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Abstraot - MNDO ocaloulations of potential energy surfaces
for the interaction between peroxyformic aoid and ethylene or
substituted ethylenn do not support the eleetrophilio

sm preferred in the interpretation of this remction.
Yhile the cslculahd interaction between neutral molecules of
olefin and peroxyformic aoid is repulsive over the entire

of studied reaction coordinates, dgrotomted peroxy-
formioc aoid is mﬁoted oapable of addition to olefin, bdut
with an activat energy of 39 kocal/mol. Peroxyformate
anions, aoccording to the MNDO caloulations, should add
readily to olefins, Eleotron withdrawing subsiituents in the
latter have the effect that adducts are formed without
activation energy, while ethylene or olefins with domor
substituents are dicted to reaot in a two-step mechanism,
the first step be the formation of metastable intermedia-
tes with activation energies of 16 - 20 kcal/mol. The rate
doter-inﬂ.n% step of the reaction is the epoxide ring closure.
The activation ener, u prcdioted for this step inorease
with the eleotron capacity of substituents in
line with the obumd no@t ve slopes of Hammett-like
relationships, The nucleophilic meo sm suggested by the
present caloulations does not conflict with observed stereo-
specificity of this reaction, Olefin substituents cause
Hammond effeots on the predicted trensition structures, which
are particularly ronounoed on those geometrical parameters
ha the domina mghcontributions in the correapon
transition vectors epe prediotions are in line with
qualitative reaction surface models, but in contrest with VB
considerations,

Olefin epoxidation by peroxyacids, or the Prileghaev reaction, is an important
reaction for structural studies and irensformetions due to the extreme simpli-
city of experimental conditions and high stereoepecificity1. This reaction is
also regiospecific in the majority of oases in terms of availability of options
to oxidirze the necessary double bonds in the presence of such with various
maotivity1. Some exceptions to the latter are known2 and these stimulated the
interest to the present work. A variety of mechanisms (not less than five) has
been suggested for this reaotion1 and most of these assume electrophilic addi-
tion of the oxidant to the olefinic bond. An alternative considers 1,3-dipolar
oyoloaddition3. Hammett type relationships for epoxidation of styrenes by per-

oxybengolic acids have been considered as supporting an electrophilio moohanim‘.
The meagured secondary deuterium kinetic isotope effects have also been inter-

preted in favour of electrophilic mechnnism5. Moreover, kinetic studies4'5
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have provided the background for the statement that the reactlon involves an
unsymmetrical transition struoture as shown on the following Scheme:

R

H /
x>c W

A sufficiently reliable cholce among the several existing alternative
mechanisms suggested for the intermotion between olefins and peroxyacids ocould
be taken on the basis of quantum chemical caloulations. The sarly experience in
this respeot, based on pi-electron csaloulations, has been rather disocouraging .
More recent ab initio minimasl basis caloulations! have apparently substantiated
the preference to unsymmetrical trunsition "states" and eleoctrophilic mechanism,
in line with the conclusions based on kinetical studies4’5. However, the tem
"transition state" has been used in this study "rather :l.ooso:l.y"8 and the struc-
tures obtained correspond actuslly to minima within the imposed geometry con-
streints, A more correct sonclusion based on the mentioned osloulations should
probably atate that the unsymmetrical approach of peroxiacid to olefin is
energetically tavouredg. Uncertainties about the intersction of peroxyacids and
olefins arise also from the calculations of (isolated) peroxyacid molecules,
which result in negative gross charges on all oxygen ttm’o. These results are
the source for the suggestion that this reaction is more likely orbital reather
than charge controlledm. Thus, a detailed study of the potential surface for
the interaction of peroxyncids and olefins might be expected to give further
insight intc the mechanism of this reaction provided that the stationary points
found are rigorously charecterised as minima, transition structures, or higher
oxrder paddle points“.

Models and Methods of Calculation

The simplest model for the studied Prileshaev reaction is the interaction
of peroxyformic acid and ethylene. The effects of substituents on the reaction
profiles and transition structures are modelled for simplioity with substituted
ethylenes. The smnllest possible model among these consists of 6 non-hydrogen
atoms, and the use of an adequate nonempirical level of calculations (e.g. 3-
21G) for the detailed study of the potential energy surface would be rather
unrealistic, For this reason semiempirical MNDO caloulationn‘a wers used to
soan the reaction paths, MNDO has proved sufficiently reliable in the astudies
of chemical mactivity13'14 due to the relatively correct prediotions of energy
teatures and, in particular, to predictions of transition stiructures in good
agresement with abd initio caloulations’4, MNDO, however, performs relatively
poorly for molecules with adjacent eleotron pairaw and a reinvestigation of
the predicted transition structures by 3-21G t.safl.ou].»,‘I:!.n:ml1 is now under way.

