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Molecular Structure of the Molybdenum Oxo-Diperoxo Compound MoO(G,)2(OPy)(H20):
A Computational and X-ray Study
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We have carried out a combined experimental and theoretical study of the molecular structure of the)¥oO(O
(OPy)(HO) coordination compound using X-ray crystallography and DFT-B3LYP computational method,
respectively. The MoO(&.(OPy)(HO) complex crystallizes in the orthorhombic space grBamawith Z = 4,

a = 6.9001(9) A,b = 8.0471(1) A,c = 16.227(2) A,V = 901.0(2) &, and the X-ray data analysis yields a
bipyramidal-pentagonal coordination polyhedron for the Mo atom. The pyridingide (OPy) ligand occupies

the equatorial position, with the oxygen atom of this ligand being located in the same plane as the four peroxo
oxygen atoms. The #0 ligand is situated trans to the oxo group, forming intermolecular hydrogen bonds with
peroxo groups belonging to two adjacent complexes. In our theoretical approach these intermolecular interactions
were taken into account by including two methanol molecules which form hydrogen bonds with the water ligand
leading to a good agreement between the calculated and the experimental geometry. Our results suggest that it is
necessary to take into account the presence of these interactions in order to reconcile the theoretical results to the
experimental data, in particular the distance between Mo and the oxygen of water ligand. These results seem to

be a general feature for analogous bis-peroxo complexes that have been reported in the literature.

1. Introduction

Since the seminal works by Mimoun? the search for

oxo0 group in the apical position trans to one of thedr L,
ligand, with the other ligand occupying the equatorial position
together with the peroxo group%:12In particular, the complex

selective oxidation reagents is a very important goal in many y,55 oP 0). where OP ridine N-oxide liaand
reaction development researches due to their impact in chemical, .4 gi?szzzéynt%)e(ghi;ezj, by Mimou)rllzert));abnd characterigz]ed l:’)y

synthesis. In particular, oxo-diperoxo complexes of transition

metals with general formula MO@®LL, (M = Mo, W, Re)

are an important class of compounds that has been used in the

oxidation of a variety of organic substrate$.The importance
of these compounds is related to their versatility,
of ligands Ly and L, can be employed allowing for a fine control
of their reactivity.

Molybdenum oxo-peroxo complexes, known as Mimoun
complexes (for reviews see refs—9), present a trigonal
bipyramid coordination polyhedron for the Mo atom with the
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infrared spectroscopy while Westland et al* carried out a
comparative study of rate of LOevolution for a variety of
iperoxo complexes of formula MOEBL 1L, (M = Mo or W)
stabilized by oxides of amines, phosphines, and arsines.

since a variety However, to our knowledge, there is no experimental neither

theoretical structure determination of this coordination com-
pound.

The MoO(Q)2(OPy)(HO) complex has been shown to be a
very effective agent for oxygen transfer reactions of a wide class
of substrates, including the oxidation of a series of sulfides to
sulfoxides!® Thus, the determination of its molecular and
electronic structure could yield some insight into its catalytic
activity. Thus, computational methods as well as X-ray structure
analysis have been used to study this complex. There is a
possibility that the oxo and/or the peroxo groups of a complex
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might form hydrogen bond with the water molecule of an
adjacent complex in the crystal. Raman infrared spectra and
13C NMR data for other comparable complexes suggest that
the MoO(Q)2(OPy)(H:O) compound should retain its solid-
state structure in solution. Therefore, the water ligand should
form hydrogen bonds with Lewis base solvents, such as,
alcohols. As far as we know, this is the first study of the effects
of the intermolecular hydrogen bond formation on the molecular
structure of the Mimoun complexes. This could lead to important
information about the intermolecular interactions on the mo-
lecular structure, which could have consequences for the
reactivity of these catalysts.

The following section describes the experimental and theo-

retical procedures. In Section 3, the results are presented,

analyzed, and discussed, followed by a section of conclusions.

2. Experimental and Theoretical Procedures

The preparation of the MoO@R(OPy)(HO) complex followed the
procedure proposed by Mimoti'® and the single crystals were
obtained from an aqueous/2-propanol solution.

