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@ Controlling the Depolymerization of Paraformaldehyde with
Pd-Phosphine Complexes
Robert Geitner* and Bert M. Weckhuysen*®
/Abstract: Paraformaldehyde is an easy-to-handle chemical lysts slow down the depolymerization process significantly.\

for the in situ generation of formaldehyde and is, therefore,
often used in chemistry, structural biology, or medicine. We
have investigated the depolymerization process of parafor-
maldehyde at different temperatures for the application as
C1 surrogate in “CO-free” carbonylation reactions using in
situ Raman spectroscopy. Rather surprisingly, it was found
that small amounts of commonly applied carbonylation cata-

-

By applying 'H, 70, and *'P NMR spectroscopy coupled with
DFT calculations the inhibition process could be assigned to
an electron-withdrawing coordination behavior of the Pd
complex at the chain end of the paraformaldehyde chain.
This inhibition process can be controlled by the utilized
phosphine ligand.

/

Introduction

Carbonylation reactions are one of the most important indus-
trial applications of homogeneous catalysis."? In a carbonyl-
ation reaction a CO molecule is built into an organic substrate
which yields a carbonyl compound. Most often the CO mole-
cule is added to an alkene or alkyne whereas the products
range from aldehydes over ketons to esters and carboxylic
acids depending on the reaction conditions, catalysts and co-
substrates.”

CO gas is easily available on a large scale, shows the neces-
sary reactivity and is cheap so that it is the CO source of
choice for industrial processes like the BASF-oxo process™”
and Ruhrchemie/Rhone-Poulenc process.®” Unfortunately CO
gas is toxic and it is difficult to handle on a smaller scale or
when it cannot be produced on site. To circumvent these
drawbacks significant efforts have been undertaken to replace
CO gas by so called CO surrogates.®'? These CO surrogates
are decomposed in situ to yield CO (equivalent) molecules
during the carbonylation reaction. The use of CO surrogates
lowers the toxicity of carbonylation reactions and thus makes
them much easier to handle on a laboratory scale. Important
CO surrogates include (para)formaldehyde™ " and formic
acid.l'e"

Most often these “CO-free” carbonylation reactions are cata-
lyzed by late transition metals like Pd or Rh coordinated by
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phosphine ligands. The catalyst performs two important tasks:
Firstly, it catalyzes the decomposition of the CO surrogate mol-
ecule into a CO equivalent species and secondly it catalyzes
the actual carbonylation reaction using the prior generated CO
equivalent. Thus, it is of utmost importance to fully understand
the role of the catalyst to improve the rate, yield and selectivi-
ty of ,CO-free” carbonylation reactions. The mechanism of car-
bonylation reactions is well understood when CO gas is
used."® In contrast to this there are very few reports that in-
vestigate the reaction mechanism when a CO surrogate is
used instead of CO gas'®?" and unfortunately even less is
known about the depolymerization of paraformaldehyde®%!
in solution and the influence of homogeneous catalysts on the
depolymerization process.

In this context, it is interesting to investigate the interaction
between homogeneous Pd catalysts and the CO surrogate
paraformaldehyde to fully understand all steps of “CO-free”
carbonylation reactions. Naturally the depolymerization of
paraformaldehyde is the starting point of these reactions. This
study focusses on the depolymerization of paraformaldehyde
and the influence of the commonly used carbonylation cata-
lysts [Pd(d'bpx)1*" (d'bpx = 1,2-Bis(di-tert-butylphosphinometh-
yl) benzene) and [Pd(dppp)l** (dppp = 1,3-Bis(diphenylphos-
phino) propane) on this depolymerization reaction. By using a
combination of in situ Raman spectroscopy, 'H, *'P, and
O NMR spectroscopy as well as density functional theory
(DFT) calculations we show that [Pd(d'bpx)]*" based com-
plexes raise the activation energy for the paraformaldehyde
depolymerization by more than two times and that this sur-
prising result can be explained by the complexation behavior
of [Pd(d'bpx)]*" fragments towards the chain end of the para-
formaldehyde molecule. We show that this coordination
lowers the electron density at important oxygen atoms which
in turn inhibits the depolymerization reaction. Furthermore, we
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were able to control this inhibitory process by switching from
[Pd(d'bpx)1** to [Pd(dppp)I*™.

