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Solvent Effects on the Activation Barriers of Olefin Epoxidation 2 A Density
Functional Study

Philip Gisdakis[a] and Notker Rösch*[a]

Keywords: Epoxidations / Peroxo complexes / Peroxides / Solvent effects / Density functional calculations

Solvent effects reduce the activation energies calculated for
olefin epoxidation by dioxiranes and percarboxylic acids in
the gas phase. Association of a proton donor to the oxygen
atom of the peroxo group not attacked by the olefin activates
the peroxo group and lowers the reaction barrier by 2−6 kcal/
mol, in agreement with experimental findings. A polarizable
solvent reduces the activation barrier further by about 2 kcal/
mol. Overall, satisfactory agreement with experimental ac-

Introduction

Dioxirane derivatives[1,2] R2CO2 (1) and percarboxylic
acids[325] RCO(O2)H (2) (Scheme 1) are important oxidants
for the epoxidation of olefins.[6,7] Such epoxidation reac-
tions have been extensively investigated by computational
methods.[8214] Recently we reported[15] that calculated ac-
tivation barriers in the gas phase correlate in a linear fash-
ion with the energy gap between the olefin HOMO π(C2C)
and the LUMO σ*(O2O) of the epoxidizing peroxo group,
as found previously also for epoxidation by transition metal
peroxo complexes.[16219]

Scheme 1

Activation energies are often calculated to be rather
higher than the measured epoxidation barriers, as exempli-
fied by the epoxidation of isobutene or α-methylstyrene by
dimethyldioxirane (DMDO). Experimental values for these
epoxidations in acetone are 9.3 6 0.2 and 10.2 6 0.1 kcal/
mol, respectively, while the epoxidation barrier of isobutene
has also been calculated to be 15.3 kcal/mol by a DFT-
based method.[13] This computational result is noteworthy
since barrier heights calculated with density functional
methods are known to often underestimate reaction bar-
riers.[20] From our DFT-based frontier orbital model[15] we
estimate the intrinsic activation barriers of isobutene and α-
methylstyrene to be 13.5 and 11.7 kcal/mol, respectively.
These estimates (for isobutene lower than the calculated
barrier[13] mentioned above) take electronic effects into
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tivation energies is achieved if calculated intrinsic (elec-
tronic) barriers are corrected for both types of solvent effects.
As an application we also discuss the electrostatic solvent
effect on the activation barrier of the olefin epoxidation by
different base adducts of a rhenium bisperoxo complex and
we rationalize opposite trends with different solvent dielec-
tric constants.

account, but neglect steric interactions between substituents
and the olefin or among the substituents R. In any case,
these discrepancies between measured barriers on the one
hand and calculated or estimated activation energies on the
other call for further clarification. For this purpose, we shall
analyze here the influence of the solvent on the activation
barrier of the epoxidation reaction with the help of model
calculations.

Measurements of epoxidation barriers reveal that activa-
tion energies are quite strongly affected by solvent ef-
fects,[21] as for instance demonstrated, albeit in a somewhat
indirect fashion, for the epoxidation rates of trans-ethyl cin-
namate and cyclohexene with DMDO. Since DMDO was
available only in acetone solution, the experiments were
performed in a 1:1 mixture of the solvent of interest and
acetone.[21] With an empirical multi-parameter model that
incorporates solvent properties such as proton donor (PD)
and proton acceptor (PA) capacities, relative reactivity indi-
ces of 7.5 and 3.2 were derived for cyclohexene epoxidation
with DMDO in acetic acid and CDCl3, respectively, using
acetone as reference solvent.[21] Interestingly, the corres-
ponding activation enthalpies show the opposite trend (5.0
6 0.3 kcal/mol in CDCl3, 7.7 6 0.4 kcal/mol in
CH3COOH), while the activation free energies are almost
identical (16.9 6 0.3 kcal/mol in CDCl3 and 16.6 6 0.5
kcal/mol in CH3COOH), indicating large entropy effects.
These studies show that solvents with PD capacity increase
the reaction rate, while solvents with PA capacity decrease
epoxidation rates.[21] Our frontier-orbital model[15] gives the
epoxidation barrier of cyclohexene with DMDO to be 13.7
kcal/mol, again an overestimation.

