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Density functional theory has been used to investigate the
structural, electronic, and reactivity properties of an estab-
lished functional model for vanadium-dependent haloper-
oxidases, K[VO(O,)Hheida] (Hheida? = 2,2'-[(2-hydroxy-
ethyl)imino]diacetate). Possible solution species were deter-
mined on the basis of potential exogenous donors present
under the conditions necessary for reactivity. The energeti-
cally favored solution-state species is a 1:1 complex of
Hheida and vanadium with a coordinated hydroxyethyl do-
nor trans to the vanadium-oxido bond which is in agreement
with the reported solid-state structure for K[VO(O,)Hheida].
Transition states of the oxidation reaction were located for
four substrates: chloride, bromide, iodide, and dimethyl sul-
fide. The role of protonation and its effects on reactivity were

examined for each substrate. Protonation of the peroxido
moiety leads to a significant drop in the activation barrier for
oxidation. In contrast no transition states could be located for
an oxido-transfer process involving the oxido ligand. Barriers
of activation calculated for halide oxidation were similar, pro-
viding support to the hypothesis that the pK, of the halide in
acetonitrile is responsible for the decrease in reactivity be-
tween I7, Br-, and CI". The results presented herein provide
a mechanistic correlation between a functional model and
the enzyme, making K[VO(O,)Hheida] a “complete” func-
tional model for vanadium-dependent haloperoxidase.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Vanadium complexes have been used in a number of oxi-
dative transformations!!! relevant to organic synthesis, in-
cluding but not limited to alcohol oxidation, halide oxi-
dation, and sulfoxidation. Of these reactions, the oxidation
of achiral sulfides to chiral sulfoxides!' 4 has sparked the
most attention in recent years because of the potential ap-
plications of chiral sulfoxides.”) Peroxido-vanadium com-
plexes are capable of the single oxidation of organic sulfides
to sulfoxides with little double oxidation product (sul-
fone).[-¢71 A number of catalysts have been presented in
the literaturel®#-'11 to be competent with respect to sulfide
oxidation and in some cases to be stereoselective. To date
the best peroxido vanadium-based catalyst is K[VO(O,)-
Hheida], showing the highest rates of sulfide oxidation of
any reported catalyst for bromide and organic sulfide oxi-
dation. The mechanism of both halide and sulfide oxidation
with this complex have been extensively studied. Thus, the
K[VO(O,)Hheida] serves as an effective functional mimic
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for the vanadium-dependent haloperoxidase class of en-
zyme and is an excellent catalyst in its own right.
Vanadium-dependent haloperoxidases (VHPO) are me-
talloenzymes containing a mononuclear vanadium(V) co-
factor!!?! that catalyze the oxidation of halides in the pres-
ence of hydrogen peroxide. The oxidized species (HOX, X5,
or X,) subsequently adds to organic molecules, yielding ha-
logenated marine products.'3! The first example of this van-
adoenzyme class was a bromoperoxidase isolated from the
marine algae Ascophyllum nodosum.'¥! The enzyme no-
menclature is based upon the most electronegative halide
that the enzyme is capable of oxidizing. VHPO’s can also
catalyze the stereospecific two-electron oxidation of organic
sulfides to chiral sulfoxides.I'> The importance of a proton-
ation of the active site for reactivity is suggested by the cata-
lytically relevant pK, of 5.9l for a vanadium bromoperox-
idase. A number of X-ray crystal structures are now avail-
able for VHPO,I'’2% including peroxide-bound and un-
bound forms of a vanadium chloroperoxidase from the fun-
gus Curvularia inaequalis!'”1 The vanadate co-factor is co-
valently coordinated to an enzyme-bound histidine. The co-
ordination geometry is trigonal bipyramidal, with an
oxygen atom in the axial position trans to N atom of histi-
dine, three other oxygen atoms complete the coordination
sphere. The peroxide-bound form is best described as hav-
ing a distorted tetragonal geometry when treating the per-
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oxido ligand as a single donor ligand. The coordination
sphere is completed by an imidazole nitrogen donor, one
oxido, and one hydroxido oxygen atoms.

Recently, computational methods have been employed to
examine the resting and catalytically active states for simple
models of the enzymel?!~2¢l active site. The limitations of
X-ray crystallography left some ambiguity as to the proton-
ation state of the vanadate co-factor in the resting and per-
oxido-bound forms. Density functional theory was used to
explore the energetic consequences of protonation of a
quantum chemical (QC) model for the vanadate co-factor
with fixed nearby donor residues.*! The results of this
study indicate the resting state to contain a cis-dioxido va-
nadium(V) species with one axial hydroxido group, an
equatorial hydroxido, with an imidazole completing the
first coordination sphere. Recent QM/MM calculations
have indicated another isoenergetic potential resting state
configuration that is stabilized by long range electrostatic
interactions, and which contains three oxido moiety plus an
axial water.?>231 51V solid state NMR spectroscopy was
used in conjunction with DFT methods to examine the rest-
ing state configuration of vanadium chloroperoxidase; these
studies confirm the resting state structure proposed in the
aforementioned DFT and QM/MM studies.[?!!

