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ABSTRACT
Increases in efficiency, reduction of turnaround time, and many other factors have
long influenced the pursuit of new technologies in chemistry. With the goal of effective
synthesis of previously unattainable compounds and the more efficient synthesis of
libraries of compounds, these methods continue to evolve and have grown to include
tandem orientation of various tools.1 Through the use of flow systems, many significant
advances have been made in the field of organic synthesis: for example, unattended
automation, resin tethered reagents, and extensive library production.2-3 New
methodology and instrumentation of flow systems are constantly evolving and adapting
to new developing research. The goal of this research project was to apply flow chemistry
to various projects, produce novel syntheses of various compounds that, in the end,
demonstrate the versatility of flow methodology.
The synthesis of amide libraries was explored in a project executed at Merck &
Co., Inc. The goal of this project was to use the Syrris AFRICA system to decrease the
turnaround time between synthesis and screening of libraries of compounds. With the
improvement on the turnover time of libraries, the efficiency and throughput of the drug
discovery process would largely improve by allowing the screening many additional
extended libraries with ease. Also, the method included unattended synthesis of these
libraries, with a carboxylic acid tethered to a macroporous (MP) resin via an activated
tetrafluorophenol (TFP) ester linkage.2 In this project, a library of 20 pure amides was
synthesized consecutively, and in dimethyl sulfoxide (DMSO), which provided the
molecules a straight route to assay. The TFP-MP resin column was re-used over 36 times,
with reproducible efficiency, in a coupling time of an hour.
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A project was then initiated that extended this resin-bound reaction technology
further to include methodology for efficient, high-throughput radiolabeling of many
different substrates, ranging from small molecules to proteins and other biomolecules.
Rapid and direct fluorination of biologically sensitive molecules is not possible.4-6 The
use of a linker between the molecule and the radiolabel is needed and had to be chosen
carefully. After exploring the use of 4-fluorobenzaldehyde as a fluorine source and bocaminooxyacetic acid as a linker, a N-succinimidyl-4-fluorobenzoate moiety was chosen
to fulfill both requirements. A synthetic route was developed to rapidly radiolabel
proteins and peptides with ease. These labeled molecules may be used to develop new
imaging agents for positron emission tomography (PET) imaging.
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Chapter 1
INTRODUCTION
1.0.1

Flow Chemistry

The chemical industry is constantly developing new technologies to increase the ease
of syntheses. In the past five years, technologies such as microwaves and flow chemistry
for small scale reactions have emerged and have been widely implemented in synthesis
and other applications. Flow chemistry has long been employed in manufacturing, but a
need for implementation on the small scale was needed. There are many types of flow
chemistry, however, the three primary performed on a small scale include micro flow
(Figure 1), meso flow (Figure 2), and flow using tethered reagents (Figure 3).1,4 Micro
flow technology is when there are a series of interconnecting channels in a planar surface,
usually a chip. The reagents are brought together, mixed, and allowed to react for a
specific period of time. Meso flow is similar to micro flow, but instead of the two
reagents mixing in channels in micrometer sized channels in a chip, they mix in a tube
reactor, therefore these reactions can be done on a larger scale. Flow chemistry using
tethered reagents can be performed in two fashions. First the reagent could flow through
the column, displace the tethered reagent C to combine and make product B or reagent A
could flow through the column, couple to reagent C to make B and then have to be
cleaved off of the resin, as can be seen in Figure 3.1 These types are not only seen as an
alternative route to perform syntheses, but are now slowly becoming the preferred route
for certain types of reactions, particularly in those reactions where unstable intermediates
are formed.
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Figure 1. Micro flow reaction1