The ocaloulations were carried out by the standard MNDO'land Mopac!®
programs, as well as with MONSTERGAUSS 12 ana KONDO-SZO. All geometries were
optimized without constreints and transition struotures wers identified by
caloulation of the corresponding foroce constant matrices under the requirement
for a single negntive eigenvalue, or & single imaginary vibrational froquonqu
Preliminary searches for these siructures were carried out by following the
minimum energy reaction paths, MERP, The reaction coordinates used in the
latter were the distance C.,.0 and the valence angle 0-C-C, The geometry
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optimigations along MERP's were performed by the gradient method of Davidon,
Fletoher and Powe112! and the precise location of the transition struoctures by
direct minimigation of the energy gradients with respect to all geometrical
pameterszz'" of the reaction systems studied,

RESULTS AND DISCUSSION

If two neutral molecules of peroxyformic acid and ethylene are brought
together, and the distance Rco between the terminal oxygen and a carbon atom is
used as the reaction coordinate, the resulting MERP is a rapidly rising ocurve
for values of R, in the range 2.5 to 1.3 A. As the energy gradient along the
reaction coordinate is inoreasing in absolute value in the same direction, no
stationary point can be expected on the energy profile. Thus, present MNDO
calculations do not confirm the earlier suggestion of an electrophilic attack
of olefin by neutral peroxyacid molecule based on kinetioal studies"s. No
support is given also to the same conolusion, based on minimal basis ab initio
calculations of "transition state atructures"7.

The MERP of protonated peroxyformic acid and ethylene is a different
ocurve, At 1,784 A 1t has a maximum, T8+, 39.1 koal/mol (Table 1) higher than
starting reactants, and at smsller velues of the reactlon coordinate Ry, the
energy of the system drops rapidly. At the maximum of energy the caloulated 0-0
distance is 1.435 A, while MNDO gives for HCOOOHE 1,289 A, and for the protonated
at the oarbonyl oxygen HCOOOBa"' 1.302 A, As Roo decreases, the 0-0 bond dissoci-~
ates, while the newly formed valence angle OCC decreases from 100° to 60° - 55°,
the value in the reaction product, oxirane., MNDO calculations indicate that
electrophilic epoxidation of olefin by protonated peroxyacid is rather feasidle
and should prooeed via the unsymmetriocal trensition structure TS+, similar to
that postulated previously by Hanzlik and Shem-er5 and studied more recently by
Plesniocar et al,' Its geometry, however, differs considerably from minimal basis
set prediotions7; note that the latter oconcern, most probably, loocal minima. The
reaction coordinate is relatively completely represented by Rco at distances
larger than the value, corresponding to TS+. For the latter structure the
dominating ocomponents of the transition vector are noo' which corresponds to the
bond being formed, Roo’ whioch corresponds to the dissociation of 0-0, and the
angle CCO, whioh corresponds to the forthooming ring olosure,

Another feasible reaction path is the nucleophilic addition of peroxy-
formate anion to the olefinic double bond. In this ocase the caloulated MERP
increases smoothly for values of R°° from 2,5 to 1.863 A, At the latter distance
a transition structure ocours, TS1, Fig. 1, whose parameters are similar to
those found in the case of nucleophilioc addition of hydride to ethyleneza. The
caloulated MNDO activaetion enthalpy is 22 koal/mol. A relatively shallow minimum
occurs at smaller values of the reaction coordinate. The structure, predicted by
MNDO for thia intermediate, corresponds to a "normel" product of nueleophilic
addition, but with smeller negative charge at the free carbon atom than would
have baen expeoted for a carbanion, see Table 3. To follow the reaction further,
a ohange of the reaction coordinate is required, and the valence angle CCO
provides a relatively good deamcription of the oxirane ring olosure. Starting
from 110° for the intermediate minimum, & new transition structure was found at
<CCO = 81.4°, 782, Pig. 2. The ocalculated activation enthalpy is 13.1 koal/mol
from the intermediate, or 27.7 koal/mol from the initial reactants. While
relatively small changes in Ryoe 14497 to 1,401 A, and Ryo» 10298 to 1.495 A,
are oaloulated between the intermediate and T82, after the latter neo drops to
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ca, 1,3 A, a value smaller than caloulated for oxirene, 1,417 A (MNIO), and
formate anion is cleaved. The calculated activation enthalpy is considerably
smller than found for the eleotrophilic mechanism discussed above.

