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An investigation into metal-ion catalysed reactions
between organic peroxy ocompounds and active hydrogen-atom
donor substrates has shown that transient free radicals
undergo oxidation and reducotion by the metal ions during the

course of these reactions,

The extent to which a given substrate radical can
be oxidigzed by euprioc ions is dependent upon several factors.
The experiments have shown that these fectors include the
stabllity of the free raliocal, the stability of the ocarbonium
jon which would result from such an oxidation, end the
aveilebility of the unpaired electron at the free-valency
site. This last eriterion is clearly dependent upon the
influence of substituent groups adjacent to the free-valency
glite,

In nearly sll the peroxy reaotions studied in this
work, the copper ion catalyst always acte as a true catalyst,
whereby only & trace of the copper selt ia required to
catalyse svery reaction to completion, This surely indicates
that the catalyst 1s deing continuously oxidized end reduced
throughout the course of the reaction. The initial step
in all these peroxy reactions is the reduction of the peroxy
compound by euprous iens. Invariably the identity of the
peroxy compound was such that this initiel step resulted in



the formation of i-butoxy radicals. The i-butoxy radicals
were required to adbstract the a ctive hydrogen-atom from

the substrate molecule, hence substrate molecules, in which
the C~-HE bon8 dissociation energy 1s high, are not sucoessful

partieipants in thease oxidation reactions.

Certain free radicals which were very unstable,
Qa8 those derived from formate esters (OCXIII, CCXV, CCXX,
CCXXXJ, OCXXXVII), were found to decompose more rapidly than
to undergo oxidation. The relatively stable decomposition
produots wore then oxidiged by the oupric ions,

There was evidence, also, of a carbonium ion
(CCVIII) preferentially decomposing into mere steble products
rather than reacting with sdded anions. In general, however,
a given free ralical did not readily oxidize by an electren-
transfer mechanism 1f the resultant carboniuwm ion was very
unstabdle, Such & radical could resdily be oxidiged by a
ligand-transfer mechani em, howover,

The nature and mechanism of the specific aayloxyla-
tion of olefinic substrates with i-butyl peresters in the
presence of cuprous salts was investigated. The spparent
isomeri zsation of &ll non-terminel double bomds to the
terminal position, and slso the lack of isomerigzation of
terminel double bonis during these reactions, was explained
by the difference in energy of the two possible transition



states (CLXXV and CLXXVI). 8ince eopper ion-olefin T/ -
oomplexes are less stadle when the double bond is sterically
hindered by substituent groups, the transition state with &
non~terminel double bond (CLXXV) was considered to be of
higher energy than the transition stete with the terminal
double bond (OLXXVI), This hypothesis was supported by
experiments with avoloalkenes, where the double bond alwsays
migrated to the least sterically hindered position, All
aayloxylations of olefins are believed to proceed by a
1igend-transfer mechant sm,

The mechanism and eynthetic seope of metal-ion
catalysed hydroperoxide reactions in the presence of sudstrate
was also studied, 8uch reactions, when cerried out in the
presence of added anions, gave an unlimited range of ester
produots, depending upon the substrate uvased and the added
anion., Thig was sn afivantage over the corresponding oatalyse
perester reactions which were confined to the formation of

eacetates and benszeoates,

The us¢ of these metal-ion catalyesed peroxy
reactions a8 a sgynthetie tool in the sterold field was also

examined,



LNTRODUGTION

(a) QGENERAL

8ince the early days of organiec chemistry, transi-
tion metal salts have been used to ocataelyse reactions of
orgenie peroxides. Ponton1 originally found that tartaric
a0id waa readily oxidized by aqueous-hydrogen peroxide in
the presence of a trace of ferrous sulphate. A mechanism
for this induced-decomposition of hydrogen peroxide by

ferrous ions wes later suggested by Haber and Wet ”2 as

follows:
E0, + Fol* —— OH + O o+ Fe* (1)
OH + P2t — OF 4+ Feo* (2)
WOH + HO, — H0 + HO,e (3)
H0,* + H 0, — O + H0 + 0, (4)

Only 4in the last twenty five years, however, has
there been serious study devoted to this and related
reactions. Indeed, before this period, the existence of

free radicals in solution as transient~intermediates in



|
o

2.

reactions was acoepted by very few chemista.5 The
presence of organio free-radicals in the vapour-phase had
been proved‘severa; years earlier when Paneth and

Hofeditsh obtained‘free methyl radiocals from the thermal-
decomposition of lead tetramethyl. This discovery
followed the much earlier obeservation of Gombergs's who
treated triphenylmethyl chloride solutions with sine dust
or silver powder in an attempt to prepare hexaphenylethane,
but instead obtained very reactive transient-intermediates.
He econeluded that the hexaphenylethane had dissociated
‘into triphenylmethyl-radicels.

(0635)3.0.0.(0655)3 et 2(0635)3.0. (5)

The catalytic effect of transition-metal sslts
upon free radical reactions 1s essentially one of oxidation
and reduction. In such reactions organic free-radicals
are either reduced to anions or oxidized to cations
depending upon the valenoy-gtate of the metal-catalyst

eand the type of radical in question.

R', + M* — R'"™ 4 ulns)* (7)
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The Fenton-reasction, the Sandmeyer-reaction and
the Meerwein-arylation reaction a2ll involve this basic
principle of oxidation snd reduction of free-organic
radicals. 8ince all three reactions are conducted in
aqueous solution, the conditionsg are most favourable for
electron-transfer between the metal-ions and substrate-
radicals. Apg will be shown later, however, the oxidation
and reduction of organic free-radicals by metal-ions

ean occur in non-~polar solvents by & ligand-trangfer process.

The mechanism suggested by Haber and Weissz for

the Fenton-reaction (1-4) was the first such mechaniam to
imply that metal-ions can oxidize or reduce free radicals.
In this example, hydroxyl-radicals are reduced to
hydroxide-ions by ferrous sulphate.

Evans et a1’ studled the behaviour of methyl
sorylate and acrylonitrile in the presence of hydrogen
peroxide asnd ferrous sulphate. Thelir experiments
supported the Haber-Welss mechanism and showed that under
these conditions, polymerization of the olefin occurred
and very little oxygen was evolved. The following sceme

was suggested

H)O, + Pe2* —> +O0H + OH 4 Fe-* (4)
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“OH 4 GHyIOHR —> m.onz.érm (8)
HO,OH,.OCHR —> polymers (9)

Subsequent work by Merz and 'ﬁtera,9’1° Maokinnon
and Wa’ters.‘“ and Baxendale and lagéom'also supported the
Heber-Wel ss mechanism and demonstrated the versatility of

the Fenton-reaction.

Mackinnon and Waters'' suggested that fres radicals
and their eorresponding ions could form thermodynamicallye

reveraible oxidation-reduction systems.
Re = R* 4+ o, E(<e) (10)
R' 4 e == (R"1)%, B(se) (11)

They ooneluded that free radicels formed by the
Fentonereaction from suitable substrates and having B(-e)
much lower than that of the Feo' - Pe>® system, should be
oxidized readily by ferrie ions to the eppropriete
carbonium fons. Thus primary ale¢ohols yielded aldehydes

(12), and secondary aleohols produced ketones (43).

RCH, ,oH %% Rom-om —-> rOH.0N — ROMO (12)
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+OH v FOB* &»

R CH.OH —> R,0:0H —> R,0‘0F —> RCO (143)

8imilarly, aldehydes were obtalned from ethers and
amino aoide, while hydroxy acids yielded X<keto acids.
All these oxidstione proceeded by & chsin-mechsanism, in
which a trace-amount of ferrous salt readily catalysed the

9,40

reaction to completion. Merz and Waters represented

thi 8 chain-oxidation process by the following stepst

Fe?* 4+ H0, — Pe>* 4+ OH + oOF (1)
Pe2* . «0H —> Feo* 4 O (2)
BE + 0OH —> R* + KO (1)
R* + H0, —> ROH 4 «0H (15)

The oxidation step (15) was later replaced by a

two-ptep quuence:13'1h

R + Feo' —> R 4 Pec* (16)

R* + HO —> ROH 4+ E* (17)



65,

These workers also found that all the compounds
which underwent this chain-oxidation in the Fentone
reaction, also readily reduced mercurie ions and molecular

lodine to mercurous ions and iodide ions respectively.

. 2+ 2 +

CHy*CH-OH + Hg“* —> OH;-CH'OH + Hg (18)
*

CHB'GH-OH Y OHB-OHO + H (19)
. - +

chB-cn-on +I, — A + 2CH, +CH-0H (20)

Mackinnon and Watere11 suggested that the redox

potentials of the Feot - Feg+. ng* - b(Hg2)2+, end
¥1,- I” systemp were so olose, that each system weas

capable of oxidizing the same radicales.

Merz and Water39 found that compounds which

contained electron-attracting groups failed to undergo
chain-oxidation in the Fenton~reaction., These reactions
needed large quantities of ferrous salt to complete the
oxldation and 1in all ocases the radical«intermediates falled

to reduce mercuric ions or molecular iodine.

It was suggested that the c¢hain-ocontinuing steps
(45,16,17) d1d not occur in these reactions. Instead,
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the substrate-radical combined with a hydroxyl-radiesl (21)
or dimerizea (22)

Re 4 OH ——> ROH {(21)

2R —> RR (22)

Compounds which fajled to undergo chain-oxidation
included chloral hydrete, esters, carboxylie acids and
amines, Thus ethyl acetate, propionie acid,‘and
diethylamine each yielded aco@aldéhydo when trested with

ferrous sulphate (1 mole).

The failure of this latter group to react by
equations (15-20) was attributed to a much higher value
of E(~e) for the appropriate redicale.

The differences in the redox potentiels between
these two classes of radicals were aseribed to the pelar-
effects of sudbstituent-groups. Merz and Waterlg
suggensted that the inductive effect of alkyl groupe would
increase the availsbility of the unpaired-electron at
the free valency site.

OH

3 ;
™~ g—oxm /o— 0— 0,8,

CH, H
(1) (11)
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Conversely, the strong electron-attracting
character of carboxylic acid groups and ester groups would
reduce the availability of the oddeelectron at the free
valenoy site.

(111)

It was concluded that radicals derived from
eloohols (I) and ethera (II) were more likely to be
oxidized by the chain process (15-17) than would redicals
derived from acids and egters (III) whose unpaired-electron
is not readlly available. Indeed Drummond and 'atera’s
suggested thst the strong (-I) eontributions of the
earboxylie acid groupa {n the melonie acideradical (IV)
eould favour reductioh of this radfcel. The resultant
enien (V) would be stabilised by resonsnce.

*CH~(00,H),,

(zv)
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o o o o
H0. C.CH. C. 0K a5 HO, Gs CH, C. OH
(V) '

The oxperiments of erg and Wateu9 were supported
by those of Kelthoff and lledalia13 who found that radicele
derived from aloohols and aldehydes reduced ferric ions
under Fenton-conditions, whereas radicals derived from

acetone or acetio azcld@ oxidized ferrous ions,

Haines and Watera16 later substantiated the
preceding suggestions when they found that radiocals derived
from nitriles (VI) 814 not reduce triaryltetraszolium salts
(VI1) unlike the radicals (I) derived from aloohols.

CRR'.(CN).
(v)
N——N——Ar N-NHeApr
wan = wd
\N=N"'—-Ar \N:H-Ar

(vir)
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Collinson end Deinton'! lster found that
polyecrylonitrile~radicals and polyscrylamide~radicals
readily reduced ferric perchlorate, wheress polymethylw
methacrylate-radicals rescted dlovly, 4f at all. They
concluded thet the oxidation potentisls E(~e) of the
polyacrylonitrile~ and polyscrylamide-radicals were less
positive, while the potential E{+e) for the polymethylw
methacrylatesredicel was more positive than the potential
of the FeZ* . Fe "

- Fo gystem under the conditions used.

The Sandmeyer-resction and the Nserwein-arylation
reaction are two further examples where a metal-ion
catalyst, in these cases the copper ion, sots =28 an
oxidizing or redueing cgent for transient-radicals.
Although there wes, of firat, some controveray as to the
nature of the mechenism of the 8andmayer-raa¢tim,18
& mechanism sinmller to that originalily proposed by Wa‘heruw

{23-25) 18 now ecoepted.

Cu* 4 Ar NiN*—s 0u®* 4 Are 4 W, (23)
Are 4 C1° —» APClL + o (24)
ou?t & e —s  Out (25)
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Thig mechanism of Watersw readily explained the

action of the cuprous ion to produce aryl-redicals from

diazonium ocations, To avold postulating the liberation

of free-electrons {24), Nonhebel and Waters suggested

+he following chlorine~transfer mechaniem.
ArN,* 4 Cu*Cl — Are 4 N, + Cu2*01 —> Arcl + Cu*  (26)

They thought that the reaction could take place
inside a solvent cage from which very few aryl-radicels
could escepe. However, Kooh121 gshowed that aryle
radicels were abundaent and suggested the following three-
step process for the Sandmeyer reactions

m; + CuCl,” —> ArN,CuCl, (27)
ArN,CuCl, —> Are 4 CuCl,+ X, (28)
Ay ‘raGnC-‘ZI.‘,2 —> ArCl + Cufl (29)

The formation of the complex between CuCl,” and
the d1azonium cation as in (27) was first proposed by

Cowdrey and Dav!.uzz 1n 1949,

23

Koelech and Boekelheide were the first workers
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to suggest a free-radiocal mechanism for the Meerwein-
arylation resction. More recent work21224=27 guoceats a
very similar pathway to that of the Sandmeyer-reaction}
again the role of the copper fons is probadbly to oxidize

or reduce transient~radicals.

Ag a result of the basic work of Waters g&,g;?'11
and the more recent work of De La Mare ot 2;.28 it 1s
now possible to summarise many of the feoctors which
diectate whether a given free-radical will be oxidized or,
elternatively, reduced by metal ions. These factors also
decide the degree of such oxidetions or reductions.

The work of Waters and his colleagues has already been
examined. De La Mare ot a120 extensively studiea the
oxidation of free-radicals by metal salts in aqueous
media. The radiecals examined inecluded methyl, ethyl,
p-butyl, i-butyl, allylic and acetyl radicale. Both
ecupric ohloride and cupric sulphate were used as oxidizing

a.g@nt'o

From the regulte of these various workers the

following conclusions can be drawn

(a) Whether or not a free-radical will be
oxidized or reduced by metal ions depends, very greatly,
. {f-f' .
gpon the value of E(-e) and E(+e) for that radical.
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8uch values depend upon the substituent-groups adjacent

to the‘free-valency site, the stability of the radicsl
eand the stability of the resultant carbonium ion.

(b) The value of the redox potential for the
metal ion ies important in determining whether oxidation

or reduction of the radical will occur.

(¢) Cupric salts fail to oxidize thiyl- and
oxy-radical a. The fact that alkoxy#radioala with
available fB-hyﬂrogen—atoms are not oxidized by ouprie
galts suggeste that the removal of the electron from the
free-valency site 1s a necessary oriterion for these

oxidation reactions.

When conditiong are favoursble for the oxidation
of a radiocsl, the oxidation step can proceed through one
of two paths: (1) ligsnd-transfer, and (11) electron-
transfer.

(1) Ligand-transfer oxidation processes

occur directly through a ligand-bridge as in (30).

o m m
Re 4+ MK, —> RX + MX (30)

Koeht 2!

showed that such a process occurred in
the Sandmeyer-reaction and also during chain-termination

of polymerization-processes by metal halides.29030
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Originally Tsube and Heyers31 had obtained evidence that
such oxidation-reduction reactions occurred in inorganie
gystems. They also showed that the anion was transaferred

from the oxidizing-agent to the reducing-agent.

The recent experiments of De La Mare et _g;lfs
have shown that oxidation of radicals by cuprie shloride
proceeds by a lipand-transfer mechanism, It was found
that, under these conditlons, elkyl-radicals were
substituted with the chlorine-ligand to yleld elkyl

chlorides.

(11) Electron-transfer oxidation processes
require the formation of a transientecearbonium ion from
the substrate-radicsl by the transfer of an eleotron from
the free-radical to the metel (34).

R* 4 ﬁxﬁ —> r* . uxﬂ”’ (31)

Kooh1>2 suggested that such a process would
osour in systems where the resultant carbonium ions were
stabilized by resonsnce, or where the metslesalt in
question exhibited poor ligan@-trangfer properties.
Corresponding inorganie one-electronftransfer processes

were extengively studied by Taube and his colloaguen.33'35
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The results of De La Mare et 8120 demonsirated
thet oxidation of redicals by suprie sulphate proceeds by
an electron-transfer process, The carbonium ions, so
produced, underwent elimination to give olefins, or
golvolysis to yleld substitution-products. These workers
were essentially.eoncgrned with alkyl-radicals, and they
found that, during the electron-transfer mechanism, fhe
stability of the initisl radical and also the resultan§
carbonium ion, determines whether elimination or solvolysis
will ocour. Thus olefin-formation occurred predominantly
with ethyl-radicals, while tertiary-alkyl-radicals and
gllylie-radicals underwent solvolysis.

It was eonclud9628 that ligand-transfer and
electron-transfer processes were extreme forms of
oxidation and were often competing reactions. These
workers suggested that both processes could proceed through
the allied transitionestates (VIII),

CH,+CH, Jute -— oazgcazxn*( n-1)

; -

GHZ-GHQ" art(e=1) > OH,+CH, x(n=1)

I |

H H

{(viIiI)
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The choice of which transition-state would be
i{nvolved in & given oxidation-reaction is determined by
(1) the nature of the free radical involved, (11) the
particular transition-metsl used, and (111) the type of
1igand or anion assoclated with that metal.

The importance of (1) and (113) was demonstrated
by Kochi and Rust37 when they sttempted to oxidize
rafdicsls which contained electron-attracting groups
(-CN, -CoH ete.) and which could not, therefore, reedily
accommodate & positive charge. They found that these
fpree-pradicels could not be oxidized by cuprioc sulphate
in aleohol or water, to yleld products contalining the
groups -OR or -OH. However, these same radicals were
readily oxidized dy a 11 gand-transfer mechani sm with the
use of cupric chloride (32). Under these conditions, the

formation of an intermediate-carbonium ion was unnecessary.

RGH-CN 4+ CuCl, —> RCHC1-CN + CuCl (32)

This extensive liganﬂ-transfér property of metal
helides hed previously been established by several

wofkera.28'3°’32'38'h2

Kochi and Rust>! slso showed that the aldition
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of 5-(methoxyearbonyl)=-pentyl redicals (IX) to olefins
which eontained electron-withdrawing groups (-CN, -CO,H,
~CO,R ete.) in the presence of cupric sulphate resulted

in extensive polymerization (34). No oxidation of the
gdduct-radical occurred. When the oxidizing agent was
cupric chloride, however, no polymerization took place.
Instead the sdduct-radical was oxidiged by a ligand-transfer
mecheniem to the corresponding chloride (35).

Me0,C+(CH,)g* + CH,:CH-CK — M60,0* (CH,) ¢*OH 0N (33)
(1x)
i Cuf0
Me0,C+(CH,)g*CH.CN  — polymers (34)
Cn012

Me0,0 (CH,)g*CHCN ~ —> Me00¢(0Hp)gOHCL-CN  (35)

(b) PERESTER-OLEFIK REACTIONS

Since 1950 an impressive volume of work has been
carrli:zd out on pero:d.dg—reactions catalysed by transition-
metal salts. Before 1950 the only peroxide to be

seriounly studied was hydrogen peroxide, but in
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recent years many orgenic-peroxides, -peresters and
~hydroperoxides have been treated with transition~metal
1fons in the nresence of various substrates including
olefins, ketones, aldehydes, ethers, esters and amides.
Indeed, any substrate contalning a reasonably lebile-
hydrogen atom has genérally proved quite suitable for

these reactions.

Seversl metaleion catalysts have been suocessfully
vsed, These include iron, copper, oobaltu3'h9,

15 olils o 116-118,50 n1cke1¥ 6, ghromium™® L6

manganese m , silver”,

and antimony51.

The reactions of t~butyl perbenzoate (X) with
many substrates, in these catalytic oxidation-reduction
gystems, has been extengively studied. This relatively
stable perester wes first prepared by Milas and Surgenor52
tn 1946 and the kinetiocs of its decomposition was

studied® 3% 1n 1951,

Bartlett and Hiatt?® studied the uncatelysed,
thermal-decomposition of several peresters in ¢hloro-
bengene and ldentified many gaseous and volatile products.
Thus }-butyl perscetate (XI) at 1h0° yielded large
quantities of carbon dioxide and scetone, and lesser

amounts of methane and acetic scid. No t-butanol was
identified.
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0

| |
oocers,  cndoocten

(x) (xx)

The scetone and methane undoubtedly resulied
from the thermal-decomposition of the 3rbutoxy redicale’

(36) which, in turn, were formed by the cleavage of the
peroxide linkage of the perester (37).

IaBGo' —> 1Me,00 + Mee (36)
Me00,*00Me, > WNes00- + MeG0," (37)

The catalysed-decomposition of 1-butyl peresters
with cuprous salts ylelds entirely different produots,
hoiever.% Thus }-~butyl perbenzéate (X) yields only
small quantities of carbon dioxide but large emounts of
bensole eoid, The following seceme wes suggeetedsa to

account for these produots,

Ogtg+ G0, +00(CHy) 5 + Ou* —> Oglg+00,0u* + (CHy) 400+

(38)



caas-cozow(ons) 5* ’GHB —> °6H5'°°a’°H5 ¥ (053) 300-

(40)

The catalytic-reduction of i~-butyl peresters
by transition-metal ions in the presence of olefins, has
been extensively studied since 1958, There has been
gome controversy, however, as to the nature of the
mechanism of these reactions. In 1958 Kharasch and
Sosnoveacy”) reported that the induced-desomposition of
4~butyl perbensoate by cuprous bromide, in the presence
of oyclohexene, yielded large quentities of cyelohex~2-en~
1=yl bensoate (XII). A kinetic investigation of this

resction wasg later attempted.so

i
(x11)
Similarly oct-1-che ylelded 1-pentylallyl

benzoate (XIII) and hexe{-ene yielded 1-propylallyl
benzoate (XIV).



21.

0,C°Fh 0,0°Ph

CH,*(CH,),, *CH-CH:OH, CHge (CH,) ,*CH*OH: CH,
(x111) (x1IV)

These workers found no evidence for the _
formation of oct-2-en~i~yl bensoate (XV) or hex«2-en~{«yl
bensoate (XVI) and, therefore, eoncluded that these
reactions were unique in that they were stereompecific.
In related uncatalysed-reactions, olefins reeet with free-
pedicals to produce mixtures of isomeric allylie
‘ec:n'u;mtmall‘g'61 »62 presumably due to resonance of the
allylic-radical (XVII).

CHy+(CH,),, «CH1OH-0H,-040-Ph CHy+(OH,) , *CH1CH-CH,+0,0 -Ph

(xv) (xv1)

R OH.CHiOH, <> R OHjCH.OH,-
(xviI)

Kharasch and his colleagues later z‘cpmvted58 that
allylbenzene (XVITI) reacted with $-butyl perbenzoate (X)
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and cuprous bromide to yleld mainly the unrearranged
4-phenylallyl bensoate (XIX). They also found that

oet~2«one similerly formed a moné~bensoétogwithout

{ eomerization.
0 2‘.Z." *Ph
OGES 'OH:?QK] Gﬂz Osgs'cH'CHIOHz

(xvirz) (xXIX)

- These workers suggested the following mechanism

for these reactions:

; » + : 2+
°6‘5’°°2'°°(°133)3 + O’ — asnsocoz Cu“" » (cns) 3 00~
(38)
(CH,) 00* + RE —> R+ (0H,) ,0-0H (41)
BR* & 3635.002 Gng"—> 0635.0023 + Cu* (L42)

(RH = olefin)

They suggested that the perester was initially
reduced by cuprous ions (38).  Since no isomerisation

of the double bonds occurred, they proposed that the
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replacement of the allylie~hydrogen by the benzoyloxy-
radical (41 and 42) took place in a concerted manner.,

Kharaech and his colleagues also found that
1-butyl peracetate (XI) gave products analogous to those
obtained with t-butyl perbenzoate (X). They also
established that when eyclohexene was dissolved in glacial
acetic acid and treated with $-butyl perbensoate in the
presence of ouprous bromide, cyclohex-2~en-i=-yl acetate
(XX) was produced instead of cyclohex-2-en-{i-yl benzoate
(x11).

I
CH4CO

(xx)

When Sosnoveky and 0'Ne11183 treatea t-butyl
perbenzoate (X) with 3-trimethylsilylprop-{i-ene (XXI)
in the presence of cuprous bromide, they obtained
qetrimethylsilylallyl benzoate (XXII). No isomerized
product was found. Under identicel conditions
3=trimethylsiloxyprop=1-ene (XXIII) yielded 4=trimethyle
siloxyallyl benzoate (XXIV) and no rearranged product.
OQCOPh
(CH,) 5 51+CH,-OH:10H, (oH,), 31.$n.onzcnz

(xx1) (xx11)
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0,C*Ph
(cnj) Er’sio-cma-cmcma (cns) smo-oa-emcna
(xa11) (XXIV)

The peaction between norbornadiene (XXV),
J~butyl perbenzoate (x) and cuprous bromido,sh'65 contrasts
with the preceding olefin reactions in thet no Benxoyloxy
deprivative was obtained, The sole product proved to be
7-1-butoxynorbornadiene (XXVI),

OC[CH3]3

(XxV) (xxv1)

When Denney et gl§6 treated cyclohexene with
,g-lm‘l‘;y:l.‘pez-fmmst;at.e—'msu-bc»nsrl.-,,-i.'J1-8 in the presence of
eupric ions, they found that the label was completely
equilibreated between the two oxygen atoms of the resultant
eyclohex-2-en-i-yl benzeate., They conocluded that the
equilibration ocourred during the formetion of the ester
and therefore only a concerted mechanism involving the
perester, catalyst and olefin was acceptable,

A further resction between t-butyl perbenzoste
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and 3~deuterio-3-phenylprop~i-ene (XXVII) in the presence
of cupriec ions, followed by a deuterium=-analysis of the
products, indicated that simple hydrogen-abstraction from
the allylic position by t-dbutoxy radicels was not
occurring. These workers also found that P -methylstyrene
(XXVIII) yielded only cinnamyl benzoate (XXIX) in these

reactiona.
GGHS *CHD +CH; GH2 OGHB *CH: OBP°H3 °6H5 «CH;CH -GH2 -020 +Ph
(XXVII) (XXVIIY) (XX1X)

In order to explain these results, Denney et §166
suggested that the i-~butyl perbenzoate and copper-ion
reacted to give a copper-ion complex containing a
X~-butoxy-radical and a benzoyloxy-radical., This complex
could then coordinate with the olefin to give the inter-
mediate traneltion-state (XXX) which is resonance
stabilized,

R+CH, *CH CH, 2+

(GHB) 3c—cJ
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Subsequent hydrogen-abstraction by the complexed
t-butoxy-radical, followed by rapld combinatlion of the
olefinic radical and the bensoyloxy group within the
copper-complex were then suggested, with the resultant

formation of the required product.

Cross and Whitham67 treated a oconformationally
fixed olefin, 1-methylene-l-f-butylcyclohexane (XXXI),
with $-butyl perbensoate and cuproue chloride and obtained
the bensoate of 2-methylene-trans-5-f-butylceyclohexanol
(XXX11) as the major epimer. A esmall quantity of the
equitorial allylic substitution-product was also found,
which favoured the Denney intermediate (XXX),

2CPh
B Utm B Ut

(Xxx1) (xxx11)

At the time when Denney g&,gléé published their
copper-complex intermediate (XXX), the nature of the
mechasniasm of these stereosgpecific olefin resetions was
still very obscure, The existence of the complex
proposed by Denney et &l had yet to be proven, and other

poseible mechanisms remained to be examined,
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About this period, therefore, work was begun in
this laboratory to study the mechaniasm of these resctions,
After a few preliminary experiments we conceived e
mechaniam to explein the stereospecific nature of these
olefin-perester feaetioﬁs.sa Ouz 6bservation that the
4~butoxy resdicale were, in fact, free, led us to telieve
that these resctions proceeded by a mechanism which was
not concerted, Our mechaniasm was based on the assumption
that no double-bond can migrate 4f 1t 18 complexed to a
metal=fon, We suggested, therefore that a 77 -complex
would, initially, be formed between the cuprous ion and
the double~bond of the olefin, This complex was then
expected to reduce the perester (43) to a cupriec
cerboxylate-olefin complex (XXXIII) and free t-butoxy-
radicals, A series of one-electron shifts ocould then give
the seyloxylated olefin in which the double-bond had not
migrated (L4Y4).

Cu(1) 9P(II)020R

— —o=Eg—0=

1.~
—cf_tl:—c + R00,+00(CH,) 5 93—

(XXXIII)

+ (OHg) 500 (43)



SR AR 0=—0—R
Cu(uI/I-)}’/ ?50 Cu(I)
—-c_c—G:;.. —> —¢C c — i— + (CH_) C.OH
TP I - R iy
¥ (L)

It was well after this mechanism had been
published, and several cxperiments had been completed to
prove its authentioity, that Kocht32#89 aiscovered that
the terminal/double bonds of olefins are certainly fixed
but that non=terminel double bonds almast completely
isomerize during these reactions. Our mechanism,
therefore, sppeared to be invalid, for it was designed to
explain the non-isomerization of all double bonds, whether
terminel or not. It will be shown in a later section of
this thesis, however, that this mechanism, suggested

by us, is, in fact, still acceptable.

Koch132‘69 studied the cuprous sslt-cetalysed
decomposition of f=-butyl perbenzoate (X) in the presence
of isomeric butenes. Regardless of which butene isomer
was used (but-i-ene (XXXIV) or but-2~ene (XXXV)),
{~methylallyl benzoate (XXXVI; R = Ph‘coz) comprised 88%
of the total ester products in each case. When t-butyl
peracetate (%I) was similerly treated with but-i-ene
or but-2-ene, {-methylallyl scetate (XXXVI; nzons-cog)



was the main produet in each case.

OH3°032°GHSGH2 CH;-OH:OH-OHS 033-031-03:032

(XXX1IV) (XxXV) (XXX%XVI)

Koehi pointed out that these isomer-distributions
were unigque. He shoyod that reactione involving elassical
earbonium~ion transition-states ylelded equal guantities
of each isomer. The nitrous zcid deamination of the

{someric butenylamines was one such example.

During true free radical reactions involving
butenyl radicals, the products ocontain & predominance of

TO

the orotyl isomer. Thug the isomerie butenes react

with t-butyl hypochlorite (XXXVII) at low temperatures to
produce mainly crotyl ohloride (XXXVIII).

('0H3) 5 CO01 CH,+@H1OH-CH,01

(xxxviI) (XXXVIII)

Koch132 conceived a mechanism to explain the
predominance of the A ~methallyl isomer over the crotyl

igomer in these perester reactions, He suggested that
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the first step was the ssme as that put forward by
Kharasch g&_gl?s (38) whereby the perester wes reduced by
the cuprous lon to a eupric carboxylate and i-butoxy-
redicals. Isomeric butehyl-radicals (XXXIX) were then
expected to be formed by the abstraction of the allylie
hydrogen-atoms of the butene 1somers with the g-butoxy-

radiecals.
c:H.‘;.cchH-cm3 . .
By 0 . ° .
LN .cnz.cmon CI-I}(—) cnzscn CH GHS
CHp3CHCH,«CH
o2 273 (45)
(XXXIX)

The existence of these radicale in the free-
state could then asccount for the gpperent isomerization
of the non-terminal double bond in but-2-ene into the

terminel position.

Koohi suggested that bengzoyloxylation of the
butenyl-radical (XXXIX) could involve two extreme
processes of oxidation, viz. ligand-transfer and electron-
transfer. It was shown in part (a2) of this section that
cupric chloride and cupric sulphate oxidize radicsls by

ligand-transfer and electron-transfer respeoctively.
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The benzoylexylation of the butenyl-radicals by
a ligand~trensfer mechanism was suggested, by Koehi, 2
to involve the formation of an intermediste complex (XL)
between the ocuprie earboxylate snd butenyl-radical. A
eyelic ligand~transfer-reaction within this complex would
then yield the required produet with the terminal doudble
bond (XLI),

ong—ofi /cua*"' —> cH;—cf cu*
0 6
i;P F 0'?;959 (46)
CeHg Cels
(xw) (xu1)

The bensoyloxylation of the butenyl-radicals
by an electron-transfer mechaniem wans -uggosted32 to
involve the formation of an ilon-pair (XLII),

OyEpe + 0u2*0,00gH, —> (0,B,* Gu* 0,0+0gH,) (47)

(X111)
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Eoehi produced evidence to suggest that the
transition-state had both ligand~transfer and electron~
transfer properties since the unugual isomer distribution
could not be explained exclusively by one or the other
of these processes. He repreeented the most probable
trensition-state by (XLIII) where the ligand-transfer
mechanism was openﬁng in a system containing gonsiderable

ecarbonivm ion character.

/OH _— 032 °ﬂ=._.:olg
CHz—CH "bug"' < CHy;—CH Ba*
o\ * K\

Ne—o 0—0
/ /
Cells Cets
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This transition-state therefore explained the
high yield of A -methallyl benzoate 1n each reaetion.
The driving-force for substitution at the 3-position
waps agsumed to be due to the greater stablility of a
double bond-cuprous ion complex in the terminal position
of the olefin. Koech!i mentioned that such a complex would
be more steble than & non-terminel double bond complex.

In contrast to the preceding results are the
reactions between bengoyl peroxide (XLIV), olefins, and
copper salts. Kharasch and Fono71 treated oct-1-ene
and oct~2-ene with benzoyl peroxide (XLIV) in the
presence of ouprous salts and obtained, in each case, 2
mixture of 1-pentylallyl benzoate (XIII) and oct-2-en-i-~yl
bensoate (XV) in similar amounte. They elso found that
these reactions ylelded considerably more benzolc acid
and less carbon dioxide than the corresponding uncatalysed
reaction. A great reduction in the yleld of high-
moleculsr welght adducte in the catalysed reactions infered
that the cuprous salt facilitated the termination reaction.

Y e
228

(xL.IV)
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Kharaseh and Fono!' suggested that the initiel
step in this reaction was the sddition of a bdenzoyl axy~
radical (XLV) to the double bond (48). This oocurred

whether or not the copper-catelyst waas present.

0]
=0

(xLv)
OgHy<C0,- + OgHlyc —> Oghy eCO,eOgH, o (48)
(XLv1)
In the presence of cuprous salt, the adduct-

radical (XLVI) became reversibly "trapped", and readily
attacked another bensoyl peroxide molecule (49).

Cglg *00,°0gH, ceOu” + (QgHge00,), —>

[ I o . +
(49)

The reaotion of but~i-ene (XXXIV) and but-2-ene
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(XXV) with benzoyl peroxide (XLIV) in the presence of
cuproug salt, was later examined hy Ktmhs.‘ﬁa He found
that but-1-ene ylelded mainly p-butyl bensoste (XLVII)
and crotyl benzoste (XLVIII), with only emall quantities
of o-methallyl benzoate (XIXVI; RaPh-OOR). Oonverasely
but-2«ene ylelded mainly g-butyl bensoate (XLIX) and
«~methallyl bensoate (XXXVI; RaPh«CO,), With only smsll
quantities of crotyl bensoate (XLVIII),

033-032 *CH, *CH,*0,0Ph cxs-cnz OH+GH, *0,0 -Ph
(XLVII) . (XLVvIII)
0,C<Ph
cxzoonzocn-ans
(xL1X)

Eochi suggeeted that the first step in theae
peactions was the reduction of the benzoyl peroxide by
ouprous ions (50). ‘This step is analogous to that
suggested?® for the induced-decomposition of f-butyl
perbensoate (X) by eopper ions (38). The hensoyloxy
radicals (XLV) so formed were then eonsidered to edd



36.

to the double~-bond of the butene isomers (51 and 52).
Oxidatien of the resultant bensoylexybuiyleradicals {Ls
and Lb) by cupric lons were expected to yiela-’z) the
butenyl esters (53 and 54).