Figure 2. Meso flow reaction1

Figure 3. Flow reaction using tethered reagents1
Flow chemistry has many advantages over conventional batch chemistry. One
advantage is that reactions can be run in a temperature that is higher than the boiling
point of the solvent that the reaction is in, by pressurizing the vessel that the reaction is
flowing through. This can especially be done in micro flow reactions, where the reaction
flows through a chip that can easily and safely be pressurized because of its small size
and design.5 Another advantage to flow chemistry is that multi-step reactions can be set
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1

up in-line and be performed in a continuous sequence, as seen in Figure 4. This can be
done with all three types of flow chemistry mentioned above, by using a resin tethered
catalyst or reagent, by flowing a new reagent further down the line, or even by heating at
certain points of the sequence to perform a reaction. This process can be very helpful
when the products from one step are very unstable and need to be reacted in the next step
immediately.3 Another reaction that can be easily performed with flow chemistry, and
can be used in-line in a multi-step reaction, is one that incorporates a gaseous reagent,
such as hydrogen which can be bubbled through the flow line to hydrogenate reactants.1

Figure 4. Multi-step reactions using flow methodology1
In general, flow chemistry can increase efficiency, reproducibility, and safety.
First, the efficiency of a scientist may be increased significantly when using flow
chemistry for a number of reasons, the primary being automation.1 After the preparation
of the system, automation can do a majority of the manipulations, while the scientist is
freed to do other tasks. Also, if the flow reactions being performed are using a resin
tethered reagent or catalyst, the column can often be easily recharged or recoupled.3 This
allows for a quick turnaround time in between each reaction which, in turn, reduces the
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cycle time of each reaction. In addition, efficiency can be increased because flow
chemistry reactions are generally very easily scaled up to make larger batches. Among
other ways, this can be achieved by flowing through more reagents or making a larger
column with tethered reagents. Second, reproducibility is often increased through the use
of flow chemistry because consistent conditions of mixing and heat transfer are applied to
the reaction. With automation, reactions can also have improved reproducibility, since all
the parameters are set exactly each time the reaction is run, often removing the aspect of
human error

Lastly, safety of the scientist is greatly increased when using flow

chemistry. The pressure in the reactor can be controlled, further reducing the risk of
injury due to exploding reaction vessels. In addition, since the reaction is occurring in a
relatively small volume, the impact of a dangerous runaway reaction is significantly
reduced. In non-automated mode, the use of a calibrated manual injector can improve
reproducibility.
Although flow chemistry has many advantages over conventional chemistry, one
disadvantage with it is that the method development is quite tedious because of the
multitude of variables that must be taken into account. Also, when the chemistry
methodology is understood, the instrumentation and method often need to be optimized
with each new synthesis. However, once the method and instrumentation are optimized,
the efficiencies generated can greatly compensate for the time used for optimization, and
the method can also be used for various other reactions with little additional modification.
Another disadvantage of flow chemistry is that only homogeneous reactions can be
performed. Suspensions cannot be used with this methodology because this solution
could easily clog the tubing of the system. Lastly, a significant disadvantage to flow
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chemistry is the cost of the equipment. Whether a complete instrument is bought or a
custom system is built, the cost of all the components is large when compared to standard
laboratory glassware (roundbottom flasks, etc). This can limit the applications of flow
chemistry methodology.
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1.0.2 TFP-Resin
As a proof-of-concept library, it was decided to synthesize libraries of amides
from amines and a carboxylic acid. This is a simple reaction that has few side products
other than unreacted reagents. It was determined to tether one of our reagents to a resin
column for convenience, fast turnover, and increased efficiency.
Tetrafluorophenol (TFP) can be tethered to a bead of resin, and are known to form
an activated ester bond with carboxylic acids.2 There are many different forms of solid
support. Two, silica and macroporous resin, were used when starting this project, but the
macroporous resin was chosen as it produced higher yields. This could be contributed to
the particle size of the macroporous bead. The carboxylic acid, benzoic acid, was coupled
onto the TFP resin and formed a column of a known amount of the resin and the activated
acid (1). As reagents (in this case amines (2)) flowed through the column, the carboxylic
acid was displaced, producing the amide (4) and leaving behind the uncoupled phenolic
resin (3), as seen in Scheme 1.2
O

F
O

F

F
N
H

O

NH2

O

F
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2
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Scheme 1. Amide Library Synthetic Methodology
With the use of a column of a constant quantity of resin, the number of members
of the library being synthesized determined the amount of each compound to be
synthesized. For example, if a large library was to be synthesized, smaller amounts of
each product were produced, and vice versa. Also, the method allowed for flexibility in
varying the amounts of each product synthesized.2
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1.0.3 Instrumentation
The Syrris AFRICA (Automated Flow Reaction, Incubation, Control Apparatus)
system was the platform upon which this project was built. This instrument is a micro
flow reactor, made up of up to 10 modules, which can be added or removed out of the
flow line as needed.

