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CONVERSION OF ALCOHOLS TO
CARBOXYLIC ACIDS USING
HETEROGENEOUS PALLADIUM-BASED
CATALYSTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. patent application
Ser. No. 14/702,266, filed May 1, 2015, which claims
priority to U.S. Provisional Patent Application No. 61/987,
080 filed on May 1, 2014. Both of these applications are
incorporated by reference herein in their entireties.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH/DEVELOPMENT

Not applicable.

BACKGROUND OF THE INVENTION

The present invention relates to improved methods for
synthesizing esters and carboxylic acids from organic alco-
hols. In particular, it relates to performing such synthesis
reactions in the presence of palladium-based catalysts that
also include a co-catalyst comprising bismuth, tellurium,
lead, cerium, titanium, zinc and/or niobium (most preferably
bismuth and tellurium).

Heterogeneous Pd catalysts have been used in organic
chemistry for the reduction of some organic compounds.
Prominent examples include simple supported catalysts such
as Pd/C and Pd/Al,O;, as well as more complex variants
such as Lindlar’s catalyst, in which Pd/CaCO; is modified
by Pb(OAc), and quinoline. Similar catalysts for selective
oxidation of organic molecules have been developed, but
effective examples are rare.

Adam’s catalyst (PtO,) is typically used as a hydrogena-
tion catalyst, but it also mediates aerobic oxidation of
primary alcohols to carboxylic acids. High catalyst loading
is often required in the latter application (e.g., 0.6 equiv
Pt3%), and other reagents, such as the Jones reagent (CrO,/
H,S80,) or bleach/TEMPO, tend to be more reliable. Homo-
geneous and heterogeneous Pd catalysts have been studied
for aerobic alcohol oxidation, but this work has mostly
focused on conversion of alcohols to aldehydes and ketones.
In any event, methods for oxidation of primary alcohols to
carboxylic acids and esters are limited with respect to
substrate scope (e.g. typically mostly effective with benzylic
alcohols) and/or catalyst accessibility.

The literature also refers to homogeneous and heteroge-
neous Pd based catalysts for the oxidation of alcohols to
aldehydes and ketones within the domain of sugar chemistry.
Further oxidation of aldehydes to the corresponding carbox-
ylic acid has proved to be challenging with respect to both
substrates accessible, or the preparation of the catalyst.

This is particularly of interest as transformation of hydro-
carbon feedstocks into value added fine chemicals or phar-
maceuticals requires the introduction of various functional
groups in the form of a more oxidized molecule. Some
reaction conditions/materials have safety drawbacks such as
the use of toxic, corrosive, flammable, and/or explosive
chemicals, and/or also have low atom efficiency because of
stoichiometric byproducts.

The use of O, for oxidation provides a nontoxic and
noncorrosive oxidant alternative with high atom efficiency
and water as a benign byproduct. Oxidation of alcohols to
aldehydes and ketones has been well studied in the literature,
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while aerobic oxidation of alcohols to other products such as
methyl esters has fewer catalytic studies.

Heterogeneous catalysts have many advantages over
homogeneous catalysts including ease of separation and
longevity. However, heterogeneous catalysts can be lacking
in selectivity, especially towards diverse functional groups
present in fine chemicals and pharmaceuticals. Few
examples exist of heterogeneous catalysts being able to
tolerate wide ranges of functional groups with acceptable
selectivity. Most of these examples have limitations such as
tedious/costly catalyst syntheses or require specialized
equipment for the synthesis.

Another concern is catalysts that suffer from a lack of
recyclability and/or longevity.

In H. Kimura et al., Palladium Based Multi-Component
Catalytic Systems For The Alcohol To Carboxylate Oxida-
tion Reaction, 95 J. Applied Catalysis A: General 143-169
(1993) there was discussion of multi-component palladium
bismuth catalysts (with a variety of different possible addi-
tional additives) used to convert certain alcohols to acids.
The article did not relate to esterification reactions, and
suggested a variety of undesirable limitations even in the
context of acids.

Hence, there remains a need for improved methods of
forming methyl esters and carboxylic acids, particularly
when using primary alcohols as a starting material.

SUMMARY OF THE INVENTION

Below we describe palladium-based catalysts that pro-
mote efficient aerobic oxidation of primary alcohols to esters
and acids, including benzylic, cyclic and aliphatic examples.
We have particularly discovered that use of certain co-
catalysts with the palladium significantly improves the effi-
ciency and selectivity of these reactions, and thereby enables
broader substrate scope and functional-group compatibility.

In one aspect the invention provides a method for syn-
thesizing an ester from two alcohols. One reacts, in the
presence of oxygen gas, an alkyl alcohol with less than three
carbons with a compound of the formula R'CH,OH. The
reaction is also in the presence of a catalyst comprising
palladium and at least one co-catalyst comprising bismuth
and/or tellurium.

Preferred conditions include an absence of water (to
minimize side reactions). Note that allowing the reaction to
proceed for excess time increases side products as well in
some syntheses.

Various supports for the catalysts have proven suitable. In
this regard, we have successfully used activated carbon,
activated charcoal, and metal oxides such as Al,O; for this
purpose. A large excess of MeOH or ethanol without water
leads to the ester, whereas a large excess of water directs the
reaction to the acid. We prefer to use minor amounts of
methanol in even acid examples to solubilize the organic
alcohols.

An ester of the following formula can be formed:

RL—CO—0O—R2

R! comprises an alkyl, cyclic, aryl, heterocyclic, arene,
amine, ether, ester or protected alcohol moiety, with or
without sulfur or halogen content. R? is an alkyl moiety
having less than three carbons. For example methanol or
ethanol can be reacted with octanol or a benzyl alcohol.

Most preferably the palladium is present in excess of the
bismuth and tellurium, and on an elemental carbon, acti-
vated carbon, or metal oxide based support. In any event, we



US 9,957,217 B2

3

prefer to use at least 0.5 mol percent palladium, at least 0.5
mol percent bismuth, and at least 0.5 mol percent tellurium
in the catalyst.

In one form the bismuth is present as a salt and the
tellurium is present in a metal form, where the bismuth salt
is Bi(NO;);.5H,0. Alternatively, both the bismuth and tel-
lurium can be in the metal form so as to create a trimetallic
catalyst.

Efficient reactions take place at 40° C., most preferably at
about 60° C.

In another form the invention there is provided a method
for synthesizing an ester from two alcohols where one reacts
in the presence of oxygen gas, an alkyl alcohol having less
than three carbons with a compound of the formula
R,CH,OH. The reacting is in the presence of a catalyst
comprising palladium and a co-catalyst comprising at least
two of the following: bismuth, tellurium, lead, cerium,
titanium, zinc and niobium.

An ester of the following formula is formed:

R!'—CO—0O—R?%

wherein R' comprises an alkyl, cyclic, aryl, heterocyclic,
arene, amine, ether, ester or protected alcohol moiety, with
or without sulfur or halogen content. R? is an alkyl moiety
having less than three carbons.

In another aspect the invention provides a method for
synthesizing an acid from an alcohol. One exposes a com-
pound of the formula R—CH,—OH to oxygen gas and
water so as to yield a compound of the formula RCOOH.
The reaction is also in the presence of a catalyst comprising
palladium and at least one co-catalyst comprising bismuth
and/or tellurium. R comprises an alkyl, cyclic, aryl, hetero-
cyclic, arene, amine, ether, ester or protected alcohol moiety,
with or without sulfur or halogen content.

Preferred reaction conditions include the addition of a
strong base, preferentially KOH, in the presence of water
with 10% methanol added (to help increase the interaction
between the substrate and the catalyst).

Again, most preferably the palladium is present in excess
of the bismuth and tellurium, and on an elemental carbon
based support. In any event, for this reaction we prefer at
least 0.1 mol percent palladium, at least 0.01 mol percent
bismuth, and at least 0.01 mol percent tellurium in the
catalyst.

Again, in one form the bismuth is present in a salt form
and the tellurium is present in a metal form, where the
bismuth salt is Bi(NO,);.5H,O. In another form the bismuth
and tellurium are co-deposited onto the palladium catalyst
forming a trimetallic catalyst.

Efficient reactions take place at above 40° C., most
preferably at about 60° C.

In yet another form the invention provides a method for
synthesizing an acid from an alcohol. One exposes a com-
pound of the formula R—CH,—OH to oxygen gas and
water so as to yield a compound of the formula RCOOH.
The exposing is in the presence of a catalyst comprising
palladium and also a co-catalyst comprising at least two of
the following: bismuth, tellurium, lead, cerium, titanium,
zinc and niobium. R is an alkyl, cyclic, aryl, heterocyclic,
arene, amine, ether, ester or protected alcohol moiety, with
or without sulfur or halogen content.

In sum, we have discovered that bismuth and tellurium
(and to a lesser extent certain other additives), act in a
synergistic manner with palladium to effect aerobic oxida-
tion of alcohols to esters and acids (to the acid when
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substantial water is present). A wide range of starting
substrate alcohols can be used, with high selectivity.

The above and still other advantages of the present
invention will be apparent from the description that follows.
It should be appreciated that the following description is
merely of preferred embodiments of our invention. The
claims should therefore be looked to in order to understand
the full claimed scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a generic representation of the methods of
the present invention as applied to esterification.

FIG. 2 depicts the esterification of octanol.

FIG. 3 depicts the impact of also adding varied amounts
of tellurium to varied bismuth catalyst systems.

FIG. 4 depicts various methyl esters formed by the
methods of the present invention.

FIG. 5 depicts the impact of temperature variations on
various esterification reactions.

FIG. 6 provides a generic representation of the methods of
the present invention as applied to formation of carboxylic
acids.

FIG. 7 depicts a number of specific examples of substrates
used for formation of carboxylic acids.

FIG. 8 focuses on a specific example of formation of a
cyclic carboxylic acid.

FIG. 9 depicts further details regarding reaction condi-
tions.

FIG. 10 depicts other carboxylic acids formed under the
conditions specified.

FIG. 11 shows admixture screening data (methyl octano-
ate yields) obtained from the aerobic oxidation of 1-octanol
with heterogeneous catalysts composed of Pd/charcaol in
combination with one or two additives. Shading reflects
methyl octanoate yields: below that obtained with Pd alone
(not shaded), above Pd alone (lightest shading), >60%
(medium shading), and >80% (darkest shading).

FIG. 12A and FIG. 12B show response-surface-method-
ology data for PdBiTe catalyst optimization in the oxidative
methyl esterification of 1-octanol, with a shading gradient
reflecting the yield of methyl octanoate under the conditions
indicated in the equation. FIG. 12A illustrates catalyst
composition starting points for determination of the path of
steepest ascent towards higher yields. FIG. 12B illustrates
iterative path followed over three steps of catalyst optimi-
zation, starting at a 1:1:1 Pd:Bi:Te ratio (open circles), and
catalyst activity data for PdBiTe compositions in the region
of highest activity (shaded circles).

FIG. 13 shows reaction time-courses comparing the activ-
ity of the different catalysts for the oxidative methyl esteri-
fication of 1l-octanol. PBT-1=PdBi,,,Te,,,; PBT-2=
PdBi, ;5Teg 55; Admixture=1 mol % Pd/charcoal (5 wt %),
5 mol % Bi(NO,),.5H,0, 2.5 mol % Te.

FIGS. 14A and 14B show batch recycling of PBT-1 and
PBT-2 Catalysts in the oxidative methyl esterification of
benzyl alcohol (FIG. 14A) and 1-octanol (FIG. 14B). Cata-
lyst loading: 0.1 mol % Pd for benzyl alcohol; 1 mol % Pd
for 1-octanol.

FIG. 15 is a schematic diagram showing the Scope of
Aerobic Alcohol Esterification System with PBT-1. Reac-
tions carried out on 1 mmol scale; '"H NMR yields with
trimethoxybenzene as internal standard. °0.1 mol % Pd,
2 h. ©2 mol % Pd. “5 mol % Pd.

FIG. 16 is a schematic diagram of the flow reactor.
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FIG. 17 shows long-term testing of PBT-1 and PBT-2
catalysts under continuous conditions for the oxidative
methyl esterification of benzyl alcohol.

