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ABSTRACT: The ability of gallium(III) complexes to catalyze the epoxidation of alkenes by peracetic acid has been examined
with density functional theory calculations. According to the calculations, the chloride anions of the precatalyst [Ga(phen)2Cl2]

+

(phen = 1,10-phenanthroline) can be displaced by either acetic or peracetic acid through dissociative ligand exchange pathways;
both acetic and peracetic acid deprotonate upon binding to the formally tricationic metal center. Because of the high basicity of
peracetate relative to that of chloride, only the acetate for chloride exchange occurs spontaneously, providing a rationale for the
preponderance of gallium acetate adducts observed in the reaction mixtures. With respect to the mechanism of olefin
epoxidation, the computational results suggest that the peracetic acid is most efficiently activated for redox activity when it binds
to the metal center in a κ2 fashion, with the carbonyl oxygen atom serving as the second point of attachment. The phen ligands’
coordination to the gallium is essential for the catalysis, and the lowest energy pathways for alkene oxidation proceed through
hexacoordinate Ga(III) species with four Ga−N bonds. A natural bond order analysis confirms the electrophilic nature of the
metal-containing oxidant.

■ INTRODUCTION

Gallium(III) compounds have been found to serve as
homogeneous catalysts for a wide range of chemical trans-
formations.1−7 Although most of these catalyzed reactions
involve acid/base reactivity, Ga(III) complexes have also been
found to promote oxidation−reduction reactions in rare
instances.8−12 Recently, one of our laboratories reported that
[Ga(phen)2Cl2]Cl (phen = 1,10-phenanthroline)13−15 and
related Ga(III) complexes with N4Cl2 coordination spheres
can catalyze the epoxidation of alkenes by peracetic acid
(PA).16,17 When the ratio of PA to Ga(III) is sufficiently low
(200:1 or less), the catalyzed oxidation yields epoxides as the
sole organic products. Both the selectivity for the epoxide and
the rate of reaction at ambient temperatures are superior to
those of other systems for alkene epoxidation that use a group
13 element in a catalytic capacity.18−20

The mechanisms of these reactions are difficult to probe
experimentally. The diamagnetism of Ga(III), in particular,
severely limits the spectroscopic interrogation of catalytically
relevant species. A peracetate complex with Ga(III) is believed

to be responsible for the oxygen atom transfer, but such
adducts have not yet been observed.16,17 Mass spectrometry
instead detects exclusively Ga(III) acetate adducts during the
reactions, with the acetates substituting for the chlorides
initially bound to the metal ion. Removal of the acetic acid
component of the added PA is not feasible, due to the extreme
hazards posed by highly concentrated solutions of peracids.21

The high concentrations of acetic acid and, to a lesser extent,
PA relative to the gallium preclude identification and
characterization of mechanistically relevant adducts by nuclear
magnetic resonance.
Some mechanistic insight has been obtained by analyzing

how changes in the alkene substrate and N-donor ligand impact
the epoxidation activity. The oxygen transfer agent is likely
electrophilic, given that the more electron-rich substrates cis-
cyclooctene and cyclohexene react at faster rates and to greater
extents than the relatively electron-deficient terminal alkenes 1-
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octene and styrene.16,17 The activities of Ga(III) complexes
with electronically modified phen ligands also support the
agency of an electrophilic oxidant. Installing nitro groups at the
5-positions of the phen ligands increases the turnover
frequency; conversely, the addition of electron-donating
amino groups at the 5-positions decreases the epoxidation
activity.17 The Ga(III) is catalytically inactive in the absence of
the N-donor ligands,16 and substituting a tetradentate ligand in
place of two bidentate ligands prolongs the catalysis, consistent
with the necessity of a stable [GaN4]

