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Medication costs in the U.S. are high, and manufacturing and production comprise the largest
share of those costs. As the world continues to shift to more sustainable methods of
production, there are opportunities to reduce these costs through green synthesis. A large
number of pharmaceuticals are derived from a precursor (S-3-hydroxy-y-butyrolactone ‘HBL’).
Drugs that treat cancer, antivirals, antibacterial drugs, and some cholesterol medications all can

be derived from HBL.

Currently, HBL is almost exclusively derived from petroleum through an expensive and resource
intensive process. Until recently, ‘green’ efforts to derive HBL from biomass have been plagued

with many of the same inefficiencies as the petroleum.

The research outlined here takes a different approach. Through a series of two enzyme-

catalyzed reactions we are able to synthesize a unique chemical intermediate, trione, from



biomass-derived glucose. This trione, through an additional series of base and acid-catalyzed

reactions, can then be converted into our target chemical HBL.

Having proven the concept, continued research focused on the extraction of the target
molecule from the acidic aqueous solution into an organic solvent. This organic solution is
subsequently distilled to obtain pure HBL. Economic analysis of this process has been
conducted and due to the low-cost feedstock, the enantiomeric selectivity, and the ease of
extraction, costs for production at industrial scale are anticipated to be less than 50% of what is

presently commercially available.
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Chapter 1

INTRODUCTION

Motivation

Americans spend an estimated $550 billion on pharmaceuticals each year (1). This staggering
figure amounts to approximately $1200 per year in per capita spending. However, this figure is
skewed heavily towards those who do not require pharmaceuticals for their daily lives, with
some paying upwards of $10,000 monthly. These are totals that many already cannot afford.
Insurance discounts, price concessions, rebates; these all serve to make an already
unsustainable drug market more accessible (2). However, despite costs already outstripping the
ability to pay, health industry analysts anticipate increased spending as national drug
expenditures grow to a forecast $621 billion by 2025 (1). While there is some debate as to
whether rising drug costs in the U.S. match their production value, these forecasts warrant a

deeper look into cost-cutting strategies.

According to a 2009 survey of the largest U.S. drug companies, materials and production were
the greatest contributor to drug manufacturing costs, making this an ideal target for cost
reduction efforts (3). One clear contender, (S)-3-hydroxy-y-butyrolactone (HBL), shows
particular promise. HBL has been identified by the US Department of Energy (DOE) as an
important platform chemical because of its broad use as a chemical intermediate (4) (5) (6).
Moreover, this four-carbon compound is a crucial chiral building block in the synthesis of many
pharmaceuticals, including cholesterol lowering drugs (e.g., Lipitor and Crestor), antibiotics

(e.g., Linezolid and Ezetimibe), HIV inhibitors, and nutritional supplements, among others (7) (8)



(9) (10). Targeting this molecule for cheaper synthesis could potentially reduce the cost of

downstream pharmaceuticals.

What is (S)-3-Hydroxy-y-Butyrolactone

S-3-hydroxy-y- R-3-hydroxy-y-
butyrolactone butyrolactone
(HBL) (HBL)

Figure 1. Enantiomers of HBL

To better understand why HBL is so critical it’s important to characterize this molecule. HBLis a
sweet-smelling small organic molecule prized for its amenability to further derivatization given
that it contains both alcohols and carboxylic acids (in its linear form DHB). It is miscible with
water and with some organic solvents though immiscible with light petroleum (11). This four-
carbon chiral building block used in many facets of synthetic organic chemistry (12). To put into
perspective the ubiquity and utility of this molecule, just one downstream drug, Lipitor, earned
over $2 billion in revenues for Pfizer in 2019. Prior to patent loss in 2011, this drug generated
more than $13 billion in revenues for Pfizer each year (13). And this is just one of many drugs

which require HBL for synthesis.

It is derived from petrochemicals and biomass, particularly malic acids and carbohydrates.
However, petrochemical synthesis is expensive and difficult to purify. Despite these hurdles,

it’s flexibility means that there continue to be many market opportunities (12).



Bioderived Glucose As A Starting Point

This research investigates the use of bioderived glucose as a cheap, renewable feedstock for
HBL synthesis. The source of this glucose is cellulose, a long chain polysaccharide consisting of

hundreds to thousands of of d-glucose monomers (14).

(|3H20H
H G 2 OH OH
I / 1'4 \I OH -
g HO Q
C C 0 0 0
Hclj\cI)H PII/ PII HO o HO o~
OH
C C OH £H
I | n
H HO
glucose cellulose

Figure 2. D-glucose monomer (left) and cellulose polysaccharide (right).

Cellulose makes up the cell walls of plants. It is renewable, in that it is created through
photosynthetic growth processes of plants. Although it is not digestible, it is non-toxic to

humans and is biodegradable (14).

Figure 3. Close-up of plant leaf showing delineation of cell walls comprised of cellulose. (14)



The cellulose is broken down into the necessary d-glucose monomers through a process called
saccharification. This can be accomplished through chemical or enzyme catalyzed reactions
which cleave the monomers from the polymer chain through hydrolysis (16). These sugars can

then be used as renewable feedstock for downstream production processes.

Petroleum Derived HBL

Presently, nearly all commercially available HBL is derived from petroleum, with wholesale
costs reported to be ca. $450/kg (4). This high cost is due largely to low production yields, costly
purification processes, expensive starting materials, and catalyst deactivations with costly

recovery. This is exacerbated by the use of hazardous materials (14) (15) (7) (12) (16).

Maleic

Anhydride Furiaric L-malic
= ‘ acid o

O&O ACld o HO

Benzene o HO I OH
OH lo} OH
\\. Metal Catalyzed o Ru
\ Oxidation \./ Catalyst
Ha

Figure 4. Petroleum-derived commercial pathway for HBL synthesis

Looking more closely at the process, commercial HBL is produced by catalytic reduction of L-
malic acid with hydrogen using a supported Ru catalyst. The L-malic acid is obtained industrially

by the enzyme-catalyzed hydration of fumaric acid (6) (17) (18) (19). This fumaric acid is itself a



derivative of maleic anhydride that is produced from butane or benzene (20) (21). The
ruthenium catalyst used in this process, in addition to being expensive, is highly susceptible to
deactivation, and the HBL produced is only chiral if the starting malic acid is enantiomerically
pure (22) (23) (20). In general, the synthesis of HBL is difficult and limited by various factors

consequential to the final selectivity (24).

