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ABSTRACT
Part A: Extensive ab initio ca]ﬁculaﬁ@ns (double zeta plus polarization
function basis with correlated wavefunctions) on the addition of *0, to
ethylene are combined with standard thermochemical methods of esti-
mating substituent effects to predict the energetics of the addition of 102
to substituted olefins. The results include estimates for peroxy biradical,
open 1, 4-zwitterion, and perepoxide intermediates. It is concluded that
only the first two play a role in this reaction. Detailed comparisons of
the theoretical predictions with experimental results are also reported.
It is shown that many aspects of the stereospecificity and regiospecifi-

city can be understood assuming a biradical intermediate or transition

state.

Part B: Generalized valence bond (GVB) and configuration interaction
(CI) calculations using an extensive basis [double zeta plus polarization
functions (DZd)] have been carried out on peroxymethylene (H,COO,
often referred to as carbonyl oxide or as the Criegee intermediate),
dioxirane, and dioxymethylene (OCH,0). The ab initio thermochemical
results are combined with existing thermochemical data to analyze
possible modes of ozonolysis. The predicted heat of formation of per-
omeethyl.ene is 29.1 keal, indicating that the dissociation of the pri-
mary ozonide to form peroxymethylene biradical and formaldehyde is

9 keal endothermic. The ring state, dioxirane, is predicted to be 36
kecal below peroxymethylene with dioxymethylene lying 15 keal above the
ring state. Gas phase experimental results are shown to be consistent
with the predicted thermochemistry. In addition, solution phase results
on the stereospecificity of ozonolysis are shown to be consistent with a

biradical intermediate.
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Part C: Large basis set configuration interaction, bending potential
curves for three states (SBL, 1Al, and lBl) of netural CH, and one
state (zBl) of CH, are reported. Vibronic calculations using these
potential curves are found to l(_ea.d to excellent agreement with the
observed lB1 - 1.A.JL spectrum. Similar calculations on the 3B1 - ZBJL
and lAl - 2B1 photoelectron spectra indicate the presence of hot bands
in the observed negative ion spectrum. Reassignment of the observed
spectrum based on these calculations leads to the prediction of a

‘A, - 'B, splitting of 0.38 % 005 eV.

Part D: The ground and valence excited states of ketene (H,CCO)
were studied using ab initio generalized valence bond (GVB) and
configuration interaction (GVB-C I) wavefunctions. The character
and properties of the states are analyzed in terms of the GVB wave-
functions. The calculated vertical excitation energies (in eV) are
3,62 (n ~ T*) or A,, 3.60 (n-~ 7% or A,, 5.39 (7 — 7% or

1 3A1, and 7. 37 3(? - 7% or 2 SAI. (Here 7 indicates a 7 -like
orbital in the plane of the molecule.) These results are in excellent
agreement with the observed electron impact excitation energies,
3.8 (IAZ) and 5.35 eV (3A1)= Note in particular the small separation
(0.07 eV) of the 3A2 and lAz states (0.5 eV for H,CO) and the 2-eV
separation in the m 7 * triplet states in the two planes. The calculated
ground state dipole moment, 1.62 D, is in fair agreement with the

experimental value of 1.41 D. The calculated dipole moments of
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the A,, lAz, 1 3A1g and 2 3A1 excited states are 2.76, 3.43, 2,43, and
0.27 D, respectively.

Part E: Ab initio configuration interaction (GVB-CI) methods are
used to study the excited Rydbei'g states of formaldehyde formed by
exciting out of eitter the n or 7 orbital into the various 3s, 3p, and
3d-like Rydberg orbitals. The resulting excitation energies are in
good agreement (within ~ 0.1 eV) with the available experimental
fesultsa Calculated oscillator strengths a‘re in fair agreement with
experiment. Two states l(n - w*) and 1(1[ - 3s) are calculated to
lie between 10.7 and 10.8 eV, corresponding closely to a broad
unassigned peak in the electron impact spectrum (10.5-11,0 eV).
We have assigned other peaks in the electron impact spectrum at
11.4-12.0 eV and 12,5-12,8 eV as resulting from (# - 3p) and

(w -~ 3d) transitions, respectively.
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PART A: THE MECHANISM OF THE ENE REACTION
OF SINGLET OXYGEN WITH OLEFINS



I. Introduction

The ene reaction of singlet-oxygen with olefins,

H

! N \{ J
; O, (1)

is of symthc—:"ti.c:,2 environmen‘tal, 3,4 and bi;ochemi;ca‘l5"8

significance.
As such, it has been the focus of intensive experimental and
theoretical studies extending over the last 20 years. The
mechanism of this reaction has become. an increasingly
controversial question with numerous conflicting results and
interpretations appearing in the literature (vide infra).

We have carried out extensive ab initio studies (large
basis set, generalized valence bond, and configuration interaction

wavefunctions) on key intermediates in proposed 102-01efin

reaction mecha.ni.sms‘,9 Analogous theoretical calculations on

O,

H \\_0
) + 102 > ’ (2)
H H \
3 O0=30 (3)
> (4)




the bond energies of simple molecules [e.g., D(Me-Me), D(Me-0H),
D(HO-OH)] were shown to lead to an accuracy of + 5% (0-4 keal).
However, the level of calculation necessary for this accuracy is
such that it is currently impractical for applications to a large
number of substituted olefins.