(ot tng), + o —> O, 9R o0y (0
(La)

OgHg *C0p - QﬂzzcﬁfOﬁz'Oﬂj—é 0635,°®2’Cﬁ2'&ﬂ'%'°n3 (52)
(Lv)

‘ 5 2+ (30 _ e A ‘
06350002001-39-011-0113 + Ou*? —> OgHg °C0, <GhMe +OH: CH, +

cu* + H* (53)

= . ‘ 2"' T e ® s of
0635°0025052°GH'052 .033 + Cu —90635 002 03_2 'CH: CH GKB +
cu* 4 H' (54)

Kooht>® believed that the thermal-decomposttion
of bengoyl peroxide (55) would compete with the induced
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decomposition (50), unlike the corresponding reactione of

1-butyl peresters.
(CgHgCO,)y —> 2 OgHge00, (55)

He suggested, therefore, that reduction of
benzoyloxy~radicals (XLV) by cuprous ions (56) could be

important in these reactions.

°6H5°°°2' 4+ cut —> 0635-002' + Guz"' (56)

Kochi econcluded that the difference in the
initisting free-radicals from the benzoyl peroxide-
reaotions and i-butyl perester-reactions caused the

dirferent product-ratios in each case.

The main pathway in the benzoyl peroxide~
reactions was one of addition, by the benzoyloxy-radicals,
to the olefin, Isomerization of the adduct-radicals
was not possible. In the t-butyl perester-reactions,
the sbstraction of allylie~hydrogens by i-butoxy-radicels
was the main resction path. In thie cass, isomerigzation
of the allylic-rsdicsel was possible, and did occur, to
yield the product with a terminal double-bond in every

cane.
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Although t~butoxy-redicale usually abstraect
labile~hydrogens in these reactions, they also can form
addition-adducts with certain conjugated aystems.
EKherasch et QH have shown that the decomposition of
3~butyl hydroperoxide (LI) with ferrous iens, in the
presence of such dlenes ae butadiens (ILII) snd isoprene

(L111), yields dimers, each containing two i~butoxy
groups.

(GKB) 306-01! OH,3OH-CH: CH, OH,tC Me-CH:CH,

{L1) (L11) (LIIX)

These resulte indicate that the f-butoxye
radicals sdded to the diene gystems to form allylie
radicals (57), whieh then dimerize (58).

(CH,) 00° + CH,1CH-CHICH, —> (CH,) ,00+CH,CHiCH-CH,; {57)

2(0K,) Jco-cxeoon;an-ong-ﬁ[(QHS) 400+0H,-CR10H:CR~ |, (58)

Volman and Grannm photochemically-decomposed
di=f~butylperoxide (LIV) 4in the presence of butadiene (LII)
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and found that the g~butoxy-radicals added to the diene and
promoted polymerization.

(cH5)530°00(08,)

(1LIV)

The cuprous ifon-oatalysed decomposition of
4~butyl-perbengoate (X) and - peracetate (XI) 4n the
presence of butadiene (LII) wes studied by Koeht 3
The results indicated that the j-butoxy-rsdicals were
again 2dding to the econjugated diene to form allylie-
radicaels (LV)., Koechi suggested that these allylic adduct~
radicale were then axidiszed by cuprio 1éns in an identieal
faghion to the oxidastion of the gimple butenyl-radicals
(XXXIX), previously deseribed. 3$-Butoxybensoyloxybutenes
(LVYI) end (LVII) were the products. The sceme was

represented as followst

,*00(CHy) 5 + Cu* — Ph-00, Cu?* 4 (oty) 00 (38)

thOO2

(1v) (59)
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e . n b —>
‘ ~ . PhC c
2(033)300 CHOH== CH<=~CH,* * 2 Ph+00, Cu”

0,6-Ph
2Cu”® 4 (0‘33) Joo-crazjmoomcnz + (cns) 3c!<>.<m2-e_=mcan.cmz-..:,“,g.1

(Lvr) (LviI)
(60)

| The product oonsisted of two isomers, L~i-butoxy-
3-bensoy1axybnt—1-cna (nv1) comprised 80% of the 2momer~
‘mixture, and leg-butoxy-i=benzoyloxybut-2~ene (LVII) made
up the remaining 20X of the mixture., 8imilar results
were obtained when }-butyl peragetete (XI) was used.

Te account for the stereospeeific nature of
the products in these recotions, Kodhiyg proposed a
transition-state which wag analogous to that (XLIII)
suggested for the butene-perester ‘reaciiont.n He
represented the transition-state (LVIII) as having both

ligand~tranafer and electron-transfer properties.



[CHlsCO™ “¢7 C  «» [CHglscO” ¢ 3T
0
*cl:oc@*‘ Seoc'
CgHs CeHs
\ /
o
[cHalaco” 7 Re
O Cut
O:éCGHS
(LvIII)

Kocht3? a1so desomposed i~butyl hydroperoxide
(LI) 4n the presence of cuprioc acetate and butadiene
(LII). A mixture of acetic acid and benzene was uged
as the solvent. Examination ef the reaction-producta
showed that a mizture of t-butoxyacetoxybutenes had been
formed in 50X yield. The mixture conaslsted of 80%
Y=g~dutoxy-3-acetoxybut-i-ene (LIX) and 20% l»i~butoxyei~
acetoxybut-2-ene (LX), These results indicated that the
transition-state, in this reaction, was probably
identical to that (LVIII) desoribed for the reesction

with f-butyl perbdenzoate.
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020'0H3

(CHy) 400-0H,-CH+CH; OH

3 (CH,)C0-CR

2

(LIX) (LX)

When Kooh1>® catalytically-decomposed t-butyl
peresters in the presence of butadiene (LII) using
methanol as a solvent, the yield of f~butoxybutenyl
esters wag reduced, but the distribution of isomers
remained eonstant. This reduced yield of esters was
compensated by the formation of a mixture of f-butoxy-
methoxybutenes. This mixture consisted of 73% h=~i-
butoxy-3-methoxybut-i-ene (LXI) and 27% 4-t-butoxy=-i-
methoxybut-2-ene (LXII)

-OH3

(0H,) 400+CH, +CH+CH: CH, (GH) {00CHOH:CH CH,-0+CHy
(LX1) (LXIT)

It wae auggested’9 that the transition-gtate
involved in the methoxy-substitution would possess more
carbonium=ion charseter than that involved in ecyloxy-
gubstitution (LVIII). This would explein the less
specific distribution of isomerie i-butcxymethoxybutenes.

As previously discussed, the total amount of

OUHBOH°GH2'OEQ-GH

3
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carbonium-ion character in the traneition-state (LVIII)
dictates the degree of isomer-distribution in the
produects,. A trensition-state contsining groups with
considerable ligand-transfer properties (ecyloxy groups),
would thus be much more stereospecific than a transition-
state conteining more carbonium-ion character (electron-
transfer properties) and lees ligand-transfer ability.
Indeed 1t was shown75’76 that solvolysis of crotyl- and

o ~-methallyl-chlorides (XXXVIII and LXIII), which involves
pure carbonium-ion intermediates, results in the formation

of equal smounts of crotyl- and < -methallyl i somers,

CH3'GHCI'GH8032 033-0}‘!2-0}{2 +CH: GH2

(LXIII) (Lxav)

KoehiT, further proved his theory when he
decomposed f-butyl peresters in the presence of but=-1-6ne
(XXXIV), but-2-ene (XXXV), pent-i-ene (LXIV) and

butadiene (LII) using complex-copper salts as catalysts.

Unlike the results obtasned when slmple copper
catalysts were used with t-butyl peresters, the 1somer-
distribution in these reactions was entirely different.

When the oxidation of butenyl-radicals was accomplished
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with a 41,10=phenanthroline~cupric acetate complex, the
isomeric distribution of the butenyl esters could be
selested according to the molar-ratio of phenanthroline

ligands to copper ions.

Whereaa the butenyl ester mixture consisted of
85% o(-methallyl isomer (XXXVI) when simple copper-
catalysts were used, the use of phenanthroline-copper
acetate (equi-molar quantities) as a catalyst, resulted
in the formation of only 73% of the ~methallyl isomer
(XXXVI) and 27% of the erotyl feomer (LXV); acetonitrile
was used as 2 solvent. In bensene solution, equal

quantities of each igomer was obtained.

(31*{3 *CHj OHOOHQR

(Lxv) (R = PheGO, or OAc)

When the catalyet contained more than two mole
equivalents of phenanthroline to copper acetate, the
orotyl isomer actually predominated, regerdless of solvent.

Bimilar results were obtained with pent-{i-ene (LXIV).

The use of these complex copper-catalysts in
the reaction between butadiene (LII) and t-butyl peresters,

elso cauged a marked change in isomer-distribution.
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Whereas h-g+butoxy-3-acyloxybut-1-enes (LVI and LIX) had
been the main igomers when simple copper-catalysts were
employed, the percentage of these isomers was greatly

re@uced when a complex copper-catalyst was used.

The ratio of isomeric products from these
complex-copper catalysed reactions, 1s closely related
to the ratio obtained from eonventionsl carbonium=-ion
reactions. Koch177 sugegested that the oxidation of
allylio-radicals by cuprie-phenanthroline and cupric-
bipyridyl complexes is essentially an electron-transfer
process in which the transition-state (LXVI) 1s
repregented by extensive carbonium~ion character.
Ligand-transfer properties in these reactions were very

meagre. The transgition state was represented as follows:

C~\\.°,ff”g’*>, —> c‘“~.c;ﬂ‘“g“*~to

C

Ouz*(phen)n Ou’(phen)n

(LXVI)

(¢) PERESTER REACTIONS WITH NON~-OLEFINIC SUBSTRATES

The metal-ion catalysed reaction of j-butyl

peresters with compounds containing activated hydrogen-
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~atoms (other than olefins), has been extensively studied

during the last few years. Often these reactions yield

preduots different from these obtained in the correspond-
ing uncatalysed reactiens. Good exemples are the

reactione with ethers.

When simple ethers react with t{-butoxy radicals

78 the «~hydrogen

in the sbsence of meta) ocatalysts,
atom of the ether is abstracted and the resultant radical
dimeriszes., For loxample, the reaction’C between di-t-
butyl peroxide (LIV) and dl-é-btitﬂ e'chér (LXVII) yields
4,5-d41~p-butoxyoctans (LXVIII),

CH,+(CH

2)2-‘(:1!,‘,-o-cmz-(c:n,“,)a-cm‘,’ + (GH3)300' —

(LxVII)
Ol - (CH,) ,+CH, +0 «GH-(OH,) O (61)

2 033-(032)2-032-_0-611-.(032)2-cns —>

[onjo(cag)aocne-o'én-(cnz)a-o%] . (62)

(LxvIII)
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The decomposition of {-butyl perbenszoate (X)
with cuprous chloride in the presence of simple ethers79
yields no dimerio-products, however. In every case &
benzoyloxy group is introduced into the « =position of the
ether, This reaction, therefore, has proved to be an
excellent method for preparing the benzoate esters of

hemiacetels snd hemiketsls,

Certain eyelic ethers behave in a gimilar fashion.
Thus phenyl sllyl ether (LXIX) and 1,L-dioxane (LXX)

react smoothly under these ':somiitions8

0,81 o yie1d
1-phenoxyallyl benszoate (LXXI) and 2-benzoyloxy=1,lL~
dioxane (LXXII) respectively. This latter product
(LXX1I) wes previously prepared by Gaaes82 in an
uncatelysed reaction between 1,4-dioxane (LXX) and benzoyl

peroxide (XLIV),

Good yields of the benzoyloxy derivatives
(LXXIII end LXXIV) were likewlse 1s01sted®? when 2-methyl-
2wethyl~1,3-d10xolane (LXXV) and 1isochroman (LXXVI) were
treated with i-butyl perbenzoate and cuprous salts.

There are many instances, however, where ethers
have produced the acyloxy products in poor yilelds.
Tetrahydrofuran (LXXVII), tetrahydropyran (LXXVIII) end

p-butyl ether (LXVII) sll produced scylaxy products,’!s34-86
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@OCHzCH=CH2 ©

(LXIX)
(LXX)

@O(I:HCH=CH2 ©
0
4O

=0
(LXXII)

(Lxxx) .
—0
CH2—'—O/ \CH2CH3
(LXXV) (LXxvI)

cl:Hz——o\C _CHy

(|3H—-—O/ “\CH,yCHy

o)
O0=C

O
|l
gle)

(LXXIII) (LIXTV)
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Ry

O
(LXXVII) (LXXVIII)
( >OC[CH3]3 OOC[CH3]3
0 0"
(LXXIX) (LX)

CH3CH,CH,CHOC Ho,CHyCHoCH3
OC[CH3]3

(LXXI)

SRS

(LXOXIT) (LXXXIII)
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but in poor yleld. In 81l three cases acetals proved

+to0 be the main productsy thus a-jrbutoxytetrahydrofuran’
(LXXIX), 2-j=butoxytetrehydropyran (LXXX) and 1-}=butoxy-
j=ge-butoxybutane (LXXXI) were isolated. When 1,3~
dioxane (ILXXXII) wae trested under the same conditions,83
the acetal (LXXXIII; R = (cn3)300) and the acylal (LXXXIII;
R= 6635-002) were both formed, the latter in greater
yield.

When benzyl ethers (LXXXIV) react with di-t-
butyl peroxide (LIV) in the absence of cuprous ions,87*89
a bengylie-hydrogen 1s always abstracted by the i-butoxy-
radlicals. The resultant radical (LXXXV) then, either,

dimerices or deecomposes,
(csnso?n-on)z
Cglig*OH,°0R —> Ol «OH-OR (63)

c «CHO ¢ Re
(LXXXIV) (LXxXV) &'

Benzyl ethers readily accommodate & benszoyloxy
group when treated with t-butyl perbensoate (X) and cuprous
ionn.9°’91 Lewesson and Berg1u539°'91 guggested the
following sceme

0,C+Ph
t
Bu“o. ;
Ogl;«CHyeOR —>  Oglig OH.OR —> CgHy+CH-OR (64)
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These workers found that no dimerization or
decomposition occurred. The resultant benzoyloxy

compounds proved to be unstable to light and oxygen.

In contrast to these resulte, dibenzyl ether
(LXXXVI) did not form an acylal derivative under the
conditions uged. The main product was shown to be the

dibenzylacetal of benzaldehyde (LXXXVII).

CH,OCH,
(LXXXVI)
_/OCH2

CH
\OCH2

(LXXXVII)

Several workers have tried to explain the
anomelous products obtained in these resctions of ethers.

81 showed that the X ~acyloxy ethers could often

Soenovaky
be decomposed into the appropriate o(,F-unsaturated
eompounds. He suggested that the unsaturated ethers,

so formed, could then react with t-butznol in the

reaction mixture to yleld acetals, Sosnovu‘kyg2 formulated

the reaction by the equations (65«67).



I
{ )} + RCOOC[Hyl; —*vBr,
0

0
( 5 I |
OCR + [CH3]3CQH (65)

O
(LXXXVIII)
\rj‘*“‘““ﬂ
' oo — Zo§ + RCO,H (6

/ & Jacon —Hs ()
+ [CH3]3COH —— OC[CH3]5 (67,
o

O

QoﬁR S o YRR g

0



53.

8osnovsky found that the acyloxy derivatives
(LXXXVIII) oould be isolated in much better yield when
the reactions were stopped immediately after all the

perester had been consumed,

Lawesson and Berglunda5 suggested that an
equilibrium could exist between the ether end the acid
(68), the acid being produced upon rise in temperature.

These wor‘l:eras3 later suggested that the
formation of t-butoxy derivatives involved solvolyeis with
Y-bdutanol, proeeeding by alkyl-oxygen heterolysis of the
ester, A saomewhet similar mechanism was also advanced
by Rieche and Bisohoffg3 for the reaction of t-butyl
hydroperoxide (LI) with X -ethoxyethyl scetate (LXXXIX)
which yields the peroxide (XC).

0°OH2°CH3 000H2'GH3
CHS-GH-OZC-Cﬂj GHB-CH-Oco-c(cHE)3
(LXXXIX) (xc)

Support for this hypothesis was obtained when
Lawesson and Berglund’0*85+9% 4reoted ethers with t-butyl
perbenzoate and cuprous selts in an excess of alcohols
other than t-butanocl. Di-p-butyl ether (LXVII) reacted,
under these conditions, to yleld a symmetrical aceta178'9u
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as follows: 020 Ph

Cu*
0y, Hg*0+CHy *C,H, + Ph‘ooz-oc-(cns)z'-—> G, B, *CH+0+C, Hy

(Lxv11) (69)
2G-Ph
RCH
G, *CH<0+C) Hy —> 0337-0}1(03)-0-0“39 (70)
ROH
r33‘1=17.cﬂ(o;z)-o.c:un9 — c:,n,-cm(on)2 (74)

In 2 eimilar reaction, di-iso-propyl ether (XOI)
gave symmetric ketals of aocetone (XCII), secording to
the following scemes

(CH,) ,*CH0-GH+(CH,), + Phe00,-00(0Hy) s 2%
{xc1)
(GH3)2‘0H°O°G(OBB)2'020’P11 (72)
) RO '
(0113)2-cn-o-c-(cnz)a-oacopn 208 (cﬁs)a.cn-o-c-(cxj)z-on
(73)
RO
(an)a-OH-o-o-(on3)a-on 2 (caj)e-o-(on)a (74)

(xo11)
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Lawesson and Berglunﬂ78 extended the above
mechanism to explain the formation of the dibenzylacetal
of bensaldehyde (LXXXVII) from dibenzyl ether (LXXXVI).
They suggested that benzyl aleohol could displace the
benzoyloxy group of the acylal (XCIII) te produce the
observed produect (LXXXVII), Alternatively, the
unsymmetrical acetal (XOIV) could be initially formed by
the action of t-butanocl on the acylal (XCIII) end
subsequent reacetalization95 with benzyl alecohol could
then give the produet (LXXXVII). Although the presence
of benzyl alcohol appears not to have been reported in
the products of this reaction, the corresponding
reaction between f-butyl perbenzoate (x), at-p=-butyl
ether (LXVII) and ouprous fons has been showﬁ78 to yleld

p~butanol.
0,C<Ph 0(CH,) 5
OgtHg +CH, +0-CH<CgHg 0635'°Hz'°'LH'°635
(x0111) (xc1V)

The above mechanism was further verified when
these workers found that the dibenzylacetal of benzaldehyde
(LXXXVII) was elso formed from the reaction between
J-butyl perbenszoate, cuprous chloride and benzyl alcohol.

The following sceme was suggested:
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_ | + .
CglHs *OH, *OH + Ph*00,°00(CH,), 99,  OgHy-CHOH+0,0-Ph  (75)

. ROH . |

OgHy *OHOH'0,0°Ph  ——> Ol “CHOR-OR (76)
o RON |

C gl * CHOR* OR — CgHg OH-(0R), (77)

(where naosus-una)

It was also rmma96 that the bensoyloxy derivative
of benzyl ethyl ether (XCV) reacted with ethanol to produce
bengeldehyde diethylecetel (XCVI),

EtOK | | |
CgHg “CHOE +0,0 +Ph — Cglg *OH*(OEL), (78)

(xcv) (xcv1)

Although it has been shown that acetals can he
prepared by refluxing aaylals in aloohqlq,n'w'gh there
appeare to be no report of the catalysed-deeomposition of
3~butyl perbenzeate (X) in the presence of acylals and
scetels. The results of such reactions would oertainly
help to elarify the mechsnims of these reactions with

ethers.

S8imple thiocethers have been shown to resot in e

similar fashion to their oxygen anslegues, In the oase
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of d1-p-butyl sulphide (XOVII), the asction of t-butyl
perbenzoate (X) and cuprous chloride px-otltmed.’g’86 the

expected acylal derivative (XCVIII),

OH*(OH,), *CH,*8*CHy*(CH,) , °CH,

(xcviI)
0,C°Ph

cns-( GH2) 2'01{2'8'01{'0337
(xovii1)

In econtrast to 1ts oxygen anslogue, the agylal
(XCVIII) 414 not produce an acetal when treated with
i-butancl. Instead, the o(,/l-unsaturated sulphide

(X0IX) waes obtained,

('.21{_3 ( 032) 2° 032 *8-CH;CH 'OHZ 'GH3
(xc1X)

Diethyl sulphide (C), p-propyl sulphide (CT),
tetrahydrothiophene (CII) and thioxane (CIII) all react
smoothly with %-butyl perbensoate and cuprous ions to

give the expected acyloxy compounds (OIV-CVII) in good

yleld 3.83'97



CH3CH,SCH,CH; CH3CHyCH9SCHoCH,CHg

(¢) (c1)

) L

(c11) (C111)
CH3(|:HSCH2CH3 CH3CH2?HSCH2CH2C_H3
0O 0O
=0 C=0
(c1v) (cv)
0O
I
0C
S
(cvr)
Q 5

(cviI)



When benzyl sulphides react with t-butoxy radicals
in the absence of copper salts, the resultant radicals
dimeriiegs (gf. benzyl ethercs-’); This was observed in
the case of dibengzyl sulphide (CVIII).

t
. Bu 'OH .
CgHg *OH,* 8+ CH, *Cgly —>  CgHgCH,"8:CH-OgHy; —
(cviiI)
o l '
(CgHg *CH, *8+CHOgHg) , (79)

Lawesson and Berglunﬂgé have shown that benzyl
gulphides readily fomm the expected acylel derivatives
when treated with t-butyl perbdenzoate and oopper ealta,

0,C°Ph
0635-0112‘-83 —> cs‘nsdcn-m —> GSHS-OH-SR (80)

Ag in the case of thelr oxygen anslogues, these
acylal derivatived are reiatively unstable, Al though
dibenzyl ether (LXXXVI) failed to yield an acylal
derivative,91 the correspondiing dibengyl sulphide
derivative wagp 1solateé,96 but was too unstable to be

purified,

It has long been establighed®®=1%0 gnat o-hydrogen

atoms are preferentially abstracted from alechols during



60.

free-radicel reactions., The reaction between benzyl
glcohol and t-butyl perbenzoate (X) in the absence of
eopper salts ylelds benzaldehyda.gs Bartlett and
Nozakigs guggested that a hemlacylal (CIX) would be an
intermediate of such a resction; this could then

decompose into the carbonyl compound.

05n5-cnonoozc-ph — csns-cno + 0635'0023 (81)
(c1x)

Sosnoveky end Yangao

heated a mixture of i-butyl
perbenzoate and suprous ions in the presence of benzyl
alcohol and also obtained benzolic acid and benzaldehyde
as products. They likewlise proposed an intermediate
hemiacylal which subsequently decomposed into the

aldehyde and acid.

This experiment was later repeated by Lawesaon
and Berglund®® who found that the sole product of the
reaction with cuprous ions wasg the dibenzylacetal of
bensaldehyde (LXXXVII) (75«77). They came to the
oonclusion that the cuprous salt prevents the decomposition
of the hemlacsylal (CIX) into benzaldehyde snd benzoie

acid.

These workera1°1 later studied the cuprous ion=-
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catalysed decomposition of t-butyl perbenzoate in the
presence of p-butanol, g-~butanol and {1-phenylethsnol (CXI).
The main product from the p~butanol-reaction was
p-butyraldehyde di-p-butylacetal-(CX). A hemiacylal was
again suggested as an intermediate,

CH,(OH,) ,CH(0Bu"),
(ox)

The two secondary alcohols yielded methyl ethyl
ketone and acetophencne respectively. | Lawesson and
Berglund suggested that no ketel was formed and that the
decomposition of the heiniaoylal went to completion,

' 0,C°Ph
06H5 °OHOH°OH3—> OGHS 'GGH'G;HS% 0635.00.033 + os%-coan

(CXI) ” (82)

Cuprous salts have no effeet on the reactlongs

between t-butyl perbenzoate and benzyl mercaptan (CXII).

The j{-butoxy-rediecasl abstracts the 8S-H hydrogen and not

the C-H hydrogen. Dimerization results, with the formation
of the disulphide (CXIII),

Cgly *CH, *8H —> gl «CH,y+ 8-—> OgH, <O,y +8+8+CH, «OcH;  (83)

(cx11) (cxIII)
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The active hydrogen-atom of aldehydes is very

prone to sbstraction by free raéiealu;102'1°3

aeyl-
redicals are thereby formed, Benzaldehyde and di-i-butyl
peroxide react 192 ¢o yield gym~diphenylethylens glycol

dibenzoate {CXIV), The following sceme was suggested.,

(033)300-00(0113)3 — 2(°H3)3P°' (84)

(CH,) ,CO+ + Cglig+CHO —> (OH,) ,0<0R + Cghy -0~ (85)

CgHg °00+ + 0:CH-CgHy —> CgH, .002.63.06115 (86)

2 06135.ooa.éﬂ.cﬁn5 —> (G4l 00, 0OCghs) (87)
(oxIv)

The glycol dibenzoeste (OXIV) 1s also obteained
in good yield when t-butyl perbenzoate 15 used instead
of di-jrbutyl perdtide.ao

In the presence of suprous ions, bensaldehyde
and 41-t-butyl peroxide (LIV) reaet7ﬂ to yleld t-~bdutyl

bensoate (CXV) and the gorresponding reaction with t-butyl

80

perbensoate = yields benzoies anhydride (CXVI).
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0635-002-0(033)3 (0635"30)2'0

(oxv) (cxvI)

S8imiler results were obtalned in the reaction of
L-butyraldehyde with {-butyl perbenzoate and copper 1on08°
and also the reac¢tion between benzoyl peroxide and

Valeraldehyde.71

The o =hydrogen atoms of ketones have been shown
to be prone to abstraction by free radicals. Kharasch
et 81'°4 gemonstrated that the decomposition-products of
dlacetyl peroxide (OXVII) readily abstract the
d=hydrogens from ketones to produce the radicals (CXVIII),
which then dimerize to form 4,4-diketones (CXIX),

o'n.oooo' o’oo o"o.'
(GH5.002)2 R*R"+0+CO<CH*R*R (ReR ? OO+CHeReR )2

(cxvin) (CXVIII) (cXIX)

8imilar dimeric products are obtained when di-i-
butyl peroxide (LIV) i decomposed iIn the presence of

105 However, when Sosnovsky ané Yangao treated

ketones.
eyclohexanone with t-butyl perbenzoate (X) in the presence
of auprous bromide, mainly atarting materiel was recovered.
The small amount of product from the reaction was not

identified.
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Phe A-~hydrogen atoms of carboxylie¢ scids and
their esters are readlly abstracted by certain free

106-108

radicals. Hydrogen atoms P- to the sarbonyl

group are much less reactive. Beckwith has ahownm8
that A ~-hydrogen a tomeg in the acid-molety of an ester

are abstracted six-times more readily by t-butoxy-
redicals than those in the alcohol-moiety. In all oases,

dimers are the products.

When Soanoveky and Yangao

treated densyl acetate
(CXX) with $-butyl peracetate (XI) they obtained a good
vield of the glycol ester (CXXI). This ester resulted

from the dimerization of the radical (CXXII)

06K5 -CHOOQG-OH

06H5 .0H2o020-0H 3

3 (06H5 -?H'Ozc OOH3)2

(6xX) (oxxI1) (oxXX11)

A good yield of bensylidine diacetate (OXXIII;
R::GH3) wes obtained ingteed of the dimers when the
reaction was repeated in the presence of cuprous bromide.
When }-butyl perbenzoate (X) was used, the principal
product wes benzylidine scetate benzoate (CXXIII;
ReCgHg) .
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020R

CgHy *OH+0,0 «CH

2 3

(cxx111)

The cuprous lon-catalysed decomposition of
}-outyl perbenzoate in the presence of diethyl malonate
(CXXIV) and cuprous chlorida,e3 gave a pobr yield of
aiethyl O~benzoyl tartronate (OXXV; Rgcsns-coz). The
mﬁin product proved to be diethyl Q-3-butyl tartronate
(CXXV; Ra( cn3) .’.co) .

CH, (00, *C,Hy) ROH-(00,°C,H ),
(oXx1IV) (cxxv)

These workers failed to prepare diethyl O-f-
butyl tartronate (CXXV; R = (0H3)500) by refluxing the
bensoyloxy compeund (CXXV; R = Cglis *C0,) with g-butanol
(GL. the acylal derivatives obtained from ethera.78'85'9h).

The reactlion between ethyl acetocacetate (CXXVI)
%-butyl perbenzoate and cuprous ohlor16083 gave ethyl
o« =t-butoxy acetoacetate (CXXVII; Rg(GHB)JPO) in 20%
yield. A smell quentity of the benzoyloxy derivative
(cxxviI; R-csngcoz) wag formed but not purified,
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*CH, «CH

CH 2 p*CH4

3-GO-GH2-002oGH «CH CH,*CO«CHR+CO

2773 3

(CXXVI) (CXXVII)

Although transition-metal salts 4o not influence

80 the

reactions between t-butyl perbenzoate and amines,
reaction of peresters with amides is considerably affected
by cuprous salts. Berglund sand Lawesson83 showed that
peresters were very unstable in amines, even at room
temperature, but a smooth reaction occurred between
t-butyl perbenzoate, N,N-dimethylformamide (OXXVIII) and
ouprous salts to give a falr yleld of N-benzoyloxymethyl-

N-methylformamide (CXXIX).

H.CO.N.(CH H-GO-N-0H3-CH2 -020 *Ph

3)2

(OXXVIII) (CXXIX)

It hes long been known that certain free redicals
readily abstract activated~hydrogen atoms from hydro-
carbons; invariably dimeric products are obtained.
Hydrogen-atoms most prone to such sbstraction are those
ol= to an aromatio ring; the benzyl type radical so
produced enjoys considerable stabilization by
resonance (CXXX), Thus toluene (CXXXI), ethylbenzene
(CXXXI1), oumene (OXXXIII) and /3 - and Y -picoline
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(CXXXIV and CXXXV) all ylelded the expected dimers when
treated with t-butoxy-, methyl- and phenyl- radicala.57’
109-113  §No aimerization ocours, however, if cuprous

salts are present. When tetralin (CXXXVI) was treatedao
with t-butyl perbenzoate and cuprous bromide, the main
product proved to be 1=-benzoyloxytetrahydronaphthalene

(CXXXVII),

Contrary to this result, Berglund and
Lawesson83 treated diphenylmethsne (CXXXVIII) under
similer conditions, and only obtained the dimer of the
diphenylmethyl-radical (CXXXIX).

ol OO

(CXXXVIII) ( OXXXIX)

When dicumene (CXL) is pyrolysed in bromobenzene
at 225° for 10 hr. in a sealed tube, all the dicumene
is decompoged. Kharasech and Fono71 found that the
presence of cuprous bromide, in such a reaction,
congliderably retarded the dissociation of dicumene into

cumyl-radicals (CXLI). Even when the temperature was



(oxxxvI)

=0

(CXXXVII)
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raised to 225° and the pyrolyeis time was inoreased to
24 hr., 37% of unchanged dicumene was still recovered.

OHO O

The same workers treated cumene (CXOXIII) with
a mixture of bensoyl peroxide (XLIV) and cuprous
chloride and igolated scetophenone (CXLII), o =cumyl
aloohol (CXLIII), a mixture of isopropyldbiphenyls, and
a large quantity of « -cumyl benzoate (CXLIV).
Repitition of this experiment using i-butyl perbensoate
(X) also ylelded o{~cumyl bensoate (CXLIV) in L4O¥X yield.

ﬂ
s ;

(CXLII) (CXLIII)

O

(CXLIV)
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Kharasch snd Pono'' attempted to explain the
abnormsl effect of copper salts upon these reactions.
Considering the resction between benzoyl peroxide (XLIV),
euprous salt end oumene (COXXXIII), they suggeated that
the initislly-formed cumyl-radicals {CXLI) eould dbe
reversibly "trapped” on the copper salt. Thesme “trapped"
radicala could then attack a new b\enzoyl peroxide molecule
(88 and 89). The induced-decomposition of the peroxide
would thus be explained.

°aﬂs'(°ﬁ3)a'°' + cu"" = osnso(cxj)aocucu* (88)
06115-(0113)2-0-@* + (OgHg+00,) ;—> Oglg+(CHy) ) o0+

Cgls o(cns) 2°C+0,0¢Ph + Cu? (89)

Alternatively, these workers suggested that free-
radicals can form complexes in the presence of ouprous
salts, They produced some evidence to show that such a
complex {(CXLV) was formed between a cumene molecule,
cumyl radical and ouprous salt during the catalysed-
decomposition of di-t-butyl peroxide (LIV) {n cumene.
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0655-(033)2-c~ + 0635-(cn3)2-cn + CilCl —>

) {
0655-(cnj)z-c-o-(cn3)2-0635-0q01 (90)

(cxLv)

Since this hypothesis was published, however,
many experimentsl results have shown that a radical
complex such as (CXLV) 18 unimportant,

Kharasch eand Fono-" also suggested that the acyl
radical, 4 erived from bengzaldehyde by hydrogen
abstraction (85),; was reversibly "trapped” on e cuprous
ion, and therefore éould not‘add to a bengzaldehydeo
moieeulo. Instead it attaocked the di-t-butyl peroxide
(LIV) and yielded %-butyl benszoste (CXV),

CgHg *CO* + CuCl —> CgHy *00*CuCl (91)
: ' e
csns-.coztc(c}%)3 + (an)Sco- + Oull (92)

(oxv)
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When the experiments for this thesis were
initiated, the mechanism of the reactions bhetween
peresters and substrates with labil e-hydrogen atoms
(as in the case of olefin-perester reactions) was still
ob sgure., 8everal experiments presented in this theails,
therefore, were designed to explore the mechaniam of
these reactions. However, similar to the olefine
perester reasctions, subsequent publications by other
workers, notably Kochi, reasonably explained the mechanism
of these reactions. Nevertheleas we 414 furnish early
evidence for the oxidation and reduction of free-radicals

by copper ions in non-polar solventa.68

These reactions, which will be discussed in
detail in a later gection of thie thesis, provided
evidence for the oxidation of benzyl-radicals with cupriec
ions and also the reduction of benzoyloxy-radicals with
ouprous jons. Thus the decomposition of di-%-butyl
peroxide (LIV) in the presence of cupric ions, toluene
(CXXXI) and benzoate lone, ylelded benzyl benzoate
(CXLVI), indieating that the intermediate benzyleradicals
(CXLVII) were being oxidized.

2+ + +
«CH » R —d * C
0635 o 2% Cu 06115 032 + Cu (93)
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It will be shown 1n the next section that an intermediate

carbonium ion need not be formed in this reaction.

T aya

(oxLvr) (CXLVII)

Likewigse, the suprous-ion catalysed decompesition
of bensoyl peroxide (XLIV) in benzene ylelded 70% benszole
acid, whereas in the absence of ouprous ions only 22%
yield was obtained, We postulated the following sceme:

Ou* 4 (CgHy+00,), —> OgH -coecnz* + Oghg <00, (94)
c@socoza - cu+ —_—> esﬂs '0020524. (95)

We also suggested that the aecyloxylation of
ethere and sulphides by peresters, in the presence of
eopper salts, could proceed by a similar mechanism to
that proposed by us for the stereospecific asyloxylation

of olefins (43 and LY).

(a) HYDROPEROXIDE RRACTIONS

The induced-decomposition of hydrogen peroxide
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by ferrous ions has already been discussed. Most
orgenic-hydroperoxides are glgo reduced by ferrous ions
through an analogous pathway;11h alkoxy radicals are
thus produced.

24 5 ROe 4 OF 4 Feot (96)

RO+-0OH 4 Pe
The ferrousesalt induced-decomposition of cumene
hydroperoxide (CXLVIII) has been extensively studied.