Alternative Chemical HBL Derivations

Two example routes to HBL were outlined in a 1998 patent application by Hollingsworth, which
illuminate the difficulty in synthesis of this important chemical (24). In the first, the dimethyl
ester of malic acid is reduced to (S)-1,2,4-butanetriol, and a dioxolane intermediate is created
to protect the 1 and 3 hydroxyl groups. Following these steps, the 4-hydroxyl group is oxidized
to an aldehyde and then to an acid. The acid is then deprotected and the dihydroxy compound
is cyclized to HBL. The patent filing highlights that this process is intensive and has no
commercial value as the dioxolane is contaminated with approximately 10% dioxane which is
difficult to remove and results in the formation of 2-hydroxybutyrolactone contaminants. The
second route outlined involves the direct reduction of malic acid to (S)-2-hydroxybutyric acid
and the subsequent transformation to HBL. However, this reaction requires the use of a
dimethyl sulfide complex of borane and a catalytic amount of sodium borohydride as the
reducing system. Borane dimethyl sulfide requires specialized equipment to handle and an

oxygen-free and moisture-free environment. It is highly toxic and expensive (18).



Biological Routes To HBL Production

Conversely, biological catalysis presents opportunity for the production of biomass-derived
molecules that can be upgraded into specialty chemicals. In a 2014 paper, Dhamankar,
Tarasova, Martin and Prather outline a purely biosynthetic pathway to the production of HBL
using glucose as the sole source of carbon. This process utilizes recombinant Escherichia coli
and requires integration of endogenous glyoxylate shunt with the 3-4 dihydroxybutyric acid
(DHB)/HBL pathway and co-overexpression of seven genes. While this method was proven
successful, it faced some challenges. With respect to gene expression, repression of the
glyoxylate shunt and optimal carbon distribution between the alternate pathway proved
challenging. Optimizing yields also proved difficult. When given glucose test solutions of 15g/L,
10g/L, and 8g/L the cells were found to consistently use 5g/L of glucose for building biomass
and for maintenance functions with remaining balances available for conversion. However, in
the case of 8g/L, no HBL or DHB were produced, and in the case of 15g/L glucose solution, 5g/L
was discovered to have gone unconsumed. After adjusting the experiments, the team
ultimately achieved 0.3g/L HBL and 0.7g/L DHB, amounting to just 24% of the theoretical

maximum (28).

Integrated Chemical-Biological Routes

Recent studies highlight the promise of selective utilization of combined chemical and biological

catalysis in upgrading biomass platforms (25) (26) (7) (27) (26) (28). However, these studies



reveal that several challenges need to be met to connect the two catalysis approaches: namely,
the formation of biogenic impurities, and their negative impact on chemical catalyst
performance (29) (27) (30) (31). We have previously used this approach to produce furyglycolic
acid from glucose with 42% selectivity and 53% glucose conversion (27). Research suggests that
a similar approach and technique to that outlined in the synthesis of furglycolic acid can be

used with minor changes in the reaction pathway to produce HBL from glucose (32) (33).

Equation 1. Conversion ‘X’ for a batch process is measured as the moles of reactant ‘n’ at t=0’
minus the moles of reactant at time ‘t’ divided by the moles of reactant at time ‘t’.

_ mp(®)
P n;(t)
Equation 2. Selectivity, ‘S’ for a batch process is defined as the ratio of the moles ‘n’ of desired
product ‘p’, and the moles ‘n’ of undesired byproduct(s) j’.




Chapter 2

PROPOSED SYNTHESIS

In this work, we show that enantiomerically pure S-HBL can be produced from glucose using a
combination of whole-cell enzyme catalysis and homogeneous chemical catalysis, using a highly
reactive species we refer to as ‘trione’ (see below) as an intermediate. An overview of the

process is shown in the figure below.

H...O
¢ H6 OH
¢=0 OH Acid-Catalyzed
H 20 c=0 OH
i CH, 9 HO_HO )
=y H-C-OH F—— J\ j/Y
H__.O HO-C-H I Trione OH
c* ! CH,OH 0~ "0
: H-C-OH . (hydrated
H—C-OH H—C=0H Trione : Glycolate
1 : & cyclized)
HO-G=H CH,OH Ester HO
H=C-OH Glucosone Ho\c\fo
H-C-OH B J
CH,OH 0
2 Enzyme-Catalyzed Base-Catalyzed :
Glucose GA & HBL

Figure 5. Proposed route from bioderived glucose to HBL via enzyme and chemical catalysis. (34)

Methods

Enzyme-Catalyzed Steps

As depicted above, this process can be broken down into two sets of reactions, the first of
which are referred to here as the ‘biological stages’. These begin with the pyranose-2-oxidase
(POx) enzyme catalyzed oxidation of glucose and conclude with the AUDH enzyme catalyzed

conversion of glucosone to form trione (see above).



0, H,0,
I i)

Pyranose 2- . "o~
oxidase (Pox) = w
S 5
a- and B-D-glucose anomers of glucosone

Figure 6. POx enzyme catalyzed reaction of glucose to form glucosone. Peroxides are formed as
a byproduct of this reaction (37).

Biological stages begin with the enzyme catalyzed reaction of 0.555M glucose using pyranose-2-
oxidase (POx), 11g wet cells per liter of solution, to form 0.555M glucosone with 100%
conversion at 10hr at ambient temperatures. Catalase is added, 0.05g per liter of solution, to

prevent peroxide formation and subsequent cell damage and yield losses.

HO

OH

glucosone formic acid D-arabino-1,4-lactone D-arabinonic acid

Figure 7. Glucosone and peroxide side reactions and undesired byproducts (37).

