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SUMMARY

Bioprocessing applications are gaining importance in the traditional chemical
industries. With environmental, political, and economical concerns growing, research
efforts have recently focused on the substitution of petroleum-derived transportation fuels
and materials. As possible products and feedstocks are being investigated, it is important
to ensure the new processes are also sustainable. There are several aspects to developing
sustainable processes: minimize waste, use environmentally-benign chemicals, find
renewable feedstocks, and limit the number of processing steps.

This thesis examines ways to enhance the sustainability of bioprocesses. Novel,
alternative solvent systems are studied and applied to a variety of bioprocesses.
Downstream processing steps and waste can be minimized by designing systems that
combine reactions and separations into one process unit. This is accomplished by
designing new reactor systems and by replacing currently used solvents. Additional
studies, involving analytical techniques that reduce the use of organic solvents, are tested
and applied to industrial problems. Finally, new solvent systems are examined for

potential processes using renewable carbohydrate feedstock.

XXV



CHAPTER 1: INTRODUCTION

The priorities of traditional chemical industries have been shifting rapidly over
the past decade. While profit is still the primary goal, a new emphasis has also been
placed on the environmental impacts, political implications, and safety concerns of all
processes. In order to alleviate negative environmental effects, focus has turned to
minimizing waste, reducing energy consumption, and removing process units whenever
possible. The dwindling petroleum resources, environmental concerns, and political
implications have forced a closer examination of sustainable materials, such as
carbohydrates from plant materials, as feedstock for the production of transportation
fuels, plastics, synthetic fibers, lubricants, dyes, and other every day materials. The
emphasis placed on safety in the workplace has also caused many processes to be
redeveloped in order to use less hazardous materials, substitute toxic solvents, and
employ more environmentally benign chemicals.

Bioprocesses are becoming more common as the traditional chemical processes
are redeveloped. Bioprocessing applications, which combine knowledge from chemistry,
chemical engineering, biochemistry, and biology, are widespread. They include the
production of biofuels, the design and operation of enzymatic or fermentation systems,
the manufacture of pharmaceuticals, and the development of new analytical techniques
for identifying biological compounds. Many new processes, and ones being modified to
meet more stringent environmental and safety requirements, incorporate at least one
aspect of bioprocessing. This thesis examines several novel solvents that could

potentially be used in a variety of bioprocesses.



The pharmaceutical industry uses a combination of synthetic chemical processes
and bioprocesses. Traditionally, the industry has employed batch reactions instead of
implementing continuous flow processes. For many reactions, however, the use of
continuous flow reactors provides many advantages. The high heat transfer capability
allows better temperature control, which in turn can improve product quality, reduce
waste, and minimize safety concerns. In Chapter 2, a continuous process is examined for
the production of a HIV pharmaceutical precursor. The synthesis has a temperature-
sensitive intermediate, uses the hazardous chemical diazomethane, and one reaction has
an exotherm. A combination of chemical engineering and chemistry principles was used
to successfully design, build, and optimize a continuous flow reactor.

The production of biofuels from lignocellulosic feedstock is currently a major
bioprocessing field. Ethanol production has grown substantially in the United States in
the past five years because its production from corn is straightforward. The price of corn,
dairy, and meat has dramatically risen, however, as food sources are used to make
transportation fuels. Thus lignocellulosic biomass, including trees, grasses, agricultural
discards, and municipal wastes, will need to be the feedstock in order for the production
to be sustainable both economically and environmentally. New technologies need to be
developed in order to maximize sugar yields from the cellulose and hemicellulose
components while removing lignin and extractives. Chapter 3 determines the
effectiveness of several possible lignocellulosic pretreatment methods. Each method

involves the use of an alternative solvent developed and used previously in our lab.



Chapter 4 focuses on the development of new analytical processes for the
determination of biological compounds.  The separation and quantification of
metabolites, the end products of cellular processes, from physiological fluids can aid in
the detection of disease. Additionally, metabolites can provide new drug targets. In this
chapter, supercritical fluid chromatography (SFC) is examined as a possible analytical
technique for metabolite detection. SFC can reduce both solvent waste and processing
time when compared to more traditional analyses such as high performance liquid
chromatography (HPLC) or gas chromatography (GC). A SFC was rebuilt and modified,
and several chemical modifications attempted on amino acids, to improve the
performance of SFC in metabolomic separation and identification.

