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Foreword 

The present volume in “The Chemistry of Functional Groups” series deals with functional 
groups which include the -0-O- bond, i.e., organic peroxides, hydroperoxides, acyl 
peroxides, peroxy acids and esters and ozonides. None of thesegroups have been treated in 
the volumes which appeared up to now in the series. 

Unfortunately, out of the originally planned 31 chapters, seven did not materialize. 
These should have treated the following subjects: NMR;  ESR and CIDNP; Analytical 
methods; Elcctrocliemistry; Chemiluminescence; Biological formation and reactions; 
Safety and toxicity. We hope that these missing chapters will be incorporated into one of 
the future supplementary volumes of the Series. 

The Editor will be very grateful to readers who would communicate to him mistakes and 
omissions relating to this volume as well as to other volumes in the Series. 

S A U L  PATAI 
Jerusalem, June 1983 
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The Chemistry of Functional Groups 
Preface to the series 

The series ‘The Chemistry of Functional Groups‘ is planned to cover in each volume all 
aspects of the chemistry of one of the important functional groups in organic chemistry. 
The emphasis is laid on the functional group treatcd and on the cffects which it exerts on 
the chemical and physical properties, primarily in the immcdiatc vicinity of the group in 
question, and secondarily on  the behaviour of the whole molecuk. For instance, the 
volume The Cheinisrrj~ oJ the Erher. Liiikogc deals with reactions in which the C--0-C 
group is involved, as well as with the effects of thc C--0-C group on the rcactions ofalkyl 
or aryl groups connected to thc ether oxygen. I t  is the purpose of the volumc to b’ w e  a 
complcte coverage of all properties and reactions ofethers in as far as these dcpend on the 
prescnce of the cther group but the primary subjcct matter is not the wholc molccule, but 
the C-0-C functional group. 

A further restriction in the treatment of thcvarious functional groups in thcsevolumes is 
that material included in casily and generally available secondary or tcrtiary sourccs, such 
as Chemical Rcviews, Quarterly Reviews, Organic Reactions, various ‘Advances’ and 
‘Progrcss’ series as well as textbooks (i.e. in books which are usually found in the chemical 
libraries of universities and rescarch institutcs) should not, as a rulc, be repeatcd in dctail, 
unless it is necessary for the balanced treatrncnt of the subject. Therefore each of thc 
authors is asked iiot to give an encyclopaedic coverage of his subject, but to concentrate on 
the most important recent developments and mainly on material that has not been 
adequately covered by reviews or other secondary sourccs by the time of writing of the 
chapter, and to address himself to a reader who is assumed 10 be at  a fairly advanced post- 
graduate level. 

With these restrictions, it is realized that no plan can be devised for a volume that would 
give a cortiplete coverage of the subject with 110 overlap betwcen chapters, while at  the same 
time preserving the readability of the text. The Editor set himself the goal of attaining 
recisonable coverage with inoderate overlap. with a minimum of cross-references between 
the chapters of each volume. In this manner, suficient freedom is given to each author to 
produce readable quasi-monographic chapters. 

The general plan of each volumc includes the following main sections: 

(a) An introductory chapter dealing with thc general and thcoretical aspects of the 
group. 

(b) One ormorechaptersdealing with the  formation ofthe functional groupin question, 
either from groups present in the molecule. or by introducing the new group directly or 
indirect I y. 

ix 



X Preface to the series 

(c) Chapters describing the characterization and characteristics of the functional 
groups, i.e. a chapter dealing with qualitative and quantitative methods of determination 
includingchemical and physical methods, ultraviolet, infrared, nuclear magnetic r-s - onance 
and massspectra: achaptcrdealingwith activatingand directiveeffectsexerted by thegroup 
and/or a chapter on the basicity, acidity or complex-forming ability of the group (if 
applicable). 

(d) Chapters on the reactions, transformations and rearrangements which thc 
functional group can undergo, either alone or in conjunction with other reagents. 

(e) Special topics which do not fit any of the above sections, such as photo-chemistry, 
radiation chemistry, biochemical formations and reactions. Depending on the nature of 
each functional group treatcd, these special topics may include short monographs on 
related functional groups on which no separate volume is planned (e.g. a chapter on 
'Thioketones' is included in the volume The Cheiiiistry qf the Carboii.yl Group, and a 
chapter on 'Ketenes' is includcd in the volume The Clieiiiistry oJA1kc.iie.s). In other cases 
certain compounds, though containing only the functional group of the title, may have 
special features so as to be best treated in a separate chapter, as e.g. 'Polyethers' in The 
Ckeinistry of the Ether Liiikoge, or 'Tetraaminoethylcnes' in The Cheinistry oj'tlie Ainino 
Groirp. 

This plan entails that the breadth, depth and thought-provoking nature of each chapter 
will difier with the views and inclinations of the author and the presentation will 
necessarily be somewhat uneven. Moreover, a serious problem is caused by authors who 
deliver their manuscript late o r  not at all. In order to overcome this problem at least to 
some extent, it was decided to publish certain volumes in several parts, without giving 
consideration to the originally planned logical ordcr of the chapters. If after the 
appearance of the originally planned parts of avolume it is found that either owing to non- 
delivery of chapters, or to new dcvelopments in the subject, sufficient material has 
accumulated for publication of a supplementary volume, containing material on related 
iunctional groups, this will be donc as soon as possible. 

The overall plan of the volumes in the scries 'The Chemistry of Functional Groups' 
includcs the titlcs listed below: 

The Clicwiisri*j! qf Alkeiies (m*o ro lmes )  
The Cheinistty of tlie Curboii~:l Group (two colui~ies) 
Tlie Cheiiiisrry oJ the Ether Liiikage 
The Cliaiiistry the Aiiiiiio Groirp 
The Cheniisrry of' the Niiro crritl Nirroso Groirps ( r w  pcrrrs) 
The Cheinistrj, of Carliosjdic Acids errid Esters 
Tlie Clieiiiistry of the Corboii-Nitrogeii Double Boiid 
The Cheriiisrry oj. the C ~ I I I O  Groirp 
The C1iei)iistr). of Aiiiides 
The Cheitiistry oj' tlie fiytirosj.1 Groirp ( i w  pcwts) 
Tlie Cheniistrj: oj' t /w Azitlo Gi*oi/p 
Tlie Clieiiiistr~~ o j  A q d  Hnlit les 

?'he Clicriii.stry of Quiiioiioitl Coi~ipoirii(1.s (two parrs) 
The Clieinistsy ($the Tliiol Group (two ptrrrs) 
The Clieiiiistry qj' Aiiiidiiies cti id Iinidntes 
7-lie Clieinistrj of the I ~ j ~ l r ~ i z o ,  Aro c r r ~ d  ,4=o.y. Grolrj).s (tn'o parts) 
The C1ieinistr.r o f '  Cyctiiutc~s ~ i r t l  rheir Thio Derirnrires (two ports) 
The C1ieiiiistr.r qf' Dirtzoiiiiriti  id Diazo Groups (two purrs) 

The ClI<Wiisti*j: (!f' t l i ~  C~1.boii-H(//0gcii L ? O I I ~  (I\t'o ~ ~ / I * I . s )  



Preface to the series xi 

The Chemistry of the Carhori-Carbon niple  Boiid (two parts) 
Suppleriierit A:  Tlie Chernistry OJ Dortble-hotided Futictioiial Groups (two parts) 
The Clietiiistry of Keteties, Alleizes arid Related Coriipouiids (rwo parts) 
Sirppleiiioit B: The Cheiiiistry of Acid DeriL:atiL;es (two parts) 
supp/eriieril C: The Chetnistry of T,.iple-Boiided Groups (two parts) 
Suppletiietit D:  Tlie Cheiiiistry of Halides, Pseudo-halides arid Azides (film parts) 
Sirppleiizeiit E :  The Clieinistry of Ethers, Croicw Ethers, Hydroxyl Groups arid their 

Tlit! Chemistry of the Sitlplroiiirrrii Group (two parts) 
Supp/et?ieiit F: The Clieiiiistry oJAmiiio, Nitr-oso arid Nitro Groirps arid their- Derimtices 

The Cliei~iistry of the Metul-Carbon Bond, Vol. I .  
The Chernistry of Peroxides 

Sulphiti* Atiulogues (two pcirts) 

(two parts) 

Titles in press: 

Tlie C1ieiiiisti.y of tlie Metal-Cai*boiz Bond, Vol. 2. 
Tlie Clzeiiiistry of Orgatiic Se triid Te Cotiipoirritls 
Advice or criticism regarding the plan and execution of this series will be welcomed by 

the Editor. 
The publication of this series would never have started, let alone continued, without thc 

support of many persons. First and foremost among these is Dr Arnold Weissberger, 
whose reassurance and trust encouraged me to tackle this task, and who continues to help 
and advise me. The efficient and patient cooperation of several staff-members of the 
Publisher also rendered me invaluable aid (but unfortunately their code of ethics does not 
allow me to thank them by name). Many of my friends and colleagues in Israel and 
overseas helpcd me in the solution ofvarious major and minor matters, and my thanks are 
due to all of them, especially to Professor Z. Rappoport. Carrying out such a long-range 
project would be quite impossible without the non-professional but none the less essential 
participation and partnership of my wifc. 

The Hebrew University 
Jerusalem, I S R A E L  S A U L  P A T A I  
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aspects of the peroxide 
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1. INTRODUCTION 

Compounds containing the 00 linkage are key species in oxidation reactions. 
Knowledge of their chemical properties is essential in the e1ucida:ion'of atmospheric and 
stratospheric chemistry, the chemistry of combustion and flames, pollution, polymeri- 
zation, biochemical synthesis and metabolism. This has been shown in previous 
monographs and review articles on hydrogen pcroxide'*2 and organic pe rox idc~~-~ ,  
oxidation reactions7-', especially those involving singlet oxygen"." and ozone' 2, 

cornb~s t ion '~ ,  decomposition of  peroxide^^*^^-^^, smog reactions' 7*18, degradation of 
polymers19, oxidation in biochemical and biological systems' ' . 2 " . 2 1  and metal-dioxygen 
c ~ r n p l e x e s ~ ' . ~ ~ .  

In most cases whcre a. peroxo compound is formed its precursor has bcen molecular 
oxygen. Since O2 is the second most abundant molecule in the atmosphere, one might ask 
why only a vanishing small amount is convcrted to per- or  poly-oxides. What force 
prevents O2 from polymerizing in chains and rings held together by 0-0 single bonds'? 

The presentation given here is an attempt to answer this, and related qucstions, by 
providinganinsight into the electronic features ofmolccules possessing00 bonds. In order 
to  establish the scenario of per- and poly-oxidc chemistry, it seems appropriate to first 
comparc and contrast the 00 group with other groups of chemical importance. 

Table 1 contains some data relcvant to thc qucstion of the stability of the 0-0 single 
bond. The average bond energies2* listed in Table 1 indicate that oxygen prefers bonding 
t o  H, C, N o r  F rather than to another 0 atom. Actually, this tendency has been traced to 
the difference in electronegativities of singly bonded atoms X and 0 25.  The larger this 
difference, the more ionic the X - 0  bond (Tablc 1).  Since bond strcngtli is always 
enhanced by ionic character, X--0 bond energies are generally larger than the 
34 kcal niol- I of the 0-0 bond. 

TABLE 1 .  Bond parameters of molecules containing a X-0 single bond 

H - 0  C - 0  N - 0  0-0 F - 0  Ref. 
~~ 

Bond energy (kcal mol- ' )  110 84 53 34 44 24 
Electronqativity differcnce 

Ionic charactcr of bond (7;) 18 15 7 0 6 24 
Eg - EX" 1.4 1 0.5 0 -0.5 25 

~~~~ ~ 

"According to the Pauling scale thc elcctronqativity of oxygen is 3.5. 
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The average 0 -0 single-bond energy, however, is also smallcst when compared with 
values for X -X single bonds where X is a neighbouring atom of the same period (Table 2) 
or the same group (Table 3). For example, the C-C bond energy is 50 kcal mold '  larger 
than that of the 0-0 bond while the S - S  bond energy is more than 20kcalmol-' 
larger. Table 3 reveals that single-bond energies of Group V1 elements do not decrease 
with atomic number as double-bond energies do. Both the S-S and Se-Se bond are 
stronger than 0-0 and Te-Te bonds, the latter being comparable in strength. In this 
respect, 0 is similar to N and F, both of which also form weaker homonuclear singlc bonds 
than their higher honiologucs. This anomaly of N, 0 and F also becomes apparent when 
looking at  average X -X bond lengths. These are larger by 5-12 than bond lengths 
predicted from covalent radii, which have been derived from C-X bond lengths. 

Both thcse anomalies of the 0-0 bond are indicative of the weakening effect of lone- 
pair-lone-pair repulsion. If destabilization rcsulting from lone-pair repulsion is lowered, a 
strengthening of the 00 linkage occurs. This is best achieved in the O 2  moleculc where 
two of the four lone pairs are no longcr localized at one atom. By delocalization they gain 
bonding character (see Section 11I.A.1). This explains the high bond energy of O2 
(1 19.2 kcal mol- I ,  Table 3). 

Lone-pair-lone-pair repulsion also causes a weakening of SS or SeSe bonds. However, 
due to the lager covalent radii of these atoms (Table 3) and the corresponding increase of 
the bond lengths thc effect is much smaller than for the 00 linkage. This difference 
constitutes the sourcc of the anomaly of Group V I single-bond energies discussed above. 

The atomization energy of O2 is 59.6kcalmol-' of atoms to be compared with 
34 kcal mol-* of atoms for an oxygen polymer. This means that polymerization of O2 
would be endothermic by 26 kcal mol-' of atoms, which corresponds to a change in the 
free cnthalpy larger than 26 kcal niol- as polymerization would be accompanied by a 
decrease of entropy. Therefore, oxygen polymers are not likely to occur in  nature. 

The fact that the 0 -0 single bond can easily be brokcn is responsible for the unusual 
reactivity of peroxo compounds. 

' 

TABLE 2. Bond parame:ers of homonuclear single bonds X -X" 

Para meter H - H  C-C N-N 0-0 . F - F  

Bond energy (kcal mol-') I 04b 84 38 34 38b 
Bond length (A) 0.7 1 1.54 1.47 1.46 1.43 
Covalent radius rc of X (A) - 0.77 0.74 0.73 0.7 1 

(0.70)c (0.66)c (0.64)' 
~ 

"All values from Ref. 24. 
"Dissociation enthalpy of X-X. 
'Evaluated from X-C bond lengths. 

TABLE 3.  Average bond energies and covalent radii of Group VI elements' 
~ 

Parameter 00 ss SeSe TeTe 

Single-bond energy (kcdl mol-')  34 58 44 34 
Double-bond energy (kcal mol-') 119 102 63 53 
Covalent radius rc (A) 0.73 1.04 1.16 1.35 

"All values from Ref. 24. 
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II. STRUCTURE 

Moleculcs with the stoichiometric formulas X 0 2  or X202 will be considered in this 
chapter provided that they contain the subunit 00, i.e. that thcre exists some kind of 
bonding interaction between the 0 atoms. At the moment, it suffices to indicate these 
interactions by a string - tying the atoms together. Then, the following question has to 
be answered: What are the possible structures of molecules X02 and X202? 

A. Topology of Atomic Assemblies XO, and X,O, 

If the number of bonding interactions involving X and 0 is not limited, two 
topologically different structures can be expected for X 0 2  and ten for X202. These are 
shown in Figure 1. 

To distinguish between them we may term them chain (I ,  3,4), Y or branched (3, cyclic 
or polycyclic (2, 6-12) forms. Since X,X interactions are of secondary interest, we can 
consider 4,6 and 9 as special cases of I and 2 and, similady, 7,11 and 12 as being special 
cases of 5 8  and 10. If we assume that both atoms X interact in a similar manner with the 
00 moiety, then 8 can be dropped as an unlikely candidate for a peroxide structure*. 
That leaves us with the chain structures 1, 3, the branched or Y structure 5, the cyclic 
structure 2 and the bicyclic or bridged one (10). 

x-0-0 0-0 x-0-0-x x-x-0-0 
#x% 

0-0 rrrx 
%x 

0-0 

x-x 
3 3  

(9 )  (1 0 )  (11) (1 2) 

FIGURE 1. Topologically different structures of XO, and X , 0 2  compounds. 

* Actually, this line or reasoning can only be followed if the stability of 8 is compared with those of the 
other peroxide structures. We anticipate the result of such ii stability analysis in order to simplify the 
topological analysis. However, if two different substitucnts X and Y are attached to the 00 moiety, 
structure 8 may very well correspond to a stable peroxide form (see, e.g. CH,OOH+) and, therefore, 
cannot be dropped. 

- 
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6. The Configuration Space of XO, and X,O, 

In order to get a better understanding of the topological arrangements 1,2,3,5 and 10, 
we shall now discuss specific geometrical forms generated from these structurcs. The 
configuration space of X 0 2  can be spanned by the three internal coordinates R, R '  and 
Q, where R and R' denotc the 00 and OX bond length, respectively, and u is the OOX 
bond angle. In Figure 2 the interconvcrsion of 1 to 2 is depicted. It involves linear, bent and 
cyclic geometries of XOz, which are related by the angle r. In this respect interconversion 
can be viewed as corresponding to a movement approximately parallel to the r axis of the 
XO, space. This is indicated in Figure 2. Movements roughly parallel to the R or R' axis 
ultimatcly lead to dissociation of X 0 2 .  

As for X 2 0 2 ,  the chain structure 3 is certainly thc one most familiar to chemists. 
Geometries generated from 3 comprise linear-linear, linear-bent and bent-bent forms. 
The latter can be further distinguished by the dihedral angle T. Characteristic geometries 
are obtained for T = 0" (cis form), T = 180" ( t rms  form) or 0" < T -= 180" (skewed forms). 
They are shown in Figure 3. 

The Y structure (5 )  was historically one of the first discussed in connection with the 
elucidation of the hydrogen peroxide structure'. It can be either planar or pyramidal as 
shown in Figure 3. A similar distinction can be madc for the bicyclic or bridged geometries, 
which have hardly been considercd in pcroxide chemistry. 

The main interconversional modes together with some dissociative paths of X 2 0 2  
molecules are sketched in Figure 3. There the total six-dimensional space of the four-atom 
system has been projected onto a four-dimensional subspace by keeping the two H' and 
two u coordinates equal. Again, movcments in geomctrical space have been constrained to 
occur roughly parallel to one of the four axes, defined by R, R', Q and r .  

111. ORBITAL DESCRIPTION 

A. Qualitative Valence Bond Treatment 

In order to understand the bonding situation in XO, and XzOz i t  is helpful to 
'synthesize' them in a step-by-step manner from atoms 0 and X via the 'intermediate' 02.  

A X 0 + O  

x+o-0 

x-0-0 
'R\ 

X I 

/- 
0-0 

FrGURE 2. Possiblc intcrconvcrsions occurring in the XO, conliguration space approximatcly 
parallcl to the spacc axes (R,  R' ,  a).  Notc that lines bctween atoms symbolize bonding interactions 
rather than electron-pair bonds. 
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X 

o=o 
+ 

- - x202 i 
x+o=o+x  

I 
b X 

/ x \  1"' R ' t  

i. 

x-o+o-x 

0-0 
\ /  'x' X ko'ir x-0-0-x A o-o/x -- 'R\ 

X' 

O \ x / O  1. \ /  
IX - x ,y$x Y X  x-x ~ v. x 

\ /  \ /xL 
,O-O X X 0-0 0-0 

x+x 
o=o 

X 

X 
0 + o< K o - o < y  X 

X 

1 R' 
o=o + 

X 

x 
o=o+ I 

X 

/O\ v 
, \  

0-\-x 
'X' 

0 

0 

X(IX I1 

0 

0 
I >x-x 

FIGURE 3. Possiblc intcrconversions occurring in the X z 0 2  configuration space. See caption of 
Figure 2. 

I .  Molecular oxygen 

Atomic oxygen posscsses the electron configuration ( 1 ~ ) ~  (2s)' ( 2 ~ ) ~ ,  which leads to a 3P 
ground state and 'D and ' S  excited states. Ignoring the low-lying and doubly occupied Is 
and 2s AOs, the O(3P) state can be visualized as: 

There are 81 different ways of combining two O(3P) atoms leading to a total of 81 O2 
states. Ifa strong o bond is formed by coupling of the 2p, AOs, essentially two possibilitics 
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a and b remain to combine the other 2p electrons. Each combination mode splits into a 
singlet (S) and a triplet (T) state of 0,: 

Combination mode a is clearly preferred, since it  allows the electron pair on one 0 atom to 
delocdlize onto the second 0 atom, thus reducing destabilizing Coulomb repulsions 
typical for combination mode b. The delocalization eflect involving three 2pn electrons has 
been estimated to account for about 30 kcal mol-’ of the bond strength26. Accordingly, n 
bonding should contribute 60kcalmol-” to the total bond strength of 0,. The singly 
occupied orbitals are orthogonal in case a. Exchange interactions stabilize the triplet but 
destabilize the singlet state, just as would be predicted if Hund’s rule of maximum 
multiplicity would be applied. Heme T, represents the ground state (GS) of 02, while S,, 
Sh and Tb describe excited states. 

2. Radical, biradical and ionic states of XO, 

lfan atom X, with a single electron in a Is, 2s or 2po  AO, approaches 02 ,  it can form a G 
bond with 0 via one of the singly occupied 2p  orbitals of the T, state. A bent X 0 2  radical 
results. This should be the G S  if X is a monovalent atom or  group, like H, Li, CH3, NH2,  
etc. The GS is characterized by the term symbol l’n(3n) where the plane containing the 
three atoms serves to classify the symmetry of the singly occupied orbital (0 or x )  and the 
total number of n electrons is given in parentheses (see Figure 4). 

Excited states of XO, are derived from the l’x(3n) state by po 3 pn promotion or a px 
-+ pn charge transfer. Thus, a covalent (cov) 120(4n) statc with the single electron 
occupying the PO orbital and a ionic 22n:(3x) state of XOz ,  both with bent geometries, are 
obtained. They are shown in Figure 4. 

A cyclic X 0 2  state becomes possible when X has a second unpaired electron available 
for bonding. I f  X = 0, F’, S etc., therc is in addition an electron lone pair and the 
configuration at  atom X may beeither (PO)’ (PIT)’ or ( ~ o ) ~ ( ~ T c ) ’ .  As indicated in Figure 5, the 
latter is inore favourable since it avoids the destabilizing pair-pair Coulomb repulsion 
between 71 electrons at adjacent atomic centres of XO,. Accordingly, the 4n states of X 0 2  
should be more stable than its 5n states. 

If the pn orbitals at atom X and the terminal oxygen did not overlap, the biradical X 0 2  
would bc more stable in the T state 3~x(4rr) according to Hund’s rule. But pn orbitals 
separatedby morethan 2~stillli~veafiniteoverlap.This brings theS (47t)statebelow theT 
statez6. 

Excited 5 x  and 6n states are generated from the 4n: states by PO 4 pn promotion(s). The 
’ ao(6n) state, characterized by bad Coulomb repulsions, can stabilize itself by decreasing 
z and forming a three mcmbcred ring. Ionic states of XOz are obtained by pn + p~c  or 
PO + pn charge transfer to one of the terminal atoms (Figure 5). They correspond 
to resonance descriptions of XOz in terms of Lewis structures. 
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X/O\O X = H  

FIGURE 4. Schematic representation of low-lying states of X 0 2  with nionovalent X. Sigma bonds 
are denoted by solid lincs, o orbitals by lobcs, R orbitals by circles and electrons by dots. Appropriate 
state symbols arc given for H 0 2 .  The covalent (cov) or ionic nature of each statc is indicatcd. 

3. X,O, geometries with chain, Y or bridged structures 

In Figure 6, four different geometries of X z 0 2  are rationalized by adding another 
monovalent atom X to each of the three lowest stales of X 0 2 .  Assuming that the energy 
content of XOz is carried over to XzOz, the orthogonal bent-bent geometry should be 
more stable than both trum and cis forms, which in turn should be more stable than the 
pyramidal Y form. 

Some of the other possible X 2 0 2  geometries can only be derived from high-lying X 0 2  
states (Figure 6). Accordingly, their energies should be considerably higher than those of 
the bent-bent geometries. This can be verified by counting the number of electron- 
pair-electron-pair repulsions. 

Bridged geometries of X 2 0 ,  cannot be rationalized in this way. However, one can 
predict that the planar bridged form is also destabilized because of pair-pair repulsions. 

B. Qualitative Molecular Orbital Treatment 

I .  MO description of 0, 

One of the early triumphs of MO theory was the explana:ion of the paramagnetism of 
molecular oxygen. I n  Figurc 7, the MO’s of O2 are schematically shown”. With respect to 
their shape and energy (Figure 7, left-hand side), they differ from those which one obtains 
by a simple pairwise combination of oxygen 2s and 2p AOs (Figure 7, right-hand side and 
middle). This is due to mixing of valence MOs with the same symmetry as indicated by the 
interaction lincs of Figure 7. 
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E 
ionic 

ionic 

icnic 

ionic 

cov 

cov 

cov 

cov 

x-0-0 
or 

0-0-x 

FIGURE 5. Schematic representation of low-lying states of XOz with divalcnt X. Note that the 
order of states depends on the nature of X. Appropriate state symbols are given for 03. Sec caption of 
Figure 4. 

Assigning 18 electrons to the MOs of Oz, the electron configuration 

02:(1 o,)2(lo,)z(20e)2(2~u)2(3~~)2(17tu)4(1~g)2 = [N,]( 1 xP jz 

results, Ten electrons occ~py bonding a, and K, MOs, while six are in antibonding o, and 
ng MOs. Hence, O2 possesses two bonds, one formed by the 30, and one by a lx, electron 
pair. 

There ate only two electrons occupying the lx, set, which can hold a total of four 
electrons. When spin is considered, there exist 

(l) = = 6 
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FIGURE 6. 
'precursor' increases. Compare with Figure 4. 

Formal 'syntheses' of X202 geometries. From top to bottom the energy of the X02 

possible assignments of the two electrons to the four 17" spin orbitals. They arc given in 
Table 4. By writing for each assignment the corrcsponding Slater determinant, six state 
functions are obtained, which are depicted in Table 5 in terms of both real and complex 
spin orbitals2*. 

The real state functions gain physical significance if O2 is approached by a reacting 
molecule. For thc free molecule, however, the distinction between the x and y directions is 
completely arbitrary. Then, the state functions have to be expressed in terms of complex 
spin orbitals K:'. The cylindrical symmctry of the latter complies with the requirements of 
the cylindrical point group DJJI, of the O2 molecule. 

The six state functions describe the three electronic states 32k:, 'Ag and 'X; of O2 
(Tables 4 and 5) .  According to Hund's rule of maximum multiplicity and the orbital 
diagrams shown in  Table 5 for the real state functions of 02> these states should 
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8, Is 

o=o - 2 x  0 
FIGURE 7. Qualitativc MO correlationdiagram forO,.Thcshapeofthe MOs bcforc (middlc) and 
aftcr (left-hand side) mixing is indicated. Solid lines bctween diHcrent M O  Icvcls denotc orbital 
mixing. 

TABLE 4. Assignments of the xg electrons of 02".* 

Ms Term ng - 1  a xg-'/3 ML 
Assignment xiu .:a 
1 1 I 0 0 2 0 '4 
2 1 0 1 0 0 1 3z; 

3' 1 0 0 1 0 0 3z,, '2; 
4' 0 1 1 0 0 0 3zg, 1"; 

5 0 1 0 1 0 - 1  32; 

6 0 0 1 1 - 2  0 I 4  
"ML and M ,  are thc eigenvalucs of the total orbital and spin angular momentum operator iz and &. 
*Assignmentsaregi\,en for complexspin orbitats xf = -((xi + ixi)iind xi = -(xi - in;) whcrc 

the superscript f 1 corresponds to the eigenvalue i t t i  of the opcrator [.The complex spin orbitals 
arc more easily obtained when starting from complex atomic orbitals ?I),,,, = f(r; I))*e"l'@expresscd in 
terms of spherical polar coordinates I', 0.4. For a morc dctailcd description, see, for example, Ref. 28. 
'Assignments are dcgcneratc. To obtain the correct state functions, in-phase and out-of-phase 
combinations of the corresponding Slater determinants have to bc takcn. 

1 1 

Jz Jz 
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TABLE 5. Complex and real state functions of 02' 

State Complex state functions Description 

'z; 

I AP 

3z; 

++ t 
tt- 
-% 

~~ ~ 

"Complex state functions have been obtained by expanding thc Slater determinants dcrivcd from 
Table 4, Their form is schematically represented by orbital diagrams. The two linear combinations 
correspond to  degenerate electron assignments (Table 4, footnote c). Thc real state functions have 
been obtained using the relation between complex and real MOs (Table 4. footnote b). In casc of the 
two IAP functions linear combinations of the resulting functions haw to be taken in order to cancel 
imaginary terms. 
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correspond to the G S  and the first and second excited state of 02, i.e. 

13 

which is experirncntally confirmed (Section 1V.A). 

2. The h ydrogenperox y l  radical 

The MOs of the H 0 2  radical are closely related t o  those of molecular oxygen, as can be 
judged from a comparison of Figures 7 and 8. Figure 8 contains contour-line 
representations of the actual MOs of H 0 2 ,  calculated with H F  theory for the linear (13), 
beiit (14)and bridged (15) geornctries. For each M O  theappropriatesymmetrynotation is 
given. They should be used to understand Figure 9 where a qualitative MO correlation 
diagram for O2 and H 0 2 ,  the latter with varying bond angle u, is given. 

Figure 9 can be analysed in terms of increasing or decreasing bonding overlap". Since 
the 2-~-7a' MO is stabilized for 90" < x < 180", bent geometries of H 0 2  should be the 
most stable ones, irrespective of the occupation of the 2n-2a" MO. This means that the 
H 0 2  cation, radical and anion should all prefer geometry 14 rather than 15 or 13. 

3. XO,: ozone 

I f  X disposes of suitable 2px AOs three degenerate pairs of ~t MOs determine the 
electronic features of the linear X 0 2  form. Thcy possess 00 bonding, nonbonding and 
antibonding character (Figure 10). In case of bending of the molecule, degeneracy is 
removed and the MO levels split (Figure 1 I ). Both the in-plane (a) and out-of-plane (n) 
nonbonding MOs are destabilized, while the two other (J,X pairs, bonding and 
antibonding, become more stable. This is due to developing 1,3 bonding or antibonding 
interactions in the bent form as can be seen from inspection of the corresponding MOs of 
ozone depicted in Figure 10. 

Depending on the occupancy of these MCs X 0 2  prefers the bent rather than the linear 
structure. This is demonstrated in Table 6 where predictions with regard to the most 
probable GS geomctry of X 0 2  systems with 14-20 valence electrons are given. These are 
based on Figures 10 and 11 and suggest that X 0 2  peroxides with 14-16 valence electrons 
are lincar, while those with 17-20 valence electrons adopt bent geometries with 
100 < (y. < 130" 30-32. 

As indicated in Figure 1 1 conversion of bent to cyclic ozone is symmetry forbiddcn and, 
therefore, should be characterized by a relatively high energy barrier. The orbital diagram 
of Figure 1 1  suggests that the cyclic state of O3 should be more stable than the bent one. A 
quantitative analysis of O,, however, reveals that configuration interaction (Cl), especially 
between the GS electron configuration and the.. . (la,)0(4b2)2(6a1)2(2b,)Z configuration 
leads to stabilization of the bent form below the cyclic structure. So far only one XO, 
system has been observed experimentally in a cyclic form, namelydioxirane (X = CH,) 33.  

4. Hydrogen peroxide 

Linear H20, (16) possesses degenerate n,, and xg MOs, similar to those of 02, but fully 
occupied. The 'El  state is the GS of 16. In the Y (17) and the bridged form (18): the in- 
plane components of thc TI MOs gain OH bonding character (Figure 12), thus leading to a 
lowering of the corresponding orbital energies (Figure 13) and an overall stabilization of 
thesc forms. According to the qualitative MO diagram of Figure 13, one can expect 17 to 
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1 

0-0 
H 

\ /  
0, O-O-H 

D,h C,V c, C2" 

(1 3) (1 4) (1 5) 

FIGURE 9. Qualitative MO correlation diagram for O2 and linear (13), bent (14) and bridged (15) 
H 0 2  based on UHF calculations and experimental ionization potentials. A crossing of the 5a' and 6a' 
MO, indicated by dashed lines, is symmetry forbidden (noncrossing rule). Compare with Figure 8. 

be more stable than 18. in both cascs the nonplanar forms, i.e. the pyramidal Y form (19) 
and the puckered bridged form (20), arc characterized by additional OH bonding as one 
(20) or both (19)29 K MOs can mix with the Is(H) orbitals. Hence, Figures 12 and 13 
suggest the following ordering of total cnergies: 

E(16) > E(18) > E(20)  > E(17) =- E(19). 
Undoubtedly thc argument of increased stabilization due to developing OH bonding in 
the highest occupied MOs applies even more strongly to the bent-bent forms with T = 0" 
(21), 120" (22) or 180" (23). This is documented by the shape of the 3bl-4b-lb, and 
la2-5a-4a, MOs depicted in Figure 14. (A quantitativc MO correlation diagram for the 
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La2' 2 b, (IT) /- 
5dg - / 

C2" D,h 
FIGURE 1 1 .  Qualitative MO correlation diagram for linear, bent and cyclic0, based on UHF and 
RHF calculations and experimental ionization potentials. The symmetry-forbidden crossing of the 
2bl-le" and 4bz-4az' MOs is indicatcd. Note ,that the 2bl MO--if occupied-posscsses a 
considerably lowcr energy. Compare with Figure 10. 

bent-bent geometrics is shown in Section IV.B, Figure 19). 
According to an argument given by G i m a r ~ ~ ~ ,  the higher stability of skewed HzOz can 

be explaincd in the following way: The changc of the orbital cnergy of the 4b and 5a MO 
for 7 increasing from 0" to 180" is approximatcly parallcl to the change in the 1 s(H)-2p(O) 
orbital overlap, which in turn depends on cos r. For simplicity thc 2p, and 2p, AOs are 
kept fixed and interconversion from 21 to 23 is considered to comprise clockwise and 
counterclockwisc rotation of the O H  groups by T' = 90". At T'  = 45" (7 = 90") the 4b and 
5a MO cross, both possessing then some OH bonding character (Figure 14). Overlap in 
thc orthogonal form is larger than for 21 and 23 by a factor of 2cos45" = 1.7. Hence 
skcwed H202 with 7 close to 90" should be the most stable bcnt-bent form. Actually, thc 
lowcst cnergy is found for 22. since T depends on a delicate balance among various 
electronic factors (see Section 1V.B). 
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TABLE 6. Ground-state geometry of XOz peroxides 

Valence 
electrons Molecule Electron configuration" State" Geometry a(deg.)* 

14 B e 0 0  . . . ( 1 %)4( 1 q2 3z; 
15 BOO . . .(iKU)4(1q3 2 n  

17 NO0 . . . (la1)2(4b2)2(6a1)1 2Al 

16 BOO- ...(1zu)4(1~s)4 1z: 
HBOO 
NOO+ 

ooo+ 
18 H2CO0 ...(la2)2(4b2)2(6aI)' 'A1 

HNOO 
NOO- 
000 
FOO' 

FOO 
19 000- ... 

20 FOO- . . . (la2)2(4bz)2(6a;j2 
(2b 1 IZ 

Linear 180' 
Linear 
Linear 
Linear 180' 
Linear 
Bent 122 
Bent 132 
Bent 120' 
Bent 119 
Bent 118 
Bent 118 
Bent 113 
Bent 116 
Bent 109 
Bent 

~~ ~~ ~ ~~~ ~~ 

"Electron configuration and appropriate state symbol are given for the isoelectronic ozone ion (034+, 
...032-). Compare with Figurcs 10 and 11. 
*Sources of ct values are given in Section V.A.I. 
'Cyclic form is more stable; see Table 36, Section V.A.I. 

5. X,O,: F,O, 

X 2 0 2  compounds with 26 valence electrons are best known in peroxide chemistry. They 
prefer bent-bent geometries3' as is revealed by Figures 15 and 16;which depict the valence 
MOs and the corresponding orbital correlation diagram of F202. Overlap arguments 
similar to those used in the H 2 0 t  case suggest the existence of a stable skewed form. 

Knowledge of X 2 0 ,  compounds with 16-24 valence electrons is scarce. Some of these 
peroxides can be formcd as diradical intermediates by a homolytic X-X cleavage reaction 
of cyclic peroxides X-0-0-X. As can be inferred from studies on dioxetanes", 
decomposition to X=O fragments (X = Be, BH, CH2, NH, 0) should be rapid in all 
cases. 

According to theory, stable X 2 0 2  systems with 18 (X = BeH) or 22 (X = BH2) valence 
electrons should exist32. Their orbital diagrams differ considerably from that of F 2 0 2 .  
Predictions with regard to their geometry arc difficult to make without a complete MO 

- 

. analysis (see Section V.A.2). 

IV. PROPERTIES OF XO, AND X,O, PROTOTYPES 

A. Stationary Points o n  the  Potential Hypersurface 

Few molecules have been studied as extensively, both theoretically and experimentally, 
as the O2 molecule. The vast literature on O2 through early 1971 has been reviewed by 
K r ~ p e n i e ~ ~ .  Since then several very accurate calculations of GS and excited states of O2 
and its ions have been carried out3744. They confirm the qualitative ordering of the three 
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FIGURE 13. Qualitative M O  correlation diagram for linear H 0 2 ,  linear (16), Y (17) arid bridged 
(18) H z 0 2  based on UHF and RHF calculations. Comparc with Figures 8 and 12. 

lowest states with thc 'Xi GS being more stable by 22.5 and 37.5 kcal mol- ' than the 'Ag 
and 'Zz states36. 

Also available are detailed theoretical data on special features of the O 3  
hy persur face4 5-6 , some of which arc summarized in Table 7. They show that calculations 
which go beyond the H F  level of theory predict the bent 471 state to be more stable by 
5-40 kcal mol-' than the cyclic state of 0, with 671 electrons. More recent calculations 
seem to suggest a value of about 23-28 kcal mol- ' 51.60  . Be nt  ozone is separated from its 
cyclic form by a barrier of about 30-40 kcal mol- 5 2 . s 7 . G 2 .  

Wright has suggested that cyclic 0, with C,, symmetry may be an intermediate on the 
decomposition path leading to 0 , ( 3 X ; )  and O(3P)46. His assumption is based on the 
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discovery of a n  ozone precursor in radiolysis experiments. A n  experimcntal estimate of the 
activation energy of O3 decomposition (24 kcal mol- I ) ,  reported by Benson and 
A x ~ o r t I i y ~ ~ ,  cxcludcs this possibility by describing O3 decomposition as an endothermic 
process with no  activation barrier. A recent theorctical evaluation of the decomposition 
surfacc of the bcnt form is in line with this estimate6'. (For a different view see Rcfercnce 
56.) 

Widening of thc angle x is accompanied by an incrcase of the encrgy. Linear O3 is 
less stable than the bent form by 7749 to 89 kcal mol- I s9. It adopts a triplet GS, "c; 
(see Figure 1 I), which correlates with the first 3B, state of bent ozonc (Figure 5) .  The 'A,  
GS of ozone, however, coriclates with a degenerate 'A, state of the linear configuration 
lying about 13 kcalmol-' above the 3Cc- state49. 

In  the past, the GS of ozone has been mostly described by a zwittcrionic structure in 
order to cxplain the observed reactivity of 03. Recent calculations carried out with 
different methods unanimously find a relative high biradical character for this and related 
XO, species in the gas phase26*6S-68 (Table 8). Harding and Goddard have shown that 
biradical character is consistent with the electrophilic nature observed for ozone and that 
there is n o  need to  postulate zwitterionic The latter can becomc important i.n 
solution-phase reactions of XOz systcms, espccially when X bears a 7c-donating 
substituent R(X = NR, CR,) 5 8 * 6 9 .  

Several theoretical investigations on  the H O z  radical in its most stable G S  configuration 
havc been published recently7'-''. Thcy describe H 0 2  as posscssing C, symmetry with an 
equilibrium angle c( close to 104" which is in accordance with qualitative M O  arguments 
(Section III.B.2, Figurc 9) and experimentx2. Specific results are compared in Table 9. 

In  recent studies by Melius and Blint7" and Langhoff and Jaffe7' large portions of the 
H 0 2  potential energy surface havc been computed employing CI methods and augmented 
basis sets. Contour plots of various sections of the theoretical surface7x are presented in 
Figurc 17. They indicate that either widening or  closing of the angle 9 causes an increase of 
the total cnergy with the linear form being more destabilized than the bridged one. The 
lowest linear HO, state, 'I7, correlates with the 1'A" GS and the 12A' excited state. The 
barrier to linearity is computed to be 60-70 kcal mol-' 7 9 * 8 3 .  I t  is interesting to  note that 
CI calculations describe the linear state to be ionic because of a transfer of the H electron to 
the 7r, MO of O2 79. 

Unfortunately, only a C, geometry (R' = 0.968 and 1.198 8, at x = 60") of bridged HOz 
has been computed79. I t  lies about 40 kcalmol-' above the GS of bent HO,. Geometry 
optimization should lead to a value of about 35 kcal mol- I .  An earlyestimate of the energy 
of the bridged form'" suggesting a minimum is unreliable because it is based on ah irzitio 
calculations of H 0 2 +  and H 0 2 -  rather than a direct calculation of H 0 2 .  

The theoretical analysis of the H 0 2  surface suggests a small barrier (i 2 kcal mol- I )  at 
c( = 120°, R' = 1.99 and R = 1.23A (Figure 17) for the reaction H + 0, -+ H 0 2  due to 
partial breaking of the 7r bond of 02. H 0 2  is more stable by 44kcalmol- '  than the 
reactants, which has to be compared with an experimental value of 46kcalmol- '  8s. 

Breaking of the 0-0 bond of H 0 2  requires 56 kcalmol-' (63 kcal mol-', obs.x6). The 
corresponding reaction channcl proceeds uphill directly towards the products H O  and 0, 
i.e. there is no activation barrier for the reverse proccss leading to H 0 2 .  

Although H 2 0 2  has been the subject of numerous quantum-chemical calculations, only 
the conformational subspace of its bent-bent form (see Section 1V.B) has been cxplored so 
far. Thereforc, we have carried out cih iiiitio calculations on forms 16-20 at various levels of 
theoryx7. Some of our results are listed in Table 10. They confirm the order of stabilities 
given in Section I11.B.4. Thus, inversion at one of the 0 atoms of 23 is an  unlikely process 
( A E  = 71 kcal mol- ',Table 10). Equally unstable arc the bridged forins 18 and 20. The Y 
form, however, may occur under certain conditions. Depcnding o n  the level of theory 
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c2 v D,h c2h 
FIGURE 16. Qualitative MO correlations for cis, linear and trans F202 
calculations. Compare with Figure 15. 

based on RHF 
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TABLE 7. Energies and geometries of bent (c.,,) and cyclic ozonc" 

Geometry 

Absolute R clat ivc Bent Cyclic 
energy energy 

Mcthod (bent) (cyclic) R a R  c1 Ref. 
~~~ 

HF/DZb - 224.2386 - 7.0 1.244 118 1.397 
I N 0  CI/DZb - 224.4226 16.1 1.322 115 1.482 
CEPA/DZb -224.7710 4.6b I .264 1 f 7.3 1.435 
GVB-CI/DZd - 224.78578' 28.1 1.299 116 1.449 
HF-CI/DZd - 224.80065 21.0 (1.278) ( 1  16.8)( 1.44) 
RSM P/DZd -225.05309 38.6 1.289 116.8 1.450 
Exp." -225.557 23-28 1.272 117.8 1.45 

~~ 

(60) 52 
62 52 
(60) 56 
(60) 50 
(60) 55 
(60) 58 
(GO) 70 

-~ 

'Absolute cncrgies in hartrcc, relative energics in kcal mol-I, distances in A, angles in deg.; values in 
parenthcscs are assumed. 

'Calculated at experimental geametrics. 
dExperimental re geometry of ozone (Czv). Absolute energy fromTable 14, Section 1V.C. Estimates of 
relative energy from Refs. 60 and 51. 

a more recent study, Burton proposes a value of 12kcalmol-' 5 6 .  

TABLE 8. Biradical character of some XOz compounds ( x )  
RHF/CI GVBb U H F/CI VR' MC SCF-CI 

Moleculc (Ref. 64) (Rcf. 26) (Ref. 66) (Ref. 67) (Ref. 68) 

-000- 30" 48 55 59 23" 
-NHOO. 55 
.CH200. 42 43 
-00. 100 100 100 100 100 

"Calculatcd from coefficients of 

"Calculated from ovcrlap S in thc highcst occupied orbital sct: 
S = 0.28 (GVB) and 0.24 (UHF/CI) for 03. 
'Cdicuhted by expanding vHF in tcrms of VB functions. 

= l / ~ [ C l c D (  ... (la2)'(2b,)O) + C z ~ (  ... (lal)"(2b,)')]; 
= 1ooC22/(1/Jz)' = 200c2'. 

= [l  - 2S/(1 + S2)] x 100; 

TABLE 9. Energies and geometries for the 2A'r state of the H 0 2  radical" 

Method 

Geometry 
Absolute 
cnergy R R' a Ref. 

~ ~~ - 

U HF/h*1 BS 
UHF/DZ 
UHF/DZ 
CI/DZ 
MC SCF-CI/DZdpb 
GVB-CI/DZdp 
Exp. 

~ 

- 148.1967 1.357 
- 150.1579 1.384 
- 150.2360 1.315 
- 150.2448 1.458 
- 150.2998 1.3h5 
- 150.427 I 1.369 

1.335 

~~ ~~ 

1.004 104.1 74 
0.968 106.8 71 
0.948 105.7 79 
0.973 104.6 75 
0.995 104.2 78 
0.99 1 103.3 81 
0.977 104.1 82 

~ ~~~ ~ 

"Energies in hartree, distances in A, angles in deg. 
bMCSCF energy given. 
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2.5 3.0 3.5 4.0 4.5 5 . 0  

f f , a0  

( C )  

FlGURE 17. Equal potential energy contour plots of the HOz potential surface: (a) z versus R' 
( R  = 1.233 A), (b) R vcrsus R' (cx = 120"), (c) R versus R' (z = 104") and (d) cx versus R(R' = 0.979 A). 
The contour spacings are 0.2eV. The zero-energy contour is taken with respect to the H + O2 
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4.5 

4.0 

0 
0 3.5 .. 
Q 

3.0 

2.5  

reactants. Contour levels greater than 1.2eV are not included. a, = 0.52918A. Reproduced by 
permission of North-Holland Publishing Company from C. F. Melius and R.  J. Blint, Chein. Phys. 
Letters, 64, 183 (1979). 
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TABLE 10. Theorctical energies and geometries of various HzOz structures" 

Structure Form R 

Chain Bent-bept (23) 1.476 

Linear_bent 1.406 

Y Planar (17) 1.487 
Pyramidal (19) 1.521 

Bridged Planar (18) 1.720 
Puckcred (20)b 1.662 

Linear (16) 1.333 

R' a 

0.967 97.2 
0.94 1 180.0 
0.945 180.0 
0.971 99.6 
0.959 119.8 
0.969 100.7 

108.7 
1.167 42.5 
1.179 45.2 

Energy 

- 151.15613 
155.4 
70.7 

63.2 
52.8 

71.4 
68.3 

"RSMP/SVdp calculations, Ref. 87. Absolute energy of 23 in liartrec, relative energies in kcal mol-', 
bond lengths in A, angles in deg. 
'The uckering angle 6 is 57". It corresponds to T = 123" (6 = 180 - 5) .  The puckering amplitude q is 
0.40 1. 
employed, the relative energy of 17 ranges from 26-63 kcal mol-' H7. Form 17 can gain 
about 10 kcal mol- by pyramidalization. Since the dipole moment of the pyramidal 
geometry 19 is rather high (4.3 D, RHF/SVdp), solvation in polar solvents will lead to 
further stabilization of the Y form. 

B. The Conformational Subspace of H,O, 

One of the benchmark tests in quantum chemistry is the computation of the rotational 
potential of H202. The pros and cons of newly developed methods and techniques have 
been scrutinized by comparing computed and observed barrier dataH8-"'. In addition, 
attempts to explain the origin of the HzOz barriers have revealed merits and limitations of 
interpretative . A spects relevant to this work have been discussed in several 
reviews on the quantum-chemical treatment of internal rotation in molecules' 14-' ". 

Despite the fact that H202 is the simplest molecule to show internal rotation, it was not 
until the early seventies that a reasonable account of the rotational barriers could be 
provided by a6 initio calculations of the R H F  type. 

In Figure 18 15 selected H 2 0 z  barriers and the corresponding R H F  molecular 
energies are plotted, where the latter may be considered as roughtly reflecting the size ofthe 
basis set employed. It is obvious that only with elaborate basis sets are reliable barrier 
values obtained. 

In contrast to the situation for ethane where RHF/MBS calculations performed for a 
rigid rotor model are satisfactory, a6 hitio calculations of H202 must fulfill at  least two 
criteria: (1) The basis set employed has to be augmented by polarization functions. (2) All 
geometrical parameters have to be optimized for all values of r to be considered. 

Cremer has demonstrated that rescaling of the basis set functions during rotation leads 
to a further improvement of the barrier values107. Inclusion of correlation effects into the 
theoretical approach does not lead to  more accurate results"'. This is in line with purely 
theoretical considerations by Freed who has shown that correlation effects should 
contribute little to rotation or inversion barriers' 

InTable 11 expcrimenta11'9-'22 and ab iiiitio barriers"'*' O7 are compared. There exists 
no ambiguity with regard to the stabilityofthe skew form at T = 120" and its trans barrier. 
A value of 1.1 kcal mol- has been widely accepted. With regard to the cis barrier, reported 
barrier data, both experimental and theoretical, are less conclusive (Table 11). Ewig and 
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FIGURE 18. Total molecular energies E(crosses: x) and barrier values AE (dots: e) of H202 
according to 15 selected RHF calculations takcn from References 101 and 107. 

Harris' 22 have demonstrated that small changes in the torsional frequencies of H2O2 
increase the cis barrier height from 7.6 to 14.4kcalmol-', while the trans barrier and the 
shape of the torsional potential between 140" and 220" remain unchanged. A value of 
7.4 kcalmol- ',predicted on the basis of large basis set  calculation^'^^, seems to be the best 
estimate of the cis barrier available at present. 

The preference of the skewed conformation has also been observed in gas-phase 
investigations of substituted  peroxide^'^^-'^^. Depending on the size and the electronic 
features of the group X replacing H, the dihedral angle t may vary from 90 to 170". Smaller 
angles T are observed for persuiphides'zs-' 30. 

Various hypotheses have been put forward concerning the origin of the rotational 
barriers of ethane-like molecules. A critical review, published by Payne and Allen' ' ', 
compares no less than 14 distinctly different models for explaining conformational 
behaviour. 
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TABLE 11. Comparison of experimental and ah bzitio barriers of HzOz 
~~ 

Authors 
AE (tru~is) AE (cis) 

Year Reference (kcal mol-') (kcal mol-')  T (deg.) 

Redington, Olson and 
Cross" 1962 119 0.85 3.7 1 109.5 
Hunt and coworkers" 1965 120 1.10 7.03 111.5 

Ewig and Harris" 1969 122 1.10 7.57 112.8 
Dunning and WinterC 1975 101 1.10 8.35 113.7 
Cremer' 1978 107 0.94 7.69 1 19.3' 

Oelke and Gordy" 1969 121 1.1 7.0 120 

"From infrared spectrum. 
bFrom millimetre-wave spectrum. 
'From R H F  calculations. 
'From RSMP calculations. 

Despite the appealing character of some of the proposed models, their quantitative 
verification turns out to bc especially difficult in the case of H202. Rather inconclusive 
have been attempts to trace the origin of the cis and trans barriers back to orbital 
orthogonality or cxchange contributions imposcd by the Pauli Principle' 1 2 * 1 3 1 ,  

interference effccts between the weak vicinal 'tails' of OH or lone-pair (n) LMOs" 1 * 1 3 2 ,  

bond-antibond  interaction^"^, the dominance of attractivc or rcpulsive energy 
terms' 09.11 6.1 34.1 35 or the prevailing role of special MOs. 

In Figure 19, RHF/SVd orbital energies E; for tlic five highest occupied MOs of H202 
are plotted as functions of T. They reveal that reliable predictions with regard to the 
relative stabilities of 21,22 and 23 cannot be made with the aid of ci values. This holds for 
the two HOMOS discussed in Section IIl.B.4 as well as for the total orbital energy 2 ZYCIei 
as was first shown by Fink and Allensg. 

An clegant way to avoid these difiiculties has been pursucd by Radom, Hchre and 
PoplelOO. Thesc authors have expanded the ub inifio rotational potential of H 2 0 2  in form 
of a truncated Fourier series (equation 1 )  and have used the constants V ;  to analyse the cis 
and t r m u  barriers. Figure 20 illustrates this procedure. In Table 12, the corrcsponding VF 
constants of H 2 0 2  are compared with those of some other peroxides. 

V ( r )  = VI(7) + Vz(r)  + V3(7) 

= j V t ( 1  - COST) + q(1 - COS2r) + jG(1 - COS37) (1 1 
The Vl(r) term can be considered as indicating repulsivc (vf < 0, H 2 0 2 ,  Table 12) or 

attractive (Vj > 0, HOOF, Figure 21) interactions between O H  or OX bond dipole 
moments, The V: term has been connected with the degree of lonc-pair (n) dclocalization. 
According to  Pople and coworkers' O', there seems to be a general tendency of n orbitals to 
become coplanar with adjacent polar bonds, thus guaranteeing an overall stabilization of 
N or 0 containing rotors in the corresponding conformation"'. Hence, a negative 1'; is 
indicative of maximum n delocalization at 7 = 90". Actually, this description is related to 
the explanation of the anomeric effcct given by Altona and  coworker^'^'. Both ways of 
interpreting V 2 ( r )  are illustrated in Figure 21. 

Figure 20 as well as Table 12 reveal that the rotational minimum at 7 = 120" results 
from a delicate balance of 1: (T) and V 2 ( ~ ) ,  which clearly dominate thc conformational 
behaviour of H 2 0 2  and other peroxidcs. The VC; term is relatively small and negative 
suggesting a slight preference for staggering of bonds. 
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FIGURE 19. 
(D. Cremer, unpublished rcsults). 

Functional dependence of RHF/SVd orbital energies on T calculated for 

0" 

FIGURE 20. Fourier decomposition ofpotential function V ( T )  for H202. Adapted from L. Radom, 
W. J.  Hehre and J.  A. Pople, J. Anier. C/ iC, )7 .  Soc., 94, 2371 (1972). by permission of the American 
Chemical Society. 
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TABLE 12. Potential constants (kcal mol- I )  for internal rotation in peroxides" 

Molecule vs vc, r% Method Ref. 

- 8.0 - 3.7 -0.3 RHF/SVdp 114 

CFj0-OH -5.6 - 3.9 - 0.4 R H F/SV 136 
CFjO-OF -4.1 - 6.1 - 0.7 RHF/SV 136 

HO -OH -7.1 - 3.5 - 0.2 RHF/SV 100 

CHjO-OH , -7.5 - 2.9 -0.4 RHF/SV 100 
FO-OH 4.2 - 5.2 -0.1 RHF/SV 100 

"Energy of the cis form (T -- Oo) is taken as the reference point. 

u* 8 
6 

FIGURE 21. Schematic illustration of lone-pair delocalization, interaction between bond dipole 
moments, and the anomeric effect. 

C. Total Energies, Heats of Formation and Bond Dissociation 
Ent ha1 pies 

Thermochemical data on XOz and XzOl compounds are s p a r ~ e ' ~ ~ - ' ~ '  . That is why 
Benson and Shaw in their review on the therrnochemistry of organic per- and poly- 
oxides'" have dwelt on empirical methods to estimate heats of formation AHF(298) 
and bond dissociation cnthalpies DH'(298). Subsequent work of Benson and 
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 coworker^'^^-'^^, based on group additivity principles, has led to an improvement and 
extension of AH: estimates for polyoxides and polyoxide radicals. Some of these values are 
listed in Table 13143*'48. 

A theoretical determination of AH," is only possible with recourse to an appropriate 
reference state and its experimental AH," value (equation 2).  By calculating molecular 
(MOL) and reference state (REF) energies and using known A H :  (0)REFdata, A H ;  (0)MoL 
can be determined from equation (2) .  The crucial point is the evaluation of the 
'experimental' energy I;;!EXP)14'. As is illustrated in Figure 22, this requires the 
knowledge of ((0 H F  limit energies E(HF), (b) their correlation corrections E(C0RR) to 
obtain Schrodinger energies E ( S ) ,  (c )  relativistic corrections E(REL) to obtain true 
theoretical energies E(THE0)  and (d) vibrational corrections E(VIB), which primarily 
comprise zero-point vibrational energies ZPE. 

E(EXP)MoL - E(EXP)REf = A H :  (0)Mo'- - AH," (0)REF 

For polyatomic molecules none of these energies can be accurately determined by 
theory. However, it  is possible to obtain estimates of the molecular energies E ( H F ) ,  E(S),  
E(THE0) and E(EXP) if ab iiritio and experimental data are c~mbined '~ ' .  In Table 14 
E(EXP) values as well as some other characteristic molecular energies, obtained in this 
way, are given for 0,, H 2 0 z ,  03, H 2 0 3 ,  Me0,H and MeOzMe L49.  The theoretical 
estimates lead to A H :  values, generally not more accurate than 5 kcal mol- This is also 
true when differences AE(EXP) are approximated by computed SCF energies E(X) (X: SV 
or DZ b a ~ i s ) ' ~ ~ * ' ~ ' * ' ~ ~  or estimates of E(HF) using closed-shell molecules (H,, H20,  
H 2 0 2 ,  XH,, XOH, etc.) or ions (0,") as reference  state^'^^-'^^. 

Due to the relatively large uncertainties of theoretical A H :  values, the data of Table 13 
are used to discuss dissociation enthalpies DHo of peroxo compounds. A cleavage of the 
0 -0 bond of H202 requires 142 : 