In this paper we report an extrapolation of our theoretical
work to reactions of 102 with substituted olefins.
To ~do this, we combine the ab initio -results with
thermochemical estimates of substituent effects in a

manner similar to that developed by Benson. 10

Using this
procedure, the key energetic guantities for such possible inter-

mediates as }\, g , and 3 are estimated. These energetics lead

to a number of intriguin;interpretations and predictions for both
gas phase and solution phase 102-olefin chemistry.

From this analysis, we conclude that the gas phase mechanism
involves a biradical 1 with (at most) a small barrier for decomposition
to reactants and (at most) a small barrier to hydrogen abstraction
forming the ene product. Depending upon the substituents, the

gas phase biradical, 1, will incorporate varying degrees of



zwitterionic character. Furthermore, in a sufficiently polar solvent,
the zwitterionic character can dominate.

The organization bf this paper is as follows. Section II
contains a summary of the key experimental and
theoretical results, ~In Section III, we present
a description of the procedure used for the thermochemical
estimates together with derivations of the necessary parameters.
In Section IV we use these theoretical methods to examine the
addition of lO2 to alkyl and methoxy substituted olefins and in
Section V we compare these results to the relevant experiinental

studies.



II. Summarz of Previous Results
A. Experimental Studies

In this section we briefly summarize some
of the important experimental results on the
}Oz-oleﬁn ene reaction,

1
12 and Nickon 8 showed that

Early work by Foote, 11 Schenck,
the double bond in the product hydroperoxide is invariably shifted
to a position adjacent to the original double bond, as shown in (1).
These results eliminated mechanisms such as (5), involving an

initial hydrogen abstraction, to form an allyl radical, follbwed by

~ CH, |
H + 0y —> X + HO,* (®)
13

radical recombination. Thus, Nickon, et al.” ~ concluded that the

mechanism must be of a cyclic nature 4. They noted however that

these results do not yield any information concerning the timing of
the formation of C-0O and O-H bonds, and therefore could not
exclude a nonconcerted mechanism involving any of several inter-
mediates. |

Later, Litt and NickonM analyzed the rates and product

distributions of several photooxidations in terms of six possible



intermediates, 5-10.

' &

? /Oe
o) Q)

2 6 1

© . .
s »
~0 O ‘ O
singlet triplet
8 2 10

The perepoxide 5 was first proposed as an intermediate by

15 Nickon, however, argued against the intermediacy of

Sharp.
perepoxides citing as evidence the product distributions from
photooxidation of trimethylethylene. 14 Studies on the photooxidation
of norbornene showed a lack of the carbonyl products expected from
a dioxetane intermediate, 6, and no evidence of carbonium-ion like
rearrangements. Thus, Nickon14 concluded that neither 6 nor 7
are likely intermediates. In addition, the higher reactivity of

tri and tetra alkyl substituted olefins relative to mono and di
substituted olefins was cited as evidence against the intermediacy

of 8. Foote16 has also concluded that the zwitterionic intermediates,
§, 7, and §, are not plausible due to the lack of a correlation
between' the reaction rates and solvent polarity.

16

NickonM and later Foote = and Kearns17 have considered and

ruled out the possibility of diradical intermediates. Nickon



cited the lack of a detectable cis-trans isomerization of starting
olefin as evidence against reversible formation of biradicals.
Nickon also presented a detailed thermochemical and kinetic
argument against irreversible diradical formation.

Footemaand othersl"7 have cited the lack of Markovnikov and
other substituent directing effects as evidence against a biradical

16b

intermediate. Foote has also interpreted the unusually low

~ reactivity of 1-methylcyclohexene toward 1O2 as evidence for
participation of the C-H bond in the transition state. He concludes,
however, that the degree of C-H bond breaking in the transition
state is small.

Jeffordw'20

has recently reported an analysis of the reaction
of 1()2 with a series of substituted norbornenes and methylidene-
norbornanes, the objective being to probe the nature of the transition
~ state for hydroperoxidation. By comparing exo-endo rate constants
of compounds with varying degrees of steric impedance, Jefaford18
concluded that 1O2 does not simultaneously form C-O bonds with
both ends of the double bond. Consequently, Jefford considers the
intermediacy of a perepoxide as unlikely. He further noted that

the steric evidence is most consistent with a one step process in
which significant dipolar character is developed in the early

stages. Jefford also cites the small intermolecular deuterium
isotope effects (KH/K.D =1, 14)]‘8b as evidence against significant

participation of the C-H bond in the transition state and the

dependence of product comlﬁ)osi!:ionzl’22 on solvent as evidence for



a dipolar transition state. The latter conflicts with the observations
of Footem and othersm who have cited the lack of a solvent
polarity dependence as evidence against a strongly dipolar transition
state.

In their most recent work, Jefford et al. 20 cite the
isolation of products incorporating methanol (solvent) as evidence
for a zwitterionic intermediate (either a perepoxide or an open

1
1, 4-zwitterion) in the addition of O, to 2-methoxynorborn-

2-ene (6).

CHsOH A ‘,
— e L) (8)

OCH

+ a@gmmw

OCH;

I‘Iopc—mky23 ;24

has recently reported the results of a novel
approach to the question of perepoxide intermediates. In these
experiments, a perepoxide is generated by treatment of a g-halo-
hydroperoxide with base and the resulting product distribution, (7),

is shown to be different from the photooxidation results (8).



Dy H ?@H CH, DgC\\\\ ?OH ?@H /CH@
CDy —CH, + CDC—C—~CH, --Q—H;-% ComC(CHY, + (CDS)QC—-—-‘Q\
ﬁ?_’ﬁ I p .
Br CHa CDS Br . CD& Cu‘ 3
31% 699
CD, CH; \
™~ ::_:C\ 91——-—% 42% 58%
of, cH,

Thus, it was concluded that the perepoxide is not an intermediate in
the latter process.

