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Abstract

Mechanistic interpretations of how organic reactions happen can enhance the predictive capacity of models for geochem-
ical transformations built on thermodynamic and kinetic relations. In this study, the mechanisms of hydrothermal carboxylic
acid decarboxylation reactions are explored using aqueous solutions of the model compound phenylacetic acid, its ring-
substituted derivatives, and their sodium salts. Time-series experiments in gold capsules are performed at 300 °C and
1034 bar, and analyzed using gas chromatography. The decarboxylation products are the appropriately substituted toluene
and CO, or HCO3 depending on the pH. It is found that the decarboxylation reaction is irreversible at the studied conditions,
consistent with the expectation of a strong thermodynamic drive at elevated temperatures. Decarboxylation of both the acid
and anion forms of phenylacetic acid follow first-order kinetics, with apparent rate constants of 0.044 + 0.005h™" ([1.2
+0.14] x 1072 sfl) and 0.145 +0.02 h~! ([4.0 +£0.56] x 10~° sfl), respectively. However, trends in the reaction rate with
changes in the electronic properties of methyl and fluoro substituents reveal that the two forms of phenylacetic acid decar-
boxylate via two different mechanisms. It is inferred that the associated phenylacetic acid molecule decarboxylates by the for-
mation of a ring-protonated zwitterion, whereas the acid anion directly decarboxylates to a benzyl anion. Zwitterionic
mechanisms of activation to decarboxylation may be applicable to other aromatic acids (e.g., benzoic acid) having unsatura-
tion that is alpha- or beta- to the carboxyl group, as well as to aliphatic acids that can be converted to o,f5- or ff,y-unsaturated
acids in natural hydrothermal systems. For acids lacking suitable unsaturation (e.g., acetic acid) or at higher pH, carbanion
mechanisms may predominate in hydrothermal fluids. In these cases, there is potential to predict decarboxylation rates from
the pK, of the hydrocarbon product. The finding of speciation-dependent reaction mechanisms implies that host rocks of
aqueous fluids are key to determining decarboxylation rates, as a consequence of water-rock reactions that control fluid pH.
© 2019 Published by Elsevier Ltd.
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1. GEOCHEMICAL ORGANIC TRANSFORMATIONS
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organic synthesis during fluid-rock reactions in icy ocean
worlds (Postberg et al., 2018), and perhaps the geochemical
processes from which biochemistry emerged (Shock and
Boyd, 2015; Canovas and Shock, 2016; Martin, 2016;
Weiss et al., 2016; Sousa et al., 2018). Processing of organic
compounds at shallow and deep submarine hydrothermal
systems has emerged as a focus of efforts to quantify fully
the marine carbon cycle upon which life in the oceans
and within the oceanic crust depends (Lang et al., 2010;
2012; 2013; 2018; Hawkes et al., 2015; 2016; Klein et al.,
2015; McDermott et al., 2015; LaRowe et al.,, 2017;
Fortunado et al., 2018; Tully et al., 2018). Meanwhile, the
growing recognition that organic transformations can feed
the deep biosphere in seafloor sediments (Wellsbury et al.,
1997; Heuer et al., 2009; Riedinger et al., 2015; Walsh
et al., 2016; Trembath-Reichert et al., 2017; Bradley et al.,
2018; Graw et al., 2018; Kevorkian et al., 2018; Reese
et al., 2018; Zinke et al., 2018), continental sedimentary
basins (Fredrickson and Balkwill, 2006; Flores et al.,
2008; Ulrich and Bower, 2008; Fry et al., 2009; Breuker
et al., 2011; Schlegel et al., 2011; Wouters et al., 2013;
Parnell and McMahon, 2016; Robbins et al., 2016), and
throughout subsurface habitats in crystalline rocks
(Pedersen and Ekendahl, 1990; Pedersen, 1997; Onstott
et al., 2003; Lin et al., 2006; Sahl et al., 2008; Fukuda
et al., 2010; Konno et al., 2013; Suzuki et al., 2014; Ino
et al., 2016; 2018; Magnabosco et al., 2016; Simkus et al.,
2016; Momper et al., 2017; Parnell et al., 2017; Drake
et al., 2018; Walter et al., 2018), calls attention to how such
reactions allow the expansion of life into the Earth’s crust.

Predicting which organic transformations happen where
and when is enabled by thermodynamic and kinetic models
that attain maximum rigor when coupled with mechanistic
understanding of how reactions occur. The focus of this
investigation is to determine the mechanisms of decarboxy-
lation of a suite of aromatic acids and acid anions. Decar-
boxylation is a major irreversible step in geochemical
organic transformations that influences how petroleum
hydrocarbons form in source rocks and are altered at reser-
voir conditions (Seewald, 2001a; 2001b; 2003), and can
determine whether carboxylic acids are found in the geo-
chemical and cosmochemical records (Cooper and Bray,
1963; Shimoyama and Johns, 1971; Willey et al., 1975;
Carothers and Kharaka, 1978; Fisher, 1987; Means and
Hubbard, 1987; Somerville et al., 1987; Shock, 1988;
1989; 1994; 1995; MacGowan and Surdam, 1990; Barth,
1991; Lundegard and Kharaka, 1994; Stremgren et al.,
1995; Amend et al., 1998; Utvik, 1999; Zeng and Liu,
2000; Franks et al., 2001; Varsanyi et al., 2002; Zeng
et al., 2002; Schulte and Shock, 2004; Veith et al., 2008;
Ong et al., 2013; Glombitza et al., 2015; Zhu et al., 2015;
Pizzarello and Shock, 2017; Konn et al., 2018).

At elevated temperatures and pressures, aqueous car-
boxylic acids decarboxylate, to form a hydrocarbon and
carbon dioxide as in

RCOOH (carboxylic acid) — RH (hydrocarbon) + CO,,
(1)

where R denotes a generic organic alkyl or aromatic group.
Calculated equilibrium constants (K) consistent with reac-

tion (1) for several aqueous carboxylic acids are shown as
functions of temperature at 1kb in Fig. 1. The positive
log K values indicate that decarboxylation products tend
to be favored over the reactants, and that the drive for
decarboxylation increases with increasing temperature.
Note that at the temperature of the experiments described
here, 300 °C, decarboxylation reactions for many alkanoic
and aromatic acids have similar equilibrium constants, indi-
cating that the product of the thermodynamic activities of
aqueous CO, and hydrocarbons would exceed by ~10°
the activity of the aqueous acid at equilibrium. These
results are consistent with the suggestion that elevated con-
centrations of carboxylic acids in natural solutions are pre-
served in metastable states relative to the decarboxylation
reaction (Shock, 1988; 1989; 1994; Helgeson et al., 1993).
In the present study, we identify mechanisms of decar-
boxylation of carboxylic acids in water at high temperature
and pressure by determining the rate constants for reaction
of the model compound phenylacetic acid (PAA). PAA was
selected for study because changes in the electronic proper-
ties of the aromatic ring lead to predictable thermodynamic
and kinetic consequences that can reveal reaction mecha-
nisms (Anslyn and Dougherty, 2006). As a result, reaction
mechanisms can be deduced by studying how the rate of
decarboxylation responds to different substituents on the
aromatic ring. Analogous studies with the more geochemi-
cally abundant acetic acid are not possible. Another advan-
tage of PAA is that the carbon atom bonded to the
carboxyl group is a benzylic carbon that can stabilize ionic

aqueous acid <=> aqueous hydrocarbon + COz(aq)
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Fig. 1. Equilibrium constants for carboxylic acid decarboxylation
consistent with reaction (1), at 1 kilobar and temperatures from 50
to 500 °C, calculated with standard state thermodynamic data for
aqueous carboxylic acids from Shock (1995), aqueous CO, from
Plyasunov and Shock (2001), and aqueous hydrocarbons from
Shock and Helgeson (1990) or Plyasunov and Shock (2001). Note
that log K values are all positive and become increasingly positive
with increasing temperature, which reveals the underlying thermo-
dynamic drive for organic acid decarboxylation at hydrothermal
temperatures and pressures. Experiments in this study were
conducted at 300 °C (vertical dashed line), where many log K
values are similar for alkanoic and aromatic acids.
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and radical reaction intermediates by resonance, resulting in
faster reactions that are more compatible with the labora-
tory timescale. Furthermore, the product of decarboxyla-
tion of PAA is toluene, which is readily extracted into an
organic solvent for quantitative analysis. Finally, other reac-
tions that can compete with decarboxylation are largely
eliminated owing to the inertness of the aromatic ring
(McCollom et al., 2001). We reiterate that phenylacetic acid
is being treated as a convenient and information-rich model
to elucidate principles that may then be applied to more geo-
chemically relevant compounds (see Section 5). Phenylacetic
acid is not reported to be present in natural hydrothermal
systems, although there are reports documenting its pres-
ence in groundwater (Cozzarelli et al., 1995; Schmitt et al.,
1996; Thorn and Aiken, 1998; Di Gioia et al, 2001) where
it may be consumed by microbes that produce toluene
(Beller et al., 2018; Moe et al., 2018). The structures, names,
and abbreviations of the PAAs studied here are given in
Table 1. The sodium salt of phenylacetic acid, sodium
phenylacetate, is abbreviated as Na-PA.

This study has four primary objectives: (1) to demon-
strate the power of substituent effects in revealing funda-
mental details about geochemical decarboxylation
reactions; (2) to determine how the rate constants and
mechanisms of decarboxylation can be influenced by the
speciation between carboxylic acid and carboxylate species;
(3) to deduce the mechanisms of decarboxylation for
phenylacetic acid and its carboxylate under hydrothermal
conditions; and (4) to show how mechanistic information
from a model system can lead to a more general under-
standing of decarboxylation in natural systems. This paper
is one in a series of mechanistic studies of functional group
chemistry in aqueous solutions at high temperatures and
pressures (Yang et al., 2012; 2014; 2015; 2018; Shipp
et al., 2013; 2014; Venturi et al., 2017; Bockisch et al.,
2018; Robinson et al., 2019; Fecteau et al., 2019).