The resulting solution is centrifuged to remove live cells containing Pox enzymes for reuse in
future reactions. To the supernatant, we add 41g/L genetically modified cells containing the

enzyme aldos-2-ulose dehydratase (AUDH) to convert glucosone to our critical trione molecule.
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g o P

anomers of glucosone

Figure 8. AUDH enzyme-catalyzed reaction of glucosone to form trione with depiction of
glucosone and trione anomers. Circled is the hydrated and cyclized anomer of trione (37).

This reaction similarly achieves 100% conversion at 18hr at ambient temperatures. The AUDH-
containing cells are centrifuged and frozen for reuse, and the supernatant is subsequently
upgraded directly using homogeneous base catalysts. Unlike with previously examined
biological pathways, these molecules are synthesized free of growth medium components as
washed cells are used and cell viability is not required for enzyme performance. Whole cells

also eliminate the need for costly enzyme purification and immobilization (35).

Trione Monomer

The resulting trione molecule is unique to this process, and crucial to the synthesis of the chiral
HBL. The biocatalytic synthesis of trione occurs via the same pathway as the synthesis of

cortalcerone (33). Where the two reactions differ is in a mutation in the 900-amino acid
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sequence of AUDH which blocks enzymatic steps after the first dehydration. Without this

mutation, glucosone would be converted to cortalcerone (see figure 9) (34).

HO HO
o H0 o H,0 o
HO OH Z» OH *> Z» or
\ \ CH(OH),
HO o HO o o

Glucosone Enol of "Trione" Cortalcerone
Figure 9. AUDH enzyme-catalyzed dehydration of glucosone. (34)

H- and 3C-NMR spectroscopy of the product solution suggests that trione exists as a
distribution of 10 anomers, with the hydrated and cyclized anomer thought to be the most
reactive species during subsequent chemical catalysis. We hypothesize that the distribution of

these anomers is governed by equilibrium.

Chemical Catalysis Steps

The trione solution is treated with a base catalyst to obtain an ester of glycolic acid and 3,4-
dihydroxy-butryic acid (GE), which is subsequently hydrolyzed to yield 3,4-dihydroxybutyric acid

(DHB) and glycolic acid (GA), with the DHB spontaneously lactonizing to produce HBL at low pH.

In this study we evaluated several base catalysts; sodium bicarbonate (NaHCO3) (Sigma Aldrich),
tris base (Fisher Scientific), ultrapure bis-tris (298% Dry Basis Fisher Scientific), piperazine (99%

Extra Pure Acros Organics)

11
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Figure 10. Homogeneous base catalysts.

Each catalyst was evaluated at 298 K, and under constant reaction conditions to evaluate
catalyst activity and selectivity for glycolate esters (GE). Sodium bicarbonate achieved a
maximum observed yield of GE of 91% at 0.3 M base concentration after 23 hours. The reaction
was estimated to be first order with respect to the sodium bicarbonate catalyst at

concentrations varying between 0.018 and 0.36 M.
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Figure 11. Trione conversion ( A ) and glycolate ester yield (®) over various sodium bicarbonate
concentrations (a) 0.03M, (b) 0.06 M, (c) 0.18M, (d) 0.3M, and (e) 0.36M. Reaction conditions:
298 K reaction temperature, 0.156 mol/L trione, x mol/L NaHCO3 (36)
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Tris base (C4H11NOs) achieved complete conversion of trione in two hours at a base
concentration of 0.3 M. However, GE formation peaked at 40%, dropping to less than 10% after
nine hours corresponding to the GE undergoing hydrolysis to form the desired intermediate

DHB and the byproduct, glycolic acid, at yields of 14% each.

100 100
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0 ! A AATEE" 0
0 3 6 9 12 15 18 0 5 10 15 20
Reaction Time (hr) Reaction Time (hr)

Figure 12. (a) Glycolate ester yield ( A ) versus reaction time over tris base catalyst at 100% trione

conversion. (b) Glycolic acid yield (m) and 3,4 DHB yield ( #) versus reaction time. Red dashed lines
are used to guide the eye and do not correspond to any fit to this data. Reaction conditions: 0.156
mol/L trione, 0.3 mol/L base, and 298 K reaction temperature. (36)

Piperazine (C4H10N;) achieved complete conversion of trione at a base concentration of 0.3 M
with GE yield peaking at approximately 23% after three hours. Within five hours, all GE was

consumed through hydrolysis forming DHB and glycolic acid at 100% vyield.
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Figure 13. (a): Glycolate ester yield ( A) versus reaction time over piperazine catalyst at 100%

trione conversion. (b): Glycolic acid yield (m) and 3,4 DHB yield (#) versus reaction time. Red
dashed lines are used to guide the eye and do not correspond to any fit to this data. Reaction
conditions: 0.156 mol/L trione, 0.3 mol/L base and 298 K reaction temperature. (36)

Bis tris base (CsH1sNOs) demonstrated complete conversion of trione at 11 hours with base
concentration of 0.3 M and high yields (98%) for GE. There was no subsequent hydrolysis to

form DHB and glycolic acid.
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Figure 14. Trione conversion ( A ) and Glycolate ester yield (®) versus reaction time over bis tris
base catalyst. Reaction conditions: 0.156 mol/L trione, 0.3 M base, and 298 K reaction
temperature. (36)

Base Catalysis

The rate at which trione is converted to GE , and whether or not there is subsequent hydrolysis
to form DHB, varies with the identity of the base catalyst. The retro-aldol reaction requires a
carbonium ion transition state bound to the base catalyst, which suggests that the rate of C-C
bond scission should scale with the strength of the base catalyst. This can be described by the
proton affinity (PA), which was calculated using the ground state Density Functional Theory
(DFT) method using Gaussian 16 software (37). The calculations were executed using Becke
exchange functional and Lee-Yang-Parr correlation functional, supplemented with polarization
diffuse function (6-311+G) as a basis set. The derived metric describes the basicity of a molecule
and quantifies the thermodynamic gradient between a molecule and the anionic form of that
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molecule upon proton extraction. The gradients are reaction and location dependent, meaning
they are affected by the combination of reactants and the space occupied by the protons on a
given acceptor. For analysis, the proton affinity was estimated as the difference between the
total energies of the protonated and neutral form of the homogeneous bases. The resulting PA
value was calculated based on the energy released during insertion of a proton to the Lewis
acid center on the relaxed structure of the base molecules. (38) This quantification revealed

that higher PA resulted in better yields of DHB (36).
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Figure 15. Potential reaction sequence by which trione is converted to the glycolate ester. (32)

