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The synthetic scope and utility of Pd-catalyzed aerobic oxidation reactions has advanced
significantly over the past decade, and these reactions have the potential to address important
green-chemistry challenges in the pharmaceutical industry. This potential has not been realized,
however, because safety concerns and process constraints hinder large-scale applications of this
chemistry. These limitations are addressed by the development of a continuous-flow tube reactor,
which has been demonstrated on several scales in the aerobic oxidation of alcohols. Use of a dilute
oxygen gas source (8% O, in N,) ensures that the oxygen/organic mixture never enters the

explosive regime, and efficient gas-liquid mixing in the reactor minimizes decomposition of the
homogeneous catalyst into inactive Pd metal. These results provide the basis for large-scale
implementation of palladium-catalyzed (and other) aerobic oxidation reactions for

pharmaceutical synthesis.

Introduction

The pharmaceutical industry is under increasing pressure to
integrate green-chemistry and green-engineering practices into
the development and production of pharmaceuticals."? This
emphasis arises, in part, from widely publicized data showing
a disproportionate fraction of waste generated by the phar-
maceutical industry relative to other sectors of the chemical
industry.* Whereas commodity chemicals represent a much
larger volume of products, the relative proportion of waste
generated in their syntheses is 1-2 orders of magnitude smaller
than for pharmaceuticals. This disparity partly reflects intrinsic
differences between the two industries (for example, complex
pharmaceutical compounds typically require 5-10 steps in their
preparation and purification), but it also suggests that certain
practices used within the commodity chemicals industry could
be adopted by the pharmaceutical industry to reduce waste
generation. The practice of oxidation chemistry represents a
prominent example of this principle. Massive-scale commodity
chemicals are often produced via selective oxidation of simple
feedstocks,® and molecular oxygen is highly preferred as the
stoichiometric oxidant in these reactions because of its low
cost and negligible environmental impact. In contrast, aerobic
oxidation reactions are virtually never used in pharmaceutical
synthesis, owing to two main limitations."*’ Pharmaceutical
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precursors and advanced intermediates often contain diverse
functional groups, and until recently very few synthetic methods
have been available for selective aerobic oxidation of complex
organic molecules. Secondly, process-scale syntheses of phar-
maceuticals are typically performed in multi-use stirred-tank
reactors that are poorly equipped to address safety hazards
associated with aerobic oxidation reactions, and stirred-tank
autoclaves equipped to handle high pressures fail to address
important process constraints associated with these methods.
Here, we describe a high-pressure continuous-flow tube reactor
that enables safe and reliable performance of aerobic oxidation
reactions on several scales. Application of this reactor to
a series of Pd-catalyzed aerobic alcohol oxidation reactions
provides the basis for broad implementation of aerobic oxidation
reactions in pharmaceutical synthesis and establishes important
benchmarks for the development of improved aerobic oxidation
reactions.

The past decade has witnessed the emergence of a broad range
of synthetically versatile catalytic aerobic oxidation methods
that use homogeneous palladium catalysts.**> Applications of
these reactions include the oxidation of alcohols to aldehydes
and ketones, a,-dehydrogenation of aldehydes and ketones to
prepare enals and enones, allylic and vinylic functionalization
of alkenes, and oxidative coupling reactions with aromatic
substrates, including C-H functionalization methods, to form
carbon-carbon and carbon-heteroatom bonds (Fig. 1B). These
methods proceed via a Pd"/Pd’ catalytic cycle (Fig. 1A)
analogous to Pd-catalyzed cross-coupling reactions, which are
used throughout the pharmaceutical industry. The latter re-
actions demonstrate the large-scale viability of homogeneous
palladium catalysis. In order for the synthetic opportunities
and environmental benefits of Pd-catalyzed aerobic oxidation
reactions to be fully realized, reliable methods must be developed
to translate the results of small-scale laboratory reactions into
large-scale pharmaceutical processes.
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Fig. 1 (A) Simplified catalytic mechanism for Pd-catalyzed aerobic

oxidation reactions. (B) Representative Pd-catalyzed aerobic oxidation
reactions.

