrides was studied and the results indicated that either BMS or 

DIBAL could be added first. Although both BMS and DIBAL are Lewis acids, this 

reaction shows that when mixed together, BMS is a better Lewis acid than DIBAL 

because “BH3” abstracts a hydride from DIBAL. Another interesting characteristic of 

iBu2AlBH4 is that it can be used in polar solvents as well as in hydrocarbon solvents. 

Typically metal borohydrides are only soluble in polar solvents. However, because 

this new borohydride contains two isobutyl groups, iBu2AlBH4 can dissolve in polar 

as well as in non-polar solvents. Diisobutylaluminum borohydride can be stored in an 

ampule under argon for at least three months. Individually, DIBAL and BMS are 

relatively pyrophoric, but the mixed metal hydride is less pyrophoric relative to the 

individual counterparts. The pyrophoric nature of this borohydride was tested by 

taking a milliliter of the solution through a syringe and spraying it on a Kimwipe. 

After fifteen minutes, neither the Kimwipe nor the syringe caught on fire. However, 

caution should still be exercised with handling larger quantities. 

 
3.3.2 Reduction of various functional groups using diisobutylaluminum 
borohydride 

Reduction of a wide variety of functional groups was screened to determine 

the characteristics of iBu2AlBH4 (Table 3.5). This was studied by reacting iBu2AlBH4 

with representative members of different families of functional groups, such as 

aliphatic and aromatic hydroxy compounds, aldehydes, ketones, anhydrides, 



 179 

epoxides, esters, carboxylic acids, nitriles, and primary, secondary, and tertiary 

substituted amides. The reactions were followed by 11B NMR analysis. The 

preliminary studies indicated all of the functional groups tested showed promising 

results. Since there are several different ways to reduce aldehydes, ketones, 

carboxylic acids, epoxides, esters, anhydrides, and nitriles, studies of reduction of 

substituted amides was selected for further study. The results showed that iBu2AlBH4 

readily reduces tertiary amides. Primary amides liberated hydrogen gas but where not 

reduced, even with excess hydride. The metalalted amide was protonated during 

work-up to regenerate the starting amide as the product. Secondary amides were aslo 

not reduced using iBu2AlBH4. Interestingly, acetanilide and para-halo substituted 

derivatives were successfully reduced to a mixture of the corresponding aniline and 

the hydrolyzed primary amine. Tertiary amides were easily reduced the 

corresponding amines and a substrate scope of these reductions is discussed in more 

depth in Chapter 4. 
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Table 3.5 Substrates selected for reduction study using iBu2AlBH4 

Functional 
Group 

 

 
Aliphatic 

 
Aromatic 

 
Alcohols 

 
  

  
 
Aldehydes 

and Ketones 

 

 

 

   
 
 

Anhydrides 
    

 
Esters 

 

  
 

Carboxylic 
Acids 

 

  
 

Nitriles 

 

 

  
 

Epoxides 
 

 

 

 

 
Amides 

  
 

3.4 Conclusion 

 A variety of different substituted boron species were mixed with a variety of 

metal hydrides in an attempt to generate a new mixed metal hydride reducing agent. 

Although tri-, di-, and mono-substituted boranes did not generate a pure borohydride 

species, BMS with DIBAL showed promising initial results. Borane-dimethylsulfide 

is a better Lewis acid than DIBAL; it accepts a hydride from DIBAL generating a 
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single borohydride species. 11B NMR spectral analysis indicated a borohydride 

species as evidenced by the splitting pattern and also by the coupling constant. 

A new metal borohydride reducing agent has been synthesized from a 1:1 

mixture of BMS and DIBAL. Diisobutylaluminum borohydride is generated through 

a synthetically simple method and is a safer alternative to LiAlH4 while having 

similar reductive capabilities. Diisobutylaluminum borohydride can reduce functional 

groups such as aldehydes, ketones, esters, nitriles, epoxides, tertiary amides and 

lactams.  
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3.5 Experimental 

 General Methods.  All reactions were performed in oven-dried, argon-

cooled glassware.  The borane-dimethylsulfide (BMS) and diisobutylaluminum 

hydride (DIBAL) were used as received from Aldrich. Borane-dimethylsulfide was 

stored under Ar in a refrigerator held at 15 °C and DIBAL was stored under Ar at 

room temperature.  All alkenes were used as received from Aldrich.  All air- and 

moisture-sensitive compounds were introduced via syringes or cannula through a 

rubber septum. Tetrahydrofuran (THF) was transferred from a solvent purification 

system to an ampule under an argon atmosphere and stored for no more than 4 weeks. 

Anhydrous ether was purchased from Aldrich and used without further purification.  

Diisobutylaluminum borohydride was synthesized and transferred to an ampule under 

an argon atmosphere and stored for no more than 12 weeks. Reactions were analyzed 

through nuclear magnetic resonance (NMR) spectroscopy measured in ppm and were 

obtained on a 500 MHz spectrometer using CDCl3 (δ=7.26) as an internal standard 

for 1H NMR and 125 MHz using CDCl3 (δ=77.0) as an internal standard for 13C 

spectra, as well as 160 MHz using BF3:Et2O (δ=0) as an external standard for 11B 

spectra.  NMR data are reported as follows: s = singlet, d = doublet, t = triplet, q = 

quartet, p = pentet, m = multiplet, br = broad, dd = doublet of doublet; coupling 

constants (J) are given in Hertz (Hz). 

General Procedure for the Synthesis of Trihexylborane 
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To a 25 mL round bottom flask equipped with a magnetic stir bar and cooled under 

Argon was added BMS (10.6 M, 0.28 mL, 3 mmol, 1 equiv) followed by anhydrous 

THF (1.6 mL). 1-hexene (1.12 mL, 9 mmol, 3 equiv) dropwise over 3 minutes and 

allowed to stir at 25 ºC for 1 hour. An aliquot was taken and analyzed through 11B 

NMR. The completion of the reaction was determined by a shift from -19.5 ppm (3H, 

q, J = 103 Hz) to +87 ppm (br). 

General Procedure for the Synthesis of Dicyclohexlborane 

 

To a 25 mL round bottom flask equipped with a magnetic stir bar and cooled under 

Argon was added BMS (10.6 M, 0.28 mL, 3 mmol, 1 equiv) followed by anhydrous 

THF (2.1 mL). Cyclohexene (0.60 mL, 6 mmol, 2 equiv) dropwise over 3 minutes 

and allowed to stir at 25 ºC for 1 hour. An aliquot was taken and analyzed through 

11B NMR. The completion of the reaction was determined by a shift from -19.5 ppm 

(3H, q, J = 103 Hz) to +31 ppm. 

General Procedure for the Synthesis of (2,3-dimethylbutan-2-yl)borane 

 

To a 25 mL round bottom flask equipped with a magnetic stir bar and cooled 

under Argon was added BMS (10.6 M, 0.28 mL, 3 mmol, 1 equiv) followed by 

anhydrous THF (2.4 mL). Tetramethylethelene (0.36 mL, 3 mmol, 1 equiv) dropwise 

over 1 minutes and allowed to stir at 25 ºC for 1 hour. An aliquot was taken and 
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analyzed through 11B NMR. The completion of the reaction was determined by a shift 

from -19.5 ppm (3H, q, J = 103 Hz) to +24 ppm. 

General Procedure for the Synthesis of Dichloroindium Hydride 

 

In an oven-dried RBF (25 mL) fitted with a rubber septum was cooled under 

argon and charged with a stir bar, anhydrous InCl3 (0.663 g, 3 mmol), anhydrous 

MeCN (10 mL) and NaBH4 (0.34 g, 9 mmol).  The reaction was then stirred at 25 °C 

for 1 h, at which time was added to the trialkylborane. The reaction mixture was 

stirred at 25 °C and after 1 hour an aliquot was taken and analyzed through 11B NMR.  

General Procedure for the Synthesis of Diisobutylaluminum Borohydride 

 

To a 100 mL round-bottom flask equipped with a magnetic stir bar was added 

BMS (10.6 M, 4.72 mL, 50 mmol, 1 equiv) followed by DIBAL (1M in hexane or 

toluene, 50 mL, 50 mmol, 1 equiv) dropwise over 3-5 minutes. The reaction was 

analyzed through 11B NMR and the completion of the reaction was verified by the 

observation of a chemical shift from -19.5 ppm (3H, q, J = 103 Hz) to -36.8 ppm (4H. 

p, J = 83 Hz) as well as the J-value change from 105 Hz to 85 Hz indicating the 

formation of the borohydride. Diisobutylaluminum borohydride was then transferred 

to an Ar charged ampule and stored for no longer than 3 months for use. 
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General Procedure for the Reduction of Alcohols from Diisobutylaluminum 

Borohydride 

The following procedure is a representative. A 50 mL round-bottom flask 

equipped with a magnetic stir bar was charged octanol (0.79 mL, 5 mmol) and fitted 

with a rubber septum. The flask was cooled to 0 °C and purged with Argon. 

Anhydrous THF (5 mL) was added to the flask. To this was added 

diisobutylaluminum borohydride (6 mL, 5.5 mmol) dropwise over 10 minutes. Upon 

the completion of diisobutylaluminum borohydride the ice-bath was removed and the 

reaction was allowed to stir at room temperature for 1 hour. An aliquot for 11B NMR 

was taken.  

 

 

 

 

 

Diisobutylaluminum Borohydride 

 
 

11B NMR Coupled (160 MHz) δ -36.81 (p, J = 84.3 Hz). 

11B NMR Decoupled (160 MHz) δ -36.81. 
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Diisobutylaluminum borohydride with octanol 

 
11B NMR Coupled (160 MHz) δ +86.5 (br, s), +52.9 (br, s), +28.8 (br, s), -19.5 (q, J = 

106.6 Hz), -36.22, br s. 

11B NMR Decoupled (160 MHz,) δ +86.50, +52.85, +29.80, -18.51, -19.17, -19.84, -

20.50, -36.22. 

Diisobutylaluminum borohydride with 2-butanol 

 
11B NMR Coupled (160 MHz, THF) δ +86.50 (br, s), +52.48 (br, s), 30.53 (br, s), -

8.81 (br, s), -19.49 (q, J = 106.7 Hz), -31.70 -38.93 (m). 

11B NMR Decoupled (160 MHz, THF) δ 8+6.50, +52.48, +30.53, -8.81, -19.49 -

31.70, -38.93. 

 

 

 

Diisobutylaluminum borohydride with 3-hexanol 

 
11B NMR Coupled (160 MHz) δ +86.50 (br, s), 52.48 (br, s), 30.53 (br, s), -8.81 (br, 

s), -19.49 (q, J = 106.7 Hz), -31.38  -38.30 (m). 

11B NMR Decoupled δ +86.50, 52.48, 30.53, -8.81, -19.49, -31.38  -38.30. 

Diisobutylaluminum borohydride with tert-butanol 

OH

OH

OH
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11B NMR Coupled (160 MHz) δ +87.85 (br, s), 3.84 (br, s), -19.08 (q, J = 107.3 Hz), 

-38.51 (m). 

11B NMR Decoupled (160 MHz) δ +87.85, 3.84, -19.08, -38.5. 

Diisobutylaluminum borohydride with allyl alcohol 

 
11B NMR Coupled (160 MHz) δ +83.4 (br, s), 57.8 (br, s), -19.08 (q, J = 107.3 Hz), -

38.51 (m). 

11B NMR Decoupled (160 MHz) δ +83.4, 57.8, -19.08, -38.51. 

