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ABSTRACT

PARTI

The earlier work, done in our lab on allyiic amination o f olefins catalyzed by 

Fefll, ni)-chIorides demonstrated that the formation o f free PhNO is not involved and 

the structure o f the active catalyst was determined (Chapter 1. 27). Attempts were 

made to develop a catalyst-based enantioselective version o f the reaction. The Fe(ll)- 

salen complexes (Chapter 2, 9) showed modest catalytic activity in the reactions o f 

olefins with PhNHOH and involved the formation o f  free PhNO as the active 

aminating agent. The diamine oxide (Chapter 2, 24) and the diphosphine oxide 

(Chapter 2. 26) ligands displaced the azobenzenedioxide ligands from the active 

complex (chapter 1, 27). However, the new metal species (Chapter 2, 37) formed did 

not undergo any further reaction.

In order to obtain primary and secondary allyllic amines via Fe(ll. III)- 

chloride catalyzed reactions, alternative aminating agents were sought. 2.4- 

Dinitrophenylhydroxylamine (Chapter 3, 6) reacted with olefins to produce the 2,4- 

DNP-allylamines (Chapter 3, 10) in good yields and high selectivities. Attempts to 

deprotect the secondary 2,4-DNP-allylamines (Chapter 3, 10) were not successful. 

Méthylation and benzylation o f these allylamines yielded the corresponding products 

(Chapter 3, I4a, b, c and d) in high yields. Cleavage o f  the 2,4-DNP ring from the 

tertiary N-methyl-N-(2,4-DNP)-allylamine (Chapter 3, 14b and c) with excess 

aqueous methylamine yielded the corresponding secondary N-methyl-allylamines 

(Chapter 3 , 15b and c) in moderate yields.

XXIU



A general route for the synthesis o f N-alkoxy-N-alkylamidine hydrochlorides 

by reaction o f organic nitriles with (N-alkyl-N-alkoxyammine)dimethylaiuminum 

chloride (Chapter 4, 26) is described.

PART II

A general route for the solution phase synthesis o f unsymmetrical tertiary 

phosphines, which can be adapted for their solid phase synthesis, was developed. 

This route involves selective, sequential nucleophilic substitutions on trivalent 

phosphorus using easily accessible reagents under mild conditions. The starting 

materials for this methodology, N-methyl-N-phenylaminochloroalkylphosphines 

(Chapter 6, 12, 13), were prepared in high yields. The unsymmetrical tertiary 

phosphines (Chapter 6, 18) were obtained by highly selective displacement o f  the 

chloride from the aminochlorophosphines by Grignard reagents to yield 

aminophosphines (Chapter 6, 17), followed by displacement o f the N-methyl-anilide 

by organolithium reagents.

XXIV



Chapter 1

METAL -  CATALYZED ALLYLIC AMINATION OF OLEFINS

1-1 : INTRODUCTION AND BACKGROUND

Considerable research effort has been directed towards generation o f  the 

aliylamine unit due to its importance in organic chemistry. This functional group has 

medicinal significance since it is present in several alkaloids, various pharmaceuticals 

(Figure 1-la),' and also in some amino sugar antibiotics (Figure 1-lb)."

Figure 1-1: Medicinally important allylamines

CH

OCH
4-Amino-4-deo.xy-a-D-em/iro-2- 

hexeno-pyranuronic acid
Thebaine

Certain antihypertensives and monoamine oxidase inhibitors bear the propargylamine 

moiety (Figure 1-2).^ Saturated and 

unsaturated amines are also

Figure 1-2: Medicinally im portant propargyiic 
Amines

commercially important as they are 

used in the production o f petroleum 

additives, cationic surfactants, fabric softeners, etc."*

PhCHoNCH.C^CH
" I

CH3

Pargyline



In synthetic organic chemistry allyiic and propargyiic amines serve as 

building blocks that lead to other important functional groups. Noyori et al. have 

prepared optically active (E)-enamines (1) by enantioselective isomerization o f 

prochiral secondary and tertiary allyiic amines (2) catalyzed by Rh(I) complexes, via 

hydrogen migration.^ These enamines were then utilized in the synthesis o f chiral 

terpenes (Scheme I-1). This method has been developed for the commercial 

synthesis o f  menthol.

Scheme 1-1: Rh(I)-cataIyzed enantioselective isomerization of allyiic amines

NEt
CHONEt

Rh[(+/-)-BINAP][NBD]}

OHOH OH

OH

Propargyiic amines (3) have been reduced to produce allylamines using Hi/Lindlar’s

catalyst o r LiAIH» (Scheme 1-2).



Scheme 1-2: Reduction of propargyiic amines

NH

LiAlH; or

NH

NHR

NH

orLindlar’s
catalyst

NH

Allyiic amines have also been subjected to diastereoselective hydroboration— 

oxidation o f the double bond in the presence o f  a Rh(I) catalyst (Scheme 1-3).' This 

transformation is the key step in the synthesis o f optically active a , p-disubstituted P- 

amino acids.^

Scheme 1-3: Diastereoselective hydroboration-oxidation of allyiic amines

NHTs i) (C5H402)BH NHTs
2 mol% [Rh(COD)Cl] ,.4PPh3 =

_________ THF. 25 °C________ ,

ii) H2O2 / NaOH (aq)

major

+

NHTs

OH

minor



Diastereoselective osmium-catalyzed dihydroxylation of N-protected allyiic amines 

has also been reported (Scheme 1-4).'’

Scheme 1-4: Os-Cataivzed dihvdroxvlation of allvlic amines

NHP NHP NHP

HO OHCHO OH
I

threo erythro
P = Protecting Group
NMMO = N-methyl-morpholine-N-oxide hydrate

Other reports on the functionalization o f allyiic amines, including oxygenation, 

epoxidation" and halogénation'' are also available in the literature.

Organonitrogen compounds are usually obtained by functional group 

interconversions. Allyiic alcohols (4) can be converted to allylamines by the 

-Mitsunobu reaction under very mild conditions using various amines as nucleophiles 

(Scheme 1-5).'^ The olefin stereochemistry is conserved in this two step sequence.'^

Overman rearrangement'^ also transforms allyiic alcohols (4) to the 

corresponding amines by a [3,3]-sigmatropic shift of the intermediate allyiic N- 

benzoylbenzimidates (5), catalyzed by palladium(II) chlorides (Scheme 1-6).'^ The 

resulting allylamides are obtained in good yields and selectivities, and can be 

hydrolyzed to produce the desired allyiic amines. Use o f this methodology in the 

synthesis o f  natural products was reported by Danishefsky.'^



Scheme 1-5: Synthesis of allyiic amines from allyiic alcohols via 
Mitsunobu reaction

DIAD/PhjP 
PhthNH .

NPhthOH THF, rt, 4h

(76-98%)

MeOH

NH

(76-88%)

Scheme 1-6: Synthesis of allyiic amines via Overman rearrangement

OH
DEAD, THF 

rt, 2h
5 (86-93%)

5 mol% PdClj (MeCN)2 
toluene

NHNBz-
NaOH(aq)

(50-92%)



Conversion o f  allyiic alcohols to allylamines catalyzed by cobalt(II) chloride 

is an improvement to the Ritter reaction, which allows the reaction to be performed 

under neutral conditions (Scheme 1-7).'*

Scheme 1-7: Synthesis of allyiic amines via R itter reaction

OH NHAc5 mol% CoCl 
1.2 eq AC2O

CH3CN, reflux Ph 
15-20h

This reaction, however, is not very regio- or stereoselective and results in a mixture of 

products since it proceeds via the formation o f an intermediate rt-allyl complex.

Allyiic halides and acetates can also be converted into allylamines by S\2 

reactions. One o f  the most common o f such methods is the Gabriel synthesis 

(Scheme l-8 a).'*  ̂ The deprotection of the phthalimides produced can then be carried 

out to yield the amine. A modification o f this process involves the reaction of di-t- 

butyliminocarbonate, [(BoclzNH] (6 ), with primary and secondary halides and 

mesylates, under very mild conditions, to give high yields o f the protected 

allylamines (7) (Scheme I-8b).‘°

Scheme 1-8: Synthesis of allylamines via Gabriel synthesis

EtOH
NPhthreflux, 18h

(87%)



b)

'= ^ v ^ O M s  + (Boc)2NH

5 mol% Lil 
2 eq K2CO3 

butanone
16h. 80 °C

.NHBoc

7 (94%)

In addition to the transformations mentioned above, allyiic amines can also be 

obtained by palladium-catalyzed substitution reactions o f allyiic halides, acetates, etc. 

(Scheme 1-9)."'

Scheme 1-9: Synthesis of allylamines from allyiic halides catalyzed by Pd(0)-€omplexes

NR"R’

Pd(0), HNR"R'

This reaction results in substitution with retention of configuration in the product."" 

Enantioselective versions of this reaction using chiral ligands have also been 

developed and reviewed."^ Allyiic amination o f allyiic halides and acetates have also 

been promoted by copper(II)-"^ and iron(0)-complexes."^

Direct hydroamination o f dienes, catalyzed by complexes o f transition metals 

such as Ni, Rh, Co and Ir, also form allyiic amines.'^ However, these reactions are 

not very selective (Scheme 1-10).



Scheme 1-10: Synthesis of allylamines from dienes catalyzed by transition metal 
complexes

NH

7 mol% Ni(II)(acac)2 

14 moI% PPh,
28 mol% NaBH. 
-70 °C to rt, 6 h

A:B:C:D = 15:32:2:51

Direct synthesis o f organonitrogen compounds from hydrocarbons remains a 

desirable goal due to the commercial potential of such processes. Also, such routes 

use very cheap starting materials. Two such industrial processes for the preparation 

of organonitrogen compounds are the Mo-Bi catalyzed synthesis o f  acrylonitrile from 

propylene (SOHIO process)"^ (Scheme 1-1 la) and the Ni-catalyzed synthesis of

adiponitrile from butadiene (DuPont) (Scheme 1-1 lb). 28

Scheme 1-11: Commercial processes to obtain organonitrogen compounds 
a) SOHIO process

Bismuth molybdate 
+ NHj -----------------   ►

b) DuPont process

+ HCN
[(ArO)3P]4Ni (0) NC,

acrylonitrile 

adiponitrile



In the laboratory, olefins have been subjected to aminohydroxylation by 

treatment with osmium-alkylimido complexes This method leads to the

formation o f saturated vicinal aminoalcohols (9) after reductive cleavage of the 

osmate ester (10) in good yield (Scheme 1-12). The stereochemistry o f the addition 

o f the osmium species is always syn and the new C-N bond forms at the less 

substituted carbon of the double bond.

Scheme 1-12 : Synthesis of organonitrogen compounds via vicinal aminohydroxylation of 
Olefins

R.'
NR' ,R  ^ N ^ ^ R  R'HNA. _ R

OsOs +
LiAIH^ J  

\ ^ ^ R  H O*^iy  \  'R  H O - - R

8  ^  ~ (-Bu 10 9
1 -adamantyl

Allyiic amines have been prepared in the laboratory directly from olefins by reaction 

with S- and Se-imides (11),'° diethylazo-dicarboxylate (12) in the presence o f a 

Lewis acid,^' and acylnitroso compounds (13) (Scheme 1-13).^“

Scheme 1-13: Synthesis of allyiic amines from olefins

a) Allyiic amination of olefins by Group(VI) -  imides

+ R N = X = N R  

1 1 (X = S, Se)
NR

a) Allyiic amination of olefins by diethylazodicarboxyiate

SnCl,
+ Et02C-N=N-C02Et



b) Allyiic amination of olefins by acylnitroso compounds

OH

TiCI

Reactions o f olefins with group VI imides result in the formation o f allylamines with 

retention o f  the double bond position as it proceeds by an ene reaction followed by a

[2, 3]-sigmatropic rearrangement (Scheme I -14). 30

Scheme 1-14: Mechanism of reaction of olefins with group VI imides

NTs
NHTs

NHTs

NTs
ene NTs

K,CO MeOH/HiO

NHTs

Most olefins and alkynes react with these imido reagents at or below room 

temperature suggesting that these reagents are very active. The reaction is, however, 

stoichiometric in the Se- or S-imido compoimds.

Reaction o f various substituted olefins with diethyl azodicarboxylate (12), 

catalyzed by Lewis acids, proceeds by an azo-ene reaction (Scheme l-13b).^’ As a

10



result, the products o f this process suffer a transposition o f the double bond. The 

reaction does not form the possible diadducts even in the presence o f only one molar 

equivalent o f the olefin. Formation of the trans-isomer is preferred. However, the 

scope of this reaction is unknown since extensive investigation o f the substrate 

structure was not performed. Also, the reaction requires stoichiometric amounts of 

SnCU. These reactions yield amine derivatives and to obtain free allylamines from 

these products requires appropriate deprotection procedures.

The reactions o f  olefins with acylnitroso compounds (13) also proceeds by an 

ene-like pathway (Schemel-13c).^^ The required acylnitroso compound is very 

reactive and, therefore, is generated in situ by pyrolysis o f  the Diels-Alder adduct o f 

nitrosocarbonylmethane with 9,10-dimethylanthracene at 80-110°C in the presence of 

the olefin. High yields o f  the products were obtained. The acylnitroso precursor is 

prepared by oxidation o f acetohydroxamic acid with N(Pr)4l0 4  in the presence o f 

9,10-dimethylanthracene. Both inter- and intramolecular pathways were developed. 

However, this methodology yields products at the amide oxidation state.

Some other routes to obtain allyiic amines directly from olefins include 

reactions with carbamate esters^^ and N-sulfinylcarbamates in presence of SnCU.^^ 

However, the aminating agents used in all these processes are not easily accessible, 

limiting the use o f these routes.

General catalytic regio- and stereoselective routes to obtain allyiic and 

propargyiic amines directly from olefins and alkynes are needed as these processes 

will be industrially more feasible and potentially more direct than the aforementioned 

substitution reactions.

11



1-2: CATALYTIC ALLYLIC AMINATION OF OLEFINS

The idea o f allyiic amination o f olefins catalyzed by transition metal 

complexes was based on two separate reports by Sharpless and Mares describing the 

synthesis o f  Mo- and W-nitrosoalkane complexes (14) from the corresponding dioxo 

complexes (15) (Scheme 1-15)/'"^^

Scheme 1-15: Synthesis of Mo- and W-nitrosoalkane complexes (14)

0  
I I

L— M = 0  + RNHOH
1
L'
15

O

L— M
I / '

NR

\
O

L'
14

M = Mo, W ; L = dedtc, dipic ; L' = HMPA

M o- and W-dioxo complexes react with N-substituted hydroxylamines 

resulting in excellent yields o f the corresponding oxaziridine (or nitrosoalkane) 

complexes in which the metal has a coordination number of 7 and r|'-coordination to 

the RNO group. It was also demonstrated that these oxaziridine complexes (14) 

transfer an RN- unit to certain olefins to form the corresponding allyiic amines, 

regenerating the starting metal-dioxo complex 15 (Scheme 1-16). The allyiic amines

(16) thus obtained were the result o f ene-like regioselectivity, i.e. amination occurs 

with transposition o f the double bond. It should be noted that the SOHIO process for 

conversion o f propylene to acrylonitrile involves molybdenum-promoted allyiic 

amination o f  the olefin in the intermediate stage of the catalytic cycle.
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Scheme 1-16: Reaction of Mo-oxaziridine complexes with olefins

(dipic)Mo'

NHArHMPA

(d ip ic )M o = 0

HMPA

1-2-1: LnMo(0)2 -  CATALYZED ALLYLIC A M INATION O F OLEFINS

Based on these early reports, a new catalytic reaction converting olefins to 

allyiic amines by reaction with arylhydroxylamines was developed in the Nicholas 

group. Olefins react with phenylhydroxylamine (PhNHOH)^’ in the presence of 

catalytic amounts (10 mol%) of MoO:(dipic)(HMPA) (17a) or MoO:(dedtc)2 (17b) to 

produce allyiic amines together with aniline and azoxybenzene in varying amounts 

(Scheme 1-17).^* The desired allylamines were obtained in low to moderate yields (4 

-  52%). The reaction resembles an ene reaction in that it is highly regioselective, 

giving the product upon double bond migration, and the 'N '-fragm ent attacks the less 

substituted carbon atom o f the original double bond.
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Scheme 1-17: L„Mo(0 )2-  catalyzed allyiic amination of olefins

^  P h N H O H  ,  h , 0

R  NHPh
R'

-r PhNHj + PhN=N(0)Ph
(1 0 -3 0 % ) (1 0 -2 0 % )

0
II 0

(d ip ic )M o = 0 I I  „
(dedtc)2M o— 0

HMPA
17a 17b

The yields and the chemoselectivity o f the reaction depend on the substrate structure 

with the more substituted olefins, namely the trisubstituted and 1, 1-disubstituted 

olefins, giving the best results. In these reactions the intermediate complexes 

L n M o O (n '-P h N O ), (1 8 a , b ) ,  formed by reaction o f the corresponding dioxo complex 

with P h N H O H , were observed by IR , UV-VIS, and could also be isolated during the 

reaction. The by-products, aniline and azoxybenzene, are formed via competing 

pathways involving thermal self-condensation o f P h N H O H  and decomposition o f the 

intermediate Mo-nitrosoarene complex.’’̂

The mechanism for this reaction was elucidated."*” The first step is the 

formation o f the Mo-oxaziridine (1 8 )  complex by the reaction o f LnMoOi complex

(17 ) with PhNHOH (Scheme 1-18).
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Scheme 1-18: Synthesis of the Mo-oxaziridine complex from the Mo-dioxo complex

o  o
NPh

LnMo O 4- PhN H O H  ^  L n M o ^

17a, b 18a, b °

H ,0

Stoichiometric reaction o f  olefins with these oxaziridine complexes results in the 

desired allyiic amine with the same regioselectivity as that which was observed in the 

catalytic reactions. Kinetic studies revealed a first order dependence on the 

oxaziridine complex (dipic)(HMPA)MoO(r|‘-ONPh) (18a) at constant olefin 

concentration and zero-order dependence on the olefin at constant Mo-oxaziridine 

complex concentration. This suggests that the Mo-oxaziridine complex is involved in 

or before the rate-limiting step but that the olefin is not. Hence, olefin coordination to 

the metal can be disregarded. The rate o f the reaction was constant in the presence or 

absence o f ligating additives, such as HMPA, suggesting that initial dissociation of 

HMPA from the Mo-oxaziridine complex is not involved.

The resemblance o f the Mo-catalyzed allyiic amination to an ene reaction 

suggests reaction o f  the olefin with an enophile, which in this case can be 

nitrosobenzene (PhNO) obtained by dissociation from the Mo-oxaziridine complex 

(18a). Alkyl- and aryl-nitroso compounds are known to be good reagents in the 

hetero-Diels-Alder reactions'" and in ene reactions.^^’ ■*“ The formation of 

uncoordinated PhNO as the active intermediate was demonstrated by trapping it by a 

hetero-Diels-Alder reaction with 2,3-dimethyIbuta-1,3-diene (DMB) (Scheme 1-19).

15



Scheme 1-19: Trapping free PhNO

0

(HMPA)(dipic)MoIk
NPh

\
0

18a
X r

19

4-

(H M P A )(d ip ic)M o= 0

The other organic nitrogen-containing by-products were also observed by GC-MS. 

Complex 18b also reacts with free nitrosoarenes to liberate PhNO. The mono-oxo 

complex, (dedtc)2Mo(IV) 0  (20) formed upon dissociation o f PhNO from 18 readily 

reacts with PhNO at room temperature to produce the corresponding Mo(VI)- 

oxaziridine complex (18b) (Scheme 1-20).

Scheme 1-20: Reaction of M o(IV)0 complex with PhNO

Et,N
S
20

- I V
Mo= 0  + PhN=0 

2

Et.N<
,1 O

. 11/  
Mo VI

k \  
2
18b

NPh

O

Temperatures o f 80 °C or more are required for both the stoichiometric reactions o f 

olefins with the Mo(VI)-oxaziridine complexes (18a, b) and the Mo-dioxo catalyzed 

reaction to occur at a reasonable rate. Hence, based on the above mentioned 

exchange reaction o f Mo(IV)-complex and on the temperature requirement, it was

16



concluded that the dissociation o f PhNO from the oxaziridine complex is the rate- 

limiting step o f the cycle.

The off-metal ene reaction o f  the olefin with the dissociated PhNO was also 

established. 2-Methyl-2-hexene reacts with PhNO in dioxane with heating to produce 

moderate yields o f the allyiic hydroxylamine (2 1 ) accompanied by the characteristic 

double bond migration (Scheme 1-21).

Scheme 1-21: Ene reaction of 2-methyl-2-pentene with nitroso
benzene

dioxane
+ PhN =0

70 °C, 2.5 h
HO

Subsequent reduction o f  the allyl-hydroxylamine (21) by LnMo(IV)0 complex

(22), which would also be formed upon dissociation o f PhNO from the Mo(VI)- 

oxaziridine complexes, was found to be effective (Scheme 1-22) yielding the 

expected allyiic amine (23) along with the Mo(VI)-dioxo complex (17).

Scheme 1-22: Reduction of aliyihydroxyiamine by Mo(IV)-oxo complex

+ L„Mo(IV)0

NHPhNPh
HO

17



On the basis o f  these results, the mechanistic cycle for Mo(VI)-dioxo 

complex-catalyzed allyiic amination of olefins was proposed (Scheme 1-23). The 

main features o f the catalytic cycle can be summarized as follows:

(i) LnMo(VI)Qi (17) reacts with PhNHOH to form the oxaziridine complex 

UMo(VI)0(Ti--ON?h) (18)

(ii) Complex 18 dissociates in the reaction medium to liberate PhNO and form 

L n M o (IV )0  (2 2 )

(iii) PhNO reacts with the olefin in an ene-like fashion outside o f the metal

coordination sphere to form the aliyihydroxyiamine (2 1 )

(iv) LnMo(IV)0 reduces the allyiic hydroxylamine to the desired allyiic amine

(23). regenerating the Mo(VI)-dioxo complex (17).

Scheme 1-23: .Mechanism of LnMo(Oz) -  catalyzed allyiic amination

N P h

LnMo

PhNHOH

PhN=0

LnMo— O LnMo

NPh
H ONHPh
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The metal essentially acts as a redox shuttle in this reaction. It oxidizes PhNHOH to 

PhNO, itself getting reduced from Mo(VI) to Mo(IV) state, and then reduces the 

aliyihydroxyiamine formed by the ene reaction outside of the metal coordination 

sphere to produce the desired allyiic amine, itself getting reoxidized to the Mo(VI) 

state.

It is evident from the mechanism that the actual reaction with the olefin occurs 

outside the metal coordination sphere. Hence, this system will not be suitable for 

developing stereoselective reactions via chiral induction by ligands on the metal.

1-2-2: LnFeX /  FeX ^ -  CATALYZED ALLYLIC .AMINATION OF OLEFINS

Jorgensen et al. have reported allyiic amination of olefins with PhNHOH 

using certain iron complexes, namely Fe(Pc), Fe(TPP)Cl."^^ They have also shown 

that these reactions involve the formation o f  free nitrosobenzene as the reactive 

intermediate by trapping it by hetero-Diels-Alder reaction."”

While the above studies were in progress, in an attempt to increase the 

efficiency and selectivity o f the Mo-catalyzed reaction of olefins with PhNHOH, 

studies were performed in our lab on the effects o f added Lewis acids as co-catalysts. 

In doing so it was found that iron salts can independently catalyze the reaction to 

form the desired allyiic amines in modest to good yields (Scheme 1-24, Table 1-1
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Scheme 1-24: FeCl2.j-catalyzed allyiic amination of olefins

PhNHOH L  P h H N ^ ^ ^ ^ '^ R  ^  HjO
dioxane 

A

The formation of the N-containing by-products was considerably suppressed. The 

main by-product, aniline, was obtained in low to moderate yields, while only traces of 

azoxybenzene and azobenzene were obtained. The allylamines were obtained in > 

95% regioselectivity with the product being formed with double bond migration. The 

yields o f the allylamines were dependent on the olefin structure, much like the Mo- 

catalyzed reactions. Olefins with higher degree o f substitution gave enhanced yields. 

Another significant feature o f this system is that the reaction can be catalyzed by both 

Fe(II) and Fe(III) salts, and also by both anhydrous and hydrated salts, producing 

similar results. Since the iron salts are quite inexpensive, this system proved to be 

more attractive.

Apart from the advantages o f this system mentioned above, the most 

important feature is that the reaction was shown not to involve the formation o f  free 

PhNO (Scheme 1-25). Free PhNO can be effectively trapped by a diene in the 

presence o f the olefin to give the hetero-Diels-Alder adduct (2 4 ) as the sole product. 

However, this adduct was not detected when the mixture o f a-methylstyrene and 

DMB was treated with PhNHOH under the amination reaction conditions. Only the 

allyiic amination product, 2-phenyl-3-(phenylamino)-prop-I-ene (2 5 ) ,  was produced 

with traces (<5%) o f allyiic amination product derived from DMB (2 6 ) .
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Table 1-1: Allyiic amination of olefins catalyzed by Fe(II, III)-chlorides

N-Chemo- 
Yield (%)  ̂ selectivity 
 (%)^

ProductCatalystOlefinEntry

61 (48)A +  B (9:l)

>90'

C + D (9;l) NHPh

A + B (9:l)

NHPh

NHPh
43(29)A + B (9:l)

34(22)A +  B (9:l) NHPh
Ph'

FeCh 

FeClj 

C + D (9:l)

A + B (9:l)Ph'

A + B (9:l)

NHPh

NHPh
A + B (9:l)

OHA + B (9:l)OH
NHPh

 ̂OCyield, naphthalene standard (isolated yield);*’ allylanine / (allylamme + aniline + azobenzene 
-t-azoxybenzene); '’ A = FeCl2 .4 HiO, B = FeCl C = Fe(CIO 4 ) 2  GHiO, D =Fe(C10 4 ) 3  GHiO;
** 2.5:1 PhNHOH/otefin; '  olefin chemoselectivity by OC
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Based on this result, it was concluded that allyiic amination reactions catalyzed by 

iron salts do not involve free PhNO as the active intermediate and possibly occur 

within the metal coordination sphere.

Scheme 1-25: Reaction of olefin with PhNHOH in presence of DMB

NPh

PhNHOH NPh + NPhFeCl2-4 H2 0  or 
FeCl3-6H20 

80 °C

During attempts to elucidate the mechanism o f this reaction, a novel Fe(II) 

complex with azobenzenedioxide ligands was isolated and characterized.^^ This 

complex (27) is produced by the reactions o f iron chlorides with PhNHOH and 

PhNO. It can also be isolated during reaction of olefins with PhNHOH in presence o f 

FeCli as catalyst (Scheme 1-26). The structure o f the complex was determined by X- 

ray diffraction (Figure 1-3). Its structure consists o f a Fe(II) dication chelated to three 

azobenzenedioxide ligands. The complex ion has a distorted octahedral geometry, 

closer to a trigonal prismatic geometry with nearly planar chelate rings. They have 

relatively constant N-O (1.28 A av) and N-N (1.29 A av) bond lengths but somewhat 

varying Fe-0 bond distances ranging from 2.083-2.158 A. The N-N and N -0 bond 

distances are between those characteristic o f sp‘-sp “ single and double bond lengths 

suggesting that the electron density is delocalized in the chelate rings.
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Scheme 1-26: Synthesis of Fe (II) -  azobenzenedioxide complex (27)

2  PhNO + FeCl] 

2 PhNHOH + FeCls 

+ PhNHOH, FeCl;
(ca tf

Ph -  
,N .  

O ^ N P h
PhN ^O / I ^^0

PhN V  \ \  

N 
Ph 

27

2 +

2[FeCI/ ]

Figure 1-3: ORTEP diagram  of Fe(II) -  azobenzendioxide complex 27
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The fact that the Fe(II)-azodioxide complex (27) is the active aminating agent 

in the Fe-catalyzed aminations o f olefins was established. Complex 27 reacted with

2-methyl-2-pentene to form the allylamine in good yield (83%) even at room 

temperature (Scheme l-27a). This reaction exhibits the same regioselectivity as that 

which was observed in the reactions catalyzed by iron salts. Reaction of 27 with 2- 

methyl-2-pentene in the presence o f DMB resulted in the formation of the amination 

products derived from both the olefin and the diene but no hetero-Diels-Alder adduct 

was detected. Hence, complex 27 aminates olefins without the intermediacy o f  free 

PhNO (Scheme l-27b). Complex 27 also catalyzed the reaction o f 2-methyl-2- 

pentene with PhNHOH as the aminating agent (Scheme I-27c).

Scheme 1-27: Reactions ofFe(II) -  azobenzenedioxide complex 27

Fe[Ph(0)NN(0)Ph] jK FeClJz
20 - 80 °C

NHPh

{Fe[Ph(0)NN(0)Ph] j}[FeCl4]2

80 °C NHPhNHPh

{Fe[Ph(0)NN(0)Ph] 3}[FeCW2
PhNHOH 80°C

NHPh
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Kinetic studies were performed on the reaction o f the Fe(II)-

azobenzenedioxide complex with olefins by monitoring the initial rate o f  formation of 

allylic amine product at low conversion (0 -  10 %) by G C /' The reaction o f complex 

27 with 2-methyI-2-pentene was found to be first order in the Fe(II)-

azobenzenedioxide complex at constant olefin concentration and first order in the 

olefin at constant complex 27 concentration. This indicates that both 27 and the 

olefin are involved either in or before the rate-limiting step. Based on the Eyring 

analysis on the rate constants obtained between 50 and 90 the following 

parameters were determined :

(i) AH* =19 ± 2 kcal / mol

(ii) AS* = - 0.2 ± 2 eu

The almost negligible entropy o f activation indicates that the rate limiting step is 

neither very associative nor very dissociative. The rate o f the reaction was lowered 

when an electron withdrawing group was present in the para-substituted a - 

methylstyrene, while electron donating groups raised the rate relative to that for the 

reaction o f unsubstituted a-methylstyrene. The Hammett p value obtained was -3.0, 

suggesting a transition state that has substantial positive charge developed at the 

benzylic position."*®

Attempts were made to determine the nature o f olefin involvement in the 

transition state (Scheme 1-28). Fe(II)-azobenzenedioxide complex 27 was allowed 

to react with 2 -methyl-2 -pentene, a good amination substrate, and with ^
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methylstyrene and styrene, poor amination substrates. Intermediate complexes 28 a, 

b, and c were isolated at low temperatures. Complex 28a, upon thermolysis, yielded 

the allylic amine product and all three liberated the free olefin upon treatment with 

excess o f o-nitrosotoluene.

Scheme 1-28: Isolation and reaction of olefin coordinated intermediate 28

2+

NPh

20 °C 
R = H, CH

- 30 to 0  °C

I ) Pump
2) Wash
3) Low temp 

crystallization

I ) Pump
2) Wash
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crystallization

28b (R = CHj) 
28c (R = H)

28a
80 °C xs TolNO

xs PhNO

NHPh

The ‘H NMR spectra o f these intermediate complexes showed very broad signals 

due to the presence o f  the paramagnetic [FeCU'] anion and, possibly, high spin Fe(II)
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cation. The important aspect, however, is that even the signals for the olefin were 

broadened, suggesting coordination o f the olefin to the paramagnetic metal. The 

UV-VIS spectrum o f the complex 28a had a  new shoulder at 380 nm and the IR 

spectrum had a new medium intensity band at 1500 cm ', assigned to the C=C 

stretching vibration in the olefin. This large shift in the absorption frequency o f the 

double bond (100-150 cm ') could be explained by a strong coordination o f the 

olefin to the metal center. Thus, based on the above information, a structure was 

proposed for this intermediate species 28 (Figure 1-4).

Figure 1-4 : Proposed structure for interm ediate 28

.0
NPh

iS
Ph

N
Ph

28

2[FeCl4‘ ]

Hence, a tentative mechanism was proposed for allylic amination o f  olefins by 

PhNHOH catalyzed by iron salts based on the above mentioned studies (Scheme 1- 

29). The Fe(II)-azobenzenedioxide complex 27 undergoes dissociation o f  an arm of 

one o f the bidentate ligands to form a coordinatively unsaturated complex 29. This 

coordinates to the olefin to form 28 which can then undergo an intramolecular 

transfer o f  an ‘RNO’ unit to the olefin to produce allylic hydroxylamine 30. Allylic 

hydroxylamine can be reduced to the desired allylic amine by an Fe(II) species. The
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resulting Fe(III) species (31) can then react with more PhNHOH to yield the active 

Fe(II)-azobenzenedioxide complex, 27, continuing the catalytic cycle. This proposed 

mechanistic cycle is the most probable one based on the kinetic, synthetic and 

isolation studies. However, the exact nature o f ‘RNO’ transfer to the coordinated 

olefin is not clear.

Scheme 1-29: Proposed mechanism for Fe (II / III) -  chloride catalyzed allylic amination
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An asynchronous ene-like reaction can be envisioned based on the observed high 

regioselectivity o f amination, the effect of olefin structure on the chemoselectivity, 

the small entropy o f activation, and low isotope effect. In addition, the allylic proton 

may be more acidic when the olefin is coordinated to the Fe(II)-cationic center than in 

the uncoordinated state. This would make the olefin more reactive causing the 

required allylic hydrogen transfer to occur more readily. The azobenzenedioxide 

ligand can also be expected to be a better enophile since it is coordinated to the 

cationic metal center. Hence, the transfer o f the N-fragment to the olefin may be 

occurring via a Lewis acid-catalyzed ene-like reaction."*^ Work in this area is 

continuing.

1-3: PROJECT OBJECTIVES

In the case o f unsymmetrical olefins, reactions with PhNHOH in the presence 

o f an achiral catalyst produce racemic mixtures o f allylamines. Since the allylic 

amination o f olefins catalyzed by iron salts does not involve the formation o f 

uncoordinated PhNO as the active intermediate, it is reasonable to think o f 

enantioselective allylic aminations using chiral catalysts. Hence, one o f our 

objectives was to survey various classes o f chiral ligands that may allow catalyst- 

induced enantioselctivity.

The product from the reaction of olefins with PhNHOH, which has been the 

aminating agent o f  choice imtil now, is a secondary N-phenyl-N-allylamine. 

Synthesis o f other classes o f  allylic amines, especially primary allylamines, was a
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desirable goal. To achieve this we plan to study other hydroxy lamines as potential 

aminating agents.

In addition to the studied Mo- and Fe-catalyzed systems, we wished to look 

for other efficient catalytic systems for allylic amination o f olefins. Hence, we also 

plan to investigate Cu (I, II) salts as potential catalysts towards this goal.
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Chapter 2

.\N  APPROACH TO ENANTIOSELECTIVE ALLYLIC AMINATION OF 

OLEFINS CATALYZED BY CHIRAL IRON COMPLEXES

2-1: INTRODUCTION AND BACKGROUND

Molecular asymmetry is an important aspect o f contemporary synthetic 

organic chemistry. The two enantiomers o f  a chiral compound differ in their 

interaction towards other optically active substrates. Hence, often it happens that one 

enantiomer o f  a compound has important medicinal use while the other is inactive or 

even detrimental to the human body. As a result, the focus o f synthetic organic 

chemistry has shifted to enantioselective syntheses. There are presently a number of 

approaches available to achieve this goal, including resolution of a racemic mixture, 

modification o f chiral compounds not affecting the pre-existing stereocenter, 

stoichiometric inter- and intramolecular chiral induction, and catalytic asymmetric 

induction.'” O f these methods, asymmetric catalysis is currently the topic of 

considerable research efforts since it is possible to obtain large quantities o f 

enantiopure natural and uimatural compounds, starting with achiral starting materials, 

by the use o f  only small amounts o f the chiral catalysts. The outcomes o f  these 

processes depend upon the three-dimensional environment of the catalyst and the 

kinetics o f the reaction involved. Use o f  chiral transition metal complexes as 

homogeneous catalysts provides an easy access into asymmetric organic synthesis. 

