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Abstract: It is shown that microenvironments formed around
catalytically active sites mitigate catalyst deactivation by
biogenic impurities that are present during the production of
biorenewable chemicals from biologically derived species.
Palladium and ruthenium catalysts are inhibited by the
presence of sulfur-containing amino acids; however, these
supported metal catalysts are stabilized by overcoating with
poly(vinyl alcohol) (PVA), which creates a microenvironment
unfavorable for biogenic impurities. Moreover, deactivation of
Pd catalysts by carbon deposition from the decomposition of
highly reactive species is suppressed by the formation of
bimetallic PdAu nanoparticles. Thus, a PVA-overcoated PdAu
catalyst was an order of magnitude more stable than a simple
Pd catalyst in the hydrogenation of triacetic acid lactone, which
is the first step in the production of biobased sorbic acid. A
PVA-overcoated Ru catalyst showed a similar improvement in
stability during lactic acid hydrogenation to propylene glycol in
the presence of methionine.

Biomass is an attractive, renewable alternative to petro-
leum-derived carbon for producing high-value, low-volume
products such as chemicals.l'! A recently suggested® approach
for biomass conversion uses biocatalysis to selectively retain
functionality natively present in biomass, leading to highly
functionalized platform species. Subsequent chemical cata-
Iytic upgrading of these species can then yield drop-in
replacements for petroleum.®’! Using this strategy, sorbic
acid can be produced from the biologically derived platform
molecule triacetic acid lactone (TAL, see Scheme 1). TAL is
produced through polyketide biosynthesis, providing an
appealing biochemical platform owing to its potential to
yield a wide array of highly functionalized species.*!
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Scheme 1. Conversion of TAL (1) into sorbic acid (5). This work
focuses on the hydrogenation of 1 to 5,6-dihydro-4-hydroxy-6-methyl-
2H-pyran-2-one (DHHMP, 2) and 4-hydroxy-6-methyltetrahydro-2-
pyrone (HMTHP, 3). 5 is produced over a solid acid catalyst by
dehydrating 3 to parasorbic acid (4), which is then ring-opened."

The first step in the conversion of TAL into sorbic acid is
the reduction of the unsaturated carbon-carbon bonds in the
pyrone ring. However, metal catalysts for hydrogenation are
susceptible to deactivation by biogenic impurities in the cell
culture medium. Notably, the Ru catalyst used for lactic acid
hydrogenation is deactivated through both pore plugging by
proteins and competitive adsorption of amino acids.! The
sulfur-containing amino acids cysteine and methionine (Met)
irreversibly poisoned the catalyst at levels as low as 100—
150 ppm, indicating a need for complex, expensive separation
methods to remove trace amounts of biogenic impurities.

We have previously shown that the surface properties of
heterogeneous catalysts can be controlled using an organic
polymer to create a microenvironment that surrounds the
catalytically active sites! In a similar regard, polymer-
encapsulated catalysts have also been developed as a means
to immobilize metal-based organic synthesis catalysts, allow-
ing for their recyclability.”) Herein, we create a microenviron-
ment that surrounds metal nanoparticles by intercalating
poly(vinyl alcohol) (PVA) into the pores of the catalyst
support. This microenvironment is then used to control which
species come into contact with the active sites, thus allowing
access of reactants yet mitigating deactivation by suppressing
access of biogenic impurities.

The unsaturated carbon-carbon bonds in TAL can be
reduced using Pd/C, achieving a 96% yield of HMTHP"
a key intermediate for sorbic acid production (see Scheme 1).
Quantitative selectivity to DHHMP can also be achieved at
24 % conversion using 2 % Pd/y-AlL,O;. However, as shown in
Figure 1a, this catalyst is ineffective for the sustained
conversion of TAL because of catalyst deactivation by
carbon deposition, an important consideration when upgrad-
ing highly functionalized and reactive species such as TAL.
The formation of bimetallic PdAu nanoparticles (1:1 atomic
ratio) alleviates this deactivation, achieving a DHHMP
production rate of 0.9 min~" for at least 50 hours of time-
on-stream, while maintaining quantitative selectivity to
DHHMP. However, both catalysts were deactivated rapidly
in the presence of Met, which was used as a model biogenic
impurity (Figure 1b).

