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1. Introduction

ABSTRACT

Oxidation mechanisms of ethylene and methanol on Mo(0)(00), (an amine) and the influence of amines
on the oxidation are studied by using paired interacting orbital (PIO) analysis of the transition states (TS)
of the ethylene epoxidation and of the methanol coordinated complexes, the methoxy complexes, and
the hydrogen abstraction of the methanol oxidation. In the case of ethylene oxidation, we are able to
recognize three important PIOs: PIO-1 which expresses the electron delocalization from the mw-orbital of
the ethylene to the o*-orbital(03-0%) of the Mo peroxo; PIO-2 which expresses the electron delocalization
from the p-orbital of 0% of the Mo peroxo to the m*-orbital of the ethylene; and PIO-3 which expresses
the overlap repulsion between the ethylene and occupied (Mo-03-0%) orbitals of the Mo peroxo. This
overlap repulsion is enhanced by the coordination of higher alkyl amines to the Mo peroxo, because of
the destabilization of these occupied (Mo-03-0%) orbitals. In the case of methanol oxidation, the main
components of the PIO-1 of the methanol coordinated complexes and the methoxy complexes are Mo-4d
orbitals of the unoccupied orbitals of the Mo peroxo part, and the main components of the PIO-1 of the
hydrogen abstraction are 0°-2p, 06-2p and C-2p orbitals of SOMO of the Mo peroxo part. The energy of
the MOs, that contain these Mo-4d, O-2p or C-2p orbitals are not influenced by the amine coordination
on the Mo atom. Results suggest that ethylene epoxidation is hindered by the coordination of higher alkyl
amines on Mo peroxo complexes, whereas methanol oxidation is not hindered by the coordination of the

amines.
© 2008 Elsevier B.V. All rights reserved.

Because of the recent DFT calculations, Route A, the concerted
reaction course, is now becoming widely accepted. A concerted

The epoxidation of olefins and the oxidation of alcohols to
aldehydes and ketones by Mo peroxo complexes are important reac-
tions in organic synthesis. Since the molybdenum is reoxidized by
hydrogen peroxide and can be reused, the oxidation is environ-
mentally benign. [1] One of the authors reported that cyclohexene
oxide was predominantly obtained by oxidation of 1:1 mixtures
of cyclohexene and 2-octanol with Mo-peroxo and primary amine
systems, whereas methyl-hexylketone was mainly obtained with
Mo-peroxo and tertiary amine systems [2]. We are interested in
these reasons for the influence of the amines on this selective oxi-
dation.

Many experimental and theoretical studies on olefin epoxida-
tion mechanisms have been reported. [3] Two possible oxygen
transfer processes that have been suggested are shown in Scheme 1.

* Corresponding author.
E-mail addresses: aas55@mail2.accsnet.ne.jp (A. Shiga),
GZS00125@nifty.ne.jp (Y. Kurusu).

1381-1169/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2008.05.012

transfer of peroxo oxygen via spiro transition structures is postu-
lated [3d]. No forming of olefin m-complex on Mo is observed in
the route. How the olefin approaches the transition state is vague
and the influence of amine ligands has not been described.

The oxidation mechanism of alcohol is also well established.
The oxidation takes place via alcohol coordination to Mo, forma-
tion of Mo alkoxy complex and a-hydrogen abstraction from the
alkoxy moiety. Deng and Ziegler reported a combination study of
DFT calculation and an intrinsic reaction coordinate method of the
methanol oxidation [4]. They used MO,Cl, (M=Cr, Mo and W) as
model oxo complexes, in which amines are not included. So the
influence of amine ligands on alcohol oxidation is not discussed yet.

Here we study the following items:

(1) the influence of amines on ethylene epoxidation,

(2) the influences of amines on methanol coordination to Mo com-
plex, on methoxy-Mo complex formation and on a-hydrogen
abstraction from the methoxy moiety.


http://www.sciencedirect.com/science/journal/13811169
mailto:aas55@mail2.accsnet.ne.jp
mailto:GZS00125@nifty.ne.jp
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One goal of this study is to clarify the role of amines in olefin
epoxidation and in alcohol oxidation and to discover the reason why
a selective oxidation of alcohols is attained by addition of higher
alkyl amines to the oxidation system.

2. Models and calculation methods

The starting molecules employed here are Mo(0)(0O0),(amine:
NH3, NMe3, NMe,Et, NMeEt, ), ethylene, and methanol.

2.1. Generation of structures of TS of ethylene epoxidation on
Mo(0)(00),(amine), methanol coordination complex of
Mo(0)(00),(amine) and methoxy complex of
Mo(0)(00)(0O0H)(amine)

We present the structures of Mo(O)(00),(OPH3)and TS3 in sup-
porting information [3j]. After replacing the OPH3 with NHs3, we
optimized the structures of the NH3—Mo-diperoxo compound by
RHF method (SBKJC ECP basis sets) using PC GAMESS developed
by Dr. Alex A. Granovsky of the Laboratory of Chemical Cybernet-
ics at Moscow State University [5]. We replaced the NH3 molecule
with another amines. We optimized the structure of the methanol
coordination complex of Mo(0)(00),(NH3) and the methoxy com-
plex of Mo(0O)(O0)(OOH)(NH3) by the above RHF method, and we
replaced the NH3; molecule with other amines.