D H O ( H 0 - O H )  = 2 A H ;  (HO.) - A H :  (H202) = 51 kcal rnol- 

TABLE 13. Estimated AH: (298) values (kcal mol- ') for polyoxides and polyoxidc  radical^'^'*'^^ * 

- ~~~ 

H, H Me, Mc t-Bu, t-Bu Me, H t-Bu, H 
.~ 

Poljoxides 
X'OZXZ - 32.5" 
X'03Xz - 15.7 
X'04X2 1 . 1  
X '05X2  17.9 
Polyoside Radicals 
X'O- 9.4" 
X'02. 3.0 
X'Oy 17.8 
X'04* . 32.6 
x ' 05. 41.4 

- 30.0" 
- 13.2 

3.6 
20.4 

3.9 
6.2 
23.0 
39.8 
56.0 

- 83.4" -31.3 - 58.0" 
- 66.6 - 14.5 -41.2 
-49.8 2.3 - 24.4 
- 33.0 19.1 -7.6 

- 22.8 
- 22.5 
- 7.7 

7.1 
21.9 

'Experimental values. 
"Adapted with permission from P. S. Nan@ and S. W. Benson, J .  flip. Clrem., 83, 1138 (1979). 
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ATOM k E ( E X P )  

Dieter Cremer 

JL E ( H F / X )  

E ( C 0 R R )  

TABLE 14. Theoretical energies (hartree) and heats of formation (kcdl mol-I) of some compounds 
containing the 00 m6iety" 

Energy 

E(HF) 
E(C0RR)  
E(REL) 
E(THE0) 
ZPE 
E(EXP) 

AH: (298) 
AHM) 

0 2  

- 149.670 
- 0.647 
-0.100 

- 150.417 
0.004 

- 150.408 
0 
0 

HzOt 

- 150.860 
- 0.693 
-0.100 

- 151.653 
0.025 

- 151.621 
-31.1 
- 32.6 

MeOOH 

- 189.901 
- 0.946 
-0.128 

- 190.961 

- 100.898 
0.054 

-23.1 
-26.5 

MeOOMe 

- 228.956 
- 1.199 
-0.150 

- 230.283 

-230.188 
-23.2 
-28.5 

0.083 

0 3  

- 224.39 1 
- 1.032 
-0.150 

- 222.573 

- 225.557 
34.8 
34.1 

0.008 

H 2 0 3  

-225.678 
- 1.024 
-0.150 

- 226.852 
0.030 

- 226.8 14 
- 24.2 
-26.5 

"Taken from Ref. 149. For 02, H202 and O3 experimental AH: values have bccn used to obtain 
correlation cnergy increments upon which the estimation of E(C0RR) energies of higher peroxides is 
based. ZPE values have to be enlarged by corrections for the nuclear motion relative to the centre of 

mass when calculating E(VIB); ZPE = -/I N, vir where k is the number ofatoms and the vi are the 

experimental frequencies. Refercncc states are the atoms H, 0 and C. 

1 3 k - B  

2 i  

and t h a t  of t h e  0--H bond'43: 

DHO(HO2-H) = AH: (HO2.) + AH? (H.) - AH? (H202) 

= 88 kcal mol- I .  

Thus, D H o  (0 -0) nicely fits i n t o  t h e  series o f  D H o  (X -X) values o f  isoeleclronic X2Hzn 
molecules as c a n  be seen f rom Table 15 (compare  a l s o  with T a b l e  2, Sect ion I). 
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TABLE 15. Dissociation enthalpies DHO (kcal mol- ' )  of isoelectronic 
X,H2, molecules 

43 

Molecule DHo(X-X) D H O ( X - H )  Reference 

C2H6 88 99 141 
NZH, 69 104" 141 
02H2 51 88 142 

141 F2 38 - 

"Estimated value. 

It is interesting to compare 0 -0, C -0 and 0 -H dissociation enthalpies for organic 
polyoxides. According to the data listed in Table 16, the 0-0 bond is considerably 
weakened if H is replaced by Me or an additional 0 atom is inserted into the 0-0 
linkage. Delocalization of the 3x electrons of a peroxyl radical (see Section III.A.2) 
strengthens the 0-0 bond by about 15 kcal mol-I. The same effect makes the 0 - H  
bond of H202 more susceptible to bond rupture than that of an alcohol. This holds also for 
C-0  bonds (Table 16). 

The x dclocalization energy of O3 can be estimated by the formal reaction'4s 

HOOOH -+ -000. + 2 H- 

where the unpaired electrons of the -000- fragment are thought not to interact and the 
enthalpy change is taken as twice the D H o  (0 -H)  value of H 2 0 2 .  Thus, a A H :  value for 
the hypothetical -009- species with 100% biradical character (i.e. when the overlap ( S )  
equals zero, see Table 8, Section 1V.A) can be evaluated and compared with the 
experimental heat of formation of ozone. Depending on the value of AH: (H203), the 4x 
delocalization energy has been predicted to be 17-19 kcal mol- ' 69.14s. Since the actual 
dissociation enthalpy of O3 is 25 kcal mol- can be 
assigned to thc 0-0 (3 bond. 

A heterolytic cleavage of the 0-0 bond 

(Table 16), only 6-8 kcal mol- 

x'o-ox2 -+ X'O+ + -ox2 

requires a considerably higher amount of energy if X '  and X' cannot stabilize the 
emerging ions. The reaction energy AE can be estimated utilizing the dissociation enthalpy 
for homolytic cleavage (equation 3)144. From experimental ionization potentials I and 

TABLE 16. Dissociation enthalpies DHO (kcal mol- ' )  of molecules containing 0-0, C - 0  and 
0 -H bonds141, 1.13.148.1 5 ,  

Molecule D H o ( O  -H) Molecule D H o ( O  -0) Molecule DHO(C-0) 

H-0. 102 o=o 119 CH,-OH 91 
H-OH 119 HO-0. 66 CH-3-02. 28 

H-02. 49 HO-OH 51 HCO-OH 107 

CH30-OCH, 38 

H-03- 68 o=o-0 25 
HO,-OH 30 

H-OCH, 104 C H 3 0  -0- 59 CH3-02H 70 

H-02H 88 CH30-OH 45 HCO-02H 86 
H-OZCH, 90 

+ -  

CH302-OCH3 23 
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electron affinities EA'46*'47 , the energy of heterolytic 0-0 cleavage in the gas phase is 
predicted to be 5-8 times larger than homolytic cleavage (Table 17). 

BE % DHo(X'O-OX2) + I(X'0.) + EA(X20.) (3) 

However, heterolytic cleavage needs less energy if (a) an ion pair is formed at a distance 
rip separating the effective charge centres, and (h) formation of the ion pair occurs in 
solution. Then the energy of heterolytic cleavage is given- by equation (4). Benson and 
 coworker^'"^.'^^ have estimated rip to be 2.65 f 0.05A. This leads to a Coulomb 
attraction energy of 124 k 2 kcal mol- I .  Accordingly, a dialkyl trioxide can undergo 
heterolytic cleavage, provided the solvation energy AEsolv of the ion pair compensates for a 
difference of about 20 kcal mol- '. The energy AEsOlv can be approximated by Kirkwood's 
formula's5 (equation 5), where E is the dielectric constant of the solvent, p the dipole 
moment (p = 2.65 x 4.8 = 12.72 D) and a the radius of a spherical cavity formed by 
solvent molecules surrounding the ion pair. With a = 3.5 A 14' the solvation energy of a 
typical hydrocarbon solvent (E = 2j is predicted to be 11 kcal mol-I. This energy will 
increase to 20 kcalmol-' if a solvent with E = 5.2 is used. 

AEip(solvent) = A E  - ez/rip - AEsOlv (4) 

E - 1  p2 
& + I  a3 

BEso,, Z 14.39*-.- (5) 

D. Orbital Energies and Ionization Potentials 

According to Koopmans' theorem'56 the values - E ~  of UHF orbital energies provide 
reasonable approximations to vertical ionization potentials (IPS), I,,,,. As can be seen 
fromTable 18,magnit~desoftheenergiesc~obtainedwith UHF theory fo r02  l S i  areofthe 
same order as the experimental IPS measured with ESCA 158-160. An exception occurs in 
the case of the 30, and In, MOs where the experimentally observed order is reversed. This 
failure of UHF theory results from the neglect of ( a )  Coulomb correlation of electrons and 
(b) MO relaxation effects upon ionization. 

The correct MO sequence of O2 has been obtained by the AEscF approach, i.e. by 
separately calculating the GS of O2 and the ground and excited 'hole states' o f 0 2 +  listed 
in Table i8I6'. In this way relaxation effects are accounted for. Electron propagator 
calculations, which consider in addition corrzlation effects, provide the best agreement 
between experiment and theory (Table 18)Is7. 

A similar discrepancy between Koopmans' values and experimental IPS has been 
observed in the case of ozone. The experimental PE ~ p e c t r u r n ' " ~ - ' ~ ~  reveals considerable 

TABLE 17. Energy for heterolytic 0 -0 cleavage estimated according 
to equation (3)" 

Products 4 e V )  EA(eV) AE(kca1 mol-I) 
~ ~~ ~~ 

H O +  + -OH 13.2 1.83 313 
CH30+ + -OH 8.3 1.83 194 
CH,O+ + -OCH3 8.3 1.57 193 
HO+ + -OzH 13.2 1.85 292 
H 0 2 *  + -OH 11.5 1.83 253 
CH30,+ + -OCH, 6.75 1.57 142 

~~ ~ ~ ~ ~ ~ _ _ _ _  ~~ 

" I  and E values from Refs. 146 and 147. 



45 1. General and theoretical aspects of the peroxide group 

TABLE 18. Theorctical and experimental ionization potcntiak I,,,, (eV) of 0, 

Spin Ion Elcctron 
orbital state U HF"sd A Esc2.'' propagatof ,' Expt.' 

15.3 
15.8 
22.8 
19.3 
20.8 
27.5 
33.0 
43.3 
46.6 

563.4 
563.5 
564.9 
565.0 

13.1 
14.3 
15.6 
17.3 
21.0 
26.0 
33.5 
41.0 
45.9 

554.4 

556.6 

11.8 
17.0 
17.4 
18.0 
19.5 
24. I 
26.7 
39.0 
40.2 

542.1 
542.8 
544.5 
544.5 

12.1 
16.1 
17.0 
18.2 
20.3 
24.6 
27.9 
39.6 
41.6 

543.1 

544.2 

"Ref. 157. 
bRef. 161. 
'Ref. 158 (above 28cV) and Ref. 159 (below 28eV). 
'Koopmans' values. 
'From calculation of the ion states. 

vibrational structure for the first ionization. This is not consistent with depopulation from 
the nonbonding la2 MO as suggested by H F  calculations (see Table 19). Investigations, 
which go beyond the H F  level of theory, agree on the assignment of the first I P  as resulting 

MO sequence 6a1, 4b2, l a 2 ,  l b l .  This has been taken into consideration when 
summarizing the relevant data in Table 19 (see also Figure 11). 

Available data on the IPS of the H 0 2  radical arc sparse. Foner and Hudsons5 deduced a 
preliminary value for the first I P ,  which has been confirmed theoretically by Shih and 
coworkers (Table 20)77. It corresponds to ionization of a 7a' electron resulting in a triplet 
state, namely the 3A" GS of the H 0 2  + ion74. Shih and coworkers have tentatively assigned 
the second I P  to 2a" ionization. Again, Koopmans' values lead to a different order of 

from 6al  ~on~za~~on49.53.G22.1G5-167 . I n addition, they provide sufficient evidence for the 

1 ~ ~ 7 ~ .  

TABLE 19. Theoretical and experimental ionization potentials I,.,, (eV) of O 3  
~~ 

Ion RHF" M B P T ~  c1 G V B ~  Ewpt. 
M O  state (Ref. 59) (Ref. 166) (Rcl. 53) (Ref. 49) (Rcls. 162-164) 

6al  'A1 15.2 12.9 12.5 12.9 12.75 
4b2 2B2 15.5 13.3 12.6 13.0 13.02 
la, 2A2 13.3 13.2 13.0 13.6 13.57 

3b2 'B2 21.1 
5al  'A, 22.6 
4a, 'A,  30.0 

20.1 
lb ,  'BI 21.1 

' Koopmans' values. 
bFrom calculations of the ion states. 
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TABLE 20. Ionization potentials I,,,, (eV) of the HOz radical 

SCF" MRD-CI" Exp. 
MO Ion state (Ref. 77) (Ref. 77) (Refs. 85, 168) 

7a' 3.4 88 b 10.9 11.6 11.5 
2a" 'A' 12.9 12.3 12.2 
la' IA" 12.2 12.6 

"From calculations of the ion states. 
bNote that a 'synthesis' of H 0 2 +  from O2 and H+ also leads to il triplet GS: 

PE spectra of H202 are obscured due to decomposition of the sample to H 2 0  and O2 in 
the electron source16y-171 . Because of the contaminants, the uncertainty of thc 
experimental IPS is rather large (0.2-1 eV) "'. The Koopmans' values obtaincd with 
augmented basis sets"' are 8-100/, larger than the observed IPS  (Table 21), which is in 
accordance with Robin's 804 rule'72. 

The first band of the PE spectrum of H202 reveals some vibrational fine structure 
(v" = 1050cm-'). Brown'70 has argued that ionization from an 0-0 antibonding MO 
should lead to a strengthening of the bond and, hence, to an increase of the 0-0 
stretching frequency v 3  of H202 (v3  = 863 cm- I ,  see Section 1V.E). Comparison with 
Figure 14 shows that both the 4b and 5a MO possess 0-0 antibonding charactcr. With 
the auxiliary information about T being larger than 90" and, hence, 5a beiow 4b (Figurc 
19), an assignment of the first and second IF' to the 4b and 5a MO is straightforward. 

The third I P  resulting from ionization of the 0 - 0 bonding 4a electron (Figure 14) also 
exhibits a vibrational progression (11'' = 1 lOOcm-'). Arguments have been given, which 
connect this progression with an excitation of the symmctric OOH bending vibration v 2  
(1393cm-')'''. Ifcorrect, thcsamereasoning,ofcourse,could apply to the first PE band. 

TABLE 21. Theoretical and experimental ionization potentials I,,, (eV) of H 2 0 2  

- & i n  - E i b  Esp. I,,,, 
MO R H F/SVd RHF/SVd 

Ref. 169 Ref. 171 

4b 12.9 11.9 11.7 11.7 
5a 14.1 13.0 12.7 13.0 
4a 16.3 15.0 15.3 15.4 
3a 18.9 17.4 17.4 17.5 
3b 19.2 17.7 17.4 18.5 
2b 32.9 30.3 
2tl 39.8 36.6 

561.5 516.6 l b  
l a  

'Koopmans' values obtained with an augmented SV basis. See Section IV.B, Figure 19. 
*Corrected according to Robins 8 rule, Kcf. 172. 
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Assignment of 3a and 3b  ionization on the basis of theoretical Koopmans' values 
depends vcry much on the use of the correct T value (T = 120") of skewed H202. Figure 19 
reveals that the 3a and 3b MOs cross at 'I x 116". Hence, any calculation with T < 116" 73 

leads to a wrong assignment. 
For a series of organic peroxides PE spectra have been recorded'70.171.'74-177. The 

spacing of the first two IPS has bcen used to detcrrnine the conformation of a peroxide. 
According to Figure 19 the splitting A&' = ~ ( 5 a )  - ~ ( 4 b )  = - A l l  varies with T, which can 
be describcd analytically by a truncated Fourier expansion (Figure 23) (equation 6). 
Rademacher and Elling' 7 6  have calibrated equation (6) experimentally by utilizing known 
7 values of organic peroxides in conjunction with PE measurements. The function A1  I ( r )  
thus obtained is depicted in Figure 23. It has been used to estimate the dihedral angle T of 
cyclic peroxides (Table 22), for which z < 90" and, hence, the sign of A I ,  is known176. Since 
the magnitude of both Iver, and AII  is influenced by the substituents attached to the peroxo 
group (compare with Figure 23), t values determined with equation (6) on the basis of PE 
investigations are rather inaccurate. This becomes obvious when applying the analytic 
form of AI  )(t) given in Reference 176 to alicyclic organic peroxides (AI = 0.45 eV for 
ROOH; R = pentyl, hexyl or heptyl'"). 

A I , ( T )  = Acos t  + BCOS2t + c (6 )  

E. Geometry and Vibrational Analysis 

Pertinent to a discussion of the 0-0 bond strength measured by the depth of the 
potential function (see, for example, Figure 22) is the analysis of the 0-0 bond length 
(location of the potential minimum) and its stretching frequency and force constant (width 

+ 3  

+ 2  

+ I  

0 

- 1  

- 2  

- 3  

FIGURE 23. Functional dependence of the spacings A I ,  = I(4b) - I(5a) and AIz = I(3b) - 1(3a) 
on the dihedral angle T of H,O, as obtained with RHF/SVd calculations [AIl(7): A = 2.7, B = 0.2, 
C=0.3eV].  Experimental measurements of A l l  are denoted by dots. They lead 10 
A I , ( T )  = 2 . 0 8 ~ 0 s ~  + 0.15 (dashed line)'". 
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TABLE 22. Determination of the dihedral angle T from measured ioniza!ion potentials I,.,, 17‘ 
~~ ~~ ~~~~ ~ 

Molecule” I(b) (eV) &a) (eV) AI (cV) T (deg.) Ref. 

HO-OH* 
MeO-OMe 
I-BuO -OBu-t* 

3-f 0-0 

0 0-0 

P, 0-0 

0 0-0 

>c)< 0-0 

11.51 12.56 - 1.05 120 
9.71 11.61 - 1.90 170 
8.83 10.57 - 1.74 166 

10.94 8.98 1.96 30 

11.13 9.86 1.27 57 

10.40 9.25 1.15 61 

12.4 10.96 ! .44 50 

10.35 10.17 0.18 89 

9.76 9.35 0.3 1 86 

10.71 8.42 2.29 10 

10.36 8.50 1.86 35 

170 
177 
176 

170 

175 

170, 174 

175 

176 

170, 174 

170 

170 

“Starred molecules haw been used for determining the functional dependence AI(T).  

of the potential function). In Table 23 some relevant data for O2 and its ions36*151*178-’82 
are summarized. The dependencc of these properties on the electron configuration is 
evident. Depopulation of the antibonding xy MOs of O2 increases the bond order (Section 
Ill.B.1, Figure 7) and bond strength. The strengthening of the 00 bond is reflected by 
lower R, and higher v, and D, values. Conversely, if the partially vacant ng MOs of O2 are 
filled, thus lowering the bond order to 1.5 (superoxide ion) and 1 (peroxide ion), the 00 
distance increases, while stretching frequency and dissociation energy decrease. 

suggest that its 00 bonds resemble more 
O2 than OZ2- despite its low dissociation (Table 24). Even its anion, 03-, 

The re and v parameter 
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TABLE 23. Electronic configuration and properties of G2 and its ions 
~~ ~~~~~~ ~ ~~ ~ 

Bond R e  Yo L), T, 
Molecule Configuration State order P" (A)  (em-') (eV) (eV) Ref. 

0 2 z +  . . . ( ln,)0(30,)0 'Xi 3 1.034' 

0 2  . . . (1 n,)2(30,)0 'Xi 2 
. . . (1 ~ , ) ' ( 3 o , ) ~  'll, 2.5 1.123 1876.4 

1.207 1580.2 
'Ag 2 1.216 1509.3 
'X; 2 1.227 1432.7 

0 2  - ...(ln,)3(30,)o 'llg 1.5 1.341 1089 
0 , z -  . . . (1 n,)4(30u)0 'Z; 1 1.50'' 848" 
(0, - 12 ...( 1 ~ , ) " ( 3 0 . ) ~  'Xi 0 Large 

0 2  + 

151 
6.55 36 
5.21 0 36 
4.23 0.98 36 
3.58 1.63 36 
4.09' 178, 179 

180, 182 
0 

' P  = Pb - Pa;  Pb, P a :  number of clectron pairs occupying bonding or antibonding MOs. 
"RHFIDZ value; see also Ref. 181 for RHF/SV calculations. 
<Do value. 
dDistance observed for alkali peroxides, Ref. 180. 
'Average of the A, vibrational frequencjes computed for LiZO2, Ref. 182. 

TABLE 24. Electron configuration and molecular propcrties of ozone and some of its ions 

Bond R, UC 1' DO 
Molecule Configuration State order P" (A) (deg.) (cm-') (eV) Rcf. 

0 3 +  ...( 6a1)'(2bl)0 'A1 1.72 1.26b 131.7 1.85 185, 189 
0 3  . . .(6a1)'(2b,)' 'Al 1.66 1.272 117.8 1103 1.05' 70, 184 
0 3  - . . .(6al)2(2bl)' 'B1 1.22 1.38 (2) 116 (2) 982 1.39' 186, 188 

2.41' 
1.35" 114.1 189 

~~ ~ ~~ ~ 

"Evaluated with the aid of Pauling's bond-order relationship 25:  R, = (a  - b) In P, where a = 1.452 A 
[Rc(H20 , )  for P = I ]  and b = -0.353 A from R, = 1.207A for P ( 0 , )  = 2. 
bTheoretical value of Ref. 189, corrected with the aid of exp. and theoret. ozone parameters. 
'Hiller and VestallR8 suggest a value of 50.75 eV on the basis of photodissociation measurements on 
03-. 
dDo(O, -0 -). 
'Do(0 - 0 2  - ). 

possesses an 00 distance and stretching frequency'"' closer to the superoxide than the 
peroxide ion. Noteworthy is the reduction of the angle a in the series 03+, 03, 03-, which 
is parallel to the stepwise occupation of 1,3 bonding MOs (Figure 10). 

A first direct measurement of R for H 2 0 2  was obtained by Giguere and Shomaker as 
early as 1943I9O. Subsequent work on the ro structure of H z 0 2  by Redington, Olson and 
Cross"g led to a complete set of geometrical data. However, the experimental 
determination of a r,, structure of H 2 0 2  has to cope with the dilemma of extracting four 
internal parameters out of three rotational Bo constants, since no accurate spectroscopic 
data on D 2 0 z  are available. This problem has been solved by assuming an 0 -H length. 
Recently, convincing evidence has been gathered from neutron diflraction results of 
H 2 0 2  lg1 . lg2 ,  Dz02  l g 3  and DzO lg4, from the microwave study of HOFig5 and an 
elaborate cab iriitio which suggest R J O H )  : Ro(OH) z 0.965A. With this 
parameter the ro structure of H 2 0 2  published by Redington and coworkers11g has been 

n addition, re parameters have been derived utilizing published 07.196.197 I . 
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vibrational-rotational constants'". In Table 25, the ro and r, geometries are compareti. 
Both theory and experiment support a R,  value of 1.452 8, for H , 0 2 .  The corresponding 
difference Ro - R ,  obtained by Cremer and C h r i ~ t e n ' ~ '  is rather large, which has been 
criticized by Giguere and Srinivasan'98. 

Out of the wealth of computed nb ittitio geometries of H z 0 2  a rather confusing pictux 
emerges as is illustrated in Figure 24. Some theoretical R, distances cluster around 
1.39-1.408,, while the others are scattered between 1.40 and 1.568,, i.e. most ab itlitif) 
distances are clearly outside the range of error of spectroscopic H 2 0 z  geometries. This 
indicates that the calculation of the 0-0 bond length of H 2 0 2  is very sensitive to basis 
set and correlation errors of the H F  approach. H F  calculations with extended basis se:.. 

A a , ( O O H ) ,  deg 

6- 

L -  
a go+ 0 

9 .  

-6 -5 * - L  - 3  - 2  - 1  a 

-2 - 

0 2- 
a o  

4 ,  0 I 
I 

TABLE 25. Geometrical parameters of H,02 as determined by experiment and theory 

A 

H,02 

b 

a a 

, I  2 .  L 5 
A R e ( O O ) ,  prn 

ee 
a a a 

ro a rc re re 
IR IR, M W  RHF/SV RSM P/DZd p 

Parameter (Ref. 197) (Rei. 196) (Ref. 107) (Ref. 107) 

R'(& 0.965' 0.965' 0.965 0.967 
1.464 1.452 1.460 1.45 1 

99.4 100.0 102.3 99.3 
7 (deg.1 120.2 119.1 120.0' 119.3 

R(A)  
a Wg.1 

"Reinterpretation of infrared data of Ref. 119. 
bDeduced from infrared and microwave data of Refs. 119 and 121. 
'Assumed value. 

-L -6 I 
I 
V 

FIGURE 24. Deviation of crb i r i i r i o  geometries for skewed H 2 0 z .  Origin at R, = 1.452A ail<.! 

= 100" IgG. AR, measured in picometre. Uncertainty of experimental r, geometry is indicated 
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severely underestimate Re.  This is the result of an artificial accumulation ofelectron charge 
closc to the 0 nuclei, which increases the stabilizing Coulomb interactions between 
electrons and nuclei. The latter are shielded by the surrounding electron charge. Coulomb 
repulsion between the 0 nuclei is considerably reduced, which cxplains the short 0-0 
bond iengths. As soon as electron correlation is considered, accumulation ofcharge in one 
area is no longer possible. Removal of electron charge from the inner to the outer valence 
sphere of the 0 nuclei causes a lengthening of the theoretical 0 -0 bond towards the true 
Re value”’. 

Because of a distinctively different description of the inner and outer valence spheres of 
0 and the polarity of the OH bond with MBS, SV, DZ or augmented DZ basis ~ e t ~ ~ ~ ~ * ~ ~ ~ ,  
theoretical R, values of H 2 0 2  depend strongly on the size of the basis set. This dependence 
is qualitatively described in Figure 25. It is responsible for the scattering ofnb initio values 
of R, reflected by Figure 24. In addition, it indicates that calculations carried out with 
relatively small basis sets can lead to reasonable R, and R ,  values due to  a fortuitous 
cancellation of basis set and correlation 

and 
perhydraies”o-206 vary betwzen 1.44 and 1.47A. It  has been notedZoo that R of H 2 0 2  
molecules in solids is generally smaller than for peroxides due to the presence of water. 
Correcting for this e!€ect and the thermal motion in the crystal, Pedersen has predicted the 
average R value of H202 to be 1.456 A 2oo, which is in line with R,  = 1.452A. 

The six normal modes of vibrational motion of Hz02 are sketched in Figure 26. 
Harmonized frequencies have been published by Khachkuruzov and PrzhevalskiiZo7, who 
examined the available spectroscopic data of H 2 0 2  and D202. Recent Raman 
measurements of H z 0 2  vapourZoB provide evidence for an 0 -0 stretching frequency, 
significantly different from liquid- or solid-phase values (Table 26). However, these 

Crystallographic data on the 0-0 bond length in H 2 0 2  191*1g2,  D 2 0 z  

I \  Correlation corrected 

Size of basis set _3 

FIGURE 25. Qualitative illustration of the dependence of the theoretical 0-0 bond length R, on 
the size of the basis-se: and the method. Two ‘Pauling points’ found for HF/small-basis-set 
calculations are indicated. 
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FIGURE 26. Normal rnodcs of vibrational motion for H2O2. 

TABLE 26. Vibrational frcquencies (crn-') of H 0 2  and H 2 0 2  

"6 

HOZ 
H20, 

Frequency Character Exp." UHFb GVB-CI' Exp." 

" I O H  stretch 3414 3488 3655 3607 
" 2  OOH bend 1389 1357 1416 1393 
"3 00 stretch 1101 1083 1181 863 
v4 HOOH torsion 317 
v 5  O H  strctch 3608 
v6 ' OOH bcnd 1266 

~ ~~ 

"From matrix isolation studies, Ref. 209. Recently, v3 = i097crn-' has becn found in the gas 
phasc2 lo. 
'Scaled UHF/DZdp calculations, Ref. 80. 
'GVB-CI/DZdp values from Ref. 81. 
dRef. 208. In the infrarcdspccrraofliquid andsolid H 2 0 L  a valueof880cm-' has bccn ohservcd for v3 
'Asymmetric modes of H 2 0 2  (Figure 26). 

differences are still within the margin of error of theoretical v values as is revealed by  a 
comparison of nb iiiifio80*8 and  experimental HO, frequencies2"y.2 l o  (Table 26). 

Theoretical attempts at evaluating absolute infrared intensities of H 0 2  (via calculation 
of derivatives of the dipole moment with respect to the  normal modes of vibration)s0 and  
H202 (via determination of a suitable hydrogen atomic tensor)"' have recently been 
published. Because of the extreme diffculties of measuring these quantities, the theoretical 
da ta ,  although only accurate to within 50 x ,  help to investigate the  existencc of H202 a n d  
H 0 2  in planetary atmospheres. 

A general harmonic ub iiiitio force field of H202 has been calculated by Botschwina, 
Meyer and Sernkow at the H F  level of theory102. Theoretical values ofdiagonal quadratic 
force constants areconsiderably overestimated,e.g. stretching force constants by 10-45 %. 
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Correcting for correlation effects proves as important as in the case of re values. 
Alternatively, diagonal force constants can be adjusted empirically with the aid of 
observed frequencies. Force constants obtained in this way for H 2 0 2  I o 2  are compared in 
Table 27 with experimentally based values published by Khachkuruzov and 
Przhevalskii2 ". 

Trends in theoretical quadratic and cubic force constants of FOH, H 2 0 2 ,  NH,OH and 
CH30H are extensively discussed by Meyer and coworkers' 0 2 .  Absolute values Ofj;,,fRR, 
fr,, and f R R R  increase monotonically from FOH to C H 3 0 H .  The diagonal cubic stretching 
force constants are negative (j irr = -60.8, JRRR = -36.7aJA-3) and dominate the 
anharmonicity of the potential energy function. 

The 00 stretching force constants, either experimentally or theoretically determined, 
clearly indicate the weakening of the 00 bond along the series 02+,  02, 02-, 022- or 03, 
03- or 02, HOz, H 2 0 2 .  Evidence for these trends is summarized in Table 28, which 
complements Tables 23 and 24. 

F. Charge Density and One-electron Properties 

The electron density distribution p of H 2 0 2  has been computed by ab hitio methods 
and analysed with the aid of a Mulliken population analysis'2*93~36~10'."5. Gross 
atomic charges q and overlap populations p obtained in this way reflect changes of the 
electron density distribution during rotation around the 0-0 bond as can be seen from 
Table 29. They can be used to substantiate the qualitative models discussed in Section 
1V.B. On the other hand, q and p values have to be interpreted with care since the Mulliken 
population analysis suffers from serious drawbacks' 16 .* l  '. For certain basis sets p ( 0 0 )  

TABLE 27. Quadratic force constants of H 2 0 2  at its equilibrium 
geometry 

Force Exp. Ab initio/empirical 
constant" (Ref. 212)b (Rcf. 102)c 

8.311 
4.493 
0.696 

- 0.045 
0.069 

-0.370 
-0.002 

0.385 
0.074 

8.009 
4.322 
0.894 

- 0.020 
- 0.083 
- 0.040 
- 0.001 

0.605 
0.079 

"For reasons of simplicity the symbols designated in the text as R ( 0 H )  
and R(0O)are  abbreviated here to rand R. All values in aJ A-" where ) I  

is the number of stretching coordinates involved in the partial 
differential quoticnt of the potential energy. 1 aJ (atto joule) = 10-l8J 
= 1 mdynA = 0.2294 hartree = 6.24eV. See I. M. Mills in T/ieoretical 
C/iemisrry, Vol. I, The Chemical Society, London, 1974. 
bBased on v Z  = 1390cm-' and v j  = 880cm-'. 
CLeast squares adjustment to 19 values of Table 26; OH vibrations 
harmonized ( v l :  + 176; i t s :  + 188cm-I) with anharmonicity constants 
of H 2 0  and D20: K. Kuchitsu and Y. Morino. Bull. C/iem. SOC. Japan, 
38, 814 (1965). 
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TABLE 28. Experimental and theoretical 00 stretching force constants ofmolecules containing the 
O 2  unit 

Molecule State Exp. Theory Ref. 

16.5 
11.8" 
10.7" 
5.6 

6.2 
3.8' 
5.9 

4.5 

213 
15.2 213, 73 
15.1 213, 73 

214 
4.0 1 82b 

10.6 184, 73 
186 

7.4 209, 73 
6.7 73 
6.3 212.73 

'JC = 5.8883 x lo-' pa\-c[aJ A-'I ;  pa = reduced mass. 
bCalculated for Li202.  
CAssumed. 

TABLE 29. Mulliken population analysis of RHF/SVdp calculations 
on H202"*b 

40) 8.348 8.365 8.371 
q(H) 0.652 0.635 0.629 
P ( 0 0 )  0.123 0.138 0.128 
PWH) 0.599 0.616 0.620 
PWH) -0.019 0.003 0.007 

"All values in atomic units. 
bFrom Ref. 107. 

may even become negative93, which is in clear conflict with the chemical picture of the 
0-0 bond. 

Another way of analysing the electron density distribution at  the 0-0 bond is to  
evaluate the deformation density function (equation 7) as suggested by Daudel and 
coworkers2''. In equation (7)p(r) is the electron density a t  a point r and XpA(r) that which 
would result if the atoms forming the molecule could be added together without 
perturbing each other. In the case of the 0 atom the function p is not spherical and i t  is not 
self-evident how to form p". One eludes this problem by averaging the electron density of 
O(3P) over all orientations in space, thus reintroducing spherical symmetry. 

Applying this method to 02, t h e  0 lone-pair electrons can be pictured. But at the same 
time a negative Ap(r) is found in the internuclear region"'. This has been interpreted as a 
result of strong Coulomb repulsion between bonding electrons of 02 ,  which forces 
electron density to a regicn outside the space surrounding the bond axis. 
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A similar result has been obtained for H 2 0 2  by Coppens and Stevens'" using the RHF 
wave function published by Dunning and Winter'". The computed deformation density 
Ap is negative in the 0-0 bond region. This has been verified by X-ray and neutron 
diffraction studies on H 2 0 2  lg2. On the other hand, a theoretical determination of dp for 
H2S2 leads to Ap > 0 along the bond axis. Obviously the interpretative value ofdensity 
difference descriptions is poor in the case of bonds between valence-electron-rich atoms 
like oxygen. 

A more appealing way of analysing p has been workcd out by Bader and 
 coworker^^^'-^^^. It involves the evaluation of thegradient vector field Vp(r)from ab hitio 
(or experimental) electron density functions and the determination of its critical points at 
which the field vanishes. In Figures 27 and 28 a contour line diagram and the 
corresponding gradient vector field of 23 are shown2L5. All the gradient paths terminating 
at one of the four nuclei define a subspace of the total molecular space, which can be 
assigncd to the atom in question. There is a saddle point of p, at location r, between each 
pair of bonded atoms. This is an 0 -0 or 0 -H bond critical point of p, which serves as 
the origin for two gradient paths connecting neighbouring nuclei. Together they define the 
bond path, along which the charge density is a maximum with regard to a lateral 
displacement. Gradient paths terminating at rc form the interatomic surfaces between the 
0 and H atoms221. 

In Table 30, p(rc), V2p(r,) and the eigcnvalues i.i(i = 1,2,3) of the Hessian matrix of p at 
rc(O-0) are listed for HzOz225. The negative sign of V2p(rc) is indicative of 0-0 
bonding. The curvature of p along the internuclear axis is positive > 0), while it is 
negative perpendicular t o  the axis (&,R3  < 0). Normally, accumulation of electron 
density between the nuclei, characteristic of a strengthening of the bond, reduces the 

FIGURE 27. Contour plot ofp(r) for frctrrs H202. (Wave function and geometry from Refercnce 
101.) 
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FIGURE 28. Representation of gradient paths of p(r) for trans H202. Bond paths connecting the 
nuclei are indicated by heavy lines. The bond critical points are marked by dots. (R. F. W. Bader, 
private communication.) 

TABLE 30. Properties of the electron density distribi!tion at the 0-0 
bond critical point of H202" 

P 0.329 0.352 0.328 

'-I 1.328 1.346 1.323 
V2P - 0.225 - 0.23 1 -0.218 

' -2 - 0.822 - 0.807 -0.813 
'- 3 - 0.730 - 0.770 - 0.729 

~ ~ ~~~~~ 

"R. F. W. Bader. unpublished results; geometry and wave function from 
Ref. 101. 
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magnitude of i.,, thus making VZp(rc) morc negative. Although both p(rc) and V’p(r,) 
suggest a maximum of the 0 -0 bond strength for the skewed form, the eigenvalues of the 
Hessian matrix reveal that the decrease of i., rather than i., influences the value of V2p(rc). 

In the planar forms JL2) > lj.31, i.e. a lower curvaturc perpendicular to the molecular 
plane signalizes a ‘x-like’nature of the charge distribution in this direction. The fact that at 
7 = 120” the value of 2 3  adjusts to that of 22, thus causing the decrease of V2p(r,) in skewed 
H 2 0 2 ,  indicates that ‘d ike’  charge arranges more uniformly around the 0 -0 bond. 
This is in linc with the MO description of n delocalization discussed in Section 1V.B. 

Noteworthy is the computed deviation of the 0 -0 bond path from the internuclear 
axis for 7 < 180”. At r, a displacement of 0.012 A for 22 and 0.032 A for 21 is computed. 
This is strongly suggestive of the bent-bond picture of strained molecules and, therefore, 
may be interpreted as increasing strain for 7 going to 0” 223. 

RHF calculations close to the H F  lirnit’07.2’G predict a molecular dipole moment p for 
skewed H z 0 2 ,  which is 0.3-0.6D lowcr than the experimental value of 2.26D227. 
Although RHF dipole moments cannot directly be compared with vibrationally averaged 
values, such a large difference is indicative ofa sizeable contribution to the theoretical value 
of p due to correlation effects. The importance of correlation corrections has been 
demonstrated in calculations on O 3  4y. In this case, RHF theory lcads to an overestimation 
of p by 0.3 D45 while GVB-CI/DZd calculations yield p = -0.54 D4’, in line with an 
experimental value of0.53 D2’*. Recently, a value of 2.0 D has been predicted for H 0 2  

One-electron properties of H 2 0 2  have been determined at  various levels of 
t h e ~ r y ’ ~ * ’ ~ * ’ ~ ~ * ” ~ .  At  present the only quantity which can be compared with an 
experimental value seems to be the 7O nuclear quadrupole coupling constant K observed 
in the ”0 nuclear quadrupole resonance spectrum of a 90% H 2 0 2  solution229. The 
calculated K values are 5-15 % too large, while the theoretical values of the asymmetry 
parameter ’1 ,  which describes how the electric field gradient q departs from cylindrical 
symmetry (0 < q < 1 ; q = 0 corresponds to axial symmetry around the principal axis z’, 
see footnote a of Table 31), exceed the observed value by 20-40% (Table 31). 

In Table 32 some selected one-electron properties of skewed H 2 0 2  are l i ~ t e d ~ ~ * ” ~ .  
Although the comparison of values obtained by different methods reveals no dramatic 
changes, the accuracy of one-electron properties may vary considerably. At  least this is 
suggested by RHF/DZd calculations on 03. Rothenberg and S ~ h a e f e r ~ ~  have found 
surprisingly good agreement between experimental and RHF second moments of the 
electronic charge distribution while, for example, the computed quadrupole moment 
tensor elements bear little resemblance to experimental values. 

TABLE 31. Thcorctical and experimental quadrupole coupling constants (MHz) at “0  of H,Oz 

R H F/DZ RHF/MBSb RHF/DZdp Exp. 
Property” (Ref. 215) (Ref. 98) (Ref. 106) (Ref. 229) 

~ 

K,.,. = CC~~.= .Q/I I  - 17.1 1 - 18.23 - 18.70 16.3 l (7)  
’1 0.814 0.930 0.953 0.687( I 1 ) 

~ ~ ~~ ~ ~~ ~~ ~~ ~ ~~ ~~ 

“ Q ( ” 0 )  = -0.0256 barn from H. F. Schaefer, R. A. Klcrnm and F. E. Harris, Phyx Rev., 176, 49 
(1968). 4 = (q,.,,.. - qx,x . ) /q , , ,~  with Iqy,,J < Iq,.,.l < )q2.-.); qr.,.., ctc. arc zero in the principal axes 
system of H2O2,  which is defined in footnote a of Table 32. Scc T. D. Das and E. L. Hahn, Nttcleor 
Qitndrupole Reso~~rice  Spectroscopy, Academic Press, New York, 1958. 
bMBS calculations with STFs. 
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TABLE 32. Selected one-electron properties for skewed H,Oz 

Property" 
R H F/M BS RHF/DZdp APSG' 
(Ref. 98) (Ref. 106) (Ref. 106) 

Quadrupole moment" &.I ' 

(10- 2 6  esu cm2 ) Of,. 
o,.,. + 

Electric field gradient q,,,, 
at 0 Yfy. 

(10- l 6  esu c n -  3 ,  I],.;. 

at H qx,.,. 
9y'y' 

C1z.z. 

Asymmetry parameter 'I" 

5.48 
- 1.35 
-4.12 
32.5 

0.95 
0.03 

- 0.98 
0.10 
0.07 

-0.17 
0.19 

5.83 
- 1.34 
- 4.49 
36.1 
0.98 
0.02 

- 1.01 
0.09 
0.06 

-0.15 
0.20 

5.64 
- 1.39 
- 4.25 
36.7 

0.93 
-0.01 
-- 0.92 

0.09 
0.06 

-0.15 
0.2 1 

~~ ~~ ~~ 

"The molecular x' and z axes are parallel to the Cr symmetry axis and the 0 -0 bond, respectively. 
Primed coordinates denote the principal axes of the tensor. The eulcrian angles ($, cp = 90", 
9 = -90°) relate these axes to the molecular axes. 
bCalculated with the centre of mass as origin. 
'Calculations with the antisymmetrized product of strongly ortho_gonal geminals (APSG) orily 
consider intrapair electron correlation. 

G. Excited States 

Because of the importance of 0, and O3 in atmospheric chemistry and photo- 
chemistry, their excited states have been theoretically studied by various 
grOUpS36.3H40.42.48-s~.s3.s4,230.231 . A detailed discussion of thcse investigations would 
go beyond the scopc of this chapter. Therefore, just some of the results for ozonc are cited 
here. 

Table 33 contains computed vertical transition energies to thc excited states shown in 
Figure 5 (Section III.A.2). MRD-CI results of Thunemann, Peyerimhoff and Buenkers3 
agree quite well with observed spectral features, whilc H F  calculations lead to  a false order 
of states and an underestimation of excitation encrgies. Hay, Dunning and Goddard48-s0 
have reported state diagrams, adiabatic cxcitation energies, geometries, force constants, 
frequencies and dipole moments for excited states of bent, cyclic and linear 03. In a recent 
MCSCF-CI investigation the potential surface of the 'B2 state has been explored". This 
state is found to be bound with an 0,-0 binding energy of 0.4cV. 

The importance of the HO, radical in atmospheric chemistry has triggered elaborate 
studies on its excited states only rccently. In Table 34, vertical excitation energies and 
oscillator strengths taken from MRD-CI calculations of Shih, Peyerimhoffand B ~ c n k e r ~ ~  
and an extensive CI investigation of Langhoff and JalTe7' arc compared with the available 
expcrimental data232'-23s . Adiabatic potential energy curvcs for the covalent lZA', the 
ionic2,A" (Figure 4, Section III.A.2) and the ionic2'A' state, can be found in Reference 79. 
Covalent or ionic character is reflected by theoretical dipole moments of 4 D (22A") and 
3 D (2"') as compared with 2.3 D (1'A") and 2 D (l'A')79. 

In the 1'A' (4n) state thc 0-0 bond is clongated to about 1.41 A, which C ~ U S C S  a 
decrease of thc 0-0 stretching frcquency to 968cm-'  7 9  (exp. 9512", 881 cm- '  233). 
This is indicative of the higher 0-0 antibonding character of thc 2a"MO (Figure 8, 
Section III.B.2). Shih and coworkers" have calculated a radiation lifetime of the 1'A'state 
ofr1, ,  = 7.6 x 1 0 - 3 ~ a ~ c o m p a r e d  with 1.1 x 10-3s found by Langhoffand Jaffe79 and 
Buenker and P e y e r i m h ~ f f ~ ~ .  
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TABLE 33. Calculated vertical transition energies (eV) of ozone" 
~~ 

H F  M RD-CI 

NO. State Excitation DZb + diff Exp? 

9 
10 

11 
12 
13 
14 

l1A1(4n) 
I3B2(4n) 
1 3A2(5n) 
1 3B , (5n) 
1 'A2(5n) 
1 ' B, (Sn) 
23B,(6n) 
2 ' A ,  (6n) 

1 'B2(4n) 
3'A1(4n) 

Z3A2(5n) 
23B (5n) 
2 'A , (5n) 
2'Bl(5n) 

. . . 1  az,4b: ,6af 
1 a, -+ 2bl 
4b2 -+ 2b1 
6a, -+ 2b, 
4b2 -+ 2b1 
6a1 -+ 2bl 

36% 4b: + 2bf 
+45%6a:-+2b: 
la, -+ 2b, 
50% la: + 2b: 
+23% Ib l  -+2b, 
6a1, la, -+ 2b: 
4b2, la2 -+ 2b: 
6a1, la2  -+ 2bf 
4b,, la2 -+ 2b: 

4b2, 6i1, -+ 2bf 

0 
- 2.27 

0.73 
0.69 
1.18 
1.51 

-0.55 

3.73 

4.38 
4.98 
5.10 
6.14 

0 0 

Peaks at 1.29, 1.43, 1.55, 
1.59 1.67, 1.80, 1.92 cV 
1.72 
1.95 2.1 (Chappuis) 
3.27 
3.60 

4.97 4.86 (Hartley) 
7.60 

5.58 
6.50 
6.37 
7.26 7.18 

3.5-4.2 (Huggins) 

E i 

"Ref. 53. Calculated at R = 1.277 8, and r = 116.8" with a DZ basis augmented by bond functions and 
diffuse Rydberg functions. 
bFor quotations of the experimental work see Ref. 53. 

TABLE 34. Vertical excitation energies (eV) and oscillator strengths for HOz 
~ ~ ~ ~ ~ ~ ~ - ~ ~ - ~ ~  

Vertical excitation energies Oscillator 
strength 

State Excitation Ref. 79 Ref. 77 Exp. (Ref. 77) 

12A"(3n) . . . 7a'22a"1 0 0 0 0 

22A'(4n) 6a' -+ 2a" 6.73 6.49 0.001 2 

1 ,A'(4x) l a '  4 2a" 1.02 0.93 0.88",0.87b 3.9 x 
2,A"(3n) 1 a" -+ 2a" 6.26 5.90 5.9-6.2' 0.065 

~ ~ ~ ~~ 

"Ref. 232. 
bRef. 233. 
'Refs. 234 and 235. 

According to Table 34 the UV spectrum of H 0 2  is dominatcd by a single continuous 
feature corresponding to the 2'A" + 1'A" transition with a peak near 2100A. The 
2'A' +- 1"'' transition is far too weak to be observed. Theory suggests that if the 1'A' 
state is appreciably populated, i t  may be possible to observe photoabsorption at about 
2500 A corresponding to the 2'A' + 1'A' transition. 

Scme excited states of H 2 0 2  have been investigated by Rauk and BarrielZ3" with the aid 
of perturbative CI calculations. Only singly excited configurations were considered and an 
empirical correction for correlation and orbital relaxation effects applied. This was based 
on the assumption that computed Rydbcrg state energies of H20z may suffer from an 
error similar in magnitudc to that found for the Koopmans'value - E, of the occupied M O  
4, from which excitation takes place236 (equation 8), where l c x p  is the experimentally 
observed vertical I P .  

AE,,, = AE,,,, + tieXP + C; 
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In Table 35 results of Rauk and Barrie1236 are summarized. The experimental UV 
spectrum of H z 0 2  lacks any absorption bands below 6.7 eV (1850 A)23'. The absorption 
increases towards 10.3eV (1200A) where the spectrum becomes obscured due to H,O 
contamination.There is asingle broad maximum at 7.5 eV (1650 A) and the suggestion ofa  
shoulder at 7 eV (1770A). Corrected excitation energies for the third and fourth singlet 
states, 'B and 'A, are of comparable masnitude (Table 35). These states arise from 
excitation to a bonding (a symmetry) combination of the 3s(O) orbitals and, hence, should 
be bound states. 

Excitation to the corresponding antibonding combination .(b symmetry) from the 
n MOs yields two states in the 4-6 eV region, which are probably dissociative. Rauk and 
B a r ~ - i e l ~ ~ ~  assume on  the basis of the higher oscillator strength of the 'B state that 
photolytic decomposition of H 2 0 2  occurs via this state. Rupture of the 0-0 bond of 
alkyl eroxides has been observed in the first absorption region, 3100-2500A, while below 
2300 w C-0 rupture appears as a new primary dissociative modez3*. 

Rupture of the 0-0 bond in peroxides has been classified by Dauben, Salem and 
T ~ r r o ~ ~ ~  as being of the tetratopic ( ~ n )  (OR) type, thus yielding the four pairs of diradical 
states shown in Figure 29. In the case of H2OZ, only the GS is bonding while the three 
excited S states and all the T states are rcpulsive in nature. These states correlate with the 
GS of two OH radicals as has been confirmed by Evleth on  the basis of CNDO-CI 
 calculation^^^^*^^'. The key to this correlation lies in the doubly degenerate character of 
the 'IJ ground state of OH, which leads in double combination to  four S and four T states. 
This eightfold energetic degeneracy is an essential feature of 0-0 bond rupture. I t  is 
responsible for an extreme complexity of surfaces in 0 -0 dissociation processes of larger 
peroxides. 

TABLE 35. Vertical excitation energies and oscillator strengths for H202" 

State Excitation' 

'A nr4bl+ 3so* 6.2 4.0 0.00 1 3 

7.5 5.6 0.0207 + 14% n(4a)) 
'B n(4b)-.3s(r 9.1 6.9 7.0 0.0054 

9.7 7.8 7.5 0.0078 
'A 73% n(5a) 

+ 16 % n(4b)) -t 3sa 
'A 15%n(5a)j 

+72% n(Jb)(+ 3scr* 10.5 8.3 0.0131 

11.1 8.9 0.1371 
'B 71 n(4b) 

+ZOO/, n[4a)}+3pn 
'B . n(5a)- 3 p ~ *  11.2 9.3 0.0388 

'B '81'% n(5a) ~ 3sa* 

"Ref. 236. Computed at H = 1.475 A, R' = 0.95A, 3 = 94.8", 7 = 1 1  1.5" with a DZ basis augmented 
by diffuse Kydberg functions. 
'Fractional excitations out of more than one occupied M O  are given in percent. Rydbergcharacter of 
excited states is indicated. Note that valence or Rydberg character of computed states alsodepcnds on 
the inclusion of double excitations. Compare with Ref. 241. 
'Correction for n(4b) calculated with 2: = - 13.71, I,,,, = 11.4cV and for n(5a) with t.: = - 14.47 and 
Iver, = 12.5GeV (Ref. 236). 
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FIGURE 29. Photocxcitation and dissociation of HzOz.  Mode ofexcitation and diradical states of 
OH fragments are given. 

V. SUBSTITUENT EFFECTS 

A. General Trends 

1. Peroxy compounds XO, 

Apart from the parent compounds H 0 2  and 0 3  only scattered data on X 0 2  peroxides 
are available. Experimental and/or theoretical investigations on structure and bonding in 

ClO, 2s3 with monovalent X have been reported. As for XOz systems with divalent X,most 
attention has been focused on carbonyl oxide and dioxirane58-67*69*254-2s9 because of 
their important role in the ozonolysis’ and other oxidation reactions of hydrocarbons’ ’. 
Dioxirane has recently been detected by microwave spectroscopy in the low-temperature 
reaction of O3 with ethylene”. Other theoretical investigations considered the bent or 
cyclic form of NO0260*26’, NOO- 262 and HN00G7*263*264. 

When varying the monovalent substituent X from F to Li, the 0-0 bond strength 
decreases. This is reflected by corresponding changes in the bond distance, stretching 
frequency and force constant (e.g. f R R  = 10.5, 9.7, 5.6aJA-’ for x = FZs0, C1253 and 
LilS2). Spratley and Pimente126s have suggested that-depending on the electronegativity 
of X-electron charge is either withdrawn from or donated to the antibonding xg MO of 
02, thus stengthening or weakening the 00 bond. This description has been 
corroborated by McCain and PalkeZs2, who have investigated trends in electron spin g 
values for peroxy radicals on the basis of ab britio calculations on HO, and F 0 2 .  They 
consider bonding in XOO to result from Lewis acid-base reactions between a diamagnetic 
group X and a O2 + or 0,- radical. The unoccupied ng MO in 0,’ is an electron acceptor 
which acts as a Lewis CJ acid, whercas the filled level of 02- is an electron donor or Lewis o 

LiO, 182.214.242-246 , M e0 ,  247, NH,02  248, H 0 3  (X = HO) 73*249, FO, 189*2s0-252 and 
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base. In addition, the open shell ng M O  on either O2 '. or 02- can act as a Lewis R acid or 
base toward a psc orbital on X. 

Strong acid-base interactions lead to relatively strong XO bonding. Conversely, weak 
interactionslead to ionic bonding. The latter situation obtains when X is a weak  donor 
(X = BF4-, AsF6-) or a weak O/R acceptor (X = Li', Na'). Accordingly, ionicity of the 
XO bond is revealed by 00 bond features typical for 0 2 +  or 0 2 - .  

This prediction has been verified in the case of LiOz. Bonding between Li and O2 is 
essentially ionic with at  least 0.77 e transferred from the alkali metal to the O2 moietyz4'. 
In order to maximize Coulollib attraction between a positively charged Li and the 
negatively charged 0 atoms, the molecule adopts the CZv symmetrical cyclic structure 2. 
This has been confirmed by matrix IR  measurement^*^^**^^*^^^ and ab irritio 
calculations24"-z4G (R = 1.30A, R' = 1.77A, M = 68.5", a' = 43" 246; vl(O-0 
stretch) = 1097cm-I 214; compare with Tables 9 and 23 of Section IV). Alkali-metal 
superoxides all seem to prefer structure 2 since the ionic character varies only slightly for 
X = Li, Na  (maximum), K, Rb, Cs, as is indicatcd by the corresponding 0 -0 stretching 
freq~encies~'~.  

For X = BeH or BHz the cquilibrium geometry should also correspond to an isosceles 
triangle, yet with less ionic X - 0  bonding character. This, at  least, is suggested by the 
relative energies of XOz peroxides with divalent X (Table 36), which we have calculated in 
order to compare 00 bonding in these compounds at a consistent level of theoryzG6. 
From Be to F+ the energy difference AE between bent (linear) and cyclic X 0 2  increases 
steadily from -80 to 80 kcal mol-' ,  i.e. for X = Be, BH and CH2 structure 2 is more stable 
than 1, while for X = NH, 0 and F+ the reverse is true (sceTable 6, Section III.B.3). Cyclic 
NOz- with AE = 27 kcal mol-'  (R = 1.47 A. R' = 1.50 A, u' = 59°)"z nicely fits into this 
trend. Parallel to the increase in AE, the 0 -0 bond length R and the angle u of structures 
1 and 2 decrease. Again, this is indicative of a stepwise depopulation of the R, MOs of 02- 
and a smooth change from ionic to covalent XO bonding. For example, the charge of the 
O2 moiety changes from a surplus of 0.55-0.65 e for Be and BH to  a lack of 0.13 e for F+. 

It is interesting t o  note that peroxynitrene, H N 0 2 ,  prefers the syn form by about 
2 kcal mol- I ,  probably due to Coulomb attraction between H and the terminal oxygen 
atom266. A similar effect has been found for alkyl-substituted carbonyl o ~ i d e s ~ * * ~ ~ ~ .  

TABLE 36. Energies and gcometries of some X02 peroxides calculated at the RSMP/SVd level of 
theorysa*2'6 

Gcomet ryh Geometryc 
No. of A bs. 
valence No. of II energy" R R' 2 AEc R R' a' 
electrons electrons" Molecule (hartree) (A)  (A) (deg.) (kcalmol- I )  (A) (A) (deg.) 

20 814 B e 0 0  - 164.5230 1.34 1.33 180 -82 1.66 1.44 70 
22 814 HBOO -175.2611 1.36 1.21 180 -70 1.62 1.37 72 
24 416 HZCOO'' -189.0528 1.29 1.30 120 -34 1.53 1.40 66 
24 416 HNOO -205.0625 1.27 1.38 119 I0 1.49 1.45 62 
24 416 000' -224.8768 1.31 1.31 116 35 1.48 1.48 60 
24 416 FOO A -248.9809 1.28 1.33 113 78 1.43 1.59 54 

~~ 

"Number of x electrons in the chain/cyclic state. 
bAbsolute encrgy and geometry (linear or bent) of chain structure I .  
'Relative energy and  geometry of cyclic structure 2. Tlic angle OX0 is denoted by r' 
dr, geomctry of dioxiranc: R = 1.516& R' = 1.388. 2' = 66.7" 33 .  

're geomctry of ozone: K = 1.2716A. Y = 1 17.79"'o. 
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There, through-space interactions between a pseudo-x orbital of a methylene group and 
the 2p7tAO 6f the terminal 0 atom (homoaromatic 67t system) can lead to additional 
stabilization of the syit forms. In this respect, the configurational and conformational 
prefercnces of carbonyl oxides may bc considered to represent examples of the cis effect267. 

Rupture of the XO or 00 bond in the acyclic GS of XO, leads to X O ( 3 x 0 )  and 
O(3P) or X(37t0) and 02(3C;)  (compare with Figure 5 ,  Section III.A.2). In the case of 
carbonyl oxide, these processes have bcen calculated to requirc about 43 and 
56 kcal mol- ', r e s p e c t i v ~ l y ~ ~ ~ .  Hence, the 47t state of H,C02 is stable with respect to 
dissociation although it is actually higher in energy than H,CO('Al) + O(3P). Because of 
the high reactivity of carbonyl oxide in thc presence of electrophilic, nucleophilic or 
dipolaropliilic agcnts, there is only indirect cvidence for its existence12. 

2. Peroxides XOOH and XOOX 

A number of theoretical invcstigations havc been carricd out in order to establish 
equilibrium geometry and conformational behaviour of closed-shell peroxides. To be 
mentioned are ah itiitio studies on the hydroperoxides LiOOH 2G8,  McOOH ' 00 * '50 .2h9 ,  

Et00H2", Ph00H271 ,  CFJOOH'3h, NH,OOH'so, HOOOH73*'50*2'2*273 
FOOH 1uu.150 and the peroxides LiOOLi '82.246*267-274*2'5,  NaOONa 2 7 5 ,  KOOK275: 
BH200BH2 2 7 6 ,  MeOOMe 277,  CF300CF3 2 7 7 ,  CFJOOF 13', HOOOOH 2 7 2  and 
FOOF 278. We have supplemented these investigations by RHF/SV calculations on 
XOOH and XOOX varying X systematically from Li to F 266. Our results are condensed 
into Table 37. 

Almost all hydroperoxides adopt a bent-bent form. Exceptions are LiOOH and 
HBeOOH which seem to prefer a lincar-bent form with a positively cliarged X( - + 0.7 e) 
and a bent OOH moiety with some anionic character. However, thc stability of the bridged 
forms may be underestimated by as much as 20 kcal mol- ' (comparc with RSMP/SVdp 
rcsults for H20 , ,  Tablc 10, Section 1V.A) due to basis sct and correlation errors at the 
RHF/SV level. Accordingly, the bridged form of LiOOH is likely to be the most stable one 
as has been suggested by Peslak2". 

If both hydrogens are rcplaced by Li o r  BeH, the stability of the bridged form incrcases. 
This is in line with experimental' 80*21' and thcoretical r e s ~ l t ~ * ~ ~ ~ ' ~ " . ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  on alkali- 
metal peroxides. For Li, Na and K, the planar rhombic form is the most stable one since it 
minimizes Coulomb repulsion between the positively charged metal atoms. Puckering 
leads to an energy i n c t e a ~ e ~ ~ ~ . ~ ~ ' .  Obviously, the electrostatic factor outwcighs stabilizing 
orbital interactions found for thc puckered form of H 2 0 2 .  As soon as the ionic charactcr of 
the X - 0  bond is reduced, puckering will lead to stabilization. This is true for the 
persulphide analoguc of LiZO2 2'4, namely Li2S2- which is more stable in the puckered 
geometry (puckering angle 6 = 53" 1 7 4 ;  compare with Table 10). According to RHF/SV 
calculations the planar form is destabilized by 1.7 kcal mol- ' '74. 

On the other hand, increased covalent bonding between X and 0 leads to destabilization 
of the bridgcd forms. For X -- NM,, O H  and F the bicyclic forms open to monocyclic 
forms with very weak 0 -0 interactions. Their relative cnergy is considerably larger than 
the usual 0 -0 dissociation energies (Tablc 16, Section 1V.C). For example, AE of OFOF 
is 2.5 times larger than Do (FO-OF) (ca. 62 kcal mol- ' ' 79) .Thi~  holds also for the linear 
geometries, which reprcscnt the most unstable peroxidc forms of Table 37. Their relative 
energy incrcases steadily from X = Li towards X = F, probably because of cnlianced 
repulsion betwecn clcctron lonc pairs. 

The data of Tablc 37 suggest that Y forms are stable under certain experimental 
conditions. The relative energics of the planar gconietries represent an upper limit of thcir 
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actual stability since pyramidalization and solvent effects will decrease this energy. The  
first experimental evidence for the existence of Y forms was found in persulphide 
chemistry. Kuczkowski280 identified by microwave and mass-spectrometric studies two 
stable F2S2 isomers, namely FSSF and F,SS, the latter with pyramidal geometry. Recent 
ab iiiitio calculations of Hinchliffe28' suggest that a H,SS isomer may also exist. 

In  connection with the reaction of '02 with alkenes, the intermediacy of the peroxirane 
24 has been discussed' O*". Dewar and  Thie1282 have predicted the formation of24 on  the 
basis of MIND0/3 calculations. However, more recent GVB/C1283 and H F  
 investigation^^^^-'^^ indicate that 24 is much higher in energy than other possible 
reaction intermediates. 

0 
I 

/c--c. A\ 
/ \ 

(24) 

Unambiguous evidence for the existence of a peroxide with Y structure has recently been 
given by Atwood and  coworkers287. They have synthesized the stable complex 
[K * dibenzo-l8-crown-6] [Al2Me6O2], which according to X-ray measurements 
contains the Y structure 25 with normal A10 single bonds and a long 0-0 bond. Since 
v(0-0) of 25 (851 c m - ' )  is similar to the 0-0 stretching frequency found for 
hemerythrins ( 8 4 4 ~ m - ' ) ~ * ~ ,  a group of oxygen-carrying proteins, it is likely that 25 
models the bonding situation in these compounds287. 

0 I 1.47 

1.86 0 
A I /-\A I 

( 2 5 )  

1 2 8 O  

Additional information about the influence of the group X is provided by the RHF/SV 
bond separation energy ( B S E )  of formal reactions leading to H , 0 2  and XOH (Table 38). 
Positive BSEs are  indicative of stabilizing bond interactions, probably via a n  electron 
transfer of the type 

00 oo X - 0 - O H  or X - 0 - O H  

TABLE 38. RHF/SV bond separation energies (kcal mol-') of the formal reactions ( l ) ,  (2) and (3)" 

Bond scparation reaction for X = Li BeH BH2 CH, NH2 OH F 

(1) XOOH + H 2 0  + H 2 0 2  + XOH -3.2 -19.2-1.6 5.7 5.3 4.7 3.1 
(2) XOOX + 2 HzO --t H 2 0 2  + 2 XOH 30.5 0 .5 -4 .1  11.3 11.1 4.8 1.0 
(3) XOOX + H z O z  --t 2 XOOH 36.9 38.9 -0.9 -0.1 0.5 -4.6 -5.2 

"Geometries of molecules XOH and XOOX have been completely optimized at the RHF/SV levelzh6. 
BSE values at standard geometries are 6.0, 7.8, 9.3 and 6.3 kcal mol- ' for XOOH with X = CH,, 
N H 2 ,  O H  and F, r e s p e ~ t i v e l y ' ~ ~ .  
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involving rt-type donation ando-  or rt-type acceptance of electrons as shown in Figure 21 
of Section 1V.B. These stabilizing interactions are smaller for X 1 0 X 2  than for X1CH2X2 or 
X'NHX' A n  electropositive substituent like Li, BeH or BH2 leads to destabilization, 
which, however, is partially offset by attractive Coulomb interactions, especially if a 
second Li or BeH substituent is attached to the 0-0 group. Disproportionation of 
XOOX (reaction 3 of Table 38) becomes more likely with increasing electronegativity of 
the substituent X. In this case the BSEs decrease rather than double upon going from 
XOOH to XOOX (reactions 1 and 2 of Table 38). 

The o,rt interactions discussed in Section 1V.B and illustrated in Figure 21 are primarily 
responsible for stabilization of skewed forms of peroxides. The equilibrium angle T is ciose 
to 90" i fX is both a rt donor and a strong o acceptor like O H  or F (dominance of V2 term in 
equation 1, Section 1V.B). However, if X is a o electron donor with weak rt acceptor 
property, repulsion between bond dipoles + X  -0- leads to a shift of the conformational 
minimum towards 180" (dominance of V, term). These trends are confirmed by the 
geometrical data of Table 39 which provides a comparison between peroxide and 
persulphide geometries determined by gas-phase measurements or ab iriitio calculations. 

Noteworthy are the changes in R for increasing electronegativity of the group X. The 
0 -0 and S - S  bond lengths in the difluoro derivatives are abnormally short, being close 
to bond lengths in O2 (1.207& Table 23) and S2 (1.888A, Reference 281). A simple 
explanation in descriptive VB terms is that structures like F-O=O*F and F -S=S+F 
are very important. A b  irzitio theory is prescntly unable to reproduce the experimental R 
values of F202 and F2S2 (see Table 39). 

If the substituent X possesses a low-lying unoccupied n* or pseudo-rt* orbital, 
secondary overlap with the occupied rt* MO of the peroxo group will increase stabilizing 
two-electron interactions. This explains why conformation 26 rather than 27 is more stable 
for methyl- or amino-peroxides266. 

?Iv -0 -.. secondarv 

B. Special Compounds 

I .  Peroxy acids and acyl peroxides 

The structure of organic peroxy acids poses some interesting questions. IR 
measurements have led to the proposal of a planar conformation of the -C(O)OOH 
moiety with a cis-cis (28) rather than a cis-rrans (29) geometry, the former being stabilized 
by an intramolecular hydrogen bond. Recent RHF/SV calculations of the harmonic and 
anharmonic force field and the fundamental frcquencies of performic acid published by 
Bock, Trachtman and G e o r g ~ ~ ' ~  add support to this argumcnt as do ah iriitio 

/ o  . . . . . . . . . . . . , 
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investigations on peroxyacctic acid294.295 and peroxytrifluoroacetic acidZg5. Another 
RHF/SV studyzg6 on performic acid, however, has described 29 to be more stable than 28 
by about 1 kcal mol-', the two forms bcing separated by a rotational barrier of less than 
2 kcal mol- '. 

Since none of these studies has employed an augmented basis set, care has to be taken 
when referring to the published ab iizitio results. O n  the other hand, both theory and 
experiment clearly establish the cis conformation of tlic 0 =C-0 -0 fragment. The cis 
arrangement is stabilized by secondary overlap cffects between the 7c* orbitals of C=O 
and 0-0, similar to those encountered in methyl- or amino-peroxides (Section V.A). 
These overlap effects are also responsible for an equilibrium value of equal to 0 or 180". 

Organic peroxy acids convert alkenes to oxirancs by an electrophilic attack on the 
double bond. The cis-cis form (28) plays an important part in the epoxidation reaction. 
Exploratory RHF/MBS calculations by PlesniEar and ~ o w o r k e r s ~ ~ ~ * ~ ~ *  o n  the oxidation 
of ethylene and methylenimine with performic acid suggest that the reaction is 
characterized by an asymmetric but highly ordered transition state and an intramolecular 
transfer of the proton. Since the 0 atoms of 28 all bear negative charges, i t  has been 
argued295 that the electrophilic attack is overlap- rather than charge-controlled. The 
availability of a low-lying peroxide CJ* MO, especially in compounds like peroxytrifluoro- 
acetic acid, is in line with this reasoning. 

A low-lying CJ* M O  of the peroxo group seems to play a similar role in the radical- 
induced decomposition of dibcnzoyl peroxide: 

0 0 0 0 
II II II II 

Semiempirical MINDO-CI calculations299 on  the dccomposition of diformyl pcroxide 
(DFP) reveal that a charge transfer from the SOMO of the radical to the LUMO of DFP 
( c J * ~ ~ )  is very important in the TS of the reaction. Therefore, an electron-withdrawing 
substituent at  the acyl group and an electron-donating group at the radical enlarge the 
charge transfer and, hence, speed up thc reaction. 

Some of the attention, which acyl peroxides and acylpcroxy radicals have received in the 
past years, has stemmed from their role in the chemistry of polluted a t r n o s p h e r e ~ ' ~ . ' ~ . ~ " ~ .  
In photochemical smog, the latter are formed in a rapid reaction bctwecn O2 and an acyl 
radical. This can lead to the 'A' excited state rather than thc * A " G S  of the peroxy radical 
(Figure 4, Section III.A.2). HF/DZ calculations on  the formylperoxy radical (FPR)30'  
show that the reaction 

Ph-C-00-C-Ph+ R e -  Ph-C-OR +Ph-C-O. 

HCO(ZA') + 0,(3x;,) + HC(O)O,(W) 

is exothermic by 36 kcal mol- whereas the 'A" + 'A' excitation energy is lower than 
20kcal mol-I. In the 'A' state the SOMO is in the right position to facilitate H migration 
(Figurc 4) and. hence, the decomposition to COz and an O H  radical. This mcchanism is in  
line with the observed gcncration of mcthoxy radicals from acctyl radicals via 
MCC(O)O~('A')  30z. 

2. Polyoxides 

The structural and conformational features of the polyoxides H 2 0 , ,  and their F, Me and 
CF3 derivatives arc affected by )z electron-pair  interaction^'^ 2*'73.277.303 . The dctermining 
electronic factor is the tendency of a n clectron pair to dclocalize into a coplanar vicinal 
bond (Section 1V.B).  This leads to stable M i x  conformations of HzO,, with dihedral angles 
of 80-90" (Figure 30), as has bccn dcmonstrated by trb iriitio  calculation^'^^.'^^^^^^. 

For H 2 0 3  the theoretically dctcrmined conformational surface273, spanned by two 
rotational angles T~ and T' .  is shown in Figure 31 in form ofa  contour-line diagram. Least- 
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energy paths connecting the potential minima (two global minima, GMIN, at 
r1 = T~ = 78" and - 78" corresponding to helix forms of H2O-3; two local minima, LMIN, 
at T~ = +92", T~ = T92" corresponding to forms with both OH bonds either above or 
below the heavy-atom p!ane) are shown by dashed lines. There are barriers of 
6.5 kcal mol- ' (S points in Figure 31), which have to besurmounted to convert oneGMIN 
form into the other. This interconversion corresponds to successive rotations of the OH 
bonds through the heavy-atom plane (pip-flop rotation, see Figure 32). I t  needs 
16 kcal mol- less energy than synchronous rotation of the OH bonds. Flip-flop rotations 
are the preferred conformational modes of geminal double rotors since they involve only 
smooth changes ofthe electronic stucture and, hence, the geometry of the rotor molecule as 
has been demonstrated extensivcly for H2O3 (see Figures 12,13 and 14 in Reference 273). If 
flip-flop rotations of adjacent bonds of a cyclic compound are coupled, ring pseudorotation 
results. Pseudorotation generally requires less energy than ring-inversion3'*, which can be 
understood by inspection of Figures 31 and 32"'. 

Tetroxides are probably intermediates in the self-reaction of peroxyl radicals. 
Experimental observations suggest that the gas-phase reaction between H 0 2  radicals: 

HO? + H 0 2  -+ H202 + 0 2  

proceeds via a H 2 0 4  conformer with an intramolecular hydrogen bond305. (Actually, a 
double hydrogen-bonded association complex could not be excluded by experiment.) 
Such a conformer is probably 6kcalmol-' less stable than the helix conformation of 
H 2 0 4  2 7 2 .  Both l80 labelling experiments3" and semiempirical CI calculations306 
exclude a four-centre TS involving a H 2 0 4  conformer with strong n pair repulsions. 

and '*02 has led to the 
proposal of a four-membered oxygen According to ab initio c a l c ~ l a t i o n s ~ ~  the 
formation of O4 is endothermic (AE > 30 kcal mol- I ) .  This holds also for the hypothetical 
O5 ring formed from O3 and '0, 266.  The average 0-0 bond length in O5 would be 
1.46 A while the actual bond lengths range from 1.43 to 1.48 A. The ring is expected to be 
strongly puckered and, like cyclopcntane, a free pseudorotor'". 

Knowledge on HO, ( ) I  > 3) molecules is meagre. Recent experiments have revealed the 
existence of H 0 2 , +  ions309. UHF/SV  calculation^^^ show that these are clusters of 0, 
molecules sharing a common proton. 

The observation ofthe isotopicexchange reaction between 

FIGURE 30. Helix conformation of H 2 0 3 ,  H 2 0 4  and H z 0 5 .  

3. Ozonides and other cyclic peroxides 

Interactions between the n electron pairs of oxygen influence the geometry and 
conformation of cyclic peroxides. If the size of the ring implies a small value of T, the 0 -0 
bond turns out to be rather long. For example, dioxirane contains one of the longest 0 -0 
bonds so far observed33. With increasing ring size, the cyclic peroxide can pucker more 
strongly. Accordingly n-pair delocalization as described for alicyclic peroxides becomes a 
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FIGURE 31. Internal rotational potential for H 2 0 3  (RSMP/C calculations) as a function of the 
dihedral angles and T ~ .  Contours indicate kcdl mol-’ above the energy of the global minimum 
GMIN. The dashed lines represent the steepest descent and ascent paths to and from the saddle- 
points s. Adapted by permission of the American Institute of Physics from D. Cremer, J .  Cheni. Phys., 
69, 4456 (1978). 

GMAX 

FIGURE 32. Illustration oftherelationship between a flip-flopinternal rotationofthedoublerotor 
H , 0 3  and the pseudorotation of a fivc-membcrcd ring. GMAX: global maximum; GMIN:  global 
minimum; LMIN: local minimum; S :  saddlepoint. Reproduced by permission of the American 
Institute of Physics from D. Cremer, . I .  Cherii. Pliys., 69, 4456 (1978). I 
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stabilizing factor. This is reflected by the ab initio and experimental geometrical data 
compiled in Table 40. 

In a ring of given size, the tendency for puckering is stronger the more 0 atoms are 
incorporated into the ring framework. Thus, 1,2,3-trioxolane (primary ozonide) and 
tetroxolane with 3 and 4adjacent 0 atoms are more strongly puckered than 1,2-dioxolane 
or 1,2,4-trioxolane (final ozonide). Parallel to this trend increases the barrier to inversion 
(Table 40), which is determined by the energy of the planar ring form. 

The mode of puckering is also influenced by n,n interactions. We have shown this by 
analysing the HOMOs of the trioxolanes, which are primarily out-of-phase combinations 
of the 2pn(0)  orbital^^'^.^^^. Antibonding overlap of the HOMOs is reduced if the 
rotational angle of the 0-0 rather than the C-0 or C-C bond becomes large. This 
leads to stable C2-symmetrical twist (T) forms for 32, 33 and 35 but a C,-symmetrical 
envelope (E) form for 34 (Table 40). Along the same lines stabilizing or destabilizing 
substituent effects can be e ~ p l a i n e d ~ ' ~ . ~ ' ~ .  

TABLE 40. Gcometries and conformational barriers or cyclic pcroxidcs as determined by 
experiment or theory 

1.516 1.388 0 
(30) A 1.529 1.398 0 0-0 
(3,) 1.491 1.475~ 22.1 0.28 

1.497 1.473 0 0 0-0 

MW 33 
RSMP/DZd 58 

X-ray' 31 1 
0 RHF/SV 285 

(32) 0 1.483 1.45Id 20 X-ray1 312 
I .461 1.439 50.2 0.45 90; 270 2.2 5.7 RHF/SVd 313 

1.461 1.415 49.4 0.46 90; 270 MW 314 
(33) ( O )  1.467 1.433 47.4 0.45 90; 270 3.3 6.3 RHF/SVd 269 

(34) 0' '0 1.454 1.437 48.9 0.47 0; 180 3.0 7.9 RHF/SVd 269 

(35) OAO 1.450d 1.441 52.3 0.49 90; 270 2.5 10.9 RHF/SVd 313 

0-0 

0-0 
0 

U 

'0-d 
315 

68.3 PEh 176 

0-0 
(36) ( ) 1.45 1.46 60.2 X-rayg 

0-0 

"Puckering amplitude q and pscudorotational phase angle c# ofmost stable conformer; 9 = 0"or 180" 
corresponds to envelope, c# = 90" or 270" to twist forms. See Refs. 269 and 31 7. 
bPseudorotationnl barrier. 
'Inversion barrier of most stable conformer. 
dAvcragcd valuc. 
'X-ray analysis of dispiro(adamantane-2,3'-( I.2)dioxetane-4'2"-adamantane) ('adamantylidene- 
adamantane peroxide'). 
/X-ray analysis of 1 O,lO-dimethyl-3,4-dioxatricyclo [5.2.1.0'*5 ]decane-2-spiro-2'-adamantanc. SCC 

also Tiiblc 22, Scction 1V.D. 
'X-ray analysis of 3.3,6,6-tetra(bromomcthyl)-1,2,4,5-tetroxane. Average value of R' is given. Ideal 
chair form assumed: the q value corresponds to q3. yz is zero (see Refs. 317 and 318). 
* PE analysis of 3,3,6,6-tetramethyl-1.2,4,5-tetroxanc. 
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In Figure 33 the theoretically determined conformational surface of the final ozonide 
(33) is shown in the form of a contour-line diagram*". There the conformational space of 
the five-membered ring is spanned by the puckering amplitude q and the phase angle 4 
(Oo 2 Cp c 360°)31'*318. The dashed line indicates the energetically most favourable 
psuedorotation itinerary. The energy difference between E and T forms determines the 
pseudorotational barriers. For compounds 32-35 these are I 3 kcal mol-' (Table a), 
which means that five-membered ring peroxides and ozonides are rather flexible in spite of 
relatively large barriers to ring inversion. Again, this is due to relatively small changes of 
the electronic structure during pseudorotation. 

FIGURE 33. Pseudorotational surface of 1,2,3-trioxolane (RHF/C calculations). The potential is 
zero at the centre of the (y,@) diagram. the innermost contour line corresponds to -0.5 kcal mol-I. 
The vertical spacing of two contour lines is 0.5 kcal mol- I .  The dashed line indicates the energetically 
most favourable pseudorotation path. Conformers are shown along this path in intervals of 18". 
Substituents X, Y, Z corrcspond to hydrogen. Reproduced by permission of the American Institute of 
Physics from D. Crerner. J .  Cheni. Phys., 70, 1898 (1979). 
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Since the ozonides are important intermediates in the ozonolysis reaction, their 
conformational properties have been extensively discussed on both experimental” and 
theoretical grounds3 9.320. 

VI. ABBREVIATIONS, SYMBOLS, CONSTANTS AND 
CONVERSION FACTORS 

? 

A. List of Abbreviations 

A 0  
APSG 
BSE 
CEPA 
CI 
D Z  
DZb 
DZb + diff 

DZd 
DZdp 

ED 
ESCA 
FSGO 
GS 
GTF, G T O  
GVB 
H F  
I-TOMO 
INDO 
I P  
IR 
I N 0  
LMO 
LUMO 
MB, MBS 
MBPT 
MCSCF 
M I N D 0  
MM 
MMW 
M O  
MOL 

MW 
PE 
REF 
R H F  
RSMP 
SCF 

M RD-Ci 

Atomic Orbital 
Antisymmetrized Product of Strongly-orthogonal Geminals 
Bond Separation Energy 
Coupled Electron Pair Approximation 
Configuration Interaction 
Double Zeta (Basis with 2 GTFs or STFs per AO) 
Double Zeta basis augmented by bond functions 
Double Zeta basis augmented by bond functions and diffuse Rydberg 
functions 
Double Zeta basis augmented by 3d functions in the heavy-atom part 
Double Zeta basis augmented by 3d functions in the heavy-atom part 
and 2p functions in the H part 
Electron Diffraction spectroscopy 
Electron Spectroscopy for Chemical Analysis 
Floating Spherical Gaussian Orbital 
Ground State 
Gaussian Type Function, GT Orbital 
Generalized Valence Bond 
Hartree-Fock 
Highest Occupied Molecular Orbital 
intermediate Neglect of Differential Overlap 
Ionization Potential 
Infrared spectroscopy 
Iterative Natural Orbital 
Localized Molecular Orbital 
Lowest Unoccupied Molecular Orbital 
Minimal Basis Set (1 GTF or STF per A O ;  e.g. STO-3G) 
Many-Body Perturbation Theory 
MultiConfiguration Self-consistent Field 
Modified Intermediate Neglect of Differential Overlap 
Molecular Mechanics 
Milli Met re- W ave spectroscopy 
Molecular Orbital 
Molecule 
Millti-Reference Double-excitation Configuration Interaction 
Microwave spectroscopy 
Photoelectron spectroscopy 
Reference State 
Restricted H ar tree- Fock 
Rayleigh-Schrodinger Moller-Plesset perturbation theory 
Self-consistent Field 
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SOMO 
STF, STO 
sv 

SVd 

SVdp 

TS 
UHF 
VB 
Z?E 

Sin& Occupied Molecular Orbital 
Slater Type Function, ST Orbital 
Split-Valence basis (basis with two functions per A 0  of the valence 
shell; e.g. Pople’s 4-31G or 6-31G basis sets) 
Split-valence basis augmented by 3d functions in the heavy-atom part 
(e.g. Pople’s 6-31G* basis) 
Split-valence basis augmented by 3d functions in the heavy-atom part 
and 2p functions in the H part (e.g. Pople’s 6-31G“* basis) 
Transition State 
Unrestricted Hartree-Fock 
Valence Bond 
Zero-Point vibrational Energy 

B. List of Symbols 

DO 
DHO, DI-I’(T) 
E 

Arbitrary atom 
Term symbols for nonlinear molecules 
Angstrom; I A = 10-lOm 
Radius of spherical cavity (A) (Section 1V.C) 
Atto Joule 
Bohr radius: Atomic unit of length (see conversion factors) 
Atomic unit 
Rotational constant of lowest vibrational level of ground state 
Coefficient of linear combination 
Atomic term symbol 
Debye; unit of dipole moment 
Dissociation energy measured relative to the minimum of the 
potential energy function (D,  = Do + ZPE). 
Dissociation energy measured relative to the lowest vibratimal level 
Dissociation enthalpy measured at temperature T 
Envelope form of five-membered ring (Section V.B) 
Energy 
Absolute energy (hartree) at lowest vibrational level of molecular 
ground state 
Correlation energy (hartree) 
Hartree-Fock limit energy (hartree) 
SCF energy (hartree) obtained with basis set X 
Relativistic energy (hartree) 
Schrodinger energy (hartree) 
Theoretical molecular energy (hartree) for fixed nuclei 
Vibrational energy. (hartree) 
SCF energy (hartree) obtained with basis set X 
Electron affinity 
Electron charge (see conversion factors) 
Force constant (aJ A - ” ;  see conversion factors) 
Equilibrium molecular force constant 
Quadratic 00 and HO stretching force constants (aJA-2)  
Quadratic HOO bending force constant (aJ). 
H0,OO and H0,OH stretch-stretch coupling constants (aJ A -  2 ,  
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0 0 , H 0 0 ,  HO,HOO and H0,OOH stretch-bend coupling 
constants (aJ A -  ') 
HO0,OOH bend-bend coupling constant (aJ) 
Cubic 00 and HO stretching constants (aJ A - 3 )  
Common radial function of 2p AOs 
Electron spin g tensor (Section V.A) 
Subscript used to denote a 'gerade' function 
Planck's constant (see conversion factors) 
Ionization potential (eV) (Section 1V.D) 
Vertical ionization potential (ev) 
Experimentally observed vertical ionization potential (eV) 
Subscript used to dcnote molecular orbitals, orbital energies, etc. 

Nuclear quadrupole coupling constant (MHz) (Section 1V.F) 
Number of atoms 
z component of total orbital angular momentum operator 
z component of orbital angular momentum opcrator for a specific 
electron 
Eigenvalue of I$ operator 
Eigenvalue of S ,  operator 
Eigenvalue of operator 
Eigenvalue of iz operator 
Avogadro number 
Electron lone pair 
Occupied orbitals (summation limit) 
Atomic tcrm symbol 
Bond order of bond AB 
Overlap population between atoms A and B 
Picometer; 1 pm = m 
Electric quadrupole moment of nucleus A (barn, scc conversion 
factors) (Section 1V.F) 
Puckering amplitude (A) of a nonplanar ring compound; if not 
otherwise denoted (1 corrcsponds to q2 
Puckering amplitude (A) of four- and five-membered rings 
Puckcring amplitude (A)  of chair form of six-membered ring 
Charge at atom A (e) 
Diagonal elements of clectric field gradient tcnsor measured in 
principal axes system (esu cm-3) (Section 1V.F) 
Interatomic 00 distance 
Equilibrium distance between 0 atoms ofa  peroxide at the minimum 
of the potential energy function 
Effective 00 distance derived directly from ground-state rotational 
constants 

J-r 
k 
i, 
1; 

R', R(OH), R ( 0 X )  Interatomic O H  or  OX distance 
K ,  R;, 
I'C 

rC(AB) 
re 

r0 

See corresponding definitions of R, and Ro 
Covalent radius of an atom A 
AB bond critical point of p 
Equilibrium geometry determined at the minimum of the potential 
energy function 
Effective geometry derived directly from ground-state rotational 
constants 
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Effective geometry derived from rotational constants Via 
Kraitchman's equations for a sequence of isotopic substitutions 
Distance between the centres of charge in an ion pair 
Polar coordinates 
Singlet state 
Overlap integral 
Atomic term symbol 
z component of total spin angular momentum operator 
z component of spin angular momentum operator for a specific 
electron 
Triplet state 
Temperature (Kelvin) 
Energy of excited state relative to the minimum of the ground-state 
potential energy function 
Subscript used to denote an 'ungerade' function 
Fourier constant 
Fourier term 
Arbitrary basis set 
Cartesian coordinates (arbitrary axes system) 
Cartesian coordinates (principal axes system) 
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rs 

rip 

S. 
6, 4 

S 
S 

T 
T 
T, 

a(oox j Bond angle OOH or OOX 
Equilibrium OOH or OOX bond angle at the minimum of the 
potential energy function 
Bond angle OX0 
Spin functions with nis  = 3 and m, = -p 
Term symbol for linear molecules 
Difference between various energy levels 
Solvation energy 
Enthalpy (heat) of formation 
Enthalpy of formation at 0" and To Kelvin 
Difference between succeeding ionization potentials 
Deviation from equilibrium distance R, 
Deviation from equilibrium bond angle a, 
Deformation (difTerence) density function ( e q -  3 ,  

Gradient vector field of electron density distribution 
Puckering angle of a four-membered ring 
Dielectric constant 
Electronegativity of atom A 
Energy of orbital $, 
Asymmetry parameter of atom A (d,mensionless) (Section 1V.F) 
Diagonal elements of molecular quadrupole moment tensor in 
principal axes system (esu cm') (Section 1V.F) 
Eigenvalue i of Hessian matrix of p (matrix of second derivatives) 
(Section 1V.F) 
Dipole moment (Debye) 
Rcduced mass (atomic-weight units) 
Fundamental vibrational frequcncy i (cm-') 
Equilibrium vibrational frequency (cm- ' )  
Term symbol for linear molecules 
Orbitals being antisymmetrical with respect to the molecular plane 
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Antibonding II: orbitals 
Electron density of atom A (eao-3) 
Electron density distribution at point r (eao-3) 
Term symbol for linear molecules 
Summation symbol 
Orbital being symmetrical with respect to molecular plane or 
specified bond axis 
Antibonding CJ orbital 
HOOH or XOOX dihedral angle 
Dihedral angles in a polyoxide 
Angle between HOO plane and plane defined by 00 bond and C2 
axis 
Radiation lifetime of excited state(s) (Section 1V.G) 
Slater determinant 
Molecular orbital i 
Eulerian angles (Section 1V.F) 
Biradical character given in percent (Section 1V.A) 
Molecular wave function 

C. Constants and Conversion Factors 

a,, = 0.52918 x 10-8cm 
e = 4.803 x 10-"esu = 1.6022 x lO-''C 
h = 6.6256 x lo-" ergs = 6.6256 x 10- 34 Js  
NA = 6.0225 x 
1 eV = 23.06 kcal mol- ' 
1 hartree = 27.21 1 eV = 627.525 kcal mol- ' 
1 kcalmol-' = 4.184kJmol-' = 349.74cm-' 
1 aJ = 

1 barn = 10-24cm2 
1 Debye = 10-I8esucm 
1 ea, = 2.54158 Debye 
1 eao2 = 1.34492 x 10-26esucm2 = 1.34492 Buckingham 
1 eao-2 = 17.1524 x 106esucm-2 
1 ea0-3 = 32.4140 x 10'4esucm-3 

mol- ' 

J = 1 mdynA 
= 0.2294 hartree = 6.24eV 
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1. INTRODUCTION 

The stereochemistry of peroxy compounds is dominated by the conformation around the 
0-0 bond which is more or less influenccd by thc neighbouring groups. A characteristic 
feature of this conformation is a relatively flat potential energy curvc, at  least in the part 
near to the antiperiplanar arrangement. There arc two important consequences. Firstly, 
the conformers of a given molecule may intcrconvert rather rapidly, giving rise to some 
problems, ~ g .  in NMR spectroscopy and in dipolc-moment studies. Secondly, the 
conformation varies from one molecule to another and in different states under the 
influcnce of intramolecular and intermolecular forces, viz. hydrogen bonds, substituent 
effects, solvent effects and crystal packing forces. This makes cven the exact results of X-ray 
analysis or of neutron dinraction less telling to the structure of an isolated rnoleculc. 

An additional complicating feature is of experimental origin and connected with the 
inherent instability of all pcroxy compounds. It becomes evident even in X-ray 
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crystallography and makes the results less accurate; it further almost prevents work in the 
gas phase (electron diffraction. microwave spectroscopy) giving thus room to less precise 
solution methods, like dipole moments and infrared spectroscopy. I t  is for all these reasons 
that the conformation of many peroxy compounds is known only approximately. The 
general problems and basic features of the conformation have been clearly stated in a 1971 
review', reporting in particular crystal structures; however, some results concerning 
isolated molecules have been later revised. The present survey is focused on experimental 
conformations in the gas phas:: and in solution and theoretical predictions; some crystal 
structures are quoted for comparison. 

II. CONFORMATION OF HYDROGEN PEROXIDE AND GENERAL 
TH EO RY 

All the problems involved are best seen on  the parent compound, hydrogen peroxide, 
which has been given more attention than all organic peroxides put together, especially as 
far as theoretical work is concerned. I t  is why the experimental results on organic 
peroxides are often comparcd to calculations carried out for H 2 0 2 .  The early 
investigations have been reviewed in a book2, and some new aspects discussed recently3. 
There is an early classic paper by Penney and Sutherland4 in which the nonplanar 
conformation 1 with a dihedral angle T of approximately 100" was suggested, the 
controlling factor being reuplsion of lone electron pairs assumed to have pure p,. character. 
Although the reasoning seems more than primitive in the light of contemporary quantum 
chemistry, it was correct in the qualitative sense. Its merit was of drawing attention to  the 
predictive power of quantum theory and also to the stereochemistry about single bonds. It 
was thus shown that even simple molecules need not possess the simplest conformation 
with the highest symmetry, as  had been always written in common structural formulae. 

Penney and Sutherland's prediction chailenged both experimental and theoretical work 
but i t  lasted 40 years before some degree of agreement was reached. The first qualitative 
confirmation was seen in the crystal structure5 of the crystalline complex 
CO(NH2)2 .H202  (7 = 106"). In its quantitative aspect, however, this result was 
depreciated by studies of further complexes"' (Table 1 )  which revealed T ranging from 
102" up to 180" (structure 2) compared to 90" in thecrystal ofpure hydrogen peroxide'-". 
From the sensitivity to molecular environment the conclusion was drawn that the 
potential curve must be rather flat near its minimum. Therefore, the crystallographic data 
in the field of peroxides may be considered only as a crude approximation of the minimum 
energy conformation. Later examples of crystalline complexes arc numerous, e.g. 
References 12-19 (Table 1) ;  they reveal among others the ~ a l u e s ' ~ ~ ' ~  of T = 180", two 
different conformations in a single crystal' 2-'4. disordered molecules' 5 . 1 6  and lowered 
symmetry"; the main subject of investigation has been intermolecular hydrogen bonds. 
Besides hydrogen bonds and packing forces, the dihedral angle depends also on 
substitution [see theeffect ofelectronegativity in fluorine peroxide" and the steric effect in 
di-r-butyl peroxide" (Table I ) .  J I t  follows that a discussion of conformation must not 
blend results obtained on different compounds. 



2. Stereochemical and conformational aspects of peroxy compounds 87 

Returning to hydrogen peroxide itself, a more exact experimental determination of the 
gas-phase equilibrium gcometry is a rather complex matter3*". The most accurate 
primary data are rotational constants, but four internal coordinates cannot be derived 
from thrce constants without an assumption based on some less dependable reasoning. 
The dihedral angle T is particularly sensitive to these assumptions so that its estimates are 
in a strict sense not purely experimental values. Thercfore, even the good agreement 
between microwavez3 and infraredz4 spectral results (T = 120") is deprcciated by the 
common assumption concerning the 0 - H  bond length. Further infrared ~ t u d i e s ~ ~ . ~ '  of 
HZOz and Dz02 have claimcd the values to be near 111" and only recent very precise 
a n a l y ~ e s ~ " . ' ~  have again preferred the values near to 120". In cxact considerations it is 
necessary to distinguish the geometry at minimum potential encrgy ( T ~ )  from the average 
geometry of the vibrational ground state (T'). In H2O2 the latter angle is about 1" higher; 
the difference does not seem important but somc confusion in the results  arise^^.^^. 

Ifanattempt ismade tocalculaterfromdipolcmomentsusingthe H - 0  bond moment 
derived from water molecule. one obtains 53" (from gas-phase data") or  93" (from 
measurerncnt in dioxan"). Since tlie uncertainty i n  tlie H - 0 - 0  angleZ3 is of no 
consequence, the bond-moment scheme3' is evidently not accurate enough for such 
molecules. It may follow that even the dihedral angles of organic peroxides. determined 
from dipole moments, are somewhat small. 

Regarding the quantum-chemical calculations, the H z 0 2  geometry has bcen a hard nut 
for theoreticians. Almost all possible kinds of improvement and refinement have been 
tested on this simple molecule till an agreement with expcrimcnt has finally been reached. 
It was the equilibrium dihedral angle which presented the greatest problems; remarkably 
enough the results of more soph'isticated methods were at first worse than those of 
semiempirical and still simpler approaches. In Tablc 1 some representative calculated 
values are arranged approxirnatelyaccording to thc complexity of the procedure. Striking 
is the relative success of very simple ion-pair4 and electrostatic3' calculations. CND03', 

and MIND0"4.35 were apparently also successful provided that the gcometry 
was completely optimized; however, the acceptable values of r were redeemed by 
unrealistic remaining parameters. Surprising was the failure of early nb iriitio 
c a l ~ u l a t i o n s ~ ~ * ~ ~ , c v e n  on theHartree-Fock limit""-41; the results have been summarized 
and the reasons discussed in some detail42. Besides some good results (maybe fortuitous) 
with the 4-31G basis43, mostly very complicated  calculation^^^‘"^ were necessary to meet 
the experimental findings. They included a vcry extended basis, in particular polarization 

full optimization of ge~rne t ry" ' " ' , ~~ .~~  for each value of t ,  electron 
~or re l a t ion~ '*~ '  and Rayleigli-Schrodinger perturbation theory4'; even so a survey of 

revealed that some parameters may be poorly predicted. Note that even ccrtain 
errors in  calculation^^^*^" were later d i s ~ l o s e d ~ " ~ ~ .  The best possible agreement with 
experiment has probably already been reached4', and recent s t u d i ~ s ~ ~ - ~ ~  focus attention 
merely to the importance of individual named improvements with respect to the cconorny 
of calculation, and suggest simplified p r o c e d u r c ~ ~ " - ~ ~ ;  in the extreme the angle T is simply 
assigned a fixed values4. 

In conclusion it seems that too much emphasis should not be given to the exact value of 
an  equilibrium parameter of such a flcxiblc molecule. O n  the other hand, many attempts 
have been made to describe the conformation in a simplified manner and/or to explain it in 
terms of structural chemistry. The original model".31 is still widcly accepted" : according 
to this one lone electron pair on either oxygen has largely s character, the other is 
essentially p,.. perpcndicular to the OOH planc. The repulsion bctwecn the latter pairs 
would be a t  minimum for T = go", a larger value expcrirnentally found is attributed to 
rcpulsion of hydrogen atoms. In alternative models 11ie lone electron pairs may be 
described as largely dclocalizcd and opposite to the 0 - H  bondsj3, or as nearly sp3- 
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TABLE 1. A survey of dihedral angles, calculatcd and esperimcntal, in some peroxides and peroxy 
compounds 

Dihedral angle, X-0-0-X 
~~ ~~ 

Compound Calculated 
Experimental Experimen tal 
(gas or solution) (X-ray in crystal) 

HO-OH 

DO-OD 
FO-OH 
FO-OF 
RO-OH 

CF30-OH 
MeO-OMc 

CF30-OCF, 
CF,O-OHal 
Me,SiO -OSiMe3 
FsSO-OSFs 
BzO -0Bz 

HCOO-OH 

RCOO-OH 

BzO-OH 

RCOO-OMe 
RC00-OBu-r 

- 100 (~st im. ' .~ ' )  

120 (4-31GJ3) 

114-132 (large b a ~ i s ' ~ . ~ ~ . ' ~  1 

84- 109 ( ~ e m i e m p . ~  2 - 3 5 )  

180 (ab  i t ~ i r i o ~ ~  -'I ) 

117.3 (APSG") 
119.3 (el. correl.") 

75 (4-31G43) 
86.5 (CND0/23') 

140 (4-31Ga3) 

- 120 (4-31G7") 
96.5 (MIND03 ' )  

110.1 ( !vI INDO/~ '~)  
130 (MM66) 
180 (CNDO/2") 

97 (4-31G'") 

0 (INDO"') 
0 (STO-2G'03) 

0 (EHT") 
0 (STO-3G'"') 

180 (4(5)-3 1G' O2. ' ' ' )  

-90 (EHTS9) 

120 (MWZ3)  90.2'." 
120 (IR") 93.5'O 

( 1  11.5) (IR2') 96-1 39b 
119.1 ( 1 ~ 2 ~ )  180' 

(1 10.8) (IR26) 903'  I . "  

87.5 (MWZo) - 100 (p60.6') 90,92d 
1 19d 

-95 (ED7 ' )  
170 (PES65) 

< 180 (ED6') 
166 (ED") 18074.' 
123-126 62' 

15.5 (PES6') 
123, 71 (ED6'.70) 

144 (ED") 
107 (ED72)  

93-97 (ED7')  

(100) (p) 9180 

115 (p") 81' 
86.6' 

0 (IR'") 

0 (MWys)  133'6 
o (1~90.94) 

(72) 0~'') 
o ( 1 ~ 9 3 )  146': 
0 (u'"0) 170p - 130 ( p ' " )  - 170 ( p ' " )  144'" - 130 (p'") < 180107 

"Neutron diffraction data. 
bVarious crystalline complexes of hydrogen p e r o ~ i d e ~ - ~ . ' ~ - ' ~  
'Crystalline complexes NaOCOCOONa.H202 *, Na2CO34 H 2 0 2  1 3 ,  NH4F.H202 1 9 .  

"a-Substituted peroxides (CH2) l lC(OOH)277 and 2-Ph-1-00H-c-C61-1,-N=NC,H,0Mc-278, 
respectively. 
'Triphenylmethyl peroxide. 
14-Chlorobenzoyl peroxide8' and acetyl benzoyl peroxides4, respectivcly. 
P2-Nitroperoxybenzoic97 and 4-nitrop~roxybenzoic'~ acid, respectively. 
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hybridized and  tetragonally arranged L 2 . s 5 . 5 ( '  . In  the latter case a stabilizing interaction 
must occur either between two adjacent lone pairsss or between a lone pair and the 
antibond pertinent to the opposite bonds6. 

Another analysiss7 attributes the conformation of H z 0 2  to maximum electroii- 
nuclear zttraction in  spitc of electron-electron repulsion which is also at maximum. The  
most recent description has becn given in terms of group orbitalsJ7 corrcsponding to the 
concept of two intcracting O H  radicals. Wolfe has coined the term grrirclie cffcct for the 
gcncral preference of a conformation with t h e  maximum numbcr of g~rrc l ie  interactions 
between adjacent electron pairs and/or polar bonds". This is merelya label rather than a n  
explanation and in complex C ~ S C S  the preferred conformation can be barely predicted ; 
probably the preference is better interpreted in terms of local symmetrys8. 

Any static description of conformation in terms of equilibrium geometry is rather 
incomplete because the values of rotational barriers may be of deciding importance. Note, 
for example, that the conformation 1 is chinil and  i t  is only due to the low barriers that 
enantiomers cannot be isolated. Experimcntal and  theoretical studies agree that thcrc a re  
two barriers around the 0 -0 bond in H 2 0 z  (Table 2 ) .  The higher cis barrier corresponds 
to eclipsing of the two hydrogen atoms and thc much lower II'LIIIS barrier allows a rapid 
degenerate rearrangement into the enantiomer via the conformation 2. As to the actual 
values. difficulties similar to those found in the calculations of cquilibrium angles have 
been encountered. Evcn here the 'experimental' values also depend on the underlying 
theory and  have been several times improved24 , the unccrtainty is more markcd with 
the cis barrier, less important in  chemical terms. In some recent papers the agreement 
between t h e ~ r y ~ ' . ~ '  and experimcntZs~" is apparently good, but the most reliable f i ' m s  
barrier is higher".". Compared for example to ethanc the t r a m  barrier is less tlian one  
half, the cis barrier is more  than twofold. O n e  can guess that the barriers are rather 
sensitive to substitution, although there are only sporadic data available (Table 2). 

111. ALKYL PEROXIDES A N D  HYDROPEROXIDES 

Alkyl derivatives of hydrogen peroxide exhibit a similar conformation. some variations of 
the dihedral angle T being understandable in terms ofsteric and polar effects. Experimental 
difficulties make themselvcs felt for many compounds of this class, hence most evidence 
concerns the relatively stable r-butyl peroxide. Due  to strong steric repulsion. its dihedral 
angle is enlarged" to 166" and  thc potential curve is probably very flat. This  may be partly 
responsible for the variance betwecn ED" and  dipole (Table 1) :  I f  a 
continuous series of conformations is present, the effective mean value may be defined 
differently for different methods. In  addition, the dipole-moment approach might yield 
somewhat biased values as shown by the example of hydrogen peroxide. Also, the 
apparent independence of 1H-NMR62 and IR(I3  spectra of t-butyl peroxide of 
temperature, as well a s  a dielectric loss curve with a single relaxation time"' could be 
connccted with a special form of thc  potential curve. A reasonable dihedral angle was 
predicted from empirical correlation of PES data"s. but r-butyl peroxide was just one  of 
the compounds on  which the correlation was established. Similarly, the Kerr constant 
could not be exploited for conformational analysis since the polarizability of the 0 -0 
bond was determined on the same compound". Theoretical calculations for t-butyl 
peroxide have been restricted to vcry simple methods: CNDO/2' and  molecular 
mechanics"". so morc than qualitativc results cannot .be cxpected. 

Of the other alkyl peroxides, diniethyl peroxide has been studied morc  
t h c ~ r e t i c a l l y ~ ~ ~ ~ ~ ~ " ~  but the experimental e v i d e ~ i c e " ~ . " ~  is poor. There is a serious 
disagrcemcnt in the l i t e ra tur~"~. ' "  concerning the conformation of trifluoromethyl 
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TABLE 2. Some values of rotational barriers about the 0-0 bond 

Rotational barrier" (kcal mol-I) 

Calculated Experimental 

Compound CiS crans cis tram 

3-432.33 - 4  0.924 HO-OH 5 
038-JZ. 5 3  7.0 1 .1025  

10.9 0.744.45 7.57 1.1059 

9.30 1.1551 
7.4 1.147 

9-14 

8.35 1.1046 7.420 1.341 0 2 7  

DO-OD 7.1 1.0P 
8.80 1.0859 
7.5 1 1.32'' 

FO-OH 7.39 3.3343 
FO-OF 6.05 4.S032 
CF30 -OH -2.476 
C F 3 0  -OF 14.6 8.476 0'02 HCOO-OH - 3.7 

- 0.4 - 1.551°2 
- 0.3 - 1.8104 

AcO-OH - 3.7 - O . 6 l o 5  
- 1.889 

CF,CO-OH -2.8 -0.8105 
~ 

"If there is an energy minimum between 7 = 0" and 7 = 180", the barriers are positive; if therc is a 
maximum they are negative. 

peroxide; however, in any casc, the angle T is much less than in t-butyl peroxide. The same 
effect is clearly also seen in the molecules of FOOF2', CF300Ha171 and SF500SFs 7 2  

(Table i )  and may be rationalized by the fact that the dilution of electrons on the 0-0 
bond relieves the repulsion between electron pairs. Several substituted peroxides have 
been studied by solution dipole moments73 and molecular mechanicsGG; due to the 
complexity of the molecules the results are not particularly reliable. Crystal structure 
analysis is available for triphenylmethyl peroxide7"; the angle T = 180" is not unexpected. 
Extensive crystallographic work has been devoted to cyclic peroxides (SCC Reference 1) but 
is not relevant to the conformation of open-chain compounds. ED has revealed that even 
the cyclic derivative 3 (ozonide) is not planar" (T = SO0). The conformation of other 
ozonides has been predicted from PES spectral correlationG5. 

Alkyl hydroperoxides have been lcss investigated than alkyl peroxides, and the results 
arc very similar (Table 1). The values of T from dipolc nionients0"."' could be somewhat 
underestimated and the cffect of electron-attracting substituents is less expressed'l. 
Theoretical  calculation^"^^^" (4-31G 1 have yielded a qualitative agreement with 
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experiments. Crystal structures ofsome complcx hydroperoxides are a ~ a i l a b l e ~ ~ . ' ~  but the 
angle T has sometimes not been explicitly cval~iated'~. 

IV. ACYL PEROXlDES 

With acyl peroxides two new problcms emerge. Firstly, the acyl group is conjugated with 
the oxygen atom as expressed in formula 4 (an clectron-attracting mesomeric effect as 
compared to the inductive effect in thc molecule CF300CF3) .  The hybridization on 
oxygen is thus changed and the dihedral angle T may be affectcd. Secondly, two additional 
axes of rotation enter the molecule, viz. the C -0 bonds. Hence two main conformations 
may be taken into consideration: s p  (carbonyl oxygen inward, facing the 0-0 bond, 
formula 5), or ap (carbonyl oxygen outward, formula 6), in addition to the unsymmetrical 
combination and to further conformations in which the planarity of arrangement of each 
O=C-0-0 group is more or less distorted. 

(4) (5) (6) 

Earlier discussions concentrated on the latter point : Conformation 5 was preferred on 
the basis of dipole moments6', or at least a C2 conformation (5 or 6 )  on the basis of IR 
~pec t r a '~ ;  the angle T remained in fact undetermined. Most of the further arguments 
concerned the common compound benzoyl peroxide. Crystallographic analysis*" 
confirmed for it the form 5 with z = 91"; for its 4,4'-dichIoroderivative'' T equals 81": 
Results on ortlio derivatives82*83 as well as on acetyl benzoyl p e r o ~ . i d e ~ ~  suggest that the 
conformation is again dependent on molecular environment but probably less than in the 
case of hydrogen peroxide. An early X-ray study" was evidently in error; however, all the 
determinationsso-*' agree as far as  the conformation on the C - 0  bonds is concerned. 

Gas-phase data being apparently not available, the conformation in solution must 
essentially be deduced from dipole moments. For this method, benzoyl peroxide is more 
favourable than alkyl peroxides in two respccts. The most important bond moments are 
more distant from the axis of rotation, and suitable polar substituents can be introduced 
into the benzene rings. The second point is of utmost importance in dipole-moment 
works6. A systematic study of substituted dibenzoyl p c r o ~ i d c s ~ ~  has confirmcd in a 
convincing and independent manner the conformation 5 rather than the alternative 6. The 
dihedral angle has been determined less accurately: With standard bond 
'c = 115" would result, while the crystallographic value of91" was compatible with dipole 
moments if some plausible modifications of bond moments wcre admitted. Anyhow this 
angle is reduced as compared with hydrogen peroxide, in accord with the electron- 
attracting effect shown by the mesomeric formula 4. On the other hand, some details of 
conformations can be inferreds7 : i.e. the noncxact parallelism of the two R -C bonds in 5 
and the statistically distributed positions of the two benzene nuclei with respect to the 
0 =C -0 planes. 

The sp conformation about the C-0 bond in formula 5 is in accord with ample 
evidence" obtained uniformly on esters and cster-like compounds with the grouping 
CO-0,  and has been indirectly corroborated by EHT calculations on methyl 
peroxyacetatesg. Quantum-chemical calculations on acyl peroxides themselves are very 
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scarce; in a scmiempirical p r ~ c c d u r e ~ ~  the dihedral angle z = 110" has been simply 
adopted. In conclusion the conformation of acyl peroxides is relatively well proven and 
essentially the same in solution and in crystal. It is also in accord with the conformation of 
simple model compounds, viz. HzOz and estcrs. 

V. PEROXY ACIDS 

With pcroxy acids a new factor enters into consideration. viz. thc intramolecular hydrogen 
bond possible in the sp conformation (7). It would not only relieve the cis barrier but also 
stabilize thc sp conformation by an additional energy contribution; as a result the 
potential curve can change profoundly. If once proven, the hydrogen bond would become 
the deciding factor in the conformation. From the expcrimental point of view its existence 
extends the number of methodic tools, in particular by infrared spectroscopy; on the other 
hand, some methods arc difficult to apply due to the instability of thc compounds. 

The hydrogen bond has already been anticipated on the basis of boiling points and 
other observations; the early work is summarized in References 1 and 90. The present 
evidence is based on the IR spectra of aliphatic"-" and peroxy acids in 
various nonpolar and slightly polar solvents; particularly convincing is a conipletc normal 
coordinatc analysis". Recently, the planar conformation 7 was proven in thc vapour of 
peroxyacetic acid by MW spcctroscopyy5. I n  crystal sevcral peroxy acids possess the 
conformation 8 with T = 133-170" (Table 1 )  and thc hydrogen atoms are engaged in 
intermolecular bondsgGpy8; this difference is clearly displaycd also by I R  spectra in crystal 
and in s o l ~ t i o n ~ ~ . ~ ~ .  Hence the crystal structures cannot tell anything about the 
conformation of a free molccule and the form 7 is to be held for proven in thc gas phase and 
in solution. Only two possible refinements could be still considered. Firstly, the 
nonbonded form 8 could exist in minute amounts in cquilibrium, but it has not been 
detected by spectroscopy. Secondly, even the bonded form need not be exactly planar, a 
small angle T as in 9 is possible with a certain weakening of the hydrogen bond. This latter 
possibility (with T = 72"), contradicting the M W resultsg5, has been advocated on the 
basis of dipole moments"'; however, only unsubstituted aliphatic peroxy acids have been 
studicd and the contribution of the hydrogen bond itself to the resulting dipole moment 
has not bcen taken into account. A new analysis bascd on substitutcd benzoic acids'00 has 
assumed the planar form 7 and estimated the contribution of the hydrogen bond (pr4) to 
2.5 D. Its direction is in accord with similar hydrogen-bonded niolecules, in particular with 
a-hydroxykctones"'. In Figure 1 are shown the gross dipole moment of peroxybcnzoic 
acid, its resolution into bond momcnts and the resulting vector j i l l .  Although the 
resolution is only approximate and formal. the latter vector can givc somc idea about thk 
strength of thc hydrogcn bond and the charge transfer connected with it.  Accordingly. the 
hydrogen bond is rather strong. in aliphatic pcrosy acids possibly sonlewhat weaker: the 
direction of 

Theorctical calculations on peroxy acids arc  rather inconsistent : possibly some 
problems cncountered with hydrogen peroxide reappear, but these have not been followed 
in such detail. All the  calculation^"^'"'-^"^ agrcc that thcre are two minima of energy in 

is N priori unexpccted. 
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FIGURE 1 .  The experimental dipole moment of peroxybenzoic acid and its resolution into bond 
moments, a mesomeric correction 111 and the contribution from the hydrogen bond pH. Based on data 
of Reference 100. 

the two planar conformations, the barrier between thcrn being rather high (in 
contradistinction to the quoted dipole moment study"). The shape of the potential curve 
is just reverse compared to H 2 0 2 .  However, the respective calculations differ in attributing 
the absolute minimum either to T = 0 (structure 7) in accord with experimental evidence, 
or to T = 180" at variance with it  (Table 1). Again wcencounter the strange fact that simple 
methods (EHT89, IND0Io2 and STO-2G'03) yield better results than more sophisticated 
ones: 4-31Glo4 o r  5-31Glo2. The rotational barriers are of reasonable magnitude (Table 
2) and the expcctcd energy maximum I o 2 . ' O 5  is between 35 and 100":Sometimes the 
calculated energy difference between sp and a p  rotamers is too low'02, so that a n  
equilibrium should be observable. All the results quoted also throw some doubts on the 
calculations of peroxyformidic acid' O6 (not yet isolated). 

VI. PEROXY ESTERS 

Of all the compounds mentioned, this group has been least investigated. When the 
hydrogen bond is no more present, the sp conformation is impossible for steric reasons and 
one can anticipate that the angle T in formula 10 will be rather large, as large as i t  is, for 
example, in r-butyl peroxide. This is confirmed by some X-ray which, however, 
are insufficient to cstimate the effect of crystal forces. 
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The solution conformation depends only on dipole-moment measurements, mostly on  
t-butyl esters. From the experimental point of view those compounds represent a more 
difficult problem compared to symmetrical molecules of alkyl peroxides or acyl peroxides 
(5)  as the interval of calculated values is more narrow. An carly study"' was restricted to 
unsubstituted derivatives and considercd also the rotation around the C - 0  bond. This 
meant that two parameters were to  be determined from one experimental quantity; hence 
the decision was rather spcculative and the predicted distortion of the carboxyl part 
improbable (see the conformation of ester and estcr-like molecules**). In a 
reinvcstigation' l o  polar substitution was systematically exploited and the effects of 
conjugation and of the bulky t-butyl group taken into account referring to model 
compounds. The dihedral anglcs found arc large (Table 1); in the case of t-butyl esters the 
planar conformation with T = 180" cannot bc actually excluded. 
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I. INTRODUCTION 

This chapter revicws the available experimental data,  and methods for  the estimation of 
the thermochemistry of peroxides. Here the term peroxides covers organic and 
organometallic peroxides, hydroperoxides, polyoxides, peroxynitrates and the radicals 
derived from these compounds. In  keeping with prcvious chapters in this series by Shaw, 
the method ofgroup additivity will be used to correlate and compare measured data,  and 
to develop a consistent scheme for the estimation of unmeasured values. T h e  group 
additivity mcthod was developed by Benson and coworkcrs’-3, and has  been discussed in 
previous volumes in this series4.’. I t  considers the thertnochemical parameters of a 
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molecule to be the sum of contributions from groups, each defined to be a polyvalent atom 
in the molecule together with its ligands. Onlygroups unique to peroxides will be discussed 
here; Reference 3 contains the most recent compilation of group values for other types of 
compounds. 

The thermochemistry of organic peroxides was reviewed by Benson and Shaw6 in 1970, 
and a basic group additivity scheme was determined. I have drawn heavily on their work in 
preparing this chapter, updating their values in the light of recent measurements and 
including some new classes of compounds. The basic sources for new thermochemical data 
have been the IUPAC Birllerin of' Tliernioclieriiistry arid Tliermod)~iiar~iics, Cox and 
Pilcher's' Tlierinocheriiistry of Organic und Organonietallic Compoiind.s and the Sussex- 
NPL' Conipicter Analyzed Thernioclieniical Data. 

The thermochemical properties to be discussed are the heat of formation (AH:) ,  the 
entropy (So) and the heat capacity (CE) for the ideal gas state at a temperature of 298.15 K 
(25°C) and a standard state of 1 atmosphere. For  convenience, both Joule and calorie units 
will be used. Thus, AH:  is given in kJ mol- and kcal mol- ', and So and C: are given in 
Jmo1- lK-I  and ca lmol- 'K- l .  

!I.  RilEASVRED THERMOCHEMICAL DATA 

A. Heats of Formation 

The experimentally determined heats of formation for peroxides and hydroperoxides 
are listed in Tables 1 and 2. I n  Section 111, these values will be used to derive the individual 
group contributions which will form the basis of a scheme for estimating unmeasured heats 
of formation. 

The heat of formation of one peroxy radical, H O z ,  has been determined experi- 
mentally. Foner and Hudson' have obtained AH," (HO,) = 20.9 8.4 kJ mo1-l 
(5  + 2 kcal mol- I )  from appearance potential measurements. Recently, Howard" has 
obtained AH:  (HO,) = 10.5 f 2.5 kJ mol- (2.5 0.6 kcal mol- I )  from measurements of 
the equilibrium constant for reaction ( 1 )  from 452 K to 11 15 K. Howard's value is less 
susceptible to experimental problems (appearance potential measurements really yield 
upper limits for heats of formation) and is used for all subsequent discussion. 

OH + NO2 H02 + NO (1) 

TABLE 1. Measured heats o l  formation for peroxides 

AH? 

Compound kJ mol- '  kcal mol- '  Reference 

I+ydrogen peroxide 
Dimethyl peroxide 
Diethyl peroxide 
Di-r-butyl peroxide 
Diacctyl peroxide 
Dipropionyl peroxide 
Dibutyryl peroxide 
Bis(hydroxymethy1) pcroxidc 
Me,SiOOBu-f 

Et,SnOOBu-r 
E1,GeOO Bu-r 

- 135.9 
- 125.8 
- 192.7 
- 340.7 
-497.4 
- 580.6 
- 627.0 
- 575.2 
- 483.6 
-460.7 
-371.2 

- 32.5 
- 30.1 
- 46.1 
-81.5 
- 119.0 
- 138.9 
- 150.0 
- 137.6 
- 1 15.7 
- 110.1 
- SS.8 

1 1  
12 
12 
I:! 
13 
13 
13 
14 
15 
15 
15 
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TABLE 2. Measured heats of formation for hydroperoxides 
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Compound kJ mol-' kcal mol-' Reference 

Hydrogen peroxide 
&Ethyl hydroperoxide 
-1-Propyl hydroperoxide 
t-Butyl hydro peroxide 
Cyclohexyl hydroperoxide 
1 -Methylcyclohexyl hydroperoxide 
1 -Hydroperoxyhexane 
2-Hydroperoxyhexanc . 
3-H ydroperoxyhexane 

- 135.9 
[-199.91. 
[ - 271.71" 
- 245.8 
- 229.9 
- 263.3 
- 259.2 
- 267.5 
- 263.3 

- 32.5 
[-47.6]" 
[-65.0]" 
- 58.8 
- 55.0 
- 63.0 
- 62.0 
- 64.0 
- 63.0 

1 1  
7 
7 

16 
17 
17 
13 
13 
13 

"Quoted in Cox and Pilchcr' but clearly inconsistcnt with other data on hydropcroxides. 

B. Bond Strengths 

The kinetics of the thermal decomposition of a number of peroxides have been studied. 
The bond strengths (bond dissociation enthalpies) derived from the measured activation 
energies for decomposition are listed in Table 3. As can be readily seen, the strength of the 
0-0 bond in dialkyl peroxides is about 155 5 5kJmol- '  (37 f I kca!mol-') 
independent of the alkyl group. Similarly thc strength of the 0-0 bond in diacyl 
peroxidesisabout 125 k 4kJmol- '  (30 _+ 1 kcalmol-').ThestrengthoftheO-Obond 

TABLE 3. Bond strcngths (D:98) 

D%8 

kJ mol-' kcal mol-' Reference 
~~ ~ 

MeO-OMe 
EtO-OEt 
ti-Pro - 0 P r - i i  

i-Pro-OPr-i 
S-BuO-OBU-s 
t - 9 ~ 0  -0Bu-I 
neoCSH I -OneoCSH 
MeC(0)O-O(0)CMe 
E t C ( 0 ) O  -O(O)CEt 
n-PrC(0)O -O(O)CPr-ti 
(CF3)3CO -0C(CF3 )3  

CF,O -OCF3 
SFSO-OSFS 
S F 5 0 0  -0SFS 
CF300 -OCF3 
Me,SiO -0Bu-I 
Et,GeO -0Bu-r 
Et3Sn0 -0Bu-r 

C H 3 C ( 0 ) 0 2  -NO, 
HOz-NOI 

155.0 
158.6 
155.2 
157.7 
152.3 
152.0 
152.3 
125.8 
127.9 
126.2 
149 
193 
156 
I05 
127 
197 
192 
205 
96 + 8 

109 + 4  

37.1 19. 20 
37.9 21 
37.1 21 
37.7 21 
36.4 22 
36.4 23 
36.4 24 
30.1 25,26 
30.6 25,26 
30.2 25,26 
35.7 27 
46.2 28, 29 
37.2 30 
25 31 
30.3 32 
47 15 
46 15 
49 15 
23 2 33 
26 C 1 34 
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in trioxides is reduced by 50-70 kJ mol-’ (12-16kcalmol-’) compared to  the 
corresponding peroxide for the two cases listed. A considerable strengthening of the bond 
results fromsubstitution ofone of the carbon atoms adjacent to the breaking bond with Si, 
Ge or Sn. 

Experimental data in thc pyrolysis of hydroperoxides are not consistent with any 
reasonable thermochemical analysis due to the occurrence of cornplcx wall-sensitive chain 
reactions’*, and arc not included here. 

C. Entropies and Heat Capacities 

Entropy and heat capacity data are available for only one peroxidc, H2OZ6. Fortunately, 
entropies and heat capacities may be estimated to good accuracy by comparison with 
other model compounds, and from statistical mechanical calculations on assigned 
structures. A group additivity scheme for entropies and heat capacities is developed in 
Section 111. 

I l l .  GROUP ADDITIVITY SCHEME FOR THERMOCHEMICAL DATA 

A. Introduction to  Group Additivity Method 

Group additivity represents the thermochemical properties of a molecule as the sum of 
contributions due to all the groups in the molecule, where a group isany polyvalent atom 
in the molecule together with its ligands. For example. I-BuOOH contains the following 
groups* : 

3 [C-(C)(H), 1 
1 [C-(C),(O)l 

1 P-(C)(O)I 

1 [O-(O)(H)I 

By summing the values of these groups for heat of formation, entropy or  heat capacity, we 
would obtain the appropriate property of r-butyl hydroperoxide. Group values, derived 
from measured propertics, are available for many ccmmon groups3. In this section, the 
Imique groups for peroxides, hydroperoxides, polyoxides and peroxynitrates will be 
derived. 

3 carbons bonded to another carbon and three hydrogens 

1 carbon bondcd to 3 other carbons and an oxygen 

1 oxygen bonded to a carbon and an oxygen 

1 oxygen bondcd to an oxygen and a hydrogcn 

B. Heats of Formation 

7. Peroxides and h ydroperoxides 

In order to estimate thc heat of formation of ;i peroxide or hydropcroxide, we need 
values for thc groups [0-(O)(C)] and [0-(O)(l-i)]. The latter is obtained directly from 
thc heat of formation of hydrogcii peroxide which is composcd of 2 [0-(O)(H)]. Thus, 
[0-(O)(H)] = - 135.9/2 = -68.0kJ mol-I ( -  16.3 kcalmol-I). The group 
[0 - (O)(C)] is obtained by subtracting the known hydrocarbon groups from the 

* Notc that thcrc are some small correction factors for non-next-nearest-neiglibour interactions 
which arc described in Refcrcnce 3. r-BuOOH should be corrected for the ‘gmrchr’ interaction. 
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measured heats of formation of alkyl peroxides. Benson and Shaw6 have derived 
[O-(O)(C)] = - 18.8 kJ mol-' (-4.5 kcalmol-I) and shown that thesc group values 
reproduce most of the measured heats of formation of the organic peroxides and 
hydroperoxides in Tables 1 and 2 to within &- 8 kJ mol-' (k 2 kcal mol- I ) .  

2. Polyoxides 

The polyoxides H20n3'  ( i i  = 3,4) and RtOn36 (11 = 3,4) have been observed in 
solution, and CF303CF3 32 and SF503SF, have been studied in the gas phase. Nangia 
and Benson3' have shown that the unique polyoxide group [O-(O)(O)] can be derived 
from an analysis of the heats of reaction of equiIibria of the type: 

R z 0 4  2ROz'  

R 2 0 3  R O Y + R O .  

R 2 0 2  n- 2 R O .  

if the heats of formation of RO. and RO,. are known. AH; (McO-) is known to be 
16.3 kJmol-', (3.9 kcal mol- ' )and AH: (Me02.)can beestirnatcd from AH: (CH,OOH) 
which can be calculated as - 129.2 kJ mol- ( -  30.9 kcal mol- I )  from Section III.B.1. 
Taking the known heats of formation of H 2 0 2  and H with the Howard'" value for AH: 
(HO,) gives a bond strength 0598 (HOz--H)" of 364.1 kJmol- '  (87.1 kcalmol-I). 
Assuming that (Me0,-H) is thc same as D!?98 (H0,-H), the heat of formation of 
methylperoxy is AH: (Meor-)  = 17.1 kJmol (4.1 kcalmol-'). Thus from Nangia and 
Benson3' the heat of formatlon of the group [O-(O)(O)] is 61.5kJrn0l-~ 
(14.7 kcal mol- I ) .  

3. Peroxy and polyoxy radicals 

Peroxy radicals requirc the group [O-(O)(C)]. MeO, contains the groups 
[C-(H)3(0)] and [ O - ( O ) ( C ) ] ;  taking AH: (Mc02-)  = 17.1 kJ mol-' (4.1 kca!mol-'), 
as above, with the known [C-(H),(O)] gives the heat of formation of [O-(O)(C)] as 
59.4kJmol-' (14.2kcaImol-'). 

Polyoxy radicals require the group [0 -(O)(O)], which can be estimated from AH: 
( C H 3 0 0 0 H ) ,  calculatcd a5 - 67.7 kJ mot-' ( -  16.2 kcal mol- ') from the groups given 
above, Assuming that the R000-H bond strength is unchanged from hydrogen 
peroxide, AH," (CH3000-) = 78.6 kJ mol- (18.8 kcalmol-I), and subtraction of thc 
known groups leaves the heat of formation of [O-(O)(O)] as 139.6kJmol-' 
(33.4 kcal mol- I ) .  

4. Perox ynitrates 

The bond strengths measured for HO2NO2 and CH3C(0)02N02  enable us to 
calculate the group [O-(O)(NO,)]. Taking .the bond strength from Table 3 with the 
known heats of formation of NO2 and H0, givcs AH: ( H 0 2 N 0 2 )  = -52.7 kJ mol-I 
(-12.5kcalmol-'). Thus, [O-(O)(NO,)] = 15.5 kJniol-' (3.7kcalmol-I). Using 
the groups from Section III.B.3, AH: (CH3C(0)0,*) is -114.1 kJmol- '  (-27.3 
kcal mol-I), which with thc mcasurcd bond strength gives AH: 
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(CH3C(0)02N02)  = - 189.8 kJ mol-'  (-45.4 kcal mol-I). Subtraction of the known 
groups gives the heat of formation of [0-(O)(NO,)] as 18.4 kJ mol- '  (4.4 kcal mol-').  
Thus, a value of 17 & 4 kJ mol- ' (4 1 kcal mol- ) for [(O)-(O)(NO,)] is established. 

5. Summary 

The derived heats of formation for the various groups are  listed in Table 4. 

TABLE 4. Derived heats of formation for various groups 

Group kJ mol-' kcal mot-' 

C. Entropies and Heat Capacities 

There have been no measurements of entropies of heat capacities of peroxides since the 
review of Shaw and Benson6, who estimated the necessary groups based on the known 
data for hydrogen peroxide and from standard corrections to  model compounds. The 
values they derived are listed in Table 5. 

IV. CONCLUSIONS 

The group values listed in Tables 4 and 5, together with the standard values3, will enable 
the calculation of the thermochemical properties of most common peroxide-type 
compounds. Although based on somewhat sparse data  in some areas, these estimates will 
probably be as accurate as most measured values. A t  present, the data base is insufficient to 
derive groups for the halogenated and organometallic compounds. Hopefully, more data 
will soon be available. 
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Although mass spectrometry has been applicd to most groups of organic compounds and 
detailed investigations concerning the unimolecular decay of various cation radicals have 
been carried out over the last two decades, there have been comparatively few reports in 
the chemical literaturc dealing with systematic investigations of the mass spectral 
behaviour of organic peroxides. Whether this situation is causcd by the well-known 
thermal instability of many of these compounds is opcn to question, because the mass 
spectra of other classes of thermally quite unstable organic compounds. e.g. azidcs' or 
polyacetylenes2, have been reported. Moreover. in most of the published work ionization 
of the peroxides has been achieved by electron impact, whereas 'soft ionization' 
techniques, e.g. field dcsorption (FD) and cheniical ionization (CI) mass spectrometry 
have been scarcely used. Detailed mechanistic investigations of the unimolecular decay of 
cation radicals by means of extensive isotopic labelling or by employing morc recent 

105 
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techniques for ion structure elucidations, e.g. collisional activation (CA) or metastable ion 
characteristics, do not seem to have becn carried out. In most publications on mass 
spectrometry of peroxides we have studied, the method has been exclusively used to  
provide analytical data concerning the molecular weight and gross structural features. To 
our knowledge there are only a small number of reports dealing with systematic 
investigations on the mass spectral behaviour of organic peroxides. Wc shall refer to these 
studies, covcring the literature from 1965 to early 1980. 

I .  PERESTERS AND PEROXYLACTONES 

Systcmatic investigations of the electron impact mass spectra of mono- and di-t-butyl 
peresters have been carried out by Krull and Mandelbaum3. They have suggcsted mass 
spectrometry as a method of choice for the general characterization of these compounds, 
provided spccial care is taken when the spectra arc run (e.g. using the direct insertion probe 
and kecping the ion source the lowest possible temperature, ideally with external cooling). 
In all of the perestcrs examined in thc monocarboxylic acid series (1-7, R = r-Bu) a distinct 
molecularion peak isobserved. In thecaseoft-butyl perbenzoate (1)therelativeiiltensityof 
M+'  is 5.5 %of the most abundant ion ( i ~ / z  105, PhCO+). In all other cases, the molecular 
ion is of much lower abundance (0.1-1.7%), but in each case it  is easily detected. The 
peresters of dicarboxylic acids 8-13 (R = r-Bu) exhibit a rathcr general fragmentation 
behaviour. Distinct molecular ions are formed for the di-t-butyl esters of 8 and 9. There is 
some speculation that it is the presence of a rigid cyclic structure which prcvents the 
interaction ofthc two perester groupsand thus allows the formation ofdetectable molccular 
ions.Thisrequirement ismet in thegroundstatcsof8and9, but not in thoseoftheotherdi-r- 
butyl esters of dicarboxylic esters 10-13. Howcver, it should be borne in mind that thcre is 
now ampleevidence for the fact that cation radicalsofsubstituted three-and four-membered 
rings are prone to undcrgo ring-opening at  molecular ion lifetimes as short as r S IO-'"s". 
Thus it is possible that a temperature effect (higher inlct temperatures are used due to the 
relatively low volability) may have been partially or fully responsible for the abscnce of a 
M+'ion in 10-13. 

dc03R 
COO R 
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The fragmentation processes are also of interest for the application of mass 
spectrometry as an analytical method for characterizing peresters in general. The 
unimolecular loss of a t-butyl pcroxy radical from the molecular ion, giving rise to the 
formation ofvery abundant [M - 89 3' ions, is a general decomposition pathway in all of 
the examples studied by Krull and Mandelbaum, with the exception of the cisester 12. The 
tn/z 57 (C,H9)' and ni/z 73 (C4H90)' peaks are also of relatively high intensity in the 
mass spectra of 1-13. 

An interesting difference has been observed between the fragmentation processes for the 
cation radicals of the stcreoisomers 12a and 13a. The trans compound (13a) exhibits an 
[M - 891' peak, corresponding to the loss ofa r-butylperoxy radical from M". This ion 
is practically absent in the mass spcctrum of the cis isomer 12a, in which a relatively 
prominent [M - 88)' peak is present. This ion is generated from M" via elimination of 
C4HsOZ (H transfer). It appears that in the cis compound an interaction between the two 
functional groups facilitates an intramolecular hydrogen migration from one t-butyl 
group to the other C03R function. In the rraiis isomer such an interaction is less likely or 
even impossible due to the scparation of both functional groups. The most important 
fragmentation processes of ionized 12a and 13a, substantiated by high-resolution mass 
spectrometry and metastable transitions, are illustrated in Scheme 1. 

SCHEME 1 

The mass spectral fragmentation of the peroxy esters r-butyl 5-phenyI-A2-isoxazoline-3- 
peroxycarboxylate (14a) and r-butyl 5-phenylisoxazole-3-peroxycarboxylate (15a) has 
been found5 to parallel the oxidative fragmentation to give benzaldehyde as one of the 
products. The peroxy esters decompose by processes which correspond to the loss of 
isobutene followed by 0 2 H -  (or O2 + H.) elimination, but the molecular and 
[M - C,H8]+' ions of 14a are considerably less abundant than these ions in the 70eV 
mass spectrum of the peroxy ester 15d. 

The most important processes believed to occur in the peroxy esters 14a and 152 and 
their related ethyl esters (14b and 15b) are given in Scheme 2. Distinct similarities may be 
seen between the thermal decomposition of 14, and the electron-impact-induced dccays, 
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especially with regard to the ion at m/z 146, which under thermolysis is generated as 3- 
hydr0xy-3-phenylpropionitrile. Comparison of the fragmentations of the cation radicals 
of the ethyl ester 14b and the peroxy ester 14a shows that the t-butoxy group has a strong 
directing effect for fragmentation along two quite similar pathways. Of particular interest 
are the suppression of the formal 'retro' 1,3-dipolar processes (giving rise to the formation 
of n i / z  104,105). The appearance of very intensive peaks at ni/z 106 (ionized bcnzaldehydc) 
and nil. 107 (protonated benzaldehyde) is of particular significance in that the thermal 
decomposition of 14a gives benzaldehydc as one of the products. For the 5-phenyl- 
isoxazole derivatives 15a and 15b the similarity of the fragmentation processes rathcr than 
their pronounced diflerences is striking. 

Peroxyacetyl nitrate (16, PAN), a major component of urban photochemical smog6, has 
been extensively investigated by means of mass spectrometry. All attempts to measure the 
molecular weight of PAN using conventional and time-of-flight mass spectrometers, both 
equipped with electron impact ion sources, have been unsuccessful in detecting a 
molecular ion. However, chemical ionization mass spectrometry employing either CH4 or 
i-C4Hlo as reactant gases have provided very abundant [M + HI+ ions at in/r 122 (3.5 
and loo%, respectively) and a small peak at  in/= 150 [M + C2H5]' in the CI(CH4) 
spectrum'. Therefore, the molecular weight of PAN is 121 amu. Moreover, the fragment 
ions at ni/z43 (CH3CO'), m/z46 ( N O z + ) , i i i / z 6 1  (CH30NO+)and n1/z77 ( C H 3 0 N 0 2 + )  
in the CI(CH4) spectrum of 16 (Schcme 3) havc been taken as indication that PAN docs 
have the commonlyaccepted structure ofa peroxyacetyl nitrate (16)6 and not that ofacetyl. 
pernitrate, CH3(CO)ON03 '. 

CH30NOz1+' 
m/z 77 (0.3) 

CHBONO -I+* 
rn/!61 (1.7) +- m/z 43 (45) 
CH3 C= O+ 

0 
\ I  C1 (CHs') 

CH3-C-O-O-NO2 [ M H l +  
m/z 122 (3.5) 

(7 6 )  
1- N02* 

m h  46 (1 00) 

SCHEME 3 

A detailed mass spectral study of a series P-pcroxylactones 17 with cr-alkyl and P-alkyl 
or 0-phenyl substitution has been carried out by Adam and Twig. By means of metastable 
ion characteristics, isotopic labclling and analysing su bstituent effects, five primary 
decomposition pathways of the quite abundant molecular ions h a w  been identified, 
consisting of ( ( I )  loss of carbon trioxide, (b )  a-lactone climination, (c) P-alkyl loss, (d) 
elimination of a hydroperoxy radical and ( P )  C 0 2  loss. Of particular mechanistic interest is 
the elcctron-impact-induced process M 4 [M - C 0 2 ] + ' ,  because thermo- and photo- 
decarboxy~dtion of 17 has been studied in detail. Thus, while thermolysis of 17 affords, 
predominantly, rearranged ketones (via alkyl and phenyl migration)'", photolysis leads 
principally to epoxidcs' I .  Thc mass spectral investigation' of 17a-h clearly reveals that the 
[M - CO,]" inns arc cpoxide-like in structure, thus indicating that the electron-impact 
behaviour of P-peroxylactones 17a-h parallels tile photolytic behaviour or the compounds 
(Scheme 4). I t  should be noted that cyclic carbonates 18, which are structural isomers of 
the fi-peroxylactones 17, also fragment on elcctron impact into epoxide-like 
[M - C02]+'  ions". 
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P h T R '  J - Ph 

R 

::& Ph 

R' 

(1 7 )  

-c -co2 

Ph ":' R1 

Ph 
R '  

a b c  d e  f g  h 

R1 CH3 CH3 CD3 C,H5 i-Pr PhCH2 Ph PhCH2 

R 2 H D H  H H H CH3 CH3 

R3 H D H  H H H H H 

SCHEME 4 

One convincing piece of structural information concerning the structures of the 
[M -COz]+'  ions comes from peroxylactone 17c, in which the abundant nz/z 108 ion 
(PhCHCD,) derives from eliminating a CHO group from the [M - COz]+' ion. Such a 
reaction pathway (Scheme 5);s most characteristicofan epoxide-like [M - C02]+' ion'3. 
Keto-likestructurcswould beexpectcd togive rise to theelimination ofCD,., PhCH2+ and 
CD3CH2. from [M - C02]+', which, however, is not found to be the case. 

0 l+* 
l+- - * n  Ph ' C H ~ C H O  -CHO' Ph,+ 

7' 
CH 

Ph =HQcl Ph CD3 CDj' CDf 

m/z 108 CD3 
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A prerequisite for decarboxylation is peroxide bond rupture. The minor abundant 
[M - C02]+' fragments (1-20"/,) observed in the mass spectra of P-peroxylactones 
17a-e suggest that the peroxide bond is strerigthetied on ionization. This is indicated by the 
resonance structures in Scheme 6. However, a-mcthyl and P-benzyl substitution change 
the fragmentation pattern to favour the decarboxylation process (34-81 %). 

SCHEME 6 

While direct loss of a CO, neutral from M+' has been confirmed by metastable ion 
transitions (m*) for 17b. 17c and 17f, respectively (Scheme 7), for the P-peroxylactones 17d 
and 17h the [M - CO,]" fragments arise from an [M - CO,]" ion by further loss of an 
oxygen atom. The [M - C 0 3 ] +  ion subsequently dccornposes via the typical mass 
spectral patterns known for alkenes. 

0 l+* l+- 

+ co, 

Ph Ph 
R'  

(1 7 )  

SCHEME 7 

Loss of an a-lactone from M+' (Scheme 8) is most evident for the ~-peroxylactone 17g 
(60%). The driving force lies probably in the stabilization of the product, thc 
benzophenone cation radical, which subsequently decomposes according to its 
characteristic fragmentation pattern. For the loss of (3-ethyl radicals from M+' the 
theoreticallyexpectcd relative abundance of the [M - R' 1' ions should follow the order 
of the stability of P-alkyl radicals, e.g. PhCHz > i-Pr > Et > Me. Due to thc fact that the 
same P substituents may also kinctically favour other reaction pathways, such as 
decarboxylation or elimination of an r-lactonc, i t  is not surprising that tlic p- 
peroxylactones 17f. 17g and 17h show reduced abundance for the [M - R' ]+ ions (976, 
< 1 x, and 2%,, respectively). 

(1 7 )  

SCHEME 8 
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Thc investigation of the deuterium-labelled 13-pcroxylactones 17b and 17c revcals that 
the hydrogen involvcd in the loss of a hydroperoxy radical from 17a, 17b and 17c (Scheme 
9) is abstracted from the@ position. A [ I  ,2]elimination of H02- involving a five-membered 
transition state has been suggested to account for the cxpcrimental results. Although 
hydrogen atoms from other sources are available for abstraction, e.g. from the a-methyl 
substituent ([1,3]climination) in 17g and 17h, or from thc b-alkyl groups 
( [1,4]elimination) in all thc other P-peroxylactones (except 17g) thc [ 1,2]climination 
mode is clearly preferred. 

H 
I 

- . J-0 

SCHEME 9 

II. ALKYL HYDROPEROXIDES 

The 70eV m i i s  spectra of some alkyl hydropcroxides, compounds which are known to be 
important intermediates in many oxidation rcactions, have been recorded by Burgess 
and  coworker^'^. Signals for the molecular ions for compounds of the general structure 
19 (Schcnic 10) have been detectcd for all compounds investigated with moderate to low 
intensity. The relative abundance decreases substantially with the molecular weight. For 
isomeric compounds it seems that the relative stabilities of the molecular ions may be 
summarized as 3- > 2- > l-compounds, and pentyl > hexyl > heptyl. Signals due to the 
loss of O N -  from M+'  (cleavage of the peroxide link) are not very intensive in all the 
spectra,suggesting that either thc peroxide bond is stronger for the cation radicals than for 
the neutrals (see also Scheme 6 for thc discussion of P-peroxylactones) or that the product 
R'R2CH-O+ is quite high in energy and thus unlikely to be formed whcn the molecular 
ions of 19 undergo decomposition. Elimination of the hydropcroxy radical H 0 2 .  is 
substantially affected by tlic substitution pattern, being most favourcd when the alkyl 
cation is tertiary and of less importance when the incipient cation is primary. 
Unimolecular water loss, which is observed in ionized alcohols, is only important in 3- 
pentyl hydroperoxidc (19~) .  By analogy to water loss from ionized alcohols, thc process 
19c+'-+ [19c - H,O]+ is believedI4 to occur according to Scheme 11. Similarly, it is 
assumed that elimination of H z 0 2  gives rise to the formation of ionizcd cycloalkcnes. 
However, thcse suggcstions are neither substantiated by appropriatc deuterium labelling 
nor by the determination of the product ion structures. 

The 70cV electron-impact mass spectra of the naturally occurring 20-, 24- and 25- 
hydroperoxides of 3P-hydroxycholest-5-enc (20a-c)" and the peroxy-Y structure 21a 
isolated from phenylalanine t-RNA of the plant Lirpirnu.5 ititens" contain detectable 
molecular ions. Moreover, signals are observed for [M - 16]+' ions which have been 
assigned to unimolecular deoxygenation of M +*. Howevcr, no  meiastable ions have been 
observed (or reported) for the process M" --+ [M - 01" : therefore i t  cannot be excluded 
that this process is-at least partially-thermally induced. For 21a-c i t  is found that, 
irrespective ofthe substituent R, the fragment at n1/=216 forms the base peak in the 70eV 
mass spectrum. 
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R' R2 M+ [MOHO]' [M=H02]+ [M=H20]+ [M=H202]' [ R ' I '  [ R z l +  

2.7 0.4 14.5 0.4 2.8 100 10.8 
a n-0u H 1.8 0.1 3.2 co. 1 2.7 6.9 - 
b n-Pr CH3 
C CzH5 CzH5 8.5 0.8 62 8.5 4.7 67.8 67.8 
d n-CsH11 H co.1 0.1 1.6 co.  1 1.5 2.4 - 
e n-Bu CH3 <0.1 0.1 2.4 <o. 1 1.6 7.2 62 

f n-Pr CzH5 d . 1  0.3 5.5 1.0 0.5 57.6 91 

h n-C5H9 CHJ <0.1 0.1 1.1 0.6 1.1 3.9 16.2 

9 n-CGH11 H <O.f 0.4 0.1 co. 1 0.5 0.4 - 

R'  
I 

R~-C-O-OH 
I 
R 

(19) 

SCHEME 

1+- H\ 

10 

l+- 

SCHEME 11 

No mobcular ions have been detected in the 70 eV mass spectra of the hydroperoxides 
of the antitumour agents of various cyclohosphamides 2217. Thc most pronounced 
fragment ions are formed by loss of H 2 0  and HO; from M". Quite surprising is thc 
observation that even in thc field desorption mass spectra of 22 signals due to M+' or 
[MH]+ arc not very abundant. The prevailing decomposition mode is. again, H20 loss. 
The cytotoxic germacranolide hydroperoxides 23 and 24 have been investigated by means 
of chemical ionization mass spectrometry18. The CI(i-C4H spcctrum of 23 shows 
prominent peaks corresponding to [MH]', [ILIH - O]' ,  [MH - H,O]+ and 

In the CI (NH3/CHJ) spectrum of 24 abundant signals are observed for the cluster ion 
[MNH4]+ and (surprisingly) [MNH., - 01'. 

[MH - H2021'. 
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111. ACYCLIC AND CYCLIC PEROXIDES 

The mass spectral behaviour of acyclic symmetric dialkyl peroxides of the general 
structure 25 has been studied by Fraser and  coworker^'^ by means of low-resolution 70eV 
and lOeV mass spectra and metastable ion transitions. The relative intensities of the 
molecular ions are found to be generally much lower than those observed for the 
corresponding disulphides, and to dccrease with increasing molecular weight. Very 
abundant ion currents are observed for the formal wdeavage process ROOR" 
+ R +  + OOR; however, mctastable ion transitions are not found for this decomposition. 
For the related hydroperoxides 19 it has been c o n ~ l u d c d ' ~  from the presence of 
appropriate metastable ion transitions that the alkyl ions R +  are formed at  least partially 
by loss of HOz- from M+'. Othcr processes prevailing in the mass spectra of 25 are the 

R 

a Me 
b Et  

n-Pr 
(25) d i- Pr 

ROOR 

e n-Bu 
f i-Bu 

olefin (process a )  and hydroperoxide (process b) eliminations (Scheme 13) which occur in 
all peroxides except 25a. Pathway b tends to predominate as the size of the alkyl group 
increases. There is no evidence for the loss of a second olefin group as is found with the 
corresponding disulphides. Both processes a and b arc quitc sensitive to the ionizing 
energy. Lower voltages also favour the formation of M+-, M/2+ (cleavagc of the 0-0 
bond) and (M/2 - f ) +  ions, the latter by normal loss ofan alcohol moleculc. At 70eV, the 
intensity of the [M/2]+ ions decreascs rapidly, and. according to the analysis of metastable 
ion transitions, the process does riot follow a simple one-step dissociation RO -OR+' 
-+ ROC + RO-. Instead. the [M/2]+ ions are formed in a two-step reaction involving the 
olefin elimination product from which, subsequently, OH- is eliminated associated with 
hydrogen migration (reaction c, Scheme 13). Preliminary results using deuterium labelling 
indicate that hydrogen atoms from the I-position are involved to a very minor cxtent only 
in the olefin elimination. Positive evidence concerning the site of the hydrogen source has 
not been reported yet. 

Dimethyl peroxide (25a) differs from all the other peroxides studied. in that a metastable 
peak is found for the process M" + [M/2]+. I t  is very likely that the reaction (pnthwayd, 
Schemc 13) is, again, assisted by 'hidden' hydrogen migration'" giving rise to the 
formation of protonated formaldehyde and not the mcthoxy cation. 

For alkyl 1-butyl peroxides 26 it has been found that the prevailing mode of molecular 
ion decomposition involves the forniation of [M - 891' ions, which corresponds to the 
elimination of a r-BuOO. radical2 ' (Scheme 14). Thc low-resolution 70 eV mass spectra of 
some mixed dialkyl peroxides, 27, containing thc t-butyl group and secondary and 
primary groups have been published by Salonion and coworkcrs'2. Very abundant 
molecular ion pcaks are obscrved, and one of the most prominent fragment ions observed 
in the spectra ofsymnietric peroxides 27,corresponds to [M/Z]+. From the published data 
it  cannot bc decided whether this fragment is a result of a simple 0-0 dissociation or. 
more likely. gcneratcd in a two-step process (olefin elimination followed by OH loss in 
analogy to reaction c. Schenic 13). The low-voltage mass spectrum of the 1.3-bis(t-butyl) 
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- l+- J H  +. 
R-O-O-CH2-CH2 R' a R OOH + CHz=CHR' 

(25) 
L 

117 

+. 
R - 0 - 0  \H l+* 

C H ~ - C H R ~  '-4 ' b ROOH + C H ~ = C H R ~  

(25 a )  
SCHEME 13 

peroxide of cyclopentane (28) is dominated by the in/z 190 ion (100 %); this fragment is 
formed via loss of i-butene (Scheme 14). Stereoisomeric effects were not reported for the cis 
and traris isomers of 28. 

t 

t-Bu-O-O-CH( R)CH2X -I+* CHzXCHR + t -BuOi 

(26) 
R = Ph, alkyl 

X = HgOAc, Hg Br, Br, 1, H 

t- Bu- 0-0-R l+* 

(27) 
R = s-alkyl, t-alkyl 

-I** 0-0-H V r - B u - o - O f ) # 0 - O - B u - t I t .  - t-Bu-0-0 

-c4 Ha 

(28) m/z 190 

SCHEME 14 

cis, trans 
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Mass spectrometric investigations on dihydroperoxydialkyl peroxides 29 and the 
corresponding ethers 30 have been carried out by Belie and colleagi~es’~. The 70eV mass 
spectra which were taken at the lowest temperature possible cither did not contain signals 
for molecular ions or  were of low abundance ((0.3 x). For the ethers 30 the u-cleavage 
products (Scheme 15, reaction a) represent the key fragment, which decomposes further by 
OH loss to ionized ketones. Dependent upon the nature of the substituents R ’  and RZ, 
ethylene, alkene, R1- and/or RZ. can be eliminated. The ions formed via this decomposition 
pattern allow an unambiguous differentiation between structural isomers, for example 30b 
and 3Oc. Themass spectra of the dihydroperoxydialkyl peroxides 29 show many common 
features. Among them are products derived from cleavage of the (C-00)  bond 
(analogous to the decomposition of 30) and the formal cleavage of the pcroxidc linkage 
(process b). The latter reaction generates fragment ions which decompose further via loss 
of alkenes. For both 29 and 30 the elimination of HO,. from Id+’ can be neglected. 

HOO-C-0-C-OOH C=O-OH 
R 2  I R 2  I R2’ 

R’ R 2  

a Me Me 

b Et E t  

c Me n - B u  

d n - P r  n - P r  

1 +-  

+ /OH \c/o’ -Alkene_ R-c R’ 
R’ 7’ I 

HOO -C-0-  0 - C- OOH b 
R 2  I R 2  I R2’ ‘OOH ‘OOH 

R’  R*  

a Me Me 

b E t  E t  

c Me n - P r  

d Me i - P r  

e n-Pr  n - P r  

SCHEME 15 
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Mass spectral data for various cyclic peroxides have been reported occasionally in the 
literature. The main decomposition processes for cyclic peroxides24 of the general form 31 
are outlined in Scheme 16. For all compounds investigated so far, relatively abundant 
molecular ions have been recorded. The fragmentation is greatly influenced by the 
presence of the bromine atoms in 31. For R = CH2Br, the loss of R- is the strongly 
preferred mode of homolytic P-cleavage in M+', and formation of CH2Br+ can be 
envisaged by heterolytic P-scission in either M+' or [M - CM2Br]+. Quite unusual is the 
reported24b loss of OH. from M+' of 31 (R = H, tz = 2), with a relative intensity of 21 x !  
For the other peroxides 31 no signals corresponding to the process M+' + [M - OH]+  
have been reported. 

(CH2)" 
/ \  

R-CH CH-R 

0-0 
\ I  

(31 1 
R = CH3, CH,Br, H 

n = 1.2 

L 
SCHEME 16 

For the thermally stable 1,Zdioxetane 32 iio molecular ion can be detected in the 70 eV 
mass spectrumz5. Instead, losses of 0 and O2 (via cycloreversion) are reported. The base 
peak is found at in/z 150 (C,0H140) (Scheme 17). 

- 

/ l+- 

(32) (no M'') \ l+* 

'D 
m/z 150 

SCHEME 17 

The electron impact mass spectra of the six-membered cyclic peroxides of 
ferrocenophane (33) have been reported to dcpcnd dccisivcly on temperature effects26. The 
results have been explained as follows: Some of the peroxide molecules 33 undergo 
thermally induced rearrangement to the isomeric ketal derivatives 34 prior to ionization 
and decomposition (Schemc 18). From the cation radicals of34 the phenoxy radical PhO. 
is unimolecularly eliminated, giving rise to the formation of the quite abundant fragmcnt 
ions at ni/r 329 (for 33a) and 343 (for 33b). The unrearranged molecular ions of 33 serve as 
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precursors for the following processes: (1) elimination of oxygen, thus forming the ionized 
epoxide 35 and (2) ethylene and propene loss, respectively, via a retro-Diels-Alder (RDA) 
process whereby the ionized dikctone is formed (Scheme 18). Ofminor importance are the 
unimolecular eliminations of O2 and H z 0 2 .  

(a) R = H 
(b) R = CH3 

I 

I ”  
adPh 0 

a) 100% 

b )  100% 

(34) (b) 67% 

SCHEME 18 

Electron-impact-induced RDA processes have been also reported for the bicyclic 
peroxides 37 (Scheme 19)27. The molecular ions of 37, which are recorded with moderate 
relative abundance, undergo unimolecular loss of C2H2R2,  thus generating the fragment 
ion 1?i/z224. Fragments for the formal climination of O2 from 37 are observed; however, no 
metastable transitions are reported. Thus, it cannot be concluded that this process may be 
thermally produced. 

The base pcak in the mass spectrum of the octamethyl-substituted 2,3- 
epoxynaphthalene 1,4-endoperoxide 38 is the ion ni/z 202”. Unfortiinately, no further 
experimental details have been published, so we have no clues to the understanding of the 
genesis and structure of this fragment. In the spectra of the tetramethyl-substituted 
analogue 39 the base pcak is formed by the fragment w/z 173, for the structure of which 
again no information is available. 

Partial electron-impact mass spectra of the peroxides 4OZ9, 4130, 4231 and 4332 have 
been reported. Whereas40 gives a very abundant molecular ion peak (22 %) and41 and42 
a minor one (< 1 X ) ,  no molecular ions are detected for 43. The molccular ion of 40 

decomposes v i a 0  loss (24‘%,) and the formation of PhC=O (100%). Common to42 and 
+ 
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(37) m h  224 

(a) R = H  (a) 16% 

(b) R = D  (b) 23% 

( c )  R = C I  (c) 24% 

SCHEME 19 

43 is the elimination of O2 (via cyclorevcrsion). The macrocyclic peroxide cther 44 under 
electron impact yields t hc monomeric molecular ion ai/z 274, from which various 
structure-unspecific fragments arc formed32. In the mass spectrum of 1,l’-dihydroxy- 
dicyclohexyl peroxidc (45) no molecular ion has bcen detectedJ3. Ions of ai/z 196, the 
highest I H / Z  values observed in the spectrum, are believed to be formed by loss of two 
hydroxyl radicals. The low abundance of the w / z  196 ion (0.16 x) has bcen interpreted as 
indication fur a rapid further dccomposition to yicld ionized cyclohexanone. A second 
breakdown pattern consists of an homolytic scission of the 0-0- bond to give an 

(38) R’ = R2 =Me 

(39) R1 = H, RZ =Me 

Ph aoMe 
R ’  R 2  

a H  H 

b Ph Ph 

c i - P r  H 

d Me Ph 
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c 3 
I I  
H H  
(45) 

intermediate at m/z 115. This process may also give rise to the formation of a 
cyclohexanone cation radical by elimination of a hydroxyl radical. 

Cyclic diperoxides 46 have been investigated by low-resolution mass spectrometry and 
analysis of mctastable ion  transition^^^. For the acetone-derived diperoxide 46a the 
process outlined in Scheme 20 covers for the most abundant fragment ions (M" has not 
been detected). A simultaneous (or consecutive) loss of 0, and CH3- generates fragment 
in/z 101, which decomposes further to the acylium ion, rn/z43, and ionized acetone 
(pathway a, Scheme 20). In thc mass spectrum of the benzophenone-derived diperoxide, 
46b, signals are observed which are likely to be formed by the processes outlined in Scheme 
20, pathway b. The aldehyde-derivcd diperoxides 46c-e appear to decompose via two 
main reaction sequences. The first one (path c) proceeds by elimination of an oxygen 
molecule and a neutral aldehyde molecule, thus gencrating ionized aldehydes (analogous 
to the formation of benzophenone cation radical from46b). which then dccompose further 
by consecutive losscs of H- and CO. The second path involves a rupture of the heterocycle 
to produce [M/2]+ (pathway d. Scheme 20). This splitting can occur in one of two ways. 
Unfortunately, the method of preparation of these diperoxides does not pcrmit useful 
isotopic labelling of the oxygcn atoms within the molecules 46c-q and hence further 
investigation is requircd to draw any mechanistic conclusions. 

Considerably different mass spectra have been reportcd for the cyclohexanone 
diperoxide 4733.34. The conclusion33 that the cyclohexyl ring is less stable than the 
heterocycle toward electron bombardment has bccn questioned by L ~ d a a l ~ ~  using high- 
resolution mass spectromctry and with thc temperature of thc ionizing chamber well 
below the decomposition temperature of the pcroxide. In fact, Lcdaal has demonstrated 
that the mass spcctra of 47 are extremely sensitivc to both the temperature and the 
inscrtion mode. His rcsults have led him to the conclusion that most of thc important 
fragments observed in the mass spectrum of47 are due to clcavage of the heterocyclic ring- 
systcm followed by consecutivc elimination. Spectra of47 taken at higher temperature or 
by means of indircct sample introduction are completely diflercnt from those obtaincd at 
lower tcmperaturcs. The diflerenccs havc becn ascribed to thermolysis of 47 prior to 
ionization. 

For the valerophenone-derived diperoxide 48 no molecular ion is dctccted in the mass 
spectrum3'. In closc analogy to the decomposition pattern of46b. the main fragments are 
derived from thc primary ion iii/z 162 (PhCOBu. 33%). which decomposes to in/: 120 
(PhCOMe, 93%) and ~ J I / Z  105 (PhCO. 100%). 
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+ 
Me-cEO 

m/z 43 + 
I1 1,Me 

M-C-C, 
Me 

Me, l+- 

Me' 
m h  101 c=o 

m/z 58 

- 0 2 / -  CHI 

Me' \&o/ Me 

(46a) 

123 

Ph+ 
m/z 77 

(46) [M/21t' 

SCHEME 20 
R = aryl 

IV. OZONIDES 

The mass spectral behaviour of ozonides 49 has been studied by means of '*O labelling, 
low-resolution mass spectra and metastable ion t r a n s i ~ i o n s ~ ~ .  Although in specific cases 
the substituent groups affect the relative intensity of certain fragments, e.g. aromatic 
substituents favour the formation of ions containing carbonyl groups, whereas for alkyl 
substituents such ions are less abundant and more ions due to secondary decompositions 
are observed, it has been demonstrated that fragmentation of the molecular ions of 49 
occurs by two distinct pathways, both of which involvc a rupture of the heterocycle 
(Scheme 21). The first involves the cleavage of an 0-0 and a C-0 bond, whereas the 
second, which occurs less frequcntly, proceeds by the scission of the two C - 0  bonds. The 
ions reported in Scheme 21 account for most of the ion current recorded. In some cases the 
elimination ofa radical R. from the molecular ion is detected, but this process gives rise to  
peaks of very low intensity. For stcreoisomers, e.g. 49b, c, e and f, g, no differences are 
observed. With the exception of the [M - 32]+' ion, processes a and b of Scheme 21 give 
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rise to ions having the same elemental compositions but different structures. The spectra of 
the ozonides, specifically labelled with "0 in the ether position, show clearly that there 
are, indeed, two distinct pathways for the generation of the R2C02+ ions. One involves 
cleavage of the 0-0 and one of the C-0 bonds and the other cleavage of the two C-0 
bonds. Whether the latter is a two-step reaction or a synchronous process (retro-1,I 
cycloaddition) is open to question. The same holds for the structure(s) of the RzCOz+ 
ions; it is possible that one or both of the initially formed ions can exist as a 
dioxacyclopropane derivative, although no definite indication of this has been obtained. 

Decomposition patterns as described for 49 are also observed for the ozonides of vinyl 
fluoride (50aI3' and 1,2-difluoroethylene (50b)38. From the veryabundant molecular ions, 
among other fragmentations, processes giving rise to the formation of the ions depicted in 
Scheme 22 are observed. These primary fragments undergo subsequent decompositions to 
various products. For 50b no differences are observed for the two diastereomers; the same 
holds for the diastereomeric D-labelled isotopomers of 50a. The dissociation of the 
molecular ions of 50a and Sob must be preceded, however, by some skeletal 
rearrangements; this has to be inferred from the presence of the quite abundant signal at 
ni/z 84 (loss of CO from M+'). 

R, l+* + 
,c=o - R - C E O  

R 

H 
F' I 

a R = H  
b R = F  

SCHEME 22 

The 70eV electron-impact mass spectrum of the ozonide 51 is unique in that the base 
peak is formed by the molecular ion39. Other important processes, summarized in Scheme 
23, are due to unimolecular losses of 0, O2 and CO. The quite abundant fragment ion at  
wz/z 165 is likely to be a CI3H9+ ion. However, this as well as the genesis and structure 
(fluorenyl cation?) has yet to be established. 

m/z 222 (48) 

@; ~ ~ ; m / z 2 0 6 ~ 7 6 1  -co m/z 210 (40) y+ m h  178 (100) 

SCHEME 23 
0 

(51) (M" 100%) 
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1. INTRODUCTION 

The three topics considered in this chapter are closely rclated, since the acidity of the OOH 
group can be correlated with hydrogen bonding and complex formition. The complexes 
considered herc will not involve G bonding or transition-metal ions. This effectively limits 
complexes to hydrogen-bonded species. The section on complexcs arbitrarily considers 
only isolable complexes. The section on hydrogen bonding considers complexes that are 
detected in solution, but not isolated. 

The section on acidity of peroxides will prcscnt data primarily from direct 
measurements of pK, values. Correlations between hydrogen bonding and pK, can be 
used to estimate acidities of peroxides. These correlations will be presented in the section 
on hydrogcn bonding. 

II. ACIDITY OF PEROXY ACIDS AND HYDROPEROXIDES 

The two classes of organic peroxides that have ionizable protons and will display acidic 
properties are peroxy acids and hydroperoxidcs. The pK, values for several peroxides of 
these two types have been reported. In both classes of peroxides, the pK, values fall into a 
rather narrow range. With the aid of linear frcc-energy relationships (LFERs), and due to 
the narrow pK, range, good pK, estimates can bc obtained for most peroxy acids and 
tertiary h ydroperoxidcs. 

Acidities of peroxides have been of particular interest in mechanistic studies and to 
correlate rates of peroxide dccompositions'.Tlie usc of pK,, values in this manner has been 
one of the motivating forces for obtaining reliable pK, data of peroxides. 

A. Acidity of Peroxy Acids 

fall over a rather narrow range. A Taft correlation givcs 
The pK, values for aliphatic peroxy acids are given in Table 1. I t  is seen that thc values 

pK, = (-0.950 +_ 0 . 2 3 3 ) ~ *  + 8.00 f 0.12 

with I' = 0.898 and the standard deviation of pK, on C T * ( S ~ . ~ )  of L-0.264. Since the 
correlation coefficient (r)is a function of the slopc and decrcases with smallerp* values, the 
Sy.x parametcr is a better measure of the goodness of fit5. For comparison, the p* value for 
ionization of aliphatic carboxylic acids in water i i t  25°C is 1.726 vs. 0.950 for thc peroxy 
acids. The reduced scnsitivity of substituents on pK,s of peroxy acids relativc to carboxylic 
acids is qualitatively understandable. The acidic proton in pcroxy acids is removed from 
the substituents by onc additional atom 21s compnrcd to carboxylic acids. A fall-off in the 
effect of substituents on the pK,, of peroxy acids is then expected. The decreased acidity of 
peroxy acids relative to carboxylic acids is also evident from Table 1. For example, 
peroxyacctic acid is a weaker acid by about 3.5 pK, units as compared to acetic acid 
(pK, = 4.75)'. Since resonance stabilization of the pcroxy acid anion is not possible, tile 
decreased acidity relative to carboxylic acids is undcrstandablc. 
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TABLE 1. pK,values of aliphatic peroxy acids ( R C 0 3 H )  
in water 
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H 7.1 19.5 2 
Me 8.2 20.0 2 
Et 8.1 23.0 2 
rr-Pr 8.2 21.5 2 
ClCHz 7.2 25 3 
t -Bu 8.23 25 4 

Acidities of arylcarboperoxy acids are given in Table 2. The decreased acidity of the 
arylcarboperoxy acids relative to the arylcarboxylic acids is similar to that observed in the 
aliphatic series. For example, benzenecarboperoxy acid is a weaker acid by 3.6 pK, units 
than benzoic acid (pK, = 4.20)'. A Hammett correlation of the data in Table 2, expressed 
as ionization constants, gives p = 0.704 0.043 (i' = 0.991 and Sy.x = k0.037). This p 
value compared to arylcarboxylic acids ( p  E 1.00) again indicates a poorer relay of 
electronic effects of the substituents. 

TABLE 2. pK, values of arylcarboperoxy acids (ArC0,H) 

Ar PK, T("C) Solvent Referencc 

CGH5 7.9 20 H,O 8 
7.78 2.5 HzO lb 
7.74 35 H,O l b  
7.63 45 H,O lb  

p-MeOC6H4 8.07 -- 7 5  H,O lb  
p- McC~H 4 7.95 25 H2O l b  

7.80 35 H,O lb 
7.73 45 H 2 0  Ib 

p-FCJ% 7.76 25 H,O i b  
p-CICGH, 7.67 2.5 H2O Ib  
flI-CICGH4 7.60 25 HzO l b  

7.46 3.5 H,O l b  
1.37 45 H 3 0  Ib 

p-NOzGH4 7.29 25 H 2 0  lb 
O-(CO,H)CBH~ -8.5 20 Aq. dioxan 8 

Considering the rather narrow range of pK, values for peroxy acids and the reasonably 
good LFER correlations, there appears little need to measure additional pK, values. I n  
terms of the standard deviation estimate in pK,,, the pK,s of arylcarbopcroxy acids can be 
estimated t o  k0.037 pK, units, while aliphatic peroxy acid pK,s can be estimated to 
k0.26 pK, units. 

B. Acidity of Hydroperoxides 

The pK, values for hydroperoxides are listed in Table 3 and Figure 1 displays the data in 
a Taft plot. Reasonably good correlations arc obtained if the hydropcrosides are 
separated into three groups. With this division. data points are sparse for the 
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TABLE 3. pK, values of hydroperoxides (ROOH) 

11.5 

12.0 

R QK, 7 - K )  Solvent Rekrence 

- 

- 

- 

- 

H 

Me 
Et 
i-Pr 
r-Bu 

i-BuCjiL1c)Et 
PhCH2CMc2 
PhCMe, 

Ph,CEt 
Ph2CMe 

Me2 CCH CI 
Ph,C 

11.6 20 
12.02 25 
11.5 20 
11.8 20 
12.1 20 
12.8 20 
13.21 25 
12.8 20 
13.25 25 
13.08 35 
12.6 25 
13.02 25 
12.94 25 
13.07 25 - 13.2 0-30 

2 
9 
2 
2 
2 
2 
9 
2 
9 
9 
10 
9 
9 
9 
la 

"40'%, aq. mcthanol, ionic strength = 0.600. 
'By distribution betwcen benzene and 0.253 XI sodium hydroxide solution. 
'From kinetics of the basic decomposition in 40% aq. methanol, ionic 
strength = 1.58. 

p MeOOH(w) 
/ 

(m) 4- OOH 

OOH 

OOH Ph3COOH 
(0) 

@ PhCH2CMe2 Me2CCH,Cl 
f - BuOOH I I 

OOH OOH 

-300 -.2W -.lo0 0 ,100 ,200 300 ,400 ,500 .600 ,700 
O-= 

FIGURE 1. An Ingold-Tart correlation of the ph', values of the hydroperoxides in water ( w )  and 
40'::, aqueous methanol (ni). Reprinted wi th  permission from W. H .  Richardson and V.  F. Hodge. J .  
Org. Chen~., 35, 4012 (1970). Copyright [ 1970). American Chemical Society. 
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primary-secondary hydroperoxide line and the tertiary hydropcroxide (watcr) line. The 
correlation equations for these two lines are, respectively: 

( I -  = 0.9995 and Sy..x = kO.01) and 
ph', = ( - 3.15 + 0.096)0* + 1 1 SO 0.01 

pK, = (-0.591 k 0.061)0* + 12.61 f 0.02 

(1. = 0.995 and Sy,.r = f0.02). The correlation equation for tertiary hydroperoxides in 
40% aq. methanol is: pK, = (-0.499 k 0.095)d' + 13.14 f 0.02 ( r  = 0.949 and Sy,x = 
f 0.05), where chloro-t-butyl hydroperoxide and trityl hydroperoxide are excluded. The 
pK, value of the former peroxide has been obtaincd by an indirect kinetic method'". The 
lower acidity of trityl hydroperoxide, as judged from thc correlation line of the remaining 
peroxides, may rcsult from cxccssix steric effects. 

Although the number of points for the pK, correlation of tertiary hydroperoxides in 
water is limited, thc p* value (0.591) is similar to that for this type of peroxide in aqueous 
methanol (p* = 0.499). The similarity of these two p* values gives added support to the 
reliability of these correlations. Translation of the pK,s to higher values in aqueous 
methanol is expected, based on similar trends in the pK,s of carboxylic acids in aqucous 
alcoholic solvents' I .  The primary and secondary hydroperoxides appear anomalous in 
their deviation from tertiary hydroperoxides and their largc p* values (3.15). I t  can be 
noted that primary and secondary hydroperoxides readily undergo reaction with bases to 
yield carbonyl products". This elimination reaction did prevent the measurement of the 
pK, of benzhydryl hydroperoxide by the standard base titration method'. Steric effects are 
another possible cxplanation for the deviation in p* values bctween primary-sccondary 
and tertiary hydroperoxides A suggestion of the importance of stcric effects is seen in the 
deviation of trityl hydroperoxide from the tertiary hydroperoxide correlation line. 
Unfortunately, insuficient E ,  values d o  not allow a test of this possibility by a Taft 
polar-steric multilinear regression analysis. 

I t  can be noted that the pK, values of ri-butyl. s-butyl and I-butyl hydroperoxide have 
been measured by the base titration-UV method and reported to give a linear correlation 
with G* where p* = 4.1 13. A diflerent correlation line in a plot of pK, VS. G* with 'almost' 
the samc slope has becn reportcd for benzyl. 1 -phcnylethyl and cumyl hydroperoxide'3. 

In summary, reasonably good estimates of the pK,s of tertiary hydroperoxides in water 
and aqueous methanol can be made. I n  contrast, the rcliability of pK, predictions for 
primary and secondary hydroperoxides is uncertain. 

C. Transmission Effects 

The relative transmission factor ( 4 )  is dcfincd as J, = /)>pi, and is a relative measure 
of the ability of substituents to transmit polar effects to the equilibrium or reaction site 
in systems A and BI4. The relay of polar effects through oxygen vs. CH2 can be evaluated 
by comparison of ROOH vs. R C H 2 0 H ,  where (b(ROOH/RCH20H) = 0.35 
(= 0.499/1 .4215). The poorer relay through oxygen has becn analysed in terms of the 
Kirkwood-Westheimer equation and i t  has been concluded that this en'ect is due to 
increasing the effective dielectric between the substituent and the 00- group by 
replacement of CHI with 0'. For tertiary hydropcroxides and aliphatic peroxy acids. 
&ROOH/KCO,H) = 0.53 ( =  0.499/0.950), which indicates that the rclay of polar effccts 
is bctter with peroxy acids even through an added CO group. In terms of the 
Kirkwood-Westhcimcr equation, this means that the cffcctivedielectricconstant is less for 
the pcroxy acids. I t  can be noted that the cffcctive dielectric constant can be minimized 
with an nriti conformation of the oxygen anion and the carbonyl group. 
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Ill. HYDROGEN BONDING 

In this section, hydrogen bonding involving peroxy acids and hydroperoxides is 
considered. Three typcs of association are reviewed: self-association and intcr- and intra- 
molecular hydrogen bonding. There is a considerable amount of literature concerning 
hydrogen bonding of hydroperoxides. The interest in part arises from attempts to correlate 
rates of hydroperoxide decomposition with hydrogen bonding. I t  is proposed that thc rate 
of decomposition of hydrogen-bonded hydroperoxides to give radicals is faster than 
homolysis of the unconiplexcd hydroperoxidel“. In fact, equilibrium constants of complex 
formation can be obtained indirectly from the kinetics of hydroperoxidc dccomposition. 
Since the formation and decomposition of hydroperoxides has practical consequences, 
particularly in autooxidation, the interest in hydropcroxide hydrogen bonding is 
understandable. 

A. Peroxy Acids 

I. Self-association 

I n  the crystallinc state, pcroxy acids are intermolecularly hydrogen-bonded to the 
oxygen atom of the carbonyl group. X-ray crystallographic studies of o-nitroperoxy- 
benzoic acid” and peroxypelargonic acid” are reportcd and reviewed1’. The 
intermolecular hydrogen-bonding energy of solid pcroxydccanoic acid, as estirnatcd from 
vapour pressure measurements, is reportcd to be 2.5 kcal mol-’ ‘O. In comparison, the 
intermolecular hydrogen-bonding energy of decanoic acid is estimated to  be 
4.7 kcal mol - 2 0 .  

In contrast to thc crystalline state, peroxy acids in the liquid state or in solution are 
intramolecularly hydrogen-bonded and monomeric. The first suggcstion of a monomeric 
state for pcroxy acids as opposed to a dimeric state for carboxylic acids was given by a 
comparison of boiling points. wherc the corresponding peroxy acids showed lower boiling 
points”. Analysis of the 0 - H  and C - 0  infrarcd absorptions leads to the proposal of 
thc intramolecular hydrogen-bonded structurc 1 as the sole species in liquid and vapour 

!’ 1 

statcs”. The monomeric intramolecularly hydrogen-bondcd structure is supported by 
other studies which have employed infrar~d’~-’’ NMR”, molecular wcight”. vapour 
pressure2’ and electric dipole moment studies”. The last study3” has indicatcd that 
structure 1 is puckcred, rather than planar. The NMR absorption of the peroxidic proton 
falls in the range of 10.9 to 11.85 and is concentration-indcpcndcnt’*. A sharp 0 - H  
infrared band occurs at about 3300cn- ’. which is also conccntratinn-indepcndent’~. Thc 
energy of the intramolecular hydrogen bond is estimated to be about 1-2 kcal mol-’ 3 1 .  

The carbonyl stretching frequencies (1727-1735 cm-I)  of a series of substitutcd 
peroxybenzoic acids (m-CI. wF, p-Br, p-CI. p-F. H. wMc.  p-Me) in carbon tetrachloride 
have been correlated with thc Hammett G constant to give ii ncpative p value’”. The lincar 
correlation has been contrasted w i t h  nonlinear relations with either monomer or dimeric 
carboxylic acids. I t  has been proposed that the LFER with thc pcroxybcnzoic acids is the 
result of clectronic eflects on both thc carbonyl groups and the strength of the 
intramolccular hydrogcn bond. 
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2. Intermolecular association 

Equilibrium constants and  enthalpies have becn determined by caloriinetric 
measurements for equation (1 ) .  T h e  rcsults arc givcn in Table 4 along with infrared 
frequency shifts (Ar) bctwcen 1 and the peroxy-acid-donor complex. Complex formation 

(1) 

increases with increasing acidity of the peroxy acid, as seen from the first three entries in 
Table 43’. The basicity of the  donors decrease in the order DMAA > D M F  > T H F ,  
which follows decreasing complex formation with p-chloroperoxybcnzoic acid32. 
According to the Badger-Bauer re la t ion~hip”~ increasing Av values correspond to  
increasing complex formation. With p-nitropcroxybenzoic acid, the donors a re  listed in 
Table 4 according to increasing complex formation based on Av. It has been noted that 
increased complex formation (equation 1 )  corresponds to a decreasc in rate of olefin 
oxidation by pcroxy acids3’.”. 

T A B L E  4. Intermolecular association of pcroxy acids with various donors 

K(25”C)” -AH’ A V 0 ” h  

Peroxy acid Donor (D)  (hl - ’ )  (kcal mol-I) (cm-‘)  Refe rcncc 

DMAA‘ 
DMAA‘ 
DMAA‘ 
D M F  
T H F  
M e C O I E t  
Dioxane 

T H F  
D M F  

EtzO 

4.0 0.5 6.3 t 0.1 
8.5 k 0.5 6.6 0.1 
9.9 f 0.5 7.1 f 0.1 
6.0 k 0.5 6.0 0.1 
2.3 k 0.5 5.8 0.1 
- - 

- 
- 
__ 
- 
- 

33 
100 
115 
149 
165 

32 
32 
32 
32 
32 
33 
33 
33 
33 
33 

“ I n  carbon tetrachloride, dctermincd by calorimetry. 

‘A’,h‘-Dimct hylacctamidc. 
methylene chloride. where AvoIl = v ~ ~ ,  (free) - Y~~~ (hydrogen-bonded). 

6. Hydroperoxides 

The majority of the hydrogen-bonding literature of peroxides deals with 
hydropcroxides. The discussion of this topic is organized i n  ordcr of self-association, 
intermolecular hydrogen bonding to othcr donors or acccptors and intramolecular 
hydrogen bonding. 

7 .  Self-association 

One of the most characteristic physical propcrtics of hydropcroxides is self-association. 
Of the associated species. i t  appears that the dimer and trimer predominate, with lesser 
amOUnts of rnorc highly associated species at moderate concentrations. One  formulation 
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of the self-association equilibria is shown in Scheme 1 .  A more complex self-associated 
scheme has been proposed which involves (i) the dimer, (ii) the dimer with additional 
hydroperoxide molecules associated with i t  and (iii) linear-associated hydroperoxide 
molecules35. There is no direct evidence for the various self-associated species. A 
reasonable argument has been made for the six-ring structures of thc dimer and trimer 
based on the prcference for alcohols to form trimers”. 

p R 
/ 

0-0. 

.. / 

/ . K , . R O O H  
H -  

Kz 
2ROOH z===== H. 

/o-0 0 
R I 

R 

SCHEME 1 

Equilibrium constants and thermodynamic parameters for self-association of 
hydroperoxides are givcn in Table 5. Variation in hydroperoxide concentration is used to 
fit the IR or NMR data to dimer or higher-order association, and along with temperature 
variation the thermociynamic parameters are obtained. Thc equilibrium constants and 
thermodynamic paramcters for self-association beyond the dimer are calculated by two 
different methods. In one method, the average equilibrium constant and thermodynamic 
paramcters per subsequent hydroperoxide association are ~ a l c u l a t e d ~ ~ . ~ ’ .  If the higher 
order associated species bcyond the dimer is predominately trimer. then this equilibrium 
constant will correspond to K 3  ofscheme 1 .  This assumption has been made in Table 5. By 
the second method, the data for higher-order associated species bcyond the dimer have 
been fitted to a monomer-trimer cquilibriurn (equation 2)38. Thc cquilibrium constants in 
Schcmc 1 and equation (1 )  are related as K T  = K2K3 and the thermodynamic paramcters 
as AHT = (AH2 + AH3) and AST = (ASz + AS3). In Table 5 ,  the reported data associated 
with equation (2) arc givcn in parentheses and values of K3, AH3 and AS3 (Scheme 1 )  are 
calculatcd from the above relationships. 

Rather small changes in the thermodynamic parameters (AHz and ASz)  for 
dimcrization arc obscrvcd with varyingsubstitiients. Larger variations in AH3 and AS3 are 
noted, but this may be duc in part to the different methods ofcalculating thcsc parameters. 
Dependence of monomer, dimer. trimer and tetramcr concentration on the stoichiomctric 
hydroperoxide concentration has bccn calculated for the cyclooctyl and cyclopcntyl 
h y d r o p ~ r o x i d e s ~ ~ .  

Replacement of the hydropei-oxy proton with deuterium decreases dimer formation as 
shown by the first and sccond entries of Table 5. I t  has been noted that a similar result 
occiirs in the dimerization of phcnol and trifluoroacctic acid3’. 

I t  is interesting that trityl hydroperoxide forms a trimer, but not a dimer5*. This 
observation can be rationalized in terms of less severe steric effects in the trimer compared 
to the dimer. Steric effects also appear to alter the distribution of the heptyl hydroperoxide 
species as sccn from Table 6. As steric effects increase, with internal placement of the 
hydropcroxy group, the :( tr iner increases at  the expense of the dimer. 



T
A

B
L

E
 5

. 
E

qu
ili

br
iu

m
 c

on
st

an
ts

, c
nt

ha
lp

y 
an

d 
cn

tr
op

y 
of 

se
lf

-a
ss

oc
ia

tio
n 

of
 h

yd
ro

pc
ro

xi
de

s 
(R

O
O

H
) 

K
Z

(T
,"

C
) 

K
3(

7;
"C

) 
-A

11
2 

-A
S2

 
-A

H
3 

-A
S3

 
R 

So
lv

cn
t 

M
et

ho
d 

(h
i-

')
 

(h
l-

 1
) 

(k
ca

l m
ol

-I
) 

(c.
u.)

 
(k

ca
l m

ol
-I

) 
(c
.u
.)
 

R
ef

, 

I-
R

u 
r-

Bu
 (

O
O

D
) 

r-B
u 

r-B
U 

r-
B

u 
I-

B
U

 
r-

Bu
 (

av
.)

 

M
c,

C
(C

l-
I=

C
H

M
c)

 
M

C
2C

EI
 

I-
H

cp
ty

l 

4-
H

~p
ty

l 
I-

M
~

th
y

l~
y

~
l~

h
~

~
y

l-
 

I 
l-

M
~

~
h

y
l~

y
~

l0
h

~
~

y
l-

1
 

I-
M

ct
hy

lc
yc

lo
he

xy
l-

 I 
1 -

E
tI

iy
ny

lc
y~

lo
hc

xy
l-

l 
1 -

Ph
en

yl
cy

cl
oh

ex
yl

- I 
C

um
yl

 
C

um
yl

 
Ph

3C
 

C
C

I, 
C

C
I, 

C
C

lJ
 

d C
C

lJ
 

tl
 (1 C
 -
 

C
C

lJ
 

C
C

I, 

C
C

I, 

C
C

lJ
 

D
cc

an
c 

D
cc

iin
c 

I -
 

d tl
 c C
C

I*
 

1R
 

IR
 

IR
 

N
M

R
 

N
M

R
 

N
M

R
 

N
M

R
 

N
M

R
 

IR
 

IR
 

IR
 

IR
 

IU
 

N
M

R
 

N
M

R
 

N
M

R
 

N
M

R
 

N
M

R
 

N
M

R
 

N
M

R
 

-
 

1.
90

(3
0)

 
1.

65
(3

0)
 

0.
46

(4
0.

5)
 

19
(2

1)
 

0.
67

(3
0)

" 
1.

98
(2

0)
' 

[ l
.6

(3
0)

]' 
0.

9 5
 (3

0 
0.

44
(3

0)
" 

3.
1(

30
) 

O
.7

0(
 30

) 

0.
90

( 3
0)

 

1.
3(

30
) 

1.
3(

22
) 

1.
2(

39
) 

0.
42

(3
0)

 
0.

85
(3

0)
 

15
(2

1)
 

1.
1(

20
) 

-
 

_.
 

5.
05

 
4.9

 
2.

75
(4

0.
5)

" 
6.

30
 

18
0(

21
)" 

6.
6 

-
 

5.
7 

, 

-- 
5.7

 
P.

1 I
 

5.
4 

-
 

4.
5 

0.
32

(3
0)

' 
[ 1

.0
(3

0)
]' 

4.
9 

3.
6(

30
)' 

[2
.5

(3
O

)l
g 

4.
7 

3.
4(

30
)' 

[3
.1

(3
O

)lx
 

4.
4 

2.
9(

30
)/ 

[3
.7

(3
0)

IK
 

4.
5 

4.
0(

20
)"

 
5.

6 

-
 

4.
2 

5.
2 

6.
8 

16
(2

1)
"."

 
7.

7 
[3

.3
(2

8)
1"

 
-
 

--
 

-
 

-
 

-
 

__
 

-
 

-
 

_
. -
 

18
.4

 
15

 
21

.6
* 

17
 

19
.6

 
19

.6
 

[ 1
9-

21
 

18
 

17
.6

 

13
.9

 

16
.2

 

14
.7

 

14
.3

 

19
 

__
 

__
 

-
 

20
 

23
 

21
 

-
 

-. -
 2.

80
" 

3" 
_
. 
-
 

-
 

_.
 -
 

- 0
.7

f 
(4
.3
 

0.
61

 
(S

.3
)Q

 
I .@

 
(5

.4
Y

 
I .4

' 
(5

.9
F 

2.
5"

 
-
 

-
 

-
 

-
 2.
2"

 
(4

.S
)Q

 

-
 

-
 6.

Y.
h 

0.
3"

 
-
 

-
 

-
 

-
 

-
 0' (1
 3.

9y
 

-
 0.5

1 
(I

 5.
7)

' 
0.

9/
 

( I 
S.

G)
y 

1.9
' 

(1
 6.

2)
" 

-- 
6 p

h
 

-
 

-
 

-. _
- 2"

 
(I

 3
.8

)K
 

39
 

39
 

40
 

35
 

41
 

42
 

41
 

41
 

38
 

38
 

38
 

38
 

37
 

37
 

43
 

44
 

41
 

41
 

35
 

42
 

"R
ep

or
te

d 
fo

r 
su

bs
cq

ue
nt

 ;i
ss

oc
ia

tio
n 

of
 c

ac
h 

ad
di

tio
na

l 
hy

dr
op

er
ox

id
e b

cy
on

d 
th

e 
di

m
cr

. K
 is

 i
n 

un
its

 o
f 

1
1

- I
. 

"C
al

cu
la

tc
d 

fr
om

 K
3
 a

nd
 A

H
3 

il
l 

40
.5

"C
. 

"R
ep

or
tc

d 
as

 'i
ne

rt 
so

lv
en

t',
 w

hi
ch

 is
 p

rc
su

m
ab

ly
 c

ar
bo

n 
tc

tr
ac

hl
or

id
c 

or
 :I 

sa
tu

ra
te

d 
hy

dr
oc

ar
bo

n.
 

"C
ar

bo
n 

tc
tr

nc
hl

or
id

c o
r 

cy
cl

oh
cx

an
c.

 
"C

al
cu

la
te

d 
fr

om
 A

H
 an

d 
A

S.
 

fC
nl

cu
la

tc
d 

K
3(

h1
-')

, A
H

3 
an

d 
A

S3
 a

cc
cr

di
ng

 to
 S

ch
cm

e 
1 

fr
om

 K
.r

(h
l-

')
, 

A
H

, 
an

d 
A

S,
 

of
cq

ua
tio

n 
(2

);
 sc

c 
1c

xL
. 

K
K

T
(s

i-
2)

, 
A

N
., 

an
d 

A
S

, a
s 

re
po

rt
ed

 c
i:c

or
di

ng
 

1
0

 cq
ua

tio
n 

(2
). 

"C
al

cu
la

tc
d 

fr
om

 K
3

 an
d 

A
H

3 
at

 2
0°

C
. 

'H
yd

ro
ca

rb
on

 s
ol

vc
nt

. 
'T

hi
s 

is 
h

e
 rc

po
rt

cd
 v

al
uc

. t
he

 c
al

cu
la

tc
d 

va
lu

e 
fr

om
 A

1f
2 

an
d 

A
S2

 a
t 

20
°C

 is
 K

2 
=

 0
.9

3 
M-
'.
 



138 William H. Richardson 

TABLE 6. Distribution of isomeric hcptyl hydroperoxidc 
spccies in carbon tctrachloride (30°C) at 1 M 
conccntrtttio~i"~ 

ROOH Monomer Dimer %, Trinicr 

I-Hcptyl 31.1 59.9 9.7 

3-Heptyl 36.0 23.3 43.3 
2-Heptyl 38.0 20.2 41.0 

4-H~ptyi 32.8 28.0 39.2 

2. Intermolecular association 

Several direrent types of functional groups have been complexed with hydroperoxides. 
This section is organizcd according to the type of group that is complexed to the 
hydroperoxide. 

a. Arenes. Table 7 presents data for the complex formation of equation (3), where D is 
the aromaticn electron donor. The equilibrium constants are calculated according to a 1 : 1 

(3) 
K 

ROOH + D ROOH-.-D 

complex as idicated by equation (3). However, the situation may be morecomplicated. In 
distribution experiments with t-butyl hydroperoxide between water (presumably 
monomeric and hydrogen-bonded to water) and ar, arene (neat or in CC14, where it exists 
as a monomer, self-associated and associated to the arenc), the results could be 
accomodated to a 1 : l  complex of the hydroperoxide with 4~ styrene in carbon 
tetrachloride3'. With other aromatic solvent systems, particularly at higher hydro- 
peroxide concentration, an additional term involving association of the hydroperoxide 
dinier with the arene is required to fit the data3'. 

Replacement of the hydroperoxy proton in t-butyl hydropcroxide with deuterium 
increases complexation to benzene and styrcnc. As secn previously, this substitution 
decreases dimer formation. It has been noted that a similar trend occurs with phenol3'. 

For t-butyl hydroperoxide, there is not a large change in K with various substituted 
arenes. As expected from a cursory survey of Table 7, no satisfactory LFERs have been 
observed with log K (30°C) vs. Z(on,  + o,)/2 or log K/K, ,  for iodinc-arene complexes 
relative to p - ~ y l e n e ~ ~ .  Similarly, no LFE corrclations have been observed with the AH 
values. A good correlation has been reported for r-butyl hydroperoxide using the 
difference in frequencies between the free and aromatic-complexed 0 - H species ( A I ~ ~ ~ , ,  
cm-') vs. X(on, + a,)/2. The correlation equation is: 

Avol,(ArH) - AiloH (benzene) = -43.7X(am + a,)/2 + 5.67. 

I' = 0.9647. Thc value of AvoII then increases with electron-releasing groups. According to 
the Badger-Bauer ru1c3', a linear relationship is expected between and -AH. The 
correlation then indicates that complex formation is increased by clectron-releasing 
groups, as would be expected in hydroperoxide-n-arene hydrogen-bondcd spccies. The 
reason for a lack of correlation between log K or AH vs. X(mn; + a,)/2 is uncertain, but it 
may rcflcct the lack of accuracy of these values. Reasonably linear correlations of Avo,l for 
t-butyl hydroperoxide vs. AyoF1 for aromatic complexes with HCl, HCN, phenol and r -  
butyl alcohol have been observed". 
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It is interesting to note that with iodobenzene and t-butyl hydroperoxide an additional 
IR band is observed at 3481 cm-’ (CCI,), which has been assigned to I -  - .HOO hydrogcn 
bonding. A band at 3521 cm-’ has been assigned to the n-arene-HOO complex47. Two 
bands havealso been observed for anisole and assigned to a rc complcx (3508 cm - I )  and an 
0 . .  . HOO complex (3436 cm- 

Satisfactory LFERs for cumyl hydropeioxide have been obtained by correlating -AH 
(Table 7)35 vs. X(o,,, + op)/2 and log ( K / K , , h 2  for iodine-arene complexes relative to 
p-xylene’”. The correlation equations are: 

-AH = (-  1.22 k 0.12)Z(~, + G p ) / 2  + 1.54 & 0.05, 

I’ = 0.979, S,,., = 40.12; and 

-AH = (1.09 f 0.1 l)lOg(K/K,,),, + 1.82 0.04, 

I’ = 0.985, S,..x = f0.079. With t-amyl hydroperoxide, there are insufficient data available 
for a corrclation with log (K/Ko)12, but a good correlation has bcen obtained with 
C(G,, i- a#; 

- AH = ( -  1 .1  1 f O . ~ S ) Z , ( D ,  + 0,)/2 + 1.52 & 0.07, 

I’ = 0.949, S,,., = 50.16. For both cumyl and r-amyl hydroperoxide, electron-releasing 
groups stabilize the arene-hydroperoxide complex and the p values are within 
experimental error. The positive p value of about 1.0, obtained in the l o g ( K / K , ) , ,  
correlation with cumyl hydroperoxide, indicates that the arene-hydroperoxide complcx 
responds similarly to electronic effects as does the well-known I,-n-arene complex. 
Although data are  not available for a thorough test of steric effects on 
arenc-hydroperoxide complexes, it appears that increased methyl substitution to 
pentamethylbenzene does not introduce excessive steric effects, since that latter arenc is 
satisfactorily correlated with the cumyl hydroperoxide complex formation. 

NMR data has also been used to probe hydroperoxide hydrogen bonding to arcnes3’. It 
is claimed that the chemical shifts of the hydrogen-bonded OOH proton as well as IR 
frequency shifts (Avo,,) are satisfactorily correlated with the ionization potentials of the 
aromatic donor3 5.48. 

b. Alkenes and n2kyiie.s. Relative t o  thc studies with arcne-hydroperoxidc complexes, 
only a small amount of data is available for alkcne- or alkyne-n-hydroperoxide 
complexes. In Table 8, infrared absorption bands for the free and the n-complexed OH 
group are given for cyclic olefins along with the difference betwecn these frequencies 
(Avon). It has been noted that the strain energy of the olefin, as measured by the heat of 
hydrogenation of the olefin, parallels AvOH ”. Although, only three data points are 
available, an excellent correlation is obtained: 

AVO,, = (6.01 3- 0,21)[-AH(H,)] - (83.7 & 5.9), 

I’ = 0.999, &. = k 1.14. The correlation suggests that complex formation increases with 
incrcasing strain in the olefin. 

The NMR and IR spectra of t-butyl hydroperoxide complexes with cyclohexene, 
isomcrjc pentenes and pentadienes have been measured52. Unsymmetrical olefins form 
stronger complexes than symmetrical olefins. It has been claimed that n-butyl, s-butyl and 
t-butyl hydroperoxides form hydrogen-bonded complexes t o  both the carbony1 oxygen 
and the olefin n bond in methyl acrylate4’. The free 0 -H stretching frcquencies of these 
hydroperoxides in carbon tetrachloride solution are: 3560, 3560 and 3562 cm- 
respectively. The corresponding AvOH values assigned to  the olefin-hydroperoxide 
complexes are: 218, 222 and 224cm - I ,  respectively. These AvOH values are surprisingly 
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TABLE 8. Hydrogen bonding of t-butyl hydroperoxide to cyclic olefins in CC14 '' 
Olefin rOH (cm-I) Aeo, (cm-') -AH(H2) (Olefin) (kcal mol-') 

- None 3560 (free) 0 
Cyclopentene 3490 70 25.7 
Cyclohexene 3480 80 27. I 
Norbornene 3445 115 33.1 

large compared to  the values givcn in Table 8, particularly considering that the olefinic 
bond in methyl acrylate is substituted with an clectron-withdrawing group. No 
olefin-hydropcroxide complex bands have been detccted for methyl methacrylate with the 
same hydroperoxid~s~'. 

Intcrmolccular hydrogen bonding of t-butyl hydroperoxidc to the alkyne x bond in 
ethynylbenzene has been claimed4'. The infrared spectrum of this complex shows bands at 
3518 and 3483cm- '. The first band has been assigned to a x aromatic complex and the 
second band to a x alkyne complex. 

c. Ethers. Hydrogen-bonding data derived from infrared studics of hydroperoxide-et her 
complexes are given in Table 9. Comparcd to thc 7~ complexes of hydroperoxides that have 
previously been considered, the n oxygen complexes are considerably stronger, as sccn 
from the larger K, Avorl and -AH values in Table 9. Presumably 1 : 1 complcxes are 
formed with monofunctional ethers. In the case of dioxane-cumyl hydroperoxide, the data 
require a 1 :2 where presumably one hydroperoxide molecule is hydrogen- 
bonded to each oxygen. 

O n  the basis of the Badger-Bauer r e l a t i ~ n s h i p ~ ~ ,  increased Avo,, values corrcspond to 
increascd values of -AHy i.c., stronger hydrogen bonds. If a stronger hydrogen bond 
corresponds to a more acidic hydroperoxy proton56, then the Ph,MOOH hydroperoxidcs 
decrease in acidity on the basis of Avo" as: M = Si > Gc > C > Sn. It has been notcd that 
this series does not follow the order of electronegativity of MS6, where on this basis a 
decreasing order of acidity would be expected as: M = C > Ge > Si > Sn. The acidity 
order deduced from Avo,, values can be explained by a decrease in d,-p, bonding in the 
M-0 bonds in the order Si > Ge > Sn56, where this cffect is outwcighed by the 
electronegativity of carbon in thc case of M = Sn. A similar conclusion was reachcd in a 
study of hydrogen bonding to THF by Ph,MOH 57 .  

TABLE 9. Infrared data for the intermolccular hydrogen bonding of hydroperoxidcs (ROOH) to 
ethers 

R Ether 
K(20"C) - A H  
@ - I )  (kcal mol-I)  Ref. 

I-BU 
Cumyl 
Cumyl 
Cumyl 
Cumyl 

PhSSi 
Ph,Ge 
Ph3Sn 

PhjC 

PrzO 

PrzO 
Dioxsne 
Dioxane 
THF 
THF 
THF 
THF 

EtZO 
220 
216 
225 
194 
194 
330 
408 

258 
335 

-. 

1.78 
56" - 

3.9 
- 

53 
54 
54 
48 
55 
56 
56 
56 
56 

"Units of 
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Hydrogcn-bonding studics with diethyl ether as the donor to t-butyl, t-amyl and cumyl 
hydroperoxides have bcen made with NMR measurcmentsSH. 

d. Akohols arid phenols. Complexes of tertiary hydroperoxides with several alcohols 
have been studied byNMR3'. With these types ofcornplexes the alcohol can act as a donor 
or an acceptor. With the alcohol as a donor via the n oxygen electrons and thc 
hydroperoxy proton as the acceptor, the bond energy is about 2.5kcalmol-' as 
determined by monitoring the hydroperoxy protons. By observing the alcohol protons, 
the bond encrgy is 3.5-4.5 kcal mol-I, where the alcohol is the acceptor. Only 1 : l  
complcxes of alcohol to hydroperoxide have been considered3'. Since hydroperoxides 
form six-ring dimers and alcohols have a propensity to form six-ring trimers (cf. Section 
III.B.l), a likely alternative to the 1 : 1 complex would be a six-ring 1 :2 hydroperoxide to 
alcohol complex (2). Presumably complex 2 could be ruled out by concentration studies, 

OHR I 

l o  
,o....H/ LR 

R 

but this was not mentioned3'. 
hydroperoxide and phenol has 
where the equilibrium constant 

(2) 

An NMR study of complex formation between cumyl 
been reporteds9. The data are fitted to a 1 : l  complex, 
for comdex formation is calculated to be 22 + 5 M -  at - 

20°C. In  comparison, the equilibrium constants for cumyl hydropcroxide dimer formation 
and phenol dimcr formation are calculated to be 5.1 f 0.5 and 3.6 & 0.5 h 1 - l  at 20°C, 
respectivelys9. Thus, complex formation betwecn the hydroperoxide and phenol is greater 
than bctween either of the individual components. The largc equilibrium constant for the 
hydroperoxide-phenol complex clearly implicates the oxygen atoms as the donors rather 
than the K system of phenol. The structurc 3 has becn proposed for the complex, where 
phcnol acts both as a donor and an acceptors9. 

(3) 

E .  Carbosylic acids. A 1 : 1 hydrogen-bonded complex of 1-mcthylcyclohexyl 
hydroperoxide and hexanoic acid has been suggested from NMR Although a 
seven-ring complex has been s u g g ~ s t e d ~ ~ ,  the previous arguments for six-ring complexes 
jcf. Section III.B.1) would favour. The 1 : 1 complcx suggestcd by NMR studies contrasts 
with an earlier report based on the kinctics of ti-decyl hydroperoxide decomposition with 
caproic acid in i7-decane whcrc a 1 :2  hydroperoxide-acid complex was proposcd'6. 

bo.'.H, ,R2 
R'-C 0-0 

\ .. 
0- H' 

(4) 
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f. Amines. Hydroperoxides can form isolablc complexes with amines. These isolable 
complexes will be considered later. In this section, hydrogen-bonded associations in 
solution will be considercd. 

Complex formation between t-butyl hydroperoxide and triethylamine has been studied 
by UV spectroscopy in the range of 258-280nm". The data obtained by concentration 
variation could riot be fitted to equation (4) to give an invariant equilibrium constant. 
However, an invariant equilibrium constant did result if the equilibrium involved the 
hydroperoxide dimer (equation 5).  At 20°C, K = 96.OhiC' with - A H  = 26 kcalmol-' 
and -AG = 2.69 kcalmol-', which gives a surprisingly large negative entropy 
( -AS = 79.6e.u.). The cnthalpies of complex formation of t-butyl, t-amyl and cumyl 
hydroperoxide to pyridine have been reported to be twice thosefor complexes with diethyl 
cthers8. Since the t-butyl hydroperoxide-diethyl ether complex enthalpy is 
-AH = 3.7 kcal mol-' 53; this places the hydroperoxide-pyridine complex enthalpy at 
about -AH = 8 kcal mol- '. Comparing the enthalpies for hydroperoxide complexes 
with triethylamine (pK, = 10.7)' and pyridine (pi(. = 5.17)', it appears that 
complexation is increased with increasing basicity of the amine. In contrast to the report 
with t-butyl hydroperoxide and triethylamine", the equilibrium constant for complex 
formation with this amine and cumyl hydroperoxide in aqueous solution is reported6' to 
be K = 0.18 M-'. A 1 : 1 complex is proposed and the data have been obtained by NMR 
measurements. 

2 Me3COOH + Et3 N ==== (Me3COOH)2NEt3 (4) 

(Me3COOH12+ Et3N s (Me3COOH)2NEt3 (5) 

Complex formation bctween t-butyl hydroperoxide and P-ethanolamine has been 
studied in aqueous solutions by UV (257-259 nm)". The data have been fittcd to a 1 : 1 
complex and from IR measurementsit has been concluded thai thecomplex is between the 
peroxide and the amino group. The equilibrium constant at  20" has been reported to be 
K = 3 8 . 7 ~ - '  with - A H  = 25.3kcalmol-' and -AS = 78e.u. 

Infrared band assignments have been made where primary and secondary amines are 
both donors and acceptors in hydrogen bonding with hydroperoxides. Complexes of t- 
butyl, cumyl, diphenylmethylcarbinyl and trityl hydroperoxides with aniline in dilute 
solution have been studied63. Infrared bands at 3470 and 3370cm-' have been assigned to 
the asymmetric and symmctric modes of the NH ... 0 hydrogcn bond, while the 
OOH . . O N  hydrogen bond has been associated with a band at 3350cm-'. Similar 
assignments have been made for a series of substituted anilines, a-naphthylamine and j3- 
naphthylaminc complexed to cumyl hydroperoxideh4. The asymmetric and symmetric 
N -H stretching of the NH . . .O hydrogen bond has been assigned to bands at 3500 and 
3400 cm-'. A band at  3300cm-' (shoulder) has been assigned to thc 0 -H stretching of 
the OOH . . * N hydrogen bond. 

g .  Carboriyls arid carboxylic acid derioatices. Several reports appear for hydrogen 
bondingof hydroperoxides to these groups. A potential difficulty with thesc measurements 
is the formation ofhemiperoxy ketal adducts with the carbonyl group". I t  is reported that 
complexes of 1-methylcyclohexyl hydroperoxide and 2-octanone show no infrared bands 
characteristic of hemiperoxy k e t a l ~ ~ ~ .  A 1:l complex has been suggested in this system 
from NMR measurements ofthe hydroperoxy proton as a function ~ f c o n c e n t r a t i o n ~ ~ .  A 
PMR study of complex formation between cumyl hydroperoxide and acetone has been 
reported, where a 1 : 1  complex is proposed with K = 3.5 k 0 . 3 ~ - '  at 2O"CS9. In 
comparison, the equilibrium constant is reported to be 5.4 k 0.6 at 20°C for the 1: 1 
complex between acetone and phenols9. Equilibrium constants for hydrogen bonding of 
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cumyl hydroperoxide to benzophenonc, acetophenone, cyclohexanone and acetonc by 
infrared measurements a t  20°C in carbon tetrachloride are reported to 1.67,2.28,2.50 and 
1.92 M - ' ,  respectively5*. The I R  frequency shift (AiiOH) for the t-butyl hydro- 
peroxide-acetone complex is reported to be 172 cm- ' at 2O0CG6. Increased temperatures, 
required to obtain the enthalpy of this hydrogen bond, cause a 'chemical reaction' 
(presumably hemiperoxy ketal formation), so the enthalpy cannot be obtained. This 
suggests some caution in the interpretation of these data for hydroperoxide-carbonyl 
complexes. These carbonyl-hydroperoxide complexes are proposed to  involve n-carbonyl 
oxygen-HOO hydrogen bonding. 

Two structures are suggested for hydroperoxide-ester complexes, where 5 is proposed 
to be the major species with a small amount of 6GG. Hydrogen bonding associated with 

R' 

(5) 

/ 
R' 

structures 5 and 6 is assigned to bands at 3442 and 3380cm-', respectively, where 
R' = Me and R 2  = t-Bu. The results of complex formation between esters and 
hydroperoxides, assuming structure 5, are given in Table 10. The results with methyl 
methacrylate (MMA) and methyl acrylate (MA) compared to methyl acetate as donors are 
surprising. The Avo" values suggest that  both MMA and MA are poorer donors than 
methyl acetate. Also the -AlY values indicate that MMA is a poorer donor than methyl 
acetate. Resonance release by the double bond in MA or MMA should increase the 
basicity of the carbonyl oxygen and it would be expected that the stability of complex 5 
should increase with MA or MMA rather than decrease relative to methyl acetate. Also 
small negative entropies are found with MMA complexes, which contrasts with large 
negative entropies for other intermolecular hydroperoxide complexes. 

As seen from Table 11, stronger complexes are formed between amides and 
hydroperoxidcs as compared to ester-hydroperoxide complexes. Hydrogen bonding to 
the oxygen atom of the amide is favouredG7, but the actual structure of the complex is 
uncertain. The difference in the equilibrium constants is small between D M F  and N-iz- 

butylacetamide for both t-butyl and cumyl hydroperoxides, which suggests little or no 
involvement of the N-H group as an acceptor in hydrogen bonding. 

/ I .  Sirlphosides. Equilibrium constants for hydrogen bonding of hydroperoxides with 
methyl cyclohexyl sulphoxide as the donor, according to equation (6), have been 
determined by IR methods. The results are given in Table 12. A correction has been made 
for intramolecular hydrogen bonding to phenyl in the case of cumyl hydroperoxide, which 
causes a considerable change in K (equation 6)"'. Similar corrections have not been made 
for other substituents bearing 7c systems. 

K 
R'OOH +OS(R' )  (Rz) R'OOH...OS(R') ( R 2 )  (6) 

For the data in Table 12, increased complex formation, as measured by K ,  parallels the 
increase in AsoH. Presumably, a n  increase in the equilibrium constant of equation (6) also 
corresponds to an  increase in the acidity of the hydroperoxide. Comparison of Me,COOH 
to  Me,SiOOH and Ph,COOH to Ph,SiOOH shows that in both cases silicon increases K 
and presumably the acidity. The same conclusion has been reached from interrnolccular 
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TABLE 11. Hydrogen-bonded complex formation between amides and hydroperoxides in carbon 
~etrachloridc~' 

K(20"C) - AH -AS 
Hydroperoxide Arnide (M - ) (kcal mol-I) (e.u.) 

t-Butyl McCONMe, 22.9 
L-Butyl MeCONHBu-ti 22.4 
t-Butyl MeCONHPr-i 16.2 
Curnyl MeCONMe2 13.5 
Curnyl MeCONHBu-ti 12.3 
Cumyl MeCONHPr-i 8.3 

5.41 12.2 
5.12 13.3 
4.7 1 10.4 
5.00 11.9 
4.90 11.7 
5.09 13.3 

"Data are from infrared measurements. 

hydrogen bonding studies to THFSG (cf. Section III.B.2.c). Again the order of acidity 
(R,SiOOH > R,COOH) can be explained by d,-p, bonding in the Si -0 bond6'. 

A LFER was suggested between the pK, of the hydroperoxide and log K of equation 
(6)68. With pK, values in aqueous solution for r-butyl hydroperoxide (12.8)*, cumyl 
hydroperoxide (12.6)", phenol (9.95)68 and thymol(10.49)68 and the K values in Table 12 
(Reference 68) a!ong with those for phenol (314)68 and thymol (127)68, one obtains: 

pK, = (-3.15 0.5O)logK + 17.55 0.98, 

r = 0.976, Sy.x = t-0.39. The generality of this correlation for the prediction of the pK, 
values of hydroperoxides and phenols has not been thoroughly tested. Presently, the 
correlation rests o n  two hydroperoxides with similar pK,s and two phenols with similar 
PKS. 

A trend to increasing chemical shift of the peroxy proton with increasing acidity has 
been noted in hydrogen bonding with DMSO as seen from Table 139. An attempted LFER 
with all ofthe pointsgives a poor correlation ( r  = 0.770, Sx,y = k0.087). If 1,l-diphenyl-l- 
propyl hydroperoxide is excluded, a fair correlation results: 

pK, = (-0.430 0.0095)6 + 17.88 1.05, 

TABLE 12. Hydrogen bonding of hydroperoxides with methyl 
cyclohexyl sulphoxide" 

K(25"C) A\pOH 

Hydroperoxide (XI -  ' )  (cm-I) Ref. 

t-Butyl 
I-Butyl 
1 -Tetralyl 
Cyclohex-2-enyl 
Cyclohexyl 
Cumyl 

Me3SiOOH 
Ph3SiOOH 

Ph 3 COO H 

35 
25.1 
53 
43 
39 

41 b(22)' 
34.2 
42.1 

I32 

-. 

283 
- 

- 
304 
33 1 
412 

68 
69 
68 
68 
68 
68 
69 
69 
69 

"From infrared data. 
'Corrected.for intramolecular hydrogen bonding to the phenyl 
group. 
'Uncorrected for intramolecular hydrogen bonding. 
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TABLE 13. Chemical shifts of tertiary hydrope- 
roxides in DMSO and pK, values in 40% aqucous 
rnct hano19 

H ydropcroxidc S(ppm)” PK, 

Me3COOH 10.72 13.27 
PhCH2C(Me2)OOH 10.76 13.25 
Me,C(CH,CI)OOH 10.96 13.2” 
Ph,C(Et)OOH 10.89 13.02 
Ph 2C( Mc)OO H 1 1.34 12.94 
P h 3 COO H 1 1.34 13.07 

“Relative to TMS as the internai standard. 
bObtained indirectly from kinetic data. 

I’ = 0.915. S,,., = +0.057. The low correlation coefficient is due in part to the small spread 
in both 6 and pK,. The correlation of pK, of hydroperoxides with (i* (cf. Section 1I.B) is 
preferable unless (i* values are unavailable. 

i. Miscelluizeorrs donors. Equilibrium constants for complex formation between 4- 
hydroxy-2,2,6,6-tetramethyIpiperidine-l-oxyI (7) and t-butyl, t-amyl and I-phenylethyl 
hydroperoxide have been determined by NMR in carbon tetrachloride a t  18°C to be: 5.7, 
2.8 and  OM-', r e s p e c t i v ~ l y ~ ~ .  O n  the basis of the hyperfine coupling constants, i t  is 
proposed that the oxygen atom of the nitroxide group is the donor. At moderate 
concentrations of hydroperoxide, a 1 : 1 complex is formed, but at  high concentrations 
([ROOH] > 8 M) a 1 :2  (7:ROOH) complex is detected. 

The cyano group apparently acts as a donor in hydrogen bonding with hydroperoxides. 
An infrarcd band at 3417cm-’ (A\’OH = 134cm-’) is assigned to this type of complcx 
between acetonitrile and cumyl hydropcro~ide’~.  The - A H  value for complex formation 
is reported to be 2.78 kcal mol-’ 55. 

Both the nitro group and the x aromatic system in nitiobenzcne are proposed to act as 
donors to f-butyl hydroperoxide. Infrared bands a t  3490cm-’ (A\’OH = 6Scm-’)  and 
3522cm-’ (AvOH = 36 cm- ’), respectively, are assigned to these complexes4’. 

The equilibrium constant for r-butyl peroxide as the donor with cumyl hydroperoxide is 
reported to be 0.65~-’ at 20°C in carbon tetrachloride by infrared measurementss4. The 
frequency shift (A\10H)5J for this complex is 151 cm-’. 

j .  Swtitnury. A comparison of the effect of various donors on intermolecular 
hydroperoxide hydrogen bonding is given in Table 14. For simplicity an attempt has been 
made to restrict the data to 1-butyl hydroperoxide. When data are not available for this 
hydroperoxidc, results with cumyl hydropcroxidc are given. The table is ordered in 
decreasing complex formation as well as the data permit. Prcferencc in the ordering is 
given first to equilibrium values, then cnthalpy, and finally Avoll values. 

A word of caution is worthwhile with regard to the application of the Badger-Baucr 
relation (equation 7)34 to obtain cnthalpies of complex formation. I t  has been found that 
the proportionality constant (Knn) varies according to the donor, so that a universal value 
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TABLE 14. Comparison of hydroperoxide intermolecular hydrogen-bonded complexes 
K 

ROOH + D = ROOH...D 

149 

ROOH" D 
K(20"C) -AH AVOH 
(M-') (kcal mol-') (cm-') Ref. 

TBHP 
TBHP 
TBHP 
CHP 

TBHP 

TBHP 

ROOH 
TBHP 
CHP 
TBHP 
CHP 

ROOH 
CHP 
TBHP 
TBHP 
TBHP 

Et3N 
Methyl cyclohexyl sulphoxide 
Amides 
PhOH 

HO -0. 

TBHP 
H 
I 

R'OH (complex: ROO. . .HOR' )  
P r 2 0  
MeCOMe 
MeC0,Me 
MeCN 

H 
I 

R'OH(comp1ex: ROOH. . -OR ' )  
Me3COOCMe, 
Cyclohexene 
PhN02 
ArH 

96 26 
2 9 - 
16-23 4.7-5.4 
22 - 

5.7' - 

2.2 6.1 

- 3.5-4.5 
est. -2 3.7 

1.9 - 
3.3 - 

- 2.78 

2.5 - 
0.65 - 
- - 
- - 
-0.2 1.4-2.4 

60 
280 69 

67 
59 

- 

- 
- 

70 - 

1 5439 d 

35 
220 53 
176 54 
120 66 
134 54.55 

- 

35 
151 54 
80 51 
80 47 

- 

45(C6H6)39 e 

"TBHP = r-butyl hydroperoxide, CHP = cumyl hydroperoxide. 
b25"C. 
18°C. 

dCf. Table 5. 
'Cf. Table 7. 

of Ksn cannot be used to evaluate - A H  from infrared data6h. Some values of K B B  
(molkcal-') for hydroperoxide complexes are66: (r-BuOOH), (1.1 x lo-,), t -  
BuOOH-styrene (0.64 x low2), t-BuOOH-benzene (0.77 x lo-,), t-BuOOH-o- 
dichlorobenzene (0.88 x lo-,), t-BuOOH-Pr,O (1.65 x lo-,) and t- 
BuOOH-MeC0,Me (1.0 x lo-'). 

In general complex formation is increased with n electron donors relative to 7t electron 
donors. Within each category of donor type, increasing basicity appears t o  increase 
complex formation. If a group possesses both n and n electrons, complexation with the n 
electrons should be preferable. With carbonyl", esterb6 and amide6' groups, n electron 
complexes have bcen proposed. An n electron complex would also be expected with the 
cyano group. 
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A weak complex is suggested by the Av value for the nitro group as a donor in 
nitrobenzene. The  nitro group is expected to be an n electron donor, which should place it 
higher in Table 14. As stated above, the use of Av values to evaluate complex formation 
between different types of donors is subject to considerable error. 

3. In trarnolec ular ass o cia tion 

Hydroperoxides can form intramolecular hydrogen-bonded complexes with n or 7c 
electron donors. It can be notcd that intramolecular association can complicate the 
calculation of intermolecular complex equilibrium constantss5*". Since concentration 
variation studies cannot be used to obtain equilibrium constants for intramolecular 
hydrogen bonding, enthalpy is the only thermodynamic parameter that can be obtained 
from experimental data. This parameter is obtaincd by temperature variation studies. 

u. Arenes. In carbon tetrachloride solution. cumyl hydroperoxide shows two infrared 
bands in the region of about 3500-3550 cm- '. The higher frequency band was assigned to 
the free 0 -H group and the lower frequency band to the 0 --H group intramolecularly 
hydrogen-bonded to the 7c aromatic ~ y s t e r n ~ ~ . " . ~ ' . ~ ~ .  Intramolecular hydrogen bonds to 
aromatic groups have been noted with several other hydroperoxides and the data are given 
in Table 15. The energy ofthe intramolecular hydrogen bond is somewhat less than that of 
the intermolecular hydrogen bond to 7t aromatic systems. For  example, the enthalpy of 
intermolecular association to benzene, toluene ar?d p-xylene are: -AH E 1.5 kcal mol-'  
(cf. Table 7), 1.4 kcal mol- ' 47 and 2.34 kcal mol- 47. The Avol1 values for intramolecular 
hydrogcn bonding to the 7c aromatic systems (with the exception of Ph,MOOH 
hydroperoxides) are also less than that for intermolccular hydrogen bonding to benzene 
(AiroH = 45 cm-'  with ~ - B U O O H ) ~ ~ .  

With p-ROOC(Me,)C6H4C(Mez)OOH, the Avoll and AH values are similar to other 
systems which involve 'TI aromatic intramolecular hydrogen bonding. O n  this basis, 

TABLE 15. Infrared frequency shifts ( A Y ~ ~ ~ )  and enthalpy for intramolecular hydrogen bonding of 
hydropcroxides to aromatic groups in carbon tetrachloride 

Hydroperoxide 

Frec Intra 

(cm'- l )  ( c m - ' )  (cm- ' )  (kcal rnol-I) Ref, 
)'OH ~ O I I  Al*O€I - A H  

CHP" 
CHP" 
CHP" 
1 -Te t ral y I 
Ph?C(Mc)OOH 
P h 3 COO H 

Ph3COOH 
Ph,SiOOH 
Ph3GeOOH 
Pli3Sn00H 
~-ROOC(MC,)C,,H,C(MC~)OOH : 
R = Me,C 
R = EtCMc, 
R = PhCMe, 

3535 
3530 
355 1 

.- 

Not 
observed 
3615 
3688 
3655 
3618 

3556 
356 I 
3548 

3510 
3497 
3519 

- 

3518 

3518 
3547 
3556 
3577 

3528 
3528 
3527 

25 
33 
32 
28 
30 
- 

97 
141 
99 
41 

28 
33 
21 

- 
0.9 & 0.1 

0.9 0.1 
0.96 & 0.1 1 

- 

0.98 0.04 
1.0 & 0.02 
1 . 1  & 0.1 

68 
71 
48, 72 
66 
66 
42 

56 
56 
56 
56 

73 
73 
73 

"Cumyl hydroperoxide. 
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hydrogen bonding to the x aromatic system rather than to the ROO group has been 
~roposed '~ .  A linear correlation is noted between ArtoIi (intra-) and AvoH (inter-molecular 
to THF) for M = C, Ge and Sn in Ph,MOOH, while M = Si deviates slightly from the line 
(AI~OH (intra) is lcss than expected from the correlation line). With M = Si, Ge  and Sn, 
d,-p, bonding could effect both the basicity of thc aromatic rings and the acidity of the 
hydroperoxides. Since a linear correlation between intra- and inter-molecular hydrogen 
bonding is observed with M = C, Ge and Sn, M-0 d,-p, bonding to effect 
hydroperoxide acidity appears to dominate with these atoms. With M = Si, M -Ph d,-p, 
bonding apparently contributes as well to dccrcdse the basicity of the aryl group and to 
cause a deviation from the correlation. This appears reasonable, considering the order of 
decreasing d,-p, bonding: Si > Gc > W6. 

b. Alkynes, ethers cirid ciniiiies. Intramolecular hydrogen bonding of hydroper- 
oxides containing alkene and alkyne groups has been largely ncglccted. in 
one study, intramolecular hydrogen bonding betwcen the OOH and the 
alkyne in Me,CHC(Mc)(OH)C 3 CC(Me,)OOH has bcen proposed with 
-AH = 0.47 kcal mol- 74. 

Infrared and NMR studies have bcen reported for 2-tetrahydropyranyl 1,4-dioxan-2-yl 
and 2-tctrahydrofuryl hydro peroxide^'^. It has been claimed that none of thcse oxygen 
heterocyclic hydroperoxides show intramolecular hydrogen bonding. 

Intramolecular hydrogen bonding of the hydroperoxy group to nitrogen in several 
nitrogen heterocycles has been reportcd and the data arc given in Table 16. Both the low 
0 -H stretching frequency and the down-field NMR shift of the hydroperoxy group 
suggest strong intramolecular hydrogen bonding in these heterocycles. Also in the second 
to the last entry in Table 16, the absorption 81 3100cm-' is reported to be invariant on 
d i l~ t ion '~ .  The absorption at  3100cm-' seems high refativc to the orher reports which 
place the intramolecular hydrogen-bonded OH stretching frequcncy at 2800-2320 cm - I .  

Intramolecular hydrogen bonding is suggested in a scries of N-( I-aryl-l- 
hydroperoxymethyl)-3,S-di-t-butyl-p-benzoquinone monoimines (8)''. The IR (KBr, 
ern-') and NMR (ppm, CDC13) absorptions of the hydroperoxy group are: R = C6H5 
(3070, 11.65), p-MeCbH4 (3100, 1 1.58),p-MeOC6H4 (31 10, 11.20),p-CIC6H4 (3100,11.27) 
and 2-fury1 (3080, 10.75). 

( 8 )  

c. Cut-borzyls. From a plot of optical density ratios of the free OH(3546cm-') to the 
intramolecular hydrogen-bonded OH(3450 cm-' ) infrared absorptions, extrapolated to 
infinitc dilution, vs. temperaturc, one calculates -AH = 1.86 kcal mol-' for equation 
(8)*'. Thermodynamic parameters for the competing monomer-dimer cquilibriurn are 
-AH = 1.45kcalmol-' and -AS = 4.3e.u. (33.1°C)81. The structure of the dimer is 

0 O...H'O 

(8)  
I I  I 1  I 

Me,CHCCH Me2 Me2CHC, ,O 
C 

Me' 'Me I 
OOH 

( 9 )  
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TABLE 16. Intramolecular hydrogen bonding of five-membered ring-nitrogen hetero- 
cycles" 

Hydroperoxide 

Intra Intra 

(cm-') (PPm) Ref. 
"OH dOH 

I I  
H-0 

2820b I 4.4b 76 
76 2 105* - 

2816 (KBr) 12.4((CD,),CO) 77 

RlsR2 
" 0 

H-0 
- 1  : I  
H-0 

"Free O-H stretching frequency is not reported, but see footnote c. 
bSolvent not reported. 
cvoI1 (free) = 3500cm-'. 

prcsumed to be the six-membered ring species that is proposed for other hydroperoxides 
(cf. Section III.B.l). The low - A H  value for the monomer-dimer equilibrium, as 
compared to t-butyl hydroperoxide ( -AH = 5.95 kcal m ~ l - ' ) ~ ' ,  results from the 
increased stability of the monomer due to intramolecular hydrogen bonding. 

Cyclization of 9 to the dioxetane 10 is not considered to be significant, since a strong 
carbonyl absorption is observed at 1717 cm-' and the NMR spectrum shows a hydrogen- 
bonded hydroperoxy proton at 9.39 ppm. In contrast to 9, in tt7e case shown in equation ' 
(10) there is no evidence for the corresponding intramolecular hydrogen-bonded species 
1182. The infrared spectrum fails to show a carbonyl band in Nujol or in a 10 %solution in 
dimethoxyethane, which along with other data indicates structure 12. 

OH 
I 

I I  
0-0 

9 ->c- Me2CH-C-CMe2 
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d. Peroxides. In Ta.ble 17, intramolecular hydrogen-bonding data are presented where 
the peroxide group acts as the donor. Fivc-membered ring hydrogen-bonded structures 
involving the hydroperoxy groups have been p r o p ~ s e d ~ ~ * * ~ ,  but alternative structures 
involving six-membered rings cannot bc excluded. Originally the structure of 15 was 
shown with one free and one hydrogen-bonded hydroperoxy Considering the 
similar AH values of 13 and 15, and that there are two hydrogen-bonded OOH groups in 
13, the structure for 15 shown here seems preferable. Also, the alcoholic OH group in 14 
was originally shown as To account for the more negative enthalpy of 14 vs 13 or 
15, the alcoholic OH group is now shown as being hydrogen-bonded. 

Intramolecular hydrogen bonding of an alcoholic OH group with a peroxide group (16) 
has been studied in relationship to two model hydroxy ethers (17 and 18)84. The results 
from infrared measurements are given in Table 18. The enthalpy of intramolecular 

Me 

su-t BU-t 

hydrogen bonding is more favourablc for a 1,6- than a 1,5-interaction as seen from 17 vs. 
18. However, the populations of the 1,5- and 1,6-species depend on the free energies of these 
interactions. Unfortunately, the entropy cannot be obtained experimentally for 
intramolecular hydrogen bonding, which is needed to obtain the free energy. Empirical 
correlations suggest that the entropy should be lowered by 4e.u. per restricted bond 
rotation". The rotation of one additional bond is restricted in the six-membered ring 
species as compared with the five-membered ring species. At the average temperature of 
the measurements (50°C). 

TALLS,-~ z -1.3kcalmol-' [= 323(-4 x lo-')], 

where AASG5 is the estimated entropy difference between the five- and six-membered 
species. The enthalpy difference between r,3- and-l,6-interactions is obtained from 17 and 
18 to be 

AAHh-5 = -0.34kcalmol-' [= - 1.41 - (- 1.07)]. 

The free energy difference is then 

AAG,-S = 1.0 kcal mol- ' [= -0.34 - ( -  1.3)]> 

so that the 1.5-interaction is favoured over the 1,6-interaction. On this basis, peroxide 16 is 
shown as a 1,5- rather than a 1,G-hydrogcn-bonded species. It is seen that the difference in 
free energy between these two types of interactions is small, which points out the difficulty 
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TABLE 17. Intramolecular hydrogen bonding of hydro- 
peroxides with a peroxide donor groupG6" 

Intra 
"OH -AH 

Peroxide (cm-I) (kcal mol- ') 

107' 

172 

112 

7.0 f 0.5' 

11.2 0.8 

7.3 + 0.5 

"In carbon tetrachloride. 
h1701,  (free) = 3542cm-I. 
'The van't HoK plot shows curvature. 

TABLE 18. Intramolecular hydrogen bonding of the hydroxy group with peroxide and cther donor 
groups84 

Frce Intra 
"011 "011 A h ,  - A H  

Compound (cm- ' )  (cn1-I) (cm- ' )  (kcal mol-I) 

16 3638 3593 45 0.95 f 0.05 
17 3638 3584 54 1.07 f 0.03 
18 3638 3510 I28 1.41 f 0.05 

- 

"In carbon tetrachloride. 
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in evaluating the type of hydrogen bonding in more complex structures such as 13-15. 
A comparison of 16 with 17, where both compounds involve I,S-hydrogen bonding, 

reveals that the peroxy and ether groups are similar as donors. 

IV. COMPLEXES 

This section will survey isolable complexes of peroxides, where 0 bonds are not formed. 
Transition-metal-ion-peroxide complexes will not be included. Isolable complexes have 
been reported for two types of peroxides: peroxy acids and hydroperoxides. 

A. Peroxy Acids 

Isolable 1 : 1 complexes of substituted peroxybenzoic acids with triphenylphosphine 
oxide, triphenylarsinc oxide, pyridine N-oxide and 4-methylpyridine N-oxide have been 
prepareds6. These appear to be the only isolable complexes of peroxy acids. Thc adducts are 
unstable a t  room temperature, with the pyridine N-oxide complexes being least stable 
(rapid decomposition at  OT). The complexes are white solids, which are soluble in 
haloalkanes. Infrared data and melting points are given in Table 19. 

TABLE 19. Peroxybemoic acid complexes with triphenylphosphine oxide, triphenylarsine oxide and 
pyridine N-oxides86 " 

Complex m.p.("C) vOH(cm- ') \'c=o, (cm-') 

0 
I I  

Ph3 ASO**--HOOCC6 H4 X 

X = 3-NO2 
4-NO2 
3-c1 

0 
II 

N 0 ... HOOCCe H4 X 

82-84 2820 1753 
84-86 2750 1758 
64-66 2840 I748 

77-79 (2500, 2370) 1742 
78-8 1 (2450,2340) 1750 
57-60 (2500, 2380) (1760, 1730) 

77-81 (2400. 2330) 1735 
79--82 2590 1728 

0 
II 

N- O... HOOCCs H4 N02-P 
94-95 2660 1745 

"Infrared spectra measured in Nujol-hexachiorobutadiene mulls. 
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The  O H  stretching frequencies of the crystalline peroxybenzoic acids are about 
400-500 cm- ' higher than observed in the triphenylphosphine oxide adductsS6. This 
suggests strong hydrogen bonding in all of t he  adducts. The  carbonyl frequencies are 
shifted to higher values (20-30 cm-  ' ) in the triphenylphosphine complexes, while the 
P-0 stretching frequency is lowered by 30-40 cm-' .  

B. Hydroperoxi des 

ammonium-hydroperoxide adducts. 
Two types of isolable complexes are reported ; amine-hydroperoxide adducts and 

1. Arnine-hydroperoxide complexes 

These complexes have proved useful in the isolation and purification of hydroperoxides. 
For example, 1 : 1 pyridine: hydroperoxyfluorene adducts (19) have been used to  isolate the 
hydroperoxides produced in the autooxidation of the fluorenes8'. The melting points of 
these adducts are: R = p-MeC6H4CH, (76-77"C), p-MeOC6H4CH2 (82-92"C, 
decomp.), and Ph (90-91°C). In  another example, DABCO (1,Cdiazabicyclo- 
[2.2.2]octanc) has been used to purify P-halo hydroperoxides via crystalline adducts8'. 

Table 20 lists some representative hydroperoxide-amine complexes. The references in 
the table may be checked for additional complexes. The adducts are prepared by mixing 
the reactants in the stoichiometry for the desired type of complex (1 : 1, 1 :2, etc.) in a 
hydrocarbon solvent. The adduct precipitates (sometimes cooling is required), the 
precipitate is washed with a hydrocarbon solvent and the adduct is vacuum-dried. It  
appears that the adducts involve 1 : 1 1iydroperoxide:amino group association, where one 
or  all of the amino groups in polyamines may be complexed. I n  general, the polyamines 
appear best suited for high-melting derivatives. 

Although these complexes are sometimes referred to as salts, in most instances they are 
instead strongly bonded adducts. With approximate pK, values for hydroperoxides and 
tertiary aliphatic amines of 13 and 10, the equilibrium constant ( K , )  for equation (11) is 

which indicates little salt formation. A possible exception to this conclusion may be 

found with guanidine-hydroperoxide adducts, where the pK, of guanidine ( 13.65)94 is 
comparable or  somewhat greater than pK, values of hydroperoxides. It has been noted" 
that guanidine adducts of t-butyl and cumyl hydroperoxide are insoluble in benzene, while 
cumyl hydroperoxide adducts of 1.3-diphenylguanidine (pK, = 10.12)94 and 1,2,3- 
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TABLE 20. Representative hydroperoxidc-amine complexes 

Ratio 
Hydroperoxide Amine HP:Amine m.p. ("C) 'x Yield Ref. 

t-B ut yl DABCO 1: 1 52-55 90 89 
t-BUtyl DABCO 2: 1 74-76 93 89 
t-Butyl (NHz)ZC=NH 1: 1 91(4 68 90 
t-Butyl (NHz)zC=NH 3: 1 101-102(d) 92 90 
Cumyl (NHz)zC=NH 1:l 82W 71 90 
Cumyl (NHz)zC=NH 2: 1 83-84(d) 89 90 
Cumyl (PhNH)zC=NH 1:l 84W 75 90 

Cumyl DABCO 2: 1 87.5-88.5 96 89 
Cumyl (PhNH)zC=NPh 1:l 101-102(d) 89 90 

Cumyl p-MeC6H4NH2 1:  1 94 91 
Cumyl P-Napt hylamine 1: 1 64-66 92 
Trityl p-MeC6H4N Hz 1:l 63 91 
Trityl Benzidine 2: 1 91 91 
BH" DABCO 1: 1 128-131 82 89 
BH" Acridinc 1:2 104-105 92 89 
THb DABCO 2 :  1 50-52 75 93 

"HOOC(Me)z(CH2)zC(Me)2COOH. 
*PhSC( Me),CH = CHC(Me),OOH. 

triphenylguanidine (pK, = 9.10)94 are soluble in benzene. The solubility dimerences may 
reflect salt formation with guanidine, but not with the lower pK, phenyl-substituted 
guanidines. A broad infrared band a t  about 3400-3300cm-' is observed for 
hydroperoxide-amine complexes which is assigned to OOH -N90-93, while bands a t  
about 3500 and 3400cm-' are assigned to 0-0 . - -H-N9'*92.  

2. Ammonium-h ydroperoxide complexes 

CurnyIg5 and t-butyl'" hydroperoxide form 1: 1 complexes with tetra-n- 
butylammonium bromide. A 2 :  1 (hydroperoxide to ammonium salt) complex is also 
reported for t-butyl hydroperoxideg6. The cumyl hydroperoxide adduct (m.p. 45-47°C) 
has been prepared in 95 % yield [vOH(cm- I ) :  3180 (Av = 370) in carbon tetrachloride and 
3240 (Av = 280) in benzeneIg5. These infrared absorptions have been assigned to 
Br- . * HOO hydrogen bonding. 

Preparation of R+&OOR' salts have been reported where R' = Me, Et, 11-Bu and 
R2 = t-Bu, PhCMeZ9'. Thc salts cannot be isolated in a pure state. 
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I .  INTRODUCTION 

Alkyl hydroperoxides (ROOH) and dialkyl peroxides (ROOR) are derivatives of 
hydrogcn peroxide (HOOH). Their thermal staElity generaily increases in the u- order 
primary c sccondary c tertiary alkyl. The lower molecular weight members, methyl, 
ethyl, propyl and allyl, are liable to explode when in concentrated form and their isolation 
is not to be recommended. Tertiary alkyl hydroperoxides and di-t-alkyl peroxides on the 
other hand, are quite stable towards thermal decomposition. Indeed t-butyl 
hydroperoxide (TBHP) and di-t-butyl peroxide (DTBP) are two of the most stable 
organic peroxides. When subjected to heat, alkyl hydropcroxides and dialkyl peroxides 
undergo unimolecular, homolytic dissociation (reactions 1 and 2). A major application of 
these compounds is, therefore, as initiators in free-radical polymerization processes. They 
are also used as  crosslinking agents for polyolefins, vulcanizing agents for elastomers and 
as curing agents for polyester resins. In this chaptcr, however, we shall bc concerned only 
with the USCS of alkyl hydroperoxides and dialkyl peroxides in organic synthesis. We shall, 
of necessity, concentrate mainly on  the alkyl hydroperoxides, as these are more reactive, 
particularly in combination with metal catalysts, and have consequently found wider 
usage. The uses of alkyl hydroperoxides in organic synthesis may be broadly dividcd into 
two types: those involving alkyl hydroperoxides as intermediates and those employing 
them as reagents, i.e. as oxidizing agents. A n  example of the former is thc conversion of 
cumene to phenol and acetone via cumene hydroperoxide and an example of the latter is 
the metal-catalysed cpoxidation with alkyl hydroperoxides (uide irtfka). 

RO-OR - 2RO.  (1 1 
RO-OH - RO. + HO. (2) 

t-Butyl hydroperoxide (TBHP) was first prepared in 1938 by Milas', but remained 
pretty much a laboratory curiosity until thc sixties. The situation changed with the 
discovery, by scveral industrial l abora tor ie~~--~ ,  that propylene could be selectively 
epoxidized by TBHP in the presence of a homogeneous molybdenum catalyst (reaction 3). 
This process prcsently accounts for the manufacture of several hundred thousand tonnes 
per annum of propylcne oxide. 

n 

/"\ 
CH3CH=CH2 i- t-Bu02H LMA- CHJCH-CH2 +t-BuOH (3) 

TBHP now constitutes a bulk organicchemical and in recent years has found increasing 
use, generally in combination with a metal catalyst, as a selective oxidant in organic 
chemistry5. However, as Sharplesss has recently pointed out, organic chemists have 
generally failed to fully appreciate the advantages of TBHP a s  a mild selective oxidant. 
Thesc advantages, which make TBHP superior to other, more well-known, sources of 
active oxygen, such as HzOz and peracetic acid, are worth noting: 

(1  ) TBHP has a high thermal stability in dilute organic solutions, e.g. a 0.2 M solution of 

(2) TBHP is lcss sensitive to contamination by metals than H,OZ or peracetic acid and 
TBHP in bcnzenc has a half-life of 520 hours at 130°C. 

is consequently safer to handle. 
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(3) Perhaps the key advantage of TBHP is its selectivity. In contrast to H 2 0 2  and 
peracetic acid it is unreactive to most organic compounds in the absence of metal 
catalysts. 

(4) TBHP is readily soluble in hydrocarbon solvents. This is an important advantage 
over H 2 0 2  which is soluble only in strongly polar solvents and macy of the metal- 
catalysed oxidations to be discussed later are seriously retarded by such solvents. 

( 5 )  Oxidations with TBHP are carried out under essentially neutral conditions and are, 
consequently, applicable to acid-sensitive substrates. 

(6) The co-product, t-butanol, has a relatively low boiling point (83°C) and is readily 
removed by distillation. Other readily available alkyl hydroperoxidcs, such as 
ethylbenzene hydroperoxide (EBHP) and cumene hydroperoxide (CHP), produce 
higher boiling co-products and could be the reagents of choice when the product is 
low boiling and difficult to separate from t-butanol. 

The fact that organic chemists, who are accustomed to employing organic peracids in 
their syntheses, have failed to exploit the advantages of TBHP, can probably be attribuied 
to a lack of familiarity with this reagent. We hope, therefore, that this article will stimulate 
the further exploitation of this useful oxidant. In more than ten years of working with 
TBHP and other alkyl hydroperoxides we have not yet cxperienced a single explosion. 

In dividing the material for this chapter we have optcd for a categorization based on the 
type of mechanism involved. We have chosen this approach because we are of the opinion 
that an understanding of mechanism provides a sound basis for extrapolation to other, as 
yet undiscovered, applications in organic synthesis. Before proceeding to a discussion of 
the mcchanistic features of these reactions we shall first consider the various methods 
available for the synthesis of alkyl hydroperoxides and dialkyl peroxides. 

The comprehensive review by Hiatt' constitutes a useful account of the literaturc up to 
1970 on the synthesis and reactions of alkyl hydroperoxides. 

II. SYNTH ESlS 

A. Autoxidation of Hydrocarbons 

The liquid-phase autoxidation of hydrocarbons is the method of choice for industrial- 
scale synthesis and is used for the manufacture of the three most important alkyl 
hydroperoxides: TBHP, EBHP and CHP. 

Mc~COOH PhCH (Me)OOH PhC(Me2)00H 
TBHP EBHP CHP 

Autoxidations proceed via a free-radical chain mechanism, described by Scheme 1 '. 

Iiiitiatioii 
Ri 

I n 2  - 2 1 n .  

I n '  + R H  - I n H + R .  

Propagcit iori 
R * + 0 2  - R02.  

kv 
R01. + R H  - RO2H + Re 

Termitiut ion 

2 ROz * 2k, nomradical products + 0 2  

SCHEME 1 
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The rate expression for hydroperoxide formation and oxygen consumption is given by 
equation (4). 'This, however, represcnts an ideal situation in which chain lcngths are long 
and the ratio of propagation to termination is high, resulting in high yields of 
hydroperoxides. In practice this is observed only with reactive tertiary alkanes and 
aralkanes and certain alkenes (see later). The susceptibility of any particular substrate to 
autoxidation is determined by the ratio ( k , / 2  k,)+ which is referred to  as its oxidizahility. 
The rate of propagation ( k , )  roughly parallels the easc of breaking of the $:-H bond and 
increases in the series ti-alkanes -= branched alkanes < aralkanes < alkenes. 

The rate of termination ( 2 k , )  increases in the order primary < secondary < tertiary 
alkylperoxy radicals. Thus the lower rates of autoxidation of primary and secondary 
C-H functions compared to  their tertiary counterparts are not only due t o  the lower 
reactivity of the C-H bonds in the former but also 10 tiic'signiiichn2;y iiigher rate of 
termination of primary and secondary alkylperoxy radicals. This explains why such a 
fairly reactive hydrocarbon as toluene undergoes a relatively slow rate ofautoxidation (see 
Table 1). 

Chain initiation is readily accomplished by the deliberate addition of initiators, such as 
aliphatic azo compounds and organic peroxides, which yield free radicals by thermal 
decomposition. Tertiary alkanes and aralkenes are readily autoxidized in the temperature 
range 100-150°C even in the absence of added initiators. Such reactions cxhibit induction 
periods, followcd by increasingly rapid oxygen uptake and eventual levelling off. The 
reactions become considerably more complicated at  high hydrocarbon conversions due to 
the accumulation of secondary products, such as carbonyl compounds, formed by the 
thermal decomposition of the alkyl hydroperoxide. Autoxidative syntheses are thus 
generally carried out to low conversions (10-20 "/o) and the cxcess unreacted hydrocarbon, 
which is easily scparated from the hydroperoxide, is recycled. In practice further reactions 
of the alkyl hydroperoxide may be carried out directly o n  the solution in unreacted 
hydrocarbon. 

The autoxidation of isobutane to TBHP has been thoroughly studied becausc of the 
commercial importance of the product'-14. Both liquid'.' '-14 and vapour-phase".' 
processes have been described. The reaction is carricd out in the temperature range 
100-140°C and, under commercially relevant conditions, produces TBHP in 75 "/,yield at 
ca. 10 "/, isobutane conversion. The selectivity to TBHP drops to 64 "/, at 20 "/, conversion 
of isobutaneg. The main by-products are t-butyl alcohol and di-t-bbtyl pcroxide (DTBP). 
together with small amounts of acetone. CommerciallyavailableTBHP generally contains 
ca. 70 "/, wt. TBHP. 

TABLE 1. Absolute rate constants for hydrocarbon autoxidations at 30°C" 

k1,/(2k,)'  x lo3 k P  2 k ,  x lo-"  
Su bstratc (k,-! s - ! )  ( M - SL ) ( X I  - I s- 1 )  

____ ~~ 

Cumene 
Tctralin 
Et h ylbenzcnc 
Toluene 
Cyclo hcxene 
Heptcnc-3 
Octene- 1 

~~ 

1.50 
2.30 
0.2 1 
0.014 
2.3 
0.54 
0.062 

0.18 
6.4 
1.3 
0.24 
5.4 
1.4 
1 .o 

0.015 
7.6 

40 
300 

5.6 
6.4 

260 
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Similarly, other tertiary alkanes can be selectively autoxidized in the liquid phase to  
produce the corresponding hydroperoxide’ 5*16. Examples are shown in Table 2. 

Alkanes containing two tertiary C -H bonds afford bishydroper~xides’~*~*. When the 
two relevant C-H bonds are suitably juxtaposed, the formation of the bishydroperoxide 
occurs in high yield as a result of efficient intramolecular hydrogen abstraction. For 
example, 2,4-dimethylpentane afforded the bishydroperoxide in 95 7; selectivity at 10 % 
conversion (reaction 5)”.  

TABLE 2. t-Alkyl hydroperoxides from the liquid-phase autoxidation of alkanes 

Temperature Selectivity 
Substrate (“C) Major product ( %) Ref. 

8 
b 

100 

120 GH 

PH 

- 

96” 

9 9  

9 9  

96b 

15 

16 

16 

16 

16 

“R = Me, Et, i-Pr, t-Bu, c-C6H I I . 
bThe selectivity refers to total hydroproxide; isomer distributions werc not reported. The tertiary 
hydroperoxide is presumed to be the major product. 
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As mentioned earlier thc oxidizabilities of aralkanes dccrease significantly in the order: 
tertiary > secondary > primary benzylic C-H bonds. This is largely due to the 
signscant increase in rate of termination in the order: primary > secondary > tertiary 
alkylperoxy radicals (see Table 1). 

Aralkanes containing tertiary benzylic C-H bonds undergo smooth autoxidation at 
moderate temperatures to afford the corresponding hydroperoxides in high selectivities. 
The autoxidation of cumene to  cumene hydroperoxide (CHP) (reaction 6) is of 
considerable industrial importance as the first step in the well-known process' for the co- 
production of phenol and acctone (reaction 7), a reaction discovered in 1944 by Hock and 
Lang2'. The autoxidation of cumene is carried out with air at 90-1 10°C, usually in the 
presence of a small amount of base, such as sodium carbonate, in order to circumvent 
premature acid-catalysed decomposition of the CHP to the autoxidation inhibitor, 
phenol. The reaction is usually carried out to 20-30% conversion and the solution 
concentrated to 80-90 "/, CHP by distillation of unreacted cumene. A continuous process, 
which affords a 95% selectivity to CHP at ca. 30% cumene conversion, has been 
described2 I .  

PhCHMe2 + O2 -- PhC (Me)? 0 2 H  (6) 

PhC (MeI2O2H - IH" PhOH + Me2C0 (7) 

Diisopropylbenzenes are similarly autoxidized to give the corresponding bishydro- 
peroxides, which undergo subsequent acid-catalysed decomposition to the corresponding 
dihydric phenols. Thus industrial processcs have been developed for the large-scale 
manufacture of resorcinol (reaction 8)22 and hydroquinone (reaction 9)23. They arc rather 
complex processes involving separation of the required bishydroperoxidc, by 
crystallization o r  extraction techniques, and recycling of the monohydroperoxide and 
unreacted hydrocarbon to the autoxidation step. 

PH 

Ethylbenzene hydroperoxide (EBHP) has achieved commcrcial importance as thc 
oxidizing agent in the Oxiranc and Shell proccsscs for the co-production of propylene 
oxide and styrene (see Section V1.A). Processes havc bcen described for the production of 
EBHP by air oxidation of ethylbenzene in the presence of small amounts of sodium 
pyrophosphate2" or barium oxide2'. Thus, oxidation ofethylbenzene with air at 135°C for 
thrcc hours in the presence of 0.0067 BaO anords EBHP in 95 ?{ selcctivity at 21 %, 
conversionz5. Autoxidations of methylbenzenes, such as tolucnc and xylenes, proceed at 
low rates and give low hydroperoxide selectivities due to cfficient termination of the 
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primary benzylperoxy radicals which affords substantial amounts of aldehydes and 
alcohols as primary products (reaction 10). The rate of termination can, however, be 
decreased and the oxidizability [kP/(2k,)' 3 increased by increasing the dielectric constant 
of the reaction In agreement with this finding thc rates and selectivities of 
autoxidations of relatively unreactive hydrocarbons, such as p-xylene and cyclohexane, to 
the corresponding hydroperoxides, increase considerably in the presence of nitriles2*. 

2 ArCH2OZ- - ArCHO + Oz + ArCH20H (1 0) 
Isopropyltoluenes are selectively autoxidized at  the isopropyl group to give 

hydroperoxides which can be converted to cresols via acid-catalysed d e c o m p ~ s i t i o n ~ ~ ,  e.g. 
reaction (1 1). 

In the autoxidation of alkenes, chain propagation can occur via the usual abstraction 
mechanism, to form an allylic hydroperoxide as the primary product (reaction 12), or via 
the addition of the alkylperoxy radical to the double bond (rcaction 13)14. Rcaction via 
addition leads to the formation of epoxides (rcaction 14) and/or polyperoxides (reaction 
15). Reasonable yields of allylic hydroperoxides are obtained only with reactive alkenes 
which possess a favourable abstraction/addition ratio, e.g. cyclohexene. With less reactive 
alkenes, such as I-octene, the intermediate hydroperoxidcs arc not stablc at the 
temperatures required for a reasonable rate of reaction. Indeed, with few exceptions the 
autoxidations of alkenes generally afford complex product mixtures and are of little 
synthctic value. Many of the high yields of hydroperoxides reportcd in the early literature 
are erroneous and can generally be attributed to thc inadequate analytical techniques 
available at  the time. 

I I  
(1 2 )  

(1 3) 

, I ,q-: abstraction ROzH :-:-C=C' \ 

ROz' + -C-C=C 

addition ROz -C-C* 
H I \ 

I 1  

ROz-C-C- oz. (1 5 )  

I n  contrast to the nonsclcctive autoxidation of alkcnes, photoscnsitized oxidation of 
alkenes with singlet oxygen can lead to the formation of allylic hydroperoxides in high 
y i ~ l d s ~ " . ~ ' .  The ease of oxidation and yield increase with increasing substitution of the 
double bond by alkyl groups. High yields of allylic hydroperoxides are gcnerally obtaincd 
with tri- and tetra-substituted alkenes, such as 2,3-dimethylbutene-2 and cyclohexylidene- 
cyclohcxane. Terminal alkenes, e.g. 1 -octene, and unsubstituted cyclic alkenes, e.g. 
cyclohexene, in contrast, react very slowly or not at all. The reaction proceeds via a 
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nonradical mechanism and invariably leads to migration of the double bond32, e.g. 
reaction (1 6). 

+ ‘ 0 2  - (1 6) 

B. Autoxidation of Organometallic Compounds 

Organometallic compounds undergo facile autoxidation via a free-radical chain 
mechanism involving the propagation steps shown in reactions (17) and (18). Thus alkyl 
derivatives of Group I, I1 and 111 metals react vigorously with air to give, initially, 
alkylperoxymetal compounds which in many cases react further with the alkylmetal to 
give alkoxymetal c o r n p o ~ n d s ~ ~ .  Walling and have shown that this reduction 
can be minimized by employing the technique of inverse addition, i.e. by adding the 
alkylmetal to a saturated solution of oxygcn. Using this technique the low-temperature 
autoxidation of Grignard reagents is a useful procedure for preparing primary and 
secondary alkyl hydroperoxides which are often difficult to obtain by other methods 
(reaction 19). 

R M g X + 0 2  - R 0 2 M g X  H‘ R02H (1 9) 

C. Alkyl Hydroperoxides and Dialkyl Peroxides from Hydrogen 
Peroxide 

Tertiary alkyl hydro peroxides are readily prepared by reaction of 30 ”/, hydrogen 
peroxide with alkyl hydrogen sulphates (reaction 20), a reaction discovercd by mi la^^^.^'. 
The alkyl hydrogen sulphate is prepared in sitir from equimolar quantities ofan alcohol, or 
an alkene, and 70% sulphuric acid. When half of the required quantity of hydrogen 
peroxide is used good yields of dialkyl peroxides are obtained via subsequent reaction of 
the alkyl hydroperoxide with the alkyl hydrogen sulphate. This reaction can also be 
employed for the preparation of unsymmetrical dialkyl peroxides (reaction 21). Kochi has 
provided detailed procedures for the synthesis of a variety of alkyl hydroperoxides using 
this procedure38. I t  should be emphasized that although the addition of hydrogen 
peroxide to alcohol/H2S04 mixtures is usually safe, the addition of H2S04  to  
alcohol/H202 mixtures frequently results in an explosion. 

ROS03H + H202 - R02H + HzS04 (20) 

ROS03 H + R’ 0 2  H - ROOR’ + H2S04 (21 ) 

D. a-Alkoxyalkyl Hydroperoxides from Ozonides 

The reaction of ozone with olefins in alcohol (usually methanol or ethanol) solvents 
leads to the formation of r-alkoxyalkyl hydroperoxides via trapping of the zwitterion 
intermediate3’ (reaction 22). 
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E. Dialkyl Peroxides from Metal-catalysed Reactions o f  Alkyl 
H ydro pe roxi des 

In the presence ofcobalt or copper salts alkyl hydroperoxides react with various reactive 
substrates such as alkylarencs, alkenes or  ethers to give dialkyl peroxides via reaction (23). 
The mechanism and scope of reaction (23) are discussed in detail in Sections 111 and IV. 

111. GENERAL CONSIDERATION OF REACTION TYPES AND 
M E C H A N I S M S  

The reactions of alkyl hydroperoxides and dialkyl peroxides can be divided into two types 
on a mcchanistic basis: homolytic and heterolytic. Both of these types of processes are 
promoted by metal compounds. Thus, although thermal homolysis of alkyl 
hydroperoxides occurs readily only at temperatures in excess of 100°C, facile homolytic 
decomposition occurs at  ambient temperatures in the presencc of catalytic amounts of 
metal ions such as manganese (11) and cobalt (11 )  which readily undergo one-electron redox 
reactions. 

Catalysis by these metals can be explained on the basis of the outer-sphere redox 
reactions (24)-(26)"'. Since alkyl hydroperoxides are oxidizing agents reaction (24) is 
generally much faster than reaction (25) which procceds readily only with strong oxidants. 
For catalytic decomposition of the alkyl hydroperoxide both reactions (24) and (25) 
should proceed at a reasonable rate, which is the case with Co"/Co"' and Mn"/Mn"' 
couples. Although the outer-sphere mechanism shown above is probably relevant to 
reactions in polar solvents (e.g. aqueous solution), in hydrocarbon solvents these reactions 
are more likely to involve inner-sphere electron transfer resctiocs of metal-alkyl 
hydroperoxide complexes (reactions 27-29). It is interesting to note that the homolytic 
cleavage of an alkylperoxymetal species at the 0 -0 bond affords what is formally an 
oxometal (M=O) species containing the metal in the next highest oxidation state. 

R O ~ H  + M("'~)+ - M"+ + RO. + HO' (24) 

ROz. + RO. + H 2 0  (26) [MI 
Overall reaction: 2 RO2H -- 

M"+-OO-0R - Mb-l)+ + R 0 2 *  (29) 

In the presence of reactive substrates the intermediate alkoxy radicals formed in 
reaction (24) or (28) can undergo hydrogen transfer with the substrate (solvent) (reaction 
30). The radical derived from the latter can then undergo electron-transfer oxidation to the 
corresponding carbenium ion (reaction 31) with regencration of the reduced form of the 
catalyst. Subsequent reaction of the carbenium ion with the alkyl hydroperoxide affords a 
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dialkyl peroxide (reaction 32). Alternatively, the carbenium ion can undergo either 
solvolysis by  a hydroxylic solvent (reaction 33) or proton elimination (reaction 34). 

R’O-+ RH - R’OH + R e  (30) 

(31 1 
R + + R 1 0 2 H  - R 0 2 R ’  + H +  (32) 

(33) 

R+ - R( -H)+H+ (34) 

R.+ MJI+ - R+ + Mb-I)+ 

R S  i- HOAc - ROAc + Ht 

Reaction (31) constitutes an alternative pathway for the regeneration of the reduced 
form of the catalyst when rcgeneration via reaction (25) is not favourable. This is 
particularly relevant in the case of copper compounds. Thus, alkyl hydroperoxides are not 
readily decomposed by catalytic amounts of copper (11) compounds since reaction (25) is 
unfavourable with this weak oxidant. O n  the other hand facile decomposition occurs in the 
presence of reactive substrates and copper ( I )  catalysts since thc electron-transfer 
oxidation of alkyl radicals by copper (11) is extremely facile4’. 

Dialkyl peroxides can similarly undergo metal-ion-mediated homolysis with reducing 
agents such as copper ( I )  (reaction 35). In this case, however, there is no equivalent reaction 
to (25) and catalytic decomposition is possible only in the presence of reactive substrates 
where the reduced catalyst is regenerated via reactions (31) and (33) or (34). 

RO-OR + Ml””-’)+ - M”++ RO*+ RO- (35) 
Alkyl hydroperoxides (and to a lesser extent dialkyl peroxides) can also undergo 

heterolytic reactions with organic substrates via nucleophilic displacement a t  oxygen 
(reaction 36). Since alkyl hydroperoxides are wcak electrophiles they undergo facile 
heterolysis only with relatively strong nucleophiles (reducing agents) such as iodide ion 
and trivalent phosphorus compounds, e.g. reaction (37). Divalent sulphur and trivalent 
nitrogen nucleophiles do not react readily with alkyl hydroperoxides in the absence of 
metal catalysts and where reactions are observed at elevated temperatures they tend to bc 
complex processes involving both homolytic and heterolytic pathways. 

.. R 
NA 0-0’ - L-OH+RO- 

H’ 
+ - Nu-O-+ROH 

R:P+ R20,H - RlPO + R’OH (37) 

The hrterolysis of alkyl hydroperoxides is catalysed both by acids (see Section V) and by 
certain mctal compounds. Thus, metal complexcs in high oxidation states, such as those of 
molybdenum (vI), tungsten (vI), vanadium (v )  and titanium ( I V )  can facilitate the 
heterolysis of alkyl hydroperoxides by nucleophilcs via the intermediacy of 
alkylperoxymetal complexes4”. The superior catalysts are characterized by metals that 
exhibit a low oxidation potcntial (i.e. homolytic decomposition via reaction 25 is 
unfavourable), and a high Lewis acidity, in their highest oxidation state. The Lcwis acidity 
of transition metal oxides decrcases in the order: Cr03, MOO, >> W 0 3  > Ti02, V,Os 
etc., which is in agreement with the high activity observed for molybdenum (VI) 
compounds. Chromiuni (VI) compounds should, on the basis of their high Lewis acidity, 
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also be active catalysts but are strong oxidants and cause rapid decomposition of the alkyl 
hydroperoxide. Certain main-group elements such as selenium (IV), boron (m) and tin (IV) 
are also catalysts but generally show a lower activity than the best transition metals. 

It is significant that the superior catalysts are generally oxometal complexes such as 
rnolybdenyl   MOO^^') and vanadyl ( V 0 3 + ) .  Complexation with the alkyl hydroperoxide 
can, in principle, involve the displacement of another ligand or addition to the oxometal 
group, e.g. reactions (38) and (39) for a trialkoxyvanadyl catalyst. 

(38) 

OH 
R’ 0, I ,OR’ 

(39) 

R ’ O 3  
V-OR’ +RZOzH 

R’ 0’ 

Coordination to  the metal increases the electrophilicity of the peroxidic oxygens and 
facilitates oxygen transfer to nucleophiles such as dialkyl sulphides, amines and alkenes. 
With alkenes this results in epoxidation which is the most important application of the 
metal catalyst-alkyl hydroperoxide reagents. 

The mechanism of oxygen transfer has been the subject of much discussion in the 
l i t e r a t ~ r e * ~ * ~ ~ ~ ’ .  The rate-determining step involves the attack of an  electrophilic species 
on the alkene (or other nucleophile) since the rate of epoxidation increases with 
increasing substitution of the double bond with alkyl groups. S h a r p l e ~ s ~ ~  favours rate- 
determiningattack of the alkene at the peroxidic oxygen coordinated to the M=O group 
(Scheme 2). M i r n o ~ n ~ ~ ,  on the other hand, favours rate-determining coordination of the 
alkene at the electrophilic metal centre followed by intramolecular addition of the 
coordinated alkylperoxy ligand to the coordinated alkene to  give a peroxyalkylmetal 
intermediate. The latter decomposes to  the epoxide and the alkoxymetal catalyst (Scheme 
3). I t  is, at  this juncture, not possible to  distinguish unequivocally between these 
mechanisms. 

SCHEME 2 

k 
SCHEME 3 
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Mimoun4' has similarly postulated the intermediacy of peroxyalkylpalladium(Ir) 
species in the palladium(I1)-catalysed oxidation of terminal alkenes with TBHP which 
affords the corresponding methyl ketones (reaction 40) (see Section V1.G). 

In addition to  the homoiytic pathway and that involving alkylperoxymetal species as 
electrophilic intermediates there is a third type of mechanism for metal-catalysed 
oxidations with hydroperoxides. This type of reaction involves the direct oxidation of an 
organic substrate b y  a metal oxidant, usually an oxometal compound, followed by 
reoxidation of the reduced form by the alkyl hydroperoxide, as described by the general 
Scheme 4. 

M +  ROPH - M=O+ ROH (42) 

S = substrate, SO = oxidized substrate 

SCHEME 4 

A typical example of this class of oxidations is the Se0,-catalysed allylic oxidation of 
alkenes with TBHP (see Section VII). Reaction (42) is, in principle, favourable for metals 
which readily undergo two-electron redox reactions and may be envisaged as a concerted 
two-electron change or as two successive one-electron transfers, e.g. for a divalent metal 
reaction (43) or (44) would apply. 

MA-O-,OR - M'"-O + RO- (43) 

In practice metal-catalysed reactions of alkyl hydroperoxides may involve competing 
homolytic and heterolytic pathways as has been observed for the tin(I1)- and nickel(I1)- 
catalysed decomposition of hydro peroxide^^^. Summarizing, alkylperoxymetal species, 
formed as transient intermediates in metal-promoted oxidations with alkyl hydro- 
peroxides, may decompose via a variety of pathways as illustrated in Scheme 5.  

O R  

SCHEME 5 



6. Synthesis and uscs of alkyl hydroperoxides and dialkyl peroxides 173 

IV . M ETA L - C ATA LY S ED H 0 M 0 LY S IS 

A. Intermolecular Processes 

As mentioned in the preceding section the redox decomposition of alkyl hydroperoxides 
can be employed for introducing the alkylperoxy group into reactive  substrate^^'-^^. 
Copper and cobalt salts are usually the superior catalysts for this reaction. For example, 
the cuprous chloride-catalysed decomposition of TBHP in cumene at 100-1 10°C affords 
t-butyl a-cumyl peroxide in 90 % yield via steps (45)-(48)49. 

(45) 

t-BuO- + PhCHMe2 - t-BuOH + Ph(Me)zC. (46) 

Ph(Me)zC + Cu" - Ph(Me)zC+ + Cu' (47) 

Ph(Me)ZC+ + r-Bu02 H - Ph(Me)zC02 Bu-t + H+ (48) 

t-BuOzH + CU' - Cu"OH + t-BuO- 

Similarly, reaction in p-xylene at 50°C gives p-methylbenzyl t-butyl peroxide in 85 % 
yield49 (reaction 49). 

+ t-BuOH + HzO 

In the presence of alkenes allylic peroxides are formed via abstraction of an allylic 
hydrogen, e.g. cyclohexene gives mainly cyclohexenyl t-butyl peroxide5' (reaction 50). 
When the reaction is carried out with cuprous chloride in acetic acid, cyclohexenyl acetate 
is formed in quantitative yield via interception of the intermediate cyclohexenyl cation 
with acetic acid5' (reactions 51-53). 

(I> +t-BuO-  - 0. +t -BuOH 

(I>. +Cu" - (I>+ + C u l  

0' +HOAc - O O A c  + H+ (53) 

This reaction can, in principle, be applied to the x-acetoxylation of a variety of 
substrates containing reactive C-H b ~ n d s ~ ' . ~ ~ .  Similar reactions are also obtained with 
dialkyl peroxides. Copper-catalysed oxidation of hydrocarbons with DTBP in the 
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presence of benzamide, for example, affords the corresponding N-alkylben~amide~~ 
(reaction 54). 

RH + (t-6uOlz + PhCONH2 A PhCONHR + 2 t-6uOH (54) 

B. Intramolecular Processes 

The alkoxy radical intermediates formed in the redox decomposition of alkyl 
hydroperoxides can also undergo intramolecular hydrogen transfer with a suitably 
juxtaposcd C-H bond. This reaction has synthetic utility as a method for the 
introduction of remote double bonds by FeS04/Cu(OAc)2-catalysed decomposition of 
alkyl hydroperoxides in acetic acid. Thc reaction proceeds via :he sequence shown in 
Scheme 653-56. The method has been successfully applied in the preparation of 
unsaturated alcohols from a variety of primary and secondary alkyl hydroperoxides in 
addition to tertiary alkyl hydro peroxide^^^^^^. 

4 I +CU’ + H’ 

SCHEME 6 

Another characteristic reaction of alkoxy radicals is P-fragmentation as illustratcd in 
the general equation (55) .  Reaction (55)isfavoured when R is branched alkyl and when thc 
solvent is inert to hydrogen abstraction by the alkoxy radical. With cycloalkyl 
hydroperoxides reaction (55) leads to ring-opening. The ferrous-ion-catalysed 
decomposition of 1-alkylcycloalkyl hydroperoxides, for example, provides a synthetically 
uscful method for preparing long-chain dike tone^^'.'^, e.g. reactions (56) and (57). 

A related reaction is the palladium(1r)-catalyscd decomposition of cyclolicxyl 
hydropcroxidc, in a two-phase cyclohcxane/water system, which affords frans-2-hexenal 
in 51 ”/, yield5’. The mechanism shown in Scheme 7 has been suggested. 
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0 2  H 
I 

p d l l l  Pd"-CHO 

c CHo +Pdl*H - Pd"H 

SCHEME 7 

An interesting series of synthctically useful reactions has been developed based on the 
redox decomposition of the 1 -hydroxycycloalkyl hydroperoxides formed in sitii by the 
reaction of hydrogen peroxide with cycloalkanones. For example, l-hydroxycyclohexyl 
hydroperoxide reacts with ferrous sulphate in acidic solutions to produce the 5 -  
carboxypentyl radical (reaction 58). In the absence of reactive substrates the latter 
dimerizes to give dodecancdioic acid i n  good yield (reaction 59)". 

When the reaction is carried out in the presence of copper(r1) sulphate or copper(n) 
chloride the intermediate 5-carboxypentyl radicals are intercepted to afford 5-hexenoic 
acid (electron transfer) (reaction 60) or 6-chlorohexanoic acid (ligand transfer) (reaction 
61), respectively' 1*62. 

H02C(CH2)3CH=CH2 + CU' + H+ (60) 

(61 ) -c H02C(CH2)4CH2CI + CUCI 

H02C(CH2 14CH2. 

CU'ICI? 

Similarly, the reaction can be carried o u t  in the presence of ocher anions that can take 
part in ligand-transfer oxidation of the intermediate alkyl radicals to give a variery of O- 

hexanoic acid derivatives. When the reaction is carried out in methanol at acidic pH the 
corresponding methyl esters are obtained according to the general equation (62)' 1-63. 

(62) MeG Hx MeO2C(CH2)5- - CUIIX? Me02C(CH2)sX 

X = CI, Br, I, CN, SCN, N3, etc. 
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In the presence of butadiene the 5-carboxypentyl radical generates an allylic radical 
which dimerizes to a mixture of Czo unsaturated dicarboxylic acids or, in the presence of 
copper(r1) salts, undergoes ligand- or electron-transfer oxidation (Scheme 8)6'. 

By variation of the ketone, alkene and the catalyst these reactions have been utilized by 
Minisci and  coworker^^^*^^ for the synthesis of a wide variety of polyfunctional long-chain 
molecules. 

An interesting recent application of this type of reaction is the synthesis of the naturally 
occurring macrolide recifeiolide (2), in 96 "/, yield, by FeSO,/Cu(OAc),-catalysed 
decomposition of the alkoxy hydroperoxide ( I )  in methanol (see Scheme 9)66. 

SCHEME 9 

The reaction has also been applied66 in a simple synthesis of (+ )-6-methylcyclohex-2- 
enone (4) from ( -  )carvone (3) (reaction 63). 

V. AC I D - C ATALY S ED H ETE RO LY S IS 

Protonation of alkyl hydroperoxides may occur at the oxygen adjacent to the alkyl group 
or  at the hydroxylic oxygen. The former can lead to the loss of hydrogen peroxide from 
those hydroperoxides which form a stable carbenium ion (reaction 64). Protonation at the 
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hydroxyl group, on the other hand, can lead to 0-0 heterolysis accompanied by 
rearrangement (Scheme 10). 

+ 
(64) RO2H + H+ R-0-OH R +  + H2C12 

I 
H 

5 

R 

+ 
H20 C\C/oHz - c, + 

C =OH + ROH - 
c_ 

C/ \OR C' 

SCHEME 10 

The ease of acid-catalysed heterolysis depends on the ability of the R group to  undergo a 
1,2-shift from carbon to an incipiently positive oxygen. It is favourable when R is 
hydrogen, aryl or branched alkyl but not when R is methyl as in t-butyl hydroperoxide. 
The intermediate alkoxycarbeniurn ions have been observed by  proton magnetic 
resonance spectroscopy in FS03H/SbFS at -40°C6'. 

The reaction provides a useful method for the preparation of a wide variety of phenols 
from the appropriate isopropylbenzene via autoxidation and acid-catalysed heterolysis 
(see earlier)68 (reaction 65). 

(65) ArCHMe2 - 0 2  Ar(Me)ZC-O-OH H* ArOH + Me2C0 

Highly branched alkyl hydroperoxides undergo facile acid cleavage. For example, the 
acid-catalyscd reaction of hydrogen pcroxide with 2,4,4-trimethylpentene-l-(di- 
isobutylene) provides a useful synthesis of neopentyl alcohol69 (reaction 66). 

C C C C 

I 2. H2OZ I I 

i I 1. H2S04 I I - c-c-c-c-c c-c-c-c-c=c 
c c 0, H 

C 0 

I 
C 

H+ I I1 - C-C-C-OH +C-C-C 

VI. METAL-CATALYSED HETEROLYSIS 

A. Epoxidation of Alker?Ps 

The single most important synthetic application of alkyl hydroperoxides is without 
doubt the metal-catalysed epoxidation of a l k e n e ~ ~ ' . ~ ~  (reaction 67). The reaction is 
catalyscd by certain high-valent metals such as molybdeiium (vI), tungsten (vI), vanadium 
(v) and titanium ( IV) .  Molybdenum ( V I )  compounds are particularly effec!i-/e catalysts. 
Propylene oxide is currently manufactured on a large scale by the molybdenuT-catalysed 
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epoxidation of propylene with TBHP (reaction 68) or EBHP (reaction 69)70. The latter 
are prepared by autoxidation of isobutane or ethylbenzene, respectively. 

/o\ 
C=C+ROzH -- C - C + R O H  

MeCH=CH2 + r-BuOzH - MeCH-CH2 /O\ + r-BuOH (68) 

MeCH=CH2 + PhCH(Me)02H - MeCH-CH2 /O\ + PhCH(Me)OH (69) 

A heterogeneous, titanium (w)-on-silica catalyst has been developed by She1143.71. The 
catalyst is prepared by impregnating silica with TiCI4 or an organotitanium compound, 
followed by calcination. Since the catalyst is insoluble in the reaction medium i t  can be 
effectively employed in continuous, fixed-bed operation and propylene oxide selectivities 
of 93-94% at 96% EBHP conversion have been claimed43. By comparison, the 
homogeneous molybdenum catalyst affords 90 %, selectivity at 92 EBHP conversion 
under comparable conditions. 

The t-butyl alcohol co-product formed in reaction (68f can be recycled via dehydration 
and subsequent hydrogenation or converted to mcthyl t-butyl ether, an octane booster for 
gasoline. The methylphenylearbinol co-product formed in reaction (69) is dehydrated to  
styrene which is sold as such or recycled. 

Alkyl hydroperoxides in combination with homogeneous (Mo, V) and heterogeneous 
(Ti"'/SiO,) catalysts form a versatile group of reagents for the epoxidation of alkenes in 
general. The reactions a re  performed in hydrocarbon solvents at moderate temperatures 
(80-120°C) and afford epoxides in very high selectivities. Epoxides are versatile chemical 
intermediates and many industrial applications have been envisaged for the 
hydroperoxide p r o c e ~ s ~ ~ - ~ ~ .  

The epoxidation of terminal alkenes followed by catalytic hydrogenation over a nickel 
catalyst, for example, provides a route to long-chain primary alcohols (reaction 70). 

RCH=CH2 
/o\ 

RCH -CH2 
H2 

[Ni l  
- RCH2CH20H 

Epoxides can be selectively isomerized to allylic alcohols in the presence oF basic lithium 
phosphate7' or aluminium a l k ~ x i d e s ~ ~  (reaction 71). 

LizHP04 - RCH=CHCH20H + RCHCH-CH2 (71 1 
/O\ 

I 
OH 

RCH2CH-cH2 o r A I ( 0 R ) I  

Treatment with Br4nsted acids or Lewis acids such as MgBrz, on the other hand, 
generally results in isomerization to ketones". I n  one instance, the direct conversion of an 
alkene to a ketone has been reported. Thus, molybdenum-catalyscd reaction of 
TBHP/H20 with 2-methylbutene-2 at 155°C affords rr.e!hylisopropyl ketone in high 
yield" (reaction 72). In  this case the molybdenum(vl), probably present as molybdic acid, 
not only catalyzes the epoxidation but also the s u b s ~ ~ ~ ~ i i i  isomerization. 
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- Me2CHCOMe 

TBHP offas many advantages over the traditional organic peracids for use in organic 
synthesis (see earlier). TBHP-metal-catalyst reagents are particularly useful for the 
epoxidation of acid-sensitive alkenes and those which contain a functional group which 
reacts with a peracid. An example of the latter is the selective epoxidation of citral with 
TBHP in the presence of Ti'v/Si02 J3 (reaction 73). a""" [Ti'v/Si02 TBHP 1 

(73 )  

Sharpless and 'Y'cihoeven5 have reported a detailed procedure for epoxidations with 
TBHP/Mo(CO)~ which affords 85-95 %, isolatcd yields with a variety of nonfunction- 
alized alkenes. In  agreement with the elcctrophilic nature of the epoxidizing agent the rate 
ofepoxidation increases with incrcasing substitution of the double bond with alkyl groups 
(ca. a factor of 10 per alkyl group)". This is reflected in the selective monoepoxidation of 
nonconjugated dienes, e.g. reactions (74) and (75)4.73. 

Conjugated dienes are generally lcss rcactive than the analogous compounds containing 
isolated double bonds (e.g. isoprene is less reactive than 2-methylbutene-2), and thcy are 
selectively epoxidized to monoepoxides. Electron-withdrawing groups also retard the rate 
of epoxidation. Ally1 chloride, for example, is about one tenth as reactive as p r ~ p y l c n e ~ ~ .  
Acrylic esters and acrylonitrile are unreactive towards these reagents. Epoxidation is not 
seriously impeded, howe.*s, uhcn  the electron-withdrawing group is sufficiently rernovcd 
from the double bond, e.g. 4-cyanocyclohexcne is epoxidized in 88 "/o yield73 (reaction 76). 

In the epoxidation of nonfiinctionalized alkenes only minor differences in regio- and 
stereo-selectivity are observed, and expected, bctween the TBH P/metal catalyst reagents 
and organic peracids. Alkencs containing functional groups. on the other hand, can 
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produce completely different regio- and stereo-selectivities with the TBHP/metal reagents. 
Orientation of the alkcne by coordination to the metal catalyst through a functional group 
can lead t 3  preferential delivery of oxygen to a particular double bond in a diene 
(regioselectivity) or  to  a particular face of a substrate (stereoselectivity). For example, 
quite remarkable results have been obtained in the epoxidations of unsaturated alcohols 
with these reagen ts5*42*43. 

List and Kuhnen" were the first to ohserve that allylic alcohols give excellent yields of 
epoxides with R 0 2 H / V 2 0 5 .  Subsequently, Sheng and Zajacek4 noted, in a study of 
epoxidations of functionalized alkenes, that allylic alcohols give unexpected results. Thus, 
with simple alkenes molybdenum-catalysed epoxidation is ca. l o 2  times faster than 
vanadium-catalysed epoxidation, whereas with allylic alcohols vanadium gives higher 
rates and better yields than molybdenum. This difference is reflected in the different 
regioselectivitics observcd in the epoxidation of the dicnol in equation (77)4. 

0 
O H  

-+&y--.-@ 
OH 

VO (acadz  4 1 (77) 

The exceptional reactivity of allylic alcohols towards the vanadium(v)-alkyl 
hydroperoxide reagent is due t o  an efficient intramolecular oxygen transfer from the 
coordinated alkylperoxy group to the doublc bond of an allylic alcohol coordinated 
through its alcohol group as shown in reaction (78). That vanadium catalysts in particular 
are able to cause such rate accelcrations can be attributed to the strong coordination of 
alcohol ligands to vanadium(v). 

The different reactivity ratios of molybdenum- and vanadium- alkyl hydroperoxide 
reagents towards simple alkenes and allylic alcohols are exploited in the conversion of 
propylene to  glycidol, and glycerol by subsequent hydrolysis (Scheme 11)* '. 

HOCH2CHIOH)CH20H 

SCHEME 11 

Thc exceptionally facile epoxidation of allylic alcohols by vanadium-alkyl 
hydroperoxide reagents has been utilized for the regioselective epoxidation of a wide 
variety of complex organic r n o l e c ~ l c s ~ ~ ~ ~ ~ ~ ~ .  For examplc geraniol(5) arid linalool(7) are  
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selectively epoxidized to the previously unknown monoepoxides (6)  and (8), respectively, 
with TBHP/VO(acac), (reactions 79 and 80). Such regioselectivities are not possible 
with other epoxidation agents. The reactivity of the TBHP/VO(acac), reagent is 
underscored by the fact that reactions (79) and (80) proceed readily at ambient 
temperature. High regioselectivities have also been observed with hornoallylic and 
bishomoallylic a l ~ o h o I s ~ . " ~ * ~ ~ .  

( 6 )  

93% (98%) 

The transition metal-alkyl hydroperoxide reagents also exhibit remarkable stereo- 
selectivities resulting from the preferential syn transfer of oxygen within the ternary 
metal-alkene-hydroperoxide complex. A comparison of the stereoselectivities of 
epoxidation of cyclohexen-3-01 with Mo(CO),/TBHP, VO(acac),/TBHP and perbenzoic 
acid (PBA) reveals that the Mo and V-catalysed reactions are virtually stereospecifics2 
(reaction 81). They also show rate enhancements, compared to cyclohexene, of 4.5 and 200, 
respectively. PBA, on the other hand, shows no rate enhancement and is less 
stereoselective. Differences in stereoselectivity are even more pronounced with the 
homoallylic alcohol, cyclohexen-4-0l~~ (reaction 82). The rate enhancements in reaction 
(82), compared to  cyclohexene, are ca. 10 for both Mo and V, making Mo the catalyst of 
choice because of its much higher rate with cyclohexene. There is evidence that suggests 
that the stereoselectivities of these reactions decrease with increasing alkene 
c o n v e r s i ~ n ~ ~ , * ~ . ~ ~ .  This can probably be attributed to competing coordination of the 
product alcohol to  the catalyst hindering coordination of the substrate through its alcohol 
group. The syn-directive effect in these systems results from preferential transfer of oxygen 
to one face of the substrate within a ternary metal-substrate-hydroperoxide complex. 
Teranishi and coworkersS5 have studied the epoxidation of cyclic allylic alcohols of 

TBHP/Mo(CO)s 98% 2% 
TB H P/VO (acac)z 98% 2% 
PBA 92% 8% 
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TBHP/Mo(CO)rj 98% 2% 
TBHP/VO(acac)z 98% 2% 
PBA 60% 40% 

varying ring size. They have found that with 5- and 6-membered rings both 
TBHP/VO(acac)2 and rrr-chloroperbenzoic acid (MCPBA) afford predominantly the syr 
epoxide. With medium-ring alcohols, on the other hand, MCPBA affords predominantly 
the aiiti epoxide, whilst VO(acac),/TBHP gives thc SJVZ isomer. These results have been 
rationalized on the basis of different transition-statc gcometries. Epoxidation with 
VO(acac)JTBHP and MCPBA involves a 5.5-membered (9) and 6.5-membered (10) 
transition state, respectively. 

OH 
/R 

o=c 

Stereoselectivity is not restricted to cyclic unsaturatcd alcohols. Thus, the highly 
stereosclcctive epoxidations of a scries of acyclic allylic alcohols, to give prcdominantly the 
evythro epoxy alcohol have bcen r e p ~ r t e d , ~ ~ . ’ ~  e.g. reaction (83). 

(threo) (erythro) 

R = Me 5% 
R = n - B u  2% 

95% 
98% 

Allylic alcohols havc also provcd to bc suitable substrates for effccting asymmetric 
epoxidations with alkyl hydroperoxide/metal catalyst reagcnts. In initial studics chiral 
vanadiumx8 and m o l y b d c n i ~ m ~ ~  catalysts have been uscd to obtain 30-50%, and 13-33 ”/, 
enantiomcric excesses, respcctively, with a variety of allylic alcohols. More recently, 
Katsuki and Sharplcss” havc reported that cpoxidations of allylic alcohols with 
TBHP-titanium isopropoxidc, in the prescncc of (+  )- or  ( -  )-diethy1 tartrate (DET) as 
the chiral ligand. afTord cnantiomcric exccsses consistently greatcr than 90 x), and in many 
cascs, grcater than 95 x.  Although the mcthod employs stoichiometric quantities of the 
titanium isopropoxide and thc chiral ligand i t  has been pointed out that these reagents are 
commercially available at low to moderate cost. This novel chiral epoxidizing agent 
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exhibits two espccially striking features. Firstly, it gives uniformly high asymmetric 
inductions throughout a range of substitution patterns in the allylic alcohol substrate. 
Secondly, the oxygen is always delivered from the same enantioface of the alkene when a 
particular tartrate enantiomer is used, as illustrated in reaction (84). 

D-(-)-D ET 

CHzCI2.  TBHP. Ti(OPr.i14 -2OOC R:coH 
R3 

70 - 87% yield 
90% enantiomeric excess 

R3, .,.~ 
1% 

L-(+)-DET :o: 

Since chiral epoxides constitute ideal building blocks for mymmetric synthesis of 
complex molecules this method is likely t o  be widely applied in the future. The Sharpless 
group” has utilized the mcthod in the synthesis of (+ )-disparlure (1 I ) ,  thc sex attractant 
of the gypsy moth. (Schemc 12). 

TBHP. Ti(OPr.iI4 

(-I-DET. - 4OoC 

80%. 91% enantiomeric excess 

H 

H I 
(11) 

SCHEME 12 

Similarly the chiral epoxy alcohols 12, 13 and 14, which are key intermediatcs in the 
syntheses of methymycin, erythromycin and leukotricne C - l ~  respectively, have been 
prepared enantiosele~tively~ ’. 

A major drawback of the systems described above is the fact that asymmetric 
epoxidation is restricted to allylic alcohols as substrates. They are not successful with 
nonfunctionalized alkenes. Otsuka a n d  coworkers’* have reported the asymmetric 
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epoxidation of simple alkenes such as 1-methyl cyclohcxene, with the TBHP/Mo"'/tart- 
rate system. Enantiomeric excesses of less than 10 have bezn observed which emphasizes 
the need for a more efficient system for the asymmetric epoxidation of simple, 
nonfunctionalized alkenes. 

B. Alkene Hydroxyketonizati on 

Tolstikov and c o ~ o r k e r s ~ ~ . ~ ~  have shown that trisubstituted alkenes can be converted 
into a-hydroxyketones by reaction with excess alkyl hydroperoxide in the presence of 
molybdenum catalysts, e.g. a-pinene affords the hydroxvketone 1533 (reaction 85). The 
reaction is limited to trisubstituted alkenes and probably involves the sequence of 
reactions shown in 

C. Oxidation of 

Scheme 13. 

SCHEME 13 

Nitrogen Compounds 

(85) 

In addition to alkenes a variety of other nucleophilic substrates undergo oxygen transier 
with these metal catalyst/alkyl hydroperoxide reagents. These reactions closely parallel 
those of the same substrates with organic peracids. For example, tertiary amines are 
smoothly oxidized to the corresponding N-oxides with TBHP (reaction 86) or t-amyl 
hydroperoxide (TAHP) (reaction 87) in the presence of vanadium or molybdenum 
 catalyst^^^-^^. Reaction rates and selectivities are often significantly higher than the 
corresponding reactions with peracids. 

TBHP 
R3N0 

+ 
0 
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Imines are oxidized to the corresponding oxaziridines in 80-95 % yield by T A H P  in the 
presence of molybdenum ~ a t a l y s t s ’ ~ * ’ ~  (reaction 88). 

The  oxidation of primary aliphatic amines with metal catalyst/hydroperoxide reagents 
produces the corresponding hydroxylamines o r  oximes depending on  the amount of 
hydroperoxide used and the temperature”. Titanium(1v) compounds are the catalysts of 
choice for these reactions” (reaction 89). 

\ C=NOH + ROH + H 2 0  

/ 

A process has been envisaged”*’ O0 for the co-production of cyclohexanone oxime and 
styrene as shown in reaction (90). 

NOH + PhCH(CH3)OH - PhCH=CH2 + H20 (90) 

The  product of oxidation of anilines by T B H P  depends on the metal catalysts used. 
(reaction 9 1)  whilst titanium Molybdenum and vanadium catalysts give nitrobenzene’ 

catalysts afford azoxybenzenelo2 (reaction 92). 

I M o v l . V v I  ArN02 

/-- 
ArNH2 + f-BuOzH 

ArN = Ar 
IT I”‘] 

TBHP/VO(acac), has been used t o  effect a mild, oxidative conversion of nitroalkanes to 
carbonyl compounds via hydroxylation of the nitronate anion (Scheme 14)’03. This 
method provides a synthetically useful alternative to  the Nef reaction which requires 
strongly acidic  condition^"^. 
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r 1 

L 

SCHEME 14 

D. Oxidation of Sulphur Compounds 

Sulphides are oxidized to the corresponding sulphoxides with alkyl hydroperoxides in 
the presence of Mo, W, Ti and V catalysts. In the presence of excess hydroperoxide further 
oxidation to the sulphone occurs105-"2 (reaction 93). 

TBHP 

[Mov!Vvl 
RzSO TEHP 

tMo~",VV1 
(93) 

Sulphides are generally oxidized much faster than alkenes. For example, with 
T B H P / v o ( a c a ~ ) ~  in ethanol at  25°C the relative rates decrease in the order 

. n-Bu2S (100) > n-BuSPh ( 5 8 )  > n-Bu2S0 (1.7) > cyclohexene (O.2)lo7. 

This is also reflected in the selective oxidation of unsaturated sulphides at  the sulphur 
atomloG (reaction 94). 

When the oxidation of unsymmetrical sulphides with T B H P / v o ( a c a ~ ) ~  is carried out in 
a mixture of benzene and a chiral alcohol, such as ( -  )-menthol, as solvent, asymmetric 
induction is observed, although enantiomeric excesses are rather low (5-10 x) '  1 2 .  

Thc oxidation of thiols with TBHP in the presence of molybdenum or vanadium 
catalysts produces sulphonic acids, presumably via the corresponding sulphenic (RSOH) 
and sulphinic (RS02H) acids as intermediates' (reaction 95). 

(95) 
[Movl. Vvl 

RSH + 3 t-BuOz H - RSOj ti + 3 t-BuOH 

E. Alcohol Oxidations 

Tolstikov and coworkers"4 have reported the selective oxidation of secondary alcohols 
to ketones with TAHP in the presence of molybdenum catalysts at 60-80°C. The 
mechanism was not discussed. I t  could involve an intramolecular hydrogen transfer in an 
alkylperoxymolybdenum(vI) complex as shown in reaction (96). An alternative 
mechanism involving direct oxidation of the alcohol by oxomolybdenum(vI), analogous 
to the mechanism proposed for vanadium- catalysed oxidations with TBHP (see Section 
VILE), is unlikely under these conditions considering the weak oxidizing power of 
molybdenum(v1). 

The mild oxidation of primary alkoxy alcohols to the corresponding carboxylic acids 
(reaction 97) with TBHPwaOH,  in the presence of a palladium-on-charcoal catalyst at 
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60°C, has been reported"'. The mechanism of this interesting reaction was not discussed 
but may be related to the palladium-catalysed oxidation of alkenes with TBHP (see 
Section V1.G). 

F. Ketone Oxidations 

Cyclohexanone and cyclopentanonc are oxidized to the corresponding lactones by TBHP 
in the presence of boron catalysts, such as B 2 0 ,  (reaction 98)'16. The reaction is 
analogous to the Baeyer-Villiger oxidation of the same ketones with organic peracids and, 
presumably, involves an alkylperoxyboron(ir1) intermediate as the active oxidant. In 
contrast, oxidation of cyclohexanone with TBHP in the presence of formic acid as catalyst 
is reported to givc 2-hydroxycyclohexanone (reaction 99)' ". 

An alternative approach to the g.-hydroxylation of ketones is via epoxidation of the 
corresponding enol ester with the TBHP/molybdenum reagent (reaction 100). These 
reactions have been reported to proceed smoothly in high yield' 18. 

G. Alkene Ketonization 

have shown that terminal alkenes are selectively oxidized 
to the corresponding methyl ketones by t-butylpcroxypalladium(rI) complexes at ambient 
temperatures. For example, the reaction of t-butylperoxypalladium(II) trifluoroacetate 
(16) with 1-hexene, in benzene at  20°C for less than 10 minutes, affords 2-hexanone in 98 % 
yield (reaction 101). Since (16) can be regenerated by reaction of 17 with TBHP the 
reaction can be carried out with a catalytic amount of Pd(O2CF3)? (reaction 102). 
Although reaction (102) bears a formal resemblance to the Wacker oxidation12' ofalkenes 

Mimoun and coworkers4'~' 



188 Roger A. Sheldon 

/ C6Hs 
t-BuO-OPdOzCCF3 + /\/\/ 20% 

(1 6 )  

+ t-BuOPdOzCCF3 

0 (1 7 )  

RCH=CHz + t-BuOzH [Pd'02CCF312' RCOCH3 + r.BuOH (1 02) 

to ketones with molecular oxygen in the presence of palladium(1t) catalysts it involves a 
completely different mechanism. In the Wacker process the oxygen source is water and 
oxidation involves external nucleophilic attack of water on the coordinated alkene. 
Reaction (102), on the other hand, is inhibited by water and other hydroxylicso1vents.The 
results are compatible with a mechanism involving an alkylperoxyalkylpaIladium(rI) 
intermediate, formed via nucleophilic attack of the t-butylperoxy group on the 
coordinated alkene (Scheme 15). 

t-BuOO-Pd"X + RCH=CH2 - t-BuOO-PdllX I i/ 
RCH=CHz 

X = CF3CO2 

SCHEME 15 

Tsuji and coworkersI2' have similarly reported the selective oxidation of z,p- 
unsaturated ketones and esters to the corresponding 1,3-diketones and P-keto esters, 
respectively, with TBHP in aqueous acetic acid using Na2PdC14 as the catalyst, e.g. 
reaction (103). This constitutes a useful synthetic method for converting readily available 
oc,P-unsaturated carbonyl compounds to 1,3-dicarbonyl compounds, reactions which 
proceed in poor yields under normal Wacker conditions. These authors assumed that 
TBHP was involved in the reoxidation of Pd to Pd" in a normal Wacker-type process 
although the Mimoun mechanism (see above) cannot be excluded on the basis of the 
experimental data. 

0 - b C O z M e  
(1 03) 

TBHPlHOAc - [Na2PdC141 
COz Me 

5OoC, 3 h 96% yield 

VII. ALKYL HYDROPEROXIDES AS TERMINAL OXIDANTS 

The majority of the reactions discussed in this section involve the oxidation of substrates 
by oxomctal (M=O)  oxidants, followed by regeneration of the oxidant with alkyl 
hydroperoxide (reactions 41 and 42). 
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A. Allylic Oxidation o f  Alkenes and Al kynes 

Selenium dioxide is the most reliable reagent for the selective allylic oxidation of 
alkenes' 22.  A serious drawback of SeO, oxidations in organic syntheses is the formation of 
colloidal selenium and organoselenium compounds, which are difficult to remove. 
Umbreit and Sharp le~s '~ '  have found that this can be circumvented by using catalytic 
amounts of Se0,  in combination with TBHP as the terminal oxidant. The reaction 
proceeds at ambient temperature in dichloromethane to afford allylic alcohols in 
moderate to good yields using 2-50 % SeOz based on TBHP'24. For example, P-pinene is 
selectively oxidized in 86 % yield'23 (reaction 104). 

The same group have subsequently found that alkynes undergo a similar oxidation with 
TBHP in the presence ofcatalytic amounts of S e 0 2  to afford the corresponding acetylenic 
alcohols'2s, e.g. reaction (105). 

Internal alkynes show a pronounced tendency to undergo orp'-dihydroxylation 
(reaction 106). With unsymmetrical alkynes the reactivity sequence is CH2 = CH > CH, 
allowing for selective monohdyroxylation in the case of CH2 or CH vs. CH3. Relative rate 
data indicate that alkynes are slightly more reactive than the corresponding alkenes. 
Alkynes bearing one methylene and one methine substituent afford the enynone as the 
major product at 80 "C, e.g. reaction (107). 

ISe0,l 
RCHzCECCH2R - RCHC3CCHR 

excessTBHP I I 
OH OH 

18% 52% 

6. Vicinal Dihydroxylation of Alkenes and Alkynes 

The classical catalytic method for converting alkenes to the corresponding glycols 
(vicinal dihydroxylation) employs H 2 0 2  in the presence of catalytic amounts df osmium 
tetroxide'26. Os04 reacts with the alkene to form a cyclic osmate ester that undergoes 
oxidative cleavage with H z 0 2  (reactions 108 and 109). 
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A disadvantage of this method is that overoxidation to, inter d i n ,  ketols often occurs. 
This has led to  the search for more efficient catalytic procedures and culminated in the 
development of methods employing TBHP127-'31 or N-methylmorpholine ox id^'^^ as 
the terminal oxidant. Byers and Hi~kinbot tom'~ '  were the first to use TBHP in the 
presence of catalytic amounts of OsO,. After an interval of more than 25 years, in which 
this method was completely ignored, Sharpless and coworkers have developed procedures 
employing OsO,/TBHP in the presence of Et4NOHIz8 or Et4NOAc'29, in t-butyl alcohol 
or acetone respectively. I t  has been suggestcd5 that the role of the nucleophile(Ac0- or 
HO- ) is to increase the turnover rate by facilitating removal of the glycol product from the 
coordination sphere of the osmium. These new TBHP-based methods are generally more 
selective than the classical procedurc employing H202. The Et4NOAc modification is the 
preferred method with base-sensitive alkenes, e.g. reaction (1 10). 

72% yield 

Two rccent patents' 30*1 3 1  have similarly described the use ofcatalytic amounts of OsO, 
in combination with TBHP or other alkyl hydroperoxides for the selective vicinal 
dihydroxylation of alkenes. Thc rcaction of ethylene or propylene with EBHP in a two- 
phase aqueous/organic medium in the presence of OsO, and an alkali metal hydroxide 
affords the corresponding glycols in high yield' 31 e.g. reaction (1 11 ). 

The analogous Os0,-catalysed oxidation of alkynes with TBHP affords 2-dikctones"" 
e.g. reaction (1 12). 

PhCCMe 
It It 
00 

Tiwioso4 
PhC CMe 

62% yield 

Cyclic osmatc esters have bccn isolated as intermcdiates in the rcaction of Os04L 
(L = quinuclidinc) with alkyncs' 3 3  (reaction 113). I-lydrolysis of these complcxes with 
aqueous sodium sulphite yields the corresponding diketone from internal alkynes and 
carboxylic acids, via oxidative cleavage of the initially formed 2-keto aldehyde. from 
terminal alkyncs. 
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C .  Alkene Epoxidation 

Much attention has been devoted recently to the epoxidation of alkenes with high- 
valent oxometal porphyrin complexcs of iron'34, manganese' 35*1  36 and chromium'". 
Thcse potent oxidants are generated in sirir by reaction of the trivalent metal salts with an  
oxygen atom donor, such as iodosyl 3s*1  37 (reaction 114) or h y p o c h l ~ r i t c ~ ~ ~  
(reaction 115). 

(TPP)MiII+ PhlO - (TPP)MV=O + Phl (1 14) 

(TPPIM"' + NaClO - (TPP)M" =o + NaCl (1 15) 
M = Fe, Mn, Cr; TPP = meso-tetraphenylporphyrinato 

Interest in the reactions of these oxometal species stems from the fact that an oxoiron(v) 
porphyrin has been implicated as the active oxidant in reactions mediated by the 
cytochrome P450-containing monooxygeneases' 38. Thcse enzymes effect a variety of 
selective oxidations such as alkane hydroxylation and alkene e p o x i d a t i ~ n ' ~ ~ .  In 
agreement with the postulated mechanism the model oxometalporphyrin complexes have 
been shown to selectively epoxidize alkenes at ambient tcmperaturc' 31137 (reaction 116). 

Alkyl hydroperoxides should, in principle, also be able to function as oxygen atom 
donors in a reaction analogous to equations (1 14) and (1 15). Indeed, it has been shown 
that alkyl hydroperoxides can replace the combination of molecular oxygen and hydrogen 
donor utilized by the enzymes138. It is interesting in this context to mention thc work of 
S t a u t ~ e n b e r g e r ' ~ ~  who has studied the oxidation of cyclohcxenc with TBHP in the 
presence of metal phthalocyanine catalysts. He has found. as would be expected, that 
MOO& and VOPc (Pc = phthalocyanine) afford high yields of epoxide (see Section VI). 
An uncxpectd result is the high selectivity to epoxide (97 x )  observed with nickel(11) 
phthalocyanine as CdtdySt. Nkkel(ii) falls into the class of metal compounds that 
generally catalyse the homolytic dccornposition of hydroperoxides (Section 1V) and not 
the class of high-valent metal compounds that catalyse epoxidation via a hcterolytic 
mechanism (Section VI).  I n  view of the results obtained with the oxometal porphyrins 
(vide sirprn) it scems likely that the reaction involves epoxidation by a piitativc 
oxonickel(1v) phthaiocynnine complex (rcactions 1 17 and 1 18). Recent prehminary results 

(1 17) PcNili + r-Bu02 H - PcNiiV=O f t-BuOH 
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have revealed that NiPc also catalyses the selective epoxidation of alkenes, such as styrene, 
with other oxygen atom donors, e.g. NaOCI, PhIO, etc.14'. 

It is interesting to note that a mechanism involving an analogous oxopalladium(1v) 
intermediate as the active oxidant in the palladium(I1)-catalysed oxidations of, inter d i n ,  
alkenes with TBHP (see Section VI) cannot be completely ruled out (Scheme 16). 

ROPdll+ R02H - PdlI-O-OR - ROPd'"=O 

0 
I I  c=c - C-C +Pd"OR 

SCHEME 16 

D. Alcohol Oxidation 

The oxidation of secondary alcohols to ketones has been observcd as a side-reaction in 
the vanadium-catalysed epoxidation of allylic alcohols with TBHP (see Section V1.A)". 
Oxidation to the enone becomes the predominant reaction with conformationally rigid 
allylic alcohols that are unable to attain the transition state for intramolecular oxygen 
transfer to the double bond in the vanadium(v)/TBHP/substrate complex (see Section 
V1.A). For example, cisJ-t-butylcyclohex-2-en-1-ol affords the corresponding enone as 
the major product in 74% yields5 (reaction 119). 

TBHP 
O O H  1~0(acac)21 

e = equatorial 

In contrast to  the molybdenum-catalysed oxidations of secondary alcohols with TBHP 
described earlier (Section VI.E), which involve an alkylperoxymolybdenum(v1) 
intermediate as the active oxidant, these reactions appear to involve oxidation of the 
alcohol t y  the vanadyl (Vv=O) species. This is followed by reoxidation of the reduced 
form (V"') by the TBHP, i.e. the latter functions as a terminal oxidant (Scheme 17). 

0 

SCHEME 17 

Similarly the recently reportedi4' oxidations of primary and secondary alcohols to 
aldehydes and ketones, respectively, by H 2 0 2  or R 0 2 H  in the presence of RuCl, as 
catalyst may involve high-valent oxoruthenium compounds as the active oxidants 
[compare also the palladium(I1)-catalysed oxidations of alcohols with TBHP described in 
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Section VI.E]. Vicinal glycols have been siniilarly reported to undergo oxidative 
cleavage142 (reaction 120). 

VIII. REDUCTION OF ALKYL HYDROPEROXIDES TO ALCOHOLS 

We have already mentioned (Section 1I.A) that alkanes and aralkanes containing tertiary 
C-H bonds can be selectively autoxidized, at moderate temperatures, to give thc 
corresponding t-alkyl hydroperoxides. The alkyl hydroperoxides can be selectively 
reduced to the corresponding alcohol by aqueous sodium ~ u l p h i t e ' ~ ~  or by catalytic 
hydr~gena t ion '~~ .  This provides a method for the conversion of saturated hydrocarbons 
to the corresponding alcohols. For example, pinanc has becn converted to 2-pinanol by 
autoxidation (to 5 pinane conversion) and subsequent reduction of the pinane-2- 
hydroperoxide with ~ u l p h i t e ' ~ ~  (reaction 121 ). 

The conversion of alkanes to alcohols should, in principle, be accomplished in one step 
by carrying out the autoxidation at  elevated temperatures where the alkyl hydroperoxide 
is decomposed itz sit ir  via the sequence shown in reactions (122)-(124). For long kinetic 
chain lengths the overall reaction is shown in reaction (125). However, reaction under 
these conditions generally leads to substantial by-product formation via p-scission of 
intermediate alkoxy radicals (see Section 1V.B). Selectivities to alcohols can be 
significantly improved by carrying out the autoxidation in the presence of stoichiometric 
amounts of boric acid (H,BO,)? metaboric acid ( H B 0 2 )  or boric anhydride (B203), an 
effect discovered by B a ~ h k i r o v ' ~ ~ .  The boron compound converts the intermediate 
hydroperoxide to the corresponding alkyl borate, dioxygen and waterI4' (reaction 126). 
The alkyl borate is hydrolysed, in a subsequent step, to the corresponding alcohol and 
boric acid,,which is recycled to the oxidation reactor. In  the oxidation of cyclopentadecane 
(reaction 127), for example, the selectivity to cyclopentadecanol (at ca. 20 "/, conversion) 
increased from 17% in the absence of boric acid to 84% in its presence'48- 

ROz H 9 ROO+ HO- (1 22) 
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84% 

The catalytic decomposition of TBHP by organoselenium compounds, a t  75°C in 
benzene, is also reported to yield t-butanol and dioxygen as the sole  product^'^'. The 
scope of this method in the direct conversion of hydrocarbons to  the corresponding 
alcohols does not appear to have been investigated. 

IX. REACTIONS OF a-SUBSTITUTED ALKYL HYDROPEROXIDES 

As mentioned earlier, alkyl hydroperoxides are generally unreactive towards organic 
compounds in the absence of metal catalysts. This contrasts with organic peracids 
(RC0.02H) in which the electron-withdrawing carbonyl group renders the peroxidic 
oxggens more electrophilic compared to those in alkyl hydroperoxides. Thus, organic 
peracids oxidize a variety of organic functional groups in the absence of catalysts. In this 
section we shall be concerned with a group of alkyl hydroperoxides in which substitution 
by electron-withdrawing groups at the 3-C-H bond produccs oxidants with properties 
comparable to the organic peracids. For example, the hydroperoxide (18), produced by the 
additionof H202 to hexafluoracetoneat ambient ternperaturel5' (reaction 128) is capable 
of epoxidizing alkenes under mild conditions15 '- The cyclic mechanism shown in reaction 
(129) has been.suggested for the epoxidation of alkenes by 

C - L C  

This reagent has also been utilized for the oxidation of aldehydes to carboxylic acids152 
and the oxidation of tertiary amines and dialkyl sulphides to the corresponding amine 
oxides and sulphoxides, re~pec t ive ly '~~ .  Rebek and coworkers'5* have similarly shown 
that the %-substituted hydroperoxides (19)-(22). obtained from the autoxidation of 
ketones, esters, amides and nitriles are able to epoxidize fairly reactive alkenes, such as 2,3- 
dimethylbutene-2 and 2-methylstyrene, in high yield. The highest yields have been 
observed with 20 and 22 in chloroform at 60°C. The same gr,oup have shown that 2- 
substituted hydroperoxides, derived from the reaction of ortho esters and imines with 
HzOz  (reactions 130 and 131), are also able to cpoxidize alkenesI5'. 
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R 

(19) R = CHMez 

(20) R = O M e  

(21) R = NMe2 

,EN 
PhpC 

I 

MeC(OEtI3 + H202 - MeC(OE&02H + EtOH 

\ 
,c=N--R + H ~ O ~  - ;C-NHR 

I 
0 2  H 

Many of these reagents bear a structural resemblance to  the flavin hydroperoxides (23) 
which havc been implicated as the active oxidants in oxidations mediated by flavin- 
containing 57. 

Me 
I 

Me 
Me 

Bruice and 5 8  have compared the relative rates of oxidation of thioxane 
to the corresponding sulphoxide (reaction 132) with H 2 0 2 ,  TBHP and the model flavin 
hydroperoxide (23). The latter has been found to react ca. lo5 times as fast as TBHP. 

A ROpH n 
d - O  W S - O  
0 

ROa H k* 

TBHP 1 

X. CONCLUDING REMARKS 

In the foregoing discussion we have attempted to show that alkyl hydroperoxides, readily 
prepared via autoxidation of appropriate hydrocarbons, constitute an  important class of 
mild oxidants in organic synthesis. In combination with a variety of transition-metal 
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catalysts they are able to effect diverse selective oxidative transformations. Many of thcse 
reactions have been developed in the last five years. Selective coordination of the substrate 
to  the metal catalyst, through functional groups not directly involved in the oxidation, can 
result in a high degree of regio- and/or stereo-selectivity (e.g in the epoxidation of 
unsaturated alcohols). Furthermore, the use of chiral ligdnds offers the additional 
possibility of effecting asymmetric induction in these reactions. We confidently expect, 
therefore, that the scope o f  metal-catalysed oxidations with alkyl hydroperoxides wiH be 
further expanded in the near future. The mechanisms of many of these reactions are 
generally poorly understood. In particular, the question of alkylperoxymetal vs. oxomctal 
species as  the putative oxygen-atom-transfer agents is a problem that warrants further 
investigation. 
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1. INTRODUCTION 

The photoinduced damage or destruction of aerobic species in the prcsence of natural or 
adventitious dyes has piqued the curiosity ofscientists for the past century'. In recent yeurs 
it has been shown that the first excited state of molecular oxygen, singlet oxygen (iOz) is 
one of the active species involved in this 'photodynamic action'. Keen interest has 
developed in understanding fully the mcchanistic details of this destructive effect and in 
uncovering other possible biosynthetic functions of singlet oxygen. 

Concomitant with the growing intrigue with singlet oxygen chemistry, there has 
developed an interest in the resulting products which include three major classcs of 
peroxides: allylic hydroperoxides, 1,2-dioxacyclobutanes (dioxetanes) and 4,5-diox- 
acyclohexenes (cndoperoxides). Often, secondary reactions of these labile primary 
products occur spontaneously or during work-up. Hence, a knowledge of some of the 
chemistry of endoperoxides, allylic hydroperoxides and dioxctanes is crucial to  an 
undcrstanding of the course of a reaction. Noteworthy as well is that these secondary 
reactions can, to some extent, be controlled and selectively induced. Synthetically, 
therefore, '0' has proven to be a powerful tool which allows for ready access to a plethora 
of functionalities including allylic alcohols, enones, epoxyenones, P-diepoxides and diones. 

It is the goal of this chapter to discuss the organic chemistry of '0' and particularly its 
rolc in peroxide chemistry. To that end we shall also present various aspects of the 
chemistry of the primary '02 products. We will confine ourselvcs, however, to those 
transformations which commonly occur spontaneously during the course of a singlet 
oxygen reaction or are induced thereafter for synthetic purposes. Abovc all, we trust that 
the reader will become fascinated with the versatility of this petite but mighty little 
molecule. 

11. THEORETICAL DESCRIPTION 

Evcr since the discovery of oxygen ovcr two centuries ago, mankind has invested a good 
deal of time and resources in attempting to understand thc exact role this life-supporting 
molecule plays in autoxidative, photooxidative and metabolic processes. Since it is the 
electronic makeup of a molecule which determines its reactivity, it was to molecular orbital 
theory and electroniccxcitation spectroscopy that scientists turned in order to get an exact 
description of the configuration of the various electronic states of molecular oxygen'". Wc 
shall limit our discussion to thc structure of the lowest three electronic states of O2 which 
difl'er primarily in  the manner in which the two electrons of highest energy occupy the two 
degenerate nip niolccular orbitals. Following Hund's rulc, in the ground state of O 2  
these two electrons will have parallel spins and be located one each in the two degenerate 
x i p  orbitals (Figure 1). Such an electronicconfiguration corresponds to a triplet 3X; state 
and we shall henceforth refer to ground-state molccular oxygen as triplet oxygen, 30z. 
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O(A.0. )  O2 (M.O.) O(A.0 . )  

2 2 + + -  -# 

FIGURE 1. Schematic energy level diagram showing how the atomic orbitals (A.O.) of two atoms 
of elcmental oxygen interact to form the molecular orbitals (M.O.) of molecular oxygen. The electron 
distribution is, according to Hund's rule, yielding ground-state molecular oxygen (3X; ). 

This triplet character is responsible for the  paramagnetism and diradical-like properties of 
302. More  importantly, this triplet electronic configuration only permits reactions 
involving one-electron steps. Thus, despite the exothermicity of oxygen reactions, a spin 
barrier prevents302 from reacting indiscriminately with the plethora of singlet ground- 
state organic compounds surrounding it. One  could well argue that i t  is this spin barrier 
that permits life to be maintained. 

The two lowest excited states a re  both  singlets in which the two highest energy electrons 
have antiparallel spins. Thus no spin barrier should exist for their reaction with organic 
substrates. In the first ( 'Ag) state, which lies 22.5 kcal mol -*  above the ground state, both 
ofthe highest energy electrons occupy the same n i p  orbital. I n  the second, a '&? state lying 
15 kcal mol - '  higher, each of the n i  orbitals is half full (Table 1). 

In the gas phasc the lifetimes of A and 'C oxygen are 45 minutes and  7 seconds 
respectively2b. However, in solution these lifetimes are dramatically reduced through 

P 

TABLE 1. The three lowest electronic states of molecular oxygen and selected properties 

Lifetime ( s ) ~  bC 

Electronic Configuration Relative energy Valence bond 
state of lT& (kcal mol- * )  Gas phase Liquid phase representation 

"0 t 0-j 'Xi + + 37.5 7-12 10-9 

' 4 - 221.5 2700 10- 3 ,o =o> 

3 1, 1-4-  0 03 03 

' 4 '  
/ 
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collisional deactivation to approximately and seconds respectivelyzb*". Because 
the reactions that concern us are generally carried out in solution, i t  is the longer lived 'A 
Oz that is involved as the active species. We shall henceforth refer to this longer lived 
species as singlet oxygen, lo2. 

A simplified picture of the three lowest electronic states of molecular oxygen and a 
comparison of some of their properties is presented in Table 1. 

Ill. METHODS OF PREPARATION 

An impressive variety of physical and chemical sources of 'OZ are now avai!able for 
laboratory-scale purposes. However, in the following discussion we shall focus only on 
those most commonly in use. 

A. Photosensitization 

By the beginning of the twentieth century there were several reports3 describing the 
oxidation of organic and biological substrates in the presence of oxygen, light and a 
photosensitizer. It has become apparent during the last two decades that there are in fact 
two general classes of photo oxidation^^. In the first, called Type I, the sensitizer serves as a 
photochemically activated free-radical initiator. In its excited state the sensitizer reacts 
with a molecule of a substrate, resulting in either hydrogen atom abstraction or electron 
transfer. The radicals thus formed react further with 302 or other molecules. In the second 
class of reactions, dubbed Type 11, the sensitizer triplet (sens3), formed via intersystem 
crossing (ISC) of the excited singlet state sensitizer (sens' .), interacts with oxygen, most 
commonly by transferring excitation, to produce '02 (equations 1 and 2 ) .  The direct 
absorption of light by 30z to produce '02 is a spin-forbidden process. Type I1 generally 
predominates with coloured sensitizers (dyes) which absorb visible light while Type I 
processes are favoured by high-energy UV absorbing sensitizers. Table 2 includes several 
common sensitizers used to produce '02.  Note that their triplet energies ( E T ) 5 . 6  range 
from 30-46 kcal mol- '. 

. 

sens' Is' - sens3 
hv 

sensl 

TABLE 2. Triplet en erg^^.^ of sensitizers commonly used to 
produce loz 

Sensitizer 

Fluorescein 45.2-48.1 

Triplet energy, ET (kcal mol-') 

Eosin 43.2-46.0 
Erythrosin 43.1-45.8 

Rose Bengal 39.5-42.2 
Rhodamin B 43.0 

Tetraphenylporphyrin 34.0 
Methylene blue 34.0 
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A variety of photochemical apparatus and procedures have been described7**. In a 

typical reaction, the substrate and the sensitizer (10-3-10-5 M )  are dissolved in an 
appropriate solvent (see Table 3)  and photolysed (250-1000 W) while oxygen is bubbled 
through the reaction mixture. Alternatively the solution is rapidly stirred under an oxygen 
atmosphere with the uptake of oxygen followed by means of a gas buret. A UV cut-off filter 
is often placed between the light source and the reaction vessel to prevcnt the initiation of 
free-radical reactions. 

As is clear from Table 3, solubility properties differ from sensitizer to sensitizer 
acc0rdir.g to their chemical structure. Bodeng reports that the problem of solubilizing 
anionic dyes (such as Rose Bengal and Eosin Y) in aprotic solvents can be circumvented by 
the use of phase-transfer catalysts such as crown ethers and tetramethylammonium salts. 

Recently the use of polymer-based or adsorbant-bound sensitizers10-’ has become 
quite popular and several products are commercially available. Problems such as 
solubility, removal, recovery and bleaching, often confronted with unbound sensitizers, 
are eliminated by using this heterogenous photooxygenation method. The polymer-based 
sensitizer need simply be suspended in any (mostly organic) solvent which will ‘wet’ the 
polymer. Upon conclusion of the photolysis, the sensitizer may be filtered off, washed and 
reused if so desired. 

Ofall  the techniques available for generating lo2, photosensitization is clearly the most 
convenient. It is applicable to a large spectrum of reaction temperatures, solvents and 
sensitizers. Most importantly for unreactive substrates this physical method, unlike the 
many chemical methods discussed below, requires no additional reagents, merely longer 
photolysis times. Nevertheless, the possible intervention of Type I and other free-radical 
processes requires independent nonphotochemical sources of ‘0,. 

B. Oxidation of H,O, 

In 1960 SeligerI6 tested the ability of a number ofdifferent oxidizing agents to stimulate 
the chemiluminescence of luminol. He noted that upon mixing the two oxidants H,Oz and 
HOCl he obtained a red luminescent flash. The reaction proved more efficient when 
alkaline solutions of the two reactants were used. Seliger reported further that the 
spectrum of the emission consisted of a rather narrow band centred at  634nm which we 
now know17 corresponds to the dimole emission of ‘0,. The accepted mechanisrnI8 for 

TABLE 3. Solubility properties of common ’02 sensitizers” 

Solvent Eosin Methylene Blue Rose Bengal Tetraphcnylporphyrin 

Acetone 
C H 3 0 H  

CH,C12 
CH,CN 
C6H6 
cs2 
CCI, 

CHC13 

Pyridine 
Ether 
THF 
H20 

S 
S 
ss 
ss 
S 
ss 
ss 
ss 
S 
ss 
S 
S 

S 
vs 
vs 
S 
S 
I 
I 
I 
S 
1 
ss 
S 

S 
S 
I 
I 
S 
I 
I 
I 
S 
ss 
S 
S 

ss 
I 
S 
S 
I 
S 
S 
S 
S 
ss 
S 
I 

“VS, very soluble; S, soluble; SS, slightly soluble; I, insoluble. 



206 Aryeh A. Frimer 

this process is based o n  the early work of Connickig and Cahill and Taube2' and involves 
the intermediacy of a chlorohydroperoxy anion2 as the active species, formed as shown in 
equations (3)-(6). 

HOOH+-OCI H O O - +  CI-OH (3) 

(4) 

H 2 0  + -0OCI  (5) 

- P  

- P  

HOO- + CI-OH H 0 0 - C I  + HO- 

HO-+H-OOCI = 
-Q-oGl - lo2 + CI- 

Foote and W e ~ I e r ' ~ . ~ ~  have reported that when sodium hypochlorite is added dropwise 
t o  chilled and stirred alkaline alcoholic (MeOH, EtOH, MeOHIr-BuOH) solutions 
containing the substrate (-0.1 M )  and exccss hydrogen peroxide, yields of u p  to 80% can 
be obtained. 

Despite the utility of this method for reactive lo2 acceptors, unreactive substrates 
require large quantities of reagents which further complicate the solubility problems. 
Furthermore, this system produces various free radicals which may induce autoxidative 
processes. Functional groups on the starting material or products may be sensitive to 
either H 2 0 2  o r  aqueous basc. 

T o  circumvent the solubility problem, McKeown and Waters24 suggested a two-phasc 
system. In this procedure the upper layer contains the substrate dissolved in a suitable 
organic solvent while the lower laycr contains aqucous K O H  and H 2 0 2 .  Brz is added 
dropwise while thc lower laycr is slowly stirred and '02 bubbles up through the upper 
layer. The  reaction occurs well with Br2 and CI2 but not Iz. Although this method allows 
for some diversity in the choice of solvents it is not recommended for general synthetic use 
because of the low lo2 yields, competing radical and halogenation reactions, and possible 
sensitivity of the substrate or products t o  the alkaline oxidizing conditions. 

C. Decomposition of Trialkyl and Triaryl Phosphite Ozonides 

Alkyl and aryl phosphites react with ozone to give the corresponding phosphates and 
molecular oxygen. In  1961, T h o m p ~ o n ' ~  found that when the reaction is carried out at 
-7O"C, some triaryl phosphites first form a metastable 1 : 1 adduct with ozone, which then 
decomposes upon warming to phosphate and oxygen. Murray and Kaplan26-28 later 
demonstrated that in the case of triphcnyl phosphite ozonide, the oxygen evolved 
displayed the reactivity of '02 generated by other procedures (equation 7). Bartlett and 
 coworker^^'-^ I have, howcvcr, shown that with highly rcactive substrates, triphenyl 
phosphite ozonide reacts slowly and directly far below its decomposition tcmpcrature. 
These results have bccn corroborated by the thermochemical and kinetic studies of 
K o ~ h ~ ~ . ~ ~ .  

Nevcrtheless, for most substrates the phosphitc ozonidc method is a convenient source 
of '02 which is susceptible to tempcrature control. Thus ozonidc can be added to the 
acceptor solution at temperatures below - 35°C and reaction will take place only upon 
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warming. Bartlett and colleagues have further shown that the decomposition of the 
ozonide to '0' is very susceptible to base catalysis34. For example, the use of pyridine in 
methanol as solvent permits the controlled thermal generation of singlet oxygen at 
temperatures as  low as - 1Qg"C without significant diminution in the yield. 

The major drawback of the phosphite ozonide technique is that large quantities of 
triphenyl phosphate are produced, particularly in the case of unreactive substrates. The 
phosphate is difficult to separate from the peroxidic products. 

A number of other phosphite-ozone adducts have been used to carry out oxygenation 
reactions. Thus the tricyclic phosphites 4-ethyl-2,6,7-trioxa-l-phospha- 
bicyclo [2,2,2]octane and l-phospha-2,8,9-trioxaadamantane (2)35b readily form 
Ozone adducts which efficiently produce '02 at temperatures above 0°C. Phosphite 2 is of 
particular interest since its ozonide is water-soluble and may therefore be used as  a source 
of lo2 in aqueous solutions. Furthermore, the corresponding phosphate is insoluble in 
CC14. Thus CCI4 solutions of pure products are easily obtainable. 

D. Thermal Decomposition of Endoperoxides 

Polynuclcar aromatic hydrocarbons arc  among the best and oldest acceptors of singlet 
oxygen3' (see Section V.B. l ) .  In many cases, the resulting transannular peroxides (also 
called endoperoxidcs or  epidioxidcs) have the interesting property of regencrating the 
original arenc and singlet oxygen when heated. Wasscrman and  coworker^^'.^^ have 
reported that 9,lO-diphenylanthraccne endoperoxide has a half-life of 16 hours a t  80°C and 
8 hours at 90°C. In a typical experiment the substrate is heated with two equivalents of 
peroxide i n  refluxing benzene for 2-5 days depending on substrate reactivity. Aprotic 
solvents other than benzene ( ~ g .  toluene, chloroform or dimethyl sulphoxide) may be used 
as well. Alcoholic solvents generally react with endoperoxides and are hence not suitable. 

Clearly the thermal stability of the peroxides will depend on  the structure of the parent 
arene. Thus while the endoperoxides of 1,2,4-trimethylnaphthalcne (T'~" = 70 h)", 1,4,5- 
trimethylnaphthalene ( T ~ ~ ~  = 290 h, T~~ = 34.5!1, T ~ ~ -  = 2.7 h)39 and 1.2,3,4-tetra- 
methylnaphthalene ( T ~ ,  = 47 h)3g are stable at room temperature, those of 1- 
methylnaphthalene3'. 1,5-dimethylnaphthalene3". a ~ e n a p h t h e n e ~ ~ ,  5-methylacenaph- 
thene3', 1 - m e t h ~ x y n a p h t h a l e n e ~ ~ ,  1.4-dimetho~y-9,lO-diphenylanthracene~~ and 2,5- 
diphenyl-2,5-dihydrof1~ran~' arc not. T h e  latter may be prepared at  - 78°C and 
decomposed at room temperature4'. T h e  endoperoxide of 3-(4-niethyl-l-naphthyl)- 
propionic acid4' is water-soluble and decomposes readily a t  35°C (T = 23 min). 

The major disadvantage of this method is that large amounts of perdxide are required 
for unreactivc substrates. This only complicates the difficulty of separating the arenc from 
the reaction products. Rosenthal and A ~ h e r ~ ~  have got round this problem by preparing a 
polymer-based 9,lO-diphenylanthraccnc derivative which can be removed after the 
decomposition of its endoperoxide by simple filtration and then reused if desired. 
However, the decomposition of the endoperoxide of the polymer like that of the free 9,lO- 
diphcnylanlhracene requires relatively high temperatures ( > 80°C) and long reaction 
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times. It would seem then that the endoperoxide decomposition method, though well 
suited for mechanistic studies, is inconvenient for preparative use. 

E. Microwave Discharge 

In the generation of singlet oxygen in a stream of gaseous oxygen by microwave 
discharge44, only about 10% of the oxygen stream is in the 'A state. Another 10% is 
oxygen atoms which can be removed by a variety of methods. In order to avoid the 
formation of ozone only a few millimetres of oxygen pressure are used. The '0,-rich gas 
stream can then be passed into a solution of acceptor. 

This physical method has had widespread importance for gas-phase studies. However, 
because of the short lifetime of '0, in solution, reaction occurs only where the stream 
initially comes into contact with the liquid phase making i t  unsuitable for unreactive 
substrates. Compare this, for example, with photosensitization where the sites of '02 
formation are dispersed throughout the solution. I f  we take into consideration as well the 
relatively low absolute yield of lo2, because of the low pressures required, as well as the 
cost of microwave generators, it is not surprising that this technique has had only a minor 
importance in solution work. 

IV. DIAGNOSTIC TESTS 

We have noted above that free-radical processes can be inadvertantly initiated during the 
course of '0, generation, particularly when photosensitization is the method used. As a 
result, a series of diagnostic tests are required to determine whether the products observed 
result from a singlet oxygen reaction or a free-radical autoxidation. Below are listed a few 
such tests which have proven quite useful. 

(1) 1,4-Diazabicyclo[2.2.2]octane (DABCO, 3) is chemically inert to '02 and is 
particularly efficient in quenching it  to the ground state45. It should be borne in mind 
though that DABCO in concentrations above 0.05~1 may quench the excited singlet statc 
of the sensitizing dye4'. Thus, a sharp rcduction in the rate of oxidation as a result of thc 
presence of t0.05 M DABCO is strong evidence for a '02 process. 

(3) 

(2) O n  the other hand, 2,6-di-t-butylphenol is an effective free-radical inhibitor. A 
dramatic reduction of oxygen uptake upon addition of this phenol to the reaction mixture 
suggests that the process is free-radical in nature. Foote4' has pointed out that one must bc 
careful in interpreting ncgative results since this phenol is not completely inert to '02 and 
does react slowly. However, at conccntrations below 0.01 hi, its influence on the '0, 
reaction is small in methanol, though i t  will be larger for most aprotic solvents in which 
singlet oxygen has a longer lifetime. 

(3) Because of the extremely low activation energies required for singlet oxygen 
p r o c e s s e ~ ~ ~ - ~  I ,  little, if any, dependence of the rate on temperature should be observed. O n  
the other hand, the initiation of free-radical oxidation is well known to be slowed or 
inhibited at low temperatures5*. Hence, if a free-radical process is suspected the 
oxygenation should be repeated at - 78°C. 
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(4) In the case of photosensitization, the rate of reaction and product distribution in a 
given solvent should be independent of the sensitizing dye utilized. This is because the 
sensitizer is not involved in the oxidation of the substrate but rather only in the generation 
of the lo2. The latter should react in the same fashion independent of the source. For the 
same reason photosensitization results should be comparable to those obtained using 
chemically generated '02 (e.g. from the thermal decomposition of phosphite ozonides or 
polycyclic arene transannular peroxides). Large variance in product distribution as a 
result of changes in the sensitizer or '02 source is symptomatic of the involvement of a 
Type I process. 

V. MODES OF REACTION 

A. Introduction 

Unlike 302: which displays a biradical character, all the electrons in 'Oz are paired. 
Hence, the type of reactions it  undergoes are expected to involve electron pairs. What's 
more, it is convenient to think of '02 as  the oxygen analogue of ethylene. Indeed, each of 
the three modes in which '02 reacts with unsaturated compounds finds precedent in one of 
the reaction pathways of ethylene. 

The first of the singlet oxygen reaction modes is a [2 + 2]cycloaddition to a double 
bond to form a 1,2-dioxacyclobutane or dioxetane (equation 8). These cyclic peroxides are 
sometimes of moderate stability but readily cleave thermally or photochemically into two 
carbonyl-containing fragments. The cleavage is quite often accompanied by 
chemiluminescence. 

The second mode bears a striking resemblence to the Alder 'me' r e a c t i ~ n ~ ~ . ' ~ .  In  the 
*02 ene reaction, olefins containing an allylic hydrogen are oxidized to the corresponding 
allylic hydroperoxides in which the double bond has shifted to a position adjacent to the 
original double bond (equation 9). 

The third and final mode involves B 

to a diene producing endoperoxides 
[4 + 2 ] Diels-Alder-type addition ofsinglet oxygen 
(equation 10). 

The question of mechanism in these three reaction types has been the subject of much 
heated debate ovcr the past decade. The highlights of this long-standing controvcrsy have 
been recently reviewed by this author55 and ~ t h e r s ~ ' - ~ '  and a detailed discussion is 
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beyond the scope of this chapter. For the purpose of completeness, however, we shall 
briefly summarize the various positions as  we consider each reaction mode in turn. Let US 
simply note that despite extensive research, the question of mechanism of these three 
modes has yet t o  be resolved. 

A variety of factors have been shown to control all singlet oxygen  reaction^"^. The rate 
of reaction within a homologous series of compounds is generally inversely proportional 
to their ionization potential. This suggests that singlet oxygen is mildly electrophilic and 
sensitive to  the nucleophilicity of the olcfinic bond. Thus as a rule, alkyl substitution 
increases the reactivity of olefins 10-100-fold per group. Solvent has only a minimal effect 
on the rate of reaction; changes in rate are commonly due to solvent effects on the lifetime 
of singlet oxygen. Because of the low activation energy for singlet oxygen processes 
(1-5 k ~ a I ) ~ ' - ' ~  little if any temperature effect on the rate of reaction is observed. 
Regarding the nzode of reaction, electron-rich olefins (such as vinyl sulphides, enol ethers 
and enamines) as  well as sterically hindered alkenes (such as  2 ,2 -b iadaman t~ l idene~ '~  and 
7,7-bin0rbornylidene~~~) tend to prefer dioxetane formation, though two modes often 
compete. Finally, the direcrion of singlet oxygen attack is predominantly, if not exclusively, 
from the less hindered side of the molecule. Other mode-specific factors will be described as 
we discuss each reaction type, a task to  which we now turn. 

B. Singlet Oxygen Diels-Alder Reaction 

1 .  Nature of the substrate 

We have already pointed out that the [2 + 4lcycloaddition of '02 to dimesfi6 is 
analogous to the well-known Diels-Alder reaction in which oxygen serves as the 
dienophile. The cisoid 1,3-diene functionality requisite for such a cycloaddition commonly 
resides in nonaromatic systems. Thus Schenck and Zicglerfi7 succeeded in the early fifties 
in synthesizing the pharmacologically active and stable endoperoxide ascaridole (5) via 
the photosensitized oxidation of a-terpinene (4). In  the absence of sensitizer, free-radical 
processes intervene and polyperoxide (6) is obtained (equation 11). 

A more recent and fascinating example is the photooxidation of cycloheptatriene68. In  
view of its facile valence isomerization between the tropilidene (7) and the norcaradiene (8) 
forms, its dienic reactivity is abundant and varied (equation 12). Both forms react with '02 
to give the corresponding [2 f 4]cycloadducts 10 and 11 respectively. However 7 also 
undergoes an uncommon, yet precedcnted, [2 -t 61cycloaddition yieldingendoperoxide 9. 

The 1,3-dicne moiety may, however, reside partially or completely within an aromatic 
system. Thus, vinyl aromatic systems such as indenesGgP7 ', 1 ,2-dihydronaphthalenes7*, 
substituted s t y r ~ n e s ~ ~ - ~ ~ ,  v i n y l n a p h t h a l e n e ~ ~ ~ ~ ~ ~ ' ,  2 -v iny l th iophene~~~  and phenyl- 
pyruvic acids0 all react to form endoperoxides (equation 13). 
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Yt4’ 

Polynuclear systems are likewise susceptible to the [2 + 41 mode of attack. For 
example, it has been known for more than half a century3‘ that the red rubrene 12 can be 
converted into its colourless transannular peroxide 13 by a self-sensitized photooxidation. 
Like the endoperoxides of other polynuclear arenes (see Section IILD), this endopcroxide 
reverts thermally to ‘02 and the coloured starting material (equation 14). 

Ph Ph Ph a \ / / /  +lo2 - h 1 - a  \ 
/ /  (1 4) 

Ph Ph Ph Ph 

(12) (red) (13) (colourless) 

The 1,4-cycloaddition of ‘02 to electron-rich monocyclic aromatic systems has also 
been reported. Thus methoxy-’I, dimethylamino-n2 and polymethyl-benzene~~~.~~ all 
react with ‘02 affording endoperoxides as the initial products. Similarly a very large 
number of diverse heterocycles such as furans, pyrroles, indoles, imidazoles, purines, 
oxazoles, thiazoles and thiophcnes react by this  mod^'^*'^. Interestingly, the reaction of 
one mole of ’02 with a furan in a [2 + 41 fashion yields what may be viewed as a 
cyclobutadiene monoozonide. Not surprisingly, the latter is quite labile but, like other 
ozonides, can be reduced with triphenylphosphine (equation 15)”. 

We close this section by citing a fascinating homo-Diels-Alder reaction which has been 
reported by Takeshita and coworkers8’ in the photooxidation of spiro [2.4]hepta-4,6- 
diene (equation 16). 
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OH 

2. Mechanism 

For the '02 Diels-Alder reactionss three mechanisms have been suggested and are 
summarized in Scheme 1. The mechanism most commonly invoked is a concerted 
[2 + 4]cycloaddition6"~"; however, two dissenting views have recently been posited. 
OgryzloG3 has presented evidence suggesting the formation of an initial charge-transfer 
complex. Theoretical calculations by Dewar and Thie164 and ccrtain experimental datass 
are consistent with the intermediacy of an  allylic perepoxide". 

/ 
0 
I1 
0 

\ 
@*- 'A 
Perepoxide / 

Charge transfer 

SCHEME 1. Possible rncchanisrns for the singlet oxygen Diels-Alder reaction. 

3. Reactions of endoperoxides 

Photosensitized singlet oxygenation is clearly onc of the mildest and most efficient 
mcthods for introducing oxygen functionalities in polycnes. This is particularly true in 
light of the selective and useful transformations which the labile endoperoxide 
oxygen-oxygen bond undergoes. Littlc wonder thcn that endoperoxide chemistry has 
long becn of interest to the synthetic organic chernist6('''.'*g. Most recently, however, the 
discovery of the pivotal role endoperoxidcs play in thc biosynthesis of  prostaglandin^^^ 
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has spurred scientific exploration of the modes and mechanism of endoperoxide 
rearrangements and reactions. Scheme 2 illustrates several of the transformations 
observed for ascaridole (14). 

\ 
Zn/ZnC12 

(Ref. 96) 

Pd/H2 (Ref. 95) / 

(Ref. 90$h,p 

: /  
.1 ,hr or CoTPP @ (Refs. 91 -93) - 

7% 

SCHEME 2. Selected reactions of ascaridole. 

a. Rearrangement to dieposides. The transformation of unsaturated epidioxides to 1,3- 
diepoxides, exemplified by the conversion of ascaridole (14) to isoascaridole (15)9' ,  has 
assumed pharmacological importance because of the discovery of naturally occurring 
d i e p o x i d e ~ ~ ~ - ' ~ ~  and tumour-inhibitory activity for this functionality"'. This reaction 
has also been cleverly utilized in the preparation of the long-elusive arene dioxides and 
trioxides9' such as tram-benzene trioxide (22)'03-' O 5  (equation 17). 

The rearrangement can be induced thermally9', photochemically32 or via metal 
~ a t a l y s i s ~ ~ ~ ' ~ ~ .  The mechanism generally proposed for the thermal and photolytic 
processes involves homolytic fission of the oxygen-oxygen linkage followed by attack of 
the oxy radicals on the double bond (equation 18). (The thermal process, however, might 
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also procccd via a concerted mechanism)' 04. Rcgarding the metal-catalysed process, 
Turner and HerzlOG suggest an electron-exchange mechanism (equation 19). This is 
rejected by F o ~ t e ~ ~  who prcfers a mechanism involving complex formation between the 
oxidizing peroxide and the reducing catalyst without separation of ion pairs. 

Fez+ + 9 O\O( - Fe3+ + 9. - Fez+ +y -p: (19) 

Synthetic aspects of this reaction have been extensively revie~ed"~-~*". 
b. Transfortnation to 4-hydroxy-2-eti- 1 -oms ~ i i d  jiiraizs. In the prescnce of weak bases 

(e.g. dilute aqueous hydroxide, pyridinc, basic alumina), peroxides (including 
hydroperoxides) possessing %-hydrogens can undergo the Kornblum-DeLaMare 
reaction"'. In this process, generally assumed to involve an intramolecular carbanion 
displacement'"*, carbonyl and hydroxy fragments are produced. The conversion of 
cyclopentadienc endoperoxide (23) to l-hydroxycyclopent-2-en-4-one ( 2 4 ) ' 0 9  is typical 
(equation 20). If a dienc is reactcd with singlet oxygen under basic conditions the 
hydroxyketone should be directly obtainable. Using such an approach, Sih and 
coworkers' * "  have prepared the prostaglandin precursor 27 from the cyclopentadiene 25 
(equation 21). In this reaction, the basic rcagents used to generate the '02 
( H 2 0 z  + NaOCI) in turn catalyse the decomposition of the resulting endoperoxide 26. 

r- 1 
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Hydroxyketones are often formed in the t hermolysis or photolysis of endoperoxides in 
the absence of added base, though in this case they are rarely the exclusive product. For 
example, the endoperoxide of cyclohexadiene (28) yields both diepoxide (29) and 
hydroxyketone (30) (equation 22). 

A (140OC) 36% 45% 
hi (366 nm) 27% 22% 

This transformation has also been catalyscd by metals. Hagenbuch and Vogel" I report 
that endoperoxide 31 can be converted to 32 in moderate yields (60-75"/,) through the 
agency of fluoride ion (as base)"', or the metal cations Fe" and Rh' (equation 23). 
Compound 32 is also obtained in low yields when 30 is thermolysed at 130°C. The 
corresponding diepoxide is the major product. 

(33) 
60% 

60-75% yield 

65% 

+ 32 

~ 1 5 %  

In the case of endoperoxides (35) formed from acyclic conjugated dienes (34). the 
resulting y-hydroxy carbonyl compounds (36) can close to a cyclic hemiacetal (37) and 
then dehydrate yielding a furan system (38) (equation 24). This ovcrall process is generally 
acid-catalysed. Thus endoperoxide 31 is converted to furan 33 by heating it in acetic acid 
(equation 23)'". Metal catalysis has also been rcported1I3 Often, however, this reaction 
occurs spontaneously. For example, in the photooxidation of the sex pheromone 9,ll- 
tetradecadienyl acetate [M; R' = Et, R2 = (CH2),0Ac] only the corresponding furan 
can be isolated in a 70% yield' 14. 

Synthetically this reaction has been utilized for tiic preparation of various 
furanoterpenes' 15-' lY. 
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1- H2O 

c. Rennctioiis.Theperoxidelinkageis oneofthe most susceptible bonds towards reductive 
cleavage by a variety of reductants. It is, therefore, not surprising that in catalytic 
hydrogenation ofancndoperoxide both the peroxide bond and thedouble bond are reduced 
yielding cis-1 ,4-diols. One classicexample is the conversion ofascaridole to cis-p-menthane- 
1,4-diol(17, Scheme 2). This sequencesuggests a convenient synthetic method ofconverting 
1,3-dienes to 1 , 4 - d i o l ~ ~ ~ ~ * ' ~ '  (equation 25). 

Selective reduction of the double bond has been accomplished in a variety of 
endoperoxides [e.g. the transformation of ascaridole (14) to its dihydro analogue 16 as 
shown in Scheme 21 with diimide9"*'2z*123. This method has been used recently for the 
preparation of prostaglandin endoperoxide model compounds' 22. 

Selective reductions of the oxygen-oxygen bond using Zn/ZnC12 96 or LiAIH, lZ4 

generally yield 2-ene-l,4-diols. Thus ascaridole (14) is converted by Zn/ZnC12 to 1,4- 
dihydroxy-p-menth-2-ene (18)96. Somewhat surprisingly, with lithium aluminium hydride 
cis-l-hydroxy-3,4-epoxy-p-ment hslne (19) is formed9Ib. Trivalent phosphorus compounds 
in general, and triphenylphosphine in particular, reduce 1,4-endoperoxides to the 
corresponding 3,4-unsaturated 1,2-epo~ide~~*'~~*'~~'*'~~. The reaction sequence is 
exemplified by the reduction of naphthalene endoperoxide (39, equation 26)",". 

d- Tliernral rearratigetnetits. We have already noted previously in this section the thermal 
rearrangement of endoperoxides to diepoxides and/or hydroxyenones. Indeed, the 
formation of these two rearrangement products is quite general with various 
endoperoxides of acyclic and cyclic dienes. However, when the diene moiety resides in a 
five-membered ring the resulting endoperoxides rearrange to epoxy aldehydes as well as 
bisepoxides (equation 27)66dd. 
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O q  + (27) 

Polycyclic arenes which undergo [2 + 4]cycloaddition with 'O? suffer a loss of 
substantial resonance stabilization energy. Reattainment of this energy is undoubtedly the 
driving force in the frequent retroreversion ofsuch transannular endoperoxides to '02 and 
the starting aromatic hydrocarbon (see Section I1I.D). 

Endoperoxides are also known to rearrange to d i o x ~ t a n e s ~ ~ .  Goto and Nakamura'26 
report that endoperoxide 40 rearranges to dioxetane 41 (equation 28). Note that despite 
the isolation of dioxetane cleavage products, initial '02 attack involves not [2 + 21- but 
[2 + 41-cycloaddition. This is merely one example of many which demonstrate the 
caution required in determining the mode of reaction simply based on product analysis55. 

n 

c - 7OoC - 46OC 

I 
Me 

n aT- 
I 

Me 

(41 1 

e. Solcolysis. The reaction of endoperoxides with nucleophilic solvents leads to 
hydroperoxides. For example, the photooxidation of furans (43) in methanol8' yields 2- 
methoxy-5-hydroperoxyfurans (44) (equation 29). Similarly, the endoperoxides of 9,lO- 
disubstituted anthracenes undergo hydrolysis or methanolysis upon addition of dilute 
acid (equation 30)12'. 

R-Q 

R' 

R' 
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C. Singlet Oxygen Ene Reaction 

I. Nature of the substrate 

As we have mentioned already, the 1,3-cycloaddition of '02 to olefins bearing allylic 
hydrogens yields allylic hydroperoxides in which the double bond has shifted to  a 
neighbouring position (equation 9). Because of the facility with which hydroperoxides can 
be converted to a variety of other functional groups (vide irfin) this oxidative process 
permits allylic functionalization, an important synthetic tool. However, a variety of 
complications may set in when substrates contain more than one allylic hydrogen and/or 
more than one double bond. We shall briefly rcvicw, therefore, the various factors which 
determine the rcgio- and stercosclectivity of this reaction and set it apart from free-radical 
autoxidation. 

(a)  The singlet oxygen ene reaction, in sharp contrast to autoxidation, proceeds 
stereospecifically in a suprafacial manner with respect to the ene unit  such that oxygen 
attack and hydrogen removal occur on the same side of the olefin molecule'28. It is this 
stereospecificity that makes a singlet oxygen route to allylic functionalization so attractive 
to the synthetic chemist. 

( b )  Singlet oxygen is quite sensitive to steric considerations and approaches the 
substrate predominantly if not exclusivcly from thc less hindered side. For example, the 
axial methyl group in 10-methyl-A'(9)-octalin (45) and its steroidal analogues, inhibits 
reaction on the face of the ring-system. As a consequence, the octalin reacts practically 
stereospecifically on its u facc (equation 31)4b. 

(c) There is preferential abstraction of those allylic hydrogens which are aligned parallel 
to the plane of the p orbitals of the double bond in the low-energy conformations of the 
olefin. As a result, allylic quasi-axial hydrogens are more labile than quasi-equatorial ones. 
Thus in the photooxidation of 45 hydrogen abstraction occurs from thc cr face but only 
from C-2. The C-8 hydrogen on the 3 face is not axially disposed in the lowest energy 
conformation (equation 31). 

(tl) The reactions of singlct oxygen show a surprising prcfcrencc for hydrogen 
abstraction on the disubstituted side of trisubstituted olefins, and for cis disubstituted 
oiefins over trar~s""."~. This is cxeniplified by thc product distribution in thc c x x s  of ( E ) -  
and (Z)-3-methyl-2-pentcne (cquations 32 and 33). 

'02 HOJ, + xooH + 'xooH (32) 

52% 48% 0% 

68% 22% 10% 
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( e )  In polyolcfinicsystems, singlet oxygen attack occurs preferentially at the more highly 
substituted double bond, i.e. at the double bond of lowest ionization potential' ' 3*129 . s  Thu 
in the photooxidation of ( +)-dihydromyrcene (46) only the trisubstituted double bond 
reacts (equation 34). 

(47) (48) 
51% 49% 

( J )  In contradistinction to autoxidation, the susceptibility of a C-H bond to 
abstraction in singlet oxygenations is not inherently related to whethcr it  is primary, 
secondary or te r t ia r~ '~ ' .  Not surprising then is the observation that 47 and 48 are formed 
in equal amounts in the photooxidation of 46 (equation 34). Furthermore, the 
thermodynamic stability of the final double bond has little effect on  thc r ea~ t ion '~ ' . ' ~ ' .  
Indeed, Frimer and R 0 t l 1 ' ~ ~  have reported that in the photooxidation of 1,l- 
dicyclopropyipropene (49) in benzene, the more highly strained alkylidene cyclopropane 
product 50 predominates over 51 by a ratio of 6: l  (equation 35). This is despite the 
required investment of more than 11 kcal in additional strain energy. Finally, there is a 
lack of a strong Markownikoff directing influence on the product distribution in the 
singlet oxygen ene reaction. This has been clearly demonstrated by Foote and Denny' 3 3  

for a series of phenyl-substituted 2-methyl-3-phenyl-2-butcnes (52). The ratio of the two 
products 53 and 54 remained virtually ( _ + 2 % )  unchanged over a large series of 
substituents (equation 36). 

(49) (50) 
86% 

(51) 
14% 

(52) (53) 
73% 

(54) 
27% 

R =p-MeO, m-Me0 .p -Me,  m-Me,  H,p-CI ,  m-CI, p-CN, m-CN,  p-NMez 
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(g) Frimer and coworkers have argued that the interatomic distance between the a- 
olefinic carbon and the y-allylic hydrogen may play a role in determining whether the 
latter is a b s t r a ~ t a b l e ' ~ ' * ' ~ ~ .  Similarly Jefford and R i m b a ~ l t ' ~ ~  have recently suggested 
that the regioselectivity of hydroperoxidation of 1-alkylcycloalkenes can be rationalized in 
terms of the interatomic distance between the terminal oxygen of a supposed zwitterionic 
intermediate (see Section V.C.2) and the y hydrogen. These concepts will still require 
substantial testing to prove their generality. 

2. Mechanism 

For the singlet oxygen 'cne' reaction, five mechanisms are presently under consideration 
and these are summarized in Scheme 3. According to the first two proposals, '02 attacks 
one end of the olefinic linkage generating either a b i r a d i ~ a l ~ ~ . ~ ~ . ~ '  or a z ~ i t t e r i o n ~ ~ . ~ ~ . ~ ~ .  

B iradical Zwitterionic Concerted "ene" Perepoxide Perpendicular 
intermediate intermediate mechanism intermediate approach 

SCHEME 3. 

In a subsequent step these intermediates collapse to the observed allylic hydroperoxides. 
In the concerted ene mechanism, a six-centre transition state is involved in which attack of 
one end of the singlet dioxygen molecule occurs at the u-olefinic carbon while the other end 
abstracts the y-allylic hydrogen. In the two remaining proposals, approach of the '02 is 
along the perpendicular bisector of the plane of the p orbitals. They differ however on 
whether a discrete perepoxide (peroxirane) intermediate is f ~ r m e d ~ ~ . ~ ~  or whether the 
initial interaction proceeds smoothly to product6'-". 

Possible mechanisms for the singlet oxygen 'ene' reaction. 

3. Reactions of allylic hydroperoxides 

a. Rerlirctioit to olljdic nlcohols. Allylic hydroperoxides can be convcniently reduced to 
the corresponding alcohols by ;1 variety of reagents including Ph3P, ( P h 0 ) 3 P I  LiAIH4, 
NaBH,, N a 2 S 0 ,  and Me2S. Because of the general instability of hydroperoxides, their 
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reduction prior to work-up and product isolation is common practice in singlet oxygen 
studies. The synthetic use of singlet oxygen in the preparation of allylic alcohols both as 
final products and as intermediates has been recently 

An interesting variation of this reaction has been developed by Conia and coworkers13G 
for the synthesis of cr.,P-unsaturated carbonyl compounds (Scheme 4). For this purpose 
ketones bearing an cr-hydrogen are converted to methyl en01 ethers with methoxy- 
metliylenetriphenylphosphorane. Photooxygenation of the enol ether in benzene 
produces primarily the ene product, a peroxy hemiacetal. Reduction of the latter with 
triphenylphosphine yields the hemiacetal which spontaneously eliminates methanol 
generating the desired enone. Alternatively, treatment of the peroxy hemiacetal with acetyl 
chloride in pyridine results in the net elimination of the elements of water, yielding an  a,P- 
unsaturated ester. This latter reaction probably occurs via in sitir generation of the 
peroxyacetate followed by a Kornblum DeLaMare elimination'07~'08. 

SCHEME 4. Scheme for the synthcsis of&unsaturated aldehydes and esters using singlet oxygen. 

b. Tramjortmtion to two carhonjd ji.ogments or a diuitiyl ether. In  principle heterolysis of 
the peroxide bond should generate both a negative and a positive oxygen fragment. The 
instability of the latter with respect to a cdrbocdtion would then initiate skeletal changes in 
the carbon framework resulting from migration of groups to the electron-deficient oxygen. 
Such heterolyses and ensuing rearrangements have indeed been observed with 
hydroperoxides and are generally acid-catalysed. One classic example is the acid-catalysed 
cleavage of a hydroperoxide to an alcoholic and ketonic fragment 13'-* j g  , for which the 
accepted mechanism is outlined in Scheme 5. Relative migratory aptitudes have been 
determined for this reaction and their qualitative order is as follows": 

cyclobutyl > aryl > vinyl > hydrogen > cyclopentyl = cyclohexyl >> alkyl. 

In the particular case of allylic hydroperoxides the migrating group is generally vinylic. 
I n  such cases the resulting fragments will both be ketonic (Scheme 6, path a). Because of 
this fundamental difference in the make-up of the products. this transformation of allylic 
hydroperoxides to two carbonyl fragments, called Hock cleavage, has for a long time been 



R 2  
/ I H O  

I I \ 
R 3  R 3  R 3  

R2  R 2  

I / H I  o=c + H O R ~  + C - O R ~  -c- H - e - C - O R  - 

SCHEME 5. Mechanism for the acid-catalyed cleavage of hydropcroxides. 
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SCHEME 6. Acid-catalyscd clcavagc of allylic liydroperoxidcs. Path a: Hock cleavage, path b: 
divinyl ether formation. 

classificd separately. While such cleavages are generally a c i d - ~ a t a l y s e d ~ ~ ~ ~ ' ~ ~ ~ ' ~ ~ - ' ~ ~ ,  
several have been reported to occur in the absence of any added acid46.'32.146- l S 1  . For 
example, Turncr and Herz14' report that in the low-temperature photooxidation of 
dihydrohcxanietliyl(Dewar bcnzene) (56) the rcsulting hydroperoxide 57 is stablc below 
0°C and can be reduced to alcohol 58. Above 0°C thc hydroperoxide undergoes Hock 
cleavage to diketone 59 (equation 37). 

It should be pointed out in passing that carbonyl fragments also result from the 
decomposition of a dioxetane. Hence i t  is crucial that one bc able to distinguish between 
the two modes. Low-temperature reduction of the labile hydroperoxide to  the 
corresponding alcohol (58)  is one common solution (equation 37). A discussion of several 
other techniques has been presented elsewheress (see also Section V.D.3.c). 

'%C *OH (58) (37) /&@ 3; eOoH \ ,ooc 

(56) 
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A further example of the principles thus far delineated can be found in the 
photooxidation of methylenecyclopropanes 60a and b (Scheme 7)134.  Allylic 
hydroperoxide 61, formed a s  the ene reaction product, is thermally quite labile but can be 
rcduccd to the corresponding alcohol 62 at -78°C. As the temperature is raised 
heterolysis of the oxygen-oxygen linkage occurs. If vinyl migration occurs in a typical 
Hock cleavage (Scheme 7, path a), this leads to ketones 63 and  64. The reader is reminded 
however that the migratory aptitude of a cyclobutyl bond’” is of the same order of 
magnitude as that of a vinyl group. It should not be surprising then that products (such as 
65) resulting from the shift of one side of the cyclopropyl ring to positive oxygen (path b)  
are also observed. 

(a) R = Me 

(b) R =D 

OH 

(62)  
SCHEME 7. Allylic hydroperoxide rearrangement products in the photooxidation or XJ- 
dialkylme~hylenecycloprop~iiies. Path a :  vinyl group migration (Hock clcavage), path b: cyclopropyl 
migration. 

An interesting variation on the Hock cleavage theme is shown in Schemc 6 (path b). 
In this variant a proton is eliminated u to the oxycarbonium ion 55 yielding a divinyl ether. 
For example 1,2-dihydronaphthalene 2-hydroperoxide (66) rearranges thermally to 3- 
benzoxepin (67) (equation 38)”’. Similarly, i n  the photooxidation of 30-acetoxylanost- 
8-ene (68) divinyl ether 70 has been isolated, presumably also a rearrangement product of 
the corresponding hydroperoxide 69 (equation 39)153. A biological analogy for this 
reaction is the enzymic conversion of 9-hydropcroxylinoleic acid t o  the divinyl ether 
colneleic acid15s. Hock cleavage’55 and  divinyl ether formation156 have also been 
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- 
H H 

observed with several peroxy esters. A few synthetic applications c?f these reactions have 
also been rep~r ted’~’ ,  in some of which the Lewis acid boron trifluoride in the form of its 
etherate is utilized to induce the Hock fragmentation-rearrangement process. 

c. Honiolysis o j  the p r o x y  linkage yielding eiioiies, eiiols atid eposides. Because of the 
relative weakness of the peroxide bond, its homolysis to alkoxy radical at room 
temperature or above (e.g. GLC injector port) is a prevalent phenomenon. In many cases 
this reaction is to be considered a metal-catalysed process, particularly since precautions 
are rarely taken to eliminate the trace amount mol) of metal ions which suffice to 
catalyse the homolytic decomposition of hydroperoxides’ 5 8 .  

Several reaction pathways are available to the a$-unsaturated alkoxy radical thus 
generated (Scheme S ) 1 5 9 - ’ 6 2  . F irstly an allylic alcohol can be formed via hydrogen 
abstraction. Alternatively, p cleavage of a neighbouring hydrogen, alkyl or alkoxy group 
would lead to an a,P-unsaturated carbonyl compound. I n  the case of primary and 
secondary hydroperoxides loss of a hydrogen atom is quite prevalent. In sum total, this 
corresponds to the elimination of the elements of watcr from the hydroperoxide, a process 
commonly called Hock dehydration. For tertiary hydroperoxides carbonyl formation 

Cyclization \-x 
R ’  R2 

S C H E M E  8. Reaction pattways of a,P-unsaturatcd alkosy  radicals. 
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requires carbon-carbon bond scission, while for 9-hydroperoxy ethers or esters 
carbon-oxygcn cleavage often results. 

One interesting case, which demonstrates the various pathways discussed above, is the 
photooxidation of l-metlioxycyclohexene'G3~1G4 (Scheme 9) which produces two 
hydroperoxides (72 and 73) and a dioxctane (74) as primary products. Thermolysis of 
allylic hydroperoxide 72 i n  the GLC injector port generates allylic alcohol 75 and Hock 
dehydration product enone 76. The former is the sole product when 72 is treated with 
triphenylphosphinc. Peroxyhemiacetal 73 is thermolysed to cyclohexenone 77 (via p 
cleavage) and to aldehydo ester 78 (via Hock cleavage). When 73 is reduced with Ph3P 
only 77 is obtained. Dione 78 is, of course, also thc dioxetane cleavage product. 

(75) (76)  (77) (78) 

SCHEME 9. Photooxidation products of I-mctliosycyclohc~eiic. 

There is a third pathway for the allylicalkoxy radical and that is to cyclize to an epoxide 
(Scheme 8). While this course is less common, a fcw e x a n ~ p l e s ~ ~ ' - ~ ~ *  exist in the literature 
and should bc kept in mind. 

d. A.liscellnrteoirs rcwctioits. Primary and secondary hydroperoxides undergo 
Kornblum-DeLaMare d e l ~ y d r ~ ~ t i o n " " ~ ' ~ ~  in the prcsencc of bases. To prevent competing 
reactions. the transformation is often carried out in  the prescnce of acetyl chloride'36 or 
acetic a n h ~ d r i d e ' ~ ~ .  These presumably convert the hydroperoxides to peroxy esters which 
then readily climinate acetic acid yielding the desired cnone. As notcd above. Conia and 
coworkers136 have used this method to preparc 3,P-unsaturated esters from cx,p- 
unsaturated pcroxyhemiacctals (sec Scheme 4). Allylic hydroperoxides are also reported 
to undergo a 1,3- and 1,5-hydroperoxidc shift"'. 
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C. Sinslet Oxygen Dioxetane-forming Reaction 

1. Nature of the substrate 

The [2 + 2lcycloaddition of '02 to olefins occurs most commonly with heteroatom- 
activated double bonds such as are found in enol ethers, vinyl sulphides and enamines5'. 
However, a variety of other substrates undergo this reaction including those containing 
double bonds which are eithcr stcrically hindered65b.'.' 70-1 73, strained' 74*1 7 5  or 
cumulated (al lene~"~,  ketencs' 77-180 , sulphines 181-'83 and thioketenes b). 

Carbon-heteroatom double bonds (sulphines '* '-' *3, o x i m e ~ ' ~ ~ ,  t h i o n e ~ ' ~ ~ ,  thio- 
ke tene~"~ '  and phosphorous ylides'8G), I-methylene-2,5-cy~lohexadienes'~~ and certain 
conformationally rigid vinyl cyclopropanes' 3 1  also react by this mode. 

2. Mechanism 

For the formation of a dioxetane product, five mechanisms have been proposed (Scheme 
10)5s.57. Four of thesc suggest that the reaction is a two-stcp process and invoke the 
intermediacy of either a b i r a d i ~ a l ~ ~ ,  a zwitterion'88, a perepoxide'*' or a charge-transfer 
complex'88. The fifth argues in favour of [2 + 21 concerted cycloaddition, although i t  is 
not clear whether i t  is a [2, + 2,]'90 or a [2, + 2,]'89 process. Here too the question of 
mechanism is far from resolved, though in certain cascs there is strong evidence for the 
intermediacy of some dipolar speciess5. Ncverthcless the substrates involved have 
specialized physical or chemical properties which preclude ready g e n e r a l i ~ a t i o n ~ ~ .  

/// 
I1 +I c 

/ 

O k  

0 

G 3  

0"- 0 

0 ............ 1; 1 
............ 

Diradical 

\ 
Zwitterion \ 

' c% Concerted 
[ 2  + 21 

/ 

:It 0 2  ' Charge transfer 

S C H E M E  10. Possible mcchanisrns Tor the singlei oxygen diosciane-forming reaction. 
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3. Reactions of dioxetanes 

a. Cleavage. Dioxetanes cleave thermally191.192 or p h o t ~ c h e m i c a l l y " ~ ' ~ ~  producing 
carbonyl fragments and cliemiluminescencc195~19~. Bulky rigid groups render the 
dioxetane considerably more stable. Thus while most dioxetanes cleave somewhere 
around 50°C (E,  N 25 kcal), adamantylideneadamantanedioxetane (79)65b and nor- 
bornylidenenorbornanedioxctanc (80)"' are thermally stable up  to 240°C and 200"C, 
respectively (En = 35 kcal). 

(79) (80)  

The rate of decomposition of dioxetanes is catalysed by traccs of metals"', silica 
and electron donors such as en01 ethers and a m i n c ~ ' ~ ~ . " ~ .  The tncchanism of this catalysis 
in the case of electron donors is not a t  all clear. Schuster discounts a role for electron- 
transfer-initiated reactions in the case ofdioxetanes"' based on pulsed laser spectroscopic 
investigations2". He finds no  evidence for electron transfer even when the donor is excited 
singlet pyrene which is some 60 kcal mol- easier to oxidize than triethylamine. Some 
other mechanism must be responsible for the observed catalytic cffect in this casezo1. 

h. Renrraiigeiiteiit to cr.-hydroxykerories a d  w-r1iketoize.s. While the carbon-carbon bond 
cleavage discussed above predominates for most dioxetanes, those bearing sulphur and 
nitrogen substituents have shown additional modes of fragmentation. Wasserman202-z05 
reports that enamines of cyclic ketones react with singlct oxygen, forming dioxetanes 
which are  isolable at low temperatures. At room tcmperature, however, these cleave 
(probably via a Kornblum-DcLaMare n i c~ l i an i sm ' '~ )  almost escl~isively to kcto 
aminals. The lattcr are unstable and readily expel the amine group, thereby generating 3- 

diketones in high overall yield (equation 40). Cyclic keto aminals are stable and have been 
isolated in the photooxidation of pyrrolesz""zO' and 4-azaandrostenoncs"". I n  all thesc 
cases little carbon-carbon cleavage has been observed. 

Wasscrman and lves have uscd this reaction in designing a general procedure for 
converting k e t ~ n c s ' " ~ ,  lac tone^^^^, esterszo5, amidcszo5 and lac tarn^^"^ to their 3-keto 
congeners. This method entails conversion of the carbonyl compound to its cx-enamino 
analogue which is then treated with loL. 
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In the photooxidation of vinyl sulphides and thc enamines ofacyclic ketones20’-2’ the 
usual C-C clcavage products arc observed as well as dikctoncs and hydroxykctones. The 
lattcr are formed evcn In the abscncc of an 7-hydrogen; hence, a Kornblum-DeLaMare 
elimination’”’ is precluded. A likely mcchanism (Schemc 1 1 )  for the transformations 
observed here would involve initial 0 -0 bond fission followed by either C-C or C-X 
cleavage. In the latter case, hydrogen abstraction by the resulting 2-ketoalkoxy radical 
would lead to a hydroxykctone while 0-cleavage would generate a diketone. 

-R 
Y Cleevage 

X = NR2 or SR 

R 
SCI-1EM E 1 I .  Photooiidation of vinyl sulphidcs and enamincs. 

c. Nircleophilic dditioji.  Alkyl- and aryl-dioxetanes do not generally undergo 
nucleophilic attack at carbon. For example, tetramethyldioxetane is quitc insensitive to 
acidic, basic or neutral mcthanol at 25°C”’. Howevcr, therc havc been sevcral rcports of 
solvolysis where dioxctanes with heteroatoni substituents are involved”*-’11.214. This is 
illustrated by the photooxidation of I-ethoxycyclohcxene (81) (equation 41)209. When the 
reaction is carried out i n  acetone the expected dioxetane cleavagc product (82) is obtaincd. 
Thc aldehydo ester 82 is, however, essentially absent when the reaction is performed in 
methanol. In its place appears the diosetane solvolysis product 2-methoxycyclohcxanone 
(83). 

’ 0 2  

Dioxetane 
inode 
ooft 0 

MeCOMe < L H  0 

- 
OMe 

d .  Rerlirctiori. Dioxetanes can bc rcduccd clcanly to diols by the action of 

convertible to ti.s-l.2-glycols by visible light irradiations with relatively large amounts of 
xanthenc dyes. such as Rose Bcngal i n  protic s o l ~ e n t s ~ ’ ~ . ’ ’ ~  . T rivalent phosphorus 
con1 pounds (such as p hos p h i ncs ’ ’ ’ . ’ ‘I .2 ’ ‘ ~ .  ” . p h o s p l i i t e ~ ~ ~ ’ ~ ~ ~  I ). bisulphite ion”’, 

4 or NaBH, I ” .  Takeshita and coworkers report that dioxetanes are LiAlH 19 1.2 15 .2  16 
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sulphoxylates222 and s ~ l p h i d e s ~ ~ ~ * ~ ~ ~  react with acyclic dioxetanes to yield 0 -0 bond 
insertion products which collapse to epoxides. Cyclic dioxetanes generally yield allylic 
alcohols’”. Since diphenyl sulphide is inert t o  lo2, endoperoxides and  hydro- 
peroxides223b, yet readily reacts with d i ~ x e t a n e s ~ ~ ~ ,  i t  can be used to discern which 
carbonyl fragments result from dioxetane cleavage and which from Hock cleavage5’ (see 
also Section V.C.3.b). 

V I .  CONCLUSION 

The primary emphasis of this chapter has been on the organic chemistry of ’02 and its 
primary products in the liquid phase. It has become increasinglyclear over the past decade 
that ‘02 is of importance in a wide range of fields including industrial polymer 
reactions224, atmospheric ~ h e m i s t r y ” ~ ,  biology and just to mention a few. 
We  are confident that the dizzying pace of two hundred papers a yearz2’, that has 
characterized this field since the mid-1970s, will continue. More  importantly we trust that 
many new horizons lie yet ahead for the creative and insightful singlet oxygen chemist. 
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I .  INTRODUCTION 

This chapter deals with the mechanisms that are involved in the liquid-phase homolytic 
formation and decomposition of compounds which contain the pcroxide function. 
Compounds which contain this function. e.g., hydroperoxides, peroxides, trioxides, 
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tetroxides and peracids are most commonly found in organic compounds which have been 
in contact with atmospheric oxygen. A knowledge of their frce-radical chemistry is, 
therefore, vital to a complete understanding of the autoxidation of organic and 
organometallic compounds. Ozone also reacts with organic compounds, especially olefins, 
to  give the peroxide function in the form of cyclic trioxides and peroxides. Because of this, 
reaction of plastics and rubbcrs with ozone leads to their breakdown and loss of usefulness. 

Other peroxidic compounds such as diacyl peroxides and peroxy esters are important 
photochemical and thermal sources of free radicals for initiation of vinyl polymerizations 
and for electron spin resonance spectroscopic studies of lifetimes and structures of 
transient species. 

The chemistry of the peroxide function has been the subject of several books and review 
articles2-’ and the free-radical chemistry discussed in these articles will receive cursory 
treatment here. This chapter will, therefore, concentrate mainly on those aspects of free- 
radical peroxide chemistry that have not been recently reviewed. 

II. DIALKYL PEROXIDES 

Dialkyl peroxides are formed homolytically by the reaction of an alkyl radical (R.) with an 
alkylperoxyl (RO,.), by the self-reaction of tcrtiary alkylperoxyls and by the addition of an 
alkylperoxyl to an olefin’ (reactions 1-3). 

2 t- R 0 2 .  t -ROOR-t  + 0 2  (2) 

Reaction of alkyls with alkylperoxyls occurs during autoxidation of hydrocarbons at 
low oxygen pressures and the importance of this reaction depends on the resonance 
stabilization energy of the radical Re. Thus reaction of triphenylmethyl with dissolved 
oxygen gives high yields of triphenylmethyl peroxide. Another example of this reaction is 
found in the inhibition of hydrocarbon autoxidation by 2,6-di-t-butyl-4-methylphenol 
where 2,6-di-t-butyl-4-methylphenoxyl reacts rapidly with a chain-carrying peroxyl to 
give a 4-alkylperoxy-4-methyl-2,6-di-t-butyl-2,S-cyclohexadiene-l -oneH (reaction 4). 

The self-reaction of tertiary alkylperoxyls to give dialkyl peroxide is an important mode 
of chain-termination for autoxidation of hydrocarbons containing labile tertiary 
hydrogen atoms and occurs via the intcrmediacy of a tetroxide’. Ratc constants for the 
overall formation of peroxide are quite small (Table 1 ) and this is one of the rcasons for the 
ease with which the parent hydrocarbons undergo autoxidation. 

Addition of an alkylperoxyl to  an olefin is the rate-controlling propagation step for 
autoxidation of vinyl monomers and the final reaction product is a polyperoxide. Rate 
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TABLE 1. Rate constants for the formation of tertiary alkyl peroxides from tertiary alkylperoxyls9 

"At 303K. 

constants for this reaction (Table 2) depend principally on the nature of ROz. and the 
stability of the incipient /3-alkylperoxyalkyl radical, although polar and steric effects can 
be of some influence'. 

At low oxygen pressures and elevated temperatures P-alkylperoxyalkyls undergo an  
intramolecular SH2 reaction at  the peroxide function to give an epoxide and an alkoxyl1° 
(reaction 5). 

Theweakest bondin adialkyl peroxideis theO-0 bond (DO4 = 159 kJmol-I)' '  and 
these compounds thermolyse and photolyse to give alkoxyls (reaction 6). 

2 RO. (6) ROOR 

Rates of thermolysis follow first-order kinetics and true rate constants are virtually 
independent of the nature of the alkyl moiety R (Table 3). 

Di-t-butyl peroxide decomposes to give t-butoxyl with almost 100 "/, efficiency while 
primary and secondary alkoxyls can undergo a cage disproportionation reaction (reaction 
7). 

[RzCHO*+ R2CH0.1c,,, - RzC=O + RzCHOH (7) 

The alkoxyls which escape the solvent cage do  not usually encounter another alkoxyl. 
Instead they either abstract a hydrogen atom from the solvent, add to the solvent or 
undergo p scission, e.g. reactions (8) and (9). 

Thc overall rate constant for reaction of f-butoxyl with toluene is 2.3 x lo5 M - ' s - ~  at 
303 K and for other solvents there is an approximate correlation with the strength of the 
C-H bond that is broken". Alkoxyls add quite rapidly to double bonds and the rate 
constant for addition to norbornene is 1.1 x lo6 M-' s- ' at 303 KI3. Rates of P scission of 
alkoxyls depend on the stability of the alkyl radical and carbonyl compound produced in 
the reaction. The rate constant for p scission of t-butoxyl in CCI, can be represented by 
log(k , / s - ' )  = 12.5 - 58.1j0,whereO = 2.303RTkJmol-'andat 303K.k., = 3  x 10's-''". 
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TABLE 2. Rate constants for the addition ofalkylperoxyls to olefins a t  
303 K8 

Styrene 41 

Vinyl acetate 2.5 
%-Methylst yrene 10 

Methyl methacrylate 4.5 

1.3 
2.8 
0.002 
0.094 

"Homopropagation rate constant, i.e. reaction of substrate (superscript 
r) with its own peroxyl (superscript r). 
"Absolute rateconstant for addition of(CH,),CO,.(supcrscript b) to thc 
substrate (superscript r). 

Alkoxyls can rearrange to give carbon-centred radicals. The best known example of this 
reaction is the rearrangement of triphenylmethoxyl to give diphenylphenoxymethylL ' 
(reaction 10). 

(CgH5)3CO' - ( C ~ H ~ ) Z ~ O C ~ H ~  (1 0) 

Dialkyl pcroxides often homolyse faster than would be predicted from Arrhenius 
parameters for true unimolccular decomposition because ofinduced dccomposition which 
occurs either by hydrogcn-atom abstraction from the alkyl moiety or  S,2 displacement at 
the 0-0 bond (reactions 11-13). 

R26HOOCHRz + R'. - R2CHO-+ R'OCHRz (1  3) 

The susceptibility of dialkyl peroxides to induced decomposition via hydrogen-atom 
abstraction increases in thc order f-alkyl < p-alkyl < s-alkyl as might be expected from 
the absence of 3 hydrogens in di-t-alkyl pcroxides and the presence of secondary and 
tertiary hydrogens in primary and secondary dialkyl peroxides. 

An S,2 reaction at thc peroxide function has becn invoked to explain the formation of 
cpoxides from peroxide decomposition'6. Thus decomposition of neat di-t-butyl pcroxide 
at 383 K gives a substantial yicld of isobutylcne oxidc (reactions 14 and 15). 

Di-r-butyl pcroxide is also susceptiblc to intermolecular radical attack at the 0 -0 
function by nucleophilic radicals which have a hydroxy group or a primary or sccondary 
amino group attached directly to the radical centre' '. Because of this. rates of peroxide 
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TABLE 3. Rate constants and Arrhenius parameters for thermolysis of some dialkyl peroxides" 

15.6 
16.1 
15.9 

154.2 '-** 
156 
159 

"At 448 K. 

decomposition are appreciably faster in primary and secondary alcohols and amines than 
they are in hydrocarbon solvents (reactions 16 and 17). 

(CH3)3CO.+ R2CHOH - (CH3)3COH + R2tOH (1 6) 

RzkOH + (CH3 )3COOC(CH3 13 - R2C=O + (CH3)jCOH + (CH3)jCO. (17) 

Attack on the peroxide function by cr-hydroxy- and a-amino-alkyls apparently occurs 
through the hydroxy and amino hydrogen16, e.g. reaction (18). 

0 

OC(CH3)3 
I 
OC(CH313 (18) 

6 +  R z C  ............. -0 ............. H ............. 

Peroxide decomposition is also faster in ethers16 and in this caseci-alkoxyalkyl attack at 
the 0-0 function occurs (reaction 19). 

R2C. 0 - R '  R2COR' 
I + I  - I + R ' O *  

OR 0 - R '  OR 

Ally1 t-butyl peroxide' decomposes in toluene with log(k/s-') = 13.8 - 138.810, 
parameters somewhat lower than the values in Table 3. This is because the reaction is a 
mixture of homolysis and radical-induced decomposition, the latter involving both 
solvent-derived radical addition to C=C and alkyl hydrogen abstraction by alkoxy 
radicals (reactions 20-22). Interestingly there is no t-butoxyl addition to the unsaturated 
function. Computer modellingt7 of this system indicates that k z o  - 7 0 0 ~ - ' s - I  and 
k z 2  - 4.4 x lo6 M -  ' s -  at 393 K. 
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Steric effects are extremely important in the induced decomposition of pcroxidcs by the 
SH2 mechanism. Thus trialkyltin radicals do  not react with di-1-butyl peroxide whereas the 
rate constant for reaction of ri-Bu3Sn- with C2H,00C2H5 in benzene at 263K is 

Metal ions, such as Fe2+,  Cu+ and Co2+,  accelerate the decomposition of dialkyl 
peroxides by a one-electron transfer mechanism'*. Thus the ferrous-ion-catalysed 
decomposition of diethyl peroxide in aqueous solution proceeds rapidly to give ethanol 
and acetaldehyde (reaction 23). 

7.5 x 1 0 4 ~ - ~ *  16. 

CH3CH200CH2CH3 + Fe2+ - CH3CH20.+ CH3CH20-  + Fe3+ 

- CH3CHO + CHjCHzOH 

Ill. DIACYL PEROXIDES 

Diacyl peroxides might be expected to  be formed in the termination reaction of aldehyde 
autoxidation by a mechanism analagous to the formation of peroxides in tertiary 
hydrocarbon autoxidation (reaction 24). There is, however, no experimental evidence for 
this reaction sincc it  has been shown that acetyl peroxide is not formed during 
autoxidation of acetaldchyde. Termination for this compound in fact occurs by reaction of 
acetylperoxyl with methylperoxyl and by self-reaction of methylperoxyl' '. 

R ?  0 
II 

RCOOCR + 0 2  
O I I  

0 
II 

2RC02' -- RCOOOOCR --- 
Diacyl peroxides rcadily homolyse to give alkyls either by a one-step or concerted 

mechanism, with the concerted mechanism increasing in importance as the stability of the 
alkyl moiety, R, increases" (reaction 25). In this respect solid acetyl peroxide can be 
handled, albeit with extreme caution, whereas di-1-alkyl acyl peroxides arc too unstablc to 
isolatc. 

0 
II 
I 2RCO' 7 

Diacyl peroxides in dilute solution usually decompose with first-order kinetics and 
Arrhenius parameters and rate constants for unimolecular decomposition of scveral of 
these compounds are given in Table 4. It is clear from a comparison of this data with the 

TABLE 4. Rate constants and Arrhcnius pararnctcrs for therrnolysis of acyl and aroyl peroxidesz0 

Acyl peroxide 10')k*5(s- ' y log [Az5(s- ' ) ]  Ez5(kJmol - ' )  

CM3C(O)OOC(O)CH, 2.5 15.8 133.8 
C,HsC(O)OOC(O)C,H5 4 15.4 130 
CG 1-1 ,C(O)OOC(O)C, H5 63 15.9 125 

"At 343 K. 
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data in Table 3 that diacyl peroxides are less stable than dialkyl peroxides because of a 
difference of 20-30 kJ mol-' in the activation energy for decomposition, a difference 
which reflects the difference in the stabilization energies of acyloxyls and alkoxyls. 

Diacyl peroxides in high concentrations and in polar solvents are significantly more 
susceptible to induced decomposition than dialkyl peroxidcs. This generally involves an 
S,,2 reaction on the peroxidic oxygen by a solvent-derived radical, analogous to reaction 
(13), although in certain cases decomposition may be induced by abstraction of a 
hydrogen atom from the p position of the alkyl moietyIG, e.g. rcacti0.n (26). 

R 2  0 0 
I II II 

R'. + H-CHCH2COOCR3 -- R' H + R2CH=CH2 + C 0 2  + R3CO2* (26) 

As with peroxides the decomposition of acyl peroxides is catalysed by metal ions of 
variable valency by a one-electron transfer mcchanism". 

The products of the homolysis of acyl peroxides are alkiincs, RZ, formed by combination 
of two alkyls, alkanes. R H  and alkenes, R (  - H), produced by the disproportionation 
reaction of two alkyls, and products, such as alkyl halides, produced by reaction of alkyls 
which escape the solvent cage, with a halo compound added as a radical scavenger 
(reaction 27). Combination and disproportionation can of course occur inside or outside 
the solvent cage. 

Time-resolved nuclear magnetic resonance spectroscopy has revealed that several of 
these products initially possess abnormal NMR spectra which contain negative peaks and 
absorption signals of unusually high intensity". That is, the products have nuclear spin 
state populations which are perturbed from equilibrium in either direction. Diacyl 
peroxidcs have in fact proved to be cxtremely uscful radical sources for the study of 
chemically induced dynamic nuclear polarization because of their convenient half-lives. 

Diacyl peroxides are also useful photochemical and thermal sources of alkyl radicals for 
electron spin resonance spectroscopic studies of the structure and lifetimes of alkyl radicals 
in solution'*. I n  particular di-(Qheptenoy!) peroxide has been used as a source of 5- 
hexenyl which cyclizes to cyclopentylmethyl (reactions 28 and 29). 

n 
The rate constant for this radical rearrangement has been measured by kinetic electron 

spin resonance s p e c t r o ~ c o p y ~ ~  and can be represented by log ( k Z 9 / s - ' )  = (9.5 
-+ 1.1) - (25.5 2 4.6)/0. A knowlcdge of this Arrhenius equation enables ratc constants 
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for the reaction of 5-hexenyl with a variety of substrates to be estimated by measuring the 
ratio of 5-hexenyl to cyclopcntylmethyl produced in the presence of a known 
concentration of the substratez4. 

IV. DIAROYL PEROXIDES 

Benzoyl peroxide is by far the most thoroughly studied diaroyl peroxide” and its thermal 
decomposition is a complex process in most solvents because of the ease with which i t  
undergoes radical displacement by solvent-derived radicals: R-, on  the peroxidic oxygen as 
shown in rcaction (3 1). This S,Zinduced decomposition is particularly facile for 
nucleophilic radicals such as u-ethoxyethyl derived by hydrogen-atom abstraction from 
diethyl ether. 

Decomposition of benzoyl peroxide is further complicated by induced decomposition 
involving radical addition to thc p r o  position of the peroxide (reaction 32). Thus 
decomposition of bcnzoyl peroxide in cyclohexane gives p-cyclohexylbcnzoic acid. Several 
mechanisms have been oKered to explain the absence of nietN products including a 
suggestion that para substitution is enhanced by 3:-lactone formation concerted with 
addition. a transannular hydrogen-atom transfer involving reversible free-radical addition 
and  formation of a radical intcrmediate stabilized by an  adjaccnt carboxylate function. 

Nuclcophilic compounds such as amines, sulphides, phosphincs and olcfins often react 
instantancously with bcnzoyl peroxide by an  ionic mechanism. Frec radicals are, however, 
often produced in low percentages in these reactions by a rnecl!anism which involves either 
electron transfer or  formation of a n  intermediate which is more  susceptible to honiolysis 
than  benzoyl peroxidez5. 

Ring-substitution has ii marked influence on the stability of aroyl peroxides and 
electron-withdrawing substituents in the inet(t and paro positions retard decomposition 
while the reverse is true for electron-donating substituents”. The rate constants f i t  a 
Hanimett p~ plot with p = -0.38. This has been rationalized in terms of an  inductive 
effcct removing o r  adding to the excess of elcctron dcnsity on the peroxidic oxygcns 
thereby stabilizing or destabilizing i t  with respect t o  cleavage. 

Oi.rho substituents accelerate the dccornposition of aroyl peroxides because of steric 
cffects. although certain ortho-substituted aroyl pcroxides. c.g. iodo and vinyl, cxhibit 
anchimcrically assisted decomposition’”. 
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Aroyloxyls such as C,H,C(O)O. are more long-lived than acetoxyls. Thus the rate 
constant for decomposition of CH,C(O)O. has been estimated to be 1.6 x lo's-' at 
333K'" whereas C6H,C(0)O* lives long enough to be trapped by phenyl t -  
butylnitrone2". 

Because of its susceptibility to induced decomposition homolysis of benzoyl peroxide 
does not show simple first-order kinetics but exhibits a rate law of the form 

---= -d[P1 
k30[P]  + k 3 ,  [PI' dr 

where [PI is the peroxide concentration. 

V. CYCLIC PEROXIDES 

Cyclic peroxides are primary products of the autoxidation of polyunsaturated compounds 
such as natural and synthetic rubbers, oils and fats and are formed by the intramolecular 
addition ofa peroxy radical to a double bondz7, For instance, squalene absorbs two moles 
of oxygen to give one mole of the hydroperoxp cyclic peroxides, 1 and 228 (Scheme I ) .  

HOoAo-OX /R 
R V W  0 

R 

SCHEME 1 
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(reaction 33). 
Similarly, a cyclic peroxide is the primary product of cc-farnesene autoxidation2' 

0 2  

R -  
- e 

OOH 

(33) 

Bicyclic endoperoxides analogous to 2 are intermediates in prostagladin biosynthesis 
and two members of this important class of natural products, PGG and PGH, have 
bicyclic endoperoxide functionally incorporated in their structure2'. 

Much simpler cyclic peroxides can be prepared from unsaturated hydroperoxidcs by the 
reaction sequence (34). 

The four-membered ring peroxides are known as dioxetanes and decompose to give 
carbonyl products by a stcpwise process which may involve initial 0 -0 bond homolysis 
followed by C - C  bond scission30 (reaction 35). 

0-0 0' ' 0  
I 1  I I - 2 R 2 C = 0  

R ~ C - C R Z  RzC-CR2 

Experimental activation parameters for unimolecular decomposition of substituted 
dioxetanes are - 1 0 1 2 s - 1  and - 105 kJ mol- and are in good agreement with values 
calculated on the basis of a stepwise mechanism. 

The five-membered ring peroxide 3,3,5,5-tetramethyl-1,2-dioxolane decomposes in 
benzene in tile presence of a radical scavenger by a first-order process to give acetone and a 
diradica13 (reaction 36). 

- 
(35) 

-0 
I 0-0 y/(-u- (CH3)2C=O +*CH2CICH3)2 (36) 

The activation parameters for thermolysis are log(A,,/s-') = 15.85 0.42 and 
E3, = 186 k 4 kJ mol- I ,  values which are consistent with thc stepwise mechanism shown 
in reaction (36). Activation parameters in the absence of a radical scavenger are lower than 
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these values because this peroxide is susceptible to induced decomposition by an S,2 
mechanism because the peroxidic oxygens are exposed to radical attack. 

Cyclic peroxides of the type 3, where R '  and R 2  are aryl and alkyl groups, undergo initial 
0 -0 bond homolysis to give a diradical which subsequently breaks down by C -0 bond 
scission to give two molecules of ketone plus oxygen or C-C bond scission to give radical 
p r o d ~ c t s ~ ~ , ~ ~  (reaction 37). 

The proportion ofradical products increases with the stability of the radical R'.. Thus if 
R 2  = R' = CGHS, benzophenone is formed in 95-96 % yield in benzene at 423 K whereas 
if R' = C6H5CH2 and R2 = CGH5, ketone is only formed in 12-14% yield32. 

The cyclic peroxide from cyclohexanone can either lose oxygen to give cyclohexanone, 
one molecule of C 0 2  to give a cyclic lactone or two molecules of C02 to give a cyclic 
h y d r ~ c a r b o n ~ ~  (reaction 38). 

I t  should perhaps be noted here that cyclic peroxides are more stable than acyclic 
peroxides because the reversal of 0 -0 bond cleavage is much more favourable. 

VI. TRlOXlDES 

Di-t-alkyl trioxides are produced by the combination of t-alkoxy and r-alkylperoxy 
radicals at  low temperatures8. For instance t-butoxyl and t-butylpcroxyl combine to give 
di-t-butyl trioxide which dissociates above about 240 K to rcgenerate the radicals 
(reaction 39). 

(CH3)3CO.+ (CH3)3COz. = (CH3)3COOOC(CH3)3 (39) 

Despite their instability di-r-butyl trioxide and dicumyl trioxide have been prepared, 
and decomposition ofthe latter in CFCI, has becn followed by NMR s p e c t r o ~ c o p y ~ ~ .  This 
trioxide has half-lives of 3.2 x lo3 s and 3 x lo2 s at 248 and 265.5 K, respectively, and an 
activation energy for thermolysis of 78.4 kJ mol- which gives some indication of the 
0 -0 bond strength in these compounds. 

There is ESR spectroscopic e v i d e n ~ c , ~  that unsymmetric secondary (or primary) and 
tertiary alkyl trioxides are formed at low temperatures by combination of r-butoxyl and a 
secondary (or primary) alkylperoxyl (reaction 40). 



246 J. A. Howard 

( C H ~ ) ~ C O * + S - R O ~ .  - (CH3)3COOOR-s - (CH3)3C02* +S-RO.  (40) 

These crossed trioxides, as well as dissociating back to the original radicals, decompose 
to give t-butylperoxyl and a s-alkoxyl. Thus, if the s-alkylperoxyl is prepared from oxygen 
enriched in 1 7 0 ,  r-butylperoxyl with the terminal oxygen specifically enriched in 1 7 0  is 
prepared37. 

These unsynimetric trioxidcs are less stable than di-t-alkyl trioxides and decompose to 
give t-butylperoxyl a t  173 K. A satisfactory explanation has, however, not been advanced 
for the marked influence of the nature of the alkyl group on the stability ofdialkyl trioxides 
apart from the possible involvement of induced decomposition. 

Perfluorination of the substituents increases the stability of trioxides dramatically and 
bis-trifluoromethyl trioxide can be isolated at ambient  temperature^^^*^^. 

1,2,3-Trioxolanes are the cyclic trioxides that are the initial products of the reaction of 
ozone with olefins40 (reaction 41). 

These trioxides are unstable and dccompose to give 1,2,4-trioxoIanes, carbonyl 
products and ketone peroxides by a mechanism which involves the intcrrnediacy of a 
diradical or zwitterion (reaction 42). 

Decomposition of several 1,2,3-trioxolanes have becn followed by low-tcmperature 
infrared spcctro~copy~" and have been found to follow first-order kinetics. Arrhenius 
parameters for a scrics of thesc trioxides x - 3 :  prescctd-in %ble 5.  

TABLE 5. Rate constants and Arrhenius parameters for decomposition of 1,2,3-trioxolanes 

Parent alkene Solvent T ( K )  log[k(s-')] l o g [ A ( s - ' ) ]  E(kJmol-') 

trnm-Diet hylethylcnc 

fratis-Diisopropylet hylenc 
r,at,s-Di-r-butylethylene 
cis-Diisopropylct hylcne 

cs, 173.5 -3.8 5.3 f 1.3 29 f 6 
CCI 2 F, 173 -3.27 6.7 33 
cs2 174 -4.22 8.4 f 1.5 40 + 5 
CS, 190.5 -5.00 11.0 f 2 6 0 f 7  
Ethonc 95 -5 - 3  20 
cs2 168 2 

Hex-I-ene E t 11 ane 95 -5 - 3  20 
cs, 168 - 2  
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VII. TETROXIDES 

Dialkyl tetroxides are produced at low temperatures (193 K )  by dimerization of 
alkylperoxyls8.' and the equilibrium shown in (43) has been demonstrated by kinetic ESR 
spectroscopy for several tertiary and secondary alkylpcroxyls4'~43. 
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ROz.+RO2. .- ROOOOR (43) 

Di-t-butyl tetroxide is the most stable dialkyl tetroxide' and estimates of the 
equilibrium constant K43 at different temperatures has enabled values of - -35kJ mol-' and ASz3 - -125Jdeg- 'mol- '  to  be evaluated. Thermo- 
dynamic parameters for other tetroxides indicate that K43 is independent of the nature of 
the alkyl moiety R. 

Di-r-alkyl tetroxides decompose irreversibly to give two t-alkoxyls and oxygen and thc 
alkoxyls may either combinc in thc solvent cage to give di-r-alkyl peroxide or escape from 
the solvent cage and undergo typical alkoxy radical chcmistry (reaction 44). 

--RRJCOOCR~ + 0 2  

(44) -4- 2R3CO. + 0 2  

R3 COOOOCR, 

It is not yet clear whethcr tetroxides decompose by a two-stcp or  a concerted 
mechanism' because kinetic evidencc, i.e. high and low A factors, have been presented in 
support of both  mechanism^^'.^"*'^. It has, however, been argued on thermochemical 
grounds that R 0 3 -  is an unlikely intcrmediate at any temperaturc and that decomposition 
must be concerted4'. 

Di-s-alkyl- and di-p-alkyl tetroxides decompose at ambicnt temperatures and below 
primarily by the nonradical Russell mechanism"' (reaction 45). 

At higher temperatures (>  373 K), however, decomposition to give alkoxyls becomes 
increasingly important because the radical process has a higher activation energy than the 
nonradical process. 

Diacyl tetroxides have been proposed as intermediates in aldehyde autoxidation and in 
the radical-induced decomposition of peracids' 9.48. These tetroxides dccomposc to give 
acyloxy radicals which rapidly dccarboxylate to give alkyl radicals. 

VIII. H Y  D R  OPEROXID ES 

Hydroperoxides are the principal reaction products of the autoxidation of organic 
compounds with abstractable hydrogen atoms ( R H )  at tempcratures below 423-473 K 
and are key intermediates in many autoxidations at higher temperaturcs8. They are 
produced in the rate-controlling propagation rcaction (46). 
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Homo- and crossed-propagation rate constants for some hydroperoxide-forming 
reactions are summarized in Table 6.  Values of these rate constants depend principally on 
the strength of the C-H bond that is broken and on  the nature of the alkylperoxyl with 
polar and steric effects playing important but minor roles. Thus, primary, secondary and 
tertiary aliphatic hydrogens have relative reactivities of ca. 1 : 35-70: 300049*s0. Similarly, 
primary, secondary and tertiary benzylic hydrogens have relative reactivities of 
1:8.3:13.38. Although most of this difference in reactivity is reflected in differences in 
activation energies there are small but real differences in the preexponential factors. Thus, 
the A factor for cumene is about an order of magnitude lower than the A factor for the 
tertiary hydrogen of 3-methylpentane". This is because the transition state for the 
formation of a resonance-stabilized substituted benzyl radical has fewer degrees of 
freedom than the transition state for formation of an alkyl radical. 

The reactivity of a peroxy radical toward hydrogen-atom abstraction must depend on 
the nature of the alkyl moiety because cumene has about the same reactivity towards 
cumylperoxyl as ethylbenzene has towards I-phenylethylperoxyl. This difference in 
peroxyl reactivity is, however, best illustrated by thc pronounced difference in reactivity of 
benzoylperoxyl and t-butylperoxyl of - lo4: 1 '. 

The transition state for the transfer of a hydrogen atom to a peroxyl, although 
dominated by the nature of the incipient radical must contain a contribution from the 
dipolar structure ROOd- :He R d +  because rate constants for reaction of t-butylperoxyl 
with ring-substituted toluenes can be correlated by the Hammett equation using cr' 
substituent constants with a / I +  value of -0.5352. 

The influence of steric effects on the rate of the hydroperoxide-forming reaction is best 
illustrated by the reactivities of alkanes towards t -b~ ty lpe roxy l~~ .  Thus, 2,2,4- 
trimethylpentane is relatively unreactive because of steric hindrance to attack by the 
peroxyl while cyclopentane exhibits enhanced reactivity because of relief of steric strain 
upon removal of a hydrogen atom. 

The 0-0 bond is the weakest bond in a hydroperoxide" (RROaH - 175.5 kJmol-') 
and homolysis (either thermal or photochemical) gives an alkoxyl and a hydroxyl (reaction 
47). 

ROOH - RO-+-OH (47) 

TABLE 6. Absolute rate constants for the hydroperoxide-forming reaction in hydrocarbon 
autoxidation" 