Several experimental studies have been interpreted to support
the intermediacy of perepoxides. Recent experiments by ].V.lc(?:apra,25
are in apparent conflict with the earlier work of both NickonM
and Jeiford. 18 In reactions of camphenylidene-adamantane and
adamantylidene-camphene with 102, McCapra reports the
isolation of products resulting from carbonium ion rearrangements.
These resulis are interpreted to support the intermediacy of a
perepoxide, or zwitterionic species.

Further evidence comes from an extensive study, by Bartlett
et al. .,26 of tritium isotope effects on the reaction of 102 with methyl

dihydmpjrans , 11. In this work, the primary and secondary isotope

(0

(8)



10

effects are used to probe the interactions between various centers
in the tra,ns_ition state(s) leading to both dioxetane, }3;, and allylic
hydroperoxide, }_\g, products. They conclude that the transition
state leading to ene product, 13, is not a simple six centered cyclic
structure, fl;, and that the observed isotope effects are more

consistent with the criss-cross transition state }ﬁ of a classic 2 st 2 a

\C_O e
/ o AN
14

concerted cycloaddition. They further note that this probably leads

to a perepoxide intermediate.

B. Theoretical Studies
In addition to the above experimental studies, a few theoretical
efforts directed at elucidating the 102-olefin reaction mechanisms

have been reported. In 1971, Kearnsl‘7

analyzed the various proposed
modes of addition using orbital correlation diagrams. He concluded
the preferred mode leads to formation of a perepoxide, 9.

Fukui27 has reported the results of semiempirical calculations,
CNDO/2-CI, on these reactions from which he concluded that addition
to form perepoxides is the favored mode. He notes, however, that
the calculations indicate the perepoxide is not a true minimum on the
reaction path and, therefore, terms the perepoxide a quasi-intermediate.

28

In addition, Fukui™" has reported a HOMO-LUMO analysis (assuming

a perepoxide-like transition state and incorporating intermolecular
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nonbonded attractions) which rationalizes the observed direction
of addition of l'()2 to unsymmetrical olefins.

Pa.qul,ei:te29 has noted a strong correlation between the reactivity
of an olefin toward 1O2 and the ionization potential of the olefin
the most reactive olefins being those with the lowest ionization
potential. This trend was also rationalized using a HOMO-LUMO
analysis with a perepoxide-like transition state. We note, |
however, that the assumption of a perepoxide is not crucial to this
analysis.

The most extensive theoretical study published to date is that

30

of Dewar and Thiel. Using the semiempirical MINDO/3 method

on the reaction of 1(.)2 with ethylene and with several substituted
olefins, Dewar concluded that in most cases this reaction proceeds
through a discrete perepoxide intermediate. The only exceptions
found were certain electron rich olefins with were predicted to
form the open zwitterionic intermediate, Z, upon adding 102.. In the
addition of 1O2 to propene, the MINDO/3 calculations predict that
addition to form the perepoxide is 16 kcal exothermic with a barrier
to addition of 11 kcal. Subsequent rearrangement to propene-
hydroperoxide is predicted to proceed with a barrier of 21 kcal.

Ab initio calculations (GVB-CI) by Harding and Godda.rdg are
in disagreement with both the CNDO and the MINDO results. The
GVB-CI calculations place the perepoxide,9, 17kcal endothermic from
ethylene plus 102, well above the observed gas phase activation

energies for allylic hydroperoxidation (2-10 kcad),sl The ab initio
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calculations also indicate the biradical species, 9, to be 8 kecal
below the perepoxide (or 9 kcal above the reactants). According to
the ab initio GVB-CI results then, the biradical is an energetically
permissible intermediate while the perepoxide is not. Finally,
Harding and Goddard32 have shown that certain unusual aspects of
the stereochemistry of %02 hydroperoxidation can be understood on
this basis of a biradical mechanism and that the observed stereo-
chemistry is not consistent with the perepoxide mechanism as

2
suggested by Fukui. 8
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III. Energetic Estimates

As indicated in the introduction, the approach here is to
combine the results of extensive ab initio theoretical studies on
the addition of 1O2 to ethylene with standard thermochemical methods
of estimating substituent effects to predict the energetics for
reactions involving unsubstituted olefins. In order to
avoid ambiguities, we present here a detailed discussion of the

methods and parameters used in this work.

A. Group Additivity Parameters

The method of group additivities (GA) has been developed and
extensively tested by Benson and coworkers. 10 Benson has shown
that for most compounds the GA method leads to AHf" estimates
with an accuracy of + 1 kcal/mole. Similar estimates for free
radicals give heats of formation with a comparable accuracy. In
the present work, we use the parameters of reference 10a,
augmented (vide infra) with parameter}s from the ab initio calculations
(for perepoxides) and from experiment (for radical centers).

