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Environmental problems of application of phos�
gene in the existing technologies for production of
polyurethanes, polycarbonates, and dimethyl carbon�
ate (DMC) necessitate the search for new methods of
DMC synthesis. This modern “green” reagent and
solvent could replace both phosgene as the carbonylat�
ing agent and dimethyl sulfate in methylation of phe�
nols and naphthols. Dimethyl carbonate is also used as
a fuel additive that enhances the octane number.

Liquid�phase synthesis of DMC from methanol
and phosgene in copper salt solutions is accompanied
by corrosion and deactivation of the reactants. As an
alternative to the liquid�phase synthesis of DMC, the
use of zeolites can turn to be a more promising pro�
cess. Copper forms of zeolites can be used for binding
CO as DMC via a sequence of oxidative carbonylation
reactions [1–4]. Reactions in a homogeneous (copper
halides with different ligands [1–6]) or a heteroge�
neous (CuX [7, 8], CuZSM�5 [8], CuY [9–11],
CuY/beta�SiC [12] or on carbon�supported CuCl [9])
medium lead to comparable yields of DMC and selec�
tivity without loss of activity in the case of heteroge�
neous catalysis.

The synthesis of DMC is known to have been car�
ried out on the copper forms of zeolites ZSM�5 [8],
X [7], Y [9], and MOR [13]. A more complete survey
of supports for heterogeneous catalysis and ligands for
homogeneous catalysis is presented in reviews [14–
16]. Considering the variety of ligands for Cu+ cations
in oxidative carbonylation reactions, Raab et al. [6]

pointed out the capability of N�methylimidazole,
which stimulates the capture of molecular oxygen, and
associated the oxidation of CO to DMC on the copper
form of zeolite with the formation of binuclear clusters
Cu2O2 of different geometries. Interaction of these
systems with a Cu2O2 fragment in a homogeneous
medium was reviewed in [17, 18]. At the same time,
the conversion of both methanol and heavier alcohols
remains low, on the order of 10%, in the heteroge�
neous synthesis [9, 10] and calls for further investiga�
tion to improve it.

In studies on liquid�phase processes, four carbony�
lation mechanisms have been suggested: the formation
of methoxy intermediates (M intermediates) [1, 2],
carbomethoxy intermediates (CM intermediates)
(both versions can involve one or two copper atoms,
i.e., be a one� or two�center mechanism) [3, 4], and
monomethyl carbonate (MMC) [10] and a CO attack
at the complex Cu(OCH3)2Cu with two copper atoms
[2]. The classification of the mechanisms is associated
with both the type of intermediate and the number of
cations involved in the reaction; i.e., the features that
go beyond the conventional overall equation of the
reaction:

CO + ½O2 + 2CH3OH → (CH3O)2CO + H2O.

One of the first DMC synthesis schemes including
byproducts (dimethoxymethane (DMM), methyl for�
mate, formaldehyde) was suggested by King [9] with
allowance for the conclusions made by Romano et al.
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[4], who in turn relied on the data obtained by Koch et
al. [3]. The King’s assumption about the formation of
a new type of CM intermediate was based on the find�
ing that the C=O vibration frequency shifts
from 1664 cm–1 (presumably in MMC) to 1690 cm–1

(presumably in the CM intermediate) [9]. More spe�
cifically, the frequencies 1694, 1665, 1348, and
1333 cm–1 [9] were assigned to the CM intermediate.
They are close to the frequencies of 1690, 1664, 1353
(or 1348), and 1333 cm–1 reported later [10]. King [9]
showed that the limiting step is the insertion of CO and
described Сu+2 as an inactive form. The latter conclu�
sion was later challenged in [11]. Unlike other investi�
gators [4, 7], King did not discuss (e.g., based on
kinetic analysis data, as in [7]) how many centers (one
or two Cu+ cations) are involved in individual steps,
whereas Romano et al. [4] supposed all the CM for�
mation steps to occur on two cations. Note that in the
aforementioned study [4] devoted to the liquid�phase
process on CuCl, the formation of DMC was found to
follow the first�order rate law in О2 pressure, which
conforms to Eq. (1). Later, this order was not con�
firmed for the reactions on zeolites, such as CuY,
CuZSM�5, and CuMOR [13].

