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ABSTRACT

A series of aryl aldehyde arenesulfonylhydrazones were alkylated by

trialkylboranes in the presence of base to produce the corresponding aryl alkanes

in excellent yields. The aryl aldehyde tosylhydrazones and trisylhydrazones are

readily prepared from the corresponding aryl aldehydes. The trisylhydrazones

reacted more readily than the corresponding tosylhydrazones allowing many of the

reactions to proceed at room temperature. The reaction tolerates a wide variety of

functional groups, thereby allowing functionalized alkyi groups to be transferred.

It gives good yields with secondary alkyI groups such as sec-butyl and cyclohexyl.

The alkylation occurs with rigorously defined regioselectivity at the carbonyl carbon.

Various blocked borane derivatives were studied and evaluated. Aryl ketones can

also be utilized to give good yields of aryl alkanes.

The mechanism of the reaction was also studied and is postulated to

proceed via an organoborate complex at the original carbonyl carbon. This

complex would undergo a 1,2-boratropic shift to produce a new trialkylborane. This

new borane would then be hydrolyzed to the corresponding alkane by nucleophilic

bases.

This reaction is a useful new addition to the known reactions for the

alkylation of carbonyl compounds and to the known reactions for the coupling of aryl

and alkyI groups.
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CHAPTER 1

ORGANOBORANES IN ALKYLATION REACTIONS

1.1 INTRODUCTION

The formation of new carbon-carbon bonds is an important aspect of organic

synthesis. This dissertation is focused on carbon-carbon bond-forming reactions

involving trialkylboranes and carbonyl compounds to form alkanes.

1.2 BACKGROUND

There are many classes of reactions in organic chemistry that involve the

formation of carbon-carbon bonds. Coupling reactions and carbonyl addition

reactions are two important classes. Coupling reactions involve the connection of

two alkyi or aryl groups. Both symmetrical and unsymmetrical coupling reactions

are possible and unsymmetrical coupling reactions are known as cross-coupling

reactions. The unsymmetrical coupling of saturated alkyI groups and the cross-

coupling of saturated alkyI and aryl groups constitute the main focus of this

dissertation.



1.2.1 Coupling via Halides

There are numerous reactions involving the coupling of alkyi halides to give

alkane products. One of these is the Wurtz reaction, (1), in which alkyI halides

2 R—X + Na ► R—R (1)

couple upon treatment with sodium to give a symmetrical product. The reaction is,

however, not very useful due to competing side reactions such as elimination and

rearrangement. The coupling of mixed alkyls is even less efficient because it gives

a statistical yield of mixed products. The coupling of an alkyI and an aryl halide is

also feasible but again not very useful.^

There are a variety of reactions which involve the coupling of alkyI halides

with organometallic reagents.^ The most useful of these involves the cross-coupling

of alkyI halides, such as chlorides, bromides and iodides, with lithium dialkylcopper

reagents, (2).® These reactions give very good yields; furthermore, the copper

R'X + RjCuLi R'—R (2)

reagent may contain an aryl group so that the cross coupling of an aryl and alkyI

group is feasible. However, this reaction does not work for secondary or tertiary

alkyls. This disadvantage has been circumvented by modifying the copper reagent.

For example, PhS(R')CuLi will selectively couple a secondary or tertiary R' with a



primary iodide, Rl, to give R-R'/ Coupling reactions involving secondary alkyi

halides utilize R2Cu(CN)Li2 where R is a primary alkyl.® A disadvantage of all the

copper reactions is that 2-5 equivalents of the dialkylcopper reagent are required

because of the instability of the copper reagents.

Grignard reagents are also used in coupling reactions but are not as effective

as the copper reagents.® Grignards will couple with benzylic halides and tertiary

alkyI halides; both alkyI and aryl Grignards can be used but aryl Grignards give

better yields.^ It is possible to couple Grignards with primary alkyI halides if

catalysts, such as Cu{l) salts, are used.® AlkyI or aryl Grignard reagents will also

couple in high yields with aryl halides in the presence of nickel(ll) catalysts.^ The

disadvantage of these reactions is that the Grignard reagent will react with carbonyl

groups. Therefore, alkyI halides containing these groups cannot be used.

Other organometallic compounds include organosodium and

organopotassium reagents. They will couple with alkyI halides but are very ustable.

Organoaluminum compounds couple with tertiary and benzylic halides at -78 °C;

secondary and primary halides will also react but the reaction requires several days

at room temperature."*® Aryl halides couple with organotin reagents in the presence

of palladium complexes as catalysts; If the substrate has a p-hydrogen on an sp®

carbon, an elimination rection will occur.^^



1.2.2 Other Coupling Reactions Involving Metallic Reagents

Other reagents that couple with organometaillc reagents include sulfonates,

and alcohols. Sulfonates, such as alkyi tosylates, couple with lithium dialkylcopper

reagents. Primary tosylates give high yields while secondary tosylates produce

lower yields. Aryl tosylates do not react. AlkyI sulfates and sulfonates also couple

with aryl or benzylic Grignard reagents, (3). The sulfonates and sulfates give higher

yields than their corresponding alkyI halides discussed in section 1.2.1.^^

RMgX + R'0S020R" ► R-—R (3)

Allylic or benzylic alcohols can be symmetrically coupled via a variety of

reagents. Examples of these reagents include methyllithium and titanium chloride

at -78 titanium trichloride and lithium aluminum hydride at reflux,^'* and NbClg-

NaAIH4.^® Primary and secondary alcohols can only be used if they contain an aryl

group in the a position.

Benzene and other aromatic compounds can be alkylated with alkyllithiums

and aryllithiums. The reaction involves an addition by the alkyllithium and then an

elimination upon heating to give LiH and the alkylated product.^®

Finally organometaillc reagents can dimerize to form the symmetrical

products. Lithium dialkylcopper reagents can be oxidized to symmetrical dimers by

O2 at -78 °C in THF.^^ The reaction is successful for primary and secondary alkyI

groups as well as for aryls. Lithium organoaluminates are dimerized by treatment



with Cu{0Ac)2.^® Aryl tin compounds are dimerized with Cu(N03)2 and alkyi- and

aryiiithium compounds can be dimerized by transition metal compounds.^"

1.2.3 1,2-Addition Reactions

The transfer of an alkyI group to a carbonyl carbon can be achieved by use

of traditional active alkylmetals such as the organomagnesium, organolithium, and

organozinc reagents (4).^ Aldehydes give secondary alcohols while ketones give

O  OMgX OH

*  RMgX ► —C— ► —C— (4)

tertiary alcohols. The reaction is very broad in scope and both alkyI and aryl groups

can be transferred. The hydrolysis step is usually carried out with dilute HCI;

however, tertiary alcohols with at least one alkyI group are easily dehydrated under

the acidic conditions. In these cases an aqueous solution of ammonium chloride

is used instead of a strong acid. The strongly basic nature of these alkylmetal

reagents, however, can cause unwanted side reactions. Enolization, reduction, and

condensation reactions often occur and many important functional groups such as

alcohols and halides will not tolerate the more reactive alkylmetal reagents.^^ The

utilization of a boron reagent in a Grignard-type reaction, as shown in equation 4,

or in the coupling reaction discussed earlier, would have several benefits. First,

unwanted side reactions, such as elimination and enolization would be reduced.



Second, organoboranes tolerate a variety of functional groups, so that a wide

variety of organic groups could be transferred.^ Third, trialkylboranes are stable

under both aqueous and basic conditions as well as at high temperatures.^^

1.3 SYNTHESIS OF ORGANOBORANES

1.3.1 Alkylboranes

Alkylboranes are readily synthesized via the reaction of an alkene with a

variety of commercially available borane reagents, (5).^'* The borane is usually

.  bh, ^ -!5U ,5)

added to the unsaturated compound at 0 °C. The organoboranes produced in the

hydroboration reaction are readily oxidized to generate the corresponding anti-

Markovnikoff alcohols. The regioisomer distribution for a simple alkene, such as 1-

hexene, is placement of 94% of the boron at the terminal carbon and 6% at the

internal carbon of the original double bond. This distribution is not affected by

branching of the alkyi group although it is significantly enhanced by increased

substitution of the double bond.^®

The hydroboration reaction is believed to proceed through a four-membered

transition state in which the regiochemistry is controlled by the polarization of the

B-H bond (Figure 1).^® Functional groups close to the olefinic position can change



the polarity of the B-H bond and can, therefore, affect the direction of addition. If

an oxygen atom, for example, were placed on the olefin, the electron donating

ability of the oxygen would place the boron on the internal carbon instead of on the

terminal carbon of the alkene.

H-CrrrCHz

H—B
6©

Figure 1. Proposed Transition State for the Hydroboration Reaction.

The reaction is also stereoselective and the borane reacts with the double

bond via a syn addition. The addition also occurs on the less hindered side of the

double bond, (6). The syn addition of a borane is also true for freely rotating acyclic

systems.^'

-B
/
i
\

(6)

The hydroboration reaction tolerates many functionalities such as ester,

7



halogen, cyano, and ether groups. The rate of reaction of BH3 with carbon-carbon

double and triple bonds is much faster than the rate of reaction of BH3 with most

functional groups. Thus, functional groups are tolerated during hydroborations with

BH3 and can be present in the alkene substrate.^®

There are a variety of borane complexes that can be used in the

hydroboration reaction. Hindered monoalkyiboranes, such as thexylborane, are

relatively stable species and are useful hydroborating reagents because they

enhance the regioselectivity of the overall reaction.^ Dialkylboranes are even more

stable and, therefore, more commonly used than monoalkyiboranes.

Dialkylboranes such as 9-borabicyclo[3.3.1]nonane (9-BBN), disiamylborane, and

dicyclohexylborane (Figure 2) are particularly effective, placing >97% of the boron

at the less substituted vinyl carbon of the original double bond.®

BH -BH

9-BBN Dicyciohexyiborane Disiamylborane

Figure 2. DIalkylborane Hydroborating Reagents.
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Another advantage of the organoboranes is that they can generally transfer

an organic group with retention of configuration at the carbon attached to boron.

This can be seen in the transfer of an alkyi group from boron to oxygen during a

typical oxidation reaction, (7).

pj R " B('pc)2 ^OH
^Vi ■ '

R

..•OH

7 H R R H R

98% ee

It is important, since an organic group can be transferred with retention of

configuration, to be able to enantioselectively hydroborate alkenes. Optically active

organoboranes such as diisopinocampheylborane, (7), monoisopinocampheyl-

borane, and fra/?s-2,5-dimethylborolane can enantioselectively hydroborate alkenes

(Figure 3). Optically active diisopinocampheylborane hydroborates (Z)-alkenes

O-
B
I
H

Diisopinocampheylborane Diiongifolylborane 2,5-Dimethyiboroiane

Figure 3. Opticaiiy Active Hydroborating Reagents.



to generate products in which enantioselectivities exceed 98% ee.^° Optically active

2,5-dimethylborolane is more versatile and hydroborates both (E)- and (Z)-alkenes

with high enantioselectivities.^^

1.3.2 Alkenylboranes

Alkenylboranes are readily synthesized via the hydroboration of alkynes with

RjBH. R can be siamyF, cyclohexyF, mesityP'^, chloro or bromo^®. RjBH can also

be catecholborane.^® All of these reagents allow for the controlled syn-

hydroboration of terminal and internal alkynes, (8).

^

R^R
\
B—H ►

R  H BR;2

The above reagents all react with terminal alkynes to place the boron on the

terminal carbon. For internal alkynes, regiospecificity is less defined. Disiamyl-

and dicyclohexylborane hydroborations are mainly directed by steric effects.

Dibromoborane and 9-BBN reactions, however, are influenced by electronic

factors.^®^ Dimesitylborane is the most regiospecific reagent known for the

hydroboration of internal alkynes, and it is influenced only by steric factors.^

Dimesityltiorane places, for example, 98% of the boron on C-2 of 1-phenylprop-1-

yne (disiamylborane, 81%; 9-BBN, 35%). The reagent reacts very slowly with

10



alkenes so that alkynes of any type are exclusively hydroborated in the presence

of an alkene.

A number of borane reagents may be used to achieve a variety of

chemoselective reactions. 9-BBN is a very good hydroborating reagent for enynes.

It shows a preference for an alkene over any alkyne and can therefore selectively

hydroborate an alkene in the presence of an alkyne. Preferential hydroboration

of an internal alkyne can be accomplished with dibromoborane-dimethylsulfide

which, interestingly, reacts more rapidly with internal alkynes than terminal

alkynes.^®

It is also possible to obtain the equivalent of an anti hydroboration. A 1-

haloalkyne can be hydroborated with a dialkylborane. The resulting 1-

haloalkenyldialkyborane can then be reduced with potassium triethylhydroborate

or f-butyllithium^® to give the Z product, (9).

.37

Ri -X b-H ► )=( ► )=( (9)
R  H BR2 H H

1.4 ORGANOBORON REACTIONS TO YIELD UNSATURATED COMPOUNDS

The alkyi- or alkenylboranes formed in the reactions described in the

preceding section can be easily utilized to form carbon-carbon bonds. This

11



remarkable development in boron chemistry has been an area of intense research

for the past thirty years. A brief survey of organoborane coupling reactions, to form

various saturated and unsaturated organic compounds, follows.

There are numerous reactions involving unsaturated organoboranes in which

alkenes, alkynes, dienes, diynes, and enynes can all be synthesized. The reaction

conditions can be modified to produce either the E or 2 isomers, and in the case

of dienes the EZ, EE, or ZZ isomers. The reactions are high yielding and migrations

from boron to carbon proceed with retention of configuration.

1.4.1 Alkenes from Alkenylboranes and Halogen Catalysts

Either E or Z alkenes can be formed from alkenylboranes via alkenylborates.

Alkenyldialkylboranes form borate salts upon reaction with base. These borates

then rearrange, on treatment with iodine, to yield Z-alkenes, (10).^®

I?. NaOH
/=< >=< (10)

It is possible to obtain the E-alkenes by using a poorly nucleophilic solvent and

cyanogen bromide as the base, (11).'*°

12



W  W ,11)
Ri H CH2CI2 Ri'^ H

It Is also possible to synthesize trisubstituted alkenes using this methodology,

(12). Trialkylalkenylborates can be formed by reaction of trialkylboranes with

lithiated alkenes. Treatment of these borates with iodine leads to migration followed

by syn-elimination to yield trisubstituted alkenes in a stereospecific fashion.'*^ The

reaction proceeds with retention of configuration at the alkenyl terminus.

Li®

R^B

'-V R3B® R R? (12)
H  Ri H Ri H Ri

An alternative method is treatment of these trialkylalkenylborates with

phenylsulphenyl chloride. This reaction also proceeds with retention of

configuration and , if different R groups are utilized, there is migration of the most

hindered alkyi group from boron to carbon.

13



1.4.2 Alkenes from Alkenylboranes and Metal Catalysts

In a similar reaction, usaturated boranes can be alkylated to produce new

alkenes. The alkylating group can be either alkyi, vinyl, alkynyl or aryl. The

reaction conditions can be varied so that either the E or Z alkenes are produced.

Alkenyldialkylboranes, formed from terminal alkynes, as shown on page 10,

can be treated with palladium acetate and triethylamine to give good yields of E-

alkenes, (13). The mechanism involves syn-palladoacetoxylation, migration with

inversion at the terminus and syn-P-elimination.''^

■« 521- "X" 'X («l
H  BRS *^"3. THF'2

Various halides and boron compounds can cross-couple with the use of

palladium catalysts. 1-Alkenyldisiamylboranes can cross-couple with 1-alkenyl or

1-alkynyl halides. The reaction requires only a catalytic amount of Pd(PPh3)4 and

a two-fold excess of base. It gives good yields of the dienes or enynes with regio-

and stereospecificities of 96-100% The E or Z borane reagents can be coupled with

either the E or Z halides to give (EE)-, (ZZ)-, (ZE)-, or (EZ)-conjugated dienes

stereo- and regiospecifically. Coupling with alkynyl halides will give either the (E)-

or (Z)-alkenynes.''^' **

14



AlkyI groups can be transferred by using S-alkyl-9-BBN in the coupling

reaction. Primary alky! groups can be transfered from B-alkyl-9-BBN compounds

to alkenyl or aryl halides. This reaction also utilizes palladium(ll) as the catalyst for

the coupling.'*® 9-BBN can also be used in the transfer of usaturated groups.

Alkynyl halides can be alkylated with alkenyl 9-BBN compounds using cuprous

bromide-dimethyl sulfide as the catalyst. The reaction proceeds via an

alkenylcopper intermediate to give high yields of the corresponding E-dienes."®

1.4.3 Alkenes by Protonation of Alkenylboranes.

Although not a coupling reaction, most alkenylboranes used in the

preceeding reactions are readily protonolyzed by carboxylic acids at or below room

temperature to yield the corresponding alkenes, (14).®^ '*^ Hindered alkenylboranes

R2 R3 R2 R3

may be hydrolyzed with propionic'*® or isobutyric acids^^ at elevated temperatures.

The reaction proceeds with retention of configuration of the alkenyl group.

Several methods are available for alkenylboranes bearing acid-sensitive

groups. The alkenylborane may, for example, be converted into an electron-rich

organoborate complex with n-butyllithium and then readily hydrolyzed with aqueous
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sodium hydroxide. Use of silver ammonium nitrate provides another gentle

hydrolysis method for sensitive groups.®^ Internal alkynes that have been

hyroborated with dialkylboranes can be protonolyzed in neutral conditions with

catalytic amounts of palladium acetate in THF or acetone.®^ The proton in this case

is provided by the solvent.

1.5 BORON COUPLING REACTIONS TO YIELD SATURATED COMPOUNDS

While there are a variety of coupling reactions utilizing boron that yield

unsaturated compounds, reactions that yield saturated compounds and alkylated

aryls are not as numerous nor as useful. Only recently has a synthetically useful

coupling reaction been discovered for saturated boranes. This reaction is known

as the Suzuki reaction and will be summarized in section 1.5.2.

1.5.1 Coupling of Trialkylboranes

Treatment of trialkylboranes with base and aqueous silver nitrate results in

the precipitation of metallic silver and the formation of the coupled product, (15).®®

AgNOs
R3B R—R (15)

KOH, MeOH
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Primary alkyls result in yields of 60-80% while secondary alkyls give yields

of 35-50%. The reaction can be used without difficulties for a wide variety of

structures and tolerates many functional groups not compatible with Grignard

reagents. The disadvantage of this reaction, as in the Wurtz reaction, is that the

ratio of products from mixed alkyls is statistical. Coupling of R and R' would, for

example, give 25% RR, 25% R'R, and 50% RR'. This problem can be overcome

by utilizing a large excess of one of the trialkylboranes. It is also necessary to

choose alkyi groups with sufficient differences in molecular weight so that the cross-

coupled product can be readily separated from the symmetrically coupled products.

It is also possible to form biaryls in yields of 52-71%.®^ The triarylboron reagents

are formed by treating the corresponding halide with magnesium in the presence

of BH3.

1.5.2 Coupling Utilizing Palladium cataiysts

Palladium catalysts have been utilized in the coupling of boron compounds

with halides and triflates. This reaction is known as the Suzuki reaction. The metal-

catalyzed reaction was also highlighted in section 1.4.2 where usaturated

compounds could be formed from the reaction of various boranes in the presence

of palladium catalysts. The reaction was then extended to produce both alkanes

and alkylated aryls.

It was initially thought that alkyI halides with an sp^ carbon having (3-

hydrogens would not react due to the slow rate of oxidative addition of alkyI halides
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to Pd(0) complexes and fast p-hydride elimination. It was found,however, that

9-Alkyl-9-BBN derivatives cross-couple with iodoalkanes in the presence of an

organometallic catalyst, to give the coupling products in yields of 45-60%, (16).®®

Pd(PPh5)4
R—I + R'—B' ) ) R—R* (16)

K3PO4, dioxane

The reaction requires 3 equivalents of base, 3 mol % of catalyst, and is run at 60

°C for 24 h. Other palladium catalysts such as Cl2Pd(dppf) do not work well in this

reaction. The same is true of other bidentate ligands such as dppp and dppe. As

in other borane reactions, compounds with functional groups such as cyano and

ester survive the reaction conditions without difficulty. The reaction can be further

extended to aryl groups and 9-phenyl-9-BBN reacts with 1-iododecane to give

decylbenzene in a 55% yield. The disadvantage of this reaction is that some P-

elimination does occur and secondary alkyls do not react at all.

Palladium catalysts are used in a variety of reactions with organoboron

reagents and aryl compounds to produce alkylated aryls. AlkyI 9-BBN reagents

PdClztclppf)
I. * R—B ) ,NaOH,THF,A (^7)

X = OTf, I
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react with both haloarenes®® and aryl triflates®^ in the presence of base and a

catalytic amount of PdClzldppf) to give yields of 80-99% for primary alkyi groups,

(17). This catalyst works well to suppress the elimination side-reaction. The

reaction requires 3 equivalents of base, 1.1 equivalents of the alkyl-9-BBN and 16

h at reflux. The base used for most reactions is sodium hydroxide in THF-HjO. If

functionalities are present that are ustable to this base then powdered potassium

carbonate suspended in DMF at 50 °C is utilized. Under these conditions functional

groups such as cyano, ester and carbonyl groups could be tolerated on either the

borane or the halide.

Other borane reagents which can be utilized in this reaction are

disiamylborane, dicyclohexylborane and trialkylboranes. In the case of

trioctylborane, only one of the alkyI groups participates in the coupling.

Trialkylboranes with secondary groups give yields of 40-65%. Secondary groups

attached to 9-BBN were not investigated.

Alkylboronic acid esters, such as octylcatecholborane, also react with arenas

in the presence of base and palladium catalyst to give yields ranging from 62-93%,

(18).®®

o  PdCl2(dppf)\  Tl2C03.THF,A CX

The reaction conditions are very similar to those used in the 9-BBN reaction. It
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requires 3 mol% of catalyst, 1 mol of halide, 1.1 mol of the ester, 1.5 eq of base and

16 h at 50 °C. The bases used in the above reactions were not effective for this

reaction, hence the use of thallium (II) salts.