3+ core for reactivity.17

Additional ligand donor atoms, however, decrease the activity,
as evidenced by the lower yields of epoxides associated with the
potentially pentadentate N,N,N′-tris(2-pyridylmethyl)-1,2-etha-
nediamine (trispicen) and the potentially hexadentate
N,N ,N′ ,N′-tetrakis(2-pyridylmethyl)-1,2-ethanediamine
(tpen).17 The additional ligating groups may compete with the
terminal oxidant for coordination sites on the Ga(III). Given
that inhibition is observed with a fifth donor atom, this may
suggest that the PA is bidentate, as opposed to monodentate, in
the oxygen atom transferring species (Scheme 1). Alternatively,

the additional arms may impede reactivity by blocking PA
coordination and/or substrate access to the reactive portion of
the oxygen-transferring species through steric effects. The
observed hypodenticities of the trispicen and tpen ligands to
the Ga(III) in acetonitrile solution17 may be more consistent
with the second possibility.
In an effort to better understand the mechanism of gallium-

catalyzed epoxidation, we have probed the gallium speciation
chemistry and the structures of the most plausible oxidants with
density functional theory (DFT) calculations. Similar analyses
have been performed for other catalysts for alkene
epoxidation,22−26 including [Al(H2O)6]

3+.20 Specifically, we
investigate the free energy pathways corresponding to κ1 and κ2

coordination of the PA. The computations focus on the
reactivity of the complex [Ga(phen)2Cl2]

+ (1Cl2; Scheme 2),
which has the benefit of being structurally characterized.16

■ EXPERIMENTAL SECTION
Computational Methodology. The Gaussian 09 program was

used for all calculations.27 All geometries were optimized at the
B3LYP/6-31G(d) level, with the starting geometry of the [Ga-
(phen)2Cl2]

+ cation coming from a previous study.16 Vibrational
frequencies were computed at that level to confirm the nature of the
stationary point and to make zero-point, temperature, and entropy
corrections to 298 K. Solvation free energies in acetonitrile (MeCN)
were computed at the SMD/B3LYP/6-31+G(2d,p) level. The solution

free energies were determined from ΔG(an,298 K) = ΔG(g,298 K) +
ΔG(solv,298 K).

The transition vectors of all transition states were animated to
confirm that the motion would convert the reactant into the product.
If the motion was not clear, the transition state structure was distorted
in both directions (reactant and product) and reoptimized to confirm
the identity of the corresponding minima.

The epoxidation reaction proceeding through the intermediate
predicted from the B3LYP/6-31G(d) results was also investigated with
the more rigorous M05-2X/6-311+G(2d,p) DFT methodology.28 In
these calculations, M05-2X/6-311+G(2d,p) provided the zero-point
correction, thermal correction, and TΔS terms; the ΔG(solv,298 K)
term was calculated from SMD/B3LYP/6-31+G(2d,p).

■ RESULTS
Speciation of Ga(III) in the Reaction Mixture. The

previously described epoxidation reaction solutions consist of a
mixture of [Ga(phen)2Cl2]Cl, acetonitrile (MeCN), acetic acid
(AC), and peracetic acid (PA).16 An understanding of the
gallium speciation chemistry is essential to determining the
most favorable pathways for olefin epoxidation. Given the
basicity of chloride in MeCN (pKa of HCl 10.3),

29 AC or PA
for chloride ligand exchange is anticipated to produce a gallium
peracetate adduct and HCl, rather than a gallium peracetic acid
complex and free Cl−. The stabilities of [Ga(phen)2]

3+ cores
(1) with various exogenous ligand sets containing MeCN,
chloride, acetate (AI), and peracetate (PI) were consequently
assessed with DFT calculations. Gas-phase values were
calculated and then corrected for the MeCN medium.
As shown in Figure 1, complexes with two anionic O-donor

ligands in the inner sphere tend to be the most stable. Direct
comparisons of differently charged species are complicated by
uncertainties in their relative free energies of solvation;
consequently, the values in Figure 1 should be viewed as
approximations. MeCN, being a neutral ligand with a much
higher pKa than either AC or PA, cannot displace the chlorides
to a significant degree, since it would result in a tricationic
species. This finding is consistent with previously reported
experimental results; in the absence of AC and PA, the
[Ga(phen)2Cl2]

