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 In the early 1960's, Hawthorne
1
 discovered the quantitative synthesis of 

alkylhydroquinones by reacting 1,4-benzoquinone with trialkylboranes formed from 

hydroboration. Later work
2
 revealed limitations to the reductive alkylation of 

benzoquinones due to the poor regioselectivity of the hydroboration and the migratory 



xxii 

 

aptitudes
3
 of the alkyl groups, namely transferring the more substituted group 

impacting product purity. During this process, only one alkyl substituent transfers 

while the others are lost, thus resulting in formation of a borinic ester that is difficult 

to remove, air-sensitive, radical generating, and ultimately degrades product purity. 

Mixed organoboranes can overcome these difficulties using auxiliary groups with 

relatively low migratory aptitudes, such as phenyl groups or methyl groups. 

 Our group has developed the first general preparation of 

alkyldiphenylboranes.
4
 They readily react with p-benzoquinone successfully 

demonstrating the applicability of using mixed organoboranes. In this study, we are 

investigating using methyl groups as our auxiliary. Our initial studies used 

Matteson’s
5
 hydroboration procedure using triethylsilane and trichloroborane to form 

the unsolvated dichloroborane, HBCl2, a highly regioselective reagent for a variety of 

olefins and avoids limitations of ligand complexed boranes. Once the 

alkyldichloroboranes were synthesized, they were methylated using the Grignard 

reagent or dimethylzirconocene. The reaction conditions were somewhat dependant on 

the alkyl group. The purity of the alkyldimethylborane was analyzed by 
11

B NMR 

after complexation to a ligand. Addition of the alkyldimethylboranes to p-

benzoquinone quickly resulted in ca. 90% isolated yields of the alkylhydroquinone. 

The resulting dimethylborinic acid is easily removed preventing any radical side 

reactions. Overall, we have developed a general route for the reductive alkylation of 

quinones, with good selectivity and in high yields, demonstrating the applicability of 
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methyl auxiliary groups. As such, attempts were made to synthesize 

vinyldimethylboranes using the developed synthetic routes.  

                                                 
1. Hawthorne, M. F.; Reintjes, M. J. Am. Chem. Soc., 1965, 87, 4585-4587.  

2. Kabalka, G. W. Tetrahedron, 1973, 29, 1159-1162. 
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4. Mizori, F. G. PhD. Dissertation, University of California, San Diego and San Diego State University, 

CA, 2004 
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CHAPTER 1 

GE�ERAL I�TRODUCTIO� 

 

1.1 Research Objectives 

 Organoboranes have a very rich history offering organic chemists valuable and 

versatile intermediates. However, this area has not been developed to its fullest 

potential. Although boron reagents are somewhat inexpensive and easy to obtain, there 

are certain limitations that prevent hydroboration intermediates from being widely 

used. Our research group is interested in organoborane reactions that haven’t met their 

full potential either because they are new or typically failed reactions due to various 

challenges and limitations. We have focused our attention on making mixed 

organoboranes using novel reagents to obtain higher yields and higher purity than 

possible with traditional methods. We are especially interested in developing new 

routes to organoboranes that complement existing methods for applications to organic 

synthesis.  

 One of the limitations of organoborane chemistry has been the lack of 

acceptable methods to produce mixed tricoordinate boranes. As such, we wanted to 

develop a clean and mild methodology to form these essential intermediates with far 

better regioselectivity than previously available methods. We believe these mixed 

organoboranes may prove valuable in extending organoborane reactions for organic 

synthesis. These novel boranes can be used in the reductive alkylation of p-

benzoquinone, which is typically considered to be a failed reaction. It has suffered 
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from low purity of the organoborane and migratory problems of the alkyl group. This 

is mostly due to problems with the initial regioselectivities in the formation of the 

starting material. Additionally, since only one of the alkyl substituents on boron 

participates in the desired transfer reaction, the others are not easily retrieved or 

reused. This results in the formation of the borinic ester, which is not only difficult to 

remove from the product but is also air-sensitive, generates radicals, and degrades the 

purity of the hydroquinone product. As such, this reaction has not been widely 

applicable.  

 The regioselectivity problem could be partly solved by using hydroborating 

reagents that are more selective. However, these boranes are usually based on 

secondary or tertiary alkyl groups, which would migrate competitively or 

preferentially to the desired alkyl group. Overall, one way to minimize the previously 

mentioned problems would be to use mixed organoboranes having auxiliary groups 

with relatively low migratory aptitudes. Some possible choices are phenyl groups, 

which do not react with quinones, or methyl groups, which appear to react slowly, 

minimizing their transfer to the quinone. In addition, methyl auxiliary groups will 

enhance the ease of product isolation and workup. 

 As such, we have a particular interest in the synthesis of mixed tricoordinate 

methylorganylboranes using a mild methodology with clean product formation. One of 

our long term interests is to apply our developed chemistry to making biologically 

relevant compounds, such as alkylated quinone derivatives.  
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1.2 History of Organoboranes 

 Organoboranes undergo a large number of important organic transformations 

and are well established as useful intermediates for organic synthesis. Two of the more 

well known reactions of organoboranes are protonolysis and oxidation to alcohols, (eq. 

1). The latter has traditionally been used for the anti-Markovnikov hydration of double 

bonds after hydroboration. Once the alcohol has been obtained, they can be further 

oxidized to synthesize a variety of compounds. For example, the oxidation of terminal 

vinylboranes leads to aldehydes and internal alkynes leads to ketones.1 

Stereochemistry of the substituent is lost when oxidation is done through a radical 

procedure such as using molecular oxygen2; but, stereochemistry is retained when 

alkaline hydrogen peroxide is used.3  

 

 
 
 
Additionally, alcohols can be synthesized by reacting with carbon monoxide, Figure 

1.2-1.4 Tertiary alcohols can be obtained by conducting the reaction under anhydrous 

conditions in the presence of ethylene glycol.5,6 Secondary alcohols are obtained in the 

presence of water providing a key to the corresponding ketones. Primary alcohols can 

also be synthesized using carbon monoxide and in turn oxidized to an aldehyde or 

carboxylic acid. Although versatile this reaction is not always ideal because of the 
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necessary conditions. Fortunately, there are a variety of reagents that can be used for 

oxidation.7,8,9,10,11  

 

 
 

Figure 1.2-1 Reactions of trialkylboranes with carbon monoxide 

 
 

 Alkyl halides12,13 and amines14,15 are also among the various compounds that 

can be obtained from the numerous transformations of organoboranes. Another 

example is the synthesis of alkenes. These have been obtained using organoboranes in 

stereoselective procedures. Hydroboration of an alkyne by a dialkylborane results in a 

dialkylvinylborane, which can go on to synthesize either Z- or E-alkenes by reacting 

with sodium hydroxide and iodine, (eq. 2),16 or sodium methoxide followed by 

protonolysis, (eq.3).17 Overall, organoboranes are versatile intermediates offering a 

wide variety of possibilities.  
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 An important reaction that has not obtained wide spread use is the 1,4-addition 

of trialkylboranes to α,β-unsaturated carbonyl compounds.18,19 The reaction with 

methyl vinyl ketone or acrolein20 was found to be exceptionally fast and generally 

applicable to a wide range of olefins, (eq. 4). Once the reaction is complete, the 

addition of water hydrolyzes the borinic ester intermediate liberating the 

corresponding product.  

 

 
 
 
The major drawback is the unusual migratory aptitudes where the more substituted 

group transfers preferentially. This migratory aptitude is related mostly to the stability 

of the intermediate believed to be radical in nature. Since only one of the three groups 

on boron is transferred, the final product is a mixture of regioisomers. For example, 

tri-n-butylborane prepared by hydroboration with borane, BH3, contains 94% n-butyl 

groups on boron and 6% of the more substituted isomer. This is due to the 

regioselectivity of the hydroborating agent. When this is reacted with acrolein, 15% of 

the product is 4-methylheptanal showing that the minor isomer, the more substituted 

substituent, reacted preferentially. As such, the final product obtained is not pure but a 

mixture representative of the hydroboration step, (eq. 5).   
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 The reaction is believed to involve a long chain radical mechanism. The 

addition of trialkylboranes to methyl vinyl ketone, for example, quickly resulted in the 

product with quantitative yields. However, the reaction could be inhibited with radical 

scavengers such as 5% galvinoxyl, 21 as well as iodine.22 Furthermore, the addition of 

oxygen and radical initiators promoted the 1, 4-addition of organoboranes to inert 

compounds.23 Overall, although the conjugate addition of trialkylboranes to α,β-

unsaturated carbonyl compounds is fast and easy, it is a reaction that has not reached 

its full potential due to the limitations given above.  

 As previously mentioned, organoboranes can undergo a plethora of reactions. 

Only a very few have been mentioned here, many others have yet to be exploited. 

Research is continuously being done to discover and improve upon organoborane 

transformations. The versatility of these intermediates can be better understood with 

Figure 1.2-2.24  
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Figure 1.2-2  Versatility of organoboranes in organic synthesis 

 
 

 

1.3 Biological Importance of Quinone Derivatives 

 Substituted hydroquinones and the related quinones are found extensively in 

nature and many have important biological activity.25 Some of these properties include 

antitumor, HIV transcriptase inhibition, anthelmintic (expel parasitic worms) and anti-

oxidant. Quinones can be found in bacterial metabolites, coenzymes and vitamins, 

among others. In addition, quinone derivatives participate in numerous biological 

functions such as electron transport, cellular respiration and blood coagulation. A wide 



8 

 

 

 

range of structural features are found in naturally occurring quinones and 

hydroquinones. Overall, substitution, especially alkylation, is essential to elicit 

biological activity.26 Some examples can be found in Figure 1.3-1, including rapanone 

and primin,27,28 2-methoxy-6-n-pentyl-1,4-benzoquinone. The latter is found in the 

glandular hairs on the leaves of the Japanese primrose, and is known as a potent 

anticancer agent as well as a skin irritant. Illimaquinone29,30 was isolated from the Red 

Sea sponge Smenospongia sp. It has been described as anti-inflammatory and 

antimicrobial. Two well known naturally occurring quinone derivatives are avarol and 

avarone. They were first isolated from the Mediterranean sponge Dysidea avara and 

have been reported to inhibit HIV-1 reverse transcriptase. Additionally, research has 

shown that avarol has strong antibacterial and antiviral properties. It is currently used 

for the treatment of skin diseases and has a patent pending in Germany for its use 

against psoriasis.31 

 
 

Figure 1.3-1 Natural quinone compounds 
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 Hydroquinones and benzoquinones can interconvert from one form to the other 

through oxidation and reduction reactions. This is biologically driven in nature, but 

can also be done with a variety of methods ranging from mild to harsh conditions. A 

mild method, used in our laboratory, to reduce quinone derivatives to hydroquinones 

is by reacting them with ascorbic acid (vitamin C) at room temperature. In this 

manner, when one form of the desired product is available, synthesis of the other 

derivative is possible.  

 Perhaps the most important and deservedly famous quinone is ubiquinone, also 

called coenzyme Q10, (eq. 6). It is an important compound in the electron transport 

chain in the process of cellular respiration in man and other species.32 In addition, in 

the mitochondrion, it aids the conversion of food energy into adenosine triphosphate 

(ATP), the cell’s supply of chemical energy. Coenzyme Q10 has been used as anti-

aging medication, a treatment for cancer, blood pressure reducer and was even 

approved in 1974 as a treatment for congestive heart failure in Japan. As such, 

hydroquinone and quinone derivatives are promising synthetic targets to cure many 

human ailments or at least help pave the way to an improved quality of life for those 

suffering from a variety of diseases. 
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1.4 Synthesis of Substituted Quinones 

 The involvement of quinone derivatives in the vast array of cellular processes 

makes them an important class of compounds. Their synthesis has been studied and a 

crucial step found to be the formation of the C-C bond between the ring of the quinone 

and the alkyl carbon. Unfortunately, the majority of these reactions form mixtures of 

compounds or at best result in moderate yields. Early attempts to develop 

methodologies for the synthesis of alkylhydroquinones included the reaction of p-

benzoquinone with diacyl peroxides 33 and organomagnesium reagents, 34 as well as 

the Friedel-Crafts acylation35 and alkylation.36,37  

 One of the earliest reactions was the addition of benzoquinone with diacyl 

peroxides in acetic acid at 90-100 °C resulting in direct alkylation, (eq. 7).33 Although 

this reaction is simple and has the advantage of being only one step, the desired 

product is formed in low yields. Product formation depends in large part on the 

substituted benzoquinone substrate as well as the diacyl peroxide reagent. The low 

yields are attributed to side-reactions involving free radicals. Furthermore, the reaction 

takes place under harsh conditions limiting the synthetic utility of this reaction.  

 

 
 
 
 Friedel-Crafts alkylation, (eq. 8), and acylation, (eq. 9), have also been used to 

prepare alkylated quinone derivatives. These are multi-step procedures restricted to 
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only certain types of compounds. Electrophilic alkylation requires protected 

hydroquinones as the starting material, necessitating deprotection of the final 

hydroquinone. The reaction mechanism forms a carbocation intermediate. 

Rearrangement of the alkyl group occurs easily to form a more stable species. This 

may result in the loss of stereochemistry, resulting in a racemic mixture of products. 

Furthermore, it limits the reaction to alkyl groups that do not suffer rearrangement. In 

addition, aryl and vinylic halides cannot be used because they do not readily form the 

carbocation intermediate easily. These disadvantages have limited the applicability of 

this reaction to the synthesis of alkylated hydroquinones.  

 

 
 

 Primary alkyl groups can be introduced indirectly by using the Friedel-Crafts 

acylation, followed by Clemmenson reduction of the resulting ketone. This can be 

observed in Figure 1.4-1. One of the major advantages is the formation of a single 

product where no multiple acylations occur. This is in contrast to Friedel-Crafts 

alkylation where polyalkylations are common. In addition, the carbocation 

rearrangement is prevented. However, the major disadvantage is the possibility of 
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obtaining a mixture of isomers caused by acylation at the carbon, as well as the 

oxygen atoms. 
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Figure 1.4-1 Friedel-Crafts acylation of hydroquinones 

 
 
Many different catalysts exist to improve product purity and yields of the Friedel-

Crafts acylation. For example, hydroquinones have been previously acylated using 

gaseous boron trifluoride38,39 resulting in good to high yields (>70%). When the 

etherate complex, BF3·OEt2, was used, very little of the desired product was formed. 

The main advantage of this procedure was that no protection of the hydroquinone 

moiety was needed and the free acid could be used, not requiring the acid chloride. 

The formed compound could then be oxidized to obtain the corresponding quinone. 

Overall, this may be an improved methodology to incorporate primary groups into 

quinone derivatives, although various steps are required.  
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 Primary alkyl groups can also be introduced using the Fries rearrangement by 

reacting a phenyl ester to a hydroxy aryl ketone. Para substitution can be obtained 

with low temperature, and ortho product prevails with high temperature. The phenol 

product is then oxidized to the alkylbenzoquinone and reduced to the hydroquinone. 

Once again this reaction occurs under harsh conditions and the yields vary, dropping 

substantially with sterically constrained substituents. These methods are limited by 

functional group compatability with regard to experimental conditions. They also 

require more than one step, somewhat vigorous reaction conditions and produce 

complex reaction mixtures with generally low yields.  

 The same can be said for the organomagnesium reagents which have been 

reacted with benzoquinone since the early 1900’s. The reactions resulted in mixtures 

difficult to separate and the overall yields were low.34 The formation of hydroquinone 

was minimized by reacting dilute solutions. However, varying quantities of the 

reduced quinone derivative were always obtained. Changing the metal to lithium was 

found not to have a significant effect on product distribution. The range of products 

was explained by 1,2- and 1,4-additions, as well as reduction of the starting material 

from benzoquinone to hydroquinone, (eq. 10).40  
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The alkylation of benzoquinone by magnesium and lithium reagents initially proceeds 

by a single electron transfer (SET) mechanism. The radical anion which is formed can 

then abstract a hydrogen atom from the solvent, forming the unwanted hydroquinone 

or reacting with the alkyl radical yielding the 1,2- or 1,4-products. Organocadmium 

reagents have shown better chemoselectivity and regioselectivity to nucleophilic 

addition than their Grignard counterparts.41 Although, the alkylated hydroquinone is 

formed with high regiopurity in the alkyl side chain, the disadvantages include low 

yields of the desired product with high quantities of hydroquinone.  

 Another method for quinone synthesis is catalytic oxidation of phenols to 

benzoquinone. Several methods for the oxidation of 4-substituted phenols to 2-

substituted benzoquinones have been reported, the majority of which form mixtures or 

at best result in moderate yields.42 One method uses tert-butyl hydroperoxide 

oxidation with a polymer supported Vanadium complex as a catalyst to obtain 1,4-

benzoquinone in 65-95% yields. When Ruthenium is used as the catalyst, high yields 

(70-80%) of 2-substituted 1,4-benzoquinone was obtained after treatment with 

titanium tetrachloride. The 4-substituent of the phenol migrates to the 2-position of the 

final product, (eq. 11). Additionally, 1,4-dioxygenated benzenes can also be oxidized 

to 1,4-benzoquinones in a large range of yields. As previously mentioned 

hydroquinones or benzoquinones are easily converted by reduction/oxidation methods 

with a large range of conditions.  
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 Some of the classically known oxidants that can be used to convert 

hydroquinone to benzoquinone include Ag2O, Ag2CO3 and FeCl3.
43 These are 

important compounds and new reagents are continually found. The most commonly 

reported oxidant is ceric ammonium nitrate (CAN) in acetonitrile-water in yields of 

70-95%. Hypervalent iodine oxides have high product selectivity and are generally 

applicable.44 Another reagent with wide applicability is the inexpensive manganese 

dioxide.45 Theodorakis et al. used this reagent for the oxidation of avarol to avarone.29 

An alternative for tougher substrates to oxidize is nitric acid impregnated manganese 

dioxide. Several methods have been used in our laboratory46 such as hydrogen 

peroxide and iodine in methanol or V2O5 and NaClO3 in 2% sulfuric acid. The latter 

method was not ideal with an incomplete reaction of the starting material over 24 

hours and a difficult isolation of the product. Although oxidation opens a path to 

quinones from the hydroquinone derivative, conditions may need optimization to 

obtain adequate yields of pure isolated product.  

 The Stille47 and Suzuki48,49 reactions give improved C-C bond formation. They 

are versatile coupling reactions catalyzed by palladium. They are tolerant of a wide 

variety of functional groups generally proceeding with regio- and stereo- selectivity. 
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However, they are essentially restricted to aryl and vinyl groups for good to high 

yields.  

 The Stille reaction47 couples organotin compounds with sp2 hybridized alkyl 

halides catalyzed by palladium, (eq. 12). A possible example is the reaction of 

hydroquinone bromide with tetraalkyltin in the presence of a palladium catalyst, 

resulting in the formation of the alkylated hydroquinone and trialkyltin bromide. One 

of the disadvantages is the reaction uses tetraalkyltin to proceed. One group is 

transferred and the other three groups are lost. Although the substituents may be 

relatively inexpensive, the atom inefficiency may add up quickly. Overall, the alkyl 

group is the slowest to transfer from tin with the alkynyl being the fastest followed by 

alkenyl, aryl, and allyl groups. 

 

 
 

The Stille reaction is mostly used with aryl or vinyl halides or triflates. Alkyl halides 

are generally not used since the β-hydride elimination becomes the dominant reaction 

in these slower group transfers.50 Another disadvantage is that the reaction conditions 

must be optimized to obtain high yields and prevent homo-dimerization. A major 

drawback for this coupling reaction is the high toxicity of the tin reagents and their by-

products.  
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 In comparison, the Suzuki reaction48 utilizes boron instead of tin. It couples 

organoboronic acids with aryl or vinyl halides using palladium as a catalyst. Like the 

Stille reaction, it also suffers from the β-hydride elimination side-reaction when alkyl 

halides with a β-hydrogen are used. The Suzuki reaction has the advantage of lower 

toxicity and easier preparation of the coupling reagents. The boronic acid starting 

materials are air and moisture stable, as well as many being commercially available. 

However, this reaction is normally done under basic conditions and may not be 

optimal for certain sensitive compounds. For instance, alkynylboranes are unstable in 

the presence of base. They tend to react, losing the vinyl group to form an 

organoborane ester. Hence, alkynylboranes have not been generally used.  

 Recently, a new reagent has been synthesized for this purpose. Alkynyllithium 

was reacted with β-methoxy-9-BBN to form a methoxy(alkynyl)borate complex, (eq. 

13). This new species then undergoes the Suzuki coupling in yields of 60-90%. This is 

an improved method that allows primary alkyl51 groups to undergo coupling with 

alkyl, alkenyl and aryl halides52 with retention of configuration.53 However, secondary 

and tertiary alkyl groups do not participate. Overall, alkenyl and aryl groups on boron 

are the most versatile, coupling efficiently with alkyl, allylic, alkenyl, aryl and alkynyl 

halide or triflates.  
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 Unfortunately, quinone or hydroquinone derivatives have been prepared to a 

limited extent by the Stille and Suzuki reactions. Stannylquinones have undergone 

palladium-catalyzed coupling with a limited number of allyl or aryl electrophiles.54 In 

addition, 2-bromonaphthoquinones have undergone selective alkylation, alkenylation, 

and arylation using CuBr as the co-catalyst. This result in good to excellent yields (70-

90%) depending on the substituent transferred. It was shown that methyl groups 

transferred quantitatively and butyl groups transferred in 85-95%. The reaction 

conditions dramatically affected the yields. Unfortunately, this dependence is a major 

drawback. There are various catalysts47,48 ,55,56 that result in high yields but each 

reaction requires optimization for the groups being coupled. This can become a long 

and arduous process, possibly not worthwhile. In addition, quinones are not used 

because they are reduced to the hydroquinone without alkylation. Hydroquinones 

require additional protection and deprotection steps. Furthermore, the general 

limitations of the Stille and Suzuki reactions include the synthesis of the aryl- and 

vinyl- boranes, as well as the tin reagents.  

  

 

1.5 Reductive Alkylation of p-Benzoquinone 

 A complimentary approach to these synthetic methods to quinone derivatives is 

the reductive alkylation of p-benzoquinone using trialkylboranes discovered by M. F. 

Hawthorne57 soon after H.C. Brown discovered the hydroboration reaction, (eq. 14). 
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The hydroboration58 of olefins involves a syn addition of a boron-hydrogen bond to an 

unsaturated carbon-carbon bond. The reaction occurs through a four center transition 

state, where both electronic and steric factors account for the isomeric distribution of 

the product.  

 

 
 

The addition is anti-Markovnikov, which places the boron atom on the least hindered 

carbon of the double bond. For example, boron adds preferentially at the terminal 

carbon of 1-hexene. The simplest form of borane, BH3, is unstable as a monomer and 

readily dimerizes to form diborane, B2H6. It consists of a ‘three-center two-electron 

bond’ where two hydrogens are bonded to both boron atoms, satisfying the octet rule 

for both. This instantaneous dimerization decreases electrophilicity. Various 

complexing agents,59 such as tetrahydrofuran60 or amines have been used to form a 

stable complex with borane. The most widely used reagent for hydroboration is 

borane-methyl sulfide complex (BMS),61 BH3-SMe2. Borane complexes are more 

convenient, safer and easier to handle than sodium borohydride (NaBH4) or diborane 

(B2H6). Furthermore, the complexing agents dissociates the diborane to some extent, 

producing in the reaction mixture a more active intermediate, allowing a faster 

reaction than previously obtained.  
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 Borane, BH3, has historically been used to hydroborate three equivalents of an 

alkene forming symmetrical trialkylboranes. These organoboranes have been 

extensively studied and the boron found to be sp2 hybridized with a trigonal planar 

geometry. In the early 1960’s, Hawthorne and Reintjes57,62 found that trialkylboranes 

could be used as starting material for the reductive alkylation of benzoquinone. They 

found the reaction to be strongly exothermic, extremely rapid and gave products in 

almost quantitative yields. The initial product of this reaction, carried out in the 

absence of air and moisture, results in the dialkylborinic ester of the alkylated 

hydroquinone. The ester is hydrolyzed during steam distillation releasing 

dialkylborinic acid. When working with low molecular weight alkenes, this side-

product can be easily removed by steam distillation allowing isolation of the product. 

Other observations made by Hawthorne concluded that only one of the three alkyl 

groups transfer; triphenylborane is unreactive; and, quinones other than 1,4-

benzoquinones react sluggishly, if at all. 

 Soon after, Kabalka reported various similarities between the reductive 

alkylation of p-benzoquinone by trialkylboranes and the 1,4-addition of organoboranes 

to α,β-unsaturated carbonyl compounds.63 He hypothesized that the one group transfer 

from trialkylboranes proceeds through a radical chain mechanism. His evidence 

included inhibiting the reaction using radical scavengers such as galvinoxyl 64 and 

iodine65 in such a manner as to indicate a short radical chain length. Furthermore, he 

reacted the previously “unreactive” quinones found by Hawthorne and Reintjes. 

Kabalka added a small amount of air and was able to react, for example, 1,4-
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naphthaquinones with trialkylboranes. Other radical initiators also formed the desired 

product.  

 Kabalka63 proposed a mechanism for the reductive alkylation using 

trialkylboranes. He envisioned the reaction proceeding through the addition of a 

radical to one of the C-C double bonds of the quinone. This results in a quinone 

radical intermediate which has an unpaired electron on the oxygen as a resonance 

structure. Free trialkylborane reacts to form the enol borinate with a strong boron-

oxygen bond forming another alkyl radical. The addition of water hydrolyzes the ester, 

which readily tautomerizes to form the alkylated hydroquinone. Further studies to 

elucidate the mechanism were not undertaken, although it is widely accepted that the 

reaction has radical character.  

 

 
 

Figure 1.5-1 Reductive alkylation mechanism 

 
 
 Throughout his research, Kabalka explored the reaction between p-

benzoquinone and functionally substituted organoboranes.66 As in the 1,4-addition, he 
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found that although the product was formed in quantitative yields, it consisted of a 

mixture of isomeric alkylhydroquinones, (eq. 15). This was attributed to the higher 

migratory aptitude of the more substituted alkyl groups. The exact ratio of isomeric 

material was dependent on the regioselectivity of the initial hydroboration.  

 

 

 
An example is methyl-10-undecenoate, hydroborated by borane in tetrahydrofuran and 

reacted with p-benzoquinone. After hydrolysis, it was found that only 78% was the 

desired product and 22% was the isomer with the alkyl group attached at the 

secondary carbon. As previously stated, this is due to the hydroboration 

regioselectivity. The trialkylborane formed from methyl-10-undecenoate contains 9% 

of the boron at the secondary carbon.66 The majority of the secondary alkyl groups 

present on boron is preferentially transferred, increasing the amount of the more 

substituted isomeric product. In typical hydroboration reactions, boron predominantly 

adds to the terminal carbon of the double bond in a terminal olefin.67 The electron 

density at the terminal carbon increases primarily due to the polarization of the double 

bond by the alkyl substituent, favoring the attachment of the electrophilic boron atom 

at that position. If an electron-withdrawing substituent is placed in close proximity to 

the reactive site, a decrease of the attachment at the primary carbon will be observed 
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with a concurrent increase in the addition of boron to the secondary carbon atom of the 

double bond. The power of the substituent over the boron regioselectivity decreases 

with decreasing electronegativity of the substituent and the farther away the 

functionality is found from the double bond. For example when borane is reacted with 

1-butene, 6% adds to the secondary carbon. However, when allyl alcohol is used, 24% 

of the boron attaches to the secondary carbon, and 40% in allyl chloride, (Figure 1.5-

1).68,69  

 

 
 

Figure 1.5-2 Borane hydroboration selectivity for terminal olefins 

 
 
An increased electronegativity of the substituent leads to an increase in attachment of 

the boron atom at the secondary carbon. If we increase the number of carbon atoms 

between the chlorine and the double bond, for example 4-chlorobutane, 18% of the 

borane adds to the secondary carbon. In the previous example, Kabalka found methyl-

10-undecenoate is hydroborated with 9% of the boron attachment at the secondary 

carbon. This shows that a functional group with even eight carbons of separation from 

the double bond still affects regioselectivity. Furthermore, the migratory aptitudes of 

the reaction results in almost three times as much isomeric material in the final 

product. Overall, regioselectivity using borane (BH3) and the single group migration is 
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a major disadvantage in the reductive alkylation of p-benzoquinone. This limits the 

synthetic potential due to the lower yield and purity of the alkylhydroquinone isomer.  

 This regioselectivity problem could be partly solved by using hydroborating 

reagents that are more selective. A number of new hydroborating reagents with strong 

directive effects have been developed. A large variety of these hydroborating agents 

are based on secondary and tertiary alkyl groups. In contrast to borane with a 6% 

secondary carbon attachment, disiamylborane enhanced the selectivity to give 99% of 

the boron at the terminal position, Table 1.5-1.70,71 In a similar manner, use of 9-

borabicyclo[3.3.1]nonane (9-BBN),72 resulted in greater than 99% selectivity at the 

primary carbon. Although these newer reagents offer many advantages, they are based 

on secondary and tertiary alkyl auxiliary groups, which would migrate competitively 

or preferentially to the desired alkyl group in the reductive alkylation reaction. 

Primary groups such as 1-butyl and 1-hexyl could also be used, but the alkylation of 

quinones would be limited to the transfer of a secondary or tertiary group. 

Additionally, the synthesis of the primary alkylboranes would be challenging. Overall, 

one way to minimize the previously mentioned problems would be to use mixed 

organoboranes with auxiliary groups that have relatively low migratory aptitudes. 
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Table 1.5-1 Regioselectivity of alternative hydroborating reagents 

 Hydroborating 
Agent 

1˚ Attachment 2˚ 
Attachment 

 BH3 6% 94% 

B H

 

Sia2BH 1% 99% 

B H

 

9-BBN < 1% > 99% 

 
 

 In addition, this would allow the circumvention of another important limitation 

of the reductive alkylation of p-benzoquinone. In this reaction, only one alkyl group 

transfers from a trialkylborane. This represents a loss of two valuable alkyl fragments 

as the borinic acid by-product. These are normally separated from the product by 

steam distillation or oxidation, becoming increasingly difficult with complex 

molecules. Poor isolation of the product will allow the borinic acids to generate 

radicals on exposure to air, forming a tarry product of the hydroquinone. This results 

in lower yields and purity. Overall, mixed organoboranes will help develop the 

reductive alkylation of benzoquinone into a more versatile and valuable reaction.  

 A ground breaking observation found by Hawthorne that was largely 

overlooked was that triphenylboranes did not react with benzoquinones.57 This 

suggests that the phenyl group may be a suitable auxiliary group in the reductive 

alkylation by trialkylboranes allowing control of the amount of isomeric material 



26 

 

 

 

produced. Its non-migration will allow utilization of mixed organoboranes such as 

alkyldiphenylboranes.  

 

 

1.6 Preparation and Use of Mixed Organoboranes 

 In 1978, Jacobs73 utilized this observation in a similar reaction by taking 

advantage of the phenyl group non-migration and transferring an alkyl group from a 

mixed organoborane to an α,β-unsaturated carbonyl compound. He experimented by 

reacting one equivalent each of trialkylborane and triphenylborane with one equivalent 

of methyl vinyl ketone. He noticed that the triphenylborane was unreacted, reasoning a 

mixed organoborane would transfer a desired alkyl group while selectively retaining 

the phenyl group. Importantly, a primary alkyl group could be transferred selectively. 

This would allow the conjugate addition reaction to have a wider scope while being 

more efficient. Jacob used the in situ formation of diphenylborane to hydroborate 

olefins forming the alkyldiphenylborane, Figure 1.6-1. He then reacted it with methyl 

vinyl ketone obtaining the corresponding 4-alkyl-2-butanones in good yields, 75-90%. 

No phenyl transfer was observed indicating a high selectivity for the alkyl group 

transfer.  
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Figure 1.6-1 Formation and use of alkyldiphenylboranes  

 
 
A major advantage of this reaction is the increased regioselectivity in the 

hydroboration of the olefin by diphenylborane compared to borane, BH3. As 

previously mentioned, borane hydroborates a terminal olefin placing 6% of the boron 

at the 2-position. In contrast, diphenylborane places boron at the 2-position in only 

2%, while 98% is placed at the desired 1-position. This increase in regioselectivity 

will then be reflected in an increased purity of the product of the conjugate addition 

reaction because of the migratory aptitudes. Unfortunately, the only mixed 

organoborane isolated was ethyldiphenylborane in a modest yield of 56%. Repeated 

attempts74, 75, 76, 77, 78, 79, 80 to prepare other alkyldiphenylboranes have generally met 

with failure, isolating little, if any of the desired alkyldiarylboranes. The major 

products were triphenyl- and trialkylborane mostly due to disproportionation. These 

synthetic limitations have previously restricted the wide use of alkyldiphenylboranes.  

 Our group has developed the first general preparation of these mixed 

alkyldiarylboranes.81 Frank Mizori has transmetallated alkyl and alkenyl groups from 

a zirconium complex to chlorodiphenylborane. The starting material is obtained by 
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hydrozirconating an olefin using Schwartz’s reagent, Cp2ZrHCl, to form the 

alkylzirconocene chloride, Figure 1.6-2.  

 

 
 

1.6-2 Alkyldiphenylboranes using Schwartz’s reagent 

 
 
A major advantage of this method is the high regioselectivity of the Schwartz’s 

reagent compared to the hydroboration reaction with borane, where > 99.6% is found 

in the terminal position for 1-alkenes. Mizori prepared alkyldiphenylboranes in high 

yields; for example, hexyldiphenylborane was isolated in a 90% yield and 

cyclopentyldiphenylborane in an 87% yield. These mixed organoboranes readily react 

with p-benzoquinone to give good isolated yields of the alkylhydroquinones. The 

diphenylborinic acid was readily removed by precipitation by complexing with 

ethanolamine. Unfortunately these mixed organoboranes are essentially limited to the 

scope of the corresponding zirconocene complexes, vinyl and primary alkyl groups. 

Internal alkenes are isomerized and chiral groups lose stereochemistry. However, a 

more important breakthrough was the absence of any phenylhydroquinone and the 

presence of the mono-alkylated product in the proton NMR spectrum. This 

demonstrates the potential of using mixed organoboranes to transfer an alkyl group 

selectively.  
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 The phenyl group non-migration is attributed to the low stability of the radical. 

The reductive alkylation reaction has been previously compared to the 1,4-addition of 

organoboranes to α,β-unsaturated carbonyl compounds. Kabalka63 reported on the 

similarities, such as transferring only one alkyl group, as well as, proceeding through a 

radical intermediate. As such, the migratory aptitudes of the groups on boron are 

attributed to radical stability. The dissociation energies (D value), found in Table 1.6-

1, are a measure of the amount of energy required to break a specific C-H bond. This 

can be used to qualitatively measure the stability of the radical. Free-radical stability is 

in the reverse order of the dissociation energies. The major contributors are resonance 

and hyperconjugation.82  

 
Table 1.6-1 D298 values for some R-H bonds 

 D 
R Kcal/mol KJ/mol 

Ph· 111 464 

CH2=CH2· 106 444 

Me· 105 438 

Et· 100 419 

Me2CH· 96 401 

Me3C· 95.8 401 

Cyclohexyl· 95.5 400 

PhCH2· 88 368 

CH2=CH-CH2· 86 361 

   
 
This information can be loosely interpreted as the smaller the D value, the more stable 

the radical that is formed and therefore the more preference for its transfer in the 

reductive alkylation reaction. Based on the table, the phenyl radical is the least stable 

and less likely to transfer. This was demonstrated by Frank Mizori’s work in this 
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laboratory.81 Similarly, the methyl group has a D value of 105 kcal/mol. This is more 

stable than the phenyl group but less than primary, secondary and tertiary alkyl 

groups. Based on the assumption that migratory aptitudes are related to radical 

stability, the methyl group should allow preferential migration of the alkyl group; 

therefore, developing into a useful auxiliary group. In addition, the small steric 

demands of the methyl group may enhance the reactivity of the alkyldimethylboranes.   

There are many advantages to using methyl groups as auxiliaries in reactions 

such as the reductive alkylation of benzoquinone. Primary groups should transfer 

faster than the methyl auxiliary allowing a selective reaction. The borinic acid formed 

upon hydrolysis, Me2BOH, has a low boiling point of ~55 °C being easily removed, 

preventing a free radical side-reaction that results in a black tarry product formation. 

Additionally, the dimethylborane is more stable than the previously used 

alkyldiphenylboranes which readily disproportionate. As such, a methyl auxiliary 

group has enormous potential, but not without its challenges.  

There are several routes to preparing the alkyldimethylboranes depending on 

the alkyl group. One method uses methylborane for the hydroboration reaction.83 This 

reagent was first developed by H. I. Schlesinger84,85 and co-workers in the 1930’s as 

the symmetrical tetramethyldiborane. It was prepared by the redistribution reaction 

between diborane and trimethylborane. Unfortunately, this preparation was laborious, 

resulted in poor yields and a mixture of products. Additionally, product decomposition 

occurs quickly and easily forming a variety of methylated diboranes. As such, the 

method required further development and it was found preferable to store this reagent 



31 

 

 

 

as the lithium dimethylborohydride86 at room temperature. This intermediate can be 

formed by reacting a methylborinic ester, such as dimethylisopropoxyborane, with 

lithium monoethoxyaluminohydride, LiEtOAlH3. These alkylborohydrides were found 

to be stable, with no appreciable redistribution at room temperature for extended 

periods of time. Yields were high, from 80-95% with excellent product purity. These 

boranes are readily liberated as the dimethylborane using hydrogen chloride in diethyl 

ether or trimethylsilyl chloride, among others. In the presence of an alkene, the 

alkyldimethylborane can be prepared. Methyl group redistribution is faster in THF and 

can, therefore, be minimized by using diethyl ether as the solvent. Additionally, the 

regioselectivity of the hydroboration reaction is much improved over that of borane, 

BH3, allowing 99.5% of the boron to attach at the primary carbon in both ether and 

THF as the solvents. Overall, methylborohydrides are now readily prepared with 

improved regioselectivities.  

An alternative method of preparing alkyldimethylboranes introduces the alkyl 

group first, followed by the addition of the methyl auxiliary group. The first reported 

case of a mixed alkylborane being prepared in this manner was by Perrine and 

Keller.87 They reacted tri-n-butylboroxine (n-BuBO)3, with various methylating agents 

such as trimethylaluminum (AlMe3), methylaluminum iodide, and methylmagnesium 

iodide (MeMgI). The butyldimethylborane was obtained in an essentially quantitative 

yield and was found to disproportionate in the presence of donor molecules. Overall, 

methylorganylboranes are a great addition to the numerous reagents available for 

organic synthesis but have not been widely used. 
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1.7 Conclusion 

Since the discovery of the hydroboration reaction, organoboranes have become 

one of the most valuable and versatile intermediates available to synthetic organic 

chemists. However, there are various disadvantages that have limited the usefulness 

and scope of these intermediates. The hydroboration reaction, for example, which 

synthesizes the trialkylboranes to be used, has regioselectivity problems. These, as 

was previously stated, are quite sensitive to electronic effects and depend on the 

functionality as well as the proximity to the reaction site. Mixed organoboranes can 

bridge the gap left by symmetrical triorganoboranes. Surprisingly, this area has not 

been fully investigated, possibly because of the difficulties in their synthesis.  