Anderson and Root [7] proposed a more detailed
kinetic scheme consisting of ten reactions. There were
two new aspects in their study that are worthy of atten�
tion, the cross�reaction of the M and CM intermedi�
ates to form DMC (step R4 in [7]) and the fact that the
reaction is assumed to occur on two different Cu cen�
ters, like the reactions of M or CM intermediates only
between one another in pairs according to the
Romano scheme [4]. Furthermore, the scheme
includes the formation of the byproduct formaldehyde
in the adsorbed state (step R5), whereas all the other
byproducts are formed in the gas phase (steps R7–R9
in [7]).

The results obtained by the Bell’s group [2, 10, 13,
19–21] show that the choice of zeolite structure is
important for the carbonylation reaction [10], in par�
ticular, frameworks with a higher silica ratio (ZSM�5,
MOR) better suit for the synthesis of DMM rather
than DMC; for the latter, zeolites X and Y are pre�
ferred. Moreover, of zeolites with the same framework
type (faujasite), the one with a higher ratio (Y) is pref�
erable for the DMC synthesis [19], indicating a
sophisticated dependence on the zeolite silica ratio. In
2008, Bell et al. replaced the scheme proposed in [7]
for the formation and reactions of M or CM interme�
diates by a two�stage reaction of DMC formation
through monomethyl carbonate (MMC) on a single
cationic Cu+ center [10]. It should be noted that the
formation of MMC in the hydrolysis of DMC was
assumed by King [9]. It is this reaction that likely
formed the basis for the mechanism of DMC forma�
tion through MMC proposed later by Zhang and
Bell [10].

The data reported by Zhang and Bell [10] lead
to the conclusion that along with the suggested oxida�

tion of methanol to the methoxy intermediate by
adsorbed О2, there should be a strong oxidant for the
conversion of CO to СО2 via the Mars–van Krevelen
redox mechanism in the absence of О2 in the gas
phase. This conclusion is evident from a relatively high
rate of СО2 formation by the oxidation of CO in the
absence of О2 [10]. The СО2 formation rate at this CO
feeding stage (>10–5 au) [10] is much higher than that
observed in the oxidation of CH3ОН with О2 in the gas
phase at the first step (~10–6 au [10]). This rate is also
higher than in the last stage (~10–5 au) in the presence
of all the reactants (“СН3ОН/СО/О2” step [10]),
indicating a higher effectiveness of the oxidant com�
pared with О2. If methanol is oxidized with adsorbed
oxygen alone in the Bell form involving the subsequent
reaction with CO, it remains unclear which centers
take part in the oxidation of CO to СО2. The assump�
tion on the participation of extra�framework entities,
such as CuOx for example, was made later in studies by
researchers from the University of Rostock [11, 22],
who used 18О2 leaking�in [22]. Variation of the isotopic
composition of the gas revealed the involvement of 16O
oxygen, previously trapped by the framework, as oxi�
dant according to the Mars–van Krevelen model [22].
The experiment showed an extremely small propor�
tion of C18O16O relative to that of С16О2 in the CO oxi�
dation products [22]. A quantitative difference in the
progress of the DMC formation reaction in the
absence of О2 in the gas phase can be seen from data
published quite recently [11] or even earlier [9].

Not only single ions, but also binuclear clusters of
the Cu2Ox type and, possibly, polynuclear clusters
CunOx, where n > 2, can play an important role in the
explanation of the oxidative power of zeolites with
copper cations. In the case of the reaction over the
copper forms of zeolites, the oxidation of methane on
Cu2O clusters is an experimentally established [23, 24]
and theoretically substantiated [24] fact. Our theoret�
ical estimates made in this study confirm the oxidation
of CO on Cu2O2 clusters [25], the process that was ear�
lier modeled on alkaline earth metal clusters [26–30].
According to our preliminary data, all the basic fea�
tures inherent in alkaline earth metal carbonates (pri�
marily, stability) are manifested in the case of copper
carbonates as well, although with some differences.