2. EXPERIMENTAL METHODS

Hydrothermal experiments were performed in gold (Au)
capsule reactors (5Smm outer diameter x 0.127 mm wall
thickness x 37.5 mm length, Au tubing from Depths of
the Earth, Co.). The quoted purity of the Au tubing was
99.99% with impurities of Cu, Fe, or Ag of <50 ppm. Gold
was used because previous work suggested that it is among
the least active heterogeneous catalysts for acetic acid
decarboxylation (Palmer and Drummond, 1986). The
mechanical flexibility of Au allows the reaction vessels to
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be pressurized significantly above the saturation pressure
of water, eliminating the possibility of generating a vapor
phase (if a vapor phase were present, there would be ambi-
guity as to whether decarboxylation occurred in the aque-
ous or vapor phase). Pre-cut Au tubes were cleaned by
boiling in 12 M HCI for 30 min, rinsed three times with
high-purity water (18.2 MQ-cm), then annealed by heating
at 600 °C for 12 h. Subsequently, one end of each tube was
sealed by arc-welding, and the starting material (200 umol)
and Ar-sparged, high-purity water (200 pL) were loaded
into each tube. Reagents were of the highest purity com-
mercially available (see below) and used without further
purification. The headspace of each Au capsule was purged
with ultra-high purity (99.999%) argon for 2 min to mini-
mize the amount of air in the capsule. Capsules were sealed
by arc-welding without evaporative loss of water by sub-
merging the closed end of the capsules into an H,O-
CH3;0H cold bath that had been chilled to a slurry using
liquid N». The sealed capsules were tested for leaks prior
to use by placing them in an oven at 110 °C for 10 min
and checking for loss of mass.

A relatively high concentration of starting material (~1
molal) was used to minimize errors in weighing and loading
small quantities of the solid. Nevertheless, this quantity of
PAA is soluble under the experimental conditions since
PAA has an aqueous solubility of at least 1 m at 300 °C
(PAA solubility is reported to increase from 0.130 m at
25°C to 0.686 m at 86.7 °C; Morrison, 1944), consistent
with the general trend of increasing organic compound sol-
ubility as water becomes a less polar solvent at higher tem-
peratures (e.g., Price, 1981; Neely et al., 2008; Shock et al.,
2013). The substituted PAAs are sufficiently similar to the
parent (Table 1) that their solubilities should not be signif-
icantly different from that of PAA.

Gold capsules containing a phenylacetic acid and water
were placed into a stainless-steel cold-seal pressure vessel
(Williams et al., 2001). The vessel was pressurized with water
and heated in a preheated furnace. Owing to the large heat
capacity of the vessel, 2-3 h of heating was required to reach
the experimental temperature of 300 °C. To avoid a temper-
ature effect on the kinetic analysis owing to this slow heat-
ing, zero time (# =0) for the experiments was defined as
2 h after the vessel was placed in the furnace. This means
that there may be some product present at = 0. The vessel
was heated at 1034 bar (15,000 psi), which is similar to pres-
sures at depths of several km in the Earth’s crust, depending
on the geological environment (i.e., lithostatic vs. hydro-
static pressure). Temperature was measured using a

Table 1
Ring-substituted phenylacetic acids studied in this work.
R Ry R, R; Name of Compound Abbreviation
: H H H Phenylacetic acid PAA
R, OH CH; H H para-Methylphenylacetic acid p-Me-PAA
|| H CH; H meta-Methylphenylacetic acid m-Me-PAA
(0] H H CH; ortho-Methylphenylacetic acid 0-Me-PAA
R1 H F H H para-Fluorophenylacetic acid p-F-PAA
H H F H meta-Fluorophenylacetic acid m-F-PAA
H H F ortho-Fluorophenylacetic acid o-F-PAA
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corrosion-resistant thermocouple, and pressure was mea-
sured using a Bourdon gauge. The uncertainties are <5 °C
in temperature and 450 bar in pressure (Williams et al.,
2001). Reactions were performed at 300 °C to expedite reac-
tion rates, although it is understood that many diagenetic
reactions of organic compounds occur at lower tempera-
tures over longer durations (e.g., Tissot and Welte, 1984).
Experiments were performed at 300 °C and 1034 bar for
various time periods (hours to days) to collect abundance
versus time data. Once the desired time period was reached,
the experiment was quenched by submerging the pressure
vessel in a cold-water bath. The gold capsules were weighed
to confirm that no leaks occurred during the experiment.
Leak-free capsules were rinsed with methylene chloride
(CH,Cl,) to remove any organic contaminants from the
exterior of the capsule, and placed into 4 mL glass vials con-
taining 3.0 mL of a solution of gas chromatography (GC)
internal standards (see below). Capsules were opened while
submerged in the CH,Cl, solution by puncturing them with
a rinsed blade. The vials were then capped and shaken to
extract organic compounds into the CH,Cl, phase. A stoi-
chiometric excess of aqueous HCI was added to the vials to
facilitate the recovery of the starting material, because the
deprotonated carboxylate is too hydrophilic to be extracted
into the organic solvent. It was found that the organic reac-
tants and products are sufficiently hydrophobic that they can
be analyzed by GC without prior derivatization.
Quantitative analysis was performed using a Varian CP-
3800 gas chromatograph. Organic compounds were sepa-
rated using a poly(5% diphenyl/95% dimethylsiloxane) col-
umn (Equity-5, Supelco, Inc.), and detected using a flame
ionization detector. Organic products were identified using
commercial standards, and quantities were determined
using linear calibration curves that were referenced to inter-
nal standards. Initially, we used ethylbenzene (24.5 pmol
per sample) as standard for both the reactant and products
in experiments with m-Me-PAA, p-F-PAA, and o-F-PAA.
We later switched to n-decane (15.4 umol per sample) as
standard for all organic products, as our group decided to
adopt it as a uniform standard across several contempora-
neous studies (Yang et al., 2012; Shipp et al., 2013;
Bockisch et al., 2018; Fecteau et al., 2019). In the later
experiments performed here, we used different PAAs
(80 umol per sample) as standards for other PAAs, as it
was observed that their similar peak shapes gave the great-
est reproducibility compared with the other standards. All
of the standards were tested to ensure that the analyte
and standard peaks did not overlap. A list of standards
can be found in the Supplementary Online Materials
(SOM). The GC conditions were as follows. The injector
was set to 275 °C with a split ratio of 15. The oven temper-
ature started at 40 °C with an immediate ramp of 10 °C/min
to 140 °C; the heating rate was then decreased to 5 °C/min
until the oven reached 220 °C, after which there was a final
period of heating to 300 °C at a rate of 20 °C/min. The
detector was kept at 300 °C throughout the analysis. Trip-
licate autosampler (Varian CP-8400) injections were per-
formed to verify the reproducibility. Representative
chromatograms for each experimental system are provided
in the SOM. The material balance was computed from the

number of moles of benzene rings in the reactant and
products.

Materials and sources include: phenylacetic acid
(Aldrich, 99%), p-methylphenylacetic acid (Alfa Aesar,
99%), m-methylphenylacetic acid (Alfa Aesar, 99%),

o-methylphenylacetic acid (Aldrich, 99%),
p-fluorophenylacetic acid (Alfa Aesar, 98%), m-fluoro-
phenylacetic acid (Alfa Aesar, 98%),

o-fluorophenylacetic acid (Alfa Aesar, >98%), methylene
chloride (Fisher Scientific, 99.9%), n-decane (>99%,
Sigma-Aldrich), ethylbenzene (99.8%, Sigma-Aldrich),
HCI (36% w/w aq. soln., Alfa Aesar), and NaOH (98%,
Alfa Aesar). Sodium phenylacetates were prepared by neu-
tralizing the appropriate PAA with NaOH solution and
evaporating the mixture to dryness at 90 °C overnight.
The purity of all starting materials was confirmed by GC
analysis. Standards for decarboxylation products (ie.,
toluenes and cresols) were purchased from Sigma-Aldrich
or Alfa Aesar. High-purity water (18.2 MQ-cm) was
obtained from a Barnstead NANOpure DIamond water
purification system.

3. RESULTS
3.1. Data and Observations

Analytical data from hydrothermal experiments with
phenylacetic acid or sodium phenylacetate at 300 °C and
1034 bar are given in Table 2, and results for methyl- and
fluoro-substituted phenylacetic acids and the corresponding
sodium phenylacetates are given in Tables 3 and 4, respec-
tively. Only methyl and fluoro substituents were used in this
study because many other substituents traditionally used to
probe reaction mechanisms (CH3;0—, NC—, and F;C; e.g.,
Hammett, 1937) are incompatible with high-temperature
water owing to hydrolysis at the substituent.

In all experiments, the amount of the reactant PAA or
Na-PA decreased as a function of time, and the appropri-
ately substituted toluene (R-PhCHj;, where Ph stands for
the phenyl group or benzene ring) was the dominant or
the only observed organic product. The mass balance was
typically >90%. The major reaction, and often the only
reaction, involved cleavage of the chemical bond between
the benzylic and carboxyl carbons in the starting material.
In the PAA experiments, the Au capsules were inflated after
the experiments, and bubbling was observed after the cap-
sules were punctured. This demonstrates that a gas was pro-
duced. Taken together, these observations imply that the
PAAs reacted by decarboxylation as

R-PhCH,COOH(aq) — R-PhCHj(aq) + COs(aq), (2)

where the label (aq) indicates an aqueous species. In the
Na-PA experiments, the Au capsules were not inflated after
the experiments, and bubbling was not observed after the
capsules were punctured. However, bubbles formed when
aqueous HCI was added. This indicates that the capsules
contained HCO3, which reacted with the HCI to generate
gaseous CO,. The presence of bicarbonate and a toluene
inside the capsules is indicative of decarboxylation at higher
pH via
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Table 2

Abundances of organic compounds from experiments with phenylacetic acid or sodium phenylacetate in water (200 pL) at 1034 bar in Au
capsules. PAA and TOL stand for phenylacetic acid or sodium phenylacetate, and toluene, respectively. Analytical uncertainties in the initial
amounts correspond to a weighing uncertainty of 0.3 mg, and uncertainties in the final amounts correspond to the standard deviation from

three gas chromatograph injections.