~~~ 

"Per active hydrogen at 303 K, where subscript p refers to the ratc-controlling propagation reaction. 
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At moderate temperatures (373 K )  and in inert solvents hydroperoxides are stable and 
hydrocarbons and other organic compounds such as ethers and ketones can be 
autoxidized to give high yields of hydroperoxides. Thus, cumene gives cumene 
hydroperoxide, tetrahydrofuran gives rx-hydroperoxytetrahydrofuran, and methyl ethyl 
ketone gives a-hydroperoxyethyl methyl ketone. 

The stability of a hydroperoxide is, however, very dependent on its environment and 
there is a complex dependence on the medium and the hydroperoxide concentrations3. At 
low hydroperoxide concentrations, the reaction is first order with respect to the 
hydroperoxide concentration while at  high concentrations, the reaction tends to second 
order. This is because the bimolecular reaction (48)is thermodynamically more favourable 
than unimolecular homolysis. It has, however, been noted that well-documented cases of 
bimolecular reaction are limited to initiation of olefin autoxidation and thermal 
decomposition of allylic hydro peroxide^^^. 

R - 0 - 0 - H  - RO.+ H 2 0  + R02. 

(48) 
. .  . .  . .  
H - 0 - 0 - R  

The thermal stability of tertiary alkyl hydroperoxides does not depend to any great 
extent on the nature of the alkyl moiety", thus (CH3)3COOH and 
C6H5CH2C(CH3)zOOH have very similar half-lives in benzene at 427.5 K (1.6 x 10' and 
1.4 x 10' s- ',respectively). The thermodynamic parameters for decomposition ofROOH 
are AH # - 125 kJ mol-' and AS # - - 50 J deg- ' mol-' and the values for 
(CH3)3COOH(AH* - 170kJmol-' and AS+ = f 5 1  Jdeg-I)  are considered anom- 
alous. 

The hydroperoxidic hydrogen of an alkyl hydroperoxide is relatively weak, 
DROO-" - 368 kJ mol- ". and reaction with many radicals is either exothermic or 
thermoneutral. In addition, rate constants for removal of this hydrogen by alkoxyl and 
alkylperoxyl are large because of low activation energies 12.s7. Hydroperoxides are, 
therefore, very susceptible to induced decomposition by a mechanism which involves 
abstraction of the hydroperoxidic hydrogen. In the case of tertiary butyl hydroperoxide, 
the rate of hydroperoxide decomposition is very much faster than the rate of free-radical 
initiation because most of the self-reactions of r-butylperoxyls give radical rather than 
nonradical products. Kinetic chain lengths are, therefore, greater than 1. The di-t-butyl 
peroxyoxalate-initiated decomposition of this hydroperoxide (reactions 49-52) provides 
an example of this mode of induced decornpositi~n'~. 

00 
I I I I  

(CH3 )3COOCCOOC(CH3 13 - 2(CH3)3CO. + 2C02 

2(CH313C02' -- 2 (CH3 l 3  CO- + O2 

The rate of decomposition of t-butyl hydroperoxide is given by 

- d [(CH,),COOH] 
dt 
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where Ri  is the rate of chain initiation and k , ,  and k 5 2  are the rate constants for reactions 
(51) and (52). The chain length for hydropcroxide decomposition depends on the ratio of 
rate constants k 5  i.e. on the relative rates of nonterminating and terminating 
interactions of t-butylperoxyl. For t-butyl hydroperoxide the chain length is -9 at 
303 K5*. 

All tertiary alkyl hydroperoxides undcrgo an induced decomposition analogous to 
reactions (49)-(52) and chain lengths are independent of the nature of the alkyl moiety59. 
The fate ofthealkoxy radicals produced in reaction (51) is, however,verydependenton the 
nature of R. 

As discussed above in the section on cyclic peroxides, abstraction of the hydroperoxidic 
hydrogen from unsaturated hydroperoxides is an important route to model compounds 
for prostaglandin biosynt hesis. 

Tertiary allylic hydroperoxides such as 3-hydroperoxy-2,3-dimethylbut- 1-ene are more 
susceptible to radical-induced decomposition than nonolefinic hydroperoxides because 
peroxyls add to the carbon-carbon double bond and the addition product decomposes 
with a relativcly low activation energy54 (reactions 53 and 54). 

Primary and secondary alkyl hydroperoxides do  not undergo a chain-induced 
decomposition at ambient temperatures because primary and secondary alkylperoxy 
radicals undergo a nonradical mutual reactiong (reaction 55). 

I 
CH R 2  

At higher tempcratures reactions analagous to (53) and (54) increase in importance 
relative to (55) and chain lcngths greater than one are observcdg. 

The alkyl moieties of tertiary alkyl hydroperoxides are reasonably inert to free-radical 
attack because they contain only unactivated primary hydrogens. Secondary alkyl 
hydroperoxides however, contain tertiary hydrogens r to the hydroperoxide function and 
this hydrogen is readily abstracted by a frcc radical (equation 56). 

R'. + R ~ C H O O H  - R '  H + R ~ ~ O O H  (56) 

The r-hydropcroxyalkyl radical RzCOOH produccd by this reaction is unstable and 
decomposes, even in tlie prcscnce of oxygen, to give ketone and h y d r ~ x y l ~ ~  (reaction 57). 
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Primaryalkyl hydroperoxides are less susceptible to induced decomposition at the alkyl 
moiety because they contain secondary hydrogens CI to the hydroperoxide function. 

Metal ions of variable valency such as Co and Mn, in catalytic concentrations, 
decompose hydroperoxides rapidly at ambient temperatures to give alkoxyls and 
alkylperoxyls by the sequence shown in reactions (58) and (59)". The alkoxyls and 
alkylperoxyls produced in these two reactions may then undergo a variety of reactions 
such as reaction with uncomplexed hydroperoxide or metal ion, solvent or themselves. 

ROOH+Mn+ -- [ROOH M"'] -- RO' + Mint1) + HO- (58) 

[ROOHMin+')] -- R 0 2 '  + H+ + M"+ (59) ROOH + M(fl+1l --- 
The reaction products in thecase of r-butyl hydroperoxide are f-butyl alcohol, di-f-butyl 

peroxide and oxygen. Other hydroperoxides such as cumene hydroperoxide give 
significant yields of products derived from alkoxyl p-scission. 

Rates of reaction depend on the nature of the transition-metal ion and the ligand. 
Reaction kinetics are complex because reactions (58) and (59) involve reversible 
association of the metal ion and the hydroperoxide before electron transfer takes place. 
Furthermore, the reaction is retarded by reaction products such as alcohol and water. 
Interestingly, reaction can be enhanced by a low concentration of amines6 '. 

Metal ions such as iron and titanium give alkoxyls almost exclusively because reaction 
(59) is slow (reaction 60). 

(60) ROOH + Fe2+ -- RO- + HO- + Fe3+ 

Reactions (58) and (59) constitute a catalytic cycle because M"' or Mn'l are not 
destroyed. In practice, however, the complex is destroyed by reaction with R 0 2 -  or RO- by 
a reaction which usually takes placc at  the metal centre6' (reaction 6 1).  

(61) ROz- + Mn+ -- ROO- + Mh+l)+ 

Reaction of alkyl hydroperoxides with complexes of transition-metal ions with only one 
readily accessible valency state such as nickel and zinc occurs with the production of free 
radicals63. Thus dialkyldithiophosphates [( R0)?PS2 I'M and dialkyldithiocarbamates 
(R2NCS2)2M of these two metal ions react with various alkyl hydroperoxides to give free 
radicals which arc capable of initiating hydrocarbon autoxidation. inducing 
decomposition of the hydroperoxide and destroying radical scavengers such as aromatic 
amines and stable free  radical^'^. 

Lead tetraacetate rcacts wi th  alkyl hydroperoxides to produce alkylperoxyls via a 
single electron-transfer mechanism (reactions 62 and 63). 

Pb(OAc)4 + ROOH - Pb(0Ac) j  + HOAC + ROY ( 6 2 )  

Pb(OAc)3 + ROOH - Pb(OAc)z + HOAC + RO; ( 6 3 )  

Alternatively, i n  view of thc nonionic character o l  lead tctrancetate. the hydroperoxidc 
may enter the coordination shell of the lead either in addition to the acetate or with partial 
displacement of it (reaction 64); 

Pb(OAc)4 + ROOH Pb(OAC)?OOR + HOAC (64) 
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IX. PERACIDS 

Peracids are the initial products of aldehyde autoxidation although they subsequently 
react with excess aldehyde to form carboxylic acids (reactions 65 and 66). 

/ O  
R C H 0 + 0 2  - R C l  

OOH 

OH R /o I I 

I I I  OH 
H 0 

+ R C l  - RC-0-0-C  - 2RCCo 40 
R C b O H  H 

Although peracids have strong (25-29 kJ mol- ') internal hydrogen bonds, thermally 
generated t-butoxyls do abstract the hydroperoxyl hydrogen to give acylperoxyls, e.g. 
reaction (67). Consequently there is a chain (although a very short chain) induced 
decomposition of peracetic acid48. 

Photolysis of peracetic acid in xylenes gives more ethyltoluenes from side-chain 
methylation at  2537 8, than a t  2900A, but more methylbenzyl alcohols at  29008,64. 
Peracids decompose to give alkyl radicals which either react with the peracid in an S,2 
process to give alcohol or with the solvent to give hydrocarbons (reactions 68-71). The 
proportion of alcohol formed increases with increasing nucleophilic character of the 
radical". 

R.+ RC(0)OOH - ROH + RCOf (70) 

R - + S H  - RH +S- (71 ) 

X. HY D R  OTR IOXlD ES 

Saturated compounds such as alcohols, ethers, acetals and hydrocarbons react with ozone 
at low temperatures (195 K )  to give oxygenated products by a reaction mechanism which 
is believed to involve the intermediacy of hydrotrioxides, R03H". These trioxides are 
formed by a heterolytic rather than a homolytic process". 

Hydrotrioxidcs arc believed to decompose as shown in reaction (72) for cyclohexane 
trioxide with reactions (72a) and (72b) occurring within the solvent cage. 
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0 + HzOz 

OOOH z==== [ O O -  + -OOH]  -f C ) - . H + ' O z  

0. + HOz' 

(72) 

The weakest bond in a hydrotrioxide (RO-OOH) has a dissociation energy of 
-94  kJmol- and decomposition should be rapid above 233 K66. Reaction products and 
their yields will of course depend on the efficiency with which the caged radicals can escape 
the solvent cage and the possible reactions which can occur within the solvent cage. 

XI. PEROXY ESTERS 

These peroxides decompose somewhat more slowly than diacyl peroxides and 
considerably faster than dialkyl peroxides. The rate-determining step for homolysis can be 
a single or multiple bond-cleavage process depending on the nature of the alkyl moiety67 
(reactions 73 and 74). 

Rate constants increase and enthalpies and entropies of activation decrease as the 
stability of R increases (Table 7). This has been attributed to an increasp in the importance 
of concerted decomposition. Thus, although concerted decomposition produces a 
decrease in AH' it also produces a decrease in AS' because ofthe increased importance of 
restricted rotations in the transition state. 

Peroxy esters are subject to induced decomposition at the 0 -0 function by a variety of 
free radicals. For instance the chain length for induced decomposition of 0.2-0.4 M t-butyl 
peracetate at 348 K is 250-300 in secondary alcoholsG8 (reactions 75  and 76) .  

(75) 

(76) 

(CH3 13 CO. + CH3 CHzCH(CH3 )OH - (CH3)3COH + CHJCH~~(CH, )OH 

CH3CH26(CH3)0H + CH3C(O)OOC(CH3)3 - 
CH3CH2COCH3 + CHjC(0)OH + (CH313CO. 

TABLE 7. Rate constants and Arrhenius parameters for therrnolysis of some peroxy esters 
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via hydrogen atom abstraction to give z-lactonesIG (reaction 77). 
Peroxy esters containing an CI hydrogen atom are sensitive to induced decomposition 

0 0 
I I  I I  

R’ R‘CHCOOBU-t + t-BuO. - t-BuOH + R’ R’CCOOBu-t 
(77) - R’ R2C-C=0 + t-BuO. 

‘0’ 

Large rate enhancements have been observed in the decomposition of r-butyl 
peroxybenzoates substituted in the ortho position by substituents which can accomodate 
one additional electron beyond their ground-state complemcnt such as iodo, vinyl and 
thio groups69. Anchimerically accelerated bond homolysis has been attributed to extra 
stabilization of the transition state leading to homolytic dissociation by participation of 
bridged radicals, i.e. reaction (78). 

The largest acceleration results from participation by sulphide sulphur while a 
neighbouring sulphinyl group exhibits much smaller acceleration and the sulphonyl 
substituent shows no acceleration. Neighbouring iodine and vinyl substituents give 
substantial accelerations while the bulky orrho r-butyl substituent shows very little 
acceleration. Acceleration due to steric influences can, thereforc, be ruled out  (Table 8). 

Decomposition of t-butyl o-phenylthioperbenzoate involves the intermediacy of a 
sulphuranyl radical and such t hree-coordinate sulphur spccies have recently been detccted 
by electron spin resonance s p e c t r o s ~ o p y ~ ~  (reaction 79). The sulphuranyl radical then 
either reacts with t-butoxyl to give a sulphurane which is long-lived enough to be detccted 
by ‘H-NMR (reaction SO) or escapes from the solvent cage to undergo reaction (81). 

p H5 

- @ + (CH3)3CO- (79) 

COOC( C H3 )3 as-c6H5 0 II 0 

TABLE 8. Kinetic data for ortho-substituted r-butyl perbenzoates in c h l o r o b e n z e n ~ ~ ~  

Substituent k“ log [ A ( h i - ’  s - ’ ) ]  E(kJ mol-I)  

SC6 H 5 2.78 x lo4 12.60 96.92 
SOC6H 5 72.7 14.33 123.7 
CH =C(C,H,), 67.0 14.44 1 10.7 
I 54.1 13.2 118.3 
C(CH,), 3.8 16.08 143.7 
1-1 1 .o 15.53 143.3 

“Relative to 1-butylpcrbenzoarc a t  393 K 
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S-CE H5 

COOH 

- dirner 

Di-t-buty! peroxyoxalate is widely used as a source of t-butoxy radicals at ambient 
temperatures and since there is no cvidence for cage production of di-t-butyl 
monoperoxycarbonate this peroxy ester possibly decomposes by a three-bond 
homolysis". (reaction 82) 

The activation parameters for homolysis, log [ A ( s - ' ) ]  = 14.5 and E = 109 kJmol-'. 
are, however.similar to the values for other peroxyesters which are believed to dccomposc 
by two-bond homolysish7. 

Although the products of the decomposition of pcxsters are reliably free radical the 
transition state is quitc polar, as is demonstrated by a large rate dependence on solvent 
polarity and the influcnce of elcctron-donating and -withdrawing ring-substituents on  the 
stability of t-butpl pcrbcn~oates"~.  

X I I .  p- PER OXY LACTON ES 

Thermolysis of 0-peroxylactones gives ketones as the principal reaction products by a 
mcchanism which involves the intcrmcdiacy of a diradica17 (reaction 83). 
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0 
I I  

0 

(83) ez - Re’ - R2CCHzR1+R1CCH2RZ II +CO:, 
0- 

R’  
R2 R2 

The ketone is produced by migration of R’ or R2 and interestingly when R2 is phenyl 
alkyl radical migration is preferred to the more usual phenyl migration. Furthermore 
epoxide is only formed in trace amounts. Stereolabelling experiments have indicated that 
the 1,Sdiradical undergoes a fully concerted 1,2-shift, i.e. concurrent p scission and 
decar boxyl atio n. 

Photolysis of P-peroxylactones gives mainly epoxide along with low yields of ketone. In 
this case the 1,5-diradical must lose carbon dioxide to give the 1,3-diradical which ring- 
closes to give the epoxide (reaction 84). 

XIII. CONCLUSION 

It is clear from the examples given above that the peroxide function provides a rich source 
of free-radical reaction mechanisms and the continuing interest in this area of organic 
chemistry indicates that the wcll is not yet dry. 
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1. INTRODUCTION 

In the last tcn years or so, there has been increasing interest shown in peroxides in which 
the 0-0 bond is flanked by clements other than carbon o r  hydrogen’”.b. This discussion 
will summarize the chemistry of peroxides in which one or  both ends of the 
oxygen-oxygen bond arc flanked by organosulphur o r  organophosphorus groups. 

Thc known examples of these pcroxidcs are largely restricted to bis-sulphonyl peroxides 
( I ) ,  sulphonyl acyl peroxides (2), sulphonyl alkyl peroxides (3) and bis-diphenyl- 
phosphinyl peroxide (5). Sulphonic pcracids (4) arc not well known”’ but arc among the 
products formed in the sulphoxidation of alkanes”’ and may be formed from the reaction 
of sulphonic acids with hydrogen peroxide3. 

259 
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0 
II 

RSOz - 0- 0- SO2 R R ' S O ~  -0 -0- c - R~ R' soz - 0- o R~ 

(1 1 (2) (3) 

RSOzOOH 
R R 

Phz P-0-0-PPhz 

[I. SULPHONYL PEROXIDES 

A. Introduction 

I n  general the attachment of sulphonyl groups to  the ends of the oxygen-oxygen bond 
enhances the thermal stability of the peroxide link due to  inductive and/or resonance 
withdrawal of electrons from the peroxide oxygens. Thc thermal stability is further 
enhanced by attachment of arenesulphonyl groups in which the aryl group is substituted 
with an electron-withdrawing group (1 ; R = p-N02C6H4,  I J I - N O ~ C ~ H ~ ,  in-CF3C6H4, 
3,5-(CF,)ZCGH3)r and these compounds represent the most stablc examples. The same 
effect has been noted in aroyl peroxides where substitution of the aromatic ring by 
clectron-withdrawing groups stabilizes thc peroxide towards thermal decomposition4. 

Thermal stability does not necessarily imply greater 0-0 bond strength, however, 
since thermal stability is a descriptive term which depends on the relative efficicncies of 
several modes of d c c ~ m p o s i t i o n ~ .  The  three principal modes for thermal decomposition of 
peroxides are (0) 0 -0 homolysis, (b )  radical-induced decomposition and (c) polar 
decomposition. Only the first is dircctly dcpendent on the peroxide bond strength. Most 
likely the thermal stability of sulphonyl peroxides derives from a resistance t o  radical- 
induced decomposition and a prcfcrence for nonchain, polar dccornposition pathways. 
They can be kept indefinitely a t  -20°C without measurable decomposition and  some are 
stable at room temperature for many days. 

I n  addition t o  their good thermal stability, sulphonyl pcroxides (1) have rather low 
active oxygen content, typically 4-8 x ,  so that the pure materials decompose 
exothermically but not violently. Thcy are thus easily handlcd and  storcd and  can be 
routinely purified by crystallization and  analysed by standard iodometry. 

Mixed sulphonyl acyl peroxides (2) are qualitatively less stable than bis-sulphonyl 
peroxides (1) but they can nevcrtheless be prepared, handled at room temperature for 
short periods, stored, and analysed routinely. Sulphonyl alkyl peroxides (3) are somewhat 
less stable and dccompose violently a t  room temperature after a few minutes. Thcy can bc 
stored in a freezer for a few wccks. Sulphinyl peroxides have not bcen reportcd in the 
literature but a mixed alkyl sulphenyl peroxide PhC(Mc,)OOSPh from cumyl 
hydroperoxidc and  phenylsulphenyl chloride is reported as an intermediate which rapidly 
rearranges to thc cumyl sulphinatc cster PhC(Me,)OS(O)Ph'. 

Peracid analogues of organosulphur acids are not well known*". Rccently Nielson and  
coworkers3 have reported that pcrtrifluoromet hanesulphonic acid (4, R = CF,), 
generated i i i  s i t i r  from trifliiorometlianesulplioiiic acid and 98 'x hydrogcn pcroxide, is one 
of the most powerful peracid oxidants known, but other rcports of organosulphonic 
peracids are rather scarcc'. Kice and collaborators7 have postulated a sulphenic pcracid 
intermediate, PhSOOH. in the reaction of phcnyl benzenethiosulphonate with the 
hydropcroxidc anion. but this matcrial rearranges immediately to bcnzcncsulphinic acid. 
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Based on this behaviour, sulphinic peracids, RS(0)OOH might likewise be expected to  
isomerize to sulphonic acids (RS03H).  

6. Synthesis of Sulphonyl Peroxides 

There are two general routes available for the preparation of bis-sulphonyl peroxides, 1. 
The first utilizes the base-promoted condensation of hydrogen peroxide with sulphonyl 
chlorides (equation 1 )  and is the method of choice for the preparation of many bis- 
arenesulphonyl peroxides (1, R = Ar). The best results are obtained when an aqueous 
alcohol mixture is used in which both the sulphonyl chloride and the hydrogen peroxide 
are soluble', or when a two-phase mixture of aqueous alcohol containing the hydrogen 
peroxide and a sxond organic phase (typically chloroform) containing the sulphonyl 
chloride are stirred vigorously9. The solid product is collected and purified by 
recrystallization to give sulphonyl peroxides of high purity ( > 9 8  x). 

2ArSOzCI + HzOZ ArSOzOOSOzAr (1) 

Persulphonic acids resulting from the initial condensation of hydrogen peroxide with 
the sulphonyl chloride are undoubtedly formed'", but they have never been detected in this 
preparation (equation 2), even when large excesses of hydrogen pcroxidc are used. Perhaps 
the greater acidity of the peracid causes i t  to be deprotonated, and hence sulphonylated, 
faster than hydrogen peroxide itself; or  perhaps any peracid not converted to the bis- 
peroxide is unstable in the basic reaction mixture. 

A second method for the preparation of bis-sulphonyl peroxides uses the electrolysis of 
the sulphonic acid. Methanesulphonyl peroxide" and trifluoromethanesulphonyl 
peroxide" have been prepared by this method, which requires a very concentrated (10 M )  
aqueous solution of the acid. Table 1 lists bis-sulphonyl peroxides. 

Unsymmetrical sulphonyl acyl peroxides (2) and sulphonyl alkyl peroxides (3) are 
prcpared by the base-promoted condensation of a carboxylic peracid or alkyl 
hydroperoxide, respectively. with a sulphonyl chloride. Table 2 lists mixed sulphonyl 
peroxides. 

C .  Reactions of Sulphony l  Pe rox ides  

The reactions of sulphonyl peroxides can bc loosely grouped into two categories. The 
first is the thermolytic decomposition reactions of sulphonyl peroxides which are usually 
first-order processes. The second category is the intermolecular reactions of sulphonyl 
peroxides with electron donors which are generally second-order reactions and which are 
generally thought to be ionic proccsses. 

7. D ecornp osition reactions 

Of the three principal modes of peroxide decomposition described earlier-homolytic. 
polar and free-radical-induced decomposition-only the first two arc important in the 
thermal decompositions of sulphonyl peroxides. When bis-arenesulphonyl peroxides (1, 
R = A r )  are allowed to decompose in chloroform at near ambicnt temperatures 
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TABLE 1. Bis-sulphonyl peroxides ( l ) ,  RSOzOOSO2R 

R rn.p.(T)" Stability' Method of prep.' Reference 

C6H5 66 
' I - C H ~ C G H ~  50 

4-BrC6H4 76 

3-CF3CGH4 82 

4-CIC6H4 75 

3,4-clzc, H3 72 

2-NO2CsH4 97 
3-NOzC6Hj 112 

CH3 79 
CF3 liq. 

4-NOZC6H4 128 
3,5-(CF,),C,H3 72 

Poor 
Poor 
Moderate 
Moderate 
Moderate 
Good 
Good 
Good 
Good 
Good 
Good 
Very poor 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
B 

9a 
8 
8 
9a 
9a 

9a 
9a 
9a 

12 

13 
10 
1 1  

"All of these peroxides decompose explosively upon melting. 
bDefinitions of stability are: very poor-decomposes within minutes at 25°C; poor-decomposes 
within hours a t  25°C: Moderate-can be handled at  25°C but decomposes after several days at room 
temperature; good-can be easily handled at 25°C and does not apprcciably decompose in a week or 
more at 25°C. 
'Method A-condensation of the sulphonyl chloride with hydrogen peroxide; Method B- 
electrolysis of the sulphonic acid. 

TABLE 2. Unsymmetrical acyl sulphonyl peroxides (2) and alkyl sulphonyl peroxides 
(3)  

(a) 2, R'SO,OOC(O)R* 

R' R 2  m.p.("CY Stabilityb Reference 

4- M eC, H4 Ph 59 Moderate 14 
4-M cC, HA 4-CICGH4 73 Moderate 15 
c-CGH 1 I Me 35 Very poor 16 
Me Ph 54 Poor 17 
Et Ph 46.5 Poor 17 
t i -Pr  Ph 24 Poor 17 
i-Pr Ph 49 Poor 17 
PhCHz Ph - Poor 17 

(b)  3, R 1 S O z 0 0 R z  

R '  R' m.p.("C)" Stability' Reference 

4-MeOC6 H4 t-Bu 47 Very poor 18 
4-MeC6 H4 t-Bu 37 Very poor 18 
Ph t-Bu liq. Very poor I8 
4-CIC6H4 t-BtI 30 Very poor 18 
4-BrCG H4 1 - B U  40 Very poor 18 

~~ 

"All of these materials decompose explosively upon melting. 
bSee footnote b, Table 1, for definitions of stability. 
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(25-40°C), the corresponding arylsulphonic acid is produccd quantitatively in addition to 
products derived from the trichloromethyl radical".20. These results are consistcnt with 
homolytic 0 -0 bond fission followed by hydrogen abstraction from the solvent 
(equation 3). The kinetics are strictly first order suggesting that radical-induced 
decomposition is not important, and the activation energy. E, = 24.5 kcal mol-I, which 
approximates thc 0-0 bond energy. is indicative of a labile 0-0 bond. (Thc 0-0 
bond encrgy in benzoyl peroxide is 30 kcal mol- '  5 . )  Earlier i t  had bcen reported that a t  
relatively low temperatures (25-50°C). benzenesulphonyl peroxide initiated poly- 
merization of methyl methacrylate more effectively than benzoyl peroxide, again attesting 
to the ready homolysis of the 0-0 bond in solution2'. 

Arenesulphonyl free radicals produced from sulphonyl peroxides efficiently abstract 
hydrogen from solvent22. They have not been observed to split out sulphur trioxide and 
give carbon-centred radicals analogous to decarboxylation in acyloxy radicals (equation 
4). When generated in the presence of aromatic compounds, tosyloxy radicals can also 
undergo aromatic substitution in low yield. The addition t o  the aromatic system is a 
recombination and addition reactions'.'". Activation cncrgies on the order of 
tosyloxy radicals are quite electrophilic22b.23 which is in keeping with the strong electron- 
wiihdrawing capacity of the sulphonyl group. 

Mixed acyl sulphonyl peroxides undergo more complicated thermal decomposition in 
solution. Simple homolysis of the peroxide bond gives sulphonoxy radicals and acyloxy 
radicals (equation 6). The sulphonoxy radicals undergo those processes that have been 
discussed above. and the acyloxy radicals undergo the usual decarboxylation, 
recombination and addition reactions5.'". Activation energies of thc order of 
25kcalmol- '  are observed in the decompositions of a variety of mixcd 
peroxides 14.15.22.25-27 . Mixed acyl sulphonyl peroxides are therefore used commercially 
as polymerization initiators since they provide a source of free radicals a t  relatively low 
temperatures. Acctyl cyclohexanesulphonyl pcroxide and acetyl s-heptanesulphonyl 
peroxide are routinely used in the polymerization of vinyl chloride. Many formulations 
can be found in the patent literature2*. 

0 
I 1  

(6) R ' S O ~ O O C - R 2  - R'SO; + ' 0 2 C R 2  - C 0 2  + R'. 

Since acyl sulphonyl peroxides (2)  arc unsymmetrical. a polar decomposition mode 
competes with 0-0 bond homolysis. The heterolytic cleavage of the 0-0 bond in 
unsymmctric peroxides i s  cxpccted. considering the classic work of Leiilcr concerning thc 
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carboxy inversion reaction of unsymmetrical aroyl peroxides in polar solvents (equation 
7)2'*30. Acyl sulphonyl peroxides might be expected to undergo heterolysis of the 0-0 
bond even more readily than unsymmetric aroyl peroxides, since they might be thought of 
as materials having an excellent sulphonoxy leaving group attached to oxygen. They have 
been shown to  undergo polar rearrangement by a first-order reaction (equation 8). This 
rearrangement is important mainly for mixed peroxides (2) in which R 2  = aryl, indicating 
that the ease of polar decomposition depends on the migratory aptitude of the R2 group. 
Unlike unsymmetric aroyl peroxides, however, the extent of rearrangement is largely 
insensitive to solvent polarity but is subject to acid c a t a l y ~ i s ' ~ * ~  '. 

0 0 
I I  II 

R '  SOzOOC - R 2  0 R' SOZOC- OR2 

Thus the overall rate of decomposition of benzoyl p-toluenesulphonyl peroxide (2; 
R '  = p-tolyl, R' = Ph), in several solvents, increases steadily as the reaction progresses, 
due to formation of benzenesulphonic acid which catalyses the carboxy inversion. The 
rearrangement product, phenyl p-toluenesulphonyl carbonate (6; R' = ptolyl, R2 = Ph) 
comprises 48 ';6 of the products. The addition of acid catalysts results in a much faster 
decomposition, and the proportion of rearraiigement increases to 71 7;. 1fa heterogeneous 
base such as magnesium oxide is suspended in the reaction mixture, the rate of 
decomposition becomes a constant first-order rate and the proportion of rearrangement 
decreases to 22 7;. These observations indicate that acids catalyse the carboxyl inversion, 
but that it occurs by an uncatalysed route also. Kinetic studies of acetyl 
cyclohexanesulphonyl peroxide decompositions give rate constants of 13.9 x low5 s- ' 
and 9.59 x lO-'s- I at 20°C in isopropanol and cyclohexane, respectively, showing that 
solvent polarity exerts a minor influence on the ratez5. Furthermore the partitioning 0 1  
reaction products is the same in several  solvent^'^. 

The mechanism of the carboxy inversion in acyl sulphonyl peroxides has been 
determined by "0 labelling experiments. When the carbonyl oxygen in benzoyl p -  
toluenesulphonyl peroxide is labelled with "0. there is no scrambling of the label, whereas 
labelling the sulphonyl oxygens with l80 leads to complete scrambling of the label 
(equations 9 and These results are well accomodated by the mechanism shown in 
equation (1 1 )  which has a phenyl-bridged ion pair as an intermediate stage, and which is 
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mechanistically similar to the carboxy inversion in acyl ~ e r o x i d e s ~ ' . ~ ~ .  The bridging of the 
phenyl ring may be an important feature of the transition state leading to the ion-pair 
intermediate. Consequently the ability of acyl substituents to interact with the electron- 
deficient oxygen (migratory aptitude) is an important factor in determining the energy of 
that transition state, and the extent to which ionic rearrangement competes with 0-0 
bond homolysis. Thus for mixed acyl sulphonyl peroxides (2), where the acyl group is 
aromatic. ionic rearrangement is a significant decomposition p a t h ~ a y ' ~ * ~ l ;  for those 
where the acyl group is alkyl with low migratory aptitude, polar rearrangement is 
incon~equent ia l~~.  Acid catalysis observed for polar rearrangement of these peroxides 
presumably results from protonation of the sulphonyl group in the precursor peroxide. 

Alkyl arenesulphonyl peroxides (3) are unstable materials which decompose in alcohol 
solution without the production of free radicals. In absolute methanol, acetone dimethyl 
ketal is produced along wi th  the arylsulphonic acid (equation 12)33. A Hammett study of 
several substituted arylsulphonyl groups has given p = + 1.36, consistent with ionization 
of the 0-0 bond, in which electron density is increased on the sulplionoxy group. It 
follows then that ;I methyl group migrates to an electron-deficient oxygen. The rate of 
rearrangement is sensitive to solvent polarity. Grunwald-Winstein I ) I  = 0.5933, as is the 
ionic rearrangement of 9-decalyl perbcnzoate, ni = 0.57 (equation 13) which has a similar 
ni cch a n  is m . 

Me OMe 
I 

I 
Me 

Me-A-OSO2 OMe axm Me-C-OMe I (12) 
I I 

Me Me 

Me- C- 0 - OSO 

I t  is interesting that the rearrangement of alkyl sulphonyl peroxides is reported to be 
sensitive to solvent polarity and not subject to acid catalysis33. This behaviour is opposite 
to that discussed above for acyl sulphonyl peroxides. It is quite likely that the vzry difTerent 
solvent systems used for the respective decompositions can account for this apparent 
discrepancy. The work with alkyl sulphonyl peroxides has utilized aqueous methanol 
solvent niixt urcs, while the work with acyl sulphonyl peroxides has used nonbasic solvents 
like benzene, chloroform and carbon tetrachloride. Acid catalysis is more likely in the 
latter solvents which are not levelling solvents and which tend to enhance the acidity of 
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dissolved acids. On  the other hand, aqueous methanol is a basic levelling solvent so that 
the peroxide competes ineffectively with solvent for protons. Furthermore the former 
group of nonprotic solvents span a narrow range of low polarities and should be very 
inefficient in solvating ionic intermediates. The polar protic nature of aqueous methanol 
might be more indicative of normal solvent effects in ionic reactions. Further experiments 
utilizing similar solvents for both peroxide types are needed to clarify differences in solvent 
and catalyst efiects in these polar decompositions. 

2. Reactions with electron donors 

Although bis-sulphonyl peroxides can decompose by homolysis ofthe 0 -0 bond (vide 
,supra), in the presence of electron donors they react as electrophiles. Conversely, given the 
electron-deficient nature of the peroxide bond in these peroxides, electron donors can be 
thought of as attacking the 0-0 bond nucleophilically (equation 14). Bis-sulphonyl 
peroxides can thus be considered pseudo-halogens which give products from heterolytic 
cleavage of the peroxide bond. The reactions of several types of electron donors (K, n a n d o  
donors) with sulphonyl peroxides have been investigated. and all can promote the 
heterolysis of the peroxide bond to give donor-peroxide adducts. 

0. IL Doriors. Based on the ability of benzenesulphonyl peroxide to initiate the 
polymerization of methyl methacrylate, the formation of phcnyl benzenesulphonate from 
the decomposition 01' benzenesulphonyl peroxide in benzene (equation 15) was thought 
to arise from a free-radical aromatic substitution of benzcnc by the bcnzencsulphonoxy 
radical". Dannley's very thorough study of the reactions of arenesulphonyl peroxides 
with aromatic substrates has revealed, however, that the attachment of the sulphonoxy 
group to the aromatic ring occurs by clectrophilic aromatic substitution'.' 2 ~ 3 5 ~ 3 6 . 3 8 . 4 0 ~ 5 2 .  

When in-nitrobenzenesulphonyl peroxide is decomposed i n  the presence of a variety of 
alkylbenzenes, reactivities relative to benzene itself (k, , , /k,J are found to be: toluene, 19.0; 
ethylbenzenc, 17.6; cumcne, 13.5; and 1-butylbenzene, 11.9. The product orientations are 
predominantly ortho and /mu; the proportion is roughly 30 yo ortho and 65 PNVN. Thus 
the Baker-Nathan rcactivity order is f o l l ~ w c d ~ ~ ,  and rclative reactivities and orientations 
arc consistent with an electrophilic substitution mechanism. The data for these 
substitutions are very different from the same kinds of data obtained in free-radical 
aromatic substitutions'b. Furthermore in the reactions with cumenc, no bicuniyl is 
detected. Bicumyl is often produced in free-radical reactions of cumene by abstraction of 
the methine hydrogen of the isopropyl side-chain, followed by dimerization of the cuniyl 
radical. The absence of side-chain attack argues against the involvement of free radicals in 
the substitution reaction, as does thc lack of detectable ESR signals during the reactionyb. 

Relativc reactivity nnd orientation studics on a wide variety of aromatic substrates have 
been carried out. Electron-donating substituents make the aromatic substrate more 
reactive than benzene and give orrho. pNrtr-orieiitation. while elcctron-withdrawing 
substituents dccrease the reactivity and give mostly i ~ e t c r  orientation. Partial rate factors 
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derived from these data have been correlated by a Hammett plot using Brown's o+ 
va1ues3' and give p = -4.4, similar to  other known electrophillc substitutlons like 
mercuration (-4.01, bromination (-5.8) and nitration (-6.2), but much larger in 
magnitude than free-radical substitutions ( -  - I to -2)35*3G. 

The mechanism of aromatic substitution by sulphonyl peroxides can best be pictured as 
rate-determining formation of a Wheland intermediate (equation 16). Several additional 
studies support this mechanism. There is no kinetic deuterium isotope ejfect (k,Jk, = I ) ,  
indicating that proton loss from the cationic intermediate is not rate-determining38. The 
possibility that rt complex formation is rate-determining is discounted by the relative 
reactivities ( k , , J k ~ )  of p-xylene (340) and mesitylene (2400) which are much greater than 
those for reactions where rt complexation is rate-determining3*. There is evidence, 
however, that rt complexation does occur as a preequilibrium step. The half-life for 
decomposition of m-nitrobenzenesulphonyl peroxide in ethyl acetate at room temperature 
is 20 hours, however, in ethyl acetate that is 1 hi in ethyl benzoate, the same peroxide 
decomposes with a half-life of 50 hours and gives high yields of aromatic s u b s t i t u t i ~ n ~ ~ .  
The formation of peroxide-aromatic rt complexes can be used to explain this behaviour. 
Finally the rzactions of sulphonyl peroxides with arenes are second-order reactions, first- 
order in both peroxide and substrate, which argues against predissociation of the 
peroxide". 

RSO2-0 a X s , o ~ z - o ~ x  
R S O z - 0  - I 
RSOp -0 I + &  RSOZ-0 H ..... 

The detailed mechanism of the formation of theo complex has been studied by oxygen- 
18 labelling of the sulphonyl oxygens in p-nitrobenzenesulphonyl peroxide. In methylene 
chloride solution, the labelled peroxide reacts with benzene to give phenyl p- 
nitrobenzenesulphonate with no  label in the phenolic oxygen (equation 17). Thus direct 
intcraction of benzene with the peroxide oxygens leads to product. p-Xylene behaves 
similarly. In  some solvents partial label scrambling occurs, which has been interpreted to 
result from competitive attack on the peroxide and sulphonyl  oxygen^'^.^^. Due to the fact 
that rt complcxation with aromatics is highly likely, and considering that the stability of 
sulphonyl peroxides in various solvents varies widely". i t  is possible that 71: complexation 
by some solvents may compete with that by the aromatic substrate. If such 71:complexation 
by solvent involvcs the peroxidic oxygens, then the aromatic substrate may be forced to 
attack the sulphonyl oxygens. 
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The ionic mechanism for aromatic substitution by sulphonyl peroxides has been further 
substantiated by Kovacic and coworkers, who have carried out aromatic substitutions 
with m-nitrobenzenesulphonyl peroxide in the presence of redox catalysts such as copper 
and cobalt salts, and the Lewis acid, aluminium trichloride. Little difference in rates or 
products has been found in the presence or absence of these additives, and it has been 
concluded that the ionic mechanism satisfactorily accounts for these results41. Since a 
variety of sulphonyl peroxides give similar products with aromatic 
substrates 10% 12,35.40.42 , electrophilic aromatic substitution seems to be an inherent 
property of these reagents. 

In addition to aromatic 7c systems, olefinic 7c electron donors react readily with bis- 
sulphonyl pzroxides. Kergomard and collaborators8 have shown that p-toluenesulphonyl 
peroxide reacts with cis- and trans-stilbene to give meso-1,2-ditosyloxy-1,2-diphenyl- 
ethane (equation 18). Experiments with norbornene yield products of substitution and 
addition whose structures are indicative of a Wagner-Meerwein rearrangement (equation 
19)43. It is thus proposed that ionic addition to the double bond gives an intermediate 
cation which proceeds to products. 

TsO, ,OTs 

( T s O ) ~  + PhCH=CHPh - 
Ph Ph 

cis or trans 20 - 30% 

__ a+so2Ar ArS020 

-Hi 

+ OSO2 Ar 

/ A 6 0 2 0  

ArS03 

b 

Several other studies have substantiated the ionic nature of the reaction of sulphonyl 
peroxides with olehns. When P-alkylstyrenes are reacted with arenesulphonyl peroxides 
in methanol, solvent capture of the intermediate cation is the major process (equation 
20)j4. The orientation of the products is Markownikotf in that the peroxide acts as an 
electrophile and the nucleophile is incorporated on the most stable carbenium ion centre. 

OMe 03SAr 
MeOH I I (20) PhCH =CHR + (A602012  * PhCH-CHR 

The structure of the intermediate cation is of interest since the sulphonoxy function is 
known to destabilize adjacent carbenium ions"5 yet the sulphonoxy group could undergo 
bridging interactions as i n  7a or 7b (equation 21). A study or the addition or p-  
nitrobenzenesulphonyl peroxide to cis- or rrurzs-stilbene, contrary to earlier reports, has 
been found to give different ratios of t l , l  and twso adducts". Syri addition to the double 
bond is a major contributor to the product stereochemistry. This argues against 
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..9.-- SOZ Ar . .  . .  OSOzAr .. . I ..,* + =.. 
RCH=CHR + (ArS0z0)2 - R6.H-CHR or RCH- CHR or 
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. .  
RCH-CHR 

(7b) 

sulphonoxy bridging and suggests instead that phenyl bridging helps control the 
stereochemistry of addition (equation 22). The additions of sulphonyl peroxides to p- 
alkylstyrenes, in which phenyl bridging is not possible, give the same mixture of thwo and 
erythro adducts from either cis o r  trans  precursor^^^. The same cation is formed from 
either isomer and sulphonoxy bridging cannot be an important feature of the cation 
structure. Similar studies need t o  be undertaken with aliphatic olefins which do not give 
benzylic cations and which therefore might be more prone to sulphonoxy bridging. 

ArS03- 03SAr ArS03 P3SAr , ,CHPh- / PhCH-CHPh \ 
PhCHZCHPh + (ArSOzO), - PhCH- 

(22) 
syn 

Electron-rich olefins such as enols react readily with sulphonyl peroxides to give 01- 

sulphonoxy carbonyls. Deoxybenzoin, in the presence of boron trifluoride etherate, reacts 
with arenesulphonyl peroxides to give the u-sulphonoxycarbonyl product in good yield 
(equation 23)44. Other carbonyl compounds, such as cyclohexanone and acetophenone, 
show similar behaviour. 

OH A 6 0 3  0 
\ I I  

(23) 
0 
II BF3 I (ArSOzOIz - PhCH-CPh PhCH2CPh M ~ O H  - PhCH=CPh 

83% 

Mixcd acyl sulphonyl peroxides do not seem to react ionically with 7~ electron donors, 
but this question has not been addressed to any great extent in the literature. 

b. ti Donors. Until recently little was known of the reactions of sulphonyl peroxides with 
n electron donors. Triphenylphosphine was used to analyse m-nitrobenzcnesulphonyl 
peroxide, and by labelling experiments was found to attack the peroxidic oxygens 
exclusively (equation 24)19. Furthermore dimethyl sulphoxide was known to rapidly 
decompose sulphonyl peroxidesgb, suggestive of attack by sulphur on the peroxide bond. 
Recent work on the reactions of n electron donors with sulphonyl peroxides has utilized 
amines and amine derivatives as donors. 

0' 0" 
I1 II 

0' 0' 

(24) 
0' 0" 
II II 

0' 0' 

Ar-S-OAO-S-Ar+Ph3P: - Ph3P=O+Ar-S-O-S-Ar 
II II II I1 
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Primary and secondary amines react readily with arenesulphonyl peroxides at - 78°C. 
Hydrolytic work-up affords good yields of carbonyl products according to the 
stoichiometry shown in equation (25)47. The initial oxidation product is an amine as 
shown by its isolation in several cases. Table 3 is a representative sample of amine 
oxidations with p-nitrobenzenesulphonyl peroxide. 

3R'CH2NHRZ + (ArS020)2 - R'-CH=N-R2 +2ArS03-R'CH2N+H:!R2 

(25) 
H?O R'CHO + R Z N H ~  

The above oxidative deamination is of limited synthetic value since two extra 
equivalents of amine are required to neutralize thc two equivalents of arenesulphonic acid 
produced from the peroxide. In order to be synthctically useful, the sulphonic acid must be 
removcd by a base other than the amine being oxidized. A heterogeneous base suspended 
in the reaction mixture is useful in  this regard. When one equivalent of amine is oxidized 
with one equivalent of an arenesulphonyl peroxide in the presencc of five equivalen'ts of 
powdered potassium hydroxide, good yields of carbonyl product are obtained (Table 4)47. 

This oxidation is very interesting since there are several viable and quite different 
mechanistic alternatives. Based on analogy to x electron donors, the amine could attack 
the 0 -0 bond nucleophilically to give an 0-sulphonylhydroxylamine (8), which by 
elimination gives the iniine (equation 26). Alternatively thc 0-sulphonylhydroxylamine 
could undergo homolysis of the N -0 bond and yield the imine by a radical or radical- 
cation process (equation 27). Finally the amine could undergo an electron-transfer 

TABLE 3. The oxidation of amincs with p-nitrobcnzenc- 
sulphonyl pcroxidc in ethyl acetate at -78°C 

Amine Product Yicld (%) 

(PhCl-I,),NH 

( C G H  I I )2NH 
PhCH2NHz 

c - C ~ H ~  lNHz 
(tI-BU)2NH 
~ I - B U N I - I ~  
PhCH (N H 2 )Me 
PhCH2NHBu-r 
C-Cj HpNHz 

PhCHO 
PhCHO 
Cyclohexanonc 
Cyclo hcxanone 
ti-PrCHO 
ri-PrCHO 
PhCOMe 
PhCHO 
Cyclopcntanone 

96 
84 
86 
83 
73 
39 
66 

100 
25 

TABLE 4. The oxidation of amines ( 1  equiv.) with p- 
nitrobenzcnesulphonyl peroxide ( 1  equiv.) with powdercd 
potassium hydroxide ( 5  equiv.) 

Aminc Product Yield (:i) 

PhCH ,N H 2 PI1 C H O  63 
(PhCH,)zNH PhC 14 0 91 
PhCH ,NH Me PhCHO 69 
c - C ~ H I  1NH2 Cyclohexanonc 66 
(c-C6H I  I ) 2 N H  Cyclohexanonc 53 
PhCH(NH,)Me Acetophenone 'S 
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reaction with the peroxide to give a nitrogen cation radical and hence the imine (equation 
28). 

R ' C H = N R Z  

(27) 

OS02Ar 
I 

R' C H ~ N R ~  - R '  C H ~ N R ~  

There are precedents in the literature for each of these mechanistic possibilities. In the 
first place amines attack acyl peroxides nucleophilically to give N-acylhydro~ylamines~~. 
Furthermore N-substituted amines such as ~ h l o r a m i n e s ~ ~  and N-acylhydroxylaminesso 
undergo base-promoted elimination to imines. Thus both steps of equation (26) have 
literature precedents. Secondly, N-substituted amines such as chloraminessl and A'- 
acylhydr~xylamines~~ can also undergo N-X bond homolysis to give nitrogen radicals 
and radical cations as in equation (27). Finally, it has been asserted that amincs can react 
with acyl peroxides by electron transfer as in equation (28)53. Furthermore since nitrogen 
radicals and nitrogen cation radicals have been shown to give irnines as stable productss4, 
equations (27) and (28) also account for the observed products. 

A number ofstudies have shown that amines react with sulphonyl peroxides by the two- 
step, two-electron process of equation (26) and that unpaired-electron species are not 
important in these reactions. When substituted benzylamines are reacted with p-  
nitrobenzenesulphonyl peroxide, a Hanilnett treatment gives p = - 0.53 for the 
nucleophilic attack by the amine on thc peroxide". Kinetic studies with the sane  aminc 
series show that p = 0.57 for the formation of the iminc. The two-step process of equation 
(26) predicts an elcctron deficiency on the benzylic carbon in the first step (negative 0). and 
an increase in electron density at thc same position during the elimination step (positive p ) ,  
in agreement with the observed data. 

A scries of unsymmctric amines have becn oxidized with sulphonyl peroxides and the 
regiochemis try of t he elimination reaction measured (equation 29). Increased branching of 
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the N-alkyl substituent causes increased elimination towards the alkyl substituent 
(10 > 9). This regioselectivity is opposite to that observed for imine formation in similar 
amines from radical-cation intermediates produced electrochemicallyss. 

When rx protons are lacking or when good migrating groups are present in the precursor 
amine, carbon to nitrogen rearrangement becomes important. The oxidation of 
tritylamine with arenesulphonyl peroxides gives benzophenone as the only product ( 5 5  "/, 
yield) after hydrolysis (equation 30)s6.57. Steiglitz rearrangement in the N-sulphonoxy 
intermediate (1 1) accounts for the observed products. Benzhydryl amines give products of 
both rearrangement and elimination (equation 31). 

H,O* 
Ph3CNHOSOzAr PhzC=NPh - Ph2C=O (30) ( A r S 0 2 0 h  

Ph3CNHz 

(ArSOzO) elimin. H30' 
PhzCHNHz PhzCHNHOSO2Ar - PhzC=NH - PhzC=O 

(31 1 
H 0' 

PhCH=NPh 3 PhCHO 

Finally, kinetic studies dramatically illustrate the two-step nature of the oxidation. 
Since two equivalents of ammonium salt are produced in the oxidation (equation 25) ,  the 
rate of reaction can be conveniently monitored by measuring an increase in conductivity of 
the reaction mixture. When benzylamine is mixed with arenesulphonyl peroxides at  
- 10°C, there is an immediate conductivity increase corresponding to the formation of one 
equivalent of the ammonium salt. Then a second equivalent of the salt is formed in a 
second, slower, base-dependent steps5. 

Taken together, the above data rule ou t  one-electron processes for the oxidation of 
amines by sulphonyl peroxides. The electron transfer of equation (28) gives two 
equivalents of the salt from the rate-determining step of electron transfer. Furthermore the 
regioselectivity of imine formation from radical cations is opposite to that observed. 
Homolytic cleavage of the N -0 bond of the N-sulphonoxy intermediate as  in equation 
(27) is not consistent with the migratory aptitude data in the Steiglitz rearrangcment or the 
base-depcndent kinetics of the imine-forming step. One type of mechanism which cannot 
be specifically excluded is initial electron transfer from the amine to the peroxide followed 
by rapid collapse to the 0-sulphonylhydroxylamine (equation 32). Collapse would have to 
occur in the solvent cage and would have to be faster than proton loss from the nitrogen 
radical cation which is known to be very fasts4. There is presently no concrete reason to 
invoke this mcchanism. 

fast 
RNHz + - R-NNH-OSOzAr (32) 

(8) 
0 -S02Ar  

It is clear that 0-sulphonylhydroxylamines (8) can be produced easily from amines and 
sulphonyl peroxides. These adducts have been vcry useful in studying base-promoted, 
imine-forming eliminationss8. They are also potential sources of nitrenium ions by 
solvolysiss9 and might serve as aminatingagents". In thc abscnce of base, which promotes 
imine-forming elimination, N-alkyl-0-sulphonylhydroxylamines are sufiiciently stable to 
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be isolated and purified at low temperatures ( <O"C). Several of these compounds 8 have 
been prepared6'. 

The reactions of several n electron donors with acyl sulphonyl peroxides (2) have been 
reported in the l i teratud2.  The unsymmetrical character of these peroxides leads to a 
greater diversity of reaction type than for bis-sulphonyl peroxides. Treatment of benzoyl p -  
toluenesulphonyl peroxide with triphenylphosphine yields triphenylphosphine oxide and 
benzoic p-toiuenesulphonic anhydride (equation 33). Oxygen-1 8 labelling studies indicate 
that phosphorus attacks the peroxide oxygen bonded to the carbonyl function. O n  the 
other hand diphenyl sulphide is oxidized to diphenyl sulphoxide and the mixed anhydride, 
but label randomization occurs. The means by which label scrambling occurs is not 
known6'. 

0 0 0 0  
II II I1 I1 

PhC-o-o-s-c6H4Me+Ph3P - Ph3P=O+PhC-0-S-C6H4Me (33) 
8 II 

0 

p-Tolylmagnesium bromide reacts with benzoyl p-toluenesulphonyl peroxide to give 
benzoic acid and p-tolyl p-toluenesulphonate, which is formed exclusively by attack of the 
Grignard reagent on the peroxide oxygen bonded to the sulphonyl group. Coordination of 
magnesium to the carbonyl oxygen of the peroxide apparently directs such specificity of 
attack (equation 34). 

0 I1 ~ O - ~ - C ~ H 4 M e  - PhC-OMgBr + Me 

0 

(34) 

Finally, hydrazine and sodium methoxide attack the carbonyl carbon of the mixed 
peroxide to yield benzoyl hydrazide and methyl benzoate respectively6'. Thus acyl 
sulphonyl peroxides are attacked at both peroxide oxygens and at the carbonyl carbon by 
various n electron donors. The factors which influence these various modes of attack by 
nucleophiles are not known with any certainty, but their clucidation would be very useful. 
If nucleophilic attack on the peroxide oxygen next to the carbonyl group could be 
controlled, then mixed acyl sulphonyl peroxides could be used to attach the acyloxy 
function electrophilically to substrates. This synthetic capability is not generally possible 
at present. 

c. (T Dorlors. Electron-rich carbon-metal 0 bonds can act as electron donors to 
sulphonyl peroxides and the products are those of carbon-metal bond cleavage (equation 
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35)63. Organomercury compounds, upon treatment with methanesulphonyl peroxide, 
give good yields of cleavage products (equation 36). When diphenyl- or dibenzyl-mercury 
react with two equivalents of the peroxide both carbon-metal bonds are cleaved; however, 
the second cleavage is slower than the first (equation 37). 

I O-SO2 R I 

I O-SO2R I 
R-C--M+ I - R-C-OS02R + MOSO2R (35) 

(36) CHzC12 RHgX +(MeSO20)2 ROS02Me + XHgOS02Me 
75 - 98% 

R = Ph, PhCH2, p-MeCsH4. p-MeOCsH4, p-MeC6H4CH2, p-CICGH4 
X = CI, Br 

slower 
R2Hg + 2(MeS020)2 -!@L ROS02Me + RHg0S02Me - ROS02Me + Hg(OS02Me)2 

R = Ph, PhCHz 
(37) 

Tetraalkyl- and tetraaryl-tins are also cleaved by met hanesulphonyl peroxide, but 
somewhat less efficiently (equation 38). Organo-lead and -silicon compounds give little or 
no cleavage with methanesulphonyl peroxide. Perhaps the more electrophiiic 
arenesulphonyl peroxides would be more effective in cleaving these latter materials. 

R4Sn + (MeS020)2 - ROS02 Me  + R3SnOS02 Me 
10 - 83% 

R = Me, Ph, m-MeC6H4,n-Bu 

A Hammett study ofcarbon-metal bond cleavage in substitutcd arylmercuric chlorides 
has given p = - 1.97 which is indicative of an electrophilic cleavage mechanism. More 
work is needed on factors influencing the reactivity and the stereochemistry of these 
reactions in order to  completely undcrstand their mechanism. 

Sulphonyl peroxides have been shown to react eITectively with IC, n ando  electron donors 
by two-electron pathways. This reactivity seems inherent to this pcroxidc type. It is quite 
likely that other donor functions (sulphur, phosphorus) will give similar chemistry; thus, a 
wide range of interesting and useful transformations using sulphonyl peroxides is possible. 

111. ORGANOPHOSPHORUS PEROXIDES 

Only one example of an organophosphorus peroxide has been studied to any extent. Bis- 
diphenylphosphinyl peroxide ( 5 )  has been preparcd by the condensation of 
diphenylphosphinyl chloride with sodium peroxide (equation 39)6". I t  is quite interesting 
that no peroxides were obtained when substituted arenephosphinyl chlorides were used in 
the same procedure. Hydrolysis to the corresponding phosphinic acids was the only 

0 0 0 
I I  I I  It 

Ph2P-Cl + Na202 - Ph2P-0-0-PPh2 
57% 

(5) 

(39) 
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observable reaction. Diphenylphosphinyl peroxide 5 is stable indefinitely at  - 80°C but 
decomposes exothermically upon warming to room temperature. Apparently the 
arenephosphinyl groups d o  not confer thermal stability to an attached peroxide link to the 
extent that arenesulphonyl groups do. 

The decomposition of 5 in several solvents occurs by a first-order process and yields, 
after hydrolysis, diphenylphosphinic acid (12) and phenyl hydrogen phenyl phosphonate 
(13). The unsymmetrical anhydride 14 has been postulated as an intermediate (cquation 
40). The product results from a phenyl migration from phosphorus to oxygen and is 
analogous to a carboxy inversion process. The anhydride 14 could not be isolated but has 
been identified in the mass spectrum of the crude product and trapped by reaction with 
methanol. 

0 0 
I1 I I  I I  

I I 
OPh OPh 

P hz P - 0 - P - P h -0 H'o Ph2P-OH + PhP-OH (40) 
!? I: 

PhzP- 0-0- PPh:, - 
(5)  (1 4) (12) (13) 

The mechanism of the rearrangement has been elucidated by oxygen-18 labelling 
experiments. When the phosphinyl oxygen is labelled with oxygen-18, there is no 
scrambling of the label in the rearranged product (equation 41 )65. Phenyl migration 
occurs exclusively to the peroxide oxygen, and dissociation processcs, radical or ionic, are 
ruled out. An ionicmeclianism analogous to that found for mixed acylsulphonyl peroxides 
and unsymmetrical acyl peroxides is favoured. which involves concertcd phenyl migration 
and 0-0 bond heterolysis as in equation (42). This formulation is substantiated by the 
observation that photolysis of the same labclled peroxidc affords the same products but 
gives a randomization of the label. Photolysis apparently promotes homolysis of the 
0 -0 bond. and phenyl migration in the radical occurs to either of the equivalent oxygens 
(equation 43). 

Ph 
I 

0. 0" 
PhzP -0-0- PPhz -- PhOP-0- PPh2 (41 ) 

I I  II II II 
0" 0' 
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'OPh 'OPh 
I 

(43) (PhZP-O)z - h PhzP.-O' - PhP. *OZPPhz - Phh--6-[hz 
I :-: I I  . .A 
O* ' 0  *O 0' ' 0  

II 
0" 

In view of the tendency of phosphinyl peroxide (5) to undergo ionic rearrangement, it 
may show electrophilic behaviour towards electron donors analogous to sulphonyl 
peroxides. As yet reactions of 5 with donor functions have not been pursued, but they may 
provide fruitful methods for attaching oxidized phosphorus groups to electron donors. 
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1. DIACYL PEROXIDES 

Recent results in the chemistry of diacyl peroxides have been summarized in 
comprehensive reviews'-3. The  following chapter includes fundamental principles a s  well 
as a selection of newer results. 

A. General Syntheses 

7. Symmetrical diacyl peroxides 

The reaction of sodium peroxide (or HZOz) with acyl chlorides represents the most 
convenient method of synthesizing diacyl peroxideskzz (equation la). Acyl chlorides may 
be replaced by acid  anhydride^'^-^' (equation Ib). 

(1 a) 2RCOCI + N ~ 2 0 2  2 N J C ,  

RCO - 0 - 0 - COR (H202) c ( -  2HCl l  

2. Unsymmetrical diacyl peroxides 

Diacyl peroxides with different acyl groups have been similarly synthesized by reaction 
of peroxycarboxylic acids with acyl chlorides or acyl anhydrides' 9-z1~z3-z5 (equation 2). 
Autoxidation of aldehydes in presence ofacetic anhydride leads to an  'in situ' formation of 
peroxycarboxylic acids which are immediately acetylated by the added 
(equation 3). 

R'COX + R 2 C 0 3 H  -* -HX R ~ C O - O - O - C O R ~  (2) 

X = CI, OCOR' 
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RCHO + (CH,C0)20 ‘ 0 2  - C H J C O I H  RCO- 0 -0-COCHj (3) 

A very specific method uses the ozonolysis of 4,5-diphenyl-1,3-dioxol-4-en-2-one (1) to 
yield 235 (equation 4). 

(4) 
phII> 0 7 0 3  PhCO - 0 - 0 - COz COPh 

Ph 

(1 1 (2) 

3. Cyclic diacyl peroxides 

Starting from dicarboxylic acids or from their acyl chlorides conversion with sodium 
peroxide leads to five- or six-membered cyclic peroxides’ 3*14*36*37 (equations 5 and 6). 

0 

7 5% 

acox cox 

0 
X = OH, CI 

4. Peroxycarbonates 

Recently, peroxycarbonates obtained importance in connection with acyloxylations of 
carbon nucleophiles. Dibenzyl peroxydicarbonate in particular has been used frequently, 
due to its high reactivity in solution on the one hand and its relative stability for storage on 
the other3843. Peroxycarbonates are easily prepared by reaction of sodium peroxide with 
chlorocarbonates in a two-phase reactiona4 (equation 7). 

(7) 0% 
2CICOZR + NazOz - RO2C-O-0-COzR 

- 2NaCI 

(dissolved (dissolved 
in CHzCI2) i n  HzO) 

6. Stability of Diacyl Peroxides 

Diacyl peroxides are cleaved homolytically under the influence of energy or catalysts. 
Accordingly, they can be used as initiators of polymerization  reaction^'*^^*^^ (equation 8). 
Diacyl peroxides containing Ph, p-NO2C6H4 and OC(CH3)2CC13 47 groups are 
preferentially used because of their sufficient stability at ambient temperature, Caution: 
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A €  

catalyst 

RCO-0-0-COR 7 [ 2RC02' ] 

NEVERTHELESS. ALL LABORATORY EXPERIMENTS 

[ 2 R '  ] (8)  

WITH PEROXY 
COMPOUNDS  ST BE CARRIED OUT BEHIND A SAFETY SHIELD IN A 
HOOD! The smaller the molecular weight of R the higher will be the danger of explosions 
at ambient temperature and at  high  concentration^^*^**^^. 

Besides serving as  sources of free radicals, diacyl peroxides behave as ambident 
electrophiles; they react either with 'hard bases' at  the carbonyl carbon, or with 'soft bases' 
at the peroxide oxygen. 

C. Reactions of Diacyl Peroxides with Nucleophiles 

1. Solvolysis 

Hydrolysis of diacyl peroxides has been used as one method of preparing perbenzoic 
acids; similarly, cleavage of diacyl peroxides by sodium alcoholatc/alcohol yields esters 
and sodium peroxycarbo~yla tes~"-~~ (equation 9). 

(9) 
H' 

RCO-0-0-COR +R'O- 0 RC03- 0 RCOjH 
- R C O ~ R '  

2. Reactions with carbanions 

In 1962, Lawesson and  coworker^^^-^' investigated the nucleophilic attack of 
carbanions at  the peroxy oxygen of benzoyl peroxide yielding benzoyloxylated products 
(equation 10). 

In the case of open-chain u-unsubstituted P-dicarbonyl compounds mono- and bis- 
substitution occurs simultaneously, yielding monoacylated rcductones and acylals of uic- 
triketones. 

5,5-Disubstituted derivatives of 1J-cyclohexanedione react initially in the same way; 
however, the acylals 5 have proved to be highly sensitive to bases, and show 
rearrangements in the course of which derivatives 6 of 2,5-cyclohexadienone are formed3g 
(equation 11 ). 

The importance of the direct acyloxylation lies in the fact that halogen substituents in 
operr-chin P-dicarbonyl compounds are easily substituted by carboxylatc nucleophiles, 
whereas cyclic P-dicarbonyl compounds don't react under similar  condition^^^*^* 

Figure 1 shows the composition of the reaction mixture in the conversion of the sodium 
salt of dimedone (3a) with benzoyl peroxide versus time. 
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Reaction of dimcdonc (as sodium salt 3a) with dibenzoyl peroxide in acetonitrile at 

3. Reactions with enamines 

Like carbanions, enarnines from secondary amines show equally high reactivity towards 
diacyl p e r o ~ i d e s ~ " ~ ~ .  Similarly, enarnines derived from ope~7-chai~7 0-dicarbonyl 
compounds ('0-acyl enamines') have been monoacyloxylated" (equation 12). 
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r 1 

I -c‘ ~ 

X O C O P h  - 
/c\ I \  

H OCOPh 

In the case of cyclic acyl secondary enamines obtained from dimedone (and related 1,3- 
cyclanediones) acyloxylation leads to a mixture of monoacyloxylated acylenamines 8 and 
diacyloxylated sterically hindered enamines 943 (equation 13). The reactivity of enamines 
9 is so poor that only traces of trisacyloxylation products are obtained. 

(7 )  (8 )  (9) 

The enamine 10 from dimedone and cyclohexylamine is correspondingly mono- 
acyloxylated and obviously also bisacyloxylated ; however, the bisacyloxylation product 
12 cannot be isolated because of its immediate rearrangement !o 136? (equation 14). 
Although this rearrangement resembles that of the triketone acylals 5, the mechanism 
must be different. In the presence of two different R2 groups, 5 eliminates the weaker. 
carboxylic acid to yield 6 whereas 12 eliminates the stronger carboxylic acid to yield 13. 

NH 
l\ 

NH 
l\ 

N 
R \  

OCOR’ 0 OCORZ 

0 

R \  
N - C O R ~  

(14) 
- RzCOzH 

OH 

(1 3) 

Finally, unambiguous monoacyloxylations can be obtained using P,P-diacyl enamines. 
2-Anilinomethylene-1,3-diketones 14-conveniently synthesized from 1,3-diketones, 
aniline and an orthoformate-have been deprotonated (LiH, NaH, Kt-butylate) and 
acyloxylated to give 15 in high  yield^^^.^'; subsequent solvolysis leads to 16 or 17 
according to the reaction conditions (equation 15). This reaction sequence seems to be the 
most convenient method to synthesize pure 2-acyloxy-1,3-diketones 16 from easily 
available P-diketones. With R’ = benzyloxy particularly, smooth hydrogenations of 16 
yield the corresponding reductones 17. 
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4. Reactions with aromatic. heteroaromatic and olefinic hydrocarbons 

into aromatic compounds63 (equation 16). 
Under catalysis of iodine, benzoyl peroxide is found to introduce the benzoyloxy group 

+ (PhC0z)z ‘Iz1 OCOPh 
R 

R = H, Me, CI, O M e  

Pyrroles and in dole^^^ behave as enamines, and accordingly mono- and bis- 
benzoylo~ylations~~ have been observed (equations 17 and 18). 

DCOPh 

H H 

Unlike enamines, olefins react with diacyl peroxides by pathways including radical 
intermediates. Conversions with stilbenes66 and with tetrameth~lethylene~~ (equation 19) 
have been described. 

CMe2 + (RC0)pO (RC0z)z + MezC=CMe2 - Me2C- c6 H6 

45% 

R = 3-BrCe H4 (72%) 

P-Substituted crotonates are acyioxylated at the a carbon by benzoyl peroxide6’ 
(equation 20). 

8’ R’ 
I 

I 
OCOPh 

(20) 
I 

(phcoz)2 - CH2 = CCHCOZ R 2  CH3C=CHCOzR2 

70% (R1 = RZ = Me) 

5. Reactions with other nucleophiles 

Like those of enols, acyloxylations of phenols are facile. Electron-donating substituents 
in the aromatic nucleus accelerate the c o n v e r s i ~ n s ~ ~ * ~ ~  (equation 21). Double 
acyloxylation at one carbon has also been observed” (equation 22). 
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P-Naphthol reacts s i m i l a 1 - 1 ~ ~ ~  whereas 2,4-dibromo-a-naphthol (18) yields the quinone 
19 as a condensation product of 18 with an intermediate oxidation product73 (equation 
23). 

Aldehydes and ketones have been isolated by oxidation of primary and secondary 
alcohols with benzoyl peroxide in the presence of NiBr2 74 (equations 24 and 25). 

RCHO + RCOzCHz R (PhCOz)z 

34-96% 0-81% 
RCHzoH [NiBr,] - 

RzCHOH - RzCO 
81 -98% 

Reactions of amines with diacyl peroxides usually follow radical reaction paths yielding 
very different products depending on the nature of the amine'. DABCO (20) has been 
found to be oxidized to its monoxide 21 by benzoyl peroxide7' (equation 26). In this case, 
an irttermolecular acyl transfer from the intermediate acyloxylation product takes place. 
Intramolecular acyl migrations have been observed in the course of acyloxylations of 
secondary aromatic a m i n e ~ ~ ~ - ' ~  (equation 27). Primary aromatic amines yield small 
amounts of the corresponding products among other reaction products7*. 
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Ethers are acyloxylated in the c1 position with high  yield^'^*^^ (equation 28). Thio ethers 
react in a more complex manner with diacyl peroxides. On the one hand the sulphur is 
atttdcked in analogy to the attack on nitrogen with tertiary amines, but on the other they 
behave like ethers with acyloxylation a to the sulphur atom" (equation 29). Mechanistic 
aspects have been reported in detail"'-63. 

(28) 
(PhC02)z 

CH3 CHzOCH2 CH:, - CH3CHzOCHCH3 
I 
OCOPh 

84% 

R1SOCH2R2 + (PhC0)ZO 
(PhC0z)z 

R'SFHR' + PhCOzH 

OCOPh 

-c R ~ S C H ~  R~ 

11. PEROXYCARBOXYLIC ACIDS 

A. General Syntheses 

Peroxycarboxylicacids are prepared in analogy to diacyl peroxides by reaction of H202 
(Na202)  with carboxylic acids, their halides or  anhydride^^^*^^.*' (cquations 30-32). 
Frequently, formation of diacyl peroxides occurs as a side reaction. In order to avoid the 
formation of complex reaction mixtures, alkaline solvolysis of diacyl peroxides has been 
proved to be a favourable method of preparing pure peroxycarboxylic a ~ i d s ~ ~ * ~ ~ * ~ ~  
(equation 33). 

RCOCl + H202 - RCOj H + HCI 

(33) 
n+ 

(RC0212 + R'O- - RC03- - R C 0 3 H  

Alkoxycarbonyl hydroperoxides-which are particularly mild epoxididng reagents- 
have been synthesized similarly by solvolysis of the corresponding peroxycarbonates with 
HtOz (equation 34). 

- R C O ~ R '  

(34) 
NaOHICHIOH 

(ROCO2), + H202 - 2 ROC03 H 

Furthermore, photooxidation of aromatic aldehydes has been used to prepare 
peroxycarboxylic acidsQ0 (equation 35). 
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dialkyl phosphatesg3 have been described. 
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As further methods, reactions of H 2 0 2  with ketenesg', acyl imidazolesg2 and acyl 

B. Stability and Structure of Peroxycarboxylic Acids 

Pure hydroperoxy derivatives of lower fatty acids are cxplosives even at low 
temperatures. Nevertheless, distilled 40 % peroxyacetic acid in acetic acid/water is 
commercially available. The stability of peroxycarboxylic acids increases with rising chain 
length, i.e. with rising molecular weight. At present, the fairly stable ni-chloroperbenzoic 
acid (MCPB, m.p. 92"C, commercially available) is mostly preferred in laboratory 
experiments. 

X-ray structure analyses have confirmed the presence of intramolecular as well as 
intermolecular hydrogen (22). The latter can be detected only in inert solvents 
(benzene, CC14)96-g8 and disappear in polar (eqaation 36). Solvents with 
electron-donating functions (ethers, alcohols, amides, ketones) show nearly exclusive 
formation of intermolecular hydrogen bonds with peroxycarboxylic acids97*99J00. 
Hydrogen bonds as well as reduced resonance stabilization reduce the acidities of 
peroxycarboxylic acids compared with the corresponding carboxylic acids (e.g. 
CHjCOSH: pK, 7.6; CH3C02H: p K ,  4.7)3. 

0.. ..H....O--.* 0 \ /P.*..H 

R-c4 I C-R R-C I = RC03- H+ (36) \ 
0-0 ' 0  -0 ....H....04 

(22) 

C. Reactions of Peroxycarboxylic Acids with Olefins 

Olefins are epoxidized by peroxycarboxylic acids to yield oxiranes. Reactions are 
carried out in polar as well as in apolar Peroxyacetic acid is used for large- 
scale oxidations. Other frequently used peracids are MCPB, perbenzoic acid, 
monoperphthalic acid and the highly reactive trifluoroperacetic acid'" (equation 37). 

0 
(37) \ / \ A  \ /  

,C=C + RC03H - /C-C + RCOzH 
\ \ 

1. Mechanism of epoxidation 

Several publications have appeared concerning the mechanism of epoxidation of 
olefins by peroxycarboxylic acids (Prilezhaev r ea~ t ion ) '~ ' . ' ' ~ - '~~ .  The commonly 
accepted scheme has been published by Bartlett'O' and later by Lynch and Pausacker ' I o  

(equation 38). Satisfying correlations of kinetic measurements (including the conversion of 

Activated complex 
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peracetic acid with open-chained 01efins'~' as well as with ring-substituted styrenesIo8) 
with the three- and five-parameter equations of Taft indicate that the epoxidation ensues 
through an activated (nearly) nonpolar complex. Therefore the epoxidation is of SN2 type 
with highly negative activation entropy. 

Important facts concerning epoxidation rates (Table 1) are the following: Reaction rates 
rise (a) with increasing electron density of the double bond, (b) with decreasing 
electronegativity of R and (c) with increasing dielectric constant of the solvents (supposing 
that the intramolecular hydrogen bond remains intact'06). 

A certain parallel of the reaction parameters and kinetic data of the epoxidation 
reaction compared with 1,3-dipolar cycloaddition has led to the proposal of a closely 
related mechanism' ' ' (equation 39). 

\ /  
C 

II 
C OH 

7 _  I / \  
/P'. .." 

R-C 1 - R-C: ,$>-- 
0-0 0 

\ 
'7'0 (39) 
\ /  /c 

- RCOzH + 

Calculations' ' ' concerning the transition states of the 'normal' epoxidation scheme 
(Lynch and Pausacker, Bartlett ; usually designed as the 'generally accepted' scheme) and 
the Kwart mechanism' 

Determination of the rate constants'l3 of the epoxidation of cyclohexene 
(1.92 x 10-2!mol-'s-1) and of norbornene (2.28 x 10-21mol-'s-') has given no 
spectacular differences (in 1,3-dipolar cycloaddition norbornene is known to be much 
more reactive than cyclohexene). 

However, the results of Schneider and coworkers114 are in contradiction with the Kwart 
scheme which demands a distinct positive charge at the peroxycarboxylic acid carbon. 
Their investigations concerning polar and steric effects of oxidations with aliphatic 
peracids include a satisfying correlation between epoxidation rates and the corresponding 
Taft constants CT*. The experimental reaction constant p* = +2.0 contradicts a 
cycloaddition of a 1,3-dipolar species bearing a positive charge at the carbonyl carbon 

have given no decision as to which mechanism is correct. 

TABLE 1. Epoxidation rates of 
olefins 

Olefin 

CH2=CH2 
CH2=CHMe 
CH2=CMe2 
MeCH=CHMe 
MeCH=CMe, 

0 

k x 1030 

0.19 
4.2 

92 
93 

1240 

1 29 

11.2 
48 

~~ ~~ 

Peroxyacetic acid, 258°C: D. 
Swern, J .  Amer. Clion. Soc., 69.1692 
( 1947). 
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atom. Further investigations are necessary to elucidate remaining uncertainties. Although 
epoxidations with peroxycarboxylic acids are very fast, it has been found that rates can be 
further enhanced by catalysis with Mooz (acac), 15. 

2. Stereospecifity and stereoselectivity of &poxidation 

Usually, epoxidations of olefins by peroxycarboxylic acids proceed stereospecifically; 
high stereoselectivity has been found in the course of epoxidations of cis- or trans-stilbenes 
yielding the corresponding 2,3-diphenyloxiranes1 lo. Further examples are epoxidations of 
Z,E isomers of 2-butene116 and those of cycloalkenes with 8-, 9- and LO-membered 

17a-c. I 18n-c . A recent review"' reports in detail on the stereochemistry of 
epoxidations by peroxycarboxylic acids. Generally, sterically hindered olefins are 
attacked from the least hindered part of the molecule; however, in cases of interactions of 
appropriate substituents with the epoxidizing reagent, this rule can be inverted"'. 

3. Reaction rates of epoxidation 

Since open-chain cis olcfins are of higher energy than their tram isomers, they are 
epoxidized more quickly (oleic acid/elaidic acid" l S 1  22, cis/trans-stilbene' 23*1 25). Ratios of 
kcis/ktrons are ranging between 1 and 2. Olefins of medium-sized rings show inverse 
reactivities. 7knti.s isomers of cyclononene' I 7b and cycl~decene"~ are epoxidized eight 
times faster than their cis isomers due to higher ring tension. In the case of cis,trans,trans- 
1,5,9-cyclododecatriene, epoxidation of cis and trans double bonds could be studied in the 
same molecule'z6 (equation 40). Epoxidation of a tram double bond was 6.6 times faster 
than that of the cis. Analogously, MCPB epoxidizes cispum- 1,5-cyclodecadiene yielding a 
9: 1 mixture of trans and ~is-oxirane'~'. 

0- 
4. Special epoxidation methods 

Generally, two different epoxidation tcchniques are used' 28-130. On the larger scale it1 
situ generations of peroxycarboxylic acids are prefcrred, whereas in laboratory 
experimcnts isolated peroxycarboxylic acids are mostly used. 

Peracetic acid (in presence ofa mincral acid) and performic acid are frequently prepared 
in situ by reaction of the carboxylic acids with hydrogen p e r o ~ i d e " * ' ~ ~ * ~ ~ ~ ;  technical 
epoxidations are generally carried out with such cpoxidation mixtures. In many cases the 
use of strong acids is unfavourable owing to side-reactions. One possibility is to use less 
than stoichiometric amounts of formic acid and of hydrogen peroxidc in order to 
cpoxidize oils and  fat^^^^*^^^ as well as p~lybutadienes '~~. In othcr cases, peracetic acid 
prepared iii situ is buffered by sodium carbonate, sodium acetate or a stoichiometric 
amount of sodium hydroxide; peracetic acid can also be utilized after distillation in 
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vacuum. 9,lO-Epoxystearic acid can be obtained in high yield from oleic acid by oxidation 
with perbenzoic acid prepared in situ from benzaldehyde and molecular oxygen’ 3G. 

Recently, particularly mild epoxidations have been carried out utilizing iiz situ- 
generated ethoxycarbonyl hydroperoxide (23)13’ (equations 41 and 42). 

H201/buffer 
EtOCOCl 

+ 

r- 94% 

84% 

33% 

Aryloxiranes are obtained from styrenes by simple oxidations with peracids; however, 
care must be taken to avoid their contact with carboxylic acidsI3*. Therefore, a new 
method13’ has described the stereospecific synthesis of acid-sensitive oxiranes (24) using a 
PTC epoxidation technique (PTC: Phase Transfer Catalysis) (equation 43). 

MCPB-CH>CI.,/ 
Phosphate buffer. PH 8 

0-2ooc 
(43) 

R = Me, Et, H 90 - 95% 

(24) 

Another method has used the system monoperphthalic acid-finely powdered 
disodiumphthalate in order to synthesize the highly sensitive oxirane ethers 25; without 
buffer, yields drop to half’40. 

Generally, peroxycarboxylic acids are unstable at higher temperatures, and therefore 
they are unsuitable for epoxidations of unreactive olefins. Investigations on the stability of 
MCPB solutions in the presence of radical inhibitors have exhibited no noticeable 
decomposition at temperatures up to 90°C; under these conditions, even unreactive olefins 
like l-dodecene or methyl methacrylate can be epoxidized in quantitative yield’41. 
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5. Epoxidation by related peroxycarbon acids 

Carbonitriles and hydrogen peroxide react in methanol solution at pH 8 to yield in situ 
imidoperoxycarboxylic acids 26'42 (equation 44). With excess hydrogen peroxide the 
latter decompose to yield carbamides and molecular oxygen. In the presence ofolefins this 
reaction is suppressed, and oxiranes are generated. Because of the pH this method is 
particularly suitable for the epoxidization of acid-sensitive olefins like 27143 (equation 45). 
Further examples are the successful epoxidations of 2-allyl~yclohexanone~~~~, 
ergocalcifer01'~~ and methylenecy~lohexane'~~~. 

The relative reactivities of some olefins towards peroxyacetic acid and peroxybenzimidic 
acid have been compared 145. 

L J 
R = Me, Ph 

(26) 

(45) 

In analogy to imidoperacids (26), peroxycarbamic acids (28) are obtained by reaction of 
hydrogen peroxide with isocyanates or carbonyl azolides; they are suitable reagents for 
the epoxidation of acid-sensitive olefins (as well as azomethines) (equation 46). Some 
results are summarized in Table 2. 

R'NCO 
or 

D. Reactions of Peroxycarboxylic Acids with Acetylenes and 
Allenes 

Although epoxidation of acetylenes has bcen of theoretical and preparative interest for a 
long time, comparatively few details 011 chemistry and mechanism were p u b l i ~ h e d ' ~ ~ .  
More recent investigdtions are the reactions of di-t-butylacetylene (29) (equation 47) and 
of cyclodecyne (34) with MCPB in methylene chloride at 25°C (equation 48)150. 
Intermediates in thc reactions are oxirenes151 which can also be obtained indepcndently 
by photolysis of a-diazoketones. 
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TABLE 2. Epoxidations with peroxycarbarnic acids (28) 

28 
Oxirane Yield 

R’ R2 (oxaziridine) ( %) Ref. 

PhCO 

Ph 

4-CIC6H4 

4-ClCGH4 

PhCO H 

H 

H 

H 

H 

0 0  68 146 

0 N - p  72 146 
‘CMe2 

33-69” 147 0 
Do 
ctcl” 

58-75’ 147 

25-42’ 147 

0 0  - 148 

& = -  148 

“Yields are dependent on the reaction of PhNCO:H202. 
*Solvent-dependent yields. 
‘Epoxidation rates are 200 times faster than with peroxybenzoic acid. 

The question of the existence of allene oxides (methylene oxiranes) (39) as well as that of 
spirobisoxiranes (40) has been the subject of many peracid oxidations of allenes in the 
earlier literatures4. This question may have been answered by Crandall and coworkers. 



294 G. Bouillon, C. Lick and K. Schank 

(34) (35) 

(39) (40) 

Their oxidation of 1,l-dimethylallene (41) with peracetic acid yielded a mixture of 
products the formation of which could be explained by the intermediate presence of three 
reactive speciests2 (equation 49). When large substituents are introduced into the allene 
system the synthesis of derivatives of type 39, as well as of type 40, is made p ~ s s i b l e ” ~  
(equations 50-52). 

MeCO3 H 
C=C=CH2 - Me, 

CHzC12 Me’ 

I 
0 

Me, ,COMe Me, / \ 
Me’ ‘OCOMe 

+ ,C-CH2 + MezCO + 
Me 

C 

(42) (43) (44) (45) 

42:43:44:45 = 50:25: 17:8 
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E. Reactions of Peroxycarboxylic Acids with Other Reaction 
Partners 

7.  Hydroxylation of alkanes 

Hydroxylations at C(25) and at C(5a) have been observed in the course of irradiations of 
cholestanes in presence of peroxyacetic acidlS4. Tertiary (71 %), secondary (29 %) and 
primary ( t0.3 %) alcohols were obtained when methylcyclohexane (100-fold excess) was 
hydroxylated by peroxytrifluoroacetic acid' ". Later experiments to reproduce this 
conversion under preparative conditions gave unsatisfying results' s6. Only very poor 
conversion was observed, and the reaction mixture consisted of 38 % l-methylcyclo- 
hexanol and 62 % isomeric secondary alcohols, the separation of which presented 
considerable difficulties. However, hydroxylations of other more suitable alicyclic 
hydrocarbons (46-48) took place with p-nitroperbenzoic acid' ". In these cases good 
yields, high regioselectivity and retention of configuration could be observed. 

n H 

(47 1 (48) 

( X  = H-X = OH) 

2. Oxidation of alcohols 

Generally, primary and secondary alcohols are not attacked by simple peroxy- 
carboxylic acids. However, in the presence of appropriate catalysts (2,2,6,6- 
tetrarnethylpiperidine hydr~ch lo r ide '~~  or hydrogen chloride in THF1 ") oxidations take 
place yielding aldehydes and ketones (equation 53). 

(53) . . 

3. Oxidation of aldehydes. ketones and acetals 

Oxygen insertion into the carbon chain of aldehydes and ketones by means 0 1  peroxy 
acids to yield esters is known as the Baeyer-Villiger oxidation'"-' 62 (equation 54). 
Alicyclic ketones yield lactones' 63-165; special efforts have been made to synthesize E- 
caprolactone' GG-' Ketones with different substituents R yield mixtures of esters, 
whereas aldehydes yield carboxylic acids and alkyl or aryl f ~ r r n a t e s ' ~ ~  (equation 55). 
Oxidation of aldehyde acetals has proved lo be an exccllent method for synthesizing the 
corresponding e s t e r ~ " ~  (equation 56). 
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RCHO ROCHO+RCOzH 

(49) (50) 

(55) 

R 49 50 c>- 76% 23% 

PhCHz 76% 24% 

Ph(CH2)2 5% 84% 

4. Oxidation of sulphur compounds 

Peroxycarboxylic acids are able to oxidize thiols as well as disulphides directly yielding 
sulphonic acids’ 71. Sulphides are converted to sulphoxides by a similar mechanism as 
described with olefins’ 7 2  (equation 57). With less reactive peroxycarboxylic acids further 
oxidation of sulphoxides to sulphones by a similar mechanism‘ 73*1 74 evidently proceeds 
much slower than the first step. However, highly reactive peroxycarboxylic acids like 
trifluoroperoxyacetic acid are able to yield sulphones directly’75. In these cases the 
oxidizing power of the peracid is so high that phenylalkyl functions suffer degradation to 
yield carboxylic acids whereas phenyl groups connected to the sulphonyl functions are 
protected (equation 58). As 11 increases, increasing yields of a sulphone acid 51 are 
obtained. In the course of oxidation of sulphoxides by peroxycarboxylic acids in alkaline 
medium, the roles of sulphoxide and peracid as nucleophile and electrophile are changed. 
Now, peroxycarboxylates as nucleophiles attack sulphoxides as S-electrophiles followed 
by a fragmentation of the activated complex 52176 (equation 59). As a general rule 
oxidation rates ofsulphides decrease with rising pH va!ues in contrast to those found with 
sulphoxides. 

R’ - RC02- + ‘so, 
R2’ 

(59) 
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Some selected interesting oxidation reactions are described in the following examples: 
Sulphoxides have been obtained by means of polymeric peroxycarboxylic acids (polymer 
resins like polystyrenes bearing the hydroperoxycarbonyl group as substituent in the 
benzene nucleus) (yields 70-1 00 %)' ". Methylphenylethynyl sulphide has been oxidized 
selectively to yield the corresponding sulphoxide (with one mole of MCPB) or sulphone 
(with two moles of MCPB)I7'. Peroxytrifluoroacetic acid is reactive enough to convert 
dibenzothiophene to the corresponding sulphone in quantitative yield' 79. Thioketones 
are known to be oxidized by peroxycarboxylic acids to give sulphines' 'O; a second, slower 
(epoxidation-like) step leads to ketones (equation 60). By this reaction benzophenones 
have been synthesized in nearly quantitative yields using perbenzoic acid in carbon 
tetrachloride'" (equation 61 ). 

5. Oxidation of nitrogen compounds 

Preparation of tertiary arnine oxides by the use of hydrogen peroxide'" in water, acetic 
acid or acetic anhydride proceeds slowly and often affords low yields. Using MCPB 
excellent yields are obtained under mild  condition^"^ (equation 62). Pyridine N-oxide is 
obtained in 80 % yield using peroxyawtic acid at  80"C'84, but in quantitative yield using 
peroxytrifluoroacetic acid at  low temperat~re"~. The latter reagent converts even 2,6- 
dibromopyridine to its N-oxide in 75 % yield'85. 

86 - 98% 

Primary amines are reported to be oxidized by peroxycarboxylic acids to yield aliphatic 
or aromatic nitro compounds'"; similarly, oximes yield nitro alkane^'^^, whereas 
oxaziranes are formed by oxidation of imines'" (equation 63). Ketene imines have also 
been oxidized'89. 



298 G. Bouillon, C. Lick and K. Schank 

Similarly to the conversion of thiobenzophenone yielding benzophenone through 
sulphines as intermediates, benzophenone hydrazone has been oxidized with peroxyacetic 
acid (with I2 as catalyst) to form diphenyldka~omethane~~~; further oxidation of 
diphenyldiazomethane as well as of other diaryldiazomethanes’ and cyclic a- 
d iazoke tone~’~~  leads to an exchange of the diazo group for oxygen (equation 64). 

6. Oxidation of miscellaneous compounds 

Reactions of peroxycarboxylic acids with arenes yield different reaction products. 
Under catalysis of Lewis acids, electron-rich aromatic systems are hydr~xylated’~’ 
(equation 65). Depending on structure, aromatic rings can be cleaved as soon as a second 
hydroxyl group has been introdu~ed”~ (equation 66). Finally, Akylbenzenes are 
degraded by peroxytrifluoroacetic acid to yield fatty acids’ 95 (equation 67). 

Me Me 

. Me/ 
88% 

Alkyl and aryl iodides are easily oxidized by peracetic acid. Depending on reaction 
conditions, iodoso or iodoxy compounds are formed19G (equation 68). Iodoso compounds 
from iodides containing an electron-withdrawing substituent on the same carbon atom 
show cis eliminations yielding u,P-unsaturated carbonyl, sulphinyl or sulphonyl 
compounds’” (equation 69). 
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111. PEROXYCARBOXYLATES (PEROXY ESTERS) 

A. General Syntheses 

Usually, peroxycarboxylates are prepwed by reaction of alkyl hydroperoxides with 
acylating  agent^^^'^^-'^^ (equation 70). Ketene has also been used as acylating 
agent3*206*207 (equation 71). Peroxycarbonates have been synthesized from chloro- 
carbonates (equation 72) and t-peroxycarbamates have been generated from carbamoyi 
~ h l o r i d e s ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~  (equation 73). Isocyanates can be utilized instead of ketenes. In these 
cases, s-peroxycarbamates are formed (equation 74). 

R’COX+ R Z 0 2 H  7 R’C03R2 XE:Cl,0COR3, - A N  L/ (70) 

R 3  R4 NCOCl + R Z 0 2 H  R3 R4 NCO3 R2 (73) 

R5NC0 + R 2 0 2 H  - R5NHC03R2 (74) 

B. Stability of Alkyl Peroxycarboxylates 

Esters generated from primary and secondary alkyl hydroperoxides have proved to be 
particularly unstable. As they decompose very easily to give cdrbonyl compounds and 
carboxylic acids, they have been synthesized only rarely, using especially mild 
procedures19s.210-21Z (equation 75). 

Tertiary alkyl peroxycarboxylates are cornparativcly more stable. Compounds with low 
molecular weights may be distilled at reduced pressure at low temperatures, but even so 
caution is recommended because an explosion has been reported” ’. A comprehensive 
summary on alkyl peroxycarboxylates containing physical data has been given205. 
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C. Reactions of t-Al kyl Peroxycarboxylates 

Reactions of peroxycarboxylates have been the subject of several review articles. 
Sosnovsky and Lawesson' l4 have reported on copper-catalysed reactions of peresters and 
Ruchardt2" has summarized noncatalysed decompositions of peresters. Acyloxylations 
by means of peresters have been reviewed by Rawlinson and Sosnovsky'. 

G. Bouillon, C.  Lick and K. Schank 

1. Reactions of t-butyl peroxycarboxylates with reactive nucleophiles 
(transfer of alkoxy groups) 

Aryl Grignard compounds as highly reactive nucleophiles have been shown to react 
with t-butyl perbenzoate yielding aryl t-butyl ethers2' '. The reaction mechanism probably 
includes nucleophilic attack of the carbanion at  the peroxy oxygen attached to the t-butyl 
group, whereas carboxylate anion acts as leaving group (equation 76). This reaction 
sequence has been used to synthesize 4-t-butoxybenzenesulphenyl chloride'' (equation 
77). 

xhig- 

Phosphines represent another type of nucleophile which is able to attack alkyl 
peroxycarboxylates at the alkyl-bearing oxygen. The resulting alkoxyphosphonium ions 
behave as very efficient alkylating agents transferring carboxylate anions to esters'" 
(equation 78). This reaction sequence can be used to generate carboxylic acid esters from 
the corresponding peresters. 

2. Reactions of t-butyl pemxycarboxylates wi th  CH bonds, forming 
stabilized radicals after hydrogen abstraction (introduction of acyloxy 
groups) 

Unlike reactions described in Section 1II.C. 1 which prefer an ionic reaction mechanism, 
the copper (I/lr)-catalysed acyloxylations of CH bonds forming stabilized radicals after 
hydrogen abstraction by t-butyl peroxycarboxylates (Kharasch-Sosnovsky reaction') 
proceed via a radical mechanism (equation 79). Generally, reaction path (A) yielding 
acyloxylation products represents the main reaction. In certain cases however, reaction 
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path (B) becomes important, and can domineer over (A), particularly if the reactions 
require longer reaction periods at  elevated temperatures. 

(79d RCOaBu-t RC02Cu+ + t-%u- 

a. Stcbstitutiort of allylic (and related) hydrogen. Although reactions of peroxycarboxyl- 
ates proceed predominantly in an unspecific manner, olefins with terminal double bonds, 
like 1-octene or allylbenzene, can be acyloxylated selcctively with good yields2I8 (equation 
80). The main products prove to be the unrearranged olefins whereas allyl-rearranged 
olefins appear only as by-products21 9*220. 

R1CH2CH=CH2 + R ' C O ~ B U - ~  cu'"''ll) - f?'CHCH=CHz + t-BuOH (80) 
I 
OCOR2 

(a) R'=Pr,  C5Hl1, P h  , R2=Ph 
(b) R'=Pr, C5Hll ; RZ=Me 

In contrast the corresponding 2-olefins give rise to predominantly rearranged 
acyloxylation products with terminal double bonds22'*222 (equation 81). Mechanistic 
investigations have shown that ~o uniform reaction sequence can be derived in these 
caSeS2 13.2 1 8.2 1 9.2 2 3 

CHjCHCH=CH2 + CHjCH=CHCH2 (81) CuflVfIl) CHJCH=CHCH~ + C H ~ C O ~ B U - t  
I I 
OCOCH3 OCOCH3 

9 :  1 

Similarly to allylic hydrogens, propargylic hydrogens can be acyloxylated in the same 
manner224 (equation 82). In these cases no bond shifting occurs. 

(a)  R1 = R 2  = H, R3  = Pr 
Ib) R' = Me, R2 = H, R3 = E t  
(c) R' = Et, R2 = H, R3 = Me 

(d)  R' = Ph, R Z  = R 3  = Me 
(e) R' = SiMq,  RZ = H, R3 = Pr 
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Tetramethylallene reacts under the same conditions which are used for acyloxylations 
of 2-oiefins, to give mainly the rearranged derivative of 1,3-butadiene containing a 
terminal double bondzz4 (equation 83). 

Me' 

In analogy to substitutions of allylic and propargylic hydrogens, benzylic hydrogens 
can also be replaced by acyloxy groups in the course ofthe above reaction. However, yields 
are described to be lower'. 

b. Szibstitution of or-H in ethers. Ethers containing or-hydrogcn are able to be acyloxylated 
by peroxy esters forming cr-acyloxy ethers, which may be regarded as derivatives of 
aldehydes and ketoneszzs-zz8 (equation 84). These acyloxylations also proceed with 
ethers which are not attacked by molecular oxygen in the course of autoxidation, e.g. with 
aryl alkyl etherszz6. 

(84) C U ( l ) / ( l  I) EtOCHzCH3 + RCOJBU-t EtOCHCH3 + r-BuOH 
I 
OCOR 

R = Me (64%). Ph (82%) 

Cyclic ethers behave similarly to the open-chain ones; however, the resulting a-acyloxy 
ethers are preferentially converted to give acetals and carboxylic acids in presence oft- 
b ~ t a n o 1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  (equation 85). 

R'OCHR2 + r-BuOH - "(') R'OCHR2 + CH3C02H (85) 
I 

OBu-t 
I 

OCOCH3 

Cyclic acetals like 1,3-dioxane form cyclic derivatives of orthocarboxylic acidsz3' 
(equation 86). 

c:) + PhCO3Bu-t - "(" c ) - O C O P h  + f-BuOH (86) 

In cases where the acetal carbon is substitutcd by alkyl groups the outer positions are 
attackedz32 (equation 87). 

OCOPh 

Me + PhC03Bu-t - Me 
63% 
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C. Substitiction of a-H irt t h  ethers. Whereas sulphides have proved to be convenient 
reagents for the reduction of akyl  hydroperoxides in the course of ozonolytic cleavage of 
o ~ e f i n s ~ ~ ’  yielding sulphoxides, they react with t-butyl peroxycarboxylates in analogy to 
the ethers described above. Accordingly, formation of or-acyloxylated thio ethers of 
varying types has been Copper salts as well as styrene237 have been used 
as catalysts (equations 88-90). 

Styrene 
MeSCH20COPh + t-BuOH (88) MeSMe + PhC038u-f 

s q  + PhC03Bu-t a sc->OCOPh i ( y ~ c ~ ~ ~ f .  238) (90) 

L S--(OCOPh 

Reaction of 1P-thioxane with t-butyl peroxybenzoate takes place selectively at 
hydrogens o! to (equation 91). 

+ PhCOsBu-t - O d O C O P h  + t-BuOH 
(91 ) 

d. Miscellaneous CH substitutions2. Several other species of CH compounds have been 
acyloxylated by t-butyl peroxycarboxylates (eqwtions 92-94). These reactions have been 
of no great interest up till now. 

(EtO2C)zCHz + PhCOjBo-t cu(’”‘li) - (EtOZC)ZCHOCOPh + (EtOzC)2CHOBu-t (Ref. 231) 

(92) 16% 26% 

R = Pr, Ph (70%) 

Me Me 
(Refs. 214, 229,231) 

I I CU(i)/(II) 
OCH-N-Me + RC036u-t - OCH-N-CCH20COR 

R = Me (25%), Ph (35%) (94) 
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I. INTRODUCTION 

Much of the recent interest in endoperoxide chemistry stems from the recognition that 
endoperoxides have an important and varied role in biological systems. The establishment 
of the intervention of prostaglandin endoperoxide in the metabolism of arachidonic acid 
has been one of the most important findings in the field of endoperoxide chemistry. The 
identification of endoperoxides as  key intermediates or metabolites in biological systems 
has stimulated thedevelopment of new synthetic methodology for a variety ofcomplex and 
labile endoperoxides. 

In the area of synthetic organic chemistry, endoperoxides have served as important 
precursors for many types of oxygen-functionalized organic molecules. A number of 
synthetically useful intermediates including epoxides are derived from endoperoxides with 
stereoregulation. 

In this chapter, various aspects of the synthesis and reaction of endoperoxides will be 
reviewed by selecting reccnt representative examples from among innumerable references 
up to late 1981. In the strict sense of the term 'endoperoxidc', monocyclic peroxides should 
not be included in this category. However, in view of the structural similarity and 
biological importance inherent with monocyclic peroxides, we have not limited ourselves 
to bicyclic endoperoxides, and some of the important monocyclic peroxides are included 
in this chapter. We have also attempted to illustrate the varied use of endoperoxides in 
organic synthesis, mostly in the natural product field. 

II. NATURALLY OCCURRING ENDOPEROXIDES 

It is often difficult to establish that a particular endoperoxide is of natural origin, being 
formed within the organism by enzymatic oxygcnation. Adventitious oxygenation can 
take place with molecular oxygen or its related species such as hydrogen peroxide, singlet 
oxygen and superoxide ion, during isolation of the compound. Also, the aerial parts of a 
plant containing large amounts of pigments may be involved in sensitized oxygenations, 
making it difficult to realize the distinction between such and enzymatic processes for the 
origin of the endoperoxide within the organism. This problem has been partly responsible 
for the tardy growth ofchemistry in this area. Ergosterol endoperoxide (1) first prepared in 
1928' was claimed as a natural product in 1947 from the mycelium Asper.gillusfuinigatus 
cultured in the dark'. Later, it was isolated from several fungi, the early reports being from 
Trickopkytoii ~choiileiiii~, Daedalea quercina4 and Peiiicilliimi sclerotigeino~i~. However, 
it was suggested that 1 could be an artifact obtained by photosensitized oxygenation of 
ergosterol since fungal extracts contain pigments'. More recently, its isolation has been 
reported from several fungi', lichens', plants9 and marine sponges' '. 

The first discovery of a naturally occurring endoperoxide was ascaridole (2) 
characterized in 1911", and isolated as a natural product in 1949 from chenopodium 
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The formation of endoperoxides in the prostanoid biosynthesis was first suggested in 
1965 by Samuel~son'~. Accordingly in 1973, the unstable prostanoid endoperoxide PGH2 
(3) having 100-450 times more activity than PGEz (4) on the superfused aorta strip was 
i~o la t ed '~ .  The incubation of arachidonic acid with a microsomal fraction of a 
homogenate of the vesicular gland of sheep produced PGHz and PGG2 15. The former has 
since been recognized to serve as the biogenetic precursor to many potent prostaglandins, 
PGEz (4), PGF2. (S), thrombaxane (6) and prostacycline (7)16. 

(3) 

( 7 )  

Apart from these bicyclic endoperoxides, several monocyclic endoperoxides have been 
isolated recently from marine organisms and terrestrial plants. A sponge of thc genus 
Choiidrilla is the source of the peroxyketal, chondrilline (S)'', while the antimicrobial 
agent plakortin (9)' is isolated from Plakortis hu/ichoii~lr.io~le.s. The red seaweed Clioiidriu 
oppositbilnda gives the unique vinyl endoperoxide IOl9. In the leaves of the plant 
Eucalypttrs grmidis has been revealed the endoperoxide 11 which has the property of 
inhibiting root formation". 
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The antibacterial endoperoxides 12-15 of the marine sponge Clrondrosici collectris 
origin can be isolated only from a fresh extract. These are not found on storage of the 
ethanolic extract but products resulting from rearrangements have been isolated3'. 

W% ,\\\'\\ 

k C O O R  

,&"\ -"b%,/, ,COO R 

(12) R = M e  
(13) R = H 

(14) R = M e  
(15) R =  H 

Novel natural peroxides of plant origin are verruculogen (16a) and fumitremorgin A 
(16b) both of which are tremorgenic  agent^^"^^. 

In addition to these naturally occurring peroxides, there has been known a class of 
natural prsducts which are thought to be dcrived via metabolic transformations of the 
intermediate endoperoxides. Some of these possess structural units ofeither cis diepoxides 
or furans as  typically seen in crotepoxide (17)24 and the fungal antibiotic 1825. 

CH2 OCOPh 

111. SYNTHETIC METHODS FOR ENDOPEROXIDES 

The methodolosy of dialkyl peroxide synthesis is directly applicable to the synthesis of 
e n d o p e r ~ x i d e s ~ ~ * ~ ~ .  However, owing to their marked thermal instability and high 
reactivity, the synthesis of endopcroxides should be conducted under exceptional mild 
conditions. Strong acid or basic media and long reaction times at elevated temperatures 
may often cause extcnsive decomposition of thc desired endoperoxides. In rccent years, a 
number of significant advances have been madc for thc developnicnt of new methods for 
thc synthesis of labile endoperoxides including prostaglandin endoperoxides and related 
compounds. The methods are mechanistically divided into three categories, (i) 
Iiucleophilic displacements by hydroperoxy groups and related species, ( i i )  singlet oxygen 
reaction of 1,3-dienc and ( i i i )  oxidation with triplct oxygen. 

A. Nucleophilic Displacement Reaction 

Silver-salt-assisted alkylations of hydroperoxides by alkyl halides provide the main 
route to the synthesis of dialkyl peroxides'"-" (equation 1 ). An intramolecular variation 
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- R'OOR'+AgX+ CFjCOzH 
R'ooH + R2X AgOCOCFa 

of this reaction constitutes a promising method for the preparation of cyclic peroxides. 1,2- 
Dioxacyclopentane (19) is prepared from cyclopropane by the route indicated in equation 
(2)30. A prostaglandin endoperoxide model, 2,3-dioxabicyclo [2.2.1 Iheptane (20) is 
obtained from the silver trifluoroacetate reac!ion with truia-3-bromocyclopentyl 
hydroperoxide (21) which is prepared either from bicyclopentane (22) or cis-l,3- 
cyclopentandiol(23) (equation 3)31. The bicyclic peroxide 24 can also be synthesized by a 
similar route (equation 4)32. It should be noted here that the Sh2-type displacement 
proceeds with predominant inversion of configuration at alkyl halides. It is also advisable 
to carry out the reaction in the dark to avoid formation of metallic silver which can often 
catalyse peroxide decomposition. Silver nitrate, silver oxide and silver trifluoromethane- 
sulphonate are also used in these reactions. 

AgOCOCF, 
CH2CI2 I 

(j- OH . 6 
AgOCOCFj 

(4) 

Reaction of alkyl trifluoromethanesulphonates (triflatcs) with hydroperpxy anions is 
known to provide dialkyl pcr~xides '~.  This method has been applied to the synthesis of 
2 S 4  and 2035 utilizing the combination of the triflate leaving group and the 
bis(tributylstanny1) peroxide nucleopliile (equations 5 and 6). 
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A '+ BuJSnOOSnBus, 

TfO 
(20) 

Corey and coworkers have demonstrated the utility of crown-ether-complexed 
potassium superoxide for the synthesis of a 1,2-dioxacycIopentane 26 (equation 7)36. By 
the modified method the methyl ester of prostaglandin endoperoxide (PGH2-Me) (27) is 
prepared, albeit in low yield (3 %)37. Porter and collaborators have achieved the same 
conversion with a sevenfold increase in yield by using the silver trifluoroacetate and 
hydrogen peroxide reaction (equation 8)38. Thc same procedure has also been applied to 
the synthesis of the biologically important prostaglandin G2 (PGG2) (28) having both 
endoperoxide and hydroperoxy groups in the same molecule (equation 9)39. 

V P h  KO2 ~ 

18-crown-6 

0-0 MesO OMes DMF (7) 

C02 Me 0""" I =Me 

K02/18.crowmG/DMF 

AgOCOCF3/Hz02/elher - or 0 1 1 1 1 1 1  

- - - - - Br 
OH OH 

(27) (8) 

Br 

br I 
CI 

(28) (9) 

Peroxymercuration where the electrophile is a mercury(1r) salt has proven to be a 
versatile method for the preparation of dialkyl Demercurations occur 
rapidly under mild conditions with sodium borohydride o r  halogens as shown in equation 
(10). By using hydrogen peroxide and suitable dienes, mercury-free cyclic peroxides 29 are 

R'CH=CHRZ + R 3 0 0 H  +HgX2 - R1CH(OOR3)CH(HgX)RZ + HX 

NaBH4 \ 
R' CH(OOR3)CHBrR2 R'  CH(OOR3)CH2 R2 

X = halgoen 
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obtained in moderate yield (equation 1 I )41 .  The synthesis of bicyclic endoperoxides 30 
and 31 can be achieved by this peroxymercuration as given in equations (12) and (13) 
where each reaction is r e g i o s p e c i f i ~ ~ ~ . ~ ~ .  By analogy with peroxymercuration, the reaction 
ofepoxides with a hydroperoxy group under acidic conditions affords cyclic peroxide 32 in 
good yield (equation 14)44. 

(29) 
n =  1.2 Y = H ,  Br 

Y 

cat. CC13C02H 

B. Singlet Oxygen Reaction of 1.3-Dienes 

Singlet oxygen ('02) is the first electronically excited state ('Ag) of molecular oxygen 
lying 22.4 kcal mol- I above thc ground-state triplet oxygen. Singlet oxygen reacts with 
various types of conjugated dienes and aromatic substrates by the Diels-Alder mode of 
addition. This stereoselective oxygenation of the terminal carbons of a 1,3-diene systcm 
has had widespread application in the synthesis of endoperoxides. As described later, the 
finding that diimide reduces the double bond of singlet-oxygen-dienc adducts provides 
an excellent opportunity to prepare saturated endoperoxidcs as well. 

There are a numbcr of methods for generating singlet oxygen including reaction of 
hydrogen peroxide with sodium hypochloritc, thermolysis of triaryl phosphite ozonides or 
arene endoperoxides and dye-sensitized photooxygenation. The latter technique is the 
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most efficient method and has been employed in the majority of singlet oxygen reactions. 
Use of an appropriate filter or a sodium lamp as a light source largely eliminates the 
problem of thermal and UV-induced decomposition of the peroxidic products. An 
important feature of the reaction is that it often proceeds satisfactorily at temperatures as 
low as - 78°C thereby facilitating the preparation of unstable endoperoxides under mild 
conditions. The field of singlet oxygen chemistry has been extensively reviewed up to 
197845 and its importance to organic peroxides is described in another chapter. 

7. Carbocyclic and acyclic dienes 

Singlet oxygen reacts with many acyclic and cyclic 1,3-diene~"~. As will be discussed in 
Section IV, the resulting l+endoperoxides provide an efficient route to a variety of 1,4- 
oxygenated systems as shown in equation (15). The addition of singlet oxygen occurs in a 

y 

OH 
"%,/ 1 

R Q ,,# OH 

stereospecific fashion as typically exemplified in equation (1 6)"". As shown in Table 1, a 
number of 1J-butadiene derivatives give the corresponding 1,2-dioxenes 33 under 
photosensitized ~xygena t ion~~ .~ ' .  Generally, diene systems having electron-donating 
substituents are more reactive toward singlet oxygen, whereas acyclic 1,3-dienes are 
usually less reactive than cyclic 1,3-dienes. Sincc the subject has already been reviewed45, 
only some typical examples are listed in Table 1. 

k 4  

(33) 
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TABLE 1. 1,4-Cycloaddition o l  singlet oxygcn with conjugated d i e n e ~ ~ ~  

Yield of endoperoxide 
Dienc ( %) Reference 

Cyclopcn tadienc 86 48 
1 , I  -Dicyclohexenyl 51 45a 
1,3-Butadicnes: 

Unsu bs ti t u ted 20 46 
trcirn-1-Methyl 31 46 
2-Methyl 51 49 
rruris,trans-l ,CDirnethyl 56 49 
rrc~m- 1,3-Dimethyl 58 46 
2-Bcnzyl 84 46 
2-Phenyl 57 46 
trcrris- 1 -Phenyl 57 46 
rrPns,rruris-l ,CDiphenyl 92 50 
1,2-Diphcnyl 77 46 
1-Acetoxy 22 46 
2-H ydrox ymethyl 50 46 
2-Chloro Polymeric products 46 
2,3-Diplienyl No reaction 46 

The stereochemistry of the addition of singlet oxygen is greatly influenced by steric 
hindrance as seen in the example shown in equation (17)”. In addition, control of 
stereoselectivity by remote electronic effects has also been observed in certain cases. For 
example, the reaction of propellane 34 containing two cyclohexadiene rings with singlet 
oxygen takes the course of exclusive sjvz attack with respect to the hetcro ring containing 
two CO groups (equation 18)52. When only one or no CO group is found in the hetero 
ring, both syii and mfiattack occur. The former course is interpreted in terms ofsecondary 
orbital interactions which may stabilize the transition state 35 for y w  attack. 
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Singlet oxygenation of 36 and 37 proceeds only with moderate endo stereoselectivity, in 
contrast to the behaviour of a wide range of conventional dienophiles to form Diels-Alder 
adducts arising exclusively from erzrlo attack (equation 1 9)s3. The loss of stereochemical 
control is attributed to energetic factors arising from the ionization potential of singlet 
oxygen and the K , ( S )  energies of the dienes 36 and 37s3. 

(36) 44% 

16% 

23% 

The peroxide linkage is usually susceptible to reductive cleavage by a variety of reducing 
agents. However, diimide selectively reduces the double bond of unsaturated 
endoperoxides nihile leaving the peroxide linkage i n t a ~ t ~ ~ ” ~ .  This selective diimide 
reduction not only serves as an important access to saturated peroxides but also facilitates 
the trapping of the unstable singlet oxygen adducts by running photooxygenation at low 
temperature followed by diimide reduction at the same temperature. Normally, the 
reduction is carried out in methanol where the diimide is generated ~ J I  sitic from 
dipotassium azodicarboxylate and acetic acidsG. The first synthesis of the 2,3- 
dioxabicyclo[2.2.1] system 20 and 39 from cyclopentadienes 38 was achieved by this 
technique (equation 20). By applying this method, Adam and coworkers have synthesized 
a number of bicyclic endoperoxidcs listed in Table 2. 

r 

(38) 
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TABLE 2. Synthesis of endoperoxides by diimide reduction of singlet-oxygen-diene adducts 

Product 
Singlet oxygen Singlet-oxygen-dienc 
acceptor adduct (Yield, 'x) m.p. ("C) Ref. 

58 

(NMR at - 7OoC) R = Me (63) 53 
R = Ph (88) 77 -83 

30 A0 59 

s R 60 

k R = Me (46) oil 
R = t-Bu (50) 68-69 

0 

61 

R = H (54) 
R = Me (65) 
R = Ph (45) 

oil 
100 

0 117-118 55 
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TABLE 2. (cont.) 
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Product 
Singlet oxygen Singlet-oxygen-diene 
acceptor adduct (Yield, 'x) m.p. ("C) Ref. 

Q 

1 
Me 

0 

&? 0 

@ 
Me 

Q$ 
Me 

30 

55 

62 

120-121 63 

95-96 64 

89-96 65 

55 
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In view of the facile valence isornerization between tropilidene (T) and norcaradienc (N) 
forms, cycloaddition of singlet oxygen with 1,3,5-~ycloheptatriene (40) is particularly 
interesting. Photosensitized oxygenation of 40 in carbon tetrachloride at 0°C gives all of 
four possible cycloadducts in the yields shown in equation (2l)"*". The resulting 
endoperoxides are reduced with diimidc to the corresponding saturated endoperoxides in 
good yields. 

(40) T 

6 0  
[4 + 21 16 f 21 t2 + 21 14 + 21 
40% 37% 9% 3.5% 

Singlet oxygenation of7-substituted cyclohcptatricne derivatives 41 also gives a mixture 
of cycloadducts as given in equation (22)68*69. Substituents at  C(7) with Tc-electron 
acceptor ability, such as CHO, COOR and CN, tend to favour the norcaradicnc adduct 

N 

(N), while substituents with Tc-electron donor ability such as OR favour the tropilidene- 
type adducts (T)68. All of these endoperoxides are convcnient and useful precursors to 
oxygen-functionalized cycloheptane derivativcs7'. Various types of cyclic polyepoxides 
including 42,43 and 44 can be prepared from 1,3,5-cycloheptatriene en doper oxide^^'*^^. 
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The synthesis of benzene trioxidc (45) is achieved from the benzene oxide 46 via the 
thermal rearrangement of endoperoxide 47 (equation 23)73*74. Vitamin D2 contains an s- 
cis diene function and gives a 1 : 1 mixture of the expected epimeric peroxide 48 of potential 
biological interest7'. 

(33) 

2. Aromatic compounds 

The formation of endoperoxides has long been observed during self-sensitized 
photooxygenation of polycyclic aromatic hydrocarbons. A large number of polycyclic 
aromatic systems including anthracenes, pentacenes, hexacenes and azaanthracenes 
undergo 1,4-cycloaddition with singlet oxygen to give stable endoperoxides. Since many of 

shall focus only on  the recent results which are important for the synthesis of arene 
endoperoxides. 

In the 1,4-cycloaddition of singlet oxygen to polycyclic aromatic systems, one can alter 
regioselectivity by introducing electron-donating groups such as methyl, methoxy and 
dimethylamino groups at  appropriatc positions on an aromatic nucleus. As seen from 
typical examples of anthracene derivatives 49 given in equation (24), the predominant or  
exclusive formation of 1,4-endoperoxidc 51 over 9,10-endoperoxide 50 requires that the 
substituents be located a t  the 1- and 4-positions and not at the 2- and 3-p0sitions'~*~*. 
Substitution at the 9- and 10-positions favours the formation of 9,10-endoperoxides 50. 

In  contrast to the above-mentioned polycondenscd aromatic hydrocarbons, bcnrcne, 
naphthalene and phenanthrcnc show practically no reactivity toward singlet oxygen. 
However. the introduction of clectron-donating substituents into suitable positions causes 
singlet oxygen addition. Photooxygenations of dL7', tri-79, tetra-" and octa-melhylated'" 
naphthalenes, 1,4-dirnethoxynaplitlialene77 and 1,4-dimetliylphenanthreneM' all afford 
the corresponding endoperoxides in high yields. A remarkable example is the singlet 
oxygenation of 1,4-dimethylnaphthalenc (52). Photosensitized oxygenation of 52 at 

the earlier examples of arene photooxidation have appeared in recent r e ~ i e ~ ~ ~ ~ ~ * ~ ~ * ~ ~  , we 
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X Y  

325 

X Y  

X Y  X Y  

(49) 

X = H, Y = Ph, Z = H 
X = H, Y = OMe,  Z = H 
X=Ph.Y = H,Z=  H 
X =  Ph, Y =OMe, Z =  H 
X =  H, Y = H,  Z =  O M e  

(50) 

100 
0 

100 
50 

100 

+ 

X Y  

0 
100 

0 
50 
0 

ambient temperature does not give the corresponding endoperoxide 53 becausc of its 
thermal instability (half-life at  25"C, 5 h), whereas the same photooxygenation at  below 
0°C rapidly produces the endoperoxide 53 in high yield (equation 25)79*81. 

Me Me 

+ '0, -= 
A 

h e  

(52) (53) 

Photooxygenation of the naphthalene analogue of [2.2]paracyclophane 54 in methano1 
gives 55, probably through the formation of endoperoxide 56 which undergoes internal 
Diels-Alder reaction followed by solvolysis (equation 26)*'. 

-1 MeoH- Qgp M e 0  

(55) 

The naphthalene 1,4-endoperoxide 57, which is not formed by singlet oxygenation of the 
parent naphthalene, can be preparcd from the endoperoxide 58 derived from 1,6- 
imino [IOIannulene (59) (equation 27)". Treatment of 58 with nitrosyl chloride and 
triethylamine at - 78°C provides 57 which readily decomposes to naphthalene and singlet 
oxygen with a half-life of 303 min at 20°C. 
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Naphthalene + '02 

Even sufficiently activated benzenes can undergo 1,4-cycloaddition with singlet oxygen 
to give products which are bclieved to be derived from 1,Cendoperoxides 60 as indicated in 
equation (28)"aS5. 

(60) 
R = t-Bu or OMe 

MeOH R = O M e  I 
0 

Me 

The strained benzene ring in [2.2.2.2]-( 1,2,2,5)cyclophane (61 ) readily undergoes 1,4- 
addition with singlet oxygen to give an isolable benzene endoperoxide (62) (equation 
29)86. 

Hexamethylbcnzcne does not undergo direct 1,6cycloaddition with singlet oxygen but 
gives the product derived from an cnc-type reaction followed by 1,4-cycloaddition of 
another molccule ofsinglet oxygcn (cquation 30)"'. In an attempt to obtain a bcnzene-1,4- 
endoperoxide 63, the peroxide 64 is treated with base at - 5°C. However, 63 could not be 
characterized but decomposed to p-tcrphcnyl and singlet oxygen as shown in equation 
(3  1 p8. 
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Only relatively recently could it be demonstrated that vinylarenes undergo 1,4- 
cycloaddition with singlet oxygen. A number of vinylarenes give the corresponding cyclic 
peroxides by stereospecific addition of singlet oxygen. These reactions proceed with 
complete retention ofstereochernistry, and constitute an efficient method for the synthesis 
of various types of cyclic peroxides. One of the examples is given in equation (32). Low- 
temperature (- 70°C) photooxygenation of cis-=-methoxystyrene (65) gives the cis 
endoperoxide 66, together with other secondary products including the diendoperoxide 
67, whereas the trum isomer 68 produces the trans endoperoxide 69 exclusively. 
Therrnolysis of 66 produces formylmethide quinone (70) which can be trapped with 
electron-rich olefins (equation 32)*’. 

H 

(66) ” \  

This type ofsinglet oxygen addition has been first observed by Foote and coworkers in 
the photooxygenation of 1,l -diphenyl-2-methoxyethylenc and indenes”. Some examples 
are listed in Table 3. The rcsulting endoperoxides have received wide application in 
organic synthesis as described in Section 1V.G. 

In many cases in Table 3, the photooxidation products have a strong dependency on the 
photosensitizers and rcaction conditions such as solvent, tcniperature and light intensity. 
For example, low-temperature ( - 78°C) photooxygenation of 2,3-diphenylindene in 
methanol gives dioxetane 71 exclusively, whereas in acetone the rose-bengal-sensitized 
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TABLE 3. Synthesis of endoperoxides from photooxygenation of vinylarcnes 

Isao Saito and S. Sarma Nittaia 

Vinylarene Endoperoxide Reference 

X = H, p-OMe 

R1= Me. R2 = f-Bu 

R 1  = Me, R 2  = H 

R’ = R Z  = Me 

R R 

W O M e  

R = H , M e  

OMe 
I 

CH=CCOzMe 

R R 

R = H. OMe 

OMe OMe 

Ph 

90 

91 

92 

93 

94 

95 
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TABLE 3. (conf.) 
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Vinylarene Endoperoxide Reference 

k y R 2  

R' 

.&I) &J 00 
000 

96 

97 

98 

99 
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photooxygenation produces 72 as a sole product O0. Tetraphenylporphine-sensitized 
photooxygenation in Freon-I 1 provides a different product, the diendoperoxide 73. High 
light intensity promotes the formation of 73 over 72. Likewise, the solvents Freon-1 1 and 
acetone-d,, in which singlet oxygen has an unusually long lifetime, favour the formation of 
73 (equation 33). Thus, high steady singlet-oxygen concentration would trap 74 more 
efficiently and increase the amount of 731°1. Photooxygenation of silyl enol ethers 75 in 
Freon-11 at 0°C aITords the diendoperoxide 76, whereas at -78°C the same 
photooxygenation produces the monoendoperoxide 77 exclusively (equation 34)' 02. 

R = Ph 
aprotic 

' 0 2  solvent I 

t!J$ 0-0 

(73) 

Reaction of singlet oxygen with annulenes has been studied extensively by Vogel and 
coworkers. Photooxygenation of 1,G-methano [ lO]annulcne (78) gives the 1.4- 
endoperoxide 79 which on warming rapidly rearranges to the diepoxidc 80. Continued 
photooxygenation of 78 under the same conditions provides the teiraepoxide 81 I o 3 .  A 
similar result is observed in the photooxygenation of 1.6-oxido [ IOIannulene (82) 
(equation 35)"'. 



1 1. Endoperoxides 

/ 

(78) X = CH2 (79) (80)  
(82) X = O  

331 

(35) 

Photooxygenation of the bridged [ 14lannulene 83 gives an isolable endoperoxide 84 
which, however, decomposes over silica gel (equation 36)'03. 

An interesting photochromic system which is based on the photorevcrsible addition of 
singlet oxygen into an aromatic nucleus has bcen observed. Self-scnsitized plioto- 
oxygenation of red-violet heterocoerdianthrone (85) leads to the formation of the 
colourless endoperoxide 86. Upon UV irradiation of 86 at 3 13 nm, the parent 85 and 
singlet oxygen are reformcd with a maximum quantum yield of 0.26 (equation 37)'05. 

+lo2 uv V L  0 
I / / 

/ 

\ \ 
0 

0 

Red-violet 
(85) (86) 

Colourless 

(37) 

Photooxygcnation of 10,lO'-disubstituted phenafulvenes 87 gives crystalline epiper- 
oxides 88'06, whereas 15,16-diniethyldihydropyrene 89 provides diepoxide 90 by way of 
endoperoxide 91 by singlet oxygenation (equation 38 and 39)"'. 
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3. Heterocyclic compounds 

The reaction of singlet oxygen with heterocyclic compounds usually gives rise to a 
complex mixture of products. The diverse transformations are primarily attributed to the 
multitude of pathways that are available for the decomposition of the primary peroxidic 
intermediates such as endoperoxides. Except for reactions at very low temperature, these 
endoperoxides have not been isolated in normal photooxygenations. Therefore, there are 
not so many examples in which endoperoxides have been isolated. Exhaustive coverage of 
the photooxidation of heterocyclic compounds has been madeio8. Consequently, we shall 
focus only on the recent results in which endoperoxides are experimentally confirmed. 

Generally, addition of singlet oxygen to a heterocyclic system occurs by one of the 
following three modes: (a) 1,4cycloaddition to the 1J-diene system leading to 
endoperoxides as frequently observed in many heterocycles including furans, pyrroles, 
oxazoles, thiophenes, imidazoles and purines; (b) dioxetane formation resulting in double- 
bond cleavage; (c) hydroperoxide formation by typical ene-type reactions. Some of these 
processes may be preceded by the initial formation of a zwitterionic peroxide species 92, 
when highly electron-rich double-bond systems are exposed to photosensitized 
oxygenation in polar solvents'0g (equation 40). 

X =  NR,O,S 

In the decompositions of initially formed endoperoxides, the effects of solvent, 
temperature, substituents and geometry all play an important role in determining the 
nature of the products obtained. Oxazolcs have been chosen as illustrating typical 
pathways for the decomposition of endoperoxides The reaction of oxazoles with singlet 

(92) 
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oxygen most generally results in formation of triacylamides 93' lo. The oxidation proceeds 
through an initially formed endoperoxide 94 which rearranges to an imino anhydride 
95111. Subsequent 0 t o  N acyl migration then yields the triacylamide, as outlined in 
equation (41). The imino anhydride 96 is formed as the main product when the fused-ring 
oxazole 97 is oxidized by singlet oxygen. In this case the restrictions imposed by the 
geometry of the ring system inhibit the rearrangement to triacylamides (equation 42)' 1 2 .  

)-LO I 0 c J 

(94) 

(Jp - 
(97) 

(95) (93) 

0 
II 

- QN-c-ph 0 

(96) 

Solvent effects may also play an important role in governing the outcome of singlet 
oxygen reaction with oxazoles. Thus, during photooxygenation of 98 in nonpolar solvents 
like methylene chloride the intermediate endoperoxide 99 undergoes fragmentation, 
affording cyano anhydride 100 which may undergo hydrolysis or loss of carbon monoxide 
to a-cyanocarboxylic acid 101 (equation 43)' ' 3. 

n = 4 , 5 , 6 ,  10 

(98) 

7 

(43) 

The intermediate endoperoxides derived from oxazoles can be trapped by an 
intramolecular reaction with a carboxylic group. Thus, photooxygenation of 102 in 
chloroform at 0°C gives spirolactone hydroperoxide 103. When the photooxygenation of 
the trimethylsilyl ester 104 is carried out at  O"C, the corresponding endoperoxide 105 is 
indeed detectable by NMR, and its treatment with methanol immedkdtely produces 103 
(equation 44)"*. 
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In contrast to the above cases, methylene-blue(MB)-sensitlzed photooxygenation of 5- 
methoxyoxazoles 106 gives the dioxazoles 107 (equation 45)lI5. The yields of 107 are 
remarkably improved when the reaction is carried out in the presence of 1,4- 
diazabicyclo [2.2.2]octane (DABCO). 

(102) R =  H 
(1 04) R = SiMe3 

(1 05)  R = SiMe3 (44) 

Table 4 shows endoperoxides which have been characterized in the photooxygenation 
of heterocyclic compounds at low temperatures. There are, of course, a number of 
examples in which the intermediate endoperoxides are too unstable to be characterized. 

Much of the interest in pyrrole photooxidation stems from the observation that  the 
common treatment for neonatal jaundice is near-UV irradiation of the infant, which 
promotes bleaching of the bilirubin, a ycllow pigment, through autosensitized 
photooxygenation. Chemical mode1 studies demonstrate that photooxygenation of 
bilirubin proceeds through unisolable peroxidic intermediates, one of which is suggested 
to be the endoperoxide 108'20*'30. 
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TABLE 4. Endopcroxidcs obtained in the photooxygenation of heterocyclic compounds 

Singlet oxygen acceptor Endoperoxidc Reference 

R' = Me, t-Bu; R2 = H 
R1 = H; R2 = Me, t-Bu 

( $ 2  

';J 
R' 

0 I 

0 /Qy2 
(NMR at - 8OoC) 

RZ 

0 /q 0 

(NMR at - 8OoC) 

116 
117 

118 

119 
120 

121 

121 

122 

CO, Me 
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TABLE 4. (mu.) 
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Singlet oxygen acccptor Endoperoxide Reference 

PhCHz /N OR 

RO ‘N’CH, Ph 

R = H, Me, Ph 

9 Et 

MecJo Ph 

OEt 

R Me 

PN 
R 

N\ 

Me M e  

R’ = H, R Z  = Ph 
R’ = R 2  = H or Me 
R’ = OMe, R Z  = OSiMez 

I 
Bu-t 

123 

124 

124 

125 

126 

127 
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TABLE 4. (corlr.) 

Single oxygen acceptor Endoperoxide Reference 

Ph Ph 

@ 
0 

gh 0-0 

128 

129 

Smith and Schuster have demonstrated that photooxygenation of 109 produces the 
stable endoperoxide 110 which upon thermal decomposition gives o-dibenzoylbenzene 
and phenyl o-benzoylbenzoate' 31. A novel class of o-xylylene peroxide (111) is suggested 
as an intermediate. Isolation of 112 from the thermolysis of I10 in the presence of maleic 
anhydride is convincing support for this proposal. Thermolysis of' 110 in the presence of 
easily oxidizable aromatic hydrocarbons, such as rubrene, produces detectable 
chemiluminescence by the chemically initiated electron-exchange chemiluminescence 
(CJEEC) mechanism (equation 46). In a related work, Adam and Erden have synthesized 
endoperoxides 114 from some u-pyrones 113132. In this case, however, all efforts to trap 
the expected o-dioxin 115 with dienophiles have failed. The endoperoxides 114 also 
undergo fluorescer-cnhanced chemiluminescence (equation 47). 

0 
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" 
R 

(1 13) (1 14) (115) 

1,3-Diphenylisobenzofuran is widely used as a singlet oxygen trap because of its high 
reactivity (k, = 7 x lo8 M - ' s - ~ )  and strong fluorcscence. However, the isolation of the 
endoperoxide is not easy owing to its thermal in~ tab i l i t y '~~ .  Saito and coworkers have 
demonstrated that 1,3-di-t-butylisobenzofuran (I  16) reacts even more rapidly 
( k ,  = 2.8 x lo9 M - ~ S - ' )  with singlet oxygen to give the easily isolable stable 
endoperoxide 117 (equation 48)134. Furan endoperoxides such as 11713", 118'35 and 
1191j5 are capable of undcrgoing oxygen atom transfer to olefins, diphenyl sulphide and 
naphthalene probably through carbonyl oxides. 

-L 

C. Oxidation with Triplet Oxygen 

Unlike the singlct oxygen reaction, oxidation of organic compounds with ground-state 
oxygen is an  unattractive synthetic route to endoperoxides since complex mixtures of 
products are usually obtained. However, by generating specific peroxy radicals from 
unsaturated alkyl hydroperoxidcs, controlled radical cyclization can be achieved during 
autoxidation. A typical examplc is the oxidation of dime 120 with triplet oxygen in the 
presence of thiophenol leading to the cyclic peroxide 121 with mainly cis orientation, as 
outlined in equation (49)13'. 

0 2  
R 

CH,COzEt 4- PhSH 
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(49) 

Such a mechanism involving alkenylperoxy radical cyclization has been proposed as 
taking place during the biosynthesis of prostaglandin en doper oxide^'^*' 37. In 
accomplishing mechanistically similar transformations, alkenylperoxy radical cycli- 
zations have been studied in detail (equations 504" and 51'38). As a model of 
prostaglandin biosynthesis, radical-initiated autooxidation of 122 is carried out. The 
PGF1-like product 123 is obtained in extremely low yield (equation 52)139. 

- (50) 
P h P  I 6 OH 

0- 

0,Ibenzene 

di-r-butyl peroxyoxalate (DEPOI HOO 

- Ph3P - w 3 - C  
OOH 

02/benzene 

di-t-butyl hyponitrite 

(51 1 

Bicyclic endoperoxides are prepared by a route involving generation oftriplet biradicals 
via benzophenone-sensitized decomposition of the corresponding azoalkanes, using argon 
laser light, and trapping these species with triplet oxygen under high pressure. 
Bicyclo [2.2.1 lendoperoxides (20, 124, 125) can be synthesized from the corresponding 
azoalkanes in modcrate yields by this method (equations 53 and 54)"O. The synthesis of 
bicyclo [3.2.1 ]endoperoxide 126 can be achieved by a similar procedure (equation 55)14'. 
In these reactions, it is essential to irradiate only the benzophenone chromophore. Oxygen 
pressure and reaction time must also be carefully regulated to obtain optimum yield of 
endoperoxides. 

/ \ 

argon laser (363.8 nrn) 

Ph, CO/OI/CFCI,. 
N 
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The trioxanes 127 are prepared by argon laser irradiation of p-benzoquinone-olefin 
mixtures under high oxygen pressure (equation 56). The reaction is suggested to proceed 
through a charge-transfer-like intermediate which is trapped by triplet oxygen’ 42*143. A 
similar type of product 128 has been obtained in the photooxygenation of plastoquinone- 
1 144. 
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Lewis-acid-catalysed oxidation of cyclic conjugated dienes with triplet oxygen provides 
bicyclic endoperoxides. This type of reaction represents an alternative to singlet 
oxygenation of l$-dienes. The first example is the oxygenation of ergosteryl acetate (129) 
in the presence. of a catalytic amount of trityl cation at -778°C leading to the 
corresponding endoperoxide (130) in high yield (equation 57)*45. The catalysts BF3, 

fJp7 O~/CH?CI~/- Ph,C' BF4- 78% * &7(571 

AcO AcO 

(1 29) (1 30) 

SnCI,, SnBr,, SbF,, SnCI,, WF6, I2 and Ph3C+ BF4- require simultaneous irradiation 
with ordinary or UV light to be effective, whereas with VOC13, FeCI3, MoCI,, WCI, and 
(P-BrC6H4)&l * BF4- the reaction proceeds smoothly in the ". Electron-rich 
cisoid dienes such as 131, 132 and 133 give the corresponding endoperoxides or their 
decomposition products as in the case of singlet oxygenation, whereas 134,135 and 136, 
well-known singlet oxygen acceptors, are inert toward this triplet oxygen ~ x i d a t i o n ' ~ ~ .  

Ph 

The mechanism currently favoured involves one-electron transfer from dienes to catalysts 
to generate substrate radical cations 137 which are followed by radical cation chain 
autoxidation with triplet oxygen, as outlined in equation (58)'4y. A similar type of triplet 
oxygenation initiated by one-electron transfer has been proposed in the 9,lO- 
dicyanoanthracene-sensitized photooxidation of 1,3-dienes leading to endoperoxides' 
Electrochemical reaction in the presence of triplet oxygen also induces one-electron 
transfer type oxygenation of certain olefins' l .  
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IV. REACTIONS OF ENDOPEROXIDES 

The potential for synthetic utility of endoperoxides is enormous. The reactions of bicyclic 
endoperoxides has been recently reviewed' 52. The route has also been used in the synthesis 
of natural products' 53, of polyepoxides72 and in prostanoid b io~yn thes i s '~~ .  It has 
also been realized that endoperoxides are probably involved in metabolic precesses of 
certain natural products. Thus their chemistry might also shed light on the complex 
processes of biological oxidations. 

A. Reduction 

In thc case of unsaturated endoperoxides, reduction can proceed in four ways: (i) 
Selective reduction of the double bond with the peroxide linkage remaining intact-with 
reagents like diimide, (ii) selective reduction of the peroxide with the double bond 
remaining intact-with reagents like lithium aluminium hydride or thiourea, (iii) 
reduction of both the double bond and the peroxide in one reaction-e.g. by catalytic 
hydrogenation and (iu) extrusion of one peroxide oxygen-with reagents like 
triphenylphosphine or triphenyl phosphite. These four reaction courses are represented in 
equation (59). 
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7 .  Diimide 

The reaction of unsaturated endoperoxides with diimide to produce their saturated 
analogues has already been mentioned (see Table 2). The reactivity of the double bond is 
governed by various factors such as its substitution pattern and ~tereochemistry’~~. The 
endoperoxides of substituted furans6’ and thiophenes6* are very unstable and could not 
be isolated. However, by using diimide, these peroxides could be trapped in sit 11. Thus 
diimide reduction provides a useful method for the preparation of saturated 
endoperoxides as mentioned before (see Table 2). 

2. lithium aluminium hydride and thiourea 

For controlled reductions, thiourea is usually preferred over lithium aluminium 
hydride; it also has the advantage of being used in sitir without isolation of the 
endoperoxide. Hence, rigorous low-temperature reaction for the production of the 
endoperoxide can be avoided. Cydopentene endoperoxide (138) was reduced to the cis 
dioll39 by using thiourea4* or by using this reagent without isolation of the endoperoxide 
(equation 6O)ls6. 

‘02 - MeOH, - 100°C 

OH 
(139) 

The reaction of spiro [2,4]hepta-4,6-diene (140) with singlet oxygen produces the bis- 
epoxide 142 and the keto epoxide 143, products originating from thermal rearrangement 
(uide i i f ia )  (equation 61)”’. The origin of 142 and 143 from the common endoperoxide 
intermediate 141 has been postulated but cannot be supported since no trace of 141 is 
isolated due to its rapid rearrangement to 142 and 143 at 0-5°C. On the other hand, singlet 
oxygen reaction in the presencc of thiourea produces the cis diol 144 exclusively, 
confirming the above postulate (equation 61 )”. 

0-i \ (140) - ‘ 0 2  [m] 0-0 (141 - A @ + @  0 (142) 0 
(143) 

thiourea I 
b 

(144) b H  



344 Isao Saito and S. Sarma Nittala 

Lithium aluminium hydride reduction of 145 gives the diol 146 (equation 62)66. The 
endoperoxide 147 upon thiourea reduction also gives the diol 148 (equation 63)’56. The 
latter, which is a bis-allylic keto alcohol, suffers further elimination to the tropolone 149. 
The endoperoxide 150 gives under similar conditions the dihydroxyketone 151 which 
produces the a-diketone 153 by the rearrangement of the unstable 7-hydroxy-2,3- 
homotropone (152) (equation 64)”s. 

thiourea - 
OH 

Qo OH 

(148) 

thiourea 

OH 

(157 1 

OH 

(146) 

H 

3. Triphen ylphosphine and triphen y l  phosphite 

These two reagents are versatile in the reduction of the endoperoxides where extrusion 
of one of the peroxide oxygens takes place with the production of unsaturated epoxides. As 
a typical example, the deoxygendtion of naphthalene 1,6endoperoxide (57) gives the 
naphthalene monoepoxide 154 (equation 65)”’. The tropone-2,5-endoperoxide (147) 
gives a mixture of the two isomeric tropone oxides 155 and 156 (equation 66)l6’. 
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(1 47) (1 55) (1 56) 

Valence tautomerism allows the synthesis of arene oxides which are otherwise very 
difficult to obtain. Thus, a~ti-benzene dioxide (157) has been prepared from the 
endoperoxide 47 resulting from singlet oxygenation of benzene oxide 46, a tautomer of the 
oxepin 158 (equation 67)16’. The occurrence of two epoxide groups in trans fashion on 
adjacent sites makes the cyclohexene ring in 157 planar and the double bond is stabilized 
due to a ‘locked-in’ configuration. A stable anzi diepoxide 159 has been obtained similarly 
from the epoxyendoperoxide 160 (equation 68)16’. 

In the cycloheptatriene (T)-norcaradiene(N) tautomerism, the presence of an electron- 
withdrawing group favours the latter species. On triphenylphosphine reduction, the easily 
obtained endoperoxides 161 from cycloheptratrienes give the stable unsaturated anti 
epoxides 162 (equation 69)162. 

X = H, COOMe, CH (endo or e m )  and Ph 
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annelated a-diketone 163 starting from the endoperoxide 164 (equation 70)'63. 
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Triphenylphosphine reduction has been used in the elegant synthesis of the cyclobutene 

(1 64) (1 63) 

When the desired stereochemical arrangement for a Sh2' displacement of the 
intermediate nvitterion (see equation 65) cannot be achieved, side-reactions will 
determine the products. Reaction of ascaridole (2) with triphenylphosphine gives a 
complex mixture among which theepoxide 165 is the major product (equation 71)Ie4. The 
triphenylphosphine deoxygenation of the endoperoxide 166 does not give the expected 
unsaturated epoxide 167 but produces the cyclic ether 168 (equation 72)". q = Q + q + Q + Q  / OH (71) 

(2) (1 65) 

B. Thermolysis 

Like reduction, thermolysis can also bc carried out under several conditions in polar 
and nonpolar solvents and the nature of the products depends upon the structural features 
of the substrates. Thcrmolysis of endopcroxides is most intriguing in view of the chemistry 
of peroxide rearrangements and their use for biomimetic-type synthesis of certain natural 
products. 

7. Release of molecular oxygen 

While many unsaturated endoperoxides are prepared by 1,4cycloaddition of 1,3-dienes 
with singlct oxygen, the latter two can be regarded as the dissociation products of the 
endoperoxides in retro-Diels-Alder fashion. In cases where endoperoxidcs gain significant 
resonance stabilization upon loss of oxygen. this dissociation indeed takes place under 
thermolytic conditions (equation 73). Thus, heating of certain arene endoperoxides 
generates singlet oxygen with high efficiency. When substrates cannot be oxidized with 
singlct oxygen under photolytic conditions due to their photochemical instability, this 
controlled thermolytic generation of singlet oxygen can be used as a preparative tool. 
Several aromatic endoperoxides suitable for singlet oxygenation under various reaction 
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conditions have been ~ynthesised'~. These include the water-soluble naphthalene 
endoperoxide 169 which is useful in the singlet oxygenation of polar biological substrates 
in aqueous systems'65. A polymeric naphthalene endoperoxide 170 is formed below 0°C 
and liberates singlet oxygen at room temperature ( N 25"C)? This oxygencarrier 170can 
be used with or without solvent and has the potential for application in insect-repellent 
systems because of its mild reversible toxicity166. 

k 

(170) R = H or Me 

The thermal conditions necessary for the liberation of singlet oxygen from arene 
endoperoxides highly depend on their structures, particularly on the extent and nature of 
the nuclear substitutions. Wasserman and Larsen, in their study of the thermal 
decomposition of polymethylnaphthalene lY4-endoperoxides 171, have concluded from 
the data of half-lives (Table 5 )  that the more the relief of the ortho and peri steric strains in 
the parent naphthalene by endoperoxide formation, the more stable are the 
endoperoxides' 'v8 '. 

R5 
(171) 

In spite of the principle of spin conservation, singlet oxygen released from endo- 
peroxides under normal conditions is associated with triplet oxygen (equation 74). Turro 
and collaborators' " have studied the thermal dccornposition of the anthracene 9,lO- 
(136, 172) and 1,4-(173, 174)endoperoxides. The thermal process to generate singlet 
oxygen approaches ca. 100 for 173 and 174, whereas 136 and 172give only 35 %and 50 "/, 
singlet oxygen, respectively. Thcy have also studied the effect of a magnetic field on the 
thermolysis of these endoperoxides'". The rate ofsinglet-triplet conversion is expected to 
increase proportionally to the strengih of the magnetic field. Singlet oxygen yield from the 
1,6endoperoxide 173 has been found to be unchanged by application of an external 
magnetic field, whereas under the same conditions a substantial change in the singlet 
oxygen yield has been observed for the 9,lO-endoperoxide 136. Turro has suggested that in 
an initial step 136 forms a singlet diradical ('D) which competitively fragments to singlet 
oxygen (lo2) or intersystem-crosses to 3D which releases triplet oxygen (302)168. The ID 
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TABLE 5. Half-life ( T , , ~ )  of polymethylated naphthalene 1,4endoperoxides (171)'6*8' 

H Me H H Me 5" 
Me Me H H H 30" 
Me Me H H Me 290" 
H Me Me H Me 70" 
H kl e Me Me Me 47b 

"At 25°C. 
'At 50°C. 

to 30 conversion is magnetic-field-dependent. The major path for the decomposition of 
173 or 174 may be concerted or may involve 'D which is too short-lived to be influenced by 
a magnetic field. The proposed mechanism involving diradical intermediates 'D and 'D 
has been confirmed by "0 labelling experiments on 17216*. 

Ph R R 

Ph R 

(136) R = H 
(172) R = M e  

R 

(173) R = Me 
(174) R = OMe 

{&} @J 1 .  {a - 
'D 

- 1 0 2  
concerted 

3D 

3 0 3  

(74) 

2. Cleavage of 0-0 bond and fragmentation 

The most common reaction of unsaturated endoperoxides is the cleavage of the weak 
0-0 bond followed by addition of the oxygen radicals to adjacent double bonds leading 
to syii bis-epoxides (equation 75). This method has been widely used for the synthesis of a 
number of cyclic bis-epoxides including natural products (uide itfia). Since extensive 
reviews45c. 152.1 5 3  h ave already appeared, examples for epoxide formation will not be 
discussed here in detail. A typical example may be found in the themolytic reaction ofthe 
endoperoxide obtained from P-damascenone (175) producing the diepoxyvinyl ketone 
176 (equation 76)16'. The endoperoxide 177 with syn configuration is preferentially 
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formed from its diene- procursor by singlet oxygenation and its thermolysis gives 178 
exclusively. Interestingly, the diepoxyacetate 178 has all-cis configuration (equation 77)64. 

(1 77) (178) 

Rearrangements of arene endoperoxides have also been noted to produce diepoxides as 
exemplified in equation (78)I7O. Thermolysis of50b obtained from 9,lO-dimethoxyanthra- 
cene gives products of deep-seated rearrangement by way of a diepoxide as indicated in 
equation (79)"*' ". 

* - -  (78) 

Ph Ph 

OMe 

\ OMe 

7 OMe 

OMe 

/ OMe 

(79) 
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In cases where cndoperoxides arc highly straincd or perturbed by double bonds or by 
epoxide groups, other side-reactions become more important. Thermolysis of 145 gives the 
bis-epoxide 179 in only 11 yield, with the major product being the epoxyenone 180 
(equation 

Thermolytic decomposition of saturated endoperoxides usually gives the products 
resulting from fragmentation. An intcresting example is found in 181 which is cleanly 
transformed at  - 10°C into succinaldehyde by decarbonylativc fragmentation (equation 
81)62. Decomposition of 182 gives succinaldehyde and ethylene (equation 82)172. Other 
examples for fra-pentation of endoperoxides are shown in cquations (46) and (47). 
Reactions of prostaglandin endoperoxide models are discussed in more detail in Section 
1V.F. 

U 

C .  Photolysis 

By making theoretical assignments of the electronic configurations of pcroxidcs in 
excited states, Kearns predicted that long-wavelength photolysis of peroxides should lead 
to the cleavage of the 0-0 bond, whcreas at short wavelengths C-0  bond cleavage 
should be observed173. Thc two reaction courses are indeed confirmed by the photolysis of 
ascaridole (2) giving a different product composition at 366 nrn and at 185 nm as shown in 
equation (83)'74. With high energy being available at 185 nm irradiation, the retro- 
Diels-Alder products (183, 185, 186) are obtained besides the isoascaridole 184' 74. 

Oxygen liberated, probably in the cxcited state, immediately reacts with the solvent 
cyclohexane giving rise to cyclohexyl hydroperoxide, cyclohcxanol and cyclohexanone. 
Isoascaridolc (184) is the major product at 366 nm irradiation175. Long-wavelength 
(366 nm) photolysis of cyclohcxadiene endoperoxidc (187) and lcvopimaric acid methyl 
estcr (190) gives thc bis-epoxides 188 and 191 togcther with theepoxyketoncs 189 and 192, 
respectively (equations 84 and 85)17'. 
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I (85) 

As mentioned earlier, thermolysis of some arenc endoperoxidcs gives preferentially thc 
parent arenes rather than the corresponding bis-epoxides. In such cases, photolysis at long 
wavelength serves as a useful method for the preparation of bis-epoxides. Endopcroxide 
193 is cleanly transformed into naphthalene dicpoxide 194 upon photolysis, whereas 
heating the endoperoxidc leads to oxygen extrusion to give 1,4-dimethoxynaphthalene 
(equation 86)176. Rigaudy and coworkers have recently succeeded in isolating the 
anthracene dicpoxide 195 by irradiation of anthracene 9,lO-endoperoxidc (196) at 
wavelengths grcatcr than 435 nni (equation 87)'??. Upon photolysis at shorter 
wavelengths or  by thermolysis, 195 rearranges to dioxan 197 by way of 198. 
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OMe 

435nm c 

(1 97) 
L 

(1 98) 

D. Base- and Acid-catalysed Reaction 

Base-catalysed rearrangements of peroxides proceed via a general type of p-elimination 
mechanism to give hydroxyketones (equation 88)178. The application of this reaction to 
bicyclic endoperoxides and the oxidation of the resulting monocyclic hydroxyketones 
provide a useful method for the synthesis of 1,4-diketones from cyclic 1,3-dienes. 
Triethylamine-catalysed rearrangement of 1,3-~yclooctadiene endoperoxide (199) 
produces the hydroxyketone which upon oxidation with manganese dioxide gives 1,4- 
cyclooctenedione (200) in high yield (equation 89)l". Substituted p-homobenzoquinones 
(201) can be synthesized efficiently by a similar route (equation 90)'80. Treatment of 
tropone endoperoxide (147) with triethylamine results in cleavage of the peroxide bond to 
give 5-hydroxytropolone (202) in quantitative yield (equation 91)"'. 

( R' H 
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(90) 

X = H, CHO, C02Me 

OH OH 

(1 47) (202) 

An interesting quinone cyclophane (203) can be prepared in high yield by treatment of 
the endoperoxide 62 (cf. equation 29) with methanolic potassium hydroxide followed by 
manganese dioxide oxidation (equation 92)86. 

1. MeQH-KQH 

2. MnQ2 

The endoperoxide 204 obtained by addition of singlet oxygen to 2,3-bis(methylene)-7- 
oxanorbornane (205) is rearranged to the chiral y-hydroxy a,p-unsaturated aldehyde 206 
by catalytic amounts of various natural bases such as (+ )-quinidine, (-)-cinchonidine 
and (- )-ephedrine with an enantiomericexcess ranging up to 46 %"'. It is envisaged that 
the hydroxy group in a base could lead to better asymmetric induction because of the 
possibility of hydrogen bonding between the oxygen bridge of 204 and the catalyst 
(equation 93). Some examples of the base-catalysed rearrangements of saturated 
endoperoxides are described in Section 1V.F. 

x = o  



3 54 Isao Saito and S. Sarma Nittala 

Acid-catalysed reaction of unsaturated endoperoxides is more complicated. In thc case 
of arene endoperoxides the products resulting from 1,4-endoperoxide-dioxetane 
rearrangement are often observed. For example, 1,4-dimethoxyanthracne 1,4- 
endoperoxide under acidic conditions gives two sets of products: in aqueous acid the p- 
quinone 207 is obtained exclusively, whereas the reaction in anhydrous acidic media gives 
rise to the o-quinone 208 and the aldehyde ester 209 (equation 94)"j. In a similar way the 
isolated bridged [14]annulene endoperoxide 84 rearranges over silica gel to give 210,211 
and 212 (equation 95)'03. The formation of both 211 and 212 has been explained in terms 
of 1,4-endoperoxide-dioxetane rearrangement. 

OMe 

OMe 

(1 78) 

aq.HCI 
c 

anhydrous 
0 

(207) 

0 
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Le Roux and Goasdoue reported the isolation of the dioxetane 214 in the acid-catalysed 
rearrangement of the 1,4endoperoxide 213 obtained by singlet oxygenation of a 
tetraarylfulvene (equation 96)’ 84. More recently, Schaap and collaborators have 
demonstrated that the isolated endoperoxide 215 is quantitatively converted to the 
dioxetane 216 by means of silica gel (equation 97)”. 

Acid-catalysed transformations of acene meso peroxides have been studied extensively 
by Rigaudy and his coworkers. For example, treatment of 9,lO-diphenylanthracene 9,lO- 
endoperoxide (136) with strong acid in aqueous media gives 217 and 218, while acid 
treatment under anhydrous conditions produces dibenzo [b,e]oxepin 219 (equation 
98)’”. 

anhydrous H20-dioxane 
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E. M eta I -cata I ysed Reaction 

The reactions of alkyl peroxides with organometallic compounds are extremely varied 
and depend both on the character of the peroxide and of the metal. Such processes have 
been reviewed'86 and are also discussed in other chapters of this volume. Hence, we have 
limited ourselves to selected recent examples of the metal-catalysed reactions of bicyclic 
endoperoxides. 

The Fe(i1)-induced decomposition of endoperoxides has been studied extensively by 
Turner and Herz. Reaction of rwns endoperoxide 220 with FeS04 in aqueous 
tetrahydrofuran gives a mixture of four products as indicated in equation (99)"'. Fe(ii)- 
induced decomposition of levopimaric acid epoxy endoperoxide (221), however, results in 
the unusual formation of remote oxidation products 222 and 223 as the result of 
intramolecular hydrogen abstraction by the initially formed anion radical (equation 

A general scheme for the initial step of the reaction ofendoperoxides with Fe(i1) is 
proposed, involving a one-electron redox 
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*'. 

Singlet oxygenation of 2-substituted 1J-butadienes such as 224 gives 3,6-dihydro-1,2- 
dioxins 225, which on treatment with FeS04 produce 3-substituted furans 226 in high 
yields. Examples are shown in equations (101) and (102), and the proposed mechanism 
again involves a one-electron redox procxxs followed by 15-hydrogen shift (equation 
103)'90. The overall sequence constitutes a model for the biogenesis of naturally occurring 
3-alkylfurans. 
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R ag.THF 

-+ Fe(lll) 
(103j 

Catalytic rearrangement of unsaturated endoperoxides to syn diepoxides also proceeds 
with cobalt meso-tetraphenylporphine (CoTPP)' 91. The rearrangement occurs in a 
stereospecific fashion under mild conditions. Foote and coworkers have demonstrated 
that endoperoxide 227 gives tetraepoxide 228 in 99 % yield with 5 mol % CoTPP in 
toluene even at - 78°C (equation 1O4)lg1. Neither zinc meso-tetraphenylporphine nor 
meso-tetraphenylporphine, both of which are weaker reductants than CoTPP, promote 
the rearrangement. A mechanism involving complex formation between the endoperoxide 
and the catalyst rather than an electron-exchange mechanism has been proposed. 
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Noyori and collaborators have studied the Ru(rr)C1,(PPh3),-catalysed decomposition 
of saturated 1,4-e11doperoxides'~~. The reaction is proposed to proceed through an inner- 
sphere radical such as 229 to give a mixture of products as exemplified in equation 
( 105)Ig2. Palladium (0)-catalysed reaction of bicyclic 1,Cendoperoxides has also bcen 
reportedIg3. The reaction of 230 in dichloromethane in the presence of a catalytic amount 
of Pd(PPh3)4 (5 mol x) gives 231,232 and 233 (equation 1O6)lg3. The formation of 231 is 
suggested as involving the insertion of Pd(o) into the0-0 linkage (path a) or a back-side 
SN2 displacement by Pd(o) to generate the zwitterion 234 (path b). Subsequent hydrogen 
reorganization, leading to 231, occurs via a palladium hydride species formed by 9- 
elimination. The diol233 is thought to arise from an inner-sphere radical 235 formed by 
Pd(o)/Pd(r) one-electron redox reaction (equation 107). The reaction with prostaglandin 
endoperoxides will be discussed in the next section. 

rua R 

0 

0 0 

OH 0 

OH OH 

230 237 

(234) = +, - 
(235) = 
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In  the presence of SnC12, endoperoxide 236, derived from singlet oxygenation ot 
dihydropyridine, reacts with carbon nucleophiles such as trimethylsilyl enol ethers, 
enamines, vinyl ethers, indoles, pyrroles and furans to give products 237, as exemplified in 
equation ( 108)'22*194. The reaction is believed to proceed through the intermediate 238. 
Pyrrole endoperoxide 239 also undergoes similar reactions with carbon nuclcophiles to 
produce 2-substituted pyrroles as typically seen in equation (109)' 19. 

CI 
\ 

,O-Sy-Cl 

Me 

F. Reaction of Prostaglandin Endoperoxides and Their Model 
Compounds 

In the beginning of this chapter it has been mentioned that the prostaglandin 
endoperoxides like PGH2 (3) and PGG2 (28) serve as biological precursors for other 
prostanoids such as PGE2 (4), PGF2, (S), thromboxane (6) and prostacycline (7). In 
connection with these biological transformations, extensive studies have been devoted to 
the chemical reactions of prostaglandin endoperoxides and their model compounds. 
Many earlier examples have been covered in rccent r e v i e ~ s ' ~ . ' ~ ~ .  The thermolysis at 
150-200°C and the photolysis at 310nm of substituted 1,Zdioxolanes (240) have been 
investigated by Adam and Durdn as the simplest models of prostaglandin 
en doper oxide^'^^. On the basis of product analysis, the mechanism of the reaction is 
postulated to proceed via the radical 241 as a key intermediate to give the products of 
cyclization 242 and of fragmentation 243 and 244 (equation 110). The 2,3- 
dioxabicyclo[2.2.1 Iheptane system has been recognized as a more suitable model of 
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prostaglandin endoperoxides, and much interest has been devoted to its preparation and 
reactions. The thermal reactions of the endoperoxides of the 2,3-diphenyl (245) and the 
2,3-diphenyl-4,5-dichloro(246) derivatives give products which are believed to arise from 
the dioxy diradical 24754. The products in the thermolysis of 245 in an NMR tube at 78°C 
in CsDs are 248 and ethylene. Under the same conditions, 246 gives acetophenone and 
249. Although different types of products are obtained from 245 and 246, a similar 
diradical intermediate 247 has been postulated in both cases (equation 11 

R R  

R = Me, Ph 

O Y P h  

(245) X =  H 

(246) X = C I  

h v  
lYPh 0 

PhCCHj + 
II 
0 

+ I1 

The thermal decomposition of the unsubstituted 2,3-dioxabicyclo [2.2.1 Jheptane 20, 
however, leads to an unusual product mixture of 250-253 (equation 112)’”. The relative 
yields of these products are strongly solvent-dependent. Further, the rate of 
decomposition increases with solvent polarity, protic solvents being exceptionally efficient 
(Table 6). The data obtained by NMR analyses suggest that there might be two 
mechanisms operative: (i) a nonpolar mechanism giving 250 and 252 slowly, and (ii) a 
polar mechanism producing 251 and 253 fast. The epoxy aldehyde 250 is believed to arise 
from simple homolysis of the peroxide bond of 20 followed by ring-opening to nonpolar 
diradical 254a. Cyclization would produce the observed product 250 (equation 1 13)Ig7. 
For the formation of251 and 253, a polar rearrangement mechanism involving 254b rather 
than a diradical mechanism has been suggested, since they are favoured in polar and protic 
solvents. In connection with this, Zagorski and Salomon have studied the kinetics and 
mechanism of the amine-catalysed fragmentation of 20’’’. They suggest that the mine-  



1 1. Endoperoxides 361 

catalysed fragmentation leading to 251 and the disproportionation to give 253 are closely 
related mechanistically. Rate-determining cleavage of the bridgehead C-H bond of 20 
generates a keto alkoxide 255 which undergoes either retro-aldol cleavage leading to 251 
or protonation to 253 (equation 1 14)lg8. Imidazole, which is an efficient proton abstractor 
as well as a proton donor, produces a 1 : 1 mixture of 251 and 253 from 201”, whereas the 
aprotic bicyclic trimethylene diamine, DABCO, produces 251 excl~sively~~. 

20 - 

251 + 253 

I cob 
s o  

(254 b )  

(254a) (1 13) 

N. .I 
6 0 
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TABLE 6. Thermal decomposition of 2,3-dioxabicyclo[2.2.1 Iheptane (20) in various solvents1y7 

Isao Saito and S. Sarma Nittala 

Products, mol "/, 
Dielectric Reaction 'F ,2 

Solvent constant (73°C) temp. ("C) (h) 250 251 252 253 

Cyclohexane 1.94 73 5.7 97 2 1  0 
CCI* 2.13 73 4. I 87 10 3 0 
Benzene-d, 2.18 73 2.9 86 11 3 0 
Chlorobenzene 4.85 73 2.4 85 15 0 0 
CD jCOiD 6.63 73 0.22 0 100 0 0 
2-Butanone 14.35 73 1.5 63 35 2 0 
CDjCN 28 73 1.3 40 59 1 0 
D20 74 40 0.1 2 0 12 0 28 

The decomposition of yet another model, 1,5-dimethyl-6,7-dioxabicyclo r3.2.1 ]octane 
(126), has also been studied141. In contrast to the [2.2.1] system, the [3.2.1] model suffers 
cleavage of the one-carbon bridge giving 256,257 and 258 (path a) and of the three-carbon 
bridge giving 259 (path b). A nonconcerted biradical mechanism, as shown in equation 
(1 15). has been proposed. The study of the decomposition of 126 under various conditions 
has led to the establishment of the conditions for the preferential formation of the 
monocyclic ether 259, the keto epoxide 256 or the bicyclic ether, frontalin (258), which is 
the naturally occurring pine beetle pheromone (Table 7)I4l. 

Metal-catalysed decomposition of prostaglandin endoperoxide models has also been 
investigated. As mentioned above 20 decomposes in the presence of Ru(i i )  or Pd(o). 

a - 

4 - 3  0 0. 

4 
0. 