FIGS. 18 A and 18B show oxidative methy! esterification
of'benzyl alcohol under continuous-flow conditions with the
PBT-2 catalyst. FIG. 18 A shows assessment of different flow
rates to identify the optimal WHSV. FIG. 18B shows long-
term testing of the PBT-2 catalyst at a WHSV of 500 h™".

FIGS. 19A and 19B show elemental leaching studies.
FIG. 19A shows loss of Pd, Bi and Te from the PBT-2
catalyst during continuous oxidative methyl esterification of
benzyl alcohol (cf. FIG. 18B). FIG. 19B shows change in
PBT-1 and PBT-2 catalyst compositions during long-term
oxidation of benzyl alcohol, mapped onto the catalyst activ-
ity plot shown in FIG. 12B.

FIG. 20 is an Arrhenius plot of In(k) vs 1000/T. Fitted
parameters: A=6x10'% 5!, E_=87+2.7 kJ/mol.

FIGS. 21A-21D are time courses of the oxidation primary
alcohol to the carboxylic acid. FIG. 21A is a time course
using Pd/C to catalytically oxidize 4-methoxybenzyl alco-
hol; FIG. 21B is a time course using PBT to catalytically
oxidize 4-methoxybenzyl alcohol; FIG. 21C is a time course
using Pd/C to catalytically oxidize 1-octanol; FIG. 21D is a
time course using PBT to catalytically oxidize 1-octanol. "H
NMR yields with trimethyl(phenyl)silane as internal stan-
dard (std. dev.+5%). Conditions: 1 mmol scale, [alcohol]=1
M, 1 mol % catalyst, 3 eq of KOH, methanol: water (1:9
volvol), 1 atm O,, 50° C.

FIG. 22 is a chemical structure schematic demonstrating
substrate scope for aerobic alcohol oxidation with PBT
catalyst system. Reactions were carried out on 1 mmol scale;
[alcohol]=1 M; 1 M, "H NMR yields compared to trimethyl
(phenyl)silane as internal standard. “8 h. *12 h. “16 h. “8 h,
25° C. “Isolated yield.

FIG. 23 is a schematic diagram showing the oxidation of
HMF to FDCA with PBT catalyst under reaction conditions.
HPLC yields with benzoic acid as internal standard. Con-
ditions: 2 mmol scale, [alcohol]=1.8 M, 1 mol % catalyst, 3
eq of KOH, Methanol: Water (1:9 vol: vol), 1 atm 02, 50° C.,
6 h.

FIGS. 24A and 24B show time courses of the oxidation
HMF to FDCA using industrial PtBi/C (FIG. 24A) and using
PBT (FIG. 24B). HPLC yields with benzoic acid as internal
standard. Conditions: 0.50 mmol scale, [alcohol]=1.8 M, 1
mol % catalyst, 3 eq of KOH, Methanol: Water (1:9 vol:
vol), 1 atm 02, 50° C.

DETAILED DESCRIPTION

A variety of commercially available palladium sources
were tested as potential catalysts at 1 mol % palladium
loading for the oxidative esterification of octanol to methyl
octanoate under 1 atm of O, in methanol. Both heteroge-
neous and homogeneous palladium sources were tested. See
Table 1.

The relatively poor conversions and yields obtained with
most initially tried catalysts, maximum yield 20% with 1%
Pd/C and 5% Pd/Char (Char=charcoal), led us to experiment
with additional co-catalysts. We then tried inclusion of 1 mol
% Bi(NO;);.5H,0 in our reactions. This surprisingly
resulted in significantly increased yields. For example, a
yield of 60% was achieved with Pd/Char and Bi(NO;);.
SH,O. See generally Table 1.
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TABLE 1

Impact on vield of including bismuth in various catalyst systems

Yield (Conv)“®

Entry  Catalyst No Bi(NO;); Bi(NO;);”
1 1 wt % Pd/C 20 (22) 45 (54)
2 1 wt % Pd/ALO, 6 (17) 49 (65)
3 2.5 wt % Pd/C 7 (40) 57 (58)
4 5 wt % Pd/C 10 (11) 45 (61)
5 5 wt % Pd/Char® 16 (20) 60 (60)
6 30 wt % Pd/C 59 30 (39)
7 PdCL,¢ 0 (0) 0 (0)
8 Pd(OAc),? 0 (0) 15 (17)

“Reactions performed on 1 mmol scale; [RCHOH] = IM. 'H NMR yields with
trimethoxybenzene as internal standard.

PBi(NO3); = Bi(NO3)3¢ SH,O.

“Char = charcoal.

90 mg activated carbon added.

The beneficial effect of Bi(NO,),.5H,O prompted us to
examine also including other additives in the reaction. Most,
such as Cu, Ag and Sb sources, had a negligible or only
slightly beneficial effect. However, tellurium exhibited a
highly beneficial effect. For example, Bi,Te;, an alloy
containing both Bi and Te, had a 87% yield of methyl
octanoate.

The synergistic effect of bismuth with the second additive
was examined further, and highly desirable results were
obtained with Bi(NO,),.5H,O/tellurium metal (Te). The
two-dimensional array depicted in FIG. 3 summarizes these
experiments. Note in particular the result for about 2.5 mol
% Te and 5 mol % Bi(NO,),.5H,0, which enabled a 94%
yield of methyl octanoate.

Re-examination of other palladium sources at 1 mol % Pd
loading with the optimized Bi(NO,);.5H,0/Te combina-
tions showed that comparable results could be obtained with
2.5% or 5% Pd/C. The somewhat lower cost of Pd/Char
prompted us to proceed with this catalyst.

A more robust catalyst was also developed in which the
bismuth and tellurium were deposited onto the palladium
prior to reaction in a preferred molar ratio of Pd:Bi:Te of
1:0.35:0.23. This catalyst added the benefit of being able to
be recycled through multiple reactions or of being able to be
used in a continuous process.

We then ran a series of experiments on other alcohol
substrates, at various temperatures. See generally FIGS. 4
and 5. While a variety of temperature conditions were
appropriate, a temperature of about 60° C. proved very
desirable.

We then tested the use of such catalysts for converting the
alcohol substrate to an acid in the presence of water. We
therefore also describe below the application of our catalysts
for the aerobic oxidation of primary alcohols, benzylic,
cyclic and aliphatic, to the corresponding carboxylic acids.

In FIGS. 6 and 7 we depict proof of principle examples of
oxidizing alcohols to carboxylic acids.

DETAILED EXPERIMENTS

We provide below more details regarding the experiments
summarized above:

Commercially available compounds were used as
received and purchased from Sigma Aldrich unless other-
wise indicated. Pd sources from Sigma Aldrich (# product
number) included 1 wt % Pd/C (205672), 1 wt % Pd/Al, O,
(205702), 2.5 wt % Pd/C (276707), 5 wt % Pd/C (520845),
5 wt % Pd/charcoal (75992), 30 wt % Pd/C (407305), PdCl,
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(205885) and Pd(OAc), (520764). A 5 wt % Pd/C catalyst
was also obtained from TCI Chemicals (P1490).

The bismuth(IIl) nitrate pentahydrate used (Bi(NO;);.
5H,0) and Te metal were purchased from Sigma Aldrich. A
substrate CAS Number 17581-85-0 was purchased from
Matrix Scientific. 'H and >C NMR spectra were recorded
on a Bruker AC-400 MHz spectrometer. The chemical shifts
(8) were recorded in parts per million and referenced to
trimethyl(phenyl)silane (PhTMS) internal standard. High
resolution mass spectra were obtained using a Water
Autospec by the mass spectrometry facility at the University
of Wisconsin. Infrared measurements were acquired on a
Bruker Tensor 27 FTIR with an ATR probe as neat samples.
Melting points were taken on a Mel-Temp II melting point
apparatus. Flash column chromatography was performed
using silica gel 60 (Silicycle) and eluted with ethyl acetate/
hexanes.

A 4 L screw top bottle of anhydrous methanol was used.
Base: KOMe was added as a 3.75 M MeOH solution from
Sigma Aldrich, or K,CO; (from Sigma Aldrich) was added
as a solid or dissolved in methanol.

We took particular caution in handling these materials
because the addition of neutral methanol to Pd/Charcoal can
cause the Pd to catch fire. Unless otherwise stated the KOMe
was delivered to the Pd/Charcoal as a 3.75 M solution in
MeOH. In this regard the Pd/Charcoal will not combust
upon the addition of KOMe in methanol. The robust Pd -
Bi,Te,/C catalysts proved not to be flammable with the
addition of methanol.

We also considered that some methyl ester products with
boiling points near/below 200° C. (2a, 2p, 2t, 2z, 2ad of FIG.
6) can be lost to evaporation on a strong rotary evaporator
(~30 mm Hg vacuum) over prolonged periods of time. In
these cases an aqueous workup of the crude reaction mixture
with DI water/CH,Cl, is preferable because CH,CI, is
rapidly removed upon rotary evaporation leaving the pure
methyl ester behind. Purification by column chromatogra-
phy with hexanes and ethyl acetate usually requires pro-
longed exposure to reduced pressure, which may result in
the loss of some product.

We made one of our catalysts as follows. 500 mg of 5 wt.
% Pd on carbon was added to 15 mL of distilled water and
stirred. Bi(NO;),.5H,0 and TeCl, was dissolved in a mix-
ture of 1 m[. 1 M HCI and 0.1 mL conc. HNO; and added
to the catalyst suspension. The Pd/C and dissolved salts were
mixed at 50° C. for 3 hours. After the 3 hours 500 uL. of a
30% NaOH solution was added to make the mixture alka-
line. 200 L. of 37% formaldehyde was then added and the
mixture heated to 80° C. under N,. The catalyst was then
allowed to reduce over 16 hours after which it was filtered
and washed with water (~500 mL) until neutral. The catalyst
was then dried under vacuum at 70° C. for 20 hours to afford
the final catalyst PdBi, ;sTe, ,5/C.

General Procedure

To a disposable 13 mm thick-walled culture tube was
added the reaction components. For example, we added 5 wt
% Pd/Charcoal (0.01 mmol, 21.3 mg), tellurium metal
(0.025 mmol, 3.2 mg), 3.75 M KOMe in MeOH (1 mmol,
0.27 mL), 0.25 M trimethoxybenzene in MeOH (as an
internal standard, 0.40 mL), 0.5 M Bi(NO,),.5H,0 in
MeOH (0.10 mL) and 0.07 mL. MeOH. The reaction tubes
were then placed in a 48-well parallel reactor mounted on a
Glas-Col large capacity mixer. With the robust catalyst
PdBij 55Teq »5/C (0.01 mmol, 21.3 mg, 5 wt. % Pd), K,CO,
(0.25 mmol, 34.6 mg), and MeOH were added to the
reaction tubes.
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The headspace was purged with O, for about 3 minutes,
heated to the appropriate temperature and the alcohol sub-
strates (1 mmol) were injected into each vial. The reactions
were shaken at elevated temperature under 1 atmosphere O,
for 12 hour, after which time they were stopped and filtered
through celite plugs. The plugs were washed with MeOH,
CH,Cl, and MeOH, and concentrated in vacuuo.

Trimethyl(phenyl)silane (0.5 mmol, 86 pl.) was added
and the reactions were analyzed by 'H NMR spectroscopy.
Yields for each reaction were quantified by comparison of
the products with both trimethoxybenzene (0.1 mmol) and
trimethyl(phenyl)silane (0.5 mmol).

Aerobic Alcohol Esterification with Orbital Mixer (Con-
ditions A)

This set of reactions was carried out in a 13 mm thick-
walled culture tubes under 1 atmosphere O, with agitation
provided by an orbital shaker as described in the paragraph
above. To each of the tubes was charged with 5 wt %
Pd/Charcoal (0.01 mmol, 21.3 mg), tellurium metal (0.025
mmol, 3.2 mg), 3.75 M KOMe in MeOH (1.0 mmol, 0.27
mL), MeOH (0.40 mL), 0.5 M Bi(NO,);.5H,0O in MeOH
(0.10 mL) and 0.07 mL. MeOH. The tubes were placed in a
48-well parallel reactor mounted on a Glas-Col large capac-
ity mixer. The head space was purged with O, for about 3
min, and the reactions were then heated to 60° C. unless
otherwise indicated.

