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Abstract: Comparative analysis of the calculated gas-phase activation barriers (AE¥) for the epoxidation
of ethylene with dimethyldioxirane (DMDO) and peroxyformic acid (PFA) [15.2 and 16.4 kcal/mol at QCISD-
(T)/I QCISD/6-31+G(d,p)] and E-2-butene [14.3 and 13.2 kcal/mol at QCISD(T)/6-31G(d)//B3LYP/6-311+G-
(3df,2p)] suggests similar oxygen atom donor capacities for both oxidants. Competition experiments in
CHCI, solvent reveal that DMDO reacts with cyclohexene much faster than peracetic acid/acetic acid
under scrupulously dried conditions. The rate of DMDO epoxidation is catalyzed by acetic acid with a
reduction in the classical activation barrier of 8 kcal/mol. In many cases, the observed increase in the rate
for DMDO epoxidation in solution may be attributed to well-established solvent and hydrogen-bonding effects.
This predicted epoxidative reactivity for DMDO is not consistent with what has generally been presumed
for a highly strained cyclic peroxide. The strain energy (SE) of DMDO has been reassessed and its
moderated value (about 11 kcal/mol) is now more consistent with its inherent gas-phase reactivity toward
alkenes in the epoxidation reaction. The unusual thermodynamic stability of DMDO is largely a consequence
of the combined geminal dimethyl- and dioxa-substitution effects and unusually strong C—H and C—CHjs
bonds. Methyl(trifluoromethyl)dioxirane (TFDO) exhibits much lower calculated activation barriers than DMDO
in the epoxidation reaction (the average AAE* values are about 7.5 kcal/mol). The rate increase relative to
DMDO of ~10%, while consistent with the higher strain energy for TFDO (SE ~ 19 kcal/mol) is attributed
largely to the inductive effect of the CF; group. We have also examined the effect of alkene strain on the
rate of epoxidation with PFA. The epoxidation barriers are only slightly higher for the strained alkenes
cyclopropene (AE* = 14.5 kcal/mol) and cyclobutene (AEF = 13.7 kcal/mol) than for cyclopentene (AEF =
12.1 kcal/mol), reflecting the fact there is little relief of strain in the transition state. Alkenes strained by
twist or z-bond torsion do exhibit much lower activation barriers.

Introduction is considered a major factor in determining structure, energy,
and reactivity. Traditional analysis of strain effects on reactivity
assumes that any observed rate enhancement stems from
destabilization of the ground state (GS) of the strained com-
pound. The presumed high rates of epoxidation by three-

also becoming increasingly important in the asymmetric epoxi- membered-ring peroxides have been _attrlbu_ted to Fhe driving
dation of complex alkenés It is generally assumed within the force for O-atom transfer due to the relief of ring strain and the
experimental community that dioxiranes, as typified by DMDO, favorable enthalpy change attending t_h(_a formation of a strong
are more reactive than peracids in the epoxidation of alkenes.C—© 7-bond. The even greater reactivity of TFD@1000-

For example, Curé has reported a rate ratio for the epoxidation 0ld) compared to DMDO has been credited largely to the
of cyclohexene with DMDO (acetone) versus perbenzoic acid inductive effect of the Cgsubstitutent on the dioxirane ring.
(CH,Cl,) of 74. The reactivity of dioxiranes as oxygen-atom However, since very little actual rate data were available, the
donors has typically been ascribed largely to their strain energy ‘high” reactivity of dioxiranes was attributed in the early

(SE). Strain is a fundamental concept in organic chemistry and literature to the fact that these cyclic peroxides could readily
oxidize saturated hydrocarbons even at low temperatures; this
T University of Delaware. level of reactivity is not observed for other oxidizing agents

* University of Wirzburg. such as peracids. Recent rate-data estiffasesjgest that the

(1) (a) Adam, W.; Hadjiarapoglou, L. P.; Curci, R.; Mello, R. @rganic .. .
Peroxides Ando, W., Ed.; Wiley: New York, 1992; p 195. (b) Curci, R.;  reactivity of DMDO toward alkenes exceed that of a typical

Dinoi, A.; Rubino, M. F.Pure Appl. Chem1995 67, 811. (c) Frohn, M,; H H H H
Zhou. X Zhang, J-R.. Tang, T.. Shi. 0. Am. Chem. 504999 121, peracid such as peroxybenzoic acid (PBA) by a factor ranging

7718. (d) Adam, W.; Saha-Moller, C. R.; Zhao, C.<Gxg. React.in press. up to 16G.

In recent years cyclic peroxides such as dimethydioxirane
(DMDO) and methyl(trifluoromethyl)dioxirane (TFDO) have
found increasing utility as oxidizing agents for alkenes, het-
erocyclics, and saturated hydrocarbér@hiral dioxiranes are
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We have recently completed a comprehensive study of the
SE of small-ring compound&,including dioxiraneg® Strain
energies of simple unsubstituted cyclic hydrocarbons have
traditionally been measured relative to all-anti linear hydrocar-
bons in their minimum-energy conformatiohslowever, when
the small-ring compound bears a highly substituted carbon atom
such as that in DMDO, special consideration must be given to
the effects of substitution on the inherent strain energy. The
SE of the parent dioxirane DO has recently been revised
downward from 26.4 kcal/mol at the CCSD¢T¢vel to 18 kcal/
mol based upon several high-level ab initio (G2) meth¥ds.
The relative SEs of DO, DMDO, and TFDO have been
estimated by combination of the dioxirane with cyclopropane
to form the corresponding 1,3-dioxacyclohexane reference
compound. The relative SE predicted for DMDO is 7 kcal/mol
lower than that of DO, a value that is more consistent with
theoretical predictiorfsof dioxirane reactivity toward alkenes.
The SE for DMDO was also predicted to be only about 11 kcal/
mol, based upon several other computational schéméke
most reactive dioxirane, methyl(trifluoromethyl)dioxirane, has
an estimated SE just 1 kcal/mol more than that of DO, but 8
kcal/mol greater than that of DMD®The thermodynamic
stability of DMDO is largely a consequence of the combined
dioxa and dimethyl geminal effects and its relatively strong
C—H and C-CHs bonds? While a CR; substitutent has only a
minimal effect upon the stability of a cyclopropane riighas
a large impact upon the reactivity of a dioxirane; e.g., TFDO is
estimated to be 7.7 kcal/mol more strained than DMDO. The
average difference in epoxidation barriers given belowA&E*
= 7.5 kcal/mol, which perhaps suggests that this increase in
the rate of oxidation comes from relief of ring strain in the
dioxirane ring. Whatever the origin of TFDO reactivity, the
predicted relative reactivity of the these two oxidizing agents
is clearly supported by the experimental fatts.

