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ABSTRACT

The strictures of the proddcts of au?oxidation 6%-hydrazones ‘
were first established in the early 1950's. Although those compounds
have been known for many years, relatively little is known aQout Fheir
chemistry. Recent reports indicate that they can be used as oxidizing
agents for arnumber of organic substrates and as sources of hydroxyl
and carbon-centered radicals. The free radifﬁ] chemistry of the title
compounds 1s the main subject of this thesis.

Alkyl1(1-hydroperoxy-1-methylethyl)diazenes (28) [{CH,),C(OOH)}N=NR:

3)2
a, R= CHZCF3, b, R=CH CHZUCH3, Cs CHZCHZOCG 5 & R =

f. R

H(CH3)2;
‘C(CH3)3; g» R = CH,C H5] and pheny1(]-hydroperoxy-1- methy]ethy])

diazene, 28d, were prepared in solution by autoxidatien of the corres-
pondiﬁg hydrazones of acetone. These compounds show broad bands between

3600 and 3200 cm”!

in their infrared spectra. Ihe intensities of the,
bands- decrease at different rates with decreasing hydroperoxydiazene
concentration indicating the presence of hydrogen-bonded species.
Thermolysis of gé in enol ethers produces carbonyl compounds;
thus 28b decomposed in l-ethoxyethylene (ethyl vinyl ether ) and in‘2-
me thoxypropene to giﬁe 4-methoxybutanal and 5-methoxy-2-pentanone,
respectively. Yields ranged between 50% and 70%. In some alkenes thé

compounds decompose to give alcohols. For example, 28a decompose in

1,1-diphenylethylene to give 45% of 1,1-dipheny1-4,4,4-trifluorobutanol.



Other alkenes, particularly those:fhat are highly hindered, give‘hydrﬁ-
alkylation proddcts and'epox{des. For example, decomposition of g@g in
bicyc]o[Z.Z.1]hept-2-ege(norbornene)}leads primarily to férmation of
2-(2,2,2-trif]uoroefhy1)norbornane and. exo-2,3-epoxynorbornane.

The réaction; of 28 in o]efiﬁic substrates involve free radical
intermediates. Products formatjon takes place via radical chain hydroxy-
alkylation and radical chain hydroalkylation. The chain-initiptidn step
involves the'unimolecular'dgcompos{tion of the hydroperoxydiazene to give
alkyl and hydroxy! radicals with concomittant formation of nftrogen and

acetone. - - s '
In the case of hydroxyallylation, the first chain-propagating
step ‘involves ‘addition of the alky] radical to the double bond.. The-
adduct radical so'férmed chain-trapsfers by inducing the d9compbsition df‘
28 at the hydroperoxyl oxygen. “According to this mechanism, the first-
formed products from eﬁo1 ethers are hemiacetals and hemiketa]s‘which do
not survive the reaction conditions but decompose to the cerresponding
cérbony] compounds . |
' In hydroalkylation reactions, the sterically crowded alkyl
radical, formed by ;ddition'of R- to the hindered alkene, propagates by '
rabstracting the hydroperoxyl hydrogen to generate a-azoperoxyl radical
“and alkane.” The peroXyl radical, in the next step, adds to the alkene
and the adduct g-peroxyalkyl radical undergoes fntramo]écu]ar induced
decompbsition by y-scission to give the epoxide. In less reactive, and

in hindered alkenes, additions seem to be slow and that leads to very

z

jv



poor yields of epoxide.

. T )
Evidence for the mechanisms is presented and discussed.
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INTRODUCTION

The chemistry of free radicals dates back to 1900 when Gomberg]
discovered the first free radical, triphenyimethyl radical. This
discovery by Gomberg was followed by physical chemists' reinterpretation
of their fundamental laws of chemical kinetics in terms of radical
reactions; in 1918 Christiansenz, Hertife1d3{ and Po]anyi4 ‘independentty

suggested a radiba] chain process for the H2-8r2 reaction.

-

The importance of organic free.radica1s ds reaction intermediates was
first recognised in 1537 by Hey and watérSSSin England who suggested
that arylation of aromatic compounds by benz&}l peroxide was a radical
proceii, and by Karasch6 in the-United States who'propésed that the
abnorma])(anti-Markownikoff)addition of HBr to double bonds, which he
énd Mayo had recognized in 1933, was a radiga] Ehain process.

The early 1940's ushered/in a need for g&nthetic rubber. The
typ fundamental problems, the kinetics of radical chain transfer and
of copolymerization, that were associated with free radical polymerization
were recognized and analysed.. Vigorous\research activities were also
centered.on such subjectslés structure and reactivity relationships,
degradative chain transfer reactions, the chemistry of inhibitors and
initiators, and redox systems as sources of free radicals.

\ The knowledge and enthusiasm that were generated in free radical

chem1stry in the early 1940's were sh1fted Trom polymers to small mole-

cuies in the late 1940's. The field saw intensive research in the addition

of molecules containing weak C-H or C-X{X=C1, Br, I} bonds to olefins to



give a remarkable variety of products, eq. IIT. These reactions led to

the discovery, by Walling and students7, of radical cyclizations which

8

were later studied in detail by Julia”. Another important discoverx was

9

the potential significance of autoxidation reactions® which led to such

e Br o s
RySn- + —> RySnBr + s ——

R3SnH . .
. —_— + R4S [r ¥

interesting industrial processes as phenol synthesis from cumene. The
10,11

mechanisms of biosynthesis of prostaglandirs have been shown to
involve autoxidation of unsaturated fatty acids.
. Freé radicals in redox reactions have received much attention,

Karasch in the early 1950's demonstrated the copper-catalysed reaction
/—’

12

of perestérs with olefins “, eq. 12, Another afea of free radical

OCOR

0
I '
R-C—00-t-Bu + _ O —_— + t-BuOH [I 2]

. chemistry which rédeived much attention in the 50's and which had .
practical results for synthetic organic chemists was free radical

halogenation. Halogenating agents which Walling called halogen carriers



were discovered and their mechanisms of halogenation were worked out:

~ -

N-Bromosuccinimide (NBS) was first reported to be a convenient bromina-

ting agent by Ziegler in 194213.

Although the reaction was quickly
recognized as a free radical chain process, the actual mechanism involved
has been_the subject of recurrent controversyIA. Fndther class of halo-
genating agents that has been used quite éxtensively is the hypochlorites;
an exampﬁe is found in the Barton reaction]s.
In the 1950‘s electron spin resonance (ESR) sﬁectrostopy became
available to thegfhEETét and for the first time it was possible to detect
freg radicals at very low concentrations. Such techniques as spin-trapping
which folilowed éfterwards have wbeen extensively studie&. Phenomena such
as chemically induced dynamic nuclear polarization (CIDNP) and chemically
induced dynamic electron polarization (CIDEP) were discovered in tﬁe late
1960's and early 1970fs'and'they have been apb]ied in the studies of free

radicals and their reactions. For example,Howard and Ingo]d16

r . .
and"other techniques to measure absolute rate constants for hydrocarbon

used ESR °

autoxidation.
The foregoipg section is. an overview of historical developments .

in free radical.chemistry. Many of the areas mentioned aéQii‘iillffe

discussed in more detail in the following sections.

*

I 1.. GENERATION OF FREE RADICALS
There.are generally three different ways in which free radicals
can be génerated: (a) thermal scission of a bond; (b) irradiation of
molecules leading to homolysis of a bond; and (c) one-electron oxidation-

reduction processes.



It Thermolysis

When molecules are heated to sufficiently high temperature, bond‘
homolysis takes place producing radicals. The normal C-C bond energy
is about 90 kcal mol'] and thermal excitation of molecules becomes
sufficienf to Bréag these bonds at temperatures in the range of 450°-
650°C. There ére, however, some compounds that have éxceptiona]]y
weak bond$ and which can therefore decompose to form radicals at lower
temperatures. Many of these compounds contain either peroxy(0-0), or
azo(:NQN-) bonds, or both, and can be used to initiite radical reactions
at tehperatures between 10° and 150°C. Thése compounds undergq decomposi-
tion by one or more of three mechanisms: (2) unimolecular decompoéition;
{b) bimolecular decomﬁbsition induced by some free radical; (c) bimole-
tular decompositioﬁ induced by closed-shell molecules (molecule-assisted
homolysis, MAH). For example,t-bﬁty]hydroperoxide is known to decomposé
in solution at 7150°-180°C. by mechanisms (a) and (b), eq. I 3 and I 4,

respectively. The Qetomposition is found to proceed thermally by a

v [ 3

(CH3)jC00H ———>  (CH3)4C0- + -OH (1 3]
(CH_;)3C0- (CH,)CoH

or + (CHy),CO0H —> (CH;),C00" + or [1 4]
OH , . H,0

L4

2(CH3)4000° ~——>  2(CH3),C0- ~ + 0, {1 5]



17’]8. Thus it is a chain reaction

mechanism with 1.5-ordér kinetics
initiated by a uhimo1ecu]ar decomposition of the péroxide {eq. I 3)
followed by attack on the unreactéd hydréberoxide by the radicals,
eq. [ 4. An egamgle of radical préﬁuction from the interaction of
.c1osed—she11 mb]ecu1es invo1ving t-buty]hyd;operoxide and ozone was

give#}by Pryor.]g

0zone was shqyn to react rapidly at -60° to 24°C

with t-butylhydroperoxide in various halogenated solvents to produce
t-butyl alcohol, acefone and di-t-butyl peroxide. A reaction scheme
involving both peroxy and a]koxy'radicals in radical chain reactions was

pnopose&.to account for the products. EquationﬂI 6 shows the steps

. invoived in the production of the peroxy radicals. The overall Arrhenius

parameters for this reaction were found to.be Ea ¥ 7 kcal m01'] and

(CHy)5CO0H  + O

3 55T (CH3)5C00° + -OH + O, [1 6]

Tog A Y 7. Anqther examp1é of a MAH reaction is found in the fluorination
of hydrocarbons. Molecular beam study20 of the reaction between fluorine -

."and methane at 300-400°K indicates that the dominant initiation reaction
is the interaction of closed-shell molecules (eq. [ f) with log A =

$3:03and E, = 11.2 + 2 keal mo1™'.  *

CHy + Fp ——> CH,- + H-F + F. [I 7]

The formation of free radicals by‘a”'fantanéous' reaction between nitroso

compounds and other organic compouids such as alcohols or ethers has often

’
.



been ascribed to MAH. However, Ingold and Chatgih’alog]uz1 have shown
that 1h several such reactions, the radicals are formed by simple
photolysis of the nitroso compound by laboratory light.

The C-N and N=N bonds in azo compounds have bond energies of
abaut 70 and 100 kcal mo]'], respectively. These values may suggest
that azo compounds would be poor initiators. However, the formation of
molecular nitrogén in the dissociation of these compounds provides a
driving force for the process. Compounds such as azobisisobutyronitrile

are kriown to be good radical initiators at temperatures around 80°C -

r

I 1.2. Radiation-Induced Bond Homolysis

The energy neceﬁsary to cause bond scission can be supp]?ed by
[;éany form of electromagnétiﬁ radiation (for example visible or ultraviolet
1ight, or X- or y-rays) or by coEpuscu]ar radiation (fof example high
energy electrons, a- or B-particies, neutrons, or'protons).. Many compounds
- Wwill undergo photodecomposition on absorbing visible or ultraviolet
light. The most familiar examples are the photodissociation of mole-
cular chlorine aﬁd bromine in the halogenation of hydrocarbons, eq. I 8.
Both peroxides and azo compounds undergo temperature-independqnt photo-
décompositions, eq. I 11 and I 12.

%, v Kt > 2x._( | [I-8]

X+ + RH ———> R. + HX ‘[T 9]

R- + X, ——> RX + X+ : | 1 10]



Much attention has been given to the formation of free radicals

60

by the action of y-rays (from a ~-Co Source), X-rays, or high-energy

(CHy) C00C(CH), —E2> 2 (CHy)gC0- - 1]
(CH3)2$-N=N-?(CH3)2 s 2 (eHy LN+ N, [1 12]
CN -~ CN

electrons (from a van de Graaf generato%). These techniques produce
radical ions. Radical-cations can combine with low-energy electrons

to yie]d excited molecules .which decompoée‘into free radicals. A.
molecule cén capture an electron to produce a radical-anion which frag-
ments into an anion and a free radica}. An exgmple of these processes

is found in the radiolysis of bromotrichloromethane (Scheme 1).

SCHEME 1
BrCC] Brcc1 Y
BrCCI 1
Brcc1 | ) BrCC]
‘L a \L
Br- + C13c- _ Br~ + c13c-



-8 -

I 1.3. Electron Transfer Reactions

-

Some redox reactions produce, among other speciess—free radjcals.
The most important of these are those which involve a metal ion that
can undergo one-electron transfer. Of these, the Fenton reaction(TE

one of the oldest and best known. Haber and Weiss, in 1932, proposed

22

the presently accepted mechanism,” " eq. I 13 and T 14. Analogous

S
reactions occur with ions of other metals and with hydroperoxides, perox-

ides, and peresters. Such reactions have been used successfully in the

A

2+

Fe + H 3+

202 —> fe + OH + HO- . [113]

et HOy ——> Felt 4 Ho,  + W "[114)

il -

manufacture of styrene butadiene copolymer initiated with cumene hydro-
peroxide and ferrous ion, and in copper-catalysed reactions; the reaction -
of t-butylperacetate with cyclohexene cata]ysed by cuprous bromide

(eq. I 15) is an example of the latter.

il
O-C"CH3

. "0 .
]
O +  CHC-0-0-t-Bu —CuBr_ [115]



I 2. DETECTION OF FREE RADICALS

" " Most organic radicals are very reactive and because of that
they exist in solution at concentrations of Lg:fﬂ:kr Tower-“-TJhe earliest

b

" methods of detecting free radicals included magnetic susceptibility
measurements using the Gouy balange, IR‘spectroﬁhopy,and UV spectro-
photometry. These methods are quite insensitive sincerthéy can detect -

Oy, ’

-

radical species onf} at éoncentrat%ons\far higher than 10~
Newer methods such as eléﬁ??on spin resonance (ESR\ spectrogzﬁbyv

chemically induced dynamié nuclear polarization %QIDNP), chemically

ind dramic’electron poIariiation (CIDERlefand mgln-spip rotation (uSR{

spectroscopy héve been developed for detection of free radicals. ESR, CIDEP,

and pSR techniques are direct methods for the detection of radicals while

the CIDNP technique is an indirect method for radical detectiQn: The

v
technique of ESR spectroscopy and its applications in spin trapping are

-

\\\:1iscussed. L

[ 2.1. Electron-Spin Resonance /Spectroscopy

Electron-spin resonance spectroscopy is a technique for the study
of species containing one or more unpaired electrons. Th% scope of the
method includes the detection and characterization pf some transition,
metal ions, simple molecules and jons (eg. 02,‘NQC;£02, and qpé_),

and organic radicals including biradicals and triplet stateg.

Basic Principles. As a charged particle creates a magnetic field,
‘ ' . / .
an unpaired electron or paramagnetic species will possess a magnetic



- .
moment. There are two.possible contributions to the total moment;

(a) one derived from the motian of the e]ectron about ‘the nucleus of

an atom (the brbital mebnétic moment), and (b) the spinning of the

e1ecte2n aboet an axis through its center (the spin maénetic moment) .

In the mejority of cases the total electric'dipo1e is essentially deter-

mined by the spin magnet1c moment with on]y a small orbital contr1but10n
In a magnet1c field of strength H ‘the magnetic moment of the

electrons interacts with the;f1e]d to give rise to two energy states

(mS =+ k), IEPSE e]ectronsﬁépre spin pegnetic moments efe aligned

paraliel to the'direction‘gf the fje]d heve lower energy than those

with their magnetic moments antiparallel to:the field (Fig. 1). The

. . [ . ..
difference in energy of these spin states is given by eq. I 16.&

’ B . .
‘;:EE-& ho = ggH >~ - R . g [1 161
» ' ] .
whegp Q %6the spectroscopic splitting faétor, e fsiﬁhe Bohr Magneton =
et/ (2me) = 0.927 X 10720 erg Gauss'], e'is the'charge on the e]ectron,_
h is Planak's constant d1v1ded by 2n, m 15 the e]ectron1c mass, and C
is te/)sreed of 11ght Irrad1at1on of the system w1th a frequency v,
induces/a transition between the two states

There are three important characteristics of'ESE spectra.

(i) The g-Factor. The electron free-spin g-factor has a

pd , : _
valde® of 2.00232. However, in a radical the electron has a s]jght]y

t

different effective magnetic moment due to spin-orbit'eoublfng. Conse-

quently the condition for resonance is altered so that for a given
< » '

- r
.
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Fig. 1 Electron Spin Energy Levels as a Function

of External Magnetic Field Strength.

frequency, radicals with different g-values resonate at different field

strengths.

(i1) Hyperfine Splitting Constants. Most radicals contain

One or more atoms with magnetic nuclei, so that the unpaired é]ectron.
interacts not only with the applied field but also with internal fields.
This is referred to as "hyperfine interactions” and results in the split-
ting of the resonance lines into two or more components. There are two

. types of hyperfine interactions. The first is the classical interaction

between two dipoles, :s (for the electron) and :I (for the nucleus)

»
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séparated by a distance y. This interaction depends on the anéle
between the vector that Joins the two dipoles and the magnetic field

vector, and it js called the anisotropic (or dipolar) hyperfine

interactipn. The second type of interaction is non-classical and arises

-from the finite probability of -finding the electron at the nucleus;

that is, it is proportional to the square of the electronic wavefunction

at the nucleus. This is called the isotropic (or Fermi Contact) inter-
action. Interaltion of the electron with a nucleus of spin I splits:the
resonance line into (2I + 1) components. For example, for a system with

s= and I=%, the -energy diagram appeérs as shown in Fig. 2.

D
Ep
ms m
+ 3
- % Selection
0 o Am =
- %
AmI =
+ 1
__.)H
H=0
Figure 2. Energy Level Diagram for S = %, [ = L,
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(iii) Line-widtﬁs; The line-widths of ESR absorptions in
solution may be as narrow as a few milligauss. Some factors affecting
14 -shape and line-width in solution have been discussed by Carrington23.

The width of the lines in so]ution-spectra is increased if the
lTife-time of an excited spin-state is reduced. The relaxation time of
.an excited sp{n-state can be reduced by spin-lattice, spin-orbit, and
spin-§pin interactions. Uncertainty in the lifetime of a spin-state,
and the consequent line-broadening, also arises in two other general
circumstances. First, it results when the radfcal takes part in a rapid
chemical reaction, such as the electron exchange which occurs between

24

the naphthalene radical-anion<and naphthalene. Secondly, it arises

when there is uncertainty in the position of an interacting nucleus.
A combination of g-factor, hyperfine splitting constants, and
Tine-widths has been used to establish the structures of a number of

free radicals in so]ution.25

[ 2.2. Spin Trappin926

Electron spin resonance spectroscopy is among the mdst sensitive
spectroscopic techniques. However, in liquid solutions many organic
free radicals undergo bimolecular self-reaction at rates close to the
diffussion-controlled 1imit. Thus their detection and characterization
by ESR spectroscopy is.limited to experimental conditions under which
radicals are Eeing_created at correspondingly high rates. It is only
with such techniques that the conceﬁtrations of such reactive radicals
can be réised to levels (above steady state concentrations) édéquate

for detection. Examples of these techniques include théfuse of continuous

)
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flow ce]1527; the use of high intensity UV light and ionizing radiation

28 29

at low temperatures®™, or of the more recenf]y deve]dped flash photolysis.
An alternative to these techniques is tHe use of diamagnetic radical
scathgers which lead to relatively longer-lived paramagnetic products:
This technique, referred tc as “spin-trapping”, was deve]oﬁed in the late
1960'5.30-32  1pe principle is based on fhe addition to the reaction
system.of a small quantity of a di;magnetic substance, the "sp%q~trap“,-
that has a hiéﬁ affinity for reactive radicals. The product of the
resulting reaction, the "spin-adduct", must be persistent in which case
its concentration will build up t6 readily detectable Tevels (> ca 10'7 -

10'6M). The general reaction is represented by eq. I 17.

ks

R+ + ST ——> [R-ST]-
o _ [I17]
spin trap - spin adduct

Various spin traps have béen'investigated. The reactions of \\

C-nitroso compounds and nitrones with ﬁadica15_were studied by Lagercrantz

31 32

and Forshu]t,30 by Perkins,” and by Janzen and Blackburn,”“ eq. I 18 and

I 19. Lagercrantz and Eorshu]t used 2-methy]-2-n1trosoprbpane to spin-

R! '
R+ + R'=N=0 ——> >N-0- . [1-18]
R™
&

Ry . 0 R0
R+ e —— R, ~C—N - [ 19]

< Np . I\,

2 - 3 Ro 3
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trap a series of radicals generated by y-irradiatian of a number of
organic compounds including sodium acetate, glycine, DL-a-alanine, succinic
acid, and L-glutamic acid hydrochloride. The nitrogen hyperfine splitting
constants (aN) were in the range of 15.5-16.2 gauss and the a-hydrggen
splitting constants (ag) ranged between 4.1 Gauss and 8.4 Gauss.

Janzen and Blackburn were the first to investigate the feasibility
of using phenyl t-butyl nitrone as a radical trap for the identification
of reactive short-lived free radicals. They argued that the informﬁtion

necessary to define the structure of the gpadical trapped must lie in the

magnitude of the B-hydrogen hyperfine splitting constant (aﬁ) and ay-
The aﬁ depends on the dihedral angle which in turn depends on the bulk of

R; the magnitude of ag decreases with increasing bulk of R. The dys on

the other hand,is sensitive to the electronegativity of R, inductive
electron withdrawal producing a smaller 2y Free radicals such as methyl,
triflucromethyl, phenyl, etoI, benzyl, n-butylf benzoyloxyl, and acetoxy]l
radicals were trapped.32

Perkins was first to poﬁnt out the potential value of spin-trapping
with C-nitroso compounds as a probe for exploring the mechanisms éf free-
radical reactions in solution. Using 2-methyl-2-nitroso propane he
studied the polymefizatioh of styreﬁe initiated by t-butyl peroxyoxalate.
By varying the concentration of the spin-trap he was able to trap either
- the initiating butoxyl radicals or the first-forﬁed carbon.radica1'from

the addition of the butoxyl radicals to styrene mo]ecules.B]

These two classes of compounds (C-nitroso and nitrones) have
: . N
become -the most widely-used spin-traps. However, various alternatives to -

these have been used. Addition of radicals to nitrile oxides to form
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persistent imino-oxyl radicals has been described33 (eq. I 20) and so

has the use of the conjugate base of nitromethane, CHZNOZ', to trap
~various radicals to give the corresponding nitroalkane radical anions,34’35

eq. I 21. Thioketones have also been used as spin-traps. For example,

b oo .
* R'CzN-0 + R* —m— > C=N-0- [1 20]
e
R [}
0 0 :
+ 7 S
CH,=N + R. —> RCH,-N [1 21]
2 2 \
\0. 0.

persistent thioalkyl radicals are formed by radical addition to di-t-

buty1th1‘oketoné.36 Roginskii and Be]yakov37 ﬁave also described the
t-Bu , t-Bu
\\C=S + R e—> i:C'-SR : - [1 22]
t-Bu’ t-Bu

use of 2,6-di-t-butyl-p-benzoquinone as a spin trap, eq. I 23.

