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Cleavage and (re)formation of oxymethylene moieties are essential steps during the built-up of polyoxymethylene (POM),
a technically relevant high-performance polymer. To reveal how the catalyst accomplishes the cleavage of oxymethylene

moieties, the kinetics of the ring-opening of trioxane was studied. Thereby insights into the initial phase of the growth of
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agent. With a high ratio of acetic anhydride

oxymethylene chains were obtained. The chain length of short oligomers was controlled with acetic anhydride as transfer

to trioxane, the first homologues of the series, trioxymethylene diacetate,

dioxymethylene diacetate and monooxymethylene diacetate were obtained in excellent yield. The homologues show

distinct features in the NMR and IR spectra that were related to their reactivity during chain propagation. Formation of

intermediate hemi-acetal oxonium moieties is suggested to be a key step in the reaction pathway. Such molecular level

insight may be a crucial factor for further tailoring production and properties of polyoxymethylene as well as introducing

oligomeric oxymethylene diacetates to new application fields.

Introduction

Formaldehyde, a base chemical,' is produced commercially on
a 30 mega ton/a scale” largely by partial oxidation® (Scheme 1)
or dehydrogenation of methanol.* Conventionally, methanol is
produced mostly from syngas.>® Bio-methanol is accessible
from renewable raw materials,” e.g. by fermentation of sugar
and cellulose based biomass, from syngas obtained by
gasification of biomass or by reducing carbon dioxide with
hydrogen produced in a renewable manner with electricity from
sustainable energy sources.®

The option to switch the carbon source to a renewable
feedstock renders formaldehyde a stimulating intermediate for
the future production of polymers, fuels and chemicals. The
trimer of formaldehyde, trioxane, is a likewise interesting
intermediate. Simple and energy-efficient processes for the
industrial production of trioxane are under development,”!® as
the current production process, dating from the 1960s, is energy
intensive. Downstream polyoxymethylene (POM) is produced
either directly from gaseous formaldehyde or trioxane. More
than 800 kt/a POM resins are produced worldwide,'' whereby
copolymers represented more than half of the market share.

Gaseous formaldehyde is used in producing homopolymers,
such as Delrin-POM, which is acetate-capped.’> Hydroxy-
terminated POM is produced by copolymerising trioxane with
small amounts of a comonomer such as ethylene oxide'""* or
dioxolane."" The comonomer introduces oxyethylene moieties
into the polymer chain stabilising the chain against
depolymerisation.'*

POM finds manifold technical applications as engineering
plastics in the automotive, electronics and consumer goods
sectors. Its characteristics include outstanding chemical
robustness, compatibility with most solvents, low friction and
adequate lifetime.'" The highly crystalline POM is readily
moulded and extruded. Outstanding mechanical and physical
properties are tailored to the requirements of the application by
adjusting the fine structure of the polymer scaffold and the type

. 11,12,15,16

and quantity of comonomers.
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Scheme 1. Formaldehyde, readily accessible from renewable raw materials, is a
stimulating C1 polymer building block for the production of polyoxymethylene
(POM,*° R = Initiator, R’ = end group) and oligomeric oxymethylene derivatives
(this paper) for innovative application fields
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Although POM has been produced commercially for decades,
the elementary steps during initiation of the trioxane
polymerisation are not yet fully understood.'”?° For solid-acid
catalysts, such as Amberlyst™ 46, ring-opening of trioxane,
followed by the release of molecular formaldehyde, which is
consecutively built into the polyoxymethylene chain has been
proposed.?! As alternative pathway, the direct insertion of
trioxane as a trimer into the growing polymer chain has been

J. Name., 2013, 00, 1-3 | 1

Please do not adjust margins



http://dx.doi.org/10.1039/c8cy01691g

Published on 01 October 2018. Downloaded by Gazi Universitesi on 10/1/2018 6:54:04 AM.

Catalysis Science & Technology

suggested.”® At present, scarce information is available on the
initial steps of trioxane polymerisation. Initiation involves
several chemical steps, whereby catalyst, a chain-transfer agent,
like acetic anhydride, interact with the formaldehyde source.
Consequently, this study is aimed at shedding light on how the
catalyst impacts the ring-opening of trioxane. Focusing on
acetic anhydride as chain-transfer agent, the initial growth of
oligomers was followed by in situ IR spectroscopy. Kinetic
profiles were recorded and the initial steps described with a
model involving a direct and an indirect pathway. By
determining the corresponding rate constants, the significance
of the two pathways was evaluated. Finally, we discuss the
plausible mechanism of the trioxane ring-opening reaction in
the context of the current findings and suggest to consider the
use of oligomeric oxymethylene acetates as fuels with
properties similar to dimethylether **%
fuels.**?

and other oxygenated

Results and discussion

Open-chain oxymethylene diacetates, the shortest chain
analogues of POM, were obtained by the Brensted acid-
catalysed reaction of trioxane with acetic anhydride (Eq. 1).%¢
While at low temperatures (-60 °C) trioxymethylene diacetate
(TOD, n = 3) was obtained as the main product, an equimolar
mixture of dioxymethylene diacetate (DOD, n 2) and
monooxymethylene diacetate (MOD, n = 1) was formed at
higher temperatures (65 °C). These oxymethylene diacetates
were isolated and further on served as reference compounds.