The perepoxide parameters are derived using the calculated
(GVB-CI) heat of formation of the parent perepoxide (51.6 kcal). 9
This gives an O-O bond energy of 40.6 kcal (relative to O(lD) and
ethylene oxide) for the parent perepoxide which is assumed to be
unchanged by substitution on the carbons. Thus, the heat of formation
of a substituted perepoxide is obtained by adding 64.2 kcal to the

estimated AHf° of the corresponding epoxide. No corrections for
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nonbonded repulsions are made although these are expected to favor
placing the terminal oxygen on the least hindered side of the olefin.
The group additivity parameters for peroxy radicals are
derived assuming, D,(ROO-H) = D,(HOO-H) = 89.7 kcal, for all
saturated groups, R. In terms of group functions this can be
expressed as, G[C(0,*)(X)(Y)(Z)] = G[C(O)(X)(Y)(Z)]+ 16.8. Itis
important at this point to note that there are two low-lying states

of peroxy radicals (see Section V B), a n’ ground state, 15, and

a 7 excited state, 16,

The above estimates apply to the 113 ground state. Ab initio ca.lcula,tioms33

34 o1 HO, indicate the 7" state is 20 kcal higher.

and experiments
For the processes addressed in this paper then, the u4 state of the
peroxy radical should not play an important role.

Finally, group functions for carbon centered radicals are
summarized in Table I. These are based on C-H bond energies

(also listed in Table I) derived from the radical heats of formation
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of reference 10a. In these derivations, the value of G[C(C-)(X)(Y)(Z)]
is assigned to be equal to G[C(C)(X)(Y)(Z)]. Thus, the parameters

in TableI together with the peroxy radical group functions are
sufficient to estimate the heats of formation of the relevant

biradicals.

B. Zwitterion Estimates

The 1,4-zwitterion, 1, is an important proposed intermediate
- of lOz-olefin reactions. In order to estimate the energy of this
species, we consider the process starting with the
biradical, ionizing the carbon radical electron and attaching the

electron to the oxygen radical center, (10). The energy for this

0'/"0° 0/06
\c e \c ¢ an)
7N 7N

process is then approximated with equation (11),

AE(kcal) = IP(C*) - EA(O) - 332.1/R (11)
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where,

AE is the zwitterion-biradical energy separation (kcal/mole)

IP(C*) is the estimated ionization potential (kcal/mole) of the
carbon centered radical (see Table II)
EA(O-)is the estimated electron affinity (kcal/mole) of the
oxygen centered radical (18.5 kca.l)35
R is the distance (A) between the two radical centers
(2.65 A).
The resulting zwitterion-biradical energy separations are given in
Table II.
To test the validity of this relationship, we carried out a model

calculation on the energy of a 1, 3-zwitterion 17 relative to the

o)
Hm_% C/ .
H W ~
OH
H

corresponding biradical. In this calculation (Appendix A) the ionization
potential, electron affinity and biradical-zwitterion separation are
all calculated with the same quality GVB wavefunction. 37,38 The

results are as follows,
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IP(C°) = 208.2 kcal
EA(O.) = 1.9 keal
332.1/R = 139.5 keal

and, therefore, using (11), we obtain an excitation energy of

AE = 66.8 kcal for the zwitterion state relative to the biradical
state. Fof comparison, the calculated GVB excitation energy is
61.8 kcal indicating an error, in the estimate, of 5 kcal. Thus,
the estimated zwitterion energies are considerably less accurate
than the biradical estimates, however, the error is sufficiently
small that the predicted trends should be reliable. In

particular, predictions concerning the preferred direction of
addition to unsymmetrical olefins are expected to be quite accurate.
The key assumption in this is that the relative energies of two

zwitterions, for example, 18 and 19, are dominated by the

© ©
°\ P

0] o)
Ry g C R1 ® R
l 90 [ v, ! J8se e 0000} | 4
sz Yg R2 \R

Ry ’

3

};8\ ‘ 19

stability of the carbonium ion fragment.
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Estimates of this kind indicate that the +CCOO- zwitterions, 1T,
are much more stable (~ 100 keal) than -CCQO+ zwitterions, 8.
Therefore, the latter is not a likely intermediate and will not be

considered further.
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IV. _Results
A.  Alkyl Substituted Olefins

The results of the energetic estimates on the addition of 102
to alkyl-substituted olefins are shown in Table III. Of the three
proposed intermediates considered (8, 7, and 9) the one of

lowest energy is the peroxy biradical. In fact, the peroxy biradical

is the only intermediate having a sufficiently low energy to be

consistent with the observed activation energies (also shown in Table II).

The perepoxides are on the average ~ 10 kcal above the observed

activation energy while the open zwitterions are too high by 15-50 kcals.
Comparing the energies necessary to form the peroxy biradical

to the observed activation energies, it is found that within the

uncertainty of the estimates (+ 2 kcal) the two are equal. Thus, if

the biradical is an intermediate, there must be very low barriers

(~ 0.5 kcal) both to the initial addition forming the biradical and to

the subsequent hydrogen abstraction. Such a low barrier is consistent

with the form of the wavefunctions; there are no orbital phase

restrictions or nonbonded interactions which would lead to

large barriers. Indeed, the H-abstraction process is analogous to

bimolecular radical disproportionation reactions, processes which

are known to proceed with near zero activation energies. 10
An important result in Table III is the predicted direction of

1O2 attack on unsymmetrically substituted olefins. Taking as an

example trimethylethylene, the estimates predict that addition of

IL02 to the disubstituted end of the double bond, 20, is 0.6 kcal
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lower energy than addi‘tion at the monosubstituted end, ;2;}\ This is

00- O-

20 21

Facal NI

counter to the intuition of many chemists. It is generally assumed
that addition of a radical to a double bond leads to the most highly
substituted radical center. For the case of radical HX addition, this
is the explanation of the well known Markovnikov directing effect.
For this reason, and because the energy difference between ,Z;Q and
21 is smaller than the expected error limits of these estimates, it
is important to consider carefully whether or not the predicted
ordering is correct.

