2)

Effect of copper salts on hydrothermal oxidative
decarboxylation: A study of phenylacetic acid

ChemComm

ChemComm

Journal:

ChemComm

Manuscript ID

CC-COM-12-2019-009825.R2

Article Type:

Communication

SCHOLARONE™
Manuscripts




Page 1 of 5

ChemGEomm

Effect of copper salts on hydrothermal oxidative decarboxylation:
A study of phenylacetic acid

Received 00th January 20xx,

Accepted 00th January 20xx R. Glein,® and Ziming Yang *?

DOI: 10.1039/x0xx00000x

Decarboxylation of carboxylic acids is favored under hydrothermal
conditions, and can be influenced by dissolved metals. Here, we use
phenylacetic acid as a model compound to study its hydrothermal
decarboxylation in the presence of copper (ll) salts but no O,. Our
results showed a strong oxidizing role of copper in facilitating
oxidative decarboxylation.

Organic compound transformations in hydrothermal systems are of
great importance to a wide range of chemical and geological
processes, including degradation of sedimentary organic matter,
metabolism in the subsurface biosphere, and the deep carbon
cycle.* Unlike at ambient conditions, water at elevated
temperatures and pressures assumes key properties that promote
organic reactions. For example, hydrothermal water has a
considerably lower dielectric constant but a higher dissociation
constant (Ky) than ambient water, making it not only a good solvent
for organic molecules but also providing Brgnsted acid and base
catalysts in the form of increased concentrations of H* and OH-.5 6
The chemistry of a variety of organic functional groups has been
examined under hydrothermal conditions, and their reaction
pathways and mechanisms have been elucidated.”12 In particular,
reversible and irreversible interconversions between organic
functional groups have been proposed in sedimentary basins,! and
experimental data were collected showing the interconversions
between alkanes, alkenes, alcohols, aldehydes/ketones, and
carboxylic acids.” 13 However, the hydrothermal chemistry of organic
compounds can be influenced by the surrounding rocks and
minerals, and water-rock interactions can release dissolved metal
species that potentially dominate hydrothermal organic reactivity.
Transformations of organic molecules could be promoted by the
presence of minerals, and indeed some remarkable hydrothermal
redox reactions have been observed.1*1” For example, reduction of
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ketones to alcohols can be facilitated by iron sulfide minerals,’®
oxidation of alcohols to aldehydes can be efficient in the presence of
copper (l1),24 and selective reduction of alkenes to alkanes is feasible
using Fe/Ni under hydrothermal conditions.®

Organic-inorganic hydrothermal reactions are also of growing
interest to green chemistry. The concept of “geomimicry” has been
proposed, which applies relatively benign and Earth-abundant
materials (e.g., iron, copper, zinc) to organic synthesis, rather than
the use of toxic or rare metal catalysts.1# 16 For example, copper salts
have been used as effective catalysts for organic oxidation in green
chemistry,18 19 but the reactions usually require O, to be present as
the oxidant.2> 21 In a previous study, we found that under
hydrothermal conditions copper (l1) chloride was an efficient oxidant
for alcohols, even in the absence of 0,.14 The oxidizing role of copper
could create novel redox pathways for organic compounds in both
natural and human-made hydrothermal systems. For example, deep-
sea mining indicates that copper-bearing minerals were deposited at
the seafloor from hydrothermal fluids,?2 23 and these minerals could
release dissolved copper species that interact with organic carbon.
Here we investigate the scope of hydrothermal organic oxidation
using a suite of copper (l1) salts, and we describe results that compare
effects of different cupric salts in oxidative decarboxylation of
carboxylic acids. Carboxylic acids are known to undergo
decarboxylation under hydrothermal conditions,2 24 25 put studies
of hydrothermal interactions between carboxylic acids and inorganic
species are few, and in particular, the effect of dissolved metal ions
on acid decarboxylation is largely unknown. In this study, we use
phenylacetic acid (PAA) as a model compound to examine the effects
of cupric salts, based on its known hydrothermal chemistry and
predictable decarboxylation pathways.12 14 Results from this work
may provide new insights into the roles of dissolved metal species in
organic transformations under hydrothermal conditions.