Although there are many uses for these intermediates, of particular interest is 

their use in the general reaction of trialkylboranes with various quinones, which is an 

extremely useful reaction. Not only is this reaction widely applicable, but it is also 

extremely rapid with almost quantitative yields. Unfortunately, at this time it does 

have its limitations. Trimethylborane reacts unselectively, triarylboranes are generally 

ineffective and highly substituted quinones react sluggishly. Additionally, the 

migratory aptitude allows preferential transfer of the more substituted alkyl group on 

boron. This results in a mixture of isomeric products due to regioselectivity problems 

of the initial hydroboration reaction. Furthermore, only one group is believed to 

transfer from boron, resulting in a loss of two groups, hence overall poor atom 

efficiency. The formed by-product can be difficult to separate from the desired 
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product; and, its air sensitivity causes difficulties in the product workup and isolation, 

translating into a loss of product purity and yield. Overall, the Cole laboratory is 

working towards developing a general route for the reductive alkylation of quinones 

allowing the transfer of an alkyl group from a mixed organoborane.  

 

 

                                                           

1. Brown, H. C.; Gupta, S. K. J. Am. Chem. Soc. 1972, 94, 4370-4371. 

2. Davies, A. G.; Roberts, B. P. J. Chem. Soc. B: Physical Organic 1969, 3, 311-317. 

3. Zweifel, G.; Brown, H. C. Org. React. 1964, 13, 1-54. 

4. Brown, H. C.; Rathke, M. W. J. Am. Chem. Soc. 1967, 89, 2737-2738. 

5. Brown, H. C. Boranes in Organic Chemistry; Cornell University, Ithaca, New York, 1972. 

6. Cragg, G. M. L. Organoboranes in Organic Synthesis, Marcel Dekker, New York, 1973. 

7. Kabalka, G. W.; Shoup, T. M.; Goudgaon, N. M. Tetrahedron Lett. 1989, 30(12), 1483-1486. 

8. Brown, H. C.; Garg, C. P. J. Am. Chem. Soc. 1961, 83, 2951-2952. 

9. Brown, H. C.; Knights, E. F.; Coleman, R. A. J. Am. Chem. Soc. 1969, 91, 2144-2146. 

10. Pelter, A.; Hutchings, M. G.; Smith, K. J. Chem. Soc. D: Chem. Commun. 1970, 22, 1529-1530. 

11. Brown, H. C.; Carlson, B. A. J. Org. Chem. 1973, 38, 2422-2424. 

12. Brown, H. C.; Rathke, M. W.; Rogić, M. M. J. Am. Chem. Soc. 1968, 90, 5038-5040. 

13. Brown, H. C.; Lane, C. F. J. Am. Chem. Soc. 1970, 92, 6660-6661. 

14. Brown, H. C.; Heydkamp, W. R.; Breuer, E.; Murphy, W. S. J. Am. Chem. Soc. 1964, 86, 3565-
3566. 
 
15. Brown, H. C.; Midland, M. M.; Levy, A. B. J. Am. Chem. Soc. 1973, 95, 2394-2396. 

16. Zweifel, G.; Arzoumanian, H.; Whitney, C. C. J. Am. Chem. Soc. 1967, 89, 3652-3653. 

17. Zweifel, G.; Arzoumanian, H. J. Am. Chem. Soc. 1967, 89, 5086-5088. 

18. Suzuki, A.; Arase, A.; Matsumoto, H.; Itoh, M.; Brown, H. C.; Rogic, M. M.; Rathke, M. W. J. Am. 

Chem. Soc. 1967, 89, 5708-5709. 



34 

 

 

 

                                                                                                                                                                       

 
19. Brown, H. C.; Rogic, M. M.; Rathke, M. W.; Kabalka, G. W. J. Am. Chem.  Soc. 1967, 89, 5709-
5710. 
 
20. Brown, H. C.; Midland, M. M. Angew. Chem. Int. Ed. 1972, 11(8), 692-700.  

21. Kabalka, G. W.; Brown, H. C.; Suzuki, A.; Honma, S.; Arase, A.; Itoh, M. J. Am. Chem. Soc. 1970, 
92, 710-712. 
 
22. Brown, H. C.; Midland, M. M. J. Am. Chem. Soc. 1971, 93, 1506-1508. 

23. Brown, H. C.; Kabalka, G. W.  J. Am. Chem.  Soc. 1970, 92, 714-716. 

24. Srebnik, M.; Ramachandran, P. V. Aldrichimica Acta 1987, 20(1), 9-24. 

25. Thomson, R. H. 2aturally Occurring Quinones IV: Recent Advances, 4th ed.; Chapman and Hall: 
London, UK, 1997; pp 1–111. 
 
26. Aponick, A.; Buzdygon, R. S.; Tomko, Jr., R. J.; Fazal, A. N.; Shughart, E. L.; McMaster, D. M.; 
Myers, M. C.; Pitcock, Jr., W. H.; Wigal, C. T. J. Org. Chem. 2002, 67, 242-244. 
 
27. Bieber, L.W.; Neto, P. J. R.; Generino, R. M. Tetrahedron Lett. 1999, 40, 4473-4476. 

28. Schildknecht, H. Angew. Chem Int. Ed. Engl. 1981, 20, 169-171. 

29. Loya, S.; Tal, R.; Kashman, Y.; Hizi, A. Antimocrobial Agents and Chemotherapy 1990, 34 (10), 
2009-2012. 
 
30. Ling, T.; Poupon, E.; Rueden, E.J.; Kim, S. H.; Theodorakis, E. A. J. Am. Chem. Soc. 2002, 124, 
12261-12267. 
 
31. Mueller, W. E. G.; Schatton, W. F. H.; Michel, G. European Patent Office DE 4137093 A1 
19930701, 1993. 
 
32. Thomson, R. H. 2aturally Occurring Quinones; 2nd ed.; Academic Press., New York, 1971; pp. 
173-174. 
 
33. Fieser L. F.; Oxford A.E. J. Am. Chem. Soc. 1942, 64, 2060-2065. 

34. Fischer, A.; Henderson, G. N. Tetrahedron Lett. 1980, 21, 701-704. 

35. Groves, J. K. Chem. Soc. Rev., 1972, 1, 73-97. 

36. Eyley, S. C. Comp. Org. Syn. 1991, 2, 707-731.  

37. Heaney, H. Comp. Org. Syn. 1991, 2, 733-752 

38. McLamore, W. M. J. Am. Chem. Soc. 1951, 73, 2221-2225. 

39. Armstrong, E. C.; Bent, R. L.; Loria, A.; Thirtle, J. R.; Weissberger, A. J. Am. Chem. Soc. 1960, 82, 
1928-1035. 



35 

 

 

 

                                                                                                                                                                       

 
40. McKinley, J.; Aponick, A.; Raber, J. C.; Montgomery, D.; Wigal, C. T. J. Org. Chem. 1997, 62(14), 
4874-4876. 
 
41. Aponick, A.; McKinley, J. D.; Raber, J. C.; Wigal, C. T. J. Org. Chem. 1998, 63(8), 2676-2678. 

42. Owton, W. M. J. Chem. Soc., Perkin Trans. 1 1999, 2409-2420. 

43. Naruta, Y.; Maruyama, K. Chem. Quinoid Comp., Vol. II, Patai, S.; Rappoport, Z., Eds.; John Wiley 
and Sons: New York, 1988; pp. 241-402.  
 
44. Takata, T.; Tajima, R.; Ando, W. J. Org. Chem. 1983, 48, 4764-4766. 

45. Cassis, R.; Valderrama, J. A. Synth. Commun. 1983, 13(5), 347-356. 

46. Trujillo, F.  M. S. Thesis, San Diego State University, CA, 2008. 

47. Stille, J. K. Angew. Chem., Int. Ed. Engl. 1986, 25, 508–524. 

48. Suzuki, A. J. Organomet. Chem. 1999, 576, 147–168. 

49. Miyaura, N.; Suzuki, A. Chemical Reviews, 1995, 95(7), 2457-2483. 

50. Casado, A. L.; Espinet, P. J. Am. Chem. Soc. 1998, 120, 8978-8985. 

51. Matos, K.; Soderquist, J.A.  J. Org. Chem. 1998, 63, 461-470. 

52. Fürstner, A.; Seidel, G. Synlett 1998, 161-162. 

53. Ridgway, B.H.; Woerpel, K.A. J. Org. Chem. 1998, 63, 458-460. 

54. Echavarren, A. M.; Tamayo, N.; de Frutos, Ó.; García, A.  Tetrahedron 1997, 53, 16835-16846.  

55. Tamayo, N.; Echavarren, A. M.; Paredes, M. C.  J. Org. Chem., 1991, 56(23), 6488-6491. 

56. Miyaura, N.; Suzuki, A. Chemical Reviews, 1995, 95(7), 2457-2483. 

57. Hawthorne, M. F., Reintjes, M. J. Am. Chem. Soc. 1964, 86, 951-951.  

58. Brown, H. C. Hydroboration, W. A. Benjamin, New York, 1962. 

59. Wirth, H. E.; Massoth, F. E.; Gilbert, D. X. Journal of Physical Chemistry 1958, 62, 870-1. 

60. Rice, B.; Livasy, J. A.; Schaeffer, G. W. J. Am. Chem. Soc. 1950, 77, 2750-2751. 

61. Adams, R. M.; Braun, L. M.; Braun, R. A.; Crissman, H. R.; Opperman, M. J. Org. Chem. 1971, 36, 
2388-2389. 
 
62. Hawthorne, M. F., Reintjes, M. J. Am. Chem. Soc. 1965, 87, 4585-4587. 

63. Kabalka, G. W. J. Organomet. Chem.  1971, C25-C28. 



36 

 

 

 

                                                                                                                                                                       

64. Kabalka, G. W.; Brown, H. C.; Suzuki, A.; Honma, S.; Arase, A.; Itoh, M. J. Am. Chem. Soc. 1970, 
92, 710-712. 
 
65. Brown, H. C.; Midland, M. M. J. Am. Chem. Soc. 1971, 93, 1506-1508. 

66. Kabalka, G. W. Tetrahedron 1973, 29, 1159–1162. 

67. Brown, H. C.; Cope, O. J. J. Am. Chem. Soc. 1964, 86, 1801-1807. 

68. Brown, H. C.; Keblys, K. A. J. Am. Chem. Soc. 1963, 86, 1791-1795. 

69. Brown, H. C.; Knights, E. F.  J. Am. Chem. Soc. 1968, 90, 4439-4444.  

70. Brown, H. C., Moerikofer, A. W. J. Am. Chem. Soc. 1961, 83, 3417-3422. 

71. Brown, H. C., Ravindran, N. J. J. Am. Chem. Soc. 1976, 98, 1798-1800. 

72. Knights, E. F., Brown, H. C. J. Am. Chem. Soc. 1968, 90, 5280-5281. 

73. Jacob ΙΙΙ, P. J. Organomet. Chem. 1978, 156, 101-110. 

74. Torssell, K. Acta Chem. Scand. 1955, 9, 239-241.  

75. Torssell, K. Acta Chem. Scand. 1954, 8, 1779-1786. 

76. McCusker, P. A.; Makowski, H. S. J. Am. Chem. Soc. 1957, 79, 5185-5188.  

77. Kramer, G. W.; Brown, H. C. J. Organomet. Chem. 1974, 73, 1-15. 

78. Brown, H. C.; Rogić, M. M. J. Am. Chem. Soc. 1969, 91, 4304-4305. 

79. Kacheishvili, G. E.; Pirtskhalava, N. I.; Dzhioshvili, G. D. Zh. Obshch. Khim. 1964, 34, 2910-2911. 

80. Mikhailov, B. M.; Dorokhov, V. A. Doklady Akad. 2auk, S.S.S.R. 1960, 133,119-122. 

81. Mizori, F. G. PhD. Dissertation, University of California, San Diego and San Diego State 
University, CA, 2004. 
 
82. March, J. Advanced Org. Chem., John Wiley & Sons Inc., New York, 1992.  

83. Brown, H. C., Cole, T. E., Srebnik, M., Kim, K. J. Org. Chem. 1986, 51, 4925-4930. 

84. Schlesinger, H. I., Walker, A. O. J. Am. Chem. Soc. 1935, 57, 621-625. 

85. Schlesinger, H. I., Flodin, N. W., Burg, A. B. J. Am. Chem. Soc. 1939, 61, 1078-1083. 

86. Brown, H. C.; Cole, T. E.; Srebnik, M. J. Org. Chem. 1986, 51, 4925-4930. 

87. Perrine, J. C.; Keller, R. N. J. Am. Chem. Soc. 1958, 80, 1823-1827. 



37 

 

CHAPTER 2   

CO�VE�IE�T SY�THESIS OF ALKYLDICHLOROBORA�ES 

 

2.1 Introduction 

2.1.1 Traditional Hydroborating Agents 

 Organoboranes are extremely useful synthetic intermediates. Unfortunately, 

there are several issues that need to be resolved for their wide use. The most essential 

being a selective route that yields the desired alkyl group in high regiopurity. As was 

mentioned in Chapter 1, the hydroboration reaction undergoes a four-centered 

transition state to add the B-H group to an alkene. The natural tendency of the boron is 

to add to the terminal carbon of an olefin, which has an increased electron density 

caused by the electron donating effects of the alkyl substituents.
88

 This polarization of 

the double bond directs the attachment of the electrophilic boron atom. Various factors 

affect the amount of boron that attaches at the possible carbons, including steric 

effects. 

 This can be seen with the least hindered hydroborating reagent, borane-

dimethyl sulfide, H3B·SMe2 (BMS). Hydroboration reactions place 94% of the boron 

at the primary carbon as indicated in Figure 2.1-1. This increases in disubstituted 

terminal olefins, 2-alkyl-1-alkenes, to 99%.
89

 This sensitivity to steric effects can also 

be seen with disubstituted internal alkenes. Symmetrical internal olefins show no 

preference for either carbon; however, branching increases boron placement on the 

carbon adjacent to the less branched substituents.
90

 In addition, little discrimination in 
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the regioselectivity of the boron atom between cis and trans isomers has been 

observed.
91

 For trisubstituted alkenes, there has been shown a preference for the less 

sterically hindered position, however, with less steric hindrance there is very little 

discrimination between the π-faces of the molecule.  

 

 
 

Figure 2.1-1 Borane hydroboration selectivity 

 

 

The regioselectivity of the hydroboration reaction is quite sensitive not only to steric 

effects but also to electronic effects (inductive effects). These will differ depending on 

whether the substituents are electron withdrawing or electron donating with a 

decreasing effect the farther away the functional group is from the double bond.
88,92

 

This regioselectivity problem can be partly solved by using hydroborating reagents 

that are more selective.  

 Haloboranes offer a variety of desirable qualities including an increased 

regioselectivity compared to BMS. Organohaloboranes can be prepared by a variety of 

conventional methods. An older procedure reacts a trihaloborane with borinic and 

boronic acid anhydrides to form the diorganohaloboranes, (eq. 16), and 

organodihaloboranes, (eq. 17), respectively.
93,94
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Alkyldichloroboranes were formed at low temperature in limited yields, 50-60%.
95,96

 

A well known procedure is the redistribution reaction between trialkylboranes and 

trichloroboranes in the presence of boron hydrides at elevated temperatures, (eq. 

18).
97,98,99,100

  This methodology suffers from regioselectivity problems due to the 

synthesis of the trialkylborane. This starting material is formed from the hydroboration 

of an alkene by borane-dimethyl sulfide resulting in a relatively low regiopurity. 

Additionally, the above methods require multistep synthesis that are time consuming 

and result in lower yields. 

 

 
 

 Dichloroborane diethyl etherate, HBCl2·OEt2,
101,102

 is a well known reagent 

formed from the redistribution of lithium borohydride and trichloroborane, (eq. 19).  

 

 
 

This reagent has a higher selectivity in the hydroboration reaction than borane-

dimethyl sulfide; unfortunately, it was initially found to have low reactivity. This was 

attributed to the strong complexation between the acidic dichloroborane and the basic 

diethyl ether. In order to obtain decomplexation, an equivalent of trichloroborane must 
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be added to coordinate with diethyl ether. The complexed BCl3·OEt2 precipitates from 

the pentane solution, accelerating the hydroboration reaction. The rate limiting step in 

this reaction is the dissociation of the haloborane complex, which can be slow and 

some hydroborations may require several hours to complete. The alkyldichloroboranes 

were easily isolated in 80-90% yields. Unfortunately, this reagent is only stable for 

two days at room temperature and approximately two weeks when stored in a cold 

room. This limited stability requires that this reagent is freshly prepared before its use.  

 A similar reagent, although more widely used, is dihaloborane-dimethyl 

sulfide, HBX2·SMe2.
103

 In contrast to dichloroborane etherate, Brown
104

 reported this 

reagent can be readily synthesized by the redistribution of H3B·SMe2 and Cl3B·SMe2 

at room temperature resulting in quantitative conversion, (eq. 20).  

 

 
 

An advantage of this methodology is that it does not require expensive starting 

materials like lithium borohydride. Additionally, this reagent is stable indefinitely at 

room temperature; however, as in the case with the dichloroborane etherate complex, 

this reagent hydroborates olefins only in the presence of an equivalent of 

trichloroborane. An advantage of dichloroborane-dimethyl sulfide is its high 

regioselectivity. For example, 1-hexene shows an improvement from 94/6 primary to 

secondary carbon with borane-dimethyl sulfide complex to 99/1 with the 

dichloroborane complex.
105

 While there is conflicting data on the exact product ratios 

not easy to interpret, the variability in the reported regioselectivities may be more of 
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an artifact of the mode of preparation. Overall, improved selectivities with this reagent 

have been obtained when less than one equivalent of the olefin is used.
106

  

 A disadvantage of this method is the decreased rate of hydroboration by 

inhibition of the dissociation of the dihaloborane dimethyl sulfide complex. 

Unfortunately, the formed alkyldihaloboranes from hydroboration do not complex to 

dimethyl sulfide as strongly as the dihaloborane complexes. A small amount of 

dissociation produces liberated dimethyl sulfide, which pushes the equilibrium of the 

dissociation of the dihaloborane complex to the left, (eq. 21). Although this is a slower 

reaction, this reagent is an improvement over the previously mentioned hydroborating 

agents and seemed ideal for our synthetic needs. 

 

 
 

 The redistribution reaction to form dichloroborane from trichloroborane and 

borane was attempted in our laboratory. One equivalent of borane dimethyl sulfide 

was reacted with two molar equivalents of trichloroborane in the presence of dimethyl 

sulfide. Unfortunately, the reaction (eq. 20) did not occur as reported in literature. 

Instead of the expected dichloroborane, HBCl2, large amounts of monochloroborane, 

H2BCl, were also formed (eq. 22). 
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Analysis of the boron NMR spectrum, revealed the major species as a doublet at ca 2 

ppm. This is dichloroborane, which was never formed in greater than 70% selectivity. 

The remaining products were equal amounts of trichloroborane observed as a singlet 

at ~7.1 ppm and monochloroborane found at -7.7 ppm as a triplet resonance signal. 

Although sufficient borane-dimethyl sulfide was observed via 
11

B NMR, the reaction 

did not go to completion selectively forming only one product. Similar results were 

obtained when monochloroborane was the desired product.
107

 These reactions were 

done in diethyl ether, as well as pentane, with no improvements to the purity of the 

products. An extensive review of the literature found another research group
108

 also 

had difficulty replicating Brown’s procedure in the reported yields. This was mostly 

due to low purity of the product, with data very similar to that obtained in our 

laboratory. Overall, they found other organic halides that can form the chloroboranes 

in good yields, including CCl4, FCBr3, Ph3CCl and Ph3CBr. However, these solutions 

should be used soon after their preparation so as not to lose any of the initial 

selectivity of the reagents formed. Overall, the redistribution reaction between borane-

dimethyl sulfide and trichloroborane is an equilibrium reaction where both 

chloroboranes, H2BCl and HBCl2, as well as small amounts of starting material, are 

always present. All these borane species participate in the hydroboration wreaking 

havoc on the selectivity of the reaction and the purity of the products.  
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2.1.2 Matteson’s Hydroboration Procedure 

 The disadvantages of these traditional hydroborating agents are too important 

to be overlooked. Our main goal is to make and use mixed organoboranes to transfer 

an alkyl group to benzoquinone. If an equivalent of trichloroborane is present during 

methylation, it would complicate the possible products decreasing the purity and 

usefulness of our formed reagents. The same can be said for non-selective 

hydroborating agents. A newer methodology and perhaps a more general and more 

attractive route to the desired organodihaloborane compounds is the Matteson
109, 110

 

procedure of in situ hydroboration using trihaloborane and trialkylsilane to form 

dichloroborane as an intermediate, (eq. 23).  

 

 
 

This hydroborating reagent, HBCl2, is formed by a hydride exchange between silane 

and trihaloborane. This transfer of an electronegative atom from silane to a more 

electropositive atom, boron, is generally fast. The unsolvated dihaloborane 

hydroborates the olefin present rapidly and quantitatively to the alkyldihaloborane, 

(eq. 24). The unsolvated dihaloborane is highly regioselective for a variety of olefins 

as long as the alkene does not contain oxygen atoms that can complex to the 

trihaloborane starting material. This reagent is more reactive than the complexed 

version to dimethyl sulfide or diethyl ether.  
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 Dichloroborane, free of a complexing ligand, is very reactive. Hydroboration 

of an alkene is very fast, forming the alkyldichloroborane. If no olefin is present, the 

initial dichloroborane will dimerize and disproportionate to trichloroborane and two 

geometric isomers of dichloroborane dimer, cis and trans. The latter, in turn, yield 

monochlorodiborane, (eq. 25).  This decomposition reaction is well known and the 

disproportionation of dichloroborane to monochlorodiborane (ClB2H5) and boron 

trichloride has been reported to have a half-life of 8-12 h at -4 °C.
111

 Unfortunately, 

the cascade of reactions is not complete until monochlorodiborane slowly but 

irreversibly forms the products diborane and trihaloborane. Diborane is a colorless 

gas, insoluble in non-coordinating solvents, highly flammable and dangerous when 

exposed to air potentially forming explosive mixtures.  For this reason, preformed 

chloroborane mixtures should never be used with the Matteson procedure. 

Additionally, an olefin should always be present when the trialkylsilane and 

trichloroborane are mixed. 
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 As mentioned above, if olefin is present when the unsolvated dichloroborane is 

formed, the hydroboration reaction occurs quickly resulting in alkyldichloroboranes. 

Overall, the rate of the reaction is remarkable. When Matteson et al.
109

 mixed 

trimethylsilane, 1-hexene and boron trichloride at -78 °C, complete consumption of 

the starting materials was observed via 
11

B NMR ca 5 minutes with the corresponding 

formation of alkyldichloroboranes. In a different system, when diethylsilane was 

reacted at -98 ˚C, the alkyldichloroborane was formed in less than one minute. This 

indicates a fast hydride transfer and hydroboration.    

 Hydroboration can not occur in the absence of an alkene, allowing the 

redistribution of the dichloroborane formed from the initial hydride transfer. Once the 

olefin is added, the hydroboration reaction can occur through a variety of B-H 

compounds in solution, all highly reactive except for diborane. As was mentioned 

previously, diborane requires complexation with a ligand for increased reactivity. 

Additionally, one equivalent of trichloroborane is required before hydroboration in 

order for the borane to dissociate from the complexing agent and react with available 

alkene. In the Matteson procedure, it was observed that monochlorodiborane and 

dichlorodiborane dissociate more easily than diborane. However, this really isn’t a 

problem since dimers formed from the disproportionation reaction of the uncomplexed 

dichloroborane still manage to undergo hydroboration. Typical reaction occurs via 

dichloroborane, (eq. 26). However, if any alkylchloroboranes (RBHCl) are formed, 

this will result in a fast halide/hydride exchange with available trichloroborane to form 

alkyldichloroborane and dichloroborane, (eq. 27). Redistribution in the presence of 
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hydrides is a well known reaction, which results in the formation of the 

alkyldichloroborane free from side-products such as dialkylchloroboranes unless non-

stoichiometric amounts are used.  

 

 
 

 Matteson studied various reaction conditions to obtain the alkyldichloroborane 

in high yields and regiopurity. An interesting observation was found in relation to 

regioselectivity. A reaction was done by premixing trialkylsilane and trichloroborane 

at -78 °C before adding the alkene (method A). This resulted in 0.8% of boron 

attaching at the secondary carbon. This was decreased to 0.4% when trialkylsilane and 

1-hexene were premixed before being added to trichloroborane (method B). This 

increase in regioselectivity gives us insight into the reactive intermediate. In method B 

the trichloroborane is not premixed with the silane. Therefore, upon addition to the 

trichloroborane, the formed dichloroborane will be trapped and used in the 

hydroboration reaction to form alkyldichloroborane. In method A, the premixing of 

trialkylsilane and trichloroborane allows reduction not only to dichloroborane but also 

to monochloroborane and other intermediate species. This suggests that the highest 

regioselectivity of hydroboration is obtained using dichloroborane, followed by mono-

chloroborane with borane being a less selective reagent. 
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 As such, the best general procedure would prevent premixing trialkylsilane and 

trichloroborane in order to minimize the amount of time available for the unsolvated 

dichloroborane to redistribute. Therefore these hydroborations should be carried out 

by mixing the alkene and the trialkylsilane first before adding them dropwise to stirred 

boron trihalide. This will also alleviate the problem of acid-sensitive alkenes reacting 

prematurely with trichloroborane to rearrange or decompose. 

  

 

2.2 Results and Discussion 

2.2.1 Initial Hydroboration Studies 

 One of the main goals for using mixed organoboranes to transfer an alkyl 

group to a benzoquinone was to develop a family of compounds for biological testing. 

We were particularly interested in developing compounds relevant to the chemical 

community. One of the earlier targets for quinone like compounds, such as 

hydroquinones, was the inhibition of neutral sphingomyelinase (nSMase). This 

enzyme is highly conserved in the catalytic region and is part of a critical biological 

pathway seen in a variety of living organisms from yeast to humans. It appears to be 

an important element for the activation of the apoptotic pathway, Figure 2.2-1. 
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Figure 2.2-1 Sphingomyelin cleavage 

 

 There are relatively few known inhibitors of nSMase. The most active 

inhibitors include scyphostatin,
112

 manumycin A,
113

 compound 4a
113

 and F11263
114

 (in 

decreasing order of inhibition, (Figure 2.2-2). Generally, inhibitors have similar 

structural units such as a hydroquinone/quinone like ring and an amide group.  
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Figure 2.2-2 Sphingomyelinase inhibitors  

 

We have initiated the synthesis of a series of compounds that contain these structural 

units of increasing complexity (Family 1, 2 and 3). Preliminary results on the Cbz 

protected amine, Family 2, has shown inhibition with only slightly lower IC50 values 
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than the most active compound to date, scyphostatin, Figure 2.2-3. The lower the IC50 

values, the more inhibition of the enzyme occurring.  

 

 
 

Figure 2.2-3 Cole Laboratory family of compounds 

 

Family 1 compounds are formed from the 3-aminopropylhydroquinone parent 

compound. As shown in Figure 2.2-4, we envisioned synthesizing this from a 

halopropyl hydroquinone, in turn formed from the corresponding alkyldimethylborane 

using allyl halide as the starting alkene for the hydroboration. As such, initial 

hydroboration studies were done with allyl chloride as a potential target for 

biologically active compounds.  
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Figure 2.2-4 Retrosynthesis of biologically active synthetic targets 

 

 The choice for the hydroborating agent of the allyl halide is critical, mostly due 

to regioselectivity problems as well as the propensity for the boryl intermediate to 

eliminate the halogen. For example, it is well known that electron withdrawing 

substituents close to the double bond increase boron attachment at the secondary 

carbon, (eq. 28). The simplest hydroborating agent, BMS, yields a 40:60 secondary to 

primary ratio when reacted with allyl chloride because of the inductive effects of the 

halogen towards the β-position.
88,115

 Even worse, this is followed by a spontaneous 

elimination of the boron and chlorine substituents, forming a haloborane and 

propylene decreasing the yield of the desired compound, (eq. 29). The newly formed 

olefin can then be hydroborated in the presence of available boron reagent a second 

time to give the usual 94:6 distribution. This forms a propylborane with the loss of a 

halogen, (eq. 30). This final product is obtained in 82:18 ratio of primary to secondary 

isomer. Unfortunately, the resulting mixture of products limits the yield and 
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applicability of this reagent mostly due to the regioselectivity of the hydroborating 

agent.  

  

 
 

 
 

 
 

 There are varying factors that affect the outcome of the elimination reaction 

after boron attachment at the secondary carbon. Overall, it has been noted that with 

good leaving groups, cis elimination is fast and occurs concurrently with the 

hydroboration. However, poor leaving groups react slowly enough to be controlled 

and elimination is only observed over a longer reaction time. In contrast, the primary 

isomer is not affected by this reaction. Additionally, it has been shown that if 

theoretical amounts of borane, BH3, are used for hydroboration, the amount of 

elimination occurring is reduced and occurs at a slower rate. In general, the 

elimination reaction occurs in acyclic compounds
116

 because of the possible rotation in 

geometry allowing the boron and substituent to come in close proximity for them to 

react. In contrast, cyclic boranes do not necessarily have the possibility of rotation, 

resulting in a locked geometry and lower chance of undergoing the elimination 
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reaction. Additionally, the conformational freedom of chloroboranes increases the 

chance of product loss. This becomes insignificant when other hydroborating reagents, 

with a more constricted structure, are used. As such, the choice of hydroborating agent 

is critical to minimize the elimination reaction. 

 Fortunately, Matteson developed a methodology that minimizes the amount of 

initial boron attachment to the secondary carbon, in turn minimizing the elimination 

reaction. The procedure uses dichloroborane as the hydroborating agent. It is highly 

regioselective, forming the 1-alkyl group for terminal alkenes with more than 99% 

specificity.
117

 The secondary isomer is formed in less than 1%, reducing the possibility 

of β–elimination of the chloro group. Matteson reported an in situ generation of the 

ligand free dichloroborane via trihaloborane and trialkylsilane mixtures, (eq. 31). 
109, 

110
  

 

 
 

This method is superior to the coordinated dichloroborane reagents, HBCl2·L, which 

require an equivalent of boron trichloride to remove the ligand.
118

 The presence of the 

added boron trichloride potentially complicates the methylation of the 

alkyldichloroborane.  

 The hydroboration using the Matteson procedure proceeds very rapidly on the 

dropwise addition of an equal molar mixture of neat triethylsilane and the olefin to 

boron trichloride between -78 °C and 0 °C. The main modification of the Matteson 

procedure used in this laboratory was replacement of the neat trichloroborane with a 1 
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M solution of trichloroborane in hexane. Matteson used both allyl chloride and allyl 

bromide to react with trichloroborane observing no Cl-Br exchange with the latter 

olefin. Good regioselectivity was obtained, although this can be improved by 

substituting trimethylsilane for triethylsilane. As such, initial experiments in our 

laboratory were done with both allyl chloride and allyl bromide in the presence of 

triethylsilane before deciding with which to proceed for the synthesis of our family of 

compounds. 

 

 

2.2.2 Analysis of Reaction Mixtures 

 Throughout our studies, the reaction mixtures were analyzed by 
11

B NMR to 

monitor the boron containing species. Boron compounds usually have short relaxation 

times resulting in very broad 
11

B NMR resonances. This increases the difficulty in 

assigning boron species requiring several ppm separation between resonances. 

Integration of these peaks usually gives good results for boron species with similar 

peak widths or relaxation times.
119,120

 The Cole laboratory has previously verified 
11

B 

NMR integration is within ±3% agreement by comparing weighted mixtures of pure 

authentic boron compounds. However, there may be inconsistencies when the boranes 

being studied have large differences in their relaxation times or large differences in 

their peak widths. As such, care must be taken when analyzing and interpreting 
11

B 

NMR. In general, an alkyldichloroborane appears as a signal near 62 ppm. 

Dialkylchloroborane is found further downfield at approximately 76 ppm. While one 
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can readily differentiate between these two species, their characterization was 

confirmed by converting the chloroborane to the corresponding ester. As such, 

methanolysis of the reaction mixture was also used to analyze the selectivity of the 

hydroboration. The respective esters of the borane species have much sharper peaks in 

more distinct regions of the spectra. The solutions were analyzed via 
11

B NMR after 

methanolysis with a reagent consisting of 20:80 MeOH:THF. When only methanol 

was added to the reaction solution a significant evolution of hydrochloric acid was 

observed. This resulted in a separation of two phases caused by the insolubility of the 

acid in hexanes, with no guarantee of equal distribution of the borane species. 

Tetrahydrofuran should be added to insure correct analysis. This results in an 

increased solubility insuring homogeneity of the solution and better integration of 

sharper peaks. Presence of a borinic ester as seen at ca 52 ppm in the boron NMR 

spectrum indicates formation of the dialkylchloroborane. A signal at 18 ppm 

(trialkoxyborane) indicates unreacted boron trichloride, while the amount of 

alkyldichloroborane is determined by the boronic ester at approximately 32 ppm. 

Overall, this synthetic procedure yields a stable hexane solution of a 

monoalkyldichloroborane in high purity and yield.  

 

 

2.2.3 Hydroboration of Halogenated Olefins 

 Initial studies with allyl bromide and triethylsilane (97%) indicated a 

selectivity of approximately 95% for the monoalkyldichloroborane, (eq. 32). This was 
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obtained with a yield of 87% via 
11

B NMR peak integration with the rest belonging to 

dialkylated product, trichloroborane and contaminants. This was calculated from the 

amount of formed monoalkyldichloroborane as determined by 
11

B NMR spectrum 

prior to methanolysis, based on the total amount of alkylated chloroboranes. This is 

reduced if the reagents are not used in equimolar amounts, although this reaction 

seems to be less susceptible to this variable than the allyl chloride reaction. No peak 

for RB(Cl)(Br) was observed at 61 ppm indicating there is no crossover between the 

allyl bromide and the trichloroborane, as Matteson had observed.  

 

 
 

The quenched and non-quenched solutions were monitored for changes over time. 

Overall the reaction seems to be mostly complete after eight hours. The 

trichloroborane NMR resonance signals do not change significantly; however, the 

dialkylated boron product seems to redistribute slightly to the monoalkylated product 

over time. This change in product ratios is contrary to Matteson’s findings that the 

reaction was fast being complete in thirty seconds at low temperatures.
110

 This 

observed phenomenon may be due to a redistribution reaction similar to that 

previously seen by H.C. Brown.
98

 He noted that the redistribution of organoboranes 

with boron trichloride was catalyzed by high temperatures as well as the presence of a 

hydride species (alkylboron hydride).  
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 We initially hypothesized that the contaminants in the 97% pure triethylsilane 

included a small amount of diethylsilane (Et2SiH2). The second hydride is slower to 

transfer from the Et2SiHCl intermediate catalyzing the redistribution of the formed 

products. Matteson
110

 found that the electronegative chlorine atom decreases the rate 

of transfer of a hydride resulting in a hydroboration using diethylsilane that requires 

several hours at room temperature to go to completion. Additionally, he found no 

evidence of a hydride transfer from trichlorosilane, SiHCl3. This may be caused by the 

electron-withdrawing effects of the chlorine substituents causing the silane to be 

electron deficient and resulting in no transfer of the hydride. The slower rate of 

transfer from diethylsilane possibly results in a small amount of hydride left behind in 

our reaction catalyzing the conversion observed from dialkylchloroborane to 

monoalkyldichloroborane. Effectively, after contacting the Aldrich Chemical 

Company about the contaminants present in the 97% triethylsilane, the presence of 

hydrides was confirmed. Analysis of the clean solution by proton NMR, showed the 

presence of diethylsilane in the reagent. However, the slow hydroboration and 

accompanying problems were not unique to the allyl bromide but were also observed 

with other olefins before the silane reagent was upgraded.  

 Initially, allyl bromide was chosen for our studies and as the starting reagent in 

the synthesis of a family of compounds to be tested for biological applications. After 

initial testing and some consideration, we decided to work with allyl chloride because 

of its greater stability although somewhat lower selectivity. In our studies with the 

hydroboration of allyl chloride, we initially used a triethylsilane solution of only 97% 
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purity and obtained a selectivity of 84% for the monoalkyl product of the 

hydroboration with allyl chloride. However, the product was formed in a yield of 77% 

via 
11

B NMR peak integration with the rest belonging to dialkylated product, 

trichloroborane and contaminants. We found this reaction to be more susceptible to the 

decreased quality of silane resulting in a larger change in the selectivity over twenty 

hours after initial reaction.  

 

 

2.2.4 Hydroboration of 1-Hexene 

 Allyl chloride is a special olefin because of the proximity of the 

electronegative chlorine atom. As such, hexene was predicted to be a much easier 

compound to work with. Initial studies were done using an excess of hexene (1.5 eq.) 

to insure complete hydroboration for the analysis of a variety of conditions. 

Triethylsilane with a purity of 97% and trichloroborane with a molarity of 0.93 M in 

hexanes was used. A mixture of the alkene and silane was added over 5 minutes to the 

trichloroborane at 0 °C. The first NMR was taken after 7 minutes showing 47% 

hexyldichloroborane at 62 ppm and the rest unreacted trichloroborane at 46 ppm. The 

sample was analyzed again after 1.5 hours resulting in 92.5% desired 

dichlorohexylborane, 5% unreacted trichloroborane and 2.5% chlorodihexylborane 

found at 76 ppm. After four hours, the desired product increased to 93.5% with a 

concurrent decrease in trichloroborane and chlorodihexylborane. When the addition of 

the alkene/silane mixture was done over eight minutes, results did not differ 
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significantly. After 15 minutes, the 
11

B NMR spectrum showed ~64% 

hexyldichloroborane and 36% unreacted trichloroborane with minimal amounts 

(<0.5%) of dialkylchloroborane. The desired product continued to increase until 

reaching 93.7% after four hours with 3.5% dialkylated product, (eq. 33).  

 

 
 

The previous experiments were monitored for up to thirty hours and data indicated no 

appreciable change in the product ratios. From these experiments, it seems the half life 

of the reaction is approximately 8-10 minutes with the majority of the 

alkyldichloroborane being formed in the first two hours of reaction. However, 

hydroboration slowly continues over time but not significantly. The slow reaction is 

due to the presence of diethylsilane found in small quantities in the lower purity 

triethylsilane reagent. The second available hydride is slow to react resulting in 

catalyzing redistribution of the products.   

 Temperature was also a condition studied in order to try to better understand 

the reaction and its redistribution. The hexene/silane mixture was added over a period 

of eight minutes to the trichloroborane in hexanes at -78 °C and the mixture was 

analyzed via 
11

B NMR after methanolysis. After 15 minutes, a similar amount of 

dialkylborane species was again observed as the reaction at 0 °C. Only 49% 

hexyldichloroborane was observed and approximately 50% trichloroborane was still 
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unreacted. After four hours, only 3% trichloroborane remained with 94% of the 

desired product formed. Overall, temperature does not seem to have much of an effect 

on the reaction with hexene other than initially slowing the rate of the reaction. 

Temperature may have different effects depending on the olefin.   

 These trials indicate that the purity of the silane is extremely important in order 

to obtain the cleanest formation of product. Our main goal was to test our compounds 

for potential biological activity, and thus, high product purity and yield is ideal. As 

such, we decided to upgrade our silane reagent to improve our product formation.  

  

 

2.2.5 Hydroboration Using Upgraded Silane 

 The hydroboration reaction showed increased selectivity with allyl bromide 

when the triethylsilane was upgraded (99%) forming 97% desired product and in some 

cases, resulted in exclusive formation of the alkyldichloroborane species, (eq. 34).  