Results and Discussion

(a) Comparative Theoretical Rate Studies for Peracids and
Dioxiranes. As part of a comprehensive theoretical study on
the relative reactivity of peracids and dioxiranes toward simple

alkenes, we found that theoretical gas-phase activation barriers

for alkene epoxidation with these two oxidants appear to be
quite comparable. Many of the more recent theoretical studies

on these epoxidation reactions have been carried out with density

functional theory (DFT) using the B3LYP method and quite
often using the relatively small 6-31G* basis set. It is also
commonly believed that B3LYP calculations often underestimate

(2) Bach, R. D.; Dmitrenko, OJ. Org. Chem2002 67, 2588. (b) Bach, R.
D.; Dmitrenko, O.J. Org. Chem2002 67, 3884.

(3) For recent discussions of strain energy see: (a) Dudev, T.; Lid, &m.
Chem. Socl998 120, 4450.(b) Alcami, M.; Mo. O.; Yanez, MJ. Comput.
Chem.1998 19, 1072. (c) Wiberg, K. BAngew. Chem., Int. Ed. Engl
1986 25, 312.

(4) Cremer, D.; Kraka, E.; Szalay, P. Ghem. Phys. Lett1998 292 97.

(5) (a) Deubel, D. V.J. Org. Chem.2001 66, 3790. (b) Bach, R. D.;
Glukhovtsev, M. N.; Gonzalez, Q. Am. Chem. S0d998 120, 9902. (c)
Bach, R. D.; Glukhovtsev, M. N.; Gonzalez, C.; Bate, C. M.; Baboul,
A. G.; Schlegel, H. BJ. Phys. Chem. A997 101, 6092. (d) Bach, R. D.;
Glukhovtsev, M. N.; Canepa, Q. Am. Chem. Sod.998 120, 775. (e)
Baboul, A. G.; Schlegel, H. B.; Glukhovtsev, M. N.; Bach R.DComput.
Chem.1998 19, 1353. (f) Bach, R. D.; Glukhovtsev, M. N.; Gonzalez, C.;
Marquez, M.; Esteez, C. M.; Baboul, A. G.; Schlegel, H. B. Phys. Chem.
A 1997 101, 6092.

(6) (a) Mello, R.; Fiorentino, M.; Sciacovelli, O.; Curci, R.Org. Chem1988
53, 3890. (b) Adam, W.; Asensio, G.; Curci, R.; GoleaNuriez, M. E.;
Mello, R. J. Org. Chem.1992 57, 953. (c) Mello, R.; Cassidei, L.;
Fiorentino, M.; Fusco, C.; Hamer, W.; Jger, V.; Curci, RJ. Am. Chem.
So0c.1991 113 2205.

Table 1. Classical Reaction Barriers (AE*, kcal/mol) for the
Ethylene Epoxidation with Peroxyformic Acid (PFA) and
Dimethyldioxirane (DMDO) at Various Levels of Theory

method ethylene + PFA ethylene + DMDO
B3LYP/6-31G(d) 14.1 18.2
B3LYP/6-31+G(d,p) 14.9 17.7
B3LYP/6-311G(3df,2p)//B3LYP/ 17.0 19.6
6-31+G(d,p)2
B3LYP/6-31HG(3df,2p) 16.9 19.1
QCISD(T)/IQCISD/6-31G(d) 18.8 194
QCISD/6-31-G(d,p) 23.4 22.3
QCISD(T)/IQCISD/6-3%+G(d,p) 16.4 15.2
B3LYP/6-311G(3df,2p)//QCISD/ 17.0 18.9
6-31Gt+(d,p)
QCISD(T)/6-31GH(d,p)//B3LYP/ 16.2 14.9
6-311+G(3df,2p)
CCSD(T)//CCSD(T)/6-31G* 19.4 18.4
CCSD(T)/6-31-G(d,p)//CCSD(T)/ 17.1 15.5

6-31G*P

a8The TS geometry was optimized at B3LYP/643&(d,p) with a single-
point energy correction at B3LYP/6-3+5(3df,2p).? Geometry optimiza-
tion with the triples contribution gave a symmetrical TS for PFA epoxidation
but an asymmetric aEproach to the double bond with DMD© Q@Chonds
of 1.830 and 2.301 A).

Table 2. Summary of the Reaction Barriers (kcal/mol) for the
Epoxidation of Simple Alkenes with Peroxyformic Acid (PFA) and
Dimethyldioxirane (DMDO)

reaction AE* method
ethylenet PFA 16.4 QCISD(T)//QCISD/6-3tG(d,p)
18.7 QCISD(T)//B3LYP/6-31G(d)
18.8 QCISD(T)//QCISD/6-31G(d)
17.4 QCISD(T)//B3LYP/6311G(d,H)
18.6 QCISD(T)/6-311G(3df,2p)//
QCISD/6-31-G(d,p)
propenet PFA 15.9 QCISD(T)//B3LYP/6-31G(d)
16.0 QCISD(T)/IQCISD/6-31G(d)
isobutenet PFA 13.7 QCISD(T)//B3LYP/6-31G(d)
13.8 QCISD(T)/IQCISD/6-31G(d)
E-2-butenet PFA 13.3 QCISD(T)//B3LYP/6-31G(d)
134 QCISD(T)//QCISD/6-31G(d)
10.8 QCISD(T)/6-3%G(d,p)//
QCISD/6-31G(d)
11.2 CBS-Q//QCISD/6-31G(d)
13.2 QCISD(T)/6-31G(d)//B3LYP/
6-311+G(3df,2p)
1,3-butadiene+ PFA 15.9 QCISD(T)//QCISD/6-31G(d)
E-2-butenet DMDO 14.6 QCISD(T)//B3LYP/6-31G(d)
14.6 QCISD(T)//QCISD/6-31G(d)
14.3 QCISD(T)/6-31G(D)//B3LYP/
6-311+G(3df,2p)
9.7 CBS-Q//QCISD/6-31G(d)
ethylenet DMDO 15.2 QCISD(T)//QCISD/6-31G(d,p)
19.3 QCISD(T)//B3LYP/6-31G(d)
19.4 QCISD(T)/IQCISD/6-31G(d)

aReference 5b? References 5¢,d.Based upon CBS-Q energy calcula-
tions on the QCISD/6-31G(d) optimized geometries of TS and corresponding
isolated reactants (see Supplemental Information).

activation barriers. Since our observations on the relative
reactivity of these two classes of oxidizing agents appear to be
at odds with conventional wisdom, this point of contention must
be addressed at a higher level of theory. With B3LYP calcula-
tions the classical activation barriers (Table 1) for DMDO
epoxidation of ethylene are systematically higher than peroxy-
formic acid (PFA) epoxidation with the smaller 6-31G(d) basis
set AAE* = 4.1 kcal/mol), the intermediate 6-31G(d,p) (2.8
kcal/mol), and the more flexible 6-3%15(3df,2p) basis set (2.2
kcal/mol). However, this predicted trend is reversed with QCISD
methods that provide a better treatment of electron correlation
effects. It is also essential that the triples contribution to the
total energies be included since they provide a marked reduction
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Table 3. B3LYP/6-31G(d) Activation Barriers (AE*, kcal/mol) for the Epoxidation of a Series of Alkenes with Peroxyformic Acid (PFA),