(1)

In an analogous manner, we targeted at synthesising oligomeric
oxymethylene diacetates with n> 3 by reacting trioxane with
acetic anhydride in a molar ratio of 3:1. The reaction was
performed at 0 °C in the presence of catalytic amounts of
trifluoromethane sulfonic acid. Unexpectedly, the amount of
trioxane built into the diacetates was much lower than
anticipated. To obtain insight into the underlying reasons, the
course of the reaction was monitored by means of in situ IR
spectroscopy. Inspection of the IR spectra recorded during the
reaction revealed fast conversion of acetic anhydride and
trioxane during the initial phase of the reaction (Figure 1).
Trioxane conversion slowed down, once acetic anhydride had
been fully consumed. This coincided with the formation of a
precipitate. After further 10 min, the consumption of trioxane
accelerated. With '"H NMR spectroscopy the chain lengths of
the diacetates in the soluble fraction of the product mixture
obtained at the end of the reaction (105 min) was determined.
The mixture contained MOD (3 mol-%), DOD (13 mol-%),
TOD (21 mol-%), tetraoxymethylene diacetate (17 mol-%),
pentaoxymethylene diacetate (14 mol-%) and oligomeric
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oxymethylene diacetates with higher chain length (32 mol-%,
average length of 9.2 units). Overall, the average chain length
n(avg) was 5.2, which corresponds to an average molecular
weight of 258.8 g/mol. The precipitate that had formed
consisted mostly of OH-terminated oligomeric oxymethylene
moieties. More detailed analysis of aliquots taken during the
course of the reaction revealed that TOD, DOD and MOD were
formed only during the initial phase of the reaction as long as
acetic anhydride was present. In contrast, oligomeric
oxymethylene diacetates were formed over the entire course of
reaction.
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Figure 1. Time-concentration profile of the reaction of trioxane with acetic
anhydride in the presence of catalytic amounts of trifluoromethane sulfonic acid
(n(trioxane)/n(Ac,O) 3/1, dichloromethane, 0 °C). Concentrations were
determined by convoluting the time-resolved IR spectra (insert, IR spectra taken
every 30 s). The concentrations of TOD, DOD, MOD and oligomeric diacetates
are omitted for clarity and can be found as supplementary information.

Reaction pathway and Kinetics

To obtain more detailed insight into the initial course of the
reaction, the CF;SO;H-catalysed reaction was repeated with a
lower molar ratio of trioxane to acetic anhydride (1:4.5). The
profile recorded with in situ IR spectroscopy (Figure 2)
revealed a fast initial decrease in the intensity of the
characteristic bands at 1162 and 1124 cm™ assigned to the
v,s(COCQC) ether and ester stretch vibration of trioxane and acetic
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Figure 2. Time-resolved IR profile for the reaction of trioxane with acetic
anhydride catalysed by trifluoromethane sulfonic acid (n(trioxane)/n(Ac,0) 1/4.5,
dichloromethane, 0 °C). The characteristic bands of trioxane, acetic anhydride,
TOD, DOD and MOD are highlighted.

anhydride, respectively. In parallel, the intensity of the
characteristic band at 932 cm™', assigned to the Veym(COC) ether
stretch vibration of TOD, increased rapidly at the initial time of
the reaction. At a later stage the intensity decreased. The
intensity of characteristic bands at 950 and 1199 cm™ assigned
to the vgn(COC) ether stretch vibration of DOD and the
v,s(COC) ester stretch vibration of MOD, respectively,
increased steadily. Once the trioxane band had vanished (after
190 s), the intensity of the band assigned to acetic anhydride
decreased more slowly. The decreasing intensity of the band
assigned to TOD was accompanied by the steady increase in the
intensity of the bands assigned to DOD and MOD.

To quantify the concentrations, the time-resolved IR spectra
were deconvoluted and referenced against calibration spectra of
the pure components. The time-concentration profile (Figure 3)
revealed that the concentration of trioxane and acetic anhydride
decreased quickly during the initial phase of the reaction
(rini/c(Cat.) -0.482 and -0.531 s™', respectively). In parallel, the
concentration of TOD increased rapidly (0.433 s™) and that of
DOD and MOD more slowly (both 0.049 s™). After trioxane
had been fully converted (after 190 s) the concentration of TOD
decreased at a relatively low rate (Inme/c(Cat.) -0.009 s™). In
parallel, the concentrations of DOD and MOD continued to
increase. It is noteworthy that the concentrations of DOD and
MOD remained equal. This suggests that DOD and MOD are
invariably parallel products.
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Figure 3. Time-concentration profile of the reaction of trioxane with acetic
anhydride catalysed by trifluoromethane sulfonic acid (n(trioxane)/n(Ac,0) 1/4.5,
CH,Cl,, 0 °C). The continuous lines provide a fit of the data with the model
according to Scheme 2.

the
concentration profile was fitted with kinetic models. The profile
was described well, when the formation of TOD (r;) and
consecutive cleavage of TOD to DOD and MOD (r3) as well as
the direct cleavage of trioxane to DOD and MOD (r,) were
taken into account (Scheme 2). This kinetic model provided

To obtain further insight into the reaction pathways,

excellent fit with the observed concentrations (Figure 3).

This journal is © The Royal Society of Chemistry 20xx
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Analysis of the rate constants revealed that the reaction
proceeded predominantly via the reaction of trioxane with
acetic anhydride to TOD (k; = 0.021 (mol/L)"'s™). To a smaller
extent, DOD and MOD were formed directly from trioxane (k,
= 0.002 (mol/L)"'/s). The consecutive reaction that converted
TOD to DOD and MOD had a much lower rate constant
(ks < 0.001 (mol/L)/s).

