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ABSTRACT: Theoretical (DFT) calculations predict that
soluble Bi salts exhibit catalytic activity toward oxidation of
olefins with H,O,. Reaction occurs via two competitive
channels: (i) nonradical epoxidation of the C=C double
bond and (ii) radical hydroperoxidation of the allylic C atom(s)
with involvement of the HO® radicals, realized concurrently and
leading to epoxide/diol and alkenylhydroperoxide products,
respectively. The most plausible mechanism of epoxidation
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includes the substitution of a water ligand in the initial Bi aqua complex, hydrolysis of the coordinated H,O,, one-step oxygen
transfer through a direct olefin attack at the unprotonated O atom of the OOH™ ligand in [Bi(H,0)s(OOH)]*", and liberation of
the epoxide from the coordination sphere of Bi. The main conclusions of the theoretical calculations were confirmed by
preliminary experiments on oxidation of cyclohexene, cyclooctene, and 1-octene with the systems Bi(NO;);/H,0,/CH;CN +

H,0 and BiCly/H,0,/CH,CN + H,0.
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Bl INTRODUCTION

Oxidation of hydrocarbons to valuable products (alcohols,
ketones, carboxylic acids, epoxides, etc.) is of tremendous
importance and attracts much current attention because of the
search for new raw materials for the chemical industry.'
Hydrogen peroxide is one of the most environmentally benign
oxidants used in these processes because water is the only
product of H,0, reduction and O, is the sole byproduct.” The
oxidation of hydrocarbons with peroxides usually requires the
presence of a catalyst. Transition metal complexes (TMCs) or
metal oxides are typically used as such catalysts."” In contrast,
the application of nontransition metal complexes (those of
alkaline earth metals, Al, Ga, In, T1, Sn, Pb, and Bi) in these
reactions is much rarer. Most of the publications concern
heterogeneous catalysis in which non-TMCs are used as
supports” or as catalysts themselves.”~” Examples of homoge-
neous oxidations of alkanes or olefins with peroxides catalyzed
by non-TMCs include the hydroperoxidation of simple alkanes
bearing nonactivated C—H bonds in the presence of [Al-
(H,0)¢]*,° [Be(H,0),]*, and [M(H,0),]* (M = Zn, Cd)’
and epoxidation of olefins with [AI(H,0)4]*",'" Sn(IV)
(theoretical study),"' and Ga(III) (experimental'> and
theoretical® studies) species.

Bismuth and its compounds are potentially valuable but
clearly underexplored non-TM catalysts in hydrocarbon
oxidations.'* The works on this togpic include the oxidation of
cyclohexane by molecular oxygen'® or H,0,'¢ catalyzed by Bi-
containing SBA-15, MCM-41, or ZSM-5 mesoporous molec-
ular sieves; bismuth-catalyzed benzylic or allylic oxidations with
tert-butyl hydroperoxide;'” benzylic oxidations by sodium
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bismuthate NaBiO; in acetic acid;'® propylene epoxidation
with molecular oxygen catalyzed by a MoO;—Bi,SiO;/SiO,
system;'” oxidation of propylene or isobutene to acrolein over
Bi,_,/3V,_,M0,0,” and Bi,M,0, (M = Mo, W, Sn)”' catalysts;
and epoxidation of stilbene by ‘BuOOH with [Cp,Mo(Bi-
{OCH(CF,),},),].”* The interaction of bismuth oxide clusters
with olefins in the presence of O, was also studied by
theoretical”® and experimental** methods.

Recently,” we demonstrated that the simple bismuth nitrate
salt Bi(NOs;); efficiently catalyzes homogeneous oxidation of
alkanes (cyclooctane, n-octane, methylcyclohexane, 1,2-dime-
thylcyclohexane) with H,O, in aqueous CH;CN. Alkylhy-
droperoxides formed as a result of this reaction give, upon
decomposition, the corresponding alcohols and ketones with a
total yield up to 32%, on the basis of the starting alkane. The
experimental reaction selectivity parameters indicated that the
reaction occurs via a free radical mechanism involving
generation of HO® radicals. A plausible mechanism of HO®
formation was proposed and theoretically studied. It includes
the substitution of a water ligand for H,O, in the aqua complex
[Bi(H,0)s]*" (this aqua complex is formed upon dissolution of
Bi(NO;); in acidified aqueous acetonitrile), hydrolysis of the
H,0O, adduct, a second H,O-for-H,O, substitution, and
homolytic HO—OH bond cleavage in the intermediate
[Bi(H,0),(H,0,)(O0H)]** (Scheme 1). The generated
HO?® radicals abstract hydrogen from the alkane molecules

Received: January 15, 2015
Revised:  April 29, 2015
Published: May 12, 2015

DOI: 10.1021/acscatal.5b00077
ACS Catal. 2015, 5, 3823-3835


pubs.acs.org/acscatalysis
http://dx.doi.org/10.1021/acscatal.5b00077

ACS Catalysis

Research Article

Scheme 1. Generation of the HO® Radical in the System
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RH to give alkyl radicals R® which, upon fast reaction with
molecular oxygen, are transformed into alkylperoxo radicals
ROO® and then into alkylhydroperoxide ROOH. The
calculated Gibbs free energy of activation for this mechanism
is only 15.2 kcal/mol, suggesting that HO® radicals should,
indeed, be easily generated in this system. The same
mechanism was previously calculated by us also for non-
TMCs of group III metals (Al, Ga, In),” Be, Zn, and Cd.’

When the same catalytic system, Bi(NO,);/H,0,, is applied
for oxidation of olefins instead of alkanes, we can envisage that
two competitive processes may occur concurrently: (i)
epoxidation/dihydroxylation of the C=C bond via a non-
radical mechanism and (ii) hydroperoxidation of the allylic
carbon atom via an H-abstraction by a HO® radical to give
alkenylhydroperoxide, which is then decomposed to the
corresponding alkenol and alkenone (Scheme 2).

Thus, the essential goals of this work are to uncover, by
theoretical methods, if the Bi(NO,);/H,0, catalytic system is
also active toward olefin epoxidation and to elucidate which
process, epoxidation or radical hydroperoxidation, is more
favorable when olefin is taken as a substrate. Various plausible
mechanisms of the epoxidation are compared, details of the
most favorable one are discussed, and the main factors
determining the catalytic activity are analyzed. To our
knowledge, utilization of Bi and its compounds for the
homogeneous epoxidation of olefins has not yet been reported.