Dimethyldioxirane (DMDO), and Methyl(trifluoromethyl)dioxirane (TFDO)?2

alkene PFA DMDO TFDO
ethylene 14.1 (14.9) 172016.4F 18.2 (17.7) [15.% 11.3 (11.1)
propene 12.0 (12.6) 14816.01 16.6 (16.0) 9.6 (9.1)
tert-butylethylene 11.2 (12.3) 140
1-octene 11.2 (12.2) 141 15.8 (15.2) 8.2(8.0)
isobutene 10.8(11.2) 13.@m3.7¢ 15.3(14.0) 16.0 7.3(6.8)
E-2-butene 10.5 (11.0) 12813.4] 15.5 (14.8) [14.6 6.9 (6.9)
Z-2-butene 10.0 121 14.1 (13.4) 5.6 (5.6)
Z-2-pentene 9.3 (10.0) 1¥6

cyclopropene
cyclobutene
cyclopentene

12.0 (12.5) 125
11.0 (11.5) 127
9.3(9.7) 121

cyclohexene 9.7 (10.1) 121 13.5(12.6) 147 5.3(5.2)
cycloheptene 9.8(10.2) 12.2

Z-cyclooctene 9.1(9.6) 1105

E-cyclooctene 5.6 (6.1) 822

1-methylE-cyclooctene 4.0 (4.3) 5°9

norbornenedxo 9.7 (10.3) 12.9 13.3(13.0) 5.5(5.5)
norbornenedndg 12.5(13.2) 158 15.9 (15.8)

benzonorbornadienexo 9.6 (10.2) 12.2

benzonorbornadieneijdg 14.6 (15.1) 179

bicyclo[3.3.1]non-1-ene 5.2 (.7)P7

trimethylethylene 8.9 (9.1) 1100 13.7 (12.8) 4.8(4.9)
tetramethylethylene 7.8(7.9) 9.8 14.0 (12.8) 4.8 (4.7)
1,3-butadiene 11.7 (12.4) 14[5.9¢ 14.9 (14.6) 7.6(7.3)
tran2-cis4-hexadiene 9.4 (9.6) 12.5

E-stilbene 13.2 (13.3) 1501

Z-stilbene 11.8 (12.6) 14%

styrene 11.2 (11.7) 1402 14.3 (13.8) 6.7 (6.3)
Z-3-methyl-3-penten-2-ol of2

allyl alcohol 75118

aThe barriers in parentheses are at the B3LYP/6-G1d,p) level of theory. Other computational approaches are indicated by footnotes. The barriers have

been computed with respect to isolated react@n®assical activation barriers computed at the B3LYP/6-3G{3df,2p)//B3LYP/ 6-3%G(d,p) level.

¢ The numbers in brackets for ethylene are at the QCISD(T)//QCISD#8=3d,p). 4 The numbers in brackets for propene, isobutd&a;butene, and 1,3-
butadiene entries are at the QCISD(T)//QCISD/6-31G(d) level of theory; CBS-Q//QCISD/6-31G(d) gas-phase intrinsic h&miéos (he epoxidation of
E-2-butene with dimethyldioxirane (DMDO) and peroxyformic acid are 9.7 and 11.2 kcal/mol, respecti@hgsical activation barrier computed at the
B3LYP/cc-pVTZ level.f Classical activation barrier computed at the B3LYP/6-311G(d,p) léwelassical activation barrier computed at the QCISD(T)//

QCISD/6-31G(d) level.

in activation energy (Table 1). QCISD(T)/6-8G(d,p) energy
corrections to either QCISD/6-31G(d,p) or B3LYP/631%+G-
(3df,2p) geometries suggest that DMDO is slightly more reactive
than PFA AAE* = 1.3 kcal/mol). Thus, the most consistent
results at an electron-correlated level [QCISD(T)//QCISD/6-
31+G(d,p)] suggest classical activation barriers for the epoxi-
dation of ethylene by PFA and DMDO of 16.4 and 15.2 kcal/
mol (Table 1). A similar picture emerges when the geometry
optimization step also includes the triples contribution and the
CCSD(T)/6-31-G(d,p)//CCSD(T)/6-31G* barriers favor the
DMDO TS (AAEF =1.6 kcal/mol) in quite good agreement with
the experimental rate ratio of 74 given above.

At the DFT level the order of the gas-phase reactivity is
reversed for the epoxidation & 2-butene (Table 2) since PFA
is slightly faster (1.1 kcal/mol). Similar results are predicted
for the epoxidation of cyclohexene by PFA (12.1 kcal/mol) and
DMDO (14.7 kcal/mol) when DFT methods are used [B3LYP/
6-3114-G(3df,2p)//B3LYP/6-31G(d,p), Table 3]. However, we
again see a reversal in relative barriers whes2-butene
epoxidation is studied at a more highly correlated level. The
DMDO barrier for epoxidation oE-2-butene is 1.5 kcal/mol
lower than that for PFA at the CBS-Q level (on QCISD/6-31G*
geometries).

In summary, relative to the electron-correlated QCISD(T)/
QCISD calculations, the B3LYP method [with the smaller
6-31G(d) basis set] typicallynderestimatespoxidation barriers
of peracids by some-46 kcal/mol, while it slightlyoveresti-
matesepoxidation barriers for DMDO (Table 3). For example,
the AE* value for the epoxidation of propene with PFA at the

926 J. AM. CHEM. SOC. = VOL. 125, NO. 4, 2003

QCISD(T)/6-31G(d) level of theory is 16.0 kcal/mol, which
corresponds to a B3LYP barrier of 12.6 kcal/mol (Table 2);
the AE* value for the epoxidation d&-2-butene at the QCISD-
(T)/ 6-31G(d) level of theory is 14.6 kcal/mol, which corre-
sponds to a B3LYP/6-31G(d) barrier of 15.5 kcal/mol. The most
sensible conclusion from this entire set of calculations at various
levels is thatthe gas-phase oxygen atom donor propensity of
these two classes of reagents are essentially compar@his.
predictedepoxidative reactivity of DMDO is not consistent with
what is generally assumed for a highly strained cyclic peroxide.
Hence, we must look elsewhere for the origin of the observed
increase in rate for DMDO epoxidation in the condensed versus
the gas phase.

Earlier studies on the rates of electrophilic addition to alkenes
typically resorted to relative rates with very few examples of
absolute rate measurements. With modern computational meth-
ods, we may estimate the rates of epoxidation in a more eco-
nomic, convenient fashiohThis is particularly true for the rates
of highly strained or unique structurally elaborate alkenes, which
are not readily available and prove difficult to prepare. A direct
comparison of the activation barriers for the PFA, DMDO, and
TFDO epoxidation of a typical range of alkenes used in such
reactions also suggested that the gas-phase reactivity of DMDO
appeared to be less than anticipated (Table 3).