A number of mechanisms have been proposed for these
enzyme based on small molecule mimics, including
KVO(0O,)Hheida, which generally invoke oxido-transfer ca-
talysis. It has been shown that protonation of the peroxido
moiety is essential for reactivity. Thus, in the catalytically
active form there exists on the vanadium a terminal oxido
and a protonated and unprotonated peroxido oxygen
atoms. The question that then arises is which of these oxy-
gen atoms is transferred to the substrate.*”] Colpas et al.
proposed that the transferred oxygen originated from the
hydroperoxido moiety; however, these authors could not
identify whether the protonated or unprotonated oxygen
was involved. Computational methods have been employed
to differentiate these two possibilities in QC models of
VHPO.?%! These studies indicate that oxido-transfer pro-
ceeded through the unprotonated peroxido atom through
an Sn2-like process and that protonation of the peroxide
ligand significantly lowered the barrier of activation for
both halide and sulfide oxidation. These computational
studies are in full agreement with reported catalytic abilities
of the enzyme system.[!6]

As previously mentioned, considerable effort has been
expended to clarify the enzymatic mechanism, relatively lit-
tle attention has been focused on the understanding the
mechanism of the original catalysts described by Colpas
and co-workers. These complexes are not only important
for further our understanding of VHPO’s, but in their own
right as useful catalysts in organic synthesis. These vana-
dium tripodal amine complexes are the most effective sulfo-
xidation catalysts reported in the literature.[>->71 Mechanistic
studies have shown the maximal rate of substrate oxidation
occurs when one equivalent of proton with respect to vana-
dium is present. A red shift in the peroxido-vanadium
charge-transfer band indicates the direct protonation of the
516
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vanadium complex. V3! NMR showed a single resonance
with a chemical shift and a linewidth consistent with a sin-
gle mono-peroxido oxidovanadium(V) species under the re-
action conditions; however, this does not rule out rapidly
interconverting isoenergetic species. These observations
were incorporated into a mechanistic proposal that was de-
veloped on the basis of the previously proposed halide oxi-
dation mechanism, involving a hydroperoxido vanadium
species undergoing an oxido transfer reaction with organic
sulfidesl® (Figure 1). Despite these extensive mechanistic
studies solution speciation under the reported reaction con-
ditions, the site of catalyst protonation, the role of the pro-
tonated peroxido moiety in oxidative catalysis and the ge-
ometry of the transition state, still require further scrutiny.

H]O [LVO{O )] "

H,0,

[LVO,J"

W

¥
H*, XO X

Figure 1. Diagram of the proposed mechanism for oxidation of a
nucleophilic substrate by tripodal amino complexes of vanadi-
um(V). X = Br, I, or R,S. Steps highlighted in grey are the focus
of this study.

Density functional theory has been used to address ques-
tions regarding reactivity and spectroscopic properties of
transition-metal systems related to biology®®! and cataly-
sis.?%1 Balcells et al. reported computational studies of a
truncated QC models for vanadium(V)-containing Schiff
base complexes®? and its ability to oxidize organic disul-
fides in the presence of hydrogen peroxide. This study was
later expanded to determine the factors controlling the ster-
eoselectivity of disulfide oxidation using QM/MM meth-
odsP! on sterically hindered Schiff bases often employed in
vanadium catalysis literature.[”--11-321 Balcells et. al demon-
strated the characteristics of an Sy2-like transition state,
where oxido-transfer occurs from the unprotonated oxygen
of the peroxido moiety to organic sulfides. Although the
coordination environment of the Schiff base complex is sig-
nificantly different from the enzyme system, it does bear
some similarities (side-bound peroxido, similar transition
state) and lends support to a peroxido atom transfer to the
substrate. Schiff base vanadium(V) complexes have been
shown to be functional mimics for VHPO based on their
ability to oxidize bromide and organic sulfide,>!!-32l but
kinetic analysis and, therefore, detailed mechanistic studies
are not possible due to bromination of the ligand system.3!

K(VO(O,)Hheida) has been studied extensively with re-
spect to both bromide?”! and sulfide! oxidation, despite
these synthetic results mechanistic questions relevant to fu-
ture catalyst design based on these systems (i.e. protonation
state of the catalytically active species and transition-state

Eur. J. Inorg. Chem. 2007, 515-523
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geometries). We present herein a detailed computational in-
vestigation of this catalyst. Treating the entire complex
quantum mechanically, we provide a better understanding
of the mechanism for substrate oxidation allowing more ef-
ficient catalyst design and providing a mechanistic corre-
lation between these functional mimics and VHPO?s.

Results

Quantum Chemical System

The X-ray coordinates for K[VO(O,)Hheida]** were
used as a starting point to set up a quantum chemical
model of this system. Waters of crystallization were re-
moved, as was the potassium ion. Under the reaction condi-
tions used by Colpas et al., there are two equivalents of
18-crown-6 which chelate the potassium ion in acetonitrile,
limiting the potential interactions of the cation with the va-
nadium complex during the catalytic cycle. The resulting

Figure 2. Ball-and-stick representation of geometry optimized 1.

Table 1. Bond lengths [A] of [VO(O,)Hheida] .

