
- AD—AO 7S 379 ILLINOIS UNIV At URBANA—CHAMPAIGN DEPT OF CHEMISTRY FIG 20/10
ELECTRON TRANSFER INITIATED REACTIONS OF ORGANIC PEROXIDES. THE ETC( U)
DCC 79 • I SCHUSTER • .1 .3 ZUPANCIC • K A HORN N0001’e—76—C—0fl5

UNCLASSIFIED NI.

I

I 

~~~~~ rm 
_ _



~~~~~~~~~~~~i~~~—___
~~

UNCLASSIFIED 

READ !NSTRUCflONS
SECURITY CLASSIFICATION QF Th IS PAGE (Wlisn D.t . Enl.v.d)

REPORT DCCWAEHTAT%OK PAGE 
~~~~ 

~%FORE COMPLETrNG FORM
ECIP IENT’S C A T A L O G  NUMB ERI. REPORT NUMB ER

N0014-76-C- 0745-23 j

2. GovT A

4. TITLE (~~ d S~bSttl.) Electron Transfe r Initiated Reac— 5. TYPE OF REPORT 6 PERIOO COVERED

tions of Organic Peroxides . The Reaction of TechnicalPhthaloy l Peroxide with Olefins and Other Electron ______________________________
Dono rs . ,

.~~~ I. PERFORMIMO ORO .  REPORT NUMBER

7. A~j THOR(•) S. CONT RACT OR GRANT NUMBER(.)

Gary B. Schuster , Joseph J. Zupancic and Keith A.
Horn N00l4-76-C-0745
S PERFORMING OR~~A~~LZ AT IDN NAME AND ADDR ESS J O. PROGRAM ELEMENT. PROJECT . TASK

j~ 
Department or Lnemlstry AREA S WORK UNIT NUMBE RS

Un i versity of Illinois
Urbana , IL 61801 NR 051-6 16
II . CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Chemistry Program , Materials Science Division , December 6, 1979
Office of liaval Research , 800 N. Quincy Street IS. NU MO E R O F PA GES 

—

Arlington , VA 22217 37
14. MONITORING AGENCY NAME S AD QRESS(I f  dW.r.nt ho.. ConIroilIn4 Gilt c.) IS. SECURITY CLASS. (of tAt . r4’o,l)

Unclassified
SCHEDULEL~V~U~ 

IS.. OEC LA S$IFICA T( Op 4/ OQWNGRAO ING

lb. DISTRI BUTION STATEMENT (~ t t his Rspo

c release and sale; its distributionThis document has been approve
is unlimited.

~~J I

hi . OISTR ~BUTION STATEMENT (~ f th. sb.fr .CI .nt.r.d In BtecA 20. St dlttsr..it Ire. , R.paM) t) ~)

l~~. S UP P L E M E N T A R Y  NOT ES

C)

Li...1 IS. KEY WORDS (Conhlnu. on rev.,.. .Id• it nec..wy wd Id.ntIty by btock nio. b.r)

-J Chemiluminescence
I.~l.— Electron Transfer

~ Kinetics 79 L2 13 0 19Excited State Reaction 

reaction of phthaloyl20. A B S T R A CT (Contlnu. .., r.v. r.. .Id. St n.c ... y wd Id.ntifr S

wi th a variety of compounds capable of reacting as one or two electron donors
was investigated. The products and the kinetics of these reactions indicate
that the rate-limiting step is the transfer of one electron from the reactant
to the peroxide. This conclusion was substantiated by investigating these
reactions by laser flash photolysis. This study showed conclusively that odd
electron intermediates are formed in the reaction of phthaloy l peroxide with
ground and excited state electron donors . These reactions may be prototypical
of a general class of electron transfer initiate d trancform~tinns_
r.i~ FORM q
UhI~ i JA N 73 ~~~~~ 

EDITION OF I MOV ES IS OS$OLETE
S/N 0102-014• 6601 nC1~~cc i f i Pd

SECURITY CLA SSIFICATION OF THIS PA

S..
.5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- S



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

~
_—.-.qFFICE OF NAVAL RESEARCH