Temp. (°C) Duration (h) Initial PAA (pmol) Final PAA (pmol) Final TOL (pmol) Material balance (%)"
Phenylacetic acid

298 2 203 +2 185+2 15.44+0.1 99 +1
300 6 209 £2 153 +3 419+0.2 93+2
302 11 220 +2 137+ 4 83.24+0.3 100 + 2
299 16 212+2 118 +3 88.1 £0.8 97+2
300 18.7 202 +2 81+2 117.74+0.8 98 +1
302 23 211 +£2 66 +4 140.2 £ 0.1 98 +2
301° 23 204 +2 66 +2 13294+ 0.6 97 +1
301 23 203 +2 77.5+0.3 122.6 +0.4 98 £1
301 29 209 +2 59+3 148 +1 9+2
300 40.1 212+2 42+2 166.2 +0.5 98 £ 1
301 50 207 £2 22.14+0.3 179.7+0.8 97 +1
300 55.6 203 +2 13.9+0.5 1758 +£0.5 93 +1
300 72.5 205 +2 10+£2 201 +£3 103 +£2
Phenylacetic acid + 707 mg Au

301° 23 206 +2 72+4 136.8 £ 0.8 101 £2
Sodium phenylacetate

297 0 208 +2 185+2 13.14+0.2 96 + 1
299 2 202 +2 150 £2 54.54+0.1 101 £1
301 6 202 +2 78 +3 123+1 100 + 2
301° 6 205 +2 89+ 1 110+ 1 971
301 6 210 £2 7242 131 +2 97+2
300 12.2 200 £ 2 29+3 160 + 3 94 +2
301 16 200 + 2 7.8 +0.1 181 +£2 95+1
302 23 207 £2 29+40.1 197.8 £ 0.6 97.0+0.9
Sodium phenylacetate + 648 mg Au

301° 6 200 + 2 932+04 105+5 9+3

* The material balance was computed based on the number of moles of benzene rings in the reactant and organic product.
¢ These experiments were performed in the same run to ensure optimal comparability.

R-PhCH,COO ™ (aq) + H,O(liq)

— R —PhCHj(aq) + HCO;™ (aq) G)

Small quantities of cresols (i.e., hydroxytoluenes) were
detected in the experiments with fluorinated reactants

+H,0
O 5 O
CoOH 1 CO,H

F-PAA HO-PAA

11 l Decarb. l Decarb.

+H,0
F@ + co, —> HOO + co, + HF

F-TOL Cresol

(Table 4). As shown in reaction scheme (4), cresols can be
produced by (I) hydrolysis of the F-PAA, followed by
decarboxylation of the hydroxyphenylacetic acid (HO-
PAA); or (I) decarboxylation of the F-PAA, followed by
hydrolysis of the fluorotoluene
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Table 3

Abundances of organic compounds from experiments with ring-methylated phenylacetic acids or sodium phenylacetates in water (200 pL) at
1034 bar in Au capsules. PAA and TOL stand for the appropriate substituted phenylacetic acid or sodium phenylacetate, and toluene,
respectively (the starting stereochemistry is preserved); and ND means not detected (<0.1 umol). Analytical uncertainties in the initial
amounts correspond to a weighing uncertainty of 0.3 mg, and uncertainties in the final amounts correspond to the standard deviation from
three gas chromatograph injections.

Temp. (°C) Duration (h) Initial PAA (pmol) Final PAA (umol) Final TOL (umol) Material Balance (%)*
p-Methylphenylacetic acid

299 2 206 £ 2 195+1 11.95+0.03 101 +£1
300 12.9 209 +2 143.1 +0.2 61.8 +0.1 98.24+0.9
302 23 205+2 104 +£3 99.5+0.3 99 +2
300 23 202 +2 104 +1 95.7+0.1 9+1
300 52.8 207 +2 5145 156.4 +0.8 100 £2
Sodium p-methylphenylacetate

298 2 198 +£2 186 +£2 9.23 +0.06 9+1
300 6 204 +2 174 £2 31.6 £0.2 101 +1
300 23 204 +2 9 +2 104.5+0.3 9 +1
300 23 204 +2 80.1£0.2 1159403 96.3 +0.8
300 52.5 205+2 37.1+0.6 158.9+0.7 95.74+0.9
m-Methylphenylacetic acid

296 0 202+2 169.4 +0.5 354 40.1 101 +£1
300 2 199 +2 72+5 1279+ 04 100 + 3
299 4 2102 42+2 169.9 £ 0.1 101 £1
300 9 202 +2 4.6+0.1 1948 +0.5 9 +1
300 23 197 +2 ND 184.9+0.2 94 +1
Sodium m-methylphenylacetate

300 2 202 +2 144 +3 56.4+0.9 99 +2
300 6 208 +£2 107.2+0.3 979+ 04 98.44+0.9
300 14 203 +2 58+1 139.34+0.3 97 +1
300 23 213+2 21.9+0.8 182.54+0.5 95.8+0.9
o-Methylphenylacetic acid

300 2 206 +2 170 +£3 33.04+0.1 98 +2
300 5 211 +£2 152+1 547+£0.4 98 +1
301 7.5 205+2 95+5 100.9 + 0.1 96 + 3
301 15.5 197 +2 65+4 125.7+0.7 97+3
300 23 207 +£2 34+1 166.5 4+ 0.2 97+1
300 23 203 +2 343+0.1 164 + 1 98 + 1
300 31 201 +2 7.9+0.2 179.7+0.5 93+1
Sodium o-methylphenylacetate

296 208 £2 192 +3 17.34+0.2 101 +£2
300 2 207 +2 111.7+04 96.8 0.6 100.8 +0.9
301 35 199+2 97.3+0.7 100.7 £ 0.7 9+1
300 6 218 +2 49.0 +0.8 162+ 1 97 +1

% The material balance was computed based on the number of moles of benzene rings in the reactant and organic product.

Insufficient information is available from the experiments to
distinguish between these possibilities, but because cresols
are minor products, it is not necessary to know their mecha-
nisms of formation to quantify the kinetics of the decarboxy-
lation reaction (see Section 3.2). Yet, it is notable that cresols
formed faster in experiments with Na-F-PAs than in those
with F-PAAs (Table 4), suggesting that the mechanism of
cresol formation depends on speciation and/or pH.

We focused on measuring the primary organic products
rather than the amount of CO, formed by decarboxylation
because CO, is not amenable to our analytical procedure.
Small amounts (<10-20 pmol) of unidentified products
could also have formed, and appear to be partly responsible
for mass balance deficits in experiments where the mass
balance decreases monotonically with time (e.g., p-F-
PAA, 0-F-PAA; Table 4). In the latter two cases, we

inspected closely the longest-duration chromatograms
shown in the SOM, and found several minor peaks. They
include trace toluene (<1 pmol), a likely one-ring com-
pound with a retention time of ~6.5 min, and what may
be various two-ring compounds with retention times
between ~15 and 20 min. Semi-quantitative analysis based
on peak area ratios relative to the ethylbenzene internal
standard that was used in these experiments suggests that
these products contain ~11 pmol of phenyl equivalents
from the 526 h p-F-PAA experiment, and ~7 pmol of phe-
nyl equivalents from the 265.67 h o-F-PAA experiment.
Including these amounts in the mass balances would
increase them to ~99% and ~95%, respectively. However,
even if a minor mass balance deficit persists, it would not
alter our conclusions on the values of decarboxylation rate
constants (see uncertainty analysis in Section 3.2).
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Abundances of organic compounds from experiments with ring-fluorinated phenylacetic acids or sodium phenylacetates in water (200 pL) at
1034 bar in Au capsules. PAA, TOL, and CRE stand for the appropriate substituted phenylacetic acid or sodium phenylacetate, toluene, and
cresol, respectively (the starting stereochemistry is preserved); and ND means not detected (<0.1 umol). Analytical uncertainties in the initial
amounts correspond to a weighing uncertainty of 0.3 mg, and uncertainties in the final amounts correspond to the standard deviation from
three gas chromatograph injections.

Final TOL (umol)

Final CRE (pmol)

Material balance (%)"

Temp. (°C) Duration (h) Initial PAA (umol)  Final PAA (umol)
p-Fluorophenylacetic acid

300 2 213+2 211 +5
301 23 204 +2 185+5
300 23 199 +2 183.4+0.2
299 167 204 +2 121 +2
299 526 202 +2 46.2 +0.7
Sodium p-fluorophenylacetate

300 2 195+2 164 +2
300 6 206 +2 135+1
302 15 203 +2 67.0 + 0.1
300 23.03 202+2 433104
300 31.5 198 +2 242 40.6
m-Fluorophenylacetic acid

301 2 204 +2 169 + 1
299 5 211 +£2 138 +2
300 12.2 203 £2 9442

301 16 198 +2 54.5+0.6
301 23 204 +2 32+3

300 32,5 204 +2 20+ 1
Sodium m-fluorophenylacetate

296 0 206 +2 123.7+04
299 0.5 210 +£2 66 +2

298 1 2072 48.0+£0.5
300 2 209 +2 12.4 4+ 0.1
300 6 203 +2 ND
o-Fluorophenylacetic acid

301 2 207 +£2 198 +4
300 23 206 +2 166.1 + 0.1
300 97 202 +2 107+5
299 265.67 205+2 36+2
Sodium o-fluorophenylacetate

297 0 209 +2 86+ 1

297 0 205+2 90.1 +£0.2
300 0.75 206 + 2 28.0+0.2
298 1 194 +2 304+£0.2
300 2 202 +2 6.1 +0.1
300 6 205+2 ND

1.49 4+ 0.03 ND 100 £3
11.54+0.2 0.54 +0.04 97+3
12.3+0.1 0.48 +0.01 M9 +1
714+£03 4.51 +£0.08 96 £ 1
1349+ 04 8.7+0.1 94 +1
242403 30+£0.3 98+2
542404 12.84+0.3 98 £1

96 £ 1 27.3+0.6 94 +1
107.8 +0.7 39+3 94 +2
116 £1 43.8+04 93+1
327+04 ND M9 +1
679 +0.4 0.6 £0.1 98 £1
106.5+ 0.4 1.44+0.1 9+2
137+ 1 2.32£0.03 98 £1
161 +2 3.6+0.2 97+2
176 £ 4 32+£0.1 97 +2
73+3 3.0+0.5 97+2
133 +4 8§+£1 98 +3
140 £1 10.4 4+ 0.1 96 £ 1
167 +2 18.1+0.2 94 £1
149+2 38.7+0.7 92+1
3.74 £0.05 ND 98 +2
24.7+0.1 2.16 +0.02 93.9+0.9
747+0.4 126 4+0.3 96 £ 3
125 +1 26.3+0.6 91 +1

97 +1 2.02 £ 0.06 88+ 1
88.1+0.2 1.76 +0.05 87.8 £0.7
144.0 £0.7 7.71 £0.04 87.1+0.8
1449+ 0.4 7.6+0.1 94.5+0.9
159.0+£0.8 18.34+0.3 90.8 +2
161 + 1 339+04 95+1

% The material balance was computed based on the number of moles of benzene rings in the reactant and organic products.