Continuous flow methods provide a means to address both
safety issues and process challenges associated with Pd-catalyzed
aerobic oxidation reactions.’®** Stirred-tank autoclaves that
exist within the pharmaceutical industry have a sufficient
pressure rating to perform aerobic oxidations safely by using
dilute air (e.g. 5-8% O, in N,), but they are expensive and less
common than traditional stirred-tank reactors, and are typically
dedicated to hydrogenation bunkers. In addition, the use of
dilute air as the oxidant requires constant gas flow into and out of
the reactor to remove the inert gas and ensure adequate levels of
O, throughout the process. Vapor mass-flow controllers needed
for this operation are non-standard on commercial autoclaves;
most reagent gases used in pharmaceutical synthesis (e.g., H,,
CO) are delivered in pure form and, therefore, controlled gas
removal is not needed. Perhaps most significantly, Pd-catalyzed
aerobic oxidation reactions face acute challenges associated with
gas-liquid mass transfer. The catalyst stability is highly sensitive
to the dissolved oxygen concentration. Low steady-state levels
of dissolved O,, or even temporary periods of poor gas-liquid
mixing, can lead to irreversible catalyst decomposition via
agglomeration of the homogeneous Pd’ species into metallic Pd
(¢f- steps ii and iii of the catalytic mechanism in Fig. 1A).2*
This feature makes Pd-catalyzed aerobic oxidation reactions
rather unforgiving with respect to operational variation and
represents a distinct challenge in scaling up a traditional batch
process. Flow-based methods provide a reliable means to achieve
efficient gas-liquid mixing throughout the reaction and to ensure
reproducibility across different reaction scales.

The present study focuses on alcohol oxidation as a prototyp-
ical Pd-catalyzed aerobic oxidation reaction. The mechanistic
and operational similarities that have been established among
the different reactions in Fig. 1A suggest that insights gained
from this work will apply to the full breadth of examples
in this reaction class. Numerous Pd catalyst systems have
been reported for aerobic alcohol oxidation (Fig. 2).»* The
reactions typically proceed under mild reaction conditions, use
relatively low catalyst loading (0.1-5 mol%) and are compatible
with a broad scope of substrates. Molecular oxygen serves as
the sole oxidant for catalyst regeneration in these reactions
(Fig. 1B), without requiring additional redox-active co-catalysts

Pd{OAC)Ql' DMSO Pd(OAC)g." @
Pd(OAc); / NEt; N7

Ar=NN-a N
N N
AcO-Pd-OAc
OH, (N-N)PC,

Fig. 2 Pd catalyst systems for aerobic oxidation of alcohols.

or other stoichiometric reagents. The simplicity of the catalyst
systems and reaction conditions greatly minimizes reaction by-
products and facilitates product isolation, and the absence of
heterogeneous bases or other solid additives greatly simplifies
the reactor design.

Results and discussion

The palladium catalyst systems in Fig. 2 were discovered and
investigated under batch reaction conditions, typically in a
round-bottom flask with oxygen gas supplied from a balloon
above the flask. Our development of a continuous flow process
for these reactions was carried out according to the following
sequence: (1) design and construction of a suitable flow reactor,
(2) evaluation of a small-scale test reaction, comparing batch vs.
flow conditions, (3) demonstration of multiple alcohol oxidation
reactions under flow conditions and utilization of one of
these reactions in a pharmaceutically relevant tandem synthetic
sequence, and (4) performance of a kg-scale alcohol oxidation
reaction to establish the scalability of the present flow-based
method. Each of these steps is elaborated below.