Hydrothermal experiments were performed in fused silica glass
tubes using a previously developed method.26 In short, 0.03 mmol of
PAA was weighed and carefully transferred into the tube through a
Pasteur pipette. A 0.3 mL aliquot of metal salts solution (0.2 molal in
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Fig. 1 Hydrothermal decarboxylation of phenylacetic acid (PAA) in the presence

of copper or sodium salts at 200 °C and 15 bar (Psat) for up to 6 hours.

degassed and deionized water) was subsequently added using a gas-
tight micro-syringe, to reach a molar ratio of 1:2 between PAA and
the divalent metal ions. The 1:2 ratio was used to ensure enough
organic-metal interactions but also to avoid high metal
concentrations that may exceed the “geomimicry” concept. In
sodium salts experiments, the anions concentrations were kept the
same as those in copper salts experiments, with a molar ratio of 1:4
between PAA and the sodium ions, except for sodium sulfate (1:2).
The headspace air in silica tubes was evacuated through three pump-
freeze-thaw cycles and the tubes were sealed with an oxyhydrogen
flame under vacuum. The sealed tubes were then heated in a gas
chromatography (GC) oven at 200 2C for up to 6 hours. The pressure
inside the tube was calculated to be ca. 15 bar (Ps.: at 200 2C) based
on thermodynamics calculations using SUPCRT92.27

Experiments were conducted under a hydrothermal condition
(200 9C and 15 bar) in the absence of O,, and the effects of four
copper (ll) salts including CuCl,, copper sulfate (CuSO.), copper
acetate [Cu(OAc)z], and copper nitrate [Cu(NOs),] were compared. At
200 °C, PAA reacted very slowly in pure hydrothermal water, with a
< 2% decomposition after 6 hours. In the presence of the copper
salts, however, more than 40% of the acid was degraded after 6
hours (Fig. 1). Time-series experiments showed that the
decomposition of PAA mostly occurred in the first 2 hours and then
reached a steady state (Fig. 1). Among the four copper (ll) salts with
the same concentration of copper (i.e., 0.2 molal), the trend in

80

decomposing PAA followed as copper nitrate >> copper chloride =
copper acetate > copper sulfate, with copper nitrate exhibiting the
most significant effect (e.g., ~70% acid decomposition after 2 hours).
Experiments with a lower molar ratio of 1:4 between PAA and copper
(I1) were also conducted, in which even higher decomposition of PAA
was observed when larger amounts of copper (Il) were used (Table
S1). In contrast, hydrothermal experiments with sodium salts with
the same counterions showed negligible PAA decomposition (all
below 2% after 4 hours) (Fig. 1), suggesting the reactions were not
driven by the anions or nitrate alone. These results demonstrate
different effects of copper salts on carboxylic acid decomposition,
which could be attributed to the formation of different copper (Il)
complexes under the hydrothermal condition (see below).

Copper (ll)-facilitated PAA hydrothermal transformation was
proposed to undergo a series of oxidative steps starting with
oxidative decarboxylation to form benzyl alcohol, then
benzaldehyde, and benzoic acid (Scheme 1).
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Scheme 1. Proposed hydrothermal oxidative decarboxylation pathway from
phenylacetic acid (PAA) to benzyl alcohol, benzaldehyde, and benzoic acid in
the presence of copper (lI).