Catalytic activity was determined by calculating the turnover frequency (TOF); the number of
reactant molecules converted per minute per catalytic site (39). For this reaction it is defined as
the rate of ester production normalized to the amount of homogeneous base catalyst present

at low trione conversion and at low base concentration. The calculated TOF demonstrates high
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activity for all four homogeneous bases, which is consistent with observation of complete
conversion in all instances. This value scales linearly with the proton affinity of each base and
suggests an optimum base strength for glycolate ester production (i.e. strong enough to
achieve fast reactions but not so strong as to support subsequent hydrolysis). This too is
consistent with comparative observations of maximum GE yield when plotted against proton
affinity where the weakest (sodium bicarbonate) and the strongest (piperazine) bases showed
maximum yields of 90% and 23% respectively. Given that piperazine facilitates ongoing
hydrolysis its lower GE yield is preferable. The scaling shown suggests that the kinetically
relevant transition state in ester formation is a carbonium ion as shown in the prior figure,
stabilized by the Lewis base, which in turn is consistent with a retro-Aldol reaction being

responsible for ester formation from trione.

0
880 900 920 940 960 980 1000

—~ 02
—
=
2
= -0.4
o
=
s
2 -0.6
=
g
=
S -0.8
S A
o
on -1 ot
e
-l A

1.2 .A

A
-1.4

Homogenous Base Proton Affinity (kJ/mol)

Figure 16. Glycolate ester TOF versus proton affinity (PA) of ( A ) sodium bicarbonate, ( A )bis tris
base, (A ) tris base, ( A ) piperazine catalysts. Reaction conditions: 0.156 mol/L trione, 0.03
mol/L base, and 298 K reaction temperature (39).
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Given the outcome of these experiments, piperazine was chosen for subsequent reactions. Use
of this strong base ensured complete conversion and subsequent hydrolysis necessary for
downstream reactions. Observation of the reaction using H-NMR analysis in previous work
performed, shows the chemistry associated with the anomeric complexity of trione and the

base catalyzed reaction and DHB formation (39).

. GE production
DHB production P DHB production

and consumption

and consumption
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Figure 17. Results from H-NMR reaction under conditions: 298K, 0.05M trione, 0.15M piperazine
(39).
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Although the reaction network is complex, kinetic modeling of the proposed mechanism was
developed that accurately tracks with experimental observations that could be made. The
model was based on analysis of differential rate equations for each of the critical reactions that
take place after homogeneous base catalyst is added to the trione solution. Solutions were
based on the assumption that each step, trione > glycolate esters (GE) + polyols, and GE > DHB
+ GA, was first order and irreversible. Solutions obtained through numerical integration were
fitted to the data to obtain rate constants for each step. Despite difficulties in quantifying these
intermediate steps, what was observed experimentally through 3C-NMR and H-NMR matches
closely with the proposed model. There are slight deviations from the model. These are
attributed to inaccurate peak integrations during experimentation given that there is significant
peak overlap. Efforts to resolve peaks failed to improve concentration measurements due to
the persistence of polyol byproducts, and the presence of multiple trione anomers. Difficulty in
obtaining a zero-point concentration of trione, again due to anomeric complexity, also

contributed to error in closing carbon balances.
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Figure 18. Structures of trione isomers and possible products of retro-aldol and hydrolysis
reactions.
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Figure 19. Kinetic model validation. Simulations (solid lines) based on the kinetic model (section
a of this figure) at 298K (39).
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Acid Catalysis

It is well-documented in literature that lactonization reactions are acid-catalyzed and optimized
at a pH of 0.7 (40) (41). With this knowledge, hydrochloric acid was added to the resulting DHB
solution in amounts sufficient to drop the pH to the required levels. This was approximately
0.456 g of 12M HCl per 5ml of DHB solution. At the lower pH, lactonization occurs and DBH is
converted to HBL. The reaction was studied at three different temperatures to optimize yields.
A maximum yield of 88% was reached after 28 hours at 330K (36). Analysis of the resulting
solution using heteronuclear single quantum coherence (HSQC) NMR, confirmed the presence
of HBL and concentrations were estimated to be approximately 0.14M (36). Although there
was some uncertainty around this figure due to potential error in peak integrations, later
guantitative analysis using gas chromatography confirmed this concentration. We know, based
on literature, that the lactonization reaction is equilibrium-limited, a fact that can be exploited
during industrial production using a biphasic reactor. In such a scenario, HBL would be
extracted in-situ from its aqueous reaction medium into the organic solvent allowing
thermodynamic favorability to shift the equilibrium in favor of greater HBL production (42).
This equilibrium is also impacted by temperature. At lower temperatures kinetic energies of
reactant molecules decreases, lowering the overall reaction rate; however, if temperatures are
too high the equilibrium shifts away from products and the lactones formed undergo hydrolysis

to reform DHB as is evidenced by the following figure (43).
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Figure 20. Production yields of HBL from the acid catalyzed lactonization of DHB at 298K
(orange), 330K (blue), and 360K (purple) (39).
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Figure 21. Estimated product distribution of acid catalyzed lactonization of DHB to HBL at
reaction conditions: 330K, 0.156M trione, 0.3M piperazine, and 1.76M HCI (39).
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Results & Discussion

As previously mentioned, the outcomes of this process have proven difficult to quantify. There
is uncertainty surrounding the intermediate steps. Beginning with 0.55 M glucose, we do arrive
at 0.55 M glucosone (35). From there, quantification of outcomes has proven more difficult.
While we can confirm the presence of the intermediate trione through the use of H-NMR and
13C-NMR, quantification is limited by the peak overlap among equilibrated anomers and
potential byproducts and impurities in the supernatant (34). This is further complicated by the
addition of the homogeneous base and acid catalysts which facilitate the known production of
byproducts, namely polyols and glycolic acid (GA). Despite these limitations, kinetic modeling
based on known quantities did prove accurate enough to make assumptions as to outcomes for
further analysis (36). These results were used as the basis of continuing research in extracting
the HBL from solution and performing a techno-economic analysis to determine the financial

viability of the proposed synthesis.
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Chapter 3
CHIRALITY OF SYNTHESIZED HBL

Having proven the concept we sought to better quantify the outcomes. Crucial to the synthesis
is the enantiomeric purity of the resulting HBL. With the only difference between the (R) and (S)
enantiomers being the mirrored structure centered around its singular chiral carbon, in any

synthesis this becomes difficult to discern.