Figure 5. Syrris AFRICA (Automated Flow Reaction, Incubation, Control Apparatus)7
A – Solvent Store

E – Heater/Cooler

I – FLLEX (Flow Liquid-

B – Reagent Pumps

F – UV Detector

Liquid Extractor)

C – Reagent Injector

G – Sampler and Diluter

J – Product Collector

D – Injection Loops

H – HPLC Pump

Since a column of solid supported reagent was used for our library synthesis, only the
core of the instrument was needed, which simplified our system. The core of the instrument
consists of pumps (B), the reagent injector modules and loops (C,D), and the product collection
module (J), as seen in Figure 5. Figure 6 illustrates a schematic of this flow line with using only
the core of the AFRICA system. The selection valve gave control to choose any solvent or the
coupling mixture. This solvent then flowed through the pumps and into the Reagent Injection
Module (RIM). The RIM was where each amine (2) was injected, from the automated reagent
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injector, through the RIM: Feed and into the RIM: Loops. Once the injection valve opened, the
solvent would flow through the RIM: Loops, introducing the reagent into the flow stream. The
reagent and solvent then flowed through the activated resin column, reacted, and the resulting
products flowed into the Product Collection Module, where each reagent was collected for 7.5
minutes. Using this flow line, all the syntheses and coupling runs were run at a flow rate of 1
mL/min. At this flow rate, the residence time of each amine through to product was 7 minutes.

Figure 6. A Schematic of the Flow Line using the Syrris AFRICA
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RESULTS AND DISCUSSION
1.1.0
When starting this project and working on the proof-of-concept study, it was decided to
operate the system in manual mode. In place of the automated injector, a manual injector and
loop were used, and were installed in the flow line. This avoided the challenge of the
simultaneous development of both the synthetic method and the method for automation. Once
the column was packed and installed, the resin was activated with the carboxylic acid (6) and
quality control experiments were performed before synthesizing any libraries. Quality control
(QC) was completed on the column after every fifth library was synthesized, throughout the
whole project. These results were compared to the first QC results, and demonstrated that the
column could be coupled with the same efficiency over 36 times.
As the syntheses of the libraries began, carryover was discovered between all our
products, which were observed in the NMR spectra of each product. Upon seeing this problem,
the thought that the wash time of 15 minutes was not sufficient but, as the wash time was
prolonged to over an hour, no improvements were seen. Other causes for this problem needed to
be explored. In any flow experiments, the problem of dispersion and tailing is common.
Dispersion is when the reagent disperses into the solvent in which it’s flowing. This causes the
reagent band to broaden, causing dispersed product elution. Therefore, to collect all the product,
a large fraction of solvent must be collected, which adversely impacts the efficiency of library
synthesis. Tailing is related to dispersion, and is observed when the reagent disperses behind the
slug (Figure 7). As seen, this results in the amine reagents tailing into the following reagent,
through the wash. As the wash gets longer, the tailing is not eliminated, the tail just becomes
thinner.6
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Figure 7. A Schematic of Tailing
To see if the carryover was really occurring from a dispersion or tailing problem, the
same conditions were used as ones used for library synthesis, but instead of injecting a limited
amount of an amine, a limited amount of tri-tert-butylbenzene (11) was injected. Tri-tert-butyl
benzene (11) does not react with our column, so by injecting this reagent into the system with the
same library synthesis conditions, it would show whether tailing/dispersion or a reaction with the
column cause the carryover problem. The tri-tert-butylbenzene (11) did not show the same
characteristics of tailing that the amines did, as can be seen in Figure 8, where the tri-tertbutylbenzene (11) is the control and isobutylamine (7) is the amine. This suggested that an
interaction between the amine and the column was causing the carryover.