In fact, we believe the predicted ordering is correct and note
the following experimental results in support of this prediction.
Starting with the experimentally determined heats of formation of

the two analogous alcohols, 39

an, ()
AHy (AH)

and assuming (see Table I) a secondary C-H bond energy of 94. 5 kcal

=79.07 £ 0.35 kcal

1}

=75.39 + 0.36 kcal

i

and a tertiary C-H bond energy of 92.7 kcal leads to,
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H

AH, \ = =36.7 keal
H

AHf | . = =34, 8 keal

Again, the less substituted radical is predicted to be more stable (by 1.9 keal
in this instance)! This estimate made use of standard C-H bond energies

to secondary and tertiary carbons. In order to reverse the predicted

radical ordering, it would be necessary to assume that the tertiary C-H

bond is ~3.5 kcal weaKer than the secondary C-H bond. This is approximately
twice the accepted difference (1.8 kcal)lo and, hence, it is concluded that the

predicted radical order is correct. ,
Note that the preferred direction of addition of 102 toform a zwitterion

is the opposite of that to form a biradical. These estimates clearly show
that if a zwitterion is involved in the product determining step, addition
of lO2 should invariably occur at the least substituted carbon.

The thermochemical estimates for additions to six-memberedcyclic olefins
exhibit aninteresting trend. For bothcyclohexene and methyl cyclohexene the
observed activation energies are significantly above the energy necessary to form
the biradical. This could indicate an additional conformational barrier to
either the initial addition or to H-abstraction. This effect is most pronounced
for cyclohexene where the H-abstraction must be endocyclic.

A detailed comparison of these predictions to experimental results

is made in Section VC.

B. Methoxy Substituted Olefins
The results for the addition of 102 to methoxy-olefins are

shown in Table IV. Although not shown, estimates of the perepoxide
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~energetics give results comparable to those found for alkyl olefins

(i. e., the perepoxides are typically ~ 10 kcal above the biradical).

Before discussing these results in more detail, it is necessary

to consider an important factor governing the conformation of these
olefin-0, adducts. Addition of 102 to the carbon alpha to the

methoxy group leads to structure ?\2 This structure is

R One H OH H
SN N~ N~
SN &N &N
R OMe HN OH SN
22 23 24

PaVeN Fatas P

analogous to methanediol (23) and dimethoxymethane (24)
in that all possess an 0-C-0 linkage. It is now

well e'sta}olished40

that the preferred OCOR dihedral angle in such
compounds is ~90°. That such geometries are preferred is often
referred to as the anomeric effect.

The origin of this effect can be described as follows;Bz’ 41-44
the CO o bonds, being highly polarized toward the oxygen, can

effectively stabilize an adjacent lone pair lying in the same plane.
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In effect, the oxygen lone pair delocalizes into the region of the

adjacent polar sigma bond as shown below,

The result is an increased stability (2-6 kcal, see Appendix B) of
conformations in which the oxygen lone pair is in the same plane
as the adj_acent ionic bond.

In considering the addition of 102 to a methoxy olefin then,
the anomeric effect dictates a preference for conformations in which
the O-0 bond is gauche to the methoxy, C-O bond, as shown in gé

and 26 (the left drawing is a side view, the right a top view).

O.w\\\“ O-
MQO@‘E ‘“\\\ = 22
Meo, .9
-0 Z}:L—_% = 26
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In conformation 26, the oxygen radical center is not adjacent to an
abstractable hydrogen and, therefore, this conformation can not

go directly  to product. As the barrier to dissociation to olefin + 1@2
is small (~ 0.5 kcal) compared to rotational barriers (~ 3 kecal), 10
if conformation 26 is fdrmed, it will simply dissociate.

In conformation gﬁ the oxygen radical center is adjacent to
the substituent cis with respect to the MeO group. Since the barriers
to product formation (~ 0.5 kcal) are small relative to the rotational
barriers, conformation 25, if formed, will lead to a product
hydroperoxide resulting from hydrogen abstraction cis to the MeO
group.

In summary, assuming a biradical mechanism and considering
the implications of the anomeric effect, leads to a clear prediction
fdr a directing influence of an alkoxy group (or other highly
electronegative substituent). The conclusion is that product
formation will be biased toward attack of the 102 on the a carbon
(adjacent to the alkoxy group) and, furthermore, toward abstraction
of an hydrogen from the g substituent cis with respect to the alkoxy
group. Similar conformational effects are expected for dimethoxy
substituted oiefins,45 fluoro oloaﬁms,‘;‘5 and amino olefins. 45,46
However, the parameters necessary to predict whether a or 8
addition is preferred are not available for these olefins.

These predictions are compared to experimental results in

Section VD.
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V. Discussion
A. Electronic Structure of 1O2

Before discussing the character of the O,-olefin adducts, it is

important to review the character of the states of O,, particularly

g+ g
with angular momentum +1 and -1 with respect to the molecular

the A g state. Letting 7 and 7__ indicate (antibonding) ﬂg orbitals

axis, the simple MO descriptions of the low-lying states of O, are,
3 = . . = - 1 2 1 2
2y Aing, W1, @a®a@} - L1, M7, @)-1, W1, @)) @@

8y, (115,01, @B @) =5, (W1, @LaDER-BMa@] )
a,_ :({m, (D1, @e®B @} =1, (M1, O 1)pR)-E1e )]

2,, A, W7, @laAR)-pDa@)]} =
[1,, (03, _@+7,_ (D7, @1 WAD-EDe )]

where (Zis the antisymmetrizer, the numbers in parentheses refer

to electrons, : ' the seven doubly-occupied orbitals

-common to al} states (log, lou, Zog, 20u, 30g, 11:u+ and 11ru_’) have

been deleted and normalization of the total wavefunction has been neglected.