Raab et al. [6] studied in more detail the involve�
ment of extra�framework oxygen in terms of the model
of Cu(OCH3)2Cu binuclear clusters, which can be
obtained from CuOCu or CuO2Cu. A cycle including
a change in the oxidation state of copper Сu+2/Сu+ at
different stages was proposed. Note that regarding the
evolution of the previous hypotheses, Raab et al. [6]
also developed the idea of the formation of DMC via
the reaction between the M and CM intermediates
bound by two different copper Сu+2 cations, as had
been suggested previously [4, 9]. It is quite likely that
different mechanisms dominate at different copper
concentrations. The formation of binuclear clusters
and the influence of the relevant processes are more
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likely with a high copper content. The lower limit of
the concentration region in which copper clusters
seem to be already active, can be estimated at 8 wt %
on the basis of closeness of IR spectra of the products
of the DMC formation reaction on CuY samples with
copper loadings of 8.22 and 15.96 wt % [11].

Numerous experimental data were considered in
few theoretical studies [21, 31–33] using the schemes
involving the M intermediates [21, 31] and CM inter�

mediates [32, 33]. As far as the one�center mechanism
with M intermediates is concerned, there have been
two theoretical studies [21, 31] using the model of an
individual cluster isolated as a 6R�ring closed by OH
groups from CuY. The reaction center of the 6R�ring
[21] contains two Al and one Cu+ cation and is an
untypical center, being in a situation suitable for the
doubly charged cation. The proton that counterbal�
ances the charge of second aluminum is taken out to
one of the OH groups (to form a water molecule
instead of OH). Although the center was isolated from
CuY, the geometry of the Сu+1 position in the reagent
does not meet the EXAFS experimental data for CuY
(Table 4 in [19]). The thermodynamics of the reac�
tions involving consecutive attacks of two methanol
molecules at the (СН3О)(ОН)* center and the forma�
tion of (СН3О)2* was evaluated. The activation energy
was determined from rate equations for the step of CO
capture (using the experimental value of TOF), rather
than from the results of quantum�chemical simula�
tion. In this system, it was possible to obtain the acti�
vation energy close to the experimental value in the
rate�limiting step, the insertion of CO according to the
rate equations. The way of inclusion of molecular oxy�
gen, which is to oxidize the adsorbed methanol to
form the (ОН)Cu(OCH3) group, was not substanti�
ated.

In another theoretical paper [31] on this issue with
the M intermediates, its authors managed to obtain, as
a result of quantum�chemical simulation, the activa�
tion barrier of the inclusion of CO without creating an
artificial situation with one Сu+ cation on two Al cen�
ters. The cited authors also examined the dissociation

Table 1. Energies (eV) of the reactants and products of the
methanol reaction with MeCO3Me in mordenite (Cu�
MOR) and on the 8R (2Al) cluster relative to the sum of en�
ergies of noninteracting components (methanol and car�
bonate in the given system) at the B3LYP (or MP2)/6�31G*
as calculated using the GAUSSIAN09 code [40] for 8R and
PBE/PAW with the VASP5.3 code [41] for CuMOR. For
designation of steps, see Fig. 1

Step
Me = Cu Me = Ca

MOR 8R MOR 8Ra)

a1 –0.59 –0.84 –0.86 –1.33/–1.31

ts0 – –0.20 – –/–

a 0.13 –0.21 –0.54 –/–0.47

ts1 1.35 1.48 – 3.19b)/–

e 0.41 0.22 0.72 0.34/0.15

ts2 0.74 0.71 – –/–

b 0.48 –0.28 –0.05 –0.47/–0.56
a) Energy according to B3LYP/MP2 with the basis set 6�31G*.
b) Transition state energy for C–O bond dissociation in methanol.