P r o d u c t C o lle c te d (m g )

Tailing Fractions on TFP-MP
2.5
2

1.5

Control

1

Amine

0.5
0
0

10

20

30

40

50

60

Time (min)

Figure 8. Tailing Comparison
The possibility of an acid-base interaction with the column was then explored as a
possible cause of the carryover. The reasoning that was suggested was that the amine was
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flowing through the column and, instead of reacting with the coupled column and displacing the
carboxylic acid, it was interacting with the uncoupled (acidic) phenolic resin. And, as the library
synthesis continued, the first amine eventually flowed through the column and resulted in
contamination in another product. To explore the possibility of such interaction, three batches of
the

uncoupled

resin

were

reacted

with

these

amines:

phenethylamine

(12),

N-

methylphenethylamine (13), and 3-(aminomethyl)-pyridine (14). The resins were then washed
with solvent, which was subsequently evaporated. These fractions did have product in them, but
the yields were not 100%. The resins were then washed with 0.1 M DIEA in solvent, and the
solvent was removed. These fractions included the rest of the product, which suggested that the
carryover was caused by an acid-base interaction. Henceforth, all the amines were injected with
in a solution of DIEA in DMSO and the wash also contained the same concentration of DIEA.
This solved the carryover problem and allowed us to start synthesizing larger libraries of more
diverse amides.
Twenty pure amides were synthesized in flow in DMSO. Only five amides had a yield
under 50%. The amides that had the low yields were mostly towards the end of the run, except
for aniline, which is less nucleophilic and was the likely source of low reaction conversion. Low
yields at the end of the run were likely due to the presence of less active TFP ester for reaction.
Indeed, as these specific amines were run in smaller libraries, their yield was improved.
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METHODS
1.2.1

Objective
The objective of this project was to provide a proof of concept that libraries of pure

products can be made in a quick efficient manner using the AFRICA system. For this proof of
concept experiment, libraries of amides were synthesized from amines. The overall goal was to
develop an in-line synthesis and screening of compounds to reduce cycle time and to improve the
feedback loop. To accomplish this the parameters needed were synthesizing our libraries using a
fast reaction with a short retention time so the synthesis was efficient, producing pure products
so that no purification was needed, and to run the synthesis in DMSO so that the product
solutions could potentially be sent straight to biological assays.
All of the libraries were synthesized on the Syrris AFRICA system. During method
development, these methods were performed using manual injection, but were further optimized
using the automation line described above. After each synthesis, the products were collected in
tared vials and evaporated in a Genevac. All the yields reported are based on weight. Purity was
based on product NMR spectra.
All the work on this project was performed at Merck & Co., Inc. (Merck Research
Laboratories Boston). The resin used was purchased from Argonaut Technologies and all other
reagents were purchased from Sigma Aldrich and used as received. All solvent evaporation was
done in a Genevac centrifugal solvent evaporator. 1H NMR spectra were recorded on a 500 MHz
Varian instrument and were presented in ppm downfield relative to trimethylsilane as an internal
standard.
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1.2.2 Column Coupling

2

A solution of 25% DMF was run through the column (1.5 g of resin, 0.55 mmol/g) (5) in DCM
for 15 minutes at a flow rate of 1 mL/min. A solution of 40 mL of 25% DMF in DCM with the
benzoic acid (488 mg, 0.1 M, 4.00 mmol) (6) and DMAP (293 mg, 0.6 eq, 2.40 mmol) was
made. This solution was run through the column for 10 minutes at 500 µL/min. Then DIC (2.43
mL, 4.5 eq, 15.5 mmol) was added and the rest of the solution was allowed to run through the
column at 500 µL/min, until the solution was consumed. This was followed by a wash of 25%
DMF in DCM for 15 minutes, then DCM for 15 minutes, and finally another 15 minutes of the
reaction solvent, all at a flow rate of 1 mL/min.
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1.2.3 QC of Column