~~~~ N~~~4-76-C-,~745

Task No. NR—051--616

~1) _

~~~~~~ TECHNICAL REP~~r.,NO. N00l4—76-C—0745-23

Electron Transfer Initiated Reactions of Organic Peroxides.

The Reaction of Phthaloyl Peroxide with

Olefins and Other Electron Donors.

by(‘i~5~ Gary B./Schuster, Joseph J./Zupancic ~~~ Keith A./Horn
Prepared for Publication 

~

Journal of the American Chemical Society

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

School of Chemical Sciences

University of Illinois

Urbana, Illinois 61801

December 6, 1979

Reproduction in whole or in part is permitted for

any purpose of the United States Government

Approved for Public Release; Distribution Unlimited .

~~ ~ O ~ 7
_ _ _ _  

—



- - —  -

Abstract: The reaction of phthaloyl peroxide with a variety of compounds cap-

able of reacting as one or two electron donors was investigated . The products

and the kinetics of these reactions indicate that the rate—limiting step is the

transfer of one electron from the reactant to the peroxide. This conclusion

was substantiated by investigating these reactions by laser flash photolysis.

This study showed conclusively that odd electron intermediates are formed in

the reaction of phthaloyl peroxide with ground and excited state electron donors.

These reactions may be prototypical of a general class of electron transfer

initiated transformations.
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To a large extent the reactions and the relative reactivities of closed—

shell organic reagents are formulated in terms of classical concepts of Lewis

acidity and basicity . Thus most transformations of such molecules are concep-

tualized as the result of the interaction of an electron -pair donor (nucleo—

phile) with an electron pair acceptor (electrophile). Indeed , this formalism

serves remarkably well, and has contributed greatly to our understanding of

chemical reactivity. In recent years evidence has accumulated in support of

another mode of reaction for closed shell organic reagents. In this mode the

initiating process of the reaction is the transfer of a single electron

to produce odd electron intermediates. If the reagents are neutral,

as they are in the systems we have investigated , then the intermediate

state is a pair of oppositely charged radical ions. With electrically charged

reagents neutral radicals may be formed at the intermediate stage. The first

formed odd electron intermediates are typically quite reactive,

and may undergo rapid bond fragmentation reactions to generate new

odd electron species. The eventual products of the single—electron—transfer

route typically are closed-shell molecules. Thus at some stage during the

reaction sequence a coupling of radicals or a second electron transfer must

occur.

The general sequence of events outlined above (electron transfer followed

by reaction to give eventually closed—shell product) has been found to predomi-

nate in a group of chain reactions generally labeled as the S~~l mechanism .
3

In this process initiation is accomplished by one electron reduction of the

substrate (by a solvated electron , an electronically excited state, or a cath—

ode) to generate a reactive radical ion intermediate. Substrates for this

reaction are typ ically easily reduced aromatic halides , or ct—substituted nitro—

alkanes (RX).
4 

The reduced substrate is postulated to undergo a rapid bond

cleavage to form a radical and an anion (R~+X ). The radical reacts next with

- - - - - - ‘ - -  —-~~
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a nucleophile (Y) forming a new radical anion (RY ) which is capable of con-

tinuing the chain. The basic S~~l mechanism, outlined in Scheme 1, has withstood

numerous experimental tests, and is generally considered to be well established.

Scheme I

RX e , RX ( I )
RX~ — R + X  (2)

R + Y  RY (3)
RY +RX ‘ RY+RX~ (4)

Not less studied , but certainly less well understood , are the transforma—

tions of organic peroxides with reagents capable of reacting as one or two

electron donors. The reaction of benzoyl peroxide (BPO) with amines serves as

a typical case. Hom er ’s early investigation of the reaction of BPO with di—

methylaniline led him to postulate a reaction sequence initiated by one elec-

tron transfer from the amine to the peroxide.5 This proposal neatly explained

the rapid formation of radical derived products , and was shown later to be con-

sistent with the effect of substituents on the reaction kinetics for syinmetri—

cally substituted benzoyl peroxides6 and substituted amines .7 Hom er’s

postulate is shown as Path A in Scheme 2.

Not long after Hom er’s proposed sequence appeared , Walling and Indictor8

suggested that the reaction of tertiary amines with benzoyl peroxide proceeds

through the formation of an unstable quaternary hydroxylamine derivative which

reacts further to give both radical and non—radical derived product. The for-

mation of this intermediate was postulated to be the result of nucleophilic

(two electron) attack by the amine on the peroxide . Walling ’s postulate

is shown as Path B in Scheme 2.

The debate over the mechanism of the reaction of amines with BPO was

seemingly convincingly resolved by the classic isotope tracer experiments of

Denny and Denny.9 Dibenzyl amine and benzoyl peroxide , labeled specifically

with oxygen— 18 in the carbonyl oxygens, gave O—benzoylhydroxylamjne containing

- - _______________ - - - 4
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Path A (Electro n Transfeq)

electron r 
(Mei’ PhC0~l (5)

ArN(Me)Z+(phC02
)__

~~~~~~[ArN 2 PhC0~jcage
rArN (Me)÷ PhCO2 escape ’ Free radicajs

2 PhCo~] in cage - ( 6 )
reaction -~~~ Non— radical products

Path B (Nucleophilic A t ta ck )

ArN(Me )2+ (PhC02)2
— -

~~~~ 
Ar~~(Me)2O2Cph÷p~~~ (7)

homolysis+ _ _ _ _ _ _

ArN (Me) 2 Q2Cph ~j Iminatior~~ 
ArN (Me)2 ÷ PhCO

~
—s- [ArN~ CH2]~I.phC02H 

(8 )

Me
all of the excess oxygen—18 in the carbonyl oxygen of the product. Thus it was

reasoned that this reaction must proceed by nucleophilic displacement; eq 9.

10Indeed , faced with this result, Hom er conceded that at least part of the reaC—

- tion of amine and BPO

- o~
8
~~8-ui 1 ISO$8 o 8÷ oCPh I iiii

(PhCH 2) N H  + (Ph C O) 2 ~ PhCH 2) NH-~~O 

J

~~~~(PhCH2) NOCPh+ PhCO2H (9)
2

proceeds by the nucleophilic displacement path postulated by Walling . This

11conclusion , which has been adopted by numerous investigators , rests upon the

assumption that the formatIon of a benzoyloxy radical (eq 5) before formation

of the hydroxylamine produc t would scramble the labeled and unlabeled oxygen

atoms . A recent interpretation of the epr spectrum of the benzoyloxy

radical in a crystalline matrix at low temperature indicates that the unpaired

12electron is an orbital of ~—Summetry. It is possible that
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—4—
during the short lifetime of Hom er’s radical ion pair that the two oxygen atoms of

the postulated benzoyloxy radical do not become chemically equivalent. If this is the

case, then the lack of scrambling of the label is an acceptable result for the elec-

tron transfer as well as for the nucleophilic displacement path . We will discuss

this point further below.

Ftirther investigation of the reaction of peroxides with nucleophiles has

resulted alternatively in postulation of electron transfer or nucleophilic

attack. For example, Kashino and coworkers
13 suggest that the relative reac-

tivity of a series of amines with BPO is consistent with nucleophi]ic attack

if the rate of proton transfer in the activated complex is considered. Also,

Pryor and Bickley
14 

conclude that the mechanism of reaction of EPO with sul—

fides and disulfides involves the nucleophilic attack of the sulfur compound

on the oxygen—oxygen bond of the peroxide . More recently, Hoffman and Cadena15

have concluded , based upon comparison of the magnitude of the Haminett p value ,

that the oxidation of amines by sulfonyl peroxides proceeds by initial nucleo—

philic displacement to give a covalent intermediate which eliminates in a second

step to give imine.

On the other hand , Vul’fson and coworkers’6 have found that the relative - 
-

reactivity of phthalocyanines and porphines with BPO follows the ease of oxi—

dation of the macrocycle . They interpre t this observation to indicate a rate

limiting one electron transfer step for thcse reactions. Similarly, Filliatre

and coworkers17 observed that the rate of reaction of a series of simple heter—

ocyclic amines did not correlate with amine basicity, but that the activation

energy of the reaction is related to the ionization potential of the amine .