The effects on the Pd catalyst of alanine (Ala), tryptophan
(Trp), and Met, representative amino acids, were decoupled
from catalyst deactivation by TAL by pre-equilibrating the
catalyst for 14 hours with a feed containing 0.01 mm of the
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Figure 1. Turnover frequency versus time-on-stream for the hydrogena-
tion of TAL to produce DHHMP over Pd/y-Al,O; (A), PdAu/y-Al,O,
(Run1: @, Run 2: 0), and PVA/PdAu/y-Al,O; (m). a) DHHMP produc-
tion rate for TAL (0.2%) in 1-butanol. b) DHHMP production rate for
TAL (0.2%) in 1-butanol with Met (0.01 mwm). The initial conversion
was between 50-70% in all cases.

amino acid, after which TAL was added to the feed, and the
initial rate of hydrogenation was measured. Low loadings of
the amino acids have a strong inhibitory effect on the catalyst
(see Figure 2), and this inhibition is governed by the nature of
the side chain, in agreement with previous work.”! Met, with
its sulfur group, resulted in 83% deactivation of the Pd
catalyst, whereas Trp and Ala, which do not contain sulfur,
resulted in 37% and 30% deactivation, respectively. Inter-
estingly, the PdAu catalyst lost only 65 % of its activity after
nearly 17 hours on stream. Thus, the addition of gold to the
catalyst not only prevents deactivation in the presence of
TAL, but it also helps to stabilize the catalyst in the presence
of sulfur-containing impurities. Importantly, during the first
eight hours of time-on-stream over the PdAu catalyst, the
decrease in the rate corresponds to a loss of available surface
Pd atoms that is equivalent to the amount of Met fed to the
reactor. As discussed below, the support does not bind Met
when Pd is present, suggesting that Met binds with a 1:1
stoichiometry to the surface Pd in the PdAu catalyst. This
observation is consistent with studies of PdAu catalysts used
for hydrodesulfurization and hydrogenation, where the pres-
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Figure 2. Initial rate of DHHMP production after equilibration for

14 hours in in the presence of three different amino acids (0.01 mm)
using Pd/y-Al,0; (open bars) and PVA/Pd/y-Al,O; (hashed bars) with
TAL (2%) in 1-butanol. The three amino acids are alanine (Ala),
tryptophan (Trp), and methionine (Met). The initial conversion was
between 30-50% in all cases.

ence of gold was shown to inhibit the formation of bulk
palladium sulfide, Pd,S.™

Many biogenic impurities, such as amino acids, organic
acid byproducts of fermentation, or vitamins, contain polar
functional groups, whereas biologically derived platform
molecules such as TAL are often less polar. To take advantage
of this disparity, we investigated the use of a polymer coating
to act as a pseudo-solvent, thus creating a microenvironment
that is unfavorable for polar species. The solubility of TAL
and amino acids in various solvents was used to guide the
selection of the appropriate polymer. In particular, TAL is
highly soluble in alcohols (see the Supporting Information,
Table S1), whereas amino acids are not,”) which led to the
selection of PVA.

PVA was intercalated into the pores of both the Pd and
PdAu catalysts as previously described.!® Nitrogen physisorp-
tion measurements showed minimal changes in porosity
following intercalation, although the pore diameter decreased
by approximately 1 nm (see Table S2), indicating that the
polymer coats the pore walls but does not fill the pores of the
support. Moreover, the irreversible CO uptake by the metal
nanoparticles decreased following intercalation. Inductively
coupled plasma atomic emission spectroscopy of the dissolved
catalysts showed that the Pd and Au loadings were both
unchanged after overcoating (see Table S2). The surface-
weighted average particle size, which was determined by
scanning transmission electron microscopy, was unchanged at
3.84+2.9nm and 3.9+ 1.3 nm for the parent and overcoated
catalysts, respectively. Thus, the decrease in CO uptake is
primarily due to site blocking as opposed to sintering or
leaching, indicating direct contact between PVA and the
metal nanoparticles, as needed to provide a microenvironment
in the vicinity of the active sites.