B COMPUTATIONAL DETAILS

The full geometry optimization of all structures and transition
states (TS) has been carried out at the DFT/HF hybrid level of
theory using Becke’s three-parameter hybrid exchange func-
tional in combination with the gradient-corrected correlation
functional of Lee, Yang, and Parr (B3LYP)*” with the help of
the Gaussian 09°° program package. The quasirelativistic
Stuttgart pseudopotential that describes 78 core electrons
(MWB?78) and the appropriate contracted basis set” were

employed for the Bi atoms. This basis set was augmented by
addition of the f function with exponent 0.305 optimized using
the utility gauopt for the Bi atom in the ground state. The
standard basis set 6-311+G(d,p)’ was applied for all other
atoms. No symmetry operations have been applied for any of
the structures calculated. Restricted approximations for the
structures with closed electron shells and unrestricted methods
for the structures with open electron shells have been
employed.

Taking into account the importance of the consideration of
the second coordination sphere in solvent effect calculations for
reactions involving highly charged species, one solvent
molecule (H,O or H,0,) was added explicitly in the second
shell of the calculated structures. The combination of this
model with the B3LYP functional and the basis set used was
previously successfully applied for the investigation of hydro-
carbon oxidation and epoxidation with H,O, catalyzed by
nontransition metal complexes,”***® providing excellent agree-
ment between the calculated and experimental activation
energies of the key reaction steps (see also the Supporting
Information for additional discussion concerning the Bi-based
species).

The Hessian matrix was calculated analytically for the
optimized structures to prove the location of correct minima
(no imaginary frequencies) or saddle points (only one
imaginary frequency) and to estimate the thermodynamic
parameters, the latter being calculated at 25 °C. The nature of
all transition states was investigated by the analysis of vectors
associated with the imaginary frequency and, in some cases, by
the calculations of the intrinsic reaction coordinates (IRC)
using the Gonzalez—Schlegel method.”’

Total energies corrected for solvent effects (E,) were
estimated at the single-point calculations on the basis of gas-
phase geometries using the polarizable continuum model in the
CPCM version’”> with CH;CN taken as solvent. The
calculations of the solvent effect were carried out using the
Gaussian 03" program package on the basis of gas-phase
equilibrium structures found with Gaussian 09 to provide direct
comparison of results obtained in this work and previ-
ously.”*>*® The UAKS model®* was applied for the molecular
cavity. The entropic term for the CH;CN solvent (S,) was
calculated according to the procedure described by Wertz and
Cooper and Ziegler”” using eqs 1 — 4

AS, = R In(Vy, 1ig/ Vingas) (1)
ASZ =R ln(Vr?l,liq/Vsm,liq) (2)
a = [Siy' — (Sgs + AS)]/[Sgs + AS] 3)

Scheme 2. Oxidation of Cyclohexene Taken as a Model Olefin with the System Bi(NO;),/H,0,
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S, =S, + AS
=S, + [AS, + a(S; + AS)) + AS,]
= §, + [(—1221cal/molK)

— 0.23(S, — 12.21cal/molK) + $.87cal/mol-K]
(4)

where S, = gas-phase entropy of solute, AS,; = solvation
entropy, SO'Sh-q, SO’SgaS, and V7, = standard entropies and molar
volume of the solvent in liquid or gas phases (149.62 and
245.48 J/mol-K and 52.16 mL/mol, respectively, for CH;CN),
Viges = molar volume of the ideal gas at 25 °C (24450 mL/
mol), V2, = molar volume of the solution corresponding to the
standard conditions (1000 mL/mol). The enthalpies and Gibbs
free energies in solution (H, and G;) were estimated using the
expressions H = E, + H, — E, and G, = H; — T-S,, where E,
and H, are the gas-phase total energy and enthalpy. The relative
energies discussed in the text are Gibbs free energies in solution
if not stated otherwise.

The topological analysis of the electron density distribution
with help of the AIM method of Bader’® was performed using
the program AIMAIL®" The Wiberg bond indices (B;)*® and
atomic charges have been computed by using the natural bond
orbital (NBO) partitioning scheme.”” The synchronicity of the
Sharpless mechanism (Sy) was calculated using the formula*’

= |6B, — 6B,
S=1-02n-2y") ———=
» ( Y 5B

i=1 av

©)

where n is the number of bonds directly involved in the
reaction. OB; is the relative variation of a given B, at the
transition state relative to reactants (R) and products (P) and it
is calculated as

BTS _ gR
o8B = — 1
-~ B -B" (©)
The average value of 5B; (6B,,) is defined as
8B, =n"' ) B,
i=1 (7)

In experimental studies of the hydrocarbon oxidation with
H,0, catalyzed by nontransition metal complexes,”” the mixed
solvent CH;CN + H,O was used. In calculations, the water part
of this solvent was approximated by the explicit inclusion of one
H,0 molecule in the second coordination shell, whereas the
acetonitrile part of the solvent was approximated by the CPCM
calculations of the bulky solvent effect for CH;CN.

B EXPERIMENTAL DETAILS

Reagents Bi(NO,;);:SH,O (98%), BiCl; (98%), hydrogen
peroxide (50% aqueous solution), cyclohexene (99%), cyclo-
octene (99%), and 1-octene (98%) were used as received from
Sigma-Aldrich. The catalyst was used in the form of a stock
solution in acetonitrile. Acetonitrile was selected because other
common solvents (e.g, benzene, toluene, CHCl;, CH,Cl,,
CH;NO,, THF, ROH, RC(=O0)R’) either directly and actively
participate in the oxidation under reaction conditions or form
heterogeneous system as a result of insolubility of the catalyst,
or they are not miscible with the aqueous H,0,. Aliquots of the
stock solution were added to the reaction mixtures in the olefin
oxidation. The reactions with H,0, (50% aqueous) were
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typically carried out in air in thermostated Pyrex cylindrical
vessels with vigorous stirring, and the total volume of the
reaction mixture was 10 mL. (CAUTION: the combination of
air or molecular oxygen and H,O, with organic compounds at
elevated temperatures may be explosive!) The reactions were
stopped by cooling and addition of PPh; and typically analyzed
twice, that is, before and after the addition of an excess of solid
PPh, using the method developed previously by one of us.””"!
For precise determination of oxygenate concentrations, only
data obtained after reduction in the reaction sample with PPh,
were used. Solutions in acetonitrile were analyzed after addition
of nitromethane as a standard compound by GC (instrument,
HP 5890 Series II; fused-silica capillary column, Hewlett-
Packard; the stationary phase was polyethylene glycol
INNOWAX with parameters 25 m X 02 mm X 0.4 um;
carrier gas was helium with column pressure of 1S psi).
Attribution of peaks was made by comparison with chromato-
grams of authentic samples. A Perkin Elmer Clarus 600 gas
chromatograph equipped with two capillary columns (SGE
BPXS; 30 m X 0.32 mm X 25 um), one having EI-MS (electron
impact) and the other one with FID detectors, was also used
for analyses of the reaction mixtures. Helium was used as the
carrier gas (1 mL per minute flow). All EI mass spectra were
recorded with 70 eV energy.