= or+, -  
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TABLE 7. Decomposition of 1,5-dimethyl-G,7-dioxabicyclo [3.2.1 ]octane (126)54 

Yield, 

Decomposition conditions 256 257 258 259 

1. Thermal: 400°C vapour phase 21 40 5 
2. Irv (argon laser): direct irradiation, CFCl3, -20°C 
3. Iiv: PhzCO sensitized, CFC13, -20°C 
4. TiC14, CH2C12, 0°C 95 
5. AIC14, CDC13, 43°C 45 

7. FeCI,, THF, HzO, reflux 5 9 34 

100 
100 

6. TsOH, THF, rcflux 5 5 50 

Reaction of 20 with RuC12(PPh3)3 (5n1ol "/o) in CD2CI2 at 0°C gives five products as 
indicated in equation (116)'92. However, when PGHz methyl ester (27) is decomposed 
under the same conditions, methyl (5Z, 8E, 10E, 12S)-12-hydroxy-5,8,lO-hepta- 
decatrienoate (HHT methyl ester 261) and malondialdehydc are obtained exclusively 
(equation 117)"~. 

h 0 0 

+ 

HO 
1 

0 
/ 

HO 

+ 

HO 
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Similarly, the decomposition of 20 in the presence of Pd(PPh3), (5 mol %) in 
dichloromethane gives three products, 251,253 and260 (equation 1 18)lg3. The former two 
are also obtained in the thermolysis of 201g7. Noteworthy is the fact that a similar type of 
reaction has been observed in the reaction of PGHl methyl ester (27).When 27 is exposed 
to 10mol %of Pd(PPh& in dichloromethane at 19"C, amixture ofmethyl esters of PGDl 
(262) (17 %), PGEz (263) (11 %), PGFz. (264) (41 %) and HHT (261) (4%) is produced 
(equation 1 19)lg3. 

HO 
(264) 

As a model for the biological conversion of PGHz (3) to prostacycline (7), a one- 
equivalent redox reaction between the model endoperoxide 265 and FeSO, has been 
carried out in aqueous tetrahydrofuran' 54. A prostacycline-type product 266 has been 
obtained together with 267,268 and 269 (equation 120). The formation of 266 is again 
proposed to proceed via a one-equivalent redox mechanism as shown in equation (121). 

p =tph 
0' + 
Hfj 
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Hzo 266 

-0 (1 21 1 

Fe3’ 

p = -c‘“ p . p  
0 . 

-0  

-0 265 Fez’ + Fe3+ 

-0 -0 

G. Endoperoxides in Natural-product Synthesis 

Endoperoxides have served as important precursors for many types of oxygen- 
functionalized molecules. As mentioned earlier, the easy accessibility of unsaturated 
endoperoxides from singlet oxygenation of 1,3-dienes enables the synthesis of a variety of 
1,4oxygenated systems. In this section the utility ofendoperoxide reactions as a key step 
for natural product synthesis is briefly describedlS3. 

The carbon-carbon bond formation effected by SnC1,-catalysed reaction of 
endoperoxide 270 with indole has been used as a key step in the total synthesis of an indple 
alkaloid, 3-epiuleine (271) (equation 122)”’. 

RZ 0 
c 
c02 R ’  

1. SnC12 

2. indole 
- 

R’ = CH2Ph 

R 2 =  $11 

I 
& 0 

H 

(271 

Acyclic 1,3-dienes react with singlet oxygen to afford endoperoxides which can be 
rearranged and dehydrated to furans. Demole and coworkersZoo have first illustrated the 
application of this sequence in their biomimetic conversion of solanone (272) to 
solanofuran (273) (equation 123). The endoperoxide 274 undergoes a p-elimination on 
treatment with alumina to form a hydroxy aldehyde, which on dehydration gives 273. 
Matsumoto and KondoZo1 have utilized this method for converting dienes to furans in the 
synthesis of a variety of furanoterpenes such as perillene’”2, neotorreyol”’ and 
ip~meamarone’~~. 
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BaSe-CdtalySed rearrangement of endoperoxides to 4-hydroxyenones has been applied 
in the synthesis of cr-agarofuran (279) as a means of introducing a bridgehead hydroxy 
group stereoselectively204. Singlet oxygenation of the triene 275 gives mainly the 
endoperoxide 276 which on treatment with basic alumina is converted to 277 bearing the 
desired hydroxy group in the u configuration. Subsequent cyclization to 278 followed by 
reduction amords 279 (equation 124). 

1. NaBH4 

2. SOClZ 

3. LiAlH4 

( 279 1 

Photosensitized oxygenation has been used for the biomimetic conversion of berberine 
alkaloids205. For example, rose-bengal-sensitized photooxygenation of 13-oxidober- 
berine (280) gives the stable endoperoxide 281 which on photolysis provides berberal(282) 
together with a small amount of 283 (equation 125)206. The reductive transformation of 
cndoperoxidcs has had direct application in the synthesis of cybullol (286)207. 
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Photooxygenation of 284 gives stereoselectively the endoperoxide 285 due to the steric 
eflect of the angular LO-methyl group. The peroxide is then reduced to give 286 (equation 
126). 

I 
OMe 

(283) 

The thermal rearrangement of unsaturated 1 ,Cendoperoxides to SJW bis-epoxides has 
been used in the synthesis of the crotepoxide (17) family of naturally occurring 1,3- 
diepoxides which exhibit tumour-inhibiting or antibiotic activity. White and 
coworkers2", have demonstrated that photooxygenation of 287 gives a mixture of the 
unstable endoperoxides 288 and 289. Acetylation and thermolysis give the diepoxide 290 
resulting from the rearrangement of 288. Hydrogenolysis and benzoylation of 290 furnish 
the desired 17 (equation 127). In the synthesis of sencpoxide (291), Ganem and 
collaborators209 have observed that photooxygenation of 292 affords a single crystalline 
anti endopcroxyepoxide 293 which is reduced regioselectively and then hydrolysed to give 
a mixture of isomeric diols. Acetylation of the desired isomer 294 gives senepoxide 291 
(equation 128). 
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CHz08z 

(287) (288) (289) 

(294) R = H 
(291) R = A c  

An alternative synthesis of crotepoxide (17) utilizes the p,P-dimethylstyrene derivative 
295210. Successive 1,Caddition of two moles of singlet oxygen gives the bis-endoperoxide 
296 along with its epimer. On heating in 1,Zdichloropropane 296 affords the 
corresponding diepoxyendoperoxide 297 which is then converted to 17 by ozonolysis, 
reduction and acetylation (equation 129). 

$ Hz OCOPh CH20COPh 
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The synthetic route to the antileukaemic dikrpene diepoxide, stemolide (299), involves 
thermal rearrangement of an endoperoxide to a syn diepoxide in the last step2”. Heating 
the 0,P-endoperoxide 298 under reflux in toluene gives 299 (equation 130). 

As indicated in equation (41), the reaction of oxazoles with singlet oxygen leads to 
triacylamide formation by way of unstable endoperoxides. The oxazole-triacylamide 
rearrangement provides a means of generating activated carboxylates in the form of 
triacylamides. Wasserman and coworkers have applied this methodology in the synthesis 
of macrolides and polyether lac tone^^'^. A typical example is the synthesis of di-0- 
rnethylcurvularin (300) as outlined in equation (131)213. 

Ph MPh 

MeoT23 OMe 0 

benzene p-TsOH - ““qJ 

Ph 3’ r h  

“ ‘ O W  

OMe 0 

OMe 0 
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376 J. Z. Gougoutas 

I .  INTRODUCTION 

A. Background 

Many of the structural aspects of organic peroxides can be understood in terms of the 
much studied molecular structure of H 2 0 2 .  O n  the basis of Raman studies, Penney and 
Sutherland' first described its salient conformational features: eclipsed (cis, 4 = 0") 
conformation several kilocalories less stable than anti (trans, 4 = 180") conformation; 
minimum energy at 4 - 100". Subsequently, a detailed far-infrared analysis' confirmed 
the extreme energy conformations of the earlier model, but found that the magnitude of the 
rotational barriers had been overestimated. The revised torsional potential function 
(equation l) ,  has a minimum at 111.5", which is 7kcalmo!-' below the eclipsed 
conformational maximum, but only 1.1 kcal mol-' below the other maximum which 
corresponds to the [runs conformation. 

V(+)(kcalmol-') = 2.26 + 2 . 8 4 ~ 0 ~ 4  + 1 . 8 2 ~ 0 ~ 2 4  + 0.12cos3~#1 (1) 

In the solid state, H 2 0 2  has been examined by diffraction methods, in its anhydrous 
crystal structure (m.p. -0.89°C)3.4, its dihydrated structure (m.p. - 51°C)5 and, most often, 
in perhydrated salts (alkali meta16-8, ammonium' or g~anidinium'"- '~  cations) of simple 
acids (oxalic, pyromellitic, pyrophosphoric). The H 2 0 2  in perhydrates is 'solvent of 
crystallization' analogous to the H 2 0  in crystalline hydrates. 

The early X-ray a n a l y ~ i s ' ~  of urea perhydrate ('Hyperol') revealed the great capacity of 
H 2 0 2  to become involved in hydrogen bonds-it is a donor for two and an acceptor for 
four. The same number, though often fewer, of hydrogen bonds have since been found in 
other perhydrates. The HOOH torsional angle* shows considerable variation in these 
structures. Thus, the 90" angle in anhydrous crystalline H 2 0 2  increases to 130" in its 
crystalline dihydrate. It is not uncommon for H z 0 2  to occupy crystallographic sites of 
inversion symmetry and thereby have the trans planar conformation. Indeed, the crystal 
structure of guanidinium pyromellitate triperhydrate' shows internal variation. Its unit 
cell contains two crystallographically independent molecules. One sits on a centre, while 
the other occupies a general position and has a skew (4 = 154") conformation. 

These variations are not surprising in light of the above torsional potential function. 
Even an unrealistically conservative estimate of the stabilization gained through hydrogen 
bonding in the solid is sufficient to account for all of the observed conformations of H 2 0 2 .  

6.  Caveat 

The 0-0 bond length of H 2 0 2  in many perhydrated crystal structures has been 
underestimated. In a survey of the then known eroxide  structure^'^, Pedersen noted that 
the apparent shortening (relative to 1.453(7) R for anhydrous H,O,) for the most part 
could be attributed to substitutional disorder in which HzO sometimes occupies lattice 
sites of H 2 0 2 .  The mixed hydrate-perhydrate crystal structures appear to be particularly 
prone to such disorder (Adams and Ramdas' ' so accounted for the apparent 0 -0 bond 
length of 0.98 A which they observed in crystals of guanidinium pyromellitate trihydrate 
monoperhydrate. A value of 1.41A was recently reported for the perhydrate of 
hexamethylenetetramine N-oxide).I6 Anhydrous perhydrate crystal structures are also 
susceptible, particularly when the corresponding hydrates are crystallographically 

* Defined as the 0 . .  '0-0.. .O torsional anglc, 4;rc, when the donor hydrogens of H202 are not 
observed. 4 and &c will be identical only i f  the 0 - H  ' ' ' 0  angle is 180". 
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isostructural. Thus, even when sealed in a capillary, ammonium oxalate perhydrate 
undergoes topotactic decomposition to the corresponding hydrate’. 

Organic peroxy acids and hydroperoxides may show similar behaviour. Thus, the 
gradual topotactic decomposition of o-chloro- and o-bromo-peroxybenzoic acids to the 
corresponding halobenzoic acids has been observed in these laboratories. While such 
decompositions are usually detectable in X-ray photographic studies, they may be missed 
entirely during diffractometric measurements of intensity data. As the following example 
illustrates, crystal instability may also lead to an ouerestimation of the 00 bond length. 

In the extreme, electronic effects occasion drastic changes in bond order and length: 
0 2  + (1.123)’ 7, 0 2 (  1.208)”, 03( 1.278)’ ’, 0 2  - (1 .28)20, F202( 1.21 7)”, H202(  1.453)4, 
O2=(1.49A)”. Some of these effects are evident in the many X-ray analyses of 
dioxygen-organometallic complexes recently reviewed by V a ~ k a ~ ~ .  Both superoxo and 
peroxo structures are well re recented. The 00 bond in the superoxo complexes is 

range 1.45-1.50 A. 
There are, in addition, several reports of relatively precise but unusually long (1.6-1.7 A) 

00 bond lengths in metal complexes. Intensity data from one structure which was 
re inve~t iga ted~~ were found to suffer from systematic errors introduced by crystal 
instability. The monoclinic angle p was observed to  change by 0.7”, gradually during 
continuous exposure to X-rays ovcr a period of 62 h, and marked intensity variations were 
noted. Redetermination of the structure gave a normal 00 bond length. 

More recent rcports of long 00 bondszG are similarly suspect in light of these findings. 

characteristically short (1.302 f 2 i  ), while that of the peroxo group normally falls in the 

C. The Geometry of the Peroxide Link in Organic Peroxides 

Approximately fifty crystal structures of organic peroxides arc surveyed below, with 
emphasis on the geometric bonding parameters unique to the peroxide link: the 00 and 
CO bond lengths, the COO angle and the peroxide torsional angle, 4.  The structures are 
presented in two groups-first alkyl, then acyl derivatives of hydrogen peroxide, with 
hydroperoxides included in the former, and peroxy acids in the latter group. 

Table 1 serves as a compendium of the geometric bonding parameters found in each 
structure. 

General observations on trends in the geometric parameters of the compendium are 
presented here. 

(1) The 0-0 b o d .  A ‘standard’ bond length for dialkyl peroxides can be set at 1.48 A. 
Longer bonds (1.49-1.5OA) signify cyclic strain, as in 1,2-dioxetans. Somewhat shorter 
bonds (1.46-1.47 A) are generally observed in hydroperoxides. Electron withdrawal 
allows considerable bond compression r1.45 A in diacyl peroxides, 1.42A in (CF30),]. 

In general there appears to be no systematic lengthening of the 00 bond as the peroxide 
torsional geometry approaches planarity, 4 --t 0, 180”. This is in contrast to disulphides 
where increasing re ulsion between the lone electron pairs as 4 + 0 lengthens by -0.07 8, 

(2) The C-0 bond. This bond length shows considerable variation (1.34-1.47 A). Short 
bonds (1.35-1.38A) are expected when the carbon atom is sp2-hybridized as in acyl 
peroxides and peroxyacids. Marked variation (1.41-1.47 8) remains in bonds to sp3- 
hybridized carbon atoms. A length of 1.44 A can be expected for CO bonds to alkyl carbon, 
as opposed to ketalic or acetalic carbons which bear another oxygen (or nitrogen). Larger 
values signify strain. 

Variation is still present in bonds involving ketalic or acetalic carbons (1.41-1.44 A), 
with somewhat longer values in strained ozonides, and it appears that conformational 
effects akin to the anomeric effects in carbohydrates may be important. 

the SS bond (2.03 K ) of orthogonal conformations2’. 
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(3) (COO. The angle has been found to vary from 89" to 120". Except for the roughly 
square 1,2-dioxetan structures, values near 107-108" can be expected for both cyclic and 
acyclic dialkyl peroxides. Nonbonded interactions may increase the angle by several 
degrees in acyclic peroxide links. Angles several degrees smaller are found in ozonides. In 
acyclic diacyl peroxides, the angle is expanded to 11 lo,  while in cyclic diacyl peroxides the 
angle is expected to depend on ring size. The largest angle (120") was observed in phthaloyl 
peroxide. 

(4) The torsioml angle 4. In the absence of hydrogen bonding or cyclic constraints, 
disubstituted peroxides have torsional angles between 80" and 180", the lower bound being 
attributable to general steric factors. On the other hand, 4 for cyclic peroxides can 
probably be adjusted to any value through appropriate choice of ring size and substituent. 
Values in the range 0-135" have been observed. 

Peroxy acids and hydroperoxides similarly exhibit large torsional variation as a 
consequence of hydrogen bonding effects. 

The smallest angle (4 = 60") yet observed for any acyclic peroxide link obtains as a 
consequence of iirtramolecular hydrogen bonding in hydroperoxide structure 44. 

II. DIALKYL PEROXIDES 

Structural studies of dialkyl peroxides constitute a relatively small fraction of the reported 
crystallographic investigations of organic peroxides. The earliest justifiably emphasized 
the fascinating topotactic solid-state behaviour of the epidioxide of anthracene 
('anthracene photooxide'), 1, and not its detailed molecular structure. Although the latter 
was determined and illustrated in packing diagrams of the crystal structure, neither the 
atomic coordinates nor details of the molecular geometry were given (a = 15.94, 
b = 5.863, c = 11.43A, p = 108.2", P21/a, z = 4). 

The conformation shown in Figurc 1 for 1 is that depicted in the original report of that 
classic study2' of the crystallographic mechanism of the transformation of 1 to a single- 
crystal phase, solid solution of anthrone and anthraquinone. 

FIGURE 1. The conformation of 1 : (left) [ O l O ]  projection; (centre) [OOl ]  projection; (right) [loo] 
projection. Reproduced with permission from J. Z. Gougoutas, Pure Appl .  Chem., 27, 305 (1971). 

A. Acyclic Structures 

Most of the experimental structural information on simple acyclic alkyl peroxides 
comes from gas-phase electron diffraction studies. Bartell and his  coworker^^^*^^ have 
reported geometric parameters for several derivatives of trifluoromethyl hydroperoxide, 
XOOCF3 (X = H, F, Cl, CF3) which fill in some of the gap separating the 00 bond 
lengths of 0 2 F 2  and 0 2 H 2 .  The 00 and CO bond lengths (1.45 and 1.37 A) in HOOCF3 
and C100CF3 are those in diacyl peroxides, and i t  is clear that the highly electron- 
withdrawing fluorine atom places these derivatives, and particularly the dialkyl peroxide 
(CF30)2 (CO, 00: 1.40, 1.42 A) in a class apart. 
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The gas-phase structure of di-t-butyl peroxide3* has been analysed assuming an 00 
bond length of 1.48A and C3u symmetry for the methyl and t-butyl groups. The electron 
diffraction data indicate a somewhat skew conformation, 4 = 166", with the t-butyl group - 10" rotated from a staggered conformation (400cc = 170"). The long CO bond length 
(1.46A) has also been found in the strained peroxides 2-4. 

Its nearly t m i s  gas-phase peroxide conformation is supported by photoelectron 
spectroscopic  measurement^^^, although dipole moment ~ t u d i c s ~ ~  (p = 0.94 D at 30°C) 
suggest a more nearly orthogonal (4 = 123") conformation in benzene solutions. 

crystal structure of bis(triphenylmethyl)peroxide, 2 (Figure 2), 
is remarkable in that it is one of the few known organic peroxides which occupy a site of 
inversion symmetry in the crystal (PT, z = 1, m.p. 184°C). I t  has therefore adopted a 
symmetry-defined conformation in which the peroxide torsional angle is at a maximum 
(4 = 180"). The extended conformation is no doubt a consequence of steric factors, which 

The recently 

FIGURE 2. 

also account for the long CO and CC,, bonds [ 1.46: (2), 1.533(8) A ], but have no effect on 
the 00 bond [1.480(2)A]. The same long CO bond length has been found in the even 
more crowded ether, (Ph3C)2035. The severe crowding in the ether is relieved mainly 
through expansion of <COC to 128". While the COO angle in 2 (107.5") is expanded in 
comparison with the angle in di-t-butyl peroxide (103.9") and H 2 0 2  (102.7", neutron 
study4), it is not atypical. It expands furthcr in the unusual alkylperoxycobaloxime 4 
(Figure 3). Both 3 [l-(p-methylphenyl)ethyldioxybis(dimethylglyoximato)pyridin- 
e ~ o b a l t ] ~ ~ ,  and 4 [cumylperoxybis(dimethylglyoximato)pyridinecobalt i3' have similar 
bond distances and angles in the chain Co-0-0-C-C,,, [(for 4) Coo: 1.909(3)A, 
(CoOO: 111.7(2)", 00: 1.455(3) A, OC: 1.462(5) A ]  and in both thc peroxide bond is 
essentially anti to the CC,, bond. However, the added steric interactions in 4 are relieved 
throughexpansionoftheperoxidetorsionalangle,and <OOC [114"and 107.2(5)"in3; 132" 
and 110.3(2)" in 41. 

The novel centrosymmetric peroxyantimony structure 5 [oxabis(t-butylperoxy- 
t r iphenylant im~ny)]~~" (Figure 4) combines some features from all of the previously 
described structures in this section. Unfortunately, its structure has not been completely 
refined. The reported bond distances and angles include Sb -00(2.09 A), 
Sb -OSb(l.97 A), 00( 1.47 A), CO( 1.45 A), <Sb00(1  lo"), (COO( 107"). 

Rotation about the metal-peroxide bond is restricted by the phenyl rings, which more 
or less have a propellor-blade arrangement about the antimony atom. As in 3 and 4, the 
alkyl group of5, staggercd with respect to the 00 bond, sits above the plane of one ring 
which is more nearly perpendicular to the metal-peroxide bond. In thisconformation, close 

A stcreoscopic drawing of the centrosymmetric conformatior] of 2. 
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FIGURE 3. 
conformation. Only the nitrogen atom of the tram pyridine ring is shown. 

A stereoscopic drawing of the structure of 4 (R = Me). 3 (R = H) has a similar 

contacts betweenamethylgroupand thephenylring(C C,, = 3SA)appeartodefinethe 
minimum permissible peroxide torsional angle (4 = 145"). 

Two other organometallic structures containing the t-butylperoxo group have recently 
been examined by X-ray diffraction: the peroxide-metal bonding in the tetrameric, nearly 
D2,, symmetric structure tetray-(trichloro-acetato)-tetra-~-(t-butylperoxy)-tetra- 
palladium38b, (CC13C02Pd00-r-Bu)4, differs from that in 3,4 and 5 in that the terminal 
oxygen of each t-butyl peroxide anion forms equivalent bridge bonds to two palladium 
atoms (Pd-0  = 1.994A, (PdOPd = 94", (PdOO = 110.5", 0-0 = 1.49A). 

In contrast to the above alkyl peroxidic transition-metal complexes, thwo-l- 
bromomercuri-2-t-butylperoxy-1,2-diphenylethane contains a dialkylperoxy moiety, 
which is only indirectly associated with the metal atom. The OCCHg torsion angle is 52" 
and there is a strong imramolecular interaction [2.68(4) A ]  between the metal and the 

FIGURE 4. A stereoscopic drawing of half of the centrosymmetric structure of 5. Thc bridging 
oxygen atom (left) sits on a crystallographic invcrsion centre. 
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oxygen attached to the t-butyl group (the sum of covalent radii for fig and 0 is 2.10 while 
the sum of their van der Waals' radii is 2.90 A)38c. The peroxide torsional angle is 135". 

6. Cyclic Structures 

Experimental structural data on cyclic dialkyl peroxides have recently become available 
through crystal structure analyses of several synthetic and naturally derived peroxides. Of 
particular interest here is the extent to which the preferred orthogonal torsional geometry 
of the peroxide link perturbs the stable conformations of the corresponding carbocyclic 
systems. Unfortunately, there have been no systematic experimental studies of this effect. 
The structures chosen for study differ widely, and present little basis for detailed 
comparison besides the size of the peroxidic ring. 

7 .  Six-membered rings 

The trans-fused peroxidic ring in 2-~-(bromomercurymethyl)-3,4-dioxabicyclo- 
[4.4.0 ] d e ~ a n e ~ * ~  is more puckered (average endocyclic torsional angle = 64") than the 
other, cyclohexyl ring (average angle = 58"), as a consequence of the re!atively large 
peroxide torsional angle [ - 75(3)"]. A comparable peroxide torsional angle (- 70.4") has 
been found in the multiply fused 1,Edioxane ring of 8a,lOa-epidioxy-8,14-dihydro-l4P- 
nitrothebaine3".* Similar distortions attributable to the presence of a peroxide link were 
found for the six-membered rings of the peroxyketals 25 and 26 (4 = 68") and even greater 
pucker is evident in the dihydro-1,2-dioxin ring? of27 (Cp = 77", see Section III.A.2). It is of 
interest to note that less pucker is introduced through the incorporation of two peroxide 
links in a six-membered ring (Cp  = 64" in the 'dimeric ketone peroxides' 19-21, Section 
III.A.2). 

2. Five-membered rings 

The torsional energetics of the peroxide link clearly have little effect on the 
conformation of relatively rigid rings. The five-membered peroxide ring in 1,4diphenyl- 
2,3-dioxabicyclo r2.2.1 I h e ~ t a n e ~ ' ~  has nearly perfect mirror symmetry with Cp - 0". The 
long bonds of its peroxide link (00 = 1.501, CO = 1.459 A) have been attributed to the 
combined effects of bond-angle strain and the eclipsed peroxide torsional geometry. 

It is more difficult to assess the possible import of the peroxide link on the conformation 
of cyclic systems of intermediate flexibility. As the remaining examples of cyclic dialkyl 
peroxides illustrate, steric factors also play a dominant role. 

The 1,2-dioxolan, 6 (m.p. 116") (Figure 5),  is formed (together with a 1,tdioxetan) as an 
unexpected rearrangement product of the reaction of camphenylideneadamantane with 
singlet o ~ y g e n ~ ~ * * ~ .  The two CO bond lengths and COO angles are equal within 
probable limits of error (mean values 1.45A, 107.2"), while the 00 bond is 1.483(7)A. 
Endocyclic torsional angles for the five-membered peroxide ring are - 20, - 7,30, - 41,38 
(starting with the 20" peroxide torsional angle and proceeding anticlockwise around the 

* The nonfused, trisubstituted 1 ,2-dioxane ring of 2,24-dihydro-4,24-dihydroxysigmosceptillin A 
methyl ester 24-p-bromobenzoate3*' (a derivative of a norsesterterpenoid peroxide from the sponge 
Sigmosceprrellu Laecis) has also been reported to have a chair conformation but no structural details 
are given. 

t No structural parameters have been reported for the dihydro-1,2-dioxin ring in the crystal 
structure of (6R)-6,19-epidioxy-9,1O-seco-5( 10),7,22-ergostatriene-3P-ol b e n ~ o a t e ~ ~ g .  
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FIGURE 5. A stereoskopicdrawing of the conformation of 6. The three hydrogens of methyl group 
a, and methylene hydrogens on carbons b, c and d are shown. 

ring). The repulsive electronic effects of the peroxide link are probably of little consequence 
in defining the preferred conformation of the 1,Zdioxolan ring in 5 (exxo-2-substituted 
bornanes typically have a torsional angle X-C(2)-C(l)-C(lO) - 35" (cf. 30" in 6). In 
addition to the rigidity imposed by the fused bornane moiety, remote steric factors in the 
crowded structure of6 are also important. Thus, when hydrogen atoms are introduced at 
carbons a, b, c and d, the calculated H H distances (2.3-2.4 A) suggest close contacts and 
little conformational flexibility. 

3. Four-membered rings 

A model for the 1,Zdioxetan isomer of 6 is found in the crystal structure41 of the 
unusually stable dioxetan 7. While crystalline dioxetans of simple olefins melt near room 
temperature (-8°C for tetrametho~ydioxetan~~) crystals of 7 melt at 163°C. Molten 7, at 
240"C, decomposes vigorously into the monomer, adamantanone. Thermal decom- 
position to the monomer under less persuasive conditions (gentle heating in ethylene 
glycol) is accompanied by very bright chemilumine~cence~~. Even at room temperature, 
however, crystals slowly decompose into adamantanone; 35 % crystal decomposition was 
observed upon exposure to X-rays during data acquisition. 

0-0 

(7 )  

The structural aspects of crystalline 7 are no less unusual. At room temperature, the unit 
cell parameters and measured density indicate the presence of six molecules per unit cell. 
The symmetry and systematic absences on Weissenberg photographs are consistent with 
space group P2&. At - 160"C, however, reflections from a supercell become apparent 
together with diffuse streaks at non-Bragg points. Only the room temperature structure 
has been examined. 

Four of the six molecules occupy general lattice positions, and are ordered, while the 
other two are disordered. The centre of inertia of each of the two disordered molecules is 
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nearly coincident with a space group inversion centre. Least-squares refinements 
converged to the relatively high value R, = 0.11 for 2164 reflections. Despite these 
limitations, the molecular structure, gleaned only from the ordered molecules, is 
reasonably well defined (Figure 6).  Within experimental error, the published structure has 
C ,  symmetry-all bonds of the dioxetan are stretched (00: 1.491(7), C O :  1.475(8), CC: 
1.549(9) A) in comparison with corresponding bond types of other peroxides. This feature, 
however, is not unique to dioxetans. The elongation of cyclic bonds in several cyclobutane 
derivatives was noted several years More recently, and in light of the structure of7, 
Hitchcock and Behesti have pointed out that CO and 00 bonds, to a greater or lesser 
extent, also show elongation with decreasing ring size (all three bond types are shortened 
again in three-membered rings)40. Endocyclic bond angles at oxygen and carbon are 89" 
and 87" respectively. 

FIGURE 6. A stereoscopic drawing of the conformation of 7. 

As in the case of6, but to a much greater degree, the conformation of the peroxide ring is 
governed by remote steric factors. Very severe crowding is evident between several pairs of 
hydrogen atoms which are forced together during dioxetan ring formation. The crowding 
is alleviated partly through the observed twist of the dioxetan ring (ring torsional angles 
are f21"), and partly through a distortion of the exocyclic bond angles at the dioxetan 
carbon atoms (CCC angles are - 12" larger than exocyclic OCC angles). Even so, 
several distances (2.0-2.2 A) between hydrogens of the two adamantyl rings are 
considerably less than twice the effective van der Waals' radius of hydrogen (1.17 A)4sa. 

Although the bond lengths in the dioxetan ring of (1,4-p)-(2,3-p)-bis(l,l,4,4- 
tetramethylcycloheptane)-5,6-dioxabicyclo C2.2.0 1 hex-2-ene (m.p. 123-124"C), the minor 
product from the addition of singlet oxygen to the diene4sh, are not significantly different 
from those of 7, the dioxetan ring is essentially Bat*. 

Several relatively recent analyses of oxetane structures provide an indication of the 
range of torsional angles which can be expected in four-membered oxygen heterocycles 
(Table 2). 

*The ring torsional angles are not givcn; howcver, the rcported bond distances and endocyclic 
angles of the dioxetan ring are only consistent with a virtually planar geometry. . 
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Not surprisingly, large torsional angles are found in strained polycyclic structures such 

as 13 and 14 (20" and 32"), while trimethylene oxide and 8 have planar rings. McGandy 
and Fasiska suggest that the buckle in 12 (torsional angles - 18") cannot be rationalized 
on steric grounds alone". In this connection it is of interest to note that while truns-1,3- 
cyclobutane dicarboxylic acid has ring torsional angles near 18", its dianion has a planar 
ring44. 

CClZ 

~o - 'CHzCI 

H 
/ /  

AcO CI 
(9) 

Ho OR 

(8) 

111. PEROXY KETALS AND ACETALS 

The disubstituted peroxides in this section have been placed in a separate group since in 
each example, at least one of the carbon atoms bears another oxygen (or nitrogen) atom, 
and is therefore ketalic or acetalic. Cyclic peroxides are considered first, in order of 
increasing ring size. 

A. Cyclic Structures 

I .  Five-membered rings 

Ethylene ozonide-an explosive oily liquid at room temperature-was first examined 
experimentally by gas-phase electron d i f l r a~ t ion~~ ,  in light of force-field energy 
c a l c u l a t i ~ n s ~ ~  which suggested a lower energy (0.1-1.3 kcal mol- I )  for the C2 half-chair 
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form than for the mirror symmetric Cs envelope conformation. Later studiess6 of its 
microwave spectrum placed on firm ground the conformational preference for the C2 half- 
chair, and, further, found no evidence for free- or hindered pseudo-rotation. In addition, 
the microwave analysis demonstrated a difference in CO bond lengths which had not been 
resolved in the diffraction study. Subsequent microwave studiess7 of propylene and trans- 
2-butene ozonides gave similar geometric parameters and demonstrated the 
conformational preference for equatorial substituents in the C2 half-chair. The geometry 
(microwave) for ethylene ozonide is summarized below. The diffraction analysis suggested 
a longer 00 bond, 1.487(6)A. 

fcy[6) 106.2(6) <oyj;~l(l, 
1.395(6) 

99.2(4) 
0-0 04-0 
1.47(2) 50( 1 I 

Ethylene ozonide 

In an attempt to identify the solid stute conformational preference of ozonides, Groth 
examined the racemic ozonide of methyl trans-p-methoxycinnamate (15) and in 1970 
published the first X-ray data for an ozonide5*. Unfortunately, the crystal structure (Pbca) 

0-0 

(1 5) 
m.p. = 62OC 

proved to be disordered, such that a given site appeared to be occupied by either 
enantiomer, in one of two different conformations. The better-resolved image suggested a 
peroxide dihedral angle of 51" and 00 bond length of 1.48A. The substitueents clearly 
were trans, but no further conformational conclusions could be drawn. 

In the three other ozonides presented here (16, 17a and 17b) the ozonide ring is 
incorporated in a relatively rigid 6,7,8-trioxa [3,2,1 Ibicyclic framework. The triterpene 
gilvanoll6 (R = H, m.p. 212-215°C) is the first-known tiaturally occurring ozonide. It was 
acylated (R = 4-BrC6H,C0, m.p. 212°C) in order to simplify the X-ray analysissg. 
Ozonide 17a (m.p. 106°C) results from ozonolysis of 2-(4nitrophenylmethy1)-3- 
phenyIindenone6'. These ozonides, together with 18, the ozonolysis product of cis-3.4- 
diacetyl-1,2,3,4-tetramethylcyclobutene (m.p. 1 56"C)61, and 6 give presage of the 
variation in CO bond iengths Irequently found in the peroxy ketal and acetal structures 
described below. 

(1 7 )  
(a) R = NO2 
(b) R = Br 
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In contrast to ethylene ozonide and to 6, the five-membered peroxide rings of 17a and 18 
(and apparently 16 also*) are forced to adopt the least stable62" mirror symmetric 
C, enveiope conformation. Some flexibility of the bicyclic nucleus is indicated by the 
larger peroxide torsional angle (4  = 15') of the bromo derivative 17b62b. The three 
different torsional angles of the five-membered peroxide ring, starting at the peroxide link, 
in 18 are: -0.2,26.7 and - 39.9. Essentially the same angles have been found in the less 
precisely defined structure of 17a (Figure 7). Striking differences in the distances and 
angles of ethylene ozonide, 16,17a and 18 are clearly outside the limits of probable errors. 

1.7:.?8 

103.0 103.5 

1.463\1O4.2 k . 4 4 6  
104.9 

1.485 

Data for 16 Data for 17a 

1.439 
1.41- ~- - 

-0543 /1.435 
0 

1.429 
Data for 18 

The 00 bond lengths, however, are not unusually long, despite the perfectly eclipsed 
peroxide torsional geometry. Although the apparent shortening of the 00 bond in 17a 
[and 17b, 00 = 1.46(1)A] is of questionable statistical significance, it is interesting to 
speculate on the extent to which transannular electron delocalization can occur into the 
bridging carbonyl group. 

FIGURE 7. A stereoscopic drawing of the 6,7,8-trioxa[3.2,1 ]bicyclic nucleus of 17. 

* Bond distances iiiid angles, but not coordinates, have been reported for 16. 
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2. Six-membered rings 

‘Dimeric ketone peroxides’ constitute the most systematically surveyed members of this 
group. Groth has reported relatively recise crystal structure analyses for several ‘dimeric 

peroxides of dibromoacetone (22)66 and benzaldehyde (23)67 have also been described but 
their atomic parameters are known with less precision. All crystallize in a centrosymmetric 

peroxides’ of cyclic ketones 1963, 20 t and 2165. Crystal structures of the corresponding 

( C H , ) n  do-~-pH~)n ..c.”” R ‘0 Ph J:rph 
(23) 

n rn.p.(OC) (22) R = CH, 6r m.p. = 202% 
(19) 5 132 m.p. = 104OC 

(20) 6 103 
(21) 7 98 

chair conformation with the molecular inversion centre coincident with a space group (Pi 
or P2,/c) inversion centre. Dimeric cyclododecanone peroxide is reported63 to crystallize 
in space group Pi with one molecule per cell; presumably it has a similar centrosymmetric 
structure in the solid state. The crystal structure of dimeric acetone peroxide has not been 
reported; Groth apparently could obtain only twinned crystals63. However, proton 
magnetic resonance studies6* indicate that, in solvents, it exists in a chair conformation 
with an energy of activation of 12.3 kcaI mol-’ for conformational interconversion of the 
axial and equatorial methyl groups. 

The structure of the 1,2,4,Stetraoxanes is exemplified by the solid state conformation of 
19 (Figure 8). In the similar structure of 22, the axial bromine is essentially anti to C(2) and 
therefore directed over the ring, while the equatorial bromine is essentially aizti to O(1). The 
phenyl groups of 23 are equatorial and oriented such that the plane of the phenyl ring is 
perpendicular to the plane of the four oxygen atoms. 

FIGURE 8. 
shown. 

A stereoscopic drawing of the conformation of 19. An equatorial hydrogen on Cot) is 
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There are no statistically significant variations in the distances and angles involving the 
six atoms of the heterocyclic rings of these structures. In each, the three independent 
dihedral angles of the peroxide ring are virtually identical and there is but little torsional 
variation among the structures. The conformation of the lY&4,5-tetraoxane ring is only 
slightly more puckered than an idealized chair conformation. The averages of symmetric 
bonds, angles and dihedral angles in 19-21 are summarized below. 

1.476 < 0- 107.8°$:10 

107.80 

0-3-0 
63.9O 

Bond angles involving a ring bond and an axial substituent [e.g. O(1)-C(1)-C(n)] are 
consistently larger by -4" than the ideal tetrahedral angle of 109.5", while those involving 
a ring bond and an equatorial substituent are consistently smaller by -4" than the 
tetrahedral angle. ldentical angular distortions are evident in the structure of22. G r ~ t l i ~ ~  
has ascribed these distortions to repulsive nonbonded interactions which occur across the 
face of the peroxide ring, and involve the peroxide oxygens and a hydrogen on the axial 
carbon atom, C(ti). 

Some conformational features of the structure of p-dioxanyl hydroperoxide 2469 
(Figure 9) lend support to Groth's explanation. ("he peroxidic features of 24 are 
considered in Section 1V.B.) The dioxane ring exists in a perfect chair conformation in 
which the hydroperoxide group is axial. The O(3) - -0(1) distance (2.84A) is identical to 
the C(n). . -0(1)  distance in 19. While this separation in 24 is realized with no distortion of 
the C(l)-C(2)-0(3) [or C(l)-C(2)-0(2)] angle (109"), it is attained in 19 only after 
an expansion of the angle OCC(n) to 113". Steric interaction between oxygen and an 
equatorial hydrogen on C(n) of 19 is thus reduced [0(1) . . -H = 2.5AI. 

u 
FIGURE 9. 1J-Diaxial interactions in p-dioxanyl hydroperoxide (24). 

A similar steric interaction exists in 24, between O(3) and the axial hydrogen of C(3). 
The 0(3)-C(2 -0(2) angle accordingly is expanded to 115" and the resulting O(3). - - H 
distance is 2.6 A . 
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There are no unusual intermolecular interactions in the crystal structures of 19-23. 

(25) 
R = I-naphthyl 

P & (26) 
X-ray analysis of the chemiluminescent 2S7" (m.p. 80°C) has confirmed that the 

products from the reaction of arylamines and aldehydes or ketones in the presence of 
oxygen, possess the 1,2,4-trioxane structure. The products had been initially formulated as 
aminodi~xetanes~~. 

The structure of 2672 (m.p. 139°C) has been elucidated in connection with studies of the 
laser-initiated photoaddition of p-benzoquinone to cyclooctatetraene in the presence of 
air. The geometry of26 is known less precisely than that of25, primarily because the crystal 
used for analysis contains - 8 X, of the diastereomeric bromide in which the bromine is 
bonded to the other a-carbon atom of the dienone. Nevertheless, it is clear that the 
peroxide rings of 25 and 26 have similar, somewhat distorted, chair conformations in 
which a. mximum number of substituents occupy equatorial positions. Their 
conformations differ in detail, primarily because the unusual trans-fused cyclooctatriene 
moiety imparts considerable conformational rigidity to the peroxide ring. Their peroxide 
torsional angles, however, are identical* within experimental error, and - 4" larger than 
that of 19. 

In comparison with the CO bonds in 19 (1.44A) there is a marked decrease in the CO 
bonds to the acetalic carbon C(I) (1.42A) and a lengthening of the (alkyl) C(4)-0(3) 
bond in 25 (1.46 A). By contrast, the CO bond length involving the other aldehydic carbon, 
C(3), and the peroxide bond length are those in 19. 

In the absence of an axial substituent at C(l)  of25, the O(1)-C(1)-C(2) (108.5") and 
0(2)-C( 1)--C(2) (110.3') angles to the equatorial isopropyl group 2re more nearly 
tetrahedral than in the geminally disubstituted ketone dimers. 

The angles at C(4) [0(3)-C(4)-C(6) = 101.2', C(3)-C(4)-C(5) = 113.8"] are 
consistent with the angular contraction for equatorial substituents, and the angular 
expansion for axial substituents found in 19. However, angles C(3)-C(4)-C(6) and 
0(3)-C(4)-C(5) are essentially equal (1 10.7"C). A better analysis of these distortions at 
C(4) should properly take into account the influence of the bulky arylamine substituent at 

Somewhat surprisingly, there are no hydrogen bonds in the crystal structure of 25. 
The crystal structure of 2773 has been determined in order to establish its molecular 

structure. It occurs together with 28 and 29 in adult tissue of Eucdyptus species E. gmndis. 

(33). 

(27) R '  = Me, R2 = Et (m.p. = 98OC) 
(28) R2 = Me, R' = Et 1m.p. = 127OC) 

(29) R'  = R 2  = Me 1m.p. = 169OC) 

* The torsional angle of 11 1(2)" reported for 26 is the supplement of the conventionally defined 
peroxide angle. 
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TABLE 3. Torsional angles of some six-membcred rings 

Angles 

(27) 4-Ethyl- l-hydroxy-4,8,8,10,1 O-penta- 
methyl-7,9-dioxo-2,3-dioxa bicyclo [4.4.0]- 
dec-Sene 

3-Cyanomethylsulphonyl-2-morpholinocyclo- 
hexene 

4-Androsten-17p p-bromobenzenesulphonate" 

(44) 1-H ydroperoxy- 1 -(o-methoxypheny1azo)- 
2-phen ylcyclohexane 

(51) Phthaloyl peroxide 

1 &Naphthoquinone 

C(1)-0(2)-0(3)-C(4) 0(2)-0(3)-C(4)-C(5) 
- 77 58 

C( 3)-C(4)-C(5) -C(6) C(4) -C(5) -C(6) -C( 1 ) 
- 58 39 

C(6)-C(l)--C(2)-C(3) C(l)-C(2)-C(3)-C(4) 
- 60 46 

HOOC OOCN 
- 61 71 

C(1)-0(2)-0(3)-C(4) 0(2)-0(3)-C(4)-C( 10) 
- 11.4 8.2 

-3 2 
C(1 )-C(2) -C(3)-C(4) C(2)-C(3)--C(4)-C( 10) 

~~ ~ - -~ ~~~ ~ 

"The A-ring torsional angles. 

All three inhibit root formation in cuttings. The naturally occurring I.uc~~nicmodifications, 
27 and 28, are interconvertible under weakly alkaline conditions, evidently via the keto 
hydroperoxide 

The presence of the relatively rigid double bond in the heterocyclic ring of27presents an 
interesting variation on the previously described structures. The peroxide ring adopts a 
distorted half-chair conformation with the hydroxyl group and methyl substituent 
occupying pseudo-axial positions. The peroxide torsional angle of 77" is remarkably large 
for a six-membered ring. This and the other cyclic torsional angles of 27 can be compared 
(Table 3) with corresponding angles in 3-cyanomethylsulphonyl-2-morpholinocyclo- 
h e x e r ~ e ~ ~  (like the hydroxylof27, thesulphur atomispseudo-axial),and the A-ring torsional 
angles of 4-androsten-17P-yl p-bromoben~enesulphonate~~. 

Short CO bonds to the ketalic carbon, C(l), are again evident in 27, with the shortest 
(1.407 A)  involving the pseudo-axial hydroxyl group. The C(4)-0(3) bond length 
(1.447A), however, is not unusual. 

An intermolecular hydrogen bond is formed between the hydroxyl group and the 
nonconjugated ketone oxygen (0 . . .O = 2.85 A). 

3. Eight- membere d rings 

Acid-catalysed methanolysis of phenanthrene ozonide resulted in the formation of the 
relatively stable (m.p. l8O0C) 3,8-dimethoxy-4,5,6,7-dibenzo-1,2-dioxacyclooctane (30)77 
which was examined by X-ray diffraction in order to determine the stereochemistry and 
geometric parameters of the peroxide link. 
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C(S)-C(6)-C(l)-C(2) C(6)-C(l)--C(2)-C(3) C(l)-c(2)-C(3)-C(4) C(2)-C(3)-C(4)-C(5) 
- 10 -2  - 1 1  46 

C(2)-C(3)-C(4)-C(1) c(3)-c(4)-c(5)-c(lo)c(4)-c~5)-c(lo)-c(l) c(5)-c(1o)-c(1)-c(2) 
- 18 - 1  -9 40 

- 14 - 24 42 20 

0(3)-C(4)-C(lO)-C(9)C(4)-C(IO)-C(9)-C(l) C(IO)-c(9)-C( 1)-0(2) C(9)-C(1)-0(2)-0(3) 
- 2.0 - 1.5 - 1.6 7.7 

C(3)-C(4) -C( 10)-C(9) C(4) -C( I O)-C(9) -C( 1 ) C( 1 O)-C(9)-C( 1)-C(2) C(9)-C( 1 )-C(2)-C(3) 
1 -2  1 2 

NNHO NHOO OCNN CNNH 

It crystallizes in a symmetric C2 conformation (Figure 10) with the molecular twofold 
symmetry axis coincident with a crystallographic twofold axis ofspace group C2/c (z = 4). 
The symmetry-independent torsional angles around the bonds of the eight-membered 
ring, starting with the 00 bond, are: 120, - 31, - 52,3,65". The dihedral angle between 
the planes of the plienyl rings is 62". The reported bond lengths along the chain COCOO 
[1.434(10), 1.396(12), 1.416(17), 1.452(18) A respectively J were described as alternately long 
and short. The authors proposed a possible explanation for these trends, based on the 
methanediol model used convincingly to explain bond length trends among anomers in 
cirbo hydra te s t ruc t ures7 '. 

FIGURE 10. A stcreoscopic drawing of the C2 symmetric conformation of 30. 

Unless the reported errors have been greatly overestimated, the alternate long-short 
characterization for 30 can hardly be justified on statistical grounds79. While the least- 
squares errors do seem somewhat pessimistic in view of the internal consistency of 
aromatic CC bond lengths and angles [ m a n  values and average deviations: 1.398(6)& 
120.0(9)0 J, it is not uncommon that some atomic parameters are  more precisely defined 
than others in the same crystal structure. Noting the reported anisotropic crystal 
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decomposition (corrected by an isotropic linear correction of 40 %), it is surprising that 
the geometric parameters agree as well as they do with values from other deter- 
minations. 

Whatever the case, the above suggestion that bond lengths in organic peroxides may 
show conformational dependence certainly should be considered further in light of the 
numerous examples of variable CO bond lengths. 

An asymmetric eight-membered peroxide ring was discovered in the crystallographic 
elucidation of the structures of two closely related tremorgenic metabolites isolated from 
fungi: Verruculogen, 31" (m.p. 233"C), and Fumitremorgin A, 32". 

( 3 1 ) R =  H 
(32) R = CHzCH =CMe2 

Geometric details and atomic coordinates have been published only in the case of31; 
presumably 32 has a similar structure. The conformation of the peroxide ring is 
understandably diHerent in 30 and 31, as the former structure contains two groups of four, 
contiguous, nearly planar atoms, while the latter contains only oire such group. Endocyclic 
torsional angles* and bond distances, starting with the 00 bond and proceeding 
clockwise around the ring, are: 137(1.51), -65(1.43), -26(1.46), 11(1.40), 80(1.51), 
- 90( 1.54), 55( 1.53), - 77"( 1.47 A). 

4. Nine-membered rings 

The highly explosive 'trimeric ketone peroxides' (1,2,4,5,7,8-hexaoxacyclononanes are 
the only members of this group which have been described in the crystallographic 
literature. Unit cell data for the trimeric peroxides of acetone (33), cyclopentdnone (34) 
and cyclohexanone have been reported63, but apparently only 33 has been examined in 
detail (Figure 11)". Groth's careful analysis of its monoclinic crystal structure (P2,/c, 
z = 4, m.p. 97°C) nicely affords these independent measures of the peroxide geometry in 
medium-size rings. With high internal consistency, its structure has C3 symmetry, and very 
nearly D3 symmetry. (Several calculations of varying s o p h i ~ t i c a t i o n ~ ~ - ~ ~  place the 
analogous D3 twist boat-chair conformation of cyclononane at  lowest energy, and NMR 
studies8' at - 162°C support their prediction.) Averages and average deviations from the 
means of the geometric parameters are: 00[1.477(4)], CO[1.417(3)], CC[1.517(5)A], 
<COO[107.6(2)], (OCO[l12.3(3)], (CCC[113.8(1)" ];endocyclic torsional angles for C3 
symmetry: (cooC[135.6(3)], <OOCO [ -56.3(8)], (OCOO [ -59.2(8)"]. The latter two 
torsional angles would be equal in a D3 conformation. 

Each methyl group is aiir i (1  78") to an oxygen of one peroxide group, and gairche (58") to 
an oxygen of the other peroxide group bonded to the same carbon atom. Consistent 

*Calculated from the published coordinates. A peroxide dihedral angle of 155(3)0 is given in the 
original paper. 
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FIGURE 11. 

expansions of theCCO angle [112.5(5)”] involving the gauchelink, and contractions ofthe 
CCO angle [103.1(3)”] involving the mri- link are attributable to steric interaction 
between the hydrogen and oxygen atoms. 

Although the 00 bond length is equal to that in the ‘dimeric ketone peroxides’, (19-22), 
the CO bond length is significantly shorter in the ‘trimer’, (33). The molecular threefold 
axis is directed along the crystallographic direction fi = -0.016zi + 0.0866 + 0.035?, 
which is inclined by 22” to the b monoclinic symmetry axis. 

The isostructural crysta! structure of the corresponding hexamethylcyclotrisila- 
peroxane has recently been studied at -120°C87b. Each of its unit cell lengths is -6% 
longer than the corresponding length in 33, and the difference in their molecular volumes 
(AVJZ)  is 55 A3. The molecular expansion reflects the fact that the bonds to silicon (SO 
= 1.674, Sic  = 1.834 A) are - 20 longer than the corresponding bonds to carbon in 33 
(CO = 1.417, CC = 1.5 17 A).The peroxide bond length is - 1 %longer (1.492 A) than in 33 
[1.501(1)A in the centrosymmetric molecular structure of bis(dimethylbenzylsily1) 
peroxide at - 120”C8”]. 

The cyclotrisilaperoxane also adopts the nearly D3 symmetric twist-boat-chair 
conformation having an average peroxide torsional angle (Si -0 -0 -Si) identical to 
that of 33. 

The ‘peroxide trimer’ of cyclopentanone (34) reportedly63 crystallizes in the hexagonal 
space group P6322 with z = 2/3. Something appears to be wrong here, for barring disorder 
or polymeric structures, at  least two molecules related by a screw axis must be present in a 
unit cell of this symmetry. 

B. Acyclic Structures 

Much interest has been focused on thi: structure of 4-hydroxycyclophosphamide (35), 
an intermediate thought to be produced in uiuo early in the biological activation of the 
widely used antiturnour drug, cyclophosphamide (36)88-9’. Since the carbinolamine 35 is 
relatively unstable, various synthetic (Fenton) oxidation products of36 have been studied 
in order to obtain structural evidence pertaining to the ccmfiguration at the carbinolamine 
carbon, C(4). The structure 0 f 3 7 ~ *  is considered here. Four hydroperoxides closely related 
to 37 arc considered in a separate section (1V.B) since the torsional geometry of the 
hydroperoxide group is intimately linked to hydrogen-bonding effects. Rather 
unexpectedly, hydrogen bondingalso plays a leading role in defining the torsional geometry 
of 37. 

A stereoscopic drawing of the conformation of 33. 



398 J. Z. Gougoutas 

(35) R = O H  (37) 
(36) R = H 

Owing to the rapid decomposition of37 at room temperature in the X-ray.beam, seven 
crystals (P2,/c, m.p. 112°C) had to be examined in order to obtain sufficient intensity data, 
and further complications were posed by the presence of some conformational disorder in 
one of the chlorethyl groups. Nevertheless, its structure is reasonably well defined (peroxy 
grou cis to phosphoryl oxygen in both halves; C-0 -0 bond distances and angles 1.43, 

From a structural point of view, the observed cotfortnatioti of 37 is most interesting. 
Each heterocyclic ring has the same absolute configuration, and somewhat distorted chair 
conformation with axial oxygen substituents (axial 0 * -0 distance = 3.62 A). Except for 
a few atoms of the chloromethyl groups, the entire structure has C2 molecular symmetry, 
within experimental error. The conformation is folded, rather than extended, through 
rotations about the three bonds of the peroxide link, such that the amide nitrogen of each 
ring approaches the phosphoryl oxygen of the other ring (N - * - 0 = 2.96A). As no short 
intermolecular approaches occur, there appear to be two intramolecular interactions. (In 
view of the low-field chemical shift of the amide protons (SyZ$" 6.26), the hydrogen bonds 
probably persist in dispersed phasesg3.) Introduction of trigonal amide hydrogen atoms 
(assumed NH = l.OOA, (CNH = 119") leads to the geometry: ( P O - * . H  = 122", 
O . * - H  = 2.3& < N H - * - O  = :22". 

If the hydrogen atoms are regarded as cyclic members, the structure of 37 has a 
heterobicyclic r4.3.31 nucleus (Figure 12). The peroxide link, which in this extension is 
contained in two nine-membered rings, has virtually the same COOC torsional angle 
(133") observed in the nine-membered ring of the trimeric peroxide 33. Endocyclic 
torsional angles for 33 and 37 are presented below. 

1.47 1 and 106"). 

- 133 - 135 

7470-0y N N ,06 59 0 r o - O T 5 6  0 

4 0 8  - 1A 1- 125 

-o....-& H O w :  

- 9 x ,  

7 

Data for 37 Data for 33 

IV. HYDROPEROXIDES 

Whereas a 'standard' 00 bond length of L.48 A with somewhat longer bonds in highly 
strained cyclic peroxides is indicated for disubstituted structures, it is likely that 1.48 A is 
an upper limit for the 00 bond in hydroperoxides. Usually, it is found to be somewhat 
shorter, 1.46-1.47 A, but it is not clear whether the apparent shortening is real or the result 
of systematic effectsI5. The 'standard' CO bond length (1.44A) in alkyl hydroperoxides 
again shows variation in hydroperoxy acetals and ketals. 
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The large torsional variation seen in perhydrate crystal structures has not been found in 
these twelve examples of hydrogen-bonded hydroperoxides. Except when intra- 
molecularly hydrogen-bonded (4 = 60°), their torsional angles fall in the rather narrow 
range 103 _+ 13. (Unless designated as 4app, the torsional angle 4 is based on the 
experimentally observed position of the hydrogen atom.) &,pp is defined in Table 1. 

A. Al kyl Hydroperoxides 

Neoconcinndiol hydroperoxide, 38 (m.p. 158"C), is a novel marine diterpenoid which 
has been isolated from extracts of red seaweedg4. The other example of this group, 39 (m.p. 
128"C), has been studied by X-ray diRraction in ordcr to clarify the nature of the products 
from the reaction of N-aryldimethylketenimines and hydrazoic acid in the presence of 
oxygen". 

(38) (39) 

Both crystallographic analyses suggest the same geometric parameters for the 
hydroperoxide group: C0(1.44A), (COO(lO8"), OO(1.46 A), and in both structures, the 
hydroperoxide group is ititetmolecularly hydrogen-bonded. The terminal hydroperoxide 
oxygen of38 serves both as a hydrogen-bond donor (0.. .O 2.792 A, 4 103") to a hydroxyl 
oxygen atom, and as a receptor of a hydrogen bond ( O - - - O  2.833A) from another 
hydroxyl group. 

109"). The 
donor oxygen lies in the tetrazole plane, with (NN . - -0 = 125.9, 122.5". The 0-0 * * *  X 
angle is 118" in 38 and 102" in 39. 

Hydrogen bonding in 39 involves N(3) of the tctrazole (0 . . . N 2.796 A, 

6. Hydroperoxy Acetals and KetaIs 

The crystal structure of p-dioxanyl hydroperoxide, 24 (see Section III.A.2), at -40°C 
(m.p. 56°C) has been determined through visual estimates of photographically recorded 
intensities. Estimated errors in the bond lcngths (0.01 A )  accordingly are 2-3 times larger 
than in most of the other hydroperoxide structures described in this section. Despite these 
limitations, it proved possible to locate approximately the hydrogen atom of the axial 
hydroperoxide group. It is bitermolecularly hydrogen-bonded to a cyclic oxygen atom 
(0 - - - 0 2.80 A) so as to define a peroxide torsional angle of99" (&,p 90"). The 00 . . * 0 
angle is 11 5". 

Intermolecularly hydrogen-bonded axial hydroperoxide groups have also been found in 
the crystal structures (- 5°C) of each of the four nitrogen mustards: Chydropcroxycyclo- 
phosphamide, 40g6 (m.p. 107"C)90 (the hydroperoxide of 36, Section 1II.B); 4- 
hydroperoxyisophosphamide-isomer I, 41 "* ; 4-hydroperoxyisophosphamide-isomer 
11, 4297*; and 4-hydroperoxytrophosphamide, 43*. Aside from some disorder in one of the 

* Atomic coordinates have been kindly supplied by Drs. Smith and Camerman who havc also made 
available results from their unpublished analysis of 43. 
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(42) R = C H 2 C H 2 C I  (43) 

chloroethyl groups of43 (similar to the disorder in 37), the structures are well defined. The 
heterocyclic ring in each adopts a distorted chair conformation, flattened somewhat due 
to pliosphamide resonance. The hydroperoxide hydrogen atom and others were located in 
each case. 

There is ci: significant variation of the 00 bond length and <COO in this group 
[average values and deviations from the mean are 1.455(5)E( 107.5(4)"]. On the other hand, 
the(axia1)CO bondlengthisappreciablylongerin40,41 and43 [average = 1.45(1)A]than 
in 42 [two independent molecules are present in the crystal structure of 42 (P2,/c, z = 8), 
and both have a shorter CO length: 1.414(3) A]. 

Anothcr, probably related, difference is evident in the angular distortions at C(4): angle 
O-C(4)-C(5) (1 1 I") greater than angle 0-C(4)-N (105") in 40,41 and 43, while in 42 
the distortions are of the opposite sense. Similar distortions are evident in 37 and 24 
(Section III.A.2). Conformational analysis of the various dipole and 1,3-diaxial steric 
interactions might shed light on the observed variation of CO bond lengths. 

The hydrogen bonds from the hydroperoxide group in 40-43 invariably involve the 
acyclic phosphoryl oxygen of a neighbouring molecule, with 0 - .  -0 distances in the 
range 2.62-2.75 A. Angular ranges for (00 * . * 0 and c$app are 95-106" and 98-1 19" 
respectively. 

The remaining hydroperoxide structures in this group, 44-47, share a potential for 
intramolecular hydrogen bonding. 44 is formed through autoxidation of either the syn or 

(45) n = 5 (46) n = 11 

anti o-methoxyphenylhydrazone of 2-phenylcyclohexanone. Since the deep-yellow 
crystals of44 are thermally unstable and low-melting (28"C), their structure was examined 
at -3O"Cg8. While the results accordingly are not very precise (errors in bond lengths 
-0.01 A, 00 1.48. CO 1.42. CN 1.47, NN 1.281, the conformational aspects of structure 
are clear. The observed stereochemistry (hydroperoxide tram to phenyl) is a result of 
sterically favoured attack on a radical intermediate in the synthesis. This, together with the 
equatorial preference of the phenyl ring, accounts for the observed equatorial disposition 
of the hydroperoxide group. 

Both the planar trans diazo and the hydroperoxide groups are rotated away from the 
phenyl substituent at C(2) (torsional angles: C(2)-C(l)-N(I)-N(2) = 11 lo, 
C(2)-C( 1 )-O( 1 )-0(2) = - 53") such that the terminal O(2) . . N(2) distance is 2.66 A. 
The observation of electron density between these atoms, together with the absence of any 
close inrermolecular approaches to 0(2) ,  is evidence in support of an intramolecular 



402 J. Z. Gougoutas 

hydrogen bond (Figure 13). Ifthe (.unrefined) hydrogen atom is regarded as acyclicmember, 
the torsional angles of the resulting six-membered ring may be compared (Table 3) with the 
angles found in the unsaturated cyclic peroxide 27. Other geometric parameters of the 
hydrogen bond include C$app (- 55"), <00H(8S0), <NH0(148"), (NNH(lO5"). 

FIGURE 13. The intramolecular hydrogen bonding in 44. Only the first atom of the equatorial 
phenyl group at C(2) is shown. 

Groth had earlierg9 attempted to characterize the geometric parameters of the two 
different types of hydrogen bonding evident in the infrared spectrum of the bis- 
hydroperoxide, 45 [v(nujol) 3385, 3420cm-'], but was unable to locate the 
hydroperoxide hydrogen atoms in the crystal structure (ambient temperature, 
photographic methods). He therefore investigated the crystal structure of 46 at - 160"C, 
using diffractometric methods of data collection'00. Although all of the hydrogens on 
carbon were visible, once again the hydroperoxide hydrogens were not. 

The bridging peroxo group of45 is equatorial with respect to both (chair) cyclohexane 
rings, while the hydroperoxide groups are axial. The 'sqsare' confornation of the 12- 
membered ring of 46 has D4 symmetry with eight syn-clinal and four anti-periplanar 
endocyclic torsional angles. 

Despite these differences, every 00 bond in both structures is anri-periplanar to one 
cyclic bond and +syn-clinal (-syn-clinal in the enantiomer) with respect to another. 
Moreover, the two structures have virtually identical geometric parameters along the 
eight-membered chain containing the six oxygen atoms. Mean values for the C2 symmetric 
chain of 46 are shown below. The central peroxide torsional angle is C$ = 124.3", while the 
torsional angles about CO bonds are - -66". 
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Close irztrumolecular approach (2.765-2.895 A) of each terminal oxygen to the 
penultimate oxygen a t  the other end of the C2 symmctric chain raises the possibility of two 
equivalent intrumolecular hydrogen bonds. As in the structure of 44, the angles about H 
cannot be linear since (00 - * 0 = 80" (4a,,p -92"). 

Since no intermolecular close approaches to the terminal oxygens occur in crystalIine 
46, the hydrogen bonding is probably inlrumolecuiar (Figure 14). However, orie of the 
terminal oxygens of 45 is packed 3ear a penultimate oxygcn of a neighbouring molecule 
(2.8241(, <00 - * 0 152", -99"). In view of the infrared absorption, Groth concluded 
that one ijitru- and one iriter-molecular hydrogen bond is present in crystalline 45. 

By contrast, both experimentally observed hydroperoxide hydrogen atoms of 47 are 
involved in endless double chains of hrennolecular hydrogen bonds in the (P212,21) 
crystal structure at - 1 6OoC1"' (0.  . * 0 2.764, 2.543 A;  4 90, 1 16"; (OOH 100"). The 
two oxygen atoms of one of the hydroperoxide groups are the receptor atoms for the 
hydrogen bonds. 

All sixteen carbon and oxygen atoms of the roughly C2 symmetric structure of47 can be 
rigidly mapped on the corresponding atoms of 46, with a positional RMS deviation of 
-0.15 A. Despite their very similar conformations, there is a diflcrence in their CO bond 
lengths which lies outside the limits ofexperimental error: whereas all four CO bonds in 46 
are equal [mean = 1.427(4)A], thc two in 47 are not [1.442(3), 1.410(3)A]. Groth has 
suggested that the difference in 47 may be related to the fact that theshorter bond involves 
the oxygen which is not a hydrogen-bond acceptor. In any case, it cannot obviously be 
attributed to gross conformational diflcrences. 

V. PEROXY ACIDS AND THEIR ESTERS 

The few crystal structures of organic peroxy acids which have bcen analyscd were studied 
primarily in  order to compare the molecular and crystallographic l'eaturcs with those ol' 
their extensively studied parents-the carboxylic acids. Peroxy acids generally melt at a 
considerably lower temperature than the corresponding carboxylic acid'". Thc well- 
known 'saw-toothed'variations ofmelting point and long crystal lattice spacing with total 
number of carbon atoms, in straight-chain farty acids, are not observed in the 
corresponding peroxy acids. Instead, the evcn and odd members of the homologous series 
of peroxy acids (C,  through C16) have similar crystal structures. Consequently, the long 
lattice spacing increases linearly by 2.1 1 A from one member to the next, and there are 
no discontinuities in the variation of their melting pointsIo3. In the aromatic realm, the 
relatively large increase in e k t i v e  molecular volume (unit cell volume/z) in going from 
parent acid to the corresponding peroxy acid (12-18 A 3  for m-CI*, o-NO2- and p-N02- 
peroxybenzoic acid (ciide i1rlr.a) suggests that the latter are less efficiently packed in thc 
crystalline state. 

The above diffcrences are attributable to differences in modes of hydrogen bonding. 
Whilecarboxylicacids show a strong tcndcncy to associate pairwise, through two hydrogen 
bonds, into characteristic dimers which persist even in dispersed phases, the gencrally less 
acidic peroxy acids are essentially monomeric. Early infrared studics indicated that in 
noncrystallinc phases the peroxide hydrogen atom of fatty pcroxy acids is irirrnmolecularly 
hydrogen-bonded to the carbonyl oxygen so as to dcfinc a fivc-membered ring'03-105. 
Subsequcnt rneasuremcnts of the electric dipole moment (2.33 D) of'perosypelargonic (48, 
CI-J3(CH2),CO3H) and other fatty acids dcmonstratcd that the peroxidc torsional 

*Although he did not analyse the unstable crystal structure of tir-chloroperoxybenzoic acid, 
Lcssinger"* measured the cell parameters: (I = 4.035(1). h = 5.969(1), c = 30.552(2)A, 
p = 91.70(2)". Spacc group P2,/c. z = 4. Ac/z = 12A3 

- 
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geometry was skewed (4 = 72") in thccyclicintramolecular hydrogen bond'06 (cf. 4 = 61" 
in 44). 

However, the hydrogen bonding is intermolecular in the solid state, at least in the crystal 
structures of 48 (- 30"C)'07, and the ortho and para isomers of nitroperoxybenzoic acid, 
4gto* and 50109 respectively ( -  15°C). In each case, glide or screw-related molecules are 
joined through hydrogen bonds (0 . - 0 2.74A) to form infinite molecular chains, instead 
of the discrete 'dimers' of the corresponding acids (0 . a 0  = 2.65i( for o-llo and p- 
' 'nitrobenzoic acids). The peroxide torsional angles in 48-50 show considerable 

variation (&,p 133-170") 
Of further interest in peroxy acids is the OOCO torsional angle, o. As in the definition of 

4, w is measured from the eclipsed conformation, o = 0". When sighting down the bond in 
question, a positive value for 4 or o indicates that the forwardmost atom must be rotated 
clockwise in order to eclipse the back atom. For 0" -= o, 4 < 180", the carbonyl oxygen 
and peroxide substituent (here hydrogen) lie on opposite sides of the COO plane. 
Resonance effects are expected to keep o near 0" (or 180") in peroxy acids (Oo in 48,50; 
+5" in 49) and diacyl peroxides, but steric factors in peroxy esters may result in 
appreciable values for o. Thus, electric dipole moment studies indicate that the preferred 
conformations of t-butyl peroxy esters have (1) = 30-45", 4 = 100-150" in dispersed 
phases"'*. 

Within experimental error, the analyses of 48-50 give consistent results for the other 
geometric parameters: (for 49) C=O 1.214(7)A, Car-C 1.495(7)A, 00 1.478(7)& 
<OOC 108.9(4)", (OCO and (CC=O 124.9(5)", CCO 109.9(4)". The above-mentioned 
resonance effects associated with electron withdrawal by the carbonyl group result in 
bonds from (sp2) carbon to the peroxide group which arc considerably shorter 
[1.337(6) A] than the (sp3) C-0 bonds in other peroxides. 

VI. DIACYL PEROXIDES 

A. Cyclic Structures 

Although the chemical behaviour of phthaloyl peroxide' 13, 51 (m.p. 126"C), continues 
to attract much attention' its structural features have been virtually ignored since 
Greenei2' first proposed an upper. limit (38") for its peroxide torsional angle, on the basis of 
geometric considerations. The relatively low activation energy (24 kcal mol - ' ) for radical 
cleavage of its peroxide bond'22 is indicative of the strain expected upon incorporation of 
the peroxide link in a six-membered ring containing four sp2-hybridized carbon atoms. 

0 

* Professor J. M. McBride of Yale University has kindly informed me that the peroxide torsional 
angles, 4, in the yet unpublished crystal structures of the bis-r-butyl pcroxy esters of oxalic and adipic 
acids are 144" and 121" respectively. 
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We have determined its crystal structure* and herc summarize the molecular results. 
Bond lengths for the heterocyclic ring of the nearly C2 symmetric structure are 00 
1.473(3) A, CO 1.356(4) A, C,,C 1.462(4) A, C,,C,, 1.396(3) A. All endocyclic angles of botk 
rings are 120°, and accordingly there is an unusual pattern ofbond angles about the planar 
carboxy groups. Whereas in acyclic diacyl peroxides, e.g. acetyl benzoyl peroxide 52l 24, 
the angle between the single bonds (109") is considerably smaller than the two angles 
involving the double bond [roughly 1/2 (360 - 109)"], it is the exocyclic OCO angle in 51 
which is small. The three angles arc essentially equal in 1,4-napRthoq~inone'~~. 

1 2 6 . c l . 2  0 1 2 7 z t 7  0 

Data for 51 Data for 52 

The benzene ring is planar (rms deviation = 0.003 8) but atoms in the chain OCOOCO 
are slightly displaced from the plane by 0.011, 0.012, 0.072, -0.061, -0.012, -0.026A 
respectively, so as  to define the relatively small peroxide torsional angle 4 = 11.4", and 
o = 174.0" (o is defined in Section V). Torsional angles about CC bonds in the 
heterocyclic ring arc 1 So. 

Comparisons with the torsional angles (Table 3) in the dihydro-1,2-dioxin ring of 27 
suggest that the comparatively flat geometry of 51 is primarily attributable to resonance 
effects which restrict rotations about thc bonds to  the carbonyl carbons. In general, 
somewhat larger values for the C,,C bond length and the torsional angle about this bond 
are observed in acyclic diacyl peroxides, and in phthalate salts where resonance 
delocalization of 7~ electrons into the carboxylate group is not important, the C,,C bond 
length and torsional angle increase to 1.51 8, and 30-80" respectively"' [1.518(2)A and 
6.6" in potassium tere~hthalate '~ '] .  

The 00 bond in the relatively flat structure of 51 is no longer than in the more nearly 
orthogonal peroxide geometry of 52; furthcr studies of other cyclic diacyl peroxides are 
needed to assess the possible significance of this observation. 

Thc ground-state structure of 51 may accordingly be a good model for the structure of 
its electronically excited states. 

B. Acyclic Structures 

A large number ofacyclic diacyl peroxidc crystal structures, 52-74 have been examined, 
but relatively few prccise structures arc described in thc literature. Substituents R '  and R2 

* Thc orthorhombic crystals have a = 8.826(2), 11 = 5.609( 11, c = 14.274(3) A, 1 = 4 in space group 
Pna2,. Refinements based on 551 observed intensities convergcd to R = 0.038. All hydrogens were 
located' 23. 
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are defincd in Table 4, which also presents the observed values of the peroxide torsional 
angle, 4, and the torsional angles (u,, o2 about the CO bonds. 

McBride's elegant X-ray and electron paramagnetic resonance of the structure 
(- 95°C) and photolysis of acetyl benzoyl peroxide 52 (m.p. 38°C) has provided the most 
reliable measure of the acyclic diacyl peroxide linkage (estimated errors in bond lengths 
and angles are 0.003 A and 0.2" respectively): 00 1.445 A, CO 1.382,1.190 A, C,,C 1.477 A, 
(COO 110.9". There is no significant difference in the geometries of the alkyl and aryl 
carboxy groups. The latter are twisted by 4.6" relative to the phenyl plane, presumably to 
alleviate steric interactions between thc oxygens and ortho hydrogens. (Much larger angles 
of twist are of course necessary to overcomc such steric interactions when bulky ortho 
substituents are present. Twist angles in the range 18-55" have becn observed in the o- 
halodibenzoyl peroxides.) The methyl group of52 is oriented such that one of the methyl 
hydrogen atoms defines a torsional angle, HCC=O, of -90". 

0 0  
II II 

TABLE 4. Acyclic diacyl peroxides, R'COOCR' 

Structure R '  K' w,(deg.) w2(deg.) @(dcg.) Rcference 

52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
7% 
73P 
74 

86.6 
91.3 
81 

-81 
106 
112 
91.2 
96.3 - 90 
83 

180" 
180" - 90 
90.1 

110 
-110 
-110 

80 
117 

- 

- 

- 
86 
- 

124 
128,129 

130 
1 30 
131 
131 
129 
132 
132 
132 
132 

129,141 
132 
132 
131 
131 

131,133 
134 

135,136 
137 
136 
138 
138 
104 

"Centrosymmctrically constrained in thc crystal. 
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diacyl peroxide groups of 53-65 are 1.460 
respectively*. 

With few exceptions, ranges for the 00, Car-C(O), and C - C ( 0 )  bond lengths of the 
0.015 and 1.51 & 0.01 A 0.015, 1.485 

kJ 
FIGURE 15. The solid-state conformation of 73p. 

It  is ofintercst to note that the iiirramolecular distance between the two carbonyl oxygen 
atoms (3.136A) in 52 is greater than twice the van der Waals' radius ofoxygen (1.52A)45", 
despite the opposite sense of thc torsional angles: ( 4  = +86.6) ( 0 1 , w 2  < 0). Indeed, if 
w 1  = w2 = Oin theotherwisesamestructureof52,aminimum torsionalangled, = 78Ocan 
be realized before thedistance between the carbonyl oxygens becomes that ofvan der Waals' 
contact. (Positive rotations, ol, o2 > 0, allow further reduction of 4; in the extreme, one 
formally arrives at a torsional variant of the dimeric ketone peroxide structure.) 

A torsional angle near 80" appears to bet he lower limit for acyclic diacyl peroxides. While 
values near 90" usually prevail, crystallographically constrained centrosymmetric 
conformations with b, = 180" are known (62,63). The structures of 57 and 66-68 are 
unusual in this regard. Although crystal packing forces favour a centrosymmetric (P2,/c) 
conformation for the halobenzene rings, the preferred skew conformation of the diacyl 
peroxide link reduces the crystal symmetry to Pc. 

Dipole moment studies oft he conformations of several dibenzoyl peroxide derivatives in 
solvents have been described' 39. 

The 2-iododibenzoyl peroxide derivatives 66-74 arc very unstable (Figure 15). Their 
structures have been qualitatively examined in ordcr to gain insight into their remarkable 
topotactic solid-state b e h a v i ~ u r ' ~ ~ .  Nearly all crystallize in one of two types of layered 
structures exemplified in Figure 16 for 66 (type A) and 71 (type B). Translational stacking 
of the layers defines the short -4A monoclinic symmetry axis. Single crystals of type A 
structures smoothly transform to (twinned) single crystals of the corresponding 
benzoxiodolc isomers (Figure 17) during storage a t  ambient temperatures for several days. 
Under the same conditions, most type B structures are degraded to mutually aligned 

*The as yet unpublished results from crystal structure analyses of several diacyl peroxides have 
been kindly made available by Prof. J. M. McBride of Yale University. 
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FIGURE 16. Molccular packing in layers of thc 2-iododibenzoyl peroxidcs which undcrgo 
topotactic transformations. (a) Tlic typc A structure of66. (b) thc type 13 structure of 71. The c-glide 
direction of both is inclincd to thc vertical direction by - 30". 
single-crystal phases of o-iodoso- and o-halo-bcnzoic acids. Under dillerent conditions. 
typc A structures undergo sevcral conipctitivc and scquential topotactic transformations iis 
a conscquence of isomcrization. hydrolysis and photochemical rcduction (Schcme 1 ). 

VII. ISOSTERIC FUNCTIONAL GROUPS 

The crystallographic literature contains numerous cxaniplcs of two or more closely relatcd 
chemical compounds which crystallize in virtually thc same crystal structure 
(crystallographic isomorphism). In its most widely recognized form isomorphism is 
usually associated wit11 the substitution of one atom in the chemical structure by another 
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FIGURE 17. The observed alignment of crystal structures in the topotactic transformation of 66 
(left) to its benzoxiodole isomer (right). 
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having similar chemical and spatial propcrties, e.g. one ion replaced by another ofslightly 
different ionic radius, or one covalently bound halogen replaced by another (peroxides 54, 
5566-68 and 71-73). 

The author and Professor D. Britton of these laboratories have Tor some time been 
interested in an extcnsion of this notion to include entire groups of atoms-isosteric 
jirricriot~ol groups: e.g. (-CN and -NC), or (-OCN and -NCO and -NNN), or 

0-  0 
I I I  

(-N'=N-and-C-0-) or (-NOz and COF). lsosteric rnolectrles, that is, those 
containing isosteric functional groups, by virtue of their potentially equivalent spatial 
requirements, represent a powerful probe into the interdependence ofmolecular topology, 
electronic structure and chemical, biochemical and physical propcrties. Our  studies are 
focused on scvcral questions, many of which bear directly on the structure and properties 
of organic peroxides: 

(a) Are isosteric molecules crystallographically isomorphous? 
(6) Do they forni limited or continuous solid solutions? 
(c) To what extcnt are isosteric functional groups present in the same molecule (cg. 

0 2 N  - 0 -COF) crystallographically disordered? 

( d )  What is the variation in physical properties (e.g. conductivity, colour) of solid 
solutions of isosteric molecules? 

(e) How do isosteric diluents eHect the distribution of products of various solid-state 
reactions? 

(f) What are the effects of isosteric diluents in explosive solids? 
In  looking for an isosteric surrogate for thc peroxide group, we retain the rcstrictions 

(ci) The surrogate functional group should contain the same number of atoms in an 
identical connectivity scheme, with a 'close' correspondencc of bond distances, 
angles and torsional angles. The latter geometric restrictions ordinarily would 
preclude the alkyne functional group as an isostere of the peroxide link 

(b) Replacement of one atom by another in the same group of the Periodic Table 
should be considered only for atoms ofcomparable van der Waals' radii. I t  is thus 
unlikely that peroxides and the corresponding disulphides or sulphenic esters will 
be isostcric (-S -S - # -S -0 - # -0 -0 -). 

(c) Hydrogen-bonding characteristics should be comparable for isosteric functional 
groups. Therefore a methyl y o u p  and a protonated primary amine are unlikely 
bedfellows (R-CH3 # R--NH3), but --N=N-H may be isosteric with the 
hydroperoxide group. 

It remains to be seen whether the - 13'x reduction in bond length and small angular 
differences preclude the potentially isosteric rclationship between the diazo group 
(N=N = 1.28A in 44) and the peroxide link. A more serious obstacle is posed by the 
preference for a skew torsional geometry in peroxides. However, in light of the 
centrosymmetric structures ol'2,62 and 63, the isosterism -N=N- E -0-O- cannot 
be discounted, even for acyclic links. With appropriate modification, oximcs and oximino 
ethers offer a compromise (=N-OR = - 0 - O R ) .  

Cyclic peroxides with small torsional angles 9 (~.g. 6,7,16, 17, 18 and 51 ) would seem 
most likely to be isosteric with the corresponding diazo compounds. The last example 

51 575 raises several interesting possibilities. particularly in light of the properties and 
solid-state behaviour of the enierald-green crystals of the diazanaphthaquinone, 75'". 

most likely to result in isosteric molecules: 

( - C G C -  # -0-0-). 

7 
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0 0 
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I .  INTRODUCTION 

In this chapter consideration in detail will only be given to peroxidic compounds ofa  truly 
polymeric nature with molecular weights of several thousand or more. Lower molecular 
weight prepolymers, the so-called oligomers, which exist in oxidized forms, will only be 
considered in passing and without detail.The term ‘peroxide’is taken to encompass simple 
peroxides, hydroperoxides, peresters and ozonides which decompose to a peroxide or 
hydroperoxide, but not epoxides or other oxidized forms which may be produced via a 
peroxide or ozonide grouping but which cannot be isolated at the ‘peroxide’ stage. 

There are basically three types of monomeric ‘peroxy’ compounds: ROOH, ROOR and 
RCOOOR’, where R and R’ are aliphatic or aromatic hydrocarbon groups or substituted 
groups. By replacing the monomeric R and R’ groups by polymeric chains we increase the 
number ofdistinct possible structures to ten although to my knowledge not all of these have 
been described to date in the literature. We can classify our structures as follows: 

(1) OOH and (2) HOO-WOOH 

417 
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where we have hydroperoxide groups at  one or at both ends of the macromolecule; 

(3) - 
0 0 0  
0 0 0  
H H H 

where the hydroperoxidegroups areat selected or randomsitesalong the backboneofthe 
poi ymer ; 

(4) P O O R  and (5) ROO- OOR 

where the end-group or -groups are peroxy groups, R being aliphatic or aromatic, and 
when there are groups at  both ends, they may be identical or dimerent); 

where the peroxy groups are present within the backbone of the macromolecule; 

(7) - 
0 0 0  
0 0 0  
R R R 

where the peroxy groups are present in side-chains which are pendant to the 
macromolecular backbone ; 

where the perester groups’are at  one end or at both ends of the macromolecule, R being 
aliphatic or aromatic; 

(10) 

c=o c=o c=o 
0 0 0  
0 0  0 
R R R 

where the perester groups arc in pendant positions at  selected or random sites along the 
backbone of the macromolecule. 

Each of these types of polymeric peroxides requires a different synthesis and for some of 
these types a number of methods have been described whilst for others new syntheses are 
required. 

The major application for polymeric peroxides has been as the first step in thesynthesisof 
block or graft  copolymer^'-^ and specific references will be given in thc text where 
appr0priate.h a number ofapplicationsfor peroxidic materialsdescribed in other chapters 
of this book it would be advantageous if the peroxidic material could be easily separated 
from the reaction zone or contained within a defined area or volume of the reaction. By 
attaching the peroxidicgroups to  macromolecules which themselves can be furtherconfined 
by cross-linking, i t  is possible to influence peroxidation reactions, 
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In this way Greig and coworkers4 havc used polymer resins based on cross-linked 
polystyrcne to support peroxy acids in thc oxidation of tetrahydrothiophene. This is a new 
field of activity for polymer chemists which should show rcwarding technological 
applications in the 1 9 8 0 ~ ~ ~ .  

II. POLYMERIC HYDROPEROXIDES 

A. Polymers with Terminal Hydroperoxide Groups 

Polystyrene molecules with hydroperoxy end-groups have been obtained by several 
different methods. During the polymcrization of styrene monomer which was initiated by 
the redox reaction ofp-diisopropylbenzenedihydropcroxide in the presenceofferrous ion in 
an emulsion system, polymeric peroxide molecules were formed by the mutual termination 
of the growing chains which become oil-soluble rapidly enough that no significant reaction 
of the remaining terminal groups took place in the aqueous phase5-’. Fairly pure 
difunctional polystyrene hydroperoxide was obtained and used to initiate block 
copolymerization of methyl methacrylate and other monomers (equations 1-3). Emulsions 
of poly(mcthyi methacrylate) and of copolymers of b u t d i m e  wi!h styrene and butadiene 
with methyl methacrylate have also bcen prepared by this method to  yield polymcrs and 
copolymers with terminal hydroperoxide groups’. In the syntheses where methyl 
met hacrylate was used we can assume that some termination by disproportionation occurs 
such that a fraction of the polymeric hydroperoxidc molccules would be monofunctional 
(equation 4). 

HOOROOH(aq.) + Fez* - HOORO-(aq.) + Fe3+ + .OH (1 ) 

HOOROM:,(oil) + HOOROM; (oil) - HOOROM,, &,,,(oil) (3) 

HOOROM;(oil) + HOOROM; (oil) - HOORONl,(oil) + HOOROM, (oil) (4) 

A different approach was used by Unwin’ in that he used tn-diisopropylbenzene 
nionohydroperoxide to initiate the bulk polymerization ofstyrene monomer in the presence 
ofcumenylmercaptan asa transfer agent. I n  thiswaythemolecularweight was reduced from 
83,000 to 28,000 so that five-sixt hs of the polymer chains formed had cumenyl end-groups. 
The isolated polymer was then oxidized in cumene solution by molecular oxygen to the 
polymeric dihydroperoxide which was then used to initiate block copolymerization of a 
number of monomers. 

A measure of success was achieved in free-radical activation of hydroperoxidation by 
degrading polystyrene in solution with AZBN in the presence of oxygen to produce a 
hydroperoxidized polymer in which the hydroperoxide groups were mainly at terminal 
positions’. O n  the whole, attempts to use this technique with other polymers havc led to 
more complex reactions including side-group hydroperoxidation. 

As part o f t  he process for synthesizing block copolymers with alternating ‘hard’and ‘soft’ 
segments, Baysal and coworkers” rcactcd a commercially available low-molccular-weight 
dihydroxyl-terminated prepolymcr with an aliphatic diisocyanate and with 2,s-dimethyl- 
2,S-bis(hydroperoxy)hexane to produce polymeric peroxycarbamates (equations 5 and 6), 
where ti is dependent on the molecular weight of the prcpolymer and R’ represents the 
prepolymer residue, R2 the hydrocarbon chain and R3 the diisocyantate rcsidue. 
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Established commercial procedures were used to choose exact stoichometric quantities in 
the reactions in order to retain terminal hydroperoxy groups. 

CH3 0 0 1 (5) 
I I  

CH3 
I I I1 

I I 
CH3 CH3 

H O O - C - C t i ~ C H ~ C - O 0 - C - N H - C ~ ~ H ~ ~ - N H C - ( -  R ’  -)n/z-CH2 

9 

I, ( 6 )  

I 
- -0-0 -RZ - 0-0 - R 3  - 0 -0 -R2-0-0 -R3-0-0 - - [ 

A sophisticated technique for introducing hydroperoxide groups into polymers in 
terminal positions makes use of living polymers prepared by anionic polymerization. A 
number of different complex reactions can take place when oxygen is allowed to react with 
the living ends of the polymer chains, but it has been shown that quantitative 
hydroperoxidation can be achieved by the slow addition of the living polymer solution to a 
polar solvent saturated by oxygen, provided that there is a low concentration ofliving ends, 
thz: bulky terminal groups are used and that the temperature is kept as low as possible“. 
Agouri and others approached the problem in a different way, polymerizing ethylene in the 
presence. of diethyl zinc to obtain polyethylene with terminal zinc atoms. By controlled 
oxidation the latter were converted to terminal hydroperoxide groups which were used for 
the initiation of block copolymerization of styrene”. 

B. Polymers with Pendant Hydroperoxide Groups 

When neither an exact number of pendant hydroperoxide groups nor an exact 
positioning of the groups along the macromolecular backbone is required, then there are 
many morewaysofintroducing the hydroperoxidefunctions.Oneofthesimp1est methods is 
by the direct oxidation of suitable side-groups along the polymer chain. Whilst polystyrene 
gives very few hydroperoxide groups when it is oxidized with benzoyl peroxide, simple air 
oxidation is claimed to introduce 6-12 hydroperoxide groups per 100 styrene units”. 
However, the partial alkylation of polystyrene introducing isopropyl groups allows the 
oxidation to be carried out in a more controlled manner to give, for instance, 2.37 moles of 
hydroperoxide groups per 100 moles of monomer  unit^'^*^^. These polymeric initiators 
have been used to synthesize graft copolymers with methyl methacrylate, reducing the 
undesirable homopolymerisation due to hydroxyl free radicals by carrying out the second 
step of the synthesis in the latex phase. By using a redox initiation system, e.g. ferrous ion in 
conjunction with the hydroperoxidized polymer, graft copolymers can be obtained free of 
contaminating homopolymer’6 (equation 7). 

v- + -OH+Fe3+ F el’ 

OOH 
VVVVVYVVVVVVVVVVVYVV- 

+ 
Vinyl monomer 

OOH OOH 9 

Grafted copolymer 

( 7 )  

The introduction of oxidizable groups into acrylic polymers and copolymers is more 
difficult, but some of the ester groups can be converted by reaction with phosphorus 
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pentachlorideinto acid chloride groups,which in turn may react with t-butyl hydroperoxide 
(equation 8). Saigusa and coworkers used this technique to produce base polymers onto 
which they grafted styrene, acrylonitrile and vinyl acetate, starting with poly(methy1 
a~rylate)".'~. Because the hydroperoxidation step of the syntheses is complicated by side- 
reactions, later workers have preferred to copolymerize acryl chloride directly into the 
poly(viny1 ester) and to react the acid chloride groups with perbenzoic acid to form 
peranhydrides which could be used directly for the synthesis of graft copolymers or reduced 
to the hydroperoxide state" (equation 9). 

w C H 2 - C H  -CHz-CH- W C H 2 - C H -  CH2- CH 
I I I I c=o c=o c=o c =0 
I I I I 
0 0 
I I I 

Me Me Me 

- __r 

PC15 0 CI r.BuOOH 

m C H z - C H - C H 2 - C H m  
I I c=o c=o 
I I 
0 0 

I 
0 

I 
Me 

I 
Bu-t 

(8) 

m C H 2 -  CH-CH2 --CH-CHz- 
I I 
c=o c=o 

I I acid \ 

CI CI 

w C H 2  -CH-CCHz - C H  -CH2 w 
\ I 

0 - 0  
L c=o ,c=o perbenzoic 

(9) 

A copolymer of methyl methacrylate with isopropenyl acetate was partially hydrolysed 
before peroxidation was eflected using hydrogen peroxide. The same workers treated a 
styrene/maleic anhydride copolymer with hydrogen peroxide to introduce hydroperoxide 
groups at random along the backbone chains in order to synthesize graft copolymers from a 
range of  monomer^'^. 

Hydroperoxide groups can be introduced randomly into cellulosic derivatives in similar 
ways. Thus, JahnZ0 reacted o-chlorobenzylcellulose with hydrogen peroxide to introduce a 
mixture of hydroperoxide and peroxide groups along the cellulose backbone as grafting 
sitesfor monomers. More recently, working withcelluloseitself, Ogiwara and Kubota used 
three different techniques to  preoxidize the cellulose prior to grafting via ceric ion redox 
systems. The methods they used were oxidation by periodic acid, oxidation by reduction of 
ceric salts and direct oxidation with hydrogen peroxide.21 Early stages of peroxidation 
produced hydroperoxide side-groups along the cellulose backbone. These methods were 
later extended to synthesizing poly(viny1 alcohol) with pendant hydroperoxide groups" 
following their work with aldehyde and carbonyl group containing c e l l ~ l o s e s ~ " ~ ~ .  These 
techniques seemed to be an improvement on the much earlier work of oxidizing the polymer 
with AZBN and oxygen (air) in benzene/cumene solutions at  60°C which was successfully 
used by Gleason and Stannett to introduce hydroperoxide groups at  random sites along the 
macromolecular chains of benzyl and ethyl ~ e l l u l o s e s ~ ~ .  
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The presence of unsaturation in the backbone polymer assists in the activation process 
that allows oxidation to hydroperoxide groups and advantage was taken of this by Morris 
and Sekhar in 195gZ6. The natural oxidation process of raw rubber field latex results in the 
formation of hydroperoxide groups at  an early stage of oxidation, (aldehyde and ketone 
groups being formed later in the oxidation process), and by adding methyl methacrylate 
monomer to stabilized fresh-field latex together with a trace of ferrous sulphate and 
tetraethylenepentamine (to complete the redox system); natural cis-1,4-poly(isoprenc-g- 
methyl methacrylate) was obtained in good yield, a reaction which was later adopted 
commercially on a limited scale. 

Poly-u-olefins are more readily oxidizcd than the polyethylenes and Natta and others 
found that atactic polypropylene could be readily oxidized in isopropylbenzene solution, 
containing a little methanol, by air at atmospheric pressure. After 240 minutes at 70°C a 
hydroperoxide content of 1.98 "/, was obtained and after 460 min this had increased to 
4.03 %27*28. This reaction was used to initiate the graft copolymerizatioii of methyl 
methacrylate onto polypropylene. Atactic polystyrene was oxidised in a similar way in 
cumene solution to  give 6-12 hydroperoxide groups per 100 styrene units". Degtayareva 
and coworkers have recently studied the kinetics of the oxidative degradation of 
polypropylene, using chlorobenzene as an inert solvent, by measuripg the oxygen 
absorption and the formation of hydroperoxide groups2', following earlier work on the 
kinetics of the oxidation of polyethyleneJ0. It was found that the rate of formation of 
hydroperoxide groups at  random points along the chain was considerably lower than the 
rate of oxygen absorption, confirming the complexity of the intramolecular reactions. 

Acompletely different method ofintroducingrandom hydroperoxidegroups was used by 
Smets andcow~rke r s~ '  in which poly(methacry1icacid)and copolymers ofmethacrylicacid 
were hydrolysed in aqueous solution. The hydroperoxide groups were produced by 
decarboxylation followed by oxidation at the anode (equation 10). Hydroperoxides of 
poly(methacry1ic acid) containing 0.4 "/, of active groups were used to synthesize graft 
copolymers with acrylamide, vinyl pyrrolidone and acrylonitrile. This technique should be 
capable of extension into a wider field of hydroperoxidation reactions. 

R R R R 
I I I I 

I - electrolysis I I 
c=o c=o c=o c=o 
I I I I 
0- OH 0 OH 

m-CH2- C-CH2-C vvvvwv m C H z - C - C H 2 -  Cm- 
I * 

9 R R R 
I I I 

I I oxidation I 
c =o 
I 

0 c=o - 
I I 
OH OH OH 

m C H 2  -C-CHn--CvvvchW - w C H ~ - $ - C H ~ - C ~  

C. Polymers with Peroxide Groups within the Backbone Chain 

Although the fact that oxygen copolynlerizcs with many monomers during free-radical 
polymerizations has been known for many  year^^'.^^, it is only in more recent years that 
such polymeric peroxides have been studied in detail. Cais and Bovey3' used NMR 
techniques to study the microstructure and molecular dynamics of polystyrene peroxide 
and showed that copolymerization at atmospheric pressure produced an equimolar 
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copolymer, i.e. poly(styrene oxide), with a molecular weight of 8000 as measured by light- 
scattering techniques, corresponding to a degree of polymerization of 30. Earlier work in 
this field has been reviewed by Mayo". Optically active polystyrene peroxides were the 
subject of a recent short communication by Nukui and coworkers36 who carried out the 
copolymerization of styrene and oxygen in the presence of cobalt ( 1 1 )  SchiRbases as oxygen 
carriers which orientated the oxygen molecule during the copolymcrization step. This is an 
interesting extension to the work in this field which has important possibilities in related 
synthetic systems. 

The rates of photodegradation of polystyrene peroxides on irradiation with UV light 
were found to be very much dependent upon the solvent used and solvent transfer and 
diffusion effects were found to play important roles in the kinetics of d ~ g r a d a t i o n ~ ~ .  From 
this work it can beconcluded that UVdegradationofpolystyreneperoxidecould beused as 
aroute tothesynthesis ofblockcopolymersfollowingthe LinesoftheclassicmethodofSrnets 
and W o o d ~ a r d ~ ~ . ~ ~ ,  who synthesized polymeric phthaloyl peroxide and used the 
peroxypolymer to prepare polymers with residual internal peroxy groups which were then 
used in the second step of a block copolymerization process. 

The presence of fortuitous peroxy groups within polymers formed by copolymerization 
with oxygen as an impurity has been used as a synthetic approach to block 
c o p ~ I y r n e r i z a t i o n ~ ~ ~ ~ ' ,  although the presence ofsuch groups was not claimed in the earlier 
reference but in a later 

The ozonization of polymers is a very complex series of reactions which may result in the 
formation of stable ozonides by reaction with double bonds within the backbone polymer 
chain, or within side-groups to the main chain, or both; or it may result in almost 
simultaneous degradation of the initial entities with the consequent formation of 
hydroperoxides, peroxides and free oxygen. The reactivity of these groups and that of the 
free oxygen is such that further side-reactions may be promoted. It must also be borne in 
mind that the degradation of ozonides is'a free-radical process,so that the overall reactions 
are further complicated by chain-reactions initiated by hydrogen abstractions. Because of 
this it is not feasible to give meaningful equations outlining the schematic reactions of 
ozonization. 

Landler and Lebe14'*"" were the first to use ozonization to prepare graft copolymers with 
substrates of poly(terafluoroethylene), polystyrene, polyethylene and poly(viny1 chloride) 
using residual unsaturation within the polymer chain as theoxiddtionsites,or,in thecaseof 
polystyrene, the unsaturation of the benzene ring of the styryl groups. Russian workers 
continued in this field using ozonized starch, ccllulose, amylose and isotactic polystyrene 
ontowhich they grafted bothstyreneand methyl metha~rylate~~-~'.Korshakand hisgroup 
extended the field still further by using ozonized polyamides and polyesters for grafting 
e ~ p e r i m e n t s ~ ~ - ~ ~ .  Despite their complexities, ozonization reactions do offer a great deal of 
scope when using up-to-date methods of otonolysis. Ozonolysis itself has been used in 
characterizing some block and graft copolymers, where unsaturated segments can be 
destroyed leaving the untreated saturated segments to be characterized by viscometry or 
osmometry, e t ~ . ~ ' .  There is no reason why these same techniques should not be used to 
prepare ozonides of unsaturated rubbers, or, by choice of the right solvents, the ozonides of 
polymers with limited numbers of unsaturated groups along the backbone or in side-chains 
(introduced by copolymerization, for example). Cross-linking of the rubber molecules still 
leaving some unsaturation offers a general method ofimmobilizingperoxidized systems for 
catalyticand other reactions. In nonrubber systemscross-linkscan beintroducedbytheuse 
of difunctional monomers such as divinylbenzene or ethylene dimethacrylate. 

The irradiation of polymers in the presence crf oxygen (or the reaction of irradiated 
polymers with oxygen as a second-step reaction), is also a very complex process leading to 
either hydroperoxides or  peroxides within the macromolecille according to the structure of 
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the polymer, the irradiation conditions, the temperature and other factors affecting 
diffusion within the system. In this way Chapiro and his coworkers introduced peroxidic 
groups into polyethylene, polytetrailuoroethylene, copolymers of polyethylene and 
polypropylene and polystyrene as base polymers for grafting51-55, but the generalized 
method should be capable of extension to other applications of 'peroxidized' polymers. 

Mechanochemical degradation of high-molecular-weight polymers proceeds via the 
shearing of carbon-carbon bonds in the polymer backbone with the formation of free 
radicals a t  the point of rupture. When such degradations are carried out in the presence of 
atmospheric oxygen terminal hydroperoxide groups are formed initially. If 'hot spots' 
develop, or if the viscoelastic state for degradation is achieved thermally, then secondary 
reactions result in the formation of peroxy linkages within the degraded chains. Some of 
these reactions are reviewed in Reference 42b. At higher temperatures than those normally 
used for effecting mechanochemical reactions, thermal oxidation of polymer chains takes 
place with the rapid transformation of hydroperoxide to peroxide linkages and this method 
of introducing peroxide groups within a polymer chain has been used to initiate block 
cop~lyrner iza t ion~~.  Isotactic polypropylene can be oxidized by treatment with oxygen at  
100°C after previous treatment with ozone at room temperature to give a polymer 
containing peroxy groups within the chain as well as some terminal hydroperoxide 
g r o ~ p s ~ ' - ~ ~ .  Polypropylenes prepared in this way contained 7-23 peroxy linkages per 
macromolecule and were used for the synthesis of block copolymers with vinyl chloride in an 
emulsion system. 

D. Polymers with Terminal Peroxide Groups 

As has been indicated in the previous section, a number of the reactions discussed may 
produce terminal hydroperoxide or peroxide groups in addition to peroxy groups at 
intervals within the backbone chain of the polymer macromolecule. However, peroxide 
groupscan be introducedexclusively at the ends ofthe chain by polymerizing the monomer 
witht-butyl hydroperoxide in the presence ofa small quantity ofadivalent copper salt, such 
as copper octoate", The reaction can be represented by equations (11) and (12). 
Equimolecular amounts of t-butyloxy- and t-butyl-peroxy radicals are formed which 
initiate, for example, the polymerization of styrene and, since in this case the termination 
step is largely by a combination of growing radicals, some 75 % of the chains would be 
expected to  have one or more terminal peroxide groups. Block copolymers of styrene with 
methyl met hacrylate have been synthesized in this way. 

t-BuOOH + Cuz+ --------- t-BuOO.+ CU+ + H' (11) 

t,BuO*+ Cu2++ 'OH ( I  2) t-BuOOH + Cu* --------- 

By using a peroxidic initiator with a highly active chain-transfer group, transfer to 
initiator can be promoted during polymerization SO that a high proportion of the polymer 
chains formed have unreacted peroxy groups in terminal positions. A suitable initiator is 
p,p-bisbromomethyl benzoyl peroxide (1 )61, which gives end-groups with the structure 2. A 
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polystyrene with pcroxy end-groups obtained in this way was used as a macromolecular 
initiator for block copolymerization. 

E. Polymers with Pendant Peroxide Groups 

If peroxy groups can be introduced into a vinyl monomer to give a stable monomeric 
entity that is inert to intramolecularly induced decomposition then a way is open to 
introduce pendant peroxy groups into a macromolecule by copolymerization with such a 
peroxy monomer. Dalton and Tidwe1162 used this approach to  synthesize t-butyl p -  
vinylper benzoate by reacting p-vinylbenzoyl chloride with sodium t-butyl hydroperoxide 
(equation 13).Thismonomercan be polymerized onitsown toad.p.of33 without lossofany 
of the peroxy groups or can be copolymerized with styrene to give copolymers with an 
average structure of 8 peroxy monomer groups to 24 of styrene. Earlier workers obtained 
similar results using r-butyl p-vinylbenzene p e r ~ x i d e ~ ~ . ~ " .  More recently Russian workers 
have copolymerized alkene-alkyne peroxide monomers with a variety of monomeric and 
copolymeric (e.g. butadiene-styrene) systems to produce cooligomers with functional 
peroxidic groups capable of cross-linking  reaction^^^-^', but the structure of these 
oligomers is less well defined. This general type of copolymerization reaction which leaves 
unreacted peroxy groupings is an important synthetic method which is capable of further 
extension. 

The use of hydrogen peroxide as the oxidizing system has been used to produce random 
peroxy groups OR a variety of polymers and polymeric systems such as ion-exchange 
re~ins~ '*~O, carboxymethylcellulose7 and liquid rubbers72 and the application of such 
polymeric reagents has been reviewed by Manecke and R e ~ t e r ~ ~ .  

F. Polymers with Perester Groups 

In general thereare only passing references to thesynthesisofpolymericperesters and this 
is a very much neglected field. When polyacetaldehyde is prepared according to the method 
of Delzenne and S m e t ~ ~ ~ . ' ~  it has a polyacetalic structure containing 1-4% of 
hydroperoxide groups and of the order of 1 % of peracetate groups, due to  the presence of 
traces of peracetic acid during the preparative step. The presence of these mixed groups was 
used to  initiate the graft copolymerization of methyl methacrylate. 

Peroxy acid groups have been introduced into cross-linked polystyrene resins by using 
chloromethylation, then formylation, followed by oxidation with hydrogen peroxide76. In 
this way oxidation reactions were confincd to the vicinity of the modified resin, a technique 
which will probably be adopted by other workers in the field. 
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111. CONCLUSION 

The preceding sections of this chapter have dealt with the syntheses available for the 
direrent types of peroxy polymers as defined in the introduction. The majority of these 
syntheses were carried out in order to produce polymeric precursors for block or graft 
copolymerization and the copolymers so prepared were identified following the description 
of the synthesis. To describe the applications of the block and graft copolymers so 
synthesized is outside the scope of this book but the reader is referred to  several general 
references which review the properties and applications of block and graft 
copolymers ’-’*’’. Apart from the s ynthesisof‘ordered copolymers’ there have been very few 
published applicationsfor peroxide polymers and those ofwhich I am aware of have already 
been mentionedfollowing thedescription ofthesynthesis. Howevcr,theimportanccofthese 
applications is such that thcy can be restated in this section. 

By fixing peroxy groups on the surface of a polymeric resin it is possiblc to carry out 
oxidation reactions with controlled concentration of peroxy groups a t  the site of the 
reaction4. The insoluble nature of the rcsin enables the oxidant to be rapidly brought into 
contact with the system to be oxidized and equally rapidly removed at any desired time of 
reaction. It is feasable in many instances to use a peroxidized polymer which is not cross- 
linked, but then one is faced with the problem of isolating the polymer at the required point 
in the reaction. This could be effected by making use of temporary bonding by salt 
formation, e.g. by addition of a diamine or triamine where the peroxy polymer Contains 
acid groups, as in a peroxidized acrylic acid copolymer. In this way the peroxidized 
polymer could be rapidly brought out of solution and isolated and the isolated polymer 
could then be readily converted back to its soluble form for characterization or further 
reaction. In other cases it may be feasible to isolate the oxidizing polymer by the addition 
of methanol or ethanol (or other nonsolvent) to the system, followed by resolvation. As a 
physical chemist, it seems to me that these alternative techniques could give a greater 
degree of flexibility than that obtdned by  using cross-linked systems. 

Peroxides have been used to cross-link natural and synthetic rubbers for many years, so 
it is not surprising that cross-linking of liquid rubber systems has been attempted using 
blends of ‘normal’ and peroxidized liquid rubbers”. Isolation of the peroxidized polymer 
from the other phase or phases of the peroxidizing synthesis is usually a problem and this 
has hindered developments in this field. Howevcr, as has been indicated, controlled 
thermal oxidation can be used to degrade many rubbers and at the same time introduce 
peroxy groups with a measure ofcontrol. By carrying out the degradation to  an extent that 
the polymer is liquid at room temperature it then becomes possible to mix into the system 
reactants that would cross-link via the peroxy groups when the tempcrature is elevated. 
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I. INTRODUCTION 

Despite the omnipresence of one-electron processes in nature, free-radical damage presents 
a serious and constant threat to living organisms'-'3. One available source of radicals in 
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the body is the superoxide anion radical, Ozf which is formed in a large number of reactions 
of biologicalimportance in both enzymic and nonenzymic processes4. It follows then that it 
is of great value to understand the organic chemistry of 0 2 7 ,  for as Fridovich’ has 
poignant1ynoted:‘Ifwe aregoingto know howitdoesitsdirtywork,we haveto know what 
it is capable ofdoing’. Nevertheless, had convenient methods not been found for generating 
02: in aprotic organic solvents, progress in this direction would have undoubtedly been 
slow and tedious. 

Two basic approaches have been developed and are prescntly in use. The first involves in 
situ generation of 02= by the electrolytic reduction of molecular oxygen6*’. This method 
permits the controlled generation of low concentrations (< lO-’M)of pure 02; and is well 
suited for mechanistic studies. This is particularly true for cyclic voltametry which allows t he 
researcher to follow the course of the reaction and detect unstable intermediates. Efficient 
product studies, however, require greater 0,; levels*. 

An alternate approach utilizes superoxide salts as well-defined sources of 02=. The 
inorganic salts, such as the commercially available potassium superoxide (KO,), are 
generally insoluble in aprotic organic solvents, though they are slightly soluble in those of 
high polarity like DMSO. Nevertheless, solutions o f K 0 2  have been conveniently prepared 
in benzene, toluene, acetonitrile, DMSO, pyridinc, triethylamine, THF, etc. through the 
agency of phase-transfer catalysts such as crown ethersg. Tetramethylammonium 
superoxide has also been synthesized and, in contrast to its alkali metal analogues, is quite 
soluble in a number of aprotic 

With the introduction of the KO,-crown ether reagentg as a convenient source of 02;,  
the organic chemistry of the radical anion was pursued with renewed vigour. It is now clear 
that O2 = displays four basic modes ofaction includingdeprotonation, H-atom abstraction, 
nucleophilic attack and electron transfer. It is important to  note, however, that a variety of 
autoxidative processes can take over following the initial O2 rtaction; hence, one must 
proceed with due caution in any attempt to determine the mechanism of reaction simply 
based on product analysis. Let us turn now to a discussion of the various modes of reaction 
and the fascinating organic chemistry of 02=- 

II. DEPROTONATION VS. HYDROGEN ATOM ABSTRACTION 

A. Kinetic and Thermodynamic Data 

We have rcpeatedly rcfcrred to the use of aprotic solvents for carrying out organic 
reactionsof0,:. Thisissimply becauscO,;,in thepresenceofa proton or proton source, 
rapidly disproportionates to molecular oxygen and hydroperoxy anion (equation 1). This 
process involves primarily two steps (equations 2 and 3) for which kinetic and 
thermodynamic data have been evaluated by pulse radiolysis’ ’. Two other reactions 
(equations 4 and 5: are cf lesser importance. 



14. Organic reactions involving the superoxide anion 43 1 
Thelow pK,ofthe hydroperoxyradical (seeequation2)suggeststhat 0,; isnot astrong 

Brernsted basc and is comparable in strength t o  acetate. has noted, however, 
that the initial deprotonation step (equation 2) is driven far to  the right by the subsequent 
electron-transfer step (equation 3). This in turn raises the effective basicity of O,;,  i.e. the 
efficiency with which 02: can effect proton transfer. 

Toobtain amorequantitativeideaas to  themagnitudeoftheeffective basicityofO,',let 
us consider briefly the disproportionation of 0,; in In this case H20 becomes 
our proton source (equation 6). The standard potential for this process was derived by 
summing the two half-cell reactions equations (7) and (8)13 and is 0.53 V vs. NHE at pH 14. 
The equilibrium constant for equation (6), K6, can be calculated from E: by utilizing the 
well-known electrochemical relationship In K = izFE"/RT At 298K, K6 = 9.1 x lo8 
(equation 9). 

Oz5 + H 2 0  + e- - HOz- + HO- = 0.20 V (7 1 

02' -- O2 + e -  = 0.33 V (8 ) 

For the purpose of measuring the effective basicity of O2 7, let us view equation (6) as the 
hydrolysis of the hypothetical base (2 02;) which generates the corresponding conjugate 
acid (HOz- + 0,). The KI.  for this hypothetical base and the pK, for the corresponding 
conjugate acid can be calculated as shown in equation (10). 

Kh(20zy)  = K6[H20]  = (9.1 X 108)(55.5) = 5.1 X 10" 
(1 0) 

PK, = PK, - pKh = 14 - (- 10.7) = 24.7 

The value of pK, indicates that 0,; can promote proton transfcr from substrates and 
solvents to an extent equivalent to  that of a conjugate base of an acid with a pK, of 
approximately 25. It is not at all surprising then that the addition of 0,; to an aqueous 
solutionresultsin theformationofH02- aad HO-, bothstrong Bronsted bases. Weshould 
expect therefore that even some weakly acidic organic compounds can be deprotonated 
efficiently by O2 7 .  More importantly we may conclude that only those modes of reaction 
that can competewith rapid dismutation will bc observed in protic media. In aprotic media, 
however, the lifetime of 0,; is expected to be long because solvent-induced acid-catalysed 
disproportionation (equation 1 ) is precluded, whilc simple disproportionation (equation 
1 1) is energetically unfavourable' '. 

2 0 2 '  - 302 + 0 2 ' -  J G > 28 kcal mot- ' (11 1 

In contradistinction to its effectiveness as a base, O2 is expected to be a poor hydrogen- 
atom abstractor. A simple t hcrmochemical calculation proves this point. The heat of 
reaction for a hydrogen abstraction by 0,; (equation 12) can be estimated from the net 
bond energy differencclG" between the R-H bond broken and the H - 0  bond in HOO- 
formed,asshownincquation (13).Sincethe H - 0  bond dissociation energyfor HOO- has 
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AH12 = D(R-H) = D(H-00-)  (1 3) 

been evaluated at 6 3 . 4 k ~ a l ' ~ ~ ,  a hydrogen abstraction would only be an exothermic process 
if the R-H bond energy were less than 63.4 kcal. A quick scan of any table of bond dis- 
sociation energies" reveals that only a handful ofsubstrates bear R--H bonds that are that 
weak. Even the labile allylic (89 kcal), benzylic (85) kcal and aldehydic (86 kcal) C-H 
bondsliesubstantia1lyabovethisfiguie.Thereaderisreminded that theabovecalculation is 
strictly applicable only to-the gas phase. In solution a variety of other considerations come 
into play.Nevertheless,theseresultsdosuggest that hydrogen abstraction isnot expected to 
be a primary reaction pathway while proton transfer is. 

6. 0 - H  Bonds 

Alcohols (and hydroperoxides -see Section 1V.E) serve as excellent disproportionation 
catalysts for O2 and are converted to the corresponding alkoxides'8-20. Stanley2' reports 
that steric considerations seem to control the rate ofreaction. Primary alcohols, even those 
as weakly acidic as n - b ~ t a n o l ' ~  (pK, = 33 in DMF)2' apparently cause the instantaneous 
disproportionation of O2 ;. Isopropanol, on the other hand, requires several minutes for 
complete reaction while t-butanol reacts at appreciable rates only at relatively high 
concentrations. 

The reaction of 02; with aromatic hydroxylic substrates such as phenolsz2, o- and p-  
d i h y d r o x y a r e n e ~ ' ~ * ~ ~ - ~ '  and u-tocopherol and related 6-hydroxychroman 
corn pound^^'*^^-^^ have been studied and substrate oxidation products result. The 
observation of semiquinones in the case of dihydroxyarenes, and chromanoxyl radicals in 
thecaseof6-hydroxychroman compounds,suggeststhat theinitialstepsofthese oxidations 
involve net hydrogen-atom transfer from ArOH to 02; as outlined in equation (14). 
Semiquinone formation merely entails subsequent proton transfer to base. 

I t  should be noted, however, that a true H-atom transfer mechanism should in no way lead 
to the formation of molecular oxygen. Nevertheless, Sawyer and coworkers" have strong 
evidence for the transient formation o f 0 2  in a reversible equilibrium in the cases of 3,5-di-t- 
butylcatechol and a-tocopherol. Molecular oxygen formation is generally symptomatic of 
an acid-catalysed disproportionation process (equation 1). Indeed, when the reaction 
mixture is continuously purged of Oz (by vigorous argon bubbling through the solution). 
quantitative yields oithe substrate anion are obtained without significant oxidation. Based 
on this and other experimental electrochemical evidence, Sawyer and coworkers2' suggest 
that the oxidation of catechols, tocopherol and other acidic substrates by superoxide ion 
involvesaninitialrate-determiningproton transfer from thesubstrateto02; (cquation 15). 
This is followed by rapid disproportionation to give peroxide and molecular oxygen 
(equation 16), with the latter oxidizing the substrate anion (equation 17). 
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(1 6 )  HOz*+ 02' - HOP- + 0 2  

(1 7 )  O 2 +  RO- - RO'+02' 

Following the formation ofR0.a varietyoffree-radical oxidative processes can take over. 
In the case of o-dihydr~xyarenes~~, o-quinones and dicarboxylic acids (or their cyclization 
products) are formed from semiquinone 1 perhaps by the mechanism shown in Scheme 1. 

a:- 
0- I 

.O' 

Po- H 

0 

b o -  
0 +- 

b h o -  
0 

SCHEME I .  Suggested mechanism for the 0, '-induced oxidative cleavage of o-hydroquinone. 

In the case of a-tocopherol model compounds (see Scheme 2), chroman 2a (R = COOH) 
reacts with enzymatically generated 0,; in aqueous media to yield quinone 3" via 8a- 
hydroxychroman-6-one 4, while chroman 2b IR = Me) yields 6-hydroxychroman-5-one 5 
when reacted withKO, suspcnded in THF". When chroman 2b (R = Me) is reacted with 
K02/1 8-crown-6 in acetonitrile, diepoxide 6 results3'. A possible mechanism for these 
reactions are shown in Scheme 2. 

The oxidation of ascorbic a ~ i d ~ ' * ~ ~ * ~ ~  has also been studied in some detail but the exact 
mechanistic details are far from clear34. 

0 0 

(a) - (d) R' = Me; R Z  = H, Me, OMe, OEt 

(e) R' , R '  = - {CHz)s -.  R2 = OMe 

( f )  2-Hydroxycholesta-l.4-dien-3-one 

(91 2-Hydroxy-1.2-dehydrotestosterone 
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in 
particular 2-hydroxycyclohexa-2,5-dien- 1 -ones (7) (equation 18). Interestingly, these enols 
(7)  were oxidized to thc corresponding lactols (8). Considering that the reaction proceeded 
even more rapidly with t-butoxide and oxygen, these authors consider the 02 process to be 
a base-catalysed autoxidation. A p~ssiblernechanism~~~~'"~~"~'isoutlinedin Scheme3 and 
involves initial proton removal as suggested by Sawyer". 

Frimer and Gilinsky have studied the reaction of 0,; with a variety of 

( 8 )  

SCHEME 3. Mechanism for O2:-induced basc-catalysed autoxidation of enols 7. 

Therehas been an intere~tingreport~' that O2 ;, produced from KO2 and Pd(n)catalysts, 
reactswith ketoximesand CK2CI2 toproducemethylenedioxirnes(equation 19). Heretooit 
is likely that the initial step involves oximate anion formation. 

(1 9) 
KO?ICH2CI2 

RzC=N-OH Pd(,,, (R2 C=N -0)2CH2 

C. S-H Bonds 

A variety ofthioIs41-43-12f'c have been reacted with 02 and generally disulphides result. 
considering the greatcr acidity of S-H bonds as comparcd to the corresponding 0 - H  
bonds, the mechanism of these reactions probably involves initial cleprotonation, oxidation 
of the resulting anion followed by radical coupling (equation 20, path a). Alternatively (path 
b), a sulphur radical and anion might couplc, in a step typical of an SRN 1 r n e c l ~ a n i ~ r n ~ ~ ~ ~ ~ ,  
yielding a disulphide anion radical. Electron transfcr to oxygen generates O2; and the 
desired disulphide. 

0 J 
RSH 2 RS- -+ RS' 

\ I  
RSSR 
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D. N-H Bonds 

One readily observes upon perusal of standard pK, tables that as a general rule the pK, 
values of N-H bonds are 15-20 units higher than those of the corresponding 0 - H  
analogues. Hence, proton-catalysed dismutation of O2 is not expected to be a general 
phenomenon with nitrogen compounds. On the other hand, since the average bond energy 
of an N-H bond is substantially lower than that of a 0 - H  or C-H bond46, one might 
expect H-atom abstraction by O2 to be more prevalent. Hydrophenazines, hydrazine, 
reduced flavins, hydroxylamine and related substrates bear labile hydrogens which, though 
not acidic, are readily abstractable via frce-radical processes. The electrochemical 
evidence4’ strongly suggests that oxidation by 0,: occurs via initial H-atom transfer. 
Similarly Husseyand coworkers4* haveshown that proton abstraction isnot involvedin the 
oxidation of o-phenylenediamine by electrogcnerated O2 :. 

Poupko and R o ~ e n t h a l ~ ~  report that based on ESR data it is clear that dialkylamines are 
instantaneously oxidized to dialkyl nitroxides by KO2 in DMSO even in the absence of 
atmospheric oxygen (equation 21). Tertiary amines such as triphenylamine seem inert. 
Nevertheless, Frimer and coworkers50 have failed to isolate any reaction products when 
02= (K02/18-crown-6) is contacted with diethylamine, suggesting that the dialkyl 
nitroxides observed by the sensitive ESR technique arc formed in very low yields. 

(21 1 RZNH + 02: - R1NO.+ HO- 

Thereaction of027  witharomati~amines~~*~*-~~ yields symmetrical azobenzenes which 
are also obtained in similar yields starting with the corresponding 1,2-disubstituted 
hydrazines5 I t  is likely, therefore, that the hydrazine, formed by the coupling of two 
anilinyl radicals,isa reactiveintermediatein this process (equation 22). Further evidence for 
theintermediacy of the anilinyl radical comes from thework ofFrimer, Ziv and AljadePO on 
the reaction of aniline with K02/crown ether (equation 23). These researchers found in 
addition to azobenzenc (34 % yield) and nitrobcnzene (4 % yield), a 24 o/, yield of N- 
(p-nitropheny1)aniline. The latter undoubtedly results from the trapping of the anilinyl 
radical by nitrobcnzene. 

ArNHz OPi - ArNH- - ArNH-NHAr Oa: ArN= NAr (22) 

Although the above data are most consistent with an initial H-atom abstraction, a base- 
catalysed autoxidative process has not been ruled out. Indeed Balogh-Hergovich and 
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coworkers5‘ report that azobenzenes can be obtained (although at  a slower rate) when 
arylamines are oxidized with molecular oxygen catalysed by ‘naked’ hydroxide ion 
(KOH/18-crown-6). 

Superoxide anion radical reacts with hydrazo compounds and related substances in a 
variety of  way^^^-'^. 1,2-Diarylhydrazines are converted to the corresponding azo 
compounds (equation 24), though 1,2-dialkylhydrazines seem to  be unreactive. 
Monosubstituted alkyl- and aryl-hydrazines are oxidized in a reaction which appears to 
involvefreealkylor aryl radicals (equation 25). 1,l-Disubstituted hydrazinesareoxidized to 
N-nitrosamines (equation 26) while the hydrazines of aryl ketones yield the corresponding 
azinein high yield (equation 27). However,the hydrazine ofthealkyl ketonccyclohexanone 
was unreactive. 

0, 
ArNHNHAr - ArN= NAr (24) 

(27) 
0 2  i 

Ar(R)C = NNH2 - Ar(R)C =N - N= C(RIAr 

The mechanisms for these processes are unknown. Chern and San Filippo” suggest that 
theabilityof O2 = to  effect the oxidation ofthese substrates is related to their acidity and that 
the initial step involves proton abstraction by 02=. However, in light of the above- 
mentioned work of thc research groups of Sawyer47 and Hussey“s on related compounds, it 
would seem likely that a H-atom abstraction is involved here as wells4. 
Nitroaromaticamincssuchaso-andp-nitroanilinewithacidicN-H bonds(pK, = 17.9 

and 18.4, respectively) have been shown by HusseyS5 to react with Oz7 by proton transfer. 
The failure ofm-nitroaniline to react with Oz is not surprising since it should be much less 
acidic than the ortho or pLW1 isonicrs. 

Purines, such as purine, adenine and N-benzyladenine, also bcar an acidic proton at the 7- 
position. It kno t  surprising, therefore, t hat upon reaction with 02:, thecorresponding salt 
is formed which readily regenerates the starting material in acid (equation 28). Superoxide 
does not react appreciably with diethyl- or triethyl-amine which are convenient solvents for 
this reaction”. 

R R 

E. C-H Bonds 

C-H linkages with low pK, values undoubtedly react with 02= via initial proton 
transfer. Thus Stanleys6 reports that cyclopentadiene (pK, = 16)57 and diethyl malonate 
(pK, = 13)57 induce instantaneous disproportionation of O2 7 .  Dibenzoylmethane and 
1,3-cyclohexadionearc rapidly dcprotonated by 02, though theresultinganionsarestable 
to Oz and 02= 37*GG. Similarly, the oxidation of benzoylacetonitrile8, malononitrile’”*’’ 
(pK, = 1 l.2)s7, benzyl ~ y a n i d e ~ ~ . ”  and assorted carbonyl compounds60-62 (pK, = 20)s7 
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at the or-position is expected to proceed via the base-catalysed autoxidation outlined in 
equations (29)-(36). It should be pointed out that unlike Russel and we 
havenot included in this sequence ofreactions a radicalcoupling between R* and superoxide 
anion (equation 37), a process with the same outcome as equations (33) and (34) combined. 
This is simply because electron transfer (sec equations 32 and 34) rather than radical 
coupling isgenerally observed with O2 7 (a point wcshall discuss at  length in Section 1V.F). 

ROOH - ketones, alcohols, carboxylic acids, etc. (36) 

In accordance with the above prediction ct oxidation has becn cited in numerous reports 
regarding the reaction of 02= with ketones. Thus ketones are converted to either a- 
diketones or a ~ i d s ~ * * " ~ - ~ '  and diydroxyketones yield a ~ i d s ~ ~ . ~ ~ .  In the case of enone 
systems often two acidic protons are present, positioned on t hez'and ycarbons. In instances 
where both are available abstraction of the latter should bc thermodynamically preferred 
since thc dicnolatc anion formed is more stable than its cross-conjugated isomer". Thus 
Frimer and G i l i n ~ k y ~ " ~ "  have found that both 4,4- and 5,5-disubstituted cyclohex-2-en-l- 
ones (9 and 10 rcspectivcly) yield the corresponding 2-hydroxycyclohexa-2,5-dien-l-ones 
(7) (equation 38). In  the casc or9 i t  is the 3' hydrogen that is removed since thc y position is 
blocked and oxygenation yields thc dikctone 1 I which in turn enolizes to 7. In thecase of 10 
the 7 hydrogen is prefcrentially removed. The resulting dienolate anion is oxygenated u to 
the carbonyl, leading again to diketone 11 (equation 39). 

We have previously mentioned (Section 1I.B) that enols such as 7can be further oxidized 
to lactols8 (equation 18 and Scheme 3). Indeed Frimer and G i l i n ~ k y ~ ~ . ~ ~  have been able to 
convert enones directly to laclols in a one-pot reaction in overall yields of 50-90"/0. These 
r e s e a r ~ h e r s ~ ~ * ~ ~  have also utilized this mcthod in a two-step preparation of 2-oxa-A4- 
steroids from the corresponding parent compounds (equation 40). 
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a 0 a 

(9) (10) 

(a) R '  = Me, R 2  = H 
(b)R' = Ph. R2 = H 
(c) R'  = Me, R2 = OEt 
(d) R' = Me, R Z  = OMe 
(e) Cholest-4-en-3-one 
( f ) Testosterone 

(a) R' = Me, R 2  = H 

(b) R'  = R2 = Me 
( C )  R1 = Me, R2 = OEt 
(d)R1.R2 = - (CHZI5-, RZ = OMe 

OH 

In thecaseof6,6-disubstitutcdcyclohex-ten- 1-ones (13),epoxidesand dimersresult by a 
mechanism which most likely involves initial y-proton removal as outlined in equation (41). 
Condensation oftheresulting anion withstartingmaterialyieldsadimer,whileoxygenation 
gencrates a peroxy anion. Either the latter or HOO- (formed by the disproportionation of 
02; can epoxidize the substrate. Epoxides are also isolated when the y hydrogen is 
exocyclic. Thus 3,4,4-trimethylcyclohex-2-en- 1 -one (14)) reacts with 02. yielding primarily 
acid 15 but also epoxide 16 (equation 42)". 

(13) 

Dimers and trimers 

13 

Oneindication ofthefact that 02= isactingasa bascin theaboveoxidationsofcnones9, 
10, 13 and 14 is that the samc products arc obtained with 'naked' hydroxide and t -  
b u t o ~ i d e ~ ~ ~ ~ ~ * ~ ~  with the order of decreasing rates f-butoxide > superoxide > hydroxide. 
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Additional evidence comes from the observation that the rate of the 0,' reaction is 
essentially the same whether carried out in air or under argon (after carefully degassing the 
solvent via five freeze-thaw cycles). As seen from equation (1) for every molecule ofsubstrate 
deprotonated a molecule ofOz is formed. Hence the autoxidation may proceed even in the 
absence of an oxygcn atmosphere. I t  should also bc noted that cpoxides have been invoked 
as intermediates in the base-catalysed autoxidations ofenones with available y hydrogens, 
but these have never been isolated7 '. 

The mechanistic picturc may not be as simple as we have thus far presented. Sawyer and 
coworkerss report that they have observed no loss ofelectrogenerated 02; in the presence 
ofcyclohexanone, acetone or 2-butanone. These authors suggest that t he K02/crown ether 
autoxidations of ketones may well be catalysed by O2 ;-derived oxidants/bases (perhaps 
H02-) .  It is clear, therefore, that more mechanistic work is required. 

In thecaseofsubstrateswith pK,valuesgreater than 20thequestion ofmechanismisnot 
always clear. Sagae and c o ~ o r k e r s ~ ~ * ~ ~  have reported that o- and p- (but not m-) 
nitrotoluenes are oxidized by electrogenerated O2 to the corresponding benzoic acids. 
These authors suggest an initial H-atom abstraction by 02;. However, nitrotoluene also 
undergoes base-catalysed autoxidation60*6 '. 

Various diarylmethanes have been oxidized by 02; to the corresponding ketones 
including anthrone, 9,10-dihydroanthracene, fluorene, xanthine, diphenylmethane and 
distyrylmethan~ ~ ~ - ~ ~ - ~ ~ .  Although H-atom abstraction has been proposed as the initial 
step in these O2 -induced processes, bonajde base-catalysed autoxidations have also been 
reported for each of these compounds with other b a ~ e ~ ~ ~ - " ~ * ~ ~ - ~ ~ .  It is interesting to  note, 
however, that the C-H bond dissociation energy [D(R-H)] in each of these cases is 
substantially above the 63.4 kcal mol- borderline we calculated at the end of Section 1I.A 
for the onset of a H-abstraction mechanism. 

Although 1,4- and 1,Icyclohexadiene [D(R-H) = 70 kcalmol- ' ] I7  are converted to 
benzene74, most benzylic and allylic hydrogens arc inert to the action of 02;. Thus, 9,lO- 
dihydrophenantlircne, accnaphthene, tctralin. cyclohcxenc, trimethyl- and tetramethyl- 
ethylene, 2-methyl-2-pcntene and c h o l ~ s t e r o l ~ ~ ~ ~ " . ~ ' . ~ ~  are unaffected by 02;. The benzyl 
hydrogen may be activated by an adjacent amino group and as il result benzyl-( 17, R = H) 
and hrfuryl-amines are oxidized to the Corresponding amidess0*82*83 (equation 43). The 
nature of the substituents on the nitrogen of compound 17 seems to play a crucial role in 
controlling its reactivity. When R = alkyl or aryl, the reaction procecds as e x p e ~ t e d ~ ~ * * ~ ,  
while when R = S02Ph  or C(0)NHPh only starting material is recovered63. Quite 
surprisingly ring hydroxylation products are observed when R = C(0)Ar (equation 44)63. 
The mechanism for this latter process is described in Section 111. F. 
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40 - 70% 2 - 5% 

Methylpyridines and methylpyridine-N-oxides are oxidized by electrogenerated O2 to 
the corresponding carboxylic acids in low yields. Here too an H-atom abstraction is 
assumed to be the first stcpS4. 

0,; can also induce E2 eliminations producing olefins from the corresponding 
quaternary ammonium saltsa5 and halides'"''.65.86--89 , imines from N-chloraminesqo and 
diphenylacetylene from bromostilbcnc". 

111. NUCLEOPHILJC REACTIONS 

A. Introduction 

In Section 1I.A we mentioned the low pK, ofthe hydroperoxy radical HOO-. Valentine92 
notes that thislow valueshouldin fact not beverysurprising.Afterall,02 =,likcfluoride,isa 
smallnonpolarizableanion whichisexpected to be particularly stabilized in proticmedia by 
a tightly bound solvation sphere of hydrogen-bonded solvent. Indeed, in  the gas phase both 
0, and F- have large hydration a f i n i t i e ~ ~ ~ .  The solvent envelope renders fluoride a weak 
base (pK, oi HF = 3.2) and a relatively unreactive nucle~phile'~-"". In aprotic solvents, 
however, the situation is expected to  be radically different, since, with the hydrogen bonds 
now absent, the dissolved anions are esscntially 'naked'98*99. Fluoride, for example, proves 
to be strongly n u c l e ~ p h i l i c ~ ~ ~ ' ~ * ~ ~  and quite basic98*99 in aprotic solvents. 

We must remember that in proticsolutionsany nucleophilicattack by O2 must compete 
with rapid disproportionation (equation 1). It should not besurprising then that in aqueous 
solution littleevidence for nucleophilic reactivity ha5 been found. In aproticsolvents, on the 
other hand, uncatalyzed disproportionation isessentially absent and the lifetime of O2 is 
quite long (see Section 1I.A). In the absence of hydrogen bonding with solvent, the 'naked' 
0,; anion should now show a substantial degree of nucleophilic reactivity as does F-. 
Indeed 02; has been shown to be one of the most potent SN2 nucleophiles yet 
studied'OO*lO1, Thus the second-order rate constant for the reaction of KO, with alkyl 
bromidesinDMS0 isoftheorder of 10' M -  I s - ' ,  while for nearly allothernucleophiles this 
valueis 10-2-101 M- s- '.This supernucleophilicity has been rationalized'OO~lO' in terms 
of an a e f f e ~ t ' ~ ~ . ' ~ ~ .  Alternatively it may be attributed to a significant electron-transfer 
contribution in the transition state which should be particularly important for O2 ;, an 
excellent electron donor (see Section IV)loo*'o'. 

B. Alkyl Halides and Sulphonates 

Aliphatic halides and sulphonates undergo rapid nucleophilic substitution with O2 to 
produce peroxides, hydroperoxides, alcohols, aldehydes or acids depending on reaction 
conditions and work-up'8~L9~G5~G7~"~87~89~'00~102~104-1 14. The reaction bcars all the 
characteristics of an Ss2 mechanism. The usual reactivity order is present: 1" > 2" > 3" is 
the order of reactivity in substrate while I > Br > OTs > C1 is the order in leaving group. 
The reaction is highly stereoselective and Walden inversion is observed. While substitution 



442 Aryeh A. Frimer 

predominates with primary substrates, substantial elimination occurs with secondary and 
tertiary systems. Remembering ofcourse that O2 is a strongly basic nucleophile, this is not 
unexpected. 

As noted above, product distribution is dependent on the reaction conditions. 
Interestingly, in most aprotic solvents, primary and secondary alkyl halides and tosylates 
react with 02; to yield dialkyl peroxides as the major product. In DMSO, however, 
alcohols predominate. The explanation for this phenomenon is that the peroxide anion, 
formed via equations (45) and (46), is reduced by DMSO (equation 48) before it has the 
opportunity to react with starting material (equation 47)20.'05*L 15. 

RX + 02' - R 0 2 '  + X- (45) 

C. Acid Chlorides, Anhydrides and Esters 

Acidchloride~'~*''*~ l 6  and anhydri!es'9*20*8' react rapidlywith 0,; in aproticsolvents 
to produce diacyl peroxides (50-74/0 yield)' l 6  and small amounts of peracids20*88. 
Approximately one mole ofoxygen gas is evolved for every two moles of 02: consumed and 
in the case of anhydrides the corresponding acid is formed as a primary product. The 
mechanism suggested for this reaction" (equations 49-5 1) is analogous to that proposed 
for the formation of peroxides from alkyl halides and tosylates (equations 45-47). Short 
reaction times (1-3 hours) are usually sufficient for thesc reactions evcn when slurries of 
potassium supcroxide in benzene (without crown ether)are used as the 0,: source. Excess 
0,; is not only not required to drive the reaction to completion, but is deleterious, since it 
converts the diacyl peroxide efficiently to two moles of carboxylic acid (see Section 

0 0 
II II 

R C X + 0 2 '  - RCOO*+X- 

0 0 
II II 

IlI.D)116.117 

(49) 

(50) 

RCOOCR + X- (51 1 

Bycomparison,thereaction ofcm.bo.uJ,lic~srster.swith 0,; isin general"' quiteslow (1-3 
days, excess K02/crown ether). Nevert heless, good to excellent yields of the corresponding 
acid and alcohol are obtained subsequent to aqueous work-up""9~'8~''7~''9. The 
mechanistic details of this reaction have been investigated to some extent'.' ".' 19. 
Considering first of all the substantial nucleophilic character of O2 :, one mechanistic 
possibility"' would be 0,; attack at the alcohol carbon resulting in displacement of a 
carboxylateoanion (equation 52). Such a mechanism requires Walden inversion at  R ;  
however, 99/0 nct retention ofconfiguration at the c h i d  carbon has been observed in the 
case of the acetate ester of (I)-(R)-2-oclano11 17. 

RCOO. + 02' - RCOO- + 0 2  

0 0 0 0  
II I 1  II II 

R C O O - + R C X  - 
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An alternative mechanism8*' l 7  might involvenucleophilicattack at thecarbonylcarbon 
in an addition-elimination process (equations 53 and 54). Forsuchasituation,k54would be 
highly dependent upon the stability of the leaving group (i.e. pK,of R20H).Theoverall rate, 
on theotherhand,shoulddepend upon thecompetition between thelossofOzT (k-,,)and 
the loss of R20- (kS4). Such a mechanism is therefore consistent with the observation that 
the structure of the leaving group has a strong erect on the overall rate of reaction. In 
particular it has been observed8*' 1 7 * 1  " that the relative rate of reaction decreases in the 
order R2 = acyl > p-chlorophenyl > phenyl > 1" alkyl > 2" alkyl > 3" alkyl. 

0 0- 
II k53 I 

I 
R ' C O R ~  +02i  7 R'COR2 

k - s  00. 

0 
k54 II 

0-  
I 

R' COO- + R'O- 

(53) 

(54) 

Once the peracid radical is formed (equation 54) it is suggested6-8*88.' "*' that 
reactions such as equations (50) and (51) follow, with the ultimate cleavage of the diacyl 
peroxide by excess 0 2 T  resulting in the observed carboxylic acid (see Section 1II.D). 

D. Diacyl Peroxides 

Until recently it was assumed that the conversion of alkoyl and aroyl peroxides t o  
carboxylic acids proceeds by a simple two-step electron transfer from 0,; to the peroxy 
linkage6-8,88*117 (equations 55 and 56). Several pieces of evidence speak against this 

0 0  0 0 
I I  II II I1 

0 2  + RCOOCR - RCO. + -0CR + 0 2  (55) 

mechanism. As will be discussed in Section IV.E, electron transfer to the oxygen-oxygen 
bond has yet to  be observed for any other peroxide. More importantly, Stanley20 has 
observed that an epoxidizing species is formed in the reaction ofOz7 with diacyl peroxides 
and anhydrides. For example, when acetic anhydiide or lauroy peroxide are reacted with 
02; in the presence of tetramethylethylene, a 35/0 yield of the corresponding epoxide is 
formed. Other research groups haveoreported that action of 0 2 5  on benzoyl chloride leads 
to a species which can efficicntly (40A yield) cpoxidize chalcones and stilbenes'20*' " . The 
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exact nature of thc epoxidizing species is not known although it may be 
0 
It 

RCOO*'20*12'. This would lead one to suggest that the initial step in the conversion of 
diacyl peroxides to carboxylic acids is essentially the same as proposed for acyl chlorides, 
anhydrides and esters, i.e. nucleophilic attack at the carbonyl carbon" (equations 
57 and 58). Decomposition of the peroxycarboxylatc anion'22 to the corresponding 
carboxylate requires hydrogen-ion catalysis which may occur to some extent during 
work-up. Alternatively, a nucleophilic attack on the peroxy oxygen may be involved 

(equations 59-61) in which case 0 may well be the epoxidizing species. In any 
II 
RC000. 

case, the question of'mechanism still remains a matter of speculation. 

0 0 
II 

0 0  
II II I1 

RCOOCR + 02' - RCOO.+ RCOO- (57) 

0 0 
I I  II 

RCOO + 0 2 '  - RCOO- + 0 2  (58) 

0 0  0 0 
I1 II I1 I1 

RCOOCR + 02; - RCOOO + RCO- 

0 0 
I1 II 

RCO00-+ 02' - R C 0 0 0 -  + 0 2  

0 0 
I I  II 

R C 0 0 0 -  - RCO- + 0 2  

(59) 

E. Aldehydes and Ketones 

There have been many reports indicating that aldehydes are oxidized by 0 2 ;  to  
carboxylicacids18~'9~G4~s~~1 "*' '. Sawyer and colleaguess have investigated thereaction of 
electrogenerated 0,; with benzaldehyde in some detail. When impure aldehyde is used, a 
rapid decomposition of 02; results. However, when the aldehyde is freshly and carefully 
purified, there is n o  decomposition of the 02: beyond that observed in the absence of 
substrate. Using the purified benzaldehyde after it has been stored under argon for even one 
day results in increased rates of 02= decomposition. Thus it would seem that not 02: but 
some derived oxidant is responsible for the conversion of benzaldehyde to benzoic acid. 

This research group also reports that when benzaldehyde is reacted with O2 7 (generated 
from K02/18-crown-6) benzyl alcohol is formed at a rate one-half that of the disappearance 
rate of substrate. The benzyl alcohol is in turn oxidized to benzoic acid. 

These results suggest that the oxidation of benzaldehyde involves some base B- which is 
not O2 7. The reaction occurs via a Cannizzaro-type process yielding benzyl alcohol and an 
oxidized benzaldehydespecies. Thenatureofthe base B- isnot clear but maywell be HOO- 
formed as described in equations (1)-(3). 
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Ketones lacking acidic u hydrogens such as benzophen~ne**~~  are unreactive toward 

0,’. Those bearing acidic protons are oxidized by the base-catalysed autooxidative 
processes described in Section 1I.E. Regarding t he oxidative cleavage ofa-diketones, a-keto 
acids and a-hydroxyketones see Section 1V.B. 

F. Amides and Nitriles 

Amides as a general rule are essentially inerts0*82*83*’ l 7  although with large excesses of 
02; (10-fold) and long reaction times (7 days) some hydrolysis product is observed63. 
Galliani and Rindone6’ report that N-aroylbenzylamides undergo ring hydroxylation 
(equation 44) and propose a mechanism (equation 62) involving initial nucleophilic attack 
of 0,: on the carbonyl carbon atom. 

0 0- 0- 
I I  

QCHNHCAr I - O p N H C A r  I 
I I I  

H O  HOO 

CH2rJHCAr - 
-0’ 

Nitriles, too, seem to be inert to superoxide’*’”, despite several reports in which nitriles 
were converted to amidcs. However, these rcactions appear to involve not 0,; but rather 
ROO- generated in  it^^^*^^^*^^^*^^^ (see also Section 1V.E). Recently Sawaki and 
Ogatalz3 have reexamined the reaction of O2 7 with acetonitrile and suggested that the 
acetamide obtained results from a direct nucleophilic attack 0 f ~ 0 , ~  on thenitrile group. It 
should benoted, however,that theyieldofamidewaslessthan2/0 despitethe fact that more 
than 78% of the KOz decomposed. Thus the decomposition of Oz: may well involve acid 
catalysis generating HOO- anion in situ. 

G. Sulphur  Compounds 

Several sulphides have been reported to be inert to Oz :. Included in this list are diphenyl 
~ u l p h i d e ’ ~ ~ ,  di-t-butyl sulphide’ 20.1 ,’, di-t-butyl disulphide126” and thianthrenelZ4. Pre- 
sumably other sulphides are oxidized. Thus Takata and coworkers’ 26a*c report that 0,; 
(K02/18-crown-6) converts aryl and alkyl disulphides, thiosulphinates, thiosulphonates 
and sodium thiolates to  the corresponding sulphinic an$ sulphonic acids (equation 63). In 
the case of thiosulphinates substantial yields (35-45/0 ) of the symmetrical disulphide 
RZSSR2 has also beenisolated. Theauthors posit that thelatterresultsfrom thecoupling of 
two thiyl radicals formed in the nucleophilic attack of 02‘ on the sulphinyl sulphur of the 



446 Aryeh A. Frimer 

thiosulphinate. This fact is supported by the exclusive formation of the acids from the 
sulphinyl side (equation 64). 

o-o- 

In the reaction of thiosulphonates a small amount of symmetrical disulphate was also 
detected,thoughthemain productsweretheacids. In thiscase,attack of02; occursat both 
the sulphenyl and sulphonyl sulphur atoms of the thiosulphonates. 

Nagano and coworkers have reported126h that a mixture of symmetrical disulphides 
react with electrogenerated 0,; to  yield disulphides in which there has been an interchange 
ofsubstituents.Oxidation productswerenot obscrvcdin thisinstanceand thereason forthe 
discrepancy is not clear‘2bc. 

Sulphonyl chlorides, sulphinyl chlorides and thiosutphonates react with 0 2  generating 
in sifir pcroxysulphenate and peroxysulphinate’ ”-’ 21.1 26c . The latter epoxidize chalcones, 
stilbene and acenaphthylcne presumably via nucleophilic attack on the double bond. 

H. Cations and Cation Radicals 

The nucleophilic attack of 02;  at positively charged centres has been reported by 
several research groups. Thus the reaction of tropylium ion with 0, (and O , , - )  leads to 
benzaldehydc, benzene, cycloheptatriene and carbon monoxidc in a 2:2:2: 1 r a t i ~ ’ ~ ~ . ’ ~ ~ .  

The likely intermediate is tropyl peroxidc equation (65). Oxonium (C=OR)12’ and 

immonium (C=NR2)I3’ cations (equation 66) as well as nitrones (C=GHR )130-’36 

react as expected at the carbon end of the double bond. The final product obtaincd, 
however, depends to  some extent on the exact nature of the substrate and the work-up 
conditions. 

Althoughradicalcoupling isnot generally observed with 0,; (see Section IV.F),reaction 
betwcen cation radicals and 02; has been suggested as the mechanism of photoinduced 
electron-transfer o ~ i d a t i o n s ’ ~ ~ - ’ ~ ~ .  These are photooxidations sensitized by an electron- 
dcficicnt compound such as  9,10-dicyanoant hracene. The cxperimental evidence would 
seem to beconsistent with an electron-transfer mechanism involving a donor radical cation 
(D”) and a sensitizer radical anion (Sens;) which subsequently reduces oxygen to 0 2 7 .  

The coupling of the donor radical cation and superoxide anion radical leads to oxidation 
products (equation 67). Other  researcher^"^'^^.'^^, however, posit an alternative 
mechanism not involving O2 ;. In this proposal, following electron transfer from substrate 
to sensitizcr, the substrate radical cation reacts with molecular o ~ y g e n ’ ~ ~ - ’ ’ ~ .  This is 
followed by bdck-transfer of an electron from the sensitizer anion radical (equation 68). 

Maycda and Bard153 report that the rcaction between the electrogenerated cation 
radicals ofeit her 1,3-diphcnylisobenzofuran or ferrocene wit h electrogeneratcd O2 results 
not in coupling but in electron transfer with concomitant formation of molecular oxygen, 
which t hcse researchers indicate is of singlet multiplicity (cquation 69; see Section 1V.G). 
Nishinaga and colleagues154 also report that stable 2,5-dialkyl-1,4-dimcthoxybcnzcne 
radical cations oxidize KO2 to ‘0, in 82-84:/;; yield. 

On the other hand, sevcral groups report coupling between 02; and a cation radical. 
Thus Ando and ~ o w o r k e r s ” ~  report that while electron transfer is indeed observed in the 

+ 

‘0- 
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8 

(69) D" +02: - D + lo2 

-.. 

reaction of thiant hrcne cation radical perchlorate and KO2 in acetonitrile, coupling also 
occursleading to sulphinyl oxides. Similarly, Sawyer and Nanni''' report that when DMF 
solutions of reduced methyl viologen (MV") and of 02; are combined in 1 : l  
stoichiometry, the reversible formation of a dioxygen adduct [ M V O z  3 results. The reaction 
chemistry of [MV02]  conforms with what one would expect for a dioxetane. 
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IV. ONE-ELECTRON REDUCTIONS 

A. Introduction 

Considering the stability of molecular oxygen, electron transfer from 0 2  to an 
appropriate reducible substrate should be an energetically favoured process. Indeed it is 
electron transfer which is the essence of the second step of the acid-catalysed 
disproportionation reaction (equation 3). Interestingly, howcver, the reduction potential 
for oxygen is sensitive to the nature of the solvent in which the measurement is made. In 
aprotic solvents Eo (vs NHE) has an average value'56 of -0.57 V, much less than that 
observed for water (-0.33 V). This gap cannot be attributed to diffcrences in the dielectric 
constants ofthe media, since thereduction potential of oxygen is relatively insensitive to the 
differing dielectric constants of a variety of aprotic solvents (CH2CI2, acetone, acetonitrile, 
DMF and DMSO). Rather it is probablydue tothe increased solvation (and hencestability) 
ofOz7 in aqueous medid'57*'58. As we havenoted previously, thedata indicate that 02; is 
expected to  he a much stronger reducing agent in aprotic solvents than it is in protic media. 

B. Conjugated Ketones 

Diketones and keto acids are cleaved by 0,: t o  carboxylic a ~ i d s ~ ~ . ' ~ ~ * ~ ~ ~ .  Three 
mechanisms are possible (equation 70). One involves nucleophilic attack on the carbonyl 
group (path a). The second an3  third alternatives (paths b and c) involve initial ketyl 
formation. This radical ion may then be scavenged by oxygen (path b) or 02; (path c). 
Mechanism a is the one generally presumed for this t r a n s f o r r n a t i ~ n ~ . ' ~ ~ ~ ~  and finds strong 
precedent in the alkaline hydrogen peroxide cleavage of these . Ho wever, 
this pathway would seem to  be ruled out by the electrochemical studies of Boujlel and 
Simonet' 60, who report that cleavage occurs in good yield only when the fixed potential of 
the cathode allows for the reduction of the diketone, i.e. when 0,; and [diketone]; are 
simultaneously present at theinterface (and later in solution). Theseauthors therefore prefer 
path c. However, radical coupling with O2 is not observed (Section 1V.F) and this should 
beall themore truein thiscase where thecoupling would have to be between two negatively 
charged radicals. Thus path b seems the most likely mechanistic route. 

o-o- 
Path c I 

R '  -C -C - R~ 
I I1 02' O2 + R '  - 6 - C - R 2  

I I1 
0 0  0 0  \ 

cx-Hydroxy- and a-halo-ketones, esters and carboxylic acids are also oxidatively cleaved 
to carboxylic acids", presumably via the corresponding z-diketones and a-keto acids. 

The simple enone moietypet- se is unreactive to O2 7 be it via electron transfer or Michael 
addition. Thus, 4,4,6,6-tetrasubstituted cyclohex-Zen- 1-ones have proved totally inert to 
O2 7 even after being in contact for several days36. However, as discussed previously, this 



14. Organic reactions involving the superoxide anion 449 
moietydoeslabilizetheadjacent hydrogcnstowardsproton abstraction (secSection1I.E). If 
the x system is extended then electron transfer from 02; to substrates may be observed. 
Thus several research groups report that anion radicals can be detected in the reaction of 
0,; with N-rnethylacr id~ne '~~ and various b e n ~ o q u i n o n e s ~ " ~ ' ~ ~  

have studied the oxidative cleavage oftetracyclone and 
chalcones bytheaction ofO2;. Carboxylicacids wereobtained as the final productsand no 
intermediate epoxide formation could be detected. The mechanism suggested involves 
initial electron transfer (equation 71). A Michael-type addition to the enone system was 
excluded on the basis of K"0, experiments. 

Frimer and R o ~ e n t h a l ~ ~ * ' ~ ~ * '  

0- 
I 

I 
00- 

0 
II 

Ar' CCH=CHArZ Ar' CCH=CHAr2 - 

Saito and colleagues'67 report that 2,3-dimet hyl-1,4-naphthaquinone and other 
vitamin-K-related compounds react with K02/18-crown-6 to give the coorresponding 
oxirane and its secondary oxidation product phthalic acid in a 25-35/0 yield. The 
remaining products are unidentified. The mechanistic details are unclear, but based on the 
reactions of other benzoq~inones~~.'~~.'~~initiaI electron transfer is likely. Alternatively a 
base-catalysed autoxidative process may be invoked, entailing initial y-proton abstraction 
analogous to that proposed for 02;-induced oxidation of enones 13 and 14 which also 
yields epoxyketones (see Section ILE). 

Kobayashi and coworkers'" report that troponereacts with O2 in DMSO generating 
salicylaldehyde. Here, too, electron transfer is proposed as the initial step. Surprisingly, 
however,noreaction occursin either DMF, benzeneor acetonitrile whichleads theauthors 
to conclude that theoxidation of DMSO by areversibly formedintermediateis a crucial step 
in this reaction (Scheme 4). 

C. Olefins 

Unlike many other free radicals, 02; does not add directly to carbon-carbon double 
bonds and this has recently been rationalized on thermodynamic grounds34. Thus simple 
olefins such as tetramethyl- and trimethyl-ethylene, 2-methyl-2-pentene, cyclohexene and 
its 1,Zdimethyl analogue and cholesterol are totally unreactive to 02: 80*81.86. 
Tetraphenylethylene" and ~ t y r e n e ' ~ . ' ~  yield only traces of polar compounds. Feroci and 
Rofia'68 have studied the reaction ofelectrogenerated 02 with styrcne in detail and have 
isolated only small amounts of ethylbenzene and 1,4-diphenylbutane. The absence of 
oxygenated compounds supports the hypothesis that the only reaction between 0,: and 
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0 II 
MeSMe 

- 
0- 

H 

6 0 O i M e  0- - 
I 

\ / Me 

0 OH 

SCHEME 4. Proposed mechanism for the reaction of 02; with tropone. 

styrene is electron transfer. Protonation of the styryl radical ion yields ethylbenzene while 
dimerization produces 1,Cdiphenylbutane. 

Interestingly, electron-poor nitro and cyano olefins are oxidatively cleaved by 
02; 10*137. When "02; isused onlyverylittleofthelabel isactuallyincorporated into the 
product. Henceelectron transfer would sccrn to  bethereaction pathway here aswell. A likely 
mechanism is outlined in equation (72). Cinnamonitrilc, PhCH=CHCN, is reported' to  be 
stable to KO2/1&crown-6. I t  would seem then that one nitro or two cyano groups are 
required to obtain proper electron-transfer conditions. 

0 0 
0 2  0 I 1  I 1  

Ar(R)C=CWz - [Ar(R)C=CWz]'  2 Ar(R)C-CWz - -- ArCR Rf-Ph- ArCOH 1 0 2 7  

00- 

R = H, Me, Et, Ph 

W = NOz, CN 

Dietzand colleagues86 havesuggestcd that theconversion of benzylidenefluorene (BF) to 
fluorenone by 0 2 T  is a result of initial nucleophilic attack. Howevcr, in light of the work 
described abovc on styrene and electron-poor olcfins. an initial elcctron transfer to the 
extended x system would appear t o  be more plausible.Theresultin& radical ion would then 
be scavenged by molecular oxygen (equation 73). 

0 0  0 2  
IBF1'  -- --- +PhC02-I  0 2  i -- 
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D. Aryl Systems 

Unsubstituted aromatic hydrocarbons are inert to 0, :. Thus, benzene, toluene, 
pyridine, 2,5-diphenylfuran, naphthalene, anthracene and rubrene are unreactive", as are 
nitro-, chloro- and bromo-benzene' 69. Even the highly reactive and readily oxidized 1,3- 
diphenylisobenzofuran is reported by several groups to be unreactive to 0,: 154.170-173. 
However, rings activated by one or  two electron-withdrawing groups readily undergo 
nuclcophilic aromatic substitutions'66*' 69*1 74*17 '. Thus l-halo-2,4-dinitrobenzencs react 
rapidly (F > Br - I > C1) to yield the corresponding 2,4-dinitrophenols; 0- and p- 
bromonitrobenzene as well as 0-, nz- and p-dinitrobenzene react with 0,; to yield the 
corresponding nitrophenols. 
Threemechanismsarepossiblefortheabovercactionsandareoutlined inScheme5.Path 

a involves direct addition of 0, to the aromatic ring according to a typical nucleophilic 
aromatic substitution me~hanism"~.  Paths b and c involve initial electron transfer from 
0, to the substituted benzene yielding an anion radical. In path b bond scission between 
the nucleofugicsubstituent and thearyl ring occurs, a process typical ofnucleophilicradical 
aromatic substitutionL7'. The resulling aryl radical is scavenged by oxygen. In path c 
oxygen scavenges the radical anion directly and only subsequently does the nucleofugic 
group depart. 

ko, 

- x- - 

- x- 
Path b 
- 

YO* ?- 

Ioz 

SCHEME 5. 
gen or nitro group). 

Possible reaction mechanisms for the reaction of 0,; with nitrobenzenes (X = halo- 

The fact that upon reaction with 0, well-resolved EPR spectra were obtained for the 
radical anions of 1,3- and 1,4-dinitrobenzenes as well as for several other nitrobenzenes 
tends to  affirm the intermediacy of an electron-transfer step. Additional evidence against 
path a was provided by the use of K1802 166*16y*178 which indicated that only a small 
amount of label entered the product. [It should be noted in passing that there has been a 
growing number of reports suggesting that for at least some substrates (e.g. o- and p- 
dinitrobenzenes) nucleophilic aromatic substitution proceeds not through the 
conventional Meisenhcimer-type intermediate. but rather via a substrate anion radical 

Path b has been rejected by several a u t h o r ~ ' ~ " . ' ~ ~ * ' ~ ~  because no coupling product is 
observed, as might have been expected had a phenyl radical been formed"'. However. 
biaryls are not observed in bonNJide SRN1 reactions either (probably as a result of a vcry 
rapid reaction between the aryl radical and the attacking nu~ leoph i i e '~~) .  Perhaps more 
convincing evidence comes from the work of Sagae and  colleague^"^ and Behar and 
Neta1*4J". who report that i n  inert atmosphere thc radical anions of hnlonitroal-onlatic 

generated by initial electron I. 
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compounds simply do not undergo a dehalogenation reaction (i.e. C-X scission) at  an 
appreciable rate184a (equation 74). Hence path c secms to operate in the 02: reaction of 
nitrobenzenes. Nevertheless, Savirant and coworkers' 84b have reported kinetic data which 
they argue favours path a. 

X 

A related reaction has been observed in the case of halogenoquinolines by Yamaguchi 
and van der Plas' '. These researchers have observed the conversion of 3-bromoquinoline, 
2-chloroquinoline and 1-bromoisoquinoline to t he corresponding hydroxy analogue, upon 
reaction with02 (equation 75). It should benoted that 3-halogenoquinolinesaregenerally 
unreactive in SNAr substitution reactions, thus ruling out a path a type process. Although 
the formation of heteroaryl radicals from radical anions of heteroaryl halides has ample 
precedent, these authors prefer path c because of thc absence of any coupling product. As 
before, this argument is not conclusive and the issue of mcchanism in this case remains moot. 

E. Peroxides 

Extensive studies on the biological role of superoxide have focused attention on the 
possible occurrence of the reaction outlined in equation (76). The essence of this reaction, 
dubbed the Haber-Weiss reaction'85 when R = H, is an electron transfer from 0, to  the 
peroxide linkage. Such a process would induce scission of the oxygen-oxygen bond, 
generating hydroxide ion and an alkoxy (or hydroxy, when R = H) radical. 

02' + ROOH P 0 2  i RO.+ HO- (76) 

In the case of H 2 0 2 ,  the generation of hydroxy radicals by the Haber-Weiss reaction 
could explain the crucial role 0, plays in a variety of biological hydroxylations as well as 
the reason for its toxicity'86. However, a series of kinetic studies 156.186190 indicatc that the 
Haber-Weissreaction (equation 76, R = H)ismuch tooslow (k < 1.3 _+ 0.7 x 10- l ) l S 7  to 
compete with the rapid disproportionation o f02T  (equation 1) induced by protic solvent 
and/or the slightly acidic hydroperoxide itself. A theoretical justification for the absence of 
an electron-transfer mode has been suggested by Koppenol and coworkers190. 

The wave of interest in the Habcr-Weiss reaction and its possible role in biological 
processes brought in its wake a series ofstudies on the reactions ofalkyl hydroperoxides with 
O2 7 .  Le Berre and Berguer 8 * 1  studied the reaction of triphenylmethyl hydroperoxide with 
dispersed sodium superoxide, NaO,. They reported that while only simple 
disproportiznation was observed in benzenc (with the concomitant formation of a peroxy 
anion), a 1 S/: yield of reductive cleavage was observed after 24 hours when T H F  served as 
solvent. In the latter case, however, oxygen yields are far below that predicted by electron 
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transfer suggesting that the solvent is slowly attacked by the 0,:. I t  is not clear what other 
species arc produced in this latter process but they may well be rcsponsible for thercductivc 
cleavage observed. 

More recently Peters and Foote' reported that tetramet hylammonium superoxide 
reacts with either t-butyl or t-amyl hydroperoxide in acetoni trile yielding the corrcsponding 
alcoholsas themajor product. Similarly Pryor and  coworker^^^'^'^^ found that t-butyl and 
linoleic hydroperoxides are reductively cleaved by K 0 2 / l  8-crown-6 polyet her complex in 
acetonitrile-hexane or acetonitrile-DMSO solvent mixtures. These authors suggest that a 
Haber- Weiss-type process is at play. 

Gibian and Ungcrman'05*115 and Stanley2', howevcr,found that theperoxylinkageoft- 
butyl hydroperoxide is incrt to Oz when the reaction is carried out in pyridine, benzene or 
toluene. In these cases, only acid- catalysed disproportionation of 02; is observed with 
concomitant formation o f a  stabie peroxy anion. Furthermore, they report"5~1z0 that the 
results observed by Foote" and P r y ~ r " ' . ' ~ ~  can also be obtained in acetonitrile when 
KOH replaces KO2. More importantly, the isolation of acetamide as a product indicates 
that the solvent plays a crucial role in the course of the reaction (see Section 1II.F). It is 
probable, thereforc, that the mechanism of the acetonitrile reactions involves initial 
dcprotonation of the hydroperoxides by O2 as observed in toluene, benzene and pyridine. 
In a well-precedented process'93, the resulting peroxy anion reacts with nitrile solvent to 
form a perimidic ester which decomposes gcncrating acetamide, alcohol and P-cleavagc 
products. Gibian and Underman"' conclude, therefore, that no Haber-Weiss-type 
reaction occurs with alkyl hydroperoxides in aprotic solvents. 

Similar reactions have beencarried out in aqueoussolutionsin rheabsenceofacetonitrilc. 
Pryor191*192 has reported that enzymatically (xanthine-xanthine oxidase) generated O2 
does indeed convert hydroperoxides to alcohols. Bors and c o w o r k c r ~ ' ~ ~  have, however, 
generated O2 7 by radiolytic techniques and conclude that superoxide anions do not react 
with hydroperoxides. They arguc that, in contradistinction to their pulse radiolysis 
technique wherein 02; is generated cleanly. the enzymatic system utilized by Pryor does 
not produce 02: exclusively, and presumably the other species are causing thc effects 
observed. 

Thusthedatasuggest that superoxidereactswith the protic peroxides primarilyasa base; 
other potential reactions (i.e, the Haber- Weiss reaction) do not compete effectively. 

Dialkylperoxidesshow varyingreactivitywith 0, :.In genera1,tertiarydialkyl peroxides 
(such as di-r-butyl p e r ~ x i d e ~ ' * ' ~ ~ ~ ' ~ ~  and biadamantylidcne dioxetanc"') are essentially 
inert. This is of course consistent with the absence of a Haber-Wciss-type reaction. 
Nevertheless, Lee-RuITLo6 hasreported that upon reaction with KOz in DMF for 5 days the 
endoperoxide of 9,lO-diphenylanthracene yields the corresponding diol in high yield. 
Primary and secondary p e r o ~ i d e s ~ ~ * ~ ' * ' ~ ~  react slowly producing alcohols as the major 
isolable product, along with small amounts of carbonyl compounds. 

The latter casescan beexplained in terms ofa Kornblum-De La Mare'"*' 9G.197reaction 
(equation 77). I n  this base-catalysed process, a peroxidc bearing an 3 proton is decomposed 
directly to alcohol and carbonyl functionalities. Such a rnechani~rn".~'.' " nicely explains 
the formation ofboth alcohol and carbonyl compoundsasprimary productsin thereaction 
of O2 with primary and secondary dialkyl peroxides. The observed low yield of carbonyl- 
containing product undoubtedly results from its further base-catalysed autoxidation to 

OH 

:6 -0 0 

(77) 
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acid (see Sections 1I.E and 1II.E). Furthermore, i t  would explain the general inertncss of 
tcrtiary peroxides as well as thegreater than six-fold increasein the reaction half-life ofdi-n- 
hexyl-l.l,l',l'-d, peroxide as compared to the undeuteratcd ~nalogue". 

Nevertheless, the fact that alcohol is produced in excess of S O X  yield in the case of di-n- 
hcxyl peroxiderequires that an additional pathway be partially operative. Such a secondary 
pathway is also required by the observation that the tertiary peroxide 9,lO- 
diphenylanthracene-9,lO-peroxide is cleavcd to diol after being stirred for five days with 
KOz i n  DMF. What may bc involved in these cases is a nucleophilic displacement at the 
peroxide oxygp ' *'. Indeed when di-ti-hexyl peroxide is reacted with KOH/18-crown-6 in 
benzene, a 60/0 yield of I-hexanol is obtained8'. Similarly nucleophilic displacement on 
oxygen has been invoked to explain the production of diol in the reaction of 
trimethyldioxetane with alkali'98. In any case, the role of trace metals'2h in catalysing the 
hornolytic scission of the peroxide linkage should not be o v e r l o ~ k e d ~ ~ ~ ~ ' ~ ~ .  

F. Free Radicals 

One reaction which is quite typical of free radicals (though not necessarily of radical 
anions)'"' is radical-radical combination which in the case of O2 would lead to peroxide 
anion formation (equation 78). Radical combination is theessencc of the'termination' step 
in free-radical chain-reactions and the rates of such radical couplings approach the 
diffusion-controlled limit" I .  Indeed a mechanism involving the combination of 0' ; with 
organic radicals has been postulated for the oxidation of  phenol^'^^^"-^^' , carbanions60-62 
and diketones160. In these cases, however. coupling of thepeneratcd radical with molecular 
oxygen is equally plausible (equations 70 and 80). The peroxy radical formed would then be 
reduced by 02; to the corresponding peroxidc anion. 

R ' + 0 2 ;  -- RO2- (78) 

There are several documented cases where it is clear that 02; does not react with free 
radicals by coupling. For example, the reaction of 0'; with the hydroperoxy radicals 
during the acid-catalysed disproportionation of 0' yields liydroperoxy anion and 
molecular oxygen (equation 3)  via electron transfer. 

A second case has been discussed by Le Berre and B e r g ~ e r ' ~ . ' ~  who report that 02; 
reacts only extremely sluggishly with triphenylrnethyl radical. Since the triphenylrnethyl- 
peroxy anion is stable", this sluggishness cannot be attributed to the reversibility of the 
reaction. 

Nishinaga and c ~ l l e a g u e s ' ~ ~ ~ ~ ~ ~  have found that 0' does not couple with phenoxy 
radicals, but reduces them to the corresponding phenolates. Similarly the radical cations of 
1,3diphcnylisobenzofuran ' 53, ferrocene ' 53 and 2S-dialkyl- 1,4-dimet hoxyben~enes"~ do 
not couple with 0,; but are reduced by it (see Section 1II.H). 

Radical-radicalcoupling hasindeed been observed in thercaction ofOz: with thecation 
radicals of methyl viologen ' 5 5  and thianthrcnclts (see Section II1.H). These couplings, 
however, are really anion-cation reactions. Thus i t  would sccm that the radical-radical 
combination may be ruled out as a possible mechanism in O2 reactions. Instead, electron 
transrer from 0,; to the radical species is the observed mode. 
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G. Generation of Singlet Oxygen ('02) 

Molecular oxygen (0,) has two electrons in its highest occupied molecular orbitals, the 
two degenerate xT, Following Hund's rule, in the ground statc of 02, these 
two electrons have parallel spins and arclocated oneeach in the  twox;, orbitals (Figure 1). 
Such an electronicconfiguration corresponds to a triplet (3Z;)statearid wcshall henceforth 
refer to ground-state molecular oxygcn as triplet oxygen, 30,. The first excited state of O2 
lies only 22.5 kcal mol- I above the ground statc and has both electrons paired with 
antiparallcl spins in thc same xZl, orbital. Such a state is a 'Ag state and we shall refer to 
molecular oxygen in its first excited state as singlet oxygen or lo2. 

02; difiersfrom302and ' 02 in  that theformer hasthree-nottwo-clectronsinitsx;, 
orbitals. This leads to a situation in which one of the two degenerate "5 ,  orbitals is totally 
occupied while the second is only half-full. (The electronic configuration of the nrp orbitals 
for these three species is outlincd in equation 81). It should be noted that no Jahn-Teller 
splitting can occur with diatomic hence, all three of thcxf, elcctrons in 0,' 
are of equal energy. 

O(A0) O2 (MO) 0 (A01 

FIGURE I .  Schematic cnergy level diagram shows how the atomic orbitals (AO) of two atoms of 
eiemental oxygen interact to form the molecular orbitals (MO) of molecular oxygen. The electron 
distribution is according to Hund's rule yielding ground-state molecular oxygen ('Xi). 

Throughout this chaptcr we have sccn a variety of instanccs in which an electron is 
transferred from 02= to a reducible substrate. The question"' that arises is whethcr the 
molccular oxygen generated is 302 or '02 (equation 81)? 
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Because ofits biological importance a great deal ofeffort has been invested in the study of 
the acid-catalysed disproportionation of O2 (equations 1-3). Theoretical 

suggest that '02 may indeed be formed in thecrucialsecondelectron- 
transfer step of this process (equation 3), which under acid conditions can be modified as 
shown i n  equation (82). Nevertheless there has been no real experimental substantiation for 
its occurrence. Indeed the fact that the well-known '02 scavengers, 2,3-methyl-2-butene4', 
2-methyl-2-pentenesg, c y ~ l o h e x e n e ~ ~  and its 1,2-dimethyl analogue2", potassium 
r~brene-2,3,8,9-tetracarboxylate~~~, 1,3-diphenyIisobenzof~ran(DPBF)'~~ and choles- 
teroI2", are unaffected by the dismutating 02;  suggests that '02 is in fact not formed. 

HOO. + 0 2 '  + H' - HOOH + ' 0 2  (82) 

studies1"0.'91.20~-209 

Footeand coworkers2" have been abletodemonstrate that i f ' 0 2  indeed resultsfrom Os 
acid-catalysed disproportionation the upper limit for its production is no more than 0.2/0. 
This value is noteworthy in that i t  includes corrections for trapping eficiency and for any 
quenching of the '02 down to the triplet state that may have been induced by the O Z 7  
supposedly generated. In light of all this evidence, the report of h4ayeda and Bard172 that 
'02 can be trapped by DPBF from the disproportionation of electrochemically generated 
O2 deserves rccxamination. 

No '02 can be detected in the electron-transfer reaction between 0,; and phenoxy 
or nitrohalobenzene~~l. Nevertheless, there are several superoxidc reac- 

tions in which '02 is clearly generated. We have seen for example (Section 1II.H) that the 
cation radicals of DPBF'53, ferr~cene"~,  2,5-dialkyl-!,4-dimethoxybenzene' 54, and 
t h i a r ~ t h r e n e ' ~ ~  react with 0,; producing '02 in substantial yields. The production of '02 
has been verified by DPBF ~ c a v e n g i n g ' ~ ~ * ' ~ ' ,  and spectroscopically in the case of 
thianthrenel2'. The generation of '02 has also been observed in the reaction of 02= with 
diacyl peroxides'". The presence of '02 in this system has been vcrified by DPBF, 1.2- 
dimethylcyclohexcne and tetramethylethylene scavenging. Furthermore the '0, was 
quenched by p-carotene and 0 2  as expected. More research is clearly necessary before the 
conditions required for the conversion of 02= to '02 can be clearly delineated. 
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Abbreviations 

acac Acetylacetonate 
BiPY 2,2'-Bipyridyl 
COD 1,5-Cyclooctadiene 
CP C yclo pentadien yl 
dipic Pyridine-2,6-dicarboxylate 
DMF . N,N-Dimethylformamide 
DMG Dimethylglyoxime 
(S)DML (S)-N,N-Dimethyllactamide 
dPPe 1,2-Bis(diphenylphosphino)et hane 
HL 2,2'-Bipyridylamine 
HMPA Hexamethylphosphoric triamide 
OEP Octaethylporphyrin 
Pic Pyridine-2-carboxylate 
Phen Phenantroline 
PY Pyridine 
PYH Pyridinium cation 
2=phos 1,2-Bis(diphenylphosphino)ethylene 
Salen Salicylaldehyde ethyleneimine 
Salpr, Salptr Five-coordinate Schiff base (see References 147 and 157) 

TPP Tetraphenylporphyrin 
tetars [Me,As(CH2)3AS(Ph)CHz 12 

I. INTRODUCTION 

Transition metals play an  essential role as active centres in biological oxidation 
processes'.' and have been extensively used in industry as catalysts for the selective 
oxidation of hydrocarbons3. Transition-metal peroxides represent an important class of 
reactive intermediates in catalytic oxidations, since they can be obtained upon interaction 
of molecular oxygen or inorganic and organic peroxides with metal salts or complexes. 

According to the rationalization made by Vaska4, transition-metal peroxides involve 
covalently bound dioxygen resembling 0''- in the peroxo configuration (I), or the p- 
peroxo configuration (11) comprising bimetallic peroxides (Ha), hydroperoxides (IIb) and 
alkyl peroxides (IIc). 

( 1 )  ( I la)  (Ilb) (Ilc) 
Peroxo Bimetallic Hydroperoxide Alkyl peroxide 

complexes 

Ic-Peroxo complexes 

A common characteristic of these complexes is the 0 -0 distance, which is bctween 1.4 
and 1.52 (1.49 A for 02' - ) and the corresponding infrared frequency v ( 0  -0) which is 
between 800 and 950cm-' (802cm-' for 022-). 

Several review articles have appeared on dioxygen-metal c o r n p l e x e ~ ~ ' ~  and inorganic 
peroxy compounds' 5-16 and their reactivity toward  hydrocarbon^'^-^^. However, no 
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systematic attempt has been made to consider the whole problem of transition-metal 
peroxides associated with oxygen transfer to organic substrates. 

In this nonexhaustive review, we shall describe the most representative and well-defined 
transition-metal peroxo and p-peroxo complexes together with their reactivity toward 
hydrocarbons. Owing to space limitation, we shall not consider the theoretical aspects of 
this problem, the studies in solution, and the mineral and nonmolecular aspects, for which 
we refer to previous reviews"16. 

II. PEROXO COMPLEXES 

A. General Properties and Synthesis 

Peroxo complexes, also referred to as side-on dioxygen complexes, are the most widely 
known peroxides, and have been prepared from a large number of transition metals. A list 
of the most representative and well-characterized examples is given in Table 1. 

TABLE 1. Representative transition-metal peroxo complexes" 

,O 
v(M I ls.56 

' 0  Reactivity 

Peroxo compounds ture 0-0 M-0 (cm-I) (cm-') source references 

7T, Zr, Hf 
(Dipic)TiOl, 2 H 2 0  BP 1.46 1.85 - - H202 32 
(Pic)2TiOl, HMPA BP 1.42 1.85 895 575,615 H 2 0 2  A,BZ6 

V, Nb, Ta 

NH4 [V0(02)zNH3 1 

Struc- Distances ( A )  v ( 0 - 0 )  Oxygen and/or 

(OEP)Ti02 1.44 1.82 895 595,635 H 2 0 2 , O ~  33 

NH, [V0(02)dipic] BP 1.44 1.87 - 575,590 H202 34,35 

K [VO(02)2Phen J,3 H 2 0  BP - - 870,854 590,635 H202 37,38 

(NHj)[Nb(02)2(C,Oa)2],H20 Dh 1.48 1.97 

CrO(O2 )ZPY 

BP 1.47 1.88 880 - H202 36 

PT 1.47 1.97 870 525,550 H 2 0 z  40,A,C3' 
- - H 2 0 2  41 

K "b(02)3(Phen)l, 3 H 2 0  Dh 1.50 1.99 865 - H202 42 
Cr, Mo, W 

CP2 N b(02 )C1 

BP 1.40 1.81 875 - H 2 0 2  46,D5',ES0 
Dh 1.49 1.84 875 

Mo0(02)(dipic), H 2 0  BP 1.45 1.90 900 
MoO(02)2,HMPA,H20 BP 1.44 1.94 865,875 540,590 H202 F62-6~E,0 57.6 1 ,A6', 

- HzO2 49 
575,592 H202 5433 

K3Cd02)4 

BP 1.45 1.93 - 
- 1.4 1.96 970 
BP - - 880 
BP - -- 835,850 
BP 1.5 1.93 - 

BT - - 875 
BT - - 820 

BT 1.42 1.87 909 
- - - 892 
BT 1.44 1.89 881 

- - 1.42 - 

- 
569,594 
535,560 

- 
542,565 
- 

F66,67 
76 
53 

57,ES0 
79 

86,Ag0 
88 

95 
97 

98,A98 
22 
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TABLE 1. (con(.) 

,o w, I x., 
Reactivity 

Peroxo compounds ture 0-0 M-0 (cm-I) (cm-I) source references 

0 

Struc- Distances (A)  v ( 0 - 0 )  Oxygen and/or 

Actinides 
[u02(02)3 lNa4 
U02(02)ZPh3PO 

BT 1.46 

BT 1.41 

BT 1.49 
BT 1.52 
BT 1.46 
BT 1.51 

BT - 

T 1.45 

T 1.37 
T 
T 1.43 
T 1.45 

- 

D3h 1.51 
- 

2.03 

2.0 

2.04 
2.05 
2.03 
2.06 

- 

1.81 

2.05 

2.02 
2.0 1 

- 

2.28 
- 

892 

850 
892 
838 
- 
- 
- 

898 

915 
893 
835 
830 

850-900 
808 

103,104, 

100 
1 02 
104 
114 
110 
111 ,  

A 1 0 6 , ~  106 

~ 1 1 2 . 1  16 

HI 17 

120,12 1, 

122 
1 20 
122 

123,AiZ4 

A120 I125 

~ 1 2 8  9 .  129 

~ 3 0  ~ 2 3  

139 
137 

"Ab-breviations for Table 1 : 
Structure: BP = Bipyramidal pentagonal, PT = pseudotetrahedral, Dh = dodecahedral, BT = bi- 
pyramidal trigonal, T = trigonal, D3,, = symmetry D3,,. 
Reactiuiry: A = oxidation of phosphines to  phosphine oxides, B = peroxomctallocyclic adduct formation 
with tetracyanoethylene, C = oxidation of SO, t o  coordinated SO,=, D = oxidative cleavage of olefins, 
E = oxidation of alcohols t o  carbonyl compounds, F = cpoxidation ofolefins, G = oxidation of terminal 
olefins to methyl ketones, H = metalloozonide formation with carbonyl compounds, I = oxidation of 
isocyanides to isocyanates. 
ItiJwed: s = symmetric, as = antisymmetric. 

The triangular peroxo group is characterized for all the metals by a peroxidic 0 -0 
distance between 1.4 and 1.5 A and three infrared vibrations of the CZ,, structure at 
800-950 cm- [v(O -O)], and 500-650 cm- I [v(M -0) syni and asyrn]. 

The bipyramidal pentagonal structure is most frequently found for early transition 
metals (Groups IVb, Vb and VIb), while the trigonal bipyramidal and the trigonal 
structure exist very often for Group VIIl metal complexes. 

Pcroxo--metal complexes can be synthesized by two main methods: 
(a) For early metals, from the reaction of hydrogen peroxide with high-valent 

mctal-oxo complexes (equation 1). 
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(b) For Group VIII metals, from the interaction of dioxygen with reduced two-electron 
donor metal complexes (equation 2). 

M" + 0 2  - 

Despite these different methods of preparation, and contrary to previous thoughts 
based on erroneous X-ray structure determinations2', there is no indication that dioxygen 
carriers, even reversibly formed, are different from true peroxo compounds synthesized 
from H202 '. In fact, there are several examples of peroxo complexes obtained from both 
oxygen sources, e.g. [Co"'(o,) (tetars)]ClO, (equation 3)20*22. 

B. General Reactivity 

Peroxo complexes are potential oxygen donors to organic substrates. However, only a 
few of them are reactive. One important criterion is solubility in organic solvents. Another 
even more important point is the geometry of the complex and the availability of a vacant, 
or releasable, site for the coordination of a nucleophilic substtate on the metal. 

Peroxo-metal complexes generally act as 1,3-dipolar reagents M +  -0-0-, in which 
the positive charge is localized on the metal, and the negative charge on the terminal 
oxygen atom of the opened peroxo group. They can react with both electrophilic and 
nucleophilic substrates. 

7. Reaction with electrophiles 

This reaction generally occurs in a bimolecular fashion. 1,3-Dipolar cycloaddition of 
peroxo complexes with electrophilic dipolarophiles such as cyano olefins or 
hexafluoroacetone results in the formation of cyclic five-membered peroxidic adducts 
(equation 4)23-27. 

The reaction with alkyl halides results in the formation of alkyl peroxidic complexes, 
presumably from an SN2 nucleophilic attack of the terminal oxygen on the carbon atom, 
and occurs with inversion of configuration (equation 5)27928. 

Y R - B r  

2. Reaction with nucleophiles 

Peroxo complexes can oxidizc a large variety of nucleophilic substrates, such as 
phosphines, sulphides. alcohols. olefins, enolates, imines. amides. etc.. as summarized in 
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Table 1. Oxidation of phosphine to  phosphine oxide is common behaviour for most of the 
peroxo complexes. 

In contrast, the oxidation of olefins, which has been the most studied reaction, is limited 
to a few complexes (Cr, Mo, W, U, Rh). It largely depends upon the nature of the metal and 
the geometry of the complex. Oxygen transfer from peroxo complexes to nucleophilic 
olefins requires the coordination of the substrate on  the metal, probably on an adjacent 
and coplanar position with respect to the peroxo moiety. This is followed by the 
intramolecular 1,3-dipolar cycloaddition of the peroxo group to  the olefin which becomes 
an electrophilic dipolarophile upon coordination to the metal. The resulting five- 
membered peroxometallocyclic adduct then decomposes to give an 0x0 complex and the 
oxygenated olefin which can be either an epoxide if the metal is an early transition metal 
with a high-valent d(0) state, or a methyl ketone if the olefin is terminal and if the metal 
belongs to Group VIII (equations 6 and 7) 'OvZ9.  

\ /  

M/? '0 4 
H H  

This mechanism, called cyclic peroxymetalation, has also been shown to occur in the 
reaction of platinum peroxo complexes with nucleophilic ketones forming a stable 
metalloozonide (equation 8)30. It obeys the general 7t-o rearrangement procedure 
occurring in most transition-metal-catalysed transformations of olefin2 '. 

C. Transition-metal Peroxo Complexes 

1. Titanium, zirconium, hafnium 

Although the formation of an orange colour from the reaction of Ti(rv) with H 2 0 2  has 
been noted for over 100 years", the synthesis of well-defined molecular Ti(iv) peroxo 
complexes such as (dipic)Ti(O,), 2 H20 (1) is recent3'. 

We have also recently prepared a series of unusually stable Ti( iv) peroxo compounds of 
general formula [Ti(02)(A-B)2,L] where A -B is a bidendate monoanionic ligand such 
as pyridine-2-carboxylate or 8-hydroxy quinolinate and L a basic ligand such as 
HMPA26. T i ( o , ) ( P i ~ ) ~ ,  HMPA (2) has been shown by X-ray crystallography to exhibit a 
bipyramidal pentagonal geometry, similar to that of complex 1. Complex 2 oxidizes PPh3 
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to PPh30 and forms a peroxometallocyclic adduct with tetracyanoethylene, but i t  does 
not react with sulphides and unactivated olefins which do not coordinate on the 

Peroxotitanium porphyrins such as (OEP)Ti(O,) (3) have been prepared from both 
H 2 0 2  and 02, and have also been found to be unreactive toward 01efins~~. 

No well-characterized molecular peroxo complexes of Zr( ~ v )  and Hf( IV) have yet been 
prepared. 

2. Vanadium, niobium, tantalum 

Vanadium peroxo complexes exist in the form of anionic monoperoxo complexes, e.g. 
NH4 [V0(02)dipic]34.35, and diperoxo complexcs, e.g. NH, [V0(02)2NH3]3h and 
K[VO(0,)2Phen], 3 H2037-38, with a bipyramidal pentagonal structure. However, the 
reactivity of such complexes is not yet known. 

Niobium monoperoxo complexes Cp2Nb(02 )C1(4)39s40, diperoxo complexes e.g 
(NH4)3 [Nb(02)2(C204)2], H20(5)4’ and triperoxo complexes K [Nb(02),(Phen)],3 H 2 0  
(6)42,43 have been prepared and characterized by X-ray structure analysis. The structure of 
4 is pseudo-tetrahedral, while 5 and 6 are dodecahedral. 

The complex Cp,Nb(02)C1(4) is one of the rareorganometallic peroxo complexes with 
a metal-carbon 7c bond. It oxidizes PPh, to PPh30, and SO2 to coordinated sulphate, but 
is unreactive towards olefins, probably because of the 18 electrons existing in the metal 
valence orbitals which prevent coordination of the substrate4’. 

Vanadium peroxo complexes are also probably involved as intermediates in the 
VO(acac),-catalysed oxidation of sulphides to sulphoxides and allylic alcohols to 
epoxides by H 2 0 2 ,  but have not yet been fully c h a r a ~ t e r i z e d ~ ~ .  

3. Chromium, molybdenum, tungsten 

Peroxo complexes of Group VIb are perhaps the most numerous and the best 
characterized complexes. 

a. Cliromiirrn (W) peroxo complexes. These exist in the form of crystalline bipyramidal 
pentagonal diperoxo compounds Cr0(02)2,L (L = Py45*46, Phen4’, B i ~ y ~ ~ ,  Et2048)  and 
dodecahedral tetraperoxo compounds K3Cr(02)4 ”. 

Chromium 0x0 diperoxo complexes CrOsL have been used for the selective oxidation of 
alcohols to carbonyl compounds (L = PY)~O, and for the oxidative clcavage of 
tetracyclone (L = Et20)”,  presumably via intermediate formation of an epoxides2. 

b. Molybdenum peroso complexes. Molybdenum salts are known to react with H 2 0 2  to 
form a large variety of complexes in which the peroxide to metal ratio is 1 : 1,2: 1,3: 1 and 
4: I”.  

Representative monoperoxo complexes are M o 0 ( 0 2 )  (dipic), H2053*s4, MoO(0,) 
[PhCON(Ph)O], 5 5  and [ M o O ( O ~ ) F ~ ] ( N H ~ ) ~  5 6 ,  which all exhibit a bipyramidal 
pentagonal structure. 

Covalent molybdenum(v1) compounds of general formula MoO(O,)~,L,L’ have been 
prepared with a great variety of basic ligands L and L’, including tertiary amideS7, 
phosphoramide~~’, amine o ~ i d e s ~ ~ . ~ * ,  phosphine and arsine ox id^^^-^', aromatic 
a m i n e ~ ” , ~ ~  and pyridine-2-carboxylic acids3. These complexes are easily prepared from 
addition of the ligand to a solution of Moo3 in H 2 0 2  (permolybdic acid M o 2 0 1  H2)57. 

The X-ray structure of M o o S ,  HMPA, H20 (7), shown in Figure 16’ ,  exhibits a 
bipyramidal pentagonal structure with HMPA occupying the equatorial position on the 
Same plane of the two peroxo triangles, and H 2 0  thc axial position truizs to the 0x0 group. 

This compound 7 can be easily dehydrated, producing MOO,, HMPA (8), and its high 
solubility in organic solvents has helped to  study its reactivity toward organic substrates. 
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M 

FIGURE 1. X-ray structure of Moo5, HMPA, H20 (7). 

MoO,,HMPA has bcen found to oxidize stoichiometrically olefins to epoxides at room 
temperature and in aprotic s o l ~ t i o n ~ ~ * ~ ~ - " .  The reaction is stereospecific, and the 
reactivity of olefins increases with increasing nucleophilicity. The following mechanism, 
based on kinetic and NMR measurement, and on the inhibitory effect of added basic 
ligands on the reaction, has been proposed (equation 9)62. 

Asymmetric epoxidation of light olefins (e.g. propene, truns-2-butene) has been achieved 
using molybdenum peroxo complexes bearing a chiral bidentate ligand, i.e. 
MoO5,(S)DML6"". 

Molybdenum diperoxo compounds have also been used to hydroxylate enolizable 
ketones on an adjacent position68, to cause Baeyer-Villiger lactonitation of cyclic 
ketones6', to transform alcohols to carbonyl compounds70, to oxidize n-butyllithium", 
alkylboron and magnesium compounds to a l ~ o l i o l s ~ ~ ~ ~ ~  and to convert amides to 
hydroxamic acids'".',. The common characteristic of most oxidations by MOO, 
compounds is high selcctivity. 

I t  is worth pointing out that the reactivity of molybdenum peroxo compounds toward 
organic nucleophilic substrates is strongly dependent upon availability of coordination 
sites on the metal. Saturated complexes such as M00(0~) (d ip i c ) ,H~O'~ ,  MoO- 
(02)2, Bipyh2 and T P P , M O ( O ~ ) ~ ' "  arc inactive. 

The monoperoxo complex MoO(02) [PhCON(P1i)0l2 is also unreactive toward 
simple olefins, but allylic alcohols which arc able to displace one hydroxamate ligand, are 
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easily converted to cx,P-epoxy alcohols55. Primary and secondary alcohols are also 
oxidized to the corresponding carbonyl compounds by this complex55. 

Molybdenum peroxo complexes are also involved as reactive intermediates in the 
catalysed oxidation of sulphides to sulphoxides and olefins to  epoxides by H 2 0 2  (equation 

Continuous removal of water formed in this reaction has been found highly 
beneficial for the selectivity of epoxide f ~ r r n a t i o n ~ ~ .  

x + Mo - -t7L 
0 

c. Tungsten pei'oso coinplexes. The chemistry of tungsten peroxo complexes appears 
very similar to that of molybdenum complexes, with the existence of monoperoxo species, 
e.g. WO(O2), dipic, HMPAS3, and diperoxo species, e.g. W0(O2),,L,Lf5' and 
K2 [WO(02)2]2079. However, the reactivity of tungsten complexes has not been very 
much studied, probably because of their low solubility. W 0 ( 0 2 ) 2  ,HMPA,H20 has been 
found to epoxidizc olefinsX0, and  H' [WO(O,), (Pic)]- converts stoichiomctrically 
secondary alcohols to ketones, and catalytically in the presence of excess H 2 0 2  'O. 

4. Manganese, technecium, rhenium 

Although manganese peroxidic complexes have been detected on interaction of 
dioxygen with Mn( I I )  porphyrins12*81 there are still no examples of manganese peroxo 
compounds welt-characterized by crystal X-ray structure determinations. 

Technecium and rhenium peroxo compounds have not yet been reported, except in 
solution studies". 

5. Iron, ruthenium. osmium 

In contrast to end-on iron superoxo complexes formed in the interaction of 
haemoglobin and myoglobin with dioxygen, and characterizcd by X-ray structure of 
porphyrin model compoundsa2, no  well-defined iron( I I I )  peroxo complexes have been yet 
reported. 

However, porphyrin iron( 11  I )  peroxo species are probably involved as intermediates in 
enzymatic cytochrome P-450 monooxygenases, upon one-electron reduction of the 
primary superoxo c o r n p l e ~ ~ ~ * ~ ~ .  They have been recently identified by  spectroscopial 
methods and by the ~(0-0) band at 806cm- ' upon reaction of 0,- with Fe"(TPP)85. 

Ruthenium(ii1) peroxo complcxes are wcll-characterized crystalline compounds, 
obtained upon interaction of dioxygen with Ru( I )  complexes. However, no X-ray crystal 
structure of these compounds is available to date. Known Ru(0,) complexes include 
RuX(NO)(O,)(PPh,),(X = OH, C1, Br, 1, NCS.. .)", RU(CO)(CNR)(O~)(PPI~,)~~~, 
R U ( C O ) ~ ( O ~ ) ( P P ~ ~ ) ~ ~ ~  and the paramagnetic R U C ~ ~ ( O ~ ) ( A S P ~ ~ ) ~ ~ ~ .  

Most of these complcx catalyse the oxidation of PPh, to PPh,O by dioxygengO. 
However, the oxidation of olefins such as cyclohexene QtOdUCCS radical-chain oxidation 
products".9z. A porphyrin (DMF)RL~(OEP)(O,) complex has been formed from 
molecular 02, but the nature of the coordinated oxygen remains ~ncertain '~-~ ' .  This 
compound was found inactive for the oxidation of phosphines and olefins. 

Osmium peroxo complexes exist in the form of OS(CO),(PP~,)~(O,) and 
O S C I ( N O ) ( P P ~ ~ ) ~ O ~ ~ ~ ,  but no reactivity has been reported for these compounds. 
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6. Cobalt, rhodium, iridium 

a. Cobalr(rrr) peroxo complexes. These have been prepared by the reaction of cobalt(1) 
complexes with dioxygen (equation 11)y5.'G or by thc reaction of H 2 0 2  with Co(ii) 
complexes (equation i q Y 7 .  

HL = 2,2'-bipyridylamine 

The X-ray crystal structure of 9 indicates a trigonal bipyramidal structure with bond 
distances 0-0 = 1.42 A and Co-0  = 1.87 and 1.90 A''. 

Other reported examples involve L,(CN),Co(NC)Co(CN)L2(O2) (10) (L = PMe2Ph) 
obtained from the reaction of C O ( C N ) ~ ( P M ~ , P ~ ) ,  with O2 '*, and [Co(02)(tetars)]C104 
previously shown in equation (3),,. 

The bimolecular complex 10 oxidizes PMe2Ph to Me2PhP0, and CoClz(PEt3), 
catalyses the oxidation by O2 of phosphines to phosphine oxides". 

b. Rhodium (111)  perom complexes. These compounds have all been prepared from the 
reaction of Rh(i) complexes with molecular oxygen. They exist in both covalent and ionic 
form. 

Covalent complexes involve Rh(O2)C1(PPh3), loo, [RhCl(O,)(PPh,),] lo'  and Rh 
X(O,)(PPh,),(RNC)(X = CI, Br, I ;  R = t-Bu, C5H1 1,  p-CH3CGH4)lo2. Cationic peroxo 
complexes have the general formula 

[Rh(02)L4+A- (L = AsPh,, AsPhMe,; A = Clod, PF6, BF4)103*104. 

Both types of complexes have a bipyramidal trigonal structure with an 0 -0 distance 
between 1.4 and 1.5 A '04. 

Rhodium complexes such as RhC1(PPh3), have been shown to promote the 
cooxygenation of terminal olefins to  methyl ketones and PPh, to PPh30 (equation 
13)'05. 

RhCl (PPh3)3 
RCH=CH2 + PPh3 + 0 2 ,  - RCOCH3 + PhjPO 

Rhodium(I1 I) peroxo complexes act as reactive intermediates in this catalytic 
transformation, as indicated by the selective formation of methyl ketone in high yield from 
the reaction of the '80-labelled [(AsPh3),Rh(02)]'C104- complex (la) with tcrminal 
olefins under anhydrous conditions (equation 14)'06*'07. 

Keaction (14), which is somewhat similar to the epoxidation of olefins by molybdenum 
peroxo complexes, requires the coordination of the olefin to the metal displacing AsPh3, 
prior to its insertion to the rhodium-oxygcn bond, forming the five-membered 
peroxometallocyclic adduct. However, the decomposition of this adduct occurs differently 
from that of the Mo analogue, and produces a methyl ketone instead of an epoxide, owing 
to the P-hydride abstraction ability of rhodium. 

The cationic dioxygen complex [Rh0z(Ph2P(CH2)2PPh2),]+C104- is completely 
inactive toward terminal olefins, due to the nonavailability of coordination sites on the 
metal for the complexation of the substrate. 
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(AsPh3I4Rh,I C104-- [ /:I+ 
C104-- R - C -Me (1 4) 

I1 
0 

85% 
1 

In further support for this mechanism, the stable peroxometallocyclic adduct 13 has 
been isolated from the reaction of 11 with tetracyanoethylene. Peroxometallocyclic 
intermediates such as 12 can also result from the reaction of rhodium(1) 7c-olefinic 
complexes with molecular oxygen. The reaction of [Rh( 1,7-octadiene),]+ BF4- with Oz 
produces 1-octene-7-one in quantitative yield, and this reaction can be made catalytic in 
the presence of a strong acidlo6. This catalytic oxidation of terminal olefins to methyl 
ketones by O,, which also occurs in the presence of Rh(C104), or RhCI, + Cu(C104j2 in 
alcoholicsolvents, has been shown to result from the coupling of an oxygen activation path 
(peroxymetalation) consuming the first oxygen atom, with a Wacker-type hydroxy- 
metalation path consuming the second protonated oxygen atom108. 

c. Iridium peroxo complexes. The reversible reaction of IrC1(CO)(PPh3), with molecular 
oxygen was first reported by Vaska in 19631°9. Since that time, the syntheses and 
structures of many iridium dioxygen complexes have been r e p ~ r t e d ~ . ~ . ~ . '  I .  

Iridium peroxo complexes are similar to those of rhodium. They exist in the form of 
covalent complexes, e.g. Ir(O2)X(CO)LZ(X = C1, Br, I, etc.; L = phosphine, arsine)' lo* '  ' ' 
and Ir(02)(PPh3)3'12, and cationic complexes, e.g. [Ir(O,)L,]+A- (L = phosphine, 
arsine; A = BF4,PF6,C104)104*113 and [Ir(O,)L,]+A- (L = diphosphine; A = BPh4, 
PF,, c104)104.1 14.1 I5 

Iridium dioxygen complexes Ir(O,)X(CO)(PPh,), react with SO2 to give the sulphato 
complex'1z*' '' and form a five-membercd iridium( 1 1 1 )  ozonide with hcxafluoro- 
acetone I ' '. 

In contrast to rhodium cationic dioxygen complexes'06, iridium analogues such as 
[ ( A ~ P h M e ~ ) ~ I r ( 0 , ) ] C 1 0 ~  do not undergo an oxygen transfer to  terminal olefins. Also, no 
ketone is formed from the reaction of [Ir(cyclooctene)]+BF4- with 02, although it has 
been noted that one mole ofOz is absorbed per mole ofiridium' This lack of reactivity is 
attributed to the fact that 0, and olefin coordinate to the metal on positions unsuitable for 
oxygen transferz9. In support of this hypothesis, a stable iridium complex having both 0, 
and ethylene coordinated to the same metal has been synthesized, without any oxygen 
transfer occurring in this case (equation 16)"*. 

PPh:, 
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7. Nicke I, palladium, plat in urn 

A great number of peroxo complexes of the nickel triad, ofthe general formula L2M(02) 
and trigonal structure, have been reported: 

(a) M = Ni; L = PPh3119, RNC120*121 

(b) M = Pd; L = PPh3II9, PPh(t-Bu),122 

(c) M = Pt;  L = PPh3119,123, P P ~ ( c - B u ) ~ I ~ * ,  t-BuNC'" 

All these complexes are irreversibly formed from interaction of molecular oxygen with 
the corresponding metal@) compounds, except complexes with bulky t-phosphine 
ligands, such as P p h ( r - B ~ ) ~ ,  which are reversible122. 

These peroxo complexes undergo a series of reactions with reactive substratesI8 : 
oxidation of phosphine to  phosphine oxide119*124, isonitriles to  i s o ~ y a n a t e s ' ~ ~ * ~ ~ ~ ,  CO to 
coordinated carbonate (for Pt)126, CO, to coordinated percarbonatc (for 
SO2 to  coordinated sulphate (for Pd, Pt)128*12Y, NO t o coordinated nitrites (Pd, 
Pt)'29*130 and NO2 to  coordinated nitrates (Pd, Pt)128*129 Five-membered peroxo- 
metallocyclic adducts have been isolated from the reaction of (Ph3P),M(02) 
(M = Pd,Pt) with aldehydes and ketones (equation 8)30, hexafluor~acetone '~~ and 
electrophilic cyano 01efins~~. 

The peroxidic nature of coordinated oxygen in (Ph3P)2MOZ (M = Pd,Pt) has been 
demonstrated by the formation of H 2 0 2  upon acid h y d r ~ l y s i s ' ~ ~ * ' ~ ~  and dialkyl 
peroxides by reaction with alkyl halides (equation 17)27. 

and 

+ RBr + RBr 
Pt02L2 - LzPtBr(OOR) - cis-PtBr2L2 f ROOR 

The reaction of Pt(02)L2 with electrophilic acetylenes occurs rather unusually with 
cleavage of the 0-0 bond (equation 18)27*134. 

/ R  ,o-c 
LzPtOz + RC=CR - LzPt II 

'0 -c ,  
R 

Peroxo complexes of nickel, palladium and platinum are reluctant to react with 
unactivated olefins, probably due to the lack of complexation of these olefins to the metal. 
However, such a transfer occurs from palladium dioxygen complexes to terminal olefins, 
producing methyl ketones, in the presence of strong acids or alkylating agents. The active 
species in this case are hydroperoxidic or alkylperoxidic palladium compounds (see 
below)13 5. 

8. Uranium and actinides 

Although inorganic actinide peroxo compounds have been known for a long time", few 
molecular complexes have been described. Covalent peroxo compounds involve 
U 0 2 ( 0 2 ) ,  4 H 2 0 1 3 6  and U 0 2 ( 0 2 ) L , ( L  = Ph3P0,  Ph3As0, pyridine N-o~ide) '~ ' .  

Peroxouranium oxide U02(02) ,4  H,O has been found to oxidize olefins mainly to 
epoxides and oxidative cleavage products138. The suggested mechanism is similar to that 
previously shown for molybdenum peroxo complexes (equation 9)137. The ionic sodium 
peruranatc Na2U0,  is found to be unreacti~e'~'. 
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111 .  p-PEROXO COMPLEXES 

A. General Properties and Synthesis 

Well-identified p-peroxo complexes are much less numerous than peroxo complexes, 
and exist in the three structures IIa-c shown in the introduction to this chapter. 

Table 2 lists some of the most characteristic p-peroxo complexes synthesized to date. 
They exhibit a peroxidic character, with a 0-0 distance between 1.4 and 1.5 A and an 
infrared band ( v ( 0 - 0 )  at 800-950cm-' (cxcept for symmetrical MOOM species for 
which this absorption is only Raman-active). 

TABLE 2 Representative transition-metal p-peroxo complexes' 

p-Peroxo compound 

~ 

References 
Distances ( A )  v(0-0) Oxygen and/or 
0-0 M - 0  (cm-I) source reactivity 
- 

[MOO(O2)2OOH12(PYH)2 1.46 2.04 - H 2 0 2  155 

PyCo(DMG),(OOCMe,Ph) 1.45 1.91 - ROOH 156 
(Sa1pr)Co -00 -Quinol 1.50 1.85 - 0 2  147 
(Sa1ptr)Co -00-Co(Sa1ptr) 1.45 1.93 - 0 2  157 

143 K3 [Rh(OOH)(CN)41 
(COD)RhOORh(COD) 
IrCI(CO)(OOBu-t), - - 885 ROOH 146 
[CCI~CO~P~(OOBU-I  )]4 1.49 1.99 855 ROOH 
[(PPh~)2Pt(O2)OHPt(PPh,),]C104 1.54 1.99 880 0 2  133 
PtBr(OOCPh3)(PPh3)2 - - 831 0 2  27 
[(CF,CO,)~Pl(OOBu-r)(f-BuOH)]~ - - 870 ROOH GI4' 
(2=phos)Pt(CFB)OOH - - 825 H202 1 42 
[U02CI, (O2)Cl3Uo2 J4 - 1.49 2.30 905 0 2  158 
La, "(SiMed~ I ~ ( O Z ) ( P ~ ~ P O ) Z  1.65 2.33 - H202 159 

"Abbreviations: A = oxidation of phosphines to phosphine oxides, G = oxidation ofterminal olefins 
to methyl ketones. 

2.39 

A140 
825 0 2  

KO2 
- - 
- - - 

a. Birnetallic complexes 110. These can result from the reaction of a cobalt superoxo 
complex with a reduced metal (equation 19)12* '3 ,  from the acid hydrolysis of platinum 
peroxo complexes (equation 20)'33 or from the reaction of potassium superoxide with 
rhodium (equation 2 l ) I 4 O  or palladium complexe~ '~ ' .  

Ln = CN, NH3, Salen, etc. 
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b. Tratuition-metal hydroperoxides ZZb. These can be prepared from the reaction of 
HzO, with platinum hydroxocomplexes (equation 22)14’, from the insertion of molecular 
oxygen into a rhodium-hydride bond (equation 23)’43 or from the hydrolysis of a 
platinum peroxo complex (equation 24)13’. 