0 0 4+ R ce—m RO @ 0. [1 23]
C(CHy) 4 | C{CHg),4 ,
1 2
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The rest of this section deals with the structure and stability
of the nitroxide radicals, the chemistry of which has been extensively

revigwed.38_43

Nitroxide radicals are w-radicals with the unpaired electron .
occupying a n* orbital between the oxygen‘and nitrogen atoms, Also
present is an N-0 o-bond and a w-bond. Thus. the effective N-O bond order

is 1.5. The nitroxide function can be represented in valence bond terms

tLn

as a hybrid of two structures, 4a and 4b. The result of this electron™-

\ .. . TONLF L <
-0~ -0
e

_4a 4b

-

delocalization is a relatively stable structure. Di-t-alkyl, diaryl and
many a?yl t-alkyl nitroxides are particularly "stable". They are
sufficiently persistent to be 1$o]ated. Perkins and Nard44 and Alewood45
have shown that several aryl t-alkyl nitroxides can also be obtained

pure. There are other nitroxides that are less persistent. Monosubsti-
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tuted nitroxides, RN(H)O:, rapidly disproportiopate to hitroso-compound
‘iﬁa hydroxylamine (eq. I 24), and nitroxides with a g-hydrogen also

disproportionate to give nitrones and hydroxylamine, eq. I 25.

2(Rl}l-0-) ———> RN=0 -+ RNHOH o [1 24]
H .
0 0" -
/ +/
2(RCH2N ) ——> RCH=N + RCHzll\IOH (1 25]
R \R' R
»

In spin trapping the more stable nitroxides may decay slowly

- by a bimolecular process when the concentrations are very high, eq.

I 26. This process does not occur if steric constraints twist the aryl

0 R N
2 N — Ph-N-0 N —>
\g - N
R
5 :
. Y '
f PRNHR  +. 0 N [126]
e

1

' group out of conjugation with the nitroxide function, The disappearance

‘of nitroxides may also\ occur by unimolecular reactions. For example
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for.which three fragmentation pathways are possible, eq. I 27.

A > t-BuN=0 +(E;Bu0'
t-Bu _
\\N-O- b S t-BUONO  + t-Bu- .1 27]
/ .
t-Bu0 c
> t-BuNO,  + t-Bu-

The spin-trapping technique provides.a convenient route to
many nitroxides that contain structural features of the scavenged radical.
The spin-adduct spectra reveal hyperfine splittings due to the nitrogen
and to hydrogen when it is directly attached to the nitrogen or is-in
the g-position. The B-hydrogen splittings arise predominantly by a
hyperconjugative mechanism so thap they have a pronounced angular
dependency. The spectra also often reveal hyperfine splittings due to
substituent atoms other than.hydrogen: Fluorine, chlorine, and bromine
splittings have been encountered, and many nitroxide spectra have been
reported in which there were splittings by a second nitrogen, by phosphorus,

r

or even by a metal atom.

I 3. FREE RADICAL REACTIONS

Three c]assés of free-radical reactions will be discussed in

this section. These are/&a) Radical Addition Reactions, (b) Radical
Substitution Reactions, aﬁd (c) Radical Rearrangements. These are by no
means the only and most important classes of free radical reactions;

they have been‘éhosen to reflect on the work reported and discussed in the

next chapter.
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I 3.1. Radical Addition Reactions

A number of free-radical reactions are known to proceed by a
radical chain mechanism. TQF additionfpf‘a substrate, XY, to a'muitiple
bond can bé accomplished by a free:ra&ﬁcé1ﬁchain sequence which consists
of two principal steps: the chain propagéting-step in which the free
radical X- adds to the double (or huitip]e) bond to form adduct free
radical, qnd the chain-transfer step in which the adduct radfca] abstracts

group Y from the substrate XY to give the add%tion product and to regener-

X +  Cc=C —>  X-C-C- - [1 28]
N '

T

ate the radical X-. The second step can, in fact, be described as radical

substitution at Y.

. - || |
X-C-C-  + XY ——5 X-C-C-Y + X+ [1 29]
. . | '

Competing with the chain-transfer step (eq. I 29) s addition

of phe'adduct radical to a second molecule of olefin, eq. I 30. The

i/ \e /

S I R ' ‘
X-C-C+ + €= ~——> " X-C-C-C-C- [I 30]
TN /N N ‘

addition reaction, eq. I 30, is likely to occur if D(X-Y), the X-Y bonq
dissociation energy, is high, or if X-Y is in very low concentration, or

if X-C-C+ is particularly reactive and the AE for chain transfer with
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. ant as product-forming reactions if the chain-sequence is long. In
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another olefin molecule is low. This will result in the formation of
telomer or polymer. -

o In a chain addition mechanism, a number of pofnts have to be
considered. These include (a) the iéitiation step, {b) the orientation
of addition to the double bond, (c) the efiergetics of the propagation
steps, (d) the stereochemistry of the process, {e) the activation energies
and rates of reaction for the various steps, (f) the structure of the
olefin, including polar and steric factors, and (g) the mode of termination
of the chain reaction.. Many of these.points are discussed below.

Kinetic Aspects of Radical Chain Additions. In any chain reaction,

the initation and termination steps have to be considered as part of the

overall reaction even though termination reactions are relatively unimport-

4

kinetics, initation and termination are found to play very significant
roles.
The basic mechanism for the formation of a 1:1 addition product

by a radical chain reaction {eq. I 31} is shown in Scheme 2. Let us

XY -+ CHy==(Hl ——> XCHZQ-IYZ [T 31]

' assume that1XCH2ﬁHZ is very unstable kinetically. Its concentration

Will be very low and termination by step 6 will therefofe not take
place. *If step 4 is chosen as the termination step, then the kinetic
chain length, which is defined as the rate of one of the propagating

reactions (Rp) divided by the rate of termination rgactioh (Rt), is given

.
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SCHEME 2

INITIATION

In ~———->> In.
. k]
In. + XY ———= InY + X.

PROPAGATION
K
X+ + CHy=CH —2— XCH,CHZ -
K
XCH,CHZ- + XY —3 XCH,CHYZ + X. : ,

TERMINATION
K
2K —t Xy
k
X+ XCH,CHZ- — 3, CH,CHZX

k .
ZXCH,CHZ- —6%' XCHZCHZCHZCHZX

by equation I 32. It is evident from eq. I 32 that the kinetic chain

o R K, [X-J[CH,=CHZ]  k,[CH,=CHZ]
Kinetic Chain Length = 2 = -2 L~ 22 o
o £« Kkyx-] g [X-]

[1 32]

length is inversely proportional to the concentration.of~the chain-capry-
ing radical and directly proportional to the concentration of the substrate.
The kinetic situation presented here (that is, a slow initiation

step followed by rapid chain-propagating reactions aqg a very fast termina-

Sy, \\

-
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tion step} dictates that the concentrations of all free radica1s‘be
very ;ma]1 and that ;hese conééntrations remain effectively unchanged.
At the‘siart‘Of tﬁe reactiqn, the concentrations of the free radicals
in.solutjon are very low and destruction of the radicals by termination
reactions is insignificant. Cz;?h\fin;Eggse conc?ntrations bu{ld up

to levels at which they are ovéq rqejd1y and the rate of termination
becomes equal to the rate of initiation. The concentration at which

this occurs is termed the steady-state concentration. At this concen-

.tration the rates of the propagation reactions in the chain sequence

must be Fbe same.
When the addition step is the slow, rate-controll®ing reaction

in the chain sequence, the rate of formation of the product is given by

eq. I 33, \;i]

'i.
d(P] . . - g |
T = kX ]LCH2 CHZ] | [T 33]
3 : \
where [P] is the concentration of product. If step,4 is the chain

termination reaction, the rate of termination will be

~d[X-] . 2 | : .
GE = 2, [x-17 = R, . . [1 34]
where R. is the rate of initiation. Thus ~ ol
Ry .
(-1 = (32

2 - <5~Ux
i . N
4 - .

-
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P » ) sqpstftuting for the radjggj'concentration in eq. I 33 gives eq. I 35.
—_— “ - o
* d[P] ‘ o : '
- ‘_ -
e kZLCH2=CHZ](R;/2k4) . . . o [T 35)

i : . [ ]
4 / . . N

To obtain a good yield of the product-of. T:1 addition, k2 must be

large and the chains must be as long as poss1ble to minimize the Tloss

ol

J*\: reacéant in termination reactions and to 1ncrease the efficiency of

C DVERS'IOI"I. ) N ¢

\‘ ' When the;chain- -carrying rad1ca] Xh-, has the radical center
.

on a he#ero-atom, I 36.

x® A CHochy CHCHZ R (1 36]
) hog  HC == " |

S . : - ‘ 2
L ks

r - . 1
XhCH +a th —_— XhCHZCHYZ | + xh [I 37]
.4 - .« ' : v

ol

weak and

The c eroatom ‘bond formed in the propagat1ng step is generafﬁy
q£?;§:\m therefare be apprec1ab1e decompos1t1on of the adduct

rqd1ca] even at room temperature. Reversible additions have been

i establishe¥ for such atoms and groups as fodine;? organot‘in,47 and

thiy148 radicals.

“ =

. AppTication df the steady-state approximation to the k1net1cs
- N

of addition reactions, incfuding the reverst decomposition,,]eads to -

-

theufglfﬁ?}hg expression for'the rate of product formatden. In this
v B

N ’ o '

//\\qLduj/ | ' | . . ‘.
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—[—ldd: = kZECH2=CHZJ(R1/k4)*§{1/(1 + k'__a/kB[th])} (1 38]

case the rate of product formation depends not only on the rate

-

A

cbnstant of addition (kz), but also on the concentration of the
radical source, [XhY], and on thé ratio of the rate constant of

decomposition to rate conﬁtant for transfer (k_z/k3) of the adduct

-

5

radicals.

49

Factors Influencing Chain Transfer. The various factors which influence

the chain-transfer step include bond strengths, steric effects, resonance
stabilization, and polar effects. The-strength o the bond being broken
has been shown to be very important. In the H-abstraction from a]kaneg :
by methyl radicals ét 164°C,, the changes in the rate constant were found
to be entiée1y due to differences in the activation ene;gy term with
‘very littie variation in log p43a (see Table L.
| There are three type of steric effects which are important in
radical transfer reactions: §teric hindrance, wh1cﬁ inhibits approach
of the initial radical to a particular reaction~sité; steric inhibition
of resonance, which prev§255ﬁ$h; incipieht‘radica1 from being_stabi1ized
by electron delocalization; and steric Gompression, which is.partly
%e1easeq in'forqjhg the ﬁew rad%cal. ‘The familiar decredse in C-H bond
strengths from primary to secoﬁdary to tertiary, can be attributed partly
to steric compression which is released when the‘new radical forms.

If the adduct radical formed is étaple, it will exhibit reluctance

to continue on into chain transfer. This reluctance to react is the

results of two factors: . (a) a high energy of activation for'chain transfer



- 26 -

~

. ' Table 1

Arrhenius Parapieters for H-Abstraction from Alkanes

y Methyl Radicals at 164°C.49

-1

Alkane iog A/(L mol s"]) Ea/(kcal mo]']) Tog k/(L mol']s”])

/ea\a ¥8.76 14.23 1.65

L CH4CH, \) 8.83 11.83 2.96

(CH3) 5CH, ) 8.82 10.13 | 3.75

(CH3)3CH . 8.38 ' 8.03 4.36

-

because of high radical stability; énd/or (b) a high energy of activation
because of a Hiéh X-Y bond strength. ﬁadicaﬁ stability arises as a

result of resonance. With considerable resonance stab111zat1on, the
conoentrat1on of the radical will build up and may lead to cha1n term1na-
tion and, therefore, shorter cha1n lengths. However, if the adduct
radical is very react1ve and therefore short~]ived, the reaction may have
1ong chain 1engths and the term1nat1on step will be different (for example
.d1mer1zat102 of X.) and the kinetics of the process will change.,

‘"Resonance stabilization" has been shown to be small. A comparison

"of data from Tables 1 and 2 indicates that the variation of reactivity

in H-abstraction from. the alkanes, CH;-H.to (CH323C-H, which do not have
any resonance stabilization is greater than'fer those compounds that pro-

vide some form of resonance stabilization to the radical: p

el ]
l}'
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Table 2

Arrhenius Parameters for H-Abstraction from Substituted

Methanes by Methyl Radicals at 164°C.%°
RCH,-H Resonance Z Log A? Eab k?

: o 2

CH3CH2-H i ‘H-CHZCHg;jFa-H CHZ-CH2 | 5;9 8.1 10.4 8.0 x10
. +. = 2

FCHZ—H F-CH2 - F-CH2 8.2 11.8 2.0x10

(/

r"_ _ . _ 4

CH3CH—CHCH2-H CH3CH—CHCH2 < CH3CHCH-CH2 8.1 ‘ 7.6 2.0x10
¢ : : . - — 3

C6H5CH2-H <®—CH2 < <Z>=CH2 8.6 9.5 ].]x]O.
. ' L _ ] . } 3

CH3COCH2-H CH3-ﬁ-CH2 <> CH3?—CH2 8.5 .7 4.5x10

0 0

. l g = . ) 3

CH30CH2-H_ CH3-0-CH2 efé CH3-O-CH2 ‘ 8.6 10.0 4,0x10
. . - 3
CH3-T-CH2-H CH3-T-CH2 <—+-CH3-T-CH2 ‘ ?.4 8.9 8.9x10~-

H H H
1 b -

3 Ynits in L m01'1s" ) Units in kcal mol™ .

Polar forces in the transition state are known .to play a significant

role in certain free radical reactions. It is very significant that while
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"the activation energy for H-abstracticn from methane by trifluoromethyl
radicals (Ea = 11.2 kcal mol']) is Tower than that for abstraction by
methyl radicals (Ea = 14,0 kcal mo1'1),.the order is reversed in the
H-abstraction from hydrqgen chloride (5.0 kcal moT'] for -CF3 and 2.5 kcal
mo?'] for -CH3). Tedder49 has explained this to be because in the latter
reactions -CF3 radica]s,.being more e]ectfonegative, resist' formation of a
polar transition state, while the -CH3 radicals, being more electron-donat-
ing, facilitate thé formation of a polar transition stateé. FEvidence for
the importance of polar forces in detérmining the course of radical

transfer reactions is well documented. Relationships of the Hammett
50

op-typg'have been investigated for H-transfer reactions.

Orientation and Stereochemistry of Addition. One aspect of interest in

radical addition reactions is the orientation of addition, that is,
-which carbon of the double bond of an unsymmetric alkene is attacked.

Two isomeric products are formed when the adduct radicals abstract Y from

| yXCHZCHZ e :
X+ CH,=CHZ | . . [T 39]
ke XCHZCH, |
XCH,CHZ + XY ——> XCH,CHYZ {1 40]

XCHzéHZ + XY ———> XCHICH,Y o - [I41]

AN
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" the chain;transfer agent XY. Mono-substituted alkenes and 1,1-disub4
stituted alkenes always give predominantly the product from initial
addition to the unsubstituted end, irrespective of the nature of the
radical, or the substituents on the alkene. Thié‘is associated with
steric compression in the adduct radical. For 1,2-disubstituted, énd
trisubstituted alkenes, the major product usﬁa]ly comés from addition
to the‘1east substituted end. The orientation ratio (OR) 'is defined

- as the ratio of the rate constant for addition to the most substituted.
end (8) to the rate constant for addition to the least substituted end
(a), eq. I 42. Studies of orientation ratios for various ha]oalkenés

and varfous radicals suggest that both polar {or-electronic) and steric

O0R = kB/ka | - [ 42]

factors are important in the orientation of add{tion to the dodple bond.
‘Radical addition to 1,2-disubstituted alkenes is generally found
to be non-stereospecific. For example, the 1jght-induced additions of

bromotrichloromethane to cis-2-butene and tran-2-butene yield the same

.

CHy CHy Clyc H _ :
W Ny | CH4 CH3 |

CyC GHy |
3 3 A . ClsC H | (I 43]
. H . 3
c:HB—@~ CH ——TCH,4
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mixture of the threo and erythro addition products.SI

The Tack of
stereospecificity in this addition reaction (and many others) caﬁ be
attributed to reaction of the same adduct radicaT,”fn the transfer
step, with bromotrichloromethane.. The adduct radicals resulting from
addition of the trichloromethyl radical to the 2-butenes apparently
undergo conformational equi]ibration. faster than th;} reéct in the
chain transfer step with the bromotrichloromethane.

In contrast to the reaction with the 2-butenes, the free-radical
addition of bromotrich16romethane to norbornene appears to be highly
stereoselective in that elements of the polyhalomethane add trans to

the unsaturated bond of this a]kene.5£

i'

A plausible explanation for the

_ ) [1 44)
+ Br‘CC13 —— .

stereoselective trans additions of the bromotrich]oromethane to such
bicyclic systems stem from a combination of two factors: the steric
effect fendered by the trich]oromethyl group and the methylene bridge,

and the fact that rotation about the carbon-carbon o bond is p;ohibited.
Trans addition occurs because the adduct radical formed from the exo-
addition of trichloromethyl radicals to norbornene is sterically hindérea
on the ,exo side by both the methylene bridge and thé trich]orohethyl
gfouﬁ, The results from Jhe-reactions of the 2-butenes indicate that
reactions of thé.noqbornene show a high'degree of stereoselectivity due

to steric effects rather than to an inherently stereospecific addition. -

&

-



Interestingly, free-radical addition reactions of other reagents
to norbornene and its derivatives appear to be cis. Ethyl bromoacetate
reacts with norbornene to yield exo-cis-2-carboethoxymethyl-3-bromonorbor-

nane,53 eq. I 45, In this case the steric effect of the ethylene bridge

CH,C0,CHe
+ BreH,C0,CH, — —> Br [ 45]

in the adduct radical likely outweighs the combined steric effects of

the methylene bridge and the carboethoxymethylene group.

4

In contrast to the reaction discussed above, free-radical additions

- of hydrogen bromide to unsaturated bonds appear to be truly stereo-
specific. Regctions of cis- and'trans—Z—butenes‘with.deuterium bromide
yield exclusively the threo- and erythro-products, respectively, the
produ&ts of a stereospecific trans-addition of the elements of the addiné

54

reagent to the alkenes. The sterecspecificity observed in these addition

CHS\C C/CH3 . : .Br H
= +
N el > H CHy 1 46)
H H ; CH. D
3
Threo
NI | Br  GHj
C=C + DBr —4m > " H ) (1 47]
- e .\CH3 : | CH, P . -
. 3
i , Erythro
' )
{ A Y
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reactions is attributed,tb a combination of two factors. The first of
these is the very high reactivity of the hydrogén halide in displace-
ment reéctions witthkée radicals. The second and probably the @ost
impa?fant factor is the pfeferenée shown by intermediate B;Eromoalkyl
radicals for the sfaggered conformation in which the radical cepter is

56

no‘h-p]anar‘.55 This staggered, non-planar rgdical is known™ to hqve a

ré]atively“high barrier to rotation which is similar 10 the activation energy

of racemization reported for the sd-ga]]ed “bridged" 8-bromoalkyl radicals.s7
A large number of reégeﬁts are known to add across unsaturated

bonds. These include hydrogen halides, halogens, thiols and hydrogen

sulfide, aIkyTpo1yHa]ides, nitrogen and phosphorus compounds, group fV

organometallic hydrides, a1dehydes, alcohols, esters and acids, and

ethers and acetaIS.S8

: C 4
[ 3.2 Radical Substitution at Hydrogen and Oxygen

Free radical substitution (SHZ) reaigions are defined operationally

as homolytic processes in which one atom or group of atoms in a molecule -

\

is replaced with another withGut regard‘t0~detai]%~of mechanism.
Radical'subst' ution reaetions take place at hydrogen in halo-
" genation (eq. I 4 aﬁd in autoxfdatfon_(eq. I 49) and oxidation, at
halogen in halogenation (eq. I 50) and dehalogenation {(eq. I 51), and

at oxygen in jnduced decompositiongﬁ@hperdxides, eq. I 52. Substitution’

2

\

X+ + RH ———> XH + R* [1 48]

' : ~ .

L4

.
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ROO* + RH —— ROOH + R- [1 49]

L3

.

also takes place at such atoms as boron, phosphorus, sulfur, silicon,

T
1 Y

Re+ Xp —> RX ¢ X : | [1 50]
. RySn+ + RX —> RySnk + R- (I 51].
R- + R'O0R ——> ROR' + RO- - (I 52]
59 '

~ tin, magnesium and mecury. However, substitutions at these atoms
are believed to be two-step involving an addition-elimination mechanism.
"Substitutions at hydrogen and oxygen, which are of relevance to this

thesis, are discussed here.

A

Substitution at Hydrogen. - .Substitution at hydrogen is one of the Qideiy

80 pctivation energies for

studied subjects in free radical chemistry.
: ' ' \ )
‘H-abstraction by various atoms vary quitq”?ﬁbstantia]1y.' Hydrogen-abstrac- .

+

—

tion by f1udr1ﬁe atom is found to hévé-a very low (or zero) activation
energy while that by-iodine is high, ﬁa. 12-35 kcal mol7'. The reactivi-
ties of the halogen atoms are in the order F > C1 > Br > I. Also the
activafion energies for H-abstraction by t-butylperoxyl radical from |
various compounds is very Tow (ca; 0-6 kcal mol']).588

| Hydrogen abstraction studies using.eléctronegative . radicals

*

indicate that the activation energies for such radicals as chiorine®’

.
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t-butoxy, and trifluoromethyl are Jower than the activation enérgie§
, , , ,

for H-abstraction by methy? radica]s.becausg of polar contfibut{ons'ié

the transition state.

The facility of Sy2 attack at various kinds of X-H.bonds can
be crudely predicted from their bond dissociation energies (see Table 3).

For any given c¢olumn of the periodic table, attack will be faster at

the molecule with the weaker X-H bond. - 3

o F
W

Table 3_ o

Bond-Dissociation Energiés, D'(kcal mo]f})

"Bond © D | Bond "0 . .. Bond D
F-H 136 CHy0-H ¢ 102 (CHy ) N-H 86
Cl1-H 103 CHBS-H 88 - PNH-H ‘ _ 80 ° |
Br-H 87 o PS% 75 CHy-H 104
I-H 7N | PCHy-H - 85
- .]‘
Substitution at Oxygén. Evidence SHZ rgactfﬁhs at oxygen comes from

studies of induced deéompositionfcf peroxides. One of several modes of

radical attack_on peroxides has been identified as the SHZ'process,

eq. I 53. This step is usually thermochemically favorable, the replacement

ROOR + R': .——> |RO:--0---R'| —=> RO- + ROR! [I 53]
R
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of an 0-0 bond by, for exampie, a C-0 bond being about 45 kcal mol']'
exothermic. In the case of diacyl peroxides in ether, labelling'studiesﬁ]’62
showed that attack was Targely, if not totally, at the peroxidic oxygen
(eq//} 55a) and did not occur by the two-step addition-elimination

sequences, eq. I 55b. In trialkyltin hydrides, the diacyl peroxides

R+ CHjCH0Et ——> RH + CH,CHOEt [1 54]
CH,CHOEt + PHCOOCPh ~—> PhCOCHOEGmywt PHCO.- . I 55a]
4CHO hCo0g , CoC t;w co, (I 55a]
’ 130 0 130 CH3 e
. 18 '
PRCOOCRh  —%—> PhC—OCHOEt + PhCO,,- [I 55b]
180 0 0 CH, |
CH,CHOEE :

c._. ) &

decompose even faster than in alcohols and ethers. This is attributed
n,’ ’

to the very facile attack of stannyl radicals at the 0-0 bond.63

S

',I 3.3 Ad%oxidation

Autoxidation is a subject that has attracted the attention of &
]argé'number of organic chemists, and which is stil} being studied.64

A wide variety of organic cbmpounds react with atmospheric
' oxygen to yield hydroperoxides andiotheé oxygenated compounds such- as
peroxides, alcohols, ketohes, aldehydes, epoxides and acids. The,gomplex
series of elementary processes leading to these producfs is co]]eé&ive]g

~—
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referred to as autoxidation. This can be described by the following

free-radical chain sequence: ' - of
Initiation:
production of free radicals : [I 56]
Propagation: )
R + 0, —> R00" . : . [157]
‘ ' k | | - . -
ROO- + RH —E—> ROOH + R : [1 58]
Termination: T Rl
. 2k . '
2 ROO- .—————EL-§> . non-radical products ) ' [I 59] _

Using the usual steady-étate assumptions, the overall rate of oxidation

is given by:

d{0,] - d[RH] _ d[RoOH] k [RHIR,*

C e = = -JL———-E- [1 60]
¢ . dt Codt T 2(ky) '

where kp and kt are the rhte-cdntro]]ing propagation and termigption.