+ complex (1Cl2) and related species are
indefinitely stable in dry MeCN.16,17 The O-donor ligands
are found to bind more strongly to the Ga(III) than the
chloride, to the extent that the complexes with a single AI or PI
ligand have lower free energies than either 1Cl2 or the
[Ga(phen)2(Cl)(AI)]

+ species (1ClAI). The ability of AI and
PI to bind in a bidentate fashion is essential for the stabilization
of the dicationic [Ga(phen)2(κ

2-AI)]2+ (1AI) and [Ga-
(phen)2(κ

2-PI)]2+ (1PI) over the monocationic [Ga-
(phen)2(Cl)(AI)]

+ (1ClAI). Pentacoordinate analogues of
these first two species with monodentate AI and PI ligands
are less stable by 8.2 and 7.3 kcal mol−1, respectively. The

Scheme 1. Most Plausible Modes of PA Coordination in
Oxygen-Transferring Species

Scheme 2. Structure of [Ga(phen)2Cl2]
+ (1Cl2)
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experimental results indicate that the phen ligands eventually
dissociate from the Ga(III), presumably forming [Ga(OAc)3].
Our calculations suggest that this process is spontaneous for
substitution by AI (eq 1) and weakly spontaneous, at best, for

displacement by AC (eq 2, with an approximate error of ±5
kcal mol−1 for ΔG(an,298 K)).30 Although eventual loss of the
phen is highly likely, the full detachment of a phen ligand has
not been observed in any optimized structures.
The chlorides can be displaced by PA or AC through a

number of different mechanisms. The acid present may
facilitate these exchanges by protonating the leaving group
Cl− to allow the loss of a neutral, rather than a charged, species
into the MeCN solvent. Calculations were performed to
determine whether the Cl− leaves the gallium’s coordination
sphere before or after the ligation of the entering group. The
lowest energy pathways for ligand exchange featuring the loss of
the Cl− after the association of the entering group appear to
proceed through six-coordinate species in which one of the
phen ligands is partially detached from the metal; the Cl−

dissociates in the form of HCl upon reattachment of the N
donor to the Ga(III) (Figure 2). The lack of heptacoordinate
intermediates suggests that each elementary step proceeds
through an interchange mechanism. Even though these species
are stabilized by hydrogen-bond interactions between the AC
and the leaving group chloride, the free energy barriers are
higher than that for a dissociative pathway that proceeds
through a five-coordinate Ga(III) intermediate (Figure 3).
Substitution by PI is likewise predicted to occur through a
dissociative pathway with transient pentacoordinate Ga(III)
intermediates. The free energies for the ligand exchange
reactions in Figures 2 and 3 differ from those shown in Figure

1, since the former account for the acids and anions consumed
and produced by the ligand substitutions. Some of the
transition states have lower free energies than adjoining
intermediates once zero-point, thermal, and entropy correc-
tions are made; this may suggest that these intermediates are
bypassed during the reaction pathway.
The transition states for the elimination and addition of

chloride, acetate, and peracetate are not shown in Figure 1.
Each anion elimination reaction increases the charge of the
gallium complex from 1+ to 2+. In the gas phase, these
eliminations are endothermic by almost 100 kcal mol−1.
Because of its relevance, the dissociation of 1Cl2 to 1Cl and
Cl− was investigated in more detail (Figure 4). To compute the
reaction coordinate, the distance between the Ga(III) and the
departing Cl− was fixed and optimized, with adjustments for
solvation effects, by SMD/B3LYP/6-31G(d). The transition
vector was projected out of the Hessian for points along the
reaction coordinate when making zero-point, thermal, and
entropy corrections. Solvation energies were computed at the
SMD/B3LYP/6-31+G(2d,p)//SMD/B3LYP/6-31G(d) level.
The free energy profile shows a maximum at 3.5 Å with a
free energy barrier of 9.2 kcal mol−1 in MeCN at 298 K. The
plot of the reaction coordinate (Figure 4) shows the electronic
energy exceeding 70 kcal mol−1 as the Ga−Cl distance increases
to 10 Å. Elimination barriers were not computed for AI and PI,
but these free energy barriers should be similar to that of the
chloride reaction, given that the charges of the relevant ions are
identical.