2
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The activated TFP-MP resin (200 mg, 0.55 mmol/g) (1) was added to a capped filter vessel.
DCM (2 mL) and the amine (0.361 mL, 0.2 M, 3.63 mmol) (7) were added and allowed to react
for 1.5 h on a shaker. The reaction was filtered into a 25 mL roundbottom flask. The TFP-MP
resin was then washed three more times with DCM, which was also collected into a roundbottom
flask. The solvent was evaporated and the residue was dried under vacuum for 10 minutes. Nisobutyl-benzamide (8) was isolated
Compound 8 was isolated with a yield of 19 mg (0.107 mmol) which confirms the column
loading of 0.54 mmol/g. This result is comparable to previously made TFP-MP columns.
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2

1.2.4 Multiple Amide Synthesis: Method Development

Solutions of each amine were made with 0.1 mmol of the amine (7.51 mg of 2methoxyethylamine (9) and 7.31 mg of isobutylamine (7)) in 1 mL of DCM. The activated TFPMP resin (0.54 mmol/g) (1) was purged with DCM for 15 minutes at a flow rate of 1 mL/min.
Then the 2-methoxyethylamine (9) solution was injected at 500 µL/min. An eluent of
approximately 10 mL was collected when elution of the amide was observed on the UV detector.
The column was then purged for approximately 30 minutes at 1 mL/min with DCM. Then the
isobutylamine (7) solution was injected at 500 µL/min, followed by DCM. Again an eluent of
approximately 10 mL was collected when the amide was observed on the UV detector. The
eluents were dried down in the Genevac, each were weighed, and a NMR was taken of each.
Compound 10 was isolated in 40% yield (7.2 mg, 0.04 mmol) and compound 8 was isolated in
33% yield (5.8 mg, 0.03 mmol).
Tailing of 2-methoxyethylamine is evident, as 10 can be seen in the NMR of the 8.
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1.2.5 Control Tailing Experiment

A 0.25M solution of 1,3,5 tri-tert-butylbenzene (11) in 8 mL of DCM was made. This solution
was run through the column at a flow rate of 500 µL/min for 7 minutes. This was followed by
DCM. Once the start of the peak was seen on the UV detector, eight fractions of the product
were collected into tared vials, each for 5 minute intervals. These fractions were then dried by
vacuum overnight. An NMR was taken of the product in vial #2 and analysis was done by taking
the weight in each of the aliquots.
The NMR showed that the 1,3,5 tri-tert-butylbenzene (11) did not react with the column and the
weights did not show any tailing.

1
2
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5
6
7
8
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0
5
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Product
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152.6
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Figure 9. Tailing fractions of 1,3,5 tri-tert-butylbenzene (11)
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1.2.6 Experiment to Analyze Tailing
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A solution of 0.25 M isobutylamine (7) in DCM was made and run through the column (0.54
mmol/g) (1) at a flow rate of 500 µL/min for 7 minutes. This was followed by DCM. Once the
start of the peak was seen on the UV detector, twelve fractions of the product were collected into
tared vials, each for 5 minute intervals. The fractions were dried by vacuum. Analysis was done
by taking the weight of each of the aliquots, summarized below in the table. A NMR was taken
of aliquot #12.
By weight, the amide was seen to tail off the column compared to the 1,3,5 tri-tert-butylbenzene
(11). Also, although the UV trace was negative when the aliquot of vial #12 was flowing through
the detector, a NMR confirmed that there was still product washing off the column.
Vial Collection Product
Started
(mg)
(min)
1
0
18.2
2

5

48.9

3

10

11.3

4

15

2.0

5

20

1.3

6

25

0.9

7

30

0.9

8

35

0.7

Product
(mg)

9

Collection
Started
(min)
40

10

45

0.6

11

50

0.5

12

55

0.5

Vial

0.7

1.2.7 Detecting Salt Formation and Interaction of Base

In three vials, 0.5 mmol of TFP-MP resin (0.54 mmol/g) was weighed out in each. 10 mL of
DCM was added to each, followed by 0.1 mmol of each amine, one in each vial. The mixture
was allowed to react for 1.5 h on a shaker. The mixture was then filtered through filter paper into
a tared roundbottom flask. The resin was then washed with 0.1 M diisopropylethylamine (DIEA)
in DCM and the wash was collected in another tared vial. This was done to the other two vials as
well. All the vials were dried in the Genevac, weighed, and then a NMR was taken of each.
Product
Phenethylamine (12)