In the present computational study we will analyze how
the barrier heights of oxygen transfer (by direct attack of
an olefin on a peroxo group) depend on the continuum
properties of the solvent and on the proton-donating power
of an additional agent. We will focus on dioxirane H2CO2

(1) and acetic percarboxylic acid CH3CO(O2)H (2) as rep-
resentative of these two classes of peroxo compounds.
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Models and Methods

The two main effects of a solvent on a molecular system
are often discriminated:[22,23] a long-range electrostatic in-
teraction, where the environment is described as a polariz-
able continuum, and a short-range (chemical) interaction of
the solute with solvent molecules. Commonly the first effect
on a molecular system is computationally analyzed within
so-called polarizable continuum models (PCM) where the
solute is placed in a cavity of a polarizable dielectric me-
dium,[22,23] allowing the charge distribution of the solute to
polarize the dielectric and vice versa. Such a model ap-
proach ignores the molecular structure of the solvent. On
the other hand, modeling chemical interactions between
solvent and solute, such as solvolysis, protonation/depro-
tonation, or polarization due to association of a solvent
molecule (e.g. hydrogen bonds) requires explicit calculations
of such effects.

In experiment it is difficult — if not impossible — to
differentiate between both types of solvent effects. In the
present study we shall separately model each kind of solvent
effect on the olefin epoxidation by dioxiranes and percarb-
oxylic acids. For this purpose, we will first study adducts of
various proton donors at the ‘‘free’’ (second) oxygen center
of an epoxidizing peroxo group which is not attacked by
the olefin (see Figure 1). Secondly, the activation barrier of
the reactions in relevant dielectric media of different polar-
izability will be determined.

Figure 1. Optimized transition state structure of ethylene epoxid-
ation by dioxirane associated with HF, 1·HF

We have calculated the epoxidation barriers with ethylene
as the model olefin, using the B3LYP hybrid[24,25] density
functional approach.[26] Geometries were optimized with-
out symmetry constraints using a 62311G(d,p) basis
set.[27,28] Long-range electrostatic solvent effects were
treated with the IEFPCM method (integral equation form-
alism, polarized continuum model).[29]

To model the effects of a chemically interacting protic
solvent (i.e. the PD capacity of the solvent),[21] we deter-
mined the epoxidation barriers for adducts 1·HA with a
proton donor associated at the dioxirane oxygen center not
attacked by the olefin (Figure 1). We investigated various
Brønsted acids HA (H2O, H2S, HF, and HCl); see Figure 1
for the transition state structure of ethylene epoxidation by
the adduct 1·HF. Obviously, in ‘‘real’’ systems, the interac-
tions of solute and solvent are much more complicated than
those depicted in such a simple model approach. Indeed
there may be more than only one proton donor associated
to the peroxo compound. Additionally, we refrained from
extensive checks to assure that the optimized starting struc-
tures are global minima on the potential energy surface of
the adduct 1·HA. This restriction is in the spirit of the pre-
sent model study which aims at elucidating trends rather
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than at quantifying such short-range solvent effects. In fact,
we do not expect that there are other structures with con-
siderably different energetics since the calculations were per-
formed without symmetry restriction. To achieve quantitat-
ive results, ab initio molecular dynamics calculations are re-
quired, a modeling approach that is computationally much
more demanding and certainly beyond the scope of the pre-
sent exploratory model study.

Results and Discussion

Table 1 presents the association energies ∆EHA of the ad-
duct systems 1·HA and the corresponding activation bar-
riers ∆E‡ for the epoxidation reaction of ethylene. Also
listed are the pKa values[30] of the proton donors HA. In
clear agreement with experimental results,[21] we obtain an
increased reactivity of the system due to the association of
proton donors. The activation barriers drop with increasing
acidity of HA from 13.5 kcal/mol for dioxirane in the gas
phase to about 7.2 kcal/mol for HF as proton donor; a fur-
ther increase of the acidity of the proton donor does not
seem to decrease the barrier beyond this value.