Table 2. Geometric parameters (Å) of the complex during the reaction by steps a–ts1–e–ts2–b

Parameter a ts1 e ts2 b

C5�O103 1.280 1.422 1.477 3.280 2.824

C5�O104 1.323 1.376 1.429 1.279 1.287

C5�O105 1.275 1.304 1.334 1.275 1.277

C5�O106 3.466 1.601 1.384 1.327 1.316

C6�O106 1.417 1.446 1.445 1.459 1.453

Cu155�O105 1.903 1.900 1.875 1.852 1.875

Cu155�O104 2.148 2.054 1.990 2.816 2.603

Cu156�O104 2.010 1.999 1.988 1.912 1.915

Cu156�O103 1.959 1.937 2.012 1.799 1.819

Cu156�O103 4.623 3.243 3.313 3.194 2.997

O106�O105 3.536 2.439 2.32 2.250 2.277

O104�O105 2.207 2.209 2.188 2.227 2.219

H1�O103 1.932 1.249 0.981 0.979 0.982

H1�O106 0.979 1.242 2.150 1.976 3.872

Cu156�O104�Cu155 156.04 139.67 135.05 157.8 149.34

Cu156�O103�H1 146.47 111.44 117.04 112.48 109.54

C5�O106�H1 43.82 71.88 65.13 111.9 73.89
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of О2 on a pair of copper atoms in the channel of Cuβ
zeolite, but the resulting barrier of 1.71 eV turned to be
larger than the critical one for the inclusion of CO
(0.65 eV) and, therefore, it is inconsistent with the
experimental data, since the stage of formation of two
>Cu=O pairs from О2 is a rate�limiting step instead of
the CO capture stage. As a factor justifying the disso�
ciation of О2 with a barrier of 1.71 eV, a large amount
of energy received by the system in the form of heat of
the exothermic reaction (1.84 eV) at the previous О2
capture step is considered in [31], although the possi�
bility to accumulate the effect on the relevant reaction
coordinate (essentially, on the O–O bond) was not
explained. Unfortunately, the О2 dissociation step was
considered on the Cuβ zeolite [31], for which there is
no experimental data on the carbonylation of alco�
hols. A common problem of discussing О2 dissociation
processes within the generalized gradient approxima�
tion (GGA) of the density functional theory (DFT) or
the hybrid (DFT/B3LYP) approach has been
addressed in our recent paper [34]. The problem is
related to the inversion of relative energies of the sin�
glet and triplet states of CuOxCu clusters, X = 1 or 2,
in terms of the DFT/GGA and DFT/B3LYP approx�
imations compared with their ratio according to
MP2/6�31G* calculation [34]. This inversion makes it
possible to consider individually different spin states,
not the transitions between them that inevitably occur
during the dissociation of triplet О2. The geometry of
position of Сu+1 was optimized in the reactant on the
same 6R�fragment of zeolite and is consistent with
EXAFS experimental data assuming the cation coor�
dination of 2.7 obtained for another zeolite CuZSM�5
[35]. The activation energy of the individual steps was
determined using linear transition�state (TS) search
algorithms that require correction by the intrinsic
reaction coordinate or the nudged elastic band (NEB)
method.

The second mechanism with the CM intermediates
proceeds from the ease of methanol dissociation and
formation of methoxy groups. This assumption is easy

to substantiate by calculation for Cu+2 when there are
two Al atoms in the moiety, so that the proton can
move to the second oxygen atom of the Si–O–Al
group, but it is not obvious for Cu+ located near the
single Al atom. In the case of Cu+, this reaction should
be accompanied by the “kinetic” stabilization of
the products when the proton has time to migrate to
the remote center (>5 Å), impeding the recombination
of methanol [36, 37]. According to this scheme, the
attack of CO at the methoxy group results in the for�
mation of the carbomethoxy intermediate. It partici�
pates in the reaction with the second methanol mole�
cule in the next step. Both of the theoretical studies
based on this concept of the mechanism and more
representative models (30T or 31T) of isolated cluster
resulted in reasonable values of the activation energy
of about 15 kcal/mol [32, 33]. At the same time, our
more recent calculations [25] of the activation barriers
by different TS search methods (QST3, NEB) and ver�
sions of DFT approximation (HSEh1PBE, B3LYP,
wB97XD, PBE) showed significantly lower activation
barriers (1.18–10.44 kcal/mol with cluster models and
4.00–9.11 kcal/mol with allowance for periodic
boundary conditions in CuMOR) than those calcu�
lated with the LST algorithm [32, 33] or observed
experimentally [10, 20]; a systematic difference
between the calculated spectra of the CM intermedi�
ates and the spectrum observed in [9, 10] was also
shown. At the same time, the geometry and spectra of
the reactants in the formation of the CM intermedi�
ates were calculated in our study [25] in good agree�
ment with the experiment [19], and the transition state
frequencies and the heat of reactions are close to those
obtained in [32, 33]. Therefore, the solution [32, 33]
in favor of the mechanism through the CM intermedi�
ates cannot be considered definitive.