N-methylphenethylamine (13)

3-(aminomethyl)-pyridine (14)

Yield after DCM
wash (dried again)
10.4 mg
0.05 mmol
(86%)
11.7 mg
0.05 mmol
(89%)
19.2 mg
0.09 mmol
(177%)

Yield after 0.1 M
DIEA in DCM wash
1.8 mg
0.008 mmol
(15%)
1.0 mg
0.004 mmol
(7%)
1.9 mg
0.009 mmol
(17.5 %)
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1.2.8 Multiple Amide Synthesis Consecutively in Flow: Method Optimization

2

Solutions of each amine were made with 0.01 mmol of the amine and 125 µL of DCM and 0.01
mmol (1.74 µL) of DIEA. The column (0.54 mmol/g) (1) was purged with DCM for 15 minutes
at a flow rate of 1 mL/min and then with 0.1 M DIEA in DCM for 2 minutes at a flow rate of 1
mL/min. Then 125 µL of phenethylamine (12) was injected at 1 mL/min, followed by 0.1 M
DIEA in DCM, and an aliquot of approximately 10 mL was collected 3.5 minutes after it was
injected. The column was then purged for approximately 15 minutes at 1 mL/min with 0.1 M
DIEA in DCM. Then the 125 µL of benzylamine (15) was injected at 1 mL/min, followed by 0.1
M DIEA in DCM. Again an aliquot of approximately 10 mL was taken 3.5 minutes after it was
injected. The column was then flushed with DCM. The aliquots were then dried down in the
Genevac, then were weighed, and NMR spectra was taken of each.
Compound 17 was isolated with a yield of 11 mg (20%, 0.05 mmol) and compound 16
was isolated with a yield of 8 mg (25%, 0.04 mmol). NMR spectra showed no unreacted amines
and no contamination from the previous product. There was a lot of residual base and some
unknown peaks.

32
2

1.2.9 Multiple Amide Synthesis Consecutively in Flow: 20 Member Library
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Solutions of each amine were made with 0.3 mmol of the amine and 3000 µL of DMSO and 0.3
mmol of DIEA. The column was purged with 0.1 M DIEA in DMSO for 15 minutes at a flow
rate of 1 mL/min. The amines were injected automatically at the same flow rate. The amines
were collected for 7.4 minutes into tared vials 2.5 minutes after injection and the volume in
between slugs was 10mL. Throughout the whole run, the solvent was 0.1 M DIEA in DMSO.
After the amines were collected, they were put in the Genevac to dry. They were then weighed
and NMR spectra were taken of each vial.
The yields of the products are listed in the table below. Only 6 amides had a yield < 50%.
The lower yielding amines displayed a trend where the yields were lower towards the end of the
run, except aniline. Carryover is less that 5% in all of the products. The only problem is that
DIEA can be seen in the NMRs, but if the products were dried longer in the Genevac, the DIEA
should be eliminated.
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#

Structure

Actual
Yield
(mg)

Yield by
weight(%)

Yield
of Purity by
NMR (%)

18

Theoreti
cal
Yield
(mg)
2.61

2.6

100

90

19

2.60

2.5

96

89

20

2.79

2.8

100

92

21

2.47

2.0

81

74

1.93

0.3

16

5

23

2.37

2.7

114

98

24

2.15

2.1

98

86

25

2.25

2.2

98

96

2.78

2.8

101

92

22
H
N
O
O

26

O

NH

N

34
27

2.32

2.3

99

85

28

1.97

0.5

25

10

29

2.12

2.3

108

96

30

2.12

2.3

108

94

31

2.12

2.3

108

97

32

2.55

1.9

74

65

16

2.25

1.3

58

45

33

2.55

1.0

39

22

34

2.78

2.5

90

85

35

1.91

0.6

31

15

36

1.91

0.3

16

8

21 1H NMR (500 MHz, CDCl3) δ 4.61 (s, 2H), 6.89 (s, 3H), 7.41-7.58 (m, 3H), 7.82 (d, 2H, J =
7.0 Hz).
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1.2.10 Multiple Amide Synthesis Consecutively in Flow: 10 Member Library
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The same procedure as listed above was followed.
Yield – All the yields are high. Only one, the last, amide had a yield < 50%. The trend was again
seen that the yields lowered throughout the run.