B RESULTS AND DISCUSSION

Epoxidation Mechanisms. There are two main groups of
proposed olefin epoxidation mechanisms: (i) concerted (one-
step) oxygen transfer involving one transition state and no
intermediates and (ii) stepwise mechanisms including the
formation of one or several intermediates. The classical
mechanism of the first group (the Sharpless mechanism) is
based on the formation of a peroxo complex as an active
catalytic species.”” The olefin molecule then attacks the peroxo
ligand, and oxygen transfer occurs in one step via a spiro-type
transition state (Scheme 3A). As a variant, this mechanism may
include a hydroperoxo complex as an active catalytic species
instead of the peroxo one.'"?***’ In this case, the oxygen
transfer is accompanied by the formation of a hydroxo complex
(Scheme 3B). Finally, another modification of the Sharpless

Scheme 3. Principal Concerted Mechanisms of Epoxidation:
Sharpless mechanism (A), Modified Sharpless Mechanism
(B) and Thiel Mechanism (C)
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Scheme 4. Principal Stepwise Mechanisms of Epoxidation: Mimoun Mechanism (A), Calhorda Mechanism (B) and [2 + 2]-

Cycloaddition Mechanism (C)
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mechanism was proposed by Thiel” for the Mo diperoxo
catalyst, and it starts with the coordination of a peroxide to the
metal and the proton transfer to the peroxo ligand to give the
hydroperoxo-alkylperoxo (or dihydroperoxo) complex. One of
the hydroperoxo (alkylperoxo) ligands then undergoes the
olefin attack and oxygen transfer (Scheme 3C).

The common mechanism of the second group is the
Mimoun one.* In this pathway, a five-membered metallacyclic
intermediate is formed upon insertion of the olefin molecule
into an M—O bond of a catalyst. Decomposition of this
intermediate leads to the epoxide and the catalyst in the oxo or
hydroxo form (Scheme 4A). Another stepwise mechanism was
proposed by Calhorda and coauthors.”® The first step here is
also olefin insertion into the M—O bond; however, the
intermediate formed is acyclic. The subsequent O—O bond
cleavage and intramolecular proton transfer afford the epoxide
(Scheme 4B). Finally, the initial step of epoxidation may be the
[2 + 2)-cycloaddition of olefin to the M—O bond.*** In this
mechanism, the intermediate has a four-membered metal-
lacyclic nature (Scheme 4C).

Formation of the Active Catalytic Species. Dissolution
of soluble Bi salts [e.g., Bi(NO,),] in water in the presence of a
strong acid results in the formation of aqua complexes
[Bi(H,0),]**." Recently,25 it was shown by us that the
predominant form of the Bi aqua complexes in solution is the
octahydrate [Bi(H,0)s]*" (1). In the same work, the
mechanism of formation of the Bi hydroperoxo complex
[Bi(H,0);(O0H)]** (3) in the presence of H,0, has also
been investigated, and it includes the initial substitution of one
water ligand in [Bi(H,0)g]*" for H,0, to give [Bi-
(H,0),(H,0,)1>* (2). This substitution occurs via a
dissociative pathway as shown in Scheme S, with the low
activation barrier of 5.8 kcal/mol reflecting the high lability of
the Bi(IIT) complexes.”® Because of the highly acidic nature of
the hydrated Bi(III) species (pK, = 1.1),*” complex 2 then
undergoes an easy hydrolysis and a loss of two H,O molecules,
leading to the hydroperoxo complex [Bi(H,0);(OOH)]* (3)
(Scheme S). The calculations demonstrated that 3 is only 3.4
kcal/mol above the initial aqua complex 1 (Figure 1). Thus, the
formation of the active catalytic species 3 is highly favorable in
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Scheme 5. Mechanism of Formation of [Bi(H,0),(O0H)]*
H,0 %
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terms of kinetic arguments and is not forbidden thermodynami-
cally.

In addition, the calculations revealed that the elimination of
one water ligand in 3 may result in the formation of the penta-
coordinated complex [Bi(H,0),(OOH)]** (4) with an
activation barrier of 7.2 kcal/mol. Despite 4’s being less stable
than 3 by 5.4 kcal/mol, it may also be involved in the
epoxidation, and hence, the oxygen transfer mechanisms were
considered for both complexes 3 and 4.

Concerted Mechanisms. 1. Pathways Based on the
Hydroperoxo Complexes 3 and 4; Olefin Attack at the
Unprotonated Oxygen Atom. One transition state of the
concerted mechanism corresponding to an attack of the olefin
at the coordinated unprotonated oxygen atom of the OOH™
ligand was found for each epoxidation reaction of 3 or 4 (TS1
and TS2, respectively; ethylene was taken as a model of
substrate; see Scheme 6). Because the routes based on these
TSs were found to be the most favorable ones (see below), a
more detailed discussion of this mechanism is provided in the
following sections.

(i) Structures of Transition States. The polyhedron of TS1
is derived from the pentagonal pyramid structure found for the
parent complex 3 (Figure 2). However, distortions of the
polyhedron in TS1 from the idealized pyramid are more
significant than in 3. The pentagonal pyramid structural motif is
known for Bi(III) complexes, and it reflects a well-known effect
of the stereochemically active lone electron pair of Bi. The
coordination polyhedron of TS2 may be better described as a
highly distorted trigonal bipyramid (assuming that the OOH™

ligand occupies one coordination place).
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Figure 1. General energy profile for the main proposed mechanisms of epoxidation and hydroperoxidation of olefins (only metal-containing species
are indicated, except epoxide and the hydroperoxidation step; second-sphere solvent molecules are omitted; numbers indicate the relative energies).