 

 
 

Similar results were obtained when allyl chloride was reacted with the upgraded 

silane, increasing our selectivity. In addition to reduced amounts of contaminants and 

side-reactions, another reason for the increase in product is a more exact ‘effective 

molarity’ for the trichloroborane solution. This concentration depends on our 

technique for handling glassware and syringes, as well as the quality of the reagents. 
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With a more accurate concentration, we are better able to obtain a ratio of 1:1 for all 

our reagents. This, in turn, improves our selectivity.  

 We found that with this new silane we could hydroborate allyl chloride and 

obtain the monoalkylated product in almost 90% yield consistently. This could be 

increased to almost 92% by using a slight deficiency of the olefin (0.999 eq.); while 

also minimizing the amount of side-products and contaminants resulting in a much 

cleaner NMR spectrum with only the corresponding peaks for dialkylchloroborane, 

alkyldichloroborane and trichloroborane.   

 We tested various conditions for the reaction using allyl chloride and found 

that there was no major difference if you maintained the reaction at –78 °C for two 

hours or longer showing it is a fast reaction. In addition, there was no difference in 

selectivity if the mixture of olefin and triethylsilane was added to the trichloroborane 

over a period of 10 to 30 minutes. We did initially observe more dialkylation with a 

faster addition of the mixture of olefin and triethylsilane to the boron trichloride, (eq. 

35). For example, in one reaction performed with 0.99 molar equivalents of allyl 

chloride, 5% dialkylation was obtained with a 20 minute addition rate for a 5 mmol 

reaction. This increased to 8% with a 12 minute addition rate. However, after 24 hours 

and a favorable redistribution of the dialkylchloroborane to the alkyldichloroborane, 

the amount of dialkylchloroborane decreased to 5% with a concurrent increase in the 

alkyldichloroborane and decrease in trichloroborane, (eq. 36).  
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 In another series of experiments, the addition rates were varied for 12, 20 and 

30 minutes. The boron NMR of each reaction was analyzed after 24 hours and no 

significant difference was observed, with each forming ~5% dialkylation. 

Additionally, we found that excess trichloroborane initially decreases the selectivity of 

the reaction and increases the amount of dialkylated product. This also seems to 

redistribute to ~5% dialkylation over time. This variability can be reduced by using a 

1:1:1 ratio of each of the reagents. Overall, reaction conditions may initially change 

the amount of dialkylation observed, however a favorable redistribution of the dialkyl 

to monoalkyl product improves yields.  

 This reaction seems to be quite robust but does suffer when poor quality 

reagents are used. An old bottle of trichloroborane was tested and although selectivity 

for monoalkylation compared to dialkylation did not change, the peak integration of 

the 
11

B NMR for the alkyldichloroborane indicated a lower yield. Additional peaks 

were also observed indicating an increase in side-products such as esters obtained 

from the reaction of the chloroboranes with oxygen and/or moisture. These 

contaminants are mostly due to the quality of the reagents and not a reflection of the 

reaction itself.  

 This methodology was also used to make larger 50 mmol batches. At times, 

even small scale-ups result in additional problems. One potential issue was the use of 
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syringes vs. a graduated cylinder in larger batches to quantify the reagents. 

Fortunately, with careful laboratory techniques, we were able to maintain good 

selectivity and increased yields for these larger reactions. The 
11

B NMR indicated 

approximately 95% selectivity for monoalkylation and ~93% formation calculated via 

11
B NMR peak integration. These positive results obtained for the formation of 

(chloropropyl)dichloroborane indicated this is a simple methodology to use in small 

and large batches without detrimental effects. 

 During our investigations, we noted the effect of the molar ratios of the starting 

material on the selectivity of the reaction. As such, additional experiments were done 

to test changes in molar ratios to product selectivity and yield. One of the conditions 

studied included having an initial deficiency of allyl chloride in the ‘silane/olefin 

mixture.’ After approximately ten minutes, this deficiency was corrected by adding the 

missing amount of olefin to the reaction solution, (eq. 37). The product distribution 

after a full equivalent of olefin was added and allowed to react, showed similar 

selectivity for the monoalkylated product. Overall, no major changes in product 

distribution were observed for any of these experimental conditions.  

 

 
 

A slight improvement however was found by adding 5% triethylsilane to the 

trichloroborane before adding the mixture of olefin and the rest of the triethylsilane, 

(eq. 38). Although there was a difference it was not significant and does not warrant 



63 

 

this procedure to be the standard due to the possibility of forming some diborane, 

which is ineffective in the hydroboration and an unsafe practice in the laboratory.
110

  

 

 
 

 Initial time studies with the reaction mixture showed no significant change in 

peak integrations after eight hours. Furthermore, boron NMR’s of the reaction 

solutions at 24 and 48 hours showed changes in selectivity within experimental error 

(± 2%) indicating the amount of product is unchanged or only a small amount of 

favorable redistribution is occurring. Even after four months at room temperature, 

there was no change observed in the amount of monoalkylated product (95%) and 

dialkylated product (5%). Additionally, the yield of desired product as calculated by 

11
B NMR peak integration only decreased by 2%. Overall, the alkyldichloroborane 

solution is a stable reagent as long as it is kept under nitrogen in a storage bottle free 

from oxygen and moisture. This is extremely convenient for the storage of our 

reagents, which are further used for methylation and the reductive alkylation of 

quinones.  

 Overall the highest selectivity obtained to date of the 

(chloropropyl)dichloroborane is 94%. Excess trichloroborane was observed to 

decrease the selectivity. Additionally, more than one equivalent of olefin or less than 

one equivalent of trichloroborane increases dialkylation. As a result, the best 

conditions for this reaction were to maintain a 1:1:1 ratio of BCl3:Et3SiH:olefin at –78 
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°C for at least 2 hour.  This reaction offers a simple methodology to form stable 

(chloropropyl)dichloroborane consistently in high yield and purity. 

 

 

2.2.6 Formation of Other Alkylchloroboranes 

 Our synthetic research of a family of compounds to be tested for biological 

applications also included looking at similar compounds with the electronegative atom 

farther away from the reactive site such as 5-Br-1-pentene. Reactions were done with 

less than one equivalent of alkene at 0 °C. The addition of the triethylsilane and olefin 

mixture was done dropwise over 15 minutes. Results were consistent showing up to 

97% monoalkylation with a yield of 94% via 
11

B NMR peak integration. Overall, this 

was a simple reaction improving on previous results, broadening the scope of the 

Matteson procedure in our laboratory.  

 Hydroboration using Matteson’s procedure was also done using cyclohexene. 

When only 1.01 eq. of the alkene was used with a 99% pure triethylsilane, the product 

obtained was 98% alkyldichloroborane with less than 2% dialkylated species, (eq. 39).  

 

 
 

This is an increase from the selectivity obtained with 97% triethylsilane, which formed 

a maximum of 95% cyclohexyldichloroborane with less than 2% dialkylated species. 

If an excess of olefin is used, selectivity is further reduced to approximately 93% 
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alkyldichloroborane via 
11

B NMR with 2.5% dialkylated species and 4.5% 

trichloroborane. Experiments were done to test different addition times, but as above 

no significant differences in the selectivity were observed over time.  

 The next synthetic step with these formed reagents was to methylate them to 

obtain the alkyldimethylboranes, (eq. 40). At the time, we envisioned doing this with 

methylmagnesium bromide in ether and needed to insure the stability of the 

chloroboranes in the new solvent system.  

 

 
 

As such, the changes in the resonance signals in the 
11

B NMR were followed for the 

chloropropyl- and cyclohexyl- derivatives in the presence of anhydrous diethyl ether. 

The chloropropyldichloroborane showed a loss of an alkyl group demonstrating the 

innate difficulty of working with this compound caused by the possible occurrence of 

the elimination reaction. Complexation with ether as the Lewis base caused the di-

(chloropropyl)chloroborane 
11

B NMR peak to shift upfield with increasing amounts of 

ether moving a total of 17 ppm. The dialkylated product, initially making up ~5% of 

the reaction mixture, disappeared when large amounts of diethyl ether were added. 

The alkyldichloroborane peak, with an additional electronegative atom on boron and a 

concurrent decrease in steric bulk, shifts upfield a total of 47 ppm. This peak also 

decreases in size, although does not completely disappear, with a concurrent increase 

in the trichloroborane peak, seen as the etherate complex at 10.5 ppm in the boron 

NMR spectrum, (eq. 41).  
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Conversely, when cyclohexyldichloroborane was treated in the same manner, no 

change in the peak integration was observed with excess amounts of ether indicating 

no loss of the alkyl group. This may indicate that the addition of diethyl ether as a 

complexing agent to the chloropropyldichloroborane increases the loss of an alkyl 

group. This is consistent with an increase in the elimination reaction and concurrent 

increase in trichloroborane.  

 The next compound tested was α-methylstyrene, (eq. 42). The hydroboration 

was initially done at 0 °C but the selectivity was low resulting in 80-85% 

alkyldichloroborane found at 62 ppm in the 
11

B NMR.  

 

 
 

Selectivity could be increased to 92% alkyldichloroborane, with equal amounts of 

dialkylated chloroborane and trichloroborane found at 76 and 46 ppm respectively, by 

decreasing the reaction temperature to -78 °C. A small amount of precipitate was 

observed. Brown
121 

reported using 20% excess of dichloroborane, HBCl2, when he 

reacted it with this olefin to obtain acceptable selectivity. Is it possible that small 

amounts of olefin are precipitating out of solution resulting in an excess of 

dichloroborane at the start of the reaction? This mimics Brown’s reaction conditions 
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and consequently results in a higher selectivity.  It was also observed that a slower 

addition time improved the amount of alkyldichloroborane obtained (30 min for 5 

mmol) while a faster addition resulted in more dialkylchloroborane. A reaction 

mixture was observed over five days and although a slight redistribution was observed 

between the dialkylchloroborane and trichloroborane, there was no significant change 

in the alkyldichloroborane indicating a stable solution. As such, the best results were 

obtained with a slow addition of the olefin triethylsilane mixture to trichloroborane at -

78 °C. 

 Matteson’s procedure was also used to hydroborate 4-cyclohexenylethene. A 5 

mmol solution with 0.99 equivalents of olefin was reacted at 0 °C and analyzed. The 

results were very promising indicating over 97% selectivity for the (2-(cyclohex-3-

enyl)ethyl)dichloroborane and the rest divided equally between the 

dialkylchloroborane and trichloroborane.  

 Another olefin used to test the Matteson procedure was 2,3-dimethyl-2-butene. 

The hydroboration was a clean and simple reaction with an average of 98% 

thexyldichloroborane by 
11

B NMR with less than 2% dialkylated product. Results 

were consistent with high selectivity.  

 Overall, the above data indicates the Matteson procedure is simple and widely 

applicable to a variety of olefins. The in situ formation of dichloroborane forms the 

desired product rapidly with high regioselectivity. Results are consistent and the 

product stable under anhydrous conditions for four months.   
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2.2.7 Formation of Boronic Esters 

 In addition to forming alkyldichloroboranes, our laboratory has also worked on 

forming and reacting alkyl and alkenyl boronic esters. There are various ways of 

synthesizing these useful intermediates. Matteson’s procedure is particularly attractive 

since it is a clean and efficient hydroboration route with excellent regioselectivities 

and high yields. As such, we initially chose this methodology to synthesize the 

alkyldichloroboranes starting materials required to form the boronic acids and esters 

after hydrolysis. These intermediates will later be used for methylation as an 

alternative route to alkyldimethylboranes, (eq. 43).  

 

 
 

 The Matteson procedure was used to hydroborate 1-hexene. A sample was 

analyzed by 
11

B NMR and 90% was dichlorohexylborane found at ~62 ppm. The di-

alkylated product was found at 76 ppm in ~9% and trichloroborane made up less than 

1%. This was stored in a dry septa-capped graduated cylinder, and the concentration 

found to be 0.77 M.
122

  

 Hydrolysis of the solution was performed adding the cold alkyldichloroborane 

solution to a mixture of excess water in diethyl ether (Procedure A). The resulting 

aqueous and organic layers were separated and analyzed by 
1
H NMR. Multiple peaks 
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were obtained in the 
1
H NMR between 0.5 ppm and 1.1 ppm related to various 

species. The chlorotriethylsilane from hydroboration was consistently found in the 

laboratory at 0.96 ppm (t) for the methyl group and 0.62 ppm (q) for the methylene. 

This experimental data is farther upfield than typical literature values but consistent 

with both the authentic compound and that formed in the hydroboration reaction in the 

laboratory. In this experiment, there was an additional set of overlapping resonance 

signals approximately 0.02 ppm downfield. Furthermore, a set of resonance signals 

were observed at ca 0.88 (t) and 0.66 (q) ppm. These two sets of unknown signals may 

be attributed to an Et3SiOR species. As such, there may be at least two silane products 

in addition to chlorotriethylsilane, Table 2.2-1.  

 
Table 2.2-1 1H NMR chemical shifts 

 Triplet (t), ppm Quartet (q), ppm 

Et3SiCl 0.96 0.62 

Compound 1 0.98 0.64 

Compound 2 0.88 0.66 

 

 Typically, when you exchange a chlorine on chlorotriethylsilane for an 

oxygen, the ethyl group signals move further upfield in the 
1
H NMR.

123,124 
The 

substituent attached to the oxygen in Et3SiOR can be a number of things including a 

hydrogen or possibly a boron atom. Triethylsilanol, Et3SiOH, is characterized by 

chemical shifts closely matching those obtained experimentally for 

triethylchlorosilane in the laboratory. Attachment of the boron atom should also 

behave similarly. As such, distinguishing between different silyloxy species could not 
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be determined by the 
1
H NMR alone. Therefore the 

11
B NMR spectrum was analyzed 

for the above product.  

 The boron NMR spectrum of the organic layer of the reaction mixture showed 

three signals in the area between 28-33 ppm instead of one expected resonance for the 

borinic acid. Although the resonance signals overlapped, approximate integration of 

the area was consistent with those observed in the 
1
H NMR. The upfield signal at 29 

ppm in the 
11

B NMR is unique making up ~10% of the product. This may be a di-

esterified species. The corresponding resonance signal is usually found upfield of the 

boronic acids. The species with higher steric interactions have a larger change in 

chemical shifts. For example, comparing two different types of ethylboronic esters, the 

methoxy ester can be found at 31.5 ppm while the tert-butoxy ester is shifted upfield 

to 29.2 ppm due to the large steric requirements. As such, the most upfield resonance 

signal may belong to a di-esterified borane formed from the bulky triethylsilyloxy 

group. Seemingly, the silane is not inert in this procedure reacting with the borane, 

reducing the desired yield. The formation of this compound is not surprising since 

boron reacts easily with oxygen to preferentially form the di-ester species. This data is 

consistent with the integration of the 
1
H NMR resonance signals at 0.88 and 0.66 ppm 

that make up ~20% of the solution. As such, the bis-silyloxy ester relates 10% of the 

boron derivative attached to 20% of the silane species. 

 The two other species related to the proton resonance signals at 0.96 and 0.62 

ppm may be related to chlorotriethylsilane and possibly a boron signal. The species 

observed at 31 ppm in the 
11

B NMR may be a mixed boron derivative with a silyloxy 
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group and a hydroxy forming RB(OH)(OR). One possibility is that this method reacts 

water with chlorotriethylsilane to form triethylsilanol.
125,126,127

 This intermediate in 

turn can react with a boronic acid to form the silyloxyborane, (eq. 44). 

 

 
 

 Alternatively, the chlorotriethylsilane may directly react with the boronic acid also 

forming a silyloxyborane. This formed species is relatively stable not being easily 

hydrolyzed by water mostly due to the steric hindrance of the large trialkylsilyl 

groups. However, boron usually prefers to form the di-ester, based on experience of 

alkoxy esters, making the presence of this species doubtful. On the other hand, this 

signal, with the highest percentage, may indicate the formation of more than 50% of 

the desired hexylboronic acid product found downfield of the esters.   

 The remaining boron species was found at 33 ppm. This signal is downfield 

from acyclic esters and acids. If we assume the hexylboronic acid was found at 31 

ppm, then this may have been formed from the dehydration reaction between the acid 

and trichloroborane forming a boroxine derivative. The hexylboroxine species tends to 

be further downfield from the alkylboronic acid and can be resistant to hydrolysis in 

hexane/ether solvents. The presence of a non-polar solvent makes the mixture 

conducive to dehydration. Therefore, the formed products may be the bis-silyloxy 

ester, the hexylboronic acid and the boroxine derivative, (eq. 45). 
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 Normal hydrolysis of a chloroborane solution allows the silane reagent to go 

into the ether layer possibly facilitating a reaction between the boron species and the 

triethylchlorosilane. In order to improve on the synthesis of the boronic acid, we 

reacted the alkyldichloroborane with sodium hydroxide (Procedure B) to form the salt 

of the boronic acid. The latter will prefer the aqueous layer possibly allowing removal 

of silane in the organic layer (hexanes). Re-acidification of the aqueous layer allows 

retrieval of the alkylboronic acid into an ether layer. Analysis of the ether layer 

showed one peak in the 
11

B NMR at ~32 ppm and clean product in the 
1
H NMR. 

Unfortunately, an exact isolated yield was never calculated, although data indicates 

approximately 50% yield for this species obtained from the acidification of the 

boronic acid salt. Disappointingly, the hexanes layer, which was not expected to 

contain any boron, showed a broad peak in the 
11

B NMR between 28-32 ppm making 

up the majority of the solution. The 
1
H NMR of this layer indicated the presence of 

chlorotriethylsilane with an overlapping set of signals, as well as another set of peaks 

ca 0.88 ppm and 0.7 ppm reminiscent of a silyl ether previously observed. The latter is 

indicative of the by-products of a reaction with the boron species and was found to 

make up ~30% of the hexane layer. Although this is an improved method, yields are 
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low and the conditions still inadequate. Unfortunately, acid was never used to induce 

deprotection.  

 A change in solvent for the hydrolysis procedure was also tried to prevent the 

previously mentioned side-reaction. Unfortunately, minimal solubility was observed 

with a variety of boronic acids such as hexylboronic acid and phenylboronic acid in 

pentane. As a result, a solvent blend using methylene chloride and diethyl ether in a 

3:1 ratio (Procedure C) was chosen for our studies after obtaining preliminary data. 

The organic layer showed 3 peaks in the 
11

B NMR which correlate to those observed 

in the 
1
H NMR. Approximately 10% of the solution consisted of the resonance signal 

found at 29 ppm in 
11

B NMR. The next species was 34% found at 33 ppm and the 

largest species was 56% at 31 ppm. Although these species were not fully 

characterized they may be by-products of the reaction. Overall, the results of this 

experiment were very similar to those obtained with diethyl ether as solvent.    

 After the above disappointing results, a non-polar hydrocarbon solvent was 

used even though solubility issues were anticipated. As such, hydrolysis was tried 

using only hexane and water with no ether present (Procedure D). As the reaction 

proceeded, the product precipitated from solution as a result of the low solubility of 

the boronic ester in hexane. Analysis of the solids showed only one peak at 33 ppm in 

the 
11

B NMR and the 
1
H NMR showed good resolution and integration. Sadly this 

only resulted in less than 30% isolated yield. On the other hand, the hexane layer 

showed large amounts of boron species when analyzed by 
11

B NMR with three 

overlapping resonance signals making up 91% between 29-32 ppm. Additionally, the 
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resonance signals for the silane are made up of three different sets as seen before. 

Once again, this data is very similar to what was observed previously. 

 In addition, direct esterification was tried with the alkyldichloroborane 

solution, (eq. 46). Isopropanol was added to the alkyldichloroborane in pentane at 0 °C 

(Procedure E). The solution was worked up and analyzed.  

 

 
 

The 
11

B NMR showed a very broad peak between 27 and 38 ppm making up ~99%.  

Unfortunately, the 
1
H NMR shows three distinct peaks for the silane indicating the 

side-reactions are still occurring.  

 The product mixture in hexanes was run through a silica gel column using 

three different solvent systems consisting of hexanes, 2.5% isopropanol and 25% 

diethyl ether in an attempt to separate out the products according to polarity. Analysis 

of the three different fractions collected by 
1
H and 

11
B NMR indicates no separation. 

Three distinct peaks are observed in the 
11

B NMR, similar to that observed in the 
1
H 

NMR before chromatography. Comparable results were obtained for all attempts at 

isolating the boronic acid product using this technique.  

 Overall, we were not able to overcome the difficulties of this methodology. No 

matter what conditions were tried, they all seemed to incorporate the same amount of 

silane into the boron product during the hydrolysis of the alkyldichloroborane. It is 
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obvious this procedure is not ideal and a different method for obtaining our boronic 

esters is required. As a result, no further investigations were pursued on this method. 

Furthermore, HBBr2·SMe2 was chosen for the hydroboration of our olefin instead of 

the Matteson procedure in order to circumvent the presence of silane.
122

  

 

 

2.3 Conclusion 

 In this study, we chose dichloroborane as the hydroborating agent, since it is 

one of the most regioselective hydroborating agents, giving >99% of the primary alkyl 

group for terminal alkenes.
117

 The chlorines can be replaced with methyl groups, 

yielding the alkyldimethylborane intermediate that can be further used to alkylate p-

benzoquinone. Matteson reported an in situ generation of the ligand free 

dichloroborane via trihaloborane and trialkylsilane mixtures.
109,110

  Matteson’s 

procedure gave excellent selectivities in forming the alkyldichloroborane, >96%. This 

method is superior to the coordinated dichloroborane reagents, HBCl2·L, which 

require an equivalent of boron trichloride to remove the ligand.
128

 This is also a 

disadvantage because the presence of boron trichloride potentially complicates the 

future methylation of the alkyldichloroborane.  

 The hydroboration proceeds very rapidly on the dropwise addition of an equal 

molar mixture of neat triethylsilane and the olefin to a 1.0 M solution of boron 

trichloride in hexane. While this reaction seemed simple, we initially had problems 

obtaining good results as Matteson observed. The results were not consistent resulting 
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in variable amounts of the hydroborated product. As such, we studied various 

conditions and made interesting observations allowing the improvement of this 

reaction. Factors that control the selectivity are the rate of addition, with optimal 

addition between 10-25 minutes. The purity of the triethylsilane is also essential, and 

should be ≥ 99%. The molar ratios should be equal for these three reagents. Excess 

boron trichloride, or alkene, resulted in increased amounts of the dialkylchloroborane. 

After optimizing the reaction conditions, we found this procedure to be simple and 

efficient with higher regioselectivities compared to traditional methods.  

 Methanolysis of the reaction mixture is used to analyze the selectivity of the 

hydroboration. Presence of a borinic ester as seen at ca 52 ppm in the boron NMR 

spectrum indicates formation of the dialkylchloroborane, a signal at 18 ppm 

(trialkoxyborane) indicates unreacted boron trichloride while the amount of 

alkyldichloroborane is determined by the boronic ester at approximately 32 ppm. 

Typical selectivities are about 95% alkyldichloroborane with approximately equal 

amounts of the dialkylchloroborane and boron trichloride. Overall, this synthetic 

procedure yields a stable hexane solution of alkyldichloroborane in high purity and 

yield consistently. This is a tolerant procedure and a superb route for making 

alkyldichloroboranes. Unfortunately, this procedure is inadequate for the synthesis of 

boronic esters due to the formation of large amounts of side-products.  
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2.4 Experimental 

2.4.1 General Comments 

 All glassware was dried at 130 °C for at least 4 h, assembled hot and cooled 

under a stream of dry nitrogen. All reactions were carried out under a static pressure of 

nitrogen. The boron trichloride in hexane and triethylsilane were purchased from 

Aldrich Chemical Company and used without further purification. The alkenes and 

alkynes were obtained from commercial sources and were distilled from lithium 

aluminum hydride then stored under nitrogen in a Teflon stop-cocked storage bottle. 

THF was distilled from sodium benzophenone ketal, while pentane and ether were 

distilled from calcium hydride and all were stored under nitrogen. All other solvents 

were used as received. p-Benzoquinone was freshly sublimed prior to use. A dry-

ice/acetone bath was used to obtain a temperature of -78 °C and an ice-bath for 0 °C. 

Melting points were measured on an Electrothermal apparatus and were uncorrected. 

Proton, carbon and boron NMR spectra were run using a Varian VNMRS 400, Inova 

500 or VNMRS 600 spectrometers. Chemical shift data are apparent and are reported 

in units of δ (ppm) using as the internal standard acetone-d6 (δ = 2.05 for 
1
H NMR 

spectra and δ = 29.92 ppm for 
13

C NMR spectra) or Me4Si (δ = 0.0 for 
1
H NMR and 

13
C NMR spectra) and BF3·OEt2 (δ = 0.0 for 

11
B NMR spectra) as an external 

standard. Multiplicities are given as: s (singlet), d (doublet), t (triplet), q (quartet), hept 

(heptet), m (multiplet) and bs (broad singlet) for 
1
H. Coupling constants, J, are 

reported in Hz. 
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2.4.2 Synthesis 

Preparation of alkyldichloroboranes via Matteson’s procedure.  

 To an oven-dried septum-capped vial was added 0.814 g (7.00 mmol) of 

triethylsilane and a slight deficiency of an equivalent of the anhydrous alkene (~6.96 

mmol). An oven-dried 50 mL round-bottom flask fitted with a septum-capped side-

arm, magnetic stir bar and gas-inlet adaptor was cooled to 0 °C in an ice-bath and 

charged with an equivalent volume ca 6.7 mL of a 1.05 M (7.00 mmol) solution of 

boron trichloride in hexane. The equal molar mixture of alkene and silane was added 

dropwise by syringe to the stirred solution over a period of 15 minutes. The reaction 

proceeded at 0 °C for 2-4 h, and was then allowed to warm to room temperature for an 

additional 2 h. A double-ended needle transferred the solution to a previously oven-

dried 20 mL graduated cylinder fitted with a septum-capped adaptor. This yielded a ca 

0.80-0.85 M solution, based on triethylsilane, of alkyldichloroborane in hexane. This 

reaction mixture can be analyzed by 
11

B NMR spectroscopy. The expected 

alkyldichloroborane is seen at approximately 62 ppm, the dialkylchloroboranes near 

76 ppm, trichloroborane is observed at 46 ppm and the trialkylboranes appear ca 85 

ppm. Alternatively, a 0.5 mL aliquot can be methanolyzed with 0.2 mL of a 1:5 v/v 

mixture of methanol and THF. The boron NMR spectrum showed resonances for the 

boronic esters at 32 ppm, the borinic esters at 52 ppm, and trimethoxyborane near 18 

ppm.  
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 The above procedure was used for hexene, cyclohexene, 4-cyclohexenylethene 

and 2,3-dimethyl-2-butene. More reactive olefins were used at -78 °C. These included 

allyl bromide, allyl chloride and α-methylstyrene. 

 

 

Procedure for the preparation of alkylboronic esters.
122

  

Preparation of hexylboronic acid, Procedure A:  

 Dichlorohexylborane (5 mmol) was added to a mixture of water (10 

equivalents, 9 mL) and diethyl ether (1/2 vol. of RBCl2, 4 mL) at 0 °C through a 

double-ended needle. After 10 minutes, the aqueous layer was removed (lower), and 

the organic layer washed with cold water (2 x 15 mL) and brine. The solution was 

dried with MgSO4 and the solvent removed.  

 

Preparation of hexylboronic acid, Procedure B:  

 Dichlorohexylborane (5 mmol) was added over ~3 minutes to a 3M sodium 

hydroxide solution (4 equivalents) at 0 °C. After 5 minutes, the organic layer was 

removed and the aqueous layer washed with cold pentane (2 x 15 mL). Diethyl ether 

and brine was added to the aqueous layer, and 3 equivalents of 3M HCl were added 

and stirred for 5 minutes. The top layer was removed and the bottom washed with cold 

ether twice. The organic layers were combined, dried with MgSO4 and the solvent 

removed.  
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Preparation of hexylboronic acid, Procedure C:  

 We wanted to change the hydrolysis solvent from ether but minimal solubility 

was observed with PhB(OH)2 and HexB(OH)2 in pentane. Therefore, the solvent used 

was a CH2Cl2/Ether mixture in a 3:1 ratio. Dichlorohexylborane (5 mmol) was added 

to a mixture of water (10 equivalents, 9 mL) and solvent mixture (1/2 vol. of RBCl2, 4 

mL) at 0 °C. Precipitate was immediately observed, thickening the solution preventing 

adequate stirring. As a result, another 4 mL of solvent was added to help solubility. 

After 10 minutes, all solids had dissolved and the layers were separated. The mixture 

was extracted using 50% salt water and cold solvent mixture. The organic layer was 

dried with MgSO4 and the solvent removed.  

 

Preparation of hexylboronic acid, Procedure D:  

 Dichlorohexylborane (3 mmol) was added to a mixture of water (10 

equivalents, 5.4 mL) and hexanes (1/2 vol. of RBCl2, 1.8 mL) at 0 °C. Precipitate was 

immediately observed, thickening the solution preventing adequate stirring. As a 

result, another 5.4 mL water and 1.8 mL hexanes was added to help solubility, 

although the product was mostly insoluble. The solution was filtered and the liquid 

phase transferred to a separatory funnel where the hexane layer was removed. The 

aqueous layer was extracted twice with cold hexanes. Finally the aqueous layer was 

washed with ether to try and recuperate any boronic acid remaining.  
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Preparation of diisopropyl hexylboronate, Procedure E:  

 Dichlorohexylborane (5 mmol) in pentane was cooled to 0 °C and four 

equivalents of isopropanol was added. After 15 minutes, the top pentane layer was 

removed and the aqueous layer extracted with cold pentane. The solution was dried 

with MgSO4 and the solvent removed.  

 Plug filtration was done with the above mixture using 30 mL of silica gel, 

eluting with hexanes and a solution of 2.5% Isopropanol and 25% Et2O in hexanes. 
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CHAPTER 3   

SY�THESIS OF ALKYLDIMETHYLBORA�ES  

BY METHYLATIO� OF ALKYLCHLOROBORA�ES 

 

3.1 Introduction 

 Borane intermediates are very useful for synthetic chemistry. Unfortunately, 

for a number of transfer reactions, only one group transfers. As such, the conversion of 

alkyl groups in trialkylboranes to the desired product has a maximum efficiency of 

only 33%.
129

 A side-product formed is the boronic acid representing a loss of two 

valuable and possibly expensive alkyl groups, (eq. 47). A simple solution is to use 

auxiliary groups which have relatively low migratory aptitudes. Diphenylboranes have 

been previously shown to preferentially transfer an alkyl group selectively. This 

demonstrates the potential of using mixed organoboranes
130

 as versatile and valuable 

reagents.    

 

 
 

 We envisioned using alkyl- and alkenylmethylboranes in our investigations of 

mixed organoboranes as intermediates for organic synthesis. Overall, there are two 

basic routes that can be used to prepare these boranes, as explained in Chapter 1. The 

first route incorporates the methyl groups first and then adds the other alkyl group. 
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Methyl borohydrides are readily liberated to form the corresponding 

methylboranes.
131,132,133

 These hydroborating agents have moderate 

regioselectivities.
134

  

 The alternative method starts by adding the alkyl group first followed by 

addition of the methyl group. Matteson’s procedure affords us an excellent method of 

synthesizing in situ dichloroborane free of complexing agents. The 

trichloroborane/trialkylsilane methodology results in superior regioselectivity and 

purity of the formed alkyldichloroboranes.
135,136

  These synthetic intermediates can be 

methylated using classical organometallic routes, such as MeMgBr, or with zirconium 

chemistry developed in our laboratory. The methylation of an alkylhaloborane is 

expected to be facile using methylmagnesium bromide. This reaction is expected to be 

fast and exothermic due to the high reactivity of the boron halogen bond forming the 

trialkylborane easily.  

 

 

3.2 Results and Discussion 

3.2.1 Analysis 

 Boron compounds can be analyzed via 
11

B NMR. The number of alkyl groups 

can be readily determined based on the chemical shift; however, the type of alkyl 

groups in non-coordinating solvents cannot be distinguished. As such, all 

trialkylboranes are seen as a single resonance signal at 85-86 ppm. The composition of 

these trialkylboranes can be determined by their conversion to the corresponding 
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tertiary alcohol by carbonylation,
137

 DCME
138,139

 or cyanidation
140,141

 reactions and 

then analyzing the products
142

 by capillary gas chromatography or GCMS. This is a 

tedious time consuming procedure with expensive and potentially toxic reagents.  

 Another alternative would be to take advantage of previous findings in the 

laboratory. In our hydroboration studies we used a methanolysis reagent to convert our 

chloroboranes into the corresponding borinic and boronic acids as analytical 

confirmation of the 
11

B NMR peaks. Previously, Mizori
130

 found that 

alkyldiphenylboranes are more acidic than trialkylboranes, complexing with donors 

such as THF, methanol or water. As such, we decided to test the methylboranes with 

our methanolysis reagent consisting of 20% methanol in tetrahydrofuran. It was found 

that the methylboranes also behaved similarly to the alkyldiphenylboranes with 

tetrahydrofuran and methanol, shifting the boron resonance signals upfield 

proportionally to the number of methyl groups present.
143

 The lower steric demand of 

the methyl group is believed to control coordination with the trimethylborane shifting 

upfield the most.  

 In separate experiments, the boron NMR chemical shifts of trimethyl- and 

trihexylborane were confirmed in the absence and presence of THF and methanol to 

aid in the identification of species. Trimethylborane was formed by reacting 

trifluoroborane with three equivalents of methylmagnesium bromide. A resonance 

signal at ca 86 ppm was observed in the 
11

B NMR spectrum. Addition of a 

complexing agent results in an upfield shift. For example, addition of tetrahydrofuran 

(50:50 w:v) shifted the trimethylborane signal to 72 ppm. Moreover, trihexylborane 
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was prepared by hydroborating three equivalents of 1-hexene with borane dimethyl 

sulfide. Addition of tetrahydrofuran, as above, did not shift the trihexylborane signal 

from 86 ppm. Mass balance distribution was consistent helping to confirm the species 

observed via boron NMR.  

 Overall, we found the best method for a clean separation of our 
11

B NMR 

peaks is to add an equal volume of tetrahydrofuran, Figure 3.2-1. This allows an easy 

method of identifying and quantifying the alkylmethylboranes. Although the chemical 

shifts may vary slightly, depending on the concentration of the organoborane reaction 

mixture and the amount of THF added, the order of the corresponding peaks does not 

change.  Typical chemical shift values under conditions reported in this work for 

alkyldimethylboranes are 78 ppm, dialkylmethylboranes, 82 ppm, and 

trimethylborane, 72 ppm; while trialkylboranes are not shifted, appearing around 86 

ppm.  These chemical shifts are reproducible to within ± 2 ppm.    

 

 
 

Figure 3.2-1 Trialkylborane chemical shift change with THF 
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3.2.2 Methylation via Methylmagnesium Bromide 

 The 1-hexyl group was selected as the model primary group. A typical 

methylation reaction was done by adding an approximately equal volume of ether to a 

solution of n-hexyldichloroborane in hexane. The solution was cooled to 0 °C and two 

equivalents of methylmagnesium bromide were added dropwise. Approximately, 

halfway through the addition there was the formation of a sticky insoluble mass, 

which eventually separated into a fine precipitate in the solution. Once again, only 

60% of the desired product was obtained with 20 % of both dihexylmethylborane and 

trimethylborane. Unfortunately, the analysis of the above reaction showed a 

significant amount of redistribution products.  

 Reexamination of the literature does not give insight into the mechanism of 

redistribution. As such, a study was conducted to better understand at what point the 

redistribution commences. A solution of 93% hexyldichloroborane, 6% 

dihexylchloroborane and 1% trichloroborane was used for methylation. Although not 

an ideal ratio of starting material, the solution mixture may give better insight into 

mechanistic effects. Changes in the 
11

B NMR spectrum were followed for a sample of 

the reaction mixture after addition of one equivalent volume of tetrahydrofuran. After 

only ~1 molar equivalent of MeMgBr, all the dialkylchloroborane had been converted 

to the methyl derivative indicating it is a more reactive species than 

hexyldichloroborane. Unfortunately, there was already 10% trimethylborane which 

continued to increase as more Grignard reagent was added. This is much higher than 

would be expected from the methylation of 1% trichloroborane present in the initial 



89 

 

reaction mixture. As the full 2.0 equivalents were added, the reaction only showed 

60% of the expected hexyldimethylborane, as seen at 78 ppm, and a significant 

amount of redistribution products, ca 20% each di-hexylmethyl-, 80 ppm, and 

trimethylborane, 72 ppm. These unexpected results are clearly unacceptable for the 

formation of our organodimethylboranes due to the low product purity, (eq. 48).  

 

 
 

 Various studies were done to try and improve these results. It was found that 

when a large excess of methylmagnesium bromide is used, the disproportionation 

reaction increases with the appearance of 
11

B NMR peaks between -17 and -21 ppm. 

These resonance signals are not observed in diethyl ether, but only appear in the 
11

B 

NMR spectrum after the addition of an equivalent volume of tetrahydrofuran for 

sample analysis, (eq. 49). The presence of these signals is attributed to the formation 

of tetracoordinate complexes. The peak integration is found in similar ratios as those 

pertaining to the tricoordinate species. These complexes further reduce the amount of 

desired product obtained. In order to minimize the formation of these “ate” complexes 

two reactions were performed by adding a small amount of anhydrous hydrochloric 

acid in diethyl ether to the reaction vessel before and after the addition of the Grignard 

reagent. This served only to decrease the amount of tetra-coordinate peaks observed 

but did not decrease the disproportionation observed.  
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 Since the alkyldichloroborane products are very reactive and not isolated, it is 

possible contaminants present are causing the redistribution. It is well established that 

tricoordinate boron-hydrogen species catalyze borane redistribution reactions.
144

 

Although this was considered a minimal risk, an experiment was done in the presence 

of excess 1-hexene in order to capture the B-H species. The reaction of the two would 

result in the hydroboration of the olefin minimizing the disproportionation reaction. 

Unfortunately, after two equivalents of the methylmagnesium bromide were added, 

the product ratios were disappointing. Large amounts (15-20%) were formed of both 

dialkylmethylboranes and trimethylborane, with only ~60% of the desired product. 

This suggested that a boron hydride is not the source of the disproportionation. The 

redistribution must be occurring during the methylation.  

 

 

3.2.2.1 Methylation of Cyclohexyldichloroborane 

 Overall, primary alkyldichloroboranes and dialkylchloroboranes formed 

significant amounts of redistribution products on methylation. We wanted to establish 

whether other alkyl groups would also undergo this facile redistribution. The 

cyclohexyl system was used as a model for secondary alkyl groups. 

Cyclohexyldichloroborane was studied using increments of Grignard reagent, similar 
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to the studies with hexyldichloroborane, and the solution mixture analyzed by 
11

B 

NMR. As expected, the tetrahydrofuran coordinated species showed a slightly smaller 

upfield shift than that observed for hexyldimethylborane due to the larger steric size of 

the cyclohexyl groups.  In one trial, a solution of 94% alkyldichloroborane with 

approximately 6% trichloroborane was methylated with 1.1 molar equivalents of 

methylmagnesium bromide. Almost all of the trichloroborane was methylated with 

~49% of the starting material forming alkyldimethylborane. As more Grignard reagent 

is added, the trimethylborane does not change as the alkyldimethylborane product 

increases progressively. Once the full 2.0 equivalents of methyl groups are added, the 

product ratios are within experimental error of the ratios observed after hydroboration 

indicating no redistribution occurs, (eq. 50). These results are in stark contrast to those 

observed with primary alkyl groups demonstrating that primary alkyl groups are much 

more susceptible to the redistribution reaction than secondary alkyl groups. As such, 

we needed to explore this further to increase the generality of this reaction. 
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3.2.2.2 Disproportionation of Reaction Mixture 

 In order to study this phenomenon, various reaction conditions were studied. 