2.1. Crystal Structure Analysis. An irregular yellow crystal was
mounted at random on an CAD4-Mach3 Enraf-Nonius diffractometer.
Cell dimensions were determined by least-squares fit on the setting
angles for 25 reflections (7.23< 6 < 15°). Intensity measurements
were carried out using th#26 scan mode and graphite monochromated
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Table 1. Crystal Data and Structure Refinement for
MoO(0;)2(OPy)(H0) Complex

empirical formula GH;MoNOy
formula weight 289.06
temperature 291(1) K
wavelength 0.71073 A

crystal system, space group orthorhomBimna

a=6.9001(9) A
b=8.0471(1) A
c=16.227(2) A

unit cell dimensions

volume 901.0(2) A

Z, calcd density 4,2.130 mgmh

absorption coefficient 1.469 nmrh

F(000) 568

crystal size 0.26< 0.15x 0.10 mm

6 range for data collection 3.225.00

limiting indices 0<h=8,0=k=<9,-19<1=<0
reflections collected/unique ~ 852/852

refinement method Full-matrix least-squaresFén
data/restraints/parameters 852/0/73

goodness-of-fit orf? 1.130

final Rindices | > 20(1)]
Rindices (all data)

R1=0.028%, wR2=0.078F
R%* 0.034%, wR2=0.0737

aW-scan absorption corrections was appli€gix = 0.867 andlmin
= 0.758 (North, A. C. T.; Phillips, D. C.; Mathews, F.. cta
Crystallogr. 1968 A24, 351).’ R1 = Z(|Fo| — |F¢)/Z|Fo|. CWR2 =
[(EW(IFol — IF)H=w|Fol2)]Y2

Mo Ka (4 = 0.71073 A) radiation. The intensities of three standard and Wade® The all-electron basis set for O atoms and the valence
reflections varied by ca. 1% throughout the experiment. Data were basis set for Mo center were tailored with the application of the
corrected by Lorentz, polarization and absorption effects (maximum Generator Coordinate Methd’which has been employed successfully
and minimum transmission factors being 0.8670 and 0.7577, respec-to investigate the electronic structure of atoms and molecules (see refs
tively). The structure was solved by the Patterson heavy-atom-method 28—31 and references therein). The corresponding exponents as well
and difference Fourier calculations. The following programs were as the procedure employed to generate a truncated valence basis set to

used: structure solution SHELXS-86refinement SHELXL-977 and
graphic presentation ZORTEPand ORTEP-3?

2.2. Theoretical Calculations and Model SystemWe carried out
density functional calculations employing the hybrid B3LYP scheme
to describe the exchange-correlation contribution to the eleetron
electron interactiof¥**implemented into the GAUSSIAN 98 prograh.
The minimum in the potential energy surface was characterized by the
absence of negative force constafitand no symmetry restrictions

be used with the RECP are described in details in our previous
theoretical study? The intermolecular interactions were simulated by
two methanol molecules placed in such a positions that were able to
form hydrogen bonds with the water molecule ligand.

3. Results and Discussion

The MoO(Q)2(OPy)(H0O) complex crystallizes orthorhom-

were imposed during the geometry optimization procedure. The standardbically in the space groupmnawith Z = 4, according to Table

6-31G(d,p) basis set was employed for C, N, and H atbmhkile an

1. The positional, isotropic, and anisotropic displacement

uncontracted basis set (11s5p2d) was used to represent the oxygemarameters are presented in the Supporting Information. The
centers. For the Mo center we have used a valence basis set (8s6p7d1 -ray molecular structure and the atomic labels are illustrated

combined with RECP (quasi-relativistic effective core potential) of Hay
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in the Figure 1. The molecules are hydrogen bonded producing
chains parallel toc axis and are given in the Supporting
Information.

Good agreement has been found between calculated and
X-ray experimental results for the crystal structure of MoO-
(0,)2(OPy)(H:0) compound except for geometric parameters
that define the relative position of the@ ligand, namely, the
Mo—0(19) bond distance is clearly overestimated by our
calculations (exp 2.298 A and calcd 2.811 A), while the distance
between hydrogen atoms of water and the peroxo oxygen is
underestimated (see Table 2). A similar disagreement has been
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Figure 1. ORTEP drawing of the X-ray molecular structure and atomic
labeling of MoO(Q)(OPy)(H:0) (50.0% probability ellipsoids, except

for the hydrogen atoms).