In Appendix A, ionic liquids (ILs) and deep eutectic solvents (DESs) were studied
as possible cellulose dissolution solvents. Sustainable solvents able to dissolve a
substantial amount of cellulose have many applications in biofuels and biomaterials. The
solubility of cellulose was tested in several known DESs. New ionic liquids were
designed and synthesized to improve cellulose dissolution and enzymatic activity. These
quaternary ammonium ionic liquids are capable of dissolving cellulose, and are expected
to be more environmentally friendly than imidazolium-based ILs.

Many bioprocesses require enzymes to catalyze reactions of interest. The use of
biocatalysis for reactions involving hydrophobic substrates, however, has typically been
limited only to substrates soluble in aqueous environments. Although alternative solvents
such as ILs have been used successfully, the enzymes must be immobilized or suffer
from limited enzymatic activity. In the past, our lab has shown that Organic-Aqueous

Tunable Solvents (OATS) can be successfully employed for simple enzymatic catalysis.



One research goal is to develop the system to work with enzymes requiring cofactors.
Before cofactors can be incorporated into the system, however, it is important to
understand their stability in mixed organic-aqueous solvents. Appendix B discusses the
use of capillary electrophoresis (CE) to determine the stability of several cofactors under
various experimental conditions.

Appendices C and D investigate the use of alternative solvents for the production
of value-added chemicals from lignocellulosic feedstock. In Appendix C, a process
involving piperylene sulfone (PS) is developed to create 5-hydroxymethylfurfural, a
biological precursor for several alternative fuels and biomaterials, from fructose.
Although pure HMF has not yet been made, other possibly important compounds derived
from HMF are studied in this appendix. In Appendix D, peroxycarbonic acid is
examined as a possible oxidation route for the production of glucaric acid. Glucaric acid,
also called saccharic acid, has been identified as one of the 12 most important biological
building blocks derived from carbohydrates.

Bioprocesses developed for the production of alternative fuels are again explored
in Appendices E and F. In both appendices, gas-expanded methanol (GX-MeOH), a
specific gas-expanded liquid (GXL) created by adding CO, to methanol, is applied to
biofuels processes. GX-MeOH is known to form the in-situ acid methylcarbonic acid.
The study of methylcarbonic acid for the acid-catalyzed hydrolysis of lignocellulosic
biomass during pretreatment is detailed in Appendix E. The possibility of removing
extractives from the biomass with the GX-MeOH was also examined. Finally, Appendix
F examines the feasibility of using the methylcarbonic acid created in GX-MeOH to

facilitate the acid-catalyzed production of biodiesel.



CHAPTER 2: APPLICATION OF AKINETIC STUDY TO A

SMALL SCALE CONTINUOUS REACTOR TO PRODUCE

(1-BENZYL-3-DIAZO-2-OX0O-PROPYL)-CARBAMIC ACID
ISOPROPYL ESTER, ADIAZOKETONE
PHARMACEUTICAL INTERMEDIATE

INTRODUCTION

Although the pharmaceutical industry has been traditionally dominated by batch
processes, continuous flow reactors are becoming more common due to their superior
heat transfer capabilities, which can lead to reduced waste, improved product quality, and
enhanced safety. This project focused on part of a multi-step synthetic sequence for the
preparation of an active ingredient of a HIV drug. The sequence of interest for this
project involved three reactions: the formation of a mixed anhydride, the formation of the
corresponding diazoketone, and the subsequent HCI hydrolysis to yield the a-
chloroketone. The initial aspect of this project focused on optimization of the mixed
anhydride formed in the first step. To make the analysis more facile, the temperature-
sensitive mixed anhydride was quenched with an amine to form the corresponding amide.
The second part of the project, the formation of the diazoketone, was accomplished by
reacting the mixed anhydride intermediate with trimethylsilyl diazomethane.

This project also involved optimizing the reaction conditions for the development
of a continuous flow process. Several continuous flow reactor configurations were

designed, built, and tested in order to optimize the conditions of this specific synthesis.



BACKGROUND

Benefits of Using Continuous Flow Reactors

Using a continuous flow process instead of the batch process can have many
benefits. Although continuous flow reactors are commonly used for large scale
processes, they can vary drastically in size. Recent research has focused on small
reactors either on the microreactor scale or slightly larger. In the literature, small
continuous flow reactors have been shown to maintain several desirable characteristics of
microreactors including improved heat exchange, safety, and scale-out ability." *
Microreactors are usually defined as small reaction systems that have dimensions in the
sub-micrometer to the sub-millimeter range.” Small scale continuous flow reactors, as
defined here, are slightly larger and reside in the millimeter range, but still have many
positive attributes.