Scheme 6. Concerted Mechanisms of Epoxidation Based on TS1 and TS2
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Figure 2. Equilibrium geometries of complex 3 and selected transition states.

The {Bi(OOH)(C,H,)} reaction center of these TSs is (1.722/1.670 and 1.348/1.346 A) are elongated compared with

asymmetric. The Bi—O(1) bond is noticeably longer than Bi— the corresponding bonds in 3/4 and in free ethylene (1.464/
0(2) (2.265/2.260 A vs 2.130/2.123 A); however, the OOH™ 1.453 and 1.329 A).

ligand is in the 7*-coordination mode. One of the C—O bonds Another interesting structural feature of TS1 and TS2 is their
is also significantly longer than another one (2.546/2.649 vs significant deviation from the classical spiro-type geometry.

2.285/2.340 A). The O(1)-0O(2) and C(3)—C(4) bonds Structures with the angle between two connected planes of
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~90° are typical not only for spiro-compounds with the
quaternary carbon atom but also for TSs of the Sharpless
mechanism of epoxidation.51 However, in TSI, this angle is
significantly lower, ~33°, making the whole geometry of the
reaction center more flat. In TS2, both BiO(1)O(2) and
0O(2)C(3)C(4) rings lie almost in the same plane (the angle
between the planes is ~6°).

The topological analysis of the electron density distribution
(AIM) revealed the existence of bond critical points (BCPs) for
five bonds of the reaction center in TS1 and TS2 (i.e. BiO(1),
BiO(2), O(1)0(2), 0(2)—C(3), and C(3)—C(4)), whereas
there is no BCP for the O(2)C(4) bond. Thus, these transition
states cannot be described as spiro-type structures; instead, the
O(2) atom is bound only with one carbon atom of the olefin
molecule. The AIM properties at the bond critical points are
given in Table S1 in the Supporting Information.

(i) Intrinsic Reaction Coordinate (IRC). To investigate the
mechanism in more detail, the IRC calculations were carried
out. The mechanism involving TS1 starts with the molecular
complex between 3 and the ethylene molecule (Scheme 6).
The energy of this complex is higher than the sum of energies
of isolated 3 and C,H, by 6.4 kcal/mol as a result of
unfavorable entropic factor (Figure 1). In contrast, the route via
TS2 includes the formation of the z-complex [Bi-
(H,0),(0O0H)(C,H,)]** (5) with Bi—C distances of 3.035
and 3.101 A.

The evolution of TS1 or TS2 leads to the same epoxide
adduct [Bi(H,0),(OH)(OC,H,)]** (6). The Bi—O¢pqyq. bond
length is 2.466 A in 6, which is quite comparable with the Bi—
Oyyater bond lengths of 2.415—2.523 A. The epoxide ligand in 6
may undergo a slightly endoergonic substitution by water (AG
3.1 kcal/mol) to give the molecular complex [Bi-
(H,0)s(OH)](OC,H,)*" (7). The substitution of the epoxide
in the second coordination sphere of 7 by water releases 5.0
kcal/mol, leading to the separation of [Bi(H,0);(OH)]-
(H,0)** (8) and OC,H,. The variations of the main bond
lengths and energy along the reaction coordinate are shown in
Figure 3.

(i) Synchronicity. The concept of synchronicity initially
proposed for the concerted cycloaddition reactions*” may also
be used for the concerted mechanisms of olefin epoxidation.
There are several criteria of the mechanism synchronicity, and
among them are (i) the relative lengths of two newly formed
bonds in the transition state, (ii) the relative values of the
corresponding Wiberg bond indices, and (jii) the definition of
synchronicity (S,) using eq S (see Computational Details). In
the last definition, all bonds directly involved in the reaction are
considered. The parameter S, is a quantitative measure showing
how synchronously bonds directly involved in a reaction are
changed, and it varies from O for the stepwise mechanism to 1
for the perfectly concerted one.

Analysis of the first criterion indicates a significant difference
between the lengths of two newly forming O—C bonds in TSs
(0.261/0.309 A); however, the difference of the Wiberg bond
indices for these bonds is only 0.02, and the S, parameter is
0.88/0.90 if considering three bonds (C—O and C—C) or 0.90/
0.79 if considering six bonds (C—O, Bi—O, C—C, and O-0).
Thus, despite the transition states’ being rather asymmetric, the
oxygen transfer process should be described as rather
synchronous. This is also confirmed by the synchronous
change of the O—C, Bi—O, O—0, and C—C bond lengths
along the reaction path (Figure 3).
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Figure 3. Intrinsic reaction coordinate and change of selected
internuclear distances along the reaction path for the mechanism
based on TS1. For the atomic numbering, see Figure 2.

(iv) Electron Transfer. In terms of the electron transfer, a
concerted epoxidation may be described either as a nucleophilic
addition of olefin to the hydroperoxo ligand or as a nucleophilic
attack of the hydroperoxo ligand at the olefin molecule. In the
former case, the reaction is controlled by the HOMO4,—
LUMOgoy type of the FMO interactions, whereas in the latter
case, the HOMOyoy—LUMO,4, interaction is predominant.
The FMOs of complexes 3 and 4 with an appropriate symmetry
that can interact with MOs of olefin are HOMO (7% _oy) and
LUMO+4 (68_on) (Figure 4). The HOMO;,,—~LUMOc y,

gap is 14.4 eV, whereas the HOMO y, —LUMO+4;,, gap is

only 0.7—0.9 eV. These values indicate unambiguously that the
reaction between 3/4 and olefin represents a nucleophilic
addition of C,H, to the peroxo ligand of the Bi complexes.
This conclusion is confirmed by the natural bond orbital
(NBO) analysis. The total NBO charge at the C,H, fragment in
TS1 and TS2 is significantly positive (0.21-0.26 e),
demonstrating the release of the charge density from ethylene
upon formation of TSs. The total second-order perturbation
energy for the 3/4 — C,H, charge transfer in TS1/TS2 is 8.1/
6.2 kcal/mol, the highest contribution being from the n[O(2)]
— m*(C,H,) transition (2.5/2.9 kcal/mol). At the same time,
the overall E(2) energy for the C,H, — 3/4 charge transfer is
41.6/33.5 kcal/mol, with the highest contribution coming from
the 7(C,H,) — #*(0—0) transition (31.3/22.4 kcal/mol).
2. Pathways Based on the Hydroperoxo Complexes 3 and
4; Olefin Attack at the Protonated Oxygen Atom. The
approaching olefin molecule can also attack the other oxygen
atom of the OOH™ ligand, that is, the protonated one (Scheme
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Figure 4. Plots of the interacting molecular orbitals of C,H, and 3 and their relative energies.

