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Experimental observations show that direct olefin epoxidation by H,O,, which is extremely sluggish
otherwise, occurs in fluorinated alcohol (R{OH) solutions under mild conditions requiring no
additional catalysts. Theoretical calculations of ethene and propene epoxidation by H,0, in the
gas phase and in the presence of methanol and of two fluorinated alcohols, presented in this paper,
show that the fluoro alcohol itself acts as a catalyst for the reaction by providing a template that
stabilizes specifically the transition state (TS) of the reaction. Thus, much like an enzyme, the
fluoro alcohol provides a complementary charge template that leads to the reduction of the barrier
by 5—8 kcal mol~t. Additionally, the fluoro alcohol template keeps the departing OH and
hydroxyalkenyl moieties in close proximity and, by polarizing them, facilitates the hydrogen
migration from the latter to form water and the epoxide product. The reduced activation energy
and structural confinement of the TS over the fluoro alcohol template render the epoxidation reaction

observable under mild synthetic conditions.

Introduction

Hydrogen peroxide is an environmentally friendly
oxidant and is therefore touted as a synthetic reagent.
Like all peroxides, H,O, possesses a low O—O bond
energy®? and therefore, in principle, is a good oxygen
donor provided it can be activated by a catalyst. The
catalyzed oxygenation mechanisms by H,0O, and related
peroxides pose some intriguing mechanistic puzzles.
Some controversy still surrounds the issue of whether
the mechanism of oxygen insertion into C=C and C—H
bonds by, e.g., peroxyacids is homolytic or heterolytic.
Strong acids protonate the peroxide and promote a
heterolytic mechanism. Indeed, experimental and com-
putational studies indicate that protonated hydrogen
peroxide, H3O,", is a very powerful oxidant.3* By con-
trast, weak acids such as CF;COOH appear to participate
in the activation of H,O, in their nondissociated forms
and catalyze the oxygen insertion by hydrogen bonding
to the oxidant.® Recently, one of us® and others’ have
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demonstrated that 1-octene, which is notoriously difficult
to epoxidize, undergoes epoxidation under mild conditions
when H,0; is employed in fluorinated alcoholic solutions,
e.g., CF3CH,0OH and (CF3),CHOH. No acid catalysis of
the reaction was necessary, since the epoxidation takes
place when commercial H,0 is buffered with 0.05 equiv
of Na,HPO,, a quantity more than sufficient to neutralize
the stabilizing sulfuric acid additive,” or used at pH = 8
by addition of sodium carbonate.®® In addition, in the
presence of the fluoro alcohols, the reaction of hydrogen
peroxide with cis-stilbene gave complete retention of the
olefin configuration.® By contrast, no reaction of H,O,
with olefins is observed in ethanol or 2-propanol.® The
lack of reactivity in common solvents and, in particular,
nonfluorinated alcohols® suggests that fluorine plays a
key role in promoting the epoxidation.® What is this role
of fluorine, and what are the factors that enable alkene
epoxidation by H,0, in the presence of fluoro alcohols?
We address these questions in the present study by
theoretical means.

Outline of Theoretical Strategy

Hydrogen bonding in peroxides has already been
shown as an important factor contributing to the stereo-
chemical course of olefin epoxidation.®~*! An initial lead
to the activation of hydrogen peroxide by fluoro alcohols
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SCHEME 1. Model Epoxidation Reactions Studied
to Reveal the Effect of Fluoro Alcohols

without X;
gas-phase "naked' (n)
——  X=CH;0H(M) ——
Rerer 10, e i,
X ——  X=CF,CH,OH(F3) —  H,0
R=H(e)
R=CH; (p)

L X=(CF,),CHOH (F6) ——

could have therefore been associated with the hydrogen
bonding capability of these solvents with the oxidizing
reagent. Thus, fluorinated alcohols are known to form
multiple hydrogen-bonded complexes that affect sugar
conformations and secondary structures of biopoly-
mers.*2%3 Infrared spectroscopic experiments and theo-
retical calculations'*~1® showed that hydrogen peroxide
is both a better proton donor and a better proton acceptor
than water. Some more support is provided by the 'H
and O NMR spectra of H,0O; in fluorinated alcohols,
which clearly indicate® the complexation between H,0,
and the fluorinated alcohols. It was surmised® that in
these complexes fluorine acts as a hydrogen bond accep-
tor and the slightly acidic alcoholic hydroxyl as hydrogen
bond donor. Our preliminary tests, using GIAO-B3LYP/
6-311++G** calculations of complexes of fluorinated
alcohols and H,0, confirm the NMR findings® that the
fluoro alcohol (RfOH) is capable of acting as both a proton
donor and a proton acceptor (see Supporting Informa-
tion). Thus, the lack of reactivity in nonfluorinated
alcohols®® and the fact that fluoro alcohols are nonpolar
solvents with lower dielectric constants compared with
their nonfluorinated analogues suggest that the observed
catalysis of epoxidation is not due to a general “solvent
effect”. The fluorine substituents must be playing a key
role in stabilizing the transition state, and therefore the
fluoro alcohol should be explicitly included in the calcula-
tions.

