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The present theoretical study is focused on detailed structural description of Mo(V1) complex of a second generation
poly(propylene imine) dendrimer DAB-G2-PPI-(NH,)s that has previously been synthesized and evaluated as catalyst
for alkenes epoxidation with organic hydroperoxides. In order to verify the suggested geometry with five-coordinate
metal centers, which is rare case for Mo(VI), we performed structural description of possible complexes by quantum
chemical (DFT) calculations. This was achieved through modeling and geometry optimization of the MoO,?* complex
with the smallest triamine fragment of the dendrimer. Different compositions of model complexes were taken into
account and numerous combinations of DFT functionals (B3LYP, B2LYP, O3LYP, M05 and M06) and basis sets were
used for optimizations. The M06/6-31G(d,p)-(LanL2DZ; Mo) calculations gave the best agreement with available
crystallographic data for similar cis-dioxo Mo(V1) complexes. Therefore, this method was used to optimize the structure
of the tetrameric Mo(VI) complex of DAB-G2-PPI-(NHz)s. The results pointed out that M06/6-31G(d,p) optimized
structure of the five-coordinate cis-dioxo Mo(VI) complex with the tridentate dendrimer fragments is possible and
confirms the feasibility of the experimentally suggested coordination mode of DAB-G,-PPI-(NH,)s. Calculations on a
complex with additionally coordinated water molecule indicated that the five-coordinate Mo(VI) complexes of PPI
dendrimer preserve the potential to coordinate one O-donor solvent molecule. These structural characteristics can
explain the ability of the Mo-centers of the modeled metallodendrimer to coordinate also hydroperoxides, used as
oxygen sources for the catalytic epoxidation of alkenes, and thus, ensure the realization of a crucial catalytic step in the
olefin epoxidation reactions.
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peroxide oxygens, which makes them more
susceptible to nucleophilic attack by olefins.
Despite the significant progress that has been
achieved in this field [4-6], there is still intense
research attempting to improve the catalyst
stability, the rate and yield of substrate conversion
under mild conditions preserving the high

INTRODUCTION

The metal-catalyzed, partial and selective
oxidation of alkenes has been of practical
importance for more than 50 years due to the broad
variety of possible transformations of the formed
epoxides [1]. The most selective catalytic reactions

for epoxidation of alkenes are those that employ
alkyl hydroperoxides and metal complexes of d°
transition metal ions in their highest oxidation state,
e.g. Mo(VIl), W(VI), Ti(lV), V(V) [2]. The
mechanistic aspects of these catalytic processes
have been thoroughly studied and indicated that the
cis-dioxomolybdenum(VI) complexes are the
catalyst of choice for highly selective epoxidation
of cycloalkenes with tert-butyl hydroperoxide
(TBHP, t-BuOOH) [3]. This could be explained
with the high Lewis acidity of the Mo(VI) ion and
its ability to withdraw electron density from the
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selectivity, and their implementation as recyclable
(heterogeneous) catalysts [7-13]. In our research
dedicated to the use of various metal complexes for
catalytic ~ applications  [14-16] we  have
demonstrated the high potential of
metallodendrimers in this field [13] which was later
employed by other authors [17,18]. In view of
future implementation of chelating fragments from
dendritic macromolecules for formation of
polymeric metal complexes as highly efficient
catalysts, we focus the current theoretical study on
detailed structural description of the Mo(VI)
complex of second generation (G») dendrimer based
on poly(propylene imine), PPIl. The complexes of
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second- (Gz) and forth- (Gs) generation
poly(propylene imine) dendrimers with various
metal ions have previously been synthesized and
experimentally tested for their catalytic activity for
epoxidation of alkenes with different organic
hydroperoxides [13]. The highest activity showed
the Mo(VI) complex with the G4 PPI dendrimer
having 32 amino end-groups, DAB-Gs-PPI-
(NHa)s2, and using the TBHP. The structure of the
Mo(VI) complexes have been proposed based on
FT-IR spectroscopy and titration data only.
However, the suggested five-coordinate metal
centers is rare case for Mo(VI1), especially with N-
donor ligands, and needed further confirmation.
Therefore, we subjected the structural description
on quantum chemical (DFT) calculations of various
possible geometries of the metal centers in order to
verify the most probable structure of the formed
metallodendrimers. For that purpose we modeled
the coordination of the MoO,** ion with the
smallest tridentate fragment of the dendrimer,
namely bis(propyleneamine)-methylamine (denoted
as L-N3, Fig.1), and taking into account different
compositions and coordination modes. The best
computational method was selected out of
numerous combinations of DFT functionals
(B3LYP, B2LYP, O3LYP, M05 and MO06) with
different basis sets (6-31G(d,p), 6-311G, 6-
311G(d,p), D95 and D95V for all non-metals and
LanL2DZ for Mo) based on the agreement of the
calculated results with available crystallographic
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data on similar structures. The closest agreement
with experimental bond lengths for cis-dioxo
Mo(VI) complexes was obtained with the MO06/6-
31G(d,p)-(LanL2DZ; Mo) method, which was used
further on to optimize the structure of various
complexes with different compositions as well as
the tetrameric cis-dioxo Mo(VI) complex of the
second generation poly(propylene imine) dendrimer
DAB-G2-PPI-(NH,)s. (Fig. 1). Thereby, we could
confirm the feasibility of the five-coordinate cis-
dioxo Mo(VI) centers with the tridentate
alkylamine ligands and provide additional details
on the geometry and electronic structures of the
modeled complexes and the corresponding
spectroscopic (IR) characteristics.