#

Structure

Theoretical
Yield (mg)

18

2.61

Actual
Yield
(mg)
2.3

19

2.60

2.7

104

95

20

2.79

2.6

93

87

21

2.47

2.0

81

74

29

2.12

2.1

99

93

Yield by
weight (%)
88

Yield of
Purity by
NMR (%)
79

36
30

2.12

2.4

113

91

31

2.12

2.2

104

91

32

2.55

1.9

74

68

16

2.25

1.7

75

64

33

2.55

1.2

47

35
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CONCLUSIONS
1.3.0
In the end, the largest library that was synthesized using the in-line flow method was a
twenty member amide library. These products all were synthesized in DMSO, which provided an
easy route straight to assay, since compounds are introduced into most biological assays as
DMSO solutions. Our column was recoupled over 36 times with the same efficiency as the first
time it was coupled and was constantly quality control tested. The regeneration of the column
provided a quick turnover between library syntheses. In addition, to provide a scope of this
method, with 1 mmol of TFP-MP resin and injecting 0.01 mmol of each amine, it has become
possible to synthesize 100 compounds per column per coupling. This method can easily be
adapted to synthesize many libraries of different compounds. It provides a straightforward
automated route, which can greatly increase the efficiency of library synthesis.
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Chapter 2
INTRODUCTION
2.0.1 Positron Emission Tomography
Positron Emission Tomography (PET) is an in vivo imaging technique with excellent
sensitivity and quantitation capabilities. The scans produce a 3-dimensional real time image of
the body. The system works by detecting gamma emissions from radionuclides. These
radionuclides are introduced into the body on biologically active molecules that show the
movement of these molecules through the body.8 One of the most common biologically active
molecules that used for PET imaging is fluorodeoxyglucose (FDG), which is an analog of
glucose. The concentration of this tracer in tissues is then quantified and subsequently shows
regional glucose uptake.9 Other biological molecules can be labeled and used for PET imaging to
image different in vivo systems.10
The imaging actually occurs in the living subject as the radionuclide undergoes beta
decay and emits a positron. This positron is then annihilated when it collides with an election,
producing a pair of gamma photons that travel in opposite directions. These are simultaneously
detected by the instrument, which can determine the location of the radionuclide by extrapolating
the center of the line the gamma photons traveled.8
PET scans are now often used in tandem with computed tomography (CT) and magnetic
resonance imaging (MRI) imaging techniques. By using these techniques in combination, a 4dimensional image can be constructed, where the fourth dimension is time, thus PET imaging is
a very valuable technique for imaging various diseases and disorders not only to diagnose them,
but to also determine the stage that the disease is in and if treatments are being successful.8
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2.0.2 Fluorine Tethering
Fluorine is one of the more readily available and versatile radionuclides. As mentioned
previously, the most common use of PET imaging uses the biological molecule FDG, which is
radiolabeled with 18F.10 As PET imaging evolves, so must the biologically active molecules used
for scanning. With a half life of 110 minutes, which is the longest of all the routinely available
positron emitters, the difficulty of working against the clock is eased somewhat. This is not the
only advantage of using

18

F as a radionuclide. In contrast to other positron emitters, 18F decays

are not associated with abundantly high energy gamma emissions, which can lead to image
degradation.11 A significant issue with using 18F is that it is not possible to rapidly and directly
fluorinate such biologically sensitive molecules as proteins or peptides. However, such
molecules are well-suited for PET imaging, because they are not rapidly expelled from the body
and their use images real, in vivo interactions. These molecules cannot be radiolabeled rapidly
and directly, firstly, because they do not have a leaving group that could be displaced rapidly by
fluoride anion under conditions that these biomolecules can tolerate. Under forcing conditions,
these biologically sensitive molecules would degrade or become inactive.12,13
Since proteins and peptides cannot be rapidly and fluorinated directly, a linker must be
used. These must be chosen carefully, as to not complicate the imaging. First, the ligand cannot
take a long time to be synthesized or take a long time to react with the molecule that is being
radiolabeled. It also cannot take multiple synthetic steps to synthesize this ligand, because of the
half life of 18F precludes such long processes. A second qualification of a ligand is that it cannot
change the in vivo properties of the molecule that is being radiolabeled. This can lead to imaging
off target binding or excretion of the molecule before imaging can occur. The final qualification
for a ligand is that the reaction conditions needed to couple the linked radiolabel cannot be harsh.
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Just as with the direct fluorination, harsh reaction conditions could inactivate or destroy these
molecules.
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2.0.3 N-succinimidyl 4-fluorobenzoate