Diisobutylaluminum borohydride with phenol 

 
11B NMR Coupled (160 MHz) δ -19.46 (q, J = 110.0 Hz), -36.13 (p, J = 84.2, 81.9 

Hz). 

11B NMR Decoupled (160 MHz) δ -19.46, -36.13. 

Diisobutylaluminum borohydride with benzyl alcohol 

 
11B NMR Coupled (160 MHz) δ +87.71 (br, s), -19.16 (q, J = 107.2 Hz), -36.38 (p, J 

= 159.3 Hz). 

11B NMR Decoupled (160 MHz) δ +87.71, -19.16, -36.38. 

OH

HO

OH

OH
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General Procedure for the Reduction of Aldehydes and Ketones from 

Diisobutylaluminum Borohydride 

The following procedure is a representative. A 50 mL round-bottom flask 

equipped with a magnetic stir bar was charged benzaldehyde (0.51 mL, 5 mmol) and 

fitted with a rubber septum. The flask was cooled to 0 °C and purged with Argon. 

Anhydrous THF (5 mL) was added to the flask. To this was added 

diisobutylaluminum borohydride (6 mL, 5.5 mmol) dropwise over 10 minutes. Upon 

the completion of diisobutylaluminum borohydride the ice-bath was removed and the 

reaction was allowed to stir at room temperature for 1 hour. An aliquot for 11B NMR 

was taken. The analysis indicated that BH3:S(Me)2 is regenerated as well as other 

products. 

 

Diisobutylaluminum borohydride with benzaldehyde 

 
11B NMR Coupled (160 MHz) δ +86.97 (br, s), +54.56 (br, s), +31.74 (br, s), -19.59 

(q, J = 106.4 Hz), -35.93 (br, s). 

11B NMR Decoupled (160 MHz) δ +86.97, +54.56, +31.74, -19.59, -35.93. 

 

 

 

O

H
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Diisobutylaluminum borohydride with butyraldehyde 

 
11B NMR Coupled (160 MHz) δ +86.97 (br, s), -19.52 (q, J = 106.5 Hz), -32.58, - 

38.78 (m). 

11B NMR Decoupled (160 MHz) δ +86.97, -19.52, -32.58, -38.78. 

Diisobutylaluminum borohydride with cyclohexane carboxaldehyde 

 

11B NMR Coupled (160 MHz) δ +87.31 (br, s), +53.25 (br, s), -19.50 (q, J = 106.6 

Hz), -36.26 (br, s).  

11B NMR Decoupled (160 MHz) δ +87.31, +53.25, -19.50, -36.26. 

Diisobutylaluminum borohydride with cinnamaldehyde 

 

11B NMR Coupled (160 MHz) δ +87.31 (br, s), -19.50 (q, J = 106.6 Hz), -36.26 (br, 

s).  

11B NMR Decoupled (160 MHz) δ +87.31, -19.50, -36.26. 

 

 

O

H

O

H

O

H
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Diisobutylaluminum borohydride with acetophenone 

 

11B NMR Coupled (160 MHz) δ +87.31 (br s), +53.25 (br s), -19.50 (q, J = 106.6 

Hz), -36.26 (br s). 

11B NMR Decoupled (160 MHz) δ +87.31, +53.25, -19.50, -36.26. 

Diisobutylaluminum borohydride with acetone 

 

11B NMR Coupled (160 MHz) δ +88.21 (br, s), +54.09 (br, s), +31.75 (br, s), +27.95 

(d, J = 154.4 Hz), +19.06 (br, s), -16.31 (br, s), -19.29 (m), -31.71 (br, s), -37.29 (m). 

11B NMR Decoupled(160 MHz, THF-d8) δ +88.21, +54.09, +31.75, +27.95, +19.06 , 

-16.31, -19.29, -31.71, -37.29. 

 

Diisobutylaluminum borohydride with 2-heptanone 

 

11B NMR Coupled (160 MHz) δ +87.31 (br, s), +53.25 (br, s), -19.50 (q, J = 106.6 

Hz), -36.26 (br, s). 

11B NMR Decoupled (160 MHz) δ +87.31, +53.25, -19.50, -36.26. 

O

O

O
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Diisobutylaluminum borohydride with camphor 

 
11B NMR Coupled (160 MHz) δ +52.53 (br, s), +27.37 (br, s), -19.01 (d, J = 106.4 

Hz). 

11B NMR Decoupled (160 MHz) δ +52.53 , +27.37 , -19.01 (d, J = 106.4 Hz). 

Diisobutylaluminum borohydride with benzophenone 

 

11B NMR Coupled (160 MHz) δ +63.62 (br, s), +29.95 (br, s), -19.01 (d, J = 106.4 

Hz). 

11B NMR Decoupled (160 MHz) δ +63.62, +29.95 , -19.01 (d, J = 106.4 Hz). 

 

General Procedure for the Reduction of Anhydrides from Diisobutylaluminum 

Borohydride 

The following procedure is a representative. A 50 mL round-bottom flask 

equipped with a magnetic stir bar was charged acetic anhydride (0.47 mL, 5 mmol) 

and fitted with a rubber septum. The flask was cooled to 0 °C and purged with Argon. 

Anhydrous THF (5 mL) was added to the flask. To this was added 

O

O
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diisobutylaluminum borohydride (6 mL, 5.5 mmol) dropwise over 10 minutes. Upon 

the completion of diisobutylaluminum borohydride the ice-bath was removed and the 

reaction was allowed to stir at room temperature for 1 hour. An aliquot for 11B NMR 

was taken. The analysis indicated that BH3:S(Me)2 is regenerated as well as other 

products. 

Diisobutylaluminum borohydride with acetic anhydride 

 

11B NMR Coupled (160 MHz) δ +87.28 (br, s), +54.05 (br, s), +30.77 (br, s), +27.38 

(d, J = 159.9 Hz), +18.09 (br, s), -19.83 (t, J = 106.6 Hz). 

11B NMR Decoupled (160 MHz) δ +87.28, +54.05, +30.77, +27.38, +18.09, -19.83. 

 

Diisobutylaluminum borohydride with maleic anhydride 

 
11B NMR Coupled (160 MHz) δ +89.24 (br, s), +56.77 (br, s), +53.70 (d, J = 256.0 

Hz), -18.54 (br, s). 

11B NMR Decoupled (160 MHz) δ +89.24, +56.77, +53.70, -18.54. 

 

 

O

O

O

O

O

O
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Diisobutylaluminum borohydride with phthalic anhydride 

 

 

11B NMR (160 MHz) δ  -20.04 (m). 

11B NMR (160 MHz) δ -20.04. 

 

General Procedure for the Reduction of Esters from Diisobutylaluminum 

Borohydride 

The following procedure is a representative. A 50 mL round-bottom flask 

equipped with a magnetic stir bar was charged ethyl benzoate (0.72 mL, 5 mmol) and 

fitted with a rubber septum. The flask was cooled to 0 °C and purged with Argon. 

Anhydrous THF (5 mL) was added to the flask. To this was added 

diisobutylaluminum borohydride (6 mL, 5.5 mmol) dropwise over 10 minutes. Upon 

the completion of diisobutylaluminum borohydride the ice-bath was removed and the 

reaction was allowed to stir at room temperature for 1 hour. An aliquot for 11B NMR 

was taken. The analysis indicated that BH3:S(Me)2 is regenerated (δ -19.5, q, J = 103 

Hz) as well as other products. 

 

 

O

O

O
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Diisobutylaluminum borohydride with ethyl benozoate 

 

11B NMR Coupled (160 MHz) δ +63.34 (br, s), +30.62 (br, s), -19.94 (m), -38.78 (br, 

s). 

11B NMR Decoupled (160 MHz) δ +63.34, +30.62, -19.94, -38.78. 

Diisobutylaluminum borohydride with methyl propionate 

 

 

11B NMR Coupled (160 MHz) δ +87.90 (br, s), +53.91 (br, s), +31.66 (br, s), +27.36 

(d, J = 162.1 Hz), +18.24 (br, s), -19.18 (t, J = 106.8 Hz). 

11B NMR Decoupled (160 MHz) δ +87.90, +53.91, +31.66, +27.36, +18.24, -19.18. 

Diisobutylaluminum borohydride with methyl cinnamate 

 

11B NMR Coupled (160 MHz) δ +88.45 (br, s), +55.35 (br, s), -18.54 (q, J = 106.2, 

105.5 Hz), -31.71 (br, s), -40.59 (br, s). 

11B NMR Decoupled (160 MHz) δ +88.45 , +55.35 , -18.54, -31.71, -40.59. 

O

O

OCH3

O

O

O
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General Procedure for the Reduction of Acid Chlorides and Carboxylic Acids 

from Diisobutylaluminum Borohydride 

The following procedure is a representative. A 50 mL round-bottom flask 

equipped with a magnetic stir bar was charged benzoic acid (0.611 g, 5 mmol) and 

fitted with a rubber septum. The flask was cooled to 0 °C and purged with Argon. 

Anhydrous THF (5 mL) was added to the flask. To this was added 

diisobutylaluminum borohydride (6 mL, 5.5 mmol) dropwise over 10 minutes. Upon 

the completion of diisobutylaluminum borohydride the ice-bath was removed and the 

reaction was allowed to stir at room temperature for 1 hour. An aliquot for 11B NMR 

was taken. The analysis indicated that BH3:S(Me)2 is regenerated (δ -19.5, q, J = 103 

Hz). 

Diisobutylaluminum borohydride with benzyol chloride 

 
11B NMR Coupled (160 MHz) δ -11.75 (br, s), -13.08 (m), -15.55 (d, J = 152.9 Hz). 

11B NMR Decoupled (160 MHz) δ -11.75, -13.08, -15.55. 

 

 

 

 

Cl

O
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Diisobutylaluminum borohydride with benzoic acid 

 
11B NMR Coupled (160 MHz) δ -18.63 (q, J = 106.1 Hz), -36.90 (br, s). 

11B NMR Decoupled(160 MHz) δ -18.63, -36.90. 

Diisobutylaluminum borohydride with hexanoic acid 

 
11B NMR Coupled (160 MHz) δ +87.51 (br, s), +53.85 (br, s), -18.54 (q, J = 106.2, 

105.5 Hz), -40.59 (br, s). 

11B NMR Decoupled (160 MHz) δ +87.51 , +53.85 , -18.54, -40.59. 

 

General Procedure for the Reduction of Expoxides from Diisobutylaluminum 

Borohydride 

The following procedure is a representative. A 50 mL round-bottom flask 

equipped with a magnetic stir bar was charged styrene oxide (0.57 mL, 5 mmol) and 

fitted with a rubber septum. The flask was cooled to 0 °C and purged with Argon. 

Anhydrous THF (5 mL) was added to the flask. To this was added 

diisobutylaluminum borohydride (6 mL, 5.5 mmol) dropwise over 10 minutes. Upon 

the completion of diisobutylaluminum borohydride the ice-bath was removed and the 

reaction was allowed to stir at room temperature for 1 hour. An aliquot for 11B NMR 

OH

O

OH

O
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was taken. The analysis indicated that BH3:S(Me)2 is regenerated (δ -19.5, q, J = 103 

Hz) as well as trialkylborane (δ +87.2, br s). 

Diisobutylaluminum borohydride with styrene oxide 

 
11B NMR Coupled (160 MHz) δ +87.63(br, s), +52.82 (br, s), -17.17 (br, s), -21.42 

(m), -36.47 (d, J = 81.5 Hz). 

11B NMR Decoupled (160 MHz) δ +87.63, +52.82, -17.17, -21.42, -36.47. 