115-117

Kinetlioc results, and examination of products

derived from tha decomposition of this hydroperoxide in

the presence73 and in the abseneeu°'118

of substrates,
has indicated that the hydroperoxide and ferrous ions are
consumed aocording to equation (96) (where R =
06H5°G(CH3)2). Likewise, ~butyl hydroperoxide (LI) has
been ahown73 to yield i-butoxy=-radicals under the same

conditions,
O-OH
(CXLVIII)

8ince t-~butyl hydroperoxide (LI) has been more

extensively studied than other hydroperoxides, the
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reactions of this compound will receive most attention in

the following discussion,

When %-butyl hydroperoxide is decomposed in the
presence of copper or cobalt salts, two types of fission

can occur within the hydroperoxides

+
RO-OH + M®* —> RO 4+ OH™ 4 u(n+t) (97)
4.
RO-0H + M{P+1)"—> Ro.0s 4 H* 4 MOF (98)
(oxXLIX)

The cuprous or cobaltous salts can reduce the
hydroperoxide (97). This is analogous to t he ferrous
ion decomposition of hydroperoxides (96). Alternatively
cupric or cobaltic salts may oxidize the hydroperoxide
(98) to give alkyl peroxy radicals (CXLIX),

Campbell and Goppinger,ﬁg and Kharasch and his
eo—worke‘rs,hg have provided evidence for the existence
of these alkyl peroxy rsdicals (CXLIX), The former group
of workers coupled %-butyl peroxy radicals (CL) with some
aryl radicals to produce t-butylaryl peroxides; the
latter group treated t-butyl peroxy redicels (CL) with
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olefine, to produce t-butylalkenyl peroxides.
n .
(..33) 3 Coo
(oL)

7 The 1someg distribution is of interest in these
latter reactions, The reaction of i-butyl peroxy
radioals with oct~i-ene, in the presence of cobalt ealts,
vielded mainly i-butyl-2-ocotenyl peroxide (CLI). Very
little of the 1isomerie peroxide (CLII) was 1solated,
This 18 a similar distribution of isomers to that found
during the copper-ion eatslysed-decompoeition of benzoyl

peroxide (XLIV) in but-1-eno..38
ozc(cnj) 3

GHBO( 632)'4 *CH: CH-'GH'z 0020( OHB) 3 GHS- (GHz) L' CH<CH:CH,

(oL1) (cLII)

Kharasch and ronow’mo studied the copper-
salt eatalysed-decomposition of t-butyl hydroperoxide (LI)
in the presence of eumene (CXXXIII) and isolated j-butyl-
o =cumyl peroxide (CLIII),
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‘OC[CH3]5

(cL1Ix)

These workers’/*120:121 also found that j-butyl
peroxy groups would substitute into the d~positions of
ketones, ethers and nitriles, the Nemethyl groups of
N,N=dimethylaniline and the sllylic-position of olefins
when these substrates were present in the reaction
mixture, In all cases, i~butyl peroxy-substituted
ecompounde were the products. Oumene hydroperoxide
(CXLVIII) behaved in a similar fashion. The following

mechani sm was suggested for these reaotioan.12°

RO<OH + M* — Ro. , M(OH)* (99)
RO* 4 R'YH —> ROH + R'» (100)
R's , RO.OH + M(OH)*—> R'O.0R + M* 4 20 (104)

Thus, the ouprous= or cobaltous-salt 1s
oxidized during the production of alkoxy radicals (99)
and is then reduced to its original valqncy—sl:ata by the
oxidation-step (101), A trace of metal-salt will
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therefore catalyse these resctions to sompletion.

120

Kharasch and@ Pono suggested that the

oxidation-step (101) could follow one of two pethways:

(a) Cleavege of the hydroperoxide by cuprie-
or cobaltic-ions (98) to yield free alkyl peroxy radicals,
which could then couple with the substrate radieal (102).

RO*O¢ 4 R'e—> RO°OR' (102)

(b) Complex-formation between the hydroperoxide
and substrate-radical (103), and subsequent oxidation of
the complex by cuprio- or cobaltic-ions, to yield the
products (104).

R's 4 RO-OH—> R'.HO.OR (103)
R'«HO+OR + M(OH)* —> R'0-0R + M* + H,0 (104)

When the copper salt-catalysed-decomposition of
hydroperoxides 1s carried out in the presence of inert
solvents, large quantities of molecular oxygen are

b3,120,122 Kharasch.gglg;PB originally suggested

evolved.
that further reaction of the slkyl peroxy radiecal (CXLIX)
with cupric- or eobaltie-ilonse, could produce oxygen and

carbonium ions.
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RO+0¢ 4 Cus* —> r* + 0, + Cu¥ (105)

These wcrkera12° later repudiated this theory
because no acetate~formation occurred when the reaction
was conducted in acetic acid. They suggested that,
either the interaction of two peroxy-redicsals (106), or
the reaction between a peroxy radical and hydroperoxide

(107), could produce the oxygen.
2 RO«O0e —> 2 RO* 4 0, (106)

RO<0+ + RO.OH- —> ROH 4 0, + RO~ (107)

The oxidetion of Lydroperoxides by cupric ions
to form peroxy-radicals (98) was shown, in the preceding
discuseion, to provide a possible synthetic route to the
format ion of peroxy-compounds from hydrogene-donor

substrates,

Under certain eircumstances, however, this
abnormal cleavage of the O«H bond is undesirable, 1If,
in the presence of added anions, the cupriec salt eould be
employed in oxidizing substrate-radicals to cations, the
subsequent interaction of the two 1onic specles would
lead to new products. Thus, if the added anien was a
carboxylate ion, an unlimited number of esters ocould be

formed, depending upon the nature of the substrate and



20,

earboxylic acid. Under these circumstances, the
ebnormal cleavage of the O-H bond of hydroperoxide by
ouprioc ions would result in a deficiency of cupric lons

and the production of unwanted by-products.

This difficulty was overcome by De La Nare et &28
when they used = mixture of ferrous and oupric ions as a
catalyst. The ter:éus ions clgaved the hydroperoxide in
the conventionsl menner (97) and the cupric ions oxidized
the substrate-redicel., The follewing mechaniem wes
puggested for the formetion of 5-hexenotle acid (CLV) from
4«hydroxy=1-hydroperoxyeyclohexane (CLIV) using & mixture
of ferrous sulphate and cuprie sulphate,

HO 0°OH HO o*

+ Pott — + Poot + OF (408

(cL1Vv)

Oe "
ij —> any(ony), 008 (109

HO
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5 . - 2+ + +
OH, (01{2)“ GO H + Cu“"—> cnascn.(cna)j.cozn +Cu” +H

cut + Feo* —> 0Ou2* 4+ Fe2t (141)

The oxidation-reduction potentiasls (in volts) of
the eystems Fe'—> Fe2* and Cu*—> Cu* are 0.75 and 0.16
respectively. Thus equation (111) should be expected
to prooceed smoothly.

When the hydroperoxide (CLIV) was treated123
with ferrous sulphate but no cupric ions, oxidation of
the substrate-radical 414 not oocur; dimerization

resulted (112).

2'°Hz'(°ﬂa)u‘°°2ﬂ —> HO,C+(CH,),q 0O H (112)

De La Mare 33,3128 showed that eupric ions were
unnegessary to oxidize the substrate-radical 1f the
ferrous salt contained groups with good ligand-trensfer
properties. Thus ferrous-chloride and - thiooyanate
resated with the hydroperoxide (CLIV) to give the
oorresponding w ~substituted hexanois acids (CLVI and
CLVII),
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C1CH, *(CH,), *CO,H KC8+CH, +(CH,), *COH
(cLv) (cLvix)
124-129

Minise! and his co-workers extensively
studied this field of hydroperoxide-decomposition, The

anions they used included ON, C1~, 32032', N, and SON .

Khsrasch and Fono130 have ghown that ocuprie
ione 40 not cleave hydroperoxides abnormally (98) under
certaln circumstances. The oxidation of substrate
radicals ig preferred, in these reactions, and the
resultant ouprous iong oleave the hydroperoxide in the

econventional manner (97).

Hence a mixture of cyelohexene and benzole acid
reacted with {-butyl hydroperoxide (LI) in the presence
of cuprous chloride to give a 90% yield of cyclohexenyl
benzoate (XII). There was no evidence of ebnormal-
ocleavage of the hydroperoxide (98) by ocupric ions, the
allylic radicals were preferentially oxidized.

When oct-1-ene was the substrate, the main
product proved to be {-pentylallyl benzoate (XIII).
8imilarly, 2 mixture of cyclohexene and phthalimide
(CLVIII) rescted with t~butyl hydroperoxide (LI) in the
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presence of ouprous chloride to yield E-oyoclohexenyl
phthalimide (OLIX), '

0O
: O
0 0

(cLvIXY) (cLIx)
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DI SCUSST ON

The aim of this work was twofold: (a) to attempt
t0 elucidate the mechanism of the metal-ion catalysed
reactions of f-butyl peresters with olefins, and other
substrates and (b) to carry out a survey of metal-ion
catalysed reactions of peroxy compounds with a variety
of substrates in the hope of obseerving transformations
of potential synthetic utility. Thege two aspects of
this research projeoct will be discussed separately in

the following sections.

(a) MEGCHANYSTIC STUDIES
1e Gg ngrg
The information concerning the copper-ion oatelysed
benzoylaxylation of olefins and other gubstrates with
$-butyl perbenzoate avallable to us at the ocommencement
of thie investigetion has been discussed at length in the
preceding section. The salient features to be

accommodated in any working hypothesis were as follows:

(1) The decomposition of i-butyl perbenzoate
proceeds more rapidly when ocopper ions are present than
during the uncatalysed thermal-reaction. In the
absence of a substrate, the cataelysed-reaction yields

benzoic acid and methyl benzoate,
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(11) The copper-ion catalysed benzoyloxylation of
olefins proceeds without positional isomerization of the
double bonad.

(111) When the copper-salt catalysed reaction is
condueted in the presence of a large excess of a
carboxylic acid, it yields the appropriate carboxylate

ester.

(1v) The resction with substrates other then
olefins, prooeeds at positions most susceptible to

attack by i-butoxy radicals.

66 of tracer studies showed

(v) Denney's results
that the i-butoxy radicals, in these reactions, were not

true free-radicals.

It appeared that there was no simple hypothesis
incorporating all of these experimental observations.
The first acceptable mechenism, which was based on analogy
with known reactions, was suggested by Kharasch et 51?8
as in equations (38-42), (where RH = a reactive subetrate).
Howsver, this mechaniem failed to explain the lack of
isomerization of the double bond of olefins in these
reactionas, It also required the presence of free t-butoxy

radicals.

Probably the most aceeptable mechanism avallable
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to us, 2t the commencement of this work, was that
conceived by Denney et 51.66 Their suggested concerted-
mechaniam, involving an intermediate-complex between the
substrate molecule, t-butoxy radical, acyloxy radical

and ouprous salt (XXX), explained meny of the above
features. It egpecially explained the lack of isomerizaew-
tion of the double bonds of olefins, and also did not

require the formation of free i-butoxy radicals.

At the start of our investigation, we deemed it
neocessary to demonstrate that all transient-radicals in
these copper-sslt catalysed reactions of peroxides, were
undergoing oxidation or reduction by the copper ions.
Although such steps were well known in other resctions
(e.g. Fenton, Bandmeyer and Meerwein reactiona) and had
been amssumed to participate in these peroxide-reaotions,
there had been no eubstantial pioof that such processes
did actually ocecur. We, therefore, initiated this
investigation by ahoilng that free-radicels, formed during
peroxide~reactions, could often be oxidized or reduced by

copper ions.

When di-f-butyl peroxide (LIV) was decomposed
thermally in the presence of toluene (CXXXI), large
quantities of bibenzyl (CLX) were obtained. This,
obviously, resulted from the dimerizetion of benzyl
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redicals (CXLVII), formed by the abstraction ef an
«-hydrogen atom of toluene by i-butoxy radieals:

('c‘mz‘)jot),-oo(cﬂj)3 —> 2(033)300«
(r1V)

(oxxxx) (CXLVII)

2 OglgeCHye  —>  Oglly«CHyCHy «Cliy

(eLx)

(8y)

(113)

(114)

When thip "r.aa'otion wag repeated in the presence

of one molar oquivalent of ecupric bensoate, the yleld of

bibengyl (CLX) was greatly reduced. One of the

products proved to be bensyl benzoate (CXLVI), thus
providing unequivecal evidence for the oxidation of

benzyl rsdicals through, either, an electron-transfer

mschani em (93.1’1‘5) or a ligand«transfer mechanism (146).

) 2¢ . . N &4
GGBS-OBZ- + Ou S 06!!5-0!12 + Cu

Ogls -caz* + csns-ooz"——é' osnsoonzoozc -csns

(cxLvr)

(93)

(115)



8é.

\ 2+ ‘ of) (e ) +
ceﬂs"cﬂz! L ] 0635'00200 [ — csﬂs’cﬂz 020 061[5 + Cu

(416)

When benzoyl peroxide (XLIV) was deconposed
thermally in the sbsence of metal~salta, 1t yielded
unstable bhensoyloxy rediocals (XLV), which very rapidly
broke domaan 51-133 tnto phenyl radicals and carbon

d:1oxide (55,117)

(0535°602)2 —> 2 OgHg-00, (55)
(XLV)
Oef5°00; —> Ogfig® + 00y (147)

Thus, our experiments produced a 22% yield of
denzoie acid end & 71% yield of carbon dioxide.

Thege results were vastly different when a molar
o@uivalent of auprou‘a salt waj addod‘ to the reaction
mixture, The yields of the products weré practically
reversed. Thuh, we obtained a 68% yield of bYensoie
80id and e 26% yleld of carbon dioxide. This ie most
readily explained by the hypothesis that the transgiente
bengoyloxy »adicals were reduced to benzoate ions by

the ocuprous salt (56), The soeme could, alternatively,
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be represented by (94 and 95).

There seemed 1ilttle doubt, therefore, that the
basias of ell these copper-icn catalysed reactions of
perecters, peroxides and hydroperoxides, was one of
oxidation or reduction of the transient~radicals by
copper-ions. It muet be remembered that the above two
experimente were not catalysed by the éopper salt s, in
the former case of toluene, the cupric benzoate was
scting as a true oxidizinge-sgent, while the cuprous salt
in the later case as a true reduoing-agent. Most
oopper ion-peroxide reactions reported either before or
gince these preliminary experiments in this laboratory,
were ¢atslysed by the copper salt. In such experiments,
only a trace of copper sslt was required to accomplish
all the oxidation and reduotion steps. The valency
gtate of the copper-ion, before the start of the reaction,
was not critical. It geemed likely at this early stage
of our investigation, therefore, that the minute gquantity
of copper lons, in all these reactions, wae oxidized and
reduced continuously throughout the resction, henceé only

small quantities were reguired,

2. Olefin Reactig
Having thus established that the basic function

of oopper-ions was to oxidize or reduce transient-radicals
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in theee peroxide reactions, we then extended the
investigation to study the mechanism of the copper selt-
catalysed perester-olefin reactions. Up to thise stage,
the only attempt to explain the non-positional isomerisza-
tion of the double bonds in these rescticns had been
oarried out by Denney gﬁhg;;ss At that time, their
complex-transition state (XXX) appeared quite reasonsble,
but lacked confirmastion.

Agcordingly, we carried out a series of
reactions of olefins with t~butyl perbensoate, in the

presence of eopper-ions with two objectives in mind:

(1) to confirm the existing reports that the
double bonds of the olefins did not isomerize during these

reactions, and

(11) to obtain more informstion as to the nature

of the mechanlam of these stereospecific reections.

Therefore, we catalytically-deoomposged $-butyl
perbenzoate in the presence of oct-i-ene and found, in
support of the results of Kharaseh et al,’’ that the
terminaledouble bond d4id, in faet, remain in the
terminal-position in the main product, which proved to be
1-pentylallyl benzoate (XTII), However, there was
evidence of the presence of a small quantity ( ( 10%) of

the isomeric 41-benzoyloxyoct-2-ene (XV),
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A larpger quentity of rearranged product was
obtained during the copper-salt catalysed decomposition
of di-t-butyl peroxide (LIV) in the presence of oot-1-ene
and acetiec acid, but the main produet of this reaction
again proved to be the isomer with the terminal double
bond, viz. 1-pentylallyl acetate (CLXI).

GHS-(Cﬁg)h-OH(OAc)-OH=CH2

(cLX1)

A reaction of ellylbenzene (XVIII) and j-butyl
perbenzoate in the preeence of cuprous salt, confirmed
the earlier reports that the double bond remained in the
terminal-position even though eonjugation with the
aromatic ring could be achieved 1f { somerization 414
ocgur, 4-Phenylallyl benzoate (XIX) proved to be the
only produot isolated. However, a repitition of this
experiment using benzene as solvent (no solvent had been
uged in the first attempt) resulted in the production of
e small smount of cinnamyl benzoate (XXIX), but
1-phenylallyl benzoaete (XIX) again proved‘to be the main

product.

When t-butyl perbenzoate was decomposed in

the presence of excess cholesteryl benzoate (CLXII) and
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a trace of cuprous salt, poor yields nf gholest-B-en—BP ’
7’p-d101 3-benzoate (CLXIII) and 1ts 7X~isomer (CIXIV)
were i1solated in approximately equal guantities. It was
eongidered that these disappointing yilelds were due to
excessive dilution of the perester within the solvent
(venzene). Accordingly the reaction was repeated using
a great excess of i~butyl perbensoate. Although
congiderable darkening occurred, and many impure coloured
0ils were obtained, a 4OX yleld of both epimers (CLXIII
and CLXIV) was isolated. No isomerized products could
be 1solated. However, a third experiment conducted in
these laboratories1y" did yleld a trace of the isomerie
eholest-b-en—BF ,spdibenzoate (CLXV), in addition to 2
fair yleld of the 7/5 and 7 & epimers, Unlike the
previous two experiments, this perticular reaction ylelded
products which had not been hydrolysed during the
ehromatography., Thus the dibenzoate esters were obtained
(OLXVI and CLXVII) instead of the partiaslly hydrolysed
produote (CLXIII and CLXIV),

It 18 of interest that the 7 -epimer (CLXIII)
elways preceded the 7« =epimer (CLXIV) during ehromato-
graphy. Thig is unexpected since the 7F"-ep1mer (C1X11I)
is equitorial, while the 74 -epimer (CIXIV) 1g axial.

There 13, in fact, some conslderable confusion as to the
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(CLXII)

I
{ Mo oH

(CLXIII)




9L.

(cLxv)

(CLXVI)

(CcLXvII)
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true configuration of these compounds.135

As 8 result of all these experiments, we
reasonebly eoncluded that olefins resct with t-butyl
perbengoate in the presence of copper-ions to yleld
products in which no rearrangement of the double bond
hed occurred, Accordingly we turned our attention to a
study of the mechaniem of these specific resctions.

It appeared eseential to obtaln proof for the ex!istence
or absence of free i-butoxy radicals in these reasctions;
the results of Denney et _9;66 had shown these radicals to
be under some form of restriction during hydrogen-
abatraction from the allylic-vosition of olefins,

, When we decomposed t-butyl perbenzoate in the
presence of olefins and certain other substrates, under
sealed eonditions, we obtelned acetone and t-butanol in
similar ratlios regardless of the presence or absence of
copper-ions, Thus, when t&butyl perbenzoate was
decomposed in the presence of toluene (CXXXI), using oupric
benzoate ag & catalyst, the ratio of i-butanol to acetone
wes 4,09 to 1. A repeat of this experiment in the
absence of ocupric bgnzoata gave a ratio of i~butanol to
acetone of 4.81 to 1. Although these ratios are not
consistent with those obtained by Williams et al,'3® 1t

must be pointed out that these figures are not ratios of
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the weights of the products. They were, in faoct,
obtained from the G.L.C. curves of these compounds by
removing the paper inside these curvee and welghing it;
they are therefore a comparison of the weights of these
curves. The t-butanoleacetone ratios were also similar,
regardless of the presence or absence of copper-ions,

when ceyelohexene was & substrate.

These results, of course, indicate that t-butoxy
radicals are, in fact, free. Free i-butoxy radicals
undergo two competitive reactions. They can elther
abstract a labile hydrogen-atom from a substrate-molecule
to yleld t-butanol (41), or decompoaos7 into acetone and
methyl radicals as in {36). The relative rates of theae
competitive reactions depend upon the temperature of the
reaction-mixture and also the nature of the substrates
present. Since both these variables were oconstant in
the above deaecribed competitive reactions, it seems
likely that the formation of free t-butoxy radicals was
not affected by the presence of copper ions. Had the
copper iong restricted the formation of free t-butoxy
radicals in some way, the ratio of t-butanol to acetone
would have been different to that of the uncatalysed
reaction, The presence of free t-butoxy radicels wase

later oconfirmed by the rate studies of Walling g&lgl.137
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The results of these experiments indicated that
the transition-state (XXX), suggested by Denney gg‘gl,se
ocould not be correot, for it required the t-butoxy
radicals to be in a complex with the copper-~ion and not

exist in the free gtate.

We therefore conceived an aslternative hypothesis
which was designed to explain (1) the existence of free
t~butoxy radicals, (11) the {nduced-decomposition of the
perester by copper ions, and (111) the non-isomerization
of double bonds during these reactions. We had little
doudt that the perester was reduced by cuprous ions as an
initiel step in all these reactions. Indeed, Kharaseh
et 81°% nad originelly suggested that these reactions
were initiated by the ecuprous-ion reduction of the
perester to yleld free t-butoxy radicals and the cuprie
ocarboxylate as in (38).

Although, in principle, this primery step appeared
feasible, it seemed probable that the intimate mechanism
involved reduction of the perester by e cuprous-olefin
TT-complex rather than by an isolated cuprous ion. 3ince
ouprous ions and olsefinsg very readily form rr-oomplexes,138“
1t would seem unusual for the perester~-reduction to be

accomplished by an uncomplexed-ocuprous ion. This is

especially important when it 18 realized that the
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olefin concentration exceeds that of the cuprous
catalyst, often, by several hundred times; a gituation
which must favour relatively high complex-formation

between the olefin and cuprous salt.

The working hypothesis, therefore, initially
required that a 77-complex be formed between the
T -electrons of the double bond and the cuprous salt.
We oonsidered that it was this complex which reduced the
perester, as in (43), and not a f£ree cuprous-ion as
auggestedsa by Kharasch et a2l (38). The reduction of
the perester by the 77 -complex would result in the
formation of free j-butoxy radicals and & complex (XXXIII)
between the olefin and cupric carboxylate group (L3).
There appears to be 1little evidence concerning the

existence of eupric-olefin 77-complexes.

Once the ouprie ocarboxylate-olefin 77 -complex
was formed, it seems likely that bensoyloxylation of the
allylie-position ocould occur by the tranefer of the
carboxylate from the cuprioc-ion to the allyllc-position,
es in (44). Such a process, involving one-electron
shifts, seemed quite acceptable, for it proceeded through
e six-membered ring transition-state, The driving force
of this step was two=-fold. It consisted of the
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abstraction of the sllylic-hydrogen atom by a t~butoxy
radical, coupled with the tendency of the cupric ion to
attain monovalency and thus be more strongly complexed

to the double bond, This mechanism, therefore, requires
that the hydrogen-abstraction and benzoyloxylation of the

resultant allylic-radical occurs in & concerted manner,

This working hypothesis explained the lack of
positional isomerization of the double bond because
1t was snticipated that a double-bond ecomplexed with
copper ions would not be free to migrate, We also
considered an slternate working hypothepis, which was
basically the seme as the first mechanism (43 and Lk).
This new meochanism took place in a concerted manner, as
shown in (418 end 149). This sceme 4id not account for

the formation of acetone in these reactions, however,

0—C—R

3)3 ////

H N cu®* 0+ (CHy)0C

1
O:T:o—o/ c==0—0

(118)

ReCO 0 C(CH

Q
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05 C—E 0=—0C—R
dfgz/ \ - \\
u 0 —>  Cu 0 (1419)
| , /
c—t—o¢ c e=—S—0—0

According to these above hypothetical scemes,
in the absence of copper ions the conventional
uncstalysed-decomposition of }-butyl peresters would
oocur, and the double bonds of the olefins, now being
free to isomize, would yleld equsl quantitiee of each

i someric product.

There have been very many cases of simple ethers,
benszyl ethers, oyclic ethers, thio ethers, benzyl
sulphides and alcohols all being aeyloxylated in the
«{=-position during cuprous-catalysed perester reactions.
It must be emphasized in passing, therefore, that the
above hypothesis 8lso readily explains these reesctions.
Assuming cuproue and cupric ions can form complexes with
etherial-oxygens snd the oxygen atoms of sleohols, these
oomplexes being enalagous to those formed with olefins,
the aeyloxylation ceould asgein proceed by o ligande
trensfer mechanism (4120-122)., Agein, the driving force
" of the oxidation step (122) would be the attainment of
monovalency by the cupric ion, which would yield a more

stadle complex, and the abstraction of the o ~hydrogen
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atom by a i{~butoxy radieal.
| $u+ )
[ ] [ ] + [ ] [ ] E
ROH,*0°CH,R + Ou” —> RCH,+0-CH,R (120)

Gu* %ue*,—o——co—-csns

RCH, +0+CH,R + °635'°92’°°(°“3)3‘"" RCH, 0+CH,R + (033)300-
(124)

el
2+ (€ gu*  0C0-CgH,

che.o THR — RGH2° *CHR + (GHB) 3(3'0H
H

(122)
(033)300-

This working hypothesis appeared consistent with
all recorded experimental results. It geoounted for
the existence of free {-butoxy radicals, fhe induced-
decomposi tion of the perester by copper-ions and the lack
of isomerization of the doudle bonds of olefins., It
could slso be epplied to the acyloxylation of other
substrates such se ethers and sloohols. However it
required that the sllylio-position of olefins must be
very activated by ouprous-ions towards hydrogen-

abstraction by t-butoxy radicsls. If this was not se,
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then there appeared to be no valid reason why meny of the
3-butoxy radieals would not sbstract ellylic-hydrogen
atoms from uncomplexed olefins. If this happened, the
allylic-radical (XVII) so produced should yleld large
guantities of isomerized products. Therefore, = series
of competitive reactions between olefinic snd non-
olefinic substrates wae attempted to prove thaet, in the
presence of ouprous ions, the olefinio-substrate was

a much more reactive species than in the absence of

cuprous ions.

When an equimolar mixture of eyclohexene and
cyclohexane was treated with t-butyl perbenzoste in the
presence of ouprous chloride, gll the ester products
proved to be eyclohexenyl benzoate (XII). This was very
encouraging for it sppeared that the alkene was indeed
very much more reactive than the slkane. This reaction,
when repeated in the sbsence of catalyst, ylelded
substantial quantities of cyclohexyl benzoete (CLXVIII).
It appeared, therefore, that the olefin was much less

reactive in the sbsence of copper ions.

L

(CLXVIII)
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A simllar competitive reaction between eyclo=-
hexene and 2,2,4-trimethylpentane (CLXIX) was less
clear-cut. The products from the catalysed reaction
egain were shown to be 100% unsaturated. However, in
the absence of cuprous chloride, the products proved
to be at lecst 95% unsaturated. This unreactivity of
1so-octane, even in the sbsence of catalyst, 1s not
surprising, however, féﬁfBr00k1y§£§as found that the
C~H groupe of p~alkanes are Soﬂ‘mééé?reactive towards
abstraction by t-butexy radicasls than those of 150-
octane (CLXIX). He attributes this unreact ivity to

steric hindrance,

GH3

CHz— G— CH

CH,

n —QQ—Q

OH3

(CLXIX)

A third competitive reaction between cyolo-
hexene and eyclohexanone (CLXX) indicated thst the olefin
was ten-times more resctive than the ketone in the
presence of cuprous chloride than in 1te sbsence. In
the absence of catalyst the ketone and the olefin were

both of equal reactivity; the addition of ouprous salt,
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therefor%, appeared to graatly activate the olefin. The
results of this lagt experiment were based upon
hydrogenation figures only; no attempt was made to

identify any of the reaction products.

o)

(crLxx)

These competitive reactions appeared to
indicate that olef'ins were considerably activated towards
attack by free t-butoxy-radicsls when ouprous salts were
pregent, and it was thought that the most probable way
& cuproua salt could achieve this would be through a
1T =complex with the olefin., That the ouprous salt has
this effeot upon the allylio~position of olefins is probably
true, however De La Har34§1,§;?8 hgve shown that alkyle
radiecals, which undergo eleotrone-transfer oxidation with
cuprie sulphate to form transient-carbonium ions, often

eliminete & proton to yield olefinic products (123).

2+

R.CHy:OHye —3 R.CH,+CH,* —> R.CHiCH, + H* (123)

Beckwith and Acott'Y3 have also shown that when
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2-methyl-2~hexsnyl hydroperoxide (CLXXI) 1s warmed with
ferrous hydroxide and cuprie acetate, large quantities
of 2-methylhex-5-en-2-0l (CLXXII) are formed; there is
also evidence for the formation of the isomeric 2=
methylhex-i~en~2-01 (CLXXIII) in small quentities. The
following mechanism was suggested: '

2+
Fe
GHJ OGHQ ogua ocaz .“.2 *0°*0OR —_ GHJ oaﬁa ocﬂz oCKa o“ea 6‘0 °

(oLxx1) | | (12y)

cn}.cna.cnz.gnz.c.ez.o. —_—> qnjocnocnzocnéocuezoon

(124a)

Guz* +

OHy+CH-CH, *CH, *Oe,°OR > OH.CH.CH,*CH, *OMle, *OH .
125

. .
2 CHy*CH-CH, *OH, *OMe, *OH ——> OH,1CH+CHy «CH, +ONe, «OH

(cLxxar)

- + OHy°OH:CH<CH, «CMo,-OH (126)
(ocLxxxrr)

The above results of De La Mars 3143;28 and
Bockwith and Acott'®3 guggest that the comp etitive
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reactions, previously described, do not now appeer so
conclusive. Thus, 1t is possible that, in the case of
the cyclohexanone~cyclohexene experiment, considerable
quantities of unsaturated products were derived from the
non~olefinie substrate when the reactions were conducted
in thg presence of euprous ions. Thus the hydrogenation
figures could be much higher than would normally be
expected, It must be concluded, therefore, that while
these competitive reactions support the theory thet the
allylie-position of olefins is much more susceptible to-
attack by i-hutoxy radicals when the olefinic double-
bond is complexed with a cuprous ion, the results must

be treated with eaution.

Subsequent to the completlon of our competitive
reactions, Koch132'69 found thet non=terminal double
bonds of olefing are, in fact, readily 1somerized into
the terminal-positions during the reaction of the olefins
with t-butyl peresters and coprer ions, The results of
experiments with non-terminal olefins, cerried out by us
at the same time, confirméd the results of Kochi.

«CH:CH.CH

OH30032-0H2-GH OH 5

2 2

(cLxxIv) .

When oct-2-ene (CLXXIV) was treated with i~butyl
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perbenzoate and cuprous chloride, the main product proved
to be 1-pentylallyl benzoate (XIII) with a small amount
of oct-2-enyl benzoate (XV). Other unidentified products
from the reaction eould have resulted from the scyloxyla=-
tion of the 4-position of the oct-2-ene, The results
were similar when 3§buty1 perbenzoate rescted with

p -methylstyrene (XXVIII) in the presence of cuprous
chioride, Although the yield of ester products was not
good (35-40%), the main isomer proved to be 3I-benzoyloxye
3~phenylprop=-i-ene (XIX). Only & small quantity of
oinnamyl benzoate (XXIX) wae formed. This recult wes

in direct contrast to that originslly reported by Denney
et 2166 who also treated /3amethylstyrene (XXVIII) with

8 peregter and cuprous=sslt and found that no isomeriga-
tion had occurred, the entire produet deing einnamyl
benzoste (XXIX)., These workers recently repudiated

this report,1hh however, and suggested that side reasctions,
possibly involving radical-addition to the olefin, were

oceurring,

Walling and Zavitsas157 recently repeated the
reaction of t=butyl peresters with.fa-methylstyrene
(XXVIII) and confirmed our observation that the main

ester«-produet contains a terminal double-bond. However,
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they found that 100% i1somerizaetion had occurred; cinnamyl
benzoate (XXIX) was completely absent in the productse,®

Koch132’69 catalytically-decompoged i-butyl
peresters in the presence of but-i-ene (XXXIV) and eleo
but-2=ene (XXXV) and cbteined the seme isomer distribu-
tion in each case, The 3~agyloxybut-=i-ene isomer
(XXXVI) comprised 90% of the ester-products., This
worker wag forced to conclude that free allyl radicels
were, in fact, the intermediate-species in these
reactions, He declared that the existence of these
allyl radicals (XXXIX) in the free~state could then account
for the isomerigzed-products from the but-2-ene reaction,
gince the butenyl rsdicals (XXXIX) are atabilized by
resonance. Koehi proposed an intermediate transition-
gtate (XLIII) to explain the predominance of the terminal
double=bond in the products,

This mechanism of Kochi, which has been
thoroughly discussed in the preceding section, accords
very well with all experimental results. However, thia
mechanism 1s not faultless, one weakness belng its

failure to utilize a cuprous-olefin 77-complex in the

% The description of the reaction preduct (after hydro-
genation) in the experimental seotion of this paper
i3 presumed to be erroneous,
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initi1al reduction-step. For reasons previously given,
this seems very likely to occur. Kochi had suggested
that the initial reduction of the perester tock place

with an uncomplexed-cuprous 1ion,

A modification of our original working=-
hypothesise can quite readily explain the lack of
positional-isomerization of terminal double bonds and
aleo the movement of non-terminal double bonds to the

terminal-position during these reactions.

It seems reasonable to assume that entropy
factors will be much the seme in these two possible
modas of reaction, and if thie 1s so, the resction having
the transition-complex of lower-energy will predominate.
The energy of zny given transition-state would be
greatly influenced by the stability of the copper ion-
olefin 7T -complex.

It 1z emphasized that the stebility of euprous-
olefin 7=complexes is very dependent upon sterioc
factors, and 1t has been shown1h5’1u6 that the stability
of these complexes 1s congiderably reduced when the
double bond 1s non-terminal or sterically hindered by
gsubstituent groups. This has also been clearly demonstrate
with silver(1)-olefin 7-complexes. 47
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It 18 not vnreasonable, therefore, that the
transition~state depicted in the working hypothesise,
as in (4k), for a non~terminal olefin wonld be of

higher energy than that for a terminal-olefin.

The working hypothesis has been elightly modified,
therefore, to lnclude, as intermediates, cuprie
sarboxylate-allylle radical 77 -complexes {CLXXV and
CLXXVI). We suggest that these transition-states are
8ifferent in energy content, the former (CLXXV) having
the higher energy by reason of its lesms sgtable Sopperw
complex. These radieal complexes would be free to
interconvert and the terminal-complex {(CLXXVI) would
thus be the principal $somer, The seeme could be

represented ag follows.
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0— 00——C 0— 00—
cu?* % L0 T %
u cu2*
N
R— CH—t=CH— CH, OH,—= CH—OH, B
mt o mt Do
C02+ 0ua+
N /N )
BR—  CH—— CH— énz CH,/~= oH CH—B
(oLxxVv) (CLXXVI)

Thie hypothesis 1s dbased entirely upon the
relative stabilities of 77-complexes between the olefin
and the copper ion. One would predict thet a given
double-bond should migrate to & new position if, in that
new position, the 7T-complex was more gtable. This,
in fact, means that the double-bond would isomerize if,

by doing so, 1t ocecupled & less substituted position,
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but if it was already in the position of least possible
subgtitution, no isomerization would occur. Henoe
terminal double-bonds are fixed, whereas the non-

terminal double-bonds isomerize by a&as much as 90%.