The alcohol substrate was added via syringe (1 mmol) or
as a solution in MeOH for solid substrates. The reactions
were allowed to react at 60° C. under 1 atmosphere O, for
8 hours unless otherwise indicated. The reactions were then
filtered through celite plugs, washed with MeOH, CH,Cl,
and MeOH and concentrated in vacuuo. The residue was
loaded on the top of a silica gel column and the product was
isolated by elution with hexanes/EtOAc.

Aerobic Alcohol Esterification with O, Balloon (Condi-
tions B)

A 20 mmx150 mm culture tube was charged with a stir
bar, 5 wt % Pd/Charcoal (0.01 mmol, 21.3 mg), tellurium
metal (0.025 mmol, 3.2 mg), 3.75 M KOMe in MeOH (0.27
mL), MeOH (0.40 mL), 0.5 M Bi(NO,);.5H,0 in MeOH
(0.10 mL) and 0.07 mL. MeOH. The tube was stoppered with
a rubber septum and the solution was purged with O,
saturated MeOH for 10 min. An O, balloon was attached to
a 16" gauge needle (12" long) and the needle was placed
through the septum of the tube so that the needle was
submerged into the solution. The culture tube was warmed
to 50° C., after which the substrate (1 mmol) was injected
into the vial and the reaction was stirred rapidly at 800 rpm
for 8 hour. The reactions were then filtered through celite
plugs, washed with MeOH, CH,CIl, and MeOH and con-
centrated in vacuuo. The residue was loaded on the top of a
silica gel column and the product was isolated by elution
with hexanes/EtOAc.

For continuous production a packed bed reactor was made
consisting of 350 mg PdBi, ;5Te, ,5/C in a 4 inch long %
inch outer diameter stainless steel tube. O, was fed as a
dilute mixture in N, (9% O,) with a molar flow rate of
O,:substrate of 8:1 and O, pressure of 0.5 atmospheres. The
substrate was fed as a SM solution in MeOH and the K,CO;
was fed as a 0.138 M solution in MeOH. The liquid feeds
were mixed with the gas feed before the reactor giving a
final solution of 0.5 M substrate and 0.125 M K,CO; in
MeOH. Samples were collected and analyzed by GC with
mesitylene as a standard.
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Spectral Data for Isolated Methyl Esters

With reference to the esters referred to in FIG. 6, we
achieved the following results for various benzyl and alkyl
alcohols:

2a Yield: 92%. Colorless oil. Purified by silica gel column
chromatography using 9:1 hexanes: BtOAc (R=0.45). 'H
NMR (400 MHz, CDCl,, TMS) § 8.04 (d, J=7.1 Hz, 2H),
7.59-7.51 (m, 1H), 7.43 (t, J=7.8 Hz, 2H), 3.91 (s, 3H).

2b Yield: 88%. Colorless oil. Purified by silica gel column
chromatography using 9:1 hexanes: BtOAc (R=0.55). 'H
NMR (400 MHz, CDCl;, TMS) § 7.92 (d, J=8.2 Hz, 2H),
7.22 (dd, J=8.4, 0.9 Hz, 2H), 3.88 (s, 3H), 2.39 (s, 3H).

2c¢ Yield: 92%. Colorless oil. Purified by silica gel column
chromatography using 8:2 hexanes: BtOAc (R~0.40). 'H
NMR (400 MHz, CDCl;, TMS) 8 7.99 (d, J=8.9 Hz, 2H),
6.91 (d, J=8.9 Hz, 2H), 3.87 (s, 3H), 3.84 (s, 3H).

2d Yield: 93%. Colorless oil. Purified by silica gel column
chromatography using 6:4 hexanes: EtOAc (Rf=0.48). 'H
NMR (400 MHz, CDCl;, TMS) & 7.36-7.31 (m, 1H),
7.05-6.98 (m, 1H), 6.96-6.86 (m, 1H), 3.89 (s, 3H), 3.85 (s,
3H), 3.78 (s, 3H).

2e Yield: 87%. Colorless oil. Purified by silica gel column
chromatography using 8:2 hexanes: BtOAc (R~0.40). 'H
NMR (400 MHz, CDCl,, TMS) § 7.43-7.35 (m, 2H), 7.28 (t,
J=7.9 Hz, 1H), 6.90 (dd, J=2.6, 1.1 Hz, 1H), 3.90 (s, 3H),
2.98 (s, 6H).

21 Yield: 48%. Colorless oil. Purified by silica gel column
chromatography using 9:1 hexanes: EtOAc (Rf=0.21). 'H
NMR (400 MHz, CDCl,, TMS) § 7.85 (ddd, 1=7.7, 1.6, 0.7
Hz, 1H), 7.25 (ddd, J=8.6, 7.2, 1.6 Hz, 1H), 6.70-6.60 (m,
2H), 5.71 (s, 2H), 3.86 (s, 3H).

2g Yield: 100%. Colorless oil. Purified by silica gel
column chromatography using 9:1 hexanes: EtOAc
(R~0.41). "H NMR (400 MHz, CDCl,, TMS) & 7.83 (dd,
J=7.8, 1.4 Hz, 1H), 7.75-7.66 (m, 1H), 7.40 (ddd, J=8.0, 5.1,
3.1 Hz, 1H), 7.31-7.17 (m, 1H), 3.92 (d, J=1.6 Hz, 3H).

2h Yield: 76%. Colorless oil. Purified by silica gel column
chromatography using 9:1 hexanes: BtOAc (R~0.40). 'H
NMR (400 MHz, CDCl;, TMS) § 8.15 (d, J=8.0 Hz, 2H),
7.70 (d, J=8.1 Hz, 2H), 3.96 (d, 3H).

2i Yield: 61%. Orange solid. Reacted at 25° C. for 8 hours.
Purified by silica gel column chromatography using 8:2
hexanes: BtOAc (R~0.40). 'H NMR (400 MHz, CDCl,,
TMS) 8 8.02 (dt, J=1.7,0.8 Hz, 1H), 7.97 (dd, J=2.1, 1.2 Hz,
2H), 3.97 (s, 3H), 2.62 (d, J=0.9 Hz, 3H). '*C NMR (101
MHz, CDCl,;, TMS) § 165.30, 151.84, 133.99, 133.73,
133.46, 128.05, 124.56, 52.73, 20.07. HRMS (EI) Calcd. for
CoHNO, ([M™]): 195.0527, found: 195.0526. IR (cm™"):
1728, 1516, 1429, 1279, 1263, 1198, 1122, 982, 836, 731.
M.P. 80-82° C.

2j Yield: 65%. Colorless oil. Isolated with 33% methyl
benzoate. Reacted for 25° C. for 8 hours. Purified by silica
gel column chromatography using 9:1 hexanes: EtOAc
(R~0.42). 'H NMR (400 MHz, CDCl;, TMS) d 8.00 (1,
J=1.9Hz, 1H),7.91 (dt, J=7.8, 1.3 Hz, 1H), 7.51 (ddd, J=8.1,
2.3,1.2Hz, 1H), 7.42 (dd, J=8.4,7.1 Hz, 1H), 3.91 (d, J=1 .4
Hz, 3H).

2k Yield: 6%. Colorless oil. Isolated with 20% methyl
benzoate. Reacted for 25° C. for 8 hours. Purified by silica
gel column chromatography using 9:1 hexanes: EtOAc
(R~0.42). 'H NMR (400 MHz, CDCl;, TMS) 8 7.90 (d,
J=8.0 Hz, 2H), 7.48 (d, J=8.5 Hz, 2H), 3.92 (s, 3H).

21 Yield: 78%. White solid. Purified by silica gel column
chromatography using 8:2 hexanes: BtOAc (R~0.55). 'H
NMR (400 MHz, CDCl,, TMS) § 7.63 (dd, J=8.2, 1.7 Hz,
1H), 7.45 (d, J=1.7 Hz, 1H), 6.82 (d, J=8.2 Hz, 1H), 6.02 (s,
2H), 3.87 (s, 3H). >°C NMR (101 MHz, CDCl,, TMS) 3
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166.43, 151.57, 147.71, 125.31, 124.16, 109.49, 107.94,
101.79, 52.04. HRMS (EI) Caled. for C;H,O, (IM*]):
180.0418, found: S15 180.0424. IR (cm™'): 1725, 1712,
1502, 1444, 1282, 1269, 1160, 1110, 1078, 1037, 931, 898,
756. M.P. 51-53° C.

2m Yield: 82%. White solid. Purified by silica gel column
chromatography using 9:1 hexanes: BtOAc (R=0.37). 'H
NMR (400 MHz, CDCl,, TMS) § 7.92 (d, J=8.5 Hz, 2H),
7.23 (d, I=8.5 Hz, 2H), 3.89 (s, 3H), 2.50 (s, 3H).

2n Yield: 67%. White solid. Purified by silica gel column
chromatography using 8:2 hexanes: BtOAc (R~0.42). 'H
NMR (400 MHz, CDCl,, TMS) 8 8.09 (s, 4H), 3.94 (s, 6H).

20 Yield: 76%. Colorless oil. Purified by silica gel column
chromatography using 8:2 hexanes: BtOAc (R~0.39). 'H
NMR (400 MHz, CDCl;, TMS) 8 7.58 (td, J=1.8, 0.9 Hz,
1H), 7.18 (ddd, J=3.2, 2.0, 0.9 Hz, 1H), 6.51 (dd, J=3.5, 1.8
Hz, 1H), 3.90 (d, J=2.2 Hz, 3H).

2p Yield: 92%. Colorless oil. Purified by silica gel column
chromatography using 8:2 hexanes: BtOAc (R=0.53). 'H
NMR (400 MHz, CDCl,, TMS) § 7.80 (dd, J=3.8, 1.3 Hz,
1H), 7.55 (dd, J=5.0, 1.3 Hz, 1H), 7.10 (dd, J=5.0, 3.7 Hz,
1H), 3.89 (s, 3H).

2q Yield: 43%. Colorless oil. Purified by silica gel column
chromatography using 100% EtOAc (R=0.40). 'H NMR
(400 MHz, CHCl,, TMS) 6 8.76 (ddd, J=4.8, 1.8, 0.9 Hz,
1H), 8.15 (dt, J=7.8, 1.0 Hz, 1H), 7.86 (td, J=7.7, 1.7 Hz,
1H), 7.50 (ddd, J=7.6, 4.7, 1.2 Hz, 1H), 4.02 (s, 3H).

2r Yield: 62%. Colorless oil. Reacted at 25° C. for 8 hours.
Purified by silica gel column chromatography using 9:1
hexanes: BtOAc (R=0.41). 'H NMR (400 MHz, CDCl,,
T™S) d 7.69 (d, J=16.0 Hz, 1H), 7.58-7.45 (m, 2H),
7.41-7.32 (m, 3H), 6.43 (d, J=16.0 Hz, 1H), 3.78 (s, 3H).

2s Yield: 50%. Reacted at 25° C. for 8 hours. White solid.
Purified by silica gel column chromatography using 85:15
hexanes: BtOAc (R~0.28). 'H NMR (400 MHz, CDCl,,
TMS) § 7.65 (d, I=16.0 Hz, 1H), 7.46 (d, J=8.7 Hz, 2H),
6.89 (d, J=8.7 Hz, 2H), 6.30 (d, J=16.0 Hz, 1H), 3.78 (s, 6H).

2t Yield: 90%. Colorless oil. Reacted at 60° C. for 15
hours. Purified by silica gel column chromatography using
9:1 hexanes: EtOAc (R~0.65). 'H NMR (400 MHz, CDCl,,
TMS) d 3.67 (s, 3H), 2.30 (t, J=7.6 Hz, 2H), 1.63 (q, I=7.2,
6.4 Hz, 2H), 1.29 (qd, J=7.0, 5.3, 3.0 Hz, 8H), 0.91-0.84 (m,
3H).

2u Yield: 86%. Colorless oil. Purified by silica gel column
chromatography using 9:1 hexanes: BtOAc (R=0.65). 'H
NMR (400 MHz, CDCI3, TMS) 8 3.66 (s, 3H), 2.30 (t, J=7.6
Hz, 2H), 1.62 (t, I=7.3 Hz, 2H), 1.27 (d, J=10.5 Hz, 24H),
0.88 (t, J=6.8 Hz, 3H). *C NMR (101 MHz, CDCl,, TMS)
8 17431, 51.42, 31.97, 29.73, 29.71, 29.70, 29.69, 29.64,
29.41, 29.30,22.73, 14.14. HRMS (EI) Calcd. for C, ;H;,0,
(IM*]): 270.2554, found: 270.2553. IR (cm™): 2917, 2849,
1740, 1463, 1220, 1198, 1174, 730, 720.