Through years o f  effort the area o f asymmetric catalysis in organic synthesis has
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developed tremendously and a large number o f stereoselective organic 

transformations o f achiral compounds catalyzed by chiral transition metal complexes 

are now known. Some examples o f such laboratory processes include asymmetric 

hydrogenation o f enam ides/' asymmetric epoxidation o f  allylic alcohols/" and 

asymmetric aziridination o f  olefins'' (Scheme 2-1). In addition to the examples 

shown, there is a plethora o f other enantioselective catalytic organic reactions in the 

literature and research in this area is o f continued interest.

Scheme 2-1: Organic transform ations catalyzed by chiral transition metal complexes 

a) Asymmetric hydrogenation of enamides

(S)-BINAP-Rh^

NHCOR’
Ho

COOR" \(R)-BINAP-Rh^ R

Ph2 H 
Pv+.O CH  

Rh 
P ' 'OCH 
Ph2 H

(R)-BINAP-Rh

,^NHCOR'

COOR" 

NHCOR’

COOR" 

67-100 % ee

Phj H 
P s + p C H j 

Rh 
P ' 'OCH3 
Pho H

(S)-BINAP-Rh" ref 51
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b) Asymmetric epoxidation of allylic alcohols

T- TBHP
CHiCU, molecular sievesOH OH

OH ^EtOOC,OH

EtOOC^"' OH 
(S,S)-DET

OHEtOOC
(R,R)-DET

ref 52

c) Asymmetric aziridination of olefins

Cu(I)OTf, L* P h . /  \  

CH2CI, ^
^  8 8 % ee

+ PhI=NTs

ref 53

As noted earlier, olefins react with PhNHOH in the presence of transition 

metal catalysts to yield N-phenyl-N-allylamines together with other nitrogen 

containing by-products, exhibiting ene-like regioselectivity and chemoselectivity. In 

cases where the olefin substrate is unsymmetrical, a chiral center is generated in the 

product allylamine (Scheme 2-2).
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Scheme 2-2: Catalytic asymmetric amination of olefins

^ PhNHOH Chiral
catalyst R

NHPh

The LnMo(VI)Ü2 catalyzed reaction was shown to be independent o f  the catalyst 

chirality as the actual amination reaction occurred outside o f the metal coordination 

sphere.'*' However, allylic amination reactions catalyzed by Fe(II, III)-chlorides do 

not involve the formation of uncoordinated PhNG."^ '̂ '**■ These reactions appear to 

involve coordination o f  the olefin substrate and intramolecular transfer o f the PhNO 

unit on the metal center. Hence, this system could potentially be a candidate for 

developing asymmetric allylic amination o f olefins. If the environment around the 

iron center were chiral, it could lead to enantioselective amination o f the coordinated 

olefin.

When work in this area was initiated, the allylic amination o f  olefins by 

PhNHOH catalyzed by iron salts had been established. It was also known that this 

reaction did not involve the formation o f free PhNO (hetero-Diels-Alder test), 

suggesting a reaction occurring within the metal coordination sphere. However, the 

exact identity and nature of the actual aminating catalyst was unknown at that time. 

Hence, homochiral salen ligands (figure 2 -la) were chosen initially to study the 

feasibility o f asymmetric allylic amination. After the active Fe(II)- 

azobenzenedioxide had been isolated and characterized, and its intermediacy in the
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reaction was established, we turned our attention to other ligands that would be 

structurally and electronically similar to the azobenzenedioxide ligands and could 

potentially coordinate to the dicationic iron center in a similar fashion. Hence, 

diamine-oxides (figure 2 - lb) and diphosphine-oxides (figure 2 -lc ) were chosen for 

this purpose.

Figure 2-1 : Chiral ligands chosen for Fe(II, III)-cataiyzed asymmetric allylic 
amination of olefins

- n ;
•= N

OH HO

This chapter will discuss the results obtained in studies investigating the 

aforementioned ligands, and hence, will be comprised of separate sections for each

ligand class.

2-2: N,N’-ETHYLENE-BIS(SALICYLIDENEI1VIINE) LIGANDS

2-2-1: INTRODUCTION AND BACKGROUND

The N,N’-ethylene-bis(salicylideneimine) (salen) ligands (1) are tetradentate 

SchifTs bases (Figure 2-2) that can be obtained by condensation o f appropriately 

substituted salicylaldéhydes and corresponding diamines. These compounds have 

been complexed to several metals including Mn,^“* Ru,^^ Co,̂ *̂  Si,^^ Pd,^* Th,^^ and
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Fe. 54iii. 55. 60 The Fe(II, III)-Schiff s base complexes have been used for investigation

o f their magnetic properties.^”'' "  Floriani et al. studied the reduction-oxidation 

properties o f Fe(II)-salen complex in an attempt to understand physiological electron-

transport systems.60v .55

—  N

Figure 2-2: N.N'-Ethylene-bis(salicyiideneimine) ligands

OH HO

Some metal-salen complexes have also been used in synthetic organic 

chemistry to develop asymmetric catalytic reactions. The most important o f such 

complexes are the Mn(III)-salen complexes. Jacobsen et al. have successfully 

developed enantioselective epoxidations o f cis-conjugated'"*' and trisubstituted 

olefins/’*" obtaining enantiomeric excesses o f > 90% using complexes 2 (Scheme 2- 

3). They have found that in order to achieve high stereocontrol two structural 

features o f the catalyst are essential. These include -

i) bulky groups ortho with respect to the hydroxy groups of the ligand in order to 

prevent approach o f the olefin from the side away from the diamine bridge, 

and

ii) chirality on the diamine bridge that will favor the approach o f  the substrate in 

one preferential orientation.

The steric bulk of the bridge disfavors approach from that side.
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Scheme 2-3: Jacobsen's enantioselective epoxidation of olefins

cat (5 mol %)
+ NaOCl

CH2CI

> 90 %ee

=  N N =Bu Bu
Mncat

Bu

Other transition metal-salen complexes have also been used for developing 

catalytic systems for asymmetric organic reactions. Ti(IV) and V(FV) complexes of 

N,N’-disalicylidene-(R,R)-l,2-cyclohexanediimine (3) are efficient catalysts for 

oxidation of sulfides (Scheme 2-4a).^' However, the enantioselectivity in these cases 

is only modest, the highest being 53% ee. Oxidation o f sulfides is also catalyzed by 

chiral Mn(III)-(salen)Cl complexes (4) using hydrogen peroxide as the oxidizing 

agent, resulting in 34-68% optical yield (Scheme 2-4b).^'"‘
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Scheme 2-4: C atah tic  asymmetric oxidation of sulfides
a)

b)

(Q H 5)3C0 0 H TiL^
CH3OH, 0 °C

TiL* = c ' - n
N O

•o

r ‘ = OMe, t-Bu, NO2, Me. H 
R- = t-Bu. H

O

cat (2-3 mol %)
+ HOOH

Mn
cat =R

N ==  N

Chiral Mn(III)-{saIen)Cl complexes (5) catalyze aziridination o f olefins yielding 

moderate enantiomeric excesses (Scheme 2-5).^^ Co(II)-salen complexes (6 ) have 

been used for asymmetric cyclization o f racemic l,3-dichloro-2-propanol in 67% 

enantiomeric excess (Scheme 2-6).*^
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Scheme 2-5: Catalvtic asymmetric aziridination of olefins

Ts
cat

PhI=NTs

‘ /  
Mn

■ = N . N =

TBDMS TBDMS

Scheme 2-6: Catalytic asymmetric cyclization of W -dichloro- 
2 -propanol

0 .1 % C o L * 6  
Cl — TTC---------

K2CO3

67 % ee

/= N  N = ^

Cl Cl

Chiral Co(II)-salen complexes (7) have also been used for enantioselective 

carbonylation of 2 -bromopropanol producing propylene carbonate in fair optical yield 

(Scheme 2-7).^

39



Scheme 2-7: Catalytic enantioselective carbonation of 2-bromo-propanol

3 ^ 0
w
38 % ee

CoL* 7OH
fC,CO

=  N

OH HO

In summary, salen ligands have been used for complexation to several 

transition metals, including iron, and some o f these complexes catalyze asymmetric 

organic transformations. However, with the exception o f the Mn (Ill)-salen complex, 

used in enantioselective olefin epoxidation, these complexes have yielded only 

moderate stereoselectivity.

2-2-2: RESULTS AND DISCUSSIONS

Reactions o f olefins with PhNHOH, catalyzed by Fe(II, III)-chlorides, 

produced allylic amines via an ene-like reaction."*^ This reaction proceeded without 

the formation o f uncoordinated PhNO as the active intermediate. Other mechanistic 

studies suggest that the reaction possibly occurs within the metal coordination sphere 

and that the “PhN” fragment and the olefin are coordinated to the metal."* ’̂ This 

suggests the possibility o f an enantioselective version o f the reaction using chiral 

ligands. Based on this, we initiated our investigation with salen ligands since the use
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of these compounds in catalytic asymmetric reactions has literature precedent. This 

section will, therefore, present the results obtained from these studies.

2-2-2-1: SYNTHESIS OF N,N’-ETHYLENE-BIS(SALICYLIDENEIMINE)

LIGANDS AND N,N’-ETHYLENE-BIS(SALICYLIDENEIMINATO)- 

IRON (II) COMPLEXES

In order to develop asymmetric allylic amination of olefins catalyzed by 

Fe(II)-salen complexes, we first needed to explore the catalytic activity o f the achiral 

complex towards the reaction. The salen ligands (8 ) were generally prepared by 

condensation of the appropriately substituted salicylaldéhyde and ethylenediamines 

(Scheme 2-8).^^'^^ In some cases the condensation was performed in polar, protic 

solvents (MeOH, EtOH) wherein the ligand would precipitate and could be collected 

by filtration. The synthesis could also be performed using benzene as the solvent.'^ 

In this case the water formed was azeotropically distilled out and the ligand was then 

isolated by removal o f the residual benzene.

Scheme 2-8: Synthesis of salen ligands

^ H,N NH
R' OH

2 - H ,0 OH HO

a) R = H (re f 56)
b) = 3 -OCH3 (ref 57)
c) = 4 -OCH3

d) = 5-OCH3

e) = 5-Cl (ref 58)
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Salen ligands 8c and 8d are new compounds, which were prepared to study the 

electronic effects o f  the varying substituent positions. All o f the salen derivatives 

were purified by recrystallization and isolated as yellow colored solids. These were 

characterized spectroscopically. The ‘H NMR spectra show the characteristic 

resonances for the protons o f the bridge, the deshielded proton on the imine carbon, 

the protons on the di- or tri-substituted phenyl rings, and the phenolic protons 

observed in the extremely downfield region (Figure 2-3). Characteristic bands for the 

C=N. C=C. and aromatic and aliphatic C-H stretches were observed in the IR spectra. 

The 0-H  bands that are expected to be broad were observed in the high frequency 

region but o f low intensity. Molecular ions were seen in the mass spectra o f each 

ligand.

These ligands were then complexed to Fe(II) following the general procedures 

reported in literature for the synthesis o f complexes 9a, 9b and 9e (Scheme 2-9).^‘*'"‘ 

55. 60,V. V, complexes 9 can either be formed by displacing the carbonyl ligands in 

Fe(CO)s or by reacting ferrous acetate with the dipotassium salt o f the salen ligands. 

Scheme 2-9: Synthesis of Fe(II)-salen complexes

y = N  ^ y = N ^  ^ N =

Fe(CO), + < Q k-O H  HO-hQ

8a
ref 55

b)
/ \  ^

Fe(OAc>2+ OH EtOH +
R' 8b-e R rt R 9b-e ^

re f 60 VI
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Fe<II)-saIen complexes with various substituents on the phenyl ring o f the 

ligand were prepared in order to study the effect of the electronic nature o f  the 

complex on the allylic amination o f  olefins. These complexes were isolated as 

brown-red solids and the mass spectrum o f each complex shows the molecular ion as 

the base peak. Loss o f ethylene from the bridge was observed to be a major 

fragmentation.

Figure 2-3: H i\M R  spectra for 4-MeO- and 5-MeO-salen ligands
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2-1-2-2: REACTIONS OF OLEFINS WITH PhNHOH IN PRESENCE OF 

Fe(H)-SALEN COMPLXES AS CATALYSTS

The allylic amination of olefins using Fe(II)-salen complexes (9) as catalysts 

was studied. 2-Methyl-2-pentene reacted with PhNHOH in presence o f  catalytic 

amounts o f the Fe(II)-salen complexes (9) to produce very low yields o f the expected 

allylic amines (10) (4-10%) (Scheme 2-10, Table 2-1). In all the cases, aniline was 

obtained as the major product ( 10-2 1 %) with traces o f azoxybenzene.

Scheme 2-10: Amination of 2-methyl-2-pentene catalyzed by Fe(II)-salen complexes

H
P h -N

/ Fe[salen] 9

'"o h  65-70 °C
NHPh NPh
10 11

+ PhNHi + PhN=N(0)Ph

Table 2-1:

9(R ) PhNHi
Yield (%) 

PhN=N(0)Ph 10 11

a(H ) 10 .0 0 .6 4.5 2.5

c (4-OMe) 14.3 2.4 9.2 3.6

d (5-OMe) 2 0 .2 1.2 8.2 6 .0

e (5-Cl) 2 1 .0 0.5 9.8 6 .6

In these reactions, the imine products (11) were also observed by GC/MS. All the 

yields were determined by GC using naphthalene as the internal standard. The much 

higher yields o f aniline, formed by reduction o f PhNHOH, relative to the allylamine
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10 suggested that PhNHOH may not be coordinated to the metal center. This was 

confirmed by performing the hetero-Diels-AIder tests on these systems. Equimolar 

amounts of a-methylstyrene and 2.3-dimethyI-1,3-butadiene were treated with 

PhNHOH in presence of Fe(II)-salen complexes 9 as catalysts (Scheme 2-11, Table 

2 -2 ).

Scheme 2-11: Hetero-Diels-AIder test of the Fe(II)-salen catalyzed allylic amination of 
olefins

4-

H
+ P h-N

Fefsalenl 9
\  dioxane, 
OH 65-70 °C

NHPh
12

14 15

Table 2-2:

9(R) 12

Yield (%) 
1 3 + 1 4 + 1 5

a(H ) 10.2 27.0

b (3-OMe) 9.6 11.2

c (4-OMe) 10.2 12.4

d (5-OMe) 9.4 16.0

e(S-Cl) 10.6 17.1

The desired allylic amines (12) were obtained in low yields (10%) and this was 

relatively independent o f the electronic character o f the catalyst used. The Diels- 

Alder adduct (13), formed via reaction between the 2,3-dimethyl-1,3-butadiene and
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PhNO, was also produced. These were accompanied by the allylic amination 

products from the diene (14). The yields o f the Diels-Alder adducts and the 

amination product derived from the diene could not be separately determined as their 

retention times on the GC are very similar. They could, however, be distinctly 

observed by GC/MS, which also showed the allylic imines (15). The main 

byproducts, aniline and azoxybenzene, were not observed in these reactions.

The formation o f  the Diels-Alder adducts 13 in about equal amounts as the 

allylic amines 12 derived from the olefins suggests the formation o f some free PhNO. 

Hence, in these reactions catalyzed by Fe(II)-salen complexes 9 PhNHOH is oxidized 

to PhNO which then reacts with the olefin outside o f  the metal coordination sphere to 

produce the allyl hydroxylamine with transposition o f the double bond (Scheme 2-

12). The allyl hydroxylamine is then reduced by an Fe(II)-species to the allylic 

amine.

Scheme 2-12: Reaction of olefin with PhNO

+ PhNO

OH

Fe(II)
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This conclusion is further corroborated by the fact that the electronic nature o f  the 

complex 9 has no effect on the yield or selectivity o f  the reaction. A control reaction 

to determine the role o f the Fe(II)-salen complex, in which equimolar amounts o f the 

olefins and the diene were reacted with PhNO in the presence o f Fe(5-MeO-salen) as 

catalyst, was performed under the same reaction conditions (Scheme 2-13). The 

results obtained were very similar to those obtained with PhNHOH as the aminating 

agent. The product distribution was comparable. This experiment demonstrates that 

the reaction occurring is actually independent o f  the Fe(II)-salen complexes. 

Jorgensen et al. have also demonstrated the formation o f  free PhNO as the active 

aminating agent in reactions catalyzed by Fe(II)-phthalocyanin and Fe(II)- 

tetraphenylporphyrin complexes.'*^'

Scheme 2-13: Control reaction on Fe(II)-saIen system

Fe[salen] 9
+ PhNO

dioxane, 65-70 °C NHPh

(10.3%)

NPh
NHPh NPh

(15.7%)

In conclusion, the allylic amination o f olefins catalyzed by Fe(II)-salen 

complexes gives low yields o f the amination products and involves the formation o f 

uncoordinated PhNO as the reactive intermediate. This reacts with the olefin outside
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the metal coordination sphere in an ene-like fashion. Hence, these complexes would 

not be useful as catalysts for the enantioselective amination reaction due to their to 

low activity and no possibility o f achieving catalyst derived stereocontrol.

2-3: DIAMINE OXIDES AND DIPHOSPHINE OXIDES 

2-3-1: INTRODUCTION AND BACKGROUND

As described in the previous chapter, a novel six-coordinate cationic Fe(II)- 

azobenzenedioxide complex (16) was isolated and characterized."*^' It was also 

shown that this complex is the active catalyst in the allylic amination o f olefins by 

PhNHOH using catalytic amounts o f  Fe(II, lll)-salts. Various mechanistic studies 

performed on this system suggest the coordination o f the olefin on the cationic metal 

center and a subsequent transfer o f  the 'PhNO’ unit to the olefin in an ene-like 

manner. Hence, this system can potentially be useful for the purpose o f asymmetric 

allylic amination as the reaction actually takes place within the metal coordination 

sphere. If  complex 16 is treated with a chiral bidentate ligand, either one or more 

azobenzenedioxide ligands could potentially be replaced forming a mixed ligand 

complex with a chiral environment at the metal center (Scheme 2-14).
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Scheme 2-14: Proposed reaction of Fe(II)-azodioxide complex with chiral bidentate ligands

Ph -1 2 + 
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N 
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N

O ^ N P h

— N /
L o )

2 +

18

For the amination to be catalyzed by such mixed ligand complexes (17 and 18), it is 

essential that at least one azobenzenedioxide ligand be present on the metal as the 

source of the ‘PhNO’ unit. The number o f ligands substituted might be controlled by 

manipulation o f stoichiometry o f  the chiral ligand used. The chiral environment at 

the metal center can then promote asymmetric amination o f the coordinated olefin.

Hence, in order to achieve asymmetric allylic amination a chiral ligand which 

is structurally and electronically similar to the azobenzenedioxide was needed as 

these ligands will be able to form mixed ligand complexes 17 and 18 that are similar 

to the Fe-azobenzenedioxide complex 16 in electronic and geometric properties. 

Several classes o f bidentate ligands were considered, including diphosphites (19), 

diimines (20), diamine oxides (21) and diphosphine oxides (22) (Figure 2-4).

49



Figure 2-4: Bidentate chiral ligands for Fe(II, III)-cataiyzed allylic amination of olefins

0P(0R)2

0P(0R)2 NR*
Rz Rz

diphosphite diimine diamineoxide diphosphineoxide
19 2 0 2 1 2 2

O f these, those most similar to the azobenzenedioxide are the diamine oxides 21 and 

diphosphine oxides 22. In these compounds the donor atom would be the formally 

anionic oxygen, possibly favoring the formation o f the mixed ligand complexes 17/18 

(Scheme 2-14). Amine oxides and phosphine oxides are also known to coordinate to 

Fe(II, III).^^ Some examples o f such complexes are [Fe(pyN0 )ô][C104]2, 

[FeChUlEFeCU] (L=pyNO, 2 -picNO, 4-picNO, 2,4-lutNO), [FeCl:(0 PPh3)4][FeCL], 

[FeCl2(OPCl3)4][FeCl4] and [Fe(TMP)5H2 0 ][C104].

Therefore, with this background we decided to study these two classes o f 

ligands to develop enantioselective allylic amination o f  olefins catalyzed by Fe(II, 

III)-chlorides. The systems that were chosen for initial studies were 1,1’- 

biisoquinoline-N,N’-dioxide, l,2 -bis(diphenylphosphinyl)ethane and 2,2’- 

bis(diphenylphosphinyl)-1,1 ’-binaphthyl. The protocol to be followed for this study 

was three pronged:

i) to successfully displace one or two azobenzenedioxide ligands from the 

complex 16 (Scheme 2-14) using achiral/racemic bidentate ligands.
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ii) to aminate olefins with PhNHOH using these new mixed ligand complexes as 

catalysts to assess catalytic activity and test for free PhNO, and

iii) to extend the reaction by using optically pure ligands to form chiral mixed 

ligand complexes and to use these subsequently to perform asymmetric allylic 

amination o f  olefins.

Hence, the above mentioned achiral/racemic ligands were prepared.

2-3-2: SYNTHESIS OF 1,1 -BIISOQUINOLINE-N,N-DIOXIDE

The dioxide was obtained by oxidation o f 1,1’-biisoquinoline (23) which was 

prepared following the procedure reported by Ashby et In this procedure,

isoquinoline is oxidatively coupled using LDA and HMPA (Scheme 2-15).

Scheme 2-15: Synthesis of 1 ,1 -biisoquinoline

LDA
4- HMPA

EtiO 
-78 °C to rt 

air

The product was purified by chromatography on grade I basic alumina and was 

obtained as an orange-yellow crystalline solid in 17% yield (Figure 2-6a). The 

diamine thus obtained was then oxidized using the conditions described for 2 ,2 ’- 

bipyridine oxidation.^^ 1,1’-Biisoquinoline 23 was treated with excess aqueous 

hydrogen peroxide solution and glacial acetic acid (Scheme 2-16). The desired

51



product. l.r-biisoquinoIine-N .N ’-dioxide (24) was obtained as a yellow solid in 

moderate yields. The product was characterized by ’H NMR (Figure 2-6b), IR and 

mass spectroscopy. .\s is clear from Figure 2-6, the signal pattern and chemical shifts 

for the protons in l . l ’-biisoquinoline change considerably upon oxidation.

Scheme 2-16: Synthesis of 1 . 1  -biisoquinoline-\JV -dioiide

+ H , 0 2  + CHjCO^H
80 °C, 3h

The spectrum for 24 suggests the presence o f only one compound, though a racemic 

mixture (Figure 2-5). In compound 24 proton H3 is expected to be most down field as 

it is closest to the electron deficient nitrogen. The other peaks were assigned based 

on the multiplicities of the signals.

Figure 2-5: Enantiomers of l.l'-biisoquinoline-N.N'-dioxide

CO.
O X J

(R)- 24 (S)-24

Resolution of a similar compound, 3 ,3 '-dimethyl-2,2' -biquinoline, has been 

accomplished by complexation with either R- or S-binaphthol.**
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Figure 2-6 

a) 'H NMR of 23

H3
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b) 'H NMR of 24

H5
H4

■ng - H7
^  r  H6  -H8
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Hence, if the racemic l,r-biisoquinoIine-N,N’-dioxide 24 proved to be an efficient 

ligand in achieving allylic amination o f olefins after forming the mixed ligand
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complex (17/18), then we could potentially resolve it into its enantiomers in order to 

attempt asymmetric amination.

2-3-3: SYNTHESIS O F ETHYLENEBIS(DIPHENYLPHOSPHINEOXIDE)

.4n achiral phosphine oxide was prepared to determine if  such a ligand will 

displace either one or two azobenzenedioxide ligands from the complex 16 and to 

determine if the resulting species will catalyze the allylic amination o f  olefins. The 

chiral ligand would then be synthesized if the achiral complex exhibited activity 

towards the reaction. Ethylenebis(diphenylphosphineoxide) was chosen for this 

study. This is a known compound and it has been previously prepared by several 

routes.*"’ We followed an alternative route for its synthesis. Commercially available 

l,2-bis(diphenylphosphino)ethane (dppe) 25 was oxidized to produce the 

corresponding dioxide (dppe-O:) 26 using the same procedure as for oxidation o f 23 

to 24 (Scheme 2-17).

Scheme 2-17: Synthesis of I,2-bis(diphenyiphosphinyi)ethane

PPh,

+ H2O2 + CH3CO2H
80 °C, 19h

Ph2

P ^

PPh,

25

P
Ph,

26

The desired product, ethylenebis(diphenylphosphineoxide) 26, was obtained as a 

white solid in 75% yield and was characterized by NMR ('H , ^’P), ER and mass 

spectroscopy. The 'H  NMR spectra o f  the two compounds 25 and 26 show an
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expected down field shift for the methylene protons and the phenyl protons upon 

oxidation. Phosphine 25 shows a "'P signal at -13.41 ppm. which is typical for 

trialkyl- or triaryl phosphines. A ' 'P  signal at +32.07 ppm is observed for the 

oxidation product 26, the characteristic region for tertiary phosphine oxides.

2-3-4: .ATTEMPT AT SYNTHESIS OF l , I ’-BINAPHTHYL-2,2’-

BIS(DIPHENYLPHOSPHINE-OXIDE)

Noyori et al. have reported a synthesis o f l , l ’-binaphthyl-2,2’- 

bis(diphenylphosphineoxide) (BINAPG) starting from 2,2 ’-dihydroxy-1,1’- 

binaphthyl 27 (Scheme 2-18).^° In this synthesis, 27 is converted to the 

corresponding dibromo derivative 28 which is then used for the formation o f the di- 

Grignard 29. Reaction o f this di-Grignard reagent with diphenylphosphinic chloride 

30 forms racemic BINAPO 31 in 75% yield. This racemic mixture was resolved 

using either (-)-2,3-0-dibenzoyl-L-tartaric acid or (+)-2,3-0-dibenzoyl-D-tartaric 

acid.

However, our attempts to reproduce this synthesis were not successful as 2,2’- 

dibromo-1, 1’-binaphthyl 28 was recovered each time it was treated with magnesium, 

suggesting that the di-Grignard was not being formed. The magnesium used was 

activated by scraping the surface and adding a crystal o f iodine. No product was 

obtained even upon heating for long periods o f time (20 h). Use o f  magnesium 

ribbon (polished) or Reike’s magnesium^' enabled us to form the desired di-Grignard 

29. This was demonstrated by quenching with water, which produces binaphthyl 32 

(Scheme 2-19).
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Scheme 2-18 : Synthesis of 2.2'-bis(diphenyiphosphineoxide)-l.r-binaphthyl

O H PhjP/Br.
OH

MgBr
MgBr

Ph 2P(0)C1 (302

1) (-)-2,3-0-dibenzoyI-L-
or

(+)-2,3-0-dibenzoyI-D- 
_______ tartaric acid
2 ) fractional crystallization
3) base

(R)-31

Scheme 2-19: Synthesis of the diGrignard 29

Br Mg, I 2 

Br B r'
Br

THF

MgBr HiO 
MgBr
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However, reaction o f this di-Grignard with diphenylphosphinic chloride gave only 

partial conversion to 2 -diphenylphosphineoxide-1 ,1 'binaphthyl (33) (Scheme 2-20) 

even upon heating. This was confirmed by 'H NMR and mass spectrometry.

Scheme 2-20; Reaction of the diGrignard 29 with diphenylphosphinic chloride

O

MgBr Ph.PCI ( 2.5 eq)
MgBr THF

After the unsuccessful attempts to phosphorylate the di-Grignard, we 

attempted reactions with the dilithiated derivative instead.'" The required substrate, 

2.2'-dihalo-1,1 '-binaphthyl (34) was prepared following a procedure reported by 

Murdoch et al. (Scheme 2-21).^^ In this sequence, 2,2'-diamino-1,1 '-binaphthyl (35) 

is converted into a mercurate salt o f the corresponding diazonium ion (36) which is 

then fused with potassium halide to yield 34. The products were obtained in modest 

yields.
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Scheme 2-21: Synthesis o f 2.2’-dihaIo-I.I'-binaphthyl

1) NaNOj/HjSO^
-10 °CNH,

^ 2  2 ) KHgX], H id
(X = Br, I)

KX
95 °C, 0.1 torr

Ni'HgX^-
Nz'HgX)-

34
X = Br (44%) 

I (25%)

Treatment o f the two dihalides 34 with n-BuLi (2.2 eq) and subsequent reaction with 

diphenylphosphinic chloride at low temperature gave a mixture o f starting material, 

binaphthyl (34) and the monosubstituted product 33 (Scheme 2-22).

Scheme 2-22: Reaction of dihalides 34 with diphenylphosphinic chloride

1) n-BuLi (2.2 eq) 
T H F .-80°C ,

2) Ph iP(0)C l (2 eq)
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Formation o f  the desired dilithiated salt was established by protonation and 

deuteration. As can be seen from the 'H NMR spectra (Figure 2-7), quenching with 

H2O/D2O introduces proton/deuterium at the 2 , 2 '-positions.

Figure 2-7: H XMR spectra of binaphthyl and 1,1 -didueterobinaphtbyl 
a)

1 r i  p p i “ ! T T " !  > 1  I .  J  I 1 ' I 1 1 1 I' 1 I I 1 1 4 I 1 * * * ‘ J  ‘ '  ‘ ‘ 1 ^

b) 10
TT

TTTTTTT-PT T T ”" T T ” I  r  1 I I I i t ^  I t I I I i I7
Comparing the two, the deuterated derivative integrates for six protons while the 

protonated species integrates for seven. Also, the signal at 7.6 ppm in a is a triplet, 

corresponding to H-2, due to coupling with H -l and H-3. This proton exhibits a 

doublet in b  due to coupling with only H-3. Also the doublet at 7.5 ppm overlapping
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with the triplet, assigned to H-l in the protonated compound, is absent in the 

deuterated derivative. Hence, we were unsuccessful in reproducing the reported 

synthesis o f BINAPO.

2-3-5: .ATTEMPTS AT ASYMMETRIC Fe(II, III)-CATALYZED 

AMINATION OF OLEFINS USING DIAMINE OXIDE AND 

DIPHOSPHINE OXIDE LIGANDS

After the synthesis o f l,r-biisoquinoIine-N,N’-dioxide (24) and 1,2- 

bis(diphenyIphosphinyl)ethane (26), their reactions with Fe(II)-azobenzenedioxide 

complex (16) were studied (Scheme 2-23). Both dioxide ligands 24 and 26 react with 

the complex with displacement o f PhNO, as observed by GC and trapping with 2,3- 

dimethyl-1,3-butadiene. This suggests that the bidentate ligands 24 and 26 do 

displace the azobenzenedioxide ligands from 16, possibly forming a mixed ligand 

complex whose exact structure is not known. Some quantification studies were done. 

The reaction was performed with only one equivalent o f the divalent ligands 24 or 26 

in order to displace only one azobenzenedioxide ligand. The number of moles o f 

PhNO formed was determined by comparing its peak area in the GC with that of a 

known amount o f  an internal standard, namely naphthalene after correcting for the 

different response factors. This study suggested the displacement o f one bidentate 

azobenzenedioxide (or 2PhN 0) ligand. However, the resulting iron species 37 did 

not react with olefins even upon heating for long periods o f  time. Reaction of 37 with 

another equivalent o f the ligands 24 or 26 also showed no further displacement o f the 

PhNO (by GC and trapping experiments). The unreacted ligands could be recovered.
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Scheme 2-23: Reaction of Fe(II)-azodioxide complex with 23 and 26

N
( y ^ N P h  

PhNT^O//J ,^ 0

PhN ^O ^ f > 0

Ph
16

L " Fe"
dioxane 37 

65-70 °C 
24 h

or

No Reaction

Ph,

24

P
Ph,

26

PhNO

O

, 0

NPh

Hence, the results suggest that diaminoxides and diphosphineoxides are strong 

enough donors to displace PhNO from the complex. The displaced PhNO can either 

originate from one bidentate azobenzenedioxide ligand or by partial dissociation o f 

two bidentate ligands. But once coordinated to the metal center, further displacement 

o f more azobenzenedioxide ligands, or even dissociation o f an arm of this bidentate 

ligand, does not occur. As a result, amination o f  olefins by the mixed ligand-iron 

species produced was not possible. Attempts to determine the structure o f  the 

complex were not successful as we were not able to obtain crystals o f this compound.
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The infra-red spectrum of this new metal species shows medium intensity bands 

corresponding to C=C, N=N'-0 (azoxy symmetrical), and aromatic C-H stretches 

from the azobenzenedioxide ligands. However, the absorption frequencies are shifted 

to lower frequency. In addition to these bands, a very strong absorption is observed 

at 1203 cm ', presumably due to hT-O' stretch. An infra-red absorption band for the 

NO group in [FefCgHgNOlajfClO;): has been reported at 1218 cm"'.̂ "*

2-4: CONCLUSIONS

In this section, syntheses o f racemic mixtures o f various potential chiral 

ligands were described. These ligands were prepared in order to test whether those 

ligands might be applicable to achieve enantioselective allylic amination o f olefins 

catalyzed by Fe(II, III) chlorides. Fe(II)-saIen complexes do catalyze the amination 

reaction. However, uncoordinated PhNO is the active intermediate in this system. 

This could be explained after the isolation and characterization o f the active complex 

16 (Scheme 2-14). Since the salen ligands coordinate to the metal in a square planar 

geometry, simultaneous coordination o f an azobenzenedioxide ligand is not likely. 

As a result, amination o f olefins cannot occur within the metal coordination sphere. 

Therefore, modification o f the catalyst to make the reaction enantioselective using the 

salen ligands will not be successful.

Diamineoxide and diphosphineoxide ligands were also synthesized because o f 

their similar electronic and structural characteristics to the azobenzenedioxide ligands 

in the active aminating catalyst, Fe(II)-azobenzenedioxide complex 16. These ligands 

are capable o f  displacing two equivalents o f PhNO which may come either from one
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bidentate azobenzenedioxide ligand or by partial dissociation o f  two ligands from the 

complex. However, the presumed mixed ligand complex 37 does not react with 

olefins. Further dissociation o f  another chelating ligand by reaction with a second 

equivalent o f the chiral ligands was also not observed, suggesting that this new iron 

complex is a very stable species under the reaction conditions employed.

Hence, other classes o f  chiral ligands need to be explored. One possible 

candidate for this purpose is the diamide 38 (Scheme 2-24). This ligand will 

coordinate to the metal in a tetrahedral geometry and will allow for the simultaneous 

cis coordination of the bidentate azobenzenedioxide ligand.

Scheme 2-24: Reaction of Fe(II)-azodioxide complex 16 with chiral diamides

base

2-5: EXPERIM ENTAL SECTIO N

G eneral: All starting materials were obtained from commercial sources. 1,4-Dioxane 

and benzene were distilled under nitrogen from sodium and benzophenone. 

Dichloromethane was distilled also under nitrogen from CaHz. Anhydrous methanol 

was used as supplied by Fisher chemical company. All air and moisture sensitive
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reactions were performed under nitrogen and ail the glassware was oven dried and 

flushed with nitrogen before use.