Fig. 1: Two projections of TS1, the tranasition structure for the
nucleophilic addition of peroxyformate anion to ethylene

Similar considerations were applied to the interaction of acrolein and
peroxyformic acid in its neutral, anionic, and protonated forms. These were
intended to model the epoxidation of the conjugated double bond of artemisia
ketonoz. Neutral molecules of acrolein and peroxyformic acid give with respeot
to Roo & MERP similar to the oese with ethylene, with no indication for the
existence of stationary points, The MERP for the eleotrophilic interaction of
protonated on the carbonyl oxygen peroxyformic acid and acrolein, however, gives
a maximum at Rco' 1.7 A, T8+, This result is also similar to the case with
ethylene except that the caloulated activation enthalpy is consideradly higher,
47.1 koal/mol (Teble 1). The nucleophilic interaction of peroxyformate aniom and
acrolein gives exothermically an adduct without activation emergy. This adduct,
along a MERP defined by the angular reaction coordinate £CCO, gives the final
epoxide. The maximum of this MERP, a TS2, ocours at <C00 = 77.5°, and the cal-
oulated activation enthalpy is 30.6 koal/mol from the stable adduct, or only 8
kcal/mol from the starting reactants. Thus, the present MNDO oaloulations repro-
duce correctly the lesser affinity of olefins with acceptor substituents to
electrophilic epoxidation and, simulteaneously, their greater affinity to nucleo-
philic epoxidation. The caloulated very high activation enthalpy for epoxidation
by protonated peroxyacid is in line with the absence of soid ocatalysis of the
studied reaction1’4. The predicted preference of olefin epoxidation to nucleo-~
philic mechanism, however, seemg intuitively questionable, and a number of
objections may be raised.

Negative slopes of Hammett-type extrathermodynamio relationships, in
general, do not support a nucleophilic mechanism, The present MNDO caloulation,
however, predicts nucleophilic addition as the first, rapid reaction step. The
gecond atep is evidently eleotrophilic with respect to the olefin and the cal-
culated activation enthalpies are larger, i. e, the rate determining step is
actually predioted to be affected by olefin subsiituents in the experimentally
observed direotion, Another substantial objection is that a nucleophilic meocha-
nism oould not be stereospecific, In faot the epoxidation of o«,p -unsaturated
aldehydes ox ketones by H202 in alkaline media is only ateroouleotive1, as the
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Michael type addaition of !102' gives actually a stable enolate anion. The oyoli-
sation of the latter is relatively hindered and apparently slow enough for an

internal rotation to oscur. Other known epoxidation reactiona in basic media are

also interpreted in terms of complioated intermediates in order to avoid any
assumption of nusleophilic addition and to explain stemmciflcityu. However,
this objeotion applies to any ionic mechanism and, therefore, the suggestion of
Plesnioar1 that the stereospecificity may be due to the relatively low activa-
tion energy, 16 - 18 koal/no14 of the reaction, whioch could ocour faster than an
internal rotation is likely more acceptable., Indeed, the rotation would be
sufficiently hindered even by small residual r-character of the former double
bond in the intermediate oarbanion’b. Present calculations support this sugges-
tion showing stronger C-C bonding than for a single bond, Table 3.

Table 13 MNDO heats of formation and relative ener

es of species participating

in the model Prileghaev reaction, koal/mol.

Species B, H, comments

Czﬂ 4 1563

c 2H 4’0 «15.5 oxirane

HCOOH ois =92,6

HCO0™ ~101.7

HCOOOH cis,cinm -65.8

HC000™ -66.9

c2f150+ 173.6 protonated oxirane

03340 -18.1 trans-acrolein

c 3550"' 153.4 protonated acrolein

c 3B 402 -30.6 epoxy~propanal

c 33502+ 154.5 protonated epoxypropanal
4] 3H6° -27.5 methoxy-ethylene

c 3360 2 -56.3 methoxy-oxirane

023301 5¢3 chloro-ethylene

CH 3010 -23.2 ochloro-oxirane

C,H, 4.9 propene

cﬁgo -23.0 methyl-oxirane

033503' -30.0 21.6 02H4 + HCO00™, T51

C4Hg0 3' -36.9 14.7 adduot

03H503" -23.6 28,0 CZH + HCO00™, P82
c,u.,o,* 1711 39.1 C H, + HCOOOH,*, T8+
0334010 : -64.7 -3.1 023301 + HCO00™, adduoct
C3H40103 -44.5 20,2 02H301 + HCO000™, TS2

c 4350 4' -107.9 -22.9 acrolein + ncooo:, adduot
c 4H,).O 4' -T8.2 29.7 aocrolein + HCO0O™, T82
CAB0," -78.4 16.0 H,00CH=CH,, + HC000~, 81
c 41170 4" -89.5 4.9 same as above, adduoct
043704' -T8.4 16.0 same as above, TS2
C4H05” -38.0 24.0 propene + HC000™, TS2