Consecutive pathway

[Cat.] )k k
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not observed
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Kinetic model

Formation of TOD: ry = k'y [Trioxane] [Ac,0]
Direct pathway to DOD and MOD: r, = k', [Trioxane] [Ac,0]
Cleavage of TOD to DOD and MOD: r3 = k'3 [TOD] [Ac,0]

[Cat.]

o [Cat]

L, LA Al Aol

Scheme 2. Kinetic model for describing the concentration profiles of the reaction
of trioxane with acetic anhydride under the conditions used in this study;
k’; = k; [Cat.].

To confirm the consecutive nature of the reaction, TOD was
reacted with acetic anhydride (ratio 1:4.9) under the same
reaction conditions. The concentration of TOD and acetic
anhydride decreased, while DOD and MOD were formed in
parallel in equimolar ratio. This proves that TOD is able to
react with acetic anhydride to DOD and MOD. To exclude the
possibility of an additional consecutive reaction step from DOD
to MOD, also DOD was reacted with excess acetic anhydride
(ratio 1:4.6) in the presence of catalytic amounts of CF;SOsH.
No conversion was detected. Furthermore, upon closer
inspection of the in-situ IR spectra, the absence of bands

assigned to monomeric formaldehyde was established.

Physicochemical characterisation of oxymethylene diacetates

To understand their reactivity, the isolated oxymethylene
diacetates (TOD, DOD and MOD) were fully characterised (see
supplementary information).

A downfield shift of the 'H NMR signal (in CDCl;) was
observed for oxymethylene moieties neighbouring the acetate
groups in the sequence TOD (5.30 ppm), DOD (5.32 ppm) and
MOD (5.62 ppm). The signal of the internal oxymethylene
group in TOD was observed at 4.90 ppm (Table 1). This
corresponds to a fairly high electron density for the inner
oxymethylene protons of TOD. In comparison, the '"H NMR
signal of the trioxane protons was at 5.15 ppm. Thus, the
central oxymethylene moiety in TOD is much less positively
polarised than the oxymethylene moieties in trioxane. This
implies that likewise to trioxane the inner oxymethylene moiety

J. Name., 2013, 00, 1-3 | 3
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of TOD ought to react readily with electrophiles. In contrast,
the oxymethylene moieties neighbouring an acetate groups are
positively polarised attenuating the tendency to react with
electrophiles.

This is confirmed by close inspection of the IR data. The
similar ether stretch vibration (vgy,,) of trioxane (930 cm‘l) and
TOD (932 cm™) in IR suggest similar reactivity of the
oxymethylene moieties. The higher frequency of the ether
stretch vibration in DOD (950 cm™) suggests a lower reactivity.
Thus, assuming that the rate determining step involves
breakage of the oxymethylene ether bond, the highest reactivity
with acetic anhydride ought to be expected for TOD and
trioxane. Note that the frequency of the ester stretch vibrations
(Veym) are similar for TOD (1002 ¢cm™), DOD (1007 cm™) , and
MOD (1016 cm™). The most distinct bands in IR for trioxane
(1162 cm™, v,((COC)), acetic anhydride (1124 cm™, v,(COC)),
TOD (932 cm™, v,,m(COC)), DOD (950 cm™, v,n(COC)) and
MOD (1199 cm‘l, Vas(COCQ)) are separated sufficiently to allow
for deconvoluting the IR spectra of reaction mixtures. This
makes in situ IR spectroscopy an excellent tool for monitoring
the course of this reaction.

Table 1 Frequency of the symmetric ether and ester stretch vibrations in
oxymethylene diacetates in comparison to trioxane and calculated force
constants.

View Article Online
DOI: 10.1039/C8CY01691G

influenced strongly by the nucleophilicity of the anion. The
reactivity is reflected also in the ratio of the rate constants k,/ks
(3.5 for CF3;SO3;H and 0.16 for HCIO,) suggesting stronger
stabilisation of a cationic intermediate by the more polarisable
ClOy ion (vide infra).

Table 2. Initial rate and product distribution of the reaction of trioxane with
acetic anhydride in the presence of Bronsted acid catalysts.

Catalyst CF;SO;H  HCIO4
pK, value -14 -10
(rini)/c(Cat.) for trioxane conversion * [s1] -0.48 -0.27
ki/k, © [-] 8.9 97
ki/ks ° [-] 31 16
ko/ks ® [-] 35 0.16
Conversion Trioxane - [%] 100 100

Molar ratio TOD / DOD / MOD ¢ [mol-%] 3/51/46 1/51/47

5(0-CH,-0)* Vsym (Ether) Veym (Ester)
[ppm] [em™] [em™]
TOD 5.30/4.90° 932 1002
DOD 5.32 950 1007
MOD 5.62 - 1016
Trioxane 5.15 930 -

“ Chemical shift of the oxymethylene groups in 'H NMR spectroscopy; * outer
and inner oxymethylene group, respectively.

Brensted acid catalysts

To explore the effect of the acid strength, the activity of
trifluoromethane sulfonic acid (CF;SOs;H) was compared with
other Brensted acids (Table 2). CF;SO;H (pK, = -14)27
provided an initial rate of trioxane conversion of r;,/c(Cat.) -
0.48s" and full conversion within of 200 s. With perchloric
acid (HCIO,, pK, = -10),%?7 there was fast conversion of
trioxane, albeit at a lower rate (r/c(Cat) -0.27s"; full
conversion within of 300 s). In contrast, there was no
observable reaction with methane sulfonic acid (CH;SO3H, pK,
= -2.6),27 p-toluene sulfonic acid (p-CH;-C¢H4-SOsH, pK, =
0.7)*” and acetic acid (AcOH, pK, = 4.6).%” This clearly shows
that only very strong Brensted acids catalyse the reaction.
Likewise, it was reported that H,SO4 (pK, = -3.0)*’ catalyses
the reaction.”® The need to employ strong acids is consistent
with the low basicity of the substrate trioxane. Apparently, only
very strong Brensted acids can sufficiently activate these
substrates.