'H NMR, ‘'C  NMR and "'P NMR spectra were obtained using a Varian XL- 

300 or Varian Unity Inova-400 instrument. The data is given in units o f parts per 

million (ppm) relative to TMS for 'H  NMR and H3PO4 for ' 'P  NMR. The residual 

solvent signals are used for referencing in 'H NMR. The infra-red (IR) data were 

recorded on a Bio-Rad FTS-7 FT-IR instrument. A Hewlett Packard 5790A gas 

chromatograph using a 3m column packed with OV-IOI was used for monitoring by 

GC. The GC-MS and low resolution El data were obtained on Hewlett Packard 

5985A G CM S system. The melting points reported were measured using a Mel- 

Temp apparatus and the values are not calibrated. Elemental analyses were 

performed at the Midwest Microlab (Indianapolis, IN).

2-5-1: SYNTHESIS OF N,N’-ETHYLENE-BIS(SALICYLIDENEIMINE)

LIGANDS (8)

8a) The ligand 8a was prepared following a literature procedure.'^ To a solution 

o f salicylaldéhyde (18.3 g, 0.150 mol) in methanol (75 mL) was added a solution of 

ethylenediamine (4.50 g, 0.075 mol) in methanol (50 mL) at room temperature. A 

dense yellow precipitate formed after 15 min of addition o f ethylenediamine. The 

reaction mixture was stirred for additional 30 min and then cooled in the freezer for 

complete crystallization. The solid product was filtered, washed with methanol and 

dried under vacuum. The pure product was obtained as a yellow solid in 78% yield 

(15.7 g, 0.058mol). mp 127 °C (literature mp 123-125 °C); 'H  NMR (400 MHz,
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CDCl}) 6  3.92 (s. 4H), 6 . 84 (t, J = 7.2 Hz, 2H), 6.92 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 

7.6 Hz, 2H), 7.27 (t, J = 8.2 Hz, 2H), 8.34 (s, 2H), 13.18 (br, 2H); ‘̂ C NMR (100 

MHz, CDCh) Ô 59.7. 116.9, 118.6, 118.65, 131.46, 132.4, 161.0, 166.5; IR (KBr) 

742, 758, 1636, 2864, 2907, 2933, 3020, 3062, 3444 c m M S  (El 70 Ev DIP, m/z, 

rel. intensity %) 268 (M \ 100), 269 (M^+1, 8 ), 148 (55), 134 (61), 132 (54), 122 

(39), 121 (55), 120 (52), 118 (32), 107 (100), 93 (20), 91 (19), 77 (73).

8b, c, d) The following ligands were prepared via a published route.^^ Salen ligand 

8b is a known compound while 8c and 8d are new. A solution o f the appropriately 

substituted salicyaldehyde (10.0 g, 0.066 mol) and ethylenediamine (1.98 g, 0.033 

mol) in benzene (35 mL) was refluxed for 4 h. The water formed during the 

condensation reaction was azeotropically removed and additional benzene (5 mL) 

was added to aid stirring. The residual solvent was then removed using the rotary 

evaporator resulting in a yellow solid residue. The crude material was recrystallized 

from methanol. The results for each compound are given below.

8b; Yield 84%; mp 164 °C (literature mp 165 “C)"’; 'H  NMR (400 MHz, CDCL) Ô 

3.86 (s, 6 H), 3.93 (s, 4H), 6.75 (dd, J = 7.8, 7.6 Hz, 2H), 6.82 (dd, J = 7.8, 1.6 Hz, 

2H), 6 .8 8  (dd, J = 7.6, 1.6 Hz, 2H), 8.30 (s, 2H), 13.56 (br, 2H); ‘̂ C NMR (100 MHz, 

CDCh) 5 56.1, 59.5, 114.1, 118.0, 118.4, 123.1, 148.3, 151.4, 166.7; IR (KBr) 741, 

783, 1082, 1251, 1635, 2853, 2939, 3009, 3095, 3434 cm '; MS (El, 70eV DIP, m/z, 

rel. intensity %) 328 (M \ 78), 329 (M"+l, 7), 177 (41), 164 (25), 162 (23), 152 (43), 

150 (100), 148 (24), 137 (72), 135 (29), 122 (41), 108 (15), 106 (25), 104 (26), 92 

(20).
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8c; Yield 80%; mp 149-155 X ,  'H NMR (400 MHz, CDCI3) 6  3.77 (s. 6 H), 3.82 (s, 

4H), 6.35 (dd, J = 8.4, 2.0 Hz, 2H), 6.93 (d, J = 2.4 Hz. 2H), 7.06 (d, J = 8.4 Hz, 2H), 

8.17 (s, 2H), 13.66 (br. 2H); ‘'C  NMR (100 MHz, CDCh) 6 55.3, 58.8, 102.1, 106.4, 

112.3, 132.7. 163.5, 164.6, 165.4; IR (KBr) 800, 850, 1114, 1223, 1637, 2847, 2939, 

2972, 3079, 3423 cm ''; MS (El, 70eV DIP, m/z rel intensity %) 328 (M*, 42), 329 

(M '+ l. 5), 178 (58), 164 (97), 162 (51), 152 (97), 151 (6 6 ), 150 (58), 148 (58), 137 

(100), 133 (50), 121 (23), 108 (32), 106 (13), 104(14), 92 (24), 77 (31).

8d: Yield 72%; mp 166 °C, 'H NMR (400 MHz, CDCh) 6  3.73 (s, 6 H), 3.91 (s, 4H), 

6.71 (d, J = 2.4 Hz, 2H), 6.87 (d, J = 6 .8  Hz, 2H), 6.89 (dd, J = 8 .8 , 2.7 Hz, 2H), 8.28 

(s, 2 H) 12.66 (br, 2 H); ’^C NMR (100 MHz, CDCh) 5 55.9, 59.8, 114.9, 117.6, 

118.2, 119.5, 152.0, 155.1, 166.2; IR (KBr) 1277, 1639, 2837, 2907, 2945, 2966, 

3009. 3062. 3412 cm '; MS (El, 70 eV DIP, m/z, rel. intensity %) 328 (M*, 6 8 ), 329 

(M '- l ,  8 ), 177 (51), 164 (40), 162 (56), 151 (33), 148 (22), 136 (100), 134 (24), 108 

(17), 107 (50), 104 (14), 92 (23), 77 (37).

8e) Ligand 8 e is a known compound and was prepared by the literature 

procedure.^*' A solution o f 5-chloro-salicyIaldehyde (3.76 g, 0.024 mol) and 

ethylenediamine (0.720 g, 0.012 mol) in acetonitrile (50 mL) was refluxed for 1.5 h. 

The reaction mixture was cooled and then the solvent was removed on the rotary 

evaporator to give a yellow solid. The crude product was recrystallized from acetone 

to afford yellow crystals in 52% yield (2.09 g, 6.22 mmol), mp 286 °C; *H NMR (400 

MHz, CDCh) Ô 3.93 (s, 4H), 6.87 (d, J = 8 .8  Hz, 2H), 7.18 (d, J = 2.8 Hz, 2 H), 7.22
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(dd, J = 8 .6 , 2.8 Hz, 2H), 8.27 (s. 2H), 13.10 (br, 2H); ‘̂ C NMR (100 MHz, CDCI3) 6  

59.6. 118.6, 119.3, 123.3, 130.6, 132.3, 159.5, 165.4; IR (KBr) 645, 706, 1635, 2847, 

2901, 2945, 3089, 3434 cm ''; MS (El, 70eV DIP, m/z, rel intensity %) 336 (M*, 35), 

338 (M '-2 , 14), 183 (26), 181 (37), 168 (26), 166 (36), 156 (24), 155 (34), 154 (33), 

148(15), 143 (23), 141 (100), 133 (17), 127(15), 99 (21), 77(60).

2-5-2: SYNTHESIS OF N,N-ETHYLENE BIS(SALICYLIDENEIMINATO)- 

IRON(II) COMPLEXES (9)

9a) Iron(II)-salen complex was prepared following a previosly reported route.'^ 

To a solution of Fe(C0 )5  (7.20 g, 0.030 mol) in anhydrous DMF (50 mL) was added 

the salen ligand 8a (9.25 g, 0.034 mol). The reaction mixture was heated at 110 °C 

for 2.5 h and then for an additional 20 h at 95 °C. Gas evolution was observed upon 

heating. The reaction mixture was then cooled and the purple solid formed was 

filtered and washed with DMF and toluene under nitrogen. The crystalline product 

was then dried at 100 ‘'C under vacuum for 2 h. MS (El 70eV DIP, m/z rel. intensity 

%) 322 (M \ 100), 323 (M > 1, 6 ), 324 (M"+2, 3), 294 (10), 276 (11).

9b-e) Fe(CH3C02)2  (1.56 g, 8.95 mmol) was dissolved in deionized water (16.5 mL) 

and then diluted with 95% EtOH (66.5 mL) to give a dirty-green solution. In a 

separate flask, the appropriate salen ligand 8b-e (3.02 g, 8.95 mmol) and KOH (1.0 g, 

17.8 mmol) were dissolved in 95% EtOH (200 mL). This latter solution was heated 

to reflux and then rapidly added to the iron acetate solution with stirring. The 

reaction mixture was stirred for 2 h without heating. A red-brown solid formed upon
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addition. The solid was then filtered and washed with EtOH and dried under vacuum 

for 2 h.

9b: MS (El, 70Ev DIP, m/z rel. intensity %) 382 (M ', 100), 383 (M‘- l ,  4), 367 (15), 

339 (24), 191 (13), 162 (16), 148 (30).

9c: MS (El, 70eV DIP, m/z rel. intensity %) 382 (M \ 100), 383 (M '+ l, 5), 385 

(M'+3, 13), 354 (22), 336 (21), 206 (46), 204 (21), 191 (26), 178 (10).

9d: MS (El, 70 eV DIP, m/z rel. intensity %) 382 (M \ 100), 383 (M "+l, 3), 385 

(M*+3, 15), 367 (6 6 ), 207 (17), 204 (10), 191 (17), 176 (21).

9e: MS (El, 70eV DIP, m/z, rel. intensity %) 390 (M‘ , 100), 391 (M '+ l, 29), 392 

(M*+2, 6 6 ), 393 (M '+3, 12), 394 (M*+4, 7), 362 (12), 346 (15), 344 (17), 326 (13), 

210 (52), 208 (34), 195 (16), 182 (20), 168 (14), 160 (18), 132 (17), 118 (21), 110 

(19), 104(19).

2-5-3: REACTION OF OLEFIN W ITH  PhNHOH C ATALYZED BY Fe(II)- 

SALEN COMPLXES

To a solution o f 2-methyl-2-pentene (1.26 g, 15.0 mmol) and iron(II)-salen 

complexes (9a-e) (0.150 mmol) in dry dioxane (5 mL) under nitrogen was added a 

solution o f  phenyl hydroxylamine (0.164 g, 1.50mmol) in dioxane (10 ml) over 8 h, 

using a syringe pump, at 70 °C. After the addition was complete the reaction was 

monitored by GC. Aliquots (1 mL) were taken and the metal complex was 

precipitated by adding excess hexane. This was filtered and the filtrate was 

concentrated in a stream o f nitrogen. To this was added a known amount o f 

naphthalene as the internal standard (2 .0 0  mmol) and the sample was injected in the
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GC. The peaks for the various products were determined by comparison with 

authentic samples and the yields were determined by comparison with the internal 

standard.

2-5-4: HETERO-DIELS-ALDER TEST FOR REACTIONS CATALYZED BY 

Fe(II)-SALEN COM PLEXES

To a solution of a-m ethyl styrene (1.77 g, 15.0 mmol), 2,3-dimethyl-1,3- 

butadiene (1.23 g, 15.0 mmol) and the iron(II)-salen complexes (9a-e) (0.150 mmol) 

in dry dioxane (5 mL) was added a solution of phenyl hydroxylamine (0.164 g, 1.50 

mmol) in dry dioxane (10 mL) over 8 h at 70 °C using a syringe pump. After the 

addition was complete the reaction mixture was heated for 24 h and aliquots were 

withdrawn (1 mL) at regular intervals. The metal complex was precipitated by 

adding excess o f hexane and the filtrate was concentrated under a stream of nitrogen. 

To the resulting solution, naphthalene (2.00 mmol) was added as the internal 

standard. The reaction progress was monitored by GC and the yields of the products 

were calculated by comparison with the intemal standard.

2-5-5: SYNTHESIS O F 1 ,1 -BIISOQUINOLINE (23)

The synthesis o f compound 23 has been reported in literature.^^ To a solution 

o f isoquinoline (5.27 g, 41.0 mmol) and HMPA (7.31 g, 40.8 mmol) in dry ether (60 

mL) in a nitrogen atmosphere at -78 °C was added a fireshiy prepared solution of 

lithium diisopropylamide (LDA) (20.4 mmol) in ether (10 mL) dropwise over 10 min. 

The reaction mixture became purple upon addition o f the LDA solution. The reaction
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mixture was stirred at -78 °C for I h and then warmed to room temperature. It was 

then stirred for additional I h under nitrogen. The reaction mixture was then exposed 

to air for 17 h, during which time the color changed to orange and a solid formed. 

This was quenched with water and the ether layer was separated. The organic portion 

was then extracted with water (3 x 100 mL) and the combined aqueous portion was 

extracted with ether (3 x 100 mL). The combined organic portion was dried with 

anhydrous MgSOa and the solvent was removed under reduced pressure to give a red 

liquid. This was chromatographed on grade 1 basic alumina, using 95% toluene and 

5% methanol as the eluting solvent. The first yellow band to elute was collected and 

the solvent was removed to produce a red liquid. This liquid was dissolved in 

benzene, hexane was added and the solution was left in the freezer. The product was 

obtained as a yellow-orange crystalline solid in 17% yield (0.860 g, 3.38 mmol). The 

spectral data o f the product matched those reported in literature

2-5-6: SYNTHESIS OF l,r-BIISOQUINOLINE-N,N’-DIOXIDE (24)

Biisoquinoline (0.860 g, 3.38 mmol) was dissolved in glacial acetic acid (4 

mL) to give a clear orange solution. To this was added a 30% aqueous solution of 

H2O2 (0.7 mL). The reaction mixture was heated at 80 °C for 3 h. Additional H2O2 

(0.5 mL) was added and the solution was heated for another 19 h. The reaction 

mixture was then cooled and the solvent was removed using the rotary evaporator. 

The residue was extracted with CH2CI2 ( 3 x 1 5  ml). The organic layer was dried with 

anhydrous Na2S0 4  and the solvent was removed under reduced pressure to give the 

product as a yellow solid in 39% yield (0.360 g, 1.30 mmol), mp 265-267 °C (with
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decomposition); *H NMR (300 MHz, acetone-d^) 6  7.12 (d, J = 7.8 Hz, 2H), 7.5-7.8 

(m, 4H), 8.06 (d, J = 9.3 Hz, 2H), 8.09 (d, J = 7.8 Hz, 2H), 8.29 (d, J = 7.2 Hz, 2H); 

IR (KBr) 726, 773, 1235, 1557, 3070 cm '; MS (El, 70eV DIP, m/z, rel. intensity %) 

288 (M, 85), 271 (48), 259 (21), 245 (45), 242 (42), 231(26),216 (29), 128 (100).

2-5-7: SYNTHESIS OF ETHYLENEBIS(DIPHENYLPHOSPHINEOXIDE) (26) 

1,2-Bis-diphenyIphosphino ethane (1.00 g, 2.51 mmol) was dissolved in 

glacial acetic acid (3 mL). To this a 30 wt% aqueous solution o f H2O2 (1.42 mL, 12.5 

mmol) was added. The reaction mixture was heated at 80 °C for 3 h. At this time 

additional H?0: (0.420 mL, 3.50 mmol) was added and the reaction mixture was 

again heated for 19 h. After cooling the clear, colorless solution to room temperature, 

it was extracted with CHiCI? (3 x 15 ml). The combined organic extracts were 

washed with aq. NaiCO) solution ( 3 x 1 0  ml). The organic solution was dried with 

anhydrous Na2S0 4 , filtered, and the solvent was removed from the filtrate using the 

rotary evaporator. The solid obtained was dried under vacuum. The product was 

obtained as a white solid in 75% yield (0.810 g, 1.88 mmol), mp 263-264 °C (dec.) 

(literature mp 252-4 °C)"^'; ‘H NMR (400 MHz, CDCI3) ô 2.49 (d, J = 2.8 Hz, 4H), 

7.40-7.51 (m, 12H), 7.65-7.70(m, 8 H); ^‘?{ ‘H} NMR (400 MHz, CDCI3) Ô 32.08; IR 

(KBr) 694, 730, 1176, 1187, 2908, 3053 cm '; MS (El, 70eV DIP, m/z, rel. intensity 

%) 353 (M^-77, 100), 337 (19), 229 (52), 201 (25). Elemental analysis calculated for 

C26H24P2O4: 72.56% C, 5.58% H, 7.44% 0 , 14.42% P. Found: 70.55% C, 5.54% H, 

9.52% O, 14.39% P.
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2-5-8: SYNTHESIS OF Fe(II)-AZOBENZENEDIOXIDE COMPLEX (16)^^

A solution o f PhNO (2.03 g, 19.0 mmol) in dry CHCI3 (20 mL) was added to 

a suspension of anhydrous FeCL (1.17 g, 0.920 mmol) in dry CHCI3 under nitrogen. 

The reaction mixture was stirred for 6  h during which time a brown solid formed. 

The solid was filtered under nitrogen. The solvent was removed from the filtrate 

under vacuum and the deep red residue was recrystallized from CHzCL/hexane. The 

complex was obtained as a dark brown crystalline solid in 18% yield (0.290 g, 0.270 

mmol). The IR spectrum of the product was identical to that of the reported complex 

16.^*

2-5-9: REACTION OF LIGANDS 24 AND 26 WITH Fe(II)-AZOBENZENE

DIOXIDE COMPLEX 16

To a solution o f Fe(II)-azobenzenedio.xide complex 16 (0.260 g, 0.240 mmol) 

in CH2CI2 (8  mL) was added a solution o f ligands 24 or 26 in CH2CI2 (5 mL) 

dropwise over 2 h at room temperature under nitrogen. The color o f the reaction 

mixture changed to greenish-brown and a light colored solid formed. Aliquots were 

withdrawn at regular intervals and injected in the GC after removal o f the metal 

species with hexane and adding an intemal standard. The reaction mixture was 

filtered after 20 h. 2,3-Dimethyl-1,3-butadiene was added to the filtrate and stirred at 

room temperature and monitored by GC for the disappearance o f the PhNO peak and 

appearance o f the hetero-Diels-Alder adduct peak. The solid (37) was suspended in 

CH2CI2 and an equivalent o f ligand 24 or 26 was added under nitrogen. The reaction
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mixture was heated at 45-50 '̂ C for 24 h. The reaction was monitored bv GC at

regular intervals.

2-5-10: REACTION OF 2-METHYL-2-PENTENE WITH THE MIXED 

LIGAND IRON COMPLEX 37

The complex 37 was suspended in CH2CI2 under an inert atmosphere and 

heated to 45-50 °C and to this was added an excess o f 2-methyl-2-pentene. The 

reaction mixture was heated for 24 h and the reaction was monitored by withdrawing 

aliquots at regular intervals o f  time. The samples were injected in the GC after 

removing the metal containing species by addition o f  excess hexane.
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Chapter 3

ALTERNATIVE ANIINATING AGENTS: USE OF 2,4-DINITROPHENYL 

HYDROXYLAiVIINE AND N-HYDROXY BENZENESULFONAMIDE AS 

REAGENTS FOR IRON-CATALYZED ALLYLIC AMINATION LEADING 

TO PRIMARY AND SECONDARY ALLYLAMINES

3-1: INTRODUCTION AND BACKGROUND

The aminating agent largely used in the metal-catalyzed reactions o f olefins 

had been phenylhydroxylamine, PhNHOH. This led to the formation o f secondary N- 

phenyl-N-allylamines, and modifications o f the product to obtain other classes o f 

ally lamines were not possible. Also, the yields obtained in both Mo(VI)- and Fe(II, 

lll)-catalyzed reactions ranged from moderate to low, with substantial formation of 

the by-products aniline and azoxybenzene. A common problem in these reactions 

was that o f  nitrogen mass balance. All o f the nitrogen mass could not be accounted 

for in the products obtained, suggesting that some other unknown pathway was 

occurring simultaneously with amination.

As a result, we decided to explore other potential aminating agents. We 

sought a compound, ZNHOH (1), in which the Z group could be cleaved after Fe(II, 

III)-catalyzed amination to yield primary allylic amines (3) (Scheme 3-1). 

Alternatively, the products o f the amination 2 could be subjected to alkylation 

forming 4, which would then produce secondary allylic amines 5 after cleavage of the 

Z group. In this way both primary and secondary allylamines could be prepared.
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resulting in a considerable increase in the scope and utility o f metal-catalyzed allylic 

amination o f olefins.

Scheme 3-1: Rationale for alternative am inating agents

ZNHOH

N-alkylatioi -Z cleavage

NH

(primary allylamines)
N-Z cleavage

(secondary allylamines)

3-1-1: 2,4-DINITROPHENYL- (2,4-DNP) AS AN .AMINE PROTECTING 

GROUP

The 2,4-dinitrophenyl group (2,4-DNP) has been used for protection of 

amines. Reaction o f the free amine^^ or the ammonium salt^^ of the aminonucleotides 

with I-fluoro-2,4-dinitrobenzene introduces the protecting group (Scheme 3-2). The

2,4-DNP group is stable to acidic conditions, but has been cleaved using several basic 

and nucleophilic reagents. Wolfrom et al. used barium hydroxide in an aqueous 

medium to effect deprotection (Scheme 3-3a).’’ Basic ion exchange resins.
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Amberlite IRA400(OH) and Dowex I(OH), have also been used successfully to yield

the deprotected amines (Scheme 3-3b). •5. 76. •

Scheme 3-2: Protection of amines using l-fluoro-2,4-dinitrobenzene

OHOH
NO

HOHO------

OH

SEtSEt

NHDNPNH

OH OH

NO

OH OH
HO HOOCH OCH

NHDNP

Scheme 3-3: Deprotection of 2,4-DNP-protected amines

HO HO

— O
H 2 O, A , 2  h

NHNHDNP
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NHAc NHAc

AcO AcO
Amberlite IRA40Q(OH)

Ac or
Dowex I (OH)

Ac

NHDNP NH

In other reports, the 2,4-DNP group has been cleaved from tertiary amines by 

nucleophilic aromatic substitution by primary amines in DMSO.'^ Reaction o f 1- 

dialkylamino-2,4-dinitrobenzenes with various primary amines resulted in the 

displacement o f the dialkylamino group (Scheme 3-4); methylamine gave the best 

yields o f the substitution product (39%).

Scheme 3-4: Cleavage of the 2,4-DNP group via displacement by primary amines

NONO

NONO

2,4-DNP-protected aminoacids, when reacted with thiols, also suffered 

deprotected.*° Reaction with a large excess o f 2-mercaptoethanol, at pH 7-8, results 

in the cleavage o f the 2,4-DNP group by nucleophilic substitution by the thiol to yield 

the free amine (Scheme 3-5).
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Scheme 3-5: Cleavage of 2.4-DNP group via displacement by 2-mercaptoethanol

NHDNP
I

CHXHCOOH

HO
SH

NHDNP
I

CHXHCOOH

N ^ N D N P  pH = 8 , 22° C N ^ N H

It should be noted, however, that the 2,4-DNP-protected a-amino group in histidine is 

not affected under these conditions.

Hence, based on the reported use o f the 2,4-DNP group for the protection o f 

amines, we decided to explore the reaction o f  2,4-dinitrophenyl hydroxylamine (6 ) 

(Figure 3-1) with olefins catalyzed by Fe(ll,lll)-salts. 2,4-Dinitrophenyl 

hydroxylamine was expected to be a good aminating agent as it is a very electro- 

deficient compound. Since the Fe-catalyzed allylic amination proceeds in an ene 

reaction-like fashion, the active species derived from 2,4-dinitrophenyl 

hydroxylamine was expected to be a good enophile and, thereby, facilitate the 

reaction.

Figure 3-1: 2,4-Dinitrophenyl hydroxylamine

NO

OH
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3-2: RESULTS AND DISCUSSION

In order to be able to obtain various classes of allylic amines, including 

primary and secondary amines, with varying N-substituents, we decided to study the 

reactivity o f 2,4-dinitrophenyl hydroxylamine in the FeChj-catalyzed reactions. We 

studied the scope o f this reaction in terms o f selectivity of reaction and substrate 

structure. The cleavage of the N-DNP bond after amination was investigated by 

several methods in order to obtain primary N-allylamines 3. N-Alkylation o f  the 

DNP-protected N-allylamines and subsequent removal of the protecting group to 

produce secondary allylic amines 5 was also studied. This section will summarize all 

o f the above mentioned results.

3-2-1: SYNTHESIS OF 2,4-DINITROPHENYL HYDROXYLAMINE

The reagent required for the FeChj-catalyzed allylic amination reactions, 2,4- 

dinitrophenyl hydroxylamine (6 ), was obtained by a published procedure.^' 

Nucleophilic aromatic substitution by hydroxylamine on 2,4-dinitroanisole (7) in 

refluxing methanol, gives the desired product very efficiently (Scheme 3-6).

Scheme 3-6: Synthesis of 2,4-dinitrophenyl hydroxylamine

NONO

NHOHOCH
MeOH, A , I9h

(92%)
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The 2,4-dinitrophenyl hydroxylamine was obtained as an orange-colored solid, stable 

in air in the solid state for considerable lengths of time, but not very stable in solution.

2,4-Dinitroanisole (7) is a commercially available starting material for this 

preparation. It can also be prepared very efficiently from 1 -chloro-2,4-dinitrobenzene 

(8 ) (Scheme 3-7) by reaction with sodium methoxide.

Scheme 3-7: Synthesis of 2,4-dinitroanisole

NO NO

NaOCH
OCH

C H 3 O H  
It, 30 min

(90%)

3-2-2: FeClzj -CATALYZED REACTION OF 2,4-DINITROPHENYL 

HYDROXYL.4MINE WITH OLEFINS

2-Methyl-2-pentene (9) reacts with 2,4-dinitrophenyl hydroxylamine (6 ) in the 

presence o f  10 mol% of a mixture o f FeCK and FeCl] to produce the desired 

allylamine 10a and 2,4-dinitroaniline (11) as the only by-product (Scheme 3-8). 

Allylamine 10a was purified by column chromatography and characterized 

spectroscopically. The 'H NMR spectrum gives the characteristic pattern for the 2,4- 

DNP group in the aromatic region, two resonances in the vinylic region, as opposed 

to one in the olefin itself, and a broad N-H resonance in the downfield region. In the 

IR spectrum o f the product only one band is seen in the 3500-3300 cm ' region,
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corresponding to the N-H stretch, in contrast to two in 2,4-dinitrophenyl 

hydroxylamine. The molecular ion (m/z 265) is seen in the mass spectrum and the 

fragment corresponding to the loss o f an ethyl group (m/z 236) is the base peak. 

Hence, based on all the spectroscopic data the identity o f  the allylamine 10a was 

established. The reaction occurs in an ene-like manner as the product formed is that 

derived from migration o f the double bond. Also, the N-attack occurs at the less 

substituted carbon o f  the double bond in the olefinic substrate. The identity o f the by

product II  was established by comparison with an authentic sample. 2,4- 

Dinitrophenyl hydroxylamine is unstable when in solution and forms 2,4- 

dinitroaniline as it decomposes. Another important feature observed in this reaction 

was that a 100% nitrogen mass balance is obtained.

Scheme 3-8: Reaction of 2-methyi-2-pentene with 2,4-dinitriphenyl hydroxylamine 
catalyzed by FeCN and FeClj

F eC l, + FeCl
NO

dioxane, 80 °C
10aNO

NONHOH

NH
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Optimization studies were performed on this system to determine the most 

useful conditions (Table 3-1). Highest selectivity for the allylamine lOa was obtained 

when the solution o f 2,4-dinitrophenyl hydroxylamine was added to the reaction 

mixture containing the olefin and the catalyst over a ten minute period. Slow addition 

of the aminating agent produced more o f the byproduct (entries I. 2 and 3). This was 

possibly due to the decomposition o f the hydroxylamine 6  upon standing in solution, 

leading to low yields o f the allylic amine. Both anhydrous and hydrated Fe(II, III)- 

chlorides catalyze the reaction giving comparable yields and selectivities. However, 

the time required for the reaction to be complete was longer with the hydrated salts 

(entries 3 and 4). The reaction was most efficient in terms of time and selectivity 

when the iron salts were taken in a 9:1 ratio o f FeCli : FeCl] (entry 5). Addition o f a 

suspension o f the catalyst in dioxane over a longer time did not produce any 

improvements to the reaction outcome (entry 6 ).

Table 3-1: Optimization studies on the allylic amination reaction of 2-methyI-2-pentene

Entry
Time o f Addition 
o f DNP-NHOH Catalyst Reaction

time
Selectivity 
(1 0a : 1 1 )

I 4 h FeCl 2 + FeCl 3 (3 : 1) 22  h 3 : 2

2 10 h 22  h I : 3

3 10 min 1 2 h 3 : 1

4 FeCl2.4 HiO + FeCI g.ôH.O 
(3 : I)

22  h 3 : I

5 FeCI 2 + FeCI 3 (9 : I) 8 h 3.6 : 1

6 Added the catalyst over 
45 min

22  h 2 : 1
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Hence, based on this study it was found that the condition set 5, in which a solution of

2,4-dinitrophenyl hydroxylamine is added over a 10 minute period to the reaction 

mixture containing a ten-fold excess o f  the olefin and 10 mol% o f a mixture o f FeCh 

and FeCb in a 9:1 ratio, is optimal for best results in the reaction. These conditions 

were used for all subsequent reactions and analytical thin layer chromatography was 

used for monitoring the disappearance o f  2,4-dinitrophenyl hydroxylamine.

To establish the role of the catalyst in this system, a control reaction was 

performed. A ten-fold excess o f the olefin was heated with 2,4-dinitrophenyl 

hydroxylamine under the same conditions as the original reaction, but without the 

iron chlorides (Scheme 3-9). No reaction was observed between the two compounds 

and only 2,4-dinitrophenyl hydroxylamine was isolated after the reaction mixture had 

refluxed for 24 h. This result established that the Fe (II, III)-chIorides do indeed 

catalyze amination o f the olefin and were essential for the reaction to occur.

Scheme 3-9: Control reaction

NO

NHOH No Reaction
80 °C

The next step for us was to study the scope of this reaction with respect to 

olefinic substrates. Several olefins were allowed to react with 2,4-dinitrophenyl 

hydroxylamine (6 ) and the corresponding allylic amines produced were isolated 

(Table 3-2). The yields o f the allylamines 10 obtained in these reactions were, in

83



general, higher than those obtained in the corresponding reactions with phenyl 

hydro XV lamine.

Table 3-2: FeCl2.]-<:atalyzed allylic amination of olefins using 2,4-dinitrophenyl 
hydroxylamine

Isolated 
yield (%)ProductOlefinEntry

DNP
10a

DNP

10b

DNP

10c

OHOH

DNP
lOd

DNP
lOe

lOf DNP
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The products are formed with transposition o f the double bond, as is characteristic o f 

the ene-reaction. Hence, this reaction is highly regio- and chemoselective as 

amination occurs always at the less substituted carbon o f the double bond. Several 

functional groups are tolerated (entries 4 and 5) and only the amination product is 

obtained.

The allylamines were isolated as air-stable colored solids and were purified by 

column chromatography, except lOd and lOe. Allylic amines lOd and lOe could not 

be separated effectively from the by-product 2,4-dinitroaniline chromatographically. 

Instead, separation was achieved by sublimation o f  the by-product. This accounted 

for the relatively low yield o f  pure lOe compared to that in the crude product mixture, 

in which lOe was present in a yield o f >80% as judged by integral ratios in the 'H 

NMR spectrum. The 2,4-DNP-protected allylic amines produced were characterized 

spectroscopically (Figure 3-2). The 'H  NMR spectra o f  10a-f exhibited the pattern o f 

signals in the aromatic region corresponding to the 2,4-DNP group, the downfield 

broad signal for the deshielded amino proton, the signals for the vinylic protons with 

small couplings, and those for the allylic methylene group. The infra red spectra o f 

these compounds show the expected band at high fi-equency for the N-H stretch, and 

also those for the C=C, N =0, and N -0  stretches. The molecular ion is observed in 

the mass spectra for each o f the allylamines obtained.
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Figure 3-2: ‘H NMR spectra of 2,4-DNP-allylamines

a)

5,6
HIO H9

H5.H6HI H3

H2
H8H7H4

b)

NO2

NO2
H6,BT7

H5HI H3

H2

H4
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Furthermore, the structure of the allylic amine I Ob was determined by X-ray 

diffraction (Figure 3-3). The molecule exhibits the expected planarity o f the 2,4-DNP 

ring and attached substituents, as a result of delocalization of the lone pair of 

electrons on the amino nitrogen; the nitro groups are almost planar with respect to the 

aromatic ring with small deviations. The nitro group at the ortho position is within 

hydrogen bonding distance with the amino proton (1.92 .4) and the O l-H -N l angle is 

132". The two phenyl rings in this compound are inclined at an angle of 69.5° with 

respect to each other.

Figure 3-3: ORTEP plot of 2,4-D>P-alIylic amine lOb

In summary, 2,4-dinitrophenyl hydroxylamine is an efficient reagent for the 

FeCh. ]-catalyzed allylic amination o f olefins. The products are obtained in good
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yields with high regio- and chemoselectivity. The success o f this reaction also 

provides an entry to other classes o f allylic amines.

3-2-3: DEPROTECTION OF THE 2,4-DNP-PROTECTED SECONDARY

ALLYLIC AMINES

.A.S noted earlier, the 2,4-DNP group has been used as an amine protecting 

group for aminonucleotides and amino acids.^ Removal o f this group has been 

achieved by nucleophilic displacement o f the amine with reagents such as basic ion- 

exchange resins, Ba(OH):, 2-mercaptoethanol and primary amines.'^' Hence,

based on these reports we explored the reactivity o f the N-DNP-N-allylamines 10 

towards such reagents in an attempt to obtain primary allylic amines (12) (Scheme 3- 

10 ).

Scheme 3-10: Synthesis of prim ary allylamines via N-DNP cleavage

N-DNP cleavage NH-
NO

NO

This discussion will be segmented according to the various classes o f  reagents used.
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A: NUCLEOPHILIC REAGENTS

We began our investigation based on the already reported results. 

Nucleophilic reagents were expected to displace the amines from 2,4-dinitrophenyl 

unit in protic solvents (Scheme 3-11).

Scheme 3-11: Expected mechanism for the displacement of the amine by nucleophiles

Nu

NO,

Nu

Reagents such as NaOH, KOH, Ba(OH), and basic ion-exchange resins in the 

hydroxide forms were used in protic media (Scheme 3-12). In reactions with NaOH 

and NaOCH] (entries 1, 2, and 4) complex product mixtures were obtained based on 

'H  NMR spectroscopy. The unreacted starting allylamine I Ob was also seen in this 

mixture o f  compounds. In reactions with K.OH and Ba(OH), (entries 3 and 5), no 

conversion o f the starting material was observed even upon heating the reaction 

mixture for long periods of time.