They suggest a reaction mechanism that has as a key feature a one electron

18transfer to the peroxide . Yassin and Rizk have reported that the effect of

solvent polarity on the products of the reaction of BPO and hydroquinone is

consistent with an electron transfer initiated reaction. Recently,Pryor and

Hendrickson 19 reported the results of their investigation of the reaction of
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tert-butyl peroxybenzoates with dialkyl and aryl alkyl sulf ides. They conclude,

based primarily on the observation of radical derived products, that the rate

determining step is electron transfer. This conclusion is quite startling since

the same group contends that the reaction of these sulfides with the more easily

reduced BPO is the result of riucleophilic attack.2° Finally, Kochi has concluded

that the reaction of organic peroxides with organometallic reagents proceeds by

an electron—transfer mechanism. 
21

Our recent work on the chemiluminescence of organic peroxides has revealed

an excitation process we have referred to as chemically initiated electron—

exchange luminescence (CIEEL) .
22 

In the course of our investigation of the CIEEL

mechanism we have demonstrated that radical ion intermediates are formed by elec-

tron transfer to a wide variety of peroxides from electron donors such as hetero—

cyclic amines, and even from simple aromatic hydrocarbons. The existence of

these odd electron intermediates was revealed by the systematic investigation of

the reaction kinetics, products , and finally by their direct spectroscopic obser—

vation. These studies, and the results of the other investigations outlined

above, led us to suspect that electron transfer might play a heretofore unsus—

pected role in the reaction of many compounds capable of serving as electron

donors with easily reduced reagents. We chose to investigate, as a possible

example of such a process, the reaction of phthaloyl peroxide ()
~
) with simply

substituted olefins and with other electron donors.

Phthaloyl peroxide was prepared by Greene,23 and this synthesis initiated a

detailed investigation of the reactions of this peroxide with a variety of olefins

for which trans—stilbene will serve as a typical example. Thermolysis of and

trans—stilbene in Cd 4 at 80° was found to give two adducts , the cyclic phthalate
24

,~~~, and the phthalide ~ ; eq 10. This reaction was observed to be stemeospecific

and the reaction kinetics exhibited overall second order behavior; cleanly first

order in each component. Further investigation by Greene and Rees25 revealed

that the magnitude of the bimolecular rate constant of these reactions depend
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strongly on the nature of the olefin. Thus trans—dianisylethylene reacts about

50 times more rapidly than trans—stilbene , but curiously , 1,1—di phenylethylene

reacts at essentially the same rate as trans—stilbene. Greene26 
examined by

oxygen—l8 tracer methods the extent of exchange between the carbonyl and per--

oxide oxygens of and the phthalate ~~~. This study showed that about 11% of the

label that was originally in the carbonyl oxygens of is incorporated in ether

oxygens of ~~~. These results led Greene to postulate a mechanism for the reaction

of olef ins with that proceeds by a two electron path. The transition state

structure for this reaction was represented as the complex of olefin and peroxide

It was suggested that this complex rearranged through additional intermediates

to the observed products; eq 11.

I + ~ — products (II) -

~1e have examined the reaction of with a series of one and two electron

donors . The kinetics, products , and solvent dependence of these reactions are

- -.- - .
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entirely consistent with a one electron transfer path quite similar to that

proposed by Hom er5 for the reaction of amines with BPO. Moreover , we have

unambiguously identified by nanosecond pulsed laser spectroscopy odd electron

intermediates in the reaction of with excited state electron donors. The

correlation of the reaction kinetics for the ground and excited state donors in-

dicates that both the excited and ground state reactions proceed by the same mechanism.