Mechanism of Alkene Epoxidation. The mechanism of
alkene epoxidation was investigated using ethylene as a
substrate. Although the Ga(III) complexes have not been
observed to catalyze the oxidation of this molecule by PA,
ethylene represents a minimally sized model substrate for the
calculations.
Two major classes of pathways were investigated, with a

focus on identifying the gallium-containing oxygen transfer
agent. The first entailed oxygen atom transfer from complexes
with one or more κ1 PI ligands, such as [Ga(phen)2(AI)(PI)]

+

(1AIPI, Figure 5). The second explored the κ2 species 1PI as
the active oxidant (Figure 6). The results suggest that 1PI is the
superior oxidant; its free energy of activation of 33.3 kcal mol−1

(TS8) is almost 7 kcal mol−1 less than that for 1AIPI (TS7)

Figure 1. ΔG(MeCN, 298 K) of selected [Ga(phen)2]
3+ (1) containing species calculated from the SMD/B3LYP/6-31+G(2d,p)//B3LYP/6-

31G(d) method. All free energies are reported in kcal mol−1 relative to [Ga(phen)2Cl2]
+ (1Cl2).

+ → +
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Figure 2. Free energy analysis of ligand exchange pathways for the [Ga(phen)2]
3+ core: (A) substitution of acetate for chloride on [Ga(phen)2Cl2]

+

(1Cl2) to yield [Ga(phen)2(AI)(Cl)]
+ (1ClAI); (B) substitution of acetate for chloride on 1ClAI to yield [Ga(phen)2(AI)2]

+ (1AI2); (C)
substitution of peracetate for acetate on 1ClAI to yield [Ga(phen)2(AI)(PI)]

+ (1AIPI). In each displayed pathway, the Cl− is lost after the initial
ligation of the entering group. All relative energies are in kcal mol−1. The values in parentheses are enthalpies in 298 K MeCN.
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after the approaches of the ethylene are optimized. The barrier
has a stronger enthalpic component at 298 K, with ΔH⧧ = 22.9
kcal mol−1. In all considered mechanisms, the loss of the
ethylene oxide (EO) product from a common 1AIEO
intermediate is facilitated by the presence of a bound acetate,
which shifts from monodentate to bidentate coordination upon
loss of EO. In the transition state corresponding to the oxygen
atom transfer, the O−C bonds between the transferred oxygen
atom and the ethylene’s carbon atoms are 2.168 and 2.199 Å

(Figure 7). The near-equivalence of these bonds suggests that
the O atom transfer occurs through a concerted process, rather
than a sequence of one-electron steps. The Ga−N bond lengths
in the transition state average 2.094 Å, nearly identical to the
2.108 Å average for the structurally characterized [Ga-
(phen)2Cl2]

+.16 The pathway proceeding through 1PI was
also investigated with more rigorous M05-2X/6-311+G(2d,p)
DFT calculations. In these calculations, M05-2X/6-311+G-
(2d,p) provided the zero-point correction, thermal correction,
and TΔS terms; the ΔG(solv,298 K) term, conversely, came
from SMD/B3LYP6-31+G(2d,p). These predict a similar free
energy barrier for ethylene epoxidation of 37.8 kcal mol−1 and
an earlier transition state, as indicated by the longer C−O
bonds (2.090 and 2.149 Å).
The reactivity was also assessed with cyclohexene as the