'] !

rate constants, and Ri is the rate of chain initiation.

Autoxidation of hydrazones has been studied extensive1y.65

63a and Criegee and Lohaus65b

Pausacker were the first to suggest a
radical mechanism for the autoxidation process. The chain process

(Scheme 3).involves the abstraction of hydrogen to give a hydrazyl

-

radical. This radical can be reprasented byg#two cannonical forms with one being a

N | r
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carbon-centered species. The carbon-centered fo#;TE} feact with _
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5 ’

. : —
SCHEME 3
R R R
fie N 1\._N
SN+ R > | SRy < JHN-Ry |+ R
Ry R, Ro

10

(Y]
—
o

0,
r R l
8 1 R
9 e \.:>(’N=N/1&3
R
’ ‘,k 2 0'0. (‘
) G

oxygen to give an w-azoperoxyl radical which reaéfs with a hydrazoney
molecule to regenerate the hydrazyl radital intermediate and give CF

a- ioh/ﬁr055f0x1de The 1n1t1at1on and termination reactions would

conceivably be similar to those in autox1dat1on of other organic compounds.

] +

,Autox1dat1on usually has a détrimental effé;£ on organic compounds
because it leads to loss of the desirable properties of the originé]
material., Thus preventfop‘of the gxidative degradafion of organic materih]§
has attracted the_attention 6f réggzléz\§gjgetists for many years. This
has resulted in a wide variety of antioxidants that are commercia]]y
available and widely used in industry. The most important and probabiy

the most thoroughly investigated class of antioxidants is the chain-breaking

P
L8
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class of antioxidants. These include hindered phenols and aromatic

H;‘J/// amines. They reduce the rate of autoxidation by reacting with chain

‘r
propagatig alkylperoxyl radicals, eq..I 61 and I 62. A second class

of antioxidants is the preventive antioxidants. These include metaf ion

7 T . ‘ -

RO, + AH ———> ROOH' + A- (I 61]
o ‘RO, + A+ ———> ROOA [1 62]

eact1vators, UV light deact1vators and perox1de decomposers. They

’ prevent chain initiation or reduce the rate of 1n1t1at1on An example

-S/—\\‘ of -a UV ]1ght deact1vator 1s‘o-methy1benzophenone. Organic sulfur ‘compounds

. ) . '—"'_"'_"l."'-\ .. . W
are found to be very good peroxide decomposers. . J .
. n ) . ., \ ’ X

——\_/ ' ) ' N ) . . ﬂ‘ 7 .‘

['3.4 Free Radical Rearrangements

! De Mayo®®

defined rearrangement as the occuﬁrence of any “chahge
iq\etomic disposition in the molecule (with concomitant bonp cleavage,'
e/ﬁF“E, and reformation)". Thus radical rearrangement is looked at as
unimolecular reactions of organic.radicals to. form isomeric radicals.

The subject /of free radical rearrangement h;s been studied extensively.s7
The area of rad1ca1 rearrangements, name]y group m1grat1on wh1ch has |

-4
evance to th1s work is discussed here

Pnpqp transfers can be represented by the genera119ed one-step,
lrh\ or concerted, reaction shown in eq. I 63. The most common of the group
“ .

“,4;’££En§iér reactions involve 1,2-shifts (n=0) of unsaturated groups such
,- .
- ( % : )
Y .
7 -}

e e e e S
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A-B-C_-D o—> B-C_-D-A g’ (1 63]
;s phényl. More remote group transfers are also known, including
1,4-shifts (n=2) and 1,5-shifts (n=3).

" For radical rearrangement in solution to be fast enough to
competé with the other processes by which the radical can be desﬁroyed,
its activation energy must be less than 15 kcal mo]']. The favorable
direction for the redrrangement js determined by the thermodynamic
stabilities df the unrearrangeq and rearranged specieé. Intramolecular
group transfer will occur readily at carbon, provided %hat there is a
low-1ying unfilled orbital dv&ilable to accept the unpaired electrgn in
the transition state and/or jﬁtgrmedjate. The process is similar to
19 ¢

bimolecular homolytic substitution (SHZ

substitution at sp2 carbon is aenera11y a facile proc'ess,68 and so aryl,

vide supra). Homolytic

vinyl and similar unsaturated groups migrate readily; but substitution

59,69 pe Towest

at 5p3 carbon occurs only unqer special circumstances.
energy pathway by which a simple alky] groub such as methyl or t-butyl

- éan migrate in a radical involves group elimination and reéqdition. ‘proup
transfers by 1,2-shifts-{involving three-membered cyclic transition states)
are much more common than 1,3-shifts and somewhat more than 1,4- and
1,5-shifps. This is so.because, alfhough the stabi]fty of a ring system
depends on its internal strain, its ease of formation depends on how much
time the two réactive centers spend in close proximity. This decreases
with increasing separation of .the two centers since the number of possible

conformations that an acyclic system can asSime insreases with the length

of the system. : S o e
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~Migration of Unsaturated Groups. Urry and Karasch67 identified the

first radical rearrangement, the neophyl rearrangement, eq. I 64,

C6H5C(CH3)2CH2 : o) = CGHSCHZC(CHéjé ’ [I 64]

J/

. This rearrangément has been investigated extensively and the reaction is

B5¢

" -known to be intramoTecular in nature. It must therefore proceed

through a spird[2.5]octadienyl radical, 11, as an fniérmediate or transi- f
tion state. However, this "intermediate" is so short-lived that it is

not observed.

1,2-Aryl shifts are known to occur between carbon and heteroatoms

where the migrhtion origin is the carbon atom; migrations from hetero-

atoms to carbon are not known. No authentic. 1,3-aryl shifts are known.

On the other hand, 1,4- and 1,5-aryl shifts ére known. ~In these two
rearrangements, the éry] group may migrate between two carbon atoms,
between a carﬁbn atom and a hetercatom, or between two‘heteroatoms. 1,4-
Aryl shifts are often accompanied by an Ar2-6 reactiqﬁ which usually leads

to products of the tetralin type, eq. I 65.

,.

Rz M
~ . ' : T

A
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‘,x (I 65a]

y &QO |
R
C

\o\ .
‘ R, y [1 65b]

. . - TN . .
Vinyl groups are known to undergo a 1,2-shift via cyclopropyl-

carbinyl radicals as discrete 1ntarmediates.70'72

73

This type of radical

rearrangement is the- fastest known to date. Warkentin and Ingold

recently reported the rate consfant for the overall rearrangement of
the 2,2-dimethyl-3~buten~1-y1 radical to 1 1-d1methy1-3-buten-1jy1
radical to be 4.3x10° sec"] at 25°C (see eq I3 66) 0f particular 1nF$r-

/“-“ .
est to the work reported in this thesis 13’1,2-v1ny] migration from carbon .

HZC=CHC(CH3)2CH2 ®) = H2C=CHCH2C(CH3)2 . [I 66]

ry

" to oxygen. Nishinaga74 recently studied the intramolecular rgérrangement

of the quihoxyl radicals, 13, which are formed by the peroxy bond homoly-
sis in compound 12, 1,2-Vinyl migratipns in simple alkyl oxyl radicals
are not known. This is rationalised on the basis of the knoﬁn stabi1ities

of Egygen and carbon radicals. Thus, eYEn ‘+feaddition to the double bond




(1 671

{1 68]

took place- the reverse g-scission pathway towards the alkyl oxyl radicals

75-79

is very easy and very fast. In ox1rany1 alkyl radicals the C-C

bond cleavage is known to take place on]y when -the resu1t1ng carbon

radical 1is stab111zed 77 80

1 4. ORGANIC HYDROPEROXIDES

Synthes1s of organ1c hydroperox1des is well documented 64,81

These compounds are synthes1zed from (a) hydrogen perox1de, (b) molecular

L]

oxygen, (c) ozone, and_{d) by hydrolysis of organic peroxides.’

Physical Properties of Hydroperoxides. Most alkyl hyd}operoxides are

liquids at room temper§tune’and the lower members are soluble in water

and are explosive, -

Hydroperoxides have characteristic 1nfrared‘absorption bagg;__,__“______h_

* N . V4
in the 880-820 cm'] (due to C-0-0-H deformation and stretching vibrations)
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and 3600-3400 cm”! {due to -0-H stretch)'regions. Like alcohals,
hydroperoxides in solutijon e<ﬁi§jt two absorptipn maxima in the 3600-
3400 cm'1 region of their ir spectra. The sharpér band is attributed
to the monomeric species and the broader band, which appears at lower
wayenum@grsi is attributed td the hydrogen-bonded %Eecies.82;§4 A
number of reports onj infrared and nmr studies of hydrogen bondingas’86
and the effect of thL‘H-bonding on stabilities of the hydﬁaberoxide587’88
~are found in the literature.

Nuclear magnetig_resonance spectregcogic studies showed the
hydroperoxy]l protpn resonaﬁce at approximately ¢ = 9.0 ppm. This signal
is close to that of the carboxylic proton in a1iphatic acids. In fact
organic hydroperoxides are knowﬁ:éépbe more acidic than the correspondind

aIcohols,Bg'%ﬁ\;?}P their pKa va1ﬁes lying between 11 aqd 13.

Pl

‘Radical Reactions of Hydroperoxides. Hydroperoxides undergo five general -

-

types of homolytic reactions:

1)

(1 69]

. L,’{?) BfﬁB?egglar homolysis (A special case Bf MAH): y,
- ¥ 1-0-0R | \ :
t 1 ———> RO- A H,ON+ RO, - [170
RO—=0t4 A \‘2 2 ,

-
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* £
3) Molecule assisted homolysis: - '\b\_
RO-OH + A ——— RO + AOH [1 71]
o \.: ‘
' ' TR e
4) Hydrogen abstraction: ’ ¥ R .
RO-0-H + R' -—-—-—; RO.* + R'H vd 1 72]

2

5) RaélEgL_subst1tut106:;; oxygen: ) % ) [ g
| R+ 0 o -
_RO-0H + R': [T 73]
R'OH- + RO-

" The unimolecular dec%gegtjt1on§?pf hydroperox1des\are usually

complicated by h1gher order reactions ‘Usmg lovf1n1t1a1 concentratmns

(0.01-0.001M in toluene) to m1n1m1ze these “‘complications H1atf’and

92

Irwin”® determined the rate constant- for the unimoleculdr decomposition -

of t-BuOOH to be 2.6x10™° sec™ " at 182°C. They‘diéo étermined fhiat the

rate constant for homolytic cleavade of 0-0 bond at 170-215°C is about

1015 8 43 DOO/RT

. Their results led Hiatt to conclude that any hydro-

peroxide decomposition that is significantly more rapid than the above

i L < s 93 - s Bak
'must in large parfybe due to other reactions. Several observations™

BZ~1§’8)support,fa- bimoleéular homolyéis of hydroperoxides (eq. I 70) and
this' process has been explained in terms of hydrogen bonding between the =~ o
molecules tb give dimers ‘ - ’
.  Y | By far the major process m!voived in the therma'i decompos1t1on\
' of hydroperoxides is the attack by free rad1cals at e1gher the oxygen

or hydrogen of the hydroperoxy group. 'The rates o? decomgosigﬁon of
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tertiary alkyl hydrgperoxide; }nitiated by a more thermally Iabile
peroxyester,g4 pero'xide,95 or azd?qgmgpundgs are found to be independent
of hydroperoxide concentration and first~ofdef in initiator concentration.
The mechanism for the decomposition of the tertiary alkylhydroperoxides'

is . illustrated by the sequence of reactions in Scheme 4. The rate of

i

—~ L4
MQ - . . i
SCHEME 4
!“\\

- ROOH + RO-<———3 RO0- + ROH

— 2R00- — R04R |

RO,R .0, + RO- ¥ .
"/‘\n.\ /

ROOR i

—

H-abstraction from the hydroper0x1de\:§\often surpr151ng]y ‘fast. For
o ¥
example, the thermoneutral reaction between tetralin hydroperoxide and

mytperoxyl radicals (or vice versa),;(eq I 74), has a rate constant of

3 -1 .60e,97

about 10°L nio'l—1 ec ' at 30°C: S1m11ar1y, the reaction between

phenoxy] radicals and tetralin hydropepdx1de, (eq. I 75) has.a rate constant

> 2x105L mol ]sgc ].98 The reverse has -a-rate constant of 5x]0?L mo1']

R'OOK + ROO- ==—== ROOH + R00- [1 74]
. N .
-1 99-101 d o
ec . . r ‘ )
.~ CeHg0 + ROOH o===== C.H.OH + ROO- ° (1 75]

L 4
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‘At hydroperoxide concentrations of 0.0]M and above in to]uene,‘

92

Hiatt and Irwin®® found that the peroxy-type of induced decomposition

‘ (see Scheme 4) was effectively suppressed The hydroperoxide underwent

b1mo]ecu1ar decompos1t1on induced by?rad1ca] attack at oxygen For
0. O;N‘t BuOOH in toluene the rate constant for hydroxyl-abstraction was
found to be 1x10%L mo1™! sec™! at 189%.

e -

o

-

. organic compounds; o]éfins.are oxidized to epoxides,

Non-Radical ReactionsQLVZ#ﬁfof the non::adica]'reactions which hydro-_.
peroxides undergo are discussed here. , |
Hydroperoxides react with alkyl and acyl halides to give organic
peroxides, eq. f 76. This is one of the methods for Fhe synthesis.of
dialkyl Aﬁd diaéy] peroxides.

. ROOH + R'X ——=> ROOR' + HX | {1 761

N\

. oS ‘ . .~
Hydroperoxides have also been used Bs oxidizing agents for many
| 102 |

t

phosphines: and

103- 105'--su1f1des to sulfoxides

107d

phosphites to their corresponding oxides, 106-108

which are further oxidizeg to sulfones, and am1nss to N-oxides.

h . ) N > . . .
Various mechanisms have been proposed for the uncatalysed €pox on of

olefins; these are discusseﬂ in Section RDZ.Z. page 127.

a

-
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I 5. AZO COMPOUNDS

Compounds contéining the -N=N- bond are referred to as azo
compounds. They may be acyclic or cyclic, symmetric or asymmetric,
and may contain other functional groups.' Examples of this groéup of

compounds are:

L it
' R‘.F,
\‘ﬁa- .
{a) N=N;\ acyclic azoalkanes (R = alkyl or
R ,
aralkyl);
1 _ N,
.R1 //R3 a-hydroxydiazenes (or a-azocarbinols);
(b) N=N" ’ '
R . aaS™~
ZOH [
16 -
VS ~
31' _/R3 : Com e
(c) >T,N=N a-hydroperoxydiazenes (or s-azohydro- -
R ; : ' '
2 OOH f peroxides)
! '
17

These three classes of azo compounds are discussed in:this section.

N
]09. They undergo such

Azo compounds have been known ince 1909
reactions as isomerization, cyclization, Diels-Alder reactions, and free

radical reactions. A number of reviews on azo compounds are available.]]o']]s'-

I 5.1 Acyclic Aggaikanes

Azo compaunds may decompose in a one-step.gQr two-step process to

: 8§
give three fragments, eq. I 77 and I 78. The question of whether azo .

L Y
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R-N=N-R' (1 77]
R-N=N-R}
{1 78]
.R‘
P
K

i

Eumﬂgends decompose by the one-step or by the two-step mechanism was

117

addressed f{rst by Ramsperger. In his study of the azoalkanes 15, =

o e assumed that if the decomposition of the compounds occurred by a
; . . R
single bond scission followed by elimination of nitrogen from the

diazenyl radical (eq. I 78), then the energy of activation of 15¢

4
“N=N

\Rl |
"183, R'= R' = CHy; 15b, R = R' = i-Pr; 15¢, R = CHg; R = i-Pr

PRI

would be very near]y that of 15b, for the first bond to break would be .

~ .

the weaker 1sopropy1 bond; if, however, the reaction occurred by simul-
tgneous rupture of both bonds, the energy of activation would be inter-

mediate betweenthoseof 15a and 15b. His results, Table 4,:pointed to a

- ~

one- step (that is the two-bond concerted cleavage) mechan1sm eq. I 78.
The act1vat1on energy for 15b used by Ramsperger was inco?fec:;_the best

current value is 47.9 kcal mol™). W18 1f the value for ]15c is reliable,
: 3
these results would poigt in the direction oﬁ a qne-bond‘scﬁﬁsion; the

-

opposite of what Ramsperger found.
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Table 4
¢
N —
Energies of Actiyation for Decomposition of 15

‘ ’ 1

" Recent Value

R R Ea/kcal mol~
. rN\
CH3‘ CH3 . ™ 51.2
j-Pr i-pr 80.9 ' 47.9
-
CHy ] i-Py 47.5 y

" Crawford studied the gas-phase pyrolysis of simple azoalkanes,

18, which provided rEsonance stabilization to the radicals formed.‘ls;,]z1

It should be expected that if the two-step mechanisp {eq. I 78) were
- 'y

/

182, R = CH,=CHCH,; 18b, R = CH

(]

18¢c, Rp>"n-Pr; 18d t-Bu

—
]
a.
=

n

-

of observed and calculated rate constants, Table 5, shows that
s decomposed by the-two-step mechanism. .
If the generalized Po1any§ equation (I 79), applicable to
unsymmetrical diazenesi~were applied to compouhds 18, assuming that
u +_a' ?.1.0 and c = 48.4, thgn the compounds fiEﬁpnly when @ = 0.9 td
x ' 7/ N | .

E, = « D(R-H) + o’ D(R'-H) - C [I 79]
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- Table 5 ~
Data on the Decomposition of 18 v
Rate Constants (s'])
-1 - 5 : 3
Compound E_/kcal mol - Log A ‘ﬁsf Rel. 0Obs.x10 Cale'd x 10,
1-step 2-step
182 3.1  15.54 9.8 1.00 -
18b 35.5 14.36 4.6 0.13 4.90 ° 0.0001~0.069 1.8~180
18¢ 35.6 14.80 6.6 0.339 12.0 0.002170.29  1.8180
. »> . .
29.8 12.72 -2.8 4.92 174 0.14 14 1.8~180

-
(o]
R

1.0 and ¢' = 0.1 to‘O;O. These results implied that there was an insigni-
ficant stretching of the alkyl-N bond associated with a fu11y'stretched
a]'lyl -N bond in theé transition state. " -

Further evidence in support of the two-step mechanism is obta1ned _
by exam1nat19n of the secondary deuterium isotope effects, Table 6.. The.
AAG# values obtained by assuming a two-step mechaﬁism are found to be

more consistent within themselves and with those generally found (AAGf“_

80-120 cal mo1~').122

123

In a series of papers <> Sel%zer provided clues on_the méchanism

of decomposition of a-phenethylazo cbmpoﬁndé, 19. Alpha-deuterium

L

,-{: . CH3 . "
W ' A
“PR-CHN=N-R . - <
) _ ~ \\\
19 , |
- ‘_ L]
9a, R = CH(CHg)Ph;  19b, R = CH(CH3),; 19c, R = CH, )
) &, !
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Table 6
Secondary Deuterium Isotope Efféects in 18a and 18b - -
) S, 48670 (cal mo17!)
D Two-step One-sfff:::>i_
. »
18a-d, N1 21 %
>
18a-d4 1.26 ,99J .. 50
18b-d2 4{ 1:28 98 98

isotope effects on the thermal decomposition of ]9 hevea1ed-changes in

the mechanism in going from 19a to jgg, Table 7. He obsewed]21a that a

large bbdy of data on secondary a-~deuterium isotope effects indicate that

an avérage vq]ug of 1.12, at 105°C, corresponds to a system where only one
bond is being broken in the slow step. From this observation he concluded 8\\
that since the measured effect for lgé (kH/kD = 1.27) was about twice as
large, it appeared that both C-N bonds were being brokgn simultaneousiy.
Observed effects in the ﬁecomposition of 19¢ indicated that the CH3-N,bond

.

is not stretched in the transition state; in fact, Seltzer]zac proposed a

AY

small tightening of the CHé-N bond possibly because of three-electron reso- o

La

* nance in the resulting diazenyl radical. For 198%& transition state where-

in the th" }-1 ds’ are stretched simultaneously but not to the same

degree wasy _}_Ev-d.

b

4-have recently compared the free enengigs of

’/fgzzﬁvation for the thermolysis of symmetrical and unsymmetrical\alkyl

]

~

b

L "
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) Table 74
. " Kinetic Effec?ﬁéfogsﬂyrolysis of ﬁgmpound 19
a /f ’ o
Compéund® ky/kp Temp (°C)
f_/ 19a-d,\ 1.27 105 |, -
- L
™ 7 19b-a-d 1.14 143
19b-a ' -d . 1.03 143 |
19c-a-d a3 L2
19¢c-a'-d 0.97 —r . 161 .
4 Refers to the phenethyl group and o' refers to the other.
diazenes (Tab] Mechanism (I 78) suggests “that the nature of the less .

' stable free-radical -R] should have no effect on AG# for the thermolysis '

of R]N =----NR2 so that AAG#Z shou]d be zero. If this was in fact.frue, then

267 values for RyN=NR, and R2N4==NR2'sh0u1d be equal. In general, AAG#Z

is less than AAG#] but‘if is édda] to zero only in a few cases.

121,125

The fact that a6’ for thermolysis of RIN=NR, lies closer to that for

R2N=NR2 than to that .for R]N——" NR] -suggests that the'Rz-N bond is more

groups

of arylazoalkanes, Eﬁé/;;;dence is in favour of one-bond cleavage.

uhequal stratching of the.two C-N bonds.

the\concerted two-bond cleavage (eq. I 77) whereas greatla different R

¥

broken than the R]—N'bond in the transition state. The evidence so far

enms io_support the hypothesis that symmetrical azoalkanes deéompose by

In the extreme case

126,127
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Table 8
Differences in Free Energy of Activa?}on BetWﬁjp’“ P
[

Symmetrical and Unsymmetrical Djiiﬁnes

—

Me . i-Pr 3.5 0.7
Me _,c:-Phent.ethyil . 13.7 | . 3.8
i-Pr a-Phenethyl - 10.2 | 3.
%-Prl ' Cumy] . . 11.4 6.6
t-Bu Cumy1 g 8.4 3.3
Me | ATTy1 14.0 1.0
n-Pr ATyl 10.3 | 0.5
t-Bu Al1y1 7.5 2.5

2, Free- -energy difference between azoa1k§ne listed and its more stable
symmetr1ca1 counterpart (R N=NR, ) o J

b Free -enerqgy difference between azoalkane listed and its Tess stable
symmetrical counterpart (RoN= NR2)

A recent- MNDO calculation on azoethane,'l28 and/:/lo1utidn-

phase pressure study of 'azo-]-adamantan'e]29

have led to the conclusion
that even symmetrical azoalkanes may decompose by a- stepwise homolysis.