Figure 2 shows that intercalation of the Pd catalyst with
PVA decreases the rate of hydrogenation from 11.5 to
8.2 min~'. Importantly, this catalyst shows high activity for
TAL hydrogenation after exposure to Met (0.01 mm) for
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14 hours. Furthermore, the DHHMP production rate remains
essentially unchanged after 14 hours of exposure to Ala
(0.01 mm) and Trp as well, demonstrating that the addition of
PVA to metal catalysts imparts resistance to inhibitory
amounts of polar biogenic impurities. We observed similar
effects regardless of polymer chain length, loading, or identity
(Table S3). Overcoating the PdAu catalyst with PVA stabil-
izes the rate of TAL hydrogenation versus time-on-stream in
the presence of Met (see Figure 1b), with the first-order
deactivation rate constant decreasing from 0.12 h™' using Pd/
v-ALOj5 to 0.02 h™! using PVA/PdAu/y-AlOs.

Based on the improved impurity tolerance of the PVA-
overcoated PdAu catalyst, we examined its stability during
the hydrogenation of TAL that was produced by engineered
Saccharomyces cerevisiae, which was expressing a variant of
the Gerbera hybrida 2-pyrone synthase (2-PS) gene g2psi.
The 2PS enzyme uses a single acetyl-CoA starter unit and
incorporates two additional malonyl-CoA extenders by
iterative decarboxylation—condensation reactions, forming
TAL when the triketide intermediate undergoes spontaneous
cyclization."”! Using an S. cerevisiae strain engineered for
increased precursor availability and an improved 2-PS, we
obtained the highest TAL yields described to date, and we
have also increased the titer to over 4 gL', the highest
reported value. Owing to the fact that TAL undergoes
decarboxylation at elevated temperature in water,''l TAL
was then recovered from spent culture media prior to
hydrogenation (see the Supporting Information, Section 5).

Figure 3 shows that the standard Pd catalyst undergoes
rapid deactivation during hydrogenation of recovered and
purified TAL, whereas the PVA-overcoated PdAu catalyst is
more stable under the same conditions. The first-order
deactivation rate constant decreases from 0.31 h™' for Pd to
0.03h™! for PVA/PdAu. Combined with the observation that
the overcoated catalyst is stable in the presence of amino
acids, this behavior indicates that the activity loss while
upgrading microbially produced TAL is mainly due to the
presence of amino acids. Decreasing the amino acid concen-
tration by further purifying the feed using an ion-exchange
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Figure 3. Turnover frequency versus time-on-stream for the hydrogena-
tion of microbially synthesized TAL in 1-hexanol (ca. 0.15%) to
produce DHHMP over Pd/y-Al,O; (A) and PVA/PdAu/y-Al,O; (m). The
initial conversion was between 50-70% in both cases.
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resin does not result in any improvement in the deactivation
rate constant, demonstrating that the overcoated catalyst
allows for a simpler TAL recovery process (see the Support-
ing Information, Section 5).

PVA-derived microenvironments can also be used during
the hydrogenation of other biologically derived platform
species. For example, the supported Ru catalyst that is used
for lactic acid (LA) hydrogenation is susceptible to deactiva-
tion by Met,”! and this deactivation was mitigated by over-
coating the catalyst with PVA. Overcoating a 5% Ru/y-ALO;
catalyst increases the propylene glycol (PG) production rate
from 0.36 min~" to 0.55 min~' during batch-mode hydrogena-
tion of LA solutions in water (46 % w/w; see Table S4). The
PG production rate over the Ru catalyst decreased to
0.07 min~! after 14 hours of equilibration with an amount of
Met that is equivalent to half the number of surface Ru sites
measured by CO chemisorption (Met concentration between
0.8 and 1.2 mm). In contrast, the PVA-overcoated Ru catalyst
was more stable after the same treatment, achieving a rate of
0.25 min~!.