LzPt(CF310H + HzOz - LzPt(CF3)OOH + H 2 0  (22) 

c. Alkyl peroxide complexes I l c .  These can be obtained from the reaction of 
hydroperoxides with palladium (equation 25)’44 and platinum c a r b ~ x y l a t e s ’ ~ ~  or iridium 
complexes146. 

They can also by synthesized from the reaction of alkyl or acyl halides with platinum 
peroxo complexes (equation 26)” o r  from the reaction of a cobalt superoxo complex with 
a substituted phenol (equation 27)14’. 

B. Reactivity 

Only a few reports deal with the study of oxygen transfer from p-peroxo transition- 
metal complexes t o  organic  substrate^^^*^^. However, alkyl peroxidic and hydroperoxidic 
species play an important role as reactive intermediates in  numerous metal-catalysed 
oxidations of hydrocarbons by 0’. ROOH and H 2 0 2 .  

1. Group Vlllmetals 

a. Palladiutn(rr) t-butyl peroxide carboxylates. These carboxylatcs, of the general 
formula [RC02Pd00Bu-t],, selectively oxidize terminal olefins to metylketones with a 
high selectivity (equation 28)’j4. 

(28 ) RCO2PdOOBu-t + RCH=CHz - RC02PdOBu-t + RCOMe 
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The mechanism proposed for this reaction involves complexation of the olefin to the 
metal, followed by its insertion into the palladium-oxygen bond, forming a pseudocyclic 
five-membered peroxidic intermediate which decomposes into methyl ketone and the 
palladium t-butoxy complex (equation 29). 

R2 
H 

H2P--, 

=o' 0 

d 
/'\C - R2 

RZ 
+& 

R1CO2Pd00Bu-t - R' COzPdOOBu-t - R'CO2Pd.) f l  - R'CO2PdOBu-t + R2CCH3 
I I  

(1 4) / (1 6 )  0 
t-Bu 

(1 5 )  

(29) 

This mechanism has been called pseudocyclic peroxymetalation. The decomposition of 
the pseudocyclic intermediate 15 in equation (29) is similar to that of the cyclic 
intermediate formed in the oxidation of terminal olefins to methyl ketones by 
rhodium( 111)  peroxo complexes previously shown in equations (7) and (14). 

Methyl ketones can be obtained on a catalytic scale (equation 30) when an excess oft-  
BuOOH is used for rcgenerating the initial t-butyl peroxidic complex 14 from the t-butoxy 
complex 16 in equation (29)14'. 

Paiiadium carboxylates are effective catalysts for the selective oxidation of terminal 
olefins to  methyl ketones by hydrogen peroxide (equation 31)14'. A mechanism similar to 
that of equation (29), but involving hydroperoxidic palladium( I I )  complexes 
RC0,PdOOH as reactive intermediates, has been suggested for this catalytic oxidation. 

(31 1 
Pd(RC0z)z 

RCHZCH2 + HzO2 - RCCH3+H20  
II 
0 

Palladium hydroperoxidic or alkyl peroxidic species have been generated from 
protonation or alkylation of palladium dioxygen complexes (Ph3P)2Pd02, and shown to 
oxidize selectively terminal olefins to methyl ketones (equation 32)'35. '*O-labelling 
studies have indicated that the oxygen source for ketone formation is molecular oxygen, 
and not water'35. 
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h. Plarirrwi hyrlt-operoritlic c.ornp/c.sc~.s. These complexes, [( Ph3 P)2 Pt-OOH J +, 
generated from protonation of platinum peroxo complexes, have been found to be inactive 
for the oxidation of terminal olefinsZ9. 

However, the t-butyl peroxidic complex, [(CF3C02)2 Pt(OOBu-t)(t-BuOH)-JZ, having 
strong electron-acceptor trifluoroacetate substituents, is found to  oxidize selectively 
terminal olefins to  methyl ke ton~s '~ ' .  

The acyl peroxidic complex, (PPh,),PtX(OOC(O)Ph)(X = CI, Br), obtained from the 
reaction of PhCOX with (PPh3),Pt02, selectively oxidizes olefins such as norbornene to 
the corresponding exo-norbornene epoxide2'*' 50. 

c. Iridium hydroperosidic species. These have been recently assumed to be the reactive 
intermediates in the oxidation of cyclooctene by O2 and H2 in the presence of 
[IrCI (C,  H 4)2 ] (equation 33)',. 

cyclooctene + O2 + H 2  [Ir]cyclooclanone + H 2 0  (33) 
Cyclooctanone has also been obtained from the reaction of [Ir(CsH14)4]+ BF4- with 

O2 in the presence of HBF, 29. IrOOH species, presumably obtained from insertion of 0, 
into IrH species, have been assumed to intervene as oxidants in this reaction. 

2. Early transition metals 

Despite many attempts, well-characterized alkyl peroxidic complexes of Groups IVb, 
Vb and VIb transition metals have not been isolated to date. 

However, such species are widely considered to be involved as reactive oxidants in the 
epoxidation of olefins by alkyl hydroperoxides in the  presenci- of molybdenum, vanadium 
and titanium catalysts (equation 34)18*151-153, 

* R O H +  
Mo.V,Ti 

ROOH+ 
0 

(34) 

The molybdcnum-catalysed epoxidation of propylene by ethylbenzene or t-butyl 
hydroperoxide has been developed on a large scale by the Halcon company'54. 

Owing to the high selectivity and stercospecificity of this cpoxidation, and its general 
characteristics, which are very similar to epoxidation of olefins by molybdenum peroxo 
complexes, the mechanism shown in equation (35) has been suggested2'. 

I + ROOH I 
1 I 

-ROH 

IV. CONCLUSION 

The synthesis of transition-metal peroxides and the study of their oxidizing properties 
toward organic substrates afford an heuristic approach for the understanding of catalytic 
oxidation reactions. The mechanism of oxygen-transfer reactions to nucleophilic 
substrates such as olefins can be rationalized in terms of a cyclic peroxymetalation of the 
substrate by peroxometal complexes, and a pseudocyclic peroxymctalation by alkyl 
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peroxidic or hydroperoxidic species. The nature of the resulting oxygenated substrate 
strongly depends upon the nature of the metal. However, much yet remains to be done in 
the synthesis of catalysts, particularly in the design of their shape and ligand surroundings 
for the selective oxidation of organic substrates. The recent use of titanium 
isopropoxide-diet hyl tartrate for the asymmetric epoxidation of allylic alcohols by t -  
B u 0 0 H i 6 "  is an example of the uscfulness of transition-mctal pcroxidcs in etl'ecting a 
variety of selective transformations that are unattainable with any other reagent. 
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I .  INTRODUCTION 
The present chapter deals with the formation, identification and decomposition of 
polyoxides, i.e. compounds with the general formula R'0,R2, where R '  and R2 stand for 
hydrogen or other atoms or groups and n 2 3. These compounds may be regarded as 

483 
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higher homologues of hydrogen peroxide, alkyl hydroperoxides, dialkyl peroxides and 
diacyl peroxides. 

H- (0)" - H Hydrogen polyoxides 

R -  (0)" - H Alkyl hydropolyoxides 

R-(O), - R Dialkyl polyoxides 
R - C  -(O), - C  -R Diacyl polyoxides 

I1 I I  
0 0 

Considerable interest has been devoted in recent years to these classes of compounds. 
Namely, polyoxides and their radicals have been found to be key intermediates in low- 
temperature oxidation, atmospheric and stratospheric chemistry, combustion, flames and 
biochemical oxidative processes. 

II. HYDROGEN POLYOXIDES 

The hydrogen polyoxides, HO,,H, the higher homologues of hydrogen peroxide, were 
proposed as possible metastable intermediates long ago but it was only recently that direct 
spectroscopic evidence for their existence became available. Since the early history of these 
compounds has been well documented', only the main points on the way to their discovery 
will be mentioned here. 

It appears that Berthelot' was the first to propose hydrogen trioxide as an intermediate 
in the decomposition of hydrogen peroxidh. Mendeleev3 and Bakh4 suggested that 
hydrogen tetroxide was formed in aging aqueous solutions of hydrogen peroxide. 
However, all these hypotheses were never confirmed. 

Approximately 60 years ago it was discovered that water vapour could be dissociated in 
an electrical discharge. When the discharged vapour stream was quickly chilled t,o 
- 190°C, a glassy solid was obtained. This material crystallized at about - 1 I5"C, and 
then began to melt with subsequent exothermic decomposition to produce oxygen and 
hydrogen peroxide. Much controversy developed to accommodate these phenomena. 
Ohara' observed that the decomposition of the glassy material yielded constant ratios of 
evolved oxygen to residual hydrogen peroxide. He suggested the reaction sequence (1)-(3) 
to take place at low temperatures. 

H + O 2  - HOz' (1) 

Nekrasov and coworkers6 studied the low-temperature ( -  195°C) reaction of liquid 
ozone with atomic hydrogen. They obtained a glassy solid, similar to that reported by the 
above-mentioned authors. The infrared spectra of this material showed bands which they 
attributed to H z 0 3  and H 2 0 4 .  Similar results were reported by Wojtowicz and 
coworkers'. 

Czapski and Bielsky'.' reported the evidence for the formatioxn of H,O, by exposing a 
flow of oxygen-saturated waterto an intense electron beam. 

After several unsuccessful attemptst0*", Giguere and Herman" in 1970 succeeded in 
observing unambiguously for the first time fundamental 'skeletal' vibrations of D z 0 3  and 
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Dz04  molecules by studying infrared spectra of products obtained after the condensation 
of the effluent of deuterated water-hydrogen peroxide mixtures, which were subjected to 
electrical discharges. The absorption at 760cm-' was assigned to D203 and the one at 

' 820cm-' to Dz04, respectively. Further confirmation of these bands was achieved by 
laser Raman spectro~copy'~. 

Giguire and Herman" found that H z 0 4  begins to decompose at - 100°C and H z 0 3  at 
about - 55°C. They reported an apparent first-order kinetic process for the 
decomposition of HzO3 (k  = 10-4.4s-1) in the temperature range between - 5 5  and 
-45°C with an activation energy of about 15 kcal mol- '. Receniiji, Nangia and B e n ~ o n ' ~  
suggested that decomposition of Hz03 is most likely a chain-reaction involving reactions 
(4)-(9)- 

Little is known about the mechanism of decomposition of H204 except that i t  yields 
H202 and oxygen as the final products. 

By applying the concept of group additivity scheme and thermochemical group 
properties, Benson" estimated the standard enthalpy of formation, AH:, of - 15.7 kcal 
and + 1.1 kcal for H203 and Hz04, respectively. The estimated value for HzO, is 
17.9kcal. These predictions indicate a rather great instability of H z 0 4  and only a 
moderate stability of H203. Thus, neither of these polyoxides can be prepared in the free 
state. It was suggested that both species are stabilized through intermolecular hydrogen 
bonds in a frozen matrix of water and hydrogen peroxide at temperatures below - 170°C. 
Under these conditions, their enthalpy of formation from free radicals was estimated to be 
ca. -40 and -225kcalmol-', respectively, for Hz03 and H z 0 4  14. 

Spectroscopic evidence for the existence of hydrogen polyoxides raises an interesting 
question of the possible existence of higher homologues in the series with n 2 5. Although 
sulphur atoms are capable of forming stable chains of almost any length, it is obvious from 
the previous discussion that hydrogen pentoxide, H 2 0 5 ,  would be too unstable to exist. 

It is obvious from the above discussion that no experimental data are available on the 
structure of hydrogen polyoxides. However, several ab initio molecular orbital studies, 
employing minimal '~zO and extended basis sets2'*22, indicate a zig-zag skew chain 
structure for H 2 0 3  and Hz04 .  The dihedral angle, 0, which is of principal chemical 
interest in all peroxides, is lower in both compounds (HtO3, 94.5" 18, 91" 21, 78.1" 22;  

Hz04,  91" than in Hz02 (111.5"). The variation of the dihedral angle in going from 
Hz02 to polyoxides most probably reflects (among other factors) the lowered electrostatic 
interaction between OH bonds with increasing number of oxygen atoms in the molecule. 
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FIGURE 1. Geometry of hydrogen trioxide from an ob iriitio studyzz. Bond lengths are in A. 

Cremer has recently reportedz2 (calculations at the level of Rayleigh- 
Schrodinger-M0ller-Plesset perturbation theory) that simultaneous rotation of both OH 
bonds in H 2 0 3  is hindered by relatively large barriers of 22.5 and 1 1.5 kcal mol- and that 
the actual barriers (saddle points on the internal rotational surface) of this rotational 
process are 6.5 and 5.4 kcal mol- ', respectively. 

Although only limited theoretical data on the structure of H204 are available' ', it seems 
safe to predict that this compound also possesses a zig-zag skew chain structure, and that 
several conformations of similar energy 2re possible, among them some with 
intramolecular hydrogen bonds (sy17 forms) : 

Syn form Anti form 

111. DIALKYL POLYOXIDES 

The known role of dialkyl polyoxides, R(O),R, goes back to the ki etic analysis of 
autoxidation, which showed that kinetic chains are terminated by a bimolecular reaction 
between two alkylperoxy radicals to produce molecular  product^'^-^ '. It was suggested 
that tetroxides, R 0 4 R ,  were formed as short-lived intermediates in these reactions". 

A. Tetroxides 

1.  Tertiary tetroxides 

Bartlett and Guaraldi3' were the first to demonstrdte the equilibrium between t- 
butylperoxy radicafs and di-i-butyl tetroxide by the ESR technique (reactions 10 and 11 ). 
They generated r-butylperoxy radicals by irradiation of di-t-butyl peroxycarbonate in 
frozen methylene chloride at - 196" with 2540A light, or by the oxidation of t-butyl 
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hydroperoxide with lead tetraacetate at  -9O"C, and observed a reversible change in their 
concentration below - 85°C. They concluded that below this temperature the r- 
butylperoxy radicals were in equilibrium with di-t-butyl tetroxide. 

The criterion of the temperature of oxygen evolution has also been used to characterize 
tetroxides. Milas and P l e ~ n i C a r ~ ~ , ~ ~  prepared di-t-butyl tetroxide by the reaction of t-butyl 
hydroperoxide with iodosobenzene or (diacety1oxy)iodobenzene in methyiene chloride 
below - 80°C. On warniing to ca. - 75"C, a strong evolution of oxygen was observed, 
which indicated the decomposition temperature of the tetroxide. 

Di-t-butyl tetroxide has also been prepared by photolysis of azoisobutane, 
azoisobutyronitrile and azocyclohexylnitrile in the presence of oxygen3*. 

Confirmation for the existence of tetroxides in equilibrium with t-butylperoxy radicals 
at low temperatures has been further provided indepndently by two groups, both using 
the ESR technique. Bennett and coworkcrs studied this equilibrium by photolysing f-but$ 
peroxide in oxygenated alkane~j~-~ ' .  Adamic, Howard and I n g 0 1 d ~ ' ~ ~  used photolysis 
of azo compounds in dichlorodifluoromethane and photolysis of hydroperoxides as 
source of the peroxy radicals. The variation of the equilibrium constant, K, with 
temperature can be described by an integrated form of the van't Hoff isochore: 

where 

[ROO. J2 

[ROOOOR] 
K =  

and ASo and AH' are the changes in the standard entropy and enthalpy, respectively. 
Combination of these two equations leads to the equation: 

AS' AH' 
21n [ROO-] - in [ROOOOR] = - - - 

R RT 

Maximum peroxy radical concentration at complete dissociation below - 115°C where 
no irreversible decay occurs, is given by the expression: 

[ROO.],,, = 2 [ROOOOR] + [ROO.] 

Combination of the last two equations gives: 

ASo AHo 
21n [ROO-] - In( [ROO-],,, - [ROO-]) - In 2 = -- - - R RT 

The values of [ROO-],,,, AHo and ASo in this equation were determined computationally 
as the best fit between experimental and predicted curves for thevariation of [ROO.] with 
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temperature. [ROO-],,, could not be determined experimentally since at temperatures 
where dissociation of the tetroxide was nearly complete, the irreversible decay of the 
peroxy radicals was appreciable. Values of K, AHo and ASo for several tertiary peroxy 
radical-tetroxide equilibria are summarized in Table 1. It is evident from Table 1 that 
changes in AHo and ASo show little dependence on the structure of t-peroxy radicals. The 
thermodynamic parameters for the equilibrium constant, K, for tertiary peroxy radicals 
can be described as AHo = - (8.8 & 1.0) kcal mol-' and ASo = - (34 f 6) cal deg-' 
mol- (standard state being IM). Similar values were reported for the equilibrium between 
the tertiary peroxy radicals of germanium (the trimethyl- and triphenyl-germylperoxy 
radicals), and the corresponding tetroxides, i.e. AHo = - 11.5 kcal mol- and 
ASo = - 32 cal deg- moI - 43. 

TABLE 1. Thermodynamic parametcrs for the equilibrium between tertiary alkylperoxy radicals and their 
corresponding tetroxides 

Peroxy radical 
K x 1 0 5 ( ~ )  
at -120°C 

t-Butyl" 
i-Butyl' 

Cumyld 
Cumylb 
Cumyl" 
2-Methylpentyl-2d 
2,2,3-Trimethylb~tyl-3~ 

t-ButylC 

- A H o  (kcal mol-') -ASo (cal deg-' mol-') References 

8.8 & 0.4 3 4 +  1 40 

8.0 * 0.2 31 f 1 40 
11.2 f 0.9 48 f 7 3: 
10.6 f 0.8 - 40 
9.2 k 0.4 3 2 k  1 40 
8.9 f 0.7 39 f 6 37 
8.7 f 1.0 38 7 35 

8.4 0.4 30 40 

~~ 

"From irradiation of RN = N R  and oxygen in CF2C12. 
'From irradiation of ROzH in isopentane. 
'From irradiation of R 0 2 H  in CF2CI2. 
"From irradiation of t-butyl pcroxide in Oxygenated 2-methylpentane (t-BuOOBu-t + 2-r-BuO.; r-BuO- 
+ RH + t-BuOH + R.; R- + O2 + ROO.; abstraction of tertiary H-atoms). 
'From irradiation of t-butyl pcroxide in oxygenated 2,2,3-trimethylbutane. 

Thermodynamic parameters for tertiary tetroxide-peroxy radical equilibria can be 
used, together with kinetic constants for the termination reaction, to calculate activation 
parameters for irreversible tetroxide decomposition (Scheme 1 ). The rate of termination is 

- 2 R O . + 0 2  
1. R H  2. 0 2  

or ROOH 
I 

t 

Re + ketone 

SCHEME 1 
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given by: 

d [ROO.] = 2JkI [ROOOOR] = - 2fkI [RO0.J2 
dt K 

where f = k2/(k2 + ks),  the fraction of alkoxy radicals that escape the solvent cage. The 
measured rate constant, kESR, is equivalent to 2 f k , J K ,  and 

Ink,, = ln2 + lnJ+ Inkl - 1nK 

E AS0 All0 Ee. 1nA - - = ln2 + Inf- - +- + lnAl - - 
RT R R T  R T  

The A factors and activation parameters for irreversible decay of tertiary tetroxides (the kl 
process) are given in Table 2. 

TABLE 2. Activation parameters for the irreversible decomposition of some 
tetroxides 

~~ ~~ 

Peroxy radical E,  (kcal mol-') log A References 

t-Butyl 17.5 16.6 40 
Cumyl 16.5 17.1 40 

2-Met hylpentyl-2 18.2 k 1.7 19.6 & 2.2 37 
2,2,3-Trimethylbutyl-3 16.2 & 2.0 17.5 2.4 31 

Rate constants for termination of tertiary peroxy radicals are in the range 
10L~5-10JM-'s-' at room temperature (thus at a rate which is much less than the 
diffusion-controlled limit), and are sensitive to variation of radical structure and solvent. 
Reaction order ranges from pure first order to pure second order44. 

Although polar effects do not appear to play an important role in the self-reaction of 
peroxy radicals derived from ring-substituted cumenes and styrenes as well as ti- 
monosubstituted toluenes, replacement of one of the methyl groups of t-butylperoxy by an 
electron-withdrawing or electron-donating group (CN, OR) causes an increase of the 
termination rate constant by a factor of 103-106, most probabIy as a result of decreased 
stabilities of the corresponding tetroxides. 

Radicals which do not give thermodynamically stable products generally decay rather 
slowly. For example, t-butylperoxy radicals undergo a relatively slow self-reaction, leading 
to nonradical products (2 k, = 1.2 x lo3 M - ' s - '  at ambient temperature). This is a 
consequence of the low equilibrium concentration of the tetroxide dimer and the relatively 
high activation energy for its irreversible decomposition. Howard, Ingold and their 

recommended the following parameters for the overall termination rate 
constants for t-butylperoxy radicals: 

8.5 
2.303 RT 

log k,  (M- S- ') = 8.9 - 

Recentty, Nangia and Benson"' after reanalysing and correcting the existing data on self- 
reaction of tertiary peroxy radicals recommended for termination (k,) and nontermination 
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(knt) pathways the following values: 

,C.%..o ' tI - c; 
I 

I I 
H H 

7.0 
2.303 RT 

lOgk,(M-'S-') = 7.1 - 

\ / 

/ 
- C=O+Oz +HO-C, + 9 9 k c a l m o l - '  

I 
H 

9.0 
2.303 RT 

lOgk,,(M-'S-') = 9.4- 

which seem to be in better agreement with those reported by Fukuzumi and O ~ O ~ ~ .  
The study of the isotopic composition of O2 evolved during the self-reactions of 

t - B ~ ' ~ 0 ' ~ 0  and t-Bu'60160 radicals, present in equilibrium concentration, showed that 
there is head-to-head collision50, and not he8d-to-tail as suggested earlier by Thomas5 '. 
The relative amounts of 3202, 3402 and 3602 were found in amounts expected from 
statistical scrambling. 

The suggestion that tertiary tetroxides decompose to form RO. and ROOO- radicals 
(reaction 12) was rejected on thermochemical grounds4*. Namely, 

ROOOOR -+ R 0 0 0 .  + RO. 

the formation of R 0 0 0 .  from RO. and O2 is endothermic by ca. 15 kcal mol- ' (R = t-Bu, 
so that trioxide radical is not expected to be formed in this way at any All 
attempts to detect t - B u 0 0 0 -  spectroscopically (ESR, at - 196°C) also failed40. 

(1 2) 

2. Primary and secondary tetroxides 

In a pioneering study reported in 1956, Russell25 suggested that the self-reaction of 
secondary and primary peroxy radicals involves tetroxides which are formed rapidly and 
reversibly with subsequent decomposition to molecular products via a cyclic transition 
state (reaction 13). The formation of ketone, alcohol and oxygen together with the 
observation of a deuterium isotope effect ( k d k D  = 1.37 f 0.14, at 30°C)52 when the CI 

hydrogen of the alkylperoxy radical is replaced by deuterium, would appear to exclude a 
mechanism analogous to the one proposed for the self-reaction of tertiary alkylperoxy 
radicals. An alternative mechanism (reaction 14), involving alkoxy radicals as 
intermediates, was also discounted on the basis of the stoichiometry of the reaction. 

1 +  
I (1) I I (2) 02%0 

2-coo .  -cooooc- \ 1. 
I 
H 

J 

(1 3) 
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The Russell mechanism provided an attractive explanation for the observed low 
activation energy and rapid reaction of primary and secondary peroxy radicals. Namely, 
in contrast to the tertiary peroxy radicals, bimolecular self-reaction of primary and 
secondary peroxy radicals is a second-order reaction with the absolute values of 2 k, (the 
overall tcrmination rate constant) in thc range 1O6-1OR M s-  137.49. '3 . .5( '  . Thesc values 
are about 103-10s higher than the 2 k, values for tertiary peroxy radicals. 

The reported termination rate constants of secondary peroxy radicals are 
approximately 106-107 M - ' s - '  at 30°C 37s2.53 . F or example, the rate constant for the 
termination of s-heptylperoxy radicals in heptane (temperature range investigated, - 60 to 
O O C )  is given by: 

(1.9 3) 
2.303 R T 

lOgk, ( M - ' S - ' )  = (7.7 1.0) - 

Activation energies Of relatively low accuracy in the range 1-4kcalmol-l have been 
reported for the termination of some other secondary peroxy  radical^^'*^^. 

The overall rate constant for the second-order decay of C H 3 0 0 .  radicals in the gas 
phase has recently been reported as 3 x 10' M-' s-' ,  suggesting that there is no significant 
solvent effect in these  termination^^^^^. It is interesting to note that a ratio of termination 
to nontermination steps of2: 1 was reported for these radicals. This ratio is in contrast with 
the ratio reported for the same two reactions of tertiary peroxy radicals, which is 1 : 10 at 
room temperature. 

The observation of relatively high values for the rate constants for the cross-reactions of 
tertiary peroxy radicals and peroxy radicals containing a hydrogen is also indicative 
(t-BuOO. and MeOO-, 6 x lo7 M - '  

An ESR spectroscopic study of the isotopic distribution of the oxygen evolved from the 
self-reaction of a number of primary and secondary alkylperoxy radicals ( R ' 6 0 1 6 0 -  and 
R'80 '80*)  in an inert solvent indicates unambiguously a head-to-head reactions0. 

The Wigner spin-conservation rule requires that oxygen evolved in the self-reaction of 
secondary peroxy radicals should be formed in an excited singlet state if this reaction 
proceeds via the tetroxideas an intermediate rather than merely a transition state. A small 
amount of oxygen evolved from secondary peroxy radicals is indeed trapped with 9,lO- 
diphenylanthracene, i.e. a singlet oxygen acceptors2. On the other hand, no transannular 
peroxide can be detected in the self-reaction of t-butylperoxy radicals. The reaction is also 
suficiently exothermic to produce an electronically excited ketone. The generation of both 
singlet states of oxygen, 'Acl, and 'X:, has been confirmcd recently by spectroscopic 
methodss8. 

The ESR spectroscopic evidence for the reversible formation of tetroxides from 
secondary peroxy radicals not withstanding, these species are too unstable to allow 
spectroscopical study of the variations of the equilibrium constant with t e m p e r a t ~ r e ~ ~ .  

The observation that secondary peroxy radicals behave similarly to tertiary peroxy 
radicals in forming reversibly tetroxides below - 100°C, has recently been taken as an 
evidence against the Russell mechanism. Benson5' has argued that the Russell mechanism 
would require for step (2) an activation energy of E2 < 2 kcal mol- ' to accommodate the 
observed rate parameters, and that with such a low activation energy the tetroxide would 
always react to form termination products rather than redissociate into free peroxy 
radicals (irreversible decomposition). Although the calculated activation energy is 
unusually low for a six-centred 1J-hydrogcn shift reaction, it cannot by itself rule out the 
cyclic mechanism because of the high exothermicity (60-70 kcal mol- ', assuming that 
oxygen is formed completely in its first excited state) of h e  self-reaction of secondary 
peroxy radicals60. On the other hand, it has also been pointed out that such a low 
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activation energy for irreversible tetroxide decomposition would lead to an apparent 
negative activation energy for the overall reaction6'. However, ihis seems to be not in 
accord with the observed small but positive activation energies (1-4 kcal m ~ l - ' ) ~ ' ~ ~ ~ .  

All the above-mentioned mechanistic dilemmas, together with reports of various 
products formed in the decay of methylperoxy radicals (methanol, formaldehyde, formic 
acid6 ; methyl hydroperoxide, methanol, ozone62; methyl hydroperoxide, dimethyl 
peroxide63) led Benson to propose a new mechanism to account for the self-reaction of 
peroxy radicals containing CL  hydrogen^^^". Scheme 2 shows the proposed reaction steps, 
where RCHOO is the zwitterion, first proposed by C ~ - i e g e e ~ ~ ~ .  Thermochemical 
calculations showed that all steps in the proposed mechanism are exothermic. Singlet 
oxygen (A'Oz) found in these reactions can be accounted for by step (2), involving 
formation and decomposition of the R C H 2 0 0 0 *  radical. 

(1) - 
2 R C H 2 0 0 .  - RCHzOOH + RCHOO 

R C m  + R C H 2 0 0 -  (2) (RCHO + RCH2000 ' )  - fast or 
concerted 

RCHO + RCH20-+ 0 2  

(4) 
RCHzO*+  R C H 2 0 0 H  - RCHzOH + RCH200. 

- ( 5 )  
RCHOO+RCHO - R, ,O-O, ,R 

H/  C \olc\H - ozonide (ground state) 

electronically 
excited ozonide 

- RCOOH 
/o. 
'0- 

RCHO + RCH 

,o 
'0 

R C W O  - RCH I 

SCHEME 2 
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Benson estimated that the formation of the zwitterion has a low activation energy of 

about 1-2 kcal mol-' with an A factor of ca. 10'. Trioxide is believed to be important at 
temperatures below 30°C with a short lifetime (< 10 s) at room temperature. 

It appears that the Benson mechanism for the first time explains the presence of small 
amounts of products, such as carboxylic acids, in the termination reaction of primary and 
secondary peroxy radicals. Although the origin of these products is still not completely 
settled, it seems appropriate to reanalyse the data reported by Russell in terms of this 
newer mechanism. 

Russell found that in %a'-azobisisobutyronitrile-catalysed autoxidation of ethyl- 
benzene one mole of acetophenone was formed and one mole of oxygen was present in 
nonperoxidic products for each pair of peroxy radicals destroyed in the termination 
process25. Under the cited autoxidation conditions (i.e. in the presence of RCH,OOH) the 
Benson termination process would have to involve a rapid reaction in step (4), and steps 
(3a) and (3b) of this termination could be ignored. The Benson termination would thus 
become as shown in reactions (15)-(18). This process cannot be distinguished from the 
Russell mechanism on the basis of products, stoichiometry, oxygen-18 labelling or a- 
deuterium isotope effect. At low concentration of the hydroperoxide, RCH,OOH, the 
RCH20. in the Benson mechanism would be expected to attack RCH3 (an alkoxy radical 
is considerably more reactive than a peroxy radical). This would lead to the termination 
process (reactions 19-23), which is again indistinguishable from the previously mentioned 
processes. 

- 
2RCHzOO. - RCHZOOH + RCHOO (1 5) 

RCH20.+ RCHZOOH - RCHzOH + RCH200. (1 7) 

- 
RCHOO + R C H z 0 0 .  - RCHO + RCHzO.+ 0 2  

RCH2' + 0 2  - RCH200. (22) 

2 R C H 2 0 0 - +  RCHS - RCHO + RCH,O.+ RCHzOOH (23) 

It is obvious from the above discussion that further work is needed to clarify the role of 
solvent polarity on the decay of primary and secondary peroxy radicals and to obtain 
accurate activation parameters of these processes. Also, detailed product studies in various 
solvents have yet to be carried out. In particular, studies in protic nucleophilic solvents, 
such as alcohols, would hopefully allow the transformation of the zwitterion intermediates 
(presumably involved in these reactions) into much more persistent a-oxyalkyl 
hydroperoxide. 
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B. Trioxides 

1. Di-t-botyl and dicumyl trioxides 

The history of the preparation of di-t-butyl trioxide has been rather devious. Milas and 
D j o k P  studied the low-temperature reaction of ozone with potassium t-butyl peroxide 
and observed the fonnation of an oxygen-rich intermediate, which decomposed on 
warming with evolution of oxygen (> - 30°C). This intermediate was believed to be di-t- 
butyl tetroxide. Bartlett and GiintheP have later shown, on the basis of oxygen balance 
and oxygen evolution temperature, that this intermediate was in fact the corresponding 
trioxide. 

Oxygen-evolution temperature has been used independently by Bartlett and G ~ a r a l d i ~ ~  
and by Milas and P l e ~ n i E a r ~ ~ . ~ ~  to characterize di-t-butyl tetroxide and trioxide present in 
a solution formed by oxidation of t-butyl hydroperoxide with lead tetraacetate, and 
(diacety1oxy)iodobenzene or iodosobenzene, respectively. 

When present in large excess, t-butyl hydroperoxide is decomposed in a chain-reaction 
initiated by t-butoxy radicals present after the decomposition of the corresponding 
tetroxide (reactions 24-26; R = t-Bu). Some of the t-butoxy radicals are trapped by 
t-butylperoxy radicals at temperatures below - 30°C to produce the trioxide. Trioxide can 
thus be regarded as the product of decomposition of tetroxide, or of oxidation of t-butyl 
hydroperoxide at temperatures between - 75 and - 30°C. A high yield of trioxide will be 
expected when t-butoxy and t-butylperoxy radicals are generated in close vicinity of each 
other, as in the case of the photolysis of diperoxymonocarbonates. Bartlett and Lahav6’ 
photolysed solid di-t-butyl diperoxymonocarbonate at - 78°C (reaction 27) and obtained 
the solid trioxide in a yield of 20% after 20h of irradiation. To minimize involatile 
impurities these authors used the reaction of ozone in Freon 12 or methyl chloride with 
either dissolved t-butyl hydroperoxide or suspended hydrated sodium t-butyl 
hydroperoxide. By using a special low-temperature procedure for freeing the obtained 
trioxide from accompanying t-butyl alcohol and other impurities, they obtained 
crystalline di-t-butyl trioxide. Dicumyl trioxide was also prepared by an analogous 
procedure. 

(25) ROOH + RO. - ROO.+ ROH 

RO- + ROO. ROOOR 
C - 3OoC 

t-BUOOCOOBU-f - COz + t -Bu000Bu- t  
II 
0 

Both trioxides decompose with vigorous evolution of gas on warming in the solid state. 
In solution, these compounds showed the properties already observed previously66. Both 
trioxides are unstable at temperatures above - 30°C. Spectral characteristics (NMR) and 
kinetic parameters for their decomposition are summarized in Table 3. 
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The kinetics of decomposition of di-t-butyl trioxide and dicumyl trioxide were measured 
originally by following the evolution of oxygen from solutions of either t-butyl or cumyl 
hydroperoxide and lead tetraacetate at  approximately the same temperature range as that 
used in NMR spectroscopy. Although it is difficult to separate the decomposition of the 
trioxide from the chain decomposition of the hydroperoxides with alkoxy radicals by this 
method, it is nevertheless evident that comparable rate constants were obtained in both 
cases. 

Nangia and BensonI4 have recently reanalysed the data of Bartlett and Gunther by 
taking into account the fact that decomposition of both the trioxide and the 
hydroperoxide contributes to the rate of oxygen evolution. They have reported 
E ,  = 20.1 kcal mol-’ for the decomposition ofdi-t-butyl trioxide, i.e. a value in acceptable 
agreement with that originally reported. For the preexponential factor, A ,  a value of 10’ 3.2 

was suggested. 

2. Bis(trifluorometh yl)  trioxide 

Anderson and Fox6* isolated CF3000CF3 in yields up to 84% from the reaction of 
F20 with CFzO over CsF catalyst. Thompson69 independently prepared this trioxide in 
low yields (c 5 %) by the direct fluorination of salts of trifluoroacetic acid. The isolation of 
three other perfluorotrioxides has also been reported (CF3000CzFs, CzFs000C2F5, 
CF3000CFz00CF3). The structure of these compounds has been determined by 
elemental analysis, molecular weights, ”F-NMR spectra, IR and mass spectra. 

Bis(trifluoromethy1) trioxide, having a melting point of - 138°C and a normal boiling 
point of - 16°C is a surprisingly stable compound if one takes into account that F02F 
decomposes readily above - 100°C. 

The thermal decomposition yields primarily bis(perfluoromethy1) peroxide and oxygen 
in almost quantitative yields (reaction 28). The half-life for this reaction is approximately 
65 weeks at 25°C. DesMarteau and ~oworkers’~”’ reported that decomposition of 
CF3000CF3 is first-order with an activation energy about 30 kcalmol- ’, in close 
agreement with the value proposed by Benson and Shawlsb (31 kcalmol-I). The latter 
authors estimated the maximum value for D(CF300-OCF3) of about 27 kcal mol-’. 
The mechanism of decomposition is most probably the same as in other trioxides 
(reactions 29 and 30). As expected, perfluoroalkyl trioxides are oxidizing agents. They 
liberate iodine from acidified aqueous potassium iodide. 

Bis(trifluoromethy1) trioxide was shown to be a convenient source of compounds 
containing CF30- and CF300- groups. The syntheses of new compounds, 
CF300S020CF3, cis-CF300SF40CF3 and CF300C(0)OCF3, and improved 
syntheses of previously reported compounds, were reported”. 

CF3OOOCF3 - C F 3 0 0 . +  CF30. (29) 

CF3OOCF3 + 0 2  

2 C F 3 0 - +  O2 
2CF300-  - Z C F 3 0 - + 0 2  
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3. Bis(pentafluorosu1phur) trioxide 

The synthesis of SFsOOOSFS, still another relatively stable trioxide, has been reported 
by Czarnowski and S~humacher'~.'~. This inorganic trioxide is a colourless substance 
with a vapour pressure of 55.6 torr at 0°C. The thermal decomposition between 5 and 25°C 
yields in the presence of sufficiently high pressure of oxygen, bis(pentafluorosulphur) 
dioxide and oxygen as the only products (reaction 31). In the absence of oxygen and at 
higher temperatures, the decomposition of the trioxide according to equation (32) is 
favoured. The homogenous decomposition of the trioxide, in the presence of over 1 0 0  torr 
oxygen is strictly first order with respect to the trioxide pressure and independent of the 
total pressure, inert gases and the reaction products. The mechanism of decomposition 
(reactions 33-35) is believed to be parallel to that for t-Bu000Bu-t, except for the cage 
effect. 

SF5OOOSF, - SF5OOSFs + 1 / 2 0 2  (31 1 

SF5OOOSF5 - SF5OSF5 + 02 (32) 

SF5OOOSF5 - S F 5 0 0 - +  SFSO' (33) 

2SF500. - 2 S F 5 0 . + 0 2  (34) 

2SF5O- - SFsOOSF, (35) 

The following rate expression was reported for the decomposition: 

(26.0 & 0.5) 
2.303 RT 

logk(s-') = (16.06 0.37) - 

4. Methyl t-butyl trioxide 

Recently, Brunton and  coworker^'^ have reported ESR evidence for the formation of 
thermally unstable methyl t-butyl trioxide. UV photolysis of the solution of di-t-butyl 
peroxide in oxygenated cyclopropanc or Freon 12 at ca. - 130°C and below, produces no 
detectable amounts of free radicals. When irradiation stopped, a single-line ESR spectrum, 
assigned to the t-butylperoxy radical grows and in the absence of further photolysis 
reaches a steady intensity within a few minutes. Raising the temperature, after the signal 
has reached its maximum in the dark, from - 130°C to ca. - lOO"C, causes a further 
increase in intensity, and after cooling back to - 13O"C, the intensity decreases to its 
original value. Brunton and coworkers have explained these observations by proposing 
the formation of methyl t-butyl trioxide during photolysis. This trioxide is unstable even at 
- 130°C. The most plausible explanation for its formation is by the cross-termination 
of the methylperoxy radical with the 1-butoxy radical. Both radicals are produced 
according to the reactions (36)-(39). The trioxide can decompose in two ways (reaction 

f-BuOOBu-t - 2t-BuO - (36) 

Me.+02 - MeOO' 
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MeOO. + t-BuO- -c MeO.+ t-BuOO- 
Me000Bu-t  

40). The absence of an ESR signal of methylperoxy radical is not surprising since their self- 
reaction is several orders of magnitude faster than that for the t-butylperoxy radical. At the 
same time, thermochemical calculations predict that cleavage of the trioxide to produce t -  
butylperoxy and methoxy radicals is energetically more favourable, ie. the bond 
dissociation energy D(r-BuOO-OMe) = 20 kcal mol- and D(t-Bu0-00Me) 
= 21 kcalmol-'. 

The observation that Me000Bu-t  is thermally unstable even at very low temperatures 
is surprising. As mentioned before, di-t-butyl trioxide is stable below -30°C and 
perfluoration of both substituents increases the stability still further, since di(tri- 
fluoromethyl) trioxide is stable even at ambient temperature. 

Evidence for the formation of other unsymmetrically substituted trioxides has also been 
obtained by the same authors by studying the photolysis of di-t-butyl peroxide in other 
oxygenated hydrocarbons. For instance, photolysis of di-t-butyl peroxide in oxygenated 
toluene below - 83°C initially produces the ESR spectrum of the benzylperoxy radical but 
with continued photolysis the spectrum of the t-butylperoxy radical becomes dominant. 
This observation seems to indicate the formation of the dialkyl trioxide, PhCH,OOOBu-t, 
which decomposes to the t-butylperoxy radical (reactions 41-43). 

5. Miscellaneous trioxides 

There are some reports in the literature to indicate that trioxides might be also formed 
by the direct insertion of ozone into the C-C bond. The isolation of 8 % acetone as the 
only product of the ozonation of neopentane has been explained by such a mechanism 
(reaction 44)75. The suggested dipolar intermediate, which collapses to the dialkyl 
trioxide, is analogous to the one already proposed in the reactions of protonated ozone 
with alkanes76. 

The formation of a trioxide by direct insertion of ozone was also postulated to explain 
the cleavage of the C-C bond in bicyclo[~~.l.O]alkanes~~ as well as for the formation of 
ketones from 3,7-dimethyloctyl acetate7'. 
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Trioxide intermediates have been proposed i n  the reaction of hydroperoxides with 
tetranitromethane. However, no direct proof for their involvement in these reactions has 
been given". 

R -O-O-O-N-C( NO;! 13 
I 
0- 

C. Structure of Dialkyl Polyoxides 

Very little of a definitive nature is known about the structure of dialkyl trioxides. The 
infrared spectrum of the most stable of trioxides, bis(trifluoromethy1) trioxide, suggests 
that the C-0 and 0-0 bonds are normal single bonds. 

An ab initio MO SCF study of dimethyl trioxide by using the minimal basis set (STO- 
3G) reveals a zig-zag skew chain structurez0. A staggered conformation has been found to 
have thelowest energy. The dihedral angle, 9, is lower than that in dimethyl peroxide in the 
gas phase (- 120") reflecting the same trend of closing of this bond angle as observed in 
going from hydrogen peroxide to hydrogen trioxide. 

FIGURE 2. Geometry of dimethyl trioxide from an ab initio study2'. 

There are no reports in the literature on the structure of tetroxides. It seems rather 
surprising that bis(trifluoromethy1) tetroxide has not yet been prepared in view of the 
relatively great stability of the corresponding trioxide. At present, a theoretical study is 
needed to specify the three dihedral angles in a chain of six atoms in simple tetroxides. 

IV. DIACYL TETROXIDES 

Although no direct spectroscopic evidence has been given till now for the existence of acyl 
tetroxides, there is strong indication that such intermediates are formed in the 
autoxidation of various aliphatic and aromatic aldehydesshg4. In the liquid phase, a 



500 BOZO Plesnihr 

Initiation 

Propagation 

Termination 

k ,  2 R-c-o-o.+ R-C-O-O.  - products 
I 1  l i  
0 0 

SCHEME 3 

chain-reaction leads first to a peroxy acid according to the Scheme 3. The initiated 
autoxidation of aldehydes follows the kinetic rate law: 

112 d D 2  1 - = k, (&) [Initiat~r]"~ [RCHO] 
dt 

ifa sufficient concentration of oxygen is maintained. Zaikov, Howard and Ingold" found 
that aldehydes oxidize at similar rates owing to the compensating changes in the rate 
constants for chain propagation, k,, and chain termination, 2k, [kP/(2k,)"' = constant]. 
The propagation rate constants increase from ca. 1 x lo3 M-' s- '  for pivalaldehyde to 
1 x lo4 M-' s- '  for benzaldehyde, while termination rate constants increase from 
7 x lo6 M - ' s - ~  for pivaldehyde to 2 x lo9 M - I  s - '  for cyclohexanecarboxaldehyde. 

The results of the above-mentioned study and the studies of products" and carbon 
dioxide evolution8', and labelling experiments83 of the free-radical-initiated autoxidation 
of acetaldehyde by Traylor and coworkers indicate that aldehyde termination is preceded 
by the formation of acetyl tetroxide which decomposes completely to methyl radicals, 
carbon dioxide and oxygen without appreciable cage collapse. A nearly concerted 
cleavage of all bonds in the tetroxide has been suggested on the basis of its very exothermic 
decomposition (reaction 45). Since the termination rate constant ior benzaldehyde is close 
to the diffusion-controlled limit, it was suggested that benzoyl tetroxide, 
PhC(O)O,C(O)Ph is formed irreversibly and that the majority of benzoyloxy radicals 
combine in the cage". The slower termination of acylperoxy radicals may arise either from 
the rapid decarboxylation of the acyloxy radicals or the reversible formation of the acyl 
tetroxide, which decomposes more slowly than aroyl tetroxide. 
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The induced decomposition of peroxyacetic acid with t-butoxy radicals in acetic acids4 
has also been shown to involve the formation of acetyl tetroxide as a result of 
nonterminating interaction of acetylperoxy radicals (reactions 46 and 47). No evidence for 
the decomposition of the tetroxide to acetylperoxy radicals has been found in this case 
either. 

0 0 
I I  I1 

(46) Me-C -0OH + r-BuO. - Me - C - 0 0 -  + r-BuOH 

V. ALKYL HYDROTRIOXIDES 
Alkyl hydrotrioxides, ROOOH, have been proposed as unstable intermediates in the low- 
temperature ozonation of various saturated organic compounds, i.e. 
 aldehyde^^'**^,  hydrocarbon^^^.^^, alcohols89, silanes9', a r n i n e ~ ~ ' - ~ ~ ,  diazo com- 
pounds" and a~etals""-'~*'". Nevertheless, it is only recently that dircct spectroscopic 
evidence for their existence has become available'""-' "' . Much remains to be learned 
about the chemistry of this class of compounds, but already several interesting 
observations have been reported. 

A. Mechanism of Hydrotrioxide Formation 

Several mechanisms can be envisaged for the oxidation of the C-H bond of organic 
saturated substrates to form the corresponding hydrotrioxides. These are outlined in 
Scheme 4. Most of the presently available evidence indicates that either dipolar insertion 
or hydride ion transfer are probably involved in the formation of hydrotrioxides. 

Taillefer, Fliszar and their coworkers'04 reported the results of a systematic study of the 
reaction of ozone with acetals. They found that the stoichiometry of the reaction is 1 : 1 in 
each reactant and that the reaction is first order in acetal and first order in ozone. A 
Hammett p value between - 1.10 and - 1.58 was found for these reactions. The solvent 
polarity has little effect on the rate, which would tend to eliminate highly polar transition 
states. Relatively large and negative entropies of activation indicate a high degree of 
orientation in the transition state. On the basis of these results, a 1,3-dipolar insertion 
mechanism was suggested 'O. 

Taillefer and coworkers'05 also demonstrated that an isokinetic relationship exists for 
the ozonation of acyclic acetals of heptaldehyde with the isokinetic temperature below the 
experimental temperature range, i.e. in a domain of temperatures where entropy factors 
control the reactivity. In cyclic acetals of the same aldehyde the isokinetic temperature is 
above the experimental temperatures, i.e. where the reactivity depends mainly on enthalpy 
factors. These results were interpreted in terms of conformational changes before 
ozonation in acyclic acetals, supporting the previous findings of Deslongchamps and 

In an important series ofpapers these authors demonstrated that in order 
for ozonation ofacetals to proceed, one nonbonded electron pair on each oxygen atom has 
to be oriented antiperiplanar to the C-H bond of the acetal function. 

Recently, Nangia and Benson"' argued on thennochemical grounds that the concerted 
insertion of ozone into the C-H bond would require an activation energy of about 
20-26 kcal mol- ' since it involves a five-membered transition state with a pentavalent 
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carbon. Relatively low activation energies were indeed found in the above-mentioned 
study of acetal ozonation (5-9 kcal mol-1)'05. The hydrogen atom abstraction was also 
shown to be too endothermic at -78°C to proceed with a measurable rate except for 
R-H bonds strengths less than 80 kcal mol- On the basis of these conclusions, Nangia 
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and Benson suggested the hydride ion transfer as the mechanism of ozonation saturated 
organic compounds. The ion pair which is formed in a solvent cage collapses to the 
hydrotrioxide in an exothermic process. 

Olah and coworkers"' proposed on the basis of product analysis of the reaction of 
ozone with a series of alkanes in superacid (FS03H-SbF5-S02C1F) solution at  -78°C 
that the reaction pathway involves electrophilic attack by protonated ozone (ozonium ion, 
H '03) into the C-H and C --C bonds through two-electron three-centre-bonded 
pentacoordinated carbonium ions"*. These could yield, after the loss of proton, the 
neutral hydrotrioxide or cleave in other ways as shown in Scheme 5. 

SCHEME 5 

6. Generation, Identification and Decomposition of 
Hydrotrioxides 

I. Ether h ydrotrioxides 

The idea of hydrotrioxides being reactive intermediates in the low-temperature 
ozonation of ethers has been around for quite a while. Price and T u r n o l ~ ~ ~  demonstrated 
that ethers are attacked by ozone only at C -H bonds which are c( to the ether oxygen, and 
that the less acidic these are, the faster the reaction. They proposed an ozone insertion 
mechanism for the formation of hydrotrioxide derivatives. 

Erickson and coworkerss6 observed evolution ofgas when isopropyl ether was ozonized 
at -78°C and the resulting solutions were allowed to warm up to ambient temperature. 
These authors suggested that the hydrotrioxide is stable up to ca. 0°C. 

Murray and coworkers"' studied the low-temperature ozonation of isopropyl ether, 
2-methyltetrahydrofuran and methyl isopropyl ether. The NMR spectral analysis of 
ozonized ethers showed the presence of a greatly deshielded absorption at ca. 6 13 ppm 
(downfield from MesSi). The chemical shift of these absorptions changed very little with 
dilution; thus, it was tentatively assigned to the intramolecularly hydrogen-bonded 
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hydrotrioxides. Decomposition of these ether hydrotrioxides was investigated by 
following the decay of OOOH absorptions and was found to obey first-order kinetics. 

Decomposition ofether hydrotrioxides gave singlet oxygen, which was characterized by 
its reaction with typical singlet oxygen acceptors. For example, 80 % ofthe absorbed ozone 
was available to react with 1,3-diphenylisobenzofuran in the case of 2-methyltetrahydro- 
furan and 30 %in the case ofmethyl isopropyl ether. Although no detailed analysis ofother 
decomposition products was reported, it was suggested on the basis of kinetics, the singlet 
oxygen determination, and the NMR spectroscopic confirmation of acetone among 
decomposition products of methyl isopropyl ether hydrotrioxide that decomposition of 
this oxygen-rich intermediate (as well as other hydrotrioxides investigated) involves a 
concerted process with a cyclic six-membered ring transition state (reaction 48). 
Nevertheless, the overall eflkiency of singlet oxygen formation suggested that other 
reactions also occur. 

L J 

Bailey and ierdal '  O9 found evidence for the formation of hydrotrioxides in the low- 
temperature ozonation of ethyl isopropyl ether in Freon 11. They observed gas evolution 
(presumably oxygen) when the ozonized solution was allowed to warm up. The only 
products isolated were acetone, ethanol, ethyl acetate, isopropyl formate and isopropyl 
acetate. On the basis of quantitative analysis of products they concluded that the major 
ozone attack occurred at the isopropyl rather than ethyl group (i-Pr/Et = 7.0 at - 78"C), 
and that the 1,3-dipolar insertion is a pathway that leads to the formation of the 
hydrotrioxide in this case. Concerted decomposition of the hydrotrioxide mentioned 
above, and other radical pathways shown in Scheme 6 were suggested to accommodate the 
obtained products. 

The results of ozonation of 4-oxa-2-heptanone at  0°C are just the opposite to that 
obtained with ethyl isopropyl ether. Bailey and Lerdal suggested the internal oxidation 
mechanism (Scheme 7) for the formation of the hydrotrioxide (or hemiacetal) derivative. 
Namely, ozone attacks more strongly at the acetomethyl group than at the propyl group 
as indicated by the formation of propyl formate, 1 -propanol, propyl piruvate, acetomethyl 
formate and acetomethyl propionate (for the explanation of the formation of these 
products, see Scheme 6): 

It is interesting to  mention that ozonation of4-oxy-2-heptanone at  - 78°C yields as the 
sole product propyl-2-hydroperoxy-2-hydroxypropanoate. This observation seems to 
indicate that the major intermediate in the low-temperature ozonation of this ether is the 
hydrotrioxide, presumably formed according to Scheme 8. 

Low-temperature NMR evidence has recently been obtained for the formation of 
hydrotrioxides in the ozonation of a-methylbenzyl alkyl ethers at  - 78°C in various 
solvents (reaction 49)' l 1  . T ypical OOOH absorption occurs at ca 6 13 ppm, which is 
similar to the OOOH absorptions reported for other hydrotrioxides. Since it does not 
change much with dilution, i t  was tentatively assigned to the intramolecularly hydrogen- 
bonded form of the hydrotrioxide. 

Kinetic and activation parameters of the first-order decay of a-methylbenzyl alkyl ether 
hydrotrioxides are summarized in Table 4. Electron-withdrawing substituents accelerate 
the rate of decomposition of these hydrotrioxides, which decompose in the temperature 
range -40 to 0°C to produce, among other products, singlet oxygen. For instance, 
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I [ 1: ‘-000H 1 :\A OH 

SCHEME 8 

50-60 % ofabsorbed ozone is available to react with 1,3-diphenylisobenzofuran in the case 
of a-methylbenzyl methyl ether (diethyl ether as solvent). In all cases, a vigorous evolution 
of gas is observed around - 10°C. 

C-0-0-0-H 
- 78% \ 

Me Me 
(49) 
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TABLE 4. Activation parameters for the decomposition of ether hydrotrioxides 

Hydrotrioxidc Solvent E,  (kcal mol-I)  log A References 

Me OMe 
\ /  

C 
/ \  

- 

Neat 16.6 & 0.6 11.5 f 0.5 

Me OOOH 

2-MeTHF 8.04 C_ 0.2 4.1 f 0.3 101 

EtZO" 17.4 _+ 0.4 11.7 0.4 101 

X = H, R = Me 

X = C1, R = Me 
X = Br, R = Me 
X = Me, R = Me 
X = Br; R = Et 

MeC02Etb 15.2 11.4 110 
Et20b 17.7 14.9 110 
Et20b 16.7 14.1 110 
Et20b 16.9 14.1 110 
Et20b 18.1 16.0 110 
Et20b 17.6 14.7 110 

"2-MeTHF, 15.4%; Et20, 84.6%. 
'a-Methylbenzyl alkyl cthcr, 15 y;; solvent 75 7;. 

The decomposition of cr-methylbenzyl methyl ether hydrotrioxide yields acetophenone, 
methanol and methyl benzoateas the main nongaseous products (ethyl acetate or Freons as 
solvents, VPC analysis) and relatively smaller amounts of water and hydrogcn peroxide. 
The NMR spectroscopic ( 6 0 0 H  - 9 ppm) and chemical evidence has also been given for 
the presence of a hydroperoxide in the decomposition mixture although this peroxide could 
not be isolated. 

Although acetophenone, methanol and singlet oxygen could be accommodated by a 
pericyclic mechanism already proposed by Murray and coworkerslo1, the presence of the 
other decomposition products indicates the importance of alternative homolytic 
decomposition pathways as shown in Scheme 9. It is interesting to note that singlet oxygen 
can be formed in, at least, two homolytic processes presumably involved in the 
decomposition of these hydrotrioxides. The first is the cage disproportionation of the 
corresponding alkoxy and hydroperoxy radicals as already proposed by Benson106; the 
second is the decomposition of the R 0 0 0 .  to ROO and O2 ( A 1 0 2  and/or C302). 

2. Acetal h ydrotrioxides 

In 1971, Deslongchamps and Moreaug6 first demonstrated that aldehyde acetals react 
with ozone to produce esters in high yields. Deslongchamps and coworkers also showed 
(see Section V.A.) that for the reaction to proceed, one nonbonded electron pair on each 
oxygen atom of the acetal has to lie antiperiplanar with respect to the C-H bond of the 
acetal functional g r o ~ p ~ ' - ~ ~ .  It was also assumed that the reaction proceeds via a 



508 BOZO PlesniEar 

4+ 

I 

+ P 
0 
0 

a 

I 

I 
0 
0 0, z I 

I 
0 

C 

3 
.- 0 
1 - b .- 

a l m  D 
0-0--5 - 

I 

0" 
c 

a + - 
I 
0 

K l a l  
0-0--I - 

I 
t 

0" 
c 0" " 
a w 
+ + 
0 0 

c c l  a l E 1 a l  
0--0--z 0--0-z 

I I 
t 

Vi 
0 
0 
0 

K l a l  
0-0--5 

1 
h 
.. 
0 
0 
0 

= l o ,  
0-0- 5 

I 

4 N 

0, 
I 

\ -  

I 

2 
2- 
+ 

I 
0=0 

I 

K 
0 
I 

\ 
0x6 

I 
2 

t 



16. Organic polyoxides 509 

hydrotrioxide intermediate (1,3-dipoIar insertion mechanism) which then breaks down io 
the corresponding ester and alcohol in a heterolytic process (reaction 50). 

0 
/OR2 /OR2 I I  

\ O R 2  \ O R 2  

R'--c-H +03 - R~-C-OOOH - R ' - C - O R ~ + R ~ O H + O ~  (50) 

The intermediacy of hydrotrioxides in these reactions has recently been verified by 
observing the characteristic OOOH absorptions at S 13 ppm'02.'03. The decomposition of 
these intermediates was investigated by following the decay of OOOH absorptions in 
several solvents and was found to obey first-order kinetics. The activation parameters for 
the decomposition of some representative examples are collected in Table 5. It is seen from 
Table 5 that the effect of solvents on the decomposition is rather low. Although only a 
limited number of solvents were suitable for the decomposition studies, it is evident that 
comparable rate constants for decomposition were obtained in the parent acetal, or in 
diethyl ether as well as in methylene chloride as a solvent. 

Electron-withdrawing groups in the hydrotrioxide derivatives of benzaldehyde 
dimethyl acetals accelerate decomposition while electron-releasing groups retard it. A 
Hammett p value of 1.2 f 0.2 was obtained in diethyl ether. A similar trend of the 
substituent effect on decomposition of substituted derivatives of cyclic acetals investigated 
has been observed. 

Acetai hydrotrioxides investigated decompose in the temperature range -45 to - 10°C 
to produce singlet oxygen as determined by singlet oxygen acceptors (Table 6). 

The decomposition of the hydrotrioxide derivative of acetaldehyde diethyl acetal yields 
ethyl acetate (0.80-0.85 mol/mol of ozone absorbed), ethanol (0.75-0.80 mol), water, 
acetaldehyde, acetic acid, ethyl formate, diethyl carbonate (0.06-0.12 mol) and a mixture 
of gases (presumably methane and ethane). a-Hydroperoxydiethyl ether and u,u- 
diethoxydiethyl peroxide as well as hydrogen peroxide were also found among the 
decomposition products (organic peroxides, 5-8 % of all products). The same types of 
peroxides were also isolated from decomposition mixtures of aromatic acyclic acetal 
hydro trioxides. 

On the basis ofthe above-mentioned results. KovaEand Ple~niEar"'~ concluded that the 
formation of a large part of ethyl acetate, ethanol and singlet oxygen resulted from a 
nonradical ('pericyclic') process while the presence of the other decomposition products 
indicates alternate free-radical processes. Among the latter, an induced decomposition of 
the hydrotrioxide to produce the alkyltrioxy radical, ROClO., plays an important role. It is 
thus obvious that the E, and logA values reported in Table 5 are deduced from the 
observed rate of decomposition which is proceeding by several simultaneous first-order 
pathways as shown in Scheme 10. 

Nangia and Benson'"' have recently reanalysed the kinetic data for the decomposition 
of acetal hydrotrioxides and suggested that the major reaction leading to singlet oxygen is 
cage disproportionation of alkoxy and hydroperoxy radicals (step 2). As mentioned 
before, an induced decomposition of the hydrotrioxide (step 3) cannot be ruled out since it 
can also explain the formation of singlet oxygen. 

3. AIdeh yde h ydrotrioxides 

White and Bailey8' were the first to propose hydrotrioxides as intermediates in the 
ozonation of aromatic aldehydes, They studied the ozonation of benzaldehyde in various 
solvents at 0-25°C. The observed order of reactivity, i.e. anis- 
aldehyde > benzaldehyde > p-nitrobenzaldehyde, indicates that nucleophilic attack of 
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(3) ROOOH 1 

0 
II 

R ’  -C-OR2 + R 2 0 H  

SCHEME 10 

HO. + Ar-C-0-0.  Ar - C -0. + -0OH Ar -C. + 0 2  + HO- 
I I  I I  II 
0 0 0 

Ar-C-OOH Ar-C-OH +02 Ar-C-H+CO+C6H5-  
I I  I I  I1 
0 0 0 

SCHEME 1 1  
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ozone on the carbonyl group of the aldehyde is not an important reaction step. The 
hydrotrioxide intermediate (presumably formed in a concerted 1,3-dipolar insertion of 
ozone into the C-H bond) was suggested to decompose homolytically to produce 
predominantly benzoylperoxy and hydroxy radicals. Ozonations with 0.5 mol equivalents 
of ozone yielded mostly peroxybenzoic acid in the early stages of reaction. Relatively 
smaller amounts of other products, beside benzoic acid, are explained by the alternative 
homolytic pathways (Scheme 11). 

Murray and coworkers have recently confirmed the involvement of the hydrotrioxide in 
the low-temperature ozonation ( -  50°C) of benzaldehyde by observing an OOOH 
absorption in the NMR spectra (6 OOOH = 13.1 ppm at - 50°C). This absorption was 
assigned to  the intramolecularly hydrogen-bonded form of the hydrotrioxide. Benzoic 
acid and singlet oxygen (96%) were reported to be the main decomposition products 
of benzaldehyde hydrotrioxide. A vigorous evolution of gas was observed in the 
vicinity of 10°C. Activation parameters of a first-order decay of the hydrotrioxide 
( E ,  = 10.7 +_ 0.2kcalmol-', log A = 5.4 &- 0.4 in benzaldehyde as solvent; E, = 16.6 

0.6kcalmol-', logA = 11.5 & 0.5 in diethyl ether) were interpreted in terms of a 
concerted mechanism involving some charge separation in the transition state (reaction 
51). 

4. Hydrocarbon and alcohol h ydrotrioxides 

Although there is now good evidence that hydrotrioxides are formed in the ozonation of 
ethers, acetals and aldehydes, there is still no direct indication for hydrotrioxides being 
reactive intermediates in alkane ozonation. Nevertheless, several studies seem to suggest 
their participation in these reactions. 

Durland and Adkins" and later Whiting and coworkers89 found that cis- and trans- 
decalin react with ozone even at - 78°C to give the corresponding alcohols and ketones 
with over 90 % retention of configuration. 

Hamilton and  coworker^"^^^ l 4  reported that cyclohexane reacts with ozone to 
produce cyclohexanol and cyclohexanone in a 3.5: 1 ratio. They found that the reaction 
proceeds with considerable retention of configuration (60-70 % for tertiary alcohol 
formation). Their other findings in a detailed study ofthe reaction ofozone with alkanes at  
ambient temperature can be summarized as follows: (1) Considerable C-H bond- 
breaking in the transition state for the reaction is indicated by a large kinetic isotope effect 
(k&, = 4.0-4.5). (2) The relative reactivity of primary, secondary and tertiary hydrogens 
is 1 : 13: 110. This issomewhat greater than for typical radical reactions. (3) The Hammett p 
value of -2.07 for the ozonation of substituted toluenes suggests a considerable charge 
separation in the transition state. (4) Some steric requirements of the reaction are indicated 
by the fact that equatorial tertiary hydrogens react seven times more readily than axial 
tertiary hydrogens. 

On the basis of the above-mentioned evidence, Hamilton and  coworker^^'^*' l4 
proposed a mechanism in which alkane and ozone react to form a radical pair and/or an 
ion pair as an intermediate (or transition state) without the involvement of the 
hydrotrioxide (Scheme 12). 
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Nangia d Benson' O6 suggested (based on thermochemical calculations) that ion 
pair is indeed most probably formed in the reaction of cyclohexane with ozone which then 
collapses to the hydrotrioxide. The radical decomposition of the latter would produce a 
singlet caged radical pair which could disproportionate in two ways; either to produce 
singlet oxygen and alcohol or ketone in the ground state and hydrogen peroxide (Scheme 
13). The radicals which escape the cage initiate a chain reaction. Since both dispro- 
portionation reactions are very exothermic (by 55 and 75.5 kcal mol-', respectively), it 
would be helpful to determine experimentally whether electronically excited states are 
formed in these reactions. 

SCHEME 13 

Whiting and coworkers89 studied the ozonation of alcohols and found that methanol is 
the slowest among the alcohols studied (at -78°C) in Freon 11. Formic acid and 
hydrogen peroxide were reported to be the main products (85 %, both components were 
formed in nearly equimolecular amounts); small amounts of formaldehyde and oxygen 
were also formed. 

The oxidation of ethanol was found to be much faster and gave acetic acid and hydrogen 
peroxide as the main products (70 %), and acetaldehyde, formaldehyde, peroxyacetic acid 
and oxygen as the minor ones. 

Whiting suggested the formation of a radical pair (or an ion pair) with subsequent 
formation of the hydrotrioxide. The minor products were explained by a base-catalysed 
decomposition of the hydrotrioxide, i.e. by a reaction analogous to the Kornblum-De La 
Mare carbonyl-forming elimination mechanism (Scheme 14). Recent evidence' in- 
dicates that oxygen bases bond to polar 0 -H  groups, forming intermolecularly 
hydrogen-bonded adducts, rather than attack C -H hydrogen atoms. I t  seems, therefore, 
that the mechanistic explanation advanced by Whiting is unlikely. The hydroxymethyl 
hydrotrioxide should rather decompose in a radical process as outtined in Scheme 15. 
Radical decomposition can also account for the minor products being formed. 

Further studies of low-temperature ozonation of alkanes and alcohols are needed to 
clarify the role of hydrotrioxides in these reactions. 
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HOCH2000H HOCH20. + HOz. 

C. Structure of Hydrotrioxides 

The low-temperature NMR spectra of hydrotrioxides (as already mentioned in the 
previous sections) show absorptions at 6 13 ppm downfield from Me&. The position of 
these proton absorptions shows little change with dilution and they are thus tentatively 
assigned to the OOOH absorptions of the intramolecularly hydrogen-bonded six- 
membered ringsofthe hydrotrioxides.Theobservedchangcwithdi!ution (<0.15 ppm)isin 
accord with that observed for peroxy acids ( ~ 0 . 1 0  ppm) which are known to exist in ‘inert’ 
solvents exclusively in the intramolecularly hydrogen-bonded form’ I ’. 

0.- / “+I 
\ 

0 R-c , 0 p*...H \ R- C \ R-c 
\ o  o-o’ t o -  0 

R 

Further confirmation of the structure of hydrotrioxides in solution comes from the low- 
temperature ozonation of the dimethyl acetal of deuterated benzaldehyde; an oxygen-rich 
intermediate, which does not show any absorption around S 13 ppm, is formed in the 
reaction. 

It is interesting to mention that hydrotrioxides ofethers and acetals show two (or three) 
OOOH absorptions in the low-temperature NMR spectra in Freon 11, methylene 
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chloride, ethyl acetate and diethyl ether as solvents. Both peaks show a tendency to 
merging and broadening a t  higher temperatures (Figure 3). This phenomenon might be 
due to the presence of two loosely, intermolecularly hydrogen-bonded forms of hydro- 
trioxides with OOOH bonded to either of the nonequivalent lone pairs of the tetrahedral 
oxygen atom or to the presence of two (or more) conformational forms (chair-boat) of the 
xix-membered ring with R groups on the oxygen atom axial or equatorial. 

13.10 13.15 

13.20 13.26 

- 45OC 

-30°C 

-2OOC 

=, 
14 13 14 13 

wm 

FlGU E 
diethyl ether at - 50°C; (B) in methylene chloride. Adaptcd from Rcfcrence 103. 

Segments of NMR spectra of thc ozonized dimethyl acetal of bcnzi.--..yde: (A) in 

Addition of N,N-dimethylacetamide, a relatively strong oxygen acceptor base, to 
ozonized a-methylbenzyl methyl ether in diethyl ether (hydrotrioxide/base ratio, 1 :0.5-2) 
at - 50°C causes a downfield shift of the OOOH absorption up to 1.5 ppm, depending on 
the amount of base added"". A downfield shift of OOOH absorptions was tentatively 
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assigned to the opening of the six-membered chelate ring of the hydrotrioxide with 
subsequent formation of intermolecularly hydrogen-bonded adducts, since it is analogous 
to the recently studied complexation of peroxy acids with oxygen bases (equation 52)’ 16. 

YN 0.. .. 
/ 

Ph- C 

T( 
MI 

Decomposition of the adduct is faster than that of the chelated hydrotrioxide. 
Disappearance of the OOOH absorption is accompanied by the simultaneous appearance 
of the absorption at  6 lOppm, assigned to the corresponding hydroperoxide. It appears 
that intermolecular hydrogen bonding in the adduct weakens the ROO-OH bond more 
than the RO-OOH bond (reported to be the weakest one in the monomeric species, 
amounting to 22-23 kcal mol- ’), thus favouring homolytic cleavage to produce ROO- 
radicals, which then abstract hydrogen to form hydroperoxides. 

On the basis of the above-mentioned evidence it can be concluded that the relatively 
great stability of hydrotrioxides in ‘inert’ solvents is the result of the presence of 
intramolecular hydrogen bonds in these species. 

Although theexistence of higher alkyl hydropolyoxides (ti  = 4’5) is at least theoretically 
possible at temperatures below -80°C117*118, it will certainly be a challenging task to 
detect them unambiguously by the known spectroscopic methods. It is interesting, 
however, to mention that a thermochemical analysis of the reaction of t-butyl hy- 
droperoxide with ozone has already shown that alkyl hydropentoxide, R05H, cannot be a 
transient intermediate in this reaction (‘insertion’ mechanism)’ l9 .  
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1. INTRODUCTION 

The subject of polar reaction mechanisms involving peroxidcs in solution has been covered 
prior to 1970 in a number of reviews in which surveys of most important early data can be 
found'. Thus, this chapter is not exhaustive in coverage but rather stresses the general 
principles and emphasizes more recent developments in the field. An attempt has been made 
toevaluatethestatusofthemost important areasalongwith theoutlook for future research. 

Thedivision ofthe material is according to the typeofreaction mechanism,introduced 20 
years ago by Davies in his, by now, classic treatise on the subject"', and later developed by 
Edwards'"". 

Thecoverage ofthe literatureis through 198 1. Sinceorganometallicperoxides are treated 
separately in this volume, the reaction mechanisms of these compounds are not discussed in 
this review. The discussion of ionization of peroxides, which has been comprehensively 
reviewed previously, has also been omitted. 

In recent years it has become clear that a number of reactions of peroxides with various 
organic substrates, traditionally believed to proceed by a 'polar' mechanism, actually 
involve nonradical and/or radical processes. A number ofsuch reactions are discussed in the 
chapter, and it is quite probable that additional examples will be found in the future. 

I!. INTERMOLECULAR SUBSTlTUTlON AT THE PEROXIDE OXYGEN 

A. General Characteristics 

A large number of reactions of peroxides with reducing agents may be regarded as 
nucleophilicdisplacements on the 'electrophilic'oxygen as shown in Scheme 1, where R' is 
usually hydrogen, and N: dcnotes a nucleophile. The following general characteristics of 
these rcactions might be expected on the basis ofthis mechanistic scheme: (a )  Thc reaction 
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should follow second-order kinetics; first order each in nucleophile and peroxide; (h) 
electron-donating groups on N : will accelerate the reaction (increased nucleophilicity), 
whilejust theoppositeeKect isexpected when such groupsare locatedon R ' - 0 - 0 - R 2  
(decreased electrophilicity); (c) increased solvent polarity should increase the reaction 
rates; (d) gcneral or specific acid catalysis may be observed (lone electron pairs on the 
oxygen atoms); (e) the activation entropies should be negative because of considerable 
orientation of the transition state; (f) the activation energies will be relativcly low (ca. 
12-16 kcdl mol-I). Higher values would indicate the involvement of free radicals in these 
reactions"". 

Before wego into discussion ofmechanisticdetails ofsomercactions ofnucleophiles with 
peroxides, the question may be posed as to what aspects of ground-state structure of 
peroxides reflect the electropldic behaviour of these compounds, and what is the major 
driving force for the heterolytic cleavage of the 0-0 bond in pcroxides in their reaction 
with nucleophiles. 

Peroxy acids are best characterizcd of all systems which are capable of delivering an 
electrophilic The following discussion will, therefore, concentrate on these 
compounds only. The results of an ab iiiitio MO study on peroxyacetic and 

4-17 - 0.61 

H -0.34 -0.35 

-035 -056 

0 4 1  
'\1.16 m .-c (0 741 &lo H 

F -0.35 -031 

FIGURE 1. (A) The geometry of the peroxycarboxyl group. Bond lengths and angles are in 
Angstroms and degrees, respectively. (B) Calculated net atomic charges of peroxyacetic and 
peroxytrifluoroacctic acid. Calculated overlap populations arc in parentheses. 
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TABLE 1 .  Calculatedatomicorbital charges on the peroxideoxygens,and frontier orbifalsofatomsin 
peroxyacetic and trifluoroperoxyacetic acid (6-3 lG**)l 

Peroxyacetic acid Trifluoroperoxyacetic acid 

Energy” 

m* 0.192 
X* 0.159 
x -0.464 
CJ -0.475 
x -0.526 

-0.561 

O(1) 

0.91 
0.00 
0.70 
0.02 
0.56 
0.87 

O(2) 

0.40 
0.20 
0.75 
0.16 
0.0 1 
0.2 1 

- ‘33) O(4) W 5 )  

0.03 0.06 0.00 
1.16 0.58 0.00 
0.03 0.51 0.00 
0.11 1.45 0.01 
0.27 0.81 0.00 
0.13 0.03 0.05 

Energy“ 0(1) O(2) C(3) O(4) H(5) 

CF* 0.157 0.92 
X* 0.097 0.00 
R -0.497 0.73 
CF -0.526 0.01 
x -0.578 0.16 
CJ -0.608 1.19 

O(llb 

0.40 0.05 0.07 0.49 
0.22 1.00 0.60 0.00 
0.76 0.03 0.47 0.00 
0.20 0.09 1.46 0.01 
0.01 0.35 0.84 0.00 
0.21 0.16 0.08 0.09 

OWb 

2s 1.82 2s 1.84 
2px 0.92 2px 1.07 
2p,, 1.57 2p, 1.51 
2p: 1.98 2p= 1.85 

2s 1.82 2s 1.86 

2p, 1.57 2py 1.49 
2p= 1.98 2pz 1.84 

2p, 0.88 2p, 1.10 

“Energies are given in atomic units and distribution of orbitals in fraction of electrons. 
*Atomic orbital charges. 

trifluoroperoxyacetic acid2, presented in Figure 1 and Table 1, indicate that in terms of the 
perturbation treatments, overlap control must be more significant than charge interaction 
control. Namely, it is evident from Figure 1 and Table 1 that the oxygen atom involved in 
reactions isnot electrophilicin the senseofchargeinteraction since bot h peroxidicoxygens 
bear negative charges. There are also regions of low potential associated with the axis of the 
peroxide bond, as evident from the potential maps. Previously, it was suggested that the 
enhanced reactivity of trifluoroperoxyacetic acid, as compared to peroxyacetic acid, is due 
to the fact that trifluoroacetate ion is a better leaving group or that stronger polarization of 
the peroxide bond is present in this peroxy acid. Similar charge distribution in both 
compounds as well as small differences in the overlap populations do not support such 
presumptions. Rather, the relative electron deficiency of the oxygen px orbitals, the low- 
lying peroxide cr* orbitals and the drastic lowering of the eigenvalues of these orbitals in 
trifluoroperoxyacetic acid indicate that ‘electrophilic’ reactions on the peroxide group 
involve overlapcontro1,i.e.theattackofanucleophileon thelowest vacant orbital (LUMO) 
of the 0-0 bond. Nevertheless, as pointed out by Loew and Hjelmeland2 and PlesniEar 
andAzman3,thecompieteseparation ofchargeand overlapeffectscannot bemade. Regions 
of positive potential in the peroxide bond direction, shown in the electrostatic potential 
maps of trifluoroperoxyacetic acid, do indicate a possible electrostatic interaction. Indeed, 
theseinteractions haverecently been confirmed in anumber oftheoretical studies ofvarious 
nucleophiles with peroxyformic acid. Whether these interactions actually involve the 
formation ofcharge-transfer complexes in reactions of peroxy acids wit h some nucleophiles 
(for example, unsaturated substrates) remains to  be elucidated. 

As will be shown below, evidence has accumulated ovcr ihe years for another type of 
mechanism in the reaction ofperoxides, R’OOR’ (where R 2  is not hydrogen), with various 
nucleophiles capable of serving as one- or two-electron donors. These reactions are 
generally classified as electron-transfer-initiated transformations. 
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B. Oxidation of Olefins 

7. Oxidation with peroxy acids (Prilezhaev reaction) 

The reaction ofolefins with peroxy acids to produceepoxides (oxiranes) has been known 
for almost 80 years4 (equation 1 ). In spite of considerable work on the mechanism of this 
reaction"', a number of important questions have remained unanswered. Let us briefly 
review the experimental facts concerning the mechanism of this reaction. 

C-C' RCOzH 
\ 

'C=C'+ RCOJH - 
/ \  / '0' \ 

a. Kinetics and sitbstitrtent eflects. The reaction is a second-order process, first order in 

u = k [peroxy acid] [olefin] 

Thesubstituent effect studies ofepoxidation with peroxybenzoic acid reveal the Hammett p 
value of - 1,2(0) for substituted trans-stilbenes in benzene, and + 1.3 for substituted 
peroxybenzoic acids7-'. The importance of o+ contributions to the correlation have been 
reported for the oxidation ofpara-substituted styreneswith peroxybenzoicacid (p  = - 1.3, 
CT + 0.48 A,+)''. Activation enthalpies are decreased by electron-withdrawing groups in 
trans-stilbene; efectron-wit hdrawing groups in peroxybenzoic acids decrease this 
activation parameter while elcctron-releasing groups increase it7. Thus, alkyl groups on 
ethylene increase the rate of epoxidation. A linear plot of log k2 vs. the number of methyl 
groups on ethylene was obtained". Cis double bonds in straight-chain olefins are 
epoxidized faster t han transdouble bonds;just t he oppositeis usually observed for cis-trans 
isomers of medium-size cy~loa lkenes '~* '~ .  

The observed trends of kinetic and activation parameters clearly indicatethenucleophilic 
nature of olefins, and the clectrophilic nature of peroxy acids. The order of 'electrophilicity' 
of these reagents approximately parallels the pK values' 5 * 1 6 .  

Relatively large and negative entropies of activation (-20 to -40 cal mol- deg- I )  

indicate a high degree of orientation in the transition state7. 
The kinetics of epoxidation of strained olefins imply that the rate is independent of the 

For example, 1,2-diphenylcyclopentene reacts 11.7 times faster than 1,2- 
diphenylcyclopropene with m-chloroperoxybenzoic acid in carbon tetrachloride at 0°C '', 
and norbornene reacts 2.4 times faster than cyclohexene with peroxylauric acid in 
chloroform at 25°C 17. 

b. Stereocltemistry. The stereochemistry of olefin epoxidation has been comprehensively 
reviewed20. The reaction is syn-stereospecific. Thus, cis- and trans-stilbene always give cis- 
and trans-stilbene epoxide'. Neighbouring functional groups may influence the direction as 
well as the rate of attack of the peroxy acid. For example, epoxidation of allylic compounds 
with a bulky group as a neighbouring substituent proceeds with a preferential anti attack 
andisslower than that ofcyclohexene. 3-t-Butylcyclohexene (1)yieldsag: 1 ratio oftramto 

olefin and first order in peroxy acid6-". 
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cis epoxide (trans and cis with respect to the t-butyl group) when oxidized with !?I- 

chloroperoxybenzoic acid in dichloromethane21*22. Steric influence is, in general, 
important only in cases where there are not more than two carbon atoms between the 
substituent and the reaction centre. Nevertheless, preference for anti cpoxidation has also 
been reported for systems with a polar group too far from the double bond to exhibit any 
~tericinfluence~’. On the other hand, theepoxidation oftheallylicalcohol2-cyclohexene-l- 
01 (2)givesa9:91 ratiooftrnnstocisepoxide (equation 2);thecisepoxideisalso formedat a 
significantly faster rate23’24. Allylic carboxyl icac id~~~,  and c a r b ~ x y l a t e s ~ ~  are also effective 
syn-directing groups. Contrary to previous findings, an interesting cooperative effect by a 
hydroxygroup and an ether oxygen near theasymmetriccentre in directing thestcriccourse 
ofthe approaching peroxy acid was recently reported2’. Namely, epoxidation o f 3  with m- 
chloroperoxybenzoic acid in dichloromethane at 0°C affords the epoxide 4 as the main 
product (ratio == 25: 1) (equation 3). 

H 

OH H 
benzene.- I 

Y l  Y 

(86% of products) (2) 

-u 
(4) (3) R’ = Ph CH2, R 2  = H (3) 

Steric hindrance is most likely operating in reactions of bridged c y ~ l o a l k e n e s ~ * - ~ ~ .  For 
example, norbornenc (5) reacts with rn-chtoroperoxybenzoic acid to give the exo epoxide in 
990/, yield, while 7,7-dimethylnorbornene (6) reacts with the same peroxy acid to  afford a 
9: 1 ratio of erido to exxoepoxide (equations4 and 5)28*29. The otherwise unfavourable eitdo 
attack becomesp,redominant,most probablydue to thcshielding toexoattack by thesyn-7- 
methyl group. 
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In an important series ofpapers, Paquette and Gleiter and their coworkers have reported 
the results of a comparative study ofthe reaction of9-isopropylidenebenzonorbornenes (7) 
and snoutanes (8) with in-chloroperoxybenzoic acid, N-bromosuccinimide, singlet oxygen 
and N-rnethyltriazolinedione (9)32s33 They have reported that all these reagents attack 7a 

Me Me 

predominantly from the unti direction (syn:anti ratio z 20:80), but that this ratio is 
appreciablyreversedin thecaseof7band 7c (syn:aiiri 55:45),except for thereaction with 
m-chloroperoxybenzoic acid (syii: anti z 35:65)32. It  is evident that electronic control of 
stereoselectivity is operative in the reactions of 7b and 7c with singlet oxygen, N- 
bromosuccinirnide and N-methyltriazolinedione. These compounds are believcd to 
react with unsaturated systems through a dipolar transition state (lo), similar to the one 
shown above for the attack of N-bromosuccinimide. Much less propensity for charge 
separation in thetransition state for the attack ofthe peroxy acid molecule is thus indicated. 
The preferential syn attack of the peroxy acid on 8 also indicatcs the predominance of steric 
factors in these reactions33. 

c. Soluent efects. It appears that epoxidation with peroxy acids is facilitated in solvents of 
highpolarityand low basicity-In aproticnonbasicsolvents,theparallelism between therate 
constants and Dimroth-Reichardt E . ,  values is reported34. 

‘0-0 

Considerable reduction of reaction rates has been observed in solvents capable of 
disrupting the chelated peroxycarboxyl ring to form intetmolecularly hydrogen-bonded 
a d d u ~ t s ~ ~ . ~ ~  (equation 6). Intermolecular association between the peroxy acid and basic 
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solvent appears to  be the major factor influencing the kinetics of epoxidation in these 
solvents36s3’. A recent calorimetric study of intermolecular association between both 
components shows that the calculated enthalpy change per mole of hydrogen-bonded 
adduct,AHo ,is sensitive to the acidity ofperoxy acid aswell as the basicity oftheoxygen base 
(ethers, esters, amides). A progressive reduction of reaction rates together with increasing 
enthalpies ofactivation for oxidation ofcyclohexene with t-butylperoxybentoic acid, when 
going from less t o  more basic solvents, parallels well the trend in AHo values3’. 

d. Catalysis. The question of acid catalysis of epoxidation is still not settled completely. 
Although it is now generally believed that epoxidations with organic peroxy acids are 
usually not acid catalysed (except in the presence of sufficiently large amounts of strong 
acids, for example, trichloroacetic acid)38, it is interesting to mention that epoxidation of 
tram-stilbene with peroxymonophosphoric acid is catalysed by H 2 S 0 4  39. A straight line 
withaslopeof0.87isoStained by plotting log k2 vs. -Ho,thussuggesting the participation 
of a proton in the transition state. The attacking species is believed to be either I I or 12. 

The protonation of the P=O pn-dx bonding is believed to proceed easily, resulting in the 
activation of the peroxy acid as  an elcctrophile (equation 7). 

0 - H  0 

0 - 0 - H  0-0 

(11) (1 2) 

O H  
/ a  

R-C \*.. + R- c,, / 

I 
H 

0 OH OH 
II 

I 
OH 

H* “‘\I: \ / - H *  I \ /  p’. + HO-P-OOH , .;--- ti + ,C=C\ - H O - P = O  + C--C 
HO 0-0 

/ \ /  \ / I 
OH 0 

e. Mechanisni. Several mechanisms, which can accommodate the experimental data, 
have been proposed but a clear-cut experimental substantiation of either of these is still 
lacking. 

Bartlett was the first to propose the so-called ‘butterfly’ mechanism, which involves 
nucleophilic attack of the olefin on the peroxy acid4’ (equation 8). The proposed 
mechanism, which is in accord with the infrared and NMR findings supporting the chelated 
form of peroxy acids in ‘inert’ solvents, suggests that proton transfer occurs by a concerted 
intramolecular process. It also appears to explain adequately large and negativeentropies of 
activation as well as the effect of basic solvents, i.e. the reduction of reaction rates with the 
reduced ‘effective’concentration ofperoxyacid in thesesolvents Nevertheless, t hereis some 
evidence that peroxy acid-base adducts might be involved in the transition state in these 
c a s ~ s ~ ~ . ~ ’ .  

Waters suggested the initial attack of a hydroxyl cation (OH+)  on the olcfin via the 
transition state 1341. As indicated in equation (9) the attacking species is not necessarily the 
free ion. 
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Kwart and Hoffman proposed an epoxidation mechanism involving 1,3-dipolar addition 
of a hydroxycarbonyl oxide, derived from the intramolecularly hydrogen-bonded peroxy 
acid molecule, to the olefinic dip~larophi le"~ (equations 10 and 11). To accommodate the 
fact that the proposed intermediates have actually been isolated and are stable under 
conditions of epoxidation, a modified transition state 14 was proposed by Kwart and 
coworkers43. The reactivity ratio norbornene:cyclohexene in peroxy acid epoxidation is 
rather low (2.4; peroxylauric acid). This observation was taken as an evidence against this 
rnechan i~ rn~~ ,  since a characteristic feature of reagents believed to react by a cyclic five- 
membered transition-state mechanism is a high norbornene:cyclohexene ratio (6500, 
phenyl azide addition)45. Therefore, it was argued that a 1,3-dipolar addition mechanism 
cannot be involved in epoxidation"". Nevertheless, according to Huisgen, a 1,3-dipoIe 
without a double bond in the sextet (hydroxycarbonyl oxide) should not necessarily show 
enhanced reactivity with cyclic a lkene~"~.  Thus it  appears that there is not, as yet, enough 
experimental evidence to rule out this mechanistic proposal (the '1,3-dipolar addition' 
approach of peroxy acid to olcfin). 
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Hanzlik and Schearer have reported the results of a study of the secondary kinetic 
deuterium isotope effect for the epoxidation of p-phenylstyrene and three deuterated 
derivatives with mchloroperoxybenzoic acid in 1,2-dichloroethane4’. A clear distinction 
between the a and fl carbon atoms of the olefin in the transition state has been found. The 
k d k l ,  of0.82 for the p,p-d2 derivative implies that a significant hybridization change occurs 
on the p carbon; the a carbon remains essentially sp2-hybridized. Therefore, the 
transition state must have a substantial C,-0 bond formation. These data seem to suggest 
an unsymmetrical transition state 15. The primary peroxy acid isotope effect (OH/OD) is 
small, thus indicating that the 0-H bond is not broken in the transition state. This result 
seems to explain why the reaction is not catalysed by acids. Despite the nonlinearity of the 
0-H ... Osystem,ak,,/k,,ofat least 2would beexpected foraproccsscharacterized bythe 
symmetrical (‘butterfly’) transition state. The observed syn stereospecificity of epoxidation 
can only be explained by the retention of some amount of 7c-bond character of the C-C 
bond in the olefinic part of the transition state. Rotation around this bond must be slower 
than the ring-closure. 

R 

C 
\ 

8-  / %o 
9 .  
-0-$ (1.17) 

* 

Hanzlik and Schearer have also demonstrated that the unsymmetrical transition state is 
not a result of asymmetry of the olefin investigated. The relative rates of epoxidation of 
stilbene, 4-methoxystilbene and 4,4-dimethoxystylbene indicate an equal enhancement of 
approximately four for each methoxy group. This is expected for statistical and 
unsymmetrical attack of the peroxy acid at cither carbon of the stilbene, regardless to 
substitution. In addition, p-nitrostyrene is oxidized by ni-chloroperoxybenzoic acid 13 
times slower than p-phenylstyrenc; the isotope effect is still absent (k ,Jk ,  = 0.98, 
deuteration a t  C,) for this olefin. 
f. Theoretical studies. The mechanism of epoxidation has been the subject of four 

theoretical investigations3*48~49*s1. An extended Huckel study indicated a favourable 
interaction between the oorbital on the oxygen atom next to hydrogen in peroxy acid, and 
thcxMOofthe olefin.The results were interpreted as supporting the Waters r n e c h a n i ~ m ~ ~ .  

A theoretical study of the electronic structure of peroxyformicacid in its intramolecularly 
hydrogen-bondcd and dipolar form (hydroxycarbonyl oxide), using the semiempirical 
Pariser-Parr-Pople SCF-MO method could not distinguish between the proposed 1,l- 
addition and 1,3-dipolar cycloaddition mechanism4’. 

Detailed ah irrifio (STO-3G and 6-31G)and semiempirical (PCILO, INDO, MIND0/3) 
molecular orbital calculations have been performed on both peroxytrifluoroacetic and 
peroxyacetic acid. All these calculations agree that the rotational barriers about the 0-0 
bondarerather low (ca.3 kcal mol-’),and that theplanarsyi formisthemost stableoneso 
(equation 12). Recent ah iriitiocalculations (5-31G)haveshown that thetotationai barrierin 
peroxyformic is indeed low (1.04 kcal mol- * )  but that the miti planar, rather than the syr 
form, has a minimum cnergy”. Nevertheless, all the available experimental evidence 
indicates that peroxyacidsexist in ‘inert’solventsin thechelated form3*. It seems, therefore, 
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safe to predict that the chclated form is most probably the ‘effective’one in the oxidation of 
unsaturated substrates. 

(1 2) 
’0, +O 

R-C’ ‘H R-C 

H 
\ 

\ /  ‘0-0 0-0 

An ab initio molecular orbital theory has also becn used to study arbitrarily chosen 
molecular arrangements believed to  be near the transition state for epoxidation of et hylene 
with peroxyformic acid3. I t  was found that unsymmetric ‘transition states’are energetically 
more favourable than symmetric oncs. The inspection of chargcs (Mulliken population 
analysis) showed in all ‘transition statcs’ under investigation a small but definite shift of 
elecirons from olefin to peroxy acid, indicating a weak electronic interaction between both 
components. This finding supports t hc experimcntally determined electrophilic nature of 
peroxy acids. Nevertheless, the reaction isnotjust simply charge-interaction-controllcd but 
must also involve some overlap control. This is most clearly evident in the ‘transition state’ 
with a minimum energy shown in Figure 2. The electron-deficient p,, orbital of 0 ( 1 )  (the 
oxygen-oxygen bond axes) and thc lowest unoccupied (LUMO) antibonding G* orbital 
(orientcd in the same direction) of the peroxy acid are aligned nearly perpendicularly to the 
plane of the olefin part of the ‘transition state’. Thus, displacement on the peroxide occurs 
most favourably from the backside and along the axis of the 0-0 bond being broken. 
Theoretical evidence indicates an exothermic reaction of 46 kcal mol- Relatively small 

H 

X 
c 

FIGURE 2. Optimized geometry of the transition statc for the reaction of pcroxyformic acid with 
ethylene. Bond lengths and angles are in Angstroms and degrees.(A) Optimized geomctry of 
peroxyformic acid. (B) Crystal-structure geometry of pcroxypelargonic acid. 
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reorganization in both participating moleculesindicates an ‘early’transition state, which is 
in accord with the relatively great exothermicity of the reaction (the Hammond postulate). 
Thr, findings of this study also support the previously reported nonequivalency of both 
olefinic carbon atoms in the epoxidation of substituted styrenes, which is evidently not a 
consequence of a choice of an unsymmetric olefin4’. 

The symdirecting ability of a hydroxyl group in the peroxy acid oxidation of allylic 
 alcohol^^^*^^ (Section ILB. 1.b) has recently been explained by the stereoelectronically 
favourable orientation of both participating molecules as shown in Figure 3. The 
nonbondingelectron pair ais believed to beoriented favourablyas to for ma hydrogen bond 
with an allylic hydroxyl group (0-C-C=C dihedral angle, 120”)53*54. It appears that 
this suggestion explains more satisfactorily the directing ability of the hydroxyl group 
compared to the previous interpretation, which indicated the formation of hydrogen 
bonding to the carbonyl oxygen of the peroxy acid24. 

OH 

‘R‘ 

7 

FIGURE 3. The preferred geometry of the transition state for the oxidation olallylic alcohols with 
peroxy acids suggested by Sharpless and V e r h ~ e v e n ~ ~ .  

The observed cooperative effect by a hydroxy group and ether oxygen in directing the 
steric course of the attacking peroxy acid (Section II.B.l.b), has been rationalized as being 
due to the energetically favourable possibility of formation of two hydrogen bonds in the 
transition state for epoxidation of the tram-allylic alcohol derivative, as shown in Figure 
42’. 
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FIGURE 4. The preferred geometry of the transition state for the oxidation of 3 with m- 
chloroperoxybenzoic acid, as suggested by Johnson and Kishi". 

2. Oxidation with h ydroperoxides 

Recently, a numberofa-substituted hydroperoxidesofesters (16), amides (17) and nitriles 
(18), which can be regarded as homologues of peroxy acids, have been found to epoxidize 
olefins in a stereospecific m a n n e ~ - ~ ~ . ' ~ .  The reactions are first order with respect to the 
hydroperoxideandolefin andshow thesame trend ofreductionofreaction ratesasobserved 

with peroxy acids when going from dichloromethane to diethyl ether as solvent. A 
mechanism similar to the one proposed for peroxy acid epoxidation4' might be operative in 
these reactions (equation 13). A preference for syn epoxidation of 2-cyclohexenen-1-01 has 
been reported. It is interesting that, although peroxy acidsgenerally show aslight preference 
for cis isomers, 16 attacks more rapidly the rraits isomer. 

1 

/O\ -c-c\ 
/ \ 

It is now widely accepted that epoxidations with alkyl hydroperoxides in the presence of 
5b and 6b transition metals (Mo, W, V) have characteristics ofnucleophilicdisplacement on 
the electrophilic oxygen (from the less hindered side) of the 0-0 bond in the 
hydroperoxide-catalyst complex"".'. Various studies seem to indicatc the mechanism 
shown in equations (14)-( 16)58-h0. Since these reactions have recently been extensively 
r e v i e ~ e d ~ ~ * ~ ' - ~ ~ ,  only one example will bc given here. 
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LnM + ROOH - Lln_1,MOOR + LH 

RO/O\M yo\ 
RO M 
,;:. // 
/C-C,- MOR + epoxide (1 6) 

We havealreadydiscussed the cis-directingeffectofa hydroxy groupin theepoxidationof 
a suitably constituted allylic alcohol with peroxy acids (Section II.B.l b). This effect is even 
more pronounced Khen t-.butyl hydroperoxide/bis(acetylacetonato)oxovanadium(Iv) 
[ V O ( a ~ a c ) ~ ]  reagent is used61*62 (equation 17). The opposite direction ofstereoselectivity 
for both reagents has been found for the eight- and nine-membered-ring allylic alcohols, 
respectively61*62. O n  the basis of data obtained in the study of cyclic and acyclic allylic 
alcoholsG3, Sharplcss has recently proposed a mechanistic scheme for the vanadium- 
catalysed epoxidation (Figure 5)s3. I t  is interesting to note a considerably smaller value for 
the dihedral angle, (0-C-C=C, of ca. 50°, in the stereoelectronically most favourable 
conformation of the allyloxy moiety of the roughly trigonal bipyramidal complexes, 
compared to  the one in the epoxidation with peroxy acids (Figure 4). 

n = 3  

n = 4  

(a )  61% 
(b) 99.6% 
(a) 0.2% 
(b) 97'X 

H OH 

39% 
0.4% 
99.8% 

3% 

C. Hydroxylation 

Aromatic hydrocarbons are oxidized D phenols with peroxy acids. For exampl :, 
niesitylene (19) is easily oxidized by trifluoroperoxyacetic acid, either alone64 or in the 
presence of boron t r i f l ~ o r o r i d e ~ ~  (equation 18). The reaction is regarded as an electrophilic 
aromatic substitution, although the nature of the attacking species is still unclear. The 
hydroxy cation HO', or its equivalent, has been suggested as the electrophilic agent6' 
(equation 19). Direct nucleophilic attack by the aromatic compound on the electrophilic 
oxygen of the peroxy acid has also been proposedGG (equation 20). 
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FIGURE 5. 
hydroperoxide suggested by Sharplcss and c o ~ o r k c r s ~ ~ * ~ ~ .  

The mechanism for thc vanadium-catalysed epoxidation of allylic alcohols with r-butyl 

A recent study of the hydroxylation of mesitylene and phenol with peroxymono- 
phosphoric acid, H3POS6’, in acetonitrile reveals that the kinetics is expressed by the 
equation 

u = k2 [ArH] [H3P05]  

It is interesting that this peroxy acid reacts ca. 100 timcs faster than peroxyacctic or 
peroxybenzoic acid and is comparable in activity to trifluoroperoxyacctic acid. 

A lincar plot of log k2  vs. - Ifo with a slope of 1.1 7 for mesitylene and 1.26 for phenol has 
been IXpGikd for reactions catalysed by H,SO,. A simultaneous attack of unprotonated 
and protonatcd H3P05 on the aromatic substrate has been suggested6’. 
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CFXCOxH-BFj 

Me CH2C12 - MeQMe Me 

H 0 

ArH + 0 - 0 - C - R  - Ar (20) 
n I1 + /  - H’ - Ar-OH 
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OH I 

H 

Hydroxylation of aliphatic saturated compounds with peroxy acids has also been 
reported. Both nonionic (20)68 and ionic transition states (21)69 have been suggested as 
being involved in these reactions. 

GO.... .. 
C F 3 - C  *.* H 

9- 0’ 
R-C-H I f 
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CF3- H 
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l+ 

The hydroxylation of alkanes can also be accomplished with hydrogen peroxide in the 
presence of FS03H-SbF5, FSO,H, H2S04 69. Initial electrophilic hydroxylation of the G 

bonds in the alkane by the hydroxyl cation, HO+, formed by cleavage of the 
hydroperoxonium ion, H3O2”, and proceeding through a pentacoordinated carbonium 
ion, has been suggested6’ (Scheme 2). 

D. Oxidation of Acetylenes 

Although mechanisticstudies on the oxidation ofacetylenes are not asabundant as those 
for olefins, several interesting observations concerning the mechanism ofthis reaction have 
been made in recent At least theoretically, monoepoxidation of acetylenes 
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SCHEME 2 

should first produce oxirenes (22), which can be further converted to dioxabicyclo 
derivatives, i.e. 1,3-dioxabicyclo [I.l.O]butanes (23), as shown in equation (21). Neither of 
these two intermediates have yet been detected. However, oxidation of acetylenes with 
peroxy acids usually gives a mixture of products which have been explained on the basis of 
these  specie^^^.^'. Particularly revealing is the conversion of disubstituted acetylenes to 
disubstituted ketenes in a substituent migration process reported some years ago7'. It was 
only recently that a 1,2-hydride shift in both the peroxy acid and enzymatic oxidation of a 
triple bond was unambiguously demonstrated by studying the fate of the deuterium in the 
oxidation of monodeuterated biphenyla~etylene~". It appears that two mechanisms are a 
priori possible for the oxidation of terminal acetylenes. The first pathway (a) involves 
insertion of oxygen into the carbon-hydrogen bond (the hydrogen becomes an 
exchangeable hydroxyl proton) and in the pathway (b) the hydrogen is transferred in an 
intramolecular 1,2-shift (equation 22). Nearly quantitative retention of deuteration in the 
esterified 2-biphenylacetic acid was found, indicating that this oxidation involves reaction 
ofthereagent with then electrons (oxireneformation), rather than with the terminal C-H 
bond of acetylene (hydroxyacetyIene f~rmation)~".  

0 
A 

R-C-C-R 
\/ 
0 

( 23) 

- products 
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Oxirenes are of considerable theoretical interest as models of four x-electron 
antiaromatic molecules77. It is obvious that the ring strain and clcctronic destabilization 
should render oxircncs exccptionally reactive and difficult to stabilize. In principle, oxirenes 
can exist in equilibrium with oxocarbenes (equation 23), and it is quite possible that both 
kinds of intermediates are involved in these reactions. Indeed, rccent ah iiiitio MO SCF 
calculations show a small activation barrier of2 kcal mol - for rcarrangernent of oxirene to  
f~ rmylace ty l ene~~~ .  

0 0 
/\ - 1 1  ,c=c .- R-c-E--R 

R \ R 

In general, acetylenes react considerably slower with peroxy acids compared to 
structurally similar 01efins~**’~. It has bcen reported that, when the acety1ene:peroxy acid 
ratio is 5 :  1 orgreater, thestoichiometry of the reaction is 1 : 1. In this case, thereaction is first 
order in each of the reactants: 

u = k [peroxy acid] [acetylene] 

The kinetics of the rcaction of substituted phcnylacetylenes with peroxybenzoic acid has 
been measured in benzene at 25°C. The Hammett plot with CT+ gives a p value of - 1.40 
indicating the electrophilic nature of the reaction7’. Oxidation of 4-octyne with rn- 
chloroperoxybenzoic acid in various solvents capable of intermolecular association with 
peroxy acids has rcvealed that pcroxy acid-solvent intcractions play a similar role in the 
oxidation of this compound as in epoxidation of cyclohexene. A linear free-energy 
relationship with a slope of one was obtained by correlating the logarithmic rates of 4- 
octyne oxidatioi: with those of epoxidation of cyclohexene. The trend of activation 
pararnetcrs in both cases is also the same7’. 

All above-mentioned results seem strongly to support oxircne as the first intermediate in 
the oxidation of acetylenes with peroxy acids. A recent theoretical study”, using the 
restricted Hartree-Fock level of ab iiiitio theory (STO-4G, 6-31G), has indicated that 
unsymmetric attacks of peroxyformic acid on acetylene are energetically more favourable 
than symmetric ones. In thc framework of the 1,l-addition mechanism, the unsymmctric 
attackoftheperoxyacid witha trajectory having the H-C-PA angleofca. 90” was found 
to be energetically most favourable (Fijgure 6.) The approach of the ‘electrophilic’ peroxy 
acid appears to be dominatcd by charge-transfer control although some overlap-control is 
also indicated. The ‘transition state’ presumably involved in the 1,3-dipolar addition 
mechanism is energetically slightly more favourable than that involved in the 1,l-addition 
mechanism. A ‘loose’ transition state is indicated in both cases. 

The unsymmetrical ‘transition state’ indicated by ah inirio calculations is in accord with 
theabove-mentionedexperimentalobservation oftheimportanceofthea+ contribution to 
the Hammett correlation in the oxidation of paw-substituted phcnykdcctylenes with 
peroxybenzoic acid, indicating the accumulation of a partial positive charge on one of the 
carbon atoms in thc acetylenic part of the transition state (partially bridged or open 
transition state). In terms of a recent classification ofelectrophilic rcagcnts in their reaction 
toward unsaturated C-C bonds, peroxy acids could be ckdssified as class B reagentss0*. 

It is interesting to mention t hat thesecond stepofthe reaction, i.e. theoxidation ofoxirene, 
cannot yield 1,3-dioxabicyclo [ 1.1.0lbutane (23). The relatively large bond distance 
between bridgehead carbons (1.876 A), as well as tlie corrcsponding ncgative overlap 
population, indicate clearly that such a molecule cannot exist. Nevertheless, the possibility 
of a diradical state of this molecuk cannot be excluded. 
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FIGURE 6. Optimized gcomctry of the 
peroxyformic acid. (A) 1,l-Addition rncchanism; (B) 1,3-dipolar addition. 

ansition state' for thc oxidation of acetylene with 

E. Oxidation of Organic Nitrogen Compounds 

I .  Amines 

Tertiary amines react with peroxy acids to form aminc oxides in a process which is 
believed to be analogous to the epoxidation reaction. Namely, it was reported that an 
increase in nucleophilicity of the amine accelerates the (equation 24). These 
reactions are of the second order as are oxidations of tcrtiary amines with hydrogen 
peroxide. The Hammett p value of -2.35 was obtained for the peroxybenzoic acid 
oxidation of substituted pyridinesS2. 

R, 
R-N:+RCO~H- + R C O ~ H  (24) 
R' 

Primary amines react with peroxy acids to form nitroso compounds via initialiy formed 
h y d r ~ x y l a m i n e s ~ ~  (equation 25). Detailed study of the peroxyacetic acid oxidation of 
anilines in aqueous ethanol revealed a slow formation of phenylhydroxylamines, and fast 
conversion ofthe latter to nitrosobenzenes. The Hammett p value of - 1.86 was reported for 
the slow step of this reaction. The uncxpected greater reactivity of phenylhydroxylamines 
compared to anilines was explained as being due to the '(Y effect'83. The reaction most 
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probably involves the initial formation of an N-oxide which rearranges to the 
hydroxylamine. Direct insertion of the oxygen atom into the N-H bond seems unlikely. 

Oxidation of nitroso to nitro compounds presumably involves similar nucleophilic 
attack of nitrogen on electrophilic oxygen of the peroxy acid (the Hammett p value, 
- 1.58)84. 

Although no detailed mechanistic studies on the oxidation of secondary amines to 
nitroxides or nitrones with peroxy acids are available, it is reasonable to  assume that 
intermediate formation of hydroxylamines in these reactions most probably involves the 
same initial nucleophilic attack of the amine on the electrophilic peroxy 

A recent mechanistic study of oxidation of tertiary and secondary amines, as well as 
hydroxylamines with 4a-hydroperoxyflavin (24) in t-butanol shows that all these 
oxidations are second-order reactions; first order in arnine and first order in 248s*86. 

Me 
I 

Reactions with secondary amines give quantitatively the corresponding hydroxylamines. 
The flavin pseudo-base, 4-FlEtOH, is the reduction product in these oxidations. Primary 
amines react much slower, the reaction is not first-order and a complex mixture of products 
is obtained. It is interesting that a change of solvent from t-butanol to the aprotic solvent 
dioxane decreases the second-order rate but does not change the kinetic order. The relative 
reactivity of amines toward 24 (4a-FIEt00H) is hydroxylamines > t-amines > s-amines. 
All these results are consistent with a bimolecular nucleophilic attack of amine nitrogen on 
the terminei oxygen of 24 with back-donation of the hydroperoxy hydrogen (equation 26). 
Bruiceandcoworkers have found that theoxiditingabilityof24in N-oxidation ismore than 
four orders of magnitude greater than that of hydrogen peroxide or t-butyl hydroperoxide. 
This fact also seems to explain the lack of a requirement for general acid catalysis in N- 
oxidations with this reagent. 

R R 

\ / 
R R 

(26) 
\t 

4a-FIEtOH i R-N-0 + :N-R - n/ 

2. Oxirnes 

A study of the stereochemistry of oxidation of 2-substituted cyclohexanone oximes with 
trifluoroperoxyacetic acid in acctonitrile shows a predominant formation of cis-2- 
substituted nitrocyclohexanes8'*8". It has been suggested that theformation ofintermediate 
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nitronic acids (25) involves displacement by sp2-hybridized nitrogen on the electrophilic 
oxygen of the peroxy acidss (equation 27). 

N 
Ho\ 

MeCN 

&;02+ 

R 
95% 

H 
5% 

R = Ph 

3. A m  and diazo compounds 

Peroxy acids oxidize azo compounds to azoxy derivatives in a one-step electrophilic 
attack at either ofthe lone pairs of the azo nitrogens. The substituent effect on the rate and 
product isomer ratio in the reaction of tram-azobenzene wit h peroxybenzoic acid seems to 
exclude the attack of the peroxy acid on the n electrons of the azo double bond to form an 
oxaziridine-type intermediate (26)s9 (Scheme 3). 
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It has been demonstrated that electron-releasing groups on one of the benzenc rings of 
diazoaminobenzenes (27) direct the electrophilic attack of the peroxy acid to the nearest 
nitrogen atom (Scheme 4). The formation ofa metastableintermediate (ZS), which collapses 
to the isomeric N-oxides, has been suggestedg". 

Ph 

x c ~  H4 - N =N- NH -Cs H4Y XC6 H4 
I 
0- 

+ 
-NH-N=N-Ce 

I 
0- 

SCHEME 4 

The direct attack by the diazoalkane nucleophilic carbon atom on the electrophilic 
oxygen of the pcroxy acid has been suggcsted as being involved in the oxidation of 
diazodiphenylniethane (29) to benzophcnone with peroxybenzoic acid in various 
solventsg1 (equation 28). 

F. Oxidation of Organic Sulphur 

7. Sulphides and sulphoxides 

J 

Corn po un ds  

The peroxy acid oxidation of sulphidcs to sulphoxides is a second-order process; first 
order in peroxy acid and first ordcr in s ~ l p h i d e ~ ~ - ~ ~ .  Electron-withdrawing groups in the 
peroxy acid and electron-donating groups in t hc sulphidcs accelcratc thc reaction, again 
indicating theelcctrophilicnaturc ofperoxy acidsin t hese oxidations. A Hammett p valueof 
+ 1.05 was found for the oxidation of bis(p-chlorobenzyl)sulpl~ide with substituted 
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pcroxybenzoicacids in  i ~ o p r o p a n o l ~ ~ .  The reactionsarenot acid catalysed or subject tosalt 
effects. All these seem to suggest a nucleophilic displacement by the sulphur atom on the 
electrophilic oxygen in the peroxy acid (equation 29). Specific solute-solvent interactions 
by hydrogen bonding rather than the polarity of the medium have been found to be the 
major factor affecting the rates and activation parameters of oxidation of p-nitrodiphenyl 
sulphide wit h peroxybcnz~icac id~~.  Solventswit h basic oxygen retard the rates ofoxidation 
by disrupting the chelate ring of the peroxy acid with subsequent formation of the 
intermolecularly hydrogen-bonded peroxy acid-base adduct, thus lowering the 
concentration of the 'effective' form of the peroxy acid. Higher activation enthalpies, AH', 
and more positive activation cntropies. AS*, observed in basic solvents compared to 'inert' 
solvents have been suggested as reflecting desolvation processes on going from reactants to 
the transition state. Recent studies show that peroxy acids indeed form intermolecularly 
hydrogen-bonded adducts with bases with the strength of intermolecular association being 
roughly parallel to the basicity of the base and the acidity of the peroxy acid3'. Although 
littleis known about thegeometry ofthetransition statein thesereactions,it is believed that 
the above-mentioned interpretation ofthis phenomenon must be an oversimplification, and 
that the solvent molecule is most probably a part of the transition statez4'. 

r 

The oxidation of sulphidcs to sulphoxides by hydrogen peroxide and by alkyl 
hydroperoxides is susceptible to acid catalysis and is believed to involve nucleophilic 
displacement on the peroxide oxygeny4 (equation 30). A Hammett p value of -0.98 is 
reported for the oxidation of substituted diphenyl sulphides (XC6H4SPh) with hydrogen 
peroxide94. The acid catalyst HA is believed to assist the fission ofthe 0-0 bond, and to 
form the transition state which allows proton transfer. In protic solvents which can serve as 
acids (alcohols, carboxylic acids, water), the reaction is second order, first order in both 
peroxide and sulphide. The rate of oxidation of sulphidcs by hydroperoxides can thus be 
given by the equation 

I !  = k[sulphide J [hydroperoxide] [general acid catalyst] 

In  aprotic solvents (for example, dioxane), the alkyl hydroperoxide can serve as a proton 
donor and the reaction becomes second order in hydroperoxide. * 

R \  s: +ROOH - 1 ~~s...~~;A]'.. H + ROH + HA (30) 
R /  '0 ...H R /  

/ 

I t  is interesting that the oxidation of sulphides by 4a-hydroperoxyRavin, (24) (4a- 
FIEtOOH), in dioxane is first order in  hydroperoxide and not second order as 

The lack of the requirement for general acid catalysis in S-oxidation by this 
compound is attributed to the much greater oxidizing potential compared to hydrogen 
peroxide or alkyl hydroperoxide. The following ratio ofsecond-order rate constants for the 
oxidation of dioxane in methanol is found: 

4a-FIEt00H: H20,:r-BuOOH = 2 x 105:20: 1. 
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Further oxidation of sulphoxides to sulphones with pcroxy acids is much slower 
compared to the oxidation of sulphidesg7. Electron-donating groups in sulphoxides (the 
Hammett p = - 1.06, oxidation of substituted diphenyl sulphoxides, (XPh),SO, with 
peroxybenzoic acid in benzene at 20°C)97c and electron-withdrawing groups in peroxy 
acids (p = 0.75, oxidation of p-tolyl methyl sulphoxide with substituted peroxybenzoic 
acids)97b accelerate the reaction. 

Two mechanisms have been proposed for this oxidation. The first one involves the 
nucleophilic displacement on the peroxidic oxygen, similar to the one proposed in the 
oxidation ofsulphides (‘electrophilic’ ~xidat ion)’~.  Lower rates of oxidation ofsulphoxides 
compared to sulphides have been rationalized as being due to the lower nucleophilicity of 
sulphoxides. 

Solvent effect data, on the other hand, appear to  favour a two-step p r o c e s ~ ~ ~ . ~ ~  (equation 
3 1). In the framework of the two-step mechanism, a positive Hammett p value, obtained in 
theoxidation with substituted peroxybenzoic acids, could beexplained by the occurrence of 
the 0-0 cleavagein the rate-determining step which should be favoured by t he wit hdrawal 
of electrons from this bond. 

R ” 

R 0 - 0 - C - R  R O  

0 R /  \OH 
- s  \ /  ’low \s4 + RCOZH 

R/ \\ 

An analogous mechanism, involving nucleophilic attack of the peroxycarboxylate anion 
on thesulphur atom, has been proposedin thealkalineoxidation ofsulphoxidcswithperoxy 
acids” (equation 32). The present author advocates still another possibility, i.e. the 

- RCO2- + / SOz (32) 
R 

1 

formation ofa sulphur bis(acy1dioxy)derivative (30), which could easily break down to the 
corresponding sulphone. Recent evidence for the existence of diperoxysulphuranes (32) in 
thereaction ofsulphuranes (3l)with t-butyl hydroperoxideg8 appears to substantiate such 
a proposal (equation 33). 

0 
I I  

R \  ,0-0-C-I3 

R /  ‘0-0-C-R 
S 

I I  
0 
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Ph, , 0 - R  

Ph 0 - R  

(31) 

S + t-BuOOH - 
/ \  

I 

545 

(33) 

It  isinteresting to mention that the hydroperoxy anion, HOO-, oxidizes sulphoxides t o  
sulphones in aprotic  solvent^^'^, while this reaction does not proceed in aqueous mediag7". 

2. Thiobenzophenones 

The oxidation of thiobenzophenones (33) to sulphines (34) with peroxybenzoic acid is a 
second-order reaction". The second-order rate constants at 25°C in carbon tetrachloride 
for the oxidation of substituted thiobenzophenones fit the Hammett equation with the p 
value of -0.88 (equation 34). The second step ofthe reaction, the oxidation of sulphines to 
carbonyl compounds, is a slowzr process100. The negative Hammett p value of - 1.16 
(a' + a) indicates that sulphines also act as nucleophiles in thescreactions. Sincc the effect 
of solvent is similar to that found for the oxidation of sulphides or olefins, a nucleophilic 
attack of the sulphur atom on the peroxy acid has been proposed for the first step of the 
reaction,and an electrophilicattack ofthe peroxy acid on thesc-electron system ofsulphines 
for the second step (equation 35). The importance of a+ in the Hammett correlation 
indicates an unsymmetric transition state. 

\ 
RC6 H4, RC6 H4 

\ 
RC6 H4 

c=s - c=so - C=O +- RCOzH t 1/2 SO2 + 112 s 

r 
Ar 1 

\ 
,CGSO ] t RC02H 

Ar 0 
(35) 

\ 
A/ 
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G. Oxidation of Organic Iodine Compounds 

Oxidation of aromatic iodine compounds with peroxy acids to produce the 
corresponding iodosyl compounds, ArIO, is believed to involve a nucleophilic attack of the 
iodine compound on the electrophilic peroxy a ~ i d ' ~ . ' ~  '--Io7 (equation 36). Further 
oxidation of iodosyl compounds to iodyl derivatives presumably proceeds via I,!- 
bis(acy1dioxy)iodobenzencs (35), which have actually been isolated in the reaction of 
iodosylbenzene with substituted peroxybenzoic acidslo4 (equation 37). !,I-bis(benzoy1- 
dioy)iodobenzenes decompose at higher temperatures to produce, among other products, 
the corresponding iodylbenzenesIo5. 

1-6 + 2XCH4C03H o+ 
Relativelv little has been done in the 

- Ar- i -0  + RCOzH (36) 

0 

0 
(35) 

past to  elucidate the mechanism of oxidation of 
aliphatic iohides with  peroxide^^^^-'^^. Iidirect evidence has recently been reported for the 
involvement of iodosyl compounds in the peroxy acid oxidation of these compounds109. 
Thus, primary alkyl iodides are converted in good yields to the corresponding alcohok 
when treated with rn-chloroperoxybenzoic acid in dichloromethane or carbon 
tetrachloride. Only small amounts of m-chlorobenzoate csters are found. Both compounds 
are regarded as displacement products of the hypervalent iodine by water and m- 
chlorobenzoic acid, respectively. 

Secondary iodides give a mixture of products resulting from displacement, elimination 
and u-carbon oxidation, while tertiary iodides yicld products of displacement and 
elimination. Scheme 5 has been proposed for the formation of products from peroxy acid 
oxidation of alkyl iodides. The overall rate of conversion of alkyl iodides to products is 
dependent on the alkyl group: t-butyl > s-octyl > methyl > ri-heptyl. A polarized 
transition state (36), or a significant shift of electrons from carbon to iodine as the reaction 
progresses, has been suggested lo9,  

I* p"', & - ........ 6+ 0, /H .*.***O\\ ,c-R 

0 
8 -  

(36) 

H. Reactions of Diacyl Peroxides with some Nucleophiles 

I .  General characteristics 

Considerable interest lids been devoted in recent years to the study of the reactions of 
diacyl peroxides with reagents capable of serving as one- and two-clectron donors' lo. 

Among the compounds investigatcd are amines' ' I - '  , olefins' 1y-12z, trivalent 
phosphor~scompounds~ 23-1 27,  sulphides 28, car bani on^'^^, phenols' 3*130*1  ', ethers' l6 
and aromatic hydrocarbons' 16. 
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rearrangement 

/ I displacement elimination I 
H H 

R\C I /O' R \C/H 

+H q \ H  
R I OH 
'C' 

I I II 

RCOjH I /H oxidation J 
R-C-C- \-HI 

II \ 
Epoxide 

0 
SCHEME 5 

In general, two broad mechanisticschemes have been suggcsted at various times for these 
reactions. In the first scheme, the transformation ofthereactingmoleculesisconceptualized 
as the result oftheinteraction ofa nucleophile with an electrophilein a process analogous to 
anSN2mechanism.Thefirst-formed ion pair subsequentlydecomposes by diverse pathways 
to various products in ionic and/or radical processes, including the possibility of a one- 
electron transfer after the rate-detcrmining step (equation 38). 

N: + 1, - [ i - O - R  O-R] - products (38) 

R /O 

Although it appears that, in most cases, the observed products can most easily be 
accounted for by this simple nuclcophilic displacement, there are cases where another 
mechanism is operative. This involves as an initiating process a one-electron transfer to 
produce odd-electron intermediates, which react further to give (by coupling, 
disproportionation or a second electron transfer) nonradical products (equation 39). 

N: + R - 0 - 0 - R  - [I(]+ Rt) O R ]  - products (39) 

Sinceearlierwork hasbeencomprehensivelyreviewed' lo, onlyafew typicalexamples will 
be presented here to illustrate thedifficulties involved in distinguishing between t he two- and 
one-electron processes presumably involved in these reactions. 

2. Oxidation of amines 

Amines are well known to react nucleophilically with diacyl peroxides" '-' 16. Horner 
and coworkers originally proposed a mechanism involving a one-electron transfer from 
dimethylaniline to dibenzoyl peroxide' ' ' (equations 40 and 41). Walling' 12, on the other 
hand, suggested that tertiary amines react with dibenzoyl peroxide to form quaternary 
hydroxyhnine derivatives in a two-electron nucleophilic attack of the amine on the 
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ArNMez + (PhCOz)z - [ ArNMez+' PhCO2' -OzCPh] 

diffusion 
free radicals 

nonradical products 

PhCOi  

PhC02- 
ArNMez+' 

peroxide bond. This intermediate subsequently decomposes to produce radical- and 
nonradical-derived products. The SN2 type mechanism was favoured mainly on the basis of 
the effect of substitutents on the rate of reaction (equations 42 and 43). The same type of 
kinetic evidence was taken to support either ofthese two mechanisticschemes: Thereaction 
is of the first order in each reagent (second order overall), and is facilitated by electron- 
donating groups in the amine, and electron-withdrawing groups in the dibenzoyl peroxide. 

ArNMez + (PhC02)Z - [ Arh(Mez)OCOPh PhCOZ-] (42) 

+-:At%Mez homolysis + PhCO2' 

Ar&Me)zOCOPh elimination (43) [ A r i r C H ,  ] + +  PhCOZH 

Denney and Denney seemingly clarified the dilemma in favour of the initial nucleophilic 
attack of the amine by showing that dibenzylamine an$ dibenzoyl peroxide, labelled with 
oxygen-18 in the carbonyl group, react to product 94/0 of O-benzoyldibenzylhydroxyl- 
amine with the labelled oxygen in the carbonyl group' ' ' v '  l4 (equation 44). On the basis of 
the observation that solvent polarity has only a small effect on the reaction rate,a concerted 
proton transfer via a cyclic transition state 37 has been suggested. 

* 
- 

PhC02 H (44) 

Schuster and coworkers115*' l 6  have recently argued that the lack of scrambling of the 
label can be accommodated with the electron transfer as well as with the nucleophilic 
displacement mechanism. McBride and coworkers' " have recently suggested on  the basis 
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of an ESR study of the benzoyl radical in a crystalline matrix at low temperature that the 
unpaired electron is in an orbital ofo symmetry. Therefore, it is quite possible that the two 
oxygen atoms of the radical ion pair, during its short lifetime, d o  not become chemically 
equivalent . 

Similar mechanistic dilemmas appear to  be involved in the oxidation of benzylamines 
with arylsulphonyl peroxides, although 8 detailed study of kinetics, substituent effects and 
stereochemistry of the reaction of several substituted benzylamines with p-nitrobenzoyl 
peroxidc seems to favour a two-step, two-electron mechanism, with the first step involving 
nucleophilic attack by the amine on the peroxide to form a hydroxylamine-0-p- 
nitrobenzenesulphonate adduct, and the second step involving base-catalysed elimination 
from the adduct'l8 (equations 45 and 46). 

RCHzNH2 + (PhS020)2 - RCHZNHOSOzPh + PhSO3H (45) 

P 
R-CHNH-OSOzPh - RCHZNH + PhS03H 

lH30+ 
H 'f 

RCHO 

(46) 

3. Oxidation of olefins 

Greene and coworkers' l 9  made an extensive investigation of the reaction of phthaloyl 
peroxide with a variety of olefins. For example, the reaction with tram-stilbene in carbon 
tetrachloride a t  80°C was found to give two adducts, the cyclic phthalate 38 and the 
phthalide 39 (equation 47).The reaction was found to be stereospecific and to obcy second- 
order kinetics. Oxygen-18 labelling studies showed that about half of the oxygen of one 
carbonyl group ofthe peroxide appeared in the  ether oxygens ofthe phthalate. O n  the basis 

H Ph 0 
\ /  
C 

(47) 
C 
/ \  

0 0 Ph H 

(38) Ph Ph 

(39) 
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of these results, Greene and coworkers proposed a two-electron pathway involving a 
transition state (40)resemblingacharge-transfer complex between peroxide and olefin.The 
complex then rcarrangcs through additional intermediates to the products. 

- 

, 6 -  

/-''..o... 0 
0 . .  ' a:....:: ' 

- ,c-c \ 

(40) 

Strong support for a onc-electron transfer mechanism in the reaction of various 
nucleophiles, i.e. olefins, amines, ethers, and aromatic hydrocarbons, with phthaloyl 
peroxide, has recently been presented by Schuster and  coworker^"^*' 16. They detected 
odd-electron intermediates in the reaction of the peroxide with ground- and excited-state 
electron donors by laser pulse spectrometry. The dependence oft he observcd bimolecular 
rate constants on the one-electron oxidation potential for electronically excited donors as 
well as ground-state donors also speak in favour of such a process. The proposed 
mechanistic scheme is shown in Scheme 6. Nevcrtheless, as pointed out by Schuster, there is 
a danger in extrapolating these conclusions to the reactions of various nucleophiles with 
other diacyl pcroxides. The peroxide bond of the planar, constrained six-membered ring in 
phthaloyl peroxideis expected to be moreeasily reduced than theonein theskew dibenzoyl 
peroxide, and would thus seem t o  favour odd-electron processes. 

I L 

0 
I 
0 

Ph Ph 

SCI-IEME 6 

Although it is now well established that odd-electron intermediates, as well as 
scavengeable radicals, are involved in thc rcaction of various nucleophilcs with diacyl 
peroxides, there is at present no consensus of opinion as to which step of the reaction 
involses single-electron transfer"'.'32. It appears that in most cases the observed products 
can most easily bc accounted for by a simple nucleophilic displaccment with an 'early', 
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polarized transition state and that,at least in somecases,single-electron transfcr is involved 
in processes after the rate-determining step. Clearly, further work is needed to clarify thesc 
points. 

Ill. INTRAMOLECULAR NUCLEOPHILIC REARRANGEMENTS 

A. General Characteristics 

A large group of reactions in which oxygen behaves electrophilically involves 
rearrangement ofperoxidcs where an 0-0 bond is cleaved heterolytically and an alkyl or 
aryl group migrates from carbon to oxygen (equation 48). Although it  is generally bclieved 
that in most cases hetcrolysis of the 0-0 bond and the alkyl or aryl group shift are highly 
concerted, thercisalso indication that,at least in somecases,an ‘intimate’ion pair isformed 
first (equation 49). Since the alkoxy cation, ROC, has never been obscrved as a long-lived 
species,a bridged positively charged transition state with a pentacoordinate central carbon 
atom of the R group is expected to be energetically prefcrabte over the alkoxy cation. 

? \  I 
- C - 0  - -C-OR 

L I  I 
oz oz 

(48) 

In general, thesc reactions are expectcd to be more scnsitive to polar substituent effects 
and polar solvents than radical reactions, and should also be susceptiblc to acid catalysis. 

B. Peroxy Esters (Criegee Rearrangement) 

Acetate and benzoate esters of tr.urzs-9-decalyl hydropcroxide (41) rearrange on standing 
to  produce isomeric esters which are easily hydrolysed to 6-hydroxycyclododecanone 
(equation 50)’33-’34. Rearrangements of this type received considerable attention in the 
1940s and 1950s. but little since. Below are some characteristic featurcs of the Criegee 
rearrangement. 

00 H 

0 0 
I1 

0 - C - f ?  
I1 

0-0 -C- I3  

-dl OH 
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The reaction is facilitated by electron-withdrawing groups in R (R = C6H4X, 
p = 1.35)'35-'37, by groups of high migratory ability, and is strongly influenced by the 
ionizing power of the solvent. All these suggest an ionic reaction. 

The reaction is first order and is subject to slight acid catalysis. Foreign anions arc not 
incorporated into the p$oduct, indicating the intramolecular nature of the process. Almost 
complete retention (98/0) of an I8O label in the carbonyl group was observed in the 
rearrangement of trans-9-decalyl peroxybenzoate labelled in the carbonyl p ~ s i t i o n ' ~ * * ' ~ ~ .  

All the above-mentioned evidence indicates that the Criegee rearrangement involves a 
highly concerted heterolysis of the 0-0 bond with sirnultaneous carbon-to-oxygen 
migration via a bicyclic, highly oriented transition state (42), or through a tightly oriented 
intimate ion pair (43). Thision pair then collapses to the product so that the acyl oxygen 
retains its identityI4'. The five-membered transition state (44) seems to be ruled out on the 
bases of l80 tracer studies. Due to the lack ofconsensus of opinion on the definition of the 
intimate ion pair, i t  is difficult, if not impossible, to differentiate between intermediates and 
transition states in such cases, and it is quite probable that such ion pairs have energies that 
are similar to that of the transition states or are transition states themselves. 

f 

0-- P ]  C- R 

The Criegee rearrangement just described proceeds much less readily in simple t-alkyl 
pcroxy esters. In these cases, the rearrangement competes with homolytic decomposition. 
For example, in polar solvents (nitrobenzene, acetic acid), cum yl peroxyacetate yields acetic 
acid, acetone and phenol after hydrolysis (the Criegee rearrangement products). On the 
other hand, the same compound decomposes in toluene by competing radical and ionic 
 pathway^'^'. 
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A completely ionicform ofdecomposition has been proposed for the decomposition oft- 
butyl arylperoxysulphonates in methanol. Aceton and the corresponding sulphonic acid 
are formed quantitatively by rearrangement and methanolysis of the ion pair and 
subsequent hydrolysis of the ketal according to Scheme 7142*i43. 

Me OMe Me OMe hle 

Me I [ 1: 1 Me OTs Me OMe 

\ /  

/ \  
+ HOTs 

I \ /  MeOH - c  Me-C-0-0-Ts - M e - C - d  0-Ts - C 
/ \  

Me Me Me OMe I + -  solvent \ + MeOH 

Me Me OMe I 
Me 

\ ' + HOTs Me-c-0 0-Ts - C-OMe + O--Ts - C 
/ / \  

SCHEME 7 

Winstein and Hedaya have studied the decomposition of a series of 2-substituted-2- 
propyl p-nitroperoxybenzoates (45) in methanol, ethanol and acetic acid'44. They have 
found that the relative rate order is very sensitive to  the nature of the migrating group, R, 
strongly indicating the importance of the anchimeric assistance by the migrating group 
(Scheme 8). A nonclassical-type, bridged, positively charged transition state is suggested to 

Me\ 
/C = 0 .- Me 

f 

+ 

0 2  N O  SO3 H 

+ 
+ 

ROH(ROMe1 

olefin 
SCHEME 8 
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be formed first, collapsing to an cr-alkoxy carbonium iqn intermediate. The observed 
products are believed to be derived from the cation Mez COR, except in cases where the 
alkyl cation, R', is stable enough to become a leaving group itself (R = t-Bu, i-Pr). The 
relative reactivity order, which ranges over five powers of ten, is t-butyl > phenyl > 4- 
camphyl > p-methoxybenzyl.> benzyl > secondary > primary > methyl, thus reflecting 
the ability of these groups to sustain a positive charge. 

The Hammett p value ( -  2.1) of the relative migration ofsubstituted benzyl groups also 
implies that R is carrying an appreciable positive chargc in the transition state of the 
rearrangen~ent"~. On the other hand, the relatively small migration aptitude of the bcnzyl 
group (Et: benzyl = 1 :36), topetherwith thesmalldiRerenceinmigratoryaptitudeofZexo- 
and 2-endo-norbornyl groups, suggest relatively small geometrical changes during the 

By studying the migratory aptitude of a number ofother cyclic and polycyclic 
bridgehead groups, Ruchardt and coworkers have suggested a nonclassical penta- 
coordinated central C atom in the transition state as shown in 46. Nevertheless, the 
hyperconjugation component in this rearrangement, as indicated by the transition state47 
cannot be completely ruled out'45. 

f 

C. Hydroperoxides and Dialkyl Peroxides 

The ionic nature of the acid-catalysed cleavage of hydroperoxides to alcoholic and 
ketonicfragments is now well establishedId6 (equation 51).Thereaction is mechanistically 
similar to the Criegec rearrangement. Detailed studies of acid-catalysed (HCI04, H2S0,)  
decomposition ofring-substituted m-cumyl hydroperoxidesin 50% ethanol and benzhydryl 
hydroperoxides in acetone show that decomposition is overall second-order, i.e. first order 
in hydroperoxide and first order in hydronium ion at  a given acid conccntration. Electron- 
releasing substituents in the aryl group accelerate and electron-withdrawing groups retard 
the rearrangement [Hammett p(a') = -4.57, for a-cumyl hydroperoxides"'; p 
(a' ) = -3.78, for bcnzhydryl hydro peroxide^'^^]. 

R 

(51 1 C=O + ROH 
I R\ 

I R' 
R-C-0-0-H - 

R 

Theestablished relativemigratory aptitude is cyclobutyl > aryl > vinyl > hydrogen > 
cyclopentyl > cyclohcxyl > alkyl, and for alkyl substitucnts: tertiary > secondary > 
primary > methyl. The observed trend is similar to tlie one reported in the pinacol 
rearrangement, although the steric effect of ortho substituents in the ary! group on thc 
migration is much lcss pronounced in the hydroperoxide rearrangement, indicating less 
crowding in the transition state in this The rearrangement is subject to specific, 
rather than general, acid ~atalysis'~'. Partial decomposition in H2"0 gives residua! 
peroxide which does not contain "0, indicating that the alkyloxonium ion has no Trce 
ex is tence ' "* I 50. 
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The results of all the above-mentioned kinetic, isotope and migratory aptitude studies 

imply an acidity-dependent equilibrium between the protonated and unprotonated 
hydroperoxide which is followed by a rate-determining concc;ted rearrangernent of the 
protonated hydroperoxide (equation 52). 

f 
R I H '  R I + 1 f / + I  

R - C - 0 - 0 - H  *= R-C-0-OH, - R - C - O..-OHz - 
I I 
R R 

OH R 
+ 

(52)  
I \ 

R-C-OR + HzO - R-C-OR - C=O + ROH 

R I R I R/ 

Electrophilicattack by a proton mayalso take placeat theotheroxygenatom to produce 
the second possible conjugate acid (equation 53). Although rearrangement is not possible in 
this case, a reversible process to produce hydrogen peroxide and a carbonium ion may 
occur, particularly with triarylmethyl hydroperoxides. Protonation at  either oxygen atom 
has recently been confirmed by studying t he magic-acid-catalysed cleavage-rearrangement 
reactions of various t-alkyl hydroperoxides by 13C-NMR spectros~opy'~' .  Olah and 
coworkers have found that careful addition of an equimolar amount of c-butyl 
hydroperoxide in SO2C1F at -78°C to magic acid in S02C1F gives the corresponding 
dimethylmethoxycarbonium ion which is hydrolysed by the water formed to produce 
acetone and methanol (equation 54). O n  the other hand, a fivefold excess of magic acid 
shows formation of trimethoylcarbonium ion a,s well as dimethylmethoxycarbonium ion, 
indicating both 0-0 ( 8 5 / 0 )  and C-0 (15/0) cleavage reactions. 

R R R 
I I +  I +  

I 
R I I I  

R R H  

(53) R - C - 0 - 0 - t i  + H+ 7 R - C - 0 - 0 - H  R - c  + HzO2 

Me Me Me Me 
I 

I I 
Me Me 

+ 
+ H 2 0  (54) 

H '  I \ /  
,c =o+ M e - C - 0 - 0 - H  -- Me-C-0-OH2 - 

Me 

Two carbonyl fragments are formed in the acid-catalysed cleavage of allylic 
hydroperoxides (the Hock cleavage)'52.' 53. The reaction is believed to proceed according 
to thecriegee rearrangement mechanism (migration ofa v i n y l g r o ~ p ) ' ~ ~ - ' ~ '  (equation 55) ,  
although suggestions have been made that this reaction might involve a dioxetane 
intermediate since it proceeds sometimes without any acid ~ a t a I y s i s ' ~ ~ - ' ~ '  (cquation 56). 

\ 0 
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HX 
\ /  \ /  

.- c + c  
II II 
0 0 

X = CR2, allylic hydro peroxide^'^^ 
X = 0, ct -ketohydropero~ides'~~* 160 

X = -N, z -cyanohydroperoxides" 

Acid-catalysed decomposition of cc-hydroperoxyketoncs in benzene affords carboxylic 
acids and ketones (equation 57). Sawaki and OgataI6' have reported that the 
decomposition obeys the rate equation 

u = k 2  [hydroperoxide] [acid]. 

0 
/ R2 CF3C02H I I  R: 

R j  

R'-C-C,R3 - R'-C-OH + C=O 
I1 I benzene 
0 OOH 

(57) 

Weak bases (benzophenone, acetonitrile, dioxane) retard the reaction. A general acid 
catalysis by the free acid has been suggested on the basis of the effect of added amine. The 
relative migratory aptitude of acyl groups is in the order PhC=O < MeC=O < i- 
PrC=O.Thesubstituenteffect in themigratory benzoylgroupgivesp = -2.23 (a).On the 
other hand, the substituent effect in the nonmigrating phenyl group (R3)  gives the p value of 
-0.82with a C . A l l  theevidence indicates that therateoftheacylmigrationisdetermined by 
the electron-donating power of R', and that the positive charge is stabilized mostly by the 
interaction with thecarbonylgroup (see48).Themechanisticschemeshown in Scheme9 has 
been suggested by these authors. Aryl (R3 = p-anisyl, p-toly1)migration begins to compete 
with benzoyl migration with theincreasingacidityofthecatalyst. Similar observations have 
also been reported for the ratio of aryl: hydride shift in the decomposition of benzhydryl 
hydro peroxide^'^^, the Baeyer-Villiger oxidation of benzaldehydes' 63 and the pinacol 
rearrangement'". Sawaki and Ogata have explained this observation by suggesting that 
the aryl shift is more sensitive to acidity than the benzoyl shift (different extent of charge 
separation in the transition state for migration). 

Dialkyl peroxides have been much less studied'65. In strong acid media the equilibria 
shown in Scheme 10 exist. Acid-catalysed reactions of dialkyl peroxides in nonionizing 
media usually involve the Criegee rearrangement'66. On the other hand, trapping of 
carbonium ions has also been reported in some cases167. 
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H 

'HA 

R-0 -0 -H  + HA K R-O-O... / - products 
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alkenes + H' 

I1 H' 

II 
RiC-O-O-RZ + H+ RiC' + R202H -Z Hz02 +- G2 

H* + RACOH 

SCHEME 10 

D. Diacyl Peroxides 

It  has long been known that unsymmetrically substituted benzoyl peroxides and mixed 
diacyl peroxides, in which one or both Rs are secondary or tertiary alkyl groups as well as 
some symmetrical diacyl peroxides, decompose thermally to give, beside radical products, 
also the 'Leffler carboxy inversion' product, i.e. carbonic anhydride168-171 (equation 58) .  
The 'polar' reaction is favoured by polar solvents and electron-withdrawing groups in the 
potentially anionic fragment, and is subject t o  acid catalysis. Assuming that both types of 
decomposition, i.e. ionic and radical, are independent, the product ratio has been used to 
obtain the separate rate constants for the disappearance of substituted benzoyl isobutyryl 
peroxides. By analysing the obtained data in terms of competing reactions, Lamb and 
Sanderson found that the apparent krnd (obtained by measuring the yield of scavengeable 
radica1s)give a Hammett p value of - 0.10, while the rates ofrearrangement, k,,,,. (obtained 
by measuring the yield ofthe carboxy inversion product)give a positive p value ( +0.70)172. 

0 0 0 0 
I I  I I  I I  I I  

(58) R'- C-0- C-OR2 R1-CCOOO-CCR2 - 

There is mounting evidence in favour ofsimultaneous ionic and radical decomposition of 
these compounds172-180*250 

By studying the effect of solvents on the rates and products of decomposition of several 
diacyl peroxides, Walling and coworkers have provided evidence that a common rate- 
determining transition state is involved in both polar and radical reaction pathwaysI7 5*176. 
They have proposed a mechanistic scheme which is ostlined in Scheme 1 1. The results of an 
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R!tC02 I - 0 2 C R Z  - radical products 

electron transfer 

# 
~ 1 +  co2 -02c~2- polar products 

SCHEME 1 1  

investigation ofthestereochemistry ofproducts obtained by t he capture ofthcion pairs with 
nucleophilic solvents (acetonitrile, acetic acid, 2-butanol) indicate that partitioning into 
tight ion and radical pairs occurs 'late' on the reaction coordinate. 

Taylor and coworkers have found t hat cyclobutyl and cyclopropylmethyl groups are very 
sensitive structural probes for following posttransition-state events in the thermal 
decomposition ofa number ofalkyl-aryl (R' = wCIC6H4, R2 = cyclobutyl, cyclopentyl- 
methyl, 3-butenyl) and symmetric diacyl peroxides (R' = RZ = cyclobutyl, cyclopropyl- 
methyl, 3 - b ~ t e n y I ) ' ~ ~ .  Their results may be summarized as follows: (1) formation of 
carbonic anhydride involves, a t  least in part, a concerted pathway, (2) ester formation is in 
large part due to ion-pair and not to radical-pair collapse and (3) differentiation into ion- 
radical processes occurs 'early' on the reaction coordinate. Taylor and coworkers favour 
LefRer's unbridged structure of a common intermediatc (49)17' as the most plausible 
transition-statemodel. This intermediate is believed to be formed by singleelectron transfer 
from the weak C-C bond to the peroxide linkage, with alkyl and carbon dioxide still 
weakly bonded. 

r 1 

Much current interest is concerned with the question of electron transfer in these 
decompositions. Taylor and coworkers suggest t hat electron transfer between separated ion 
pairs and radical pairs is only a minor reaction pathwayI7'. Electron transfer from 



559 17. Polar reaction mechanisms involving peroxides in solution 

neopcntyl to w-chlorobenzoyl radical to form the neopentyl carbocation and In- 
chlorobenzoate has been reported by Lawler and coworkers, who have found CIDNP 
evidence for such a process'79. More recently, similar observations have been reported for 
other alkyl-aryl diacyl peroxides (R' = neopentyl,isobutyl, n-propyl;R2 = m-C1C6H,,4- 
N O ~ C ~ H ~ ) .  It is surprising that the solvent and substituent effects on the electron transfer 
are found to be small'80. 

Clearly, further work is needed to clarify thc sequence of events occurring along the 
reaction coordinate of the thermal decomposition of these interesting compounds. 

E. Oxidation of Ketones and Aldehydes with Peroxy 
Acids (Baeyer-Villiger Oxidation) 

I .  Ketones 

(equation 60) with peroxy acids is known as the Baeyer-Villiger 
The oxidation of acyclic ketones to esters (equation 59) and cyclic ketones to lactones 

0 0 0 
I I  11  \I 

(59) R ' - - C - - R ~  + R C O ~ H -  R ' - C - O R ~  or R ' O - C - R ~  i R C O ~ H  

a. Polar reaction mechanism involving the forniation of the peroxy-acid-ketone 
adduct. Several mechanistic studies indicate that these oxidations proceed via a transient 
tetrahedral intermediate, the peroxy-acid-ketone adduct (Criegee adduct) 50, with 
subsequent migration of an electron-rich substituent to an electrophilic o ~ y g e n ' ~ ~ - ' ~ '  
(equation 61). As will be shown below, aliphatic acyclic ketones with groups of poor 
migratory ability do not follow this reaction pathway. 

0 
I 1  

(61 1 
0 0 

I I  
R - C - O R  + -0-C-R-R-C-OR + HO-C-R 

'OH 
II I 1  

Peroxy acid oxidations of ketones are, usually second-order reactions, i.e. first-order in 

v = kvbs [peroxy acid][ketonel 

Oxidations with trifluoroperoxyacetic acid are usually of third order and sometimes of 
pseudo-first order and second orderlg2. 

each of the  reactant^^**-^^^: 
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The activation entropies of the Baeyer-Villiger reactions are large and negative ( -25 to 
-45cal mol- ’ deg- The reaction is catalysed by acids and facilitated by polar 
s ~ I v e n t s ’ ~ ’ * ’ ~ ~ .  

Electron-withdrawing groups in the para and meta position retard and electron-releasing 
groups facilitate the migration ofthe phenyl group.’ 87*188 Ortho-substituted phenyl groups 
migrate less readily than para-substituted analogues’ 

The rearrangement in the adduct must be intramolecular since it proceeds with complete 
retention of c~nfiguration”~. Isomerization may occur with unsaturated compounds. 

Benzophenone containing isotopically labelled oxygen gives phenyl benzoate with the 
same carbonyl oxygen content as the starting material (equation 62), indicating that no free 
electron-deficient oxygen species are formed during thereaction.This observation also rules 
out dioxirane (51) as an intermediateI8’. 

’80 ’ 8 0  
II I I  

(62) Ph-C-Ph + ArC03H-  Ph-C-OPh + ArCOzH 

Ph\ ,O 
c 1  

Ph’ ‘ 0  

The relative migratory aptitude of various groups in unsymmetrical ketones has been 
extensively studied and the following order has been found: t-alkyl > cyclohexyl > 
s-alkyl > benzyl > phenyl > p-alkyl > cyclopentyl > 

An unus-ual remote substituent effect on the regioselectivity of the peroxy acid oxidation 
of 8-oxabicyclo [3.2.1 Ioctan-3-one derivatives (52) has recently been reported’96 (equation 
63). The rigid system with a plane ofsymmetry, which is not distorted upon introduction of 
substituents, allowed the study of through-bond electronic effects. It was found that 
electron-withdrawing groups y to carbonyl favour the or’-methylene migration over a- 
methylene migration. The following relative order of ct‘-directing abilities was reported : 
OSOzR > OCOR > OR > XCH2 = Ph. Through-bond electronic effects, caused by an 
electronegative substituent X, rather than steric and conformational factors, are thus 
strongly indicated. 

188.194.195 

HO OOCOCF3 

A similar, remote subslituent effect has also been reported in the peroxy acid oxidation of 
a number of P-trimethylsilyl ketones (53)197. This reaction is directed by the trimethylsilyl 
group to give esters 2f P-hydroxysilanes (equation 64). Oxidation of 53a gives a 2: 1 ratio of 
esters 54 and 55 (80A yield). Ketone 53b gives a 1 :2 ratio of 54 and 55 (79% yield). The 
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migratory aptitudeofthe Me3SiCH2CH2 groupin thissystem is thus intermediate between 
that of secondary and tertiary alkyl groups. 

(a) R = H 
(b) R = Me 

The nature of the leaving group also influences the migratory ability. Peroxytrifluoro- 
acetic acid has been found to be more sensitive to steric effects of various groups than 
monoperoxymaleic acid in the oxidation of simple ketones. It  has been suggested that this 
phenomenon might be due to the altered stabilities of the corresponding transition states 
leading to altered product ratios'95. 

Stericeffects have also received considerableattention in theBaeyer-Villiger oxidation of 
bicyclic systems'98 and ortho-substituted ace top hen one^"^. 

All the above-mentioned studies seem to  indicate that the size of the migrating group, its 
ability to  support a positivechargein the transition stateofthe migration, and thereactivity 
and steric requirements of the peroxy acid, are the major factors influencing the 
rearrangement. 

Rate-determining migration in the peroxy-acid-ketone adduct has been shown by the 
negativeHammettpvalueof - 1.45 ( c ~ ) ' ~ ~ a n d  - 1.3  andeven even moreconclusivelyby 
the I4C isotope-effect study. Palmer and Fry studied the oxidation of ''C-labelled para- 
substituted acetophenones (MeO, Me, H, CI, CN)and found a significant I4C isotopeeffect 
for all acetophenones except in thecase ofp-methoxyacetophenonelgl (equation 65). Rate- 
determiningformation ofthe peroxy-acid-ketone adduct would not show an isotope effect ; 
this step does not involve bond alteration at the labelled site. 

Although the rate of the Baeyer-Villiger reaction in the presence ofa suitable catalyst is 
governed by the migration step, carbonyl addition can become rate-determining under 
some conditions in ketones substituted with electron-releasing groups. Ogata and 
Sawaki l g 9  made an extensive investigation of, the peroxybenzoic acid oxidation of 
acetophenones in various organ5 solvents and 40A aqueous ethanol. They found that acid 
catalysis by perchloric acid in 40/0 ethanol is general rather than specific, since the reaction 
isnot correlated with theacidityfunction,H,. Aceticacid isabletocatalyseonlyaddition to 
the C=O group while trifluoroacctic acid catalyses migration as well as addition. The 
species involved in the catalysis arc believed to be the intermolecularly hydrogen-bonded 
adducts56and57. An approximatelyestimated Hammett pvalueof - 3wasreportedforthe 
migration step in the oxidation ofring-substituted acetophenones @-Me, p-Ci, H, p-OMe). 
This value is comparable with t hose reported for other peroxide rearrangements 144.147*1 48. 

Rate-determining carbonyl addition was observed in the oxidation of hydroxyaceto- 
phenones.Theratesofaddition of peroxybenzoateion to 0- and p-hydroxyacetophenoneat 
pH 5-12sati~fiestheTaftequation~~~ withp* = 1.3-1.6(a*)and 6 = 0.6-0.8,reflectingthe 
importance ofelectronic and stcriceffects. Ogata and SawakiIg9 reported that migration is 
the rate-dctermining step in the oxidation of p-methoxyacetophenone at  pH > 5.5, while 
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r- i Ar- 

OH 
I 

.C- R 
I 
0 -0-C-Ph 

II 
O.-HA 

(57) 

both migration and addition are important a t  pH 0.7-5.5. At even higher acidity, migration 
becomes predominant. The change of the rate-dctermining step from migration to addition 
in the latter case appears to  explain the lack of I4C isotope effect in the oxidation of this 
ketone reported by Palmer and Fry’”. 

Similar results were obtained by studying the kinetics ofthe Baeyer-Villiger oxidation of 
acetophenoneswith peroxymonophosphoricacid, H3P05,  inacetonitrile. Therateswereof 
second order: 

u = k [PhCOMe][H3P05] 

The reaction is subject to catalysis by H2S04. A plot of log k2 vs. - H o  gave a straight line 
with a slope of0.75,indicatingproton involvement in the transition state. The migration step 
is rate-determining as indicated by the Hammett p value of - 2.55 (a). The observed better 
correlation of log k2 vs. a rather than a+ impliesa relativelylow positive charge formation in 
the migration step, which is believed to  be concerted with the leaving of phosphoric acid 
according to Scheme 12200. 

OH OH 
I 

Ar-C-Me - Ar-C-Me - H+ I 
__c 

OH 
I 
0 OH I 

0 
\ +’ / 

‘0 -P  

!\OH OH 

OH 
I ”,.. C-Me 

At. I 8 +  

OH 0 
I - n* II - HJ PO4 OH - Ar-O-C-Me -Ar -0 -C-Me *-o.* s+/ 

‘-0”” P 
I \OH 
O H  

SCHEME 12 

Thequestion ofthe timing ofthemigration and thelossoftheleavinggroup has also been 
discussed in other s t u d i e ~ ’ ~ ’ - - ~ ~ ~ .  Considerable carbonyl formation in the transition state 
with little reorganization in themigrating group (58)are impliedon thebasisofab itiitioand 
CND0/2 MO calculations202. These results are also in accord with the small 2- and 
relatively large P-secondary deuterium isotope effect observed iun the rearrangement or 
deuterated phenyl2-propanone~’~~. An ion-pair intermediate59 seems to be ruled out on 
the basis of these calculations. 

b. Mechatiistiu itrvolvitig iotiic atidlor radical ititerttierliatrs. As mentioned before the 
Baeyer-Villiger reaction of aliphatic acyclic ketones with groups of poor migratory 
aptitude yields ketone peroxides instead of esters. 
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The oxidation of acetone under Baeyer-Villiger conditions with peroxysulphuric or 
peroxyacetic acid has been reexamined by Edwards and coworkers204 and Murray and 
RamachandranZo5. Their conclusion is that an intermediate species is formed in these 
reactions which is capable of epoxidizing olefins. The carbonyl oxide (60) and/or the 
isomeric dioxirane (61) have been suggested as being the potential epoxidizing agents 
(Scheme 13). The remarkable reactivity of the intermediate was demonstrated by the 
oxidation of phenylpropiolic acid, which is otherwise unreactive with m-chloroperoxy- 
benzoic acid. 

Me/ \ O - 0 - C - R  
II I 0 

C=O + RC03H- 
Me\ 

Me' . 

L 

I 
0- 

+O/ 
I I  
C 

/ \  
M e  Me 

0- 
/ 
0 
1 
C' 

/ \  
M e  Me 

Me\ /O 
Or .C\l 

Me 0 

(61 1 

SCHEME 13 

It is not clear a t  present whcther the cleavage of the 0-0 bond in the pcroxy- 
acid-ketone adduct in these cases is heterolytic or hornolytic, or both. With peroxyacetic 
acid, the relatively small inductive effect of the acetyl group could favour the homolytic 
scission leading t o  the formation of dioxirane. 

Homolyticcleavageofthe 0-0 bond in the adduct has been'suggestcd previouslyin the 
reaction of peroxyacetic acid with benzophenones containing electron-wit hdrawing 
groups206. It has beenreported that suchgroupsenhancemigrationofphenyl rings,whichis 
opposite to the 'normal' order of migration obscrved when the same benzophenones are 
oxidized with trifluoroperoxyacetic acid. Formation of the end-products, according to this 
free-radical mechanism, involves 1,2-shift of one of the phenyl groups from carbon t o  
oxygen, and an 'in-cage' abstraction of hydrogen by the acetoxy radical (Scheme 14). 

Still another mechanistic possibility for the Baeyer-Villiger oxidation of ketones with 
peroxy acids should be mentioned at this point. Kwart and coworkers suggested a 1,3- 
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SCHEME 14 

dipolar addition of the peroxy acid molecule t o  the ketone involving a transition state 62, 
with more or less expressed dipolar character43. However, direct experimental evidence t o  
support this mechanism is still lacking. 

2. Aldehydes 

Benzaldehydes react with peroxy acids to afford the correspondingcarboxylic acids and 
phenols. Ogata and Sawaki made an extensive kinetic study of the reaction of these 
compounds with peroxybenzoic acid163. The mechanistic scheme shown in equation (66), 
analogous to  the one already proposed for ketones, has been suggested. It is interesting to  
mention that theintermediateadduct has actually been detected in thereaction ofaldehydes 
w i t h p e r o x y a ~ i d s ~ ~ ~ - ~ ~ ~  . It h asbeensuggestedthat63existsin solutioninanequilibriumof 
three forms. Still another structure (63a) for the adduct has been proposed to explain the 
formation of acetic anhydride in the autoxidation of acetaldehyde at ambient 
temperature*". Assuming that the adduct actually has structure63, either thearyl group or 
the hydrogen atom may migrate. 

It has been found that selectivity for migration of an aryl group changes sharply with 
substituent and pH ofthereaction medium163. Thearyl migration iscatalysed by acidsviaa 
hydrogen-bondedcomplexsimilarto theoneinvolved in theoxidation ofbenzophenones.It 
is interesting to  note that electron-releasing groups in the ortho position accelerate the 
migration bya factor ofapproximately ten compared to para-substituted phenyl rings. This 
is just the opposite to  the findings reported in the Baeyer-Villiger oxidation of 
benzophenones, where ortho substitucnts retard the reaction'88. The aryl migration is 
insensitive to  hydroxide ion catalysis. It is also characterized by the absence of a kinetic 
deuterium isotope effect, but is quitc strongly influenced by the solvent polarity 
(Grunwald-Winstein ti1 value = 0.5). Thus, significant charge separation in the transition 
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state for migration (64) has been suggested. Hydride migration is, on the other hand, 
characterized by a relatively large deuterium isotope effect (k,/k, = 1.4-3.0). It is rather 
insensitive to  solvent polarity (m x 0.1) as well as t o  proton and hydroxide ion catalysis. A 
hydride shift presumably proceeds via adduct anion 65 at pH 8 rather than via the neutral 
adduct 63. The migration ratio (At/H) changes at pH > 8.5, due to the change of the 
intermediate fro man anion to  aneutral adduct,and then increases withincreasing acidityof 
the medium since aryl rnigrction is acid-catalysed. 

"0 - C - Ph 
II 
0 

(64) 

r 1 
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The relative migratory aptitude has been estimated from the product ratio 
ArOH/ArC02H;thcHammett pvalueof -4 to  - 5  (a+)forarylmigrationand 1.1-1.8for 
hydride shift, respectively, has been reported. 

Thesubstituent effect in theperoxybenzoicacids is rathersmall.Thep valueof0.2-0.4 (0)  

has been found for all benzaldehydes except for 0- and p-hydroxybenzaldehydes where p is 
OatpH >9.0gataandSawaki'63explained thisobservationwithapresumption thatthe 

main driving force for the 0-0 bond heterolysis in the peroxy acid is a weakening ofthe 
0-0 bond caused by an attack of the nucleophile on the lowest unoccupied orbital 
(LUMO) of the 0-0 bond and not the lowering of the energy level of the antibonding 
orbital of the 0-0 bond by introducing electron-withdrawing substituents. 

On the basis of all the above-mentioned evidence, Ogata and Sawaki concluded that 
carbonyl addition is the rate-determining step in the oxidation of hydroxy-substituted 
benzaldehydcs, while migration is rate-determining in Me-, H-, and N02-substituted 
benzaldehydes. p-Met hoxybenzaldehydes appears to be the borderline case. 

It is interesting to compare the above-mentioned results with those obtained in the 
Baeyer-Villiger oxidation of benzaldehydes wit h peroxymonophosphoric acid. Ogata and 
coworkers have reported that at pH 1.3, thearyl migration ischaracterized bytheHammett 
p value of -2.88 (a)2". This correlation is in contrast to the better correlation with CJ+ 

observed in the reaction with peroxybenzoic acid. This phenomenon has been 
explained as being due to the relatively weak loosening of the 0-0 bond in the adduct of 
benzaldehyde with H 3 P 0 5  (analogous to 64) in  the transition state of the migration, 
compared to the one in the oxidation with peroxybenzoic acid. H3P05  is a much stronger 
acid than peroxybenzoic acid, so that a lower development of cationic charge (a+) is 
expected in thetransition state.On theother hand,at pH4the hydrideshift ischaracterized 
byp = 1.74and2.0at pH = 7.3.Similarvaluesof 1.1-1.8 have beenobtainedat pH 1-12in 
the oxidation with peroxybenzoic acid affording hydride shift. 

IV. OXIDATIONS INVOLVING PEROXIDES AND THEIR ANIONS AS 
NUCLEOPHILES 

A. General Characteristics 

A number of reactions are known in which peroxidcs or their anions act as 
nucleophiles" '. Although much attention has been devoted in recent years to theso-called 
'a effect', that is, a far greater nucleophilic reactivity of peroxy anions compared to oxy 
anions in spite of much lower basicity [for example, Kb(H02-) /Kb(HO-)  = the 
problem is far from being solved. Several explanations have been put forward, and the 
interested reader is referred to the pertinent 1iteratu1-e~'~. 

In general, these reactions can be dividcd into two categories: ((c) reactions which involve 
displacement of a group X in thc substrate by ROO- 
\ 

\ 1 

/ 
ROO- + -C-X- ROOC,- + X- 

(b)  additions to a multiplc bond 
\ \ 

ROO- +,c=x- C - Y -  or 'c-XH 
'I 'I 

(ROOH) 00 R 00 R 

The first formed adduct subsequently decomposes to other products, although there are 
cases where such intcrmcdiates have actually bccn isolated. 
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We have already encountered in our previous discussion some reactions of this type, i.e. 
the Baeyer-Villigcr oxidation of carbonyl compounds (see Section III.E.l.) ar?d the 
oxidation of sulphoxides by peroxy acids (see Section II.F.l.). Some further examples are 
given below. 

B. Oxidations with Alkaline Hydrogen Peroxide and 
other Peroxy Anions 

Selective epoxidation ofci,P-unsaturated ketones and aldehydes can be accomplished by 
the sodium salt of hydrogen peroxide or the sodium salt of t-butyl hydroperoxide. These 
reactions are, in contrast to epoxidations with peroxy acids, stereoselective rather than 
stereospecific. For example, only one isomer is formed by theepoxidation ofeither isomer of 
theunsaturated ket0ne66~" (equation 67).Themechanism ofthesereactions is believed to 
involve nucleophilicaddition ofthe hydroperoxideanion at the bcarbor? ofthe unsaturated 
ketone21s (equation 68). 

Me Me\ / 

Me 0 Me 
"+,, / \ ,$' 

H/c=c, COMe - (66) 

Me COMe H 
\ /  

\ 
H Me 

,c = c 

4 
0 

The Dakin reaction212*216 , 1.e. . the  oxidation of ortlio and para hydroxy- and amino- 
benzaldehydes to the corresponding phenols wit h alkaline hydrogen peroxide, is believed to 
resemble the Baeyer-Villiger-type of reaction. A benzenonium-type transition state 67 is 
presumably involved2" (equation 69). 1 HO-O& OH 

0 
I I  
C-H 

+ 
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An acyclic mechanism, involving acyl migration, has recently been proposed by Sawaki 
and Foote for the reaction of benzil with alkaline hydrogen peroxide in aqueous 

(equation 70). Alternative 'epoxide' and 'dioxetane' mechanisms were ruled 
out on the basis of product and "0 tracer studies. 

A number of other reactions, some of them of preparative value, involve nucleophilic 
attack of peroxy anions on the electron-deficient acyl carbon of a suitable substrate 
according to the general scheme shown in equation (71). The preparation of peroxy acids 
(2 = H, Y = 0,COR or Z = H, Y = Cl) and diacyl peroxides (Z = RCO, Y = Cl), for 
example, belong to these nucleophilic displacements, classified as BAc2 

Hydrolysis ofperoxy acidsin alkalinemediaalsoinvolvesattackofthe 
peroxycarboxylate anion on the undissociated peroxy acid'c*222. 

0 
0 I I  [ r ]  I1 

zoo- + R-c-Y :. R-C-Y - R - C - 0 0 2  + Y- (71) 

002 

It is now well established that alkaline hydrogen peroxide reacts with aliphatic and 
aromatic nitriles to form peroxycarboximidic acid (68)223*224 (equation 72), which is an 
efficient oxidizing agentzz4. 

On the basisofkineticstudiesofthisreaction at pH c 10, Wibergoriginallysuggested the 
rate-determining formation of peroxycarboximidic acid according to Scheme 1 5223a. 

slow fast 
R - C S N  + -0OH- R - C X N -  - R-C=NH + -OH 

I H2O I 
OOH OOH 

- N H  
fast I 

R-C=NH + -0OH- R-C--O-?-H-R-C=O + o2 + -OH 
I I' I 
OOH 0 - 0 - H  u NHZ 

SCHEME 15 

Wiberg's mechanism predicts that for doubly labelled hydrogen peroxide, H'80180H, 
100% of the label will be retained (appearing as 360z). Actually, only 81/0 of the original 
doubleiabelappearedas 360z 223".Thi~ wasrationalizedas beingdue to thecontribution of 
the reactions shown in Scheme 16 to the overall If polyoxides are indeed 
involved in these reactions, it seems almost certain that their decomposition is more 
complex than indicated above. 
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SCHEME 16 

Some doubts have recently been expressed as to the validity of the Wiberg mechanism. 
Ogata and coworkers have studied the reaction of aliphatic and aromatic nitriles with 
alkaline hydrogen peroxide and found that k - OOHr calculated from the following rate 
equation, 

u = koiIn. [RCN] [HZO,] = k-OOH[RCN] [HOO- 3 
is constant224. Thus, the addition of HOO- to nitrile cannot be the rake-determining step. 
The yield of amides, based on Hz02 consumed, varies fiom 20 to 60A. The addition of 
dimethyl sulphoxide (DMSO), which is easily oxidized by peroxycarboximidic acid to the 
sulphone, accelerates the reaction considerably. In this case, the rate becomes independent 
of the concentration of DMSO but dependent on [HO-]  or [HOO-] so that kooli is 
constant. Thus the rate is governed by the addition of -0OH to  the imine. Scheme 17 has 
been suggested. The k-OOH values for the addition of - 0 O H  to nitriles range from to 
3 1 mol- s- Aliphatic nitriles are less reactive than aromatic ones by a factor ofca. 10. A 
Hammett pvalue of 1.54 (a) implies a nucleophilic attack of HOO- on t h e e  =N bond. The 
a effect is estimated to be lo4 (k-oorJk-oH) for benzonitrile under these conditions. 

R - C = N - +  H20 E R - C Z N H  + HO- 
I 
OOH 

1 
OOH 

A puzzling question, however,still remains to beanswered ; that is, theexplanation of 8 1 "/, 
of unscrambled oxygen observed in the "0 labelling Ogata and coworkers224 
have found evidence for a homolytic cleavage of peroxyimidate ion 69 and subsequent 
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reaction of R'O- radicals69" with HzOz (induced decomposition) in the reaction ofnitriles 
with alkaline hydrogen peroxide at pH 10 in water and without the addition DMSO 
(Scheme 18). Similar homolytic cleavage has been suggested previously in the reaction of 
nitriles with alkaline r-butyl hydropero~ide~ '~ .  Relatively low yields ofamides at pH > 10 
appear to be in accord with homolytic reaction pathways. 

R-C=N-  - R-C,N .t HO. 
I I: I 

OOH 0 
(69) 

R'O- + HzOz - R'OH + HOO' (or H* + 02-) 

(HO) (H2O) 

SCHEME 18 

C. Oxidation of lmines (Schiff Bases) 

Peroxy acids oxidize carbon-nitrogen double bonds in imincs (Schiff bases) into 
o ~ a z i r i d i n e s ~ ~ ~ - ~ ~ ~ .  Two mechanisms have been proposed for this reaction. The first is 
analogous to the olefin epoxidation mechanism, i.e. a concerted electrophilic attack of the 
peroxy acid on C=N viaathree-memberedcyclictransitionstate (70)227 (equation73).The 
second mechanism resembles the Baeyer-Villiger reaction involving the two-step process 
shown in equation (74)228. Earlier kinetic investigations found support for a concerted 

r l +  

\ /  - C - N  + 
/ 'o' RCO2H (74) 

mechanism suggesting that the solvent molecule (proticsolvent) or complex of peroxy acid 
with carboxylicacid or another moleculeofpcroxy acid isan attackingspecie~~~'.  Although 
a relatively small retardation of imine oxidation in basic solvents was noted, the solvent 
efTcct in these reactions bears little rcsemblance to the trends observed in the oxidation of 
olefins and sulphides known t o  react by a concerted mechanism. 
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R ' C 0 3 H  + R 2 0 H  Z R'C03H**-*HOR2 

R 2  = R, RCO, R C 0 2  

- 

R'- 
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Recent kinetic studies support the oxaziridine formation via a two-step 
The reaction of benzylidene-t-butylimine with peroxybenzoic acid in various solvents 
exhibits complex kinetics since it is catalysed by dilute carboxylic acids and protic solvents 
and retarded by more concentrated carboxylicacids and basicsolvents (alcohols, ethers). It 
has been suggested that the acid catalysis is due to the formation of an intermolecularly 
hydrogen-bonded complex of the imine and acid (cquation 75) rather than to the formation 
ofadimer peroxy-acid-acidcatalyst. The formation oftheadduct 71 is therate-determining 
step for acyclic imines while the internal nucleophilic (S,i) reaction of the adduct is believed 
to be the rate-determining step for cyclicimines. The formation ofsmall amountsofnitrones 
in these oxidations can be rationalized by a mechanism analogous to that proposed for the 
peroxy acid oxidation of amines, i.e. the nucleophilic site in the imine is the lone pair of 
electrons at the nitrogen atom (equation 76). Electron-donating groups on the imine and 
aprotic solvents favour the formation of nitrones. 

\ \ 

/ \  
C=N + HA ,C=N= + R C 0 3 H  - 

HA 
H 

0 

Additional evidence for the two-step mechanism comes from the observation that 
aliphatic imines react with hydrogen peroxide to form an adduct which can easily be 
converted to an oxaziridine on heatingz3 I .  The isolation of a typical Baeyer-Villiger 
oxidation product 73 in the oxidation of sulphonimines 72 with in-chloroperoxybenzoic 
acid in a two-phase system (cquation 77) also supports this type of mechanismz3z. 
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Me Me 
/ - /N=C 

/ 
,N=C 

4-cI c6 H4 so2 'CsH4X 4-CICsH4S02 \OCsH4 x (77) 
(72) (73) 

The results of stereochemical studies seem to favour slightly the two-step 
m e ~ h a n i s m ~ ~ ~ * ~ ~ ~ .  Oxidation of aldimines and ketimines with achiral and chiral peroxy 
acids indicate that these reactions are not generally stereospecificzzg*230. For example, the 
reaction of optically active or racemic N-diphenylmethylene-or-met hylbenzylamine (74)230 
with chiral peroxy acids yielding oxaziridines of known absolute configuration (equation 
78) revealed that the diastereoselectivity depends only on the temperature of the reaction 
while the enantioselectivity depends on the solvent and the reaction temperature as well as 
t hechirality ofthe peroxy acidz3'. It is believed that t hediastereoisomericratiois controlled 
(a) by the relative nonbonded interactions between the i h n e  and peroxy acid during the 
first step of reaction, which n a y  involve rotation about the C-N bond, inversion at 
nitrogen or still more complex bond-breaking and bond-making phenomena, (b) by 
nonbonded interactions which control the conformational free energy of the intermediate 
adduct and (c) by the difference in the free energy levels of the two transition-state 
conformations during the ring-closure step. The preferred ground-state geometry of the 
adduct in the case of C-arylaldimines is suggested as possessing a staggered conformation 
(75) on t he basis ofnonbonded interactions onlyzz9. The preferred eclipsed conformation of 
the transition state 76 in the oxidation of these compounds leading to watts-oxaziridines is 
thus expected on steric grounds alone. The considerable amount of cis-oxaziridines formed 
in the oxidation of these imines implies that either other factors in addition to nonbonded 
interactions must be operative in stabilizing an alternative eclipsed transition state (77) 
required for the formation of cis-oxaziridines (polar, hydrogen bonding, solvent effects) or 
that the bond-breakingand the bond-making phases oftheintramolecularacid elimination 
are not concerted processes. A 'late' transition state (78) has been suggested for the second 
step of the reactionZ3O. 

. 

0 
II 

OOCAr 

R' WR2 H 
H 

(75) 

0 

R'  
H 

0 

R' 
R2 

- 
(77)  
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Various plausible trajectories of the peroxy acid approach to methyleneimine, and the 
geometries of the adduct involved in the two-step mechanism, have recently been 
investigated by using the ab itiitio theory (ST0-4G)233. In the context of a concerted 1,l- 
addition mechanism, unsymmetrical ‘transition states’ are energetically more favourable 
than the symmetrical ones. Thus, it seems safe to predict that at least the formation of 
nitrones in the imine oxidation involves electrophilic attack of peroxy acid on the imine 
nitrogen, although no convincing evidence has been found that the nitrogen lone-pair 
electrons rather than II electrons are the nucleophilic centre in the imine. As expected, a 
staggered conformation of the adduct has been found to have the lowest energy. The energy 
ofthis adduct conformation is lower than that ofthe reactants, indicating the possibilityof 
the involvement of such intermediates in these reactions. 

A completeexploration oft heenergy surface fort hereaction ofperoxy acids with iminesis 
necessary before one can claim to have shown computationally the detailed features of the 
mechanism of this reaction. Detection and decomposition studies of the intermediate 
adduct would also be desirable. 

V. CAR BONY L- FO R M l  NG ELI MI NATIONS 

A. Base-catalysed Decompositions 

I .  Hydroperoxides and dialkyl peroxides 

Primary and secondary dialkyl peroxides decompose in the presence of base in a process 
involving a carbonyl-forming elimination (equation 79). The reaction was discovered in 
1951 by Kornblum and DeLaMare who found that x-methylbenzyl t-butyl peroxide 
decomposesinto acetophenone and t-butyl alcohol in the presence of potassium hydroxide, 
sodium ethoxide and ~ i p e r i d i n e ~ ~ ~  (equation 80). Tertiary amines also cause 
decomposition ofdialkyl peroxides which carry a hydrogen on the ucarbon atom. Bell and 
McDougall studied the kinetics of decomposition of benzyl t-butyl peroxide in 
chlorobenzene in the presence of a m i n e ~ ~ ’ ~ .  They found that the rate law obeys the 
following expression : 

u = k [amine] [peroxide] 

- I + \ 
-C O-?R - BH +,C=O + OR 

If 

Me Me 
I I - t 

p h - C - O - O - B ~ . t  - Ph-C=O + OBu-t i* BH 
I 
H 
h B  

(79) 

The rate increases with increasing amine basicity (triethylamine > collidine > 2,6- 
lutidine). The low A factors reported (A = 104-105 1 mol- ‘ s - ’ )  indicate at least a partial 
separation ofcharge in the transition state ofthe rate-determining step ofthe rcaction. It was 
suggested that proton transfer to form t-butanol and regenerate the amine occurs after the 
rate-determining step. 
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Alkyl hydroperoxidcs decompose in the presence of base by a similar process. This was 
recognized as far back as  in 1932 when Mcdvedev and Aleksejeva reported base-catalysed 
dehydration of isopropyl hydroperoxide to acctonez3". Hofmann and coworkersz37 
studied the base-catalysed decomposition of tetralin hydroperoxide and a-methylbenzyl 
hydroperoxide and found that decomposition obeyed the following rate expression : 

d(ROzH) k IR02Hl  [-OH1 --- 
dt 1 +k [ -OHl  

where K and k are defined as follows: 

Ar 
K I 

Ar 
I 

I I 
Me Me 

-OH + H-C-0-OH :H-C-O-O- + H20 

Ar 
I k 

I II 
Me 0 

-OH + H - C - 0 - O H  -Me-C-Ar + H 2 0  + -OH 

At 30°C, k and K for the tetralin hydroperoxide decomposition are 4.0 1 mol- s- ' and 
4.1 1 mol- 
A relatively large isotope effect was reported (kH/k,, = 3.9). Although thesc data seem to  
confirm the Kornblum-DeLaMare mechanism they also indicate that this mechanism 
holds only for peroxides with elcctron-withdrawing substituents near the peroxide bond, 
which are capable offacilitatingcarbanion formation. Indeed, many reported examples arc 
in accord with this requirement. For cxample, ozonidcs (79)238*z39 and peroxides 
(80, S1)241 formed during the ozonolysis of olefins in alcohols were reported to  react in this 
way.Someexamplesaregiven in equations (8 1)-(83). Recent evidenceindicates that,at least 
in the case of x-alkoxybenzyl hydroperoxides (SO), the reaction is more complex than 
previously reportedz4'. A reinvestigation of the decomposition of cw-methoxybenzyl 

respectively, with AH' = 17.3 kcal mol- and AS# = - 17cal mol- deg- 

0 R 
/ / +  \ 

OH R/c=o - R-C, 

R 

/ \ r/ \R 
/H 0-0 < 
/a  '\ 

Me H 
(79) 

0 

- OR 
I n  i 

Ar-C-0-OH - Ar-C-OR + BH + OH If II 

(80) 
f-H 
:B 

0 
:B = DMSO, amines 

OR OR 
I n' 
lb 

Ar-C-0-0-C-Ar - Ar-C-OR . + Ar-C-H + ROH (83) 
I II II 

0 H 0 

:E = amines (81 ) 
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hydroperoxide in dimethyl sulphoxide and N.N-dimethylacetamide shows that the main 
decomposition products are benzaldehyde, water and methanol, and that only small 
amounts (< 5 %) of methyl bcnzoate are formed at room temperature. Also a downfield shift 
of the OOH absorption is observed in these solvents (A600H = 3 ppm) compared to 
solutions in carbon tetrachloride. This phenomenon has been tentatively assigned to the 
formation of the intermolecularly hydrogen-bonded hydroperoxide-oxygen base 
complex. The first-order decay of the complex is rather slow at room ternpcrature as 
measured by the disappearance of the OOH or C-H absorption in the NMR spectra 
(k = 5.1 x 10-3s-1 a t  50°C, -0.1 hi in DMSO). All this evidence suggests a 
decomposition mechanism which involves homolytic cleavage of the RO-OH bond, 
which is believed to be weakened due to the intermolecular hydrogen bonding in the 
complex (Scheme 19). However, the isolation ofsome dimethyl sulphone in DMSO seems 
to indicatc the involvement of a nonrddicdl contribution to the reaction 

K 
OR 
1 

I 
H 

Ar-C-0-OH + B 

0 
II 

Ar-C-OR + H,O - 

0 
II 

Ar-C-H + R-OH-- 

OR 

OR 
I I 

Ar-C-OH + H20 + Ar-C-00. 
I I 
H H 
OR 1 

SCHEME 19 

Base-catalysed decomposition of 3-hydroperoxyketones has been studied extensively in 
recent years. Two mechanisms have been proposed159-160*243. Richardson and 
coworkersisg suggested, on the basis of kinetic and product studies, that basc-catalysed 
decomposition of 2,4-dimethyl-2-hydroperoxy-3-pentanone (R' = ( Me)2CH, 
R2 = R3 = Me; 82) and also of 2,3-diphenyl-2-hydroperoxyvalerophenone proceeds 
largely through a cyclic or dioxetane mechanism. The production ofa carbonylgroup in an 
excited state and chemiluminesceiice were suggested as being associated with the dioxetdne 
formation. The kinetic results indicated the formation of two dioxetane forms in the case of 
82, i.e. a hydroxy-1,2-dioxetane and its oxy anion (equation 84). It was also recognized that 
at least part of the reaction proceeds through an acyclic route with the formation of a 
carbonyl addition intermediatc (equation 85). Sodkm mcthoxide-catalysed decom- 
position in absolute methanol indicated that about 30/0 of the reaction proceeds by this 
pathway.Sawaki and pgata253,0n theother hand,concludcd,on thebasisofthe high yields 
of ketones (80-100.4 ) and esters (70-100:'/, ) obtained in the alkoxy-catalysed 
deconiposition of a number of 2-hydroperoxyketones, that the a-cleavage reaction 
proceeds largely via an acyclic mechanism. The observation. t hat the pseudo-first-order rate 
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0 RZ 
It / 

R'- 

o-o- 

(82) 

constants, kobs, are proportional to the sodium methoxide concentration at low 
concentrations and become constant at higher concentrations, suggested a reaction 
between RO- and undissociated hydroperoxide. The Hammett p values of 2.5-3.2 and 
0.9-1.7 (a) were found for the decomposition of benzoyl and sc-phenyl-substituted u- 
hydroperoxy-a,u-diphenylacetophcnones, respectively. A 'late' transition state (83) for the 
rate-determining fragmentation of the carbonyl addition intermediate was suggested. 
Sawaki and Ogata243 also reported chemiluminescence from the base-catalysed 
decomposition of these compounds in the presence of a fluorescer (dibromo- 
anthracene >> diphenylanthracene) indicating that the cyclic 'dioxetane' mechanism is 
actuallyoperativein thesereactions. Nevertheless, thelow quantum yields together with the 
solvent effects on the chemiluminescence and the rate of decomposition suggest acyclic 
decomposition as the predominant reaction pathway. 

On the basis o kinetic and product studies, a cyclic mechanism involving a' rate- 
determining fragmentation of a dioxetaneimine has been suggested as the major 
mechanistic feature of the base-catalysed decomposition of 3-hydroperoxynitriles (84) in 
methanol and water"' (Scheme 20). Chemiluminescence was observed on addition of 
dibromoanthracenetothereactionmixture(6, = 4 x 10-'to3 x 10-6).Asinthecascofcr.- 
hydroperoxyketones, a predominant formation of triplet ketone was indicated by the 
inefficiency of diphenylanthracenc as a fluorescer. 
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2. Peroxy esters 

P i n c o ~ k ~ ' ~  reported that t-butyl peroxyformate undergoes a base-catalysed elimination 
in the presenceofpyridine and other bases. The catalyticeffect ofvarious amincs followsthe 
Bransted relationship. It is interesting to mention that this fragmentation increases 
dramatically in rate when the solvent is frozen. Activation parameters and the kinetic 
isotope effect (pyridine as base, AH* = 15.3 kcalmol-', ASf = -23calmol-'deg-', 
k lJkD = 4.1 at  90°C, in chlorobenzene as solvent) seem to support the suggestion that 
proton removal by the base is the rate-determining step (equation 86). In the absence of 
base, t-butyl peroxyfomate undergoes a one-bond homolytic decomposition 
(AH* = 38 kcal mol-I, AS* = 15calmol-' deg-I, chlorobenzene as solvent). 

- BH' + CO2 + t.BuO- 

Another example, while not base-catalysed,iIlustratcs the dilemmas involved in the study 
ofdecomposition ofperoxy esters. Hiatt and coworkers'"6 havereported that primary alkyl 
peroxyacetates (n-butyl and isobutyl) and secondary peroxyacetates (s-butyl and 
cyclohexyl) decompose in the liquid phase (neat, chlorobenzene or a-methylstyrene as 
solvent) to produce mainly acetic acid and the aldehyde or ketone corresponding to the 
alcohol moiety of the peroxy ester. On the basis of product and kinetic data 
( E ,  = 24-28kcalmol-', log A = 12-14), the concerted six-centres mechanism shown in 
equation (87) was suggested. On the other hand, n-butyl peroxyacetate decomposcs in the 
vapour phase to give products and kinetics (Eu = 36 kcal mol- I ,  log A = 16)indicative ofa 
simple 0-0 homolysis. 

r & -  1' 

Recent work by Schuster and Dixon seems to argue against this me~han i sm~~ ' .  These 
authors have reported that l-phenylethyl peroxyacetate decomposes in benzene to give 
quantitatively acetic acid and acetophenone, a small fraction of which is electronically 
excited.Theactivationparameters(AH* = 33.2 kcalmol-',AS* = ll.Ocalmol-l deg-I) 
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indicate a unimolecular decomposition. Schuster and Dixon suggest that the results are best 
explained by a stepwise process in which 0-0 bond homolysis is I”o1lowed by rapid 
hydrogen abstraction in the cage (Scheme 21). 

r--____________---____________ 1 
Me \ /H o,\ j Me\ ,H 9% 

/ I / \d 07 
C C-Me- 1 C ‘:C-Me i 

Ph’ ‘0-0 j Ph 

cage 

Ph-C-Me + MeC0,H 
II 
61 

SCHEME 21 

In conclusion, it is evident that base-catalyscd and other carbonyl-forming eliminations 
are more complex than previously believed, and it will be a challenging task to confirm the 
involvement of one-clcctron processcs in these reactions. 
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1. INTRODUCTION 

While many stable organic peroxides have been used as oxidants and free-radical sources 
in various organic reactions, there are numerous unstable organic peroxides which have 
been observed, or suggested, as intermediates in oxidation reactions. Isotopically labelled 
organic peroxides are generally prepared for investigating the mechanism of reactions 
involving organic peroxides. They may be used as tracers to follow reaction pathways or to 
determine kinetic isotope effects. Isotopically labelled peroxides have been used to  
examine CIDNP or ESR signals during the reaction of organic peroxides. Among the 
isotopes used to label peroxides, 13C, I4C, 2H, 'H, ''0 and '*O are most common. The 
radioisotope, 14C (p-, 5570year) is often used. A useful means ofprobing the structure and 
the nature of bonding in carbon compounds is by measuring the NMR spectra of 13C- 
labelled compounds. By Fourier transform spectroscopy the measurement can be made 
using compounds with 13C natural abundance (1.11 "/,). Thus, the I3C-NMR chemical 
shifts are often used to diagnose the polarity of electron densities of various organic 
compounds while the 13C-H coupling constants are used to estimate the s-character of 
carbon as we shall see later. Tritium (p-, 12.4 years) is commercially available to be used as  
a radioactive tracer. Deuterium is also widely used in mechanisticstudies as a tracer, in the 
measurement of kinetic isotope eflects and also in spectroscopic studies, since deuterium is 
twice as heavy as hydrogen and has a nuclear spin S = 1. Oxygen occurs in nature in three 
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stablc isotopicspecies: "0 (99.759 x), and "0  (0.0374 %)and "0 (0.203 %)'. ''0 ofup 
to 99 atom % is now commercially available and is widely used as a tracer in studies 
involving oxygen migrations, 0 -0 bond cleavages and others. Since "0 has a nuclear 
spin S = 5/2, I7O labelled compounds are used conveniently for NMR and ESR 
spectroscopic studies. However, "0 tracer experiments have been the most effective and 
powerful tool, especially to clarify the mode of 0-0 bond cleavage in organic peroxides, 
and much of our attention will be focused on the use of "0-labelled organic peroxides in 
elucidating their reaction mechanisms. 

II. PREPARATION OF ISOTOPICALLY LABELLED PEROXIDES 

A. Hydrogen Peroxide 

Hydrogen peroxide labelled with "0 or "0 is an important starting material for the 
synthesis of labelled organic peroxides. Hydrogen peroxide containing l80 has been 
prepared from alkali or alkaline earth metal peroxides which may be obtained by 
treatmcnt of cine of thcse metals with I8O2 (equation 1)'. 

(1 1 
H* 

2 N a + . O 2  - Na;02 - H,'02 

Acid-catalysed hydrolysis of "0-labelled perbenzoic acid3 (prepared by autoxidation 
of benzaldchyde with '802 can also afford '*O-labelled hydrogcn peroxide (equation 2). 

0 
I I  H+ 

PhC'O'OH + H20 - PhCOOH + H2.02 

Recently Sawaki and Foote4 prepared ' 80-labclled hydrogen peroxide by a convenient 
base-catalysed autoxidation of benzhydrol with I8O2 in a good yield (more than 90% 
based on '*02) (equation 3). 

t-BuOKlbenzene 
PhzCHOH + *Oz PhZC=O + Hz.02 (3) 

Electronic discharge of "0-enriched water is another way to prepare "0-labelled 
hydrogen peroxide5. 

The I. G. Farben industrial process (equation 4 )  gives H202 labelled with I7O or l8O, 
when I7O2 or "O2 arc used6. The anthraquinone c i n  be reduced back to the quinol by 
catalytic hydrogenation. 

@ g t  \ / /  + 0 2  - 1 @JJEt / + H202 (4) 

OH 0 

B. Hydroperoxides 

reviewed by Hiatt in detail7. 
The general synthetic methods for the preparation of hydropcroxides have been 
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1. Autoxidation of hydrocarbons 

Hydrocarbons with labile hydrogens react with ground-state triplet molecular oxygen. 
Oxygen itself is too unreactive to abstract even the labile hydrogen ; however, in the 
presence of certak free-radical initiators, metal salts or base catalysts, they can react with 
oxygen in a chain-reaction, as Russian authors have reported in the preparation of 
benzylic-' 4C-labelled cumyl hydroperoxide' (equation 5). 

Shigeru Oae and Ken Fujimori 

Me Me Me Me 
\*/ \*/ 

C-H + 0 2  - y-OOH 
I 

0 0 (5) 

Alkyl or aryl hydrazones of aldehydes and ketones are readily autoxidized to a-azoalkyl 
hydroperoxides in good yieldsga. Recently the latter were revealed to be good hydroxyl 
radical sources in anhydrous mediagb*' (equation 6). 

R ' R 2 C = N - N H R 3  + 0 2  - R ' R Z C - N = N R 3  
I (6) 

OOH 

2. Ene reaction of alk yl-substituted olefins with singlet oxygen' 

Treatment of alkyl-substituted olefins with 'A singlet oxygen gives the corresponding 
allylic hydroperoxides in which the hydroperoxy group is introduced into C( 1) with 
concomitant shift of the double bond'".' (equation 7). 

1 

Singlet oxygen is conveniently generated by photosensitized excitation of ground-state 
triplet molecular oxygen with some dyes", and can also be generated chcmically12". For 
example, treatment of hydrogen peroxide with hypochlorite also generates singlet 
oxygenI3. Both oxygen atoms ofthe singlet oxygen generated in this reaction were shown, 
by Cahill and Taube who carried out experiments with '0-enriched hydrogen peroxide, 
to originate from hydrogen peroxide and not from hypochlorite or The 
mechanism shown in equation (8) was proposed by Kasha and Kahn'4b for the generation 
of singlet oxygen. The triphenyl-phosphite-ozone adduct is a good source of singlet 
oxygen without light lZa. Bartlett and Schaap revealed that triphenyl phosphite ozonide can 
also react directly with electron-rich olefins to give 1,2-dioxetane~'~~. Decomposition of 
transition-metal oxygen complexes12" and photo-endoperoxides can also generate singlet 

HzO - HCI 
OCI- + Hz'Oz - HOCl + - 'O'OH - H'O'OCI - " 0 2  (8) 

Ph Ph 
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oxygen' One convenient procedure involves thermolysis of 9,lO-diphenylanthracene 
peroxide (equation 9). 

The ene reaction of singlet oxygen with olefin has usually been explained in terms of 
either a concerted or a perepoxide mechanism (equations 10 and 11). Aillylic 
hydroperoxides labelled with either deuterium or tritium have been obtained in order to 
elucidate the mechanism through determination of kH/kD. For example, the reaction of 
singlet oxygen with olefins 1 and 2 gives mixtures of 3 + 4 and 5 + 6, respectively16. 

Concerted mechanism 

I",n - [ 

c H o = o  - 
Perepoxide mechanism 

Kopecky and SandeI6 have suggested the concerted mechanism for the ene reactions 
(equations 12 and 13), based on the smaller kinetic deuterium isotope effect (k&, = 1.4) 
than that (k&, = 2.2) for !he base-catalysed elimination from a mixture of 7 and 8 
(equation 14) and from 9 (equation 15), in which apparent migration of the hydroperoxyl 
group takes placevia a perepoxide intermediate (10) as shown in equation (16). Furutachi, 
Nakadaira and Nakanishi' have suggested that the photooxidation shown in 
equation (17) is another concerted ene reaction based on the fact that 94% of original 
deuterium label at the 4p position in cholest-5-en-3-one (11) is retained in the 
(photooxidation product, 6cr-hydroperoxycholest-4-en-3-one even in the presence of 
base (equation 17). Frimer, Bartlett and coworkers" suggested that the transition state of 
the ene reaction of 4-methyl-2,3-dihydro-y-pyrane in the sensitized photooxidation occurs 
substantially later on the reaction coordinate than has been previously suggested based on 
the kH/kT values shown below (equations IS and 19). MB and TPP denote methylene blue 
and meso-tetraphenylporphin, respectively. 

OOD 
I 

I I  

OOH 

I I  

CH3 I 
D3C\ ' + lo2 - D3C-C-C=CH2 f D2C=C-C-CCH3 (I2) c=c 

/ \  CD3 CH3 CD3CH3 D3C CH3 

(1 1 (3) (4) 

oon OOD 
CH3 I I H3C\ / 

/C = c + ' 0 2  - HJC-C-C=CHZ + DZC=C-C-CH3 (13) 
\ I 1  I 1  

D3 C CD3 CD3 CD3 CH3 CD3 

(2) (5) (6 )  

OOH Br 6 r  OOH 
1 I I I CD30-  

I I I 
CD3 CH3 CD3 CH3 

- 3 + 4 (14) D ~ C - C - C C - C H ~  + D3C-C-C-CH3 I - HBr 

2.2: 1 
(8) 1 : 1.6 

(7)  
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OOH Br 
I I CDJO- 

H3C-C-C-CH3 7 5 + 6 
HBr 

2.2: 1 
I I 

CD3 CD3 

(9) 

0- 

hT 0 + 

3. Reaction of .:ydrogen peroxide with alkylating agents 

Nucleophilic displacement on aliphatic carbon by H202 gives alkyl hydro peroxide^^. 
Thus, the acid-catalysed conversion of alcohols to the corresponding hydroperoxides 
often proceeds through an SN 1-type p r o ~ e s s ~ * ~ ~ ,  while the reaction between an optically 
active alkyl methanesulphonate and hydrogen peroxide in the presence of base yields the 
hydroperoxide of inverted configuration'' (equation 20). When R is a primary alkyl 
group, the corresponding alkyl sulphate or methanesulphonate is used under SN2 
conditions', while the alcohols themselves are used under acidic (SNl) conditions, e.g. with 
sulphuric acid in the preparation of t-alkyl hydro peroxide^^.'^. The reaction of acetals or 
orthoesters with hydrogen peroxide21 also gives a-alkoxy alkyl hydroperoxides (cquation 
21). 

R Y  + Hz02 - ROOH + HY 

Y = OH, OS020R.  halides, etc. 

HOO, HOO\ 

RO/ HOO/ 

CH2 + CH2 
Ro\ 

CH2 + HzOz - 
/ 

RO 
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4. Addition of hydrogen peroxide to double bonds 

Acid-catalysed addition of hydrogen peroxide to alkenes also gives hydroperoxides 
(equation 22). In the presence of t-butyl hypochlorite or bromine, the initial step is an 
electrophilic addition of a halonium ion to the C=C bond, followed by nucleophilic 
addition of a hydroperoxide anion to form a P-halogenated alkyl hydroperoxide16*22 
(equations 23 and 24). 

OOH 
\ /  H' I I  
/ \  I 1  

C=C + H202 - -C-C- 

H 

OOH CH3 CD3 OOH 
I I 

/ \  I I 

I I  

I I  

CH3 
+ Br2 + H202 - DJC-C-CC-CH~ + D~C-C-C-CHJ (23) D3c, / 

c=c 
D3 c CH3 D3C Br Br CH3 

1 : 1.6 

OOH CH3 
I I 

I I 

CH3 

+ 6 r 2  + H202 - D3C-C-C-CD3 (24) 
D3c\ / 

,c=c, 

H3 c CD3 CH3 Br 

Addition of hydrogen peroxide to carbonyl compounds or imines also forms 
hydroperoxides'. 

5. Perester a lcoho lysis 

have obtained t-butyl hydroperoxide specifically "0- 
labelled at the peroxidic OH group by alcoholysis of the perester formed by thermolysis of 
carbonyl-180-labelled N-acyl-N-nitroso-0-t-butylhydroxylamine (see equation 43). 

Koenig and 

C. Dialkyl Peroxides 

synthesis of hydroperoxides. 
Dialkyl peroxides can be prepared by essentially the same methods as are used for the 

I .  Reactions of hydrogen peroxide or hydroperoxides with alkylating agents 

H202 + 2RY - ROOR (25) 

RY + ROOH - ROOR (26) 

Allen and Bevingtonzs have prepared methyl-'4C-labelled di-t-butyl peroxide from 
methyl-'4C-labelled t-butanol (equation 27), while ~arbonyl-'~C-labelled acetone is 
converted further to t-~arbon-'~C-labelled di-t-butyl peroxide. 
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Intramolecular nucleophilic displacement of hydroperoxides bearing a good leaving 
group Y leads to cyclic peroxides. Thus 1,2-dioxetanes have been prepared by Kopecky 
and MumfordZ6 (equation 28). 

2. Addition of hydrogen peroxide or h ydroperoxides to unsaturated 
compounds 

Both hydrogen peroxide and hydroperoxides are excellent nucleophiles and readily add 
to carbonyl carbon7 (equations 29 and 30). 

R', ,RZ 

0 0  
\ 

/ c ,  OH OH ~1 0-0 ~1 

0 (29) 
l,R1 

I I  \ I  \ /  
C = O  + H 2 0 2  - R ~ C O O C R ~  t c c + 0' 

R1\  

R2' 
\ 

A2 A 2  RZ/ '0-0' 'R2 R1-c C 
2/ '0-0' \ R 2  

R 

OH 0 0 ~ 3  
I I 

I I 
R 2  R2 

(30) R1COOR3 + R1COOR3 
R1\ 

/C=O + ~ 3 0 0 ~  - 
R2 

3. Cycloadditions of singlet oxygen to olefins 

a. 1,2-Cycloudditioi1~~. The reactions of singlet oxygen with highly electron-donating 
olefins such as enol and enamines, or with sterically hindered olefins, like 
adamant~lideneadamantane~~ and 7,7'-n~rbornylidene~ ', give the corresponding 1,2- 
dioxetanes. Thus, 802 or I7O2 can be directly introduced into 1,2-dioxetanes (equation 
31). 

0-0 

\ I 1  
(31 1 

R 3  I I  R1\ / ,c = c + ' 0 2  - R ' - C - C - R 3  

R Z  R4 R 2  R4 

b. 1,4-Cyclonddition. 1,3-Dienes afford six-membered cyclic endoperoxides with singlet 
oxygen10a.b.3Z (equation 32). Scnsitized photooxidation of 9,lO-dipIienylanthraccnc with 
l8o2 produces '*O-labelled endoperoxides which liberate singlet I8O2 upon heating' 
(equation 33). 

c i  --Q 0 
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Ph Ph 

Ph Ph 

Unsaturated heterocycles react with singlet oxygen to yield heterocyclic endoperoxides. 
The sequence in equation (34) involving endoperoxide was confirmed by using "0- 
enriched singlet oxygen generated according to equation (9)". 

D. Peracids 

The usual methods of preparing peracids have been reviewed by S ~ e r n ~ ~ .  

I .  Autoxidation 

Akiba and Simamura3 have prepared peroxy-180-labelled perbenzoic acid by 
autoxidation of benzaldehyde with I8O2 (equation 35). Carbonyl-18-O-labelled 
perbenzoic acid has been prepared by Kobayashi, Minato and H i ~ a d a ~ ~  by autoxidation 
of 180-labelled benzaldehyde with unlabelled oxygen and allowed to react with acetic 
anhydride it2 si t ir  yielding benzoyl-I '0-labelled acetyl benzoyl peroxide. 

0 
II 

(35) PhCHO + ' 0 2  - PhC'O'OH 

2. Reaction of hydrogen peroxide with acylating agents 

The reaction between acyl halides or acid anhydrides and hydrogen peroxide in basic 
solution provides a convenient method to prepare peracids. Carbonyl-'80-labelled 
perbenzoic acid has been prepared from benzoyl chloride obtained from the acid formed 
by hydrolysis of benzotrichloride in "0-enriched (equation 36). Oae, Kitao 
and Kitaoka3' have reported a general convenient method for the synthesis of "0- 
labelled acyl chlorides: alkaline hydrolysis of nitriles with a stoichiometric amount of "0- 
enriched water and sodium ethoxide in alcohol gives sodium salts of 180-labelled 
carboxylic acids which are converted to acyl chlorides by phosphorus pentachloride 
(equation 37). Labelled acyl chlorides can also be obtained by hydrolysis of acyl halide in 

' 0  ' 0  
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H2"0, followed by treatment with a chlorinating agent, which regenerates the acyl 
chloride labelled with "0. However, in this process only half of the original l8O label of 
the water is usedjQ. 

'0 
H2'OfNa'OH PCI II 

RCN RC'02Na 5 RCCl (37) 

3. Reaction of diacyl peroxides with sodium methoxide 

Oae and  coworker^^^.^' have obtained carbonyl-180-labelled perbenzoic acid by the 
reaction of carbonyl-180-labelled benzoyl peroxide with sodium methoxide. In this 
reaction half of the l 8 0  content in benzoyl peroxide is lost (equation 38). 

'0 '0 '0 
II II II 

(PhC0)Z + NaOCH3 - PhCOONa + PhCOCH3 (38) 

E. Peresters 

Peresters are usually prepared from hydroperoxides and acylating agents, such as acyl 
chlorides, acid anhydrides4244 or imida~o l ides~~  in the presence of base. Carbonyl-"0- 
labelled peresters have been prepared from the corresponding ' 80-labelled acyl chlorides 
(equation 39). 

'0 
II 

'0 
I1 

(39) 
RCCl + R'OOH + Py - RCOOR + Py*HCI 

R = Me, R' = ~ - B u ~ ~ ;  R = Ph, R' = trans-g-de~alyl~~; R = Ph, R' = t-BuZ4 

Koenig and coworkers have synthesized deuterated t-butyl peresters from specifically 
deuterated acyl chlorides, and t-butyl hydroperoxide in the presence of base. In this 
synthesis, the specifically deuterated carboxylic acid is the key intermediate. t-Butyl 
phenylperacetate-2-d2 and t-butyl2-methyl-2-phenylperacetate-2-d have been prepared 
by sodium-deuterioxide-catalysed H-D exchange of phenylacetic acid and 2-methyl-2- 
phenylacetic acid in deuterium oxide47. With p-nitrophenylacetic acid, potassium 
carbonate is a strong enough base to promote this H-D exchange4'. 2-Dirnethyl-d6-2- 
phenylacetyl chloride has been synthesized by the reaction of phenyldilithioacetonitrile 
with commercially available methyl iodide-d3, followed by hydrolysis of the nitrile 
group4' (equation 40). Pivalic acid-d9 has been prepared by bubbling CO, into the 
Grignard reagent prepared from commercially available t-butyl chloride-d9 47. Wolf and 
coworkers have prepared t-butyl alicyclic percarboxylates deuterated specifically at the t- 
carbon from the corresponding alicyclic carboxylic acids-d, 48 (equations 41 and 42). 

CD3 y 3  
2CD31 I 

PhCHzCN - PhCLiz CN - PhCCN - PhCCOOH 
I I 
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NaOD/D,O n /D 1. NaOBrlHzO 
c 

2. H* 
(CH,), - 1 C 

n /H 
(CH2L-1 c 

'C-CD:, 
I I  II 

0 0 

'C- CH3 

59 5 

II 
0 

Koenig and  coworker^^^.^^ have obtained r-butyl peresters labelled with "0 at the 
carbonyl oxygen and the peroxidic oxygen adjacent to carbonyl group (equation 43). The 
peresters thus formed can be converted to terminal 180-labelled t-butyl hydroperoxide, 
which in turn can be converted to t-butyl p-nitroperbenzoates labelled with at the 
oxygen adjacent to the carbonyl group (equation 43). 

' 0  ' 0  ' 0  
NOCl RCNOBu-t II - RCON=NOBu-r I1 - 32OC II 

RCNHOBU-t - 
I 

O=N 

'x 
RC' OOBu-t [ R =Me( Ph(38%)24, cyclopropyl (46%)491 

pOzNC6H4COCI/Py 0 2 N  o ! * O O B u - t  

' 0  
I I  

RCOMe + t-BuO'OH 

Treatment of sodium salts of alkyl hydroperoxides with '0-labelled acyl chloride 
affords carbonyl-"0-labelled perester3' (equation 44). 

' 0  ' 0  
II II 

RCCl + R'OONa - RCOOR' + NaCl (44) 

R = Me, R' = t-Bu; R = Ph, R' = t-Bu; R = R' = t-Bu 
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An alternative method of preparing isotopically labelled peresters involves the reaction 
of hydroperoxides with imidazolides which are obtained by condensation of suitable acids 
with either N,N'-sulphinyl or N,N'-carbonyl diimide45. Carbonyl-"0-labelled t-butyl-2- 
methylthioperbenzoate has been prepared by this procedure5' (equation 45). 

- 
C - O H  

17; 

F. Diacyl Peroxides 

7. Reaction between sodium peroxide and acylating agents 

The method most widely used for the preparation of diacyl peroxides involves the 
reaction of acylating agents such as acid anhydrides and acid chlorides with either sodium 
peroxide or a combination of hydrogen peroxide and By this method, several 
carbonyl-180-labelled diacyl peroxides have been synthesized (equation 46). 

R = Me53, Ph54, PhCH2CH(Me)- ,', Ph(CH2)4 - ,', cycloalkyl 55*56, (46) 

CH2- 4t,  PhaCCHZ -57 I) 
Benzoyl peroxide-d, has been prepared by YoshidaS8 while Tokumaru and 

coworkers59 have prepared benzoyl peroxide-2,2',4,4',6,6'-d6 by the route shown in 
equation (47). Perdeuteriobenzoyl peroxide has been prepared by treatment of 
perdeuteriobenzoyl chloride with sodium peroxide". 