Micro- and small-scale reactors have a high surface area to volume ratio due to
their reduced size.> The high surface area provides a high heat-exchange efficiency,
which results in rapid heating or cooling and allows for better temperature control.* The
small volumes also decrease the potential hazard of explosive or extremely exothermic
reactions.  Additionally, the small dimensions of these reactors prevent common
mechanistic explosion pathways by suppressing radical chains and thermal build up.* °
Continuous flow reactors are often built from stainless steel, an improvement over the
glass (the material of construction usually used in batch reactions) because it can contain
potential explosions and the heat transfer is significantly better.” This improved safety is

desirable for any reactions that use diazomethane or other highly explosive compounds.®



Finally, the scale-out ability means that additional reactors can be added to increase
production instead of scaling up the reaction and reactor.' This aspect of small-scale
continuous flow reactors saves time and money because it makes the process easier to
adapt to production needs without requiring additional research or pilot plant testing.
Continuous flow processes can also be more desirable because they tend to be less labor
intensive, and can occur much faster, than batch processes.7

As the reaction sequence in this project involved a temperature-sensitive
intermediate, a potentially explosive reagent (diazomethane), and reactions that can be
highly exothermic, this process was an ideal candidate for conversion to a continuous
flow process. The advantages of continuous flow reactors can overcome these
unfavorable reaction characteristics by significantly increasing heat transfer, mass

transfer, safety and overall performances.

Potential Applications of (1-Benzyl-3-chloro-2-hydroxy-propyl)-carbamic acid tert-

butyl ester

Inhibiting the three enzymes encoded by Human Immunodeficiency Virus (HIV)
is a possible pathway for treating Acquired Immunodeficiency Syndrome (AIDS). The
product depicted in Figure 2.1 is a precursor for the pharmaceutically active compound
Ro 31-8959, which is a possible HIV protease inhibitor.® Modern HIV inhibitors use a
central three-carbon piece that contains two chiral carbons.®® This synthesis uses L-boc-
phenylalanine to set the chirality of the first carbon center, then symmetrically reduces

the ketone to provide the other chiral center.
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Figure 2.1: Synthetic route previously used in industry.*

Trimethylsilyl Diazomethane

Our synthesis of interest originally used diazomethane as a reactant in the second
step. Diazomethane is not a desirable reactant, however, because it is extremely reactive,
highly toxic, thermally labile, and potentially explosive. In contrast, trimethylsilyl
diazomethane is an attractive substitute for diazomethane because it is non-explosive,
non-mutagenic, and can be used by industry without hazard.'® It has also been used as a
diazomethane substitute in several reactions.' The substitution has been made
successfully before in an Arndt-Eistert synthesis, which involves the conversion of
activated carboxylic acids to diazoketones by diazomethane, followed by a Wolff
rearrangement.'>  Cesar et al. has used trimethylsilyl diazomethane in the synthesis
depicted in Figure 2.2."' In their reaction, a 78% isolated yield was obtained by using
trimethylsilyl diazomethane, compared to 76% isolated yield using diazomethane. This
example illustrates that trimethylsilyl diazomethane can actually outperform

diazomethane in some applications.
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Figure 2.2: Diazoketone synthesis from L-boc-phenylalanine.'!

EXPERIMENTAL

Materials

All chemicals were ordered from Aldrich or VWR and used as received, unless
noted. 'H and C NMR spectra were recorded using a Varian Mercury Vx 400
spectrometer with a residual CDCI; peak used as an internal reference. Mass
spectrometry samples were submitted to the mass spectrometry lab and used ESI-MS.
GC-MS analysis was done on a HP GC 6890/ HP MS 5973. GC-FID analysis was done
on a HP GC 6890 with FID detector, equipped with a HP-5MS (Agilent, 5% phenyl-
methylpolysilane) column. Elemental analyses were submitted to Atlantic Microlabs,
Inc. Melting points were determined on Mettler-Toledo capillary apparatus and were
uncorrected. LC-UV analysis was done on an Agilent 1100 Series LC equipped with a
Luna C18 column (150 cm, 4.6 mm ID, 5 pM pore, 100A), and the UV-visible spectra

were recorded on a Hewlett-Packard 8453 spectrometer.