Reactor design and operation

The flow reactor developed for these applications has a straight-
forward design with three principal components (Fig. 3): (i)
a reagent addition module consisting of reagent and cata-
lyst reservoirs, high-pressure stainless-steel liquid-feed syringe
pumps, and a gas-inlet junction; (ii) a reaction zone consisting
of stainless-steel tubing with suitable temperature control (e.g.,
heat-transfer fluid on the jacket side of the tube or placement
of the tubing in a forced convection oven); and (iii) a product
collection unit with a vapor-liquid separation device.

The flow of catalyst solution is premixed with the oxygen
gas and then is combined with a flow of the reagent solution
(Fig. 3). This mixing sequence ensures that O, is present when
the organic substrate encounters the catalyst, thereby preventing
reduction of Pd" to Pd’ and decomposition of the catalyst in
the absence of oxygen (see discussion above and Fig. 1A, steps
i and iif). As indicated in the reactor diagram, the reagent
and catalyst solutions and the oxygen gas proceed through
the reactor co-currently, and the respective flow rates are set
to achieve the appropriate substrate : O, : catalyst stoichiometry
and the desired residence time of the combined solution in
the temperature-controlled reaction zone. The volume of the
reaction zone can be readily varied by using the appropriate
diameter and length of tubing. Reaction volumes of 5 mL,
400 mL and 7 L were employed in the present study (see
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Fig.3 Schematic drawing of a continuous-flow tube reactor designed for use with homogeneous Pd-catalyzed aerobic oxidation reactions.

below). Under typical operating conditions, a diluted oxygen
gas mixture (8% O, in N,) is used to ensure that the O, content
always remains below the lower explosive limit of the O, : organic
mixtures.”? The reactor contents flow continuously out the
end of the reaction tube into a vapor-liquid separator. The
overall pressure of the system is established by supplying a back
pressure of inert gas to the vapor-liquid separator. The design
allows product solution to exit the bottom of the separator,
while excess gas exits the top through a restricting orifice,
ultimately venting at atmospheric pressure. The computer-
controlled interface allows the liquid product solution to exit the
system and steps down the pressure through a series of expansion
chambers in series by operating sequenced automated block
valves on a programmed timer. The latter method is preferred
over continuous flow through a small-orifice process-control
valve because it is less prone to fouling and plugging, especially at
research scale. No flow restrictions with a smaller cross-sectional
area than the reactor itself are present between the reactor and
the gas-release zone to ensure that gas can expand freely in the
event of an exotherm or another source of pressure increase. The
flow reactor is designed to accommodate a variety of reaction
conditions, including temperatures up to 300 °C and pressures
up to 1500 psig, although temperatures and pressures typically
will not exceed 120 °C and 1000 psig for most oxidations.

Comparison of batch vs. flow-based aerobic alcohol oxidation

Recent studies directed toward the discovery of new catalytic
aerobic oxidation reactions have relied almost exclusively on
batch reaction methods. Reactions carried out at ambient pres-
sure are often carried out in a reaction flask equipped with an
0,-filled balloon, and high-pressure reactions typically use stain-
less steel pressure vessels. While these reaction configurations

work well for small-scale reactions, they become problematic
at larger scales because they are poorly equipped to ensure
efficient gas-liquid mixing and high concentrations of dissolved
O,, which are essential for the Pd-catalyzed aerobic oxidations
described here.