The problem for both types of mechanism (M and
CM intermediates) is the substantiation of the redox
scheme of the process involving the oxygen capture
and the change in the oxidation state of copper. Exper�
imental data obtained by the Bell’s group [10] and the
group from the University of Rostock [11, 22] show
that the case of CO feeding without oxygen (but pre�
liminary feeding with a СН3ОН/О2 mixture and
removing in a He stream of all weakly adsorbed spe�
cies), the reaction continues with a lower yield. This
oxygen can participate in the form of the known one�
center (CuOX); two�center CuOxCu, x = 1 or 2; and
CuCO3Cu entities or new formations. The first com�
pound of this series for the manufacturing of DMC via
the reaction with CO was Cu(OCH3)2Cu proposed by
Saegusa et al. [2], but the mechanism of this reaction
was not theoretically studied. Experimental data
obtained by Engeldinger and others [11, 22] showed
the formation of formates, whose IR spectra are simi�
lar to the spectra of carbonates. It is likely that the
CuO2Cu cluster can oxidize CO to CuСO3Cu, whose
activity can also be assessed in the reaction with meth�
anol. Formally, carbonate can be formed on one cat�

Table 3. Activation barriers (eV) and imaginary frequencies
(cm–1) of reaction steps in the first stage of methanol car�
bonylation according to results of QST3 calculation at the
B3LYP/6�31G* level

Step –iω ΔE

a1�a 21.3 0.82

a�ea) 1369.1 1.48

a�e 1628.9 1.69

e�ba) 98.2 0.33

e�b 324.4 0.49

e�bb) 595.3 3.19
a) In mordenite by PBE/PAW calculation with the NEB method.
b) Transition state energy for C–O bond dissociation in methanol.
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ion as well, more likely, in the form of hydrogen car�
bonate and then participate in the reaction.

Inertness of СО2 is a significant obstacle, and its
conversion into the carbonate form in the zeolite may
be a better solution to improve reactivity. Engeldinger
et al. [11] noted the involvement of framework oxygen
in the form of CuOx, however, the participation of the
binuclear cluster CuOxCu, x = 1 or 2, is more likely
[23, 24]. In [26], we have shown that the alkaline earth
metal species MeОxMe, x  = 1–4, with higher oxygen
content (x > 2) are involved in the barrier�free forma�
tion of a МеСО3Ме carbonate with alkaline earth
metal cations. Later, these conclusions were found to
be valid for CuO2Cu as well [25]. What is unusual com�
pared with alkaline earth metal carbonates is the
aforementioned peak intensity ratio of 20 : 1 of sym�
metric (1399.4 cm–1) to asymmetric (1626.6 cm–1)
CuСО3Cu vibrations at the same calculation level
B3LYP/6�31G* [25], which results in close intensities
of both bands for alkaline earth metal carbonates [26,
30] and qualitative agreement with the experiment
[40]. This CuО2Cu cluster can be a source of oxygen
for CO2 conversion into carbonate, which we have
shown in [26, 30], despite the fact that neither our the�
oretical attempts [26] nor the work by other investiga�
tors [39] confirm the carbonate formation involving
framework oxygen atoms.

Let us summarize the results of this brief review.
The conventional scheme of oxidative carbonylation
consists of two steps to form copper methoxide in the
first step [4, 9] followed by conversion into copper
monomethyl carbonate [10] or the carbomethoxy
intermediate [3, 4, 9] in the attack of the first СН3ОН
molecule. In the second step, the products of the first
step react with CO. As a result, the mechanism cannot
be considered completely elucidated and the nature of
intermediate products in favor of monomethyl car�
bonate [10] or copper carbomethoxide [9] remains an
open question. It should be added that formaldehyde
suggested to form in [9, 10] was not detected spectro�
scopically (in any of the cited papers) or chromato�
graphically [11], a fact that may be due to its rapid
conversion to methyl formate or deep oxidation
to СО2.