89



Ion exchange resins, Amberlite IRA400(OH) and Dowex 550(OH) (entries 6- 

12), were also evaluated for deprotection. Both o f the above mentioned resins have a 

polystyrene matrix with 3-5% crosslinking using divinylbenzene. The active unit in 

these polymers is a tetraalkylammonium hydroxide salt and produces very strongly 

basic media.*" They have been used for a number o f organic transformations, such as 

synthesis of a -  and P-lactams,** condensation o f nitroparaffins with carbonyl 

compounds,*"* synthesis o f isoquinoline alkaloids,** synthesis of esters from 

carboxylic acids and alkylating agents,*^ and synthesis o f  nitriles.*^ In reactions of 

the allylamine 10b with Amberlite 1RA400(OH), no products were observed when 

THF/HiO was used as the solvent system and only the starting material was 

recovered. The desired primary allylic amine was produced after the cleavage of the

2,4-DNP group when a very old sample o f Amberlite IRA(OH) was used with an 

acetone/H:0 solvent system. The 'H  NMR spectrum of this compound shows the 

two signals in the characteristic vinylic region (5.19, 5.39 ppm) and one signal in the 

allylic region (4.32 ppm). The phenyl region did not exhibit any signals from the 2,4- 

DNP ring. Only the signals for the vinyl substituted phenyl ring were observed (7.24- 

7.40 ppm). The primary allylamine was accompanied by condensation products from 

the solvent in the strongly basic media. Attempts to separate the allylamine from the 

side products derived from the solvent were not successful. Next, we prepared 

Amberlite 1RA400(OH) from the corresponding chloride form, which is 

commercially available. Amberlite 1RA400(C1) was washed with a IN NaOH 

solution to displace the chloride and then washed with water.** Some color change 

was observed when this material was dried under vacuum for a few hours, suggesting
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some degradation o f  the resin. Hence, a similar preparation was carried out without 

drying the resin under vacuum for long periods o f time and it was used as such in 

future reactions. Allylic amine 10b was treated with this new batch of resin in 

different solvent systems. Complex mixtures o f compounds were obtained when 

CH3COCH3/H 2O and EtOH/H:0 solvent systems were used. Signals expected for the 

desired primary allylic amine were seen accompanied by several other signals. No 

conversion o f 10b was observed when the reaction was performed in DMF/H2O. 

Similar results were obtained when Dowex 550(OH) was used in CH3COCH3/H2O at 

room temperature. However, reaction in dioxane/H2 0  did not result in any 

conversion and only the starting material was recovered.

2,4-DNP-allylamine 10b underwent no reaction when heated with an aqueous 

solution o f methylamine in DMSO (entry 13). ’’ In the published report, cleavage 

reactions were successful when the nitrogen groups on the tertiary 2,4-DNP- 

substituted amine were sterically undemanding, such as methyl groups. Reaction of 

10b with thiophenolate, a good nucleophile, also gave no conversion and the starting 

material was recovered (entries 15 and 16).
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Scheme 3-12: Attempted cleavage of the 2.4-DNP group using basic reagents

H
I

,N ,
'DNP

10b

Conditions:
Entry | Reagent Temp.

(“C)
Reaction

Time
1 NaOH, MeOH 25 6  h
2 60 15 h
3 KOH, THF/H2O 65 60 h
4 NaOCHj, MeOH 60 60 h
5 Ba(OH):, THF/H2O 65 24 h
6 .\m berlite IRA400(OH), THF/HiO 25 6 h
7 65 17h
8 Amberlite IRA400(OH), acetone/H^O 25 15 h
9 Amberlite IRA400(OH), EtOH/ H2O 25 4 h
10 Amberlite IRA400(OH), DMF/ H2O 25 21 h
11 Dowex 550(OH), acetone/H2 0 25 18h
12 Dowex 550(OH), dioxane/ H2O 25 18h
13 Aq MeNH2, DMSO 60 8 h
14 NH3, MeOH 60 17h
15 KSPh, THF 25 6 h
16 65 17h

The lack o f reactivity observed when the 2,4-DNP-protected allylamine 1 0 b 

was treated with bases under certain conditions (entries 3, 4, 5, 13, 14, 15, and 16) 

can have various explanations. The first cause o f unreactivity could be the acidic 

amino group present (Scheme 3-13). For the deprotection to succeed, the hydroxide 

attack has to occur at C-1. However, the proton on the amino nitrogen is very acidic 

(pKa = 15.9 in DMSO)** as it leads to the formation o f a very stable amide ion (14) in 

which the negative charge is extensively delocalized in the 2,4-DNP ring. The amide
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ion produced, therefore, does not undergo any further reaction. The formation of this 

ion is suggested by the appearance o f a deep red color when the base is added to the 

allylamine solution.

Scheme 3-13: Deprotonation of the N-(2.4-dinitrophenyl)-N-allylamine

NO NO
Base

Ph

NO NO

NO

Ph

NO

This was also studied by 'H NMR. In deuterated THF and DMF, NaH reacts with the

2,4-DNP-allylamine 10b with the formation o f bubbles. The broad signal for the 

amino proton disappeared, the signals for the vinylic and allylic protons were shifted 

upfield, and signals for the protons on the 2,4-DNP ring shifted according to their 

position on the ring (Figure 3-4).
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Figure 3-4: Deprotonation of 2,4-DNP-aOylamme 10b in deuterated solvents 

a) Reaction in THF-dg

THF-dg

‘DNP

I d  k #  ^  aJ  A  l h _ l __ i#  rfta* _kk 1
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b) Reaction in DIMF-d-

X J . DNP

Ph‘ DNP

As seen in the figures above, besides the upfield shifts o f the N-allyl unit, the signals 

for the protons on the 2,4-DNP ring are ambiguous, due to unclear integrations and 

multiplicities, and very broad after treatment with the base. This observation does not
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confirm the deprotonation o f the amine but does suggest some interactions taking 

place with the base used. One possibility is that the 2,4-DNP ring is reduced by a one 

electron process forming a radical anion which would be paramagnetic and show 

broadening of signals. However, the fact that the amine can be alkylated with the use 

o f the base would suggest deprotonation.

The failure to displace the amine by nucleophiles in our system can also be 

explained considering the resonance structures o f the N-(2,4-dinitrophenyl)-N- 

allylamines (Scheme 3-14).

Scheme 3-14: Delocalization of the amino nitrogen lone pair o f electrons into the 2,4-DNP 
group

NONO

P h

NO NO

H

NO

NO

The electrophilicity o f  C-1 is substantially decreased due to delocalization of the lone

pair of electrons on the amino nitrogen, forming 15. This species is stabilized by the
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two strongly electron withdrawing nitro groups at the ortho- and para-positions via 

resonance. As a result, nucleophilic attack at C-1 in these compounds is prevented.

.Another reason for lack o f reactivity could be that the a  complex (13) formed 

upon attack by the nucleophile at C l (Scheme 3-11, 3-15a) is a very stable species 

due to the delocalization o f the negative charge in the ring. As a result, this 

moiety does not undergo further reaction to displace the amine. Nucleophilic attack 

can also be envisioned at C-3, which is the more electrophilic site than C-1, forming 

the a  complex 13’ (Scheme 3 -15b). This complex is also stabilized by the electron 

withdrawing nitro groups. Hence, more selective reagents are required to achieve the 

N-DNP cleavage.

Scheme 3-15: Formation of the a  complex via attack by the nucleophile

a) .\ttack  at C l

NO NO
Nu;

NO NO

b) .\ttack at C3

NO2
Nu:

NO, 13’

The low selectivity in some other reactions (Scheme 3-12; Entries I, 2, 8 , 9, 

and 11) could also be a result o f more than one electrophilic positions in the 2,4-DNP 

ring, forming more than one aromatic nucleophilic substitution products.
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In summary, attempts to displace the primary allylamine by reaction with 

nucleophiles were not successful. It should be noted that successful displacement 

reactions o f the 2,4-DNP group from other secondary and tertiary amines are reported 

in literature. We cannot provide an explanation for the lack o f reactivity or 

selectivity in our systems with confidence at this time. However, several speculations 

have been presented. The allyl substituent on the amine could also be the problem 

area since it is this part o f our compound that differs from the examples reported.

B: ACIDIC REAGENTS

Due to the unsuccessful attempts to achieve clean deprotection by using basic 

and nucleophilic reagents, we decided to study the reaction under acidic conditions. 

The rationale for this was that the amino nitrogen would be protonated, thus making 

the amine the leaving group instead o f the amide (Scheme 3-16).

Scheme 3-16: Cleavage of 2.4-DNP group promoted by acids

NO

Ph NO

NO

10b’ NOlOb

Nu
Nu

NO

NO

98



Also, due to protonation o f  the amine, C-I of the 2,4-DNP ring will be electrophilic 

as there will now be no delocalization of the nitrogen lone pair o f electrons. Hence, 

the greater leaving group ability o f the amine, as opposed to the amide ion, combined 

with the relatively greater electrophilic nature o f C-1 o f the protonated allylamine 

10b’ was expected to facilitate substitution by a nucleophile.

With this consideration, several acidic reagents were evaluated for this 

purpose (Scheme 3-17).

Scheme 3-17: Attempted cleavage of 2,4-DNP group by acids

H
I

,N ,
‘DNP

10b

Conditions:
Entry Reagent T em p.C O Reaction Time

1 CF3CO2H, MeOH 25 16h
2 50 5 h
3 CFjCOiH, FhSH, MeOH 50 18h
4 CF3CO2H, THF/H2O 25 8 h
5 65 15 h
6 TsOH, THF/ HiO 25 8 h
7 65 15 h
8 TsOH, KBr, THF/ H2O 65 24 h
9 HBr, KBr, THF/ H2O 25 8 h
10 65 18h

Strong acids like trifluoroacetic acid (Entries 1 , 2 , 4  and 5), p-toluenesulfonic acid 

(Entries 6  and 7), and hydrogen bromide (Entries 9 and 10) were used since the 

allylamine was expected to be a poor base. Acids in presence o f good nucleophiles 

were also used in an attempt to aid the displacement o f  the amine after protonation
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(Entries 3, 8 , 9 and 10). However, in each case the allylamine substrate was 

recovered with no conversion to the product.

We suggest that the lack of reactivity o f  the 2,4-DNP-allyiic amines 10 is due 

to their low basicity as a result of extensive delocalization o f the lone pair o f electrons 

into the 2,4-DNP ring. Hence, in the reactions with acids protonation o f the 

allylamine does not occur readily.

As a summary o f our attempts to form primary N-allylamines, efficient and 

selective cleavage o f  the 2,4-DNP group to produce primary N-allylamine has not 

been achieved. The unsuccessful reactions with nucleophiles could be explained by 

the acidity o f the proton on the amine nitrogen, which reacts with nucleophilic bases 

to form a stable amide ion. Resistance to attack by nucleophiles can also be due to 

delocalization o f the lone pair o f electron on the amino nitrogen, which results in a 

decrease o f electrophilicity at the ipso carbon. We do recognize that our results do 

not agree with those already reported and we do not have an explanation for this 

contradiction. The 2,4-DNP-allylamines are stable towards acids, again due to the 

lone pair o f electrons on the amino nitrogen not being available for protonation.

3-2-4: ALKYLATION O F N-(2,4-DINITROPHENYL)-N-ALLYLAM INES

N-Alkylation o f allylamines 10 can potentially alleviate the problem of 

abstraction o f the amino proton when reacted with a base. It may then be possible to 

displace the 2,4-DNP group using a basic nucleophile. This process will then lead to 

the formation o f secondary ally lie amines, in which the N-alkyl group can be varied.
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Alkylation of allylamines 10 was achieved by reaction o f  the 2,4-DNP- 

allylamine with alkylating agents under basic conditions (Scheme 3-18).

Scheme 3-18; \  .Alkylation of .N-(2,4-dinitrophenyJ)-i\-aJIyJamines

N aH (I.l eq) 
CH3I (3 eg)
DMF, rt, 2h

DNP 
14a (91%)

DNP H,C
10a

CH

DNP DMF, rt, 19h Ph'Ph DNP
14b (77%)10b

NaH (1.1 eq) 
CH3I (3 eq)

CH

DMF, rt, 2h DNPDNP

14c (76%)10c

BnBr (1.2 eq) 
THAI (0.1 eg) 

DNP NaH (1.2 eq) Ph 
DMF, rt, I9h

DNP
14d (91%)10b

Méthylation using CH3I occurs readily to give high yields o f the corresponding N-

(2,4-dinitrophenyl)-N-methyl allylamines (Scheme 3-l8a, b, c). The allylamines 10a, 

and 10c were first deprotonated by reaction with NaH (Scheme 3-I8a, c), as 

suggested by the appearance o f the characteristic deep red color. The amide ion 

formed was then treated with electrophilic CH3 I to yield the alkylated product.
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Méthylation performed using K2CO3 (Scheme 3-18b) does not involve the formation 

o f the amide ion. This reaction probably occurs with the free amine lOb attacking the 

extremely reactive electrophile, namely CH3I. Reaction o f  the amide ion formed after 

deprotonation with benzyl bromide does not give any o f the substitution product and 

the starting material was recovered after aqueous workup. Benzylation was 

successfully achieved when benzyl bromide was used with catalytic amounts of 

tetrabutylammonium iodide (TBAI)/"^ resulting in high yields o f 14d (Scheme 3- 

I8 d). All the alkylated allylamines 14 were isolated after an aqueous workup o f the 

reaction mixture and were characterized spectroscopically.

Our attempts to introduce a primary alkyl group on the amino nitrogen were 

unsuccessful (Scheme 3-19). In each attempt the 2,4-DNP-allylamine 10b was first 

treated with a base. This resulted in the formation o f the deep red color associated 

with the amide ion formed by deprotonation. However, further reaction of this amide 

ion with primary alkyl electrophilic reagents (n-PrI, n-PrOTs and n-PnOTf) did not 

result in any reaction and the 2,4-DNP-allylamine could be recovered. Even with the 

use o f strongly electrophilic reagents (n-PrOTs and n-PnOTf) no conversion of the 

allylamine was observed. Reactions performed at higher temperatures and extended 

periods o f time were also unsuccessful. In reactions with n-PrOTs the unreacted 

alkylating reagent was recovered after refluxing in polar solvents suggesting 

unreactivity of the electrophile. In order to verify the formation o f the amide ion, it 

was also shown by 'H  NMR spectroscopy that the allylamine 10b is deprotonated 

under the conditions used when the solvent is THF or DMF, but not in CH2CI2 

(Figure 3-4). This ion is expected to be a poor nucleophile and, hence, it does not
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react with moderately strong electrophiles such as propyl iodide. Strong electrophiles 

were expected to react with the poor nucleophile formed. However, the electrophile 

pentyl triflate was shown to react with solvents like THF, DMF and CH 3CN, the 

solvents in which deprotonation o f the allylamine 10b occurs (Figure 3-4). The 

solvents which are unreactive towards the electrophile, such as Et^O and CHiCT, do 

not promote the deprotonation o f the allylamines, and the free amine is not 

nucleophilic enough to attack the alkylating agent on its own.

Scheme 3-19: Attempted ,\-propyfation and N-pentylation of ,\-(2,4-dinitrophenyl)-iV- 
ailylamine

*

R
I

• N,

10b
DNP '  '  Ph 

Conditions:

DNP

I Entry Reagents Temp. ("O Reaction Time
1 n-PrI, K.2C0 )(xs), DMF 25 20  h
2 85 6  h
3 n-PrI, NaH, THF 25 17 h
4 1 65 24 h
5 n-Prl (xs), KOBu‘, DMF | 25 19 h
6 n-PrI, KH, DMF 25 20  h
7 80 18h
8 n-PrOTs, NaH, THF 25 16 h
9 65 6 h
10 n-PrOTs, KH, CH3CN 25 6 h
11 80 19h
12 n-PnOTf, KH, THF 25 19 h
13 n-PnOTf, KH, EtzO 25 23 h
14 n-PnOTf, KH, DMF 25 16 h
15 90 6 h
16 n-PnOTf, NaH, CH2CI2 25 22  h
17 50 6 h
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Therefore, we believe that the amide ion formed upon deprotonation of the

2.4-DNP protected allylic amine 10b is a very poor nucleophile. As a result, N- 

alkylation occurs only with the most highly electrophilic reagents. The failure to 

alkylate with a primary alkyl group using an electrophile as strong as an alkyl triflate 

was due to its reaction with the solvents in which the amide ion can be formed. On 

the other hand, with the more inert solvents, such as EtiO and CHiCT, the efficient 

formation o f  the amide ion is not favored because o f the insolubility of the base or the

2.4-DNP-allylamide.

3-2-5: DEPROTECTION OF 2,4-DNP-PROTECTED TERTIARY ALLYL

AMINES

Cleavage o f the 2,4-DNP group in N-{2,4-dinitrophenyl)-N-alkyl-N- 

allylamines 14 would lead to the formation o f the corresponding secondary 

allylamines. Hence, this reaction was explored. A number o f nucleophilic conditions 

were assessed to cleave the 2,4-DNP group from the methylated tertiary allylamines, 

including KOH, PhSH + KOH, 2 -mercaptoethanol and propylamine. But no 

conversion was observed in these reactions. However, reaction of the N-methylated 

tertiary allylic amines with an excess o f aqueous solution o f methylamine in DMSO^^ 

at 65-70 °C for about 20 h was successful in cleaving the 2,4-DNP group and the 

corresponding N-methyl-N-allylamines (15) were obtained in moderate yields 

(Scheme 3-20). The desired products were isolated from the reaction mixture by 

pouring it in water which causes the by-product, N-methyl-2,4-dinitroaniIine, to
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precipitate out. The deprotected secondary allylamines were then extracted out o f the 

aqueous solution using an organic solvent such as EtiO or CH^CT.

Scheme 3-20: Deprotection of N-(2.4-dinitrophenyl)-N-methyl-N-allylamines

CHCH

Ph DMSO 
65-70 °C, 20h

DNP
15b (64%)14b

CH CH

DMSO 
65-70 °C, 2 0 h

DNP

15c (47%)14c

Deprotection of the N-benzylated teriary allylamine 14d was not successful, 

even with the use o f a strong nucleophile like hydroxylamine, which would 

regenerate the original aminating agent (Scheme 3-21). Only the starting material 

was recovered. This could possibly be a result o f the ipso carbon not being accessible 

due to the steric hindrance caused by the benzylic and allylic substituents on the 

amine nitrogen.
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Scheme 3-21: Attempted deprotection of N-(2.4-dinitrophenyl)-N-benzvl-N- 
allylamine

Ph

CHiPh 
I ■

DNP Ph

CHiPh 
I -

14d

Conditions:
Entry Reagents Temp.(^C) Reaction Time

1 aq MeNHi, DMF 65 2 2  h
2 NH2OH, MeOH/CHzCl] 25 4 h
3 50 18h
4 NH2OH, DMF 25 5 h
5 90 15h

3-2-6: ATTEMPTED SYNTHESIS OF 2,4-DINITROBENZENE SULFONYL-

HYDROXYLAMINE

As another potential aminating agent we investigated the reactivity o f N- 

hydroxy-2,4-dinitrobenzenesulfonamide with olefins catalyzed by iron chlorides. The 

N-(2,4-dinitrobenzenesuIfonyl)-substituted allylic amines produced could lead to 

primary and secondary allylic amines by displacement o f  the sulfonyl protecting 

group. This premise was based on a recent report in which a facile synthesis of 

secondary amines involving the deprotection o f the corresponding 2,4- 

dinitrobenzenesulfonamides (16) was described (Scheme 3 - 2 2 ) . In this method, 

primary amines react with 2,4-dinitrobenzenesulfonyl chloride to form the mono

substituted sulfonamide (17), which was then alkylated to yield 16. The 2,4- 

dinitrobenzenesulfonyl group was subsequently cleaved by using 2 -mercaptoethanol 

or n-propylamine.
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Scheme 3-22: Svnthesis of secondary amines

SO,CI
NO,

^ RNH,
Py or 

- Lutidine

SO2NHR
NO, R'OH, PhjP 

DEAD

NO,

SO,NRR* 
NO,

or
R'X, K,C03 

DMF

HSCH,CO,H
or

n-PrNH,

R. R'
'N '
H

In order to carry out this study, we first had to prepare N-hydroxy-2,4- 

dinitrobenzenesulfonamide (18). We attempted to obtain this compound by reaction 

o f 2,4-dinitrobenzenesulfonyl chloride with hydroxylamine in the presence of a base 

(Scheme 3-23).

Scheme 3-23: Planned synthesis of N-hydroxy-2,4-dinitrobenzene- 
sulfonamide

NONO

+ NH,OH
THE or CH,C1

NO NO

The hydroxylamine 18 once formed could potentially react with olefins in the 

presence o f Fe(II, lII)-chlorides as catalysts to produce the corresponding N-(2,4-
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dinitrobenzenesulfonyI)-N-allylamines (19). These could then be deprotected under 

the conditions described in the literature report to yield the desired primary N- 

allylamines (20) (Scheme 3-24).

Scheme 3-24: Potential synthesis of primary allylic amines via 2.4-dinitrobenzene- 
sulfonamides

NO

SO
NO NO

NO

NH

However, we were not successful in obtaining the required N-hydroxy-2,4- 

dinitrobenzenesulfonamide. The method described above (Scheme 3-23) produced 1- 

chloro-2,4-dinitrobenzene instead (Scheme 3-25). The identity o f this product was 

established by comparison o f its 'H NMR spectrum with that o f an authentic sample. 

Also the mass spectrum o f the product obtained showed the characteristic chloride 

pattern.
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Scheme 3-25: Attempted synthesis of N-hydroxy-2,4-dinitrobenzene- 
sulfonamide

NO NO

NO
NO

NO

This unusual reaction could possibly occur via formation of the desired 2,4- 

dinitrobenzenesulfonyl hydroxylamine by displacement o f the chloride. This could 

then be followed by a nucleophilic attack by the chloride ion on the ipso carbon o f the

2,4-DNP ring resulting in displacement o f gaseous SO2 and NH^OH. The attack by 

the moderately nucleophilic chloride ion could be driven entropically due to loss of 

gaseous SO2 to form l-chloro-2,4-dinitrobenzene.

3-2-7: REACTION OF N-HYDROXYBENZENESULFONAMIDE WITH a -  

METHYLSTYRENE

Pincock et al. have reported photo lytic cleavage of benzenesulfonyl group 

from the corresponding sulfonamide derivatives to produce primary and secondary 

amines.^^ As a result, we also briefly explored the reactivity o f  N- 

hydroxybenzenesulfonamide (2 1 ) towards olefins in the presence o f iron salts as
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catalysis. a-Methylstyrene reacted with 21 in presence o f  10 mol% Fe(II, III)- 

chlorides in refluxing dioxane to produce the corresponding allylic amination product 

(22) but in low yield (7%) (Scheme 3-26). Very slow color changes in the reaction 

mixture were observed upon heating for 24 h suggesting a very slow interaction of the 

aminating agent with Fe (II, III)-chIorides to form the active catalyst for the reaction. 

The unreacted hydroxylamine 21 was present even after this time. The observations 

suggest that 21 is very unreactive under these conditions resulting in very low yields 

of the amination product.

Scheme 3-26: Reaction of a-methylstyrene with N-hydroxybenzenesuifonamide

SO^NHOH
FeClz
FeClj

21

dioxane, 85 °C 
24 h SO,Ph

22 (7%)

This product was characterized by 'H NMR and mass spectroscopy. When this N- 

allylbenzenesulfbnamide 22 was irradiated in a protic solvent (i-PrOH) at room 

temperature in an attempt to deprotect it no reaction was observed and only the 

starting material was observed by GC.

3-3: CONCLUSIONS

In this chapter the use o f  2,4-dinitrophenyl hydroxylamine (6 ) as a new and 

very efficient reagent for FeChj-catalyzed allylic amination o f olefins was described. 

The hydroxylamine 6  is an air-stable colored solid which is easy to handle.
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Amination o f olefins in the presence o f Fe(II, III)-chlorides as the catalyst produces 

the corresponding allylamines ( 10 ) in good yields, relative to reactions using 

PhNHOH as the aminating agent. These allylic amines were isolated as colored 

solids in the pure state and characterized spectroscopically. This reaction is highly 

regio- and chemoselective, displaying ene reaction-like selectivity. 2,4-Dinitroaniline 

(II) is the only by-product formed. The scope o f this reaction was also studied.

Efficient cleavage of the 2,4-DNP group from the secondary 2,4-DNP- 

allylamines 10  to produce the corresponding primary allylic amines was not 

successful. N-Alkylation o f the allylamines was achieved only with the use o f  very 

reactive electrophiles and the corresponding N-alkylated tertiary allylamines 14 were 

obtained in good yields. Removal o f the 2,4-DNP group from the N-(2,4- 

dinitrophenyl)-N-methyl-N-allylamines (14b, c) formed the corresponding N-methyl- 

N-allylamines 15 in good yields.

In the future, development o f an efficient synthesis o f N-hydro.xyl-2,4- 

dinitrobenzenesulfonamide (18) could lead to the synthesis of primary allylamines 

and also secondary allylamines (Figure 3-5). Also, investigation o f the reaction of

2,4-dinitro-naphthyl hydroxylamine (23) with olefins catalyzed by iron salts and 

subsequent cleavage o f the protecting group via substitution by primary amines'^^ 

could provide a pathway into primary allylamines (Figure 3-5).
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Figure 3-5: Other potential aminating agents

SOiNHOH  

NO.

NO .
18

NHOH

NO ,

3-4: EXPERIM ENTAL SECTION

General: All starting materials were obtained from commercial sources. 1,4-Dioxane 

and THF were distilled under nitrogen from sodium and benzophenone. 

Dichloromethane was distilled under nitrogen from CaH.. Anhydrous methanol and 

DMF were used as provided by Fisher and Aldrich chemical companies, respectively. 

All air- and moisture-sensitive reactions were performed under nitrogen and all such 

reagents were handled in the dry box. All the glassware was oven dried and flushed 

with nitrogen before use.

All *H and NMR spectra were obtained using a Varian XL-300 or Varian 

Unity Inova-400 instrument. The data is given in units o f parts per million (ppm) 

relative to TMS. The residual solvent signals are used for referencing. The infrared 

(IR) spectra were recorded on a Bio-Rad FTS-7 FT-ER instrument. A Hewlett 

Packard 5790A gas chromatograph using a 3 m column packed with OV-101 was 

used. The GC-MS and low resolution El data were obtained on Hewlett Packard
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5985A GC/MS system. The melting points were measured using a Me 1-Temp 

apparatus and the values reported are not calibrated. The X-ray diffraction data were 

collected at room temperature on a Sumens P4 diffractometer using MoKa (Â=7I073 

A) radiation. The data were corrected for Lorentz and polarization effect.

3-4-1: SYNTHESIS O F 2,4-DINITROANISOLE (7)

2.4-Dinitroanisole is available commercially. It can also be prepared as 

described below. Small pieces o f sodium (0.690 g, 0.030 mol) were added to 

anhydrous methanol (25 mL) with stirring and cooling the flask in an ice bath. 

Sodium reacted with methanol exothermically with the evolution o f  hydrogen gas. 

Once the reaction was complete, the clear, colorless solution was stirred at room 

temperature for 15 min. This was added drop wise to a solution o f  l-chloro-2,4- 

dinitrobenzene (4.80 g, 0.024 mol) in anhydrous methanol (15 mL) with stirring at 

room temperature. The reaction mixture turned light orange with the formation o f a 

white solid. The reaction was monitored by analytical TLC using a 50:50 petroleum 

ether/ether solvent system. When all the starting material had been consumed, the 

solid formed was filtered and washed with methanol. Solvent was removed from the 

filtrate using a rotary evaporator. The residue was dissolved in ether and extracted 

with H2O (3 X 20 mL). The organic layer was dried (MgS0 4 ). The solution was 

concentrated and left in the freezer overnight to obtain very pale yellow fine crystals 

in 90% yield (4.20 g, 0.021 mol), mp 85 °C; ‘H NMR (400MHz, CD3OD) Ô 4.09 (s, 

3H), 7.50 (d, J = 9.2 Hz, IH), 8.50 (dd, J = 9.2, 2.8 Hz, IH), 8.71 (d, J = 2.8 Hz, IH);
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MS (El, l2eV DIP, m/z, rel intensity) 198 (M*, 100), 199 (M’ +I, 4), 200 (M+2, I),

168 (56), 151 (49).

3-4-2: SYNTHESIS OF 2,4-DINITROPHENYL HYDROXYLAMINE (6)

Hydroxylamine 6  has been prepared previously by the following route.^' All 

of the transformations were performed with exclusion o f air. Sodium (0.223 g, 9.700 

mmol) was added to anhydrous methanol (5 mL) with cooling in an ice bath. When 

the exothermic reaction had subsided and the hydrogen gas evolution stopped, the 

solution was stirred at room temperature for 15 min. To this was then added a 

solution o f NHiOH HCl (0.682 g, 9.82 mmol) in hot methanol (10 mL) with stirring. 

.An immediate formation o f a white solid was observed. This suspension was stirred 

at room temperature for 30 min. It was then added to a solution o f 2,4-dinitroanisole 

(1.62 g, 8.18 mmol) in hot methanol (15 mL) upon which the clear yellow solution o f 

the anisole derivative turned green. The reaction mixture was then refluxed and the 

course of the reaction monitored by analytical TLC for the disappearance o f 2,4- 

dinitroanisole. When all the starting material had been consumed (19 h), the reaction 

mixture was cooled and then filtered. Solvent was removed from the filtrate on the 

rotary evaporator. The residue obtained was dissolved in ether and extracted with 

HiO (3 X 25 mL), the organic portion was dried with Na2S0 4  and then the solvent 

was removed. This produced the desired compound as an orange solid in 91% yield 

(1.49 g, 7.49 mmol), mp 79 °C (dec) (literature mp 80 °C with decomposition)®'; 'H 

NMR (400 MHz, CDCI3) 5 7.61 (d, J = 9.6 Hz, IH), 8.38 (dd, J = 9.4, 2.4 Hz, IH), 

9,09 (d, J = 2.8 Hz, IH); IR (KBr) 819, 1320, 1518, 1623,3089, 3305, 3450 cm '; MS
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(El, 12eV DIP, m/'z, rel intensity) 199 (M ', 50), 200 (M '+ l, 2) 197 (21), 183 (100),

181 (99), 168 (34), 153 (18), 107(2).

3-4-3: AMINATION OF OLEFINS WITH 2,4-DINITROPHENYL- 

HYDROXYLAMINE USING FeClz + FeClj AS CATALYST

All transfers were done under nitrogen. Anhydrous FeCl? (0.011 g, 9.00 x 

10 " mmol) and FeClj (0.002 g, 1.00 x 10'~ mmol) were weighed out in the dry box in 

a dry three-necked flask. To this dry 1,4-dioxane (4 mL) and the olefin (10.0 mmol) 

were added. The reaction mixture was stirred at 80-85 °C and to this a solution o f

2,4-dinitrophenylhydroxylamine (0.200 g, 1.00 mmol) in 1,4-dioxane (15 mL) was 

added over a period o f 10 min. The reaction mixture was then heated and the reaction 

was monitored for the disappearance o f the hydroxylamine. After the reaction was 

complete, the reaction mixture was cooled and filtered. Solvent was removed from 

the filtrate using the rotary evaporator and the residue was dried under vacuum in a 

hot water bath to remove excess olefin. The residue was then purified by flash 

column chromatography using silica gel as the stationary phase and a 60:40 

petroleum ether/ether solvent mixture as the eluent. The first yellow band was 

collected and solvent was removed from it to give the allylamines 1 0  as yellow- 

orange solids. The second yellow band o ff the column was collected and dried to 

yield 2,4-dinitroaniline. The allylamines obtained were characterized 

spectroscopically. Crystals o f allylamine 10b were obtained by dissolving a small 

quantity in a minimum volume o f ether and allowing it to stand in the fireezer for two 

days.
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10a) Yield 76%; mp 68-69 T ;  ‘H NMR (400 MHz, CDCI3) 6  1.02 (t. J = 7.6 Hz, 

3H), 1.70 (s, 3H), 1.76-1.88 (m, 2H), 3.93 (dd, J = 13.2, 6 .8  Hz, IH), 4.98 (br s, IH), 

5.02 (br s, IH), 6 .8 6  (d. J = 9.6 Hz, IH), 8.20 (dd, J = 9.6, 2.8 Hz. IH), 8.64 (br, IH), 

9.11 (d ,J = 2.8 Hz, IH); '"C NMR (100 MHz, CDCI3) 6  10.4, 17.8. 26.8,61.3, 114.1,

115.1, 124.2, 130.0, 142.4, 148.0; IR (KBr) 823, 1341, 1540, 1591, 1627, 1884, 1950, 

1977, 3122, 3374 cm '; MS (El, 12 eV DIP, m/z, rel. intensity) 265 (M", 23), 266 

(M*-t-l, 1), 236 (100); High resolution FAB for C 12H 16N3O4 266.1148 (M "+l) 

(expected 266.2745).

10b) Yield 87%; mp 105-108 °C; 'H NMR (400 MHz, CDCI3) 5 4.45 (d, J = 5.6 Hz, 

2H), 5.28 (br s, IH), 5.56 (br s, IH), 6.91 (d, J = 9.2 Hz, IH), 7.34-7.46 (m, 5H), 8.25 

(dd, J = 9.4, 2.8 Hz, IH), 8.79 (br, IH), 9.13 (d, J = 2.8 Hz, IH); '^C NMR (100 

MHz, CDCI3) 6 47.2, 114.3, 114.6, 124.2, 125.9, 128.6, 128.8, 130.3. 137.8, 141.8, 

148.2; IR (KBr) 813, 1315, 1340, 1523, 1540, 1523, 1620, 2927, 2971, 3110, 3395 

cm '; MS (El, 12eV DIP, m/z, rel. intensity) 299 (M \ 45), 253 (100), 207 (6 ), 163 

(10), 103 (30); High resolution FAB for CisHuN 3 0 4  300.0998 (M '+ l) (expected 

300.2917).