B3LYP/6-314+G(d,p) calculations predict that each additional
alkyl group on the alkene double bond increases the rate of
PFA epoxidation by about an order of magnitude. With DMDO
and TFDO, the activation barriers are also sensitive to the
number of alkyl substitutents on the<€C bond and the rate
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20 Table 4. B3LYP/6-31+G(d,p) Calculated Activation Barriers (AE,
18 —e—FPFA kcal/mol) and Reaction Exothermicities (AE, kcal/mol) for the
—=— DMDO Epoxidation of E-2-Butene with a Series of Diverse Oxidizing
_E 16 —+TFDO Agents?
E 14 oxidizing AFEF, AE, AS*,  imfred,  En—pond  Er-bond
f. 12 | agents kcal/mol  kcallmol  e.u. cm~t  (reactant)® (TS)"
T 40| FCOH 64 -545 —37.2 —3704 11 53
o trifluoroperacetic acid 6.4 —53.1 —37.5 —371.1 1.9 5.8
5 81 sila-DMDC* 6.9 —306.9
'§ 6 | TFDO? 6.9 —42.9 —363.6
5 HOO(C=0)OH 9.0 —37.7 —400.8
< 4 m-CPBA! 11.0 —37.8 —417.9
5 peroxyformic acid 119 -50.8 —37.3 —411.1 29 8.3
CH3;OCOsH 128 —49.5 —384 —409.1 3.2 10.0
0 peroxyacetic acid 135 —49.2 —36.1 —424.1 46 10.5
] 2 e 2 2 2 ) e DMDO" 14.8 —39.6 —481.9
2 2 ] 2 2 [} ° [
Z ¢ 8 2 2 §8 z 2z . . o o
® S i 2 & S k5 3 aThe activation entropie\S’) and imaginary frequencies (im freq) have
- w s Zz z been calculated with a 6-31G(d) basis set. The estimated energies foO0H
2 2 hydrogen bonding [kcal/mol, B3LYP/ 6-31G(d,p)] in the reactant and the
£ s corresponding transition structures are given in the last two colubriftse
2 intramolecular hydrogen bonding to the carbonyl oxygen atom,

En-nondreactant/ TS), was estimated as the relative energy of the rotamer
with the OH group pointing away<(OCOH is 180) with respect to the
intramolecularly H-bonded, lowest-energy reactantfSimethyldioxasi-
lacyclopropane? Methyl(trifluoromethyl)dioxirane€ The barriers have been
calculated at the B3LYP/6-31G(d) level of theofyn-Chloroperbenzoic
acid. 9 The activation barrier at the QCISD(T)/ /B3LYP/6-31G(d) level of

increases in a similar fashion (Figure 1). The situation is theory is 13.3 kcal/mol? Dimethyldioxirane; t_he activation barrier at the
somewhat confusing since an increase in the size of the basis2C!SP(TV/B3LYP/6-31G(d) level of theory is 14.6 kcal/mol.

set [to 6-313-G(3df,2p)] or the level of theory (QCISD) has major area of research for many yeard/e are now in the

the opposite effect on the DMDO and PFA actlvgtlon barriers fortunate position to visualizeomputationallythe transition
(Table 3). However, the general trends are consistent and the

lassical activation barfiersAEY d ih i . structures for many such reactions. It is important to note that
casstl_?att_ activation larrler tE') fec;]r_eaS(_erhW|DN:Bcge§snjg hybrid density functional calculations are able to produce
erje (S:clnrlljslics)tr:alr?tls rr:lz ig ;%ntigr_:_'g[)aos blgrnr'iers?:onsistent@rlré)?/\rlzr relative rates of epoxidation in good agreement with experiment.

For instan n th is of calculat rriers for PFA
than those of PFA. The observed faster rate of DMDO of nstance, © e basis of calculated barriers fo

idati = 7-9-but has b int ted epoxidation reactions listed in Table 3, we found that the ratio
epoxidation of=- Versusz-<-bulene has been INIETpreted as a o ynq yagction rates for epoxidation of 1-octene/styrene is 1.2
steric effect. In the gas-phase steric inhibition of the approach

. . [gas phase, B3LYP/6-31G(3df,2p)//6-31-G(d,p)], whereas the
?ﬂsMDO tobtlhe more highly substituted alkenes does not appearcorresponding experimental value reported by Perrin is 1.5
OTE apro ﬁm' tivation barriers for th idati  thi (MCPBA epoxidationy2 Our relative rate data are also quite
[N€ gas-phase activation barriers for the epoxidation ot this ., qistent with the series of epoxidation reactions reported by
series of alkenes are systematically higher for DMDO than

. : ShedP with the exception of highly strained alkenes. Several
+
per_oxyformlc acid by an avera_g&AE of about 3 keal/mol, such unique transition structures calculated for peracid epoxi-
which corresponds to a rate difference of ca. 200. However,

. . dation are presented in Figure 2.
BSLYP/6-31+G.(d,p) barriers for PFA are typically greater than The epoxidation barriers are only slightly higher for the
QCISD(T) barriers by an average of 2.7 keal/mol. B3LYP/6- strained alkenes cyclopropene (SE 55.2 kcal/mol§¢ and
31}+G(?,p)t.DMDO bz.irnefrs ar;ehslllghtly %nzaltl)erttha?D('\gﬂCI:DI(S)D- cyclobutene (SE- 28.4 kcal/mol) than for cyclopentene (SE
(T) ballc g/a {/?/?] entehr_g|es ortt_a ylene ?ed b z_n? ~ 4.1 kcal/mol), which presumably reflects the fact that the
(Table 3). en this correction 1S appliadie predict compa- resulting epoxide products are also strained. The SE for the
rable g_a_s-phase reaatty f_or peroxyfprmlc acid and_DMDO simplest epoxide, namely, oxirane, is 26.3 kcal/ftokith an
As an.t|C|pated on the b.as.ls of experimental dattee ‘”“”°T°' . accompanying reduction in SE with each alkyl substit#ént.
substituted TFDO exhibits much lower calculated activation The lack of correlation of the rate with strain energy is quite
barriers than DMDO in the epoxidation reaction. The theoreti- evident in theAAE* value of 0.8 kcallmol for cyclopropene
. . .

caly precied averagne ofabout 7.5 kol BALYPY S0 0 e T T for spoatin of o gy

§ e i I I I I h i
to DMDO of ~1( in excellent agreement with experiment. strained cyclopropene actually comes later along the reaction

. .~ coordinate than that for cyclobutene (even more so for cyclo-
Slnge we presume that the QCISD(T) gas-phase epoxidation entene) as evidenced by the developing@bond distances
barriers are the most accurate, we had suggested that th

traditionally assumed SE for dioxiranes are too high and that Figure 2, part L (first three structures)). All three TSs exhibit
the predicted level of DMDO reactivity in the epoxidation is a highly symmetrical approach to the alkene double bond, with