In our initial studies, we sought to establish whether aerobic
alcohol oxidation reactions developed under batch conditions
could translate effectively into a flow-based process. The oxi-
dation of 1-phenylethanol with Pd(OAc),/NEt; as the catalyst
proceeded in 93% yield at room temperature in 12 h, as originally
described by Sigman and coworkers (Fig. 4A).»® The use of
3 A molecular sieves reported for this reaction was viewed as
suboptimal for large-scale applications, and subsequent bench-
top tests determined that a 90% product yield could be obtained
in the absence of molecular sieves by extending the reaction
time (18 h) (Fig. 4B, I).? The same reaction was then performed
in the flow reactor, equipped with a 5 mL vertical tube as the
reaction zone (0.25 in O.D., 316 stainless steel). Initial testing of
the reaction was carried out by filling the reaction zone with a
single volume of solution (i.e., without a continuous liquid feed,
Fig. 4B, II) and supplying a continuous flow of oxygen through
the mixture. This operation formally represents a batch reaction,
but it mimics the vapor-liquid contact that exists in the flow-tube
reactor and provides an efficient approach to optimize various
flow-reaction parameters (O, pressure and flow rate, reaction
residence time and temperature). These studies revealed that an
88% yield of product could be obtained in 45 min by performing
the reaction at somewhat higher temperature and pressure
(60 °C, 30 psia O,). Use of these conditions in a continuous-
flow process led to a nearly identical outcome (Fig. 4B, III).
After passage of approximately two reactor-volumes of solution
(90 min), the reaction achieved a steady-state yield of 87% (1.4 g
product; Fig. 4C).
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Fig. 4 (A) Aerobic oxidation of 1-phenylethanol catalyzed by
Pd(OAc),/NEt;. (B) Comparison of the bench-reaction results with
those obtained in a flow reactor. (C) Reaction time-course of
Pd(OAc),/NEt;-catalyzed oxidation of 1-phenylethanol under continu-
ous flow conditions.

These results provide clear indication that a Pd-catalyzed
aerobic oxidation reaction developed in a small-scale batch
process can be translated effectively to a continuous flow
process. Moreover, a substantial reduction in the reaction time
was achieved in the flow reactor, from 18 h to 45 min. This
improvement was made possible by the ability to use a higher
temperature in the flow process (60 °C) relative to the batch
reaction in a flask (25 °C). Catalyst decomposition becomes
more problematic at higher temperatures and improved gas-
liquid mixing, such as that available in the flow reactor, is
essential to operate under these conditions. For example, when
the batch reaction shown in Fig. 3B was repeated at 60 °C, rapid
formation of Pd black was evident in the flask, and the reaction
reached a maximum conversion of 55% to the desired ketone.

Flow-based aerobic oxidation of diverse alcohols

The initial demonstration of the flow-reactor described above
provided the basis for modification of the reactor and operating
conditions in order to mimic more closely the anticipated
performance of large-scale applications. The 5 mL vertical-tube
reactor was replaced with a 400 mL coiled-tube reactor (0.5 in
0.D., 316 stainless steel). Pure O,, which represents a significant
safety hazard, was replaced with a diluted oxygen source (8%
O, in N,: 375 psia total pressure to maintain 30 psia partial

pressure of O,). The higher linear velocities of the liquid (due
to the longer tube length), the higher linear velocity of the gas
phase (due to dilution of the O,), and the ten-fold higher length-
to-diameter ratio of the 400 mL tube reactor relative to the
5 mL reactor, all contribute to better gas-liquid mixing in the
larger-scale reactor.’

Evaluation of different Pd catalysts for alcohol oxidation
revealed that a Pd(OAc),/pyridine catalyst system, similar to
that originally reported by Uemura and co-workers,*' is more
robust than the Pd(OAc),/NEt; system at higher temperatures
and enabled us to achieve higher turnover rates by performing
the reactions at 100 °C.*® Once again, reaction conditions were
identified that avoided the use of molecular sieves, which were
included in most of the originally reported reactions. Oxidation
of 1-phenylethanol on 25 g scale in the modified reactor resulted
in a 98% steady-state conversion of the alcohol to the ketone
product, based on GC analysis (Table 1, Entry 1). Evaluation of
other alcohol oxidation reactions revealed similarly successful
performance. In the larger scale reactions (>20 g), the continu-
ous product yield monitored by GC exhibited nearly quantitative
conversion to the desired products (93-99%). Isolated yields
were obtained for all of the alcohols; isolated yields were lower
than those indicated by GC and largely reflect losses from
unoptimized isolation procedures for individual products. These
results provide further evidence that this flow process is effective
for aerobic oxidation methods initially discovered and developed
under batch conditions. As a corollary, the substrate scope of
the catalytic methods in this flow process should reflect that of
the methods originally developed in batch.*