X-ray structure Optimized 1

energy-minimized geometry of [VO(O,)Hheida]™!' (1), de-
picted in Figure 2 is nearly identical to the bond lengths
reported in the crystal structure (Table 1).

Protonation and Solution Speciation

Before exploring the oxidative chemistry of 1, a better
understanding of the solution-state speciation for this pre-
catalytic species is necessary. The crystal structure of
K[VO(O,)Hheida] shows a disordered hydroxyethyl arm
due to two ring conformation of a five-membered chelate
ring. The interconversion between these two states is rapid
compared to the rate of oxidation, therefore, the left- and
right-hand sides of 1 are treated as equivalent for optimiza-
tions involving an Hheida 2 ligand. The weakest coordinat-
ing and therefore most labile donor atom is the oxygen as-
sociated with the hydroxyethyl arm of Hheida®> . Geometry-
optimized structures were obtained initially both with a co-
ordinated hydroxy oxygen atom and a completely dissoci-
ated hydroxy group. The former being the more stable of
the two by 1.3 kcal/mol. Given the two potential pre-cata-
lytic isomers, a coordinated hydroxy and the uncoordinated
hydroxy group and the presence of sigma donor ligands un-
der the reaction conditions (water, acetonitrile, and sub-
strate), a vacant coordination site is not likely. As there is
no experimental evidence supporting coordination of sub-
strate molecules in VHPO or in the small molecule models,
substrate coordination was ruled out as possibility. A com-
parison of the energetic differences between the van der
Waals complex of the exogenous donors, water and acetoni-
trile, with the coordinated exogenous donor in place of the
hydroxy group was made. These comparisons were made
using the most stable protonated species to reduce the elec-
tronic repulsion created by the approach of a sigma donor
to an anionic vanadium species. The results of this compari-
son are presented later.

Five potential sites of protonation were identified on the
basis of the areas of highest electron density for 1: oxido
(0c), peroxido left (0b), peroxido right (0a), carboxylate

V-0l 1.60 1.62 oxygen (0d), and the carbonyl oxygen (0e) (Figure 3). Only
z:g% igg 122 one of the carboxylate donors was protonated due to the
V_O4 205 210 pr.eviously mentiqned conformgtional isomerism. Broton-
V_06 2.04 2.05 ation of the peroxido can occur in four possible locations as
V-08 2.24 2.45 illustrated in part b of Figure 3. The most stable optimized
V-NI 2.19 2.28 structures involved protonation of the peroxido ligand 0a
03-02 143 144 or Ob. The four possible orientations of the proton around
a) e % b) o c) oo ¢ d @ ?o
“ 1892 . 8-¢
Ilh 4'0 |") v A qo i 0
o [Ihl 0al \% "5: ° @ l\i;k. _
|]. Mgy, ’ ;
-"" M f -+ o
Q - @9
027 o o i
o mJ \iaz Wk Hzﬂﬁ‘ 3»' 02,6 @°

Figure 3. (a) Proton acceptors in 1. (b) Nomenclature for the orientation of proton with respect to V=0 bond (c) Representative ball-and-
stick diagram of a non-coordinated exogenous donor, in this the exogenous donor is water. (d) Representative cartoon for coordination of
an exogenous donor to vanadium. White atoms are hydrogens and unlabeled atoms are carbon.
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the peroxido ligand were isoenergetic when ring conforma-
tions were taken into account. There is significant contrac-
tion of the vanadium hydroxy bond (V-OS8) upon proton-
ation of the complex in 0a, Ob, or Oc, a decrease of 0.1 A
for 0a and Ob, and 0.2 A for Oc.

The most stable optimized geometry, 0a, was used to de-
termine whether exogenous ligands can bind trans to the
oxido moiety. Three exogenous donors were tested in place
of hydroxy coordination to the vanadium center: water, ace-
tonitrile, and bromide. In all cases, a van der Waals complex
of the exogenous donor and 0a is more stable than coordi-
nation of the respective donor in place of the hydroxy. In
the case of water coordination to 0a, (Figure 3, parts c, d),
hydroxy coordination to vanadium over water was favored
by 4.0 kcal/mol. A coordinatively unsaturated species,
dissociation of the hydroxy group with no trans donor, was
less favored by 4.6 kcal/mol.

Halide Transition States

Transition states corresponding to the nucleophilic at-
tack of halide ions (CI', Br-, I') on the peroxido ligand of
the vanadium atom were located for both 1 and 0a. Due
to the anionic character of both the halide and 1, starting
materials were calculated on the basis of two infinitely sepa-
rated species, as any attempt to minimize a van der Waals
complex resulted in the two ions rapidly diverging. The
transition-state geometry found for 1 with all three halides
(1_cl, 1_br, 1_i) are nearly identical, therefore, a representa-
tive case will be presented for the oxidation of bromide. The
transition state for bromide oxidation is characterized by a
linear halide peroxido bond angle (173°), where the dihedral
angle between the peroxido ligand and the vanadium-oxido
is 100° (Figure 4). The rest of the vanadium coordination
sphere is significantly perturbed in comparison to 1, there is
a dramatic lengthening of all bonds in the first coordination
sphere, in the case of 1_br the carboxylate donors have
bond lengths of 2.27 A whereas the carboxylate-vanadium
distances in 1 are 2.04 A. Additionally the tertiary nitrogen
bond lengthened by 0.3 A in relation to 1 (Table 2). The
computed barrier of activation, AG*, for bromide oxidation
is 38.1 kcal/mol.
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Table 2. Bond lengths [A] of the transition states for bromide oxi-
dation.