Synthesis of (1-benzylcarbamoyl-2-phenyl-ethyl)-carbamic acid tert-butyl ester using

triethylamine (Figure 2.3)

L-Boc-phenylalanine (3.0 g, 0.0114 mol, 1 equiv) was added to dry ethyl acetate
(15 mL, 20% wt solution). The solution was put under nitrogen and in a CaCly/ice/water
bath kept at -30 °C. Isobutylchloroformate (1.8 g, 0.015 mol, 1.3 equiv) was added to the
cold solution. Triethylamine (1.5 g, 0.015 mol, 1.3 equiv) was then added drop-wise and
a white precipitate (TEA-HCI salt) formed during the addition. The reaction was stirred
for 1 hour at -30 °C. Then benzylamine (1.5 mL, 1.2 equiv) was added to quench the
reaction. The reaction was allowed to warm to room temperature overnight. To work up
the reaction, the TEA-HCI salt was removed by filtration and washed with cold ethyl
acetate. The ethyl acetate solution was washed with saturated aqueous NaHCOs, water,
and saturated aqueous NaCl. The solution was dried over magnesium sulfate and the
solvent was removed under reduced pressure. The white solid was characterized, and a

calibration curve was made from it for the continuous flow reactor.

(1-Benzylcarbamoyl-2-phenyl-ethyl)-carbamic acid tert-butyl ester: 'H NMR (CDCls)
ppm: 1.39 (9, s), 3.06 (2, m), 4.37 (3, d), 5.02 (1, s), 6.01 (1, s), 7.10 (10, m). '*C NMR
(CDCls, ppm): 28.24, 38.52, 43.47, 44.73, 56.05, 126.96, 127.48, 127.46, 127.67, 128.61,
128.73, 129.34, 137.62, 170.94. GC-MS analysis was done on a HP GC 6890/ HP MS
5973. MS(m/z): 281 (loss O-C(CHs)3). EA: calculated C, 71.16%, H, 7.39%, N, 7.90%.

Found C, 71.27%, H, 7.46%, N, 7.84%.
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Figure 2.3: Reaction using triethylamine as the HCI scavenger followed by a
benzylamine quench.

Solubility test of amines

Pyridine, DBU, piperidine, tripropylamine, and tributylamine were tested to
determine if a visible precipitate was formed upon the addition of HCI (37% reagent
grade). For all amines, 1 g was added to 10 mL of ethyl acetate. Then 1 mL of HCI was
added drop wise and compared visibly to a control of triethylamine (1g), ethyl acetate (10
mL), and HCI (1 mL). Pyridine, DBU, and piperidine all showed significant precipitate.

Tripropylamine and tributylamine did not precipitate upon the addition of HCL.

Synthesis of (1-benzylcarbamoyl-2-phenyl-ethyl)-carbamic acid tert-butyl ester using

tripropylamine

L-Boc-phenylalanine (0.5 g, 0.0019 mol) was dissolved in ethyl acetate (2.5 mL)
to make a 20 wt% solution. The solution was put under nitrogen and cooled in a
CaCly/H,O/ice bath kept at -30 °C. Isobutylchloroformate (0.3 g, 0.0025 mol) was added
to the solution. Then tripropylamine (0.36 g, 0.0025 mol) was added to the solution. A
white precipitate formed, however, upon the addition of the tripropylamine, so this

synthetic method was not pursued further.
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Synthesis of (1-benzylcarbamoyl-2-phenyl-ethyl)-carbamic acid tert-butyl ester using

tributylamine

L-Boc-phenylalanine (0.5 g, 0.0019 mol) was dissolved in ethyl acetate (2.5 mL)
to make a 20 wt% solution. The solution was put under nitrogen and cooled in a
CaCly/ice/water bath kept at -30 °C. Isobutylchloroformate (0.3 g, 0.0025 mol) was
added to this solution. Tributylamine (0.46 g, 0.0025 mol) was added, and a precipitate
did not form. The reaction was allowed to continue for one hour, and then 7 mL of a 5
wt% solution of benzylamine in ethyl acetate (1.0 g in 20 mL) was added to the reaction
solution. The reaction was allowed to warm to room temperature overnight. No starting
material was observed in '"H NMR. The product was not purified because the goal was to

confirm that a precipitate did not form in the first step.