2.2. PIO calculations

The paired interacting orbital (PIO) calculation proposed by
Fujimoto et al. [6] is a method for unequivocally determining the
orbitals which should play dominant roles in chemical interactions
between two systems, [A] and [B], which construct a combined sys-
tem [C]. In the case of the ethylene epoxidation, [C] is the ethylene
complex, while [A] is the Mo-peroxo portion and [B] is the ethylene
portion. The geometries of [A] and [B] are the same as those in the
complex [C] ([A —Bl=[C]).

The extended Hiickel MOs of [A], [B] and [C] are calculated. The
extended Hiickel parameters are given in the Appendix A. PIOs are
obtained by applying the procedure that was proposed by Fujimoto
et al. [6]. It is summarized as follows:

(1) we expand the MOs of a complex in terms of the MOs of two
fragment species, to determine the expansion coefficients c;,
Cmejf and dyy, dpygin Eq. (1);

m N-n

& = thf¢z + ZC’"H FPmaj + defl/fk + Zdn+lf1/fn+l’

i=1 j=1 k= =1
=1,2,...,m+n, (1)

(2) we construct aninteraction matrix Pwhich represents the inter-
action between the MOs of the fragment [A] and the MOs of the
fragment [B];

p— [ Pik Di.n+1 (2)
Pm+jk  Pm+jn+l

in which

m+n

Pik = nt,uzci,fdk,f
F=1
m+n
Dinyl = nt,uzci,fdnﬂ,f
=1
m+n
Pmjk = nt,uzcm+j,fdk,f
=1

m+n

i=1~m, k=1~n

i=1~m, I=1~N-n

j=1~M-m, k=1~n

pmHynH:nt,chmH,de,yf j:] ~M-m, [=1~N-n
f=1

(3) we obtain transformation matrix U? (for A) and UB (for B) by

PPUA = UAT (3)
N
UR, =) Y TprsUR, v=1,2,..N (4)

r

=

and finally we obtain the PIOs by Eq. (5) and Eq. (6):

N
¢y =Y Ul (forA) (5)

N
vi=> Uy (forB) (6)

The N x M (N < M) orbital interactions in the complex C can thus
be reduced to the interactions of NPIOs, N indicating the smaller
of the numbers of MOs of the two fragments, A and B.

Although PIO analysis was proposed originally for ab initio cal-
culations, we already reported that this approach was also useful in
analyzing the results of extended Hiickel MO calculations and was
suitable for understanding reaction procedures in terms of orbital
interactions, especially in catalytic systems that are large in size
[8]. We also reported that relative catalytic activities deduced from
PIO analysis based on extended Hiickel MO calculations coincided
with the order of activation energy obtained from ab initio MO cal-
culations [9]. All calculations were carried out on the LUMMOX™
system [7].

3. Results

3.1. PIO analysis of TS of ethylene epoxidation: An influence of
trans amines

As already described in Section 2.2, we divide each model [C]
into two fragments, [A] and [B], here, [A] is the Mo peroxo portion
and [B]is the ethylene portion. The fragmentation is shown in Fig. 1.

We executed PIO calculation of five TS models: (1) is TS3 in the
reference [3j] and (2)-(5) are TS of amine versions: (2) is NHs, (3)
is NMejs, (4) is NMe,Et, and (5) is NMeEt;,, respectively,.

Eigen values of PIOs express a contribution of the PIOs to the
interaction. The eigen values of PIOs of each model are summarized
in Table 1. Table 1 tells us that the main interaction is expressed in
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Fig. 1. The fragmentation of the models.

PIO-1, and that two other subsidiary interactions are expressed in
PIO-2 and in PIO-3. The contributions of other PIOs are very small.

Contour maps of PIO-1, PIO-2 and PIO-3 of model (1), (2), (4) and
(5), projected on the y-z plane, and also contour maps of PIOs of
out-of-phase overlap between the Mo peroxo part and the ethylene
part of model (1), (2), (4) and (5), projected on the x-y plane, are
shown in Figs. 2 and 3, respectively.

We can visually understand that PIO-1 of models (1), (2) and (4)
express in-phase overlaps between m-orbital of the ethylene and
o*-orbital(03-0%) of the Mo peroxo; however, PIO-1 of model (5)
expresses a marked out-of-phase overlap between 7r-orbital of the
ethylene and the occupied (Mo-0%) orbitals of the Mo peroxo.

PIO-2 of models (1), (2) and (5) express in-phase overlaps
between w*-orbital of the ethylene and p-orbital of 0% of the Mo
peroxo; however, PIO-2 of model (4) expresses a marked out-of-
phase overlap between the ethylene and occupied (Mo-03-0%)
orbitals of the Mo peroxo.

PIO-3 of models (1), (2) and (5) express out-of-phase overlaps
between the ethylene and occupied (Mo-03-0%) orbitals of the Mo
peroxo; however, PIO-3 of model (4) expresses in-phase overlap
between w*-orbital of the ethylene and p-orbital of 0% of the Mo
peroxo.

Next, we precisely examine the PIO-1, PIO-2 and PIO-3 of model
(2).