COMPUTATIONAL DETAILS

All  quantum chemical calculations were
performed using the Gaussian 09 suite of programs
[19]. Various DFT methods were applied for
geometry  optimizations  including  hybrid
functionals that combine the Becke exchange [20]
and LYP correlation functionals [21, 22], such as
B3LYP and B2LYP, or the O3LYP functional [23,
24], as well as the pure functionals of Truhlar and
Zhao, MO06 [25] and MO5 [26]. All listed
functionals were combined with the split-valence
basis set of double-zeta quality including
polarization functions 6-31G(d,p) [27,28] for all
light elements.

/NHZ

—N

L-N3 \NH

2

NH,

/\/\/
P

DAB-G,-PPI-(NH,)g NHz

Fig. 1. Chemical formula of the smallest dendrimer fragment L.-N3 and the second generation poly(propylene imine) dendrimer
DAB-G2-PPI-(NH2)s.
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To test the basis sets performance, the B3LYP
functional was combined with the 6-31G(d,p), 6-
311G and 6-311G(d,p) basis sets, and the
Dunning/Huzinaga full or valence double-zeta basis
sets D95 and D95V [29]. In all cases the
molybdenum orbitals were calculated using the
LanL2DZ basis set including the Los Alamos
effective core potentials (ECP) [30]. The geometry
optimizations, employing all described DFT
methods, were performed on the MoO>?* unit
coordinated to the smallest tridentate fragment of
the dendrimer, L-N3, with the composition
[MoO2(L-N3)]?*. All geometry optimizations were
followed by calculation of the vibrational
frequencies and intensities at the same level of
theory and proved that local minima have been
attained. Based on critical evaluation of the
calculated  geometrical  parameters  through
comparison with available experimental data, the
best performing DFT method has been selected and
employed in the additional calculations of
complexes  with  different  structure  and
compositions. The MO06/6-31G(d,p)-(LanL2DZ;
Mo) method was used to calculate complexes of the
following compositions [MoO,(L-N3)]?*, [M0oOz(L-
N3)CI]*, MoO2(L-N3)Cl, and [(M0O,)(DAB-
G2)]¥, where DAB-G; is a short-hand notation for
the DAB-G2-PPI1-(NH2)s dendrimer. Due to better
convergence with the B3LYP functional that was
obtained in the case of water coordinated Mo(V1)
complexes, it was used to calculate the structures
with compositions [MoO2(L-N3)(H.0)]?*, using the
6-31G(d,p) or 6-311G(d,p) basis sets for all non-
metals.

RESULTS AND DISCUSSION

Currently, we modeled and optimized all probable
structures of cis-dioxo Mo(VI) complexes of a
poly(propylene imine) dendrimer using the smallest
dendritic fragment L-N3 to form complexes with
different compositions and charge. The aim was to
evaluate the feasibility of the spectroscopically
suggested five-coordinate Mo(VI) complexes of
DAB-G2-PPI-(NH2)s and DAB-Gs-PPI-(NH>)s.
dendrimers, used as catalyst for alkenes epoxidation
[13]. Compulsory starting step was to select the
most suitable theoretical model for the studied
systems. Therefore, we compared the structural
parameters calculated by five different DFT
functionals (B3LYP, B2LYP, O3LYP, MO05 and
MO06) and five different basis sets (6-31G(d,p), 6-
311G, 6-311G(d,p), D95 and D95V for all non-