The higher initial rate with CF;SOs;H compared to HCIO,
suggests that the activity increases with increasing acidity of
the Breonsted acid. The inverse ratio of the rate constant k,/k,
and k;/k; for CF;SO3H (8.9 and 31, respectively) and HCIO,
(97 and 16, respectively) reveals that the pathway via TOD is
more pronounced for HCIO,4. Thus, the reaction pathway is

4 | Catal. Sci. Techn., 2018, 00, 1-3

*Initial rate in molea"e'(molc;,l_'s)‘1 : ® ratio of rate constants determined from
the respective time-concentration profile (based on in situ IR data).
¢ conversion after 2 h; ¢ molar ratio in isolated product mixtures.

Lewis acid catalysts

Then the performance of metal triflates as catalysts was
explored as their Lewis acidity can be adjusted in a wide range
by choosing an appropriate metal +III centre.”’*® The influence
of the cation radius (hardness)’' and the influence of the
electronic configuration were studied for the main group metal
triflates Sb™(OTf); (ionic radius r = 76 pm) and Bi'™'(OTf); (r =
103 pm) and the transition metal triflates Sc"(OTf); (r=75
pm), Y™(OTf); (r= 103 pm), and La"'(OTf); (r = 103 pm).
With SbIH(OTf)3 trioxane was converted fast at an initial rate
(rm/c(Cat.)) of -0.61's", and full conversion was achieved
within 100 s. Similarly, with Bi'"(OTf); trioxane was converted
fast (full conversion within of 300 s) at an initial rate
(rm/c(Cat.)) of -0.35 s™'. In contrast, with Sc"(OTf); trioxane
was converted more slowly at an initial rate of -0.14 s™ and full
conversion was obtained within 3000 s. With Y"(OTf);,
trioxane was converted very slowly (r/c(Cat.) = -0.0012's™")
and conversion was only 37 % after 2 h of reaction time. With
La"(OTf); there was no detectable reaction within of 2 h. Thus,
a higher activity was found for main group elements compared
to their early transition metal Lewis acid counterparts with
similar radius. Thus, the main group Lewis acids are more
active compared to the closed-shell early transition metals,
most likely due to their open shell configuration.

The activity of the Lewis acid catalysts increased with the
decreasing radius of the metal cation within the chosen main
group and transition metal series. For instance, SbIH(OTf)3 gave
a 1.7-fold higher rate compared to Bi(OTf);. Similarly,
Sc"™(OTf); gave a 120 times higher rate compared to Y™(OTf);,
Hence, small cations, corresponding to hard Lewis acids,
resulted in higher rates. The formation of DOD and MOD was
significantly less pronounced for Scm(OTf)3, or did not occur at
all for Y"™(OTf);, compared to the main group counterparts.
This is also reflected by the ratios of the determined rate
constants (Table 3). The ratio of the rate constant ki/k, and
ki/k; were similar for SbIH(OTf)3 (3.9 and 13, respectively),
Bi"(OTf); (6.3 and 32.7, respectively). In contrast, Sc"(OTf);
(22 and 1400, respectively) and Y™(OTf); (no secondary
reactions) were highly selective to TOD formation. Moreover,

This journal is © The Royal Society of Chemistry 20xx
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the ratios of the rate constants ko/k; of Sb"(OTf); (3.5) and
Bi"(OTf); (5.2) compared to Sc"(OTf); (67.2) underline a
different selectivity of main group and early transition metal
triflates. In a reference experiment, trioxane was reacted in
dichloromethane solution in the presence of catalytic amounts
of Sc"(OTf); (1 mol-%) at room temperature. Even after three
days no reaction was observed. This shows that the presence of
acetic anhydride is required for Sc"(OTf); to be able to convert
trioxane.

Table 3. Initial rate and product distribution of the reaction of trioxane with
acetic anhydride in the presence of Lewis acid catalysts.

Catalyst Sb™(OTH); Bi"(OTH); Sc™(OTH); YT(OTH);
r [pm] 76 103 75 103
tw/e(Cat) for a6 0.35 0.14 0.0012
trioxane conversion

ki/ky ® [-] 3.9 6.3 22 -

ki/ks ® [-] 13 327 1.4 % 10°

Ka/ks © [-] 35 52 67 -

Conv. of trioxane ©  [%] 100 100 100 37

Molar ratio [mol-%] 15/44/41  15/45/40 71/15/14  37/0/0

TOD/DOD/MOD ¢

?Initial rate in molmoxane'(molcm]s)"; ® ratio of rate constants determined from
the respective time-concentration profile (based on in situ IR data).
°conversion after 2 h; ¢ molar ratio in isolated product mixtures.

As with Bronsted acid catalysts, the extent of consecutive
reactions was explored for Lewis acid catalysts. Thus, TOD
was reacted with an excess of acetic anhydride in the presence
of either BiI”(OTf)3 or ScI”(OTf)3. As with Brensted acid
catalysts, DOD and MOD formed in equimolar ratios. The use
of the harder Lewis acid Bi"(OTf); resulted in higher
conversion compared to Sc"(OTf);, in agreement with the
above-described trends in catalyst activity.