A potential concern is whether the walls of the Au cap-
sules catalyze decarboxylation. To explore this possibility,
experiments were performed in which small pieces of Au
tubing were added to capsules containing PAA or Na-PA.
After 23 h at 301 °C and 1034 bar, the conversion of PAA
was 66 + 1%, and that of PAA with the additional Au
pieces was 66 + 1% (Table 2). After 6 h at 301 °C and
1034 bar, the conversion of Na-PA was 55 & 1%, and that
of Na-PA with extra Au was 53 + 1% (Table 2). These
results allow the conclusion that Au does not affect the
decarboxylation of PAA and Na-PA under the present
experimental conditions.

Triplicate experiments were performed for both PAA and
Na-PA, and duplicate experiments were performed for p-
Me-PAA, Na-p-Me-PA, 0-Me-PAA, p-F-PAA, and Na-o-

F-PA to determine the reproducibility between experiments
(Tables 2—4). The percent yield in most replicate experiments
were within a few percent, while a few exhibited discrepancies
of 5-10%. Based on these comparisons, a median value of 3%
was adopted for the absolute uncertainty in the percent yields
for all the experimental data. This uncertainty in the analyt-
ical data contributes to the estimated uncertainties in the
reaction rate constants as described next.

3.2. Kinetic analysis

The kinetics of the disappearance of PAAs and Na-PAs
can be determined by plotting the percent yield of the unre-
acted starting material and the percent yield of the organic
products as functions of time, as shown in Fig. 2 for PAA
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Fig. 2. Percent yields of organic compounds as functions of time from experiments in water at 300 °C and 1034 bar. (A) PAA and toluene
(TOL) from experiments with PAA; and (B) Na-PA and TOL from experiments with Na-PA. In all experiments the concentration of the
starting material was ~1 m. A 3% uncertainty in yields was assigned based on an analysis of replicates in the entire dataset. First-order kinetic
curves were drawn by performing least squares regression, resulting in solid curves for reactants and dashed curves for products. Note

differences in overall duration of experiments.

and Na-PA, and in Figs. 3 and 4 for ring-methylated and
ring-fluorinated acids and carboxylates, respectively. The
results in Fig. 2 show that reactions were allowed to pro-
ceed to high conversion (>70%), to yield tight constraints
on kinetic models. All results are consistent with progress
toward ratios among the reactant and products consistent
with equilibrium constants similar to those shown in
Fig. 1, but the durations of the experiments were insuffi-
cient for those states to be reached. Note that some of the
reactants (i.e., m-Me-PAA in Fig. 3, Na-m-F-PA and Na-
0-F-PA in Fig. 4) became undetectable after sufficient dura-
tions (Tables 3 and 4). Evidently, the decarboxylation of
PAAs and Na-PAs is irreversible (i.e., the products of
decarboxylation are much more energetically stable than
the reactant) at these experimental conditions, consistent
with prior thermodynamic evaluations (Shock, 1988;
1989; 1994). The apparent irreversibility of decarboxylation
distinguishes it from functional group transformations that
do not involve the breaking of carbon-carbon bonds (e.g.,
alkane-alkene, alcohol-alkene, alcohol-ketone interconver-
sions), which can reach metastable equilibrium states
(Seewald, 1994; Yang et al., 2012; Shipp et al., 2013;
2014; Bockisch et al., 2018). The decarbonylation of diben-
zyl ketone is another reaction that behaves irreversibly
under hydrothermal conditions, and also involves carbon-
carbon bond cleavage (Yang et al., 2012).

To derive reaction rate constants, the experimental data
were normalized in terms of the yield, calculated from data
in Tables 2-4 as the number of moles of the organic com-
pound of interest divided by the number of moles of the
starting material (based on conservation of unreactive aro-
matic rings). Note that here we use the term yield as a gen-
eral variable for both the reactant and products. Yield is
preferable to concentration as a kinetic variable in this case,
because the concentration of the starting material varied
slightly among the experiments owing to slight differences
in the weighed mass of the starting material. Data regres-
sion used the first-order integrated rate equations

Y = (Yea) g ", (5a)
and
Yor = (Yor) g+ (Yps),_o (1 — e "), (5b)

where Yp 4 stands for the yield of phenylacetate species (i.e.,
acid + carboxylate), Yop represents the yield of organic
products, k,,, is the apparent first-order rate constant for
the disappearance of the starting material, and ¢ corre-
sponds to time. The analytical method quantifies total
phenylacetate as the carboxylate is converted to the acid
form during sample workup prior to GC analysis. The
curves shown in Figs. 2-4 and corresponding values of k,,,
were obtained by simultaneously fitting all Yp, and Ypp
values in each figure panel to Egs. (5a) and (5b). The plots
in Figs. 2-4 reveal that first-order kinetics provide a close
representation of the experimental data. The standard error
in k,,, was computed to be ~5%. However, when we over-
laid curves with manually adjusted values of k,,, onto the
plots and compared them to the error bars for each point
that were determined from replicate experiments (see Sec-
tion 3.1), we observed that a wider range of k,,, values
show acceptable consistency with the data. Because the
standard error seems too small relative to the variability
that is expected based on our experience of performing
these experiments, we consider the more conservative
ranges in k,,, that were estimated from the above graphical
analysis to provide more realistic representations of the
uncertainty in the rate constants.

We calculate the rate constants for decarboxylation
(Kgecarvs Table 5) from k,,, based on the product distribu-
tions. In systems with a substituted toluene as the only
organic product and a high mass balance, k,, = kgecarn
based on Egs. (5a) and (5b). These criteria are satisfied by
the parent and methyl-substituted systems (Figs. 2 and 3).
The fluoro-substituted systems (Fig. 4) are more compli-
cated because cresols are also produced. If cresols are pro-
duced solely by the hydrolysis of fluorotoluenes, then
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Fig. 3. Percent yields of organic compounds as functions of time from experiments with ring-methylated phenylacetic acids or sodium
phenylacetates in water at 300 °C and 1034 bar. (A) para-Methylphenylacetic acid (p-Me-PAA) and para-methyltoluene (p-Me-TOL) from
experiments with p-Me-PAA; (B) sodium para-methylphenylacetate (Na-p-Me-PA) and p-Me-TOL from experiments with Na-p-Me-PA; (C)
meta-methylphenylacetic acid (m-Me-PAA) and meta-methyltoluene (m-Me-TOL) from experiments with m-Me-PAA; (D) sodium meta-
methylphenylacetate (Na-m-Me-PA) and m-Me-TOL from experiments with Na-m-Me-PA; (E) ortho-methylphenylacetic acid (0-Me-PAA)
and ortho-methyltoluene (0o-Me-TOL) from experiments with o-Me-PAA; and (F) sodium ortho-methylphenylacetate (Na-o-Me-PA) and o-
Me-TOL from experiments with Na-o-Me-PA. The concentration of the starting material was ~1 m in each case. A 3% uncertainty in yields
was assigned based on an analysis of replicates in the entire dataset. First-order kinetic curves were drawn by performing least squares
regression, resulting in solid curves for reactants and dashed curves for products. Note the differing horizontal axes reflecting differences in
overall experimental durations.

kapp = Kdecars- In this case (pathway II in scheme (4)), endmember, it is assumed that cresols form via pathway I
organic products in Eq. (5b) correspond to the sum of the in scheme (4) that is competitive with decarboxylation of
appropriate fluorotoluene and cresol. In the alternative F-PAAs. This would imply that k.., = Kiecars + Knyaro,
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Fig. 4. Percent yields of organic compounds as functions of time from experiments with ring-fluorinated phenylacetic acids or sodium
phenylacetates in water at 300 °C and 1034 bar. (A) para-Fluorophenylacetic acid (p-F-PAA) and para-fluorotoluene (p-F-TOL) + para-cresol
(p-CRE) from experiments with p-F-PAA; (B) sodium para-fluorophenylacetate (Na-p-F-PA) and p-F-TOL + p-CRE from experiments with
Na-p-F-PA; (C) meta-fluorophenylacetic acid (m-F-PAA) and meta-fluorotoluene (m-F-TOL) + meta-cresol (m-CRE) from experiments with
m-F-PAA; (D) sodium meta-fluorophenylacetate (Na-m-F-PA) and m-F-TOL + m-CRE from experiments with Na-m-F-PA; (E) ortho-
fluorophenylacetic acid (0-F-PAA) and ortho-fluorotoluene (o-F-TOL) + ortho-cresol (o-CRE) from experiments with o-F-PAA; and (F)
sodium ortho-fluorophenylacetate (Na-o-F-PA) and o-F-TOL + 0-CRE from experiments with Na-o-F-PA. In all experiments the
concentration of the starting material was ~ 1 m. A 3% uncertainty in yields was assigned based on an analysis of replicates in the entire
dataset. First-order kinetic curves were drawn by performing least squares regression, reflected in the solid curves for reactants and dashed
curves for products. The dashed curves through the products shown here are consistent with the formation of cresols via pathway II in scheme
(4). However, the determination of decarboxylation rate constants does not depend strongly on the specific pathway of cresol formation (see
text). Note differences in overall duration of experiments.
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Table 5

First-order rate constants (kg..») for the decarboxylation of
phenylacetic acids and sodium phenylacetates in water at 300 °C
and 1034 bar, and Hammett substituent parameters (o) used in this
work. The uncertainties were estimated by graphical analysis as
described in Section 3.2. See Table | for definitions of the
abbreviated names.