metals) with available crystallographic data on
similar cis-dioxo Mo(VI) complexes. It should be
noted that there are no reports on crystal structures
of MoO2?* complexes of dendrimers. That is why
we mostly compared our calculated results with
reported crystallographic data on cis-dioxo Mo(VI)
complexes of three- or tetra- dentate Schiff bases or
hydrazones that coordinate by at least one or two
N-donor atoms [31-36]. In most of these cases the
sixth coordination site of Mo(V1) is occupied by an
weakly bound solvent molecule (e.g. alcohol).
However, there are also recent data on five-
coordinate  Mo(VI) complexes that have been
isolated and their crystal structures were solved
[37]. The basic finding of our calculations
suggested that the most suitable method is M06/6-
31G(d,p)-(LanL2DZ; Mo) giving acceptable Mo-N
distances. Only this method gave lengths of the
Mo-N bonds shorter than 2.230 A (for the terminal
amino groups) and Mo-Nm bond (with the tertiary
amino group) shorter than 2.270 A (Table 1 and
Fig. 2). Although these bond lengths are longer
than 2.180 A, they are fairly acceptable if compared
with the crystallographic data for Mo(VI)
complexes with tridentate ligands that coordinate
with three [38] or two N-donor atoms [32] in which
the longest Mo-N bonds range from 2.31 to 2.42 A.
These data let us conclude that M06/6-31G(d,p)
optimized structure of the five-coordinate cis-dioxo
Mo(VI) complex with the tridentate dendrite
fragment L-N3 is possible and confirms the
feasibility of the experimentally suggested
coordination mode of the DAB-G2-PPI-(NH,)s and
DAB-G4-PPI-(NH2)32 dendrimers [13]. All other
functionals, we have tested, predicted Mo-N bonds
shorter or equal to 2.310 A for the five-coordinate
cis-dioxo Mo(VI) complexes [MoO2(L-N3)]*.
However, these values are larger by ca. 1% than the
Mo-N bonds calculated with the MO06 functional
and the same holds for the Mo-O bonds. Therefore,
we selected the M06/6-31G(d,p)-(LanL2DZ; Mo)
method for geometry optimization of other possible
complex structures. The model of a six-coordinate
cis-dioxo Mo(VI) complex with one chloride ligand
added, [MoO2(L-N3)CI]*, resulted in strong
elongation of the M-Nm bond to 2.592 A and
elongation of the Mo-O bonds by 0.02 A (Table 1
and Fig. 2). These results indicate that the supposed
Cl-bound six-coordinate Mo(VI) complex is less
probable.

To further elaborate the expected high
possibility for six-coordinate Mo(V1) complexes we
made a model with coordinated water molecule
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[MoO,(L-N3)(H20)]**. In this case successful
convergence was achieved using the B3LYP
functional, and therefore, it was the method of
choice for the water-bound complex. For the sake
of comparison the results obtained with the
B3LYP/6-31G(d,p) and  B3LYP/6-311G(d,p)
methods for five- and six- coordinate Mo(VI)
complexes are listed in Table 1 and the optimized
geometries are depicted in Fig. 3. It can be noted
that appreciable elongation resulted only for the
Mo-Nm bond (by ca. 0.13 A). Despite the
elongation, calculated bond lengths for the water-
bound complex remain in the range of
experimentally reported ones for cis-dioxo Mo(VI)
complexes coordinated with a tridentate ligand and
a solvent molecule (with Mo-O distances within the
2.319 — 2.385 A range) [33-37]. This let us propose

that the optimized five-coordinate Mo(VI)
complexes of the studied PPI dendrimer, although
probable, preserves the potential to coordinate
additional O-donor solvent molecule. Similarly, it
can be supposed that the Mo-centers of the modeled
metallodendrimer are available for coordination
with a hydroperoxide that is used as an oxygen
source for the catalytic epoxidation of alkenes. This
possibility is yet to be confirmed by our ongoing
theoretical studies on the catalytic steps of olefin
epoxidation by metallodendrimers and TBPH.
Attempts to model a neutral complex of bidentately
coordinating L-N3 fragment with MoOCl; core,
and complex composition MoOz(L-N3)Cl,, proved
that such coordination mode of the PPI dendrimer
is sterically hindered.

Table 1. Calculated (M06 and B3LYP) bond lengths (in A) of the cis-dioxo Mo(VI) complexes with the PPI dendrimer
DAB-G2-PPI-(NH2)s, [(M002)sDAB-G,]?*, or with its smallest tridentate fragment (L-N3) and having the following
compositions: [MoO,(L-N3)]?*, [MoO2(L-N3)CI]* or [MoO,(L-N3)(H20)]?*. The ECP basis set LanL2DZ is used for
Mo. In the six-coordinate complexes the axial ligand is either water (Ow) or a chloride (Cl). The Nm notation is used

for the tertiary amine from the tridentate fragment of the dendrimer.

