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Abstract

The reaction of C@with (n2-dioxygen)-transition metal complexes to give peroxocarbonates has been modelled using the
Impulse Oscillation Model (IOM¥.In accordance with our experimental findings concerning the reactivity@Rh(;?-05)
(P = phosphane ligand) complexes towards carbon dioxide, application of the model to this reaction shows that the insertion
of carbon dioxide into the O—O bond is the preferred pathway. In fact, the probability feir@ertion into the O—O bond
equals maximum to 0.98 while into the M—O bond equals to 0.02. The concordance of calculated and experimental stretching
frequencies indicates the possibility of identifying, through the vibration modes, proper ligands and metal systems that behave
as selective catalysts at molecular level. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction equilibrium length (stage 0.5), the minimum (stage 0)
or maximum (stage 1) amplitude of the vibrator.
Carbon dioxide has been used as modulator of the To model areaction by IOM, the time of first appear-
dioxygen oxidative properties towards olefins, using ance of the reactivity impulse for the assembled system
Rh(I) catalysts that, in the same operative conditions, “reactant-catalytic center” must be calculated together
can promote the synthesis of cyclic organic carbonates with the time of synchronization of the impulses, that
[1,2]. Peroxocarbonates, LnXRhOOC(0)O, are likely in IOM model represents the time for the reaction to
to be intermediates in both the olefin oxidation and car- occur.
bonate formation reactions [1,2]. Recently, the mech-  Per each vibrator considered in the model, an appro-
anism of formation of Rh(lll)-peroxocarbonates from priate range of frequencies is assumed. It may be wide
CO, and RCIRN(;72-0,) (P = phosphane) complexes  enough to include a variety of metal systems (metal
has been investigated to ascertain if the heterocumu-plus ligands), that are potential catalysts for the reac-
lene inserts into the O-O (path A, Scheme 1) or the tionunderconsideration. As anext, the synchronization

Rh—O bond (path B, Scheme 1) of the RRO>) moi-
ety [3]. We have demonstrated that formation of perox-
ocarbonate occurs via insertion of gito the O-O
bond of the Q@ moleculen?-coordinated to Rh (path
A, Scheme 1). In this paper, we present the results
of a theoretical study using the “Impulse Oscillation
Model, IOM” [4-11] applied to the general case of the
reaction of a hexacoordinated dioxygen metal complex
with CO,. IOM gives an indication about the possible
reaction pathways (paths A and B, Scheme 1) and al-
lows to select metal systems that behave according to
the proposed reaction mechanism.

IOM treats the reacting molecules as a set of their

condition is tested for all combinations of the ranges
of all vibrators.

The results of IOM calculations are a narrow set
of vibration frequencies for which the synchronization
condition is fulfilled and the probability that the reac-
tion occurs according to a given pathway.

Calculations for IOM are performed using IOMO
software [12]for PC. The outcome is a set of wavenum-
ber ranges specific per each reaction pathway. These
data are the input for the IOMAB softwatethat de-
termines the selectivity towards each of the possible
reaction paths (A or B), each corresponding to a well
defined reaction mechanism.

vibrational modes and states that, if the necessary spa-

tial and energy conditions are fulfilled, the require-
ment for a reaction may occur is the synchronization
of the appropriate charge distribution in the reactant
molecules (i.e. substrate and catalytic centre) during
the vibration. The favourable distribution of charges
on the reactant and the catalytic centre is referred as
the “reactivity impulse”. The charge distribution can
be related to momentary bond-length in the different
vibration stages. However, IOM uses only three partic-
ular partial charge-distributions corresponding to the

CO,
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Scheme 1. Reaction pathways for peroxocarbonate formation.

2. The conditions used in IOM

In this work, the condition of synchronization for
either path A or B in Scheme 1 has been calculated.
Four different initial cases (i.e. far = 0) have been
considered (Scheme 2).The stages at = 0 for the
four cases reported above are given in Table 1.

2|OMAB is the software for the selection of path A and B. See
also [12]. The selectivity towards path A (probability of path A),
Sa, is calculated using the following formulds = (A + AB +
BA)100/[A + B+ 2(AB + BA)] where: A, B, AB, BA represent the
wavenumbers that make the synchronization possible.