Reactant a" 100 X kgecars (h™1)
Phenylacetic Acids

PAA 0° 44405
p-Me-PAA -0.07° 28+04
m-Me-PAA -0.31¢ 3946
0-Me-PAA -0.07° 8+2
p-F-PAA 0.34° 0.27 +£0.03
m-F-PAA —0.07¢ 7+1
o-F-PAA 0.34° 0.55+0.07
Sodium Phenylacetates

Na-PA 0° 14542
Na-p-Me-PA -0.17¢ 35407
Na-m-Me-PA -0.07° 8+ 1.5
Na-o-Me-PA -0.17¢ 2145
Na-p-F-PA —0.03° 5.5+1
Na-m-F-PA 0.34° 105 4+ 20
Na-o-F-PA —0.03¢ 125 4+ 30

& All ¢ values from Hansch et al. (1991).
® Zero by convention.
Ome
+
oy

oy,

a o

where ka4, refers to the rate constant for the hydrolysis of
the fluorinated PAA or Na-PA. The integrated rate equa-
tions for this scenario are

Y p=(Yr. PA)t:()eiktwfy (6a)
and

Yr . ro0 = YF - 101),20
+ (kdecarh/kupp)(YF - PA),:O(I — eik””p’) . (6b)

The ranges of k... reported in Table 5 for the F-PAAs
and Na-F-PAs were determined by performing non-linear
regressions for both endmember cases of cresol formation
(using either Egs. (5a) and (5b), or Egs. (6a) and (6b)), as
well as accounting for uncertainties that are inherent to
the experiments by graphical analysis (see above). We find
that Kgecars could be ~5-30% smaller than k,,,, essentially
because the yields of the cresols are low compared with
those of the toluenes.

4. DISCUSSION
4.1. Probing mechanisms with substituent effects

The mechanisms of decarboxylation can be probed by
assessing the effects of substituents on the rate constant
(k) of the reaction (e.g., Hammett, 1937; Johnson, 1973).
Substituent effects are quantified using the Hammett equa-
tion, which is an example of a linear free energy relation-
ship originally obtained for equilibrium constants (Anslyn
and Dougherty, 2006), and which can be expressed for rate
constants as

log(k)=0-p+b (7)

where p indicates a constant that is characteristic of the
reaction mechanism, solvent, temperature, and pressure; o
stands for a substituent parameter that depends upon the
identity and position of the substituent on the benzene ring;
and b designates a constant intercept that is ideally the
value of log(k) for the unsubstituted structure; ie., for
which ¢ is zero'. Electron-withdrawing substituents
increase the acidity of benzoic acid and so they have posi-
tive values of o. The opposite is true for electron-
donating substituents. There are also specialized o scales
for different kinds of reactions for which benzoic acid disso-
ciation may not be the best reference. In particular, the ¢
and ¢~ scales are designed to account for substituents that
directly stabilize or destabilize positive or negative charges
in benzene rings by resonance effects. As discussed below,
the o* and ¢~ scales are relevant in the present work.

The p parameter obtained from a Hammett analysis
indicates how sensitive the rate constant is to substituents.
Its magnitude, and in particular its sign, can be used to infer
details of how bonds are broken and/or formed in the reac-
tion. The sign of p reflects changes in charge build-up in or
near the benzene ring in the transition state of the reaction.
In general, when p >0, negative charge is increasing (or
positive charge is decreasing) in the benzene ring in the
transition state, and when p < 0, positive charge is increas-
ing (or negative charge is decreasing) in the benzene ring in
the transition state (Anslyn and Dougherty, 2006).

The Hammett plots shown in Fig. 5 were used to deter-
mine experimental values of p for decarboxylation of PAAs
and Na-PAs in water at 300 °C and 1034 bar, using sub-
stituent constants from Hansch et al. (1991) and rate con-
stants for decarboxylation from Table 5. For
decarboxylation of the PAAs, it was found that electron-
donating substituents accelerated the reaction whereas
electron-withdrawing substituents slowed the reaction. In
the case of decarboxylation of the Na-PAs, however, the
opposite trend was observed; ie., electron-donating sub-
stituents slowed the reaction whereas electron-
withdrawing substituents accelerated it. For both the PAAs
and the Na-PAAs, we found that plots with the simple o
scale exhibited much weaker linear correlations than plots
that used the ¢* or ¢~ scales as appropriate.

The definition of ortho-, meta-, and para- in the context
of the o values requires some clarification. As discussed in
more detail below, the substituent effects for the PAAs sug-
gest that positive charge is formed on the benzene ring in
the transition state, resulting from protonation of the ring,
as indicated by

! The reference reaction for the Hammett equation, for which p is
arbitrarily set to unity, is the dissociation of substituted benzoic
acids in water at 25°C and 1 bar. Measured values of the
dissociation constants for variously substituted benzoic acids are
used to define values for o, (i.e., for a substituent in the meta-
position of a benzene ring) and ¢, (i.e., for a substituent in the para-
position of a benzene ring) from the appropriate pK, values.
Substituent effects in the ortho-position are often not considered
reliable due to steric effects that cannot be generalized to different
reactions (Gould, 1959).
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Fig. 5. Hammett plots for the decarboxylation of (A) phenylacetic
acids and (B) sodium phenylacetates in water at 300 °C and
1034 bar. Logarithms of rate constants for decarboxylation are
plotted as a function of the Hammett resonance-based substituent
parameter ¢* or ¢~ using values from Table 5. The lines provide
the closest linear fits to the data. The Hammett reaction constant p
corresponds to the slope, and its uncertainty is expressed as the
standard error.

R R R
H H H
S TR TS
H H H
(8)

where Z represents the acetic group. An electron-donating
substituent, R, in the position shown in scheme (8) will sta-
bilize the positive charge via resonance effects. The sub-
stituent is in the meta-position with respect to the acetic
group, but it is in the ortho-position with respect to the site
of protonation of the ring, which is responsible for generat-
ing the positive charge. Therefore, it is expected that ¢*
should describe substituent effects for PAAs substituted in
this position. Each of the R substituents in these positions
were assigned the appropriate ¢* value for the para-
position (i.e., o) since ortho-specific 6™ values are not usu-
ally available because steric effects often influence reactivity
in this position. In the present case, however, there should

be minimal steric effects since the substituent is ortho- to a
carbon that carries only two hydrogens. The resonance
electronic effects should be properly described by a,. On
the other hand, substituents in the ortho- or para-
positions with respect to the acid, indicated as R’ in

R R R'
H H H
e < e o
R R R'
©)

cannot directly influence the positive charge by resonance,
since the charge is not delocalized onto any of these carbon
atoms. Therefore, substituents in these positions are better
described with a,,, which is the appropriate parameter for
substituents that are bonded to a carbon that is adjacent
to the carbon that carries the charge. Using the substituent
parameters in this way gives a strong linear correlation with
a negative slope, as shown in Fig. 5A, consistent with for-
mation of a positive charge over the course of the reaction
mechanism indicated in schemes (8) and (9).

As discussed further below, the substituent effects for the
carboxylate salts are consistent with formation of negative
charge on the ring, of the kinds indicated in

- R R R
|

R! R! B

o[ Oy - O - O

Substituents R in the positions shown in scheme (10)A, i.e., in
the ortho- and para-positions with respect to the (former)
acid group, can directly stabilize or destabilize the negative
charge in the ring by resonance. The influence of these sub-
stituents is therefore best described using ¢~ . However, R’
substituents in the position shown in scheme (10)B, i.e., meta-
to the (former) acid, cannot directly influence the negative
charge. The influences of these substituents, therefore, are
better described with ¢,,. The Hammett plot for the Na-
PAs constructed using these substituent values (Fig. 5B)
exhibits a strong linear correlation with a positive slope,
except for structures with ortho-substituents, which were
excluded from the fitting procedure because ortho effects gen-
erally have a significant steric component that cannot be cap-
tured by a single parameter (Anslyn and Dougherty, 2006).
Consequently, there is no universal set of Hammett parame-
ters for ortho substituents. As discussed above, we chose to
assign para ¢~ parameters to both the para and ortho sub-
stituents to capture resonance effects that are expected to
be similar at these two positions, and we included ortho-
substituted systems in Fig. 5B so that any discrepancies
between ortho and para can be readily identified, which
may provide information about steric and inductive effects
that are secondary to the overall behavior of the correlation.
Outliers in the Hammett plots are discussed in Section 4.2.2.

(10)
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From linear regression of the Hammett plots in Fig. 5,
values for p of —3.0 0.3 and 2.9 + 0.4 are obtained for
decarboxylation of PAAs and Na-PAs, respectively. These
are consistent with the formation of transient intermediates
with opposite charges for the PAA and Na-PA reactions. In
other words, the substituent effects demonstrate that associ-
ated acid molecules and acid anions decarboxylate via two
different mechanisms.

4.2. Deducing mechanisms of decarboxylation

4.2.1. Phenylacetic acid

The positive charge that builds up in the benzene ring
during hydrothermal decarboxylation of the phenylacetic
acids can be explained if protonation of the benzene ring
occurs, and if the rate of this protonation contributes to
the overall rate of decarboxylation. On this basis, two pos-
sible mechanisms can be considered, indicated as A and B in
the following reaction scheme

Tl

be protonated under hydrothermal conditions in the
absence of strong acids (e.g., concentrated H,SO,), which
are needed to drive protonation and form non-aromatic
arenium ions at ambient conditions (Ingold, 1969; Olah
et al., 1972; Cox, 1991). Nevertheless, reversible addition
of protons/deuterons to benzene rings occurs when PAA
is heated in deuterated water (D,0O). We previously con-
ducted experiments in D,O as the solvent with no other
additives in which all five of the hydrogen atoms on the
benzene ring in PAA were exchanged in as little as 23 h at
300 °C, presumably as a result of the combination of higher
Ky (by a factor of ~2400) and larger thermal energy com-
pared with ambient (Glein, 2012).

Both mechanisms in reaction scheme (11) are consistent
with the observed substituent effects (Fig. SA), in addition
to the moderate magnitude of the derived p value of —3
on the ¢ scale. As an example, protonation at the para-
or ortho-positions with respect to the acetic group can
explain why a methyl substituent in the meta-position, m-

Oy KA A H
o H e + CO, —» A
H /O—H
PAA H

|Tol

kH*[H*lu Kt

Tl

+ H30*

ToI

(11)

ki~ [H*] Kz~ H
H - + CO, —> B
O thor ko

PAA- lTOl

In scheme (11A), the PAA is reversibly protonated on the
benzene ring to form a cationic intermediate, C. The rate
constants for protonation and deprotonation are given by
kf[H"] and k7, respectively (11A), where the superscript
A refers to the acid. Para-protonation is shown in scheme
(11A) for the purpose of illustration, but ortho- protonation
may also occur. C then undergoes loss of a proton to water,
and also decarboxylation to form carbon dioxide and iso-
toluene (iTol), an isomer of the final product toluene
(Bartmess, 1982), with rate constant k4. Isotoluene is read-
ily converted to the more stable aromatic toluene (Tol) via
additional protonation and deprotonation steps. In the
alternative mechanism, reaction scheme (11B), PAA first
deprotonates to form the conjugate base carboxylate anion,
PAA™, which is then reversibly ring-protonated to form a
zwitterionic intermediate, Z (the rate constants involving
the carboxylate anion are given a superscripted —). The
zwitterion subsequently undergoes unimolecular decar-
boxylation to form the same isotoluene as in scheme
(11A), which then forms the more stable final product
toluene.