Comput. MO6 optimized structures B3LYP optimized structures
method 6-31G(d,p) 6-31G(d,p)/ 6-311G(d,p)/
tructure  [MoO; [MoO, [(MoO2)4 [MoO; [MoO; (L- [MoO; [MoO; (L-
Bon (L-N3)]?* (L-N3)CI]* DAB-GJ*  (L-N3)]** N3)(H.0)]* (L-N3)]*  N3)(H0)]*
distances
Mo-0O1 1.686 1.705 1.674 + 1.694 1.700 1.697 1.703
1.681
Mo-02 1.678 1.691 1.675 + 1.688 1.689 1.691 1.691
1.680
Mo-N 2.229 2.227 2217+ 2.244 2.249 2.245 2.248
2.229
Mo-Nm 2.267 2.592 2.366 + 2.293 2.430 2.289 2.416
2.373
Mo-Ow 2.396 2.407
Mo-ClI 2.451

Fig. 2. Optimized (M06/6-31G(d,p)-(LanL2DZ; Mo)) structures of the five- and six- coordinate cis-dioxo Mo(VI)
complexes having the compositions: A) [MoO2(L-N3)]?* and B) [MoO,(L-N3)CI]*. The dotted lines represent the
coordination bonds Mo-N or Mo-Cl, and the numbers give the corresponding distances, listed also in Table 1.
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Using the selected superior method for our
system, MO06/6-31G(d,p)-(LanL2DZ; Mo), we
optimized the structure of the Mo(VI) complex of
the DAB-G2-PPI-(NH,)s dendrimer, referred to as
[(M00O.)4sDAB-G;]®*. Two views of the optimized
structure are depicted in Fig. 4 and selected bond
lengths are given in Table 1. The four metal centers
exhibit virtually the same geometry. The slight
variations in the lengths of the molybdenum bonds
are indicated with the given range (Table 1). All
optimized bond distances are virtually equal to the
ones obtained for the similar monomeric complex
with the L-N3 fragment, except for the Mo-Nm
(with the tertiary amine) which elongates by ca.
0.10 A in the tetrameric complex. Thus, the longest
calculated Mo-N distances approach 2.37 A but still
remain within the range of experimentally reported
ones for a complex with sterically crowded
tetradentate ligand coordinating with two tertiary

.':am‘.

- @
4

4

C

amine groups to cis-dioxo Mo(VI) [32], where the
Mo-N bonds are estimated to 2.260 - 2.423 A.

The calculated vibrational frequencies of the
five-coordinate monomeric  and  tetrameric
complexes, [MoO,(L-N3)]?* and [(M0O2)4(DAB-
G2)]¥, agree with the experimentally reported ones
for the stretching modes involving the metal center.
The  MO06/6-31G(d,p) calculated stretching
vibrations of Mo-N in [MoO,(L-N3)]?* are 423 and
431 cm, which are very close to the experimental
data of 405 to 430 cm? [13]. The most intense
vibrations of the Mo=0 bonds appear at 1016 and
1049 cm? in the calculated [MoO,(L-N3)]** model
structure and at 1013 and 1021 - 1024 cm™ for
[(M0O2)4(DAB-G,)]®". These unscaled values
would become closer to the experimental data (of
900 - 950 cm?) if a scaling factor of ca. 0.90 is
used.

Fig. 3. Comparison of the B3LYP optimized geometries of five- and six- coordinate cis-dioxo Mo(VI) complexes with
compositions [MoO,(L-N3)]?* (in A and B) and [MoO,(L-N3)(H.0)]?** (in C and D), and using different basis sets for
the light elements - the 6-31G(d,p) in A and C or 6-311G(d,p) in B and D. The dotted lines represent the coordination
bonds Mo-N and Mo-OHy, and the numbers giving the corresponding distances are listed in Table 1. The same color
code for all heteroatoms is used as in Fig. 2.
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Fig. 4. Two different views of the M06/6-31G(d,p)-(LanL2DZ; Mo) optimized structure of the tetrameric cis-dioxo
Mo(VI) complex of the second generation PPI dendrimer DAB-G2-PPI-(NH2)s with composition [(M00O.)4(DAB-
G2)]®*. Top view is oriented normal to the core diaminobutane chain and the bottom view depicts the structure along
that chain. The dotted lines represent the Mo-N coordination bonds and the corresponding distances are listed in Table
1. The same color code for all heteroatoms is used as in Fig. 2.