In these steps, copper ions were proposed to serve as a reactive
oxidant to promote acid decarboxylation and the following oxidation
of primary products. UV-Vis spectroscopy analysis showed that the
dissolved copper (ll) was mostly consumed after the reaction (Fig.
S3), which verifies the oxidative role of copper (ll) in this reaction
scheme. Benzaldehyde and benzoic acid were formed as the major
products of PAA, but their distributions were dependent on the type
of copper (l1) salts. As shown in Fig. 2, all copper experiments showed
trends of increasing concentrations of benzaldehyde and benzoic
acid over time, except for copper nitrate which showed a decreasing
concentration of benzaldehyde that implies a second derivative after
0.5 hours. To compare the oxidizing effects between the copper salts,
the ratio of benzoic acid to benzaldehyde was calculated. Fig. 2c
shows that the acid:aldehyde ratios were between 0.3 and 2.3 in the
presence of copper chloride/sulfate/acetate, whereas the ratio in
the copper nitrate experiment substantially increased to a value of
47.6 after 6 hours. This high acid:aldehyde ratio indicates that copper
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Concentrations (mmolal) of major product benzaldehyde (a) and benzoic acid (b), and ratios of benzoic acid/benzaldehyde vs. time in hydrothermal experiments of

PAA with copper chloride (blue circles), copper sulfate (orange squares), copper acetate (green diamonds), and copper nitrate (red triangles) at 200 °C and 15 bar (Psat).
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(1) nitrate was a much stronger oxidant than the other copper salts
in hydrothermal transformation of carboxylic acids.

Because sodium salts did not show any oxidizing effects under
the same hydrothermal condition (Fig. 1), we hypothesize that the
main driver of oxidative decarboxylation could be complexes
between copper (ll) and the anions, rather than freely solvated
copper (ll). Indeed, thermodynamic calculations on copper
speciation under similar hydrothermal conditions (e.g., 250 2C and
40 bar) suggested that the dominant forms of aqueous copper
species were copper complexes (e.g., with chloride or acetate)
instead of uncomplexed copper (l1).14 To investigate the effect of the
nitrate complex, other divalent but non-oxidizing metal ions
including magnesium (Mg?*), zinc (Zn%*), and nickel (Ni%*) were
studied in the form of nitrate salts to react with PAA at 200 C for 4
hours, respectively. Compared to sodium nitrate, magnesium nitrate,
zinc nitrate, and nickel nitrate all increased the PAA conversion by
10-15%, with benzaldehyde and benzoic acid formed as the major
products (Fig. 3). Since these metals are non-oxidizing, forming the
oxidation products implies a potential oxidizing role of divalent
metal-nitrate complexes in the hydrothermal system. Interestingly,
all three metal nitrates yielded more benzoic acid than benzaldehyde
(acid/aldehyde ratio between 3.6 and 4.5), indicating the oxidation
step from benzaldehyde to benzoic acid was promoted by the
presence of nitrate. However, the PAA decomposition with non-
oxidizing metal nitrates was not comparable to that with copper
nitrate (Fig. 3), suggesting that the oxidative decarboxylation was
mainly driven by the copper (II) complexes, whereas the oxidation of
benzaldehyde was facilitated by the nitrate (Scheme 1).

To further study the copper complexation, Raman spectroscopy
analysis was also performed for hydrothermal experiments with PAA
and with PAA + CuCl,, respectively. Raman spectra were collected
every 30 minutes during a 2-hour hydrothermal reaction of PAA at
200 °C, and the peaks were assigned according to Lin-Vien et al
(1991).22 No obvious changes were observed in the PAA alone
experiment (Fig. 4a), which is consistent with the low reactivity of
PAA under the hydrothermal condition. In the presence of CuCly,
however, several significant changes are observed in the spectra (Fig.
4b). The C=0 group became more abundant through the
hydrothermal process, which is consistent with the production of
benzaldehyde and benzoic acid from PAA. The intensity of a Raman
response is equal to the product of the input laser energy, the
number of oscillators, and the Raman cross-section of the
vibration;28 the Raman cross-section is proportional to the change in
polarizability induced during the vibration. The increased C=0 and
C=C (from the benzene ring) intensities in Fig. 4b could be explained
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Fig. 3 Hydrothermal decarboxylation of PAA (a) and its product distribution (b) in
the presence of magnesium nitrate, zinc nitrate, nickel nitrate, and copper nitrate at 200
°C and 15 bar (Psar) after 4 hours.
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by a higher cross-section of the vibration in benzaldehyde and
benzoic acid than that in PAA, since an increased proximity of the
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Fig. 4 Time-series Raman spectroscopy analysis (every 30 minutes) on hydrothermal

decarboxylation of PAA (a) and PAA with copper chloride (b) at 200 °C and 15 bar (Psat)
for up to 2 hours. Dashed lines indicate major peaks with assignments taken from Lin-
Vien et al. (1991). Aro = aromatic, Ssym = symmetric.