Engel and Gerth130 also recently carried out further studies into the

’

b

] kﬁp R, . AAG? (kcal mo]'1)a AAG#Z (kcal mOl:li__,/
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thermal decomposition of cis and trans azoalkanes. The results of these
recent studies are presented and discussed,ebogether with those from

this work, in section RD2.2 (page 92).
- ™

b

" a-Hydroxydiazenes (anﬁ;azocarbinols) have received some attention
| ‘ ' 131

I 5.2 «a-Hydroxydiazenes
: )

since 1,1'-dihydroxyazocyclohexane, 20, was first synthesized. .Until

lr"ecent]y,]32 a-monohydroxydiazenes of type 16 were rare and little was

known about their chemistry.

OH -
N o

20

These compounds have been shown to display three main types

of. chemistry (see Scheme 5): (a) normal unimolecular decompositipn to

- \-

' R] //RB
XN=N
R -
2 oM | 7
16 o
produce ketyl radicals, R]RZCOH, and alkyl {or aryl) radicéls which
dispr ortioqﬁﬁg/Tﬁ'Ehe cagé: (b) reversible dissociation to carbonyl

compolnd ahd_diazene; and {c) bimolecular decomposition induced by
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radical attack at the hydroxyl hydrogen.

(\Hu’ o SCHEME 5 ‘
_ - . [/

R .
3 a f )
XN=N/ — '{]\R;GOH t Ny + Ry == RiR,C-R
2
2 .

2§ 3"+ N

OH

2
Y - OH
16
Ny °
R

*

o

- C
37| =
RIR,CO + HN=NR, —=» RyR,CO + N, + R.H
_ 172 3 172 27 "3
Rafl + RiRpCO + Ny + Ry o
. o

R4R5C0

133.suggested that, in their fragmen-

Southwick anﬁﬁhoworkers
tations to cyclopropanes, 5-substituted-6a-hydroxy-6-oxo-3-phenyl-3,3a,

4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazoles, gi, did so by mechanism a

(Scheme 5). Hiinig! 32

N

demonstrated that under strongly a]kalﬁne condi-
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tions mechanism b operated where the intermediate diazene (R-N= NH) can
lose the proton to become nucleophilic @&\hereby exchange carbonyl
groups. Mechanism c was proposed and proven by Warkentin and Knittel.

134-136 They observed quite an interesting chemistry of 2-hydroxy-2,5,5-

trimethyl-as-] »4-oxadiazoline, 22. It decomposed readily in solution
e . .
W Y%

22

at moderate temperatures to iéopropyT acetate., Evidence for a radical
chain. induced-decomposition by attack at hydroxyl hydrogen 1nc1uded {a)

reaction of 22 with a]kenes to g1ve hydroalkylation compoundé_gs the

-

- major products, (b) sp1n trapp1ng of 2-acetoxy-2- prOpy] radical by

n1trosobenzene W1th esr detection, and (c) 1nh1b1t1on by Ph3$nH. “Stable" .

free radicals were found to initiate. decomposifion.

Recent work in th1s Taboratory by Narkent1n and Nazran]37
however, indicates that at Tow concentratlons, d1pheny1p1crylhydrazy1 _
(DPPH) free radical inhibited the rapid decompos1t1on of 2- [(l -hydroxy-
1-methy1ethy1)azo]ethanen1tr11e (16 R =R,=CH4, R —CHZCHZCN) However,
at higher DPPH concentrations rap1d decomposition was observes

indicating that the DPPH initiated the decompdsiton of the aiocarbi_no].’
Ordinarily abstractions of hydroxyl,hydrogen_in solution are unfavorable
SO that'tﬁe chain decomposition of 16 (R1=R2=CH3, Rq=CH,CH,CN) can be
attributed to a concerted mechanism which tends to Iowgtﬂgbe/éctivation

energy for decomposition considerably.

[N



. The radical chain additions to olefins by the azocarbinols were
exploited for their synthetic values by Warkentin and Knitteln’6 and

by Warkentin and Yeung.”B’]39

The latter pair employed an acylic
system, 23, to generate a variety of radicals R+ {eq. I 80) which
added RH across double bonds by the radical chain mechanism.

S

Ph

R In, -
. N=N —> InH + Ph,CO + N, + R- : £1 80]
Ph OH
. 23 e
R = CH3, CoH 5 CH(CH3 95 C(CH ) CeHs CSHSCH2
' CH,CH,0H, CHZQH=CH2, .
[-5.3 a-HydrbperoxydiazeneS'f . °

_ AIthqugh tﬁe structure of a-hydropéroxydiazenes (or q-aiohydro-
/;)pérﬁi?des)'ygs established as'far back a§ ]951,54 it 63:33#;-recently
that organic gpemists began to investigate tﬁeir chemistry.' The&J;e?e
first used as polymerization initiafors by I‘v'lacLeay]40 who Jlater synthe-

sized a series of these‘compounds'énd their corresponding alkaline and

141 142

\ r
a1ka11ne earth metal sa]ts - Tezuka and coworkers

and azocarb1nols

3

‘have used p- bromo [(1- hydroperoxybenzy])azo]benzene 24, as a source

L J
]43 and as

144

of hydroxy adicals in aromatic hydroxylation reactions,
" and sulfoxidation of

oxidizing nt for eboxigation of olefins

5t fides to su]foxides.lqs' The compodnds are readily reduced to the
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r ) '
corresponding azocarbinols by reducing agents such as Ph P 146

144 and the iodide 1on.]37

, lithium

aluminium hydride,

Both free radical and ionic mechanisms have been proposed for

the decomposition of a-hydroperoxydiazene (see Scheme 6).

SCHEME 6

><N N/ ———) >=0 + HO- SNZ + ‘R —33 ROH
00H \
\\\\\\ﬁgﬁd HO- + N2 + R

B’\" XN%N/ o SN

RE R;

o

00~

. R . '
. . .
ROH + >=0+N2+R- | : SRRl
R ' o
2 -

Ry
| + "N=N-R
. , R2 0
/—‘ or BH
. _ R1
- O N )
. / Rz/ \0-. v
»
' B: + HN=NR
g - ' . N, + RH
. \ 2

o\

S, . -

Tezuka143 proposed a unimolecular decomposition of-compound , .
24 to give hydroxyl and ary1 radicals, and a carbonyl compound and

nitrogen (mechanism a, Scheme 6). He also proposed a base-catalysed

.j.

7
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‘. } 3 . - ' - - h- L]
~ conversion of 24 to a dioxirane (or a carbonyl oxide) intermediate which

was said to be the oxidizing agent in the epoxidation of olefins and in

L
sulpho®Mdation reactions. However, he has not positively proved the

intermediacy of the dioxirane (or carbonyl oxide). -

147

Takeda recently showed that a-hydroperoxydiazenes underwent -

£

C-C bond cleavage when treated with acids,bases,-or reducing agents.

~ The presence of a 23hydroxyl group in the cyc]ohexane‘rings of.the

—~—
compounds (g§) seemed to play an important role for the cleavage.
Baumstark and Landis]48, in their stﬂdy of compound 26, observed that
.r .. -R :R/ &
Ph
N=N-" " .
O0H
v
- 25 - {
N -

it reacted with 2,3-dimethyl-2-butene to give 3-bromo-4,5-dihydro-

26

-4,4-dimethy1-3,5-diphenyl1-3H-pyrazote (27) and tetramethylethylene

oxide. In moréf;gbent studies BaumstarkMBa

showed that a-hydroperoxy-
diazenes reacted with olefins and with organic sulfides via a bimolecular
mechani;m; the reactions were found to be first order wiph respect to

‘a-hydroperoxydiazene and to alkere or sulfide.

-
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27

-

We have 1n42;;;;;;;1y proposed] %ﬁthe unimolecular decomposition

mechan1sm (mechanism a in Scheme 6) and have also proposed and prdved
a rad1ca1 chain abstraction of the hydroxyl group of the hydroperoxyl

| funct1on (mechan1sm €, Scheme 6). A fourth mechan1sm proposed in this
laboratory involves a radical-chain abstraction of the hydroperoxy]1 -

hydrogen.

A1l the mechanisms proposed above are discussed in detail in the

next chapter.
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RESULTS AND DISCUSSION

RD 1.  SYNTHESIS AND PROPERTIES OF a-HYDROPEROXYDIAZENES

RD 1.1. Synthesis.

a-Hydroperoxydiazenes, 28, were synthesized according to Scheme

7. The first step involved the preparation of the alkyl hydrazine by

reacting hydrazine hydrate with the alkyl bromide or the alkyl tosylate.

The alkyl tosylate was prepared'from,the alcohol and p-toluenesulphonyl

150

chloride. The results and the spectroscopic data are given in Table

9. Yields ranged between -71%. and 95%. In many cases'. the hydrazine was

used in ‘the next step without purification. . ‘ .

In the second step the hydrazines werg\condensed with acetoge
to give the acetoné%ﬁxﬁrazonés; Table 10 1ists.the hyd;azdnes and “their
spectroscopic data. Yie]ds of the &isti]]ed hydrazones were in the '
range of 46-90%z. The distillation ensﬁred purer hydrazones for auto-

xidation; long induction periods were sometimes encountered in auto-

_xidation of undistilled hydrazones.

) .The hydrazones were converted to the a-hydroperoxydiazenes via

‘oxidation with oxygen at about 5°C in petroleum ether (bp 30-60°C) or

in benzene. Oxygen uptake was monitored by a gas burette. The reaction

' was judgea complete when the gas volume remained constant for 4h ar more.

Completion of the_reaction was also checked for by Wy NMR- spectroscopy
. f ‘ e

to ensure that the separate methyl singlets of thé'hydrazqne had given\;\h\h‘

X

!



- 62 -

1

Table 9: 'H NMR Spectra of Hydrazines (HZNNHR)

R Yield (%) = - Ty mR?
: TN

. v
2CF3 ' T tﬁ

CH,CF .30 (s, br,’ 3H)

.41 (q, 2H, J=9.0 Hz)P

.90 (t, 2H, J=6.3 Hz);
.35 (s, 3H}; :
.50 (m, 5H).

CH, CH,0CH 5 : 85

- CH,CH,OCH. - Y .02 (t, 2H, J=5.

291265 137 %s, br, 3H);
.01 (t. 24, J=5
.05 (m, 5H).

.82 (s, br, 3H);
.70 {m, 5H).

.05 (d, 6H, J=
.81 %sepf., 1H,
.50 (s, br, 3H)

.18 (s, 9H):
.30 (s, br, 3H).

'

o w ~ W WM W W

n

W N —

C{H3)4 .

CH,C.H : 97

2“5 .25 (s, br, 3H);

.80 (s, 2H);
.30 (s, 5H).

~ W W Ly —

() CDCl4 with internal Me,Si. The nutbers are & valies followed, in

parenthesis, by the mu]t1p11c1ty, the relatwe signa] 1ntens1t§, and,

19

where apprqpr1aE/,_hx the coup11ng constant in Hertz. b F chemical -

shift, relative to external CECI3, = -66.3 (t, Jpy=9.0 Hz).
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SCHEME 7

EtOH .
HZNNH2 + VRX ———f* HZNNHR _(X = hal., 0Ts)
- EtZO :
(CH3)2CQ + HZNNHR ‘ EEEET}TTE* (CH3)2C=NNHR
CH CO.H
3 2
. i 0'2 .
(CH3)2C=NNHR ' - (CHB)ZC(OOH)N=NR
Pet. Ether

(or benzene) 28

way to the single gem~d1methy1-signal of the product. Spectroscopic

data for compounds 28 are given in Table 11.

RD 1.2 Physical Properties.

Pausdcker65a and Criegee and Lohaus®P were the first to propose

the correct structure of the products of autoxidation of pheny]hydrazones

151

Busch and Dietz.” had earlier assigned a wrong structure to the auto-

xidation prodgcts The strugture of d-hydroperoxydiazenES is now well
established an the spectrosc0p1c information on the compounds (28) in

this work substant tes the structuﬁg proposed by Pausackerss. and by

Criegee and Lohaus."

.

Compounds 28 show 1nfrared bands at 3400 em™ ! and 845 cm”! .

These‘bands are indicative of the hydroperoxyl group; the 3400 cm'}

- band is due to 0-H stretching and 845 cmﬁ} is due to 0-0 stfetching.

e .
Vo ]
L] . '
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The 3400 c:m'1 band is very broéd and strong and is shown to consist of

! bands as

The

three bands (Fig. 3). Figure 3 shows changes in the 3400 cm

a functibn of concentration of the hydroperoxydiazene iq.CCI4.

three bands appear at about 3530 crn"1 (2.83 um}, 3420 cm'] (2.92 um), and

1

3290 em ' (3.05 um). The intensity of the band at 3290 cm”! is observed

to decrease mbch faster than those of the other two bands with decreasing

hydtoperoxydiazené concentration. This fast-diséppearing band is assigned
’ .

to intermolecularly hydrogen-bonded species while the other two bands

are assigned to intramo]équ]ar]y‘hydrogen-bonded species and péssib]y

ey

non-hydrogen bonded species. There are a number of these possibie
secondary structures that the compounds can have; some of these structures B

are shoyn below (29-33).

X X RO, H )QT
0 N=N + 0 N . N 0" 0 ‘
'\ "r R IO J\ l !. é "lq
_ - . . .0 ~—
0 H___ ~NH R - -H \R
29 30 : 31
- —’ ¢
R R ’
. N
R\?I‘ (I)/H\o 0 A Ny H--'O/O\(\
. I N
. 32 o 33 R
v > -
| . - ‘
A
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~—Jhe information from the'ihfrared studies is not enough for unambiguous -

P

assignment of the structures in solution.
Table 11 lists the ultraviolet spectra of compounds 2@. The
absorption maxima ane typical of diazenes. Those compounds that contain

only alkyl substituents (R) show_one band at approximately 365 nm wh1ch

s ass1gned to an n+n* transition due to the azo function. Compounds 28‘

(R = CH CH2006H5 and R = CeH ) which contain the aromat1c group show a

2
second band at 280 nm and 260 nm, respectively. This band is assigned to
a m+n* transition due to the aromatic ring. There is & red shift for the
nen* band in compounds gg.(R = CBHS and R = CH CF3) In the case where
R = C6H5 this shift can be attributed to conjugation of the -N=N- bond

-

with the aromatic system. No simple explanation can be.oftered for the

#hift in.the case where R = CH
1

2CF3.

H NMR spectra also-show the charécteristic features of the o-
hydroperoxydiazenes. The separate methyl signals of the hydrazones, at
§ 1.7 ppm and Tfé ppm;'co11apse into one,singlet at § 1.4 ppm when the
('8

hydrazoﬁes ar oxidized. A new signai appears’in the Tow field region of

the spectra Th1s signal is assigned td“the hydroperoxy hydrogeft. The

" chemical sh1ft of 6 9 ppm is an 1nd1c§tlgg that the hydroperoxy] group

15 fairly acidic. It was ment1oned in the Introduct1on (see page 43 )

that the pK valugs of hydroperox1des lie between 11 and 13. Ac1d1ty of

_the hydroperoxyd1azenes is a]sg“*nd1cated by the ease with which the

~
alkaline and alkaline earth metal salts are prepdred; MaclLeay and

Sheppard]41 have synthes1zed these sa1ts from the metal hydrox1des A

13C NMR spectra show that the signals of the Z and E mé_by]s in
: : - _ ,

— N ...r . -' ‘ - L )

N
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the hydrazone, at approximately 15 ppm and 25 ppm, respectively, became
a single signal at about 21.5 ppm for the gem dimethyls in_thé hydro-
peroxydiazene {see Tables 10 and 11) once the oxidation‘was complete.
Also the signal ‘'of the ethylidene carbon at approximately 145&p6ﬁ;i§
shifted to about 103 bpm in the q-hfdroperoxydiazene.

Compounds 28 show different solubilities in petroleim ether
(bp 30°-60°C). A1l the compounds, except 28¢ (R =—CH2CH20C6H5) are
soluble in the solvent at room temperature. Compound 28c is insoluble in
petroleum ether and precipitates out of‘salution when the corresponding
hydrazone~is~auto¥idizdh in that solv;nt " The other compounds_are
partially soluble in petroleum ether at -15 C they fall out of solution
as 11qu1ds _ ‘

At room temperatd}e conpound 28c is a color]ess crysta111ne
Boiid. The me1t1ng point was .not determined because ana]ogous hydro-

LF A
peroxydiazenes are reported]40

to be very sensitive to shock in their

pure form.. Caution: Although hydroperoxydiazene samples as large as

0.5 g did not give any problems using the.procedures outlined in the
‘Experimental, they shouf& be handled with care and with adequate shielding

because of their explosive nature.

RD 2. CHEMISTRY OF a—HYDROPEROXYDIAiéNES

RD 2.1. Synthetic Applications

. .
Decomposition in Enol Etﬁérs. Thermal decdmposition of the

.

‘hydroperdxydiazénes, 28, in ethyf vinyl ether and in 2-methoxy prqpené
afforded carbonyi compbuﬁﬁs as the major products. The cﬁrbonyl -compounds

- are postulated to arise from an intermediate hemiacetal or hemiketal

- -
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(eq. Rl and R2) which arises via a radical chain mechanism. The'mechanism

of the reaction is discussed in the next section.

R . ' .
;x{N=N’/ + CH,=CR'OR" >%0 + N, + RCH,CR'OR" [R1] -
O0H S H '
RCHZ?R'OR" + RCH,CR' + R"OH ) [R2]
OH :
R = CHZCF3, 2CH206H , CH CHZOCBHS,‘R = H, CH.

Careful. analys1s of the product m1xtures from react1ons of
conpounds 28a-c with ethyl 0uny1 ether and with 2 -methoxy propene
provided the identity and yields of the mager products as;we11 as those
"ef many of the minor products. In all cases acetone is formed as a
mejor.co-product as a result of decomposition.of g§. Etﬁyl vinyl ether
and 2-methoxypeopene, respectively, gave ethanol and methanol. Most of
the minor products were identified from their mass spectra, obtained from
GC/Mé analyses, and from their GC retention times. Equation R3 gives
the products and their approxiiﬁate yields from the .reaction of €§i .
(R = CHyCH,OCEHS) with ethyl vinyl ether. Particularly significamt
among the minor products are 5-phenoxypentanal, 2?3-d?hydro-5,%-beqzo—
pyran, and phenyl propy] ether. These compounds pfobab]y arise from the
maJor product, 4-phenoxybutanal, via free radical proé;sses Full "
discussion ‘on how they arise is presented in the next section. -The
results from the reaction of 28a-c with different olefinig substrates
are'repofted,in Table 12, 13, and"14. Mass spectrd of the minor

products are provided in Appendix I. : ;
. .
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Footnotes to Table 12 . z
N

3Yields are based on the amount of 28a determined by iotometric

titration. bCDC'I3 solvent, Jn]ess otherwise indicated, with Me4Si
. ' \ .

as internal reference?:\sCDC13 solvent and as internal reference.

dCDC13-solvent, unless otherwise indicated. SProbable ionﬁassignménts

in parethesis; only major ions shown. ingh-feso]ut?Eﬁ m.s., m/z

126.02, calc'd for¢C4H5F30 m/z 126.03. ILow-resolution m.s., m/z

o . 7 o ena
306(M-l:¢h1gh-resolut1on m.S., found 306.06, calc'd for C.|0H9F3N404
h

m/z 306.06. High-resolution m's., found m/z 176.08 E@]c'd for

-CghiyFy([M-H,01") m/z 176.08. 'The 1

spec'cr'um]52

H NMR spectrum matchpd_phe reported .
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Footnotes to Table 13

aYie]déiare based on the amount of 28b determined by iodometric titration.
bCDCl3 solvent with Me,Si as internal referentg. cCDCTs solvent and as.
internal reference. dCDC]3 solvent,'un1ess otherwise indicated; only
diagnostic bands given. ®Probable ion égzignments in parenthesis; mﬁjor .
jons given. ]H NMR mgtched the reported s;ﬁectr‘um;153 1it. IR 1720 cm'1.]53

gH1gh resolution m.s. ,,found m/z 164 08, calc'd for C]OH]Z ™tz 164.08.

hsee Table 12 for spectra.
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Footnotes to Table 14

aYie]dé are based on the aﬁount of 28c detérmined'by iodometric titration.
bCDCT3 solvent with Me4Si'as internal reference. cCDCI3 solvent and as
internal reference. dCDC]3 solvent, unless otherwise indicated; only
diagnostic bands are given. * ®probable ion assignments in parenthesis;

major ions are given. ingh-reso]ution ms, found m/z 164.08, calc'd
for Cygt20, m/z 164.08. 92,4-DNP m.p. 95-95.5'5%; high resolution

ms, found m/z 344.11, calc'd for C1gt16Ma05 ™2 344.11.  MHigh-resolution

ms, found 178.10, calc'd for C]] ]402 m/z 178.10; mp 51- 53° jgigﬁ-

resolution ms, found 358.12, calc'd for C”H]8N405 m/z 358.13. jHigh-. )
reso]ut1on ms, found m/z 216.15, calc'd for C]5H200 m/z 216.15. kSe'e

1

Figure A8 for mass spectrum. 'See Table 12 for spectral data. MThis..

compound was not collected. Its identity was inferred from the.mass
spECfrum and from GC analysis by co-injection with authentic t-butyl-

or

ethylene oxide.



,CH,CH,0CH

' 2(H;0CHs
)/N=N/ + CHy=CHOEL o CHgO(CH,) CHO +
OCH 522
CetlgO(CH,) 4CHO, + CGH OCH,CH OH + CHLOCH,CH. +

0.7% S S

i
CHEOCHCH,CH , + CGHSO(CH2)3CCH CHO + @ .
'. dEt . :
Q.G% 4% trace _
. *(CHg)pC0 + CHOH = - R3]
‘trace '

The resd]ts demons trate the synthetic utility of.a+hydrpderoxy-
diazenes in hydroxya]ky]ations of olefinic substraees. Those carbodyl
compounds formed in the reaction of the hydroperoxydiazenes with end]'
ethers were in high yields (see Tables 12 to-14).f Thus it is possible
toe incorporate into small mo1eeules a number of substituents that may
"provide handles for the synthesis of many important compounds. The
Synthetie app]icatiohs of these o-hydroperoxydiazenes were recently
reported by Warkentin and.co-workers.149 e

Unfortunately, enol ethers with abstractable allylic hydrogens
give ana]oddds products in very low yields. For example compound ggg
decomposed in 2,3-dihydrofuran to give only about 5% of the expected
hydroxyalkylation product, 4- hydroxy 2- (2 phenoxyethy])butana] The
'presence of this compound, 34, was inferred from the chemical shift

1

(s 9.§)-of the aldehydic proton in the 'H NMR spectrum of the product
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mixture and from the mass spectrum obtained from GC/MS analysis of the
product mixture. Figure 4 shows the mass spectrum of compound 34. fhe
major product from the reaction is phenyl ethyl ethér. Other products,
identified from their mass spectra, include 2,3-dihydro-4,5-benzofuran:
furan; 2-ﬁhenoxyethano1; bis-2,3-dihydrofuran; 3-(2-phenoxyethyl)tetra-
hydrofuran; and 2,3-dihydro-3-(2-phenoxyethyl)furan. (or an isomer of it;
see Fig. A in Appendix I); see eq. R4. Bis-2,3-dihydrofuran probably
arises from coLp]ing of two 2,3-dihydrofuranyl radica]s(éii}), amd 2,3-
-dihydro-3-(2-phenoxyethyl)furan (or its isomer) probably arises from a

similar reaction between 2-phenoxyethyl and 2,3-dihydrofuranyl radicals.