To address these issues, we studied ethene and pro-
pene epoxidation by H,O,, in either “naked” form or in
the presence of methanol, trifluoroethanol, or hexafluoro-
isopropyl alcohol. Scheme 1 shows the model reactions
and the adopted notations; n stands for “naked” H,O,,
F3 for CF;CH,0OH-H,0,, F6 for HzOz'(CFg)zCHOH, and
M for methanol, and the labels e and p stand for ethene
and propene, respectively. The reactions of the naked
system and that in the presence of methanol will serve
as reference reactions, which will enable estimation of
the effect of the fluorinated alcohols. On the basis of
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Scheme 1, the various species are labeled by letter
combinations, where C, TS, and P stand for oxidant
clusters, transition structures, and products. For ex-
ample, C(F3) is the oxidant cluster of trifluoroethanol
with H,0,, TS(e,n) refers to the transition structure of
the naked system for ethene epoxidation, TS(p,F6) refers
to the transition structure of propene epoxidation cata-
lyzed by hexafluoro2-propanol, etc.

Methods and Computational Details

Method Selection. Oxidation by peroxides is known
to exhibit trends that are compatible with either con-
certed polar reactions or with stepwise biradical mech-
anisms through O—O bond homolysis.'” This poses
computational difficulties in distinguishing between the
mechanisms,'® which were discussed thoroughly®® in a
recent paper on the oxygen insertion reaction of diox-
iranes to C—H bonds. Thus, it was shown?® that using
restricted DFT (RDFT) or unrestricted DFT (UDFT)
calculations gives rise to different mechanisms; RDFT
leads to a concerted oxygenation, whereas UDFT leads
to a stepwise mechanism via diradical intermediates. All
RDFT transition states (TSs) were found to exhibit
instability with respect to alternative UDFT solutions.
The latter lead to stepwise mechanisms and, in most
systems, also to considerably lower lying TSs. As a result
of technical procedures in GAUSSIAN-98,%° performing
a UDFT calculation on the converged RDFT structure
gives the same RDFT solution back. However, a proper
UDFT calculation can be initiated by subjecting the TS
from an RDFT calculation to a stability check. Accord-
ingly we performed RDFT calculations and subjected all
of them to a stability check to subsequently explore the
UDFT surfaces for two reactions.

Computational Details. RDFT calculations on model
alkene epoxidations with the hybrid B3LYP functional
were carried out using the standard Gaussian basis sets,

(17) For arguments and counter arguments for the oxygen transfer
reactions of dioxyranes, see: (a) Adam, W.; Curci, R.; D’Accolti, L.;
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Smerz, A. K.; Veloza, L. A.; Weinkotz, S.; Winde, R. Chem. Eur. J.
1997, 3, 105. (b) Gonzalez-Nufiez, M. E.; Castellano, G.; Andreu, C.;
Royo, J.; Baguena, M.; Mello, R.; Asensio, G. J. Am. Chem. Soc. 2001,
123, 7487—7491. (c) Bravo, A.; Fontana, F.; Fronza, G.; Minisci, F.;
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6-311++G**. A few calculations were tried also with
6-311G**, which was abandoned in favor of the more
extended basis set. The reaction critical points for the
epoxidation pathways in Scheme 1 were studied by
gradient optimization. All the TSs were verified by
frequency calculations. The reaction mechanisms for the
smaller systems, (e,n) and (e,F3) were ascertained by
intrinsic reaction coordinate (IRC) following.?>?? Partial
charges were determined using NBO analysis.?

Two types of critical structures were located during the
TS search. The initial structure, leading to a synchronous-
concerted epoxidation (two equal C—0O bonds), was found
to be a second-order saddle point, having two imaginary
frequencies. One of the frequencies is a cartwheel rotation
that leads to a structure with unequal C—0O bonds. This
latter structure was characterized as a first-order saddle
point with a single imaginary frequency, namely, a
genuine TS. Locating initially the second-order saddle
point proved useful for an eventual location of the real
TSs. The so obtained RDFT TSs that were found to
correspond to concerted epoxidations were subsequently
subjected to instability checks and gave lower UDFT
solutions. These results are discussed later, but already
at this point it is important to emphasize that the RDFT-
UDFT energy differences are exceedingly small (0.03—
2.26 kcal mol™?) for the transition states that include the
fluoro alcohol molecules. Furthermore, inclusion of sol-
vent polarity effect (see below) reverses the order in favor
of the corresponding RDFT structures. Finally, as shown
later, the RDFT and UDFT conclusions concerning the
effect of the fluoro alcohol are after all very similar.