aromatic ring to the C=0 moiety may induce a greater change in
polarizability during vibration. More interestingly, an increasing
fluorescence was detected over the reaction time, which may
suggest the formation of copper-coordinated complexes in the
system.231 These Raman results provided additional evidence for
the presence of copper complexes in the PAA experiments.

Copper (ll) nitrate is a readily available cupric salt and has
emerged as a versatile reagent for organic synthesis.3? It has been
used as an oxidizing agent and also a Lewis acid catalyst. For example,
an organic synthesis study showed that copper nitrate allows facile
oxidative decarboxylation of benzoyl formic acid to form benzonitrile
in the presence of aqueous ammonium and 0,3 although the
reaction conditions were quite different from the current work. To
investigate whether copper nitrate played a role of Lewis acid in this
decarboxylation, we chose another common Lewis acid — copper (Il)
triflate [Cu(OTf);] to study. The triflate ion is weakly nucleophilic,
which makes the cupric ion more cationic and Cu(OTf); a stronger
Lewis acid than Cu(NOs),.3* At the same experimental conditions at
200 °C, however, we found the conversions of PAA after 1 and 2
hours were 4.4+0.2% and 14.6+0.3%, respectively, which were much
lower than those in the Cu(NOs), experiments (Fig. 1). In contrast,
experiment of PAA with a mixture of Cu(OTf); and NaNOs yielded
similar conversion to that with Cu(NOs), (Table S1). These results
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further suggest that the complexation, instead of Lewis acidity, is
more important to enhance the oxidative ability of copper (l1).

Copper nitrate experiments with substituted phenylacetic acids,
including p-tolylacetic acid and p-fluorophenylacetic acid, were also
conducted to further clarify the decarboxylation mechanism. At 200
oC, the acid conversions after 1 hour were 42.1+0.3% and 13.6+0.2%
for p-tolylacetic acid and p-fluorophenylacetic acid, respectively,
while the conversion for parent PAA was 36.1+0.1%. This conversion
trend (p-tolylacetic acid > PAA > p-fluorophenylacetic acid) thus
suggests a carbocation intermediate (in Scheme 1), since the
electron-donating substituent (—CHs) on the benzene ring
accelerated the reaction, whereas the electron-withdrawing
substituent (—F) slowed down the reaction. In addition, experiments
starting with benzyl alcohol were also performed, and results
showed that benzaldehyde and benzoic acids were formed as the
major products (Fig. 5), which further support the reaction steps
proposed in Scheme 1. Specifically, in the presence of CuCl,, CuSOa,
and Cu(OAc),, the benzyl alcohol conversions were below 40% with
an acid:aldehyde ratio <0.1, while in the presence of Cu(NOs); the
conversion was nearly 100%, with a ratio increased to 15.1. These
observations are also consistent with the PAA experiments, in which
copper nitrate behaved as the strongest oxidant.

In conclusion, the fact that the organic reactivity and product
distribution were dependent on the type of copper salts highlights a
selective role of metal ions/complexes in hydrothermal organic
redox transformations. The unique properties of water at high
temperatures and pressures not only allow organic reactions to
occur in aqueous medium, but also influence the speciation and
complexation of dissolved metals, which can selectively control
organic redox transformations in hydrothermal environments. While
the majority of hydrothermal organic geochemistry research have
been focusing on organic-mineral interactions, this work provides
new insights into the hydrothermal interactions between organic
and dissolved metal species, which are important to further our
understanding of hydrothermal systems, as well as to discover more
“geomimicry” approaches in green chemistry.14 16
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