Table 2. Selected Bond Distances, Angles, and Dihedrals for the

Isolated MoO(Q)z(OPy)(H:0) Complex () and

MoO(O)2(OPy)(HO)—(CH;OH). (11 )

| (calcd) Il (calcd)  experimental

Mo—0(1) 1.676 1.681 1.670
Mo—0(3) 1.940 1.951 1.955
Mo—0(4) 1.949 1.937 1.919
Mo—0O(5) 1.940 1.966 1.955
Mo—0O(6) 1.949 1.943 1.919
Mo—0(7) 2.117 2.155 2.076
0O(3)-0(4) 1.452 1.455 1.470
0O(5)-0(6) 1.452 1.450 1.470
O(7)-N(8) 1.338 1.326 1.354
Mo—0(19) 2.811 2.330 2.295
H(20)—O(backside 2.489 2.533 2.718
H(21)— O (5 ack-side 2.486 2.657 2.718
H(20)—O(4)rontside 2.249 2.749 2.833
H(21)—O(6)ront-side 2.245 2.733 2.833
O(1)-Mo—0(7) 96.3 90.5 89.2
O(3)-Mo—0(5) 143.0 152.3 156.7
O(4-Mo—0(6) 89.5 90.3 88.9
O(3)-Mo—0(4) 438 43.9 44.6
0O(5)-Mo—0(6) 4338 435 44.6
O(1)-Mo—0(3) 108.1 103.6 101.6
O(1)-Mo—0(4) 107.9 105.0 102.8
O(1)-Mo—0(5) 108.1 103.7 101.6
O(1)-Mo—0(6) 107.9 104.6 102.8
Mo—O(7)—N(8) 118.1 122.5 123.0
O(1)-Mo—0(19) 177.8 169.5 170.8
O(1)-Mo-0(4)-0(3) -97.7 -94.3 -935
O(1)-Mo-0(6)-0(5) 97.7 94.7 93.5
O(3)-0(4)-0(6)-0(5) 0.0 0.9 0.0
0(6)—0(4)-0O(3-Mo 19.5 14.6 12.7

a See Figure 1 for the definition of the atom labels. Bond distances

in angstroms (A) and angles in degrees.

reported by Rech et af® who have compared experimental

and theoretical results for a related complex Ref)(CHs)-

(H20) (exp 2.25 A and calcd 2.48 A). More recently, the

potential energy curve for NH-M bond in the (NH)(L)M-
(0)2-n(7%-02)14n (N =0, 1; L = none, NH; M = Cr, Mo, W)

complexes has been inferred to be quite flat, so that small
perturbations may cause large structural chadtjgsaddition,

Sensato et al.

Frenking et aP® have studied the equilibrium geometry of the
molybdenum oxo/peroxo compounds MgO,)s—, and the
related complexes [Mof0O)s—n(OPHs)] and [MoOy(O2)3—n-
(OPH)(H,0)] (n = 0—3) by DFT-B3LYP methods, and they
also have found a similar discrepancy and partly attributed it
to unspecified solid-state effects. Thiel eB&have also found
that the calculated distance between the axial ligand and the
molybdenum atom is overestimated with respect to the corre-
sponding distance for analogous molybdenum peroxo com-
plexes. It should be noted that even in the experimental X-ray
structure the Me-OH, distance (2.295 A) is reported to be
distinctly longer than the MeOPy distance (2.076 A). Differ-
ence between the axial and equatorial bond length has been
reported to occur in related complexes and it has been proposed
that it is due to the trans influence of the oxo group,
O(1)41+1315The large difference 2.295 A vs 2.076 A observed
in the complex studied here cannot, however, be explained solely
on this effect. The significant discrepancy between the calculated
and the experimental results for only this MOH, bond
distance suggests that another effects should be present. Thus,
upon examination of the X-ray results, we have realized that
the water ligand forms intermolecular hydrogen bonds (G{19)
H(20) = 0.91 A; O(19¢-0(4) = 2.733(3) A; H(20Y-O(4) =