oxygen atom acceptor (Figure 8). This alkene does serve as a
competent substrate for gallium-catalyzed epoxidation and is
oxidized to cyclohexene oxide.16,17 As anticipated, the use of
this more electron-rich alkene lowers the free energy barrier for
epoxidation. However, the ΔG⧧ value is higher than would be
expected for a reaction that occurs readily at 298 K.16 This may
suggest that the calculated entropic contribution is too high.
The reaction pathway remains fundamentally unchanged from
that calculated for the ethylene oxidation and proceeds through
the same 1PI intermediate.
A natural bond orbital (NBO)31,32 and natural energy

decomposition analysis (NEDA)33 using NBO-5.934 shows that
the dominant interaction in the transition state is electron
donation from the occupied π orbital of the olefin into the
elongated σ* O−O orbital of the ligated peracetate (Figure 9,
Table 1). In contrast, the electron donation from the lone pair
of the transferred oxygen into the unoccupied π* of the olefin is
5.0 and 5.6 times smaller in TS8 and TS9, respectively. For the
epoxidation of ethylene, two orientations of the substrate were
calculated (TS8 and TS88). In TS88 the ethylene is rotated by
90°, such that its CC bond is no longer parallel to the
proximal phen ring system. The free energy barrier for TS88 is

Figure 3. Free energy analysis of the dissociative exchange pathways for acetate substitution for chloride on 1Cl2 and 1ClAI to yield 1ClAI and 1AI2,
respectively. All energies are reported in kcal mol−1 relative to 1Cl2. The values in parentheses are enthalpies in 298 K MeCN.

Figure 4. Analysis of the electronic energy and 298 K free energy of
1Cl2 as one of the Ga−Cl bonds is systematically elongated. The
calculations predict a free energy barrier of 9.2 kcal mol−1 for the
dissociation of the complex to 1Cl and Cl−.
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higher by 1.3 kcal mol−1 than that of TS8. Although the two
transition states have similar free energies for ethylene, the
differences will likely be greater for bulkier substrates. Although
the interactions between the Ga(III) species and the olefin are
attractive overall, the barrier is positive, since both fragments

must distort from their optimum structures in order to reach
the transition state geometry. It is noteworthy that the total
interaction between the two fragments is much larger for the
epoxidation of ethylene (TS8, 80.1 kcal mol−1) in comparison
to cyclohexene (TS9, 56.1 kcal mol−1). Given that the double

Figure 5. Free energy analysis of ethylene epoxidation by [Ga(phen)2(AI)(PI)]
+ (1AIPI) to yield 1AI and ethylene oxide (EO). EO is transiently

bound to the Ga(III) (1AIEO). All energies are reported in kcal mol−1 relative to 1AI2. The values in parentheses are enthalpies in 298 K MeCN.

Figure 6. Free energy analysis of ethylene epoxidation by [Ga(phen)2(PI)]
2+ (1PI) to yield 1AI and EO. Note that the PI is bound in a bidentate

fashion. EO is transiently bound to the Ga(III) in the 1AIEO complex. All energies are reported in kcal mol−1 relative to 1AI2. Enthalpies calculated
for the species in 298 K MeCN are given in parentheses.
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bond in cyclohexene is more electron-rich than that in ethylene,
this is a counterintuitive result. Comparison of the two
reactions is likely obfuscated by the differing time points of
the transition states. Presumably, the fragments in TS8 must
distort more than those in TS9 to attain the transition state
geometry. However, the ratio of the olefin→Ga to Ga→olefin
interactions, which should be independent of the time point of
the transition state, is larger for TS9 (5.6) than for TS8 (5.0),
as would be expected for the more electron rich double bond of
cyclohexene.