1 1_br 0a_br
V-0l 1.62 1.64 1.62
V-02 1.85 1.71 2.05
V-03 1.86 1.90 1.90
V-04 2.10 2.27 2.02
V-06 2.05 2.27 1.99
V-08 2.45 2.48 2.30
V-NI1 2.28 2.50 2.29
03-02 1.44 1.87 1.69
O3-Br - 2.27 2.38

Protonation of 1 at the most stable site (0a) yields an
earlier transition state (0a_br), in which the Br-O bond is
only partially formed with a nearly complete O-OH bond
in the peroxido moiety, with a significantly lower barrier of
activation (21.1 kcal/mol). The bromide—peroxido oxygen
bond lengths is longer by 0.11 A than 1_br, with a compara-
bly shorter peroxide bond length. The Br—O3-O2 bond an-
gle is 163.4° while the dihedral angle between the peroxido
ligand and the vanadium-oxido is 123.8°. Transitions states
were only located in the protonated case where a hydrogen
bond formed between the halide and the hydroxy ligand.
No transition states related to halide oxidation could be
located for attack of the substrate on the protonated perox-
ido ligand. This is true for all anionic halide transition
states (0a_cl, 0a_br, and 0a_i), where the corresponding bar-
riers to activation are 23.0 kcal/mol for ClI" and 19.0 kcal/
mol for I

To explore the reactivity of 0a_x further, a coordinatively
unsaturated geometry was used as the starting point, in
which a halide can weakly coordinate to vanadium(V) cen-
ter. Bromide was used as the substrate and positioned to
weakly coordinate to the vanadium center. 0a_br2 is charac-
terized by a distortion of the dihedral angle V-O1-02-03
(149°) allowing a weak interaction of the bromide with va-
nadium 3.03 A. A reasonable reactant structure could be
located with bromide coordinating to the vanadium, and
the computed barrier of activation is 8.6 kcal/mol. The bar-
rier is significantly lower in energy because the coordination
of bromine to an coordinatively unsaturated vanadium
complex (0a_br2) is 10 kcal/mol higher energy than the cor-
responding hydrogen-bonded starting materials (Qa_br).

0a_br o @01 o

; 'QDI )

v
@

o .

Figure 4. Ball-and-stick cartoons showing pre-catalytic anionic complex (left), dianionic transition state for bromide oxidation (middle)

and the corresponding monoanionic transition state.
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Table 3. Comparison of relevant bond lengths and AE [kcal/mol] for transition states associated with halide oxidation.

1 la_cl 1a_br la_i 0a 0a_cl 0a_br Oa_i 0a_br2
03-X - 2.17A 227A 239A - 229 A 238 A 2.55 A 248 A
03-02 1.44 A 1.85 A 1.87 A 1.90 A 1.46 A 1.77 A 1.69 A 1.69 A 1.70 A
V-01-02-03 98.5° 100.3° 100.0° 100.0° 103.7° 124.5° 123.7° 121.8° 149.0°
AE ¢ [keal/mol]  — 39.2 38.1 36.0 - 23.0 21.1 19.0 20.05

The geometries and respective energy differences between
starting materials and transition states for all located halide
transition states are presented in Table 3. No transition
states could be located corresponding to attack of the ha-
lide on the oxido ligand of 1, 0a, or Oc.

Sulfide Transition States

The effects of protonation on the barrier of activation
were also explored for the oxidation of dimethyl sulfide.
Transition states calculated for dimethyl sulfide oxidation
are less distorted from the energy minimized structures of
1 or the appropriate protonated species 0(a,b) than the cor-
responding halide transition state. Figure 5 shows two rep-
resentative transition states located for sulfide oxidation by
anionic and neutral vanadium species.

la_sl

&

C'\

Figure 5. Ball-and-stick representation of an anionic (top) and neu-
tral (bottom) transition state located for dimethyl sulfide oxidation.

The transition-state geometry 1_s is characterized by a
nearly linear S-O2-0O3 bonding angle, identical to that
identified for the case of halide oxidation. Due to the asym-
metry associated with upper and lower halves of 1, multiple
transition states with slightly different energies could be lo-
cated, the only difference being related to relative orienta-
tion of the methyl groups of dimethyl sulfide. Approach of

Eur. J. Inorg. Chem. 2007, 515-523
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dimethyl sulfide to the left or right hand side of 1 yielded
nearly isoenergetic transition states, with a barrier of acti-
vation of 18.3 kcal/mol. Starting materials were minimized
from each located transition state generating a van der
Waals complex of dimethyl sulfide and 1.