Results and Discussion

Our investigation of the chemistry of phthaloyl peroxide is centered upon

an analysis of the products and kinetics of its reaction with a series of com-

pounds that are classically considered to be neutral, acidic , or basic , but

are also capable of serving as single electron donors. For example , N,N’—

dipheny l—p—phenylenedianiine reacts rapidly with to give in 88% yield the

diimine (,5) and phthalic acid 
~k~

; eq 12. This reaction is a net two electron

I + PhHN..—
~~~~—NHPh —~~~

- PhN NPh + (12)

5 6

oxidation of the amine. From an analysis of the products it is not

possible to distinguish between simultaneous two electron transfer (nucleophilic

attack), and two sequential one electron transfers . Similarly, the reaction of

with hydroquinone gives the two electron oxidation product , benzoquinone , in

high yield; eq 13. The products of the reaction of with 1,3—di pheny lisoben—

I + HO __
~rj~._oH 

~~- O=~
’ ’

~z O  + 6 (13)

L. - 
_
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zofuran (2) are identified as o—dibenzoylbenzene and phthalic anhydride ; eq 14.

Ph 0

_ _  ~~~~ r’~~’Ph ~~~~~~~~I + L~JL~ P~ 
÷ _ (14)

Ph Q

z
These products resul t presumably from the rearrangement of an intermediate

adduct. Attempts to detect this adduct kinetically, or spectroscop ically, how-

ever, were unsuccessful .

The reaction of phthaloyl peroxide with furan is of special interest

because it , among other reactions , has been used to support the conclusion that

the thermolysis of leads to the generation of singlet oxygen (lO).
27 We

examined this possibility in considerable detail. The reaction of °2 with

tetramethylethylene is known to be quite rapid and to give the allylic hydro—

peroxide ~ in high yield;
28 eq 15. We examined the products of the reaction of

CH 3 CH 3 CH
~~CH

>=z( ÷ ‘02 ~~
— )~

_- ooH (I5)~
CH 3 CH 3 CH2=~~ CH 3

with tetrameth yleth ylene,and ,~~ is not among them. Moreover , we showed that

hydroperoxide ,~~ is stable to the reaction conditions employed. Thus it appears

that the previous report of formation of 102 
from thermolysis of is incorrect.

As noted above , Greene25 examined the products and the kinetics of the

reaction of and a series of olef ins in Cd
4 solution . We have extended that

investigation to henzonitrile solutions. In general , the reac-

tion rate is much accelerated in benzonitrile , and there is a slight loss of

stereospecificity , but the nature of the reaction products are not particularly

sensitive to the identity of the solvent.
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Reaction of phthaloyl peroxide with the polynuclear aromatic hydrocarbons

tetracene and pyrene in benzo— or acetonitrile proceeds with a rapid rate and

results in a complex mixture of products. For both hydrocarbons the phthaloy l

peroxide is completely consumed before an equivalent amount of hydrocarbon has

reacted. Analysis of the crude reaction mixture indicates incorporation of sol-

vent molecules. However, in the case of tetracene it proved possible to isolate ,

in low yield , a product that has an infra red spectrum and an elemental analysis

consistent with a cyclic phthalate. Complex reaction products are reported to

result also from the reaction of aromatic hydrocarbons with benzoyl peroxide.29

We should point out , however , that our aitalysis of the reaction kinetics (see

below) indicates that the complexity of the reaction of with these aromatic hydro-

carbons is the result of multiple reaction paths for some intermediate , and is not

a result of multiple paths for the primary interaction of hydrocarbon and peroxide.

The kinetics of the reaction of phtahloyl peroxide with the various ground

and excited state reagents we investigated is particularly revealing. For all of

the cases we examined the basic reaction between the peroxide and reactant was

clearl y second order. Due to the extraordinarily wide range of reactivity we in—

vestigated,a variety of techniques were used to measure the reaction rate. For

example , the reaction of with N,N’—di phenylbenzidine was followed by stopped—flow —

techniques. Figure 1 shows a compilation of kinetic runs in THF solution over a

range of benzidine and peroxide concentrations. These results indicate clearly

that the reaction is first order in each component. Similarly, the reaction of

and trans—dianisylethylene was followed by conventional uv—spectrometry

with excess olefin , and found to be first order in each component. The reaction

of with trans—stilbene in benzonitrile was followed iodometrically and was

found also to be first order in each component .

The results of the kinetic investigation for the systems examined are

shown in Table 1. The bimolecular rate constant , k2, varies greatly with the

-~~~~~~~~~~~~~~~~~~~~~~
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structure of the reagent and somewhat with the nature of the solvent. Of

course , th~ correlation of the magnitude of k2 with some feature of he struc-

ture of the reactant will provide insight into the nature of the interaction

between the reagent and phthaloyl peroxide . One possible correlating parameter

is the nucleophilicity of the reactant. Unfortunately ,  it is difficult to con-

ceive of a meaning fu l  way to compare qua ntitatively the nucleoph ilici ty of ,

say , hydroquinone and tetracene. However , it is expected that , in a classical

S
N

2 sense , the hydroquinone should be by far the more reactive of the pair.

Our results indicate that this is not the case-in their reaction with ph thaloyl

peroxide. In benzonitrile solvent the measured bimolecular rate constant for the

reaction of tetracene with is 58 times greater than for that of hydroquinone.

This observation is inconsistent with the notion of the operation of a simple ¶
nucleophilic displacement reaction.

A parameter that does correlate the observed bimolecular rate constants

remarkably well over all of the compounds we have investigated , and in both

solven ts studied , is the one electron oxidation potential of the reactant (here-

inafter referred to as the donor). The relationship between the natural log

of the observed rate constant and the oxidation potential , measured by cyclic

voltammetry, for THF solvent is shown in Figure 2. A similar

plot is obtained for rates measured in benzonitrile solution . The major source

of uncertainty in defining the correlation of Figure 2 is in the estimation of

the oxidation potential. The magnitude of the slope of the line in Figure 2 ,

—O.4I RT in TI-I F and —O .5l/RT in benzonitrile , is consisten t with rate limiting ,

irreversible electron transfer as the key step in the reaction of phthaloy l per-

oxide with the various donors.3°

~~~~~~~ ect~~me~~~ :

It is widely recogn ized that electronic excitation dramatically changes the

redox properties of reagents. Thus it is often observed that the SRN 1 pa thway

can often be initiated by irrad iation of the reaction mixture. 31 The p ioneering

- —-- ____ - —.-—.- —-— - -- _—- -- — - & - - —-- ~~~~__ ___~~~~
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work of Weller and his associates has resulted in a clear understanding of the

relationship between the electron donor (or acceptor) ability of electronically

excited aromatic hydrocarbons and the thermodynamic and kinetic characteristics

of their reactions.
32 

Thus while pyrene ground state is a moderately reactive

electron donor (E = 1.36 V), pyrene excited singlet state (Py*
1
) is a remark-

ably powerful reducing agent (E
~~ 

= —2.00 V).33 This change in reducing power is

reflected in the reactivity of Py*
1
. Reaction of Py*

1 with an electron acceptor ,

say dicyanobenzene, has been observed to generate, at an approximately diffusion

limited rate in acetonitrile, pyrene radical cation (~ y
+
) and dicyanobenzene radi-

cal anion (DCB).
32 

Moreover , the rate of these electron transfer reaction has

been shown to be a predictable function of the redox behavior of the system.

We examined the reaction of Py*
1 
with peroxide ~ following pulse excita-

tion with a 900 kw nitrogen laser. The laser excitation pulse has a peak width

at half height of about 10 nsec. Thus we can probe the reaction solution at

any time after this period. In Figure 3 is shown the transient absorp tion

spectrum of a solu tion of pyrene and phthaloyl peroxide in acetonitrile recorded

140 nsec after the laser pulse . This spectrum is identical in all respects to

the previously reported
34 spectrum of ~y

+
, and indica tes unambiguously that

for this system electron transfer plays a major role in the reaction. It is

important to note that the addition of phthaloyl peroxide to a solution of

pyrene causes no measurable perturbation of the ground state absorption spec-

trum. The spectrum of the mixture is quantitatively the sum of the ind ividual

componen ts. Moreover, the fluorescence emission spectrum of Py*
1 in the pres—

cence peroxide ,~~ is exactly that of Py*’ itself. These observations indicate

that there is no detectable complexation between pyrene and the peroxide either

in the ground or the excited state , and that the chemistry must be understood

in ter ms of locall y excited states.

I
I
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We are able not only to determine the product of the reaction of Py*
1 
with

but can measure the rate of reaction and the yield of Py~~as well. By monitoring

the rate of decay of the fluorescence of Py*
1 at various concentrations of

as is shown in Figure 4, we can extract the magnitude of-the bimolecular rate

constant. In this case the reaction is diffusion limited , k2 
= 1.67 x 1010 M 1

s 1
,

as it is expected to be from the Weller treatment. The yield of cage escaped

was measured by calibrating the intensity of the laser beam with a Gentek

joule meter and correlating that with the optical density of the Py+ absorp-

tion after all of the Py*
1 has reacted , but before there has been significant

decay of the ~y+• In acetonitrile solution this measurement indicates that ca.

50% of the initially formed Py*
1 
eventually appears as py+; eq 16.