Diisobutylaluminum borohydride with cyclohexene oxide 

 
11B NMR Coupled (160 MHz) δ +87.27 (br, s), +53.18 (br, s), +31.00 (br, s), -18.96 

(br, s), -36.23 (br, s) . 

11B NMR Decoupled (160 MHz) δ +87.27, +53.18, +31.00, -18.96, -36.23 . 

 

General Procedure for the Reduction of Nitriles from Diisobutylaluminum 

Borohydride 

The following procedure is a representative. A 50 mL round-bottom flask 

equipped with a magnetic stir bar was charged benzonitrile (0.52 mL, 5 mmol) and 

fitted with a rubber septum. The flask was cooled to 0 °C and purged with Argon. 

Anhydrous THF (5 mL) was added to the flask. To this was added 

diisobutylaluminum borohydride (6 mL, 5.5 mmol) dropwise over 10 minutes. Upon 

O

O
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the completion of diisobutylaluminum borohydride the ice-bath was removed and the 

reaction was allowed to stir at room temperature for 1 hour. An aliquot for 11B NMR 

was taken. The analysis indicated that BH3:S(Me)2 is regenerated. 

 

Diisobutylaluminum borohydride with benzonitrile 

 
11B NMR Coupled (160 MHz) δ -2.10 (br, s), -19.59 (q, J = 106.3 Hz), -36.79 (br, s). 

1B NMR Decoupled (160 MHz) δ -2.10, -19.59, -36.79. 

Diisobutylaluminum borohydride with hexanitrile 

 

11B NMR Coupled (160 MHz) δ -19.73 (q, J = 107.3, 106.7 Hz), -36.68 (p, J = 78.6, 

77.3 Hz). 

11B NMR Decoupled (160 MHz,) δ -19.73, -36.68. 

 

General Procedure for the Reduction of Amides and Weinreb Amides from 

Diisobutylaluminum Borohydride 

The following procedure is a representative. A 50 mL round-bottom flask 

equipped with a magnetic stir bar was charged N,N-diethylbenzamide (0.886 g, 5 

mmol) and fitted with a rubber septum. The flask was cooled to 0 °C and purged with 

C
N

C
N
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Argon. Anhydrous THF (5 mL) was added to the flask. To this was added 

diisobutylaluminum borohydride (6 mL, 5.5 mmol) dropwise over 10 minutes. Upon 

the completion of diisobutylaluminum borohydride the ice-bath was removed and the 

reaction was allowed to stir at room temperature for 1 hour. The reduction was 

complete after 1 hour as evidenced by the disappearance of the diisobutylaluminum 

borohydride (δ -36.81 p, J = 85 Hz) appearance of the amine-borane complex (δ -7.0 

q, J = 96 Hz) via 11B NMR. The reaction mixture was then concentrated under 

reduced pressure and a septum was replaced on the reaction vessel. Methanol (15 mL) 

(Caution! Hydrogen evolution) was added and the reaction mixture gelatinized. The 

mixture was triturated and the reaction stirred for 1 hour at 25 °C. The reaction 

mixture was concentrated under reduced pressure to form a white solid. Pentanes (30 

mL) was added the to solid and filtered. The solid was discarded and the filtrate was 

concentrated under reduced pressure. Methanol (15 mL) followed by conc. HCl (1 

mL) was added and the reaction was refluxed for 1 hour. The reaction was allowed to 

cool to 25 °C and concentrated under reduced pressure. Deionized water (1 mL) was 

added and the aqueous layer was washed with diethyl ether (3 x 10 mL). The organic 

layers were combined and discarded. To the aqueous layer was added sodium 

hydroxide (NaOH pellets) until a pH of 11 was obtained. The aqueous layer was 

washed with diethyl ether (3 x 10 mL). The combined organic layers were collected, 

dried with MgSO4, filtered, and dried in vacuo (25 °C, 1 Torr) to afford the 

corresponding tertiary amine as an oil. The results for the reduction of amides 

prepared by this method are summarized in Table 3.6.  
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Diisobutylaluminum borohydride with benzamide 

 

11B NMR Coupled (160 MHz) δ -18.72 (q, J = 106.0 Hz), -36.01 (p, J = 83.5 Hz). 

11B NMR Decoupled (160 MHz,) δ -18.72, -36.01. 

Diisobutylaluminum borohydride with acrylamide 

  
11B NMR Coupled (160 MHz) δ -1.92 (br, s), -13.71 (m), -15.42 (br, s), -19.33 (d, J = 

105.8 Hz), -35.92 (p, J = 83.6, 83.2 Hz). 

11B NMR Decoupled (160 MHz) δ -1.92, -13.71, -15.42, -19.33, -35.92. 

Diisobutylaluminum borohydride with N-methyl benzamide 

 

11B NMR Coupled (160 MHz) δ +88.61 (br, s), +55.08 (br, s), +32.52 (br, s), +19.56 

(br, s), +2.85 (br, s), -3.26 (br, s), -8.45 (m). 

11B NMR Decoupled (160 MHz) δ +88.61, +55.08, +32.52, +19.56, +2.85, -3.26, -

8.45. 

 

 

 

NH2
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NH2
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Diisobutylaluminum borohydride with N,N-dimethyl formamide 

 
11B NMR Coupled (160 MHz) δ +89.06 (br, s), +2.01 (br, s), -6.15 (q, J = 93.7, 90.2 

Hz). 

11B NMR Decoupled (160 MHz) δ +89.06, +2.01, -6.15. 

Diisobutylaluminum borohydride with N,N-dimethyl acetamide 

 
11B NMR Coupled (160 MHz) δ +88.94 (br, s), +44.54 (br, s), -2.93 (br, s), -7.98 (d, J 

= 93.9 Hz), -16.69 (br, s), -19.60 (m). 

11B NMR Decoupled (160 MHz) δ +88.94, +44.54, -2.93, -7.98, -16.69, -19.60. 

Diisobutylaluminum borohydride with N,N-dimethylbenzamide 

 

11B NMR Coupled (160 MHz) δ -7.17 (q, J = 123.5, 100.7 Hz). 

11B NMR Decoupled (160 MHz) δ -7.17. 

 

 

 

 

H N

O

N

O

O

N



 202 

Diisobutylaluminum borohydride with N,N-diethyl-m-tolulbenzamide 

 
11B NMR Coupled (160 MHz) δ +88.79 (br, s), 46.48 (br, s), -6.16 (br, s) -13.39 (m), 

-17.55 (d, J = 93.9 Hz), -35.35 (br, s). 

11B NMR Decoupled (160 MHz) δ +88.79, +46.48, -6.16, -13.39 (m), -17.55, -35.35. 

Diisobutylaluminum borohydride with N,N- diisopropylbenzamide 

 
11B NMR Coupled (160 MHz) δ -12.25 (d, J = 74.9 Hz), -18.50 (q, J = 103.5, 102.7 

Hz). 

11B NMR Decoupled (160 MHz) δ -12.25, -18.50. 

Diisobutylaluminum borohydride with N-methoxy, N-methyl octanamide 

 
11B NMR Coupled (160 MHz) δ +87.59 (br, s), +46.03 (d, J = 354.7 Hz), +31.83 (br, 

s), +3.02 (br, s), -11.26 (d, J = 96.3 Hz). 

11B NMR  Decoupled (160 MHz) δ +87.59, +46.03, +31.83, +3.02, -11.26. 
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Diisobutylaluminum borohydride with N-methoxy, N-methyl benzamide 

 
11B NMR Coupled (160 MHz) δ +87.59 (br, s), +46.03 (d, J = 354.7 Hz), +31.83 (br, 

s), +3.02 (br, s), -11.26 (d, J = 96.3 Hz). 

11B NMR Decoupled (160 MHz) δ +87.59, +46.03, +31.83, +3.02, -11.26. 
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CHAPTER 4 

 

Reduction of Tertiary Amides to the Corresponding Amines Using 

Diisobutylaluminum Borohydride 
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4.1 Introduction 

 Numerous methods have been developed for reduction of tertiary amides. 

Hydrogenation using transition metal catalysts for the reduction of amides to amines 

is atom-economical but often requires pressure or heat. Nucleophilic reducing agents, 

such as 9-BBN or LiAlH4 are very pyrophoric; the purification of the product requires 

column chromatography. Silane-based reduction requires heat as well as a metal 

catalyst due to the low electrophilicity of the carbonyl carbon. Although these are all 

effective methods for the reduction of tertiary amides to the corresponding amine, 

developing a straightforward reaction and work-up procedure is ideal for industrial-

scale application. 

4.1.1 Lithium aminoborohydrides  

Singaram developed a class of reducing agents, lithium aminoborohydrides 

(LAB), that can be employed in the reduction of many carbonyl electrophiles.1-3 

Dihydroaminoboranes (BH2NR2) were first observed during the hydroboration of 

β,β-disubstituted enamines.1 Lithium aminoborohydrides are synthesized by reacting 

n-butyllithium or methyllithium with an amine-borane (H3B:NHR2) in THF. These 

reducing agents are comparable to LiAlH4 and are a safer alternative. Not only are 

LAB reagents safer to handle than LiAlH4, they are also air stable and can be stored 

under inert atmosphere at 25 °C for six months.2 Both lithium triethylborohydride 

(LiEt3BH) and LiAlH4 are known to react violently with methyl iodide at 0 °C. When 

LAB reagents were tested with methyl iodide a violent exothermic reaction was 
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observed, indicating that LAB reagents are also powerful reducing agents (Scheme 

4.1).3  

 

Scheme 4.1 General method for synthesis for lithium aminoborohydrides 

A variety of amino groups can be utilized for the synthesis of LAB reagents. Lithium 

aminoborohydrides are synthesized in high purity as determined through 11B NMR 

spectral analysis. The LAB reducing agents that are commercially available are 

summarized in Table 4.1.4 

Table 4.1 Commercially available LAB reagents from Sigma-Aldrich 

LAB reagent 11B NMR shift (ppm) coupling J-value (Hz) 
 

 

 
-18  

 
quartet 

 
85 

 

 

 
-18 

 
quartet 

 
86 

 

 

 
-16 

 
quartet 

 
87 

 

Lithium aminoborohydrides can reduce a wide variety of functional groups.  

Aldehydes and ketones undergo reduction rapidly to give the corresponding alcohol. 

The reduction of 4-tert-butylcyclohexanone gives 99% trans-4-tert-

butylcyclohexanol in 95% isolated yield. Lithium aminoborohydrides behave as small 
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nucleophiles regardless of the size of the substituent on the amine. The reduction of 

α,β-unsaturated aldehydes and ketones results in 1,2- addition of the hydride, 

generating the allyl alcohol, whereas other reagents give a mixture of 1,2:1,4 addition 

products.5 Lithium aminoborohydrides are capable of reducing less-electrophilic 

carbonyls such as esters or amides. The reduction reactions of α,β-unsaturated 

carbonyls using lithium pyrrolidinoborhydride (LiPyrrBH3) are summarized in Table 

4.2. 

Table 4.2 Reduction of α,β-carbonyls using LAB 

substratea 1,2:1,4b yield (%)c substratea 1,2:1,4b yield (%)c 

 

 
>99:1 

 
89  

 
>99:1 

 
96 

 

 
>99:1 

 
91 

 

 
>99:1 

 
89 

 

 
>99:1 

 
95 

 

 
>99:1 

 
92 

 

 
 

>99:1 
 

 
 

95 
 

 
 

>99:1 

 
 

98 
 
 

aReduction was carried out with LiPyrrBH3 for 3 h at 25 °C unless specified otherwise. bProduct purity was determined by 1H 
and 13C NMR and capillary GC analysis. cIsolated Yield. dReduction was carried out with LiPyrrBH3 for 3 h at 65 °C 
 

Changing the steric environment of the LAB reagent, tertiary amides can 

selectively undego C-O or C-N cleavage. Sterically hindered LAB reagents, such as 

diisopropylaminoborohydrides, reduce tertiary amides to the corresponding amines 
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with high selectivity. Less sterically hindered aminoborohydrides, such as lithium 

pyrrolidiniumaminoborohydride reduce tertiary amides to the corresponding alcohols. 