Scheme 7. Concerted Mechanisms of Epoxidation Based on TS3 and TS4
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7). The transition state of this pathway was located for each
complex 3 and 4 (TS3 and TS4, respectively). The
coordination polyhedra of TS3 and TS4 are distorted
pentagonal and square pyramids, respectively, with the reacting
OOH ligand situating at the axial position (Figure 2). The
latter structural motif is also known for Bi(IIl) species.’*>>*

The OOH" ligand is clearly monodentate, with the BiO(1)
and BiO(2) distances of 2.904/3.366 and 2.007/2.009 A,
respectively. The O(1)O(2) bond is significantly dissociated
(to 1.829/1.854 A). The O(1)C(3) and O(1)C(4) bonds are
also not equivalent (2.300/2.309 and 2.061/2.144 A). The AIM
analysis showed BCPs for five BiO(2), O(1)0O(2), O(1)C(3),
0(1)C(4), and C(3)C(4) bonds and one RCP for the OCC
ring. Thus, the {OO(H)CH,CH,} reaction fragment in TS3
and TS4 is T-shaped rather than of the spiro type.

The pathway involving TS3 starts with the formation of the
molecular complex [Bi(H,0);(O0H)](C,H,)*", which is
converted to TS3 and then directly to the molecular complex
[Bi(H,0)(OH)](OC,H,)*" 7 without formation of any
epoxide adduct with OC,H, ligated to Bi.

In contrast, the pathway through TS4 begins with a change
of the coordination mode of the OOH™ ligand in 4 from the 7'
to the 1* type (4 — 4’). The Bi—O(H) bond length is 2.557 A

3829

in 4’; such an isomerization is only slightly exoergonic by 0.3
kcal/mol. The molecular complex between 4’ and C,H, is then
formed. Transition state TS4 is converted to the epoxide
adduct [Bi(H,0),(OH)(OC,H,)]** 6, and this process is
accompanied by the proton transfer to the Bi-bound oxygen
atom.

The calculated S, parameters for these pathways are 0.86/
0.87 if considering three bonds (C—O and C—C) or 0.88/0.89
if considering four bonds (C—0O, C—C, and O—0)), indicating a
rather synchronous character of these processes.

3. Pathway Based on the Peroxo Complex [Bi-
(H,0)s(O0O)J*. This classical Sharpless mechanism includes
the consecutive formation of the peroxo complex [Bi-
(H,0),(00)]* (9) upon hydrolysis of [Bi(H,0);(OOH)]*
(3) (no minimum was found for the hexa-coordinated species
[Bi(H,0);(00)]*), a molecular complex between 9 and C,H,,
with olefin being in the second coordination sphere and then
the spiro-type transition state TSS (Scheme 8). This TS is
converted to the oxo-epoxido complex [Bi(H,0),(=0)-
(OG,H,)]" (10).

4. Pathways Based on the Dihydroperoxo Complex
[Bi(H,0),(OOH),J*. This Thiel-type mechanism involves the
formation of the dihydroperoxo complex [Bi(H,0),(OOH),]*
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Scheme 9. Thiel Mechanism of Epoxidation
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Table 1. Calculated Gibbs Free Energies of Activation (AG,*) and Reaction (AG,) in CH;CN Solution (in kcal/mol)

reaction

Bi(H,0)s](H,0,)™ (1) = [Bi(H,0),(H,0,)](H,0)*" (2)

Bi(H,0),(H,0,)](H,0)* (2) - [Bi(H,0)(00H)](H,0)** (3) + H;0" + H,0

Bi(H,0)5(O0H)](H,0)* (3) — [Bi(H,0),(O0H)](H,0)," (4)

[

(

[

[Bi(H,0)(OOH)](H,0)* (3) + C,H, — [Bi(H,0)5(O0H)](H,0)(C,H,)*" (3-C,H,)
[Bi(H,0)5(O0H)](H,0)(C,H,)* (3-C,H,) — [Bi(H,0),(OH)(OC,H,)](H,0),* (6)
[Bi(H,0),(OH)(OC,H,)](H,0),™ (6) — [Bi(H,0)5(OH)](H,0)(0C,H,)** (7)
[Bi(Hzo)s(OH)J(HZO)(OCZHO% (7) + H,0 — [Bi(Hzo)s(OH)](Hzo)zh (8) + OC,H,
[Bi(H,0),(O0H)](H,0),™ (4) + C,H, — [Bi(H,0),(00H)(C,H,)](H,0),* (5)
[Bi(H,0),(O0H)(C,H,)](H,0),** (5) — [Bi(H,0),(OH)(OC,H,)]1(H,0),** (6)
[Bi(H,0)5(OOH)](H,0)(C,H,)* (3-C,H,) — [Bi(H,0)s(OH)](H,0)(OC,H,)* (7)
[Bi(H,0),(O0H)](H,0),*" (4) — [Bi(H,0),(*-00H)](H,0),™* (4')
[Bi(H20)4(r]2~OOH)](H20)22+ 4) + CH, — [Bi(H20)4(r]z-OOH)](HZO)Z(C2H4)Z+ (4,‘C2H4)
[Bi(H,0),(1*-O0H)](H,0),(C,H,)** (4"-C,H,) — [Bi(H,0),(OH)(OC,H,)](H,0),** (6)
[Bi(H,0),(00)](H,0)," (9) + C,H, — [Bi(H,0),(00)](H,0),(C,H,)* (9-C,H,)
[Bi(H,0),(00)](H,0),(C,H,)" (9-CH,) — [Bi(H,0),(=0)(0C,H,)](H,0)," (10)
[Bi(H,0),(0O0H),](H,0)" (11) + C,H, — [Bi(H,0),(O0H),](H,0)(C,H,)" (11-C,H,)
[Bi(H,0),(0O0H),](H,0)(C,H,)" (11-C,H,) — [Bi(H,0),(OH)(OOH)(0C,H,)1(H,0)* (12)
[Bi(H,0),(0O0H),](H,0)(C,H,)" (11-C,H,) — [Bi(H,0),(OH)(OOH)](H,0)(OC,H,)* (13)
[Bi(HzO)4(00H)1(HZO)ZZJr (4) + GH, - [Bi(Hzo)s(OOH)(C2H4)](Hzo)zh (18) + H,0
[Bi(H,0);(O0H)(C,H,)](H,0),” (18) — [Bi(H,0);{00(H)CH,CH,}](H,0),” (17)
[Bi(H,0)3{0O0(H)CH,CH,}](H,0),* (17) - [Bi(H,0),{Q0(H)CH,CH,}](H,0)*" (15)
[Bi(H,0):{00(H)CH,CH,}](H,0),** (17) — [Bi(H,0),{O(H)OCH,CH,}](H,0),™* (16)