Py*
1 + 1 ) Py~ (16)

Since Py*
1 

reacts with peroxide 1 with a rate at the diffusion limit , infor-

mation about the actual rate of the electron transfer is not easily available . To

obtain meaningful kinetic data , and thereby forge a link between the ground and

excited state reactions, it is necessary to decrease the reducing power of the

donor excited state. This may be done by increasing the oxidation potential of

the donor ground state , or by decreasing the electronic excitation energy of the

donor excited state. We accomplished the required decrease in donor reducing

power by employing anthracene triplet (AN*3). The oxidation potential of AM*3 is

—0.47 V. We can monitor the rate of reaction of AN*3 with 1 by following the

triplet—tri plet absorption of AN*3, or by following the rate of growth of the ab-

sorption due to anthracene radical cation (AN+). As described above for pyrene,

we measured the rate and the products of the reaction of AN*3 with peroxide 
,~~~. The

major product of this reaction is the anthracene radical cation. Unfortunately,

the absorption spectrum of AN+ and AN*3 overlap in the region where AN*3 absorbs.

Moreover , there are two sources of AN4 in this system. The first is the reaction of

_ _ _
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anthracene excited singlet (AN *1) with peroxide ~~~. This reaction gives AN+ essen-

tially instantaneously (“-~l5 nsec) on the time scale of the triplet reaction. The

second source, as mentioned above, is the reaction of AN*3 with which give rise

to AN
+ at the same rate that AN*3 reacts. These complications forced us to deter-

mine the rate constant for consumption of AN*3 by d1~, 
at low conversion where the

concentration of AN*3 is much greater than that of AN+. We also determined the

rate of the reaction of AN*3 with ,1~, by following the appearance of AN
+ at 725 Nm

where there is no overlap problem. The derived bimolecular rate constants ob-

tained by these two complimentary techniques are within experimental error of

each other and are reported in Table 1. Siniilarily, we have determined that

9—acetylanthracene triplet reacts with to give the corresponding cation radical

and we have measured the rate of this reaction as well. These experiments show

conclusively that electron transfer from the excited triplet donors is the major

reaction, and that the rate of the reaction, as predicted by the Weller treatment ,

is slower than the diffusion limited value.

Mechanism:wvwvw~
The major objective of this work was to delineate the mechanism for the reac-

tion of phthaloyl peroxide with compounds capable of reacting as one electron

donors or as nucleophiles. The results of this investigation are entirely con-

sistent with the electron transfer mechanism outlines in Scheme 3, in which Path A

describes the case where the donor (D) cation radical adds to the phthalate radi—

cal anion , and Path B describes the circumstance where a second electron is trans-

ferred after the rate limiting step.

Support for this mechanism comes from the study of the reaction products ,

the observed kinetics and the detection of odd electron intermediates by the

laser pulse spectrophotometric techniques. Among the most telling results of

the product study is the observation of two electron oxidation products from the

diamines and from hydroquinone. The reaction rate constants for these substrates

depend upon the first oxidation potential. Thus odd electron intermediates are
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indicated. Instead of forming adducts, as is the case with olefins, the phthalate

radical anion is trapped as phthalate dianion by those substrates that are capable

of undergoing facile two electron oxidation.

Scheme 3

+ 
~~ 

~~~~~~~~~ 

[ 

D~] 
k 30 EZE + D~ (17)

D:stflbene (18)

0 NHPh NPh

D:diom in
r
e + + (‘9)

0 NHPh NPh
+

As was observed by Greene for olefins, and by us for the amines, phenols,

and aromatic hydrocarbons , the reactions follow second order kinetics. The depen-

dence of the observed bimolecular rate constant on the structure of the donor

reveals considerable information about the mechanism of this reaction. As is

noted above , the one electron oxid~.tion potential is a reliable predictor of the

reactivity for all of the systems we have investigated . This correlation appar—

ently holds over the variety of functional groups we have studied. Importantly ,

the dependence of the bimolecular rate constant on oxidation potential appears to

hold for electronicall y excited donors as well as ground state donors. 

- - — -

~ 

—
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A simple linear extrapolation of the ground—state donor rate constants to

the oxidation potential of AN*
3 and 9—acetylanthracene triplet states predict a

rate constant for reaction slightly faster than the diffusion limit. The rate con—

stants that we observe are in fact somewhat less than dIffusion controlled . This

is not unexpected. In energy regions where L~G~3 
(the free energy change for the

electron transfer) is close to zero, the Weller analysis32 apparently accurately

predicts the rate constant for the electron transfer reaction . Unfortunately, the

electrochemical reduction of phthaloyl peroxide is irreversible, and thus it is

not possible to obtain an accurate estimate of ~~~~ However, our attempt to mea-

sure the reduction potential of this peroxide indicate that it is similar to that

of other diacyl peroxides, and thus probably falls within the range -0.1 and —0.5 V

vs. SCE.
35 

With this assumption, we can estimate the magnitude of the rate con-

stant for the electron transfer reaction of the triplet donors with phthaloyl per—

oxide using Weller ’s method. Indeed, this analysis indicates that if the reduc-

tion potential of phthaloyl peroxide is —0.4 V , then the rate constants we observe

for the triplet donors are within experimental error of the calculated values.

This correlation of the reaction kinetics for the ground and excited state donors

along with the unequivocable generation of odd electron intermediates from the

excited state reaction constitutes strong evidence that the ground state reaction

is proceeding by the electron transfer path.

An alternative approach to the understanding of the reaction of peroxide

with the various donors is to propose that these transformations proceed

through a “charge—transfer complex” of some sort. However , this mechanism is

not consistent with our dati. In particular , i. the formation of a charge—

transfer complex preceded , or is, the rate determining step of the reaction ,

then it is expected that the rate of reaction would be related to the stability

of the complex. We are not able to detect evidence of any complex in the elec-

tronic absorption spectra of phthaloy l peroxide with the donors we studied .

However , itt cases where these complexes can be detected , it is observed that

their stabilities are not simply related to the redox behavior of their

components. 36 Since, as pointed out above , the rate limiting step of our reaction

- - — 
~~~~