The rate of addition, the order of addition of the reagents, the concentration of the 

solutions as well as a range of reaction temperatures as low as -78 °C were examined 

but provided no significant improvement. An experiment that gave suggestive results 

was the addition of a small amount (<10 mol %) of methylmagnesium bromide to a 

solution of previously formed hexyldimethylborane. An analysis of the 
11

B NMR 

spectrum after addition of one equivalent volume of tetrahydrofuran, showed a 15% 

loss of the desired product within 20 minutes, with a concurrent increase in 

dihexylmethylborane and trimethylborane. Additionally, there was a mixture of 

species found upfield between -17 and -21 ppm pertaining to tetracoordinate 

complexes, (eq. 51).  

 

 
 

This indicates an excess of methyl magnesium bromide. These peaks are not normally 

observed in diethyl ether, but only arise on the addition of tetrahydrofuran. It is 

possible that during the methylation procedure, the techniques used for the addition of 

the reagents form a localized excess of the Grignard reagent leading to redistribution. 

This is similar to that observed when a slight stoichiometric excess of 

methylmagnesium bromide is used. The reaction of methyllithium also gave similar 
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results, showing a slightly lower selectivity than methylmagnesium bromide.  Overall, 

it seems excess Grignard reagent rapidly catalyzes the redistribution of the formed 

mixed alkylmethylboranes through a tetra-coordinate complex. 

 Initially, methylation is believed to occur quickly since the 

alkyldichloroboranes are activated by the chlorine atom and the presence of an empty 

p-orbital.  However, as you add more of the Grignard reagent in diethyl ether, the rate 

of methylation decreases due to complexation with the ether. This forms the 

hexyldichloroborane etherate as the preferred species in equilibrium with the 

uncomplexed reagent. The methylation of an alkyldichloroborane in diethyl ether is 

believed to start with the decomplexation of the dichloroborane-etherate, Figure 3.2-2. 

This is believed to be the rate determining step in the formation of the 

alkyldimethylborane. 

 

 
 

Figure 3.2-2 Methylation of alkyldichloroboranes in Et2O  
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The rate of the second methylation is faster because the formed 

alkylchloromethylborane does not form as strong a complex with ether as the 

alkyldichloroborane due to a decrease in Lewis acidity. This effect is partly due to an 

increase in steric bulk by the addition of a methyl group, as well as the replacement of 

an electronegative atom, chlorine, by an electron donor, the methyl group. The product 

in this step is the alkyldimethylborane, which also does not complex tightly with ether, 

but can react with a third equivalent of MeMgBr forming the tetraalkylborate complex 

as a reversible equilibrium. As such, a methyl group, as well as the alkyl group, can be 

transferred from the tetraalkylborate complex to the magnesium bromide cation. This 

is a known reaction
145

 with the equilibrium strongly dependent on the solvent. In 

diethyl ether, the tricoordinate borane dominates while the addition complex 

dominates in tetrahydrofuran, (eq. 52).   

  

 
 

 This effect has been used by Murahashi
146

 to form new alkyl Grignard reagents 

via an exchange reaction of alkyl groups. This reaction can be thought of as an 

electrophile, such as the magnesium bromide cation, MgBr
+
, attacking a nucleophile, 

the tetraalkylborate.
147

 This latter species has a formal negative charge on boron; 

however it is delocalized on the α-carbons. The amount of delocalization is key in the 

transfer of an alkyl group to the magnesium bromide cation. Nonetheless, it is 

expected that sterics dominate in this reaction, and the methyl group is readily 
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removed as the methylmagnesium bromide in a very fast reaction at room temperature. 

This would lead to the desired product with little disproportionation. Conversely, 

attack by the magnesium bromide cation on the hexyl group forms the alkyl Grignard 

reagent and trimethylborane. This newly formed Grignard reagent, hexylmagnesium 

bromide, can alkylate any of the tricoordinate boranes. If, for example, it reacts with 

an alkylchloroborane it will form the dihexylborane redistribution product. The 

disproportionation mechanism proceeds through a series of equilibriums in diethyl 

ether. Our major problem stems from the fact that in non-coordinating solvents the 

magnesium bromide cation is less solvated allowing a tight ion pair with the borate 

complex facilitating primary alkyl group exchange.  

 As mentioned above, cyclohexyldichloroborane does not redistribute as seen 

with the primary hexyl group. In order to better understand this phenomenon we ran 

semi-empirical calculations on the tetracoordinate borate complexes formed. While 

the formal charge on boron in this species is -1, the negative charge is actually 

distributed on the α-carbons.  This plays an important role when tetra-coordinate 

boranes act as nucleophiles transferring a group to the magnesium bromide cation, an 

electrophile, forming a new alkyl Grignard reagent. These calculations suggest that 

redistribution occurs when there is a relatively small difference in partial charges 

between the methyl and alkyl groups, approximately 0.05 esu. Thus primary alkyl 

groups may be abstracted by the MgBr
+
 in the presence of methyl groups. In this 

manner, the methyl group transfers competitively to the hexyl group to form an 

alkylmagnesium bromide. This new reagent can then react with another tricoordinate 
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borane to form the redistribution product. When the difference in the partial charges 

becomes larger, ≥ 0.1 esu, for example comparing a methyl group with a secondary 

alkyl group, the reactivity of the methyl group with MgBr
+
 is reduced. Sterics also 

help to discourage the formation of a secondary alkylmagnesium bromide preferring 

the transfer of a methyl group. The previous data indicates that while adding the 

methylmagnesium bromide to the alkyldichloroborane is an acceptable methodology 

for secondary groups, it is limited by the low purity of the products from the 

methylation of primary alkyldichloroboranes.   

 

 

3.2.2.3 Inverse Addition of Reagents 

 It was hypothesized that redistribution could be minimized by stabilizing the 

alkyltrimethylborate complex, preventing the reaction with the magnesium bromide 

cation. Changing the solvent from diethyl ether to a more polar compound with a 

higher dielectric constant may better solvate the cation reducing its availability to 

react. For example, tetrahydrofuran can coordinate to MgBr
+
 reducing the 

electrophilicity of the cation.  This would allow the tetra-alkylborate complex to react 

with available chloroborane forming the trialkylborane with the same product ratios as 

those observed after hydroboration, Figure 3.2-3. A critical question that remained 

unanswered was whether a borate species would react with a chloroborane to directly 

transfer an alkyl group.  
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3.2-3 Methylation of alkyldichloroboranes in THF  

 

 Murahashi
146

 found that the exchange reaction forming the new 

alkylmagnesium bromide was very slow in tetrahydrofuran. To further minimize 

redistribution we used an “inverse addition” method in which the hexyldichloroborane 

was rapidly added to 2.0 equivalent of MeMgBr in THF in an ice-bath, (eq. 53).  

 

 
 

Analysis of the boron NMR showed a large increase in the amount of desired product 

compared to the reaction in diethyl ether. After 67% of the alkyldichloroborane was 

added, the major signal observed in the 
11

B NMR was at approximately -20 ppm 

indicating the formation of hexyltrimethylborate, (eq. 54). A smaller signal for the 

hexyldimethylborane was also observed.  
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The addition of the final third equivalent of the dichloroborane resulted in the 

disappearance of the “ate” complex and the concurrent growth of a resonance signal at 

~78 ppm attributed to the hexyldimethylborane tetrahydrofuran complex, (eq. 55). 

This suggests direct transfer from the “ate” complex to the chloroborane selectively. 

The 
11

B NMR signal ratios of the final reaction mixture show little redistribution, 

~2%, indicating a selective transfer of the methyl group from the borate complex to 

the haloboranes.  

 

 
 

 A reaction was done to prove the resolution was not only the inverse addition 

of our reagents but also the change of solvent from diethyl ether to tetrahydrofuran. 

The hexyldichloroborane was rapidly added to 2.0 equivalent of methylmagnesium 

bromide in diethyl ether in an ice-bath. Large amounts of redistribution were observed 

via 
11

B NMR with 20% trimethylborane formation and only approximately 60% of the 

desired hexyldichloroborane. This data indicates the preferred solvent is 

tetrahydrofuran for the reaction and is required for good selectivity using this 

procedure.  

 Throughout our experiments using the “inverse addition,” we found that there 

was always a small amount of hexyldichloroborane left over indicating a deficiency of 

the Grignard reagent by approximately 0.4 molar equivalents. The slower the addition 

of the hexyldichloroborane solution to methylmagnesium bromide, the larger the 



99 

 

amount of starting material observed. This loss of methyl groups can be attributed to a 

second reaction of the initially large excess of methylmagnesium bromide with the 

triethylchlorosilane side-product of the hydroboration reaction via the Matteson 

procedure. This would be very similar to the tetra-alkylation of chlorosilane 

compounds.
148,149

 As such, a small excess of the Grignard reagent should be used with 

a fast addition of the chloroboranes, minimizing reaction times to ensure complete 

conversion of the chloroboranes. 

 

 

3.2.2.4 Further Methylation Studies Using MeMgBr 

 Although using hexyldichloroborane in the Grignard reaction initially met with 

failure, cyclohexyldichloroborane reacted easily obtaining quantitative yields. As 

such, we wanted to explore the utility of this reaction by testing different compounds 

using methylmagnesium bromide in diethyl ether or in tetrahydrofuran using the 

“inverse addition.” This new methodology would add the alkyldichloroborane to the 

methylmagnesium bromide in tetrahydrofuran. After methylation, the samples were 

analyzed to determine the percent conversion, which is calculated from the amount of 

the formed alkylmethylborane after complexation with THF as determined by the 
11

B 

NMR spectrum, based on the total amount of chloroboranes available.   

 Some experiments were done using the (2-phenylpropyl)dichloroborane in 

diethyl ether. Methylmagnesium bromide was added over 30 minutes and the solution 

allowed to react for at least one hour. When an NMR spectrum was obtained, an 
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average of 50% alkyldimethylborane was observed, as well as an increase in the 

dialkylborane derivative and trimethylborane.  In some trials, a small amount of 

tetraalkylborate complexes were observed in the 
11

B NMR in the -19 to -21 ppm 

region. Three different species were observed indicating formation of R2BMe2
-
, 

RBMe3
-
 and BMe4

-
. Redistribution from initial ratios after hydroboration seems to 

occur either concurrently with the reaction with the methyl Grignard or soon after, (eq. 

56). These ratios do not change significantly during the first 5 days.  

 

 
 

 An alternative method of placing the methyl groups on the boron was using the 

inverse addition method of adding the alkyldichloroborane to methylmagnesium 

bromide in tetrahydrofuran. The ratios observed were similar to those found after 

hydroboration with approximately 93% conversion, (eq. 57). Overall, this changed 

procedure converts the alkyldichloroborane into the alkyldimethylborane in good 

yields and selectivity.  

 

 
 

 The 2,3-dimethyl-2-butyldichloroborane or thexyldichloroborane was also 

methylated by adding MeMgBr in diethyl ether. The reaction was slow to occur, 

forming a sticky mass of insoluble material that broke up over an hour. The reaction 
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was also done using the inverse addition with MeMgBr in the presence of THF. 

Results were similar for both procedures, obtaining product ratios essentially the same 

as those observed via 
11

B NMR after hydroboration indicating ≥ 98% conversion. No 

redistribution was observed. The 
11

B NMR signal for this compound was found at 

86.7 ppm and showed no detectable upfield shift with the addition of complexing 

agents such as THF. The above results were attributed to the large steric bulk around 

the boron atom of the thexyl group.  

 Initial studies were attempted for the methylation of 3-chloro-1-

propyldichloroborane with the methyl Grignard reagent. No significant amount of 

product was found when using ether or tetrahydrofuran as the solvent. A 
1
H NMR 

spectrum suggested the Grignard reagent is reacting with the halo-propyl group to 

form cyclopropane found at 0.2 ppm. The cyclopropanation reaction
150

 is well known, 

mostly due to a good leaving group in the γ position. For example, diborane was 

previously used to hydroborate allyl chloride resulting in the formation of a mixture of 

γ-chloropropyl derivatives. These produced cyclopropane upon addition of a basic 

solution such as sodium hydroxide or phenyllithium, Figure 3.2-4. This cyclization 

reaction requires prior coordination of the base with the boron atom
151

 forming an 

intermediate ate-complex resulting in a 1,3 transfer to give cyclopropane.
152

 In 

contrast, tri-(4-chlorobutyl)borane did not form significant amounts of cyclobutane 

even when maintained at elevated temperatures for long periods of time.
153

 The 

reduced reactivity of this compound was attributed to the chloro group being four 

carbons away from the boron, instead of the ideal three carbons for cyclopropanation. 
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Entropy prevails with longer chains reducing the yields of the cyclized compounds. As 

a result of this elimination reaction, the methylation using methylmagnesium bromide 

was discarded. Further studies were carried out on the methylation of the γ-

chloropropyl dichloroborane using dimethylzirconocene, Cp2ZrMe2.  

 

 
 

Figure 3.2-4 Cyclopropanation reaction of 3-chloro-1-propyldichloroborane 
 

 

 

 

3.2.2.5 Conclusion 

 The methylation of alkyldichloroboranes was expected to be a simple 

procedure with organometallic reagents such as methyllithium or methylmagnesium 

bromide. Hexyldichloroborane was used as a model compound and the reaction 

mixture was analyzed via 
11

B NMR. However, all trialkylboranes have a very distinct 

peak at ~86 ppm. Taking advantage of the Lewis acidity of the methylboranes, one 

equivalent volume of tetrahydrofuran was added to the reaction solution, shifting the 

resonance signals upfield proportional to the number of methyl groups. 

Disproportionation of the alkyl groups upon addition of MeMgBr was quickly 

observed. This problem was resolved with an “inverse addition” of the 

alkyldichloroborane to a tetrahydrofuran solution of the methylmagnesium bromide. 

The ratios of the resulting alkylmethylboranes were essentially identical to the purity 
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of the alkylchloroborane solution, showing very little, if any, redistribution. The best 

procedure found was by using a slight excess of methylmagnesium bromide and a fast 

addition. As anticipated, the more sterically bulky secondary and tertiary alkyl groups 

show very little, if any, redistribution during methylation no matter the order of 

addition or solvents used. Although using methylmagnesium bromide is a suitable 

method, it is not successful in all cases demonstrating a need for a better methylating 

agent for boranes with functionalized alkyl groups such as chloro-propylborane.  

 

 

3.2.3 Dimethylzirconocene, Cp2ZrMe2 

 It is clear that a gentle and selective methylating agent is needed for the 

preparation of functionalized alkylmethylboranes.  Dimethylzirconocene may have 

many of the properties we desire. Preliminary reactions previously conducted in the 

laboratory have successfully transmetallated an alkyl groups from zirconium to 

organohaloboranes, (eq. 58).
130

 Initial data showed the potential of this simple reaction 

to be a direct route transferring two methyl groups rapidly. No detectable amounts of 

tetra-coordinate borate complexes were observed in contrast to results when using 

methylmagnesium bromide.  
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  Organozirconium compounds have been prepared since the late 1800’s,
154

 but 

the first alkylzirconium complex was not isolated until the mid 1960’s.
155

 The most 

common type of these organometallic compounds is the bis-cyclopentadienyl 

derivatives. In 1953, Wilkinson
156

 isolated di(cyclopenta-1,3-dien-1-yl)zirconium(IV) 

bromide,  Cp2ZrBr2. Today, a similar compound, Cp2ZrCl2, is synthetically useful and 

commercially available. This reagent is an air-stable, crystalline solid, soluble in many 

organic solvents. The zirconocene dichloride reacts easily with methyllithium in 

diethyl ether to form Cp2ZrMe2, (eq. 59).  

 

 
 

Two principle procedures used for the synthesis of this compound are Rausch
148

 and 

Wailes.
149

 We used a hybrid of these two methods taking advantage of the benefits of 

each. The cold bath requirement of Rausch’s method placed a limit on the scale of the 

preparation and Waile’s method required long addition times due to the exothermic 

nature of the reaction. As such, we performed the reaction in an ice-bath adding the 

methyllithium dropwise. After the reaction reached completion, half the volume of 

solvent was removed by vacuum and the precipitated lithium chloride solids separated 

by decanting the clarified solution by double ended needle into a storage vessel.  
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3.2.3.1 Dimethylzirconocene Reagent Analysis  

 The purity and yield of the dimethylzirconocene solution was determined by 

analyzing a small aliquot.  A sample of known volume was transferred to a capped 

vial and the volatiles removed in vacuo. The mass of the residue was determined by 

difference, in weight, providing an estimate of the concentration of the 

dimethylzirconocene in solution. Alternatively, the concentration of this reagent can 

be determined by reacting with a trihaloborane of known concentration and then 

analyzing the 
11

B NMR spectrum for the amount of methylation. This 

dimethylzirconocene sample was dissolved in CDCl3 and analyzed by proton NMR.
148

 

The spectrum revealed a large peak at ~6.1 ppm for the Cp protons of 

dimethylzirconocene, Cp2ZrMe2, and a resonance at -0.38 ppm. This latter signal lies 

upfield from tetramethylsilane, representing the methyl groups on zirconium. 

Replacement of a methyl group with a chloride shifts this signal downfield to 

approximately +0.4 ppm for Cp2ZrCl(CH3). The Cp ring resonances also shift but not 

as significantly as the methyl group, to 6.27 ppm. Although this reagent is simple to 

synthesize, care must be taken as it is sensitive to reaction and handling conditions, 

which can result in poor product purity. 

 In one synthesis, an intensely yellow colored solution was formed. The proton 

NMR showed the presence of dimethylzirconocene at ~6.1 ppm and an additional 

resonance signal was seen at 5.95 ppm. Further examination of the spectrum also 

showed a new signal at -0.03 ppm. This data indicated the presence of an oxo-bridging 

zirconium complex of dimethylzirconocene, [Cp2ZrMe]2O. This species is formed by 
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hydrolysis during handling resulting in methane and a mixture of Zr-O-Zr compounds. 

Both methyl groups are easily hydrolyzed with additional water. In contrast, the 

cyclopentadienyl rings are hydrolytically unstable only in the presence of alcohols, not 

water. Since dimethylzirconocene is an established “getter” for moisture,
157

 it was 

understandable that we see the oxo-bridging zirconium species. Stringent experimental 

techniques allowed us to maintain this contaminant below 10%. Additional peaks were 

observed in the 
1
H NMR at 6.50 and 6.27 ppm indicating the presence of trace 

amounts (<5%) of dichlorozirconocene and methylchlorozirconocene respectively. 

Additional studies on the synthesis of this reagent were done by others in our 

laboratory
143

 developing this into a simple methodology forming the desired product 

cleanly. 

 Several problems were encountered in the synthesis of dimethylzirconocene 

mainly involving the stability of the final solution. Product purity and yield were 

inconsistent, varying from batch to batch. One solution was the use of a slight excess 

of zirconocene dichloride to avoid formation of a darkly colored product. 

Additionally, it was found that pentane instead of diethyl ether as solvent decreased 

the stability of the reagent, turning the solution yellow with the presence of a 

precipitate over time. Overall with stringent experimental techniques, this reagent can 

be prepared in good yields, 85-90%, and stored in the dark under moisture and oxygen 

free conditions for over 6 months with no loss of reactivity.  
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3.2.3.2 Methylation via Dimethylzirconocene  

 After obtaining our desired reagent, we studied the methylation of 

chloroboranes by Cp2ZrMe2. This reaction involves two Lewis acids and the 

mechanism is believed to proceed through a 4-center transition state, (eq. 60).
158

 The 

electrons on the chlorine atom are donated into the empty zirconium d-orbital. The 

zirconium and borane compounds line up, entering the transition state, initiating 

exchange between the alkyl group and the empty orbital on boron. It is possible both 

methyl groups transfer at the same time or in a stepwise fashion. In this manner, 

alkyldichloroborane can react with dimethylzirconocene to form alkyldimethylborane.  

.   

 
 

 Generally, the alkylhaloboranes are not isolated, making the determination of 

the concentrations less accurate. Although the concentration of the 

dimethylzirconocene can be approximated, this reagent can be standardized with a 

stock solution of the alkylhaloborane to determine the relative equivalency. For 

example, hexyldichloroborane in hexanes can be reacted with a known volume of 

dimethylzirconocene in pentane. Typically, a 0.4 mL sample of this reaction is 

analyzed via 
11

B NMR with an equal volume of THF after one hour. The main product 

observed is usually 1-hexylmethylchloroborane seen at 16.9 ppm as a THF complex. 
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The desired product of hexyldimethylborane is seen as the THF complex at 80 ppm. 

The unreacted alkyldihaloborane starting material also forms a THF complex found at 

14.2 ppm in the 
11

B NMR. Integration of these boron resonance signals allows one to 

calculate the amount of methyl groups transferred onto boron. In this manner the 

relative equivalency of the dimethylzirconocene to the alkylhaloborane solution can be 

calculated with reasonable accuracy.   

 The results from the previous experiment also give us insights into the relative 

rates for the transfer of the two methyl groups.  The major product in the reaction of 

hexyldichloroborane with 0.32 equiv. of dimethylzirconocene in pentane was the 

hexylmethylchloroborane, ~37%, (eq. 61). Hexyldimethylborane formed in 

approximately one-third as much, yielding ~13%. The remainder was starting 

material, approximately 50%. If we only analyze the methylated species, almost 75% 

of the product was mono-methylated suggesting that one methyl group is transferred at 

a time. However, 25% of the time the dimethylated product is formed. This is 

consistent with a statistical distribution with a slight preference for the formation of 

the less methylated product, due to electronic effects as well as the sterics of the 

methyl group.   
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 Coordinating ligands or solvents have varying effects on the methylation 

reaction. When the reaction was done in diethyl ether instead of pentane, the product 

ratios were different. As was previously explained with the Grignard reaction, 

coordinating ligands or solvents can dramatically change the outcome of the 

methylation process by affecting the selectivity.  The addition of dimethylzirconocene 

in ether (0.55 equiv) to an equivalent of 1-hexyldichloroborane formed 

hexyldimethylborane as the major product, 50%, (eq. 62). The smallest peak found on 

the 
11

B NMR spectrum was the monomethyl intermediate formed in 12% yield. The 

remainder was starting material with 38%.  The selectivity of this reaction forming the 

alkyldimethylborane preferentially is attributed to the formation of an 

alkyldichloroborane etherate complex. Dissociation of the ether must occur before 

transmetallation can proceed to form hexylmethylchloroborane. This 

dialkylchloroborane intermediate forms a weaker etherate complex, readily 

undergoing the transfer of a second methyl group yielding the hexyldimethylborane 

product. This reaction in diethyl ether formed the dimethylated species in 80% 

compared to only 20% of chlorohexylmethylborane. As such, the difference in methyl 

group transfer selectivity is attributed to the strength of the coordinating solvents to 

the haloborane species.  
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 Additionally, the organoborane product purity can be affected due to the higher 

solubility of zirconocene dichloride.  Non-coordinating halogenated solvents, such as 

methylene chloride or chloroform are usually avoided because dichlorozirconocene is 

more soluble and therefore more difficult to separate from the product. The preferred 

media is hydrocarbon solvents such as pentane or hexane. Solubility is minimal in 

these solvents resulting in little residual zirconocene present in the product as well as 

an almost immediate transmetallation with quantitative yields. The reactions in diethyl 

ether and tetrahydrofuran showed slower rates of precipitation of the zirconocene 

dichloride due to a greater solubility.   

 Coordination to form the alkyldihaloborane complex with coordinating ligands 

has also been known to decrease the rate of transmetallation.
159

 However, we found 

that the methylation of hexyldichloroborane with dimethylzirconocene in 

tetrahydrofuran, ether and pentane showed complete conversion to 

hexyldimethylborane within 15 min at 0 °C. This indicates the reaction is fast with 

little apparent rate reduction by solvents.  

 Our model compound for the methylation studies was hexyldichloroborane 

formed by the Matteson procedure.
136

 This was typically reacted with one equivalent 

of dimethylzirconocene in pentane. The formation of a white dichlorozirconocene 

precipitate was almost immediately observed. After 15 min, a sample was analyzed 

via 
11

B NMR. The spectrum showed a complete consumption of the 

hexyldichloroborane seen at 62 ppm, with concurrent formation of a trialkylborane at 

86 ppm. The sample was analyzed once again after addition of an equal volume of 
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tetrahydrofuran to separate the trialkylborane peaks depending on the number of 

methyl groups, (eq. 63). The minor peaks observed at 82 and 72 ppm, ~1% each, were 

the dihexylmethyl and trimethylborane products respectively. The major product 

obtained was hexyldimethylborane, 98%, found at 80 ppm. Overall, there was no 

detectable change in the 
11

B NMR ratios for the methylation products compared to the 

ratios of the corresponding chloroboranes in the initial alkylhaloborane solution.  

Optimal yields were obtained even when an excess of dimethylzirconocene, ~5 mol%, 

was used. No indication of redistribution was observed in the 
11

B NMR spectrum after 

96 h at room temperature. Overall, this is a mild methylation procedure resulting in 

quantitative product ratios. 

 

 
 

 Similarly, the sterically bulky thexyl group, 2,3-dimethyl-2-butyl-, was also 

readily methylated in a high conversion within 15 min. A 96% yield was obtained and 

the 
11

B NMR signal found at 86.6 ppm. Interestingly, this organoborane did not show 

any detectable upfield shift in the boron NMR spectrum on addition of an equal 

volume of tetrahydrofuran. This was in contrast to other alkylmethylboranes studied; 

and, attributed to the larger steric bulk of the thexyl group.   

 Our earlier attempts at methylating 3-chloro-1-propyldichloroborane using 

methylmagnesium bromide or methyllithium gave little of the desired borane product. 

The only product obtained was cyclopropane indentified by a single resonance signal 
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found at 0.2 ppm in the 
1
H NMR. These γ-halo-alkylboranes readily undergo a 

cyclopropanation reaction in the presence of nucleophiles.
160

 However, 

dimethylzirconocene, a milder methylating agent, readily formed 3-chloro-1-

propyldimethylborane in a 95% yield, (eq. 64). The 
11

B NMR spectrum showed this 

resonance signal at 85.8 ppm. Unexpectedly, the THF complex was shifted further 

upfield than other alkyldimethylboranes and was found at 65.6 ppm. Interestingly, the 

bis(3-chloropropyl)–methylborane THF complex is seen at 75.4 ppm and the 

trimethylborane is observed at its normal resonance at 72 ppm. The changes in 

chemical shifts from those typically observed for non-functionalized 

alkylmethylboranes can be attributed to an inductive effect of the chloro group.    

  

 
 

 Alkylmethylboranes can be easily formed by methylation with 

dimethylzirconocene. Their purity is analyzed via 
11

B NMR showing quantitative 

yields directly reflecting the purity of the chloroborane starting material. Primary 

alkylhaloboranes show no sign of redistribution as they do when reacted with 

methylmagnesium bromide in diethyl ether. Other advantages of this mild reagent 

include yield, purity, functional group compatibility and possible reutilization of the 

dichlorozirconocene as the solids can be centrifuged out, recrystallized and reused.  
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  As such, we wanted to explore the scope of this reagent. Phenylboronic acid 

was mixed with dimethylzirconocene in pentane. The reaction was monitored by 
11

B 

NMR over 24 hours. After 30 minutes, 25% was the methylphenylborinic acid at 48 

ppm. A sample of the reaction mixture was analyzed after 24 hours, showing only 

45% formation of the borinic species. In the presence of air, this increases to 

approximately 65%. No formation of the dimethylated species was observed. This data 

indicates that borinic and boronic derivatives do not react easily with 

dimethylzirconocene under these reaction conditions. Preliminary reactions with 

hexenyldichloroborane gave promising results.   

 

 

3.3 Conclusion  

 Mixed organoboranes are extremely useful synthetic intermediates with many 

advantages over the traditional symmetrical trialkylboranes. Methyl groups 

specifically offer advantages as inexpensive auxiliary groups with low molecular 

weight allowing for simple removal of the side-products. The alkyldimethylboranes 

were initially synthesized in our laboratory using organometallic methods such as 

methyllithium and methylmagnesium bromide. The “inverse addition” method of 

adding the alkylchloroboranes to the Grignard reagent in tetrahydrofuran gave us a 

robust method for methylating primary, secondary and tertiary alkylchloroboranes in 

good yields with little redistribution.  
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 Dimethylzirconocene also reacts rapidly and quantitatively with the boranes 

forming the corresponding alkylmethylboranes. Non-coordinating solvents give the 

best results, allowing quantitative methyl conversion of the alkylchloroboranes. 

Primary alkyldichloroboranes do not undergo redistribution contrary to results 

observed with typical organometallic reagents. An additional advantage is that the 

zirconocene dihalide can be recovered in high yield and conveniently recycled. 

Functionalized alkyl groups, such as chloro-propylchloroboranes are preferentially 

methylated using dimethylzirconocene to obtain clean conversion. In conclusion, 

dimethylzirconocene is a mild reagent tolerant of functional groups, allowing 

quantitative methylation of alkylhaloboranes. 

 

 

 Chapter 3, in part, is currently being prepared for submission for publication of 

the material, Zillman, David J.; Mizori, Farhad G.; Hincapié, Gloria C.; Polk, Stewart; 

Cole, Thomas E. 

 

 

3.4 Experimental 

3.4.1 General Comments 

 All glassware was dried at 130 °C for at least 4 h, assembled hot and cooled 

under a stream of dry nitrogen. All reactions were carried out under a static pressure of 

nitrogen. The boron trichloride in hexane, triethylsilane and 3M MeMgBr in diethyl 
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ether were purchased from Aldrich Chemical Company and used without further 

purification. The alkenes and alkynes were obtained from commercial sources and 

were distilled from lithium aluminum hydride then stored under nitrogen in a Teflon 

stop-cocked storage bottle. THF was distilled from sodium benzophenone ketal, while 

pentane and ether were distilled from calcium hydride and all were stored under 

nitrogen. All other solvents were used as received. p-Benzoquinone was freshly 

sublimed prior to use. A dry-ice/acetone bath was used to obtain a temperature of -78 

°C and an ice-bath for 0 °C. Melting points were measured on an Electrothermal 

apparatus and were uncorrected. Proton, carbon and boron NMR spectra were run 

using a Varian VNMRS 400, Inova 500 or VNMRS 600 spectrometers. Chemical shift 

data are apparent and are reported in units of δ (ppm) using as the internal standard 

acetone-d6 (δ = 2.05 for 
1
H NMR spectra and δ = 29.92 ppm for 

13
C NMR spectra) or 

Me4Si (δ = 0.0 for 
1
H NMR and 

13
C NMR spectra) and BF3·OEt2 (δ = 0.0 for 

11
B 

NMR spectra) as an external standard. Multiplicities are given as: s (singlet), d 

(doublet), t (triplet), q (quartet), hept (heptet), m (multiplet) and bs (broad singlet) for 

1
H. Coupling constants, J, are reported in Hz. 

 

3.4.2 Synthesis 

Synthesis of alkyldimethylborane via MeMgBr. Regular Addition.  

 To an oven-dried 100 mL round-bottom flask fitted with a septum-capped side-

arm, magnetic stir bar and gas-inlet adaptor was added 6 mL of anhydrous diethyl 

ether and an aliquot of the alkyldichloroborane in hexane solution equivalent to 5.00 
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mmol, about 6 mL. The solution was cooled to 0 °C in a cold water-bath. Two 

equivalents of methylmagnesium bromide in ether, 3.33 mL of a 3.0 M solution (10 

mmol), was added dropwise via double-ended needle while stirring. The solution was 

warmed to room temperature and was stirred for an additional 30 min. The selectivity 

of the methylation can be analyzed by 
11

B NMR spectrum. A 0.4 mL sample of the 

reaction solution was added to 0.4 mL of THF in an NMR tube. The 

alkyldimethylborane is shifted upfield to 78 ppm, while the dialkylmethylborane 

appears near 80 ppm, trimethylborane is seen at the highest field around 72 ppm and 

the trialkylborane is unchanged at ca 86 ppm, all resonances are ± 2 ppm. 

 

Synthesis of alkyldimethylborane via MeMgBr. Inverse Addition.  

 To an oven-dried 100 mL round-bottom flask fitted with a septum-capped side-

arm, magnetic stir bar and gas-inlet adaptor was added 12 mL of anhydrous THF and 

3.33 mL of 3.0 M (10 mmol) methylmagnesium bromide in ether. The solution was 

cooled to ca 5 °C in a cold water-bath. An aliquot of the alkyldichloroborane in 

hexane solution equivalent to 5.00 mmol, about 6 mL, was rapidly added via double-

ended needle while stirring. The solution was warmed to room temperature and was 

stirred for an additional 30 min. The selectivity of the methylation can be analyzed by 

11
B NMR spectrum. The alkyldimethylborane is shifted upfield to 78 ppm, while the 

dialkylmethylborane appears near 82 ppm, trimethylborane is seen at the highest field 

around 70 ppm and the trialkylborane is unchanged at ca 86 ppm, all resonances are ± 

2 ppm. 
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2-(2-phenylpropyl)dimethylborane   

 An oven-dried flask fitted with a septum-capped sidearm, magnetic stir bar and 

a gas-inlet adaptor was cooled with a stream of nitrogen. To the flask was added 8 mL 

of THF followed by 2 equivalents of 3.0 M MeMgBr and the flask cooled to around 5 

°C in a cold-water bath. One equivalent of alkyldichloroborane, usually about 4 mL of 

solution, was quickly added by syringe with stirring. The solution was kept cold for 

one hour, spontaneously warmed to room temperature and stirred for an additional 

hour. 

 

 (1,1,2-trimethylpropyl)dimethylborane, dimethylthexylborane  

 An oven-dried flask fitted with a septum-capped sidearm, magnetic stir bar and 

a gas-inlet adaptor was cooled with a stream of nitrogen. To the flask was added 8 mL 

of THF followed by 2 equivalents of 3.0 M MeMgBr and the flask cooled to around 

5°C in a cold-water bath. One equivalent of alkyldichloroborane, usually about 4 mL 

of solution, was quickly added by syringe with stirring. The solution was kept cold for 

one hour, spontaneously warmed to room temperature and stirred for an additional 

hour. 

 

General procedure for the preparation of dimethylzirconocene.   

 In an oven-dried 1 L round-bottom flask equipped with a septum-capped 

sidearm, magnetic stir bar and gas-inlet adaptor was added 50.12 g (171.2 mmol) 
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dichlorozirconocene.  The gas was removed twice by vacuum and refilled with dry 

nitrogen.  A slurry was formed by the addition of 340 mL anhydrous ether, then 

cooled to 0 °C with an ice-bath.  Methyllithium in ether, 1.12 M (276 mL, 309 mmol) 

was added dropwise via double-ended needle over a period of 1.5 h while the reaction 

mixture was allowed to warm to room temperature.  The mixture was stirred for 72 h 

and allowed to stand for 1 day allowing solids to settle.  The supernatant was decanted 

via double-ended needle to an equivalent 1 L flask.  Approximately one-half of the 

solvent was removed under reduced pressure.  Additional solid material was formed 

after standing overnight.  The clear solution, ca 300 mL was transferred to a 500 mL 

Teflon stop-cocked storage bottle via double-ended needle to give an approximate 0.5 

M solution of dimethylzirconocene.  This corresponded to about 85-90% yield of the 

dimethylzirconocene. 

 If dimethylzirconocene was to be used in pentane, a sample was placed in a 

round-bottom flask equipped with a septum-capped sidearm, magnetic stir bar and 

gas-inlet adaptor and the solvent removed under reduced pressure. The solids were re-

suspended in one equivalent volume of pentane, stirred and the solvent removed under 

reduced pressure. The solids were re-suspended again in pentane, and insoluble 

precipitate removed via centrifugation. The clear solution was transferred to a Teflon 

stop-cocked storage bottle via double-ended needle. The leftover solids were washed 

with a small amount of pentane, and the supernatant added to the storage bottle.  

 

 



119 

 

Synthesis of alkyldimethylborane via Cp2ZrMe2.  

 An oven-dried 100 mL round-bottom flask equipped with a septum-capped 

side-arm, magnetic stir bar and gas-inlet adaptor, assembled hot and cooled under a 

stream of dry nitrogen.  The flask was charged with approximately 10 mmol of the 

alkylchloroborane and cooled to 0 °C.  One equivalent of the dimethylzirconocene 

solution in ether or pentane is added using a double-ended needle over a period of 20 

min with stirring.  After addition was complete, the reaction mixture was allowed to 

warm to room temperature.  The product was analyzed 15 min after addition by 
11

B 

NMR spectroscopy. 

 

 

Calculations:  

 Energy differences were calculated on a Macintosh 2.5 GHz computer, using 

the CAChe suite of programs (CAChe Scientific, Newton MA USA, Version 4.9.3). 

These calculations were done using molecular mechanics MM2 and the semi-

empirical MOPAC. The mechanics portion was run with Molecular Mechanics using 

an augmented basis set until the gradient had been minimized. The MOPAC were run 

with AM1 basis set until the gradient had minimized. Afterwards, a FORCE 

calculation was performed and the frequencies were checked for any imaginary 

values. If necessary, changes in the initial geometry were made and the calculations 

were repeated until all frequencies were real numbers. Partial charges were obtained 

from these calculations. 
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CHAPTER 4 

REDUCTIVE ALKYLATIO� OF p-BE�ZOQUI�O�E  

USI�G MIXED ALKYLBORA�ES 

 

4.1 Introduction 

 Organic chemists have obtained a convenient and versatile manner to 

synthesize a variety of compounds using organoboranes as intermediates,
161

 allowing 

the formation of a carbon-heterocarbon or carbon-carbon bond. In this respect 

organoboranes are extremely useful for synthesizing alkylated quinones and 

hydroquinones.
162

 As mentioned in Chapter 1, there are very few general methods of 

obtaining alkylated quinone compounds in high yields. Most suffer from low yields, 

product mixtures, as well as necessitating working with toxic reagents. In contrast, the 

alkylation of quinone compounds by trialkylboranes was reported
163

 as a fast 

exothermic reaction that resulted in quantitative yields, (eq. 65). It is widely 

applicable; however, this area has not been developed to its fullest potential.  

 

 
 

 

 Although many boron reagents are somewhat inexpensive and easy to obtain 

there are certain limitations that prevent hydroboration intermediates from being 

widely used. For example, only one of the alkyl substituents migrates from a 
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trialkylborane and the others are not easily retrieved or reused. This can increase the 

cost of the borane reagent if the substituent is difficult to make. Other limitations of 

the reductive alkylation of p-benzoquinone include low regioselectivities of the initial 

hydroboration of the starting material, migratory problems of the alkyl group, and 

directive effects of functionalized alkenes.  

 Typically, the borane adds onto the less substituted carbon of the alkene in the 

hydroboration reaction to form the starting material. This regioselectivity will decrease 

in the presence of an electron-withdrawing group on the olefin. Attachment of boron 

onto the more substituted carbon increases with a more electronegative group the 

closer it is to the double bond. This can usually be controlled by choosing a more 

selective hydroborating agent such as dichloroborane. Furthermore, the migratory 

aptitudes of the reaction allow preferential transfer of the more substituted alkyl group 

to benzoquinone. Since only one group on boron transfers, this results in almost three 

times as much isomeric material in the final product as compared to the 

regioselectivities of the hydroboration.  

 An additional disadvantage is the difficult to separation of the borinic acid 

produced as a by-product, especially when larger and less volatile alkyl groups are 

utilized. Traditionally steam distillation has been used although this can be laborious. 