— ===

Bi(H,0)3{0(H)OCH,CH,}](H,0),** (16) - [Bi(H,0),{OQ(H)OCH,CH,}](H,0)* (14)
Bi(H,0){0(H)OCH,CH,}](H,0),* (16) — [Bi(H,0);(OH)(OCHCH;)](H,0),™ (19)
Bi(H,0)5(00H)](H,0)* (3) + C,H, — [Bi(H,0),(00H)(C,H,)](H,0)**" (18a) + H,0
Bi(H,0),(0O0H)(C,H,)](H,0)*" (18a) — [Bi(H,0),{O(OH)CH,CH,}](H,0)* (20)
Bi(H,0),{0(OH)CH,CH,}](H,0)** (20) — [Bi(H,0);(OH)(OCH,CH,)](H,0),* (21)
Bi(H,0),{0(OH)CH,CH,}](H,0)* (20) — [Bi(H,0),(CH,CH,00H)](H,0)** (22)

AG} AG,

5.8 0.8

26

72 54

64

via TS1 158 -59.9
3.1

-5.0

63

via TS2 115 —-65.2
via TS3 23.0 -56.7
-03

6.1

via TS4 184 —64.7
6.1

via TSS 16.4 —42.5
24

via TS6 21.3 —449
via TS7 29.0 —48.5
15.1

via TS8 6.2 —-67
3.1

via TS9 27.9 -92
via TS10 53 —9.2
43

via TS11 156 -78.1
147

via TS12 8.4 -10.0
via TS13 24.1 -51.3
via TS14 15.0 -03

(11) as a result of water substitution for H,O, in [Bi-
(H,0);(OOH)]** (3), followed by hydrolysis of the
coordinated hydrogen peroxide (Scheme 9). Two pathways
are possible then: those via TS6 corresponding to the olefin
attack at the unprotonated O atom of the OOH™ ligand and via
TS7 associated with the attack at the protonated oxygen atom.
The first pathways lead to the epoxido adduct [Bi(H,0),(OH)-
(OOH)(OC,H,)]* (12), whereas the second route affords
complex [Bi(H,0),(OH)(OOH)](OC,H,)* (13), with the
epoxide situated in the second coordination sphere.

5. Activation Energies of the Concerted Mechanisms. In
gas phase, all four TSs based on the hydroperoxo complexes 3
and 4 (TS1-TS4) have similar stabilities with the differences
within 3 kcal/mol in terms of Gibbs free energies. The stability
decreases along the row TS2 > TS3 > TS1 ~ TS4; however,
consideration of the solvent effects makes TS1 and TS2 clearly
more stable than TS3 and TS4 (by 6.2—7.4 kcal/mol). In

3830

solution, the stability of TSs decreases along the sequence TS1
> TS2 > TS3 ~ TS4, and the activation barriers (AG,*) of the
reaction 3 (— 4) + C,H, for these channels are 22.2—29.6
kcal/mol (Table 1).

The activation barriers of the oxygen transfer steps based on
TSS and TS6 of the Sharpless and Thiel type mechanisms are
similar (22.6 and 23.7 kcal/mol for the reactions 9 + C,H, and
11 + C,H,, respectively), whereas the mechanism via TS7 is
clearly less favorable (AG,* = 31.4 kcal/mol). At the same time,
the formation of both 9 and 11 upon hydrolysis is
endoergonic.53 As a result, the activation barrier of the
pathways based on TSS and TS6 relative to 3 should be
obviously higher than that for the route via TS1. Thus, the
pathway based on the monohydroperoxo complex 3 and TS1 is
the most favorable one among all the concerted mechanisms.

The overall lowest activation energy of the concerted
epoxidation relative to the initial complex 1 is 25.6 kcal/mol
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Scheme 10. Mimoun Mechanism of Epoxidation
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(Figure 1). This value is lower than AG! of the epoxidation
with the Al aqua complex [AI(H,0)s]* (28.1 kcal/mol).**
Taking into account that the latter complex was found to be
active in the epoxidation of a,f-unsaturated ketones,'’ the Bi
system might also be efficient as a catalyst for this process if the
concurrent radical pathway is not operating (see the
Introduction).

Stepwise Mechanisms. 1. Mimoun-Type Pathways. A
mechanism of this type was also searched for both starting
complexes 3 and 4. Two types of five-membered metallacyclic
intermediates with different protonated oxygen atoms were
found for each reaction channel (14, 15 and 16, 17) (Scheme
10). The intermediates 14 and 16 with the protonated Bi-
bound oxygen atom are more stable than 15 and 17 by 16.6
and 9.2 kcal/mol; however, we were unable to locate any
transition state for the formation of 14/16 from 3/4 + C,H,,
and all attempts led either to an intermediate or to a transition
state of another mechanism described in the next section.
Similarly, no TS of the formation of the hexa-coordinated
intermediate 15 was found. Instead, transition state TS8 with
penta-coordinated Bi atom was located, and this T'S leads to 17.

In agreement with the IRC calculations from TS8 and
subsequent geometry optimization, this mechanism starts with
complex [Bi(H,0);(O0H)(C,H,)]*" (18) as a result of a
water substitution for the olefin molecule in 4 (Scheme 10).
The AIM analysis shows the presence of one Bi—C bond
critical point with the p, V2p, and H,, values of 0.174 /A3
0.552 e/A% and —0.018 hartree/A’, respectively. These values
indicate that the bonding between the Bi and C atoms is rather
weak. No BCP between Bi and another C atom, as well as no
ring critical point for the Bi—CC cycle, were found. Thus, 18
should be considered as an acyclic species. The AIM data
correlate with the long and not equal Bi—C distances in 18
(2.904 and 3.112 A).
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The absence of the corresponding TSs shows that complexes
14, 15, and 16 conceivably are not achievable directly upon
reaction of the olefin with the hydroperoxo species. However,
these intermediates may be formed as a result of a 1,2-hydrogen
shift (17 — 16) or through a migration of a water molecule
from the second coordination sphere to the first one (16 — 14
and 17 — 15) (Scheme 10). The hydrogen shift from 17 to 16
may be either direct, via TS9, or assisted by a water molecule,
via TS10. The former process requires a rather high activation
barrier of 27.9 kcal/mol, whereas the activation energy of the
latter process is much lower (5.3 kcal/mol) as a result of the
presence of the S-membered cyclic fragment O---H---O---H---O
in TS10.