The results indicate that there are some limitations, imposed by

4

H.,CH,0C,.H '
nee” 222l [\ + CHOtH,CHy + d\
0 _A 0

O0H 459 8%
-+ CgHOCH,,CH,OH +@0 S‘ 20\3 (or (05 (‘0'5 , or % )
20% o~ -

= : CH,,CH,,0C H

- 2¥2%"s
* Q\CHZCHZOCBHS (or Z/OS )
| 7%

’ . CH.,CH.OC.H
CH..CH.OC.H. 2CH;0CeHs
2CH;0CHg —
* ZOS Yo e [R4]
12% 34 ~ 5%

[Py

the reactivity of the olefinic substrate, to hydroxyalkylation reactions
of a-hydroperoxydiazenes. Other limitations, such as steric factors, are

discussed below.
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Decomposition in Alkenes. Thermal deqomposition of ggg,g in an

atkene such as‘I,l-didheny]ethy1ene.gavé the hydroxyalkylation products
in 40 to 45% yield.: 1,I-Dipheny1ethy1ene'oxide was founﬁ in only about
5% y1e1q. Epoxide formation is d1§cussed below in this section and in
the next section. The thermolysis- chem1stry of the hydroperoxyd1azenes
in Bicyclo[Z.Z.]]heptene (norbornene) and in 3,3-dimethyl-1-butene {t-
butyl ethylene) was found to be strikingly different from that of other
alkenes. In the case of norbornepe, although the expected products pf
hydroxya]kyiation with 28a-c were found, tﬁé major products were those
of hydroalky1ation and the epoxide of norbornene, eq. R5. The major

products were identified from their mass spectra and from their ]H NMR

13

and "°C NMR spectra. the results are reported in Tables 12, 13, and 14.

The minor products were

/),,N N/’ [C:ift:;? [C:{Ei:37/,
00H
| (2-14%) (ca. 65%)

-

(.50—'60.%) M E‘ h
(~ 6%)

/

+.Other products , ' [R 5]
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1déntified from theirAmass spectra obtained from GC/MS analyses of the
product mixtures, see Appendix,l.' Réaction of deuterio analogues (gg-
00D) of compounds 28 gave the h}droxya]ky]ation products in higher yields
and the hydroalkylation and the epoxide in lower yields. The hydro-
a]ky]ation products were .found to incorporate about 50% deuterium.

The products from the reactions of 28 with norbornene were not

149

known until recently and it was therefore necessary to establish their

stereochemistries and of the addition reactions.

In their studies of free radical addition of bromotrichloromethane
to norbornene, Karasch and Fried]ander52 observed thét the elements of

the polyhalomethane added trans to the double bond with the trichloro-

53

methyl group going to the exo position. Weinstock™  showed that radical

additjon reactions of other reagents to norbornene and its derivatives
are cis in nature with both substituents in the exo position. Thus in a
typical example, ethyl bromoacetate reacts with norbornene to yield exo-

cis—2-carboethoxymethy1—3—bromonorbornan_e.53

13

From these analogies and

from a comparison of the “C NMR spectra of the 2-alkylnorbornanes to

155

that of exo-2-methylnorbornane it is concluded that the alkyl groups

o 13

in the 2-alkylnorbornanes are,in the exo position. Th C NMR assign-

" ments are shown below for 2-[2-methbxyethy1]norbornaneh

35.2

38.1 58.4 - 71.5
6.4 ) -
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There are two signals, separated by 0.42 ppm, in the 2H NQR spectfum of
the deuterioalkylation products obtained from reaction of 28-00D with
norbornane, eq. R6. These signals at 6 1.14 and & 1.56 are in a ratio

of 6:1. The éxo-eko assignment to the major product {eq. R6) is‘based on
tﬁe ana]ogy for the exo-cis addition of ethyl bromoacetate to norbornene53

1

(see page 31), and on the results obtained from 'H NMR decoupling experi-

N=N ' R R
X L+ ——— S [R6]
00D | D H
| | H D
. 85%

5%

" ments with 2-hydroxy-3-(2,2,2-trifluoroethyl )norbornane, 36. The ]H NMR

spectfum of compound 36 showed the resonance of the proton bonded to the
hydroxyl-bearing carbon at & 3.82 as a doublet. Proton degoup]ing
studies showed that this proton is coupled to another proton which
resonates at 6 1.85 which is also a doublet. Thé couﬁ]ing constant is

. .

= 6.3 Hz. Exchange of the hydroxy] hydrogen of 36 by shaking the

solution .with a drop of 020 removed a signal at approximately 5 1 10

lwhlle those at 6 1.85 and & 3.82 remained unchanged. That result indicates
X

that theé 6.3 Hz coupling is not to OH but to an adjacent CH. The dihedral
angle must bé_almost zero for them to have fhe'noﬁma]'coup]ing constant.
The ‘results point to these two protons as being endo-cis at C-2 and C-3.

This puts the hydroxyl group in the exo position at C-2.-

Fr
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.36 .

-

7 .
The ]H NMR spectrum of the 2,3-epoxynorbornane matched the

* 152

reported spectrum of exo-2,3-epoxynorbornane. ]3C NﬁR assignments

for- the compound are given below

AN CpCy C

5:C6 -G
26.1 51.3 . 25.0 . 36.6

i,

The resilts from the studies of the chemistry of the a-hydro-
peroxydiazenes in norbornene fndicate that these azo compounds are poor
in hydroxyalkylating norbornene -and probably other hindered-hIkﬁnes.
They can be used for monodeuteriation of norbornenes; however, they do
not compare favorabiy with the,a-hydroxydiazenes'which are known to givé
87% deuterium_incorporation.]38 ' ' | :

. Tﬁgfmolysis;of 28¢ in t-buty]efhy]ene gave 2;2-dihéthy1-6- .
phenothe#ane as fhe major product. Other products inc]ude'phenyf ethyl

ether;'2-phenoxyaceta1dehyde, 2,2-dimethyl-5-phenoxypentane, 2,2~

=
-



»

dimethy1-6-phenoxyhéxan-3-one, I,3—d1phé:;xyéropané{ and 1,4-diphenoxy-
butane. Only about 5% of the hydroxyalkylation product, CHz0(CH,) 5- ,i
CHCOH)C(CH3)3, is formed and, although the maJorrproduct comes from hydro-
alkylation as in'the case of norbornene, only about 1.5% of t-butyl-
léthylene oxide is formed.” Eqﬁation R? gives the préducts and their

* approximate yields from the reaction of 28¢c with t-buty]ethy]eﬁe.

Particularly interesting is the fact that the epoxide is formed

in very low yield and also interesting is the presence of such compounds

-

_CHCH,0C H

2°%6'5 . .
)l # CH,=CHC(CH3) 5~ CoHB(CH,) ,C(CH,)
0oH (357)
*. CaHg0CH CHy +- CallgOCHCH 00—+
(15%) (8%)
CgH0(CH, ) 5C(CHS) o Cglg0Oit0 s
). : (0.8%) :
HO(CH,) 300C(CH) 3+ CoHeO(CH,) S CHC(CH )5 +
' H
(4%) (5%)
CeHg0( CH ) J0C H, + c H50 CHyy) (0C,H
(2%) ' - (29%)

-CHC(CH3)3 + [:::[ji> - | | [R7]
\O/ . :

(1.5%) (2%)
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a 2,3-dihydr6-4,S-benzofufan, 1,3—d1phen0xypropéne aﬁé}1,4-diphenoxybufane
in appreciable yieids. Thesé observations point'to a low reactivity of
the alkene towards éintion of free rédica]s. Ihis allows build-up in
the concentrations of the radicals and leads to couplings and cyclizations
to give those products. # N

Details of the reac¥1on mech%p1sms in norbornene and in t-
butyTethy]ene are discussed in the next ,.section.

Summary of "Synthetic Applications". Hydroxyalkylations of.

r;

unsaturated substrates with u-hydrOperoxydiazeneg, reactions discussed _
in thé preceeding sectioﬁ; are the first known reactions of -their kind.
StudieS of the synthetic applicafioné‘of theJa-hydrOperoxydiazenes suggest
that formation of the hydroxyalkylation products depends on the react1v1ty
of the o]ean towards radical additions as well as on the structure of
the olefin. When the olefin is reactive and the intermediate adduct
_radical 1is sterically. unhindered,‘ﬁs in the case of ethy] vinyl ether,
the yiel& of hydroxyalkylation product is high. However, wheﬁ*@he olefin
is reactive but the intermediate adduct radfcal'is sterically cro&ded,
as in the case of norbornene, the'}eacpion pathway is altered and the
major products result from hydroalky]a;{on and epoxidation. For un-.
reactive olefjns which give sterically crowded intermediate adduct
radical, hydroa]i&]ation is the major route and epoxidation is drastiéa]Ty
reduced. | )
Deuteriation of the 326 compounds in the hydroperox} group
increases the yields of the hydroxyalkylation products_from 2-14% to
between 1? and 29% and at the same timé decreases the yields of the

alkyInorbornanes and epoxynorborﬁane from about 65% to about 30%.
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Deuterium is incorporated into the alkylnorbornanes’at C-2 in the exo and

endo positions in a ratio of 6:1.

" RD 2.2. Mechanistic Studies

As pm’ntedhput in the Introduction (Section I §.3, p57)a
number of mechanisms have been put forward for the decomposition of a-
hydroperoxydiazenes. Scheme 6, repeated below, shows three of the
mechanisms: {a) unimoTecu_lar fragmentatio:jj the com&ounds to give a
carbonyl compound, hydroxyl radical and an y1 '(or ary]) diazenyl
radical (R-N=N-} which dissociates rapidly to nitrogen and alkyl (or aryl)
radical; (b) base-catalysed fragmentation to give ~a* digfira'ne (or carbonyl

oxide); and (c) radical chain abstraction of the hydroxyl group to give

a hy ' Xy compound, a carbonyl compound and an alkyl radica‘l.

SCHEME 6
R

1 R a ] —_— .
Xum/ —_— >=0 + HO: + Ny + "R —> ROM
R R
2 oom 2 \
17 b HO- + N, + R-
b R 2
- +

1 R
c - B XN{I‘I/
/R R
2 9
-

1.0

| + THaN-R
e
or BH .
( l\ o \
. o

Rz/ \0-

B: + HN=HR

N

Nz + RH

0"
R
R
R

™~

2
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It should.be pointed out that in his proposed mechanism, Tezuka144’]45
failed to indicate the fate df the éry]diazeny] group in compound 24.
Formation and decomposition of the alkyl (or aryl) dié&eﬁé in mechanism
b (Scheme 6) is postulated by this author.

Evidence in support of the unimolecular mechanism (a) and the
bimolecular decomposition induced by %ree radicals kmechanism c) which
are proposed in this laboratory, is g1ven and d1scussed together with |
mechan1sm b, in this section.

Spin Trapping. Approximately 0.15 mmole of compounds 28 were

decomposed in benzene containing approximately 0.1 mmole of 3. 5-d1pheny1~

1-methyl-4-nitrosopyrazolie (DMNP, 37) as the spin trap The radicals

formed by the decomposition of 28 were captured-by 37 to give the

“nitroxide radical, 38, eq. R8.

‘ CH _ :
N—nN" 3 N—NT 3 .
R+ ] : > /i [R8]
Gl el ezl ACHs o
. =0 N
N PN
. R 0

37 38

The.nit;okide radicals'(spfn édducts) were detected bx ESR spectroscopy,
Fig. 5-11. A second set of'resonances.which_were obsé;ved in. the ESR
spectra and which disappeared rather rapidly with time was assigned to
the spin adduct 39 resulting from reactioé of hydroxyl radicals yith
OMYP, eq. R9. The spin adduct 39 must be very unstable. THiS cgh
possibly bg acdbunteq‘for in terms of Se]f—reactions (eq. R10) t Qi

the original -nitroso compound (in this cage DMNP), a nitro compound, 40

|-

k|

—

¢



- 94 -

CH
N-—"N/ '3

HO- + 37+ .@,Q/)_(D [R9]

N
HO/ \O-

39; a" = 7.836, a" = 5.006

' CH., - a
. N—n" 3 . .
2 x 39 37 44 [ + H.0 [R10]
, _ ¢*4£\f¢;L'¢’. 2
S o .

- 40

and H20, or in térms of disproportionation with the spiﬁ adduct 38 to

give the nitro compoﬁnd, 405 and a hydroxylamine derivative, 41, eq. RI11.

%
/CH3

: N—=N
38 + 39- -+ 40 + R11
2T, b ¢// ¢ | [R11]

N
N ,
41

The spin adduct 38 can be regenerated by a reaction between the hydroxy]--

amine, 41, and spin adduct 39, eq. RI12.

CHy
. ' x. h}—N
41 + 39 - 38 + ' (R12a]
HrE * el So
L] N
HO//'\\OH.
Coe :
" a0 +hy0 -~ [RI2b]
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. Spin trapping of the hydroxyl radical with nitrones is well "’

known;lss']58 howevery there is only one reported caseng of spin- ’

159

trapping with a hitroso compound. Konaka and Sakata were unablie to

determine the half-life of the spim adduct from the reaction between
hydroxyl radicgls and 2,4-dimethy1-3-nitrosobenzenesulfonate (sodium salt),
presumably because the adduct radical is very short-lived. THe ESR

parameters for the spin adduct 38 (see Table 15) are in good agreement |

with Titerature va]ues.]60

g

Table 15: ESR Parameters for Spin Adducts 38.

R in 38 g-véluea _ - bh.f.s. (Gauss)
N 3 Bother
.- . B B _

CH, CF 5 _ 11.48 6.30 ¢ ap = 1.13
GHpCHOCH; | 12.61 8.78

3 - 0,p _ .
CeHs | 2._0056 | 9.75 3o = 2-63; 3, = 0.85
CH(CH,), 2.0061 13.10 5.75 .
C(CH,) 4 14.35 -
CH,CoHs ~ 2.0068 13.0 7.53

% Absolute. b o refers to the proton position in the first-formed radical.

Thermolysis Chemistry in Olefins. - Compounds gg decompose rapidly
in olefins at 50°C. This rapid decomposition, the poorer fit of the
kinetic data to the first-order rate equation (vide infra), and the spin

trapping of the radicals in benzene were the initial indicators of a
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free radical chain mechanism. The rapid decompositions of 28 are strongly
inhibited by 2,2,6,6-tetramethylpiperidine-N-oxyl (TMPO, 43) radical, and
return to the fast rate is observed only after all the TMPO 12 consumed,
see F{g. 1. This-ébgérvation provides a confirmation of the chain
hyﬁothesis.. Samples of 28b (R = CHZCHZOCH3) &nd 28c (R = CHZCHZOCGHS) in
ethyl vinyl ether, but without added TMPO, decompose without induction
periods, Fig. 12. Inhibition of the rapid decompositioné of 28 exposes

a slower rate of decomposition. This sTower rate is attributed to the
unimolecular decomposition of a-hydroperoxydiazenéé. Results from the
inhibition studies and from spin trapping suggest that the chain initigtion

involves the unimolecular decomposition of gg“feq. R13), see mechanism a

of Scheme 6. The above observations and the nature of products suggest

AN

>XTN=N”\"’OCSH5 » =0+ HO- 4 N
00H . '

the chain-carrying steps of eq. R14 and RIS and hemiacktal (or hemiketal)
decomposition step, eq. RI6.

, OEt .- .
NNl 0 Y D0+ N,

-

X

0-0H
' OEt
CH o”*\/ﬂ\Y/ + ~N0CH - [R14]
675" . : 65
OH : .
TN0CH, + o CHCHOEE ~ (0NN AOEE [R15]
R ) .
OEt |
csHso””\vf‘\T/’ Lo CHOTTNNCHO + EOH [R16]

OH



- 103 - °

H— T - T T P —l
O S.0 10.0 15.0 20.0 25.0
: TIME (MIN) x10 ' :

Fig. 11: Kinetics of Decompos1t1on of 0. 060M (CH ) C(OOH) N=N-CH,,CH.,0CH

272773
in Ethy] Vinyl Ether in the Presence of TMPQ at 50°C '
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R=CH,CH,0CH,

L N

.0 2.0 4.0 B.0 8.0 0.0
TIME (MIN] x 10 o

12: Kinetics of Decomposition of 0.08M (CH3)ZC(00H)N=NR in Ethyl Vinyl
in the Absence of TMPO at 50°C. N

12.0|
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The secondary c-athoxyalkyl radical in eq. R15 was successfully

3 M solution of DMNP, 37,

spin-trapped when 28c was decomposed in efl;lo'
in ethyl vinyl ether. The major signals in the ESR spectrum (Fig. 13)
were assigned to the spin adduct 44 from 1-ethoxy-4-phenoxybutyl radical.
The measured g-value for 44 compares very well with the values ogfiined

a

CH g-value a a

N H
s
¢J\T/)‘¢ 2.0063 12.08 4.256
N
7\
HOCHZCHZCHZCH\ 0
OEt
“ :
I3 _' )(
CoHomrs . ~ NNl '
a0 2.0063 13.76 1.776
OCHR, ‘.
15 7
161 ) ' !

by Merritt and Johnson for spin-adducts 45 from reaction of secondary
alkoxy radicals (RZCHO ) with N- tert-buty1-—a pheny1n1trone The
nitrogen and a-proton hyperfine sp11tt1ng constants d1ffer by only 1.7G
and 2. 3G, respectively, although the two spin adducts are not exactly the
same. Also present in the ESR spectrum are some minor signals which are
assigned tod;he spin adduct from the first-formed primary radicals
(CBHSOCHZCHZ') and OMNP, see eq. R8. The ESR parameters of this second
adduct are 3y = 12.56G and aﬁ = 8.65G. The above results 1ene sqpport to
the hypothesis for the propagation steps. -

Since the products isolated from reactions of 28 with enol ethers
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+

| ware q]dehydbs and ketones, an alternative mechanism for the production of

these compounds has ta be considere&. The carbony] compounds could-
possibly-arise_by B-scission of the a-a1koxya1ky1 radical (eq. R17) to
generate an alkyl rad1ca1 “The alcohol, which is a major co- product,

would “then be attributed to induced decomposition of 28 by the alky]

CGHSO/\/\./OCZHS + csqu(CH2)3CHo + - CH,yCHg [R17]

) 4 *

v

radicals (eq. R18) instead of to decomposition of a first-formed hemi-
. -
acetal (og“hemiketalﬂ (eq. R16). If the processes of .eq. R17 and R18 were

* L 0CH |
NN 6 :
>€NN . FOO,0Hy - CHCHOH + <0 + N, +
OH _ . : o _ _
‘ - . \.\-. “-CSHS o [R18]
importart during the fhermo]ysis of combdund.gg in‘eﬁhy] vinyl ether,
thﬁﬁ.ﬁutﬁkaqdehyde shou]d;be a major co-broduct Siqée éthyl fadica]s too
would add tq ethyl vinyl ether. (eq. R19}.

-

CH CH + CHy=CHOCH = * ~~0CH

j Liftafs 25 |
1 : NONCHO 4o CHCHy 0 [RI9]

LS -
By

'Butyraldehyde was not detected as a by-product of any reaction with ethyl

vinyl ether. These results indicate tﬁat fhe g-scission process is at
mos;&a minor competing step in.the cases that were Studied

A careful ‘search for minor products in the case of the react1on of
28c w1th‘gthy1!¥1ny1 ether prOV1ded some 1nterest1ng results which

1nd1cagpd that the major product was reacting further to give other

-

-
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products, see eq. R3. Particularly significant among the products were

L -
S T e 2k '
XN- + CHp=CHOEt = CCH.O(CH,) CHO +
OOH 28¢c ‘ B ' 52% i
CBHSO(CHZ),,’CHO} CoHgOCH,CH,0H  +  CHOCH,CHy +
/ 0.7% | o~ 7%
'Y :
Calis0CH,CHpCHy +- cﬁHSO(CH2)3<I:CH2-o ¥ @:) +
0.6% 4% OEt trace
0 :
trace -

5-phenoxypentanal, 2,3—dihydro-5,6—benzopy€an, and phenyl propyl. ether
which probably arose from the major product by a sequence of reactions
in Scheme 8. Formatfon of 5-phenoxypentanal and phenyl propyl ether as
minor by¥ﬂroducts provides further‘support for the rddica] mechanism.
Abstraction of aldehyde hydrogen and subsequent decarbonylation (first
two steps of Scheme 8) are well known in free radical chemistry.]sz’]ss
The resulting 3-phenoxy-1-propyl radical should then participate in the
available abstraction and addition processes, leading to phenyl propyl
ether, 5-phenoxypentanal, and 2,3-dihydro-5,6-benzopyran, the observed
minor by;producfs with one more carbon atom than would be expecteq from
consideration of the strucfures of the reactants. Another minor, but
interesting, by-product was identified tentatively as 3—ethoxx—6-

phenoxyhexanal. This compound probably arises via addition to a second

molecule of ethyl vinyl ether by the first formed intermediate a-ethoxy-

-
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SCHEME 8

L
- CGH 0(CH2)3CH0 + R -+ PRH + c6H50(6H2)3c0

50(CH2_)3C0 ~ €0 + CGHSO(CHZJZCHZ

. 0 R: 0

L I

CBHSO(CHZ)ZCHZ + CH2=CH9Et -+ CGHSO(CH2)4CHOEt

CGHSO(CH2)4CH0Et t 28+ CHO(CH,),CHOEE + other products
OH

CSHSO(CH2)4CHOEt - CGHSO(CH2)4CH0 + EtOH
OH .

alky1.raaica1. The radical then participates in hydroxyl abstraction
followed by decomposition of the hemiacetal to g{ve the compound, see
Scheme 9.

SCHEME 9

CgHgOCH,CHy-  + CHy=CHOEt -+ CoHEO(CH,)4CHOES
CHz0(CH,) ,CHOEE  + CH,=CHOEt - %%NmQ§M%m%t
' " OEt
CGHSO(CH2)3EHCH2CH0Et + 28 - CGHSO(CH2)3?HCH2?HOEt + other products
OEt OEt OH
C6H50(0H2)3CHCH2$HOEt L C6H50(6H2)3$HCH2CH0 + EtOH
Et OH OEt

Y
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Mechanism of Decomposition of Hydroperoxydiazenes. As mentioned

in the Introduction (section I 3.4, page 41 '), 1,2-vinyl migration is
not known for simple allyloxyl radicals. Nevertheless, an analogous
pathway, 1,2-azo migration, must be considered in the thermal decomposition

of arhydroperoxydiazenes, see Scheme 10. Unfortunately there are no

SCHEME 10

-
]
A
po v
[ R
X
©
+
a.z/
= .
=

00H 0
X—N—&R —>  >:0-N=NR
ZANR
D-0-N=NR B-s?ismn >=o +oN=NR
‘N=N-

R -+ N, + *-R

.precedents for such a mechanism. In spite of the lack of examples, it

can be predicted that if the 0-0 bond scission in concert with gddition

to form a hydrazyl radical is the rate-determining step, then substituents,
R, capable of stabilizing the nitrogen-centred radical by resonance should
increase_the rate of decomposition of the -hydroperoxydiazenes. This

would mean that the decomposition of 28d (R = CSHS) must be faster than

the decomposition of 28f (R = C(CH5)3). The products fit for this
mechanism, because cyclizatioh is only a little more than the first step.
of the reafrangement of a radical of the homoaliy]l t_ypt-:‘,]64 and would be

followed by ring opening and by g-scission (Scheme 10). Results from this

work (vide infra) indicate that compound 28f decomposes much faster than
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compound 28d. Thus ‘decompositions of 28 probably do not proceed by the
mechanism proposed in Scheme 10. | . '

Other mechanisms for which the products fit 1né1uae (@) one-bond
cleavage involving the 0-0 bond or a CQNfbond; (b) concerted two-bond
cleavage involving the 0-0 bond and its mMtarest C-N bond; or (c)
concerted three-bond cleavage inv01vihg the 0-0 bond and the two C-N

L4

bonds, see Scheme 117.