2v Yield: 87%. Colorless oil. Reacted at 70° C. for 8
hours. Purified by silica gel column chromatography using
9:1 hexanes: EtOAc (R~0.60). 'H NMR (400 MHz, CDCl,,
TMS) § 3.66 (s, 3H), 2.30 (ddt, J=11.3, 7.4, 3.6 Hz, 1H),
1.97-1.84 (m, 2H), 1.82-1.69 (m, 2H), 1.69-1.60 (m, 1H),
1.50-1.37 (m, 2H), 1.36-1.16 (m, 3H).

2w Yield: 77%. Colorless oil. Reacted at 60° C. for 15
hours. Purified by silica gel column chromatography using
95:5 hexanes: EtOAc (R=0.26). 'H NMR (400 MHz,
CDCl;, TMS) 8 3.67 (s, 3H), 2.43-2.24 (m, 1H), 1.70-1.53
(m, 2H), 1.45 (dd, J=7.6, 5.1 Hz, 2H), 1.38-1.16 (m, 12H),
0.97-0.79 (m, 6H). '*C NMR (101 MHz, S17 CDCl,, TMS)
8 177.10, 51.28, 45.75, 32.58, 32.28, 31.74, 29.72, 29.27,
22.68, 22.63, 14.08, 13.97. HRMS (EI) Calcd. for C,;H,0,
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(IM*]): 214.1850, found: 214.1842. IR (cm™"): 2956, 2930,
2859, 1738, 1459, 1193, 1164, 733.

2x Yield: 95%. Colorless solid. Reacted at 70° C. for 8
hours. Purified by extraction from DI water (50 mL) with
CH,Cl, (3x25 mL). 'H NMR (400 MHz, CDCl;, TMS) §
3.65 (s, 3H), 2.07-1.96 (m, 3H), 1.89 (d, J=3.1 Hz, 6H), 1.71
(dt, J=4.3, 2.3 Hz, 6H).

2y Yield: 90%. Colorless oil. Purified by silica gel column
chromatography using 9:1 hexanes: BtOAc (R~0.38). 'H
NMR (400 MHz, CDCl;, TMS) 8 7.36-7.22 (m, SH), 3.67 (s,
3H), 3.61 (s, 2H).

27 Yield: 90%. Colorless oil. Purified by silica gel column
chromatography using 8:2 hexanes: BtOAc (R~0.50). 'H
NMR (400 MHz, CDCl;, TMS) & 7.32-7.23 (m, 2H),
7.22-7.14 (m, 3H), 3.65 (s, 3H), 2.94 (t, J=7.9 Hz, 2H), 2.62
(dd, J=8.4, 7.3 Hz, 2H).

2aa Yield: 77%. Colorless oil. Purified by silica gel
column chromatography using 4:6 hexanes: EtOAc
(R~0.34). '"H NMR (400 MHz, CDCIl;, TMS) 8 8.52 (d,
J=3.1 Hz, 1H), 7.58 (td, J=7.7, 1.8 Hz, 1H), 7.18 (d, ]=7.8
Hz, 1H), 7.14-7.07 (m, 1H), 3.66 (s, 3H), 3.12 (t, J=7.5 Hz,
2H), 2.82 (t, J=7.5 Hz, 2H).

2ab Yield: 77%. Colorless oil. Purified by silica gel
column chromatography using 95:5 hexanes: EtOAc
(R~0.32). "H NMR (400 MHz, CDCl,, TMS) 8 3.67 (s, 3H),
3.53 (t,J=6.7 Hz, 2H), 2.31 (1, I=7.5 Hz, 2H), 1.84-1.70 (m,
2H), 1.63 (ddd, J=7.3, 4.8, 2.5 Hz, 2H), 1.39-1.32 (m, 6H).
13C NMR (101 MHz, CDCl,, TMS) § 174.14, 51.45, 45.05,
34.01, 32.55, 28.96, 28.54, 26.69, 24.83. HRMS (EI) Calcd.
for C,H,,ClO, (IM*]): 192.0912, found: 192.0911. IR
(em™): 2935, 2859, 1738, 1694, 1436, 1365, 1244, 1196,
1171, 1094, 1014, 916, 838, 731. S18.

2ac Yield: 75%. Colorless oil. Reacted at 50° C. for 12
hours. Purified by silica gel column chromatography using
85:15 hexanes: BtOAc (R#0.50). 'H NMR (400 MHz,
CDCl;, TMS) & 7.41-7.21 (m, 5H), 4.53 (s, 2H), 3.74 (1,
J=6.4 Hz, 2H), 3.68 (s, 3H), 2.61 (t, J=6.4 Hz, 2H).

2ad Yield: 85%. Colorless oil. Purified by silica gel
column chromatography using 90:10 hexanes: EtOAc
(R0.40). 'H NMR (400 MHz, CDCl;, TMS) & 4.04-3.76
(m, 4H), 3.71 (s, 3H), 3.10 (ddt, J=9.1, 8.0, 6.2 Hz, 1H),
2.30-2.00 (m, 2H). **C NMR (101 MHz, CDCl,) § 174.28,
7031, 68.25, 52.04, 43.68, 29.57. HRMS (EI) Calcd. for
CsH 005 ([M*]): 130.0625, found: 130.0627. IR (cm™"):
2955, 2867, 1734, 1437, 1356, 1202, 1174, 1069, 1023, 920.

2ae Yield: 82%. Colorless oil. Purified by silica gel
column chromatography using 8:2 hexanes: EtOAc
(R~0.32). '"H NMR (400 MHz, CDCl;, TMS) & 4.41-3.89
(m, 2H), 3.67 (s, 3H), 2.93-2.59 (m, 2H), 2.25 (d, J=7.1 Hz,
2H), 1.93 (ddd, J=11.4, 7.6, 4.0 Hz, 1H), 1.80-1.62 (m, 2H),
1.45 (s, 9H), 1.16 (1, I=12.4, 6.2 Hz, 2H). '*C NMR (101
MHz, CDCl;, TMS) 8 172.77, 154.74, 79.28, 51.46, 43.72,
40.84, 33.06, 31.80, 28.43. HRMS (ESI) Caled. for
C,;H,;NO, ([M+H*]): 258.1700, found: 258.1695. IR
(em™): 1738, 1692, 1422, 1366, 1288, 1240, 1159, 1121,
1014, 733.

2af Yield: 70%. Colorless oil. Purified by silica gel
column chromatography using 7:3 hexanes: EtOAc
(R,=0.50). 'H NMR (400 MHz, CDCl,, TMS) 8 4.83 (s, 1H),
3.68 (s, 3H), 3.16 (q, J=6.7 Hz, 2H), 2.36 (t, J=7.4 Hz, 2H),
1.91-1.72 (m, 2H), 1.44 (s, 9H).

We also experimented with adding lead, cerium, titanium,
zinc, and/or niobium as an additional co-catalyst, with
positive results. Of these, lead was the most promising.

Formation of the Acid (Condition C)

A typical acid synthesis added the alcohol substrate to
about three equivalents of a base such as KOH, in a solvent
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like MeOH:H,O (1:9 vol/vol), under about 1 atmosphere O,,
at about 50° C. for about 4 hours. As one example we
converted 5-hydroxymethylfurfural to 2,5-furandicarbox-
ylic acid, per FIG. 8 under the conditions of FIG. 9. FIG. 10
also depicts a variety of other starting substrates that we
converted to the acid form using our invention.

EXAMPLES

The examples presented below include additional details
and extensions of the disclosed methods.

Example 1: PdBiTe Catalysts for Aerobic Oxidative
Esterification of Primary Alcohols

This example highlights the potential of “admixture
screening” as an efficient method for the discovery of new
heterogeneous catalyst compositions, and the method is
illustrated in the development of robust heterogeneous Pd
catalysts for aerobic oxidative methyl esterification of pri-
mary alcohols. The identification of possible catalysts for
this reaction was initiated by the screening of simple binary
and ternary admixtures of Pd/charcoal in combination with
one or two metal and/or metalloid components as the
catalyst. This approach permitted rapid evaluation of over
400 admixture combinations for the oxidative methyl esteri-
fication of 1-octanol at 60° C. in methanol. Product yields
from these reactions varied widely, ranging from 2-88%.
The highest yields were observed with Bi-, Te and Pb-based
additives, and particularly from those containing both Bi and
Te. Validation of the results was achieved by preparing
specific PdBiTe catalyst formulations via a wet-impregna-
tion method, followed by application of response surface
methodology to identify the optimal Pd—Bi—Te catalyst
stoichiometry. This approach revealed two very effective
catalyst compositions: PdBi, 4,Te, ,o/C (PBT-1) and
PdBi, ;5Te, ,5/C (PBT-2). The former catalyst was used in
batch aerobic oxidation reactions with different primary
alcohols and shown to be compatible with substrates bearing
heterocycle and halide substituents. The methyl ester prod-
ucts were obtained in >90% yield in each case. Implemen-
tation of the PBT-2 catalyst in a continuous-flow packed-bed
reactor achieved nearly 60,000 turnovers with no apparent
loss of catalytic activity.

Introduction

Heterogeneous catalysts offer numerous potential advan-
tages over homogeneous catalysts for the industrial synthe-
sis of organic chemicals.! Their thermal stability and ease of
catalyst immobilization (e.g., in fixed-bed or other reactor
configurations) are particularly advantageous for high-tem-
perature, gas-phase and large-volume continuous processes
in the commodity chemical industry. Contemporary hetero-
geneous catalyst development efforts are especially focused
on such applications. Heterogeneous catalysts also have
benefits for lower-volume production of pharmaceuticals
and fine chemicals; however, the development of catalysts
that exhibit the broad functional group tolerance needed in
applications of this type have been the focus of much less
attention. One potential barrier to progress in this area is that
the synthetic organic and organometallic chemistry back-
ground of many researchers within the pharmaceutical and
related industries provides little or no training in the syn-
thesis or characterization of heterogeneous catalysts and
materials. Experimental strategies that lower the barrier to
heterogeneous catalyst discovery and development could
significantly expand the application of heterogeneous cata-
lysts in these industries.
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Heterogeneous catalysts for organic chemical processes
are typically composed of an active metal dispersed on a
support material, such as high-surface-area carbon, a metal
oxide, or other inorganic material. Many catalysts also
feature “promoters” that modulate the activity or selectivity
of the metal catalyst.” A prominent example is Lindlar’s
catalyst for partial reduction of alkynes to alkenes, which
consists of CaCO,-supported Pd in combination with Pb and
quinoline as selective modifiers or poisons to prevent full
reduction of the alkyne to the saturated C—C bond.> Het-
erogeneous catalysts are commonly prepared through the
deposition of the active metal and promoters onto a support
via one of numerous possible methods, including impreg-
nation, adsorption, precipitation, or ion exchange.* Addi-
tional washing, drying, and calcination steps are typically
incorporated as intermediate or final steps to prepare the
ultimate catalyst. The sequential steps employed in
catalyst preparation, which are often viewed as integral to
the catalyst performance, can be labor- and/or time-inten-
sive. High-throughput methods have been developed to
improve the pace of catalyst preparation and analysis of their
activity;>® however, these methods typically still rely on
independent one-by-one synthesis and formulation of indi-
vidual catalysts.

Heterogeneous Pd and Pt catalysts have been studied
extensively for aerobic oxidation of primary and secondary
alcohols to carboxylic acids, ketones, and aldehydes.” The
incorporation of one or more promoters derived from the
early transition metals, lanthanides, and/or main group ele-
ments often enhances the catalyst activity and selectivity.®
The origin of the promoter effects is often not fully under-
stood, but previous studies implicate contributions ranging
from selective blocking of catalyst sites that lead to side
reactions®*>*" to the formation of synergistic catalyst/pro-
moter active sites that enhance catalyst performance.®*"*
Promoters may form surface alloys or intermetallic struc-
tures that exhibit different activity relative to the pure-metal
catalyst or hinder agglomeration of metal nanoparticles.®*¥
And, some promoters are believed to mediate adsorption and
dissociation of O,, thereby protecting the catalytic metal
surface from over-oxidation.*”*™ The diverse roles of indi-
vidual promoters and the potential for synergistic interac-
tions between promoters complicate the rational design of
new heterogeneous catalysts, but they also represent an
important modular feature of the catalysts that can be altered
to optimize catalyst performance, similar to the manner in
which ancillary ligands may be used to modulate the activity
and/or selective of homogeneous catalysts.