Singaram and co-workers showed that 1-pyrrolidinooctamide is reduced to the amine 

using lithium diisopropylaminoborohydride [Li(i-Pr)2NBH3] in a 95% isolated yield, 

and 1-octanol using LiPyrrBH3 in 77% isolated yield (Scheme 4.2). 

 

Scheme 4.2 Amide reduction using different LAB reagents 

In this reaction, a boroalkoxy tetrahedral intermediate is first generated, and 

the subsequent reduction can then proceed along two different pathways. In the 

formation of the amine product, the lone pair of electrons on nitrogen eliminates 

lithium dihydridoaminoborinate, which generates an iminium intermediate that is 

reduced to the amine. When the reduction undergoes C-N bond cleavage, the amine is 

converted to an ammonium ion. The boron oxygen bond breaks and 

diaminodihydridoborohydride leaves, generating an aldehyde intermediate that is 

quickly reduced to the corresponding alcohol (Figure 4.1). 
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Figure 4.1 Mechanism of C-O or C-N bond cleavage in amide reduction using LAB 

This reducing reagent is useful because the reaction pathway can be employed to 

generate the amine or alcohol depending on the desired product. Although LAB and 

LiAlH4 are comparable in the strength of their reducing abilities, LAB can be 

exploited to generate the amine or alcohol depending on the choice of the amine 

component, whereas LiAlH4 is capable only of generating the corresponding amine.  

In the reduction of 1-phenyl-pyrrolidin-2-one, LAB reagents reduced the 

lactam, giving a mixture of amine and amino-alcohol products. Unhindered lithium 

dimethylaminoborohydride (LiH3BNMe2) produces the cyclic amine and amino 

alcohol in a ratio of 68:32 at 25 °C. The sterically demanding LAB reagent [Li(i-

Pr)2NBH3] also reduces the lactam to the cyclic amine and amino-alcohol at a ratio of 

60:40 at 25 °C. When the reduction was carried out under refluxing conditions, the 

amino-alcohol product was favored for both hindered and unhindered LAB reagents.5  
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Table 4.3 Reduction of 1-phenyl-pyrrolidin-2-one with LAB reagents in THF 

 
 

reagent temp (°C) amine (%) amino-alcohol (%) yield (%) 

 
LiH3BNMe2 

 
25 

 
68 

 
32 

 
85 

 
LiH3BN(i-Pr)2 

 
25 

 
60 

 
40 

 
95 

 
LiH3BNMe2 

 
65 

 
36 

 
64 

 
95 

 
LiH3BN(i-Pr)2 

 
65 

 
50 

 
50 

 
85 

 

 Unlike LiAlH4, LAB reagents are not able to reduce primary or secondary 

amides; the starting material was recovered. Epoxides, alkyl halides, and azide 

functional groups are reduced by LAB (Scheme 4.3).  

 

Scheme 4.3 Lithium aminoborohydride reduction of various functional groups 
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4.1.2 Boron-mediated amide reductions 

Disiamylborane can be used in the partial reduction of tertiary amides to the 

corresponding aldehydes.6  This method is unique in its reliability to reduced aliphatic 

and aromatic tertiary amides at 25 °C to the corresponding aldehydes. These results 

are an improvement over dicyclohexylborane (Table 4.4). However, a major 

drawback is that disiamylborane is difficult to synthesize and cannot be stored. 
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Table 4.4 Reduction of tertiary amides with dicyclohexylborane and disiamylborane 
 
 
 

amide 

 
 
 

product 

 
yield (%) 

 
yield (%) 

  

 
54 

 
89 

  

 
44 

 
68 

  

 
32 

 
70 

  

 
55 

 
77 

  

 
45 

 
85 

  

 
59 

 
99 

  

 
56 

 
93 

 

 Typically, NaBH4 is not a strong enough reducing agent for weaker 

electrophiles such as esters or amides. When NaBH4 is used with phosphorus 

oxychloride, amides were successfully reduced to the corresponding amine through 
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an imino derivative.7 This method generates diborane in situ. This system works well 

for both aromatic amides and lactams, with yields ranging from 59-89%. Sodium 

borohydride and POCl3 can selectively reduce amides to amines in the presence of 

esters or nitriles (Table 4.5).7 

Table 4.5 Reduction profile of amides using POCl3 and NaBH4 

 
 

amide product amide 
concentration 

NaBH4 
(equiv) 

reaction 
time (h) 

yielda  
(%) 

 

 

 

 
0.5 

 
 

 
2.7 

 
1.0 

 
89 

 

 

 

 
0.5 

 
3.2 

 
1.25 

 
88 

 

 

 

 
n=1: 0.5 
n=2: 1.0 

 
2.8 
3.0 

 
0.25 
0.25 

 
72 
70 

 

 

 

 
1.1 

 
3.0 

 
1.0 

 
80 

 

 

 

 
R=CN:      1.0 
R=CO2Et: 1.0  

 
3.1 
1.5 

 
0.25 
1.5 

 
66 
59 

aYields determined by gas chromatograph analysis. 
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Although this method allows the reduction of tertiary amides using NaBH4, the 

reaction requires a large excess of POCl3, which liberates hydrogen chloride gas 

during aqueous work-up.  

In 2010, the Huang group developed a method for reducing tertiary amides 

and lactams under mild conditions (Table 4.6).8 This methodology was used to 

overcome the difficulty in the reduction of hindered tertiary amides and involves 

metal-free conditions. 

Table 4.6 Tf2O-activated reduction of lactams and aromatic amides with NaBH4 in 
THF 

 
 

amide product yield (%) 
 

 

 
 

 

 
 

n=1: 75 
n=2: 82 
n=3: 80 

  

 
R=H:      87 
R=Me:    83 
R=OMe: 74 
R=Cl:     91 

 

Trifluoromethanesulfonic anhydride (Tf2O) has been used to activate amides by 

forming a highly electrophilic iminium triflate intermediate. Sodium borohydride is 

able to react with this intermediate, eliminating -OTf assisted by the lone pair of 



 217 

electrons on nitrogen. The borane-tetrahydrofuran that is generated in situ is 

responsible for the formation of the imine intermediate and is trapped by a second 

hydride. The authors proposed the following mechanism for the reduction of amides 

to amines using Tf2O and NaBH4 (Scheme 4.4).8 

 

 

 

 

 

 

Scheme 4.4 Proposed mechanism for the amide reduction via activation with Tf2O 

Boron-containing reagents can reduce amides to the aldehydes or amines 

depending on the reagent selected. When dicyclohexyl borane and disiamylborane is 

used the aldehyde is obtained, and the product is not influenced by the steric 

hindrance on the amide nitrogen atom. Amides can be reduced to the amine through 

formation of the imine intermediate using NaBH4 and trifluoromethanesulfonic 

anhydride or phosphorus oxychloride. 
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4.1.3 Metal-mediated amide reductions 

Primary, secondary, and tertiary amides can be reduced to the corresponding 

alcohol using samarium(II) iodide (SmI2). Under ambient conditions, this method 

proceeds with excellent selectivity, cleaving the C-N bond. The reduction of amides 

using SmI2 goes through a single electron transfer mechanism, which promotes the 

formation of the alcohol by cleaving the carbon-nitrogen bond (Scheme 4.5). It has 

been suggested that using SmI2 efficiently mediates the reduction through an open-

shell reaction pathway, compared to traditional closed shell mechanisms.9 

 

Scheme 4.5 Proposed mechanism for the reduction of amides to alcohols using SmI2 

Samarium iodide successfully reduced primary, secondary, and tertiary 

amides to the corresponding alcohols. Substituted aromatic amides were reduced to 

give benzyl alcohols. Sterically demanding groups such as adamantyl amides were 

also reduced to the alcohols using this system (Table 4.7).10 
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Table 4.7 Reduction profile of amides to alcohols using SmI2 

 
amide alcohol isolated yield (%) 

 

 

 

 

 
R=H       96 
R=OMe  84 
R=CF3    73 
R=Br      63 

   R=Cl      85 
 

 

 

 

 
 

R=H     86% 
R=Et    75% 

 

 Low-valent titanium reagents have been used as powerful electron donors to 

accomplish a variety of deoxygenation reactions such as reductive carbonyl coupling, 

and reduction of sulfoxides, epoxides, N-nitrosoamines, bromohydrins, and 

cyanohydrins. There are very few literature examples of the reduction of amides to 

the corresponding amine using low-valent titanium reagents. When low-valent 

titanium is generated in situ from titanium tetrachloride (TiCl4) and magnesium 

powder (Mg0) in THF, the reduction of amides to amines proceeds.11 This 

methodology works well for all types of amides including lactams, primary, 

secondary, tertiary, aliphatic, and aromatic, amides (Table 4.8). 
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Table 4.8 Reduction of amides using low-valent titanium generated in situ from TiCl4 
and Mg0 

 

 
 

amide amine  isolated yield (%) 

 

 

 

 
75 

 

 

 

 
80 

 

 

 

 
70 

 

 

 

 
74 

 

 

 

 
77 

 
 

 

 
 

73 

 

 Tertiary amides were successfully hydrogenated using a ruthenium catalyst, 

hydrogen gas, and the Lewis acid ytterbium(III) trifluoromethanesulfonate 

[Yb(OTf)2].12 A variety of different tertiary amides have been shown to undergo 
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deoxygenation to give the corresponding amines (Table 4.9). N,N-dimethyl 

substituted amides were not selective in the C-O or C-N bond cleavage, yielding a 

mixture of alcohol and amine products. Complete selectivity for deoxygenation of N-

phenyl pyrrolidinone was observed using this system. 

Table 4.9 Tertiary amide hydrogenation carried out with ruthenium catalyst12 

 
amide product yield (%)a,b selectivity (%)a,c 

C-O bond cleavage 

  

 
76 

 
76 

  

 
85 

 
91 

 

 

 

 
45 

 
51 

 

 

 

 
30 

 
32 

  

 
70 

 
100 

a Conversion of amide and yield were calculated using GC in hexadecane as an internal standard. bYield after column 
chromatography purification. CAlcohol was the byproduct of the reaction. 
 

Reductions of lactams frequently break between the C-N bond to give the amino-

alcohol product or a mixture of products including the cyclic amine as well as the 
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amino-alcohol. Hydrogenation of lactams using a ruthenium catalyst showed that the 

amino-alcohol formation was the predominate product of N-phenyl lactam reductions 

(Table 4.10), which was not observed using ruthenium(III) acetylacetone.13 Even 

though there are many uses for amino-alcohols, the reduction of lactams to produce 

the cyclic amine is a more difficult chemical transformation compared to the 

generation of the amino-alcohol. There are several methods to afford the amino-

alcohol without the use of toxic and expensive rare transition metals like ruthenium. 

Table 4.10 Reduction of Ru catalyzed N-phenyl lactams 

 
entry conditions yield (%) 

 
 
 
1 
 

 

 

 
n=0: 83 
n=1: 73 
n=2: 96 
n=3: 60 

 
2 
  

P(H2) = 5 MPa 

n=1: 100 
n=2: 100 

 

Both reductions required the reaction to be carried out at 100 °C for 24 hours; both 

methods also require strong bases for the successful reduction of N-phenyl lactams. 