The main components of the linear combination of the canon-
ical MO (LCMO) representation of PIO-1 ((¢}, ¥), PIO-2 (¢}, ¥/)
and PIO-3 (¢}, ¥) of model (2) shown below, indicate that the Mo
peroxo part of the PIO-1 is composed mainly of the LUMO and some
subsidiary occupied orbitals, while the ethylene part of the PIO-1
is almost HOMO. On the contrary, the PIO-2 of the Mo part is com-
posed of many occupied orbitals and the PIO-2 of the ethylene part
contains not only LUMO but also some other occupied orbitals. The

Table 1
The eigen values of PIOs of each TS model of ethylene epoxidation

Model

(1) (2) (3) (4) (5)
PIO-1 0.713 0.714 0.715 0.750 0.296
PIO-2 0.038 0.038 0.038 0.040 0.038
PIO-3 0.037 0.037 0.037 0.038 0.009
PIO-4 0.008 0.008 0.008 0.008 0.007
PIO-5 0.003 0.003 0.003 0.003 0.003
PIO-6 0.000 0.000 0.000 0.000 0.001
PIO-11 0.000 0.000 0.000 0.000 0.0000
PIO-12 0.000 0.000 0.000 0.000 0.0000

PIO-3 of the Mo part is mainly composed of occupied orbitals and

the PIO-3 of the ethylene is also composed of occupied orbitals.
Model (2) of PIO-1: the Mo peroxo part,

@ = —0.12¢9 — 0331 +0.12¢2; (HOMO-1) +0.11 2o (HOMO) + 0.89¢53(LUMO),
Model (2) of PIO-1: the ethylene part,

@, = —0.12Ws —0.9996(HOMO).

Model (2) of PIO-2: the Mo peroxo part,

@, = 0.12p4 — 0.15¢12 +0.43¢13 +0.13¢14 + 0.32¢17 — 0.66¢10 +0.37¢20(HOMO-2)
Model (2) of PIO-2: the ethylene part,

¥y = —0.17y1 +0.37 — 0.897(LUMO).

Model (2) of PIO-3: the Mo peroxo part,

@, = —0.12¢; —0.52¢; — 0.64¢4 +0.21¢g +0.31¢1; +0.13¢20(HOMO-2)

+ 0.15(/)23(LUMO) - 0.16(/)32 + 0.14(/)33

Model (2) of PIO-3: the ethylene part,

¥, = 0.96Y1 — 0105 — 0.174r7(LUMO) +0.199r+;.

The occupation numbers (ON) of the PIO-1, PIO-2 and PIO-3 are
summarized in Table 2. The energy of ¢23 (LUMO of the Mo peroxo
of model (2)) is —12.86eV, the energy of g2, (HOMO of the Mo
peroxo model (2)) is —13.82 eV and the energy of ¢,; (HOMO-1
of Mo peroxo model (2)) is —13.98 eV. Since the energies of these
MOs are very close and since all these MOs contain the same p-
orbitals of 04, they can easily mix in the PIO-1. So, the ON of the
PIO-1 of the Mo part is larger than that of the ethylene; however,
the total ON of the PIO-1 is very near to two. The PIO-1 expresses
the electron delocalization from the ethylene to the Mo peroxo,
the so called r-donation of ethylene. The ON of the PIO-2 of the
Mo peroxo is large, near to two, and that of the ethylene is very
small. The PIO-2 expresses the electron delocalization from the Mo
peroxo to the ethylene and also includes some extents of repulsive
occupied-occupied orbital interactions between the Mo peroxo and
the ethylene. The ON of the PIO-3 of the Mo peroxo is large and that
of the ethylene is also large. The PIO-3 mainly expresses the overlap
repulsion between the Mo peroxo and the ethylene.

Based on the LCMO representation of PIOs, we can obtain the
linear combination of atomic orbitals (LCAO) representation of the
PIOs. LCAO representations of the PIO-1, PIO-2 and PIO-3 of model
(1) and model (2) are shown below. They are almost coincident with
each other.

Model (1) of PIO-1: the Mo peroxo part,

@ = —0.16Mo4d, — 0.10Mo4d,, + 0.440°2p,+0.330*2p,+0.850%2p,~0.170"2p,,
Model (1) of PIO-1: the ethylene part,

¥ = —0.18C*2p,—0.59C*2p, + 0.11C*2p, — 0.19 CP2p, — 0.59CP2p, + 0.09C*2p,,
Model (1) of PIO-2: the Mo peroxo part,

@, = 0.11Mo4dy, + 0.100%2p, + 0.100%2s — 0.440*2p, — 0.840*2p,,

Model (1) of PIO-2: the ethylene part,

¥} = —0.12C*2s — 0.14C*2p, — 0.71C“2p, +0.25C“2p, + 0.28C#2p, + 0.68C*2p,
+0.14H"1s + 0.11H?1s — 0.20H>1s — 0.19H*1s,

Model (1) of PIO-3: the Mo peroxo part,

@} = —0.22Mo05s + 0.35M05p,, + 0.17Mo4d,z_y2 + 0.10Mo4d,; + 0.10Mo4d,y
+0.100%2s - 0.320%2p, — 0.640%2s + 0.210%2p, — 0.180"2p,,

Model (1) of PIO-3: the ethylene part,

¥, = 0.30C%2s — 0.14C*2p, — 0.10C*2p, — 0.13C*2p, + 0.35C"2s +0.18C 2p,
+0.18C%2p, + 0.22H' 15 + 0.21H?1s + 0.15H>1s + 0.19H*1s.