In this example, we describe a readily accessible “admix-
ture screening” method that streamlines the assessment and
identification of effective heterogeneous catalyst/promoter
combinations. We further show that catalysts discovered by
this method serve as useful starting points for the develop-
ment of robust multicomponent catalysts suitable for imple-
mentation in a continuous flow process relevant to pharma-
ceutical or other specialty chemical applications. These
principles are illustrated in the development of heteroge-
neous Pd/Bi/Te catalysts for oxidative methyl esterification
of primary alcohols, including those bearing heterocycles
and halide substituents.

Results and Discussion

Context and Preliminary Results.

Previous studies by us” and others'® have investigated
homogeneous Pd catalysts for acrobic oxidation of alcohols
to aldehydes and ketones. Whereas numerous useful cata-
lysts have been identified for these two-electron oxidation
reactions, development of analogous homogeneous catalysts
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for four-electron oxidation of primary alcohols to carboxylic
acids and esters has been less successful.!! In contrast,
heterogeneous catalysts show significant promise for the
latter applications.” The oxidative cross-coupling of primary
alcohols with methanol (Scheme 1) is a particularly useful
transformation that provides a means to reverse the polarity
of nucleophilic primary alcohols into electrophilic methyl
esters.

Scheme 1. Generic Pathway for the
Aerobic Oxidation of Alcohols to Methyl Esters.

+1/2 05, MeOH

—_—

+1/20,
Ao e Y e
-H2

R o OH

Gas-phase oxidative methyl esterification of aliphatic
alcohols has been demonstrated with Au-based catalysts,'>
and liquid-phase precedents have been achieved with sup-
ported Ag'® and Au,'* polymer-incarcerated mixed noble-
metal nanoparticles,'® and heterogeneous cobalt catalysts.'¢
Precedents for heterogeneous Pd catalysts for the oxidation
of primary alcohols to carboxylic acids.®*&"* suggested
to us that related catalysts could be highly effective for
oxidative methyl esterification and may show good compat-
ibility with alcohols bearing diverse functional groups.
These catalysts often incorporate main-group promoters that
enhance the catalytic performance. In a recent preliminary
study, we found that Pd/charcoal (5 wt. %) is an effective
catalyst for methyl esterification of a variety of primary
alcohols when Bi(NO,);.5H,0 and Te metal are included as
co-catalysts (5 mol % each) in the batch reaction mix-
tures.''® This admixture catalyst system exhibited excel-
lent activity and functional-group compatibility.

Admixture Screening Studies.

The heterogeneous catalyst system just noted is poorly
defined: the sources of promoters, Bi(NO;);.5H,O and Te,
exhibit poor solubility in the methanol solvent, and the
nature of the interactions between the promoters and the
heterogeneous Pd catalyst was not characterized. In spite of
these complexities and uncertainties, the promising results
raised the possibility that simple catalyst admixtures could
be used in primary screening studies to discover new het-
erogeneous catalysts.

In order to test the utility of admixture screening, we
selected 28 different additives as possible promoters, con-
sisting of main-group, transition-metal and rare-earth
sources in elemental, oxide, or salt formulations. In several
cases, different forms of an element were tested [e.g., Bi,
Bi(NO;),.5H,0, and Bi,0,]. Pd/charcoal (5 wt. %) was
combined with one or two of these components in a 1:1 or
1:1:1 molar ratio, respectively, and the diverse admixtures
were tested as catalysts for acrobic oxidative methyl esteri-
fication of 1-octanol in methanol at 60° C. 1-Octanol was
selected for testing because aliphatic alcohols tend to be
significantly more difficult to oxidize relative to benzylic
alcohols. Overall, 406 unique admixtures, with 231 different
elemental combinations, were tested as catalysts for the
reaction, and the results are depicted in FIG. 11.

Pd/charcoal itself shows modest activity for oxidation of
1-octanol under the reaction conditions, affording methyl
octanoate in 32% yield, and the additives exhibit both
poisoning and promoting effects on the catalyst, with yields
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ranging from 2-88%. The most effective single-component
promoters observed in these studies (diagonal edge of FIG.
11) derive from sources of the main-group elements, Bi, Pb,
and Te. Two-promoter combinations containing these ele-
ments exhibit even higher yields (medium and dark shading
in FIG. 11). Some of the additives inhibit catalytic activity
(e.g. HCl, and V,0;), while a number of others have little
or no effect on the reaction (e.g. Sn, CeO,). Overall, the
highest yields were observed when Bi- or Pb-based additives
were combined with elemental Te as a second additive.

It is reasonable to expect that the “admixture screening”
approach used here, like many other primary screening
approaches, exhibits false-negatives. For example, the lack
of effort to prepare specific catalyst formulations could miss
active compositions among additives that are too insoluble
to interact chemically with Pd in an admixture suspension.
This limitation is offset, however, by the simplicity/acces-
sibility of the method and, more importantly, by the number
of successful “hits” observed from the method. Many com-
ponent mixtures exhibit significantly enhanced activity rela-
tive to the Pd/charcoal benchmark. The successful admix-
tures represent convenient catalyst systems that may be use
in laboratory-scale synthetic applications, but they also
serve as important starting points for development of robust
catalyst formulations that could be used in large-scale appli-
cations. As catalysts composed of Pd, Bi and Te were the
most effective admixtures, these elements were selected to
pursue the latter goal, as elaborated below.

Synthesis and Optimization of PdBi, Te /C Heteroge-
neous Catalysts.

Catalysts containing well-defined elemental compositions
were prepared via wet-impregnation of Pd/C with Bi and Te
precursors. Bi(NO;),.5H,0 and TeCl, were dissolved in an
aqueous solution of dilute HCl and HNO; and added to a
suspension of Pd/C in water. Excess formaldehyde (37 wt. %
in water) was added to this mixture to reduce the promoters
that had adsorbed to the Pd/C catalyst. The catalysts were
then filtered, washed with excess water, and dried in a
vacuum oven prior to use. ICP-AES analysis of the catalysts
indicated that all of the Bi and Te used in the impregnation
step were retained in the final catalyst, and SEM-EDX
analysis showed that the promoters were predominantly
co-localized with Pd on the carbon support.

PdBiTe catalysts prepared by this method were tested in
the oxidative methyl esterification of 1-octanol with K,COj,
as the base,'” and response surface methodology®** was
used to optimize the Bi and Te stoichiometry in the catalyst.
A catalyst composed of a Pd:Bi:Te ratio of 1:1:1 was used
as a starting point, and four surrounding compositions were
used to determine the gradient associated with Bi and Te
mole-fraction leading to improved activity (FIG. 12A). The
path of steepest ascent was followed over four iterations to
a catalyst consisting of PdBi, 55 Te, ; 5, after which a number
of compositions in this region were prepared to identify the
best catalyst(s).** The results did not show a sharp peak for
the optimal catalyst; rather, a relatively broad of range of
catalyst compositions led to high yields of methyl octanoate
(FIG. 12B). Two of the best catalyst compositions,
PdBi, 4,Tey oo (PBT-1) and PdBi, 55Te, 5 (PBT-2) were
carried forward for further investigation.

Reaction time-courses for the oxidative methyl esterifi-
cation of 1-octanol were monitored to assess the activity of
the PBT-1 and PBT-2 catalysts relative to the previously
reported admixture catalyst, which consists of 1 mol %
Pd/charcoal (5 wt %), 5 mol % Bi(NO,);.5H,0, 2.5 mol %
Te. Catalysts incorporating only Bi or Te (in the mole-
fractions associated with PBT-2), as well as Pd/C alone,
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were tested for comparison (FIG. 13). Pd/C shows negligible
activity under the reaction conditions (FIG. 13, diamonds),
while incorporation of Bi or Te leads to considerable
improvement in performance (FIG. 13, circles and squares,
respectively). Catalysts incorporating both Bi and Te,
including PBT-1, PBT-2 and the admixture (FIG. 13, dia-
monds, triangles, and inverted triangles, respectively), show
further improvement in activity over the single-promoter
catalysts, with PBT-1 giving the best results. The synergy
evident between Bi and Te was confirmed by showing that
simply increasing the quantity of Bi or Te in single-promoter
catalyst did not improve the catalyst performance (see Table
2).

TABLE 2

Yield of methyl octanoate with single promoter catalysts.*

catalyst yield (%)

PdBi, o5
PdBi 5
PdBis
PdTeq 53
PdTeq 43
PdTeq 67

NN O WO

“1M 1-octanol, 1 eq. KOMe, 1 bar O2, 24 h, 60° C., MeOH solvent, 1 mol % Pd.

Batch Reaction Data with PdBiTe Catalysts.

The previously reported PdBiTe admixture catalyst toler-
ates a wide range of functional groups,'” and in order to
compare the performance of the newly formulated PBT-1
catalyst, ten representative primary alcohols, including those
with heterocycles and halide-containing functional groups,
were tested in batch reactions at 1 mol % Pd loading
(Scheme 1). Each of the primary alcohol substrates under-
went oxidation to the corresponding methyl ester in >90%
yield within 8 h. Benzylic alcohols are considerably more
reactive than aliphatic alcohols, and benzyl alcohol la
afforded the methyl ester in near-quantitative yield (>99%)
in 2 h with only 0.1 mol % PBT-1. The data show that PBT-1
exhibits scope closely resembling the admixture catalyst,
while improving the product yields (up to 16%) and reac-
tions rates (approx. two-fold) under comparable conditions
for a number of the alcohols.

Both PBT-1 and PBT-2 retained good activity upon recy-
cling in the oxidation of benzyl alcohol and 1-octanol (FIGS.
14A and 14B). The reactions were stopped at incomplete
conversion in order to increase the sensitivity of the tests to
changes in catalyst activity. PBT-1 showed a small decrease
in yield for cycles 4-6 relative to cycles 1-3, but otherwise
showed steady performance. PBT-2 exhibited modest
improvement in performance during the recycle tests. Pos-
sible complications associated with these types of experi-
ments (e.g., mechanical losses in catalyst recovery) make us
hesitant to draw definitive conclusions from the small
changes, however, and in order to carry out a more rigorous
assessment of the catalyst stability, we investigated the
performance of PBT-1 and PBT-2 under continuous process
conditions.

Continuous Process Data with PdBiTe Catalysts.

The performance of the PdBiTe catalysts under continu-
ous process conditions was assessed by incorporating the
catalyst into a packed-bed reactor (FIG. 16).” A solution of
the primary alcohol was mixed with a diluted O,/N, gas
stream at a tee, and the gas-liquid mixture was fed into a
packed bed reactor containing the catalyst. After exiting the
reactor, the gas and liquids were separated and the product
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was collected. The progress of the reaction was monitored
by taking aliquots from a sample collection port and per-
forming GC analysis.

Initial testing of 1-octanol oxidation with the PdBiTe
catalysts revealed a complication that was not evident from
the batch reactions. The yield of methyl octanoate reached a
plateau at ~80%, and no improvement was realized by
varying the liquid and gas flow rates, O, pressure, and
1-octanol concentration. These results prompted us to search
for potential catalyst poisons. Octyl aldehyde (3) is an
expected intermediate in the esterification reaction, and
when it was tested as a substrate, the reaction led to complete
conversion of the aldehyde but only ~50% selectivity for
methyl octanoate. Aldol condensation products 4 and 5 were
identified as by-products and accounted for the remaining
mass balance (eq 1). Subsequent studies showed that these
aldol products strongly inhibit oxidation of 1-octanol.**

Equation (1)
e}

flow conditions
—_—

3
(€]

MOMe
O O
|
3 \ 3 \ OMe
4 5

While both alcohol oxidation and aldol condensation are
promoted by Brensted bases, we speculated that the aldol
reaction could be minimized by using a lower concentration
of K,CO;. This hypothesis was validated, as shown in Table
3, by using a four-fold lower K,CO, concentration. Under
these conditions, an excellent yield of methyl octanoate
(96%) could be obtained.*

TABLE 3

Optimization of Flow Conditions to Achieve High Steady-State Yields in
the Aerobic Oxidation of 1-Octanol.