To provide insight into the interaction of Met with metal-
based hydrogenation catalysts, we treated the Pd catalyst and
the y-ALO,; support with "*C-enriched Met and collected
solid-state *C NMR spectra of these materials. The spectra in
Figure 4a show the SCH; resonances of neat Met, Met
adsorbed on y-Al;O;, and Met adsorbed on Pd/y-Al,O;, which
were obtained prior to heating the catalyst in hydrogen. The
characteristic 13 ppm signal of Met on y-A,O; disappears
when Pd is present and is replaced by a broader resonance at
19 ppm. Given that the surface area of Pd is much smaller
than that of the support, this observation indicates prefer-
ential binding of Met to Pd. The large shift in resonance
position indicates that the binding involves the SCH; group,
likely owing to strong S-Pd interactions. Spectra that were
obtained after subjecting the catalysts to the reaction
conditions (Figure 4b) show substantial changes, indicating
Met decomposition.

NMR spectra of the PVA overcoated Pd catalyst (Fig-
ure S2) reveal that the support dehydrates about one third of
the PVA to form unsaturated carbon—carbon bonds. Treating
both the overcoated and non-overcoated catalysts with C-
labeled Met (0.5 mm) under the reaction conditions and then
recording NMR spectra reveals a substantial decrease in the
intensity of the Met signal on the overcoated catalyst,
demonstrating that Met adsorption is inhibited by the PVA-
derived microenvironment (Figure 4b and c). Taken together
with the overcoating-induced changes in the support pore
diameter and the metal surface area, these observations
suggest that the PVA-derived microenvironment imitates
a “solid solvent” into which species must partition, analogous
to liquid-liquid partitioning. Dehydration of the PVA further
suggests that this “solid solvent” is similar to a mixture of
nonpolar and polar organic solvents, further decreasing the
effective partition coefficient of amino acids and explaining
the observed stability of the overcoated catalysts. This
interpretation also explains the decrease in the DHHMP
production rate following PVA overcoating, because the
solubility of TAL decreases in nonpolar organic solvents
leading to a lower TAL concentration in the vicinity of the
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Figure 4. a) *C NMR resonances from the SCH; group of neat Met
(top), Met bound to y-Al,O; (middle), and Met bound to Pd/y-Al,O,
(bottom). b) *C NMR spectra of Met on Pd/y-Al,0;. c¢) >C NMR
spectra of Met on PVA/Pd/y-Al,O;. The dashed lines in (c) are the
unmodified spectra, and the solid lines correspond to the spectra
obtained after subtraction of the PVA background. The spectra in (b)
and (c) were obtained using uniformly *C-enriched methionine
(u™C-Met) and methionine with a "*C label on the SCH; ("*C-Met).

metal nanoparticles. The observed increase in the rate of LA
hydrogenation using the PVA-overcoated Ru catalyst can be
explained in the same way. In particular, it has been shown
that LA is the most abundant surface intermediate on Ru
catalysts during LA hydrogenation.!"?! As the solubility of LA
is decreased in the PVA-derived microenvironment, the
decreased local concentration of LA leads to a greater
fraction of sites available for reaction and the observed
increase in reaction rate.

We have shown that a PVA-overcoated PdAu catalyst is
stable for the hydrogenation of TAL, a highly functionalized
and highly reactive species, in the presence of biogenic

impurities. This catalyst also shows improved stability in the
hydrogenation of microbially synthesized TAL. Furthermore,
we have shown that a PVA-overcoated Ru catalyst mitigates
catalyst deactivation during the hydrogenation of LA in the
presence of Met. Accordingly, this work demonstrates that
successful coupling of heterogeneous chemical catalysis with
biocatalysis is possible in the presence of biogenic impurities,
and it provides guidance for developing strategies for
upgrading biologically derived platform intermediates.
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