The dependence of the orbitals ng+ and wg_ upon the rotation

angle, ¢, about the molecular axis is given by,

1,6, 0 2) =1, 2)e?

wg_(p, o, z) =1(p, Z)e'i¢



26

where g is the distance along the axis and p is the distance perpendicular
to the axis. An alternative choice of orbitals is to use cos ¢ and sin ¢

as the angular terms,
Tex(P> ¢, 2) =1(p, z)cos ¢
Toy@r ¢ 2) =t(p, 2)sin &
In terms of these orbitals, we can construct four wavefunctions,

s |
Zg ,ﬁ{ng‘ngyaa} = (mgxﬂgy—mgngx)aa

By, Qg (aB-Ba)} = (1,7 1, 1 )(ap-Ba)

gx gy - BX gy gy gx
(13)
1
Ags : d{(”gx”gx"ﬂgyﬂgy) aB} = (ﬂgxﬂgx'%gyﬂgy)(aﬁaﬁa)

o+ 3 _
Ty Qg Ty Ty Tgy) @B = (g Mot Ty Ty (@B-Pe)
where the electron numbers have been dropped and the subscripts s
and a indicate wavefunctions that are symmetric and antisymmetric
(respectively) with respect to the xz plane.
Substitution of the expression,
1

Tgr = 75 (Tgx* %gy)
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into the Szg‘ and 12g+ wavefunctions of (12) leads directly to (13).

The same substitution into the 1Ag states leads to, (14).

1 1 1
A = —( A A
g+ Ji_( gs+ 1 ga)

(14)

- —1-(1A

A 1A )
g-~ /5 gs ' “ga

Since the two components of the 1Ag state are degenerate, either
form (1Ag+ and 1Axg__ or lAgs and lAga) is valid for the free
unperturbed molecule.

Suppose now that the molecule is perturbed by the presence of
another atom, for example in the xz plane. The introduction of the
third, center splits the degeneracy of the lAg
components and the choice of component wavefunctions is no longer
arbitrary. In this case, the perturbed system still possesses a
plane of symmetry (the xz plane) and, therefore, the eigenfunctions
of this system must also be eigenfunctions of reflexion through the
xz plane. With this constraint, the only choice of component
wavefunctions is lAgS and A o’ (13).

g

The lAga and 'Z g“' wavefunctions of (13) contain a singly-occupied ﬂgx

orbitaland a singly-occupied ﬂgy orbital (appropriately antisymmetrized). These .

wavefunctions both describe 1,2 biradicals, the difference being only in the
spin pairing. Since these orbitals have zero overlap, the energy separation
is twice the ny exchange integral with the triplet lower.

In order to analyze the character of the A s wavefunction, we .

g
first rotate the coordinate system 45° about the z axis and express the
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1 ' - -
Ag s wavefunction in terms of thve new coordinates, x and y. Thus,

x=X+y)/V2
y=F-%/v2
and in these coordinates, the ‘A gs wavefurction becomes (15).
1
A = T — - = o ] — — — .
o5’ a{"gx”gy (ap-Ba)} ("gx T+ Tys B2 )(aB-Bar) (15)
Comparing the 1Ag 4 wavefunction (13) and the A - wavefunction (15),

it is clear that the lAgs is simply a 45° rotation of the lAga

therefore, both are singlet-1,2-biradicals.

and,

In a valence bond wavefunction, the !fA es and lAga states may

be written schematically as follows,

AN (17
ga’' .




where, in the left drawing a circle represents a p orbital perpendicular
to the plane and the right drawing is a 3-D perspective representation of the
same wavefunction in the rotated coordinate system. In (16) and (17) the
biradical character of the two wavefunctions is readily apparent. 47
This biradical character of the lAg state invalidates the orbital
correlation a.nalysisw that led to the prediction of perepoxide
intermediates. Implicit in the correlation analysis is the
assumption of a reactant electronic structure involving only doubly-
occupied orbitals (analbgous to one of the two resonance structures
in the lAs wavefunction}. The analysis presented here shows that
such wavefunctions are not correct representations of the reactant

oz(lAg). Similarly, the orbital phase continuity a.na,lysis49 of Yamaguchi

50

et al. ~ does not apply since the overlap of the relevant reactant orbitals

is zero, and therefore, the relative phase is indeterminant.

B.  Electronic Structure of the 102-01efin Adduct.

Coupling one of the singly-occupied orbitals of the IA
3

ga state,

(17), with a p7 orbital of an olefin, leads to the 7* state of the

peroxy biradical, (18).
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In this olefin-oxygen adduct, the oxygen orbital directed toward the
carbon radical center is doubly-occupied. Consequently (18) is
prevented from closing directly to the 2+2 cycloaddition product,
dioxetane. In order to ring close, it is necessarj to orient (18)
in such a way as to develop overlap between the two radical
orbitals, leading to an additional barrier (~ 12 kcal for ethylene plus
102) to dioxetane formation.

Addition of the 1AS state of O, to an olefin leads to the 174 state

of the peroxy biradical, (19).