- - -S.—---  — - - - --

- -~ ------ ~~--

— _ _ _ _ _  _ _ _ _  
-



_

~~

_

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

~~~~~~~~~~~~~~~~~~~~~~~ 
- —---—.------ _-.----—— ---------- ----—-- - -- --- —“— - -,-.-,-—-.——- -—---.-,----—-- --.-- _______ _______

-16--

does follow the redox behavior of the components , it is unreasonable to propose

an undetectable charge—transfer complex as an intermediate. Moreover , our ob-

servation that both singlet and triplet donors react at rates predictable by the

electron transfer- model indicates that complex formation , which should be much

less favorable for the triplet, does not influence the rate of reaction .

Two experimental observations bear further discussion. First , the isotope

tracer results reported by Greene indicate that about half of the oxygen of

one carbonyl group of the peroxide is incorporated in the ether oxygens of the

cyclic phthalate. At first glance, this observation seems inconsistent with

our proposal of phthalate radical anion as an intermediate in the reaction .

However, if, as seems likely, the benzoyloxy radical is a sigma radical , then

any bonding interaction between the doubly occupied orbital of the carboxylate

and the singly occupied orbital of the carboxy radical will lead to hindered

rotation about the carbon—carbon bond connecting the carboxylate group to the

ring. (if course , this rotation is required to interchange the oxygen atoms of

the carboxy late. A similar three electron interaction can be used to account for

the equivalence of the two oxygens of the benzoyloxy radical described by McBride.37 [
Moreover , to the extent that the non—bonded orbitals of the carbonyl oxygens of the

phthalate radical anion overlap with the sigma orbital of the peroxide , radical

character will be transferred to the carbonyl oxygens. This notion is supported by

a MINDO/3 calculation which puts considerable odd electron density on the carbonyl

oxygens of the phthalate radical anion.38 The first step in formation of the adduct

is probably coupling of odd—electron centers (hence, the observed rearrangement in

the norbomny lene system).39 Since our proposed model for the phthalate radical

anion predicts some free electron density on the carbony l oxygens, there may be

some coup ling to these positions. This coupling could lead to the observed

apparent ~quiva1cnc e of carhonyl and peroxy oxygens.

The final point to be discussed is the apparent stereospecificity of the

reaction. Evidently, closure of the second carbon—oxygen bond is faster than

the rotation about the remaining carbon—carbon single bond of the olefin , since

that rotation would lead to loss of stereochemistry. Also , ring closure is appar—

_ _ _ _  i
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ently faster than rotation about the carboxylate—carbon bond since that rotation

would lead to exchange of oxygen atoms. These observations are, of course, inde-

pendent of the mechanism , and must be made for all but a concerted process, thus

they cannot be used to distinguish between nucleophilic attack and electron transfer.

Conclusions

The results of our study of the reaction of phthaloyl peroxide with a variety

of reagents indicate that these processes proceed along a path initiated by an

activated one electron transfer from the donor to the peroxide. Subsequent cleavage

of the oxygen-oxygen bond of the reduced peroxide makes the electron transfer irre-

versible. The odd electron intermediates formed in these initial steps can add , as

in the case of olefins, or undergo a second electron transfer as with the diamines,

or diffuse into bulk solution as apparently occurs with the aromatic hydrocarbons. -

We feel that this mechanism easily accounts for all of the results we, and others,

have accumulated while studying the reactions of phtahloyl peroxide. We note, how-

ever, that extrapolation of these conclusions to the r eactions of other diacyl per—

oxides, in particular berizoyl peroxide, is not without some risk. Specifically,

the oxygen—oxygen bond of phthaloyl peroxide is constrained to be in a relatively

planar six membered ring. This structural feature may make this peroxide more

easily reduced than, say , benzoyl peroxide. In the inevitable competition between

nucleophilic attack and electron transfer, the one electron path will be acceler-

ated by this ease of reduction. We are continuing to examine the structural fea-

tures that encourage one electron processes between closed—shell reagent.

Exp~erimental

Ger,er~ l:
I - _I ~~~

~MR - .pectri were recorded on either a Varian Associated EM—390 or a Varian

HR 220, with tetrameth ylsilane as internal standard. Mass spectra were obtained

with V—irian MAT CH—S and 731 mass spectrometers. Infrared spectra were recorded

on a Perkin Elmer 237B Infracord . UV and visible spectra were recorded on a

L ~~~~~~~~~~~~~~~ _ _ _  _ _ _  ~~~~ 
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Cary 14 spectrometer. Elemental analyses were performed by J. Nemeth and Asso-

ciates, Department of Chemistry , University of Illinois, Urbana. Melting points

are uncorrected. Gas chromatography was performed on a Varian 2700 with flame

ionization detector using a 2 meter 8.3% SE—30 column.

~~~~ Tetrahydrofuran (Aldrich, gold label) was distilled from Na/benzophe—

none under nitrogen. Benzonitrile (Eastman Kodak, aniline free) was distilled

from P205. Acetonitrile (Aldrich, gold label) was distilled from CaH2 under

nitrogen.

The kinetics for the reaction of phthaloyl peroxide

with the electron donors was conducted by one of three methods: i) stop—flow tech-

niques, ii) conventional uv—spectrometry or iii) iodometrically . The solutions

for all kinetic runs were purged for 5 to 10 minutes with argon prior to use. The

kinetics were psuedo—first order employing either excess peroxide or excess elec-

tron donor.

Kinetics by conventional UV—spectrometry were carried out in a 1 cm quartz

cuvette. A 1.5 mL aliquot of phthaloyl peroxide solution was added to a 1.50 mL

aliquot of the electron donor solution and mixed well in the sample cell. Then

the disappearance of the electron donor was monitored as a function of time for

approximately 10 to 12 half—lives.

lodoinetric kinetics were carried out be recording the absorbance of the t n —

iodide ion at 430 nm at periodic time intervals for two half—lives (the infinity

absorbance was recorded after 10 half—lives) for 0.75 mL aliquot samples of the

kinetic run employing the method of Benerjee and Budke.4° To approximately 15 niL

of a CHC1
3
:acetic acid mixture (1:1) which has been purged with nitrogen gas for

1 m was added a 1.00 mL aliquot of a 507. KI solution. To this solution is added

a 0.75 niL aliquot of the kinetic sample and the resulting solution is purged for