The carbonate can be formed under the conven�
tional DMC synthesis conditions in the oxidation of
CO on the CuO2Cu cluster. We examined the exist�
ence of such a step using the approach with periodic
boundary conditions (PBC) in the zeolite CuMOR
and found the barrier to be about 1 eV in the first
choice of the CuO2Cu position over a fragment of the
8R window on the “bottom” of the main channel of
CuMOR [25]. This energy is higher than that required
for other zeolites, for which experimental data are
available. But we assume that this value varies between
the forms and the energy can be lower in the case of
more detailed optimization of the CuO2Cu location in
the initial position. It is important that frequency split�
ting of symmetric and asymmetric vibrations in the

carbonate (227.2 cm–1 = 1626.6–1399.4 cm–1, see
above) [25] is in good agreement with the values mea�
sured experimentally (226 cm–1 [11] 221 cm–1 [22])
and attributed earlier to the formate. In this paper, we
consider the “carbonate” mechanism of oxidative car�
bonylation of methanol through its attack on
CuСO3Cu.

CALCULATION PROCEDURE

Two types of models were used, the isolated cluster
model calculated with the software code
GAUSSIAN09 [40] and the model with PBCs calcu�
lated using the VASP5.3 code [41]. The model of
CuСО3Cu carbonate chemisorbed on the single 8R
cluster containing two Al atoms was analyzed at the
level of the hybrid density functional theory
(DFT/B3LYP/6�31G*) and the Møler–Plesset post�
Hartree–Fock second�order perturbation theory
(MP2/6�31G*) and that in the zeolite CuMOR (also
two Al atoms per cell), at the PBE/PAW level. The
transition state (TS) parameters were calculated using
the QST3 method [40] for the cluster models and the
NEB method [42, 43] for the models with PBCs.

RESULTS AND ITS DISCUSSION

Consider the first step of the methanol attack on
the carbonate formed in zeolites. It should be noted
that the carbonates are produced by the reaction in
zeolites of metal oxide MeОхMe clusters, х = 1–4,
with СО2 or CO, which is easily oxidized to СО2 on
them as on the Zn� or Mg�forms or to carbonates as on
other alkaline earth forms [26–30]. Studying the reac�
tion of carbonates with methanol, we examined ele�
mentary steps involving intermediates “a”, “e”, and
“b” (Fig. 1) and a set of transition states on the Cu�
form at different levels of the theory, including
approaches with periodic boundary conditions. The
intermediates on the Ca�form were also described
(Table 1).

It was shown that the limiting step on the Cu�form
is step “a–e” of proton transfer from methanol to
intermediate “e” with an activation energy of 1.48 eV
(with periodic boundary conditions) to 1.69 eV (single
8R�cluster). A reasonable value for the barrier was
obtained owing intermediate state “a”, which can be
reached by overcoming a smaller barrier of 0.64 eV
(8R�cluster) from the deepest minimum “a1”, the
geometry of which is not very different between the 8R
cluster (Fig. 1) and the MOR framework. The reaction
coordinate along a very gentle barrier between states
“a1” and “a” (ω = 21.3i cm–1) corresponds to the
rotation of the methanol molecule as a whole. This
transition state (TS) ts0 could be described only in the
approximation of the single 8R�cluster. The angle
formed by the methanol neighboring copper atom,
oxygen atom Ocl located between the copper atoms of
the cluster, and methanol oxygen atom Оm increases
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in the order a1 ((∠Сu–Ocl–Оm = 22.37°) → ts0
(49.49°) → a (70.59°). Upon movement in this order,
methanol changes its position relative to the carbonate
plane in the first step a1 → ts0, so that it occurs almost
in the carbonate plane at step “a.” The same character
of methanol movement relative to the carbonate plane
is conserved in the case of MP2 calculation. In the lat�
ter case, however, the deviation of cations from the
carbonate plane increases.