Another objeotion, that no intermediates have been observed!® gould be
countered by the argument that both experimenta) and caloulated (usually over-
estimated) MSDO. activation barriers %o the exothermic olefin epoxidation are
sufficiently low and the possible intermediates may well have been overlooked,

4021
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since the reaction has been used mostly for preparative purposes. It was felt,
however, that additional calculations would be necessary to substantiate the
counterarguments to the above objections. For this purpose the nucleophilic
attack of peroxyformate anion was modelled on an olefin, substituted by an
aoceptor, C1l, and on an olefin, substituted by a donor, 0083. 41l caloulated
energies are collected in Table 1, and seleoted siructural parameters of the
predicted trensition structures are listed in Table 2,

The calculated activation enthalpies for epoxidation by peroxyformate
anion in the series of substituted ethylenes inorease in line with inoreasing
eleotron-withdrawing capacity of the substituents, 11.1 kcal/mol (0330). 13.3
(H), 25.3 (01), and 29,7 (CH«0) for ithe rate determining step, Table 1, This
result is in line also with the observed Hammett- type relationships detween the
rate oonstants and substituent oonatanta‘. Present MNDO caloulations prediot
that atronger electron acceptors faoilitate the exothermic formation of inter-
mediate adducts without activation energy. In such cases the studied reaction ims
predicted to proceed via an one-step mechanism and to be sensitive to basic
oatalysis, which also agrees with the observed reactivity of this kind of sub-
strates. The MNDO caloculetions for epoxidation of ethylene or methoxyethylene
predioct a relatively low activation berrier to the rapid formation of inter-
mediates. The conversion of the latter into the corresponding oxirenes requires
higher aoctivation enthalpy and should be thus the rete determining step of the
reaction. The overall activation energies are considerably lower than oaloulated
for olefins with acceptor substituents. These remults render support to the
suggestion that the rapid oxirane ring closure is the reason for the stereo-
specifioity, as well as to the assumption of two distinot steps of the studied
reaotion.

The relatively high exothermicity of the epoxidation reaction is an
argument in favour of the suggestion that, in spite of the insignificant o-
effect of HCO0O™, estimated by 3-21G caloulations?? (0.4 koal/mol relative to
CH3O' or HCO0™, 1.8, HCOO0™ is only ca. 2 times better as nucleophile, Table 4),
olefins are capable of trapping the peroxyformate anion in non-polar solventa,

Fig. 2: Two projections of T7S2, the transition structure for the oxirane
ring closure,

The predicted structural paremeters for T81 and 252 involving severel
olefin subastituents provide an opportunity to cheok the validity of an important
qualitative concept, the Hammond postulateas. A» the caleulated MNDO thermo-
chemical effeots for the formation of the intermsdiate adduot are positive, the
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Hammond postulate requires for donor substituents (0830) and ungubstituted
ethylene transition structures more similar to that of the intermediate.
Actually, TS1 structures are predicted only for the two mentioned cases. Sinoe
the formation of intermediate adducts of HCOOO™ to chloroethylene and acrolein
is predicted exothermic, the Hammond postulate would require reactant-like
transition structures, It is quite conceivable that these struotures might de

80 reactant-like that the largest used value of the reection coordinate R

co?

2.5 A, 18 too small for their proper description. In addition, the wvalidity of
the MNDO model for such supermoleoular distances is rather questionable.

Table 2: Calculated thermochemiocal effects (MNDO) of the nucleophilic Prileszhaev
reaction, and selected structural parameters of predicted stationary
points on the energy surface, kocal/mol, angstroms, and degrees.

A: Nucleophilic addition of HCOCO™ to olefins, TS1

Substituent AAHI Rco
-CHO -22.9 ?
-Cl -3.1 ?
-H 14.7 1.863

B: Structural parameters of intermediste adducts

Substituent R.,,q  Rypgq  Royo2 <C4C04  Ryqeo
~CHD 1.4546 2,3822 1.2979 113.95 144695
~Cl 1.4821 2.5063 1.2859 118,63 104321
Cs Cyclization of intermediates to oxiranes, TS2
Substituent aA Ht R°1°1 3.0102 Rozm <C10201 Aant, total

~CHO -24.7 103892 145564 17972 TTe5 -47.3
-083 1.3951 1.5141 1,8821 82.3 -62.7
~Cl -60.5 1.4014 11,5020 1,8419 80.3 -63.6
-H -80.3 1.4024 1.4882 1.9177 84.5 -65.6