■ DISCUSSION
The approximate stabilities of the [Ga(phen)2(AI)2]

+ (1AI2),
[Ga(phen)2(AI)(PI)]

+ (1AIPI), and [Ga(phen)2(PI)2]
+ (1PI2)

species relative to those of the chloride complexes described in
Figure 1 can be rationalized by considering the hardness of the
relevant bases and acids and the increased stability associated
with charge neutralization. The Ga(III) ion is widely perceived
to be a hard acid and commonly forms strong bonds with hard
bases, such as anionic O donors.35 Chloride is empirically
observed to be a softer base than most O-donor ligands;36

consequently, 1Cl2 is less stable than the analogously charged
1AI2, 1AIPI, and 1PI2. The presence of two anionic ligands in
the inner sphere should lower the free energy of the complex
through Coulombic effects. The products of MeCN for
chloride exchange, conversely, lead to increased charge
separation in the products; consequently, these displacements

Figure 7. Calculated structure of the transition state TS8 from Figure
6

Figure 8. Comparison of the transition state free energies (kcal mol−1) for the oxidation of ethylene and cyclohexene by 1PI. All energies are relative
to that of 1PI. Enthalpies for the species in 298 K MeCN are given in parentheses.

Figure 9. NBO analysis of the interactions between the 1PI oxidant
and ethylene in the two lowest energy transition states.
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are highly unfavorable from a free energy perspective and are
not observed experimentally.16,17

The calculations predict that [Ga(phen)2]
3+ cores with a

single, bidentate, anionic ligand are particularly stable; the
added stability can be attributed to chelate effects. The κ2

coordination of the peracetate anion results in a five-membered
metallacycle which has much lower ring strain than the four-
membered metallacycle that results from acetate coordina-
tion.37 1PI is therefore intrinsically more stable than 1AI
(Figure 1). Mass spectrometry of the Ga(III) species formed
from the reaction between [Ga(phen)2Cl2]Cl and a large excess
of PA (added as a 7.1% molar solution in AC) reveals m/z
features consistent with [Ga(phen)2(AI)]

2+ (1AI). This species
could also result from loss of an anion from either 1AI2 or
1AIPI.16 Although the Ga(III) complexes with PI are
intrinsically more stable, the greater basicity of PI relative to
Cl− makes these reactions energetically unfavorable when the
fate of the leaving group is considered (Figure 2) and explains
why 1PI and 1AIPI complexes have not yet been observed
experimentally. The difference in basicity between AI and Cl− is
smaller, and the stabilities of 1ClAI and 1AI2 relative to 1Cl2
and 1ClAI are sufficient to render acetate for chloride exchange
thermodynamically favorable under catalytic conditions.
The ligand exchange is predicted to occur through a

dissociative mechanism, in which the loss of the Cl− precedes
the introduction of either AI or PI into the gallium’s
coordination sphere (Figure 3). The results are reminiscent
of those recently reported by Novikov et al., who calculated
that the substitution of water by hydrogen peroxide in
[Ga(H2O)6]

3+ also proceeds through a dissociative mecha-
nism.38

The oxygen transfer agent is predicted to be [Ga-
(phen)2(PI)]

+ (1PI), with the peracetate binding in a bidentate
fashion through the terminal O atom in the O−O bond and the
O atom from the carbonyl (Figures 6 and 7). The coordination
of the peracetate resembles that previously observed and
calculated for iron and nickel complexes with PI.39−41 The
structure of 1PI differs from those of the oxygen transfer agents
predicted from mixtures of [Al(H2O)6]

3+ and H2O2 in that the
latter have both O atoms from the O−O bond of the terminal
oxidant bound to the metal, resulting in a three-membered
ring.20 The lesser ring strain associated with the five-membered
metallacycle in the GaIII/PA system would favor this linkage
isomer over the three-membered ring resulting from the

coordination of both peroxyl O atoms (Scheme 1).37

Previously, we found that gallium-catalyzed alkene epoxidation
in MeCN failed when H2O2 was used as a terminal oxidant.