Using the Cp*Ru(isoprene) catalyst also require high pressure for hydrogenation, 

which is not ideal for industrial scale reactions. 
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 Although atom-economical, the deoxygenation of amides through 

hydrogenation often requires increased pressure, and long reaction times because of 

the low electrophilicity of the amides. Hydrogenation of amides also requires 

transition metal catalysts, which are often expensive, toxic, and rare. Developing 

methods that could eliminate the use of these metal catalysts is important for 

synthetic organic chemists. Amines play an important role in many different areas, 

including the pharmaceutical, agrochemical, and material industries. There are many 

different synthetically simple approaches that produce amides; and reduction of these 

compounds is one of the best methods for the synthesis of amines. Development of 

new reagents for the reduction of amides is important for elimination and/or 

replacement of toxic, expensive, and pyrophoric reagents. 

4.1.4 Silane Mediated Amide Reductions 

 Although a boron- or aluminum-mediated amide reduction is the most 

frequently used, silane-mediated reduction is becoming more frequent. Aliphatic and 

aromatic amides do not undergo reduction by hydrosilanes, but a variety of different 

metal catalystsis have been introduced to help overcome this problem. One of the first 

successful reports on reducing amides used a silane-based reducing agent was 

catalyzed by tris(triphenylphosphine)rhodium(I) carbonyl hydride (RhH(CO)(PPh)3). 

The reduction was complete within one hour, and the corresponding amine was 

isolated in good to excellent yields (Table 4.11).14 
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Table 4.11 Rhodium catalyzed reduction of amides by silane14 

 
amidea product yield (%)b 

 

 

 

 
90 

  

 

 

 
86c 

 

 

 

 
85 

 

 

 

 
 

66 

aReactions carried out in THF (1 mL) at 25 °C. The ratio of amide:catalyst was  1 mmol : 0.5 mmol. bIsolated 
yield. cReduction required 2.5 molar equivalents of silane 

 

The authors suggest that the reduction using hydrosilane may start with the oxidative 

addition of hydrosilane to Rh(I) complex, forming hydrido(silyl)rhodium(III). The 

Rh-Si bond can then undergo insertion into the amide carbonyl group. This is 

followed by a rapid hydride transfer from the resultant Rh(III) complex. This results 

in the selective C-O bond cleavage that generates an alkylrhodium complex. The final 

step is reductive elimination to the corresponding amine (Scheme 4.6).14 
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Scheme 4.6 Proposed Rh-based catalytic cycle for the reduction of tertiary amides 

It has been reported that amides can be reduced to the amine using 

methylphenylsilane (MePhSiH2) in the presence of a catalytic amounts of titanocene 

(Cp2TiF2), which is a much less expensive alternative to the rhodium catalyst (Table 

4.12).15 
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Table 4.12 Reduction of tertiary amides using a titanium catalyst and 
methylphenylsilane 

 
amide 2° amine 3° amine yield 25 °C 

(2°:3° amine) 
yield 80 °C 
(3° amine) 

   

 
36:64 

 
93 

   

 
40:60 

 
77 

   

 
 

32:68 

 
 

89 

   

 
 

23:77 

 
 

90 

   

 
 
 
0 

 
 
 
0 
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Unfortunately, this method requires that reaction be carried out at 80 °C for the 

selective C-O bond cleavage. Under ambient conditions, a mixture of the 

corresponding amine and alcohol are produced. The mixture of products can be 

attributed to no preference on the part of the lone pair of electrons on the amide 

nitrogen or carbonyl oxygen to coordinate to the titanium Lewis acid. After this initial 

step, the reaction can proceed along two different pathways. The imine intermediate 

affords the amine product, whereas the aldehyde will generate the alcohol. When the 

reaction is controlled thermodynamically, the imine intermediate is favored to give 

the amine as the only product. The tertiary amines were isolated through a simple 

acid-base extraction from the siloxane product. The authors suggest the reaction goes 

through the same oxidation/reduction cycle as the rhodium based catalyst (Scheme 

4.7). 

 Silane-based reduction of tertiary amides often require transition metal 

catalysts. Using an iridium complex, the catalyst loading can be as little as 0.5 

mol%.16 Although the use of iridium is an improvement over previously reported 

catalyzed amide reductions, it is a rare transition metal. Cationic iridium, generated in 

situ, coordinates with the carbonyl oxygen, increasing the electrophilicity of the 

carbon atom (Scheme 4.7).16  
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Scheme 4.7 Reduction of amides with cationic η1–Silane Iridium (III) complex 

 Triethylsilane is a successful hydride source for the reduction of a variety of 

different tertiary amides (Table 4.13).16 The reaction times for the reduction depended 

on the steric demand of the amide groups attached to the nitrogen atom. Cationic 

iridium-catalyzed reduction works well for different functionalities, including 

trifluoro-substituted substrates, heterocyclic amides, as well as cyclopropane 

derivatives. Lactams are reduced to the cyclic amine in high yields, unlike in 

ruthenium catalyzed lactam reductions that produce a mixture of the cyclic amine and 

amino-alcohol. 
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Table 4.13 Reduction of tertiary amides with silane catalyzed by cationic iridium 

 
amide product reaction time (h) conversion (%)a 

 

 

 

 
1 

 
>99 

  

 
54 

 
82 

 

 

 

 
1 

 
>99 

 

 

 

 
2 

 
>99 

 

 

 

 
27 

 
91 

 

 

 

 
20 

 
>99 

 

 

 

 
 
5 

 
 

>99 

  

 
 
 
1 

 
 
 

>99 
 

aConversion determined by 1H and 13 C NMR spectral analysis 
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Although-iridium based amide reduction requires only a catalytic loading of 

0.5 mol%, the reaction requires heat for successful reduction using triethylsilane. 

Isolation of the amine requires column chromatography or recrystalization, which in 

large-scale reactions is undesirable. Silane-based amide reduction can also be carried 

out in the presence of platinum-based catalysts (Table 4.14).17 Complete reduction 

only takes one hour compared to 54 hours necessary when iridium is used as a 

catalyst. However, the amount of Pt-catalyst needed is twice that for the Ir-catalyzed 

reaction. Platinum-catalyzed reduction of tertiary amides requires heat, like most 

other silane-based reduction of tertiary amides. 
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Table 4.14 Reduction of tertiary amides with silane catalyzed by platinum 

 
 

amide amine yield (%)a 

 

 

 

 
99 

 

 

 

 
99 

 
 

 

 
27 

aDetermined by GC using n-hexadecane as an internal standard 
 

This method works well for sterically unhindered amides. Unfortunately, with 

increasing steric bulk, the yield drastically decreases, which limits the use in the 

reduction of amides. Platinum based N-heterocyclic carbenes (NHC’s) show 

promising results and do not require an inert atmosphere for storage. 

 A less expensive and more environmentally friendly alternative to platinum-

based NHC’s is the use of iron NHC (Fe-NHC).18 This method can be utilized for a 

wider substrate scope of amides (Table 4.15).18 The yield for the reduction of N,N-
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dimethylbenzamide using Fe-NHC as a catalyst is comparable to that obtained with 

Pt-NHC’s. Iron NHC successfully catalyzed the reduction of amides containing 

electron-donating and electron-withdrawing groups, as well as sterically demanding 

substituents attached to the amide nitrogen. 

Table 4.15 Reduction of tertiary amides with silane catalyzed by iron NHC 

 
 

amide amine R or R’ yield (%) 

 

 

 

 
- 

 
97 

  

        R = H 
        R = OMe 
        R = CF3 
 

 
 
     R = H,       98 
     R = OMe,  97 
     R = CF3,    93 
 

 

 

 

 
R’ = nPr 
R’ = iPr 
R’ = Cy 

 

 
R’ = nPr,      95 
R’ = iPr,       73 

    R’ = Cy,      98 
 

 

Using Fe-NHC as a catalyst allows the reduction to be carried out under neat 

conditions requiring only UV-light. A drawback to this reduction method compared 
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to the Pt-NHC method is that the reduction must be carried out at 100 °C and requires 

a much longer reaction time. Although this method used 5 mol% catalyst loading, 

iron is more readily available, less expensive, and overall less toxic than platinum or 

iridium. 

Use of a cobalt catalyst has also demonstrated promising results in the silane-

based reduction of tertiary amides. Cobalt-catalyzed amide reduction allows for a 

very low catalytic loading, while producing moderate to high yields of the 

corresponding amine.  Many different tertiary amides were successfully reduced 

through Co-catalysis, including sterically hindered and unhindered amides as well as 

amides containing sterically rigid moieties attached to the amide nitrogen (Table 

4.16).19  
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Table 4.16 Hydrosilation of tertiary amides catalyzed by Co(CO)8
19 

 
 

amide amine yield (%) 

 

 

 

 
99 

 

 

 

 
n=1, 72 
n=2 ,92 

  

 
 
 

92 

  

 
 
 

60 

  

 
 
 

50 

  

 
 

73 
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In the case of the aliphatic amide, the selectivity in the C-O cleavage is low: 

the reaction also generates 40% 1-hexanol. These results indicate that this method is 

not suitable for the reduction of aliphatic amides. The authors report the lactam is 

reduced to the cyclic amine without forming any amino-alcohol byproduct. The 

reduction of N,N-dibenzylfuranamide gives comparable results to the iridium-

catalyzed hydrdosilane reduction, but requires a longer reaction time. Cobalt-

catalyzed reductions require toluene as solvent, heat, and longer reaction times but the 

catalyst is more readily available and less toxic compared to platinum and iridium. 

The silane source is polymethylhydrosiloxane (PMHS), which is relatively air stable, 

inexpensive and is a byproduct of the silicon industry. 

 Another first-row transition metal that has been shown to reduce tertiary 

amides is zinc. It has been reported that zinc acetate [Zn(OAc)2] can catalytically 

reduce tertiary amides to amines using triethoxysilane or methyldiethoxysilane as the 

hydride source (Table 4.17).20 
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Table 4.17 Zinc acetate catalyzed reduction using two silane reducing agents 

 
amide amine silane 

(EtO)3SiH 
yield (%)a 

silane 
(EtO)2MeSiH 

yield (%)a 

 

 

 

 
97 

 
90 

 

 

 

 
85 

 
75 

 

 

 

 
x= F  92 
x= Cl 87 
x= Br 97 

 

 
x= F  92 
x= Br 93 
x= I   76 

 

 

 

 

 
80 

 
__c 

 

 

 

 
__b 

 
1 

 

 

 

 
73 

 
71 

 

 

 

 
82 

 
60 

aIsolated yields, products were purified by column chromatography. bThe reduction of para-methylsulfide was not 
attempted with (EtO)3SiH. cThe reduction of para-anisole was not attempted with (EtO)2MeSiH. 
 



 237 

Triethoxysilane produced higher yields in the reduction of tertiary amides and is less 

expensive than methyldiethoxysilane. This method demonstrates a tolerance to a 

variety of functional groups attached to the aromatic ring. The isolated yields are 

good to excellent for electron-withdrawing and electron-donating substituents, with 

the exception of para-methylsulfide. Heteroaromatic amides are tolerated and 

reduced to the heterocyclic amines in reasonably good yields. 