Table 1. Calculated association energies ∆EHA of various proton
donors HA to dioxirane 1 and the corresponding ethylene epoxid-
ation activation energies ∆E‡ of the adducts 1·HA; energies in kcal/
mol; also given is the experimental pKa value of HA.

HA pKa
[a] ∆EHA ∆E‡

None 2 2 13.52
H2O 15.7 27.36 11.26
H2S 7 22.86 10.28
HF 3.2 28.54 7.23
HCl 28 24.89 7.27

[a] See ref.[30].

Long-range electrostatic solvent effects[29] on the activa-
tion barriers of the three systems 1, 1·HF, and 2 were deter-
mined for various solvents (dielectric constant ε in paren-
theses): C7H16 (1.9), CCl4 (2.2), CHCl3 (4.9), CH2Cl2 (8.9)
CH2ClCH2Cl (10.4), (CH3)2CO (20.7), CH3CN (36.6),
(CH3)2SO (46.7).[31]

To represent the results for a system X in compact form
we resorted to the Onsager reaction field model.[22] In a
spherical cavity of radius a(X), a system with dipole mo-
ment µ(X) undergoes a stabilization ∆Esol when interacting
with a surrounding medium of dielectric constant ε:

In this simple model, back-polarization of the solute on
the solvent is neglected. The scaling factor κ(ε) 5 1 2 3/(2ε
1 1) characterizes the solvent; it varies from κ 5 0 for the
gas phase (ε 5 1) to κ 5 1 for ε R `. This limit is almost
reached for water as solvent, κ(ε) 5 0.98. The system de-
pendent quantity η(X) characterizes the polarity of the sol-
ute X, i.e. its sensitivity to the polarizing capacity of the
medium; it represents the maximum value of the solvent
effect on the total energy achievable due to embedding in
a dielectric environment. Later on, we will use the scaling
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relationship in Equation (1) with the proportionality con-
stant κ(ε) to determine η(X) from accurate IEFPCM results
[see Equation (3)]. From the Onsager model [Equation (1)],
with a spherical cavity of volume V(X) we obtain the model
approximation ηm(X):

In Table 2, we present the computed solvent effects
∆Esol(ε) on the total energy of the systems of interest (oxid-
ants, ethylene, and the corresponding transition states) by
quoting the quantity η(X) fitted to the B3LYP-IEFPCM
results Etot(ε,X) in various solvents:

Table 2. Coefficient η [in kcal/mol, see Equation (3)], dipole mo-
ment µ (in Debye) and volume V of the Onsager cavity (in Å3) for
ethylene, 1, 1·HF, 2, and various rhenium bisperoxo base adducts
3·L [L 5 H2O, pyridine (py), pyrazole (pz)] from
B3LYP2IEFPCM calculations; also shown are these character-
istics for the corresponding transition states of ethylene epoxidation
(marked by ‡) and the resulting sensitivity parameter ∆η‡ of the
transition state [see Equation (4)]

η η‡ ∆η‡ µ µ‡ V V‡

C2H4 0.30 2 2 0 2 131 2
1 3.34 5.94 2.30 2.61 4.82 76 180
1·HF 4.28 6.25 1.67 3.01 5.31 112 217
2 2.94 4.54 1.30 2.31 2.56 146 249
3·H2O 10.10 11.65 1.25 2.74 4.25 160 236
3·py 7.19 6.95 20.54 5.88 5.93 253 326
3·pz 9.93 9.97 20.26 5.41 5.29 229 303

The calculated solvent effects fit this relationship per-
fectly; the correlation coefficients R2 of the fit are at least