Additionally, dialkylborinic acids are air-sensitive readily forming radicals, which in 

turn form a black tarry hydroquinone product with reduced yields. These 

disadvantages have hindered the wide applicability of the reductive alkylation 

reaction.  
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 Overall, one way to minimize the afore mentioned problems would be to use 

mixed organoboranes with auxiliary groups that allow high regioselectivity, do not 

participate in the alkylation of quinones and enhance the ease of product isolation and 

workup. The latter two would lend a major advantage to this reaction eliminating a 

major obstacle towards obtaining pure product.  

 As such, we tested our alkyldimethylboranes with benzoquinone to test the 

utility of using mixed organoboranes for the reductive alkylation reaction. The 

dimethylborinic acid produced is volatile enough to be easily removed under reduced 

pressure. Furthermore, the migratory aptitudes of the alkyl groups follow the order of 

stability of the respective radical, with the most stable being the more substituted 

group following the order of tertiary, secondary, primary and least stable of all, the 

methyl group. This indicates that the methyl auxiliary group should transfer in 

minimal amounts, if at all. As such, organomethylboranes have the potential to be 

great reagents for the reductive alkylation of p-benzoquinone. 

 Recently, Renaud
164

 and co-workers synthesized alkylhydroquinones by 

reacting p-benzoquinone using B-alkylcatecholboranes.  The latter is a well known 

radical precursor
165

 which reacts adding alkyl radicals to form substituted 

hydroquinones. This reaction is very similar to the alkylation of p-benzoquinone using 

trialkylboranes. Although Renaud acknowledges the potential of this reaction, he also 

comments on the loss of two alkyl groups, in the form of the dialkylborinic acid, 

restricting the method to easily available and cheap alkenes. As such he prefers to 

utilize alkylcatecholboranes, although two equivalents were used for every equivalent 
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of benzoquinone, also resulting in a loss of an alkyl group. The alkylcatcholboranes 

were formed by hydroboration of alkenes, following the procedure reported by Fu and 

coworkers,
166

 using catecholborane in methylene chloride with N,N-

dimethylacetamide as a catalyst, (eq. 66). Unfortunately, these hydroborations gave 

lower regioselectivity than catecholborane alone, approximating that of borane, BH3. 

This was mainly due to the hydroboration proceeding through a redistribution reaction 

induced by the catalyst.  

 
 

 

Two equivalents of this intermediate were reacted with p-benzoquinone resulting in 

two isomeric alkylhydroquinone products, (eq. 67). A surprising result was the 

observation of an alkyl–aryl ether product in addition to the expected C-alkylated 

hydroquinone. The former species is found farther downfield in the 
1
H NMR spectrum 

than the C-alkylated hydroquinone protons. This O-alkylation increased with 

increasing steric bulk about the boron–carbon bond. For example, tertiary alkyl 

catecholboranes predominantly formed the O-alkylated product. Overall, less 

sterically bulky compounds resulted in the expected substituted hydroquinone product.  
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In general, Renaud’s results represented a significant improvement for the reductive 

alkylation of p-benzoquinone. However, two equivalents of the alkylcatecholborane 

are required resulting in a loss of half of the starting material. Additionally, the 

regioselectivity of the initial hydroboration is low affecting product purity. As such, 

there are still disadvantages to this reaction to overcome. 

 The Cole laboratory has been exploring new routes to mixed organoboranes to 

use in the reductive alkylation of p-benzoquinone. High regioselectivity of the 

hydroboration of the starting olefin, as well as minimizing the loss of groups and 

limiting them to inexpensive substituents such as methyl groups, will help develop this 

reaction into a more versatile and valuable procedure. 

 

 

4.2 Results and Discussion 

4.2.1 Aspects of the Reductive Alkylation Reaction 

 The applicability of using alkyldimethylboranes for the reductive alkylation of 

p-benzoquinone was tested by using the boranes previously prepared following the 

procedures discussed in Chapters 2 and 3. At the outset of this research, the literature 

procedure for using trialkylboranes was followed. The p-benzoquinone in 

tetrahydrofuran was added dropwise to the alkyldimethylborane solution in the 

presence of a small amount of water.
163

 This tints the reaction mixture a yellow color. 

As the starting materials are consumed, the color disappears quickly. Addition of the 

benzoquinone is continued until all of the p-benzoquinone has been added or until the 
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last drop maintains the solution a yellow color, for more than 30 minutes, indicating 

the end of the reaction. The 
11

B NMR spectrum showed complete disappearance of a 

peak at ~79 ppm, the alkyldimethylborane, and the growth of a peak at 52 ppm, the 

dimethylborinic acid. After the reaction was assumed to have reached completion, the 

volatiles were removed by vacuum pump. The crude reaction mixture was dissolved in 

diethyl ether, washed with water and dried over magnesium sulfate. This was then 

placed on a rotary evaporator to remove the solvents and a crude 
1
H NMR obtained. 

The product was later purified using extraction, plug chromatography and 

recrystallization.  

 Initially, isolated yields of the alkylated hydroquinone were lower than 

expected, 40-60%, (eq. 68). These disappointing results were in contrast to those 

observed with symmetrical trialkylboranes which resulted in isolated yields greater 

than 90%, (eq. 69).
163
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Analysis of our final reaction mixture after a water wash did not give any insight into 

the route of our problem. After much analysis and discussion, we realized the clean up 

procedure used was skewing our product analysis. The water wash was removing any 

hydroquinone formed by the reduction of p-benzoquinone. This latter species is 

soluble in water and therefore easily removed by a water extraction. As such, 
1
H 

NMR’s of our crude reaction mixtures were analyzed prior to the water wash. The 

amount of simple reduction of the benzoquinone starting material to hydroquinone 

was variable ranging from 30 to 80%. This species is seen as a singlet peak near 6.8 

ppm in the proton NMR spectrum. This is in contrast to the reductive alkylation using 

symmetrical trialkylboranes, in which the amount of hydroquinone was ca 5%. As a 

result, we investigated the root cause of the large amounts of hydroquinone formation 

using alkyldimethylboranes.  

 The differences between the symmetrical trialkylborane and the 

alkyldimethylborane are likely due to the method of preparation. The mixed 

organoboranes may contain haloboranes, tetraalkylborates, Grignard reagent and the 

resultant magnesium salts. Various experiments were done to try to improve our 

current procedure of adding water to the alkyldimethylborane before adding the 

benzoquinone. The model compound was (2-phenylpropyl)dimethylborane. Initially, 

the pH of the water added was lowered to about 2.0 by using hydrochloric acid and 

only 0.4 mL per mmol of borane was used. The 
1
H NMR spectrum was analyzed in 

the region between 6 and 7 ppm. Hydroquinone was observed in 22% crude yield as 

well as two main products. One of these was the expected alkylated hydroquinone 
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product. In addition many smaller peaks were found due to additional side-products 

indicating a reduced yield of the desired product under acidic conditions.  

 Large amounts of water were also added to try and separate the contaminants 

and reactants into different layers. Overall, data indicated that if less than 1 mL of 

water per mmol of borane was added to the reaction mixture a large amount of 

hydroquinone, up to 80%, was observed by NMR and minimal amounts of product. 

Dilution of the reaction mixture before adding benzoquinone improved product purity 

and yield, although the rate of the reaction was slowed. Although this was an 

improvement, it did not give insight into how the reduction occurred since clean 

intermediates were being used.  

 Other variations tried included changes in the solvent system, such as adding 

pentane to reduce the polarity. This only resulted in consistently large amounts of 

hydroquinone. Additionally, the reaction was done in the absence of water, as well as 

in the presence of excess reagents such as chloroboranes and benzoquinone. 

Unfortunately, no change to the reaction yields was obtained consistently with any of 

the previous conditions tried.  

 Similarly, experiments in our laboratory were done in the presence of excess 

methylmagnesium bromide. Results pointed to the possibility that the magnesium salts 

were interfering with the reductive alkylation allowing the reduction of the 

benzoquinone to the hydroquinone without alkylation. Symmetrical trialkylboranes 

have no problem in the reductive alkylation reaction, only the alkyldimethylboranes 

have reduced yields. As such, trihexylborane was made using BMS and 1-hexene in 
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diethyl ether.
167

 A small amount of methylmagnesium bromide, 0.22 equiv, was added 

to the trialkylborane, (eq. 70). The addition of the benzoquinone to the anhydrous 

reaction mixture resulted in a blue-green color that quickly converted to yellow. After 

reaction workup and 
1
H NMR analysis it was found that the desired alkylated product 

was formed in only 16% yield. Hydroquinone was the major product found in 84%. 

Experimental results indicated that even a small amount of magnesium salts present 

catalyze a large amount of reduction of the benzoquinone to form hydroquinone.  

 

 
 

 

 If we are able to remove the magnesium salts from solution this effect can be 

minimized. Our first attempt was to try to centrifuge out the solids from the solution. 

However, this is a cumbersome procedure, which can lead to a loss of product, 

introduction of air into the solution or incomplete removal of the salts. An alternative 

method was to extract the salts with water taking advantage of the fact that water 

doesn’t react with trialkylboranes. The solution was washed four times with 5-10 mL 

of degassed deionized water. The volume of the aqueous layer extracted was larger 

than the amount of water added due to the solubility of tetrahydrofuran in water. The 

latter solution was analyzed by 
11

B NMR and no peaks were observed indicating no 
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boron was lost due to solubility in the water tetrahydrofuran solution. As such, this 

was a good method for the removal of the undesirable salts.  

 After addition of the benzoquinone, the crude reaction mixture was analyzed 

by 
1
H NMR and a relatively clean spectrum was found. Less than 5% hydroquinone 

was present with the remaining being the alkylated hydroquinone. There were small 

signals attributed to the dimerization of the alkyl group (2,5-diphenylhexane) or the 

reduction of the olefin resulting in isopropylbenzene. In addition, small amounts of the 

olefin were also observed but very little if any O-alkylation was ever found in the 

experiments performed. Crude yields of >90% desired product were obtained. When 

the salts are extracted with water before adding the benzoquinone, the disappearance 

of the initial yellow quinone color occurs over a longer period of 50 min. For reasons 

not fully understood, this system is a lot slower than others studied but faster than the 

reduction of p-benzoquinone. When water and the Mg salts are left in solution, the 

disappearance of the yellow colored benzoquinone occurred over two hours with large 

amounts of hydroquinone produced. It seems the salts hinder the reductive alkylation 

to such a point as to slow down the reaction allowing the simple reduction of 

benzoquinone to be faster. Without salts, the reductive alkylation is fast enough to 

minimize the alternative pathway of producing non-alkylated hydroquinone, Figure 

4.2-1.  
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Figure 4.2-1 Reductive alkylation final product distribution 

 

 

 The crude (2-phenylpropyl)dimethylborane was isolated in a yield of 84% after 

plug chromatography using silica gel. The compounds were separated using three 

different solvent systems; hexanes alone, 5% ethyl acetate/hexanes and 20% ethyl 

acetate/hexanes. The different fractions were collected and analyzed by 
1
H NMR. The 

first non-polar hexane fraction eluted the chlorotriethylsilane. No significant amount 

of hydroquinone product was observed. The second fraction, 5% ethyl 

acetate/hexanes, showed various side-products, but once again, no significant amount 

of hydroquinone. The majority of the side-products eluted in this fraction were due to 

the dimerization product (2,5-diphenylhexane) or the reduction of the olefin resulting 

in isopropylbenzene. The alkylated-hydroquinone product was eluted with 20% ethyl 

acetate/hexanes. Overall, this resulted in a clean spectrum. In order to determine 

whether any product remained on the column, all compounds were stripped using 5% 

methanol in ethyl acetate. NMR analysis showed no significant peaks were found in 

the methanol fraction indicating that our entire product was recuperated with 20% 

ethyl acetate. This methodology offers a simple and efficient procedure for obtaining 

clean alkylhydroquinones. Initial low yields were due to the presence of magnesium 
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salts, catalyzing the reduction of benzoquinone to hydroquinone. Once the salts are 

removed, the reductive alkylation of p-benzoquinone occurs quickly with the 

alkyldimethylboranes, resulting in good isolated yields.  

 

 

4.2.2 Reductive Alkylation Using Trimethylborane 

4.2.2.1 Synthesis of Trimethylborane 

 Mixed alkyldimethylboranes react with benzoquinone resulting in minimal 

amounts of methylhydroquinone formation. This species is characterized by a single 

resonance peak found at approximately 2.1 ppm in the 
1
H NMR. This indicates that a 

methyl group is slowly transferred compared to the transfer of a primary alkyl group. 

As such, we wanted to better understand methyl group transfer to benzoquinone. 

Initial studies were done to follow the kinetics of formation of methylhydroquinone 

from the reaction of trimethylborane and p-benzoquinone. The former can be either 

prepared from methylmagnesium bromide or methyllithium. It was observed that 

when BF3·OEt2 was reacted with an excess of methylmagnesium bromide in diethyl 

ether, the major product was trimethylborane, (eq. 71). However, when BF3·OEt2 was 

reacted with the same amount of methyllithium, the major product was instead 

tetramethylborate, BMe4
-
, (eq. 72). This can be explained taking into account that 

lithium is a hard acid, therefore it strongly complexes with the solvent, diethyl ether. 

This prevents the methyl group from transferring to the lithium cation, Li
+
, and 

consequently stabilizing tetramethylborate. The opposite is true for magnesium, which 
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is poorly solvated by diethyl ether. As a result, the formed product is trimethylborane 

while excess methylmagnesium bromide remains in solution. This data indicates that a 

strict stoichiometry is required for the clean formation of trimethylborane.  

  

 
 

 

 
 

 

 

 

4.2.2.2 Synthesis of Methylhydroquinone 

 Preliminary studies of the reductive alkylation reaction using trimethylborane 

were completed before discovering the importance of the Mg/Li salt removal for 

formation of the alkylhydroquinone. As such, an equivalent of p-benzoquinone was 

added to the above solutions under anhydrous conditions. This resulted in an 

immediate change in solution from an off-white color to a dark green-blue with a large 

amount of precipitates believed to be metal salts. This color was maintained but most 

of the solid is dissolved into solution after approximately 30 min of mixing. After 
1
H 

NMR analysis of the reaction mixture, the major product found was unfortunately 

hydroquinone not methylhydroquinone. Studies in this laboratory since have shown 

that the presence of salts during the reductive alkylation catalyzes the reduction of p-

benzoquinone. An unexpected observation was that almost no methylhydroquinone 
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was formed. Previously, other alkyldimethylboranes resulted in 20-60% of the 

alkylated hydroquinone even in the presence of salts. This data indicated that the 

methyl groups act differently than other alkyl groups. 

 It was still necessary to remove the Mg/Li salts before adding the 

benzoquinone to the trimethylborane to further understand this reaction. A short study 

was done following the general procedure with a water wash of the trimethylborane 

formed by methylmagnesium bromide. The sample was analyzed by 
11

B NMR over 

time and monitored by measuring the loss of the trialkylborane starting material at 86 

ppm and the consequent increase of the dialkylborinic acid at ~53 ppm. It was noticed 

that the reaction had already started at 6 min. After 10 minutes, approximately 70% of 

the trimethylborane had been consumed. After approximately 30 minutes, all of the 

trimethylborane had been converted into the borinic acid. This was considerably 

different to what was observed with other non-sterically hindered alkylmethylboranes 

which were completely consumed within 10 minutes. However, when the crude 

products were analyzed by 
1
H NMR, more than 50% of the product was 

hydroquinone, seen as a singlet at 6.7 ppm, not methylhydroquinone. Unexpectedly, 

the results were the same in the amount of methylhydroquinone formation with 

magnesium salts present after a water wash to remove them. This is in contrast to what 

was observed with other alkyldichloroboranes where the salts, MgBrCl, are easily 

extracted, suggesting that MgBrF is behaving differently.  

 A major disadvantage of this method is that in diethyl ether, the 

methylmagnesium bromide does not form the ‘ate’ complex. Trimethylborane is the 
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major product formed in the presence of excess methylmagnesium bromide. This 

prevents the exact NMR quantification of excess methyl groups. Additionally, any 

unused Grignard reagent reacts with the water added before benzoquinone resulting in 

its decomposition. Unfortunately, this results in heating, bubbling and white foaming 

of the solution, possibly caused by complexation. This ultimately forms a thick 

gelatinous mixture making the salt extraction difficult. This is a large problem 

because, as previously mentioned, even a small amount of remaining salts (20%) 

results in a large amount of hydroquinone product (80%).  In addition, the water 

washes remove some of the boron species due to poor separation, resulting in loss of 

methyl groups. Different methods were studied in order to separate the salts into the 

aqueous layer but none gave improved separation. Overall this is not an adequate 

method for our studies resulting mostly in hydroquinone in 30 minutes in the presence 

of magnesium salts and not the alkylated species.  

 A different method was used to form the trimethylborane given all the previous 

synthetic problems. Later studies were done using BF3·OEt2 and MeLi. The latter 

reagent readily yields the ‘ate’ complex, LiBMe4
-
, in diethyl ether in the presence of 

excess methyllithium. This species can be observed via 
11

B NMR between -20 and -21 

ppm. If the tetramethylborate species is present, the lithium cation will inhibit the 

reductive alkylation reaction. As a consequence, the borane must be trimethylborane 

with none of the tetramethylborate species present. Due to the facile formation of the 

tetramethylborate anion, we wanted to establish whether methyl groups could be 

transferred from the tetramethylborate to a haloborane. In one trial, a 100% solution of 
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tetramethylborate was reacted with 0.33 equivalents of BF3·OEt2. The resulting 

product was trimethylborane observed as a sharp peak at ~86 ppm with no presence of 

tetracoordinate borate complexes. This confirmed a transfer of methyl groups from 

tetramethylborate to boron trifluoride, (eq. 73).  

 

 
 

 

 The resulting trimethylborane solution was washed three times with water to 

remove salts. The 
11

B NMR spectrum showed no significant change in the product 

ratios when water was added, although the trimethylborane signal was shifted upfield 

to approximately 35-37 ppm, indicating a strong complexation to water. In addition, 

no tetramethylborate species were observed as expected after the water wash and 

benzoquinone addition. The reaction was very slow as observed by the slow 

discoloration of the yellow benzoquinone solution. Approximately 5 mol% was added 

at a time allowing the yellow benzoquinone color to disappear before adding more 

reagent. This was repeated over two hours, at which time the yellow color was 

maintained with only 50 mol% of benzoquinone being added. The solution was 

allowed to stir for an hour before an aliquot was analyzed. The resulting 
11

B NMR 

showed a single peak, the dialkylborinic ester, R2BOR, at 53 ppm indicating complete 

consumption of the trialkylborane. This was unexpected as we anticipated seeing only 

half of the trimethylborane consumed after reacting with only 50 mol% of 

benzoquinone.  
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 The solution was dried via vacuum but no extraction was performed in order to 

measure the amounts of water soluble hydroquinone and methylhydroquinone. 

Initially, we were expecting to see one resonance signal in the aliphatic region of the 

1
H NMR of the crude product, but after analysis no dominant peak stood out. The 

aromatic region was composed of a number of signals indicating a mixture of 

products. Additionally, a complexation product was identified between a quinone and 

a hydroquinone, known as quinhydrone, (eq. 74).
168,169

 This was also observed when 

an equivalent of benzoquinone was added quickly to the solution maintaining its 

yellow appearance.  

 
 

 

Quinhydrone formation occurs when benzoquinone and hydroquinone are present 

concurrently in solution. Typically, the yellow benzoquinone color of the solution 

darkens quickly upon forming this complex. The reaction can occur between non-

alkylated benzoquinone (BQ) and hydroquinone (HQ) or with the alkylated 

derivatives forming the benzoquinone:methylhydroquinone complex or the 

methylbenzoquinone:hydroquinone complex.
170

 The alkylhydroquinones are more 

easily oxidized than the non-alkylated derivative forming methylbenzoquinone 

(MeBQ) and hydroquinone in the presence of benzoquinone. These complexed species 
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can be recognized by the deep purple color of the product after removal of the volatile 

components by vacuum. In effect, the workup of our reaction mixture showed a large 

amount of quinhydrone, BQ:HQ, as well as methylbenzoquinone:hydroquinone 

complex. This indicated a need for maintaining a 1:1 ratio of the reagents.  

 As was mentioned above, care must be taken to remove all the salts from 

solution. If not, the solution maintains a white appearance after the water wash and 

will result mostly in reduction, not reductive alkylation. In an additional experiment, 

after an extensive water wash was done to insure complete removal of salts, 55 mol% 

of benzoquinone was added and the reaction allowed to react overnight. The solvent 

was removed and the solution re-dissolved in diethyl ether and dried. Analysis of the 

proton NMR spectrum showed that the main product was reduction of benzoquinone 

to hydroquinone. Approximately 20-30% of the solution was made up of a variety of 

products. These included the expected methylated species such as 

methylbenzoquinone, methylhydroquinone, and the quinhydrone complex between 

methylbenzoquinone and hydroquinone. The latter is formed due to the presence of 

excess benzoquinone in solution resulting from the slow alkylation reaction. 

Resonance signals were also observed that seemed to correspond to a methoxyphenol 

in small amounts indicating an O-alkylation product. The formation of this compound 

may be due to the slow reductive alkylation reaction allowing transfer to oxygen on 

benzoquinone. These species were characterized using 
1
H and 

13
C NMR with 2D 

NMR spectroscopy to corroborate the analysis. 
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 Additional resonance signals were observed in the 
1
H NMR that were not fully 

characterized due to a lack of supporting 
13

C data. This is a consequence of a dilute 

reaction mixture with small amounts of product formed. One possible species was the 

dimethylated hydroquinone. The ratio of the hydroquinone protons to methyl protons 

was 1 to 3. This seems to be consistent with the possibility of two hydroquinone 

protons for every six methyl protons indicating a dialkylated quinone derivative. An 

excess of benzoquinone is present in solution that may be oxidizing the 

methylhydroquinone to methylbenzoquinone whilst being reduced to hydroquinone. 

This new quinone derivative can now be methylated a second time forming the 

dimethylhydroquinone. In addition, two unknown species (A and B) were observed in 

the 
1
H NMR spectrum. However, the data is inadequate to assign to a specific 

compound with no corroborating 
13

C data. Furthermore, the reaction mixture possibly 

includes multi-methylated hydroquinone complexed to benzoquinone and/or multi-

methylated benzoquinone complexed to hydroquinone to form quinhydrones. The 

large variety of products formed when trimethylborane is reacted with benzoquinone 

indicates a different mechanism than previously seen with a very unselective 

formation of products.  

 In an effort to avoid the problems of removing the Li/Mg salts with a water 

wash from trimethylborane, it was purified via bulb to bulb transfer. This was then 

reacted with benzoquinone by adding small aliquots until the yellow color cleared up. 

Only about 0.3 equivalents of benzoquinone was added before the solution remained 

yellow. This was allowed to react overnight before the solvents were removed under 
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reduced pressure and an aliquot analyzed by NMR. The proton spectrum showed 

various products with overlapping peaks making interpretation difficult. Overall, the 

same products were seen as before indicating the products are not a result of the salts 

left in solution, but are attributed to the reaction of trimethylborane.  

 In conclusion, it seems the reaction does not follow the same mechanism as 

other alkyl groups. Reaction without salts required over an hour to consume all the 

trimethylborane present while the solution with salts required less than thirty minutes. 

Both reactions resulted in large amounts of benzoquinone reduction, but the salt free 

solution also formed various methylated products in small quantities. Overall, the 

reaction is much slower without metals; therefore, any small amount of salts left 

behind may catalyze the faster reaction of benzoquinone reduction. This may explain 

why no matter how small the amount of benzoquinone added, you still obtain large 

amounts of hydroquinone. In addition, the reaction does not seem to follow a simple 

mechanism allowing a mixture of products to result preventing the facile formation, 

quantification and analysis of methylhydroquinone. These results show that under 

essentially identical conditions, benzoquinone is not easily and completely mono-

methylated. After two hours, analysis of the products showed little of the expected 

methylhydroquinone product, <15%, and the formation of a complex mixture of 

unidentified compounds. Although this is potentially a drawback to this reaction, it is 

also an advantage proving that methyl groups can be valuable auxiliary groups with 

minimal transfer to benzoquinone.  
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4.2.3 Reductive Alkylation Using Symmetrical Trialkylboranes 

 We wanted to compare the rate of reaction of trimethylborane explained above 

with the rate of reaction of trihexylborane and p-benzoquinone. The above kinetics 

study was repeated for trihexylborane formed by mixing borane-methyl sulfide (BMS) 

with n-hexene in diethyl ether and allowing it to react for over an hour. A 
11

B NMR 

sample was taken and analyzed finding only one peak at 86 ppm indicating all starting 

material had been consumed (0 ppm) and transformed into the trialkylborane. One 

equivalent of p-benzoquinone dissolved in anhydrous tetrahydrofuran was added to 

the reaction pot and an aliquot extracted soon after, (eq. 75).  

 

 
 

 

 The sample was analyzed at room temperature by 
11

B NMR over a period of 

30 minutes, monitoring the consumption of the trialkylboranes and formation of the 

borinic acid. It was noticed that 90% of the reaction was complete after 6 minutes after 

addition of the benzoquinone. The alkyldimethylborane was completely consumed 

after 15 minutes. This data indicates the hexyldimethylborane is consumed quickly by 

benzoquinone.  

 In contrast, trimethylborane completely reacts with quinone in a period of 30 

minutes when salts are present. This forms non-alkylated hydroquinone instead of the 
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alkylation product. Comparison with the above data indicates that the transfer of a 

hexyl group is faster than reduction of benzoquinone. Additionally, when salts are 

absent, trimethylborane reacts slowly, consuming 0.5 equivalents of benzoquinone in 

approximately one hour. This demonstrates that the methyl group is slower to migrate 

compared to the hexyl group. As such, this makes the methyl group a desirable 

auxiliary group, minimizing the migration of unwanted auxiliary group when 

alkylating quinones using organoboranes.  

 At this point, the next step was to analyze the rate of reaction of both 

trialkylboranes competitively. Trimethylborane and trihexylborane were formed 

individually and equal quantities of each mixed in a flask. Benzoquinone in 

tetrahydrofuran was added and the reaction analyzed by 
11

B NMR following 

consumption of the starting material. An important consideration that we found was 

the change in chemical shift of the trialkylborane peak in the 
11

B NMR due to different 

ratios of THF. When the trimethylborane is in 100% diethyl ether the peak is found at 

approximately 85 ppm. However, this shifts to approximately 79 ppm in 25% THF/ 

75% ether and to ~73 ppm in a 50/50 mixture. This allowed us to follow the 

consumption of trimethylborane and trihexylborane separately using a mixture of 

THF/ether as our solvent. As a result, a certain amount of each of the trialkylboranes 

made was placed in a sealed round-bottom flask and an equivalent of p-benzoquinone 

was added dissolved in anhydrous THF, (eq. 76). As was suspected, the majority of 

the reaction took place with the trihexylborane although a small amount of the 

trimethylborane reacted (less than 2%). In conclusion, using auxiliary groups on your 
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boron reagent, will avoid the loss of valuable groups allowing the transfer of the more 

substituted alkyl group. Methyl groups are a good choice, reacting slowly enough, 

allowing control of the amount of undesirable material produced.                                        

  
 

 

 Another major advantage is the low molecular weight of the dimethylborinic 

acid by-product. Earlier reductive alkylation reactions using symmetrical 

trialkylboranes hydrolyzed the hydroquinone dialkylborinic ester, yielding the 

alkylated hydroquinone and the dialkylborinic acid. These borinic compounds readily 

formed radicals, on exposure to air, which are trapped by the hydroquinone product. 

This results in a tarry black mass of alkylhydroquinone, reducing yield and purity. The 

borinic and boronic acids formed on exposure to air were typically removed by steam 

distillation. The removal becomes more difficult as the molecular weight of the alkyl 

group increases. This by-product can be removed under reduced pressure easily when 

low molecular weight compounds are used such as methyl groups.  

 A reaction mixture of trimethylborane and benzoquinone was distilled 

following the procedure traditionally used with trihexylborane. An aliquot of the 

distillate was obtained when the head temperature was 50, 60, 80 and 100 °C; and, 

analyzed by 
11

B NMR. The spectrum indicates that borinic acid starts to distill 

immediately with the first drops of liquid and continues until the head temperature is 
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80 °C. By the time water starts to distill over, minute amounts of boron compound are 

present in the reaction flask. As a result, we can say very little distillation is needed to 

remove boron from your reaction mixture. It was found to be more convenient to 

remove the dimethylborinic acid under a vacuum or by using a rotary evaporator. This 

left the non-volatile hydroquinone product behind as a slightly off-white solid. 

Overall, we can conclude that methyl groups are a desirable auxiliary in boron 

reagents for a variety of reasons.   

 

 

4.2.4 Reductive Alkylation Using Alkyldimethylboranes 

 Using the reactions developed earlier, we applied it to synthesize different 

types of alkyldimethylboranes. Our next model compound was (4-

cyclohexenylethyl)dimethylborane. This primary alkylborane was easy to work with 

and quickly reacted with p-benzoquinone with a fast disappearance of its yellow color 

until more than 90 mol% had been added. Experience has shown that adding more 

than one equivalent does not improve product yield, but instead complicates product 

purity with the formation of quinhydrone. As such, we typically add a maximum of 

95% of benzoquinone and isolated yields are calculated based on the amount of 

benzoquinone added. After reaction was complete, the volatile dimethylborinic acid 

and solvents were removed under vacuum to give an off-white crude product. The 
1
H 

of this reaction mixture showed ~4% hydroquinone, seen at ~6.8 ppm, and ~1% of 

methylhydroquinone as found at 2.1 ppm. After column chromatography and 
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recrystallization the expected product, (4-cyclohexenylethyl)hydroquinone, was 

obtained in 85% isolated yield, (eq. 77).  

 

 
 

 

 The next compound studied was the chloro-propyldimethylborane. Initial 

studies resulted in low yields of the desired alkylated hydroquinone. Many variations 

of the reaction conditions were tried with very disappointing results. In comparison to 

other reductive alkylation reactions, (chloropropyl)dimethylborane was found to be 

more sensitive to solvent conditions. This intermediate was prepared differently than 

other methylboranes, as explained in Chapter 3. Methylmagnesium bromide resulted 

in very little of the desired methylated borane product, therefore, the dimethylborane 

needs to be prepared using dimethylzirconocene. This reaction should be done in 

pentane so as to minimize the solubility of the dichlorozirconocene contaminant. The 

previous reductive alkylation reactions had been done in tetrahydrofuran with the 

trialkylborane formed by the addition of the alkyldichloroborane to methylmagnesium 

bromide in tetrahydrofuran. Hence, many of the problems observed here were new and 

had not been previously encountered.  

 For reasons unclear, little of the desired product was obtained when large 

amounts of non-polar solvents were used. The major product in these trials was the 
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non-alkylated hydroquinone. This reduction product can be decreased when a solvent 

blend with a greater dipole moment is used. It is possible that this better stabilizes the 

intermediates or transition state in the reductive alkylation producing the desired 

chloro-propylhydroquinone. The formation of hydroquinone was reduced to only 20% 

when diethyl ether was used as the reaction solvent. However, significant amounts of 

O-alkylation were obtained, as well as other side-products, and the yields of the 

desired product were not satisfactory, ~50%, (eq. 78).  

 

 
 

 

The presence of tetrahydrofuran in a 25% by volume solution gave the best results 

forming less than 10% hydroquinone and only traces of the ether product. After 

workup, the desired product was isolated in ~75% yields. An interesting observation 

was the slow decolorization of the yellow solution after the benzoquinone is added. 

Approximately a tenfold reduction in rate was observed compared to non-

functionalized alkyldimethylboranes. This is attributed to the inductive effect of the 

chlorine atom reducing the rate of reaction. Although the synthetic procedure used for 

the chloropropylhydroquinone is not as straight forward as the method used for non-

functionalized alkylhydroquinones, it is still an easy methodology obtaining good 

yields of the desired product.  
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 In 2006, Renaud
164

 reacted various organocatecholboranes with p-

benzoquinone. He showed primary and secondary groups gave the expected product, 

however, bulky substituents reacted mostly at the oxygen group not the carbon atom. 

The reaction of 1,1,2-trimethylpropyldimethylborane (thexyldimethylborane) with p-

benzoquinone showed that mostly the O-alkylated product was formed in a 60% 

isolated yield, while the C-alkylated product was only 16%. Past experiences in the 

laboratory have corroborated Renaud’s data, obtaining mostly O-alkylation instead of 

the desired C-alkylation. These results were unexpected as tertiary alkylboranes 

typically work well in the 1,4 addition reaction forming the product cleanly. As a 

result, various reaction conditions were tried in order to increase the amount of C-

alkylation product.  

 Accurate analysis of our reaction mixtures was required to better understand 

the disappointing results. The crude material was analyzed to obtain yields and C:O 

alkylation ratios. A sample was dissolved in acetone-d6 and analyzed by 
1
H NMR 

resonance signal integration looking for those between 6-7 ppm indicating C-

alkylation, O-alkylation, and hydroquinone, Figure 4.2-2. The O-alkylation product 

has a 
1
H NMR spectrum showing four protons as two signals with a complex coupling 

pattern similar to two doublets of triplets with a high degree of symmetry. These peaks 

are usually observed slightly downfield from the C-alkylated products, which can be 

recognized by three protons as a large doublet, a small doublet and a doublet of 

doublets. The small doublet seems to overlap with the most upfield signal of the O-

alkylated product. The hydroquinone is found between the remaining sets of proton 
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signals belonging to the C-alkylated product and those pertaining to the O-alkylated 

product. Although small amounts of additional resonance signals were observed and 

not characterized, the main products of our reaction were identified.  As such, we 

continued our research by studying the effects of various reaction conditions to 

improve product yields.  

 

 
 

Figure 4.2-2 Thexylhydroquinone 1H NMR 

 

 

 The largest amount of O-alkylation (C:O ratio of 1:8.3) observed for the thexyl 

group transfer was when the reductive alkylation was done at room temperature. This 

resulted in an extremely complex NMR spectrum with increased amount of noise. In 

contrast, the NMR spectrum was very clean with minimal noise observed with an 

inverse addition, adding the alkyldimethylborane to the benzoquinone. This change in 

procedure, although improved the analysis, did not change the C:O ratio. It was not 
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further analyzed, but there seems to be an additional side-product (possibly another O-

alkylation) obtained in the reaction. The peaks show the same coupling pattern as the 

main O-alkylation product but are found further downfield. Overall, this additional 

side-product seems to make up between 5-10% of the material formed (hydroquinone, 

C-alkylation, and both O-alkylation products).  

 In another experiment the benzoquinone was added at a higher dilution at room 

temperature, also resulting in a complex NMR spectrum. The benzoquinone added 

was dissolved in 20 mL of tetrahydrofuran instead of 5 mL. This increased dilution did 

not result in any significant changes in C-alkylation giving us a C:O ratio of 1:8.3. 

This data shows that C:O ratios are consistent with no dependence on the 

concentration of our reagents.  

 Temperature affects were also studied to try and force preferable C-alkylation. 

Experiments were done at 0 °C and -45 °C following the general procedure. This 

increased the amount of C-alkylation, albeit not significantly. The C:O ratio was 1:8.3 

at room temperature; this changed to 1:6 at 0 °C and 1:5 when performed at -45 °C. 

The reduced temperature increased our amount of C-alkylation, although not 

significantly, indicating it is possible to improve the ratio towards the desired product.  

 These different conditions gave us insight into the reaction mechanism for 

forming thexylhydroquinone. The proposed mechanism for the reductive alkylation 

involves a single electron transfer. We suspect the first step includes a complexation 

of the organoborane to the oxygen on the benzoquinone. This lengthens and weakens 

the bond between the alkyl group and the boron facilitating alkyl group transfer based 
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on radical stability. Depending on the steric bulk of the alkyl group, the transfer results 

in either C-alkylated or O-alkylated product. Since the thexyl radical is very stable, we 

can envision an elongation and weakening of the boron-thexyl bond during reductive 

alkylation to a point where it may break free from the organoborane. In addition, this 

may result in a reaction with the oxygen of a p-benzoquinone instead of the more 

hindered carbon at the 2-position. If we could control how far our radical moves in 

solution we may be able to force more C-alkylation. This was similar to what was 

observed with lower temperatures resulting in less O-alkylation.  

 In the same manner, we hoped to reduce movement in solution by increasing 

our reaction mixture’s viscosity by using an additive such as trimethylene glycol at 

room temperature. In effect, this improved our results to give us a C:O ratio of 1:5, 

identical to that obtained when the reaction was run at low temperatures. This ratio 

was obtained from the crude material without any type of workup. This made the 

NMR analysis difficult because of the large amount of additive still in solution. This 

change in solvent hindered the NMR processing as well as the referencing of 

resonance signals. The 
1
H signals pertaining to the 1,3-propanediol were extremely 

large and found in similar areas to the alkyl group signals hindering their integration. 

In addition, it is possible that some interaction is occurring between the product and 

the glycol. Overall, it seems this reaction can be improved to obtain more C-alkylated 

product, however, to date we have not been able to make this the major product 

formed in the reaction. Further investigation is required, possibly incorporating a 
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mixture of reaction conditions and parameters to more fully establish the limits for C-

alkylation. 

 We did not further investigate the reductive alkylations of tertiary-

alkyldimethylboranes because of the low yields of the alkylated hydroquinones 

obtained as well as the limited number of tertiary alkylboranes that can be formed. All 

primary and most secondary alkyl groups studied gave only trace amounts, <1%, of O-

alkylated ether product. This increased as the steric bulk in the proximity of the boron 

attachment increased.  

 Another compound that formed both alkylation products was 2-

methylcyclohexyldimethylborane.
171

 The corresponding hydroquinone was prepared 

and isolated by other members of the group in 65% yield of the C-alkylated product 

and only 14% of the O-alkylated product. Each of these consisted of two isomeric 

compounds corresponding to the cis and trans alkyl group. In contrast, the cyclohexyl 

group was cleanly transferred to benzoquinone in an isolated yield of 93% without any 

O-alkylation, other than trace amounts, ~0.5%. Additionally, the (exo)-

norbornylhydroquinone
172

 was prepared and isolated in 73% yield. The exo isomer is 

formed in the hydroboration of norbornene by dichloroborane with 99.5% selectivity. 

This is passed on to the reductive alkylation product where there is no signal observed 

at 3.2 ppm indicating the benzyl endo hydroquinone isomer in the 
1
H NMR. 

Interestingly, although large amounts of O-alkylation were obtained for the 

isopinocampheyl group, the stereochemistry of this group was completely retained for 

both C and O-alkylations. 
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Figure 4.2-3 Alkylhydroquinones  
 

 

 Overall, high yields of alkylhydroquinones were obtained in the reductive 

alkylation of benzoquinone using primary and secondary alkyldimethylboranes, Table 

4.2-1. Very little methylhydroquinone was found in the proton NMR indicating low 

migratory aptitude for the auxiliary methyl group. The dimethylborinic acid formed is 

volatile enough to be removed easily via vacuum preventing any radical side-reactions 

that may decrease product purity and yield. Tertiary alkyldimethylboranes formed 

significant amounts of O-alkylation due to increased sterics.  