) . a spirédaP orientation (90) of the plane of the peracid with
more consistent with our recent reassessment of the SE of P (99) P P
DMDO.2 The conclusion that DFT methods underestimate (7) (a) kim, C.: Traylor, T. G.; Perrin, C. LJ. Am. Chem. Sod.998 120,

ivati ; i 9513. (b) Shea, K. J.; Kim, J.-9. Am. Chem. S0d.992 114,3044. (c)
activation bamers, in general,.shoqld .b(.e amended, and each Fahey, R. CTop. Siereochenio68 3 237
type of reaction must be examined individually. (8) (a) Bach, R. D.; Willis, C. L.; Domagala, J. M. Progress in Theoretical
_ ; ; _ Organic ChemistryVol. II; Cisizmadia, |. G., Ed.; Elsevier: New York,
(b) Gas-Phase Epoxidation of Selected Alkeneslecha 1977; p 221. (b) Bach, R. D.; Wolber, G.J.Am. Chem. Sod984 106,
nistic studies of electrophilic addition to alkenes has been a 1410.

Figure 1. Graphic comparison of the calculated activation barriers [B3LYP/
6-31+G(d,p)] for the epoxidation of a series of simple alkenes with
peroxyformic acid (PFA), dimethyldioxirane (DMDO), and methyl(trifluo-
romethyl)dioxirane (TFDO).
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cyclopropene cyclobutene cyclopentene
AE*=14.5 keal/mol AE*=13.7 keal/mol AE*=12.1 kcal/mol
£ iro=91.9° Z pirg=1.7° £ piro=91.2°

E-cyclooctene Z-cyclooctene
AE*=8.2 kcal/mol 1.761A , AE*=11.5 kecal/mol

Zin=51.8° !! 1.,864A £ pirg=93.4° 1.6T4A ,«I'
L]

bicyclo[3.3.1]non-1-ene

E-1-methylcyclooctene

AE*=59kealimol ~ 888A oA AE*=7.7 keal/mol 1.754A
o \ o

Lopin=49.3° G Zopira=117.6 J

Figure 2. Transition structures for the epoxidation of cyclic alkenes with peroxyformic acid, optimized at the B3LYP®3D) level of theory. The
classical activation barriers are given at B3LYP/6-3GI(3df,2p)//B3LYP/6-3%G(d,p). Dihedral angles{spiro represent§HOCC) indicate the deviation
from an idealspiro approach [(Ispiro is 9¢°) of the HO group in PFA onto the=€C bond of the alkene.
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Table 5. Calculated (B3LYP/6-311+G(d,p)) Activation Parameters for the Epoxidation of Cyclohexene and Isobutene with Dimethyldioxirane
(DMDO), Peroxybenzoic Acid (PBA) m-Chloroperoxybenzoic Acid (m-CPBA), and Peroxyformic Acid (PFA)2

DMDO/cyclohexene PBA/cyclohexene m-CPBA/cyclohexene PFA/isobutene DMDO/isobutene
AEF 12.6 (14.7Y 12.0 (14.3) 10.9 (13.4) 11.2 (13.09 14.0 (16.09
AHagg" 12.6 11.9 10.9 14.2
AGpos* 24.0 23.1 22.2 25.0
ASoos’ —38.1 —37.6,—32.9 —38.1,—27.& —36.3
AEF(CHCL) 11.3
AHagg" (CHCI) 11.4,5.0¢6
AGygg(CDClg) 16.9
AE*(CH,Clp) 12.2 114
AH2987(CH:Cly) 12.1 11.310.9¢
AEf(acetone) 10.7 10.6 10.9
AHagg"(acetone) 10.77.4 10.6 11.19.3
AGyog(acetic acid) 166
AE*(benzene) 12.2
AHaog (benzene) 12.10.#

aSolvent corrections were performed with the COSMO model. The numbers in italics are experimental®dluabers in parentheses are at the
B3LYP/6-31H-G(3df,2p)//B3LYP/6-31%+G(d,p) level of theory® Reference 119 References 11b,&.Reference 11d.Reference 12b.

Table 6. Calculated Energies and Enthalpies of the Alkene Epoxidation Reactions with Peroxyformic Acid (PFA), Dimethyldioxirane
(DMDO), and Methyl(trifluoromethyl)Dioxirane (TFDO)

PFA DMDO TFDO
alkene AE? AH? AE® AHP AE AH

ethylene —47.7 —48.3 -51.4 -52.0 —50.7 —50.9
—49.9 —50.1

propene —50.2 —50.6 —53.9 —54.4

isobutylene —-52.0 —52.4 —55.7 —56.2

trimethylethylene —55.1 —55.1 —58.8 —58.8 —58.0¢ —-57.6

tetramethylethylene —58.2 —58.6 —61.9 —62.4

E-2-butene —53.0 —53.5 —56.7 —57.3

Z-2-butene —53.1 —53.5 —56.8 —57.3

butadiene —46.9 —47.3 —50.6 —51.1

acrylonitrile —44.4 —44.8 —48.2 —48.6

aG2 (0 K).» G2 (298.15 K).£ G2(MP2) (0 K).d G2(MP2) (298.15 K)¢ G3 (0 K).f G3 (298.15 K).

respect to the center of the=€C bond axis. This idealized skeleton has only been decreased byr3the TS. TheAAE*
approach allows a modest back-bonding of the oxygen lone pairvalue of 3.3 kcal/mol fofE- versusZ-cyclooctene is clearly a
with the z* orbital of the alkene. reflection of the relative SE of these two medium-ring alkenes
In both cases relatively high negative entropies of activation (16.4 vs 4.2 kcal/molj¢ The activation barrier AE¥) for the
are observed (Tables 4 and 5), suggesting a highly orderedhighly strained bicyclo[3.3.1]non-1-ene is also quite low (Figure
transition state. For peracid epoxidation there is an intramo- 2, part 2 (fourth and fifth structures)). In these twist-strain
lecular H-bond of the OOH moiety to the carbonyl oxygen in alkenes the approach of the peracid deviates markedly from the
the ground state (GS) of PFA (2.9 kcal/mol) that gets markedly idealized spiro one, which suggests that this part of the potential
stronger in the TS for oxygen transfer (8.3 kcal/mol, Table 4). energy surface is quite soft. The back-bonding of the attacking

Additionally, the spiro orientation contributes to the experi-
mental entropy of~—30 entropy units (e.u., Table 4). The

oxygen lone pair to the*-orbital of the carbor-carbon double
bond is obviously reduced when the approach is so asymmetric.

calculated entropies range from 36 to 43 e.u., and the energy Although it is generally accepted that tle&o approach to
difference between the spiro (first-order) and planar (constrainednorbornene is favored over tlemdoone the magnitude of the

second-order saddle point) attack of peroxyformic acidet:
butene is 2.6 kcal/mol. The spiro orientation for DMDO
epoxidation ofE-2-butene is favored by 5.8 kcal/mol [B3LYP/
6-311G(d,p)], providing a rationale for its relatively high
activation entropy of 40 e.u.