It must also be remembered that the stabllity
of the resultant product has no besring upon the
driving-force in these reactions. Indeed, 1t 18
generally aecepted that the main product <from all these
reactions g,g. the 3~acyloxyalk-i-ene, is the thermo-

dynamically least favoured 1isomer,

This 18 especially obvious in the case of
allylbenzene (XVIII) end fB-methylstyrene (xxviiI).
The driving-force which moves non-terminal double bondsa
into the terminal positions is so great that 1t readily
removes double-bonds from conjugation with aromatie
rings, as in (-methylstyrene (XXVIII). On the other
hand, terminal double~bonds are prevented from shifting
into non-terminal conjugated positions, as in allylbenzene
(XVIII). The thermodynamically less-stable 1aomer75
was the main product in both cases, During pure
homolytic reactions involving free phenylvinylmethyl
radicals (CLXXVIIa2) at least 75% of the products ocontained
double bonds in conjugetion with the aromatic ring1h8’1u9

end there was one report15° of this figure being near to
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100%. The phenylvinylmethyl radicsl (CLXXVIIa) is &
resonance hybrid of the cinnamyl radical (CLXXVIIb) and
undoubtedly the cinnamyl oontribution‘would greatly
exceed the phenylvinylmethyl contribution due to the

conjugation of the olefiniec double-bond with the aromatio

nuecleus.
CGHB-OH-CHzCH2 —> 06H500H:CH°GH20
(CLXXVIIs) (CLXXVIIDb)

The working hypothesis would certainly predict
the observed shift of the double bond of (B-mathylstyrene
to the terminal-position; the double bond, when adjacent
to the phenyl ring, would be in & very unfavourable:
position indeed for complex-formation with a copper ion.
The working-hypothesis would also predict that the
double bond of a oycloalkene would isomerize if, by
doing so, the conditions would be more favourable for

complex-formation with a copper ion.

Indeed, experimentes have shown that any double-
bond, which is stericelly hindered by a substituent
group, will resdily migrate to a less-~hindered position,
even though this less-hindered position 1s not a terminal

one., Furthermore, once this less~hindered position is
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attained, it 1is prevented from further 4 someriszation,

A sterold reaction olearly demonstrated these cobservations.

When t-butyl perbenzoate was decomposed in the
presence of 3-benzoy1¢xycholeat-z—ene‘(GLXXVIII)'and e
trace of cuprous salt, the mein product preved to be
cholest-1-en-3-one (CLXXX). The most likely route to
this product would involve the abstraction of & hydrogen-
atom from the 1-position by a t{~butoxy radical, followed
by oxidation of the 3-position in the resultant allylie
radical (CLXXIX),

A similer reaction between 3-ethoxycholegt=2-
ene (CLXXXI), {-butyl perbenzoate and cuprous ions
falled to yield any identifisble products. Impure
coloured 0ils were obtained, which often exhibited more
than one carbonyl absorption in the infrared, Quite
possibly the o{-position of the ethoxy-group hed entered
into the reaction. The importent result from this
reaction, as with the previous enol-bengoate reaction,
was the apparent 1somerization of the double-bond sway

from the ethoxy group.

This obgervation is based purely upon infrared

data, as reported by Rosenkrantz and Gut,151 who found



(CLXXVIII)

0
1§
+ C6H5CQCU:

(CLXXIX)
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(crxxx)

CH3CH,0

(crxxxT)



117.

that all enol-ethers exhibit an sbnormally strong C=C
stretching frequency at approximately 1670 em.”' Tt

is significant that most of the o0ils obtained from the
chromatography of the erude-material from this reaction,
completely falled to exhibit thie characteristic
absorption. Bpectral evidence did show, however, that
an ether group was stiil present in most of these

products.

It would not be justified to base too much
emphasis on these two 1solated experiments, but it does
support the theory that double bonds try to attsin
the least-hindered position for complex formation,

It 18 interesting that the L-position of the
enol-benzoate (CLXXVIII) 41d not react to any
apprecisble extent. However it is significent that
if hydrogen-sbstraction had occurred in thie position,
the double~bond would not have been placed into a better
position for complex~formstion with ecopper ions by the
resonance hybrid contribution (CLXXXII),

The isomerization of the double~bond of the
enol-benzoate (CLXXVIII) into the 1-position, eould
also be attributed to the stability of the resultant
radical (CLXXIX)., It appears likely that free-radicsls
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contalning oxygen-atoms at the free-valency sites are
more stable than the nermal unsubstituted carbone
radicals. There are many cases of ethers dimerizing

at the ««positions when treated with t-butoxy radicals.

(CLXXXTT)

A reaction hetween 1-sthoxyeyclohex-41-ene
(oLXXX111), i-butyl perbenzoate and copper lons gave
mainly aromatic produetse, of which only one, phenetol
(CLXXX1IV), was identified. After distillation of all
the voletile products, including phenetol, the crude
residue gave strong infra red absorption in the aromatio
region, Hydrolysis of this crude material yilelded
aleohols which were also aromstioe; ¢they were not .
1identified. The following sceme (p. 119) mey aceount
for the rbrmation of phenetol and, possibly, the
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QCH,CHs QCH,C

[C H313CO'\ O
(CLXXXIII)
: !
I

CeHsCO~ ~OCHCH3 0 QCH,C
b + Cut ¢— CgHgCOCU?*+ O

\‘{C H3]3CO’
I i
C6H5CO CH2CH3 C6H5CO CH2C|'
+ CgHgCOCU?* —> + Cu

OCCgHg

_

QCH,CHs
+  2CgH5COoH

(CLXXXIV)
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unidentified aromatic products. Ag in the case of
the steroid enol-ester (CLXXVIII) reaction, the copper
jons sre shown not complexed to the olefinic double-

bonds for the seke of simplicity.

Two other products were identified from this
reaction, both were non-aromatic, They were shown to
be cyclohexanone (CLXX), presumably resulting from
hydrolysis of the enol ether (CLXXXIII) and eyclohexanone
diethylacetal (CLXXXV), the origin of which is obscure.

CH3CHyO~__-OCHoCH3

(LX)

The results of all these reactions certainly
supports the theory that a double bond will migrate,
not necessarily to attain a terminal-position, but to
gain a position which is most favourable for complex-
formation with the copper lons., Only one experiment
is known which has not supported this hypothesis, The
previously deseribed reaction of cholesteryl benzoate
(CLXII) with t-butyl perbenzoate in the presence of
cuprous ions ylelded the 7-substituted producte (CLXIII

and CLXIV), where the double-bond had not migrated.
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The position of this double bond (in the 5« position)
is not a good one for complex~formation. Had 1%
moved into the 6-position, the chances of conplex-

formation would have been greatly enhanced,

A very favourable feature sbout the working
hypothesis 1s the contiguous naturs of all the reacting
species, a feature which is perhapa lacking in the
Kochi mechant sm, The reduction of the perester by
an olefin-cuproug lon 77 -complex would result in the
free t-butoxy radicel being adjacent to, snd thereby
ebstracting, the allylic-hydrogen atom from th§ olefin
which was in the most favourable condition to be
oxidized (complexed to a ecupric earboxylate). This
readlily aocounté for the extensive oxidation of
nearly every substrate-radical by a mere trace of
oxidizing agent. The Koch!i mechaniem requires that
the free allylic radicale be formed before coming in
oontact with the oupric carboxylate. Under theae
circumstances, therefore, it would not be unreasonsble
to expect many of theae allylic radicals never to come
in contaét with a cupric~ion, the stetionary concentra-
tion of which 18 very low. There has never been
evidence to suggest that free allylie radicals are
present which, being unable to meet a cupric ion, react

in other ways., Examination of the unreacted starting
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material at the completion of a reaction has always failed

to show double-bond isomerlization during the reaction.

The reactions of g -methylstyrene (XXVIII) and
allylbenzene (XVIII) have never given reprodueidle
yields of products. Whereas Kharasch g&,gl?a obtained
entirely 3-phenyl«3-benzoyloxyprop-i-ene (XIX) in their
reaction of allylbenzene with %-butyl perbensoate and
copper lons, Walling et al'>’ obtained 30% of the
oinnamyl isomer (XXIX). The results of the allylbenzene-
experiments in this laboratory were also inconsistent,
the einnamyl {eomer (XXIX) being present when the
experiment was conducted in the presence of & solvent,
but in the absence of solvent no cinnamyl isomer was

found,

8imilarly, Walling gt al'3/ obtained the
terminal double-bonded product entirely when IB -methyl-
styrene was the substrate, whereas our results indicated
the presence of a mixture of 1somers, the one with the

terminal double~-bond predominasting.

These discrepancies in the isomer-distribution
of these reactions could possibly be explalned if it is
rsalized that the main product of these reactions,

3-phenyl-3~acyloxyprop-i-ene (X1X), s not the thermo-
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” Thie 1isomer gould be

dynamically most-stable isomer,
expected to isomerize slowly 1lnto the more stable
cinnamyl isomer (XXIX) upon prolonged heating. Indeed
Walling gg,g;137 have shown that such 1somerization does
extensively occur during G.L.C. analyseis. The reaction
conditions as described by Kharasch et 9158 involved the
heating of the reaction at 90° for a maximum of four
hours, whereas the oconditions used by Walllng gl‘gl137
required heating at 7b° for no less than 35 hours.

The prolonged hesting during this latter experiment
eould poesibly lead to partisl isomerization of the

product.

It 1s possible, too, that at increased dilution
with a solvent, the chances of specifio acyloxylation
would be reduced. Our observation that allylbenzene
reacts in a less stereospecific manner when diluted by a
solvent, 1s in support of the working hypothesis, for
cuprous ion-olefin complex formation would surely be
leas favoured under these conditions. Likewise, dlluted
conditions would lessen the chances of reduction of the
perester by a cuprous-olefin 7 -complex; it 1is
conceivable, therefore, that & thermal, uncatalysed,
decomposition of the perester could play a more

eonsepicuous role in the reaction with the resultant
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Pormation of a mixture of isomers.

The asyloxylation of the 3-position of aikynes
has been succegsfully attempted. When i-butyl
perbenzoate was decomposed in the presence of hepi-i-yne
(CLXXXVI) and cuprous chloride, & quantitative yileld
of %-benzoyloxyhept-i-yne (CLXXXVII) was obtained.

Only a trece of isomerigzed-product was isolated. The
mechenism suggested by us for the sp ecifie-benzoyloxyla-
tion of terminsl-olefins would also epply very resdily
t0 this experiment. It 18 well known that sddition and
substitution complexes are readily formed between

152=154  ppe former type of

cuprous ions and alkynes.
complex, which is analogous to the cuprous fon-olefin
77 =-complexes has been shown15h to be the most

predominant.

The radical intermediate from the hept-i-yne
reaction, ylz. ethynylbutylmethyl radical (CLXXXVIII),
would be in resonance with a less-stable allene
eontribution (CLXXXIX). There was no spectral evidence
for the presence of allene groups in the products.

OZC'Ph

3 2.GH2~CHZ-GH-C=OH

(CLXXXVI) (CLXXXVII)

0H3-0H200H2-0H200H2°010H CH,«.CH
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OHy+CH, +CH, «CH, -CH-GICH <>  OHy G, *CH, *CH,CH1 O+

( CLXXXVII1) ( OLXXXIX)

It 13 well known thet dimeriszstion often occurs
when terminal alkynes are treated with cuprouse and cuprie
salts,'?? presumsbly by the following sceme:

RCIC™ + Gu2* —> Roice + Cut (127)

2 rolor —— Rolceolor (128)

It was oconsidered possible, therefore, that a
trace of ocuprous salt could similarly cesuse dimerisation

in our reaction, by the following sceme:
RCIC” 4+ Cu?* —> RoliCe 4+ Ou* (127)

- . 2
RO0,°0G(CHg) 5 + Cu* —> RO0,™ + (OH,)00° + Gu™" (429)

(followed By equstion (428))

Careful ultraviolet spectroscopy of the products
felled to reveal any conjugated diyregroup, however,



126.

There has been no previously reported case
involving a cuprous-catslysed perester reaction with en
alkyne and it would indeed be interesting to treat an
alkyne, possessing & non-terminal triple bond, with
t-butyl perbenzoste in the presence of copper ions.
Allene formation could perhaps be more favoured in this
ocase, sinoce the terminal-position would then eontain
double-bond character due to the resonance of the

radical (OXC).

(cxe)

3, Perester Reactions with Non-olefinic substrates

Up to the time when the reaction with hept-i-yne
had been completed, nearly 8ll our investigation of
catalyeed-perester reactions had been devoted to a study
of the mechanism of olefin-acyloxylations and the
igomerism involved therelin. At this stage, the
investigation was concentrated upon the catalysed-
perester reactions of substrates other than olefins. The
situation is different with these substretes then in the

cage of olefins. Because there is an sbsence of double
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bonds, the formation of complexes between the substrate~
molecule, or radical, and copper-=ion is not likely
(except the poesible formation of & complex between an
etherial-oxygen and copper-ion (120-122)). This, of
eourse, greatly reduces the ehances of intermediate
eyclic-trensition statee, lessens the chances of ligand-
transfer mechanisms operating and, conversely, increases

the possibility of transient-carbonium ions.

The factors which determine whether or not a
given free-radical will be reduced or oxidized by a
metal-ion, and the eitent of such a process, has been
discussed in the preceding section. The importance of
gubstituent-groups ad jacent to the free-valency site
was emphasized; groups with electron-attracting
capabilities decreased the availability of the odd-
electron at the free-valency site and thus lessened the
chances of oxidation. The situation was reversed with
electron-donating groups., It wes also emphasized that
the stability of the ions, which would result from these

oxidation or reduction resctions, was alsgo important.

The results of our reasctions with substrates
other than olefins have ghown that the stability of the

carbonium~ion, resulting from the oxidation of the

subgtrate-radiocal, is very important, and so also 1is
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the aveilability of the odd-electron at the free-valency
site. It was found that this latter aaspect was not only
dependent upon the electronic effescts of substituent
groups, but, as will be shown, is closely related to the
stabllity of the radical.

An important coneideration, which determines the
extent to which a given substrate-molecule will be
oxidized in these reactions, is the dissociation energy
of its C-H bonds. This 1s closely related to the stability
of the radiecal formed by such a dissociation and is also
affected by the electronie-effects of substituent groups.
It 18 obvious, therefore, that the extent of oxidation
of substrate-molecules and the radicals resulting from
them, 18 dependent upon several, very closely related,

prineiples.

Perheps the greatest reason for certain molecul es
not to undergo facile-oxidation, in these perester-
reactions, is the detrimental effeoct of certain substit-
uent groups adjacent to the free-valency site. The
results of Merz and Waters® had previously indicated this
when they oxidised many substrates under the Fenton
conditions. They found that electron-attracting groups

tended to remove the odd-electron from the free~valency

aite and a0 lessen the possibility of 1t being removed
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by an oxidizing-agent.

This effect was observed in this laboratory when
{-butyl perbenzoate was decomposed in the presence of
diethyl melonate (CXXIV) and cuprous chloride. The
oxidation product, diethyl Q-benzoyl tartronate (CXXV;
R=06H5-002) wag obtained in poor yield. Berglund &nd
Lawegson83 also performed this reaction at the same time,
and they too obtained a very poor yield of diethyl
O-benzoyl tartronate, Their report that diethyl
gpﬁpbqtyl.tartronate (CXxXV; Ra(GHB)SCO) was also a
reaction produoct, was not observed by us. The low yield
of ester-products from these reactione cannot be aeccounted
for py assuming that the free t-butoxy radicals had failed
to abstract\the hydrogens from the diethylmalonate
molecule, Indeed, Bedkwith’oa has shown that the-
‘dpposition on the acid-molety of an ester 18 quite prone
to sbstraction by t-butoxy radicals. It is apparenf
thet the electron-withirawing effect of the two carboxyl
groups removed the unpsired-electron from the scene of
oxidation, For a similar reason, the reaction of ethyl
acetoacetate (CXXVI) with t-butyl peracetate (XI) and
copper ions, as desoribed by Berglund and Laweason,83
also failed to yleld much oxidation product. The mein

product was a 20% yleld of the t-butoxy-derivative
(CxXxvII; R=(0H3)300).
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When we decomposed mzobisisobutyronitrile (CXOI)
in the presence of excess oupric benzoate, ueing butan-2-
one as & solvent, there was little evidence that the
é—eyanaprdpyl radicals (OXOII) had been oxidized., It
was also observed that these radicals had not dimeriged
to any extent. It is therefore possible that the
radicals (CXCII) abstracted hydrogen-atoms from the solvent
%0 yleld 1sobutyronitrile (CXCIII).

83 Pty ‘I"’-’a
CHg—G—N=—N-—0—OE, oB;—0*
CK CN
(cxo1) (cxerr)

s

CH;—ON

CN

(cxo111)

Thig 13 e further example of an elestron-
attracting substituent hindering these oxldation reactions.

The unpaired-electron of a free-radical can be

displaced from the free-valency site by other causes.
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When a radical 1s greatly stabilized by resonance, the
odd~slectron is very delocalized. In such cases,
oxidation of the radical is not efficient, and this is
attributed to the non-availability of the odd-~electron
at the free-valency site, This was especially seen
during the oxidation of benzyl-type radicals whichgave
very poor yields of oxidation products and sometimes 4id

not oxidize at all.

In several reactions between toluene (CXXXI),
di-3-butyl peroxide (LIV) and mole-equivalents of oupric
benzoate, the yleld of the expected oxidation produet,
benzyl bensoate (CXLVI), was always less than 10%. The
eddition of large quantities of benzoic acid to the
reaction-mixture falled to increase this yield. This
product was presumably formed by t he following oxidation-

reaction.

06115.033 + (CHB) 3'co‘- —> CgHg*CHy* + (033)30-03 (113)

. 2+ ° o0 - i +
Oghy *CHye + Cu2*0,0+GgHy —> Ggliy <CH,+0,0+CgHy + Cu

(116)

Alternatively, the oxidation could have

proceeded through a benzyl carbonium ion as in (93) and
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(115). When cupric ace@ate was uged instead of cuprie
benzoate an equally poor yield of the oxidation-product,

benzyl acetate (CXX), was obtalned.

It must be emphesized that benzyl radicels (CXLVII)
are very stable and, as a‘result, are generated in large
quantitiee by the action of t~butoxy radicals on toluene
(CXXXI). This 1s, of course, closely connected with the
dissoclation energy of the benzylic C~H bond of toluene,
which is very 10w 56 (77.5 Koal./Mole.). This was
clearly seen when di-t-butyl peroxide (L1V) was thermally=-
decompased in the presence of toluene (CXXXI) with no
catalyst present; e near quantitative yield of bibenzyl
(CLX) was obtained.

It was quite unexpected, therefore, that, after
having obtained an extremely poor yield of benzyl
benzoate (CXLVI) from the copper-salt catalysed reaction,
the yield of bibenzyl (CLX) was also very poor.
Apparently the added copper-catelyst hed markedly
hindered the formation of benzyl radiesls (CXLVII).

An examination13u of the volatile products,
from one of these reactions, using G.L.C. apparatus has
indicated a much higher t-butanol-acetone ratio than would

be expected., The only explanation for the low production
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of benzyl radicals (CXLVII) and the high preduction of
i-butanol is the reduction of i-butoxy radiealﬁ to the
i-butoxide enion by cuprous lons as in (130), followed by
protonatien (131), '

(CH) 400+ + Ou* —>  (0H,),00™ + cqz* | (130)
(033)390’ + B — (oH,) ,0-0K (131)

It seems likely that, as soon as a euprie ien is
reduced to a cuprous ion during the oxidation of bensyl
radicals, it is rapldly oxidized back to the cuprie-ion
by the sceme above. Alternatively, induced-~decomposition

of the peroxide eould occur:s

(CH,) ,C0+00(0H,) 5 4 Ou*—> (OHy) 00 + (CH,) ;00° + Ou2*
(132)

The first two attempts at this reaetion involved
the uge of cupric benzoate which contained water of
orystallisation, In both ozases benzyl alecohol was
produced in comparable quantities to the benzyl benzoate.
A third attempt at thie reaction utilized ouprie benzoate

which hed been subjee¢t to azeotropic distillation with
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toluene prior to use; in this wey much wéter of crysta-
l1lization had been removed. . It is interesting that this
third experiment failed to produce any benzyl aleohol.
This, surely, is good evidence for the formation of
intermediate benzyl carbonium ions by an electrone-

transfer mechanism as in (93) followed by (133).

Ogls+OH," + H,0 —> OgHg«OH,e0H + E* (133)

8ince the oxidation product, benzyl benzeate
(CXLVI), and the dimer, bibenzyl (CLX), were formed in
approximately equal quantities in all these reactions, it
sppears that benzyl radicals (CXLVII) are not very prone
to oxidation by cupric salts. The extensive delocaliza
tion of the unpalired-electron would readily sccount for
this observation. The results of De La Mare et 5123
clearly indicated that the removal of the unpaired-
electron by the oxidizing agent from the free-=valeney site
ie essential for these oxidations to proceed successfully,
a situation which ips not greatly favoured with benzyl

radicals,

This hypothesis seems even more plausible when

it 18 realized that benzyl carbonium ions are considerably
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more stable than related elkyl carbonium ions, due,

presumably, to etabiligzation by resonance {CXCIV),

bu, CHy CHp CHy
— — —
+

(cxcrv)

Thus, the reactivity of bensyl halides is
atiributed to a tendency to form these resonance stabiliged
fonic speoies. 8imilarly, during Tiffenesu-Demjanov
ring expension reactions,’’ the substitution of R by a
phenyl group (chﬂ i3 very detrimentel to ring expansion,
due to the increased stability of the resultant carbonium
1on (OXOVI), | |

OH H
—
4
IHNH2 ?H
R R
(cxov) (cxov)

It will be shown later that a radical is usually

more prone to axidation when the résultant earbonium ion
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is a very stable one, Therefore, the fact that benzyl
radicals are not readily oxidized, even though the benzyl
carbonium ion is so stable, supports the theory that the
delocalization of the unpaired-clectron within the
aromatic nucleueg seriously affects the removal of that

unpalred-electron by the oxidizing agent,

A by-product from these toluene reactions is
worth mentioning. An unidentified compound, m.p. 180~
180.5° wag obtained in smsll quantities, When d4 ssolved
in organie solvents, it gave a faint blue-fluorescence
and 1ts ultraviolet absorption spectrum was identical to
that of bibenszyl (CLX)., It enslysed for CogHoge and
contained no functional groups, This compound 1s
probebly a tetramer of benzyl redicals (CXLVII). It is
interesting that there have been two separate reports of
a compound of this description having been 1solated
during the pyrolysis of &, '=azotoluene (CXCVII),

Do)

(cxoviI)

In 1950, Blokel et al'’C heated a solution of
o s o' =azotoluene (CXCVII) in decalin and obtained crystals
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m.p. 177.5-178.5° which analysed for C,gH,c.  Some
Ruseian workers'’? later heated K 9 A'=-azotoluene (CXCVII)
in a sealed-tube and obtained crystals m.p. 179.5-180.5°
which also analysed for c28H26' It 1s probable that all

these reports concern the same compound.

Certalin reactions, carried out by other workers,
have also confirmed the hypothesis that radieale, which
are stabilized by resonance, are not easily oxidiged.
Berglund and Lawesson83 showed that diphenylmethyl
redicale (CXXXIX) eompletely failed to undergo oxidation
with cupric salts and yet the diphenylmethyl carbonium
ion (CXCVIII) would bBe conslderably more stable than a
benzyl oarbonium ion (CXCIV), The cation (CXCVIII)
could be represented by many more resonance structures
than the oation (CXCIV); 1n addition, it is not & primery,

but & secondary carbonium ion.
CH
+

(CXCVIII)

The unpaired-electron of the diphenylmethyl
radical (CXXXIX) would be so delocalized that its removal

from the free-valency site by the oxidizing reagent would
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be very unlikely,

8imilar results were obtained in the previously
desoribed olefin reections whenever the unpaired«electron
of the allylic radical was extensively delocalized,
Thus the ylelds of oxidation products from the sllylbenzene
and f3-methy1atyrene reactions were very much lower than
those from the unsubstituted alkene resctions, The
unpelired-electron of the phenylvinylmethyl racdieal
(CLXXVIIa) 1s expected to be well distributed over the
aromatic nucleus, and so the removal of thisg elsctron

during oxidation would not be easy.

Another experiment further empheasized the
preceding theory. When 1,1,3=triphenylprop-{-ene (cxerx)
was ireated with %-butyl perbenzoate in the presence of
euprous bromide, the only product isolated was shown to
be a dimer, m.p. 209~211 (decomp.). Although this dimer
was not positively identified i1t seems likely that it was
1,1,3,4,6,6~hexsphenylhexa«2,l-d1ene (CC). This
assumption is based on our previous observations that
double bonds will always isomerize into positions lenss
nterically hindered for complex formation with copper ions,
Likewise, the ultraviolet absorption spectrum of this dimer

regembled that of styrene.
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PhCH'GH:GPh2 PhECH'GH!PhOH-PhOH:CH*thcﬂ

(cxcrx) (co)

The results of Kharaseh and Fono71 are not
consistent with the preeceding results, for they found that
oumyl redicals (CXLI) were, in fact, quite readily oxidiged
by cuprie ilons. Thus the catalysed decomposition of
1-butyl perbenzoate in the presence of cumene gave a
uog yleld of «(-ocumyl benzoate (CXLIV), However, the
combined inductive effect of the two methyl groups would
probably facilitate electron-removal {oxidstion) at the

free-valency site,

The many examples, in the literature, of benzyl
ethers,90‘91 simple ethers,79 and kenzyl alcohol78
undergoing faclle-oxidation, is not consistent with the
preceding results. The combined electronic effects of
the phenyl-ring and the oxygen-atom would be expected
to render the free-valency slte void of the unpaired-
electron, However Merz and Watersg have shown that oxygen
atoms adjacent to the free-~valency site do not hinder

these oxidations when the Fenton conditions are employed,
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Indeed, 1t 18 possible that the inductive effect
of the oxygen-atom, in the radicals derived from benzyl
ethera, would reduce the delocalization of the unpaired-
electron on the eromatic nucleus. Henoce the chances
for the removal of this unpaired-electron from the free-
velency site by an oxidizing-agent would be enhanced.

In addition, 1t would be expected that these radlcals
would not be as stable as would be expected in gystems

whieh were completely stabilized by resonance.

Thie latter point has been proven several times,
Whereas the radicals derived from simple ethers undergo
complete dimerization’® as in (62), the radicals from
benzyl ethers resdily decompose as well as dimerize,a.r'.s9
ae in (63), Why the radicals derived from benzyl ethers
ghould be so less stable than those from simple ethers
is not clear, Nevertheless 1t 1s spparent that the
etherial-oxygen atom has 8 detrimental effeet upon the
stability of these radicals, possibly due, in part, to
the removal of the unpaired-electron from the resonence
in the aromatic ring. The ready<availabllity of the

unpaired-electron, derived from denzyl aleohol, for

oxidation could be explained in similar termas.

It has been seen that the substituent groups of a

subgtrate greatly influence the pathway and extent of
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oxidation of that substrate by cupric ions. Another
important factor‘yhich determines how readily, or by what
route, a given substrete-molecule will be oxidized, is
the stability of the transient-radicéle and aations.

If a molecule 1s to be oxidized, in these reactions, it
1s essential that the dissociation energy of the C-H bond
in question must.be ressonably low, otherwise hydrogen-
abetraction by f-butoxy radicals would not be favoured.
Ag oited earlier, the 81 ssociation energy will only be
low enough for this to heppen if the resultant radical

is reasonsbly stable. A stable radical could be
obtained at a site adjacent to a secondary or, preferably,
a tertlary carbon atom, Alternatively the dissociation
energy would be lowered if the resultant radical was

stabilized by resonance,

It 13 reasonable to assume that long-chain
alkanes would be relatively inert to attack by t-butoxy
radicals, whereas alkyl benzenes, or carbonyl compounds

would be prone to such attack.

Asguming that the conditions are 1deal for
radical-formation, end assuming, aleo, that there are no
subst ituent groups which could remove the unpaired-

electron from the free-valency eite, then the conditions
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would appeer favourable for oxidation to occur. However,
another factor is still to be considered; the stability
of the resultant carbonium ion. Obviously, oxidation of
g radical would not be favoured if, as a result, a lesse-
stable transient-species is obtained. It 18 also
apparent that, 1f the conditions were favourable for an
oxidation to proceed by a ligand-tranefer mechanism, then
the above-mentioned factor would be unimportant, for such
a meochanism does not require the intermediate formetion
of a carbonium lon. Thus Kochi and Rustd’ found that
redicals, which ocould not accommodate & positive charge
and thus fail to be oxidized by an electron-transfer
mechaniem, were readily oxidized by a ligand-transfer

process.

Aldehydes sre perhsps more readily oxidized in
theee reactiong than any of the substrates studied and,
for the reasons stated above, this 1s not unexpeocted.

The eonditione are favourable for the abstraction of the
aldehydic hydrogen-atom by a t-butoxy-radieal, for the

di ssociat ion energy of the C-H bond 1s low and the
resultent acyl-radical is atab111206160 by resonance (CCI).

. -+ +
ReC =0¢— R=«=C = 0 R-C =0

(cor) (ccII)
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Likewise, the acyl carbonium ion (CCII), which
would be formed upon oxidation of this aeyl radical (CCI),
is an extremely steble one. It takes part in Friedel-
Crafts acylations and is even stable in sulphurie acid

164

solution, Therefore, the conditicns are very favourable

for sldehydes to be oxidized in these reactions.

This was clearly eeen when i~butyl perbenzoate
was decomposed in the presence of benzaldehyde and a
trace of copper salt. Benzoic anhydride (CXVI) and
t-butyl benzoate (CXV) were both isolated, the former in
45% yield. This yleld 1s disappointing when 1t 18
realized that a similar experiment by Sosnoveky and Yangao
gave benzoic anhydride in 70% yield. However thelir
reaction temperature was considerably higher than ours, and
therefore, the i-butanol formed during the reactien,
would be expected to reside in the condenser and not take
part in the reaction. The formation of t-butyl

benzoate (CXV) in our reaetion could have resulted from

the action of §-butanol upon the anhydride (134).

(°6H5'°°)2'° + (033)30-01! —> CgHg -002-0(0H3)3 + CgHg*0O0,H

(134)

The mechaniem of the reaction ¢an be represented
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as follews:

cjsn,j-cmz-oc:(c:m.,,«)3 + Gt — Oglg+C0,™ + (CH,) 00+ 4 Ou*
{38)

OgHs *CHO + (OH,) 000 —> csn,-éo + (CH,)0-08  (85)
065560 + cult -—> 0635'60 + Ou* (135)

&P
CgHgCO + OgHg<00,~ —> (OgH;°00),°0 (136)
followed (in part) by equation (4134).

Although the eonditions for the oxidation of
aldehydes are verﬁ' favourable, the reverse is true for
the oxidation of the o -position of the alcohol-moiety
of an ester., If the o~hydrogen is removed by a g~butoxy
radical, the resultant radical does not only fail to
undergo stabilisation by resonance, but the oxidation of
such a redical 'ould not yield a partieularly stable

earbonium ion.

When di-j-butyl peroxide (LIV) was decomposed in
the presence of ethyl benzoate (CCIII), acetic acid and

excess oupric ohloride, 80X of the ester was recovered
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unchanged. Examination of the products showed that only
a small emount (13% of the totsl products) of ssetoxyla-
tion had taken place in the A-position. The oxidation

sould be represented as follows:

Cgllg C0,0H,*CHy + (OH,) ,00° —> C¢H;+00,0H-CH; _  (137)
(cor1I)

: 2+ . on B
0635 .COQ-OH-CHJ + Cu” —_— esﬂs QGGQOGHOOHB (138)

+
0635000200H-0H + CH_CO

3 5200, — OgHg «C0, <CH(OAC) +OHy (139)

Alternatively, a ligsnd-trangfer mechaniesm could operste:

o T~ 24 . GO = : +
csﬁns.czoz.on.c'.ﬂ3 + cﬁ3ooozcu —>0635 co,, CH(OAc) 033 + Cu

(140)

Por reamons not yet understood, the redicala
derived from ethers, by ebstraction of en « =hydrogen
atom, are relatively etable. The earbonium ion, formed
by removal of the unpaired-electron from these radicals,
is alec reasonably stsble; 1t can be represented by the

following resonance atructures
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Therefore, it is reesonable to expeot that ethers
would be easily oxidized by ocupric ions in the presence
of t~butoxy radicals, and this, of course, has been
demonstrated by many workers. Thus the cuproues~-catalysed
reduction of t~butyl peresters in the presence of simple
ethers, thio ethers, and benzyl ethers, have invariaebly
ylelded acylals or the acetals derived from them. As
deseribed earlier (4120-122), the situation appears to be
very favoursble for ethers to be oxidized dy a ligand-
tranefer process, through a similar mechenism to that

described for the ascyloxylation of olefins,

8ince the conditions are very favourable for
aldehydee to be oxidized in these reactions, it was thought
likely that the formyl-hydrogen atom of formamide and
formate esters would be quite prone to sbstraction by
{-butoxy-radicals, and that the resultant radicals would
alao be resdily oxidized. It 1s therefore remsrkable
that the reactions of these compounds with free-radical

reagents hag been sadly neglected.

There appears to be only one instance where

formamide (CCV) has been directly involved in a radical-
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reaction. When Eladw‘2 irradiated formamide (COV) in

the presence of the esters of some unsaturated acids,

the C-H bond was homolytically fissioned and the resultant
carbamoyl radicals (CCVI) added scrose the double bonds
of the esters.

H-COONE2 -CO-NHa

(cov) (ccvr)

8imilar to aldehydic-hydrogen atoms, we have
found that the formyl hydrogen-stom of formamide (COV),
18 re=adily sbstracted by j-dutoxy~radicals. Here the
gimilarity ends, however, for the oarbamoyl radieal
(COVI), unlike the aoyl radical (CCI), does not,
apparently, yield very stable carbonium iens upon
oxidation with cuprie ssalts.

When t-butyl perbenzoate was decomposed in the
presence of excess formamide (OOV) and a trace of ouprous
chloride, the only product proved to be t-butyl
allophenate (CCVII) in a fair yield.

(GHB) 30 «0,C «NH.CO-NH,

(ccvil)

It hed been expeoted that carbamoyl radicale
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(COVI) would be prodused by the action of Y-butoxy radicals
upon formsmide (CCV), and it was also considered probdeble
that these transient redicals (CCVI) would be oxidiszed,

by ouprie fons to the earbonium ions (CCVIII). Subsequent
combination of these cations (COVIII) with bensoate snions
oould then yield the mixed anhydride (COIX), and we
anticipated that the resotion of this anhydride (CCIX)
with $~butanol would give either i~butyl benzoate (CXV)

or §~butyl carbamate (CCX). The seeme could be

represented as follows:

+ - 2+
0635-002-00(033)3 + G’ — c:ﬁﬁs-cm2 + (033)300‘ + Cu

(38)
H'OO'NEZ + (0H3)3000—9 cOOoRHa + (033)3(;003 (1“1)
(cov) (covr)
-GOolﬂi2 + Ouz"' —> 50-1132 + ou? (11.12)
(OGVIII)
GO-NH, 4 GgH,+00,~ —> GCgli;+00-0+0O-NE, (143)

(oc1x)
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OgH5*C0+0+CO-NH, + (033)30-on-——acsnsoooaoc(cﬁs)j + HO,CNH,

\ (cxv) (4L4)

(CH3)5C'°2°'NH2 + 06H5-002H
(cex) (145)

Neither t-butyl benzoate (OXV) nor t-butyl
oarbamate (CCX) was obtained. A resction, which would
compete with the above seeme, can be envisaged if the
carbonium ion (CCVIII) 1s not a stable species. If
combination of the carbonium ion (CCVIII) with a benzoate
ion 4id not oceur repidly, as in (143), the carbonium
fon (CCVIII) could, conceivably, lose a proton to form
imooyanic aeid (CCXI).