/(\/){\OH

PBT-1 (390 mg)
60° C., K5CO3, MeOH

0.25M 0.54 bar O (6 bar 9% O, in N,)
8:1 mol Oj:mol substrate
0
MOMe
Entry [K,CO,] (mM) WHSVe (h™1) Yield (%)®
1 62.5 10.6 79
2 31.3 10.6 82
3 15.6 10.6 72
4 15.6 2.66 9

“Weight hourly space velocity = mg alcohol/(mg Pd - hr).
"Determined by GC vs an internal standard.

As observed under batch reaction conditions, the PdBiTe
catalysts exhibit much higher activity for the oxidation of
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benzyl alcohol to methyl benzoate than for the oxidation of
1-octanol. These faster rates facilitated testing of the catalyst
performance during extended use. Long-term assessment of
the PBT-1 catalyst for benzyl alcohol oxidation revealed a
steady decrease in catalyst activity during a 33 h test at a
WHSYV of 760 h™! (FIG. 17, circles). In contrast, the PBT-2
catalyst showed excellent long-term stability over 43 h at a
WHSV of 700 h™! (FIG. 17, diamonds). Further testing was
therefore carried out with PBT-2, and a scan of different flow
rates showed that methyl benzoate reached near quantitative
yields at a WHSV of 500 h™' (FIG. 18A). With these
conditions, no decrease in the product yield was observed
after nearly 60,000 catalytic turnovers (FIG. 18B).

The reactor effluent from the extended run with the PBT-2
catalyst was analyzed by ICP-AES to determine the extent
of'leaching of the different catalyst components: Pd, Bi, and
Te (Table 4), and the final product solution contained less
than one part-per-million of the three elements: 0.025, 0.20,
and 0.10 ppm of Pd, Bi and Te, respectively. Even with this
low level of leaching, the high turnover numbers led to
modest changes in the catalyst composition during the
course of the reaction (FIG. 19A). During the experiment
shown in FIG. 18B, the leaching resulted in a change of the
PBT-2 catalyst from a stoichiometry of PdBi, ;;Te,,; to
PdBi, 5, Tegy ;5, on the basis of ICP-AES analysis of the
catalyst before and after the reaction (FIG. 19B, dark
circles). A similar analysis of the PBT-1 catalyst used in the
long-term flow run revealed no detectable levels of Te
remaining the catalyst after the reaction (FIG. 19B, light
circles). These observations account for the different per-
formance of PBT-1 and PBT-2 during continuous operation.
PBT-2 starts with higher mole-fraction of Te, and the cata-
lyst composition remains in the region of high activity,
despite partial leaching, whereas a similar leaching rate with
PBT-1 results in complete depletion of the Te component.

TABLE 4

Average effluent concentrations of Pd, Bi, and Te between
0-1, 1-10, and 10-120 h, and the corresponding mass
of Pd, Bi, and Te lost from original catalyst.

Time on Effluent % Lost
Stream Concentration from Initial
Element (h) (ppb) Catalyst
Pd 0-1 140 0.19
1-10 15 0.19
10-120 25 3.7
Bi 0-1 200 0.39
1-10 200 3.6
10-120 200 42
Te 0-1 110 0.60
1-10 110 5.3
10-120 38 51

Analysis of the reaction rate at different temperatures
(50-80° C.) under flow conditions provided the basis for
Arrhenius analysis of PBT-2-catalyzed oxidation of benzyl
alcohol (FIG. 20), which revealed that the reaction exhibits
an activation energy of 87 kJ/mol and a pre-exponential of
6x102 5™, These values correspond to a turnover frequency
of 540 h' at the reaction temperature of 60° C. typically
used in our study. The large pre-expontential term is con-
sistent with a surface-mediated rate-limiting step involving
bound substrate.?® More thorough mechanistic studies are
the focus of ongoing work, but the Arrhenius parameters
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may be compared to data obtained with a AuPd/TiO, cata-
lyst, which is one of the most active known heterogeneous
catalysts for alcohol oxidation.?” The activation energy for
the oxidation of benzyl alcohol with the AuPd/TiO, catalyst
is 56 kJ/mol and has a pre-exponential of 1.5x10% s™!. The
AuPd catalyst was only investigated at elevated tempera-
tures (100-160° C.); however, at a benchmark temperature of
100° C. for both catalysts, the calculated TOFs correspond
to 15,500 h™" for PdBiTe (PBT-2) and 8000 h™"' for AuPd
(TOF values reflect the rate on a per Pd and Au+Pd atom
basis, respectively).

Conclusion

In summary, this example demonstrates a promising new
approach for the discovery of novel heterogeneous catalysts.
New Pd-based catalyst compositions were identified via the
screening of simple admixtures of commercially available
components, including Pd/charcoal and various possible
promoters in their elemental, oxide, or salt formulations. The
screening data revealed a number of highly promising
compositions that provided a foundation for subsequent
development and optimization of more-precise heteroge-
neous catalyst formulations. These efforts led to two highly
effective PdBiTe catalysts that show excellent activity for
the oxidative methyl esterification of diverse primary alco-
hols. One of these, with a composition of PdBi, ;5Te, 5,/C
(PBT-2), was shown to have excellent good stability and
excellent performance under continuous flow conditions in
a packed-bed reactor, and it represents the most active
liquid-phase oxidative esterification catalyst reported to
date.

Methods

General Considerations.

Commercially available reagents and solvent were
obtained from commercial sources and used as received. No
precautions were taken to exclude air or water from the
solvent or reaction mixtures. ' NMR spectra were recorded
on a Varian MercuryPlus 300 MHz spectrometer. SEM-EDX
particle images and elemental analyses were performed
using a LEO SUPRA 55 VP scanning electron microscope
(SEM) coupled with a Thermo-Fischer Noran System 7
energy dispersive X-ray spectroscopy (EDX) detector.

Catalyst Preparation.

500 mg of 5 wt. % Pd/C*® was mixed with 15 mL of DI
water. Bi(NO,);.5H,0 and [TeCl,], were dissolved in a
mixture of 1 M HCI (1 mL) and conc. HNO; (0.1 mL) and
added to the catalyst suspension. The Pd/C and dissolved Bi
and Te salts were mixed at 50° C. for 3 h. After 3 h, 500 mL
of a 30% NaOH solution was added to make the mixture
alkaline. 200 mL of 37% formaldehyde was then added and
the mixture was heated to 80° C. under N, for 16 h. The
catalyst was then filtered and washed with water (~500 mL)
until neutral. The catalyst was then dried under vacuum at
70° C. for 20 hours to afford the final catalyst.

GC Method and Retention Times.

GC analyses were performed using a DB-Wax column
(Length=30 m, i.d.=0.25 mm) installed in a Shimadzu
GC-17A equipped with a flame-ionization detector. An 11
min GC method was used consisting of a 1 min hold at 70°
C., ramp at 20° C./min from 70° C. to 200° C. (6.5 min), and
a 3.5 min hold at 200° C. The injector and detector were held
at 225° C. and the column flow was 1.5 mI/min of He with
a split ratio of 20. Retention times were as follows: benzyl
alcohol (7.7 min), benzaldehyde (5.7 min), methyl benzoate
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(6.3 min), 1-octanol (5.7 min), octyl aldehyde (4.0 min),
methyl octanoate (4.7 min), and mesitylene (3.7 min).

Procedure for the Batch Reaction Oxidation of Alcohols.

MeOH (0.5 mL) was added to 20x150 mm culture tube
containing 21.3 mg of PBT-2 (1 mol % Pd) and 34.6 mg
K,CO, (25 mol %) and was then placed on an orbital shaker
and agitated under 1 atm O, for 30 min while heating to 60°
C. Once the reaction temperature was reached, the head-
space was purged with O,, and the substrate was added as a
2 M solution in MeOH (0.5 mL) containing 0.2 M mesity-
lene as an internal standard (1. S.). The post reaction solution
was injected onto a GC to determine product and reactant
concentrations. The catalyst was recovered by filtration or
centrifugation.

Procedure for the Batch Recycling of the Catalyst.

Upon completion of a reaction cycle, the test tube con-
taining the reaction mixture was centrifuged at 1000 rpm for
5 min. The supernatant was decanted and the solid material
was rinsed with fresh MeOH by resuspending the catalyst,
centrifuging the mixture at 1000 rpm for 5 min, followed by
decanting the supernatant. Fresh K,CO; was added and a
new reaction was performed by using the procedure for the
batch reaction oxidation of alcohols described above.

Preparation of the Packed-Bed Reactor.

The packed bed reactor was made from a stainless steel
tube 0.25" 0.d.x3" with 1 cm of glass wool inside a Swa-
gelok fitting with a 200 mesh stainless steel screen. Pow-
dered catalyst (0.4 g PBT-2) was added, leaving 1 cm of
open space for more glass wool to be retained by another
200 mesh stainless steel screen and a Swagelok fitting.

Procedure for Alcohol Oxidation under Flow Conditions.
A solution of 5 M benzyl alcohol and 1 M mesitylene in
MeOH was added to a 260 ml. syringe pump (Teledyne
ISCO 260D), and 0.138 M K,CO; in MeOH was added to
a second 260 mL syringe pump. The flow rate of the second
pump was set to 9 times that of the pump containing alcohol
to afford a final liquid solution of 0.5 M benzyl alcohol, 0.1
M mesitylene, and 0.125 M K,CO, in MeOH. A cylinder of
9% O, in N, was regulated down to 15 bar and the gas flow
rate was controlled by a mass flow controller with a O, to
substrate molar ratio of 8:1. The gas and liquids were mixed
in two 4" tees and sent through a heated zone, after which
they passed through the packed bed reactor (PBR) in an
up-flow configuration. The preheated zone and packed-bed
reactor were submerged in ethylene glycol heat transfer fluid
maintained at 60° C. The weight hourly space velocity
(WHSV) was controlled by adjusting the gas and liquid flow
rates to the appropriate level. Aliquots of the reaction
mixture (100-500 mL) could be removed through a small tee
for GC analysis, and the remaining liquid and gas were
separated using a large tee with the liquids collected out the
bottom using a level gauge and the gases vented out the top
through a pressure relief valve. The pressure relief valve
controls the reaction pressure and was maintained at 6 bar.

ICP-AES Analysis of the Catalyst.

The catalyst (25 mg PBT-2) was added to a crucible and
heated at 450° C./min to 900° C. and held at this temperature
for 2 hours. After cooling, the crucible was filled with aqua
regia and heated on a hot plate to the boiling point. After 3
hours, the aqua regia was collected in a 100 mL volumetric
flask and diluted up to 100 mL using 9% HCI. The solution
was analyzed on a Perkin Elmer Instruments Optima 2000
DV ICP AES.
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Supporting Information
Response-Surface Methodology Data for PdBiTe Catalyst
Optimization.
General reaction conditions for the oxidative methyl
esterification of 1-octanol by PdBiTe catalysts.

Scheme 2:
1 mol % Pd (PdBi;Te,/C, 5 wt. % Pd)
AN ™o 25 mol % K,CO3, 60° C.
M 1 bar Oy, MeOH, 12 h

e}

M‘\OMe

In the development of catalysts with defined catalyst
compositions, paths of steepest ascent were followed from a
starting point of Pd,Bi, Te,/C towards an optimum catalyst.
Data were obtained from two independent efforts (Paths A
and B). All experiments were performed under the condi-
tions in Scheme 2. Path A was carried out by taking constant
step sizes of 0.1 unit, and path B was carried out by taking
larger step sizes of approximately half the distance to an
axis. Similar paths were taken for both with the path of
steepest ascent first decreasing x5, of approx. 0.3, then
decreasing x;, to approx. 0.15. Both paths ended at a region
of high activity from which PdBi, ;sTe, ,5;/C (PBT-2) and
PdBi, ,-,Te, ,o/C (PBT-1) were chosen.