NH3 CI- Sandmeyer - D G C N  

D 

- 020/reflux 
Ph&H3 CI- 

D (47) 

~ Dd SOCl Na20, (Dd: c--0-12 Hydrolysis 

D 

0 COCl - 
D 

0 COOH 3 

D 

0 
Bevington and Brooks6' have synthesized phenyl-14C-labelled benzoyl peroxide from 

commercially available 14C-kabelled aniline (equation 48), while ~arbonyl-'~C-labelled 
benzoyl peroxide has been prepared from commercially available ~arbonyl-'~C-labelled 
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benzoic acid60 (equation 48). Methyl-14C-labelled tn- and p-anisyl peroxides have also 
been prepared from the corresponding methyl hydroxybenzoates by Bevington, Toole and 
Trossavelli6' (equation 49). 

'PhNH2 - 0 
II 

'PhCN - 'PhCOOH - 'PhCOCI - ('PhCO)2 (48) 

Grcene62 has synthesized carbonyl-' 80-labelled phthaloyl peroxide by treating "0- 
labelled phthaloyl chloride with hydrogen peroxide in the presence ofsodium carbonate in 
ether (equation 50). while carbonyl-' 80-labelled trans-hexahydrophthaloyl peroxide has 
been prepared by Fujimori, Oshibe and Oae63a by the method previously used for the 
preparation of phthaloyl peroxide by Russell63b. 

'0 ' 0  
I 1  a"'' + N a 2 0 2  -ac\(? + NaCl 

c-CI C/O 
II II 
'0 '0 

Sulphonyl-' sO-labelled m-nitrobenzenesulphonyl peroxide has been synthesized from 
the corresponding chloride by Kobayashi and coworkers64 (equation 5 1 ). 

Hyperol, a crystalline complex of hydrogen peroxide with urea, has often been used for 
the synthesis of diacyl peroxides instead of hydrogen peroxide, since it is easy to handle65. 
Koenig and Cruthoff have prepared both carbonyl-'* 0-labelled acetyl peroxide and 
acetyl peroxide-d6 from the corresponding labelled chlorides and hypero166 (equation 52). 

0 
II 

(52) 2CD3COCl + H202-Urea + Py - (CD,CO)2 + Urea + Py*HCI 

2. Autoxidation of aldehydes in the presence of acylating agents 

Peracids formed during autoxidation of aldehydes can react with acid anhydrides in sitic 
to give unsymmetrical diacyl peroxides (equation 53). This method is suitable for 
preparing labelled stable symmetrical and unsymmetrical diacyl peroxides, if specifically 
labelled starting materials are available. Kobayashi, Minato and HisadaG7 have modified 
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' 0  '0 0 
I I  4OoC I I  II 

(CH jC)20  + PhCHO + 0 2  - CH3COOCPh 
MgCO3 

(53) 

an earlier procedure6' for the synthesis of acetyl-' '0-labelled and benzoyl-' ' 0-labelled 
acetyl benzoyl peroxide (equation 54). McBride and  coworker^^'-^^ have conducted a 
similar autoxidation of benzaldehyde with " 0 2 ,  170 or I6O in the presence of acetic 
anhydride-& and sodium acetate-d6 and prepared labelled acetyl benzoyl peroxides as 
shown in equations 55-58. 

H 0 ' 0  
I H2'O/H' A C ~ O J O ~  II II 

CH3COOCPh PhCH'o MgCO3. 4OoC- PhC = NPh - (54) 

0 0  
I I  II 

CD3 COOCC6 D5 (55) Ce4*/6N HC104 

(CD3CO)zO 

C6D5CD3 

Kaptein and  coworker^'^ have synthesized hexadeuterioacetyl peroxide by treating 
commercially available deuterated acetic anhydride with sodium peroxide according to 
themethod of Price and Morita", while dideuterioacetyl peroxide has been prepared from 
acetic anhydride-d2 obtained from ketene and deuterium oxide (equation 59). The yield of 
methyl-' 3C-labelled acetyl peroxidc in the reaction of I3C-labelled acetyl chloride and 
sodium peroxide may reach 80% under optimal  condition^^^. 

3. Reaction of peracids with acy lathg agents 

The reaction of peracids with acylating agents in the prescnce of a base usually affords 
unsymmetrical diacyl pcroxides (equations 60 and 61 ). Since disproportionation of the 
peroxide is catalysed by base, prolonged reaction times or high temperatures must be 
avoided. 

Sulphonyl-' '0-labelled benzoyl p-toluenesulphonyl peroxide is prepared as shown in 
equation (62), while treatment of benzoyl-' 80-labelled perbenzoic acid with tosyl chloride 
gives benzoyl-' '0-labelled bcnzoyl p-toluenesulphonyl per~xide '~ .  
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' 0  ' 0  0 

(60) 
II I I  II 

R-C-CI  + R'C03H + Py - RCOOCR' + Py-HCI 

R = k, R'= Ph56 

0 '0 0 ' 0  
II II II II 

RCCl + R'COOH + Py - RCOOCR' + Py-HCI 

R=PhCHz- ,  R '=  o5 
n;o CI2 PhC03H/B: 

p-TolSOzH - p-TolS'OzH - p-TolS'02CI - 
' 0  

p-TolSOOCPh 
I1 

' 0  

4. Diimide synthesis 

Both symmetrical and unsymmetrical diacyl peroxides can be prepared directly from 
the corresponding carboxylic acids and hydrogen peroxide in the presence of 
dicyclohexylcarbodiimide (DCD)77, for example, as shown in equation (63) for the 
synthesis of hydrocinnamoyl-P,P-d2 peroxide78. 

LiAlD 4 1. NaH NaCH(C0,  Etl, 
PhC0,Et - PhCD,OH PhCDzOTs e 

0 
I I  

(PhCD2CH2C-Ot2 
1. OH- H,O,/DCC 

PhCD2CH(COZ E t ) l  - PhCDzCH2C02 H 
2.  n+ 
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111. USES OF ISOTOPICALLY LABELLED PEROXIDES 

A. Unimolecular Homolytic Decomposition of Peroxides 

1. Peresters 

Bartlett and coworkers revealed in their pioneering works that the thermal stability of 
perester depends on the R group of I?C(0)OOR'43*44*79; for example, t-butyl 
triphenylperacetate which decomposes by two-bond fission (equation 65), due mainly to 
the formation of the stable trimethylphenyl radical, was shown to decompose lo6 times 
more rapidly than t-butyl peracetate that undergoes decomposition by one-bond fission 
(equation 64)44. The activation energy of reaction (65) is considerably lowered by the 
concertedness of the transition complex for the two-bond fission, while the activation 
entropy becomes smell, since more than two bonds are frozen at the transition state43. 

0 0 0 
II I I  II 

RCOO R' - [RCO-..OR*l* - RCO. -OR' 

Thus the AHf - A S *  relationship has been taken as one of the criteria of the 
concertedness in the dccomposition of a particular pere~ter~~." .  Freezing of the rotation 
of the R-CO bond in the transition state of the decomposition of r-butyl peresters of 
substituted phenylacctic acids was further demonstrated by the good correlation of the 
rates with o +  constants rather than u constants8'. 

Many criteria have been proposed for the diagnosis of the mechanism of the thermal 
decomposition of peresters; but only investigations using isotopically labelled peresters 
will be described here. 

Koenig has succeeded in generating various acyloxy-t-butoxy radical pairs (14) which 
are the intermediates in the decomposition ofone-bond fission in peresters (13) as well as 
in the homolytic denitrogenation of 0-acyl 0'-r-butyl hyponitrites (12) formed by acyl 
migration of N-acyl-N-nitroso-0-t-butylhydroxylamines as shown in Scheme 1 **. Based 
on detailed investigations on the chemical behaviour of 14, generated from either 12 or 13, 
by using "0-tracers, secondary kinetic hydrogen deuterium isotope effects and solvent 
viscosity effects, equation (66) was introduced, assuming that the rate constant k 3  of the 
diffusion process of the caged geminate radical pair was the only process sensitive to the 
viscosity of the medium83 (J = fraction of cage return, k = constant, 9 = viscosity of the 
medium, k 2  = rate of decarboxylation of RC02- and k -  = rate of recombination of the 
radical pair 14). 

Theory predicts that the cage recombination ratio, F ,  can be correlated with the square 
root offluidity, 11- I". Indeed, in the thermolysis of hyponitrites 12 in several hydrocarbon 
solvents ofdifferent viscosities, one obtains a linc whose intcrccpt gives thevalue ofk,/k- I 

at the infinitcly viscous sclvent, namcly thc ratio of the ratc of decarboxylation of the 
acyloxy radical over that of the recombination of the radical pair 14 to givc the perester 
1 3 8 2 b . 8 3  
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'0 
R-C--I;l-O+ It 

O=N 

R-C'Q~ 

I k3 

l k z  
+] A, 

+IL/ >'\ 
'0 

II 
R - C - - 0 - 0  + 

(1 3) 

'0 
II 

R -C-0 -O+ 

R- II -o+ R - 0  + , R(- H) + HO+ 

SCHEME 1. 
solution. 

Decomposition of 0-acyl 0'-t-butyl hyponitritcs (12) and t-butyl peresters (13), in 

a. Class$cation of 0-acyl 0'-t-butyl hyponitrites, t-butyl peresters and t-butoxyacyloxy 
radical pairs. The cage recombination, however, depends not only on the viscosity of the 
medium but also on the nature of the acyloxy radical. Therefore in order to understand the 
mechanism of the decomposition and recombination, it is desirable to make an educated 
guess on the chemical behaviour and especially the lifetimes of acyloxy radicals of different 
structures. O n  the basis of the stabilities of the geminate acyloxy radicals, we have divided 
diacyl peroxides (IS), RCO,O,CR', into three classes, Case I (R,R' = alkyl), Case I1 
(R = alkyl, R' = aryl) and Case I11 (R,R' = a r ~ l ) ~ O .  A similar classification can be made 
for the hyponitrites and peresters. In this case, the classification is based on the structural 
effect on the rates of three reactions which start from the caged acyloxy-t-butoxy radical 
pair (14) generated primarily from 12 and 13, i.e. recombination, k -  decarboxylation of 
the acyloxy radical, k l ,  and diffusion out of solvent cage, k3 [Scheme l), whose relative 
magnitudes determine the amount of cage return (fr) to form perester,. namely 

Thus, both 12 and 13 may be classified as Case I (R = alkyl) and Case I1 (R = aryl) 
assuming k -  for 14R=ar,.l is smaller than k -  for 14R=alkvl 40; namely the amount of cage 
return of 14 decreases in the order of Case 1 > Case 11. Meanwhile, since the rate of 
decarboxylation of acyloxy radicals, RCO2-, is known to decrease in the order R = s- or t- 
alky], benzyl > primary alkyl, strained cycloalkyl > aryl, we may divide Case I initiators 
into Case I,, (R = primary alkyl, strained cycloalkyl) and Case I,, (R = s- and t-alkyl, 
benzyl) depending upon the lifetime of the acyloxy radical, i.e. if only the lifetime ofacyloxy 
radical were responsible for the cage return, the cxtent of cage return to give perester,/,, is 
anticipated to decrease in the order of Case 11 > Case I, > Case In .  The latter order is 
opposite to that which was deduced on the assumption that k- for a Case I1 radical pair 
(14) is smaller than k - l  for a Case I radical pair (14). In the usual solvents of fairly low 
viscosities, k2 for aliphatic acyloxy radicals is close to k 3 .  In such a solvent, thc effect of 
structural change appears much stronger on k- than on k2 and hencc,f, for Case I would 
be higher than that for Case 11. Increase of viscosity of the medium decreases k 3  and in an 
infinitely viscous medium ( k ,  = depends entirely on k 2 ,  and the extent of cage return 

[.L = k - , / ( k ,  + k3 + k - , ) l .  
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to form perester, f,, falls in the following order: Case 11 > Case I,, > Case I,#. Thus, the 
extent of cage recombination in connection with the structural change and the solvent 
viscosity may be summarized i n  thc (I priori precept shown in Table 1 (see also Section 
111.2). 

TABLE 1. Structural effects on the fates of caged radical pairs (14). 
RCOz * -OBu-r, generated by decomposition of 0-acyl 0'-f-butyl hyponitrites (12) 
and t-butyl peresters (13) 

Case R f: Lh Solvent viscosity 
effect on I; 

IA Primary alkyl, Large Large Small 

In S- and r-alkyl, benzyl Small Small Very small 
I1 Aryl Medium Very large Large 

strained cycloalkyl 

"In usual solvents of low viscosity. 
bh infinitely viscous solvent. 

Among the reactions of the t-butoxy radical, its decomposition to give acetone and 
methyl radical (equation 67)and its hydrogen abstraction from  hydrocarbon^^^ (equation 
68)are both known to be negligibly slower than itsdiffusion which is in thc order of lo9 s-  
in the usual solventsn6. Hencc the yield of the perester is indcpcndcnt of thc rate of the 
reactions shown in equations (67) and (68). 

b. Formation of peresters bjl therinal decompositio,i of 0-acjd 0'-t-butyl hyponitrites 
Table 2 summarizes the results of thcrmal decomposition of 12 obtained by Koenig and 
coworkersszb, i.e. the values offr, the extent of "0 scrambling in the perester 13 formed 
from carbonyl-180-labelled hyponitrite 12 and the intercept of the fluidity plots (equation 
66). One finds that .f, decreases in the order of R = D > Ph > Me > i-Pr = s-Bu in both 
solvents with low and high viscosity nearly in  accordance with our prediction shown in 
Table 1 except for 12,,,,,. This discrepancy (R = Me) may be due to the difference between 
a very intimate t-butoxy-acetoxy (14R =k,c) radical pair generated by simple 0-0 bond 
homolysis of t-butyl peracetal (13, i. and the rather loose acctoxy-t-butoxy radical 
pair (14R=MJ sepriratcd by a dinitrogen molccule formed from the hyponitrite (12) (see p. 
605-606). Sincc recombination would be slow in such a separated pair, k2 becomes more 
important in dctermining in such a case than in the very intimate radical pair (14) of 
perester origin. Thercforc, thc yield of perestcr from 12 seems to depend substantially on 
the lifctimc of the acyloxy radical before it rcconibines with a t-butoxy radical; the acyloxy 
radicals with relatively slow rates ofdecarboxylation areconsidered to have a better chance 
or recombination with I-butoxy radicals to form the perester than thosc which undergo very 
fast decarboxylation in thermolysis of 12. 

The data in Table 2 show that the yield of perester (1;) is much higher in nujol, a much 
more viscous medium than hexane. Since the lifetime of benzoyloxy radica!s is !onger than 
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TABLE 2. Thermal decomposition of hyponitrites 12 at 32°C"" 

603 

Scrambling 

(%I 
R Case Solvent /r x 100" of "0 in 13' k,/k- Ref. 

Ph I1 I Z - C , H ~ ~  9.0 98 0 24 
- Nujol 38.0 - 

t K 6 H  14 18.0 90 
Nujo! 45.0 

D I A  

Me I, n - G H l 4  2.7 93 
Nujol 10.2 - 

i-Pr I" ~ C 6 H 1 4  0.1 - 
Nujol - - 

S-BU In tr-C6HI4 0.1 - 
Nujol - - 

49 - 

"Yield of perester 13 (%). 
?heextent ofscramblingoftheoriginalcarbonyl-'*O labelofthestarting 12in thecage product 13. 
'Intercept of fluidity plot (equation 66). 

that of aliphatic acyloxy radicals, the extent of cage recombination of Case 11 radical pairs 
(14R=Ph) should be, and indeed is, more sensitive to solvent viscosity than that of Case I 
radicals pairs (14R Recombination of a benzoyloxy radical with a t-butoxy radicai 
would reach up to 100% even in an infinitely viscous medium due to very slow 
decarboxylation of the benzoyloxy radical (see Table 9), whereas recombination of short- 
lived acetoxy radicals with t-butoxy radicals would never be quantitative. In fact the 
intercept of the fluidity plots (Table 2) reveals that in infinitely viscous solvent, 14R=Ph 
recombines quantitatively while 14, =hlc recombines to give t-butyl peracetate in 20 %yield 
only upon calculation with equation (73) using the valuc k 2 / k - ,  = 4.2 in Table 2. The 
original "0 label of the carbonyl group of 12 is nearly completely randomized in the 
perester 13R%.,,,,; the other results, although possibly within expcriniental error, show that 
the extent of "0 scrambling in thc recombination of thc Case I1 radical pair, 14R-P,,, is 
greater than that of the Case I radical pairs, 14, ...,ll?l, which arc s h o r t - l i v ~ d " * ~ ~ ~ ~ ~ .  

c. Tliennal decoinpositioii of t-huryl peresters. Taylor and Martin have observed "0 
scrambling in the thermolysis of carbonyl *O-labelled acetyl peroxide**; Koenig and his 
coworkers have observed also I8O scrambling in pcresters recovered after the partial 
decomposition of the latter in nonpolar solvents, and suggested thc radical mechanism 
shown in Scheme 124*46*.89. Obviously, the reaction is initiated by one-bond fission. 
Goldstcin and Judson3' have postulated [1,3]-sigmatropy also to bc responsible for thc 
oxygen scrambling (equation 69). The references pertaining to the l80 scrambling data are 
listed in Table 3. 

L J 

According to the radical-pair mechanism shown inscheme 1, the rate constants for l8O 
scrambling, k,, and decomposition, kd, and the fraction of cage return,S,, in the formation 
of 80-scrambled perester from 14 can be expressed by equations (70)-(73). F in Koenig's 
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cage equation (equation 66) can be changed into equation (74), in which only k 3  is 
presumed to depend on the viscosity of the medium"b. 

k ]  = k , + k ,  

Koenig and his c o ~ o r k e r ~ ~ ~ ~ ~ ~  and Wolf and coworkers4* have measured secondary 
hydrogen-deuterium kinetic isotope effects on the rates of thermal decomposition of 
various peresters by two methods. One method is a direct mcasurement of rates of 
decomposition of normal and deuterated peresters by following the decrease of the 
carbonyl stretching vibration absorption or the fading of galvinoxyl added in the system. 
The other method is to measure the mass peak height ratio of m/e 46/44, i.e. 
C'hO'XO/C'602, gencrated in the thermal decomposition of a mixture of 
CD,C(O)OOBu-t and CH3C('HO)OOBu-r (see Table 4). 

Pryor and coworkers have proposed a very simplified expression (equation 75) to 
correlate the ratc of unimolecular decomposition of one-bond fission radical initiators 
with solvent viscosity assuming that only the rate of the diffusion process of caged 
germinate radical pairs, k 3 ,  is affected by the viscosity of thc In this equation i1 

denotes the viscosity of the solvent, z is a constant (0.5-0.7) in the linear relationship 
between the activation energy for the self-diffusive flow of solvent (E,) and the energy 
barrier for the diffusion of the radical pair ( E d )  (E,, = ZE,.) and A, and A, are the frequency 
factors of thc self-diffusive flow of the solvent and of the diffusion of the radical pair, 
respectively. The rate constant, k l ,  can be obtained from the intercept of linear reciprocal 
plots of kds measured in various ,+alkanes of different viscosities against (~~/A,)'values~". 
Thc cxtent ofrecombination of 14,ji, can be calculated by equation (73) using the values of 
k l  and k,, measured directly by kinetic experiments. 

The A values for 14 can also be calculated from kd and k, values measured directly 
(equation 73), assuming that "0 scrambling in 13 results exclusively from recombination 
of the radical pair 14 (see Table 3). Since k ,  depends on the nature of the solvent, as 
described later, the I8O scrambling experiment of I3 may be more accurate in monitoring 
the bond-breaking-bond-forming phenomenon of the perester than the influence of 
viscosity on kdj46*82b."5. The j ;  values listcd in Tablc 3 h l l  in the order of 
R = Me > Ph > i-Pr,t-Bu. This order fits that observed for 14 generated by homolytic 
cleavage of 12, namely R = D > Ph > Me > i-Pr,s-Bu except for R = Me, suggesting 
that the radical mechanism shown in Scheme 1 is responsible for the "0 scrambling in 13, 
with thcexccption of 14, sh,c which has already been discusscd (SCC p. 602). Peresters 13 can 
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TABLE 4. Secondary deuterium kinetic isotope erects (Y and p) on thermal decomposition of 
perester 13 

R 

~ ~ ~ ~ 

Temperature 
Case ("C) Solvent (a) kl,/k$ (p) kdkD" Ref. 

Me I A  130.1 i-CsH I LI 1.000 & 0.007 - 46 
46 Nujol 1.007 
47 PhCHz- Iu 84.98 CC,H 1.066 

- 

- 
- Nujol 1.060 47 

Ph-CH- . IB 73.99 i-C8H18 1.046 1.020 47 
I 
Me 
Me 

I 

I 
Me 

Ph-C- 1U 

t-Bu ID 

p-MeOC,H4CH,- Iu 

183' 

185' 
186' 

184' 

60.56 

60.56 

60.46 

85.1 
84.98 

102.6 
102.6 
102.6 
102.6 

i-C8H - 1.018 

i-C&1* - 
90 '%; dioxano-H20 - 
i-CeH 8 1.034 
Nujol 1.048 
PhCl 1.048 
Nujol 1.040- 
C8H1 g b  1.006 4 0.005 
G H i s  1.006 rf: 0.009 
CeHIn 1.049 f 0.009 
CBHIU 1.050 4 0.009 

47 

47 
47 
46 
46 
46 
46 
48 
48 
48 
48 

~ 

"Per d l .  
b2,2,4-Trimethylpen tane. 
'See Section III.A.3. 

also be classified into Case I,,, Case I,% and Case 11, as already described. The mode of 
tliermolysis of the pcresters of each case is explained in thc same manner as for the "0 
scrambling in diacyl peroxides. Indeed, the structural effects postulated in Table 1 are in 
good accordnnce with the cxperimcntal results shown in Table 3. 

(i) Case I1 peresters. The mechanism of decomposition of Case 11 peresters is quite 
simpIe. The first-order rate constant of decdrboxylation of the benzoyloxy radical (see 
Table 9) is of the same order of magnitude as that for the p-scission of t-butoxy radicals to 
form methyl radical and acetone (equation 6 7 )  but several orders of magnitude smaller 
than the rate for diffusion in usual solvents. Therefore, there is no possibility of 
decomposition of 14R=P,, in the solvent cage. This fits with the result that the linear fluidity 
(l/J - 1) plots (equation 66)  for both 12 and 13 (R = Ph) cross the ordinate a t  In 
other words,ji is small in the usual solvents of low viscosity, but increases as the solvent 
viscosity increases and eventually reaches unity at infinite viscosity. 

The value of L(0.19) for t-butyl perbcnzoate calculated from kd and k, in cumene at  
105.5"C3' is in good agreement with thevalue ofj; (0.1 1 in hexane) calculated by equation 
(75) based on kd values obtained in n-alkanes of different viscosities in sealed tubes at 
130.1"C9'. Thus the radical-pair mechanism is suggested as being responsible for the l8O 
scrambling in 1-butyl perbenzoate. The large activation volume (AV' = 10.4 cc mol- I )  for 
the thermal decomposition of t-butyl pcrbenzoate observed by Neuman and Behar 
appears to indicate that the decomposition of thc perester involves a peroxide bond- 
breaking-bond-forming e q u i l i b r i ~ m ~ ~ . ~ ~ .  
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In order to see the effect of spin multiplicity and also the effect of the intervening 
nitrogen molecule on the eficiency of recombination of f4R=Ph, Koenig and H ~ o b l e r ~ ~  
photolysed 180-labelled r-butyl perbenzoate both in the absence and presence of a 
sensitizer under the same conditions as used for 12R=Ph. Thef, of the singlet radical pair 
13R=Ph generated from the perester was found to be0.177, i.e. about twice thef, (0.09)ofthe 
radical pair separated by N2 formed in the cleavage of 12R =ph. The triplet pair of 14R=Ph is 
found to recombine only 8 "/, prior to the dimusion out of cage. Thus, t-butyl perbenzoate 
(a Case I1 perester) is considered to undergo a typical one-bond fission and the radical-pair 
mechanism seems to be responsible for the "0 scramblingg4. 

(ii) Case IA prresters. The kinetic data in Tables 3 and 4 suggest that r-butyl peracetate 
(13R =Mc) undergoes one-bond fission, with the '0 scramgling being a radical-pair process 
(Scheme 1)4G. In this thermolysis, there is no 3-secondary hydrogen kinetic isotope cffect 
(Table 4); and k, is of the same order of magnitude as kd, but k, and kd are aflected 
markedly in opposite directions, by the change of solvent viscosity (Table 3). 

According to equation (74). plots of kd /k  and of ( k , / k d  - 1 ) -  against !\-''.' should fall 
on the same line. However, this is not found to be the case for 13R=Mc due mainly to two 
reasons4G. (1) The "0 scrambling in 14 may not only be incomplete before coupling to 
form 13, but may also vary with the viscosity of the medium. The kinetic data mea~ured"~ 
would suggest that the fraction of recombination with complete "0 scrambling for 
14R=Me varies from 1.00 to 0.65 (35% of **O label remaining unchanged in the 
recombination product) with the change of solvent from whexane to paratfin oil. (2) The 
value of kl is dependent on the nature of ti-alkane solvents. 

Koenig and coworkers, however, prefer the view that kl  depends on the internal 
pressure of the s o I ~ e n t ~ ~ " * ~  but not on its v i s ~ o s i t y ~ " * ~ " * ~ ~ .  Based on the value 
AV* = +12ccmol-' for 13R=ph, which was determined by the external pressure 
dependency of k d  93a, Owens and Koenig" havc estimated a set of differential pressures of 
hydrocarbon solvents using k,s of the same perester. The activation volume for kl of t- 
butyl peracetate (13,=h,c) is calculated to be 5ccmol-' at 130°C from the slope of 
In (kd + k,) against the differential solvent pressure. AV* = 8ccmol-' for k l  of 13R=PL. 
Therefore, the scrambling may be more sensitive in estimating the extent of cage 
recombination of 14 than the effect of solvent viscosity on /id. Thus, the intercept of the 
fluidity plot (equation 66) for 13R=Me using kd/k,, which is independent ofk,, is found to be 
0.8, suggesting t h a t  only 56',% of 14k=3,c upon calculation with cquations (66) and (73) 
rccombincs to thc original percster (13Rz..x,c) even at infinite viscosity a t  13OoC5". 

(see Section III.A.3) are 
also assigned to Case In rather than Case ID because of the instability of the strained 
cycloalkyl radicals. 

(iii) Case lo  peresters. The secondary H-D kinetic isotope eflect found in the thermolysis 
of t-butyl perpivalate indicates that the perester undergoes two-bond f i ~ s i o n ~ ' . ~ ~ ,  as was 
suggested earlier44. However, l8O scrambling was detected3' in  the dccomposition of 
crtrbonyl-l 80-labellcd t-butyl perpivalate (13! , ,,,,,,). Sincc only thc radical-pair 
mechanism is responsible for the "0 scrambling (1; = 0.025)y5, the major path of 
concerted two-bond fission decomposition may be concurrently accompanied by a one- 
bond fission process in the thermolysis of this perester. The extremely small fr value 
suggests that the decomposition of Case IB peresters proceeds almost exclusively via a 
concerted two-bond fission as shown in equation (65) ( k ,  <<kconc in Scheme I). The 
relatively large P-secondary H-D kinetic isotope effect found in the thermolysis of t-butyl 
paro-substituted phenylperacetate is also in accordance with the concerted two-bond 
fission mechanism suggested ear lie^-^^*^'. There is a substantial ell'ect of solvent viscosity 
on k, of 13, = p-NO,c.,,,,. but because of the lack of "0 tracer experiments w e  cannot discuss 
further the thermolysis of this pcrestcr. Case I,, peresters ( R  = PhC(Me)2-. PhCHMe-) 

r-Butyl cycloalkaneperformates with straincd small rings 
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which undergo very fast decomposition show no solvent effect but give reasonably large 
k d k D  values, as expected from the two-bond fission mechanism (Tablc 4)41. Unstrained r -  
butyl cycloalkaneperformates ( 18,,6) also undergo two-bond fission in thermoly~is~'. 

d. [ 1,3]-Sigmatropic mechaiiism for '0  scramblbig. Goldstein and .Judson37 have 
proposed a [ 1,3]-sigmatropic mechanism for "0 scrambling in peresters, since 
scrambling is observable even in the thermolysis of t-butyl perpivalate which is considered 
to undergo typical two-bond fission. Also, theJ, value for the perbenzoate is lower than 
that for the peracetate, despite the much slower rate of decarboxylation of the benzoyloxy 
radical compared with that of the acetoxy radicaP7. Thus, the mechanism of l80 
scrambling in 13 cannot be said to be clear until the viscosity dependence of the [1,3]- 
sigmatropic shift is wel! understoodJ7. Goldstein has given a warning on the routine use of 
l80 scrambling in 13 as the measure of recombination3'. However, in view of the rather 
minor contribution of the sigmatropic shift to the "0 scrambling in the thermolysis of 
diacyl peroxides as described later, "0 scrambling is still one of the best ways to estimate 
the extent of recombination. 

2. Diacyi peroxides 

Both the rate and the mode of decomposition of diacyl peroxides (15) are influenced by 
the change of R more than with peresters. For example, when R and R' are primary, 
decomposition of 15 gives mainly radicals, while if R is secondary or tertiary, the 
decomposition is ionic even in nonpolar solvcnts at low tcrnperatures. There are the 
following three modes (equations 75, 77 and 78) in the thermal decomposition of IS, 
depending on the stabilities of R- and K'-, whereas the carbosy invcrsion, a heterolytic 1,2- 
rearrangement of R and R'C02 groups (equation 79) is thc major mechanistic path for thc 
decomposition when R +  is stable, 21s dcscribed later. 

x 0 : : f t  I1 
0 0  
II II 

RCOOCR' - IRCO--OCR'I*- RCO- -0CR' 

" 0 0 0  +....c.... - I I I I  II 
0 0  
II II 

RCO0CR'- [Re* 1 ..O-CR'l - ROCOCR' 
'0" 

(79) 

Szwarc and c o w ~ r k c r s ~ ~ . ~ ~  have suggested that the decomposition of acetyl peroxide 
proceeds via one-bond fission (equation 76) and the acetoxy radical pair (16R=Me) should 
diffuse out from the solvent cage prior to decomposition, based on their observation that 
the decomposition of acetyl peroxide in solvent requires more activation energy than that 
in the gas phase. The nearly identical activation energies required for decomposition of 
15R,K, =Mc,E,.Pr seem to suggest that these primary alkyl diacyl peroxides decompose by one- 
bond fission (equation O n  the other hand, the thermal decomposition of diacyl 
peroxides ( 15R=s.atLJ requires much snialler activation energies and may proceed via a 
two-bond fission process (equation 77)'00*'0'. l8O scrambling in diacyl peroxides should 
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be observable during one-bond fission thermolysis. However, Szwarc failed to detect any 
laO scrambling in the thennolysis of carbonyl-180-labelled acetyl peroxide'O2. 
Meanwhile, Braun, Rajbenbach and Eirich found a substantial solvent viscosity effect on 
the rate of decomposition of acetyl peroxides7, seemingly supporting Szwarc's initial 
prediction. Taylor and Martin eventually observed the I8O scrambling in acetyl 
peroxideaa (Scheme 2) and the contradiction was thus solved. However, in 1970, Goldstein 
and coworkers suggested signatropic shifts for l80 scrambling of acetyl peroxide in 
solution'03 and indeed found it in the gas-phase decompo~ition'~~. 

'0 '0 '0 '0 '0 '0 
I1 I I  k l  I I  I I  k-1 II II 

RCOOCR' - RC'O- ~ 'OCR'  RC'O-OCR' 

SCHEME 2. Homolytic decomposition ofdiacyl peroxides and the acyloxy radical-pair mechanism 
for l80 scrambling. 

According to Goldstein and coworkers in Scheme 3 there are two experimentally 
observable rate constants for la0 scrambling, i.e. total scrambling (kts) and random 
scrambling (krs) (equations 80 and 81)1033104. Equations (66) and (70)-(75) mentioned 
above can be again applied in the decomposition of 15. Both rate constants for oxygen 
scrambling can be determined by mass spectral analysis of O2 derived from the two 
peroxidic oxygens in the residue, after partial decomposition'03*'04. The rate constant of 

[ 1,3]-Sigrnatropy 

SCHEME 3. Sigmatropic mechanisms for "0 scrambling in diacyl peroxides. 
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"0 scrambling via the radical-pair mechanism can be expressed as k,S,, assuming that the 
l8O label is completely scrambled in the acyloxy radical pair. This assumption could be 
supported by two observations. Firstly, the l8O label is completely scrambled in methyl 
acetate formed by the thermolysis of labelled acetyl peroxide in s o l ~ t i o n ~ ~ * ~ ~  and secondly 
in the photolysis of benzoyl-' 80-labelled acetyl benzoyl peroxide in ethanol at  0°C the two 
oxygens in the benzoyloxy radical are also completely equilibrated before recombination 
with methyl radical to form methyl benzoate. However, in the photodecomposition of 
acetyl benzoyl peroxide labelled with I8O in the peroxidicoxygens both in crystalline state 
and in ethanol matrix at 77 K, the ether oxygen of methyl benzoate rctains 62 % and 72 % 
of the original I8O label6'. Also in the thermolysis of diacyl peroxides, the extent of l8O 
scrambling and the amount of cage recombination product seem to vary with the acyloxy 
radical. 

a. Classijcation o j  diacyl peroxides uiid ucyloxy rcidical pairs. If decomposition of a 
diacyl peroxide proceeds by one-bond fission (equation 76), the reactions after the 0-0 
bond cleavage would vary markedly with the acyloxy radical pair (16)40. The cage return 
to generate peroxide, fr, is controlled by the relative rates of recombination, k - l ,  
decarboxylation, k2, and diffusion, k 3 ,  of the respective acyloxy radicals in equation (73). 
Diacyl peroxides have been classified by us into Case I (R,R' = alkyl), Case I1 (R = alkyl, 
R' = aryl) and Case 111 (R,R' = aryl) assuming that the energy barrier for the 
recombination ofaromatic acyloxy radical pairs is greater than that ofaliphatic onesso, so 
that the rate of recombination, k -  1,  decreases in the order of Case I > Case 11 > Case 111. 
Since k - l  of acetoxy radical pairs is of the same order of magnitude as that of 
decarboxylation of acetoxy radicals (1.6 x 109s- '  at 60°C87*88), the rate of combination 
of acyloxy radical pairs of Case I is approximately logs-' or more, while k - ,  for 
benzoyloxy radical pairs is lower than k 3 ,  the rate of diffusion (about lo's-') in usual 
solvents86, as is exemplified in the very smalljivaluc for benzoyl peroxide in i-octane and 
the rate of recombination shown in equation (84). Since k 2  of aliphatic acyloxy radicals 
varies with the structure ofR, Case I and Case 11 are subdivided into A (R = primary alkyl, 
strained cycloalkyl) and B (R = s- and r-alkyl, benzyl), expanding our original 
c la~sif icat ion~~.  Thus, the rate of decarboxylation, k2,  decreases in the order of Case 
113 > Case II,, > Casc I,, > Case 11, >> Case 111 (see Table 9) .  However. the rate of 
diffusion, k3, is considered 10 be affected by changes of the R group in 16 to a much smaller 
extent than k -  I and k - 2 .  

ccombination of Casc I,, 
acyloxy radical pairs can compete with decarboxylation and diffusion, giving a fairly large 
f,value. In Case ID peroxides,S, is small since decarboxylation is much faster than diffusion 
and recombination (k2 >> k 3 ,  k -  l). In Case 11, thc rate of recombination, k- ', is smaller 
than in Case I, and .Ir becomes less than in the corresponding Case I peroxide. Case 111 
acyloxy radical pairs are so stable that most of them diffuse out from the solvent cage 
without decarboxylation or recombination, thus giving small valucs 0f.L.. Upon the rate of 
ester formation by recombination of 17, theeffect ofstructural change would bcvery small, 
since the process would require almost no activation energy. Therefore, the yield of theester 
formed would depend only on the concentration of the precursors, i.c. acyloxy-alkyl/aryl 
radical pairs (17) (Scheme 2). Thus, in an acyloxy radical pair in which decarboxylation of 
one radical is Facile and the other radical is stable. formation of the ester from the second is 
favoured. Hence. the ester yields are in thc order Case 11 > Case I > Case Ill4('. 

(i) 111 irsird solcerlrs qj'/l'low ciscosirj.. since k 3  is about 10's- ' 
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(ii) I n  an infinitelJ, viscoiis solwtir, there is n o  diffusion (k3 = 0), and hence cage return 
Ur) for Case I11 peroxides becomes 1 (k- >> k- 2) .  The extent offr for Case I and Case I1 
peroxides may increase with the increase ofsolvent viscosity but to a much less extent than 
for Case I11 peroxides. The effect of structural changes in the thermolysis of diacyl 
peroxides are summarized in Table 5. 

The peroxidic linkage is highly energetic because of unfavourable lone-pair-lone-pair 
repulsion between the vicinally situated oxygen atoms. Therefore, the recombination of 
two oxy radicals to form a peroxidic linkage against such unfavourable electronic 
repulsion may involve appreciable activation energy4'. A recent MO calculationlo6 seems 
to support our earlier assumption: when the 0-0 bond of acetyl peroxide is stretched, 
the energy maximum appears at 50 "/, homolysis and further stretching to give the acetoxy 
radical pair somewhat lowers the energy of the system. The benzoyloxy radical is believed 
to be a CT radical at the ground and MIND0 calculations suggest that the 
dihedral angle between the phenyl ring and the carbonyl plane is 90" *06. Since the dihedral 
angle in benzoyl peroxide is nearly x r o l  "' the recombination of benzoyloxy radical pairs 
must change thc conformation of benzoyloxy radical. I f  the energy required to change the 
conformation cannot be compcnsated by 0-0 bond formation, the recombination of 
16, = Ph requires a somewhat greater energy of activation than that for aliphatic ones. 

A few experimental data seem to support this hypothesis. The value calculated by 
Koenig82b for the rate constant of recombination involving his cage theory is much greater 
for ether formation (equation 82) than for peroxide formation (equations 83 and 84). 
Koenig observed a positive p value (+0.4) for the recombination of 14R=Ph generated from 
the hyponitrite (12) to form t-butyl esters of substituted perbenzoic acids (equation 85), 
suggesting that the rcconibination of r-butoxy-benzoyloxy radical pairs (14R=xcAHA1u8) 
requires some activation energy. This fits the Harnrnett p value of -0.7 obtaincd in the 
thermal dccomposition of t-butyl peresters of substituted perbcnzoic acids'"'. 

3.9 x 10'0 5- ' 
s-Bu.CO~ N2 -0Err-r 320c S-BuOBU-t 

(83) 

(84) 

2 x 10'0 s- ' 
45% 

PhCO- Nz -0Bu-t 450c 

* t-BuOOBU-t 

0 
II 

f-BUO. N2 *OBu-t 

0 - PhCOOBu-r 
II 7 x  1 6  s-' 

In keeping with our u priori precept (Table 5), the amount ofcage return Cf,) decreases in 
the order of cyclopropaneformyl peroxide (Case I )  > benzoyl cyclopropaneformyl 
peroxide (Case 11) > benzoyl peroxide (Case 111) (see Table 6 which lists the effects of 
various groups on the oxygen scrambling in the thermolysis ofdiacyl  peroxide^^'*^^ and in 
the Cope rearrangement' lo). The effect of the phenyl group on the oxygen scrambling in 
diacyl peroxides is exactly opposite to that on the rates ofthe Cope rearrangement40*56, a 
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TABLE 6. Comparison of oxygen scrambling in diacyl peroxides (15) with Cope rearrangement of 
1,s-hexadiene-1 -d, 

2 x 1 0 - 2  I 

P 

k::l 1 I h  

(kJk,,)"' 6.58 

P 5.2 
f 

4 h . c  I d  

1.89 

1.8 

"Relative rate of the Cope rearrangement of 1,5-hexadiencs, Rcf. 110. 
bin CCI, a t  SOT,  Ref. 56. 
'Cyclopropyl-side carbonyl-'80-labelled peroxide was used to dctermine k , $ .  
"In isooctane a t  80°C. Re[ 10.5. 

Relative rate of total scrambling of carbonyl-lxO in  diacyl peroside a t  80°C. 
Kclative valuc or fraction of cage return of 16 to generate 15. 

typical [3,3 ]-sigmatropic reaction (equation 86)' ' I .  Phenyl substituents at  2- and/or 5- 
position of 1,Shexadiene increase the rate of the Cope rearrangement by stabilizing its 
transition state' 12. On the other hand, phenyl groups stabilize the intermediary (equation 
86) acyloxy radicals (16) in the oxygen scrambling in diacyl peroxides (Scheme 2) and 
thus retard the rate of recombination, resulting in low and decreasing thc extent of 
l8O scrambling 40.56. The transition state of the coricerted"'.'" Copc rearrangcrnent of 
l,5-hexadiene-l-d2 is believed to be stabilized by 25.7 kcdt mol-' for the chair form"3 and 
by 17Skcalmol-' for the boat more than the potential energy required for 
homolytic cleavage of thc C(3)-C(4) bond to pcncratc an ally1 radical pail.' ". Lewis and 
Newman' I s  havc indicated that the transition state of the 'diosa-Cope rearrangcrnent' of 
allyl-3-d, trifluoroacetate (equation 87) i n  the gas phase is rnarkcdly stabilizcd duc to the 
concerted naturc of the reaction. On thc other hand. activation cnthalpies of oxygen 
scrambling in  diacyl pcroxides are usually nearly identical to those of homolytic clcavagc 
of the 0-0 bond to genernte 16. For cxaniplc, the activation cnthalpies of the total and of 
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the random scrambling of cyclopropancformyl peroxide arc only 2.0 and 2.8 kcal mol- ' 
Icss, respectivcly. than that of homolytic fission of the 0-0 bond to gcncrate a 
cyclopropaneformyloxy radical pair5".' ' . These small AAH', (homolytic 
decomposition-oxygcn scrambling) values are nearly idcntical to the energy barricr for 
the diRusion of thc intcrmediary acyloxy radical pair1l6. Even with acetyl peroxide in the 
gas phase the activation enthalpies for both modes of oxygen scrambling are only 
1 .O-1.5 kcal mol- ' smaller than that of decompo~i t ion '~~ ,  i.e. almost within the 
experimental error. In contrast to the negative activation entropics of the Cope 
rearrangcmcnt. i.e. - 13.8 and -3.0 gibbs for 1,5-hexadicne i n  the chair-"3 and the boat- ' form transition states, respectively, and -9.8 gibbs for ally1 trifluoroacetatc' ' s ,  the 
activation entropies obscrvcd for the oxygen scrambling in diacyl pcroxides arc positive, 
suggesting that this transition state is much Icss rigid, and docs not secm to be concerted. 
Whilc the driving force for the Copc rearrangement is the formation of the partial 
C(  1 )-C(G) bond which stabilizes the transition state, thc driving forcc or the oxygcn 
scrambling in dincyl peroxidess3.' I '  seems to bc thc rclcasc of the electronic repulsion due 
to the lone-pair-lone-pair interaction by cleavage of the peroxidic bond. 

Table 7 summarizes the rates of ''0 scrambling (k ,s)  of various carbonyl '80-labelled 
diacyl peroxides, rates of decomposition (kd) and fr values calculated from kd and k,s. 

h. Case I A  diticyl peroxides. ( i )  Aceryl peroxide has been considered to undergo one-bond 
fission, although acetoxy radicals could not be trapped in earlier experiments' Is. Later, 
however, Shine's group succeeded in trapping acetoxy radicals, by cyclohexene solvcnt, 
obtaining C02 in 65-75% yield and 1,l'-dicyclohexyl acetate and a mixture of 3- 
cyclohexenyl and cyclohexyl acetates in about 20 "/,yield1 19*120 - Fu rthermore, addition of 
12-H20, 9,10-dihydroanthracene or galvinoxyl reduced the yield of COz,  without 
affecting the rate of decomposition ofacetyl peroxideI2 I .  The 8O tracer cxperiments' z2  in 
the same system supportcd Shine's conclusion that cyclohexene reacts with acetoxy 
radicals but not with the peroxide, by showing that the original "0 label in thecarbonyl of 
the peroxide was scrambled completely in the products. These obscrvations suggestcd that 
acetyl peroxide undergoes degradation by one-bond fission (equation 76). 

This was further confirmed by Taylor and Martin" who have mcasured the k, ,  of "0- 
labelled acetyl peroxide. They calculatcd that 38 "/,of the aceioxy radical pairs recombines 
back to the '80-scrambled peroxide, assuming that the acyloxy radical-pair mechanism is 
responsible for the oxygen scrambling (equation 73, Table 7, Scheme 2). Martin and 
Dombchik"3 have cxamined thc solvent viscosity effect on kis. and found that i t  increases 
with thc incrcase of solvcnt viscosity: e.g. k,, x 10' (s- I )  iit 80°C = 4.00 (isooctane), 5.35 
(octadecane), 6.37 (niijol). This also fits carlier observations8' clearly supporting thc 
mechanism shown in Scheme 2. 

The rather small secondary dcuterium kinetic isotope effects kll/kD = 1.039 in i-octane 
and 1.057/d3 in nujol at  80°C found with acetyl and trideuterioacetyl peroxides by Koenig 
and CruthoP6 also shows that the reaction is a one-bond fission process (Scheme 2), while 
the viscosity-dependent value of kH/kl, in the rate of decomposition suggests the 
decomposition to be somcwhat reversible, since the rate constant of the rate of overall 
decomposition, k,,, includes the rate constant of decarboxylation, k2, which displays a 
substantial kinetic isotope effect. The valuc of ktJkD for the decarboxylation of acetoxy 
radical was obtaincd as 1.09/d3 at 80°C in i-octane by measurcmcnts of the total yields of 
methyl acetate and the ratio of CHsCOOCD3 vs. CD3COOCH3 in the thcrmal 
decomposition of CD3C0202CCH3. From this value, together with the value of k 2 / k -  
obtained from a fluidity plot (cquation 66). the value of k d k D  in thc decomposition was 
estimated as 1.00Y/d3 in i-octane and 1.030/d3 in nujol at 80°C. These values are 
substantially smaller than those determined by direct decomposition kinetics mentioned 
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TABLE 7. Rates of decomposition, /id, rates of oxygen scrambling, k,,, and extent ofcage return of 16, 

h, in thc thermal decomposition of diacyl peroxides, RCOOCR' (15) 

0 0  
I I  I1 

Temp. k,, X lo6 k d  X loG 
Case R R' Solvent ("C) (s - ' )  (s - ' )  1; x 100 Ref. 

I, I>- p CClJ 80 14.6 46.2 24 56, 117 

1, @ cclJ 80 14.8 89.6 14.2 56 

cc14 80 32.6 1040 3.0 135 IB n 
I, Me Me i-CeHIH 80 44.0 72.0 38 88 
I, Me Et i-C*HIH 80 16.6 78.9 17 126 
I,, Et Et i-CeHls 80 8.10 78.9 5.1 126 

80 58.2 104 55 40 

80 5.15 56.5 8.3 56, 117 

70 ca. 0.7 17.4 7 40 

cc14 45 0.129 0.201 39 56. 117 D- D- 

CClJ 45 0.393 13.2 2.9 135 

135 
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above. This discrepancy has been rationalized by assuming k,.,/k,, = 1.027/d3 for the 
0-0 bond fission (equation 74); this suggests that some C-C bond reorganization is 
involved in the formation of acetoxy radicals from acetyl peroxide66. A similar 
rationalization has been made on the kinetic isotope effect, k l J k D ,  observed48 in the 
decomposition of t-butyl cyclopropaneperformate ( 1fi3). 

Observations of CIDNP of the thermal decompositions of both unlabelled and labelled 
acetyl peroxides in hexachloroacetone a t  110°C support the mechanism shown in Scheme 
272*'24. 'H-NMR runs during the thermolysis of acetyl peroxide give net polarization 
signals of methoxy protons of methyl acetate and of ethane (memory effect) which 
originate in the singlet-triplet ( t o )  transition in the methyl-acetoxy radical pair. Kaptein 
has summarized the CIDNP results as follows'24. (u )  The rates of combinations of 
methyl-methyl radicals and methyl-acetoxy radical pairs are comparable to that of the 
decarboxylation of acetoxy radicals and are about 2-3 x 109s-' a t  110°C. (b) The g- 
factor of the acetoxy radical is estimated as 2.0058 from the intensity ratio in the doublet 
CIDNP signal of CH3COO'3CH3. (c) The following reactions are possible, but not 
important in the decomposition of acetyl peroxide (equations 88 and 89). 

0 0 
I I  I I  

(88) CH3' + (CHJCO)~  - CH30CCH3 + CH3COO- 

Thermal decomposition of other Case I,, peroxides (15K.R,=n-ulkyl) does not exhibit any 
net polarization in the NMR signals of the ester, suggesting that the rate constant of 
decarboxylation of ordinary n-alkaneformyloxy radical is greater than 10" s-  ', since the 
appearance ofCIDNPsignals requires a lifetime ofmore than ca. 1 0 ' o s - '  . These Case 
I,, peroxides decompose at nearly the same rate as acetyl peroxide and require nearly the 
same activation energy to decompose" despite the different lifetime of each acyloxy 
radical. This may be taken as evidence to support the onc-bond fission process for Case I,, 
peroxides (equation 76). Goldstein has suggested, however, that the decomposition of 
acetyl peroxide proceeds via fission of 2 or 3 bonds (equations 77 and 78) based on their 
experimentally observed values of kinetic isotope effects, i.e. kI6/k18 = 1.035 +- 0.002 in 
cumenc, 1.029 f 0.002 in i-octane (oxygen) and k,2/k,3 = 1.019 0.001 in cumenc and 
1.023 +_ 0.002 in i-octane (carbonyl carbon) in the thermal decomposition at 45°C'25. 
Assuming acetyl peroxide to undergo multibond fission, or  k2 >> k- Goldstein, and 
Judson"" have calculated (equations 80 and 81 ) that the [3,3]-sigmatropic shift can 
account for 63-85 "/, of the oxygen scrambling in acetyl peroxide in solution (cumene, i- 
octane). It has been found later that both total and random scramblings in acetyl peroxide 
procecd somewhat faster in the gas phasc than in solution'"'. Since there is no cage return 
in thc gas phase, the [3,3 ]-sigmatropic shift has been suggcsted to be responsible for the 
scrambling O'. 

(ii) Aceryl propiotiyl peroxide (15R = hie,R' =El) and propiotiyl peroxide (15R,R. I El). 

Replacement of H atoms of acetyl peroxide by Me groups decreases the rate of oxygen 
scrambling (kts) i.e. 4.00 x lo-' (15R.R'=hfL.) ,  1.66 x i O F  (15R=bfc,R~=EtJ, 0.816 x 
(l%,R,=El) in i-octane at  8OoC, while the rate of decomposition increases only from 
7.28 x lo-' (15R.R,=h,c) to 7.89 x s - '  (15R.R.E1)'f6- This may be explained by the 
mechanism shown in Scheme 2 and fits the CIDNP results which indicate that EtCO,. 
decomposes much more rapidly than MeC02."4. 

(iii) Cl'clopropuiiefb, . ,?~~~ peroxide (193). Since the cyclopropyl radical is unstaable, 
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cyclopropaneformyl peroxide is expected to undergo one-bond fission. Indeed, it has been 
observed that when the solvent is changed from octane to nujol at  8WC, the rates of oxygen 
scrambling increases 1.87-fold (k,J and 1.72-fold (krs), while the rate of decomposition 
decreases from 6.02 x lo-' to 5.15 x 1 0 - 5 s - '  5 3 * 1 1 7 .  The fraction of cage return for 
cyclopropaneformyloxy radical pairs (j;) calculated by the Pryor-Smith equation from 
the solvent-dependent kd of 1g3 is nearly identical to that calculated from kd and the rates of 
oxygen scrambling 

c. CUSE iB diacyl peroxides. (i) CycloaikanefornzyI peroxides (19& have been 
investigated with isotopically labelled peroxides' 35. 

(ii) 1-Apocamphoryl peroxide is interesting in that it undergoes both homolytic and ionic 
(carboxy-inversion) decompositions and also oxygen scrambling at similar rates in 

and krs),  thus ruling out the  sigmatropic paths5'*' 17. 

cc14 40. 

d.  Case I1 diacyl peroxides. (i) 1- Apocamplioryl berizoyl peroxide also decomposes 
through both ionic and homolytic paths at almost the same rates, but here, the rate of 
oxygen scrambling is too small to oe measured accurately, fr  < 0.07 at 70°C in CC14 ' O .  

The scrambling of the apocamphoryl l 8 0  label appears to take place more rapidly than 
that of the benzoyl 8O label. The decomposition affords 1-apocamphoryl benzoate, 
presumably the radical product, in 20% yield which corresponds to 40% of radical 
decomposition path, while 1 -apocamphoryl peroxide (Case I), gives the corresponding 
ester only in 3% yield4'. 

(ii) Acetyl beiizoyl peroxide. Kobayashi, Minato and H i ~ a d a ~ ~  have prepared acetyl- 
80-labelled and benzoyl-'80-labelled acetyl benzoyl peroxides, respectively, and 

subjected them to therrnolysis, and observed that the rate of scrambling of acetyl"0 label 
is greater than that of benzoyl l 8 0  label in the recovered acetyl benzoyl peroxide. Both 
oxygen scramblings are markedly slower than those of the corresponding Case I peroxide 
(acetyl peroxide) but faster than the corresponding Case 111 peroxide (benzoyl peroxide). 

MO calculations for the acyloxy radical suggest that there are four electronic states, 
(one K radical, 2A2, and three r~ radicals 'A 2B2 and 2A')7 nearly at the same energy levels 
as shown in Scheme 41°6*' 27. Efforts have been made to determine t h e ~ r e t i c a l l y ' ~ ~ ~ ' ~ ~ * ~  28 

and e ~ p e r i m e n t a l l y ~ ~ * ~ ' - ' ~ ~  the electronic state of acyloxy radicals at ground state. 
McBride and Merni17 ' have determined experimentally the electronic state of benzoyloxy 
radicals in the photolysis of single crystals of benzoyl peroxide and acetyl-d, benzoyl 
peroxides labelled with 1 7 0  at either carbonyl or peroxidic oxygens at 77K7'*'l. They 
have concluded that the ground state of the benzoyloxy radical is the 'B2 state, based on 

A' 
SCHEME 4 
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the "0-hypefine splittings of the radical pair [CDy .O,CPh] generated from either 
carbonyl-"0-labelled or peroxidic-oxygen-' '0-labelled peroxide. There is no spin 
density on the phenyl ring, while the 2p orbitals of thc two oxygens possess large and 
similar spin densities. 

e. Case III diucyl peroxides. Hammond and S ~ f f e r ' ~ ~  have found that benzoyloxy 
radicals can be intercepted quantitatively by 12-H20 to yield benzoic acid during the 
thermal decomposition of benzoyl peroxide, thus supporting clearly that this peroxide 
undergoes one-bond fission. However, the rate ofdecomposition, k,,, is found to be affected 
only a little by the change of viscosity of the solvent; the value o f 5  calculated by the 
Pryor-Smith treatment is only 0.004 at 80°C in i-octaneg'. Oxygen scrambling in benzoyl 
peroxide is also very slow compared to decomposition and could not be measured by the 
earlier method'". Martin and Harg i~ '~ '  have determined the rate of oxygen scrambling 
by measuring the increase of "0 in O2 derived from peroxidic oxygens of the recovered 
peroxide during thermal decomposition of carbonyl-'80-labelled peroxide and found that 
k,, = 2.89 x lO-'s-' at 80°C in i-octane containing0.2 M styrene (j; = 0.046). The rate of 
"0 scrambling is accelerated 4.4-fold by changing the solvent from i-octane to nujol, 
suggesting that the cage return of benzoyloxy radical pairs takes place during the 
dccomposition. They have suggested three possibilities for this very small cage return: (u )  
an appreciable fraction of cage return without scrambling, (6) a high activation energy 
barrier for the recombination of 16R,R,=Ph and (c) an unfavourable AS" lo'. The possibility 
(a)  can be ruled out, since dependency of kd on solvent viscosity has revealed that5 is also 
very small". Thus (b) or (c) may be responsible for the small value of 1;. if one could 
measure the rate of oxygen scrambling in benzoyl peroxide at various temperatures, then a 
concrete answer might be obtained. However, since decarboxylation of benzoyloxy 
radicals requires a large energy (ca. 14 kcal mol- ')I4', in an infinitely viscous hypothetical 
solvent,j; would become 1. Benzoyloxy radical pairs cannot diffuse out from the solvent 
cage in such a hypothetical solvent and hence the rate-determining step of the 
decomposition would become that of dccarboxyhtion. Unfortunately this hypothesis 
cannot be confirmed directly. This difficulty was overcome by Fujimori and coworkers' '' 
by using carbonyl-'*O-labelled phthaloyl peroxide whose 0 -0 fission gives 
phthaloyloxy radicals (an intramolecular Case 111), in which thcre is no diflusion path. 
Therefore, if the hypothesis is correct,f, of the phthaloyloxy radical should be very close to 

Earlier, Greene reported that there was no oxygen scrambling even after one day of 
refluxing with carbonyl-'80-labelled phthaloyl peroxide in CC14 62.  However, we have 
found that oxygen scrambling does take place in CC14 rather quickly as compared to the 
decomposition' ", as shown in Table 8, thus substantiating our hypothesis. Actually, 98 "/, 
of thc phthaloyloxy radicals arc found 10 recombinc back to the original pcroxide in which 
oxygcns are scrambled (equation 90). This is the first exaniplc which reveals ;I high 

140. 

1 
Products 
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TABLE 8. Thermal decomposition ofphthaloyl peroxide and of benzoyl peroxide at 80°C 

619 

k,, x lo7 kd x lo7 
Peroxide Solvent (s- ' )  6 - l )  klslklk, r, 
Phthaloyl peroxide" CCI, 130 +_ 3.23 3.12 & 0.31 41.2 0.976 
Benzoyl peroxideb i-C8H 13.0 270 0.05 0.046 

a Refs. 63 and 1 17. 
bRef. 105. 

preference of recombination ofacyloxy radical pair over the decomposition' I '. Thc rate of 
decomposition, kdr of benzoyl peroxide is roughly identical to that of the 0-0 bond 
fission of benzoyl peroxide ( k , )  while the rate of oxygen scrambling &) in phthaloyl 
peroxide is considered to be roughly identical to the value of k, of phthaloyl peroxide. 
Hence kd for benzoyl peroxide being about twice the value of k,, for pthaloyl peroxide may 
mean that the rates of 0-0 bond fission of both pcroxides are very similar. Thus, the 
cyclic structure of phthaloyl peroxide has no spcciol effect on the rate of homolytic 
cleavage of the 0-0 bond as advocated earlier by Grecne('2. 

Since benzoyloxy radical pairs formed from benzoyl peroxide diffuse out 
predominant!y, both ester formation (3 %) and cage return of benzoyloxy radical pairs 
cf; = 0.04) are quite low. 

However, both direct and singlet-sensitized photolyses of benzoyl peroxide proceed via 
two-bond fission, generating directly phenyl-benzoyloxy radical pairs which sub- 
sequently give phenyl benzoate intramolccularly, in I5--20 % yield". Thus the mechanism 
shown in equation (91 )has been suggested5' on the basis ofthe cross-over experiments and 
CIDNP studies using 2,2'.4,4',6,6'-hexadeuterio- and perdeuterio-benzoyl peroxides. 

0 0  0 0 
I I  II II II 

PhCOOCPh - [Ph-COI *OCPh) - PhOCPh 

The photodecomposition of carbonyl-'*O-labelled benzoyl peroxide in benzene gives 
phenyl benzoate in which the '*O-label is equilibrated' 32. Thc authors have concluded 
that the reaction is unimolecular decomposition of the excited singlet state, produced by 
energy transfer from excited singlet benzene t o  the peroxide as predicted earlier' 33. 

(91 1 

3. Thermal decomposition of t -butyl cycloalkaneperformates and 
c ycloalkane form y l  peroxides 

R i i ~ h a r d t ' ~ ~  has compared the thermal decomposition of t-butyl cycloalkaneper- 
formates (18&*) with that of biscycloalkanediazcnes (20.) and claimed that the former 
reaction is much less endothermic than the latter. Therefore, the transition state of the 
former reaction, in which the 0-0 bond is essentially broken but the R-CO bond 
stretches only a little, comes in a relatively early stage, while that of the latter reaction, in 
which substantial C-N reorganization takes place, comes a1 21 later stage in the rcaction 

0 
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coordinate. He considers that the rate of 18 is controlled mainly by the polar effect of the 
ring in the ground state, assuming the single-step decomposition path, based on the linear 
dependency of log kd on the J,sCH of the corresponding cycloalkanes and on other data. 

Recently, Wolf and coworkers4' have reinvestigated the mechanism of thermal 
decomposition of 18 and found that the secondary a-hydrogen-deuterium kinetic isotope 
effect plays an important role in clarifying the mechanism. Thermal decomposition of 1S3 
and lS4 exhibits no secondary a-deuterium isotope effect (Table 4) and the large activation 
enthalpies, 34.9 f 0.5 (183) and 35.9 0.4 (18,) kcalmol-' observed in octane suggest 
one-bond fission thermolysis. The solvent viscosity effect also supports this, and kd of 183 is 
more dependent on solvent viscosity [kd(C6H14)/kd(C16H34) = 1.30 0.041 than kd of 
M4 ckd(C~H14) /kd (C~~H~~)  = 1.12 f 0.021 at 102.6"C4'. Based on these and Koenig's 
results, Wolfand coworkers have proposed a genuine one-bond fission mechanism for B3, 
and a merged mechanism for M4 (equation 92), rather than a mixture of one-bond and 
two-bond fission mechanisms. 

Merged mechanism 
0 

I II k2 

I 
c-o-+.o+ - 0 0 

I I1 

I ki 
-c-c-0-o+ 7 

I 

-6- + C O ~  +-o + (92) 
I 

where k-I < k d  and k- ,  < k Z ,  kd is given by equation (71) 

Secondary a-deuterium kinetic isotope effects observed in the decomposition of 185 and 
M6 are substantial (Table 4), but are smaller than k,JkD = 1.0931/dl, observed in the 
thermal decomposition of 1,1'-diphenyla~oethane~~~, showing undoubtedly that the 
thermolysis of the peresters undergoes two-bond fission at the transition state which 
comes somewhat earlier than thermolysis of 1,l'-diphenylazomethane. The values of k,s of 
these two peresters are not affected by the change of viscosity of medium. Activation 
enthalpies for 

The kinetics of decomposition and "0 scrambling of 19, have been studied in detail by 
us55*135 . The plot of lgoarithms of kd and k,, against J13=-,, of the cycloaikanes exhibits a 
curve (Figure 1). Similar plots for the peresters also give a curve rather than a straight line. 
Ruchardt has reported that the plot of log k, of 18, whose ring sizes arc greater than four 
against JL3C-14 value give approximately a straight line134. The slope of the line for 19, is 
approximately twice of that for 18,. The log-log plot of kd for 18, vs. that for 19, gives a 
straight line with a slope of about 0.4, suggesting that the ring-size effect on kd for 18, is 
about 40% of that for 19n55*56. This is in keeping with the argument that the 
decomposition of the perester proceeds through a somewhat polar transition state, while 
in the thermal decomposition of 19, the contribution of the heterolytic carboxy-inversion 
increases with the increase of the ring size. Thus 1g3 decomposes exclusively by homolytic 
one-bond fission, while the thermal decomposition of 1g4 involves a contribution of ca. 5 
by the carboxy-inversion process and AHf for scrambling is somewhat (though 
within experimental error) greater than AH' for decomposition, revealing that the major 
path of decomposition involves a concerted two-bond fission5'. Decomposition of 196 
proceeds via carboxy-inversion which would involve the same transition state as the 
homolytic decomposition, implying that 196 is a typical Case In diacyl peroxide which 
decomposes through two-bond fission. However, even in 196, l 8 0  scrambling was 
detectable in the recovered peroxide, suggesting a very small contribution of a one-bond 
fission process which leads to oxygen scrambling"*135. Stabilities of both cycloalkyl 
radicals and cycloalkyl cations increase with the ring size, changing the mechanism from 

are (33.6 +_ 0.8 kcdlmol-I) and for IS6 (32.4 f 1.3 kcalmol-1)48. 
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FIGURE 1.  Ring-size effects on rates of decomposition of 18 in C6H14 at S O T ,  and, oxygen 
scrambling and decomposition of 19 in CC14 at 45°C'35. 0-0 : kd for 18, O--- 0: kd for 19, 
e- 9: k,  for 18. 

one- to two-bond fission. If one assumes that the acyloxy radicaI energy level is perturbed 
to a lesser extent than the ground state and the transition state of the two-bond fission, the 
slope of the line for oxygen scrambling in Figure 2 reflects the ring-size effect on the energy 
level ofthe ground state ofthe peroxide. Meanwhile, the slope ofthe line for decomposition 
may indicate the ring-size effect on both the ground and the transition states of the major 

32 1 
7 30 - 

0 
E 

v 2 8  

S 

- 
0 

Y 

* 

a 26 

Decomposition/ 

// 

2 4 1  000 

/-0 x y g e n scram b I ing 

D 
I I 

120 140 160 

J'3cc-" * Hz 

FIGURE 2. 
19 in CC14 55.135. 

Ring-size effects on  activation enthalpies of decomposition and oxygen scrambling of 
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decomposition process. The roughly 2: 1 ratio of the slopes of the two lines in Figure 2 
implies that the ring-size effect appears both in the ground and the transition state of 
decomposition roughly to the same extent, suggesting again that the transition state comes 
a t  a relatively earlier stage of the reaction ~ o o r d i n a t e ~ ~ . ' ~ ~ .  

4. Polyoxides 

Bartlett and Tray101-l~~ oxidized cumene with a mixture of 1GO-'60 and 180-180. 
Since they detected 160-'80 in the reaction mixture, they proposed the scheme shown in 
equation (93) for the decomposition of the intermediary tetraoxide. 

I I I 

I I I I I I 
PhA'O.0. + PhCCO. - [Ph;.O.OOOLPh] - PhC'O + 'O=O + OCPh 

(93) 

A similar reaction also takes place in the reactions between two ROO. and radicals 
(R = !I-,  s- and t-alkyl, acetyl, 2-p~ridyl) '~ ' .  

Intervention of diacetyl tetraoxide has also been confirmed using I 8 0  tracer in the 
autoxidation of acetaldehyde and in the induced decomposition of peracetic acid with t- 
butoxy radical'38. 

5. Polymerization initiated by free radicals generated by unimolecular 
decomposition of organic peroxides 

Polymerization of olefinic monomers is initiated either by oxy radicals formed directly 
by homolysis of 0-0 bonds or by carbon radicals generated by p scission of the primary 
oxy radicals. By using isotopically labelled peroxides, one can investigate which species is 
involved 39. 

Yoshida found in 1950 that fragments of deutcrated benzQyl peroxide were 
incorporated into polymer terminals58. Russian chemists used ~arbonyl-~~C-label led 
benzoyl peroxide to initiate the polymerization of styrene and revealed that benzoyloxy 
groups were incorporated into the polymer140. The yield of I4CO2 was found to increase 
a t  higher temperaturesL4'. 

Bevington and T ~ o l e ' ~ ' - ' ~ ~  have provided extensive data on the initiation of 
polymerization with isotopically labelled peroxides (equations 95 and 96). They 
determined the fraction 1 of the initiating benzoyloxy radicals by measuring the 

ArC02-  k2 Ph- + COz (94) 

k 
ArC02. + M A ArCOOM- 

Are + M - ArM. 

Z = k ,  [PhCOO.] [Ml/{k2 [PhCOO-I + k p  [PhCOO.] [MI} 

kl  1 - 1 +  -- 1 
Z k2 [ M I  
_ -  
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radioactivity of polymers initiated by ring- or sub~tituent-'~C-labelled benzoyl peroxides, 
before and after the removal ofaroyl groups by hydrolysis (equation 97). A reciprocal plot 
of% against the monomer concentration gavc a straight line with a slope k l / k t  (equation 
98). Some of their data are summarized in Table 9. The electron-releasing group in the 
para-position markedly stabilizes the benzoyloxy radical, while an electron-withdrawing 
Substitucnt, c.g. the group at the nisto-position, accelerates the decarboxylation of 
benzoyloxy radicals. Since Arrhenius plots of log ( k 1 / k 2 ) ,  for the thermolysis of the 
benzoyl peroxide-styrcne system at 60°C and 80°C and photolysis at 25°C and 40"C, fall 
on the same line, benzoyloxy radicals formed by photolysis do not seem to be in the excited 
state. If one assumes the activation energy for the reaction (95) to be 7kcalmol-', the 
activation energy of decarboxylation (equation 94) of aroyloxy radicals can be estimated 
as shown in Table 9141-'43. 

The rates of addition of benzoyloxy radicals to olefins decrease in the order of 2,5- 
dimethylstyrene =- styrene > vinyl acetate > methyl methacrylate >> acrylonitrile, re- 
vealing that the electron-donating ability of the olefin controls its reactivity toward the 
benzoyloxy radical' 39. 

Bevington and Allen have also found that polymerization of styrene is initiated mainly 
by t-butoxy raaicals when methyl-'4C-labelled 1-butyl peroxides arc used at 80" and 
130"C25*144. At the higher temperature the fraction of p scission of t-butoxy radicals 
(equation 67) increases. Dilution with a hydrocarbon solvent increases the fraction of 
hydrogen abstraction from the solvent by t-butoxy radicals and decreases the efficiency of 
polymerization. The rate of l2C-I4C bond fission is found to be approximately 7% less 
than that of 12C-12C bond fission (equation 67). 

6. Unimolecular Heterolytic Decomposition 

I .  Peresters 

Transformation of tr.urzs-9-decalyl perbenzoate to I -benzoyloxy-l,6-cpoxycyclodecane 
was shown to be an intramolecular hcterolytic rearrangement, first by Criegee and 
K a ~ p a r ' ~ ' ,  and later by Bartlett and K i ~ e ' ~ ~ '  and Goering and on the basis of 
solvent, salt and substituent effects. The elegant "0 traccr work by Dcnncy and Dcnney 
clearly reveals that in the rearrangement the label in  the carbonyl group is nearly 
completely retained as shown in equation (99), pointing conclusively to a route through an 
intimate ion pair 

'0 
II 

0-C-Ph 

'0 
'0 - II 

.~IIIIIO-C- Ph II 
00 - C -Ph + $..*'" 

AcOH-MeOH -a a3 H (21 1 (99) 

2. Diacyl peroxides 

The thermal decomposition of p-methoxy-p'-nitrobenzoyl peroxide in polar media has 
been suggested by Leffier to proceed mainly through hcterolytic carboxy-inversion 
(equation 79), since both the rate of decomposition and the amount of carboxy-inversion 
product increases more in a more polar ~olvent '~ ' .  Denney and his coworkers have carried 
out '*o tracer studies using peroxides in which both (a and 6) carbonyl oxygen atoms 
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were ' 80-labelled36*73. In the carboxy-inversion products, obtained in thionyl chloride, 
the a-oxygen contained no I8O while the d-oxygen retained only 66 % of the original l8O 
label. Without further examination of the distribution of the remaining l8O in the other 
oxygen atoms, they postulated the ionic mechanism shown in equation ( 100)36.73. 

Treatment of benzoyl peroxide with SbC15 at room temperature gives phenyl benzoate. 
Here again, Denney's group have shown that the original carbonyl l8O label does not 
appear in the ether oxygen of the phenyl benzoate and have suggested the mechanism 
shown in equation ( 101)'48. The carboxy-inversion product has often been detected 
during thermal decomposition of symmetrical secondary and tertiary alkaneformyl 
pe~oxides~'~'~'.  Thus the carboxy-inversion has been found to be the main route of many 
thermal decompositions, especially of the highly polarized Case I11 peroxide, but also of 
Case IB and Case lIB peroxides, even in non-polai solvents. These inversion products, acyl 
alkyl carbonates, usually decompose to the corresponding esters and carbon dioxide 
under the reaction conditions, and the yield of the esters is always high3'*14'. 

SbC15 
'0' 

I +  
'0 '0 '0 

I I  I1 SbCIS 
Ph-C-0-0-C-Ph- 

0 
II 

Ph - C- O::.. *..**'*:***'.*-....a .,.. ] ''...o..'' . . .. 

'0 
II 

(101 1 - Ph-C-0-Ph + CO;, i- SbCI5 

Thermal decomposition of optically active P-phenylisobutyryl peroxide in CC14 affords 
60 % of 1-phenyl-2-propyl J3-phenylisobutyrate in which the alkyl group retains 75 % of 
the optical activity. DeTar and Weis' 5 0  suggested a free-radical mechanism in which the 
recombination of the optically active 2-phenylisopropyl and J3-phenylisobutyloxy radicals 
in the solvent cage is so rapid that the stereointegrity of the alkyl group is retained in the 
resulting ester. The reaction was, however, later found to proceed mainly through 
carboxy-inversion, as shown by Kashiwagi, Kozuka and Oae3' who carried out the 
decomposition with l8O in the carbonyl group and found that l8O label in the resulting 
optically active ester was retained to nearly the same extent (7949%) as the optical 
activity (92 %) (equation 102). Homolytic oxygen scrambling in the starting peroxide and 
that in the intermediary carbonate could be responsible for the small difference between 
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the two values. Other secondary diacyl peroxides havc been shown to decompose 
similarly, whereas in primary diacyl peroxides the major path involves homolytic 0-0 
bond cleavage and the corresponding esters are obtained in only 16 % for acetyl peroxide 
and 30% for 6-phenylvaleryl peroxide3'. Thus Case IB and Case IIB diacyl peroxides 
always give esters in high yields, while Case IA and Case 111 diacyl peroxides afford the 
esters in poor yields40. 

U 

'0 '0 
I I  II I I  II 

11 '0 '0 

'RCOOCR' - - 'ROC'OCR' - 
'0 79 - 89% 

CHzPh 
I 

I 
H 

' R = c H ~ - ' c -  

In the Lewis acid-catalysed decomposition, e.g. with optically active ' 8C-tabelled p- 
phenylisobutyryl peroxide in the presence of SbC1' at  room temperature in light 
petroleum, the carbony!-i8C afthe peroxide is retained 83-89 % in thc carbonyl group of 
the resulting ester while the alcohol portion of the ester shows 91 % retention of 
configuration. Thus the thermolysis clearly proceeds through the carboxy-inversion 
process' 51. In the Baeyer-Villiger reaction of optically active 2-phenyl-2-propyl methyl 
ketone, the alcohol moiety of the resulting ester retains its original configuration nearly 
~ o m p l e t e l y ' ~ ~ * ' ~ ~ .  Oae, Fujimori and K o ~ u k a ' ~  carried out thermolysis of 1- 
apocamphoryl benzoyl peroxide labelled with 8O at eithcr of the two carbonyl groups 
separately and found that "0 in both cases was distributed equally into three oxygens, i.e. 
b, c and d of the carboxy-inversion product (equation 103). This observation appcars to 
cast doubt on t h e m e ~ h a n i s m ~ ~ * ' ~  shown in equation (100). However, when 1-apocamphyl 
benzoyl carbonate labelled with either a t  c- or at  d-oxygens was heated under the 
same conditions, in both cases I8O was found to be equilibrated completely into the b-, c- 
and d-oxygens, proving complete scrambling in the carboxy-inversion product' 54. Thus, it 
was necessary to find a diacyl peroxide which undergoes thermolysis much faster than the 
oxygen scrambling in the carboxy-inversion product". Decomposition of benzoyl 
cyclohexaneformyl peroxide in 2 M sulpholane-CCI,, a fairly polar but aprotic medium, 
at  45"C, was found to be such a case. Here, the carboxy-inversion (equation 104) proceeds 
a t  a rate of 4.25 x 10-4s-1, while the separate experiment using benzoyl cyclohexyl 
carbonate labelled with equilibration at  c- and d-oxygens reveals that the 
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between b- and c-oxygens in benzoyl cyclohexyl carbonate (equation 105) takes place 
much more slowly (k, = 3.39 x lO-'s-') than the decomposition of the peroxide; 
however, neither the decomposition of the carbonate nor equilibration of d-oxygen into 
the other two oxygens occurs at 45°C. At 75"C, oxygen scrambling among b-, c- and d- 
oxygens takes place smoothly; however, a-oxygen is not equilibrated with the other three 
oxygens (equation 105). "0 distribution in the inversion products obtained from CY and 6 
180-labelled benzoyl cyclohexaneforrnyl peroxides, respectively, are shown in equations 
(106) and (107)55. The results clearly show that the carboxy-inversion proceeds by the 
path shown in equation (108), accordingly the Denney's hypothesis of the carboxy- 
inversion is still the most plausibles5. 

85.2% 1.0% 

'fi ,c  -q=J - 0-c-0-c 

The amount of ''0 retention in the b-oxygen was found to be 85.6% (equation 106) 
instead of 100 % as expected. However, since '*O-scrambling takes place between the b- 
and c-oxygens at a fairly low ternperaturc and among the b-, c- and d-oxygens at higher 
temperatures165 (equation 105), one has to be careful in the evaluation of "0 tracer 
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experimental data in the mechanistic diagnosis of the thcrmolysis of diacyl  peroxide^^^. 
Denney and c o w ~ r k e r s ~ ~ * ' ~  have been quite fortunate in that there was not much oxygen 
equilibration between the b- and c-oxygens in the carboxy-inversion product, as they did 
not analyse the l8O content in the b- and c-oxygens. 

One of the most important results in these cxpcrimcnts is that there is no l8O- 
equilibration between the a-oxygen and the remaining three b-, c- and d-oxygens of the 
carbonate, once the carbonate has becn formcd15". Thcrcforc, if there is any "0 in the a- 
oxygen in the inversion product of a carbonyl '80-labellcd peroxide, the oxygen 
scrambling must have taken place during thc thermolysis of the peroxide, very probably 
within the diacyl peroxide itself and not after the rearrangement. Indeed, oxygen 
scrambling within diacyl peroxide is quite common and there are numerous examples in 
which "0 ofa carbonyl group is incorporated into the a-oxygen of the inversion product, 
as shown in Table 10. The data clearly show that incorporation of l 8 0  from carbonyl 
oxygen of the starting pcroxide into a-oxygen of the inversion product is the highest with 
Case I peroxides, decreasing with Case I 1  pcroxidcs and furthcr decreasing with Case 111 
peroxides. One peculiar case is dicyclopropaneacetyl peroxide4', which shows very little 
oxygen scrambling during thermolysis and yet gives a rearrangement product in which the 
a-oxygen contains 20% of thc original carbonyl "0 labcl of the starting peroxide. 

have proposed a mechanism shown in Scheme 5,  in which both 
homolytic and heterolytic cleavages of the 0-0 bond proceed via a common 
intermediate. Oae and coworkers4' have assumed that the therrnolysis fo dicyclopropane- 
acetyl peroxide proceeds through a similar intermediate, in which oxygen scrambling may 
give the rearrangement product containing labelled a-oxygen. Taylor and coworkers' 56 
have obtained the ring-contracted cyclopropylmethyl cyclcbutaneformyl carbonate and 
the ring-opened 3-butenyl cyclobutaneformyl carbonate, as well as the normal inversion 
product, cyclobutyl cyclobutaneformyl carbonate, in the thermolysis of cyclobutane- 
formyl peroxide (194). They have also isolated the ring-expanded cyclobutyl derivative, 
though in a rather small yield, in thc thermolysis of cyclopropaneacetyl peroxide, and 
suggested that thesc rearranged products are formed through the carboxy-inversion after 
the Wagner-Mecnvein rearrangement within the ion pair (22) as shown in Scheme 5'5G. 

This mechanism may also explain the "0 incorporation into the a-oxygen in the 
inversion product in the thermolysis of labellcd dicyclopropaneacetyl peroxide. More 
investigations without the use of  isotope^'^'''.'^^-^^^ have attempted to substantiate the 
proposed mechanism; however, furthcr studies will be necessary before this mechanism is 
fully accepted. 

Thus, the formation of esters in the thermolysis of diacyl peroxides' 50*160-163, the 
retention of configuration in the alcohol moiety of the ester150*160*162.1G3 and the l80 
tracer data may all be rationalized in terms of the carboxy-inversion m e ~ h a n i s m ~ ~ * ~ ~ * ~ ~ ,  
and rule out the mechanisms involving either the cage recombination of alkyl and acyloxy 
radicals as well as the concerted ionic path via a polar six-membered cyclic transition 
state'64. The transition state of the carboxy-inversion is undoubtedly 

substituted isobutyryl benzoyl peroxide in CCl, is + 1.0, showing clcarly that the rate 
increascs as the leaving R'COO- group bccomcs more polar and electron- 
~ i t h d r a w i n g ' ~ ~ " .  However, the effcct of the migrating R +  group appears to be more 
decisive in controlling thc reaction path. Thus. carboxy-inversion should be negligible 
with Case I ,  and 11, peroxides, i n  which an unstable primary alkyl carbenium ion, R', 
would be involvcd i n  the ion-radical pair interniediatc, whilc with Case I ,  and 111, 
perosidks the secondary alkyl groups would stabilize thc ion-radical intermediate 
substantially, presumably increasing thc amount of carboxy-inversion products. With 
tertiary R' ions, the intermediate would be so polar that i t  would undergo facile 

Walling's 

po~ar39.147.14X.151- 159 . 1 ndeed. the Hammett p value, obtaincd in thc thermolysis of ring- 
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0 0 
II I I  

R - c -0 - o -C - R' 

J 

0 

SCHEME 5 
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heterolysis to yield carbon dioxide and a stable carbenium ion which would give either a 
mixture of olefin and acid or  an ester. Therefore, the yield of the rearranged product would 
be small, as indeed was found to be the case. With Case 111 peroxides, only highly polarized 
ones, such as p-methoxy-p'-nitrobenzoyl peroxide, give the carboxy-inversion product. 
Bcnzoyl p-tolucncsulphonyl peroxide, labelled either in the benzoyl or the sulphonyl 
group, has also been shown76 to undergo therrnolysis through carboxy-inversion to afford 
phenyl p-toluencsulphonyl carbonate. 

The "0 equilibration in the resulting acyl carbonate, described in equation (105)165 is a 
kind of degenerated acyl migration. Cyclohexyl paru-substituted-benzoyl carbonate 
labelled with '*Oat the c- and d-oxygens undergoes "0 equilibration readily with the b- 
and c-oxygens at 45°C in CC14 and very slowly with the d-oxygen. However, a t  70-75"C, 
all three b-, c- and d-oxygens are completely equilibrated. The "0 equilibration between 
the b- and c-oxygens has been shown to be an  intramolecular migration by a cross-over 
experiment, while the effect of polar substituents (X) is nearly nil. An ionic mechanism 
involving a zwitterion intermediate (23) was once suggested by however, the lack of 

1 (23) X = C H 3 , H , C N  

effect of polar substituents (X) and the very small cflect of solvent polarity on the rate of 
'*O-scrambling between b- and c-oxygens of cyclohexyl pura-substituted benzoyl 
carbonate have led us to reconsider and adopt a new concerted mechanism, illustratcd in 
Figure 3'". In this mechanism for the degenerated acyl migration of alkyl aroyl 
carbonate, the following three sets of 0-x reorganizations take place concerted[y, even 
though the interacting orbitals are in a perpendicular orientation to each other, e.g. the 
orbital of the attacking n electrons of 0, and the breakingo-bonding orbital (C, -0 , )  are 
in a perpendicular position to each other: (i) The n electrons (lone pair) of 0, attack 
nucleophilically the carbonyl carbon, CB, interacting with n orbital (C , -0 , )  to form a 
new o bond (Ob'-CB') and a lone pair on  Od.. ( i i )  The n orbital of 0, interacts with the 
anti-c3- bonding orbital (C,-0,) to form a new n-bonding orbital (O,,-C,,), which is in 
perpendicular Orientation to the old x-bonding orbital (ClS-O,,) to be cleaved, with 

FIGURE 3. Stereoelectronic course of the concerted scrambling in alkyl aroyl carbonate'b6. 
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breaking of the (3 bonding (CB-Oc). In this process the old o-bond (CB-O,) electrons 
become n electrons of O,.. (iii) The n electrons of 0, interact with the anti-x-bonding 
( C A - 0 , )  electrons to form a new x bond (o,,-cA.) with a conversion of x,electrons 
(CA-0, )  to n electrons of Ow. 

A similar concerted 0 - x  reorganization was suggested earlier by Oae and coworkers'67 
in the concerted nucleophilic substitution on the sp' nitrogen atom of alkyl nitrites 
(RON=O), which is still bearing an electron pair on the nitroso-oxygen atom and can 
form a new x bond when the alkoxy group leaves at  a quasi-perpendicular position to both 
the old nitroso K orbital and the attacking lone pair of the n~c leoph i l e '~~ .  The MIND0 
MO calculation performed by Kikuchi also seems to support this concept'". A similar 
acyl migration following the stereoelectronic course shown in Figure 3 may be found in 
the rearrangement of N-nitroso-N-acyl-0-t-butylhydroxylamine to 0-acyl 0'-t-butyl 
hyponitrite*' and the rearrangement of N-nitrosoamine to an acyloxy alkyldiazene shown 
in equation (109)'69. 

0 0 
II II 

I 
O=N 

(1 09) 
R-C-N-R. - R-C-O-N=N-R' 

R = alkyl, aryl; R' = alkyl, t-BuO 

A few other similar acyl migrations have also been reported by Curtin and and 
McCarthy and Hegarty"'. In the rearrangement shown in equation (1 lo), the rate of the 
rearrangement was measured with various R groups and the Hammett p x  values obtained 
were as small as px = +0.59 (R = p-nitrophenyl) and $0.65 (R = PhO), while the rate 
was quite insensitive to the polarity of the medium used. This may be another example of 
concerted nucleophilic substitution process in which the forming new bond and the 
cleaving old bond are oriented at a quasi-perpendicular position. 

v-L. 'Af o=c\, Ar 

A few other intramolecular rearrangements also seem to proceed through a similar 
stereoelectronic course' ". 

3. Ozonides 

Ozonization of olefins has been investigated extensively by Criegee who suggested in 
1949 his famous mechanism'73*1 74 . The mechanism involves the initial formation of a 
'primary ozonide' (24) which decomposes to aldehyde and carbonyl oxide. The latter two 
recombine to form the 'secondary ozonide' (25). This mechanism was confirmed by a 
cross-over experiment which revealed that foreign aldehyde could be incorporated into the 
secondary ozonide. In 1966 Story, Murray and Youssefyeh (SMY) proposed a different 
mechanism for the formation of o ~ o n i d e s ~ ~ ' * ~ ~ ~ .  Details of the two arguments are well 
d o ~ u m e n t e d ' ~ ~  and beyond the scope of this chapter, and we shall only discuss studies 
with "0 tracers. Scheme 6 shows that using 80-labelled aldehyde, Criegee's mechanism 
demands "0 incorporation into the ether oxygen of the ozonide, while in the SMY 
mechanism "0 appears in the peroxidic oxygen. However, the experiment is by no means 
~ i m p l e " ~  due partly to the lack of an adequate method for the differential analysis of the 



O/O--O 
0 3  I I 'Criegee's mechanism' 

R-CH=CH-R - R-CH-CH-R . 
(24) 

'SMY mechanism' 

R'CH'O I 

H 
I 

R-C=O 

R-C=6-6 
I 
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c > 
R' CH.-*O . .  
0 ...... .o,o 
\ /  
CH-CH 
/ \ 

R R 

I R'cn'o 

;O\ 
R-CH CHR' 

\ I  
0-0 

-+yo  ,o, 

(25) 

R'CH CHR 

0-0 
.' f 

SCHEME 6. Mechanisms for ozonide formation' '". 

l"0 content of ether and peroxide oxygens, and partly to the occurrence of ' "0 exchange 
between aldehyde and ozonideI7' as well as the facile oxygen exchange of the carbonyl 
function with various oxy and 0x0 functions. At first, Story and c o ~ o r k e r s " ~  carried out 
ozonolysis of trans-l,2-diisopropylethylene in the presence of acetaldehyde-"0, and 
reduced the resulting labelled methylisopropylethylene ozonide with LiAIH4 or LiCH3 to 
ethanol and isobutyl alcohol, both of which were analysed by mass spectrometry. From 
these data they calculated that 68-77 "/, of the ozonide was formed by a path which placed 
"0 at the peroxide site. Later. Murray and Hagen' '' reinvcstigated this ozonolysis in the 
presence of isobutyraldehyde-180 and reported that incorporation of l8O into the ether 
and peroxide sites varied with the temperature, e.g. the SMY mechanism contributed 40% 
at - 120°C and 20 "/, at 0°C. Unfortunately these values were later found to be unreliable 
due to l80 interchange between aldehydes'75*'76 and to the enrichment of l 8 0  in ozone 
by exchange with 80-aldehyde' 77, etc. Thus, the direct mass spectroscopic analysis of the 
ozonide was performed' Lattimer and Kuczkowski carried out ozonolysis of cis- and 
truns-diisopropylethylene in the presence of ' 80-labelled acetaldehyde and found that an 
upper limit of 10% of the original '"0 in acetaldehyde added was estimated to be 
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incorporated into the peroxide site, most of the I 8 0  being found in the ether 
fragment18'. A better way to estimate the l80 content and distribution in the ozonide is 
the use of Ph3P1 81*1 82 which selectively attacks the peroxidic oxygens, the reaction being 
quantitative. Thus, in the ozonization of phenyl-substituted olefins in the presence of 
benzaldehyde-"0, Fliszar and found practically no l80 in the peroxidic 
oxygens, clearly supporting the Criegee mechanism. Gallaher and K u ~ z k o w s k i ' ~ ~  
repeated the ozonolysis of diisopropylethylene, as a model of simple olefins, in the presence 
of acetaldehyde-180. Treatment of the resulting methylisopropylethylene ozonide-180 
with Ph3P gave unlabelled Ph,PO. Higley and Murray'*' used the same technique and 
finding almost exclusive incorporation into the ether oxygen, withdrew their own 
SMY mechanism so that only the original Criegee mechanism has remained valid. 

C. Induced Decomposition 

7. Peresters 
Decomposition of t-butyl perbenzoate bearing a nucleophilic substituent at the ortho 

position has been shown'86 to proceed by several powers of ten faster than that of the 
unsubstituted t-butyl perbenzoate. Obviously the decomposition is induced by 
neighbouring-group participation of the ortho substituent. An especially high rate 
acceleration was found with the ortho sulphenyl group which interacts with the peroxide 
bond. These early studies are wel l -doc~mented '~~,  and only those involving isotopic 
tracers will be discussed here. 

Decomposition ofthe t-butyl orrho-substituted perbenzoate is 167 times faster than that 
of the unsubstituted derivative at 60°C. The resulting cyclic ester is found to retain 88 %, of 

II 
'0 

a$o+ 
II 
'0 

f 
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a t  the carbonyl group, suggesting clearly that the homolysis of the 0-0 bond is 
induced by neighbouring-group participation involving the double bond, in the transition 
state as illustrated by the contributing resonance structures in equation (1 11)ls6. 

The decompositions of o-methanesulphenyl and o-benzenesulphenyl derivatives are 
2-3 x 104-fold faster than that of the parent compound and are considered to  proceed 
through a polar transition state forming sulphuranyl and t-butoxy radicals which 
eventually give the cyclic esters*88. The formation of the sulphuranyl radical has been 
confirmed by CIDNP spectra'" in the thermolysis of the peroxide and also by ESR 
signals'g0 of deuterated sulphuranyl radicals in the decomposition of t-butyl deuterated 
perbenzoates. The radical formed is a cr radical with spin density mainly concentrated at  
the sulphur atom as shown below. In a further experiment with "0-labelled t-butyl o- 
methanesulphenyl perbenzoate, the distribution of "0 in the resulting ester was 
determined by "0-NMR and the neighbouring-group participation of the o-sulphenyl 
group was confirmed (equation 1 l2yo. 

Decomposition of ring-substituted t-butyl perbenzoates induced by triphenyl- 
phosphine is a bimolecular reaction with a Hammett p value of + 1.24. The experiment 
with carbonyl-'8 0-labelled t-butyl perbenzoate shown in equation (1 13) and the rate- 
enhancing effect of polar solvents was taken to suggest the mechanism shown, which 
involves nucleophilic attack of the trivalent phosphine on the peroxidic oxygentg'. 

- o t  ascH3 - 4OoC &>o - &o - Qp;; 
c' ! (2-0-0 + 

I1 1 1  
170 17 0 1 7 1 1  26% II 

0 
74%*O 
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\ 

20 - 40% 

In the reaction between t-butyl performate and base, Pinock found that there is a 
concerted decarboxylative l,2-elimination in which klJkD was found to be 4.1 and the rate 
was enhanced in polar media (equation 1 14)lg2. 

2. Diacyl peroxides 

Diacyl peroxides undergo facile decomposition, induced by various free radicals and 
also by nucleophiles. For example, decomposition of diacyl peroxide is known to be 
induced by free radicals generated during the decomposition of themsel~es '~~,  and also by 
nucleophiles such as amines' g4, sulphides' ", trivalent phosphorus 
phenols197, olefins or other electron-rich compounds bearing II or (T lone-pair orbitals. 
The decomposition is usually a bimolecular reaction and takes place at relatively low 
temperatures. The groups of H~rner"" '~~,  BartlettIg3, GreeneIg8 and Walling'97*199 
have studied this interesting induced decomposition which proceeds through a transition 
state having both ionic and free-radical nature. Only studies involving isotopes are 
discussed in this section. 

Denney and FreigZo0 and Doering and coworkers54 have independently reported that 
the attack of carbon radicals on carbony1180-labelled benzoyl peroxide takes place at the 
peroxide site, resulting in the formation of "0-scrambled ester, presumably via 
intervention of either a benzoyloxy radical or a benzoate anion as an incipient 
intermediate in the induced decomposition of benzoyl peroxide (equation 11 5). 

. 

'0 Me 
II I 

(PhCO-12 + SCHOEt - 
'0 Me 'R Me I I I  I 

PhCO- 'CHOEt PhCO. CH=?Et 

70 - 80% 

'0 Me 
II I 

f 
20 - 30% 

- PhC'OCHOEt 

In the induced decomposition of carbonyl-'80-labelled benzoyl peroxide with 
triphenylmethyl radical, the resulting ester retains 85 % of the original l80 label, while 
with 3-cyclohexenyl radical, 70% of the l80 is found in the carbonyl oxygen of the ester 
formed". 
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Denney and Denney"' carried out the reaction between carbonyl '*O-labelled benzoyl 
peroxide and dibenzyiamine and obtained 0-benzoyl-N,N-diphenylhydroxylmine 
whose carbonyl oxygen retained all the original "0 label, suggesting that the reaction 
proceeded via nucleophilic attack by the amine on the peroxidic oxygen of benzoyl 
peroxide. However, the reaction between the same peroxide and diphenylamine gave N- 
phenyl-N-o-hydroxyphenylbenzamide in which l8O was distributed 55 % in the carbonyl 
oxygen and 45% in the hydroxyl group. They proposed a mechanism involving 0- 
benzoyl-N,N-diphenylhydroxylamine as the incipient intermediate, formed by attack of 
the amine nitrogen at the peroxidic oxygen of the peroxide, yielding the product through 
heterolytic rearrangement (equation 1 16). 

'OCPh 
1 1  

'0 

'0 
II 

PhC-0 H 

PhN 0 - 

' 0  
II 

PhCtO Phis H 

55% 

*'\o 
I I  

,CPh 
Phl\l 

The induced decomposition of carbonyl-' '0-labelled benzoyl peroxide with p-cresol in 
benzene gave 2-hydroxy-4-methylphenyl benzoate in which the carbonyl oxygen retained 
87% of the '*O label while the 4-methylcatechol formed by the acid hydrolysis of the 
product contained 13 % of the "0 label. The ionic mechanism shown in equation (1 17) 
has been proposedz0'. Carbonyl-' '0-labelled benzoyl peroxide and triphenylphosphine 
gave unlabelled triphenylphosphine oxide and benzoic anhydride containing 75 % of the 
l8O at the carbonyl groupzo2. Reaction of ring-substituted carbonyl-' '0-labelled benzoyl 
peroxides with triphenylphosphine and the "0 distribution in the resulting substituted 
benzoic anhydridczDg showed clearly that triphenylphosphine attacked prefercntially 
the electron-deficient peroxidic oxygen as shown in 26-28. Apparently, relative 

OH Ph 
I 

'0 I I  '0 I I  * g ~ ~ ' ~  9 0  

+ PhCOOCPh - . : II - 
k, ,o-CPh Q 0 

Me 8 87% 
' 0  

I I  
I 

Me 

- GbH 13% 

Me 

Me Me 
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magnitudes of partial positive charge in the peroxidic oxygens of the peroxides play an 
important role in orienting the nucleophilic attacks of the phosphines in these SN2 
reactions on the peroxidic oxygens in which the transition state may lie at  an early stage of 
the reaction coordinate203. One drawback of this "0 tracer experiment is that no 
attention was paid to possible l80 scrambling in the resulting acid anhydride, which was 
found later by us in the mixed anhydride of acyl alkyl carbonate, as illustrated in Figure 3. 
Ifthere is any scrambling either in the peroxide and/or in the anhydride, all ' 8O tracer 
data have to be reassessed. 

(28) 

Carbonyl-180-labelled benzoyl peroxide readily reacts with sodium dialkyl malonate at 
the peroxidic site to afford dialkyl a-benzoyloxymalonate in which essentially all the "0 
originally present in one carbonyl group is retained (equation 1 18)204. 

'0 '0 '0 
II 

(1 18) 
I I  I I  

PhCOOCPh + NaC(C02Et)z - PhCOC(CO,Et)2 + PhC'02Na 
I 
Ph 

I 
Ph 

The "0 label in the addition product formed from carbonyl-'*O-ni,tn'- 
dibromobenzoyl peroxide with tram-p,p'-dimethoxystilbene was found to be completely 
scrambled and the free-radical mechanism shown in equation (1 19) was suggested205. 

'0 '0 Ar' - II II \ /H 
ArCOOCAr + c=c 

H/ \Ar' 

'0 
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The reaction between carbonyl-' 80-labelled phthaloyl peroxide and tram-stilbene gave 
two different products (equation 120)62. When 29 was hydrolysed, the resulting diol was 
found to contain 11% of the l 8 0  label. This is in contrast with the complete "0 
scrambling in the open-chain diester. Considering that oxygen scrambling is 42 times 
faster than thermal decomposition in phthaloyl peroxide, the rather small, i.e. 220/,, "0 
scrambling may mean that the addition reaction is highly stereospecific and concerted. 
However, the initial step of the reaction might be a one-electron transfer from the olefin to 
the peroxide206. Greene207 also postulated a polar mechanism for this addition, on the 
basis of substantial effects of both polar substituents and polar solvents. 

In the reaction of carbonyl-' 80-labelled m,m'-dibrornodibenzoyl peroxide with 
tetraethylethylene, however, Greene and Adam obtained unlabelled tetraethylene 
oxideZo8, suggesting clearly that the reaction is ionic, as illustrated by equation (121). 

Ar 
I 

Hisada and coworkers similarly found that triphenylphosphine oxide formed in the 
reaction of sulphonyl-180-labelled m,m'-dinitrobenzenesulphonyl peroxide with 
triphenylphosphine did not contain any 180209. In the reaction ofsulphonyl-' 80-labelled 
benzoyl p-toluenesulphonyl peroxide with various nucleophiles, the attacking site was 
found to vary with the nucleophile used. Thus, hydrazine and methoxide anion atteck 
carbonyl carbon (site a), phosphine and sulphide attack the peroxidic b-oxygen while 
Grignard reagents react at the peroxidic c-oxygen of 30 as shown in equation (122)"'. 

0 0 
II II 

Ph - C -0 -0--S--Tol-/~ 
t t t l  
a b c o  
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- 

0 'O 
I I  t 

&OMe 

ti+ 

PhCOOSTol-p + p-TolMgBr - 
1 
'0 

- 
S' O~TOI-p 

,OMgBr 
Ph-C + p-Tol-O-SS'02- T01.p 

"0 

In the decomposition of carbonyl-' *O-labelled benzoyl p-toluenesulphonyl peroxide in 
anisole, the I8O label was found to be equally distributed in the carbonyl and ether 
oxygens of the resulting anisyl benzoates. The mechanism shown in equation (1.23) has 
been proposed by Kobayashi and coworkers2". 

'0 
I 1  

PhCOOTs 

I1 6- 
PhCO - OTs 

c 

- 
'0 
I1 

PhC'O. ~ T s  

'0 4 

PhC'O 
-0 

Ph 0 Go Me- 

+ 
HOTS 

TsO 0 OMe 

In the decomposition of sulphonyl-'80-labclled m,m'-dinitrobenzenesulphonyl 
peroxide in benzene, however, the ether oxygen in the resulting phenyl ni-  

nitrobenzenesulphonate contained only 35-36 of the original I8O label while 64-65 "/, 
was retained in the sulphonyl group. This led Kobayashi and coworkers to propose a 
mechanisni involving the incipient formation of a loose  complex^^ (equation 124). 

ArSOOSAr + 
' 1  -6  '0 

'0 

A : i . O G  + ArS'03H 

1 
'0 

'0 '0 
I I  I 1  

' OSAr 

'0 
1 

'0 

Ar-S'03- 

x Complex 



18. Preparation and uses of isotopically labelled peroxides 641 

3. Miscellaneous 

Edwards and coworkers2' * have investigated the mechanism of the decomposition of 
peracetic acid labelled with l8O a t  both peroxidic oxygens. The pH-rate profile and the 
formations of 3602 and 3202 but not 3402 in the decomposition of a mixture of labelled 
and unlabelled acids led them to postulate the mechanistic scheme shown in equation 
(1 25). 

0 0 
II II - n' 

CH3COOH + CHjC'O'OH - 
'O='O 

CHzCO2H 

0- 
1-0 

CHjC' '0. 
I I  

CH3C02- (1 25) 
I 

C 
0" 'CH3 

The reaction of perbenzoic acid labelled a t  both peroxidic oxygens with hydrogen 
peroxide has been found by Akiba and Simamura3 to give only 3202 when the reaction is 
carried out in methanol, suggesting the occurrence of reaction (126); however it gives 
3202 + 3602 when water is used as solvent. This is apparently due to an equilibrium 
between perbenzoic acid and hydrogen peroxide as shown in equation (127). 

OH 0 
"0 - PhC'02H + 0 2  + ' O H - ( 1 2 6 )  NO-- H-0, / 

PhC' 

The reaction of rrans-Pdecalyl hydroperoxide with tri-n-butylphosphine in "0- 
enriched water-ethanol gave truns-9-decalol and non-' *O-labelled tri-ti-butylphosphine 
oxide (equation 128)?12, i.e. the configuration of the resulting alcohol was retaincd in the 
induccd decomposition i n  keeping with the result observed by Davies and Feld2I3 that an 
optically active a-phenethyl hydroperoxide was reduced by Ph3P with retention of 
configuration of cc-phenethyl alcohol. Treatmcnt of cumyl hydroperoxide with Ph3P in 
I80-enriched water-ethanol also gavc unlabcllcd Ph3P=0, clearly showing that Ph3P 
attacks the terminal peroxidic oxygen linked to hydrogen of the 

OH + O=P(Bu-n)3 \ f:P(Bu-n)3 

H2'  Q l E t Q H  (1 28) 

-LA7 
The phenol-forming reaction between ' 80-labelled phenylboric acid and hydrogen 

peroxide is an interesting modification of the Baeyer-Villiger reaction (equation 129). The 
phenol formed contains practically no "0 label2 IJ. 
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Ph 

Ph-B('OH)I, + HOO- - [ H'O-B-OOH .ik, 1 - -OH H ' O - B - o p h  (129) 
I 

'OH 

In the Baeyer-Villiger reaction of '80-labelled benzophenone with perbenzoic acid the 
carbonyl oxygen is retained completely in the resulting phenyl benzoate (equation 1 30)'14. 
Other experiments using optically active ketones have shown that the migrating groups 
retain their configuration during the rearrangement" '- 

A similar mechanism has also been suggested for the cleavage of benzil with alkaline 
hydrogen peroxide (equation 13 1 )4. 

0 0  
I1 II 

Ar-C-C-Ar + H'O'O- - 

0 0 
-no- 11  II - Ar-C- -0 -C-Ar  

IV. CONCLUDING REMARKS 

The thermolysis of peroxides and their reactions with various nucleophiles as studied by 
the aid of isotopes and other means may be summarized as follows: 

(1) In most cases, the reaction, which appears to be ionic, is accompanied by formation 
of free-radical species, while the transition state of what appears to be a typical free-radical 
reaction is very often highly polar in nature. Each of the two peroxidic oxygens has two 
unshared electron pairs which repulse each other, and both heterolysis and homolysis ofthe 
0-0 bond should be facile and require similar free energies of activation. 

(2) The main route for the thermolysis of aliphatic acyl peroxides with primary R 
groups involves homolysis of the 0-0 bond and oxygen scrambling in the acyloxy 
group, while the extent of oxygen scrambling varies with the change of R group and also 
with viscosity of the medium. On the other hand, carboxy-inversion, a heteroiytic 
rearrangement, is the main path for the thermolysis ofacyl peroxides with secondary and 
tertiary R groups which can stabilize the R' group. 
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(3) In rearrangements involving peroxidic oxygens, the group usually migrates to that 
peroxidic oxygcn which is relatively less electron-rich. Very often the rearrangement 
proceeds through heterolytic and homolytic paths concurrently, e.g. in most unimolecular 
and induced decompositions of peroxides. 

(4) Soft nucleophiles attack pcroxidic oxygens due to the facile mixing of the LUMO of 
a relatively low energy level in the 0-0 bond and the HOMO of the soft nucleophile, 
which lies in a relatively high energy level. 

( 5 )  Of the two peroxidic oxygens of the peroxide, soft nucleophiles preferentially attack 
the oxygen which has a lower electron density in the ground state. 

(6) In the induced decomposition of peroxides with nucleophiles or free radicals, both 
activation enthalpy and activation entropy are rnarkcdly small as compared to those of 
unimolecular decompositions. 

1. 
2. 
3. 
4. 
5. 

6. 
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1. INTRODUCTION 

Ozone, one of the most commonly used oxidizing agents, especially in organic chemistry 
has been known for more than 140 years'. Having a considerable high oxidation potential 
( -  2.07 eV) i t  is capable of reacting with almost any organic molecule. Yet, techniques and 
procedures which have been developed within the last two decades allow easy control in 
order to carry out sclective synthetic transformation. 

Being an endothermic aIIotrope of oxygen, ozone may serve as a precursor for reactive 
oxygen species such as oxygen atoms, singlet oxygen molecules etc. Based on a convenient 
description of the ozone molecule as a resonance hybrid of four canonical forms, onecould 
predict that ozone should be  able to function as an electrophile or as a nucleophile: 
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However, there arc few reports on ozone behaving as a nucleophile. A rare example is 
the oxidation of 9,lO-dibromoanthracene to anthraquinone2, in which one molccule of 
ozone acts as an electrophile and a second as a nucleophilc. The vast majority of ozonation 
processes involve initial electrophilic attack by ozone at  a n  clectron-rich centre in the 
substrate molecule to form a 1 :l ozone-substrate adduct. 

Most organic compounds which react with ozone may bc divided into three classcs, 
based o n  the nature of their reacting nucleophilic function: 

((0 Multiple bonds having an elcctron rich n system as the nucleophile. 
(b) Heteroatoms having a filled nonbonding orbital as a nuclcophile. 
( c )  Saturated compounds having an clectron-rich o bond as a nucleophile. 

Ozonation processes of classes (a) and (b) are thc most common oncs and thcy are 
satisfactorily covered by a number of monographs and review articles”’. Therefore, the 
present account will focus attention on ozonations bclonging to class (c), namely 
ozonations of single bonds in relatively less rcactive compounds. Special emphasis will bc 
given to dry ozonation reactions and their applications. Classes (a) and (h) are bricfly 
mentioned for the sake of drawing analogies and conimon features to class (c). 

II. ELECTROPHILIC REACTIONS WITH MULTIPLE BONDS 

Most of the known unsaturated systems such as olefins, acetylenes, aromatic compounds 
and carbon-heteroatoni multiplc bonds are prone to direct elcctrophilic attack by 
o ~ o n c ~ - ~ .  The mechanism of ozonolysis reactions, especially those of olefins, is now well 
cstablished and well docurncnted (an excellent rcview was provided by  Bailey4). 

The first stepin thcclectrophilicreaction ofozonc with double bonds is the formation of 
a TC complex. This complex may undergo a 1J-dipolar addition to form a primary ozonide 
(1,2,3-trioxolane) followcd by a series of rearrangements, as suggested by Criegec3” 
(Scheme 1). Only  in special cases of !iighly hindered olefins. will the electrophilic attack by 
ozone result in direct formation of epoxides. 

0 +o’ ‘ 0 -  
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oxidation 

- 0-0, 
*: 0 ... ... + .., \ c.- .......... , 

/ I  
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111. ELECTROPHILIC REACTIONS WITH NUCLEOPHILIC HETEROATOMS 

The reaction of ozone with heteroatom nucleophiles involves primary interaction between 
Ozone and a filled, nonbonding orbital of the heteroatom (equation 1). The resulting 
reactive zwitterion may undergo a large variety of inter- and intrd-molecular processes, 
leading to a large number of possible products. This behaviour is typical for compounds 
containing nitrogen"-'O1 phosphorus, arsenic' sulphur12 and seleniumI3, etc. at various 
oxidation levels. 

I 
-0 

X = N, P, As, S, Se 

The most common mode in which the intermediate trioxidc decomposes is by loss of 
singlet molecular oxygen yielding the corresponding oxide. For example, OZOWdtiOn of 
sulphides results in sulphoxides which may undergo lurther ozonation to give sulphones 
(equation 2). 

The reaction of triphenylphosphine with ozone produces a relatively stable adductI4, 
which may decompose thcrmally to singlet molecular oxygen and triphenyIphosphine 
oxide (equation 3). 

/O'O d- (PhO)3P=O + '02 (3) 0 3  
(PhO),P - (Ph013P,o, 

This controllcd release of '02 was found to be synthetically useful and has been 
extensivcly used as a method for convcnient production of singlet molecular oxygen for 
various purposes' 5 .  

The reactions of ozone with nitrogen-containing compounds such as primary, 
secondary and tertiary amines"', azo compounds8, azines9, imines", oximes"", and 
nitroso compounds'0b have been thoroughly investigated, mainly by Bailey and his 
coworkers. 

IV. ELECTROPHILIC REACTIONS WITH SINGLE BONDS 

Ozone attacks C-H bonds in saturated compounds via a 1,3-dipolar inscrtion to form an 
unstable hydrotrioxidc. C-H bonds possessing high elcctron density are attacked 
preferentially. 
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A. Ozonation of Ethers and Acetals 

The reaction of ozone with ethers was recognized as early as 1855Ic, but the first 
extensive invcstigation was carried out only in 1964, by Price and Tumolo". They found 
that only C-H bonds CY. to the etheric oxygen were attacked by ozonc. High preference for 
ozonation of the less acidic C-H was observed. For example, di-t-butyl ethcr was inert to 
oxidation by ozone. The tertiary C-H bond of propyl isopropyl ether was found to be, on 
a statistical basis, 1.7 times more reactive than the secondary C-H bond. The ozonation 
reactions were carried out a t  room tcmperature with ozonc in an oxygen stream. These 
results16 suggest a 1,3-dipolar insertion mechanism of ozone into the  C-H b o d .  Sincc 
the transition state (11) (equation 4) for such a process has carbonium ion charactcr, i t  is 
stabilized by electron-donating groups such as alkyl groups and neighbouring oxygen 
atoms. 

Ehud Keinan and Haim T. Varkony 

O/R' 
R\  / 

H'I I 

6+ 
C H  (4) 

O\ / O  

R-CH-0-R' RC-H=O-R~ - . .  . .  . .  . .  . .  . .  
-0 0 6 - 0  H6-  0 

\04 + \ o i  ( 1 1 1 )  

( 1 )  

( 1 1 )  

The same transition state was also proposed by Deslongchamps and coworkers" for 
similar ozonations of acetals. They showed that the only reactive conformations of the 
acetals werc thosc in which thc nonbonding orbitals of the oxygen atoms wcre oriented 
antiperiplanar to the C-H bond. 

Erickson and collaborators'* studied low-tcmpcraturc ozonations of ethers using 
ozone-oxygen and ozone-nitrogen mixtures. Thcy found that the presence of oxygen 
affects product distribution, dcuterium isotope effects and the relative rates of ozonation of 
various ethers. They propose the 1,3-dipolar insertion mechanism (equation 4) to be 
predominant at  - 78°C and a competing radical-chain mechanism, involving both oxygen 
and ozone, at higher tcmperatures. 

The formation of a hydrotrioxide intermediate (I l l  in equation 4) via 1,3-dipolar 
insertion, is evident from low-temperature ( -  78°C) N M R  studies". Murray's group19c 
have shown that hydrotrioxides arc stable at low temperatures due to internal hydrogen 
bonding. A t  higher temperatures they undergo thermal decomposition to give the 
corresponding alcohol and singlet molecular oxygen (equation 5). 

Bailey and Lerdal"' investigated the ozonation of four ethers. in  Frcon 1 1  at 0°C. 
- 30°C and - 78°C using ozonc in a nitrogen stream. They found that ozone attacks ethyl 
isopropyl cthcr largcly at thc tcrtiary hydrogen, while 4-oxa-2-heptanone is principally 
attacked at the more acidic methylene group. Hydrotrioxidc intermediates are also 
observed in low-tempcrature ozonations of aliphatic and aromatic acetals2', the N M R  
spectra of which show two OOOH absorptions at ca. 13ppm downfield from Mc,Si. 
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Taillefer and coworkers'' systematically investigated the reaction between ozone and 
acetals. They found that the stoichiometry of the reaction is 1:l in each reactant and that 
the reaction is also first order in each reactant. Substituent effects measured in a variety of 
systems and under several conditions of temperature and solvents were found to be small. 
Solvent polarity was also found to have little effect on the rate of the reaction. 

(equation 6) gives a 
mixture of ring-cleavage products. In all cases the reaction proceeds to yield the more 
substituted alcohol. 

The reaction of unsymmetric 1,3-dioxacyclanes with 

6. Ozonation of  Aldehydes 

Aldehydes react with ozone to produce acids, esters and peracidsZ4. White and Bailey2' 
have investigated the mechanism of these reactions and suggested a 1,3-dipolar insertion of 
ozone into the aldehydic C-H bond as the first step of the reaction (equation 7). 

rn 

Studies of isotope eflects in deuterated aldehydes'" indicate that the first swge of the 
reaction is indeed the insertion of ozone into the C-€3 bond and not a radical abstraction. 
The formation of the hydrotrioxide has been proved by low-temperature NMR studies". 
The hydrotrioxidc then decomposes to acid and singlet molecular oxygen. 

The kinetics of ozonation of aldehydes in relation to their ozone-initiated autoxidation 
were investigated by Terarnoto and collaborators2'. They found that the kinetics with 
aliphatic aldehydes and monosubstituted benzaldehydes in CC14 are first order each in 
ozone and aldehyde. The second-order rate constants of butyraldehyde and 
isobutyraldehyde are larger than those of the substituted benzaldehydes. The observed 
order of the reactivity of benzaldehydes was: p-MeOC6H4CH0 > p-MeC6H4CHO- 
> PhCHO > p- and rn-ClC,H,CHO > p- and ni-NO2C6H4CH0. The rates of 

ozonization were linearly related t o p  values. 

C.  Ozonation of Hydrosilanes 

Spialter and coworkers28 investigated the ozonation of hydrosilanes, and found that the 
first stage of the reaction involves the reversibleformation of a complex between ozone and 
thesiiane which is followed bya 1,3-dipolar insertion of ozone into the Si-H bond to form 



- 

i x > c o o 3  0 3  

Me-5i-H = Me-Si-H-03 - - - 

D. Ozonation of Anthronea 

Ozonation of anthrones was investigated by Batterbee and Bailey”. They suggested a 
dipolar insertion of ozone into the C-H bond to explain the formation of anthraquinone 
(equation 9). 

q J p l Q $ Q -  H O-0-0-H 

H H  

co - Me.-$i-O, - Me-ii-OH + 0 2  - - 

0 n 

l-i O H  6 

E. Ozonation of Amines 

Amines react with ozone by two major routes. One involves attack on nitrogen and 
formation of N-oxidation products such as nitroxides and ammonium salts“.’. The other 
involves side-chain o ~ i d a t i o n ~ ~ , ~ ’ .  The studies of different alkyl substituted primary, 
secondary and tertiary amines hove led to the proposal of four competing reactions (a-d i n  
Scheme 2), for the initially formed ozone-amine adduct (I in Scheme 2). 

The first step IS a n  r-icc!rophilic attack of ozone on the amine and formation of an 
amine-ozone adduct (I). This can further react by four different routes (Scheme 2):  ( ( I )  

amine oxide (11) formation, (b) formation of a radical-ion pair (HI) ,  (c) intramolecular 
side-chain oxidaticn via IV or ( I ! )  abstraction of hydrogen (in primary and secondary 
amines) and formation of N-oxides and amnionium salts. 

An alternative mechanism, 1,3-dipolar insertion of ozone into a C-H bond r. to 
nitrogen, has been suggestcd by Lerdal and Bailey”. This mechanism is similar to the 
mechanism of ozonation of cthers (equation 10). 
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The nitroxide pathway is found to be the major ozonation route for secondary amines 
having tertiary or  secondary alkyl groups. With those bearing primary alkyl groups, 
however, side-chain oxidation is prcdominant in most solvents. The most important 
processes in the ozonation of tertiary amines having primary or secondary alkyl groups 
are sidc-chain attack and aniine oxide formation. Side-chain attack may proceed either by 
1,3-dipolar insertion (predominant for secondary alkyl groups) or by intramolecular 
proton abstraction (predominant for primary alkyl groups). Amine oxide formation is a 
minor pathway except for ozonations of tertiary amines with primary alkyl groups in a 
protic solvent. 

F. Ozonation of Saturated Hydrocarbons 

The earliest ( 1898) report on ozonation of saturated hydrocarbons by Otto”, describcd 
the oxidation of niethane to formaldehyde. Later, Durland and Adkins3j reportcd the 
formation of alcohols, kctones and acids upon ozonation of saturated hydrocarbons. 
Surprisingly, ozonation of 9.10-dihydroplicnanthrene resulted in oxidation of the 
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aliphatic methylene group to ketone leaving the aromatic system intact. Ozonation of cis- 
decalin produced 78 ”/, cis-9-decal01 as the major product, accompanied by other 
oxidation products. 

The first systematic investigation of ozonation of saturated hydrocarbons, was carried 
out by Schubert and Pease3‘, who studied the gas-phase ozonation of methane, propane, 
butane and pentane. They suggested a mechanism of radical oxidation where ozone acts as 
a radical initiator. Ozonations of saturated hydrocarbons in solution were first 
investigated by the groups of Whiting35 and Hamilton36. They studied the reactions of 
ozone with cis- and trans-decalin, adamantane, cyclohexane, cis- and trans- 1,2- 
dimethylcyclohexane and isopentane. The reaction was found to be highly regioselective 
and stereospecifc. The relative rates of attack at tertiary, secondary and primary C-H 
bonds were found to be 110:13:1 respectively. A similar regioselectivity in the gas-phase 
ozonation of saturated hydrocarbons was observed by Williamson and Cvetanovic3’ who 
reported the relative rates of attack at tertiary:secondary: primary C-H bonds to be 
30,000: 300:1, respectively. 

The stereospecificity of the reaction was shown by retention of configuration at the 
oxidized carbon atom (e.g. formation of cis-decalol from cis-decalin), and the higher 
reactivity of an equatorial C-H bond compared to an  axial one (7:l)  as well as by the 
higher reactivity of cis-decalin compared to [runs-decalin (5.6:l). 

Several reaction mechanisms have been proposed in order to explain these experimental 
results. 

Whiting arid coworkers35 suggested a radical mechanism for the gas-phase reaction and 
an ionic mechanism for the reaction in condensed phases (Scheme 3). 

RH + O3 - R’ + ‘ 03H - RO’ + ‘02H (gas phase) 

SCHEME 3 

Haniilton and coworkers36 found the regioselectivity and stereospecificity in the 
ozonation of saturated hydrocarbons in liquid phase to be similar to those found in 
insertion reactions by highly reactive carbenes and nitrenes. 

Hellmann and Hamilton38 investigated the ozonation of liquid alkanes at ambient 
temperatures. The following characteristics were found to be independent of the ozone’s 
carrier gas (oxygen or  nitrogen): (a) The stereospecificity (60-70% net retention of 
configuration) in which tertiary alcohols were formed. ( b )  The relative reactivities 
(1 : 13: 110) of primary, secondary and tertiary C-H bonds. (c) The ratio (0.3) of ketone to 
alcohol products formed from cyclohexane. The stereochemical results were unchanged by 
performing the ozonation in more polar solvents, but a somewhat higher (82x , )  net 
retention of configuration was observed in an alkane solvent (octadecane) of higher 
viscosity. Lower retentions were observed when additives or solvents with which 0, reacts 
were present. When the ozonations were performed in the presence of FeCl,, alcohols were 
formed with 100 :< retention of csnfiguration together with alkyl halides with essentially 
100% inversion of configuration. The Hammet p value for the oxidation of substituted 
toluenes was found to be -2.07. These data were rationalized by processes outlined in 
Scheme 4. 
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RH + 03-I - l I -R-+ -OH i O2 

ROH RCI carbonyl compounds + ROOH 
(retention) (inversion) + ROH (equilibrated) * 

SCHEME 4 

Ozone and alkane react to give either singlet O2 and alcohol with retention of 
configuration or triplet O2 and a triplet solvent-caged radical pair (Ia in Schcme 5). The 
radical pair is either trapped by FeC13 to give alkyl halide, or the radicals diffuse apart and 
react further to give the other observed oxidation products. I and I1 are intermediates and I 
exists in equilibrium between radical (a) and ionic (b) forms in a solvcnt cage (Scheme 5). 

RH + O3 - 
alcohol 

aldehyde 
R H =  ether 

* ROQOH 

(1)  

ROH (retention) 
+ 02 (singlet) 

0, (triplet) + R-(t]HO. ( f )  

( 1 1 )  

SCHEME 5 

B e n ~ o n ~ ~  has calculated the energy involved in the different suggcsted mechanisms. 
From thermodynamical considerations he has concluded that the radical mechanism 
(0, + RH -, '03H + R') is too endothermic to occur at - 78°C. He has proposed that the 
otonation reaction of saturated compounds proceeds by hydride ion transfer (equation 
1 1). He has calculated solvation enthalpies from the Kirkwood formula for dipole 
solvation and showed that these enthalpies lead to reasonable activation energies for the 
ozonation of alkanes, alcohols and acetals, all of which producc hydrotrioxide~~'. 

RH + O3 - [R+ +-03H] - products (11) 

Maair's groirpS'-44 have reinvcstigated the low-temperature ozonation of saturated 
hydrocarbons in order to make it a synthctically uscful process. Ozone is found to react 
with most organic solvents, thus interfering with ozonation of hydrocarbons. Thcrefore, 
ozonation reactions arecarricd out in neat liquids or in hydrocarbon solutions. It is found 
that at -80°C ar.d bclow, stable ozone solutions arc formed. Upon treatment of these 
solutions with a reducingagnt (such as Ph3P, NaHSO,, K1) or on irradiation with visiblc 
light, or warming up 10 room temperature, smooth conversion to alcohols occurs, via nct 
oxygen insertion into C-H bonds. However, no reaction products arc obscrved when 
ozone is swept ou t  of the cold solution by argon prior to any ofthe above treatments. These 
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data suggest reversible formation of an ozone-hydrocarbon complex (Scheme 6)45, in 
which the C-H bond is partially dissociated. The complex may undergo thermal or 
photochemical reactions or be reduced chemically, resulting in all cases in the same net 
insertion of an oxygen atom into the C-H bond. 

hydrocarbon + 0 3  7 [hydrocarbon-03] 

complex 

T 7 -  

alcohols and ketones + O2 

SCHEME 6 

Oxidation of unactivated hydrocarbons by ozone either in the gas phase or in  solution 
has clearly demonstrated the synthetic potential of these processes. However, neither of 
these methods allow general and practical applications in organic synthesis. Gas-phase 
reactions are very limited in  terms of scale, volatility of substrates and temperature. 
Ozonatioris i n  solution are also impractical for the following reasons: 

((7) Ozone is essentially insoluble in saturated hydrocarbons. Even at low 
temperatures ( -  78°C and below), at which ozone forms stable solutions in saturated 
hydrocarbons and no reaction takes place", its concentration does not exceed 0.1-0.2 %. 
Slightly higher solubility in fluorinated hydrocarbons (0.2-0.3 "/,at - SOOC) still does not 
allow synthetic applications. At  the higher temperatures necessary for the reactions to 
proceed a t  a reasonable rate. the solubility of O3 is even smaller, necessitating prolonged 
ozonation periods. 

(b)  Most organic substrates are rather insoluble in perfluorocarbons, especially at low 
tempera t ures. 

(c) Most organic solvents react with ozones3 to form undersirable products, and even 
more so. reactive intermediates. This is true for ethyl acetate, various alcohols (including t -  
butanol). chloroform. carbon tetrachloride and even CCllFz and CC13F. 

These severe liniitations associated u*ith the reaction matrix have led to an  extensive 
search for alternatives to accommodate both ozone and substrate at any desired ratio. This 
search has resulted in the development of the dry ozonation methods6 which utilizes dry 
silica gel as :i very convenient reaction matrix. 

G. Dry Ozonation 

Ozone is selectively adsorbed on silica gel in considerable quantities depending on its 
partial pressure and temperature" (Figure I ) .  The interaction between silica gel and 
ozonc stabilizes the system even at  high concentrations. Thereforc, silica gel is commonly 
iiscd in order to srparatc pure ozonc from its carrier gas. 

A typical output from a Wclsbach ozonizer is 2. 7" ozone in oxygen, which means partial 
ozone pressures of 10-16 mni Hg. A regular silica gel may thus be loaded with ozone up to 
4.5 ",, (iv;\v) ;it - 7S'C (Figure 2)'- .  

Thc dry ozonittion technique takes advantag< of the availability of a high concentration 
of ozone. I t  is simple and easy to perform"': the silica gel is prccoated with the organic 
substrate. loadcd \\.it11 ozonc a t  - 7S'C. \\armed to room temperature and the product 
elutcd \villi ;in organic solvcnt. 
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Ozone partial pressure, rnm Hq 

FIGURE i. Smoothed adsorption isotherins for ozone in oxygen on Davison silica gel at 
temperaturcs ranging from - 78.5" to - 140°C. Total pressure 1 atm. 

-90 -70 -50 -30 -10 O+lO +x) 

Temperature, % 

prcssure I atm. 
FIGURE 2. Adsorption of ozone on silica gel at a conccntration of 2 weight '%, in oxygen. Total 
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Typical examples for monohydroxylation of cyclic and polycyclic hydrocarbons via dry 
ozonation are listed i n  Table 146”. 

TABLE 1. Reaction of hydrocarbons with ozone on silica gel 

Substrate Products Yield (%)” Conversion ( ”/,)” 

I 

4 

H 

63 H 

6 5” 

?H 
79‘ 

I 6d 

m 99 

H 

0 3  li 
12’ 

> 99.5 

12 

92 

> 99.5 

88 

> 99.5 

> 99.5 

~~ ~ ~~~ 

“Based on  the quantity of the starting material consumed as determined by VPC analysis. 

‘In addition to 0.6 ”/, of the cpimcric alcohol. 
”In addition to 3.5 ”/, of the epimcric alcohol. 
‘In addition to 10 

addition to 34 ”/, of a mixture of the three niethylcyclohcxanones. 

trans-decal-I-one and 16 % r,oris-dccrll-2-onc. 

The high degree of regioselectivity and stereospecificity observed in dry ozonation of 
hydrocarbons correlates well with previous observations for analogous ozonations in 
solution4‘, thus suggesting the mechanism of the ozonation process to be independent on 
the reaction matrix. In contrast to ozonation in solution. the dry ozonation is not a 
continuous process. This allows a controllable stepwise polyhydroxylation as 
demonstrated in Table 246“. 
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TABLE 2. Reaction of substituted hydrocarbons with ozone on  silica gel 

66 1 

Substrate Product Yield ( 'xy Conversion ( "/,)" 

G O H  

> 99.5 95 

OH 

--/=+OH 76b 97 

OH 

"&OH 99 43 

50 86 

> 99.5 > 99.5 la" 
"Based on the starting material consumed. 
"In addition to 5 "/, of the m i i s  diol. 

Tertiary carbon atoms in strained polycyclic molecules such as norbornane are rather 
inert towards dry ozonation conditions4*. In such cases oxidation may be directcd to 
secondary carbon atoms to fcrm ketones (equations 12 and 13). 

OJsiO, 

-7aoc - R.T. 

0 OH 

(Ref. 49) 
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Further examples for the inertness of strained carbon cenires towards ozonation are 
given by various model compounds containing a cyclopropane rings0. However, the 
position (y. to the cyclopropyl ring, even if i t  is a secondary carbon, is electron-rich enough 
to react with ozone faster than a tertiary centre (equation 14). 

87% 9% 

This oxidation (y. to the cyclopropyl unit has been found to be a quite general reaction as 
depicted in equations (15)-(23). 

R Yield (x) 
MC 95 (1 5) 

rt-Pr 87 

0 

98% dry ozonation conversion ( C H O  

~~ 

f l  Yield (%) 

2 93 
7 95 
4 85  

97% dry ozonation conversion 0 ."(4 + 0 (17) 

0 88% 7% 2% 

40% 44% 11% 

+ (-J 
0 

4% 
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8 91% dryozonation conversion '5 :e 
70% 2% 

55% dryozonation conversion @ + '$ + oG 
42% 33% 25% 

dry ozonation 

96% 

dry ozomtion (3 -'Q 
73% 

-70OC dryozonation - R.T. a dry -78OC ozonation - R.T. a 
0 

61% 

The relative reactivity of tertiary sp3 carbon atoms and aromatic sp2 carbon atoms 
towards dry ozonation is exemplified by equations (24) and ( 2 5 ) 5 ' .  

mNO2 o,/sio, 2 

20% 

80-90% 
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A variety offunctional groups can survive in the dry ozonation conditions (vide iifia), in 
which tertiary carbon atoms undergo hydroxylation. These include tertiary alcohols and 
acetates, primary and sccondary acetates, ketones and also  bromide^'^.'^ (equation 26). 

35% conversion 85% 

This observation allows significant expansion of the applications of the method. 
Saturated tertiary centres in unsaturated substrates can be selectively oxidized while the 
olefinic function is protected in the dibromide form as shown in equations (27) and (28)53, 
and in the synthesis of lw,25-dihydroxy vitamin D3 (equation 39). 

6 2 QBrdvozonation GBr Z n l A c 0 ~  (j (27) 

Br Br 

77% O.P. 

Br Qr 

dry ozonation - 
Br 2 ZnIAcOH 

overall 
10% 

linalool 
43% O.P. 

The synthesis of optically active linalool via dry ozonation of an optically active 
hydrocarbon related to citronellol illustrates a useful synthetic approach to chird tertiary 
alcohols. The extent of linalool's optical purity represents 80 % retention of the 
configuration at the oxidized carbon atom. This observation supports the suggested 
mechanism42 for ozonation of saturated hydrocarbons. 

The regioselqctive oxidation at positions remote from the functional groups was also 
observed by Beckwith and his coworkers54 in a number of model compounds (equations 
29 and 30). 

- 7E°C+R.T. 03/sio2 a. + 0 + ,JJ 
0 

15% 27% 9% 
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4cO 
> 

dry ozonation 

( 30) 
% Oxidation at position: 

Loading w/w Total 
( XJ yield (7;) 5 6 7 8 9 10 11 

1 
1' 
I* 

20 4 18 41 18 10 4 5 
38 9 16 15 15 11 9 25 
45 6 14 10 10 9 9 42 

'Substrate was precoated on 20 %of the silica gel then mixed with the 
untreated silica gel. 
"As in [ I ;  wbstrate was precoated on 10 :d of the silica gel. 

Marked preference for attack at the penultimate position was observed for high loading 
rates. This was explaineds4" by the formation of a close-packed adsorbed monolayer 
leaving the hydrophobic part of the molecule remote from the silica surface, prone to 
attack by gaseous ozone. 

An interesting similarity was found54a between the results of dry ozonation and 
biological oxidation of similar monofunctional compounds, where oxidation is directed to 
positions remote from the binding site. Further examples are given in equation (31). 

R'  = OAc, RZ = H 
R', RZ = O  

35% 25% 
7 8% 1 2% 

20% 
1 8% 

An additional example for such a regioselcctivity is given in equation (32)s4b*c. 

AcO 

OH 

SiOz/Alz03 5:1 72% 18% 0.7% 0.1% 

Si02 61% 25% 0.6% 8.5% 
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Since silica gel is slightly acidic, it seems likely that in addition to acting as the reaction 
matrix it may play a role in the activation of ozone and the enhancement of its 
electrophilicity. 

A much more significant increase in the electrophilicity of ozonc can be achieved with 
the direct involvement of Lewis acids (as reported for ozonation of aromatic 
corn pound^^^) or by using a highly acidic reaction matrix as studied by Olah and his 
 coworker^"^' ' (cine i1lfr.a). 

Based on this approach, dry ozonation reactions of sluggishly reacting hydrocarbons 
such as norbonane were carried out with silica gel containing up to 10 "/,of various Lewis 
acids4*. This technique gave quite substantial increases in convcrsion rates as illustrated in 
Table 3. 

TABLE 3. Dry ozonation of norbornane on silica gel containing 10 "/. Lewis acid 

~~ 

FeCI3/SiO2 
TiCI,/SiO, 
AICI3/S1O2 
SbCI5/SiO2 
ZnCI2/SiO2 
CuC12/Si02 
CaCI2/SiO2 
SbCl JSiO 
CdC12/Si02 
HCI/Si02 

Si02 

2 %  
2 yo 
3 2, 
3 yo 

16 

The formation of chlorinated products accompanying the oxygenated ones was also 
reported for ozonation of hydrocarbons in solution in the prcsence of FeC1,38 (equation 
33). 

Dry ozonation of rclatively large molecules such as stcroids and triterpenes may lead to 
complex mixtures of polyoxygenated products. Therefore, i t  is recommended that in order 
to keep to low conversion ( c 20 Yo) rates the excess ozone should be desorbed from the 
silica gel a t  low temperatures by sweeping i t  wi th  nitrogen. 

As dcmonstrated in equations (34)--(38). steroids can be sclectively o z ~ n i z e d ' ~ ~  to give 
oxidation products which are otherwise difficult to obtain. 
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-70% - R.T. 
AcO 74% conversion 

+ other products 

AcO 
OH 

8% 7% 

(34) 

dry ozonation 
86% conversion 

11% 

dry ozonation 
86% conversion 

AcC 
Ull v r 1  

11% 

dry oronation 
74% conversion 

AcO 

11% 

- - 65OC 
50% conversion 

AcO 
6r 
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dry oronation 

37% conversion 

3 steps 
Vitamin D3 - 

OAc OAc 

1 5% 

The presence of polar functional groups in the substrhte molecule dictates a high degree 
of regioselectivity by directing the oxidation to positions remote from the polar groups. 
This selectivity may be rationalized either by assuming a specific interaction between the 
functional groups and the silica surface (cide supra) or by an unproductive reversible 
complexation of ozone to these functional groups. 

The key step in the total synthesis of Irr,25-dihydroxy vitamin D352 (equation 39) was 
based on this effect of regiocontrol by functional groups, as well as on olefin protection by 
dibromination. 

By using similar conditions, fricdelanc (1 ) was oxidized to the monooxygenated 
products 2-7 (equation 40)s6. 

The main product (3) was a secondary oxidation product resulting from initial 
hydroxylation at position 18 followed by dehydration to give the corresponding 
C( 18)-C( 19) olefin, which was subsequently epoxidized by ozone (cquation 41)56. 

Dry ozonatioii of friedelin (2) aITorded an analogous mixture of products (equation 
42)'". 
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d 
F 

669 
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Similarly, dry ozonation of 3,28-diacetoxylupane (12) under low conversion rate (10 %) 
yielded only one product (13) (cquation 43)”. 

. .  

Dry ozonation of naturally occurring sesquiterpencs W B S  found to be highly efficient as 
studied indcpcndently by two diffcrent (equations 44-47). 

s - 70OC- R.T. (44) 

Cedrane 
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OH p:R - 78°C---R.T. 03'si02 R 

Cedrol ( R  = H) 

67 1 

(45) 

Cedryl acetate (R = Ac) 
50% 

R&/,,,,, - JE0C-+I.T. 03/si02 - R&,,,,,, (47) 

Patchoulol (R  = H) OH 

Patchoulyl acetate ( R  = Ac) 

H .  Ozonation of Carbon-Carbon Single Bonds 

Oxidation products arising from carbon-carbon bond cleavagc have been observed in 
many dry ozonation reactions. In most cases they were minor side-products 
accompanying the major route of ozone insertion into C-H bonds. In some cases 
considerable oxidative cleavage of single C-C bonds took place and yielded substantial 
quantities of the corresponding  ketone^"^^^.^^ (equations 48-50). 

dry oronation 4 100% conversion 

66% 19% 15% 

(Refs. 46, 60) (48) 

5% 

25% 
(Refs. 54b, c) (49) 
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(Refs. 59, 60) (50) 

A special case of C-C bond cleavage was observed when bicyclo [2.1.0] hydrocarbons 
were subjected to dry ozonation"'. The strained central bond was efficiently cleaved when 
ozonized at -50" to -30°C (equation 51). 

2: 5 

Based on deuterium labeling. a plausible mechanism for this cleavage has been 
suggested". Initial 1,3-dipolar addition of ozone to the central C-C bond is followed by 
rearrangements which are analogous to those of the primary ozonides formed in 
ozonolysis of olefins (Scheme 7). 

I 03 /S i02  

/ I 

SCHEME 7 

Further examples for ozonation ofsimilar systems are depicted in quations (52)-(54)". 
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V 

5 7 

CCljF -15OC X C O Z H  CO2 H 

21% 

673 

(53) 

14% 

High yields of C-C bond cleavage were obtained when dry otonation was carried out 
continuously at - 45"C6"."'. Interestingly, thc relative yields of ketoncs arising from 
cleavage of alkyl groups were found to be considerably higher in acyclic hydrocarbons 
than in cyclic Ones as demonstrated in Table 459 

involves a direct insertion ofozone into the C-C bond, 
leading to a dialkyl trioxide which in tura decomposes to give the observed clwvage 
products. The transition state for the insertion step (equation 55) is assumed to be 
analogous to that proposed by ohh66 for the ozonation of alkanes in superacids (cine 
i ~ f i a )  and similar to the corresponding insertion of ozone into C-H bonds (equation 
56)4 * . 

The proposed 

0 
II 
C 
/ \  
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TABLE 4. 

Ehud Keinan and Haim T. Varkotiy 

Product distribution from ozonation of sornc hydrocarbons" at -45°C 

Starting 
Material 

X 
Product distribution (molar yield', 7;) 

HoH H0 A 

-OH A 

*A OH 

(30) (19) 

(21) (25) 

(48) (20) 

(57) (37) 

4 0  

(51 1 

"The substrates werc preadsorbcd on silica gel ( 1  7'; w/w). 
hB;ised on dctccted products by VPC analysis. 
'Included small amounts of diisopropyl ketone. 
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This proposed mechanism is supported by the fact that the yields of ketones formed by 
the cleavage of either primary, secondary or tertiary alkyl groups are similar in magnitude 
and not substantially different (e.g. Table4, penultimateentry). Also, theconstant product 
distribution (Figure 3)5g*G0 throughout thc reaction suggests the formation of one 
common intermediate. 
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Time, rnin 

FIGURE 3. Dry ozonation of 3mcthylpentane at -45°C. 

When ozonation was carried out at temperatures higher than -20°C (Table 5)sg.c'0 
yields of the respective ketones originating from cleavage of the more substituted alkyl 
groups increased, mainly at the expense ofthe tertiary alcohols. I t  niay be assumed that at 
higher temperatures the fragmentation of alkanes into ketones occurs mainly by ;1n 
alternative mechanism involving tertiary alkoxy radicals generated in the cleavage of 
tertiary C-H bonds by ozone. 

Dry ozonation was also found to be an efficient method for the ozonation ofa number of 
functional groups such as a m i n e ~ ~ ' . " ~  and alkenes""~". 

I. O t o n a t i o n  Reac t ions  in S t r o n g  Acidic Med ia  

The reactions of ozonc in highly acidic solvents such as FS03 H-SbF5-SOz, 
FSO3H-SbFS-SO2CIF and HF-SbF5-S02CIF have been thoroughly investigated by 
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TABLE 5 .  

Ehud Keinan a n d  Haim T. Varkony 

Product distribution" from ozonation of 3-mcthylpcntane ;it various temperatures 

-45 
- 23 

0 

30 

32 
30 

22 
8 

15 

15 

13 

10 

20 
20 
20 

23 

33 
35 
44 
GO 

"In molar yield (o/o), and based on detected products by VPC analysis. 

Olah and  his coworkers"". They found tha t  the electrophilic ozonation of alkanes occurs 
readily in these superacidic media to give oxygenated products resulting from C-H or  
C-C bond cleavage. The results were rationalized by initial electrophilic attack by 
protonated ozone on the o bonds of alkanes through pentacoordinated carbonium ions 
(equation 57). 

- H* - Me 
I 

I 
Me 

Me-C-0-0-OH 

- H202 I H+ 
(57) 

Protonatcd ozone, 0 3 H + ,  should have a much higher afinity (i.e. be a more powerful 
electrophile) for o-donor single bonds in alkanes than neutral ozone. Therefore 0 , H "  
initiates ozonolysis of alkanes in a similar manner t o  nitrolysis by the nitronium ion 
NO2+ ", chlorolysis by chloronium ion CI+ '* or protolysis by superacids". However, 
the rclativc order of reactivity of o bonds in alkanes with protonated ozonc was found to 
be gcncrally the following"': tcrtiary C-H > secondary, primary C-H > C-C; 
whereas the more usual order of reactivity towards a Iargc variety of elcctrophilic reagents 
is: tcrtiary C-H > C-C > secondary C-H > primary C-H. 

Several examples for ozonation of branched and linear alkanes with protonatcd 
a re  given in Tables 6 and 7.  



19. Ozonation of single bonds 

TABLE 6.  Ozonation of branched alkanes in magic acid at -78°C 

677 

A I ka  ne Major products 

A 

'u 

x ( - 100%) 

+4 ,,k, (60%) 
+OH 
,), (40%) 

+ OH OMe A (50%) A (50%) 

TABLE 7. Ozonation of straight-chain alkanes in magic-acid-S02CIF at - 78°C 

Alkane Major products 

CH, (a1 -5OOC) 
'OMe J y + A  

'OH 

Reactions of cycloalkanes with ozone in superacid media procced in a siiiiilar manner'" 
(Scheme 8) with the formation of protonated cycloketones and cyclic carbosoniurn ions. 
Several exaniplcs are given in Table 8. 
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OH H = - 78% [OH,,\\\. ]+ -3- 0 - 0 - O H  

0 3  H 

I H* - H203 I 
O+ 

H L o H  

SCHEME 8 
X- 

TABLE 8. Ozonation of cycloalkanes in  ma_gic-acid-SOzCIF at - 78°C 

Alkane Major producls 

0 
0 
OMe 
OMe 

(20%) (80%) 

(20%) (65%) (15%) 

(yMe o+Me 



19. Ozonation of single bonds 679 

An interesting and synthetically useful regiocontrol by functional groups has becn 
found by Olah and his coworkers". They observed that methyl alcohol, acetone or 
acetaldehyde are not oxidized by ozonc in magic-acid-SO,CIF solution. In the superacid 
system these oxygenated compounds are present as completely protonated species, is .  as 
Me+OH2, M e 2 C = O f H  and Me(H)C=O+H;  thus protonated ozone does not readily 
react with CT bonds located in the proximity of the carboxonium centre in the protonated 
substrates. However, reactions can occur a t  cr bonds which are located sufliciently far away 
from the charged carboxonium centre. Thus, the oxygenation of functionalized 
compounds in superacid mcdia takes place at positions 7 or further removed from the 
oxonium centre. These reactions allow the preparation of bifunctional oxygenated 
derivatives, as depicted in Table 9". 

TABLE 9. Ozonation of alcohols, kctones and aldchydcs in magic acid 

Substrate Reaction temp. Conversion 
("C) ( % I )  

Product 

-OH 

T 
OH 

0 

/ \ / \ C H O  

- 40 

- 40 

- 40 

- 78 

30 

LOO 

60 

1 00 

- 40 no reaction 

- 78 

- 78 

100 

80 

'OH * 'OH 

Ly 
'OH 

Ozonation in superacid medium has bccn utilized for selectivc oxyfunctionalization of 
 steroid^'^. Regiocontrol was achieved by existing keto functions as illustrated by 
equations (58)-(60). 
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Note added in proof 

After completion of this manuscript, there appeared the second volume of Ozonatioii iii 
Organic Chemistry by P. S. Bailey, published by Academic Press. The reader is referred to 
this book, which covers much of the material discussed here. 
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I. INTRODUCTION 

O u r  brief from the editor was to survey critically the mechanisms for the pyrolysis of 
peroxides in the gas phase. This subject matter includes peroxides, hydroperoxides, acyl 
peroxides, peroxy acids, peroxy esters, ozonides and dioxetanes. The years up to 1970 have 
been covered comprehensively by the three excellent reviews of Benson and Shawl, 
Richardson and O’Neal’ and Cubbon”. This review is therefore confined to the period 
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1970-1980. We have not been able to find any new work on hydroperoxides,acyl peroxides 
and peroxy acids. However, there arc two important comments to make about 
hydroperoxides (ROOH): First, as reported by Richardson and O'Nedl', gas-phase kinetic 
results are very poor (Table 1). Observed activation energies are as much as 6 kcal mol-'* 
lower than A H : :  

ROOH - R O  + OH (1 1 

This is probably because decomposition of the hydroperoxide is subject either to surface 
catalysis or to chain processes, such that reaction (1) was never isolated. However, Benson 
and Spokes' used the very-low-pressure pyrolysis technique (VLPP) to study thc 
decomposition of t-butyl hydropcroxide in ordcr to isohte step (1). By using thc Ricc, 
Ramsperger, Kassel, Marcus (RRKM)6 model thcy were able to extrapolate thcse rcsults 
to high-pressurc conditions in order to obtain values for A l  and E ,  (Table 1). Second, in 
relation to the oxidation of methyl radicals, the mechanism at low tempcratures 
(< 1000 K) involves the methylperoxy radical: 

TABLE 1. Pyrolysis of hydroperoxides: KOOH + R 6  + OH (1) 

Temp. range log A .El A[fy (298) 
R (K) ( s - ' )  (kcal mol-') (kcal mo l - I )  Reference 

Me 565-65 1 11 32 +_ 5 43.9 3 
Et  5 5 3 - 6 5 3 13.4 37.7 43.6 4 
i-Pr 553-653 15.2 40.0 43.6 4 

4 
t-Bu 553-653 13.7 37.8 43.2 4 

5 

- 14.5 40.7 

573-1323 15.6 0.5 42.2 f 2 - 

This mechanism (see Section 11) becomes important over a wider temperature range, 
because of a new stronger CH,-02  bond of 31 kcal mol- '  ' which depends upon the 
latcst value for AH: ( H 0 2 )  = 2.5 +_ 0.6 kcal mol- ' since D (H02-H)  is assumcd equal 
to D(R02-H)'. This now takes the value of 87.2 kcal mol-I. Batt has briefly covered the 
work on  pero~yni t ra tes~,  but they deserve a proper review hcre, especially in view of their 
possible iniportancc in relation to  atmospheric chemistry. In  conncction with the latter, i t  is 
also important to considcr the reaction of olefins with ozone".' ' (equation 3): 

0-0 

(1 I 

R ' ,  R2, R 3 ,  R4 = alkyl 

* I thermochemical calorie = 4.185 J. 
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and the chemistry of dioxetanes (1). The first of these cyclic four-membered ring peroxides, 
trimethyl-l,2-dioxetane, was prepared by Kopecky and Mumford". Before this time, 
dioxctanes were thought to be intermediates only. Since this first paper, much work has 
gonc into the synthesis and particularly the study of the thermal decomposition of thesc 
products. In all cases of substituted, 1,2-dioxetanes, the energetic quantities are such that 
the heat of reaction (AHRxN) and the activation energy (E, )  combined exceed the energy 
required for excitation (E*). The observed chemiluminescence accompanying thermal 
decomposition has been the subject of active research and r ~ v i e w s ' ~ - ' ~ .  

II. DIALKYL PEROXIDES 

Dialkyl peroxides are important, clean, thermal sources of alkoxy radicals. They may also 
be used to generate these radicals photolytically, but since the peroxides absorb in the far- 
UV, the alkoxy radicals carry considerable excess energy. Thus photolysis at 253.7 nm 
leaves the two alkoxy radicals with some 75 kcal mol- ' (of peroxide) since the 0-0 bond 
dissociation energy is only 38 kcal mol- '  ' * I 9 .  Large pressures ofdilueni gas are required 
for thermal equilibration". 

Dimethyl peroxide (DMP) assumes a special significance because the reactions of 
methoxy radicals are important in relation to: 

(u )  the chemistry of, the upper atmosphere, where they are formed via the 

( h )  the oxidation or combustion of organic compounds, in particular hydrocarbons; 

(c) the concomitant pollution of the lower atniospherc. 

photochemical oxidation of mcthane; 

and 

At low temperatures, the oxidation of methyl radicals appears to proceed via the 
formation of rnethylperoxy radicals which subsequently react with either a free radical (e.g. 
CH,O,', C H ,  or HO;) or with organic compounds (RH): 

CH3 + 0 2  + M ZIIXZZ CH3O2' + M  

C H 3 0 i  + HO; - CH302H + 0 2  (4) 

CH30; + CH3 - (CIi30)2- 2CH30 (5) 

As mentioned in theintroduction, the new and stronger, rcported CH,-02  bond strength 
now extcnds the temperature range over which this mechanism is important. At still higher 
temperatures ( > Z O O 0  K), the oxidation of mcthyl radicals may involve the direct 
interaction of the radicals with oxygen: 
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Dimethyl peroxide needs careful handling because the liquid is shock-sensitive* and the 
vapour subject to explosive decomposition. Two explosions have been encountered by one 
of the present a ~ t h o r s ' ~ * ~ ~ * ~ ~ .  Takezaki and Takeuchi pyrolysed dimethyl peroxide in the 
presence of excess methanol24. They were able to extract information about the initial 
bond-breaking step (11) albeit from a rather complicated scheme (Table 2 ) :  

DMP - 2 ~ ~ 3 0  (11) 

Hanst and Calvert" concluded that the rate of decomposition of pure dimethyl peroxide 
was first order with respect to  the peroxide and that the main products were methanol and 
carbon monoxide according to the stoichiometric equation (12): 

DMP - 312CH3OH + % C O  

TABLE2. Arrhenius parameters for the decomposition of dimethyl peroxide: DMP -+ S CH,O ( 1  1) 

(1 2) 

15.6 
15.2 
15.2 +- 0.3 
15.7 0.5 
16.1 f 0.5 

36.9 
35.3 
36.4 & 0.6 
37.1 f. 0.9 
38.0 & 0.9 

24 
25 
19" 
26 
22 

"Arrhenius parameters recalculated. 

They concluded that the mechanism consisted of the following steps: 

However, their determined value for E ,  is lower than that predicted by thermochemical 
calculations. Both Benson and Shaw' and O'Neal and Richardson' attributed this to the 
participation of a chain-reaction which could amount to 10-13 (x at 400K. This was 
subsequently verified by Barker, Benson and Golden26. Since this reaction is very 
exothermic, spurious results may also be observed due to the onset of thermal gradients in 
the reaction vessel28. Batt and M c C u l l ~ c h ' ~  studied the decomposition of dimethyl 
peroxide in the presence of excess isobutane (t-BuH) in order, amongst other things, to 
avoid the onset of thermal gradients. They were able to show that for complete reaction 
96 4 of the available methoxy radicals were converted to methanol. This verifies that 
dimethyl peroxide is a clean source of methoxy radicals. Their mechanism for the 
decomposition in the presence of isobutane is the following: 

(11) 

(1 6) 

DMP - 2 C H 3 0  

C H 3 0  + t-BuH - CHJOH + t -bu 
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2 t-8u 
(t-Bu)z 

t-BuH + 

The Aberdeen group have also determined the rate of decomposition ofdimethyl peroxide 
in the presence of either nitric oxide or nitrogen dioxide22. In these cases the step (1 1) is 
followed either by (18) or (19): 

C H 3 0  + NO - C H 3 0 N 0  

C H 3 0  + NOz - CH3 ON02 

(1 8) 

(1 9) 

It is concluded that the most reliable value for the Arrhenius parameters of reaction (1 1) 
(Table 2 )  are given from the study of the decomposition in the presence of nitrogen dioxide. 
Here the system is completely devoid of any surface effects. However, there is reasonable 
accord between several studies (Table 2 and Figures 1 and 2) .  The preferred result leads to 
a value of AH: (CH30)  of + 4.0 & 0.5 kcal mol- 29. One other step has been proposed in 
the decomposition of dimethyl pe r~x ide~ ' .~ ' .  This is the isomerization of the methoxy 
radical (20): 

CH30 + M - CHZOH + M (20)  

In the gas phase, this step will almost certainly be pressure-dependent at normal pressures 
( -  1 atm). Christe and Pilipovich3' discarded this step because no ethylene glycol was 
observed whereas Batt, Burrows and Robinsonz9 argued against this step on 
therrnochemical kinetic grounds. This reaction may be important at 900 K where Baldwin 
and coworkers have studied thc oxidation of methaneJ2 and a ~ e t a l d e h y d e ~ ~ .  It should also 
be pointed out that the decomposition of the methoxy radical (reaction 21) is too slow3', 

CH30 + M - C H z 0  + H + M (21 1 

under the conditions wherc the dimethyl peroxide pyrolysis has been studied, to compete 
with the other reactions of the methoxy radical. Under bald win'^''.^^ conditions, 
however, decomposition as opposcd to isomerization is the major process2'. 

It is interesting to compare thedecomposition of dimethyl peroxide with that of the fully 
fluorinated compound bis(trifluoromethyi j peroxide [(CF,O),]. One difference in the 
experimental conditions is that ~ n o n e l ~ ~ ,  a l ~ m i n i u m ~ ~ . ~ ~ ,  magnesium37 and 
reactors were used. In connection with the stability of bis(trifluoromethy1) peroxide, Levy 
and Kennedy35 first studied the equilibrium betwecn the peroxide and carbonyl fluoride 
and trifluoromethyl hypofluorite: 

(CF30)z CFzO + CFJOF (22) 

Porter and Cady4' had previously reported that the two products in (22) reacted together 
to give the peroxide. From AHPZ (295) = 24.5 k- 0.7kcalmol-', Kennedy and Levy 
deduced that AH: (CF300CF3)  = - 360.2 f 3 kcal mol-'. Theysubsequently studied 
the kinetics of both the forward and reverse steps3G. There were no sidc- or surface- 
rcactions and the stoichiometric rcaction ( 2 2 )  indicated an incrcasc in pressure upon 
reaction, so they measured the rate of reaction manometrically. Since the reaction reaches 
equilibrium, kinetic mcasuremcnts were confined to initial rates. The order of the reaction 
changed from first order at low pressures to half order at high pressures and whereas 
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F I G U R E  1. Arrhenius plots for the decomposition of dimethyl peroxide: DMP + 2CH,O ( 1  1 )  in 
the presence of B): r-BuH, 0:  NO2 and 0: NO.  Rcprintcd with permission I'rom L. Batt and Ci. N. 

Rattray, lr7rcrt7. J. C/iem. Kinet.. 11, 11x3 (1979). 

carbonyl fluoride inhibited the rate of reaction, trifluoromethyl hypofluorite and inert 
gases had no effect. They proposed the following mechanism: 
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2.2 2.3 2.4 2.5 2.6 2.7 

103 / T  K-' 

FIGURE 2. Arrhenius plots for the decomposition of dimethyl peroxide: DMP --t 2 C H 3 6  (1  1 ) in 
thc presence o f o :  r-BuH (from Ref: 19). A: CH 3 0 H  (from Rcf. 24); A: from Ref. 25 and 26; 8 :  from 
Ref. 26. Reprinted with permission from J .  R. Barker, S .  W. Benson and D. M. Golden, Inrem. J .  Chem 

Kiwr . ,  9, 31 (1977). 

At low pressures of peroxide, the rate-determining step is reaction (25), so that the rate of 
reaction was given by: 

-d[(CF3O)zI/dr = kz5(k23/k24)' [(CF3O)zI' 

Kennedy and Levy appreciated that the conditions for the above relationship were not 
quite fully met by their experimental conditions, but were neverthcless able to interpolate a 
value for k Z 5 .  This was given by: 

k , ,  = 1014.5'0.2 ~ O - 3 1 . 0 ~ 0 . 5 / ~ s -  1 * 

Kennedy and Levy also measured initial rates for the reverse of reaction (22). They 
concluded that k , ,  was given by: 

kZ7 = 1014.510-43.5 /0s-'  

Czarnowski and S c h ~ r n a c h c r ~ ~  had come to the same conclusion about the mechanism 
with rate data for the reverse ofreaction (22) over the temperature range 223-233°C. They 
also showed that k27 was given by: 

k27(03) = 1014.310-43.3c0.5 p S - 1  

This is in good agreement with the previous result. Both Czarnowski and S ~ h u m a c h e r ~ ~  
and Descamps and Forst3* simplified the mechanism for the decomposition of the 
peroxide by the addition of fluorosulphate dimer. Under these conditions, the 
trifluoromethoxy radicals were irreversibly removed by addition to the fluorosulphate free 
radical: 

* 0 = 2.303 RT kcal niol- I .  



692 Leslie Batt and Michael T. H. Liu 

Czarnowski and Schumacher3' also used carbon monoxide as a radical trap: 

CF30 + CO - CF3 + COz 

A similar reaction occurs with the methoxy radical and carbon monoxide42: 

CH30 + CO - CH3 + COz (31 ) 

For the bis(trifluoromethyl)peroxide, under the conditions stated, process (23) is clearly 
the rate-determining step. Descamps and Forst3' showed, by the Forst procedure4', that 
pressure dcpcndence of k 2 3  occurs only below 10Torr. Values for k 2 3  were obtained which 
are in excellent agreement (Tablc 3). On the basis that the reverse process (24) has zero 
activation energy, the bond dissociation energy D(CF30-OCF,) is 
46.8 f 0.5 kcal mol- ' (298 K). By comparison with dimethyl peroxide, the effect of the 
fluorine atoms is to strengthen the 0-0 bond by 9kcalmol-'. Using the heat of 
formation for the fluorinated peroxide cited earlier, a value for the heat of formation of the 
trifluoromethoxy radical may be determined since: 

A H :  (CF3O) = f [AH;, + AH; (CF3OOCF3)I 
= -156.7 +_ 1.5kcalmol-' 

TABLE 3. Arrhenius parameters for thc decomposition of bis(trifluoromethy1) peroxide: (CF30), 
-+ 2 C F 3 0  (25) 

E,,(kcal niol- ' )  

~~ 

Reference 

15.2 k 0.1 
16.1 0.15 
15.9 0.23 

46.2 & 0.33 
46.3 t- 0.4 
46.2 + 0.5 

36 
37 
38 

Using this value and the heats of formation ofcarbonyl fluoride44 and the fluorine atom44, 
one may determine AH;5 to be 22.9 f 1.6kcalmol-', very close to 
AH;' = 22.1 f 0.6 kcal mol-' for the similar process for the methoxy radical34. 

The entropy of the trifluoromet hoxy radical may be determined by comparison with 
that of carbon t e t r a f l ~ o r i d c ~ ~  using the method of O'Neal and Benson4'. Taking into 
account changes in mass, symmetry and electron degeneracy, So(CF36) = 66.3 e.u. For  
comparison thc values for the entropies of carbon tctrafluoride and the methoxy radical 
are 62.5 and 54.3 e.u." respectively. The standard entropy for bis(trifluoromethy1) 
peroxide is 97 f 1.2 e . ~ . ~ ' .  Hence the standard cntropy change for reaction (23) is given 
by : 

AS;3 = 35.6e.u. 

Thc preexponential factors for reactions (23) and (24) are related by the e x p r e ~ s i o n ~ ~ :  

In (A23/A24) = A S ; , / R )  - ( 1  + In R ' T )  
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where R = 1.987calK-'mol-', R' = 0.082litre-atmK-'mol-' and T is the absolute 
mean temperature of the experiments. Since E23 may be taken to be zero, 
A24 = k24 = lo''.' M - ' s - ' .  A similar calculation may be made to estimate k2G. This is 
given by k26 = 109.4 M -  ' s- '. Kennedy and Levy36 found avalue of lo9.' M -  s- in good 
agreement, but their value for k2, is half a power of ten less. 

Descamps and Font3' found that in the decomposition of bis(trifluoromethy1) peroxide 
in the absence of a radical trap, carbonyl fluoride inhibited the rate of reaction in 
agreement with Kennedy and Levy36. This provided good evidence for the participation of 
the reverse of reaction (25). Unlike Kennedy and Levy36, they found that the rate 
depended upon the concentration of added inert gases. However Kennedy and Levy were 
working at much higher pressures. In neat peroxide, DeSCdmpS and Forst found that the 
order of the reaction varied between 0.89 and 1.04 over the temperature range 509-545 K. 
They considered two mechanisms, one of which was identical to that of Kennedy and 
Levy36 and the other involved the thermoneutral chain step in the place ofreaction (26): 

F + CF300CF3 - CF3OF + CF30  (32) 

followed by: 

CF30 - CFzO + F (25) 

The chain step is a displacement process which therefore probably has a high activation 
energy. The chain length appears to be only 0S3', i.e. 1.5 molecules of peroxide decompose 
for each initiation step, so that it is difficult to differentiate between the two mechanisms. 
However, the nonchain mechanism does seem the more plausible. As discussed previously, 
analysis of the first mechanism leads to the result for the rate of reaction38: 

-d[CF,OOCF,]/dt = k25(k23/k24)' [CF3OOCF3If 

Since reaction (25) is almost certainly pressure-dependent under these conditions, this 
would raise the order dependence of the peroxide in agreement with the observed value of 
0.938. An cxtrapolation is required38 in order to obtain k 2 5 ( ~ 0 ) .  Using thc calculated value 
for k24 of lo''.' M - ' s - '  and 10IG s- '  for A Z 3  (Table 3) leads to the result: 

A z s  = 10'2.8s-' 

Also, since EobS = E25 + : ( E Z 3  - EZ4) = 49.7 
E23 = 46.2 kcal mol- 
not agree very well with those of Kennedy and Levy3" given by: 

1.4 kcalmol-' 38 and with E 2 ,  = 0 and 
(Table 3), E25 = 26.6 kcal mol- '. These Arrhenius parameters do 

k2' = ]0'4.510-31/fls-' 

although at 550 K the rate constants k25  calculated from the two expressions are almost 
identical. I t  is well known that the Lindemann extrapolation procedure used by Descamps 
and F ~ r s t ~ ~  leads to too low valuesofkzs and thereforeAZ5 and E25. Onewouldexpect the 
Arrhenius parameters to lie in between thtse two sets of reported results4'. This makes the 
rate constant for the decomposition of the trifluoromethoxy radical similar but somewhat 
smaller than that for the methoxy radical reaction34. 

results preclude reaction (33): Both Kennedy and Levy's36 and Desczmps and 

2CF30  - CF,OF + CFzO (33) 

On this basis i t  may be concluded that the ratio of the two rates 
R z 3 / R 3 ,  = k23/k33 [CF30]  < 10- '. Analysis of the mechanism under averape conditions 
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leads to  the rcsult [CF,o] = lo-'.' hl. Hence k 3 3  < 1 O H M - '  S - I .  The main difference 
between thedecompositionsofthc two peroxides is theslowness ofstep (33)compared tothe 
very fast step (1  3)" : 

Also the stoichiometric equation (22) is endothermic by 24.5 kcal mol- '  whereas the 
stoichiometric equation for dimethyl p ~ r o x i d e " . ~ ~  (equation 12) is exothermic to  the 
extent of 55.2 kcal mot-'. 

I t  has bccn shown that for dialkyl peroxides the bond dissociation energy 
D(R0-OX)  = 38 kcal mot-' independcnt of the naturc of R.  This rules out the 
possibility of alkyl-group: oxygen-atom g~iirche interactions for these peroxides". East 
and Phillips4' studied the decomposition of di-11-propyl peroxide in the presence 
of nitric oxide. Under these conditions no sensitized decomposition of the peroxide would 
be possible. They proposed the following mechanism to account for the products of the 
reaction: 

(34) 

(35) 

(n-PrO)2 - 2n-Pro 

" - P r o  + N O  - n-PrONO 

n-PrO + NO - CzHsCHO + HNO (36) 

n-Pro + HNO -- n-PrOH + NO (37) 

They concluded that the rate constant for reaction (34) was given by: 

k34 = 10 '4 .5  1 0 - 3 4 . 5 / 0  s -  1 

In terms of the previous argument E34 is too low by 3 kcal mot-'. The discrepancy may 
be duc to the crrors involved in estimating the yields of products from reactions (35), (36) 
and (37) o r  their further reaction. Perona and Golden58 studied the decomposition of 
di-1-amyl peroxide (DTAP) using the VLPP technique. Under these conditions, since 
the reactant concentration is so low, sensitized decomposition involving hydrogen 
abstraction reactions from the peroxide should be absent. The activation energy ob- 
tained by Pcrona and Goldcn for reaction (38)--the rate constant kJ8 is given by 
kJ8 = 10'5.8 10-36.4/Os-1--is lower than that cxpccted in terms of the above argument. 
Howevcr, the fit betwecr? thcexperimcntal VLPP data and thccalculated RRKM6 curveis 
not significantly altcred by varying E3,(m)  by + O h  kcal mot-'. Onc other important 
rcsult from this study is that the tertiary aniyloxy radical (t-AmO)only decomposcs t o  give 
acetone and a n  ethyl radical reaction (39a). A specific search was made for methyl ethyl 
ketone, but none was detectcd. This is in  agrcemcnt wi th  the results of Batt, Islam and 
Rattray4' although earlier rcsults are conflicting. 

DTAP - 2 t - A m 0  (38) 
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C2H5 + CH3COCH3 (39a) 
/- . /  

f - A m 0  

CH3 + CH3COCHzCH3 (39b) 
\ 

The pyrolysis of di-r-butyl peroxide (DTBP) must be a candidate for the record of the 
most studied reaction! It had been obscrved by earlier work of Hinshelwood and his 
coworkers5’ that the addition of certain gases accelerated the ratc of decomposition of di- 
f-butyl peroxide. In some cases this acceleration in the rate was interpreted in terms of an 
extension to current theories of unimolecular reactions. However they realized that some 
of these accelerations were due to chemical sensitization. Batt and Cruickshanks’ 
suggested that in the presence of sulphur hexalluoridc, the acceleration in the rate was due 
to a fluorine-atom-scnsitizcd decomposition of di-r-butyl peroxide: 

DTBP - 2t-BuO (40) 

t -BuO - CH3 + CH3COCH3 (41 ) 

CH3 + SFc - CH3F + SF5 (42) 

SF5 - SF4 + F (43) 

F + DTBP - HF + D T B P - ~  

DTBP- - t-BuO + (CH3)2C-CH2 /O\ 

(44) 

(45) 

C H j F  + SF4 (46) CH3 + SF5 - 
(However this interpretation has been disputed”.) Shaw and P r i t ~ h a r d ~ ~  also refuted any 
extension to the theories of unimolecular reactions and showed that high pressures of 
added carbon dioxide (15atm) had no effect on  the rate. They also noted that thc 
Arrhenius plot for reaction (40) was linear over the temperature range 363-623 K. The 
Arrhenius parameters are also independent of thc nature of the alkyl group in the 
peroxide”. Mention must also be made of the continued use of di-!-butyl peroxide for 
sensitizing thedecomposition ofother compounds, in particular in the production ofother 
alkoxy radicals. Loucks, Liu and H ~ o p e r ~ ~  generated a trifluoroisopropoxy radical via 
the scnsitized decomposition of trifluoroacetaldehyde (equations 40, 41 and 47). Thc 

DTBP - 2f-BuO (40) 

t-BuO - CH3 + CH3COCH3 (41 

CF3 
C H 3  + CF3CH0 - ‘CHO 

CH3’ 
(47) 

trifluoroisopropoxy radical abstracted a hydrogen atom from an organic compound (RH)  
(equation 48). Decomposition of the radical resulted only in the reverse of reaction (47) 
and the production of trifluoroacetone (cquation 49c) but none of the expected 
acetaldehyde (equation 49b). The heats of reaction were calculated using Group 
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CF3 CF3 

Cli3 CH3 

'CHOH + A 
/ 

>CHO + RH - 
AHo(kcal mol- ') 

CH3 + CF3CHO (494 11.4 

8.5 
CF3 / 

'CHO-CF3 + CH3CH0 (49b) 
H + CF3COCH3 (49c) 20.2 CH3' \ 

CF3 
CFs>c-O - CF3COCF3 + CF3 

-3 

(50) 

Additivity Rules''.Thegroupvalue AHp[C(F),(CO)] = - 151 kcal mol-' was generated 
from the result that AH'&, = f21.5 & 1.3 kcalmol-' 5 5  (see equation 50). The production 
of trifluoroacetone from reaction ( 4 9 ~ )  could not be differentiated from that produced via 
a disproportionation with a radical R' (equation 51). However, the yield of hydrogen was 

CF? 
)CHI) + R'- CF3COCH3 + R'H 

CH3 

much less than that ofthe trifluoroacetone. Loucks, Liu and HooperS4 also found evidence 
for the addition of trifluoromethyl radicals to trifluoroacetaldehyde (equations 52 and 53) 
(other relevant work is given in Reference 57). Finally, after many studies, the pressure- 

CF3 

CF3' 
6F3 + C F 3 C H O x  'CHO- CF3COCF3 + H (52)  

CF3 CF3 

CF3 CF3 
>CHO + RH - >CHOH + R  (53) 

dependent decomposition of the t-butoxy radical, generated from the pyrolysis of 
di-t-butyl peroxide, has been unequivocally d e m ~ n s t r a t e d ~ ~ .  When the results were 
subjected to a RRKMG analysis the rate constant was given by k4,(m) = 10 
0s-' 56.  

Ireton, Gordon and Tardy studied the decomposition of perfluorodi-t-butyl peroxide 
(PFDTBP)'*. Over the temperature range of 381-422 K and 5-600Torr they found that 
the decomposition was homogeneous, first order with respect to peroxide and free from 
any chainkensitized decomposition. Products were analysed by GLC. Only three 
tcmperatures were investigated so that errors would be expected to be relatively large The 
mechanism is given by: 

14.6 10-15.9 
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Step ( 5 5 )  is followed by the combination of the trifluoromethyl radicals. The rate- 
determining step is (54) given by: 

lo s - *  k - 10'6 .2 i1 .2 .  10-35.5 '1 
5 4  - 

They concluded that the presence of the fluorine atoms had no effect on the 0-0 bond 
strength just like the dialkyl peroxides but unlike trifluoromethyl peroxide mentioned 
earlier. 

111. PEROXYNITRATES 

Peroxynitrates are of considerable current interest because of their possible influence on 
the chemistry of the upper and lower atmosphere. In the upper atmosphere, the parent 
compound, peroxynitric acid, represents a sink for both hydropcroxy radicals and 
nitrogen dioxide: 

HO; + NO2 + M - H O z N 0 2  + M (56) 

Both precursors of peroxynitric acid affect the ozone cycle, referred to as the Chapman 
mechanism' 1 1 :  

O + 0 2 + M - 0 3 + M  (58) 

0 i- 0 3  - 2 0 2  (60) 

Peroxynitric acid may also play a role in photochemical smog formations9. Peroxynitrates 
may be formed via the photolysis of freons: 

CX3CI + hi* - CX3 + CI 

CX, + 02 - C X ~ O ~  

(61 1 

(62) 

CX3Oi + NO2 - CX3 0 2  NO2 (63) 

However, other fates may await the halogenotrimethylperoxy Equally, the 
nonhalogenated species may also play a role in the chemistry of the atmosphere. 
Peroxyacyl nitrates (PANS) are also formed in photochemical smog and are believed to be 
very toxic to vegetation6'. PANS are powerful eye irritants. Peroxybenzoyl nitrate is 
about two hundred times more irritating than formaldehyde and about one hundred times 
more irritating than peroxyacetyl nitrate (PAN)6'. PAN is an extremely explosive 
compound6'. 

Cox, Derwent and Hutton photolysed nitrous acid in the presence of synthetic air 
(1 atm) and carbon monoxide using a Row system63. The photolytic process generated 
hydroperoxy radicals and nitrogen dioxide according to  the chain mechanism below: 

HONO + hi* - HO + NO 

HO + CO - COZ + H 

(64) 

(65) 
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HO;, + NO -> HO + NO2 (67) 

HO; + NO2 + M - H02NOz + M (56) 

Nitric oxide, nitrogen dioxide and nitrous acid were monitored by chemiluminescent 
techniques. By modelling the reaction, the data could be used to dctermine the rate 
constant k68: 

HOzNOz - HOz + NO2 (68) 

Simonaitis and Heicklen photolysed nitrous oxide in the presence of oxygen, hydrogen 
( I  atm) and small amounts of nitric oxide and nitrogen dioxide6': 

HOS + NO2 + M - H02N02 + M (56) 

H02N02 -.HOz + NO2 (68) 

By a judicious choice of experimental conditions, data for kGa could be extractcd. Graham, 
Winer and Pitts monitored the decay of peroxynitric acid directly in the presence of excess 
nitric oxide using Fourier transform infrared (FTIR) spectroscopy to determine k68 G 5 .  

The Arrhenius parameters are given in Table 4. Baldwin and Golden calculated a value for 
k,, based upon an estimated value for kS6 of M -  ' s - '  and thc thermochemistry for 
reaction (68)G6. They also applied RRKM theoryG using a hindered rotational Gorin 
model transition state. Their result was in good agreemcnt with Cox, Derwent and 
H ~ t t o n ~ ~ ,  although this may be fortuitous. This is because Graham, Winer and Pitts have 
demonstrated the pressure dependence of k,, 6 7 .  Thus all the experimental data for kGs 
may well refer to pressure-dependent conditions. In fact the most reliablc data could be 
determined from the data in Reference 67 using KRKM theory6. The results in Table 4 
show that peroxynitric acid is thermally unstable at room temperature in the troposphere. 
However in the stratosphere the molecule will have considerable thermal stability, 
reinforced by the pressure-dcpendent decomposition at  the low pressures encountered 
there. The molecule may also have a considerable photolytic 

Duynstee and coworkers have synthesized i-butyl peroxynitrate by the reaction of the 
peroxy acid with dinitrogen pentoxide": 

Attempts to  synthesize methyl peroxynitrate this way did not meet with the same success. 
Niki and coworkers observcd the formation of pcroxynitrates (RO,NO,), where 
R = C,-C6,  via FTIR s p e c t r o s ~ o p y ~ ~ .  The method was to photolyse chlorine 
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(300-400 nm) in the presence of the appropriate hydrocarbon, nitrogen dioxide and air 
(1 atm): 

TABLE 4. Arrhenius parameters for the decomposition of peroxynitric acid at 1 aim: HO2NO2 
-+ H02' + NO1 (68) 

1% ( A s s f s - ' )  &(kcdl mol- ') Excess gas Reference 

16.1 & 1.6 23.2 2 air 63 
17.8 26 H2 64 
14.2 20.7 & 0.5 NZ 65 

66 16.4 23.0 - 

Dificulties were encountered with methyl peroxynitrate. In this case synthesis was 
achieved via the hydroperoxide: 

CH3OzH + CI - C H 3 0 i  + HCI ( 74) 

C H 3 0 i  + NO2 - CH302N02 (75) 

Similar results were found for halogenated methyl peroxynitrates (R = CCI,, CFCL,, 
CF2CI)71. Heicklen and coworkers have studied the decomposition of two halogenated 
methyl p e r o x y n i t r a t ~ s ~ ' * ~ ~  using a techniquc similar to that used by them for peroxynitric 

They monitored the concentration of nitric oxide as a function of time in order to 
determine k76 and k 7 7 :  

CCl302N02 - CC1302' + NO2 

CCl2F02NOz - CCl2FOi + NO2 

The results are shown in Table 5. Both of these nitrates have thermal stabilities similar to 
that of peroxynitric acid (Table 4). 

cox and R ~ l T e y ~ ~ ,  Hendry and Kcnley" and Schurath and W i p p r e c l ~ t ~ ~  studied the 
decomposition of PAN in the presence of excess nitric oxide: 

(76) 

(77) 

CH3C03N02 - CHJCO~ + NO2 

CHJCO~ + NO - C H J C O ~  + NO2 

(78)  

(79) 
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The rate of removal of the nitrate was monitored by IR s p e c t r o s c ~ p y ~ ~  or GLC7s*76. PAN 
has a similar stability to  that of the other pcroxynitrates (Tables 4 and 5) but as noted 
previously has been shown to be subject to explosive decomposition. A similar study was 
made on peroxypropionyl nitrite76 (Table 5 ) :  

CzH5C03NOz - CzHsC03 + NO2 (80) 

In comparison with the other peroxynitrates, A (Tables 4 and 5 )  appears to be too high by 
1-2 powers of ten. Finally Spence, Edney and Hanst studied the decomposition of 
peroxychloroformyl nitrate using the same technique77 : 

Similar Arrhenius parameters were obtained (Table 5).  

TABLE 5. Arrhenius parameters for the decomposition of some peroxynitrates: R02N02 + R o t '  
+ NO2 

R 
~ 

CHjCO 14.9 
16.3 
15.4 

CZHSCO 18.0 
CClJ 15.6 & 1 
CCl2F 16.6 1 
ClCO 16.8 

21.9 
26.9 
25.7 
29.2 
21.9 
24.4 
27.7 

~~~ ~~~~ 

74 
75 
76 
76 
72 
73 
77 

IV. OZONIDES 

The mechanism for the pyrolysis ofozonides in thegas phase is important in relation to the 
reaction of ozone with olefins and photochemical smog formation. In solution the Criegee 
mechanism7* is well NMR results show that the initial olefin adduct (A) 
(equation 83) can only react one wayso-*". Decomposition of (A) results in the formation 

H 

"\ 0 7 
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of carbonyl products and two zwitterions or  biradicals Z and Z '  (equations 84 and 85). Z 

and Z' subsequently decompose to give acids, esters, alcohols, ketones, alkanes, carbon 
monoxide, carbon dioxide and water (cquations 56-93). Secondary reactions include 

RZCH2CH2R3 + COZ 

/ 
2- RZCOOCH2CH2R3 
\ 

\ 
R3CH2CH2COOR2 (88) 

- R ' H  + COz (89) 

- R'COOH (90) 

2' - HCOOR' (91 1 

- R'OH + co (92) 

R'(H)C=O + H z O  (93) i -- 
reaction of a zwitterion, e.g. Z', with aldchydes or alcohols (equations 94 and 95) (in 

R' 

I 
Z ' +  ROH - H- c-OOH 

OR 

(95) 

reaction 94 the true ozonide is formed) and dimerization of, for example, Z (equation 96). 
As this mcchanism suggcsts, this sequence is very complex. Leighton assumed that the 
same mechanism operated in the gas p h a ~ c ~ ~ .  In 1973 O'Neal and Blumstein" proposed a 
new mechanism in terms of biradial intermediate equilibria (equations 97 and 98) of the 
molozonide formed in reaction (83). 
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A R '  - C-C-CH2CH2R3 i? '  \ (98) 
I . a  
0-0 

(B') 

Both Band B' can take part in three hydrogen-atom abstraction paths and a Criegee spiit. 
For B we have: 

a- H ahst r m t  iori 

0 R2 
II I 

I 
OOH 

- R'-C-CCH2CH2R3 

"0 
(C) 

Since the rearrangement is very exothermic, C carries excess energy. 

- R'COOH + RZCOCH2CH2R3 

- R1COCOCH2CH2R3 + R20H 

- R ' C d  CH2CH2R3 + OH 

R2 

I 
0 

0-H abstrciction 

B- 

(99) 
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D is a dioxetane and its decomposition results in fluorescence (see later): 

D - R’CH-CR2 + R3CH2CH0 + hv 

I I I  
OH 0 

f 
R 2  

\ 
To\ 

R3CH2CH2 0 

y- H ahsr ract iori 

R 2  

\ 

703 

(1 04) 

H . . . . . . . . . . k H  R3 

This rearrangement produces a five-membered ring dioxetane. 

Criegee split 

This mechanism satisfactorily explains the products formed and, because many 
intermediates contain excess energy, explains the observed fluorescences6 and the 
production of the excited hydroxyl radicals observed by Pitts and coworkerss6. Pitts and 
coworkers analysed their data on ozone + olefin reactions” and concluded that the 
O’Neal-Blumstein mechanism gave a very satisfactory explanation of their results. 
However, it must be noted that Herron and Huie interpreted their results on the addition 
of ozone to ethene8‘, propene and isobutene” in terms of the Criegee mechanism. 
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V. DIOXETANES 

It is clear that studies of the decomposition of dioxetancs bear some rclation to that of the 
ozonides. Like the ozonidcs, much controversy still remains over the actual mechanism of 
the d e c o m p o s i t i ~ n ~ ~ - ~ * .  However some general conclusions have been made: 

(1) Dioxetanes fragment quantitatively into two carbonyl derivatives, with one being 
electronically excited- < 1 % (S , )  and < 50 ”/, (TI ) .  

(2) Decomposition activation energies arc in the rangc 25 3 kcal mol- ’. These data 
have led.to two proposed mcchanisms. The first, suggested by McCaprago and Kearns3’ 
involves a concerted, simultaneous cleavagc of the oxygen-oxygen and carbon-carbon 
bonds in the ring. This directly generates the products with no  intermediates (equation 
107). The asterisk indicates an electronically excited species. This mechanism was later 

0 - 0 .  

advanced by Turrog2 who suggested that singlet-triplet surface crossing occurred along 
with the cleavage. The mechanism could now explain the high triplet yields observed in 
experimental studies. The second mechanism suggested by O’Neal and R i c h a r d s ~ n ~ ~ * ~ ’ . ~ ~  
involves two steps. First, the oxygen-oxygen bond cleavcs on thc straincd ring, producing 
a 1,6diradical intermediate. At this point, the singlet unpaired oxygen electrons have very 
little repulsive interaction in the triplet state and almost no  bonding energy. Therefore 
singlet and triplet states will be quite similar in cnergy, allowing transitions. Partitioning 
then occurs between singlet and triplet excited carbonyl products and ground-state 
carbonyl products (equation 108). O’Neal and Richardson explain the high triplet yield 
via a n  intersystem crossing to the triplet biradical just before the C-C bond breaks. 

t I I 
Both theories have been supported by further dioxetane s t u d i e ~ ~ ~ . ~ ~ . ~ ~ * ~ ~ ~ .  The 

mechanisms of dioxetane decomposition in solution arc quite complex but lie outside the 
scope of this chapter. However thermal decompositions of dioxetanes have been studicd 
almost exclusively in the liquid phaseI3-l8. Although studies in the liquid phase have 
allowed thc successful determination of relative amounts of excitcd singlet and triplet 
products, thermochemical values and factors involving chemiluminescence eficiency, 
important information has been lost. Studies of gas-phase dioxetane decomposition a t  low 
pressures minimize complications due to  excited state quenching and energy transfer so 
that high-resolution emission spectra can be obtained. Reactions in the gas phase have 
revealed amounts of vibrational encrgy in the products and have provided a n  easy 
identification of primary excitcd products in unsymmetrical dioxctancs. 

The first gas-phase luminescence experinicnt was reported by White and coworkers’”. 
Upon warming trimethyl- 1,2-dioxetanc above 50°C and at a vapour pressure of 5-15 Torr, 
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a faint blue luminescence was observed. A low-resolution emission spectrum with a broad 
band extending from 320 to 580nm with a maximum at -430nm was obtained. 
Approximately 85 of the emission was quenched by the addition of air from 5 to 13 Torr. 
The oxygen quenching suggests that the majority of the cmission was probably 
phosphorescence. The pulsed C 0 2  laser-enhanced decomposition of gas-phase 
tetramethyl-12-dioxetane employing methyl fluoride as a sensitizer was carried out by 
Flynn and Turro's group"'. The methyl fluoride was laser-pumped and the energy was 
transferred to tetramethyl-l,2-dioxetane to initiate decomposition. The experimcnts were 
performed in a static cell with one Torr of tctramethyl-l,2-dioxetane and 2-30Torr of 
methyl fluoride. T h r x  workers found quantitative formation of acetone and the induced 
decomposition of tetramethyl- 1,2-dioxctane was accompanied by the emission of blue 
light (&,,ax - 410 nm). The spectrum observed was similar to that obtained under thermal 
conditions. Direct excitation of tetramethyl-l,2-dioxetane by I R  laser was carried out by 
Haas and Yahav'03-'04. They found that chemiluminescence occurrcd following 
absorption of the laser pulse. Their studies indicated that the excited tetramethyl- 1,2- 
dioxetane decomposed by two processcs, a unimolecular process and a bimolecular 
collision-induced process. The chemiluminescence observed a t  420 nm did not match the 
fluorescence or  the phosphorescence of acetone and the possibility of a mixture of both 
emissions was suggested. 

Most gas-phase work on dioxetane decomposition has been conducted in a flow 
discharge system by Bogan and c o w o r k c r ~ ' ~ ~ - ~ ' ~  under the conditions of -4Torr, 
400-800 K and flow velocities of 1.5m s- ' .  A generalized coordinate diagram for 
dioxetane formation from 02( 'A) plus olefin and decomposition to ground and excited 
carbonyl products is shown in Figurc 3. Although the diagram is only a generalized one, in 
all cases the activation energy (12-13 kcalmol-' for ethyl, methyl, n-butyl and vinyl 
ethers'") for conversion of reactants to complex is lower than the activation energies 
(-25 kcal mol- ') of dioxetane decomposition. Therefore, in the complete process shown 
in reaction (109), the ratc of product formation is dependent on reaction (109a). The 
primary aim of these gas-phase studies was to provide high-resolution spectra of excited- 

0-0 

(1 09b) 

state products. It was deduced from the thermochemistry and the measured ElOga that the 
dioxetane intermediate contains at least 45 kcal mol- ' of excess vibrational en- 
ergy'05.'06.'08. This is an important difference between gas- and liquid-phase addition of 
Oz( 'A)  to olefins. Experiments have shown that there is no evidence of collisional 
stabilization of the dioxetane, pointing to a lifetime of < IO- 's .  The excess energy has 
allowed a further investigation into partitioning of vibronic energy of thc formaldehyde 
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Reactants 

'z 20 ; Y m % .;: 
kl 40 c 
a, 

Complex Products 

AB) + ( C D I  

FIGURE 3. Generalized reaction coordinate diagram. Excess energy denotes the energy available 
for partitioning among the vibrational, rotational and translational motion, at any point on the 
reaction coordinate. In all cases studied, the entrance barrier, located between Reactants and 
Complcx lies higher in energy than the exit barrier lying between Complex and Products. The product 
channel (AB) + (CD)* in some cases (vinyl ethers) may be higher than the exit barrier, but is always 
lower than theentrance barrier. The figure is a schematic and does not exactlyconform to the reaction 
coordinate for any of the reactions studied, however, it bears a close resemblance to the reaction 
coordinate for all but N,N-dimethylisobutenylamine. Reprinted with permission from D. T. Bogan, J. 
L. Durant, R. S. Sheinson and F. W. Williams, Photocherii. Photo. Biol., 30,3 (1979). Copyright 1979, 

Pergamon Press Ltd. 

product. The available energy for partitioning among vibrational, rotational and 
translational degrees of freedom (EVRT) is: 

E V R T  = E ,  - HRxN - 81 kcal mol- '  

since only H2CO(A1A2 --* X ' A , )  transitions a re  observed. Here, 81 kca lmol- '  is the 
excitation energy of singlet excited formaldehyde' l o .  Several factors were tested for their 
correlation with the hot-band activity of the formaldehyde spectra. These are shown in 
Table 6. Some discussion of the  possible involvement ofthese factors was given and  it was 
concluded that there is a n  important fundamental relationship between high quantum 
yields of S ,  formaldehyde and  high hot-band activity. 

Gas-phase studies have added valuable information t o  dioxetane chemistry, by 
complementing information from liquid-phase studies and, in some cases, providing more 
information. I t  remains a n  important method for probing reaction coordinates of isolated 
molecules. I t  also provides a method free of solvent effects and a need to synthcsize 
dioxctanes. 
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1. INTRODUCTION 

The homolysis of the 0-0 bond in peroxides may take place either by thermolysis or by 
photolysis. 

In general, peroxides absorb in the ultraviolet region, although the absorption curves 
for most of them do not form a peak. For example, diacyl peroxides have continuous and 
weak absorption bands commencing at ca. 280 nm as shown in Table 1 and Figure 1 '. 
Also, dialkyl as well as alkyl hydroperoxides' and hydrogen peroxide6 have 
UV spectral curves increasing continuously from 300 to 200 nm, i.e., at longer wavelengths 
than ethers and alcohols ( < 200 nm). Diaroyl peroxides2*', however, have primary and 
secondary absorption peaks (230 nm and 273 nm) close to those of benzoic acid or bentoic 
anhydride. 
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TABLE 1. UV absorption of diacyl per- 
oxides in n-hexaned 

713 

~~ 

Acetyl 41’ 
Propionyl 50 
tI-Butyryl 59 
Isobutyryl 54 
2-Methylbutyryl 62 
HzOz 23‘ 

~~ ~ 

“At 2531 ti. 
*In cyclohexane. 
‘In water. 
dReprinted with permission from R. A. 
Sheldon and J. K. Kochi, J. A m r .  Chetn. 
SOC., 92, 4395 (1970). Copyright 1970 
American Chemical Society. 

Wavelength, nrn 
10 

FIGURE 1. Absorption of acetyl peroxide in cyclohexane (I) and in alcohol (11) together with 
HzOz. Reprinted with permission from 0. J .  Walker and G. L. E. Wild, J. Chem. SOC., 1132 (1937). 
Copyright 1937 Royal Society of Chemistry. 
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When light energy is absorbed in a peroxide molecule, the molecule is excited until the 
energy is removed. In most cases, the energy is used for homolytic dissociation of the 
0-0 bond to give oxygen radicals. The photodissociation of some peroxides is possible 
even with 290 nm light, which is predominant in the Pyrex glass-filtered light obtained by a 
high-pressure mercury lamp. 

The photolysis can be used for production of hydroxyl radicals from hydrogen peroxide 
(equation 1 ), alkoxy radicals from dialkyl peroxides (equation 2), acyloxy and alkyl 
radicals from diacyl peroxides (equation 3), and also from peroxy esters, and, finally, alkyl 
and hydroxyl radicals from peroxy acids (equation 4a), and alkyl, alkoxy and acyloxy 
radicals from peroxy esters (equation 4b). 

HO-OH - 2HO' (1 1 

(2) RO-OR' - R O  + 'OR' 

RCOO-OCOR' - RCOO' + R'COO' 

R' + 2C02 + R" (3) 

RCOO-OH - RCOO' + 'OH - R' + C02 + 'OH (4a) 

RCOO-OR' - RCO2' + -OR' -- R' + C02 + 'OR' (4b) 

- 

Alkyl radicals, formed from acyl peroxides and peroxy esters, can be identified by ESR 
spectra at low Owing to the high steady-state concentration of alkyl 
radicals and the excellent signal-to-noise ratio (SIN ratio), intense ESR spectra are 
generally observed even with primary alkyl radicals which are usually unstable (Table 2)'. 
Figure 2 shows the ESR spectrum of the ii-butyl radical from the photolysis of di-n-valeryl 

FIGURE 2. ESR spectrum of n-butyl radical Srom the photolysis of a solution of n-valeryl peroxide 
in cyclopropane at - 105°C. The proton NMR field markers are in kcps. Reprinted with permission 
from J.  K. Kochi and P. J. Krusic, J.  Anier. Chetn. SOC., 91, 3940 (1969). Copyright 1969 American 
Chemical Society. 

peroxides. At very low temperatures, say at 4.2 K, a spectrum suggesting the presence of a 
pair of phenyl radicals can be observed on irradiation of single crystals of dibenzoyl 
peroxideg. The two largest peaks in Figure 3 are attributed to radical pairs. The magnitude 
of the dipole-dipole coupling suggests that ESR absorption is due to a pair of phenyl 
radicals formed by thc homolysis and decarboxylation of dibenzoyl peroxide (equation 5).  

h r  
PhC-0 -0 -C-Ph  - 2Ph' + 2 C 0 2  

I 1  I 1  
0 0 

(5) 
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TABLE 2. Hyperfine coupling constants of alkyl radicals from acyl peroxides"*h 

Alkyl radical 

~ ~~ ~~~ ~ 

Hyperfine coupling constants (G) 

CH; - 97 
CH 3CH 2' - 85 
CH3CH2CHi 7 105 
(CH3)2CH - 105 
CH 3CHZCHzCH; - 106 

(CH3)3CCH2' - 58 

CH2=CH(CH2); - 63 
CHz=CH(CH2)J' - 82 
c - C ~ H ~ C H ~ '  - 90 

(CH3)2CHCHl' - 57 

CHz=CH(CH2); - 105 

C ~ H S C H ~ C H ;  - 33 
P - C H ~ O C ~ H ~ C H ~ C H ~  - 20 
~ I - C H ~ O C ~ H ~ C H  2CH 2' - 37 
P - C H ~ C ~ H ~ C H ~ C H ~ '  - 25 
C6H 5 CH 2 CH 2CH 2CH 2' 
C ~ H J C H ~ C H ~ C H ~ C H ~ C H ;  - 44 

- 75 

CGH sC(cH3)2C(cH~)2'' - 88 

22.83 
22.30 
22.14 
22.06 
22.12 
21.93 
21.81 
22.17 
22.13 
21.93 
21.3" 
22.00 
22.04 
22.2f 
22.00 
22.06 
22.07 

26.81 
30.33 
24.74 
29.07 
30.02 

28.53 
28.84 
28.58 
21.3d 
29.27 
29.50 
29Sr 
29.35 
28.66 
28.12 
22.61 

0.27 

0.7 1 
h 
1 .oo 
0.61, 0.35' 
0.59 
0.69 
e 

0.78 
0.69 
r 

~~~~~ ~ ~ ~ ~~ ~ ~ 

"Solutions ca. 0.1-1 M peroxide in cyclopropane or cyclopentane solvent. 

'One S hydrogen. 
dNear-degenerate coupling constants for a and 
each multiplet ca. 4 G wide, due also to unresolved y-hyperfine interactions. 
'Unresolved. 
/Approximate value due to low solubility. 
'From photolysis of di-t-butyl peroxide in 2,3-dimethyl-2-phenyIbutane. 
hReprinted with permission from J. K. Kochi and P. J. Krusic, J .  Attier. Chetn. Soc., 91, 3940 (1969). 
Copyright 1969 American Chemical Society. 

Unresolved. 

protons leading to broadened quartet. Envelope of 

100 gouse 
H 

FIGURE 3. ESR absorption spectra obtained from dibenzoyl peroxide with magnetic field applied 
parallel to the a, b and c crystal axes. The spectra were obtained from an oscillographic display of the 
absorption at 4.2 K. Magnetic field strength increases to the right. Stick diagrams show calculated 
intensities of transitions. Reprinted with permission from H. C. Box, E. E. Budzinski and H. G. 
Freund, J .  Attwr. Cketn. SOC., 92, 5305 (1970). Copyright 1970 American Chemical Society. 
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It is of interest to note that no radical pairs of (PhCOO' + PhCOO') or 
(PhCOO' + PK) are observed, which shows that photoinduced benzoyloxy radicals are 
very unstable and rapidly eliminate COz affording PK radicals'. 

The 0-0 bond fission occurs with alkyl hydroperoxide ROOH to give RO' and'OH, 
but the radicals detected are usually ROO' because of the facile hydrogen atom abstraction 
from ROOH. 

Quantum yields for the photolysis are high. For example, peresters RCOOOR' on 
irradiation with 254nm light cleanly liberate 1 mol of COz in a quantum yield of unity, 
when irradiated in a pentane, decalin or acetonitrile solution at 30°C (equation 4)". 

(6) 
h s  

RCOI-OR' - P.' + C 0 2  + 'OR' 

Similarly, the UV irradiation of diacyl peroxides' liberating 2mol of COz shows a 
quantum yield of 2. 

A number of sensitizers for the photolysis of diacyl peroxides, peresters and 
hydroperoxides with > 305 nm light have been postulated' '.". They include aromatic 
ketones (e.g. benzophenone and acetophenone) and aromatic hydrocarbons (e.g. 
anthracene). Sensitizers absorb light energy of longer wavelength and transfer it to 
peroxides. Sensitization by ketones, which is readily quenched by triplet quenchers, occurs 
via the excited triplet state of the sensitizer, while the sensitization by hydrocarbons may 
involve excited singlet states' ' s L 2 .  The rate constant for the energy transfer from 
benzophenone to benzoyl peroxide is very large (3.2 x lo6 M-' s-'), but only 25 % of the 
excited peroxide decomposes because of deactivation or cage recombination". 

A. Comparison of Thermolysis and Photolysis of Peroxides 

Thermal and photochemical decompositions of peroxides are similar, since in both the 
primary reaction is the homolytic fission of peroxide linkage (0-0), giving oxygen 
radicals (RO', RCOO', HO' etc). But there are several points in which their behaviour 
differs. 

1. Excited radicals 

The photolysis is initiated by the absorption of light energy which excites the peroxide to 
cleave the 0-0 bond. Therefore, some of the produced radicals are excited; i.e. 'hot 
radicals' are produced on photoly~is '~ .  Hot  radical^'^.'^, including those which are 
formed in the photolysis ofesters, are so unstable that they decompose before being able to 
take part in further intermolecular reactions. As an example, photolysis of diisopropyl 
peroxide gives an excited radical (i-Pro*) which readily decomposes to give mostly 
acetaldehyde and methyl radical before it reacts with other molecules (equation 7)". An 
alternative path for the photolysis is a concerted multiple scission in the primary process 
(equation 8a). 
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Ground-state (ordinary) alkoxy radicals formed by thermolysis can be trapped 
completely by scavengers such as nitricoxide; e.g. isopropoxy radical gives isopropyl nitrite 
and then acetone (equation 9). However, excited alkoxy radicals are not trapped by nitric 
oxide, but decompose according to equation (7b)' 5 .  

(CH3)2CHO' + NO - (CH3)zCHONO - CHJCOCHJ + HNO (9) 

Therefore, the molar ratio of excited and ground-state alkoxide, a, can be measured by 
the trapping experiments; e.g. in the case of isopropoxy radical, CL can be expressed as: 

a = 6 (CH3CHO)/[6 (CH3CHO) + 9(i-PrONO) + 9 (CH3COCH3)] 

Here 4 means the quantum yield of the product in parentheses. The CL values for 
isopropoxy and t-butoxy radicals derived from the photolysis of the corresponding 
peroxides are shown in Table 316, which shows that more than half of the alkoxy radicals 
are excited. 

TABLE 3. a Values of alkoxy radicals formed by photolysis of 
some dialkyl peroxides". Peroxide pressure 23.5 rnm, N O  
pressure 15 mrn, /i 2537 A at 26°C 

- Diisopropyl 0.60 
Di-t-butyl - 0.53 
Isopropyl t-butyl 0.12 0.64 

~~ ~ 

"Reprinted with permission from G .  R. McMillan, J .  Arne,-. 
Clrem. SOC., 84,2514 (1962). Copyright 1962 American Chemical 
society. 

Photolysis of dicumyl peroxide in n-hexane with 313 nm light gives mainly (95-100 %) 
up'-dimethylbenzyl alcohol by hydrogen abstraction of cumyloxy radical from the 
solvent RH, while the photolysis in carbon tetrachloride with the same 313 nm light gives 
mainly (95-100 %) acetophenone and some acetone, which are the products ofC-C fission 
of the hot cumyloxy radical (equation 10)17". 

(1 Oa) 

2Ph(CH3)2C-O' + 2RH - 2Ph(CH3)2C-OH + 2R' (1 Ob) 

2Ph(CH3),C-OO'*- PhCOCH3 [+ Ph' + CH3' + (CH312COI (1 OC) 

h v  - P h (C H3 ) 2 C- 00 - C( C H3 ) 2 Ph 2 P h ( C H3 12 C -0' 

Interestingly, small amounts of aromatic compounds accelerate the hydrogen atom 
transfer from solvent to oxyl radical via rapid addition of R' radical to arenes followed by 
hydrogen abstraction from the adducts' 7b. 

In the case of di-t-butyl peroxide, the decomposition of the excited radical gives acetone 
(equation 11). 

(CH3 )3CO'* - CH; + CH3COCH3 (11) 
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2. Excited substrates 

Excited substrates may show behaviour different from that of the ground state, as has 
been observed in the light-induced hydrolysis of esters of p- and r n - n i t r o p h e n o l ~ ~ ~ ~ ~ ~ .  
Similarly abnormal orientation in ionic substitution was observed in the solvolysis of 
methoxybenzyl acetate in which nucleophilic attack is enhanced by a metu-methoxy 
group2' and in the H-D exchange reaction with toluene and anisole, givingorthoand inetn 
preference2'. 

Abnormal orientation was observed in the photochemical reaction of toluene with ethyl 
chloroacetate, which should be an attack by the electrophilic radical 'CH,COOEt on the 
aromatic ring of toluene. Contrary to the normal isomer distribution of electrophilic 
attacks (parci, ortho >> ineto), thc reaction gave 5.2 "/, oi-tho, 9.6 "/, i m ~ c i  and 0.9 "/, para 
ethyl tolylacetate as in equation ( 12)22. This abnormal behaviour can be explained by a 
preferential attack of radicals on an excited aromatic molecule, in which the electron 
density is different from that of the ground-state molecule (Table 4)23. 

Yoshiro Ogata, Kohtaro Tomizawa and Kyoji Furuta 

(1 2) 
h i .  N2 

I C H ~ C S H ~ C H ~ C O ~ E ~  + CH2COOEt 

CH2 COO E t 

trace 

I '  C I ~ H ~ C H ~  + CICHzCOzEt - 

Analogously, the methyl radical derived by photolysis of acetjjl peroxide with 254 nm 
light gives xylenes, in which thc ortho:r?ieto:poru ratio produced at  30°C is 51 :35:142" 
(Table 4). Hence, the partial rate factors, in which the statistical factor of 2 for ortho and 
rneta positions is taken into account, for the ort/zo:inetn:para positions are 45:31:24, 
which is significantly different from the ratio 48: 23: 29 observed in the thermal reaction of 
toluene with methyl radical formed by thermolysis of acetyl peroxide". This trend of 
increasing meta-mcthylation is even more remarkable a t  lowcr temperaturcs (Table 4). 
The abnormal behaviour of photochemical methylation is explained by the participation 
of excited tolucne, which has diffcrent electron densities from the ground state (frontier 

TABLE 4. Frontier electron densities of excited arenes, PhK, at first excited state and product 
distribution in radical methylation with acetyl peroxide and cthoxycarbonylrnethylation (equation 
121' 

Substitution with 
Lowcst excited state 

frontier electron density Me' EtO,CCH,' 

K 0 111 P 0 I ? ]  p 0 I n  p 

M e  0.340 0.32 I 0.309 51 35 14" 33 61 6' 

M e 0  0.350 0.3 14 0.267 68 21 11'  59 28 13' 

-. 17 46 37' i-Pr 0.335 0.31 1 0.287 - 
- 0 65 35 t-Bu 0.327 0.295 0.258 - 

- 37 51 lZb - - 

54 32 14' - - 

- 

~ ~~~ ~ ~~ 

"At 30°C. 
'At -70°C. 
'At 20°C. 
"At -60°C. 
'Reprinted with permission from Y. Ogata, E. Mayashi and H. Kato,  B i d / .  Chrrri. SOC. Joprrri .51,  3657 
(1978). Copyright 1978 Chcrnical Society of Japan. 
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electron density of first excited State: ortho > mefa > para), and by enhanced steric 
hindrance at the ortho position at low temperature. Analogous behaviour is observed in 
the methylat ion of anisok. Thc reaction via exciplex (excited arene-peroxide) before 
0-0 cleavage of peroxide is conceivable. 