Transition states were located for the protonated com-
plexes 0a_s and Ob_s. As was the case for 1, multiple rota-
tional isomers could be located and are related to orienta-
tion of the methyl groups on the substrate. The neutral
transition states located for dimethyl sulfide oxidation are
less distorted than 0a_X, with dihedral angles approx. V-
01-02-03 111.8° and a S-03-02 of 166.6° where the sul-
fide attacks the unprotonated peroxido oxygen. To calculate
the barrier of activation, van der Waals complexes of di-
methyl sulfide and the appropriately protonated vanadium
species were optimized. The lowest energy starting material
complex located contained a hydrogen bond forms between
dimethyl sulfide and the hydroxy group of the complex the
barrier of activation for the oxidation reaction is 9.4 kcal/
mol. The barrier of activation drops significantly (by 9 kcal/
mol), when the peroxido moiety is protonated, leading to
four isoenergetic transition coordinates differing in the ap-
proach of sulfide to the neutral vanadium complex and ori-
entation of the sulfide. No transition states could be located
related to attack of the sulfide on the unprotonated oxido
group (Oc) or attack of the sulfide on the protonated perox-
ido oxygen.

Discussion

Although many model complexes[?7-32:33:35:36] have been
presented in the literature, the pre-catalytic species
K[VO(O,)Hheida]*4 isolated by Colpas and co-workers is
the most thoroughly investigated system. Detailed mechan-
istic studies have shown the importance of protonation of
the complex with respect to halide?”! and sulfide oxi-
dation.I%] These studies established K[VO(O,)Hheida] as a
functional mimic of the vanadium-dependent haloperoxid-
ases and as an excellent catalyst for organic transforma-
tions. We have undertaken a thorough computational inves-
tigation of the mechanism for halide and sulfide oxidation,
specifically with respect to the effects of protonation of the
complex on the activation barrier for these processes in or-
der to develop future asymmetric oxidation catalysts based
on the Hsheida architecture.

Starting coordinates are taken from the crystallographi-
cally characterized pre-catalyst, we optimized chemically
reasonable solution state species. The crystal structure of
K[VO(O,)Hheida] shows a hydroxy group trans to the ox-
519
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ido, with tertiary nitrogen trans to the peroxido moiety, a
typical binding mode for oxidovanadium(V) peroxido com-
plexes with tripodal amino ligands. The experimental con-
ditions have been taken into account when setting up the
QM investigation, both regarding solvent polarizing power,
and to explore the possibility of binding by exogenous do-
nor ligand to vanadium. Potassium is chelated by 18-C-6
allowing K[VO(O,)Hheida] to be solubilized in acetonitrile.
On the basis of this condition, the quantum chemical
model, 1, excluded potassium in all geometry optimizations.
The weakest donor group in 1 is the hydroxy group trans
to the oxido. As there is no ligand field stabilization energy
for a vanadium(V) complex, a coordinatively unsaturated
species is potentially feasible. Geometry optimization was
performed on an anionic complex in which the hydroxy
group was completely dissociated from the complex, the re-
sulting optimized structure is 1.3 kcal/mol higher in energy
when enthalpic and entropic corrections are taken into ac-
count. Under the reaction conditions a number of exoge-
nous donors are present in at least equimolar quantities
with respect to the vanadium complex, making a coordi-
nately unsaturated species less likely.

Before examining the energetic preference for exogenous
donors, we explored the energetics of monoprotonated 1.
The potential proton acceptors in the complex are all of the
oxygen atoms associated with the ligand, this generates five
potential sites of protonation. Protonation of the peroxido
ligand is the most energetically favored, there is a slight
difference between protonation of O3 and O2 this effect is
negligible when chelate ring conformations of the hydroxy-
ethyl arm of 1 are taken into account. Protonation of the
peroxido (0a and Ob) is favored by 3 kcal/mol over proton-
ation of the oxido ligand (0c), while protonation of either
carboxylate oxygen generates a species 6 kcal/mol higher in
energy.

Using the energetically favored protonation states of the
complex, two optimizations were performed for exogenous
donors, one in which a van der Waals complex of the donor
was made with a coordinated hydroxy species 0a, and one
with the exogenous donors coordinated in place of the hy-
droxy. For all the exogenous donors tested (water, acetoni-
trile, and bromide), the van der Waals complex was more
stable by 2, 7, and 15 kcal/mol, respectively. Thus a coordi-
nated hydroxy species is likely to be the dominate solution
species present. Previously 'V NMR has been used to ex-
plore the number of vanadium species present under the
reaction conditions, suggesting only one species is present
or there is an exchange process faster than the 'V NMR
timescale. All factors considered, the loss of entropy is
higher in the cases of exogenous donor molecules. Since the
enthalpic contribution is roughly similar when considering
exogenous and endogenous ligands (on binding to V) a
larger gain in the entropy is expected when a water, bro-
mide, or other exogenous ligand dissociates, compared to
an endogenous ligand.

Using the most stable unprotonated (1) and protonated
species (0a) as a starting point, transition-state searches
were performed for chloride, bromide and iodide. Transi-
520
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tion state located for 1 showed a significant lengthening of
all ligand bonds to the vanadium, due to the increased elec-
tron density of the complex in the transition state. All bond
lengths are still within a weak bonding distance. The transi-
tion state corresponded to the Sy2-like attack on the perox-
ido ligand of the vanadium complex as determined by
examining the single negative vibrational eigenvalue. No
transition state could be located for bromide attack on the
vanadium—oxido bond. The energy of 1 and the appropriate
halide at infinite separation were used as starting materials,
as any attempt to generate a van der Waals complex re-
sulted in a rapid divergence of the two anions. The resulting
energies of activation were 39, 38, and 36 kcal/mol for chlo-
ride, bromide, and iodide, respectively.