1.5.3 a-Bromination Reactions

Light-induced bromination of a trialkylborane in the presence of water results

in the coupling of two or three alkyi groups to produce secondary or tertiary alcohols

upon oxidation.®® Use of one equivalent of Br2 results in the production of

secondary alcohols, (19). A second equivalent of Brj would result in tertiary

alcohols. Use of a dialkylborinic acid, or thexyldialkylboranes, under the above

conditions allows for the combination of two alkyI groups to produce highly

substituted tertiary alcohols.®®

H o H o R R>as«

R*-
Br,

^R
\,

-B R-

Br H H

lOl. R--
^R

-OH (19)

The reaction works well for primary, secondary, and tertiary groups to give yields

of 44-97%.

1.5.4 a-Alkylation and Arylation

In a similar reaction, treatment of a-halo esters, ketones, and nitriles with

base and trialkylborane results in the replacement of the halogen atom by an alkyI
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or aryl group of the organoborane, (20).®^ This reaction works very well to produce

n  f-BuOK °
R3B 1  A <20)Br— ^O—C2H5 THF, BuOH R—CHa"^ ̂ O—CaHg

monoalkylation only at the halogenated carbon and side reactions such as

elimination and rearrangements do not occur. The reaction is usually carried out

between 0 and 20 °C, with 1-2 equivalents of trialkylborane, and gives yields that

range from 68-100%. Most yields were in the 80-90% range and the low yields

resulted from reactions involving cyclic ketones. The halogens of a,a-dihalo

derivatives can be replaced consecutively with different groups. These groups can

be primary or secondary. This reaction, therefore, provides a convenient route to

a-halo esters and to dialkylacetic acids.

When a trialkylborane is used as the alkylating reagent only one of the

groups is transferred. This difficulty can be overcome by use of the B-alkyl-9BBN

derivatives. Examples of groups which can be transferred from 9-BBN include

methyl, cyclohexyl, exo-norbornyl, phenyl, and p-tolyl.

The mechanism of this reaction involves the conversion of the halo derivative

into the corresponding anion. This anion reacts with the organoborane to generate

the boron "ate" complex which is followed by migration of the organic group. The

intermediate can then be protonolyzed by the solvent to form the final product,

(Scheme 1).
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Scheme 1
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- AeCHBr^ OC2H5

X
RCH2''^0C2H5

R.B
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©

22



1.6 1,2-ADDITION REACTIONS

1.6.1 Unsaturated Organoboranes

The formation of a new carbon-carbon bond via the 1,2-migration of an

organic group from an organoborane, such as an allylborane, to a carbonyi carbon

is an important method for assembling a variety of useful carbon skeletons, (21).

Two types of organoboranes are known to alkylate carbonyi compounds via a

1,2-migration of an organic group from boron to carbon. These are allylboranes

and the unsaturated (vinyl and alkynyl) boranes. These organoboranes add

exclusively via a 1,2-migration to the carbonyi group in aldehydes and ketones to

CH3CHO 92 %ee

(21)

CH3CHO—2_:—^ 92 %ee

produce the corresponding alcohols after hydrolysis. The homoallylic alcohols

generated in the allyboration reaction are obtained in good yield and with high

stereoselectivities, (21).®^ The chiral blocking group, such as the crotyl group in eqn
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21, controls the enantioseiectivlty while the geometry of the double bond of the

borane determines the diastereoselectivity.®^

The stereocontrol results from the compact, six-membered transition state,

(22), which allows assymetric induction in the product through the use of chiral

modifying groups on the boron. The reaction occurs quickly, cleanly (no mixed

products), quantitatively, and with high enantio- or diastereoselectivities.

B-Vinyl-9-borabicyclo[3.3.1]nonanes transfer the vinyl group to the carbonyl

carbon of aldehydes with complete retention of configuration at the migrating vinyl

group, (23).®® The vinyl-9-BBN reagents are readily prepared via hydroboration of

the appropriate alkyne with 9-BBN.^^

OH

K  ̂ "R*

9-BBN R ^ R'CHO |

Alkynyl-9-BBN reagents react in a similar fashion with both aldehydes and

ketones, (24).®®

yj OH

-b: ) ) + _ ► R—^ (24)
R  R' "
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1.6.2 Saturated Organoboranes

Saturated organoboranes are typically unreactive toward carbonyl

compounds. The transfer of an alkyi group to a carbonyl compound, via a 1,2-

migration, would be a useful addition to the known organoborane reactions, (25).

OH

RaB
(25)

The earliest attempt at achieving a Grignard-like alkylation reaction using

trialkylboranes involved simply heating a mixture of a trialkylborane and an

aldehyde. The procedure did not yield the desired alkylated product. Instead a

reduction reaction occurred via a P-hydride elimination, (26).®' The reaction is

believed to occur via a planar, six-membered transition state, (27).

BuaB + 100-120 °C
neat

BBu
3  2

«  CHo^HRBu>,

Bu ^ \
0=CRR'

CH2=CHR

Bu. (27)
/B H

0-CRR'
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The 3-hydride elimination reaction proceeds rapidly with liberation of heat.

The first hydride transfer occurs readily. The second alkyi group releases a hydride

only after prolonged heating. It was later found that B-alkyl-9-BBN derivatives can

be used to efficiently reduce aldehydes such as benzaldehyde. The reaction rate

increases significantly with increasing degree of substitution at the 3-hydrogen.®®

A small amount of the desired alkylation reaction was observed when a

trialkylborane and a carbonyl compound were heated to 300°C in the presence of

hydroquinone.®®) The reaction does not appear to be synthetically useful.

Although the straightfonvard addition of a trialkylborane to a carbonyl carbon

has not been achieved, certain modifications in either the carbonyl compound or the

trialkylborane have resulted in limited success.

1.6.3 l-Boraadamantane and Cartonyl Additions

1-Boraadamantane is an alkylborane that does transfer an alkyI group to a

carbonyl carbon. The boron carbon bonds in this unusual organoborane are

/

1 -Boraadamantane
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forced away from their normally trigonal planar geometry into a pyramidal

orientation/" 1-Boraadamantane exhibits enhanced reactivity and Lewis acidity,

because of this sp"-like state when compared to an ordinary trialkylborane such as

tributylborane. Its complexing ability is comparable to that of BF3, and complexes

of 1-boraadamantane with pyridine and triethylamine do not dissociate even at 200

oc 7ia,b 1-Boraadamantane undergoes several typical organoborane reactions with

ease. It may, for example, be carbonylated to produce 1-adamantyl alcoho/^ or

aminated to produce 1-azaadamantane^^.

1-Boraadamantane's reactions with carbonyl compounds are especially

interesting (Scheme 2). The reaction follows the traditional organometallic path of

complexation with the carbonyl compound which upon heating undergoes an alkyi

transfer to give the alkylated product."

The sp"-like state of the boron in 1-boraadamantane is presumably

responsible for its reactivity toward cartxDnyl compounds. The reaction is, however,

limited to this single borane and only carbocyclic products are formed. If a way

could be found to mimic the nature of the sp" hybridization of the boron atom in

other trialkylboranes, this reaction would have a much wider scope.
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Scheme 2
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1.6.4 Alkylation of Formaldehyde using Trialkylboranes

Monomeric formaldehyde reacts with tributyiborane in the presence of air to

produce the addition reaction, (28)/'* This is the first reported example of direct 1,2-

addition of a simple trialkylborane to a carbonyl compound. The reaction is not

general for all aldehydes but several trialkylboranes have been successfully utilized.

—

Bu

OBu

Only one of the alkyi groups migrates to produce acceptable yields of the products.

The reaction is believed to proceed with a free radical mechanism, since

there is no alkylation in the absence of oxygen.^® Iodine also completely inhibits the

alkylation pathway leading to the reductive dealkylation compound as the sole

product.

1.6.5 Alkylation of 2-Hydroxyarylaldehydes with Trialkylboranes

Trialkylboranes will alkylate the carbonyl carbon of a 2-hydroxyarylaldehyde

(Scheme 3)7^ The reaction was attempted with several trialkylboranes and using

different 1-hydroxyarylaldehydes. The reaction does, however, require both an

ortho hydroxy group and a formyl group. The attempted alkylation of 2-

methoxybenzaldehyde resulted in complete recovery of the starting material. When
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the ketone, 2-hydroxyacetophenone, was used, the reaction produced only the

reduced product. In certain reactions, the addition of the radical inhibitor

galvinoxyl reduced the yield of product. This suggests a radical pathway, perhaps

a 1,4-type addition of an alkyi radical to the enol intermediate.^®

A wide variety of a-formylketones can also be alkylated with trialkylboranes,

giving somewhat lower yields than the reactions with 2-hydroxyarylaldehydes.

a-Diketones, however, do not react to give the alkylated product under either

photochemical or thermal conditions.

1.6.6 The Reaction of Borate Complexes with Acyl Halides

Lithium tetraorganoborate complexes react with acyl or aroyi halides to

produce the corresponding ketones in high yield, (29)." When an organoborane

is treated with an organolithium, the corresponding borate anion or "ate" complex

is formed. This converts the organoborane into a nucleophilic species.

LiBRR'a + +  BR*3
R"^^X R"^^R (29)

R, R* = alkyI R" = alkyi or
aryl
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The reaction of the "ate" complexes with acyl halldes is general for a wide

variety of trialkylboranes and acyl halides. Primary groups are transferred

preferentially over secondary alkyi groups. The reaction also exhibits a high degree

of chemoselectivity. The alkylation takes place exclusively at the acyl halide

carbonyl carbon, even in the presence of an alkene and an ester respectively.

It is believed that the "ate" complex is the reacting species. The fact that

trialkylboranes do not react with the acyl halides under similar conditions supports

this postulation. The reaction of Grignard reagents or organolithiums with acyl

halides usually produces the expected tertiary alcohols. The absence of these

products further corroborates the above theory. It is, therefore, believed that there

is no prior dissociation of the borate anion to the trialkylborane and the alkyllithium.

This reaction essentially moderates the reactivity of organolithium reagents to the

extent that none of the typical tertiary alcohol products are produced. At the end

of the alkylation reaction, the trialkylborane can be recovered quantitatively.

1.7 STATEMENT OF PURPOSE

The selective formation of carbon-carbon bonds is important in organic

chemistry. The reactions that are currently available are useful yet the reaction

conditions are too vigorous for many functional groups. In addition, the reagents

are often unstable and side reactions such as elimination, reduction and enolization

can occur. Organoboranes are very useful reagents because they are easily
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prepared, stable, and do not react with most functional groups. There are many

exciting reactions that organoboranes undergo but they cannot transfer a saturated

alkyi group to a carbonyl group. This dissertation summarizes a new reaction that

achieves the coupling of an aryl and an alkyI group, utilizing a 1,2-addition reaction

of a carbonyl derivative. The reaction conditions are sufficiently mild that

functionalities survive and side reactions are minimized.
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CHAPTER 2

ALKYLATION OF ALDEHYDE TOSYLHYDRAZONES

2.1 INTRODUCTION

As noted in Chapter 1, trialkylboranes do not routinely aikylate carbonyl

compounds. A new alkylation reaction has been developed which utilizes a

trialkylborane to aikylate a carbonyl compound at the carbonyl carbon and thus

achieve the overall coupling of an alkyi group and an aryl group. Aryl aldehydes 1

(Scheme 4) are easily converted into their corresponding arenesulfonylhydrazones,

such as the p-toluenesulfonylhydrazones (tosylhydrazones) 3. Trialkylboranes,

such as tributylborane (BU3B), can then react with the aryl aldehyde tosyl

hydrazones 3 in the presence of base to produce a new trialkylborane 4.^® This

benzylborane is readily protonolyzed in the presence of a strong nucleophilic base

to alkane 57^ Alkane 5 is equivalent to the coupling product of an alkylborane and

an aryl halide. Alternatively, 4 can be oxidized to produce the alcohol 6. Alcohol

6 is equivalent to the product of a 1,2-addition of the trialkylborane to the starting

aldehyde. In these studies, only the production of alkane 5 was studied. Two

possible intermediates in this reaction when proceeding from 3 to 4 are the anion

7 or the diazo compound 8, (Scheme 5). Both could generate the desired

organoborane 4. The mechanism of this reaction will be discussed in Chapter 4.
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2.2 SYNTHESIS OF ARYL ALDEHYDE TOSYLHYDRAZONES

The arenesulfonylhydrazones studied for this dissertation were the

tosylhyrazones and 2,4,6-triisopropylbenzenesuifonylhydrazones (trisyihydrazones).

The readily available tosylhydrazones were investigated first. Aryl aldehyde

tosylhydrazones are stable, crystalline solids. The derivatizing agent, p-

toluenesulfonylhydrazide, is commercially available and its hydrazone derivatives

have been extensively studied and characterized. They are easily prepared,

according to published procedures from p-toluenesulfonylhydrazide 2 and the

CH3

o

S—NHNH2

1- EtOH A
►

2- recryst.
from EtOH

NNHTs

"  (30)

corresponding aryl aldehyde 1, (30).®° The aldehyde and tosylhydrazine are heated

in boiling ethanol for 10 min. The reaction is immediate and a white precipitate is

seen. The precipitate is easily purified by recrystallization from a minimum quantity

of hot ethanol. Several aryl aldehyde tosylhydrazones were prepared containing

various substituents on the ring (Table 2-1). Also prepared were the heterocyclic

2-pyrrolecarboxaldehyde tosylhydrazone 31 and 2-furaldehyde tosylhydrazone 3m.
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H  NNHTs

.1^
NNHTs

31 3m

Table 2-1. Synthesis of Arylaldehyde Tosyihydrazones 3

Entry X mp CO % yield ̂

1 2-Methoxy (3a) 151.0-152.0 85

2 3-Methoxy (3b) 107.5-108.5 69

3 4-Methoxy (3c) 123.0-123.5 89

4 4-Methyl (3d) 146.0-147.5 74

5 H(3e) 126.5-128.0 72

6 2-Bromo (3f) 159.0-159.5 84

7 3-Bromo (3g) 115.0-115.5 72

8 4-Bromo (3h) 164.0-164.5 80

9 4-Chloro (3i) 158.0-159.0 67

10 3-Nitro (3j) 159.1-160.2 79

11 4-Nitro (3k) 156.8-158.2 81

12 2-Pyrryl (3!) 184.0-185.0 (d) 82

13 2-Furvl (3m) 109.0-110.0 (d) 82

All percent yields are isolated yields.
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2.2.2 Temperature Study

It is desirable for a reaction to occur readily at a low temperature to ensure

a lower probability of undesirable side reactions occurring, such as decomposition

of starting material or product, and the reaction is simpler to carry out. The

alkylation reaction was, therefore, first attempted at room temperature.

Unfortunately none of the desired alkane product was attained after a 24 h period.

However, an 83% isolated yield of pentylbenzene was obtained after heating the

reaction mixture to gentle reflux at 50-60 °C for 1 h. This higher temperature has

been tolerated by all the functional groups investigated to date.

2.2.3 Tributylborane Study

The model compound used in the alkylation reactions was tributylborane.

Tributylborane can theoretically transfer three butyl groups. It was found, in a

reaction of p-chlorobenzaldehyde tosylhydrazone with NaOH and BugB, that only

one of the butyl groups transferred. Two reactions in which 0.33 mole equivalents

of BugB was utilized gave a 34% and 33% isolated yield of p-chloropentylbenzene

as compared to a 99% yield of product (based on the carbonyl compound) if 1

equivalent of BugB was used. One equivalent of BU3B was thus utilized in all

subsequent reactions.
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2.2.4 Base Study Using Gas Chromatography

The alkylation reaction requires base. In the absence of base, no reaction

occurs within a 24-h period. The choice of base is dependent on two factors. First,

the base must be strong enough to remove the sulfonamide proton from the aryl

aldehyde tosylhydrazone. Second, The base must be nucleophilic enough to

hydrolyze the intermediate borane to the alkane. A gas chromatographic study was

performed to determine the efficiency of various bases in the alkylation reaction.

Table 2-2 summarizes the effect of these bases on the yield of product.

Table 2-2. The Efficiency of Various Bases in the Synthesis of Pentylbenzene.

Base Time (h) %Yield

Lutidine 4 0

Triethylamine 4 2

Diethylamine 4 8

DBU 0.5 21

Sodium Hydroxide 1 91

Tetrabutylammonium Hydroxide 1 86
® All percent yields are GC yields.
"Yields are determined using a minimum of three GC runs.

Sodium hydroxide and tetrabutylammonium hydroxide produced the highest

yields. 1,8-Diazabicyclo[3.3.1]undec-7-ene (DBU) is a strong base and, according

to thin layer chromatography (TLC), led to the disappearance of all the starting

material in 14 h of reaction. Since it is, however, a non-nucleophilic base it could not

deboronate intermediate 4, Scheme 6, to form the alkane product 5.
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Intermediate 4 is sufficiently stable, if a non-nucleophilic base is used, to undergo

oxidation to form the alcohol product, 1-phenylpentanol (6), in 76% isolated yield.

The lower yield is due to some hydrolysis of the intermediate borane. Sodium

hydroxide and tetrabutylammonium hydroxide are strong nucleophiles and

deboronate intermediate 4 to produce good yields of product 5. The other bases

were simply not strong enough to react with the starting benzaldehyde

tosylhydrazone. After a 4 h reaction time, a very small amount of product was

detected and most of the starting material remained unreacted.

All of the above reactions were carried out using one equivalent of base. In

a reaction of benzaldehyde tosylhydrazone with NaOH where only 1/3 equivalent

of base was used, the reaction did not go to completion. When 3 equivalents of

base were used there was no increase in yield as shown in Table 2-3.

Table 2-3. Effect of Excess Base on the Yield of Pentylbenzene.

Base (equiv.) Time % Yield Time % Yield

1 1 84 2 82

3 1 82 2 83

Other bases investigated were strong bases such as butyllithium, lithium

hexamethyldisilizane, and sodium hydride. These reactions were followed by TLC

for the disappearance of starting tosylhydrazone. These bases reacted only

partially with the starting tosylhydrazone. The primary drawback to their use is that
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they form tosylhydrazone anion salts which precipitate out of solution which

impedes further reaction with the trialkylborane.

2.2.5 Method of Base Addition

Two different modes of base addition were examined resulting in slightly

different yields of pentylbenzene (Table 2-4). In method A, the base was added

Table 2-4. Effect of Base Addition on the Yield of Pentylbenzene.

Base Time (h) % Yield A ̂ % Yield B

Lutidine 4 0 0

Diethylamine 4 0 8

DBU 0.5 17 21

NaOH 1 84 91

Bu^NOH 1 81 86

All percent yields are GC yields.
® %yield using method A.'' %yield using method 8.
^Yields are determined using a minimum of three GC runs.

to the THF/tosylhydrazone solution and the reaction mixture was then heated. If a

strong base was utilized, the solution turned bright orange. The color could be due

to anion formation®" (7, Scheme 5) or to formation of a diazo intermediate ̂ ® (8,

Scheme 5). The tributylborane would then be added slowly to the reaction mixture

since the reaction would strongly exotherm upon its addition. In method B, the

tributylborane was added to the THF/benzaldehyde tosylhydrazone mixture. This

was followed by addition of the base and the reaction mixture was then heated.
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This second method required less time and produced slightly higher yields of

product. Although the difference in yields is not significant, method B was used in

all subsequent reactions. It was simpler to use since none of the reactants had to

be added slowly, whereas in method A the borane had to be added dropwise.

2.2.6 Time Study

Gas chromatographic (GC) time studies were conducted to determine if the

thin layer chromatographic analyses were correctly indicating the endpoint of the

reaction. In the reactions of benzaldehyde tosylhydrazone with NaOH and BugB,

the starting material would disappear after approximately 1 h of heating. The GC

studies supported the TLC observations (Table 2-5). The reactions utilizing

BU4NOH as the base appeared to be complete within 14 h of heating with only a

trace of starting material visible according to TLC. This observation was again

supported by the GC studies (Table 2-5) in which the BU4NOH reaction, after only

14 h of heating, gave a yield comparable to that of the NaOH reaction. BU4NOH is

a strong nucleophilic base in methanol. The hydroxide ion in methanol is not as

solvated as the hydroxide ion in aqueous solution and can, therefore, deboronate

Intermediate 4 faster than aqueous NaOH.
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Table 2-5. Yields of Pentylbenzene with NaOH and BU4NOH.

Time (h) % Yield with NaOH ̂ % Yield with Bu^NGH ̂  ̂

0.5 70 82

1 81 81

2 82 81

® All percent yields are GC yields.
"Yields are determined using a minimum of three GC runs.
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2.2.7 Hydrolysis Study

It was of interest to ascertain whether or not the intermediate borane formed

in the reaction of DBU with benzaldehyde tosylhydrazone could be hydrolyzed to

the alkane product, pentylbenzene. Several reactions were run at reflux with DBU

for Yi h and analyzed by GC. This would gave the yield of pentylbenzene. NaOH

was then added in an attempt to hydrolyze the benzylborane intermediate 4 and

allowed to react in a variety of experiments at both RT and at reflux. The GC yields

of pentylbenzene were then determined.

The experiments in Table 2-6 demonstrate that the intermediate borane can

be hydrolyzed. At room temperature the hydrolysis reaction proceeds to give a

yield of only 45% after a reaction time of 2 h. It requires heating the reaction to

reflux for Yi h in order to obtain yields of pentylbenzene comparable to those found

in the reactions with OH". The hydrolysis of 4, therefore, requires heat to proceed

to completion. Since the reaction with DBU requires heat, both the first step of the

reaction (to obtain the intermediate benzylborane 4) and the hydrolysis step (to

obtain the final product 5) require heat.

46



Table 2-6. Hydrolysis of 4 to Yield Pentylbenzene.

Exp Method Temp{°C)® Time (h) % Yield" % Yield =

1 A RT 0.5 14.6 40

A RT 0.5 13.5 35

2 RT

RT

1

2

41

45

3 A reflux 0.5 13.8 59

4 B RT 0.5 9.5 42

5
B reflux

reflux

0.5

1

21.5 84

86

6 B reflux 0.5 20.7 85

® Temperature of hydrolysis reaction
" GC yield of pentylbenzene after V2 h at reflux with DBU
GC yield of pentylbenzene after addition of NaOH to the reaction mixture
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2.2.8 Ring Substituent Study Using NaOH

Since NaOH gave good yields of the pentylbenzene and was less expensive

than BU4NOH it was the first base to be studied. The alkylation reaction was run

with various substituted tosylhydrazones. The various substituted aryl

tosylhydrazones produced comparable yields of alkane product 5 (Table 2-7). The

tosylhydrazones containing electron-withdrawing groups (EWG) on the benzene

ring, such as chloro and bromo, gave slightly higher yields of product in shorter

reaction times. Longer reaction times were needed for tosylhydrazones containing

electron-donating groups (EDG), e.g. methoxy and methyl. Most of the starting

material disappeared within 2-4 h when the EDG substituted tosylhydrazones were

used. The yields of the isolated products were, however, lower than those

generated from the sulfonylhydrazones containing electron withdrawing groups.