A few MP2 calculations were attempted and showed
that the concerted TSs found with DFT could also be
located with MP2. However, the MP2 method was
abandoned because its frequency calculations with R{OH
were extremely time-consuming and repeatedly crashed.
The MP2 data is collected in Supporting Information. The
following text is restricted to the description of the
B3LYP/6-311++G** results, and other data are pre-
sented in Supporting Information.

Reference Reactions. To assess the effect of fluori-
nated alcohols, we tested two reference model reactions.
One is the reaction of the naked H,0O,, labeled n in
Scheme 1 above. The other, labeled M, involves a non-
fluorinated alcohol, CH3;OH. Therefore, the naked (n) gas-
phase reaction and the one assisted by methanol (M)
were adopted as models of the noncatalyzed epoxidation,
while reactions F3 and F6 address the catalytic effect of
fluorinated alcohols and the possible role of fluorine as
a hydrogen bonding acceptor.6=81213 To have a more
realistic estimate of the catalytic effect, we computed the
effect of solvent polarity on the barriers through single
point calculations. The solvent calculations were done
with the implementation of the polarized continuum
model in JAGUAR 4.1.24 The solvent is characterized by
two quantities, its dielectric constant (¢) and the probe
radius (r). We used two solvents with e = 5.708, r = 2.72

(21) Gordon, M. S.; Jensen, J. H. Acc. Chem. Res. 1996, 29, 536—
543.
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2161.
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899—-926.

(24) Jaguar 4.1, Schrodinger Inc.: Portland, OR, 2001.
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A and € =10.65 and r = 2.51 A. These dielectric constants
bracket the value (¢ = 8.55) for trifluoroethanol for which
no probe radius is available. Since propene epoxidation
gave the same trends, only the corresponding naked
reaction (p,n) served as a reference.

Results

Epoxidation of Ethene—RB3LYP Results. Clus-
ters. Preliminary GIAO-RB3LYP/6-311++G** calcula-
tions, summarized in Supporting Information, confirm
the NMR findings® that the fluoro alcohol (R{OH)
interacts with hydrogen peroxide by acting as both a
proton donor and a proton acceptor. Two types of hydro-
gen-bonded clusters, H,0,—R:OH, were identified, the
most stable ones of which are shown in Figure 1. The
strength of the F---HO hydrogen bond can be assessed
from the fact that the hydrogen bonded cluster of H,O,—
CH30H (Figure 1) yields approximately the same stabi-
lization energy as the clusters of fluorinated alcohols and
H,O, (7.1-7.9 kcal mol™t, see Figure 6). One may
therefore deduce that F:--HO bonds, as such, are rather
weak, and any catalytic effect of the RyOH must originate
from a special stabilization of the transition states.

Transition States. The RB3LYP transition states are
shown in Figure 1. In the transition states, TS(e,F3) and
TS(e,F6), the R{OH chelates the departing OH moiety
by a pair of hydrogen bonds. The hydroxyl group of
R{OH acts as proton donor and the fluorine as an
acceptor. The coordination around the oxygen of the
departing OH becomes tetrahedral, while the hydrogen
atom is directed toward the accepting fluorine, thus
defining a ring structure with limited degrees of freedom,
by reference to the transition structure for the reactions
of the naked hydrogen peroxide, TS(e,n), or the one
coordinated to methanol, TS(e,M). Two different confor-
mations were located for the transition state for the
e,F3 combination. These two transition states are seen,
from Figure 1, to differ in the number of F---H contacts,
such that TS(e,F3)' is more compact and has more
contacts than TS(e,F3). We note that, although the F---H
contacts are long, they are nevertheless important be-
cause of favorable electrostatic interactions that will be
discussed later.

IRC calculations, starting from the transition struc-
tures TS(e,n) and TS(e,F3), show that the reaction
mechanism is invariably concerted, and as the O—0O bond
is broken, the departing OH group captures the hydrogen
atom of the hydroxyl group of the HO---C=C moiety,
thereby resulting in the products, epoxide and water
molecule. The IRC starting from TS(e,F3) is shown in
Figure 2. The same information is evident from the
imaginary modes of the TSs in Figure 3. Thus, these
transition states describe nonsynchronous-concerted ep-
oxidation mechanisms.