The final step of the Mimoun-type mechanism is the
transformation of the five-membered intermediate to complex
[Bi(H,0),(OH)]** and epoxide. However, no TS for this
process was found. Instead, the transition state TS11 was
located with an energy of 15.6 kcal/mol above 16. Meanwhile,
the IRC calculations indicated that this TS corresponds to the
formation of the coordinated acetaldehyde CH,;CHO (19)
instead of ethylene epoxide. A similar situation was found
previously for the epoxidations of molybdenum and vanadium
peroxo complexes.”>*

The calculated activation energies AG,* for the formation of
intermediate 17 are 26.7 and 30.2 kcal/mol relative to 3 and 1,
respectively. Thus, the realization of the Mimoun-type
mechanism is not feasible because (i) it clearly requires a
higher activation barrier than the concerted oxygen transfer,
and (ii) it leads to the formation of aldehyde instead of epoxide
product.

2. [2 + 2]-Cycloaddition and Calhorda-Type Mechanisms.
The alternative stepwise mechanism of epoxidation (Scheme
11) is based on the [2 + 2]-cycloaddition of the olefin to the
Bi—OOH bond without cleavage of the latter. As a result, the
four-membered cyclic intermediate 19 is formed. This
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Table 2. Maximum Yields (%) of the Oxygenate Products

yield
catalyst substrate epoxide enone enol trans diol cis diol total
Bi(NO;); cyclohexene traces 1 12 3 traces 16
BiCl; cyclohexene 1 traces 13 2 16
Bi(NO;); cyclooctene 14 S 4 1 24
Bi(NO,), 1-octene traces 4 6

mechanism starts with the substitution of one water ligand for
the olefin molecule in 3 to give the acyclic complex 18a (BCP
for only one Bi—C bond was located using the AIM analysis).
Intermediate 20 is formed from 18a via TS12, and then it
transforms into the epoxide adduct 21 via TS13. The second
step of this mechanism is the rate-limiting one; the calculated
activation energies are 28.8 and 32.2 kcal/mol relative to 3 and
1, respectively, which are slightly higher than those for the
Mimoun-type mechanism (Figure 1).

A similar mechanism was proposed by Calhorda and
coauthors,* but it includes the formation of an acyclic
intermediate as a result of the [2 + 2] insertion of the olefin
molecule into the M—O bond (Scheme 4B). Such intermediate
22 was, indeed, found for the Bi system under study (Scheme
11); however, no TSs associated either with one-step [2 + 2]
insertion 3/4 + C,H, leading to 22 or with its transformation
to epoxide were located. All attempts led either to TS12 or to
TS13 of the [2 + 2] cycloaddition mechanism. Instead, TS14
was found, and it corresponds to the Bi—O bond cleavage in
20. Thus, the acyclic Calhorda-type intermediate is a side
product, and it does not belong to the reaction path of the
epoxidation process.

In summary, the calculations indicate that among all the
considered mechanisms of the epoxidation, the most favorable
one is the concerted oxygen transfer from the hydroperoxo
ligand in complex [Bi(H,0);(OOH)]*" 3 via TSI, with the
overall AG.* value of 25.6 kcal/mol.

Substrate Nature. The calculations discussed above were
carried out for ethylene as the simplest model of olefins. To
check how the nature of the substrate affects the activation
energy of epoxidation, the calculations with cyclohexene and
cyclooctene—olefins often used in experimental works on this
topic—were also performed. As a result, the transition states
TS1a and TS1b of the most plausible mechanism were found
(Figure 2). The activation barrier, AGJ, of the reaction with
cyclohexene is the same as with ethylene (ie., 22.2 and 25.6
kecal/mol relative to 3 and 1, respectively) whereas that of the
reaction with cyclooctene is lower by 1.3 kcal/mol. This
difference corresponds to the ratio of the reaction rates of the
cyclohexene and cyclooctene epoxidation: 1:9.

Comparison of the Nonradical Epoxidation and the
Radical Hydroperoxidation Channels. The calculations
indicated that the epoxidation of olefins with H,O, catalyzed by
soluble Bi salts has an activation barrier sufficiently low to
permit the effective realization of this process. However, as was
mentioned in the Introduction, another concurrent process in
this system is also possible: hydroperoxidation of the allylic
carbon atom of the olefin with involvement of the HO® radical
(Schemes 1 and 2). The calculated activation barrier of the
HO"® radical generation in the system [Bi(H,0)3]*"/H,0, is
15.2 kcal/mol.*® The HO® radical then abstracts the hydrogen
atom from the olefin molecule, affording the R* radical. The
calculated activation energy for the reaction HO® + RH — H,O
+ R® (R = 2-cyclohexenyl, via TS15) is 5.6 kcal/mol. Thus, the
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overall activation barrier of the cyclohexene hydroperoxidation
via the radical mechanism is 20.8 kcal/mol relative to 1. This
value is lower than the activation energy of the nonradical
epoxidation (25.6 kcal/mol) (Figure 1). Hence, the calculations
predict that the predominant channel of the cyclohexene
oxidation with H,O, catalyzed by soluble Bi salts should be
hydroperoxidation. At the same time, the difference of the
activation barriers for these two channels is not significant, and
hence, the formation of epoxide (or products of its hydrolysis)
is also quite possible.

Oxidation of Olefins with the Bi(NO;);/H,0, and BiCl,/
H,0, Systems. To verify the theoretical predictions, a
preliminary experimental study of the cyclohexene, cyclooctene,
and Il-octene oxidation by H,0, catalyzed by Bi(NO;); and
BiCl; under air atmosphere in aqueous acetonitrile was carried
out. The catalyst was introduced in the form of nitrate
Bi(NO;);-SH,0 or chloride BiCl,. Initial concentrations of
substrate, catalyst, and H,0, were 0.25, 1 X 1073 and 1.2 M,
respectively; temperature, 60 °C; reaction time, up to 32 h.
Concentrations of products and yields were typically measured
after addition of PPh; to the reaction sample.