In conclusion, the investigated rare case of five-
coordinate Mo(VI) complexes appeared as the most
plausible structure for the PPl dendrimers, which
we confirmed by the current detailed computational
study. Moreover, the suggested structure agrees
with available crystallographic data on similar
system of cis-dioxo Mo(VI1) complexes with two-
or three- N-donor atoms. The obtained optimized
structure of [(M00O2)s(DAB-G,)]®" can be further
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elaborated to evaluate the catalytic steps of the
cyclohexene epoxidation, in which the studied
system performed as an excellent catalyst.
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(Pestome)

Hacrosioro TeopetnuHo u3ciienBaHe € (HOKYCHPaHO BBPXY IMOAPOOHOTO CTPYKTYPHO ONHMCaHHE HAa KOMILJIEKC Ha
Mo (VI) ¢ nonunpornuieH-uMUHOB JeHapumep oT Btopo mokosieHne, DAB-G»-PPI-(NH3)s, koiito mo-pano Oe
CHHTE3MpaH M OLEHEH KaTO KaTaJu3aTop 3a EMOKCHAMpAaHE Ha alKeHW C OPTaHWYHH XHIPONEPOKCHAM. 3a Ja ce
MIPOBEPH TPEUIOKEHATA TEOMETPHS € MET KOOPAMHUPAHN METaTHU LIEHTPOBE, KOETO € psiIbK ciydaid 3a Mo (VI), Hue
U3BBPIINXME CTPYKTYPHO ONMCAHUE HA BB3MOXKHUTE KOMIUIEKCH 4pe3 KBaHTOBO-xuMu4uHM (DFT) m3umcnenus. Tosa
Oellle MOCTHTHATO Ype3 MOJENMPAHE U 'EOMETPHYHA ONTHUMHU3aius Ha MoO2?" KOMIUIEKC ¢ Hali-MaJKusi TPUAMHHOB
¢dparmenT Ha neHapuMepa. bsxa B3eTH 1MoJ BHUMaHHE MOJEIHH KOMIUICKCH C Pa3iIM4YeH ChCTaB M OsiXa M3IOJI3BAHH
MHOecTBO KomOuHaimu ot DFT ¢ynkumonann (B3LYP, B2LYP, O3LYP, M05 u M06) u Ga3ucHu (yHKIHH.
Wzuncnennsata ¢ wmerogqa MO06/6-31G(d,p)-(LanL2DZ; Mo) magoxa Hai-100po ChIylacCHE€ C  HAJUYHHUTE
KpucTanorpadcku JaHHH 3a 0A00HH KoMIUIekcH Ha muc-auokco Mo(VI). Iopaau ToBa, To3u MeTon Oe M3MOJI3BaH 3a
ONTHMHU3UPAHE HA CTpyKTyparta Ha Terpamepuus Mo(VI) kommiekc Ha DAB-G2-PPI-(NH2)s. Pesynrarute couar, ue
onrtuMusupanara ¢ M06/6-31G (d,p) mMeTona CTpyKTypa Ha IeT-KOOpAMHHMpaHus 1wmc-nuokco Mo(VI) komiieke ¢
TPUAEHTATHUTE JCHAPUMEPHHU (PparMeHTH € Bb3MOXHA, MOTBBP)KIAABANKN €KCIIEPUMEHTAIHO TPEUIOKEHNST HAYMH Ha
koopauHatuss Ha DAB-G2-PPI-(NH2)s. M3uucnenusta BbpXYy KOMIUIEKC C JIONBJIHUTENHO KOOPAWHHMPAaHA BOJHA
MOJIEKyJIa TIOKa3BaT, 4e IeT-KoopanHnpanure komiuiekc Ha Mo(VI) ¢ PPI nenapumMep chxpaHsBaT Bb3MOXKHOCTTA Jla
KOOpJMHHUpAT W €JHa MoJIeKyJa pa3rBopures ¢ O-moHop. Te3u CTPYKTYpPHHM XapakTEPHCTHKH MOTraT ja OOSICHSAT
CHOCOOHOCTTa Ha MOJIMO/ICHOBHUTE IICHTPOBE B MOAEIMPAHUS METATIOACHANMED Jla KOOPAWHHUPAT U XUJIPOTIEPOKCHIIHTE,
W3MOJI3BaHU KaTO M3TOYHMIM HAa KUCJIOPOJ 32 KaTAJMTUYHO €MOKCHAMpPAHE Ha aJIKeHH, U 110 TO3M HAYMH Jia OCUTYpAT
OCBILECTBSIBAHETO HA PellIaBall] KaTaJIUTUUEH eTall B PEaKI[MHUTE HA SIOKCHIUpaHe Ha OJe(hUHH.

128