' SCHEME 11
A. One-Bond C]gavage _ ‘
R R ;
B XN=N/ or >‘/N=‘N/
0\:} | Q\ -
““0H - - _ OH

B. Two-Bond‘C]eavage

R
>\' N=N"

\Y
0,
LY

“OH

C.. Three-Bond Cleavage
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In a recent paper, Warkentin and Nazran]65

reported their studies
of the thermal decomposition of azoperester 46. They chose tert-butyl

perbenzoate, 47, as a model for the stepwise thermolysis of the azo-

C.H )
X X
00CC.H
j 6%
OOECGHS 0

0

46 47

.perester 46. Perester 47 is well known %o decompose by peroxy 0-0

bond cleavage in the rate-determining stép]66 and if 46 were using that

mechanism also, there ought to be only a small effect of Substituting

the N=NC6H5 for CH3. The first-order rate constant for homolytic
165
decompasition of 46 is 4.5x10"% ¢ at 10°C and that for 47 is 3.38x10"

s”1 at 110°¢. 167

5

Warkentin and Nazr‘an]65 estimated that at 10°C 46
decomposes with a rate constant about 108 times Targer than that for 47.
Compound 46 was postulated to decompose by a concerted two bond cleavage,
eq. R20. Attempts to isolate perester 48 failed and this was interpreted
N=NC6H5

00CCHS
0

s L0+ CH0, + -N=NCgH [R20]

to indicate a faster rate of decomposition of 48. warkentin165 proposed
that compound 48 decomposes by a concerted three-bond cleavage {mechanism
C in Scheme 11), eq. R2]; Further evidence in support of these mechanisms

. for the azoperesters is provided by the rate constants for decomposition
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N=N" | ' ‘
:>(/ > >h0 + CgHgCOpr + N, + -C(CH3)3 [R21]

115 and tert-buty]hydroperokide.93 The rate

of- analogous azoalkanes

constant for decomposition of phenyl tert-butyl diazene is 1.06x10'3 s']

at,300°l?.”6 The rate constant at 10°C would thus be much smaller than

the value obtained from compound 46. From the generalized rate equation,

log k = 15.8 - (4.3x104)/(2.303RT), for unimolecular decomposition of

tert—buty]hydrgperoxide,g3 the rate constant is 3.14x10_]8 s'] at 10°C

and tIL.]'lx]O-]4 s'] at 50°C. The rate constant for decompositjon of 46 at -

13

10°C is about 10 ~ times 1ar§er than that forldeéomposition of tert-butyl-

hydroperoxide. Phenyl tert-butyl diazene and tert-butylhydroperoxide are
known to decompose by one-bond cleavage. Thus the azoperesters must
decompose by the proposed mechanisms B and/or C in Scheme 11.

Based on these analogies it }s proposed that the a-hydroperoxy-
diazenes undergo unimolecular decomposition by either. the concerted two-

bond cleavage to form diazenyl radical intermediates (eq. R22) which

rapidly fragment to N, and akkyd. (or aryl) radicals (eq. R23) or by the

. concerted three-bond cleavage, eq. R24. Induced decomposition of the

hydroperoxydiazene can-also be imagined to go by either concerted two-
bond or concerted three-bond cleavage.

“Evidence in support of either or both mechanism was provided by
kinetic studies of the unimolecular decomposition of compotinds gg.

The radical chain decomposition of the compounds was inhibited by addition
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R
S
N=N s]ow n
concerted >k0 + HO.- + -N=N-R [R22]
00H
Nen-p  fast N, + R [R23]
R
N=N concerted | <0 + HO- + N, + -R- [R24]
00H

of TMRO to the reaction mixtures. The first-order plots are ghown in
Fig. 14 and 15. Each plot is an average of three runs. Decomposition of
g@ was . foliowed - by monitoring the disappearance of the gem dimethy]
signal at 611.6 in the IH NMR spectrum using_qs internal standard for
1ntegratioh.the sum of the gem dimethy} sign31 of 28 and the acetone
signal at § 1.9. The rate constants together with the correlation
coefficients are given in Table 6.

Very recently Solomodn anﬁ co-v.rorkezrs]68 have reported the rate
constants and activation parameters for the unimolecular decomposition
of 28f (R = C(CH3)3) in cyclohexane.. %rom the generalized rate constant,
k = 9.58x10]4exp(-1.47x104/T)s;], the value at 50°C in the cyclohexane
is estimated to be 1.68x10-5 s']. This is 11.5 times smaller than the'
value obtained in this laboratory. As would be noted, the kinetic !
measurements in this 1abordtory were done in benzene. According to

65e,85,86,169

Titerature data and to the earlier dichssion in this thesis

(see Section RD 1.2) several types of associations are possible for.
organic hydroperoxides. It has been established that the structure and
heat of formation of these hydrogen-bonded species affect considerably

85,169

the Arrhenius parameters of decomposition of hydroperoxides. For
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R = CgH,
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.0 4.0 8.0 12.0 1B6.0

TIME (HR]

Fig. 14: Kinetics of Unimolecular Decomposition of (0.08M-0.09M)
(CH3)2C(OOH)N=NR in Benzene at 50°C.
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- - [ R=C(CH,),
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R=CHI(CH,), .

.0 .0 8.0 12.0 18.0 20.0
TIME (MIN) x 10

Fig. 15: Kinetics of Unimolecular Decomposition of (0.75M-0.80M)
(CH3)2C(00H)N=NR in Benzene at 50°C.
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Table 16: Rate Constants for the Unimolecular Decomposition of

(CH3)2C(OOH)N=NR at 50°C in Benzene .

50°C 46 _-1

R 7 k s Corr. Coeff.

x10
Ces 2.1+ 0.3 0.9996
CH, CH,0CH, 9.6 + 0.7 0.999
4,5 CH, 0C gH 7.0 + 0.4 0.9997
CH,CeHe 12.3+ 0.5 " 0.9996
CH(CH,) " 2842 0.9994
C(CHy) 5 . 190 + 5 . 0.9949

-t

2 Errors are standard deviations from the mean.

16

example, Kucher et al 9 found that the activation energy of the decompo-

sition of cumene hydroperoxide is much lower in nitrosobenzene (50 kJ moI'])

1

than in cumene (108 kJ mol™ '), The larger value for the rate constant:

of unimolecular de;ompositioh of 28f in benzene, obtéined in this work,
-can be explained in terms of the lowering of the Arrhenius paraheters and
of higher concentrations of the hydropéroxydiazene in beqzene. Assuming
tﬁat the rate constant for the disappearance of 28f in'benzene is given

by k =‘9.5x10]0 eXp(—T.]03x104/T)s'1 (the value reported by Solomon et

14 exp(-1.47x10%/T)s”! 168

al. is k = 9.58x10 , the rate constant at 50°C
is 1.46x10™% s, This value comparéd favorably with the expefimenta]
“value in Table 16, and the difference between these‘valués can be accounted
for by differences in concentrations of the hydropefokydiazene'in the

laboratories of Solomon's (~ 0.035M) and of Warkentin's f0.0G-O.]OM).
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As pointed out in the Introduction (Section I 5.1, page 47 ),

the mechanism by which azo compounds lose nitrogen-has been debated since

117

Ramsperger first posed the gquestion in 1929. The question, the status

of which has oscillated between "essentially settled" and "still un-
answered, is whether homolytic decomposition is concerted (eq. R25) or

stepwise, eq. R26. The major criteria of mechanism {discussed in the

1 1 2

RIN=NRE » R-!T 4+ NN + R [R25]

] 2 1

R'N=NR™ -+~ R-" + -N=NR"™ -~ R-~ + N, + R- [R26]

Introduction) that have been applied include the effect of substituents

(Rl 113,116

and R2, including isotope labelling) on the observed rate constant,

128

phe results from theoretical calculations, and the effects of pressure

on the rate constant for so]htion-phase decom]:uo'sition.]29 116,130

Engel
summarized the earlier results as follows. '"Azoalkane thermolysis seems
tolproceed by-a centinuum of mechanisms between concerted {eq. R25) and
stepwise (eq. R26) and the more unsymmetrical the azo compound, the more

128,129 showed that even

unsymmetrically it cleaves." Recent results
syrmetrical dialkyl diazenes can decompose by the stepwise mgchanism making
the above generalization inadequate. Conclusive evidence for stepwise
homolysis of a number of unsymmetric dialkyl diazenes (49) was provided
recently when "turraround products” (50), which could only arise from

recombination of an alkyl-diazenyl radical pair (Scheme 12), were iso]ated.]BO

130 contributed substahtia]ly to the

Although Engel and Gerth's paper
clarification of diazene decomposition mechanﬁsm, one ambiguity remained.

They observed that, for example, 49 (R = t-butyl) does not Tead to a
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SCHEME 12
Ky - ky _
HpL=CHMe N=NR 2 H,C=CH-CMes -N=NR ~  H,C=Ci-Me, + N, + R-

k
49 -

=
. Me,C=CHCH N=NR

50 (turnaround product)

detectable amount of turnaround product and yet is much more labile than
49 (R = methyl) which forms turnaround product. The substituent effect
can be accounted for in two ways. First, Scheme 12 could describe the

k
mechanism for both compounds. For Scheme 12, k = k][1 - rE——;il;E—TJ,

obsd = <_1tK, K4
and kobsd would be essentially k] for the t-<butyl system if k2 were
large relative to both k_1 and k3 and turnaround product would not be

detectable. For the methyl system k d would bé'sma11er if it had k2

obs
small relative to k‘] and k3 and turnaround product would be formed.

Engel calculated that the rate of N2 Toss from R-N=N- at 298°C exceeds

the rate of rotation of dimethylallyl radical (k . = 3.4x1010 571 at

298°C) within the cage when R is t-Butyl but not when it is, say,

isopropyl (see Table 17). Second, eq. R26. could describe the mechanism.

for the metﬁyI system on]xg the 't-butyl system-adopting the concerted
mechanism, eq. R25. The latter mechanism accomodates the enhanced

lability of the t-butyl system easily and,:&f course, there is no possibility
of turnaround products from an alky]diééégil radical péir becauée such a -
pair is never formed.

Substituent effects on the rate constants -for unimolecular
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/ o
bl : C Lifetimes, 7, of Diazenyl Radicals
(R-N=N-)r at- 298°C.2 i
| R : kg, s T, S
: a6 ) ’ .7
CHs M - 6.3x107
Cyclopropyl - o _ 3. %10 1.9x1078
CHy | 9.0x107 7.7x107% -
CH(CH,), 1.9x10° 3.7x10710
- C(eHy),  1:sx10M 4.6x10712
- ) S 21
CH,y=CHCICH,y), 6.2x10'2 1.6x107V3

a Ref: 130. b Rate constant iﬁj dissociation of R-N=N- at 298°C.

decompdsition of hydroperoxydiazenes 28 (b R

CH

CH%CHZOCH:,’/, cR=
ZCHZOCSHS’ dR= Cigs € R = CH(CH3)2, fR= C(CH3)3, g R = CHZCGHS)'. .
point 'to a fully-concerted mechanism for 28f and by ext(apo1ation, to a
concerted mechanism for the Engel systems which are left mechanistically

ambiguous by failure of ‘the "tﬁrn;round“ criterion. It appears very
oun]ike]y that there wil] be internal: returns in‘the.thermo1ysis of
ﬁ}a?operoxydiazehés, éd. R27. Two-bond cogc;rted homo]}gis, as implied

by the azoperester mgdel would require that internal return by the

concerted process be termolecular; an unlikely event. If, however, return
O . . _

R : :
. >€(N=N/ = '>=o + HO* + -NR=N-R (R27]
0§04 ] ooy
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: substituent effects
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were non-concerted, then. the first step for the format1on of the start1ng

lconpound must involve ‘addition of d1azeny1 or hydroxy] rad1cals to the

cfrbony] compound, eq. R28 and R29, respectively. There is no precedent

K _“ . . . . R . _ | B - \l

X0+ NN-R > AO’"”K' _ [R28]

}0 +OHOT w0 D=OOH. T g [R29]
7 . . ' S .

e Y

the nécessary rad1ca1 add1t1on steps could compete with loss of N2 from

RN=N-. The ra

)ﬂ\fpr either of these processes and it is quite “uniikely, in any’ case that

' constant for-the 1atter prOcess at 20°C has been’
130,170
est1mated at 1.1x10

for the case:R "CGHS’ which must be one

of ith t (Table 7). Thus : ly likely ion the diazenyl
e 51°WE§’~£,§DlE,\l, hus tpe only 1ke]y reaction the diazeny |

radi cals\"\cana’ undergo is dissociation to N, and alkyl (or aryl) radicals

4
ing. with hydroxyl radica]s If all hydroperoxyd1azenes decompose

irrey ‘s1b1y By the concerted two-bond/cleavage to give’ d1azeny1 radical

Tntermediaté;; then xthe observed rate constant should show onTy small

-~
%

Thg'phenyl diazeny] radical is a well- known rad%cal 1ntermed1ate]70

and it i éﬁé:fggje proposed to be formed in the thermoTys1s of 28d. Thus

-'/ compound 28d probably decomposes by mechanism B, Scheme 11. If the

'other hydroperoxydIazenes decompose by the eame mechan1sm, then their |
rate constants-ought to be close to that for compound.gggl ‘If, on the -

) other.hano, the compounds decamposé By different mechanisms, “then tpere

.ought to be large diffefences in their rate.constants Results in Tab]e
16 sh hat compound 28f decomposes with a rate constant wh1ch is about

— ‘ . ’
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-~ - A

90 tihes larger than that of 28d while.28b and 28c have rate constants

%hich are only 4 times larger than that of 28d. <{ompound 28e has a rate

~ o -

constant which is 13 times larger than that of 28d. The results point

e

- to the concerted two-bond cleavage for compounds 28b and 28c, and.a -

- L
concerted three-bond cleavage for compound 28f. Compound 28e probably

- o CHo CH,CH,OR'
o _N=N" 65 | o LN=NT 22
o and >F |
0\\ _ . 0-___ :

~OH ~OH

B. Concerted Two-Bond Cleavage

decomposes by a concerted, but iess synchrohous, three-bond cleavage.

. '
.~CH{CH) _AC(CH,) o
| ﬁr-ﬂ'——'— -3 >r,—'N‘£N’ 33 ‘
S . . '
O~ | L Os
~OH : ~CH
Cl. Concerted, Less Synchronous C2. Fully Concerted

N,
Surprisingly, the benzyl system (28g) has_a rate constant which

is only 6 times larger tﬁan that fbr the‘Pheny] system and 15 times Jless
than that for the t-butyl sxsteﬁ (ggff._’lf resopancg.stabilization of the
benzyl radical were an ?E;;?tént>factor-dufing the decomposition of 28, -
then the rate constant for f;s decomposition ought to be,much_1arger.

In fact, the beazy1 resonance is known to be very impﬁrtant. For example,
bromination of a]kyibénzenes whiéh-has‘a late fransition state is enorm-

ously selective for benzyl sites while chlorination which has an early

transition state is relatively unselective. The energetics of the

»

~a

™
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decomposition of the hydroperoxydiazenes point to an exothermic process,
eq. R30 aei’fii;) According to Hamﬁond's Postulate the decomposition of
e
-+ >:0-+ N, + HO- + R- [R30]
0*-..
OH ‘ :

,/\ aH . = (2x68) + 100 + 45 + 83 - 226 - 172 = -42 keal go1™!

171 [R31]

{ .
the hydroperoxydiazenes has early transition states. Thus in the benzyl

system the small energy gained at the transition state in terms of benzy]
resonance cou]d be offset by entropy cost of stopping rotation about the
Ph-C bond. Tgas ear]y tra;s1t1on state should therefore make the rate
constant smaller” than one would expect

The resu]ts suggest that ster1c factors are “also very 1mportant
in the/d’“pmpos1t1on of the hydroperoxyd1azenes Overberger and co-

172

workers /" have earlier recognlzed the 1mportance of steric fdctors #n

173-175 - 174

the decomposition of'd{a]ky1 diazenes. These factors ere 1ater exam1ned
b ]
by  others. The results from the studies by T1m;

erlake and Engel
@nd'by.Iimber]ake175 were shown to be-most consistent with a concerted
mechenism for the decomposition Of'stericalfy crowded dialkyl diazenes..
The‘iarge increase. in the (ete constent for the decomposition-of
" the tert-butyl system can be explained in terms of changes in the geoﬁetry
of the te}t—bUtyI group. In going from the starting diazene to the free
radical, the geometry of the tert-butyl group changes from tetrahedral
to trigonal planar (or near-planar), thus changing the internal ahg;es

from approximaﬁe]y 109° to 120° and placing the methyl groups further

away from each other.
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The Reaction Kinetics. The overall reaction mechanism for

compounds 28 in the olefins is given in Scheme 13;

p—
SCHEME 13
Initiation:
R .
Ve k -
N=N 1
X - 0 + HO- + N, + -R
0oH . =) | 2
Propagation:
k .
- - 0Et 2
~ s = S R NEE (g
ks
' OH
Termination:
ky
2R -— "R-R
ks | K
Ry + R — Ry-R &4
k6 )
2R-|' — R]-R]

A second set of propagation sequences involves the addition of hydroxyl
radicals to the double bond followed by chain transfer on the hydro-

‘peroxydiaZene, eq. R32 and R33.



y
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OEt

Ho- + =" - Ho— ~—CEt

[R32]

HO/\:/OEt + 28 - HO/_\I/OEt + >=0+N2+ R- [R33]
: OH . o

This set of sequences is unimportanf when the kinetic chain is Tong.
Also if the‘chain is Tong the concentration of the §econdary adduct
radical will Be very ‘low and fhuﬁ it will be prevented from being
jpvﬁTved in chain tgrmjnatipn procésses; that is, steps 5 and 6 in
Scheme 13 would be;unimportant. Product analysis of the reactions of
compounds 28 with the olefins showed none of the products that might
have arisen from the second propagation sequence. Since the involve-
menf,of the hydroxyl radicalé in the propagafion sequence is not-
ijbrtant, their seTf—dimerizations do not constitute chain termination.
Thus only step 4 constitutes the chain terminatjon process.

The rate of decomposition of the hydroperoxydiazenes‘is given

by eq. R34, where [ﬁj is the concentration of hydroperoxydiazene. At a

- UALL AT + k3[AJ[Ry | ~ R3]

steady-state radical concentration the rate of decomposition of compounds

. 28 is given as

- 25%1 - kl].[A] + k[A]* : . [R35]

where k = (k1/k4)%(k2/k3)[5] and [S] is the constant concentration of the
olefin (substrate), present in large excess. See Appendix II for a

complete deduction of the above rate equation. .
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If it is assumed that k[A]a_>¥’ET{A], then eq. R35 becomes -

- %1 = k[AT® [R36]
which leads to the integral rate equation R37. -
[A12 - [AL% = -kt | ’ [R37]

where [A]0 and [A]t aré the hydroperoxydiazene concentrations at time
zero and time t, respectively. The data that were plotted are given
in Appendix II, Section AII.2 (see'Fig. 12 for representative plots)..
The plots gave good straight lines with correlation coefficients of
0.9975, and' 0.9982 for 28b and 28c, respectively, for at least 90% of
the decompdsition.

Chain Length. The chain length was defined in. the Introduction

(Sectjpn I 3.1, page 21} as the rate of one of the propagating reactions
divided by the rate of the termination reaction. An operational estimate
of the chain length fqr the case where chains are long, may be given as
hain length ops (AT° [R38]
chain Tlength =. ' '
' ‘ Zk]l [ :

where kobs is the observed rate constant and k] is the rate constant for
the unimolecular decomposition of the hydroperoxydiazene. For compound

' _ - - -6 -1 -
28b (R = CH,CH,O0CH,)- in 2-methoxyethyTene, K —|9.6x10 s and kobs =
1.7x107 4 w5t At an initial concentration of 0.04M hydroperoxydiazene,
the chain length is calculated to be approximately 45..

Concluding Remarks. Evidence hag been g{ved in the foregoing

section to show that pﬁdducté from the rdaction of hydroperoxydiazenes

with olefinic substrates are formed via a—free radical chain mechanism.

-
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The evidence came from product analysis which showed incorporatiqn of
parts of the hydroperoxydiazenes in the products, from‘Spinltrapbing of
the alkyl radicals which were fougd as parts of the products that came
from the stafting diazene,_and from kinetic studies.

Evidence is also given to show that the chains are initiated by
the unimo]ééu1ar decomposition of the hydroperoxydiadzenes and that those
cohpounds containing primary alkyl groups decompose by a concerted two-
bond cleavage while those compoundsccontaining tertiary alkyl groups
decompose by'fu11y concerted.three-bond cleavage. Hydroperoxydiazenes
containing secondary alkyl groups ;;obany decompose by a concerted but
less-synchronoué three-bond cleavage. The high 1ikelihood that hydro-
peroxydiazenes ?ecompose irreversibly means that substituent effects on
thermolysis rate constants can be interpreted unambiguously, in favourable
cases, in terms of mechanism. ‘Exfrapo]ation of the present results to
alkyl-allyl diazene homolysis suggests that those.with tertiary alkyl

groups decompose by a concerted mechanism.

Thermolysis Chemistry in Presence of Hindered Alkenes. As was
149 '

reééntly reported, "“the thermolysis of 28a-c in noFbornene took a
course different from that in enol ethers and in other atkenes, yielding
mainly the products of hydroalkylation and epoxidation with very little
of the product of hydroxyalkylation. The results of tests for threé
mechanisms of epoxidation‘by hydroperoxides that are most likely are
discussed below.

' Stheme 14,depicts a bimolecular reaction between 28 and
norbornene, leading directly to the conjugate acid of norbornene

epoxide, ion-paired with the conjugate base of a-hydroxydiazene:
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iProton transfer between the ions leads to the a-hydroxydiazene and epoxy-
norbornane. A mechanism of this type was first proposed by Farmer and .
,co-workers9 176 who, however, did not present evidence in favour of such
a mechanism. A variation of this mechanism was later proposed by BrfTIIY7

who showed that in the uncatalysed epoxidation of olefins with t-butyl-

SCHEME 14
+
e N oH
- + + :><’ - +
00H . : V.
R + R
- e
XN-N : N
0" : . OH

iy oy

hydroperoxide, the epoxide forming reaction is a polar process which

proceeds through an intermediate comp]ex Scheme 15. The complex led to

the epoxide and 2-methyl-2-propanol or it led to oxygen and Z-methyl-2-propanol,

regenérating the olefin. Expoxidation of 01éfins with an «-hydroperoxyketone,

ester, amide, or nitro]e,lyB'Or with an «-hydroperoxypyrazole (g§)148 has.beeh
shown to be first order in both hydroperoxide and olefin, suggesting a

- mechanism with a first st;p 1ike thatrof Scheme 14, or the concerted

‘modification of Scheme 15. There is precedeht alsa for the last line

of Scheme-14. Hydroa]ky]at1on of a]kenes with a-hydroxydiazenes is a
i 134-136

- I

radical chain process, the cha1n carrying steps. of which add .up
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SCHEME 15

- t- BuOOH + olef1n + Complex
Comp]ex + epoxide + t-BuOH

N Complex +. Olefin~ +.'t-Bu0H + "%02

td‘the overall reaction shown in that line.