Reversible protonation of the benzene ring is required
for both mechanisms, which is consistent with previous
reports that ring protonation can activate other aromatic
acids towards decarboxylation (Taylor 1972b; Willi,
1977). It may seem remarkable that the benzene ring can

Tol

Me-PAA in Table 5, gives the fastest rate of decarboxyla-
tion among the PAAs. According to scheme (8), a methyl
group in the position meta- to the acetic group will donate
electron density directly to the positively charged carbon to
which it is bonded, which would stabilize the intermediate
and thus increase the rate of decarboxylation (e.g.,
Hammond, 1955). Other reactions in which a positively
charged species (e.g., D", NO3) is added to the benzene
ring (i.e., electrophilic aromatic substitution) also have neg-
ative p values on the ¢ scale. Hydrogen isotope exchange
in H,O-H,SO,4 at 100 °C has a p of —7.5 (Clementi and
Katritzky, 1973). The decarboxylation of 4-substituted sal-
icylic acids in water at 50 °C has a p of —4.4 (Willi, 1959).
Nitration in nitromethane or acetic anhydride at ambient
temperature has a p near —6, while chlorination and bromi-
nation in acetic acid at 25 °C have even more negative p val-
ues of approximately —8 and —12, respectively (Brown and
Okamoto, 1958).

First-order kinetics are predicted by both mechanisms in
scheme (11), consistent with the experimental data (Figs. 2—
4). Application of the steady-state approximation for the
intermediates leads to the rate equation

kA THY] eyt
d[PAA] _ Kk ]Z[PAA] ~ _k,, [PAA]
dt k k!

(12)
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for reaction scheme (11A), and

k gtk k= ky~
d [PAA] :_( wlkt) ki Z[PAA]

- -k, [PAA]
dt ki +ks ap

(13)

for reaction scheme (11B). In both cases, it is assumed that
rearrangement of isotoluene to toluene is not rate-
determining, based on observations that alkene rearrange-
ment via protonation/deprotonation occurs on timescales
that are much shorter than that for PAA decarboxylation
(Bockisch et al., 2018). As indicated in Eqgs. (12) and (13),
there is no single rate-determining step for either mecha-
nism, and the apparent rate constant for both mechanisms
(where Kjocars = kypp, see Section 3.2; Table 5) is a compos-
ite of elementary rate constants. Importantly, k,,, is
directly proportional to k7 (11A) or k; (11B), ie., to the
rate constant for formation of the positively charged ben-
zene ring, consistent with the substituent effects discussed
above. However, other elementary steps contribute to the

o 0®
i X ~H kP @/\”/ k4P [HY] | AN
o] “H X e o] ~%P .N® o]
N~ /O H  ker[HY N~ +HgO* k. H'N Z

H

substituent effects, specifically the two decarboxylation
steps, k5 and k3. In each decarboxylation, the positive
charge is removed from the benzene ring. Just as electron-
donating groups increase the rate of protonation of the ben-
zene ring by stabilizing the positive charge, electron-
donating groups could slow decarboxylation for the same
reason. In this way, the substituent effects may be diluted,
which could account for the somewhat smaller value of p
compared to other reactions that generate a positive charge
on a benzene ring reviewed above.

The two schemes differ in the exact order of the various
protonation and deprotonation steps. Distinguishing mech-
anisms involving similar ionic species in rapid equilibrium
using kinetic data can be challenging (Frost and Pearson,
1961); nevertheless, evidence from this work and the litera-
ture favors the mechanism of reaction scheme (11B) over
that of (11A). The mechanism of scheme (11B) may seem
unlikely, given that the equilibrium concentration of
PAA™ is likely to be low. Furthermore, we show in Sec-
tion 4.2.2 that in Na-PA solutions PAA™ undergoes decar-
boxylation on its own, without protonation, to yield
carbon dioxide and toluene via a different mechanism. Nev-
ertheless, it should be noted that the (11B) mechanism dif-
fers from (11A) in that the apparent rate constant for
reaction, k,,,, does not depend upon the proton concentra-
tion, since [H "] appears in both the rate of formation of the
zwitterion (k; [H']) and in the rate of protonation of PAA~
(kf{H"), and these cancel in the rate equation. In contrast,
the apparent rate constant for reaction scheme (11A)
depends directly on proton concentration. This implies a
strong dependence of the rate on pH for the (11A) reaction
mechanism, and no dependence on pH for the (11B) mech-

anism. Experiments were previously performed with PAA
in the presence of 1m HCI. Under these conditions, the
reaction rate increased by a factor of only ~1.6 relative to
water alone, despite an estimated 560-fold increase in the
concentration of H", which supports the (11B) mechanism.
The small rate enhancement with 1 m HCI might be due to
a change in ionic strength from 0.001 to 0.6 m (Glein, 2012).
This dependence suggests that ionic strength has a minor
effect on the reaction rate. However, this could be tested
to assess activity effects on the stability of the zwitterion,
by performing experiments in NaCl solution to modify
the ionic strength without perturbing the pH.

These observations are consistent with the proposed
mechanisms of decarboxylation of other arylacetic acids.
Pyridylacetic acids are nitrogen heterocycle analogues of
phenylacetic acids, and the proposed mechanism for their
decarboxylation involves ring protonation of the corre-
sponding carboxylates to form a zwitterion intermediate
(Stermitz and Huang, 1971; Taylor, 1972a; Button and
Taylor, 1973), shown schematically as

kP =z X
— + CO, — || 14
H,N — N~ ( )

Reaction scheme (14) is analogous to (11B), with a pyridine
ring in place of a benzene ring and where the superscript P
on the rate constants indicates a pyridyl acid. The pyridy-
lacetic acids decarboxylate much more rapidly than the
PAAs, presumably a consequence of differences in the rela-
tive ease of protonation of the two aromatic rings. Aro-
matic nitrogen is orders of magnitude more basic than
aromatic carbon, as demonstrated by the ambient pK,’s
of their conjugate acids (e.g., ca. 5 for the pyridinium ion
vs. ca. —24 for the benzenium ion; Lawlor et al., 2008). Sup-
port for the mechanism of scheme (14) for the pyridylacetic
acids comes from several observations, at least two of
which are relevant to PAA. First, decarboxylation when
the pyridyl nitrogen is in the 2- or 4-position with respect
to the acetic acid is much faster than the corresponding
reaction when the nitrogen is in the 3-position. This is
because the corresponding isomethylpyridine structure can-
not form with the nitrogen in the 3-position, which provides
support for the isomethylpyridine as an intermediate in the
reaction, and by analogy, isotoluene in the PAA reaction.
More importantly, decreasing the solution pH from 6.4 to
2.3 for both the 2- and 4-pyridyl acids increased the rate
of reaction by a factor of only 3 and 4, respectively. This
was taken as strong evidence in favor of protonation of
the carboxylate to form the zwitterion intermediate, and
by analogy, suggests protonation of the carboxylate anion
for PAA.

If the PAA reaction proceeds via protonation of the car-
boxylate via reaction scheme (11B) and not via the associ-
ated acid in scheme (11A), then this imposes several
kinetic constraints. First, decarboxylation in both the zwit-
terion Z (k3) and the corresponding cation C (k%) must
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compete with deprotonation of the protonated benzene
ring, k-; and k% in Z and C, respectively. Protonated ben-
zene rings are strong Brensted acids, with pK, values
around —24 (Lawlor et al., 2008). Second, decarboxylation
of the zwitterion Z must be much more competitive with
deprotonation than the corresponding decarboxylation in
C; otherwise, reaction would all occur from the acid
(scheme 11A), and protonation of PAA™ would not be nec-
essary. It should be noted that decarboxylation of Z is uni-
molecular whereas deprotonation in C requires
simultaneous, or close to simultaneous, deprotonation to
avoid having to eliminate protonated carbon dioxide
(Cummings et al., 2016), and is thus bimolecular. The pro-
tonated benzene ring in C is more acidic than the carboxylic
acid by roughly 28 pK, units; therefore, it may not be sur-
prising that decarboxylation of C is not competitive with
deprotonation. Unimolecular decarboxylation of Z does
not require deprotonation, and unimolecular decarboxyla-
tion of zwitterionic radical cations of acetic acid carboxy-
lates occurs on timescales as short as nanoseconds even at
ambient conditions (Gould et al., 2004). Therefore, decar-
boxylation of Z may be expected to be much more compet-
itive than in C. Third, reaction scheme (11B) also requires
that protonation of PAA™ and subsequent decarboxylation
must be competitive with decarboxylation of PAA™ itself,
which as we show below, occurs via a different mechanism.
However, that reaction is taking place in the presence of
1 m PAA and together with the increased concentration
of protons under hydrothermal conditions mentioned
above, is sufficient to ensure that the majority of the
PAA™ reacts by protonation of the benzene ring first.

4.2.2. Sodium phenylacetate

The positive value of p for the decarboxylation of
sodium phenylacetates (Fig. 5B) indicates that negative
charge increases in the benzene ring during the reaction.
This can be explained if a benzyl anion is the key interme-
diate. Based on this inference and other arguments dis-
cussed below, we propose an ionic, sequential mechanism
for the decarboxylation of Na-PAs consistent with

00 | o
— + CO,

0]
A

where the free carboxylate ion decarboxylates to the benzyl
anion (A) as the rate-determining step. The benzyl anion,
which is protonated by a water molecule to produce
toluene, is assumed to be a transient intermediate.