10c) Yield 63%; mp 100-101 °C; 'H  NMR (400 MHz, acetone-d^) 6  0.84 (s, 3H), 

1.16 (d, J = 8.4 Hz, IH), 1.27 (s, 3H), 2.08-2.13 (m, IH), 2.18-2.22 (m, IH), 2.23- 

2.30 (m, 2H), 2.40-2.46 (m, IH), 4.14 (br s, 2H), 5.55 (br s, IH), 7.20 (d, J = 9.6 Hz, 

IH), 8.27 (dd, J = 9.6, 2.6 Hz, IH), 8.90 (br, IH), 8,97 (d, J = 2.8 Hz, IH); '^C NMR 

(100 MHz, acetone-dé) 5 21.3, 26.3, 31.7, 32.1, 38.7, 41.5, 44.5, 48.3, 116.3, 119.9,
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124.2, 130.4, 143.9, 149.6; IR (KBr) 808, 1311, 1339, 1526, 1592, 1621,2898, 2884, 

2927, 2998, 3106, 3376 cm '; MS (El, 12eV DIP, m/z, rel. intensity) 316 (M '- l, 19), 

282 (28), 271 (100), 196 (27), 134 (24(, 133 (55), 119 (24), 105 (59), 91 (62); High 

resolution F,AB for C 16H20N3O4 318.1445 (M'-i-l) (expected 318.3501).

lOd) Yield 30%; 'H  NMR (400 MHz,acetone-d(,) ô 1.85 (s, 3H), 3.94 (br s. 2H), 4.35 

(dd, J = 11.0, 5.0 Hz, IH), 4.45 (br s, IH), 5.02 (br s, IH), 5.05 (br s, IH), 7.07 (d, J =

9.6 Hz, IH), 8.25 (dd, J = 9.6, 2.8 Hz, IH), 8.98 (d, J = 2.8 Hz, IH), 9.11 (br, IH); 

‘̂ C NMR (100 MHz, acetone-d^) 5 19.7, 61.3, 63.5, 113.9, 114.1, 116.8, 124.2, 

130.6, 142.5, 149.1; IR (KBr) 830, 1335, 1528, 1594, 1630, 2878, 2932, 3094, 3353, 

3465 cm"'; MS (El, 12eV DIP, m/z, rel. intensity) 267 (M \ 11), 237 (4), 236 (100), 

183 (4).

lOe) Yield 30%; ‘H NMR (400 MHz, acetone-dô) 6  1.78 (s, 3H), 2.03-2.05 (m. 2H),

2.15 (s, 3H), 2.69 (t, J = 7.0 Hz, 2H), 4.33 (dd, J = 13.6, 6.8  Hz, IH), 5.03 (br s, IH),

5.07 (br s, IH), 7.16 (d, J = 9.6 Hz, IH), 8.26 (dd, J = 9.6, 2.8 Hz, IH), 8.64 (br, IH),

8.97 (d, J = 2.8 Hz, IH); NMR (100 MHz, acetone-cU) Ô 18.0, 27.7, 30.4, 39.8, 

59.7, 114.2, 116.5, 116.6, 124.2, 130.6, 144.2, 148.4; IR (KBr) 800, 1261, 1334, 

1522, 1591, 1618, 1717, 2851, 2927, 2965, 3110, 3363 cm '; MS (El, 12eV DIP, m/z, 

rel. intensity) 307 (M l 6 ), 259 (12), 246 (10), 236 (100), 219 (10), 183 (11), 167 93), 

140 (32), 99 (38).
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lOf) Yield 22%; mp 98-99 °C; 'H MMR (400 MHz. CDCI3) Ô 1.54-1.63 (m. 2H), 

1.65-1.70 (m, 2H), 1.94-2.00 (m, 2H), 2.00-2.06 (m, 2H), 3.90 (m. 2H), 5.69 (br s, 

IH), 6 .8 8  (d. J = 9.6 Hz, IH), 8.23 (dd, J = 9,6, 2.8 Hz, IH), 8.67 (br, IH), 9.13 (d, J 

= 2.8 Hz, IH); '^C NMR (100 MHz, CDCI3) 6  22.1, 22.3, 24.9, 26.5, 49.6, 114.4,

124.2, 125.1, 130.2, 131.7, 148.6; IR (KBr) 811, 1330, 1525, 1588, 1622, 2833,2860, 

2924, 3105, 3383 cm '; MS (El, 70eV DIP, m/z, rel. intensity) 277 (M*, 53), 259(19), 

242 (21), 196 (20), 109 (33), 104 (24), 95 (100), 93 (42), 91 (33), 81 (27), 79 (8 8 ), 77 

(87), 75 (19), 69 (16), 67 (8 6 ), 65 (35).

3-4-4: REACTION OF SECONDARY N-(2,4-DINITROPHENYL)-N-ALLYL- 

AMINES WITH NUCLEOPHILIC REAGENTS

N-(2,4-dinitrophenyl)-N-allylamine 10b (0.100 g, 0.334 mmol) was dissolved 

in the given solvent system (10 mL) at room temperature. To this was added the 

required reagent. The reaction mixture was stirred for the specified time at the 

specified temperature. The reaction mixture was cooled to room temperature and the 

solvent was removed under reduced pressure. The residue was dissolved in EtiO or 

CH2CI2 and thoroughly washed with deionized H2O. The organic portion was dried 

(MgS0 4 ) and the solvent was removed. The residue was dried under vacuum and 

analyzed by 'H  NMR spectroscopy.
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3-4-5: REACTIONS OF SECONDARY N-(2,4-DINITROPHENYL)-N-ALLVL-

AMINES WITH ACIDIC REAGENTS

N-(2,4-dinitrophenyI)-N-aIIylamine 10b (0.100 g, 0.334 mmol) was dissolved 

in the given solvent system (10 mL) at room temperature. To this was added the 

required reagent. The reaction mixture was stirred for the specified time at the 

specified temperature. After this, the reaction mixture was cooled to room 

temperature and the solvent was removed on the rotary evaporator. The residue was 

dissolved in EtiO or CHiCL and thoroughly washed with deionized H2O. The 

organic portion was dried (M gS0 4 ) and the solvent was removed. The residue was 

dried under vacuum and analyzed by ' H NMR spectroscopy.

3-4-6: REACTIONS OF ALLYLAMINE 10b WITH NaH IN DEÜTERATED

SOLVENTS

Allylamine 10b (0.015 g, 5.02 x 10 '  mmol) was placed in a dry NMR tube 

and transferred into the dry box. To this was added 95% NaH (0.0013 g, 5.520 x 10 " 

mmol) and the deuterated solvent from a 1 mL ampule. The NMR tube was then 

allowed to stand at room temperature for an hour. 'H  NMR spectra o f  these samples 

were obtained and compared to those o f the allylamine 10b in the corresponding 

deuterated solvents.

3-4-7: SYNTHESIS OF PROPYL TOSYLATE

Propyl tosylate is a known compound and was prepared following a literature 

p ro c e d u re .I -P ro p a n o l (1.50 g, 0.025 mol) was dissolved in distilled pyridine (25

119



mL) and the clear, colorless solution was cooled to 0 °C. To this p-toluenesulfonyl 

chloride (9.50 g, 0.05 mol) was added. The reaction mixture was stirred while 

cooling in the ice bath for 3 h and then left in the freezer for additional 18 h. It was 

then poured into a mixture o f ice and water and stirred. The oil that separated out was 

taken up in E t;0  and the organic layer was separated. The aqueous layer was washed 

with EtiO ( 3 x 1 5  mL) and the combined organic portion was washed with dilute HCl 

solution ( 3 x 1 5  mL) followed by H2O (2 x 10 mL). The ether layer was dried 

(K2CO3 + MgSOj) and the solvent was then removed from the solution on the rotary 

evaporator. The residue was dried under vacuum. This residue was dissolved in a 

minimum amount o f pet. ether («150 mL), stirred with Norit and filtered. The 

solvent was removed from the filtrate and the resulting clear, colorless liquid was 

dried under vacuum and stored in the refngerator. Yield 78% (4.20 g, 0.019 mol); 'H 

NMR (400MHz, CDCI3) ô 0.88 (t, J = 7.4 Hz, 3H), 1.60-1.69 (m, 2H), 2.43 (s, 3H),

3.97 (t, J = 6 .6  Hz, 2H), 7.32 (d, J = 8 .8  Hz, 2H), 7.77 (d, J = 8.4 Hz, 2H); MS (El, 

12eV DIP, m/z, rel intensity) 214 (M \ 8 6 ), 215 (M"+l, 6 ), 216 (M'+2, 2), 185 (3), 

173 (70), 172 9100), 155 (79).

3-4-8: SYNTHESIS OF PENTYL TRIFLATE

Pentyl triflate was obtained by a known procedure.^^ A solution o f 1-pentanol 

(1.76 g, 0.020 mol) and distilled pyridine (1.58 g, 0.020 mol) in CH2CI2 (5 mL) was 

added, dropwise with stirring over 45 min, into a solution o f Tf^O in CH2CI2 (20 mL) 

at 0 °C. After 15 min the solution was washed with water, dried over Na2S0 4  and the 

solvent was removed under vacuum. The resulting pale yellow liquid was then

120



distilled under vacuum. The product was obtained as a colorless liquid at 49-50 °C (2 

mm Hg). Yield 81% (3.59 g, 0.016 mol); 'H  NMR spectrum of this compound 

matched with that reported in literature."^^

3-4-9: REACTION OF PENTYL TRIFLATE WITH SOLVENTS

This experiment was done in two ways.

a) To study the reaction in CHiCL, CH3CN, and EtiO, pentyl triflate (0.5 mL) was 

dissolved in the respective solvent (5 mL) and the solution was stirred at room 

temperature for 4 h. After this time the solvent was removed under vacuum and the 

residue thus obtained was analyzed by 'H  NMR spectroscopy and compared to the 

spectrum o f pentyl triflate before this treatment.

b) In order to study the reaction with DMF, 0.03 mL of DMF was dissolved in 

CDCI3 in an NMR tube and its 'H NMR spectrum was taken. To this solution an 

equimolar quantity o f pentyl triflate (0.085 g) was added. The reaction mixture was 

allowed to stand for 90 min and its ’H NMR spectrum was again obtained. By 

comparing the two spectra we were able to determine that pentyl triflate does react 

with DMF.

3-4-10: SYNTHESIS OF N-(2,4-DINITROPHENYL)-N-METHYL-N-ALLYL- 

AMINES (14a, b, c)

14a): In a dry flask 95% NaH (0.026 g, 1.04 mmol) was weighed out in the dry box 

and to this anhydrous DMF (20 mL) was added. The cloudy solution thus obtained 

was stirred at room temperature and the 2,4-DNP-allylamine 10a (0.250 g, 0.940
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mmol) was added. The color o f the reaction mixture immediately became very deep 

red. This solution was stirred at room temperature for 30 min and then Mel (0.4 g, 

0.180 mL, 2.80 mmol) was added and the reaction mixture was then stirred for an 

additional 2 h. during which time the color had changed to brown. Deionized H^O 

(25 mL) was added to the reaction mixture and the resulting yellow turbid solution 

was stirred for 15 min. This was extracted with E t:0 (2 x 20 mL) and the organic 

layer was washed with HiO (3 x 15 mL). The combined organic layer was dried 

(MgSOj) and the solvent was removed usingthe rotary evaporator to produce the 

product as an orange solid in 81% yield (0.213 g, 0.763 mmol), mp 93-94 °C; ’H 

NMR (400 MHz, COCK) ô 1.01 (t, J = 7.2 Hz, 3H), 1.77 (s, 3H), 1.93-2.00 (m, 2H), 

2.67 (s, 3H), 4.04 (m, IH), 4.81 (br s, IH), 5.06 (br s, IH), 7.05 (d, J = 9.6 Hz, IH),

8.15 (dd, J = 10.0, 2.4 Hz, IH), 8.65 (d, J = 2.8 Hz, IH); '^C NMR (100 MHz, 

CDCh) 0 10.7, 11.7, 35.0, 67 9, 113.6, 114.1, 118.2, 123.5, 124.8, 128.0, 141.0, 

149.9; IR (KBr) 801, 1024, 1097, 1338, 1523, 1577, 1605, 2966, 3089, 3122 cm '; 

MS (El, 12eV DIP, m/z, rel. intensity) 279 (M, 8 ), 280 (M+1, 1), 250 (100),236 (22).

14b) To a solution of 2,4-DNP-allylamine 10b (0.100 g, 0.334 mmol) and K2CO3 

(0.230 g, 1.67 mmol) in anhydrous DMF (5 mL) was added Mel (0.070 g, 0.030 mL, 

0.501 mmol) under nitrogen. The dark red reaction mixture was stirred for 19 h, 

during which time the color had become red. Deionized H?0 was added to the 

reaction mixture and then extracted with EtiO. The organic layer was washed with 

water. The ether portion was dried (Na2S0 4 ) and the solvent was removed on the 

rotary evaporator to yield an orange solid. This solid was triturated with hexane to
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give the product as a brown solid in 77% yield (0.080 g, 0.256 mmol), mp 124-126 

T :  'H  NMR (400 MHz, acetone-dé) 6  3.0 (s. 3H). 4.62 (br s. 2H). 5.22 (br s. IH), 

5.57 (br s, IH). 7.25 (d, J = 9.6 Hz. IH), 7.32-7.38 (m, 3H), 7.47 (d. J = 7.8 Hz, 2H). 

8.20 (dd, J = 9.6. 2.8 Hz. IH), 8.61 (d J = 3.2 Hz. IH); 'Y  NMR (100 MHz. acetone- 

d6)ô  41.1. 58.1. 114.4. 119.4. 124.2. 126.9. 128.0. 129.0. 129.3. 139.3. 142.4.

14c) In a dry flask 95% NaH (0.010 g, 0.38 mmol) was weighed out in the dry box 

and to this anhydrous DMF (5 mL) was added under nitrogen. To this a solution o f  

the 2.4-DNP-allylamine 10c (0.110 g, 0.347 mmol) in anhydrous DMF (5 mL) was 

added. The color o f the allylamine solution changed from dirty yellow to very deep 

red. This solution was stirred at room temperature for 30 min. Mel (0.148 g, 0.065 

mL. 1.04 mmol) was added. The color o f the reaction mixture changed to brown in 

about 30 min. Deionized H2O was added and stirred for 15 min. This was washed 

with EtiO ( 2 x 1 5  mL) and the combined organic layer was washed with water (3 x 

20 mL). The organic portion was dried (MgS0 4 ) and the solvent was removed under 

reduced pressure. The red viscous liquid thus obtained was dried under vacuum to 

give the desired product in 76% yield (0.081 g, 0.246 mmol). *H NMR (400 MHz, 

CDCI3) Ô 0.81 (s, 3H), 1.11 (d, J = 8.4 Hz. IH), 1.26 (s, 3H), 1.95 (m. IH), 2.12 (m, 

IH), 2.18, 2.35 (m, 2H), 2.36-2.45 (m, IH), 2.90 (s, 3H), 3.86 (m, 2H). 5.35 (br s, 

IH), 6.97 (d, J = 9.6 Hz, IH). 8.14 (dd, J = 9.2, 2.8 Hz, IH), 8 .6 6  (d, J = 2.8 Hz, IH); 

‘̂ C NMR (100 MHz, CDCI3) 6  20.9, 26.0, 31.2, 31.5, 38.2, 40.7, 41.0, 43.4, 58.7,

117.8, 120.4, 124.1, 127.4, 141.4, 148.9; MS (El, 12eV DIP, m/z, rel. intensity) 331
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(M \ 2), 314 (10), 285 (100), 282 (21), 270 (14), 239 (9), 217 (13), 215 (24), 210 

(47), 194(16), 189 (22), 178 (12), 133 (27), 119(18), 91 (43).

3-4-11: SYNTHESIS OF N-(2,4-DINITROPHENYL)-N-BENZYL-N-ALLYL- 

AMINE (14d)

The 2,4-DNP-allylamine 10b (0.120 g, 0.400 mmol), benzyl bromide (0.082 

g, 0.060 mL, 0.480 mmol) and tetrabutylammonium iodide (TBAJ) (0.015 g, 0.040 

mmol) were dissolved in THF (10 mL) under nitrogen to give an clear orange 

solution. To this was added 95% NaH (0.014 g, 0.440 mmol) resulting in the 

appearance o f  the very dark red color. This solution was stirred at room temperature 

for 20 h, by which time the color had become brown. Saturated NKiCl (20 mL) was 

added and the reaction mixture was stirred for 10 min. The aqueous layer was 

separated and then washed with EtiO (3 x 20 mL). The combined organic layer was 

washed with brine (2 x 25 mL), dried with MgSOa, and the solvent was removed on 

the rotary evaporator. The residue was dried under vacuum in a hot water bath (=60- 

70 “C) to give the desired product in 91% yield (0.142 g, 0.364 mmol) as a colored 

viscous liquid. ‘H NMR (400 MHz, acetone-d^) Ô 4.43 (s, 3H), 4.59 (hr s, 2H), 5.30 

(hr s, IH), 5.48 (br s, IH), 7.19 (d, J = 9.6 Hz, IH), 7.25-7.37 (m, lOH), 8.09 (dd, J =

8 .8 . 2.8 Hz, IH), 8.64 (d, J = 3.2 Hz, IH); '^C NMR (100 MHz, acetone-dé) 6  56.3, 

57.9, 117.3, 122.0, 13.9, 127.1, 127.9, 128.5, 128.7, 128.9, 129.2, 129.4, 137.2, 139.4,

144.3, 149.9; IR (KBr) 802, 1029, 1261, 1334, 1522, 1602, 2855, 2923, 2967, 3033, 

3096 cm '; MS (El, 12eV DIP, m/z, rel. intensity) 389 (M ^ 3), 372 (16), 343 (85), 

270 (14), 118 (34), 105 (12), 91 (100).
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3-4-12: DEPROTECTION OF TERTIARY N-(2,4-DINITROPHENYL)-N-

METHYL-N-ALLYLAiVlINES

The N-(2,4-dinitrophenyl)-N-methyl-N-aIlylamines 14b and c (0.320 mmol) 

were dissolved in DMSG (5 mL) to give a dark colored solution. A 40 wt% aqueous 

solution o f MeNHi was added and the solution was heated to 65-70 "C for 20 h. 

.A.fter this time the reaction mixture was cooled to room temperature and poured into 

deionized H?0 (=50 mL) and stirred. The yellow solid that precipitated was filtered 

and dried. This solid was determined to be N-methyl-2,4-dinitroaniline by 'H NMR 

spectroscopy. The aqueous filtrate was extracted with CH2CI2 (2 x 20 mL). The 

organic layer was then washed with a IN HCl solution (3 x 50 mL). The aqueous 

layer was then neutralized with a 2M K.OH solution and extracted with Et2 0  (3 x 

20mL). The organic layer was dried (MgS0 4 ) and the solvent was removed using the 

rotary evaporator to yield the desired product.

15b) Yield 64% (0.030 g, 0.204 mmol); ‘H NMR (400 MHz, CDCI3) 6 2.41 (s, 3H), 

3.61 (br s. 2H), 5.21 (br s, IH), 5.38 (br s, IH), 7.25-7.45 (m, 5H); '^C NMR (100 

MHz, CDCI3) 6  36.0, 56.2, 113.0, 124.3, 126.0, 126.9, 128.2, 129.0 130.8.

15c) Yield 47% (0.017 g, 0.102 mmol); ‘H NMR (400 MHz, CDCI3) ô 0.82 (s, 3H),

1.16 (d, J = 8.4 Hz, IH), 1.41 (s, 3H), 2.07-2.12 (m, IH), 2.21-2.25 (m, 2H), 2.34- 

2.39 (m, 2H), 3.47 (br s, 2H), 5.36 (br s, IH); '^C NMR (100 MHz, CDCI3) 6 21.1,

26.1, 29.7, 30.3, 31.2, 31.6, 40.8, 44.3, 56.4, 65.8, 119.1, 125.5; MS (12eV GCMS, 

m/z, rel. intensity) 165 (M, 94), 166 (M+1, 10), 167 (M+2, 1), 164 (10), 150 (27), 137
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(11), 136(68), 134(69), 122 (48), 120 (33), 119(100), 109 (65), 97 (21). 96 (31), 94 

(23), 93 (26), 92 (32), 91 (85), 81 911), 44 (56).

3-4-13: ATTEM PTED SYNTHESIS OF N-HYDROXY-2, 4-DINITRO-

BENZENESULFONAiMIDE (18)

-■Ml of the transfers were done under nitrogen. An 80 wt% suspension o f  NaH 

(0.305 g, 10.2 mmol) in mineral oil was washed with hexane. To this freshly distilled 

CH2CI2 (25 mL) was added. Hydroxylamine hydrochloride (0.707 g, 8.48 mmol) was 

added to this and stinted at room temperature for one hour. This suspension was then 

added to a solution o f 2,4-dinitrobenzenesulfonyl chloride (2.26 g, 8.48 mmol) and 

pyridine (0.738 g, 0.750 mL, 9.33 mmol) in CH2CI2 (40 mL) at room temperature. 

The resulting brown reaction mixmre was stirred for 21 h. After this time, it was 

filtered and the solvent was removed from the filtrate to yield an orange material. 

The crude product was dissolved in CH2CI2. Hexane was added to this solution and 

left in the freezer overnight to precipitate all o f the soluble pyridinium hydrochloride 

salt. Solvent was removed from the mother liquor and the residue was dried under 

vacuum to give a dark yellow liquid in 23% yield (0.51 g). *H NMR and mass spectra 

of this material establish its identity as 1-chloro-2,4-dinitrobenzene. 'H NMR (400 

MHz, CDCI3) Ô 7.78 (d, J= 9.2 Hz, IH), 8.38 (dd, J = 8 .8 , 2.8 Hz, IH), 8.74 (d, J =

2.8 Hz, IH); MS (El, 70eV DIP, m/z, rel. intensity) 202 (M, 6 8 ), 204 (M+2, 21), 126 

(17), 112 (13), 111 913), 110 (62), 107 (17), 86  (23), 84 (29), 75 (100) 63 (32), 62 

(19), 61 (10).

126



3-4-14: REACTION OF a-METHYL STYRENE WITH N-HYDROXY-

BENZENESULFONAiVIIDE IN THE PRESENCE OF F e d : AND FeCIj 

AS CATALYSTS

All o f the transformations were done under nitrogen. Anhydrous FeCh (0.110 

g, 9.00 X 10 " mmol) and anhydrous FeCI] (0.002 g, 1.00 x 10 " mmol) were weighed 

out into a dry three-necked flask in the dry box. Distilled a-methyl styrene (1.18 g, 

1.30 mL, 10.0 mmol) and 1,4-dioxane (4 mL) were added to this flask under nitrogen 

to give a pale yellow solution. The solution was then heated to 80-85 “C. To the 

reaction mixture a solution of N-hydroxybenzene sulfonamide (0.173 g, 1.00 mmol) 

in 1,4-dioxane (14 mL) was added over a period o f 1 h. No immediate changes were 

observed. The reaction mixture was then heated for 24 h. The color o f the reaction 

mixture became white after 2 h o f heating and then pale yellow after 4 h. The color 

o f the solution became yellow-green after heating for 24 h. After this time it was 

cooled and filtered. The solvent was removed from the yellow filtrate on the rotary 

evaporator and the residue obtained was dried under vacuum with heating to remove 

excess olefin. The crude was purified by preparative TLC using 75:25 petroleum 

ether/ether solvent mixture. The lowest band was collected and the compound was 

extracted. Solvent was removed from the solution under reduced pressure to give the 

expected amination product in 7% yield (0.020 g, 7.32 x 10 " mmol). 'H  NMR (400 

MHz, CDCb) Ô 4.26 (s, 2H), 5.20 (s, IH), 5.58 (s, IH), 7.19-7.24 (m, 5H), 7.41 (t, J =

7.8 Hz, 2H), 7.53 (d, J = 7.6 Hz, IH), 7.77 (d, J = 7.8 Hz, 2H); MS (El, 70eV DIP, 

m/z, rel. intensity) 258 (I), 195 (2), 194 (29), 141 (3) 117 (8 8 ), 115 (100), 91 (47), 77 

(44).
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3-4-15: IRRADIATION OF THE AMINATION PRODUCT FROM a-

VIETHYL STYRENE AND N-HYDROXYBENZNE SULFONAMIDE

The N-allylbenzene sulfonamide (0.020 g, 0.073 mmol) was dissolved in i- 

PrOH (2 mL) in a UV-VIS quartz cell. A 400 W Hg-vapor lamp was set up in a 

quartz well. The sample was irradiated while stirring for 5 h. The reaction progress 

was monitored by injecting aliquots o f the reaction mixture into the gas 

chromatograph and comparing it to the gas chromatogram o f the starting material. 

No conversion of the starting material was observed.
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Chapter 4

AN APPROACH TO COPPER-CAT ALYZED ALLVLIC AMINATION OF

OLEFINS

4-1: INTRODUCTION AND BACKGROUND

In addition to the Mo- and Fe-cataiyzed allylic aminations of olefins, we 

sought to develop other catalytic systems to increase the synthetic scope and utility o f 

the reaction. Such alternate pathways could also potentially provide means for 

obtaining other classes of allylic amines \ia  catalytic routes. Allylic acyloxylation o f 

olefins by peresters, catalyzed by Cu (I, II)-salts, is a well developed reaction. Based 

on this, we decided to explore the feasibility of an analogous allylic amination 

reaction.

4-1-1: .ACYLOXYLATION OF HYDROCARBONS CATALYZED BY 

COPPER SALTS

The peroxyester reaction (Kharasch-Sosnovsky reaction), the interaction o f an 

organic perester (1) with a substrate which has an abstractable hydrogen atom 

catalyzed by copper ions, is well developed (Scheme 4-1).^* Unsaturated 

hydrocarbons, organosilicon compounds, amides, esters, sulfides, and ethers have 

been used as substrates resulting in the formation of the corresponding esters (2 ).
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Scheme 4-1: Kharasch-Sosnovsky reaction

1 0 1 0
1 II , Cu‘/Cu-* 1 II

R — C — H + R '— C — O -O -B u ' ------------► R— C — 0 — C — R'
1 1 65-125 °C

1 2

+ ‘BuGH

Several mechanistic pathways have been proposed for this reaction based on the

acyloxylation results and are shown in Scheme 4-2. 97

Scheme 4-2: Proposed mechanisms for the peroxyester reaction

— C — 0 - C u  +  ‘B uO— C —  0 ~ 0 ~ B u ^  + Cu

‘BuO* + BuGH + R

R'— C — O-Cu
+ Cu*

OCOR'OCOR'
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^  + R*—C— 0 ~ 0 ~ B u '
C u 'Cu

BuOH

Cu Cu

Cu'(I)

Cu'
OCOR'

In the first pathway, the reductive peroxo bond dissociation o f the perester is 

catalyzed by cuprous ions forming cupric monoacetate and the alkoxy radical. The 

radical then abstracts a hydrogen atom from the hydrocarbon substrate to yield an 

allylic radical. Both free and complexed states for the allyl radical have been 

suggested. Kochi et al. believe that a free allyl radical is involved.^^" In another 

report, Walling and Zavitsas have described the oxidation o f this free radical by the 

cupric ion formed in the first step to give a carbonium ion regenerating the Cu (I) 

state o f the metal.^’"' The allylic carbocation formed then reacts with the carboxylate 

ion to yield the acyloxy derivative. Formation o f regioisomeric products with olefinic 

substrates is due to the allylic free radical or the carbonium ion existing as a
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resonance hybrid. In another report, Beckwith and Evans invoke a Cu (I)-coordinated 

olefinic substrate as the starting material (Scheme 4-2b).'’* This species reduces the 

perester leading to the formation o f cupric monoacetate. The alkoxy radical formed 

in this step abstracts a hydrogen atom from the coordinated olefin to form a Cu (II)- 

complex with the allyl and the acyl groups coordinated. This is followed by a 

reductive elimination o f the product with substitution occurring at either terminus of 

the allyl system, regenerating the cuprous ion. It can also be said that no single 

mechanism can explain all of the results o f the peroxyester reaction. Presumably 

different mechanisms are involved depending upon the substrate and the reaction 

conditions employed.

Saturated hydrocarbons and benzene are not good substrates for this reaction. 

However, peroxyester reactions o f benzylic and allylic substrates are well known. 

Benzylic substrates afford low to moderate yields o f the product esters (Scheme 4-

3).
97,li. 99 In all these reactions, the substitution occurs at the benzylic position due to

the stability o f the intermediate benzylic radical.

Scheme 4-3: Cu (I)-catalyzed reaction of benzylic substrates with perester

ÇH3

Ph— C —CH, 
I
H

O CH.
H^CC-pzOzBu;̂  P h _6_C H 3

Cu I

PhC ~0~0~B i^
c i ?  ^

0C(0)CH3 
(36 %)
CHj
I

Ph— C —CHj
I

0C(0)Ph 
(40 %)
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Olefinic hydrocarbons react under these conditions to form allylic esters. The 

regiochemistry o f substitution, however, is variable, depending upon the olefin 

structure since an allylic radical or the Cu(II)-allyl complex is generated in the 

intermediate state. This radical may produce regioisomers because it exists as a 

resonance hybrid, with the more stable canonical form giving the major product 

(Scheme 4-4). Hence, the allylic acyloxylation can occur with or without double 

bond migration.

Scheme 4-4: Cu(I)-catalyzed reaction of olefinic substrates with peresters

OAc

AcOCu
OAc

Olefins with terminal double bonds give primarily the 3-acyloxy derivative without 

transposition of the double bond (Table 4-1). In some cases, the regioisomeric 

product, 1-acyloxy-2-alkene, was also obtained as the minor product. As a special 

case, acyloxylation of olefins which have exocyclic double bonds (3 and 4) was 

observed to be very stereospecific. In each case the product was obtained without 

double bond migration and the allylic acyloxy substituent was anti with respect to the 

t-butyl group (Scheme 4-5).'°^
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Table 4-1 : Ailvüc acvloxvlation of olefins

Substrate Major Product
Selectivity
termzint

CH3CHXH=CH, CH3CHCH=CH2 

6 A c  (B z )

89:11 99

CH3CH XH XH=CH 2 CH3CH2CHCH=CH2 

(!)Ac (B z )

89:11 96iii, 99iii 
100

PhCH2CH=CH, PhCHCH=CH2

(!)A c

100:0 100

( 0 ^ ) 3 8 iCH2CH=CH2 ( C f|)3SiCHCH=CH2 

(!)Bz

100:0 101

term = termmal olefin, int = internal olefin

Scheme 4-5 : .Àllylic acyloxylation of olefins with exocyclic double bonds

P A c

OAc
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Reaction o f olefinic substrates with internal double bonds may or may not 

result in the migration o f the double bond to form the allylic esters (Table 4-2). The 

formation of 3-acyloxy derivative is favored since the resonance form o f the Cu (II)- 

allyl complex in which the metal is coordinated to the terminal double bond is 

favored. This is because copper ions are known to form more stable complexes with 

less substituted olefins (entries 1-4).*°'* Acyloxylation of (3-methylstyrene (entry 3) 

resulted in the exclusive formation o f 3-acyloxy-3-phenyIprop-1-ene causing the 

double bond to move out o f conjugation with the aromatic ring. Reactions o f higher 

internal olefins result in a more complex mixture o f allylic esters (entry 4).

Besides benzylic and olefinic hydrocarbons, e t h e r ,e s t e r s ,a ld e h y d e s ,  

thioethers,"^^ and carboxamides'®^ have also been used as substrates in the Cu (I, II)- 

catalyzed peroxyester reaction.
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Table 4-2: Perester reaction of olefins with internal double bonds

Entry Substra te
Selectivity

M ajor Product term:int*

1 CH3CH=CHCH3 CH3CHCH=CH2 

d )A c (B z )

89:11 99

2 (CH3)2C=CHCH3

C H 3

c h , = ( ! : c h c h 3

■ i e z

100:0 104

3 PhCH=CH Cff PhCH CH=CH 

(!)Ac

71:29 96iii

4 CH3CH2CH=CHCH3 CH3CHCH=CHCH3 

(6 8  %)
4 -

CH3CH2CHCH=CH2 

(!)Ac (29 % )

C H 3 C H 2 C H = C H C H 2 - O A c  

(3 %)

29:71 96iii

• term  = terminal olefin; int = internal olefin

4-1-2: RATIONALE FOR COPPER CATALYZED ALLYLIC AMINATION 

OF OLEFINS

We considered an alternative system for allylic amination based on the well 

documented peroxyester reaction o f olefins which produces allylic esters. The 

starting materials needed in this case were aza-analogs o f  the peresters, namely O- 

hydroxamic acid esters (5) and N-alkoxyamidines (6 ) (Scheme 4-6).
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Scheme 4-6: Copper catalyzed allylic am ination of olefins

R"OH

HN

= MR’" (6 ) = MR"' (8 )

These could potentially undergo a corresponding reaction with olefins to produce 

allylic amides (7) or allylic amidines (8 ), with or without double bond migration. 

These derivatives could potentially be hydrolyzed to produce the corresponding 

primary N-allylamines, which remain an elusive goal. This would significantly 

increase the synthetic scope of allylic amination o f olefins.

The mechanism o f this proposed reaction was expected to be similar to that 

established for the copper-catalyzed allylic acyloxylation o f  olefins. The first step 

would involve C u ' assisted homo lysis o f  the expectedly weak N-O bond, producing a 

reactive alkoxy radical (9) and Cu-amide (10) (Scheme 4-7). The alkoxy radical 

would then abstract a hydrogen atom from the olefin to generate the allyl radical, 

which would coordinate to the metal center to form I I . This would undergo 

rearrangement and reductive elimination to form the desired allylic amide 7 or allylic 

amidine 8 .'°®
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Scheme 4-7: Postulated mechanism for Cu-catalyzed reaction of olefins with 
O-hydroxam ic acid esters or amidines

NHOR'
Cu(I)X

R’— C — Z-Cu(II)X + R"Q

(5/6)

R'OH

NH

4- R '— C — Z-Cu(II)X
/  NH

+ Cu(I)XHN

(7/8)

If O-hydroxamic acid esters (5) are used as the aminating agent a question of 

chemoselectivity (N- v5 O-attack) arises, which could result in isomeric products. 

This potential problem could be overcome by using N-alkoxyamidines (6 ) as the 

aminating agent, which will allow only N-attack.

Hence, the success o f  this proposed Cu(l,II)-catalyzed allylic amination 

reaction would provide a new and general route to obtain various classes o f 

ally lamines, including primary amine derivatives, from olefins.
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4-1-3: SYNTHESIS O F  N-ALKYL AND N-ALKOXYAMIDINES

N-alkylamidines (12) can be prepared in a number o f ways.’°*’ O f these the 

two most common and general routes are (Scheme 4-8):

(i) addition o f amines to nitriles, and

(ii) nucleophilic substitution o f amides or their derivatives.

Scheme 4-8 : General routes for synthesis of N-alkylamidines
a) Addition of amines to nitriles

R— C = N  R— C = N  R— C = N H

/  12
b) Nucleophilic substitution on amides and their derivatives

Z ZH . ZH

R— ^ — NHR' R— ------------------# -R — ^ C ^ R '

N s /  ^
/

/

I
R C = N R ’+ ZH,

(z  = o ,  S)
/ l 2

Nitriles react with metal amides, ammonia or amines to yield amidines 

(Scheme 4-9a, b). Ammonia or free amines react directly to form amidines only 

when the nitrile is activated by electron withdrawing substituents at the a-carbon.

Another well known method starting from nitriles is the Pinner synthesis 

which proceeds via the formation of imidoester intermediates.''*^ This is a two step 

reaction. The first step involves the reaction o f nitriles with alcohols to form 

imidoesters (13) which are then condensed with ammonia or amines to form the
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amidines in the next step (Scheme 4-9c). Pinner's method is most commonly used 

for the synthesis o f unsubstituted amidines. However, acylnitriles, ortho-substituted 

aromatic nitriles, and a-naphthonitriles do not form the imidoesters.

Scheme 4-9: Synthesis of N-aikyiamidines from nitriles

a) .\ddition of amide salts to nitriles

" " 'x  1) H 3 0
RCN + NMgX ► R---- C — N R---- C-----N

/  \  ~) rlL l \
R' R' R'

b) Addition of amines to nitriles

NR
I I

CljC-CN -  RNH,  C l jC - C — NH,

c) Pinner’s synthesis

NH NH

RCN + R’OH ► R C — OR' R---C — NHR + R'OH
13

Nitriles also react with primary and secondary amines in the presence of CuCl 

under mild conditions to yield the corresponding amidines in high yields in one step 

(Scheme 4-lOa)."* Amidines can also be obtained by reaction of nitriles with 

alkylchloroaluminum amides, which are prepared from trimethylaluminum and 

ammonium chloride or amine hydrochlorides (Scheme 4-lOb)."^
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Scheme 4-10: Synthesis of N-aikylamidines

a) CuCl prom oted reaction of nitriles with amines

\  CuCl
RCN 4-

R'

R " ^  ^ R "

b) Reaction of nitriles with aluminum amide reagents

(CHjljAI + R 'R"NH-HC1 ► CHjAKCONR'R"

RCN
CH^AI(C1)NR'R”

toluene, 80 °C

ÇH,
A l_

N '

R C — N
/

Cl
R'

R'

NH
H^O

R C — NR'R"

In a more recent report, benzamidines were synthesized by catalytic hydrogenation of

the intermediate benzamidoximes (Scheme 4-11) 113

Scheme 4-11 : Synthesis of benzamidines from benzamidoximes

N-OH
NH,OHCN

NH

NH . AcOH

NH
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In this synthetic route, substituted aromatic nitriles (14) were transformed to the 

corresponding amidoximes (15) by reaction with hydroxylamine. The 

benzamidoximes thus produced were then subjected to hydrogenation to form the 

benzamidine salts (16) in good yields.