Even after a reaction time of 5-6 h, the isolated yields from the tosylhydrazones

containing EDG were still lower relative to those obtained when the EWG

substituted materials were utilized. In these cases, extended reaction times were

required before acceptable yields of the desired products could be obtained.

Analysis of the reaction mixture by TLC seemed to indicate that the reaction

proceeds well initially and most of the starting tosylhydrazone was consumed within

the first few hours. However, a spot is seen by TLC which corresponds to the

intermediate benzylborane 4 and it disappeared very slowly. This suggests that

benzylboranes with EDG on the ring do not deboronate very easily, leading to the

longer reaction times for the methoxy and methyl derivatives.
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Table 2-7. Reaction of Various Aldehyde Tosyihydrazones with NaOH.

NNHTs

NaOH,
a

IMF, A

Entry X Time (h) %Yield 5 ®

1 4-methoxy 4 50''

2 4-methoxy 5 50

3 4-methoxy 9 57®

4 4-methoxy 17 83

5 4-methyl 2 59"''

6 4-methyl 17 89

7 H 1 83

8 2-bromo 1 93

9 3-bromo 1 88

10 4-bromo 1 90

11 4-bromo 5 92

12 4-chloro 1 92

13 4-chloro 1.5 99"

14 3-nitro 1 89®

15 4-nitro 0.5 81

16 4-nitro 1 90

17 4-nitro 23 89

® Isolated yields based on starting tosylhydrazone. " Average of two reactions.
Reaction also gave a 35% yield of alcohol. Reaction also gave a 10% yield of

alcohol. ® Average of three reactions.
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One of the reactions performed with the methoxy derivative, (Table 2-7, entry 3),

was oxidized to test this theory. It produced a 35% yield of alcohol 6 and a 57%

yield of alkane 5 to give an overall yield of 92%. The high yield of alcohol supports

the theory that the hydrolysis step is the slow step for these derivatives.

The p-nitro group is a very powerful EWG because it can further stabilize the

anion formed in the reaction (7*, 8', Scheme 5) by delocalization of the charge onto

the nitro group. The p-nitro substituted tosylhydrazone should, therefore, produce

a higher yield of product than the chloro or bromo containing tosylhydrazones.

However, the reactions of the p-nitro substituted tosylhydrazone did not give yields

above 90%. The reactions of p-chlorobenzaldehyde tosylhydrazone, in contrast,

gave yields of 98 and 99%.

2.2.9 Functionalized Alky I Groups Using NaOH

One of the advantages of organoboranes is their ability to tolerate many

functional groups.^^ A reaction was performed in which p-chlorobenzaldehyde

tosylhydrazone was treated with an organoborane containing an ester functionality.

The reaction went well, yielding 92% of the desired alkane product 11 in 1 h.

Secondary alkyi groups are also important in organic synthesis.

Tricyclohexylborane was used to test the ability of this alkylation reaction to transfer

a secondary group. The reaction yielded 24% of the desired alkylation product 12

after a reaction time of 3 h.
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11

12

2.2.10 Use of BU4NOH as Base

Although use of NaOH provides a simple route to the alkanes the use of

BU4NOH was investigated. BU4NOH is commercially available in methanol solution.

This solution was kept dry by keeping it under argon, and it remained sufficiently

oxygen free for our purposes. The reactions of the various aryl aldehyde

tosylhydrazones with this new base produced similar yields to the reactions with

NaOH, (Table 2-8). One improvement it led to was the reduction in reaction time.
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Table 2-8. Synthesis of Aryl Alkanes 5 from Tosylhydrazones 3 with BU4NOH

Entry X Time (h) %Yield 5^

1 2-Methoxy (3a) 2 93

2 3-Methoxy (3b) 2.5 89

3 4-Methoxy (3c) 1.5 83

4 4-Methyl (3d) 1 90

5 H(3e) 1 80

6 H(3e) 1

00

7 2-Bromo (3f) 1 92

8 3-Bromo (3g) 1 89

9 4-Bromo (3h) 1 94

10 4-Chloro (3i) 1 94

11 3-Nitro (3j) 1 91

12 4-Nitro (3k) 1 98

13 2-Pyrryl (31) 24 61

14 2-Furyl (3m) 3 66
^ Isolated yields
' Tosylhydrazone generated in situ in THF at RT
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This was Important for the hydrazones with EDG as substituents. Even for those

groups which retarded the reaction when NaOH was used, the reaction times with

BU4NOH were only 1-2.5 h. The hydrazones with EWG were complete in under 1

h. They were, however, all allowed to go for 1 h to ensure completion of the

reaction and especially of the hydrolysis step. Substitution in the ortho, meta or

para positions again seems to have little effect as seen from the methoxy and

bromo substituted derivatives.

It was also found that the reaction could be extended to aromatic

heterocycles. Both 2-pentylpyrrole and 2-pentylfuran were produced in good yields.

The slightly lower yields are presumably due to the increased electron density in the

heterocyclic rings as compared to the substituted benzene derivatives. This makes

formation of the anion less favorable which results in incomplete hydrolysis under

the reaction conditions.

2.2.11 Functionalized Alky I Groups Using Bu^NOH

As with NaOH, it was desirable to determine whether or not functional groups

would survive the reaction conditions. Several functional groups can be present

in the alkyi group transferred in this new alkylation reaction. Table 2-9 lists the

yields of the respective alkanes after reaction with p-tolualdehyde tosylhydrazone.

Entries 1-3 demonstrate that a halo, cyano, and ester group are readily transferred

using this methodology. Entries 4 and 5 demonstrate that secondary groups may

be transferred as well. In the Suzuki reaction which was discussed in Chapter 1,
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Table 2-9. Reaction of p-Tolualdehyde Tosylhydrazone with Various

Triaikylboranes.

NNHTs

R,B

Bu4N0H,A

13

Entry Product R (%) 13®

1 a -CH2{CH2)3CH2CI gi''

2 b -CH2(CH2)3CH2CN 98

3 c -CH2(CH2)9C00CH3 90

4 d -Chx-^ 71

5 e -CH{CH3)CH2CH3 62

6 f -Ph'^ 80

® Isolated yields.
^ Two equivalents of BU4NOH used.
''Chx = Cyclohexyl.
''From triphenylboron.
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secondary groups did not transfer at all under some conditions and trialkylboranes

transferred secondary groups with low yields.

2.2.12 Blocking Groups

As was noted earlier, only one of the groups on the boron migrates. This is

not uncommon in organoborane chemistry and, in fact, it occurs in many reactions

involving trialkylboranes. This includes the Suzuki reaction outlined in Chapter 1.

When this occurs, borane derivatives with two "blocked" positions are utilized to

conserve the alkene substrate. The borane derivatives tried in the reaction of

benzaldehyde tosylhydrazone and BU4NOH were dibromohexylborane and hexyl-9-

BBN.

Hexvl-9-BBN

9-Borabicyclo[3.3.1]nonane (9-BBN) can be prepared via the hydroboration

of 1,5-octadiene followed by thermal equilibration of the isomers in refluxing THF.®^

The dimer of 9-BBN may be recrystallized from 1,2-dimethoxyethane to give

crystals which are stable to air for short periods of time.®^ 9-BBN is one of the most

unhindered dialkylboranes so that it can hydroborate fairly hindered alkenes such

as 2,3-dimethyl-2-butene.®® It shows greater selectivity than most dialkylboranes,

placing 99.5% of the boron on the terminal carbon of a 1-alkene. In contrast to

other dialkylboranes it will preferentially hydroborate alkenes in the presence of the

more electron rich alkynes.®^

Hexyl-9-BBN 14 was prepared from commercially available 9-BBN according
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to literature procedure.®® It was added to a solution of benzaldehyde

tosylhydrazone followed by BU4NOH, (Scheme 7). After a reaction period of 1 h the

reaction mixture was oxidized with sodium perborate tetrahydrate. Upon purification

49% of the ring-opened product 5-(hydroxyphenylmethyl)cyclooctanol (15) was

isolated. This product was formed from the transfer of the cyclooctyl-boron bond

and oxidation of the intermediate borane. 1-Phenylheptane (16) was not isolated.

A similar result had been previously noted in the reaction of alkyl-9-BBN

compounds with a-diazocarbonyl compounds, where the ring migrated

preferentially to the straight chain alkyi group.®®

Scheme 7

B

14

NNHTs
1)Bu4N0H,A

2)NaB03-4H2O

3e
15

16
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Dibromohexvlborane

Dibromoalkylboranes are typically more reactive than trialkylboranes due to

their increased Lewis acidity. They display a regioselectivity similar to that of 9-

BBN. It was hoped that by replacing the alkyi groups with the bromine group only

the alkyI would migrate.

The dimethylsulfide complex of dibromohexylborane 17 was prepared

according to literature procedure®' and added to a solution of benzaldehyde

tosylhydrazone in THF followed by the addition of BU4NOH, (31). The reaction was

exothermic and a small amount of gas evolution was seen. After a reaction period

of 1 h very little of the starting material appeared to have reacted. Only a few faint

spots were observed when the reaction mixture was analyzed by TLC. After 8 h

there was no change in the reaction mixture and most of the starting material was

still present according to TLC.

NNHTs

Me2S*Br2

17 3e

BU4NOH (31)
N.R. '

There are two possible explanations for this. Due to its enhanced Lewis

acidity, the dibromoborane could form a complex with the nitrogens of the
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trisylhydrazone or the base. It is also possible that It Is unstable In base and Is

therefore destroyed before It can react with the tosylhydrazone.

2.3 ALKYLATION OF ALKYL ALDEHYDE TOSYLHYDRAZONES

It was of Interest to determine whether the preceeding successful

methodology could be extended to alkyi aldehydes, (Scheme 8). Based on the

mechanisms proposed for the reaction In Section 2.1, It was anticipated that the

reactions of the alky! hydrazone substrate would be more sluggish. The alkyI

groups offer little or no stabilization for the developing negative charge on the

original carbonyl carbon In the Initial alkylatlon step. They also offer no stabilization

for the anion that forms In the deboronatlon step (Scheme 6). The aryl groups, on

the other hand, stabilize these negative charges through benzyllc resonance and

Scheme 8

VJ

TsNHNHs
NNHTS Base BBU2

Bu^B
Bu

>(0H-

Bu
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the inductive electron withdrawing effect of the benzene ring. Despite this

drawback, it was desirable to determine if alky! aldehyde substrates could be

included in this new alkylation technology.

2.3.1 Synthesis of AikyI Aldehyde Tosylhydrazones

Heptanal tosylhydrazone, 18, was chosen as the model substrate for the

NNHTs

18

study. It is readily prepared from heptanal and p-toluenesulfonylhydrazide and it

was easily purified by recrystallization from ether.®®

2.3.2 Results of the Alkylation of Heptanal Tosylhydrazone

Several base and solvent combinations were tested to determine if 18 could

be alkylated with the standard trialkylborane, tributylborane, to give the coupled

product undecane, 19, (Table 2-10). The first attempt involved the use of NaOH in

19
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Table 2-10. Attempted Alkylation of Heptanal Tosylhydrazone via Tributylborane.®®

Entry Base Solvent^®^ % Yield undecane (19)

1 NaOH THF

2 BU4NOH THF

3 BuLi THF

4 f-BuLi THF

5 LDA THF

6 NaOH CH2CI2/H2O (PTC)

7 BU4NOH MeOH

8 BU4NOH MeOH/Hexanes

9 BuLi HMPA

10 f-BuLi HMPA

^^^Reflux.

refluxing THF, the protocol which succeeded with the aryl aldehyde

tosylhydrazones. It, however, failed to produce any product with the alkyi substrate.

BU4NOH, which was more effective in the tosylhydrazone reactions than NaOH, also

failed to produce any product. After refluxing overnight with BU4NOH there were a

multitude of spots but none of the desired product was isolated. A threefold excess

of BU4NOH also failed to produce product. Since a negative charge is presumed

to be forming during the course of the reaction it was thought that a more polar

solvent would aid in its formation by stabilizing it. However, when the reaction

conditions were changed to include more polar solvents such as methanol or

methanol/hexanes there was still no reaction. The reactions were run both at room

temperature and at reflux. There was no reaction at room temperature and at reflux
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there were once again a multitude of by-products. By-products observed via

GC/MS were 5-undecene, and various methyl substituted heptadecenes. One of

the isolated by-products was the azine 20. Azines are a common by-product of

diazo compounds which suggests that a diazo intermediate is being formed during

the reaction of the alkyi aldehyde tosylhydrazones with base.

N-N

20

Several other bases were tested first at room temperature and then in

refluxing THF including BuLi, f-BuLi, and lithium diisopropyl amide (LDA). There

was no reaction with any of the bases at room temperature: at reflux a multitude of

by-products was again observed. These included condensation products of

heptanal and the azine by-product. Several of the strong kinetic bases, such as the

alkyllithiums, produced a white solid when added to a solution of the tosylhydrazone

and tributylborane in THF. This solid is presumably the lithium salt 21 of the borate

complex formed by reaction of the nitrogen of the tosylhydrazone anion with the

boron of the tributylborane. A ̂^B NMR of the supernatant, from a reaction in which

the solid was present, showed no boron present, which suggests that the

tributylborane was trapped in the precipitated complex. Hexamethylphosphoramide

(HMPA), a polar aprotic solvent, was utilized in an attempt to solubilize this complex
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©

© Li
BU3B

\
/N—Ts
N

21

to allow the boron to react at the carbon of the original carbonyl instead of at the

nitrogen. Reactions were performed using strong bases in neat HMPA but no

product was produced.

Tosylhydrazones have been reported to be N-alkylated with NaOH and alkyi

halides under phase transfer catalysis (PTC) conditions. Adaptation of this

technology to utilization of tributylborane also failed to produce any product. The

azine was once again observed as a by-product after 24 h at reflux.

2.4 SUMMARY

A new alkylation reaction was developed which is the synthetic equivalent of

the cross-coupling of an aryl and an alkyI group. Aryl aldehyde tosylhydrazones are

readily alkylated with trialkylboranes in the presence of a nucleophilic base to

produce the corresponding substituted aryl alkanes. Several functional groups may

be present in either the hydrazone or the trialkylborane. AlkyI aldehyde
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tosylhydrazones do not react with trlalkyiboranes to produce the corresponding

alkanes. Alkylborane derivatives, such as B-alkyl-9-BBN and B-

alkylcatecholborane, do not react to produce the desired aryl alkanes.
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CHAPTER 3

ALKYLATION OF ARYL ALDEHYDE TRISYLHYDRAZONES

3.1 INTRODUCTION

After establishing that aryl aldehycle tosylhydrazones were suitable

substrates for the new alkylation reaction it was of interest to explore whether other

arenesulfonylhydrazones would function as well. The 2,4,6-

triisopropylbenzenesulfonylhydrazones (trisylhydrazones) have proven to be

superior to the tosyl hydrazones in production of diazoalkanes.^ The trisyl moiety

has also proven superior to the tosyl group in the production of diimide from

arenesulfonylhydrazides.®^ It was felt that the trisyl's increased reactivity would

manifest itself in the new alkylation reaction.

3.2 SYNTHESIS OF 2,4,6-TRIISOPROPYLBENZENESULFONYLHYDRAZIDE

The derivatizing agent, 2,4,6-triisopropylbenzenesulfonylhydrazide (TPSH),

is commercially available. It may, however, be simply and inexpensively prepared

from the readily available sulfonyl chloride 22 and hydrazine hydrate 23 (32).®^

TPSH, 24, was prepared and isolated as a snow-white solid in 80-85% yield. It is
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S—Cl NH2NH2 • H20

23

V \ s—NHNH,

22 24

a reasonably stable and easily handled material. If stored under refrigeration and

in an amber bottle, there is only 5% decomposition in nine months.

3.3 SYNTHESIS OF ARYL ALDEHYDE TRISYLHYDRAZONES

Aryl aldehyde trisylhydrazones are stable crystalline or powdery solids which

can be readily prepared by adding the corresponding aryl aldehyde to TPSH in

methanol (33).^ The reaction is run at room temperature for 1 h. An immediate

v \ S—NHNHj
II
O

1.MeOH
*■

2. recryst.
from EtOH

NNHTris

H

(33)

24 25

reaction is seen in the formation of a precipitate. The resulting precipitate may be

recrystallized from a minimum quantity of hot ethanol. Some of the derivatives
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which could not be recrystalllzed were the more polar ones such as the nitro and

the bromo substituted benzenes. This was due to their low solubility in hot ethanol.

It was, however, not a problem as the unrecrystallized solids were actually

analytically pure. Table 3-1 lists several aryl aldehyde trisylhydrazones which were

prepared for this study.

Table 3-1. Synthesis of Aryl Aldehyde Trisylhydrazones 25

Entrv X mD( °C) % Yield 25

1 2-Methoxy (25a) 164.5-165.5 54

2 3-Methoxy (25b) 187.0-188.5 62

3 4-Methoxy (25c) 161.5-162.5 62

4 4-Methyl (25d) 165.0-166.0 61

5 H (25e) 186.5-187.5 87

6 2-Bromo (25f) 153.0-154.0 71

7 3-Bromo (25g) 207.5-209.0 54

8 4-Bromo (25h) 197.0-197.8 68

9 4-Chloro (25i) 194.5-195.5 70

10 3-Nltro (25j) 191.0-192.5 80

11 4-Nitro (25k) 196.0-197.0 74

12 2-Furan (251) 149-150 (d) 87
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3.4 RESULTS

The aryl aldehyde trisylhydrazone derivatives were tested as possible

substrates in the alkylation reaction, Table 3-2. The derivatives produced the

alkanes in excellent yields and, in fact, some proceeded under very mild conditions.

Whereas the tosyl derivatives required heating to reflux in THF, the trisyl derivatives

all reacted at room temperature. Some of the derivatives required heating so that

the deboronation step could proceed at a reasonable rate; these were the

substrates with no EWG on the ring. The deboronation step leaves a benzylic anion

which needs to be stabilized through resonance into the aromatic ring. The EWG

provides this stabilizing force at room temperature so that the p-chloro and p-bromo

substrates, for example, proceed at room temperature to give good yields of

product. The unsubstituted benzyl substrate and the substrates with the EDG, such

as p-methoxy and p-methyl, had to be heated in order for this second step to occur

readily.
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Table 3-2. Synthesis of Aryl Alkanes 5 from Trisylhydrazones 25.

NNHTris

BU3B, B1JI4NOH

THF, RT
A

25
A

5

Entry X Time (h) Temperature %yield 5 ̂

1 4-Methoxy {25c) 1.5 Reflux 68

2 4-Methyl (25d) 1 Reflux 88

3 H (25e) 1 Reflux 93

4 2-Bromo (25f) 0.5 RT 92

5 3-Bromo (25g) 0.5 RT 96

6 4-Bromo (25h) 1 RT 93

7 4-Chloro (251) 0.5 RT 93

8 3-Nitro (25j) 0.5 RT 96

9 4-Nitro (25k) 0.5 RT 95

10 2-Furan (251) 1 Reflux 93

' Isolated yields based on starting trisylhydrazones.
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3.5 Ketones

Thus far only aldehydes had been studied. To extend the reaction, the

trisylhydrazones of ketones were prepared and used in the coupling reaction,

(Table 3-3). Aryl ketone trisylhydrazones were as simple to prepare as aryl

aldehyde trisylhydrazones (34).®° Once again the ketone and TPSH are combined

CH, .

NNHTris

// "^ ?\ I.MeOH, HCI

O  from EtOH

26 24 27

with methanol as the solvent. The reaction proceeds at room temperature in 1 h.

The only difference is that a catalytic amount of acid is used in the reaction.

Table 3-3. Synthesis of Ketone Trisylhydrazones 27.

Entry X mp % Yield 27

1 H 166.5-167.5 85

2 4-NO2 163.3-164.7 65
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The reaction of the ketone trisylhydrazones with tributylborane, (35),

produced good yields of the alkylation reaction to give 28 in good yields, (Table 3-

4).

sINHTris

CH3
BU3B, BU4NOH

1

THF
(35)

27 28

Table 3-4. Synthesis of Aryl Alkanes 28 from Ketone Trisylhydrazones 27.

Entry X Time (h) Temperature % Yield 28

1 H 1 reflux 74

2 4-NO2 1.5 RT 85

3.6 Alky! Trisylhydrazones

When the alkylation of heptanal tosylhydrazone 18 was investigated earlier,

there were no positive results and none of the coupled product was isolated. It was

thought that perhaps the increased reactivity of the trisyl group would enable the

reaction to proceed if an alkyi aldehyde trisylhydrazone was used. Heptanal
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trisylhydrazone 29 was used for this study. Unlike its tosyihydrazone counterpart,

heptanal trisylhydrazone is not very stable or isolable and must be prepared and

used in sltu.^ Heptanal and TPSH were dissolved in THF and stirred at room

temperature until TLC indicated that the reaction was complete. The THF solution

was then dried with anhydrous MgS04 and filtered through a short column of

celite/anhydrous Na2S04 to remove the water generated during trisylhydrazone

formation.

The reaction was carried out with a variety of bases (Scheme 9). A reaction

occured but did not give the coupled product, undecane (19). Instead, undecan-5-

ol 31 was produced upon oxidation. The intermediate borane, 30, is too stable to

base and can not be deboronated. The negative charge that would form upon

deboronation, 32, has no way of being stabilized.