Epoxidation of Propene—RB3LYP Results. Since
propene epoxidation can have in principle Markovnikoff
and anti Markovnikoff TSs, we performed an initial
screening of the TSs for the epoxidation by naked
hydrogen peroxide, reaction (p,n), using the RB3LYP/6-
31G* level. The four TSs are depicted in Figure 4, two
Markovnikoff and two anti-Markovnikoff types, where
the pair in each type differ in the relative orientation of
the CH; and attacking-OH moieties, labeled as cis and
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trans. Because all these TSs of the reaction (p,n) lie
within a 1.3 kcal mol~* range of energy, only the most
stable one (the trans-Markovnikoff) was reoptimized at
the RB3LYP/6-311++G** level and is shown in Figure
5.

Figure 5 shows the most stable TSs for the different
reactions of naked H,O, and H,0,—R;OH coordinated
reagent with propene. The corresponding H,0,—R:OH
clusters of fluorinated alcohols and H,O, are the same
as the ones presented in Figure 1. As before, here too
the fluoro alcohol conformation about the TS is variable,
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FIGURE 3. Imaginary modes in the epoxidation transition
states of ethene, calculated with RB3LYP/6-311++G**.

and for the reaction (p,F3) we located two conformations,
labeled as TS(p,F3) and TS(p,F3)'. The former is 0.5 kcal
mol~! more stable than the latter as a result of additional
interactions between the substrate and the fluoro alcohol.
As in the case of ethene, the R{OH chelates the departing
OH moiety by a pair of hydrogen bonds and forms a ring
structure with limited degrees of freedom in the corre-
sponding propene transition states, TS(p,F3), and
TS(p,F6), compared to the naked TS(p,n). While IRC
following for these larger systems was not carried out,
the finding of single transition state species for each
process and the similarities of the transition state
structures to those in the reaction with ethene suggest
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FIGURE 4. Markovnikoff and anti-Markovnikoff concerted
nonsynchronous transition states for the reaction (p,n) calcu-
lated at the RB3LYP/6-31G* level. The labels cis and trans
correspond to the CH3; and the attacking OH groups.

that much as for ethene the mechanisms for propene
correspond to nonsynchronous concerted epoxidations.

Energy Profiles for Concerted Epoxidation Reac-
tions of Ethene and Propene. Schematic reaction
energy profiles for ethene and propene epoxidations at
the RB3LYP/6-311++G** level are summarized in Fig-
ure 6. The energies are reported relative to the reactants,
where the energy is defined as zero. The RB3LYP
mechanism describes a concerted epoxidation reaction,
whereby in a single step the mz-bond is activated and
simultaneously the departing HO group of the hydrogen
peroxide abstracts a proton from the attacking OH and
leads to ring closure of the epoxide.

Table 1 summarizes the classical barriers and free
energies of activation for epoxidation of the two alkenes,
and more details are given in Supporting Information.
It is apparent that the trends at the energy and free
energy scales are identical.

Epoxidation of Ethene and Propene—UB3LYP
Results. Stability tests of the RB3LYP TSs showed all
of them to be unstable relative to the lower energy
UB3LYP solutions (energy data are discussed later).
Even though the energy differences are rather small (see
later), one may wonder what is the mechanistic situation
predicted by the UB3LYP method. To answer, we re-
optimized two transition state species, TS(e,n) and
TS(e,F3)’, with the UB3LYP method and characterized
their structures, which are displayed in Figure 7. Com-
parison to the corresponding RB3LYP structures in
Figure 1 show great similarity, with the exception of the
bond activation parameters (Rc—c, Ro-o, Ro-c, and
0JOCC), which exhibit slightly “earlier” UB3LYP-TSs.
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IRC following from the UB3LYP species correlated to the
intermediates, DR(e,n) and DR(e,F3). On the basis of
the spin density distribution, these intermediates consist
of a f-hydroxo ethyl radical and an OH radical; the latter
species is either naked or coordinated to the fluoro
alcohol. Thus, UB3LYP predicts that the first step of the
reaction involves bond homolyses in both the olefin and
the hydrogen peroxide. In a subsequent step, the inter-
mediate undergoes hydrogen atom transfer to the de-
parting OH group and undergoes ring closure to epoxide.
In the case of the naked reaction we could not locate a
transition state, and in all attempts the DR(e,n) inter-
mediate collapsed to the epoxide plus water in a barrier-
less fashion. In the reaction with trifluoroethanol, we
were able to locate a ring closure transition state,
TSc(e,F3), with a ring closure barrier of 0.3 kcal/mol.