Amides or amide derivatives can also be used as starting materials in the 

synthesis o f  N-aIkyIamidines.‘°‘’ Monosubstituted and disubstituted amides produce 

the corresponding amidines by first reacting with halogenating agents and then 

displacing chloride by amines or ammonia (Scheme 4-12).

Scheme 4-12: Synthesis of amidines from amides and their derivatives

NH
NH

PCI R"NH-
C — N H R '

R'SNH

In addition to the methods mentioned here for the synthesis o f  N-alkylamidines, other 

miscellaneous routes have also been reported in the literature.

142



PCI R— C = N R 'R ' -4— ► R— c — NR’R' C rR— C — NR'R"

R— C — NR'R’

R"NH:

NR'

R— C — NR'R'

Although, the alkylsubstituted amidines are well studied, the desired N- 

alkoxyamidines are relatively unknown. Synthesis o f  some N-alkoxyamidine 

hydrochlorides (17) has been reported by alkylation o f the corresponding amide 0 - 

alkyloximes (18), which in turn are prepared by reaction o f  unsubstituted amidine 

salts (19) with 0-alkylhydro.xylamines (Scheme 4-13)."'* The alkylation o f amide O- 

alkyloximes occurs at the nitrogen atom bearing the alkoxy group. The yields o f the 

N-alko.xy-N-alkylamidine salts obtained were good.
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Scheme 4-13: Synthesis of N-aikoxyamfdine salts

NH.HCl

R— C — NH, + R'ONH, 
19

NOR’
I I

■C— NH, 
18

R"X
r

NH.HX

NH4CI

- c -

17

-N
OR'

\
R”

R = CH 3, C2H5 

R = CH 3, C2H5 , i-CjHy 
R ~ CH 3, C2H5 , C3H7

However, application o f this reaction is limited because the starting material is an 

unsubstituted amidine salt, which is not a readily available compound. Only 

acetamidine hydrochloride and benzamidine hydrochloride are commercially 

available. Hence, this route does not provide a direct and general entry into the 

synthesis o f N-alkoxyamidines.

4-2: RESULTS AND DISCUSSION

In order to investigate the feasibility o f an alternate catalytic system for allylic 

amination o f olefins, the first step was to develop a  general and direct route for the 

preparation o f N-alkoxyamidines (6 ), the aminating agent required. Once we were 

able to successfully obtain these compounds, their reactivity with olefins in presence 

o f Cu (I, II) salts as catalyst would be tested.
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4-2-1: SYNTHESIS OF N-ALKOXYAiVIIDINES

Based on the very efficient synthesis o f  N-alkyl- and N,N-diaikylamidines 

from nitriles and amines promoted by CuCl,‘"  we attempted to prepare N-alkoxy- 

and N-alkoxy-N-alkylamidines following this route. 0-Methylhydroxylamine (20) 

reacts with acetonitrile or benzonitrile in presence o f stoichiometric amounts o f 

Cu(I)Cl, at reflux, to produce N-methoxyacetamidine (21) or N-methoxybenzamidine 

(22) (Scheme 4-14).

Scheme 4-14: Cu(I)Cl promoted synthesis of .\-alkoxyamidines

CuCl r  r
RCN -  CH3ONH2 R— c — N ^  R— C = N ~ 0 CH3

H
R = CH3 20 R  = C H j  21a R = CH3 21b (8% )

= Ph = Ph 22a =Ph 22b (9% )

The products were purified chromatographically and were isolated as liquids. The 

yields o f these amidines, however, were very low (8-9%). These compounds may 

exist in two tautomeric forms (21a/21b and 22a/22b). In the case of monosubstituted 

N-alkylamidines, the amidoxime form is the favored tautomer."^ The ’H NMR 

spectra for 21  and 2 2  show only single resonances for the protons on the methoxy 

carbon and for those on the nitrogen (Figure 4-1). If tautomer 2Ia/22a were present 

then two separate resonances for protons on nitrogen could be expected. Also the '^C 

NMR spectra show only one signal for the methoxy carbon for both compounds. 

This again suggests that only one tautomer is present at room temperature, which is 

the amidoxime form. However, it is possible that there is a rapid equilibrium at room
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temperature and only the time-averaged structure is seen by N\1R. This possibility 

cannot be excluded.

Figure 4-1: H NMR spectra of N-methozy amidines 
a) N-Methoxyacetamidine

NH,
L

b) N-Metbozybenzamidine

NH,

OCH.

146



Efficient synthesis o f N-alkoxy-N-alkylamidines could not be achieved by this 

procedure. Hence, a modification o f the procedure reported by Garigipati""' was 

used starting with 0 -alkylhydroxylamine hydrochlorides instead o f  alkylamine 

hydrochlorides. In the previous reports, the reagent used is the product o f reaction 

between trimethylaluminum and alkylamine hydrochlorides and is described as 

methylchloroaluminum amide, CH3A1(C1)NRR’. " “'’ " However, no attempts at 

isolation or characterization o f  this aluminum intermediate were reported. In a more 

recent report by Sidler et al. a different structure for this species was established."^ It 

is well known that trisubstituted aluminum compounds, which have small groups, 

exist in dimeric, trimeric or polymeric forms with bridging ligands (Figure 4 -2 ).'"  

The ‘^Al NMR spectra o f  such aggregated compounds give signals at significantly 

upfield chemical shifts compared to the trivalent aluminum compounds."* On the 

other hand, compounds with sterically hindered groups exist predominantly as 

monomers."'’ These give "^Al resonances at 265 ± 5 ppm. Sidler et al. have 

characterized the aluminum species 23 obtained by the reaction o f trimethylaluminum 

and amine hydrochlorides and found aluminum to have tetrahedral geometry (Scheme

Figure 4-2 : Structures of trialkylaluminum reagents

^ A .
A1 A1

^

24 25
5 "^Al =157 ppm Ô ^^Al = 253 ppm

4-15). Coordination o f 

the amine to aluminum 

in these complexes was 

shown by infi-a-red 

spectroscopy and 'H 

NMR spectroscopy

which also demonstrated the presence o f two other alkyl substituents by comparison
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of integral ratios. Mass spectroscopy was used to establish the presence o f chlorine 

as well. The tetrahedral nature of such compounds was established by ' ' A1 NMR 

spectroscopy, which showed a single resonance at 160 ppm. It has also been shown 

that such dialkylchloroaluminumammine complexes exist as monomers in benzene 

solution." '

The reagent required in this synthesis, (N-alkyl-N- 

alkoxyammine)dimethylaluminum chloride (23) was synthesized by reacting 

trimethylaluminum with 0-alkylhydroxylamine hydrochlorides (Scheme 4-15). 

Subsequent addition o f nitriles to this aluminum complex followed by re fluxing in 

benzene produced the desired N-alkyl-N-alkoxyamidines as their hydrochloride salts 

(26) (Scheme 4-15). The products were obtained generally in good yields (Table 4-

3). 1:0

Scheme 4-15: Synthesis o f N-aikoxvamidine salts

OR
(CH,),A1 + H N ^

R'

Cl
I

(O R )R 'H N ^
4- C H 4

23

NH

a -  . - ? - < ° ' hc,
reflux R'

26

The reactions with N,0-dimethylhydroxylamine hydrochloride (entries 1-5) were 

most efficient. As expected, electron-deficient p-chlorobenzonitrile (entry 3) resulted
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in almost quantitative yield o f the corresponding product (26c) with very short 

reaction time (< 2h). In this case, the carbon atom of the nitrile group is highly 

electrophilic and reacts rapidly and effectively with the nucleophilic aluminum-amide 

reagent. On the other hand, the electron-rich p-methoxybenzonitrile (entry 4) reacted 

only slowly producing the corresponding amidine salt in moderate yield. The 

aluminum-amide reagent obtained by reaction with N-trityl-O-methylhydroxylamine 

hydrochloride (entry 6 ) did not yield any amidine product. This is probably due to 

the hindrance o f  the approach o f the nucleophilic amide reagent by the sterically 

bulky trityl group. Formation o f  the aluminum-amide reagent from O- 

methylhydroxylamine hydrochloride (entry 7) does not occur cleanly giving very low 

yields of the product.

These N-alkoxyamidine salts are hygroscopic and have very high polarity as 

indicated by their solubility in polar solvents (CH3OH, DMSO) only. .A.11 new 

compounds were characterized by 'H  and *̂ C NMR, IR and mass spectrometric 

methods. The 'H NMR spectra o f these compounds show single resonances for the 

methoxy and methyl protons (Figure 4-3). The ’̂ C NMR spectra also show single 

peaks for the methoxy and methyl carbons. As noted earlier, the 'H  and '^C NMR 

spectra for the amidine salt 26g exhibit only one set o f signals for the methoxy 

protons and methoxy carbon. In addition to these signals, the resonances arising from 

the alkyl or aryl groups are also seen in their characteristic regions. The mass spectra 

o f these salts show the free amidines as the molecular ions and the loss o f the 

methoxy group on nitrogen is the most common fragmentation seen.
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Table 4-3: Reaction of nitriles with (N-alkyl-N-aikoxyammine)dimethylaluminuni chloride

Entrv Nitrile
Aluminum

Reagent Product
Yield

(%)

I. C H 3 CN

^ O M e

M e iA K C D N ^

23a

114
N H
II . O C H 3 

C H 3 - C - N
C H 3

26a

94

2 . Q H 5 - C N 23a

N H -H C l
II /O C H 3

CôHs— C—

26b ^^3

98

3. P-CIC6 H4 CN 23a

N H -H C l
II / O C H 3

P-CIC6 H4 — C — N 

2 6 0

96

4. p - O M e Q H ^ C N 23a

N H -H C l
II / O C H 3

p- 0 M eCôH 4 —  C — N
C H 3

26d

50

5. \ -----CN 23a

N H  -HCl
\  II / O C H 3

67

6 . CôHj-CN
^OMe 

M e 2 A I(C l)N H  

23b CPh3

N H -H C l
II /O C H 3

CôHs— C - N ^
26f CPh3

—

7. CôHs-CN
^OMe

MejAKCDN^

23c H

NHz -HCl 
1

C6 H5 — C = N ^

26g OCH3

<5

150



Figure 4-3: H NMR of representative N-alkoxy-N-alkylamidine hydrochlorides 

a) 26b

OCH,

CH

HaP

jJUL
11111 I i j  111 11111IJI 111 11 ■ « 1̂  l’iCTTri I ij  n  I  l' i n i I j  I 11 n  111I J I r i 'i 111 1 i i-i n  i ■ ■ i  j ‘  ■ i i 11 m  j ' ■ ■ ■ I ■ l'rpj 'i

b) 26d
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4-2-2: ATTEMPTED AMINATION OF OLEFINS USING N-ALKOXY- 

AMIDINES AS AMINATING AGENTS IN Cu (LII)-CATALYZED 

REACTIONS.

In order to study the reactivity o f N-alkoxy amidines, reactions o f olefins were 

attempted in the presence of copper salts as catalyst. Both the N-alkoxy amidines 

prepared by the copper-promoted synthesis (Scheme 4 -16a) and the N-alkoxy 

amidine salts obtained by the aluminum-promoted reactions (Scheme 4 -16b) were 

investigated.

Scheme 4-16: Prospective reaction of olefins with N-alkoxyamidines catalyzed by C u(IJI)- 
chlorides

a) Cu(I. ir)-catalyzed amination with .N-alko.xy amidines

NH
or

NH OCH
R'— C = Nor

CuCl 
or CuCl

Y
NH
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b) Cu(I, ID-catalyzed am ination with N-alkoxy-N-alkyl amidine hydrochloride

or CuCli

2-Methyl-2-pentene and a-methylstyrene were used as substrates and N- 

methoxyacetamidine (21), N-methoxybenzamidine (22) and N-methoxy-N- 

methylbenzamidine (26b) were used as aminating agents. Both cuprous and cupric 

chlorides were explored for their catalytic activity in refluxing solvents o f varying 

polarity (C6Hô, 1,4-dioxane, CH3CN, DMF) for 24 - 48 h. However, in all o f these 

cases no reaction was observed and the starting amidine could be recovered as 

indicated by mass spectroscopy.

At a later stage it was determined that the N-alkoxyamidines were actually in 

the form o f hydrochloride salts. The elemental analysis data o f compounds 26a,b and 

d suggested the composition o f the salts instead o f the free amidines. Attempts to 

liberate the free amidines from the salts were not successful using NaiCO]. Use o f 

gaseous ammonia for this purpose results in the formation o f the corresponding 

unsubstituted amidine salt by dissociation o f the C-N bond (Scheme 4-17). This 

process has literature precedence.
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Scheme 4-17: Reaction of N-alkoxyamidine salts with gaseous ammonia

r  yOCH, II™ /O C H ,
C H 3 — c — . H C l  -  NH; (g)--------► C H 3 — c —N H , . H C I ^  HN

CHj CH3

The amidine salts undergo partial hydrolysis to the corresponding amides (27) when

treated with aqueous KOH solution (Scheme 4-18). 114

Scheme 4-18: Reaction of N-alkoxyamidine salts with aqueous KOH

^ /O C H ; °  /O C H 3

CH3— C — N + K O H (^ )-------- ► CH 3— C — N

CH3 27 ^ "3

K1 + NH4OH

4-2-3: ATTEMPTED AMINATION OF OLEFINS WITH HYDRAZINE AND 

AMIDRAZONE DERIVATIVES CATALYZED BY Cu(I, II)- 

CHLORIDES

On the basis o f  the results described above, it was apparent that the N-0 bond 

was not weak enough to be reductively cleaved by Cu(I). Hence, we then considered 

the dissociation o f the N-N bond under these conditions instead. For this purpose a 

hydrazine derivative (28) and an amidrazone derivative (29) were chosen (Figure 4-

4).
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Figure 4-4: Other potential aminating agents for Cu(I. II)-€ataiyzed reactions

O

,A H
H,C N— N.

H ^ P h
28

NH,
I  “

/
P h ' N— N

29

CH,

Ph

Reaction o f olefins with I-acety 1-2-phenylhydrazine catalyzed by copper salts would, 

according to the mechanism shown earlier (Scheme 4-7), result in the formation of an 

allylic amide, while the amidrazone derivative would produce the allylic amidine. 

Hence, these reactions were investigated.

Treatment o f a-methyl styrene with the acylhydrazine 28 in presence of 

cuprous or cupric chloride (CH3CN, 75 “C, 24 h) did not result in the formation of the 

expected product (Scheme 4-19). The expected by-product o f the reaction formed by 

the dissociation of the N-N bond, namely aniline, was also not detected by GC or 

mass spectrometry. The hydrazine derivative 28 could, however, be detected.

Scheme 4-19: Reaction of a-methyl styrene with 28 catalyzed by Cu(I, IT)-chlorides

Ph + HjC

O

A H
^ N - N ^

H Ph
28

CuCl
or

CUCI2

CH3CN 
75 °C, 24 h + PhNHj
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4-20).

The amidrazone derivative 29 was prepared by a reported procedure (Scheme

121

Scheme 4-20: Synthesis of the amidrazone derivative 29

MH,
C H 3  I

PhCN -  H,N—

No reaction was observed when a-methyl styrene was treated with this potential 

aminating agent in the presence o f cuprous chloride as the catalyst (Scheme 4-21). 

Once again, no evidence for dissociation o f the N-N bond was detected under the 

conditions employed, as indicated by the absence of the expected amination product 

and the by-product N-methyl aniline in the mass spectrum. Unreacted amidrazone 29 

was seen in the mass spectrum.

Scheme 4-21: Reaction of a-m ethyl styrene with the amidrazone 29 catalyzed by CuCl

NH 2

/ C H 3 CuCl 

or
benzene + PhNHCH 3

75 °C, 24 h

In a control experiment the amidrazone 29 was heated at 75 °C with CuCl in benzene 

for 24 h. Analysis by GC and mass spectrometry indicated no conversion o f 29.
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4-3: CONCLUSIONS

In this chapter, a potentially new catalytic system for allylic amination of 

olefins has been investigated. A novel synthesis o f N-alkoxyamidine salts, expected 

aminating agents in this proposed system, was developed and its scope was studied. 

This route involves the reaction o f organic nitriles with (N-alkyl-N-alkoxyammine) 

dimethylaluminum chlorides (23;, which are formed by treating N-alkyl-N- 

alkoxyamine hydrochlorides with trimethylaluminum at low temperature. 

Preliminary attempts to aminate olefins in presence o f Cu (I, II)-chlorides as catalysts 

have not succeeded. This may be because the aminating agents exist as salts instead 

of the free base. Attempts to free the amidines from their salts were also not 

successful. It is also possible that the Cu (l/Il) system does not effect reductive 

dissociation o f N-O and N-N bonds under the conditions employed. Comparing the 

bond energies o f the 0 - 0  (34 kcal mol’’), N-O (48 kcal mol ’), and N-N (40 kcal 

mol’’) sigma bonds,’" ' the N-O and the N-N covalent bonds are considerably stronger 

than the 0 - 0  bond.

It should be noted that recently successful benzylic and allylic aminations

catalyzed by Cu(ll)-triflate have been reported (Scheme 4-22). 123

Scheme 4-22: Amination of olefins catalyzed by Cu(OTf)%

NHTs

+ Bu'O—O

58%
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In this reaction t-butyl N-(p-toluenesulfonyl)-peroxycarbamate was used as the 

aminating agent to produce the corresponding amines in modest yields. This reaction 

proceeds via Cu (Il)-promoted dissociation of the peroxo bond. The carbamate ion 

formed is in equilibrium with CO: and the p-toluenesulfonamide ion, which then 

reacts with the olefin, free or coordinated to Cu (II), to produce the N-tosyl- 

allylamine.

4-4: EXPERIM ENTAL SECTION

G eneral: All starting materials were obtained from commercial sources. 1,4-Dioxane 

and THF were distilled under nitrogen from sodium and benzophenone. 

Dichloromethane was distilled under nitrogen from CaH]. Anhydrous methanol and 

DMF were used as provided by Fisher and Aldrich chemical companies, respectively. 

All air- and moisture-sensitive reactions were performed under nitrogen and all such 

reagents were handled in the dry box. AH the glassware was oven dried and flushed 

with nitrogen before use.

AH 'H and ’^C NMR spectra were obtained using a Varian XL-300 or Varian 

Unity Inova-400 instrument. The data is given in units o f parts per million (ppm) 

relative to TMS. The residual solvent signals are used for referencing. The infra red 

(IR) data were recorded on a Bio-Rad FTS-7 FT-IR instrument. A Hewlett Packard 

5790A gas chromatograph using a 3 m colmnn packed with OV-IOI was used. The 

GC-MS and low resolution El data were obtained on Hewlett Packard 5985A GC/MS

158



system. The melting points were measured using a Mel-Temp apparatus and the 

values reported are not calibrated. Elemental analyses were performed at Midwest 

Microlab (Indianapolis. IN).

4-4-1: SYNTHESIS OF N-METHOXYACETAMIDINE (21) AND N-

METHOXYBENZAMIDINE (22) PROMOTED BY CuCl.

N-Methylhydroxylamine was isolated as the free amine by treating 

MeONHi.HCl (lO.O g, 0.120 mol) with NaOH (9.96 g, 0.250 mol) in DMF (25 mL). 

After stirring this solution for 30 min. free MeONH; was then distilled from this 

solution at ambient pressure at 47 '̂ C. Nitrogen gas was bubbled through the distillate 

for 30 min before use in the next step.

21: O-Methyl hydro.xylamine (0.950 g, 20.0 mmol) was dissolved in CHjCN (10 

mL) and was then added to CuCl (2.40 g, 24.0 mmol) under nitrogen. The reaction 

mixture was heated at 80 °C for 21 h. The color o f the reaction mixture changed from 

blue to orange upon heating. After cooling the reaction mixture it was poured into 

EtiO (250 mL) and stirred. A 30 wt% aqueous solution o f  NaOH (25 mL) was added 

and stirred for an additional 5 min. The organic layer was separated and dried with 

MgS0 4 . Solvent was removed from the EtzO solution using the rotary evaporator to 

obtain the product as a clear liquid in 8% yield (0.150 g, 1.70 mmol). 'H NMR (300 

MHz, CDCI3) 6 1.79 (s, 3H), 3.70 (s, 3H), 4.55 (br, 2H); ‘̂ C NMR (75 MHz, 

CD3OD) Ô 18.9, 58.8, 165.3; IR (nujol) 880, 1060, 1358, 1409, 1437, 1466, 1656, 

2817, 2901, 2936, 3340, 3486 cm '; MS (El, 70eV GCMS, m/z, rel. intensity) 88  

(\r, 92), 89 (M "+l, 4), 73 (30), 47 (41), 43 (95), 42 ( 1 0 0 ).
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22: N-methoxybenzamidine was prepared following a similar procedure as for 21, 

except that MeONHi was used in a two-lb Id excess over PhCN and the reaction was 

performed in absolute EtOH (15 mL). The reaction mixture was heated at 60 °C for 5 

h. After this time the mixture was worked up as for the synthesis o f 21. The crude 

product was purified by column chromatography using silica gel as the stationary 

phase and a 95:5 petroleum ether/ether solvent mixture as the eluent to remove the 

unreacted PhCN. The column was then washed with MeOH to obtain the product in 

9% yield (0.280 g, 1.90 mmol). ‘H NMR (300 MHz, C M  6 3.88 (s, 3H), 4.32 (br, 

2H), 7.00-7.20 (m, 3H), 8.00-8.22 (m, 2H); '^C NMR (100 MHz, CDCI3) 6  60.9, 

125.6, 128.2, 129.2, 132.8, 150.7; IR (nujol) 770,900, 1048, 1065, 1400, 1623, 1638, 

2900, 2940, 2968, 3030, 3320, 3445 cm '; MS (El, 70eV DIP, m/z, rel. intensity) 150 

(M+, 77), 151 (M '+ l,4 ) , 135(11), 119(15), 105 (28), 104(100), 77 (64), 51 (29).

4-4-2: SYNTHESIS O F (N-ALKYL-N-ALKOXYAMMINE)DIMETHYL-

.ALUMINUM CHLORIDES (23).

To prepare a 0.67 M solution of the aluminum amide reagent a literature 

procedure was follow ed."’ The requisite N,0-diaIkyl hydroxylamine hydrochloride 

salt (0.020 mol) was suspended in distilled benzene (20 mL) at 0-5 “̂C under nitrogen. 

A 2 M solution o f  MesAl (10 mL, 0.020 mol) in toluene was added slowly resulting 

in an exothermic reaction with the evolution o f a gas. The reaction mixture was 

allowed to warm up to room temperature and was stirred for 30 min to 1 h under 

nitrogen. The reagent thus prepared was used directly in the next step.
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4-4-3: SYNTHESIS OF N-ALKYL-N-ALKOXYAMIDINE HYDRO

CHLORIDES (26)

To the solution o f (N-alkyl-N-alkoxyammine)dimethylaluminum chloride 

prepared above, the organic nitrile (0.018 mol) was added at room temperature and 

the reaction mixture was re fluxed for 2-24 h. The reaction progress was monitored 

by analytical TLC for the disappearance o f the nitrile. After the reaction was 

complete, the solution was cooled and was slowly added to a silica gel (1 0 0  g) slurry 

in CH2CI2. This was stirred for 5 min, filtered, and the filter cake was washed with 

MeOH (500 mL). Solvent was removed from the filtrate using the rotary evaporator 

and the residue was triturated with CH2CI2 to give the pure N-alkoxyamidine 

hydrochlorides as solids. Compounds 26e and 26g were isolated spectroscopically 

pure as oils.

26a: Yield 94%; mp 173-174 "C; ‘H NMR (300 MHz, DMSO-da) 6 2.28 (s, 3H),

3.40 (s, 3H), 3.74 (s, 3H) 9.32 (br, 2H); ‘^C NMR (100 MHz, DMSO-d^) Ô 16.2,

36.0. 60.8, 161.8; IR (KBr) 749, 785, 907, 988, 1059, 1201, 1382, 1454, 1622, 1683 

cm '; MS (El, 70eV DIP, m/z, rel. intensity) 102 (M"-HC1, 7), 72 (16), 61 (100), 60 

(35), 46 928), 42 (8 8 ).

26b: Yield 98%; 176-177 “C; 'H  NMR (300 MHz, DMSO-d^) 5 3.31 (s, 3H), 3.89

(s, 3H), 7.60-7.80 (m, 5H), 9.81 (br, 2H); ‘̂ C NMR (75 MHz, CD3OD) Ô 39.0, 62.2,

128.3, 129.9, 131.0, 134.8, 164.8; IR(K Br) 774,968, 1081, 1241, 1404, 1469, 1613, 

1671, 2774, 2861 cm '; MS (El, 70eV DIP, m/z, rel. intensity) 165 (M"-HC1, 1), 133 

(8), 104 9100), 77 (49), 76 (20), 61 (33), 51 (12).
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26c: Yield 96%; mp 152-153 °C; ‘H NMR (400 MHz, DMSO-d^) 5 3.30 (s, 3H), 

3.86 (s, 3H), 7.70 (d, J = 8.0 Hz. 2H), 7.74 (d, J = 8.0 Hz, 2H), 9.90 (br, 2H); ''C  

NMR (100 MHz, DMSO-dé) ô 30.2, 53.5, 117.7, 121.26, 121.5, 122.9, 123.0, 129.8, 

153,5; IR (KBr) 732, 798, 849, 971, 1018, 1090, 1179, 1281, 1409, 1594, 1652, 3009 

c m '; MS (El, 70eV DIP, m/z, rel. intensity) 167 (3), 140 (35), 138 (100), 111 (28), 

102(18), 75 (25), 61 (83), 46(10).

26d: Yield 50%; mp 188-189 “C; 'H NMR (300 MHz, DMSO-ck) 6 3.33 (s, 3H), 

3.85 (s, 3H), 3.86 (s, 3H), 7.15 (d, J = 8.7 Hz, 2H), 7.63 (d, J = 8.7Hz, 2H), 9.61 (br, 

2H); '^C NMR (100 MHz, DMSO-d^) Ô 38.4, 55.8, 61.3, 114.5, 118.3, 131.0, 162.2, 

162.7; IR (KBr) 777, 823, 842, 953, 1014, 1129, 1174, 1190, 1261, 1307, 1405, 

1442, 1516, 1606, 1661 cm'*; MS (El, 70 eV DIP, m/z, rel. intensity) 194 (M'-HCl, 

2), 134 (100), 91 (18), 61 (27).

26e: Yield 67%; *H NMR (300 MHz, DMSO-da) 5 1.21 (d, J = 6.9 Hz, 6 H), 2.94 

(septet, J = 6.9 Hz, IH), 3.50 (s, 3H), 3.72 (s, 3H), 9.22 (br, 2H); *̂ C NMR (100 

MHz, DMSO-dé) Ô 20.2, 30.0, 35.4, 37.9, 62.1, 169.7; IR (KBr) 798, 914, 979, 

1023, 1100, 1154, 1340, 1419, 1457, 1472, 1616, 1653, 1683, 1699, 2767, 3459 cm'*; 

MS (El, 70 eV DIP, m/z, rel. intensity) 130 (M"-HC1, 3), 70 (50), 61 (100), 60 (33), 

55(15).

162



26g: Yield <5%; 'H NMR (300 MHz, DMSO-d^) ô 3.74 (s, 3H), 6.05 (br, 2H), 7.35- 

7.72 (m, 5H); ''C  NMR (100 MHz, CD3OD) 6 61.2, 127.3, 129.4, 130.9, 134.0, 

155.1; IR (nujol) 906, 1029, 1250, 1507, 1560, 1637, 2832, 2942, 3337 cm ‘; MS 

(El, m/z, rel. intensity) 150 (M^-HCl, 35), 104(100), 77 (56), 51 (45).

4-4-4: REACTION OF OLEFINS WITH N-ALKOXYAMIDINES AND N-

ALKOXY-N-ALKYLAMIDINE HYDROCHLORIDES CATALYZED 

BY Cu (L ID-CHLORIDES

In a dry flask CuCl or CuCU (0.150 mmol) was weighed out in the dry box. 

Distilled solvent (benzene, 1,4-dioxane, CH3CN, DMF) (5 mL) was added to this 

under nitrogen and stirred at room temperature. The required olefin (2-methyl-2- 

pentene, a-methyl styrene) (15.0 mmol) was added and the reaction mixture was then 

heated to 80-85 “̂C. A solution o f  the N-alkoxy amidines (21, 22) or the N-alkoxy-N- 

alkyl amidine hydrochloride (26b) (1.50 mmol) in the solvent used (15 mL) was 

added to the reaction mixture over a 6  h period. The reaction mixture was heated for 

24 h. Aliquots were withdrawn from the reaction mixture, the metallic compounds 

were precipitated by adding excess hexane and the filtrate was concentrated. These 

samples were analyzed by mass spectrometry.

4-4-5: REACTION OF OLEFINS WITH l-ACETYL-2-PHENYL HYDRAZINE 

CATALYZED BY Cu (I, II)-CHLORIDES

Cuprous- or cupric chloride (0.500 mmol) was weighed out in a dry flask in 

the dry box and a-methyl styrene (5.90 g, 50.0 mmol) and distilled CH3CN (10 mL)
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were added to it under nitrogen. The reaction mixture was heated to 75 and a 

solution o f the hydrazine derivative (0.750 g, 5.00 mmol) in CH3CN (15 mL) was 

added over a 6  h period. The reaction mixture was re fluxed for 24 h. The course o f 

the reaction mixture was monitored by GC for the appearance o f aniline. .A.fter 24 h, 

the reaction mixture was cooled and the metal containing compounds were 

precipitated by adding excess hexane. The solvent was removed using the rotary 

evaporator and the residue was analyzed by mass spectrometry.

4-4-6: SYNTHESIS OF N-METHYL-N-PHENYL BENZAMIDRAZONE 29

Amidrazone 29 has been prepared previously by the following procedure.'"' 

PhCN (1.24 g, 0.012 mol) was mixed with 1-methyl-1-phenylhydrazine (1.5 g, 0.012 

mol) and to this AICI3 was added in small portions with cooling. Water was then 

added to the solid mixture obtained and the reaction mixture was made basic with 2 N 

NaOH. This was extracted with CHCI3 several times. The organic layer was dried 

(NaiSOa) and the solvent was removed. The crude product was dissolved in EtiO, the 

insoluble impurities were filtered out, and pet. ether was added. This was left in the 

freezer overnight to obtain off-white crystalline solid in 38% yield (1.04 g, 4.60 

mmol), mp 99-100 °C (literature mp 103-104 “C); 'H NMR (300 MHz, CDCI3) 6  

3.07 (s, 3H), 5.33 (br, 2H), 6 .8 6  (t, J = 7.4 Hz, IH), 6.69 (dd, J = 9.0, 1.2 Hz, 2H), 

7.20-7.30 (m, 2 H), 7.40-7.52 (m, 3H), 7.85 (dd, J = 8.0, 1.6 Hz, 2H); IR (KBr) 692, 

756, 832, 878, 992, 1026, 1049, 1115, 1294, 1495, 1539, 1558, 1575, 1615, 2799, 

2873, 2900, 3100 3361, 3466 cm '.

164



4-4-7: REACTION OF OLEFINS WITH THE AMIDRAZONE 29

CATALYZED BY CuCl

Cuprous chloride (0.015 g, 0.150 mmol) was weighed out in a dry flask in the 

dry box and a-m ethyl styrene (1.77 g, 15.0 mmol) and the solvent (benzene or 

CHjCN) (5 mL) were added under nitrogen. The reaction mixture was heated to 75 

°C and then a solution o f the amidrazone 29 (0.338 g, 1.50 mmol) in the solvent used 

(10 mL) was added over a 6  h period. The reaction mixture was re fluxed for 24 h. 

The reaction was monitored by GC for the formation o f PhNHCH]. After 24 h the 

reaction mixture was cooled and the metal was removed by adding excess hexane. 

Solvent was removed from the solution and the residue was analyzed by mass 

spectrometry.
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Chapter 5

SYNTHESIS OF SUBSTITUTED TERTIARY PHOSPHINES VIA 

NUCLEOPHILIC DISPLACEMENT ON P(III): BACKGROUND AND

SIGNIFICANCE

5-1: SIG NinCANCE OF PHOSPHINES IN TRANSITION METAL- 

CATALYZED ORGANIC REACTIONS

Phosphines, especially tertiary phosphines, constitute a major class o f ligands 

used in transition metal-catalyzed organic r e a c t i o n s , i n c lu d i n g  stereoselective 

reactions. Some o f the important catalytic asymmetric reactions employing chiral 

phosphines include isomerization,'*^ asymmetric hydrogenation,'*^ co- 

dimerization,'*^ allylic alkylation,‘** and hydroformylation'*^ o f olefins (Scheme 5- 

1 ).

Scheme 5-1: Chiral phosphines as ligands in asymmetric organic reactions

a) Isomerization of olefins

{Rh[(R)-biphemp](COD)}  ---------RO
NR'

> 90% eeR = CgHjCHz, t-C^H, 
R' = Et

PPh;
PPh(R)-BIPHEMP
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b) Hydrogenation of olefins

HjCO.C

1.1%
CO2CH3 ^ H, (R)-BICHEP-Rh-

EtOH H3CO2C
)iCH,

99% ee

(R)-BICHEP =

c) Codimerization of olefins

PCQH] 1)2 

P(C5Hu)2

N iL '/  -  CH,=CH, /
II - - - 97 °C ^

80.6 % ee

PCH,

d) .Allylic alkylation of olefins

Pd(0

98 % ee

NH HN
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e) Hydroformylation of olefins
CHO

0.91% PtCljL - SnCU 
( 1 : 2.5 Pt/Sn)

PhH

79.8 % ee

However, the efficiency o f these reactions, both synthetic and stereochemical, 

depends upon the structural and electronic nature o f the phosphine ligands. Studies 

on the effects o f phosphine cone angle 0 , a steric p a r a m e t e r , a n d  electronic 

character, on the reaction rates and selectivities have demonstrated that the 

pattern is rather complex. Steric and electronic properties o f the phosphines affect the 

activity and selectivity of an achiral homogeneous catalyst. For example, studies 

done on the rhodium-catalyzed hydroformylation o f  olefins demonstrate the effect o f  

changing 0 and % on the ratio o f linear vs. branched a l d e h y d e s . I t  has been shown 

that the selectivity for the linear aldehyde increases with decreasing size o f  the 

substituents on the ligating phosphine.*^"* Also, with the steric factor and other 

reaction conditions being constant, the rate o f  the hydroformylation reaction and the 

selectivity for the formation of the linear aldehyde are lower for the more electron 

donating phosphines.
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A similarity can be drawn between drug discovery and catalyst optimization 

processes. In the former case, a medicinally important compound is first extracted 

from its natural sources. This is followed by synthesis o f  its structural and electronic 

analogs of via classical organic synthetic routes to obtain the compound with the 

maximum activity. In the same way, in order to obtain the optimum 

activity/selectivity for a given catalyst, one has to first classically synthesize a 

collection o f tertiary phosphines and then screen each one for best results in the given 

reaction. This requires an efficient and general route to obtain the desired tertiary 

phosphines. Also, this process can be very time consuming and not very economical. 