Figure 2. Calculated energy barriers ∆E‡
sol (in kcal/mol) for the

epoxidation of ethylene by the compounds 1, 1·HF and 2 as a func-
tion of κ 5 1 2 3/(2ε 1 1), with ε the dielectric constant of the
solvent; the media corresponding to the ε values displayed are (in
order of increasing κ, given in parentheses): gas phase (0), C7H16
(0.38), CCl4 (0.44), CHCl3 (0.72), CH2Cl2 (0.84), CH2ClCH2Cl
(0.86), (CH3)2CO (0.93), CH3CN (0.96), and (CH3)2SO (0.97)

0.998. In Figure 2 we provide a graphical representation of
the solvent effect for the activation barriers of ethylene
epoxidation with the systems 1, 1·HF, and 2; this presenta-
tion confirms the essentially linear variation of the solvent
effect ∆Esol(ε,X) with κ(ε). Inspecting Table 2, we note that,
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as expected, in related systems η increases with the dipole
moment µ of the system [see Equation (2)].

The corresponding representation of the dielectric solv-
ent effect ∆2E‡

sol on the epoxidation barrier ∆E‡ at trans-
ition state TS is:

Oxidant 1 exhibits the largest effect of a polarizable con-
tinuum description of the solvent on the epoxidation barrier
(Table 2). The activation barrier of ethylene epoxidation in
the gas phase decreases in water by ∆η‡ 5 2.3 kcal/mol to
∆E‡

sol 5 11.2 kcal/mol (using the data from ref. 15). For the
proton donor adduct 1·HF this sensitivity to a dielectric
environment drops to ∆η‡ 5 1.7 kcal/mol, and the limiting
barrier height is rather low at 5.6 kcal/mol.[15] The lowest
value, ∆η‡ 5 1.3 kcal/mol, is found for 2 in conjunction
with the highest limiting value of the activation barrier, 15.8
kcal/mol.[15] Since the values ∆η‡ do not differ much, the
effect of the electrostatic solute2solvent interaction is quite
similar in all systems and the epoxidation barriers are rather
uniformly reduced by 122 kcal/mol. The small differences
in ∆η‡ between the systems 1, 1·HF, and 2 may be rational-
ized by noting that the O2O bond has to be polarized for
the epoxidation to proceed. Apparently, formation of a pro-
ton donor adduct reduces the polarizability of the peroxo
group, fixes somehow the charge distribution in the O2O
moiety, and the peroxo bond of 1·HF is not as activated by
the solute-solvent interaction as that of 1.

Recall that the discrepancy between the calculated[13]

(15.3 kcal/mol) and the experimental activation barrier (9.3
kcal/mol in acetone) for the epoxidation of isobutene by
dimethyldioxirane DMDO is 6 kcal/mol.[13] Assuming small
amounts of water to be present in acetone, the barrier will
be reduced by about 2.3 kcal/mol by water adduct forma-
tion. The polarizing effects of acetone as dielectric environ-
ment will decrease the barrier further by about 2.1 kcal/
mol. The total solvent effect by a water/acetone solvent
lowers the theoretical value of the barrier to 10.9 kcal/mol.
Thus, the discrepancy to the experimental value of 9.3 kcal/
mol is significantly reduced when short-range and long-
range solvent effects are taken into account. The remaining
discrepancy between the measured and the corrected com-
putational values may in part be due to computational
parameters (the 6231G* basis set[13] may need to be im-
proved) and model assumptions (solvent effects were estim-
ated for dioxirane and ethylene as model olefin).