3 Case 1Full symmetric metal complex and symmetric linear£CO
Case 2Full symmetric metal complex and symmetric non-linear car-
bon dioxide Case 3 Geometry of the complex corresponding to the
reactivity impulse for path B and symmetric non-linear carbon diox-
ide.Case 4Geometry of the complex corresponding to the reactivity
impulse for path A and symmetric non-linear €'he term “full
symmetric metal complex” refers to a non-deformed geometry of the
M-0O, moiety, with all bonds at the equilibrium length. The symmet-
ric CO; molecule has the two C-O bonds equivalent, either in the
linear or bent configuration.
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Table 1
Definition of the stages at= 0 for the four different cases considered in Scheme 2
Mode Description Case ¢f=0
1 2 3 4
vl O-0 stretching . 0.5 0 1
v2 O-M-0 asymmetric stretching 0.5;8.5 0.5,0.3 0;12 0.5;0.58
v3 O-M-0 symmetric sretching 0.5 1 0
va M(O-0) bendin§ 0 0 1 0
v5 M—P stretching 0.5 1 0
v6 P—M—P bending 0 0 1 0
v7 M—Cl stretching 0.5 1 0
18 0O-C-0 asymmetric stretching 0.58.5 0.5;0.8 0.5;0.8 0.5;0.8
19 0O—-C-0 symmetric Stretching 0.5 0.5 0.5
v10 O-C-0 bending 0 1 1 1

aThe pair of stages (0.5;0.5 or 0;1) corresponding to the pair of bonds in the moiety.
b The stage 0 means the equilibrium angle in the moiety (in plane), the stage 1 — the maximum angle (out of plane).

We have selected for the calculations 10 key vibra- reactivity impulse of carbon dioxide with all possi-
tion modes, seven characteristic of the metal system ble reactivity impulses of the metal dioxygen-complex.

and three of CQ (Table 1). In this way, it is possible

Therefore, the impulses for path A and B should differ

to determine how the ancillary ligands and the metal for the partial charge on the metal and the geometry

itself modulate the reactivity of the system.

of the M- system (O-O and M—O bonds). Conse-

For the definition of the reactivity impulses for path quently, it has been assumed that for path A, in which
A and B, it has been assumed that the choice at thethe O—O bond should be cleaved, the best momentary
molecular level is driven by the synchronization of the state for the reaction is given by the symmetric (same
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Scheme 2. The four different initial cases consideted Q).

length of both M—O bonds) minimum overlapping of
the O-0O bonding orbitals and minimum of charge sep-
aration at the metal centre. Conversely, path B requires
the maximum overlapping of the O—O bonding orbitals,
asymmetry of the M—O bonds (that must be differentin
length) and maximum of charge separation at the metal
center. For both paths, the same impulse for the CO
molecule has been assumed, corresponding to a bent
molecule (angle close to 13Bwith two quite different
C-0 bonds? The resulting characters of the reactivity
impulses are listed in Table 2.

It must be noted that during one full vibration, the
equilibrium length of any bond (designed as the mo-
mentary state 0.5) occurs twice, i.e. during the elonga-
tion (this phase is indicated as R) and the contraction
(phase K). This fact is relevant to the determination of
the first appearance of the reactivity impulse. In this
application of IOM, state 0.5 (equilibrium distance for
the bonds) at time = 0 is assumed for five stretching

4 As CO, approaches the metal centre, the deviation from the linear
configuration will increase progressively up to reach a OCO angle
of ca. 133 [13,14].
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Table 2
Characters of “reactivity impulses” according to path A or B (see
Scheme 1)

Mode Impulse for  Impulse for
path A path B

v1; O-0 stretching 1 0

v2; O-M-0 asymmetric stretching 0.5;0.5 0;1

v3; O—-M-0 symmetric stretching 0 1

v4; M(O-0) bending 0 1

v5; M—P stretching 0 1

v6; P-M-P bending 0 1

v7; M—Cl stretching 0 1

18; O—C-0 asymmetric stretching 0;1 0;1

19; O—C-0 symmetric stretching 1 1

v10; O—C-0 bending 1 1

symmetric modesifl, v3, v5, v7,v9; Table 1) and for
two asymmetric stretching modas? andv8. In each
case, both R and K phases are considered.