 
Table 4.2-1 Yields of 2-alkylhydroquinones using alkylmethylboranes 

Entry Alkyl Group %Yield 
C-Alkylation 

%Yield 
O-Alkylation 

1 1-Hexyl- 94 Trace 

2 2-Phenylpropyl- 84 Trace 

3 2-Ethylcyclohex-3-enyl- 85 Trace 

4 Chloropropyl- 75 Trace 

5 Cyclohexyl- 93 Trace 

6 (exo)-Norbornyl- 73 Trace 

7 2-Methylcyclohexyl- 
trans:cis 

65 
94:6 

14 
77:23 

8 (+)-Isopinocampheyl 42 41 
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4.2.5 Stereochemical Analysis of Alkylhydroquinones 

 Isopinocampheylhydroquinone was prepared in the laboratory by the methods 

discussed herein.
172

 The starting material, α-pinene, is commercially available as both 

enantiomers with optical purities up to 93% ee. As such, it is not pure and of course 

better purity relates to more expensive reagents. Fortunately, there are simple ways of 

upgrading the olefin, although we chose to use the commercially available material in 

order to better understand the reaction, its products and their analysis. The purity of 

the α-pinene used in our laboratory for hydroboration
173

 was 88% ee. This afforded the 

alkyldichloroborane starting material for the methylation reaction and furthermore, the 

reductive alkylation of benzoquinone. Reza Savari isolated the product, 2-

isopinocampheylhydroquinone, in 42% yield as a single isomer. He also obtained 41% 

of the O-alkylated product due to the large steric requirements of this alkyl group. No 

other isomers were found suggesting retention of stereochemistry. However, since the 

reductive alkylation reaction appears to involve radical intermediates, we wished to 

develop a procedure for analyzing chiral compounds allowing us to find the 

enantiomeric composition of the resulting products.  

 The most common instrument used in the laboratory, NMR spectrometer, does 

not distinguish between enantiomers since their physical and spectroscopic properties 

are the same. However, many different methods can be used to measure the 

enantiomeric composition of the reaction products. Initially we used a chiral HPLC 

column but no separation of the products was obtained. Additionally, the optical 

rotation of this compound has not been previously stated in the literature. As such, we 
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needed a different method for our analysis. One of the most widely employed methods 

uses α-methoxy-α-(trifluoromethyl)phenylacetic acid (MTPA) to transform 

enantiomeric alcohols or amines into their respective diastereomers. These have 

different properties and are therefore, readily distinguished by 
1
H, 

13
C and 

19
F NMR 

spectroscopy, (eq. 79).
174

  

 
 

 

 This method was introduced by Mosher
175

 in 1969. It is independent of optical 

rotation and can be performed on small quantities of material. This procedure is easy 

to use, the compounds are stable towards racemization and MTPA is available 

commercially in enantiomerically pure form, either as the acid or the acid chloride, 

allowing the reaction to be widely used.  

 The NMR chemical shifts of the resonance signals analyzed are generally far 

enough apart to be easily distinguished, minimizing signal overlapping. Typically, a 

90-MHz instrument gives approximately 1% error in measurements.
176

 The accuracy 

can be improved by increasing the field strength to enhance signal resolution. As such, 

we used an Inova 500 MHz instrument for the proton and fluorine NMR and a 

VNMRS 600 MHz spectrometer for the carbon NMR. Overall, the most useful is the 

1
H NMR spectra, specifically the methoxy signals, although the aromatic protons from 
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the phenyl ring can also be used. Unfortunately, in our case, the hydroquinone area 

(6.8 - 7.2 ppm) has overlapping peaks complicating the analysis. 

 Typically, Mosher’s ester is used to obtain the ratio of two enantiomers in a 

given sample by measuring the relative intensities of their respective diastereomeric 

resonances. This procedure is generally used to determine the purity of chiral alcohols, 

in which the hydroxyl group is directly attached to the stereogenic carbon.  This 

usually results in large differences in the chemical shifts for the two diastereomers 

nuclei.  However, there are many examples found in literature where this method is 

used to determine enantiomeric purity at more distal locations;
177

 these include 

phenols
178

 and hydroquinone compounds
179

 having chirality at the α-carbon of an 

ortho alkyl group.   

 In order to use this analytical method, the first step was to protect one of the 

hydroxyl groups as an ester with a protecting group, such as pivaloyl.
180

 This would 

simplify the Mosher’s ester analysis by having only one possible reactive site. If the 

distal hydroxyl group is protected as a bulky ester, the proximal hydroxyl group is free 

to react with MTPA forming the Mosher’s ester. This would not only simplify the 

analysis, but also, result in the largest chemical shift since chiral auxiliaries are most 

desirable close to the chiral center.  
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4.2.5.1 Ester Synthesis 

 Ester formation can occur through many different reactions. For example, an 

ester can be prepared by coupling an alcohol with an acid chloride, synthesized from 

the parent carboxylic acid.
181

 Many acid chlorides are commercially available but 

depending on the reagent may be expensive. The activated acid derivative can also be 

formed in the laboratory. Unfortunately, this procedure suffers from various 

disadvantages. As a result of their high reactivity, acid chlorides are corrosive and 

have a high affinity for water; this presents handling and storage challenges. In 

addition, the synthesis of acid chlorides typically uses reagents which are corrosive 

(thionyl chloride) or toxic (phosgene). As such, we preferred a simpler method of 

esterifying our hydroquinone products.  

 Another approach involves the aid of a coupling reagent, which forms an 

activated intermediate for the successful formation of the product. A typical reagent 

used is 1,3-dicyclohexylcarbodiimide (DCC).
182,183

  Although typically used for 

peptide synthesis, it has also been used to synthesize esters.
184

 The reaction is 

traditionally performed in pyridine but can suffer from variable yields and a slow rate 

of reaction, mostly due to the steric bulk of the starting materials. As such, 4-

dimethylaminopyridine is used as a nucleophilic acylation catalyst.
185,186,187

 In the 

presence of this additive, the coupling of carboxylic acids and phenols results in high 

yields.
188

 Unfortunately, this procedure also has its disadvantages. Most importantly, a 

side-reaction that forms an N-acylurea as a by-product can seriously hinder the 
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reaction in solvents such as tetrahydrofuran, dimethylformamide, and acetone. As 

such, we wanted to find a better alternative to esterifying our hydroquinones.  

  

 

4.2.5.1.1 DMT-MM Coupling Reagent 

 A relatively new coupling reagent that is efficient for condensing carboxylic 

acids and amines is 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

chloride (DMT-MM).
189

 The reaction is simple and was found to have better ester 

selectivity than traditional coupling reagents, such as DCC or EDC.
190

 Most reactions 

studied in the literature were found to be complete within 30 minutes. Additionally, 

side-products are water soluble and can therefore be conveniently removed with water 

washes. The starting material for the synthesis of the DMT-MM reagent is 2-chloro-

4,6-dimethoxy-l,3,5-triazine (CDMT), known as a non-carbodiimide condensing 

agent, (eq. 80).
189

 

 

 
 

 

This reagent is commercially available or can be prepared from inexpensive cyanuric 

chloride. CDMT is reacted with N-methylmorpholine (NMM) in tetrahydrofuran at 

room temperature to quickly form DMT-MM as a white precipitate in good yields. 
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The literature states that this reagent can be stored in the solid state for one month at 

room temperature without any detectable decomposition.  

 The crude solid reagent was used for preliminary studies with pivalic acid in 

the presence of NMM to test the feasibility of this methodology. The model system for 

this esterification procedure was non-alkylated hydroquinone. The solution was 

allowed to stir for 3 hours before the solvent was evaporated and the reaction mixture 

worked up.  Although no yield was calculated, very little starting material was 

observed in the 
1
H NMR. The aromatic protons shifted from a single peak at 6.65 ppm 

for the starting material to 7.24 ppm, (eq. 81). A minor peak with less than 10% area 

was found ca 6.9 ppm believed to be the mono-protected hydroquinone. This indicated 

that the main product formed was the desired di-esterified hydroquinone given that the 

dual esterification will cause a larger downfield chemical shift change.   

 

 
 

 

 In the process of studying the literature, it was found that the coupling reaction 

may not require the previous synthesis of DMT-MM. The mechanism is thought to 

involve an ester intermediate
189

 of the triazine derivative formed by treating CDMT 
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with carboxylic acids in the presence of N-methylmorpholine
191

 in neutral solvents 

such as methylene chloride, tetrahydrofuran or dimethylformamide, (eq. 82).  

 

 
 

 

The intermediate triazine derivative, for example, can then be reacted with an alcohol 

or phenol to form the desired ester and an insoluble hydroxytriazine byproduct, which 

can be readily removed by filtration. This reaction has proven to be versatile with high 

yields. 

 Motivated by the literature available and our previous success with the reagent, 

we reacted CDMT with benzoic acid to form the reactive triazine ester. This was used 

for coupling reactions with hydroquinones to form esterified derivatives. Solid 

activated triazine reagent was treated with a non-alkylated hydroquinone in the 

presence of 4-DMAP, (eq. 83). Precipitate was observed in the solution within 30 

minutes. Later, the solution was filtered and the liquid portion extracted with acid and 

base and then dried. The 
1
H NMR showed that >80% was the di-protected product 

with a chemical shift change for the protons on the hydroquinone ring from 6.65 ppm 

to 7.29 ppm. The rest of the product obtained was equally divided into two mono-

protected hydroquinones not fully characterized. This may be due to the use of crude 

starting triazine with contaminants resulting in less reagents than initially calculated 

and other reactive side-products. No isolated yield was obtained for the di-esterified 
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product, although very little starting material was found.  Overall, the synthesis of this 

triazine reagent results in ~75% yield
191

 but its usage is simple resulting in quantitative 

ester formation. 

 

 
 

 

 Once we had shown we could quantitatively form the ester using 

hydroquinone, we envisioned using this method with the norbornylhydroquinone. We 

wanted to test this methodology for regioselectivity by esterifying only one hydroxyl 

group. Solid activated triazine reagent (0.99 equiv.) was treated with previously 

prepared norbornyl-hydroquinone in the presence of 10% 4-DMAP, (eq. 84). No solid 

formation was observed in the solution over the next 2 days. At this time, the solution 

was cleaned up and analyzed by 
1
H NMR.  
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A mixture of products was observed with approximately 11% of contaminants not 

fully characterized. The rest of the reaction mixture is made up of two main products 

including 40% of the unreacted starting material. The resonance signals for the 

hydroquinone ring protons of the norbornylhydroquinone can be found at 6.7 ppm for 

the small doublet (ds), 6.65 ppm for the large doublet (dl), and 6.52 ppm for the 

doublet of doublets (dd). The di-esterified product was formed in 11% with the ds 

found at 7.2 ppm overlapping with the dl signals at 7.19 ppm and the dd found at 7.1 

ppm. The desired compound was only formed in 49% selectivity and was 

characterized by the ds peak at 7.0 ppm, the dl peak at 6.8 ppm and the dd found at 

6.87 ppm. Overall, it seems this reaction is not completely selective for protecting 

only one side of the hydroquinone.  

 We theorized that the 4-DMAP additive was increasing the rate of the reaction 

in such a way to permit the non-selective esterification of both hydroxyl moieties. If 

we slowed the reaction down enough, could we force the reaction to proceed 

regioselectively, reacting at the more accessible site? As a result, the above reaction 

was repeated without any addition of 4-DMAP. This mixture was allowed to react for 

two days, in which the above reaction with 4-DMAP consumed 60% of the starting 

hydroquinone. After this time, the reaction mixture was worked up and analyzed by 
1
H 

NMR. A mixture of products was observed when no DMAP was added, although it 

was mostly unreacted starting material. No di-esterified hydroquinone was observed 

and only ~2% of the desired mono-protected compound, while ~1% of the undesired 

mono-protected hydroquinone was found. In addition many unknown small signals 
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were observed in the 6-7 ppm region. It seems 4-DMAP is required for the reaction to 

significantly occur in a reasonable amount of time, and in addition it is not very 

selective for protecting only one side of the hydroquinone. However, if we have the 

distal hydroxyl group protected with a bulky substituent, then we may be able to use 

the triazine reagent to esterify our hydroquinones using the proximal hydroxyl group 

in a fast and effective manner. As such, we pursued other options for selective 

esterification. 

 

 

4.2.5.2 Synthesis of Mono-protected Alkylhydroquinones 

 An alternative coupling method uses acid chlorides in the presence of an 

alcohol. We started our research of bulkier groups with the pivaloyl chloride to protect 

the distal hydroxyl groups. The validity of the proposed method was initially 

demonstrated by testing 2-(exo)-norbornylhydroquinone. The hydroquinone was 

reacted with pivaloyl chloride in pyridine at low temperature, 0 °C. The use of a large 

bulky group increases the steric interactions with the alkyl group already present. This 

results in the esterification of the less hindered hydroxyl group, or the one farthest 

away from the norbornyl substituent. After 24 hours, 50% of the starting material had 

reacted. Once the reaction was complete, the mixture was worked up and analyzed by 

1
H NMR. Obvious changes in chemical shifts caused by esterification of the hydroxyl 

moiety are found in the hydroquinone region (6-7 ppm) and are less noticeable for the 

aliphatic protons, as previously mentioned. As a result, the peaks in the hydroquinone 
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region were used to quantify the products and the aliphatic protons were used to 

confirm the results.  

 The desired mono-protected compound was characterized by the large doublet 

shifting from 6.65 ppm to 6.61 ppm, (eq. 85). This indicates a change of -0.04 ppm. 

The ds peak shifted downfield from 6.7 ppm to 6.8 ppm and the dd peak shifted 

downfield from 6.52 to 6.66 ppm. The formed product exhibits a larger change in the 

chemical shift of the ds and dd resonance signals compared to the large doublet. This 

indicates the esterification occurred closer to the ds and dd protons, reacting at the 

distal hydroxyl group to the norbornyl substituent. This desired mono-protected 

product was then separated from any unreacted starting material or di-pivaloyl esters 

by silica gel column chromatography using ethyl acetate/hexanes solvent mixture. The 

mono-pivaloylhydroquinone ester was obtained with 80% selectivity and isolated in 

75% yield.  

 

 
 

 

 The 2-(isopinocampheyl)-hydroquinone was in turn reacted with pivaloyl 

chloride. It was observed that this reaction was much slower than the 

norbornylhydroquinone. The first 50% of material reacted in ~5 days; however, the 

reaction does not seem to go to completion. The maximum amount of reaction 
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obtained was 70% with some side-products observed as evidenced by the 30% starting 

material present. An increase in the amount of pivaloyl chloride does not seem to 

increase the reaction rate, but instead increases the amount of side-products obtained.  

 Analysis of the 
1
H NMR showed a larger chemical shift change for the 

isopinocampheylhydroquinone, compared with norbornylhydroquinone. The 

resonance signals for the hydroquinone ring protons of the 

isopinocampheylhydroquinone can be found at 6.8 ppm for the small doublet (ds), 6.63 

ppm for the large doublet (dl), and 6.52 ppm for the doublet of doublets. The protons 

closest to the esterification center, ds and dd, shifted 0.15 ppm downfield and only 

0.09 ppm for the large doublet. As such the chemical shifts for the hydroquinone 

protons on the pivaloyl derivative are 6.95 ppm for the ds, 6.71 ppm for the dl and 6.67 

ppm for the doublet of doublets. This demonstrates once again, that the esterification 

occurs at the oxygen farthest away from the alkyl group to be transferred. Once the 

NMR spectrum of the reaction mixture did not change, the sample was quenched, 

extracted and the clean product obtained using column chromatography.  

 

 

4.2.5.3 Synthesis of the Mosher Ester of Alkylhydroquinones 

 Once the purified mono-protected alkylhydroquinones were obtained they 

were converted into the Mosher’s ester product. Initially we tested the possibility of 

doing this reaction with the R-(+)-α-methoxy-α-(trifluoromethyl)phenylacetic acid 

(MTPA) and dicyclohexylcarbodiimide in the presence of 20 mol% of 4-
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dimethylaminopyridine, (eq. 86). The 4-pivaloyl ester of the norbornylhydroquinone 

was used to test this method. The initial 
1
H NMR obtained of the crude reaction 

mixture showed two peaks of equal area in the methoxy region (3.3-3.8 ppm) as well 

as the respective peaks in the hydroquinone area. Although preliminary data seemed 

promising, an incomplete reaction was obtained. This may be due to a preferred 

reaction with one isomer over the other. This may skew our results, therefore, the data 

was deemed unreliable. Additionally, a known side-reaction occurs in the use of 

dicyclohexylcarbodiimide, which not only decreases yields but also complicates 

product purification and isolation. As such, a new methodology was needed to esterify 

our hydroquinones using the Mosher’s ester.  

 

 
 

 

 After such disappointing results, we once again revisited the DMT-MM 

chemistry. The solid activated triazine reagent was reacted with previously prepared 2-

norbornyl-4-pivaloyl-hydroquinone in CH2Cl2 with 5% 4-DMAP. After 2 days, the 

solution was cleaned up and analyzed by 
1
H NMR. A mixture of products was 

observed although almost 92% was the desired product and <2% was starting material. 

Overall, it seems a side-reaction occurs forming a by-product that increases as the 

reaction takes place. This material was not observed in the 
1
H NMR of the starting 
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material and was never fully characterized. Overall, this reagent is easy to use, 

requires a tertiary amine (4-DMAP) to proceed and satisfactory results are obtained 

for the esterification of alkylated hydroquinones. Although, this is a useful and 

convenient reaction, we deemed it easier to use the acid chloride of the Mosher’s ester 

as it is comparable and commercially available. 

 As a result, the 4-pivaloyl ester of 2-(isopinocampheyl)-hydroquinone was 

reacted with S-(+)-MTPA-Cl to obtain the R-Mosher ester. Care must be taken when 

using this reagent as the stereochemistry of the resulting products is not what you may 

expect at first glance. When the MTPA acid is converted into the acid chloride there is 

a switch in the relative priority of the groups (CF3 and COOH vs. CF3 and COCl) 

resulting in a change in the absolute configuration of the stereocenter, Figure 4.2-3. As 

a result, the R-(+)-MTPA-OH is the same as the S-(+)-MTPA-Cl resulting in the R-

Mosher ester.  

 

 
 

Figure 4.2-4 Stereochemistry of MTPA depending on group priority 

 

 

 After workup of the reaction, the sample was analyzed via 
1
H and 

19
F NMR. 

The most distinctive signals are the phenyl and methoxy proton peaks. The latter is 

found at 3.66 ppm for the major isomer and 3.56 ppm for the minor isomer. The five 
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phenyl protons are observed as two sets of peaks found at 7.68 ppm for the two meta 

protons and 7.44 ppm for the ortho and para protons for the major isomer. The minor 

diastereomer is observed with a peak at 7.58 ppm with an integration of two protons 

and a peak at 7.44 ppm for three protons. Various integral measurements were taken 

of the methoxy and phenyl protons and an average obtained of 88.3% d.e. with a 

standard deviation of 1.3%. The hydroquinone region did not show cleanly resolved 

peaks mostly due to signal overlap, making it difficult to obtain accurate data. The 
19

F 

NMR was also analyzed by taking various measurements of the integral of the two 

peaks with a difference in the chemical shifts of 0.2 ppm. The data indicates an 

average of 90.8% d.e. with a standard deviation of 1.1%. Although this number is 

higher, 
19

F NMR data must be accepted with reservation as it has been previously 

reported as a less reliable method.
192

 These results closely matched data obtained for 

the optical rotation of the R-(+)-α-pinene used for hydroboration. A specific rotation 

([α]
23

) obtained of +45.24°, corresponds to 87.7% e.e. based on literature values.
193

 

All of these values are within experimental error, consistently showing no loss of 

chirality in the reductive alkylation transfer of the isopinocampheyl group.   

 

 

4.2.6 Two Group Transfer 

 All reductive alkylations of p-benzoquinone using organoboranes to date 

transfer only one of the alkyl groups.  Transfers of more than one group have not been 

reported or apparently attempted.  The formed borinic or boronic derivatives are 
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seemingly unreactive for addition to quinone.  However, Maruyama
194

 reported on the 

first transfer from an alkylcatecholborane in 1978.  This indicated that boronic and 

perhaps borinic compounds could be used for the reductive alkylation of a quinone. 

 As such, we examined the possibility of using borinic and boronic compounds 

for the reductive alkylations by adding three equivalents of p-benzoquinone in 

tetrahydrofuran to an equivalent of tri-n-hexylborane in ether. The extent of the 

reaction was monitored by the formation of the borinic, boronic and trialkoxy borate 

using 
11

B NMR spectroscopy.  Earlier in our studies we had found the addition of 

water was not essential for the reductive alkylation of quinones, however, it was 

necessary for the isolation of the alkylated hydroquinone product.  In this first trial no 

water was added to the reaction mixture. This forms the hydroquinone borinic ester 

after transferring an alkyl group to benzoquinone. The ester will later be hydrolyzed 

by the addition of water resulting in the free alkylhydroquinone.   

 A boron NMR spectrum of the reaction mixture 15 min after addition of the 

quinone, showed complete consumption of the starting material at 86 ppm.  

Unexpectedly, the major borane product was a boronic compound at 32 ppm having 

an area of about 85% with only a relatively minor amount of the borinic species 

remaining, approximately 15%, (eq. 87).  As expected, the first alkyl group was 

completely transferred to the quinone, but a borinic derivative was also reacting.  After 

30 min, both alkyl groups had been transferred and only a broad boronic resonance 

signal remained in the spectrum.  Only a minor change was observed after 24 h, 

forming about 5% trialkoxyborane at 19 ppm.  The extent of the third group transfer 
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was monitored over a longer period of time using the NMR tube sample from above.  

The amount of the borate species increased over time, 10% after 2 days, 35% at 5 

days, 60% after 8 days and complete conversion at 14 days.  Another NMR sample 

from the reaction flask at this time revealed less extensive conversion with 30% 

formation of the trialkoxyborane.  The increased extent of the reaction was attributed 

to diffusion of air into the NMR tube. This may be compromising the NMR sample 

causing oxidation of our material, which is unlikely, or promoting the transfer of the 

last alkyl group. Earlier work has shown that reductive alkylations can be accelerated 

by the addition of air.
195,196

 This may be advantageous permitting three alkyl transfers 

per trialkylborane.  

 

 
 

 

 In another trial, the addition of two equivalents of quinone in THF gave 

quantitative conversion to the boronic product within 0.5 h, consistent with the above 

experiment.  These results indicate that two groups can be transferred from a 

trialkylborane.   

 Overall experimental results make it clear that the first group is rapidly 

transferred. Discoloration of the yellow benzoquinone color as this reagent is added 

occurs in seconds. Analysis of the boron NMR spectrum within 15 minutes shows 

selective transfer of one group. The second group is a bit slower to transfer, requiring 
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less than 30 minutes for completion. However, reductive alkylation of the third group 

from a boronic compound is significantly more sluggish.  After 14 days the reaction is 

only about 30% complete while in the presence of small amounts of air, the reaction is 

complete within this time.  This is in contrast to Renaud’s observations in his studies 

with alkylcatecholboranes. He saw complete consumption of benzoquinone within 2 

hours when reacted with two equivalents of the alkylboronic esters at room 

temperature.  This indicates the alkylcatecholboranes are considerably more reactive 

than the boronic compounds formed from the reductive alkylation of a trialkylborane.  

 Three equivalents of p-benzoquinone in tetrahydrofuran was added to a 

trihexylborane solution in ether over a period of 10 min, then a 20 fold excess of water 

was added.  The 
11

B NMR spectrum 10 min after the addition of water showed 

significantly sharpened boron resonances as compared to the reactions in the absence 

of water.  At this time there was a complete loss of starting material with formation of 

25% borinic derivative, 72% boronic and the remainder borate material at ca 18 ppm, 

(eq. 88).   

 

 
 

These results at first estimate are similar to the reaction without water.  However, 

when one considers that there is no effect of added water during the first 10 min of 

reaction it becomes more apparent how strong water effects inhibition of this reaction.  
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In the absence of water, 85% of the borinic derivative had been converted into the 

boronic with a presumed alkyl group transfer.  This is approximately three half-lives 

of about five minutes.  Thus, in the absence of water, one would expect after 10 min 

about 75% formation of the boronic compound. However, the extent of the second 

group transfer is only 72% at this time point. It is apparent that the rate of transfer of 

the second alkyl group is dramatically reduced in the presence of water.  

 The formation of the boronic species continues to increases to 75% at 75 min, 

79% after 150 min and 95% after 24 h.  Additionally, the transfer of the third alkyl 

group from the boronic intermediate to form the trialkoxyborane was only 25% 

complete after two weeks in the NMR sample.  In the absence of water, the NMR 

sample after this time showed complete conversion from the borinic derivative to the 

trialkoxyborane, while the reaction pot in the absence of water showed 30% transfer of 

this third group.  While the measurement of the kinetics to this reaction was not a 

primary goal at this time, one can nevertheless see there was a significant slowing of 

the reductive alkylation from the borinic derivative in the presence of water.   

 The previous reaction was repeated adding an excess of 95% ethanol ten 

minutes after three equivalents of p-benzoquinone in THF was added to an ether 

solution of trihexylborane.  The boron NMR spectrum ten minutes after addition of the 

alcohol showed similar ratios to those above of the borinic and boronic products, 25% 

and 72% respectively.  The borinic compound reacted somewhat faster in the presence 

of ethanol as compared to water. The boron NMR showed 17% of the borinic species 

remaining at 80 min, 10% at 150 minutes and complete conversion to the boronic 
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product within 24 h.  As seen in the related reactions, the loss of an alkyl group from 

the boronic compound to form the borate in the presence of quinone is very sluggish.  

After 14 days only 37% of the boronic intermediate had been converted into the 

trialkoxyborane.  The amount of the third group transfer was only about one third 

greater in the presence of ethanol as compared to water but significantly less than in 

the absence of either.   

 The addition of water or ethanol considerably slows the transfer of the second 

and third alkyl groups from the borinic and boronic derivatives.  However, based on 

this and earlier studies, water does not appear to have any noticeable effects on the 

first reductive alkylation step. The reactions with tri-n-hexylborane are fast and 

complete within 15 min.  In the absence of water or ethanol, the second reductive 

alkylation is also rapid, in which the borinic derivative is converted into the boronic 

product within 30 minutes. In the presence of either water or ethanol this reaction is 

dramatically slowed requiring approximately 24 hours for completion.  The reductive 

alkylation using the boronic compound is not complete even after 14 days. This is in 

direct contrast to data under anhydrous conditions, indicating the transfer of more than 

one group should be done in the absence of water or alcohol.   

 All three reactions were worked up and the crude alkylated hydroquinone 

products were isolated and analyzed by proton and carbon NMR.  There were no 

significant quantities of carbonyl compounds, p-benzoquinone or the alkylated p-

benzoquinone, detected by either proton NMR as seen at ca 6.8 ppm or by carbon 

NMR between 180-190 ppm.  The majority of the product was the monoalkylated 
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hydroquinone with only small quantities, total of less than 20%, of the three 

dialkylated products detected, (eq. 89).   

 

 

 

The formation of the latter compounds is in contrast with our one group transfer using 

alkyldimethylboranes where we do not detect any dialkylated products.  Apparently, 

the slower transfer of the second and third groups is sufficient to allow the oxidation 

of the alkylhydroquinone with unreacted p-benzoquinone to form the 

alkylbenzoquinone. This new species can undergo a non-selective second 

alkylation.
168,169, 197

 This study indicates it is possible to transfer more than one alkyl 

group from a trialkylborane to benzoquinone, increasing the efficiency of this 

potentially important reaction for the reductive alkylation of quinones.   

 The important question for the development of this reaction is why does the 

addition of water or ethanol slow the reductive alkylation while in its absence the 

second group transfer is relatively rapid?  It is well known that trialkylboranes are 

considerably more Lewis acidic than borinic or boronic alkyl esters or acids.  The lone 

electron pairs on the oxygens can donate back into the empty orbital on boron.  To 

some extent, this is the basis for the robust B-O bond strength.  The back donation in 

part fills the empty orbital, making the borinic and boronic compounds less Lewis 

acidic.  These relative acid strengths are associated with the position of the species in 
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the 
11

B NMR contributing to the differences in chemical shifts. The more Lewis acidic 

a compound is the farther downfield the corresponding chemical shift can be found.  

 We suspect that the mechanism for the reductive alkylation reaction includes 

the organoboranes complexation to the oxygen on the benzoquinone prior to an 

electron transfer to form a diradical zwitterion intermediate, (eq. 90).  The electron 

that is transferred is from the more substituted alkyl carbon-boron bond.  Afterwards, 

migration of the alkyl group and tautomerization of the hydrogen from the alkylated 

carbon forms the hydroquinone borinic ester.  

 

 
 

 

The hydroquinone ester should not be able to effectively back donate the lone electron 

pair on the oxygen into the empty orbital of the boron since that electron pair is also 

delocalized into the aromatic ring.  As a result, the boron should be more Lewis acidic.  

This apparently allows the borinic hydroquinone ester to coordinate with 

benzoquinone, undergo another SET reaction and transfer the second alkyl group.  In 

the presence of water or an alcohol, the hydroquinone ester is hydrolyzed forming the 

borinic acid and the hydroquinone, (eq. 91).  The acid, like the esters, are not expected 

to be very Lewis acidic limiting the required complexation with benzoquinone and 

showing significantly lower reactivity for the reductive alkylation.   
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 An improved understanding of the role of the esters may result in the 

development of a more effective organoborane reagent transferring two or three alkyl 

groups for the reductive alkylation of quinones.  Renaud
198

 developed B-

alkylcatecholboranes for a single group transfer in this reaction.  This reagent has also 

been applied to the 1,4-addition of α,β-unsaturated aldehydes and ketones in the 

presence of oxygen.
 199

  These organoboranes can be formed by a catalyzed 

hydroboration using catecholborane, (eq. 92).  One limitation to this reaction is the 

regioselectivity of these catalyzed hydroborations, more closely following that of 

borane, BH3·L, as opposed to the more selective catecholborane.  Nevertheless, the 

catechol group should show a similar effect, as the hydroquinone, of increasing the 

Lewis acidity of the boronic ester as compared to alkyl boronic esters or acids. This 

suggested that adding catechol to the trialkylborane and benzoquinone mixture may 

result in a faster transfer of alkyl groups from the boronic intermediate making this a 

more efficient reaction. 
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 We first wanted to establish that the catechol would not react with the 

trialkylborane resulting in the loss of an alkyl group via protonation.  This was 

established by adding a four-fold excess of catechol to a solution of tri-n-hexylborane 

in an ether solution, (eq. 93).  The first 
11

B NMR spectrum after 15 min showed a 

reduction of the trialkylborane signal from 97% to 90% with a concurrent increase in 

the signal for the borinic compounds at 53 ppm. Additionally smaller amounts of 

alkylcatecholborane, 35 ppm and some hydroxycatecholborane or oligomeric species 

at 21-23 ppm, were also observed.  The extent of protonation slowed with only 2% 

additional loss of the trialkylborane during the following 3 h.  After 24 h, 83% of the 

trihexylborane remained and at 48 h 73%.  After 8 days, only 3% of the trialkylborane 

remained with 80% as the borinic ester and 17% being the alkylcatecholborane.  Part 

of the loss of alkyl groups may be attributed to crude catechol used for this reaction 

incorporating contaminants such as oxygen and moisture into the reaction. This will be 

reduced with the use of clean, pure reagents. This reaction shows only a slow loss of 

alkyl groups over a period of time significantly longer than that needed for a reductive 

alkylation. This indicates that any changes in starting material seen in the 
11

B NMR 

can be attributed to the reactivity of the reactions being studied.   
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 In an effort to promote the transfer of the third alkyl group from the boronic 

intermediate, a slight excess of catechol in diethyl ether was added 30 minutes after 

the addition of three equivalents of p-benzoquinone was added to a solution of 

trihexylborane.  The 
11

B NMR spectrum at that time showed 100% formation of the 

boronic ester, (eq. 94).   

 

 
 

 

After 5 minutes, the majority of the corresponding resonance signal, 80%, had been 

shifted downfield to 35 ppm indicating conversion to the alkylcatecholborane ester.  

Approximately 16% remained as the initial ester at 31 ppm and 4% as the borate 

complexes.  After 30 minutes, the boron NMR sample showed a loss of the boronic 

esters, at 35 ppm to 69% and 31 ppm decreased to a total of 5% with a corresponding 

increase of the unresolved borate resonances found between 23-17 ppm (26%). While 

at first glance this may seem inconsistent, we believe the newly formed 

alkylcatecholborane is directly reacting with benzoquinone, and the loss of the peak at 

31 ppm is due to transesterification of the boronic ester to the catecholborane. Only 

27% of the alkylcatecholborane remained after 2.5 h.  At this time the borate 

complexes had began to resolve into two resonance signals with 49% at 23-21 ppm 
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and 24% at 17 ppm.  Over a period of two days, the borate species differentiate into 

three distinct but overlapping signals.  The furthest upfield at 17 ppm is the tris(2-

alkyl-4-hydroxyphenoxy)borane,
 200

 the known bis-catecholborate complex is seen at 

23 ppm and the mixed catechol hydroquinone borate complex is between these two 

resonances at 21 ppm.  The latter species slowly disproportionates to the symmetrical 

borate complex over a period of days.  The reaction was effectively complete within 

22 h when only 1% of the B-alkylcatecholborane remained, (eq. 95).  In the absence of 

the added catechol, the reaction in the NMR tube is complete within 14 days. It is 

apparent the added catechol accelerates the third alkyl group transfer significantly.   

 

 
 

 

 Renaud reported the reactions of the B-alkylcatecholboranes to be complete 

within 2 h at room temperature.  However, in these reactions they reported using two 

equivalents of this borane and DMPU, �, �'-dimethylpropyleneurea, was added as a 

catalyst.  Our rate promotion wasn't as large as that reported by Renaud, due to the 
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hydroquinone ester also competing for coordination with the boronic compound.  The 

ability to transfer the third group is attributed to the formation of the B-

alkylcatecholborane complex which is believed to be more Lewis acidic. This is 

related to the chemical shift of this species being farther downfield than typical 

boronic esters usually found at 32-33 ppm. This increased Lewis acidity favors 

complexation to the benzoquinone which ultimately leads to the transfer of the alkyl 

group.  Similarly, the hydroquinone esters appear to also enhance the Lewis acidity of 

the borinic ester permitting the transfer of the second alkyl group.  However, the 

boronic hydroquinone esters, found at 32 ppm, are much slower to transfer an alkyl 

group because they are weaker electron withdrawing groups compared to the catechol 

esters.  This is attributed to the two oxygens on the two hydroquinone rings. They 

reduce the ability of the electrons on the oxygen bonded to the boron to be delocalized 

into the ring. This prevents the required complexation of the borane compound with 

benzoquinone slowing the transfer of the third alkyl group.  The catecholborane, 

having two oxygens, is more effective at delocalizing the lone pairs and consequently 

enhancing the reactivity for reductive alkylation.  This preliminary study establishes 

that two and three groups can be transferred in the reductive alkylation of 

benzoquinone in a reasonable amount of time, less than 1 day.   

 A major question remains whether it is possible to prepare trialkylboranes with 

all three groups in high regioselectivity.  However, the above study does indicate that 

two alkyl groups should be transferable with a single auxiliary group, such as a methyl 

in dialkylmethylboranes.  These two group migrations appear to be complete within 
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0.5 h and the alkyl groups can be formed in high regiopurity, for example using 

chloroborane formed by the Matteson procedure as the hydroborating agent.  This 

reaction was examined in detail by Stewart Polk.
201

 

 

 

4.3 Conclusion 

Our studies begin with the hydroboration reaction using dichloroborane. This 

reagent is highly regioselective for a variety of olefins. As such, Matteson’s 

methodology is important synthetically for our laboratory, forming the desired 

alkyldichloroboranes without difficulties or limitations of having to use 

dichloroborane complexes.  

Once the alkyldichloroboranes were synthesized, they were methylated using 

organometallic reagents such as the methyl Grignard reagent. The reaction conditions 

were found to be dependent on the alkyl group. The purity of the alkyldimethylborane 

was analyzed by 
11

B NMR after complexation to ligands such as tetrahydrofuran or 

methanol.  

Addition of the alkyldimethylboranes to freshly sublimed p-benzoquinone 

quickly resulted in the alkylated hydroquinone product. Presence of magnesium or 

lithium salts catalyzes the reduction of p-benzoquinone to hydroquinone, preventing 

the desired reaction. Removal of these salts by aqueous washes resulted in ca 90% 

isolated yields of the primary and secondary alkyl hydroquinone. Little, if any, 

migration of the methyl auxiliary was observed. Additionally, the dimethylboronic 
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acid side-product formed is easily removed by vacuum preventing any radical side-

reactions. Overall, we have developed a general route for the reductive alkylation of 

quinones allowing the transfer of an alkyl group from a mixed organoborane with 

good selectivity and in high yields. This demonstrates the applicability of methyl 

auxiliary groups.  In this way, using cheap and readily available auxiliaries in 

conjunction with the desired alkyl group to form the unsymmetrical trialkylboranes 

allows for a more efficient and cost-effective reaction.  

 

 Chapter 4, in part, was published in Tetrahedron Letters, 2010, Zillman, David 

J.; Hincapié, Gloria C.; Savari, M. Reza; Mizori, F. G.; Cole, Thomas E. 

  

 

4.4 Experimental 

4.4.1 General Comments 

 All glassware was dried at 130 °C for at least 4 h, assembled hot and cooled 

under a stream of dry nitrogen. All reactions were carried out under a static pressure of 

nitrogen. The boron trifluoride etherate, methyllithium and methylmagnesium bromide 

were purchased from Aldrich Chemical Company and used without further 

purification. Tetrahydrofuran was distilled from sodium benzophenone ketal, while 

pentane and diethyl ether were distilled from calcium hydride and all were stored 

under nitrogen. All other solvents were used as received. p-Benzoquinone was freshly 

sublimed prior to use. A dry-ice/acetone bath was used to obtain a temperature of -78 
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°C and an ice-bath for 0 °C. Melting points were measured on an Electrothermal 

apparatus and were uncorrected. Proton, carbon and boron NMR spectra were run 

using a Varian VNMRS 400, Inova 500 or VNMRS 600 spectrometers. Chemical shift 

data are apparent and are reported in units of δ (ppm) using as the internal standard 

acetone-d6 (δ = 2.05 for 
1
H NMR spectra and δ = 29.92 ppm for 

13
C NMR spectra) or 

Me4Si (δ = 0.0 for 
1
H NMR and 

13
C NMR spectra) and BF3·OEt2 (δ = 0.0 for 

11
B 

NMR spectra) as an external standard. Multiplicities are given as: s (singlet), d 

(doublet), t (triplet), q (quartet), hept (heptet), m (multiplet) and bs (broad singlet) for 

1
H. Coupling constants, J, are reported in Hz. 

 

4.4.2 Synthesis 

Reductive alkylation of p-benzoquinone with methylboranes via MeMgBr.  

 The following is a general procedure of washing the alkyldimethylborane 

before adding the benzoquinone. The solution of alkyldimethylborane, 5 mmol, was 

washed, via syringe, with 4 × 10 mL of degassed deionized water to remove 

magnesium salts. A 50 mL Erlenmeyer flask was charged with 0.541 g (5.00 mmol, 

1.00 eq.) of freshly sublimed benzoquinone, capped with a septum, and flushed with 

nitrogen. The p-benzoquinone was dissolved with 5.2 mL of THF and added dropwise 

via syringe to the above alkyldimethylborane. There was a fast disappearance of the 

benzoquinone’s yellow color, until about 0.95 equivalents had been added. The 

colorless solution was stirred for 1 h and the volatiles were removed by vacuum. The 

solid material was dissolved in 30 mL methylene chloride and washed with 3 × 20 mL 
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water, 20 mL of saturated sodium chloride solution and the separated organics were 

then dried with anhydrous magnesium sulfate. The methylene chloride solution was 

transferred to a 500 mL round-bottom flask along with 5 cm
3
 of silica gel and 5 mL 

each of ethyl acetate and hexanes. The volatile components were removed on a rotary 

evaporator, loading the reaction mixture onto the silica gel. A slurry of 5 cm
3
 of silica 

gel and hexanes was added to a 2.5 cm diameter column to which the product on silica 

gel was added. The triethylchlorosilane was eluted with 200 mL of hexanes; any O-

alkylation product was eluted with 150 mL of 95:5 v/v of hexanes/ethyl acetate. The 

alkylhydroquinone product was eluted with 200 mL of 80:20 v/v hexanes/ethyl acetate 

and the volatiles were removed on a rotary evaporator. The alkylhydroquinone product 

was recrystallized from ethyl acetate and hexanes. 