Just as combinatorial organic synthesis has now provided an economical and less 

tedious means for obtaining pharmaceutically significant compounds; it can also lead 

to a similar result in the development o f optimum catalytic conditions for various 

reactions. This technique can be used for the synthesis o f libraries containing 

numerous structurally and electronically diverse phosphines. The effect o f various 

homogeneous catalytic reactions can then be studied leading to a ‘hit’. As a result, 

the entire process can be done in less time and more economically as very small 

quantities o f materials are required. Once the optimum ligand is obtained, it can then 

be prepared in large quantities by classical routes.

5-2: SYNTHESIS OF SUBSTITUTED PHOSPHINES IN SOLUTION

Synthesis o f  tertiary phosphines in the solution phase can be achieved through 

several general r o u t e s . T h e s e  methods include (a) substitution on P(III) by a
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nucleophile, (b) substitution on a carbon electrophile by a phosphide, (c) addition of 

P-H unit across an unsaturation, and (d) reduction o f phosphine oxides (Scheme 5-2).

Scheme 5-2: Solution phase synthesis of substituted phosphines

a) PX3 ^ 3 RM -------- ► R3P 4-  3 MX

b) R,P-M +- R'X RiPR' +  MX

c) >=< + R,P-H

0

d) R’—P - R
1

R"

HSiX;

H PR, 

R'R'PR

The first method is the most commonly used route to obtain tertiary phosphines. 

Chloro and alkoxy groups on P(III) can be easily displaced by various nucleophilic 

organometallic reagents, such as Grignard,'"^ organolithium,'^^ organoboron,’̂ *

organotin,'^’’, organolead,'"*" and organocadmium reagents.140 141 Synthesis of

unsymmetrical tertiary phosphines via nucleophilic substitution on P (III) requires 

selective displacements o f one leaving group in the presence o f another by taking 

advantage o f different reactivities o f the nucleophilic reagents used and different 

labilities o f  the leaving groups. O f these functional groups, the P-Cl and P-OR 

groups are known to be very reactive towards organometallic reagents while the 

P-NR? group reacts in the presence o f acids. Selective substitution o f one chloro 

group in the presence o f another is possible by using organocadmium and Grignard 

reagents in sequence (Scheme 5-3a).’'̂  ̂ A variety o f racemic tertiary phosphines were
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obtained in ~ 80-85% yields via this “one-pot” sequence o f  substitutions on 

dichlorophenylphosphine. Substitution o f the chloro group in the presence o f an 

alkoxy group has also been achieved by the use o f Grignard reagents (Scheme 5-

3 b )  136,. M

Scheme 5-3: Synthesis of unsymmetrical tertiary phosphines via selective step-wise 
nucleophilic substitution

a)

P hP ri, P — R’
c /

R"MgX ' ’’' n
•R'

r e f I40ÜR . /

b)

(R0)2PC1 + R’MgX
RO^

P— R'
RO ref. 134Ü

In these reactions appreciable selectivity was achieved by performing the reactions at 

low temperatures. However, these methods have only limited applicability because 

they often suffer from polysubstitution (Scheme 5-4a),‘‘*̂  require inconvenient 

organometallic r e ag en t s , s om e t i m e s  involve multiple steps (Scheme 5-4b),''*^ and 

also require careful control o f conditions including temperature, stoichiometry and 

mode o f addition.

In order to generate libraries o f diverse phosphines to study their 

activity/selectivity in homogeneous catalytic reactions, we sought to develop their 

synthesis on the polymer support. However, the limitations mentioned above make 

the use o f these approaches for the solid phase synthesis o f homochiral tertiary 

phosphines unsuitable. Hence, development o f a general and efficient route, using
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readily available organometallic reagents, in which the use o f  excess reagents is 

possible and in which the reaction occurs under ambient conditions, was required.

Scheme 5-4; Synthesis of unsymmetrical tertiary  phosphines via selective 
step-wise nucleophilic substitution

Ph
EtMgBr P—P— Cl

24.5% 41%

18% ref. 141

MgBr

PhPh Ph
HClP — Cl

Ph
RMgX

ref 142

5-3: SOLID PHASE ORGANIC SYNTHESIS

The concept of polymer-supported synthesis as an important synthetic strategy 

has its origin in the pioneering work by Merrifield in the area o f peptide synthesis.

He demonstrated the feasibility o f  organic reactions on solid surfaces in 

heterogeneous media. In this approach a polypeptide was synthesized in a sequential
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manner on a polymer (chloromeihylated copolystyrene - 2% divinylbenzene) using 

the usual procedures o f protection and deprotection of functional groups (Scheme 5- 

5). The growing peptide chain is then cleaved from the polymer in the final step.

Scheme 5-5: M errifield's solid phase peptide synthesis

R’

' n h b o c

BOC X c o o H  ^  O CFjCOiH
H_______   I II  i--

R' O
R" NHBOC

COOH O ^
H________ _

CF3CO3H

R M , tJ K.

R' O H
NaOH H O y % L ^ J L ^ N y A

NHBOC

O ^  R" O

R'" 

NHBOC

The main advantages o f polymer supported organic synthesis'"*^ over the more 

classical solution phase synthesis include the following:

(i) conversion is maximized by using excess reagents

173



(il) purification is easy as the product can be separated from excess reagents and by

products by simple filtration and washing with solvents.

The development in solid phase synthesis coupled with the recent advances in 

robotics and automation, which have made rapid high throughput biological 

screenings possible, led to the concept o f combinatorial chemistry to satisfy the 

increasing demand for available compounds and structural diversity.

Combinatorial chemistry, defined as “a systematic and repetitive covalent 

connection o f a set o f different building blocks o f  varying structures to each other to 

yield a large array o f diverse molecular entities” ,'"'  ̂ allows for generation of huge 

libraries o f diverse compounds. This methodology was initially developed for 

synthesis o f  libraries o f  peptides,"'*^ oligonucleotides,'"^* polysaccharides,'"*'’ 

po lycarbam ates,po lyureas,'^ ' and other biopolymers. However, these polymeric 

compounds have limited pharmaceutical use. This led to the shift in attention towards 

synthesis o f a diverse collection o f structurally related non-oligomeric “small” 

organic molecules via this methodology. Many “small” organic compounds having 

therapeutic applications have been synthesized using this technique leading to drug 

discovery (Figure 5-1). Some examples o f  such compounds include 1,4- 

benzodiazepines,'^^ hydantoins,''^*'" pyrrolidines,'^^ 4-thiazolidinones and 4- 

metathiazanones. '
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Figure 5-1: Medicinally im portant "small" organic compounds prepared via 
combinatorial synthesis

1,4-Benzodiazepines Hydantoins

SAc
Pyrrolidines

4-Metathiazanone4-Thiazolidinone

Traditionally, important therapeutic agents are obtained by isolation from their 

natural animal and plant sources and microbial fermentations, by screening 

compound databases, and by rational drug design utilizing structure-activity 

relationships.'^^ Once a ‘hit’ is found, it is then synthesized via classical organic 

synthesis to obtain large quantities o f the material. Structural variations are also 

performed in order to obtain optimum activity. This process o f drug discovery is 

clearly very cumbersome and time consuming. It is here that the concept o f 

combinatorial synthesis gains importance since it allows for the creation of large 

assemblies o f structurally related diverse molecules in a short amount of time which 

can then be screened via high throughput and automated methods. As a result, the 

process o f drug discovery is made more favorable in terms o f time and money.
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Ideally, two factors determine the number o f  possible different compounds, N, 

that one can obtain through a combinatorial approach. These are -

(i) the number o f building blocks in each step, a, and

(ii) the number o f synthetic steps in the overall scheme, m.

If the synthesis involves an equal number o f  building blocks in each step, then

N = a"

If, on the other hand, each step in the scheme has different number o f building blocks 

( eg. a, b, c in a three step sequence), then

N = abc

There are two main methodologies used for the simultaneous generation o f 

libraries o f diverse compounds, namely -

(i) solid phase split-mi.x synthesis, developed by Furka,''^ and

(ii) multiple parallel synthesis using the 'pin technology’ first described by 

Geysen.'^’

The first process generates libraries containing a statistical number o f different 

compounds, while the second method forms several individual compounds 

simultaneously with relatively low randomization.

5-3-1: SOLID PHASE SPLIT -  MIX M ETH O D

This method allows for the construction o f  molecular assemblies using a 

strategy that covalently binds the building blocks in all possible combinations. A 

schematic illustration o f  this technique is shown in Figure 5-2.
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Figure 5-2: Solid phase split-mix method
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A collection of beads with the desired substrate attached is divided into a specific 

number o f pools. Each o f these pools is then treated with specific reagents to attach 

different building blocks. This is followed by combining all of the separate fi’actions. 

The recombined collection is again split into a definite number o f  portions and each 

portion is then reacted with the second set of building blocks. This process is 

repeated, with each portioning-recombining cycle increasing the randomization and 

diversity o f the products obtained. Each bead, however, has only one sequence of 

building blocks attached to it. Reactions on individual beads can be monitored by a 

number o f spectrometiic methods. FT-IR spectroscopy has been useful to monitor 

resin supported reactions, especially in those instances where a functional group
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interconversion or change in hybridization is involved.''*'’'’ '■* Off-bead'^^ and on- 

bead'^° mass spectrometric microanalysis, including ES-MS, GC-MS, HPLC-MS, 

and matrix assisted laser desorption/ionization (MALDI) techniques have also been 

used. Non-destructive gel-phase '^C and 'H NTVIR techniques using 

poly(ethyleneglycol)-grafted polystyrene resins as the solid support have also been 

developed for monitoring reactions on the polymer support.'^'" Look et al. have 

used ‘^C NMR to monitor reactions performed on poly(ethyleneglycol)-grafted 

polystyrene TentaGel resins using '^C enriched building blocks.'*'

Another method for the purpose of easy identification o f the sequence on each 

bead is the idea o f  ‘tagging’, as developed by S t i l l . I n  this strategy, each synthetic 

step on a portion o f  beads is accompanied by or immediately followed by coupling to 

an identifier tag that encodes both the step number and the chemical reagent used in 

that step. The analysis o f the tags on each bead reflects the sequence of chemical 

manipulations performed on it. Both chemical and non-chemical tagging agents can 

be used. Chemical encoding uses oligonucleotides,'*"* peptides,'** halocarbons,'*^ 

(Figure 5-3) and secondary amines.'**

A rather new technique for generating combinatorial libraries is the 

“Radiofirequency Encoded Combinatorial (REC) chemistry”, as developed by 

Nicolaou.'*^ This method uses small microelectronic memory semiconductors to 

record information along a combinatorial synthetic route via remote radio frequency 

transmission. This information can be recovered either during or after the synthesis 

to determine the identity o f the compound produced in each microreactor.
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Figure 5-3: Halocarbon molecular tags to generate binary synthesis code

HOOC

Electrophoretic tagLinker

re f 161

The microreactor used for REC chemistry consists o f three parts -

(i) a porous wall made o f polypropylene or fluoropolymer which is chemically 

inert,

(ii) polymer resin (25-50mg) on which the reaction occurs, and

(iii) Single or Multiple Addressable Radio frequency Tag (SMART)™ 

semiconductor, protected in a glass encasing, which can receive, store and 

emit radiofrequency signals.

This method o f encoding libraries has advantages over other approaches to determine 

the structures o f the collection o f compounds produced because it uses chemically 

inert radiofrequency signals and micro-memory electronics. Nicolaou and his 

coworkers have used this methodology to generate a 24-member tetrapeptide library 

using 96 microreactors via split-mix synthesis.’*’ The structures were decoded from 

the radio frequency codes and then further established by ES-MS and ’H NMR. Xiao
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et al. used this approach to make a library o f taxol derivatives.'^* Ideally, such 

tagging agents should be unreactive towards the reagents used, should be amenable to 

high sensitivity detection and decoding, and should have a high information content.

The split-mix technique leads to libraries containing thousands to millions of 

compounds with very high extent o f randomization. However, the amount o f each 

distinct compound obtained is very small.

5-3-2: M ULTIPLE PARALLEL SYNTHESIS

This method allows for the target compounds to be simultaneously, but 

separately, synthesized on a solid support in an array format which uses the ‘pin 

technology’ developed by Geysen for multiple parallel s y n t h e s i s . T h e  two kinds of 

arrangements used, resin on a pin and resin in a pin, are shown in Figure 5-4. The 

sites of reaction are the polypropylene pin-heads (resin on a pin) that are immersed 

into wells containing the desired reagent solutions. Hobbs De Witt has developed a 

slight variation o f this method by using an apparatus with gas dispersion tubes, called 

pins, containing the resin on which the reaction occurs (resin in a pin).

The number o f  distinct compounds obtained via this approach is drastically 

decreased due to the absence of randomization steps. However, the ability to prepare 

larger amounts, the ease o f monitoring the products, and the determination o f the 

identity o f each compound by its position in the apparatus, make this procedure quite 

attractive.
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Figure 5-4: Multiple parallel synthesis
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Hence, these two techniques differ not only in their experimental 

arrangements, but also in their outcomes. The split-mix method is useful in cases 

where an extremely vast library is needed, such as peptides and oligonucleotides. On 

the other hand, in cases where specific organic molecules are needed for analysis of 

their biological activities the multiple parallel synthesis is more useful since even by 

this approach synthesis o f several thousand separate compoimds is possible.
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Another new procedure, double combinatorial chemistry, was recently 

reported by Nielsen et Double combinatorial chemistry involves chemically

ligating one library o f n members to another comprising o f  m compounds to yield a 

new array o f n x m molecules, thereby causing a tremendous increase in the number 

of members in the library.

5-3-3: SOLID PHASE SYNTHESIS OF CATALYSTS FOR ASYMMETRIC

REACTIONS

Since its initial application for the synthesis o f  libraries o f biopolymers, the 

technique of combinatorial chemistry has been used in discovering medicinally 

important compounds'^*’ and catalysts for enantioselective reactions. Ellman first 

reported the synthesis o f a class o f  2-pyrrolidinemethanol ligands (Figure 5-5) on the 

polymer support and demonstrated that these ligands can be used to promote 

asymmetric addition of diethylzinc to aldehydes.

Figure 5-5: 2-I*yrrolidinemethanol ligands prepared 
on the polymer support

H Q

2-pyrrolidinemethanol
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The polymer bound ligands gave comparable enantioselectivities to the free ligands. 

Enantiomeric excesses o f > 80% were observed. Application o f this methodology for 

synthesis o f libraries o f this ligand class are underway.

Hoveyda et al. have used solid phase synthesis to generate a library o f 

dipeptide Schiff s bases via the parallel approach (Figure 5-6) and the ligands shown 

were found to be useful ligands in Ti(IV)-catalyzed asymmetric addition o f TMSCN 

to epoxides, producing cyanohydrins in moderate to good enantioselectivities.’̂ '

Figure 5-6: Dipeptide Schiff bases used in Ti(IV)-catalyzed 
asymmetric addition of TMSCN to epoxide

HOOBu

E tc

HO

In addition, the split-mix method has been used for the discovery o f  new metai-ligand 

c o m p l e x e s , w h i l e  the multiple parallel approach has been used for determining the 

most optimum catalysts and conditions for the C-H insertion reactions o f  carbenes.’’^
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Initial results in the synthesis o f  peptide-derived chiral phosphines via the 

multiple parallel approach has also been reported recently by Gilbertson.' In this 

report, the authors used the multiple parallel synthetic approach to generate a 63- 

membered library o f chiral phosphines containing peptides (Figure 5-7). These 

ligands were complexed to Rh(I) while still bound to the solid support and then 

screened for their activity towards asymmetric hydrogenation o f enamides.

Figure 5-7: C hiral peptide based phosphines

peptide

Ph HN
peptide

peptide

HN
peptide

The enantioselectivities obtained were low. However, the feasibility o f  using this 

technique for producing libraries o f ligands, in particular chiral phosphines, their 

complexation and subsequent screening towards a reaction without cleaving them 

from the resin was amply demonstrated.
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5-4: PROJECT OBJECTIVES

The goal for this project was to generate moderately sized libraries o f  mono- 

and di-phosphines using the multiple parallel methodology. However, a more short

term aim was to develop an efficient and general solution phase route to synthesize a 

variety o f monophosphines which could be effectively translated onto the solid phase 

synthesis. The approach for the solid phase synthesis was to perform selective 

nucleophilic substitution reactions on P(III) bound to the polymer in which the more 

labile group is displaced by the first organometalllic reagent used, and the less 

reactive group is substituted by the second reagent, producing the soluble phosphine 

and regenerating the polymer (Scheme 5-6).

Scheme 5-6: Proposed synthesis of unsymmetricai tertiary phosphines on the solid support

Y R
Cpy^z—p{ fp V ^ z —Pv

^  (- HCl) ^  R

R’
R"M /  ^ ► R» p 4- Qp^)/vs.ZH

R

The prerequisite for this scheme to be successful is that the leaving groups, Y and Z, 

and the two organometallic reagents used, R’M and R”M, should be appreciably 

different in their reactivities in order to achieve high selectivity. The phosphorus 

moiety remains bound to the resin until the second alkylation step and allows for easy 

and effective purification of the reaction products at each stage by simple filtration 

and washing with the solvent.
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Therefore, we first needed to develop an analogous solution phase route for 

the synthesis o f homochiral tertiary phosphines via selective and sequential 

nucleophilic substitution on a trivalent phosphorus.

1 8 6



Chapter 6

A NOVEL SOLUTION PHASE SYNTHESIS OF ÜNSYMMETRICAL  

TERTIARY PHOSPHINES: SELECTIVE NUCLEOPHILIC SUBSTITUTION

ON PHOSPHORUS (III)

6-1: INTRODUCTION AND BACKGROUND

As described in the previous chapter, tertiary phosphines have been prepared 

by four general routes:

(i) nucleophilic substitution on trivalent phosphorus by organometallic reagents,

(ii) attack by metal phosphides on electrophilic carbon,

(iii) reduction of phosphorus (V) oxides, and

(iv) addition o f a P-H unit across a multiple bond.

Of these methods, the first approach is the most convenient for preparing o f tertiary 

phosphines. .A range o f organometallic reagents, such as Grignard,''^ 

organolithium,’"’’ organoboron,'^* organotin,'^’’ organolead,''*'^ and organocadmium 

reagents'"*' have been used to displace chloro and alkoxy substituents on trivalent 

phosphorus compounds to yield the alkylated phosphines. However, the synthesis o f 

unsymmetricai tertiary phosphines via this route has limitations as these reactions 

suffer from polysubstitution,'"*^ require inconvenient organometallic reagents'"*' or 

multiple steps,'"*^ and require careful control o f reaction conditions. The ultimate goal 

o f this project was to develop a polymer-supported synthesis o f unsymmetricai 

tertiary phosphines for the purpose o f generating libraries o f ligands for homogeneous
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catalysis following a multiple-parallel combinatorial synthetic approach. Therefore, 

the methods mentioned above have only limited application because for a synthesis to 

be feasible on a solid support the reaction should occur under ambient conditions, the 

use o f excess reagents should be possible, and the reaction should be inherently very 

selective and efficient. As a result, our first goal was to develop a general and 

efficient route for the synthesis o f  tertiary phosphines in the solution phase using 

readily available reagents which could be easily adapted for synthesis on the polymer 

support. This chapter will describe our efforts and results towards this objective.

6-2: RESULTS AND DISCUSSION

As described in the literature, P-Cl and P-OR groups are readily displaced by 

Grignard and organolithium reagents. These organometallic reagents are readily 

accessible, either commercially o r synthetically. Hence, we studied these substitution 

reactions first to determine the possibility o f selective sequential displacement o f one 

leaving group in the presence o f  the other group. For this purpose, phosphinites and 

chlorophosphinites were prepared. There is also some literature evidence for the 

substitution o f  dialkylamino groups on trivalent phosphorus by Grignard reagents. '  ̂

In these reports, arylfdialkylamino)phosphines (1) which have an ortho aminoalkyl 

substituent react with Grignard reagents displacing the dialkylamino group to yield 

tertiary phosphines (2) (Scheme 6 - 1). Hence, based on this precedent, we explored 

the reactivity o f N,N-disubstituted aminophosphines towards organometallic reagents. 

These compounds were prepared following literature procedures.
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Scheme 6-1: Synthesis of tertiary- phosphines by displacement of 
dialkylamino group

NŒt

Ph RMgBr

CHCH

NEt

RMgBr

R = n-Pr 
i-Pr NMe-NMe-

6-2-1: SYNTHESIS OF ETHYL DIPHENYLPHOSPHINITE AND ETHYL

CHLOROPHENYLPHOSPHINITE

In order to prepare unsymmetricai tertiary phosphines via sequential 

displacements o f leaving groups on trivalent phosphorus, we investigated the relative 

labilities o f the chloro and alkoxy groups. Ethyl diphenylphosphinite (3)'^* was first 

prepared to determine the conditions required for the displacement o f the ethoxy 

group. It was prepared by literature procedure involving the displacement o f chloride 

from chlorodiphenylphosphine (4) by ethanol in the presence o f triethyiamine 

(Scheme 6-2). The phosphinite formed was purified by vacuum distillation and was 

isolated as a colorless liquid.
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Scheme 6-2: Synthesis of ethyl diphenylphosphinite

Ph Ph
P— Cl + EtOH ► P— OEt + E t^^m l:! '

^ ^ 4  ^ ^ 3  (30%)

Ethyl chlorophenylphosphinite (5) was prepared by three different routes 

(Scheme 6-3) to establish the most efficient route to it. In the first method, equimolar 

quantities o f dichlorophenylphosphine (6 ) and diethyl phenylphosphinite (7) reacted 

in ether at 0 The second procedure is a modification o f that used for the

synthesis o f 3. Dichlorophenylphosphine (6 ) reacted with one equivalent o f ethanol 

in the presence o f triethyiamine. The selective substitution of only one chloro group 

was facilitated by the slow addition of ethanol at low temperature. The yield o f the 

product obtained at -78  °C was higher than at 0 °C. In another route, 

dichlorophenylphosphine was treated with NaOEt at -78 °C. This reaction also gave 

relatively low yields o f the desired phosphinite 5. In all o f the attempts, the product 

was isolated as a clear liquid by vacuum distillation. The chlorophosphinite was 

characterized by 'H  and ^'P NMR and mass spectroscopy. O f all the methods 

described above for the synthesis of ethyl chlorophenylphosphinite, the highest yield 

was obtained from the disproportionation reaction o f dichlorophenylphosphine and 

diethyl phenylphosphinite. The other routes gave modest yields o f the product. All 

o f these reactions require low temperatures for higher selectivity.
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Scheme 6-3: Synthesis of ethyl chlorophenylphosphinite
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6-2-2: SYNTHESIS OF N,N-DISUBSTITUTED AMINOPHOSPHINES AND

AMINOCHLOROPHOSPHINES

Unsymmetricai tertiary phosphines can also be obtained by selective 

sequential displacement o f  amide groups and chloride groups from trivalent 

phosphorus. We investigated the relative leaving group abilities o f the P-Cl and P- 

NRj when treated with organometallic reagents. We already know that the 

displacement o f  chloride occurs very readily using Grignard and organolithium 

reagents. In order to determine the conditions required for the displacement o f the 

amide from aminophosphines the N,N-disubstituted aminophosphines, were obtained
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by following a literature procedure. ' ^  Chlorodiphenylphosphine in anhydrous 

benzene was treated with an excess o f the secondary amine at 5-10 “C (Scheme 6-4).

Scheme 6-4: Synthesis of N.i\-diaIkylamino diphenylphosphines

Ph R Ph R

p — Cl + h n ^  - S "  / P - \  "
Ph^ R Ph^

(7) R = i-Pr(60% )
(8) R =  Et (6 8 %)

N,N-DiisopropyIamino diphenylphosphine (7) and N,N-diethylamino 

diphenylphosphine (8) were obtained after vacuum distillation o f the crude residue. 

Aminophosphine 7 is a low melting solid. The spectral data for the two compounds 

correspond to those reported in the literature.

N-Methyl-N-phenylamino diphenylphosphine (9) was also prepared via a 

known rou te .'^  N-Methylaniline (10) was deprotonated to form the corresponding 

lithium-amide salt ( 11 ), which was then combined with chlorodiphenylphosphine 

(Scheme 6-5).

Scheme 6-5: Synthesis of N-methyl-N-phenylamino diphenylphosphine

Ph ^R Ph^ / P h
/  + Lj benzene, /  Ph^CI _

\ „ 3
10 11 Ih 9

(29%)
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Aminophosphine 9 is a new compound. It was obtained as a white crystalline solid 

and was characterized spectroscopically. The ’H MMR spectrum o f 9 shows a 

doublet for the N-CH3 group (2.60 ppm) due to coupling to the vicinal phosphorus 

atom. Only one signal is present in the ^'P NMR spectrum in the characteristic region 

for aminophosphines (55.0 ppm). The molecular ion is seen as the base peak in the 

mass spectrum (m/'z 291), confirming the structure o f the aminophosphine 9.

The starting materials required for the investigation o f selective nucleophilic 

substitution on phosphorus to obtain unsymmetricai tertiary phosphines, 

chloroaminophosphines (12 and 13), were prepared by a modification of the 

procedure used for the synthesis o f the aminophosphine 9 (Scheme 6 -6 ).

Scheme 6-6: Synthesis of aminochlorophosphines

.Ph Ph R Ph
/  _ R P g ^  \  /

V h  o™  \ „ t h f , o ° c  \
^ " 3  0°C  to r t ^«3 Cl \ h 3

(12) R = Ph(71%)
(13) R = Et (72%)

N-Methylaniline was deprotonated and the lithium-amide salt thus formed was then 

added dropwise to a solution o f  organodichlorophosphine at 0 "C. The selective 

substitution of only one chloro group was promoted by the slow addition o f the amide 

reagent at low temperature. The desired chloroaminophosphines 12 and 13 are new 

compounds and were isolated in good yields as liquids by vacuum distillation o f the 

crude mixture and were characterized by 'H and ^'P NMR and mass spectrometry. 

These aminochlorophosphines show a doublet for the N-CH3 protons in the 'H NMR
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spectra due to coupling with the vicinal phosphorus atom. The 'H  NMR spectrum for 

compound 13 also shows coupling o f the CH2CH3 methyl protons with phosphorus. 

The NMR spectra give single resonances at very high chemical shifts due to

extremely electron withdrawing groups attached to the phosphorus. The mass 

spectrum (FAB) o f  12 shows the molecular ion (m/z 249) with the characteristic 

chloride pattern.

6-2-3: REACTIONS OF PHOSPHINITES AND CHLOROPHOSPHINITES 

WITH GRIGNARD REAGENTS

To prepare unsymmetricai tertiary phosphines in solution by selective 

stepwise substitution o f P-Cl and P-OEt groups, their reactivity towards 

organometallic reagents was investigated. Ethyl diphenylphosphinite (3) reacted with 

MeMgCl at room tempreature to produce methyldiphenylphosphine (14) in good 

yield (Scheme 6-7).

Scheme 6-7: Reaction of ethyl diphenylphosphinite with G rignard reagent

P h \  P h ^
P— OEt + CHjMgCl -------------► P— CH,

P h'^  (2 equiv) ^  Ph
3 14 (71%)

The substitution o f the ethoxy group was slow at room temperature as some unreacted 

phosphinite 3 was present even after 9 h with methyldiphenylphosphine 14. 

Complete conversion was obtained after stirring the reaction mixture overnight (21 

h). The success o f  this substitution reaction and the time required for the completion 

o f the reaction suggested the possibility o f achieving selective displacement o f
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chloride in the presence of the alkoxy group. However, chlorophosphinite 5 reacted 

with one equivalent o f MeMgCl at room temperature to give a complex mixture o f 

products, including ethyl methylphenylphosphinite (15), the monosubstitution 

product, and dimethyIphenyIphosphine (16), the disubstitution product (Scheme 6 -8 ), 

as determined by 'H and ^'P NMR.

Scheme 6-8: Reaction of ethyl chlorophenylphosphinite with Grignard reagent

Mixture o f several compounds including 
CHjMgCl (1 e^) CHj CHj

E tjO rt Ph— -p. + Ph----- P.

15 OEt 16 CH3

Ph— P (  /  C H ,M :C I(leq )
% E , \  E.,0.-78»C

5

15 16

Reaction o f  chlorophosphinite 5 with one equivalent of MeMgCl at -78 °C resulted in 

the selective formation of the desired monosubstitution product 15. This selectivity 

was, however, lost when 5 was treated with two equivalents o f the Grignard reagent 

at low temperature, yielding both mono- and di-substitution products 15 and 16.

Hence, it is apparent that selective sequential substitution o f chloro and alkoxy 

groups by the use o f common organometallic reagents will be possible only with the 

use o f one equivalent of the nucleophilic reagent in the first step at very low
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temperature. However, this is not a favorable procedure for solid phase organic 

synthesis in which the use o f excess reagents under ambient conditions is desirable to 

promote complete conversion. The difference between the leaving group abilities o f 

the chloro and alkoxy substituents is not large enough to allow this. Therefore, 

extension of this procedure to polymer supports is not expected to be feasible.

6-2-4: REACTIONS OF -AMINOPHOSPHINES WITH ORGANOMETALLIC

REAGENTS

To explore the reactivity o f amino groups bonded to trivalent phosphorus 

towards organometallic reagents, we studied N,N-dialkyl- and N-methyl-N- 

phenylaminophosphines. Once general conditions for the substitution of the amino 

group were determined, selective displacement o f chloride in presence of the amino 

substituent to produce unsymmetricai tertiary phosphines was studied using 

chloroaminophosphines as the starting material.

A. REACTION OF N,N-DIALKYLAMINO DIPHENYLPHOSPHINES AND 

N-METHYL-N-PHENYLAMINO DIPHENYLPHOSPHINE WITH 

ORGANOMETALLIC REAGENTS.

Based on the results provided in the literature r e p o r t , w e  studied the 

reaction o f N,N-dialkylaminophosphines 7 and 8  with representative organolithium, 

Grignard and organoaluminum reagents (Scheme 6-9). These aminophosphines were 

observed to be unreactive towards all the organometallic reagents used. Reactions
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were also attempted at elevated temperatures using excess o f the reagent. In all of 

these cases, the starting aminophosphines were recovered.

Scheme 6-9: Reaction of dialkylamino diphenylphosphine with 
organometallic reagents

Ph R
\  /  CHjM gCl, CHjLi

P— N -------------------------- ► No Reaction
/  \  or (CH3)3A1

Ph R

(7) R = i-Pr
(8) R =  Et

In view o f  the literature report,' the potentially ligating group at the position ortho 

to the phosphorus appears to be a prerequisite for substitution to occur at phosphorus.

Given the unreactivity o f the N,N-dialkylaminophosphines 7 and 8  we 

decided to study the reaction of N-methyl-N-phenylamino diphenylphosphine (9) 

with organometallic reagents. This aminophosphine was expected to be more 

reactive because it has a better leaving group, namely N-methylanilide. 

Aminophosphine 9 reacted with MeMgCl at room temperature, but only slowly, 

producing the desired methyldiphenylphosphine (14) (Scheme 6-10). Complete 

consumption o f the starting material does not occur even upon using a ten-fold excess 

reagent and heating for two days.
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Scheme 6-10: Reaction of .\-methyl-i\-phenylamino diphenylphosphine with organometallic 
reagents

Ph^ / P h
CHjMgCl (xs) \  /  CHîLi------------------ p — --------------

THF, reflux /  \  THF, rt
48h Ph ^ CH3 2h

P \

P — N  +  P — C H ,  /

P /  \ h ,  P h ^ , ^  P”

P— CH,

Ph
14

However, reaction o f 9 with MeLi proceeded to completion in < 2h at room 

temperature, yielding the desired phosphine 14 as the only product (Scheme 6-10). 

This result is significant in that it suggested that we could achieve selective stepwise 

substitution o f the chloro and N-methyl-N-phenylamino groups on trivalent 

phosphorus using Grignard and organolithium reagents in sequence, under ambient 

conditions, to yield unsymmetricai tertiary phosphines. A diverse collection o f such 

phosphines could potentially be obtained as a large variety of Grignard and 

organolithium reagents are readily available.

B. SYNTHESIS OF ÜNSYMMETRICAL TERTIARY PHOSPHINES: 

SELECTIVE SEQUENTIAL NUCLEOPHILIC SUBSTITUTION ON 

PHOSPHORUS (III).

Unsymmetricai tertiary phosphines were prepared by highly selective and 

sequential nucleophilic substitution reactions on trivalent phosphorus.'^’ The 

chloroaminophosphines 12 and 13 reacted with a range o f Grignard reagents (1.5
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equiv, THF, 20 ‘̂ C, 2-3 h) to produce the corresponding aminophosphines (17) in 

excellent yields and high purity after aqueous workup (Scheme 6-11. Table 6-1).

Scheme 6-11: Synthesis of aminophosphines

R 'M gx \  _
y  \  THF,

Cl CH, 0 °C to rt R.' CHi
R = Ph 12 17

Et 13

Table 6-1

12/13 R'MgX 17
Yield

(% ) ppm

12 i-PrMgCl R = Ph 
R'= i-Pr 8 6 57.4

12

12

CHjMgCl

^ ^ M g B r

a
R = Ph 
R'= CH3 

b
R = Ph
R’= CH=CH2

83

95

42.1

50.2

12 p-TolMgBr R = Ph
R'= 4-MeC6H4 

d
94 54.3

12

12

12

o-TolMgBr

2 ,6 -Me2CgH3MgBr

TMSCHiMgCl

R = Ph
R’= 2-MeC6H4 

f
R = Ph
R'= 2,6-MezC6H3 

g
R = Ph 
R'= CH2TMS 

h

96

89

87

48.6

49.7 

45.3

13 p-TolMgBr R = Et
R — 4-MeC^H4 

i
R = Et 
R'= CH2Ph

j

90 52.0

13 PhCHzMgCl 77 53.7

These new aminophosphines obtained were characterized by 'H  and NMR

199



spectroscopy. Various substituents, including alkyl, vinyl and aryl, were efficiently 

incorporated via selective displacement o f the chloride.

These aminophosphines, in turn, reacted readily with organolithium reagents 

in THF at room temperature (2 h) to produce the desired unsymmetrical tertiary 

phosphines 18 (Scheme 6-12, Table 6-2). References for the previously known 

tertiary phosphines have been provided in Table 6-2. The products were isolated by 

precipitating out the lithium N-methylanilide salt produced and unreacted 

organolithium reagent from a nonpolar solvent (hexane). The isolated yields o f the 

more volatile dialkylarylphosphines were only moderate (Entries 18a-c). In these 

cases the separation o f the phosphine from the lithium-amide salt was not very 

effective due to the phosphines being slightly soluble in water and also easily air 

oxidized. However, diarylalkylphosphines were isolated in high yields, including 

sterically hindered ones (Entries 18f, g). The purity o f the phosphines obtained was 

determined by ‘H and ^'P NMR spectroscopy and by combustion analysis (for 18f, g). 

Phosphine 18b could not be separated from the byproduct, lithium N-raethylanilide 

salt. Hence, its yield was determined from the 'H NMR spectrum via integral ratios.

It is also possible to obtain the unsymmetrical tertiary phosphines without 

isolating the intermediates. Phosphine 18f was prepared in this way (Scheme 6-13). 