With these results in hand, we sought to demonstrate one
important application of these reactions relevant to green-
chemistry priorities within the pharmaceutical industry.® Alde-
hydes and ketones are seldom an end goal of pharmaceutical
synthesis. Rather, these functional groups represent highly
useful intermediates for subsequent carbon—carbon and carbon—
heteroatom bond-forming reactions. Aerobic alcohol oxidation
reactions of the type described here generate virtually no by-
products and should enable direct progression to subsequent
synthetic steps, without isolation or purification of the inter-
mediate aldehyde or ketone. This feature has important green-
chemistry implications because solvents and water used in
product isolation represent major contributions to the overall
waste generated in pharmaceutical syntheses.* We elected to
illustrate this concept in the sequential conversion of a simple
alcohol into an amine via aerobic oxidation of an alcohol
followed by reductive amination of the aldehyde with H, as
the reducing agent (Scheme 1).%*3* 5-Amino-2-methyltetrazole
was added to the crude product solution obtained from aerobic
oxidation of 3,5-bis-trifluoromethylbenzyl alcohol, and the mix-
ture was refluxed for 6 h. The in situ-generated imine underwent
hydrogenation to afford the desired amine in 72% isolated
yield over the three-step oxidation-condensation-hydrogenation
sequence. This amine is an important pharmacophore featured
in several drug candidates designed to alter human cholesterol
levels.** Sequential transformations of this type consume only
O, and H, as stoichiometric reagents, generate water as the sole
stoichiometric by-product, and are well suited for incorpora-
tion into process intensification platforms receiving significant
attention in the pharmaceutical industry. This O,/H,-coupled
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Scheme 1 Tandem flow-based aerobic alcohol oxidation/hydrogenative reductive amination.

Table 1 Aerobic alcohol oxidation results for reactions performed in a
400 mL flow reactor*

5 mol% Pd(OAc),
20 mol% pyridine
j)\H toluene, 100 °C i
R17~R2 500 psig diluted O, (27psi Oz) R R2
2.5 h residence time

Entry Product Scale Isolated yield (GC yield)

1 o] 25g 85% (98%)

2 o] 15g 73%

3 0 35g 93% (99%)

4 r o 37¢g 92% (96%)

5 o] R2g 78% (99%)

6 0 7g 81%

7 o] 12g 7%

)k(“);

8 @/%O 8¢g 87%

9 0 26g 76% (93%)
10g 91% (96%)

“ Conditions: Feed solution 1: [alcohol] = 0.6 M, [pyridine] = 0.12 M;
Feed solution 2: [Pd(OAc),] = 0.03 M; Solution feed rates = 0.9 mmol
alcohol/min; O, feed rate = 0.9 mmol min™'.

strategy to achieve net displacement of a hydroxyl group with
an amine represents an appealing, atom-economical alternative
to stoichiometric activation of an alcohol by converting it into a
halide or sulfonate leaving group followed by Sy2 displacement
with the appropriate nucleophile.

Kilogram-scale aerobic alcohol oxidation

Straightforward modification of the flow reactor enabled us to
test a Pd(OAc),/pyridine-catalyzed aerobic oxidation reaction
on a 1 kg scale. The 400 mL coiled-tube reactor was exchanged
for a 7 L coil of stainless-steel tubing (0.375 in O.D.) constructed
for this purpose.*® After a series of optimizations of the catalytic
reaction conditions,*® we elected to perform the reaction with
1 mol% Pd(OAc),/4 mol% pyridine at 100 °C with flow rates
of alcohol and O, at 7.2 and 7.9 mmol min™, respectively
([alcohol] = 1 M in toluene, 500 psia of 8% O, in N,). The
solution residence time in the reactor was 4.5 h, and the steady-
state liquid volume under the reaction conditions was 3.9 L (i.e.,
55% of the total reactor volume), with the balance occupied by
the diluted oxygen gas mixture. The similar volumes occupied
by the gas and liquid in the reactor, together with a 3.2:1
ratio of volumetric flow rates for the gas and liquid at steady-
state, contributes to very efficient gas-liquid mixing. Under
these reaction conditions, the aerobic oxidation of 1 kg of
1-phenylethanol to acetophenone proceeded in near quantitative
yield (99.5%), thereby demonstrating the viability of larger-
scale applications of this method and showing that the reaction
performance in flow can be even better than that observed in a
batch process. A more extensive compilation of the experimental
parameters for this reaction is documented in the Supporting
Information.}