The orbital phase continuity arguments of Yama.guchi.50 do apply to
this state and indicate that the concerted 2 S+2 s cycloaddition (without
a diradical intermediate) is a forbidden process. However, as

noted earlier, the 7 state of peroxy radicals lies 0.88 eV (20 kcal)
above the 1r3 state (due to repulsions between the four 7 electrons) and
therefore, this state is not expected to play a role in Jl'Ozvolefin

ene reactions (where E, = 2-10 kcal).
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C. Biradical Intermediates: Experiment

An important and often misinterpreted experiment bearing on
the question of biradical intermediates was the determination of
the product ratio resulting from the addition of J'02 to trimethyl-

ethylene. In the gas phase, the results are as follows, o1

i

71% 29%

These and similar solution phase results, showing a lack of
Markovnikov directing effects, have been interpreted as evidence

bl

against a biradical intermediate. 1 The argument is that there

are two possible biradical intermediates, 20 and 21. Of these two,

the one involving the tertiary radical center &l is assumed to be more
stable. Then, assuming the relative energies of the biradicals to be
product determining, leads to a predicted product distribution dominated
by the secondary hydroperoxide while experiment shows the tertiary
hydroperoxide is the major product. The key assumption in this
analysis is that AHf (21) < AHf (20). In fact, as discussed in

Section IVA, our energetic estimates indicate that this assumption

is incorrect, the secondary biradical is more stable than the tertiary.

In order to make clear the origin of the Markovnikov effect and why

it does not apply here, consider the more general addition of a



32

radical X- to trimethylethylene. Again, there are two possible

X
| 27 28

radicals, a tertiary radical, gﬁ, and a secondary radical, gl In
order to compare the energies of these two radicals, we must use
a common reference point, for example the heat of formation of
the reactants. The relative radical energies are then given by

the C-X bond energies, 52 one involving a tertiary carbon and the
second to a secondary carbon. For many radicals (for example
X =Br-, I, RSi-, R,C*, H-, RS-, eftc.), the bond energy to a
secondary carbon is larger than that to a tertiary carbon. Thus,
for these radicals the most stable adduct is the tertiary radical

(in agreement with the Markovnikov effect). However, for highly
electronegative radicals (X- =Cl:-, F- or RO-) the bond to a tertiary

53

carbon is stronger than that to a secondary carbon. The

conclusion, then, is that normal Markovnikov directing effects are

not expected in the addition of 1O2 to unsymmetrical olefins whether

or not a biradical is involved at the product determining step.
1
Furthermore, the results of gas phase O, additions are consistent

with a biradical or biradical-like species being product determining.
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The possibility of a biradical intermediate in 102 hydroperoxidations
was first seriously considered by Nickon. Litt and Ni,ckon14 concluded
that a biradical intermediate is not consistent with the experimental
evidence. Their reasoning can be summarized as follows:

(i) The observed lack of cis-trans isomerization of olefin
indicates that a biradical is not formed reversibly.

(ii) A kinetic analysis of the reaction leads to the conclusion
that irreversible biradical formation requires a rate constant for
H- abstraction grea,ter‘ than Eyring's transition state frequency.

(iii) Primary deuterium isotope effects of 1.2t0 2 1 indicate
participation of the C-H Ibond in the transition state.

| Observation (i) indicates that, if the biradical is formed
(either revérsibly or irreversibly), barriers to product formation
must be small relative to bond rotational barriers. As noted in
the previous section, the H-abstraction step is analogous to a
bifnolecular radical disproportionation and on this basis is expected
to proceed with near zero activation energy. Therefore, the lack of
isomerization (and related work showing no effect of free radical
inhibitors) is not inconsistent with a biradical or biradical-like
intermediate.

The kinetic analysis, (ii), involved unreasonable
assumptions. Of particular importance is the use of a'triplet R
vertical excitation energy to obtain a 1,2-biradical energy (the
adiabatic energy is more appropriate). This assumption led to

a predicted AH for addition forming a biradical of +25 kcal (compared
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to +8 kecal in the present work)., As 25 keal is well above the
observed activation energies, it is not surprising tha a kinetic
analysis based on this AH would lead to implausible results,

The primary deuterium isofope effects cited by Nickan,M (iii),
are inconclusive. The observed rate ratios are apprloximately the size
expected for secondary £ deuteriuim isotope effects. For example, the

intramolecular isotope effects reported by Ni.cl«:on54 are as follows,

HC €D, HC CcD,
HC - ;D, DC rca,
29 2
kH/kD=1.78~2.24 kH/szl.ZB- 1.77

D

).

D
51

| kH/kD =1,18 - 1.20
where no correction for the number of deuteriﬁms hasbeen made (no correctioﬁ
need be made if any only if these are primary isotope effects). The dependence
of the observed isotope effects on the number of deuteriums, however, is
evidence that these are seconda,ry isotope effects. Assuming then that these
are seconéary isotope effects and correcting to a per .deuterium basis
(kgy/kpy = Vi k) leads to ky/kp's of 1.10-1.16, 1.08-1.21and1.09-1. 10
respectively. The nearly constant values for these ratios supports the
interpretation of these as secondary isotope effects.

23

More recent work by Kopecky et al.”" on 29 and 30 led to somewhat

smaller total isotope effects, 1.31-1,65and1.21-1.46 respectively.
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Converting again to per deuterium ratioleads to 1.05-1.09
and 1,09-1,13. For comparison, the secondary S deuterium
isotope eﬁect for the formation of ethyl radical from decom-

position of methylethyl'ethyl 2,2,2-d,-carbonyloxy radical,

H,CD, T |
CH,—C—0- —— CH,CC,H, + °CH,CD,
éHzCHs

is reported to be 1.0855 (again on a per deuterium basis). Thus the
observed isotope effects are consistent with normal g secondary
isotope effects implying no C-H bond cleavage in forming the
transition state, The slightly higher isotope effect for §VQ might

be due to a small, product—determining., primary isetope effect
subsequent to the rate determining step.