 

Reductive alkylation of p-benzoquinone with chloro-propyldimethylborane 

prepared via Cp2ZrMe2.  

 A 50 mL Erlenmeyer flask was charged with 0.541 g (5.00 mmol, 1.00 eq.) of 

freshly sublimed benzoquinone, capped with a septum, and flushed with nitrogen. The 

p-benzoquinone was dissolved with 5.2 mL of THF and added dropwise via syringe 

over 30 min to the alkyldimethylborane after centrifugation and separation from the 

salts. There was a fast disappearance of the benzoquinone’s yellow color, until about 

0.95 equivalents had been added. The colorless solution was stirred for 1 h before 

hydrolyzing the dimethylborinic acid. The volatiles were removed by vacuum. The 

solid material was dissolved in 60 mL Et2O/CH2Cl2 and washed with 4 × 20 mL 
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water, 20 mL of saturated sodium chloride solution and the separated organics were 

then dried with magnesium sulfate. The methylene chloride solution was transferred to 

a 500 mL round-bottom flask along with 10 cm
3
 of silica gel and 5 mL each of ethyl 

acetate and hexanes. The volatile components were removed on a rotary evaporator, 

loading the reaction mixture onto the silica gel. A slurry of 10 cm
3
 of silica gel and 

hexanes was added to a 2.5 cm diameter column to which the product on silica gel was 

added. The triethylchlorosilane was eluted with 200 mL of hexanes; any O-alkylation 

product was eluted with 150 mL of 95:5 v/v hexanes/ethyl acetate. The 

alkylhydroquinone product was eluted with 200 mL of 80:20 v/v hexanes/ethyl acetate 

and the volatiles were removed on a rotary evaporator. The alkylhydroquinone product 

was recrystallized from ethyl acetate and hexanes. 

 

2-(2-Phenylpropyl)hydroquinone, 2-(2-phenylpropyl)-1,4-benzenediol
202

 

 Prepared according to the general method of washing the alkyldimethylborane 

solution, (6.2 mL, 5.0 mmol), with water and adding 1.0 eq. of p-benzoquinone (0.541 

g, 5.0 mmol) dissolved in 5.2 mL of THF. The p-benzoquinone was added dropwise to 

the alkyldimethylborane solution allowing the color to clear up before additional 

reagent was added. In this manner, p-benzoquinone was added until the last drop 

maintained the solution a yellow color indicating the end of the reaction. This 

corresponds to an uptake of ca 0.85 equivalents of p-benzoquinone. After stirring the 

reaction at the appropriate temperature for one hour, it was left overnight at room 

temperature. Similarly to what was observed with other compounds, the color for the 
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alkyldimethylborane clears up very quickly during the addition of the p-benzoquinone 

and if the solution is left a bit yellow overnight there is a small lightening of the color. 

This resulted in a small amount of hydroquinone, less than 5%.  

 After chromatographic separation, the product was isolated in 84% yield, 1.11 

g. MP 78.8 - 80.8 °C. (KBr pellet) 3317 (broad), 3083, 3064, 303, 2977, 2962, 2948, 

2923, 1847, 1744, 1603, 1493, 1452, 1375, 1195, 879, 818, 755, 699 cm
-1

. 
1
H NMR 

(500 MHz, CDCl3): δ = 7.26 (m, 2H), 7.18 (m, 3H), 6.57 (d, J = 8.5 Hz, 1H), 6.51 (dd, 

J = 8.5, 3.0 Hz, 1H), 6.48 (d, J = 3.0Hz, 1H), 4.64 (s, 1H), 4.24 (s, 1H), 3.06 (m, 1H), 

2.84 (dd, J = 7 Hz, 1H), 2.76 (dd, J = 7 Hz, 1H), 1.29 (d, J = 7.0 Hz, 3H). 
13

C NMR 

(125 MHz, CDCl3): δ = 149.17, 147.64, 146.81, 128.49, 128.43, 126.97, 126.28, 

117.89, 116.56, 113.78, 40.35, 39.49, 21.04. 

 

2-(2-(Cyclohex-3-enyl)ethyl)-hydroquinone, 2-(2-(3-cyclohexenyl)ethyl)-1,4-

dihydroxybenzene 

 Prepared according to the general method of washing the alkyldimethylborane 

solution, (6.2 mL, 5.0 mmol), with water and adding 1.0 eq. of p-benzoquinone (0.541 

g, 5.0 mmol) dissolved in 5.2 mL of THF. The p-benzoquinone was added dropwise to 

the alkyldimethylborane solution allowing the color to clear up before additional 

reagent was added. In this manner, p-benzoquinone was added until the last drop 

maintained the solution a yellow color indicating the end of the reaction. After 

chromatographic separation the product was isolated in 88% yield, 0.914 g. MP 86 – 

88 °C. (KBr pellet) 3242 (broad), 2926, 2871, 2842, 1864, 1740, 1618, 1456, 1370, 



187 

 

1195, 864, 815, 775, 653 cm
-1

. 
1
H NMR (400 MHz, acetone- d6): δ = 7.45 (s, 1H), 

7.43 (s, 1H), 6.62 (d, J = 8.67 Hz, 1H), 6.60 (d, J = 2.86 Hz, 1H), 6.47 (d/d, J = 8.67, 

2.86 Hz, 1H), 5.62 (m, 2H), 2.62 (t, J = 7.62 Hz, 2H), 2.20 - 2.13 (m, 1H), 2.06 - 2.00 

(m, 2H), 1.84 - 1.77 (m, 1H), 1.73 - 1.63 (m, 1H), 1.62 - 1.50 (m, 3H), 1.30 - 1.19 (m, 

1H). 
13

C NMR (100 MHz, CDCl3): δ = 149.03, 146.67, 129.04, 125.89, 125.64, 

115.89, 114.90, 112.23, 37.63, 34.14, 32.61, 29.73, 28.30, 26.00. 

 

1,1,2-Trimethylpropylhydroquinone, thexylhydroquinone, 1,1,2-trimethylpropyl-

1,4-dihydroxybenzene
164

 

 Prepared according to the general method of washing the alkyldimethylborane 

solution, (6.2 mL, 5.0 mmol), with water and adding 1.0 eq. of p-benzoquinone (0.541 

g, 5.0 mmol) dissolved in 5.2 mL of THF. In a normal addition, the p-benzoquinone 

was added dropwise to the alkyldimethylborane solution allowing the color to clear up 

before additional reagent was added. In this manner, p-benzoquinone was added until 

the last drop maintained the solution a yellow color indicating the end of the reaction. 

This corresponds to an uptake of 75-85% equivalents of p-benzoquinone. After 

stirring the reaction at the appropriate temperature for one hour, it was left overnight at 

room temperature. Similarly to what was observed with other compounds, the color 

for the dimethylthexylborane clears up quickly during the addition of the p-

benzoquinone. However, in contrast, when the end point is reached it is not very 

distinct with the only change being a darkening of the yellow color as more p-

benzoquinone is added.  
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 In the inverse addition, the trialkylborane solution is added to the p-

benzoquinone. In these cases a full equivalent of p-benzoquinone was used to insure 

the reaction went to completion. The addition of the dimethylthexylborane was done 

using a double-ended needle and the round-bottom rinsed with 4 mL of THF and 

subsequently added to the p-benzoquinone. All of the borane solution was added 

quickly, over a period of less than 5 min.  

 This solution mixture did not undergo chromatographic separation, but instead, 

after the reaction was assumed to have reached completion, the volatiles were 

removed by rotary evaporator. The crude reaction mixture was dissolved in diethyl 

ether and dried with magnesium sulfate. This was then placed on a rotary evaporator 

to remove the solvents. A sample was dissolved in acetone-d6 and analyzed by 
1
H 

NMR (400 MHz, acetone- d6) looking for peaks between 6-7 ppm indicating C-

alkylation, O-alkylation, and hydroquinone. The O-alkylation product has a 
1
H NMR 

spectrum showing four protons as two signals with a complex coupling pattern similar 

to two triplets with a high degree of symmetry [6.80 (m, 2H), 6.73 (m, 2H)]. These 

peaks are usually observed downfield from the C-alkylated products, which can be 

recognized by three protons as a small doublet, a large doublet and a doublet of 

doublets [6.71 (ds, 1H), 6.62 (dl, 1H), 6.49 (d/d, 1H)]. The small doublet seems to 

overlap with the upfield most peaks of the O-alkylated product. The hydroquinone 

[6.68 (s, 1H)] is found between the remaining sets of proton peaks belonging to the C-

alkylated product and those pertaining to the O-alkylated product. Peak integration of 

the crude material was used to obtain yields and C:O ratios.  
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2-Methylbenzene-1,4-diol, methylhydroquinone 

 A small round-bottom flask, with a septa-capped side-arm and a gas-inlet 

adaptor was assembled hot and flushed with nitrogen. A solution was prepared with 4 

mmol of BF3·OEt2 and 4 mL of anhydrous diethyl ether. This was allowed to mix and 

placed in an ice-bath for 5 minutes before adding 4 mmol of MeMgBr or MeLi 

dropwise. This was allowed to react for over one hour before 
11

B NMR sample was 

taken and found only one peak at 86 ppm (trimethylborane) indicating all starting 

material has been consumed (0 ppm) and transformed into trimethylborane. One 

equivalent of p-benzoquinone was dissolved in 5 mL of anhydrous THF and added 

dropwise to the reaction pot. The solution was allowed to mix for 30-60 seconds 

before taking an NMR sample. 

 

Workup Procedure A. 

 The solution was transferred via double-ended needle to a septa covered test 

tube. Anhydrous THF, 5 mL, was added to the reaction flask and allowed to mix for 5 

minutes to insure complete retrieval of the desired product. This was then added to the 

mixture in the test tube. This was centrifuged for 30 minutes until all the solid had 

precipitated out. The liquid portion was transferred via a double-ended needle to a 

clean test tube and centrifuged again for 30 min. The liquid portion was then 

transferred to a round-bottom via a double-ended needle and solution distilled with 40 

mL of water, leaving approximately 25 mL in flask. This solution was extracted with 6 
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× 10 mL diethyl ether. The ether portion was washed with 20 mL saturated sodium 

chloride solution and dried with magnesium sulfate. The volatiles were then removed 

on a rotary evaporator for both the organic and aqueous fractions. The aqueous portion 

was separated from the sodium chloride salts using vacuum filtration.  

 

Workup Procedure B.  

 Distillation of the reaction mixture was done with 10 mL of water added before 

initiating heating. As soon as the water is added the solution turns from a dark 

blue/green color to a clear brown/black color. A total of more than 30 mL of water 

was used and distillation continued until only approximately 25 mL of solution was 

left in the reaction pot. Once the apparatus is cooled, solution was transferred to a 

large balloon-type round-bottom flask and volatiles removed on the rotary evaporator. 

Care must be taken since this creates a large amount of foaming. Approximately 30 

mL of chloroform was added to dissolve the product resulting in a liquid and a red 

precipitate. Once again the liquid was transferred to a clean round-bottom flask and 

volatiles removed by rotary evaporator to insure clean product. This was then 

dissolved using CDCl3 and an NMR taken.   

Methylbenzoquinone  
1
H NMR (500 MHz, CDCl3): δ = 6.73 (ds, J = 3.0 Hz, 1H), 

6.65 (dl, J = 8.5 Hz, 1H), 6.59 (dd, J = 3.0, 8.5 Hz, 1H), 2.09 (s, 3H) 

Methylhydroquinone  
1
H NMR (500 MHz, CDCl3): δ = 6.63 (dl, J = 8.5 Hz, 1H), 

6.60 (ds, J = 3.0 Hz, 1H), 6.49 (dd, J = 3.0, 8.5 Hz, 1H), 2.13 (s, 3H). 
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MeBQ: HQ 
1
H NMR (500 MHz, acetone- d6): δ = 6.8 (dl, J = 10 Hz, 1H), 6.75 (dd, J 

= 2.5, 10 Hz, 1H), 6.65 (ds, J = 2.5 Hz, 1 H), 2.01 (d, J = 1.7 Hz, 3H). This number is 

lowered by complexation with HQ. 
13

C NMR (150 MHz, acetone- d6): δ = 187.4, 

187.3, 145.6, 136.4, 136.3, 133.2, 15.93.  

4-Methoxyphenol 
1
H NMR (500 MHz, CDCl3): δ = 6.85 (dt, 1H), 6.75 (dt, 1H), 

4.51(q). 

Dimethylhydroquinone 
1
H NMR (500 MHz, CDCl3): δ = 6.55 (s, 1H), 2.09 (s, 3H).  

The ratio of the 2 peaks is 3:1 meaning for 6 methyl protons there are 2 aromatic 

protons. 

Unknown A 
1
H NMR (500 MHz, CDCl3): δ = 6.85 (dt, J = 9.1, 3.7, 2.4 Hz, 1H), 6.75 

(dt, 1H), 3.44 (3H). 

Unknown B 
1
H NMR (500 MHz, CDCl3): δ = 6.45 (s, 1H), 2.15 (s, 2H).   

 

2-(1-Hexyl)-hydroquinone via trihexylborane, 2-hexyl-1,4-dihydroxybenzene.
203

 

 The following is a general procedure. A 50 mL round-bottom flask with side-

arm, stir bar and distillation head attached to 50 mL pear shaped flask was assembled 

hot and flushed with nitrogen. Anhydrous diethyl ether (4 mL) was added and the 

flask cooled in a cold-water bath. More than three equivalents were added of 1-hexene 

(1.65 mL, 13.2 mmol), followed by the dropwise addition of BMS (0.4 mL, 4 mmol). 

The solution was allowed to stir for over an hour, before one equivalent of p-

benzoquinone was dissolved in anhydrous THF and added dropwise to the reaction 

flask. The solution was allowed to mix for 30-60 seconds before taking an NMR 



192 

 

sample of the crude reaction mixture. The solution was distilled using approximately 

70 mL of water. When the apparatus was cooled, the solution was poured into a 

separatory funnel and extraction of organic material was done using 4 × 10 mL diethyl 

ether. The ether portion was then dried using magnesium sulfate and volatiles removed 

using the rotary evaporator. A sample of the resulting product was analyzed by 
1
H 

NMR in CDCl3. 
1
H NMR (500 MHz, CDCl3): δ = 6.63 (d, J = 8.5 Hz, 1H), 6.62 (d, J 

= 3.0 Hz, 1H), 6.54 (dd, J = 8.5, 3.0 Hz, 1H), 4.57 (s, 1H), 4.46 (s, 1H), 2.53 (t, J = 

7.75 Hz, 2H), 1.58 (quintet, J = 7.6 Hz, 2H), 1.36 (m, 2H), 1.30 (m, 4H), 0.88 (t, J = 

7.0 Hz, 3H). 

 

2-(1-Hexyl)-hydroquinone via trihexylborane with more than 1 equivalent p-

benzoquinone. 

 This compound was prepared according to the general method above using 

either two or three equivalents of p-benzoquinone. Aliquots of the reaction mixture 

were taken soon after the benzoquinone was added. Samples were reacted with water 

or ethanol ten minutes after p-benzoquinone addition. Dialkylated products obtained 

were analyzed by 
1
H NMR and compared to data obtained in the laboratory.

197
  

2,5-di-(1-hexyl)-1,4-hydroquinone: 
1
H NMR (400 MHz, CDCl3): δ = 6.54 (s, 2H), 

4.33 (s, 2H), 2.50 (t, J = 7.69 Hz, 4H), 1.57 (m, 4H), 1.31 (m, 12H), 0.88 (t, J = 7.20 

Hz, 6H). 
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2,6-di-(1-hexyl)-1,4-hydroquinone: 
1
H NMR (400 MHz, CDCl3): δ = 6.46 (s, 2H), 

4.26 (s, 2H), 2.52 (t, J = 7.81 Hz, 4H), 1.57 (m, 4H), 1.31 (m, 12H), 0.88 (t, J = 7.20 

Hz, 6H). 

2,3-di-(1-hexyl)-1,4-hydroquinone: 
1
H NMR (400 MHz, CDCl3): δ = 6.50 (s, 2H), 

4.48 (s, 2H), 2.59 (t, J = 7.93 Hz, 4H), 1.57 (m, 4H), 1.31 (m, 12H), 0.88 (t, J = 7.20 

Hz, 6H). 

 

2-Chloro-4,6-dimethoxy-1,3,5-triazine (CDMT)
204,205

 

 CDMT was prepared by mixing 2,4,6-trichloro-1,3,5-triazine (cyanuric 

chloride), methanol (12 mmol), water (2.5 mmol) and sodium bicarbonate (3 mmol) 

and cooled to ~10 °C. Cyanuric chloride (1 mmol) was added and the reaction mixture 

warmed to 33 °C and stirred for 17 hours. Water was added, the solution filtered and 

the solid product (55% yield) dried in a dessicator. 

 

4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) 

 DMT-MM was prepared from 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) 

and N-methylmorpholine according to the literature obtaining quantitative 

formation.
190

 A solution of the above 2-chloro-4,6-dimethoxy-1,3,5-triazine (22 

mmol) in THF (60 mL) was mixed with �-methylmorpholine (20 mmol) for 30 

minutes. The solid was washed with THF and then vacuum dried. The solid DMT-

MM was stored in a dessicator. The 
1
H NMR analysis showed the resonance signals 

agreed with literature values.
189
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1,4-Phenylene bis(2,2-dimethylpropanoate) via DMT-MM.   

 Solid DMTMM reagent was used to esterify a hydroquinone with at least 2 

equivalents of a carboxylic acid in the presence of NMM. In a flushed round-bottom 

flask, the hydroquinone (~0.05 g, 0.45 mmol) was dissolved in 3 mL THF, cooled to 0 

°C and the following added to insure complete consumption of starting material: at 

least 2 equivalents of pivalic acid, more than two equivalents of NMM and more than 

4 equivalents of the DMT-MM reagent. The solution was allowed to stir for 3 hours 

before the solvent was evaporated and the reaction mixture worked up in diethyl ether 

by washing with 0.1 N hydrochloric acid, 10% sodium bicarbonate, water and 

saturated sodium chloride solution. The separated organics were then dried with 

magnesium sulfate. 
1
H NMR (500 MHz, CDCl3): δ = 7.24 ppm (s, 4H). Aliphatic 

protons were not fully characterized. Additionally, two mono-esterified hydroquinones 

were also obtained and the hydroquinone protons found at 6.98 ppm (d, 4H) and 6.84 

(d, 4H). Aliphatic protons were not fully characterized.  

 

4,6-Dimethoxy-1,3,5-triazin-2-yl benzoate
191

 

 Benzoic acid (1 eq.) was dissolved in THF (20 mL) and mixed with 2-chloro-

4,6-dimethoxy-1,3,5-triazine (CDMT) (~1 eq.). �-methylmorpholine (1 eq.) was 

added dropwise. After 1 h, the solvent was removed by vacuum and the reagent used 

as is.  
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1,4-Phenylene dibenzoate via 4,6-Dimethoxy-1,3,5-triazin-2-yl benzoate 

 The following is a general procedure for using the activated triazine. Solid 

activated triazine reagent (>2 equiv.) was used to esterify a hydroquinone in the 

presence of 4-DMAP. In a flushed round-bottom, more than 2 equivalents of the solid 

triazine reagent was dissolved in CH2Cl2, placed in an ice-water bath and cooled to 0 

°C. This was mixed with ~0.05 g of the hydroquinone and ~10 mol% of 4-DMAP. 

The solution was allowed to react for at least 30 minutes before it was worked up by 

washing with 0.1 N hydrochloric acid, 10% sodium bicarbonate, water, and saturated 

sodium chloride solution. The separated organics were then dried with magnesium 

sulfate. The diprotected hydroquinone was analyzed by 
1
H NMR (500 MHz, CDCl3): 

δ = 8.21 ppm (d, J = 8.5 Hz, 4H), 7.65 (t, J = 7.5 Hz, 2H), 7.52 (t, J = 7.8 Hz, 4H), 

7.29 (s, 4H). Additionally, two mono-esterified hydroquinones were also obtained and 

the hydroquinone protons found at 6.98 ppm (d, 4H) and 6.84 (d, 4H). Aliphatic 

protons were not fully characterized.  

 

2-(exo)-(Bicyclo[2.2.1.]heptan-2-yl)-4-hydroxyphenyl benzoate via 4,6-dimethoxy-

1,3,5-triazin-2-yl benzoate. 

 The general procedure above was followed. Solid activated triazine reagent 

(0.99 equivalent) dissolved in CH2Cl2 was used to selectively esterify one of the 

hydroxyl moieties of the previously prepared norbornyl-hydroquinone in the presence 

of 10% 4-DMAP. This reaction was allowed to proceed for two days before working 

up.  
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1
H NMR (400 MHz, CDCl3): δ = 8.21 ppm (d, J = 8.5 Hz, 2H), 7.65 (t, J = 7.5 Hz, 

1H), 7.52 (t, J = 7.5 Hz, 2H), 7.21 (ds, J = 3.0 Hz, 1H), 7.20 (dl, J = 8.5 Hz, 1H), 7.10 

(dd, J = 3.0, 8.5 Hz, 1H). Aliphatic protons were not fully characterized. 

 The 2-(exo)-norbornylhydroquinone
171

 starting material has the following 

resonance signals in the 
1
H NMR (500 MHz, CDCl3): δ = 6.70 (d, J = 2.9 Hz, 1H), 

6.65 (d, J = 8.4 Hz, 1H), 6.52 (d/d, J = 8.5, 3.0 H, 1H), 4.48 (s, 1H), 4.41 (s, 1H), 2.80 

(d/d, J = 8.9, 5.5 Hz, 1H), 2.38 (d, J = 3.7 Hz, 1H), 2.35 (m, 1H), 1.81 (d/d/d, J = 12.0, 

9.2, 2.3 Hz, 1H), 1.63 (m, 1H), 1.59 (m, 1H), 1.51 (m, 2H), 1.38 (t/t, J = 10, 2.4 Hz, 

1H), 1.30 (d/t, J = 10.0, 2.8 Hz, 1H), 1.22 (d/quintet, J = 10, 2.5 Hz, 1H). 

 

2-(exo)-(Bicyclo[2.2.1.]heptan-2-yl)-4-hydroxyphenyl benzoate via 4,6-dimethoxy-

1,3,5-triazin-2-yl benzoate without 4-DMAP. 

 The general procedure above was followed. Solid activated triazine reagent 

(0.95 equivalents) was used to selectively esterify previously prepared 

norbornylhydroquinone without any addition of 4-DMAP. This reaction was allowed 

to proceed for two days before working up.  

 

2-(exo)-(Bicyclo[2.2.1.]heptan-2-yl)-4-(pivaloyloxy)phenyl benzoate via 4,6-

dimethoxy-1,3,5-triazin-2-yl benzoate.  

 The general procedure above was followed. Solid activated triazine reagent 

(>1.0 equiv.) was used to selectively esterify previously prepared 2-norbornyl-4-

pivaloyl-hydroquinone in CH2Cl2 with 5% 4-DMAP. This reaction was allowed to 
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proceed for two days before working. 
1
H NMR (500 MHz, CDCl3): δ = 8.21 ppm (d, J 

= 8.5 Hz, 2H), 7.65 (t, J = 7.5 Hz, 1H), 7.52 (t, J = 7.8 Hz, 2H), 7.13 (dl, J = 8.5 Hz, 

1H), 7.02 (ds, J = 2.8 Hz, 1H), 6.93 (dd, J = 2.8, 8.5 Hz, 1H). Aliphatic protons not 

fully characterized. 

 

Pivaloyl ester formation
180

  

 The following is a general procedure. Alkylated hydroquinone (0.05 g) was 

dissolved in 3 mL pyridine in a 25 mL round-bottom flask under nitrogen. The 

solution was cooled in an ice-bath and more than one equivalent of pivaloyl chloride 

by weight was added dropwise. The reaction mixture was stirred for 30 min before 

storing in the refrigerator. The progress of the esterification reaction was monitored by 

1
H NMR. Additional portions of pivaloyl chloride, up to one additional equivalent, 

were added until the hydroquinone was completely reacted or no changes were 

observed in the spectrum over time. The solvent was then removed by vacuum. The 

crude product was dissolved in diethyl ether and extracted twice with 3N HCl. The 

organic portion was washed with water, saturated sodium bicarbonate, and dried with 

anhydrous magnesium sulfate. The solution was concentrated and the resulting 

products were analyzed via 
1
H NMR. If excess starting material was present, the solid 

was dissolved in pyridine and reacted again with pivaloyl chloride. The desired 

product was isolated from starting material and unwanted side-products by column 

chromatography using a 10% ethyl acetate/hexane solvent blend.  
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3-(exo)-(Bicyclo[2.2.1]heptan-2-yl)-4-hydroxyphenyl pivalate 

 This compound was prepared according to the general method above. 
1
H NMR 

(500 MHz, CDCl3): δ= 6.80 (d, J = 2.9 Hz, 1H), 6.66 (dd, J = 8.4, 2.9 Hz, 1H), 6.61 

(d, J = 8.4 Hz, 1H), 4.81 (b, 1H), 2.81 (d/d, J = 8.9, 5.5 Hz, 1H), 2.35 (m, 2H), 1.79 

(d/d/d, J = 12.0, 9.2, 2.3 Hz, 1H), 1.63 (m, 1H), 1.59 (m, 1H), 1.51 (m, 2H), 1.38 (t/t, J 

= 10.0, 2.4 Hz, 1H), 1.36 (s, 9H), 1.30 (d/t, J = 10.0, 2.8 Hz, 1H), 1.22 (d/quintet, J = 

10.0, 2.5 Hz, 1H). 

 

4-Hydroxy-3-(2,6,6-trimethylbicyclo[3.1.1]heptan-3-yl)phenyl pivalate 

 This compound was prepared according to the general method above. 
1
H NMR 

(500 MHz, CDCl3): δ= 6.95 (d, J = 2.9 Hz, 1H), 6.71 (dd, J = 8.5, 2.9 Hz, 1H), 6.67 

(d, J = 8.5 Hz, 1H), 4.75 (b, 1H), 3.44 (q, J = 7.9 Hz, 1H), 2.45 (m, 1H), 2.39 (m, 1H), 

2.16 (m, 1H), 2.02 (m, 1H), 1.89 (m, 1H), 1.84 (d/d/d, J = 13.7, 7.8, 2.3 Hz, 1H), 1.35 

(s, 9H), 1.27 (s, 3H), 1.19 (s, 3H), 1.18 (d, J = 9.7 Hz, 1H), 0.99 (d, J = 7.0 Hz, 3H). 

13
C NMR (150 MHz, CDCl3): δ= 177.62, 150.81, 145.0, 136.05, 122.09, 111.14, 

115.84, 48.39, 44.57, 42.10, 39.24, 39.05, 36.78, 36.13, 34.75, 28.65, 27.21, 23.12, 

21.34.  

 The 2-((+)-isopinocampheyl)-hydroquinone
171

 starting material has the 

following resonance signals in the 
1
H NMR (600 MHz, CDCl3): δ = 6.80 (d, J = 2.9 

Hz, 1H), 6.63 (d, J = 8.5 Hz, 1H), 6.52 (d/d, J = 8.5, 2.9 Hz, 1H), 4.42 (b, 1H), 4.38 

(b, 1H), 3.43 (q, J = 7.9 Hz, 1H), 2.48-2.43 (m, 1H), 2.42-2.36 (m, 1H), 2.18-2.12 (m, 



199 

 

1H), 2.04-2.00 (m, 1H), 1.91-1.87 (m, 1H), 1.82 (d/d/d, J = 13.7, 7.8, 2.3 Hz, 1H), 

1.27 (s, 3H), 1.19 (s, 3H), 1.18 (d, J = 9.7 Hz, 1H), 1.00 (d, J = 7.0 Hz, 3H). 

 

(2S)-2-(exo)-(Bicyclo[2.2.1.]heptan-2-yl)-4-(pivaloyloxy)phenyl 3,3,3-trifluoro-2-

methoxy-2-phenylpropanoate via DCC and Mosher’s ester.
174

  

 Mono-esterified 2-(exo)-norbornylhydroquinone (0.25 g) prepared above was 

dissolved in 3 mL dry CDCl3 in a 10 mL round-bottom under nitrogen. It was reacted 

with R-(+)-MTPA-OH in the presence of dicyclohexylcarbodiimide and 20 mol% 4-

DMAP. A sample was placed in an NMR tube with additional CDCl3 and analyzed via 

1
H and 

19
F NMR.  

 

(2S)-4-(Pivaloyloxy-2-(2,6,6-trimethylbicyclo[3.1.1]heptan-3-yl)phenyl 3,3,3-

trifluoro-2-methoxy-2-phenylpropanoate via Mosher’s acid chloride.
174

  

 Mono-esterified hydroquinone (0.01 g, ~0.03 mmol) was dissolved in 0.05 mL 

dry pyridine under nitrogen and 2 mol% 4-DMAP in CDCl3 was added. 

Approximately, one equivalent of S-(+)-MTPA-Cl by weight was added dropwise and 

allowed to stir. A sample was placed in an NMR tube with additional CDCl3 for 

analysis. After the reaction was complete, the mixture was quenched with water and 

extracted with ether. The organic portion was extracted with hydrochloric acid, 

saturated sodium bicarbonate and brine. The solution was dried over anhydrous 

magnesium sulfate and concentrated. The resulting white solid was analyzed via 
1
H 

and 
19

F NMR. 
1
H NMR (500 MHz, CDCl3): δ= 7.68 (m, 2H), 7.44 (m, 3H), 7.16 (d, J 
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= 2.9 Hz, 1H), 7.05 (d, J = 8.5 Hz, 1H), 6.9 (d/d, J = 2.9, 8.5 Hz, 1H), 3.66 (s, 3H). 

Other aliphatic protons were not characterized. 
19

F NMR (500 MHz, CDCl3): δ= -

71.0ppm. 

 The minor isomer was found at: 
1
H NMR (500 MHz, CDCl3): δ= 7.58 (m, 2H), 

7.44 (m, 3H), 3.66 (s, 3H). Hydroquinone protons and other aliphatic protons were not 

characterized. 
19

F NMR (500 MHz, CDCl3): δ= -70.82ppm. 
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CHAPTER 5    

PREPARATIO� A�D USE OF HEXE�YLDIMETHYLBORA�ES 

 

5.1 Introduction 

 Substituted hydroquinones are very important synthetic compounds and as 

such, we wanted to expand the scope of the reductive alkylation reaction using 

organyldimethylboranes to include vinyl and aromatic groups. These may not transfer 

easily with methyl auxiliary groups. As was previously mentioned, the transfer of a 

group from boron to benzoquinone appears to depend on the radical stability. The 

dissociation energies
206

 or D values can be used to predict the ability of a substituent 

to transfer preferentially, Table 5.1-1. For example, the smaller the D value, the more 

stable the formed radical and the greater preference for its transfer in the reductive 

alkylation reaction. When mixed organoboranes are used, non-migrating auxiliary 

groups should have a higher D value relative to the migrating group. 

 
Table 5.1-1 D298 values for some R-H bonds 

 

 D 

R Kcal/mol KJ/mol 

Ph· 111 464 

CH2=CH2· 106 444 

Me· 105 438 

Et· 100 419 

Me2CH· 96 401 

Me3C· 95.8 401 

Cyclohexyl· 95.5 400 

PhCH2· 88 368 

CH2=CH-CH2· 86 361 
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 There are few known examples of mixed organoboranes containing at least one 

vinyl group reacting with p-benzoquinone. Hawthorne and Reintjes
207

 reacted 

benzoquinone with vinyldisiamylborane, bis(1,2-dimethylpropyl)borane, and formed 

the siamylhydroquinone exclusively. This supports the theory that migratory aptitude 

for the reductive alkylation reaction is related to radical stability, transferring an alkyl 

group preferentially over a vinyl group.  

 Previously in our laboratory, Frank Mizori
208

 synthesized 

hexenyldiphenylborane and reacted it with benzoquinone, (eq. 96). 

Hexenylhydroquinone was obtained as the major product as would be expected 

because of the low stability of the phenyl radical. 

 

 
 

As previously mentioned, the more stable radical, recognized by a smaller D value 

(dissociation energy), will transfer preferentially. Therefore, a phenyl group is less 

reactive than a methyl group which has a lower reactivity than a 1
o
 followed by the 

trend 1
o
 < 2

o
 < 3

o
. Following this rationale, a vinyldiphenylborane preferentially 

transfers an alkenyl group over a phenyl group. However, a vinyldimethylborane may 

not have such a clear transfer of one group over the other. The dissociation energies 

are not only much closer to each other (difference of ~1 kcal/mol), but the desired 

vinyl group is a more unstable radical indicating the product expected should be the 
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methylhydroquinone.  In order to test this, we needed to prepare the 

dichlorohexenylborane and the corresponding 1-hexenyldimethylborane.  

 

 

5.2 Formation of Alkenylchloroborane 

5.2.1 Background 

 The hydroboration reaction has been used not only for alkenes but alkynes as 

well. In the 1960’s H.C. Brown reacted internal alkynes with sodium borohydride and 

boron trifluoride etherate forming trivinylborane.
209

 In contrast, terminal alkynes 

resulted mostly in the dihydroboration product, with both boron atoms on the less 

hindered carbon atom, (eq. 97). This is attributed to vinylborane being more reactive 

than the acetylenic starting material. After further studies Brown found he could 

minimize the dihydroboration product, allowing the reaction to proceed only to the 

monohydroboration stage forming the desired vinylborane compound by using a 

hydroborating agent with large steric requirements, such as disubstituted boranes. In 

this way, he found that if he reacted 3-hexyne with an excess of disiamylborane in 

tetrahydrofuran only 1 molecule of disiamylborane reacted with each molecule of 3-

hexyne, (eq. 98). Even in the case of 1-hexyne, disiamylborane reacted only partially 

beyond the monohydroboration stage. Similar results were not seen when he used a 

less hindered hydroborating agent was used, allowing regioselectivity to suffer 

because of lower steric requirements.  
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He later tried using catecholborane to hydroborate alkynes and found that both 

terminal and internal alkynes react only once to preferentially place the boron atom on 

the less hindered position with no observable dihydroboration product being 

formed.
210

 Similar results were obtained with monochloroborane diethyl etherate;
211

 

however, terminal alkynes required approximately 40% excess starting material to 

obtain greater than 70% yields. Overall, BH2Cl·OEt2 has lower selectivity when 

reacting with alkynes compared to alkenes.   

 Monohydroboration can also be accomplished by using dichloroborane diethyl 

etherate (BHCl2· OEt) in the presence of 1 mol equivalent of trichloroborane in 

pentane. The expected alkenyldichloroboranes
212

 were formed in greater than 90% 

yields. It is recommended to use 10% excess of alkyne to minimize the 

dihydroboration product. Although dichloroborane etherate predominantly undergoes 

monohydroboration, a major disadvantage is its requirement of an equivalent of 

trichloroborane in order to complex to the ether, forming the free chloroborane. 

Recently, Matteson
213

 found that they could quantitatively hydroborate an alkene to 

the corresponding alkyldichloroborane by mixing with trialkylsilane and boron 
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trichloride, (eq. 99). The reaction presumably goes through dichloroborane as an 

intermediate. Matteson et al. tried their experimental procedure on alkynes by mixing 

equimolar amounts of 1-hexyne and trialkylsilane and adding it to boron trichloride at 

-78 °C. This reaction yielded mostly dichlorohexenylborane and very little (2-3%) of 

the dihydroboration product. This is a new clean route to monohydroboration of 

alkynes without the need for an additional equivalent of trichloroborane as is required 

with the traditional dichloroborane etherate complex.   

 

 
 

 The ratio of reagents is very important to obtain clean product. 

Dihydroboration occurred forming ~2-3% of the 1,1-isomer when trialkylsilane and 1-

hexyne are added together in a 2:l molar ratio to sufficient boron trichloride. 

Unfortunately, when an excess of trichloroborane is used, no dihydroborated product 

is observed, instead a mixture of monohydroborated and haloborated material is 

obtained. As such, the reagent ratios used in the reaction is important to control the 

yield of the desired product. 

 

 

5.2.2 Hydroboration Studies 

 In our laboratory, the Matteson hydroboration reaction was tried using 3-

hexyne but very little of the expected product was observed. The major compound 
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formed was the haloborated product, 4-chloro-3-dichloroboryl-3-hexene, (eq. 100).
214

 

The latter is observed as the major product when 3-hexyne and trichloroborane are 

reacted together, although other isomers are observed as minor components, possibly 

due to double bond migration.
215

 The reaction mixture was analyzed via 
11

B and 
1
H 

NMR. The haloborated product was found 17 ppm downfield from the trichloroborane 

peak and the dialkylated product was eight additional ppm’s downfield. Typical 
11

B 

spectrum showed approximately 95% of the solution being formed by the haloborated 

product found at 63 ppm with less than 2% of dihalogenated material.   

 

 
 

 Matteson
213,214

 found similar results when he reacted 3-hexyne with 

triethylsilane and trichloroborane. The addition of dichloroborane to the triple bond 

did not occur as expected, instead trichloroborane added across the C-C triple bond 

forming 4-chloro-3-dichloroboryl-3-hexene, Figure 5.2-1. This haloboration reaction 

has been observed previously
216

 although it is not well known. Similar to 

hydroboration, the borane adds in a cis anti-Markovnikov manner quickly. This fast 

reaction aggressively competes with hydroboration when using triethylsilane to form 

the chlorinated species as the predominant product.  
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Figure 5.2-1 Hydroboration selectivity of internal alkynes 

 

In contrast, when diethylsilane is used instead of triethylsilane, the hydroboration is 

extremely fast and results in the expected product, 3-dichloroboryl-3-hexene, Figure 

5.2-1. As Matteson et al. conclude in their article, diethylsilane is preferable over 

triethylsilane in the presence of reagents sensitive to trichloroborane. The lesser steric 

requirements of the diethylsilane allows the hydroboration reaction to be fast enough 

to occur preferentially to the haloboration reaction. In this manner, good yields can be 

obtained of the internal alkenyldichloroboranes.  

 This problem was not observed when 1-hexyne was used. Our results were 

contrary to what was previously reported with B-Br-9-BBN. This reagent underwent 

haloboration with terminal alkynes but internal alkynes and alkenes do not react.
216

 

Overall, in the hydroboration of 1-hexyne using triethylsilane and trichloroborane, the 

major product in the boron NMR was a single resonance peak at 52.2 ppm constituting 

about 98% of the solution. This is consistent with an alkenyldichloroborane species. 

This chemical shift can be compared to an alkyldichloroborane found at 62 ppm and 

trichloroborane found at 46 ppm. At first glance, the signal at 52.2 ppm is unexpected 

as replacing an alkyl group with an electron withdrawing group should shift the 

resonance peak downfield. The vinyl substituent is more electronegative than an alkyl 
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group, inductively removing electron density from boron. This makes the borane 

species more Lewis acid. However, at the same time, the vinyl group can back bond 

the electrons from the π-orbital into the empty p-orbital on boron. This has an opposite 

effect on the alkenyldichloroborane compared to the previously stated 

electronegativity differences. The overall effect shifts the 
11

B NMR resonance upfield.  