Catalyst Stability in Batch and Flow.

To assess the activity and long-term stability of the two
PBT catalysts, a continuous flow run was performed at
different WHSV’s and over an extended reaction time at a
constant WHSV (Figure S6A and B). The PBT-2 catalyst has
higher activity for the oxidation of benzyl alcohol in the flow
reactor with quantitative yields obtained at a WHSV of 500
h™' (1/WHSV=7.2 5). The catalyst stability was measured by
holding the reactor at a constant elevated WHSV of 700 h™*
(1/WHSV~5 s), and the product yield was monitored over an
extended time period. After 33 h and 22,000 turnovers, the
yield of methyl benzoate produced from the reaction with
PBT-1 decreased from 73 to 50%. In contrast, the reaction
with PBT-2 showed no loss in activity after 43 h and 27,000
turnovers. Therefore, PBT-2 was chosen for the demonstra-
tion of a 5 day continuous process.

Origin of Catalyst Poisoning by 1-Octanol in the Flow
Reactor.

Catalyst poisoning under flow reaction conditions was
manifested as a limit to the maximum attainable conversion
of 1-octanol. Recycling of reactor effluent back through the
reactor showed no increase in concentration of methyl
octanoate. In addition, spiking the feed solution with methyl
octanoate or octanoic acid yielded 80% conversion of 1-oc-
tanol to methyl octanoate, showing that neither of these
species poisons the catalyst. In contrast, use of octyl alde-
hyde as the starting material afforded only 50% yield of
methyl octanoate at 100% conversion of octyl aldehyde. A
fresh sample of 1-octanol was added to the reactor effluent
and the mixture was re-fed through the reactor under stan-
dard reaction conditions. This run afforded only 7.5% con-
version of the alcohol, indicating that a catalyst poison is
generated during the oxidation of octyl aldehyde. The miss-
ing mass from the initial reaction of octyl aldehyde was
identified as 2-hexyl-2-decenal and methyl 2-hexyl-2-de-
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cenoate by GC-MS, 'H NMR, and '*C NMR, reflecting
aldol self-condensation of octyl aldehyde.
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Example 2: Development of a Pd—Bi—Te/C
Catalyst (PBT) for Aerobic Oxidation of Alcohols
to Carboxylic Acids

In this example, we provide more details regarding the
aerobic oxidation of primary alcohols to the carboxylic acid
that has been achieved with a heterogeneous Pd catalyst
promoted by Bi and Te. The addition of Bi and Te acceler-
ates the reaction rate and increases selectivity and yield for
a variety of benzylic and aliphatic carboxylic acids with
diverse functional groups. Catalyst stability is demonstrated
with approximately 60,000 turnovers over a 2 day continu-
ous run in a packed bed reactor with 99% yield of benzoic
acid maintained throughout. Biomass derived 5-(hydroxym-
ethyD)furfural (HMF) is also oxidized to the di-acid with
yields of 95%. These results provide the basis for the
selective aerobic oxidation of alcohols to carboxylic acids
using a robust heterogeneous PdBiTe catalyst.

Introduction

The past two decades have seen a significant increase in
the push for heterogeneous catalysts capable of sustainable,
selective aerobic oxidations.® This is especially true within
the fine and specialty chemical industries, which tradition-
ally favor the employment of more classical methods, e.g.
TEMPO/bleach,” potassium permanganate (KMnQ,),> and
Jones reagent (CrO,/H,SO,)* for the oxidation of alcohols
to carboxylic acids. Traditional stoichiometric methods dis-
play exceptional functional group tolerance; however,
increased concerns over environmental impacts; formation
of inorganic salts, dangers associated with quenching large
reactions, and limited scalability of reaction conditions, has
limited the scalability of these methods.

Within organic synthesis, heterogeneous catalysts are
most often associated with the reduction of various func-
tional groups. For example Lindlar’s catalyst (Pd/CaCOj,
doped with Pb(OAc), and quinolone) has been shown to
selectivity hydrogenate alkynes, to exclusively affords the
alkene.* Additionally, there is a long history for the use of
Pd/C under high pressures of H, for the reduction of a
variety of functional groups (alkenes, nitro, nitriles, imines,
aromatics, etc.).® Complementary practical applications for
the oxidations of diverse classes of functional groups with
heterogeneous catalysts remains a relatively underexplored
area of interest. Oxidation of alcohols to the corresponding
carboxylic acids proves to be challenging in terms of cata-
lyst accessibility and substrate scope, often limited to pri-
marily limited to benzylic alcohols.” Use of environmentally
benign stoichiometric terminal oxidants, such as molecular
oxygen, has led to the employment of a variety of transition
metal nanoparticles, largely gold and platinum. Griffin et al.
reported a well-defined heterogeneous Pt-based catalyst,
performed under air, able to oxidize unactivated primary
alcohol to the corresponding carboxylic acids.®

Historically, the applications of heterogeneous Platinum
Group Metal (PGM) catalysts for oxidation have been
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restricted predominantly within the domain of sugar chem-
istry. Catalysts often require the incorporation of various
main group promoters; principally bismuth, tellurium, sele-
nium, lead, etc., to assist in the overall substrate oxidation.'®
The addition of additive has been reported to accelerate the
reaction rates 20-26 times faster than untreated catalyst.'*
The nature and role of the promoters remains an active
avenue of research. Several hypotheses explanations are
offered within the literature for the interactions between the
PGM catalyst the additive absorbed on the surface or
forming an alloy.'* Some of the most common hypotheses
for the role of the promoters are (i) geometric/site blocking
(addition of the promoter to a face of the catalyst to prevent
side reactions);'® (ii) promotion of oxygen transfer (where
the promoter is oxidized more rapidly than the PGM);'* (iii)
complex formation between reactants and promoter to
increase activity;'® and (iv) bifunctional catalysis (where
oxygen or hydroxyl absorbed on the promoter oxidizes the
alcohol).'® Besson highlights the use of a Bi promoted Pd/C
catalyst for the oxidation of D-glucose, thought to interact
through the oxygen transfer mechanism, in which the Bi
interacts with molecular oxygen in situ preventing the
formation of catalytically inert PdO,.'7

Of relevance to the advancement of green chemistry is the
oxidation of 5-(thydroxymethyl)furfural (HMF), a biomass-
derived compound, to 2,5-furandicarboxylic acid (FDCA).
HMF is obtained from three successive acid-catalyzed dehy-
drogenations of fructose.'® In addition, FDCA has been
proposed as a starting material for various building-block
molecules to replace poly(ethylene terephthalate) (bio-re-
newable alternative to petroleum derived terephthalic acid),
succinic acid, 2,5-bis(aminomethyl)-tetrahydrofuran, and
various other substituted furans.'® The desired oxidation can
be achieved with the homogeneous Amoco Mid-Century
(AMC) catalyst (Co acetate/Mn acetate/Br) in 60% yield.*°
Various heterogeneous catalysts have also been developed
for this transformation. Parti et al. reported the use of an Au
nanoparticles modified with Pd supported on activated car-
bon and was able to afford FDCA in 99% yield in 4 hours.**
Similarly, Hutchings et al. reported the use of a Au nano-
particle catalyst, modified with Cu and supported on tita-
nium oxide, to react the desired di-acid with 99% yield.*?
One of the major drawbacks of the use of gold nanoparticles
is the well-documented phenomenon of sintering, leading to
catalyst deactivation.”®> A more concentrated reaction, per-
formed with a Pt catalyst modified with Bi supported on
carbon, reported by Besson, was able to afford quantitative
yield of the di-acid.?* The use of this PtBi/C catalyst proved
to be stable and reusable for the oxidation of HMF.

The need for economical, oxidative transformations
remains an unresolved challenge within organic synthesis.
As a result, application of an easily prepared supported
catalyst for the aerobic oxidation of benzylic and aliphatic
alcohols to the corresponding carboxylic acids addresses
these challenges. Addition of both Bi and Te promoters
enhances both the activity and selectivity of the catalyst. To
date, the substrate scope and functional group tolerance
displayed are the widest reported for oxidation to carboxylic
acids with a heterogeneous catalyst.

Methods and Results

Catalyst development was done in a manner previously
reported by our group.>® Initial screening of Pd on various
supports indicated that carbon based supports (i.e. charcoal,
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activated carbon, etc.) were the most active for the oxidation
of 1-octanol. Screening of various solvents indicated that a
mixture of water and methanol led to higher activity. Further
screening of possible additive effects indicated that a variety
of' bismuth, tellurium, and selenium sources proved to be the
most effective. A more challenging oxidation of cyclohex-
ylmethanol, a relatively sterically constrained alcohol, was
used to determine the optimal catalyst. The addition of both
bismuth nitrate pentahydrate (Bi(NO;);.5H,0) and bismuth
telluride (Bi,Te;) increased the oxidation of cyclohexyl-
methanol (Table 5). The impact of Bi,Te, suggests an
optimal tri-metallic catalyst with Pd, Te, and Bi. The addi-
tion of metals and metal salts in the presence of Pd/C was
Bi(NO;),.5H,O indicated that the combination of Te,
Bi(NO;);.5H,0, and Pd/C were the optimal catalyst. Inter-
estingly, the composition of the catalyst and the reaction
conditions were nearly identical to conditions previously
reported from our group for the methyl esterification of
alcohols (Example 1).

TABLE 5

Further Screening of Additives for 1-Octanol Oxidation to Carboxylic
Acid.

1 mol % Pd Catalyst
5 mol % Additives
1 eq of KOH
MeOH:H,0 (1:9 vol:vol)
latm O0,,50°C., 16 h

OH

OH

Entry Catalyst Additives Yield (Conv.)*
1 Pd/Char (5 wt. %) None 62 (65)
2 Bi,0, 73 (99)
3 BIiCl, 63 (64)
4 Bi(NO3);°5H,0 98 (98)
5 Bi,Te; 90 (100)
6 Bi(OAc); 09
7 BisO(OH)o(NOs), 04
8 Bi(PO,) 0 (7
9 Bi 81 (100)

10 TeO, 59 (63)
11 Se0, 81 (83)
12 Pd/Act C (5 wt. %) None 55 (58)
13 Bi,0, 0(11)
14 Bi(NO3);°5H,0 09

15 Bi,Te; 0(12)
16 Bi,S; 74 (88)
17 Bi 0 (0)

18 TeO, 81 (82)
19 Se0, 93 (95)

“Reactions performed on 1 mmol scale; [RCH,OH] = IM. 'H NMR yields with
trimethyl(phenyl)silane (PhTMS) as internal standard.

An independent effort has been underway to develop the
admixture catalyst into a well-defined heterogeneous cata-
lyst.2® The similarities of the composition of matter for the
two admixture catalysts allow the hypothesis to be made that
the well-defined catalyst developed for methyl esterification
chemistry might also prove to be effective carboxylic acid
synthesis.

A comparison of three optimized catalyst systems (1 mol
%) Pd/Char (5 wt. % Pd), (5 mol %) Bi(NO,),.5H,0, (2.5
mol %) Te;** (1 mol %) PdBi, 55Te, .5/C (PBT) (5 wt. %
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Pd);*° and 5 wt. % Pt-1.5 wt. % Bi/C (PtBi/C) for the
oxidation to carboxylic acids was performed (Table 6).
Oxidation of benzyl alcohol is possible with PBT catalyst to
achieve quantitative yields within 4h (Table 6, entry 1). The

admixture catalyst system of Pd/Char, Bi(NO,),.5H,0, and °

Te was able to achieve moderately high yield (79%) and
PtBi/C is able to achieve the oxidation with 89% yield. The
oxidation of electron-deficient benzyl alcohol using the

add-mixture catalyst achieves a moderate yield (52%) simi-

lar to industrial PtBi/C catalyst (57%); however, the yield
achieved with PBT is slightly higher (69%) (Table 6, entry
2). In contrast, an electron-rich benzyl alcohol achieves a
near quantitative yield with both the admixture (93%) and

the well-defined PBT catalyst (97%); however, proves to be 15

challenging for PtBi/C catalyst (53%) (Table 6, entry 3).
Aliphatic alcohols are often pitfalls of Pt based catalyst.
Oxidation of 1-octanol was challenging for both the admix
(11%) and the PtBi/C (25%); however, the well-defined Pd
catalyst shows greater ability to oxidize 1-octanol (45%)
(Table 6, entry 4). To probe the difference between the three
catalyst systems, the oxidation of sterically bulky cyclohex-
ylmethanol was tested (Table 6, entry 5). The admixture

catalyst system was inefficient at oxidation of cyclohexyl- 25

methanol after 12 h (45%), yet both PBT (100%) and PtBi/C
(89%) proved to be able to oxidize cyclohexylmethanol.