The entire reaction profiles at the UB3LYP level are
depicted in Figure 8. They exhibit seemingly stepwise
mechanisms, where the g-hydroxo ethyl/OH* radical pair
encounters a barrier to ring closure. In the bare system
we were not able to locate the ring closure transition
state. However, the barrier is vanishingly small, as would
be expected for hydrogen abstraction by hydroxyl radical,
a reaction that approaches diffusion control.?® It follows
therefore that the UB3LYP mechanism predicts a diradi-
cal mechanism that is effectively concerted. However,
because there is a diradical, albeit in a very shallow
minimum, it may also escape the cage and give rise to
small amounts of side reactions, such as allylic oxidation,
especially when using sensitive substrates such as cy-
clohexene that are known to undergo allylic hydroxyla-
tion in diradical oxidation mechanisms. Such allylic
oxidation was, however, not observed experimentally.® It
is interesting that in the diradical mechanism as well
the fluoro alcohol is found to lower the barrier consider-
ably, so that the conclusions regarding the effect of the
fluoro alcohol are very similar for RB3LYP and UB3LYP;
the fluoro alcohol lowers the barrier for oxidation in
whatever mechanism.

Polar or Diradical: What is the Correct Mecha-
nism? To resolve this mechanistic dilemma, we decided
to inspect the UB3LYP-RB3LYP relative energies under
different conditions. Table 2 collects the relative UB3LYP-
RB3LYP energies of the TS species and shows the spin
contamination ([$20) and group spin densities (p) for the
UB3LYP species. From the spin density data, it is
apparent that for the naked species, TS(e,n) and TS(p,n),
as well as for the methanol coordinated one, TS(e,M),
the electronic structure resembles a singlet diradical with
opposite spins on the departing OH group and the
terminal carbon of the attacked double bond. However,
in the species with fluorinated alcohol the diradical
character gets smaller, especially so for the reactions of
propene, where in TS(p,F3) and TS(p,F6) the diradical
character is quite small. Furthermore, the energy differ-
ence, AEgrgs vr-ussLyp, between the open and closed-shell
solutions show clearly that, whereas in the naked transi-
tion states and the one coordinated by methanol the
UB3LYP solution is significantly lower in energy than
the RB3LYP by ca. 5 kcal mol™?, in the species coordi-

(25) The rate constant is approximately 10 M~-! s~1 See, for
example, Figures 1.7 and 1.8. Mayer, J. M. in Biomimetic Oxidations
Catalyzed by Transition Metal Complexes; Meunier, B., Ed.; Imperial
College Press: London, 2000; pp 1—44.
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TABLE 1. RB3LYP/6-311++G** Classical and Free
Energy Barriers of Ethene and Propene Epoxidation by
H»0- in the Gas Phase and in Fluorinated Alcohols

ethene (e) propene (p)

AE*2 AG* AE*2 AG*
reaction (kcal mol~1) (kcal mol=1) (kcal mol=1) (kcal mol-1)
n 35.0 43.7 31.2 40.4
F3, F3’ 18.7,17.3 38.4; 38.6 15.7,16.2 37.7,37.8
F6 18.2 38.9 13.9 33.3
M 26.6 44.2

a AE* = AE¥(reactants — TS); AG* = AG*(reactants — TS).

nated with fluoro alcohols the difference is either small,
ca. 1—2 kcal mol~?, or entirely insignificant, 0.05—0.39
kcal mol~1. These differences are too close to favor the
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UBSLYP picture, especially since the data shows that the
RB3LYP mechanism is affected by the relative polarity
of the reactants and by the presence of the fluoro alcohol.
Apparently, the fluoro alcohol endows the TSs with a
polar character that increases with the donor ability of
the olefin.

The data in Table 3 show the effect of solvent polarity
on the AEggsyp-ussLyr quantity as a function of two
different dielectric constants; the value ¢ = 1 corresponds
to the in-vacuum calculations (i.e., the gas-phase process).
It is seen that in all cases the RB3LYP solution ap-
proaches closely the UB3LYP one to within 2 kcal mol~2.
Moreover, for the reactions containing the fluoro alcohol
there is an inversion of the relative ordering; the RB3LYP
species attains the lower energy. Clearly, the reactions
assisted by the fluoro alcohols prefer the polar concerted
mechanism predicted by the RB3LYP results.

With these small energy differences and the inversion
of the UB3LYP—RB3LYP ordering in the case of the
fluoro alcohol containing TSs, one must not put the
burden of mechanistic decision entirely on technical
procedures such as the “stable” option in GAUSSIAN.
Some chemical judgment is necessary to assess the two
mechanisms. It is very clear that the RB3LYP and
UBS3LYP results are not mere artifacts but represent two
chemically viable mechanisms that are different in terms
of electronic structure. As revealed from a valence bond
analysis of such processes, the electrons “flow” differently
in the two mechanisms.?® One mechanism, emerging from
UB3LYP, predicts a mechanism with bond homolysis
steps. By contrast, the second mechanism, emerging from
RB3LYP, predicts a mechanism that exhibits character-
istics of a polar reaction. In the polar mechanism, the
departing HO will eventually acquire a hydroxide-like
character by accepting an electron from the attacked
m-bond?® and will thereby deprotonate the hydroxyethyl
and hydroxypropyl moieties en route to ring closure.
Thus, these are two chemically distinct mechanisms,
which because of their energy proximity are also legiti-
mate mechanistic alternatives that may coexist under real
conditions. In the naked and methanol coordinated
processes, the diradical mechanism may prevail, and by