The main reaction involving a change of the carbon
atom hybridization occurs from state “a”: а(sp2) →
e(sp3) → b(sp2). Stabilization of all intermediates is
more pronounced in the cluster model (Table 1) than
in CuMOR. The same is true for a similar series of Ca
intermediates and, to an even greater extent, on the
MP2 level than in the DFT/GGA calculation. Evolu�
tion of the geometry of Cu intermediates during the
process is shown in Table 2. In the case of CaMOR, we
failed to calculate the geometry of the transition state.
A large imaginary frequency of proton transfer

between the oxygen atoms bound to the carbon atom
is not varied much in step “a–e” by changing the cal�
culation method (Table 1). The corresponding highest
reaction barrier of 1.69 eV in the cluster model is
reduced to 1.48 eV (or by 12.4%) in the approximation
with periodic boundary conditions (PBCs), a change
that can be partly attributed to the influence of elec�
trostatic field in CuMOR pores. This opens the possi�
bility of further searching for appropriate zeolite
frameworks to achieve the minimum activation bar�
rier.

The parameters of all transition states revealed by
various methods are shown in Table 3. Note that in
both cases “ts1” and “ts2”, the barrier values and fre�
quencies values calculated with PBCs in the CuMOR
structure are less than those in the case of 8R cluster.

Figure 2 shows the geometry of the complex during
the reaction via steps a–ts1–e–ts2–b, as calculated
for the CuMOR model at the PBE/PAW level. It is
seen in the figure that an additional difference in the

(ts2) 16.52 (b) –6.40

(a) –4.84 (ts1) 34.11 (e) 5.17

+CH3OH

(a1) –19.36 (ts0) –4.61

Fig. 1. The first stage of the catalytic process of methanol carbonylation on copper carbonate, which is formed in the 8R ring of
mordenite. Steps are labeled, starting with (a1) to (b); here, the energies (kcal/mol) are given relative to the sum of the energies
of noninteracting carbonate and methanol; in Table 1, they are given in eV to compare with the quantities for the model of the
process in CuMOR.
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“ts2” profile along the reaction coordinate is the
appearance of a small minimum given by calculation
with PBCs, which is due to the introduction of a
hydrogen bond (shown by the ellipse in Fig. 2d) that is
not included in the cluster model (Fig. 1, case b)
because of a different orientation of the proton. How�
ever, neither this hydrogen bond nor the one formed
with framework oxygen (Fig. 2e) leads to better stabi�
lization of state “b” in the calculation with PBCs. The
failure to enhance stabilization can be explained as a
consequence of a greater extension of the complex
along the MOR canal, which we reported for stretch�
ing of the entire 8R fragment of MOR in the solution
with PBCs concerning the dissociation of water [36].
The Сu…Cu and Al…Al distances are shorter in the
MOR model (8.361 and 8.544 Å) than in the 8R�clus�
ter model (8.117 and 8.289 Å).

In summary, the literature on the known schemes
of oxidative carbonylation of methanol, including
methoxy intermediates, carbomethoxy intermediates,
carbonates, and Cu(OCH3)2Cu binuclear clusters has
been analyzed. We investigated the rate�limiting step
of methanol molecule attack on copper carbonate in
the single cluster (8R type) model at the density func�
tional theory (DFT) and Møller–Plesset (MP2) levels
and the model with periodic boundary conditions
(PBCs) on CuMOR zeolite at the PBE/PAW level.
The calculated value of the barrier on CuMOR is more

than two times greater than the known values to be
11.70 or 14.80 kcal/mol for CuZSM�5 [35] or CuY
[10], respectively, indicating inadequate description of
the process in which the rate�limiting step according
to the experimental data should be the insertion of
CO. These barriers are higher than the activation
energy at the CO inclusion step (found earlier as
23.94 kcal/mol for CO on Cu2O2 in the calculation
with PBCs [25]), which should be maximal relative to
that in all the other steps. This discrepancy, of course,
cannot be considered to completely discriminate the
mechanism.

As the next step of investigation, it is reasonable to
search for a less strongly coordinated carbonate parti�
cle as an active center with the varying position of Al
atoms in the lattice.
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