Alkenes strained by twist orr-bond torsion, such ag-
cyclooctene, exhibit much lower barriers due to relief of strain

AAE¥ value is rarely measurable, unless some fraction of the
endoproduct can be detected. Tegoapproach to norbornene
is favored over theendoorientation by nearly 3 kcal/mol for
both PFA and DMDO, while the exo TS for benzonorbornadiene
is favored by nearly 5 kcal/mol (Figure 3).

The preferrecexo approach does not appear to result from
steric interactions. It is of particular relevance thatM€ value

in the TS for the oxygen-transfer step. The dihedral angle of for norbornene is only 0.9 kcal/mgreaterthan that for cyclo-

the allylic substitutents (CHC=C—CH,) in this twisted alkene
is 133, while the trans-hydrogen atoms on the double bond
are essentially in the plane, with a dihedral angle of°178

hexene despite an SE value of 19.2 kcal/mol for the strained
bicyclic alkene. Thus, except for twist strain, we observe surpris-
ingly little rate enhancement due to ring strain. The asymmetric

Whereas the epoxidation of symmetrically substituted alkenes approach onto conjugated alkenes resembles the TS for a

normally involves a symmetrical approach onto #hbond, the
TSs for epoxidation ofE-cyclooctene andE-1-methylcy-

Michael-like addition due to the polarization of thg3-unsat-
urated carborcarbon bond and attack of the electrophilic oxy-

clooctene exhibit highly asymmetric transition structures. We gen of the oxidant at thé-carbon of the double bond. As antic-
have no obvious explanation for the asymmetric approach ontoipated, conjugated alkenes have greatéond ionization poten-
E-cyclooctene, since the above dihedral angle for the carbontials and hence exhibit higher activation barriers (Figure 4).
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norbornene/DMDO exo-TS
AE*=13.0 keal/mol
£ pirg=102.8°

norbornene/PFA exo-TS
AE*=10.3 (12.9) keal/mol
£ =004

spiro
norbornene/DMDO endo-TS
AE*=15.8 kcal/mol
Lopirg=103.7°
s 2.142A
2462A  2.143A
2462 g\ < norbormene/PFA endo-TS !
ALY AE*=13.2 (15.4) keal/mol 1.885A
]
Zgin=91.1°
1.841A v

norbornene/TFDO exo-TS
AE*=5.5 keal/mol

Lapeg97.8°

benzonorbornadiene/PFA exo-TS
AE*=10.32 (12.2) keal/mol
Z gpirg=90.47

benzonorbornadiene/PFA endo-TS
AE*=15.1 (17.0) keal/mol

Zpig=91.1°

Figure 3. Transition structures for the epoxidation of norbornene and benzonorbornadiene, optimized at the B3L¥®(8;8)Llevel of theory. The
classical activation barriers are given at B3LYP/6+&(d,p). The barriers in parentheses are at B3LYP/6+33Bdf,2p)//B3LYP/6-3%+G(d,p). Dihedral
angles spiro represent§]HOCC for the PFA TSs ol COCC for DMDO and TFDO TSs) indicate the deviation from an idgdio approach [spiro is 90°).

930 J. AM. CHEM. SOC. = VOL. 125, NO. 4, 2003



Peracid vs Dioxirane Reactivity in Epoxidation ARTICLES

1,3-butadiene/PFA TS < styrene/PFA TS
AE*=12.4 (14.3) kcal/mol AE*=11.7 (14.2) kcal/mol
Z pirg=64.4° Zoping=63.1°

1.854A 1 .BE

1,3-butadiene/DMDO TS
AE*=14.6 keal/mol
=102.1°

styrene/DMDO TS
AE*=13.8 keal/mol
£ in=107.6°

Zspiro spiro

1.3-butadiene/TFDO TS
AE*=7.3 keal/mol
L oning=107.0°

styrene/TFDO TS
AE*=6.3 keal/mol
spiro Aspjm: 108.4°

Figure 4. Transition structures for the epoxidation of 1,3-butadiene and styrene, optimized at the B3L¥Re3) level of theory. The classical activation
barriers are given at B3LYP/6-31G(d,p). The B3LYP/6-31+G(3df,2p)//B3LYP/6-31%G(d,p) barriers are in parentheses. Dihedral andles:¢represents
OOHOCC for PFA TSs ofJCOCC for DMDO and TFDO TSs) indicate the deviation from an idgato approach [spiro is 9C°).
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AE* =14.8 keal/mol
£ ing=102.8°

Spiro

AE*=8.7 kcal/mol
Lopie=100.1°

Figure 5. (a, left) Transition structure for the epoxidation Bf2-butene with DMDO, optimized at the B3LYP/6-8G(d,p) level of theory. (b, right)
Transition structure for the epoxidation Bf2-butene with DMDO in the presence of acetic acid, optimized at the B3LYP#858d,p) level of theory.

Similar epoxidation barriers for PFA and DMDO prompted
us to take a closer look at the relative reactivity of a more

is obviously less than previously presumed. The peracid
epoxidation of ethylene reactions involves the cleavage of a

extensive series of classical oxidizing agents at a common levelrelatively weak G-O bond (48 kcal/mol) and the formation of

of theory [B3LYP/6-31-G(d,p)]. While the reactivity of DMDO

an oxirane, albeit strained, that has two much stronge©C

in epoxidations was generally considered to be at least equalbonds AHz9g = 52.0 kcal/mol). Thus, another measure of the

or even greater than that of a peroxy atimlr theoretical data

oxygen atom donor capacity can be estimated from the overall

suggest that DMDO actually has the lowest oxygen atom donor exothermicity of the reaction. These data at the G2 and G3 levels

propensity of the entire series of examined peroxideygen
atom donors (Table 4). By usinB-2-butene as a standard

of theory (Table 6) should provide highly reliable energetics
for these epoxidation reactions. The exothermicity of peracid

substrate, we observe a range of activation barriers from 6.4 toepoxidation increases systematically with increasing alkyl
14.8 kcal/mol. As anticipated, the fluoro-substituted peracids substitution as evidenced by the difference in reaction enthalpy
FCO;H and CRCO:H gave the lowest barriers, while DMDO  for epoxidation of tri- versus tetramethylethylene (3.5 kcal/mol).
gave the highest, much to our surprise. Sila-DMDO also proved This is consistent with an earlier TS and the noted greater
to be a very effective potential oxygen donor, as a consequencereactivity of the more highly substituted double bonds. This rate
of its high strain energy (36.4 kcal/mdff increase has traditionally been attributed to a higher lying
These striking computational results demand revision of our HOMO for the tetra-substituted alkene. The anticipated relief
traditional views on the origin of DMDO reactivity, namely, of ring strain energy on the activation barriers for DMDO
that DMDO is a “highly strained cyclic peroxide”. This view  epoxidation is simply not in evidence. The\H,9s = 3.8 kcal/
appears to be fallacious and rests on the remarkable ability of mol for PFA versus DMDO epoxidation does not support the
DMDO to oxidize saturated hydrocarbons by oxygen atom |ong assumed contention that relief of strain makes a major
insertion into CH bonds. Quite evidently, the reactivity of the contribution to the reactivity of “highly strained dioxiranes”. It
versatile DMDO oxidant must be ascribed to reasons other thanis even more striking that the reaction enthalpy for the more
its strain energy and should be attributed to well-established strained TEDO (SE= 19 kcal/mol¥ is actually slightly lower
solvent and hydrogen-bonding effets' than that of DMDO!Thus, it is the inherent electrophilicity of