Synthesis of (2-phenyl-1-propylcarbamoyl-ethyl)-carbamic acid tert-butyl ester using

triethylamine

L-Boc-phenylalanine (3 g) was added to dry ethyl acetate (15 mL) to make a 20
wt% solution. The solution was put under nitrogen and in a CaCl,/water/ice bath kept at
-30 °C. Triethylamine (2 mL, 1.3 equiv) and isobutylchloroformate (1.8 mL, 1.3 equiv)
were added to the solution. The solution was stirred for 1 hour, propylamine (1.4 mL, 1.5
equiv) was added, and the solution was stirred for another hour. The reaction was filtered
and the solid, TEA-HCI salt, was washed with ethyl acetate. The organic phase was
washed with saturated aqueous NaHCOs, water twice, and saturated aqueous NaCl. It
was then dried over magnesium sulfate. The solvent was removed under reduced

pressure. The white solid was stirred with cold hexane and filtered, providing 76% yield.
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(2-Phenyl-1-propylcarbamoyl-ethyl)-carbamic acid tert-butyl ester using tributylamine:
'H NMR (CDCl;) ppm: 0.88 (3, m), 1.34 (11, m), 3.05 (4, m), 4.25 (1, m), 5.11 (1, s),
5.74 (1, s), 7.25 (5, m). °C NMR (CDCl;) ppm: 11.215, 22.56, 28.25, 38.76, 41.11,
56.09, 80.10, 136.89, 128.63, 129.30, 136.86, 155.370, 170.94. EA: calculated C,

66.64%, H, 8.55%, N, 9.14%. Found C, 66.76%, H, 8.61%, N, 9.12%.

Synthesis of (2-phenyl-1-propylcarbamoyl-ethyl)-carbamic acid tert-butyl ester using

tributylamine

L-Boc-phenylalanine (0.5 g, 0.0019 mol) was dissolved in dry ethyl acetate (2.5
mL) to make a 20 wt% solution. The solution was put under nitrogen and cooled in a
CaCly/ice/water bath kept at -30 °C. Isobutylchloroformate (0.3 g, 0.0025 mol) was
added to this solution, followed by dry tributylamine (0.46 g, 0.0025 mol). The reaction
proceeded for one hour. Dry propylamine (0.23 mL, 0.0029 mol, 1.5 equiv) in dry ethyl
acetate (1 mL) was added to the solution. The reaction was allowed to warm to room
temperature overnight. The reaction solution was washed with saturated aqueous
NaHCO;3, water, and saturated aqueous NaCl solution. The ethyl acetate layer was dried
over magnesium sulfate, and the solvent was reduced under pressure. The resulting white

solid (76% yield) was characterized.

(2-Phenyl-1-propylcarbamoyl-ethyl)-carbamic acid tert-butyl ester using tributylamine:
'H NMR (CDCls) ppm: 0.88 (3, m), 1.34 (11, m), 3.05 (4, m), 4.25 (1, m), 5.11 (1, s),
5.74 (1, s), 7.25 (5, m). “C NMR (CDCls) ppm: 11.215, 22.56, 28.25, 38.76, 41.11,
56.09, 80.10, 136.89, 128.63, 129.30, 136.86, 155.370, 170.94. EA: calculated C,

66.64%, H, 8.55%, N, 9.14%. Found C, 66.76%, H, 8.61%, N, 9.12%.
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Synthesis of Diazoketone ((1-benzyl-3-diazo-2-oxo-propyl)-carbamic acid tert-butyl

ester) Using Isobutylchloroformate

L-Boc-phenylalanine (0.8 g, 3 mmol) was dissolved in anhydrous THF (15 mL),
cooled to -15 °C, and put under argon. Triethylamine (0.43 mL, 3.1 mmol) was added.
Isobutylchloroformate (0.4 mL, 3.1 mmol) was combined with 2.5 mL anhydrous THF
and added slowly to the solution. The reaction was allowed to react for 30 minutes. The
triethylamine hydrochloride salt was filtered while keeping the filtrate cold. The
trimethylsilyl diazomethane (2.0 M in hexane, 3 mL, 6 mmol) was combined with
anhydrous acetonitrile (10 mL) and added slowly to the reaction solution. The reaction
was warmed to 4 °C and allowed to react for 24 hours. The reaction was worked up by
adding diethyl ether (40 mL), washing with 10% aqueous citric acid (30 mL), saturated
aqueous NaHCO; (30 mL), and saturated aqueous NaCl (30 mL), then dried over
magnesium sulfate. The solvent was removed under reduced pressure. The product was
purified by a silica gel column was run using 1/2=ethyl acetate/ hexane giving a yellow

solid (32% yield). These results were repeated and gave the same yield.