16,17

Bidentate coordination of this molecule would necessarily
proceed through a far less stable three-membered metallacycle;
the relative instability of this intermediate may preclude
gallium-catalyzed alkene epoxidation by H2O2. A recent
theoretical examination of HO• radical generation from H2O2
and group 13 metal aqua complexes found that H2O2 tended to
bind to Ga(III) in a κ1, rather than a κ2, mode.38 From these
considerations, we would expect the epoxidation chemistry of
the Al(III) system to improve upon substituting PA for H2O2,
since this would allow access to less ring strained oxidants.
Although the activity would be anticipated to be higher with
PA, H2O2 is a more attractive terminal oxidant from both
economic and environmental vantages.
The need for bidentate coordination of the PI is consistent

with the less extensive catalysis associated with [Ga(tpen)Cl2]
+

and [Ga(trispicen)Cl2]
+, which have one or two pendent

pyridine rings capable of competing for coordination sites on
the metal ion.17 Another factor that may contribute to the
inadequacy of H2O2 as a terminal oxidant is that the O−O
bond cleaves to generate a hydroxide leaving group, which is
less stable than the acetate leaving group that results from the
reduction of PA. One might expect this effect to be mitigated
by switching to a more polar solvent with a higher tolerance for
charged species, but H2O2 was found to be ineffective as a
terminal oxidant in gallium-catalyzed alkene epoxidation
reactions run in water.
Another key difference between the aluminum and gallium

alkene epoxidation systems is that the oxygen atom transferring
agents in the gallium chemistry are predicted to be exclusively
hexacoordinate, whereas the active oxidants in the aluminum
chemistry were calculated to be a mixture of penta- and
hexacoordinate Al(III) complexes.20 This is readily rationalized
by the greater ionic radius of Ga(III) relative to Al(III), which
would support higher coordination numbers, and the strong
coordination by the two phen ligands to the metal ion during
the catalysis. Although one GaIII−N bond was observed to
temporarily break during potential pathways for ligand
exchange (Figure 2), this was not observed in the lowest
energy pathways for alkene epoxidation.
NBO and NEDA studies of the transition state suggest that

the primary interaction between the 1PI species and the alkene
substrate involves electron transfer from the π bond of the
alkene to the σ* bond between the two O atoms in the bound
peracetate (Figure 9, Table 1). This suggests that the reactivity
can be facilitated by enhancing either the nucleophilicity of the
substrate or the electrophilicity of the 1PI complex. A
comparison of the oxidations of ethylene and cyclohexene is
complicated by the earlier transition state predicted for
cyclohexene. The calculated ratios of the interactions, however,
are consistent with previously obtained experimental results,
which demonstrated that more electron rich CC groups react
more readily and that Ga(III) complexes with more poorly
electron-donating ligands tend to exhibit faster catalysis.16,17

■ CONCLUSIONS
The oxygen-transferring agent in the gallium-catalyzed
epoxidation of alkenes by peracetic acid is predicted by DFT
calculations to be [Ga(phen)2(PI)]

2+. The PI displaces acetate
ions from the Ga(III) center and coordinates the metal center
in a bidentate fashion, forming a relatively stable five-membered

Table 1. NBO and NEDA of the Interactions (kcal mol−1)
between the Olefin and 1PI Oxidant in the Transition State
Geometries at the B3LYP/6-31G(2d,p) Level

olefin
(πCC)→

1PI
(σ*O−O)

a

1PI
(LPO)→
olefin

(π*CC)
a sum

total
interactionb

total,
%c ratiod

Olefin = Ethylene
TS8 58.0 11.7 69.7 80.1 87 5.0
TS88 55.1 11.7 69.8 89.3 78 3.7

Olefin = Cyclohexene
TS9 33.6 6.0 39.6 56.1 70 5.6

aCalculated from NBO second-order perturbation theory analysis of
transition states for olefin epoxidation by 1PI. bFrom NEDA. cPercent
contribution of πCC→σ*O−O and LPO→π*CC interactions to the
total interaction between the olefin and GaPI in the given transition
state. dRatio of olefin (πCC)→1PI (σ*O−O) to 1PI (LPO)→olefin
(π*CC) interaction energies.
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metallacycle. Analysis of the transition state indicates that the
peracetate oxidant is highly electrophilic, in agreement with
previously obtained experimental results.
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