TABLE 2

20

28

alcohol with the Pd/Char catalyst (FIG. 21A), nearly all of
the substrate was consumed within the first hour; however,
a significant buildup of the aldehyde intermediate (81%) was
observed. The aldehyde gradually converted to carboxylic
acid and was completely consumed within 8 h. At the same
time as the aldehyde disappeared, the carboxylic acid grew
in. After 8 h, quantitative yield of the carboxylic acid was
achieved and it was stable under reaction conditions. When
the oxidation was run with PBT catalyst, full conversion of
substrate was seen in 3 h (FIG. 21B). A small buildup of
aldehyde (29%) was seen after 1 h, which disappears com-
pletely after 2 h. The carboxylic acid was formed in quan-
titative yield after 3 h.

The oxidation of 1-octanol demonstrated poor yield and
conversion when run with Pd/C (FIG. 21C). After 2h a 41%
yield of the carboxylic acid was observed, which gradually
increased to a maximum of 62% after 16 h. Unlike the
substituted benzyl alcohol, no aldehyde intermediate was
observed in the course of the reaction. The reaction run with
PBT exhibited a faster reaction rate in addition to higher
conversion and yield (FIG. 21D). A quantitative yield was
observed after 8 h with excellent mass balance. As noted
before, no aldehyde intermediate was observed. The time
courses in FIGS. 21A-D showcase the slower rates of
aliphatic alcohols when compared to benzylic alcohols. The
time courses further indicate that treatment of the supported
catalyst with Bi and Te, forming PBT, enhances the activity
of the catalyst.

A comparison between admixture method (5 wt. % Pd/Char, Bi(NO,);*5H,0, and
Te), optimum PdBig 35Teg 53/C (PBT) catalyst, and literature reported 5 wt. % Pt-1.5 wt. %

Bi/C (PtBi/C).

0
catalyst
R Nom =
3 eq KOH, 05 (1 atm),
(1 mmol, IM) MeOH:H,0 (19 volvol) R OH
50°C.,Xh
0.5 mol % 1.0 mol %
Entry Substrate Catalyst Catalyst Catalyst
1 Pd/Char, Bi(NO,);, Te ~ 79%,4h  100%, 4 h
OH PBT 100%, 4 h
PtBI/C 89%, 4 h
2 Pd/Char, Bi(NO,);, Te  52%,4h  100%, 4 h
OH  ppT 69%, 4 h
PtBI/C 57%, 4 h
FsC
3 Pd/Char, Bi(NO);, Te  93%,4h  100%, 4 h
OH  PBT 97%, 4 h
PtBI/C 53%, 4 h
MeO
4 /(/\/)/\ Pd/Char, BiNO,);, Te  11%,8h  100%, 8 h
; oH PBT 45%, 8 h
PtBI/C 25%, 8 h
5 Pd/Char, Bi(NO,);, Te ~ 45%, 12h  100%, 12 h
OH PBT 100%, 12 h
PtBI/C 89%, 12 h

The importance of Bi and Te are apparent in the reaction ¢5s
time courses for model benzylic and aliphatic alcohol sub-
strates (FIG. 21A-D). In the oxidation of 4-methoxybenzyl

The substrate scope of PBT displays the widest functional
group compatibility reported to date for the oxidation to
carboxylic acids with the use of a heterogeneous catalyst
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(FIG. 22). A wide spectrum of benzyl alcohol substrates
(la-1q), including heterocyclic benzylic alcohols (1j-1n),
were subjected to the reaction conditions. In a majority of
the cases, a high yield for the carboxylic acids was achieved;
tolerant functional groups include ether (2d-21), thioether
(2g). Benzyl alcohols that are electron-poor (2h-21) cleanly
oxidize with excellent yields (>98%).

Halogenated benzyl alcohols substituted in the para posi-
tion (lo-1q) proved to be susceptible to dehalogenation,
particularly in the case of brominated and iododinated
substrates (1p and 1q). The chlorine-substituted substrate 1o
was able to achieve nearly quantitative yield when subjected
to reaction conditions for a short period; however, longer
reaction times appeared to facilitate dehalogenation. Of
particular interest was the ability of the catalyst to tolerate
pyridine motifs, a pitfall for many homogeneous palladium
catalysts, and achieve yields greater than 95% (2j-21). The
oxidation of allylic alcohol moiety (lr) achieves rather
moderate yield (44%). The low yield can be attributed to a
side reaction, alkene hydrogenation, as evident by '"H NMR
analysis of the reaction mixture.

The functional group tolerance with respect to aliphatic
alcohols, similar to benzyl alcohol, is displayed within the
substrate table (1s-1z). Simple, straight-chain hydrocarbons
proved to be facile substrates (1s). Increasing the steric
environment adjacent to the alcohol did not hinder the
oxidation (1t). The readily cleaved benzylic C—O bond
present in benzylether substrate 1w is tolerated. Tetrahydro-
furan structure (1x) was well-tolerated and provided the
corresponding acid with excellent yield (98%). A primary
alkyl chloride 1y also provided the acid in high yield
(>99%). Unlike the aryl chloride 1o, dehalogenation was not
observed even at prolonged reaction times. Pyridine moi-
eties are known to chelate to homogenous Pd catalysts”;
however, substrate 1j, with an ortho pyridyl group, afforded
the carboxylic acid in high yield (97%).

The long-term stability of the catalyst was further dem-
onstrated with a packed-bed reactor. Initial screening of
various weight hourly space velocities (WHSV)? for the
flow of benzyl alcohol found an optimum of WHSV=620
h™. Under these optimized conditions, a >50h continuous
run was done in which the catalyst maintained activity for
>60,000 turnovers producing 158 g of benzoic acid.*
Analysis of the catalyst after by ICP-OES determined loss of
approximately 51% of initial mass of Pd, 44% of initial mass
of Bi, and 84% of initial mass of Te. Interestingly, while the
leeching of metal from the catalyst is significant, the catalyst
maintained activity.

The PBT catalyst was able to catalyze the oxidation of
HMF (laa) to FDCA (2aa) (FIG. 23). The desired oxidation
was achieved with little difficulty; however, there was a
strong dependence on the gas-liquid mixing (Table 7).
Optimized conditions afford the desired product in 95%
yield. Compared to literature precedents, the substrate load-
ing is approximately 2.25 times more concentrated than the
next most concentrated example.** A comparison to the
typical concentration of substrate reveals the loading is
approximately 18 times more concentrated, important for
HMF chemistry due to the transient stability of both the
starting material, HMF, and the product, FDCA, under
various reaction conditions.??>!-2>?

20

25

30

35

40

45

50

55

60

65

30
TABLE 7

Screen of Scale 5-(HydroxymethyDfurfural (HMF) Oxidation.
1 mol % PBT
3eq KOH

MeOH:H,O (1:9 vol:vol)
1atm0,,50°C.,6h

OH

OH
0 OH
T
0
Scale
Entry (mmol) Yield (Conv.)?
1% 0.03 62 (99)
20 0.06 67 (99)
3% 0.13 65 (100)
40 0.25 40 (100)
5% 0.5 35 (12)
6° 1 38 (100)
7¢ 2 95 (100)
& 4 66 (100)

“Reactions performed on scale indicated; [RCH,OH] = IM. Yields determined by HPLC
with benzoic acid as internal standard.
bDisposable 13 mm x 100 mm thick-walled culture tube.

“40 mm x 100 mm thick-walled reaction vessel.

To benchmark the ability of the PBT catalyst for the
aerobic oxidation of HMF to FDCA a time course compari-
son of PBT to industrial PtBi catalyst was performed (FIGS.
24A-24B). The initial conversion for both catalysts can be
seen as rapidly increasing to full conversion within 1 h. A
similar trend has also been reported for the oxidation of
HMF in basic media with platinum group metals.** The
initial high conversion and low yield for FDCA can be
attributed to the formation of various intermediates en route
to FDCA. The initial rate of PtBi, achieving a maximum
yield within 5 hours, of HMF to FDCA appears to be faster
than PBT, achieving maximum yield within 6 hours (FIGS.
24A and 24B). FDCA proves to be unstable under the
reaction conditions in the presence of PtBi catalyst, and
there is a significant loss of product after 8 h (FIG. 24A). A
similar trend is seen in the presence of PBT; however, after
8 hours the yield of product is 88%. A loss of 7% yield from
the maximum yield after an hour is observed, compared to
the loss of approximately 20% yield from the maximum
yield after an hour.

In summary, a PBT catalyst previously reported for esteri-
fication chemistry proves to be effective for the oxidation of
alcohols to carboxylic acids. The catalytic system employs
O, as an environmentally benign oxidant and operates in a
water:methanol solvent. The catalyst proves to be a highly
effective system for the oxidation of a variety of diverse
substrates. Additionally, successful substrates such as ali-
phatic, allylic, and benzylic alcohols, encompass a much
wider substrate scope then previous reported to date. The
wide functional group tolerance observed provides unique
advantages over other heterogeneous systems, while the
recyclability offers distinct advantages over homogenous
catalysts, which may employ higher catalyst loadings and/or
expensive ligands. Finally, the catalyst is shown to have the
ability to oxidize HMF, a biomass derived molecule, to
FDCA, a molecule shown to have the ability to potentially
replace terephthalic acid. Access to biomass derived feed-
stock chemicals, such as FDCA, in a viable manner, relative
to feedstock derived from petrochemicals, is crucial to



US 9,957,217 B2

31

commence a paradigm shift in manufacturing to greener
practices, and PBT catalyst proves to be a step in that
direction.

Abbreviations

PBT, PdBi, 55 Te, ,5/C; PtBI/C, 5 wt. % Pt-1.5 wt. % Bi/C;
WHSYV, Weight Hourly Space Velocities; HMF, 5-(hy-
droxymethyl)furfural; FDCA, 2,5-furandicarboxylic acid;
PET, poly(ethylene terephthalate).
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(28) Weight hourly space velocity WHSV) =
catalyst mass

moles of product
(29) Turnover Numben7ON) = ——
moles of catalyst

While a number of embodiments of the present invention
have been described above, the present invention is not
limited to just these disclosed examples. There are other
modifications that are meant to be within the scope of the
invention and claims. For example, starting with another
organic primary alcohol one could create the corresponding
esters and acids. Also, while these methods are especially
well suited for the methyl esters, ethyl esters are also formed
by analogous reactions using ethanol. Thus, the claims
should be looked to in order to judge the full scope of the
invention.

We claim:

1. A method for synthesizing an acid from an alcohol,
comprising:

exposing a compound of the formula R—CH,—OH to

oxygen gas and methanol-water mixture so as to yield
a compound of the formula RCOOH;
wherein said exposing is in the presence of a catalyst
comprising palladium, bismuth and tellurium;
wherein R is an alkyl, cyclic, amine, or ether, with or
without sulfur or halogen content.

2. The method of claim 1, wherein the catalyst further
comprises an eclemental carbon support in the form of
charcoal or activated carbon.

3. The method of claim 1, wherein there is at least 0.1 mol
percent palladium, at least 0.01 mol percent bismuth, and at
least 0.01 mol percent tellurium in the catalyst.

4. The method of claim 1, in which the bismuth is present
in a salt form and the tellurium is present in a metal form.

5. The method of claim 4, wherein the bismuth salt is
Bi(NO,),.5H,0.

6. A method for synthesizing an acid from an alcohol,
comprising:
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exposing a compound of the formula R—CH,—OH to
oxygen gas and water so as to yield a compound of the
formula RCOOH;

wherein said exposing is in the presence of a catalyst
comprising palladium and a co-catalyst comprising at 5
least two of the following: bismuth, tellurium, lead,
cerium, titanium, zinc and niobium;

wherein R is an alkyl, cyclic, amine, ether, or ester, with
or without sulfur or halogen content.
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