Results and Discussion

To investigate in more detail the kinetics of the paraformalde-
hyde depolymerization in situ Raman spectroscopy was ap-
plied. Raman spectroscopy is an ideal characterization method
for this task as it can measure the concentration of H,C(OMe),,
which is the product of the paraformaldehyde depolymeriza-
tion in methanol (see Scheme 1) contactless inside the pressur-
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Scheme 1. Acid induced depolymerization of paraformaldehyde and acetal
formation of formaldehyde in methanol.

ized reactor. To monitor the H,C(OMe), concentration the v¢(O-
C-0) vibration at 913 cm~'?* was utilized, while the v(C-O) vi-
bration of methanol® was used as an internal reference. Fig-
ure 1a shows some representative Raman spectra, which have
been background corrected and normalized, after being col-
lected during the depolymerization of paraformaldehyde in
MeOH at 90°C. To evaluate the influence of the potential car-
bonylation catalyst [Pd(d'bpx)]** and the influence of tempera-
ture the Raman measurements were conducted at different
temperatures with and without Pd-phosphine complexes pres-
ent.

To extract kinetic information on the depolymerization of
paraformaldehyde only the data points where the final mea-
surement temperature has been reached (see Figure S4) were
used for a first-order kinetic fit. For example, selected data
points and their exponential first-order kinetic fit can be seen
in Figure 1b. The following equation was used as the kinetic
model [Eq (1)]:

P= Py-e k4P M

where t is the time, k the temperature dependent kinetic con-
stant, P the peak area of the v4(O-C-O) vibration, P, the starting
peak area and P, the final peak area. A first-order kinetic model
was used because it gave the best fit to the data compared to
a zeroth- order model (see Sl for extended discussion) and is in
line with polymerization experiments of formaldehyde.” The
results of the fitting procedure are summarized in Table 1. Fur-
thermore, the extracted temperature-dependent kinetic con-
stants were used in an Arrhenius plot to evaluated the activa-
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Figure 1. a) Showcase background corrected and normalized in situ Raman
spectra collected during the depolymerization of paraformaldehyde in
MeOH at 90°C with [Pd(d'bpx)]** from 0 to 7200 s. b) Raman peak area of
the v4(O-C-O) vibration plotted against reaction time. Each point is the aver-
age from 20 individual Raman spectra. The peak area corresponds to the for-
mation of H,C(OMe), and thus serves as an indicator for the depolymeriza-
tion of paraformaldehyde. These data points were recorded under thermo-
static conditions. To analyze the kinetic parameters of the depolymerization
the data points were fitted with a first-order exponential function. See

Table 1 for rate constants.

tion energy E, of the paraformaldehyde depolymerization. The
following Arrhenius equation was used [Eq. (2)]:

In(k) = In(A) 7%‘ G) (2)

in which A is the pre-exponential factor, T the absolute tem-
perature and R the gas constant.

As can be seen from Table 1 the depolymerization process
of paraformaldehyde is significantly slowed down when even
catalytic amounts (0.15 mol%) of the common carbonylation
catalyst [Pd(d'bpx)(MeOH),]*" are present in solution.
[Pd(d'bpx)]*" fragments formed from [Pd(d'bpx)(MeOH),]** act
as inhibitors in this reaction. This finding is also solidified by
the calculated activation energies: When [Pd(d'bpx)]** frag-
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Table 1. Kinetic significant digits of paraformaldehyde depolymerization as derived from in situ Raman spectroscopy measurements.
w/o cat [Pd(d'bpx)1** d'bpx [Pd(dppp)I** dppp NaOAc

k(60°C)x107* [s7'] 1 - 10 - 3 8
k(70°Q)x107* [s7"] 22 1 8 3 14 18
k(80°C)x107* [s7'] 31 1 20 8 14 25
k(90°C)x107* [s7"] 54 7 26 16 25 -
k(100°Cx107* [s7'] 79 20 40 24 66 -
Ex [kJmol™] 50 141 39 71 67 57
o(Ex) [kJmol "] 4 16 15 7 22 14

ments are present in solution the activation energy is nearly
three times larger (141 vs. 50 kJmol™") for the paraformalde-
hyde depolymerization compared to when the inhibitor is not
part of the reaction.