This mechanism is consistent with several observations.
First, it predicts first-order kinetics, consistent with the
experimental data (Figs. 2-4) and

d[PAA”]
dr

Unlike the PAAs, the derived rate constants for the Na-PAs
(Table 5) approximate the elementary rate constant for C-C

— ke [PAA7). (16)

ka2 [H20]
=% 5

bond heterolysis in the carboxylate, although the corre-
spondence may not be exact because of the formation of
aqueous complexes such as Na(PA) and Na(PA),™ (Glein,
2012). Second, the proposed mechanism is consistent with
the observation of a linear correlation with respect to o~
as well as the associated p value (Fig. 5B), because the for-
mation of the benzyl anion introduces negative charge into
the aromatic system by resonance as in

O -]

7

The presence of a negative charge on the para carbon in the
benzyl anion can explain why the p-Me substituted car-
boxylate has the smallest rate constant for decarboxylation
among the Na-PAs (Table 5), since donation of electrons
from the methyl group to the para carbon leads to
electron-electron repulsion that destabilizes the benzyl
anion, raising the activation energy for its formation.

The p value (2.9) for the decarboxylation of Na-PAs
(Fig. 5B) is similar to literature values derived from rates
of reactions that also proceed via a benzyl anion.
Streitwieser and Koch (1964) reported a p of 4.0 for
cyclohexylamide-catalyzed hydrogen isotope exchange of
toluenes in cyclohexylamine at 50 °C. Retroaldolization of
1-phenyl-2-arylcyclopropanol anions in H,O-CH;CN at
25 °C has a p of 4-5 (Thibblin and Jencks, 1979). The most
direct comparison may be the decarboxylation of o-
cyanophenylacetates that have the strong electron-
withdrawing CN group on the benzylic () carbon. Straub
and Bender (1972) determined a p of 2.44 for the decar-
boxylation of a-cyanophenylacetates in water at 60.4 °C.
The similarity in p values suggests that phenylacetate and
a-cyanophenylacetate decarboxylate via the same type of
mechanism. However, a-cyanophenylacetate decarboxy-
lates at much lower temperatures than phenylacetate
because the cyano group is highly effective at stabilizing
carbanions and the transition states through which they

+ HCOS_ (15)

are formed (Hammond, 1955), as evidenced by the much
greater acidity of acetonitrile (CH5;CN, pK, ~ 29) vs.
methane (CH3H, pK, ~ 49; Richard et al., 1999).

In further support of the proposed mechanism, decar-
boxylation via carbanion intermediates is one of the most
well-established mechanisms in conventional organic chem-
istry (Brown, 1951; Smith and March, 2007). The reaction
represents a type of electrophilic substitution where H'
substitutes for CO, (Segura et al., 1985). Examples of this
reaction mechanism include the decarboxylation of acids
with strong electron-withdrawing groups attached to the
carbon atom that is adjacent to the carboxyl carbon, such
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as nitroacetic (NO,CH,COOH) and trihalogenic (e.g., Cls-
CCOOH, F5CCOOH) acids. As in the previous case of a-
cyanophenylacetate, these compounds decarboxylate read-
ily at low temperatures because the electron-withdrawing
group greatly stabilizes the carbanion intermediate.

While the high reactivity of carbanions (e.g., Bockrath
and Dorfman, 1974) makes them difficult to observe during
decarboxylation, there is some direct evidence for their
intermediacy in decarboxylation reactions. Atkins et al.
(1984) showed that the trichloromethyl anion is produced
from the decarboxylation of trichloroacetate, by trapping
with 1,3,5-trinitrobenzene (TNB) in dimethyl sulfoxide at
25°C, via

CCly
Q TNB O2N NO,

Ky
— > Cl,c® +co, —— >
ClC 0o

NO,

(18)

In addition, Buncel et al. (1984) detected benzyl anions by
ultraviolet—visible spectrophotometry during the decar-
boxylation of ring-substituted nitrophenylacetates in polar
aprotic solvents at room temperature.

The structures with substituents in the ortho-position
have rate constants for decarboxylation that lic above the
Hammett correlation line in Fig. 5B. Specific effects at the
ortho-position are observed in many organic reactions,
and they reflect a combination of inductive, resonance,
and steric effects (Gould, 1959). Na-o-Me-PA decarboxy-
lates faster than Na-PA (Table 5), but electron donation
by this substituent should destabilize the benzyl anion,
which should decrease the rate constant for decarboxyla-
tion relative to the parent compound. A steric effect could
account for the unexpectedly high reactivity of Na-o-Me-
PA if it is hypothesized that electron repulsion between
the adjacent CH; and CH,COO™ groups increases the
energy of the reactant, while such a steric effect may be
diminished as the carboxyl separates from the o-
methylbenzyl group in the transition state for bond cleav-
age. Accordingly, the energy of the reactant is raised for
Na-0-Me-PA, and thus the energy barrier to the transition
state is decreased. In contrast, the ortho effect for Na-o-F-
PA is less likely to be due to a steric effect, since F is smaller
than CH; (Bondi, 1964). Nevertheless, Na-o-F-PA decar-
boxylates ~14 times faster than predicted (Fig. 5B). In this
case, the explanation may simply be that the o, parameter
is not accurate for fluorine substituents in this position. o,
is calibrated primarily to account for inductive effects in the
para-position, but a fluorine in the ortho-position could
have a much larger inductive effect because it is significantly
closer to the benzylic carbon. Evidently, the rate-enhancing
inductive effect dominates any rate-retarding resonance
effect for Na-o-F-PA, consistent with previous work where
it was found that an ortho-fluorine enhances the rate of ben-
zyl anion formation by deprotonation of toluenes
(Streitwieser and Koch, 1964).

With these considerations in mind, we conclude that, in
contrast to the decarboxylation mechanism of the associ-
ated acids, decarboxylation of the carboxylate anions of
the phenylacetic acids occurs by heterolytic bond cleavage

to form a carbon anion (carbanion) intermediate. These dif-
ferences have implications for geochemical decarboxylation
in general.

5. GEOCHEMICAL IMPLICATIONS

It is argued that hydrocarbons produced by decarboxy-
lation could contribute to petroleum or natural gas accu-
mulations (Cooper and Bray, 1963; Shimoyama and
Johns, 1971; Carothers and Kharaka, 1978; Tissot and
Welte, 1984; Ong et al., 2013). It follows that decarboxyla-
tion of carboxylic acids has been studied extensively
(Brown, 1951; Clark, 1969; Richardson and O’Neal, 1972;
Siskin and Katritzky, 1991; Bell and Palmer, 1994; Smith
and March, 2007), including in high-temperature water,
which is the solvent for many geochemical processes. The
products and/or rates of decarboxylation in high-
temperature water are reported for formic acid (Maiella
and Brill, 1998; McCollom and Seewald, 2003a; Yasaka
et al., 2006; Ong et al., 2013), oxalic acid (Crossey, 1991),
acetic acid (Kharaka et al., 1983; Palmer and Drummond,
1986; Bell et al., 1994; McCollom and Seewald, 2003b;
Ong et al., 2013; Li et al., 2017), acetic acid derivatives with
electron-withdrawing groups (Belsky et al., 1999), malonic
acid (Maiella and Brill, 1996), butyric acid (Palmer and
Drummond, 1986), valeric acid (McCollom and Seewald,
2003b), palmitic acid (Fu et al., 2010), stearic acid
(Watanabe et al., 2006), benzoic acid (Katritzky et al.,
1990a, Fecteau et al., 2019), OH-substituted benzoic acids
(Li and Brill, 2003), phenylacetic acid (Katritzky et al.,
1990b), mandelic acid (Katritzky et al., 1990c), and citric
acid (Cody et al., 2001). Although qualitative and quantita-
tive observations related to decarboxylation under geo-
chemically relevant conditions are presented in these
studies, mechanisms of the reaction under such conditions
are unclear (Bell and Palmer, 1994). Mechanistic explana-
tions for decarboxylation reactions would allow experimen-
tal rate data to be generalized and extrapolated over the
wide range of compounds and conditions characteristic of
geological environments and would improve quantitative
assessments of the involvement of carboxylic acids in geo-
chemical processes. It follows that the mechanisms of
decarboxylation of phenylacetic acid and its carboxylate
can help explain the general phenomenon of decarboxyla-
tion in natural systems.

Because the associated phenylacetic acids and the
phenylacetate anions decarboxylate via different mecha-
nisms, we now know that the speciation of a carboxylic acid
can determine the reaction mechanism and ensuing reaction
rates. These differences highlight the importance of geo-
chemical conditions such as pH in determining the reaction
mechanism, and therefore reaction kinetics. The proposed
mechanisms underscore the importance of possessing a
structural feature close to the carboxyl group that can
accept an electron pair to facilitate decarboxylation. In
the case of phenylacetic acid, a protonated benzene ring
in the zwitterion form of the acid serves as an electron sink,
while for the carboxylate the electron sink is the delocalized
benzyl group. As discussed below, these generalizations
about speciation-dependent mechanisms and the key
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requirement of an electron sink may translate to other car-
boxylic acids of equal or greater geochemical relevance.

Mechanistic differences involved in hydrothermal decar-
boxylation of associated acid molecules vs. their corre-
sponding acid anions implies that decarboxylation rates
may depend on pH. As indicated by the rate constants in
Table 5, the acid anions tend to decarboxylate somewhat
faster than the associated molecules at our experimental
conditions. McCollom and Seewald (2003b) reported simi-
lar behavior for acetate and acetic acid decarboxylation
rates in experiments in the presence of hematite and mag-
netite, or hematite, magnetite, and pyrite, but the rates were
much closer to each other in experiments with pyrite, pyr-
rhotite, and magnetite. In contrast, acetic acid was found
to react faster than acetate in mineral-free experiments con-
ducted by Kharaka et al. (1983), Drummond and Palmer
(1986), and Bell et al. (1994), although the distinction
between decarboxylation, oxidation, and other reactions
is unclear in many of these experiments (see McCollom
and Seewald, 2003b). Additionally, McCollom and
Seewald (2003a) reported that decarboxylation of formate
is slower than that of formic acid, similar to results reported
by Maiella and Brill (1998).