In the reactions to form the alkylation product, undecan-5-ol, the base that

gave the highest yield was DBU (Entry 5, Table 3-5). Propionic acid was used in

an attempt to protonolyze the intermediate borane 30, formed upon reaction of

heptanal trisylhydrazone with BugB and DBU. If all of the intermediate reacted, a

theoretical yield of 74 % undecane could be obtained. Undecane was, however,

formed only in a 14% yield. This was the only reaction utilizing heptanal

trisylhydrazone that gave the coupled product 19.
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Scheme 9

NNHTris
Bu. ^Bu

^ ^

BU3B, Base

THF

29 30

>COH-
w

32

[O]

©

^Bu

31

'Bu

19

Table 3-5. Synthesis of Undecan-5-ol 31 from Heptanal Trisyihydrazone 2992

Entry Base Time (h) Temperature % Yield

1 BU4NOH 0.5 RT -

2 BU4NOH 1 reflux 50

3 f-BuLI 2 RT -

4 f-BuLI 19 reflux 64

5 DBU 3 reflux 74^

1.5 equivalents of base used
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3.7 USE OF BORANE DERIVATIVES

As in the tosylhydrazone case, the stolchiometry of the alkylatlon reaction

between aryl aldehyde trisylhydrazones and tributylborane was equimolar. Only a

single group transferred from the three available on the trialkylborane. As in the

tosylhydrazone case it was desirable to attempt to conserve the alkyi groups by

using borane derivatives with two "blocked" positions. A variety of blocking groups

were used in the alkylatlon of benzaldehyde trisylhydrazone and BU4NOH. An

investigation into the applicability of these blocked derivatives to this new alkylatlon

reaction follows.

3.7.1 Dicyclohexyldecylborane

Dicyclohexylborane is a very stable white solid which exists as a dimer. It

has an enhanced regioselectivity relative to BH3 and places 99% of the boron at the

terminal position of a 1-alkene. It will also selectively hydroborate an acyclic double

bond in the presence of a cyclic double bond.®^

Dicyclohexylborane was prepared from the hydroboration of cyclohexene

with BHg.®^ It was then used in the hydroboration of 1-decene to produce

decyldicyclohexylborane 33.^ When it was treated with BU4NOH and benzaldehyde

trisylhydrazone a mixture of cyclohexylphenylmethane, 34, and 1-phenylundecane,

35, was produced. 34 and 35 were produced in yields of 61% and 31% respectively

giving a ratio of 67:33 or 2:1, (Scheme 10). This ratio shows that the groups
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migrated competitively. This blocking group is therefore not useful for the alkylation

reaction.

Scheme 10

NNHTris

BU4NOH

THF,A

33 25e
34

10

35

3.7.2 Hexyldisiamylborane

Disiamylborane is similar to dicyclohexylborane in that it too shows an

enhanced regioselectivity relative to BH3 placing 99% of the boron on the terminal

carbon of a 1-alkene.®® It was prepared from the reaction of two equivalents of 2-

methyl-2-butene with The resulting borane was used to hydroborate 1-

hexene to give hexyldisiamylborane 36,®® which was then used in the reaction of

benzaldehyde trisylhydrazone with BU4NOH to give a mixture of products, (Scheme

11). 2,3-Dimethylbutylbenzene, 37, and 1-phenylheptane, 16, were produced in
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Scheme 11

NNHTris

BU4NOH

THF.A

36 25e
37

16

yields of 8% and 41% respectively. This ratio of 16:84 siamylihexyl reveals that the

hexyl migrated preferentially. This is opposite to the cycylohexyl case and therefore

puzzling. One problem might be an incomplete reaction of the 2-methyl-2-butene

with BH3. NMR, however, showed that the reaction was complete and that all

of the BH3 had reacted to form the dialkylborane.

3.7.3 Hexyl-9-BBN

Hexyl-9-BBN 14 was prepared from the commercially available 9-BBN

according to literature procedure.®® When it was treated with benzaldehyde

trisylhydrazone 25% of 16 was isolated while 48% of the ring opened product 15

was isolated, (Scheme 12). This corresponds to a molar ratio of 34:66. As in the

preceding alkyi blocking groups the 9-BBN blocking group competitively transfers
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to give a molar ratio close to the theoretical ratio of 33:67.

Scheme 12

-Mr

14

NNHTris
1)Bu4N0H,A

2)NaBC^-4H20

25e
15

16

3.7.4 Dihexylthexylborane

Thexylborane is a very hindered monoalkylborane which was prepared by

the reaction of 2,3-dimethylbutene with BH3.®® Two equivalents of 1-hexene were

then added to the prepared monoalkylborane to produce dihexylthexylborane 38,

(Scheme 13).^°° The thexyl group is so hindered that it generally does not migrate.

When it was used in a reaction with benzaldehyde trisylhydrazone however, it

competed effectively with the hexyl group and migrated at the same rate. 1-

Phenylheptane, 16, and 2,3,3-trimethyl-4-phenylbutane, 39, were produced in yields

of 61% and 25% respectively. This corresponds to a molar ratio of 71:29 which is

very close to the 67:33 ratio expected if both groups had the same migratory
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aptitude. Once again the hindered group migrated at a rate equal to that of the non-

hindered group.

Scheme 13

B—hex2

38

Cr"
NNHTris

BU4NOH

THF.A

25e 16

39

3.7.5 Dibrotnohexylborane

When dibromohexylborane 17 was used in the reaction of benzaldehyde

tosylhydrazone (Section 2.2.13), there was no reaction. It was postulated that

either the dibromoborane was too acidic and complexed with the hydrazone without

reacting, or that the base was destroying the borane. It was hoped once again that

the increased reactivity of the trisyl group would enhance this reaction.

The dimethylsulfide complex of dibromohexylborane was prepared according

to a literature procedure®' and added to a solution of benzaldehyde trisylhydrazone

in THF followed by the addition of BU4NOH. After a reaction period of 1 h, most of

the starting material had reacted. Several spots were, however, seen when the
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reaction mixture was analyzed by TLC and none of them corresponded to 16. The

largest spot observed seemed to correspond to the intermediate benzylborane so

perhaps the deboronation step does not work in this reaction.

This reaction was in direct contrast to the tosyl case where none of the

starting material reacted and only a few faint spots were noted when the reaction

mixture was analyzed by TLC. In this case, the trisylhydrazone appears to be

reactive enough to reach the benzylborane stage but does not go beyond that to the

protonolyzed product. The multiple spots seen on the TLC suggest that the starting

material is also decomposing and that side reactions are occurring.

3.7.6 Hexylcatecholborane

Catecholborane or 1,3,2-benzodioxaborole is produced from the reaction of

BH3 with catechol.^"^ It is a solid at 0°C and is quite stable if stored at that

temperature. The two oxygens that serve as the blocking groups decrease the

Lewis acidity of the boron atom making catecholborane less reactive than the

dialkylboranes. It will hydroborate alkynes and alkenes at 70°C and 100 °C,

respectively, giving regioselectivities comparable to disiamylborane.^®^

B-Hexylcatecholborane 40 was prepared according to the literature

procedure from catecholborane.^"^ It was expected that, if a reaction occurred, the

oxygens would not migrate making this an ideal blocking group. Use of 40 in a

reaction with benzaldehyde trisylhydrazone and base gave similar results to the

dibromoborane reaction. The starting benzaldehyde trisylhydrazone reacted within
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Vi h at reflux but no alkylation product was observed (36). Analysis of the reaction

mixture by TLC revealed a spot that corresponded to the intermediate borane. After

heating at reflux for an additional 2 h there was still none of the desired product 16

and the intermediate borane was still present. After allowing the reaction to reflux

overnight, multiple spots were seen. None of these corresponded to the desired

product. This result is similar to that of the dibromoborane reaction.

o

40

NNHTris

25e

BU4NOH

IMF, A
no alkylation (36)

product

3.7.7 Oxidized 9-BBN

Partially oxidized alkyi 9-BBN has only one oxygen attached to the boron and

has been used before in cases where the cyclooctyl ring migrated preferentially to

a primary alky! group as in the hexyl-9-BBN case. Hexyl-9-BBN was prepared as

previously described (Section 2.2.13). One of the cyclooctyl ring bonds was then

selectively oxidized at the boron with trimethylamine-N-oxide (TMANO) to give 41

which was then purified by distillation.

When 41 was used in a reaction of benzladehyde trisylhydrazone with base

the starting material was still present after 5 h at reflux and no alkylation product
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was seen, (37). It is possible that the one oxygen decreased the Lewis acidity to

the point that 41 will not react to give the alkylated product 16.

o NNHTris

BU4NOH ^ no alkylation
THF,A product

(37)

41 3e

3.7.8 Summary of Blocking Groups

None of the blocked derivatives were useful for the alkylation of aryl

aldehyde trisylhydrazones. Hindered alkyi blocking groups, such as cyclohexyl, 9-

BBN, and thexyl, migrated competitively with the primary alkyI group to give

mixtures of products. Blocking groups containing boron-oxygen bonds or boron

bromine bonds react with the trisylhydrazone but do not give any alkylation product.

3.8 CONCLUSION

Aryl aldehyde trisylhydrazones and tosylhydrazones are readily alkylated

using a new alkylation reaction which is the synthetic equivalent of the coupling

between an aryl and an alkyI group. The trisylhydrazones react more readily than

the corresponding tosylhydrazones, producing alkylated aryls in excellent yields.
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Trisylhydrazones containing EWG react at room temperature while trisylhydrazones

with EDG require heat for the reaction to go to completion. AlkyI trisylhydrazones

do not produce the corresponding alkanes in very good yields and alkylborane

derivatives are not useful in this reaction.
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CHAPTER 4

MECHANISM OF THE ALKYLATION REACTION

4.1 INTRODUCTION

There are two possible mechanistic courses for the new reaction. In the first,

the anion mechanism, removal of a proton from the starting tosylhydrazone 3 would

generate an anion 7, (Scheme 14). The trialkylborane would then react with this

anion to form an electron-rich organoborate complex 43 which spontaneously

undergoes a 1,2-boratropic shift,^"^ expelling nitrogen and the p-toluenesulfinate

anion, to produce the new organoborane 4. The new benzylic borane 4 would then

be oxidized to the desired alcohol product 6 or hydrolyzed to the corresponding

alkane 5 by nucleophilic bases. Alternatively, the reaction may proceed via a diazo

mechanism, (Scheme 15). Removal of a proton from the aryl aldehyde

tosylhydrazone would generate the anion 44, which could then decompose to the

intermediate diazo compound, 8', prior to reacting with the trialkylborane. The

borate complex 44, once formed, would undergo a spontaneous 1,2-boratropic shift,

expelling nitrogen, to generate trialkylborane 4. Reactions of alpha-diazocarbonyl

compounds with trialkylboranes are known.^®^ The difficulty in elucidating which

mechanism is operative lies in the fact that they differ only in the timing of the tosyl

group loss.
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Scheme 14
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Scheme 15

:N'
,NH—Ts

Base

,N—Ts

X  X
3  7

-Ts"

:N: :N

©N

8*

BUoB

BBU2

0^" ■N2 4 Mu.

Bu

OH-
[O]

44

OH

"Bu

84



4.2 GENERATION OF DIAZO COMPOUNDS FROM TOSYLHYDRAZONES

Tosylhydrazones have been used to generate diazo compounds^"® and

generation of an aryl diazo compound, such as that shown in Scheme 15, is

possible under the conditions employed in this new reaction. DBU was used as the

base in all of the following mechanistic studies in order to trap and observe the

organoboron intermediate that is postulated to form. When p-tolualdehyde

tosylhydrazone 3d was treated with DBU in the absence of organoborane under the

standard reaction conditions, a deep red color formed which can be attributed to the

formation of a diazo compound. In fact, when pentane extracts of this reaction

mixture were examined by IR, a sharp band at 2050 cm"^ was noted. The

characteristic IR band of aryl diazo compounds has been reported to be in the

range 2020-2060 cm"\^°® The reaction, however, does not go to completion and,

as evidenced by TLC, starting tosylhydrazone was still present after the typical

reaction period of 1 h. Recovery of the starting material via flash chromatography

gave a 29% yield of p-tolualdehyde tosylhydrazone. p-Toluenesulfonylhydrazide

was also detected which indicates that decomposition of the starting hydrazone also

took place.

Dimethyl maleate was then used as probe of the reaction mechanism.

Dimethyl maleate reacts with aryl diazo compounds via a 1,3-dipolar cycloaddition

to generate fra/7s-5-aryl-4,5-dihydro-1H-pyrazole-3,4-dicarboxylic acid dimethyl

esters, (46, Scheme 16).^°' Reaction of p-tolualdehyde tosylhydrazone, 3d with
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tributylborane and DBU in refluxing THF produced an 83% yield of alcohol 6d after

oxidation in 1 h. Reaction of p-tolualdehyde tosylhydrazone, 3d, with 45 and DBU

in the absence of trialkylborane in refluxing THF produced a 76% isolated yield of

46 in 1.5 h. When the reaction with 45 was run in the presence of trialkylborane,

(Scheme 16), an 80% isolated yield of 6d (trialkylborane reaction) was produced

Scheme 16

Ts
©N

Ts ©N

Base -Ts

CHs

BusB3B / BUjB

BBuo

Me02 C ̂̂ ^^^^^C02 Me

45

MeOaCw ^COaMe

CHs

46

6d

after oxidation and none of pyrazoline, 46, was detected. In an attempt to enhance

the rate of the maleate reaction, it was repeated but modified such that the solution
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of 3d, the borane and dimethyl maleate was heated to reflux prior to the addition of

DBU. Once again, a 77% yield of alcohol was produced. These results suggest one

of two things: either the reaction proceeds via the anion mechanism or the reaction

of the trialkylborane with the diazo intermediate is faster than the cycloaddition with

dimethyl maleate.

4.3 GENERATION OF DIAZO COMPOUNDS FROM TRISYLHYDRAZONE

The reaction of tributylborane with diazo compound 8' was then investigated.

Diazo compound 8' (where X=H) was prepared in 90% yield from benzaldehyde

trisylhydrazone.®^ Benzaldehyde trisylhydrazone 25e was heated to reflux in

methanol with two equivalents of KOH. The diazo compound formed readily in 10

min. The isolated diazo compound was then treated with tributylborane under a

variety of conditions. In the first series of experiments, a solution of tributylborane

in THF was added directly to 8' also in THF at RT. Vigorous gas evolution was

observed and several products were formed but none of the desired alcohol or the

alkane was obtained after oxidation. Then, a solution of 8* in THF was added

dropwise to a solution of tributylborane in THF. The reaction was immediate and

37% of the alcohol product 6 was isolated after oxidation. If the reaction was

repeated with the base, DBU, included in the reaction mixture, 55% of 6 was

isolated. This is much lower than the 90% yield typically produced under the normal

benzaldehyde trisylhydrazone reaction conditions (2 h at RT). A two-fold excess
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of 8' was necessary to produce 93% of the desired product 6. It is, therefore,

possible to obtain the desired alcohol product from a reaction of the diazo

intermediate and tributylborane but a two-fold excess is necessary to obtain a yield

comparable to that observed in the in-situ reaction.

Benzaldehyde trisylhydrazone was then treated with DBU in THF to

determine if the diazo compound is produced under the normal reaction conditions.

After 2 h at room temperature very little starting material was utilized and the

reaction turned a faint orange indicating that very little diazo compound formed. To

eliminate the possibility that tributylborane, a Lewis acid, catalyzes the formation of

the diazo intermediate, tribromoborane was added to a mixture of benzaldehyde

trisylhydrazone and DBU. Tribromoborane had no effect on the formation of the

diazo compound and disappearance of the starting material was not observed.

Earlier in this section it was noted that 8' readily formed in refluxing methanol

with two equivalents of KOH. If the alkylation reaction proceeds via the diazo

intermediate 8' then the reaction rate should increase in the presence of methanol.

When benzaldehyde trisylhydrazone was treated with BugB and DBU in MeOH, the

reaction yielded 22% of 6 and 62% of 5 in 29 h. This was much slower than the

typical alkylation reaction time (2 h) and hydrolysis occurred due to the polar protic

solvent. When p-chlorobenzaldehyde trisylhydrazone was used in a reaction with

BU3B and BU4NOH, there was an 87% yield of 5 (where X=CI) in 3.5 h. Once again,

this reaction time is slower than the typical reaction time of 1 h for this

trisylhydrazone. KOH was then used to form 8* in THF from benzaldehyde
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trisylhydrazone. The reaction mixture turned orange at room temperature, but there

was very little starting material utilized according to TLC. After heating to reflux for

1 h in the presence of 2 equivalents of KOH the reaction remained orange in color,

but there was very little change in the amount of the starting trisylhydrazone. This

study indicates that the diazo compound does not form easily in THF even with 2

equivalents of base added and with heating and suggests that the diazo compound

does not form during the normal alkylation reaction.

These studies verify that BugB will react with the diazo compound 8' to form

the alkylation product 6. The data do, however, suggest that this is not the

preferred pathway for the reaction. First, the diazo compound does not appear to

form efficiently under the normal reaction conditions since, in the absence of BugB,

the reaction did not develop the deep orange color associated with 8'. Second, the

alkylation reaction proceeded much slower in methanol, whereas the rate should

have been enhanced if the reaction was proceeding via 8*. Finally, although BugB

did react with the isolated diazo compound, a two-fold excess of 8' was necessary

to achieve a comparable yield of 6.

4.4 NMR STUDIES

Both the tosyl and trisyl reactions were monitored by ̂ ^B NMR. The ̂ ^B

isotope has a natural abundance of 81.17% and a nuclear spin / of 3/2.^°® As in

other nuclei, the shielding of the ̂ ^B nucleus depends on the chemical nature of the
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adjacent atoms. Reaction mechanisms and reaction times involving boron

compounds can be determined by monitoring the disappearance of the initial

signal and/or the appearance of a new signal. The signals can be integrated in

order to determine how much of each compound is present. Intermediates can also

be detected if they are present in high enough concentrations. Tri- and tetra-

coordinate boron compounds can be observed simultaneously and quantified

accurately if the RF power is adjusted appropriately. Tetra-coordinate boron

compounds can be readily saturated by too high an RF, leading to loss of signal.

It was postulated that, if a difference could be detected in the NMR spectra of the

hydrazone reactions and the reaction of the diazo compound 8*, then conclusions

could be drawn concerning the mechanism.

4.4.1 Experiment 1

BU3B in THF gives a ̂^B resonance at 85 ppm, (Table 4-1 and Figure 4) and,

upon addition of DBU to a 1 M solution of BujB, this resonance shifts upfield to

generate two resonances at 19 ppm and 2 ppm (Table 4-1 entry 2 and Figure 5).

The shift is evidence of complex formation between the nitrogens of the DBU and

the 8038.^°® In all spectra, the peak at approximately 50 ppm is due to the boronic

acid of tributylborane (8U2BOH) which is present as a contaminant.
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Table 4-1. Exp. 1: NMR of BuoB in THF and DBU

Entry Time "B signal (ppm)" ^^B signal (ppm)"

r 0 82.5 85

2b
0 16.5, -0.5 19,2

3" 60 16.5, -0.5 19,2

® Reaction mixture consists of BugB in THF
^ Reaction mixture consists of BU3B, THF and DBU
Original signals showing borinic acid at 51.5 ppm

" Corrected signals placing borinic acid at 54 ppm
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4.4.2 Experiment 2

In a second experiment, a 0.3 M solution of benzaldehyde tosylhydrazone

and BugB in THF was prepared in an NMR tube and monitored at various

temperatures, (Table 4-2). The BugB signal, originally at 85 ppm, is split into two

signals: one at 88 ppm and a larger one at 83 ppm (Figure 6). As the temperature

decreases both signals move upfieid (eg. Table 4-2 entry 3 and Figure 7). The

smaller one moves a few ppm but the larger one moves upfield to 34 ppm. Signals

broaden and disappear into the baseline at -53 °C so only one of the borane

resonances can be observed at the lower temperatures. The temperature was

lowered to - 78 °C but, at that temperature, there were only two very broad low

humps visible.

Table 4-2. Exp. 2: "B NMR of Benzaldehyde Tosylhydrazone with BugB in THF

Entry Time (min) Temp (°C) ^^B signal (ppm) ® ^^B signal (ppm)

1 0 25 87, 82 88,83

2 12 12 85, 79 86,80

3 25 -3 84,73 86, 74

4 31 -18 83, 58 84, 59

5 43 -23 81,53 82,54

6 50 -38 79,47 80,48

7 56 -53 34 35

8 70 -68 33 34

^ Original signals showing borinic acid at 53 ppm and boronic acid at 32 ppm
" Corrected signals placing borinic acid at 54 ppm
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The splitting of the signals could be from the complexation of the borane with the

hydrazone. The shifting of the resonances upfield indicates an increasing strength

of the complex.

4.4.3 Experiment 3

While the above reaction mixture described in 4.4.2 was maintained at -78

°C, 1 equivalent of DBU was added. The reaction mixture was then slowly warmed

and the NMR spectrum monitored (Table 4-3). The NMR resonances detected

between -78 °C and -53 C° were around 4 ppm, broad and not well defined. A new

complex was formed upon the addition of DBU as evidenced by the upfield shift of

the NMR signals. The complex could be BU3B either complexed with the anion

7 or the diazo compound 8. However, since the diazo compound does not form

easily at low temperatures, it is postulated that the complex formed involves the

anion.

The resonances noted in entries 1-3 in Table 4-3 are sharper than those

observed at the lower temperatures (Figure 8). When the temperature was

increased to -3 °C, (Table 4-3, entry 4) the signals broaden and diminish. The

observed signal at 12 °C extends from -10 ppm to 35 ppm with a small maximum

centered near 25 ppm. The signal at 38 ppm at room temperature (Figure 9) is

presumed to be the complex between the hydrazone anion and the tributylborane.
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Table 4-3. Exp. 3: NMR of Benzaldehyde Tosylhydrazone with DBU in THF

Entry Time (min) Temp {°C) "B signal (ppm) ̂ ^^B signal (ppm)"

1 39 -38 0 1

2 45 -23 0 1

3 60 -18 0 1

4 67 -3 2 3

5 75 12 24 25

6 117 25 37 38

^ Original signals showing borinic acid at 53 ppm
" Corrected signals placing borinic acid at 54 ppm
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4.4.4 Experiment 4

A new reaction mixture was prepared at room temperature consisting of the

same reactants as those described in experiment 3, (Table 4-4). The mixture was

cooled to 0 °C in the NMR but no change was observed. At room temperature,

signals were observed at 29 and 20 ppm. After allowing the reaction mixture to sit

at room temperature for an additional 5 min, the resonance at 29 had disappeared

and two new resonances were observed at 36 and 10 ppm (Table 4-4, entry 3 and

Figure 10). The signal at 20 ppm had decreased in size considerably. The

resonance at 36 ppm could be due to the complexation of the intermediate anion

and tributylborane as was postulated in experiment 3 (section 4.4.3). The signal at

20 ppm could have arisen from the complex of excess DBU and BujB. In Table 4-1,

one of the signals for the complex between DBU and BugB was observed at 19

ppm. This is close to 20 ppm and could be due to the same intermediate. The 20

ppm resonance disappeared once the reaction mixture had a chance to equilibrate.