(26) Shaik, S.; Shurki, A. Angew. Chem., Int. Ed. 1999, 38, 586—
625.
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contrast, in the fluoro alcohol assisted reactions the
concerted polar mechanisms are likely to prevail. The
experimental data does not detect any reactivity in

nonfluorinated alcohols,® whereas in the presence of the
fluoro alcohols the reactions are stereospecific and exhibit
other characteristics of a polar mechanism. Clearly
therefore, the available experimental data for olefin
epoxidation provide as yet no support for the stepwise
diradical mechanism and favor a concerted polar mech-
anism. Guided by the experimental results, we consider
henceforth the polar mechanism and attempt to under-
stand the catalytic effect of the fluoro alcohols.

Discussion

The RB3LYP calculations show that epoxidation of
ethene and propene by H,0O,, free or coordinated to an
alcohol molecule, can proceed in a nonsynchronous but
concerted manner. An additional characterization of the
mechanism can be made by inspection of the charge
distribution in the transition state. Figures 9 and 10 show
the natural charges,® for all of the transition states.
Thus, the amounts of charge transfer from the alkene to
the hydrogen peroxide range from 0.24e to 0.39e for
ethene and from 0.37e to 0.44e for propene, and in both
cases the charge transfer increases markedly in the
presence of the fluoro alcohol. Furthermore, the departing
OH group is negatively charged, and its charge accounts
for most of the charge transfer from the olefin. These
features agree with earlier MP2, B3LYP, and CCSD
results of Bach and co-workers?527 on olefin epoxidation
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TABLE 2. Results of Stability Calculations; B3LYP/6-311++G**

AERDFT-UDFT

TS (kcal mol™) p(OH)* p(OH)" p(CH)® p(CHg) p(CHa)® PR 520
TS(e,n) -5.27 0.05 —0.64 —0.09 0.71 0.582
TS(e,M) —4.64 0.00 —0.59 —0.05 0.65 0.00 0.553
TS(e,F3) —2.25 0.01 —0.50 —0.04 0.52 0.00 0.410
TS(e,F3) ~2.26 0.01 ~0.50 -0.05 0.53 0.00 0.416
TS(e,F6) -1.13 0.02 -0.42 -0.02 0.42 -0.01 0.298
TS(p,n) —5.40 -0.01 —0.63 -0.07 0.69 0.01 0.589
TS(p,F3) —0.05 -0.03 0.21 -0.01 -0.16 0.00 0.00 0.066
TS(p,F6) —0.39 0.03 -0.34 0.00 0.29 0.00 0.00 0.184

a OH donor group of H20,. P OH rest group of H,O,. ¢ CH group of ethene or propene that binds oxygen. ¢ CH, group of ethene/propene.
e CH3 group of propene. f R represents methanol/trifluoro ethanol or hexafluoropropanol.

TABLE 3. Energy Differences of RDFT and UDFT
Calculated Transition States in the Gas Phase (¢ = 1) and
in Solvents (e = 5.7; ¢ = 10.65)2

AEUDFT-RDFT (kcal mol*l)

TS e=1 e=57 e =10.65
TS(e,n) —5.26 -2.30 —-1.56
TS(e,M) —4.64b —4.61° +0.18
TS(e,F3) —2.24 -0.72 —0.60
TS(e,F3)’ —2.29 —0.95 -0.84
TS(e,F6) -1.12 -0.10 +0.21
TS(p,n) —5.37 —2.88 —2.34
TS(p,F3) —-0.03 +0.02 +0.09
TS(p,F6) -0.14 +0.11 +0.07

a All data taken from Jaguar 4.1. ° The value is obtained by
using the gas-phase energy gap from Gaussian 98. Jaguar 4.1
seems to overestimate the UDFT energy for this reaction. Since
there is no STABLE option in JAGUAR, we could not test the
stability of the UDFT solution itself within JAGUAR.

by peroxycarboxylic acids. Clearly, in line with our
foregoing analysis in the Results section, RB3LYP theory
predicts a polar epoxidation mechanism. Another indica-
tion for the polar nature of the mechanism is provided
by the data in Table 1, which reveal that the computed
activation energies for propene epoxidation are lower
than for ethene epoxidation, at either energy or the free
energy scales. Therefore, the DFT calculations reveal a
polar mechanism that acquires enhanced ionicity in the
presence of a fluoro alcohol and proceeds in a concerted,
albeit nonsynchronous, manner. This conclusion accords
with experimental results, which demonstrate that the
process catalyzed by fluoro alcohol is stereoselective® and
the more nucleophilic olefins exhibit higher epoxidation
reactivity.”