The combination of the two phases for all seven
modes gives 128 different situations. To simplify the

description, the same phase for each symmetric stretch-

ing mode is combined with both phases of the asym-
metric stretching modes, giving rise to only eight com-
binations. A combination indicated as RKR means that
five stretching modesv(, v3, v5, v7, v9) are in the
elongation phase (R}2 mode is in the contraction
phase (K) and8 is in the elongation phase (R). The
full IOM model (see supporting information) for the
10 considered modes (Table 2) contains 44 sets of 10
equations. The number of sets results from four dif-
ferent cases of definition af = 0, the two reaction
paths and eight phase combinations. Itis reduced from
64 to 44 due to the fact that identical equations are

Catalysis A: Chemical 165 (2001) 45-54

found for some particular situations. For each set of
10 equations, calculations are made using three dif-
ferent ranges of wavenumbers corresponding to: (1)
M-160, and12C10,: (2) M-180, and12C60,, and

(3) M-160, and!2C80,. The ranges of frequency val-
ues used in the calculations are reported in Table 3.

3. Results and discussion

The outcome of the calculations per each of the four
cases 1-4 reported above are discussed, for the phase
combination at = 0, for both the®0 and*®0 species.
Data are discussed in terms&f — selectivity towards
path A (Scheme 1).

Fig. 1 shows for each case 1-4, for non labelled reac-
tants, theSy values for different combinations of modes
and phases and the averaged selectivity.

3.1. Case 1l

The symmetric linear C®molecule (a very unlike
reactive state) is assumed to meet the dioxygen-complex
in its full symmetric conformation. Also in these con-
ditions, Sy is lower than 50% §g > 50%) only in
23 out of the 80 considered cases (8 phase combina-
tions and 10 equations). This is particularly true for the
RRK combination: the selectivity for path A is lower
than 50% for all the modes.

It is interesting to note that the vibration that should
mostly favour the M—O cleavage (i2) gives a selec-
tivity for path B that is only 51% for the RRK phase

Table 3

Ranges of frequencies (ct) used in the calculations

Mode 160 M(*80y) ctéo,

v1; O-0O stretching 850-900 801-831 850-900

v2; O-M-0 asymmetric stretching 530-570 511-531 530-570
v3; O—-M-0 symmetric stretching 400-500 400-500 400-500
v4; M(O-0) bending 200-250 200-250 200-250

v5; M—P stretching 370-399 370-399 370-399

v6; P-M-P bending 150-200 150-200 150-200

v7; M—Cl stretching 285-325 285-325 285-325

18; O—C-0 asymmetric stretching 2310-2350 2310-2350 2285-2310
v9; O—C-0 symmetric stretching 1240-1400 1240-1400 1240-1400
v10; O-C-0 bending 630-800 630-800 630-680
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Fig. 1. Selectivity and averaged selectivity for path A (non labelled reactants) for different modes and combinations of phases for the four initial
cases.

combination and 45% when the RRR phase occurs. In 3.2. Case 2

all other phase combinationSg is lower than 40%.

When the!®0 species are considered, four combina-  Case 2 considers the bent €@olecule: only 20 out
tions out of eight of the type RXX (% R or K) prefer of the 80 calculated values & are lower than 50%
path B, if the RA80, moiety is reacted with &0,. (Fig. 1). This occurs with the RRR and RRK phase
Conversely, if @80, is reacted with RHO,, only the combination. Thes2 gives forSg a value higher than
RRR combination prefers path B. ThtfO isotope la- 50% only for the RRK combination.

belling at CQ, seems to reduce the probability of the With 180 species, the results are very similar to those
M-0O cleavage with respect to the O—O cleavage. observed in case 1. The KKK phase combination does
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Fig. 2. Averaged selectivity for Rh(}30,) labelled moiety for different combination of phases and cases.
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not favour O-O splitting when 0, is reacted with
M-160,.

3.3. Case 3

One could expect that, with the M-@noiety of the
complex ready to react according to pathS8,should

51

Similarly, only one phase combination (RRK) does
not prefer path A when MO, is reacted with 50,
(Fig. 2) and only one out of 88, values is lower than
50% when M0, is reacted with ¢80..

Fig. 3 shows the selectivity toward path A averaged
over the four cases and the 10 modes for different sets
of phases. For all of them the selectivity is higher than

be very high. Fig. 1 shows that also in this case the 20%.

selectivity for path A is higher. Only for 18 of the 80
valuesSg is higher than 50%. This finding illustrates

Therefore, path Ais by farthe most favoured process,
regardless of the initial case and phase combination.