Role of the catalyst

Analysis of the potential role of the catalyst in the reaction of
trioxane with acetic anhydride revealed two modes of how the
substrates can be activated (Scheme 3). The carboxyl oxygen
atom of acetic anhydride is susceptible to protonation by a
Brensted acid or coordination by a Lewis acid. This activates
acetic anhydride to be cleaved into an acylium cation and acetic
acid or a coordinated acetate ion, respectively (Scheme 3, top).
Likewise, the oxygen atom of trioxane is susceptible to
protonation by a strong Brensted acid or coordination to a
Lewis acid, whereby ring-opening and formation of a hemi-
acetal oxonium ion may be triggered (Scheme 3, bottom).
Activation of acetic anhydride seems more likely than
activation of trioxane. This claim is supported by the reduced
rate of trioxane conversion, which was observed once all acetic
anhydride had been consumed. Considering the initial rate of
trioxane conversion, the catalyst activity decreased in the
sequence CF;SO;H > Bi"(OTf); > Sc"(OTf);. A similar trend
in catalyst activity had been reported for the related Friedel
Crafts acylation of toluene with benzoic anhydride.* Activation
of the anhydride to the corresponding acylium ion as key
intermediate had been proposed.

In the next step (Scheme 4), the acylium cation is proposed to
react with trioxane resulting in the cationic acylium trioxane

This journal is © The Royal Society of Chemistry 20xx
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intermediate I1. Opening of the trioxane ring provides the
hemi-acetal oxonium intermediate I2. Reaction with acetic
anhydride or acetic acid provides TOD. There are two pathways
for formation of DOD and MOD. (i) In the direct pathway to
DOD and MOD the hemi-acetal oxonium intermediate I2 reacts
with acetic anhydride, whereby a single oxymethylene unit is
transferred in a concerted manner to form MOD. Thereby, the
hemi-acetal oxonium intermediate is shortened by one
oxymethylene unit to intermediate I4. Reaction with acetic
anhydride or acetic acid provides DOD. (i7) In the consecutive
pathway to DOD and MOD an acylium ion reacts with TOD to
is cleaved to MOD and to

intermediate I4. Reaction with acetic anhydride or acetic acid

form intermediate I5. Later

provides DOD. Both pathways provide an equimolar ratio of
DOD and MOD.

HMX X
0 9 aHxormx, | X7 27 o e
)'L )k 54'0‘ ‘O 5+ —_— ‘ + }\
(o] )\m
0 o
Acylium
S | oy HIMX,
O 0 +HXorMX; P 2 o o
/ U] — L
- HX or MX
° ’ o X % x©

Hemi-acetal oxonium

Scheme 3 Potential activation modes for acetic anhydride (top) and trioxane
(bottom) by Brensted acid (HX) and Lewis acid (MXj3) catalysts leading to
formation of an acylium cation or hemi-acetal oxonium, respectively.

Accordingly, trioxane reacts either with one acetic anhydride
molecule to TOD or with two molecules of acetic anhydride to
DOD and MOD. A relationship between the anion X  of the
catalyst and the selectivity becomes obvious upon comparing
the ratio k,/k; for CF3;SOs;H (3.48) and HCIO, (0.16). Both
pathways are feasible in the presence of CF;SOs;H, while the
consecutive pathway is much more strongly pronounced in the
presence of HC1O,4. The CF;SOj5™ anion is a weaker nucleophile
compared to ClO, , reflected in the higher acidity of the
corresponding trifluoromethane sulfonic acid. Most likely, the
better separation of the ion pair I2 in case of CF;SO;H
facilitates the concerted transfer of the single oxymethylene
unit via I3. In contrast, in the presence of the stronger
ClO4 stabilised.
Consequently, the consecutive pathway is favoured.

Noteworthy, in the presence of excess acetic anhydride, TOD
was cleaved in the presence of catalyst. In contrast, DOD was

nucleophile intermediate 12 is more

stable under our reaction conditions. Closer inspection of the
corresponding NMR data of TOD reveals a significant high-
field shift signal of the inner oxymethylene groups (0y = 4.90
ppm, Oc =
oxymethylene groups that have neighbouring acetate units (Jy
= 5.30 ppm, Oc = 85.4 ppm). The oxymethylene units of DOD

92.3 ppm) compared to the corresponding
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(On = 5.32 ppm, Oc = 86.7 ppm) are very similar to the acetate
neighboured oxymethylene units of TOD. Thus, the high
electron density at the inner oxymethylene groups that is
reflected in the high-field shift facilitates the reaction of the
acylium ion with TOD to form intermediate I5. Apparently, for
DOD the electron density at the oxymethylene unit is
insufficient to allow for reaction with the acylium ion.

In contrast, the Sc'™
alternative mechanism, as considerably higher ratios of k;/k,
(21.5) and ky/k; (1441) were determined even though, a similar
ratio was expected due to the triflate ligands. Also, the reaction

(OTf);-catalysed reaction may follow an

was second-order with respect to trioxane. We propose that a
second trioxane molecule is required as ligand at the scandium
metal centre to achieve the right electronic density to catalyse
the reaction between acetic anhydride and an incoming trioxane
molecule. We suggest the reaction to proceed predominantly
via an inner-sphere concerted transition state (Scheme 4,
insert). The much lower overall rate can be explained in two

This journal is © The Royal Society of Chemistry 20xx

ways: First, the concerted transition state requires a particular
orientation of the molecules. The low probability of adopting
the appropriate orientation lowers the overall rate of reaction.
Second, the effective concentration of acylium cations may be
lower, since in the concerted first reaction step the substrates
compete for Sc"'(OTf); as the reaction partner. Interestingly,
Y"(OTf); catalysed only the formation of TOD albeit at a low
rate that is reflected in the low conversion of trioxane of 37 %.
The formation of DOD and MOD was not observed. Being a
soft Lewis acid, the yttrium catalysed reaction most likely
proceeds only via the concerted transition state.