CH CH3

CgHs CsHs

Br ' Q0H

[t is clear that if mechanism 14 or'mechanism 15 were appjicab]e
then the fate of decomposition of 28 should increase with norbornene
cohcentration. Figure 16 shows psqudo first order plots of the rates of
disappearance of'ggg at 50°C in bénzene_containing norborneﬁe in excess.
A tenfold increase in the concentration of norbornene, from 0.3 Mto

- 4

5 -1

3.0 M lead to a small decrease in k 1.5+ 0.5x10°" s~ ' to

obsd’ f
1.2 1'0.3x10'5 s"'. In an attempt to suppress any free radical

reaction that mfght overShado§/the po]ar mechan1sms, the above studies

" were carried out tn the presence of TMPO as radical scavenger. Analysis -

of the products showed only trace amounts of the epoxynorbornane and the
hydroa]ky1at1on product no hydroxfi%ky]at1on product was found. The

maaor product 51, probably arosq_from-rqd1ca1 pair reaction between

1

2-methoxyethyl radical and TMPO ed R39. The 'H NMR spectrum of 51 had

g =
signals at & 1.17 (s, 12H), 5§ 1.49 (S, BH); & 3. 42 (s, 3H), 4 3.55
(t, 2H, J=5.0Hz); 5 3.9@ (t, 2H, J=5.0Hz). The kinetic results cannot

.
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P | _ 0-3M

30M

2.0 3.0

Ln'ﬂo -LnA, X 10"
1.0
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0. 2.0 &.0 5.0 8.0
‘ TIME(HRS.)

Fig. 16: Kinetics of Unimelecular Decomposition of
\

(CH3)2C(00H)N=N-CH2CH20CH3 in Presence of Norbornene.
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CHyOCH,CH,  + m e | ] _ . [R 39]

: : | . . .
. ‘ Q- . ‘ OCHZCH20§H3. .

51

be accommodated within the framework of Scheme 14 or Scheme 15 so that
the polar or ionic mechanism is ruled out. The react1on'must therefore

proceed by a mechanism which involves only the hydroperoxydiazene in the
1
rate-determining step or by a mechan1sm which involves the d1azene and

144

a trace amount of some catalyst. Tezuka postulated, very recent]y,

that the reactions of'a-hydroﬁeroxydiazenes»take place via oxen01d
1ntermed1ates (sée Section I 5.3, page 58 ‘and Sect1on RD 2 2, page 92 ).
The formation of these oxeno1d 1ntermed1ates requ1res a base as cata]yst
Norbornene should therefore not be epox1d1zed in the: absence of base

Nhen pyr1d1ne was added to ‘the . react1on of. 28b with norbornene neifher the

products nor the1r yje1ds,changed: The:above results suggest that expoxida-
’ > . ’ /‘ B -. I
“tion with hydrOperoxydiazepes does not need base as a cata]yst

Scheme 16 shows a mechan1sm involving cata]ys1s by a redox coup1e J

(M /M2+) such as Cu /Cul2+ One electron transfer from cations such as

». . .
cuprous copper or ferrous iron to a-hydroperoxydiazenes is knoyn,]79.and

the co@plementary reaction of Scheme 16, namely oxidation.of carbon-

180

centefed radicals to cations, is also well documented. Redox_ dhemistry

of the sort shown in Scheme 16 ought to be preﬁented oy a reagent that

would render any metal ion impo;iri€z~inactive. In the present case,
aodition of EDTA did not affect eithe¥ the rate.of'decomposition'of 28b

or the distribution of products from its reaction with norbornene. Thus
' the redox mechanism of Scheme 16 is unlikely to be the operating

mechanism.
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SCHEME 16
R R
Pe ; P
N=N + N=N 2+
L :><’ + HO- + M
OOH 0

zf::ié::;7 + HOo- zf::fi::7’:0Fl
’ +

I OH .+ M2+. - OH + M+

. L ' . -
| s R R
: OH ) - S -
@ ) +, ><“-N - gbo F

OH

R .
Ny (CH3)2C0

Al1 principal products accord1ng to Scheme 17 arise from two
radical chaln processes that have the 1n1t1at1on and lhe first chain ’
propagating step jg common. The chain transfer steps involve abstrac-
tion of either OH or H from 28 by the adduct radical formed from R.
©  and nokbogpene. Abstractidn of H leads to a peroxy radical which adds
to norbofhene to from B-pefoxyalky1 radical.. Intramolecular.induced
decomposition of the peroxy function (y-scission) leads to epoxy-

" Torbornane and to the regeneration of R-.

There ig ample precedent for the chemistry of Scheme 17.

Abstraction of hydroperoxyl hydrogen by radicals is well known,soe’97”]0]
181

as is.the addition of peroxy radicals to alkenes. Radicals simjilar

to the g-peroxyalkyl radical in Scheme 17 have been prepared from g-
S
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SCHEME 17

.28+ (CHy),00 + HO- + N, + R

R + - @R .

)
+
)
100
€
o
+
2
“@_
(V)
o
IS
+
=
)
+
=

_ N -

peroxye]kyl bromides and silyl or stannyl radicals. They undergo y-
scission with rate constants near 7x105 s_] at 25°C to- form cnn:'iranes']82
‘A test fbr the mechanism in Scheme 17 involved the use of 28
labelled with 2H in the hydroperoxyl (OOH) group. Hydrogen abstraction
“should be subject to a substant1a1 pr1mary H/D isotope effect while OH'
abstraction should be insensitive to isotope substifution because. the
0-H bond is rot broken‘in that process. Labe111ng of 28 with H should
therefore alter the product d1str1but1on yields of hydroxya1ky1at1on
product should be increased and yields of hydroa]ky]at1on product and
of epoxide shou]dﬂge reduced. Moreover, the hydroa1ky1ation product

(exo-2-alkylnorbornane) should contain deuterium. The resuits in
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Table 18 are in accord with those expectations._There is a arge increase

in the yields of.the hydroxyalkylation products as a resdit of using 2H—
_ o

-

Table 18: Products and Yields from Reactions of gg and

of 2H-Labeﬂed g§ with Norhornene

R Peroxy Group ?% 0 %% R Q R
. OH .

" .

CHZCF3 ' 00H 60 62 14
00D 48 24 29
CHZCHZQF;g ] O0H 31 | 64 7 A\
00D r 22 26 18
. L)
CHZCHZOCGH5 ' OOH . 54 70 2
L £ . N
ooD > 36 - (30 12
1ab;:?éﬁ 28. A substantial reduction in yields of the(ﬂialky1norbornane§
and of the epoxynorbornane is obsetved. Mass shectrometric analysis of
the 2-alkylnorbornanes: showed that only‘about 50% deuterium incngﬁration
~ i1g~dchieved, suggesting that H-abstraction is not.exclusively from the
00H group. A careful search for other béoducts from reaction of 28a-c
with norbornene indicated the‘preséﬁce of“Eaﬁbounds that could have
come from 5-norbornenyl radical or the -rearranged radical therefrom,r S

suggesting some abstracpfon from norbornene. Unfortunately, these by-
products were present in quanfTties too small to allow for their
isolation and characterizagion y NMR.

A control experiment, in which 28a-c were treated with H.0

2
instead of D,0, did not change the product distribution from that obtained



‘With dry-28a—c and norbornene. The effects of deuteriation on the product

ﬁ\ﬂhhd//j distribution ire therefore not a result of effects of hydrat10n of 28a-c

- .

on the Yarious reaction rates. Thus Scheme 17 appears to be the operating
mechanism.
-From’the foregoing results it appears that steric hindrance at
the‘traneitien state for reactions of the exo-2-a1ky1-1-norbornyl
radical determines whether OH otﬁi is abstracted. Ffor a hindered
. radical the tree energy for substitution at okygen in 28 could te
| ;HFH/, raised, bece/;e of non- bondedatﬁf'Pact1ons, to the po1nt where reaction
- at the more accessible H-atom bgcomes favoured, in spite of the hlgher
OH bond strength. This méefis that other. hindered alkenes should also
'_ _ L gi;e products similar to those from‘the reactions in norbornene.

g/’\\f Thermo]ysus of 28c in neat STQ-dTmethgl -1-butene afforded hydroalky]- )
at1on product (2,2- d1methy] G-phenoxyhexane) in 35% y1e1d but Very little
of e1ther the epoxide (1. 5%) or gthe hydroxya]kylai1on product (3- hydro-
xy-2,2-dimethyl-6-phenoxyhexane, 5% . The very high rat1o of hydro- |
//f-' - ~alkylation to epoxidatien is not expected on the basis of the mechaniem

| \jn Scheme 17. A tentative ekblanation is that the peroxy redicals (and -
'/’*Ehenoxyethy1 radicals) from 28c add more slowly to 3,3-dimethyl-1-
butene than to norbornene and, as a consequence, thef§j1s a build- -up in

concentration of the rad1cals. Many of them undergo coup11ng to.tetrox1de

which /then decomeoses according to eq. R40. In keeping with this ﬁbst—

0000 ' o )
. 2((:H)c0+2wg+0+
;?;:7 ‘+~ PR 3’2 2

\\” \N 2CeH=0CH, CH [R 401
~CH.,CH.,0C-H rgVLriplily
j CHZCHZOCGHS o“Mallghsg
R ]
BEO .
\
/ -t
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ulate was the findiﬁg of é,3—dihydrobenzofu n (2%); phenyl ethyl ether
(15%); 2-phenoxyethanol (8%); 2- phenoxyaceJ:?dehyde (0.8%); 2,2-dimethy1-
..5-phenoxypentane (1%); 2,2-dimethyl-6-phenoxyhexan-3-one (4%); 1,3-

, diphenoxypropane (2%); and ],4-diphenoxybutahe (32). 1,3-Diphenoxy-
propane and 1,4-diphenoxybutane probably arise from termination steps
invo]@ing radical pair réactions - The presence of carbonyl compounds is
supported by abs§¥pt10n bands at 1735 cm” -1 and 1715 cm -1 in the ir spectrum
of the reaction mixture. 2,2-Dimethyl-6-phenoxyhexan-3-one, iso]atéd by
semi-preparative GC, was identified from the carbonyl band at 17]2 cm']
in its i‘ sﬁectrum. It was’a[so identified from its.mass spectrum {(m/z

- 220). Mass_specfra of the minor products are provided in Appendix I. A
rationale for the carbony1-compounds and 2,2-d1methy1—5~phenoxypéntane is

given in Scheme 18 and Schemé 19.
] SCHEME 18

C6H50CH2CH2°- + 02 -+ 6 5OCH CH 00

CGHSOCHZCHZOO- + H donor - » C6 50CH2CH OCH

_ R- .
C5H50CH2CH200H — C6H50CH2CHODH

B-scission

CeHeOCH CHOOH ~ ~2C138T00, CeH0CH,CHO +  Ho-

R . =0
CHeOCH,BHO  —  CEHi0TH,C0  —  CoH,00H,.

H0CH

Cts0CH,s + =X CH50CH, CH,CHC(CH3) 5

CGHSO(CHZ)ZCHC(CH3)3 + gg > C6H50(CH2)3C(CH3)3 +

0CH

TN (CH3)2CN=NCH2CH ¢hs

2

4
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" Oxygén from the tetroxide is captured by radicals in solution
leading to alkylhydroperoxides. The alkylhydroperoxides are postulated
to undergo H abstraction to give‘a;hydroperoxyaikyl radicals. B-Scission

of .the a-hydroperoxya1ky].radi&als results in carbonyl compounds and al

hydroxyf radicals. 2-Phenoxyacetaldehyde.undergoes further radical reactions

‘similar to those depicted in Scheme 8. _
A test for the reaction mechanism for thermolysis of 28 in 3,3-
dimethyl-1-butene involved the use of 2H—1abe11ed 28c. Thermolysis of 28c,

labelled in the OOH group, in 5,3-ddmethy1-1-butene should sﬁow a reduction
SCHEME 19

CGHSOCHZCHZCHZCHC(CH3)3 + 02 _;+ , CGHSO(CH2)3CHC(CH3)3

0.

c6H50(0H2)3(I:Hc(CH3)3 + H donor - CBHSO(CH2)3CHC(CH3)3 /

00- : o OH

R- . :

CGHSO(CHZ)B(IJHC(CHB)3 — 66H50(CH2)3CC(CH3)3

OOH OH
CGHSO(CHZ)BCC_(m3)3 + CBHSO(CH2)3COC(CH3)3

OH

Jin the yields of epoxide and of hydroalkylation product and an increase in

the yield of. the hydroxyalkylation product. Results in Tabie 19 are in

accord with those expectations. /

f
.{,;,l
-
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Table 19: Products and Yields from Reactions of 28¢ and
i . .

' 2 : .
. “H-Labelled 28c with 3,3-Dimethyl-1-butene.
Peroxy Group ‘07)(\:/(:64;1.?0(%)&((:@3 _;CGHSO.\(CH2)3CHC(CH3)3V
S—— .
00H : 1.5 _7 Y 35 : 5

00D 0.5 20 22

Concluding Remarks. " The above results show that the more reactive

alkénes which give sterically hindered intermediate radicals react with
hydropgroxydiazeées.to give'hydroa]kylation products and epoxides in high
yields and hydroxyalkylation product® i"\borfyields Less reactivé aﬁd
ster1ca]1y crowded a]kenes give high yields of hydroalkylation products
but poor y1e1ds of epoxide and Gydrbxya]kylat1on products

A1l the products are shown to arise via free radica] mechanisms
with H abstraction being a méjor pathway which leads to formation of .
a—azopefoxy radicals. In the alkenes fhat,have’higher rates for radical
additions, the peroxy radicals react toigiyé’éboxides whereas i less *
reactive alkenes the peroxyl radicals formrtetroxides that Hecompose to
oxygen and other products. Radicals in solution react with oxygen to give
alkyl hydroperoxides. The presence of the a]kyihydroperoxides‘is ipferred

from products of their decomposition, namely carbonyl compounds and

possibly‘some alcohols.
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EXPERIMENTAL

E1. GENERAL | N

Melting points were determined on a Thonas-Hoover capillary

- meiting point apparatus and are uncorrected.

Infrared (ir) spectra (CDC]3 solutions unless otherwise indicated)
were obta1ned on a Perkin-Elmer model 283 spectrophotometer using 0.5 mm
KBr cells. Only major and diagnostic bands (transmittance) are reported\\

Proton magnetic resonance (pmr) spectra were recorded on either

_ " a Varian EM-390 a Bruker WP-80, or a Bruker WM-250 spectrometer Tetra-

]

methy1s11ane was used as the internal reference unless otherwise spec1f1ed.
Carbon 13 spectra were recorded on the Bruker WP-80 1nstrument and the

internal reference is specified 1n each case. F]uor1ne-19 spectra were . ¢

-

recorded on-a Bruker WH-90 instrument with- CFC]3 as the externa1 reference
| E]ectron spin resonance (esr) Spectra were obtained on a Bruker
ER]OOD spectrometer equ1pped W1th a '!'E]02 rectangular cav1ty and operating
at a normdl frequency of 9.6 GHz

Electron 1mpact mags spectra were recorded on a VGfﬁ?d mass
spectrometer (VG Micromass, Altrichah, U.K.). Samples were intrcduced
via a direct insertion p‘obe system or through a gas chromatogrephic S
column via a jet separator. The ion source temperature was 200°C. The.
spectra were obtained £ a' occe1erating voltage of 4KV and electron
energy of 70eV with_emieeion of 100 vA. The spectra were acquired and
processed with a VG 2035 data s}stan, : . . -

: AT T —e
Gas chromatography was performed on a Varian VISTA 6000 gas
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. chromatograph eqﬁipped with an off-column flash injector at 220°C and a
flame ionization detector (FID) at 300°C. The column (glass, 2.5 m x 2 mm
1.D.) was packed with 3%-OJ}T7/(pheny1 si]iconé) on 80/100 mesh Chromosorb
The column oven temperature was programmed from 40°C to 280°C at 5¢/min.
The carrier gas was nitrogen at a flow rate of 25 _ml/min. fThe data

lwere ééqu{red and processed with the Varian VISTAEEOZ chromatographic data
system. Semi-prepdrative GC was performed on a Varian Aerograph A90-P3
instrument equipped with a thermal conductivity detector (TCD) at 300°C

and an off-column flash injector at 250°C. The column (1.8 m x 4 mm I.D.,

‘ N\
steel) was packed W{EE'IO% OV-17 on"80/100 mesh Chromosorb W. The

carrier gas was helium at a flow rate of.20 ml/min. The chrg

. Lol
was operated at qéia%ﬁf;ven temperatures between 40° :

S Chﬁpﬁsali were purchased from Aldrich Che
Wisconsin), J.T.'Baker (Phillipsburg, New Jersey), Brifish Drug House

1 Co. (Milwaukee,

(Poole, England), Méthéson (Whitby, Ontarid), and Fisher Chemical Co.
| (Toronto, Ontario). Chromatographic materials were obtained from Chroma—.
tographic Speciali,yigfx(arockvﬂ]e,._(h);::a;;gr'io)T Solvents weré suppfied by
Caledon (Geor etown,ﬁUﬁfario’ * e reagénts were used without purifica-

tion Unless o

ise noted. .Solﬁegﬁﬁvyé;e pqrffied‘by distillation and
stored over moIecular_sieves, ' f"?\ :
_ 3,5-Dipheny}7]-methy1 4-nitrosobyrazdﬁe (DMNP) was provided by’
or P& Riahogd. e

v -p-Toluenesulphonyl Ch1oridb\\‘E;Toiugngsu1phony] Chloride was
purified using‘the Pe11etier183 méﬁhod. Impure (]d.O g,_0.053 mole)

p-to]uensu]phony] chloride was dissolved in'& minimug amount of,ch]oroform

(25 m1) and ;he'solution was diluted witb 5 vqumes of .petroleum ether

\or

'
W.

/
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(bp 30-60°C) to precipitate the impurities. Activated chargoal was added to

the solution and the resulting mixture was filtered through a bed of Celite.
‘The solution was concentrated to give pure p- to]uenesulphdnyl ch10r1de
AT _’_,,/’/
. L /
E 2.  SYNTHESIS . )

- " . . *
1,1,1-Trifluoro-2-hydrazinoethane. This compound, supplied as a

*solution in water (70% hydrazine by weight) by Aldrich Chemical Co., was

used directly in the next step.

1,1,1—Tﬁifluoro-z-[(1—mefﬁ}1ethy1idene)hydrazinb]ethane. A
solution of adquus 1,1,1-trifluoro-2-hydrazinoethane coqtaining 7.0 g
’ (6.062 mole) of the reagent a 52-qu;f ether was addedr§10w1y to a solution .
of acetone.(6.0 g, 0. ]0 moele) in ether (20 ml) w1th st1rr1ng apd coo]1ng
(10°C). The reactants were kept under nltrogen during /the mixing and during
a 1-h period of stirring after the addition. yTh? solyltion was q;sh/d three

L4 .
times with 30 mL of water, and the ether 1dyer was |

ried aver mgs0,.
Evaporat1on of the ether and vacuum d1st111at1on of \the res1due gave 7.45 g'.
(78%) of the title hydrazone (bp 28°C 10 torr) WIEP spectral data listed
in Table 10. ) . . —"

- \\x//P 2«Methoxyethy1 -p- to]uenesulphonate 150
[ 4

Dry pyridine (48.0 g, 0.6

moTe) was added dropwise to a m1xture of 2-methoxyethanol (23 0g, 0.3 le;,,,
and p- toluenesulphonyl chgpr1de (63.0 g, 0.33 mo]e) at 0-5°C dur1ng 2h.
~Cooling and stirring were cont1n§$d for another 2h. After ac1d1f1cat}9

with 10% hydrochlomc acid solution, the m1xtur'e\fas gxtr‘acted‘mth ‘ -

3 x 50 mL of ether. The ether solution was washed with 50 mL of br1ne-and

P -
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dried with’NaZSO4 The ether was taken off to give 2- methoxy p-toluene-
é” sulphonazg (60 1 gy B7%) as a2r611 This .was used in the next step
< \, <
~ “ without pur1f1cat1on. , :

1-Methoxy-2-hydrazinoethane. 2~Methoxyephy1 tosylate (29.5g,

0.13 mo]elj)as added, dropwise, to a vigorously stirred solution of '. Lo
hydrazine hydrate (128.6:?, 2.57 mole) in absoﬂute ethanol (50 m1) a

0-5°C. Addition wa$ comﬁ?éte in 20 min. and’stirring was continued

thefeqftér for 2h. After removal of the thanoL\fiEE’g rd?ERX evaporator,

the residue was extracted with.250 mL of ether (continuous extractor) for two

E

days. The ether layer was dried with NééSO4, the ethér was evaporated and the

\\. [ ]
res1due was- d1st111ed under N2 to g1ve the pure 1-methoxy 2- hydraz1no-
ethaneﬂi84 (10.7 g, 91%; bp 146-147.5° C, 769 torr). See Tab]e 9 for

‘spectral da;a.\c

l-ﬁgzﬁoxy—z-[(1-methy]ethy1idéne)hydrazfno]ethane. Acetone

(10M1) was added slowly and with stirring to 1-methoxy-2-hydrazino-
ethane (9.0 g,.0.10 mole) in 20 m ry benzene. The resulting solution.
| ( 'g ) lreihg\y % : he 1 g 1
was refluxed for 20 min, cooled, and washed with 3@ mL of watei and with
30 mL of brine before it was dried over Na2504. The benzene was evapof-
-

ated and the residue was distilled to give the t1t1e hydrazone 6.0 g
(46%); bp 31°C /6 torr; 'H NMR data in_Fable 10.

uw,

1-Phenoxy-2-hydrazinoethane. 1-Bromo-2-phenoxyethane (40 g,

0.20 mole) in-ethanol was .dropped, during 20 min., into a solution of
hydraz1ne hydrate (150 g, 3.0 mo]e) in ethanol (50‘m1) at 20°C. The
resulting solution was st1rred for 1h iﬁfggjp and for 1.5h at 40°C before .

the ethanol was removed_on a rotary evaporator. The residue was extracted con-

: >
« tinuously with 250 mL offEtﬁer for 48h. The ether solution was dried and the

-—
-
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ether was évaporated to give 28.9 g (95%) of the desired hydrazine which was

1

used without purificatidh in the next steﬁl H NMR data are given in Table 9.

1-Phenoxy-2-[(1- methy]ethy11dene)hydraz1no]ethane. “Condensation

of Hzphenoxy 2- hydraz1noethane (28. 9 g, 0.19 mole) with acetone (50 mL) by
following procedures analogous to that described for 1-methoxy-2- [(1-methy1-
ethyl1dene)hydraz1no]ethane (page ]42) gave 34.6 g %90%) of the t1t1e

compound (Table 10) by 124-126°C (2.5 torr).

2-Methyl-2-hydrazinopropane. Tert-butylhydrazine hydroch]orfde

{12.5 g, 0.1 mole) was added in small batches to aqueous potassium hydroxide
(16.9, 0.30 mole) solution (60 mL HZO) at 0°C. The resulting soldtion was

extractd contdnuously for 36h with 250 mL of ether. The ether solution was

dried with MgS0, and the etier was |removed to give the title compound
. (8.2 g, 92%) as a light green qUid. The compound/;as used in the next
* step without purification:

2- Methy] -2-[(1 methy1ethy11dene?hydraz1n0]prqpane. 2-Methyl-2- '

hydrazinopropane (8. 2 g, 0 09 mole) was condensed w1th acetone (50 mL,
0.8 mole) by_fo]low1ng procedures ana]ogous to those described abpve.for
1-methdxy-z-[l-methy]ethyTidene)hydrazino]ethaﬁ@‘Cpage 142) to g{vé
10.3 g (87%) of the t1t1e compound (bp 87-90°C, 50 torr). |

[1 Methy]ethy11den@]hydraz1nobenzene Pheny]hfa;;}ifngtﬂ.B 9,

* 0.1 mole) was condensed with acetone (50 mL, 0.8 mole) to give 14.0 g

(93%) of the puré title hydrazone (bp 101°C, 2 torr).