In the substitution of toluene with methyl radicals formed by photolysis of peracetic 
acid (254 nm light) the partial rate factors are 0rtlto:rneta:paru = 3O:49:2lz5. Attack by 
hydroxyl radicals, formed simultaneously by photolysis of peracetic acid, gives cresols, but 
the isomer distribution (orrho > para > meta) is analogous to that ofthe thermal reaction. 
The different behaviour of HO' radicals is attributable to the more random attack of the 
HO' radicals which are more reactive than the CH; radicalszs. 

The difference of behaviour between photochemical and thermal radical reactions was 
also observed for the reaction of toluene with 'CMezCN radicals derived from a,a'- 
azobis(isobutyronitri1e); the thermal reaction gives only a methyl substitution, while 
photochemical reaction gives both methyl and ring substitution productsz6. 

21. Photochemistry and radiation chemistry of peroxides 

B. Reactions of Peroxide-derived Radicals with Organic Compounds 

As stated above, photolysis of peroxide gives oxy radicals by primary homolysis of the 
0-0 bond. The radicals may be cleaved further and may give other radicals as well as 
their coupling products. 

The simplest case is the formation of hydroxyl radical from hydrogen peroxide by 
photolysis. The hydroxyl radical thus formed may react in the following processes: (a) 
hydrogen abstraction from organic compounds or from HZOz itself, (b)  addition to 
multiple bonds, and (c) coupling and yieldingagain HzO2. Processes Q and b then produce 
radicals again, and thus the radical chain may continue producing a variety ofcompounds. 
For example, when an aqueous solution of benzoic acid and H2OZ is photolysed, the initial 
process is the addition of HO' to the aromatic ring of benzoic acid, followed by 
dehydrogenation by HO' to give hydroxybenzoic acid and oxdative decarboxylation to 
give phenyl radical or phenol (equation 13)". 

C02H + HO' - (@:OzH a COzH + HzO (13a) 

a o : O z H  + HO' - OH + H 2 0  + COz 

Further reaction of the products, including cleavage of the benzene ring, gives a variety 
of secondary products: C 0 2 ,  HC02H,  CH3COZH, HOCHZCOzH, HOOCCOOH, 

(muconic acid), HOC6H40H, PhC6H4COOH, PhCOOC6H4COOH, etc. 
Furthermore, photochemical reactions of the starting material and products may occur 

in the absence of peroxide, as well as dark reactions of the starting materials and products 
with peroxide such as perbenzoic acid formation from benzoic acid and Hz02,  although 
these are fortunately very slow compared with the photolysis. 

HOOCCH~COOH, HOOCCH=CHCOOH, HOOCCH=CH-CH=CHCOOH 
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II. HYDROGEN PEROXIDE 

A. General Considerations in the Photolysis of Hydrogen Peroxide 

Hydrogen peroxide shows, due to the 0-0 and 0-H bonds, continuous UV 
absorption without peak increasingwith adecrease ofwavelength (see Figure I). Therefore, 
Hz02  can dissociate by absorbing UV light. The quantum yields for some types of this 
photolysis depend on  the wavelength as shown in Table SZ8. 

TABLE 5. Summary of primary processes in the photolysis of hydrogen 
peroxide' 

Quantum yield 

Primary process .-, 1236 A 1470 A, 2537 A 

H202 4 H'+ HO; 2 0.25" <0.01 

H2 + 0 2  

H202 -+ { 0.25 (0.01 
H 2  + 2 0 ( 3 P )  

H 2 0 2  -* H 2 0  + 0 (singlet) <0.01 <0.01 
H202 -* 2 O H '  _<0.50h -1.0 

"This value is based on the reduction in H 2  yield upon addition of C2D4 and 
represents a minimum since reaction ofH with H202 does not always lead to H 2  
formation. 
bThis assumes that all quanta absorbed lead to decomposition and that OH 
formation accounts for all decomposition other than H or H2 formation. 
'Reprinted with permission from L. J. Stiefand V. J. DeCarlo, J .  Chern. Phys., 50, 
1234 (1969). Copyright 1969 American Institute of Physics. 

Under acidic and neutral conditions and UV light of a low-pressure Hg lamp (254 nm), 
the primary photolysis of H 2 0 2  gives almost completely hydroxyl radical HO'. The latter 
reacts with H202  to give HO;, which can be observed with ESR at high concentrations of 
HzOZ at  77K29,30. Therefore, the photolysis has a chain mechanism analogous to the 
Fenton's reagent decomposition in the dark, postulated by H a b e r - W e i ~ s ~ " ~ ~ - ~ ~  (equation 
14). In contrast, in alkaline media, HzOZ is photolysed to give ozone via a transient 
~ z o n i d e ~ ~ .  

(14a) 
h t  

initiation H202  - 2HO' 

HO' + H202 - H2O + HOz' (1 4b) 

(1 4c) € HOz' + H202 - H20 + 0 2  + HO' 
Propagation 

Termination 2H02'- H202 + 0 2  (1 4 4  

The photodecomposition of H 2 0 z  is markedly accelerated by the presence of carbon 
monoxide, which reduces HO' to hydrogen in a chain mechanism (equation 15)3636. 

HO' + CO - COz + H' (1 5a) 

H' + H 2 0 2  - HO' + H 2 0 ( o r H z  + H02')  (1 5b) 
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In the presence of organic compounds, the excitation of H 2 0 2  occurs by the 
photoenergy transfer from excited organic compounds as well as by the direct absorption 
of photon by H 2 0 2 ;  thus H 2 0 2  decomposes to give HO' radicals, which in turn react to 
abstract hydrogen atoms or add to any multiple bonds if present. 

Photolysis of H 2 0 2  for organic oxidation has the following advantages: ( i )  the 
generation of HO' radicals without contamination by metallic ions such as Fe2+ or Fe3+; 
( i i )  controllable concentration of HO' by the change of wavelength and intensity of light; 
( i i i )  possibility of reaction at  low temperatures even in the solid state; (iu) possibility of 
peculiar reactions. 

B. Oxidation of Alcohols and Ethers 

Primary and secondary alcohols react with HO' generated by photolysis of H 2 0 2 ,  
giving aldehydes and ketones along with dimeric substrates (equation 16)37-39. For 
example, methanol gives formaldehyde and ethylene glycol4o, and isopropanol gives 
acetone and p i n a c 0 1 ~ l . ~ ~ .  The rates of oxidation and product yields depend on the light 
intensity, temperature and concentration of reactants. 

(1 6b) 
R, - 

2 ,.,,C-OH - RR'C(OH)-CRR' (OH)  

Glycols and ethers are similarly oxidized by initial hydrogen atom abstraction with 
HO'. If H 2 0 2  is in excess, the products are further oxidized as shown in Tables 6 and 
7 for ethylene glycol dimethyl ether ( E X )  and ethylene glycol monomethyl ether 
(EME) (equation 17). Since the concentration ofH,02 is high in thesecases, peroxy radical 
H0; as well as  HO' may participate in these  oxidation^^^. 

TABLE 6. Yields of products in photooxidation of 0.223 hl EDE with 0.909 hf H 2 0 2  at 20°C" 

h a d .  
time Dec [ H 2 0 2 ]  Dec [EDE] C H 3 0 H  H C 0 2 C H 3  C H 3 0 C H 2 C H 0  EME CH3OCH,CO2H 
(min) ( X )  (%) ( (23 (X) ( X I  ( %) 

5 2.8 11.2 19.4 8.5 trace 25.8 2.9 
10 7.4 24.3 15.7 6.9 2.5 22.9 3.1 
15 11.6 35.8 14.5 7.8 2.1 19.6 2.0 
20 16.5 42.3 14.6 7.3 3.7 16.2 1.8 
30 27.3 57.1 14.3 6.0 4.1 16.2 1.3 

"Reprinted with permission from Y. Ogata, K. Tomizawa and K. Fujii, Bit//.  Chetti. Soc.Jopati, 51,2628 
(1978). Copyright 1978 Chemical Society of Japan. 

h t  
HOCHzCHz0CH3 - C H 3 0 H ,  CH30CHzCHO. H C 0 2 C H 3 , C H 3 C O Z ~  (1 7a) 

aq. H202 
(EME) 
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TABLE 7. Yields of products in photooxidation of 0.167 M EME with 0.919 M H 2 0 2  at 20°C" 

h a d .  time Dec [ H 2 0 2 ]  Dcc [EME] CH30H HC0211 HCOzCHJ CH3C02H CH30CH2CH0 
(min) ( %) ( %) (%I (%) ( %) ( %) ( %) 

5 
10 
15 
20 
30 

2.9 5.4 30.2 - trace - 
4.6 13.6 18.8 trace 3.1 - 
7.3 13.8 24.5 0.1 4.5 trace 
7.8 20.6 19.5 0.1 3.2 0.1 

13.8 40.1 16.1 0.2 2.4 0.2 

11.8 
8.0 
9.2 
8.0 
6.6 

"Reprinted with permission from Y. Ogata, K. Tomizawa and K. Fujii, Bull. Chem. SOC. Japan, 51, 2628 
(1978). Copyright 1978 Chemical Society of Japan. 

The products from EME may be formed by the scheme shown in equation (18) initiated 
by hydrogen atom abstraction by HO' radicals43. 

li -f iss 

HO' or H202 

CH30 '  + CH3CHO 

CH3 OCH2 CHO 
CH30CH2eHOH 

H 0' 
EM€ - 

(1 8c) 

(1 8 4  
0 

OOH C H j C H O  - CHJCOOH 

EME - H O i  I h 
C H 3 0 k H C H 2 0 H  - C H J O C H C H ~ O H  - CH3OCH=O + HCHO + H 2 0  H 0' 

(1 8e) 

C. Oxidation of Carboxylic Acids and Esters 

Alkyl chains of carboxylic acids are usually subject to hydrogen atom abstraction with 
HO'. For example, acetic acid gives 'CH2COOH, which is identified by ESR38*44 while 
a y-hydrogen atom is preferentially abstracted in the case of longer chain aliphatic acids 
because of the repulsion between the electrophilic carboxyl group and the electrophilic 
HO- radical (equation 19)45. 

CH3 CH2CHzC02 H A H02CCHzCHzCOz-H 
aq. H202 

0 
I I  

CH3 CH2 CH2 CH2 CO2 H CH3CCH2CH2C02 H 
aq. H202 

0 

(1 9c) 
h II 

CH3 CH2CH2CH2CH2 CO2 H CH3 CH2CCHzCH2 C02 H 
aq. H202 

In the photolysis of carboxylic acids in the presence of excess H 2 0 2 ,  the subsequent 
oxidation gives a variety of products which eventually lead to carbon dioxide and water4". 
The oxidizability decreases in the order: CH3CH2C02H > HC02H > CH3C02H. At 
high concentration of H202 ,  the hydrogen atom of COOH may be abstracted. This 
process is assumed based on the formation of methane and ethane from acetic acid 
presumably by the scheme sho1::n in equation (20)47. 

HO' 
CH3C02H - CH3C0; - CH; + CO2 

(20) 
CH3-CH3 / Y:02H 
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Carboxylic acids bearing a-OH groups are more active than the parent acids toward 
H 2 0 2 ,  and their cr-hydrogen atonis are abstracted to give 3-keto acids (equation 21). 

$ 

jl: 
g 20 

10 

0 -  

Aromatic carboxylic acids are attacked mainly by the initial addition of H O  to a ring 
carbon forming phenclcarboxylic acids, e.g. equation (22). 

- 

- 

(22) 
h r  

PhCOzH - HOCeHqCOzH + PhOH + PhH 
n202 

The formation of phenol and benzene may be the result of hydrogen atom abstraction 
from the COOH group, followed by decarboxylation (cf. equation 20)4'. In the case of a 
large excess of H 2 0 2 ,  a variety of carboxylic acids are formed and consumed as the 
reaction proceeds (Figure 4)". 

40r--- 30 

Y 

4 a 
Time, h 

FIGURE 4. 
concentration [PhCO,H],, 1.72 x 
= 24.5). Here [ I0  means initial concentration. 

Timc dependencc of product yields in photolysis of PhC02H in aqueous H202 .  Initial 
M and [H20,],, 4.22 x l o - '  M ([H202]o/[PhC02H]o 

carbon numbcr of product 

carbon number of substrate 
[Product] ( M )  

[PhC02H decomposcd] (hl) 
Yicld ( x )  = x -___ x 100 

except for aromatic products whose yields are based on thc decornposcd PhC02H. Curve 1, 
HOC6H4C02H; curve 2, PhOH; curve 3, PhH; curve 4, H02CCH=CHC02H; curve 5, 
H02CCH2C02H;  curve 6, H02CC02H; curve 7, CH3C02H; curve 8, HC02H. Reprinted with 
permission from Y. Ogata, K. Tornizawa and Y. Yarnashita. J .  Cherii. Soc., Perkiri Tram. 2.61 6 (1980). 
Copyright 1980 Royal Society of Chemistry. 
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Phenols are oxidized further to give o-quinones and then muconic acids (equation 23)27. 

C 0 2  H C02 H C02 H C02 H 

I HO' 

1 
C02 H 

In the photolysis of esters in the presence of H 2 0 2 ,  the alkyl group is preferentially 
attacked; e.g. a methyl hydrogen atom of methyl formate is abstracted (equation 24)44. 

( 24) 
h r  

HC02CH3 - HC02CH2' 
H20z 

D. Oxidation of Nitrogen Compounds 

Ammonia (pK, 9.3) existing as NH4+ in acidic solution is stable, 5ut in a neutral or 
alkaline solution, free ammonia is attacked by H 2 0 2  on UV irradiation. The primary 
attack of HO' on NH3 is hydrogen abstraction to give amino radical, which is also 
observed in pulse r a d i o l y ~ i s ~ ~ .  The photochemical reaction of NH3 with H 2 0 2  in aqueous 
solution gives the products4' and yields shown in equation (25a) on the basis ofconsumed 
ammonia: 

h r  
NH3 + H202 - N2 + NH2OH -t N O > - +  NO3- 

pH 10.2 
23% 61% 15% 1.7% 

Primary and secondary aliphatic amines are photooxidized with H202 ,  i.e. with HO', 
via N-H bond fission rather than C-H bond fission, giving the corresponding amino 
radicals (equation 25b)". 

(25b) 
h r  

PRR'NH + H202 -- ZRR'N' + 2H20 

On the other hand, peptides are attacked by HO' at the carbon between the NH and 
C02- groups and by C-H bond fission to give carbon radicals characterized by ESR 
(Figure 5)51*52. 

Amino acids are subject to oxidative cleavage. The presence of an aromatic group 
facilitates the reaction by the energy transfer from the excited aromatic ring to H 2 0 2 .  The 
reaction of phenylalanine is shown in equation (26)53. 

NH2 
I 

NH2 
I 

NH2 NH2 
I h v (254 nm) I 

PhCHzCHCOzH H20z - H02CCH2CHC02H + HOCH2CHC02H + CH3CHC02H + NH3 

NH2 
I 

(26) + H2N(CH2)4CHC02H 
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+H NCH ?NHCHCO~- Glycylglycine 

p = 0.716 
3 / t 2 t t \  g = 2.00341 

0.11 3.29 0.70 1.13 1753 

9 
+H,NCH CH CNHCHC02- P- Alanylglycine 

2t 2/ t t g = 2.00339 2.97 0.56 1.23 17.39 p = 0.716 
0 

+l-$NC(CHJH!NHCHCO,- L - Alanylglycine 
1 1 t H t N \ * \  g = 2.00335 

[o" + 2aN = 3.67 ) 

0.12 0.28 a a 0.82 17.57 
p ~0.716 

FIGURE 5. Formulae of radicals studied in photolysed aqueous solutions containing the indicated 
dipeptide and hydrogen peroxide. Numbers below the formulae are hyperfine coupling constants in 
gauss for the indicated nuclei; g values and spin densities are also listed. Reprinted with permission 
from R. Livingston, D. G. Doherty and H. Zeldes, J .  Amer. Cliem. SOC., 97, 3198 (1975). Copyright 
1975 American Chemical Society. 

This kind ofenergy transfer is confirmed by quenching the fluorescence of tryptophan (1) 
by H 2 0 2  54. 

H a$/ CHzCHCOzH YH2 

(1) 

Cyclic amides such as uraci! are degraded via oxidative decarboxylation; e.g. equation 
(27)55. 

H H 
I I 

cyo N-H "fyo N-H + O=C(NH2)2 + HOOC-COOH (27) 
0 

0 

E. Oxidation of Aromatic Rings 

As stated above, hydroxyl radicals add to aromatic rings yielding phenols after 
elimination of hydrogen from the adduct. Hence photochemical reaction of H 2 0 2  can be 
used to prepare phenols; however the high reactivity of phenols toward the oxidant 
reduces the yield of phenol, since it  leads to further oxidation and ring-fission products, e.g. 
equation (28)56*57. 

OH OH OH OH 
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In the oxidation of phenols, the ortho and para positions are hydroxylated because of the 
electrophilic nature of thc HO' radical, with the ortho position being preferred 
(equation 29)58-60. The most suitable solvent is acetonitrile, since it is most stable against 
HO- radical attack and it can dissolve both phenols and H 2 0 2 .  Table 8 lists some products 

TABLE 8. Hydroxylation of phenols in acetonitrile by phoiolysis of hydrogen peroxide"-b*R 

X in HO 

Conversion H O B x  H O ~ x O H  "ax decomposed HzOz of phenol Other 
(mmol) (mmol) (mmol[ XI) ( %)' ( mc products (%)' 

H(30) 
p-Me (37) 
p-Ph (29) 

p-t-Bu (30) 
p-Cl (31) 

P-AC (29) 
p-COOH (29) 

p-CN (30) 
IwCOOH (30) 

65 
32 
e 

61 
c 

e 

20 
48 

20 

26 (89) 

23 (80) 
20 (53) 

21 (69) 
14 (46) 

12 (42) 
18 (61) 
12 (41) 
18 (59) 

8.4 (27) 
6.4 (21) 

14 (26d) 
18 (25-29d) 
14 

24 
< 4  

28 
29 (38*) 
31f 
19 

16 
40 

5 (14") 
- 

- 

9.8 
- 

2,4'-Dihydroxy- 
diphenyl (5.5) 

4,4'-Dihydroxy- 
diphenyl 
(>1.0) 

Phenol (9.0) 
Hydroquinone 

(trace) 

H ydroquinone 
(trace) 

p-Hydroxy- 
benzoic acid 
(trace) 

"A solution of a phenol (20-37 mmol) and 35 % H2O2 aq. (30 rnl, 0.31 rnol) in acetonitrile (200 ml) was 
irradiated with a low-pressure mercury lamp with quartz housing (mainly 253 nm) under bubbling N2 
at ca. 40-45°C. 
"Irradiated for 3 h. 
'Yields are based on the consumed phenol. 
dYield obtained in the aqueous solution. 
'Not determined. 
f2,3-Dihydroxybenzoic acid (20 %) and 3,4-dihydroxybenzoic acid (1 1 '%,). 
gReprinted with permission from K. Omura and T. Malsuurd, Tetrahedron, 26,255 (1970). Copyright 
1970 Pergamon Press. 

obtained by the photooxidation of phenols bearing various sub~ti tuents~".  The apparent 
order of reactivity is as follows3o: p-Ph > p-Ac, p-CI > p-C02H, o-N02,  p-CN, p-t-Bu > 
m-C02H, p-NO2 > 2,4-(COMe)* > 2,4-(N02)2. The low yield is due to the further 
oxidation of produced dihydroxyarenes which are more readily oxidized than the parent 
phenols and thus form polyhydroxylated products or a tarry material, the so-called 'humic 
acid'. 
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QX - @ZH + ex 
727 

(29) 

OH OH OH 

111. HYDROPEROXIDES 

Alkyl hydroperoxides have generally UV absorption commencing a t  340 nm, so that 
they are photolysed by a mercury lamp light of 313 nm or 254 nm, resulting in 0-0 bond 
fission (equation 30). The radicals thus formed react further with peroxide itself, solvent 
molecules and/or other radicals; they are also cleaved at the C-C bonds to give smaller 
radicals and stable oxygen-containing (carbonyl) compounds. The C-C fission at  the p 
position is favoured in a solvent which resists the hydrogen abstraction in t!iz following 
order of leaving radical: 

H << Ph < p-N02C6H4 << Me < t-BuCH, < n-Pr -= Et < i-Pr < r-Bu < PhCH2. 

For example, the cumyloxy radical generated from cumyl hydroperoxide is unstable, 
releasing a methyl radical (equation 31)61. Photolysis products from hydroperoxides are 
usually analogous to the thermolysis products, but sometimes the product distribution is 
different owing to  the excited nature of the radicals (see Introduction). 

(30) 

(31 1 

h 
RO-OH - RO' + 'OH 

h r  
PhCMe200H -- PhCMe20' - PhCOMe + Me' 

A. Alkyl Hydroperoxides 

Ultraviolet irradiation of alkyl hydroperoxides gives as the initial step alkoxy and 
hydroxyl radicals by 0-0 fission. In the photolysis of r-butyl hydroperoxide, the t -  
butylperoxy radical has been identified by ESR", since both the f-BuO' and HO' radicals 
are more reactive than t-BuOO' and abstract hydrogen rapidly from the original 
hydroperoxide, e.g. equation (322). The r-butylperoxy radical either reacts with solvent or 
yields di-t-butyl peroxide (equation 32b). 

r-BuOOH + HO' (or r .Bu0)  - t-BuOO' + H 2 0  (or t.BuOH) (32a) 

Alkoxy radicals abstract hydrogen atoms from the solvent. For example, t-butoxy 
radical in isopropanol abstracts a tertiary hydrogen atom from the solvent and the 2- 
hydroxypropyl radical thus formed reacts according to the scheme shown in equation (33), 
giving the enol 2 (and then acetone) and hemiketal 3 which is then also converted to 
acetone. Intermediates 2 and 3 have been identified by means of the 13C CIDNP 
t e ~ h n i q u e ' ~ * ~ ~ .  Table 9 shows the products identified during the photolysis of r-butyl 
hydroperoxide in various alcohols, and Figure 6 illustrates the 3C spectrum recorded 
during the same process in ethanol. 
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\ 
\ 

\ 

EtOH 
I 
I 
I 

/ \ 
I 

200 100 0 

8, 

FIGURE 6. Carbon-13 spectrum recorded during photolysis of t-BuOOH in ethanol. Starting 
concentration oft-BuOOH was 10 "/, (v/v). Reprinted with permission from W. B. Moniz, S. A. Sojka, 
C. F. Poranski, Jr. and D. L. Birkle, J .  Amer. Chem. Soc., 100,7940 (1978). Copyright 1978 American 
Chemical Society. 

t-61.10' + MezCHOH - r-BuOH + Me2kOH (33a) 

r-BuOO' + Me2kOH - r-BuOOCMezOH - MeC=O (33c) 

(3) 

The product ratio of hydrogen atom abstraction vs. C-C cleavage in alkoxy radicals 
was estimated for the photdysis of t-amyl hydroperoxide (equation 34) in 2,4- 
dimethylpentane at 50°C by measuring the ratio of [amyl alcohol]/[acetone] [solvent] in 
a dilute solution65. The ratio was ca. 0.22, which was analogous to that in pyrolysis. 

H abstr. 
CH3 CH2 C(CH3 )2 OH (34a) 

(34b) 
C-C fission 

( C H J ) ~ C = O  + C H J C H ~  

CH3-CH2 -C(CH3)2-0' 
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B. a- Ketohyd roperoxides 

Ultraviolet irradiation of some a-hydroperoxyketones R'CO-CR2R300H gives a 
carboxylic acid R'COOH and a ketone R2R3C=0 via a radical scheme. The quantum 
yield is usually much higher than unity, suggesting a radical-chain mechanism66. For 
example, photolysis of a-hydroperoxy-a,a-diphenylacetophenone, PhCOCPh,OOH, in 
benzene affords benzoic acid (65 %) and benzophenone (90 %), along with benzaldehyde 
(4 %), phenol (3 %) and biphenyl (1 x) with the quantum yield of 2.5. 

The intermediary formation of benzoyl radical was demonstrated by formation of 
PhCOCl on addition of CC14 and formation of PhC03H on addition of 02. These facts 
together with facile intramolecular energy transfer from C=O* to 0-0 suggest the 
mechanism shown in equation (35), for the reaction, which involves the 0-0 fission of 
excited hydroperoxy groups to give acyl radical, hydroxyl radical and ketone. 

Yoshiro Ogata, Kohtaro Tomizawa and Kyoji Furuta 

hv 
PhC -CPhz - PhC-CPh2 - PhC' + CPhz + 'OH (35a) 

I I  I II I II II 
0 OOH 0 OOH 0 0  

PhC' + PhCOCPh,OOH - PhCOOH + PhC-CPh, - chain reaction (35b) 
II II I 
0 0 0' 

The reaction is sensitized with various ketones such as benzophenone, phenyl or-naphthyl 
ketone and fluorcnone, but not with anthracene which retards the decomposition as an 
inner filtcr. The ketone-sensitized decomposition occurs rcgardless ofits triplet energy (E.,), 
configuration (x-x* or n-n*) or ability for hydrogen atom abstraction. Other ci- 
kctohydroperoxides are photolysed by an analogous chain mechanism. 

C. a-Azohydroperoxides 

x-Azohydroperoxides are prepared by autoxidation of hydrazones and are known as 
HO' radical sources elfective for aromatic hydroxylation in anhydrous media67-69. 

The hydroperoxide 4a possessing absorption maxima at  285 and 413 nm is photolysed 
by UV irradiation in a benzene solution, resulting in thc 0-0 fission followed by p 
scission (equation 36)". Subsequently the solvent benzene reacts with HO' to give phenol 
(23 %) and biphenyl (3 x), while aryl radicals A t  give ArPh (86 %) and ArH (3 x )  and 
also ArOH. The orientation of aromatic hydroxylation in this reaction is similar to that 
with Fenton's reagent; e.g. anisole with 4a affords hydroxyanisole in a ratio of 
ortho:meta:para = 76:0:24, compared to Fenton's reagent giving 84:O: 16". The 
addition of molecular oxygen increases the yield of phenol (up to 52%) due to the 
acceleration of dehydrogenation of intermediary cyclohexadienyl radicals 5. 

I 

I 
00 H 
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( 5) 

When t-butanol is used as a solvent, the photolysis of 4a gives benzaldehyde mainly 
(32 %) together with a small amount of p-bromophenol, (CH3)2C(OH)CH20H and 
(CH,)2C(OH)CH2CH2C(OH)(CH3)2. 

D. Alkenyl Hydroperoxides 

Alkenyl hydroperoxides give cyclic peroxides by acetophenone-sensitized photolysis in 
Freon 11 solvent". The reaction is initiated by the abstraction of hydroperoxy hydrogen 
by excited acetophenone' 2 * 7 2  followed by an intramolecular attack of peroxy radical on 
the double bond leading to cyclic peroxide (equation 37). 

t1 I( qMc - (y;. 2 HOO Q; + PhCoMe -pl,CMe- '00 
H H  0-0 

(37) 
0 14 

PI13 P 
- R '  CH200H - fi:; 2 OH 

0-0 0-0 0-0 

E. Polymeric Hydroperoxides 

In connection to the autoxidation of vinyl polymers, photolysis of polymeric 
hydroperoxides has been s t ~ d i e d ~ ~ * ' ~ - ~ ~ .  For example, irradiation of polystyrene 
hydroperoxide excites the phenyl group and then the energy is transferred to the 
hydroperoxy group which is cleaved at the 0-0 bond, initiating photo~xidation'~. The 
photolysis of cis-l,4-poly(isoprene hydrop~roxide)'~ has a primary quantum yield of 0.8, 
while the subsequent radical-chain decomposition increases the overall quantum yield 
with 31 3 nm light. The ratio ofquantum yields for 0- OH fission vs. polymer C-C chain 
scission is 71.4. 

IV. DIALKYL PEROXIDES 

Dialkyl peroxides have generally absorption at UV region shorter than 340nm (Figure 
7)3*76, so that they are decomposed by a Hg lamp. The primary reaction is again the 0-0 
bond fission, giving two alkoxy radicals which are apt to react further. Since the behaviour 
of these alkoxy radicals is often similar to those produced by thermolysis, the special 
features of photolysis will be presented in the following. 

A. Di-t-butyl Peroxide 

Di-t-butyl peroxide is the most common and stable dialkyl peroxide available, and it 
gives t-BuCS radiczls on photolysis7' (equation 38a). t-BuO' radical decomposes by itself 
to give Me' and acetone7* (equation 38b) or abstracts an atom from solvent to give the 
solvent radical7'. The t-BuO' radical, formed by photolysis, has excess energy, since the 
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FIGURE 7. UV absorption spectra of MeOOMe (1)' and (2)76, t-BuOO-t-Bu (3) and HzOZ (4)', 
reduced by factor of 10 [ E  = (loglo/l)C-'L-' 1 mol-'cm-'], Curve 2 may be the results of 
measurements extended beyond the reliable range of their spectromcter. Reprinted with permission 
from L. M. Toth and H. S. Johnston, J .  Amer-. Chcn. Soc., 91,1276 (1969). Copyright 1969 American 
Chemical Society. 

0-0 bond energy is below 40 kcalso, much lower than the ca 110 kcal of the 254 nm light 
energy. This excited radical, ('hot radical') is subject to direct decomposition (equation 
38b) or deactivated to ground state. This 'hot radical' is unimportant in the liquid phase 
because of its easy deactivation by collision with solvent molecules" 

(38d 
h r  

f-BuO- OBU-t -- 2t-BuO' 

t.BuO' - MeCOMe + Me' (38b) 

On irradiation of a gaseous mixture of di-t-butyl peroxide and a hydrocarbon, the 
quantum yield of peroxide decomposition depends on the concentration of the 
hydrocarbon, since the photoexcited peroxide is deactivated by collision with the 
hydrocarbon; i.e., the quantum yield of decomposition (+ = 2) in the absence of 
hydrocarbon decreases with increasing concentration of hydrocarbon8'. 

On irradiation of t-Bu202, the radicals t-BuO', Me' and t-BuOOCMe2CH; were 
identified by ESR as expected by equations (38a) and (38b)83*84. Irradiation of a mixture 
of di-t-butyl peroxide and t-butyl hydroperoxide gave t-butylperoxy radicals (ESR) 
(equation 39)85*86. Since the deslctivation rate constant of r-BuO' (1.3 x lo9 M-' s - ' )  
is much larger than that of t-BuOO' (3.0 x 1 0 5 ~ i - ' s - ' ) 8 3 ,  ESR can measure only 
t-BuOO'. To identify unstable radicals formed by photolysis. some radical scavengcrs 
such as nitroso compounds*'~89, trialkylarsincs and i r i a lky lphosph ine~~~*~~  are used. This 
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technique is called 'spin trapping'. For example, nitrosodurene is used for the ESR detection 
of t-butoxy and methyl radicals (equation 40). 

(39) t-BuO' + t-BuOOH - t-BuOH + t-BuOO' 

R' + oNae - / l I .  R - N  (40) 

M e  Me Me Me 

t-BuO' radicals, formed by thermolysis, can completely (> 99 %) be trapped by NO, 
while 'hot' t-BuO radicals, formed by gaseous photolysis, decompose to acetone and 
methyl radical as stated in equation (38b)I6. The CL value (= [acetone]/[acetone] + [ t -  
BuONO]), which is a measure of hot radical content, is estimated to be 0.5-0.616. 

The t-BuO radical can abstract hydrogen from hydrocarbons, alcohols and nitriles, 
forming carbon radicals, and similarly gives PhO' from PhOH and Me3Si from 
Me3SiH79*92. Irradiation of an oxygen-saturated alkane (RH) solution of di-t-butyl 
peroxide gives alkylperoxy radicals, ROO', via alkyl radicals formed by hydrogen 
abstraction from the alkane by r-BuO 93. 

t-BuO radicals can even abstract highly polarized hydrogen atoms from HCI, affording 
atomic chlorine, which in turn abstracts hydrogen from peroxide as shown in equation 
(41)94. 

Me 

CI' + t-BuOOBu-t - Me2COOCMe3 - k? + Me3CO'  (41a) 
I Me CH, - HCI 

'CH2 

In contrast, t-BuO' radicals seem to abstract protons from trifluoroacetic acid to form 
the cation radical, t-BuOH+ ', which abstracts hydrogen from alkanes and adds to a1kenes9' 
(equation 42) because of its strong electrophilicity, although t-BuO' itself tends only to 
abstract hydrogen from alkene. 

+ 
t.BuOH+' + R 2 C y C R 2  - t-BuO-R,C-cR2 (42) 

I 
H 

A strong singlet (g = 2.0091) of ESR was observed at  low temperature"; this signal 
may be assigned to l-Bu202+' formed by electron abstraction from t-Bu202 by t- 
BuOHf' ,  but t-Bu202+' decomposes to give Me' radical at over - 80°C96. 

There are many examples which use t-Bu202 as a radical polymerization i n i t i a t ~ r ~ ' , ~ ~ .  

B. Dimethyl Peroxide 

Gaseous photolysis (240-340 nm light) of dimethyl peroxide gives methanol, 
formaldehyde, CO and a trace of H23. The quantum yields of methanol (10 -+ 3) and 
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formaldehyde (10 + 0) decrease rapidly with reaction time, while that of CO (0 -, 1) 
increases and that of total carbon compounds (13 --+ 3.5) decreases. These facts suggest a 
chain mechanism (equation 43a)g9. 

- CHJ OH 
CH30'  + CH302CH3 - 'CH2O2CH3 - HCHO + CHsO' (43a) 

There is a competitive reaction (equation 43b) with this chain as formaldehyde builds 
up, thus decreasing the quantum yields of CH30H and HCHO (Figure 8)3- 

C H ~ O '  + HCHO - C H ~ O H  + HCO (43b) 

The chain scheme with CH@ as a carrier is terminated by coupling [2CH30' 
+ (CH,),O,] and disproportionation [2CH30' + HCHO + CH30H] at first, or 

reaction with formyl radical [CH30' + H e 0  + CH30H + CO] at a later stage. The 
side-reaction is the formation of molecular hydrogen (equation 43c). Formaldehyde acts 
as a chain terminator or polymerizes by itself, giving CH30(CH20),R, where R' is any 
radical. 

HCHO' - H- + He0 - Hz + CO (43d 

10 

1.0 

0 

E 0.10 

@ 
2, 

3 
c 
0 

.- 

c 

6 
t 

0.01 I I I I 1 1 1 1 1  I I I I 1 1 1 1  I I I l , I L  

1 10 100 1000 
Minutes 

FIGURE8. Integratedquantum yields for different productsin the photolysisofCH,02CH3;60"C, 
2537 8, radiation, 30 torr of CH302CH3. Reprinted with permission from L. M. Toth and H. S. 
Johnston, J .  Ante,: Chetn. Soc., 91, 1276 (1969). Copyright 1969 American Chemical Society. 
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C. Diethyl Peroxide 

Gaseous photolysis (313nm) at 30°C of diethyl peroxide gives CO, CH4, HCHO, 
CH,CHO, ethanol, acetone and biacetylloO. Photolyses carried out in CC14, cyclohexane 
and water solutions give ethanol and acetaldehyde as the sole productslo1. The quantum 
yields in CC14 and cyclohexane are 2, while that in water is over 5, suggesting catalysis with 
a trace of some catalysts. In water, Cu2+ ion is a good catalyst for the decomposition, and 
no effect of acid and temperature is observed. These facts suggest the mechanism shown in 
equations (44)-(46) for the photolysis in water. The mechanism for catalysis leads to a 
quantum yield expression: 4 = kl  [ C U ~ + ] ~ ~ ~ ' ~ / ( ~ ~ A ) " ~ ,  which is in accord with the 
observation. 

Uncatalysed reaction 

Cuz*catalysed reaction 

h 
EtOOEt 2Et0' 

A = absorbed light energy 
(44) 

EtO' + EtOOEt - EtOH + EtOOkHCH3 (454 

EtOOCHCH, - EtO' + CHJCHO (45b) 

2Et0'  CHJCHO + EtOH (454 

(464 

Cu' + EtOOEt Cu2+ + EtO- + EtO' (46W 

k i  
EtO' + Cu2+ - CU' + Ht + CHjCHO 

D. 8 is( trif I uo romet h yl) Peroxide 

The UV photolysis of CF300CF3 gives COz and COFz, which have been identified by 
IR at 8 KIo2. The trifluoromethylperoxy radical CF300' has been identified by ESR at 
103-74 K during the photolysis of CF300CF3 as well as CF30F, but C F 3 0  is observed 
at room ternperat~re"~. This is ascribed to the rapid reaction ofCF30' initially formed by 
0-0 fission with a trace of oxygen in the system, since the dissolution of oxygen at low 
temperature renders the complete removal of oxygen 

COF2 + 0 

CF300'  - c 
C02 + 2 F  

/ \  
0-0 

The photolysis of CF300CF3 under oxygen at - 190°C gives CF3000' radical by the 

The photolysis ( < 300 nm) ofCF3000CF3 gives CF4, CF30CF3, COF2 and CF300' 
reaction of CF30' and O2 (ESR)lo4. 

as products"'. 

E. Cyclic Peroxides 

and ethylene (96 %) probably via an oxygen 1,6-biradical (equation 48). 
Tetramethyl-l,2-dioxane is photolysed with 310-350 nm light to give acetone (99 %) 
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Photolysis of 1,2-dioxolane gives, via a 1,3-diradical, epoxide and ketone, the latter 
being a rearrangement product (equation 49)*06. The leaving ability of the ketone 
R2C=0 is in the order: Ph2C=0(25) > MePhC=O (10) > Me2C=O(1)"'. 

Cyclohexane diperoxide is photolysed to give interesting ring-enlarged products: 
cyclodecane (14 %) (6), undecalactone (9 x )  (7), as well as cyclohexanone (-20%); 
thermolysisgives thesame products in44,23 and 21 O/,yields, respectively108 (equation 50). 
Cycloheptane diperoxide behaves analogously. The ring-enlargement is explained by the 
intermediacy of a macrocyclic diacyl peroxide. 

+ 2co2 

1 hr 

1 
2 0 0  + 02 

17) 

Valerophenone dipcroxide (8) is photolysed in the presence of biacetyl as a triplet 
sensitizer (>400nm) to give PhCOBu (15 %), PhCOMe (9 %), 
PhCOCH2CH2CHMeOH (6 x), PhCOCH2CH2COMe (1 1 x) and PhPh (25 %)Io9.  A 
mechanism involving a 1,4-biradical (9) has been postulated (equation 51). 

, , , I M e C x H  PhCOBu + PhCOBu' + 0 2  + PhPh 

(51 1 
PhCOMe + 

I I I  

O& 

\ p h L -  

Ph 
( 8) 

( 9) 

Phb Y \  
P h b  OH + P h L  0 

trace 
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F. Other Peroxides 

Gaseous photolyses in the presence of NO of some dialkyl peroxides ROOR' 
(R = R' = i-Pr; R = t-Bu, R' = i-Pr; R = Et, R' = t-Am) have been studied". At 
254 nm, most hot alkoxy radicals except EtO" are not completely trapped by NO, but expel 
Me' or Et' to  give ketones. In contrast, the radicals are trapped by N O  in longer wavelength 
(3 13 nm) photolysis and in thermolysis, where most radicals have no excess energy. t-AmO' 
radical decomposes in two ways (equation 52) with a preference for equation (52a). 

k i  
Me E t '  + Me2C=0 

Et-C-0' I {-Me. 

I 
Me + MeCOEt 

k ?  

Light of a shorter wavelength tends to decrease the k , / k z  ratio, which is observed to be 
16-22 for thermolysis, - 16 for 313nm light and - 10 for 254nm light. 

Dicumyl peroxide (PhCMe20 f 2  is photolysed to give acetophenone' lo. In photolysis 
of a mixture of dicumyl peroxide and cumyl hydroperoxide the only detectable radical is 
PhCMe200 '  as observed in the other cases (equation 39)"'. 

Cyclohexadienone t-butyl peroxide (10) is photolysed by sunlight to give a ring- 
contracted ketone (12) via the cyclopentenone radical (11) which is identified by ESR" '. 

0 0 

__c I ,  (. t . B u e 0 u . r  - t ~ 0 u ~ B u . f  (53) t-BuoBu-t 
Me 0-OBu-t  COMe COMe 

(11) ( 1 2 )  (10)  

UV photolysis of the same peroxide 10 in methanol gives two cyclopentenone 
derivatives, 13 and 14, which are probably formed by the scheme shown in equation 
(54)' ". However, in benzene solution, more complicated products are formed. 

t - B u o B u - t  0 *, t-Bu..(J, 0' B u - t  t 4 3 u o  0' Bu-f 

__f - I I  
Me OOBu-t Me 0OBu.t Me OOSu-t 

(10) (54) 

0 

Photolyses of di-t-amyl peroxide6' and N,N-dialkylaminomethyl alkyl peroxides' 
have been reported. 
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V. DIACYL PEROXIDES 

A. Aliphatic Diacyl Peroxides 

Diacyl peroxides have continuous and weak absorption in the UV region shorter than 
350nm (see Table 1 ) I b .  Hence UV light of 250-35Onm can cleave their 0-0 bonds and 
then rapid decarboxylation occurs, giving alkyl radicals (equation 55)1'4e1 Is. 

(RCOO-12 RCOO' - R' + COz (55) 

The ESR spectrum at low temperature indicates the presence ofalkyl radical R ,  but not 
RCOO' because of its The rate of loss of radicals follows second-order 
kinetics, which points to recombination of the radicals; this rate decreases with increasing 
chain length of R'". A stable radical pair is observed in some cases118a. 

Photolysate radicals couple with each other, disproportionate or isomerize. In the 
presence of solvent, they attack the solvent, abstracting hydrogen atoms and generating 
solvent radicals which react further, or add to unsaturated bonds. Primary diacyl 
peroxides (RCOO-)2 in n-pentane with 254 nm light generally give alkanes RH, alkene 
R(-  H) and dimer R- R in a molar ratio of 9: 3:4, but the yield of ester RC0,R is below 
1 % I b .  For example, neat acetyl peroxide is photolysed to give ethane and methane 
(equation 56a); On the other hand, the reactions (56b) and (56c) occur in the presence of 
solvent RH. 

Products obtained by photolysis of acetyl peroxide in solid, liquid and solution 
(cyclohexane) states are given in Table loLa, which shows the highest yield of ethane in 
solid-state photolysis because of the lower probability of hydrogen abstraction by Me' 
radical and the higher concentration of free Me' radical. It is of interest to note that the 
photolysis of unsymmetrical diacyl peroxide R C 0 0 2 C O R '  at low temperature ( - 78°C) 
gives unsymmetrical dimeric hydrocarbon RR'  in a good yield (75 %)118b. 

Photolysis (254 nm) of acetyl peroxide in the presence 01 aromatic compounds aKords 
methylarenes, with the orientation different from that of thermolysis; e.g. photolysis in 

TABLE 10. Photodecomposition of acctyl peroxide" 

Composition (vol. %) 

Statc/solvcnt Temp. ("C) C 0 2  O2 Unsat. CO C2H, CH4 C2H6/CH4 

Solid 16-15 67.4 0.4 1.0 1.3 25.6 5.1 4.9 
Liquid 30 61.5 - -_ 1.8 17.5 19.5 0.90 
Cyclohexane 16- 18 59.7 0.9 0.9 1.3 8.4 28.9 0.29 
Toluene 80 44.6 1.4 - 2.0 1.4 50.7 0.03 

"Reprinted with permission from 0. J. Walker and G. L. E. Wild, J .  Cliern. Soc., 1132 (1937). Copyright 
1937 Royal Society of Chemistry. 
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toluene gives at -70°C XyleneS [C6H5CH3 + CH; + C6H4(CH3)2] in a ratio of 
ort/zo:meta:pa~a = 37:51: 12, in contrast to the thermolysis ratio of 56:27: 17. A t  higher 
temperatures the photolysis and thermolysis isomer ratios converge2". Photolysis of 
propionyl peroxide gives ethyl radicals, which form butane by combination, and ethane 
and ethylene by d i sp ropor t i~na t ion~~ ,~  '. 

Secondary and tertiary diacyl peroxides give by disproportionation some isomerized 
alkenes; e.g. bis(2-methy1butyryl)peroxide afiords a mixture of 1-butene, trans- and cis-2- 
butenes in the ratio of 5:3:119, in which I-butene is favoured by statistical rather than 
thermodynamic considerations". 

Photolysis of cyclobutylcarbonyl and cyclopropylacetyl peroxides gives the products in 
equation (57)Ih. 

(57b) 

If  the peroxide contains a C=C double bond, cyclization occurs by intramolecular 
attack of the radical on the double bond, e.g. equation (58)"'. 

In the photolysis ofC='80-labelled acyl peroxide, the ester formed is partially (15 x )  
scrambled, and in the photolysis of optically active peroxides the alkyl group in the ester 
retains 68 % of its configuration. Hence, most of the reaction may go through a four- 
membered cyclic transition state (equation 59)26. 

B. Diaroyl Peroxides 

Benzoyl peroxide has UV absorption at 231 nm (E 3.98 x lo4) and 274nm (E 
2.16 x lo3)', so that it is excited by UV irradiation to a singlet state followed by 0-0 
fission to give benzoyloxy radical and then phenyl radical by decarboxylation. The 
benzoyloxy radical is more stable than simple acyloxy radicals; hence it is often trapped by 
efficient scavengcrs such as vinyl monomers120 and iodine12'. In the photolysis of aroyl 
peroxides, a radical pair is formed and then reacts as shown in equation (60)122. 
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(60b) 

(60c) 

( 6 0 4  

recomb. 
ArCOOAr' 

[ ArCOO' 'Ar' I ,pi [Ar"Ar'] -- ArAr' 
escape 

Ar' + 'Ar' + CO? 

However, the radical pair (PhCOi'Ph) is not observed in the photolysis ofsolid benzoyl 
p e r ~ x i d e ~ . ' ~ ~ .  The effect of an external magnetic field on the cage and escape reactions has 
been measured with benzoyl peroxide in t o l ~ e n e ' ~ ~ * ~ ~ ~ ,  where a decrease (8 %) of cage 
product (PhCOOPh) and an increase (2 %) of radical products are observed'25. This 
phenomenon can be explained by Kaplan's theory'26. UV irradiation of benzoyl peroxide 
in benzene under N2 affords the products shown in equation (61)12'. 

h v  "21 

(61 1 PhCOzPh, PhPh, PhCOZH, COZ 

13% 33% 30% 135% 
(PhCootZ PhH, r. 1. - 

The yield of PhC0,Ph is higher than that in thermolysis or  triplet-sensitized photolysis 
(3  %). Further, similar high yields are obtained without benzene and in the presence of 
radical scavengers such as iodine12' or p-xylene' ,'. These facts suggest that phenyl 
benzoate (PhC0,Ph)  is a product in a solvent cagc (PhCO,' + Ph' + C02)12'. The 
different spin states of radical pairs explain the different yields of Ph C0,Ph;  i t . ,  thcsinglet 
radical pair can easily couple, but the triplet pair cscapes from the cageI2'. 

The yield of PhC0,Ph increases under oxygen atmosphere owing to the acceleration of 
dehydrogenation from the cyclohexadienyl radical (equation 62)34.35. 

An alternative mechanism for the formation of PhC02Ph could be a direct attack of 
excited benzene on benzoyl peroxide, but this is ruled out by a tracer experiment with 
[PhC(='80)0-]2,  which gives scrambled PhC'802Ph130. 

In the presence of vinyl monomers, PhCOO adds to the double bond to initiate vinyl 
polymerization; no addition of PhkO is observed, since no deoxygenation reaction occurs 
from benzoyl peroxide [(PhCOO--), * 2 PhkO + 02]131. 

Decarboxylation of PhCO; gives Ph', which reacts with solvent benzene giving 
biphenyl, while the formation of biphenyl by coupling of Ph' radicals is unimportant. 
Photolysis (254 nm) of benzoyl peroxide in toluene gives methylbiphenyls in an isomeric 
ratio of ort/io:nieta:para = 64:21: 15 together with benzene and other products expected 
from equation (61). The ratio is little affected by temperature and analogous to the ratio in 
t h e r m ~ l y s i s ~ ~ .  

P K  radical abstracts atoms from solvent; e.g. PhCl is formed in CCIs 1 3 2 . 1 3 3  and alkyl 
radical is formed from alkyl halide134. 

The kinetics of the photolysis of benzoyl peroxide in chloroform has been studied by 
means of I3C CIDNP135, the products being shown in Table 11. In Scheme 1 13', the rate 
constant k, (i.e. k ,  + k,) for the cage collapse process is nearly equal to k , (  10" s-  '), 1.e. the 
rate constant for formation of PhC02Ph, since the rate for dccarboxylation of PhCO,', 
k2, is negligibly small (103-107s-') by comparison to k , .  Thc cage escape is a diffusion- 
limited (very fast) process, k, = /<,,,, [CHC13] = 1.2 x 10' ' s- '. The rate constants, k 3  and 
k4, for hydrogen abstraction with Ph' and PhCOO' from CHC1, arc 3.7 x lo' and 1.5 
x i07 s-', respectively. 
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TABLE 11. Product distribution from photolysis of 0.83 M 
benzoyl peroxide in chloroform' 

741 

Product First period" Subsequent period' 

PhH 
PhPh 
PhCOzH 
PhC02Ph 
PhCCI, 
PhCl 
CZCI.4 
CzC1,H 
CzCl,d 

1 .o 
0.16 
0.3 
1 .o 
0.05 
0.0 1 
0.01 
0.0 1 
0.7 

6.8 
0.08 
3.2 
1 .o 
0.2 
0.0 1 
0.01 
0.0 1 
2.9 

"Normalized to the yield of phenyl benzoate. 
hO-l 300 s. 
' 13OO-64OO s. 
dIrradiation of CHCI, produced no detectable C2Clfi. 
"Reprinted with permission from C. F. Poranski, Jr., W. B. 
Moniz and S .  A. Sojka, J .  Amer. Chin. Soc., 97, 4275 (1975). 
Copyright 1975 American Chemical Society. 

k To 
PhCOzPh *- PhCOzPh 
b 

' k  k4 
Ph' A PhC02' - PhCOzH 

CHCI, 

PhH' - PhH 

SCHEME 1. 
Amer. Chem SOC., 97, 4275 (1975). Copyright 1975 American Chemical Society. 

Reprinted with permission from C. F. Poranski, Jr., W. B. Moniz and S. A. Sojka, J .  

Diaroyl peroxides are subject to photosensitized decomposition. Sensitized photolysis 
in benzene shows that aromatic ketones possessing triplet energy of over 59 kcal mol- 
(e.g. benzophenone) act as triplet-excited (n-x*) sensitizers, while aromatic hydrocarbons 
(e.g. naphthalene) act in their singlet-excited (n-x*) The excited sensitizer 
transfers its energy to the peroxide to cleave the 0-0 bond. The sensitization is 
suppressed by molecular oxygen because of the deactivation of the excited aromatic 
electron donor' '. 

Evidence for the triplet ketone-sensitized decomposition are the suppression by triplet 
quencher, 1,3-pentadiene, and also the enhanced absorption of the CIDNP spectrum of 
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formed benzene13'. O n  the other hand, the singlet decomposition is supported by the lack 
of reduction of the quantum yield on addition of a triplet quencher, by quenching the 
fluoresccnce of sensitizers by benzoyl peroxide, by analysis of Stern-Volmer plots138c and 
by CIDNP analysis'38b. The singlet-excited sensitizer forms an exciplex with ground-state 
peroxide which then decornposcs, but the exciplex is usually so unstable that it is 
undetectable. 

Introduction of a benzoyl group into the ring of benzoyl peroxide is effective (with 
C$ = 1) for intramolecular sen~itization'~'. A p-PhCO group is more efficient than a tneta 
one for the energy transfer. 

C.  Cyclic Diacyl Peroxides 

affords a ketoketene and benzopropiolactone as primary products (equation 63)14'. 
Photolysis of phthaloyl peroxide at room temperature gives ben~yne '~ ' ,  while at 8 K it 

The ratio of ketoketene vs. lactone depends on the wavelength of the light, because of 
their i n t e rcon~er s ion~~ .  Similarly, photolysis of succinyl peroxides in CHzClz gives the 
corresponding propiolactones and olefins (equation 64)'" and phenylmaleoyl peroxide 
affords phenylacetylene and polymeric unsaturated lactones'43. These reactions occur 
through 0-0 bond fission, followed by decarboxylation to a biradical(15) which in turn 
is cyclized or further decarboxylated. 

x-Lactone is formed as an intermediate from di-ri-butylmalonyl peroxide (equation 
65)'44. 

. . B U t l  a_ 0 -- polyester 
n-Bu  n-Bu etc. 

0 

. . B U t l  a_ 0 -- polyester 
n-Bu  n-Bu etc. 

0 
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D. Other Diacyl Peroxides 

Benzoyl acyl peroxides are photolysed at  low temperature to give alkyl benzoates and 
alkylbenzenes; e.g. acetyl benzoyl peroxide gives on photolysis methyl benzoate and 
toluene in a molar ratio of 1.8: 1 (equation 66)14'. The reaction occurs in a solvent cage and 
Me' has more chance to couple with peroxy oxygen, so that only 55 "/, scrambling is 
observed with '80-labelled peroxide in glassy ethanol at  77 K (equation 67). Phenyl and 
methyl radicals can be detected at very low temperatures by means of matrix isolation IR 
spectroscopy' 47-1 .The [PhCOO'Me] radical pair is also observed by low-temperature 
ESR14'. 

254 nrn 

- 7OoC, neat 
PhCO02 COMe - PhCOzMe + PhCH3 

VI. PEROXYCARBOXYLIC ACIDS 

A. Aliphatic Peroxycarboxylic Acids 

Aliphatic peroxycarboxylic acids (RC0,OH) have no characteristic UV absorption at 
230-300nm, although there is a continuous increase in absorption with a decrease of 
wavelength, so that the 0-0 bond is easily cleaved by UV light as well as by heating. The 
formed carbonyloxy radical is rapidly decarboxylated to give the alkyl radical; i.e. 
alkylperoxy acids are photolysed to give C 0 2  quantitatively (equation 68)47. The radicals 
thus formed react with organic compounds via hydrogen atom abstraction or addition to 
unsaturated bonds. Thus far, peracetic acid is the only aliphatic peracid used for the 
systematic photolysis studies. 

(68) 
hr 

RCO2OH - RCO; + HO' - R' + C02 + HO' 

7. C ycloalkanes 

The photolysis of peracetic acid in cyclohcxane gives cyclohexanol (90.2 "/o) and 
cyclohexanone (6.3 %) (equation 69)l5' but no methylation product is observed. This 
hydroxylation involves a chain mechanism of induced decomposition of peracetic acid 
with cyclohexyl radical R as a carrier (equation 70a-d). 

CH3C03H - CH3COY + HO' (704 
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CHjCO; - CH; + COz (70b) 

(70c) CHY (or HO') + RH - CH4 (or H,O) + R' 

2. Aromatic compounds 

Peracetic acid dissolved in aromatic compounds is photolyzed by excitation via an 
energy transfer from aromatic compounds or by direct excitation of peracetic acid. 
0. Sensitized decomposition. Since arenes have generally higher absorption coeficients 

than peracids, the incident light of 254 nm from a low-pressure Hg lamp is absorbed and 
excites the former to [ArH]*. Then the energy is transferred to the peracid which is cleaved 
at  the 0-0 bond (equation 71). 

[ A r H l "  + CH3C03H - ArH + [CH3C03Hl" (71 a )  

[ C H ~ C O J H ]  - CH3C0; + HO' (71 b) 

CH3C02' - CH3' + COZ (71 c) 

Since the fluorescence of excited toluene is quenched by peracetic acid, as shown in the 
Stern-Volmer plots of Figure 9, this sensitized decomposition proceeds by singlet energy 
transfer from excited aromatics2'. 

I 

4 i- 

? 
eo 

OO i 0.1 0.2 0.3 0.4 ( 

[CH,CO,H], M 

5 

FIGURE 9. Stern-Volmer plot for quenching of the singlet state of toluene by peracetic acid. Slope 
( k , ~ )  = 5.83, k, = 1.71 x 10' M -  s -  I ,  where kq is the quenching rate constant and T is the lifetimc of 
lowest singlet state. The T value of (3.4 x 10-'s) is quoted from S. L. Murov, Hcrtidbook of 
Phorochernisrry, Marcel Dekker, New York, 1973. Reprinted with permission from Y .  Ogata and K. 
Tomizawa, J .  Org. Chetn., 43, 261 (1978). Copyright 1978 American Chemical Society. 
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h. Direcr p / 7 0 ~ 0 1 ~ ~ . s i s .  Simple alkylbenzenes such as toluene and ethylbenzene absorb 

little light a t  over 290nm, so that peracetic acid is photolysed by direct absorption oflight 
energy. Sensitized (254 nm) and direct (> 290 nm) photolyses result in different product 
distributions and isomeric compositions of the methylated arenes. 

Irradiation by > 290 nm light favours hydroxylation of the side-chain more than 
irradiation by 254nm light’51-153 . For example, photolysis of peracetic acid in 
ethylbenzene gives a-phenethyl alcohol in a yield of 40-50 % at >290nm, but only 
15-20 ”/, at 254nm. The product distribution is almost identical when using different 
intensities with the same wavelength (300 W and 1 kW high-pressure Hg lamps). 

In contrast, the methylation of a side-chain with Me‘ radical is favoured with 254nm 
light rather than >290nm light. Thus the photolysis of peracetic acid in toluene with 
254nm light gives higher yields of ethylbenzene (10-13 X) and xylene (10-15 %) 
compared with lower yields of ethylbenzene (4-7 %) and xylene (8-6 %) at > 290 nm2’. 
Also the photolysis of peracetic acid in ethylbenzene gives higher yields of propylbenzene 
(25-30 %) and ethyltoluene (4-5 %) at 254 nm than their yields at > 290 nm ( 5  % and 
2 %, respectively)’”. 

The wavelength of light also affects the methylation of ring carbons, i.e. the isomeric 
distribution ofxylenes produced from toluene (Table 12)25. The order ofisomer distribution 
ofxylenes a t  254 nm is riieta > ortho > ptriu,  while at > 290 nm it is orrho > i)ieta > para. 
The latter distribution is in accord with those observed in the thermolysis ofacetyl peroxide 
in toluenez4. 

TABLE 12. 
acid’ 

Theisomerdistributionofxylenein the photochemical reactionortoluenewith peracetic 

Xylene x 10Jmol 

[CH3CO3HIa decomposed] [CH3C03H]” decomposed] 
x ~ o ( M )  x 10J(moI) 0- t)t- p -  x I O ( M )  x 1o4(mol) 0- tti- p -  

Xylene x i04mol 
[CH3C03H (orientation %) [CH3C03H (orientation %) 

3.5 1 54.4 2.64 
(35) 

2 .oo 43.7 1.95 
(33) 

1.81 30.5 1.15 
(31) 

0.65 13.8 0.53 
(31) 

0.37 7.23 0.27 
(36) 

4.19 
(56) 
3.34 
(56) 
2.08 
( 5 6 )  
0.94 
( 5 5 )  
0.40 
(53) 

0.66 
(9) 
0.70 
(Ilr 
0.47 

0.24 
(14) 
0.08 
(11) 

(13) 

4.71 51.3 1.36 
(57) 

3.77 45.0 0.95 
(57) 

2.74 34.2 0.84 
(60) 

1.87 23.4 0.56 
( 5 5 )  

1.06 11.6 0.34 
(49) 

0.78 0.25 
(32) (11) 
0.53 0.18 
(32) (11) 
0.38 0.18 
(27) (13) 
0.32 0.14 
(31) (14) 
0.24 0.12 
(34) (17) 

“Irradiation with 2537A light. 
blrradiation with >29OOA light. 
‘Reprinted with permission from Y .  Ogata and K. Tomizawa, J .  Org. Chettt., 43,261 (1 978). Copyright 
1978 American Chcmical Society. 

The photolysis of peracetic acid in xylene gives the aromatic products shown in Scheme 
2 and Tables 13 and 14’”. 

The effect ofxavelcngth on the product yields is similar to the photolysis in toluene; i.e., 
methylation of side-chain and benzene ring is favoured with 254nm light, while 
hydroxylation of side-chain is favoured with >290nm light. Further, there is a large 
difference in the orientations of methylation with 254 and > 290 nm lights (Tables 13 and 
14lS3). The intensity of light, however, does not affect the product distribution. 
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R' R Z  

&CHzCH + @-OH + $ ) - C H Z C H ~ ~  

(a) R = 2-Me ( a )  R' , R2 = 2.3-Mez (a) R ' ,  R2 = 2.2 -Mez 
(b) R = 3.Me (b) R ' ,  R2 = 3,4*Me2 (b) R', R 2  = 3.3 -Me2 
(c) R = 4-Me (c) R'  , R 2  = 2,4-Me2 (c) R '  , R2 = 4.4 -Mez 

(IV) (V) 

(d) R ' ,  R 2  = 2,6-Mez 
(e) R ' ,  R Z  = 3,5-Mez 
(f) R', Rz = 2.5-Mez 

SCHEME 2. 
(1980). Copyright 1980 American Chemical Society. 

Reprintcd with permission from Y. O p t a  and K. Tomizawa, J. Org. Cheni., 45, 785 

TABLE 13. Product yields in photolysis of peracetic acid in xylcnes" 

Product (2,) 

ortho (la) 3.4-30.7 2537 24.3 8.9 15.1 6.0 17.0 
ortho (Ia) 3.4-30.7 >2900 9.3 6.2 36.9 45. I 
H W ~ U  (Ib) 5.8-34.2 2537 20.3 9.1 10.4 6.3 18.9 
inern (Ib) 5.8-34.2 >2900 7.4 6.9 30.0 46.6 
p ~ r ~  (Ic) 6.0-33.5 2537 23.5 8.4 13.5 6. I 16.7 
puro (Ic) 6.0-33.5 >2900 10.2 5.9 32.3 43.4 

"Reprinted with permission from Y. Ogata and K. Tomizawa, J .  Org. Chem., 45,785 (1980). Copyright 1980 
American Chemical Society. 

These facts are explained as follows. The excited arene at 254nm is highly reactive and 
attacks peracid yielding methylated products probably via exciplex 
[ArCH3-CH3C03H]*, while no excitation of arene occurs at >290 nm and peracid 
decomposes to Me', COz, and HO' which can abstract hydrogen. Therefore, the 
concentration of ArCHi  radical is higher and the induced decomposition of peracid, 
leading to Iiydroxylation is accelerated at >290nm as shown in equation (72)153. 

ArCH2' + C H ~ C O J H  - ArCH20H + CH3CO2' ( 72a 1 

ArCH2' + HO' - ArCH20H (72b) 
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TABLE 14. Isomer distribution in photochemical mcthylation of xylenc ring" 

Distribution of 
CJ33Me3 (%I  

[AcO~H]  
Substrate x lo2 (M)  Light (A) IIIa Illb I l k  

1,2,3-Me3 1,2,4-Me3 1,3,5-Me3 
~~ ~ 

Ia 3.4-30.7 2537 46 54 
la 3.4-30.7 2900 63 31 
Ib 5.8-34.2 2537 31 46 2s 
Ib 5.8-34.2 2900 41 46 13 
IC 6.0-33.5 2537 100 
ic 6.0-33.5 2900 100 

~~ ~~ 

"Reprinted with permission from Y. Ogata and K. Tomizawa, J .  Org. C/zeni.,4S, 
785 (1980). Copyright 1980 American Chemical Socicty. 

Hence the methylation with 254 nm light occurs not only by simple radical coupling and 
radical addition to aromatic rings at their ground state, but also (i) by reaction between 
radical and photoexcited arene, which has a different electron distribution from that of the 
ground-state arene, (ii) by reaction via an exciplex [ArH-CH3C03H]* in which an 
electron is transferred from arene to peracid, giving thus a different electron distribution in 
the arene, and (iii) ortho attack by HO' forming a cyclohexadienyl radical, followed by 
attack of Me' radical. 

B. Aromatic Peroxycarboxyiic Acids 

Aromatic peroxycarboxyiic acids are photolysed by UV irradiation to cleave their 
0-0 bond, giving arylcarbonyloxy radicals, ArCO;, which are generally more stable 
than alkylcarbonyloxy radicals; hence decarboxylation and hydrogen atom abstraction 
compete. For example, photolysis of la-chloroperbenzoic acid affords chlorobenzene and 
mchlorobenzoic acid (equation 73a) 54, and o-methoxycarbonylperbenzoic acid is also 
photolysed to give methyl benzoate and monomethyl phthalate (equation 73b)'54. 

The photolysis of the latter peracid in the presence of olefins results in the epoxidation of 
olefins followed by opening of the epoxide ring by alcohol or water present, c.g. equation 
(74)'54. 
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VII. PEROXYCARBOXYLIC ESTERS 

A. Simple Photolysis of Peroxycarboxylic Esters 

1. Aliphatic peroxy acid esters 

Aliphatic peroxy acid esters have in general weak and continuous UV absorption 
beginning around 280nm due to n-lc* transition in the C=O group and the peroxide 
continuum, which is analogous to diacyl peroxides (Table 1 5)8*10*' 55. Hence, peroxy esters 
RC020R' are decomposed by UV irradiation via 0-0 bond fission, giving primarily 
RCO; and R'O' radicals. 

TABLE 15. Ultraviolet absorption of peresters at 2S37A in it-hexanc" 

Perester 
RC020C(CH3)2R1 

E 

Perester 
RC020C(CH3)2R1 

& 

R R' ( M - ' C m - ' )  R R' (M-' cm-') 

"Reprinted with permission from R. A. Sheldon and J. K. Kochi, J .  Amer. Ckenz. SQC., 92,5175 (1970). 
Copyright 1970 American Chemical Society. 

The ESR spectra and product analyses show that the carbonyloxy radical RCOO' 
formed is subject to very rapid decarboxylation (rather than hydrogen atom abstraction) 
to give alkyl radical R', with very little formation of aliphatic acid RCOOH and carboxy 
inversion product ROCOR', Thus photolysis of peroxy esters is a good way for obtaining 
alkyl radicals in organic solvents, in which the peresters are usually soluble. However, 
aromatic peroxy acid esters, yield ArCOO' radicals which are decarboxylated only slowly. 

As is apparent from Table 161°, the decarboxylation of methyl, ethyl and isopropyl 
esters of peroxyacids occurs in high yield (over 90 %), irrespectively of the nature of the 
alkyl group, with a quantum yield of unity (equation 75a). The parafins and olcfins 
produced, may contain also some products, such as methane, derived from p-C-C fission 
of the radicals". 

h 
RC020CMe2R'  -- [RCO; + 'OCMe2 R '  1 - [ R '  + COz + 'OCMe2R1 I 

(75a) - RH, R(- H), ROCMez R ' ,  COz,  R '  H, R '  ( - H), Me2C=0 

[ a  trace of R - R, R -  R ' ,  R' - R '  , R' MezCOH, etc.1 
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The photolysis of a mixture of r-butyl peracetate and t-amyl perpropionate gives t- 
BuOMe and t-AmOEt, but neither of the crossed ethers, i.e. t-BuOEt nor t-AmOMe. 
Hence coupling and disproportionation of alkyl-alkoxy radical pairs only occur within 
the solvent cage". 

The yield of the cage product t-BuOMe from the photolysis of t-butyl peracetate ( t -  
Bu00,CIvIe) is higher than that of thermolysis; for example, the photolysis yields are 
27 o/, in pentane (viscosity 0.21 cP), 44 "/, in decalin (viscosity 1.55 cP), 75 "/, in mineral 
oil (viscosity 80 cP), while thermolysis yield is 17 % in decalin (viscosity 0.59 cP) at  115°C. 
These facts suggest that low temperature and higher viscosity tend to keep the radical pairs 
inside of the cage. 

The yield ratio of alcohol to ether, R'Me2COH:R'MezCOR, increases in the series: 
R:Me < Et < i-Pr < t-Bu in the photolysis of RC03CMe2R'. This is ascribed to an 
increase in the ratio of (disproportionation + hydrogen abstraction): (coupling) in the 
R'MezC-O radical". 

In the photolysis of peroxyformate (R = H in equation 75a), hydrogen gas (46 %) is 
generated as a result of hydrogen atom abstraction or disproportionation, while the 
formation of t-BuOH is 90 o/, and formic acid is only 4 % (equation 75b)156. 

H C 0 2 0 B u - r  CO, + H, + t-BuOH + (Me2C0, C H 4 ,  HC02H)1,,,, (75b) 

The photolysis of t-butyl performate in deuterated solvents (acetone-d,, benzene-d,, 
CDCI3) gives DH, while thermolysis at 100°C gives only a trace amount of DH. The 
hydrogen atom abstraction rate estimated from this method is comparable to the other 
methods ( e g ,  photolysis of RSH or radiolysis of water). These facts suggest that the 
photolysis of HCO,O-Bu-! is a convenient method for generation of hydrogen atoms' 56 .  

The possibility of rearrangement of alkyl radicals generated from peroxy esters has been 
examined. Allylacetyl and cyclobutanecarbonyl peroxy esters afford radicals which 
cannot isomerize (equations 76 a and b), whereas, cyclopropylacetyl peroxy ester gives an 
alkyl radical which can isomerize by ring-opening (equation 76~)". 

C-0-OBu- t  A C 0 2  + [ 0 , 0 , O O B u - f ,  t -BuOH 
24% 

17% 22% 65% 

The facile and quantitative formation of alkyl radicals by the photolysis of r-butyl 
peroxycarboxylates is often used for thc study of radicals. For example, the photolysis of 
norbornenyl peresters prows the rapid equilibri mi betwcen s y 7  and ariri isomers, since both 
syri and trriti 7-deutcrated 7-norbornenyl peresters give the same mixture ofsyn- and anti-7- 
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deuterionorbornene in which the ratio of svri to ariti isomer is ca. 2 according to the NMR 
analysis after separation with preparative GLC (equation 77)157*’58. 

- CO,, t-BuOH 

(77) 

The photolysis of t-butyl peracetate was employed as a source of methyl radical to 
methylate purine derivatives in relation to the carcinogenesis. Purine derivatives such as 
caffeine (16), adenine (17), and guanine (18) Zre methylated at the 8-position. and the 
methylation rate varies with the pH of the solution (Figure 

3.9 

4 .o 

.L: 

0 
I 

o, 4.1 
- 

4.2 

I 
I I I I I I I I 1 4 .i 
- 1 0 1 2 3 4 5 6 7 6  

PH 
FIGURE 10. Experimental rate profile for C ( 8 )  methylation of caffeine with 2-butyl peracetate 
under irradiation by a 1200 W mercury lamp with Pyrex filter a t  25°C. Reprinted with permission 
kom M. F. Zady and J .  L. Wong, J .  Amer. Cheni. SOC., 99, 5096 (1977). Copyright 1977 American 
Chemical Society. 



752 Yoshiro Ogata, Kohtaro Tomizawa and Kyoji Furuta 

As apparent from the figure, the rate constant with caffeine increases with a decrease of 
pH, suggesting a Me' radical attack on neutral amino nitrogen at  pH > 6, (equation 78a) 
along with a faster attack on protonated amine which leads to a charge-transfer complex at  
pH < 6 (equation 78b)15'". 

The similar enhancement of radical methylation with decreasing pH is also observed in 
the methylation of pyridines at the 4-position' 59a; the reactivity order of alkyl radical is: 
CH,' < primary < secondary < tertiary 

Interestingly, 3-methylhypoxanthine (19) and 3,6-disubstituted purines are methylated 
at the 2-position under acidic conditions, but at the 8-position in a neutral solution'61. 
This is explained by the localization of the positive charge in the neighbourhood of the 2- 
position, as well as in the 1- and 3-positions of the protonated purines, because of the 
electron-releasing Me group (equation 79); thus the nucleophilic radical Me' attacks the 2- 
position, yielding a Me+-purine radical complex which gives 2-methylation' ". 

2. Aromatic peroxy acid esters 

The photolysis of aromatic peroxy esters gives a substantial yield of aromatic acids. For 
example, photolysis of t-butyl perbenzoate in decalin gives benzoic acid (30 x)  together 
with phenyl t-butyl ether (28 %), benzene (34 x),  t-butanol (68 %) and CO, (64 x) as 
shown in Table 161°. This result shows that decarboxylation of benzoyloxy radical 
giving PK radical proceeds more slowly than aliphatic acyloxy radical (RCO;). 

The lower quantum yield for the CO,  formation (0.59) compared with that in aliphatic 
peresters indicates recombination of PhCOO' with t-BuO to the original perester as well 
as slow decarboxylation of PhCOO' (equation 80)". 
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PhC020Bu-r [PhC02' + r-Buo'l - PhCOzH + t-BuOH 
(30%) I 

I (64%1 

[Ph- + C 0 2  + r-BuO'I 

I 

3. Peroxylactones 

Cyclic peroxycarboxylic esters, i.e., peroxylactones, are cleaved at the 0-0 bond by 
heat or  light, affording biradicals which are then decarboxylated to ketones and 
epoxides'62-'66 . For example, P-peroxylactone (20) is subject to photolysis and 
thermolysis to give ketones (21 and 21') and epoxides (22). 

0 0 

Me Me 

Ph (20 )  Me 

+ 
Ph 

Ph b + Me Me 
(21) (21')  (22) 

Photolysis (%) 7.1 7.6 49.5 

Thermolysis (%) 13.8 77.4 0.5 

The epoxide is a main product in photolysis, while ketones are the main products in 
t h e r m ~ l y s i s ' ~ ~ .  In the ketone formation, the migratory aptitudes for Me:Ph, i.e. the ratio 
of Me migration product (ketone 21) vs. Ph migration product (ketone 21'), is 0.94 for the 
photolysis and 5.6 for the thermolysis. 

A difference in products of photolysis and thermolysis is observed in the decomposition 
of tetramethyl-P-peroxylactone (23) (Table 17)16'. The table shows that the thermolysis 

TABLE 17. Product and quantum yields for the decarboxylation of P-peroxylactones' 

Yields (%) 

Process Conditions Ketone Epoxide Acetone Total 

Thermolysis 125"C, C-CgH12 IOO f 0.5 0.0 0.0 100 f 0.5 
TMD energized" 60"C, 11-CgH14 0.9 f 0.1 97 f 2 6 98 f 2 

Photolysis (sensitized) 313 nm, acetone 32 f 1 44 f I 6 16 f 2 
Photolysis ( 1 . 0 ~  Pip) 355 nm, n-C6H,4 50 f 2 20 f 2 25 f 5 95 & 5 

"Tetramethyl-l,2-dioxetane (TMD) chemienergizdtion. 
bNot determined. 
'Reprinted with permission from W. Adam, 0. Cueto and L. N. Guedes, J .  Atpier. Chern. SOC., 102, 
2106 (1980). Copyright 1980 American Chemical Society). 

Photolysis (direct) 355 nm, ll-CgH14 49 f 3 22 f 1 26 f 4 97 f 4 
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gives ketone alone, and the direct photolysis gives a mixture of ketone, epoxide and 
acetone (equation 82), while tetramethyl-l,2-dioxetane-energized decomposition (via 
energy transfer from chemically excited ketone) gives epoxide alone. 

Me. (23) Ketone Epoxide Acetone 

P 

. 
As shown in Scheme 316’, the 0-0 bond shearing in thermolysis occurs, involving 

overlap of the odd electron orbital with the carbonyl bond in generating a %-type 1,5- 
diradical, which is resistant to decarboxylation, thus leading to kctone. On the othcr hand, 
the photolysis proceeds via n--K* excitation to %-type 1,5-dioxyl radical leading to 
epoxide by facile decarboxylation. Here S and T mean singlet and triplet states, 
respectively. 

TO* Jy /I\ * ‘\. p-g 
TMD 

L 
S23. 

- 

! 

Ti 

K 
Y ‘ot 

Ketone Epoxide 

Reprinted with permission from W. Adam, C.  Cueto and L. N. Guedes,J. Anier. Client. SCHEME 3. 
Soc., 102, 2106 (1980). Copyright 1980 American Chemical Society. 
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The photolysis ofy-methyl-y-peroxyvalerolactone gives 2,2-dimethyloxetane in a higher 
yield (16 %)IG6 than the thermolysis (5.8 %) (equation 83). 

0 

Photolysis 16% 0.5% 73.7% 
Thermolysis 5.8% 0.5% 87.7% 

6. a-Acyloxylation 

Thermolysis of peroxy esters a t  65-1 15°C in the presence of cuprous salt gives acyloxy 
radical which can react with ethers and olefins leading to  u-acyloxylation; this method is 
no! suitable for heat-sensitive acyloxy products and low-boiling substrates must be treated 
under pressure. Photochemical reaction is appropriate for these cases, since it gives 
50-80 % ofu-acyl~xylat ion’~~,  e.g. equation (84). The reaction, if it is catalysed by light or 
Cu’ only, proceeds at a much slower rate. 

,CH3 
(84a) 

CuBr. / I $  
C Z H ~ O C ~ H ,  + C H 3 C 0 3 6 ~ - t  75% - C 2 H 5 0 C H  

\ 
O C O C H j  

0 

+ PhC03Bu-f  CuBr.hl  76% - oo2ph (84b) 

In the absence of Cu+ ion, acyloxy radicals formed by photolysis are easily 
decarboxylated, especially in the case of aliphatic ones (RCO; + K + CO,); hence no 
acyloxylation occurs, but coupling products between the substrate radicals formed by 
hydrogen atom abstraction are obtained, e.g. equation (85)16’. 

C. Intramolecular Oxidation of Unreactive C-H Bonds 

Photolysis of u-acetylperoxyacetonitriles in benzene or t-butanol enables the effective 
and successive oxidation of unreactive C- H bonds with an efficient regioselectivity. For 
example, the photolysis of peroxyester 24 gives 6-ketonitrile 25 via 0-0 bond fission 
followed by &hydrogen abstraction, ring-formation and ring-opening* 69. 

N’ 
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The starting peroxy ester can be prepared by the autoxidation of anions of secondary 
nitriles in alkaline solution to hydroperoxides followed by acetylation with acetyl chloride 
in 50-90 % yield (Table 18)'69. 

TABLE 18. The photolysis of a-peracctoxynitriles in 0.25 M benzene for one hour" 

a-Peracetoxynitrile 6-Ketonitriie Isolated yield ( %) 

OOAc 

N F k n  

NC, P O A c  

Ph- 

0 

0 
d N  

Ph 

Ph h N  

G C N  

Ph Ph 

50 

47 

15 

18 

52 

10 

~ ~~~ 

"Reprinted with permission from D. S. Watt, J .  Artier. Chern. Soc., 98, 271 (1976). Copyright 1976 
American Chemical Society. 

The yields of 6-ketonitriles parallel the stability of the presumed free-radical 
intermediate. Thus cr-acetylperoxynitriles bearing benzylic &hydrogen atoms suffer a 
competitive photodecarboxylation to yield cr-metho~ynitriles'~~. 

The reaction can be used for successive oxidation followed by nitrile group shift in 
saturated carbon chains, so-called 'reiterative functionalization of C-H bonds'. For 
example, monofunctional nitrile is transformed to trifunctional nitrile in several steps 
(equation 87). a-Peroxy esters bearing no &hydrogen atom cannot give 6-ketonitrile. 
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VIII. MISCELLANEOUS PEROXIDES 

A. Peroxymono- and Peroxydi-sulphates 

I .  Simple photolysis of peroxysulphates 

Peroxymonosulphate (HS05 - )  and peroxydisulphate (S208'-) are cleaved at the 
0-0 bond on UV irradiation, forming sulphate anion radical SO,; (equation 
88)'70-'72. The anion radical SO,; has an absorption maximum at 455nm 
(E  = 4 6 0 ~ - '  cm-') and a half-life of 3 0 0 p ~ ' ~ ' .  In the absence of inorganic or organic 
reactants, SO,; couples very rapidly to reform S 2 0 B 2 -  with the second-order rate 
constant of 3.7 x 1 0 8 ~ - ' s - ' .  SO,; is stable in acidic and neutral solutions, but very 
unstable in alkaline solution because offast reaction with hydroxide ions with a large rate 
constant 7.3 x 10' M - l s - '  (equation 89). 

HS05- so4' + HO' (88a) 

(88b) 

SO4: + HO- - S042-  f HO' (89) 

h s ~ c ~ ~ -  - 2So4' 

Irradiation of S 2 0 8 2 -  in the presence of a ruthenium complex such as Ru(bipyridyl)32+ 
gives electron transfer from the complex to S2082-  with a high quantum yield of ca. unity 
and a high rate constant of 5 x lo8 M - '  s- '  (equation 

s Z O ~ ' -  + e- - so42- + so4' (90) 

2. Reaction of SO,' 

SO4; is generated by photolysis and radiolysis of persulphates as well as by the redox 
reaction of peroxydisulphate with metallic ions; e.g. equation (91). Photolysis is more 
suitable for the study of the reactions of SO,; since no complications are caused by the 
metallic ions. 
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The anion radical SO,; easily abstracts hydrogen atoms from organic and inorganic 
substrates, generating various radicals, such as CO2; from formate, CO,; from 
bicarbonate, HO; from hydrogen peroxide and NH20 from hydr~xy lamine '~~ .  

Double-bonded compounds, e.g. fumarate ion, react with so,; to give an addition 
radical (ESR technique) -02CCH(OS03-)kHC02-  1 7 ' .  The anion of nitromethane 
reacts with SO,; to give an addition compound and a dimeric derivative. These reactions 
are used for trapping SO, ; (equations 92a-c)' 71. 
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Carboxylate ions, e.g. CH3C02 - and -02CCH2CH2C02 -, are decarboxylated, giving 
alkyl radicals (equation 92d)"'. In this case, SO,; acts as an electron abstractor rather 
than as a hydrogen atom abstractor. 

CH3C02- + sod' - CH3' + C02 + s 0 a 2 -  (924 

Since there are many studies o n  radiolytic formation of SO, ;, the properties, reactivities 
and reaction schemes of SO,; will be discussed in Section 1X.G. 

B. Phosphorus-containing Peroxides 

1. Perox ydiphosphate 

Irradiation of aqueous peroxydiphosphate by 254 nm light generates the phosphate 
radical ion' 75, which can behave as both acid and base as shown in equations (93a) and 
(93b)'76". 

(93a) 

(93b) 

h p 2 0 B 4 - -  - 2P042; 

H2P04'  HP04'  = P 0 4 2 *  
- H' - HI 

pK, = 5 7 pK, = 8.9 

As in the case of SO,;, phosphate radical can add to fumarate or maleate anions 
forming -O2CCH(0PO3-)6HCO2-,  and also to the anion of the cici form of 
nitromethane (CH2=N02-)  giving ' -03POCH2N02-.  The products and reactivities of 
phosphate radicals are analogous to those of SO,; ; e.g. hydrogen atom abstraction to 
hydroxylalkyl radicals from aliphatic alcohols, C 0 3  7 from bicarbonate ion and PO4' ; 
from HP03'-17". 

On the other hand, aliphatic carboxylic acids react with PO,'; to afford a-carbon 
radicals by hydrogen atom abstraction (equation 93c), whereas SO., ; gives 
decarboxylation products via one-electron oxidation. The reactivity of phosphate radicals 
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(93c) C H 3 C 0 2 -  + P 0 4 2 '  - 'CH2C02-  + H P 0 q 2 -  

varies with their extent of protonation. In general, the electrophilic reactivity decreases in 
the order: H2P0,' > HPO,; > P042.; and the reactivity of H2P04' is comparable to ihat 
of SO,;. This will be discussed in Section IX. 

2. Peroxyphosphates and peroxyphosphonates 

Photochemical Cu+-catalysed acyloxylation of olefins is possible by t-butyl 
peroxyphosphate (26) and t-butyl peroxyphosphonate (27) in analogy to the 
acyloxylation with percarboxylic esters (Section VII). For example, cyclohexene is 
acyloxylated in the presence of CuBr to give 50-70 "/, yield of phosphates (equation 94a) 
and phosphonates (equation 94b)'". 

in PlrH 
( R O I ~ P O O B U - ~  + 

( 26) 

R = Et ,  Pr. i-Pr, t -Bu;  R' = Me. E t  

This type of phosphorylation does not occur thermally even in the presence of Cue. The 
reaction is accelerated by the triplet sensitizer, e.g. benzophenone or acetone, and is 
retarded by radical inhibitors, but is not affected by a singlet sensitizer, e.g. Eosin-Y. 
Therefore, the peroxide is excited to the triplet state and gives acyloxy radicals which may 
be stabilized by complexing with Cu' and react at  allylic positions of olefins. 

3. Bisdiphenylphosphinic peroxide 

The decomposition of bisdiphenylphosphinic peroxide to its rearrangement product, an 
unsymmetrical anhydride, is much accelerated by UV (260nm) light, i.e. the half-life of the 
reactant is shortened from 10h to 7min by UV irradiation (equation 95)"'. 

0 0 0 
I I  I I  

?P'ph] - ,  - P h 2 P - 0 - P - P h  (95) 
0 0 
I1 I 1  

Ph2P-O-O-PPh2 
o d - - \ p h  I 

OPh 

( 28) 

In spite of the identical product, the mechanism of photolysis is different from that of 
thermolysis. The photolysis of the oxo-'*O-labelled peroxide gives the completely 
scrambled anhydride, while the thermolysis gives the 0x0-"0-labelled anhydride. Hence 
photolysis seems to occur by way ofa  free-radical intermediate (28) as shown in equation 
(95), but the therniolysismay proceedvia a concerted process or via an intimate radical-pair 
intermediate which cannot scramble' 79. 
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C. Aromatic Sulphoxyperoxides 

m-Nitrobenzenesulphonyl peroxide 29 decomposes in aromatic compounds, 
sulphoxylating arenes, but the yields from aromatic compounds bearing electron- 
attracting groups are generally poor. Irradiation accelerates the reaction. For example, the 
photochemical and thermal reactions in nitrobenzene give the products shown in equation 
(96) with yields in mol per mol peroxide. The isomer distribution and yields shown in 
equation (96) differ considerably in the dark and photochemical reactions; e.g. the 
ortho:rneta:paracomposition ofsulphonate30 is 21:58:21 for thephotolysis and 0: 1OO:O 
for the dark reaction' 8 0 .  
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1.5 0.28 

0.9 0 
X = NO2 

0.047 

0.35 
(96) 

On the other hand, the reaction of29 with benzonitrile (X = CN) gives a similar isomer 
distribution for 30; i.e., ortho:meta:para = 43:35:22 for the photolysis and 39:42: 19 for 
the dark reaction. These facts are explicable by assuming an  additional ips0 attack by the 
sulphoxy radical ArS03'  on nitrobenzene, leading to elimination of NOz (equation 97)'*O. 

ArS03' + (02 
r ArS03 sNo2 - ArS03' ArS03H + ArS03- 

1 
aNo2 

(97) 

D. Silicon- and Boron-containing Peroxides 

Peroxides containing Si or B can also be photolysed by 0-0 bond fission to give 
oxygen radicals (equation 98 and 99). These react further by hydrogen atom abstraction 
and addition to C-C double bonds as observed in the case of other peroxides. 

R3SiOOX h\. R3SiO' + 'OX (Ref. 181) (98) 

R = Me, Ph; X = H, r.Bu 

RCMe200B(OBu)z RCMe20'  +'OB(OBu), (Ref. 182) (99) 

R = Me,Ph 
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The hydrogen atom abstraction occurs not only from the solvent, but also from 
peroxide itself via both intermolecular and intramolecular processes; e.g. (equation 
100)'elc. Here R(-H) means k H z  or kHCH3 for R = Me or 'Et,  respectively. These 
radicals have been identified by ESR spectra. The ESR study also shows that the 
photolysis of bis(trialkylsily1) peroxide R3SiOOSiR3 affords alkyl radical R' by C-Si 
fission together with the above radicals as observed with di-t-butyl peroxide' 'Ic. 

XOOSiR3 
XOOSiR2 R(-H) R = M e , E t  (1 OOa) 

R2Si-CH2CH2CH; R = Pr (1 OOb) 
I 

OH 

IX. RADIATION CHEMISTRY 

A. Introduction 

For the radiolysis of organic and inorganic compounds'83 01-, p-, y- and X-rays, and 
accelerated ion beams may be used. In general, y-rays from 6oCo and 13'Cs and pulse 
radiolysis techniques are ased, which employ a high-energy electron beam impulse 
followed by photoflash for spectral analysis just as in flash photolysis. 

The rays used for the radiolysis have generally much higher (over lo6 times) energy than 
light energy. The marked difference between photolysis and radiolysis is that the radiolysis 
is always initiated by high-energy particles resulting in the ionization of molecules, while 
photolysis occurs by absorbing light quanta by definite molecules at  a definite absorption 
band without any ionization of molecules except in the case of very short wavelength UV. 
In radiolysis the energy is absorbed by a number of molecules, leading to nonselective 
ionization and excitation of a number of molecules along the track of charged psrticles. 
The photochemical reaction prohibits the direct transition to a triplet state from a singlet 
ground state, but the radiochemical reaction permits direct transition; e.g. cis olefin can be 
transformed directly to trans isomer via a triplet state. 

In radiolysis the G value is the number of molecules reacted or produced per 100 eV of 
absorbed energy. For example, the radiolysis of water at  neutral pH affords hydrated 
electron (eaq-), hydroxyl radical, proton, hydrogen atom and hydrogen peroxide with G 
values shown in par en these^"^^: 

H20-?eaq- (2.7). HO' (2.71, H' (2.7). H' (0.6). H202 (0.7) 

In a N,O-saturated aqueous solution, eaq- reacts with N 2 0  to form HO' radical 
(equation 101). Hence N 2 0  is often used for scavenging electrons in order to simplify the 
reaction system. Since HO' is about 10 times more reactive than reaction in the 
presence of N 2 0  occurs mainly by way of HO' 
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8. Radiolysis of Hydrogen Peroxide 

The radiolysis of aqueous hydrogen peroxide is not initiated by the direct radiolysis of 
H 2 0 2  ( H 2 0 2 +  4 HO; + H+),  but by radiolysis of water, generating eaq-, H and HO'. 
These active species then react with H 2 0 2  (equation 102)1". 
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ear(- + H202 - HO- + HO* (1 02a) 

H' + H202 - H2O + HO' (1 02b) 

HO' + H202 -- H2O + HO; (1 02c) 

These radicals are the same as those observed in the photolysis of H 2 0 2 .  Here they are 
formed simultaneously, so that their concentration is higher than in photolysis of the same 
solution. Hydroxyl radical initiates the decomposition of H 2 0 2  according to the 
Haber-Weiss chain. mechanism'86 (cf. equations 14b and c). 

Hydroperoxy radical HO;, which is less reactive than enq -, H and HO', reacts further as 
shown below, with the rate constants given in parentheses at 26-28°C. The reaction 
between neutral and anionic species is the most rapid 

The radiolysis of organic compounds in the presence of H 2 0 2  is generally initiated 
through an attack by the HO' radical (equations 102a and b), hence the products in 
radiolysis resemble those of photolysis. The radiolysis of an aqueous H 2 0 2  solution of 
isopropanol is initiated by hydrogen atom abstraction with HO', yielding acetone with a G 
value of 36-70] 87. The yield (G = 0.30) in the radiolysis of aqueous benzene under argon 
atmesphere !c f ~ r m  phenol is increased by the presence of H 2 0 2  (G = 0.65). The 
preparation of phenols by radiolysis of aqueous benzene alone or in the presence of 
metallic ions has been studied by several workers18'. Since water can generate HO' during 
radiolysis, the source of HO' in aqueous saturated benzene oxidation was examined by 
using H2''O2. The labelled ratio of phenol, Ph '80H/Ph'60H, was 40/60, which means 
that 40 %of phenol is formed from H 2 0 2  ' 89. The increase ofyield in the presence of H 2 0 2  
is ascribed to the increase of HO' concentration owing to the reaction of H 2 0 2  with eaq- 
(equation 102a). 

Radiolysis 0 1  cysteine in the presence 0 1  H 2 0 2  gives cystine (G = 3.0-3.4) (equation 
l03a)''', and radiolysis of tryptophan gives alanine and glycinc (equation 103b)'". The 
yield of the decomposition of tryptophan under N2 (G = 0.23) is lower than the yield 
(G = 1.8) under O2 Ig0. 

NH2 
I 

NH2 
I 

N H2 
I 

HSCH2CHCOzH .-??%- HOzC--CH-CHzSSCH2 -CHCO2 H (1 03a) 
H,OI 

H 
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C. Radiolysis of Alkyl Hydroperoxides 

In general, the radiolysis of alkyl hydroperoxides gives the same products as photolysis. 
The primary process may be the fission of 0-0 bond of the OOH group, but the 
products are more various and an electron (ea4-) participates in the primary process. 

Radiolysis of neat t-butyl hydroperoxide gives mainly O2 and small amounts of 
hydrogen, methane, ethane, ethylene, isobutylene and carbon monoxide as gaseous 
products along with liquid products containing water, t-butanol, di-t-butyl peroxide, 
acetone and a trace amount of t-butyl methyl ether and t-butyl methyl pero~ide"~.  The 
nature and yields of these products resemble those in the photolysis, suggesting analogous 
initiation of the reaction by 0-0 fission of the excited OOH group (equation 104a). (G 
value for consumption of t-Bu02H is 33.7 at 20°C)'92b. 

t-BuOOH' - t - B ~ 0 '  + 'OH (1 04a) 

t-BuOOH + 'OH - C-BUOO' + H2O (1 04b) 

Here, the primary processes should involve ionic species such as those in H 2 0  radiolysis 
(cf. Section 1X.A). However, the yields are not influenced by the presence of N20,  an 
efficient scavenger for electrons, and also the usual colour of electron-scavenged peroxide 
is not observed (Section 1X.D). Therefore, the ionic species produced must rapidly 
undergo neutralization, presumably within the spurs, e.g. cationic hydroperoxide is 
neutralized by the hydroperoxide and electrons (equation 105) and the hydroperoxide 
reacting with the electrons rapidly expels hydroxide ion which is also involved in the 
neutralization (equation 106)192h. 

t-BuOOH2+ + e-  - t-BuO' + H 2 0  (1 05c) 

C - B ~ O O H  + e-  -.- t-BuO' + OH (1 06a) 

t-BuOOH: + OH' -- t.BuO2' + H 2 0  106b) 

t.BuOOH2+ + OH- - t-BuOOH + H2O (1 06c) 

The radicals thus formed react further according to the scheme shown in equation (107), 
which is well-known for photolysis or thcrmolysis. 

2 t -BuOO - 2t-BuO' + O2 (or t - B u z O z  + 0 2 )  (1 07a) 

t-BuO' + t.BuOOH - t-BuOH + C-BuO; (107b) 

t-BuO' - CH,COCH3 + CH,' etc. (1 07c) 

Aliphatic and alicyclic hydroperoxides, e.g. 1-butyl, cumyl, wphenethyl, cyclohcxyl and 
cyclopentyl hydroperoxides are radiolysed ("Co y-ray) in organic solvents to the 
corresponding ketones and alcohols' y3*194. 
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Hydroperoxides bearing higher alkyl chains such as (CH3)3C-CH2C(CH3)200H 
and n-C5H 1CH(CH3)00H in hydrocarbon solvents, e.g. octane, are radiolysed to give 
dialkyl peroxides and alcohols, but not carbonyl corn pound^'^^. The reaction does not 
involve a chain mechanism. These facts are probably due to the stable nature of higher 
aliphatic peroxides and to the facile hydrogen abstraction by alkoxyl groups in the 
presence of a high concentration of hydrogen source such as the aliphatic chain. This 
radiolysis has a low energy of activation (-0.7 kcal m01-') '~~. 

The radiolysis a t  low peroxide concentrations at 'low temperatures may induce a 
branched-chain reaction which results in a very rapid rise of radical concentration and 
radiation yield. For example, radiolysis of cumyl hydroperoxide in cumene at - 170°C at 
low concentration (< 10moi %) gives rise to a branched-chain reaction viaenergy transfer 
from excited solvent to peroxide, and it is assumed that the 0--H bond of the 
hydroperoxide is cleaved (equation 1O8)lg6. 

R 0 2 H '  - ROY + H' 

D. Radiolysis of Dialkyl Peroxides 

in equation (109) with the G values given"'. 
Radiolysis (1 MeV electrons at  80 K) of di-t-butyl peroxide affords the products shown 

0 
/ \  

t-BuOOBu-r - r.BuOH, Me2C0, Me2C-CH2, RCH; 

G -  10 1.5 4 2-3 

Radiolysis (-pray) of di-t-butyl peroxide in rigid matrices of an amine, ether or 
hydrocarbon at  - 196°C gives a coloured peroxide anion with I.,,, at ca. 560 nm by 
scavenging electrons delivered from the matrix molecules'98. If the matrix is alcohol, it 
supplies an cl-hydrogen atom to convert the peroxide anion to the corresponding alcohol; 
e.g. equaiiciris (1 10) aid  (1 1 i )' 98.  

t-BuO' + C H j O H  - t-BuOH + 'CH20H (111) 

The positively charged matrix molecule M +, which is produced by delivering an 
electron on radiolysis, may transfer its positive charge to the peroxide, if M +  is mobile in 
the matrix. Thus the peroxide may be both positively and negatively charged on radiolysis. 
On irradiation by visible light in this system, the peroxide anion emits an electron, which 
induces reaction (1 12). 

e- + r-BuO0Bu.r" - r-BuO' .f t.BuO'* (1 1 2a) 

r-BuO" - CH3- + CH3COCH3 (1 12b) 

An ESR study of the radiolysis of RMe2COOCMe2R (R = Ph, Me, Et) in frozen 
toluene or polystyrene identified the ion and radical pairs' 99. 
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E. Radiolysis of Diacyl Peroxides 

y-Ray radiolysis of some diacyl peroxides ( R C O 2 t 2  [R = Ph, Me, Me(CH2),o, 
HOZC(CHz),, HOZC(CHz),, MeOZC(CHz),] in the neat state or in aromatic 
hydrocarbons at  - 196°C suggests an ionic mechanism2". The radiolysis of benzoyl 
peroxide at - 160 to - 170°C gives primarily COz and phenyl radical which then couples 
to biphenylzo1. Mixed crystals of benzoyl peroxide with deuterated dibenzoyl disulphide 
give on X-ray irradiation a t  4.2 K primarily a radical pair (PhCO;'O,CPh) in contrast to 
the radical pair (PK'Ph) observed in UV photolysis at 4.2 Kzoz. 

The G values of diaroyl peroxide decomposition in dilute solutions are relatively high 
(often over 40), probably because of the energy transfer from the excited solvent benzene to 
the peroxide, or owing to a chain mechanism in solvent cyclohexane19zb. 

F. Radiolysis of Peroxycarboxylic Acids 

The radiolysis of aqueous peroxycarboxylic acids proceeds mainly by the reduction of 
the acid by electrons formed in the radiolysis of water to produce the anion of the parent 
acid and a hydroxyl radical, via a radical anion intermediate (equation 11 3). 

RC0,-OH + eaq- - ( R C 0 2 - 0 H I  7 R C 0 2 -  + HO' (113) 
The pulse radiolysis of aqueous p-nitroperbenzoic acid has been studied by means of 

spectrophotometric and conductivity measurements and the acid found to decompose 
according to equation (1 13)184a*203. The overall scheme including the rate constants of the 
respective steps and the acidity constants (pK,) of the participating acids is shown in 
Scheme 4'03'. 

The scheme shows that the leaving of the HO' radical is the rate-determining step. The 
constancy of conductivity during the decomposition of the radical anion excludes the 
possibility of elimination of HO- ( [RCOzOHIT ++ RCO; + HO-). 

Figure 11 shows the dependence of the G value for the radiolysis on the acidity of 

PH 
FIGURE 11. The pH dependence of thc G value for thc decomposition of p-nitropcroxybenzoic 
acid (1.6 x ~ O - " M )  in N20 saturated aqucous solutions of 8 x 1 0 - 3 ~  (0) 2-propanol and 
8 x 1 0 - 3 ~ ( 0 ) a n d 8  x 1 0 - 2 ~ ( @ ) f o r m i c a c i d a t 2 1  & I"C.Doserate= 3.1 x lO'*eVg-'min-'.  
Reprinted with permission from E. Heckel, J.  Pllys. Chwi., 80, 1274 (1976). Copyright 1976 American 
Chemical Society. 
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0 
II 
C-OOH 

0 
I1 
c-oo- 

No, 

P K ~  = 6.95 

e,; ( k ,  = 1.5 X 1 0 ' o ~ - ' s - '  

0 
II 
c-oo- 

I 
OH 0 

I I  I 
'C-OOH C-OOH 

No2 NO' 

(31) 

pK, 5 2 pK, = 8.25 

- ( ' O H ) t k 3 ~ > l O ~ S - ' l  -('OH)lk3 = 2.1 X l o ' s - ' )  I I 
0 0 
II I I  
C-0-H c-o- 

N o 2  NO2 

pK, = 3.4 

SCHEME 4. 
SOC., 96, 5543 (1974). Copyright 1974 American Chemical Society. 

Reprinted with permission from J .  Lilie, E. Heckcl and R. C. Lamb, J .  Artier. Chetti. 

solution, and suggests pK, 8.25 for the radical anion. The Arrhenius diagram of the 
radiolysis indicates that the activation energy for the rate-determining step (HO' loss) is 
2.7 kcal mol- for acidic and 18.2 kcal mol- ' for alkaline solutions. These facts suggest 
that the decomposition in alkaline solution liberating anionic atomic oxygen 
([RCO,-O-]; + [RCO;]; + 0;) is not feasible because of the high energy of 0;. 

In the presence of an HO' radical scdvenger (formic acid or isopropanol) the G values for 
the decomposition of the radical anion [RC03H]; show the analogous pH-G profile 
(Figure 11). In these cases, the radicals TO2-  from formate and M&OH from 
isopropanol act as reducing agents for peroxy acid; e.g. equation (1  14). 
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This carbon radical reduction (equation 114) is more efficient than electron reduction 
(equation 113) with the G value twice as great. Equation (1 14) combined with equation 
(1 13) and hydrogen abstraction from isopropanol constitutes a chain process. 

As shown in Figure 11, the G value in the presence of formic acid decreases at  pH < 3. 
This is ascribed to the lower reducing power of the radical'C02H than its anion'C02-.  

. 

G. Radiolysis of Peroxydisulphate and Peroxydiphosphate 

Peroxydisulphate S20a2- is reduced by electrons derived from radiolysis of water at a 
diffusion-controlled rate (k = 1.1 x 10" M -  ' s- at pH 5 )  to form sulphate radical anion 
(equation 1 1 5)204-207. 

The sulphate radical SO,; can oxidize rapidly both inorganic and organic substances. 
For example, chloride ion is oxidized to Clz; at a very rapid rate (k  = 1.3 x 10' M -  ' s- ') 
and a G value higher than that for the formation of SO,; by excited Cl-* ion. 

The net reaction of a carboxylic acid with radiolytic SO,; is decarboxylation giving 
carbon radicals (equation 116) (R = alkyl or aryl). The reaction (116a) is an electron 
transfer from carboxylate to sulphate radical"'. 

R C O ~ -  + so4; - R C O ~ '  + (116a) 

RC02' - R' + COz, (116b) 

The absolute rates for the react-ion of substituted arenes with SO,; generating the 
cation radical 32 have been determined by pulse radiolysis (equation 1 17)205. 

(32) 

High rates are observed; e.g. k = 5 x lo9 M -  ' s- ' for anisole and 3 x 10' M -  ' s- ' for 
benzene at pH 7, which are comparable to those ofHO' and H ( k  - lo9 M -  ' s-'), but with 
higher selectivity. The Hammett plots with CJ for substituted benzenes and benzoic acids 
(Figure 12) gives a negative p value of - 2.4; i:e. an electron-releasing group facilitates the 
electron transfer to SO4:, which means that SO,; has an electrophilic nature. The 
corresponding p value for HO' or H addition is -0.5. The higher selectivity of SO4; is 
ascribed to an electron-transfer mechanism to form radical cation 32 with no formation of 
adducts with SO,;, unlike HO' and H'. Then the radical cation of arcne reacts with 
water to form hydroxycyclohexadienyl radical (equation 1 18) which is identified by its 
characteristic UV peak of 310nmzo8. 

An analogous one-electron transfer is observed for the oxidation of cyanamide with 
SO,; to form NH2CN* 204. 
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FIGURE 12. A correlation of rate constants for reaction of SO,; with aromatic compounds with 
the substituent constants u: (A) substituted benzenes; (B) substituted benzoate ions. The values of u 
were taken from C. D. Ritchie and W. F. Sager, Prog.  Phys. Org. Cheni., 2,323 (1964). In most cases, 
except for O H  and OCH3, both u,,,,,, and uporo were used as indicated by the horizontal lines. The 
arrow for +N(CH& indicates that the rate constant should be decreased by the contribution from the 
reaction of SO,; with the methyl groups. The arrow for p-COz- indicates that the rate constant is 
lowered by the extra negative charge. Reprinted with permission from P. Neta, V. Madhavan, H. 
Zemel, and R. W. Fessenden, J .  Anier. Chem. Soc., 99,163 (1977). Copyright 1977 American Chemical 
Society. 

On the other hand, the reactions of peroxydiphosphoric acid H4P208 with eaq- have 
different rate constants based on the different dissociation degrees of the acid, where the 
constants K1 > 40, Kz  = 40, K 3  = 6.6 x and K4 = 2.1 x lo-' are measured for 
successive dissociations of the acidzo9. For example, second-order rate constants are: 
5.3 x 1 0 9 ~ - ' s - '  forH2PzOs2-  at pH4.23,1.6 x I O 9 ~ - ' s - '  for HP2083-  at pH6.54 
and 1.8 x lo8 M-' s-' for P2OS4- at pH 10.5207, which are smaller than those of Hz02 
and SzOs2- ( - l O ' o ~ i - '  s-'). 

The dissociation constants for phosphate radicals, formed by radiolysis and mcasured 
by the absorbance dependence on pH, are shown in Figure 13 and equation (119)17". 

- H' - H' 
H2P04 -= HP04' ZIZIIZ Pod2' 

pK, 5.7 pK, 8.9 

jLmax(&) 520nm ( 1850) 51 Onm ( 1550) 530nm (21 50) 

The oxidizing power of phosphate radicals is generally lower than that of SO,;. For 
example, the rate constants for the oxidation of C1- are 2.2 x lo6 h f - ' s - l  with H 2 P 0 4  
and c 1 0 4 ~ - 1  s- '  with HPO,;, while the rate constant with SO,; is 3 x 1 0 s ~ - ' s - ' .  
Thus the order of oxidizing rates is: SO,; > H2P0,' > HP04; > PO,'. 

The reaction rates for some organic compounds with HzPO,', SO,: and H O  are listed 
in Table 19, which shows that the oxidative powers of H2PG; and SO4: are similar, while 
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FIGURE 13. Absorption spectra and dissociation constants of the phosphate radicals. (a) Spectra 
of the three acid-base forms of the phosphate radical. Recorded using aqueous solutions of 
2.5 x 1 0 - l ~  peroxodiphosphate ions at p H 4  (V), p H 7  (O), and pH 11 (A). The transient 
absorption was monitored 7-10 ps after thc pulse, after the formation was complete, and in thecase of 
p H 4  it was extrapolated to time zero because some decay was observable. (b) Effect of pH on the 
absorbance at 540nm. The curve was calculated from the plateau values using pK1 = 5.7 and 
pK2 = 8.9. Reprinted with permission from P. Maruthamuthu and P. Neta, J .  Phys. Chern., 82, 710 
(1978). Copyright 1978 American Chemical Society. 

TABLE 19. A comparison of the rate constants of H2P0,. with those of SOJ; and HO-' 

Compound H2P04.' SO,;' HO.' 

Methanol 4.1 x 107 1.1 x 107 9 x 108 

2-Propanol 1.4 x lo8 8.0 x 107 2.2 x 10' 
2-Methyl-2-propanol 3.9 x 106 8.0 x 105 5 x 108 
Formate ion 1.5 x loM 1.7 x 10' 3 x 10' 
Acetic acid 3.4 x lo5 9 x lo4 2 x 10' 
Propionic acid 4.2 x 10" (4.6 x 5 x 108 
Malonic acid 1.8 x 105 (5.5 x 10")d 2 x lo7 
Succinic acid 1.6 x lo6 (7.1 x 10")" 1 x 1 0 8  

Alanine (1.6 x lo7) '  1.0 x 10' 7 x 107 
Acetone 3.3 105 9 107 
Fumaric acid 1.5 x lo7 (1.6 x 107y 1 x 10' 
Maleic acid 3.1 x 10' 5 x 108 

Ethanol 7.7 x 107 3.4 x 10' 1.8 x 10' 

Glycine G 105 9 x 106 6 x 10" 

"Determined a t  pH 3.2-4.6. 
'Determined at pH 7 by J .  L. Kedpath and R. L. Willson, Iiircvri. J .  Ratliaf. Bid., 27,389 (1975), except 
for ethanol and acetic acid which were measured by L. Dogliotti and E. Hayon, J .  Pliys. Cheiii., 71, 
3802 (1967), and except as noted. 
'Average literature values from the compilation by Farhataziz and A. Ross, National Bureau of 
Standards, Report No. NSRDS-NBS 59. 
"Determined in the present work for reaction with thc anion. 
'For  reaction of PO4'- at pH 12. 
'Reprinted with permission from P. Maruthaniuthu and P. Neta. J .  Plrj,s. Chcrli., 81, 1622 (1977). 
Copyright 1978 American Chemical Socicty. 
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that of HO' is one order higher2''. The lower rates of H2P0,' and SO,; seem to be the 
reason why they have high selectivities and high values of p. 

The substituent effect for the reaction of H2P0,' with substituted benzoic acids shows a 
p value of - 1.8, similar to that of SO,; ( p  = - 2 ) 2 ' 0 .  This suggests analogous radical 
cation intermediates (32) for the oxidation of aromatics with H2P0,' as described with 
SO,; (equation 117). The products of the arene oxidations by H2P0,' in aqueous 
solution are phenols formed via nucleophilic attack of H 2 0  or  HO- on the radical cation. 
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I. INTRODUCTION 

Interest in reactions of organic compounds in the solid phase has been motivated mostly 
by the attraction of unknown phenomena. At present it seems that in this field the main 
aim is the enhancement of specificity and stereoselectivity in chemical transformations, 
since the reactant and the reaction product may maintain the same crystalline 
arrangement during some solid-state reactions (topotaxy)'. The chemical change of a 
crystalline compound usually begins in defective centres. Therefore the defect 
concentration will be rcgarded as the most important parameter for describing the state of 
a solid organic reactant, although unfortunately its magnitude is seldom known. This 
leads to poor reproducibility of experiments and often discourages us from studying these 
reactions. 

Fluctuations in the structure ofsolids are also evident in reactions in the glassy state'. In 
the condensed phase, each particle interacts with its surroundings which vary with time. 
Kinetic laws depend on the rate of structural changes of the reacting system and o n  the 
lifetime of an intermediate which mediates chemical reaction. In liquid-state reactions, the 
lifetime of the intermediate is much longer than the time taken for structural change of the 
surroundings. The different arrangements of the surroundings average the reactivity of the 
intermediate and the liquid medium appears to be a homogcneous phase. A different 
situation arises in the glassy state where changes in the physical structure of the medium 
are slower than the lifetime of the intermediate. This results in the structural 
nonequivalency of microregions where chemical reaction can take place, and causes 
deviations of the reaction kinetics from 'classical' laws. 

In solid-state reactions of peroxides, much attention has been devoted to decomposition 
reactions, primarily in order to solve the problem of safety during handling in chemical 
technology and in research practice. Another important aspect is the study of peroxide 
decomposition in solid polymers. This has been investigated together with various 
reactions of primary radicals, in processes such as crosslinking, grafting, selective 
degradation, bleaching, polymerization of residual monomer, etc. 

Isomerization of peroxidcs has been lcss examined, although these reactions are 
probably most affected by crystaliinc structure and may account for the rate laws observed 
in the solid phase. Even less is known about bimolecular solid-state rcactions of peroxides. 

11. ISOMERIZATION REACTIONS 

Solid-statc isomcrization is certainly more frequent than it would seem from the published 
studies. The outcome of peroxide isomerization is often determined only from the 
structurc of decomposition products. Most isomcrizations have so far been studied only in 
sol LI t i on 3 .  
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A. TopotaCtiC lsomerization of 2-lododibenzoyl Peroxide Derivatives 

It  has long been known that 2,2'-diododibenzoyl peroxide (1) is unstable4. The solid- 
phase transformation of 1 into a heterocyclic compound containing trivalent iodine (2) 
takes place at room temperature and is essentially complete in six weeks. This rate is three to 
four orders slower than the isomerization in liquid phase. Further substitution in phenyl 
rings has only little influence on the rate of is~merizat ion~.  

UV- or X-irradiation and higher temperatures have an accelerating effect on the solid- 
state isomerization of l G q 7 .  

The isomerization of 1 under various conditions yields the monoclinic crystal structure 
of 2, which can also be obtained by crystallization from solvents. During isomerization the 
external crystal shape of 1 is maintained, but the clear colourless crystals gradually become 
opaque, with numerous microscopic defects. The change of 1 to 2 has steric requirements 
too great to be accommodated by the volume available in the crystal lattice of 16. One 
phenyl ring must flip through ca. 180" about an axis parallel to the layers of the peroxide 
molecules. The reaction probably begins at  defect nucleation sites and spreads through the 
crystal, forming a remarkably well ordered product phase. 

2-Iodo-2'-chlorodibenzoyl peroxide (3), despite the similarity of its crystal structure to 
1, exhibits different patterns of behaviour'. On thermal isomerization the product is 
formed in the monoclinic crystal phase. In contrast, on  exposure to X-rays or UV light, 3 is 
transformed to an isomer with a triclinic structure, which is in good accord with cell 
parameters of the parent 3 lattice. The triclinic phase could not be recovered by 
recrystallization of the product obtained from 3 either by UV or by X-ray isomerization. 
After the recrystallization the isomer is obtained in the usual monoclinic structure. It 
seems that the triclinic phase ofthe isomer is a polyrnorph, formed only through solid-state 
topotactic isomerization owing to a template effect. 

CI 

The monoclinic crystal phase is not homogeneous. Since the symmetry axes of the 
monoclinic reactant peroxide and the isomeric product are not aligned, a twinning 
accompanies topotactic reaction. (The term twinning is used for the formation of two or 
more crystalline phases which are identical, except for their orientation relative to the 
reactant crystal lattice.) 
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Triclinic and monoclinic modifications of isomers are formed through two distinct 
topotactic pathways of rearrangement. Under photochemical initiation the solid-state 
isomerization proceeds probably by an intermolecular mechanism whereas during the 
thermal decomposition an intramolecular rearrangement takes place'. 

Isomerization has also been observed with other substituted derivatives of o- 
iododibenzoyl peroxide6*'. 

The decompositioii r ~ f  '1 stid some related iodo-substituted compounds is several 
thousand times faster than the decomposition of other artho-substituted dibenzoyl 
peroxides. The relative inertness of 2,2'-dibromo-, dichloro- and difluoro-dibenzoyl 
peroxides is explained by their lower reduction potential. In m- and p-diiodobenzoyl 
peroxides the remoteness of the iodine atom from the peroxidic bond prevents the 
isomerization. For similar reasons the rate of the decomposition of bis(o- 
iodophenylacetyl) peroxide is close to that of the decomposition of the unsubstituted 
bis(phenylacety1) peroxide". 

B. Oxygen-I8 Scrambling in Acyl Peroxides 

A special type of isomerization of acyl peroxides is the mutual exchange of oxygen in 
peroxidic and carbonyl groups. Although no chemical transformation occurs in the 
process, the interchange of oxygen atoms can yield valuable information about motion in 
the cage of a radical pair". Oxygen-18 scrambling has been mainly studied and 
discussed"" for the decomposition of acyl peroxides in solction. However, it also takes 
place in the solid state1Ib and future studies might contribute to the elucidation of the 
elementary steps in solid-state reactions of peroxides. 

C. Carboxy Inversion 

An alternative mode of isomerization is the loss of the peroxidic arrangement (equation 
1). Isomerization of this type in solution is enhanced by polar media, electron asymmetry 
of the acyl peroxy compound and nucleophilicity of the group Z". Some studies are 
available on carboxy inversion in the solid phase of benzoyl cumyl peroxide (equation 2)' 
and of m-trifluoromethylbenzene sulphonyl p e r ~ x i d e ' ~ .  

x- 0 x- 0 
I I 
0-Y  - Y - 0  

I I 
Z Z 
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A similar reaction is expected in the decomposition of crystalline t-butyl N-methyl-N- 

@-nitropheny1)peroxycarbamate (4). The half-time of decomposition of4 at 30°C is about 
2 days. In compounds where hydrogen instead of methyl is bound to nitrogen, the half- 
time of the decomposition is 600 days. This different reactivity in the solid phase is 
accounted for by the assumption” that a sixmembered ring: 

(4) 

is more effective for decomposition than a five-membered ring in the second case: 

.H 

0 

On the other hand the higher decomposition rate of the methyl derivative may be 
connected with greater mobility of its molecules in the crystalline lattice, shown by its 
lower map. (m.p. 4 = 66°C; m.p. hydrogen derivative 93°C). A similar influence of the 
melting point on the decomposition rate is observable in several other cases. 

Among other types of isomerization, the rearrmgement of endoperoxides into 
diepoxides has often been studiedI6. We failed to find any report on this isomerization in 
the solid phase, although, as it will be seen later, some results on the thermal 
decomposition of 9,lO-dioxyanthracene indicate that such a reaction is probable. 

111. EVOLUTION OF OXYGEN FROM ENDOPEROXIDES 8 F  
AROMATIC COMPOUNDS 

Many aromatic endoperoxides release oxygen upon thermolysis with regeneration of the 
parent aromatic hydrocarbons”. The ease and the yield of oxygen depend primarily on 
the nature of the aromatic system. It appears that peroxides in the anthracene series give 
the highest yields of oxygen and that aryl substituents in the ineso positions lead to 
increased oxygen release relative to alkyl or hydrogen”. The oxygen evolution from 
endoperoxides is usually followed in solution. Experiments in the solid phase are rare and 
have been formed under not very well defined conditions. 

A. 9.10-Dioxy-9.1 O-diphenylanthracene 

When the endoperoxide 5 is healed to 180°C in vacuo, it liberates 96 ”/, of its oxygen”. 
The differential enthalpic decomposition curve of 5 (Figure 1) shows that the reaction 
consists of small endo- and exo-thermal parts”. The two effects are very similar, each 
being about 20 kJ rno1-l. A similar value of the heat of reaction has also been reported 
elsewhere2’. It  is possible that the melting of 5 crystals contributes to the observed 
endothermal first peak. The heat of crystallization of 9,lO-diphenylanthracene and 
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Ph 

(5) 

probably also the heat of reaction of the accompanying minor decomposition of the 
peroxide, where oxygen is retained chemically bound in by-products, belong to the 
exothermal part of the curve. On further temperature increase, the melting region of the 
formed 9,lO-diphenylanthracne is reached. 

exo 

endo 

100 

Yo 
90 

420 460 500 K 

FIGURE 1. 
dioxy-9,10-diphenylanthracene at a heating rate of 16 K/min. Sample weight = 2 mg. 

Calorimetric (a) and thermogravimetric (b) study” of the decomposition of 9,lO- 

The thermogravimetric dependence shows that the weight loss ( -  8 x )  occurs in both 
the endo- and exo-thermal region. The result could indicate that the processes mentioned 
are superimposed upon the approximately thermoneutral reaction of oxygen release. The 
thermoneutrality of the decomposition follows from the thermochemical characteristics of 
the reaction components22. 

Originally it was expected that pyrolysis of pure 5 in an evacuated tube would provide a 
cGiivenient source of singlet oxygen in the gas phase. However, no allylic hydroperoxide 
was formed with added gaseous tetramethylethylene23’, showing that there was no singlet 
oxygen present. In contrast, singlet oxygen is formed during the decomposition of 5 in 
s o l ~ t i o n ~ ~ . ~ ~ .  

A study of the thermolysis of 5 has shown26 that in solution this reaction proceeds via 
two pathways2’, one being a concerted mechanism in which ‘02 is produced, and the 
second a biradical mechanism in which 302 is produced. 

In the light of the results, the decomposition of5 in the solid state proceeds through the 
relatively long-lived alkylperoxy biradical. 
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B. Other Endoperoxides 
783 

In the case of 9,lO-diphenyIanthracene derivatives oxygen can be bound either to the 
9 ~ 0 -  or to the 1,4- position. The latter, when activated by methoxy groups, releases oxygen 
at lower temperatures (at 80°C in one hour)28. 

Rubrene peroxide recrystallized from carbon disulphide gives oxygen in 80 % yield at 
140-150"C". It is interesting to note that the same peroxide recrystallized from petroleum 
ether decomposes at  a higher temperature (- 170°C)25. 

IV. DECOMPOSITION OF PEROXIDES 

A. 9.10-Dioxyanthracene 

One of the first examples of an  organic topotactic reaction is the conversion of 
anthracene peroxide (6) to anthraquinone (7) and anthrone (8). Thermal decomposition of 
6 in the solid state had long been k n ~ w n ~ ' . ~ ' ,  but a better insight into the reaction was 
possible after an X-ray study3' of a single crystal of 6. This had begun as a straight single- 
crystal structure determination, without expecting any changes in 6 at room temperatures. 
Surprisingly spots and new layer lines appeared on the X-ray photographs after prolonged 
irradiation. Upon continued exposure to X-ray irradiation at room temperature or slow 
heating of the sample to 8O-12O0C, the crystals o f6  were transformed, without any change 
in the external shape, into mixed crystals of reaction products. On quick heating to 14O"C, 
the single crystal of 6 decomposed into a powder, in which only diffraction patterns of 7 
and8 were found. In the Lauephotograph therewas much small-anglescattering, indicating 
that by-product molecules were present in a disordered state. 

cyp-a + 0 H H  + H 2 0  

H 0 

(6) (7) (8) 

m.p. 120-166°C 284'C 155% 

7.  Topotaxy of the reaction 

There is a clear general resemblance between the monoclinic structure of 6 and 7 or 
pseudoorthorhombic 8 in one direction only, namely the 'u' lengths are almost equal. The 
other repeat distances of the molecules are different. Hence the transformation of6 into 7 
or 8 requires movements of molecules. However, owing to the relationship between the 
repeat distances in the crystal lattices (n  6 = 2c 7), there is sufficient resemblance in the 
structures for the one to change into the other. 

The product phase appears in two preferred orientations as a result of two different 
geometrical fits of the reactant and product lattices (Figure 2). Therefore the new crystal is 
never really single, but is always twinned on two twin planes. The two orientations are 
present in unequal amounts, being dependent on the orientation of newly generatcd 
nucleation centres, where the formation of the product phase begins. The orientation of 
crystalline product phases is due to the topochemical control of the regular molecular 
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FIGURE 2. 
alternative strings of the planar anthraquinone molecule. 

Scheme for the transformation of the bent anthracene peroxide molecule into the two 

arrangement of 6 upon which the formed 7 or 8 molecules may orient and further 
molecules then crystallize on product crystallites. 

The reaction proceeds via an intermediate stage in which some break-up of the original 
6 structure into partially disordered crystallites takes place. It may be that in this early 
stage of the reaction, arrays of 6 molecules are transformed into isomers which lose their 
sideways periodicity, while still remaining parallel with the main structure. During the 
decomposition of the labile isomers into 7 and 8 recrystallization of the reaction products 
begins. 

2. Kinetic features of the decomposition 

The time of decomposition of 6 subjected to X-rays at  room temperature is variable; 
sometimes the reaction is apparently complete after 60 h irradiation, while sometimes it is 
not quite complete after 485 h irradiation3'. 

The thermal stability of polycrystalline 6 isolated by different procedures was also found 
to bepdifferent20*33 (Figure 3). The endothermic stage of melting could not be recorded. 

387 412 K 
FIGURE 3. Dependence of the evolution of heat on decomposition of6 purified in different ways: 
(6a) by freezing out from carbon disulphide solution at - 25"C, (6b) by precipitation from a benzene 
solution with light petroleum. Programmed temperature increase = 4 K/min, sample 
weight = 1 mgZo. 
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Largely varying melting points, or more correctly, decomposition temperatures, are 
quoted in the literature: 120°C30, 139-143°C34, 147°C35, 160"C31 or 166°C32. The highest 
thermal stability is reached for single crystals, i.e. those containing the least defects and 
dislocations. 

Under isothermal conditions, an autocatalytic decomposition is observed immediately 
after heating the samples up and no induction period can be detected. Isothermal records 
of the heat evolution from polycrystalline 6 exhibit irregularities (Table I). More regular 
curves are obtained if 10 "/, mixture of 6b with A1203 or with anthracene is heated after 
careful mixing (Figure 4)20. In the presence of anthracene the decomposition is retarded, 
while in the presence of A1203 it is accelerated. These influences on the reaction rate are 
connected with the great sensitivity of the chain-decomposition of 636. 

TABLE 1.  Decomposition rates, u, ("/, min- I ) ,  and time intervals, T, (s), needed to attain the relative 
maximum rate u, (peak of the heat evolution at the given temperature, T )  of anthracene peroxide (6a 
and 6b) and the activation energies ( E )  of the decomposition processes2' 

92 625 4470 - 1.62 0.90 - 
94 50 1 3340 - 2.88 1.44 - 
99 322 1930 - 5.94 1.80 - 

102 249 1500 4.32 1.62 - 
105 198 670 - 8.28 4.08 - 
112 134 500 - 12.78 5.70 - 

- 6a 

E(kJ mol-I) 90 134 - 111 103 - 

100 614 2360 4000 1.08 0.90 0.72 
110 210 710 I370 2.70 2.52 2.52 
120 94 283 540 5.04 4.86 4.86 

6b 125 66 183 580 8.10 8.82 7.56 
130 42 110 200 11.16 13.32 13.32 
135 28 87 212 16.56 18.36 2 1.96 
140 14 42 130 15.48 22.86 21.96 

E(kJ moly ' )  115 123 108 90 105 111 

I 1mJ 6' 

c, 
P s 

in\ 

3 6 12 min 

FIGURE 4. The rate of release of the heat of reaction in isothermal (393 K) decomposition of 1 mg 
of6b mixed either with aluminium oxide (A) or with anthracene (B). Total sample weight = 10mg. 
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The apparent activation energy of the decomposition of solid 6 is nearly the same as in 
solution (125 kJmol-'). However, the rate decomposition is slower in the solid state. At 
room temperature only about 1 %  of 6 decomposes during one month, while in a 
~ o l v e n t ~ ~ , ~ ~ . ~ '  at  the same temperature, 50% is already decomposed in two days. 

3. Decomposition products and by-products 

We may infer from mass spectra of the reaction products and model compounds32 that 
in addition to 7, 8 and H 2 0 ,  9-fluorenone, 9-fluorene, anthracene, biphenylene, C6H4 
(benzyne), C 0 2 ,  CO and H2 are also formed. Chromatographic analysis2' shows that in 
thermal decomposition (220"C, 40 kPa, N2), 2.7 wt. "/, water and 0.03 "/, hydrogen are 
released. Assuming that the water is formed only in the indicated reaction, accompanying 
the formation of7 and 8, this type ofreaction constitutes about 63 % ofthe decomposition 
of 6. 

The overall weight loss of the sample after 10 min at 100-140"C, (programmed 
temperature increase 4"/min) is 6.5 %. Accordingly, in addition to water and hydrogen, 
other gaseous products must also be formed. If we consider carbon monoxide as an 
additional weight loss (6.5 - 2.7 = 3.8) accompanying formation of 9-fluorenone, then 
this mode of decomposition takes about 26 %. However, this value is higher than 
experimental, because fluorene and biphenylene are also among the reaction products and 
during decomposition not only CO but also C02  and low molecular unsaturated 
hydrocarbons, partially included in the weight loss, are formed. 

Small amounts of oxygen are only sporadically detected in the decomposition products 
of 6 by mass spectrometry. Since a relatively high (ca. 10 x )  amount of anthracene is 
observed in the decomposition products, the released oxygen either immediately reacts 
with other decomposition products or, more probably, the anthracene is not formed by 
evolution of molecular oxygen from 6. 

Another interesting observation in the mass spectrometric studies is that one or more 
by-products have the same molecular weight as the original peroxide 6. These may have 
the structure of a bicyclic acetal (9) or a cyclobutane derivative (10). Similar results are 
obtained3' in the thermal decomposition of 9-phenyl-lO-methyl-9,1O-dioxyanthracene 
and of 9,10-dimethyl-9,1 O-dioxyanthracene in boiling chlorobenzcne or o- 
dichlorobenzene. 

In thermal decomposition in the solid phase, the content ofstable isomers is greater than 
in irradiated samples. Similarly, as for other decomposition products, on irradiation, more 
water is formed and less fluorene (m.p. 114"C), 9-fluorenone (m.p. 85°C) and biphenylenc 
(110°C) than on thermal decomposition. Thus, the melting point of the mixture of thc 
decomposition products after thermal decomposition is lower (m.p. 248°C) than after 
irradiation by X-rays (m.p. 256"C)32. The observed differences are probably due to the 
lower temperature of decomposition during irradiation compared to the thermally 
initiated decomposition. The role of X-rays consists in initiation of a chain-reaction and 
not of a simple decomposition. 
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In addition to stable isomers, some unstable isomers may appear in the reaction 
systems, such as 10-hydroxyanthrone, 9,lO-dihydroxyanthracene or anthracene 9- 
hydroperoxide, which may arise from 6 by exothermal, probably chain, reaction. Such 
unstable isomers could also explain the formation of the mesomorphic phase in the initial 
stage of X-ray irradiation of 63'. The molecules in the mesomorphic phase become 
sideways and lengthways displaced in comparison to the original structure though they 
are still parallel with respect to their neighbours. The molecules remain in a set of parallel 
equally spaced planes. 

4. Mechanism of decomposition 

The occurrence of a chain-reaction in the decomposition of 0 follows from kinetic 
features and also from the observed crystalline regions in the products. 

The formation of hydroxyanthrone can be described by a set of chain-propagation 
reactions. After hydrogen abstraction from 6, the free radical obtained is isomerized by /3 
fragmentation of the peroxidic bond (equation 3). Hydrogen abstraction from a 
neighbouring molecule gives hydroxyanthrone and the cycle of propagating reactions may 
be rapidly continued in a series of ordered molecules, so that one primary radical may 
cause the isomerization of a whole series of 6 molecules to hydroxyanthrone. In a similar 
hydrogen-transfer reaction a hydroxyanthranyl radical is formed from hydroxyanthrone, 
followed by fragmentation to 7 and a hydrogen atom (equation 4). Then the chain- 
reaction is carried on by the hydrogen atom; the reaction is, however, less specific because 
hydrogen is much more mobile than the radicals participating in the change of 6 to 
hydroxyanthrone. The hydrogen atom may form a new hydroxyanthranyl radical by 
transfer reaction or may be added to hydroxyanthrone, yielding a dihydroxyanthranyl 
radical which in turn is fragmented to 8 and hydroxyl radical (equation 5). The chain- 
reaction continues, with the hydroxyl radical giving water and a radical derived from 6 or 
reaction products. 
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By-products in which the anthracene skeleton has been destroyed arise by 
fragmentation of oxygen biradicals formed from 6 (equation 6 ) .  The stablc isomers 9 and 
10 may also arise by primary splittingof the peroxidc bond, with subsequent isomerization 
of the biradical. 

The proposed chain mechanism of the decomposition of 6 also accounts for the great 
sensitivity of the process to different rcaction conditions in the solid state. Small 
retardation of the spontaneous decomposition or deactivation of the primary radicals may 
influence strongly the subsequent stages of the decomposition. This may be the reason for 
the relatively large scattering of the decomposition temperatures obtained for 6. 

The mechanism for the decomposition of 6 i s  rather complex and still uncertain owing 
to inadequate experimental data. Nondestrilctive and unambiguous analysis of the 
reaction products at  various time intervals in single crystals under various decomposition 
conditions would be necessary in order to give a better foundation for mechanistic 
proposals. 

B. Dibenzoyl Peroxide and its Derivatives 

7. Topochernical control 

Visual examination of dibenzoyl peroxide (1 1) partially decomposed in the solid state 
shows that its single crystals retain their shape but with a decrease in the thickness in one 
direction. By optical m i c r o ~ c o p y ~ ~  the development of nuclei and of a 'river-line pattern' 
(with line-widths of about 0.001 mm) was detected on the partially decomposed crystals 
The reaction starts in reactive centres and the decomposition in the formed reaction nuclei 
is much faster than in the rcgular crystalline structure. Enhanced reactivity occurs at the 
points of emergence of both edge and screw dislocations3'. 

The large dependence of peroxide stability on the state of aggregation is evident in 
differenccs of the stability of long-chain diacyl peroxides. Dilauroyl peroxide (m.p. 55°C) 
showed no decomposition at room teniperaturc after 18 months, whcrcas the liquid 
dipelargonyl peroxide (m.p. 13°C) lost 80% of its peroxidc oxygen in 7 months at 25°C". 

2. Cause of autocatalysis 

The autocatalysis of the solid-state decomposition of 11 is observable on the sigmoid 
pressure/time curves representing the dependence of thc amount of the released carbon 
dioxide on the reaction The varying decomposition rate is better seen on a plot 
of the released heat of reaction against the time on isothermal heating of 114' or its 
derivatives41 (Figure 5). 

A trivial explanation of the autocatalysis is based on the idea that decomposition 
products liquefy the peroxide. During the decomposition the relative number of liquid 
domains increases and hence the observed overall rate of decomposition also increases 
rapidly. The reaction then slows down iis the peroxide is used up and with the change of 
composition the mixture gradually solidifies. 
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t 
FIGURE 5. Typical course of the release ofthe heat ofreaction ofdibenzoyl peroxide (11) below its 
melting temperature; T~ is the induction period, T, is thc time on  reaching the maximum rate of 
decomposition; u, is the maximum rate of decomposition. 

To compare the theory with reality we have to know the influence of the reaction 
products on the melting temperature of the mixture. The phase diagram of 11 and its main 
decomposition shows that the latter remarkably decrease the melting 
temperatures (Table 2). If we realize that in the decomposition of 11 a small amount of 
benzene is also formed, then the pure solid-state decomposition of 11 may only be 
considered for the initial phase of the reaction. 

However, the autocatalytic decomposition of bis(p-nitrobenzoyl) peroxide (13) does not 
support the above theory, since here the melting points of the major reaction products are 
by about 100" higher than the temperature of peroxide decomposition. 

TABLE 2. Eutectics ofdibenzoyl pcroxidc (11, m.p. 105°C) with its 
main decomposition products 

Eutectic Mol. 
m.p. temperature fraction 

Compound ("C) ("C ) of 11 

Biphenyl 69 55 0.16 
Phenyl benzoate 71 56 0.24 
Benzoic acid 122 87 0.5 

The shapes of the thennochemical isotherms of 11 and its derivatives seem to be similar, 
although small differences are observable on more detailed analysis. Different amounts of 
the different peroxides decompose before reaching the maximum rate of decomposition, 
and these amounts decrease with increasing temperature for 11 and for p-methy1-p'- 
nitrodibenzoyl peroxide 12, but they are not temperature-dependent for 13 (Table 3). 

As mentioned above, the decomposition of 1 3  proceeds autocatalytically even though 
the products have much higher melting points than the reaction temperature. Hence, in the 
absence ofliquefaction, gradual increase in the number and size of reaction centres may be 
also responsible for the acceleration in the decomposition of solid peroxides. 

The approaches for the explanation of the autocatalysis, involving reaction centres on 
the one hand and eutectic liquefaction o n  the other, supplement rather than contradict 
each other. 
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TABLE 3. Kinetic parameters of solid-state decomposition of dibenzoyl peroxide (1 l), p-methyl-p'- 
nitrodibenzoyl peroxide (12) and bis(p-nitrobenzoyl) peroxide (13) 

Pro pert y/parameter" 

~ 

Peroxide 

11 12 13 

Melting point ("C) 
Temperature range of decomposition ("C) 

Induction period 

Decomposition rate, om( s - ' ) ~  
Cecomposed peroxide at v,( " / , ) b  

E(kJ mol-I)' from temperature dependence of 

Ti(S)b 

{ Tm(s)' 

106 

1570 10 
90- 102 

134 

505 105 
110-1 15 

158 

640 120 
140-145 

4300 110 
0.09 0.58 
5 5  20 

543 
418 
188 

1630 300 
0.32 0.70 
36 20 

401 
353 
238 

1615 675 
0.45 1.23 
59 59 

464 
259 
260 

~~ 

' T ~ ,  T,,,, v, are defincd in Figure 5. 
"The parameter at the lowest and the highest decomposition temperature of the temperature range. 
'Apparent activationencrgy ofdecomposition; thevaluc wasdetermined from at  least sixexperimental 
 point^^'.^^. 

3. Kinetic studies 

Thc decomposition of 11 proceeds as a chain process initiated by spontaneous 
dissociation of the peroxide bond. The total rate of decomposition is approximately 
described by the known Bartlett-Nozaki relation: 

d[BP1 - k,[BP] + ki[BP]" 
dt 

where [BPI is the concentration of (ll),  ,ks is the rate constant for spontaneous 
decomposition and the second term expresses the rate of induced decomposition. The 
exponent )7 (0.5,1,1.5,2) depends on the mechanism of the chain-reaction. The relation for 
the value 11 is simplified, because in the model scheme only one chain-carrying and one 
chain-terminating step is considered. 

The initiation of the decomposition is very sensitive to temperature changes as shown by 
the rapid decrease in the induction periods with increasing tcmperature and from the high 
apparent activation energies in the solid state (Table 3) compared with those in solution. 
In inert solvents the activation energy of the decomposition of 11 and its derivatives is 
125 kJ mol- ',which is about a third or even a fourth ofthe value which should be assigned 
to the decomposition of crystalline samples. 

During the induction period reactive ccntres are probably formed, where an induced 
chain-decomposition begins. The high apparcnt activation energy of the spontaneous 
decomposition is probably connected with thc necessity ofsimultaneous decomposition of 
several molecules of 11-13 close to each other, thus forming a nucleus for the chain- 
reaction. In another explanation, we have to assume temperature changes of the physical 
(crystalline) peroxide structure determining the extent of the peroxide decomposition. 

The values of E determined from ri are higher than those from r,; this follows from a 
higher degree of the overall dccornposition at T, and hencc more reaction centres in the 
crystalline peroxide. The activation energy calculated directly from the values of the 
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maximum decomposition rate of 11 gives 272 kJ mol- '. Taking into account the fact that 
with increasing temperature less undecomposed peroxide is present when reaching the 
maximum decomposition rate, the activation energy decreases to 188 kJ mol-'. This 
corrected value is still about 50% higher than that obtained in solution. For the nitro 
derivatives of 11, the values are even larger. A rise in the activation energy calculated from 
u, for 12 and 13 is probably due to the lower contribution ofliquefactionofthese peroxides 
by reaction products. 

For elimination product-reactant interactions in kinetic studies a high vacuum of 
10-4Pa was used39. In this case the reaction products quickly evaporate from the 
decomposing 11, which should therefore not be liquefied. Despite this, autocatalysis of the 
decomposition was observed although not to the extent like at normal pressure. 

The kinetics of the isothermal decomposition of single crystals of 11 in high vacuo have 
been studied by microgravimetry. In these experiments, after a minor acceleratory stage 
preceded by a very short induction time, the rate of the weight loss becomes slower. 

High vacuum will enhance the fragmentation of benzoyloxy radicals to phenyl radicals 
and carbon dioxide, reducing the recombination of oxy radicals to 11. The decomposition 
of 11 will therefore be faster in high V ~ C U O  than at  normal pressure. A retardation efl'ect of 
high pressure on the decomposition of 11 is also observed in solution4'. The higher yield of 
phenyl radicals in the primary decomposition of 11 will reflect an increase in the fraction of 
its induced decomposition, which ought to decrease the total activation energy for 
decomposition reaction and shorten the induction time. Much longer induction times of 
11 and its derivatives have been observed by ~ a l o r i m e t r y ~ ' . ~ ~  and are probably connected 
to the presence of oxygen which decreases the fraction of induced decomposition and thus 
also the total peroxidc decomposition rate. Retardation by oxygen of the decomposition of 
11 in solution has been proved by several methods and in various systems. 

For the decomposition in high vacuo at 343-373 K, activation energies of 45 kJ mol-I 
and 72 kJ mol- have been determined for the nucleation stage and for the main reaction, 
respectively. The former is attributed3' to the energy required to break the 0-0 bond of 
molecules situated at dislocations, and the latter is assigned to the induced decomposition 
of 11 in perfect regions of the crystal as a result of the attack of phenyl radicals generated in 
the nucleation process. The low activation energy of the spontaneous decomposition of 11 
is explained by an increased dihedral angle of the peroxide, due to distortions in the 
vicinity of a dislocation. The magnitude of the dihedral angle is important, since any 
change from its optimal value will lead to a lessening of the 0-0 bond energy. This is 
qualitatively valid, but according to theoretical  calculation^^^ the increase the angle 
canno! lead to such a large decrease ( I  25-45 kJ mol- I )  of the dissociation energy of the 
0- 0 bond. 

Discussing the dissociation energy of the peroxidic bond we should note that the 
method used incorporates into the result the activation energy of the induced 
decomposition of 11. Moreover, the low values may be connected with some sublimation 
ofundecomposed 11 and of the reaction products. The heat of sublimation of 11 and the 
products will range between 50 and 80 kJ mol- ". 

4. Decomposition in the presence of admixtures 

The prcsence of carbon black or of activated charcoal decreases the decomposition 
temperature of 11 in the solid state to 6O0CS0". The shape of the isothermal autocatalytic 
curve is the same as in the absence ofadmixtures but the induction period is shortenedsob. 
For all types of carbon black the shortening of the induction period is relatively more than 
acceleration in the region of the maximum decomposition rate. The presence of an 
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admixture facilitates primary formation of radicals and reaction centres in the system. The 
activation energy determined from T,,, is still vcry high (380 kJ mol- ').This indicates again 
how difficult is spontaneous dissociation of most peroxide molecules in the crystalline 
phase. Autocatalysis is much more affected by the area of the surface of the admixtures 
than by the concentration of unpaired spins in the admixturesoh. A similar accelerating 
influence of carbon black is also observed when 11 is dissolved 'in benzene5' or methyl 
methacrylates2. The redox decomposition of 11 on the surfacc of carbon black is able to 
initiate polymerization as well as induce decomposition of peroxide. In the catalysed 
decomposition, hydrogen is transferred from carbon black to peroxide. The 
dccomposition of 11 may also be initiated by other organic and inorganic admixturess3. 

Water retards the decomposition of 11 in the solid phase. One of the explanations is that 
water, owing to its high heat of evaporation, cools 11 and thus retards its decomposition. 
However, the induction period of the decomposition rcleascs only a little heat which 
should be transferred the surroundings without difficulty, and hence thc mechanism of 
cooling must only be considered in the region of high decomposition rate, when it is rather 
difficult to stop the reaction. This is supported by experience of an cxplosion of a 
concentrated solution of 11 in chloroform at about 65°C. 

A more probable mechanism of retardation may be based on adsorption of water on 
primary defects of the crystalline structure of 11, which might lead .to their partial 
dcactivation. 

Chemical interaction of a polarized radical pair with water is not cxcluded either. In this 
way the accumulation of free radicals during the induction pcriod of the decomposition 
would be diminished. 

C. Cyclic Alkylidene Peroxides 

Dimeric peroxides of the tetraoxane type: 

are highly explosive when the substituents have small. On the other hand, some cyclic 
dimeric peroxides with larger substituents are stable up to 200°C23". 

A comparisons4 of the kinetic parameters of the decomposition of molten 3,6-bis(l- 
methoxycarbonylbutyl)-1,2,4,5-tetraoxane (14) with the solid-state decomposition of 3,6- 
bis(4-aminocarbonyl-butyl)-1,2,4,5-tetraoxane (15) is interesting (Table 4). The 
decomposition of molten 14 has very similar kinetic parameters to those of liquid alkyl 
peroxides''. A similar behaviour has also been found for 15 dissolved in dimethyl 
formamide ( A  = 3 x 1013s-', E = 138kJ mol-'). In the absence of solvent, the 
decomposition of 15 shows unusually high values for both the apparent activation energy 
and for the frequency factor. These vcry high Arrhenius parameters are due to thc stable 
aggregation of 15 in the crystalline state. 

The decomposition in the crystalline statc proceeds with a large autocatalytic 
acceleration and the exponent ) I  in the relationship a = kt" is 3-3.5. Here a is the fraction of 
the peroxide which reacts in time r and is a temperature-dependent constant. The products 
formed do not melt below 300°C. The reason for autocatalysis in the decomposition of 15 
is mainly a gradual increase in the size of reaction nuclei. 

An analysis of the reaction products and a study of the changes of the crystal structure of 
the decomposing cyclic peroxides would be desirablc. 
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TABLE 4. A comparison of characteristic features of two cyclic peroxides 14 and IS 

Melting point ("C) 82 207 
Temperature a t  the begjpning of decomposition 

Temperature a t  the maximal rate of 
decomposition ( T y  199 214 
Maximal rate of decomposition (o/os-') 0.28 3.29 

151d 71W 

-I: 230' 

("CY I59 200 

A ( s - ' ) ~  5.8 x 1 0 ' 4 d  6.3 x 1074~ 

E(kJ mol-') 

'Rate of heating = 8"/min. 
bFrom the differential enthalpic curves calculated according to Ref. 56. 
'For the temperature range 207-225°C in the solid state. 
dFor  the temperature range 161-221°C in the molten peroxide. 
"For  the temperature.range 190-202°C in the solid state. 
'From the parameters T, and u, of isothermal decomposition; T,,, and u, are defined in Figure 5. 
8Dccomposition of thc molten peroxide without autocatalysis. 

D. Hydroperoxides 

Although several hundreds of hydroperoxides have been synthesized, little is known 
about their solid-state reactions, since most of them are liquid and stable5'. 
Hydroperoxides with high melting points are often stated as decomposing at higher 
temperat urcs. 

Mesityl hydroperoxide (16) decomposes at 105°C with a half-time of about one hours8. 
There are at  least three pathways, two of which have been experimentally verified 
(equation 7). 
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The decomposition of hydroperoxides is very sensitivc to the catalytic effect of vzrious 
compounds, and hence it is not surprising that the decomposition of 16 also takes place at 
room temperature. An interesting aspect of the slow room-temperature decomposition is 
that only the hydroperoxide in contact with the glass container turns yellow, while the 
material in the interior or on top of the sample does not change. Decomposition is 
evidently catalysed by contact with the glass surface. 

The large sensitivity of hydroperoxides to catalytic decomposition could possibly be 
used for studying bimolecular solid-state reactions. 

E. Peroxy Acids 

The decomposition yields two basic products: aliphatic peroxy acids yield alcohols by 
loss of COz and aromatic peroxy acids decompose into acids. Among the products 
released Oz, COz and HzO have been detected. The decomposition is enhanced by 
lowering of the overall gas pressure in the reaction system. In inert solvents peroxy acids 
are decomposed by a bimolecular mechanism with activation energies of about 
71 kJmol-'. The stability of these compounds increases in the solid state by a factor of 
103-106, probably due to the decrease in the mobility of molecules in the crystalline state. 
This is supported by the fact that the order of stability of peroxy acids in the solid state 
roughly corresponds to their melting points4' (Table 5), although the rate is also 
influenced by the chemical structure. Similar effects of substituents have also been 
observed in the decomposition of peroxy acids in solution59. 

1. Autocatalysis 

relation: 
The decomposition of p-nitropcroxybcnzoic acid (17) at 85-100°C is described by the 

a = k t 3 / 2  

where u is the fraction of decomposed 17 in time t and k is the temperature-dependent 
constant. The activation energy is 160 kJ mol-', morc than twice the value in solution6'. 

In agreement with the autocatalytic character of the decomposition, p-nitrobenzoic acid 
added to 17 accelerates the reaction, by producing defects in the crystal structure. Faster 
decompositions of aged peroxy acids can be explained similarly as due to the small nuclei 
of p-nitrobenzoic acid formed by a very slow decomposition a t  room temperature. Glass 
wool catalyses the initial stages of the decomposition as it does with alkyl hydroperoxides, 
while grinding of the crystals or the presence of the product gases has in this case no 
significant effect on the rate of decomposition. Oxalic acid inhibits the decomposition by 
deactivation of primary reaction nuclei, either by adsorption o n  the active centres of the 
crystal lattice or by chemical inhibition of the decomposition chain-reaction. 

The decomposition of tn-nitroperoxybenzoic acid (18) is faster than that of 17 at the 
same temperature, but acceleration occurs only to a lower pcrcentage ofdecomposition6'. 
The mathcrnatical description of this reaction is given by the  relation: 

The lower activation energy of 18 may be due to  the decomposition tcmperature being 
closer (2-25°C) to the melting point of the  crystals. The valuc (125 kJ mol- ')  is similar to 
that of the radical decomposition of 18 in a solution of benzene and 2,2-diphcnyl-l-picryl 
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TABLE 5. Melting points and approximate half-times of decomposition 
of some peroxy acids 

795 

Peroxy acid 
m.p. 512 at 25°C 
("C) (weeks) 

0 2 N + 0 3 H  
138 > 2700", 4500b 

0 C 0 3 H  
95 550" 

0 2  N 

& C 0 3 H  92 95' 

CH,(CH,),oCO,I-I 50 115" 
C6 H5C03H 42 2.9 
CH3(CH2),5CHBrC03H 41 1.5 

"Half-times are calculated from initial d e c o m p o ~ i t i o n ~ ~ .  Regarding 
autocatalysis in dccompnsition rcaction, half-times may bc by 10-30 
shorter. 
bValue extrapolated rrom the temperature range 90-105"Cbo. 
'Value extrapolated from the temperature range 67-90T". 

hydrazy162. In the solid-state decomposition, however, it is the activation energy of the 
total decomposition, but in solution it is only of a minor process, because the main 
reaction is bimolecular with a lowcr value of E (71 kJ mol-'). 

2. Stoichiornetry of the decomposition 

The decomposition of 17 and 18 conforms60*G' to equation (8). This equation seems to 
show that in the decomposition someexternal oxygen was also consumed. Considering the 
analytical inaccuracies the qucstion need not be analysed any more. It is, however, 
substantial that apart from a large portion (ca. 90mol x) of the decomposition, where 
only oxygen atom is released, in the rest of the molccules almost all the carbon and 



796 M. Lazar 

hydrogen atoms are totally oxidized to give H 2 0  and C 0 2 .  The causes are not clear. We 
can, however, assume that the normal decomposition may lead to microexplosions. 
During the slow decomposition, oxygen accumulates in the vacancies of the crystal 
structure of the relatively stable nitrobenzoic acids being formed. O n  reaching a critical 
concentration of the liberated oxygen, explosive combustion of the surrounding small part 
ofperoxy acid will occur in this region. The explosive reaction may be initiated by reactive 
intermediates; the released heat of reaction supports the decomposition. The interruption 
of the explosive decomposition causes consumption of available oxygen in the 

With increasing temperature, the frequency of microexplosions in peroxy acid will 
increase until it turns into an explosion of the whole sample. The stoichiometric shortage 
of oxygen will appear as production of soot and hydrogen. 

microregion of the fast reaction. The microexplosion is thus stopped, . > _  

4 -  

2 -  

1ci3 z 

4 -  

2 -  

lo4 1 

4 -  

2 -  

1 6 ~  : 
4 -  

2 -  

1G6 

4 -  

2 L 
I I I I I I 

2.3 2.7 3.1 lOOO/T 

FIGURE 6. Dependence of the rate constants of decomposition on thc reciprocal values of the 
absolute temperature for various polymer hydroperoxides in the solid phase: Polymer 
hydroperoxides of poly(viny1 chloride) Ab3, A6', A'', polycaprolactam x 66 and polypropylene 
( P P )  Ofi7 were prepared by oxidation in thc solid state. Furthcr PP hydroperoxides were obtained by 
oxidation in cumene H ' O ,  trichlorobenzcne m6' M7O, chlorobenzene 0"8 and benzene H". 
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F. Polymer Hydroperoxides 

797 

Although many papers have dealt with models of ageing, oxidation and combustion of 
polymers which considered hydroperoxides, only a few quantitative results are available 
on the solid-state decomposition and kinetics of polymeric hydroperoxides. 

Even in these cases the structure of the polymeric hydroperoxides was not determined 
unambiguously. This is mainly due to the complicated structure of the polymers and the 
nonspecific methods for their preparation. 

The rate of decomposition is Inore affected by the method of preparation than by the 
type of the polymer (Figure 6). This conclusion cannot be now generalized for all kinds of 
polymers; but it is noteworthy that the same temperature dependence of the 
decomposition rate constant is valid for hydroperoxides of different polymers [poly(vinyl 
chloride), polycaprolactam, polypropylene] if they are prepared by oxidation of the 
polymer at  about 20°C in the solid state. On the other hand, hydroperoxides of the same 
polymer prepared by oxidation in solution in various types of solvent and different 
oxidation temperatures, decompose under identical conditions at rates differing by two to 
three orders of magnitude (Table 6). 

TABLE 6. Kinetic parameters of thc decomposition of polymer hydroperoxidcs in the absence of 
solvent 

A E k at  100°C 
Hydroperoxide ( s - l )  (kJ mol- ' )  (s- ' )  Reference 

Polypropylene" 9.6 109 114 8.8 x lo-' 70 
2.4 x 10' 79 1.8 x 10-5 70 
5.4 x 10'0 106 6.6 x lo-' 69 
2.3 x 1 0 1 3  125 6.0 x 10-5 68 
9.2 x lo6 76 1.9 10-4 67 

Poly(viny1 1.2 x 108 87 6.9 x 1 0 - 5  65 
chloride)' 1.6 x lo8 83 3.4 x 10-4 63 
Polycaprolactam" 1.9 x 10'2 110 6.4 x 10-4 66 
Polyethylene' 1.6 x 10i4 146 4.6 x lo-'  70 

1.5 x 10" 105 2.5 1 0 - 5  72 

9.0 x 10' 82 2.6 x 10-5 75 

b 

b 

c 

d 

Polystyrene' 4.3 x 1 O l J  136 3.2 x 10-5 74 

t-Butyl hydroperoxide' 3.0 1015 155 4.7 x 10-7 73 

Preparation of polymer hydroperoxides by oxidation in: ( a )  cumene, ( b )  trichlorobenzene, 
(c )  chlorobenzene, ( d )  solid state. 
'Decomposition in low molecular weight solvents. 

7. Influence of the aggregation of hydroperoxide groups on the 
decomposition rate 

The great influence of the method of preparation of hydroperoxides, especially of 
polypropylene, on their stability is connected with the distribution of unstable 
hydroperoxide groups on a polymer chain. Owing to the considerable sensitivity of 
hydroperoxide groups both to radical-induced and to bimolecular decomposition, the 
relative rates are higher when the local concentration of hydroperoxide groups is high. 

It seems therefore logical that hydroperoxide groups prepared by oxidation ofpolymers 
in the solid state decompose most rapidly. This method will produce hydroperoxide 
groups at the surface of the polymer particles close to each other. Oxidation of 
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polypropylene in a dilute solution of an inert solvent (e.g. trichlorobenzene) gives 
hydroperoxide groups dispersed more regularly, but association of hydroperoxide groups 
within one macromo!ecule is observable by infrared spectro~copy’~. More regular attack 
on the polypropylene chain is achieved by applying a reactive solvent which is also 
oxidized (e.g. cumene), when isolated hydroperoxide groups are formed on the 
polypropylene7’. This type of polypropylene hydroperoxide has the highest thermal 
stability. 

We can see the explanation of the solvcnt effect on hydroperoxidation of polypropylene 
in the scheme of propagation reactions in an inert solvent (equation 9) and in the reactive 
solvent SH (equation 10). 

CH3 
I 

-CH-CH2-C- - -G-CH2-C- -C-CH2-c  (9) 
CH3 

I 7 H 3  0 I 
CH3 CH3 

I 

I I I I 

CH3 
I 

-0-0 H - 0 - 0  -0-0 0- 0 - H  

The behaviour of associated OOH groups during decomposition in solution and in the 
solid phase is comparable6’. In the polymer, the distance among OOH groups may be 
similar in solution and in the solid phase. 

The large effect of the local concentration of OOH groups generally leads to lower 
activation energies of decomposition and lower frequency factors than in the 
decomposition of low molecular weight hydroperoxides. The lowering of the activation 
energy and of the frequency factor is connected with the fact that the decomposition of 
polymeric hydroperoxides is not a monomolecular dissociation of the peroxide bond, but 
a much more complex process. 

There is a relation between the frequency factor A and the activation energy E in the 
modified Arrhenius equation: 

l n A = l n k f  EIRT 

The temperature of 178°C can be calculated from the slope, which is probably the limit 
above which the decomposition of various hydroperoxides proceeds with the similar rate 
constant. It follows from the prevalence of spontaneous monomolecular dissociation over 
induced decomposition of hydroperoxy groups in the higher temperature rangc. 

2. Mobility and reactivity 

The decomposition of polymer hydroperoxides may also bc induced by semistable 
radicals. The bimolecular hydrogen-transfer reaction of phenoxy radicals with the 
hydroperoxide of isotactic polypropylene (HOOPP) in the solid state (equation 11) is 



22. Solid-state reactions of peroxides 799 

slower by 2-3 orders of magnitude than with low molecular weight hydroperoxides in the 
liquid phase77. Such decreases in the rate constants are observed even in relatively slow 
reactions which should not be limited by diffusion of the reacting particles. 

The structure of a semistable radical on the rate constant with a solid polymeric 
hydroperoxide has a much smaller effect than with low molecular weight liquid 
hydroperoxides. Several models have been proposed for the explanation of the levelling of 
the reactivity in various systems'. The lengthening of the time of contact of the reactant in 
the cage of the polymer medium seems to be decisive in reducing the differences in the 
reactivity. When the contact is long enough, even very slightly reactive reactants will react, 
whereas in the course of short collisions only very reactive particles may do the same. 

In further investigations it would be interesting to  examine reactions ofperoxide groups 
in the polymcr backbone. Reactions of high molecular weight peroxides ought to be 
sensitive to the mobility of the polymer chain, to mechanical deformation of the solid 
samples, and to changes in the physical structure of the polymer. 

V. DECOMPOSITION OF LOW MOLECULAR WEIGHT PEROXIDES 
IN POLYMERIC M E D I A  

The specific influence of polymers on the decomposition of peroxides is determined by the 
small mobility and relatively great microheterogeneity of the reaction medium. The effect 
of mobility governs the kinetic parameters of the reaction. The influence of 
microheterogeneity has not been studied sufficiently up to now, although it too seems to be 
an important factor. 

A. Kinetic Parameters 

1.  Spontaneous and chain decomposition 

Since the polymer's great viscosity retards diffusion of primarily formed radicals, it 
might seem surprising that the rate constants for the spontaneous decomposition of 
dibenzoyl peroxide (11) in polymers even in the glassy state are only slightly lower than in 
solvents (Table 7). This phenomenon seems to be connected with several possible reactions 
of 11. These include splittingof 11 into benzoyloxy radicals (Re), reversible dimerization of 
the latter and their diffusion into the reaction medium (equation 12). In addition, primary 
radicals may fragment in a cage (kp) and form a modified pair of radicals, the 
recombination of which may lead to formation of stable products. Fragmentation and 
combination reactions are thus mainly responsible for the relatively fast decomposition of 
11 in a solid polymer medium. Slow diffusion and cage reactions lower the yield of free 
radicals in the reaction medium. This is the inherent reason for the smaller extent of 
induced decomposition of 11 in polymers, compared with solvents. For instance, the ratio 

k 

k, 
11 [R '  ' R ]  -%- R' + R' 

Unreactive k ,  

products 
c__ [R* + r.1 R' f r' 
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TABLE 7. Rate constants for the decomposition of dibenzoyl peroxide (11) at 75°C and activation 
energies of the spontaneous homolysis of its peroxidic bond in various polymeric media 

Medium 
k, at 75°C E 

Atmosphere (106s-') T("C) (kJ mol-') Ref. 

Poly(viny1 chloride) 

Polyethylene 

Polystyrene 

Triacetyl cellulose 

Polyisobutylene 
Polycarbonate' 
Polypropylene 

(isotactic) 
Polypropylene 

(atactic) 

Poly(1-butene)" 
Poly(4-methyl- 1 -pcntene)d 
Polyamidee 

Poly(ethy1 acrylate) 
Poly(methy1 methacrylate) 

Polyforrnaldehyde 

Benzene 

0 2  

0 2  

N2 
0 2  

0 2  

0 2  

N2 
0 2  
Vacuum 
N2 
co2 

Vacuum 
0 2  

N2 
Vacuum 
0 2  

0 2  
He 
0 2  

0 2  

0 2  

N2 
N2 

0 2  
Vacuum 
Nz 

3.7 

3.4 
5.6 
5.3 

6.3 

4.9 

4.3 
6.1 
6.1 
7.9 

9.2 

16 

18 
15 
37 
19 
25 
23 
10 
18 
6.0 
7.2 

25 

12 
53 
17.5/ 
f 3.8 

65-77 
77-83 
83-99 
80-90 
60-89 
70-80 
80-90 
56-83 
83-91 
80 
80 
92-115 
80-98 
65-95 
86-100 

80 
71-92 
65-87 
80 
7 1-92 
71-92 
75-98 
80-98 
85-110 
100 
80 
72-105 
105- 125 
80-100 
80-100 
50-100 

171 82 
162 
136 
173 83 
21 1 84 
149 82 
124 
151 85 
126 
150" 86 
150" 86 
1 17' 87 
117' 88 
148 89 
125 90 

125" 91 
124 92 
125 93 
125 91 
124 92 
123 92 
138 94 
125 95 
124 96 
125' 97 
125' 98 
169 99 
134 
124 100 
i 24 1 GO 
125 101 
*4 

"Value used for conversion of measured k to k (75°C). 
'Determined with 1 "/, of 11 in the polymer; with 10% of 11 the value of E is 155 k J m o l - I .  
'Reaction product of phosgene with 2,2'-bis(4-hydroxyphenyl)propane. 
"The polymer contained 2,6-di-r-butyl-p-cresol (for elimination of the induced decomposition). 
'Condensation product of hexamethylenediamine with adipic acid. 
JAverage from values of seven literature sources. 

of the total decomposition rate constant at  5 "/, of 11 and at an extrapolated zero peroxide 
concentration is 1.86 in but is 6.19 in i sopropylben~ene~~.  The induced 
decomposition should be affected by the slower diffusion in the polymer medium, so that a 
generally higher activation energy should be expected for the process than in solvents. This 
has indeed been observed e ~ p e r i m e n t a l l y ~ ~ ~ ~ " ~ ~ . ~ ~ * ~ ~ ~  . Chain-decomposition of 11 in 
polymer media is slower in the presence of oxygen7'. 

A slight decrease in the rate of the spontaneous decomposition in polymeric media is 
also observed for dicumyi peroxide. At llO"C, the rate constants in isotactic 
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p o l y p r ~ p y l e n e ~ ~  are 2-3 times lower than in benzene. However, the viscosity of the 
polymers has an almost negligiblc effect on the rate of spontaneous peroxide 
decompositions in the rubber-like statc of polymers as is observed with dimethyldi(t- 
buty1peroxy)silane in polyethylene and in polystyrerie at temperatures of 170-210°C81. 
Thc reason for the more enhanced decrease of the rate constant of the spontaneous 
decomposition in glassy or crystalline polynicrs compared to rubber-like media involves 
the slower dissociation of the peroxide and not only the reversible recombination of the 
primary radicals, as commonly assumed for the small retardation of peroxide 
decomposition in low molecular weight solvents with increasing viscosity. 

2. Activation energy of the dissociation 

If decomposition of I I takcs place above the glass transition temperature (T,) of the 
amorphous polymer, the activation energy is similar to the values found in solvents. This is 
probably due to a low modulus of elasticity of the polymer matrix in the rubber-like 
state"'. 

Dissociations producing two radicals by a simple bond fission should be characterized 
by a volume increase in thc transition statc of about AV' zz + 10cm3mol-'. The bond 
lengthening calculated from this value is about 50 pmlo3. During thc decomposition of 11 
in poly(methy1 methacrylate)" A V i  is 7.5cm'mol- and in p ~ l y e t h y l e n e ' ~ ~  
9.1 cm3 mol- '. The energy needed for pushing away the surrounding molecules can be 
calculated from a product of the modulus of elasticity of a polymer matrix and the 
activation volume of the dissociation. I f  we take a modulus of clast.icity of 5 x lo3 MPa, a 
typical value for polymer glasses, and an activation volume of 8cm3 mol-', then the 
activation energy for the decomposition in such a matrix will be higher by 40 kJmol- ' .  
This value agrees quite well with the observed increasc in the activation energy for thc 
decomposition of 11 in the glassy state of poly(viny1 chloride), polystyrene and 
poly(mcthy1 mcthacrylate). The zero or small increase in the activation energy of the 
dissociation of 11 in polycarbonate is surprising. < of this polymer is 150°C whereas the 
three preceding polymers had a of about 100°C. Hence we must assume that 
polycarbonate has free space, allowing formation of the activated complex without having 
to push away polymer chains. The modulus of volume e!asticity of gases is 3-5 orders of 
magnitude smaller than that of polymer glasses. Then the contribution to the increase of 
activation energy for decomposition i n  microvoids of polymer, filled with gaseous 
molecules, is negligible. 

Another exception is the high activation energy for spontaneous decomposition in 
polyethylene. Its cause does not seem to be the high viscosity of the reaction medium as 
had earlier been assumed84, but rather the limited solubility of 11 in  polyethylene. With 
increasing temperature thc amount of dissolved 11 increases and the fraction of the 
crystalline phase of polyethylene decreases. Since the dccomposition of dissolved peroxide 
is faster than of crystallinc 11, a rise in the amorphous phase of the polymer leads to an 
increase in the rcaction rate, which is in turn rcflected in the apparent activation energy for 
dissociation. 

A similar situation arises in triacetylcellulose at higher 11 concentration (see footnotc 11 
to Table 7). 

A high activation energy for the spontaneous decomposition has also been observed for 
dicumyl peroxide in isotactic polypropylene. The decomposition below the mclting point 
of the crystallitcs of the polymer has the activation energy of 162kJ niol-' '' or  
166kJmol- '  while in benzcne i t  is 1 4 4 k J m o l - '  I o 5  or 146kJmol-' lo'. 
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3. Cage effect in the polymer matrix 

In radical dissociation of molecules in the condensed phase, a radical pair is formed, 
which exists for a certain time during which it may diffuse into the surroundings or may 
react to form molecules. 

The fraction f of radicals which will escape from the cage in a polymer is evidently 
smaller than in a low molecular weight solvent because of slower diffusion of radicals in the 
polymer medium. The greater the viscosity of the medium, and the larger the radicals 
formed, the smaller isf. This qualitative tendency is observed (Table 8) ifwe realize that the 
value off in low molecular weight solvents varies between 0.5 and 0.7. 

TABLE 8. Fraction of radical escape (f) from polymer cage for some peroxides 

Peroxide Polymer T("C) f Reference 
~ ~~ ~~ 

Dibenzoyl peroxide Polypropylene" 

Polypropylene* 

Poly(1-butcne)' 

Poly(4-methyl-l- 

Poly(butanedio1 
pentene)" 

dimethacrylate) 
Dilauroyl peroxide Polystyrene' 
Dicumyl peroxide Polypropylene" 

80 
85 

130 
70 
80 
70 
80 
90 
95 
85 
95 

85 
80 

120 
140 

0.19 107 
0.09h 92 
0 . 1 0 h  108 
O.lh  92 
0.5h 92 
0.05h 92 
0.07h 92 
O . l h  92 
Q.5h 92 
0.01' 92 
0.05' 92 

0.17 109 
0.33' 110 
0.058R.' 80 
0.098g.i 80 

"Isotactic polymer, m.p. = 165°C. 
"Atactic polymer, T,  = - 10°C. 
'Isotactic polymer, m.p. = 112°C. 
"Isotactic polymer, m.p. = 240°C. 
'Atactic polymer, = 95°C. 
RFrom chromatographic analysis of the reaction products. 
hEscape of radicals capable of initiation reaction in polymer oxidation. 
'Fraction of radicals reacting with present %-naphthol. 
'Escape of primary cumyloxy radicals from the cage. 

The quantitative evaluation of the effect of the viscosity of the polymer medium on the 
diffusion of free radicals showslo8 that the fraction of radicals released from the cage is 
greater by 3-4 orders of magnitude than the theoretically estimated value off: The degree 
of escape from the cage depends more on the reactivity of the radicals than on their 
diffusion coefficient. It is therefore justifiably assumed that the escape of radicals from the 
cage proceeds via competitivc chemical reaction of the original radicals with the polymer 
medium. However, quantitative analysis does not agree with this as the only additional 
mechanism besides diffusion. Lower mobility of radicals in the polymer cage may thus also 
retard their reversible recombination. 

The problem may be clarified by a study of oxygen scrambling and carboxy inversion of 
peroxy compounds dissolved in solid polymers. 
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B. Microheterogeneity of the Polymer Medium 

The glassy and crystalline polymer media have frozen fluctuations presenting 
nonequivalent positions for the decomposing peroxide. Peroxide molecules fragment 
more easily, e.g. at  sites where there is morc free space than in the close surroundings of 
rigid polymer chains. The few available experimental data support this idea. The 
decomposition of 11 in polypropylene showso’ that the overall rate constant for the 
decomposition and the efficiency of the escape of free radicals from the cage depends on the 
peroxide concentration and on the amount of additives, such as phenyl benzoate (19). 
Addition of 19 accelerates the decomposition of 11 in an inert atmosphere, and usually 
increases the rate of polymer oxidation (in the presence of 0,) but decreases the velocity of 
polypropylene degradation. Dissolution ofboth 11 (0.01 mol kg-’) and 19 (0.1 mol kg-I) 
causes only slight changes in the arrangement of the polypropylene molecules. All the facts 
indicate that the low molecular weight compounds preferentially dissolve in defects or free 
spaces and that chemical reactions take place in these microregions. 

The effect of local surroundings or the physical state of the sample on the decomposition 
of 11 can be illustrated by a change in the reaction rate as a function of the degree of 
mechanical deformation of the medium” ’. In deformed polycarbonate containing 11 as 
much as a tenfold acceleration of the initial decomposition rate of the peroxide is observed, 
compared to samples without mechanical extension. Since in the motion of 
macromolecules structural microheterogeneity is developed, 11 will probably be displaced 
into regions where the decomposition is faster. Both spontaneous and induced peroxide 
decomposition may be accelerated. Any detailed discussion is, however, untimely due to 
insufficient experimental data. 

VI. CONCLUSION 

Reactions of organic peroxides in the solid phase have not been a frequent subject of 
investigation. Achievements in the study of these compounds in the liquid phase will 
probably stimulate efforts to compare reactions under less common conditions. Recently 
developed simpler and faster methods for determining the structure of crystalline 
substances enable analysis of the arrangement of reacting groups in reactants and 
products. 

At present the investigation of peroxide reactions in the solid state does not offer many 
practical examples, but we may expect that future research will be directed toward 
reactions interesting from the synthetic point of view (e.g. decomposition of cyclic 
peroxides to yield cyclic hydrocarbons, etc.). The different conformations of molecules in 
the crystal and in solution will probably influence the selectivity of the reaction as will also 
changes of mobility in the crystal. The latter may be realizcd by examining reaction 
products in the crystalline phase at temperatures both considerably below and 
approaching the melting temperature of the reactant. 

Reactions of peroxides in the solid state are often more sensitive to temperature changes 
than in the liquid phase. Kinetic parameters obtained may be influenced by structural 
changes in the reactant or in the solid reaction medium. Thevalues for apparent activation 
energies may therefore be different for various temperature regions and their physical 
interpretation is not always the same. Obviously, the cage effect is more promincnt in 
solid-state reactions than in solution. 

The kinetic courses of peroxide decomposition in the solid phase support the theory’ 
that these reactions start in defects of the crystalline structure and many ofthem take place 
at the boundary of the old and new crystalline phases. Depending on the rate of formation 
of reaction centres (nucleation), the reaction may proceed either with or without an 
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induction period. The reaction is autocatalytic under isothermal conditions. When the 
heat dispersion is insuflicient, explosions may occur. 
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I. INTRODUCTION 

Organometallic peroxides are defined for the purposes of this chapter as compounds with 
organic carbon bonded directly to the metal as well as having dioxygen bonded to the 
metal. The latter may be an aryl-, alkyl- or acyl-peroxy (p-peroxo) group as in R,MOOR' 
or a hydroperoxy group R,MOOH. In these cases both the carbon of the organic group R 
and the oxygen are bonded to the metal by (3 bonds. Also included is another type of 
organometallic peroxide which results when the organic carbon is 7r-bonded to the metal, 
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as one finds in olefin or cyclopentadienyl complexes of transition metals e.g. 
(C5H5)Zr(Y)OOR1. Metal peroxo compounds, which are well cstablished for thosc 
transition-metal complexes having suitable ligands, are also to  be found with 
organometallic bonded carbon, c.g. 1 59 .  

(C5H5)2Nb/T 

L'O 

(1) 

It has been pointed ou t  by Sheldon and Kochi' that metals in low oxidation states will 
have relatively expanded 'd' orbitals and will favour n-bonded dioxygen, whereas high 
oxidation state metals will have 'd' orbitals less available for back-bonding and are more 
likely to form yperoxy links with dioxygen. If a peroxy group is not directly attached to 
the metal but is part of an  organic ligand then it generally behaves like an ordinary organic 
hydroperoxide or dialkyl peroxide. Reference to this type of organometallic peroxide will 
be reserved for those cases wherc special propcrties result or there is topical intercst. 

appeared following publications of work 
which had provided some understanding of what had previously been a little studied area. 
In many instances the organometallic peroxides are iabile compounds which sometimes 
undergo explosive decomposition, yet in other instances they are stable up to 100°C. In the 
past decade many examples of preparation, and in some cases isolation, of organometallic 
peroxides have been reported and the mechanisms of decomposition have been studied 
and classified. Organometallic peroxides have been used in the syntheses of organic 
hydroperoxides and more recently for aldehyde and ketone syntheses3'. Interest has also 
been partly stimulated by the application of the organometallic peroxides to commercial 
processes although, apart from the Halcon processes for the epoxidation of olefins5 and 
their possible use in polymerization reactions, their exploitation has been limited. 

In the early 1970s a number of 

A. General Properties 

The thermal homolysis of thc oxygen-oxygen bond, well known in the case of organic 
hydroperoxides and dialkyl peroxides, is frequently demonstrated in the case of 
organometallic peroxides (equations 1 and 2). However, the presence of the metal can 
significantly modify the oxygen bond strengths. It should be noted that in many cases the 
metal provides additional routes for removal of the peroxy group and frcquently these 
relatively low-energy pathways will convert the peroxy group to the alkoxy group and are 
the reason why isolation of the organometallic peroxide is sometimes difficult or 
impossible. The rearrangement of the peroxy group can be either intermolecular (equation 
3) or intramolecular (equation 4) depending on the nature of the metal and other ligands 
that are present. It is frequently the case that an alkoxy group or halogen directly attachcd 
to the metal of an organometallic peroxide confers hydrolytic instability on the 
compound. 

R,MOOR' - RnMO'+ 'OR (1 1 

R,MOOR' -* R,M' + 'OOR' (2) 

R,MOOR + R,M - 2RnMOR (3) 
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6 .  General  M e t h o d s  of P r e p a r a t i o n  

One can divide the mcthods used to prcpare organometalllc peroxldes Into two broad 
classes. The first is nucleophilic substitution of halogcn or other good lcaving group, by 
hydroperoxide (equation 5) or the sodium salt of the hydroperoxide (equation 6) .  When X 
is a low molecular weight alkoxy group or oxygen it is often advantageous to rcmove the 
by-product alcohol or water by azeotropic distillation and i n  this way high yields of the 
more thcrmally stable peroxides can be obtained. Alternatively the sodium salt of the 
hydroperoxide can be used for the more unstable systems as in equation (6). The second is 
the insertion of dioxygen, derived from the air, into a carbon metal bond (equation 7). 
When studied in detail with individual organometallics, this autoxidation turns out to be a 
frec-radical chain rcaction. This was first recognized in the case of alkyl-boron6, -zinc, - 
cadmium and -aluminium' and thc sequence of reactions involving initiation (equation 8), 
followed by the chain propagation steps (equations 9 and 10) is now widely applicable. The 
spontaneous inflammability of some low molecular weight metal alkyls reported by 
chemists in the previous ccntury may be attributed to this rapid, free-radical chain 
sequence. Equation (10) is an cxample of bimolecular homolytic substitution (S1,2). In the 
case of thc more reactive organomerallics such as trialkylboranes or homoleptic* 
transition-metal alkyls the initiation step (8) appears to be spontaneous and the initial 
attack by molecular oxygen is followed by rapid subscquent stages giving rise to thc chain- 
propagating alkyl radical8. 

R,MX, + ,,, R'OOH - R,M(OOR'),,, .t , HX ( 5 )  

R, M(0OR'  )m + , NaX (6) 

(7 )  

RM + 0 2  -- R '  (8 )  

R '  + O2 - RO2' (9) 

R 0 2 '  + RM - RO2M + R' (1 0) 

R,MX, + , R'OONa - 
R-M + 0 2  - MOOR 

The exact nature of the initial dioxygen-mctalalkyl complex is open to conjecture, 
bearing in mind that sincc dioxygen has a triplet ground state it can readily interact with 
metals in lower oxidation states. I t  may be of thc superoxo type R,,MO-0 (similar to the 
reversible enzymatic oxygen adducts), which could eliminate alkyl radicals, recom- 
bination of radicals being spin forbidden (equation 11). Alternatively i t  could be a peroxy 
corriplex ( 2 )  where the oxygens are Tc-bondcu In a manner similar to metal-olcfin 
complexes. Insertion by alkyl groups (derived from metal-olcfin complexes) into 
transition-metal complcx peroxy compounds has been reviewed by Mimoun' and can 
equally well apply to ccrtain organotnetallics (equation 12). 

R,MOO - R,-,MOO' + R' (11) 

(2) 

* Meta l  alkyls v.fhic1i have only inetal-carbon cs bonds but which may also h a w  metal-metal bonds". 



810 P. B. Brindley 

I I .  ORGANOMETALLIC PEROXIDES OF GROUP II METALS 

A. Beryllium and Magnesium 

Organometallic peroxides of beryllium o r  magnesium, ROOM R, have not been clearly 
identified, although the related peroxides derived from the Grignard reagents, ROOMgX, 
are well established. Walling and Buckler" used the autoxidation method at - 75°C to 
prepare the alkylperoxymagncsium halide in situ, and then isolated hydroperoxides in 
high yield after treatment with acid (equation 13). The use of dilute ether solutions of 
oxygen at - 75°C minimized the conversion of peroxide to alkoxide'O*' However, one 
should bear in mind that alkylmagnesium halides in ether solution are solvated and are in 
equilibrium with the dialkylmagnesium compounds12. Pure dialkylmagnesium 
compounds are known and they are frequently polymeric, although dineopentyl- 
magnesium is trimeric in b e n ~ e n e ' ~ .  One might ask to what extent the Schenk equilibrium 
results in compounds of the type ROOMgR, contributing to the overall hydroperoxide 
yield. It is unlikely that alkylperoxymagnesium alkyls could be isolated since they would 
be expected to undergo rapid reduction in a manner analogous to the related magnesium 
peroxides RQOMgX (Section LA) whose reduction to alkoxide is well established 
(equation 14)'". Autoxidation of dimethylberyllium in diethyl ether gave beryllium 
methoxide consistent with a free-radical mechanism involving methylberyllium methyl 
p~rox ide~ .~" .  

(1 3) 
H* x- 

RMgX + 0 2  -!?% ROOMgX - ROOH + MgXz 

(1 4) 
RMgX 

RMgX + t-BuOOH - t-BuOOMgX -- ROMgX + t-BuOMgX 

B. Zinc, Cadmium and Mercury 

As one progresses down Group IIB from zinc to mercury, so the organometallic 
peroxides become increasingly more stable, thc rearrangement reactions (equations 3 and 
4) become less facile and in some cases the organometallic peroxides are insolable. By 
applying their low-temperature, dilute-solution, autoxidation method to di-ri-butylzinc, 
Walling and Buckler were able to prepare a solution of butylperoxyzinc-butyl" which at 
ambient temperature and with excess oxygen forms dibutyl peroxyzinc (equation 15, 
R = 17-B~)'';  reduction by excess dibutylzinc gave butoxyzinc (equation 16, R = n-Bu). 
Previous to this work the vapour-phase autoxidation of dimethylzinc had been shown to 
be a chain-reaction16. Subsequently, autoxidation of diethylzinc in anisole solvent was 
confirmed as a free-radical chain process (equations 8-10) and since the total amount of 
oxygen absorbed was 1.5 niol then the overall reaction was as shown in equation (17). The 
first peroxyradical substitution could not be inhibited by the free-radical inhibitor 
galvinoxyl(l.3 mol XJ, but the second substitution yielding the dipcroxide was completely 
inhibited' '. 

0 
R2Zn + O2 - ROOZnR L-- ( R 0 O ) z Z n  (1  5) 

( R 0 0 ) 7 Z n  + RzZn -- - 2 ( R O ) 2 Z n  R = E t ,nBu  (1 6) 

EtzZn + 1.502 - -- EtOZnOOE t (1 7 )  
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Generally, dialkylcadmium compounds when interacted with alkylhydroperoxides 

according to equation ( 5 )  give dialkylperoxycadmiums, but it was reported that the less 
reactive dimethylcadmium with decahydro-9-naphthyl hydroperoxide (decalyl OOH) 
yielded the organometallic peroxide as did 2-phenylpropyl-2-hydroperoxide (cumyl 
OOH); the latter was stable at 20°C rearranging to the mixed alkoxide at 50°C (equation 
18)17.87. Syntheses by the autoxidation route, with one molecule of oxygen, also gave the 
organocadmium peroxide, the reaction being slower in diethyl ether than in anisole. The 
second molecule ofoxygen gave a white precipitate of the dialkyl peroxide (equation 19). 
In the absence of solvent, dimethylcadmium with air gave a glass which exploded when 
touched. Both stages of the free-radical chain substitution reaction could be inhibited by 
galvinoxyl in contrast to the zinc case, indicating slower initiation and/or propagation 
stages (equations 8 and/or 10) in the case of cadmium"*18. 

Increased stability of the peroxides as one progresses down the subgroup is clearly 
demonstrated with alkylperoxymercury alkyls. Preparation can be conveniently carried 
out by the hydroperoxide substitution methods. Heating dialkylmercury compounds with 
a hydroperoxide gives the mercury peroxide, but the elevated temperature then gives rise 
to rearrangement of the mercury peroxides as well as to their hom~lyses '~ ,  e.g. equation 
(20). The use of the sodium salt of the hydroperoxide at  a lower temperature is a more 
satisfactory synthesis allowing the preparation of cumylperoxymercury-phenylZo, 
PhC(CH3)200HgPh. The slow autoxidation of dialkylmercury compounds follows a 
free-radical chain mechanism. Razuvaev and coworkersG7 concluded that diisopropyl- 
mercury and oxygen a t  50°C first formed an intermediate oxygen complex which 
rearranged to alkylmercuric alkyl peroxide. This then either interacted with unchanged 
dialkylmercury to form isopropylmercuric isopropoxide or underwent mercury-oxygen 
homolysis (equations 21 and 22, R = i-Pr). By-products-acetone and isopropyl 
alcohol-were observed in the case of diisopropylmercury autoxidation. Similar products 
were observed by later workers68, who using di-s-butylmercury obtained a homolytic 
displacement at mercury of s-butyl radicals (equation 23, R = s-Bu). I t  seems probable 
that equations (8)-(10) are applicable. 

i . P r 2 H g  
i -Pr2Hg + t-BuGOH - i-PrH + t-BuOOHgPr-i - 
- i-PrHgOBu-t + i-PrOHgPr-i 

2RQHgR F 
[ R o o H g R 1 j  cRO; + .HgR 

R = i-Pr, t-amyl or benzyl 
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It is worth noting in passing that pcroxymercuration of alkenes, which gives 
organometallic compounds where the organic peroxy group is p to the mercury, forms a 
compound (3) where there is intramolecular coordination between the mercury and the 
peroxy oxygen2'. Mimoun and coworkers65 have used this type of stable peroxymercurial 
to prepare the labile palladium peroxy intermediate 4, which rapidly converts to 
acetophenone and t-butoxypalladium. 

X I ,Bu-t 

Hg -q 
\ 

\ I / O  ,c-c. 
\ 

R R 

X = Br or trifluroacetate 

(3) 
(4) 

111. ORGANOMETALLIC PEROXIDES OF GROUP Ill METALS 

With an increase in valency of the metal, so the variety of peroxides derived from the metal 

increases and (ROO),M R3 - ,, ( ) I  = 1 or 2) and ROOM 'R \OR or ROOM<RoR>MOOR 
become possible in Group 111. 

A. Boron 

It was in the 1950s that organoboron p-peroxides of the type (R00)2MR3-, ,  wcrc first 
d e t e ~ t e d ~ ~ . ' ~  and subsequent work has resulted in these compounds being studied in 
considerable detail, although their isolation and purification has becn hampered by the 
rapidity with which the peroxide rearranges to alkoxide (equations 3 and 4). The best 
method for the preparation of (ROO),MR3 -,, and ROOB(0R)R in solution has proved to 
be the autoxidation method carried out in an inert solvent, undcr carefully controlled 
conditions. The kinetic measurements carried out by Davies, Ingold and  coworker^^^*^^ 
have substantiated the earlier discovery that the process was a free-radical reaction of long 
chain length26*27 (equations 24 and 25). Their work provided quantitative comparisons of 
the ease of propagation, the rate-determining step being the rapid SH2 displacement of 
alkyl radicals from the boron atom (equation 25); k ,  is the rate constant for the S1,2 
process. Propagation was terminated by two alkplperoxy radicals combining to give stable 
organic molecules (equation 26). The quantity kJ(2 k,)''2 has been referred to as the 
'oxidizability' and is highly dependent on the structure of the organoboron compound. An 
understanding of the factors involved is necessary if good yields of organoboron peroxide 
are required. The autoxidations are usually inhibited by water and organic bases2". The 
conversion of diisopinocampheylbutyl boranes to the mono- (and di-) peroxides at 25°C in 
benzene showed steric retardation which was most pronounced in thc case of the s-butyl 
isomer27 (s-butyi isomer autoxidaiion LO diisopinocampheyl-s-butylperoxyboranc-t 
ca. 4s). However, tris-eso-2-norbornylborane showed no steric retardation when oxidized 
to the monoperoxide, r a t k i  it  was comparable to tri-s-butylborane in behaviour. 

- ROO' 
very fast 

R' + 0 2  

kP 
ROO + R - B - R  ROOB-R + R'  - 
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ROO' + ROO' - 2kt stable products 

In the case of trialkyl- or triaryl-boranes the rate-determining propagation steps are 
close to diffusion control, cxcess oxygen and highly efiicient stirring being needed in the 
above experiments. At temperatures as low as - 74°C there was no detectable induction 
period. For example, tri-m -s- and 4-butylboranes (2 millimolar in ether at - 74°C) 
absorbed the first molecule of oxygen to form BuOOBBu, with half-lives ca. 20 s, reaction 
being complete in ca. 3 min, whereas the second molecule of oxygen was absorbed much 
more slowly to form the diperoxide: BuOOBBu2 -+ (BUOO)~BBU (c,,, a t  25"C, 8 m ~  in 
benzene-wbutyl = 5min, s-butyl = 18s, i-butyi = 31 min)27. It was by carrying out the 
autoxidations of trialkylboranes in the presence of pyridine that Ingold and coworkers 
were able to take advantage of the equilibrium (27) to calculate the values given in Table 1, 
the pyridine-borane complex not being subject to autoxidation. 

TABLE 1 .  Oxidation of organoboron to peroxyboron compounds at 30°C in i s o o ~ t a n e ~ ~ . ~ ~  

Starting compound Product 
Oxidizability" k ,  
(M-' S - I )  (M-IS-') 

(tl-B ~ ) 3  B 
(s-Bu)~B 
(ex0-2-Norbornyl)~B 
Ph3B 
(PhCH2)3B 
(PhCH2)2BOOCH zPh 
(n-Bu)zBOEt 
(s-Bu)~BOBU-~I 
(II-Bu)~BOOBU-~I 
(s-Bu)~BOOBU-S 
( ~ - B U ) ~ B O B ( B U - ~ Z ) ~  
(s-Bu)~BOB(BU-S)~ 

~ I - B u O O B ( B U - ~ I ) ~  
s-BuOOB(BU-S)~ 
Similar to (s-Bu)~B 
Similar to (s-Bu)~B 

Indistinguishable from 
ti-BuOOB(n-Bu)OEt 

PhCH200B(CH2Ph)2 

s-BuOOB(s-Bu)OBu-II 
(n-Bu00)2BBu-t1 
(s-BuOO)~BBU-S 

3 0 0 b  
70b 

3 x 102 
(PhCH2)3B' 
0.8 
1.6 
4.4 
11 
43 
56 

2 x 1 0 6 6  

8 1 0 4 b  
- 
- 
5 x 106 r.d 
- 
5 x 1 0 3  

2 x 1 0 3  

3 x 104 
1 x 104 
3 x lo5 
7 x 104 

"k,/(2 k , ) ' .  
isooctane/pyridine mixture. 

benzene with a small amount of pyridine. 
'In benzene. 

It is significant that when an alkoxy group is attached to boron then autoxidation is 
much slower, yielding peroxides of the type ROOB(R)OR. This is partly because of a 
slower rate of self-initiation, partly a result of a slower Sw2 propagation. The retarding 
effect of oxygen-bound groups whether alkoxy or peroxy, is attributed to n back-bonding 
from oxygen to boron: 

which limits attack of the pcroxy radical onto the boron, whereas in the case of 
trialkylboranes the boron has a vacant p orbital available to the substituting radical. In 
some instances the autoxidation of trialkylboranes, at low temperature in hydrocarbon 
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solvent stops sharply after formation ofthe monoperoxide, and ifthe residual oxygen gas is 
rapidly displaced by nitrogen a solution of the pure peroxide is obtained (equation 28). In a 
similar manner the pure diperoxyboranes can be obtained at ambient  temperature^'^^^. 
Self-initiation of trialkylboranes was found to be first order in borane and zero order with 
respect to oxygen and this was explained in terms of equations (29) and (30)8*2s. The 
nature of the complex was not discussed by these authors, the rate of initiation being 
suggested as a measure of the rearrangement of the dioxygen-borane complex to the p- 
peroxoborane: 

(30) 
fast 

ROOBR2 + R3B ----* R ’  + RzBO’ + stableproducts 

Rate cotistutits j o s  triolkylbosune autoxidatioti selfliriitiatiori in berizetie ut 
25°C. 
1.7 x 10-5s-1 
0.9 x 10-5s-1 
6.8 x 10-5s-1 

for tri-s-butylborane 
for tri-i-butylborane 
for tricyclohexylborane 

If a mixed organoborane such as (i-Bu),BBu-t is autoxidized the r-butyl group peroxidizes 
preferentially and 2 mol of oxygen gives almost pure di-isobutylperoxy-t-butylperoxy- 
borane3’. ~~ 

When nucleophilic substitution by hydroperoxide was used as the preparative meihod 
for organoboron peroxides the presence of the organometallic peroxide could be deduced 
from identification of the rearrangement products. Cumylperoxydiphenylborane was 
reported as being unstable, rearranging rapidly to the mixed alkoxy-phenoxy compound; 
this was deduced by relating it to its hydrolysis products; phenylboronic acid, phenol and 
2-phenylpropan-2-01 (equations 31 and 32)2’. Hydrogen peroxide has been used as well as 
hydroperoxides, thus with hydrogen peroxide and the mixed borane, diisobutyl-t- 
butylborane rearrangement followed initial reaction (equation 33). I t  was demonstrated 
by kinetics31 and oxygen-1 8 labelling studies32 that the labile phenylboronic peroxy 
anion, which is formed from phenylboronic acid and aqueous hydrogen peroxide, 
intramolecularly rearranges to the boric acid ester; the ester being moisture-sensitive, 
gives phenol whose oxygen is derived from the peroxy group (equations 34 and 35). 

(31) - 5OoC Ph2BCI + cumylOONa - PhzBOOcumyl + NaCL 

H2Q Ph2B00cumyl  - PhOB(Ph)Ocumyl - PhB(OH)2 + PhOH + PhC(CH3)20H (32) 

V - B U ) ~ B B U - ~  + HOOH - (i-Bu)2BCBu-r * r-BuOH + i-Bu2BOH (33) J 
OPh 

OR 
PhB(”OH)2 + ROOH - [PhB( ’80H)200Rl - -  H”0B: + (34) 
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(35) 

OPh 

OR 
~ 1 8 0 ~ :  + 2 H 2 ' 8 0  - (H'80)3B + PhOH + ROH 

R = H or tetrahydronaphthyl 

K Back-bonding from oxygen is the stabilizing factor in s-butoxy-s-butyl-s- 
butylperoxyborane, s-BuOB(Bu-s)OOBu-s, which was only 10 % decomposed after 24 
hours at 50°C (equation 36) Here it was the difficulty in purifying the starting 
chloroborane which was the most significant factor leading to the 75% yield of 
organoboron peroxide8. 

pentane 
(36) s-BuOB(S-BU)CI + S-BuOOH - ooc HCI + s-BUOB(S-BU)OOBU-S 

The relative importance of the rearrangement reactions and homolysis of the peroxy 
groups have been studied quantitatively for butylboranes. Using p ~ e  samples of 
peroxyboranes in isooctane a synchronous, intramolecular rearrangement (equation 37), 
involving a cyclic transition state, was inferred from enthalpies and entropies of activation. 
A consideration of rate constants for the intramolecular rearrangement and the homolytic 
fission of peroxy groups showed that the latter play only a minor role at temperatures 
below 100°C (Table 2). On the other hand the intermolecular decomposition of the 
monoperoxide and trialkylborane is very rapid at ambient temperature and complete in 
less than 30s (cquations 35 and 39)*. 

6+ 
....... 0 .......... .: ..Bu . ,OBu 

Buoy .......... ::E..i- - BuOB 
'z 'z 

BuO 

Z = Bu or OOBu 

(37) 

TABLE 2. Rate constants for decomposition of butylpcroxyboranes 

Rearrangement Homolysis in k 
Compound in isooctane, k ( s -  I )  vinyl acetatc, k ( s -  I )  

(~I-BI.IOO)~BBU-~I 1.5 x lo -*  at 61°C 
(s-BuOO)~BBU-.S 4.80 x lo-'  at 71°C 2.6 x at 61°C 
)I-BuOOB(BU-~I)~ 2.6 x lo-'  at 25°C 

3.78 x lo-' at 71°C 

4.68 x lo-' at 25°C 

I t  has been suggested that organoboron peroxides could be used as low-temperature, 
free-radical polymerization initiators. Whether polymerization of vinyl monomers is as a 
result of chain transfer from the trialkylborane autoxidation or from intermolecular 
boronperoxide honiolysis (equations (38) and (39) or a combination of both is not always 

* Further confirmation of the free-radical nature cquation (38) follows as a result o f a  rcccnt ClDNP 
study". 
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~ l e a r ~ ~ . ~ ~ .  A similar type of initiation supplies the alkyl free radical necessary to initiate the 
oxygen-induced SH2 borane substitution by ci,&unsaturated carbonyl compounds to yield 
ketones or aldehydes, (equations 40 and 41)35. 

\ / /  \ / 
/ \ / 

R-C-C=C-OB + H202 + NaOH - R-C-C=C-OH + etc. 

\ / - - R-C-C-C=O 
/ ‘H 

An important application of di-alkylperoxy-alkylboranes is their use to prepare and 
isolate in high yield the corresponding alkyl hydroperoxide. Hydroboration of alkene to 
trialkylborane is followed by controlled addition of oxygen, then the reaction mixture is 
treated with aqueous hydrogen peroxide, all operations being carried out consecutively in 
the same flask (equation 42)36. The hydroperoxide is separated by extraction with 
aqueous potassium hydroxide. 

RaB + 202- ( R 0 0 ) 1 B R  -!$$- ROOH + ROH + ( H 0 ) 3 B  

The use of di-butylperoxy-butylborane in the place of t-butyl hydroperoxide in an 
attempt to bring about Halcon-type epoxidation’ (discussed in Section VI) ofcyclohexene 
in the presence of molybdenum hexacarbonyl gave, after work-up, low yields of trans-1,2- 
diol. Similarly indene gave a low yield of the i n d a n ~ n e ~ ~ .  In both cases the products can be 
related to the epoxide. The low yields were largely attributed to the marked increase in rate 
of decomposition of di-butylperoxy-butylborane in the presence of the molybdenum 
catalyst and it is more likely that epoxide formation was as a result of homolysis of the 
peroxidc to butoxy radicals64 rather than a complex consisting of olefin-molybdenum 
and peroxide’. 

B. Aluminium 

Alkylperoxyaluminium alkyls have not been studied in anything like the detail of the 
corresponding boron compounds but it seems that they are essentially similar. 
Autoxidation of aluminium alkyls at  low temperature first forms the alkylperoxy- 
aluminium compound but only in low yields; the ease of rearrangement of the peroxide is 
once again a major factor (equations 43 and 44). Triphenylaluminium autoxidizes less 
readily than the methyl or ethyl compounds; thc identification ofbiphenyl in the products 
further substantiates the free-radical nature of the a u t o ~ i d a t i o n l ~ . ~ ~ .  A similar situation 
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(43) 
/RAi(oR)2 

R j A l  + 02- RzAlOOR 

R2AIOR (44) 

R = Me, Et or Ph 

applies to the autoxidation of butylaluminium dichloride at -5o"C, only 10 of 
aluminium peroxide bcing dctected3*. 

'The 'Alfol' process is a method for manufacturing long-chain alcohols and involves the 
formation of intermediate alkylperoxyaluminium alkyls. The process is more than 20 
years old and converts ethylene into aluminium alkyls having a wide range of molecular 
weights. The aluminium alkyls are then autoxidized and following rearrangement 
according to equations (3) and (4) the aluminium alkoxides are hydrolysed to a rangc of 
primary alcohols and aluminium hydr~xide '~ .  

C. Gallium, Indium and Thallium 

The previously noted increase in stability of the Group IIB peroxides compared with 
their lower atomic number elements is equally noticeable with Group IIIB. Treatment of 
the metal aikyl with peroxide gives good yields of the monoperoxide (equation 45). Also 
trimethylgallium or trimethylindium with dioxygen gives thc monoperoxide in 
quantitative yield. At elevated temperature (120°C for 3 h) thesc two monoperoxides 
undergo simultaneous homolysis and rearrangement, the major products being the 
alkoxides Me,,M(OMe),-, (n = 1 or 2) with some radical attack by Me,GaO' on the 
nonane solvent giving 5 "/, of M ~ ~ G ~ O R ~ " .  

R3M + ROOH - R2MOOR 

M = Ga, In, TI; R = Me, Et  
(45) 

The stable diethylthallium peroxides4' have been known for some years; the 
triphenylgermylperoxy derivative is particularly stable, beitig light-sensitive yellow 
crystals, and can be prepared in 80 "/,yield in high purity (equation 46)4'. At temperatures 
above 55°C it rearranges over a number ofhours by a bimolecular process ( e q ~ a t i o n 4 7 ) ~ ~ .  
The corresponding triphenylsilylperoxythallium compound cannot be isolated because it 
too readily rearranges to the diphenylphenoxy-siloxy-thallium-dicthyl, Et ,TlOSi- 
(Ph)20Ph. The trialkyls of gallium, indium and thallium undergo autoxidation and it 
seems reasonable that a mechanism similar to that for trialkylborons involving the 
organometallic peroxides is involved". 

CGHG at O°C 
E g T I  + PhlGeOOH - Et2TIOOGePh3 + EtH 

c6 H6 at 6OoC 2 Et2TIOOGePh3 - 2 Et2TIOGe(Ph)20Ph 

(46) 

(47) 
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IV. ORGANOMETALLIC PEROXIDES OF GROUP IV METALS 

The peroxides throughout this group show great variety and complexity; there is a 
considerable amount of published work dealing with silicon and germanium but they are 
not dealt with in this chapter, which is concerned only with metal peroxides. 

A. Titanium, Zirconium and Hafnium 

The known organometallic peroxides of this subgroup have only transient existence; the 
peroxides were prepared following the discovery that the previously unknown tetraalkyls 
of the early transition metals could be isolated if P-hydrogen elimination to yield alkenes 
was not possible. 

Autoxidation of the tetraalkyls, in hydrocarbon solvent at  20", was close to diffusion 
control, and was not significantly altered by lowering the temperature to - 74°C. Peroxide 
formation was at first inferred because retardation resulted from the inclusion of free- 
radical inhibitors. It was possible at the lower temperature to detect the organometallic 
peroxides in low yield, but the final products from the interaction with hydrocarbon 
solutions of oxygen were the metal alkoxides (equation 48)43*44. Tetrabenzylzirconium 
gave the most clear-cut results; the half-life for the oxygen absorption, at -74"C, in 
toluene solvent, was 2min and the peroxide yield was 30 o/, based on equation (49). 

R 4 M  + 202- R2M(OOR)z- ( R 0 ) 4 M  

(48) 
M = Ti, Zr, Hf, R = benzyl, neopentyl or trimethylsilylmethyl 

Hydrolysis of the toluene solution gave benzyl hydroperoxide and benzyl alcohol. The 
benzaldehyde present was attributed in part to the termination reaction (50) and partly to 
further hydrolysis of the hydroperoxide. The half-life for the rearrangement of the 
organozirconium peroxide to alkoxide at  20°C was 50 min. In comparison to the other 
zirconium metal alkyls, tetrabenzylzirconium oxidized the least vigorously and gave the 
best yield of peroxide-a characteristic which was attributed to TI interaction between the 
aromatic rings* and the low-lying vacant 'd' orbitals of the Dibenzylperoxy- 
hafnium-dibenzyl was prepared in situ under conditions similar to those for the zirconium 
compound. However, a significant difference was observed in the presence of pyridine. Due 
to complex formation, the initial rate of peroxidation was reduced and only the 
monoperoxide was formed (equation 51)45. O n  raising the temperature from - 74°C to 
20°C a second molecule of oxygen was absorbed suggesting thst a t  the higher temperature 
the pyridine complex dissociated to allow formation of benzylperoxy-dibenzyloxy- 
hafnium-benzyl (equation 52). It seems from the earlier reports of the spontaneous 
inflammability of Me4Ti, Ph4Ti and CpTiMe, (Cp-cyclopentadienyl) that the 
organometallic peroxides are involved in the highly reactive autoxidations of the 
organometallics. 