In a two-electron oxidation such as alkene epoxidation, in
which the transfer of an oxygen atom by DMDO involves a
Su2-like displacement of an acetone molecule, the relief of strain

dioxiranes due to their unique structure and a relatively low-
lying O—O o*-orbital that is mainly responsible for dioxirane
reactivity. The origin of the increased reactivity of TFDO

appears to reside largely in its electronegativg Slfbstitutent.

(c) Relative Rates of Epoxidation in Solution. These
composite theoretical data strongly support the contention that
the inherent gas-phase reactivity of DMDO is comparable to
that of peroxyformic acid. How then may we resolve the
observed greater reactivity of DMDO in relatively polar or protic
solvents? It is well-established experimentally that protic
solvents disrupt the internal H-bond in a peracid and markedly
slow the rate of epoxidation. Moreover, the rate of oxygen
transfer from a peracid responds only modestly to acid

(9) (a) Baumstark, A. L.; Vasquez, P. @. Org. Chem1988 53, 3437. (b)
Gisdakis, P.; Rech, N.Eur. J. Org. Chem2001, 719. (c) Freccero, M.;
Gandolfi, R.; Sarzi-Amade, M.; Rastelli, Aetrahedronl998 54, 12323.

(10) (a) Bach, R. D.; Dmitrenko, O. Unpublished results. (b) Bach, R. D;
Canepa, C.; Winter, J. E.; Blanchette, PJEOrg. Chem1997, 62, 5191.
(11) (a) Murray, R. W.; Gu, DJ. Chem. Soc., Perkin Trank993 2, 2203. (b)
Henbest, H. B.; Wilson, R. A. LJ. Chem. Socl957 1958. (c) Henbest,
H. B. Proc. Chem. Sod 963 159. (d) Shea, K. J.; Kim, J.-3. Am. Chem.
Soc.1992 114 3044.
(12) Liu, J.; Houk, K. N.; Dinoi, A.; Fusco, C.; Curci, R. Org. Chem1998
3, 8565

(13) Gibert, M Ferrer, M.; Sechez-Baeza, F.; Messeguer, etrahedrorl997,
53, 8643.
(14) Baumstark, A. L.; Vasquez, P. @. Org. Chem1988 53, 3437.
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catalysis'®In contrast, Baumstafkreported that protic solvents  reaction complex of DMDO+ acetic acid. The competition
enhance the rate of DMDO epoxidation pinethoxystyrene. experiment in eq 1 exemplifies the problems associated with
Murray!'2showed that the protic solvents methanol and acetic the determination of relative rates in this way, because the
acid increase the rate of epoxidation of cyclohexene by DMDO presence of acetic acid (a potential catalyst in the DMDO
at 25°C by factors of 5 and 7.5 faster than in acetone. In moist epoxidation) is unavoidable; even if acetic-acid-free peroxyacetic
acetone, the rate is enhanced both by the polarity of the mediumacid were used, epoxidation by AcOOH would release AcOH
and the effects of hydrogen bonding on the distal oxygen of and be available as a catalyst.

DMDO in the TS for epoxidation. Indeed, Cutehas reported We calculate a\E* barrier of 12.6 kcal/mol for the gas-phase
a rate ratio of 74 for the epoxidation of cyclohexene with DMDO epoxidation of cyclohexene (Table 5), which is reduced
DMDO (acetone) versus perbenzoic acid (PBA in/CH). by 4.1 kcal/mol when a single water molecule is hydrogen-

A competition experiment was conducted to estimate the bonded to the distal oxygen of DMDO fmolecularprocess
relative rates of the epoxidation of cyclohexene by DMDO and relative to a pre-reaction cluster of DMBB,O) and by 6.3
peracetic acid (eq 1); also the role of water catalysis was kcal/mol with two complexed water molecules [B3LYP/6-
assessed under these conditions. When equimolar amounts 0811+G(d,p)]. The calculated barriers for the DMDO epoxidation

of E-2-butene with and without water catalysis are 11.0 and

o0-0 o) 14.4 kcal/mol at the same level of theory. Protic-solvent catalysis
)Q (+ /U\o ) + O o CDO was reported earlier by Miaskiewicz and Smiithwho, on the

OH =2 basis of theoretical work, suggested that the barrier for the

2 equiv. 2 equiv. 1 equiv. M DMDO epoxidation of 2-methyl-2-butene may be reduced from

13.6 kcal/mol to just 0.8 kcal/mb¥ by the action of just one
methanol molecule, H-bonded to the distal oxygen of DMDO
(B3LYP/6-31G*). However, this much reduced activation barrier
was calculated relative to isolated reactantge@molecular
process relative to separated reactants (DMDOz@H and
2-methyl-2-butene)® The H-bonded DMD@CH;OH pre-reac-
tion cluster has a stabilization energy-66.9 kcal/mol, which
actually places this activation barrier at 7.7 kcal/mol, based upon
a bimolecular process.

These composite data strongly suggest that the presence of
adventitious water or other hydrogen donors affect the observed
rate of epoxidation. For example, Murray has reporétf =
5.0 kcal/mol for the DMDO epoxidation of cyclohexene in
CDCl; and 7.4 kcal/mol in acetone as solvéktCurci et al.
also reported aix, value of 9.3 for the DMDO epoxidation of
isobutene in acetori@.These barriers are significantly lower
than the 13-18 kcal/mol gas-phase barriers that we calculate
at the B3LYP level of theory (Tables 1 and 2). We estimate
activation barriers of 12.6, 11.3, and 10.7 kcal/mol for the
DMDO epoxidation of cyclohexene in the gas phase, GHCI
and acetone by using the COSMO solvent model [B3LYP/
6-311+G(d,p), Table 5]. However, the current solvent correction
models do not explicitly treat hydrogen bonding interactions.