Upon protonation of the complex, a pre-reaction adduct
is formed, in which a hydrogen bond between the halide
ion and the complex is present and, most importantly, the
barriers of activation decreased dramatically. The resulting
monoanionic transition states are Sy2-like with the nearly
linear V-O3-O2H bond angle and have strongly distorted
V-01-03-02 dihedral angle. The hydrogen bond is main-
tained in all anionic halide transition states, and no transi-
tion states could be located for complexes in which this hy-
drogen bond was not present. Due to the large electron den-
sity surrounding the carboxylate donors of 0Oa, it is neces-
sary to stabilize the negative charge of the halide in this
early transition state. Under the experimental reaction con-
ditions this stabilization could be accomplished by the pres-
ence of hydrogen-bond donors (water or hydrogen peroxide)
or cations (tetraethylammonium or potassium).

Zampella et al. located transition states for the oxidation
of bromide using quantum chemical models of the active
site of a VHPO.1?% Their results showed that nucleophilic
attack of the halide on the unprotonated oxygen of a hydro-
peroxido species had the lowest barrier of activation. Tran-
sition states were located for the peroxido vanadium ad-
duct; protonation of the peroxido moiety yielded a signifi-
cantly more stable transition geometry resulting in a lower
barrier of activation. The hydroperoxido transition state oc-
curred significantly earlier with respect to halide-oxygen
formation than the peroxido transition state. The transition
states located for bromide oxidation by 1 and 0a show the
same trend with respect to the halide—oxygen bond forma-
tion. The resulting transition state Oa_br shows a longer
halide—oxygen bond than 1_br, indicating an earlier transi-
tion state. Additionally, there is dramatic decrease in the
barrier of activation from 1_br to 0a_br (Table 3); this ob-
served decrease in the barrier of activation is likely an over-
simplification of experimental barrier because of the inter-
action between two anionic species (vanadium complex and
the halide) in the case of 1_br. Indeed, under reaction con-
ditions it may be possible to carry out this reaction by off-
setting the negative charge with strongly associated cations
or hydrogen-bond donors. These results now correlate the
mechanism of halide oxidation for the best reported func-
tional model for VHPO, K[VO(O,)Hheida], with the pro-
posed mechanism for halide oxidation by the enzyme. The
importance of offsetting the negative charge on the anionic
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halide is observed in the case of 0Qa_br transition state,
where a hydrogen bond forms between the bromide and the
hydroxy group of the ligand resulting in a distorted dihedral
angle for the peroxido moiety with respect to the vana-
dium-oxido bond. This is further supported by the location
of a nearly isoenergetic reaction pathway, in which the bro-
mide weakly coordinates to coordinatively unsaturated va-
nadium species 0a_br2.

Given that VCIPO is capable of oxidizing chloride, bro-
mide and iodide, and K[VO(O,)Hheida] has been shown
to be competent with respect to only bromide and iodide
oxidation, we chose to explore the differences in barrier of
activation for the oxidation of the aforementioned halides.
Reactivity studies demonstrate the protonated K[VO(O,)-
Hheida] is capable of oxidizing bromide and iodide, but not
chloride. Two possible factors could contribute to this in-
ability to oxidize chloride: 1. The reduction potential of the
chloride is sufficiently high to prevent oxidation, 2. The
active protonated form of the complex can not be generated
in presence of chloride. The latter hypothesis was presented
by Colpas et al. to explain this reactivity.l*”! Slebodnick et
al. demonstrated the ability of a tripodal amino complex to
oxidize chloride when a mixture of acetonitrile (94%) and
water (6%) was used as the solvent system.*” Because chlo-
ride oxidation is not observed in either pure solvent it ap-
pears that in a mixture of the two solvents the basicity of
the peroxido vanadium species increases with respect to
chloride, allowing the catalytically active protonated species
to be formed. On the basis of the transition-state energies
presented herein, there is not a large difference in the ener-
gies of activation for each of the halides, therefore, differ-
ences in the reactivity can not be explained solely on the
differences in reduction potentials of the oxidized halides.
As protonation of the complex generates an early transition
state, in which formation of the halide—oxygen bond is very
weak, there is less contribution of halide orbital character
in the transition state leading to smaller differences in the
barrier of activation for halide oxidation (Table 3). These
energies of activation presented here provide further sup-
port for this hypothesis.

To complete the functional correlation between the
quantum-chemical models of the enzyme system and func-
tional models for the enzyme, we examined the effects of
protonation of the complex on organic sulfide oxidation. In
the case of halide oxidation, the effects of protonation on
the reaction barriers are masked to some degree by a highly
charged dianionic transition state in the case of 1_x, al-
though this does represent the experimental conditions
quite well, considering the chelation of potassium ions by
18-crown-6 preventing strong ion pair formation.