This strong influence of [Pd(d'bpx)]*" raised two questions:
(1) Why does even a small amount of the Pd complex have
such a drastic influence on the depolymerization reaction and
(2) how does the Pd complex interact with the paraformalde-
hyde molecule? To study the coordination behavior of
[Pd(d'bpx)]>" and paraformaldehyde a combined DFT and NMR
approach was used. To model paraformaldehyde in quantum
chemical calculations the oligomer MeO(CH,0),H was used.
MeO(CH,0),H is small enough to be analyzed by DFT calcula-
tions in a reasonable time frame while simultaneously featur-
ing all important molecular structures of paraformaldehyde.

First, the DFT calculations were focused on the coordination
behavior of the [Pd(d'bpx)]*" fragment towards MeO(CH,0),H.
The DFT calculations revealed that MeO(CH,0),H favors a k>-O-
OH coordination mode at the [Pd(d'bpx)]** fragment (see
Figure 2). This indicates that paraformaldehyde chains proba-
bly coordinate with their chain end to the [Pd(d'bpx)]*" frag-
ment. This affinity for the paraformaldehyde chain end could
explain why a small amount of [Pd(d'bpx)]*" based complexes
has a large influence on the depolymerization. Each parafor-
maldehyde chain features only two chain ends which in turn
lowers the effective concentration of reactive groups for the
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depolymerization process. Taken together with the low solubil-
ity of paraformaldehyde in MeOH even a low concentration of
[Pd(d'bpx)]*" fragments can be enough to selectively coordi-
nate to all available paraformaldehyde chain ends. As the de-
polymerization reaction starts at the chain end (see Scheme 1)
any modification to the molecular and electronic structure of
the chain end will have a drastic influence on the depolymeri-
zation of paraformaldehyde.

To strengthen the insights gained from DFT calculations a
series of NMR spectra were recorded (see Figures S5 and S16)
and combined with additional DFT calculations. The goal of
the NMR measurements was to evaluate the experimental
binding behavior of [Pd(d'bpx)]** fragments towards different
oxygen donors. To the best of our knowledge there is no syn-
thesis available to selectively generate formaldehyde oligo-
mers, like MeO(CH,0),H. To model the potentially multidentate
coordination behavior of paraformaldehyde featuring alcohol
and ether groups THF, diglyme, 2-methoxy ethanol (2-MeOE-
tOH) and MeOH were used. Pd(OAc), and d'bpx were dissolved
in a non-coordinating solvent (DCCl;) while the oxygen donors
were added stepwise to the mixture. The results are summar-
ized in Scheme 2.

Unfortunately, it was not possible to unambiguously identify
the structure of the Pd"-d'bpx complex in pure DCCl;. The
complex shows two *'P signals at 21 and 108 ppm indicating
an asymmetric species. We suspect an acetate bridged, multi-
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Figure 2. Relative Density Functional Theory (DFT) calculated free energies (in kJmol™") for [Pd(d'bpx)(MeO(CH,0),H)I*". The paraformaldehyde model MeO-
(CH,0),H can coordinate in four different ways to the [Pd(d'bpx)1*" fragment: k*-0-OH, «'-O, k'-OH and ¥?-0-O.
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Scheme 2. Results of co-solvent dependent NMR spectra and DFT calculated bindings energies to the [Pd(d'bpx)]*" fragment.