—> O:C:KH (146)

+
() o
CO°NH,

(coviit) (ccxr)

It 1s likely, therefore, that both f~butyl
carbamate (CCX) and isoeyanic a:1d (CCXI) sre being f .
and that the subsequent reaction between the t~butyl
carbamate and ismoecyanie acid would yleld the observed
product, }~butyl alleophanate (CCVII), '
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The reaction of alkyl carbamates with oyanic
acid 18 known to yleld a=lkyl a110phanates.163 It 18
also well accepted that elkyl §{scoyanates resct with

amines to yleld substituted ureas (1L48).

ENH, + R'NCO —> RNH+ CO*NHR' (148)

Alternatively, the aoction of the carbonium ions
(CCVIII) upon }-butyl cerbamate (CCX) ecould yield the
product (ccvii).

+
(CHy) 50°0,C*NH, + CO°NH, —> (cﬁs)3¢::.ozcg.m;[.(,o.m2 . B
(149)

A S

Since no t-butyl oasrbamate was isolated from
the reaction, 1t would appear that equation (1L46) took
place at a much greater rate than equation (143); this,
of course, indicates that the carbamoyl carbonium ion
(CCVIII) 18 not a very stable speeies, Further evidence
for the formation of isocyanioc acid was the presence

of a white, polymeric substance in the products, which
could not be dissolved in any orgenic solvent. It is

well known that eyanie scid is unstable above 0°
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and readily polymerizes. The t-butyl allophanste (GCVII)
decomposed at i1ts melting point to yleld large quantities
of ammonia and a white insoluble residue which is

agsumed to be eyanuric acid.

It is interesting to compare the result of this
reaction with a similar resction econducted by Berglund
and Lawesson83 where N,N-dimethylformemide (CXXVIII) was
treated with t~butyl perbenzoate in the presence of
cuprous salt to yield N-benzoyloxymethyl-N-methylformamide
(CXX1X)., It 18 significant that this eompound (CXXIX)
was also obtalned by Bamford and White'®¥ auring tne
uncatalysed-decomposition of benzoyl peroxide (XLIV) in
the presence of N,N=dimethylformamide (OXXVIII).

Obviously, t he C~H bond dissociation energy of
the N-methyl groups 1s considerably less than the bond
dissoclation energy of the formyl hydrogen-atom. It 1s
also apparent that the formyl hydrogen-atom will only be
abgtracted by t~butoxy radicels when there is no
competition from other C;H units,. It can be reasonably
concluded, therefore, that the formyl hydrogen-atom of
formamide and substituted formamides is less reactive
than the active hydrogen of aldehydes, This can be
attributed to the lower staebility of carbamoyl radicals
(CCVI) as compared with acyl radicals (CCI),
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Formate esters behave in a similer fashion to
formamide end substituted formamides. The abetraction
of the formyl-hydrogens by i~butoxy-radicels, competes
with the removel of (~hydrogens from the alcohol moiety
of the ester. Due to the low reactivity of the
A=hydrogens of the aleohol moiety of esters (previously
discussed) the formyl-hydrogen abstraction by i~dutoxy
radicals competes favourably when formate esters are

the substrates.

Thus Urry end Huyser165 treated methyl formate
(CCXII) with di~-i-butyl peroxide (LIV) in the presence
of ethylene and found that the formyl-hydrogen atom was
exclusively abstracted to yleld methyl carbonoyl radicals
(CCXIII) which then formed adducts with the olefin.
The results were more complex when ethyl formate (CCXIV)
wag used, however, There was evidence for the
production of both ethyl earbonoyl radicals (CCXV) and
j-formyloxyethyl radicals (COCXVI),

H.CO, *CH «CO, *OH, 11.002<3112-<Jﬁ3 .ma-c:mz-,cm3
(COX11) (COXII1) (cexiv) (coxv)
30002°0H0033

(ccxvr)
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- When t-butyl perdbenszoate was decomposed in the
presence of n-butyl formate (COXVII) and a trace of
euprous salt, the main product proved to be n-butyl-p~
butyrate (CCXVIII) together with an 8% yield of p-butyl
benzoate (CCXXIII).

H+00,+(CH,) CH, OHy*(GH,) ,*C0,*(CE

2) 3 »)3 *CHy

(COXVII) (COXVIII)

We had expected f-butyl-p=butyl oarbonate (CCXIX)

to be the main product, but it was net found.

(cH ) -OO-GO (GH )3 3

(coxIX)

It was thought that this carbonate ester (CCXIX)
could be formed from p-butyl formste (OCXVII) by abstrae-
tion of the formyl hydrogen atom to yield p-butyl
oarbonoyl radicsls (CCXX)., Oxidation of these redicals
(CCXX) was then envisaged to ylield the earbonium ion
(CCXXI), which could then combine with a benzeoate anion
to give the anhydride (COXXII). g~-Butyl-psbutyl
carbonate (CCXIX) eould then hsve resulted from the aotion
of i~-butenol upen this snhydride (CCXXII), The sceme
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can be represented as follows:

Ol »C0,00(CH,) 5 + Ou* —> OgHg .00~ + (OH,) 400+ + Cu?*

(38)

33

HeGO,(CH,) y*CH + (cn‘,‘)’oo-—a «00,+(CH, )3 5 +
(cexx)

(0113)30‘03 (150)

(ocxvix)

+
+ 0u?* —> 00,+(0H,) 5-0H, + Ou* (151)

0002' ( 332) 300H3

(ocxx1)

+ , a2 o
002-((3}12)3-033 + Osﬂs'GQz —> 66115 000-0000000(0%) 3-033

(00XX1I) (152)

CgHg °C0+0+00+0+(CH,) y+OHy + (CH,) (0-0H —>
(CH,) 400400, +(CH,) 5+CHy + CgHg +COH (153)
(ocxxx)

The reason for the production of n-butyl benzoate
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(CCXXIII) end p~butyl-n-butyrate (CCXVIII) is not elesrly
understood. It 18 apparent, from the results of this
experiment and others conducted in thise 1aboratory,13h
that the formyl-hydrogen atom of formaste esters is
reagonably active towards attack by t-butoxy-radicals

and that the alkyl carbonoyl radicals, formed by such an
attack, are very unstable and decompoee into more stable

components.

The results aleso suggest that the p=-butyl
carbonoyl radicals (COXX) are not being oxidized, but
are decomposing into p-butyl radieals (CCXXIV), es in
(154), and p~butoxy radicals (COXXV), as in (155), by the

loass of ocarbon diloxide snd carbon monoxide respectively.

cns-(cng)z-cnao + 0o, (154)
(coxxIv)
cnso(cnz)aocng-oac-
(coxX) cnj-(cnzygooaz-o- + CO (455)
(coxxv)

Although decarboxylation of these radicals (154)
has been observed by another worker,166 there sppesrs
to be no report of deoarbonylation (155) ococurring. The
B-butyl benzZoate undoubtedly results from the

combination of a benzoate lon with a p-butyl earbonium
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ion (OCXXVI), the latter being the oxidation product ef
the p-butyl radical (CCXXIV).:

- I ‘ . + +
OHy+(OH,),+CHye + Ou?* —> CHye(OH,),<CH,* + Ou*  (156)

(CCXXIV) (ocxxvr)

.CH

L ® + - -
cns (cma,)2 CH," + csﬂs g0, —> osng.ooz.cna.(cn 3

2)3

(0CXXIIY) (157)

The formation of the p-butyl-ps=butyrate can only
be accounted for by the presence of }butanol or p~butoxye
radicals in the reaction mixture, and, unless the
p-butanol rssulted from the hydrolysis of the starting
material during the reaction, these intermediates could
only be formed by deeardonylation (155) of the p-butyl
carbonoyl radicals (CCXX). The p-butylen-butyrate
could be formed, either from p-butoxy radicals as in
(157 and 158) or through the intermediate formation of
p~butanol as in (159-161),

CH,«0" + Cu?*

OHy.(CH 2

+
2)2-052-0- + Qu —> (;2113.(¢332)2

(157)
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+
°H3'(°Hz)2'°nz'° +cﬁso(cna)2-co —>

(coxxvit)
cn3-(cnz)2-cna-ezo-onz-ona-on3 (158)

(coxviir)
GHB.(OHR)E.OH?.O. + B8 —> GHS.(OHQ)Q.OHQ.OH + Re (159)

+ - |
cn,-(cna)a.co + Oglig+00,"—> cmso(cmg)2-c=o.o-oo-¢.36n5

(COXxXVII) (160)

OHBO(GH 430-0-00*061!5 + UHSO(GH'

o) p*CHyeOH —>

2)2

canso(czuﬁ,),6,-anz«ozaocma-cnz-cm3 + 0635 *00, 0

(coxvirn) (161)

(where RH 4g any hydrogen-dcnor molecule.)

With regard to the great abllity of alkoxyl

radicalsg to abstrast hydrogen satoms from substrate

167,168

molecules, the route involving n-butanol as an

intermediate (159-164) 18 more acceptable. The
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thtermediate acyl earbonium fon (CCXXVIY) could dbe
formed by two pathways in which either {-formyloxybutyl
radlocels (CCXXVIII), or p-butoxy radicsls (CCXXV), could
be the tranpient-radicels. The sceme could be

represented as follows:

-cn, + (033) 3000 — 3-00200110(0}12)2'0!13

(COXXVIII)
+ (cny)sofog (162)

H+00,, -CH,, +(CH

2 2)2

[ ] ..,. L] : @ i 2*
HeCO,, «CH~( (31{2)2 GKB + OGHB G0, + Cu S

2

H.CO, CH.(CH CHy + ou* (163)

2)2

020 Q 635

H-00,+CH+(CH,) 5*0H;__, CHy+(CH,) ,*CHO + HeG0-0+00-0¢Hg

2)2
%Ol (164)

onsf(cn *CHO + (_033)500- — 0H30(0§2)200 + (cns)jc-on

2)2

(165)
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. + ,
CHg+(CH,) 5400 + cu?t —> OHge(UH,) ,+CO (166)

2
(coxxviI)

cnso(cnz)g-cng-o- + (cnj)joo--——> Gns'(cnﬁ)a‘cﬂ° +

(cns)jo-ox (167)

followed by equations (4165) and (166).

It is also possible to predict the formation of

this acyl carbonium fon by the following sceme:

(Gﬂs)jceoa (168)
CHy: (GH,) ,+0H-OH + G¢Hy+00," + cu2t —
OHy+(CH,) ,-CH.OH + ou* (169)

030 C 6H5

GHB-(Uﬂz)goﬁﬁiOH — OHB-(OHQ)Q-OHO + 068500023
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followed by equations (465) and (166).

This latter route is not favoured, however, for

1t requires copious amounts of p-butanol.

It 1s probable that considerably more
deecarboxylation (154) occurred than the results indicate,
end thet the resultant pe~butyl redicals (CCXXIV) were
ox1dized to but-i-ene by the follewing mechaniems

OHy+(CH,) ,+OH,e + CuZ*—> OH;o(CH,) ,«CH," + Cu* (156)
OHB-(OHZ)Z-O}IZ" —> CHy<OH,CHiCH, + o (171)

De La Mare et gza have found that the oxlidation
of primary-alkyl redicels with cupric sulphate often
leads to olefinic produects. Although no attempt was
made to isolate olefinio products from the g-butyl
formate resction, & related reasction performed in these
laboratoriea“y“ between g-pentyl formate (CCXXIX),
{~butyl perbenzoate and cuprous ions yielded large
guantities of pent-i-ene (LXIV) and pent~-2-ene (CCXXX),

the former isomer being the predominant product.
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H.00,+0HMe+(CH,) ,-CHy  GH,<CH, CH:OH-OH,

(ocxx1IX) (ooxXxx)

2 There was no evidence for the deocarbonylation
of the intermediate radical (OCXXXI) ocourring, as in
(155). FHowever, decarboxylation (154) of this radical
(CCXXXI) would probedly be more favoured than that for
the p-butyl carbonoyl radical (OCXX), since the
resultant s-pentyl radicel (CCXXXII) would be more stable
than the p-butyl radical (OCXXIV), it being a secondary,
and not a primery radicesl,

-002-«'.:13119-(,cm“,e)aotm3 .cmu.(cﬂz)z.an
(CCxXxX1) (CoxXxXXI1I)

Also obtained from this reaction was g-pentyl
benzoate (COXXXIII) in low yield, presumsbly resulting
from the combination of benzoate ions and g-pentyl
earbenium fons (CCXXXIV),

+ 9

(OOXXXITI) | (coxXxxIV)
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Another formate ester reaction performed in
these laboratarien13k gave similar results. When
t-butyl formate (CCXXXV) was treated with t-butyl
perbenszoate and copper ions, there wae considerable
olefin-formation with the production of isobutylene
(CCXXXVI).

H000200'(GH Gﬂgzc°(cﬂ 002'0'(GH3

33 32 )3

( coxXxXXYV) (CCXXXVI) (CCXXXVII)

Again, there wag no indication of decarbonyla-
tion me in (155), decarboxylation of the intermediate-
radical (CCXXXVII) hed been the main route of
decomposition. An interesting product, isolated in
small yield, proved to be di~t-butyl ecarbonate (CCIXXVIII),
This wae probably formed by t he route suggested for
the formation of t-butyl-pg~butyl carbonete (COXIX) from
p-butyl formate (CCXVII) (450-153) which, needless to
say, was not found.

(CH,) ,00+00,°0(CH,)
( COXXXVIII)

These formate-ester reactions, the resction of

formamide, and the earlier reactions with benzeldehyde
end ethyl benzoate, all demonstrate the importance of
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the stability of transient-species in these oxidation-
reactions. The results indieate that only stable-
radicals will be readily oxidized, and then only those

in which the unpalred-electron is not too delocselized

by resonance, If the substrate-radical, which would
pesult from hydrogen-asbstraction by jybutoxybradlcals,
was not stable, it would either be formed in very small
quantities (as in the ethyl benzoate-resction) or

repidly decompose into more stable radicale (as was shown
in the formate ester reactions). It is olear, therefore,
that substrates would not be greatly oxidized if the
initial radicals were unstable.

The stability of the carbonium ion, resulting
from the oxidation of the substrate-radical, has 8l so
been shown to be important in determining the ease by
which & substrate-molecule will be oxidiged, Oxidation
would proceed more readily if the resultent-carbonium
{on was more stable than the substrate-radicel and,
econversely, oxidation would be hindered if the
carboniume-ion was less stable than the radical. As in
the oase of unstable radicals, unstable earbonium iong
would rapidly decompose to attain stability. This was

shown in the formamide reaction.
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4. GCatelysed Hydroperoxide Reactions

The acyloxylation of asctive-gubstrates,
ineluding olefins, by cuprcus~catalysed perester-reactions
have proved, in many cases, to have exoellent synthetio
application. The reaction oconditions are mild, the
reactants are inexpensive, the yleld of products are
often very good and the by-producte are often gaseous
or very volatile, yhich asimplifies the 1solation of
produots. The one big draw-back of these perester-
reasctions 18 the limitation on the nature of the acyloxy
group. $-Butyl perbenzoate (X) and i-butyl peracetate
(XI) are the only i~butyl peresters which are readily
availsble ocommereislly, and this, of course, limite the
geope of thess reasctions to the formation of benzoyloxy-

and scetoxy~derivatives.

This 1limitstion can be overeome, however, by

one of two methods.

(1) The decomposition of di-t-butyl peroxide
(LIV) in the presence of a trace of copper salt, the
gubstrate requiring to be acyloxylated and the free-
acid containing the required anion. By this method
the substrate-radical could be o;idized to a carbonium

ion by cupric ions, and the interaction of this ocation
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with the anion of the acid would give the required ester,
Obviously the nature of this ester could be dictated by
the identity of the acid added. This type of rezction
has not been seriouliy gtudied, and 1ittle is known about
the reaction between the peroxide (LIV) and cuprous ions.
From the results of Kharasch and Fono71 and also the
regults of eome experiments described in this thesis,

it appears very likely that the role of cuprous ions is
to reduce the peroxide as in (132). Although this
reduction=step appears never to have been coneidered

before, it does explain why:

(1) The decomposition of the di-i-butyl peroxide

is greatly saccelerated in the presence of copper lons.

(41) Our observation of sbnormally large

quantities of t-butanol from these reactions.

(111) The Kharasch and Pono'' observation that the
reaction between di-t~butyl peroxide and benzaldehyde
in the presence of a trace of cuprous chloride gives &
quantitative yield of }-butyl benzoate (CXV)., We suggest
this product possibly results from the combination of a
s-butoxide fon with an acyl carbonium ion (172) or, more
lixely, the attack of t-butanol upon the acyl carbonium
ion (173). The acyl-carbonium ion would be formed

from benzeldehyde as shown in (85) and (135).
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N +

(OH,) 5°C0” + CgH °CO —> (OHy),C-0,0:C¢Hy (172)
+

(033)30-05 + CgHg *CO — (0113)30-020-(:6115 + (173)

(4v) The ouprous salt sppears to act as & true-
catalyst end, therefore, is not required in large amounts.
This can only be explained if a reduction-reaction is
ocourring coneurrent with the oxidation of the substrate-

radical.

The uge of olefins as asubstrates in these
reactions was shown by us to give a mixture of isomerio
products. Although the igomer with the terminsal-
double bond predominated, the reaction was less
stereospecific than the ocorresponding perester reaction.
This resotion between ooct-{~ene, di-t-butyl peroxide,

benzolic scid and cuprous ions hag already been discussed.

(2) The decomposition of t-butyl hydroperoxide
(LI) in the presence of e mixed-catalyst containing ferrous
and cupric ions, the substrate requiring to be acyloxy-
lated and a free-acid oontaining the required anion.
The use of the ferrous ions to promote 0=0 fission of the
hydroperoxide, the role of the cupric lons to oxidize the

subgtrate-radical, and the subseguent conversion of the



two metal catalysts back to thelr original valency-states

has been discussed at length in a preceding section,

Although the above two methods can both yield
unlimited numbers of esters, the second type of reaction,
viz. hydroperoxide reactions 1s preferred to the first
type, viz. di-t-butyl peroxide reactions, due to the
ocongiderably milder resction~conditions and shorter
reaction-time, Thus the ferrous ion-gatalysed
decomposition of i-butyl hydroperoxide (LI) occurs
smoothly at 70°, whereas a temperature in excess of 100o
would be required for the di-t-butyl peroxide reaction.
The hydroperoxide reactions have been extensively studied

in this work,

It appears very likely that catalysed-hydro-
peroxide reactions with olefins, unlike the corresponding
perester reactions, ere not very stereospesifie. During
the cupric~ferrous ion-catalysed decomposition of t-butyl
hydroperoxide (LI) in the presence of oct-i-ene end
scetic acid, a mixture of isomerie acetoxyoctenes (cLx1
and CCXXXIX) was obtalned. As in the perester
reactions, the isomer with the terminal-<double bond wss
the prineipal product, but its predominance over the

non-terminal double bonded isomer had bheen greatly reduced,
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CHy+(CH,),, *CHOAG+CH: CH, CHge (CH,) ), CH:CH: GH, +OAo

(cLx1) | (CoXXXIX)

When Walling et _QU? decomposed t~butyl hydro-

peroxide with cuprous chloride in the présence of

P-metl’wlstyrene (XXVIfI) and acetic aci‘d,- they obtained
almost equal quantitileé of the two isomeric acetoxy
producté (CCXL and CCXLI). This is in direct contrast
to their and our results when this reasction was performed
with i-bdbutyl peresters; the isomer with the terminal-
double bond was then the main product. These two
workera1 37 gl@o obtained equal quantities of isomeric
products when allylbenzene (XVIII) was the substrate,
This sgain 1s in direct econtrast with the results from

perester reactions.

c GHS *CHOAc °CH:CH2 CGHS «CH:CHe. 0H20Ae

(ccxm) (ocxL1)

The results of Kharasch gt al'> have shown,
however, that oct-1-ene and }-butyl hydroperoxide react,
in the presence of cuprous chloride, with benzolc aeid

to yield specifieally 3-bensoyloxyoct-i~ene (XIII) and no
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i gomeric 1-benzoyloxyoct-2-ene (XV). This result is
based upon infrared deta only, and 1t must therefore be

treated with caution,

It 1s not clearly underetood why these hydro-
peroxide reactions are less speeific than their perester
counterparts. When we apply o ur working hypothesis for
the sterecspeeific acyloxylation of olefins (previously
d4 scussed), the situation is, sdmittedly, elightly
different then in the corresponding perester reactions.
In the case of peresters, the initial step was the
reduction of the pefester by e ouprous~olefin 77 -complex
to yleld a cupric carboxylate-allylic radieal 77 -complex
(CLXXV and CLXXVI); the corresponding reduction of a
hyd roperoxide would elso yield a ecuprie-sllylic radical
T -complex, but there would be a reasonable chance that
the anlon associated with this cupric complex would not
be s carboxylate anion bhut, in fact, a hydroxide anion
(derived from the hydroperoxide as in (97)).

Admittedly, within 2 very short time, this
hydroxide ion could be replaced by a carboxylate anion,
the situation then being the same as for the perester
reactions, In our experiment with oct-1-ene, however,

the acetic acid was apprecliably diluted in the starting
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materisl, and was certainly not present in exeess. In
such a situation 1t 1s posesible that certain cuprie~allyl
radical Jj7-complexes could fall to meke contact with a
carboxylate group before oxidation took place at the
allylic position. Such an oxidation in the absence of

a carboxylate group eould not proceed by a ligand-transfer
mechanism. The chances of an electron-transfer
oxldation occurring would thus be enhsnced and the
resultant free-carbonium ion could lead to a mixture of

1 someric products,

It 18 probable that, once the allylic radicale
cupris complex (CLXXV and CLXXVI) was formed, there would
be great driving-force for oxidation to proceed, since
the cuprie-ocomplex oould be converted to the more steble
cuprous=-complex, Therefore, the electron-transfer
oxidation would occur very rapidly unless a carboxylate-
group was readily available for a ligand-transfer
mechanism to operate. The less-zpecific acyloxylation,
in these hydroperoxide reactions, could thus be
attributed to the dilution of the earboxylate anions
in the starting material; a ligand-transfer acyloxyla-
tion being favoured by an excess of the carboxylic acid.
The experimental results have shown t hat the double bonad
is still partially retzined in the terminal-position of
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the olefinic products, indicating thst the conventional
ligand-transfer mechanism is still operating to a

considerable extent.

In the preceding discussion there has been 1little
mention of the role of ferrous ions in these resotions.
However, this was adequately dealt with in a preceding
seotion of this thesis. It wae shoﬁn that ferrous lons
were required to reduce the hydroperoxide (96) to yleld
alkoxy-radicals and hydroxide ions. The cupric ions
were only required to oxidize the substrate-radicals to
cations as in (93), or to acyloxy derivatives by a |
ligand~transfer mechanism, as in (42). It was slso
shown that the two metalllec salte eould be returned teo
their originsl valency-states by a matual oxidation-
reduction sequence (141). In the absence of ferroue ions
it was congidered likely thst cuprio ions would attack
the hydroperoxide sbnormally (98) to yield slkylperoxy
radicsls (CXLIX)., This is essentially an oxidatlion~

reaction where the cupric ion 18 reduced to ¢ uprous.

Thie abneormal fission of the hydroperoxide is
certainly undesirable, for it would cause a deficlency
of oupric ions whieh are necessary for the oxidation of

the substrate-radical. The presence of ferrous ions
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was therefore considered eassential to preserve the cuoric
fons and to promote conventional 0-0 f1ssion of the

hydroperoxide,

It now appears likely, however, that, under
certain circumstances, ferrous ions are not required.
It 18 possible that, if the energy r equired to oxidize a
transient-radical by a cupriec ion 1s much lower thsan
that required to oxidize the hydroperoxide and s0 cause

abrormal fission (98), then ferrous ions are not reguired.

Substrates which form readily oxidiszsble~radicals
could therefore be oxidized in these hydroperoxide
reactlions without the presence of ferrous lons, The
eupric ion would preferentially oxidize the substrate
radical than the hydroperoxide in such eircumstsneces,

The suprous ions, resulting from this oxidation, could
then reduce the hydroperoxide in the oconventional manner
as 1in (97), 2 process which was originally reserved for
the ferrous ions. In this way the ocupric ions ocould be

regenerated,

Substrates which ocould be oxidized in this way
would include olefins, aldehydes and ethers, all of
which have shown, repeatedly, thelr susceptibillity to

oxidation during catalysed-perester reactions. Thie
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was Gleerly demonstrated when Kharaseh and lél‘omzf'30
decomposed t-butyl hydroperoxide ln the presence of
oyelohexene and bengzoic aold, using cuprous chloride as
the only catalyst. They obtalned eyclohexenyl benzoate
(XII) in over 90% yileld. Likewise, when phthslimide
(CLVIII) was used as an acid instead of benzoic aecld,
N-cyclohexenyl phthalimide (CLIX) was obtained. The
reactlion using oct-1«ene and benzolc acid was reported
by these workera130 to give 3-benzoyloxyoct-l-ene (XITI)
in a yield corparaeble to that from the relsted perester

reactions; again no ferrous lons were present.

In 2ll the hydroperoxide reactions carried out
in this laboratory, it is unlikely that the ferrous esalt,
in this case ferrocene, was required, since most of the
substrates were olefins and, therefore, very prone to
oxidation. Indeed, it 1s doubtful that the ferrocsene
even took part in the reaction, for in every case it was

recovered unchanged,

When De La Mare 53,5128 decomposed sertain cyclie
hydroperoxides with ferrous lons, they found that the
resultant primary alkyl-radicals could easily be oxidized
by cupric sulphate. Our experience has &l so shown that

alkyl-radicals are very prone to oxidation by cuprie



174,

salts, as was shown in the seversl reactions involving
formate esters, previously discussed., In view of this,
and the preceding discussion, it is unlikely that the
ferrous ostzlyst was needed in t hese reactions of De La
Msre et al. Unfortunately they did not attempt any

resctions using solely a copper-salt as the catalyst.

The situation 1s entirely reversed when the
trangient-radicale are not so prone to oxidetlon by
cupric lons. If the ferrous ions were not used in these
reactions, » considersble quantity of cupric ions would
be reduced to cuprous lons during the sbnormel oleavage of
the hyéroperoxide (98), and the substrate-radicals would
be left without an oxidizing agent.

This was observed when Kharasoh and Fono13°

decomposed t-butyl hydroperoxide in the presence of

cumene (CXXXIII) and benzoie acid, using only cuprous
chloride as the catalyst. In a1l attempts, these

workers obtained mainly o ~cumyl-t-butyl peroxide (cL11I).
The expected product from the oxidation of A-cumyl
radicela (CXLI) was o -oumyl benzoaste (OXLIV). This
product was obtained in 4O% yield during the ocorresponding
reasgtion of cumene (CXIXXIII) with t-butyl perbenzoate and
euprous 1ons.71 This expected product (CXLIV), from

the hydroperoxide reaction, was only obtained in very
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poor yield, however,

It was mentioned in an earlier section of this
thesis that radieals, such as cumyl radicals (CXLI), where
the unpaired-electron was very delocalized, are not very
prone to oxidation. The results of the above experiment
between auméne, $~-butyl hydroperoxide and eopper ilons, surely
indicate, therefore, that the unreaeted hydroperoxide
molecules are competing very successfully for cupric ione at
the expense of the «~oumyl radicz;lls (CXLI). This was
further emphasi zed when these workeru139 added extra copper-
salt to the reaction mixture. They found that the yield
of «-cumyl benzoate (CXLIV) decreased while that of the
A=gumyle}-butyl peroxide (CLIII) increased. This product
eould only have resulted by the following sceme:

(CH) {00+0 + Gu* —> (CH,) 0+ + OH" 4 cu®* (174)
Cgllg «Cile, + (OH,) ;00 —> Cgllg*OMe, + (CHy) -0 (175)
(CH,) ,00°0H + cult —> (CHy) ,00%0¢ + H* 4 cu?*  (176)

CgHg Mey+ (CHy) 00-00 —> Oghg +Ole,+0+0C(CH) (177)

(cLIII)
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The previously discussed reacticns of Walling
and Zaviteas o/ involving p-methylstyrene (XXVITI) and
allylbenzene (XVIII) with £-butyl hydroperoxide, acetic
acid and ouprous chloride was asccomplished without the
use of ferrous salt, The yleld of acetoxy products
was poor, however, and these workers aleo mentioned the
formation of many unidentified products. It was
suggested, in an earlier seotion, that the allylioe-
radicels derived from A-methylstyrene (XXVIII) and
allylbenzene (XVIII) by hydrogen abstraction would not be
prone to extensive oxidation. It meems likely,
therefore, that these reactions conducted by Walling
ot 81'37 could have given improved ylelde of products
if a catalytic amount of ferrous ion had been added to

the reaction mixture.

The obgervation that ferrocene is posalbly an
unsuccessful catslyet in the reactions conducted in
this lsboratory, suggests that all the hydroperoxide
reactions attempted by us were catalysed purely by
copper ions. For reasons Jjust explained, this 4id not
affect the course of the olefin reactions, However
the absence of ferrous ions undoubtedly influenced the
reasction between diethyl malonate (CXXIV) and benzole
scld, for the radical derived from diethyl malonate
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(CCXLII) by hydrogen-abstraction, 18 very unresponsive to
oxidation by cupric lons. This, therefore, agrees with
the resulte of this reaction where no diethyl O-benzoyl
tartronate (CXXV; Racsns-coa) was found. The reaction
yielded a complex-mixture of coloured oills, most of whiech
were too high boiling to be distilled even under very high

vagcuum,
-ca-(coznt)

(coxL1iI)

(») SYNTHETIC STUDIES

The use of the catslysed-perester reactions and
also the catalysed-hydroperoxide reactions as a synthetlie
tool 1a extensive. It 18 obvious that the hydroperoxide-
reactions are more important than the perester-reactions
in this respect, for the acyloxylation of subatrates is
not 1imited to acetate and benzoate groups only, but ean
be extended to any scyloxy group depending upon the
oarboxylic acid used.

The experiments conducted in this laboratory
have clearly demonstrated the versatility of these
hydroperoxide-reactions. When t-butyl hydroperoxide

wae decomposed in the presence of e¢yclohexene, benzoio
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geid snd catalyst, & good yleld of 2-cyclohexenwi=-yl
benzoate (XII) was obtained. This yield of produot was

well less than that obtained by Kharasch and Pono.' 0

A repeat of the above experiment using 1-nephthoic
aeid (CCXLIII), instead of benzoic acid, gave a very good
yield of oyclohex-2-en-i-yl 41-naphthoate (COXLIV). Thies
egter decomposed appreciably at its boiling point,
164°/0.35 m.m.

CO,H 0=(0

(COXLIII) (ccxLIV)

These reactions were not confined to simple
gsubstrates snd simple acids. When t-butyl hydroperoxide
wag decomposed in the presence of diisobutylene (CCXLV),
decanole acid (CCXLVI), and a2 catalyst, the ester
products from this reaction comprised mainly of 2,2,4=
trimet hylpent-4=-ene-2-yl decanocate (CCXLVII),
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[(0H,),-C10m-0H(CH,) 5 OHprOMe-OHp+C+(CHy) ]
(ccxLv)
CHy+(CH,)q 00,1 OH,1OMe+CH+C+(CHy) 5
(coxLvr) (coxeviz)

Even though the anslysis of this product (CCXLVII)
was correct, there must be some doubt as to its purity,
because it could only be partially hydrogenated, indicating
that it may, in faot, be a mixture of 1somers, Further,
when the "hydrogenated” ester was hydrolysed and the
resultant aleohols were oxidiged there was obtained 2, o Ly
trimethylpentanoic aeid (OCXLVIII) and 2,2,4-trimethylpentan-
3-one (OGXLIX)Q Therefore, 1t appears that the product
(COXLVII) of the reaction contained emall amounts of
2,2,4=trimethylpent-2-ene-1=yl deesnoate (CCL). This is
understandable in view of the previous observations that
these hydroperoxide reastions are less etereospecific
then the corresponding perester-~resctions. It must be
remembered, too, that the starting meterisl, diisobutylene
(CCXLV), is essentislly a mixture of 2,2,4-trimethylpent-
3-ene and 2,2,4-trimethylpent-l-ene as shown in (OCXLV).
Indeed G.L.C. mnalysis showed the presence of small
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quantity of a third isomer,

(CH3)3oC-CH2-CHMe-coag (cH .O-CO.CH0(0H3)2

3)3

(CCXLVIII) ( COXLIX)

CH3.(052)8-cozocﬂé-cue:CH-c(CHJ)3

(coL)

This 434 scbutylene reaction gave a mixture of
{ someric decanoates, but, neverthelees, it does demonstrate
the remarkable scope and aynthetic utility of these
hydroperoxide reactions. Indeed, it seems likely that
any carboxylic acid ecould be used successfully in these
reactions as long as the substrate-molecule, requiring
to be oxidized, had & hydrogen-atom which was prone to
sbastraction, and that the resultant free-radical had san
unpeired-electron which was available for removal by an

oxidizing agent,

There appears to be no reason why the aclds
used in these reactions osnnot be extended to include
dicarboxylic acids, sulphonic acids or even compounds with
acidic hydrogen atoms such as imides or phenols, However,

an attempt in this laboratory tc prepare cyclohex=-2-en=1-yl
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phenyl ether (CCLI) from oyclohexense and phenol, by this
method, falled. Only pelymeric masterial was obtalned.

(ccLr)

Although these hydroperoxide rezetions can be
very successfully spplied to the aeyloxylation of various
substrates in one eingle step, it does appear that their
usefulness 1s limited in the aseyloxyletion of olefins.
Unlike the perester-olefin reactions, these hydroperoxide-
reactions give a mixture of isomerie products whiech, for
most synthetiec purposes, is undesiraﬁle. In the olefin
acyloxylations, therefore, the reactions of the peresters
would be of more synthetic importance, and it has been
ghown on many occesions that very good yields of
I~acyloxyalk-1-enes ¢=n be obtained 1§ a one~ptep synthesis
direct from the parent-alkene. I+t 18 unfortunate that
the acyloxy groups are limited to acetate and benzoate
groupa only.

As was shown earlier, the seyloxylation of

cholestenes and thelr derivatives can be very successfully
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aceomplished with peresters and copper salts. Thus, when
i-butyl perbenzoate was eatalytically decomposed in the
presence of cholesteryl benzoate (GLXII), a 4O% yleld
oholest—5-en-3/3,7/3 -dibenzoate (OLXVI) and 1ts 7« —epimer
(CLXVII) was obtained. During ohromatography of these
products, the 7-position was hydrolysed to give the 7-
hydroxy derivatives (CLXIII and CLXIV). T he success of
these oatalysed perester-olefin reactions in the steroid
f1eld ocould be of significent velue to synthetie problems.
As was shown in the case of 3~benzoyloxycholest-2-ene
(CLXXVIII) and 3-ethoxycholest-2-ene (OLXXXI), however,
the double bond does migrate within the steroid nucleus
under oertain circumstances. The production of equal
quantities of the 7/3 end 7o derivatives, in the
eholesteryl benzoate reaction, is unique, and can only

be explained if the cuprous ion complex with the
T-electrons of the double bond took plase above aend

below the plane of the ring in equal amounts.