(1-Benzyl-3-diazo-2-oxo-propyl)-carbamic acid tert-butyl ester:

'H NMR (CDCls) ppm: 1.398 (s, 9H), 3.05 (m, 2H), 4.40 (br s, 1H), 5.10 (br s, 1H), 5.20
(br s, 1H), 7.27 (m, 5H). "“C NMR (CDCl3) ppm: 28.2, 38.5, 54.4, 58.4, 80.0, 126.9,
128.6, 129.3, 136.3, 155.1, 193.3. MS(m/z) 290 (M+1) EA: calculated C, 62.27%, H,

6.62%, N, 14.52%. Found C, 62.25%, H, 6.65%, N, 14.32%.
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Synthesis of Diazoketone ((1-benzyl-3-diazo-2-oxo-propyl)-carbamic acid tert-butyl

ester) Using Ethylchloroformate'!

L-Boc-phenylalanine (0.8 g, 3 mmol) was dissolved in anhydrous THF (15 mL),
cooled to -15 °C, and put under argon. Triethylamine (0.43 mL, 3.1 mmol) was added.
Ethylchloroformate (0.3 mL, 3.1 mmol) was combined with 2.5 mL anhydrous THF and
added slowly. The reaction was allowed to run for 30 minutes. The triethylamine
hydrochloride salt was filtered while keeping the filtrate cold. The trimethylsilyl
diazomethane (2.0 M in hexane, 4.5 mL, 9 mmol) was combined with anhydrous
acetonitrile (10 mL) and added slowly. The reaction was warmed to 4 °C and allowed to
react for 24 hours. The reaction was worked up by adding diethyl ether (40 mL),
washing with 10% aqueous citric acid (30 mL), saturated aqueous NaHCO3 (30 mL), and
saturated aqueous NaCl (30 mL), then dried over magnesium sulfate. The solvent was
removed under reduced pressure. The product was purified by a silica gel column was

run using 1/2 ethyl acetate/ hexane giving a yellow solid (75+/-3% yield).

Methods

Calibration Curve of L-Boc-phenylalanine

Five different amounts (0.0152 g, 0.0422 g, 0.0740 g, 0.1107 g, 0.1418 g) of L-
boc-phenylalanine were used to make a calibration curve on the LC-UV at 230 nm
wavelength. The L-boc-phenylalanine was dissolved in 1 mL of methanol. A standard of
0.0646 g L-boc-phenylalanine in 1 mL of methanol was used to test the calibration curve.

The LC calibration curve gave 0.0687 g, which is approximately 6% error.
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Calibration Curve of (2-Phenyl-1-propylcarbamoyl-ethyl)-carbamic acid tert-butyl ester

The LC-UV (229 nm) was used to make a calibration curve of the product.
Different amounts of product (0.356 g, 0.0527 g, 0.1028 g, 0.0744 g, 0.0148 g) were
added to five vials, and 0.5 mL of methanol was added to each. The concentrations
(0.2324 M, 0.3440 M, 0.6710 M, 0.4856 M, and 0.0966 M) were calculated and used to
make the calibration curve. The calibration curve was tested using a standard of 0.2304
M. The calibration curve gave 0.231 M, which was within error to the known standard

concentration.

1% Generation Continuous Flow Reactor

The continuous flow reactor was run using 0.04 M solutions. The L-boc-
phenylalanine solution was prepared by combining L-boc-phenylalanine (0.75 g) and dry
tributylamine (0.7 mL) in dry ethyl acetate (75 mL). This solution was pumped into the
system using an HPLC pump from a round bottom in the chiller. The
isobutylchloroformate (2.4 mL) solution was in ethyl acetate (450 mL) and was pumped
into the system using an Isco syringe pump. The propylamine solution was made by
adding propylamine (0.16 mL) in ethyl acetate (5 mL), which was based on having 1.5
equiv of propylamine after a 10 min run at 3.3 mL/min. The chiller was set at -20 °C.
The L-boc-phenylalanine solution alone was run through the system for 2 minutes, giving
a reading of -7.8 °C on the thermocouple. The Isco syringe pump was set for 3.3 mL/min

to match the flow rate of the HPLC pump.
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All the reactants were run through the continuous flow reactor for 2 min to flush
the system. The reactant solution was then dripped into the flask containing the
propylamine solution for 10 min. The thermocouple reading increased to -7.3 °C during
the run. The propylamine solution containing the reactants was put into a round bottom,
and the solvent was removed under reduced pressure, which resulted in an oil. The NMR
peaks and the LC-UV retention time did not correlate with the product. The experiment

was repeated with the same results.