 The NMR shows the major peak with a small shoulder on the left side found at 

54-56 ppm on the boron spectrum which is believed to be chlorodihexenylborane or 

trihexenylborane. The chemical shift of the trivinylborane resonance signal should be 

found at almost 3 ppm downfield of the vinyldichloroborane indicating it should be 

observed at about 55.2 ppm. The chlorodihexenylborane resonance signal should be 

found between 52 and 55 ppm. These two species may be formed from 

disproportionation of the hydroboration products resulting in more than one vinyl 

group per boron atom.  

 The sample was methanolyzed and analyzed by boron NMR. A major 

resonance signal was found as expected at 28 ppm for the vinyldimethoxyboronic 

ester. A smaller signal was also seen at 42 ppm, possibly a divinylborinic ester 

species. The size of the latter peak coincides with the change in the amount of 

trichloroborane before and after methanolysis. This suggests redistribution between 

trihexenylborane and trichloroborane to form chlorodihexenylborane with a 

consequent increase in dichlorohexenylborane and reduction in trichloroborane. The 

1
H NMR of the methanolyzed product indicated one major boronic ester species 

consistent with literature values
217

 for the hexenylboronic ester, Figure 5.2-2. 
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Figure 5.2-2 Methanolysis of alkenyldichloroborane 

 

 In subsequent trials, a small peak (~1%) was also observed at about 65 ppm. 

This is possibly an alkylchlorovinylborane. Although it is a minor reaction with the 

dichloroborane reagent, dihydroboration of the alkyne forms the 1,1-diboro derivative. 

This species is very unstable to hydrolytic cleavage, (eq. 101).
209

 Any water present 

from wet reagents may attack one of the electrophilic boron atoms preferentially 

forming the strong boron-oxygen bond. This results in the loss of one of the two 

boron-carbon bonds, which can abstract a proton from the water forming a boronic 

ester and an alkylboryl species.  
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Typically, chlorodihexylborane is found at 76 ppm in the 
11

B NMR. The 

chlorodivinylborane is observed at 54 ppm. This indicates an upfield shift of 22 ppm 

for the substitution of two hexyl groups with two vinyl groups. This upfield shift is 

again due to the back donation of the vinyl group into the empty boron orbital. If we 

assume a linear shift then substituting only one hexyl group for a vinyl would 

constitute a chemical shift change of 11 ppm resulting in the alkylchlorovinylborane at 

65 ppm. This is consistent with the resonance signal observed in the 
11

B NMR of our 

reaction mixture. Additionally, when the sample was methanolyzed, the corresponding 

peak was found at ~47 ppm, believed to be the alkylvinylborinic ester resulting from 

the methanolysis of the alkylchlorovinylborane. This is consistent with the 

hexenylmethylborinic ester which is found at 46.9 ppm. This is similar to the 

alkylphenylborinic acids previously prepared in the laboratory, found at approximately 

48 ppm in non-coordinating solvents. The alkylvinylborinic ester was observed in 

small amounts and as long as stringent techniques are used to maintain the integrity of 

the anhydrous reagents, it can be kept to a minimum without detrimental effects to the 

product yield.  

 Product ratios can be affected by certain reaction conditions. Overall, it seems 

excess alkyne does not increase the amount of chlorodivinylborane. Various reactions 

were done with 0.99-1.1 eq. of 1-hexene at -78 °C. After 4 hours, dichlorovinylborane 

was observed in 95-99%, however, chlorodivinylborane was only observed with a 

maximum amount of 3%. This indicates reproducible results within experimental error 

when excess olefin is used in the reaction.  
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 During the analysis of the reaction mixture, a sample was mixed with an equal 

volume of diethyl ether and analyzed by 
11

B NMR. A mixture of small peaks was 

found with the dichlorovinylborane shifting from 55.2 ppm to 18.7 ppm. After 24 

hours, the etherate complex showed a loss of ~4% product. When THF was added, the 

11
B NMR showed one broad peak, with the resonance signal farther downfield than 

with diethyl ether, at 11.2 ppm. This complexing agent also resulted in a larger loss of 

dichlorovinylborane with a reduction of 28% after one day. Trichloroborane was 

found in 18% and a hexenylboronic ester species in 10%. This is approximately a 20% 

loss of vinyl groups with a concurrent redistribution. In contrast, the 

dichlorohexenylborane is stable in non-coordinating solvents with less than 1% 

change after a month under nitrogen at room temperature. The above data is consistent 

with a redistribution reaction catalyzed by complexing agents. Overall, the 

hydroboration of an alkyne is a simple and efficient method of forming the 

alkenyldichloroboranes cleanly.  

  

 

5.2.3 Alkenyldichloroboranes via Schwartz’s Reagent 

 An alternative method to preparing vinylboranes using the hydroboration of 

alkynes is to synthesize them via the transfer of an alkenyl group from zirconium to 

boron after the hydrozirconation of an alkyne.
218

 Wailes and Weigold
219,220,221,222

 

prepared the first stable alkyl- and alkenylzirconium compounds by hydrozirconation. 

Since then, this reaction has proven useful in preparing a variety of organozirconocene 
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compounds.
223

 It has a number of similarities to the hydroboration reaction. The 

zirconium hydride, Schwartz’s reagent [Cp2Zr(H)Cl], readily undergoes a cis addition 

across carbon-carbon multiple bonds, placing the zirconium at the least sterically 

hindered position, (eq. 102).  

 

 
 

For example, in the case of terminal alkynes, more than 98% of zirconium is placed at 

the terminal carbon. Hydrozirconation is useful for the preparation of 

alkenylzirconium compounds, however these are not as versatile as the organoboranes 

since they generally do not undergo carbon-carbon bond forming reactions. To 

circumvent this problem, transmetallation to boron, a more electronegative metal than 

zirconium, has been explored.  

 In 1982, Caulton
224

 reported the first transmetallation from zirconium to boron. 

Thus, dimethylzirconocene was reacted with trichloroborane forming a mixture of 

methylboranes. The transmetallation reaction is believed to proceed via electrophilic 

exchange between trichloroborane and the organozirconocene in a four center 

transition state.
225

 Although the reaction is fast, the rate depends on the steric 

congestion around the two metal centers. Additionally, the rate may be affected by the 

relative bond strength of the exchanging groups.  

 The Cole laboratory has studied a variety of transmetallation reactions from 

zirconium to various haloboranes using alkyl and alkenyl groups.
226,227,228 

 In most 
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cases, the transmetallation was found to proceed quickly in approximately one hour 

for complete transfer. In this study, the 1-hexenylzirconium complex was prepared 

from the hydrozirconation of 1-hexyne by using previously prepared Schwartz's 

reagent, Cp2ZrH(Cl). The resulting 1-hexenylzirconocene chloride was added to a 

solution of trichloroborane quickly forming and precipitating zirconocene dichloride, 

(eq. 103). The 
11

B NMR spectrum showed one major peak ca 52 ppm indicating 

approximately 90% conversion to 1-hexenyldichloroborane. Overall, this is a simple 

alternative to obtaining alkylchloroboranes in good yields.  

 

 
 

 In general, the hydrozirconation of symmetrical internal alkynes results in high 

yields of disubstituted vinylboranes, however, unsymmetrical internal alkynes initially 

result in a mixture of products.
229

 The end result is very susceptible to the molar ratio 

of the reagents used, Figure 5.2-2. Regioselectivity is low when one equivalent or less 

of Schwartz reagent is used. When the reaction is done in the presence of excess 

zirconium hydride, the regioselectivity is improved enough to be comparable to or 

better than the most selective hydroborating agents such as 9-BBN, HBBr2·SMe2, and 

Mes2BH. The excess Cp2Zr(H)Cl reacts with the resulting alkenyl group to form a 1,2-

dizirconium intermediate. The two zirconium atoms are bonded to different carbon 

atoms due to steric hindrance; which, in turn undergoes a fast dehydrozirconation, 
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eliminating the more sterically hindered zirconium group.
230

 In this manner, the excess 

Schwartz's reagent catalyzes the isomerization primarily due to steric effects, placing 

the zirconium at the least hindered position.  

 

 
 

Figure 5.2-3 Schwartz’s reagent selectivity 

 

 Excellent regioselectivities and yields of the dichlorohexenylborane can be 

obtained by Schwartz’s reagent and transmetallation, as well as the dichloroborane 

route. We chose to continue our research using the Matteson procedure of in situ 

formation of dichloroborane as a result of the ease and promising results of this 

methodology. Terminal alkynes are easily hydroborated using triethylsilane and 

internal alkynes can be hydroborated using diethylsilane. In the laboratory, 1-hexyne 

was routinely hydroborated obtaining greater than 98% by 
11

B NMR peak integration. 

This reagent is extremely useful and does not degrade under oxygen and moisture free 

conditions for at least a month.  
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5.3 Formation of Alkenylmethylborane 

5.3.1 Traditional Methylating Agents  

 The next step after successfully synthesizing the alkenyldichloroborane was 

the methylation to form the hexenyldimethylborane. A large number of 

dialkylvinylboranes have been prepared and studied using the disiamyl-, dicyclohexyl- 

and 9-BBN alkyl groups.  These alkylvinylboranes are stable and are prepared in high 

yields via a hydroboration reaction.  In contrast, very little is known about 

methylvinylboranes.  Ritter and co-workers were first to prepare and examine these 

simple dialkylvinylboranes.  The initial attempts reacted vinyllithium or sodium with 

methylbromoboranes, resulting in mixtures of borane compounds and little of the 

expected product.
231

  Improved yields and selectivity were obtained reacting 

dimethylzinc with chlorovinylboranes.
232

  Even with these improvements, Ritter and 

co-workers could only prepare the desired methylvinylboranes in 25-65% isolated 

yields after vacuum line separation.  These alkenyldimethylboranes slowly 

disproportionated primarily forming trivinyl- and trimethylborane along with smaller 

amounts of methylvinylboranes.
233,234

 Data indicates that although these mixed 

organoboranes are easily formed, they are not stable, redistributing easily.   

 Our initial attempts to methylate dichloro-1-hexenylborane with 

methylmagnesium bromide in diethyl ether resulted in a mixture of organoboranes, 

(eq. 104). When less than two equivalents was used, trimethylborane was present at 

approximately 86 ppm in 30% and about 25% was the expected dimethylvinylborane 

product as observed at ~75 ppm in the 
11

B NMR. One problem with this methodology 
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is the precipitation of a sticky insoluble mass. This was previously observed with the 

alkylboranes. It may be due to solubility issues of the formed magnesium borate 

complex precipitating from solution. After warming to room temperature, loose grey 

precipitate was found in the flask. When a small excess of MeMgBr was added, a 6% 

“ate” compound was observed via NMR with approximately equal amounts of R2BMe 

found at 64 ppm, RBMe2 and BMe3. Experimental data in the laboratory has shown 

that the reaction between alkyldichloroboranes and methylmagnesium bromide results 

in redistribution with primary alkyls. This same behavior appears to be occurring with 

the primary dichlorohexenylborane. Various changes in the reaction conditions were 

tried. These included changing the temperature, solvent, addition rate of the reagents 

as well as different ratios of the starting materials. The inverse addition of adding the 

dichlorovinylborane to the methylmagnesium bromide in tetrahydrofuran was also 

tested. Unfortunately, all of the above changes gave only minor improvements in the 

selectivity, <10%.   
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5.3.2 Methylation via Dimethylzirconocene  

 Dimethylzirconocene is a milder non-nucleophilic methylating reagent, which 

may give improved selectivity and yields in the methylation of alkenylhaloboranes, 

(eq. 105).   

 

 

 
 

The addition of an ethereal solution of one equivalent of dimethylzirconocene to 

dichloro-1-hexenylborane in pentane gave the expected 1-hexenyldimethylborane as 

seen in the 
11

B NMR spectrum at 75 ppm, in approximately 65% selectivity after 1 h.  

However, the reaction mixture continued to redistribute forming trimethyl-, 

dimethylvinyl-, and methyldivinylborane in ca 25:50:25 ratios respectively after 24 h 

seen as signals at 86, 75 and 64 ppm, Figure 5.3-1.   

 

 
 

Figure 5.3-1 Redistribution of hexenyldimethylborane 
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The major redistribution is observed over the first four hours after addition and the 

product ratios do not change significantly after that. When the dichlorohexenylborane 

solution was reacted with about ½ an equivalent of the dimethylzirconocene reagent, a 

mixture of products was found by 
11

B NMR including BMe3, RBMe2, R2BMe, 

RBMeCl, RBCl2, R2BCl and BR3. Ritter and co-workers have stated that a mixture of 

products in the solution results in redistribution as we have seen above. Although 

dimethylzirconocene is a softer methylating agent, major disproportionation was 

observed in diethyl ether that increased over time. 

 Previously, we have shown that the rate of transmetallation is strongly affected 

by coordinating solvents. As such, the reaction was attempted in a non-polar 

hydrocarbon solvent.  The addition of dimethylzirconocene in pentane to the 

dichlorohexenylborane resulted in an almost immediate precipitation of the 

zirconocene dichloride and gave a 90% selectivity of the 1-hexenyldimethylborane 

within 15 min, (eq. 106).  The remaining boron containing materials were <5% BMe3, 

~3% R2BMe, and ~2% RBCl2.  This borane product was considerably more stable 

towards redistribution, which occurs predominantly in the first 3 hours, although at an 

appreciably slower rate compared to the ether solution. However, even after 

consumption of the alkenylchloroboranes and complete transmetallation, the system 

continued to rearrange to ca 68% hexenyldimethylborane after 24 h forming equal 

amounts of trimethyl- and dihexenylmethylborane.   
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 Previous methylation reactions with dimethylzirconocene showed stable 

products. No redistribution was observed with alkyldimethylboranes as compared to 

hexenyldimethylborane. In an effort to improve selectivity to the 

dimethylvinylboranes, we examined a number of factors.  In the preliminary reactions 

a deficiency of reagents were added to establish the molar ratio of the two reagents, 

dichlorohexenylborane and dimethylzirconocene.  Several important correlations that 

affected product stability and purity were found.  Approximately 20 min after the 

addition of less than 80 mol% of Cp2ZrMe2 the 
11

B NMR spectrum showed complete 

loss of the dichlorovinylborane at ~52 ppm and the formation of 65% of 

hexenyldimethylborane along with ca 25% chloromethylvinylborane at 65 ppm. This 

may indicate that one methyl group is transferred at a time. Redistribution over 4 h 

resulted in a lower product yield of 43% as well as increased amounts of 

chlorodimethylborane and methyldivinylborane. This indicates that the 

dichlorovinylborane is stable with little to no redistribution over short periods of time, 

but undergoes redistribution in the presence of less than one equivalent of 

dimethylzirconocene.  

 Similar results were obtained when the chloroborane starting material was 

stirred for 10 minutes in the presence of 5% dimethylzirconocene before being 
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analyzed. A small amount of hexenyldimethylborane, 5%, was observed via 
11

B NMR 

but quickly disappeared after 25 minutes. At this time, the main species found was the 

starting material, dichlorovinylborane in 90%. There was also approximately 5% of 

dihexenylmethylborane and dichloromethylborane, (eq. 107). After 24 hours, the 

values were essentially the same although small fluctuations within experimental error 

were observed. These results confirm a redistribution reaction of our desired 

hexenyldimethylborane in the presence of dichlorovinylborane, in which there is an 

exchange of the vinyl group from hexenyldimethylborane to dichlorovinylborane 

forming a methyldivinylborane and dichloromethylborane.  

 

 
 

 A larger decrease in the desired product was observed when less than one 

equivalent of dimethylzirconocene was used compared to the full equivalency 

reaction. As such we wanted to better understand the importance of our reagent ratios 

by using an excess of the methylating agent. In one trial, dimethylzirconocene (1.1 

equivalents) was added to dichlorohexenylborane. After 15 minutes, 85% of the 

material was the desired hexenyldimethylborane as analyzed by 
11

B NMR. This was 

reduced by 10% after 24 hours due to redistribution. When more than one equivalent 

of dimethylzirconocene is used, the unreacted zirconocene catalyzed the redistribution 

of the dimethylvinylborane forming trimethylborane and methyldivinylborane with a 

corresponding loss of the expected product, (eq. 108).  Overall, it was found that the 
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larger the deficiency or excess used, the more redistribution occurred similar to that 

obtained with diethyl ether as the solvent. 

 

 
 

 The same ratio of reagents was used in an inverse addition, 

dichlorohexenylborane added to dimethylzirconocene, in an effort to improve 

selectivity. Surprising results were obtained.  Initially, large amounts of 

chloromethylvinylborane were observed, with only 55% desired product. After 24 

hours, this increased to only 60%. Similar results were obtained when an additional 

aliquot of dimethylzirconocene was added. This seems to indicate the methyl groups 

from dimethylzirconocene are being consumed by other than our desired starting 

material, possibly Et3SiCl, or the reagent is being quenched by the change in 

procedure. In conclusion, since the redistribution with vinyldichloroborane appeared 

to be much faster than with dimethylzirconocene, and a slight excess seems to slow 

initial redistribution, we chose to use a slight excess of the methylating reagent in 

pentane to obtain a higher selectivity. 

 During our research, we noticed differences in the ratio of products obtained 

depending on the rate of addition of the methylating agent. The fast addition of 

dimethylzirconocene gives a lower selectivity of the hexenyldimethylborane. 

Conversely, higher selectivity was obtained with a slower addition. This may be due to 

a localized excess of dimethylzirconocene when it is added quickly, allowing it to 
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react with the chlorotriethylsilane similar to what was observed with an inverse 

addition, as discussed above. As such, the rate of addition affects the product purity of 

the methylation of dichlorovinylboranes.  

 Temperature was another factor studied to try and improve the results of the 

methylation of our chlorovinylboranes. Ideally, the redistribution reaction at low 

temperatures would be slow enough to allow clean formation of the 

hexenyldimethylborane. However, it was found that at room temperature large 

amounts of redistribution occurs after the product is formed. At a temperature of -30 

°C, distribution of the desired product continued to occur in the presence of 

chloroboranes to form methyldivinylborane and chlorodimethylborane. The highest 

amount of product obtained was 84% after one hour, however after 20 hours at room 

temperature, only ~62% of the desired product was still present via 
11

B NMR. The 

redistribution reaction occurs at room temperature, even after four hours at low 

temperature, obtaining similar results to those observed previously indicating the lack 

of stability of our products.  

 In the course of these preliminary NMR studies we found an increasing 

difference in the amount of redistribution products between the NMR tube sample and 

the reaction flask containing the precipitated dichlorozirconocene.  This suggested that 

the dichlorozirconocene may also be catalyzing the redistribution, similar to that 

observed with less than a full equivalent of dimethylzirconocene. The addition of a 

slurry of dichlorozirconocene in pentane to the reaction mixture, resulted in an 

increased loss of the product and increased amounts of both trimethyl- and 
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methyldivinylborane. It seems that the alkenyldimethylborane disproportionates under 

a variety of conditions; this is consistent with Ritter and coworkers findings.  

 

 

5.3.3 Aspects of Hexenyldimethylborane 

 Unlike the alkylmethylboranes, the methylvinylboranes only weakly complex 

to tetrahydrofuran, shifting the corresponding NMR peak ~3 ppm upfield. The 

addition of an equal volume of THF has only a minor influence in the chemical shift 

of the vinylboranes from 74 to 72 ppm. Furthermore, this solution showed a loss of 

10% of the vinyl groups within two hours and 25% loss over 24 hours. A slight 

redistribution was observed, although the change in the product ratio in the boron 

NMR was due to a loss of the vinyl group. Concurrent increase of the borinic 

derivatives was observed with the dimethylborinic ester being the predominant 

product. Although, no methyl groups were lost, redistribution allowed formation of the 

hexenylmethylborinic ester as seen at 47 ppm. This data indicates the vinyl group is 

selectively lost over the methyl groups. These results were unexpected, since this was 

not observed with the alkyldimethylboranes and the anhydrous tetrahydrofuran used 

was distilled dry from sodium benzophenone ketal.  

 The addition of less than one equivalent of tetrahydrofuran also showed a slow 

redistribution over 24 h at room temperature, (eq. 109). Trimethylborane was formed 

in 12% while the control reaction without THF showed less than 5% formation. The 

hexenyldimethylborane peak integration was reduced from ~85% to only 57%. 
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However, there was a loss of approximately 10% of the vinyl groups over a period of 

24 hours, with concurrent increase in the dimethylborinic derivative. The vinylboronic 

ester was formed in ~4%, indicating a slight loss of the methyl groups. Overall, this 

complexing solvent appears to slightly catalyze the redistribution of the 

hexenyldimethylborane into trimethylborane and dihexenylmethylborane. This occurs 

with concurrent loss of the vinyl group as the product decomposes to form the 

dimethylborinic ester found at 51-53 ppm in the 
11

B NMR. Data shows that a 

complexing agent like tetrahydrofuran causes redistribution of the product and 

approximately 10% loss of the vinyl groups. Hexenyldimethylborane is more stable in 

hydrocarbon solvents such as pentane showing a high sensitivity to solvent effects.   

 

 
 

 Most organoboranes are air-sensitive, readily reacting with oxygen;
235

 

however, hexenyldimethylborane seems to be more air-sensitive than other 

alkyldimethylboranes.  The addition of air showed a 20% decrease of the desired 

product compared to the control after 24 hours. Concurrently, the borinic & boronic 

esters doubled their integration area in the 
11

B NMR. The boronic esters formed 

included the hexenylboronic ester found ca 28 ppm on the 
11

B NMR and the 

methylboronic ester found at 33 ppm. Additionally, the hexenylmethylborinic ester 

has resonance signals found at 47 ppm and the dimethylborinic ester at ~52 ppm. A 

larger increase in the methyl borane esters were found compared to the vinyl species, 
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indicating the vinyl group is more readily cleaved than a methyl group. No increase in 

the redistribution of hexenyldimethylborane into trimethylborane and 

dihexenylmethylborane was observed in the presence of oxygen. Overall, anhydrous 

conditions should be maintained to minimize the loss of vinyl and methyl groups 

resulting in a more stable solution.  

 One observation was the increased sensitivity towards protonation of the 

hexenyldimethylboranes compared to the alkyldimethylboranes, (eq. 110). Overall, 

vinylboranes are known to have an unusual reactivity to protic materials. Literature 

states that terminal vinylboranes are more reactive with protic compounds than 

internal vinylboranes.
236,237

   Auxiliary groups were also found to play an important 

role. The mechanism for the protonolysis is believed to occur through an initial 

coordination of the boron atom and the protic material. This complexation weakens 

the boron-carbon bond of the vinylboranes through polarization increasing the acidic 

proton’s electrophilicity facilitating the reaction. In this manner, facile protonation of 

the alkenyldimethylborane occurs.   

 

 
 

 A number of alkylvinylboranes have been studied to better understand their 

increased acidity. The vinyl-9-BBN showed an enhanced reactivity to protic materials 

such as methanol or water resulting in the protonation of the vinyl group in 91% over 

6 hours. Dicyclohexylvinylboranes are less reactive, while disiamylvinylboranes are 
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the least reactive of this series. In our laboratory, hexenyldimethylborane was found to 

be extremely reactive with an excess of methanol in tetrahydrofuran, hydrolyzing the 

vinyl groups within 15 minutes and forming dimethylborinic ester at room 

temperature. Only 5-10% of the methyl groups were lost due to protonation. These 

results were similar to those observed in the presence of tetrahydrofuran previously 

mentioned. Additional experiments were done using Brown’s conditions of 1 

equivalent methanol and 6 equivalents tetrahydrofuran. The major ester peaks 

observed in the 
11

B NMR are dimethylborinic ester followed by methylvinylborinic 

ester and vinylboronic ester. This indicates a small loss of the methyl auxiliary group. 

Vinyl groups, on the other hand, were found to protonate quickly although only in a 

maximum of 40% even after 24 hours. Incomplete protonation was found in more than 

one experiment. It seems possible that the methanol is reacting with the 

dichlorozirconocene present. Zirconium is well known for its reactivity with oxygen 

forming strong Zr-O-Zr bonds. If the methanol is reacting with dichlorozirconocene 

before it has a chance to react with the borane, the amount of protonolysis observed 

will be reduced and will occur at a slower rate because of the deficiency of the reagent 

present, methanol in our case.   

 Overall, it appears that these vinyldimethylboranes are relatively unstable and 

need to be separated from the zirconium salts immediately after precipitation. 

Stoichiometric amounts are required to minimize redistribution as stated earlier. 

Additionally, data indicates that complexing agents accelerate decomposition of the 

desired product forming trimethylborane and dihexenylmethylborane. 
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 5.4 Reductive Alkenylation 

 The next step after synthesizing the alkenyldimethylboranes was to use them in 

the reductive alkylation of p-benzoquinone, (eq. 111). However, very few reactions 

were done to transfer an alkenyl group from a methylborane onto benzoquinone due to 

disappointing product yields.   

 

 
 

 Initial reactions used hexenyldimethylborane prepared by the Grignard reagent. 

Water was added before the addition of benzoquinone to remove the magnesium 

bromide salts that inhibit the reductive alkylation reaction. This likely results in 

protonation and loss of the vinyl group. As expected, no vinylhydroquinone was 

observed in the 
1
H NMR spectrum of the products. Small amounts of hexyne, hexene 

and methylhydroquinone were observed, but the major product was non-alkylated 

hydroquinone. As expected, this is not an adequate method of forming 

hexenylhydroquinone.  

 Product mixtures resulting from the methylation with dimethylzirconocene 

were reacted with benzoquinone without any water added. It was previously shown in 

the laboratory that dichlorozirconocene does not catalyze the reduction of 

benzoquinone to simple hydroquinone in the reductive alkylation using 

alkyldimethylboranes. The reaction was monitored by 
11

B NMR spectroscopy. It was 
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found to be complete within one hour as seen by the disappearance of the 

dimethylvinylborane starting material at 75 ppm. The main peaks observed were 

Me2BOR’, MeB(OR’)2, RBMe(OR’), RB(OR’)2 and possibly BR3, where R is the 

vinyl group, indicating a loss of both vinyl and methyl groups. Analysis of the reaction 

mixture with 
1
H NMR showed  the presence of hexyne, hexene and small amounts of 

hexane. A very complex NMR spectrum also indicated no hexenylhydroquinone and 

minimal amounts of methylhydroquinone characterized by the methyl group found at 

2.1 ppm. The major product found was non-alkylated hydroquinone, seen as a singlet 

at approximately 6.7 ppm. It has been hypothesized that prior coordination with boron 

is needed to initiate the transfer of the substituents in reactions like 1,4-additions and 

reductive alkylation of quinones. However, vinyl groups are known to back donate 

electron density into the empty p-orbital of a vinylborane species making coordination 

with quinone less energetically favorable. This results in a slower reductive 

alkenylation than a reductive alkylation allowing possible methyl group transfer over 

the vinyl group. In addition, the methyl group should transfer preferentially given it 

has a lower D value (105 Kcal/mol) compared to a vinyl group (~106 Kcal/mol). 

Overall, it was demonstrated that the methylhydroquinone is formed preferentially to 

the vinylhydroquinone in the reductive alkylation of benzoquinone, albeit not cleanly, 

when methyl auxiliary groups on boron are used. 
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5.5 Conclusion 

 Many alkylvinylboranes have been synthesized and studied. In contrast, 

investigation of methylvinylboranes is much more limited. This is mainly due to the 

instability of alkenyldimethylboranes, redistributing easily to form a mixture of 

products. Attempts at preparing these compounds using methylmagnesium bromide 

gave extensive redistribution. A better selectivity for the desired product was obtained 

with dimethylzirconocene; however, it also suffered from redistribution. A variety of 

conditions were tried to improve product purity. Diethyl ether formed the least amount 

of desired product and pentane was the preferred solvent due to the quantitative 

precipitation of the dichlorozirconocene salts. Complexing solvents were found to 

catalyze a faster decomposition of the product by aiding redistribution. An excess or 

deficiency of the methylating agent also catalyzed the redistribution. An “inverse 

addition” procedure was attempted by adding the chloroborane to the 

dimethylzirconocene. Similar to before, redistribution occurred. One interesting 

observation was a consistent deficiency of methyl groups in the reaction mixture after 

addition of one equivalent of dimethylzirconocene using the “inverse addition” 

method. This may be due to a side-reaction with the chlorotriethylsilane left from 

hydroboration. The best reaction conditions were found to be a slow addition of a 

slight excess of the dimethylzirconocene in pentane forming hexenyldimethylborane 

in 90% selectivity within 15 minutes.  

 In contrast, the synthesis of alkenyldichloroborane starting material was 

relatively easy. This is a well known reaction with a variety of hydroborating agents 
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that can be used. We chose dichloroborane and used the Matteson procedure of in-situ 

formation. This methodology was very selective for mono-hydroboration, resulting 

consistently in high yields of 98%. This alkenyldichloroborane was found to be stable 

under anhydrous conditions. When 3-hexyne was studied using the triethylsilane the 

end product was the unexpected haloborated species believed to be caused by the large 

steric requirements of the reactants. To circumvent this problem, the hydroboration 

should be done using diethylsilane, Et2SiH2, which should form the desired product 

quickly and easily.  

 After synthesizing the intermediates required, hexenyldimethylborane was 

reacted with p-benzoquinone. As expected, very little of the vinyl group was 

transferred with the main alkylated product being methylhydroquinone. This is 

attributed to the decreased radical stability of hexenyl versus a methyl group. 

Although these mixed organoboranes are not useful for the reductive alkenylation they 

can be used for a variety of other reactions such as possible addition of a vinyl group 

to an aldehyde in a 1,2-addition. Based on our investigations, the reductive 

alkenylation of benzoquinone will require the use of diphenylvinylborane if this 

reaction is to be of any use.  
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5.6 Experimental 

5.6.1 General Comments 

 All glassware was dried at 130 °C for at least 4 h, assembled hot and cooled 

under a stream of dry nitrogen. All reactions were carried out under a static pressure of 

nitrogen. The boron trichloride in hexane, triethylsilane and 3M MeMgBr in diethyl 

ether were purchased from Aldrich Chemical Company and used without further 

purification. The alkynes were obtained from commercial sources and were distilled 

from lithium aluminum hydride then stored under nitrogen in a Teflon stop-cocked 

storage bottle. THF was distilled from sodium benzophenone ketal, while pentane and 

diethyl ether were distilled from calcium hydride and all were stored under nitrogen. 

All other solvents were used as received. p-Benzoquinone was freshly sublimed prior 

to use. A dry-ice/acetone bath was used to obtain a temperature of -78 °C and an ice-

bath for 0 °C. Melting points were measured on an Electrothermal apparatus and were 

uncorrected. Proton, carbon and boron NMR spectra were run using a Varian VNMRS 

400, Inova 500 or VNMRS 600 spectrometers. Chemical shift data are apparent and 

are reported in units of δ (ppm) using as the internal standard acetone-d6 (δ = 2.05 for 

1
H NMR spectra and δ = 29.92 ppm for 

13
C NMR spectra) or Me4Si (δ = 0.0 for 

1
H 

NMR and 
13

C NMR spectra) and BF3·OEt2 (δ = 0.0 for 
11

B NMR spectra) as an 

external standard. Multiplicities are given as: s (singlet), d (doublet), t (triplet), q 

(quartet), hept (heptet), m (multiplet) and bs (broad singlet) for 
1
H. Coupling 

constants, J, are reported in Hz. 
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5.6.2 Synthesis 

Preparation of hexenyldichloroboranes via Matteson’s procedure. 

 To an oven-dried septum-capped vial was added 0.814 g (7.00 mmol) of 

triethylsilane and a slight deficiency of an equivalent of the anhydrous alkyne (~6.96 

mmol). An oven-dried 50 mL round-bottom flask fitted with a septum-capped side-

arm, magnetic stir bar and gas-inlet adaptor was cooled to -78 °C in a dry-ice bath and 

charged with an equivalent volume ca. 6.7 mL of a 1.05 M (7.00 mmol) solution of 

boron trichloride in hexane. The equal molar mixture of alkyne and silane was added 

dropwise by syringe to the stirred solution over a period of 10-15 minutes. The 

reaction proceeded at -78 °C for 2 h, and was then allowed to slowly warm to room 

temperature. A double-ended needle transferred the solution to a previously oven-

dried 20 mL graduated cylinder fitted with a septum-capped adaptor. This reaction 

mixture can be analyzed by 
11

B NMR spectroscopy. The expected 

hexenyldichloroborane is seen at 52.2 ppm, the dihexenylchloroborane is found near 

54 ppm, trichloroborane is observed at 42 ppm and the trihexenylborane appears ca 55 

ppm. Alternatively, a 0.5 mL aliquot can be methanolyzed with 0.2 mL of a 1:5 v/v 

mixture of methanol and THF. The boron NMR spectrum showed resonances for the 

methylboronic esters at 32 ppm, the hexenylboronic esters at 28 ppm, 

hexenylhexylborinic ester was found at 47 ppm, the dihexenylborinic ester at 42 ppm 

and trimethoxyborane near 18 ppm. The above procedure was used for 1-hexyne and 

3-hexyne. 
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Procedure for the hydrozirconation of alkynes and transmetallation from 

zirconium to boron.  

 A 25-mL round-bottomed flask equipped with a septa-covered side-arm, 

magnetic stirring bar and gas-inlet adapter was assembled hot from the oven and 

flushed with dry nitrogen.  The flask was quickly charged with approximately 3 mmol 

of zirconocene hydrochloride. The flask was immersed in an ice-bath, followed by the 

addition of 3 mL of anhydrous methylene chloride.  Approximately 3 mmol of alkyne 

was slowly added to the mixture using a syringe over 5-10 min.  The ice-bath was 

removed after 30 min and the mixture allowed to stir at room temperature for a 

minimum of one hour before transmetallation.  

  Approximately 3 mmol of trichloroborane was added to a round-bottomed 

flask equipped with a septa-covered side-arm, magnetic stir bar and gas-inlet adapter.  

The flask was placed in an ice-bath, followed by the slow addition of the supernatant 

of the above hydrozirconation reaction solution. The mixture was allowed to stir for 

one hour before warming to room temperature. Completion of the reaction can be 

determined by analyzing the 
11

B NMR spectrum.  

 

Synthesis of hexenyldimethylborane via MeMgBr.  

 To an oven-dried 100 mL round-bottom flask fitted with a septum-capped side-

arm, magnetic stir bar and gas-inlet adaptor was added an aliquot (6 mL, 5.0 mmol) of 

the hexenyldichloroborane in hexane solution. The solution was cooled to ca 0 °C in 

an ice-water bath. The solution was diluted with an equivalent volume of anhydrous 
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diethyl ether and 3.33 mL of 3.0 M (10 mmol) methylmagnesium bromide in ether 

was added dropwise while stirring. After 30 min, the solution was warmed to room 

temperature and stirred for an additional 30 min. The selectivity of the methylation 

can be analyzed by 
11

B NMR spectrum without need of a complexing agent to 

separate the peaks. The hexenyldimethylborane is found upfield at 74 ppm, the 

alkenylchloromethylborane near 66 ppm, while the dihexenylmethylborane appears 

near 63 ppm, trimethylborane is seen at the lowest field ca 85 ppm and the 

trihexenylborane is observed ca 55 ppm. The boron NMR spectrum showed 

resonances for the methylboronic esters at 32 ppm, the hexenylboronic esters at 28 

ppm, the dimethylborinic esters at 53 ppm, hexenylmethylborinic ester was found at 

47 ppm, the dihexenylborinic ester at 42 ppm and trialkoxyborane near 18 ppm.  

 

 

General procedure for the preparation of dimethylzirconocene.   

 In an oven-dried 1 L round-bottom flask equipped with a septum-capped 

sidearm, magnetic stir bar and gas-inlet adaptor was added 50.12 g (171.2 mmol) 

dichlorozirconocene.  The gas was removed twice by vacuum and refilled with dry 

nitrogen.  A slurry formed by the addition of 340 mL anhydrous ether, then cooled to 

0 °C with an ice-bath.  Methyllithium in ether, 1.12 M (276 mL, 309 mmol) was added 

dropwise via double-ended needle over a period of 1.5 h while the reaction mixture 

was allowed to warm to room temperature.  The mixture was stirred for 72 h and 

allowed to stand for 1 day allowing solids to settle.  The supernatant was decanted via 
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double-ended needle to an equivalent 1 L flask.  Approximately one-half of the 

solvent was removed under reduced pressure.  Additional solid material was formed 

after standing overnight.  The clear solution, ca 300 mL was transferred to a 500 mL 

Teflon stop-cocked storage bottle via double-ended needle to give an approximate 0.5 

M solution of dimethylzirconocene.  This corresponded to about 85-90% yield of the 

dimethylzirconocene. 

 If dimethylzirconocene was to be used in pentane, a sample was placed in a 

round-bottom flask equipped with a septum-capped sidearm, magnetic stir bar and 

gas-inlet adaptor and the solvent removed under reduced pressure. The solids were re-

suspended in one equivalent volume of pentane, stirred and the solvent removed under 

reduced pressure. The solids were re-suspended again in pentane, and insoluble 

precipitate removed via centrifugation. The clear solution was transferred to a Teflon 

stop-cocked storage bottle via double-ended needle. The leftover solids were washed 

with a small amount of pentane, and the supernatant added to the storage bottle.  

 

Synthesis of alkenyldimethylboranes via Cp2ZrMe2.  

 An oven-dried 100 mL round-bottom flask equipped with a septum-capped 

side-arm, magnetic stir bar and gas-inlet adaptor, assembled hot and cooled under a 

stream of dry nitrogen.  The flask was charged with approximately 10 mmol of the 

alkenylchloroborane and cooled to 0 °C.  One equivalent of the dimethylzirconocene 

solution in ether or pentane was added using a double-ended needle over a period of 

20 minutes with stirring.  After addition was complete, the reaction mixture was 
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allowed to warm to room temperature.  The product was analyzed 15 minutes after 

addition by 
11

B NMR spectroscopy. 

 

Reductive alkenylation of p-benzoquinone.  

 The above solution of alkenyldimethylborane was washed when MeMgBr was 

used for its synthesis, via syringe, with 4 × 10 mL of degassed deionized water to 

remove magnesium salts. If the solution was formed using Cp2ZrMe2, a water wash 

prior to the addition of benzoquinone is not necessary.  

 A 50 mL Erlenmeyer flask was charged with 0.541 g (5.00 mmol, 1.00 eq.) of 

freshly sublimed benzoquinone, capped with a septum, and flushed with nitrogen. The 

p-benzoquinone was dissolved with 5.2 mL of THF and added dropwise via syringe to 

a molar equivalent of the alkenyldimethylborane. There was no disappearance of the 

benzoquinone’s yellow color, although a slight lightening was observed over time. 

The solution was stirred for 1 h and the volatiles were removed by vacuum. The 

resulting material was dissolved in diethyl ether, dried with magnesium sulfate and 

volatiles removed. This solution was used for a crude 
1
H and 

13
C NMR. The chemical 

shifts found were compared with literature
238

 values. 
 

 

Methylhydroquinone  
1
H NMR (500 MHz, CDCl3): δ = 6.63 (dl, J = 8.5 Hz, 1H), 

6.60 (ds, J = 3.0 Hz, 1H), 6.49 (dd, J = 3.0, 8.5 Hz, 1H), 2.13 (s, 3H). 
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