Kopecky's result523 and related work by Bartlettzs‘indicate the
m‘ag‘nitude of these isotope effects to be dépendent on the solvent. Foi
example Bartlett26 reports kinetic isotope effects (kH/kD-) of 1.1 in
acetonitrilé and 1.2 in benzene. Apparently then the nature of the
transition state is dependent on the solvent (see Section VE).

Finally, there is some evidence indicating the presence of
a true intermediate in a few 102 hydroperoxidations. Of particular
interest is the formation of epoxides under certain conditions. 18,56
One possible source of the epoxides is from the trapping of a peroxy

biradical by 102. The latter step is ~ 46 kcal exothermic and might
/0'
O

O,
1
H+102_—> J——(. _Q2'> %\’FOS
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be a facile process. In fact, Bartlett57 has found that

epoxide products are accompanied by the production of 0zone. This
evidence ié by no mearﬁs conclusive though, particularly since
epoxide production is apparently dependent on both the wavelength
of light used and on the sensiti.zer.,59 In particular, sensitizers
with low-lying carbonyl n — 7* states produce unusually large
amounts of epexicle.60 Bartlett concludes that in at least some
cases, the source of epoxides is not 1O,_,.

Biradical intermediates, if sufficiently long lived, are also
expected to initiate free radical polymerizations. Thus, the
presence of polymeric products in 1O2 hydroperoxidationsm’ 62is
also consistent with a biradical intermediate (although, again,
other sources of polymer are possible). Further evidence for
the presence of an intefmediate under some conditions is discussed

in Section VE.

D. Polar Substituent Directing Effects

The results presented in Section IVB contain two important
predictions; (i) A highly electronegative substituent (MeOQ) will direct
the attack of 1O2 toa po"sition alpha to the polar substituent, and (ii) A
polar group will also direct the H-absorption step to occur preferentially

from the substituent cis to the polar group. There is now experimental

support for both of these conclusions.

First, in order to test our predictions, Hammond63 recently

carried out gas phase experiments yielding the following results,



Me O Me O OOH
>' //// (20)
100%
Me Q Me O OOH
+ (21)
/
62% 38%

In reaction (20) the only observed product results from initial o
addition followed by cis abstraction, consisteht with both predictions
(i) and (ii). In reaction (21) there are no abstractable hydrogens
cis to the methoxy group and, therefore, the preferred mode

is not available. The result is that now two competing modes are
detectable, one being o addition (followed by trans abstracticn)

and the second being g addition.

Related work by Cross,64 using crossed molecular beams,
has shown that gas phase addition of 102 to 2-methoxypropene
leads to luminescence, presumably from decomposition of a
dioxetane. Cross notes that this is an unexpected result since
activation energies for 2+2 cycloaddition (forming dioxetane)

are typically much larger than those for the ene process. However,
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the results in Table IV indicate the preferred biradical is the

o adduct,

Me O o H MeO OO- H
>.____“_“ / +'0, —% : (22)
Me \H Me H

which cannot undergo the ene reaction.
Additional support for this interpretation comes from work
by Conia et al. 65 Conia's results are summarized in equations (23)

and (24). Again the products show a clear bias toward H-abstraction

Me O e Me O H
>:g+ ‘9 —> % (23)
5 " 100%
Me O Me O OOH Me O OOH
>-_:.- +'0, —> / + (24)
H Me H Me H \

72% 28%

from the substituent cis to the methoxy group. In the latter reaction,
(24), the dominant (cis abstraction) product is 9 kcal less stable

than the minor product (trans abstraction) indicating that the effect
is indeed an important one. Conia also notes that replacement of

the methoxy group by methyl removes the directing effect. In
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this case products resulting from abstraction of the cyclopropyl
hydrogen are not observed (from either isomer).

Finally, recent studies by Foote et ah%

also show' the
importance of this directing effect. In this work, the observed

reactions are

Me O Me : Me O QOH

>-_::< 0y ———> >l—< (25)
H ¢ H ¢
' Me O. 0O—O
Me O )
>==< + 102 e H | (26)
H Me Me

In both cases, the only observed preducts are those resulting
from attack of the oxygen radical center on the group cis to-the
methoxy.

It is found then,that a methoxy substituent exerts an important
directing influence on the course of 102 reactions with various (quite
different) olefins and under a variety of reaction conditions.
Furthermore, this effect can be understood in terms of the biradical
intermediate, the conformation of which is controlled by the anomeric

effect.
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E.  Solution Phase Mechanism

In the previous sections we presented and discussed estimates
for the energies of gas,phase 1,4-biradicals and 1;4=zwitterions
relative to the 102-oleﬁn reactants. In this section we will consider
the effects of solvation on these relative energies and on the
mechanism of 1Oz-olefin reactions.

As a simple model for solvation, éssume the intermediate to be in
a spherical cavity of radius R(A), surrounded by a dielectric
medium with dielectric constant €. The stabilization of the
zwitterion relative to the biradical can then be estimated. using

the formula, 67,68

2 2
(e-1) [p zwit’“birad]

3 (27)
(2e+ 1) R

AE(kcal) = 14.4

where u is the dipole moment (debye) of the zwitterionic state

zZwit
and Bpirad is the dipole moment of the biradical. It is further
assumed that ‘uzzwit > I8 . aq and that p_ .. can be approximated
with the dipole resulting from two point charges separated by a
distance of 2. 652’\, the approximate distance between