Inspection of the energy barriers in Figure 6 and Table
1 reveals that fluorinated alcohols catalyze the epoxida-
tion by ca. 16—18 kcal mol~* with respect to the reference
gas-phase reactions, (e,n) and (p,n). Using the (e,M)
reference, the effect is reduced but remains substantial
at 8.0—-9.3 kcal mol~'. At the free energy scale the
catalytic effect is ca. 5—6 kcal mol~* for ethene epoxida-
tion and 2.6—6.9 kcal mol™! for propene epoxidation.
Furthermore, calculations confirm that, for the same
number of F---H contacts in the TS (i.e.,, compare
TS(p,F3) to TS(p,F6)), (CF3),CHOH is a better catalyst
than CF;CH,0OH, in accordance with experiment.®’”

To ascertain that the catalytic effect is not simply an
effect of solvent polarity, which is mimicked by the

(27) Bach, R. D.; Glukhovtsev, M. N.; Gonzalez, C.; Marquez, M;
Estevez, C. M.; Baboul, A. G.; Schlegel, H. B. J. Phys. Chem. A 1997,
101, 6092.
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presence of the alcohol, we performed single point
calculations, of the clusters and TSs of the reference and
catalyzed reactions, TS(e,M), and TS(e,F3), in a dielec-
tric environment.2* To obtain a reliable trend we used
two different dielectric constants of 5.7 and 10.65, which
bracket the dielectric constant of fluoroethanol, 8.55. The
results, in Table 4, show that solvation reduces all of the
barriers, in line with the polar nature of the mechanisms.
Nevertheless, the trend remains as was noted for the
unsolvated species; the fluoro alcohol is seen to catalyze
the reaction by 5.2—7.9 kcal mol™, which translates
roughly to between 4 and 6 orders of magnitude at 300
K.

Origins of Catalytic Effect by Fluoro Alcohols.
Since F---HO hydrogen bonding interactions were found
to be very small for the ground state clusters, the effect
of fluoro alcohol on the transition state cannot be simply
ascribed to hydrogen bonding with the fluoro substituents
of the alcohol. Inspection of the geometries of the transi-
tion states and their charge distribution provides some
insight into the catalytic effect. The geometries of the
three TSs (Figures 1, 5, and 7) reveal that the uncata-
lyzed reactions undergo generally a higher degree of bond
elongation in the bonds that are broken, C=C and O—O0O,
and a more advanced O—C bond formation, compared
with TSs coordinated by fluoro alcohols, which are earlier
TSs. In addition, the hydrogen atom that has to migrate
to the departing hydroxyl group to form water and
epoxide is more favorably oriented for this migration in
the presence of the fluoro alcohol in the TS (see Figures
1 and 4). Thus, the fluoro alcohol reduces the deformation
energy of the reacting fragments in the TS and imposes
structural organization on the TS, via the cyclic hydrogen
bonded array.

Another important effect is the stabilization of the TSs
by the various O---H and F---H contacts. Significant
geometric changes are observed in the initial hydrogen
bonds of the fluoro alcohol coordinated TSs vis-a-vis the
corresponding clusters. For example, the R{OH-:-O dis-
tances are ca. 15% shorter in the TS(e,F3) and
TS(e,F6) compared to their respective clusters, C(F3) and
C(F6). Furthermore, as shown in Figures 9 and 10, the
presence of fluorinated alcohol noticeably amplifies the
amplitudes of charge alternation in transition structures
for ethene and propene epoxidations. In turn, the fluoro
alcohol juxtaposes the positively charged hydroxylic
hydrogen against the negatively charged oxygen of the
departing OH group, while the positively charged hydro-
gen of the latter group feels the negatively charged
fluorine. The charge on the fluorine substituents is
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TABLE 4. Effect of Continuum Solvation on Free
Barriers of Ethene Epoxidation

AG* (cluster — TS), 300 K

reaction e=1]ab e =5.7a¢c € = 10.652¢
F3 334 26.6 25.8
F3' 33.7 29.2 28.8
M 42.1 34.4 33.0

2 ¢ is a dielectric constant, ¢ = 1 corresponds to the gas-phase
conditions. ? The gas-phase free energy is calculated with Gaussian
98. ¢ Solvation energies calculated with Jaguar 4.1. The TAS* term
is added from the gas-phase calculations.