(PhCH2)4Zr + 202- ( P ~ C H Z O O ) ~ Z ~ ( C H ~ P ~ ) ~  (49) 

* It has been shown by X-ray structure analysis that tetrabenzylzirconium and tetrabenzylhafnium 
have distorted tetrahedral metal o bonds and that the aromatic rings are closer to the metal atoms 
than in the undisturbed compounds such as  t e t r a b e n ~ y l t i n ~ ~ .  A weak interaction between the 

, aromatic rings and the transition-metal centre contributes to the folding of the rings around the 
central metal. 
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(PHCH2)oHf.CsHgN + 02- PhCH20OHf(CH2Ph)sCsHsN 

- (PhCH20)2Hf(CH2Ph)z,CsHsN 

It was by reducing the five vacant orbitals in tetraalkylzirconiums to one in 
dicyclopentadienylzirconium dialkyls that it7 situ formation of the organozirconiurn 
peroxides became more manageable at  ambient temperatures (equation 53). It was 
demonstrated that there was rapid intramolecular rearrangement of the zirconocene 
peroxide to the dialkoxyzirconocene, and it was this which prevented either spectroscopic 
identification of the peroxide, or its isolation. Kinetic studies involving free-radical 
inhibition and initiation on  a range of substituted dibenzylzirconocenes fully established 
the free-radical substitution of alkyl radicals from the metal centre of the zirconocene, viz. 
an SH2 propagation stage, involving the alkylperoxy radical: 

Spontaneoiis initiation 

Cp2ZrR2 + 02- Cp2Zr(R)02 + R' (54) 

Propagation 

rate.deterrnining 
R O O  + Cp2ZrR2 -Cp2Zr(R)OOR + R' 

Autoxidation of benzylzirconocene chloride or bromide again yielded by a similar route 
an unstable peroxide which, in this case, rearranged intermolecularly to a mixture of the 
alkoxide and the oxygen-bridged species Cp,Zr(X)O(X)ZrCp, (equations 58 and 59)45*47. 

Cp2Zr(CH2Ph)X + 02- Cp2Zr(OOCH2Ph)X (58) 

X = Clor Er (59) 

Acidolysis of dibenzylzirconocene with t-butyl hydroperoxide at room temperature, 
although first forming the t-butyl peroxy derivatives of the metal, rapidly rearranged to the 
mixed alkoxidc which was identified by 'H-NMR in 70 o/, yield (equations 60 and 61). 
Acidolysis of the less reactive benzyl-benzyloxyzirconocene under similar conditions still 
gave the mixed alkoxide (equation 62). 
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Cp2Zr(CH2Ph), + t-BuOOH - Cp2 Zr(CH2 Ph)OOBu-t 

+ PhCH3 
r Ph 

- 

activated complex 

Cp2Zr(OCH2Ph)CH2Ph + t-BuOOH - Cp2 Zr(OCH2 Ph)OBu-t 

+ PhCH20H 

6. Tin and Lead 

1 .  Tin 

This type oftin compound has becn studied in detail over a number of years4. Peroxides 
of varying complexity have been prepared by thc nucleophilic substitution method 
(equation 63)4s-51, and good yields have been achieved using the sodium salt of the 
hydroperoxide (equation 64) and similarly equations (65)'' and (66)49b. Although the 
butyl isomer is unstable in air its thermal stability is comparable to that of di-t-butyl 
peroxide, i.e. well in excess of 100°C. In the presence of tetraethyltin, triethyltin-alkyl 
peroxide undergoes homolysis (equation 67)'" ; in some respects this can bc compared 
with the interaction of tetraethyltin and di-t-butyl-peroxide. Trimethyltin-t-butyl 
peroxide forms a stable complex with t-butyl hydroperoxide. Crystalline Me3SnOOBu- 
t-HOOBu-t complex (m.p. 28°C) sublimes it? L'NCIIO whereas the free tin peroxide 
Me3SnOOBu-t is a mobile l iq~id"'~.  

R4-, SnX, + n R'OOH - R4." Sn(OOR'), + n H X  

n = 1 or 2; X = CI, Br, CN, OR, NEt2, OH 

R3SnOOR' + NaCl (64) R3SnCl + R'OONa - 
R3SnOR' + R 2 0 0 H  - R3SnOOR2 + R 'OH 

R '  = Me, Bu- t  

(67)  
undecane 

Et3SnOOBu-t + Et4Sn so,vent + Et3SnO' + t-BuO' 
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It has been reported by Aleksandrov5’ that tin peroxides of thc type R3SnOOR1 

(R = Me, Et; R1 = t-Bu, cumyl) form 1 : 1 complexes with alkenes (and amines) and this is 
followed by homolytic first-order decomposition. The tin peroxides of the form 
R4-,Sn(OOR1),1 arc readily hydrolysed and when ) I  = 3 or 4 their involatility, coupled 
with their thermal instability, has prevented their isolation4’. 

The interaction of dialkyltin methoxides with 98 ”/, hydrogen peroxide gives stable, 
insoluble polymeric pcroxides having the formulae f-R,SnOO j-,: (R = Me, Et, Bu) which 
decompose slowly at 20°C over a period ofweeks. When the preparation is carried out in the 
presence of an aldehyde or ketone the polymeric peroxides have the formulae ( -R2SnOO- 
CR ‘R2-O-),. The structure and thermal dccomposition of these compounds has been 
reported in detail by Dannley, Aue and S h ~ b b e r ~ ~ ’ .  

With triethyltin oxide and hydrogen peroxide it was reported that the unstable peroxide 
Et3SnOOSnEt3 was a green oil which exploded on On the other hand the 
triisopropyl analogue formed stable crystals and the ti-butyl isomer has been used for the 
synthesis ofstrained, bicyclic endoperoxides and for prostaglandin peroxide synthesiss5. It 
was pointed out by Dannlcy and AueS4 that the stability of the organotin hydroperoxides 
R3SnOOH was sensitive to impurities that and this probably also applies to 
R3SnOOSnR3. Aleksandrov and coworkers” had previously demonstrated that the ditin 
peroxides R3SnOOSnR3 (R = Et, Ph)  underwent homolysis over the temperature range 
80-120°C to form the radical R3Sn0. which ultimately formcd R3SnOSn(OR)R2 in a 
manner analogous to the corresponding germanium compounds. They later reported the 
preparation of a triethyltin hydroperoxide (Et3Sn00H),.H202. Dannley’s method of 
synthesis was to remove the water of reaction as the water-toluene azeotrope (equation 
68). Whereas the trimethyl compound meltcd at  97°C with decompositions4, triphenyltin 
hydroperoxide was reported as exploding at 75°C. The azeotropic distillation, previously 
used for the synthesis of organolcad peroxide was also used by Davies and coworkers to 
prepare R3SnOOR’ (R = Ph, R’ = t-Bu, amyl) using excess 1-butyl hydroperoxide with 
the trialkyltin oxide and this gave very high yields. Dialkyltin oxides and t-butyl 
hydroperoxide formed another type of tin peroxide having tin-oxygen-tin linkages 
(equation 69)49. These are dimeric in benzene solution and therefore resemble dialkyltin 
oxychlorides and carboxylates. 

Me,SnOH + H202- MesSnOOH + H 2 0  (68) 

R2SnO + 2t-BuOOH - R2Sn-O-SnR2 + H 2 0  
1 \ 

OOBU-t OOBU-t 

R = Et, Bu 

Acylperoxytin alkyls have been prepared by R a z ~ v a e v ~ ~  and Davies” and thcir 
coworkers who have reported that they undergo spontaneous and rapid, first-order, 
rearrangement (equations (70 and 71). The extent of thc alternativc mode of 
decomposition which liberates dioxygen depends o n  the nature of the group attached to 
the tin, e.g. equation (72). 

(PhC0012 + Et3SnOR -- iEt3SnOOCOPh]  + PhCOOR I Et2SnCoEt (70) 

OCOPh 
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Et3SnOOCOMe - Et3SnOCOMe + $0, (72) 

Autoxidation of tetraethyltin or hexaethyldistannane at temperatures below ambient, 
often with ultraviolet light initiation, give as primary products peroxides such as 
Et3SnOOEt and Et3SnOOSnEt3 respectively, but as the temperature is raised free-radical 
derived decomposition products are observed4. 

2. Lead 

Although similar to the preparation of the organotin peroxides the nucleophilic 
substitution method for preparing organolead peroxides of the type R3PbOOR’ is more 
limited in scope. Alkyl hydroperoxides do not interact sufficiently with alkyllead halides, 
therefore elimination of sodium halide using the sodium salt of the alkyl hydroperoxide is 
used (R = Me, Ph;  R’ = t-Bu, cumyl, Ph3C). O n  ihe other hand, compounds of the 
general formulae R3PbZ, where Z may be -OH, -OR or -OPbR3, can be substituted 
by the free h y d r ~ p e r o x i d e ~ . ~ ~ .  Triethyllead oxide reacts rapidly at room temperature 
(equation 73)5s. In some circumstances low thermal stability of the organolead alkyl 
peroxides makes them difficult to isolate but this might be due to contamination; for 
example hexaalkyldilead rapidly converts the trialkyllead-alkyl peroxide to the 
corresponding alkoxide, e.g. equation (74). 

EtzPbOPbEtj + ROOH - EtjPbOOR + EtjPbOH (73) 
ROOH = t-Bu, cumyl, 1.4-diisopropylbenzene hydroperoxide 

(74) Et~PbPbEt3 + Et3Pb00cumyl - Et3PbOPbEt3 + Et~PbOcumyl 

O n  heating the lead peroxides undergo homolysis. However, generally the stability of 
the lead peroxides is reasonably good and melting points are often reported for these 
crystalline compounds4 with the exception of triethyllead-alkyl peroxides of IGW 
molecular weights. Trialkylleadhydroxides interact with peroxycarboxylic acids, but in 
common with tin, germanium and silicon the trialkylleadacyl peroxides are unstable, 
readily rearranging intramolecularly (compare equation 71), which is accompanied by 
dioxygen elimination decomposition (compare equation 72). 

Photooxidation of tetraethyllead or  hexacthyldilead is not a good method for preparing 
peroxides such as Et3PbOOEt or Et3PbOOPbEt; as in the case of t i n  the yields are low. 
Autoxidation of both tin and lead alkyls are radical chain processes*”. 

V. ORGANOMETALLIC PEROXIDES OF GROUP V METALS 

The organometallic peroxides of the vanadium subgroup have been but little studied. The 
interaction of dicyclopentadienylniobium dichloride with 30 ”/, hydrogen peroxide in 
mcthylene dichloride formed in 80 ”/, yield the yellow dioxygen complex (equation 7 5 )  
which was soluble in a number of polar solvents, and was stable in air over a period of days 
yet was reported as being explosives9. Its structure was suggested from a consideration of 
its infrared spectrum. 
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(75) 

A. Antimony, Arsenic and Bismuth 

Stable peroxides of the type Ph3Sb(OOR)Z are known where Z = Ph, Et, OK, O R  or 
Br, and are readily prepared from alkyl hydroperoxidesG0*61 or their alkali-metal salts. 
Displacement of halide or alkoxide from the metal is the preferred method of preparation 
(equations 76 and 77). In one case displacement of a phenyl group from 
pentaphenylantimony by an alkyl hydroperoxide has been reported (equation 78). The 
alkyl hydroperoxides were usually t-butyl hydroperoxide or cumyl hydroperoxide, 
although Razuvaev and coworkers found that triphenylsilyl or germyl hydroperoxide 
formed a stable metal peroxide (equation 79). The bis-p-peroxy compounds can similarly 
be prepared using two equivalents of hydroperoxide or its sodium derivative (equation 80). 
All these antimony peroxides are only slowly decomposed or rearranged above 100°C 
(equation 81), and they are hydrolytically stable unlcss Z is alkoxide or halogen. 

- Ph3Sb(Et)OOBu-r + NaBr (76) 

Br r-BuOOH - Ph3Sb(Br)OOBu-t + R'OH (77) 

r-BuOONa 

/ 
\ 

PhjSb 

PheSb + ROOH - Ph4SbOOR + PhH (78) 

EfSN 
Ph4SbBr + Ph3MOOH - Ph4SbOOMPh3 

M = Si or Ge 

(79) 

R3SbXz + 2R'OOH R3Sb(OOR')z + 2HX (80) 

Phd S bOO R - Ph3Sb(OPh)OR (81) 

Hydroperoxides of antimony have been prepared using hydrogen peroxide (equation 
82)"". 

RjSb(0R'  ) 2  + H,Oz - RjSb(OOH)> + 2R'OH (82) 

The diperoxide of several organoarsenic compounds has been prepared"' in the same 
way as the antimony diperoxide (equation 83). 

R3AsX2 + 2R'OOH - R j A ~ ( 0 0 R ' ) z  i- 2 H X  (83) 
R = Me, Ph; R '  = t-Bu,cumyl 

The arsenic peroxy compounds, like the antimony, are solids melting above 50°C. Both 
antimony and arsenic form polymeric peroxides of the type [R3MOO-],,. Studies on the 
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action of air on trialkylstibines or trialkylbismuthines indicate that a free-radical chain- 
reaction occurs although no clear-cut product is formed. Alkylperoxystibines and 
bismuthines are formed, but react further with the trialkylmetal and their reduction results 
in insoluble polymeric metal oxides which separate out from the benzene solutions. It had 
been suggested earlier on that triethylbismuthine when autoxidized at - 50°C gave an 
unstable peroxidic compound with the structure Et3Bi.00 70. However, Davies and Hook 
point out that trialkylstibines and bismuthines when autoxidized have a lot in common 
with trialkylphosphine a u t ~ x i d a t i o n ~ ~  (compare equation 85) and they favour the 
mechanism shown in equations (84)-(87). Equations (84) and (85) are believed to be in 
competition. 

._ 

ROO' -I- R3M - ROOMR2 + R' (84) 

ROO' + RsM - RO' + O M R j  (85) 

(86) RO' + R3M - ROMR2 + R' 

VI. PEROXY DERIVATIVES OF GROUPS VI AND Vlll 
0 R G A N 0 M ETA L L I C S 

A. GroupVI 

The metals of Group VIA having organic groups with carbon-metal (3 bonds have only 
been prepared in recent years and consequently little is known about their interaction with 
molecular oxygen. During the autoxidation of hexaneopentylbimolybdenum or 
liexabenzylbitungsten, the presence of alkyl peroxides of these organometallics was 
inferred by analogy with tctraalkylzirconium autoxidations because the reaction could be 
retarded by known antioxidants, thereby implying that a free-radical chain-process was 
involved. Also small amounts of peroxide were detected in the final solution43. 

Epoxidation of carbon-carbon double bonds using alkyl hydroperoxides and early 
transition-metal, homogeneous catalysts (such as molybdenum, tungsten, vanadium, 
niobium, tantalum or titanium, in high oxidation states) (equation 88) is the basis of the 
Halcon process for the production of propylene oxide on a large tonnage scale', as well as 
stereospecific epoxidations ofcertain steroids and terpemes. It has been established that the 
epoxy oxygen is derived from a molybdenum- o r  vanadium-alkyl hydroperoxide 
~omplex'~. In the earlier stages it is envisaged that the olefin is n-bonded to the metal 
complex. It has been suggested by Mimoung, from a consideration of the various reaction 
characteristics, that the rc-olefin complex converts into a o-bonded group and this then 
permits the formation of a five-membered peroxo metsllocyclic intermediate which can 
rearrange to the epoxidc (equation 80). 

soluble metal /O\ 
ROOH + CHjCH=CH2 CatJ,ySl - ROH + CH~CH-CHZ 

R = t-Bu or PhCHCH, 
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In so far as elemental tellurium can be considered to have metallic characteristics, it is 
worth bearing in mind that the rearrangement of 2-chlorocyclohexyltellurium trihalide in 
the presence of t-butyl hydroperoxide may well involve an intermediate cyclohexylalkyl 
peroxide (equation 

B. Group Vlll 

Organometallic peroxides of this group have as yet not been systematically studied 
although peroxy compounds of the Group VIIl metals having a variety of ligands attached 
to the transition metals are of considerable interest', particularly with reference to 
enzymatic reactions involving molecular oxygen7'. 

A thorough study involving the preparation of alkylperoxy(pyridinato)cobaloximes 
(equation 91) has been carried out by Giannotti and  coworker^'^. Benzyl- and substituted 
benzyl-(pyridinato)cobaloximes were found to insert dioxygen into the cobalt-carbon 
bond at  ambient temperature to form the p-peroxo compound (equation 92)7G. Photolysis 
was necessary to bring about the reaction when simple alkyl groups were attached to the 
cobalt and a cobaloxime-molecular oxygen complex was inferred as a result of ESR 
studies, which detected the cobalt(rn) superoxide anion. The final stage was considered to 
be the homolysis of the cobalt-alkyl bond, which resulted in the formation of the stablc 
alkylperoxycobalt compound (equation 93)77. The alkylperoxycobaloxime could be 
prepared in high yield using t-butyl hydroperoxide or cumyl hydroperoxide (equation 
94)78.84 

R 
I 

I 

- 
[co] 

R-"201-pyr + 02- ROO - [Co] - pyr 

OR 
0 0' 

0 
R- [co"]  + I1 - 

Superoxide 

OOR' 
hn I 

R-[Col-pyr + R ' O O H  - R-[Col -pyr  + ROOR' 

(92) 

(93) 

(94) 
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In a few cases tbe organometallic ligand is olefinic in character; for example, the 
iridium-ethylene con,plex having peroxo oxygen has been characterized (5)'9. More 
recently the four-coordinate 1,5-~yclooctadiene (COD), phenanthroline (phen) complex 
was reported as forming a peroxy five-coordinate iridium complex'". The molecular 
oxygen reacted more readily with an intermediate five-coordinate iodine complex, 
[(COD)Ir(phen)I], than with the starting compound to form the five-coordinate 
iridium(i1) superoxo complex or the six-coordinate iridium(rr1) peroxo complex (equation 
95). A cyclooctene-rhodium-oxygen complex was suggested by James and Ochiai who 
believed that a hydroperoxy intermediate was involved in its conversion to ketone 
(equation 96)8'. I t  was later shown that the final products were equimolar amounts of 2- 
cyclooctene-1-one, cyclooctanone and watera3. More recently a dirhodium-dioxygen 
complex having the formula 6 was reported (equation 97). It liberated hydrogen peroxide 
on treatment with ROH where R = H, Me, Et or CH3CO". Similar compounds were 
obtained with dicyclopentadiene- or norbornadiene-rhodium complexes. The same 
authors had previousiy described a x-olefin-complexed palladium-dioxygen complex. 

(CODRhC1)2 + 2K02- CH?CI, COORh/i)'RhCOD + 2KCI 

'0' 
20% (97) 

(6) 

The potential use of transition-metal organometallic peroxides, particularly 
olefin-transition-metal x complexes, is currently stimulating interest since they may offer 
the opportunity to selectively oxidize olefins to a range of organic compounds. It is in this 
area of homogeneous catalysis that future developments are likely to take place. 
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I. INTRODUCTION 

A. Nomenclature 

Four-membered ring peroxides are cyclobutane derivatives in which two adjacent 
methylene units have been replaced by oxygen atoms. Stable entities of this type include 
the 1,Zdioxetanes 1, the 1,2-dioxetanones 2, also known as f*-peroxylactones, and the 
imino-l,2-dioxetanes 3. The 1,2-dioxetanedione 4 or carbon dioxide dimer, has been 

R Z  R 3  R 2  0 
I 1  1 0  

R' -C- C - R4 
I 1  
0-0 

R1-C-C 
I 1  
0-0 

R Z  R 3  
I 1  

R' -C- C - R4 
I 1  
0-0 

R 2  0 
1 0  

R1-C-C 
I 1  
0-0 

I I  
0-0 

U 
\\ 4" c -c 

I I  
0-0 
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postulated as reaction intermediate', but no spectral nor chemical evidence exists in 
support of this structure2. Consequently, this chapter will deal mainly with the chemistry 
of the four-membered ring peroxides 1 and 2, with some mention of 3, but not 4. 

B. History 

Although 1,2-dioxetanes 1 were postulated as reaction intermediates over 80years ago3, 
these elusive materials were isolated as stable entities only as late as 1969. Thus, Kopecky 
and Mumford4 prepared the first example, namely trimethyl-l,2-dioxetane (S), via base- 
catalysed dehydrobromination of P-bromohydroperoxides (equation 1). Earlier, the 
autoxidation of 1,2,3,3-tetraphenyl-l -propanone into benzoic acid and benzhydryl phenyl 
ketone was interpreted' as involving dioxetane 6. Indeed, very recent work6 on authentic 
a-hydroperoxyketones has shown that they decompose via their cyclic tautomers, i.e. the 
hydroxydioxetanes such as 6, into the observed products. However, the formation of 
dioxetane 7 in the photooxygenation of ergosterol7 was shown to be incorrect since the 
endoperoxide 8 was produced8. Similarly, in the autoxidation of cyclohexene, instead of 
the initially proposed9 dioxetane 9, the correct structure" was the allylic hydroperoxide 
10. 

Me2C-CHMe NaOH Me2C-CHMe 
I 1  - CCI4 I 1  

0-0 OOH Br 

R 

Ph Ph 
I I  

I I  
0-0 

Ph2CH -C-C -OH 

0 - O H  

r! 

0 4 PhzC-C 
I 1  
0-0 

Since then well over a hundred stable derivatives of 1 have been isolated and 
characterized, of which the more typical ones are listed in Table 1, These include alkyl-, 
alkenyl-, aryl-, alkoxy-, thio-, amino-, bromoalkyl- and carbonyl-substituted derivatives of 
the monocyclic, fused bicyclic and spirobicyclic type. 

One of the earliest suggestions for the intermediacy of a-peroxylactones stems from 
Staudinger and colleagues", who proposed derivative 11 in the autoxidation of 
diphenylketene. Indeed, recently this claim has been substantiated in the singlet 
oxygenation of ketenesI2. However, the first stable a-peroxylactone that was isolated and 
characterized' was the t-butyl derivative 12, prepared via dicyclohexylcarbodiimide 
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(DCC) dehydration of the corresponding u-hydroperoxy acid (equation 2). Other 
derivatives are shown in Table 2. 

.O 
~ - B ~ C H - C O ~ H  ~ - B ~ c H - c ?  

I - 4OoC I I  
OOH 0-0 

TABLE 1. 1,2-Dioxetanes 

~ ~~ ~ ~~ ~ 

'H-NMR d (ppm)h 
R' R' R3 R4 Method" I3C-NMR 6 (ppm) Ref. 

-0-CHZ-O H 
-0-CH2CH2-0- H 

M e  H H 
Me H Me 
Me Me H 

-CHZCHZCHZ- H 
Me Me Me 

H 
H 
Me 
H 
H 
H 
H 

A' 
A 
B 
B' 
B 
B 
B 

6.68 
6.22 
4.90 
5.1-5.2 
4.7 
5.5 
5.1 

220 
220, 221 
215, 222 
2 
2 
38, 158 
27 

A 5.2 71 

CH2Br Me 
CH2Br CHzBr 

-CH2CH2CH2- 
(-CH2-)4 

MeC=O H 
CH2Br Me 
CH2CI M e  
Me M e  
Et H 
Et Me 
EtO EtO 
EtO H 
M e 0  M e 0  
MezN Me 

Me 
Me 
Me 
H 
Me 
Me 
Me 
Me 
Me 
H 
H 
E l 0  
M e 0  
M e 

CHzBr 
Me 
H 
H 
Me 
Me 
M e  
M e  
M e  
Me 
H 
H 
M eO 
H 

D 
C 
I F  
B' 
B 
D 
B, D 
C 
B' 
B' 
A 
A 
A 
A' 

24,45, 223 
45,223 
156 
38, 158 
35 
45, 223 
46 
21, 157 

- 
5.35 
4.92 

__ 
89.4 
5.0 
5.04 
5.87 
5.61 

4.9 
- 

L 
2 
39 
39 
225, 221 
226 

0 0-0 

5.18-5.45 

81.96: 90.73 
6.15-6.35 

227 A 

H 
H 
H 

B 
B 
A' 

5.35 
5.1 
-. 

38, 158 
156 
81 
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TABLE 1. coiitiriiretl 

'H-NMR 6 (pprn)" 
R' R2 R 3  R" Method" I3C-NMK 6 (pprn) Kef. 

159 - C 

A 5.08 228 

H B' 
Me B 

158b 
27 

B 5.09 21 

Me2C=CH Me Me 
( -CH 5-15 Me 

QfMe 

Me3Si0 Me Me 
PI1 H H 

Me A 
H B' 

5.89 
- 

229 
156 

A 5.08 
109 

230 

Me D' 
Mc B' 

91.8; 109.4 
5.00 

51 
145b, 231 

A 4.93-5.15; 

81.83; 92.55 
6.20-6.34 

227 

159 

I56 

- C 

Me Me 

Q* Me 
232 

Me 

233 - A 
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TABLE 1. continued 

'H-NMR 6 (ppm)* 
R' RZ R3 R4 Method" 13C-NMR 6 (ppm) Ref. 

PhO EtO H H 
PhO - EtO H 

A' 
A' 

6.07; 6.35 234 
5.89; 6.12 234 

5.25-5.50 221 
6.15-6.40 

81.70; 91.25 

A Pr-i 

0-0 

w 199 

21 

C 

C 87.99 

159 C 

&OMe 0' 

A 5.68 228 

5.20 228 A 

OMe 

60 A 

Et Et Et Et 
Il-BuO 11-BuO H H 
,I-BuO H 11-BuO H 

C' 
AC 
A' 

160 
44,235 
44,235 

- 
5.95 
5.65 

QBU.. 0-0 
5.1-6.4 221 A 
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TABLE I. coriritiited 

'H-NMR 6 (ppm)b 
R' R2 R3 R4 Method" I3C-NMR S (ppm) Ref. 

&.Me 

0-0 

043 0-0 

. .  
0-0 

A 5.88 

A 6.05 

A' 5.43 

- C' 

A' 6.08 

A' 5.46; 5.86 

- 

A 5.08 
89.5: 109 

A 5.5s 

60 

237 

238 

239 

I60 

239 

239 

60 

230 

22s 

OSiMes 
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TABLE 1. coilrimred 

'H-NMR 6 (ppm)* 
R' RZ R' RJ Method" I3C-NMR 6 (ppm) Ref. 

A 4.84 228 

11-BU II-Bu Me Me C' - 200, 240 

Me 

A' 5.2 241 

I 
H P h  

15G - PhCHzCH2 Me Me Me C' 

CHZBr me 
P h  H Ph D 
P h  H Ph H 
Ph H H P h  

I 
Me 

C 88.1 ; 92.6 41 

A 6.33 

C' 6.34 
C 6.4 
C 5.63 

A 5.88 

A' 96.1; 100 

__ A 

233 

146 
146, 21 lc 
145a 

231 

103 

43 
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TABLE 1. cofrrifzzted 

837 

'H-NMR 6 (pprn)b 
R' RZ R 3  R4  Mcthod" I3C-NMR 6 (ppm) Ref. 

A 96.6; 109.6 

A 

C' 5.92 

- A 

B' 4.65; 5.19 

HO 

'@- H H O O  H B' 5.15; 5.32 

HO 

Ph M e 0  H Ph C' 6.06 
p-BrC,H, t-Bu H Me3Si0 A 4.8 
PhO t-BU D Mc3Si0 A - 
PhO 1-BU H Me3Si0 A 4.7 

el Ph 

- A 

~~ 

25, 47 

230 

224 

233 

242 

242 

224 
54 
54 
54 

237 
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TABLE 1. coririnited 

'H-NMR 6 (ppm)b 
R' R2 R3 R4 Method" 13C-NMR 6 (ppm) Ref. 

PhCHz H H 
Ph Me Ph 
p-MeOC,H, H H 
Ph Ph M e 0  
Ph IG e O  P h  
p-MeC6H4 t-Bu H 

W S P  h 

0-0 

Me Me 8 CH2CH2- 

0-0 H3m 0 

Ph H 
A 

0 
WN- 

PhO 1-Uu H 

A 109 31 

PhCHz B 4.85 
Me C - 

P - M C O C ~ H ~  B' 5.68 
M e 0  A - 

M e O  A - 

Me3Si0 A 4.75 

Me 

A 5.7 

A 6.16 
93.1; 100.2 

C - 

A 5.8 

A 5.96 

Ph A 5 

P h O  A 4.8 

A 5.45 

145a 
145b 
145d 
244 
244 
54 

47 

25,47 

156 

47 

31. 245 

226 

246 

47 
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TABLE 1. contiiiucd 

R' RZ R3 R4 Method" 13C-NMR 6 (ppm) Ref. 
'H-NMR S (ppm)* 

- A 

- A' 

1-BU H Me2SiO- A 4.5 
I 

PhO 

Ph 

t-Bu 
A 

_- A' 

I 
Me 

Ph H 

- A 

A 1 13.4 

Ph B 6.04 

A 95 

A 108.7 

-- A 

44 

243a 

246 

30 

250 

23 

14% 

42, 157 

243b 

237 
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TABLE 1. cotiririited 

'H-NMR 6 (ppm)* 
R' R =  R' R4 Method" 13C-NMR 6 (ppm) Ref. 

Me 
0-0 

gJ--pPh 
0-0 

A, C' 6.44 

- A 

A 193.6 

D 104.8 

A 94.5: 97.7 

180c 

202 

22 

22 

47 

A 9s.s; 117.7 47 

A' -_ 1 so 
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TABLE 1. cortrimted 

84 1 

R’ R2 R 3  
I H - N M R  6 (pprn)b 

Method” I3C-NMR 6 (pprn) Ref. 

Ph 

A 96.9; 97.6 

- 8 F P h  OPh A 0 0-0 

- PhO PhO Ph A 

, .  
0-0 

OMe 

- A 

- A 

- A 

248 

256 

256 

202 

202 

86 

Me- -Me __ A‘ 180c 
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TABLE 1. coriri~iited 

Waldemar Adam 

'H-NMR 6 (pprn)b 
R '  RZ R 3  R4  Method" I3C-NMR 6 (pprn) Ref. 

Ph 

- A 

A - 

A - 

Ph 
' 0  

Ph Ph 

A' - 

A 

-. A 

202 

202 

249 

31,45 

180c 

251a 

251b 
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TABLE 1. cotirit~ued 

843 

‘H-NMK 6 (ppm)” 
R’  R2 K’ R4 Method” I3C-NiMR 6 (ppm) Ref. 

Ph+- 

Ph 

A - 252 

Method A: singlet oxygenation; Method B: base-catalysed dehydrobroniination; Method C: Silver 
ion-catalysed dehydrobromination; Method D: miscellaneous. 
“Dioxetane ring proton or carbon. 
‘Not isolated. 

TABLE 2. a-Peroxylactones and 2-imino-1,2-dioxctanes 

0-0 

‘H-NMR (ppm)’ 
X R’ R2 Method” IR, v(cm-‘)c Reference 

0 
0 
0 
0 
I-BUN 
i-PrN 
0 
c - C ~ H  I IN 
I-BUN 
r-BUN 
0 
0 
r-BUN 
0 
t-BUN 

Me Me 
CF3 CF3 
r-Bu H 
N - P ~  Me 
Me Me 
Et Et 

Et Et 
Et Et 
I-BU H 
Ph H-BU 

1-Adamantyl H 
Ph MC 
Ph Ph 
Ph ti-BU 

t-Bu t-Bu 

A, B 
A 
A, B 
A 
A 
A 
B 
A 
A 
A 
A 
B 
A 
A 
A 

1874 
1940 
5.48, 1870 
1870 

- 
1855 

- 
5.59 
1860 
1875 

1870 
- 

12,26, 201 
12 
12,26 
12 
57 
57b 
26 
57b 
57b 
58 
12,201 
253 
57b 
12,201 
S7b 

“Method A :  singlet oxygenation; Method B: dicyclohexylcarbodiimide cyclization. 
‘Dioxetane ring protons. 
‘Carbonyl stretching frequency. 
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In the 1960s a-peroxylactone 13 was postulated as the energizing intermediate in the 
bioluminescence of fireflie~'~.''. While early '80-labelling experiments refuted this 
claim", careful recent studiesI7 demonstrated that a-peroxylactones are indeed borzaJide 
reaction intermediates in luciferin-type bioluminescence. 

?\ 

C. Literature 

Since the discovery of stable four-membered ring peroxides, 1,2-dioxetanes4 in 1969 and 
cr-peroxylactones' in 1972, these unusual molecules have been studied with great 
intensity and interest. Well over a couple of hundred publications on this subject have 
accumulated during the last decade, either claiming these elusive materials as reaction- 
intermediates or isolating them as stable compounds. Fortunately this rapidly expanding 
novel area of organic peroxide chemistry has been well reviewed in the literaturc, either as 
chapters in monographs or reviews in journals18. An international c~nfe rence '~  on the 
chemical and biological aspects was held in 1978 and a niultiauthorcd treatise" has 
appeared. 

General reviews, which cover the synthesis, spectroscopy, chemiluminescence, 
mechanism of decomposition, chemical and photochemical transformations and 
biological implications, include those by Mumford'8', Bartlettlsh, Schuster and 
students18j, Bartlett and Landis' 8m and Adam' 8i*0. General reviews on singlet oxygen 
which cover dioxetane chemistry are those of Matsuura and Saito'8qq, Schaap and 
Zaklika'", Gorman and Rodgers18", Frimer'", George and Bhat'*" and Adam3G. 
Specific reviews on chemiluminescence properties have been published by Turro and 
coworkers'Bc, Gundermann'8d, Wilson'8g, Schuster' 8k and Adam'8P. The biological 
aspects, both of bioluminescent and dark enzymatic processes, are covered in reviews by 
Goto and Kishi18", McCapra' 8b, Cilento'8" White and colleagues18*, Hastings and 
Wilson18', Ward18Y and Adam18', and in a book on bioluminescenceedited by Herring'". 
Since the older literature is well reviewed, we shall concentrate on the recently published 
material. 

I I .  PHYSICAL ASPECTS 

A. Structural Properties 

The determination of the crystal structures of dioxetanes by X-ray diffraction is difficult, 
because in most instances these thermally and photolytically labile materials do not 
survive the irradiation. Moreover, it is quite cumbersome to grow crystals with good 
diffraction properties. Nevertheless, crystal structures have become available on a few 
stable derivates, i.e. the dioxetancs 14-17. Their structural properties of the dioxctane 
moiety are summarized in Table 3, listing the 0-0, C-0 and C-C single-bond 
distances and the degree of puckering of the dioxetane ring. 

The first crystal structure to be determined" is that of the dispiroadamantanc-1,2- 
dioxetane 14. This dioxetane shows the greatest degree of puckering, ca. 21". Drciding 
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(141 

TABLE 3. X-Ray structural pzramcters ai 1,2-dioxetancs 

Dioxerane 

Bond distances (prn)" 
Torsional 

O(1)-O(2) 0(2)-C(3) C(3)-C(4) C(4)-0(1) angle (deg.)* Reference 

A 155.2(8) 

Ph 

@ c-0 

B0 
I I  

OPh 
I 

P h O 4 - 0  

YPh  
PhO-C-0 

Ph-C-0 
I 
Ph 

I I  

148.0 

148.8 

147(2) 

150.5(3) 

148(2) 

144.3(9) 
143.8(8) 

147.5 

149.0 

148(2) 

151(4) 

161(2) 
158(1) 

154.9 

155.2 

148(2) 

149(2) 

144.6(9) 
146.8(8) 

147.5 

149.0 

151(2) 

148.1(3) 155.0(4) 143.2(3) 

15.3 24 

0.8 23 

21.3 21 

0 22 

11.7 24 

9.6 24 

"Standard deviations in parenthoses. 
"0(2)C(3)C(4)0(1)  angle. 
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models suggest that the equatorial hydrogens should suffer large nonbonding repulsions, 
which could best be relieved by puckering the four-membered ring. This manifests itself 
clearly in the crystal structure. By structural necessity the dioxetane of cyclobutadiene 15 
possesses a planar dioxetane ring. Again this is confirmed by the dihedral angle of 0" for 
this derivative2'. Also the p-dioxin dioxetane 16 is planarz3; however, the dibromo 
derivative 17 is puckered, exhibiting a dihedral angle of 13OZ4. This latter example is thc 
simplest of the four, suggesting that such monocyclic dioxetanes should all be puckereci. 
Since in the d,l isomer 17 the two bromine atoms are diametrically arranged, no special 
steric effect by the voluminous bromines can be responsible for the puckering. It is truly 
unfortunate that tetramethyl-l,2-dioxetane 18 crystallizes in a too disordered form to 
permit structure determination by X-ray diffraction. 

M e w M e  

0-0 

(18) 

B. Spectral Properties 

7 .  Nuclear magnetic resonance spectra 

'H- and 13C-NMR methods are undoubtedly the most convenient and definitive tools 
for the identification of 1,2-dioxetanes and a-peroxylactones, especially for unstable 
derivatives which cannot be isolated. For example, with the help of I3C-NMR the 
extremely labile sulphur-substituted dioxetanes 19 and 20 can be detected at low 
temperatureszs. Thus, 19 shows a singlet at 93.1 ppm and a doublet at 100.2 ppm, while 20 
shows two singlets at 96.6 and 109.6ppm. These were the first sulphur-substituted 
dioxetanes to be characterized. 

In general the dioxetane ring carbons, i f  not substituted by heteroatoms, are located 
characteristically at G(TMS) 88-90 ppm. Heteroatom substitution shifts this carbon 
resonance in expected amounts to lower fields. Specific values are listed in Table 1 and 
have been invaluable in the idcntitication of dioxetanes. 

The dioxetane ring protons are also valuable for the identification of dioxetanes. In 
general these proton resonances exhibit characteristic chcmical shifts at  G(TMS) 
4.9-5.2 ppm, provided that the dioxetanes are alkyl-substituted. Olefinic, aryl and alkoxy 
substituents shift the dioxetane protons to 6(TMS) 5.6-5.9 ppm. Specific values are again 
listcd in Table 1. 

2. Infrared spectra 

Except for the r-peroxylactones 2, which display characteristic carbonyl strctching 
frequencies at 1850-1870cm- (for specific values consult Table 2)".'", infrared spectra 
arc relatively uninformative for the characterization of dioxetanes. 
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3. Electronic spectra 

Most dioxetancs are yellow coloured. The 2,,, is located at ca. 280nm (c - 20)27 with a 
tail-end absorption reaching as far as 450 nm, hence the yellow colour. This chzracteristic 
yellow colour is assigned from photoelectron spectra28 to nP* -+ K, excitation of the 
oxygen-oxygen bond. Thevertical ionization potentials were found to be 8.98,10.98,11.41 
and 12.09 eV for tetramethyl-l,2-dioxetane (18) by photoelectron spectroscopy28. 

A characteristic property of 1,2-dioxetanes and a-peroxylactones is their ability to 
luminesce on heating. In fluid media and in the presence of oxygen gas the observed 
chemiluminescence is usually due to the fluorescence emitted by the electronically excited 
carbonyl product. I t  is located at 420 k 10nm and corresponds to K* -+ n 
deex~itation'"~~' of the carbonyl product. Probably the shortest wavelength fluorescence 
has been observed for the indole dioxetane 21, which emits at  320 nm". Recently also n,n* 
fluorescence has been reported3' for dioxetane 22. Furthermore the emission of transient 
1,240xetanes in the gas phase has been actively investigated arid matches the n,n* 
fluorescence of the carbonyl fragments32. 

Emission of phosphorescence is rare, but under ideal conditions can be occasionally 
observed in liquid media. Thus, the chemiluminescence observed in the thermolysis of 
tetramethyI-l,2-dioxetane ( 18)33 or dimethyla-peroxylactone (23)34 at 430 nm in 
deaerated acetonitrile has been assigned to the n,n* phosphorescence of acetone. For the 
acetyl derivative 24 both n,n* fluorescence and phosphorescence of methylglyoxal was 
observed s imul t ane~us ly~~ .  

Me 

A ye 0 Me 
Me-C-L' M e H C O M e  

0-0 
I \  
0-0 

111. SYNTHESIS 

The preparation of carbocyclic and heterocyclic four-membered rings is usually not a 
simple task; but when such strained rings contain a weak peroxide linkage as in 1,2- 
dioxetanes and a-peroxylactones, the synthetic problem is expected to be still more 
dificult. Indeed, the methods of preparing these thermally labile molecules are rather 
limited. Only  two procedures possess general applicability and then with severe 
limitations. These are the hydroperoxide cyclization and singlet oxygen cycloaddition 
(equation 3). 

For the dioxetanes the first route can be executed by base (HO-, RO-) or by metal ion 
(Ag', Hgf') catalysis; but for the considerably more labile a-peroxylactones neutral 
agents such as the mild carbodhides  are essential. Even then, the yields are usually very 
low ((30 %), as a result of thermal decomposition of the dioxetane products or their 
destruction by the catalysts that are essential for cyclization. 
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The singlet oxygenation technique can give much higher yields, provided the olefinic 
substrates, i.e. alkenes for the dioxetanes and ketenes for the a-peroxylactones, are 
sufficiently reactive. Singlet oxygen is mildly electrophilic and requires electron-rich 
substrates. Even then, ene reaction with substrates bearing allylic hydrogens and 
[4 + 2lcycloaddition with substrates bearing olefinic or even aromaticsubstituents can be 
menacing side-reactions (equation 4)3Gv37. These shortcomings cannot usually be 
circumvented. We shall now outline these synthetic methods separately for the 1,2- 
dioxetanes and a-peioxylactones. 

A. 1.2-Dioxetanes 

1. The Kopecky method 

As already illustrated in equation (l) ,  the dehydrobromination of P-bromohydro- 
peroxides constituted the very first synthesis of a stable dioxetane, namely the trimethyl 
derivative 54. We shall refer to this synthetic route as the Kopecky methodz7, which is 
given in general terms in equation (5 ) .  

The P-bromohydroperoxides 25 are prepared by electrophilic addition of bromine, 
using most commonly 1,3-dibromo-5,5-dimethylhydantoin (DDH) as carrier of Br+, in 
the presence of concentrated (85-95 %) hydrogen peroxide (CA UTION!  All sajcty 
precautions inust he taken when working with this dangerous chemical; the actiue osygeti 
content should always he below 10 "/, ro avoid e.xplosiori hazards!). Other bromine carriers, 
e.g. N-bromosuccinimide (NBS), can be used as well. The yields of P-bromohydro- 
peroxides 25 are normally quite high (>60 %), but purification can be problematic 
because these hydroperoxides are quite unstable. Solid derivatives can be purified by 
recrystallization, but most often they are obtained as viscous oils. Low-temperature 
column chromatography on silica gel, eluting with methylene chloride, can be quite 
effective. Although formation of solid complexes with 1,4-diazobicyclo [2.2.2]octane 
(DABCO) has been recommendedz7 for the purification of P-bromohydroperoxides 25, 
we have found this method ofvery limited value. The corresponding P-chloro- and P-iodo- 
hydroperoxides can be prepared analogously by using ! ,3-dichloro- or 1,3-diiodo-5,5- 
dimethylhydantoin as Cl' or I f  carriers, respectivelyz7. 

The critical preparative step in equation ( 5 )  is the cyclization. For primary and 
secondary bromides base catalysis is required, while for tertiary bromides silver acetate or  
silver oxide are more effective as cyclization catalysts. In the case of tertiary p- 
bromohydroperoxides dehydrobromination is a serious side-reaction and for this reason 
silver ion catalysis is essential. The silver catalyst must be free of metallic silver by 
preparing the silver salt freshly and recrystallizing it in the dark, because silver metal 
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particles efficiently catalyse the destruction of dioxetanes. In this way tetramethyl-1,2- 
dioxctane (18) can be prepared in 5-20 yiclds. The P-chloro- and P-iodo- 
hydroperoxides do not givc higher yields. 

In view of the labile nature of the weak peroxide bond, the cyclization must be 
perfonned at low temperatures, typically - 30 to + 10°C. However, too low temperatures 
usually rcsult in lack of reactivity of the P-bromohydroperoxide substrate towards 
cyclization. In the case of relatively stable dioxetancs, the cyclization can be executed at 
room temperature (up to 30°C). 

Protic solvents such as water and/or methanol are advantageous in the base-catalysed 
cyclizations; but heterogeneous solvent systems such as aqueous methanol-pentane can 
also be useful. Recently we3* found phase-transfer catalysis with tetraalkylammonium 
salts Convenient in thc base-catalysed preparation of the bicyclic dioxetanes 26 and 27. 
These latter conditions minimize base-catalysed destruction of thc dioxetane product. In 
the silver-ion-catalysed cyclizations solvents such as pentane, hexane, cyclohexane, 
methylene chloride, dichlorodifluoromethane, chloroform and carbon tetrachloride are 
usually employed. 

2. Singlet oxygenation 

Electron-rich olefins, especially vinyl ethers, ketenc acetals, enamines' '' and more 
recently thio-substitutcd ole fin^"^^^, react readily with singlet oxygen to give dioxetane 
products (equation 3). Under carefully controlled temperature conditions and with 
filtering of the detrimental ultraviolet radiation, the dioxetane prodtict accumuIa:es 
sufficiently for isolation. The first dioxetanes prepared in this manner werc the cis and 
tram isomers 28 and 29, re~pec t ive ly~~.  

0-0 0-0 

( 28) (29) 

The singlet oxygen can be generated either via photosensitization or chemically. The 
former is the more convenient method. Frequently used sensitizer-solvent combinations 
are tetraphenylporphyrin (TPP) in methylene chloride, Kose Bengal (RB) in acetone and 
mcthylene blue (MB) in methanol3'. In certain applications the polymer-bound Rose 
Bengal sensitizers can be advantageous4', espccially when the photooxygenated product 
mixture is to be used directly Ior spectroscopic dctcction. In that case the sensitizer can be 
removed by simple filtration. However, the reaction times are significantly longer in  such 
hetcrogeneous reactions. 

As light source in the photosensitized singlet oxygenation we recommend the use of 
sodium lamps. These are easily available commercially in the form of street lamps, have a 
relatively high monochromatic light output in the spectral region for photosensitization, 
produce relativcly little ultraviolet radiation and heat, and have a long life. 
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Excellent chemical sources of singlet oxygen are triphenylphosphite ozonate (30) and 
1,4-dimethylnaphthalene-lH-peroxide (31)41. These singlet oxygen carriers liberate 
singlet oxygen a t  sufficiently low temperatures to preserve the dioxetane product. 

Me 

(30) 

Me 

(31) 

The most serious side-reactions are ene reaction and [4 + 2lcycloaddition (equation 4). 
Thus, alkyl-substituted olefins, which are otherwise quite reactive towards singlet oxygen, 
cannot be used for the preparation of dioxetane via singlet oxygenation. However, when 
the allylic hydrogens are positioned at bridgeheads in the olefin, then singlet oxygen is 
obliged to undergo [2 + 2]cycloaddition, as was the case in the formation of dioxetanes 
14,32 and 33, prepared respectively from bi~adamantylidene~’, 7,7-bi~norbornylidene~~ 
and 9,9-bisbicyclo [3.3.1 I n ~ n y l i d e n e ~ ~  via photosensitized singlet oxygenation. 

3. Miscellaneous methods 

A few alternative methods to the Kopecky route (equation 5) and singlet oxygenation 
(equation 3) are available for the preparation of 1,Zdioxetanes. Although none ofthese are 
general, it is worthwhile to mention them. For example, intramolecular peroxy- 
mercuration, followed by halogenation (equation 6) aflords halogen-substituted 
d i ~ x e t a n e s ~ ~ .  In this way the dioxetanes 34 and 35 were prepared, respectively from 2,3- 
dimethyl-3-hydropero~y-l-butene~~ and 2-(2-propenyl)-2-hydroperoxyadamantane4’. 
This method has synthetic potential, especially if electrophiles other than halogens could 
be employed for the preparation of functionalized dioxetanes. 

Me Me 

Me- C- \ I  I I  C-CH2 X Q , q c H z B r  

0-0 0-0 

(34) (35) 

X = Br. CI 



24. Four-membered ring peroxides 85 1 

Another interesting method, but of limited scope, is the silica-gel-catalysed 
rearrangement of endoperoxides into dioxetanes (equation 7)48. Thus, in the singlet 
oxygenation, first the endoperoxide 36 was formed, which on attempted silica gel 
chromatography gave dioxetane 37. Similarly, but not requiring silica gel catalysis, the 
singlet oxygenation of the 3-indolyl-1,2-dioxene (38) gave a t  - 70°C first the endoperoxide 
39, which on warming to -46°C rearranged into the thermally labile dioxetane 21 
(equation S)30. Surely with time other examples like these will become known, but this 
route will be limited to aryl-substituted, electron-rich substrates. 

Of interest is the recent reportag that electrochemical oxidation of diadamantylidene in 
the presence of molecular oxygen afforded dioxetane 14 (equation 9). Similarly, one- 
electron oxidants such as NOlfPF6- in the presence of molecular oxygen also converted 
diadamantylidene into 145". The success of this novel method undoubtedly resides to a 
great extent in the high stability and inertness of dioxetane 14. However, if this convenient 
and novel method could be generalized, it would constitute a valuable synthetic tool for 
the preparation of dioxetanes. 

silica gel m' 
(7) 

current; 3 ~ 2  
- 14 (n -8~)4N'CI04-  (9) 

The last method worthy of mention entails the observation5' that the ozonization of 
vinylsilanes gives silyloxy-substituted dioxetanes (equation 10). In this unusual manner 
dioxetane 40 was obtained. In view of the mildness of the reaction conditions, this method 
might constitute a convenient entry into hydroxy-substituted dioxetanes. 
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Me 
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(40) 

B. a-Peroxylactones 

In view of the increased strain energy of the a-peroxylactones that is caused by the 
exocyclic double bond and the larger exothermicity of their decomposition as the result of 
decarboxylation, it is logical to expect that these ‘high-energy’ molecules should be still 
more difficult to prepare than the 1,2-dioxetancs. As we shall see, this expectation has 
certainly become fact. Yet, since nature has succeeded iil efficiently producing such labile 
molecules in the phenomenon of bioluminescence, i t  should be possible to prepare them 
through chemical means. An obvious approach is to mimic the biosynthetic route which is 
outlined inequation (1 1). We shall, thereforc,first take up the syntheticstrategy outlined in 
equation ( 1  1). The key synthctic intermediate is the a-hydroperoxy acid and consequently 
we shall term this approach the a-hydroperoxy acid route. Subsequently we shall consider 
the singlet oxygen route, in which x-peroxylactones are prepared by singlet oxygenation of 
ketenes (equation 12). This latter route is also the only access to thc imino-1,2-dioxetanes3, 
for which ketenimincs are used in equation (12) instead of ketenes. 

1. The a-hydroperoxy acid route 

Since the preparative problems of the two steps in equation (1 i )  are so distinct, it is 
convenient to consider each step separately. 

a. Preparation of a-hydroperosy acids. In  view of the ease of acid- and base-catalysed 
decarboxylation of the u-hydroperoxy acids 41 via Grob fragmentations (equation 13), it  
was clear that perfectly neutral or buffered conditions had to be developed which would 
permit accumulation of the labile a-hydroperoxy acids 41. 
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(1 3) 

In equation (14) are outlined the three successful methods for the synthesis of a- 
hydroperoxy acidsz6. Of these, the first two, i.e. the ketene bis(trimethylsily1)acetal 
(equation 14, top) and the a-lactone (equation 14, centre) routes occiir under strictly 
neutral conditions. The third method, i.e. the carbanion route (equation 14, bottom), takes 
place under highly basic conditions; but when the necessary precautions are taken, this 
method can be one of the most general and convenient. 

,OSiMe:, - ' 0 2  
RzC=C, 

OSiMeo 

8 LDAor 
R2C-C-OH 

I 
H 

First we shall consider the ketene bis(trimethylsily1)acetal route. The timely 
o b ~ e r v a t i o n ~ ~  that silyl enol ethers react with singlet oxygen to afford M- 
trimethylsilylperoxyketones opened up a convenient entry for thewhydroperoxy acids 41. 
Using ketene bis(trimethylsily1)acetals 42 as substrates, singlet oxygen generates the 
trimethylsilylperoxy ester 43 which on desilylation affords the desired a-hydroperoxy acid 
4lZ6. This amazing singlet oxygenation fulfills several important requirements. Firstly, 
and most importantly, through this silatropic shift a peroxy functionality is introduced 
next to an ester carbonyl. Secondly, and from the practical point of view equally 



854 Waldemar Adam 

important, the peroxy and carboxy functions are protected with readily removable 
trimethylsilyl groups, allowing isolation, purification and storage of the labile a- 
hydroperoxy acids 41 in the form of the stable trimethylsilylperoxy esters 43. Desilylation 
of43 with methanol releases theor-hydroperoxy acid 41 at will. All operations are perfectly 
neutral. 

tr 

Although one can write the silatropic transition state 44, which is analogous to the 
classical prototropic transition state 45 for the singlet oxygen ene r e a ~ t i o n ~ ~ . ~ ’ , ’ ~ ,  like the 
latter, the mechanism is much more complex. For example, we recently observeds4 that in 
the singlet oxygenation of ketene aryltrimethylsilylactals 46 the 1 ,Zdioxetane 48 was 
formed, besides the expected trimethylsilylperoxy ester 47 (equation 15). Clearly, such a 
product composition demands the intervention of an intermediate as branching points4. 

OSiMe3 

+ ArO-C-0 
I I  

R - C - 0  

ArO, 8 I 

k 

ArO, ,OSiMe3 
C 

’ 0 2  

R’ ‘R R O  

C 

C I I  - 78% ‘9, ,0-SiMe3 
v 

The second method for the preparation of the a-hydroperoxy acids 41 takes advantage 
of the fact that an a-lactone 49 usually exists in the dipolar valence structure 49a (equation 
16). Therefore, a protic nucleophile such as HzOZ should react in such a way that the 
hydroperoxy group is bound at  the CL carbon, thereby leading to the or-hydroperoxy acid 
41. For this purpose a convenient synthesis for a-lactones 49 was essential to replace the 
preparatively rather limited ozonization of hindered ketenes (equation 14)”. The 
photodecarboxylation of the readily available malonyl peroxides 50 served as an effective 
method for the bi sim formation of or-lactonesS6. 

The third synthetic method engaged the or carbanion 51 as synthons (equation 14). In 
fact, this was our first synthetic approach for the preparation of a-hydroperoxy acids 41. 
However, our  early attempts always led to extensive decomposition of the a-hydroperoxy 
acids because of their labile nature towards base- or acid-catalysed decomposition 
(equation 13). Yet, when the oxygenation reaction of the a carbanion 51 and the 
protonation of the resulting a-peroxycarboxylate dianion are conducted at  - 78°C or 



24. Four-membered ring peroxides 855 
lower and the a-hydroperoxy acid isolated and purified immediately at low temperatures, 
respectable yields of the desired product can be achieveds6. Indeed, this method is to date 
the most convenient and general of the three described in equation (14). Fortunately, with 
these three preparative methods a large variety ofa-hydroperoxy acids 41 can be prepared 
(Table 4). 

TABLE 4. a-Hydroperoxy acids 

R 2  8 - 

OH 
\ 

U 

R' R 2  Method" m.p. ("C) Reference 

M e  
t-Bu 
t-Bu 
1-Ad 
Ph 
Ph 

Me A 
H A, B 
I-BU C 
H B 
H A 
Ph A 

A 

Me A 
H A 
Me A 
Et A 
t1-C7H15 A 
H A 
Me A 
Et A 
ti-Pr A 
H A 
H A 
H A 
H D 

44-46 
69-70 
8 1-83 
114-115 
96-97 
100-102 

126- 128 

- 
67-68 
45-46 

- 
89-90 
57-58 

- 
79-80 
120 

56a 
26, 56a 
26 
253 
56b 
56b 

56b 

247 
247 
247 
247 
247 
247 
247 
247 
247 
247 
247 
247 
254 

~~~ 

"Method A: direct oxygenation of enolate; Method B:  rnethanolysis of a-silylperoxy ester; Method 
C: hydroperoxylation of u-lactone; Method D: ozonolysis. 

b. Cyclization of a-hydroperoxy acids. The cyclization of the a-hydroperoxy acids 41 into 
or-peroxylactones 2 required an effective and convenient reagent. With hindsight we now 
know that in view of the delicate nature of the a-peroxylactones as well as that of the a- 
hydroperoxy acids, the requisites and conditions placed on the reagent are extremely 
stringent. For example, thc reagent must be nonacidic, nonbasic, nonnucleophilic, 
nonelectrophilic and nonparamagnetic since all these properties would cause destruction 
of the a-peroxylactone product and/or its a-hydroperoxy acid precursor. In addition, the 
reagent must possess low-temperature reactivity so that the a-peroxylactone can 
accumulate and not suffer thermal decarboxylation. Finally, the reagent must allow easy 
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isolation and purification of the a-peroxylactone product. Obviously, to meet all these 
stringent requisites, such an exigent reagent is yet to be discovered. 

Of all the dehydrating agents that were tried (Table 5), the one that stood out by a large 
margin in effectiveness, convenience, and availability was the dicyclohexylcarbodiimide 
(DCC)26. The cyclization is executed by mixing solutions of the a-hydroperoxy acid in 
CH2CI2 and DCC in CH2C12 at  -78°C and allowing to warm up to ca. -40°C. At this 
point the urea by-product precipitates instantaneously. This is a most fortunate 
occurrence for two reasons. Firstly, it permits separation of the a-peroxylactone solution 
from the urea by low-temperature (ca. -78°C) decantation and thereby aids in the 
isolation of the labile product. Secondly, and still more importantly, the catalytic 
decomposition of the a-peroxylactone by the urea by-product is substantially supressed. 
Final purification of the volatile a-peroxylactones is achieved by flash distillation at 
reduced pressure and low temperature. Quantitative IR analysis of the 1850-1870cm-’ 
carbonyl band or iodometric titration can be used to determine the a-peroxylactone 
content. 

TABLE 5. Dehydrating agentszs5 
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Why is DCC so particularly effective compared to other dehydrating agents in the 
cyclization ofa-hydroperoxy acids into the a-peroxylactones? Some plausible reasons are 
apparent in the dehydration mechanism postulated in equation (17). Even at -78°C 
initial protonation of DCC must be fast, thereby electrophilically activating the DCC 
towards nucleophilic attack by the carboxylate site. The adduct apparently requires some 
thermal activation towards cyclization since only on warni-up to ca. -40°C does 
precipitation of the urea by-product take place. Possibly internal proton transfer activates 
the nucleophilicity of the hydroperoxy group and at  the same time enhances the leaving 
ability of the urea. It appears, therefore, that in the carbodiimide reagent we encounter an 
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optimal sequence of nucleophilic and electrophilic activation steps by timely proton 
transfers. 

In fact, it is hard to improve on the effectiveness of DCC. For example, if the 
carbodiimide is activated by conversion to its carbodiimidinium cation, the latter causes 
decomposition of the a-hydroperoxy acid instead of the desired a-peroxylactone 
cyclization (equation 18)26. Presumably the already electrophilically activated 
carbodiimide is attacked by the more nucleophilic hydroperoxy function, forming an 
adduct which is ideally set up for Grob fragmentation. This dead-end route is of course 
avoided with DCC because the first proton transfer (equation 17) enhances the 
nucleophilicity of the carboxyl over the hydroperoxy site, but at the same time activates the 
carbodiimide towards nucleophilic attack. In Table 2 are summarized the a- 
peroxylactones 2 that have been prepared via the a-hydroperoxy acid route. 
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2. The singlet oxygen route 

The most direct method for the preparation of a-peroxylactones is via singlet 
oxygenation ofketenes l 2  (equation 12). The few a-peroxylactones that have been prepared 
by this method are listed in Table 2. Apparently ene reaction and [4 + 2]cycloaddition 
(equation 4) are not serious side-reactions since ketenes bearing methyl and phenyl 
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substituents give good yields ofa-peroxylactones on singlet oxygenation. Since ketenes are 
prone to autoxidation' ', it is sometimes essential to use chemically generated41 instead of 
photosensitized singlet oxygen. An additional shortcoming of this method is the fact that 
sterically hindered ketenes, e.g. di-t-butylketene, and electron-poor ketenes, e.g. 
bis(trifluoromethyl)ketene, react quite sluggishly with singlet oxygen. 

Singlet oxygenation of ketenimines constitutes the only method for the preparation of 
imino-1,2-dioxetanes 3 (equation 19)57,58. The iminodioxetanes 3 are thermally still more 
labile than the a-peroxylactones 2, so that the singlet oxygenations must be performed at 
very low temperatures. Thus the iminodioxetanes cannot usually be isolated and are used 
directly in solution as obtained in the singlet oxygenation. As with the ketenes, the 
ketenimines may bear alkyl and aryl groups, since [2 + 2]cycloaddition to give 
iminodioxetanes predominates over ene reaction with the alkyl group or [4 + 2]cyclo- 
addition with the aryl group. The few examples of iminodioxetanes 3 are listed in Table 2. 

0- 0 

(3) 

C. Purification 

1,2-Dioxetanes and a-peroxylactones are unusual molecules in view of their high energy 
content. Consequently, due to thermal instability and catalytic decomposition, many of 
the usual methods of purification are not applicable. This problem is even more severe for 
a-peroxylactones than for 1,Zdioxetanes. 

If the dioxetane is a solid, recrystallization is obviously the method of choice. Here it is 
critical to use metal-free solvents since traces of metal ions can lead to extensive 
decomposition. In the case of volatile, crystalline dioxetanes, prepurification via 
sublimation can be advantageous. Otherwise it is usually helpful to prepurify the 
dioxetane by low-temperature column chromatography. In the case of liquid 1,2- 
dioxetanes, unless they are sufficiently volatile for low-temperature distillation, repeated 
low-temperature column chromatography is the only means of purification. 

Silylated Oi low-activity (Grade 111) silica gel are effective adsorbants, but these also can 
frequently cause decomposition of the very sensitive dioxetanes even at - 50°C. In such 
cases Florisil can sometimes be useful. As eluants mixtures of halogenated hydrocarbons, 
e.g. methylene chloride, carbon tetrachloride, fluorotrichloromethane (Freon-1 1 ), etc. and 
alkanes, e.g. ii-pentane, iz-hexane and cyclohexane, are quite effective and convenient. 
Again, their purity is critical, e.g. in particular metal impurities have to be absent. 

To  spot the dioxetanes, the eluate is monitored by TLC, utilizing their peroxidic and/or 
chemiluminescent properties. In most instances a TLC plate soaked with an aqueous KI 
solution will do; but for very resistant cases such as diadamantylidene-l,2-dioxetane (14), 
ferrous sulphatc-ammonium thiocyanate and concentrated hydrochloric acid should not 
fail. In the case of detection via chemiluminescence, the TLC plate is sprayed with a 9,lO- 
dibromoanthracene (DBA) or 9,lO-diphenylanthracene (DPA) solution and heated in the 
dark. The dioxetane spot glows bright blue. 

We have made the interesting observation that most dioxetanes bleach iodine when the 
latter is used as spotting agent. Thus, a bright white spot remains where a dioxetane is 
located, while the rest of the TLC plate turns yellowish on exposure to iodine vapours. The 
combination of potassium iodide detection (brown spot) and iodine detection (white spot) 
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can be quite definitive for the presence ofdioxetanes. However, if these tests are negative, it 
does not necessarily mean that dioxetanes are not present. 

D. Characterization 

Once a four-membered ring peroxide is reasonably pure (2  90 %): a number of physical, 
chemical and spectroscopic methods can be employed for their identification. The 
characteristic spectral properties, i.e. 'H- and 3C-NMR, infrared and electronic spectra, 
of the excited carbonyl decomposition products are discussed in Section 1I.B and 
summarized in Tables 1 and 2. Thus, we shall deal here only with the physical and chemical 
properties that are helpful in the characterization of four-membered ring peroxides. 

7. Physical methods 

To differentiate monomeric, dimeric and polymeric products, a molecular. weight 
determination is essential. The usual cryoscopic and osmometric techniques are 
a p p l i ~ a b l e ~ . ~ ~ . ~ ~ .  In fact, these methods have been used for impure d i o ~ e t a n e s ~ ~  and at low 
 temperature^^^.^^. For example, singlet oxygenation of 52 gave instead of the expected 
monomeric dioxetane the dimer 53 (equation 20), as confirmed by cryoscopy61. 

2 Me 

(52) (53) 

Melting points of crystalline and stable dioxetanes have served for identification 
purposes. However, these melting points are frequently decomposition temperatures, 
which limits their use. 

2. Chemical methods 

Whenever feasible, a combustion analysis is an essential method of characterization by 
establishing the elemental composition. All precautions should be exercised in view of the 
explosive nature of 1,2-dioxetanes. 

As already mentioned in connection with the determination of purity, iodometric 
titration is useful in the identification of dioxetanes2 '. Unfortunately this simple and 
convenient method is not specific since most peroxides release iodine from acidic 
potassium iodide. If the necessary care is taken, iodometry is quantitative and thus an 
excellent purity criterion. 

Catalytic reduction over platinum or palladium, which is usually a quantitative method 
for the identification of organic peroxides, is problematic. Little of the expected 1,2-diol is 
obtained because the dioxetane fragments into its carbonyl products due to metal 
catalysis. However, lithium aluminium hydride reduction at low temperaturesz7 affords 
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the expected 1,2-diol quantitatively. Again, the sterically hindered dioxetane 14 is an 
exception, but zinc in acetic acid proved s u c ~ e s s f u l ~ ~ .  

A convenient and quantitative method is thermal decomposition into the carbony1 
fragments, which can be easily characterized by IR and NMR. 

IV. 1.2-DIOXETANES AS REACTION INTERMEDIATES 

In  Tables 1 and 2, some thcrmally labile cases were included which could not be isolated, 
but some sort of spectral evidence, other than the observation of chemiluminescence, i.e. 
infrared, 'H- and I3C-NMR, etc., was on hand to substantiate the claim of the four- 
membered ring peroxide. 

The danger of merely relying on chemiluminescence as the only evidence for the 
intermediacy of a 1,Zdioxetane is well illustrated in the autoxidation of the imine 54, 
generated bi sitii from 9-anthrylamine and isobutyraldehyde (equation 21). lnitially it was 
claimedG2" that dioxetane 55 was the direct product of this autoxidation, which on heating 
should give the observed chemiluminescence. However, the unusual chemical and physical 
properties of the isolated dioxetane 55 provoked several sceptics to reinvestigate this 
reaction. Indeed, it was shownG3 that the initial peroxide was the 1,2,4-trioxane 56, which 
on base treatment led to efficient light emission via dioxetane 57". An X-ray crystal 
structure62b confirmed the 1,2,4-trioxane structure beyond doubt. Clearly, it is easy to 
become a victim of such 'chemiluminonsence', and to avoid it, all powers of criteria should 
be employed when claiming a dioxetane or cr-peroxylactone. 
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Nevertheless, numcrous examples abound in the reccnt literature which claim the 
formation of four-membered ring peroxides as reaction intermediates. In some the 
observed chemiluminescence is taken as back-up for the intervention of these 
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hyperenergetic species, but in most they are postulated as a mechanistic convenience 
(equation 22). That is to say, the fact that the carbon-carbon double bond has on 
oxidation led to the carbonyl products is taken as evidence for the intermediary dioxeiane. 
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Although the authenticity ofsuch claims can be argued, it is still useful to enumerate recent 
examples. No doubt many of these present food for thought and demand mechanistic 
confirmation. Interesting examples since our  last review'" on this subject will be featured 
from the literature of the last five years. The present coverage is by no means exhaustive, 
but we hope to have focused on representative cases involving singlet oxygen, triplet 
oxygen, superoxide ion, hydrogen peroxide, peroxides, etc. in order to stimulate 
mechanistic activity in this fascinating area. 

A. Singlet Oxygenations 

1. Alkenes and cycloalkenes 

When the carbon-carbon double bond is activated through electron donation or  strain, 
such substrates are cleaved with singlet oxygen, presumably via dioxetane intermediates. 
For example, under basic conditions 58 is converted into vanillin in which dioxetane 59 is 
proposed65 as intermediate (equation 23). Similarly, the small amounts of Ruorenone as 
cleavage product in the reaction of fluorene derivatives 60 (equation 24) with '02 have 
been interpreted6G in terms of dioxetane 61. The formation of the keto acetal65 in the 
cycloaddition of singlet oxygen to the activated and strained double bond of 62 in ethanol 
(equation 25) has been accounted for6' in terms of dioxetane 63 via cleavage into 64 and 
subsequent acetalation with ethanol. 
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The reaction of the dimer 66 of spiro[2.4]hepta-2,4-diene with '02 under Rose Bengal 
photosensitization in methanol and pyridine mixture is unusual in that the cleavage 
product 68 and reduction product 69 are formed from the intermediary dioxetane 67 
(equation 26)'*. The photoreduction of dioxetane 67 to the diol 69 is surprising since 
normally dioxetanes cleave to carbonyl products on photolysis' 8i. However, an analogous 
photoreduction of dioxetane 70 into cis-2,3-dihydroxyindane was observed" in the 
photosensitized oxygenation of indene. Presumably methanol is oxidized into 
formaldehyde. This unprecedented photochemical behaviour of dioxetanes merits further 
scrutiny. 
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The cleavage of 2-phenyl-2-norbornene into cis-l-benzoyl-3-formylcyclopentane with 

‘02 involves dioxetane 71 as inte~mediate~~.  Similarly, the singlet oxygenation of truns- 
c y c l o ~ c t e n e ~ ~  gives the labile dioxetane 72, which cleaves into the corresponding 
dialdehyde even at -78°C. However, the still more strained dioxetane 73 can be 
spectroscopically ob~erved”~ (Table 1 ) and reduced with triphenylarsine to the 
corresponding dio171b. 

Strained cycloalkenes of three- and four-membered rings have received considerable 
attention. For example, the formation of dione 76 in the singlet oxygenation of 
tetraphenylcyclopropene has been propo~ed’~ to involve dioxetanes 74 and 75 (equation 
27). In this connection it would have been of interest to attempt trapping the carbonyl 
oxide intermediate 77 with a dip~larophi le~~.  

Ph 
Ph 

phyHyJ I c__ P h W  - -H pgp 
0:c 0 

I ‘0 Ph 0 Ph Ph 

(76) (75) (74) 

The cleavage of methylenecyclopropanes74*75 by singlet oxygen has been suggested as 
engagingdioxetane78 (equation 28). Trapping agents such as Ph3PZ7 or Ph2SGo divert the 
dioxetane 78 to the corresponding cyclobutanone product. On the other hand, such 
trapping experiments suggest76 that dioxetanes 80 arc not precursors to the observed 
cleavage products in the reaction of dicyclopropylethylenes 79 with ‘02 (equation 29). 
Finally, in the photosensitized singlet oxygenation of l-phenylcy~lobutene~~*~~ the 
dioxetane 81 figures as intermediate to the corresponding cleavage product (equation 30). 
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2. En01 ethers, enols and ketene acetals 

Simple enol ethers such as methyl, ethyl and rr-butyl vinyl ethers and methyl isopropenyl 
ether produce chemiluminescence when treated with microwave-generated '02 in the gas 
phase3'. The corresponding dioxetanes are produced as intermediates as evidenced by the 
characteristic n,x* fluorescence of formaldehyde (equation 31). In this context it is 
important to mention that formaldehyde fluorescence was observed in the gas phase 
singlet oxygenation (microwave generation) of ethylene, 2-bromopropene, 1,2- 
difluoroethylene, allene, 1,l-dimethylallene and ketene3'. Our efforts79 to isolate the 
dioxetane from ethylene in liquid-phase singlet oxygenations have failed so far. Gas-phase 
singlet oxygenation (laser-generated)so of dimethylketene dimethylacetal did afford 
acetone and dimethyl carbonate, presumably via the dioxetane 82. In this study an  effort 
was made to differentiate between the chemical behaviour of the lA, and the versus 'Zs 



24. Four-membered ring peroxides 865 
forms of singlet oxygen, but it was concluded that both undergo [2 + 2]cycloaddition 
affording dioxetane 82. 

Among the cyclic enol ethers, 1-methoxycyclohexene was shown'' to give the expected 
dioxetane 83, besides other products, in dye-sensitized singlet oxygenation in solution. 
Dioxetane 83 gave on heating the expected 5-carbomethoxypentanal. Dioxetane 84 was 
proposed82 as transient intermediate in the photosensitized singlet oxygenation of the 
corresponding enol ether. Similarly, the c!eavage of 4,5-diethylidene-2,2-dimethyl-1,3- 
dioxolane into 5-ethylidene-2,2-dimethyl-l,3-dioxolan-4-one and acetaldehyde during 
singlet oxygenation was interpreteds3 in terms of dioxetane 85. 
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The suggestion of the formation of benzil in the self-sensitized singlet oxygenations4 of 
tetraphenyl-1,4-dioxin (equation 32) via dioxetan 86 is surprising. A related cleavage of 
dioxetanes has been observed in the singlet oxygenation of tetrathioethylenes" (equation 
33), but not for enol ethers. In fact, in the case of tetraphenyl-1,4-dioxin it was showns6 that 
the bis-dioxetane 87 is formed as a stable and isolable entity. In the conversion of 3- 
hydroxybisflavenylidenes 89 into lactone 92 (equation 34) with '02 '' it was proposed 
that the stable en0189 cycloadds '02 to give first dioxetane 90. The latter cleaves into the 
hydroxy acid 91, which dehydrates into lactone 92. 

0 0  
(88) 

The cyclic imino ether 93 apparently reacts with '02 at thc enol ether site to give 
dioxetane 94 (equation 35)88. Dioxetane cleavage, formyl migration and tautomerization 
affords 95 as the final product. Dioxetane 97 was proposed*' a.s intermediate in the singlet 
oxygenation of the heterocycle 96 (equation 36). Fragmentation of 97 with 
decarboxylation was proposed to give phenylbenzimide (98), which via homolysis into the 
corresponding radical pair leads to the observed typical radical products. 
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3. Enamines 

The structures 93 and 96, which have been featured under enol ethers, also possess the 
enamine functionality. Since enamines have been abundantly singlet-oxygenated, it is of 
interest t o  cite a few examples a t  this point. Thus, singlet oxygen reacts with the enamine 
99, present in the mixture as the tautomer of the corresponding imine, to  give the typical 
cleavage products of dioxetane 100 (equation 37)". An astonishing example was 
reportedg1 in the singlet oxygenation of the steroid 101 which contains an enamine 
function (equation 38). The formation of the stable dioxetane 102 was proposed, which 
contrary to normal thermolytic behaviour was supposed to isomerize into hydroxyketone 
104 either on heating or on SOz chromatography. However, no chemiluminescence could 
be observed during the thermolysis of dioxetane 104. With HCI in ethanol 102 gave 105 
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and 106. In view of this unusual dioxetane chemistry it would be of interest to confirm the 
structure of102 by X-ray analysis. A related case was observedg2 in thesinglet oxygenation 
of the heterocycle 107 (equation 39) in MeOH. The formation ofacetanilide via cleavage of 
dioxetane 108 and subsequent solvolysis is normal; however, formation of 111 via 
dioxetane 110 is unusual and analogous to t l ~ e  isomerization of 102 + 104. 

On the other hand, the dioxetane 113 that is produced in the singlet oxygenation of the 
alkaloid 3-oxovincadilTormine (112) behaves normally and cleaves into 114 (equation 
40)". Similarly, but in a more complex manner, the alkaloid 115 affords on reaction with 
'02 the spirolactone 118 via the dioxetanes 116 and 117 (equation 41)94. The 
rearrangement of dioxetane 116 into 117 is remarkable, but dioxetane-dioxetanc 
rearrangements are known, c.g. dioxctane I 1 9  derived from tctra-r-butylcyclobutadicne"" 
exhibits a single I3C resonance at room temperature as a result of interconverting 
dioxetane structures (equation 42). In this case thc interconverting diox.. wines are 
structurally identical, but structurally distinct dioxetanes are formed in the rearrangement 
shown in cquation (43)22. 
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Examples are known in which a reactive enamine moiety is generated in  sific. For 
example, the singlet oxygenation of the heterocycle 120 leads to benzimide apd benzamide, 
prcsumably via dioxetane 121 (equation 44)". Finally, in the photochromism of the 
spirocycle 122 the formation ofpyridine N-oxide and fulvene were rationalized in terms of 
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dioxetane 124, produced by self-sensitized singlet oxygenation of the betain 123 (equation 
45)96. Again, instead of conventional peroxide bond fragmentation, the dioxetane 124 was 
proposed as undergoing ring-opening, in order to explain the observed fragmentation 
products. 

Ofinterest is the observation that 3-(N-methyl)indolylstyrene (125) affords with '02 N- 
methyl-3-indolecarboxaldehyde and benzaldehyde under light emissiong7. Presumably 
the thermally relatively stable endoperoxide 126, formed via [4 + 2]cycloaddition of ' 0 2  
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and 125 rearranges into the dioxetane 127 (cquation 46), which fragments. Another 
example is dioxetane 213'. 

4. Heteroarenes 

Pyrroles, indoles, imidazoles and other related nitrogen-containing heteroarenes have 
always been favoured substrates for singlet oxygenation' %*' 8r*98. In view of the biological 
importance of these substrates, the involvement of dioxetanes in the oxidative degradation 
has been a central issue. For example, the reaction of 2,3,4trimethylpyrrole affords the 
pyrrolinone 130g9, presumably via dioxetane 128 (equation 47). Methanolysis of 
dioxetane 128 into the hydroperoxide 129 instead of cleavage to the dicarbonyl product is 
again unusual dioxetane behaviour, but we have seen it already in equation (38). Similar 
chemistry is proposed for the dioxetane 131 derived from 3-methylpyrr0le~'~, but the 
dioxetane 132 derived from N-t-butylpyrrole' "' gives the expected cleavage product. Also 
the cleavage of tetraphenylporphyrin has been interpreted as involving dioxetanes'O'. 

The singlet oxygenation of indoles has been particularly intensively investigated and a 
number of dioxetane intermediates have been postulated. In  fact, the stable indole-derived 
dioxetane 133 produced in the singlet oxygenation of N-methyl-2-r-butyl-3- 
m e t h y l i n d ~ l e ' ~ ~  has been isolated and fully characterized. In this case fragmentation into 
the dicarbocyl product is accompanied by chcmiluminescence. Furthermore, as already 
pointed out in Section 11, the indole-derived dioxetane 21 is sufficiently stablc at low 
temperatures to be detected by NMR (see Table l)30. 

Dioxetane 134 has been postulated as a reaction intermediate in the singlet oxygenation 
shown in equation (48)'04. 
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Particularly interesting from the mechanistic point of view is N-methyl-3-(2- 
hydr0xyethyl)indole as substrate, since the competition between intramolecular trapping 
to give 136 and dioxetane (137) formation  suggest^"^ the intervention of the dipolar 
intermediate 135 (equation 49). Analogous results are reported on the singlet oxygen 
cleavage of a variety of tryptophanes into kyunrenine derivatives 139 (equation 50). 
However, the authors'06 express caution concerning the intermediacy of dioxetane 138. 
Clearly this process is of great importance in the metabolic pathway of in dole^'^'. 
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Other heteroaromatic cases that have been reported' O8 include the betain 140, which on 

singlet oxygenation affords lactone 142 via dioxetane 141 (equation 51). Furthermore, the 
ring-cleavage of 2-mcthyl-4,5-diphen~limidazole~~~ and 1,2,4,5-tetraphenyliidazole1 lo 

has been interpreted as proceeding via dioxetanes 143 and 144, respectively. Finally, the 
conversion of thiazoles into nitriles and 3-diones on singlet oxygenation has been 
postulated"' as involving dioxetane 145. Here again we are dealing with an unusual 
fragmentation in that the dioxetane carbon-carbon bond is preserved. 

(51 1 
Me Me 

( 140) (141) (142) 

B. Autoxidations 

In this section we shall discuss reactions of triplet oxygen (302), i.e. autoxidations, which 
lead to cleavage of a carbon-carbon double bond, presumably via a dioxetane 
intermediate. In some cases detailed mechanistic studies of the accompanying 
chemiluminescence suggests that such hyperenergetic intermediates intervene, but in most 
cases the only evidence is the fact that carbonyl products arc produced. 

1. Thermal and photochemical oxidations 

A surprising example is the very recent observation of the high-temperature 
(200-250°C) chemiluminescent autoxidation of bisadamantylidene into adamantanone 
(equation 52)"'. Of coursc, under these conditions even the very stable dioxetanc 14 
cannot survive and cleaves into adamantanone. Also the diadamantylidene epoxidc is 
formed, but it is not clear how dioxetane 14 is generated. Whether at  these high 
temperatures the diadamantylidene catalyses the spin inversion of '02 into l o 2 ,  like 
strained acetylenes" and ketenes114 do, is mechanisticconjecture at  this stage, but such a 
process would be a convenient route to the dioxetane 14. Other substrates that undergo 
this cleavage are the enol ethers methoxymethyleneadarnantane, Ct-butylmethoxy- 
methylenecyclohexane and methoxymethylenedodecane, all giving the corresponding 
ketones and methyl formate under light emission. 
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Such cleavage can also be promoted on photolysis of olefins in the presence of molecular 
oxygen. Thus, on irradiation a t  300 nm of 1,l -dichloro-2,2-di(p-chlorophenyl)ethylene1 l 5  

in the presencc of ’02 the double bond is cleaved into phosgene and p,p’- 
dichlorobenzophenone (equation 53). Dioxetane 146 is postulated as intermediate, but 
not formed via singlet oxygenation. Quite analogously, the heterocycle 147 atTords N- 
alkylbenzamide and methyl benzoate via dioxetane 148 (equation 54) during 
photoIysis116 in methanol. 
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A rather extraordinary case involves the phenanthrcne 149, which on photolysis in the 
presence of 302 gives the lactone 153 (equation 55)”’. Indeed, some rather 
unconventional chemistry is depicted here. It is proposed that the excited 149 yields the 
highly strained allene 150 which in turn reacts with 302 to give dioxetane 151. The lattcr 
rearranges vka ketene 152 into the final product 153. 

Rather interesting results have been reported’ ’.’ lY on the 9,lO-dicyanoanthracene 
(DC.4)-sensitized cleavage of olefins in the presence of molecular oxygen in which 
dioxetane intermediates are involved. For example, stilbene, 1 , I  -diphenylethylene, 
triphenylethylene and tetraphenylethylene are all cleaved into the corresponding carbonyl 
products in this way (equation 56) via dioxetancs’ 18. The proposed mechanism involves 
electron transfer between the excited DCA, triplet oxygen and the substrate as shown in 
equation (57). Similar results have bccn obtained for 2,3-diaryl-1,4-dioxenc1 19. In fact, in 
this casc it was possible to show that potassium superoxide and tris(p-bromophenyl- 
ammonium tetrafluoroborate led to the same oxidation products of the olefinic substrate. 

2. Base-catalysed oxidations 

I t  is knownL2() that cnolates react with molecular oxygen to give the next lower 
homologous carbonyl product. There is evidence”’ that an cu-peroxy anion intermediate 
is formed which dccornposes via thecx-peroxylactone into thc observed products (equation 
58). By using the 2-hydroperoxy esters it was shown’ 21 through chemiluminescenc! 
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I-R'O-1 1 (58) 
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studies that indeed the or-peroxylactones are plausible intermediates. Also the base- 
catalysed autoxidations of nitriles’ 22 and aromatic ketones’ 23 are postulated as involving 
the dioxetanes 154 and 155, respectively. 

7-  
R2C - C  - Ar 

I 1  
0-0 

Dioxetanes similar to 155 are also invoked in the base-catalysed autoxidation of aryl- 
substituted pyruvic acids (equation 59)lz4. Again, theenolate of 156 leads to the dioxetane 
157 on oxygenation, and fragmentation leads to the observed products. In this context it is 
of interest to mention that the base-catalysed hydrogen peroxide cleavage of benzil does 
not involve a dioxetane as intermediate, but a Baeyer-Villiger rearrangement takes place 
instead (equation 60), as confirmed by ’ *O-labelling experiments’ 25. 
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The benzofuranone 158 was converted into the oxazindione 160 under chemilumines- 
cence when treated with molecular oxygen and base (equation 61)126. The or- 
peroxylactone 159 was postulated as intermediate in this chemiluminescent process. 

In  the basc-catalysed autoxidation of the tryptamine derivative 161 the cleavage 
product 163 is formed via the dioxetane 162 (equation 62)’”. In a related study’’* the 
base-catalysed decomposition of the hydroperoxide 164 was investigated. It was argued 
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that the path via dioxetane 165 is of minor importance compared to the pathway 
(Hock-Criegee rearrangement) via 166 (equation 63). However, it was recently suggested 
that the Hock-Criegee rearrangement of 164 into 165 is unlikely' 29. 

In model studies of the transfer of oxygen to  phenolate^'^^ and mandelic acid 
 derivative^'^^ by flavoenzymes the possible involvement of dioxetanes has been pointed 
out. For example, dioxetane 167 has been prop~sed'~'. The base-catalysed cleavage of 
l ~ c i g e n i n ' ~ ~  by hydrogen peroxide or molecular oxygen could involve dioxetane la1 33. 

It was also proposed that the autoxidation of 7-hydroxy-6,7-dihydrolumiflavin involves 
dioxetane 169. A rather complex mechanism involving dioxetane 171 has been 
suggested'34 in the Co(Sa1pr)-catalysed autoxidation of the Schiff base 170 (equation 64). 

C. Superoxide Cleavages 

It has been proposed that the cleavage of electron-poor ethylenes by superoxide ion 
involves dioxetane intermediates. For example, c h a l ~ o n e s ' ~ ~  are cleaved into the 
corresponding carboxylic acids according to the mechanism shown in equation (65). 
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Similarly, the reaction of 1 ,l-dicyano-, 1,l-dinitro- and mononitro-ethylenes, etc. with 
superoxide ion leads to cleavage, presumably via dioxetane intermediates' 36. In fact, the 
conversion of benzyl cyanide into benzoic acid with superoxide ion has been ~uggested'~'  
as proceeding via dioxetane-type intermediates. Furthermore, the oxidative degradation 
of paraquat (172) by electrochemically generated superoxide ion has been interpreted in 
terms of dioxetane 173 as intermediate (equation 66)'38. Finally, the conversion of 3- 
hydroxyflavones 174 into 176 by superoxide ion'39 could involve dioxetane 175, as shown 
in equation (67). 
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D. Miscellaneous 

A rather interesting example in which the intermediacy of dioxetanes is p o ~ t u l a t e d ' ~ ~  is 
the cleavage ofepoxides into carbonyl products with oxygen-transfer agents (equation 68). 

2RzC=0 

Thus, an oxygen atom from pyridine oxide or from ozone is transferred to the epoxide 
oxygen, forming first a perepoxide intermediate 177, which is transformed into the 
carbonyl fragments via the dioxetane. Finally, in the cleavage of the labile dinitrites 178 of 
oic diols, it is proposed that the aldehyde products are derived from the diradical 179 
(equation 69)14'. Diradicals such as 179 are postulated in dioxetane decompositions. 

O--N=O - 2RCHO (69) 
R O-N=O - R Rl:: :I:: - Rx 

( 179) ( 178) 

V. CHEMILUMIMESCENCE 

The most characteristic and distinctive property of I ,2-dioxetanes and a-peroxylactones 
is their ability to emit light. In such chemiluminescent processes the chemical energy that is 
stored in these hyperenergetic molecules is converted into electronic energy and released in 
the form ofphotons rather than vibrations. It is, therefore, ofgreat importance and interest 
to understand the mechanism of light generation by these intriguing molecules. This is the 
purpose of the present section and we shal! begin with the question of energy sufficiency. 

A. Energy Sufficiency 

Irrespective of the mechanism by which the four-membered ring peroxides decompose 
thermally, sufficient energy must be stored in these molecules to produce electronically 
excited products. The [undamental steps of the decomposition process are detailed in 
equation (70)180*p. In the first step heat is absorbed to convert the ground-state dioxetane 
Ro into an activated complex ( #  ), which dissociates subsequently into an electronically 
excited carbonyl product P*. Finally the excess excitation energy is emitted in the form' of 
light. It is the ( # ) -+ P* step which is so unusual, at least for reactions in condensed media 

Ro + 1.1 - (# I  

P' (70) - (#I  
P' - Po + hr 
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FIGURE 1. Energetics of chemiluminescent reactions. 

since a crossover from a ground-statc surface to an exci:ed-siaie surface, i.e. a nonadiabatic 
path, has taken place. The reaction profile for this typical chemiluminescent reaction is 
schematized in Figure 1. 

Clearly, i t  is the favourable exothermicity of the chemiluminescent process which leads 
to an electronically excited product P* rather than to a vibrationally excitcd product P'. 
Consequently, the most important criterion that allows a molecule to decompose on 
heating into an electronically excited product is that of energy sufficiency. The sum of its 
activation enthalpy (AH') and reaction enthalpy (AH,) must be greater than the 
excitation energy ( E * )  ofthe electronically excited product (equation 71). A substance that 
conforms to this energy balance we designate as 1iyper.errer.getic. Recently this 
oversimplified criterion of chemienergization has been justly criticized because free 
energies should be employed instead of enthalpies in order to deal properly with the 
entropic factor'"'. 

The cncrgy sufficiency criterion for the two hyperenergetic molecules under discussion, 
i.e. the 1,2-dioxetanes and x-peroxylactones, is convincingly demonstrated in Figure 2, 
which summarizes the energetics of their thermal decomposition in a heat of formation 
( A H , )  diagram. Typically, the activation energies, determined from isothermal kinetic 
methods, range between 20 and 30 kcal mol- ' and the heats of reaction, estimated from 
thermochemical calculations' 43, vary around 69-90 kcal mol - I .  

Since the lowest excited states (n, n*) of simple carbonyl compounds such as aldehydes 
and ketones are in the range ca. 75-85 kcal mol- ' for singlet excitation and ca. 70-80 kcal 
mol-' for triplet excitation, the energy sufficiency criterion (equation 71) demands that at 
least 70-85 kcal mol- '  of energy must be made available at the transition state in the 
dioxetane decomposition to create one of the carbonyl fragments in its n,Tc* excited state. 

For the specific case of tetramethyl- 1,2-dioxetane, the heat of reaction was determined 
experimentally by means of differential scanning calorimetry (DSC) to be 
A N ,  = -61 kcalmol-' '"".Itsactivationenthalpyisca.25kcalmol-' ".Thus,a totalof 
ca. 86 kcal mol- '  of energy is availablc in the activated complex of tetramethyl-1,2- 
dioxetane. This is sufficient to produce one of the acetone molecules in its n,n* excited 
state, since the singlet and triplet energies are respectively at 84 and 78 kcal mol- '. Note, 
however, that the corresponding n,n* states of acetone cannot be chemienergized by 
tetramethyl-l,2-dioxetane since these excited states lie well above 86 kcal rnol- '. Thus, on 
the basis of energy balance, we can expect to observe fluorescence or phosphorescence 
from the n,Tc* excited carbonyl fragment that is generated in the thermolysis of 1,2- 
dioxetanes. 
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FIGURE 2. Enthalpy of formation (AHI) diagram for tetramethyl-l,2-dioxetanc and dimethyl-1,2- 
dioxetanonc thermolysis. Numerical valucs in kcal mol-’ energy units. ’K rcfers to singlet, TK to 
triplet, K* to excited and KO to ground-state ketone product. 

Comparing the diniethyl-1 ,Zdioxetanone with the tetramethyl- 1,Zdioxetane (Figure 2), 
we note that although the same electronically excited species is produced, i.e. singlet or 
triplet acetone, the decomposition of dioxetanones is considerably more exothermic. This 
is not surprising, because the incorporation of an sp2 carbon into an already strained ring 
must increase the exothermicity of the reaction. However, the more interesting fact 
concerns the chemienergization of the carbon dioxide product. We see in Figure 2 that 
both the triplet and singlet excited states of C02 lie too high in energy to become 
electronically excited during the thermolysis of a-peroxylactones. But i t  should be evident 
that both 1,tdioxetanes and r-peroxylactones fulfill the energy sufficiency criterion of 
equation (71). 

B. Unimolecular Decomposition Mechanisms 

Two mechanisms have been put forward over the years concerning the thermal 
decomposition of 1,Zdioxetanes leading to electronically excited (n,n*) carbonyl 
products. These are the diradical mechanism, suggested by Richardson and O”ea1143, 
and the concerted mechanism, suggested by Turro and coworkers’”. 

1. Diradicals as intermediates 

In the diradical mechanism the dissociation of the dioxetane ring proceeds in a stepwise 
fashion (equation 72). Stretching of the oxygen-oxygen bond (step k,) leads to the singlet- 
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state diradical ('DR). This singlet diradical has three options: (a) to recyclize via step k-, 
to the dioxetane, (b)  to disengage the carbon-carbon bond via step ks into ground-state 
carbonyl product and singlet excited (%, x*) carboiiyl product, or (c) to intersystem-cross 
via step ki, to the triplet-state diradical (TDR). The latter can either reverse intersystem- 
crossviastep k-,,orfragmentvia li,intoground-statesinglet carbonyl product andexcited 
triplet (Tn, IT*) carbonyl product. Finally, deexcitation of the 'n, K* and Tn, K* carbonyl 
products by the usual photophysical and photochemical ways, e.g. fluorescence via step kn 
and phosphorescence via step lip,,, respectively, affords ground-state carbonyl products. To 
account for the high spin-state selection of triplet product, all one would need to impose is 
the condition that kf > kisc > ks. This is not unreasonablc, as suggested by most of the 
experimental evidence. 

The very earliest experimental evidence in support of the diradical mechanism la3 rests 
on the fact that alkyl and phenyl substitution does not significantly alter the activation 
parameters (Table 6) for dioxetane decomp~si t ion '~~.  It was argued that if 
carbon-carbon bond cleavage occurs simultaneously with oxygen-oxygen bond cleavage, 
the incipient carbonyl group in the activated complex should be stabilized in the relative 
order phenyl > alkyl > hydrogen. Thus, the activation energies shouid obey the relative 
order EJPh) < EJR) c E,(H), i.e. lowest for phenyl-substituted dioxetanes. Since this 
expectation was not borne out by the experimental data145 (Table 6), the diradicals 'DR 
and TDR were proposed as intermediates. As additional support for the diradical 
mechanism it was shown that the 3,4-diethoxy-1,2-dioxetane (29) and the p-dioxene-1,2- 
dioxetane (180) had identicai activation energies"' (Table 6; entries 12 and 25, 
respectively), implying that the carbon-carbon bond is not significantly stretched in the 
activated complex. 

The strongest support in favour df the diradical mechanism is the lack of a deuterium 
isotope effect in the thermal decomposition of tt-utts-3,4-diphenyl-1,2-dioxetane (181)14". 
In the concerted mechanism the ring carbon of the dioxetanc changes its hybridization 
state from sp3 to sp' in the activated complex and a n  inverse secondary isotope cffcct 
(kH/kD) would be expected'". Consequently, a diradical mechanism was argued to 
accommodate these results. Similarly, in the thermal decarboxylation of the dimethyl M- 
peroxylactone a negligible (k&, = 1.06 4 0.04) secondary isotope effect was 
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TABLE 6. Activation parameters of four-membered ring peroxides 

Ea AH' AS* AG* (293.2K)" 
Dioxetane (kcal mol-') (kcal mol-') log A (C.U.) (kcal mol-I) Ref. 

1. M e . F f N B u - t  17.0 & 2 

0-0 

3. O? 0 - 

Me 

5. 19.7 

0' 

6. M e p f  19.8 

0-0 

OMe 

8. 0: 22.5 0.3 

17.1 & 2 13.8 2.7 1.0 16.3 57 

18.2 & 0.3 - 

21.1 20.6 - 

19.1 11.2 

- 11.6 

19.2 f 0.2 - 

- 1.4 f 1.2 18.6 180% b 

8 * 1  18.8 227 

- 7.2 21.2 31 

- 21.3 180c 

- 8.2 f 0.5 21.6 172 

20.2 f 0.3 11.8 0.2 -6.8 f 0.8 22.2 I45d 

12.8 - 22.5 158 
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TABLE 6. contitrued 

Dioxetane (kcal mol-') (kcal mol-') log A (e.u.) (kcal mol-') Ref. 
E. AH* AS * AG* (293.2K)" 

9. &oMc 21.0+ 1 - 11.6 f 0.6 - 22.6 224 

10. a 22.7 C_ 0.9 - - -3  5 3 23.0 27, 159 

11. P"& 22.7 + 0.1 22.0 +_ 0.1 12.4 -4.1 + 0.3 23.2 I45a 

0-0 

12. E t O j O E t  23.6 - 13.1 - 23.2 168,221 

0-0 

13. n'B"oll-oBu* 20.0 f 0.5 - 
0-0 

15. P h - j s i i i i i P h  23.6 5 1.6 - 

0-0 

10.3 

13.0 

12.9 

16. a 25.6 f 0.6 - - 

1 7 . M e - F F 2 2 . 3  & 0.3 21.6 & 0.6 - 

0-0 

- 18. 22.9 

0-0 

12.1 

- 23.2 235 

- 23.4 156 

- 23.5 I46 

4 & 2 23.8 159 

- 1.6 f 0.9 23.8 f 0.8 229b 

- 5.3 23.9 14% 
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Ea AHf AS' AG' (293.2K)" 
Dioxetane (kcal mo1-l) (kcal mol-')  log A (e.u.) (kcal mol-I) Ref. 

19. M e , p l  23.0 

0-0 

20. E t T T - E t  24.5 0.3 

0-0 

CH2Ph 
22. PhCHZf,  24.3 k 0.1 

0-0 

23. P h b P h  23.3 & 0.3 

0-0 

Me 0 
24. M ~ ~ C - M '  26.4 +_ 1.0 

0-0 

25. (Ix? 0 24.6 & 1 

26. M e b M e  23.5 & 0.5 

27. d p  0 25.1 0.7 

0--0 

Me 

28. [->--o 25.3 +_ 0.2 - 0-0 

- 12.2 - 5.0 23.9 145a 

23.5 

24.1 158 - 13.1 

12.4 - 1.9 24.1 31 

23.6 k 0.1 12.8 -2.0 -+_ 0.5 24.2 145a 

22.6 0.3 12.0 0.2 -5.6 0.9 24.2 145c 

25.5 1.0 14.2 4.0 f 2.0 24.3 35 

.- 13.0 - 24.3 221 

- - 5  * 2 24.4 27 - 

-_ - 2 5 2  24.5 27 

._ o a 2  24.7 199 -_ 
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TABLE 6. continued 

E. AH' AS * AG* (293.2Kr 
Dioxetane (kcal mol-*)  (kcal mol-') log A (e.u.) (kcal mol- I )  Ref. 

29. c t i  24.8 

Ph 

30. a? 0 26.0 f 0.3 

31. 0: 25.9 k0.3 

34. P h L O M e  26.1 f 1 

0-0 

35. 24.5 f 0.2 

Ph Ph 
37. M~--H-M~ 25 2 I 

0-0 

38. a 26.3 f 0.5 

24.2 12.4 - 1.8 24.1 31 

13.6 - 

- 13.6 

- 13.0 - 1.6 

1.6 

1.9 

24.7 

24.7 

158a 

158a 

24.7 158a 

27.3 k 0.2 - 7.7 f 0.4 25.0 

- 13.5 0.6 - 25.1 

23.4 f 0.6 - -6 f 0.4 25.2 

- 12.7 25.3 

- - -3 f 3 25.3 

1 + 2  25.4 

45 

224 

256 

156 

23 1 

159 
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E. AH* AS' AG* (293.2K)" 
Dioxetane (kcal mol-') (kcal mol-') log A (e.u.) (kcal mol-') Ref. 

39. Mei*CH,CH2Ph 25.5 0.5 - 12.9 - 25.4 156 
ME Me 

0-0 

n-Bu Bu-n 
12.5 a"' 25*2+ - 

40. Me 

41.*00et  25.1 0.2 24.6 f 0.3 - 
0-0 

24.4+ 1 23.8 1 - 
0-o 

42. 

43. Me . E B u - n  25.3 k 0.5 - 12.5 

Me Me 
44. M a w M e  21.6 f 0.1 26.9 -C 0.1 - 

0-0 

25.0 +_ 0.4 - 

(? 25.9 - 
46. 0 0 

12.8 

24.5 0.4 - 48. - 
PI8 

- 25.6 240 

-3.5 f 0.3 25.6 256 

-5.1 + 2 25.7 

- 25.7 

3.1 f 0.3 25.8 

-2.8 + 0.5 25.8 

- 25.9 

- 26.1 

-5.4 1 26.1 

233 

156 

45 

256 

156 

156 

236 
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TABLE 6. coirfirzitccl 

Ea AH* A S  AG' (293.2K)" 
Dioxetanc (kcal mol-') (kcal mol-I) log A (e.u.) (kcal mol-I) Ref. 

-Me Me 
50. E I C H ~ C H ~ E ~  27.6 t 0.2 

0-0 

Me Me 

0-0 
51. M+ CH,B~ 28.4 _+ 0.1 t 

52. 27.7 
0-0 

53. %o'ph 25.9 f 0.2 

54. P h w - L P h  - 
0-0 

55. a o B  25.8 & 1.5 
O A. 

56. 

51. Et -Bt 30.0 f I 
58. t-Bu+Ph 26.7 f 0.1 

0-0 

2.5 k 1.0 26.2 

5.2 k 0.4 26.2 

45 

45 

- 12.7 - 2.4 26.1 86 

26.9 0.2 - 

27.7 k 0.1 - 

- 13.8 - 26.3 

25.0 0.3 - -4.7 f 0.3 26.4 

24.1 & 0.4 - -9.1 1 26.7 

25.1 1.0 - -5.7 f 2 26.9 

25.8 k 0.4 - - 3.7 0.9 26.9 

._ 14.8 - 27.3 

25.8 0.9 14.1 f 0.1 -5.2 2.5 27.3 

160 

256 

256 

233 

256 

160, 240 

246 
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E a  AH* AS * AG* (93.2 K)" 
Dioxetanc (kcal mol-') (kcd mol-') log A (e.u.) (kcal mol-') Ref. 

59. 27.0 
0 L c  

Me Me Me Me 

60. 29.7 & 0.6 

Me Me Me Me 

61. a 29.8 k 0.4 

Me0 OMe 
63. M C O ~ ~ O M ~  28.6 k 1 

0--0 

Me Me Mcs;&le 

64. G -  27.5 +_ 0.8 

Me Me Me Me 

65. a-7 -1-OPh - 

68. 34.6 k 1.5 

26.2 C 1 

29.0 f 0.G 

- 

I 

- 

27.0 +_ 0.8 

28.0 L- 0.2 

28.4 2 0.3 

- 

33.8 

12.5 -3.7 f 1.5 27.3 233 

14.6 

- 

!IS 

12.9 

12.0 

- 

- 

14.8 - 32.9 235 

_. 2.9 * 2 32.9 157 

5.7 & 1 27.3 1 79 

4 f 2  28.0 159 

- 28.0 180c 

- 28.5 27 

-5 .1 +_ 1 28.5 22, 179 

-4.0 0.6 29.2 256 

- 3.5 & 0.9 29.4 256 

"Estimated from E, and log A or AH * and AS* for 293.2 K; arranged in ascending order of AG*. 
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obsenfed14*. Presumably in thc c~-peroxylactone decomposition a diradical mechanism 
similar to that of dioxetanes (equation 72) also operates. 

A dramatic solvent effect in the thermolysis of dioxetane~'"~ was taken as evidence 
against the diradical mechanism. However, it was shortly thereafter reported' " that the 
solvent effect in methanol was the result ofcatalysis by transition-metal ion impurities, and 
could be suppressed in the presencc of metal ion complexing agents such as EDTA or 
Chelex 100. The utmost care that must be taken in measuring reliable kinetic parameters in 
1,2-dioxetane decomposition cannot be overemphasized. 

- Trapping experiments would constitute the most unequivocal proof for the intervention 
of diradical intermediates in the decomposition of 1,Zdioxetanes. Although such 
experiments have not been reported to date, the interesting observation'51 that tri-t- 
butylphenol extinguished the trimethyldioxetane chemiluminescence more efficiently than 
piperylene, was construed as evidence that the phenol scavenged a relatively long-lived 
precursor to the electronically excited product, presumably a diradical. Tentative evidence 
in favour of the diradical mechanism has been claimed57b in the chemiluminescence of the 
imino-1,Zdioxetane 182 versus 183. 

Direct spectroscopic observation of the postulated diradical intermediates has not been 
possible so far. Thus, multiphoton infrared laser excitation of tetramethyldioxetane in the 
gas phase failed to detect diradical intermediates with lifetimes greater than ca. 5 ns"'. 
Picosecond spectroscopy limited the lifetime of a diradical intermediate, if formed, to less 
than ca. 10 ps in the 264 nm pulsed photolysis of tetramethyldioxetane in acetonitrile, 
using a mode-locked neodymium phosphate laser' 53. However, a diradical intermediate 
of this lifetime has been proposed in the photolysis of tetramethyl-l,Zdi~xetane'~~. Thus, 
we must conclude that the diradical mcchanism (equation 72) ofdioxetane decomposition 
remains uncertain. 

2. Concerted decomposition 

In the concerted mechanism (equation 73) oxygen-oxygen and carbon-carbon bonds 
are disengaged simultaneously'4'. Vibrational deformation leading to a puckered four- 
membered ring transition state aligns the orbitals (hatched) optimally to create an n, R* 

excited state of the carbonyl product. It is argued'55 that during this puckering act 
electron density is displaced in such a way as to promote spin-orbital coupling at the 
oxygen atom and thereby generating preferentially Tn, x* carbonyl product. 
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The unusual stability of the diadamantylidene-l,2-dioxetane 14 (Table 6; entry 68) has 
been interpreted in terms of a concerted m e ~ h a n i s r n ~ ' . ' ~ ~ ,  but a diradical mechanism has 
also been proposed'". Thus, on the basis of the puckered structure of 14, it was 
rationalized21 that thc inertial mass of the rigid and bulky spiroadamantane moieties \Vds 
impeding further twisting of the four-membered ring in the postulated unscrewing mode in 
the activated complex of the concerted mechanism (equation 73). On the other hand, not 
aware of the puckered structure, an alternative argument postulated155 that the rigid 
planar four-membered ring resists the necessary twisting action of the concerted 
mechanism. However, inspection of Dreiding models reveals that the four equatorial 
methylenic hydrogens in 14 would prevent twisting about the carbon-carbon dioxetane 
bond in the diradical as well as in the concerted decomposition mode. 

More convincing evidence in support of the colicerted mechanism 
stability of the dioxetane series 184 through 186ls6 (Table 6;  entries 

is the thermal 
36, 14 and 46, 

respecthely). The fact that the fused six-membered ring dioxetane 185 is considerably less 
stable than either 184 or 186 suggests that carbon-carbon fission occurs concurrently with 
oxygen-oxygen bond rupture. Another series of this type arc the homologous 
unsubstituted dioxetanes 26,9,27 and 187 (Table 6; entries 30, 8,31 and 32, respectively), 
for which a concerted mechanism is also a r g ~ e d ~ ~ . ' ~ ~ .  Inspection of Dreiding models 
implies that dioxetanes with annelated six-membered rings must have puckered dioxetane 
rings, while those with annelated five-, seven- and eight-membered rings can bc planar. 
Therefore, the twisted transition state of the concerted mechanism is in part realized in 9 
and 185 even in their ground states in view of their puckered structures compared to the 
presumably planar dioxetanes 26,27, 184 and 186. Consequently, dioxetanes 9 and 185 
decompose more easily. However, the series of dioxetanes 188-191 exhibits the same 
stability trends15' (Table 6; entries 16,38,61 and 10, respectively), i.e. 188 and 189 are of 
normal stability (like tetramethyl-l,2-dioxetane), 190 is unusually stable and 191 
unusually labile. This has been rationalized in terms of the diradical mechanism. I t  seems 
advisable to determine the crystal structures of the two extreme cases, i.e. 190 (the most 
stable) and 191 (the most labile). to confirm the degree of puckering of these structures. 

Bc this as i t  may, the unusual stability of dioxetane 190 requires an additional 
explanation beyond the puckering argument. In fact, there is something special about the 
seven-membered ring-annelatcd dioxetanes such as 190 with respect to their abnormally 
high stability. I t  was sugge~ ted '~ '  that the 'inside' hydrogens of the methylene groups 
adjacent to the dioxetane ring require a twisting motion about thc dioxctane 
carbon-carbon bond along thc decomposition trajectory in order to avoid the severe 
nonbonded repulsion betwecn thcse hydrogcns. A dramatic casc of this conformational 
effect is apparcntly witnessed in dioxctane 15 (Table 6; entry 60), in which methyl groups 
occupy these critical positions in the sevcn-membered ring". A related argument of steric 
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crowding was forwarded16" t o  explain the unusual stability (Table 6, entry 57) of 
tetraethyl-I ,Zdioxetane (192). This apparently simple dioxetane is one of the more blatant 
failures of the diradical theciry of dioxetane decomposition. It was argued that a 'stable' 
diradical intermediate, i.e. one that lies in an energy well of at least 5 kcal mol- ' depth, 
cannot be involved. Finally, a pressure dependence study of the energy-transfer 
chemiluminescence of tetramethyldioxetane'61 suggests that the activation volumes are 
more readily reconciled in terms of the concerted mechanism. 

3. Theoretical work 

In view of the two proposed mcchanisms for the thermal decomposition of dioxetanes, 
we shall briefly review the theoretical contributions towards the understanding of this 
challenging problem. 

The earliest theoretical thoughts on the chemiluminescent decomposition of 1,2- 
dioxetanes were based on orbital symmetry  argument^'^. I t  was predicted that the 
suprafacial [2 + 2]retrocyclization must lead to an electronically excited carbonyl 
product. However, such a retrocyclic process should chemienergize the rt, n* state, which is 
inaccessible on grounds of energy balance (cf. Section V.A). A morc thorough orbitai and 
state symmetry analysis of the conccrted decomposition that a n, n* excited 
carbonyl product should be formed. More important, this intuitive and penetrating study 
predicted well before it was confirmed that a triplet excited n,n* 
product should be formed preferentially. Specifically it was noticed that the energy surface 
for the less energetic Tn, n* carbonyl product intersects that of the singlct excited n, K* 
carbonyl fragment along the out-of-plane bending vibrational mode. 

Numerous semiempirical calculations have been carried out on the dioxetane 
decomposition, including CNDO/2 calculations with and without configuration 
i n t e r a ~ t i o n ' ~ ~  and MIND0/3 with configuration interaction' 64. Although these differ in 
their opinions of whether oxygen-oxygen bond homolysis occurs first, leading to a 
diradical intermediate via 193, followed by fast carbon-carbon bond cleavagc, or whether 
both bonds are cleaved simultaneously via 194, these calculations all agree that the 
decomposition mode engages twisting of the dioxetane ring, as shown iil the respective 
activated complexes 193 and 194. Clearly, puckered transition states are involved in both, 
but in the diradical case 193 the carbon-carbon bond is still intact. 

O n  the basis of qualitative considerations it was a r g ~ e d ' " ~  that a crossover of the 
diradical path to the triplet excited product path, prior to rcaching a boriufirk stable 
diradical intermediate, is feasible. This attractive alternativc represents a merger between 
the diradical (equation 72) and the concerted (equation 73) decomposition routes. This 
merged mechanism was also adopted to explain the tetraethyldioxetane 192 case16o. 
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The most ambitious theoretical investigation on this problem has employed the 
nonempirical GVB method166. It was concluded that a 1,Cdiradical is an intermediate, 
resulting from oxygen-oxygcn bond cleavage but leaving the carbon-carbon bond intact. 
The eight possible singlet and triplet state electronic configurations of the diradical all lie 
within a narrow bond of 3 kcalmol-I and correlate with singlet and triplet excited 
carbonyl product and ground-state carbonyl product. What specific spin state of a 
particular excited state is chemienergized depends on its energy relative to the 1,4-diradical 
intermediate. For example, for the unsubstituted 1,Zdioxetane the energy of the surface 
crossing point of theTn, IC* state of formaldehyde lies ca. 8 kcal mol- lower than its 'n, K* 
state relative to the lP-diradical. Consequently, triplet excited formaldehyde is 
preferentially chemiencrgized, as observed e~pe r imen ta l ly~~ .  The quantitative results on 
diradical stability obtained from the nb iriitio GVB calculations match well those derived 
from thermochemical  estimation^'"^ (cf. Figure 2). 

The most recent theoretical study on this subject concerns the parent a- 
pero~ylactone'~'. These SCF calculations suggest that a diradical mechanism is involved, 
since stretching of the peroxide bond does not cause significant loosening of the 
carbon-carbon bond. The proportionally higher yield of singlet excited product for the a- 
peroxylactones compared to dioxetanes is explained in the greater rate of decarboxylation 
versus intersystem crossing, i s .  steps k 2  versus kirc in equation (72). but involving a- 
peroxylactones instead of dioxetancs. 

C. Catalytic Decomposition 

The mechanisms discussed in Section V.B concern the unimolecular thermolysis of 1,2- 
dioxetanes and a-peroxylactones. However, such molecules also undergo catalytic 
decompositions involving electron-transfer proccsses, which we shall discuss presently. 

1. Intermolecular electron exchange 

The fact that hyperenergetic molecules such as the 1,2-dioxetanes should be prone to 
catalytic decomposition is not surprising. Early examples include the protecting elfect of 
molecular oxygen on the thermal decomposition of 3,4-dietho~ydioxetane'~~, the efficient 
catalytic decomposition of this dioxetane by arninesI6', and of alkyl-substituted 
dioxetanes by transition-metal ion i m p u r i t i e ~ ' ~ ~ .  However, all these are competing dark 
reactions, which greatly diminish the chemiluminesccnce of the dioxetanes. 

An unusual observation was made by us1io in connection with the energy-transfer 
chcmiluminescence of cc-peroxylactones with aromatic fluorcscers such as rubrene. Under 
similar conditions rubrene produced about 50-fold greater light intensity than 9,lO- 
diphenylanthracene (DPA) with dimethyl u-peroxylactone; however, the rate of the cy- 
peroxylactone decarboxylation was significantly greater for rubrenc than for 9,IO- 
diphenylanthracene. Rubrene was not consumed during the reaction and served, therefore, 
as catalyst in the decomposition of tlic a-peroxylactone, by enhancing thceficiency oflight 
emission of the system. In other words, the reaction between rubrene and peroxylactones 
represented one of the few examples of ii catalytic, but cheniiluminescent, reaction of 
dioxetancs. Another such reaction, known for even longer', is that of aryl oxalates with 
hydrogen peroxide and aromatic fluorescers' ' I .  

As soon as the phenomenon of Chemically Induced Electron Exchange Chemilumines- 
cencc (CIEEL) exhibited by pcroxides and casily oxidized fluorescers (FI) had been 
recognized18k, it was obvious that the v.-peroxylactone-rubrenc case belonged to this 
category of chemiluminescence reactions. The clectron-cxchange mechanism shown in 
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equation (74) was proposed'7z to account for the facts (a) that the easily oxidized 
fluorescers cataiyse the decomposition of the a-peroxylactones and (b) that the rate of 
catalysis is proportional to the ease of oxidation of the fluorescer. During the slow step an 
electron is transferred from the fluorescer to the a-peroxylactone, producing a fluorescer 
radical cation-peroxide radical anion pair. Decarboxylation affords a fluorescer radical 
cation-ketyl radical anion pair, which can either diffuse to free ion radicals or back- 
exchange the electron to generate electronically excited fluorescer. The latter emits light. 
This process constitutes a chemical equivalent of the well-known phenomenon of 
electrochemiluminescence' 73. 

Re" + FI - slow 

0-0 

1 CO2 (74) 

'IfR + FI' - 
0 

FI + hv 

Recently'74 the electron-transfer theory' 73.1 7i has been extended to incorporate the 
slow and reversible chemically induced electron-exchange reactions as observed for the 
flUO~eScer-cdtdySed chemiluminescent decomposition of a-peroxylactones' 72.  It was 
argued that the electron transfer is complete in the transition state for such a slow and 
irreversible endergonic electron-transfer reaction, but that the typically flat slopes 
(- a/RTwhere o! ca. 0.3) of the In (intensity) vs. oxidation potential plot was due to the fact 
that only a fraction (a) of the total free-energy change manifested itself in the activation 
energy. The recent criticism' 7d of this treatment has been refuted' 77. 

It is noteworthy that tetramethyI-1,2-dioxctane does not exhibit electron-exchange 
chemiluminescence' 7 2 ;  however, tetramethoxy-l,2-dioxctane does' 78. In fact, in this 
interesting case both electron donors such as DPA as wcll as electron acceptors such as 
9,lO-dicyanoanthracene give rise to such chemiluminescent catalytic decomposition. 
Furthermore, we have observed179 that the dioxetane 195 exhibits electron-exchange 
chemiluminiescence. In  this context it is ofinterest to mention that the related dioxetane 15 
is inactivc towards electron exchange even with rubrene. 

2. Intramolecular electron exchange 

1,2-Dioxctanes possessing easily oxidized substituents behave quite distinctly in the 
chemiluminescent properties when compared to tetramethyldioxetane. Examples are 1,2- 
dioxetanes substituted with N-methyllindolyl (21)30, N,N-dimethylaminophenyl (2t )31 
and N-methylacridanyl (196)180 groups. First of all, these dioxetanes are relatively 
thermally unstable (Table 6) and second thcy give relatively high yields of singlet excited 
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Me 

(195) (196) 

carbonyl product (Table 7). For such systems an intramolecular electron-exchange 
chemiluminescence mechanism has been proposed, as illustrated in general terms in 
equation (75). When X is a substituent such as those in the dioxetanes 21, 22 and 196, 
internal electron transfer from X to the peroxide bond affords a dipolar intermediate such 
as 197. Cleavage of the dioxetane carbon-carbon bond affords the radical-anion-radical- 
cation pair and back-transfer of an electron leads finally to singlet excited carbonyl 
product and chemiluminescence. 

0-0 -0 0' 
I I  

- 1 

I 
1 

0' 0 
I I  + I I  
C C 

"X / \  

(75) 

An unusual chemiluminescent catalysis of this type has been observed on silica gel for 
dioxetanes D3', 3648 and 19618"'. The much enhanced chemiluminescence eficiency was 
attributed to promotion of intramolecular electron exchange analogous to equation (75). 
The acidic silica gel supposedly complexes with the peroxide bond of the dioxetane, 
thereby lowering its reduction potential and thus enhancing the efficiency of internal 
electron transfer. 

Of considerable interest are the implications of this intramolecular electron-exchange 
mechanism in bioluminescence'8'. For example, the high yield of singlet excitation that 
was observed in bioluminescent systems, especially of the fireflyL8', was not understood. 
In fact, a key feature that had escaped the mechanistic chemist for a long while was the fact 
that methylation of the phenol group of the firefly luciferin extinguished almost completely 
the bioluminescence'". Presumably the phenolate moiety is essential for eficient light 
production. Consequently, as shown in equation (76),  the mechanism of efficient 
bioluminescence requires intrarnolccular electron transfer from the  electron-rich 
phenolate moiety to the a-peroxylactone ring'". After decarboxylation and electron 
back-transfer an electronically excited singlet-statc oxyluciferin 198 is formed, which then 
emits the greenish-yellow bioluminescence. 

A detailed theoretical analysis"' suggests that the fluorescence of the oxyluciferin 
anion is derived from a low-lying n,r* singlet statc with substantial charge transfer from 
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the benzenethiazolyl group to thc oxythiazoline chromophore. Subsequent charge 
annihilation leads to the observed emission. 

D. Excitation Parameters 
As already pointed out on several occasions, the unique property of dioxetanes is to 

generate electronically excited states on thermolysis, which then manifest themselves by 
light emission (equation 70). The total yield of excited states (equation 77), i t .  the sum of 
thesinglet excitation yield (4’) and triple excitation yield (4hT) and the spin-state selectivity 
(equation 78), i.e. the ratio of the triplet and singlet yields, are parameters that characterize 
i: particular dioxetane. Typical values are compiled form the literature in Table 7. A 
number of methods are known to determine the 4’ and 4T quantities. For simplicity and 
clarity, the methods for the determination of these excitation yields are classified into 
photophysical and photochemical techniques. This is warranted in view of the distinct 
experimental mcthodologies involved. 

Total excitation yield = 8 T + S  = (#’+ ($is (77) 

Spin-state selectivity qT 1 qs (78) 

7. Photophysical methods 

In  the photophysical techniques for determining excitation yields (4*) of 
cheniiluminescent processes the physical properties of the electronically excited state are 
utilized, specifically their luminescent properties. Thus, the observed chemiluminescence, 
i.e. fluorescence in the case of singlet states and phosphorescencc in the casc of triplet 
states, of the chemicnergized process is related to the photoluminescence of the 
electronically cxcitcd product. For convenience wc shall distinguish between direct 
chemiluminescencc (DC), in which the chemicnergized product K* directly exhibits 
chemiluminescence (fluorescence and/or phosphorescencc). and energy-transfer chemi- 
luminescence (ETC) o r  enhanced chcmilumincscence (EC), in which the chemienergized 
product K* first transfers its excitation cnergy to a suitable luminescer Lu, (fluorescer 
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TABLE 7. Excitation parameters of four-membered ring peroxides 

Excitation parameters'** 
~ 

4’ + s( %) rbT/+’ Ref. Dioxetane +’( %)’ #JT( %I“ 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

MeT-?Bu-t 5.0 x (EC) 

0-0 

Me-N S-M~ 3.6 (DC) 

ObOO 

M e w M e  3.9 x lo-’ (EC) 

0-0 Me 

M e w  O.l(DC) 

0-0 

(EC) 

0-0 a 4.8 x 10-4 (EC) 

cf? 0 e 

1.6 (EC) Me 0 
lo* Me-h%vle 

3.4 x 10-3 (EC) 

4.0 (CT) 

0.28 (EC) 

C 

1.5 (DC, CT) 

20 (EC) 

1.1 (EC) 

c 

5.0 (EC) 

15 (EC, DC) 

0.003 700 

8 1 

0.3 

- 22 

2 16 

20 > 2000 

1 2000 

81 150 

6 4 

17 10 

57 

180a, b 

229b, 70 

31 

207,257 

221 

159 

156 

256 

35 

0-0 



24. Four-membered ring peroxides 

TABLE 7. cottrimred 

899 

Excitation parameters'.* 

Dioxetane %)' +'( %Id +'+'( x) 4'/@' Rcl: 

11. 1.1 (EC) 10 (EC) I 1  10 159 

12. 1 x lO-'(EC) 5.7 (EC) 9 
0-0 

13. 

14. 

15. 

16. 

17. 

I 8. 

(1%: 1.9 x lo-' (EC) 6.8 (EC) 7 

Ph 

@ I e  

0 a 0.13 (EC) 
e 10 

1 1  (EC) 1 1  

1100 199 

250 lS9b 

340 31 

10 156 

I00 I S9a 

?f%? 0 0 I x (EC) 72 (EC, CT) -- 77 2200 86 

Ph 0 Ph 

Me Me 
M e H M e  0.25 (DC, CT) 30 (EC, CT) 30 120 159b. 207. 

208. 223, 
0-0 79 

20. @ 0 CJ c 30 120 156 
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TABLE 7. cotirinued 

Excitation parameters”*” 

21. -4 x (EC) 

0-0 

23. 1.6 x 10-3 (EC) 
0 

Me 

Et E t  
24. Et--tf-Et 0.2 (EC) 

0-0 

25. 1.7 x lo-’ (EC) 
0 

Ph 

26. a 0.19 (EC) 

Me0 OMe 
27. MeO--/--/-OMe 

0-0 

OPh 
28. t - B u d O P h  

0-0 

29. @--&j 
0-0 

1 .O (EC) 

3.1 x 10-’ (EC) 

2.0 (CT) 

30 (EC) 

0.37 (EC) 

3.5 (EC) 

60 (EC) 

1.G (EC) 

18 (EC) 

10 (EC) 

9.5 x lo-’ (EC) 

15 (CT) 

30 

0.4 

4 

60 

2 

18 

1 1  

0.1 

17 

750 

60 

2000 

300 

1000 

90 

10 

3 

8 

160 

1 79 

233 

160 

236 

159a 

221 

246 

157 

“The errors are usually 30-50% so that we have rounded the values up or OR 
bEnhanced chemiluminescence (EC), direct chemiluminescence (DC). chemical titration (CT). 
‘9,lO-Diphenylanthracene was used in EC. 
d9,1 0-Dibromoanthraccne was used in EC. 
CValues were not reported. 
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t 

Direct Energy transfer 

FIGURE 3. Energy diagram for direct (DC) and energy-transfcr (ETC) cherniluminesccncc. 

and/or phosphorescer) and theelectronically excited luminescer Lu* emits, givingrise to the 
observed enhanced chemiluminescence. The two events are illustrated in terms ofan energy 
diagram in Figure 3. 

a. Direcf clieriiiliiriiiriesc~~~c~. In this method the luminescence of the chemienergized 
carbonyl product K* is directly detected and measured. It is essential that the 
electronically excited product K* be known and characterized, which is usually confirmed 
through photoluminescence with the authenticmaterial, fluorescence in the case ofsinglet- 
statc 'K* and phosphorescence in the case of triplet-statc TK*. Since phosphorescence is 
usually difficult to detect in solution at ambient conditions in the presence of molecular 
oxygen, the direct chemiluminescencc technique is essentially restricted to thc 
detemiination of singlet excitation yields (4'). Our discussion focuses on the latter; 
however, it should be clear that in principle the same methodology applies to the 
determination of triplet excitation yields ( c $ ~ ) ,  cxcept that instead of the fluorescence the 
phosphorescence is measured. Excellent reviews on the instrumentation and calibration of 
light emission required to measure chcmilurninescence quantum yields have appeared 
recen tly 85.  

The direct chcmiluminescence quantum yield (4"') is given by equation (79), where @ is 

DC S fl 
Q =Q, (79) 

thesinglet excitation quantum yield and 43: is the fluorescence quantum yield ofthesinglct 
excited carbonyl product 'K*. The latter is directly responsible for the observed 
chemiluminescence. If 42 is known from photoluminesccnce work, determination of q5Dc 
allows us to calculate the desired 4' parameter. Typical values arc given in Table 7. 
Frequently q5: is not known and it is necessary to measure it, using routinc fluorescence 
techniques' 70.185b. 

For thc expcrimental determination ofthe @'it is necessary to measure the light output 
of the direct cherniluminescent process. The experimental definition of the direct 
chcmiluminescence quantum yield is given by equation (80), i.e. the initial rate of photon 
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production (1:') divided by the initial rate of dioxetane decomposition (k, [D],,). 
Altcrnatively the total or integrated light intensity per total dioxetane decomposed can be 
used. The kD[Dl0 term is readily assessed by following the kinetics of the 
chemiluminesccnce decay, which is usually first order. Thus, from a semilogarithmic plot 
of tlie emission intensity versus time the dioxetane decomposition rate constant kD is 
obtained and the initial dioxetane concentration [DlO is especially if the 
dioxetane has been isolated and purified. In those cases in which the dioxetanes are too 
labile for isolation and purification, [Dl0 is determined by quantitative spectroscopic 
measurements or iodometric titration. 

the initial o r  total light intensity is measured. The 
detailed experimental techniques have been published' 'O. '  85a. It is critical to standardize 
the photomultiplier tube against suitable light standards and to calibrate for wavelength 
response if the emission intensities of the chemiluminescent process and the light standard 
occur at diKerent wavelength. In recent years the luminol'86 and the 'scintillation 
cocktail" 87 have found wide acceptance for standardizing light intensities in dioxetane 
work 81, 

Once the standardized and calibrated direct chcmiluminescence quantum yicld {+DC) 
has been acquired experimentally, the singlet excitation yield (+s) can be calculated for the 
chemienergized process from equation (79). However, as already stated, this requires that 
the fluorescence quantum yield (4;) be known under the same experimental conditions at 
which 4,' was determined. This is not always the case and the disadvantage of the direct 
chemiluminescence method is that 4: may have to be determined. For very weakly 
chemiluminescing systems that can be a difficult task because the chemienergized emitter 
may not bc defined. 

b. Eiwr.gy-tran.$ier. ~ h e i i ~ i l i ~ ~ i i i i e ~ ~ e ~ ~ ~ e .  By far the most popular photophysical technique 
to count chemienergized singlets and triplets is via energy transfer to suitable luminescent 
acceptors (Figure 3). Usually the fluorescence of the acceptor is chemienergizcd; but in 
principle thc phosphorescence can also be stimulated, provided the acceptor exhibits 
measurable phosphorescence under the conditions of dioxetane dccomposition, i.e. in 
solution, a t  ambient temperatures and in the presence of molecular oxygen, as in the case 
of biacetyl' *'. Here we shall consider the case of chemienergized fluorescence by energy 
transfer, although the same treatment also applies to phosphorescence. 

In the case of fluorescence that is chemienergized by energy transfer, an energy acceptor 
is chosen which exhibits efficient fluorescence, e.g. polycyclic aromatic hydrocarbons and 
particularly 9,lO-disubstituted anthracene derivativcs' 88.  Consequently, in the presence of 
such fluorcsccrs (Fl) the feeblc direct chemiluminescence emission intensity is significantly 
enhanced. Such a phenomenon is commonly referred to as enhanced chcmiluminescence 
(EC), or energy transfer chcmiluniinescence (ETC)". 

( i )  Singler-sing/er energy rruii.s/kr. We shall distinguish between enhanced chemilumi- 
nescencc chemienergized by singlet-singlet (SS) energy transfer and triplet-singlet (TS) 
energy transfer. The former permits us to determine singlet excitation yields (@), the latter 
triplet cxcitation yields (4"). In the singlet-singlet energy-transfer process tlie fluorescer of 
choice is 9,lo-diphenylanthracene (DPA)' 8c*1 5 5 c . ' 8 s  since it is readily available 
commercially, easily purified and has a high quantum yield of fluorescence. 

By means of steady-state kinetics the relationship in equation (81) for the DPA- 

With a suitable photometer' 

enhanced cheniiluminescence quantum yicld (&FA) is derived in terms of tlie singlet 
excitation yield (@), the efliciency of singlet-singlct energy transfer (4;;) and the DPA 
fluoresccncc quantum yield (&,,,,). The chs parameter can be readily assessed once the 
remaining terms iirc known. Typical values are collectcd in Table 7. 
*Although we prcfir the ETC dcsignution. thc usc of IiC is so cngraincd in  the literaturc that wc will 
continuc to employ it here. 
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The DPA fluorescence quantum yield is essentially unity and relatively insensitive to 

temperature and solvent168. However, if the DPA-enhanced chemilumincsccncc is run 
under drastically different conditions, it would be essential to detcmine the DPA 
fluorescence yicld under such conditions. This can be readily achieved by measuring the 
relative quantum yields under the two sets of conditions'85h and making the necessary 
corrections. 

The encrgy-transfer term 4;; is unity under conditions of infinitc DPA concentration. 
Typically, one measures the DPA-enhanced chemiluminescence intensity ( I & )  as a 
function of DPA concentration and constructs a plot of l/Ig$,, versus l/[DPA]. Tlie 
intercept of such a double reciprocal plot represents the DPA-enhanced chemilumi- 
ncscence intensity at infinite DPA concentration, i.e. I&,lcD. The DPA-enhanced 
chemiluminescencc quantum yield that is calculated from this emission intcnsity, i.c. 
#&loo, represents complete singlet-singlet energy transfer, i.e. 4:: is unity. 

The experimental procedure for the determination of #g$,, is analogous to that 
discussed for +Ix. The experimental definition is given by equation (82), in which all the 

terms have been already defined. Again the dioxetane decomposition rate constant kD is 
determincd by following the first-order kinetics of the DPA-enhanced chemiluminescencc 
decay. The initial or total DPA fluorescence intensity is standardized with a suitable light 
standard, usually with lumino1186 or the 'scintillation cocktail"". Thc photomultiplier 
tube should be corrected for wavelength response1"". 

To avoid reabsorption problems, the fluorescer concentration should not excced 
1 O - j  M. Typically the fluorescer concentration is taken between lo-* and 1~ for the 
double reciprocal plot. Should it be necessary to work at  much higher fluorescer 
concentration, correction for reabsorption is essential. This is readily done by measuring 
the fluorescer emission intensity as a functioil of path length189. From a plo: of fluorescer 
emission intensity versus path length one extrapolates 1:' at zero path length and applies 
the necessary corrections. 

Another potential complication with fluorescer-enhanced cheniilumincscence concerns 
electron-exchange chemiluminescence' 8k. While this is usually of little importance for 
simple 1,2-dioxetanes1 79, it can be the dominant mechanism for the a-peroxylactones' 72. 

Furthermore, for rcadily oxidized fluorescers like rubrenc such clectron cxchange is 
considerably more likely than for DPA. I t  is therefore essential, especially for new 
dioxctanes, to test for electron-exchangc chemiluminesccncc A simple and convenient 
diagnosis is to measure undcr identical conditions the relativc enhanced chemilumi- 
nesccnce intensities of DPA vcrsus rubrene, chemienergized by the dioxetane in question. 
Since the fluorescence quantum yiclds of DPA and rubrene are both essentially unity, the 
enhanced intensities should be approximately equal. If rubrene gives risc to a much larger 
enhanced intensity (at least by one magnitudc), then the electron-exchange mcchanisin 
probably operates. Under such circumstances the singlet exciltation yield derived from 
fluorcscer-enhanced chcmiluminescence will bc crroneous and a different counting 
techniquc must be sought. 

Finally, although DPA is a most favoured fluoresccr for cnhnnced chemiluminescence, 
onc of its inherent disadvantages is its high singlet-state energy, Es = 70 kcal mol- As 
should be evident from Figure 3, chemienergized carbonyl products with singlet-state 
energies lower than 70 kcal mol- will go undetected by DPA. Whilc this is no problem for 
simple aliphatic carbony1 products, since thcir singlet-state energies Lire normally in 
considcrablc excess of 70 kcal mol- for aromatic carbonyl products such a s  fluorenone 
( E s  = 63.2 kcal nlol- I )  DPA is ineEectivc. In such cases rubrene could be used, for which 
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Es = 55 kcal mol-' For excited states with ES values below 50 kcal mol-' it would be 
difficult to employ the enhanced chemiluminescence technique to determine the singlet 
excitation yields. 

( i i )  ?i-iyiet-siiig/ef energy transfi'r. In view of the fact that triplet excited states do not 
generally phosphoresce in solution, neither the direct chemiluminescence nor the 
enhanced chemiluminescence (via triplet-triplet energy transfer) techniques are of much 
help in counting chemienergized triplets. In fact, usually it is quite difficult to determine 
triplet excitation yields by photophysical methods. 

Fortunately, molecules with heavy atoms such as 9,lO-dibrornoanthracene (DBA)lg2 or 
europium tris(thenolytrifluoroacetonate)-1,l0-phenanthroline2 are capable of accepting 
the excitation energy of a chemically generated triplet carbonyl product (TK*) and release 
it in the form of fluorescence. The mechanism of this overall triplet-singlet energy transfer 
appears to be first spin-allowed triplet-triplet energy transfer from the first excited triplet 
state ofTK* to the T2 state of the F1 (equation 83). Subsequently the second excited triplet 
state of the fluorescer undergoes spin-forbidden internal conversion to the first excited 
singlet state of the fluorescer, which is promoted via spin-orbital coupling by the heavy- 
atom ~ubstituent"~. Although the mechanistic details of this energy transfer appear to bc 
complex, for our purposes we will consider i t  as an overidl triplet-singlet energy transfer, 
leading to the observed fluorescence. 

'K' -k Flo - KO + T2FI' 

The fluorescer of choice for counting chemicnergized triplet states via triplet-singlet 
energy-transfer chemiluminescence has been DBA. Like DPA, it is readily available and 
easily purified; however, unlike DPA it has a relatively low fluorescence quantum yield, i.e. 

ca. 0.10, and is temperature- and s~lvent-dependent '~~.  For reliable triplet yields, the 
fluorescence quantum yields of DBA should be measured under the conditions at which 
the chemienergized carbonyl product -'K* is generated. 

Steady state kinetics aflbrd the expression given in equation (84) for the DBA-cnhanced 
chcmiluminescence quantum yield (&,.,). The critical term is 4:; which designates the 
efficiency of triplet-singlet encrpy transfer from TK* affording 'DBA*, which is defincd in 
cquation (85) ,  where k::. and /$:{: are respectively triplct-singlet and triplet-triplet encrgy- 

transfer stem. In the lattcr casc, DBA molecules in their first triplet excited state are 
energizcd, and do not luminesce. 

As in the case of DPA-enhanced chemiluminescence, to ensure that all chemienergized 
carbonyl triplets TK* are intercepted by DBA via triplet-triplet and triplet-singlet energy 
transfer, the DBA-enhanced chcmiluminescence intensity I::,, is determined at infinite 
DBA conccntration. Thus, the initial or total Z&, values are measured as a function of 
DBA concentration, and Ib$,,]- is extrapolated as the intercept ofa  doublc reciprocal plot 
of l / I ~ ~ ,  versus l/[DBA]. Under these conditions of 100 x, energy transfer, the cnergy- 
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transfer parameter 4GA takes values between 0.20 and 0.30. These values have been 
determined by a variety of techniques, including triplct-singlet energy transfer by 
chemienergized triplet-state cyclohexanone (from autoxidation) to DBA'", by 
photoenergized triplet-state acetophenone to DBA'8g*1y5, and by chemienergized triplet 
acetone (from tetramethyl-l,2-dioxetane)'89. However, a recent investigation has 
shown19G that the triplet-singlet energy-transfer parameter 4:;. for DBA (equation 8 5 )  is 
dependent on solvent and excited ketone donor. If these findings are general, the value of 
the DBA photoluminescence method is severely limited. 

-) is only ca. 
1/40 that of DPA (I;&A~-) because one has 4:: - 4 x 4;; and - 10 x +'den. 
However, it must again be emphasized and cautioned that equation (84) is only valid when 
4'/bS > 10, because this expression for the DBA-enhanced chemiluminescence quantum 
yield was derived neglecting the formation of 'K* by intersystem crossing from 
chemienergized 'K*. When @/@ < 10, it is essential to assess the relative contribution to 
the DBA-enhanced chemiluminescence intensity IF&,, DD from triplet-singlet energy 
transfer via chemienergized 'K*. This can be attempted by measuring in the 
presence and absence of triplet quenchers, for example piperylene. However, for 4F/45 - 1 
the interpolated values (from a double reciprocal plot) for the piperylene quenched 
and unquenched DBA-enhanced chemiluminescence are indistinguishable within the 
experimental error, so that the determination of triplet yields by the DBA-enhanced 
chemiluminescence technique is problematic in such cases246. 

In practical terms, the enhance chemiluminescence intensity of DBA 

The experimental procedure to measure the DBA chemiluminescence yield -) 
follows that outlined for DPA, using equation (86). Again the DBA-enhanced 
chemiluminescence intensity must be standardized against a reliable light standard and 
calibrated for wavelength response. Precautions must be taken against reabsorption 
problems a t  high fluorescer concentrations. Contributions from electron-exchange 
chemiluminescence are usually not important in view of the relatively high oxidation 
potential of DBA. As already stated, the DBA fluorescence quantum yield is low and 
temperature- and solvent-dependent 94, and corrections should be applied for changes in 
reaction conditions. Even with all these shortcomings, DBA-enhanced chemiluminescence 
is to date still the most used technique for counting chemienergized triplets derived from 
1,2-dioxetanes. Typical values are given in Table 7. 

2. Photochemical methods 

Over the last two decades a large body of valuable photochemical data has been 
accumulated on the chemical titration' y 7  of chemienergized singlet and triplet excited 
caibon;;.! products. For convenience we shall distinguish between intramolecular and 
intermolecular chemienergized photochemical transformations. In the intramolecular 
chcmicnergization the electronically excited carbonyl product K* undergoes directly a 
given photochemical change. In the intermolecular case, however, !he chcmienergized 
product K* first transfers its excitation energy to a suitable photochemically activc 
acceptor. The electronically excited acceptor subsequently undergoes a given 
photochemical transformation. 

O. f,lri.at?zoleclrltil. t ,ar l .~~i .mci t i t~tz .~.  Thc basic relationship, derived by steady-state 
kinetics, allows us to determine the excitation yield (equation 87). &,leh, represents the 
chemienergized photochemical quantum yield, ~ p l l o T o  is the photoenergized photo- 
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chemical quantum yield and (b* the excitation yield of the 1,Zdioxetane. The latter may 
represent the singlet (@') or triplet ( I $ ~ )  excitation yields, depending on whether the singlet 
(SK*) or triplet (TK*) excited carbonyl products are photochemically active. This must be 
assessed previously by photoenergizing the carbonyl product KO via the usual 
photomechanistic techniques. If both the singlet and triplet excited carbonyl products are 
photochemically active, then (b* represents the total excitation yield (4"'). 

If ( p p l l O ~ o  is not known under the conditions of the chemienergization, it is necessary to 
measure it by the usual photomechanistic methods. Frequently it suffices to measure a 
relative &,HOTO value between the cstablished and new conditions and apply the necessary 
correction. 

The chemienergized quantum yield (bCHEM is experimentally defined in equation (88) as 
the concentration of photochemical product P formed per concentration of dioxetane D 
decomposed in a given time interval. Thus, to determine (bCHEM, a known amount of 
dioxetane is completely thermally decomposed under the same conditions at which the 
(bPIIOTO has been determined and the amount of photochemical product P is determined by 
the usual spectroscopic and/or chromatographic methods. With and c#+lIOTO 
available, the excitation yield b* is readily calculated. 

@CHEM = [PI /[Dl (88) 

The intramolecular chemical titration is conceptually and experimentally simple and 
convenient; but it requires a particular dioxetane which chemienergizes the 
photochemically active carbonyl product K*. This is usually a formidable and challenging 
synthetic problem. 

Representative intramolecularly chemienergized photochemical transformations 
include Norrish I'ype 1 cleavage'y8 (equation 89) of dioxetane 199. Dioxetanc 200 gives 4- 
pcntenal as photoproduct as the result ofcrcleavage of the chemienergized cyclopentanone 
(equation 90)'yy. Norrish Typc I1  cleavage'0" (equation 91) of dioxctane 201 gives 
cyclobutanol and acetone as photoproducts. Such cleavages have also been reported for 
the a-peroxylactone 20220' and the imino-1,Zdioxetane 18257b, both aflording 
acetophenone. Rather extensive use has been made of the cyclohexadienone 
rearrangement with dioxetane 203202. The photoproduct is the rearranged enone 204. 
Similarly, dioxetane 205 cleaves thermally to produce the rearranged photoproducts 206 
and 207'O3. The excitation parameters of these dioxetanes and others are summarized in 
Table 7. 

PhCH2- CHzPh 

I-COl I 
h. Irirerniolecirlcrr 1~cin~~~r7~icirions. The more widely employed chemical titration 

technique for chemicnergized carbonyl products is via intermolecular photochemical 
transformations. From steady-state kinetics the expression in equation (92) can bc 
derived. As in the intramolecular case, (b* may rcprcsent thc singlet (@?) or triplet ((b") 
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OH 0 
I II 

I I  
H2C-CH2 

Me-C- CH-CH3 Me-C-CH3 + CH2=CH-CH3 

907 

4&EM= c * +ET %HOT0 (92) 

excitation yields i f  the acceptor A undergoes photochemical transformations from its 
singlet state sA* or triplet state TA*. This must be assessed previously from 
photomechanistic work. If both the sA* and rA* give rise to the same photoproduct P, 
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then @* represents again the total excitation yield (+T+’). Furthermore, the 
photoenergized quantum yield (+PHOTO) must be known for the photochemical 
transformation under the conditions of the chemienergization. 

To assure complete energy transfer, i.e. interception of all the chemienergized excited 
carbonyl product K* by the acceptor A, thc term is determined at  infinite acceptor 
concentration. Experimentally the chemical yield of chemienergized photoproduct P is 
determined at  constant dioxetane concentration, with varying acceptor concentrations. 
From a double reciprocal plot of the chemical yield versus acceptor concentrat’ ion one 
interpolates the yield of photoproduct at  infinite acceptor concentration from the 
intercept. Under these conditions aET is unity since all K* molecules have been intercepted 
by A. From +&, and +r,roTo the excitation yield @* is calculated, provided the chemi- 
and photo-energized transformations of the acceptor have been run under similar 
experimental conditions. 

Canpared to the intramolecular process, the intermolecular process is considerably 
more convenient and valuable because any dioxetane can serve as chemienergization 
source and no specific dioxetane has to be tailor-made to release a particular 
photochemical transformation. Of course, an obvious requirement is that the 
chemienergized carbonyl product K* should possess a sufficiently high excitation energy 
for the energy transfer to the photochemically active acceptor A to be exothermic. An 
additional advantage is that one has a wider margin for selection of spin-state specific 
photochemical transformations. 

Representative examples include cis-truns isomerization of maieonitrile into 
fumaronitrile’ 97 (equation 93) or the dirnerization of acenaphthene204 (equation 94). The 
formation of oxetane 208 from 2-methyl-2-butene and chemienergized a~etophenone~’’ 
(equation 95) has been employed. Also the phot~rearrangement’’~ of 4,4-diphenyl-2,5- 
cyclohexadienone into 204 can be useful for this purpose (equation 96).  The 
photocyclizationZo6 of the dione 209 to  210 by tetramethyl-l,2-dioxetane is of interest for 
the chemical titration of chernienergized carbonyl products (equation 97). Finally, we have 
shown2” that the di-n-methane rearrangement of benzonorljornadiene (211) into 212 is 
particularly useful for the titration of chemienergized triplet acetone from dimethyl-cr- 
peroxylactone (equation 98). O n  the other hand, the photodenitrogenation”* of 
azoalkane 213 into 212 (equation 99) is valuable for singlet titration of excited carbonyl 
products derived from dioxetanes. The excitation parameters determined by such 
intcrmolecular transformations are summarized in Table 7. 

Me M e  MewMe 0-0 H y CN HKCN 
A 

HKCN 

Me M e  
M e H M e  

2 

Me Me 

NCKH 

(93) 
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Me Me 0 &ph 

Ph A 

Ph Ph 

(204) 

Me Me 

Me A Me OH 

(209) (210) 

Me Me 

212 
0-0 

A 

909 

(96) 

(97) 

(99) 

VI. CHEMICAL TRANSFORMATIONS 

AS we have seen in Section IV, the most common transformation of four-membered ring 
pixoxides is rneir thermal and photochemical cleavage into two carbonyl fragments 
(equation 22). In fact, this characteristic chemical behaviour of dioxetanes and sr- 
peroxylactones serves for identification purposes. Only a few exceptions have been 
claimed to this cleavage. For example, besides cleavage the dioxetane 214 (equation 100) 
eliminates morpholine to afford sr-hydroxyketone and sr-diketone products209, in which 
the dioxetane carbon-carbon bond has survived while carbon-nitrogen bond cleavage 
has taken place. Similarly, the dioxetanes 215 and 216 give the respective a-diones on 

OH 0 0 0  
II I I  I I I  

(1 00) 
0-0 

Me-C-C-N MeCH-C-Ph + Me-C-C-Ph 
1 1  A A 

H I Ph ' wo 
(214) 
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(215) (216) 

thermolysis6’. Carbon-sulphur instead of carbon-carbon bond cleavage has already been 
mentioned for the sulphur-substituted dioxetane 88 (equation 33)85. 

In this section we shall discuss dioxetane reactions which avoid cleavage of the 
dioxetane carbon-carbon bond, and which involve nucleophiles and electrophiles. 

A. Nucleophiles 

One of the earliest examples2’, which also serves for the characterization of dioxetanes, 
is the lithium aluminium hydride reduction (equation 101). The fact that a 1,2-diol is 
formed is indicative that a four-membered ring peroxide was reduced by the hydride. We 
have recently shown”’ that trimethylsilyl iodide also reduces dioxetanes efficiently into 
1,2-diols. 

In Section IV we have mentioned several examples in which alcohols transform 
dioxetanes into ring-opened products (equation 102). The labile a-alkoxyhydro- 
peroxides 217 further transform into or-alkoxyketones. Examples are dioxetanes 102” 
(equation 38), l10g2 (equation 39) and 12899 (equation 47). Surprising, as already 
mentioned, is the observation that dioxetanes 67 (equation 26) and 706* give the respective 
1,Zdiols during their photosensitized generation in methanol and Rose Bengal as 
sensitizer. 

The reaction of dioxetanes with trivalent phosphorus nucleophiles has been extensively 
inve~t igated~’*~~ lZ. Under carefully controlled conditions the dioxaphospholanes 218 
(equation 103) can be detected as intermediates. On warming, deoxygenation occurs with 
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formation of epoxides and rearranged ketones. A recent example, the formation of the 
indolinone 219Io3, is shown in equation (104). The formation of such rearrangement 
products has been construed as evidence for the intermediacy of dioxetanes in singlet 
oxygenations, e.g. equation (28)74*’5. On reaction with triphenylphosphine a- 
peroxylactones give a-Iactones (equation 1 OS), which polymerize to the corresponding 
polyesters7. On the other hand, imino-1,2-dioxetanes are cleaved on deoxygenation with 
triphenylphosphine into acetone and i ~ o c y a n i d e ~ ~  (equation 106). 

0 
Me2C-C 4o PhjP - (-Me2C-C-0--)n II (105) 

I I [-PhJPOI 
0-0 

,I’JBU-f 

Me2C-C Phj P + -  
(1 06) MezC=O + r -BuNEC I 1  [-Ph,POI 0-0 

Recently the reaction of triphenylarsine and triphenylantimony with dioxetanes has 
been investigated2I3. Stable dioxarsolane 220 and dioxastilbolzne 221 were obtained, 

(220) (221) 

respectively. The relative reaction rates with tetramethyl-1,Zdioxetane were 
Ph3P 2 Ph3Sb > Ph3As, indicating the biphilic nature of this reaction. 

Sulphur nucleophiles also react quite readily with dioxetanes and can be a diagnostic 
test for dioxetane intermediates in singlet oxygen  reaction^^^.^' (equation 28). One of the 
earliest  observation^^'^ of this type of dioxetane reactivity was the formation of epoxide 
222 and the rearranged ketone 223 (equation 107). This reaction is analogous to that 
observed with phosphines (equation 103). However, when sulphoxylate is used as 
nucleophile, the stable sulphurane 224 is (equation 108). 
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Me2C-0 Me2C Ho \  ,OMe 

cn2-0 Cn2.0/S‘OMe 
I I  + S(OMe)2 - I 

B. Electrophiles 

The reaction of divalent metals, such as copper, nickel, etc., with dioxetanes in methanol 
leads to clean catalytic decomposition into carbonyl fragments” ‘. The reaction rates 
increase with increasing Lewis acidity of the divalent metal and constitute, therefore, a 
typical electrophilic cleavage of the dioxetane. O n  the other hand, univalent rhodium and 
iridium complexes catalyse the decomposition of dioxetanes into carbonyl fragments via 
oxidative addition’”. 

Simple Lewis acids such as boron trifluoride or protons, which only have a single site for 
coordination, promote completely different chemistry” *. For example, the reaction of 
tetramethyldioxetane with BF3 gives acetone, pinacolone and the 1,2,4,5-tetroxane 225 
(equation 109). The tetroxane 225 is clearly the product of a carbonyl oxide dimerization. 
Similarly, treatment of dioxetane 203 with BF3 or concentrated H2S04 affords 3,4- 
d ipheny lphen~ l~~’  (equation 110). Under aqueous conditions a rather complex spectrum 
of products is obtained. 

4 P h  P h  

0 
II BF3 - Me2C=0 + Me-C-Bu-t + 

I 

P h  P h  Ph 

W P h  
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Azoisobutyronitrile, photolysis of 487 

Badger-Bauer relationship 
Baeycr-Villiger oxidation 559-566 
Iheycr-Villiger rcaction 626, 641, 642 
Baeyer-Villiger rcnrrangement 876 
Barricr for internaI rotation, 

135, 138, 142, 148 

o r H , 0 2  36 
OfXzOX 67 
OfX2S2 67 
origin of 37 

Barrier for invcrsion, of Li2S2 
Basis set, 

63 

augmented 36. 51 
double-zeta 5 1 
minimal 51 

I3asis set crror 50 
Bcnson mechanism, for self-reaction of 

alkylpcroxy radicals 492, 493 
13cnt bond 57 
Benzaldehyde 869 

as mass spcctral product 110 
a s  photolytic product 730 
autoxidation of 593 
ozonation of 5 13 

oxidation or 564, 566 
ozonation of 653 

a s  bcnzoic acid photolytic product 
radiolysis of 762, 767 
reactions of 451 

mrri-Hcnzcnc dioxidc 345 
13cnzene-I .l-cndoperoxidc 326 
Benzene oxide 33-4 
Bcnzenc ring, clewiigc of 
Bcnzcnethiazolyl group 897 

Benzalde hydcs. 

Benzcne. 
723 

7 I9 
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Benzene trioxide, synthesis of 324 
trccris-Bcnzene trioxide 213 
Benzhydrol, autoxidation of 587 
Benzhydryl hydroperoxides, dccomposition 

Benzil, 
of 554 

cleavage of 876 
oxidation of 568 

Benzofuranones, autoxidation of 876, 877 
Benzoic acid, 

as photolytic product 730, 752 
photorcaction of 719, 723 

Benzonitrile, photoreaction of 760 
Benzonorbornadicnc, rearrangement of 908, 

Benzophcnonc, 
909 

as photolytic product 730 
as photosensitizer 716, 730 
'80-labelled 642 
oxidation of 560 

product 742 
Bcnzopropiolactonc, as photolytic 

Benzoylacetonitrile, reaction with O2 7 

Benzoyl acyl peroxides, photolysis of 743 
Benzoyl cumyl peroxide, carbonyl invcrsion in 

Benzoyl cyclohexaneformyl pcroxidc, 

Benzoyl cyclohcxyl carbonate, ' '0-labelled, 

cis-I-Benzoyl-3-fomylcyclopentane 863 
Benzoyloxy radical 739 
Benzoyl peroxide, 

437 

the solid phase 780 

decomposition of 626 

"0 equilibration in 626, 627 

as oxidizing agent 548 
carbonyl-'JC-labellcd 596, 622 
carbonyl-' '0-labelled 594, 636-638 
conformation of 91 
decomposition of, 

photolytic 714, 715, 741 
radiolytic 765 
solid-state 788-792, 800, 801 
themolytic 242 

ph~nyl-'~C-labelled 596 
reactions of 283 
UV absorption of 739 

Bcnzoyl peroxidc-d2, synthesis of 596 
Benzoyl peroxidc-2,2'4,4',6,6'-d6, synthesis 

of 596 
Hcnzoyl peroxides, ring- or substitucnt-'"C- 

labcllcd 623 
Benzoylperoxyl 248 
13cnzoyl radical 730 
Benzoyl p-tolucncsulphonyl peroxide, 

bcnzoyl-"0-labelled 598 
carbonyl-'80-labelled 640 
carboxy inversion in 264 
decomposition of 631. 639. 640 

sulphonyl-"0-labelled 598, 599, 639 
N-Benzyladcnine, reaction with 02: 437 
Benzylamines, oxidation of 440, 549 
Benzyl cyanide, reaction with 02; 
Benzylidcnclluorenc, reactions of 450 
Berberal, synthesis of 366 
Bcrbcrine alkaloids 366 
Beryllium mcthoxide 810 
Betains, reaction with '02 873 

879 

BH202BH2 63 
BH202H 63 
Biacc tyl, 

as photolytic product 735 
as photosensitizer 736 

Biadamantylidene dioxetanc, reactions of 453 
Bicyclic cndoperoxidcs, as intermediates in 

prostaglandin biosynthesis 244 
Bicyclic kctones, oxidation of 561 
Bicyclic peroxides, mass spectra of 
Bicyclo[2.2.1 ]endopcroxidcs, synthesis of 339 . 
Bicyclo [3.2.1 Icndoperoxides, synthesis of 339 
Bilirubin, photooxidation of 334 
Bioluminescence 844, 852, 896 
Biphenyl, 

as photolytic product 730 
as radiolytic product 765 

120, 121 

Biphenylacetylene, oxidation of 537 
Biradicals, as intermcdiatcs. 

in bicyclic endoperoxidc synthesis 339 
in cleavage of dioxetanc ring 882-894 
in [ 2  + 2lcycloaddition of '02 to double 

in '02 enc reaction 220 
in photolysis of cyclic pcroxides 

o f02  7 
ofO, 25 
OfXO, 7 

bonds 226 

736, 742, 
753, 754 

Biradical states. 

Bisadamantylidenc, 
autoxidation of 873 
reaction with '02 850 

3,6-Bis(4-aminocarbonyIbutyl)-1,2,4,5- 

9,9-Bisbicyclo [3.3.1 Inonylidenc, rcaction with 

1.3-Bis(r-butyl) peroxide of cyclopentane, mass 

Biscycloalkanediazcncs, decomposition of 619 
I3is(dimcthylbcnzylsilyl) peroxidc, structure 

His-dioxctanes 865 
Bis-diphenylphospliinic pcroxidc, photolysis 

Bis-diphcnylphosphinyl pcroxidc 259,260 

tctraoxane, dccomposition of 792, 793 

'02 850 

spectrum or 117 

of 397 

of 759 

rcactions of 275, 276 
synthesis of 274 
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Bis-hydroperoxides, structure of 402 
Bis(2-mcthylbutyryl) peroxide, photolysis 

2,3-Bis(methylene)-7-oxanorbornanc 353 
Bisbnitrobenzoyl) pcroxidc, decomposition 

7,7-Bisnorbornylidenc, reaction with ' 0 2  850 
Bis(pcntafluorosu1phur) trioxide 497 
Bis-sulphonyl pcroxides 259 

reactions of 261, 266-274 
synthesis of 261, 262 

(1,4-p)-( 2,3-P)-Bis( 1,1,4,4- 

of  739 

of 789. 790 

tctramethylcyclohcptane)-5,6- 
dioxabicyclo[2.2.0]hex-2-ene 386 

Bis(trialkylsily1) peroxide, photolysis of 761 
Bis(tributylstanny1) peroxide 315 
Bis(trifluoromethyI)ketene, reaction with 

Bis(trifluoromcthy1) peroxide, decomposition 
lo2 858 

. Of 689-693 
photolytic 735 

IR spectrum of 499 

structure of 382 

Bis(trifluoromethy1) trioxidc 246, 496 

Bis(triphenylmethy1) peroxide, crystal 

Block copolymers 41 8-426 
Bond angles, LCOO 378-381 
Bond energy, 
of00 bond 2 
o f X 0  bond 2 
o f X X  bond 3 

Bonding, in X 0 2  61, 62 
Bonding overlap 13, 20 
Bond lengths. 
C-0 377-380 
0-0 377-380 

Bondordcr  49 
Bond separation cncrgy 65 
Bond staggering 38 
Bond strengths 99, 100 
Boron-containing peroxides, photolysis 

Bridged form, of X z 0 2  compounds 
Bromobenzcne, reactions of 45 1 
p-Bromohydroperoxides, dchydrobromination 

t1zrc.o- I -Bromomercuri-2-r-butylperoxy- I ,2- 

Bromonitrobcnzcnes, reactions of 451 
o-Bromoperoxybenzoic acid, topotactic 

decomposition of  377 
2-Bromopropenc. reaction with ' 0 2  864 
Bromostilbene, rcactions Of  441 
N-Bromosuccinimide, as bromine carrier 848 
Butane, as photolytic product 739 
r-Butanol, as photolytic product 750 
Butenc, as photolytic product 739 

of 760 
13, 25,63 

Of 831-840, 848, 849 

diphcnylethane 383 

rraris-2-13utene ozonide. microwave study 
of 389 

r-Butoxyl, formation of 237 
r-Buioxy radical 600-602, 727, 731,733, 763 
I-Buiyl arylperoxysulphonates, decomposition 

of 553 
r-Butyl cycloalkaneperformaics, decomposition 

of 619, 620 
ring-sizc effects on 621 

3-r-llutylcyclohexenc, epoxidation of 525. 

r-Butyl hydroperoxide, 
526 

as epoxidizing agent 534 
complexes of, 

with alkynes 142 
with aniline I 4 4  
with arenes 138 
with diethyl ethcr 144 
with P-ethanolaminc 144 
with pyridinc 144 

photolytic 727 
radiolytic 763 
thermolytic 686 

' 80-labellcd 595 
oxidation of 486, 487, 494 
photorcactions of 727-729, 732 
synthesis of 163, 164 
thermal stability of 162 
usc in organic synthesis 

decomposition of 249, 250 

162, 163, 172, 173, 
178-192 

1-Butyl hydroperoxide sodium salt, as 

r-Butyl o-methancsulphenyl perbenzoate, "0- 

2-r-13utylmct hox ymethylenecyclohexanc, 

r-Butyl-N-methyl-N-(p-nitropheny1)peroxy- 

oxidizing agent 567 

labelled 635 

autoxidation of 873 

cnrbamatc, carboxy inversion in the solid 
phase 781 

synthcsis of 504 

"0-labclled 596 

r-Butyl ~-rnethyl-2-phcnylper~ic~tate-2-~/,, 

r-Butyl ?-mclhylthioperbenzoate, carbonyl 

r-Butyl p-nitropcrbenzoatc? '80-labelled 595 
r-B utyl peracetatc. 

decomposition of 253 
photolysis of 750, 751 

decomposition of 606. 607, 635 
photolytic 752, 753 

mass spcctrum of 106 
'80-labelled 607, 635 

r-ButyI perbcnzoate, 

r-Bulyl pcrbenzoates, orcho-substitutcd, 

r-Butyl pcrcarboxylates. deuteratcd 
decomposition or 634. 635 

aljcyclic 594 
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r-Butyl performate, 
photolysis of 750 
reaction with base 636 

t-Butyl pcrestcrs 601 
decomposition of 603,604, 606, 607, 

deutcrated 594 

L80-labclled 595, 607, 635 

634--636 

70-labclled 596, 635 

r-Butyl peroxide-see Di-r-butyl peroxide 
r-Butyl peroxides, nietliyl-'JC-labelled 623 
Duty1 pcroxyacetates, dccomposition of 577 
r-Butyl peroxybenzoatcs, decomposition 

~ - B u t y l  peroxycarboxylates, rcactions 

i-Butyl pcroxyiormatc, dccomposition of 577 
r-Butylperoxyl 248, 250 
r-Hutylperosyls. self-reactions of 249 
r-Butyl peroxynitrate, synthesis of 69X 
f-B u t yl perox y phos pha tc, photoreac t ion 

1-Butyl pcroxyphosphonatc. photoreaction 

r-Butylpcroxy radical 727. 732 

of 254 

of 300-303 

or 759 

or 759 

equilibrium between di-r-butyl tctroxide 
a n d  486 

I~utylperoxyzincbutyl 810 
r-Eutyl 5-plienylisosazolc-3-pcroxycurboxylatc. 

mass spectrum of 107 
r-Butyl 5-phenyl-A'-iso?;azoline-3- 

peroxycarboxylate. moss spectrum 
of 107 

r-B utyl phenyl peraceta te-2-d 1,  syn [hcsis 
of 594 

r-Butyl o-plienyIt11iopcrbcnzo:itc. 
dcconi posit ion of 254 

N-r-Buiylpyrrole, reaction with '02 S71 
ri-Butyl radical, ESIi spcctruni of 7 14 

Caffeine. photomethylat ion of 75 I .  752 
Cagcd geminate radical pair 600. 601 
Cagc cscapc 740 
Cagc reactions 799. 801 
Carbanions. rcactions with dinoyl 

peroxides 2S2. 283 
z-Corbunions, as syntfions for x-hydroperosg 

acids 854 
Ciirbohydratcs. anorncric clYccts in 377. 305 
j-Carboinctliosypc.ntailnl S6j 
Carbon-rrietrtl b o d  clcawgc 173. 274 
Carbon monoxidc. in  photadccomposition of 

Carbon trioside. loss of. in mass spcctral 

Carbonyl compounds, rcaction of. 

H202 720 

fragnicntarion of P-pcrosyl;ictones I 1 0 

with H202 591 

with 02; 437, 438. 444, 445 
Carbonyl-forming cliniinations 573-578 
Carbonyl oxidc 61, 63 
Carbonyl oxides, as  intermediates in 

13acyer-Villiger oxidations 563 
Carbonyloxy radical 748 
Carboxy inversion 264, 608, 623,625, 748 

in solid-state rcactions of acyl 
peroxides 780, 781 

Carboxylic acids, 
aromatic-. s w  Aromatic carboxylic acids 
complexes with hydropcroxides 143 
photooxidation of 722--724 

Carbosylic estcrs, photooxidation of 724 
Cation radicals. 

radiolytic formation of 767 
rcoction with 02: 346 

Cations. reaction with 02: 446 
Ccdranc oxidc. ozonation of 671 
Ccdrol, ozonation of 671 
Ccdryl acetate, ozonation of 671 
Cent rosyninictric conformations 
Chalcones, rcactions of 449. 878, 879 
Charge transfer 7. 25 

x ovcrlap 7 
0, x promotion 7 

39 I ,  408 

C-H bonds. rcaction with 02;  
Clicniical ionization mass spectromctry 1 

114 
Chcmically induced dynamic nuclear 

polnrization 241 
Chcniiealiy induced electron exchange 

chemilutnincsccncc 894 
Chcmiencrgization 753. 905-909 

437 

Chcmiluminesccncc 20s. 309. 227, 844. 847, 
860. 861, 864. 866, 871. 873, 574, 876, 
SSO-909 

activation parameicrs for HS3-890 
direct 901. 902 
clect ron-exchange 894 - 897. 903 
energy sufliciency for XSO-s82 
cnerpy-trnnsfer 902- -905 
cxcitation parameters for 897-909 
mcchanisms for YS2-894 

X-Chloramincs, reactions of 441 
Chlorine ion. oxidation of 767, 768 
Chlorobcnzenc. 

;is pliotolytic product 747 
rciictions of 451 

product 747 
r) i -  Ch l o r 0  benzo ic acid. ;IS pho t ol y t ic 

B-Cliloroli?.dropcrosides 848. S49 
rir-CIiloropcrbenzoic acid. photolysis of 747 
ri~-Chloropcroxy bcnzoic acid. 

;IS osidizing agent 
structurc of 403 

530. 53s. 546 

o-Chloroperoxy benzoic acid. topotactic 
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decomposition of 377 

CH302CHp 63 
CH302H 63, 67 
Cholest-4-en-3-one, rcaction with O2 : 
Cholesterol, reactions of 440, 449 
Chondrilline 3 13 
Chromium peroxo complexes 469 
CIDNP spectroscopy 616, 619,635, 727, 728, 

Cis-directing groups 534 
Ciscffcct 63 
CNDO/2 calculations, for dioxetane 

Cobalt(rii) peroxo complexes 472 
Cobalt rrieso-tetraphenylporphinc 357 
K Cornplexation 267 
Complex spin orbitals, of O2 
Concerted dccomposition, of four-membered 

ring peroxidcs 891-893 
Configuration interaction 
configuration space, 

of XO, compounds 5 
of X 2 0 z  compounds 5 

of cyclic peroxides 47 
of cyclic polyoxidcs 71 
of diacyl peroxides 91 
of dialkyl peroxidcs 89-91 
of hydrogen pcroxidc 
of ozonides 71 
of peroxy acids 66-68.92,93 
of polyoxides 68-70 

439 

740-742 

decomposition 893 

10 

13. 25, 5S, 59 

Conformation, 

20, 36-40, 86-89 

Conjugatcd ketones. reaction with 02.: 
Cope rearrangement 61 I ,  613 

activation entropies for 614 
Correlation effects 36, 44, 53. 57 
Corrclation error 50 
Coupling constants. of alkyl radicals 
Covalent radius, of' 0 3 
Criegee adducts 599-562 
Criegcc mechanism 632434, 700.. 703 
Criegcc rearrangemenr 55 1-554 
Cross-linking 426 
Crotepoxide 314 

synthesis of 367, 368 
Crystal decomposition 385 

anisotropic 395. 396 
Crystal instability 377 
Crystallographic isomorphism 409 
Cumenu, autoxid;ition of 166 
Cumyl hydroperoxide. 

benzylic-"C-labclled 588 
complexcs of. 

448 

615 

with aniline 144 
with carbonyl compoiiiids 144, I45 
with phenol 1.13 

radiolysis of 263. 763 

synthesis of 163, 166, 249, 588 

of 554 
r-Cumyl hydroperoxides, decomposition 

Cumyloxy radicals 727 
Cumylperoxydiphenylborane 814 
Cumylperoxyl 238 
Cyanamidc, reaction wi th  radiolytic 

SO.,: 767 
w-Cyanocarboxylic acids 333 
Cyano olefins, oxidative CkdVagC of 450 
Cybullol, synthesis of 366 
Cyclic bonds, elongation of 386 
Cyclic diacyl peroxides, 

bond angles in 381 
structure of 405, 406 

Cyclic dialkyl percxides, strczture 

Cyclic pcroxidcs 
of 384-387 

47, 69, 71-73, 731 
free-radical rcaction mechanisms 

involving 243-245, 250 
mass spectra of 119-123 
photolysis of 735, 742 
solid-state decomposition ol' 792. 793 

intramolecular 739 
of P-haloliydropt.roxides 848. 849 
of T-hydropcroxy acids 843. 855-857 

of '0, to double bonds 309, 226-229. 592 

Cyclization, 

[2 + 2JCycloaddition 858, S65 

[4 + 2]Cycloaddition, iis side-reaction i n  
synthesis or four-membered ring 
pcroxides 848, 850. 857, 858 

Cycloalk;ineformyl peroxides 61 7 
thcrmolysis or G I 9  

ring-six clkcts on 621 

ozonation of 662.677. 678 
photooxidation of 743. 714 

bridged. epoxidation of 526. 527 
reaction with '02 861-864 

Cycloburadicne dioxetane S46 
Cyclobutanecarbonyl peroxy ester. photolysis 

Cyclobut~~ncformyl poroside. thcrmolysis 

Cyclobutylcarbonyl peroxide, photolysis 

Cyclodecanc, iis photolytic product 736 
Cyclohcptane diperosidc. photolysis of 736 
1.3.5-Cyclol1eptatricne. photooxidation 

Cyclohcsadicne cndoperosidc. pliotolysis 

Cyc1ohcx;idiencs. rcaction \vith O2 440 
Cyclolirsadicnoric r-butyl pcrosidc. photolysis 

Cycl oa I ka nes. 

Cycloalkenes. 

of 750 

of 628 

of 739 

or 323 

of 350 

o r  737 
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Cyclohcxadienyl radical 740, 767 
1,3-Cyclohexadionc, reaction with 0 2  T 
Cyclohexane, photweaction of 743 
Cyclohexane dipercxide, photolysis of 736 
Cyclohexane trioxidc, decomposition of 252, 

Cyclohexanol, as photolytic product 743 
Cyclohexanonc, as photolytic product 736, 

743 
Cyclohexanone oximes, oxidation of 540 
Cyclohcxcne, 

437 

253 

autoxidation of 831 
cpoxidation of 538 

reaction with 02; 440, 449 
photoredction of 755, 759 

2-Cyclohexenc-l-ol, epoxidation of 526 
Cyclohex-2-en-l-oncs, reaction with 

Cyclohexyl benzoyl carbonate, pcirci- 

0 2 '  438,439 

substituted *80-labclled, "'0 
equilibration in 631 

Cyclohcxyl hydroperoxide, radiolysis of 763 
Cyclohexyl peroxyacetate, decomposition 

Cyclohexyl radical 743 
trmrs-Cyclooctene, reaction with lo2 863 
Cyclopentadiene, reaction with 02; 437 
Cyclopcntenones 737 
Cyclopcntyl hydropcroxide, radiolysis of 763 
[2,2,2,2]-( 1.2,2,5)Cyclophane, reaction with 

Cyclophosphamide 397 
Cyclophosphamidcs, mass spectra of 114, 

Cyclopropaneformyl pcrosidc, decomposition 

CvcloDroDanes, ozonation of 662 

of 577 

'02 326 

115 

of 616, 617 

Cyclopropylacetyl peroxide, photolysis 
of 739 

Cyclopropylacctyl perosy ester, photolysis 

Cycloreversion 1 19, 121 
Cystcine, radiolysis of 762 

Dakin reaction 567 
p-Damasccnonc 348 
Deamination, oxidative 270 
trcirrs-9-Decalyl hydroperoxidc. rcactions 

rrcois-9-Decalyl hydropcroxide esters. 
rearrangement of 551 
Decarboxylation 865, 867 

of 750 

or 641 

activation energy of 623 
photolytic 

radiolytic 110. 767 
therniolytic 855 

110. 719. 723. 725. 738-740. 
742, 743, 748. 752-756. 758. 854 

n-Dccyl hydropcroxide, complex with caproic 
acid 143 

Deformation density 54 
Dclocalization, 

of lone-pair clectrons 3, 38, 57, 66, 68, 71 
of 5~ electrons 7, 57, 66 

Delocalization encrgy, of 0, 43 
Deuterium isotope effects, 

in decomposition reactions, 
of t-butyl cycloalkaneperformates 620 
of diacyl peroxides 614 
of percsters 605-607, 636 

in ene rcactions 589 
Deuterium labelling, in ozonation of C-C 

3,28-Diacetoxylupanc, ozonation of 670 
(Diacctyloxy)iodobenzene, reactions of 487, 

Diacetyl pcroxidc-.see Acetyl peroxide 
Diacyl pcroxidcs, 

bonds 672 

494 

as oxidizing agents 546-55 1 
carbonyl-'80-labelled 739 
conformation of 91,92 
cyclic-see Cyclic diacyl peroxides 
decomposition of 608-619,623-632, 

636-640 
phololytic 714-716. 738-743 
radiolytic 765 
structural effccts 011 61 1. 612 
thermolytic 557-559, 685, 686 

frce-radical reaction mechanisms 
involving 236, 240-242 

isotopically labellcd, 
synthesis of 596-599 
uses of 594, 608-619,623-632, 636-640 

macrocyclic 736 
reaction of, 

with nucleophiles 282-287 
with 02; 443. 444, 456 

stability of 281, 282 
structure of 405-409 
substitucnt effects in 68 
synthesis of 280. 281, 568 
UV absorption of 712, 713, 738 

Diacyl tetroxidcs 247, 499-501 
Diadamantylidenc, clcctrooxidation of 851 
Diadamantylidene-1.2-dioxetanc 858, 892 
Diadamantylidcne epoxide 873 
Di-r-alkyl acyl pcroxidcs. decomposition 

Dialkylamines, reaction with 02: 436 
N,rV-Dialkylaniinomethyl alkyl pcroxides, 

photolysis of 737 
7.5-Dialkyl-l,4-dimcthoxybcnzene radical 

cations, reactions of 446, 456 
Dialkyldithiocarbdmates. rcactions Of 251 
Dialkylditliiophospliatcs, reactions of 25 1 

of 240 
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Dialkyl peroxidps, 

acid-catalysed reactions of 556, 557 
as radiolytic products 764 
conformation of 89-91 
cyclic-see Cyclic dialkyl pcroxides 
decomposition of 687-697 

base-catalysed 573 
photolytic 714, 716, 717, 731-737 
radiolytic 764 

free-radical reaction mechanisms 
involving 236-240 

hcterolysis of 169, 170 
homolysis of 169, 170, 173 
isotopically labelled 591-593 
mass spectra of 116, 1 17 
reaction with 02; 453 
structure or 381-387 
synthesis of 168, 169 
thermal stability of 162 

UV absorption of 731 
Dialkylperoxycadmiums 81 1 
Dialkyl polyoxides 486-499 

structure of 499 
Dialkyl tetroxides, free-radical rcaction 

Di-1-alkyl trioxides, frec-radical rcaction 

Di-r-amyl peroxide, photolysis of 737 
Diaroyl peroxides, 

mechanisms involving 247 

mechanisms involving 245 

frec-radical reaction mechanisms 

photolysis of 714, 715, 739-742 
radiolysis of 765 
UV absorption of 712 

involving 242. 243 

2,3-Diaryl-I ,4-dioxenc, clcavagc of 874 
Diarylmethancs, rcaction with 02; 440 
1,4-Diazabicyclo [2.2.2]octanc (DABCO) 361 

in photooxidation of oxazolcs 334 
in quenching of lo2 208 

Diazanaphthaquinone 41 1 
Diazoaminobenzcnes, oxidation of 542 
Diazo compounds, 

oxidation of 541, 542 
ozonation of 501 

Diazodiphcnylmethane, oxidation of 542 
Dibenzo [b,e]oxepin 355 
Dibenzoylmcthane, rcaction with 02; 437 
Dibenzoyl pcroxide-.see Bcnzoyl peroxide 
Dibenzylaminc, oxidation of 548 
9,1O-Dibromoanthracene, as fluorescer 904 
ni,rn'-Dibromodibcnzoyl pcroxide, carbonyl- 

1,3-Dibromo-5,5-dimethylhydantoin, as 

Di-r-Butyl disulphidc, reaction with 02: 
1,3-Di-r-butylisobenzofuran, reaction wi th  

'80-labelled 638, 639 

bromine carrier 848 
445 

lo1 338 

Di-r-buty!kctene, reaction with '02 858 
Di-rr-butylmalonyl peroxide, photolysis 

2,6-Di-r-butyl-4-methylphenol 236 
2,6-Di-r-butyl-4-methylplienoxyl, reactions 

Di-r-butyl peroxide 727 
f-carbon-'T- labelled 591 
conformation of 89 
decomposition of 137 

of 742 

of 236 

photolytic 717, 731-733 
radiolytic 764 
thermolytic 695 

gas-phase structure of 382 
methyl-I4C- labelled 591 
reaction with 02: 453 
U V  spectrum of 732 

Di-r-butyl peroxyoxalatc 249, 255 
2,6-Di-f-butylphenol, as free-radical 

inhibitor 208 
Di-r-butyl sulphidc, reaction with 02: 
Di-r-butyl tetroxidc 
Di-1-butyl trioxide 494-496 

decomposition of 245 
p,p'-Dichlorobenzophenone 874 
1,l -Dichloro-2,2-di (p-chlorophenyl)ethylcne, 

1,3-Dichlorodimethylhydantoin, as chlorine 

Dicumyl peroxide, 

445 
247, 486, 457, 494 

autoxidation of 814 

carrier 848 

decomposition in polypropylenc 801 
photolysis of 717, 737 

Dicumyl trioxide 494-496 
decomposition of 245 

9.10-Dicyanoanthracenc 874, 895 
1,l -Dicyanoethylcne, supcroxidc clcavagc 

Dicyclohexylcarbodiimidc, as dehydrating 

Dicyclopropaneacctyl peroxide, thermolysis 

Dicyclopropylcthylenes, reaction with 

Dideuterioacetyl peroxidc 598 
[2 + 4lDiels-Alder addition, of '02 to 

dicnes 209-217, 317-338 

or 879 

agent 831, 832, 843, 856, 857 

or 628 

'02 863 

mechanism of 212 
nature or thc substrate in 210-212 

1,3-Dienes, reaction with '02 209-212, 

Diepoxides. as cndoperoxidc rearrangement 

3,4-Diethoxydioxctane, decomposition 

4,5-Diethylidene-2,2-dimethyl- I ,3- 

Diethyl maionate, reaction wi th  02; 

31 7-338, 592,593 

products 213,214, 216 

or 8 8 3 . 8 ~ 4  

dioxolane 865 
137 
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Dicthyl peroxide, decomposition of 240 

1,2-Difluoroethylene, rcaction with '02 864 
DL(6-heptenoyl) pcroxide 241 
9 ~ 0 -  Di hydronn thracenc, rcaction with 

2,24-Dihydro-4,24-diliydroxysigmosceptillin A, 

1,2-Diliydronaphthalenes, reaction with 

Dihydroperoxydialkyl peroxides, mass spectra 

9,lO-Dihydrophcnanthrcnc, react ions of 440 
Dihydroxyarcnes 726 

1 , I  '-Dihydroxydicyclolicxyl pcroxidc, miss 
spcctrum of 121 

cis-2,3-Dihydroxyindane 862 
la.25-Dihydroxy vitamin D3, synthesis 

of 664, 668 
Diimide, in selective reduction of unsaturated 

endopcroxides 320-323, 342, 343 
Z,Z'-Diiododibcnzoyl peroxide. topotactic 

iosmerization of 779 
1,3-Diiod0-5,5-dinicthylhydantoin, as iodinc 

carricr 848 
ru-Diisopropylbenzcne 

monohydroperoxidc 419 
Diisopropylbenzcnes, nutoxidation of 166 
Diisopropyl peroside, dccomposition of 7 16, 

717 
rx-Diketoncs, 

photolytic 735 

0 2 :  440 

conformation of 384 

' 0 2  210 

or 118 

reaction with 0,; 432, 433 

as dioxctane rearrangemcnt products 227 
oxidative cleavagc of 445. 448 

Dilauroyl peroxide. decomposition of 788 
Dimedone, reaction with dibcnzoyl 

peroxide 253 
1,4-Dimethoxyanthracenc 1.4- 

endoperoxide 354 
3.8-Dimethoxy-4.5.6.7-dibcnzo- 1.2- 

dioxacyclooctanc. structurc of 394 
1.1-Dimethylallcnc, rciiction with '02 SO4 
Diniethylaminobenzenes. rcaction with 

N,N-DimetIiylaminophcnyl- 1.2- 

r,x'-Dimcthylbcnzyl alcohol 717 
Di-0-metliylcurvularin. synthesis of 369 
15,16-Dimctliyldihydrop~r~ti~,  reaction with 

'0, 331 
1.5-Dimethgl-617-diosabicyclo [3.2. I 1oct;inc. 

deconiposition of 362 
Dimethyl- 1,2-dioxctanone, entlialpies o f  

formation for thcrniolysis of S S 2  
2.3-Dimethyl-3-hydropcrosy- 1 -butcne 850 
2.4-Dimethyl-2-hydropcrosy-3-pcntonone. 

'02 211 

dioxetanc 895 

dccomposition of 575 

Dimcthylkctcne dimethylacetal, reaction with 

I .4-Dimethylnaph thalcnc, photooxidation 

1,4-DimcthylnaDhthalene-l If-peroxide, as '02 

2,3- Dimethyl- 1,4-naphthaq uinonc, reactions 

7,7-Dimcthylnorbornene, epoxidation of 526 
Dimcthyl peroxide, 

'02 861 

or 324,325 

carrier 850 

or 449 

dccomposition of 687-694 
mass spcctrum of 116 
photolysis of 733, 734 
UV spcctrum of 732 

Dimethyl-3-pcroxylactone 908 
dccomposition of 847, 883,894 

Dimethyl trioxidc, structure of 499 
Dinitrites, clcavagc of 880 
Dinitrobcnzcnes. reactions of 45 1 
rn,rii'-Dinitrobenzenesulphonyl perosidc, 

1 , l  -Dinitrocthylenc, supcroxide cleavage 
of 579 

1,2-Diols 910 
1,3-Dioxabicyclo [I.l.O]butanes 537 
2,3-Dioxabicyclo [2.2.1 Ihcptane, 

dccomposition of 360, 362 
synthesis of 315 

sulphonyl-180- labcllcd 639, 640 

1.3-Dioxacyclanes, ozonation of 653 
1,2-Dioxacyclobutancs 209 
Dioxacyclopentanc, synthcsis of 315 
1,2-Dioxacyclopcntanes. synthesis of 316 
Dioxan, photoreaction of 755 
1,2-Diosancs, structure of 384 
1)-Dioxanyl hydropcroxidc, structurc of 392, 

Dioxaphospholanes 9 10 
Dioxarsolanc 9 I 1 
Diosastilbolane 91 1 
p-Dioxene-1,2-dioxctanc. decomposition 

1.2-Dioxcncs 3 18 
Dioxetane 21. 71 
1,2-Diosetanc. mass spcctrum of 119 
1.2-Dioxctancdione 830 
1,2-Diosetancs 202. S30-843 

products 217 

400 

or 883 

iis cndopcroxidc reurran, wmcnt 

;IS reaction intcrmcdiatcs 860-880 .. 
iis sidc-products S54 
characterization of S59, 560 
dccomposition of 227. 704-707, 880-909 
halogen-substituted 850 
hydroxy-substituted 851 
photorcduction of 862 
purilication of 858. 859 
rcact ion of. 
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with elcctrophiles 912 
with nuclcophiles 228, 910-912 

rearrangement of 227, 228 
sily loxy-su bs t i t  u tcd 
spectral properties of 832-843, 846, 847, 

859, 860 
structure of 844-846 
sulphur-substituted 846 
synthesis of 592, 847-852 

by singlet oxygenation 

by the Kopccky method 

85 1 

209, 226, 549, 

848, 849 
850 

1,2-Dioxetanones-see a-Peroxylactones 
1,2-Dioxctans, 

0-0 bond length in 377 
structure of 384, 385 

p-Dioxin dioxetane 846 
1.2-Dioxin ring, structure of 384, 406 
Dioxiranc 13, 61, 71 
Dioxirancs, as intcrrnediates, in 

Bacyer-Villiger oxidations 563 
1,2-Dioxolane, photolysis of 736 
1,2-Dioxolans, structurc or 384, 385 
9,lO- Dioxyanthracenc, decomposition 

9,1O-Dioxy-9.1 0-diphcnylantliracene, 

Dioxygen-metal complexes 463-479 
Dioxygen-organometallic complexes, X-ray 

9,lO-Diphenylanthracenc. ;IS lluorescer 894, 

9,10-Diphenylanthraccne endoperoxide 207. 

9,10-Diphenylanthracenc 9.10- 
endoperoxide 355 
4.4-Diphcnyl-2,5-cyclohexadicnone. 

photorearrangcment of 908, 909 
1,4-Diplienyl-2,3-dioxabicyclo [?.?.I Iheptanc. 

structurc of 384 
rratis-3,4-Diphenyl- I ,l-dioxctane. 

decomposition of 883 
I,l-Diphenylethplcne, cleavage of 874 
2,5-Diphenylfuran, reactions of 45 1 
2,3-Diphenyl-2-hydropcroxy~~~1leroplicnonc, 

decomposition of 575 
2.3-Diplienylindcne, photooxidation of 327 
1,3-DipIienylisobenzofuran. 

of 783-788 

dccomposition of 781 

analysis of 377 

902,903 

453 

as singlct oxygen trap 338 
reactions of 45 1 

1,3-Diphenylisobcnzofurnn cation radicals. 
reaction with 02; 446. 456 

Diphcnylmcthane. reaction with 0 2  7 440 
I , ]  -Diphenyl-2-niethoxyet~i~~cne. 

photooxidation or 327 
Diphenylmethylcarbinyl hydroperoxide, 

coliiplexes with aniline 144 

99 1 

3,4-Diphenylphcnol 912 
Diphenylphosphinyl chloride, reactions 

Diphenyl sulphide, reaction of. 
of 274 

wi th  dioxetanes 229 
with 0 2 ;  445 

1,3-Dipolar insertion 652-655 
Dipole-dipole interactions 38, 66 
Dipole moment. 

0fH02 57. 58 
o f H z 0 2  57 
of hydrogen bonds 92, 93 

of pcroxybcnzoic acid 92, 93 
oro, 57 

Di-ti-propyl peroxide, decomposition of 694 
Dirhodium-dioxygen cornplcs 826 
Disordered molecules 385 
Disproportionation 419. 739, 750 

acid-catalysed, of 0,; 
Dissociation, 

430, 431. 456 

of H02 25 
of H,O, 60 
of X 0 2  conipounds 5 ,  63 
of X z 0 2  compounds 5 

Dissociation energy. 
of FZOz 63 
O f 0 3  49, 58 
o r 0 2  and its ions 49 

Dissociation cnthalpy, 
ofCO bonds 43 
ofOH bonds 42 
of 00 bonds 41 

Distyrylmethanc. reaction with 02; 440 
Disulphides 41 1 

mass spectra of 116 
reaction tvith O2 7 445 
S-S bond length in 377 

Di-it-valcryl peroxide. photolysis or 71 4 
Divinyl cthers. formation in clcavagc of allylic 

hydroperoxides 221-224 
Donor-acceptor interactions 61. 66 
Dreiding models 892 

Eclipsed pcroside rorsional geonictry 384. 

E2 eliminations. 0, ;-induced 441 
Electric field gradient 57 
Electrochcmiluniiiiescencc S95 
Electron aflinity 44 
t3cciron configuration. of O2 9 
Electron density 53. 5 5  

390 

bond critical point of 55 
graciicnt or 55 

I_lec~roneg;itivity. of 0 2 
Electronic spcctra. or diosctancs 
Electron spin rcsonance spcctroscopy (ESR ). 

847, 859 

i n  detection of radiciils 241. 254. 714. 715. 
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720, 722, 727, 732, 733, 735, 738, 743, 
748, 758, 761, 764 

in dctection of tetroxidcs 486, 487, 491 
in detection of trioxides 497 

Electron [rapping 763, 764 
Electrophilic aromatic substitution, by 

sulphonyl peroxides 266-268 
Electrophilic behaviour of peroxidcs 522-566 
P-Elimination mechanism, for base-catalysed 

Enamines, 
rearrangement of peroxides 352 

photooxidation of 228 
reaclion of, 

with diacyl peroxides 283, 284 
with lo2 226, 849, 866-871 

Endoperoxides 202, 831 
bicyclic-see Bicyclic endopcroxides 
formation in [4 + 2]cycloadditions 869 
naturally occurring 312-314 
'*O-labelled 592, 593 
reactions of 212-21 7,342-369 
silica-gel-catalysed rcarrangement of 85 I 
synthesis of, 

by nucleophilic displacement 
reaction 314-31 7 

by '02 reaction with 1,3- 
diencs 209-212, 317-338 

by oxidation with triplet 
oxygen 338-342 

thermal decomposition of, 
as a method of preparing singlct 

oxygen 207, 208, 346-348 
in thc solid phase 781-783 

thermal stability of 207 
Ene reaction 209, 218-225,588-590 

as side-reaction in synthesis of four- 
membered ring peroxides 848, 850, 
851, 858 

mechanism of 219,220 
nature of the substrate in 

correlation 40 
experimental 40 
Hartree-Fock limit 40 
relativistic 40 
theoretical 40 
vibrational 40 
zero-point 40 

autoxidation of 873 
rcaction with '02 

formation in clcavage of allylic 
hydroperoxidcs 224 

rcaction of 269 

318, 219 
Energy, 

Enol ethers, 

226, 864, 865 
Enols. 

with 02; 435,438 
with '02 864-866 

Enoncs, 
formation in cleavagc of allylic 

hydroperoxidcs 224 
reaction with 02; 438 

Entropy values, cstimation of 102, 103 
Epidioxidcs-see Endoperoxides 
8r,lOr-Epidioxy-S,14-dihydro-14~- 

(6R)-6,19-Epidioxy-9,1 O-secoJ( 10),7,22- 

3-Epiuleine, synthesis of 365 
Epoxidation 68, 816 

nitrothcbainc, structure of 384 

ergostatriene-3P-01 benzoate 384 

of alkenes 177-184, 191, 192,288-292, 
525-534, 747 

mechanism of 288-290 
molybdenum-catalysed 470, 472, 478, 

transition state in 530, 531 
vanadium-catalysed 534 

824, 825 

of alkynes 292-294 
of alfcncs 292-294 

as photolytic products 753, 754 
cleavage of 880 
formation of 288-294 

Epoxides 650 

from dioxetanes 910,911 
in cleavage of allylic hydroperoxides 224 
in oxidation of alkenes 525-534 
in reactions of O2 439, 443, 446 

rcarrangement products 216, 217 
Epoxy aldchydes, as endoperoxide 

Ergosterol, photooxidation of 831 
Ergostcrol endoperoxide 312 
Ester hydroperoxides, as cpoxidizing 

Esters, 
agents 533 

complcxcs with hydroperoxidcs 145, 146 
rcaction with 0 2 T  442, 443 
3,P-unsaturated-see ct,P-Unsaturated csters 

Ethane. as photolytic product 
Ethanol, as photolytic product 735 
Ether hydrotrioxides 503-507 

decomposition of 504, 507, 508 
Ethers, 

complcxes with hydroperoxides 142, 143 
ozonation of 501, 503-506, 652 
photoreaction of 721, 722, 755 

Ethoxycarbonylmethylation 71 8 
Ethyl benzene, 

122, 738, 139 

autoxidation of 166 
photoreaction of 166 

Ethylbenzene hydroperoxide, 
synthesis of 163, 166, 167 
use in organic synthesis 166, 178. 190 

Ethyl chloroacctatc. photorcactions of 718 
Ethylcnc, 

as photolytic product 735, 739 



Subject Index 993 
reaction with '0, 864 

Ethylcne glycol dimethyl ether, 

Ethylene glycol monomethyl ether, 

Ethylene ozonidc, structurc of 387 
5-Ethylidene-2,2-dimethyl-l,3-dioxolan-4- 

one 865 
Ethyl radical 739 
Euler angles 58 
Europium tris(theno1ytrifluoroacetonate)-1,lO- 

Excitation parameters, of four-rnembercd ring 

Excited radicals 
Excited states, 

photooxidation of 721 

photooxidation of 721, 722 

phcnanthroline, as fluorescer 004 

peroxides 897-909 
716, 717, 732. 733, 737 

OrHo, 5s 
o f H z 0 2  59 
ofO, 7, 13,21 
o f 0 3  58 
ofX02 7 
orx202 8 

Excited substrates 718, 719, 747 

Fatty acids, photooxidation of 722 
Fenton reagent 720 
Fcrrocene cation radicals, reaction with 

Ferrocenophanc cyclic peroxides, mass spectra 
of 119, 120 

Field latex 422 
Flavins, reaction with 0,; 436 
Fiavoenzyrnes 878 
Flip-flop rotation 69 
Fluorene, reaction with 0, 7 440 
Fluorenes, reaction with '02 861 
Fluorcnone 861,903 

Fluoresccnce 847,881. 883, 897.901-904 
Fluorescers 894, 805, 897.902-904 

0, 446,456 

as photosensitizer 730 

FzOZ 21,63,66 
FO2H 63 
Force constants, 

o fHz02 52 
cubic 53 
quadratic 53 

o f H 2 0 3  53 
of05 53 
of 0, and i ts ions 53 
0 f X 0 2  61 

Formaldehyde, 
as photolytic product 733-735 
n.K* fluorescence of 864. 893 

Formic acid, as photolytic product 750 
Formyl radical 734 
Fourier expansion 38 
Fret radicals-,see Radicals 

Friedelane, ozonation of 668 
Friedelin, ozonation of 668, 670 

Furnarate ion, photoreaction of 758 
Furnaronitrile 908 
Fumitremorgin A 314, 396 
Functionalization, reiterative 756 
Furanoterpenes, synthesis of 215 
Furans, 

reaction with *02 211, 332 
synthesis of 214, 215 

F2Sz 65, 66 

Furfurylamincs, reaction with 0,; 440 

Gm(che cffect 89 
Geometry, 

of cyclic peroxides 71 
of cyclic polyoxides 71 
o f F 2 0 2  66 

of H 0 2  25 

o fHz03  69 
of LiO, 62 

o f 0 2  ions 48 
of ozonides 71 
o f X 0 ,  62 

Gilvanol 389 
Glycine, as radiolytic product 762 
Glycol ethers, photooxidation of 721 
Graft copolymers 41 8-426 
Grob fragmentation 852, 853, 857 
Group additivity 97, 100-107 
Guanine, photomcthylation of 751 

Haber- Wciss chain mechanism 
Habcr-Weiss reaction 452, 453 
Hafnium peroxo complexes 465, 469 
o-Halodibenzoyl peroxides, structure of 407 
1 -Halo-3,4-dinitrobcnzencs, reactions of 

Halogenoquinolines, reaction with O2 7 

r-Haloketones, oxidative cleavage of 448 
Hammctt correlation, of p K ,  values 
Hamnictt equation, in reaction of r- 

ofF2Sz 66 

or H,O, 36,49,50,51 

oro2 48 
oro3 2 5 , a  

O f X 2 0 2  66 

720, 762 

45 1 
452 

131 

butylperoxyl with ring-substituted 
toluenes 248 

Hammctt plots 767, 768 
Hamniett p values 61 1 
HBe02BeH 63 

Heat capacitics. estimation of 102. 103 
Heats of formation 40, 98-102 
Helix conformation, of H20, 69 
Hcmiketals 727 

HBe02H 63 
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Heptyl hydroperoxides, self-association 

Hctcroarenes, rcaction with '02 
Heterocoerdianthrone, photooxidation 

Heterocyclic compounds, rcaction with 

Heterolytic cleavage, of 00 bond 43 
Hcxadcutcrioacctyl pcroxidc 598 
2,2',4,4',6,6'-Hexadcutcriobcnzoyl 

rr.nr~.s-Huxaliydrophtlialoyl peroxidc, carbonyl- 

Hcxamethylbcnzene, reaction with '02 326 
Hcxamethylcyclotrisil~peroxanc, structure 

1,2,4,5.7,8-Hexaoxacyclononancs, structure 

in 136, 138 
871 .-873 

of 331 

'02 21 1.332-338 

peroxide 619 

' 80-labelled 597 

of 397 

of 396 
H N 0 2  62 
HOz 7, 13, 25, 45, 52, 57, 5s. 69 

cyclic form of 25 
linear form of 25 
self-rcaction of 60 

HOzi 13,45 
HO,,' 69 

H202--see Hydrogcn pcroxidc 
HZO,, 68, 69 

H203 63.69 
HzO, 63.69 
Hock clcavagc 555 

of allylic hydropcroxidcs 22 1-225 
vs. dioxetane clcavagc 222. 229 

Hock-Cricgec rcarrangemcnt 878 
Hock dehydration 224. 225 
Hole state 44 
Homo-Diels-Alder rcaction 21 1 
Homolytic cleavage, of 00 bond 41. 

Humic acid 726 
Hydrazincs, reaction with O i  
Hydridc migration. in  peroxy acid oxidation 

Hydrocarbon hydrotrioxidcs 513. 514 
Hydrocarbons. 

173-176,224, 281,282 

436, 437 

of aldchydcs 565 

aromatic-we Aromatic hydrocarbons 
autoxidation of 163-168, 588 

rate constants for 164 
hydroxylation of 534-536 
ozonation of 501. 513. 514. 655-680 
polynuclcar aromaiic reaciion with 

Hydrocinnanioyl-P,P-dz pcroxide 599 
Hydrogcn atonis, photolytic gcncralion 

Hydrogcn bonding 376 

'0, 207.211 

of 750 

in bis(cyclopliosp1ianiidc) pcrosidc 397. 
398 

in hydroperoxides 135-155, 381,400-403 
in hydrotrioxidcs 5 15-5 17 
in pcroxy acids 92. 93, 134, 135, 403, 404 

Hydrogen migration, intramolccular, in 

Hydrogen pcntoxidc 485 
Hydrogen pcroxide, 

peroxy diesters 107 

as hydroxylating agent 536 
as oxidizing agent 543, 567-570 
bridged form of 13, 25 
concentraled 848 
conformalion of 20, 36-40, 86-89 
"0- or lXO-labcllcd 587 
oxidation of, as a mcthod of preparing 

photolysis of 714, 719-727 
physical properties of 25, 36-40, 46. 47, 

radiolysis of 76 1, 762 
rcaction of, 

' 0 2  205,206 

49-60 

with acylating agents 593, 594 
with alkcncs 591 
with nlkylating agcnts 590, 591 
with carbonyl compounds 591, 592 
with imincs 591 
with 2-lactones 854 
with 02: 452 

thermochcmical data for 98-100 
UV spectrum of 720. 732 
Y form of 13. 25 

Hydrogen polyoxides 484-486 
Hydrogen tctroxidc 484-486 
Hydrogcn trioxide 484-486 
Hydroperoxidcs-we d s o  Alkenyl 

hydropcroxidcs, Alkoxyalkyl 
hydroperoxides, Alkosyhydroperoxidcs. 
hlkyl hydroperoxides, Allylic . 
hydropcroxides, Amide hydroperoxides, 
Nitrile hydropcroxidcs 

acid-catalysed cleavagc of 554, 555 
acidity of 131-133 
iis cpoxidizing agcnts 533, 534 
as O2 - disproportionation catalysts 
complexes of, 

432 

with amincs 156, 157 
with ammonium compounds 157 

decomposition of 685. 686 
formation in reaction of heteroarencs with 

' 0 2  S71 
free-radical rcaction mcchanisnis 

involving 235. 247 -25 I 
intermolecular association of 138-1 50 

with alcohols and phenols 143 
with alkcncs and alkyncs 
with amines 144 
with arcncs 138- 141 
\vi l l i  cirrbonyls and carboxylic acid 

139. 142 
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derivatives 144, 145 
with carboxylic acids 143 
with sulphoxides 145- 148 

intramolecular association of 150-155 
isotopically labelled 587-59 I 
of transition metals 464. 476 
polymeric 419-425 
reaction of, 

with alkylating agcnrs 591. 592 
with carbonyl compounds 592 

self-association in 135-138 
stcric effects in dimcr/trimer equilibrium 

structure of 398-403 
torsional angles in 381 

cyclization of 832, 843. 855-847 
decarboxylation of 852, 854 
synthcsis of 852-855 

a-Hydroperoxyalkyl radical 250 
Hydropcroxp anion, as oxidizing agent 
4-Hydroperoxycyclophosphamidc, structure 

3-Hydropcroxy-2.3-dimcthylbut- I -ene. radical- 

r-Hydroperoxy-r,r-diphcnylacctophenone. 

r -H ydroperox y-r.z-diphcnylacetophenones, 

a-Hydroperoxycthyl methyl ketone. synthesis 

4a-Hydropcroxyflavin, a s  oxidizing 

4-H ydropcroxyisophosphamidc. structure 

a-Hydroperoxy ketones. 

or 136 

a-Hydroperoky acids, 

545 

or 400 

induced decomposition of 350 

photolysis of 730 

dccomposition of 576 

or 249 

agent 540, 543 

of 400, 401 

decomposition of 83 I 
acid-catalyscd 556 
base-catalysed 575 

photolysis of 730 

pK, of 431 
Hydroperoxy radical 1 13. 762 

r-Hydroperoxytctrahydrofuran. synthesis 

4-Hydroperoxytrophosphamide, structure 

Hydrophcnazines, reaction with 02; 436 
Hydroquinone, manufacture of 166 
o-Hydroquinone, reaction with 02; 433 
Hydrosilanes. ozonation of 653. 654 
Hydrotrioxides 501-517 

or 249 

of 400 

decomposition of 252,253. 503-515 
formation in ozoniition of singlc 

mechanism of formation of 501-503 
structure o f  515-517 

Hydroxyacetophenones. osidation of 561 

bonds 651-657 
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r-Hydroxy acids, photooxidation of 723 
Hydroxybenzaldehydes, oxidation of 567 
Hydroxybenzoic acid 719 
Hydroxybisflavcnylidcnes, reaction with 

2-Hydroxycholesta-l.4-dicn-3-one. reaction 

6-Hydroxychroman compounds, rcaction with 
0 2 :  432 

4-Hydroxycyclophosphamide, structure 
of 397 

2-Hydroxy- 1,2-dchydrotestosteronc. reaction 
with 02: 433 

Hpdroxydioxctanes 83 I 
Hydroxycnones, as endoperoxidc 

4-Hydroxy-2-en-l-ones, synthesis of 214, 215 
3-Hydroxyflavones, reaction with 02: 879 
r-Hydroxyketoncs, 

228 

'02 865 

with 02: 433 

rearrangement products 21 6 

as dioxctanc rearrangemcnt products 227, 

oxidative clcavagc of 445, 448 
Hydroxylamine, rcaction with 02; 436 
Hydroxylation 743. 745 
Hydroxyl radicel 

762 
3-Hydroxy-3-phcnylpropionitrilc. as  mass 

60, 714. 719. 720, 727. 730, 

spectral product 110 

Imidazoles, reaction with '0, 

Imines. reactions of 570-573, 591, 860 
1.6-lmino [ I0]annulene, rcaction with 

Imino- 1,2-dioxetanes, 

21 I ,  332, 871, 
873 

' 0 2  325 

decomposition of 801,906 
nomcnclature of 830, 843 
reaction with nuclcophiles 91 1 
synthesis of 852, 858 

Imino ethers, reaction with '02 865 
lmmonium cations, reaction with 02; 
Indencs, reaction with '02 210, 327 
Indolc dioxetane 847 
Indoles, reaction with ' 0 2  21 1, 871, 672 
Indolinones 91 1 
3-Jndolyl-I.2-diosene, rcaction with '02 851 
Infrarcd intensities. of HOz 52 
Infrarcd spectroscopy, of z- 

Intermolecular substitution at the peroxide 

446 

perosy1:ictones 843, 846, 859 

oxygen 522-55! 
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