acetone-fre® DMDO (2 equiv) and peroxyacetic acid (2 equiv)
were allowed to react with cyclohexene (1 equiv) under
rigorously dried conditions, 53% of the DMDO was consumed
after 15 min, whereas essentially all of the peracid remained
(see Experimental Section in Supporting Information). These
results are quite similar to those that we have observed in not
rigorously dried acetone, the usual conditions for DMDO
epoxidations. Thus, DMDO reacts much faster (ca. 100-fold)
than peracetic acid, even under meticulously dried conditions.
For this purpose, an acetone-free DMDO solution in dichlo-
romethane was preparétiried first over BOs (3 h) and subse-
quently over KCO;s (2 h), and stored at20 °C under dry argon
gas. All other solvents and solutions were carefully dried. Under
these conditions, DMDO alone reacts rapidly with cyclohexene,
as monitored photometrically and by iodometric titration; after
15 min, 56% of the DMDO was consumed. In the presence of
equimolar amounts of DMDO and peroxyacetic acid, the amount
of DMDO was determined photometrically and the total per-
oxide content (DMDO#t peracid) was determined by iodometric
titration. After 15 min, 53% of the DMDO was consumed within
the experimental error (ca. 5%), whereas essentially all of the

peracid remained (no conversion). These results are quite S'm"arlmportantly, the calculated activation barriers for peracid

to those, which we have observed in not especially dried acetone'cyclohexene epoxidation, 12.0 (PBA, gas phase) and 10.9

Th_ese data reveal tha_t DMDO rea_lcts much_faster than pera.lc.et'C(MCPBA, gas phase), are not as sensitive to the solvent as is
acid, even under meticulously dried conditions. The solubility

. . . DMDO. For example, estimated barriers for the PBA/cyclo-
0, -
of thQ n CTZC;Z 'E nria:lmallyl 1"? %, fuc?k;r:_hat az mtl_ s%ample hexene in CHCI, and in benzene both had the same calculated
contains only Gl (1. mT"O) ot wa'er, This amount o i@ . AFE*values of 12.2 kcal/mol. These results and the comparison
would increase the reaction rate of the DMDO epoxidation

. . with experimental data are given in Table 6. As is evident, the
maximally by a factor of 1.21.71% however, under our metic- P 9

ulously dried conditions, the water concentration is much lower activation enthalpies for the peracid epoxidation of cyclohexene
y ’ " in CHyCl, and benzene are in very good agreement with
probably below 5 ppm.

. . . . . experiment.
This leaves open the question of catalysis by acetic acid, the P
solvent for the peroxyacetic acid. The role of acetic acid catalysis Conclusions

can be best examined computationally as discussed below. We The gas-phase reactivities of peroxyformic acid and DMDO

find t.h.at in the presence of 1 equiv of per.oxyacetic acid (see have been shown to be comparable on the basis of a series of
trans_|t|oq structure in F'gl_”e 5). the barrier for the DMDO high-level ab initio calculations. Solvent polarity and hydrogen

epoxidation ofE-2-butene is reduced from 14.8 to 8.7 kcal/
mol. (15) (a) Miaskiewicz, K.; Smith, D. AJ. Am. Chem. S0d99§ 120, 1872. (b)

_ idati ; ; The activation barrier with respect to isolated 2-methyl-2-butene and
For the HOAc-catalyzed epoxidation, the bimolecular barrier complexed DMDO with methanol is 7.7 kcal/mol at the B3LYP/ 6-31G-

was calculated with respect to isolateéd-butene and the pre- (d) level of theory.
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bonding effects have a profound effect upon the rate of dioxirane
epoxidation but a relatively small impact upon the activation

barriers for peracid epoxidation. The increased reactivity noted
for DMDO epoxidation in protic solvents may be traced directly

to a lowering of the energy of the transition state due to hydro-
gen bonding to the distal dioxirane oxygen. Under the usual
experimental reaction conditions in solution, adventitious water

calculations by using density functional theory (DFT). Geometries were
optimized? at the B3LYP and QCISD levels by using the 6-31G(d),
6-31+G(d,p), and 6-311G(3df,2p) basis sets (the latter was used only
for the B3LYP optimizations). The CCSD(T) calculations have been
performed by using the ACES Il progréhthat implements the coupled-
cluster and many-body-perturbation-theory methods. The reaction
enthalpies and strain energies were calculated by using G2, G3, and in

in the acetone solvent may also increase the rate of epoxidationsome cases G2(MP2) theorfé&ero-point energies (ZPE) and thermal

by hydrogen-bonding catalysis about as much as 100-fold. In

corrections to obtain reaction enthalpies at 298 K in the G2, G3, and

contrast, in the gas phase, the oxygen-atom-donor propensityG2(MP2) series were by convention computed at the HF/6-31G* level.

of peroxyformic acid toward simple alkenes is, after correction
for the computational method, comparable to that of DMDO.
These data suggest that in addition to the inductive effects of

The stationary points on the potential energy surfaces were characterized
by calculations of vibrational frequencies at the B3LYP/6-31G* level
of theory. Corrections for solvation were made by means of polarizable

electronegative substituents, such H-bonding effects could beconductor COSMO model calculatioffs.

exploited by the experimentalist to achieve faster rates of
dioxirane epoxidation.

Whengemdimethyl substitution is present in a dioxirane, as
in DMDO, the inherent strain energy is reduced (ca. 11 kcal/
mol),2® and this ground-state stabilization energy is reflected in
a lower intrinsic reactivity toward alkenes. The overall exo-
thermicity of peracid and DMDO epoxidation differ by only
3.8 kcal/mol, suggesting that relief of ring strain energy in the
TS has only a minor influence upon the barrier for alkene
epoxidation. Although TFDO is more highly strained and more
reactive as an oxygen-atom donor than DMD&SE = 7.7
kcal/mol), its enthalpy of reaction is actually lower by 1.2 kcal/
mol. The increased reactivity of TFDO relative to DMDO
(AAEF = 7.5 kcal/mol) is clearly not due to relief of ring strain
but must be attributed largely to the inductive effect of its
electronegative Gfgroup.

The lower reactivity of DMDO toward alkenes in the gas
phase should not be confused with the facile DMDO oxidation
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a different manner involving a biradicaloid transition state in a
concerted oxygen-atom insertiéhAs reported by Cremeérthe

parent dioxirane decomposes at 298 K with an activation
enthalpy of 18 kcal/mol to the bis-oxomethylene diradical,
whereas the barrier to the comparable ring opening of DMDO

is as much as 23 kcal/mol, which accounts for its persistence

and its capacity to serve as a useful chemical oxidant.

The rate of epoxidation of alkenes with a highly strained ring,
such as cyclopropene, is increased surprisingly little relative to
cyclopentene, but the twist strain in alkenes suclt&yclo-

octene results in a substantial increase in the rate of epoxidation.

Theexoapproach of peroxyformic acid to norbornene is favored
by 3 kcal/mol overendooxidation, while theexo epoxidation
of benzonorbornadiene is preferred by some 5 kcal/mol. Conju-

gated dienes experience a reduced rate of epoxidation relative

to isolated double bonds and exhibit very asymmetric transition
structures.
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