The organic sulfide oxidation system does not suffer
from this highly charged transition state, resulting in a bet-
ter understanding on the effects of protonation of the per-
oxido with respect to the barrier of activation for oxidation.
Dimethyl sulfide was used as the organic sulfide to explore
a number of transition-state geometries for both anionic
and neutral catalytic species. The anionic transition states
located were similar to those located for halide oxidation,
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a nearly linear S-O-O bond angle (175°) with V-O-O-O
dihedral angle of 101°. The S-O bond length at the transi-
tion state was 2.08 A indicating a high degree of sulfide—
oxygen bonding character. These geometric parameters
were conserved across the four anionic transition states lo-
cated, two transitions for nucleophilic attack of DMS on
the left- and right-hand side of the complex with two rota-
tional isomers of DMS per side. Protonation of the perox-
ido moiety of 1 yielded lower energy transitions states (0a_s,
Ob_s), again exhibiting a lower degree of sulfur—oxygen
bond formation leading to an earlier transition state iden-
tical to the trend observed for halide oxidation. The de-
crease in the barrier of activation of § kcal/mol is consistent
with the dramatic increase in the rate of sulfide oxidation
by K[VO(O,)Hheida] upon protonation. As the transition
states located for the anionic catalytic species (1_s1, 1_s2,
etc.) are monoanionic, there is an overestimation of the bar-
rier of activation for this pathway, though this overestima-
tion is less dominant that it was in the case of the dianionic
halide transition states. The anionic catalytic species may
still present a viable reaction path in the presence of strong
hydrogen bonding or ionic effects that could stabilize the
transition state. This being said, the energy differences be-
tween the 1_s and 0a_s or Ob_s are significant enough to
consider the latter to be the dominant catalytic pathway.

The results presented above provide a direct correlation
between the proposed transition-state geometries for
VHPO’s with the best known functional mimic for the same
enzymes, making K[VO(O,)Hheida] a complete functional
model for vanadium-dependent bromoperoxidases. As was
the case for the enzyme studies, protonation of the peroxido
moiety leads an early transition state and a dramatic de-
crease in the barrier of activation for substrate oxidation
(substrate = halide or sulfide). Typical features of the tran-
sition states from enzyme model system are maintained (i.e.
nearly linear O-O-S angle, similar bonding distances). Ad-
ditionally, we provide support to the reactivity hypothesis
presented by Colpas et al. describing the halide oxidation
ability of K[VO(O,)Hheida]. The early transition states gen-
erated by protonation of the complex lead to small differ-
ences in the barrier of activation for halide oxidation; in
contrast to the large difference in reduction potential for
chloride, bromide, and iodide.

A comparison of van der Waals reactants adducts ob-
tained with the hydrido-peroxido species of enzyme and
synthetic models show that in both cases the substrate has a
suitable spatial orientation to react with the hydroperoxido
moiety. In particular, in the enzyme models, the atom of the
substrate which undergoes oxidation (S, Br, I, Cl) is weakly
coordinated to the vacant coordination position of vana-
dium and the interaction with vanadium place the substrate
in the proper spatial orientation to act as attacking group
in the SN2 reaction.”®! In the synthetic model, the role of
vanadium in positioning the substrate is played by the hy-
droxido ligand coordinated to the metal. In fact, the struc-
ture of the pre-reaction adducts obtained with the hydro-
peroxido form of the synthetic complex show that the atom
of the substrate that will undergo oxidation is involved in a
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hydrogen bond with the hydroxido group. Formation of this
hydrogen bond positions the substrate in the proper loca-
tion to act as a nucleophile in the Sy2 reaction. Therefore,
in both cases (enzyme and synthetic models) the vanadium
complex plays a role in properly positioning the substrate
in the transiently formed pre-reaction adduct.

The calculated barriers to activation for K[VO(O,)-
Hheida], in the case of both bromide and sulfide oxidation,
are slightly higher than that calculated for the enzyme sys-
tem (Table 4). The differences in the barriers of activations
between the enzyme and synthetic model systems can be
explained by the polarization of the peroxido bond and the
torsional angle of the peroxido ligand in the transition state.
The hydroperoxido moiety is more activated in the enzyme
model, in particular, the O—-O bond is longer (1.467 enzyme
model vs. 1.458 A synthetic model) and the peroxido bond
is more polarized (Dg = 0.12 enzyme model vs. 0.02 syn-
thetic model). Additionally, in the transition states com-
puted for the synthetic model, the hydroperoxido group is
slightly tilted (see Figure 5 above) due to simultaneous for-
mation of the hydrogen bond with the hydroxido group and
Sn2-type oxido transfer reaction. The tilting of the hydro-
peroxido group in the transition state is possibly another
factor responsible for increasing the energy of the transition
state thereby increasing the barrier to activation.

Table 4. Comparison of computed AG* for thioether (DMS) and
bromide (Br) oxidation using the enzyme and synthetic models (en-
ergies in kcal/mol). All energy values are obtained as difference
between TS energies and Van der Waals reactant adducts.