In summary, the activation energies of olefin epoxidation
are reduced due to solvent effects. On the one hand, associ-
ation of a proton donor at the oxygen center of the peroxo
group not directly attacked by the olefin reduces the epoxid-
ation barrier by 2 to 6 kcal/mol (Table 1). In addition to
this short-range interaction, the epoxidation barriers are
lowered by about 122 kcal/mol due to the long-range elec-
trostatic interaction with a polarizable dielectric medium
(Table 2).
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Application

Finally, as an application of the present analysis of solv-
ent effects, we consider the effect of the electrostatic
solute2solvent interaction on the activation energies of ol-
efin epoxidation by methyltrioxorhenium with hydrogen
peroxide, CH3ReO3/H2O2. Detailed computational results
on these epoxidation systems have been described
elsewhere.[16218,32] The calculated gas-phase barriers for the
direct attack of C2H4, analogous to the epoxidation path-
way of organic peroxo compounds (see Figure 1),[8214] on
CH3Re(O2)2O·L (3·L) are 16.2, 15.9, and 14.9 kcal/mol for
L 5 H2O, pyridine (py), and pyrazole (pz), respectively. In

Figure 3. Calculated solvent effect ∆2E‡
sol (in kcal/mol) on the en-

ergy barriers for the epoxidation of ethylene by various rhenium
bisperoxo base adducts CH3Re(O2)2O·L [L 5 H2O, pyridine (py),
pyrazole (pz)] as a function of κ(ε) 5 1 2 3/(2ε 1 1), with ε the
dielectric constant of the solvent

Figure 3 we present the calculated reaction barriers of 3·L
for three different environments: gas phase (ε 5 1), toluene
(ε 5 2.4), and water (ε 5 78.4). While in the gas phase, the
water ligated Re complex exhibits the highest barrier, the
pyridine stabilized analogue shows a larger activation bar-
rier already in toluene as solvent. For water as solvent, we
find the complex 3·H2O to feature the smallest epoxidation
barrier, 15.4 kcal/mol (Figure 3). The solvent effect on the
reaction barrier of 3·H2O is in line with that of the organic
peroxo compounds discussed above; however, the reaction
barriers for pyridine and pyrazole as base ligands increase
with the polarity of the solvent, e.g. in the commonly used
solvent CH2Cl2 (ε 5 8.93, κ 5 0.84).

These differences in the solvent effect ∆E‡
sol of the epoxid-

ation barriers of ethylene may be rationalized by expanding
the model quantity ∆ηm

‡ [see Equations (2) and (4)] to
first-order:

Here, we have introduced the difference ∆µ(X) between
the dipole moment of the transition state of a system X and
the corresponding ground state, as well as the correspond-
ing volume change ∆V(X) of the Onsager cavity; contribu-
tions due to ethylene are small (see Table 2) and have been
neglected. While Equation (5) does not provide a semi-
quantitative estimate of the values of ∆η‡ determined from
the self-consistent application of the IEFPCM method, it
does allow us to rationalize the different signs of 3·L in the
case of L 5 H2O on the one hand and of L 5 py and pz
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on the other. First, we observe that the effect of the volume
change ∆V(X) tends to increase the epoxidation barrier in
all cases by a similar amount (∆V/V 5 0.47, 0.29, 0.32 for
L 5 H2O, pyridine, and pyrazole, respectively; cf. Table 2).
In the case of pyridine and pyrazole, this is the dominating
effect since ∆µ/µ is very small, 0.01 and 20.02, respectively.
For L 5 H2O, just as for the organic peroxo compounds,
the large increase of the dipole in the transition state in-
duces a reduction of the epoxidation barrier; for 3·H2O the
corresponding value ∆µ/µ is 0.55 (cf. Table 2).

Previously, we had analyzed[16] the electronic effects on
the barrier to ethylene epoxidation due to the formation of
a base adduct 3·L; we attributed the higher activation bar-
riers of base adducts 3·L to the reduced electrophilicity of
the peroxo oxygen center under attack by the olefin. As a
result of the present investigation of solvent effects, we note
that these increases in the activation barriers due to base
adduct formation can be overcompensated by this electro-
static solvent effect. Therefore, while the barriers of base
adducts with pyridine and pyrazole are lower in the gas
phase than the barrier of the adduct with water, this or-
dering may be reduced or even reversed in a solvent. In this
context one should compare the calculated barrier heights
of ethylene epoxidation in the gas phase to those in toluene
and water as shown in Figure 3. This finding rationalizes
the observation that the effect of specially designed aro-
matic N-base ligands, e.g. for stereoselective epoxidation,[33]

can be foiled due to electrostatic solute-solvent interaction,
even in such weakly polar solvents as toluene.