Mechanism of the cationic oligomerisation of trioxane

With respect to the formation of oligomeric oxymethylene
diacetates with n> 3 we propose that a similar mechanism is
adopted. The low reaction temperature well below the ceiling
temperature 3 does not favour the formation of monomeric
formaldehyde. We propose that chain growth occurs in a

J. Name., 2013, 00, 1-3 | 6
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similar manner as described above by nucleophilic attack of a
hemi-acetal oxonium intermediate on trioxane (Scheme 6).
Acetic anhydride functions as chain-transfer agent, and an
acylium ion is released, when a growing chain is terminated.
Such chain-transfer is known for many polar compounds, such
as water, methanal, dimethoxymethane, esters and acid
anhydrides as well as some olefins and aromatics.***® Thereby
an end group is introduced, while the released cationic
component initiates a new growing chain. Compared to the
initiation reaction with acetic anhydride re-initiation of an
oxymethylene diacetate moiety is less favoured. Consequently,
chain growth commences once acetic anhydride had been fully
consumed. This readily explains the preferential formation of
oligomeric oxymethylene diacetates. Later are formed by
several consecutive chain growth steps before the terminal
hemi-acetal oxonium reacts with another nucleophile. The
precipitate is undoubtedly formed, when the chain growth
reaction dominates.

o] o] o
© st )k P WS
i s o
‘ 2+3n , @
® ~ R
~ . st _CH.
(St > .o el ‘<o/>\o/ 2
Acylium Chain transfer .

n-1 ' T
Lo

st CH oo st ® st cHY
o o7+ L 0 o o —> o o7
2 @ (¢} 2 k ) 243
o
)

o
Stag~g7%  + | Release of monomeric formaidehyde
o H”H

l ‘ioj’ Initiation

(dissolved)
Scheme 5. Mechanism proposed for chain growth during the ring-opening
oligomerisation of trioxane (St = initiator).”” The low reaction temperature does
not favour the formation of monomeric formaldehyde.***

Considering the mass balance, the extent of termination
reactions must be very low. In case of Brensted acid catalysts,
reaction of the hemi-acetal oxonium intermediate with acetic
acid formed during initiation regenerates the catalyst.
Termination occurs in the presence of excess protic species as it
is known for instance with alcohols.*™*' Also occlusion *'** of
the chain end in the bulk of the precipitating crystalline
polymer may terminate the cationic oligomerisation of trioxane.
This may explain the above-mentioned gradual decrease in the
rate of trioxane consumption. Work-up involved quenching the
reaction mixture with a saturated aqueous solution of sodium
carbonate. Alternatively, chain growth can be terminated by
addition of basic compounds such as sodium alkoxides.*’
Another termination method employs alkyl and aryl
phosphines, which results in trapping of growing chains as
quaternary phosphonium salts.**

Experimental

This journal is © The Royal Society of Chemistry 20xx
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Synthesis of oxymethylene diacetates®

A mixture of acetic anhydride (94 mL, 1 mol) and perchloric
acid (70 %, 0.2 mL, 0.0023 mol) was cooled to -60 °C.
Trioxane (19.831 g, 0.22 mol) was added over 10 minutes and
the reaction mixture stirred for one hour. Then the reaction
mixture was poured into a saturated aqueous solution of sodium
carbonate (200 mL). The mixture was extracted four times with
diethyl ether (50 mL). The combined organic phases,
containing a high percentage of TOD (Table 4), were dried over
Na,SO,, the volatiles removed under partial vacuum and TOD
isolated by distillation of the crude product mixture at reduced
pressure (1 mbar).

Table 4. Composition of the crude reaction mixtures

Entry * Temp. [°C] TOD [mol-%] DOD [mol-%] MOD [mol-%]
1 - 60 °C 78 13 9
2 65 °C 0 39 61

*The yields of TOD, DOD and MOD together are 78 wt-% and 80 wt-% for
entries 1 and 2, respectively.

A mixture of acetic anhydride (47 mL, 0.5 mol) and perchloric
acid (70 %, 0.1 mL, 0.0012 mol) was heated to 63 °C. Trioxane
(9.926 g, 0.11 mol) was added over 10 minutes and the reaction
mixture stirred for another 10 minutes. Then, the reaction
mixture was poured into a saturated aqueous solution of sodium
carbonate (200 mL). The mixture was extracted four times with
diethyl ether (50 mL). The combined organic phases,
containing a high percentage of DOD and MOD (Table 4),
were dried over Na,SO,. The volatiles were removed in a
partial vacuum and DOD and MOD isolated by fractionated
distillation of the crude mixture at reduced pressure (1 mbar).

Trioxymethylene diacetate (TOD)

dw (400 MHz, CDCL) = 1.99 (s, 6 H, C(O)CH:), 5.30 (s, 4 H,
AcOCH,OCH,0CH;0Ac), 4.90 (s, 4 H, OCH,0CH,OCH,0).

éc (100 MHz, CDCl) = 207 (HyCC(O)), 854
(AcOCH,0CH,0CH,0Ac), 92.3 (AcOCH,0CH,0CH,0Ac ) 170.1
(H3CC(0)-).