Keeping in mind the differences summarized above, gen-
eralizing from the pH dependence of decarboxylation in
hydrothermal experiments reported here suggests that
many carboxylic acids may persist somewhat longer at
lower pH than at higher pH. The plot in Fig. 6 shows
pK., values of four representative carboxylic acids, together
with a curve showing where neutral pH occurs, curves
showing representative examples of situations where pH is
governed by reactions between aqueous solutions and min-
eral assemblages in geochemical processes, and fields show-
ing where oil-field brines and submarine hydrothermal
fluids fall. The speciation of each carboxylic acid is domi-
nated by the associated form at pH values less than its
pK.,, and by the acid anion at pH values greater than its
pK.. Note that neutral pH falls on the side of anion pre-
dominance for acetic and propanoic acids at temperatures
below about 200 °C, and for benzoic and o-toluic acids
below about 300 °C. The curve in Fig. 6 labeled ‘granitic
alteration’ corresponds to values of pH set by equilibrium
between a 1 molal KCl solution and the mineral assemblage
K-feldspar-muscovite-quartz, and that labeled
‘serpentinization’ corresponds to values set by equilibrium
between a 1 molal CaCl, solution and a diopside-
chrysotile-brucite assemblage (Robinson et al., 2019). Note
that pH values for the granitic alteration example would
favor the associated forms of carboxylic acids, especially
at higher temperatures, and those for the serpentinization
example would favor the anions. It can be expected that
decarboxylation mechanisms will be distinctly different
between these two geochemical environments. In sedimen-
tary basins, where oil-field brines in the 50-150 °C range
can be enriched in organic acids, pH values are thought
to range from 1 to 2 pH units below neutrality
(MacPherson, 1992) to 0.5 pH unit above (Helgeson
et al., 1993) depending on the composition of minerals
and fluids in individual geologic units. Results from the lat-
ter study fall within the oval on the left side of Fig. 6.
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Fig. 6. pH-Temperature plot showing pK, values for acetic,
propanoic, benzoic, and o-toluic acids, calculated with the revised
HKF equation of state using data and parameters reported by
Shock (1995), together with curves depicting neutral pH and pH
values calculated for mineral assemblages and fluids representative
of granite- and serpentinite-hosted hydrothermal fluids (see text) at
the saturation pressure of water. Phenylacetic acid is not shown
because Gibbs free energy data for aqueous phenylacetic acid and
phenylacetate are unavailable at high temperatures and pressures.
However, based on pK, relationships that include phenylacetic acid
at 25 °C and 1 bar (compiled by R. Williams at https://www.chem.
wisc.edu/areas/organic/index-chem.htm) and the relative positions
of the pK, curves in this figure, we estimate that the pK, of
phenylacetic acid should be similar to that of benzoic acid to within
~0.3 units. Note that associated forms of the acids would be
dominant in mildly acidic granite-hosted fluids, but anionic forms
would dominate in more basic serpentinite-hosted fluids. Also
shown in the figure are general regions of pH and temperature for
oil-field brines (lower temperature oval) and submarine hydrother-
mal fluids hosted in basalt (higher temperature box). For compar-
ison, the experimental temperature in this study is indicated by the
vertical dashed line. Different reaction mechanisms of the associ-
ated and anionic forms of aqueous organic acids, together with
variations in pH driven by rock compositions in hydrothermal
systems, imply that rates of hydrothermal organic acid decarboxy-
lation will depend on the major-element composition of host rocks.

Examination of Fig. 6 suggests that there may be conse-
quences of these pH differences for the persistence of
organic acids relative to decarboxylation that could help
explain the wide-ranging differences in organic acid concen-
trations among sedimentary basin brines even at the same
temperature (Shock, 1994). Submarine hydrothermal fluids
hosted in basalt typically fall close to the box on the right
side of Fig. 6 (Shock and Canovas, 2010; German and
Seyfried, 2014), indicating that the associated forms of the
acids may dominate the mechanisms of decarboxylation
in these systems.

The phenylacetic acid mechanism (scheme 11B) may be
directly applicable to aromatic acids with an alpha-
carboxyl, such as benzoic acid, which is found in oil-field
brines (Barth, 1987; Fisher and Boles, 1990; Kawamura
and Nissenbaum, 1992) and other natural waters
(Khasanov et al., 2016). These aromatic systems can be
activated to decarboxylation analogously to phenylacetic
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acid by the formation of a reactive ring-protonated zwitte-
rion. As an example, benzoic acid may decarboxylate via

Ot o 2 ot

Because the carboxyl group is directly attached to the aro-
matic ring, the ipso carbon (rather than para or ortho) must
be protonated to form a zwitterion that can serve as an elec-
tron sink for decarboxylation. In this case, the ipso-
protonated zwitterion can form the final product benzene
directly by decarboxylation, in contrast to the isotoluene
rearrangement that is required for phenylacetic acid. The
phenylacetic acid mechanism (scheme 11B) may also be
directly applicable to more structurally complex com-
pounds, such as polyaromatic acids, if there is a carboxyl
that is in a beta position relative to one of the aromatic car-
bons. Any polycyclic aromatic carboxylic acid with unsatu-
ration alpha- or beta- to the acid functional group can in
principle decarboxylate the same way. For acids with a
more displaced aromatic system (e.g., phenylpropanoic
acid), ring protonation creates an electron sink that is too
far to accept electrons flowing from the carboxyl during
decarboxylation. Such species should decarboxylate slowly,
similar to aliphatic acids as described below.

A zwitterion activation process could also apply to the
decarboxylation of alkanoic acids with three or more
carbon-chain atoms. Under hydrothermal conditions, alka-
nes can be reversibly converted to alkenes (Seewald, 1994;
Yang et al., 2012; Shipp et al., 2013). This suggests inter-
conversion between alkanoic and alkenoic acids. Once a
double bond is introduced, a zwitterion can be formed.
Based on the benzoic acid mechanism (scheme 19) propa-
noic acid could decarboxylate via

H
H
§ OH ~ k,[H1]
= =:’ 4——> H,C
H,

where protonation is assumed to occur at the alpha carbon.
In addition, decarboxylation of carboxylic acids with four
or more chain carbons may include a competitive gamma
protonation such as

HZC oH K HZC o k[H] HaC k2 HC 2

which is similar to that in the proposed mechanism for
phenylacetic acid. If so, decarboxylation may occur faster

O + CO, (19)

in more oxidized geological environments that facilitate
the formation of alkenoic acid intermediates.

A Bronsted plot of logarithmic rate constants for decar-
boxylation of several carboxylate anions vs. the pK, of the
corresponding decarboxylation products, shown in Fig. 7,
is proposed as a step toward the development of a general
quantitative model that accounts for different rates among
decarboxylation reactions. The plot in Fig. 7 was made with
rate constants from Belsky et al. (1999), Palmer and
Drummond (1986), Bell et al. (1994), and this work,
together with carbon-centered acidities from Lin et al.
(1983), Streitwieser and Ni (1985), and Richard et al.
(1999). If the decarboxylation reactions all occur via the
type of mechanism as shown in scheme (15), then decar-
boxylation and deprotonation of the hydrocarbon product
both generate the same carbanion intermediate and can in
principle be quantitatively related. The linearity of the plot
in Fig. 7 confirms this initial quantitative relationship.

As in the case of the Hammett plots in Fig. 5, the
Bronsted plot in Fig. 7 implies a linear free energy relation-
ship, which suggests that these species decarboxylate by the
same type of carbanion mechanism as phenylacetate
(scheme 15). If so, this helps clarify the decarboxylation
mechanism of acetate, which is difficult to study directly
because the acetate reaction is slow and lacks electron-
withdrawing groups that would support a carbanion mech-
anism. We propose the following mechanism for acetate

><H/ — > H,C=CH, _:g HsC—CHj (20)

+CO,

+H 2 H3C\/
+ CO,
(21)
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where the intermediate is the methide anion, H;C . The
slope (f) of the Brensted plot is —0.4, which suggests that
the transition state of the decarboxylation reaction has a
moderate degree of carbanion character, and that the bond
to the carboxyl carbon is almost halfway broken at the
transition state. This f§ value is somewhat less negative than
that (-0.7) derived by Wolfenden et al. (2011) at 25 °C,
which could be explained by diminished selectivity at higher
temperatures.

The Bronsted correlation can also be used as the basis of
a predictive scheme for carboxylates that have not been
studied experimentally. For example, the pK, of ethane
has been estimated to be ~52 (Jorgensen and Briggs,
1989), or ~3 orders of magnitude less acidic than methane.
This suggests that propanoate should decarboxylate more
slowly than acetate. Using Fig. 7, we predict that propano-
ate would decarboxylate ~1 order of magnitude slower
than acetate, with a rate constant of ~3 x 107'° s7! at
300 °C. Longer-chain carboxylates would also decarboxy-
late to form primary (1°) carbanions and thus may decar-
boxylate with rate constants similar to that for
propanoate at high temperature and pressure. This suggests
that the dominance of acetate relative to longer-chain car-
boxylates in oil-field brines (Willey et al., 1975; Carothers
and Kharaka, 1978; Fisher, 1987; Barth, 1991; Helgeson

g Trichloroacetate
N Cyanoacetate
K3
g 07
3
o Phenylacetate
x4 y
m .
2 g Trifluoroacetate Acetate
-12 4
10 20 30 40 50 60

pK, of Decarboxylation Product

Fig. 7. Bronsted plot of the logarithm of the rate constant for
decarboxylation of carboxylate anions, in water at 300 °C, versus
the pK, of the hydrocarbon conjugate acids of the carbanion
products of decarboxylation, estimated at 25 °C and atmospheric
pressure. The rate data for the substituted acetates is extrapolated
to 300 °C from data of Belsky et al. (1999), for phenylacetate from
this work, and for acetate from data of Palmer and Drummond
(1986). The Bronsted plot is a linear free energy relationship if the
Gibbs free energy for dissociation of the hydrocarbon acids to give
the carbanions is directly proportional to the activation energy for
formation of the same carbanions by decarboxylation of the
carboxylates.

CH, + HCO4

s
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(22)

et al., 1993; Lundegard & Kharaka, 1994) may not be
explained by the relative kinetics of decarboxylation of
the alkanoic acids in hydrothermal solutions, since acetate
would decarboxylate an order of magnitude faster than
the other carboxylates. Instead, the high concentration of
acetate may be explained by a faster rate of formation of
acetate, compared to other carboxylates, or a difference in
the way that decarboxylation is controlled in natural sys-
tems, for example by mineral catalysis, or both of the
above. The Brensted correlation brings us closer to the
development of predictive decarboxylation models for
hydrothermal systems. The incorporation of activation
energies and volumes of decarboxylation reactions into a
unifying mechanistic framework could be attempted next
to better constrain rates over structure-temperature-
pressure space.
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