Materials & Methods

NMR analysis proved HBL synthesis, but does not provide resolution to prove chirality. To
resolve this, the product resulting from the outlined pathway was evaluated using gas
chromatography (GC) with flame ionization detection (FID). This was done with instrumentation
outlined in a 2008 research paper on HBL synthesis which used the MilliporeSigma™ Supelco™
R-Dex 255 capillary GC column containing a chiral stationary phase of 2,3-diO-acetyl-6-0-
TBDMS-R-cyclodextrin. (43) This column successfully separated aqueous and organic solutions
of R and S HBL with retention times heavily dependent on the extraction solvent. This provided
a good basis against which to compare synthesized HBL after extracting it from the reaction
solution. For GC experiments we used helium carrier gas, inlet temp. 250 °C, column temp. 205

°C, FID temp 300 °C, and continuous flow of 1ml/min.
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Figure 22. Agilent 7820A Gas Chromatography System

Prior to selecting this column for experimentation, several attempts were made to obtain peak
resolution using high performance liquid chromatography (HPLC) to no avail. Initial trials were
run using the Lux™ Amylose-3™ column with amylose tris(3-cholor-5-methylphenylcarbamate)
as the chiral selector. While this column could identify the presence of both S and R HBL, there
was no discernible difference between the retention times. These tests were performed using a
variety of both aqueous and organic mobile phases. In collaboration with Phenologix™
additional HPLC columns were tested to include: Lux™ Cellulose-1™, Lux™ Cellulose-2™, Lux™
Cellulose-3™, Lux™ Cellulose-4™, Lux™ Amylose-2™. These were all tested, as with the previous
column, using a variety of mobile phases. None proved capable of distinguishing the two

enantiomers.
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Figure 23. Waters e2695 HPLC System

H-NMR and 3C-NMR analysis was also performed on racemic solutions to compare against HBL
extracted from reaction solution. NMR analysis was conducted on the Inova 400 with D20
added for signal lock. Spectrometer frequency was set to 100.569 MHz, at 5.750 us pulse width,

1.303 s acquisition time, and 2000 for number of transients.

Figure 24. Inova 400 NMR System
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Divergence Of Chiral Peaks

Analysis of the broader reaction network from glucose to HBL suggests that chirality has been

preserved in the critical C-5 carbon as noted in the figure below.
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Figure 25. Reaction network of enzyme and chemical catalyzed HBL synthesis with highlight of
conserved chirality.

To examine this experimentally, we used a strategy of “dosing” in which a sample of HBL
extracted from the reaction solution was evaluated using gas chromatography to identify the
corresponding HBL peak. Once the HBL peak was identified, additional samples were then
dosed with a solution of HBL containing pure standards of each enantiomer of HBL at equal
concentrations. The resulting divergence in peaks with the (R)-dosed sample and the lack of
peak divergence in the (S)-dosed sample confirmed our theorized outcome; the synthesis

outlined in this paper produces enantiomerically pure HBL.

(a)
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Figure 26. Gas chromatography with flame ionization detection (GC-FID) analysis of HBL
enantiomers. Method for analysis included; helium carrier gas, inlet temperature 250 °C, column
temperature 205 °C, FID temperature 300 °C, flow of 1ml/min. (a) S and R HBL pure standards
extracted from aqueous solution into ethyl acetate. (b) Reaction sample extracted from aqueous
solution into ethyl acetate zoomed in (top) and with full chromatograph (bottom).
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Results & Discussion

The combination of GC-FID analysis and close investigation of the broader reaction network
strongly suggests an enantiomerically pure synthesis. However, there is the possibility that
some minute quantity of R-HBL could be in solution and that the GC analysis lacks the
resolution to distinguish between this negligible concentration of R-HBL given that there is
some peak overlap where the detection for the undesired enantiomer could be masked. While

unlikely, this cannot be ruled out without further experimentation.
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Chapter 4

LIQUID-LIQUID EXTRACTION

Identifying an extraction solvent for experimentation proved difficult as the a-symmetrical,
polar, cyclic, HBL molecule has greater affinity for polar solvents like water. A number of
organic solvents were tested for extraction of HBL from the aqueous phase with many failing to
dissolve HBL in any meaningful concentration. Of those tested, ethyl acetate (EA), propylene
carbonate (PC), and tetrahydrofuran (THF) showed the greatest promise in terms of both
immiscibility and their ability to dissolve HBL. Calibration curves for HBL solutions of each of the
organic solvents and for aqueous solutions were generated against the MilliporeSigma™

Supelco™ R-Dex 255 capillary GC column (see Appendix).

Partition coefficients (kp) for each solvent were evaluated. To obtain this value, these solvents
were tested for their ability to extract HBL from aqueous solution at varying concentrations
with the Kp value being the resulting ratio of HBL concentration between the agueous and

organic phases. Values were calculated based on experimentation at ambient conditions.

[%] organic
Kp= 12— —

[W] aqueous

Equation 3. Partition coefficient defined as the ratio of organic and aqueous solution
concentrations in g/ml.
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Estimated Partition Coefficient (Kp) for Ethyl Acetate Extraction

1 Avg. Kp 0.105 + 0.029 at 95% confidence

0.9
0.8
0.7
_ 06
£ o5
0.4
03
0.2 . .

Kp value [organic]/[aq]

0.1 — v n * 0

0 2 4 6 8 10 12 14 16

Extraction Trial

Figure 27. Calculated partition coefficient for ethyl acetate extraction of HBL in aqueous
solution.