significant (—0.36 to 0.38e), and their juxtaposition
against substantially positive charges, e.g., +0.45e on the
hydrogens, causes significant electrostatic stabilization,
even if the F---H distances are rather long. An interesting
comparison that illustrates this effect is the relative
energy of TS(e,F3) and TS(e,F3)' in Figure 6. Thus, in
the more compact TS(e,F3)’ the fluoro substituent has
additional interactions with the positively charged hy-
drogens (charge = +0.22¢) of the ethene moiety. These
interactions are missing in TS(e,F3), and hence its
energy is 1.2 kcal mol~* higher than that of TS(e,F3)'.
Thus, the fluoro alcohol enhances the charges of the
transition states and causes electrostatic catalysis by
acting as a charge template of the transition states.
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a Also shown are the AE* energies of these TSs relative to the
separated reactants (see Figure 6).

The special role of the negative charge on the fluoro
substituent can be contrasted with a nonfluorinated
alcohol. Scheme 2 shows charge distributions in
TS(e,F3) and TS(e,E) that were generated by replacing
the trifluoroethanol by ethanol, while keeping all other
geometric parameters fixed. It is seen that whereas
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trifluoroethanol is a compatible charge template of the
epoxidation TS, ethanol is incompatible because the
methyl hydrogens of ethanol are all positively charged
and undergo repulsive interactions with the epoxidation
TS, thereby raising the barrier by ca. 7 kcal mol~*. With
this charge complementarity the fluoro alcohol functions
such as a tiny enzyme. The notion of charge complemen-
tarity is lucid enough to design other templating solvents,
e.g., based on silicon derivatives.

To summarize, the fluoro alcohol catalyzes the epoxi-
dation reaction by inducing a combination of effects.
First, it reduces the geometric deformations of the olefin
and the hydrogen peroxide in the TS. Second, it intensi-
fies the ROH---H hydrogen bonding donated by the
alcohol. Third, it increases the charge alternation of the
TS and acts as a complementary charge template that
provides electrostatic stabilization to the hydrogen per-
oxide and olefin moieties of the TS. This combination
reduces the reaction barrier by a factor sufficiently large
to render the concerted epoxidation observable under
mild synthetic conditions. Thus, as a result of the polar
nature of the mechanism, the fluoro alcohol provides a
charge template, complementary to H,O,—alkene moiety,
and thereby brings about a specific stabilization of the
transition state of olefin epoxidation.

Conclusions

The DFT calculations provide two alternative mecha-
nisms for alkene epoxidation by hydrogen peroxide; one
occurs via bond homolysis of the peroxide and the s-bond
and the other by a concerted polar mechanism. Fluoro
alcohols such as hexafluoroisopropyl alcohol prefer the
polar mechanism (Table 3). Inspection of the trends
computed for the polar mechanism show that the recent
observations®’ that alkene epoxidation by hydrogen
peroxide can be achieved under mild conditions in
fluorinated alcohols originate in a catalytic effect due to
the participation of the fluoro alcohol in the transition
state. The calculations reproduce experimental trends,
such as the stereospecificity of the epoxidation, the
enhanced rate of electron richer olefins, and the higher
effectiveness of (CF3),CHOH compared with trifluoro-
ethanol.® Analyses of the transition states show that
catalysis by fluoro alcohol is due to three main factors.
Geometrically, the presence of the fluoro alcohol reduces
the bond deformations of the alkene and hydrogen
peroxide in the transition state. Electronically, the fluoro
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alcohol increases the polarity of the transition state and
acts as a complementary charge template to the hydrogen
peroxide and olefin moieties in the transition state. This
charge complementarity of the fluoro alcohol stabilizes
the transition state by electrostatic interactions, espe-
cially between the negatively charged fluoro substituents
and the positively charged hydrogens of the alkene and
the hydrogen peroxide. This template catalysis is remi-
niscent of the “push—pull” activation of hydrogen per-
oxide in peroxidase heme-enzymes.?® Recent results by
Schreiner and Wittkopp?® demonstrated that urea can
replace Lewis acids to catalyze Diels—Alder reactions and
1,3-dipolar cycloadditions, by acting as a hydrogen bond-
ing template to the corresponding transition state. Clearly,
the effect found in this study is just part of the growing
recognition that charge templates, which employ hydro-
gen bonds, have favorable effects on chemical reac-
tivity.30-33

The diradical mechanism exhibits also a clear catalytic
effect of the fluoro alcohol (Figure 8). However, as yet
there is no experimental evidence that supports a diradi-
cal bond homolysis mechanism of alkene epoxidation by
hydrogen peroxide. Nevertheless, because this mecha-
nism is predicted to be close in energy to the concerted
polar mechanism, it must be considered and be either
verified or falsified by experimental means.
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