2™ Generation Continuous Flow Reactor

Specifications

The cross fitting and tee fittings were HIP fittings made of stainless steel (SS
314). The tubing had a 7 mm ID and was also SS 314. The HPLC pumps were from

Eldex. The tubing lengths can be seen in Figure 2.8.

2™ Generation Continuous Flow Reactor (0.04M)

Runs 2-3 (Pump failed during Run 1)

L-Boc-phenylalanine (0.75 g) and dry tributylamine (0.7 mL) were added to dry
ethyl acetate (75 mL), and isobutylchloroformate (0.6 mL) was added to dry ethyl acetate
(112 mL), to make a 0.04 M solutions. Dry propylamine (2 mL) was added to dry
methanol (75 mL) to make a 0.3 M solution (in excess). The chiller was set to -20 °C and
the thermocouple read -19.7 °C. The reactants were collected for 6 minutes for Run 2
and for 20 minutes for Run 3. The solvent was removed under reduced pressure, giving

an oil. The NMR did not show any product formation.
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Run 4

The L-boc-phenylalanine solution and the isobutylchloroformate solution were
the same as for Runs 1-3. Propylamine (0.44 mL) was added to dry methanol (75 mL),
providing 1.5 equiv, which was 0.072 M when corrected for the slower flow rate of the
quench pump. The system was flushed with all the reactants for 1 minute. The solution
was collected for 20 min and the solvent was removed under reduced pressure. The

NMR did not show any product formation.

Run5

The solutions were prepared as described for Run 4. The system was flushed for
1 minute, and then the product stream was collected for 20 min. The solution was then
worked up the same way as the batch reaction: first the solution was washed with water,
then saturated aqueous NaHCOs3, and finally saturated aqueous NaCl. The organic phase
was dried over magnesium sulfate and solvent was removed under reduced pressure. The

resulting oil did not show any product by NMR.

Batch Reaction at 0.04 M

L-Boc-phenylalanine (0.75 g) was dissolved in dry ethyl acetate (75 mL). The
reaction was put under nitrogen and in a CaCly/water/ice bath kept at -30°C.
Tributylamine (0.7 mL) and isobutylchloroformate (0.4mL) were added to make a 0.04
M solution. The reaction was stirred for 1 hour. Then dry methanol (20 mL) and
propylamine (0.1 mL) were added, providing a 0.06 M solution of propylamine, and the

reaction was stirred at room temperature overnight. To workup the reaction mixture, the
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organic phase was washed with saturated aqueous NaCO;, water twice, and saturated
aqueous NaCl. The organic phase was dried over magnesium sulfate and the solvent was
removed under reduced pressure. To purify the resulting white solid, the solid was

washed with cold hexane and filtered. The solid was pure by '"H NMR with a 62% yield.

Batch Reaction at 0.04 M (with stainless steel)

The reaction conditions were the same as above, except a small piece of stainless
steel tubing was added to the round bottom. This was done to determine if the stainless
steel was hindering the reaction in the continuous flow reactor. The product was pure by

"H NMR with a 52% yield.

Reaction Time Determination Using 0.04 M Batch Reactions

L-Boc-phenylalanine (0.75 g) was dissolved in dry ethyl acetate (75 mL). The
solution was put under argon and placed in a CaCl,/water/ice bath kept at -30 °C.
Tributylamine (0.7 mL) and isobutylchloroformate (0.4 mL) were added to the solution to
form a concentration of 0.04 M. A separate propylamine solution was made with
propylamine (0.1 mL) in dry methanol (20 mL) to form a 0.06 M concentration, which
resulted in 1.5 equiv of propylamine. Vials were made with the propylamine solution
(0.5 mL) and placed in an ice bath. The reaction was started, and at 1, 2, 3, 4, 5, 10, 15,
20, 25, 30, 45, 60 minute intervals, samples of the L-boc-phenylalanine solution (0.5 mL)
were removed and put into a vial containing the propylamine quench. All the samples
were run on the LC-UV. The samples taken at 4 minutes and 30 minutes were also tested
by 'H NMR. The sample at 4 minutes showed partial conversion to the product, and the

sample at 30 minutes showed only product peaks in the 'H NMR.
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Reaction Time Determination Using 0.75 M Batch Reactions (LC-UV)