Voa/em’': 2983 (w, CHa), 2921 (w, CHy), 1742 (s, C=0), 1465 (w), 1428
(w), 1368 (w, CH3), 1222 (s, v, ester), 1204 (w, vq ester), 1165 (w,
V,s ether), 1127 (s, vy ether), 1049 (w), 999 (s, vgym ester), 955 (w,
Vgym ester), 930 (Vs, Vgym ether), 833 (w), 607 (w), 534 (w).

m/z (CI): 326.3 (<1 %), 325.3 (4), 297.3 (3), 296.3 (12) 295.3 (100, M" +
Ac,0 +H),294.7 (2, M™ + Ac,0), 267.3 (1), 266.2 (6), 265.3 (63, M"
+ Ac,0 + H — CH,=0), 205.3 (<1, 2 x Ac,O + 1), 103.2 (5).

Elemental analysis
Found: C, 43.6; H, 6.45. Calc. for C;H,04 C, 43.75; H, 6.45 wt.-%

Dioxymethylene diacetate (DOD)

ou (400 MHz, CDCl;) = 2.00 (s, 6 H, C(O)CHs), 532 (s, 4 H,
OCH,0CH,0).

Oc (100 MHz, CDCl;) = 20.7 (H;CC(0O)-), 86.7 (AcOCH,OCH,0OAc),
170.0 (H3CC(0)-).

Vma/em™ = 2983 (w, CH3), 2927 (w, CH,), 1744 (s, C=0), 1461 (w),
1426 (w), 1368 (w, CH3), 1219 (s, 45 ester), 1187 (w, v, ester), 1142
(s, v ether), 1087 (s, vqs ether), 1029 (W, vgym ester), 1004 (s, Vsym
ester), 937 (vs, Vgym ether), 832 (w), 606 (w), 550 (w).

m/z (EI) =267.2 (<1 %), 266.1 (2), 265.1 (20, M" + Ac,0 + H), 205.1 (4,
2 x Ac,0 + 1), 146.1 (<1), 145.1 (8), 104.1 (5), 103.2 (100, Ac,O +
H), 102.2 (<1), 73.2 (10).

Elemental analysis
Found: C, 44.25; H, 6.1. Calc. for C¢H,,05 C, 44.45; H, 6.2 wt.-%
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Monooxymethylene diacetate (MOD)

Oy (400 MHz, CDCL) = 2.00 (s, 6 H, C(O)CH;), 5.62 (s, 2 H,
AcOCH,0Ac).

Odc (100 MHz, CDCl3) = 20.5 (H;CC(0O)-), 79.0 (AcOCH,OAc), 169.5
(H3CC(0)-).

Vma/em = 2994 (w, CHj), 2945 (w, CH,), 1757 (s, C=0), 1453 (w),
1431 (w), 1368 (w, CHs), 1239 (w, v, ester), 1189 (vs, vy ester),
1084 (w), 1065 (w), 1047 (w), 1004 (vs, Vsym ester), 977 (s, Vsym
ether), 820 (w), 666 (w), 605 (w), 518 (W), 456 (w).

m/z (ESI) = 167.3 (12 %), 157.2 (22), 155.1 (11), 150.0 (63.2), 143.1
(16), 133.9 (4, M" + H), 132.9 (100, M"), 103.1 (26, Ac,O + H),
102.2 (85, Ac,0), 69.1 (48).

Elemental analysis
Found: C, 45.2; H, 6.25. Calc. for CsHsO4 C, 45.5; H, 6.1 wt.-%

General procedure of kinetic experiments

A background measurement with dichloromethane (30 mL) was
performed at 0 °C with an in-situ IR probe. Trioxane and acetic
anhydride were added, and the in-situ IR measurement was
started. The catalyst (Table 5, Table 6, Table 7, and Table 8)
was added to the reaction mixture at 0 °C, which was then
stirred for 2 h at 0 °C. The reaction mixture was poured into a
saturated aqueous solution of sodium carbonate (50 mL). The
organic layer was separated and washed with water (50 mL)
and, after another separation, was washed with brine (50 mL).
The organic layer was then dried with sodium sulphate and the
solvent removed in vacuo.

Table 5. Quantities employed in the Bronsted acid catalysed reaction of
trioxane with acetic anhydride and selected experimental data.

Catalyst CF;SO;H HCIO; CH;SO;H
Trioxane [mmol]  6.01 5.96 6.06

Acetic anhydride [mmol] 26.9 26.4 25.66
Catalyst [mmol]  0.227 0255 0.274
Conv.Trioxane * [%] 100 100 No reaction
Ratio TOD/DOD/MOD *  [mol-%] 3/51/46 1/51/47 -

Yield ® [g] 2.70 2.55 0.637

*Molar ratio in isolated product mixtures and conversion of trioxane. ° Yields
are reported for product mixture isolated after aqueous work up.

Table 6. Quantities employed in the Lewis acid catalysed reaction of trioxane
with acetic anhydride and selected experimental data.

Catalyst Sb"OTf; Bi"'OTf; Sc"OTf; Y"OTH
Trioxane [mmol] 5.89 6.03 6.08 6.08
Acetic anhydride [mmol] 25.3 26.5 24.9 26.4
Catalyst [mmol] 0.260 0.259 0.483 0.257
Conv.trioxane [%] 100 100 100 37
Ratio TOD/DOD/MOD? [mol-%)] 15/44/41 15/45/40 71/15/14 37/0/0
Yield [g] 2.3 2.32 2.75 3.28

*Molar ratios in isolated product mixtures and conversions relative to the
amount of trioxane employed. ° Yields are reported for the amount of product
mixture isolated after aqueous work up.
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Table 7. Quantities employed in the Lewis acid catalysed reaction of trioxane
with acetic anhydride in comparison to the corresponding Brensted acid
catalysed reaction with CF3SO;H and selected experimental data.