Model (2) of PIO-1: the Mo peroxo part,

@, = 0.14Mo4d,z_> +0.11Mo4d,y — 0.440°2p, — 0.330%2p, — 0.850"2p,
+0.170*2p,,

Model (2) of PIO-1: the ethylene part,

¥ = 0.18C%2p, + 0.59C*2p, — 0.11C*2p, + 0.19C#2p, +0.59C#2p, — 0.09CP2p,,
Model (2) of PIO-2: the Mo peroxo part,

@, = 0.11Mo4dy; + 0.100%2p, + 0.110*2s — 0.440"2p, — 0.840"*2p,,

Model (2) of PIO-2: the ethylene part,

¥, = —0.12C*2s — 0.14C*2p, — 0.71C*2p, +0.25C*2p, + 0.28C*2p, + 0.68C*2p, +
0.14H'1s + 0.11H?1s — 0.20H>1s — 0.19H*1s,
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(a) PIO-1 (b) PIO-1

(c) PIO-1 (d) PIO-1

(a) PIO-2 (b) PIO-2

(c) PIO-2 (d) PIO-2

(a) PIO-3 (b) PIO-3

(¢) PIO-3 (d) PIO-3

Fig. 2. Contour maps of PIO-1, PIO-2 and PIO-3 of (a) model (1), (b) model (2), (c) model (4) and (d) model (5), projected on the y-z plane.

Model (2) of PIO-3: the Mo peroxo part, Next, we examine the influence of the trans ligand on the inter-
¢; = —0.22Mo5s + 0.36Mo5p, + 0.16Mo4dyz-y> + 0.10Mo4d;; + 0.11Moddyy + action between the Mo peroxo part and the ethylene part.

3 3 4 4 4 .
0.100°2s —0.320°2p, — 0.640"2s + 0.210"2p, — 0.180"2p,, The overlap populations of the PIO-1, PIO-2 and PIO-3 of each

Model (2) of PIO-3: the ethylene part,
¥} = 0.30C%2s — 0.14C%2p, — 0.10C*2p, — 0.13C*2p, +0.35CP2s +0.18C 2p, +
0.18C%2p, + 0.22H"1s + 0.21H?1s + 0.15H>1s + 0.19H*1s.

model are summarized in Table 3. The larger the overlap population
is, the larger the reactivity of the reaction is. The overlap popula-
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(a) PIO-3

(c) PIO-2

(d) PIO-1

Fig. 3. Contour maps of PIOs of the out-of-phase overlap between the Mo peroxo part and the ethylene part of (a) model (1), (b) model (2), (c) model (4), and (d) model (5),

projected on the x-y plane.

Table 2
The occupation numbers (ON) of the PIO-1, PIO-2 and PIO-3 of each TS model of ethylene epoxidation

PIO-1 PIO-2 PIO-3

Mo peroxo CoHy Total Mo peroxo CoHy Total Mo peroxo CoHy Total
(1) 1.35 0.68 2.03 1.96 0.38 234 1.83 1.86 3.69
(2) 1.35 0.69 2.04 1.96 0.38 234 1.83 1.86 3.69
(3) 135 0.69 2.04 1.96 0.39 2.35 1.83 1.85 3.68
(4) 1.30 0.73 2.03 1.85 1.60 3.45 1.94 0.63 2.57
(5) 1.64 1.96 3.60 1.96 0.32 2.28 1.76 1.97 3.73

tions (OP) of the PIO-1, PIO-2 and PIO-3 of model (1), model (2) and
model (3) are almost the same. On the other hand, the overlap pop-
ulations (20P) of model (4) and model (5) markedly decrease. This
difference suggests that the ethylene epoxidation takes place favor-
ably on models (1), (2) and (3), while the epoxidation is hindered
on model (4) and (5).

In the cases of models (1), (2) and (3), the overlap repulsion is
expressed in PIO-3, whereas in the case of model (4) the overlap
repulsion is expressed in PIO-2, and further in the case of model
(5) the repulsive interaction is expressed in PIO-1. The contribution
of the overlap repulsion markedly increases in models (4) and (5).
Why does the overlap repulsion markedly increase in these mod-
els? The LCAO representations of PIO-3 of model (2), PIO-2 of model
(4) and PIO-1 of model (5) are shown below:

LCAO representation of model (2) of PIO-3: the Mo peroxo part,
¢, = —0.22Mo5s + 0.36Mo5p, + 0.16Mo4d,;_y2 +

0.10Mo4d;; + 0.11Mo4d,y +0.100%2s — 0.320%2p, —
0.640"2s +0.210"2p, — 0.180"2p,,

LCAO representation of model (2) of PIO-3: the ethylene part,
¥} = 0.30C*2s — 0.14C“2p, — 0.10C*2p, — 0.13C*2p, +
0.35CP2s +0.18C#2p, + 0.18CP2p, + 0.22H' 1s + 0.21H?1s +
0.15H%1s + 0.19H*1s,

Table 3
The overlap populations (OP) of the PIO-1, PIO-2 and PIO-3 of each TS model of
ethylene epoxidation