Estimated Partition Coefficient (Kp) for THF Extraction
Kp value 1.26 + 0.49 at 95% confidence
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Figure 28. Calculated partition coefficient for THF extraction of HBL in aqueous solution.
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Estimated Partition Coefficient (Kp) for Propylene Carbonate Extraction
Avg. Kp value of 0.527 £ 0.13 at 95% confidence

0.8
0.7
0.6 .
0.5 .

%D 0.4 .
03
0.2
0.1

Kp value [organic]/[aq]

0 1 2 3 4 5 6

Extraction Trial Number

Figure 29. Calculated partition coefficient for propylene carbonate extraction of HBL in aqueous
solution.

Despite THF having a better partition coefficient than ethyl acetate and propylene carbonate,
and thus a greater ability to extract HBL; for experimentation, ethyl acetate was chosen
because the resulting chromatographs showed no contaminants. Of the three solvents, ethyl
acetate appears more selective in its ability to extract HBL from the aqueous solution
(comparative example in appendix). Attempts were made to measure the impact of adding salts
to the aqueous phase of the liquid-liquid extraction; however, no notable increase in HBL

concentrations was noted in the organic phase.

Batch reactions were agitated in the presence of ethyl acetate, and extractions performed using
a separatory funnel after 24hrs rest time. Extraction and analysis using calculated Kp values of
batch syntheses showed a resulting concentration in agreement with prior NMR analysis

estimates of 0.14 M. Error bars on the extraction points account for the upper and lower
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bounds of ethyl acetate Kp values.

Acqueous Conc. (M) Of Batch Extractions (24hr) Using Ethyl
Acetate at Kp=.105 + 0.029
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Figure 30. Concentration of HBL synthesized in aqueous phase based on calculated Kp values
and ethyl acetate extraction concentrations after 24hrs.

In two instances, the rest time extended to 48 hours and showed an increased concentration of
HBL after GC-FID analysis. This suggests that the equilibrium-limited aqueous reaction shifts
towards HBL as it is extracted into the organic phase. This, as previously mentioned, suggests

improved HBL recovery in industrial applications with the use of a biphasic reactor.

Synthesis was done using two distinct batches of trione. Each batch was prepared in the
manner outlined in chapter 2; however, the outcome was visually different with tione from
batch 707-103 considerably darker in color (yellowish) when compared to trione from batch
707-112 as can be seen in the image below. To determine whether this color difference
impacted chemical catalysis, comparisons were made between experiments run with each. In

the HBL synthesis graph above, batches 1 thru 6 and batch 12 were run using trione from 707-

34



103. Batches 7 thru 11 were run using trione from 707-112. With the exception of the
instances in which extractions ran for longer than 24 hours, thus shifting the equilibrium
towards greater HBL production, there was no notable difference between the two batches.
Visual differences between the trione batches did not translate into differences in HBL
synthesis outcomes. Biogenic impurities are the likely cause of these impurities as whole cell
catalysis can result in degradation of cell walls; however, if this is the case, trione

concentrations and subsequent chemical catalysis do not appear to be impacted (34).

Figure 31. Trione from batches 707-103 (left), and batches 707-112 (right). There are notable
color differences; however, they do not appear to impact HBL synthesis.

Materials & Methods

Extractions were performed using equal volumes of agueous reaction solution and ethyl
acetate at ambient temperature and atmospheric pressures. Each biphasic mixture was
agitated in a sealed flask for 20 minutes using the Ohaus™ SHRC0719DG reciprocating shaker at
20 rotations per minute. The mixtures were then transferred to separatory funnels (pictured

below) and allowed to rest for 24 hours to reach equilibrium. After the allotted time, organic
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and aqueous phases were separated and GC analysis using previously noted columns and
methods was performed. Based on measured kp values and established standard curves,

aqueous and organic phase HBL concentrations for each batch were calculated.

Figure 32. Separatory funnels used in liquid-liquid HBL extraction. Organic phase (top) and
aqueous phase (bottom).

Results & Discussion

The data obtained from extraction experiments reveal a key insight that can be exploited for
industrial scale production. GC-FID analysis suggests ethyl acetate is a more selective
extraction solvent as it appears only to remove HBL from solution and not the glycolic acid,
polyols, piperazine, and other byproducts and reactants from within the broader network. This
makes it an easy choice when scaling up as less refinement is required. Moreover, ethyl acetate
is also a very volatile solvent, with a boiling point much lower than that of water or HBL at 77 C,
100 C, and 100 C respectively. This makes it ideal for distilling HBL in downstream processing as

will be discussed in the following chapter.
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Chapter 5

TECHNO-ECONOMIC ANALYSIS

Preliminary techno-economic analysis (TEA) was conducted to determine the economic viability
of this synthesis following the discounted cash flow method (DCF). This type of financial model

evaluates the value of an investment based on future cash flows (48).

CF, CF, CFn
(1+n)?* + (141)?2 + a+n"

DCF =

Equation 4. Discounted cash flow (DCF) is equal to the sum of the cash flows 'CF' for each period
'n' divided by 1+ r, with 'r' equivalent to the devaluation rate.

The annual production capacity of 120 metric-tonnes was selected as a benchmark against a
plant in South Korea, SK Energy & Chemical, which has produced this amount annually since its
opening in 2003. The HBL made by this plant is produced through the hydrogenation of esters

of L-malic acid and sells wholesale for $450/kg (6).

Materials & Methods

A process flow diagram was created to produce HBL with a high purity (>99.9%) from glucose,
beginning with the whole cell catalysis and proceeding through to extraction and distillation of
the final product. Leidos™ hanging bag reactors were selected for conversion of glucosone to
trione via whole cell enzyme catalysis. They were selected due to their relative low-cost, the

ease of replacing and cleaining, and their proven track record for biochemical synthesis with
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sparging of reactant gases. The volume of these reactors were determined using the residence
time and the glucose mass flow rates (45) (46). The remaining homogeneous chemical catalysis
stages and HBL extraction were modeled using Aspen Plus™ process simulation software (47).
State-of-the-art process equipment was selected for the homogeneous chemical catalysis
stages and the HBL extraction. The process equipment was sized using the simulated material
and energy balances, with all reactions simulated at 25 C and 1 atm. The size of the process
equipment was used as a basis to assess the capital costs, and the material and energy balances

were used to calculate the operating costs (48).