1 m with nitrogen and then diluted to a total volume of 25 ml with CHC13:acetic

acid (1:1) solution . 

~~~~~~~~~ —-U
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Stop flow kinetics employed a stop—flow spectrophotometer designed by D. L.

Knottinger .41 
The kinetics were monitored at the absorbance maxima of either the

reagent (i.e. l,3—diphenylisobenzofuran or tetracene) or the product (i.e. the

oxidized products of N,N’ —diphenyl—p—benzidine or hydroquinone) for 10 to 12

half—lives. The diimine of N,N’ —diphenyl—p—benzidine is unstable under the reac-

tion conditions but its disappearance is negligible over the period of investi—

gation and becomes significant only at high benzidine concentrations.

Reaction of 4, with N,N’—diphenyl—p—p henylenediamine in THF at 25°C.

Gas chromatographic anal;sis of the reaction of phthaloyl peroxide (2.6 x

—4 , .  . . —410 moles) and N,N- diphenyl—p—p henylenediainine (2.6 x 10 moles) in 10 mL of

THF indicates that the sole volative products of the reaction are phthalic acid

(98%) and the diimine ~ (88%) based upon the UV absorption spectrum. The diimine

was characterized by comparison with an authentic sample prepared by the method of

Piccard , 
42 

as well as by its UV—visible absorbance spectrum A = 445 mm
max

(THF) .

Reaction of 4, with 1,3—diphenylisobenzofuran in TI-IF at 25.0°C.

Examination of the carbonyl region of the infrared spectrum for the reaction

of phthaloy l peroxide with l,3—diphenylisobenzofuran in THF indicates phthalic

anhydride and o—dibenzoylbenzette to be the sole carbonyl containing products of

the reaction , no intermediate adducts were observed . G.C. analysis of the reac—

tion of (1.298 x l0~~ moles) phthaloy l peroxide with (1.284 x 1O~~ moles) of

l,3—diphenylisobenzofuran indicates that phthalic anhydride is formed in 78%

yield and the yield of o—dibenzoy lbenzene is 120%.

Reaction of I with Hydroguinone in Acetonitrile at 25°C.

Gas chromatographic analyses of the reaction of phthaloyl peroxide (3.10 x

— 
IO~~ moles)  and hydroquinone (3.33 x 10~~ moles) in acetonitrile indicates that

the volatile products of the reaction are benzoquinone (72%) and phthalic acid

(58%). Since phthalic acid is slightly soluble in acetonitrile it ’s yield is

based on a gravimetric determination .

L 
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Reaction of with trans—stilbene in benzonitrile at 66.00

The NMR analysis of the reaction mixture of phthaloyl peroxide (2.358 x

l0~~ moles) with trans—stilbene (2.441 x l0~~ moles) indicates, after removal

of benzonitrile by distillation , that the cyclic phthalate ~ and lactonic ortho—

ester are formed in a 1:3 ratio . Infrared analysis of the reaction mixture con-

firms that the sole carbonyl containing compounds of the reaction are ,2~ (l736 cm~~)

and ~ (1776cm~~). The NMR spectrum of the reaction mixture showed an aromatic multiplet

centered at 7.5015, a singlet at 6.1215 (assigned to the benzylic H’s of ?~
) and a

doublet of doublets centered at 5.2715 (assigned to the benzylic H’s of

Reaction of 4, with Tetracene in Acetonitrile at 25.0.

Therinolysis of phthaloyl peroxide (1.5 x l0~~ moles) with tetracene (1.4 x

l0~~ moles) in acetonitrile resulted in the recovery of 4.2 x l0~~ moles (29%) 
• -

of unreacted tetracene. The products of the reaction mixture indicated carbonyl

group resonance at 1724, 1706, 1681, and 1661 cm ’. Crystallization of the reac-

tion mixture from CC14/acetone resulted in the isolation of 6 mg of a product with a

carbonyl group resonance at 1681 cm 1 
which had an elemental analysis of C, 79.16:H, 4 .2 0

(calculated for a 1:1 adduct of tetracene with phthaloyl peroxide C, 79.58:H, 4.11).

Reaction of Tetramethylethylene (TNE) with 4, in Benzonitrile

A solution of phthaloyl peroxide (7 x l0~~ M) and TME (1 x 10 1 M) was held at 80°

in benzonitrile solution for 5 days. Examination of the reaction mixture by gas

chromatography at periodic time intervals showed no detectable allylic hydroperoxide ~~. ~

Control experiments showed that the allylic hydroperoxide ~ was indefinitely stable 1
under the reaction conditions , and that we could detect at concentrations as low as

5 x lO 5 M.

Pulsed Nanosecond Laser Photolysis Apparatus

The pulsed—laser apparatus consists of a Molectron Model UV24 nitrogen laser

having a 900 kw power rating at 20 Hz. The pulse width at half height was

tvnically of 10 ns duration. The laser was focused to a 3 mm x 10 mm

rectangle in the 1 cm sample cell. Power measurements, made at the sample table ,

varied generally between 2 and 7 mj/pulse. Laser pulse intensities were

reproducible  to +5% .

The probe beam was generated by a PRA Model ALH 2150 450 W xenon arc lamp 
— ----- --—-~~--— - ——•- - - - - - -—- -- - --—- - —-~~--- -- - - . -—- -.- .- - -
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L The probe beam was generated by a PRA Model ALH 2150 450 W xenon arc lamp

• operated at 20 amps and pulsed with a 60 ~if capacitor charged  to 350 V.

The pulses were generally 140 ~s long. The total power of the probe pulse, mea—

suring ill wavelengths and integrated over the entire pulse , was determined to

be 0.46 + 3O~ n j / p u L s e .  
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The probe light intensity and sample fluorescence were monitored using a

Hamamatsu R928 photomultiplier tube with a 50~2 termination . The tube was wired

with a nonlinear , four—dynode chain to avoid space charge problems and to nrevent

saturation at the high light intensities used to overcome photon statistical

noise. The rise time of the detection system (to —300 my) was measured to be Ca.

2 ns using a 30 Ps green pulse generated by an argon ion laser.

Spectral resolution was obtained using a PRA model 204B 0.25M monochromator

which has a dispersion of 3.6 nm/mm. The measured absorption and fluorescence

signals were processed on the Tektronix R7912 transient digitizer. All measure-

ments of the nitrogen laser intensity were made using a Gerrtec joule meter Model

ED—200 7010 with a calibration of 6.50 U/J when terminated in ,~6 ohm.