PIO-1 PIO-2 PIO-3 2OP of PIO-1, -2 and -3
(1) 0.1874 0.0202 —0.0441 0.1635
(2) 0.1874 0.0202 —0.0440 0.1636
3) 0.1873 0.0200 —0.0439 0.1636
(4) 0.1804 —0.0342 0.0089 0.1551
(5) —0.2487 0.0225 —0.0090 —0.2353

LCAO representation of model (4) of PIO-2: the Mo
peroxo part,

@, = —0.20Mo05s + 0.31M05p, + 0.13Mo4d,_y» —
0.130%2p, — 0.310°2p, — 0.570"2s + 0.210%2p, +
0.250*2p, +0.350%2p;,

LCAO representation of model (4) of PIO-2: the
ethylene part,

¥, = 0.31C%2s + 0.34C2p, — 0.26C2p, +
0.27C#2s — 0.28Cb2p, +0.17CP2p, + 0.11H 15 +
0.11H*1s + 0.25H31s + 0.26H"1s,

LCAO representation of model (5) of PIO-1: the
Mo peroxo part,

@, = —0.19Mo5s — 0.13Mo5p, + 0.31Mo5p, +
0.22Mo4dy, 2 + 0.12Mo4d;, + 0.19Mo4d,y —
0.390%2s + 0.120*2p, + 0.710%2p,,

LCAO representation of model (5) of PIO-1: the
ethylene part,

¥, = 0.15C%2s + 0.51C2py — 0.25C*2p, +
0.15CP2s +0.23C#2p, + 0.50C?2p, +

0.11H'1s + 0.08H?1s + 0.11H?1s + 0.09H*1s.

Comparing the PIO-2 of model (4) or the PIO-1 of model (5) with
the PIO-3 of model (2), we can observe increasing of contributions
of 0#2p orbitals(bold italic) and ethylene C 2p orbitals(bold italic).
The destabilization of MOs containing Mo and O*2p orbitals, caused
by the coordination of NMe,Et or NMeEt, to the Mo atom, enhances
the overlap repulsion between 0% 2p orbitals and ethylene C 2p
orbitals. The destabilization is larger in NMeEt; than in NMe,Et.

3.2. Aninfluence of trans amines on methanol oxidation

It is widely accepted that alcohol oxidation on Mo-peroxo
complex proceeds via alcohol coordination, formation of alkoxy
complex and hydrogen extraction of the alkoxy complex. We
obtained methanol-coordinated complexes and methoxy com-
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Table 4
The eigen values of PIOs of each Mo peroxo methanol complex and each methoxy
complex

Model
(6) (7) (8) (9) (10) (11) (12) (13)

PIO-1 0.014 0.013 0.013 0.013 0203  0.202 0.204  0.202
PIO-2  0.003 0.003 0.003 0.003 0.045 0.045 0.045 0.045
PIO-3  0.001 0.001 0.001 0.001 0.023  0.023 0.024  0.023
PIO-4 0.000 0.000 0.000 0.000 0.011 0.011 0.011 0.011
PIO-5 0.000 0.000 0.000 0.000 0.003 0.003 0.003 0.003
PIO-6 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001

plexes of the (Mo(0)(00),(amine). We executed PIO calculations
of Mo peroxo methanol-coordinated complexes, (6)-(9): model (6)
is NH3, (7) is NMes, (8) is NMe,Et, and (9) is NMeEt,, and Mo per-
oxo methoxy complexes, (10)-(13): model (10) is NHs, (11) is NMes,
(12) is NMe,Et, and (13) is NMeEt,, respectively.

3.2.1. Methanol coordination

We executed PIO calculations of Mo peroxo methanol coordi-
nated complexes, model (6)-(9).

The eigen values of PIOs of each model are summarized in
Table 4. Table 4 tells us that main interaction is expressed in PIO-1,
and two other subsidiary interactions are expressed in PIO-2 and
in PIO-3. The contribution of other PIOs is very small.

Contour maps of PIO-1, PIO-2 and PIO-3 of methanol coordinated
complexes: models (6), (7), (8) and (9), are shown in Fig. 4. They are
very similar to each other.

The occupation numbers (ON) of the PIO-1, PIO-2 and PIO-3 of
models (6),(7), (8) and (9) are summarized in Table 5. They are very
close to each other.

The overlap populations of the PIO-1, PIO-2 and PIO-3 of models
(6), (7), (8) and (9) are summarized in Table 6. They are also very
close to each other.

The main components of the linear combination of canoni-
cal MO (LCMO) representation of PIO-1 (¢}, ¥/}), PIO-2 (¢}, V)
and PIO-3 (¢}, ¥4) of model (6) are shown below. The PIO-1 of
model (6) indicates that the Mo peroxo part of the PIO-1 is com-
posed of unoccupied orbitals, while the methanol part of the
PIO-1 is composed of occupied orbitals. The PIO-1 of model (6)
expresses electron delocalization from the methanol to the Mo
peroxo part. On the contrary, the PIO-2 of the model (6) indi-
cates that the Mo part is composed of many occupied orbitals
and several unoccupied orbitals and that the methanol part is
composed of occupied orbitals. The PIO-2 of model (6) expresses
mixtures of the overlap repulsion between the methanol and
the Mo peroxo part and the electron delocalization from the
methanol to the Mo peroxo complex. The PIO-3 of model (6)
indicates that the Mo part is composed of occupied orbitals
and the methanol part is composed of occupied orbitals and
LUMO. The PIO-3 of model (6) expresses mixtures of the over-

lap repulsion between the methanol and the Mo peroxo part
and the electron delocalization from the Mo peroxo part to the
methanol.