The reaction mixture was then heated to reflux in a hot water bath and

placed in the NMR spectrometer at room temperature for observation. The

resonance at 36 ppm disappeared after the first 5 min of heating and a small peak

was seen at 32 ppm. This signal could be due to a small amount of boronic acid,

present as an impurity. The signal did not change in size throughout the rest of the

experiment. The signal that formed around 8 ppm was approximately 5 ppm wide.

The resonance for borate complexes such as 43 or 44 should be seen upfield of 0

ppm and the signal should be sharp. This resonance might, therefore, correspond
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Table 4-4. Exp 4:^^B NMR of Benzaldehyde Tosylhydrazone with BugB and DBU

in THF

Entry Time (min) Temp {°C) ^^B signal (ppm) ̂ ^^B signal (ppm) ̂

1 0 0 78 81

2 30 25 26.17 29, 20

3 34 25 33, 17,7 36,20,10

4 5 reflux 5 8

5 20 reflux 4,-2 7,1

6 30 reflux 5,-2 8,1

7 60 reflux 3, -2 6,1

® Original signals showing borinic acid at 51 ppm and boronic acid at 29 ppm
Corrected signals placing borinic acid at 54 ppm
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to a weak complex of the Intermediate boranes. As the reaction continued, the

resonance near 8 ppm diminished in intensity and a new peak started forming at 1

ppm. This resonance could correspond to the benzylborane 4 complexed with

DBU.

4.4.5 Experiments

The NMR experiments were repeated using benzaldehyde trisylhydrazone.

The signal for tributylborane was again split into two signals at 86 and 82 ppm,

similar to the tosylhydrazone reaction (Table 4-5and Figure 11). Once DBU was

added, the boron resonance shifted and a broad resonance at 20 ppm was

observed (Figure 12). The resonance at 20 ppm can be attributed to the complex

formed between excess DBU and BugB, (Table 4-1). This signal was almost

completely masked by a resonance at 9 ppm which was observed after 15 minutes

of reaction (Figure 13). The resonance at 9 ppm corresponded to the resonance

around 8 ppm observed in the tosylhydrazone reaction which was then attributed

to a weak complex of intermediate 43 or 44.

At the fourth and sixth time points (65 min and 105 min), a second signal

appeared under the impurity at 54 ppm (Figures 14 and 15). This signal was not

present in any of the other spectra and the final spectrum at 2 h, looked the same

as that at 15 min with no appreciable change in the intensities of the NMR signals.

No peak formed at 1 ppm, i.e. in the tosylhydrazone reaction (Table 4-4). The

resonance at 9 ppm in this experiment would appear to correspond to the final
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Table 4-5. Exp 5: NMR of Benzaldehyde Trisylhydrazone with BugB and DBU

Entry Time (min) ^^B signal (ppm)" ^^B signal (ppm)

r 0 80,84 86,82

23 20 80,84 86, 82

3^ 60 80, 84 86, 82

4'' 0 18.6 20

5" 15 18,7 20,9

6'' 25 18,7 20,9

7" 40 18,7 20,9

® Reaction mixture consists of benzaldehyde trisylhydrazone, BugB, THF
" Reaction mixture consists of benzaldehyde trisylhydrazone, BujB, THF, DBU
® Original signals showing borinic acid at 51.5 - 52 ppm.
" Corrected signals placing borinic acid at 54 ppm.
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benzylborane 4 complexed with DBU. It is possible that in experiment 4 the

resonance at 1 ppm is not the final benzylborane as initially postulated. According

to the results of experiment 5 the reaction is either complete within the first 15 min

of reaction or intermediate 4 and the initial complex formed between the borane and

the hydrazone nitrogens (after base addition) have nearly identical chemical shifts.

Since it is known the reaction takes 2 h to reach completion, it is postulated that the

latter situation is occuring.

It also appears that the intermediates 43 or 44 are not observable since no

sharp signals were seen upfield of 0 ppm in any of the experiments. This suggests

that these intermediates are never present in appreciable amounts and that the

boratropic shift to generate the new benzylborane 4 from the borate complex is fast.

4.4.6 Experiments

In an attempt to separate the signals for the two intermediates, 4 and the

initial BuaBianionic hydrazone complex, the reaction described in section 4.4.5 was

repeated. Before the addition of DBU, a spectrum of the solution was taken at 0 °C

and then at -78 °C. The resonances were lost in the baseline and the spectrum

was a flat line. Base was then added at -78 °C. Again the spectrum of the reaction

mixture was not observable. As the temperature was increased to -18 °C, a signal

was observed at 0 ppm, (Table 4-6, entries 1 and 2). At 0 °C, the signal

disappeared into the baseline. To ensure that the signal was still present, the NMR

was brought back down to the lower temperatures. The signal reappeared at 0
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Table 4-6. Exp. 6: NMR of Benzaldehyde Trisylhydrazone with BugB and

DBU

Entry Time (min) Temp (°C) ^^B signal (ppm) ® ^^B signal (ppm)''

1 0 -38 -3 0

2 8 -18 -3 0

3 24 0

4 33 -18 -3 0

5 43 -38 -3 0

6 64 25 11 14

7 72 12 11 14

8 77 0 11 14

9 83 -18 2 5

^Original signals showing borinic acid at 51 ppm
" Corrected signals placing borinic acid at 54 ppm
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ppm, (Table 4-6, entries 4, 5 and Figure 16). The NMR was then brought up to

room temperature. The resonance at 0 ppm was replaced by one at 14 ppm

(Figure 17). This corresponds to none of the resonances in the previous

experiments. The temperature was brought back down to determine if the

resonance at 14 ppm was identical to the one noted earlier at 0 ppm. The signal

was distinct at 0 °C, whereas the signal at 0 ppm could not be observed at that

temperature, and was displaced to 5 ppm at -18 °C instead of shifting to 0 ppm.

This suggests that the two signals correspond to two different intermediates.

This experiment did not reveal the extra peak at 20 ppm which was

presumed to have arisen from excess DBU and BU3B in the previous experiments.

The resonance at 20 ppm in experiment 6 was sufficiently wide at the baseline that

the resonance at 14 could have been hidden underneath it. The resonance at 9,

once formed, was also wide enough for a signal at 14 to be buried beneath it.

It is possible then that the resonance at 0 ppm is an initial complex formed

between BU3B and the anionic nitrogens in 7 or 8. The resonance at 14 ppm could

be attributed to a weaker complex similar to the intermediates 43 or 44 and the

resonance at 7-9 ppm could be the benzylborane 4 complexed with DBU. It is also

possible that the peak at 0 ppm is a complex between BU3B and the oxygens of the

sulfonyl group and the resonance at 14 ppm a complex between BU3B and the

anionic nitrogens in 7 or 8.
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4.4.7 Experiment?

The diazo cxsmpound 8' was prepared as described previously and added to

a solution of DBU and BugB in THF at -100 °C. The low temperature kept the

reaction rate very low and it was anticipated that the formation of 44 could be

observed. An initial spectrum was taken at - 78 °C, (Table 4-7, entry 1). The signal

Table 4-7. Exp 7: Diazo Cpd 8 Added to Reaction Mixture of BU3B and DBU in THF

Entry Time (min) Temp (°C) ^^B signal (ppm) ̂ ^^B signal (ppm)"

1 0 -78 0 -4

2 7 -78 -2 -6

3 14 -78 -2 -6

4 38 -38 0 -4

5 72 25 6 2

^ Original signals with entry 5 showing borinic acid at 58 ppm and boronic acid at
30 ppm. " Corrected signals placing borinic acid at 54 ppm

at 0 ppm was very distinct, unlike the reactions of the tosylhydrazone and

trisylhydrazone with BugB and DBU. It was very broad and extended from -50 ppm

to 75 ppm (Figure 18). Any other signals in that region were not observable. After

7 min, the NMR tube was taken out and shaken to ensure thorough mixing. There

was an immediate reaction and gas evolution was observed. The spectrum of the

shaken reaction gave a slight shift of the initial resonance from -4 ppm to -6 ppm.

It was, however, broad at the baseline and no other peaks were observable. After

completion of this NMR study the reaction had turned yellow indicating that the
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reaction was over. A spectrum of this yellow reaction mixture revealed the same

broad signal at -6 ppm (Figure 19). Upon warming the reaction to room

temperature, a sharpening of the signal was observed and the signal shifted to 2

ppm (Figure 20). This signal was sharp and distinct, unlike the signals in the

hydrazone reactions which tended to be broad. If this was the final benzylborane

4 it should have been in the region of 7-9 ppm. The difference in appearance and

shift from the signals in the hydrazone reactions suggests that the diazo mechanism

is not operating in the hydrazone reactions.

4.5 CONCLUSION

The studies involving the formation of diazo compounds from aryl aldehyde

arenesulfonylhydrazones suggest that although the diazo compound can form and

will react with tributylborane this is not the preferred pathway for the reaction. The

diazo compound does not appear to form efficiently under the normal reaction

conditions, the alkylation reaction proceeded much slower in methanol, and a two

fold excess of the diazo compound was necessary to achieve a succesful alkylation

reaction.

The initial NMR studies of the hydrazone reactions revealed that

tributylborane does form complexes which could be attributed to either the anionic

or diazo mechanisms. The study of the diazo reaction with tributylborane, however,
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produced results different from those in the hydrazone studies. The NMR studies,

therefore, also suggest that the diazo mechanism Is not operative In the alkylatlon

reaction.

4.6 FUTURE STUDIES

Future research should be directed at further Improving the alkylatlon

reaction. The research would Involve the study of alternate leaving groups or

solvents and the further study of the alkyi aldehyde hydrazones.

The reaction of the trisylhydrazone derivatives worked well due to relief of

steric strain. The alternate leaving groups could focus on the anionic nature of the

mechanism. A hydrazone with chloro groups on the aromatic ring, such as 2,4,6-

trlchlorobenzenesulfonylhydrazone, could stabilize the negative charge upon

leaving and therefore make an effective derivative. Non-aromatic derivatives, such

as triflouromethanesulfonylhydrazone, would be another alternative.

A preliminary study of different solvents revealed that polar solvents such as

methanol are not appropriate for the reaction. A reaction that was performed In

ether, however, was complete within 10 min. Further study of other solvents would

reveal the Ideal solvent for the reaction.

The combination of a different and more efficient leaving group, as well as

a more efficient solvent, could then lead to an Improvement of the alkylatlon of the

alkyI derivatives. This could be carried further so that alkyI ketones and cyclic
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ketones could be included in this novel alkylation reaction.

Finally, futher research is necessary for elucidating the mechanism of the

reaction. Although progress has been made and conclusions drawn about the

diazo mechanism, the anionic mechanism has still not been proven to be the path

of choice.
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CHAPTER 5

EXPERIMENTAL

5.1 GENERAL

All and NMR spectra were obtained using on a 250 MHz Broker

AC250 spectrometer. All spectra were obtained using a 400 MHz Broker

spectrometer. All melting points are uncorrected and were recorded using a MEL-

TEMP melting point apparatus equipped with a Glas-Col digital thermometer.

Elemental analyses were performed by Atlantic Microlabs, Norcross, Georgia.

All glassware, syringes, and needles were dried in an oven heated to 250 °C

for at least 12 h and cooled under argon prior to use. All solvents were dried and

distilled prior to use."° Reactions were magnetically stirred and monitored by TLC.

Products were purified by flash chromatography using 230-400 mesh ASTM

60 A silica gel.^"

5.2 SYNTHESIS OF TOSYLHYDRAZONES

All solvents and reagents were used as received from vendors without further

purification. Reactions were carried out open to air and the glassware was not oven

dried.
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5.2.1 General Procedure for the Synthesis of Aryl Aldehye Tosylhydrazones

To a solution of p-toiuenesuifonylhydrazide (5.6 g, 30 mmol) in absolute

ethanol (20 mL) was added the aldehyde (30 mmol). The reaction mixture was

stirred and heated to reflux for 10 min. A white precipitate generally formed at this

point which dissolved upon heating. The solution was stirred at gentle reflux for 10

min and then slowly cooled to 0°C. The crystals were collected, washed with cold

ethanol and recrystallized from hot ethanol. The recrystallized tosylhydrazone was

dried under vacuum for 20 min. Newly prepared derivatives were analyzed by NMR

and their purity was determined by eiemental analysis.

5.2.2 Benzaldehyde Tosylhydrazone^"^^

Benzaldehyde (3.2 g, 30 mmol), absolute ethanol (20 mL), and p-

toluenesulfonylhydrazide (5.6 g, 30 mmol) were added to a 125-mL Erienmyer flask.

An isolated yield of 5.9 g, 72% was produced: mp 126.5-128.0°C: literature mp

127-128°C.

5.2.3 4-Methylbenzaldehyde Tosylhydrazone^''^

This material was prepared from 4-methylbenzaldehyde (30 mmol, 3.6 g)

and p-toluenesulfonylhydrazide to produce an isolated yield of 6.4 g, 74%: mp

146.0-147.5 °C; lit. mp 115-116X.
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5.2.4 2-Methoxybenzalclehyde Tosylhydrazone^^*

This material was prepared from 2-methQxybenzaldehyde (30 mmol, 4.1 g)

and p-toluenesulfonylhydrazide to produce an isolated yield of 7.0 g, 85%: mp

151.0-152.0 °C; lit. mp 165-167 °C: Anal, calcd for C15H16N2O3S: C, 59.19; H,

5.30; N, 9.20. Found: C, 59.25; H, 5.30; N, 9.28.

5.2.5 3-Methoxybenzaldehyde Tosylhydrazone

This material was prepared from 3-methoxybenzaldehyde (30 mmol, 4.1 g)

and p-toluenesulfonylhydrazide to produce an isolated yield of 5.7 g. 69%: mp

107.5-108.5 °C: 'H-NMR (Acetone-cfg) 6 10.14 (s. 1H), 7.95 (s, 1H), 7.85 (d, 2H,

J=8.28 Hz), 7.37 (d, 2H, J=8.11 Hz), 7.28 (t, 1H, J=7.83 Hz), 7.20-7.13 (m, 2H).

6.96-6.90 (m, 1H), 3.78 (s, 3H), 2.36 (s, 3H); (CDCI3) 6 159.67,147.87, 144.22,

135.17, 134.53, 129.64, 129.54, 127.86, 120.43, 116.64, 111.40, 55.26, 21.50.

Anal, calcd for C15H16N2O3S: C, 59.19; H, 5.30; N, 9.20. Found: C, 59.26; H, 5.34;

N, 9.25

5.2.6 4-Methoxybenzaldehyde Tosylhydrazone^^^

This material was prepared from 4-methoxybenzaldehyde (30 mmol, 4.1 g)

and p-toluenesulfonylhydrazide to produce an isolated yield of 8.2 g, 89%: mp

123.0-123.5 "C; lit. mp 112 - IMX.
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5.2.7 4-Chlorobenzaldehyde Tosylhydrazone^^^

This material was prepared from 4-chlorobenzaldehyde (30 mmol, 4.2 g) and

p-toluenesulfonylhydrazide to produce an isolated yield of 6.2 g, 67%; mp 158.0-

159.0 °C; lit. mp 148- 15rC.

5.2.8 2-Bromobenzaldehyde Tosylhydrazone

This material was prepared from 2-bromobenzaldehyde (30 mmol, 5.6 g) and

p-toluenesulfonylhydrazide to produce an isolated yield of 8.8 g, 84%: mp 159.0-

159.5 °C: 'H-NMR (Acetone-ofs) 6 11.76 (s. 1H), 8.32 (s. 1H). 7.92-7.78 (m, 3H),

7.60 (dd. 1H, J=7.9 Hz. J=1.2 Hz). 7.44-7.25 (m. 4H). 2.38 (s. 3H); (Acetone-dg)

6 146.07.144.83.137.37.133.97.133.69.132.42. 130.45. 128.78. 128.54. 128.08.

124.26.21.36. Anal, calcd for CuHiaNjOzSBr: C. 47.60; H. 3.71; N. 7.93. Found:

C. 47.77; H. 3.76; N. 8.00.

5.2.9 3-Bromobenzaldehyde Tosylhydrazone

This material was prepared from 3-bromobenzaldehyde (30 mmol. 5.6 g) and

p-toluenesulfonylhydrazide to produce an isolated yield of 7.6g. 72%: mp 115.0-

115.5 °C: 'H-NMR (Acetone-dg) 5 7.95 (s. 1H). 7.88-7.25 (m. 7H). 2.38 (s. 3H);

(Acetone-dg) 5 146.00. 144.73. 137.33. 133.51. 131.48. 130.39. 130.12. 129.02.

128.50.126.68. 123.14. 21.37. Anal, calcd for Ci4Hi3N202SBr: C. 47.60; H. 3.71;

N.7.93. Found: C. 47.79; H. 3.81; N, 8.01.
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5.2.10 4-Bromobenzaldehyde Tosylhydrazone

This material was prepared from 4-bromobenzaldehyde (30 mmol, 5.6g) and

p-toiuenesuifonylhydrazide to produce an isolated yield of 8.5 g, 80%: mp 164.0-

164.5 °C: 'H-NMR (DMSO-ds) 6 11.72 (s. 1H), 8.04 (s, 1H). 7.92 (d, 2H, J=8 Hz),

7.70-7.60 (m. 4H), 7.50 (d. 2H, J=7.9 Hz). 2.43 (s. 3H): (DMSO-ofs) 6 145.70,

143.45,136.12,132.92,131.72,129.63,128.55,127.21,123.30, 20.96. Anal, calcd

for Ci4Hi3N202SBr: C, 47.60; H, 3.71; N, 7.93. Found: C, 47.68; H, 3.77; N, 7.98.

5.2.11 3-Nitrobenzaldehyde Tosylhydrazone*'^^

This material was prepared from 3-nitrobenzaldehyde (30 mmol, 4.5 g) and

p-toluenesulfonylhydrazide to produce an isolated yield of 7.6 g, 79%: mp 159.1 -

160.2°C; lit. mp 160- 16rC.

5.2.12 4-Nitrobenzaldehyde Tosylhydrazone^^^

This material was prepared from 4-nitrobenzaldehyde (30 mmol, 4.5 g) and

p-toluenesulfonylhydrazide to produce an isolated yield of 7.7 g, 81%: mp 156.8 -

158.2°C; lit. mp 158°C.

5.2.13 2-Pyrrolecarboxaldehyde Tosylhydrazone

This material was prepared from and pyrrole carboxaldehyde (2.6 g, 27

mmol) and p-toluenesulfonylhydrazide (5.6 g, 30 mmol) to produce an isolated yield

of 5.9 g, 82%. This material was not very soluble in ethanol and had to therefore
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be recrystallized from a solvent mixture of ethanol/acetone/water. It had to be

refrigerated overnight for crystals to form: mp 184.0-185.0 °C (d): ^H-NMR (DMSO-

de) 6 11.22 (br s, 1H). 7.77 (d. 2H, J=8.19 Hz), 7.72 (s. 1H), 7.36 (d, 2H, J=8.14

Hz), 6.83 (s, 1H), 6.33 (s, 1H), 6.05 (dd, 1H, J=5.28 Hz and 2.38 Hz), 2.34 (s, 3H);

(DMSO-de) 6 142.99,140.26, 136.48, 129.41, 127.23, 126.53, 122.08, 112.76,

108.99,20.93. Anal, calcd for C12H13N3O2S: C, 54.74; H ,4.98; N, 15.96. Found:

C, 54.63; H, 5.02; N, 15.93.

5.2.14 2-Furaldehyde Tosylhydrazone

This material was prepared from 2-furaldehyde (2.6 g, 27 mmol) and p-

toluenesulfonylhydrazide to produce an isolated yield of 5.8 g, 82%: mp 109.0-110.0

°C (d): 'H-NMR (DMSO-dg) 6 11.42, (s,1H), 7.80-7.70 (m, 4H), 7.38 (d, 2H, J=8.10

Hz), 6.79 (d, 1H, J=3.37 Hz), 6.54 (dd, 1H, J=3.11 Hz and 1.69 Hz), 2.34 (s, 3H);

"C (DMSO-ofg) 6 148.55,145.00, 143.43, 136.88, 136.09, 129.65, 127.12, 113.80,

111.95, 20.94. Anal, calcd for C12H12N2O3S: C, 54.53; H, 4.58; N, 10.60. Found;

C, 54.66; H, 4.64; N, 10.68.

5.2.15 Heptanal Tosylhydrazone^

To a 250-mL, round-bottomed flask equipped with a septum and stir bar was

added 9.32 g (50.0 mmol) p-toluenesulfonylhydrazide and THF (100 mL). Heptanal

(5.42 g, 47.5 mmol) was added and the solution stirred at room temperature for 30

min. After this, the THF was removed under reduced pressure below room
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temperature. The resulting cream-colored solid was recrystallized from hot ether

to give 5.85 g (44% yield) of heptanal tosylhydrazone: mp 70.0 - 73.0°C: lit. mp 72 -

73°C.

5.3 SYNTHESIS OF TRISYLHYDRAZONES

5.3.1 General Procedure for Synthesis of Aryl Aldehyde Trisylhydrazones

To a stirred solution of 2,4,6-triisopropylbenzenesulfonylhydrazide (3.3 g, 11

mmol) in anhydrous methanol (45 mL) was added the aldehyde (10 mmol). A solid

immediately precipitated and the mixture was stirred at room temperature for 1 h.

The mixture was placed in a refrigerator overnight and the resulting solid was

collected by vacuum filtration and washed with 3 x 5 mL of cold methanol. The

products were recrystallized from hot ethanol.

Newly prepared derivatives were analyzed by NMR and purity was

determined by elemental analyses.

5.3.2 2,4,B-Triisopropylbenzenesulfonylhydrazide^

To a round-bottom flask equipped with a magnetic stirrer, thermometer, and

addition funnel was added 2,4,8-triisopropylbenzenesulfonyl chloride (26.3 g, 86.9

mmol) and THF (50 mL). The solution was cooled to -10 °C in an ice-salt bath and

hydrazine monohydrate (9.60 g, 192 mmol) was added over the course of 25 min.