. 2-Hydr&Zinopropane. 2=Bromopropane {25 g, 0.20 mole) in 25 ml
ethanol wa dded‘dropwise to hydrazine hydrate (50 g, 1 mole) in 50 mL .

ethanoT. ‘The solution was stirred at 15° during addition. The homogen-

eous solution was kept in thg ref}igerator'ay 0°C for 5 days after which

it was heated at 40°C'for 1h. The ethanal was. removed and the residue
« _
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was extracted continuousiy for 2 days with_300 mL of ether. The ether

-

soTution was dried with MgSO4 and the ether was taken off to give the title

hydrazine (10.5 g, 71%). ' NMR data are given in-Table 9. The compound

was used in the next step without purification.

£

2-[(1—Methy1e_hy1idene)hydrazin;]propane ) drazinopropane

_6%0 5 g, 0.14 mole) was condensed with acetone (50 mL) to g1ve 11.2 g
?K%9) of the required hydrazone (bp 67°C, 63 torr). .

Benzylhydrazine. Benzylchloride (2].9 g, 0,]7_mo1e) in 25 mL _
ethanol was dhopped, during 20 min, intg\a solution of hydrazine hydrate
(89.27 g, 1.7 me]es) in 50 mL of ethanol at 20°C. The resulting solution
was stirred for 1 h at 20°C and for 1 h at 40°C. The ethanol was removed
on a rotary evaporator and the'residue was extracted eontinuously with 300k
of ather for 3 days. The ether solution was dried and the efher was
evaporated'éo give 20.45 ¢ (97%) of the benzy1hydraz:;e which was used

_"“Tn the next step w1thod\ pur1f1cat1on. ]H NMR data are given in Tab]e 9.

Phenyl-[(]-methyTethy]idene)hydra21n0]methane. Benzylhydrazine

(20.45 g, 0.17 mo]e) in ether (25 mL) was added slowly to a solution of .
acetone (20 mL, 0.32 mole) in 50 mL of ether with stirring and coo]1ng (15° C)-
Acetic acid (3 drops) was added at the start of the reaction. The ‘
solution was stirred for.]_h.befone the ether layer was washed two times with
50 mL of water and once with brinel(GO mL). It was the;\dried over

MgSO4. Evaporation of the ether and distillation of the residue gave
23.1 g-(85%) -of the-title hydrazone (bp 109°C, 6 torr).

Autoxidation of Hydrazones to a-Hydroperoxydiazenes. The
hydrazones desciibed above autoxidized spontaneously as solutions in

petroleum ether (bp 30-60°C) or in benzene. Undistilled hydrazones did
? . YT

q
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not autoxidize reliably, in some cases ébéorbing 02 only after induction

. i
period of several shours. Samples autoxidized at one time ranged from

aboupls to 39_@m67.

[{1-methylethylj

ollowing procedure for 1,1,1-trifluoro-2-
€)hydrazinojethane is typical. .
. .. 1,1,1 Trif]uoro-Z-[(]—methy1ethy1idene)hydrazino]ethane (1.0 g,
6.4 mmol)} in mL betro]eum ether (bp 30-60°C) was exposed T0)oxygen
from a gas burette. Uptake of 02 was spontaneous. Nﬁen the gas volume
remained constant for 4 h or more, indicating complet10n of the oxida-
\““tcon, an a]1quot containing about 15 mg of product was removed and the
petroleum ether was taken off either with a'rotary evaporator, with - =2
rotating bulb iﬁ co&é/;;?ér, or w{th a stream of N2 directed ontq'the
surface of the solution in a flask cooled in a cold water bath. The
]H NMR spegtrum of the product (Table ]1)_Had no signals of the E- and
J Z-methyl grbups of Fhe starting hydrazone indicating_that_autoxidééion
was complete. b e ' )
‘, The yields of the resulting ﬁydropéroxydiazenes, determined by -
jadometric titration (vide infra), ranged from 76% to 95%._ These yields '

“1\\ are probably due to slow decomposition of the produc%s during autoxidation.

iE‘B. THERMOLYSIS

E 3.1 Thermq_ys1s of Hydroperoxydiazenes in Unsaturated Substrates In

a typ1ca] procedure, a hydroperoxyd1azene sample rang1ng from about" 15 mg
to 0.7 g in weight was obtained by one of the solvent re&bval,procedures

described above. The desired olefin or enol ether (neat, about 0.5 mL/
25.mg of hydroperoxydiazene) was then added;and)the resg]tﬁng solution '

was transferred to a glass tube for degassing and sealing. Norbornene
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In the case of norbornene, thermolysis was carried out in 3M solu-
tion of alkene inbenzene since it is a solid at rqg@_temperature Therm-
olysis in the presence of«EDTA was carried odt in a g]ass tube pretreated
with 0.3M EDTA in waéer and by add1ng 15 mg EDTA to the reaction mixture.
Similarly thermolys1s of the - hydroperoxyd1azenes’Tﬁ_FBFﬁﬁ?qene solution in
thegpresence of pyridine was carried out by addTng 2-3 drops of pyridine
to the reaction mixture. ‘

ﬁpr the 1argef scale runs, several samples of hydropéroxydiazEne'
jn alkene were combined before the degassing step. Sea]eﬁ tubes were’Eeg;ed.

. ' t
at 50°C in an oil bath for 10-24 h before they were opened for analysis.

~ Products were analysed by GC/FID, GC/MS, and NMR. The products were

quantitated by the 1%terna1 standard method using GC/FID. Exo—isdbefqeo]
was used as_ the internal standard for products fromunerbornene eactions and
p- me}ﬁylacetophenone and 2-hexano! were used in react1ons that ;Loduced
carbony? compounds end a]coho]s, respectively. NMR analysis involved
isolation of products by sem1preparat1ve GC followed by NMR .spectra acquisi-

tion. For spegjra] data‘of_products see Tables 12, 13 and 14 (pages 76-82).

[

peroxydTazenes were determ1ned by fo1]0w1ng the d1sappearance of the gem
dimethyl signal or the appearagce of the acetone signal in the ]H NMR
spectra,.or by iodomet;;Z\ETt:::ﬁon of the remaining hydroperoxyd1azene
The ‘overall (observed) rate constant for the reaction of the hydroperoxy-

ﬁ1azenes with enol ethers was determ1ned by fo]low1ng the appearance of the

acetone signal in the ]H NMR spectra Details of the data treatment

- are given in Appendix II. NG
O\ = N
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NMR Metheﬂ. The rate constants for unimolecular depomposition
of tee hydroperoxydiaienes were determined in benzene and, for a limiteq._
ngmber,'in ethyl {or ﬁethyl) vinyl ether. A sampie of'hydroperoxydiazene‘
was freed from its solvent using one of the methods descriﬁed above.' This

was then.disso1ved in benzene orwenol ether containing 2,2,6,6-tetra=- -

methyIpiperidine-N-oxyl (TMPO, 0.015—0.025M) to make a solution of

0.06-0.08M in hydroperoxydiazene. The enol ether solutions contained
CH2012 as 1nterna1 standard. The solution was transferred to an NMR
tube Jo1ned to a glass adaptor and it was degassed three times, using

the freeze-pump-thaw cycles at a pressure of about 5 mi}litorr, and .

- sealed. The tubes were heated at 50°C in an oil bath, and they were

removed et time intervals aﬁd chi]led-immediately for analysis by 1H

NMR spectroscopy. ]H *NMR spectra were acqu1red wlth the Varian EM 390
spectrometer operating at a probe temperature of 35° The decompositions
were followed for 10-13 h. - These translate in¥o half of one half-life.
In benzene the decrease in intensity of the gem dimethy] sfgna] of the
stafting hydroperoxydiazene was monitored and the sum of the heights of )
the ecetone and gem dimethyl signals was used as the internal.standard..
This method invplves the assumption that the sum of these two signals
remained constant. In the enol etheg;, the 1ncrease in the 1ntens1ty of
the acetone signal was monitored and the: he1ght of the dwchloromethane

signal was used as the internal standard. The rate constants for uni-

molecular decomposition were obtained by p]ottlng 1nA -]nA VS t1me.

Hacetone + thdrdﬁer H and H

thdroper acetone hydroper

he1ghts of acetone and of hydroperoxydiazede gem d1methy1 signals)

‘where A =

are the_peak

respect1Ve1y. Append1x II contains the raw data that were plotted and .
Ao ! :

—
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Figures 14 and A5 (Sze~sages 115 and 116) have the representativ;yplﬂii*\\)
The p]ots.have orrelation coefficients of between 0.9994 and 0.9997. 1

Representatjve plots are given in Figure 11

acet )
(page.10 In this method as in that for the unimolecular decomposition,
it is assumed that the ratios of the signal heights are proportional to ' RN

the fraction of hydroperoxydiaiene that has decomposed at the time of

analysis. .-
157

Iodometric Titrimetry. The iodometric method'°’ was used to
determine the réte constant fbr unimolecular decomposition of hydro-
peroxydiazene in the presence of norbornene. |
A stock solution of the hyd}operoxjaiazene in benzene (0.05M)
conta1n1ng norbornene (0.3 or 3.0M) and TMPO (0.03M) was prepared us1ng
the method described above A11quots (1.0 mL) of the,solut1on,were
transferred into glass tubes which were degassed and sea]eg, vide supra. ‘
The tubes wgre'heated at 50°C in an o0il bath and they/were removed one (:
at a time at 1 h inte:ya]é. They were quenched in liquid n{trogen and

opened. The sample was transferred{jnto a cb]d,ﬁﬁlass-stoppered Ef]enmeyer

flask (128

Cold methanol (4 mL} and Dry Ice {ca. 0.1 g) were added

swirled to displace Oz'with COZ' Freshly-prepared

“aqueous KT ®olution (saturated, 1 mL) and glacial acetic acid (15 mL)

/,containing FeCTé (ca. 0.002%) were added. The flask was stoppered after



“ted with 0.0IN (5 x 10
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»
< ) «
making sure that no Dry Ice re ed and it yas placed in the dark for

10. m1nutes Water (50 a ‘§§*add$d_and the).sEsulting solution was titra-
' }R£$3 sodium thiosulfate to the starch end point. A

blank titration-was'performéd‘on a sample that.was allowed to go to

complete thermo fis. The volume of titrant from this was subtracted

from @11 the other volumes.

E 3.3 Spin Trapping | | N e

About 0.5 mL of between 0. 1M-and 0.2M so]ut10n of hydroperoxy-
diazene in benzene conta1n1ng 3,5-diphenyl-1-methyl-4-nitroso pyrazole
(DMNP, 0.1M) was p]aced in-an NMR tube 301ned to a g]ass adaptor. The
sample was degassed, using the freeze pumpsthaw cycles, and sealed,

vide' sup?;T‘\E§R-s1gnaIs of the spin adducts from react1on between free |

radicals produced by un1molecu1ar decompos1t1on of the hydroperoxydiazene >

and the nitroso pyrazole were recorded at ambient temperature on the
Bruker ERIOOD spectrometer

-3,

Sp1n trapp1ng in ethyl vinyl ether us1ng 1 x10°M DMNP was

achieved in the same manner as descr1bed above!

é_3.4 Infrared Stud1es :

Infrared spectra of J- phenoxy-z [(hydroperoxy-] metZy]ethy{)azo]-

ne in C014, us1ng a cell of " 0 5 mm path length weré‘ob ained at

concentcations ranging between 0.086M and 0.68M. The spectra (see Fig. 3,

-1 1

— -
page 71) showed a broad band between 3600 cm ' and 3200 cm The band

is observed to contain other bands which decrease in intensity at

‘ difterent rates with decreasing concentration of the hydroperoxydiazene.

-

.

X«
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Many of the compounds produced in the\\di}L-Spale reactions of
f_

a-hydroperoxyd1azeﬂes w1th olefinic substrates, a]tbough mechanisti-

cally important, were present in quantities toodsoa11.for their isola-

tion and characterization By NMR spectroscopy. Analyses of the reaction \\\d_,z

mixtures containing_ these c ds, by GC/MS, afforded their mass spectra

from which » in some cases tentative, were made.
Presented in\his Append1x aye the mass spectra of these m1nor but
important by-productss

Bis-2,3-dihydrofuran (or two possible isomers) (Fig. A5} which
does not give a molecular jon but the M/2 ion and ions therefrom at
electron energy of 70eV wasmidentified-from its GC. retention time.

The compound in Fig. A4 was assigned as 2-{2-phenoxyethyl)-2,3-
dihydrofuran or its 3-isomer from the fragmentation pattern. The don
appearing at m/z 69 is assigned to the 2,3-dihydrofuranyl catfon which
can arise from elimination of the 2-phenoxyethyl group from the molecular
ion. |

The probable assignments for maJor’peaks are shown in the mass

spectra of a11 the compounds
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APPENDIX II. KINETIC METHODS

’
AII. 1. TREATMENT OF FIRST ORDER REACTIONS

All the”therma1 decompositions of u-hydroperoxydiazenes invcsti-.
gated during this research were of first order with ro;nect to. hydroperoxy-
diazene concentration;wncn a radical scampnger such as 2,2,6, 6- -tetra-
methylpiperidine-N-oxyl radical was.present For a simple, 1rrevers1b1e
f1rst-order process (eg eq. A 1), the rqte constant k, is given by .

integration of the d1fferent1al rate equation (eq. A 2 and A 3)

Azo —X LA & [A 1]

QLQ%QI = —k[Azo] - . (A 2]
o Y .

Tn[Azol, = Tn[Az0] -kt; [Azo], = [Azojﬂe'k.t [A 3]

- . " B -
where Azo is the hydroperoxydiazene (azohydroperoxide}. The rate

constant k, may be est1mated by fitting measured concentration - -vs
LY

time data to the linear form of the fﬁiggg&ted rate equation (eq. A 3).
An-important feature of first order rate equat1ons,1s that the ya]idity
of tho’equation is independent of the arbitrary ass{gnment of time zero.
A general feature of these eouétions is'tha;,absofgg;,:oncentrations of - .
the compound may be replaced by any var1ab1e which is- prop rtional to :
the concentratlon (for examp]e absorption 1nten51ties in 13; uv-vis, |
or NMR spectrum). Suppose the measured quantity, A', is re]atcdhto
[Az0] by | '

-

a[Azo] L o~ A4]



LIF A ='% , then equation A 8 becomes.
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-

then the Tinear form of eq. A 3 becomes

In A't = 1nA'0- kt

. . i j:'
In the NMR kinetics the rate of disappearance of the gem dimethyl signal .

1

of the hydroperoiydiazedb in the 'H NMR was followed. The sum of the absorption

intensities of the acetone signal and of the gem dimethyllsigna1 was

‘used as the internal standard.

A' is.defined as

- Hg

M+ g (sl
‘where Hg and Ha are‘the‘absorption intensities of the gem dimethyl
. 'signal ang of the acetone signal, réspective1y. Equafion‘A 5 becomes

|Hg_ - . Hg e )

1n[ Ha + Hg ]t ]n{Ha + Hg o kt . [A 7] A, .
This equation may be written as . - . SN

. . '
]nm _]nMg_ = kt [AB] v
Hg t Hg o -
N R

-

1nA 4.{nA = kt‘ I ‘ .
ST
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The rate constant, k, can thus be estimated by plotting (lnAt-]nAO)
¥s t. The rate constants for the unimolecular decompositions of the
hydroperoxydiazenes reported in this thesis are the'averages of three

runs, the value for each run being an average of three intensity measure-

ments. The errors, reported~3s standard deviations, ranged from x0.3
to +5, see Table 16.

In the jodometric .kinetics &he rate of dfsappearance of the

the hydroperoxydiazene concentration.

hydroperoxydiazene was followed (s E Experimental) and the data was
plotted as In C vs t; where e/;s/?

The data usqd in Figures 14 and 15 and in Figure 16 are given
. in Tables Al, A2, and A3, respect1ve]y

AIL. 2. TREATMENT OF HALF-ORDER REACTIONS

V1rtua11y all the thermolysis reactions of the a-hydroperoxy-
d1azenes in the alkegnes were of the half-order with respect to hydroperoxy-
diazene concentration. ‘' The proposed reaction mechanism which fits this
haif-order kineticsf?using etﬁyl vinyl ether (S) as the substrate, is

given below.

”

e
INITIATION: e

) N, < T
G - {CH3),C(OOH)N=NR, —— (CH3)CO + Ny + HO: + Rye (A 10]

28 (trens) .
- (\ -
PROPAGATION:
' . . kz ] . ' ' o
Ry + CHy=CHOEt —2—> B CH,CHOEt - - [A 1]
1 2=CHOE 1CH, {
s R .

>
M e
i ¥
P NG 4
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’E; .
. k3 -_ | N
’Rz' * 28 —= R|CH,CH(OH)OEt + N,
+ (CHg)C0 + Ry | [A 12]
TERMINATION: .

oL

The rate of decomposition of the hydfoperoxydiazene in thig
soTvent, in the absence of a radical scavenger such as TMPO, is given

by eq. A 14, At a steady state concéntration of RZ- the rate of its

- QLQ%QI = k][Azoj + k3[Azo][R2'] (A 14]

formation must be equal to éhe\igte of its destruction. Thus

kQEEQLk];] - klAzod(R,] A 18]
and | X
' | k, “[SIR,-]

[Ry] = k_i_ Azol [A 16]

A]so;ﬁat the steady state conceﬁtration of R1:,

e . -
qlAzo] = kolRy 1% _ . [A 17]

0 . - _'l’_'
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R
Table Al: Kinetic Data for Unimolecular Deco‘mp'osi‘tio;i'of
o (CH3),,CO0H)N=NR in Benzene at 50°C
. (1nAt-1nA0)' __ /
Q X ' 7
o t(hr) RCHs . - R=CH,CH,0CH; | R=CHCoH:
(0.0%0M) -~ (o.0s0M) - __ (0.085M)
0.0 000 000 0.0
1.0 0.009 - 0.030 . 0.085
2.0 0.017 0.53 - 6.059_
3.0 0.024 0.080 - 0141
4.0 . 0.031 _ 0107 - - " 0.187
5.0 0.037 0.133 o 0.230
6.0  0.047 0.163 o 0.269
7.0 - 0.086 - 0.183 o
8.0 .Y 0.061 0.217 0.357
9.0 0070 0.0 *0.410
10.0 0.077 . 0.270 |
mo < o.086 | J
C12.00 5 '0.893
i p
.
— _
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Table A2: Kinetic Data for Unimolecular Decomposition of

(CHa)zc(OOH)N=NR in Benzene at 50°C

) g
E (1nA,-5nA )

t(min.) © R=CH(CH,), R=C(CH,) 5
* | (0.080M) (0.075M)
0.0 0.00 . - 0.00
i '10.0 : . 5 | 0.107
) ;180 0.0 | 0.177
20.0 o 0.257
. 25.0 : 0.293 ;>‘:L\\\\‘-__
30.0 @ 049 . 0.350
35.0 0.403
40.0 , 04450
45.0 0.080 0.530
50.0 -ag, © 0.603
55.0 | 0.650
60.0 0.104 0.717.
65.0 ' e 0.763
70.0 ' 0.803
. 75.0 o 0.857 T
80.0 ° - © o 0.933 .
' 85.0 | | . 0.987
0 90.0 T/—  0.14 | 1&333
© 95.0 1:877
100.0 ' \(/\ /'\’\» 1.163
105.0 ot ‘
. 1208 0.197
135%0 0.225
- 150.0 0.247
L 165.0 0.275
. 180.0+ 0.309 - ) i
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. Tab]e.AB' xlnetlc Data® for Unimolecular Decomposition of 0.10M
(CH3)2CbQ§H)N NCHZCHZOCH3 in Benzene in the Presence

*+ of Norbornene at 50°C.

1 - .

b
(]"co'1"Ft) .

t(hr.) 0.3M Norbornete 3.9M Norbornene
—_ .
_ _
0.0 0.00 v 0.00
1.0 0.057 . 0.046
20 . Y ome 0.089
t 3.0 BRI | . 0.129
. 4.0 - 0.216 | " 0.189
: - _
: 5.0 3 0.277 : 0.214
‘h -:.‘-\ ‘ * V . Y
6.0 N _ o 0.328 R 0.248
-~ . . . . .

%kinetic data obtained by iodometric titration (seesExperimental

. section). .
&

*
A

The rate constants are 1.55 x 10 5 ] for the 0.3M norbornene and
1.19 x 10° s”] for the 3.0M norbornene they have corre]at1on
coefficients of 0.9867 #d 0. 9953 respectively.
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S )
\ and i | .r ) | ‘ .
(R, = [%1 * [Azo]™ | | [A 18]
k4 . . ' .

Substituting for [R]-] in eq. A 16, [RZ-] becomes -

. ) . - li . R . .
- Ry = [¥1]” [*2| __(s] | | [A 19]
-, IKJ [k3 [Azo]"

The rate equation (eq. A 14) becomes

b

k| [k, | '
. YlAzo] ﬂ‘i" = k,[Azo0] + Ei— EET [51[Azo] ; [A 20]

In the presence of excess substrate, [S] isa constant and the raté

equation may be expressed as

' -‘i[-‘g—iil = ky[Az0] + K, [Az0]*
& P ]

2] k] !5 kz — | .. . -
where K, /= -'ZI E ‘[S]. ‘Assummg th?i.:. Ky [Azo]<< kobsd[Az

i) for the chain reaction, equation A 21 becomes w

A}

] _-d AZO ‘1‘ ' 35 X .
—E——l. Tt kobsd[Azo] | [A 22]
ﬁ 0. 3 -
| and ) ¢
\ t - ’—/ ‘ - r i .
dfAzol _ "ma
: ~_ 'kobsd (A 23]
e o [Azo . . :
t »
, -
. N ~ b
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-Equation A 23 leads to the iniegra] rate equationf A 24,

' [Az01} - [Azo]? = Kobsat _ . [A 28]

In these reactions the rate of'disabpearance of the hydroperoxy-

- diazene is assumed to be directly proportional to the rate of appearance

-of acetone. Thus, in terms of appearance of acetone, equation A 24

' ’
can be represented as '

[Acet1? - [Acet1? =.kt ., 7 [A 25)

I NMR of the reaction

The appearance of acetone was followed in the
y . .
mixture. Suppose the normalized absorption intensity, A, is related

to [Acet] by ,

- A = a[Acet] o .. - [A 26]
equation A 25 becomes 1
. L r T
} b oy a -
. At - Ao kt . . | [A. 27]
’. T
The normalized absorption intensity iq'given by
H “ ' RN LA 28
A = acet . . S . [A 28]
Hoy ~e .
CH,C1, _
’ »
, L]
I : . - .
-
A )



s

- The rate constant, k ", was obtained by plotting A'ﬁ-A :

obs t o
vs t. The plots for compounds 28b and ggé are shown in Figure 12

;/H\\Jpage 104) and the raw data are given in Table A4.
L

| N

. ~ w
\ .
o . i .
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Table A4: Kinetic Data for the Half-Order reactions of 0.08M
trans(CHB)ZC(OOH)N=NR in Ethyl vinyl ether at 50°C.

(A2 - Ay
t(min.) - R=bnzcuzocuq © R=CH,CH,0CH,
0.00 0.00 ' - 0.00
5.0 _ L | 0,023
15.0 © 019
20.0 B o & 0.122
30,0 . ¢ - 0.30 | _
35.0 | - . 0.208
.o 45.0 . 047
80,0 . , | 0.314
60.0 o '
. . ‘ 65.0 g ) | 0.452
L 75.0 : 0.87 |
S X R . I 0.559
o 9.0 . . 1.00 S
ﬁ_;) | . 850 S : 0.647
105.0 __T‘\\_}.IEFY
N
' e | | ,
\>\ ~ :
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