Model (6) PIO-1: the Mo peroxo part,
| =

70.60¢23(LUMO) + 0.43§025 + 0.36§027,

Model (6) PIO-1: the methanol part,
; =

—0.47y5 +0.75y¢ — 0.2217(HOMO).

Model (6) PIO-2: the Mo peroxo part,

7

@, =
0.47¢4 — 0.44¢7 +0.20¢13 +0.19¢15 — 019915 — 0.20¢2; (HOMO-
1)+0.29¢,3(LUMO) — 0.22¢25 — 0.21¢37,
Model (6) PIO-2: the methanol part,
=
0.714r1 +0.281r4 — 0.29v/5 — 0.506(HOMO-
1).
Model (6) PIO-3: the Mo peroxo part,
¥y =
0.38¢; +0.50¢s5 +0.33¢g +0.40¢19 — 0.35¢1, +0.30¢,,(HOMO)
Model (6) PIO-3: the methanol part,
vy =
—0.541r, — 0.73y3 +0.25v/5(LUMO).

Based on the LCMO representation of PIOs, we can obtain the
linear combination of atomic orbitals (LCAO) representation of the
PIOs. We compared the LCAO representations of the PIO-1 of model
(6) with the LCAO representations of the PIO-1 of model (9). They

are almost coincident with each other.

Model (6) of PIO-1: the Mo peroxo part,
@, = —0.480"2p, +0.32Mo5p, —
0.35Mo4d,;, > — 0.24Mo4d,; +
0.48Mo4d,, — 0.250%2s — 0.300%2p, —
0.270°2s — 0.310°2p, — 0.20N2p,,
Model (6) of PIO-1: the methanol part,
¥ = 0.3002s — 0.9202p, — 0.2002p,,
Model (9) of PIO-1: the Mo peroxo part,
@, = —0.470'2p, — 0.33Mo5p, +
0.30Mo4d,>_,» + 0.23Mo4d,, —
0.46Mo4d,, + 0.26042s +
0.300%2p, + 0.280°2s + 0.310°2p, —
0.29N2p,,
Model (9) of PIO-1: the methanol part,
2031025 + 0.9202p, +0.2002p,,
Such results suggest that the influence of amines on the

methanol coordination is small.

3.2.2. Methoxy complex formation

We executed PIO calculations of Mo peroxo methoxy complexes:
model (10)-(13).

The eigen values of PIOs of the above each model are also sum-
marized in Table 4. Table 4 tells us that the main interaction is
expressed in PIO-1, and that two other subsidiary interactions are
expressed in PIO-2 and in PIO-3. The contributions of other PIOs
are very small.

Table 5
The occupation numbers (ON) of the PIO-1, PIO-2 and PIO-3 of each Mo peroxo methanol complex and each methoxy complex

PIO-1 PIO-2 PIO-3

Mo peroxo CoHy Total Mo peroxo CoHy Total Mo peroxo CoHy Total
(6) 0.52 1.97 2.49 1.50 1.87 3.37 1.85 1.86 3.71
(7) 0.57 1.97 2.54 1.46 1.87 3.33 1.85 1.86 3.71
(8) 0.58 1.97 2.55 1.45 1.87 3.32 1.85 1.86 3.71
9) 0.58 1.97 2.55 1.45 1.87 3.32 1.85 1.86 3.71
(10) 0.43 1.78 2.21 0.64 1.94 2.58 1.17 1.86 3.03
(11) 0.44 1.78 222 0.66 1.93 2.59 1.15 1.86 3.01
(12) 0.43 1.78 221 0.61 1.94 2.55 1.19 1.86 3.05
(13) 0.44 1.78 222 0.66 1.93 2.59 1.15 1.86 3.01
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(a) PIO-1 (b) PIO-1

(c) PIO-1 (d) PIO-1

(a) PIO-2 (b) PIO-2

(d) PIO-2

(a) PIO-

(c) PIO-3 (d) PIO-3

Fig. 4. Contour maps of PIO-1, PIO-2 and PIO-3 of (a) model (6), (b) model (7), (c) model (8) and (d) model (9).
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Table 6
The overlap populations (OP) of the PIO-1, PIO-2 and PIO-3 of each Mo peroxo
methanol complex and each methoxy complex

PIO-1 PIO-2 PIO-3
(6) 0.0094 —0.0053 —0.0011
(7) 0.0091 —0.0052 —0.0011
(8) 0.0090 —0.0052 —0.0011
9) 0.0090 —0.0052 —0.0011
(10) 0.2129 0.0021 —0.0080
(11) 0.2119 0.0010 —0.0077
(12) 0.2128 0.0024 —0.0088
(13) 0.2118 0.0009 —0.0077

Contour maps of PIO-1, PIO-2 and PIO-3 of methoxy complexes:
models (10), (11), (12) and (13), are shown in Fig. 5. They are very
similar to each other.