Piperazine 12MHdl Ethvl A A
2.778 x 1003 kg/da ¥ Acetate
AUDH Gells ] 788.838 ke/day ¢ y' 2.544 x 1004 L/day
Fermenter 1 1.252 x 1073 kg/day,
Glucose 3.06 x 1073 kg/day U
POx Cells 335.838 kg/ day L
Catal 1.527 kg/d:
atalase g/day i ! 2 ifuge 2 Extraction Column
Sodium Citrate 78.788 kg/day CSTR1 CSTR2 —
Water 2.544 x 1074 L/day
Effluent
4 ] Ethyl Acetate|w/ dissolved 2.544 x 1074 L/day
POx Cells 335.838 kg/ day HBL
‘AUDH Cells 1.252x1073 o 756 L/d
kg/day XyBen ay Ethyl Acetate Recycle
Stream
Pressure Swing Adsorption Distillation/Evaporation
< - Column
Waste Nitrogen T <
. HBL 380 kg/day
Air Compressor
—

IAir 3.602 x 1073 L/day

Figure 33. Process flow diagram for the production of HBL from glucose at 380kg/day
production.

The seed trains are used to make POx and AUDH cells. This process takes cryogenically frozen
cells and grows them with the proper nutrients in successively larger culture vessels until the
desired volume is reached. These cells are placed into the hanging bag fermenters in an

aqueous glucose solution to ultimately form trione. Oxygen used in sparging for these stages is
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produced from air compressed to 7 bar and processed using the pressure swing adsorption.
After the biocatalyzed conversions of glucose and glucosone, the cells are recovered for reuse
using the centrifuge. The resulting trione solution is passed through two successive CSTRs for
the base and acid catalyzed reactions. The HBL from these reactions is extracted by ethyl
acetate from the product mixture using two solvent extraction columns. The first solvent
extraction column is operated at 25 C and 1 atm with 12 stages. In the first extraction column,
the solvent to feed ratio (on a mass basis) is maintained at 10:1. The raffinate from the first
extraction column is sent to a second solvent extraction column for further recovery of HBL.
Testing of the Aspen model showed that for the second extraction column, 8 stages, a
temperature of 25 C, a pressure of 1 atm., and a solvent to feed ratio of 10 was found to be
optimal for HBL extraction. About 95% of the produced HBL can be extracted into ethyl acetate
using the two solvent extraction columns. The extracts from both solvent extraction columns
are routed to a distillation column to recover ethyl acetate as a distillate for reuse. The bottoms
from the distillation column are sent to a vacuum evaporator to produce HBL as a liquid
product with a purity of greater than 99.5%. The ethyl acetate vapors from the vacuum

evaporator are also condensed for reuse.

Results & Discussion

The capital and the annual operating costs to produce HBL at the selected scale were
determined at $32.6 MM and $15.9 MM, respectively. At scale, the TEA analysis predicts the

minimum selling price of HBL is $165 per kg, this is 63% less than what is currently available
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(14). Evidence suggests this pathway to the production of enantiomerically pure HBL is not only
more chemically favorable than existing methods, but also more financially favorable. Should
this method be implemented, the reduced production costs could have numerous downstream

benefits for drug manufacturers and ultimately for consumers.
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Chapter 6
CONCLUSION & OUTLOOK

This thesis reviewed the importance of HBL as a chiral building block for pharmaceutical
synthesis and current methods for industrial scale synthesis as well as related costs and
impacts, highlighting the need for improvements on petrochemical derivations. Over the course
of the research project, a number of biological and chemical routes to HBL synthesis were
explored, but none proved capable of reaching industrial scale with efficiencies rivaling current
production. A newly proposed route combining biological and chemical catalysis was proposed
through which low-cost bioderived glucose feedstocks could be used to produce chiral HBL at
scale. Experimentation and modeling suggest that this method is viable and could potentially
reduce the cost of manufacturing by more than 50%. This economically and environmentally
favorable option presents exciting opportunities not only for HBL production and cost
reduction, but also for the countless downstream applications. Realization of these methods
could reduce the cost of pharmaceuticals, a much-needed salve to exploding U.S. healthcare

costs.

Recommendations for Future Work

There are a few areas highlighted over the course of this work that could benefit from deeper
exploration in the future. Beginning with the biological processes; this process uses whole cell
catalysis. This eliminates the need for enzyme purifications since they are contained within the
cells; however, it exposes the process to a potential flaw. The cells used are washed, frozen,

and reused in subsequent syntheses. As the enzyme catalyzed stages require thorough mixing,
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these cells, and specifically their cell walls, are prone to degradation over time. The contents of
these cells would then leak into the reaction solution, and critical enzymes would be lost in
subsequent washes, potentially degrading production over time. While the impurities of the cell
contents may not negatively impact HBL synthesis as is implied by the negligible differences
between the visually contrasting trione batches, the loss of POx and AUDH enzymes contained
within would negatively impact HBL synthesis. Thus, this research could benefit from
exploration of methods to immobilize the whole cells used in catalysis. This would reduce cell

wall degradation, and longevity in cell reusability.