For the reactions with cyclohexene, the experiments indicate
that the total yield of the oxygenate products under these
conditions reaches 16%, on the basis of the initial cyclohexene
(the overall concentration of the products was 0.041 M after 32
h; see Figures S1, S2 in the Supporting Information). In the
absence of the Bi salt, the yield is <2%. The principal product
detected by GC after reduction with PPh; was 2-cyclohexene-1-
ol (yield 12—13%; Table 2) formed via the radical mechanism
upon the decomposition of ROOH (Scheme 2). Indeed, the
comparison of chromatograms obtained for the reaction
samples before and after addition of PPh; (Figure S1)
demonstrated the formation of cyclohexenyl hydroperoxide,
ROOH, during the course of the reaction (for this method, see
refs 2b, 41.). At the same time, trans-cyclohexane-1,2-diol was
also detected as a minor product with a yield of ~3%. Other
possible products of the epoxidation or hydroperoxidation
(cyclohexene oxide, cis-cyclohexane-1,2-diol, 2-cyclohexene-1-
one) were formed in trace amounts. The formation of trans-
cyclohexane-1,2-diol instead of cyclohexene oxide was quite
expected, considering that epoxides are easily hydrolyzed under
acidic conditions at elevated temperatures (note that the
soluble Bi** salts are strong acids with a pK, value of 1.1,*” and
the reaction temperature was 60 °C). The well-known Sy2
mechanism of this hydrolysis shown in Scheme 12 explains the
exclusive formation of the trans isomer of the diol.

Scheme 12. Hydrolysis of Cyclohexene Oxide
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The initial reaction rate, W, was determined from the slope
of the tangent to the kinetic curves of the corresponding
oxygenate accumulation after addition of PPh; to the reaction
mixture (Figure S1). The initial reaction rate of the
accumulation of enol (the principal final product of the
hydroperoxydation pathway) (6.1 X 1077 M/s) is ~3 times
higher than the W, value of the formation of trans diol (the
main product of the epoxidation pathway) (2.2 X 1077 M/s),
and the selectivity parameter for these two products after 32 h
is enol/trans-diol = 4:1. At the same time, it is necessary to
mention that in the case of the hydroperoxidation pathway, a
number of side reactions are possible; for example, interaction
of the highly reactive HO® radicals with other components of
the system, such as solvent, ROOH, H,0,, HOO?®,
intermediates formed in the course of the reaction, or with
impurities that inevitably exist in the reaction mixture or are
adsorbed on walls. All these side reactions provide a low
selectivity of the radical pathway and decrease the accumulation
rate of the enol product, despite the efficient HO® radical
generation predicted by the DFT calculations. However, even
despite such an effect of the HO® radicals’ consumption in side
reactions, enol still appears as a major product.

The total yield of the oxygenates in the reaction with
cyclooctene reaches 24% after 24 h, and the main product is
cyclooctene oxide (14%), whereas 2-cyclooctene-1-ol and trans-
cyclooctane-1,2-diol were obtained in yields of S and 4%,
respectively (Table 2, Figure S3). The preferential formation of
epoxide is accounted for by the known higher thermodynamic
stability of cyclooctene oxide. The increase in yields of the
epoxidation products relative to those of the hydroperoxidation
pathway in this case is in agreement with the results of the
theoretical studies indicating that the activation barrier of the
cyclooctene epoxidation is lower than that of the cyclohexene
epoxidation (see above, Substrate Nature section).

The total yield of the 1-octene oxidation products is lower
and reaches 6%; the principal product is octane-1,2-diol (4%),
whereas the yield of 1-octene-3-ol is ~2% (Table 2, Figure S4).
The low yield of the enol product may be accounted for by (i)
the lower number of the allylic hydrogen atoms in 1-octene
(two atoms) compared with the cyclic olefins (four atoms) and
(ii) the less reactive C—H allylic bond in 1-octene. The latter is
confirmed by the DFT calculations, indicating that the
activation energy of the allylic hydrogen abstraction by HO®
from 1-octene is 6.8 kcal/mol vs 5.6 kcal/mol for cyclohexene.
Such a difference corresponds to the lower reactivity of 1-
octene toward hydroperoxidation by a factor of 8, in agreement
with the experimental observations.

Thus, the experimental results confirm the theoretical
prediction that olefin oxidation with H,O, catalyzed by soluble
Bi(III) salts occurs via two competitive reaction channels: the
radical hydroperoxidation of the allylic C atom(s) and
nonradical epoxidation of the C=C bond, and these channels
are realized concurrently.

B FINAL REMARKS

In this and previous” works, we have demonstrated for the first
time that soluble Bi salts can exhibit catalytic activity toward the
oxidation of hydrocarbons with H,0,. Such an oxidation of
olefins occurs via two competitive channels: (i) nonradical
epoxidation with possible subsequent hydrolysis of the epoxides
to produce trans diols and (ii) radical hydroperoxidation of the
allylic CH, groups to give alkenylhydroperoxides with
involvement of the HO® radical, which abstracts a hydrogen
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atom from the substrate molecule (Scheme 2). Theoretical
(DFT) calculations predict that both epoxidation and hydro-
peroxidation pathways may be realized concurrently as a result
of a rather small difference in the activation barriers.

The most plausible mechanism of epoxidation includes (i)
the substitution of a water ligand for H,O, in the initial aqua
complex [Bi(H,0)3]*", (ii) the hydrolysis of the coordinated
hydrogen peroxide, (iii) the one-step oxygen transfer through a
direct attack of the olefin molecule at the unprotonated oxygen
atom of the OOH"™ ligand in [Bi(H,0);(OOH)]*" via TSI,
and (iv) the liberation of epoxide from the coordination sphere
of bismuth (Schemes 5 and 6). Other concerted and stepwise
mechanisms of epoxidation were found to be less favorable.

A preliminary experimental study of the cyclohexene,
cyclooctene and 1-octene oxidation with the systems Bi-
(NO,),/H,0,/CH,CN + H,0 and BiCl,/H,0,/CH,CN +
H,O indicates the formation of both enol and epoxide/diol
products, thus confirming the main conclusions of the
theoretical calculations.
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