The occupation numbers (ON) of the PIO-1, PIO-2 and PIO-3 of
models (10), (11), (12) and (13) are also summarized in Table 5. They
are very close to each other.

The overlap populations of the PIO-1, PIO-2 and PIO-3 of models
(10), (11), (12) and (13) are also summarized in Table 6. They are
also very close to each other.

The main components of the linear combination of canonical
MO (LCMO) representation of PIO-1(¢}, ¥}), PIO-2 (¢}, ¥), and
PI0-3 (¢}, ¥4) of model (10) are shown below. The PIO-1 of model
(10) indicates that the Mo peroxo parts of the PIO-1 are composed

(a) PIO-1

(b) PIO-1

(¢) PIO-1

(dy PIO-1

(a) PIO-2

(b) PIO-2

(c) PIO-2

(d) P1O-2

Fig. 5. Contour maps of PIO-1, PIO-2 and PIO-3 of (a) model (10), (b) model (11), (c) model (12) and (d) model (13).
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(b) PIO-3

(c) PIO-3 (d) PIO-3
Fig. 5. (Continued) .
Table 7 Table 8
The molecular parameters of models (10), (14) and (15) Extended Hiickel parameters
(10) (14) (15) Orbital Hii (eV) 21 &

C-H (A) 1.107 1.581 1.581 H1s -13.60 1.300
05-06 (A) 1.434 1.544 1.544 C2s —21.40 1.625
06-H (A) 3.294 1.581 1.544 C2p —~11.40 1.625
<0°Mo07 (°) 95.0 95.0 95.0 N 2s —26.00 1.950

N 2p —13.40 1.950

02s —-32.30 2275

02p —14.80 2.275

P3s -18.60 1.600
of unoccupied orbitals, while the methoxy parts of the PIO-1 are P3p —14.00 1.600
composed of occupied orbitals. The PIO-1 of model (10) expresses mg g; :g'égg }'ggg
the electron delocalization from the methoxy group to the Mo per- Mo 4d _11.06 4540 0.5899
oxo part. On the contrary, the PIO-2 of model (10) indicates that the 1.900 0.5899
Mo part is composed of many occupied orbitals and several unoc-
cupied orbitals and that the methoxy part is composed of occupied
orbitals. The PIO-2 of model (10) expresses mixtures of the overlap
repulsion between the methoxy part and the Mo peroxo part and ER k
electron delocalization from the methoxy part to the Mo peroxo \/
part. The compositions of the PIO-3 of model (10) are similar to N
those of the PIO-2. The characteristics of the PIO-3 and the PIO-2 o E
resemble each other. O') N O
Model (10) PIO-1: the Mo peroxo part, MO
@) = —0.48¢23(LUMO) — 0.44¢4 — 0.48¢55 + 0.32¢26 — 0.37¢27, H—
Model (10) PIO-1: the methoxy part, i
¥} = —0.22¢; +0.36 + 0.25r3 — 0.70¢r5 + 0.52¢/7(HOMO). o \i C/
Model (10) PIO-2: the Mo peroxo part, g REVAN [A]:The rest of model(14)
@, = 0.24¢5 + 0.22¢10 — 0.18¢15 + 0.18¢19 — 0.15¢20(HOMO — 2) — i HH (R=H)

0.70¢23(LUMO) + 0.29¢24 — 0.27¢26,

Model (10) PIO-2: the methoxy part,

¥, = 0.29Y1 + 0.47y4 — 0.18Y5 + 0.80¢6(HOMO-1).
Model (10) PIO-3: the Mo peroxo part,

¢y = —0.25¢; + 0.40¢5 + 0.29¢3 + 0.37¢10 + 0.32¢19 + 0.22¢,3(LUMO) —
0‘48(,024 + 0‘20(/725 — 0.20(,027,

Model (10) PIO-3: the methoxy part,

Y, = 0.49Y1 +0.35Y3 + 0.40¢5 + 0.64vr7,(HOMO) +

0.1745(LUMO) + 0.18¥r1q.

We compared the LCAO representations of the PIO-1 of model
(10) with the LCAO representations of the PIO-1 of model (13). They
are almost coincident with each other.

\

[B]:Hydrogen *-

Fig. 6. Schematic illustration of model (14).

Model (10) of PIO-1: the Mo peroxo part,

¢} = 0.29Mo5s + 0.40M05py — 0.47Mo4d,,_y> — 0.29Mo4d;; + 0.47Mo4d,, +
0.24Mo4d,; — 0.240"2s — 0.27N2p,,

Model (10) of PIO-1: the methoxy part,

¥, = 0.4002s — 0.7902p, — 0.3602p,,

Model (13) of PIO-1: the Mo peroxo part,
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(a) PIO-1

(b) PIO-1

Fig. 7. Contour maps of PIO-1 of (a) model (14) and (b) model (15).

@, = —0.29Mo05s — 0.41M05p, + 0.46Mo4d,> > + 0.29Mo4d;, — 0.47Modd,y —
0.27Mo4d,; + 0.240"2s + 0.30N2p,,
Model (13) of PIO-1: the methoxy part,
¥y, = —0.4002s + 0.7902p, +0.3602p,,

These results suggest that the influence of amines on the
methoxy complex formation is small.