Catalyst CF;SO:H  Bi"OTf; Sc"OTf;
Trioxane [mmol]  5.00 5.00 6.44
Acetic anhydride [mmol] 24.4 24.5 26.3
Catalyst [mmol]  0.227 0.243 0.221
Conv.rrioxane * [%] 73 73 11

Ratio TOD/DOD/MOD * [mol-%] 16/44/40  17/46/36 82/10/8
Yield ® [g] 1.84 1.79 2.04

*Molar ratio in isolated product mixtures and conversion of TOD. * Yields
are reported for product mixture isolated after aqueous work up.

Table 8. Quantities employed in the Bronsted acid catalysed reaction of DOD
with acetic anhydride, Lewis acid catalysed reaction of trioxane with acetic
anhydride and selected experimental data.

Catalyst CF;SO;H* ScOTH;®
DOD [mmol] 5.75 -

Acetic anhydride [mmol] 26.3 -

Trioxane [mmol] - 11.5
Catalyst [mmol] 0.227 0.110
Conversion [%] No reaction No reaction

230 mL DCM, 0 °C, 2h * 10 mL DCM, 25 °C, 3 days

Determination of time-concentration profiles

Time-resolved IR spectra were deconvoluted using PEAXACT
software,*> whereby the IR bands were described by Lorentz
functions accounting for changes in the position of the peak
with concentration. Initial rates were calculated by fitting the
time-concentration profile with a polynomial function and
subsequent extrapolation of the first derivative to zero time.

Conclusions

To obtain insight in how the catalyst impacts the initial phase of
the growth of the oxymethylene polymer chain, the ring-
opening reaction of trioxane with acetic anhydride was studied
in detail. The first homologues of the series, trioxymethylene
diacetate (TOD), dioxymethylene diacetate (DOD), and
monooxymethylene diacetate (MOD), were isolated and fully
characterised. Noteworthy is the upfield shift of the signal of
the inner oxymethylene protons in TOD in 'H NMR
spectroscopy. Accordingly, TOD showed high reactivity
comparable to that of trioxane. Kinetic profiles recorded for the
reaction of trioxane with acetic anhydride in the presence of a
Bronsted or Lewis acidic catalyst revealed TOD to be a key
intermediate. TOD was found to be a primary reaction product
formed by the direct incorporation of trioxane into acetic
anhydride. To a lower extend, also MOD and DOD were
formed directly by reaction of one trioxane with two acetic
anhydride molecules. This direct formation was ascribed to the
cleavage of a hemi-acetal oxonium intermediate (I2) with acetic
anhydride. Noteworthy DOD was no further cleaved with acetic
anhydride under our reaction conditions to MOD moieties. In
the contrary, TOD was cleaved readily with acetic anhydride to
equimolar amounts of MOD and DOD. Thus, two pathways
were present accounting for the formation of DOD and MOD.

This journal is © The Royal Society of Chemistry 20xx
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The extent to which the two reaction pathways are followed
depends critically on the choice of the catalyst. By fitting a
kinetic model of the reaction sequence to the recorded reaction
profiles, the corresponding rate constants for the individual
reaction steps were determined for different Brensted acid and
Lewis acid catalysts. For Brensted acid catalysts, the rate of
trioxane conversion increased with increasing acidity of the
catalyst. Noteworthy, the reaction pathway with Brensted acid
catalysts showed a strong influence on the corresponding anion.

Trifluoromethane sulfonic acid (pK, = 14) catalysed
predominantly the direct pathway for DOD and MOD
formation. In contrast, perchloric acid (pK, = -10) catalysed

mostly the formation of DOD and MOD via the consecutive
pathway. We believe that the higher nucleophilic character of
the perchlorate stabilises the cationic intermediates by more
pronounced cation/anion interactions.

For Lewis acid catalysts, the activity was found to increase with
the hardness of the cation. Also the electron configuration had a
strong influence on the activity of the catalyst. The main group
Lewis acids Sb™(OTf); and Bi"(OTf); with their open shell
configuration provided much higher activity compared to the
transition metal Lewis acids Sc™(OTf); and Y™(OTf);. Also
the reaction order with respect to trioxane differed for Brensted
and main group Lewis acid catalysts (first order) and transition
metal Lewis acid catalysts (second order). While relative rate
constants were similar for Brensted and main group Lewis acid
catalysts, transition metal Lewis acid catalysts had very
different we propose
alternative reaction mechanisms for the ring-opening reaction

rate constants. Accordingly, two
between trioxane and acetic anhydride. Bronsted acid and main
group Lewis acid catalysts most likely follow a cationic
reaction mechanism, while the transition metal Lewis acids
follow a neutral concerted reaction mechanism. The formation
of hemi-acetal oxonium intermediates with Brensted acid and
main group Lewis acid catalysts likewise accounts for the
cationic oligomerisation in the presence of excess trioxane.
Acetic anhydride thereby functions as chain-transfer agent,
whereby a new acylium ion is released, when a growing chain
is terminated.

In summary, trifluoromethane sulfonic acid and bismuth (III)
triflate were identified as promising catalysts for the ring-
opening oligomerisation of trioxane and cyclic anhydrides.
Oxymethylene diacetates with low molecular weight and
similar products obtained by ring-opening of trioxane with
other chain-transfer agents, like methanol or dimethoxymethane
(DMME), have an interesting property profile. Application
fields of these highly oxygen containing oxymethylene
derivatives include the use as sustainable fuels.
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