1.86 A, O(19>-H(20)—0O(4) = 161°; symmetry operation: i)

= X, 0.5 — vy, 2 with the peroxo groups of two adjacent
complexes in the crystal. Since our calculations were performed
for the isolated complex, these intermolecular interactions were
not taken into account. As a result, a spurious and strong
intramolecular interaction between the hydrogen atoms of water
and the peroxo group is favored (see Table 2), whose illustration
is given in the Supporting Information. Such an intramolecular
interactions of the hydrogen atoms toward the peroxo group
cause a displacement of the oxygen atom in the water ligand
leading to a very long bond distance between the Mo ion and
the O(19) atom. Therefore, we have included in our simulation
two methanol molecules that would form hydrogen bonds with
the water ligand, and its optimized structure is presented in
Figure 2. With this simulation we have intended not only to
mimic the intermolecular hydrogen bonds in the crystal packing,
but also the solvent effects when the crystal is dissolved into
alcoholic solution, because it is believed that the compound
MoO(0,)2(OPy)(H:0) retains its solid-state structure in solution.
The calculated results for the molecular structure of the complex
in the presence of the two methanol molecules are also listed
in Table 2 where columhrefers to calculated values for MoO-
(02)2(OPy)(H:0O) compound, while columti corresponds to
the MoO(Q)2(OPy)(H:0)—(CH3OH), system.

An analysis of the results shows a significant decrease in the
Mo—0(19) bond distance from 2.811 to 2.330 A. In addition,
the spurious intramolecular interactions between the hydrogen
atoms of the water and the peroxo oxygen atoms disappear.
There are two intermolecular hydrogen bonding between water
ligand and the two methanol molecules (see Table 2 and Figure
2). These interactions cause a decrease of the Mo-centered bond
angles between the oxo and peroxo oxygen atoms (O(1)MoO-
(x), with x = 3, 4, 5, or 6) and a concomitant increase of the
O(3)MoO(5) bond angle. The absolute error decreased from
0.167 to 0.048 A for the calculated bond distances and from
5.3 to 1.7 for the calculated bond angles. The errors for some
calculated geometrical parameters are shown in the Table 3.
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bonding solvent and that the inclusion of specific interactions
with the solvent is mandatory in order to obtain realistic
molecular modeling results. In fact, the metal-mediated epoxi-
dation of olefin mechanism has been subjected to a great deal
of experimental and theoretical studies. Two main mechanisms
concerning stoichiometric olefin epoxidation by MoQ}&
(L1,Lo) have generated a long controversy, namely, Minfoun
proposed a coordination of the olefin at the metal and a
subsequent cycloinsertion into a metal-peroxo bond forming a
five-membered dioxymetallocycle that decomposes into an
epoxide and the corresponding monoperoxo complex, while
Sharpless et & suggested an alternative mechanism involving
the transfer of one of the peroxo oxygens to the olefin through
a three-membered ring transition state. Recently, two theoretical
studies have corroborated the mechanism suggested by Sharp-
less3438

4. Conclusions

The X-ray crystallographic structure of the oxo-diperoxo

Figure 2. The calculated molecular structure of the MoGQ¥DPY)- MoO(O,)2(OPy)(H:O) complex reveals the formation of inter-
(Hz0) with two methanol molecules simulating intermolecular hydrogen molecular hydrogen bonds between the water ligand and the
bonds. peroxo groups of adjacent complexes in the crystal. The DFT-
Table 3. Unsigned Absolute Errors for Selected Bond Distances B3LYP calculations yielded results for the molecular structure
and Angles for MoO(@(OPy)(HO) (1) and of the isolated complex that are in good agreement with the
MoO(Oy)2(OPY)(HO)—(CHsOH), (II') experimental data, except for the MOH, bond distance. The

presence of these intermolecular hydrogen bonds observed in

error average | Il . . AR .
the X-ray analysis were considered via inclusion of two

ﬁgsgg?sgit?g;g)s A 0 3'21167 0 8‘20;8 methanol molecules, and a good agreement between theoretical
bond distancégA) 0.430 0.093 and experimental results is then obtained, mainly for the
bond angles (deg) 5.3 1.7 geometrical parameters associated with the water ligand. This
dihedral angles (deg) 3.8 1.2 shows the importance of using ab initio methods in conjunction

aExcluding the bond distance associated with the water ligand. with a model system that m|m|c_s_the Important interactions
b Taken into account only the bond distances related to water ligand. Present in the real system. In addition, solvent effects has been

. . i . ) . inferred from the shortening, and consequently, the strengthen-
The explicit consideration of the mtgrmolecular interactions b.y ing, of the Mo-water bond when this complex is dissolved in
the two mgthanol molecules reconc_lle the theoretical r_esults with hydrogen bonding solvents. Therefore, the present results
the experimental ones. However, it should be mentioned that
in fact, the potential energy surface is very flat along the
stretching of the Me-O(19), as has been pointed out earlier by
Rosch* for a related complex. For instance, performing a
relaxed potential energy surface scan, with complete geometry
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