core Pd"-d'bpx complex. The NMR experiments revealed that
the binding affinity of the oxygen donors increases from THF
over diglyme and 2-MeOEtOH to MeOH. All resulting
[Pd(d'bpx)(solv), ,]** species are characterized by a single *'P
signal at around 58 ppm.?? This indicates that the
[Pd(d'bpx)(solv), ,]** complexes are symmetric on the NMR
time scale that thus the exchange rates of the solvent mole-
cules at the [Pd(d'bpx)]** fragment must be fast. An additional
low temperature experiment at —65°C for 2-MeOEtOH (see
Figures S17-518) showed a significant line broadening for the
3P signal at 59.6 ppm which indicates that the two phospho-
rus atoms in d'bpx become inequivalent at lower tempera-
tures. Therefore, it can be concluded that only one and not
two molecules of 2-MeOEtOH coordinates to the [Pd(d'bpx)]*"
fragment. This is backed up by DFT calculations showing that
the binding energy AG, for [Pd(d'bpx)(k*-2-MeOEtOH)I*" is
larger than for [Pd(d'bpx)(k'-2-MeOEtOH),]I>* (—46 vs.
+3 kimol™"). Overall the NMR measurements showed that al-
coholic oxygen atoms have a stronger affinity towards
[Pd(d'bpx)]*" fragments than etheric oxygens and that a k>-O-
OH coordination mode is possible at the Pd complex. These
findings support the hypothesis of the chain end «*-O-OH co-
ordination of paraformaldehyde to the [Pd(d'bpx)]** fragment.

As pointed out earlier the influence of the [Pd(d'bpx)]*"
fragment on the structure of the paraformaldehyde chain end
is detrimental to control its influence on the paraformaldehyde
depolymerization reaction. As can be seen from Scheme 1 the
paraformaldehyde depolymerization starts with a protonation
of the alcohol group at the chain end. We propose that the
change in electron density at the relevant oxygen atoms due
to the coordination of the [Pd(d'bpx)]** fragment significantly
inhibits the protonation step and thus the depolymerization
process.

Chem. Eur. J. 2020, 26, 5297 - 5302 www.chemeurj.org
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To investigate the change in electron density, again a combi-
nation of DFT calculations and NMR measurements was used.
To find out about the electron density at the coordinating
oxygen atoms (illustrated in Figure 3) 7O NMR spectroscopy
was combined with Voronoi density deformation (VDD) values
from DFT calculations. VDD is—just like Mullikan charges—a
concept to describe formal charges at individual atoms.””*
Smaller values indicate a high electron density at the respec-
tive atom while a large value indicates an atom with low elec-

high electron
density

lower electron
at O -

density
at O

Figure 3. DFT calculated geometries and electron densities for MeO(CH,0),H,
the [Pd(d'bpx)1*" fragment and [Pd(d'bpx)(MeO(CH,0),H)]** (k*-O-OH coor-
dination mode, hydrogen atoms omitted for clarity). Red color means high
electron density while blue color indicates a low electron density. The re-
duced electron density at the coordinating oxygen atoms in
[Pd(d'bpx)(MeO(CH,0),H)1*" is clearly visible.
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tron density. To probe the theoretical calculated formal charges
NMR spectroscopy was used. The chemical shift of an atom de-
pends on the electron density around the nucleus and thus
the chemical shift can be used as an indicator for the electron
density at a specific atom. Consequently, 7O NMR spectrosco-
py was used to investigate the electron density at the coordi-
nating oxygen atoms.

Unfortunately, O has a low natural abundance and low
NMR sensitivity so that reasonable signals can only be ob-
tained for pure substances or 'O enriched samples. As an ex-
ample to link theoretical VDD values and 'O NMR shifts
[Pd(d'bpx)(MeOH),]>" was measured in '’O enriched methanol.

As can be seen from Table 2 the oxygen atom in MeOH has
a VDD value of —0.251 and a 7O chemical shift of —33.7 ppm
(see Figure 4). In contrast to this MeOH coordinated to the
[Pd(d'bpx)]>" fragment has a VDD value of —0.210 and a '’O
shift of 27.9 ppm (see inset in Figure 4). It can be seen that
MeOH coordinates via the oxygen atom to the palladium ion
and that the electron density at the oxygen is reduced by this
coordination behavior. Therefore, the VDD value as well as the
chemical shift indicate that the coordinated oxygen atom be-
haves more like an etheric oxygen atom (7O shift Et,0:
16.6 ppm) then like an alcoholic oxygen atom.

As the other oxygen donors used in this study are not avail-
able as 70 enriched samples the calculated VDD values will be

Table 2. 7O NMR shifts and DFT-calculated VDD of oxygen containing
species.