Enzyme model

2.9
3.7

Synthetic model

9.4
21.1

DMS
Br

These results demonstrate the importance of protons in
catalytic process. Many vanadium catalysts have been pre-
sented in the literature for a variety of oxidations: alcohol
oxidations,*®  olefin epoxidation,3*#1  sulfide oxi-
dation,[®7%11411 and phosphane oxidation.'8! Many of
these processes use in-situ-derived catalytic systems from
vanadium starting materials, vanadyl sulfate and vanadyl
acetylacetonate being the most common, with a variety of
ligands. The reported rates and turnover numbers for sul-
fide oxidation are significantly lower than those presented
for K[VO(O,)Hheida], despite the similarities in coordina-
tion environments and terminal oxidant (hydrogen perox-
ide). The difference between other systems and the Hheida
system is often the protonation of the peroxido ligand;
which as shown herein decrease the barrier of activation
and has experimentally been shown to increase the rate of
reaction. To design better oxidation catalysts using vana-
dium, care should be taken to limit potential competitive
protonation states. Additionally, steric bulk and H-bond ac-
ceptors should be added in such a way as to encourage se-
lective protonation of one side of peroxido ligand thereby
limiting the potential orientations a pro-chiral can adopt in
the linear Sy2 type transition state. The computational re-
522
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sults contained herein make it possible to design ligand sets
capable of stereoselective oxidations using non-redox active
d® metal-peroxido coordination complexes rationally.

Conclusions

Our group has shown K[VO(O,)Hheida] to be an effec-
tive functional model and biomimetic catalyst for thioether
and halide oxidation. Density functional theory was used
to explore the chemically feasible pre-catalytic species, pro-
tonation states, and transition-state geometries. We have
shown that coordination of the hydroxyethyl arm of Hheida
is energetically favored over coordination of an exogenous
donor such as acetonitrile or water. All chemically reason-
able protonation states were examined on the basis of the
precatalytic species. These results showed that protonation
of the peroxido moiety is favored over protonation of
Hheida or the oxido ligand. Transition states were located
for thioether and halide oxidations (halide = I, Br, and
Cl), all transition states were Sy>-like, with a nearly linear
substrate—peroxido oxygen bond angles. Protonation of the
peroxido moiety dramatically reduces the barrier to acti-
vation for both thioether and halides; however barriers are
insensitive to the identity of the halide. This further sup-
ports the hypothesis that the inability of K[VO(OOH)-
Hheida] to oxidize chloride is the result of the increasing
basicity of the substrate, which leads to deprotonation of
the catalytically active hydroperoxido species. These results
provide the necessary information regarding the transition-
state geometry and the importance of protons in the cata-
lytic cycle to develop the class of catalysts based upon
K[VO(OOH)Hheida] for asymmetric oxidations.

Experimental Section

DFT geometry optimization of molecular structures were per-
formed using the BP86 functional™? and an all-electron triple-{
basis set with polarization functions on all atoms (TZVP).[*3 Cal-
culations were carried out using the Turbomole suite of pro-
gramsi*! in conjunction with the resolution of identity tech-
nique.[>40]

Optimizations of the transition-state structures were performed
using a procedure based on a pseudo Newton—-Raphson method.
Initial starting structures of a guessed transition state were opti-
mized by constraining the distances related to the reaction coordi-
nate, specifically the peroxido O-O and the substrate X-O or S-O
(where X = I, Br, CI" S = sulfur of dimethyl sulfide) interatomic
distances. The initial Hessian matrix was calculated at the classical
level, whereas the BP86-RI/TZVP was used to compute the Hessian
matrix of the minimum energy structures. Full vibrational analysis
of the stationary points were carried out to ensure the presence of
one eigenmode featuring an imaginary frequency corresponding to
the reaction coordinate. This point was then used as a starting
point for the transition-state searches, which were conducted using
an eigenvector-following strategy.

Transition states are labeled on the basis of the number negative
charges present on vanadium complex (-1 or 0), site of protonation
(Figure 6, a), and the substrate. In the case of dimethyl sulfide tran-
sition states a number has been assigned to the rotational confor-
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mation of the methyl groups, P indicating a methyl group parallel
to the vanadium peroxido group or A indicating an antiparallel
methyl group (Figure 6, b). A transition state corresponding to pro-
tonation of the left-side peroxido oxygen atom with dimethyl sul-
fide in a parallel methyl group orientation would be 0a_sP, while
the anionic transition state for bromide oxidation would be 1_br.

a)
o, e
04 JS
Ob////,,,“”r.
[ oV =N
o™ \ >
Hoy-2077
O.
b)
Oa_sP o 0a_sA 0.
c
I
| : N,
/s————ob’———)oau /T-»-o., ————— 0,H

Figure 6. Illustration of the nomenclature adopted for this manu-
script.

Full vibrational analysis has been carried out to characterize each
stationary point. The effects of solvation were evaluated with the
solvent continuous model approach COSMO*748] as implemented
in the Turbomole suite. The polarizable continuum medium is ex-
pected to mimic the effects of a pure solvent environment to this
purpose the dielectric constant for acetonitrile (¢ = 36.64) was used
as previous studies®?7! have employed it as the solvent to explore
the reactivity of monoperoxido oxidovanadium complexes. Correc-
tions have been computed to estimate AG from AE, by calculating
roto-vibrational partition function of the different molecular spe-
cies.
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