The research could further benefit from improved observations of chirality. Efforts to quantify
chirality using a Jasco model DIP-370 digital polarimeter were inconclusive due to instrument
failure. Though evidence strongly suggests chirality, for the purity required of pharmaceutical

applications, this must be more thoroughly verified.
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APPENDIX

Homogenous Bases Sodium Bicarbonate Bis Tris Base Tris Base Piperazine
Conversion (%) 100 100 100 100
GE Maximum Yield (%) 91 98 37 23
Maximum Yield Time (hr) 23 21.5 25 1
DHB Yield (%) 0 0 14° 100¢
GA Yield (%) 0 0 13.5% 100¢
GE Yield after 23 hr 91 96 0 0
Trione consumption rate
0.05 0.07 0.06 0.14
constant (1/min)?*
Base Consumption (M) 0.065 0.11 0.298 0.28
Measured pH 8.45 9.39 10.36 11.41
pKs 7.6 1.5 59 42
Proton Affinity (kJ/mol) 920.3 928.1 972.4 979.2

#: Based on 'H-NMR results. (b): Data collected after 19 hours. (c¢): Data collected after 22 hours

Table 1. Results of treatment of trione solution with bases of varying proton affinity as
calculated using DFT. The base with the greatest proton affinity, piperazine, achieved the
highest yield of the intermediate chemical DHB (39).
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H20 GCFID Area As A Function Of Concentration
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Figure 34. Standard curve for H20 MilliporeSigma™ Supelco™ f3-Dex 255 capillary GC column
containing a chiral stationary phase of 2,3-diO-acetyl-6-0-TBDMS-f3-cyclodextrin. Helium carrier
gas, inlet temp. 250 °C, column temp. 205 °C, FID temp 300 °C, and continuous flow of 1ml/min.
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Figure 35. Standard curve for THF MilliporeSigma™ Supelco™ f3-Dex 255 capillary GC column
containing a chiral stationary phase of 2,3-diO-acetyl-6-0-TBDMS-f3-cyclodextrin. Helium carrier
gas, inlet temp. 250 °C, column temp. 205 °C, FID temp 300 °C, and continuous flow of 1ml/min.
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DMSO GCFID Area As A Function Of Concentration
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Figure 36. Standard curve for DMSO MilliporeSigma™ Supelco™ f3-Dex 255 capillary GC column
containing a chiral stationary phase of 2,3-diO-acetyl-6-0-TBDMS-f3-cyclodextrin. Helium carrier
gas, inlet temp. 250 °C, column temp. 205 °C, FID temp 300 °C, and continuous flow of 1ml/min.
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Figure 37. Standard curve for EA MilliporeSigma™ Supelco™ f3-Dex 255 capillary GC column
containing a chiral stationary phase of 2,3-diO-acetyl-6-0-TBDMS-f3-cyclodextrin. Helium carrier
gas, inlet temp. 250 °C, column temp. 205 °C, FID temp 300 °C, and continuous flow of 1ml/min.
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Propylene Carbonate GCFID Area As A Function Of
Concentration [g/ml]
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Figure 38. Standard curve for PC MilliporeSigma™ Supelco™ f3-Dex 255 capillary GC column
containing a chiral stationary phase of 2,3-diO-acetyl-6-0-TBDMS-f3-cyclodextrin. Helium carrier
gas, inlet temp. 250 °C, column temp. 205 °C, FID temp 300 °C, and continuous flow of 1ml/min.

Ethyl
Acetate
kp 0.105384531
at 95% confidence
+/- 0.02863
mean 0.105384531
stdv 0.058439417
Conf. 0.05
size 16
Interval 0.028634788

Table 2. Statistical analysis of Kp value for ethyl acetate.
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THF

kp 1.26
at 95% confidence
+/- 0.49
mean 1.26
stdv 0.56
Conf. 0.05
size 5.00
Interval 0.49

Table 3. Statistical analysis of Kp value for THF

Propylene
Carbonate
kp 0.527569
at 95% confidence
+/- 0.13
mean 0.527568692
stdv 0.149905341
Conf. 0.05
size 5
Interval 0.13139541

Table 4. Statistical analysis of Kp value for propylene carbonate.
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Figure 39. GC-FID peaks for EA (top), THF (bottom), PC (right). EA appears to be more selective
in extraction of HBL from solution as there are only two peaks corresponding to the solvent and
the HBL. With both THF and PC, additional peaks are identified which indicate extraction of
unwanted byproducts which would require further processing for removal.
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Process Area
Production of HBL (ISBL)*
Totals
Warehouse
Site development
Additional Piping
Total Direct Costs (TDC)
Prorateable expenses
Field expenses
Home office & construction fee
Project contingency
Other costs (start-up, permits, etc.)

Total Indirect costs

Fixed Capital Investment (FCl)
Land
Working Capital

Total Capital Investment (TCl)

*|SBL

Table 5. Total capital investment for the production of HBL.

Assumptions

4.0% of ISBL
9.0% of ISBL

4.5% of ISBL

10.0% of TDC
10.0% of TDC
20.0% of TDC
10.0% of TDC

10.0% of TDC

5% of FCI

Inside battery limit
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Installed Cost
$15,304,879
$15,304,879
$612,195
$1,377,439
$688,719.56
$17,983,233
$1,798,323.31
$1,798,323.31
$3,596,646.61
$1,798,323.31
$1,798,323.31

$10,789,940

$28,773,173
$1,800,000
$1,438,659

$32,659,832

Reference

[43]
[43]
[43]
[43]
[43]
[43]
[43]
[43]

[43]

[43]

[43]



Installed

equipment
Equipment cost Reference
Pressure swing adsoption $113,844 [41]
Air Compressor $1,317,000 [41]
Seed trains $3,000,000 [43]
Hanging bag reactors $1,118,542 [42]
Centrifuge $569,000 [41]
Continuous stirred reactors $2,743,455 [41]
Extraction column $2,580,000 [41]

Distillation and Evaporation columns $3,863,000 [41]

Table 6. Total process equipment costs for the production of HBL.
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Source

Glucose 0.5(S/kg)  Personal communication
Ethyl acetate 1.5(S/kg)  ICIS Chemicals
Sodium citrate 2 (S/kg) PharmaCompass
Piperazine 32 (S/kg) PharmaCompass
HCl 0.179 (S/kg) ICIS Chemicals
NaoH 0.38 (S/kg)  ICIS Chemicals
5
Natural gas price (S/MMBtu)  USEIA
0.12
Electricity cost (S/kWh) USEIA
Operating Days 330 Assumption
Internal rate of return 10% Assumption
Equity 100% Assumption
Salvage value 0 Assumption
Plant life 20 years Assumption

Table 7. Operating costs and discounted cash flow analysis assumptions.
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