The sample cell used was a 1 cm square fluorescence cell which was fitted

with a teflon stopcock and equiped with a small teflon—coated stir—bar.

Pyrene Excited Singlet—Phthaloy l Peroxide. Transient Absorption Spectrum

Art acetonitrile stock solution of phthaloyl peroxide (2.5lxlO 3M) contain-

ing pyrene (2.97xl0 5
M) was prepared and kept at 00C. The absorption spectrum

of the transient intermediate in a nitrogen purged sample was measured 140 ns

after the laser excitation. The intermediate showed no significant decay in

500 as. Absorption data were obtained from 350 nm to 550 nm with a spectral

resolution of generally better than 4 rim A of the transient (01 CN) 450 nra.max 3

Pyrene Excited Singlet — Phthaloyl Peroxide. Quenching Kinetics

The quenching rate constant (kq) for the reaction of phthaloyl peroxide with

pyrene singlet in acetonitrile was measured. The pvrene concentration

for each was 5.12 x l0~~ M while the concentration of phthaloyl

peroxide varied between 0 and 2.44xl0 3M. All samples were nitrogen purged for

4 minutes pricr to laser excitation. A plot of the derived first order rate

constants versus phthaloyl peroxide concentration gave the desired quenching rate

constant.

— -
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Anthracene Triplet — Phthaloy l Peroxide. Quenching Kinetics

A series of seven samples was prepared , each consisting of a 5 niL acetonitrile

solution of artthracene (4.28x10
4
) with a concentration of phthaloy l peroxide

between 0 and ‘ .88x10 3
M. The decay kinetics of the anthracene trip let produced

by laser excitation of these samples were foi~nd to deviate from first order par-

ticularly in those samples where the concentration of ph thaloyl peroxide was

greater than lxlO
3
M. This deviation was found to be due to the growth of an

absorption from anthracene radical cation at 425 nra, the maximum of the T
1 

-
~ T

absorption. This was confirmed by the observation of the growth of anthracene

radical cation at 720 nra. The rate of growth of the radical cation was observed

*1to have two components , as fast growth from anthracene + phthaloyl peroxide

*3and a much slower growth from anthracene + phthaloy l peroxide . Thus the fol-

lowing method was used to obtain the quenching rate constant. Each of the eight

samp les in turn , was placed in the laser pho tolysis cell and photoexcited air

saturated with the nitrogen laser (337 nra, ca. 3.5 mj/pulse). The optical den-

sity of the transient intermediate (monitored at 425 mm) was determined 1.45 ~s

after the laser excitation (prompt anthracene radical cation). The samp le was

then nitrogen purged for 4 minutes and photoexcited. The decay of the arithracene

triplet was then monitored with the R7912 transient digitizer . The optical den-

si ty of the t ransien t a t 425 mm gener ated in each samp le was measured twice while

air saturated and the transient decay at 425 nm was measured twice while the sam-

ple was nitrogen purged. After correction for the prompt radical cation contribu-

tion was made , the observed rate constant for the anthracene triplet decay was

determined . A least squares analysis of the derived first—order rate constants

versus the concentration of added phthaloyl peroxide (less than lxl0 3M) an esti-

mate for the quenching rate constant .
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Table 1

- 
k 2

(M~~~s)~~~

Electron Donora E112 
V vs SCE1’ THF

Pyrene (excited singlet) —2.00 -—- l.67x101°

Anthracene (triplet) —0.47 ——— 7.47xl0

9—Ace tylanthracene (triplet) —0.34 — — —  9.77xl0

N,N’-Diphenyl—p—pheny lenediamine 0.34 ——— d

N,N ’— Dipheny lbenzidine 065e 533 
- - 

_ __ f
Z 0.79 89 548

Tetracerie 095g 8.1 57

trans—Dianisylethylene 106h 2.86x10 2 6.97x10~~

Hydroquinone 1.121 3.5xl0~~ 9.8xl0~~

~—~ ethoxysciLbene 1.22~ ——— 8.23x10 2

2,5—Diphenylfuran 1.29 3.4xl0 2 ———

trans—Stilbene 1.51 —— — 5.31xl0 4

11T



--—
~~
------ - 

~:: 
— - —-~~

—-‘ 
- - 

- w~t~~~

a) All reactions were carried out at room temperature (25.0 ± 0 .2 °C)

b) The oxidation potentials are taken from C. K. Mann and K. K. Barnes , “Elec—

trochemical Reactions in Nonaqueous Systems” Dekker , NY , 1970 , un less other

wise noted. -

c) Laser studies were carried out in acetonitrile.

d) This reaction was too fast to measure on the stopped flow apparatus available.

e) Determined in TI-IF with tetra—n—butyl ammonium perchiorate as supporting elec-

trolyte.

f) The diamine is not sufficiently soluble in benzonitrile for analysis.

g) A. J. Bard, K. S. V. Santhanan , J. T. Malov, J. Phelps, and L. 0. Wheeler

Disc, Farad. Soc ., 45, 167 (1968)

h) Measured in acetonitrile with tetra—N—butylammonium perchlorate as supporting

electrolyte.

i) B. R. Eggins and J. Q. Chambers, Chem. Cotamun., 232 (1969); V. D. Parker ,

Cheat. Commun., 716 (1969).

j) Determined from the absorption maximum of the charge transfer spectrum of the

olef in with TCNE. Cyclic voltammogram in acetonitrile indicates irreversible

oxidation at 1.17 V vs SCE

k) Not determined due to interference of solvent with iodometric method .
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Captions for Figures

Figure 1

L Kinetics of the reaction of phthaloyl peroxide with N,N’—diphenylbenzidine

in THF. The initial concentration of the peroxide is 5.85 x ~o—6 
M

and the initial benzidine concentration varies from 5.93 X 10 M to

2.96 X 10~~ M.

Figure 2

Correlation of the measured bimolecular rate constant (k
2) for reaction

of various donors with the one electron oxidation potential. In order

of increasing oxidation potential, the points are: N,N’ —Diphenylbenzidine ,

1, 3—Diphenylisobenzofuran, Tetracene, trans—Dianisylethylene,

Hydroquinone , 2, 5—Diphenylfuran.

Figure 3

Absorption spectrum of p>~
+ 

formed in solution of pyrene and ph thaloyl

peroxide. The spectrum was recorded 140 ns after irradiation with a 10

ns wide pulse of light absorbed entirely by the pyrene.

Figure 4

The observed fluorescence decay rate constant (k
b ) for pyrene

excited singlet at increasing phthaloyl peroxide concentration.
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