3.2.3. Hydrogen abstraction

We can execute PIO calculations of an assumed intermediate
model of methoxy hydrogen abstraction. We start from the Mo per-
oxo methoxy model (10). We elongate the C-H bond of the methoxy
and the 0°-06H bond of the hydroperoxo, change the angle of
0°Mo07, and make the assumed model (14). The bond lengths and
the bond angles of the model (14) are shown in Table 7. The amine
ligand of model (15) is NMeEt2.

A schematic illustration of the assumed model (14) and the frag-
mentation of it is shown in Fig. 6. Here, [B] is hydrogen and [A] is
the rest of model (14). We have only one PIO, PIO-1, as shown in
Fig. 7.

The main components of the LCAO representation of PIO-1
(¢}, ¥}) of model (14) and model (15) are as follows:

Model (14) of PIO-1: the rest of model (14) part,

@, =0.100°2p, +0.110°2p, + 0.090°2p, — 0.080°2p, +0.29072p, —
0.15072p, — 0.29C2s — 0.58C2p, + 0.31C2p, + 0.51C2p,,

Model (14) of PIO-1: the hydrogen part,

¥/ =1.0H1s

Model (15) of PIO-1: the rest of model (15) part,

@, =0.090°2p, +0.110°2p, +0.090°2p, — 0.080°2p, +0.290"2p, —
0.15072p, — 0.29C2s — 0.58C2p, + 0.31C2p, + 0.51C2p,,

Model (15) of PIO-1: the hydrogen part,
¥} = —1.0H1s.

PIO-1 (¢}, ¥}) of model (14) coincides with that of model
(15). The influence of amines on the hydrogen abstraction is not
observed.

4. Discussion

When areagent and a catalyst approach each other, mutual elec-
tron delocalization between the reagent and the catalyst begins to
take place and simultaneously overlap repulsion, occupied - occu-
pied orbitals interactions, emerges between the reagent and the
catalyst. The electron delocalization should occur to overcome the
overlap repulsion in order to proceed a chemical reaction effec-
tively. PIO analysis of an interacting system on the reaction path,
for example TS, give us characteristics of several important PIOs
which contribute to the interacting system.

We can recognize three important PIOs: PIO-1, PIO-2 and PIO-3,
by PIO analysis of model (2), TS of ethylene epoxidation. The char-
acteristic feature of the PIO-1 is the electron delocalization from
the w-orbital of the ethylene to the o*-orbital(03-0%) of the Mo
peroxo, that of the PIO-2 is the electron delocalization from the p-

orbital of 0% of the Mo peroxo to the m*-orbital of the ethylene and
that of the PIO-3 is the overlap repulsion between the ethylene and
occupied (Mo-03-0%) orbitals of the Mo peroxo.

Since the (Mo Mo-03-0%) orbitals are destabilized in the cases
of model (4) and model (5) by the coordination of the higher ter-
tiary alkylamines, the overlap repulsion becomes large and so the
contribution of the overlap repulsion on the interacting system
markedly increases. As the result, the characteristic feature of the
PIO-2 of model (4) and that of the PIO-1 of model (5) become the
overlap repulsion and we suggest that ethylene epoxidation takes
place favorably on models (1), (2) and (3), while the epoxidation is
hindered on models (4) and (5).

In the case of methanol oxidation, the main components of the
PIO-1 of the methanol coordination and the methoxy complex for-
mation are Mo-4d orbitals of the unoccupied orbitals of the Mo
peroxo part, and the main components of the PIO-1 of the hydrogen
abstraction are 0%, 0% and C of 2p orbitals of SOMO of the Mo peroxo
part. The energies of MOs, which respectively contain these Mo-4d,
0O-2p and C-2p orbitals, are not influenced by the coordination of
amines on Mo atom. Some researchers suggest that methanol oxi-
dation is not hindered by the coordination of amines on Mo peroxo
complexes.

5. Conclusion

Since PIO analysis considers not only frontier orbital inter-
actions but also all other molecular orbital interactions of the
system, PIO analysis is a convenient tool for understanding reaction
mechanisms and for predicting the reactivity of catalytic systems,
especially those large in size. Oxidation mechanisms of ethylene
and methanol on Mo(O)(00),(amine) are studied. In the case of
ethylene oxidation, we executed PIO analyses of the transition
states. PIO analysis reveals the electron delocalization from the -
orbital of the ethylene to the o*-orbital (03-0%) of the Mo peroxo,
the so called w-donation of ethylene, the electron delocalization
from the p-orbital of O* of the Mo peroxo to the w*-orbital of the
ethylene, and the overlap repulsion between occupied orbitals of
the ethylene and occupied (Mo-03-0%) orbitals of the Mo peroxo.
This overlap repulsion is enhanced by the coordination of higher
alkyl amines to the Mo peroxo, because of the destabilization of
these occupied (Mo-03-0%) orbitals. So, we suggest that ethylene
epoxidation is hindered by the coordination of higher alkyl amines.
On the contrary, in the case of methanol oxidation, methanol
coordination to the Mo peroxo moiety, Mo-methoxy complex for-
mation and hydrogen abstraction, which are elementary reactions
of methanol oxidation, are not hindered by the coordination of
amines. This is one reason why a selective oxidation of alcohols is
attained by addition of higher alkyl amines to the oxidation system.
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Appendix A
Coulomb integrals and orbital exponents are listed in Table 8.
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