The temperature rose to 0 °C during the addition. After the addition, the reaction
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mixture was stirred at 0 °C (ice bath) for 3 h and then distilled water (5 mL) was

added to dissolve the solids. The mixture was then transferred to separatory

funnel, the aqueous layer discarded, and the organic layer washed with ice-cold

brine (3 x 20 mL). The organic layer was then dried over anhydrous Na2S04 for 3

h, filtered, and the solvent removed using a rotary evaporator below room

temperature. Pentane (100 mL) was added to the resulting solid and the mixture

filtered. The solid was washed several times with pentane and then triturated with

ice-cold water (4 x 100 mL). The solid was then dried in vacuo over P2O5 for 24 h

to give a yield of 21.4 g 82%: mp 115.0-116.0 °C: lit. mp 118-120°C.

5.3.3 Benzaldehyde Trisylhydrazone^^

This material was prepared from benzaldehyde (1.1 g, 10 mmol) and 2,4,6-

triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 3.4 g, 87%:

mp 186.5 - 187.5°C; lit. mp 188 - 189°C.

5.3.4 4-Methylbenzaldehyde Trisylhydrazone

This material was prepared from 4-methylbenzaldehyde (1.2 g, 10 mmol)

and 2,4,6-triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 2.5

g, 61%: mp 165.0-166.0 °C: 'H-NMR (DMSO-ofe) 6 11.61 (s, 1H), 7.89 (s, 1H), 7.41

(d, 2H, J=8.0 Hz), 7.17 (d, 2H, J=8.0 Hz), 4.23 (sept, 2H, J=6.7 Hz), 2.88 (sept, 1H,

J=6.9 Hz), 2.27 (s, 3H), 1.21 (d, 12H, J=6.8 Hz), 1.17 (d, 6H, J=7.1 Hz);

(DMSO-dg) 6 152.58, 150.37, 144.94, 139.60, 132.56, 131.15, 129.26, 126.47,
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123.53, 33.29, 29.14, 24.67, 23.33, 20.86. Anal, calcd for C23H32N2O2S: C, 68.96;

H, 8.05; N, 6.99. Found: C, 68.93; H, 8.06; N, 7.04.

5.3.5 4-MethoxybenzaldehydB Trisylhydrazone

This material was prepared from 4-methoxybenzaldehyde (1.4 g, 10.0 mmol)

and 2,4,6-trlisopropylbenzenesulfonylhydrazlde to produce an isolated yield of 2.6

g, 62%: mp 161.5-162.5 °C: 'H-NMR (DMSO-ofe) 6 11.49 (s, 1H), 7.88 (s, 1H),

7.47 (d, 2H, J=8.6 Hz), 7.22 (s, 2H), 6.92 (d, 2H, J=8.6 Hz), 4.24 (sept, 2H, J=6.6

Hz), 3.74 (s, 3H), 2.88 (sept, 1H, J=6.8 Hz), 1.21 (d, 12H, J=6.7 Hz), 1.16 (d, 6H,

J=6.9 Hz); (DMSO-offi) 6 160.58, 152.53, 150.38, 144.88, 132.61, 128.06,

126.45, 123.49, 114.17, 55.22, 33.30, 29.14, 24.68, 23.32. Anal, calcd. for

C23H32N2O3S: C, 66.31 ;H, 7.74; N, 6.72. Found: C, 66.49; H, 7.67; N, 6.95.

5.3.6 3-Methoxybenzaldehyde Trisylhydrazone

This material was prepared from 3-methoxybenzaldehyde (1.4 g) and 2,4,6-

triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 2.6 g, 62 %:

mp 187.0-188.5 °C: 'H-NMR (DMSO-ofe) 6 11.75 (s, 1H), 7.91 (s, 1H), 7.31-7.23

(m overlapping s, 3H), 7.10-7.08 (m, 2H), 6.94-6.90 (m, 1H), 4.26 (sept, 2H, J=6.7

Hz), 3.73 (s, 3H), 2.90 (sept, 1H, J=6.9 Hz), 1.24 (d, 12H, J=6.7 Hz), 1.20 (d, 6H,

J=6.9 Hz); (CDCI3) 6 159.73, 153.44, 151.29, 146.12, 134.70, 131.20, 129.49,

123.82,120.58,116.96,110.71, 55.20,34.13, 29.96, 24.79, 23.47. Anal, calcd. for

C23H32N2O3S: C, 66.31; H, 7.74; N, 6.72. Found: C, 66.24; H, 7.78; N, 6.72.
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5.3.7 2-Methoxybenzalclehycle Trisylhydrazone

This material was prepared from 2-methoxybenzaldehyde (1.4 g, 10 mmol)

and 2,4,6-triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 2.28

9. 54%: mp=164.5-165.5 °C: 'H-NMR (DMSO-dg) 6 11.61 (s, 1H). 8.26 (s, 1H),

7.58-7.55 (m, 1H). 7.35-7.29 (m, 1H), 7.22 (s. 2H), 7.03-6.86 (m. 1H), 4.23 (sept,

2H, J=6.7 Hz), 3.78 (s, 3H), 2.88 (sept, 1H, J=6.9 Hz), 1.20 (d, 12H, J=6.8 Hz), 1.17

(d, 6H, J=6.2 Hz): '^C(CDCl3) 6 157.76, 153.27, 151.36, 142.38, 131.41, 126.43,

123.79,121.88,120.58,110.93, 55.15, 30.03, 24.90, 24.82, 23.55. Anal, calcd. for

CsaHajNzOgS; C, 66.31; H, 7.74; N, 6.72. Found: C, 66.17; H, 7.69; N, 6.79.

5.3.8 4-Bromobenzaldehyde Trisylhydrazone

This material was prepared from 4-bromobenzaldehyde (1.9 g, 10 mmol) and

2,4,6-triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 3.17 g,

68%. This hydrazone was not recrystallized. mp 197.0-197.8 °C: ^H-NMR

(DMSO-cffi) 6 11.80 (s, 1H), 7.92 (s, 1H), 7.52 (m, 4H), 7.22 (s, 2H), 4.25 (sept, 2H,

J=6.6 Hz), 2.90 (sept, 1H, J=6.8 Hz), 1.23 (d, 12H, J=6.6 Hz), 1.20 (d, 6H, J=6.7

Hz); (DMSO-dfi) 6 152.52, 150.30, 143.40, 133.07, 132.40, 131.53, 128.20,

123.40, 122.87, 33.29, 29.09, 24.60, 23.26. Anal, calcd. for CjsHzgNjOjSBr: C,

56.77; H, 6.28; N, 6.02. Found: C, 56.58; H, 6.19; N, 6.11.
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5.3.9 3'Bromobenza/dehyde Trisylhydrazone

This material was prepared from 3-bromobenzaldehyde (1.9 g, 10 mmol) and

2,4,6-triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 2.5 g,

54%: mp 207.5-209.0 °C: 'H-NMR (DMSO-dg) 6 11.93 (s. 1H), 7.89 (s, 1H), 7.74

(s, 1H), 7.52 (t, 2H, J=a.2 Hz), 7.32 (t, 1H. J=7.9 Hz), 7.24 (s, 2H), 4.22 {sept, 2H,

J=6.7 Hz), 2.89 (sept, 1H, J=6.9 Hz), 1.21 (d, 12H, J=6.8 Hz), 1.18 (d, 6H, J=6.9

Hz): (DMSO-dfi) 6 152.79, 150.40, 142.88, 136.24, 132.26, 130.88, 128.14,

126.05,123.59,122.07, 33.29,29.19,24.65, 23.31. Anal, calcd for CssHzgNjOzSBr:

C, 56.77; H, 6.28; N, 6.02. Found: C, 56.84; H, 6.23; N, 6.06.

5.3.10 2-Bromobenzaldehyde Trisylhydrazone

This material was prepared from 2-bromobenzaldehyde (1.9 g, 10 mmol) and

2,4,6-triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 3.3 g,

71%: mp 153.0-154.0 °C: ̂ H-NMR (Acetone-dg) 6 10.71 (s, 1H), 8.41 (s, 1H), 7.86-

7.82 (m, 1H), 7.60-7.56 (m, 1H), 7.39-7.24 (m overlapping s, 4H), 4.36 (sept, 2H,

J=6.8 Hz), 2.93 (sept, 1H, J=6.9 Hz), 1.27 (d, 12H, J=6.8 Hz), 1.21 (d, 6H, J=6.9

Hz); (Acetone-dg) 5 154.01, 151.88, 144.50, 133.90, 133.83, 133.46, 132.16,

128.53, 127.86, 124.58, 124.10, 34.70, 30.51, 25.09, 23.70. Anal, calcd for

CszHjgNzOjSBr: C, 56.77; H, 6.28; N, 6.02. Found: C, 56.88; H, 6.33; N, 6.10.
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5.3.11 4-Chlorobenzaldehyde Trisylhydrazone

This material was prepared from 4-chlorobenzaldehyde (1.4 g, 10 mmol) and

2,4,6-triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 2.9 g,

70%: mp 194.5-195.5 °C: 'H-NMR (DMSO-dg) 6 11.83 (s, 1H). 7.91 (s. 1H), 7.50-

7.40 (m, 4H), 7.23 (s, 2H), 4.22 (sept, 2H, J=6.7 Hz), 2.89 (sept, IN, J=6.9 Hz),

1.89 (overlapping d's, J=7.0 Hz and 7.1 Hz); (DMSO-cfg) 6 152.70, 150.37,

143.48, 134.23, 132.77, 132.44, 128.79, 128.08, 123.58, 33.29, 29.16, 24.65,

23.32. Anal, calcd for C22H29N2SO2CI: C, 62.77; H, 6.94; N, 6.65. Found: C,

62.92; H, 6.93; N, 6.73.

5.3.12 4-Nitrobenzaldehyde Trisylhydrazone

This material was prepared from 4-nitrobenzaldehyde (1.5 g, 10 mmol) and

2,4,6-triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 3.2 g,

74%. This hydrazone was not recrystallized as it would not dissolve in hot ethanol.

mp 196.0-197.0 °C: 'H-NMR (Acetone-dg) 6 8.24 (d, 2H, J=8.7 Hz), 8.17 (s, 1H),

7.86 (d, 2H, J=8.9 Hz), 7.32 (s, 2H), 4.36 (sept, 2H, J=6.7 Hz), 2.94 (sept, 1H, J=6.9

Hz), 1.28, 1.23 (overlapping d's, 18H, J=6.8 Hz and 6.9 Hz); (Acetone-cfg) 6

154.26, 152.02, 149.21, 143.58, 143.49, 141.27, 133.51, 128.43, 124.73, 34.81,

30.63, 25.16, 23.77.
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5.3.13 3-Nitrobenzaldehyde Trisylhydrazons

This material was prepared from 3-nitrobenzaldehyde (1.5 g, 10 mmol) and

2,4,6-triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 3.5 g,

80%. This hydrazone was not recrystallized as it would not dissove in hot ethanol.

'H-NMR (DMSO-flffi) 6 12.10 (s, 1H). 8.37 (s. 1H), 8.17 (d. 1H, J=7.9 Hz), 8.05 (s.

1H), 7.94 (d. 1H, J=7.7 Hz), 7.66 {t, 1H, J=7.9 Hz), 7.24 (s, 2H), 4.24 (sept, 2H,

J=6.7 Hz), 2.89 (sept, 1H, J=6.9 Hz), 1.23 (d, 12H, J=6.7 Hz), 1.17 (d, 6H, J=6.8

Hz): "C (DMSO-dfi) 6 152.83, 150.43, 148.12, 142.33, 135.64, 133.09, 132.29,

130.35, 123.92, 123.62, 120.04, 33.29, 29.19, 24.64, 23.31. Anal, calcd for

C22H29N3SO4: C, 61.23; H, 6.77; N, 9.74. Found: C, 61.24; H, 6.72; N, 10.00.

5.3.14 2-Furaldehyde Trisylhydrazone

This material was prepared from 2-furaldehyde (0.96 g, 10 mmol) and 2,4,6-

triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 3.3 g, 87%: mp

149-150 d °C: 'H-NMR (DMSO-ofe) 6 11.65 (s, 1H), 7.81 (s, 1H), 7.70 (s, 1H), 7.22

(s, 2H), 6.73 (d, 1H, J=3.3 Hz), 6.53 (d, 1H, J=1.6 Hz), 4.22 (sept, 2H, J=6.7 Hz),

2.88 (sept, 1H, J=6.9 Hz), 1.88 (overlapping d's, 18H, J=7.2 Hz); (DMSO-cfg) 6

153.86, 152.04, 150.49, 145.22, 136.33, 133.54, 124.57, 112.76, 112.58, 34.75,

30.49, 25.12, 23.76. Anal, calcd for C20H28N2O3S: C, 63.80; H, 7.50; N, 7.44.

Found: C, 63.81; H, 7.48; N, 7.41.
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5.3.15 Acetophenone Trisylhydrazone^^

This material was prepared from acetophenone (1.2 g, 10 mmol) and 2,4,6-

triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 3.4 g, 85%:

mp 166.5-167.5, lit mp 172-173 °C: ̂ H-NMR (Acetone-dg) 6 7.70-7.67 (m, 2H),

7.33-7.28 (m, 5H), 4.41 (sept, 2H, J=6.8 Hz), 2.93 (sept, 1H, J=6.9 Hz), 1.26, 1.22

(overlapping d's, 18H, J=6.8 Hz and 6.9 Hz); (Acetone-c/e) 6 153.50, 152.07,

138.21,133.87, 133.70, 129.38, 128.94, 124.41, 34.77, 30.41, 30.30, 25.6, 23.82.

5.3.16 4-Nitroacetophenone Trisylhydrazone

This material was prepared from 4-nitroacetophenone (1.7 g, 10 mmol) and

2,4,6-triisopropylbenzenesulfonylhydrazide to produce an isolated yield of 2.9 g,

65%: mp 163.3-164.7 °C: ̂ H-NMR (DMSO-dg) 6 11.19 (s,1H), 8.17 (d, 2H, J=8.9

Hz), 7.82 (d, 2H, J=8.9 Hz), 7.22 (s, 2H), 4.30 (sept, 2H, J=6.7 Hz), 2.24 (s, 3H),

2.88 (sept, 1H, J=6.9 Hz), 1.18 (overlapping d's, 18 H, J=6.6 Hz and 6.7 Hz);

(DMSO-ofe) 6 152.79, 150.49, 147.65, 147.39, 143.64, 132.30, 126.87, 123.53,

123.38, 33.29, 28.96, 24.55, 23.31, 14.04. Anal, calcd for C22H29N3O4S; C, 61.23;

H, 6.78; N, 9.74. Found: C, 61.13; H, 6.83; N, 9.82.

5.3.17 Heptanal Trisylhydrazone^

As stated in the discussion, heptanal trisylhydrazone is not isolable and must

be prepared and used in situ. The following is a general procedure for the

preparation. To a 25 mL, round-bottom flask equipped with a stir bar and septum
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was added TPSH (0.895 g, 3.00 mmol). THF (5 mL) was added to create a clear,

colorless solution. Heptanal (0.340 g, 2.98 mmol) was diluted in THF (5 mL) and

added to the TPSH solution at room temperature. The reaction mixture was then

stirred at room temperature for 30 min. Anhydrous MgS04 was then added and the

mixture filtered through a short column of celite/anhydrous Na2S04. THF (7 mL)

was used to rinse the flask and column. The trisylhydrazone solution was typically

filtered directly into a reaction flask and used immediately.

5.4 PROCEDURE FOR GAS CHROMATOGRAPHIC STUDIES

The following procedure is representative for all G.C. studies. Hexadecane

(0.1845g) was placed in an argon-flushed, 15-mL, round-bottomed flask equipped

with a side arm, reflux condenser, and stirring bar. THF (17 mL) was added via

syringe followed by benzaldehyde tosylhydrazone (1.000 mmol, 0.2776 g).

Tributylborane (1.0 mmol, 0.33 mL of a 1.0 M solution in THF) and the base (1.0

mmol) were added via syringe. The reaction was heated to gentle reflux under

argon, and monitored by TLC.

A correction factor was obtained for the GO using hexadecane and

pentylbenzene. Three runs were performed and the results averaged to give a

value (e.g. 1.038) for the first correction factor.

To prepare a sample for the G.C. analysis a small sample was taken from

the reaction mixture via syringe and placed over MgS04 to dry. An aliquot of the dry
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sample was then injected into the G.C.. Three analyses were obtained for each

sample and an average yield was calculated.

A second correction factor was obtained in the same manner as above and

averaged with the first one.

G.C. temperature conditions: 110°C for 1 min, then ramped to 180°C at 9

°C/min.

Retention times: Pentylbenzene 2.30 min.; Hexadecane 3.55 min.

118Mathematic formulas used

Correction Factor = Area of standard x Weight of sample

Area of sample Weight of standard

The correction factor (C.F.) was always approximately equal to 1.

% Yield = Area of product x Weight of standard x C.F. x 100

Area of standard Weight of product

(Weight of product = theoretical yield.)
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5.5 SYNTHESES USING TOSYLHYDRAZONES

5.5.1 General Procedure for Synthesis of Pentylbenzenes utilizing NaOH

The aldehyde tosylhydrazone (3.00 mmol) was dissolved In 17 mL of THF

contained in an argon-flushed, 50 mL, round-bottomed flask equipped with a side-

arm, reflux condenser, and stirring bar. Tributylborane (3.0 mmol, 3.0 mL of a 1.0

M solution in THF) was added via syringe, followed by NaOH (3.0 mmol, 1.0 mL of

a 3.0 M solution in HjO). The reaction was heated to gentle reflux under argon and

monitored by TLC for the disappearance of starting material. At the end of the

reaction, as indicated by TLC, water (10 mL) was added to the reaction mixture and

the mixture was allowed to cool to room temperature. The product was extracted

into ether (3x10 mL). The combined organic layers were dried over anhydrous

MgS04, filtered, and the solvent removed in vacuo. The product was purified by

flash chromatography using a 50-mm diameter column, packed with seven inches

of silica gel, and eluted with a solvent system of 5% ethyl acetate in hexanes.

5.5.2 Pentylbenzene^^^

This material was prepared from benzaldehyde tosylhydrazone (3.00 mmol,

0.823 g) to produce an isolated yield of 0.37 g, 83%, according to the above

procedure: ̂ H NMR (CDCI3 wfTMS) 6 7.30-7.14 (m, 4H), 2.60 (t, 2H, J = 7.0 Hz),

1.62 (q, 2H, J = 8.0 Hz), 1.37-1.26 (m, 4H), 0.89 (t, 3H, J = 6.7 Hz); ^^0 NMR 6

142.93, 128.37, 128.19, 35.97, 31.54, 31.18, 22.54, 13.99.
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5.5.3 1-Methoxy'4-pentylbenzene^^°

This material was prepared from p-anisaidehyde tosylhydrazone (3.00 mmoi,

0.913 g) to produce an isolated yield of 0.44 g, 83%, according to the above

procedure: NMR (CDCI3 w/TMS) 6 7.11-7.07 (m, 2 H). 6.84-6.80 (m, 2H), 3.78

(s, 3H). 2.54 (t. 2H, J = 7.6 Hz), 1.58 (q, 2H, J = 7.4 Hz), 1.37-1.25 (m, 4H), 0.88 (t,

3H, J = 6.8 Hz); NMR 6 157.63, 135.07, 129.23, 113.66, 55.25, 35.01, 31.47,

31.43, 22.55, 14.02.

5.5.4 l-Methyl'4-pentylbenzene^^^

This material was prepared from p-tolualdehyde tosylhydrazone (3.00 mmol,

0.865 g) to produce an isolated yield of 0.49 g, 89%, according to the above

procedure: ̂ H NMR (CDCI3W/TMS) 6 7.07 (s, 4H), 2.55 (t, 2H, J = 7.7 Hz), 2.31 (s,

3H), 1.59 (qt, 2H, J = 7.4 Hz), 1.37-1.26 (m, 4H), 0.88 (t, 3H, J = 6.7 Hz); NMR

6139.87, 134.92, 128.27, 35.50, 31.54, 31.31, 22.56, 20.96, 14.01.

5.5.5 1'Bromo-2-pentylbenzBne*^

This material was prepared from o-bromobenzaldehyde tosylhydrazone

(3.000 mmol, 1.060 g) to produce an isolated yield of 0.63 g, 93%, according to the

above procedure: 'H NMR (CDCI3 w/TMS) 6 7.50 (d, 1H, J = 7.8 Hz), 7.24-7.16(m,

2H), 7.07-6.99 (m, 1H),2.71 (t, 2H, J = 7.8 Hz), 1.61 (q, 2H, J = 7.3 Hz), 1.38-1.32

(m, 4H), 0.90 (t, 3H, J = 6.7 Hz); NMR (CDCI3) 6 142.14, 132.71, 130.25,

127.28, 124.46, 36.15, 31.57, 29.62, 22.50, 14.02.
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5.5.6. 1-Bromo-3-pentylbenzene^^^

This material was prepared from m-bromobenzaldehyde tosyihydrazone

(S.OOOmmol, 1.060g) to produce an isolated yield of 0.60g, 88%, according to the

above procedure: NMR (CDCI3 w/TMS) 6 7.32-7.27 (m, 2H), 7.16-7.07 (m, 2H),

2.56 (t, 2H, J = 7.7 Hz), 1.59 (q, 2H, J = 7.4 Hz), 1.24-1.37 (m, 4H), 0.89 (t, 3H, J

= 6.8 Hz); NMR (CDCI3) 6 145.27, 131.43, 129.74, 128.67, 127.04, 122.31,

35.58, 31.38, 30.91, 22.47, 13.97.

5.5.7 1'Bromo-4-pentylbenzene^^^

This material was prepared from p-bromobenzaldehyde tosyihydrazone

(3.000 mmol, 1.060 g) to produce an isolated yield of 0.61 g, 90%, according to the

above procedure: 'H NMR (CDCI3 w/TMS) 6 7.37 (d, 2H, J = 8.2 Hz), 7.03 (d, 2H,

J = 8.2 Hz), 2.54 (t, 2H, J = 7.7 Hz), 1.57 (q, 2H, J = 7.4 Hz), 1.36-1.26 (m, 4H),

0.88 (t. 3H, J = 6.7Hz);'^CNMR(CDCl3)6 141.81,131.24,130.16,119.24, 35.31,

31.36, 30.99, 22.50, 13.99.