A mechanistic study was carried out to understand the reaction pathway 

(Scheme 4.9).21 The reaction was run in THF-d8 and analyzed using 29Si NMR. The 

results showed the formation of a new peak at δ +82.2 ppm (downfield shift from 

HSi(OEt)3, δ +59.2), indicating the activation of the silane hydrogen. Based on these 

observations, it was hypothsized that zinc acetate reacts with triethoxysilane to 

generate an activated zinc species. The amide then coordinates to the metal center 

generating the N,O-acetal. Release of the anionic zinc ether led to the iminium 

species. Finally, another equivalent of silane reduces the iminium ion to the amine 

product (Scheme 4.8). The mechanism proposed is in agreement with the reaction of 

N,N-dimethylbenzylamide with Ph2SiD2 where both deuterium atoms were 

incorporated on the amide carbonyl carbon. 
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Scheme 4.8 Proposed mechanism of amide reduction using zinc acetate and 
triethoxysilane 
 

An even more cost-effective alternative for amide reduction using silane is the 

use of cesium carbonate as a catalyst.22 It was found that phenylsilane reduce amides 

to amines with only 1 to 5 mol% catalytic loading of cesium carbonate at room 

temperature. This method requires only one equivalent of phenylsilane for the 

complete reduction of tertiary amides to amines (Table 4.18). These reductions are 

completed under solvent-free ambient conditions. The reaction times and isolated 

yields are comparable to these reported for transition-metal catalyzed reductions. 
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Table 4.18 Cesium carbonate catalyzed reduction of tertiary amides 

 
 

amide amine cat 
(mol %) 

temp  
(°C) 

time  
(h) 

yield 
(%) 

 

 

 

 
5 

 
25 

 
24 

 
87 

  

 
5 

 
80 

 
24 

 
92 

 

 

 

 
5 

 
80 

 
24 

 
90 

  

 
5 

 
80 
 

 
24 

 
91 

  

 
5 

 
80 

 
24 

 
84 

 

 

 

 
1 

 
25 

 
12 

 
35 

 
 

 
5 

 
25 

 
48 

 
71 

 

Sterically hindered amides are reduced to give the corresponding amines in high 

yields, albeit using higher catalytic loading. Lactams are reduced to the cyclic amine 

and no amino-alcohol product is observed. This system is limited to heterocyclic 
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amides, aromatic amides containing ethers or halo,-derivatives. Functionalized 

aromatic amides containing nitro, carbonyl, and ester functionalities are not 

compatible using the cesium carbonate-silane system. 

 Tertiary amides can be converted to the corresponding amines using 

indium(III) tribromide (InBr3) as a catalyst and triethylsilane (Et3SiH).23 The authors 

suggest that the first step is the generation of dibromoindium hydride, which then 

undergoes hydroindation of the amide. The N,O-acetyl indium intermediate goes 

through an exchange with Et3SiBr. Indium(III) bromide promotes desilylation, 

generating the iminium intermediate. Lastly, the iminium is reduced to the 

corresponding amine with regeneration of InBr3 (Scheme 4.9). 

 

Scheme 4.9 Proposed catalytic cycle for the reduction of amides by InBr3 and Et3SiH 
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The reduction of amides using InBr3 and Et3SiH is successful with different 

functionalities. Aliphatic groups such as tert-butyl and cyclopropane on the carbonyl 

carbon do not interfere with the reduction. Bromides on the aromatic ring do not 

influence reduction. Notably, a cyano group on the benzene ring, which is sensitive to 

common reducing agents such as BH3:THF, LiAlH4, or InCl3 and NaBH4 in THF, is 

tolerated in this reducing system (Table 4.19).23 
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Table 4.19 InBr3 catalyzed reduction of tertiary amides with triethylsilane 

 
 

amide amine time (h) yield (%) 

 

 

 

 
20 

 
66 

 

 

 

 
20 

 
64 

 

 

 

 
 

20 

 
 

81 

  

 
30 
 
 

 
56 

 

 

 

 
 

20 

 
 

85 

  

 
48 
 
 

 
73 

  

 
72 
 
 

 
65 

  

 
12 

 
84 
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Tris(pentafluorophenyl)borane [B(C6F5)3] has been shown to catalyze the 

reduction of tertiary amides using hydrosilation (Table 4.20).24 This method 

successfully reduces tertiary amides regardless of the electronic effects (i.e. electron-

donating or withdrawing) induced by groups attached to the aromatic carbonyl carbon 

or by steric hindrance of the substituents, with the exception of the cyano 

functionality. This limitation is most likely due to the strong coordination between the 

CN group and the Lewis acid catalyst. Napthyl, heteroaromatic, and aliphatic 

carbonyl groups are also tolerated in the reduction of tertiary amides using this metal-

free hydrosilation method. This metal-free methodology is a convenient pathway with 

many advantages including low toxicity, the use of low-cost organocatalysts, and the 

use of air-stable silane, PMHS. Unfortunately, this method requires heating the 

reaction at 100 °C for 18 hours, which is similar to other silane-mediated reductions 

of tertiary amides. 

Table 4.20 Reduction of tertiary amides using B(C6F5)3 and PMHS 

 
 

amide product yield (%) 

 

 

 

 
>99 

  

 
89 
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75 

  

 
 
 

R=Cl, Br, I   99 
R= OMe      49 
R= NO2       82 
R = CN       <1 

  

 
 
 

85 

  
 

 
 
 

>99 

 

Although both electron-donating and electron-withdrawing substituents are tolerated, 

substrates containing electron-withdrawing groups give a significantly higher yield. 

Tris(pentafluorophenyl)borane-catalyzed hydrosilation of amides likely involves the 

formation of an ion pair, in which the carbonyl functionality is activated by 

coordination to a silylium cation; while the active reductant is the HB(C6F5)3
- anion. 

This is the favored pathway when electron-withdrawing groups are present on the 
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amide because they weaken the amide-B(C6F5)3 interaction and facilitate the hydride 

transfer from HB(C6F5)3
- to the carbonyl group (Scheme 4.10).24 

 

Scheme 4.10 Proposed catalytic cycle using B(C6F5)3
24 

Reduction using the B(C6F5)3 catalyzed system is comparable to the known metal-

catalyzed (Rh, Ir, Pt, Co, Cs, Fe, Zn) reductions of tertiary amides using hydrosilanes. 

This method is also relatively cost effective, non-toxic, and uses air-stable PMHS. 

However, for complete reduction, long reaction times and heat are required. 

 Although there are numerous methods for successfully carrying out the 

reduction of tertiary amides, most reactions require heat, a catalytic metal, and/or 

column chromatography for isolation of the product. Reagents have been developed 

for the chemoselectivity reduction of amides to produce the corresponding amines, 

aldehydes, or alcohols. For the deoxygenation of N-phenyl pyrrolidinone, the amino-
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alcohol is usually generated as either the product or byproduct of the reaction. The 

development of a reducing agent that is chemoselective for C-O bond cleavage is 

important in the reduction of lactams to synthesize cyclic amines. A summary of the 

reduction methods for tertiary amides is provided in Table 4.21. 

Table 4.21 Summary of reactions for the reduction of tertiary amides 

   

 
 
 
 
Reducing 
Agent/Catalyst 

 
product 

 
product 

 
product 

Li(iPr2)NBH3 amine amine amino-alcohol:amine 
60:40 

LiPyrrBH3  alcohol alcohol - 
HB(Cy)2 aldehyde aldehyde - 
HB(Siamyl)2 aldehyde aldehyde - 
POCl3/NaBH4 amine amine amine 
Tf2O/NaBH4 amine - - 
SmI2/Et3N alcohol alcohol - 
Mg0/TiCl4 amine - - 
Pb Cathode amine amine - 
Ru(acac)/Yb(OTf)2 amine amine amine 
CpRu(isoprene) - - amino-alcohol 
Ru(η3-
C3H5)(cod)BF4 

- - amino-alcohol 

RhH(CO)(PPh3)3 amine amine - 
CpTiF2 amine amine - 
Cationic Ir amine amine - 
Pt-NHC amine - - 
Fe-NHC amine - - 
Co2(CO)8 amine amine - 
Zn(OAc)2 amine - - 
CsCO3 amine amine - 
InBr3 amine amine - 
B(C6F5)3 amine - - 
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4.2 Background 

Reduction of amides to the corresponding amine is an important process in 

synthetic organic chemistry. These reductions are typically difficult due to the low 

electrophilicity of the carbonyl carbon and use pyrophoric reducing agents, high 

reaction temperatures, and/or long reaction times. The prevalence and extensive use 

of amines as starting materials for plastics,25 agrochemicals,26 and dyes27 in industry 

make it an important functional group in organic chemistry. Amines also play an 

important role in biological processes and are key functionalities found in many 

pharmaceuticals widely used today.28 Many amines have been found to be 

particularly active as central nervous system (CNS) drugs.29-31 Amine-containing 

drugs are also used to treat a wide variety of ailments including depression, that 

according to the World Health Organization affects an estimated 350 million 

people.32 Thus, the growing interest in and use of amines has necessitated novel and 

efficient methods for their synthesis, including amide reduction. A major hurdle for 

the synthesis of amines from the corresponding amides is the reduction of tertiary 

amides, which are often difficult functional groups to reduce.  

The Singaram lab group has reported the reduction of both aliphatic and 

aromatic amides as well a Weinreb amide with dialkylboranes and lithium 

aminoborohydrides (LAB reagents).40 The product of the reduction depends on the 

steric requirement of the reducing agents used.39 The Singaram group has also shown 

the controlled reduction of aliphatic and aromatic amides to the corresponding 

alcohols, aldehydes, and amines with dialkylboranes and metal dialkyl 
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aminoborohydrides.1-3 Yet a procedure for the complete reduction of tertiary amides 

to the corresponding amines at ambient temperature that does not require 

chromatographic purification techniques other than a simple acid-base work up 

procedure for the isolation of the product amines remains elusive.  

 

4.3 Results and discussion 

4.3.1 Reduction of primary and secondary amides using diisobutylaluminum 
borohydride 

It is important to probe the capability of iBu2AlBH4 with different substituted 

amides. It has been found that aromatic primary and secondary amides are not 

reduced by iBu2AlBH4 except for of para-halogenated acetanilide derivatives 

(Scheme 4.11).  

 

Scheme 4.11 Reduction of para-halogenated acetanilide derivatives using iBu2AlBH4 

 

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

with iBu2AlBH4, the starting material was recovered (Table 4.22, entries 1-3). An 

increase from one to two equivalents of iBu2AlBH4 was used to attempt to reduce 

primary and secondary amides; the results were unsuccessful. Increasing the reaction 
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time to 24 hours was also insufficient for reducing primary and secondary amides. 

Interestingly, para-substituted halogenated acetanilide derivatives were reduced; this 

may result from activation of the amide by the electron-withdrawing halogen atom. In 

para-halogenated acetanilide derivatives, the lone pair of electrons on the nitrogen is 

resonance-delocalized into the aromatic ring, thereby increasing the electrophilicity of 

the amide carbonyl.  Unfortunately, reduction of para-substituted halogenated 

acetanilide derivatives with iBu2AlBH4, resulted in a mixture of products. High-

resolution mass spectrometry and 13C NMR analysis showed a mixture of the N-ethyl-

4-fluoroaniline and para-fluoroaniline at an 86:14 ratio. The same results were 

observed for the reduction of para-bromoacetanilide. N-Ethyl-4-bromoaniline and 

para-bromoaniline were obtained in a 4:1 ratio. These results indicate that iBu2AlBH4 

is not effective for reduction of primary or secondary amides. These results are 

summarized in Table 4.22. 
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Table 4.22: Reduction of primary and secondary amides using iBu2AlBH4 
41a 

 
aReductions carried out on a 5 mmol scale, with 1 equivalent of amide and 1.1 equivalent of 
iBu2AlBH4. bYields were determined by isolation of product and characterized by 1H NMR analysis. 
cX  indicates the starting material was recovered. dReductions carried out at 25 ºC for 1 hour. 
eiBu2AlBH4 was added at 0 ºC and the ice-bath was removed after all the hydride was added to the 
reaction mixture. fProduct isolated through acid-base extraction; no further purification was required. 
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4.3.2 Reduction of aromatic tertiary amides 

 

Reduction of tertiary aromatic amides to amines is an important step in the 

synthesis of opiate analgesics such as morphine, codeine, and heroin.42 This 

transformation is usually carried out with LiAlH4 at high temperatures. In contrast, a 

wide variety of aromatic amides were reduced very rapidly using iBu2AlBH4 

(Scheme 4.12) at ambient temperature; these results are summarized in Table 4.24.  