We attempted to repeat the above experiment of
cholesteryl benzoate with t-butyl hydroperoxide, benzolc
gaeld and s catalyst, in the hope that the less st ereospeci~
fic nature of olefin reactions with i-butyl hydroperoxide
was not extended into the sterold field. It sppesars,
however, that the reactions with steroids are elmo less

specific. The only product identified from this



reaction proved to be 7-ketocholesteryl benzoate (CCLII)
in poor yleld, This product probably resulted from the
deoomposition of 7,7-d1benzoyloxycholesteryl benzostse
(CCLIIT); 4t 1s not unexpected that an allylie-position
could be disubstituted in these reactions. All the
other products of this reaction were coloured oils, hut
were, nevertheless, benzoate esters, as shown by infrared
absorption, Repeated chrometography failed to purlfy
these compounds. It is not inconceivable that a mixture
of 6 o, 6/3 y Ty 7/3 benzoyloxy derivatives had been
formed, due to the 1somerization of the double bond,
Clear cut separation of these products by chromatography

would be very difficult.

During the study of the synthetic applications
of these copper-ion catalysed peroxy reactions, an attempt
was mede to prepare phthalide (CCLIV) from t~butyl per-g-
toluate (CCLV) by intramolecular-acyloxylation, When
4-butyl per-g-toluate was decomposed at 80°% in benzene
using cuprous chloride as a catalyst, no phthalide was
obtained. The two products isolated were methyl
g~toluate (CCLVI) in 29% yleld, and the dimethyl ester of
1,2«31~(2~carboxyphenyl)=-ethane (CCLVII) in 3% yield.
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Apparently the former product (CCLVI) had
resulted from the combination of methyl-radicals (formed
by the decomposition of t-butoxy-radicals as in (36))
with 2-methylbenzoyloxy-redicals (CCLVIII) (from the
decomposition of the perester (CCLV)). The abstraction
of a benzylic-hydrogen stom from the methyl-g-toluate by
a t-butoxy-radiesl would give the radlesl (COLIX), the
dimerization of which would yield the other product of
this reaction (COLVII),

CH3 CHy
co- COCH3
O

(CCLVIII) (OCLIX)

It seemed obvious that the temperature of this
reaction had been too high, and thus many of the t-butoxy
radiecals had decomposed into acetone and methyl radiocels
(36)e This reaction was therefore repested at a much
lower tempersture and, as expected, the products (CCLVI
and COLVII) were not obtsined. Inetead, a smell yield
of the desired product, phthalide (CCLIV), was isolated,
indicating that a limited amount of intramolecular

ecyloxylation had oceurred.,
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The poor yield of this product (CCLIV) is not
unexpected, however, in view of our earlier observations
that benzylic-type radicels ere not readily oxidized under
these reaction conditions, There also appears to be no
gynthetic use for this type of reaction since the

preperation of the starting perester is a lengthy process,

It 1s well known ©9=173 that cupric helides
readily halogenate substrate-molecules, The thermal
decomposition of cuprie bromide has bgen_shown17h to yield

cuprous bromide and bromine atoms

CuBr, —> CuBr + Bre (178)

I+ was therefore considered possible that the
decomposition of ocupric bromide in the presence of olefins
could yleld allylic bromides, Thig did not materialize,
however, When s mixture of eyclchexene and anhydrous
cupric bromide wae heated at 80°yfor 3 hours, the
only product isolated was 1,2-dibromocyclohexane (ccLx).

Hydrogen bromids wes evolved during the reaction,

Br
Br

(ccLx)
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When this reaction was repeated using oct-2-ene
(CLXXIV) as an olefin, three products were identified.
They were shown to be octan-2-one (COLXI ), 2~-bromo-octane
(OCLX1II) and 2,3-dibromo~octene (COLXIII). No
unsaturated products were found and, agein, hydrogen
bromide was evolved. The bromo-products could be formed
by the addition of bromine-radicals and also hydrogen
bromide to the double bond. The octan~2-one must have
been formed during work-up by the autoxidation of a

reacetion product,

cx3-(cnz)h-un2-co-cn3 cﬁjo(cna)h-cﬁzoomr-on5
(CcCLXY) (ccrX1I)
cﬁs-(cnz)h-onnr-cnnr-cx3
(GOLXIII)

An interesting by-produgt from the reaction between
oyelohexene, 1so-octazne, i-butyl perbenzoate and ouprous
fons hage proved fo be oig~cyclohex-2-en-1,4~diol
divenzoate (OCLXIV). Although obtained in emall
quantities, the yleld of this compound could have been
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{mproved if 1 mole equivalent of perester had been used.
Whereas the synthesis ef this product was sceomplished im
ono-step from the perent olefin, its synthesis by sny
other method would indeed be difficult and involve soveral

YT

(coLXIV)

.“'P“t. |
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EXPERIMENTAL

(a) GENERAL

Anelyses were performed by the Australian
Mieroanalytical Service, Melbourne. Infrared absorption
gpectra were determined with a Perkin-Elmer Infrecord,
model 137. Ultraviolet absorption spectra were
determined with an Optice CFL spectrophotometer. Vapour-
phase chromatography was earried out ueing a Griffin and
George vapour<-phase chromatographie apparatus; the
columns used were dependent upon the type of compound
being separated. Columns, packed with "Celite" (40-80
mesh B.8.8.) bearing & stationary phase of "Apiezon L"
or "8ilicone 30" (1:4 w/w) were the most used,

Paper chromatography of mono=carhoxylio acids
was cerried out on Whatman No. 1 peper by descending
chromatogrephy using the aystem 1.5F ammonia-butanol (4:1)
as described by Reid and Lederer.175 Bromocresol purple
wasg uged for the detection of the sgpots. Unless stated
to the contrary, the identity of the scid-produects from
all the fortheoming reactions and hydrolyses were confirmed
by eomparison with suthentie specimens, ueing paper-

ehromatography.
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Two types of elumina were usged for adsorption
chromatography. [Type As Spence-alumina (type U.G.1)
was washed in dilute hydirochloric acid and then
thoroughly with dietilled water. It was then dried at
180° for 24 hours and, if neceseary, deactivated with
distilled water (up to 8% w/w). Tyre B: B.D,H,
ohromatographic-alumina was continuously stirred in pure
ethyl scetate for four days and then thoroughly washed
with copious amounts of hot distilled-water. It was then
dried at 110° for 48 hours end, 1f necessary, deactivated
with distilled water (2% w/w).

All melting points were determined in capillaries
and are uncorrected. Wherever possible, the identity of
all crystalline reaction products was confirmed by the
melting points and mixed melting points with authentic

specimenas.

Unless otherwise stated, the identity of all
reaction products was eonfirmed by comparing the infrared

absorption spectra with those of authentic compounds.

W-7 Raney nickel was prepared by the method
deseribed by Billica and Adkins.176 The ocatalyst was

astored under shbsoclute ethanol at 5°.
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Hydrogenations which were conducted above 1
atmosphere, were garried out in the Parr Hydrogenation
Apparstus, model B-30; and also the Baskerville and

Lindsay Hydrogenation Apparatus.

(b) PREPARATION OF STARTING MATERIALS

Prior to use, all starting materiale, whether
synthesi sed or available commercially, were either
dietilled or fraetionated to constant boiling-point or
recrystallized to constant melting-point. The following
eompounds, which were used as starting materials, were

avallable commercially.

mm, bopc 11000
Di-t=-butyl peroxide, not purified.

Benzoyl peroxide, m.p. 106° (decomp.), purified by the
method of Vogel.177

Oct~1-ene, b.p. 122°, n32 1.4076 (Lit.,'’
n20 1.4088).

jcButyl perbensoste, b.p. 87°/0.85 mm., n”*> 1.498Y

8 p.p. 121.3°,

(L1t.,52 y,p. 75-77°/2 mn., nnzo 1.5007).

Cyclohexene, b.p. 830.
Cyeclohexene, b.p. 81°.
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a“g .Q-Tr;mgglmlgentane, bopo 99-1000 (M&o '179 bopo 99.30)
Cyelohexanone, b.p. 15h°.
] A ») 22 180 .0
Ogt-2-ene, b.p. 124, np“ 1.4128 (Lit., bep. 125,
n20 1.4146).,
Diethyl melonate, be.p. 9%4°/18 mm., n;)a 1.4444 (Lii.,
b-p. 880/13 m.).

181

}-Butyl hydroperoxide, not purified but dried over ugsou.
ge!lzgdeluge’ bopo 67.680/15 mm,
Formsmide, b.p.112°/18 mm., n3? 1.4473 (Lit.,
1060/11 m-)o
o 183 )
p-Butyl formate, b.p. 106-107" (Lit., - b.p. 106.5").

Diigobutylene, b.p. 102-1030.
p-Decanoic scid, m,p. 30-31°, Ry 0.82.

182 bopo 105-

Phenol, b.p. 85%/22 mm.
Ferrocene, M.ps 174.5-172.5 (L;&,.1au m.p. 172.5-173°).

The following compounds were prepsred as required:

Cuprous chloride weas prepared by bubbling sulphur
dioxide into an aqueous solution of equi-moler guantities
of cupric sulphate and sodium chloride. The resultant
precipitate of white cuprous chloride was filtered by
suction and quickly washed with dilute sulphurous acid,
The cuprous sglt was washed further with glacial acetic
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acld, ethanol and finslly ecther. It was then dried at

809 for + hour and stored in a desiccator under vacuum,

Cupric bromide was prepared according to Watt
31‘5l185 using cupric acetate and an excess of acetyl

bromide. The cupric bromide was obtained as a8 black
amorphous powder, and was stored under vacuum in a

deniccator,

Cupric benzoate waes prepared by the method of

Ephraim and Pfister186 from cupric sulphate and sodium
benzoate in aqueous-solution. When anhydrous cuprie
benzoate was required, the hydrated ecompound was suspended
in an excess of pure toluene and the toluene-water
azeotrope was slowly distilled. The mixture was stirred

ocontinuously throughout.

3-Phenylprop~i-ene was prepared from phenyl=-
magnesium bromide and aillyl bromide in 75% yield by the

187 Immediately before use it was

method of Hershberg.
fraotionated through a 20 cm. column packed with glass
helices, b.p. 156=157%, n2% 1.5102 (Lat.,'® vup. 156-157°),
vmax.(f11m) 1689 em.,~1, 870 em.~1 A previous attempt

to prepare allylbenzene by a Friedel Crafts reaction
between benzene, allyl alecohol and eluminium ehloride

was unsuccessful. An unidentified liquid (b.p. 130~
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140°/0.85 mm.) was obtained. Infrared exsmination showed
it to contain no olefinie double bond and a sodium fueion

test indicated the presence of chlorine.

Cholest-5-en-3~y]l henzoate. Cholesterocl
(13.0 g., 0.03 mole) was dissolved in pyridine (13 ml.)
end bengoyl chloride (7.8 g., 0.05 mole) was added dropwise
with shaking, After the addition, the mixture was warmed
at 80° for % hr. end then water was added dropwise to
destroy the unreacted benzoyl chloride, The mixture was
then edded to a large excess of water and filtered.,
Cholesteryl benzoate (13,3 g., 80%) crystallized from
ethanol-benzene (1:1 V/V) in plates, m.p. 146~-148° (l;g.,189
m.p. 146.6°), v mex. (Nujol) 1715 em.”, 1275 an.”?,
1145 em.”?, ana 720 em.”').

i=Phenylpropan-1-o0l. Ethylmagnesium bromide

was prepared from dry magnesium turnings (17.5 g.,

0.72 mole) and ethyl bromide (75 g., 0.70 mole) in
anhydrous ether (240 ml.) by the conventionel method.
Benzaldehyde (100 g., 0.94 mole), which had been washed

in 20% aqueous sodium carbonate, dried and distilled under
nitrogen; and anhydrous ether (100 ml.) wes then added
dropwise to the etheriasl solution of the Grignard reagent
so ag to promote gentle refluxing. The flask was cooled
in 1ce during this addition, After the addition, the
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mixture was heated on a water-bath for 1 hour. The
reaction mixture was then poured, with repid stirring,
into a 1-litre beaker containing crushed ice {400 g,)

end a solution of ammonium ghloride (100 g.) in water

(200 m.)

The ether laysr was separated and dried with
anhydrous potassium carbonate, The sther was then
eveporated to yield crude 1-phenylpropan-1-ol (80 g.,
85%). Fractionation in yacuo gave the pure gompound,
b.p. 108-110%/16 mm., 032 1.5182 (11t.,7%0 v.p. 103%/

14 mm., 820 1.5257), vmaz. (£i1m) 3450 om.”?, 1045 om.”,

1015 om.”!, and 980 em.”1,

i=-Phenylprop-i-ene was prepared from {-phenyl-
propan=1-0l1 by deh&ﬂration with tetra-n-propyl pyrophosphate,
This dehydrating sagent was prepared from phosphorous
pentoxide and p-butanol as described by Mukail jama and

Hatao191

1-Phenylpropan~4-o0l (66 g., O.45 mole) wae
edded to tetras-p-propyl pyrophosphaete (100 g., 0.3 mole)
and the mixture was hested et 90° with oonstant stirring
for 3 hours. When ecool, the mixture was shaken with
ether (200 ml.). The ether layer was then dried and

the ether was evaporated to yield crude {4-phenylprop-1i-ene,

The crude product was fractionated twice through a 20 em.
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column packed with glass helices to give pure 4-phenylprop-
1-ene (29.0 g., 50%), b.p. 84°/27 mm. (1tt.,792 b.p. 7%/
13 mm.), 020 1.5485 (118,193 2% 1.5492), v maz. (£11m)
1650 em.”!, 965 on.”1, 735 em.”!, ana 695 om.”".

Cholestan-3 2=0] was prepared by hydrogenation

of cholesterol st 200 atmospheres with W-7 Raney nickel
at 90°. Ethenol was used as a solvent and the yleld
was almost quantitative, Oholestamﬁ/-ol orystallized
from ethanol in white plates, m.p. 1h2-1h3°,[°<]§5 + 22°
(ehloroform) (m”ﬁh m.p. 1h2°.[0<]12,5 + 23°%),

Cholegtan-3-ona was prepared from cholestan=3 =0l
in 80% yield using chromiec aeid as the oxidizing agent.,
The procedure was the same as that desoribed by Bruce.'Z?
Cholestan-3-one orystallized from methanol as needles
m.p. 129-129.50.[0(]30 + 42° (ehloroform) (;1._1,:_.,196
m.p. 128'.8.129.8°.[o<]n +42.7°), ymaz. (nujol)

1725 om.~ 1.

Cholegt-2-en=3~yl benzoate was prepared from

cholestan~3-cne in 64% yleld by the action of benzoyl
chloride. The conditions were identical to those
described by Ruzicka and Fischer.w? Cholest=2-~en=3-yl

benzoate was obtained as colourless—-needles from acetone

m.p. 127-128° (m.,w? m.p. 127-128%) (Found: C, 82,98;
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H, 10.22. Cale. for Oy M ;0,1 C, 83.21; H, 10.27%) ,
[o(]%o + u9° (ehloroform), mox. (ehloroform)

1 1 1

1725 em.” ', 4275 em.” ', and 1125 em.” .

3.}5Q;etho;xehg;e§tane was prepared from cholegt-
3-one and ethyl orthoformete in 75% yield by the

8
195 5,3
Diethoxycholestane orystellized from pyridine-ethanol

procedure deseribed by Serini and Koster.

as colourlesg crystals m.p. 66-68° (;;3,,198 M.p. 65~
69.5%) . |

¥Ethoxycholest~2-ene was prepared in 70K yielad
from 3,3-diethoxycholestane by the action of boiling

198 3-Ethoxy-
cholest-2-6ne was obtained as colourless orystals from

pyridine-ethanol m.p. 86-87° (11t.,79% m.p. 87-88°),

Xylene, as described by Berini and Koster.

| v max. (ehleroform) 1670 em.'1. 1470 om.”?, 14y5 om.~ 1,

1375 om.'1, 1180 om."1, and 1120 em.”!. The intence
band st 1670 em,

1 agrees with the report of Rosenkrants
and Gut'3! that the presence of an (-0~0=CH-) group

enhances the intensity of the C=C stretching frequency.

1.1-Diethoxycyolohexsna. A mixture of oyclo-

hexanone (98 g., 1 mole) and ethyl orthoformete, b.p.
146° (140 g., 0.95 mole), in absolute ethanol (250 ml.),
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was cautlousgly heated under reflux to 75°. A irace of
nydrochloric ecid was used as a catalyst. The reaction-
mixture ﬁas maintaineé at 75° for 4 hours. When cooled,
the mixture was added to en excess of distilled water,
and the organic layer was sepsrated and dried.
Distillation in vasouo yielded the crude 1,1~d1ethoxy-
oyrlohexsane, which was then fractionated through a 20 en.
column packed with glass heliees to yield the pure
compound (37 g., 25%), b.p. 84=87°/22 mm,, na° 1.14372
(Lite,'?” bop. 75-76°/13 m., %7‘5 1.4452), Yy max.
(£11m) 1160 em.~', 1120 em.”?, 1090 om.~!, 1060 em.”?,

and 965 em.~ V.

j=-Ethoxyeyclohex-i-ene. 1,1-Diethoxyeyclo-
hexane (37 g., 0.20 mole) was mixed with redistilled
quinoline (2 g.) and p~toluenesulphonie aeid (0.5 g.).
The mixture was refluxed for ¥ hour and then very slowly
distilled. The orude 1-ethoxyoyolehex-1-sne was
fraoctionated to give the pure product (21.5 g., 8u%),

b.p. 160° (24%.,%°° v.p. 74-76°/14 mm.), | max. (£1lm)

1 1

4670 cm.'1. 1370 em.~Y, 1190 om.'?, 14415 em.”', 1090 em,”

1060 cm.'1, 965 em.”', ana 780 om.~t,

Hept-i-yne (c.t. Vog012°1). 8odamide was

prepared from eodium and liquid-ammonia in the usual
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manner. Acatylene was then slowly bubbled into *he
gsodamide-liquid ammonia mixture during 3 hours, while the
temperature was maintalined at -350. The reaction mixture
was eontinuously stirred throughout. After 3 hours the
black solution was cooled to =50° and redistilled u-pentyl
bromide (152 g., 1 mole) was then added dropwise (4.5 hr.)
with congtant stirring. During this addition ecetylene
was elowly bubblad into the solution.

When the addition of p-pentyl bromide wae
complete, the acetylene upplyy was dlscontinued and the
reaction mixture was stirred at -359 for & further
15 hours. Ammonium chloride (12 g.) was then cautiously
added and the liquid-ammonis was evaporated. Crughed ice
(100 g.), and aistilled water (40O ml.), were then edded
and the mixture was steam-distilled. The orude
hept-i~-yne was separated from the water, dried, and
fractionated through a 20 om, column packed with glass
nellces. Pure hept-i-yne (46 g., 48%) had b.p. 99~100°,
n22 1.4076 (11t.,'%® v.p. 99.8%, n3° 1.u088);5 v mex.

(£11m) 3300 am.'1. 2920 om.~} 1 1

, 2100 oem,”' and 1450 em.” ',

ol, A'=Hydrazobislsobutyronitrile was prepared

from hydrazine sulphate, potassium cyanide and acetone,

202

as desoribed by Thiele and Heuser, The compound
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202

erystallized from ether m.p. 92-93° (11t., MmeP . 92-93°).

oAy X'=Azoblsisobutyronitrile was prepared from

A gxXt=hydrazobisisobutyronitrile in 95% yleld by the
action of bromine, as desoribed by Bickle and Waters. 20>
The eompound was orystallized from ethyl acetate below

50°, m.p. 102-103% (14t.,%°7 m.p. 102°).

1:143Triphenylpropan-1-0l was prepared by 2
Grignard resotion between ethyl 2-phenylpropionate and

bromobenzene. The tertiary aloohol was not isolated,
but was dehydrated in situ with L4LOX sulphuric scid to

yield 1.1,%triphenylprop-i-ene b.p. 170-172°/0.3 mm,

(a1t.,%% v.p. 222°/10 mm.), Vmax. (£11m) 1600 em.”",
1070 om.~1, 1030 om.™', 760 om.~', ena 695 om.”'.

g-_’roluoyl chioride., (o.f. Davies and Perkinzos).

o-Toluie acid (50 g., 0.37 mole), and thionyl chloride
(60 g., 0.50 mole), were heated under reflux for 2 hours.
Fractionation in yacuo of the orude reaction mixture
yielded o-toluoyl chloride (L8 g., 90%), b.p. 94°/10 mm,

)8 1.5570 (11¢.,295 b.p. 213°/760 mm.) .

t~B utyl per-o-toluate was prepared in 67% yield

from g-toluoyl chloride and {-butyl hydroperoxide und ep
identical conditions to those used by Blomquist et al’?
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for the preparation of related peresters. i-Butyl per-go-

foluate, when purified by vacuum-distillation under
nitrogen, had b.p. 830/0.145 mm, , n1g_1.5032. vmax. (£ilm)
1760 om.”t, 1230 om.”?, 1185 om.”, 1040 om.~", 1025 em.”?,

and 735 cm.'1. A correct analysis was not obtalned.

(Pound: C, 68.07; H, 7.76, 012H16°3 requiress O, 69.21;
H. 7-7’4%)'

(e¢) PREPARATION OF REFERENCE COMPOUNDS

All reference compounds were purified by
distillation, fractionation or recrystallisation before
use, The following, which were used as reference

compounds, were avallable commercially.

Bibenzyl, m.p. 52° (orystels from ethanol).

Bensoig moid, m.p. 121-122%, Ry 0.L2.

Benzyl aloohol, b.p. 205°. |

Octanoic egid, (not purified), Rp 0.75.

p-Propylbenzene, b.p. 66~68%/15 mm,

t~Butanol, b.p. 82—830.

Cyelohexsnol, b.p. 161°.

Cyolohexenone, b.p. 154~155°.

Phenyl ethyl ether, b.p. 169-170° (11t.,296 v.p. 169.9°).

trame vecinonitrile, m.p. 169°.
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Benzols anhydride, m.p. h1-—u2° (1athes from benzene-light
3 petrOIGum)(l! t. ,207 MePo leo)o
g=Butyl benzoate, b.p. 100°/0.85 m.

168

$-Butyl benzoate; b.p. 581°/0.2 mm, , ngs 1.4933 (14t.,
b.p. 58-60°/0.2 mm, , na> 1.14890) .

{=Naphthoic acid, m.p. 160-464°, RPVO._GS.

p-Decanolc ecid, m.p. 30-31°, Ry 0.82.

g-Toluic acid, m.p. 107-108°, Rp 0.L49.

Phthalan-i-one, m.p. 73742 (plates from water) (;;g.,zoe
m.p. 72-73°).

Butyric ecid, (not purified), Rp 0.32.

The following reference compounds were prepared:

Benzyl henzoate was prepared by heating s mixture
of benzoles acid (30 g., 0.25 mole), benzyl alcohol (108 g.,
1 mole), and conoentrated sulphuric acid (1 ml.) at 120°
for 6 hours. The crude bengyl henzoate was fractionated
to yleld the pure compound (32 g., 60%), b.p. 96°/0.2 mm.,
n2! 1.5686, ymx. (£11m) 1715 om.™", 1275 on.”!

and 715 om.~ V.

, 1110 om.”?,

Benzyl acetate was prepared from acetic acid
(45 g+, 0,25 mole), and benzyl sleohol (108 g., 1 mole),

by the same method as above. The produet (13.1 g., 35%)
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was fractionated in yseuo b.p. 112/22 mm., n2° 1.5246,
ymex. (£11m) 1740 em.~1, 1390 em.”, 1375 om.”1,

1230 om.~', 1025 em.~, 750 em.”t, and 695 em.” 1,

Octan-%3-0l was prepared from pentylmagnesium
bromide and propionaldehyde by a simuar method to that

deseribed by Naves.ggg

When purified by ai etillation
1p yaoug, it had b.p. 75°/18 mm., n2% 1.4270 (11t.,%

b.p. 53-54°/2.4 mm., n20 1.4273).

Octan=-3-one. Ootan~3%-0l was dissolved 1in excess
pure acetone, and a solution of chromium trioxide (12 g.)
dissolved in 50% sulphuric acid (35 ml.) was added
dropwise with cooling. When the oxidation was ocomplete
(red eolour), the products were extracted with ether.
The ether extraet was sheken with 20% agqueocug sodium
carbonate, washed with distilled water, and then dried.
The ether wes evaporated to yield octan-3-one b.p. 7’40/
25 mm., nns 1.4160 (11t., 210 b.p. 76—779/30 mm, , nzg
1.4153), 2,4=d41nitrophenylhydrazone (needles from
methanol) m.p. 62-63°,

i=-Phenylpropan-1-0l. The preparation of this

ocompound was described in the presceding seoction.

Ethyl phenyl ketone was prepared from 1-phenyl-
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propan-1-0l by chromic acid oxidation. The eonditions
were identical to those previously desoribed for the
oxidation of octan-3=0l. Ethyl phenyl ketone was
obtained as & sweet smelling 1iquid b.p. 400°/18 mm,,
2,4~d1trophenylhydrazone m.p. 191-192° (;;1,,211 m.p.

193-194%).

2=Phenylpropionic acid. Cinnamyl slcohol was

diasolved in excess ethanol and hydrogenated at 100
atmospheres at room temperature with W-7 Raney nickel.
The cataelyst was removed and the ethanol evaporated to
yield crude 3-phenylpropan-i=-ol. This alcohol was not
purified, but was oxidized with chromic acid by sn
identical procedure to that deseribed above for the
oxldetion of octan-30l., The ether solution of the
oxidation product was shaken with 20% aqueous-sodium
carbonate, The agqueous layer was then acidified with
dilute sulphuric scid and extracted with ether. The
ether solution was dried end the ether was evaporated to
yield 2«phenylpropionic acid, which crystallized from
petroleum ether m.p. 47-48°, Rp 0.56.

Cholegt-5-en-7~one-3-y1 benzoste. Cholesteryl

benzoate (10 g., 0.02 mole) was dissolved in a minimum

of benzene, An excess of glacisl acetic acid was then
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added 2nd, during constant stirring, agqueous sodium
dichromate (6 g.) was added st such a rate that the
temperature d1d not rise asbove 65°, After the addition,
the temperature was maintalned at 65° for an additionsl

2 hours, When cooled, the mixture was adéed to a large
excegs of cold distilled-water with rapid stirring.. The
benzene layer was then removed and washed with 20%
agqueous sodium earbonate, It was then dried, and the
benzene was evaporated to leave erude cholest-5-en-7-one-
3-y1l benzoaste (4.1 g., 40%). The steroid was erystalle
ized from ethanol to give colourless needles m.p. 159=-
161°,[4 ] 29 = 52° (eniorotorm) (uit.,2'? m.p. 159°%,[ o]
- 54°), v mex. (chloroform) 1720 on.~1, 1675 om.” 1,

1 1

1280 em.” ', and 1120 em.” .

Cholest~5~en-3 ,7 =3iol 3-benzoaste and

gholegt=bwen=3 ,7 =diol 3-henzoate were prepared by the
reduction of cholesteS5=en=7-0nc-3~yl benzoate with sodium

borohydride as follows., The ketoniec ester was dissolved
ir toluene and one mole~-equivelent of sodium borohyﬂflde
wap added slowly. Methanol was then added until the
solution became clear, After estanding at 0% for two days,
dilute acetlic acid wes sdded dropwise to destroy the
sodium~borohydride ocomplex. The solvents were then

removed in vaouo and the residue was thoroughly wasghed
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with distilled water and dried in a desiccator over
sodium hydroxide pellets. Thie residue wag then
ohrecmatographed on acid-washed alumina to yleld cholest-
B-Qn-_},ﬁ,?P-diel 3~benzoate in 4LOX yleld, m.p. 192—195°
(neecdles from ethanol),[o(]go +13° (1;&..213 m.p. 1929,
[o(]%1+ 13.8°). A trace amount of oholest-5~en-3p pTX =
diol 3 benzoate was also obtained from the ch}omatography
mp. 173-17°,[ ]2 - 19° (218.,2'%" m.p. 165-167°,
(]2 - 500,

Dihydroregoreinol was prepared in 85% yield by
the eatalytice-reduction of recoreinol with W=7 Raney

nickel in z2lkaline solution, according to the procedure

described by Thoinpson.216 Dihydroresorcinol, when

216

, 1270 om.”,

, and 825 om. 1,

erystallized from benzene, had m.p. 10h-105° (;;_‘.;_.,
m.p. 103-104°), v max. (nujel) 2900 om.”’
1225 om.~1, 1190 em.”!, 1140 em.”?

Eth ol D= @ni = was prepared in 60%
yield from the reaction between dihydroresorcinol, ethyl
orthoformate, ethanol, and sulphuric acid, a s described

by Meek et a1.2'’ The pure ecompound had b.p. 115°/9 mm,

¥ This compound was reported as the 7p -epimer in this
publication. The oonfiguration at the 7-position
has since been reversed., (Cf. Fleser and Fieser2i3),
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(12t.,2'7 bop. 104-108%/4 mm.).

Cyclohex-2-en-{-one was preparad in 60% yizld
by the method of Gannon and House2'C using 3~ethoxy-
eyolohex-2-en-1-one and lithium sluminium ‘hydride.
Cyclohex~2~-en-4=-one, obtainzd by fractionation in yacuo,
had b.p. 64-66°/17 mm., (m,.”a B.p. 56-57.5%/10 mm.),
vmag.(£11m) 1695 om, 1 1, 2,4-d1n1tro=
phenylhydrszone m.p. 167.5-—168°, (;!,_;3,..‘2“9’220

162-163.5%).

» and 1070 em.”

M.Po

Cyclohex~2-en-1~0l was prepared in.&5% yleld
by the reduction of oyclohex-2-en-~{-one with lithium
gluminium hydride, as @escribed by Mousseron et 21_.221
Cyclohex-2~en-1-0l1, obtained by factionation in vaeuo,
had b.p. 68-69°/15 mm., phenylurethane m.p. 105~-106°

(benzene~1ight petroleum),

~Bromosholegtan= . (Of. Heath-Brown et sl.222)

To a solution of cholestan-3-one (10 g., 0.03 mole) in
glaeiel acetic acid (250 ml.), was added 2 50% solution
of hydrogen bromide in acetio acid (4 ml.). ¥With
oonstant stirring, a solution of bromine (4.1 g.) in
acetic acid (25 ml.) was added dropwise. After standing
of the reaction mixture for several hours, the product

began to crystallize. It was then filtered and
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reerygtallized from ethenol-scetone m.p. 170-171°

(m.'?25.22’4 Mm.p. 170-170.50)'[0(]:%0 + 390 (ehloroform).

Cholegt-1-6n~3-cne wes obtained in slmost

quantitative yieid when 2-bromocholestan-3-one was
boiled in 2,4-dimethylpyridine eccording to the metho@ of
Inhoffen gg'gl.225 Cholest~1-eén-3-one was purified by
ohromstogrsphy on acid-washed alumina m.p. 99-99.5°
(needles from acetone) (1;&.,226 m.p. 98-100°),[<i]§5 +
61.0° (chloroform) (11t.,%%% [«]23 4 57.5°), vmex.

(ehloroform) 1675 em.~ 1,

Heptan-3-0l wes prepered from butylmagnesium
bromide and propionaldehyde in L48% yleld dy the method
described by Dillon and Lucas.227 It was purified by
a1stillation in yaoug b.p. 66°/22 mm., n3Z 1.u4204
(218,227 bop. 152.7-154°/745 mu., B30 1.4201).

Heptans-one was prepered by ehromic aecid oxidation
of heptan-3%0l by the same method as used for the oxidation
of octan-3-0l above. Hepten-3-one, when purified by
a1stillation in yacuo, hsd b.p. 60°/22 mm., BAZ 1.4140
(115.,228 b.p. 146.5-147°/765 m., 030 1.4088), 2,4-
dinitrophenylhydrazone M.p. 82-83° (;;;.,211 M.D o 80-81°).



t-Butyl allophanate. (Cf. Davis 2nd Blanchard.22%)

t-Butanol (100 ml.) was added to a solution of potassium
eyanate (35 g.) in waeter (60 ml.). During repié@ stirring,
eoncentrated hydrochloric aeid (25 ml.) was added

dropwise. After the additieon, the »csaction mixture

was stirred foi an additional 2 hours. The products

were extracted with an exXcees of ether. The etherw
golution was then dried and evaporated to dryness. The
erude residue was recrystallized from benzene=sthanol to
yield pure }-butyl allophanate (1.5 g., 5%), m.p. 175=

176° (decomp.) (1it.,’® m.p. 190%), v mx. (nujol)

250 em.~!, 3300 em.”!, 1715 om.”, 1695 em.”?, 1595 em.”?,
1245 cm.'1, 1155 em.”', 850 em.”1, and 785 em.” ',

B-Butyl p-butyrate was prepaered in 51% yield

from p~butsnol and shromic acid, as described by
Robertsan.231 T he product was oaréfully fractionated
twiee in vacug through & 20 om. column packed with glass
helices b.p. 69°/18 ma, (Lit.,>>> b.p. 69-70°/20 mm.)
n2° 1,408 (11t.,'%3 020 1.4064), v mex. (f11m)

1 1

4740 em. ', and 1480 oem. .

2,2 4~-Trimethylpentan-3-one was prepared from
di-isoprqpyl ketone and methyl 1odide as deseribed by

Beokwith,233 2,4=dinitrophenylhydrazone m.p. 463-4640
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(11t.,23 m.p. 163-164°).

~Trimethylpentanoic acid was prepared by
the method described by Beckwith,2>o

Benzyl o-toluate was obtained in poor yield by

heating & mixture of g-toluic acld and excess benzyl
alcohol at 120° for 8 houre in the presence of a trace-
smount of concentrated sulphuric acid. The benzyl

o-toluate was distilled in yaeys b.p. 118°40.6 mm.,

n23 1.5648, ymex. (film) 1710 em.”?, 1445 en.”?,

, 1090 cm,” , 103 om,” ',

and 695 an.~ 1.

1270 em.~?, 1250 em.”

780 om.”"

Methyl-o=-toluate was obtained in poor yleld by

refluxing a mixture of o-toluic acid and excess methanol
for 12 hours in the presence of a trace-amount of

concentrated sulphuric acid. The methyl o~-toluate was

d1stilled in yacuo b.p. 102°/20 mm, nl’ 1.5194, v max.
(£11m) 1720 em.”?, 1435 am.~!, 1295 em.”1, 1255 em.”?,

1140 an.”?, 1080 em.”', ana 740 a1,

The dimethyl ester of j.2-&1-(2-0&rbo;zghagzll-ethane

was prepared in poor yleld by heating a mixture of di-%-
butyl peroxide and excess methyl g-toluate at 110° for

100 hours, Chromatography, on acid-washed alumins,
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afforded the pure compound, which was orystallized from
ethanol m.p. 102.5-103o (1;1.,235 m.p. 103°),

Octan-2-one was prepared from commercially-
avalleble octan-2~0l by the usual chromic acid oxidation
procedure previously desoribed. Octan~2-one was |
obtained as & sweet emelling 1iquid b.p. 74-78°/22 mm.,
n]1391 L4152 (2..1_’6_-9236 b.p. 59=60°/14 . , nzg 1.u151). |
2,4-d1ni trophenylhydrazone m.p. 56~58° (needles from

petroleum ether),

1,2~Dibromoeyclohexane was prepared in 90X yleld
by the method of Snyder and Brodkl.237 using oyclohexene
and bromine digsolved in carbon tetrachloride at =5°,
The product was distilled in yaoyo b.p. 104°/18 ma.
(24%.,2%7 bop. 99-103°/16 mn.), v max.(f11m) 1445 om.”?,

1430 em,'j, 1180 om.'1, 1005 em.'1, 905 om.'1, and

865 om.” .