5.5.8 1-Chloro-4'pentylbenzene^^^

This material was prepared from p-chlorobenzaldehyde tosyihydrazone (3.00

mmol, 0.926 g) to produce an isolated yield of 0.54 g, 99%, according to the above

procedure: ̂ H NMR (CDCI3 w/TMS) 7.24-7.19 (m, 2H) 7.10-7.07 (m, 2H), 2.56 (t,

2H, J = 7.7 Hz), 1.58 (qt, 2H, J = 7.4 Hz), 1.37-1.26 (m, 4H), 0.88 (t, 3H, J = 6.8
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Hz): NMR (CDCy 6 141.32, 131.25, 129.73, 128.30, 128.17, 35.27, 31.38,

31.05, 22.50,13.98.

5.5.9 1-Nitro-3-pentylbenzene^^^

This material was prepared from m-nitrobenzaldehyde tosylhydrazone (3.00

mmol, 0.958 g) to produce an isolated yield of 0.49 g, 85%, according to the above

procedure: NMR (CDCI3 w/TMS) 6 8.04-8.01 (m, 2H) 7.52-7.40 (m, 2H), 2.71

(t, 2H, J= 7.7 Hz), 1.66 (q, 2H, J = 7.4 Hz), 1.39-1.26 (m, 4H), 0.90 (t, 3H, J = 6.6

Hz); NMR (CDCI3) 6 148.32, 144.81, 134.65, 129.01, 123.12, 120.79, 35.49,

31.24, 30.72, 22.39, 13.89.

5.5.10 1-Nitro-4-pentylbenzene^^^

This material was prepared from p-nitrobenzaldehyde tosylhydrazone (3.00

mmol, 0.958 g) to produce an isolated yield of 0.52 g, 90%, according to the above

procedure: ̂ H NMR (CDCI3 w/TMS) 5 8.15-8.10 (m, 2H), 7.34-7.30 (m, 2H), 2.70

(t, 2H, J= 7.7 Hz), 1.65 (q, 2H, J = 7.5 Hz), 1.39-1.26 (m, 4H), 0.89 (t, 3H, J = 6.7

Hz); NMR (CDCI3) 6 150.75, 146.15, 129.04, 123.41, 135.71, 31.24, 30.54,

22.32, 13.80.

5.5.11 12-(4-Chloro)dodecanoic acid methyl ester

This material was prepared from p-chlorobenzaldehyde tosylhydrazone

(3.00 mmol, 0.926 g) and tris-(10-methoxycarbonyldecyl)borane (3.0 mmol, 3.0 mL
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of a 1.0 M solution in THF) to produce an isolated yield of 0.90 g, 92%, according

to the above procedure. 'H NMR (CDCI3 w/TMS) 5 7.32-7.19 (m, 2H), 7.17-7.06

(m. 2H), 3.69-3.61 (s, 3H). 2.38-2.24 (t. 2H, J = 7.5 Hz), 1.75-1.50 (m, 4H), 1.42-

1.24 ,{m, 16H). NMR {CDCI3) 6 174.30,141.90,139.11, 129.68, 128.25, 51.34,

35.24, 34.06, 33.73, 31.31, 29.48, 29.38, 29.12, 29.00, 28.85, 24.91.

5.5.12 1-Chloro-4-cyclohexylmethylbenzene^^^

This material was prepared from p-chlorobenzaldehyde tosylhydrazone (3.00

mmol, 0.926 g) and tricyclohexylborane (3.0 mmol, 1.5 mL of a 2.0 M solution in

THF) to produce an isolate yield of 0.15 g, 24%, according to the above procedure.

'H NMR (CDCI3 w/TMS) 6 7.00-7.27 (m, 4H), 2.44-2.41 (d, 2H, J = 7.1 Hz), 1.69-

1.64 (m, 4H), 1.57-1.40 (m, 1H), 1.25-1.13 (m, 4H), 0.98-0.83 (m, 2H). NMR

(CDCI3) 6 139.01, 131.23,130.46, 128.131, 43.41, 39.73, 33.06, 26.27.

5.5.13 General Procedure for Synthesis of Pentylbenzenes utilizing

Bu^NOH

The aldehyde tosylhydrazone (3.00 mmol) was dissolved in 17 mL THF

contained in an argon-flushed, 50 mL, round-bottomed flask equipped with a side-

arm, reflux condenser, and stirring bar. Tributylborane (3.0 mmol, 3.0 mL of a 1.0

M solution in THF) was added via syringe, followed by BU4OH (3.0 mmol, 1.0 mL

of a 3.0 M solution in MeOH). Reactions were allowed to run for at least 1 h. At

the end of the reaction, water (10 mL) was added to the reaction mixture and the
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mixture was allowed to cool to room temperature. The product was extracted into

ether (3*10 mL). The combined organic layers were dried over anhydrous

MgS04, filtered, and the solvent removed in vacuo. The product was purified by

flash chromatography using a 50-mm diameter column, packed with seven inches

of silica gel, and eluted with a solvent system of 5% ethyl acetate in hexanes.

5.5.14 Pentylbenzene

This material was prepared from benzaldehyde tosylhydrazone (3.00 mmol,

0.823 g) to produce an isolated yield of 0.35 g, 80%. Spectral data was consistent

with sample prepared previously.

5.5.15 l-Methoxy-2-pentylbenzene^^'^

This material was prepared from o-anisaldehyde tosylhydrazone (3.00 mmol,

0.913 g) to produce an isolated yield of 0.50 g, 93%. NMR (CDCI3 w/TMS) 6

7.19-7.09 (m, 2H), 6.90-6.80 (m, 2H), 3.80 (s, 3H), 5.60 (t, 2H, J = 7.70 Hz), 1.58

(qt, 2H, J = 7.30 Hz), 1.38-1.27 (m, 4H), 0.89 (t, 3H, J = 6.68 Hz). NMR (CDCI3)

6 157.43, 131.35, 129.70, 126.69, 120.27, 110.21, 55.20, 31.80, 30.08, 29.53,

22.55, 14.01.

5.5.16 1-Methoxy-3-pentylbenzene^^

This material was prepared from m-anisaldehyde tosylhydrazone (3.00

mmol, 0.913 g) to produce an isolated yield of 0.48 g, 89%. ''H NMR (CDCI3
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w/TMS) 6 7.27-7.16 (m, 1H), 6.84-6.70 (m, 3H), 3.82 (s. 3H). 2.61 (t, 2H, J = 7.71

Hz), 1.65 (qt. 2H. J = 7.40 Hz), 1.42-1.30 (m, 4H), 0.92 (t, 3H, J = 6.67 Hz).

NMR (CDCy 6 159.60, 144.58, 129.10, 120.82, 114.18, 110.78, 55.03, 35.98,

31.50, 31.05, 22.52, 13.98.

5.5.17 1-Methoxy-4-penty1benzene

This material was prepared from p-anisaldehyde tosylhydrazone (3.00 mmol,

0.913 g) to produce a yield of 0.44 g, 83%. Spectral data was consistent with

sample prepared previously.

5.5.18 1-Methyl-4-pentylbenzene

This material was prepared from p-tolualdehyde tosylhydrazone (3.00 mmol,

0.865 g) to produce an isolated yield of 0.44 g, 90%. Spectral data was consistent

with sample prepared previously.

5.5.19 1-Bromo-2-pentylbenzene

This material was prepared from o-bromobenzaldehyde tosylhydrazone

(3.000 mmol, 1.060 g) to produce an isolated yield of 0.63 g, 92%. Spectral data

was consistent with sample prepared previously.

5.5.20 1-BromO'3-pentylbenzene

This material was prepared from m-bromobenzaldehyde tosylhydrazone

145



(S.OOOmmol, 1.060g) to produce an isolated yield of 0.61 g, 89%. Spectral data was

consistent with sample prepared previously.

5.5.21 1-Bromo-4-pentylbenzene

This material was prepared from p-bromobenzaldehyde tosylhydrazone

(3.000 mmol, 1.060 g) to produce an isolated yield of 0.64 g, 94%. Spectral data

was consistent with sample prepared previously.

5.5.22 1-Chloro-4-pentylbenzene

This material was prepared from p-chlorobenzaldehyde tosylhydrazone (3.00

mmol, 0.926 g) to produce an isolated yield of 0.52 g, 94%. Spectral data was

consistent with sample prepared previously.

5.5.23 1-Nitro-3-pentylbenzene

This material was prepared from m-nitrobenzaldehyde tosylhydrazone (3.00

mmol, 0.958 g) to produce an isolated yield of 0.53 g, 91%. Spectral data was

consistent with sample prepared previously.

5.5.24 1-Nitro-4-pentylbenzene

This material was prepared from p-nitrobenzaldehyde tosylhydrazone (3.00

mmol, 0.958 g) to produce an isolated yield of 0.57 g, 98%. Spectral data was

consistent with sample prepared previously.
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5.5.25 2-Pentylpyrrole^^

This material was prepared from 2-pyrrolecarboxaldehyde tosylhydrazone

(3.00 mmol, g) to produce an isolated yield of 0.26 g, 61%. NMR (CDCI3 w/TMS)

6 6.63 (dd, 1H, J = 4.1 Hz and 2.6 Hz). 6.12 (dd, 1H, J = 5.8 Hz and 2.80 Hz), 5.90

(d, 1H, J = 0.9Hz), 2.57 (t, 2H, J=7.7 Hz), 1.61 (qt, 2H, J = 7.4 Hz), 1.70-1.51 (m,

4H), 0.89 (t, 3H, J = 6.8 Hz). NMR (CDCI3) 5 132.82, 115.91, 108.14, 104.78.

31.54, 29.32, 27.66, 22.43, 13.95.

5.5.26 2-Pentylfuran^^°

This material was prepared from 2-furaldehyde tosylhydrazone (3.00 mmol,

O.g) to produce an isolated yield of 0.27 g, 66%. ̂ H NMR (CDCI3 w/TMS) 6 7.28

(s. 1H),6.26(dd, 1H, J = 3.1 Hz and 1.9 Hz), 5.95 (dd, 1H, J = 3.1 Hz and 1.2 Hz),

2.60 (t, 2H, J = 7.6 Hz), 1.63 (qt, 2H, J = 7.3 Hz), 1.42-1.29 (m, 4H), 0.89 (t, 3H, J

= 6.7 Hz). "C NMR(CDCl3) 6 156.57,140.56,109.96,104.48, 31.36, 27.93, 27.72,

22.39, 13.93

5.5.27 Alkylation of Heptanal Tosylhydrazone with Tributyiborane

The following procedure for the alkylation reaction with LiHMDS is

representative for the study involving various base and solvent combinations

summarized in Table 2-10 To a flame-dried, argon-flushed, 50-mL, round-bottomed

flask equipped with a side-arm, reflux condenser, stir bar, argon inlet and mercury

bubbler was added heptanal tosylhydrazone (0.844 g, 2.99 mmol). This was
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dissolved in a 50:50 mixture of THFiHMPA (20 mL). Tributylborane (3.0 mmol, 3.0

mL of a 1.0 M solution in THF) was added via syringe. LiHMDS (3.0 mmol, 3.0 mL

of a 1.0 M solution in THF) was added and the reaction mixture heated to reflux.

The reaction mixture was heated until reaction stopped progressing as evidenced

by TLC (21 h). The reaction was then cooled and placed in a room temperature

water bath. Distilled water (10 mL) and sodium perborate (1.41 g, 9.14 mmol) were

added and the reaction stirred vigorously for 2 h. The reaction mixture was then

transferred to a separatory funnel, extracted with ether (3x10 mL), washed with

water (2 x 20 mL) to remove HMPA, and washed with brine (1 x 20 mL). The ether

extracts were dried over anhydrous MgS04. The solvent was removed and the

crude product was flash chromatographed using silica gel and 9% EtOAc/Hexanes

to give 0.18 g (34% yield) of undecan-5-oP^: ̂ H-NMR (CDCI3/TMS) 6 3.74-3.44 (br

m, 1H), 1.56-1.04 (m, 17H), 1.04-0.72 (m, 6H): '^C-NMR (CDCI3) 6 72.02, 37.51,

37.18, 31.84, 29.36, 27.84, 25.60, 22.75, 22.60, 14.04; GCMS miz 171 (M-1), 154

(m-HzO).

5.6 SYNTHESES USING TRISYLHYDRAZONES

5.6.1 General Procedure for the Synthesis of Pentylbenzenes Utilizing

Bu^NOH

The aldehyde trisylhydrazone (3.00 mmol) was dissolved in 17 mL of THF

contained in an argon-flushed, 50-mL, round-bottomed flask equipped with a side-
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arm, reflux condenser, and stirring bar. Tributylborane (3.0 mmol, 3.0 mL of a 1.0

M solution in THF) was added via syringe, followed by BU4OH (3.0 mmol, 1.0 mL

of a 3.0 M solution in MeOH). Reactions were run at room temperature, unless

otherwise noted. At the end of the reaction as indicated by TLC, water (10 mL) was

added to the reaction mixture and the mixture was allowed to cool to room

temperature. The product was extracted into ether (3*10 mL). The combined

organic layers were dried over anhydrous MgS04, filtered, and the solvent removed

in vacuo. The product was purified by flash chromatography using a 50-mm

diameter column, packed with seven inches of silica gel, and eluted with a solvent

system of 5% ethyl acetate in hexanes.

5.6.2 Pentylbenzene

This material was prepared from benzaldehyde trisylhydrazone (3.00 mmol,

1.16 g) to produce an isolated yield of 0.41 g, 93%. Spectral data was consistent

with sample prepared previously.

5.6.3 1-Methoxy-4-pentylbenzene

This material was prepared from p-anisaldehyde trisylhydrazone (3.00 mmol,

1.25 g) to produce an isolated yield of 0.36 g, 68%. This reaction was run at reflux.

Spectral data was consistent with sample prepared previously.
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5.6.4 1-Methyl-4-pentylbenzene

This material was prepared from p-tolualdehyde trisylhydrazone (3.00 mmol,

1.21 g) to produce an isolated yield of 0.43 g, 88%. This reaction was run at reflux.

Spectral data was consistent with sample prepared previously.

5.6.5 1-Bromo-2-pentylbenzene

This material was prepared from o-bromobenzaldehyde trisylhydrazone (3.00

mmol, 1.40 g) to produce an isolated yield of 0.63 g, 92%. Spectral data was

consistent with sample prepared previously.

5.6.6 1'Bromo-3-pentylbenzene

This material was prepared from m-bromobenzaldehyde trisylhydrazone

(3.00 mmol, 1.40 g) to produce an isolated yield of 0.65 g, 96%. Spectral data was

consistent with sample prepared previously.

5.6.7 1-Bromo-4-pentylbenzene

This material was prepared from p-bromobenzaldehyde trisylhydrazone (3.00

mmol, 1.40 g) to produce an isolated yield of 0.64 g, 93%. Spectral data was

consistent with sample prepared previously.

5.6.8 1-Chloro-4-pentylbenzene

This material was prepared from p-chlorobenzaldehyde trisylhydrazone (3.00
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mmol, 1.26 g) to produce an isolated yield of 0.51 g, 93%. Spectral data was

consistent with sample prepared previously.

5.6.9 1-Nitro-3-pentylbenzene

This material was prepared from m-nitrobenzaldehyde trisylhydrazone (3.00

mmol, g) to produce an isolated yield of 0.55 g, 96%. Spectral data was consistent

with sample prepared previously.

5.6.10 1-Nitro-4-pentylbenzene

This material was prepared from p-nitrobenzaldehyde trisylhydrazone (3.00

mmol, g) to produce an isolated yield of 0.55 g, 95%. Spectral data was consistent

with sample prepared previously.

5.6.11 2-Pentylfuran

This material was prepared from 2-furaldehyde trisylhydrazone (3.00 mmol,

g) to produce an isolated yield of 0.39 g, 93%. Spectral data was consistent with

sample prepared previously.

5.6.12 (1-Methylpentyl)benzene

This material was prepared from acetophenone trisylhydrazone ( 3.00 mmol,

0.916g) to give a yield of 0.27 g, 74%. 'H-NMR (CDCI3/TMS) 6 7.2-7.1 (m, 5H),

2.66 (sextet, 1H, J=7.Q Hz), 1.50 (dq, 2H, J=8.0 Hz and 2.4 Hz), 1.36-1.04 (d
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overlapping m, 7H, d is at 1.16 ppm, J=6.8 Hz), 0.84 (t, 3H, J=7.0 Hz); ̂ ^C-NMR

(CDCI3) 6 147.92,128.16,126.91,125.64, 39.87, 38.09, 29.87, 22.69, 22.23, 13.93.

5.6.13 1-Nitro-4-(1-methylpentyl)benzene

This material was prepared from 4-nitroacetophenone trisylhydrazone ( 3.00

mmol, 1.34 g) to give a yield of 0.56 g, 85%. ̂ H-NMR (CDCI3/TMS) 5 ̂ ^C-NMR

(CDCI3) 5 8.15 (d, 2H, J=8.7 Hz), 7.34 (d, 2H, J=8.7 Hz), 2.81 (sextet, 1H, J=7.0

Hz), 1.60 (q, 2H, J=7.5 Hz), 1.30-1.10 (d overlappimg m, 7H, d is at 1.26 ppm,

J=6.9 Hz), 0.85 (t, 3H, J=7.0 Hz); '^C-NMR (CDCI3) 6 155.75, 146.18, 127.70,

123.52, 39.96, 37.67, 29.65, 22.55, 21.80, 13.83.

5.6.14 Alkylation of Heptanal Trisylhydrazone via Tributylborane

The following procedure is representative for reactions involving the base

and solvent combinations shown in Table 3-5. To a flame-dried, argon flushed, 50

mL, round-bottom flask equipped with a side-arm, reflux condenser, stir-bar, argon

inlet, and mercury bubbler was added heptanal trisylhydrazone (3.00 mmol).

Tributylborane (3.0 mmol, 3.0 mL of a 1.0 M solution in THF) was added followed

by DBU (0.67 ml, 4.5 mmol). The reaction mixture was heated to reflux until TLC

indicated the reaction was over (3 h). The mixture was then cooled and oxidized

with water (10 mL) and sodium perborate (1.44 g, 9.36 mmol) as described earlier.

After the standard work-up and removal of solvent, the crude product was flash

chromatographed using 8 inches of silica gel in a 50 mm column with 8%
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EtOAc/Hexanes to give 0.38 g (74% yield) of undecan-5-oP^: ^H-NMR

(CDCI3/TMS) 6 3.74-3.44 (br m, 1H). 1.56-1.04 (m, 17H), 1.04-0.72 (m, 6H): ̂^C-

NMR (CDCI3) 5 72.02, 37.51, 37.18, 31.84, 29.36, 27.84, 25.60, 22.75, 22.60,

14.04; GCMS miz 171 (M-1), 154 (m-HzO).

5.7 SYNTHESES USING FUNCTIONALIZED ORGANOBORANES

A series of alkylated aryls containing functionaiized alky! groups were

synthesized by the reaction of4-methylbenzaldehyde tosylhydrazone with different

trialkylboranes and BU4NOH. The functionaiized trialkylboranes were synthesized

from the corresponding alkenes, according to published procedures.

5.7.1 General Synthesis Utilizing Functionaiized Organoboranes

The alkene (9.00 mmol) and dry THF (6 mL) were added to an argon-

flushed, 20 mL, round-bottomed flask equipped with a side-arm, reflux condenser,

and stirring bar. The reaction mixture was cooled to 0 °C and BH3 (3.0 mmol, 3.0

mL of a 1.0 M solution in THF) was slowly added. The reaction was stirred at 0 °C

for 15 min and then at RT for 2 h. p-Tolualdehyde tosylhydrazone (3.00 mmol,

0.865 g) was dissolved in 8 mL THF contained in a separate argon-flushed, 50 mL,

round-bottomed flask equipped with a side-arm, reflux condenser, and stirring bar.

The borane solution was transferred under argon via a double ended needle

to the tosylhydrazone solution and THF (3 x 2 mL) was used to rinse the flask and
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needle. BU4NOH (S.Ommol, 1.0 mL of a 3.0 M solution in MeOH) was added and

the reaction was heated to gentle reflux under argon. At the end of the reaction, as

indicated by TLC , water {10 mL) was added to the reaction and the mixture was

allowed to cool to room temperature. The product was extracted into ether (3 * 10

mL). The combined organic layers were dried over anhydrous MgS04, filtered, and

the solvent removed in vacuo. The product was purified by flash chromatography

using a 50 mm diameter column, packed with seven inches of silica gel, and eluted

with a solvent system of 5% ethyl acetate in hexanes.

5.7.2 1'CMoro-6-p'tolylhexane

1-Chloro-6-p-tolylhexane was prepared, as described previously, from 5-

chloro-1-pentene (9.00 mmol, 0.941 g), p-tolualdehyde tosylhydrazone (3.00 mmol,

0.865 g) and BU4NOH (6.0 mol, 6.0 mL of a 1M solution in methanol). After 3 h at

reflux, 0.57 g, 91% of product was isolated. ^H-NMR (CDCI3ATMS) 6 7.07 (s, 4H),

3.51 (t, 2H, J = 6.7 Hz), 2.56 (t, 2H, J = 7.6 Hz), 2.31 (s. 3H), 1.76 (qt, 2H, J = 7.0

Hz), 1.61 (qt, 2H, J = 7.5 Hz), 1.56-1.30 (m, 4H): ̂ ^C-NMR (CDCI3) 6 139.47,

135.04, 128.94, 128.24, 45.07, 35.33, 32.55, 31.36, 28.48, 26.73, 20.96. Anal,

calcd for C13H19CI: C, 74.09; H, 9.09. Found: C, 74.26; H, 9.24.

5.7.3 7-p-Tolylheptanenitrile

7-p-Tolylheptanenitrile was prepared, as described previously, from 5-cyano-

1-pentene (9.00 mmol, 0.856 g) p-tolualdehyde tosylhydrazone (3.00 mmol, 0.865
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g). After 2 h at reflux, 0.59 g, 98% of product was isolated. ̂ H-NMR {CDCI3/TMS)

6 7.13-7.01 (m, 4H), 2.57 (t, 2H, J=7.6 Hz), 2.31 (overlapping s and t, 5H, J=7.0

Hz), 1.68-1.30 (m, 8H): ̂^C-NMR (CDCy 6 139.24,135.13, 128.97, 128.22, 35.25,

31.14, 28.51, 28.30, 25.29, 20.96, 17.07. Anal, calcd for C14H19N: C, 83.53; H,

9.51; N, 6.96. Found: C, 83.41; H, 9.55; N, 6.82.