Commercially available dichlorophenylphosphine was first treated with LiNMePh 

and then o-tolylMgBr. When the formation o f aminophosphine 17f was complete 

(1.5 h) the solvent was removed at reduced pressure and the inorganic salts formed 

and any unreacted Grignard reagent were removed by trituration with benzene.
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Scheme 6-12: Synthesis of unsymmetrical tertiary  phosphines

RR ^  y P h

P N

\ H g
17

R"Li \
THF /  

0 ° C t o r t  R'

P R"

18

Table 6-2

17 R"Li 18 Yield
(%) ppm

R  = Ph 
R'= i-Pr

CHjLi R = P h  
R '= i-Pr 
R"= CH3

16 - 19.7

a a
R = Ph 
R’= CH3 

b

t-BuLi R = Ph 
R' = CH3 
R"= t-Bu 

b

44 - 10.6

R =  Ph CHjLi R = Ph 54 -31.8
R'= CH=CH2 R' = CH=CHi

c R"= CH3 " 
c

R =  Ph
R'= 4-MeQH4 CH3L1 R = P h

R' = 4-MeQH4 95 -28.5
d R"= CH3 

d
It t-BuLi R = Ph 76 - 16.3R -  4-MeQH4

R"= t-Bu
e

R = Ph CH3Li R = Ph 93 -36.9R'= 2-MeCôH4 R' = 2-MeQH4
f R"= CHj 

f
R = Ph CHjLi R = P h 70 -37.0R'= 2,6-Me2C6H3 R' = 2,6-MeiC5H3

g R"= dH] -
g

R =  Ph CHjLi R =Ph 98 -40.6
R'= CH2TMS 

h
R ’= CHjTMS 
R"= C1Ç 

h
R = Et PhLi R = Et 99 - 13.1
R -  4-MeQH4 R' — 4 -M6C5H4 

R"= Phi
R =  Et 
R '= CHzPh PhLi

R ^ E t  
R' = CH2Ph 
R"= Ph

78 - 14.5

j j
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This step was required because otherwise reaction o f the aminophosphine 17 with the 

organolithium reagent did not occur and only unreacted 17 could be isolated from the 

reaction mixture. The solvent was removed from the benzene solution and the 

residue was then dissolved in THF. MeLi was then added to yield the phosphine in 

59 % overall yield.

Scheme 6-13: Synthesis of o-tolylmethyiphenylphosphine without isolation of 
the intermediates

CL
\  1. LiNCHjPh, THF, 2 h

P— Cl -------------------------------- *
. /  2. o-tolylMgBr, THF,

20°C , I.S h  
3. CHjLi, THF 

20 °C, 3 h

HjC
HjC^ \ _

Ph

\
1

18f
(59%)

6-3: CONCLUSIONS

This chapter describes a novel synthesis o f unsymmetrical tertiary phosphines 

via highly selective sequential nucleophilic substitution reactions on trivalent 

phosphorus. Chloroaminophosphines (12 and 13) react with Grignard reagents to 

form the corresponding aminophosphines 17 by substitution o f the chloride which 

then react efficiently with organolithium reagents to produce the tertiary phosphines 

by displacement o f N-methylanilide. These phosphines were obtained in good yields 

and high purities. In comparison to the prior methods available for synthesis o f 

tertiary phosphines, this route allows for an efficient and general synthesis o f 

unsymmetrical tertiary phosphines using very easily accessible starting materials and 

reagents. The conditions required are also very mild. Each step is extremely
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selective and no polysubstitution is observed even with use o f excess of reagents. 

The reaction times for each stage are short. Hence, this methodology has several 

obvious advantages over the earlier routes to obtain unsymmetrical tertiary 

phosphines.

Application o f this methodology for the solid phase synthesis of phosphine 

libraries remains to be investigated. In order to achieve this, the starting 

chloroaminophosphine (19) will be attached to the polymer. Reaction of this with 

Grignard reagents will yield the polymer bound aminophosphine (20), which can then 

react with organolithium reagents to produce the tertiary phosphine (2 1 ) and 

regenerate the original polymer (Scheme 6-14).

Scheme 6-14: Solid phase synthesis of unsymmetrical tertiary  phosphines.

Ph R
/  phpch  I /

(̂  — C— N  ------------=^(^pk/s /N /«— C — N — Pv

19

R'MgX
r
Ph R

C — N— P, 

20

R"Li

R/P h  /
C pW ^ ^ C — N + R" P \
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6-4: EXPERIMENTAL SECTION

General: All starting materials were obtained from commercial sources. Diethyl 

ether, benzene and THF were distilled under nitrogen from sodium and 

benzophenone. Dichloromethane was distilled under nitrogen from CaH]. 

Anhydrous methanol and DMF were used as provided by Fisher and Aldrich 

chemical companies, respectively. All air- and moisture-sensitive reactions were 

performed under nitrogen and all such reagents were handled in the dry box. All the 

glassware was oven dried and flushed with nitrogen before use.

'H  and ^’P NMR spectra were obtained using a Varian XL-300 or Varian 

Unity Inova-400 instrument. The data is given in units o f parts per million (ppm) 

relative to TMS in 'H NMR spectra. The residual solvent signals are used for 

referencing. The signals in the ^'P NMR spectra are referenced with respect to 

H:,POa. The infra-red (IR) data were recorded on a Bio-Rad FTS-7 FT-IR instrument. 

A Hewlett Packard 5790A gas chromatograph using a 3 m column packed with OV- 

101 was used. The GC-MS and low resolution El data were obtained on Hewlett 

Packard 5985A GC/MS system. The melting points were measured using a Mel- 

Temp apparatus and the values reported are not calibrated. Elemental analyses were 

performed at the Midwest Microlab (Indianapolis, IN)

6-4-1: SYNTHESIS OF ETHYL DIPHENYLPHOSPHINITE (3)

Compound 3 has been prepared previously by the route described. 

Absolute EtOH (10.0 mL) was flushed with nitrogen in a dry round bottom flask. To
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this distilled EtjN (7.58 g, 10.4 mL, 0.075 mol) was added under nitrogen. 

Chlorodiphenylphosphine (11.0 g, 9.15 mL, 0.050 mol) was added dropwise to this 

solution at room temperature with stirring. A white solid was formed during this 

exothermic reaction. The reaction mixture was refluxed for 2 h. After this time the 

solution was cooled to room temperature and the solid formed was filtered under 

nitrogen. The solvent was removed from the filtrate under vacuum to yield a pale 

yellow liquid. The crude residue was distilled under vacuum. The product was 

obtained as a clear colorless liquid at 108-110 "C (1 mm Hg) in 30% yield (3.50 g, 

0.015 mol). 'H  NMR (400 MHz, CDClj) 6 1.32 (t, J = 7.2 Hz, 3H), 3.89-3.97 (m, 

2H), 7.25-7.40 (m, 6H), 7.45-7.60 (m, 4H); ^'P{'H} NMR (162 MHz. CDClj) 6 

110.2 (literature chemical shift 110.5)'"; IR (nujol) 696, 738, 922, 1046, 1094, 1386, 

1435, 1480, 1587, 2876, 2974, 3070, 3090 cm '; MS (El, 70eV DIP, m/z, rel. 

intensity) 230 (ML 34). 201 (100), 77 (17).

6-4-2: SYNTHESIS OF DIETHYL PHENYLPHOSPHINITE (7)

Phosphine 7 is also a known c o m o u n d .D is t i l le d  EtjN (12.6 g, 17.4 mL, 

0.125 mol) and absolute EtOH (30 mL) were added to a dry round bottom flask under 

nitrogen. To this PhPCb (8.95 g, 6.78 mL, 0.050 mol) was added dropwise at room 

temperature. This resulted in an exothermic reaction and the formation of a white 

solid. After the addition of dichlorophenylphosphine was complete, the reaction 

mixture was re fluxed for 2 h. The solution was then cooled, the solid was filtered 

under nitrogen, and the solvent was removed from the filtrate under vacuum. The 

pale yellow colored liquid obtained was then distilled under vacuum. The product
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was obtained as a clear colorless liquid at 71-72 °C (I mmHg) in 40% yield (4.03 g, 

0.020 mol). 'H NMR (400 MHz, CDCI3) 6  1.27 (t, J = 7.0 Hz, 6 H), 3.75-3.83 (m, 

4H), 3.88-4.00 (m, 4H), 7.30-7.45 (m, 3H), 7.55-7.62 (m, 2H); ^'P {’H} NMR (162

MHz. CDCI3) 0  153.5 (literature chemical shift 153.5). 185

6-4-3: SYNTHESIS O F  ETHYL CH LO ROPH EN Y LPHO SPH IN ITE (5)

The previously prepared chlorophosphinite 5 was obtained via the published 

precedure.'*^ Ethyl chlorophenylphosphine (5) was prepared by three different 

routes.

a) A solution o f PhPCN (3.58 g, 2.71 mL, 0.020 mol) in EtiO (15 mL) in a dry flask 

was cooled in an ice bath. To this a solution o f PhP(OEt)2 (4.02 g, 0.020 mol) in 

EtiQ (5 mL) was added dropwise with stirring. The reaction mixture was then 

warmed to room temperature and then stirred for 2 h. The solvent was removed from 

the reaction mixture under vacuum and the residue was vacuum distilled. The 

product was obtained as a clear liquid at 6 8  “C (1 mm Hg) in 60% yield (4.49 g, 0.024 

mol). 'H  NMR (400 MHz, CôDô) ô 1.51 (t, J = 6 .8  Hz, 3H), 4.14-4.31 (m, 2H), 7.60- 

7.70 (m, 3H), 8.25-8.35 (m, 2H); ^ 'P ('H ) NMR (162 MHz, C^De) 6 172.9 (literature 

chemical shift 177.0),'^^ MS (El, 70eV DIP, m/z, rel. intensity) 188 (M, 14), 190 

(M+2, 6 ), 178 (16), 176 (21), 162 (11), 160 (34), 153 (7), 145 (11), 143 (36), 125 

(46), 107 (32), 105 (13), 94 (17), 77 (100), 51 (47), 50 (25), 47 (38).

b) A solution o f PhPCb (8.95 g, 6.78 mL, 0.050 mol) and Et3N (6.06 g, 8.34 mL, 

0.060 mol) in EtiO (25 mL) was cooled in an ice bath to 0 °C. Degassed absolute
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EtOH (2.30 g, 2.93 mL, 0.050 mol) was added to this solution dropwise over a 45 

minute period with stirring. A white solid formed upon addition o f EtOH. The 

reaction mixture was warmed to room temperature after the addition of EtOH was 

complete and stirred for 4 h. After this time, the solid formed was filtered and the 

solvent was removed from the filtrate. The residue was distilled under vacuum to 

give the product in 15% yield (1.38 g). This procedure when performed at -78 

yielded the product in 32% yield. The ‘H and NMR spectra were identical to 

those reported above.

c) Degassed absolute EtOH (2.30 g, 2.93 mL, 0.050 mol) was mixed with EtiO (30 

mL) in a dry flask under nitrogen. To this freshly cut small pieces o f sodium (1.14 g, 

0.050 mol) were added with stirring and cooling the flask in an ice bath. Once the 

exothermic reaction had subsided, the solution was warmed to room temperature and 

then transferred to a dropping funnel connected to a flask containing PhPCL (8.95 g, 

6.78 mL, 0.050 mol) in EtiO (10 mL) under nitrogen at -78  °C. The NaOEt solution 

was then added slowly with stirring. After the addition was complete, the reaction 

mixture was stirred at -78  °C for 1 h. The solution was warmed to room temperature 

and was stirred for an additional 2 h. The solid formed was filtered under nitrogen 

and the solvent was removed from the filtrate under vacuum. The liquid obtained 

was vacuum distilled to give the product in 14% yield (1.31 g). The spectral data 

were identical to those obtained above.

207



6-4-4: SYNTHESIS OF N, N-DIALKYLAiMINO DIPHENYLPHOSPHINES (7

AND 8)

The aminophosphines 7 and 8 were prepared by following the published 

route.' * Diisopropylamine was distilled over NaOH under nitrogen and diethylamine 

was distilled over K.OH under nitrogen. A solution o f R,NH (R = i-Pr, Et; 0.125 mol) 

in distilled benzene (70 mL) in a dry flask under nitrogen was cooled using an ice 

bath to 0-5 ‘̂ C. To this a solution of PhiPCl (9.20 mL, 0.050 mol) in benzene (20 mL) 

was added dropwise. The reaction mixture was warmed to room temperature and 

stirred for 16 h. The amine hydrochloride formed was filtered under nitrogen and 

washed with anhydrous benzene. The solvent was removed from the combined 

filtrate under vacuum and the pale yellow liquid obtained was distilled at reduced 

pressure to give the product. The spectral data o f the products match with those 

reported in literature.' ^

7) The liquid that distilled under vacuum was a solid at room temperature. Yield 

60% (3.65 g, 0.013 mol); mp 52 °C (literature mp 69 T ) ;  'H NMR (400 MHz, 

CDCb) Ô 1.12 (d, J = 6.6 Hz, 12H), 3.33-3.53 (m, 2H), 7.30-7.40 (m, 6H), 7.50-7.60 

(m, 4H); ^'P{'H} NMR (162 MHz, CôDô) ô 37.2 (literature chemical shift 37.6 ppm); 

IR(KBr) 699, 744, 849, 868, 966, 1015, 1089, 1154, 1178, 1195, 1309, 1360, 1376, 

1386, 1434, 1461, 1478, 1586, 1850, 1966, 3067 c m M S  (El, 70eV DIP, m/z, rel. 

intensity) 285 (M, 69), 270 (13), 242 (23), 228 (47), 194 (72), 185 (81), 183 (100), 

152 (23), 122 (15), 109 (21), 108 (34), 100 (36), 43 (10).
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8 ) The liquid obtained after distillation is unstable to air and to light. Yield 6 8% 

(8.75 g, 0.034 mol); 'H NMR (400 .MHz, CDCI3) 6 0.94 (t, J = 6.9 Hz, 6H), 3.02- 

3.13 (dq, J = 9.5, 7 Hz, 4H), 7.30-7.50 (m, lOH); "'P{'H} NMR (162 MHz, Q D *)6 

60.8 (literature chemical shift 61.4 ppm); IR (KBr) 652, 696, 743, 791, 998, 1022, 

1068, 1089, 1183, 1197, 1375, 1434, 1461, 1478, 1583, 2855, 2966, 3068 cm

6-4-5: SYNTHESIS OF N-iVIETHYL-N-PHENYLAMINO DIPHENYL- 

PHOSPHINE (9)

PhNHMe was distilled from FCOH under nitrogen before use. In a dry flask, 

PhNHMe (6.43 g, 6.50 mL, 0.060 mol) and HMPA (10.9 g, 10.6 mL, 0.610 mol) 

were dissolved in distilled benzene (20 mL) under nitrogen. To this solution small 

pieces o f  Li wire (0.400 g, 0.600 mol) were added and the reaction mixture was 

stirred at room temperature until the Li was consumed. The suspension was cooled to

5-10 using an ice bath. In a separate flask, PhiPCl (11.0 g, 9.00 mL, 0.050 mol) 

was dissolved in benzene (20 mL) under nitrogen. This solution was slowly added to 

the cooled suspension of the Li-amide reagent with stirring and maintaining the 

temperature at 5-10 °C. The reaction mixture was warmed to 50 “C for 1 h to obtain a 

clear orange solution. After this the reaction mixture was again cooled to 10 °C and 

ice (50g) was added slowly. The layers were separated and the aqueous layer was 

extracted with benzene (2 x 15 mL). The combined organic solution was dried 

(NaiSO^) and the solvent was removed under vacuum. The yellow liquid obtained 

was triturated with EtOH to produce the white crystalline product in 29% yield (4.21 

g, 0.015 mol), mp 53-54 °C. 'H  NMR (300 MHz, CôDô) 5 2.60 (d, J = 1.5 Hz, 3H),
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6.86 (t, J = 7.2 Hz, IH), 7.05-7.12 (m, 5H), 7.20 (d, J = 7.5 Hz, 2H), 7.26-7.46 (m, 

7H); - 'P {‘H} NMR (162 MHz, C^Dô) ô 55.0; IR (KBr) 697, 740, 751, 866, 1065, 

1082, 1178, 1192, 1264, 1284, 1432, 1471, 1496, 1575, 1597, 2816, 2888, 3000, 

3060, 3080 cm '; MS (El, 70eV DIP, m/z, rel. intensity) 291 (M, 100), 292 (M+1, 6), 

290 (50), 214 (12), 185 (19), 183 (53), 152(10), 122 (12), 109(31), 107(15), 77(24).

6-4-6: SYNTHESIS OF N-METHYL-N-PHENYLAMINO CHLOROALKYL- 

PHOSFHINES 12 AND 13

In a dry flask PhNHMe (3.22 g, 3.25 mL, 0.030 mol) was dissolved in 

distilled THF (5 mL) under nitrogen and the solution was cooled to 0 °C. To this n- 

BuLi (0.035 mol in hexane) was added slowly and the resulting white suspension was 

stirred at room temperature for 45 min. The solvent was evaporated and the white 

solid obtained was dissolved in dry THF (150 mL). This solution was added 

dropwise to RPCL (R = Ph, Et; 0.025 mol) in THF (20 mL) at 0 '^C. The reaction 

mixture was stirred at room temperature for 2 h. The solvent was removed from the 

reaction mixture under vacuum and the residue was triturated with distilled CH^CL to 

remove all the inorganic salts formed. These salts were filtered under nitrogen and 

the solvent was evaporated from the filtrate under vacuum. The crude material was 

distilled at reduced pressure to produce the products.

12) The product distilled at 115-124 °C (0.4 mm Hg) in 76% yield (4.76 g, 0.019 

mol). 'H  NMR (400 MHz, CDCI3) ô 2.91 (d, J = 5.6 Hz, 3H), 7.05-7.15 (m, IH), 

7.30-7.40 (m, 4H), 7.40-7.55 (m, 3H), 7.70-7.80 (m, 2H); ^'P{'H} NMR (162 MHz,
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CDCb) à 132.9; MS (El, 12 eV DIP, m/z, rel. intensity) 249 (M*, 100), 251 (M"+2,

34), 214 (29), 183 924), 172 (10), 143 (10), 107 (10).

13) The crude material was quite pure as judged from the 'H NMR spectrum in 89% 

yield. Purified product was obtained by distillation at 70-78 °C (0.4 mm Hg) in 72% 

yield (4.06 g, 0.020 mol). 'H NMR (400 MHz, CDCb) 6 1.12 (td, J = 19.2, 7.6 Hz, 

3H), 1.96-2.17 (m, 2H), 3.12 (d, J = 7.2 Hz, 3H), 7.05-7.35 (m, 5H); ^‘P{‘H} NMR 

(162 MHz, CDCb) 6 146.3.

6-4-7: REACTION OF PHOSPHINITE 3 WITH ORGANOMETALLIC 

REAGENTS

Ethyl diphenylphosphinite (1.00 g, 4.35 mmol) was dissolved in dry THE (8 

mL) in a dry flask under nitrogen. To this MeMgCl (3 M in THE, 2.90 mL, 8.70 

mmol) was added dropwise at room temperature. The reaction mixture was then 

stirred at room temperature. Aliquots were withdrawn at regular intervals and 

worked up by adding a 1 M solution o f NKtCl and analyzed by 'H and ^‘P NMR 

spectroscopy. The expected product, methyldiphenylphosphine, could be seen along 

with some unreacted phophinite 3 even after 9 h. The reaction mixture was stirred 

under nitrogen overnight (23 h). The reaction mixture was then washed with 1 M 

NHjCl solution (3 x 20 mL) and then with water. The organic layer was dried 

(MgS0 4 ) and the solvent was then removed to give the product as a clear colorless 

liquid in 71% yield (0.620 g, 3.10 mmol). ‘H NMR (400 MHz, CDCb) ô 1.61 (d, J =
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3.6 Hz, 3H), 7.25-7.50 (m, lOH); NMR (162 MHz, CDCI3) ô -27.4

(literature chemical shift -28.0).”*̂

6-4-8: REACTION OF CHLOROPHOSPHINITE 5 WITH MeMgCl

Ethyl chlorophenylphosphinite (1.31 g, 6.97 mmol) was dissolved in distilled 

Et]0 (10 mL) in a dry flask at room temperature under nitrogen. A 3 M solution of 

MeMgCl (2.32 mL, 6.97 mmol) was added dropwise at the specified temperature and 

the reaction mixture was stirred at that temperature. Aliquots were withdrawn at 

regular intervals, worked up using a 1 M NH4CI solution, and analyzed by NMR 

spectroscopy for the presence of PhMePOEt (15) and/or PhPMe2 .(I6 ).

15) 'H NMR (400 MHz, CDCI3 ) 6  1.23 (t, J = 7.0 Hz, 3H), 1.47 (d, J = 5.6 Hz, 3H), 

3.65-3.80 (m, 2H), 7.25-7.40 (m, 3H), 7.45-7.60 (m, 2H); -'P{‘H) NMR (162 MHz, 

CDCI3 ) 6  112.6.

16) 'H NMR (400 MHz, CDCI3 ) 5 1.30 (d, J = 2.2 Hz, 6 H), 7.20-7.40 (m, 5H); 

^'P{‘H | NMR (162 MHz, CDCI3 ) 5 -46.0 (literature chemical shift -46.0).'*^

6-4-9: REACTION OF N, N-DIALKYLAMINOPHOSPHINES 7 AND 8 WITH 

ORGANOMETALLIC REAGENTS

In a dry flask the aminophosphine 7 or 8  (5.00 mmol) was dissolved in 

distilled THF (5 mL) under nitrogen and the required organometallic reagent was 

added with stirring. The reaction mixture was refluxed for 24 h. Aliquots were 

analyzed by NMR spectroscopy at regular intervals for the presence of
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methyldiphenylphosphine. No reaction was observed and only the aminophosphine 

was seen.

6-4-10: REACTION OF N-METHYL-N-PHENYLAMINOPHOSPHINE 9 

WITH ORGANOMETALLIC REAGENTS

a) The aminophosphine 9 (1.46 g, 5.00 mmol) was dissolved in distilled THF (5 mL) 

in a dry flask under nitrogen. To this MeMgCl (3 M in THF, 2.50 mL, 7.50 mmol) 

was added at room temperature and stirred. An aliquot analyzed after 3 h showed 

only the starting material in the 'H  NMR spectrum. The reaction mixture was 

refluxed and monitored at regular intervals. No conversion was observed after 3 h of 

refluxing. Additional MeMgCl (4.00 mL, 12.0 mmol) was added and continued to 

reflux. The reaction mixture was cooled after a total o f 47 h o f  heating and EtiO was 

added. This was washed with 1 M NH4CI solution. The organic layer was dried 

(MgSOa) and the solvent was then removed. The crude material was analyzed by 

NMR spectroscopy which showed the presence o f the unreacted aminophosphine 9 as 

the major component and methyldiphenylphosphine as the major product.

b) The aminophosphine 9 (0.730 g, 2.50 mmol) was dissolved in distilled THF (5 

mL) in a dry flask under nitrogen. To this was added MeLi (1.4 M in THF, 17.86 

mL, 25.00 mmol) at room temperature. The reaction mixture immediately turned 

yellow. It was stirred and an aliquot was taken after 2.5 h and worked up using 1 M 

NH4CI solution as described above. The sample was analyzed by 'H and *̂P NMR 

spectroscopy, both o f which showed only the product 14 and no starting material 9.
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6-4-11: REACTION O F N-M ETHYL-N-PHENYLAM INO C H LO R O - 

PHOSFHINES 12 AND 13 W ITH  GRIGNARD RE AGENTS

To a stirred solution o f the chloroaminophosphines 12 or 13 in THF (1 M) at 0 

°C was added 1.5 equiv o f the required Grignard reagent. The reaction mixture was 

then warmed to room temperature and stirred until all o f the starting material had 

reacted (as determined by 'H  and "'P NMR spectroscopy; 2-3 h). The solution was 

then cooled in an ice bath and a IM NH4CI solution was slowly added for complete 

neutralization. The organic layer was separated, dried over Na2S0 4 , and the solvent 

was removed under vacuum to produce the pure intermediate aminophosphines 17 as 

pale yellow liquids in very high yields which were used in the next step without 

further purification.

17a) Yield 8 6 %; 'H NMR (400 MHz, CDCI3) 6  1.11 (dd, J = 6 .8 , 2.0 Hz, 3H), 1.15 

(dd, J = 6.9, 3.0 Hz, 3H), 2.48-2.62 (m, IH), 2.75 (d, J = 1.6 Hz, 3H), 7.10-7.60 (m, 

lOH); -'P{‘H} NMR (162 MHz, CDCI3) 6 57.4.

17b) Yield 83%; ‘H NMR (400 MHz, CDCI3) 6  1.59 (d, J = 6 .8  Hz, 3H), 2.83 (d, J =

2.0 Hz, 3H), 7.22-7.40 (m, lOH); ^'P{‘H} NMR (162 MHz, CDCI3) 6  42.1.

17c) Yield 95%; ‘H NMR (400 MHz, CDCI3) 6  2.90 (d, J = 2.0 Hz, 3H), 5.85 (ddd, 

J =  18.4, 14.2, 2.2 Hz, IH), 6.01 (ddd, J = 32.1, 11.8,2.0 Hz, IH), 6.62 (ddd, J = 18.6, 

11.9, 14.0 Hz, IH), 7.20-7.50 (m, lOH); ^ 'P ('H ) NMR (162 MHz, CDCI3) 6  50 2; IR
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(neat) 694, 747, 863, 991, 1027, 1066, 1084. 1177. 1274, 1495, 1597, 1577, 2809, 

2890, 2950,3066 cm '.

17d) Yield 94%; ‘H NMR (400 MHz, CDCI3) 5 2.37 (s, 3H), 2.83 (d, J = 2.0 Hz, 

3H), 7.10-7.50 (m, 14H); ^'P{'H} NMR (162 MHz, CDCI3) 6  54.3; IR (neat) 679. 

693, 749, 807, 860, 992, 1026, 1967, 1089, 1185, 1265, 1434, 1577, 1596, 1652, 

2810, 2877, 3065 cm '.

170 Yield 96%; 'H NMR (400 MHz, CDCI3) 6  2.19 (s, 3H), 2.74 (d, J = 2.0 Hz, 

3H), 6.82 (m, IH), 7.05-7.41 (m, 13H); ^ 'P{ 'H | NMR (162 MHz, CDCI3) 6 48.6; IR 

(neat) 6 6 8 , 692, 717, 748, 800, 860, 992, 1027, 1085, 1176, 1264, 1434, 1559. 1596. 

1652. 1699, 2810, 2884, 2938, 3056 cm '.

17g) Yield 89%; 'H NMR (400 MHz, CDCI3) 6 2.19 (s. 6 H), 2.86 (d, J = 1.6 Hz, 

3H), 6.80-7.40 (m, 13H); ^'P{'H} NMR (162 MHz, CDCI3) ô 49 7; IR (neat) 690, 

754, 808, 860, 1025, 1076, 1263, 1447, 1489, 1596, 1943, 2810, 2960, 3052 c m '.

17h) Yield 87%; 'H  NMR (400 MHz, CDCI3) ô 0.02 (s, 9H), 1.07 (dd, J = 14.0, 8.4 

Hz, IH), 1.47 (d, J = 14.0 Hz, IH), 2.66 (d, J = 2.4 Hz, 3H), 7.10-7.35 (m, lOH); 

^ 'P{ 'H | NMR (162 MHz, CDCI3) ô 45.3; IR (neat) 693, 744, 783, 865, 992, 1027, 

1067, 1083, 1179, 1249, 1267, 1433, 1495, 1576, 1596, 2811,2896, 29)1 ,3068 cm '.
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17i) Yield 90%; 'H  NMR (400 MHz, CDCb) 6 1.14 (td, J = 17.2, 7.6 Hz, 3H), 1.90 

(m, IH), 2.10 (m, IH), 2.33 (s, 3H), 2.80 (d, J = 2.0 Hz, 3H), 6.80-7.50 (m, 9H); 

" 'P ;'H } NMR (162 MHz, CDCb) 6 52 0; IR (neat) 657, 691, 751, 804, 862, 991, 

1028, 1067, 1083, 1184, 1278, 1456, 1576, 1597, 2810, 2878, 2927, 2954, 3010, 3028 

cm ''.

I7j) Yield 77%; 'H  NMR (400 MHz, CDCb) ô 1.00 (td, J = 16.8, 7.8 Hz, 3H), 1.40- 

1.53 (m, IH), 1.80-1.90 (m, IH), 2.82-2.89 (m, 2H), 2.98 (d, J = 2.0 Hz, 3H), 6.70- 

7.30 (m, lOH); -'P{'H} NMR (162 MHz, CDCb) 6 53.7.

6-4-12: REACTION OF AMINOPHOSPHINES 17 WITH ORGANOLITHIUM 

REAGENTS: SYNTHESIS OF UNSYMMETRICAL TERTIARY 

PHOSPHINES IS

To a solution o f 17 in THE (1 M) at 0 °C was slowly added 1.5 equiv of the 

required organolithium reagent. The reaction mixture was then warmed to room 

temperature and stirred until the reaction was complete as indicated by ‘H and ^'P 

NMR spectroscopy. The solvent was then evaporated under vacuum from the 

reaction mixture and hexane (30-40 mL). was added under nitrogen. After stirring 

this for a few minutes, the solid formed was filtered and the solvent was removed 

from the filtrate under vacuum to yield the pure phosphines.

18a) Yield 16%; 'H  NMR (300 MHz, CDCb) ô 0.92 (dd, J = 14.8, 7.2 Hz, 3H), 1.04 

(dd, J = 13.8, 6.9 Hz, 3H), 1.28 (d, J= 3.0 Hz, 3H), 1.77 (m, IH), 7.27-7.57 (m, 5H);
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NMR (162 MHz, CDCI3) 6  -19.7; MS (12 eV GC-MS, m/z, rel. intensity)

166 (M, 100), 167 (M+2, 10), 151 (6), 124 (80), 123 (6), 108 (3).

18b) Yield 44% ,‘*° 'H  NMR (400 MHz, CDCI3) 5 0.94 (d, J = 12.0 Hz, 9H), 1.29 

(d, J = 4.0 Hz, 3H), 7.30-7.50 (m, 5H); ^’P{'H} NMR (162 MHz, CDCI3) 6  -10.6; 

MS ( 12eV GCMS, m/z, rel. intensity) 180 (M ', 40), 181 (M '+ l, 4), 124(100).

18c) Yield 54%,'*' 'H  NMR (400 MHz, CDCI3) Ô 1.39 (d, J = 2.8 Hz, 3H), 5.61 

(ddd, J = 18.4, 13.0, 2.0 Hz, IH), 5.77 (ddd, J = 28.8, 11.9, 2.0 Hz, IH), 6.42 (ddd, J 

= 18.4, 14.2, 11.8 Hz, IH), 7.25-7.50 (m ,5H ); ^'P{'H} NMR (162 MHz, CDCI3) ô - 

31.8.

18d) Yield 9 5 % ,'"  'H  NMR (300 MHz, CDCI3) 51.59 (d, J= 3.6 Hz, 3H), 2.34 (s, 

3H), 7.10-7.60 (m, 9H); ^'P{'H} NMR (162 MHz, CDCI3) 5 -28.5.

18e) Yield 76%; 'H  NMR (400 MHz, CDCI3) 5 1.15 (d, J = 12.4 Hz, 9H), 2.34 (s, 

3H), 7.15 (d, 2H), 7.30 (m, 3H), 7.40-7.60 (m, 4H); ^'P{'H} NMR (162 MHz, 

CDCI3) 516.3; IR (neat) 698, 744, 806, 1025, 1091, 1180, 1268, 1362, 1394, 1434, 

1496, 1597, 2862, 2852, 3020, 3070 cm"'.

180 Yield 93%; 'H  NMR (400 MHz, CDCI3) 5 1.56 (d, J = 4.0 Hz, 3H), 2.36 (s, 

3H), 7.10-7.40 (m, 9H); ^'P{'H} NM R (162 MHz, CDCI3) 5 -36.9; IR (neat) 6 6 8 ,
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696, 716, 744, 880, 1027, 1132, 1267, 1379, 1434, 2967, 3055 cm '; Elemental 

analysis (CnHi<P) Calculated C. 78.49%; H, 7.06%; P, 14.45%; Found C, 77.15%;

H. 7.08%; P, 15.77%.

18g) Yield 70%; 'H  NMR (400 MHz, CDCI3) 6  1.73 (d, J= 4.8 Hz, 3H), 2.35 (s, 

6 H), 7.00-7.30 (m, 8 H); ^'P{'H} NMR (162 MHz, CDCI3) 6  -37.0; IR (neat) 694, 

743, 772, 874, 905, 1027, 1124, 1377, 1454, 1585, 2852, 2923, 2965, 3053 cm '; 

Elemental analysis (C 15H 17P) Calculated C, 78.92%; H, 7.51%; P, 13.57%; Found C, 

78.62%; H, 7.66; P, 13.72%.

18h) Yield 98%; 'H  NMR (400 MHz, CDCI3) 6 0.01 (s, 9H), 0.91 (dd, J = 13.6, 2.2 

Hz, IH), 1.01 (dd, J = 13.6, 2.2 Hz, IH), 1.29 (d, J = 3.2 Hz, 3H), 7.25-7.40 (m, 5H); 

- 'P I 'H ) NMR (162 MHz, CDCI3) 6 -40.6; IR (neat) 695, 745, 838, 855, 883, 1042, 

1087, 1179, 1249, 1317, 1419, 1434, 1507, 1604, 2815, 2900, 2955,3062 cm '.

18i) Yield 99% ,'"  'H  NMR (400 MHz, CDCI3) 6 1.06 (td, J = 16.8, 7.6 Hz, 3H),

2.01 (apparent quartet, J = 7.7 Hz, 2H), 2.33 (s, 3H), 7.10-7.50 (m, 9H); ''P { 'H | 

NMR (162 MHz, CDCI3) 8-13.1.

18j) Yield 7 8 % ,'"  'H  NMR (400 MHz, CDCI3) 5 0.98 (td, J = 16.0, 7.7 Hz, 3H),

I.60-1.74 (m, 2H), 2.99 (apparent doublet, J = 13.2 Hz, IH), 3.04 (apparent doublet, 

J= 13.2 Hz, IH), 7.00-7.60 (m, lOH); ^'P{'H} NMR (162 MHz, CDCI3) S -14.5.
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6-4-13: SYNTHESIS OF PHOSPHINE 18f WITHOUT ISOLATION OF

INTERMEDIATES

In a dry flask PhMeNLi (5.00 mmol) was prepared in distilled THF (30 mL) 

as described earlier. This was added to PhPCL (0.910 g, 0.690 mL, 5.10 mmol) 

slowly with cooling (see 6-4-6). When the starting material was consumed (2 h, by 

NMR), o-tolylMgBr (2 M in EtiO; 3.75 mL, 7.50 mmol) was added at 0 '’C and the 

reaction mixture was warmed to room temperature. When the aminochlorophosphine 

was consumed (1.5 h by NMR) the solvent was removed under vacuum and the 

residue was triturated with distilled benzene (50 mL) under nitrogen. The solvent 

from the filtrate was evaporated and the residue obtained was dissolved in dry THF 

(10 mL). To this MeLi (1.4 M in EtiO; 21.4 mL, 30.0 mmol) was added at 0 and 

then stirred at room temperature for 3 h. The phosphine I8f was then isolated as 

described for the preparation o f 18 above in 59 % yield and characterized.
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