The trensition siructures TS2 for the second step of the nucleophilic
epoxidation are of greater interest in this respect, Ag the calculated MNDO
thermochemical effects for this step are negative, the Hammond postulate
requires that all TS2 are reactant, i,e. intermediate-~like, The l¢ss exothermic
the predicted cyoclisation to oxirsne, the more similar is the particular T52 to
the final produoct. Hammond effeots are manifested in all structurel parameters
contributing signifiocantly to the corresponding trensition veotors, namely, the
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bond making R°2°1, the bond breaking R°1°2, and the ring olosure angle 000, gee
Table 2.C, Closer examination of the latter shows that in the ocase of chloxrine
ag substituent some disobeyance to the Hammond rule might indicate more subtle
effects on the trensition structure.

Table 3: HND(} charges and bond orders at some stationary poins of the reaction
surfaoces.

Az Intkemediate adducts: charges and orders of the bonds to be formed and
broken,

Substituent 01 02 01 0o 0201 040, 0102
-CHO 0.2876 =0.5957 -0.1906 -0.1915 0.0397 0.9498 1.0399
-OOH3 0.3069 -0.5806 -0.2418 -0.1868 0.0928 0.9321 1.1273
-H 0.3156 -0.6840 -0.2697 -0.1860 0.1188 0.9243 1.2288

B: Trengition structure TS2: charges and orders of the bonds being
formed and broken.

Substituent  C, ¢, 0, 0, C0, 040,
~CHO 0.2051 -0.441T -0.,0629 -~0.4341 0.4442 0.4543
~CH, 0.2330 -0.5092 -0.1037 -0.4054 0.4346 0.4955
-c1 0.2182 -0.3631 -0.,0909 -0.4016 0.4388 0,5105
~OCH, 0.2287 -0.3643 -0.1215 -0.3975 0.4211 0.5059
-H 0.2301 -0.4922 -0.1338 =-0.3872 0.4268 0.5240

The ocaloulated electronic indices for the transition structures TS2 show
similar "Hammond trends"., It is of interest to compare the present MADO results
with the predioctions of qualitative reaction surface models 7. If the ocycliza-
tion of the intermediate adducts to oxiranes is regarded as a SNZ subgtitution
over the terminal oxygen atom of (the former) peroxyformate, these models
predict that the better the nucleophile, the more advanced would be the bond
breaking with the leaving group, and little effect on the bond making between
the nucleophile and the reaction center. Present MNDO calculations confirm the
firat part of this prediction, but show also comparable Hammond effects on the
bond making, In contrast, valence bond considemtionszs predict anti-Hammond
effects of changes in the nucleophile for this type of reactions.

The calculated MNDO thermochemical effects of the overall reaction of
ethylene with protonated H°°382+ and neutral peroxyformic acid HOOJH. and
peroxyformate anion HCOOO™ are -51, -57.6, and -65.6 koal/mol, respectively,
Table 1. 3-21G caloulations, however, give for HGOSH and Czﬂ an effeot of
-33.3 kcal/mol, and for HCOOO™ and 02H an effeot of-31,3 koal/mol. Table 4.
In addition, 3-21G energies of TS1 and 1382, at the MNDO geometries, are 50.3
and 60,2 koal/mol bhigher than the starting reavtants. These results indicate
that the stationary points on the 3-21G energy surface may correspond to struo-
tures significantly different from MNDO ones. It is thus evident that MNDO
caleulations do not say the final word of the theory about the mechanism of the
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Prileghaev reaction.

Table 4: Ab initio 3-21G energies, used in the thermochemical evaluations (in
atomic units; 1 a.,u. = 627.5 koal/mol) and affinities of mucleophiles
to proton (PA) and methyl cation (CA, in koal/mol).

E, total PA, oals PA, exp CA, oalo CA, exp
CH40™ -113.72190 424.3 379.2 302.6 267.6
HCO0™ ~187.10463 373.7 345,.2 251.3 233.1
HC000™ -261.45447 371.7 . 249.0
CH,OH -114.39802%
HCOOH ~187.70019*
HCOOOH -262.04681*
CH,0CH, -153,21321»
HCOOCE -226.51427*
HCOOOCH ~300.86041
cn3+ -39.00913
0284 =77.60099%
HCOOOH® ~-262.04668*
C.H,0 -152.00070*
Hg?,éga -187.68868*
g1 % ~338.97545
TS2%* ~-338.95955

.3 trans- igsomers
*) ref, 29
**) caloulated at the MNDO geometry
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