5.7.4 12-p-Tolyldodecanoic Acid Methyl Ester

12-p-tolyldodeoanoic acid methyl ester was prepared, as described

previously, from methyl-10-undecenoate (9.00 mmol, 0.595 g) p-tolualdehyde

tosylhydrazone (3.00 mmol, 0.865 g). After 1.5 h at reflux, 0.82 g, 90% of product

was isolated. 'H-NMR (CDCI3ATMS) 6 7.07 (s, 4H), 3.66 (s, 3H), 2.55 (t, 2H, J=7.7

Hz), 2.31 (s overlapping t, 3H and 2H, J=7.5 Hz), 1.70-1.50 (m, 4H), 1.26 (br s, 14

H); 174.28, 139.83, 134.88, 128.86, 128.23, 51.37, 35.49, 34.09, 31.60, 29.52,

29.40, 29.360, 29.21, 29.12, 24.93, 20.94. ̂ ^C-NMR (CDCI3) 6 174.28, 139.83,

134.88, 128.86, 128.23, 51.37, 35.49, 34.09, 31.60, 29.52, 29.40, 29.30, 29.21,

29.12, 24.93, 20.94. Anal, calcd for C20H32O2: C, 78.90; H, 10.59. Found: C,

78.67; H, 10.68.

5.7.5 Cyclohexyl-p-tolylmethane^^^

Tricyclohexylborane was prepared, as described previously, from

cyclohexene (9.00 mmol, 0.739 g) and BH3 at 50 °C for 3 h. Hexyl-p-tolylmethane

was prepared, as described previously, from tricyclohexylborane p-tolualdehyde
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tosylhydrazone (3.00 mmol, 0.865 g). After 1 h at reflux 0.40 g, 71 % of product

was isolated. 'H-NMR (CDCI3/TMS) 6 7.06 (d, 2H. J=8.0 Hz). 7.00 (d, 2H. J= 8.1

Hz), 2.42 (d. 2H, J=7.0 Hz), 2.30 (s, 3H), 1.75-1.58 (m, 5H), 1.54-1.37 (m, 1H),

1.26-1.07 (m, 3H), 0.92 (qt, 2H, J=^Q.5 Hz): ̂ ^C-NMR (CDCI3) 6 138.23, 134.89,

129.04,128.70,43.67,39.82, 33.15, 26.58,26.33, 20.97. Anal, calcd for C20H32O2:

C, 78.90; H, 10.59. Found: C, 78.67; H, 10.68.

5-7.6 2-Methyl-1-p-totylbutane^^^

2-Methyl-1-p-tolylbutane was prepared, as described previously, from tri-sec-

butylborane (3.0 mmol, 3.0 mL of a 1.0 M solution in THF, Aldrich Chemical Co.)

p-tolualdehyde tosylhydrazone (3.00 mmol, 0.865 g). After 1.5 h at reflux, 0.30 g,

62% of product was isolated. ^H-NMR (CDCI3/TMS) 6 7.11-6.98 (m, 4H), 2.58 (dd,

1H, J=13.4 Hz and 6.2 Hz), 2.31 (s overlapping dd, 3H and 1H, J=13.05 Hz and 8.0

Hz), 1.60 (octet, 1H, J=6.6 Hz), 1.48-1.31 (m, 1H), 1.30-1.08 (m, 1H), 0.89 (t, 3H,

J=7.3 Hz), 0.83 (d, 3H, J=6.7 Hz). '^C-NMR (CDCI3) 6 138.59, 134.92, 129.07,

128.76, 42.91, 36.70, 29.18, 20.99, 18.95, 11.47.

5.7.7 p-Benzyltoluene

p-Benzyltoluene was prepared, as described previously, from triphenylboron

(3.00 mmol, 0.726 g, Aldrich Chemical Co.) p-tolualdehyde tosylhydrazone (3.00

mmol, 0.865 g). After 1 h at reflux, 0.55 g, 81% of product was isolated. ^H-NMR

(CDCI3/TMS) 6 7.29-7.00 (m, 9H); 3.90 (s, 2H); 2.28 (s, 3H). ̂ ^C-NMR (CDCI3) 6
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141.38, 141.23, 135.45, 129.10, 128.83, 128.39, 127.12, 125.93, 41.50, 20.94.

Anal, calcd for C14H14: C, 92.26; H, 7.74. Found: C, 92.06; H, 7.68.

5.8 SYNTHESES UTILIZING BORANE DERIVATIVES

The general procedure for the synthesis of pentylbenzenes outlined in

section 5.6.1 was followed for the reactions presented in this section. One of the

following alkylborane derivatives was utilized in the place of BU3B, and all reactions

were carried out at reflux. This section will present the experimental results for only

those reactions which gave alkylated product.

5.8.1 Reaction of Hexyl-9-BBN with 3e

Hexyl-9-BBN (3.0 mmol) was prepared according to literature procedure from

1-hexene (3.0 mmol, 0.25 g) and 9-BBN (3.0 mmol, 3.0 ml of a 1 M solution in

THF). It was used according to the above procedure in a 1 h reaction with

benzaldehyde tosylhydrazone, 3e, (3.00 mmol, 0.823 g). The reaction mixture was

cooled under argon and placed in a room temperature water bath. Distilled water

(10 mL) and sodium perborate (1.38 g, 8.97 mmol) were added. The reaction was

stirred vigorously for 2 h. The reaction mixture was then transferred to a separatory

funnel and the product extracted into ether (3 x 10 mL). The extracts were washed

with brine (1 x 20 mL) and dried over anhydrous MgS04. The solvent was removed

under reduced pressure and the crude product flash chromatographed using silica
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gel and 4% MeOH/CHjClz to give 0.36 g, 51% yield, 5-

(hydroxyphenylmethyl)cyclooctanol.^^® ^H-NMR (CDCI3/TMS) 5 7.40-7.23 (m, 5H),

4.41 (d, 1H. J= 6.8 Hz), 4.01-3.85 {m. 1H), 2.00-1.14 (m, 14H): ̂ ^C-NMR {CDCy

6 143.69,128.30,127.46,126.61,79.48, 72.09,44.28, 36.12, 30.51, 28.57, 23.23,

22.84.

5.8.2 Reaction of Decyldicyclohexylborane with 25e

Decyldicyclohexylborane was prepared according to literature procedure

from BH3 (3.0 mmol, 1.0 mLof a 1M solution in THF), cyclohexene (6.0 mmol, 0.49

g), and 1-decene (3.0 mmol, 0.42 g). It was used according to the above procedure

in a 1 h reaction with benzaldehyde trisylhydrazone, 25e, (3.00 mmol, 1.16 g). The

crude product was flash chromatographed using 7 inches of silica gel in a 40 mm

column with hexanes to give a yield of 0.53 g of the combined products 1-

phenylundecane and cyclohexylphenylmethane. The NMR of the mixture gave

a molar ratio of 33.3:66.7 for the benzyl protons at 2.59 ppm (t, area=2.00) and 2.47

ppm (d, area=3.99) respectively. These ratios were used to calculate a yield of 0.21

g, 31%, for 1-phenylundecane and 0.32 g, 61%, for cyclohexylphenylmethane.

5.8.3 Reaction of Hexyldisiamylborane with 25e

Hexyldisiamylborane was prepared according to literature procedure from

BH3 (3.0 mmol, 1.0 mLof a 1M solution in THF), 2-methyl-2-butene (6.0 mmol, 1.5

ml of a 4 M solution in THF), and 1-hexene (3.0 mmol, 0.25 g). It was used
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according to the above procedure in a 1 h reaction with benzaldehyde

trisylhydrazone, 25e, (3.00 mmol, 1.16 g). The crude product was flash

chromatographed using 7 inches of silica gel in a 40 mm column with hexanes to

give a yield of 0.26 g, 49%, of the combined products 1-phenylheptane and 2,3-

dimethylbutylbenzene. The NMR of the mixture gave a molar ratio of 15.5:84.5

for the benzyl protons at 2.73 ppm (d, area=0.368) and 2.59 ppm (t, area=2.00)

respectively. These ratios were used to calculate a yield of 0.22 g, 41%, for 1-

phenylheptane and 0.037 g, 7.6%, for 2,3-dimethylbutylbenzene.

5.8.4 Reaction of Hexyl-9-BBN with 25e

Hexyl-9-BBN was prepared according to literature procedure from 1-hexene

(3.0 mmol, 0.25 g) and 9-BBN (3.0 mmol, 3.0 mL of a 1 M solution in THF). It was

used according to the above procedure in a 1 h reaction with benzaldehyde

trisylhydrazone, 25e, (3.00 mmol, 1.16 g). The reaction mixture was cooled under

argon and placed in a room temperature water bath. Distilled water (10 mL) and

sodium perborate (1.38 g, 8.97 mmol) were added. The reaction was stirred

vigorously for 2 h. The reaction mixture was then transferred to a separatory funnel

and the product extracted into ether (3x10 mL). The extracts were washed with

brine (1 x 20 mL) and dried over anhydrous MgS04. The solvent was removed

under reduced pressure and the crude product flash chromatographed using 5

inches of silica gel in a 20 mm column with hexanes to give 0.13 g, 25% yield, of

heptylbenzene. 'H-NMR (CDCI3/TMS) 6 7.27-7.13 (m, 5H), 2.60 (t, 2H, J=7.7),
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1.60-1.70 (m, 2H). 1.31-1.23 (m, 8H), 0.88 (t, 3H. J=6.5): ̂ ^C-NMR (CDCI3) 6

142.93, 128.38, 128.20, 125.52, 36.00, 31.54, 29.32, 29.21, 23.80, 22.68, 14.10.

The column was continued with 2% MeOH/CH2Cl2 to give 0.34 g, 48% yield, of 5-

(hydroxyphenyl-methyl)cyclooctanol. ^H-NMR (CDCI3/TMS) 6 7.40-7.23 (m, 5H),

4.37 (d, 1H, J=6.8 Hz), 3.96-3.82 (m, IN), 2.00 (s, 2H), 2.00-1.05 (m, 12H): ̂^C-

NMR(CDCl3) 6 143.65,128.17,127.31, 126.56, 79.31, 71.98, 44.18, 35.97, 30.37,

28.50, 23.18, 22.78.

5.8.5 Reaction of Dihexylthexylborane with 25e

Dihexylthexylborane was prepared according to literature procedure from

BH3 (3.0 mmol, 1.0 ml of a 1M solution in IMF), 2,3-dimethyl-2-butene (3.0 mmol,

3.0 mL of a 1 M solution in IMF), and 1-hexene (6.0 mmol, 0.50 g). It was used

according to the above procedure in a 1 h reaction with benzaldehyde

trisylhydrazone, 25e, (3.00 mmol, 1.16 g). The crude product was flash

chromatographed using 7 inches of silica gel in a 40 mm column with hexanes to

give a yield of 0.45 g of the combined products 1-phenylheptane and 2,2,3-

trimethyl-4-phenylbutane. The NMR of the mixture gave a molar ratio of

71.0:29.0 for the benzyl protons at 2.59 ppm (t, area=2.00), and 2.52 ppm (s,

area=0.817) respectively. These ratios were used to calculate a yield of 0.32 g,

61%, for 1-phenylheptane and 0.13 g, 25%, for 2,2,3-trimethyl-4-phenylbutane.
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5.9 MECHANISM STUDIES

5.9.1 trans-5-p-Tolyl-4,5-dihydro-1H'pyrazole-3,4-dicarboxync Acid Dimethyl

Ester^^*

Dimethyl maleate (0.435 g, 3.02 mmol) and p-toiualdehyde tosylhydrazone

(0.866 g, 3.00 mmol) were added to a flame dried, argon flushed, 50 mL, round-

bottom flask equipped with a side-arm, reflux condenser, stir bar, argon inlet, and

mercury bubbler. Dry IMF (20 ml) was then added followed by DBU (0.45 mL, 3.0

mmol) and the reaction heated to reflux for 1.5 h. The reaction was then cooled to

room temperature and distilled water (10 mL) added. The reaction mixture was

transferred to a separatory funnel, extracted with ether (3x10 mL), washed with

brine (1 x 20 mL), and dried over anhydrous MgS04. Solvent was removed under

reduced pressure and the crude product was flash chromatographed using 7 inches

of silica gel in a 40 mm column with 25% EtOAc/Hexanes to give 0.63 g (76% yield)

of 46: 'H-NMR (CDCI3/TMS) 6 7.17 (s, 4H), 5.22 (d, IN, J=9.3 Hz), 4.02 (d, IN,

J=9.3 Hz), 3.85 (s, 3H), 3.78 (s, 3H), 2.35 (s, 3H), 1.29-1.21 (br s, IH); ̂ ^C-NMR

(CDCI3) 6 170.86, 162.24, 138.63, 137.85,136.24, 129.79, 126.10, 70.43, 57.93,

52.80, 52.25, 21.08.

5.9.2 Competition Experiments

In the first competition experiment, p-tolualdehyde tosylhydrazone (3.00

mmol, 0.866 g) was dissolved in 17 mL of THF contained in an argon-flushed, 50
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mL, round-bottomed flask equipped with a side-arm, reflux condenser, and stirring

bar. Dimethyl maleate (0.433 g, 3.00 mmol) and tributylborane (3.0 mmol, 3.0 mL

of a 1.0 M solution in THF) were added via syringe, followed by DBU (3.0 mmo I,

0.45 mL). The reaction was heated to a gentle reflux until the tosylhydrazone

disappeared as evidenced by TLC, (1.5 h). The reaction mixture was then oxidized

with sodium perborate. The reaction vessel was placed in a room temperature

water bath. Distilled water (10 mL) and sodium perborate (1.38 g, 8.97 mmol) were

then added. The reaction was stirred vigorously for 2 h. The reaction mixture was

transferred to a separatory funnel and the product extracted into ether (3x10 mL).

The extracts were washed with brine (1 x 20 mL) and dried over anhydrous MgS04.

The solvent was removed under reduced pressure and the crude product was flash

chromatographed using 6.5 inches of silica gel in a 50 mm column with 9% ethyl

acetate/hexanes to give 0.43 g (80% yield) of 1-p-tolylpentan-1-ol:^^® ^H-NMR

(CDCI3/TMS) 6 7.21 (d, 2H, J=8.1 Hz), 7.13 (d, 2H, J=8.1 Hz), 4.59 (t, 1H, J = 6.7

Hz), 2.33 (s, 3H), 2.03-1.86 (br s, 1H), 1.84-1.59 (m, 2H), 1.44-1.23 (m, 4H), 0.87

(t, 3H, J=6.9 Hz): '^C-NMR (CDCI3) 6 141.98,137.02,129.03, 125.82, 74.46, 38.68,

27.98, 22.57, 21.02, 13.93. Anal, calcd for CizHieO: C, 80.85; H, 10.18. Found:

C, 80.57; H, 10.29.

The second competition experiment was carried out in the same manner as

the first except that the reaction mixture was heated to reflux prior to the addition

of DBU. After purification a yield of 0.412 g, 77%, was obtained for 1-p-tolylpentan-

I-0I.
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5.9.3 Synthesis of Diazo Intermediate 8'

Benzaldehyde trisylhydrazone (3.00 mmol, 1.16 g), KOH (3.00 mmol, 0.336

g), and MeOH (9 mL) were placed In an argon-flushed, 50 mL, round-bottomed

flask equipped with a side-arm, reflux condenser, and stirring bar. The reaction was

heated at reflux for 7 min. It was then cooled with an ice bath and 30 mL of ice-cold

water was added to the reaction mixture. The aqueous layer was extracted with

methylene chloride (4x10 mL) and washed with sodium bicarbonate (3 x 15 mL

of a saturated solution in water). The methylene chloride extracts were dried over

anhydrous MgS04, filtered, and most of the solvent removed in vacuo. If all the

solvent is removed 8' becomes very unstable and can explode.

5.9.4 Reaction of 8'with Tributylborane

Experiment 1

Tributylborane (3.0 mmol, 3.0 mL of a 1.0 M solution in THF) was placed in

an argon-flushed, 50 mL, round-bottomed flask equipped with a stirring bar and

bubbler. 8* prepared in 5.9.2 was diluted with 10 mL THF and was slowly added via

syringe over the course of 15 min. Immediate gas evolution was seen and 8'

turned from orange to yellow as soon as it came in contact with the reaction

mixture. The reaction mixture was oxidized with sodium perborate and worked up

as described previously. The crude product was purified via flash chromatography

using 6.5 inches of silica gel in a 50 mm column with 8% ethyl acetate/hexanes to

give a yield of 0.18 g, 37% of 1-phenylpentan-1-ol.'^ 'H-NMR (CDCI3/TMS) 6 7.37-
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7.18 (m, 5H),4.60 (t, 1H, J=6.7 Hz), 2.22-2.05 (brs, IN), 1.86-1.57 (m, 2H), 1.45-

1.14 (m. 4H). 0.87 {t, 3H, J=7.0 Hz); ̂ 'C-NMR (CDCy 6 144.96,128.34,127.37,

125.88, 74.60, 38.76, 27.93, 22.56, 13.95.

Experiment 2

Tributylborane (3.0 mmol, 3.0 mL of a 1.0 M solution In THF) and DBU (3.0

mmo I, 0.45 mL) were placed in an argon-flushed, 50 mL, round-bottomed flask

equipped with a stirring bar and bubbler. 8' prepared in 5.9.2 was diluted with 10

mL THF and was slowly added via syringe over the course of 15 min. Immediate

gas evolution was seen and 8' turned from orange to yellow as soon as it came in

contact with the reaction mixture. The reaction mixture was oxidized with sodium

perborate and worked up as described previously. The crude product was purified

via flash chromatography using 6.5 inches of silica gel in a 50 mm column with 8%

ethyl acetate/hexanes to give a yield of 0.27 g, 55%, of 1-phenylpentan-1-ol.

Spectral data was consistent with sample prepared in experiment 1.

Experiment 3

8' was prepared as described in 5.9.2 using 6 mmol, 2.32 g benzaldehyde

trisylhydrazone. The above reaction was repeated and 0.46 g, 93%, of 1-

phenylpentan-1-ol was isolated.

5.9.5 Synthesis of 1-Phenylpentan-1-ol with MeOH as the Solvent

Benzaldehyde trisylhydrazone (3.00 mmol, 1.16 g) was dissolved in 17 mL

MeOH contained in an argon-flushed, 50 mL, round-bottom flask equipped with a
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side-arm, reflux condenser, stir bar, argon inlet, and mercury bubbler.

Ttributylborane (3.0 mmol, 3.0 mL of a 1.0 M solution in THF) and DBU (0.45 mL,

3.0 mmol) were added and the reaction was stirred at room temperature until the

trisylhydrazone disappeared as evidenced by TLC (29 h). The reaction mixture was

cooled under argon and oxidized as previously described. The crude product flash

chromatographed using 8 inches of silica gel in a 50 mm column with 7%

EtOAc/hexanes. This produced 0.11 g, 22%, of 1-phenylpentan-1-ol and 0.276 g

(62%) of pentylbenzene. Spectral data was consistent with previous samples.

5.9.6 Synthesis of 1-Chloro-4-pentylbenzene with MeOH as the Solvent

p-Chlorobenzaldehyde trisylhydrazone (3.00 mmol, 1.26 g) was used as

described in section 5.6.1 with 17 mL of MeOH as the solvent. The reaction was

complete in 3.5 h at RT. The crude product ws purified with flash chromatography

using 5 inches of silica gel in a 40 mm column and 4% ethyl acetate/hexanes to

give a yield of 0.55 g, 87%, of 1-Chloro-4-pentylbenzene. Spectral data was

consistent with sample prepared previously.

5.9.7 "B NMR Experiments

All spectra were obtained unlocked and without a standard present in the

tube. NMR tubes were quartz and were flame-dried and argon-flushed prior to use.

Results of the spectra are presented in tables in Chapter 4.
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Experiment # 1

Tributylborane (0.5 mmol, 0.5 mL of 1.0 M solution of In THF) was added to

a flame dried, argon-flushed, quartz NMR tube. DBU (0.50mmol, 0.075 mL) was

then added to the tube via syringe. Spectra were obtained at 0 and 60 min.

Experiment # 2

Benzaldehyde tosylhydrazone (0.15 mmol, 0.35 mL of a 0.43 M solution in

THF) was added to an NMR tube followed by BugB (0.15 mmol, 0.15 mL). The tube

was placed in the NMR spectrometer and the temperature was taken down to -78

°C. A spectrum was taken and the temperature was then increased to 25 °C. The

temperature of the NMR was then slowly lowered to -78 °C and spectra were taken.

Experiment # 3

To the above NMR tube was added DBU (0.15 mmol, 0.022 mL) at -78 °C.

The NMR was then slowly brought back up to RT and the NMR spectrum was

monitored.

Experiment # 4

Benzaldehyde tosylhydrazone (0.15 mmol, 0.35 mL of a 0.43 M solution in

THF) was added to an NMR tube followed by BugB (0.15 mmol, 0.15 mL) and DBU

(0.15 mmol, 0.022 mL). An initial spectrum was obtained. A balloon equipped with

a syringe needle and containing argon was placed into the septum of the NMR tube.

The tube was then placed in a hot water bath and heated to reflux. The heating

was stopped at frequent intervals, the balloon was removed, and a spectrum of the

reaction was obtained.
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Experiment # 5

Benzaldehyde trisylhydrazone (0.15 mmol, 0.058 g) was placed in an NMR

tube followed by 0.5 mLof THF and BU3B (0.15 mmol, 0.15 mL of a 1.0 M solution

in THF). The mixture was monitored by NMR for 60 min. DBU (0.15 mmol, 0.022

mL) was added via syringe and the reaction was monitored by NMR for 2 h.

Experiment # 6

Benzaldehyde trisylhydrazone (0.15 mmol, 0.52 mL of a 0.29 M solution in

THF) was placed in an NMR tube followed by BU3B (0.15 mmol, 0.15 mLof a 1.0

M solution in THF). The tube was placed in a dry-ice acetone bath and DBU (0.15

mmol, 0.022 mL) was added. The tube was placed in the NMR which was set at

-78 °C. The reaction mixture was monitored at various temperatures.

Experiment # 7

Diazo compound 8' was prepared as previously described and stored at -

100 °C. BU3B (0.25 mmol, 0.25 mL) and DBU (0.25 mmol, 0.037 mL) were placed

in an NMR tube and cooled to -100 °C. 8' was added and the tube was quickly

transferred to the NMR set at -78 °C. After the spectrum was obtained the NMR

tube was removed and given one quick shake. The spectrum was repeated at -78

an additional two times. The temperature was then slowly increased to RT and a

final spectrum was obtained.
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