 

 

Scheme 4.12 Reduction of N,N-diethylbenzamide using iBu2AlBH4 

 

All tertiary amides that were studied were cleanly reduced to the corresponding 

tertiary amines, except for N,N-dimethylbenzamide (Table 4.23, entry 1), which  was 

reduced to benzyl alcohol at a 98% isolated yield. Nucleophilic reducing agents, such 

as 9-BBN, LiAlH4 and both hindered and unhindered LAB reagents reduce N,N-

dimethylbenzamide to benzyl alcohol.1-3,5 N,N-Dimethylbenzyl amine can be 

generated using Lewis acid reducing agents such as BH3:THF, silane based reducing 

agents,1-3,5 or transition metal catalyzed reactions.14-24  
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Table 4.23 Reduction of aromatic tertiary amides using iBu2AlBH4 
a 

 
aReductions carried out on a 5 mmol scale with 1 equivalent of amide and 1.1 equivalent of iBu2AlBH4. bYields 
were determined by isolation of product and characterized 1H NMR analysis. cReductions carried out at 25 ºC for 1 
hour. diBu2AlBH4 was added at 0 ºC and the ice bath was removed after all the hydride was added to the reaction 
mixture. eProduct isolated through acid-base extraction; no further purification was required. 
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Amides with electron-donating containing groups such as N,N-diethylbenzamide and 

N,N-diethyltoluamide (DEET), were reduced to N,N-diethylbenzylamine and N,N-

diethyltolubenzylamine and isolated in a 80% and 99% yields, respectively (Table 

4.23, entries 2 and 3). These reductions were followed by IR spectral analysis; the 

reduction was considered complete when the carbonyl stretch was no longer visible. 

The product amine was isolated through a simple acid-base extraction, without the 

need for column chromatographic purification techniques. Reductions carried out 

with DIBAL typically require column chromatography for purification and isolation 

of the product. When quenching the reaction mixture with methanol, aluminum-

containing compounds form a solid polymer that is easily removed by simple 

filtration. The sterically hindered N,N-diisopropylbenzyl amine was isolated from the 

reduction of N,N-diisopropylbenzamide in 99% yield (Table 4.23 entry 4). The 

unsymmetrical aromatic amide N-methyl-N-propylbenzamide was reduced to N-

methyl-N-propylbenzylamine and isolated in a 92% yield (Table 4.23 entry 5). 

Because tertiary benzamides, where the carbonyl group is directly attached to the 

aromatic ring, were successfully reduced in overall good yields, the influence of both 

electron-donating and electron-withdrawing groups was investigated. Amides with 

electron-withdrawing groups, such as bromo or trifluoromethyl substituents, were 

successfully reduced. Both (3-bromo-4-methylphenyl)(pyrrolidin-1-yl)methanone and 

pyrrolidin-1-yl(4-(trifluoromethyl)phenyl)methanone were reduced to the 

corresponding amines in 89% and 84% yields, respectively (Table 4.23 entries 6 and 

7). Because the initial functional group screening of iBu2AlBH4 showed it can reduce 
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common functionalities, difunctional aromatic compounds were not tested for the 

chemoselective reduction of amides.  

 

4.3.3 Reduction of aliphatic tertiary amides and tertiary lactams 

Cyclic amines are important in biologically active pharmaceutical compounds 

and have been reported to be obtained by reduction of lactams with LiAlH4,43 

DIBAL,44 and BH3:THF.45 Both LiAlH4 and BH3:THF are pyrophoric reagents. In 

addition, LiAlH4 tends to form strong emulsions during the aqueous work-up through 

the formation of gelatinous aluminum by-products. With BH3:THF, an excess of the 

expensive borane reagent is required for the complete substrate reduction due to the 

coordination of BH3 to the amine products.45 When lactams are reduced using 

DIBAL, a mixture of the amino-alcohol and cyclic amine products are observed.44 

Methyl-LAB can reduce lactams to the corresponding cyclic amines.5 Two different 

substrates, N,N-dimethylhexamide and 1-(pyrrolidin-1-yl)hexan-1-one, were chosen 

as examples for the reduction of aliphatic tertiary amides and tertiary lactams, 

respectively. Substrates that have a long N-alkyl chain on the amide were selected 

with the expectation that it would be easy to isolate the reduction products using a 

simple acid-base extraction.  The reduction products, N,N-dimethylhexylamine and 1-

hexylpyrrolidine were isolated in yields of 84% and 88%, respectively (Table 4.25, 

entries 1 and 2). Similarly, 2-(2-bromophenyl)-1-(pyrrolidin-1-yl)ethanone was 

reduced to 1-(2-bromophenethyl)pyrrolidine in an isolated yield of 83% (Table 4.24 

entry 7). 
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Reduction of tertiary lactams usually generate the corresponding amino-

alcohol.5  However, in a complementary fashion, iBu2AlBH4 reduced lactams directly 

to the corresponding cyclic amines in good yields. The alkyl lactam, 1-octyl-2-

pyrrolidone, was reduced to 1-octylpyrrolidine in 87%  (Table 4.24 entry 3). Most 

notably, 1-phenyl-2-pyrrolidone was reduced to 1-phenylpyrrolidine in a 71% 

isolated yield (Table 4.24, entry 4). In other reductions of this lactam, the ring 

typically opens to give 4-(phenylamino)butan-1-ol, however this product was not 

observed when 1-phenyl-2-pyrrolidone was reduced with iBu2AlBH4 (Scheme 4.13).  

 

Scheme 4.13 Reduction of 1-phenyl-2-pyrrolidone using iBu2AlBH4 

 

The lactam nitrogen can coordinate to a Lewis acid, such as the aluminum by-

product, making the N-atom a good leaving group, to give an aldehyde intermediate 

that gets further reduced. However, reductions using iBu2AlBH4 most likely go 

through an imine intermediate, ultimately resulting in 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 4.24 entries 5 and 6). Because simple cyclic amine products containing seven 

or less carbon atoms are volatile and difficult to isolate, lactams containing long 

aliphatic or aromatic substituents on nitrogen were used. These long N-alkyl chain 
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lactams were reduced to the corresponding cyclic amines and isolated to show that 

the amino-alcohol products were not generated. 

Table 4.24 Reduction of aliphatic amides and lactams using iBu2AlBH4 
a 

 
aReductions carried out on a 5 mmol scale with 1 equivalent of amide and 1.1 equivalent of iBu2AlBH4. bYields were 
determined by isolation of product and characterized 1H NMR analysis. cX  indicates the intermediate being formed is 
the amine-borane based on 11B NMR. dReductions carried out at 25 ºC for 1 hour. eiBu2AlBH4 was added at 0 ºC and 
the ice-bath was removed after all the hydride was added to the reaction mixture. fProduct isolated through acid-base 
extraction; no further purification was required. 
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 Many different methods were tested to isolate the amine product without the 

need for column chromatography as a purification technique. 

Tetramethylethylenediamine (TMEDA) was added to quench the reaction. Pentanes 

was added and the reaction was triturated. The reaction was dried with MgSO4, 

filtered, and concentrated. The product was analyzed by 1H and 11B NMR 

spectroscopy. The initial product was determined to be the amine-borane. In a 

different attempt to isolate the amine, concentrated ammonium hydroxide was added 

to quench the reaction; it formed a solid precipitate. Pentanes was added and the 

mixture was triturated. The reaction was dried with MgSO4, filtered, and 

concentrated. The product was analyzed by 1H and 11B NMR spectroscopy and the 

product was determined to be the amine-borane. The same process was repeated with 

NaOH to quench the reaction; again the amine-borane product was obtained 

according to 1H and 11B NMR analysis. Lastly, methanol (MeOH) was added to 

quench the reaction mixture and a solid precipitate was formed. Concentrated 

hydrochloric acid (HCl) was added, and the reaction was refluxed for one hour. The 

reaction was filtered and concentrated. Pentanes and DI water were added to the 

filtrate. The layers were separated, the organic layer discarded and the aqueous layer 

was neutralized using sodium hydroxide (NaOH) pellets. The aqueous layer was 

washed with ether. The layers were separated and the aqueous layer was discarded. 

The organic layer was dried with MgSO4, filtered, and concentrated. This became the 

standard work-up procedure. The product was analyzed by 1H and 11B NMR 
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spectroscopy and determined to be the corresponding amine. The pure amine was 

isolated without the need for further purification techniques, such as column 

chromatography, distillation, or recrystallization. 

4.4 Conclusion 

A new, easily synthesized reducing agent has been developed for the 

reduction of many different functional groups, including tertiary amides. 

Diisobutylaluminum borohydride (iBuAlBH4) is easily synthesized from a 1:1 

mixture of BMS and DIBAL and can be stored under argon atmosphere for six 

months. The reagent is relatively safe, requiring only ambient temperatures and short 

reaction times for the reduction of tertiary amides. This binary hydride can reduce 

aromatic and aliphatic tertiary amides as well as tertiary lactams to the corresponding 

amines. This new reducing agent is an alternative to pyrophoric LiAlH4 or refluxing 

BH3:THF and is an improvement over our previously reported LAB reagents because 

only one equivalent of iBu2AlBH4 is required for the complete reduction of tertiary 

amides. Of note, DIBAL is known to reduce amides, producing the aldehyde at low 

temperature. Borane:dimethylsulfide is not a sufficiently strong reducing agent for 

amides because the reaction requires concurrent distillation of dimethylsulfide  as 

well as long reaction times. Although primary and secondary amides were not 

reduced, p-haloacetanalides were reduced to give a mixture of anilines. Tertiary 

amides reduced by iBu2AlBH4 are summarized in Scheme 4.14. 



 259 

 

Scheme 4.14 Summary of tertiary amides reduced using iBu2AlBH4 
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4.5 Experimental 

 General Methods.  All reactions were performed in oven-dried, argon-

cooled glassware.  The borane-dimethylsulfide (BMS) and diisobutylaluminum 

hydride (DIBAL) were used as received from Aldrich. Borane-dimethylsulfide was 

stored under Ar in a refrigerator held at 15 °C and DIBAL was stored under Ar at 

room temperature.  All amide substrates were used as received from Aldrich.  All air- 

and moisture-sensitive compounds were introduced via syringes or cannula through a 

rubber septum. Tetrahydrofuran (THF) was freshly distilled from sodium and 

benzophenone ketyl.  

Anhydrous ether was purchased from Aldrich and used without further purification.  