Compound 70 shift(s) [ppm] VDD
MeOH —33.7 —0.251
EtOH 8.3 —0.249
Et,0 16.6 —0.185
THF 18.8 —0.210
diglyme-C,H,-0-C,H, -13 —0.192
-O-Me —21.8 —0.187
2-methoxy ethanol-O-H -33 —0.254
-0O-Me —-21.9 —0.200
[Pd(d'bpx)(MeOH),]** 27.9 —0.210
[Pd(MeOH),J** [Pd(d'bpx)(MeOH),]** MeOH
40 30 20 10
RS 7
SR 7
y 4
~ 7/
R iy ) \
________ 1]
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Figure 4. 70O NMR of [Pd(d'bpx)(MeOH),]** in 'O enriched methanol

(20 mol%). The low field shift from —33.7 to 27.9 ppm indicates that the
electron density at the coordinating oxygen atoms is reduced by the
[Pd(d'bpx)]*" fragment. The signal at 34.5 ppm can be assigned to solvated
Pd** ions by adding additional Pd(OAc),.
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used to gain insight into the oxygen electron density for the
other co-ligands (see Table S1). As can be expected from the
coordination experiment in methanol the electron density at
all coordinating oxygen atoms decreases. The change in elec-
tron density is more pronounced for coordinating alcoholic
oxygen atoms (+0.046) than for coordinating etheric ones
(4-0.013). The [Pd(d'bpx)(MeO(CH,0),H)]*" complex is no dif-
ferent in this case.

As initially proposed the electron density at the coordinating
oxygen atoms is reduced and thus most likely the protonation
at the paraformaldehyde chain end is inhibited.

With the results from DFT calculations and NMR spectrosco-
py in mind it can be concluded that the end of the paraformal-
dehyde polymer chain coordinates with two oxygen atoms to
the [Pd(d'bpx)]*" fragment and that this coordination behavior
lowers the electron density at the oxygen atoms significantly.
The reduced electron density makes an electrophilic attack of
a proton, which is the first step in the depolymerization of
paraformaldehyde, less likely/more energy intense. This result
is in line with the initially observed inhibitory influence of
[Pd(d'bpx)]*" fragments on the depolymerization of parafor-
maldehyde which induced a very high activation energy
(141 kJmol™) for the depolymerization.

Considering the electronic and structural influence of the
[Pd(d'bpx)]*>" fragment on paraformaldehyde it should be pos-
sible to control the inhibitory properties of the Pd complex by
changing the utilized diphosphine. For a proof-of-concept
study dppp was chosen. It is not as rigid as d'bpx and the elec-
tronic structure at the coordinating phosphorus atoms is al-
tered by exchanging the tert-butyl groups for phenyl groups.
In case of a coordination the phenyl groups should stabilize
the system via their M-effect.

As can be seen from Table 1 the activation energy drops sig-
nificantly when [Pd(dppp)]** based complexes are used in-
stead of [Pd(d'bpx)]** based ones (51 vs. 141 kJmol™). Using
DFT calculations (see Table S1) it can also be shown that the
electron-withdrawing effect of the [Pd(dppp)]*" fragment at
the coordinating OH group in [Pd(dppp)(MeO(CH,0),H)I*" (k*
O-OH) is slightly weaker than the electron-withdrawing effect
of the [Pd(d'bpx)]*" fragment. This experiment nicely proves
that the inhibitory properties of palladium complexes can be
tuned by altering the diphosphine ligand structure. This en-
ables a tool for the controlled release of formaldehyde espe-
cially during ,CO-free” carbonylation reactions.

Conclusions

The present study nicely demonstrates how even small
amounts of a metal complex can drastically alter the reactivity
of paraformaldehyde by changing the electron density at its
reactive sites. We demonstrated an inhibitory influence of Pd
complexes on the depolymerization of paraformaldehyde and
showed how the properties of the homogeneous catalyst can
be studied and consecutively tuned to meet the need for con-
trol. We believe that the discovered inhibitory effect and how
it can be controlled is very important to fully understand the

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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depolymerization of paraformaldehyde especially in the con-
text of ,CO-free” carbonylation reactions.

Experimental Section

All experimental details (Raman spectra, NMR spectra, NMR assign-
ments, DFT calculated structures and DFT calculated IR spectra) are
described in the Supporting Information.
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