In conclusion, to estimate the electrostatic solvent effect
of any solvent on reaction and activation energies, it suffices
to interpolate the energy values from two calculations, for
the gas phase and for water as solvent, using the appropri-
ate scaling parameter κ(ε).
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[9] R. D. Bach, C. M. Estévez, J. E. Winter, M. N. Glukhovtsev,

J. Am. Chem. Soc. 1998, 120, 680.
[10] X. Du, K. N. Houk, J. Org. Chem. 1998, 63, 6480.
[11] M. Freccero, R. Gandolfi, M. Sarzi-Amadè, A. Rastelli, Tetra-
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M. Estevéz, A. G. Baboul, H. B. Schlegel, J. Phys. Chem. A
1997, 101, 6092.

[15] P. Gisdakis, N. Rösch, J. Org. Chem. 2001, in print.
[16] I. V. Yudanov, C. Di Valentin, P. Gisdakis, N. Rösch, Eur. J.

Inorg. Chem. 1999, 2135.
[17] C. Di Valentin, P. Gisdakis, I. V. Yudanov, N. Rösch, J. Org.

Chem. 2000, 65, 2996.
[18] N. Rösch, P. Gisdakis, I. V. Yudanov, C. Di Valentin, in Perox-

ide Chemistry: Mechanistic and Preparative Aspects of Oxygen
Transfer (Ed.: W. Adam ), Wiley-VCH, Weinheim, 2000, p. 601.

[19] F. E. Kühn, A. M. Santos, P. W. Roesky, E. Herdtweck, W.
Scherer, P. Gisdakis, I. V. Yudanov, C. Di Valentin, N. Rösch,
Chem. Eur. J. 1999, 5, 3603.

[20] A. Görling, S. B. Trickey, P. Gisdakis, N. Rösch, in Topics in
Organometallic Chemistry, Vol. 4 (Eds.: J. M. Brown, P. Hof-
mann), Springer, Heidelberg, 1999, 109.

[21] R. W. Murray, D. Gu, J. Chem. Soc., Perkin Trans. 1993, 2,
2203.

[22] J. Tomasi, M. Persico, Chem. Rev. 1994, 94, 2027.
[23] C. J. Cramer, D. G. Truhlar, Chem. Rev. 1999, 99, 2161.
[24] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[25] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.
[26] Gaussian 98, Revision A.7, J. Frisch, G. W. Trucks, H. B. Schle-

gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G.
Zakrzewski, J. A. Montgomery Jr., R. E. Stratmann, J. C. Bur-
ant, S. Dapprich, J. M. Millam, D. Daniels, K. N. Kudin, M.

Eur. J. Org. Chem. 2001, 7192723 723

C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J.
Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman,
J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Re-
plogle, J. A. Pople, Gaussian Inc.: Pittsburgh PA, 1998.

[27] R. Krishnan, J. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys.
1980, 72, 650.

[28] A. McLean, G. Chandler, J. Chem. Phys. 1980, 72, 5639.
[29] C. Amovilli, V. Barone, R. Cammi, E. Cances, M. Cossi, B.

Mennucci, C. S. Pomelli, J. Tomasi, Adv. Quantum. Chem. 1999,
32, 227.

[30] J. March, Advanced Organic Chemistry, 3rd ed. Wiley, New
York, 1985, 220.

[31] CRC Handbook of Chemistry and Physics, 77th Ed. CRC: New
York, 1997.

[32] P. Gisdakis, S. Antonczak, S. Köstlmeier, W. A. Herrmann, N.
Rösch, Angew. Chem. Int. Ed. 1998, 37, 2211.

[33] J. J. Haider Dissertation, Technische Universität München,
1999.

Received September 7, 2000
[O00462]