Diisobutylaluminum borohydride was synthesized and transferred to an ampule under 

an argon atmosphere and stored for no more than 12 weeks. Reactions were analyzed 

through nuclear magnetic resonance (NMR) spectroscopy measured in ppm and were 

obtained on a 500 MHz spectrometer using CDCl3 (δ=7.26) as an internal standard 

for 1H NMR and 125 MHz using CDCl3 (δ=77.0) as an internal standard for 13C 

spectra, as well as 160 MHz using BF3:Et2O (δ=0) as an external standard for 11B 

spectra.  NMR data are reported as follows: s = singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet, br = broad, dd = doublet of doublet; coupling constants (J) are 

given in Hertz (Hz). 
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General Procedure for the Synthesis of Diisobutylaluminum Borohydride. 

To a 100 mL round-bottom flask equipped with a magnetic stir bar was added BMS 

(10.6 M, 4.72 mL, 50 mmol, 1 equiv) followed by DIBAL (1M in hexane or toluene, 

50 mL, 50 mmol, 1 equiv) dropwise over 3-5 minutes. The reaction was analyzed 

through 11B NMR and the completion of the reaction was verified by the observation 

of a chemical shift from -19.5 ppm (quartet) to -36.8 ppm (quintet) as well as the J-

value change from 105 Hz to 85 Hz indicating the formation of the borohydride. 

Diisobutylaluminum borohydride was then transferred to an Ar charged ampule and 

stored for no longer than 3 months for use. 

General Procedure for the Reduction of Amides from Diisobutylaluminum 

Borohydride. 

The following procedure is a representative. A 50 mL round-bottom flask equipped 

with a magnetic stir bar was charged N,N-diethylbenzamide (0.886 g, 5 mmol) and 

fitted with a rubber septum. The flask was cooled to 0 °C and purged with Argon. 

Anhydrous THF (5 mL) was added to the flask. To this was added 

diisobutylaluminum borohydride (6 mL, 5.5 mmol) dropwise over 10 minutes. Upon 

the completion of diisobutylaluminum borohydride the ice-bath was removed and the 

reaction was allowed to stir at room temperature for 1 hour. The reduction was 

complete after 1 hour as evidenced by the disappearance of the diisobutylaluminum 

borohydride (δ -36.81 p, J = 85 Hz) appearance of the amine-borane complex (δ -7.0 

q, J = 96 Hz) via 11B NMR. The reaction mixture was then concentrated under 
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reduced pressure and a septum was replaced on the reaction vessel. Methanol (15 mL) 

(Caution! Hydrogen evolution) was added and the reaction mixture gelatinized. The 

mixture was triturated and the reaction stirred for 1 hour at 25 °C. The reaction 

mixture was concentrated under reduced pressure to form a white solid. Pentanes (30 

mL) was added the to solid and filtered. The solid was discarded and the filtrate was 

concentrated under reduced pressure. Methanol (15 mL) followed by conc. HCl (1 

mL) was added and the reaction was refluxed for 1 hour. The reaction was allowed to 

cool to 25 °C and concentrated via roto-vap. Deionized water (1 mL) was added and 

the aqueous layer was washed with diethyl ether (3 x 10 mL). The organic layers 

were combined and discarded. To the aqueous layer was added sodium hydroxide 

(NaOH pellets) until a pH of 11 was obtained. The aqueous layer was washed with 

diethyl ether (3 x 10 mL). The combined organic layers were collected, dried with 

MgSO4, filtered, and dried in vacuo (25 °C, 1 Torr) to afford the corresponding 

tertiary amine as an oil. The results for the reduction of amides prepared by this 

method are summarized in Tables 4.23-4.25. For the 1H, 13C, and 11B NMR spectra, 

see the Appendix C. 

 

 

Diisobutylaluminum borohydride. Colorless liquid 11B NMR (160.39 MHz) δ -36.81 

(p, 4H, J = 85 Hz) 

Al BH4
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Borane-dimethylsulfide. Colorless liquid 11B NMR (160.39 MHz) δ -19.53 (q, 3H, J = 

105 Hz) 

 

Benzamide. White solid (0.599 g, 99% yield) 1H NMR (500 MHz, CDCl3): δ 7.76-

7.74 (d, 2H, J = 7.3 Hz), 7.47-7.44 (t, 1H, J = 7.3 Hz), 7.39-7.36 (t, 2H, J = 7.6  

Hz), 6.22 (br, 1H) ppm. 13C NMR (125 MHz, CDCl3): δ 169.74, 133.37, 132.03, 

128.64, 127.38 ppm.        

 

N-Methylbenzamide. White solid (0.669 g, 99% yield) 1H NMR (500 MHz, CDCl3): δ 

7.70-7.68 (m, 2H) 7.42-7.39 (t, 1H, J = 7.4 Hz), 7.35-7.32 (t, 2H, J = 7.5 Hz), 6.37 

(br, 1H), 2.93-2.92 (d, 3H, J = 4.6 Hz) ppm  

13C NMR (125 MHz, CDCl3): δ 168.34, 134.63, 131.34, 128.53, 126.87, 77.32, 26.85 

ppm. 

 

 

 

BH3S

N

O
H

H

N

O
H
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Benzyl alcohol. Colorless oil (0.530 g, 98% yield) 1H NMR (500 MHz, CDCl3): δ 

7.37-7.36 (d, 5H, J = 4.4 Hz), 4.68 (s, 2H), 1.85 (s, 1H) ppm. 

13C NMR (151 MHz, CDCl3): δ 140.88, 128.47, 127.49, 127.01, 64.73 ppm. 

 

 

N,N-Diethylbenzylamine. Colorless oil (0.653 g, 80% yield) 1H NMR (500 MHz, 

CDCl3): δ 7.35-7.31 (m, 2H), 3.58 (s, 2H), 2.55-2.51 (q, 4H, J = 5 Hz), 1.07-1.04 (t, 

6H, J = 5 Hz) ppm. 

13C NMR (126 MHz, CDCl3): δ 139.80, 129.01, 128.15, 126.73, 57.55, 46.70, 11.70 

ppm. 

 

N,N-Diethy-m-tolylbenzylamine. Colorless oil (0.878 g, 99% yield) 1H NMR (500 

MHz, CDCl3): δ 7.21 (s, 1H), 7.18-7.16 (d, 1H, J = 7.4 Hz), 7.09-7.08 (d, 1H, J = 7.4 

Hz), 3.58 (s, 2H), 2.59-2.55 (q, 4H, J = 7.1 Hz), 2.38 (s, 2H), 1.11-1.08 (q, 6H, J = 

7.1 Hz) ppm. 

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 ppm. 

OH

N

N
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N,N-Diisopropylbenzylamine. Colorless oil (0.947 g, 99% yield) 1H NMR (500 MHz, 

CDCl3): δ 7.45-7.43 (d, 2H, J = 7.4 Hz), 7.35-7.33 (d, 2H, J = 7.4 Hz), 7.26-7.23 (t, 

1H, J = 7.4 Hz), 3.70 (s, 2H), 3.10-3.05 (dt, 2H, J = 12.9, 6.5 Hz), 1.09-1.08 (d, 12H, 

J = 6.5 Hz) ppm. 

13C NMR (151 MHz, CDCl3): δ 143.25, 128.00, 127.92, 126.18, 48.97, 47.81 ppm. 

 

 

N-benzyl-N-methylpropan-1-amine. Colorless oil (0.750 g, 92% yield)  1H NMR (600 

MHz, CDCl3): δ 7.32-7.30 (m, 4H), 7.25-7.21 (m, 1H) 3.47 (s, 2H), 2.33-2.31 (d, 2H, 

J = 7.6 Hz), 2.18 (s, 3H), 1.56-1.50 (h, 2H, J = 7.4 Hz), 0.91-0.88 (t, 3H, J = 7.4 Hz) 

ppm. 

13C NMR (151 MHz, CDCl3): δ 139.47, 129.27, 128.38, 127.06, 62.53, 59.75, 42.45, 

20.76, 12.10 ppm. 

 

 

 

 

 

N

N
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1-(4-(trifluoromethyl)benzyl)pyrrolidine. Colorless oil (0.962 g, 84% yield) 1H NMR 

(500 MHz, CDCl3): δ 7.50-7.48 (d, 2H, J = 8 Hz), 7.40-7.38 (d, 2H, J = 8 Hz), 3.61 

(s, 2H), 2.47-2.44 (t, 4H, J = 6.6 Hz), 1.75-1.72 (m, 4H) ppm. 

13C NMR (126 MHz, CDCl3): δ 143.43, 129.01, 127.47, 125.17, 123.22, 60.15, 54.20, 

23.50 ppm. 

19F NMR (470 MHz, CDCl3): δ -64.45. 

 

 

1-(3-bromo-4-methylbenzyl)pyrrolidine. Colorless oil (1.131 g, 89% yield) 1H NMR 

(500 MHz, CDCl3): δ 7.49 (s, 1H), 7.14 (s, 2H), 3.52 (s, 2H), 2.47 (s, 4H), 2.35 (s, 

3H), 1.76-1.74 (m, 4H) ppm. 

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 ppm. 

 

 

 

 

 

F3C

N
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1-(2-bromophenethyl)pyrrolidine. Colorless oil (1.055 g, 83% yield) 1H NMR (500 

MHz, CDCl3): δ 7.48-7.46 (d, 1H, J = 8 Hz), 7.22-7.16 (dt, 2H, J = 14.7, 7.4 Hz), 

7.02-6.99 (t, 1H, J = 8.4 Hz), 2.95-2.92 (dd, 2H, J = 9.8, 6.8 Hz), 2.66-2.62 (m, 2H), 

2.57 (s, 4H), 1.77 (s, 4H) ppm  

13C NMR (151 MHz, CDCl3): δ 139.94, 132.95, 130.86, 127.97, 127.66, 124.68, 

56.54, 36.03, 23.70 ppm. 

 

 

1-hexylpyrrolidine. Colorless oil (0.683 g, 88% yield) 1H NMR (500 MHz, CDCl3): δ 

2.43-2.40 (t, 4H, J = 5.6 Hz), 2.35 (m, 2H), 2.32, 1.71-1.69 (p, 4H, J = 3.1 Hz), 1.47-

40 (m, 2H), 1.22 (s, 6H), 0.85 -0.79 (m, 3H) ppm. 

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 ppm. 

 

 

N,N-dimethylhexan-1-amine. Colorless oil (0.542 g, 84% yield) 1H NMR (500 MHz, 

CDCl3): δ 2.21-2.17 (m, 2H), 2.15(s, 5H), 1.42-1.36 (m, 2H), 1.26-1.21 (m, 6H), 

0.83-0.80 (t, 4H, J = 6.8 Hz) ppm. 

13C NMR (126 MHz, CDCl3): δ 59.73, 45.13, 31.70, 27.37, 27.07, 22.49, 13.89 ppm. 

N
Br

N

N
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1-octylpyrrolidine. Colorless oil (0.797 g, 87% yield) 1H NMR (500 MHz, CDCl3): δ 

2.40-2.39 (d, 4H, J = 5.2 Hz), 2.34-2.31 (m, 2H), 1.68 (s, 4H), 1.20-1.19 (m, 12H), 

0.80-0.78 (d, 3H, J = 7.0H) ppm. 

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 ppm. 

 

 

1-phenylpyrrolidine. Colorless oil (0.522 g, 71% yield) 1H NMR (500 MHz, CDCl3): 

δ 7.1-7.11 (m, 2H), 6.58-6.55 (m, 1H), 6.49-6.47 (d, 2H, J = 8.6 Hz), 3.19-3.17 (t, 

4H, 6.2 Hz), 1.91-1.88 (m, 4H) ppm. 

13C NMR (126 MHz, CDCl3): δ 148.06, 129.20, 115.45, 111.73, 47.66, 25.56 ppm. 
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Spectra for compounds and reaction in chapter 3 
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