2=Bromo-ogtane was prepared in 80% yield by the
reaction between dry hydrogen bromide and octan-2-¢l as
desoribed by Hughes and 8hap1ro.238
b.p. 85%/24 m. (11%.,23% v.p. 79%/17 mm.), 023 1.4480,

hed V max. (f£ilm) 1450 em.'1, and 1370 om, =1

The bromo-compound,



212,

1.,2=-Dibromo-octane was prepared from oct~4i-ene
and bromine at -12° as deseribed by Wilkinsom239

The compound was fractionated in vacug b.pe. 123°/18 mm, ,

na? 1.4953 (14t.,2%° b.p. 118.5%45 mm., n2° 1.4970),

Vv pex. (£11m) 1460 em."‘, 1430 em."1, ena 1145 om.~",
2:FDibromo-octane was prepared by an identical

method to that desoribed sbove, using oct-2-ene and

bromine at =129, The produ‘ct was fractionated in vacuo

b.p. 434°%/28 mn., V max. (£11m) {460 em."1, 1380 om,”1,

and 1165 em.~ .,

(2) COPPER-SALT CATALYSED REACTIONS OF PEROXY COMPOUNDS

All the following reactions were conducted in
an atmosphere of dry, oxygen-free nitrogen. They were

constantly stirred throughout,
Resction between benzyl radic and cupric benzozte I

A mixture of toluene (300 ml.), di~t~butyl
peroxide (50.0 g., 0.34 mole), cupric benzoate (170 g.,
0.55 mole) and benzoloe acid (60 g., 0.50 mole) was
heated at 116° for 108 houre.

When the dark reaction mixture was cooled, it

was filtered, and the residue was washed several times
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with toluene. The washings were combined with the
mother-l1iguor and the resultant solution was extracted

with 20% squeous sodium carbonate.

The organio layer was dried and unreacted toluene

was evaporated. The residue was then fractionated

An vacue to yteld:

(a) benzyl aIQOhOI (ho13 g.). bopo 50-520/0025 mm, 5
qgo 1.5393, 3,5-dinitrobenzoate m.p. and mixed m.p.
112-113°,

(b) bibenzyl (8.59 g., 14%), b.p. 70-80°/0.2 mm.,
m.p. end mixed m.p. 52-53°,

() benzyl benzoate (5.33 g., 4%), d.p. 96~102%/
0.2 mm., nd! 1.5685.

The above experiment was repeasted using ocuprio
acetate (106 g., 0.86 mole) end scetic acid (29.0 g.,
0.48 mole) instead of cupric benzoate and benzoic acid.
Benzyl acetate (L4.74 g., 5%) wes obtalned b.p. 108%/
25 mm,, 020 1.5246.

Reaction between benzyl redicals and cupric benzoste II

A mixture of toluene {300 ml.) and cuprie
benzoate (100 g., 0.32 mole) was heated at 110° while
di-g-butyl peroxide (50 g., 0.3 mole) was added dropwise.
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After the addition (2 hours) the mixture was
continuously stirred at 110° for 50 hours. - When the
dark~brown reaction mixture was cooled, it wae filtered,
and the regidue was washed several times with toluene.
The washings were combined with the mother-liquor and
the resultant solution was extracted with 20% aqueous

sodium carbonate,

The orgsnic layer wes dried, and unreacted
toluene was evaporated, The residue was then distilled
in vacug to yield:

(a) venzyl aleohol (8.05 g.) b.p. 50-60°/0.25 mm.,
q§°1.5392. 3,5-dinitrobenzoate m.p. and mixed m.p.
112-113°,

(b) bibenzyl (4.80 g., 8%) b.p. 70~80°/0.2 mm.,
mop. and mw mop. 52-5300

(c¢) benzyl benzoate (8.55 g., 6%), b.p. 96=-102%/

0.2 m., n2! 41,5683,

The residue (6.2 g.) from the distillation,
was chromatograsphed on acid-~washed alumina to yield:

(a) unidentified compound (0.85 g.) (needles from
M.W. 357. czaﬂés requires C, 92.77; H, 7.23%;
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M.W. 362.5), infrared ebeorption failed to show the
presence of any functionsl groups; ultraviolet sbsorption

wag similar to that of authentic bibenzyl.

(v) unidentified esters (3.5 g.), y max. (£1lm)

1715 em.”1, ana 1270 em.”".

When the above experiment was repeated using
anhydrous cupric benzoate, the yields of bibenzyl and benzyl
benzoate were reproduceable; however, no bengzyl alcohol

could be detected by vapour-phase chromatography.,

Thermal decomposition of benzoyl peroxide

Benzoyl peroxide (20 g., 0.08 mole) was heated
at 80° 1n benzene (100 ml.) for 20 hours.  Carbon
dioxide, which formed during the decomposition, was
absorbed in e preweighed soda-lime/caleium chloride tube.

When cool, the colourless solution was extracted
with 20% aqueoue sodium carbonate. After acidification
with dilute sulphuric acid, the agueous layer was
extracted with ether (100 ml.). The ether solution was
then dried and the ether eveporated to yield benzole
acid (4.41 g., 22%), m.p. and mixed m.p. 121=-122°,

The sode-lime/caloium chloride tube was reweighed

immediately after the decomposition was complete. The
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inorease in weight of this tube was 5.13 g. —=71% yield

of carbon dioxide,

The preceding experiment was repeated in the
presence of cuprous bromide (30 g., 0.20 mole) to yleld
benzole acid (13.65 g., 68%) and carbon dioxide (26%
yield).

Reaction between ooct-i-ene, f~butyl perbenzoate and

guproug chloride.

A mixture of oct-i-ene (25 g., 0.23 mole) and

ouprous ohloride (0.5 g., 0.005 mole) was maintained st
75° while ;;butyi ﬁérbenzoate (20 g., 0.10 mole) was
added éropwise, with constaht stirring, at sueh a rete
that the tempersture d4id not rise above 75°. The

reaction wasg exothermio,

After the addition (3 hours), the mixture was
continuously stirred at 75° for an additional 30 hours.
When the green reaction mixture was eooled, ether
(100 ¥l.) was added, and the resultant eclution was
extraoted with 20% aqueous sodium oarbonate. After
acldification with dilute sulphuric acid, the aqueous
layer was extracted with ether (50 ml.). The ether

solution was then Aried and eveporated to yield benzoie
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actd (4.24 g., 333), m.p. and mixed m.p. 121-122°,

The orgenic layer, remaining after extraction
with sodiuvm carbonate, was dried. Ether and unchanged
oct-i-ene were evaporated. The residue (16.38 g.) was
hydrogenated with 5% palladium on oarbon at 1 atmosphere
and the hydrogenated products were then hydrolysecd with
boiling 4O¥ aqueous potessium hydroxide for 12 hours.

An aliquot (4.2 g.) of the resultant alecohols
(7.44 g.) was dissolved in pure seetone and chromig acid
solution was added dropwise with oooling. At the
completion of the oxidation (red colour), the mixture
was extracted with ether (30 ml.). T he ether extraet
was then shaken with 20% aqueous scdium oarbonate.
After acidification with dilute sulphuric seid, the
agueous layer wae extracted with ether (15 ml.). The
eéther layer was then dried anéd evsporated to ylelad

octenolc acid (0.25 g.).

The orgenic layer, remalning after extraction
with sodium carbonaste, weas dried, The ether was
dist1lled to yield octan-3-one (3.25 g.) 2,4~dinitro=-
phenylhydrazone (needles from methanol) m.p. and mixed
m.p. 62-63°,
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Reaction betwsen oot-1-cne, dl-t-butyl peroxide, =cstie
acid and cupric benzoate

A mixture of oct-1-ene (30.75 g., 0.29 mole),
acetio acid (32.0 g., 0.53 mole) and cuprie benzoate
(0.25 g., 0.001 mole) was heated at 90° while di-t-butyl
peroxide (15.0 g., 0.10 mole) was added dropwise with

oonstant stirring,

After the addition (1 hour) the mixture wae
continuously stirred at 90°% until all the peroxide hed
decomposed (tested with staroh-potassium lodide solution).
When ths resection mixture was cooled, it was extracted

wath 20% aqueous sodium earbonsate.

Ths organic layer was dried and the unreacted
oct-i-ene was evaporated. The residue (41.92 g.) was
hydrogensted over palladium on earbon (5%) at one
atmosphere, using ethanol as a solvent. The ethanol
was then evaporated end the residue (10.2 g.) wae
hydrolysed with boiling 30% aqueous potassium hydrcxide

to yleld a mixture of alcohols (7.0 g.).

G.L.C. analysis of this mixture showed octane 3~
ol to be the rmain component. By comparison with
standard mixtures of octan-3-o0l and octan-1-0l, it

was estimated that the mixture of aleohols was composed
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of 75-80% octan-3~0l1 and 20-25% ooctan-i-ol.

Reaction hetween allylbenzene,d;;butyl perbenzoate and
puprous ehioride I

A mixture of allylbenzene (40.0 g., 0.3y mole)
and euprous chloride (0.2 g., 0.002 mole) was heated
at 80° while t~batyl perbenzoate (16,50 g., 0.09 mole)
was added dropwise with oconstant astirring at sucn a rate
that the temperature did net rise above 80°. The

resction wes exothermiec.

After the eddition (3 houre) the mixture was
continuously stirred st 80° for an additionsl 20 hours.
When the derk-green reaction mixture was ocooled, it was
extracted with 20% squeous sodium earbonate, After
sgidification with 4ilute sulphuric aeid, the squsocus
layer was extrasted with ether (50 ml.). The ether
solution wag then dried and evaporated to yield bhenzoio
actd (1.84 g., 18%), m.p. and mixed m.p. 121~122°,

The organic layer (51.26 g.) remaining after
extraction with sodium earbonate was dried. An
aliquot of this residue was hydrogenated with 5%
palladium on carbon at 1 atmoesphere. The resultant
saturated eompounds were then hydrolyeed with 20X aquecus

potassium hydroxide. Neutral ecomponeats from the
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hydrolysis were extracted, dried and then fractionated
to yleld:

(a) p-propylbenzene, b.p. 66-68°/15 mm., n%o 1.4928.
(b) 1-phenylpropan-i-ol, b.p. 106=110°/15 mn.,
nDQO 1.5211, p-nitrobenzoste m.p. and mixed m.p. 59-.60°.

(c¢) unidentified ocompound (trace) shown by gas~
phase chromatography to be neither ethylphenylearbinol
nor 3-phenylpropan~1~0l. 3-Phenylpropan-1-01 e¢ould not
be detected by G.L.C. in any of the products.

Reaction between sllylbenzene, t-butyl perbenzoete and
guprous ohloride II

A mixture of sllylbenzene (18 g., 0.15 mole)
and cuprous ochloride (0.02 g., 0.0002 mole) in benzene
(50 ml.), was heated at 80° while {-butyl perbenzoate
(18 g., 0.09 mole) was added dropwise with conetant
stirring at such & rate that the temperature did not

rise above 80°.

After the addition (2 hours), the mixture was
continucusly stirred at 80° for an edditionsl 20 hours.
When the green-reaction mixture was cooled, it was
extracted with 20% aqueous sodium carbonate. After

acidification with dilute sulphuric acid, the agueous
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layer was extracted with ether (50 ml.). The ether
solution was then dried and evaporsted to yield benzoile

acid (3.37 g., 30%), m.p. and mixed m.p. 121-122°%,

The organic layer remaining sfter extraction
with sodium ocarbonate, was dried and the benzene was
eveporated. An seliquot (16.2 g.) of the residue
(25.71 g.) was then hydrogenated with 5% palladium on
earbon at 1 atmosphere.. The resultant saturated
compounds were then hydrolysed with 20% aqueous
potassium hydroxide. Neutral components from the
hy@rolysis were extfaeted, dried, and fractionated to
yield:

(2) p~propylbenzene (6.0 g.) b.p. 66-68%/15 mm.,
ngo 1.4928.

(v) 11quid, (1.99 g.), b.p. 215-225°,

(e) 11quid, (1.58 g.), b.p. 225-235°,

Products (b) and (o) were each dissolved in
pure acetone and oxidized with chromic acid at room
temperature, The oxidation products were extracted with
ether and the resultant solutions were sheken with 20%
aqueous sodium carbonate. After acidification with
dilute sulphuric =seid, the agueous layers were exiracted

with ether, The ether solutions were then dried and
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the ether distilled. Liquid (b) ylelded 2-phenyl-
proplonic acid (0.11 g.) (prisms from petroleum ether)
m.p. and mixed m.p. 47-48°. Liquid (e) also ylelded
2-phenylpropionic asid (0.79g.).

The neutral layers of the sodium earbonate
extractions were dried and the sther was evaporated.
Liquid (b) yielded ethyl phenyl ketone (1.42 g.), 2,4~
dinitrophenylhydrazone m.p. and mixed m.p. 191-192°.
Liquid (e) alsb yielded ethyl pnenyl ketone (0.48 g.).

The total yield of esters from the reaction was
45%. The above oxidatlon results indicste that
1-phenylallyl benzoate eomprised approximately 70% of
the total ester products, e¢innemyl benzoate comprising
the remeining 30%.

The presence of both 1-phenylpropan<i-~ol and
3-phenylpropan-i-0l in liquids (b) and (¢) wes confirmed
by G.L.C. analysis,

Reaotion between cholesteryl benzoate, t-butyl perbenzoate

and _oupric benzoate I

A mixture of cholesteryl benzoate (13.0 g.,

0.03 mole) and cupric benzoate (0.3 g., 0,004 mole) was
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maintained at 80° in buten=2-one (130 ml.) while t-butyl
perbenzoste (5.14 g., 0.03 mole) was added dropwise with

conatant stirring.

After the addition (1 hour) the mixture wes
continuously stirred at 80° for an additional 20 hours.
When the reaction mixture was cooled, unchanged cholesteryl
benzoate (7.59 g.) orystallized and was ecollected by
filtration. The butan-2-one was then distilled from

the mother-liquor.

The residue was then dissolved in henzene
(150 ml.), and extraoted with 20% aqueous sodium carbonate.
After soififiocation with dilute sulphuric 2cid, the
aqueous layer was extracted with ether (50 ml.). The
ether solution was then dried and evaporated to yileld
benzola acid (2.21 g., 68%), m.p. and mixed m.p. 121-122°%,

The orgasnic layer, remaining after extraction
with sodium carbonste, was dried and the benzene was
distilled. A darkered residue (5.94 g.) remained.
Chromstography of thisg residue on acid-washed alumina
yielded:

(a) Cholesteryl benzoate (1.20 g.) m.p. and mixed
m.pe. 146~1 18°,
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(v) Gholest—S-ene-}P,?/J -d%01l 3-benzoate (0.32 g.,
3%), (needles from ethanol) m.p. and mixed m.p. 192=-
193°, [C(]§°+ 13° (ohloroform) (Found: ©, 80.90;
H, 9.68., Cale. for C,H5,05: C, 80.58; H, 9.95%).

(o) Cholest-5~-ene~3 B,7X~-dicl 3-benzoate (0.93 g.,
7%) (needles from ethenol) m.p. end mixed m.p. 4173174°,
[ci]go -49° (ehloroform) (Found: G, 80.66; H, 10.06,
Cele. for Oy H,,05: C, 80.58; H, 9.95%).

Resction between cholesteryl benzoate, t-butyl perbenzoate
gnd eupriec benzoate II.

A mixture of cholesteryl benzoate (9.53 g.,

0.02 mole) and ouprie benzoate {1.00 g., 0.003 mole) was
maintained at 80°% in benzene (50 ml.) while t-butyl
perbenzoate (30 g., 0.15 mole) was added dropwise with

constant stirring.

After the addition (2 hours), the mixture was
continoously stirred at 80° for en additional 20 hours.
When the reaction mixture was cooled, it was extracted
with 204 aqueous sodium earbonate, After acidification
with dilute sulphuric acid, the aqueous layer was
extrected with ether (100 ml.). The ether solution

wae then dried and eveporated to yleld bensoloc acid
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(7.47 g., 40%), m.p. and mixed m.p. 121=122°.

The organie layer remaining after extraction
with sodium earbonate waas dried and the benzene was
distilled. A dark residue (22,80 g.) remsined. An
aliquot (6 g.) of this residue was ohromatographed on

acid-washed slumina to yileld:

(a) oholesteryl benzoate (0.51 g.), m.p. and mixed

m.p. 1&6—1h7°,[°ﬂ]§° - 8° (ehloroform).

(v) oholest—B—ene—}f,?/J -d101 3 benzoate (1.10 g.)

(needles from ethsnol) m.p. and mixed m.,p, 192-193°,
[o(]go + 13° (ohloroform).

(e) cholest-s-eneg-f;ﬁﬂo(-dlol 3-benzoate (1.04 g.)
(needles from ethanol) m.p. and mixed m.p. 173—17’40.
[o(]go - 49° (chloroform).

The overall ylelds of each product, (b and ¢),
were L4O%K,

Egtimation of t-butanocl esnd acetone ratios

A mixtore of toluene (20.0 g., 0.22 mole),
eupric benzoate (0.5 g., 0.002 mole) and t-butyl
perbenzoate (4.0 g., 0.02 mole) was gealed in e Carius
tube and continuoualy shsken at 125o for 3 hours, The

tube was cooled in & bath of solid carbon dioxide and



226,

ethanol before unsealing. All volatile products were
then distilled in a closed gystem. Examination of these
volatile products by gae-phase chromatogrfaphy indicated

a t-butanol to scetone ratio of L4.09 to 1.

The experiment was repeated in the absence of
oupric benzoate. T he volatile produots oconsisted of a
i-butanol to acetone ratio of 4.8 to 1.

When the experiments sbove were repeated using
cyclohexene (10 g., 0.12 mole) as a substrate instesd
of toluene, the t-butanol-acetone ratios were again
closely related, regardless of the presence or absence

of copper saltis.

Rezction between cyclohexene, cyclohexsne, t-butyl

perbenzoate and suprous chloride

A mixture of cyclohexene (84 g., 1 mole), eyclo-

hexane (83 g., 1 mole), and cuprous chloride (0.2 g.,
0.002 mole) was maintained at 85° while j-butyl
perbenzoate (50 g., 0.26 mole) was added dropwisge with
constant stirring.

After the addition (4 hours) the mixture was
oontinuously stirred at 852 for an additional 23 hours.
When the green reaction mixture was cooled, ether (100 ml.)



was added and the resultant solution wes extracted with
20% aqueous sodium carbonate., After acidification with
dilute sulphuriec acid, the aqueous layer was extracted
with ether (100 ml.). The ether sclution was then dried '
and evaporated to yleld benzolc acid (6.09 g., 19%),

m.p. and mixed m.p. 124-122°%,

The organie layer remaining after extractlon
with sodium carbonate was dried. Ether and unchenged
cyclohexene and oyclohexane were digtilled. Distillation
in vacug of the darkgyellow residue ylelded cyclohex-2-en-1-yl
benzoste (33.39 g., 63%), b.p. 110~115%/0.5 mm.
Quantitative hydrogenation of an aliquot of thie product
with 5% palladium on carbon at 1 atmosphere, showed it
to be 100% unsaturgted,

Reaction between cyclohexene, oyclohexane and t~butyl
perbenzosate

A mixture of cyelohexane (84 g., 1 mole),‘anﬂ
cyclohexene (84 g., 1 mole) was maintained at 85° while
4-butyl perbenzoate (50 g., 0.26 mole) was added dropwlse
with congtant stirring,.

After the addition (1 hour), the mixture was
continuously stirred at 852 for an edditional 190 hours.
When the reaction mixture wes cooled, ether (100 ml.) was
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edded, and the resultant solution was extracted with 20%
aqueous sodium carbonate. After acidification with
dilute sulphuric acid, the aqueous layer was extracted
with ether (400 ml.). The ether solution was then dried
and eveporated to yleld benzoic acid (5.93 g., 19%),

m.p. and mixed m,p. 121-122°,

The orgaenic leyer remaining after extraction
with sodium carbonate was dried. Ether and unchanged
cyclohexane and cyclohexene were evaporated. Distilletion
in vacuo of the derk residue ylelded a mixture of esters
(32.67 g., 60%) b.p. 90-120°/0.55 mm., V max. (film)
1750 cm.'1, and 1705 cm.-1. An aliquot of this residue
was hydrogenated at atmospheric pressure and room
temperature with 5% pelledium on carbon. The ester
mixture proved to be 75-80% unsaturated, indicating that
cyclohex-2-en~1-yl benzoate comprieed 75-80% of the
ester products. The hydrogenated products were shown
to consist entirely of cyclohexyl benszoate (identiecal
infrared absorption spectrum to that of the authentioe

compound, )

Upon hydrogenation with Adem's catalyst at
atmospheric pressure, the ester products were completely
hydrogenated, including the aromatic ring of the benzoate

groupe.
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Reaction between -trimethylpentane clohexene,
1-butyl perbenzoate and cuprous chloride.

A mixture of 2,2,4~trimethylpentane (95 g.,
0.83 mole), oyoclohexene (69 g., 0.83 mole) and ouprous
ghloride (0.21 g., 0.002mole) was heated at 85° while
t-butyl perbenzoate (41 g., 0.21 mole) was added dropwise
with constent etirring.

After the s2ddition (4 hours), the mixture was
ebntinuoualy gtirred at 85° for an additional 25 hours.
When the darkegreen reaction mixture was cooled, ether
(100 ml.) was added and the reaultant solution wae
extraoted with 20% aqueous sodium carbonate. After
acidification with dilute sulphurie scid, the aqueous
layer was extracted with ether (100 ml.). The ether
solution was then dried and evaporated‘fo yield benzoie

aoid (2.98 g., 11%); m.p. and mixed m.p. 121-122°,

The organic layer remaining after extraction with
sodium carbonate was dried. Ether and unchanged iso~
octane and cyolohexene were evaporated. Distillation
in yacug of the residue ylelded eyclohex=-2-en-i-~yl
benzoate (20.29 g., 46%) b.p. 105-110%/0.3 mm,

The residue remeining (4.85 g.) was shromatographed
on acid-washed slumina, The chromatography yielded:
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(a) cyclohex-2-en-4=yl benzoate (1.37 g.). Total
yield of this ester from the reaction = 50%.

(b) g;a:cgclohax-é:gn—j,g-diol dibenzoste (0.99 g.),
(oolourless needles from ethanol) m.p. 97-98.5% (Found:
C,74.42; H, 5.87; Mol.Wt. by Rast 336. 020H18°h
requires G, 74.52; H, 5.63% Mol.Wt., 322), \) max.
(ehloroform) 1705 em.~', 1265 cm.'1, 1115 em.~Y, ana
930 em.” 1, Hydrogenstion of this diester with 5%
pelladium on cerbon at 1 atmosphere ylelded glg-
oyclohexane=-1,4=d101 dibenzoate (oolourless lathes from
light-petroleum) m.p. 112.5=114°, (l;ﬁ..aho Mpe 12,5«
1149),

(o) Unidentified oils, all having y mex. (film)

1, ana 1265 em.~!. Quantitative hydrogenation

1710 em,”
of these oils with 5% palladium on carbon indicated 80%
uneaturstion.

Resection between 2.u=trimethylpentane, evelohexene and
I-butyl perbenzoste.

A mixture of 2,2,4~trimethylpentane (114 g.,
1.0 mole) and cyclohexene (82 g,, 1,0 mole) was heated at
85° while i-butyl perbenzoate (50 g., 0.26 mole) was
added dropwise with constant stirring.
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After the addition (4 hour), the mixture was
oontinuocusly stirred at 852 for an additional 190 houra.
During this tim the mixture beocame pele yellow. When
the reasction mixture was cooled, ether (100 ni.) was
added and the resultant solution was extracted with 20%
aqueous gsodium carbonate, After acidificetion with
dilute sulphuric acid, the aqueous layer was extraoted
with ether (100 ml.). The ether solution was then dried
and evsporated to yileld benzoic acid (4.13 g., 13%) m.p.
and mixed m.p. 121-122°,

The orgsnic layer remaining after extraction
with sodium carbonate was dried. Ether and unchanged
iso-octane and cyclohexene were distilled. Distillation
in wvacuq of the residue ylelded:

(a) oyclohex-2-en-1-one (8.5 g.), b.p. 66~67°/17 mm.
(Found: C, 52.19; H, 4.30. Calec. for G HgO: C, 52.12;
H, 4.74%), 2,4-dinitrophenylhydrazone m.,p. and mixed m.p.
167.5-168° (needles from methanol).

(b) eyelohex-2-en-1-yl benzoste (13.75 g., 26%), b.p.
1050/0.3 mm. (Found: ©, 76.73; H, 6.90. Cale. for
Cy sy, 05t O, 77.20; H, 6.98%), np’ 1.5397.

When distillate (b) was hydrogenated at 4

atmosphere with 5% palladium on ocarbon, 1 mole equivalent
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of hydrogen was absorbed. Hydrolysis of the resultant
gaturated ester with 20% aqueous potassium hydroxide
yielded cyclohexsnol and benzolc acid m.p. and mixed m.p.

121-122°,

Quantitative hydrogenation of the dark residue
(15 g.) from the distillation with 5% palladium on

earbon showed 70% unsaturation.

Reaction between 2,2,4-trimethylpentesne, t-butyl perbenzoate
and ceuprous ohleride

A mixture of 2,2,4~trimethylpentane (100 g., 0.88
mole) and cuprous chloride (0.2 g., 0.002 mole) was heated
at 100° while t-butyl perbenzoate (30 g., 0.15 mole) was
added dropwise with constant stirring.

After the addition (2 hours), the mixture was
continuously stirred at 100° for an additional 24 hours.
When the reaction mixture was cooled ether (4100 ml.) was
sdded and the resultent solution was extracted with 20%
aqueous sodium carbonate. After scidification with
dilute sulphuric acid, the aqueoue layer was extracted
with ether (400 ml.). The ether solution was then dried
and evaporated to yield benzoic acid (1L4.12 g., 7u%¥),

m.p. and mixed m.p. 1 21-122°,

The organic layer remaining after extraction with
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sodium carbonate was dried. Ether and unchanged iso-

octane were distilled. The reslidue (6.73 g.) had ) max.

1 1

(£11m) at 1710 om.” ', and 1260 om.” ',

Reaction between cyclohexanone, cyclohexene, t-butyl
perbenzoate and copper salta.

A mixture of cyclohexanone (24 g., 0.24 mole),
oyclohexene (20 g., 0.2 mole), cuprous chloride (0.25 g.,
0.002 mole) and cuprie¢ bromide (0.25 g., 0.004 mole)
wes heated at 75° while t-butyl perbenzoate (28 g., 0.14
mole) was added Aropwise with oonstant stirring at such
a rate that the temperature did not rise asbove 75°.

The reaction was exothermig.

After the addition (5 hours), the mixture was
continuously stirred at 75° for 30 hours. When the
green-reaction mixture was cocled, ether (50 ml.) was
added and the resultant solution was extracted with 20%
aqueous modium carbonate, After ascidification with
dilute sulphuric 26id, the agueous layer was extracted
with ether (100 ml.). The ether solution was then dried
and evaporated to yield benzoic ecid (5.02 g., 28%), m.p.
and mixed m.p. 124-122°,

The organic layer remaining after extraction with
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sodium carbonate was dried. Ether and unchanged cyclo-
hexanone and cyclohexene were distilled. - The residue
(22.00 g.) was dissolved in s thanol and an excess of
podium borohydride was added slowly at Oo. The resultant
mixture was left overnight at 0°. Addition of dilute
acetic acid decomposed the sodium borohydride complex.
The solution was then basified with agqueous sodium

esarbonate and extracted with ether.

The orgenic lsyer was dried and the ether was
distilled. The residue waes then hydrolysed in boiling
LO% aqueous potassium hydroxide for 10 hours. When
cool, ethyl acetate wag added to the hydrolysed mixture,
The aqueous layer was acidifled with dilute sulphuriec
aclid and extracted with ether to yield benzolc acid
(10.19 g.), m.p. and mixed m.p. 121-122°,  The neutral
layer of the hydrdiysis extraction was dried, and the
ethyl acetate evapofated, to leave a mixiture of alceohols,

Vmex. (£11m) 3450 om.”'. These aloohols were

distilled in vecuo to yleld:

(a) eyolohex-2-en-1-ol (6.38 g.), b.p. 76-78°/22 mm,
Quantitative hydrogenation of distillate (a) with 5%
palladium on carbon at 1 atmosphere indicated 100%

ungaturation.
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(b) Mixture of aleohols (1.25 g.), b.p. 100=136%/
22 mm., v max. (£ilm) 3450 om.”'., Quantitative
hydrogenation of this mixture with 5% palladium on earbon
at 1 atmoephere indicated 71% unsaturation.

(¢) Regidue (1.56 g.), quantitative hydrogenation
with 5% palladium on earbon at 1 etmosphere indicated

70% vnssturation.

It was estimated that 8.37 g. of unsaturated
products were obtained from the hydrolysis, whereas 0.83 g.

of saturated products were obtalned,

Reaction between cyclohexanone, cyclohexene and t-butyl
perbhenzoste

A mixture of oyeclohexanone (24 g., 0.24 mole)
and cyclohexene (20 g., 0.24 mole) was maintained at 80°
while t-butyl perbenzoate (28 g., 0.14 mole) was added
dropwise with constant stirring.

After the addition (2 hours), the mixture was
oontinuously stirred at 80° for 430 hours. When the
reaction mixture was cooled, ether (50 ml.) was added,
and the resultant solution was extracted with 20% aqueous
sodlum earbonate, After acidification with dilute
sulphuric acid, the equeous layer was extracted with

ether (100 ml.). The ether soclution was then dried and
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evaporasted to yleld benzoic acid (6.98 g., 39%) m.p. and
mixed m.p. 121-122°.

The organic lsyer remaining after extraction
with sodium carbonate was dried. Ether and unchanged
ecyclohexanone and ecyclohexene wers evaporated. The
residue (27.42 g.) was dissolved in ethanol snd an excess
of sodium borohydride was added slowly at 0°., The
resultant mixture was left overnight at 0%, Addition
of dilute acetic acid decomposed the sodium borohydride
oomplex. The solution was then basified with aqueous
godium cardbonate and extracted with ether.

The organic layer was dried and the ether
evaporated, The residue wae then hydrolysed in boiling
4o® agueous potassium hydroxide for 10 hours. When
cool, ethyl acetate was added to the hydrolysed mixture.
The aqueous layer was acidified with dilute sulphurie
acld and extracted with ether, to yleld benzoic acid
(6.35 g.), M.p. 2nd mixed m.,p. 124=-122°, The neutral
layer of the hydrolysis extraction was drised and the
ethyl acetate evaporated to leave a mixture of slcohols,

vV max, (£ilm) 3450 em.”'. These aleohole were distilled

in vaeuo to yield:

(a) eyolohex-2-en-i~ol (3.79g.), b.p. 84=88°/35 mm.
Quantitative hydrogenation of distillate (a) with 5%
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pallad ium on carbon at 1 atmosphere indicated 95%

unsaturetion.

(b) Mixture of slcohols (2.46 g.), b.p. 120-430°%/
22 mm., ymex. (£11m) 350 om.~'. Quantitative hydro-
genation of distillate (b) with 5% palladium on carbon at

41 atmosphere indicated 55% unsaturation.

(¢) Residue (10.31 g.). Quantitative hydrogenation
with 5% palladium on carbon st 1 atmosphere indicated 30%

unsaturation.

It wae estimated thet 8,23 g. of unsaturated
products were obtained from the hydrolysis, wherees

8.2 g. of saturated products were obtained.

Reaction between oct-2-emne, t-butyl perbenzoaste and
cuprous chloride.

A mixture of oct-2-ene (50 g., 0.45 mole) and
cuprous chloride (0.5 g., 0.005 mole) was maintained at
65° while t-butyl perbenzoate (30 g., 0.15 mols) was
added dropwise, with constant stirring, at such a rate
that the temperature d1d not rise sbove 70°. The

reaction was exothermic,

After the addition (5 hourse), the mixture was
oontinuouely stirred at 65° for an additional 40 houras.

When the green reaction mixture was cooled, ether (100 ml.)



was added, and the resultant sclution was extracted with
20% agueous sodium carbonate, After acidification with
d4ilute sulphuric ecid, the agueous layer was extracted
with ether (50 ml.). The ether solution was then dried
and evaporated to yleld benzoie acid (L.57 g., 24%) m.p.
and mixed m.p., 121-122°,

The organic layer remaining after extraction
with sodium carbonate was dried. Ether and unchanged
oct-2-ene were distilled. The residue (24.68 g.) was
hydrogenated with W-7 Reney nickel at 60° and 100
atmospheres. The hydrogenated products were then
hydrolysed with boiling 50% squeous potassium hydroxide

for 12 houras.

An aliquot (2.90 g.) of the resultant aleohols
(10.9 g.) was aissolved in pure scetone (30 ml.) and a
mixture of ehromium trioxide (12 g.) dissolved in 50%
sulphurie acid (35 ml.) wae added dropwise with cooling.
When the oxidation wes complete (red colour), the
mixture was extracted with ether (20 ml.). The ether
extract was then sheken with 20% aqueous sodlum earbonate.
After acidification with dilute sulphuric aeid, the
agueous layer was extracted with ether (15 ml.). The
ether layer was then dried and evaporated to yield

octanoic seid (0.11 g.).
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The organic layer remaining after extrsction
with sodium earbonate was dried. The -ether was
distilled to yield octan-3one (4.7 g.), 2,4~81initro=
phenylhydrazone (needles from methanol) m.p. and mixed
MmeD . 62~63°. Considerable difficulty was experienced

in purifying this 2,h-dinitrophenylhydrazone.

Reaction between 4-phenylprop-i-ene, t-butyl perbenzoate
and cuprous cehloride,

A mixture of 41-phenylprop-i-ene (29.0 g., 0.25
mole) end euprous ehloride (0.5 g., 0.005 mole) was
heated at 75° while t-butyl perbenzoate (28.5 g., 0.45
mole) was added dropwise, with constant stirring, at such
a rate that the temperature did not rise above 75°.

The reaction was exothermie,

After the addition (3 hours), the mixture was
eontinuously stirred at 75° for an additional 20 hours.
When the green reaction mixture wes cooled, ether (100 ml.)
was added and the resultant solution waes extracted with
20% aqueous sodium ¢ arbonste, After acidification with
dilute sulphuric acid, the aqueoue layer was extracted
with ether (50 ml.). The ether solution was then dried
and evaporated to yield benzoic scid (9.48 g., 52%),

m.p. and mixed m.p. 121-122°,
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The organic layer of the sodium carbonate
extraction was dried and the ether evaporated. Distilla~

tion in vacuo of the residue ylelded:

(a) unchanged /6 ~methylstyrene (9.80 g.), b.p. 70%/
20 mm, The residue (15.2 g.) gave V max. (chloroform)
1 1 and 965 Gmo~1o

1710 em.”', 1270 em.”?, 1115 em.”

An aliquot of the residue was dieBolved in
ethanol and hydroganated over W=7 Raney nickel at 100
astmoapheres st 70°. The hydrogenation products were
then hydrolysed in boiling 20% ethanolie potassium hydro-
xide for 12 hours. The acidie product of the hydrolysis
proved to be benzole acid, m.p. and mixed M.D 121-122°,

The neutral product of the hydrolysis was a mixture of
aleohols (0.84 g.) ~ max. (£ilm) 3450 om.”'.

Thie mixture was dissolved in pure acetone and
oxidized with chromic acid at room temperature, The
oxidation products were extracted with ether and the
ether solution was sheken with 20% aqueous msodium
earbonate. After scildificetion with dilute sulphurie
acld, the agueous layer wag extracted with ether, The
ether solution was then dried and the ether evaporated

to yield 2-phenylpropionic acid (0.22 g.).

The organic layer, remaining after extraction
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with sodium carbonate, was dried and the ether was
evaporated to yleld ethyl phenyl ketone (0.45 g.), 2,u4-
dinitrophenylhydresone m.p. and mixed m.p. 190-191°.

Reaction between cholest-2-en-3-yl benzoate, t-butyl
perbenzoate, cuprous chloride and cupric bromide.

A mixture of cholest-2-en-3-yl benzoate (20.0 g.,
0.04 mole) , ouprous chloride (0.4 g., 0.004 mole) end
cupric bromide (0.58 g., 0.003 mole) was mainteined at
80° in benzene (75 ml.) while t-butyl perbenzoate (5.7 g.,
0.03 mole) wes added dropwise with constant stirring.