) 18 ; ; ;
that the readiness of only one component of the system _AlS0 when™®O species are considered (Figs. 4 and
to react according to a pathway, is not a condition suf- 5), the large majority of cases indicates insertion of

ficient for the reaction to occur according to that path.
Isotope labelling shows that when MO, is reacted
with C'80,, no one phase combination prefers path
B (Fig. 2). Sa ranges for all phases between 60 and
70%. If M180; is reacted with €205, 54 out of the 80
calculated values show preference for path A.

3.4. Case 4

Case 4 presents the Me@omplex ready to react
according to path A. As a matter of facts, only one
Sa value is lower than 50% (Fig. 1) and the average
selectivity is always higher than 50%.

COy into the O-0 bond as the most like reaction mech-
anism. Only for the combination RRFS, is lower
that 50% (48%) and only for the R#O, metal sys-
tem (Fig. 4). When the ¥0, species is assumed to
react with Rh2%0,, the averaged selectivity for path
A is always higher than 50% (Fig. 5).

The influence of isotopic labelling is shown by the
value*S, calculated according to the equation:

_ [Sa(*%0) — Sa(*80)]100

*
S
A Sa(160)

The modes most sensitive to isotopic labelling result to
bev7,v6,v2,v5 andvl (see supporting information).
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Fig. 3. Averaged selectivity for non-labelled reactants.
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Fig. 4. Averaged selectivity for RA?0,) labelled moiety.

Fig. 6 compares the selectivity for labelled and non 2 cmi~twiththe calculated values. The fact that both the
labelled specie$. The result of the application of the  theoretical and experimental results point at the;CO
IOM to the reaction of am?-O, six-coordinated Rh insertion into the O—O bond of the M-Mnoiety vali-
complex with CQ clearly shows that the reaction takes dates the IOM approach as a potential tool for catalyst
place through the insertion of Gnto the O-O bond.  design and finding the best metal system (metal centre
In fact, the average probability for such gdsertion and ligands) for catalytic applications.
is well over 50% in all possible cases considered and  Further work is in progress in order to compare, in
reaches a maximum of 98% (Fig. 8). a more extended way, the results of theoretical calcu-

Per each of the considered vibration modes of the lations with spectroscopic data. This approach is now
peroxo-complex the ranges of frequencies, for which being extended to modelling the interaction of ££Qp
synchronization according to path A is found, have mixtures with olefins, promoted by transition metal
been calculated. The results are summarized in Table 4systems.
and compared with the experimental results.

We report in the last column of Table 4 the IR
frequencies experimentally found for the complex Rh-
(O2)PsCI (P = PE®RPh) that reacts with C&xo afford
the peroxocarbonate Rh(GYPsCl via CO; insertion
into the O—O bond [3]. It is interesting to note that
all the observedyl-v3, v5, v7) vibrations are within

g

Sy

S All other full representations for non labelled cases 1-4, and
M-0, or CO; labelled systems are given as supporting informations
and can be required to the editor.

6 For a very limited number of selected ranges of vibrations the
selectivity towards path B can be as high as 75% but confined to
only very few of the 132 cases (footnote 4) (44 sets of 10 equations
and three different isotope labelling at oxygen) considered. RRR RKR RRK RKK KRR KKR KRK KKK

" This pathway is preferred to the reaction with the M—O bond combination of phases
most probably because of the lower energy of the O-O bond (ca.

40 kcal mott) with respect to the M—O bond (ca. 60 kcal mb). Fig. 5. Averaged selectivity for €0, labelled moiety.

8 88§88 3 8 8

-
o o
"



M.A. Borowiak et al./Journal of Molecular Catalysis A: Chemical 165 (2001) 45-54 53

100

NN N

~
o

RO

ANAOARANN
N

Sa

N 8 & 8 8

RRKSZ  kkwa

RRR/4

y . unlabelled
KRK/4
KRR/4

KRK/2
combination of phases/initial case KRK/

Fig. 6. Maximum selectivity.

Table 4

Ranges of calculated frequencies of the peroxo-complex agreeing with IOM synchronization for path A
Vibration

Calculated frequency

Experimental IR absorptions
mode ranges (cm?t) (cm™1) for CIRh(Gp)(PELPh)
v1; O-0 stretching 890;880;865;859 867
v2; O-M-0 asymmetric stretching 570;565;550;540 542
v3; O-M-0 symmetric stretching 498-492;479-474,453-450;439-432 446
v4; M(O-0) bending 250;240;225;210 Not observed
v5; M—P stretching 398-396;378-373;387-386 391
v6; P-M-P bending 166-164 Not observed
v7; M—Cl stretching

288-287;296-292;318-313 320
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