This kilogram-scale application highlights the reliability of
continuous-flow tube reactors as a platform for development
of large-scale aerobic oxidation processes. Ongoing work at Eli
Lilly suggests that the 7 L tube reactor can be scaled up by a
minimum of two orders of magnitude, while retaining the high-
pressure rating, low cost and a length/diameter ratio for the tube
of 220000/ 1. Homogeneous catalyst systems that do not require
heterogeneous additives or reagents, such as those described
here, are especially well suited for this format. Preliminary
tests demonstrate that continuous-reaction methods compatible
with slurries or heterogeneous reaction mixtures are also possi-
ble (i.e., by using continuous stirred-tank reactors); however,
methods that employ homogeneous reactions in flow tubes
require less capital investment, are more readily scaled and are
more suitable for continuous processing. These considerations
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provide an important framework for research efforts directed
towards the discovery of new catalysts and aerobic oxidation
reactions.

Conclusions

This study demonstrates that Pd-catalyzed aerobic alcohol
oxidations developed on a small scale can be translated ef-
fectively into a scalable flow-based process. The safety haz-
ards typically associated with aerobic oxidations are overcome
by using dilute air as the oxidant. As a consequence, Pd-
catalyzed aerobic oxidation reactions (and other aerobic ox-
idations) represent viable steps in large-scale preparation of
pharmaceutical target molecules. The synthetic versatility and
environmental benefits of such reactions can now be fully
realized, eliminating by-products associated with undesirable
oxidants or alternative synthetic routes and enabling streamlined
syntheses that avoid wasteful product isolation and purification
procedures.

Experimental

Representative experimental procedure for aerobic alcohol
oxidation in the 7 L flow reactor.

An oven used to regulate the reaction-zone temperature of the
flow reactor was set to 100 °C. The flow reactor was rinsed with
dry toluene and dried by passing nitrogen gas through the tubing
at 100 °C. The reactor was pressurized by applying a 500 psig
nitrogen back-pressure from a high-pressure nitrogen cylinder
connected to the vapor-liquid separator. The regulator for the
diluted O, gas cylinder (8% O, in N,) was set to 100 psi higher
than the N, background pressure (600 psig). Two sequential
metering valves connected to the O, outlet were adjusted to
obtain the desired gas flow rate. The total gas flow out of the
vapor-outlet valve was maintained around 5 scf per hour. The
reactor was then purged with the dilute oxygen gas for 10—15 min
(8% O, in N,; 500 psig). The first syringe pump was charged with
Pd(OAc), stock solution in toluene (10 mM), and the second
syringe pump was charged with alcohol/pyridine stock solution
in toluene (1.0 M/40 mM, respectively). The feed rates of both
pumps were adjusted to achieve the desired liquid residence time
in the reaction zone. The flow tube between the reaction zone and
the vapor-liquid separator consisted of a jacketed stainless-steel
tube, and prior to the start of the reaction, a flow of ethylene
glycol cooling fluid (=10 to =20 °C) was initiated through the
outer jacket. Both syringe pumps were started to initiate the
flow of liquid solution with the dilute-oxygen gas through the
reactor. After starting the pumps (¢ = 0), the time when liquid
started to accumulate in the liquid product tank was recorded
as the actual liquid residence time.
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