L-Boc-phenylalanine (5 g) was dissolved in dry ethyl acetate (25 mL). The
solution was put under argon and placed in a CaCl,/water/ice bath kept at -30 °C.
Tributylamine (3.0 mL) and isobutylchloroformate (1.5 mL) were added to the solution to
form a 0.75 M concentration. A separate propylamine solution was made with
propylamine (1.8 mL) in dry methanol (20 mL), forming a 1.1 M concentration, which
results in 1.5 equiv of propylamine. Vials were made containing the propylamine
solution (0.5 mL) and placed in an ice batch. . The reaction was started, and at 1, 2, 3, 4,
5, 10, 15, 20, 25, 30, 45, 60 minute intervals, samples of the L-boc-phenylalanine
solution (0.5 mL) were removed and put into a vial containing the propylamine quench.
All the samples were run on the LC-UV. Product had already appeared in the 1 minute

sample analyzed by LC-UV.

Reaction Time Determination Using 0.75 M Batch Reactions (Isolated Yield)

A stock solution was made with L-boc-phenylalanine (5 g), tributylamine (6 mL),
and dry ethyl acetate (50 mL). Each test used 2.8 mL of stock solution. A separate
solution of the quench was made with propylamine (2.4 mL) and dry methanol (26 mL).
For each test, 1.4 mL of the quench stock solution was used. Isobutylchloroformate (0.15
mL) was added to the 2.8 mL of stock solution, forming a 0.75 M concentration. The
quench was added at 5, 15, and 30 seconds, as well as 1, 5, 10, and 20 minutes. Each
reaction time was done in triplicate. The solutions were worked up by washing with
saturated aqueous NaHCOs;, twice with water, and saturated aqueous NaCl. The

solutions were dried over magnesium sulfate and the solvent was removed under reduced
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pressure. The 5 second time sample did not show any product formation by 'H NMR.
The 15 and 30 second time sample gave 20% and 30% isolated yield, respectively. Any

time after 1 minute gave the maximum possible isolated yield of 76+/-5%.

2™ Generation Continuous Flow Reactor 0.75 M

Run 1

L-Boc-phenylalanine (14.9 g) and tributylamine (13.3 mL) were added to dry
ethyl acetate (75 mL) to make a 0.75 M solution. Isobutylchloroformate (7.3 mL) was
added to dry ethyl acetate (75 mL) to make a second 0.75 M solution. Propylamine (8.3
mL) was added to dry methanol (75 mL) to make a 1.35 M solution, so there were 1.5
equiv of propylamine in solution from the slower pump. The dials on both HPLC pumps
were set to 1, and the Isco syringe pump, containing the isobutylchloroformate, was set to
2.4 mL/min. The chiller was set to -20 °C. The residence time was 1 min. Three runs
were performed with a 2 min flush of reactants, followed by 5 min collecting the exit
stream for each run. The thermocouple read -20.3 °C during the runs. The three runs
were then worked up using the same procedure as the batch reactions. Only trace

amounts of product was seen by 'H NMR analysis.
Run 2 -3

The solutions were made the same way as with Run 1. The flow rates were
reduced to 0.8 mL/min for the HPLC pumps, and the Isco was set to 0.8 mL/min. The
residence time was 3.4 minutes. The chiller was set to -20 °C for Run 2 and -10 °C for

Run 3. Each run was collected in duplicate for each temperature. The continuous flow
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reactor was flushed with reactants for 5 min, and the exit stream was collected for 5 min
for each run. All of the runs were worked up using the same procedure as the batch
reaction. In Run 2, 2% isolated yield for the product was obtained. Only trace product

was observed by "H NMR for Run 3.

3" Generation Continuous Flow Reactor

Specifications

The HPLC mixer (Agilent, G1312-87330) was 6 cm long, and the purchasing
specifications stated that its volume was 420 uL, and it contained stainless steel beads.
The HPLC tubing was purchased from Agilent. Each piece was 80 cm in length, had an
inner diameter of 0.17 mm, and was made of stainless steel (SS 314). The cross fitting
and tee fitting were HIP fittings made of SS 314. HPLC pumps were used to pump the
reactants through the continuous flow reactor. Three Eldex Recipro Model AA stainless
steel pumps were used until partway through the 31 generation system. At this point, two
Eldex Recipro Optos 2SM pumps were used for the reactant