After the addition (1 hour), the mixture was
continuously stirred at 80° for sn sdditional 20 hours.
When the reaction mixture was cool, it was extracted with
20% aqueous sodium carbonate. After acidification with
dilute sulphurie acid, the agueous layer was extracted
with ether (50 ml.). The ether solution wae then dried
and eveporated to yield benzoic scid (2.21 g., 62%) m.p.
and mixed m.p. 121-122°,

The organie layer, remaining after extraction
with sodium carbonate was dried and the benzene was
eveporated, The dark regidue was dissolved in a

minimum of hot acetone and the resultant solutlion was
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cooled slowly. Oholeat~2-en-3-yl benzoate (6.33 g.,)
m.p. and mixed m.,p. 127-1 28°, soon separated and was
filltered. The acetone was distilled from the filtrate
end en aliquot (4.61 g.) of the residue (15.55 g.) was
chromatographed on scid-washed slumina to yield:

(a) oholest-2-en~3-yl benzoate (1.55 g.) m.p. and
mixed m.,p. 126-127°,

(b) cholest-1-en~-3-one (2.08 g.) m.p. and mixed m,p.
99-99.5° (needles from a¢:aetzc_n‘1e).,[o(]g5 + 61.0° (onloro-
form) (Pound: C, 84.42; H, 41.46, OCale. for 027!!,.‘“0:
C, 84.31; H, 11.53%).

(e) unidentified red oils (1.0 g.).

(4) unidentified orystals (trace) (needles from

ethanol) m.p. 164 .5-162.5".[0(]%0 + 1.5° (appl_'oximto)
(ehloroform), ) max. (chleroform) 1725 om.'1, and
1275 om.” ', | |

Reaction between 3J-ethoxycholest-2-ene, t-butyl perbenzoate
and cuprous chloride.

A mixture of 3-ethoxycholest~2-ene {3.90 g.,
0.01 mole) and euprous chloride (0.20 g., 0.002 mole)
was heated at 75° {n benzene (20 ml.) while 3-butyl
perbenzoate (7.2 g., 0.03 mole) was added dropwise with

constant stirring.
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After the addition (1 hour), the mixture was
continuoualy stirred at 75° for an additionzl 20 hours.
When the reaction mixture was @ooled, it was extracted
with 20% aqueous sqdium carbonsate. I;fter acidirication
with dilute sulphuric acid, the agueous layer was
extracted with ether (50 ml.). The ether solution wae
then dried and evaporated to yleld denzolo ecid (2.53 g.,
56%) m.p. and mixed m.p. 121-122°,

The organic layer, remaining after extraction
with sodium carbonate, was 4dried and the benzene wae
eveporated. The residue (5.77 g.) was chromstographed
on soid-washed alumina to yleld:

(a) oholestan~3-one (trace) m.p. and mixed m.p.
129-129.5%,

(b) unidentified crystals (0.05 g.), nodules from

methanol, m.p. 103.5-105.5, ) mex. (chloroform) 1715 om.” ",

and 1670 om.” .,
(c) unidentified crystals (0.2 g.) (blsdes from
methanol) m.p. 97.5+98°, V) max. (ohloroform) 1665 em.~1,

(d) dark-red oils which could not be purified upon

repeated ohrometography. Most of these ells abmorbed

strongly at 1720 om,” ' 1 ana geveral

gave double carbonyl absorption at 1720 om.”?, ana

, and 1275 em.
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1 1

1690 em.” ', as well as 1275 em.”'. In certain cases
the infrared ebsorption indicated aromatization even in

the absence of benszoyloxy groups.

A egimilar reaction between cholest~l-en-3-one,
1-butyl perbenzoate and cuprous chloride, slso falled teo
yield any products wﬁich could bhe identified.

Reaction between {-ethoxycyoclohex-i-ene, t-butyl perbenzoate
and guprous chloride.

A mixture of 1-ethoxyeyclohex-i~ene (65 g., 0.52
mole) and cuprous chloride (1.0 g., 0.01 mole) was heated
at 75° while t~butyl perbenzoate (60.0 g., 0.31 molg
was added dropwise with constant stirring at such a
rate that the temperature of the reaction was maintained
at 75°. The reaction was highly exothermic¢ and during
the addition the resetion mixture changed from blue to

green,

After the addition (5 hours), the mixture was
continuously stirred at 75° for a further 20 hours.
When the green reaction mixture was cooled, ether (4150 ml.)
was added and the resultant solution was extracted with
20X aqueous sodium carbonate. After acldification with
dilute sulphuric acid, the agueous layer was extracted

with ether (200 ml.). The ether solution was then dried
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and evaporated to yleld benzoie acid (18.57 g., U6%) m.p.
and mixed m,p. 121-122°,

The organic layer, remaining after extraction
with sodium carbonate, was dried and the ether was
evaporated. The reeldue was fraotionated in vague
through a 20 em, column, Seven fractions were obtained
(eee table) and exsmination of each fraction by G.L.C.
analysis showed that most of them contained more than
one ecompound, These compounds had retention times
identical to those of cyelohexanone (a), 1-ethoxycyclohex-
1-ene (b), phenyl ethyl ether (c) and 1,1-diethoxyoycle-

hexane (d).

Standard mixtures of each of these compounds
were prepared and compared with the gas-phase chromatograms
of the fractions 1-7. Approximate quantities of the

eompound 8 in each fraction were thus obtained (see table).

Cyel ohexanone-2,4~dinitrophenylhyd razone was

prepared from fraction 1, m.p. and mixed m.p. 164-162°,

Ultraviolet absorption of fraction 5 was identical
to that of authentie phenetol.

Infrared absorption of fraction 7 wae identicel to
that of euthentiec cyclohexﬁnone diethyl acetsl,
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Prac. Wt. of Wt., of (a)|Wt.of |[Wi, of Wt, of
No. F{;::;ion (g.) (v) (g.)|(e) (g.) [(a) (g.)
1 2.20 0.77 1.43 - -

2 6.63 0.33 5.97 - 0.33 =

3 6.66 - 5.96 | 1.33 -

4 1.71 - 1.11 | 0.60 -

5 2.01 - 0,70 1.3 -

6 3,38 - - 1.69 1.69

7 b.24 - - - b2l

n% 1.4370 (Found: O, 69.72;5 H, 11.77; 0, 18.9k.

Cale. for O, H,n0,t OC, 69.72; H, 14.70; O, 18.58%).

The residue (25.37 g.), which remained after the
frectionation, was ohromatographed on acid-washed alumina,
but only coloured-impure oils were obtailned. In many

cases these oils gave ) maz. (f£ilm) 1720 om.” 1,

Reaction between hept-i-yne, t-butyl perbenzoate and
guprous chloride

A mixture of hepi-i-yne (25 g., 0.26 mole) and
cuprous chloride (0.2 g., 0.002 mole) was maintained at
75° while t=butyl psrbenzoate (25 g., 0.13 mole) was
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added dropwise et such a raete that the temperature dld
not rise abave 80°. The copper salt was readily soluble
in cold hept-i-yne to glve a green solution. As soon
a8 the first few drops of perester were added, the
reaction mixture ahanged rapidly to deep purple. As the
perester addition proceeded, the colour gradually changed
to the original green.

After the sddition (3 hours), ths mixture was
continuoualy stirrod at 75° for an additional 22 hours.
When the greesn resction mixture was coolsd, ether (100 zl.)
wes added, and the resultant solution wes extracted with
20% aquecus sodium earbonate. After acidification with
d4ilute sulphuris sacid, the squeous layer was extracted
with ether (100 ml.). The ether solution wes then dried
and evaporated to yleld densolc acid (5.21 g., 33%), m.p.
and mixed m.p. 129-422°,

The organie layer remaining after extraction with
sodium ocarbonate was dried. Bther and unchanged hept-1-
yne were dictilled. An mliguot (6.59 g.) of the residue
(18.0 g.) was ehromatographed on acid-waghed alumina to
yielad:

(2) Unidentified ester (0.2 g.), y max. (fiim)

1, end 1265 cm.'1; weak absorption occurred at

1740 om,”
2200 om.", the ester did not show absorption at 2100 om.™

and 3300 em,” 1,
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(b) Hept=1-yn=3-yl benzoate (2.50 g.), b.p. 101°/
0.15 mm., n}?*> 1.5068 (Found: C, 77.66; H, 7.7h.
C,,B4¢0, requires: C, 77.75; K, 7.46%), ymax. (£1lm)

1, and 1265 em.™!
1

1740 om, ; medium absorption was

observed at 3300 em,
1

, 8nd weask abeorption occurred at

1

2100 em., ', the ester d1d not show ebsorption at 2200 em, .

(¢) Unidentified alcohol (3.5 g.), resulting from the
hydrolysis of esters during chromatography. This alecohol

showed ) max. (film) 3300 am.” ',

The crude residue used for the chromatography
gave an i1dentical infrared absorption spectra to that of
fraction (b)., Analiquot (1.0 g.) of fraction (b) was
d1ssolved in ethanol (5 ml.) and hydrogenated with 5%
palladium on carbon at 1 atmosphere. The resultant
gaturated ester was then hydrolysed in boiling 20%
ethanolie potassium hydroxide for 5 hours. The
hydrolysis ylelded:

(1) heptan=-3-ol, b.p._70-71°/22 mm. , n%o 1.4226,
(11) bvenzoic acid, m.p. snd mxed m.p. 124-122%,
The totel yield of hept-i-yn-3-yl denzoate from the

reaction was 17.20 g., 61%.

The heptan-3~-0l was oxidized with chromic acid

to yleld heptan-3~-one, 2,4-dinitrophenylhydrazone m.p.
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and mixed m.p. 82-83°,

Reaction between diethyl malonate, i-butyl perbenzoate and
guprous chioride.

A mixture of diethyl malonate (200 g., 1.25 mole)

and ouprous ochloride (1.0 g., 0.01 mole) was maintained
at 70° while t-butyl perbenzoate (35 g., 0.18 mole) was
added dropwise so that the temperature 414 not rise

above 70°.

After the a8dition (5 hours), the mixture was
continuougly stirred at 70° for a further 3 hours.
When the green rezotion mixtuve was eocled, sther (100 ml.)
was 8dded, and the resultant solution wae extracted with
20% aqueous sodium earbonate. After asldification with
dilute sulphuric aecid, the aqueous layer was extracted
with ether (4100 gl.). The ether solutfion wae then
dried and evaporated to yleld bensolio eoid (14.80 g.,
66%) m.p. and mixed m.p. 121-122°,

The organie layer, remaining after extirsction
with sodium carbonate, weg @ried. Ether snd unchanged
dlethylmalonate were evesporeted, An sttempt to distil
the crude residue (20.88 g.) under high vacuum resulted
in the partial decomposition of the products (benzoic
acid produced). Chromatography of the residue on silies
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yielded reasonsbly pure diethyl Q-benzoyl tartironate.

No diethyl Q-t=butyl tartronate oould be found, The

diethyl Q-benzoyl tertronste gave Vmax. (film) 1750 em,'1,

1740 om.” ', 1275 em.~ Y, 1455 om.'1, 1060 om.'1. 1025 om.”?,
1

and 965 em.,”'s. It was not further investigated.

betwee A'=azo onitrile and cupri
benzoate.

A mixture of ol , ol'-asobisisobutyronitrile (8.3 g.,
0.05 mole) and oupric bensoste (50.0 g., 0.16 mole) was
refiuxed for 415 hours in butan-2-cns (300 ml.). When
the reaation mixiure was 6ool, the insolubls coppers
salts were riltered (37.32 g.). All volatile material
was then evaporated from the filtrate to yield & residue
(17.0 a.). An sliquot (10.0 g.) of this residue was
ehromatographed on 3cid~washed alumina to yleld:

(a) tetramethylsuocinonitrile (0.2 g.) m.p. and
mxed m.p. 168-169° (plates from egueous methenol).

(v) unidentified compound (0.4 g.) m.p. 163-164°,
~ max. (ehloroform) 1675 om.~', 1500 em.~1, 1475 om,”?,
and 1280 om.” ",

When the ohromatography column was eluted with
highly polar solvents, benzolc acid (8.29 g.) was
obtained.,
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The insoluble copper-selts from the reaction
(37.32 g.) were steam-digztilled from 40% sulphuriec scid
to yleld bensolc acid (27.02 g.)e

Reaction between 1,1,3~triphenylprop-i-ene, t-butyl
perhenzoate and scuprous bromide.

A mixture of 1,1,3triphenylprop-i-ene (36.28 g.,
0.14 mole) and ouprous dromide (0.1 g., 0.001 mole) was
maintained at 80° while t-butyl perbenzoate (15.5 g.,
0.08 mole) was added dropwise with constant stirring.

After the addition (1.5 hour) , the mixture was
continuously stirred at 80° for an additional 20 hours.
When the reaction mixture was cooled, ether was added
and the resultant solution wae extrected with 20%
aqueous sodium carbonate, After acidification with
dilute sulphuric acid, the aqueous layer was extracted
with ether (100 ml.). T he ether solution was then
dried and evaporated to yleld benzoic aeid (6.33 g.,
65%), m.p. and mixed m.p. 121-122°,

The organic layer from the sodium carbonate
extraction was dried and the ether eveporated. An
aliquot (7.09 g.) of the residue (40.59 g.) was dissolved
in glacisl acetic soid (50 ml.) and 2 mixture of 6-9%



252.

ozone in oxygen was passed into the solution until osone

waa present {n the issuing gases,

The resultaent ozonolysie products were then
decomposed by the careful addition of 30% hydrogen
peroxide, follewed by gentle refluxing for several hours,
The resultant solution was extracted with 20% aqueous
sodium carbonate and the organic layer was treated with
2,4=d1n1 trophenylhydrasine reagent to yield benzophenone
2,4~dini trophenylhyd razone (4.33 g.), m.p. and mixed
m.p. 136-137°,

An aliquot (30,54 g.) of the residue from the
first sodium earbonate extraction was distilled in vagug
to yileld a mixture of compounds (14.3 g.) b.p. 170=-174°/
0.3 mm, The infrared absorption of this mixture closely
resembled that of 1,1,3-triphenylpropei~cne, The mixture

was highly fluoreseent, however.

Extensive deecomposition occurred during the
above distillastion and the residue was very dark,
However, upon eooling, crystals were deposited (plates
from benzene-petrolsum ether) m.p. 209-211° (decomp.).
The infrared sbsorption spectra was very similar to that
ef 1,1, 3~triphenylprop~1-ene (Fopndvt C, 93.72; H, 6.12;

M.W. 490, Gl&?HBH requires G, 93.64; H, 6.36%; M.W. 538),
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Reaction between benzaldehyde, t-butyl perbenzoste and
guprous chloride.

A mixture of pure benzaldehyde (130 g., 0.82 mole)
and cuprous ohloride ‘(1.0 g+, 0.01 mole) was heated at 70°
while $-butyl perbenzoate (25.0 g., 0.13 mole) wes added
dropwise at such a rate that the tempersture of the
reaction wes maintained at 70%°. The resction was highly
exothermiec. The reaction mixture ettained a deep dlue
colour when the perester was being added. If the
perester addition was temperaﬂly nuspenﬁed, the resoction
mixture rapidly became deep green.

After the addition (4 hours), the mixture was
continuvously stirred at 70° for a further 20 hours.
When the green reaction mixture was ooqle:d, sther (150 m.)
was added end the resultent solution was extracted with
20% squeous sodium carbonate. After acidification with
dilute gulphuric acid, the squeous layer was extracted
with ether (100 ml.). The solution was then dried and
the ether evaporated to yleld benzole ecid (11.62 g.,
73%) m.p. and mixed m.p. 121-122°,

The orgeniec layer remaining after extraction with
scdium carbonate was dried and the ether was evaporated
under nitrogen. Distillation in yacuo of the repidue
under nitrogen ylelded:
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(2) %~butyl benzoate (1.95 g., 8%), b.p. 44°/0.2 mn.,

) 1.4930.

(b) benzolo anhydride (13.22 g., 45%), b.p. 138-142°/
0.22 mm,, (lathes from benzene-light petroleum) m.,p. and
mixed m.p. 41-42°.

(¢) dark red reesidue (1.21 g.) not exemined.

Resction between ethyl benzoate, di~i-butyl peroxide, acetio
acid end cupric chloride.

A mixture of ethyl benzoate (21.70 g., 0.14 mole),
di-{-butyl peroxide (10.1 g., 0.07 mole) and acetic acid
(10 g., 0.17 mole) was heated at 90° in the presence of
cupric chloride (30 g., 0.23 mole) for five days with
constant stirring, Benzene (100 ml.) was used as &

solvent,

When the reaction mixture wae cooled, the eopper
salts were removed by filtration end the filtrate wos
then dried. The benszene weas evapcrated, and en aliquot
(25 g.) of the residue (33.50 g.) was hydrolysed in
boiling 20% ethanolic potassium hydroxide for 6 hours.
All gaseous prod uets from the hydrolysis wers caught in
e trap containing solid carbon dioxide. The hydrolysis
yielded benzolec acid (9.04 g.) and acetaldehyde (0.18 g.)
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2,4-d4initrophenylhydrazone m.,p. and mixed m.p. 462-1 63°.

An sliquot (5.82 g.) of the original (non-
hydrolyeed) product was digtilled to yleld unchanged
ethyl benzoate (4.61 g.).

Reaction between formamide, f~butyl perbenzoste and cuprous

QIEOP;GQQ

A mixture of formamide (100 g., 2.22 mole) and
euprous chloride (1.0 g., 0.01 mole) was heated at 75°
while 3-butyl perbenzoate (25 g., 0.13 mole) was added
dropwise, with constant stirring, at such & rate that
the temperature of the resction was maintained at 75°.
The reaction was highly exothermio. The initial mixture
of formamide and cuprous chloride was deep purple,

After some perester had been added, however, the solution

became deep green,

After the addition (4 hours), the mixture was
continuously stirred et 75° for an additional 20 hours.
When the green reaction mixture was ¢ool, ether (150 ml.)
wvag added and the resultant solution was extracted with
20X aqueous sodium garbonate, ’Atter acidification with
dilute sulphurie¢ 2014, the aqueous layer was extracted
with ether (150 ml.). The ether solution was then dried
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and evaporated to yleld benzoic acid (16.29 g., 100%)
m.p. 2nd mixed m,p. 121-122° and formic aeld (13 g.).

The organic layer remaining after extraction
with sodium carbdonate was dried and the ether was
distilled. The residue (3.72 g.) comprosed mainly
i-butyl allophanate (needles from benzene-ethanol) m.p.
and mixed m.p. 175-176° (decomp.) (Found: O, L45.03;
H, 7.53; N, 17.49. Cale. for °6n1ané°3’ G, L44.99;

H, 7.55; N, 17.49%).

Reaction between p~butyl formaste, t-butyl perbenzoate end
guprous chloride.

A mixture of p-butyl formate (100 g., 1.0 mole)
and ocuprous chlearide (1.0 g., 0.01 mole) wae heated at
70° while 3~butyl perbenzoate (25.0 g,, 0.13 mole) was
‘added dropwise, with constant stirring, et sueh e rate
that the temperature of the resetion was maintained at
70°. The reaction was highly exothermio. Carbon
dioxide, formed during the reasotion, was absorbed in a
pro~weighed soda-lime/ealeium ehloride tube.

After the addition (4 hours), the mizture was
gontinuoualy stirred at 7o° for an additional 20 hours.
When the green rsaction mixture was sooled, ether (100 gj.)
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was 8dded and the resultant solution was extracted with
208 aqueous sodium earbonate., After acidifiocation with
d1lute sulphuric scid, the aqueous layer was extraoted
with ether (100 ml.)s The ether solution was then dried
and aevaporated to yleld benzolie ascid (14 .54 g., 91%) m.p.
and mixed m.p. 121-122°. |

The organic¢ layer, remaining after extraction
with sodium carbonate, was dried and the ether was
evaporated, Distillation of the residue ylelded:

(a) unreactednbutyl formate.

(b) p-butyl-pebutyrate (4.13 g.), b.p. 61°/13 mm,
(FPound: ©, 66.763 H, 11.16; 0, 22,0. Cale, for
OgH, 0t O, 66.63; K, 11.18, 0, 22.19%), n)® 1.4087,
p-butyrio scid was obtained upon elkaiine hydrolysis
(7p 0.32).

(e) p-butyl bensoete (1.79 g., 8%), b.p. 96%/0.6 mm.,
n§1 10,49710

The derk residue (2.5 g.) from the digtilletion wes

not examined.

The soda-lime/eslcium chloride tube inereased in
weight by C.54 g. (10% yleld of carbon dioxide).
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Reaction between oct-1-ene, t-butyl hydroperoxide, secetic
asid, ferrous and cupric ions.

A mixture of oct-i~ene (140 g., 1.20 mole),

scetioc eoid (17.0 g., 0.28 mole), cupric bromide (0.62 g.,
0,003 mole) and ferrocene (0.55 g., 0.003 mole) was
maintained at 70° while g-butyl hydroperoxide (25.0 g.,
0.28 mole) was added dropwise, with constant stirring,

at such a rate that the t‘emperature of the reaction
mixture 814 not rise above 76°. The reaction was
exothermia. During the perester addition, the reaction

mixture chenged from pale yellow to dark green,

After the sdéition (4 hours), the mixture was
gontinuously stirred at 709 for a further I hours.
When the green reaction mixture was eosoled, ether (100 ml.)
was added and the resultant solution was extracted with
20% agueous sodium carbdbonate., After scidification with
dilute sulphuric acid, the aqueocus layer was extracted
with ether (150 xl. )o The ether solution was then dried
and eveporated to yleld asetic =201d (1.4 g.).

The organic layer, remaining after sxtraction
with sodiuvm carbonate, was dried and the ether and
unreacted oct-i-¢ne was evaporated. Distillation in

yagyo of the dark residue ylelded:
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(2) a mixture of esters (15.04 g.), b.p. 80-85°/

17 mm., ~ max. (£11m) 1750 om.”?, ana 1260 om.”?.

(p) a mixture of estere (2.57 g.), b.p. 90-95°/

17 mm,, ) max, (£ilm) 1740 om,~!, ana 1260 om.”!.

The dark reeidue (7.72 g.) from the &istillation had V) max.

(£41m) 1740 om.”', ana 1260 om.”t.

An sliquot of ester mixture {a) wes hydrogenated
at atmospheric pressure over 5% palledium on oarbon.
The resultant saturated esters were then hydrolysed with
20% ethanolic potassium hydroxide for 12 hours. The
aleohols (1.97 g.) from the hydrolyeis were dissolved in
pure soetone, end echromic acid solution wes added Aaropwise
with cooling. The oxidation products were extracted
with ether, and the éther solution was shaken with 20%
aqueous sodium carbonsate. Artér aoldification with
dilute sulphurie acid, the agueous léyer wag extreoted
with ether. The ether molution wes #ried snd evaporated
to yield octanolc acid (0.1h4 g.).

The nesutral layer of the smdium carbonate
extrsotion wae dried and the ether was evaporsted to yleld
octan~3~one (1.19g.) 2,4~dinitrophenylhydraszone m.p. and
mized m.p. 61-62°,

An eliguot of ester mixture (b) was similarly
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hydrogenated and hydrolysed. The resultant alcohols
(1.60 g.) were exidized to yield octanoic acid (0.88 g.)
and octen-3-one (0.49 g.).

Honce the yield of 1-scetoxyoct-2-ene from the
reagtion was 3.2 g. (7%), and the yield of 3-acetoxyoct-
1-ene was 14.5 g. (31%9).

Reaction between cyclohexene, t-butyl hydroperoxide,
zoic a farr and riec 1 o

A mixture of ayolohexene {122 g., 1.49 mole),
benzoic 2044 (68 g., 0.56 mole), cupric dromide (1.2 g.,
0.006 mole) and ferrocene (1.099 g., 0.006 \mole). was
heated at 65° while t~butyl hydroperoxide {50.0 g.,
0.56 mole) was sdded dropwise, with constant etirring,
at sueh a rete thst the temperature of the resction
mixture d14 not rise sbeve 70°. During the addition,
the reaction mixture changed from pale yellow to dark

green and it was exothermie,

After the addition (4 hours), the mixture was
continuously atirred st 65° for a further 30 hours.
When the green reaction mixture wee coeled, ether (150 ml.)
was added snd the resultant solution was extracted with
20% aqueous sodium carbonate. After acidificzation with
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dilute sulphuric scid, the agueous layer was extraoted
with ether (150 ml.). The ether solution was then
dried and eveporated to yleld benzoic seid (28.01 g.)
m.p. and mixed m,p. 121-1 22°,

The organic layer, remesining after extraction
with sodium carbonate, was dried end the ether and
unreascted eyclohexene were evaporated. Distillation
ip yacug of the dark residue yielded cyolohex~2-en-1=yl
benzoate (53.55 g.), b.p. 92~95°/0.15 mm, The residue,
a vigoous, black, tar (11.37 g.) was ohromatogrephed on

neutral alumina to yleld:

(2) oyolohex-2-en-1~yl benzoate (1.88 g.)
(b) els-oyelohex-2-en-1,4~d10l dibenzoate (1.05 g.)
(rods from ethanol) m.p. 97-98.5°.

The total yleld of eyclohex-2-en={i-yl benzoate
was 55.23 g. (49%).

Reaction between eyclohexene, t-butyl hydroperoxide,
=naphthoic acid, ferrou ne and cupric lons.

A mixture of oyclohexene (240 g., 2.93 mole),
4-naphthoic acid (48.0 g., 0.28 mole), cupric bromide
(0.62 g., 0.003 mole) and ferrocene (0.55 g., 0.003 mole)
wes heated at 75° while t-butyl hydroperoxide (25 g.,
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0.28 mole) wae added dropwise, with constant stirring,
at such a rate that the temperature of the resction
mixture 414 not exceed 75°. During the eddition, the
reaction mixture ehanged from pale yellow to dark green

and heat wes evolved,

After the addition (4 hours), the mixture was
econt inuvously stirred at 75° for a further 30 hours,
When the green reaction mixture was cooled, ether
(100 ml.) wes added and the resultant solution was
extracted with 20X aqueous eodium carbonate. After
ecidifioation with dilute sulphuric acid, the aequeous
leyer was extraoted with ether (150 El.). The ether
solution was then dried and evaporated to yleld 1-
naphthoic a0id (19.57 g.) M.p. and mixed m.p. 160-161°,

The organic layer, remaining aftier extraotion
with sodium ¢arbonate, was dried and the ether and
unreacted oyolohexol;o were evaporated. Distillation 4in
yaouo of the dark residue (51.66 g.) yielded gyclohex-2-
gn-1=yl 1-nephthoate (4O.4O g., 58%), b.p. 164°/0.35 m.,
nnzo 1.6052 (Founda: ©, 80.64; H, 6.22. 017H16Q2
requires: O, 80.92; H, 6.39%), V max, (f£ilm) 1710 qm."‘.
1, ana 1135 om.”1.,

o o
N\ Bax. (ethanol) 2340 A, and 2980 A: The ester

1285 om.~Y, 1250 em.”', 1190 om.”
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decomposed appreciably at ite boiling point, 1-naphthola

a0id was a decomposition preduot.

? he ester was hydrogenated at 1 atmosphere
using 5% palladium én carbon end ethanol as the solvent,
The resultant saturated ester was hydrolysed with 20%
ethanoliec potassium hydroxide to yield 41-naphthoie acld
(m.p. 8nd mixed m.p. 160-164°) and oyclohexancl, b.p.
158-160°.

Reaction between di~isobutylene, t-butyl hydroperoxide,
n-decanoic seid, ferrous and cupriec ions.

A mixture of di-isobutylene (200 g., 1.79 mole),
p-decanoic acid (48.0 g., 0.27 n;ole). oupric bromide
(0.62 g., 0.003 mole) and ferrceene (0.55 g., 0.003 mole)
was heated at 75° while t-butyl hydroperoxide (25.0 g.,
0.28 mole) was added dropwise, with constant stirring,
at such a rate that the temperature of the reaction
mixture d1d not rise ebove 75°. = The reaction ws
exothermic, and during the alddition the reaction mixture

shanged from pele yellow to dark green.

After the addition (4 hours), the mixture was
continuously stirred at 75° for a further 30 hours.
When the green reaction mixture wee cooled, ether (150 nml.)
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was added and the resultant solution was extracted with
20% aqueous sodium earbonate. After acidification with
dilute sulphuric acid, the aqueous layer was extracted
with ether (150 ml.). The ether solution was then
dried end evaporated to yleld p~decancic acid (34.11 g.).

The organic layer, r emaining after extracetion
with sodium carbonate, was dried and the ether and
unrcacted di-isobutylene were distilled. Digtillation
4dn yagyo of the dark restdue (34.37 g.) ylelded 2,2.4-
trimethylpent=l=en-3-yl decanocate (24.45 g., 31%) b.p.
104°/0.1 mn., ni® 1.4478 (Founar 0, 76.75; H, 11.96.
o, 8331.;02 requires C, 76.54; H, 12,13%), V mex. (film)

1740 om.'1. 1245 cm.'1, 11% em.""‘, 909 om;"1;

This ester was hydrogenated at 100 atmospheres
with W=7 Raney nickel to yleld & mixture of esters, b.p.
104°/0.1 mm., n20 1.4411 (Pound: O, 76.43; H, 12.60.
04833602 requirest G, 75.99; H, 12.76%X). Weak infra~

19‘ and 905 GM--1, indicated

red abserption at 1640 em.”
that the hydrogenation haé not gone to eompletion.
Subsequent attempts also falled to completely hydrogenate

this ester.

The partially hydrogenated mixture of esters
(0.5 g.) was hydrolysed with boiling 20% ethanolic
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potassium hydroxide for 12 hours. The acid product from

the hydrolysis proved to be p-decanolc acid.

The neutral products of the hydrolyselis gave V
max. (£11m) 3500 em.”'. They were diesolved in pure
acetone and chromic seid solution was added dropwise with
cooling. The oxidation products were extracted with
ether and the resultent solution wes shaken with 20%
aqueous sodium carbonate, After ascidification with
dilute sulphuric scid, the agqueous layer was extracted with
ether, The ether solution was dried and e vaporated to
yield 2,4,4=trimethylpentancic acid (trace). Small
quantities of other acids were also observed by paper

chromatogrephy; all had Rp values lower than that of
2,4, 4~trimethylpentanoic acid,

The organic layer of the sodium carbonate
extraction was dried and the ether was evaporated to yleld
2,2,4=trimethylpentan-3-one (0.2 g.); 2,4~dinitrophenyl-
hydrazone m,p, and mixed m.p. 163—16h°. Difficulty was
experienced in purifying this derivative due to small

amounts of impurities.

Regction between cholesteryl benzoate, benzoic acid,
t-butyl hydroperoxide, cuprio and ferrous ions,

A mixture of cholesteryl benzoate (10 g., 0.02

mole), benzoic aoid (20.20 g., 0.17 mole), cupric bromide
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(0.62 goy 0.003 mole) and ferrocene (0.55 g., 0.003 mole)
was heated at 75° in benzene (70 ml.) while %-butyl
hydroperoxide (15,0 g., 0.17 mle) was added dropwise
with constant stirring st such a rate that the temperature

of the reaction mixture 41d not rise above 75°.

After the addition (1 hour), the mixture was
continuoualy stirred at 75° for an additional 20 hours.
When the reaction mixture was cooled, 4t was extrascted
with 20% squeous sodium carbonete. After ascidifieation
with d{lute sulphuric 2¢id, the squeous layer was
extracted with ether (400 ml.). The etixer solution
was then dried and evaporated to yleld benzoic acid
(17.29 g.) m.p. end mixed m.p. 121-122°,

The organic layer, which remainsd after the
sodium carbonate extraction, was dried, and the benzene
was eveporated. An allquot (2.63 g.) of the residue
(13.47 g.) was chrometographed on silica gel to yield
cholest-5-en~3 f#-ol-?-onc 3-benzocate (0.3 g.) m.p, and
mixed m.p. 158-159°,

No other compound was ldentified from the
ohromatography, only impure coloured oils were obtaired
which could not be induced to oryetallise,
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Resction between t-butyl per-o-toluate and cuprous ehl oride
1

A mixture of ouprous ohloride (0.4 g., 0.004 mole)
in benzene (40 ml.) was heated at 85° while t-butyl per-o-
toluate (17.0 g., 0.08 mole) was added dropwise with
constant atirring at such a rate that the temperature

414 not rise shove 85°,

After the addition (2 hours), the mixture was
continuously stirred at 85° for an additional 26 hours.
When the green reaction mixture was sooled, ether
(100 ml.) was added and the resultant solution was
extraoted with 5% aqueous sodium hydrogen carbonrate,
After ascildification with d1lute sulphuric aocid, the
aqueous layer was extracted with ether (50 ml.)s The
ether solution was then dried and evaporated to yiesléd
g-tolulo s0id (2.63 g., 24K) m.p. and mixed m.p. 107-108°,

The orgenioc layer of the sodium hydrogen
oarbonate extraotion, was dried and the ether and
bensene were evaporated. Distillation in vagug of the
residue ylelded:

(a) methyl-g-toluate (3.52 g., 29%), b.p. 58-59%/
O.4 mm. (Pound: C, 72.12; H, 6.75; 0, 21.2. Oalo,.
for OgH, 0,1 O, 71.98; H, 6.71; 0, 21.31%), n'p°’
1051960
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(v) uenchanged {-bdutyl per-g-toluate (2.03 g.), b.ps
87°/0.45 wm,

(o) residue (2.97 g.).

This residue was chromatographed on acid-washed
alumina to yield:

(a) atmethyl ester of 1,2~d1~-(2-cardoxyphenyl)~ethane
(0.36 g., 3%) (orystals from ethanol) m.p. end mixed m.p.
102.5~103° (Pound; ©, 72.04; H, 6.18. OCale. for

(b) unidentified red-oil {0.45 g.).

Only 30X regovery was obtained from the column.

Resction between t-~butyl per-o-toluste snd cuprous chloride

A mixture of ouprous shloride (0.4 g., 0.004 mole)
in benzene (25 ml.) was heated at 50° while f-~butyl per-g-
toluate (10.96 g., 0.05 mole) was added dropwise at such
e rate that the temperature 414 not rise above 50°.

After the addition (2 hours), the mixture was
continuously stirred for 120 hours. Ddiring this time
the temperature was slowly raiged from 50° to 65°.

When the green resotien mixture was cooled, ether (25 m.)
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Resction between oct-2-ene and cupric bromide.

A mixturei of oct-2-ene (37.83 g., 0.% mole) and
snhydroue eupric bromide (30.00 g., 0.13 mole) was heated
at the bolling poiﬁt oyf oct-2-ene for 90 hours. During
the early stages of the reaction the blaek cuprio
bromide euddenl@&urned to white. The change wase
complete ﬂthil_af'i%"few seoconds. Hydrogen bromide was
evolved during the reastien. At the completion of the

reaction, the solutlien was again black,

When cooled, the reaction mixture was filtered;
a dark green residue and a black golution resulted,
Fraotionation of the black solutien yielded:

(2) unchanged o’ét-a-eno. b.p. 124=-125°.

(b) octan-2-one (1.24 g.), b.p. 74=78%/22 m.,
2,4=dinitrophenylhydrasene (needles from petroleum ether)
m.p. and mixed m.p. 56-58°. mixed m.p. with octan~3-one=-
2,4~dini trophenylhydreszone produced a large depression.

('o) p-bromo-actane (4.39 g.), t.p. 809/22 mm,

(a) 2,3-dibromo-octane (5.08 g,), b.p. 130-140°%/
28 mm., 238-240/760 mm, (Found: O, 35.323 H, 5.68;

Br, 59.0, OCsle. for 081!1551'2: G, 35.32; H, 5.93;
Br, 58.75%).
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