Figure 10. N-succidinimidyl 4-fluorobenzoate (40)
N-succinimidyl 4-fluorobenzoate was chosen as the ligand to radiolabel the chosen
biologically sensitive molecules. This ligand looked very ideal in the pursuit to label these
molecules firstly because it is small, and therefore is less likely to change the in vivo behavior of
the molecule. This linker is also ideal in the fact that it quickly reacts with any molecule with a
free amine moiety because it has a very good leaving group, the N-hydroxy succinimidyl group.
Not only this, but these coupling reactions take place in mildly basic solutions, such as phosphate
buffer solution (PBS), where proteins, peptides, and other biologically sensitive molecules are
very stable. This molecule is also ideal because it can be synthesized in a very rapid and easy
manner, with both hot and cold fluorine.14,15
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DISCUSSION AND RESULTS
2.1.0
At the start of this project, the N-succinimidyl 4-fluorobenzoate (40) was not used as the
ligand for the

18

F radionuclide. A method was being developed for using 4-fluorobenzaldehyde

with an additional linker (Figure 11).13,19-20 As this method was being optimized, it proved not to
be successful in providing an easier route to synthesizing radiolabeled proteins and peptides. But
through this method optimization, much was learned about what was needed in finding the right
method that would fulfill the goals of this project.

Figure 11. Aminooxy-imine tether
For example, it was determined that the amine protecting group of tert-butyloxycarbonyl
(Boc) could not be used at all when the reagents are tethered to the resin. Acid can cleave the
reagent from the resin, which also effects deprotection of the Boc group.17 This greatly
compromised all the yields during the synthetic process and, therefore, needed to be changed or
eliminated. Since other problems existed with the linker, such as the length, the thought of
looking into another a ligand that did not need the use of a linker was suggested.
As the ligand of N-succinimidyl 4-fluorobenzoate was chosen, a protecting group
strategy was needed. Since it was known that the Boc protecting group could not be used, Fmoc
was explored because this protecting group is cleaved by base, which was favorable towards this
method.17,21 The protection reaction is performed in ether, which does not dissolve the peptide,
so additional water must be added. Problems arose, firstly, when abundant water was added, as
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even with vigorous stirring was unable to mix the two solvent layers sufficiently. Also, if
insufficient water was added, little to no protection was achieved.16 Using the method described
here for the protection reaction, peptides were protected at various yields. DL-leucine-glycineglycine for instance, reacted very differently versus glycine-glycine-glycine, where the degree of
discrepancy is surprising for the fact that an alkyl chain is the only substituent difference
between these peptides. The tri-glycine peptide never fully dissolved in the reaction conditions as
the other peptide did, and 50% conversion could only be achieved, whereas with the other
peptide, ~50% conversion could be readily achieved. Optimization of this method is discussed in
the future work of this thesis.
Although Wang resin, which was chosen for this project, differed from the previous flow
project, the same coupling reaction could be used.22 Wang resin has been readily found in solid
phase synthesis of proteins and peptides.23 When exploring a coupling reaction, the coupling
conditions from the amide library project were seen as ideal because the conditions are not harsh,
therefore, a peptide would be stable in them. Optimization and QC was performed in order to
assure that the coupling reaction worked just as efficiently with the new reagents.22
In literature, N-succinimidyl 4-fluorobenzoate has been known to easily react in basic
solutions, such as phosphate buffer solution (PBS) or in organic solvent with an added base.14,15
PBS is known to stabilize proteins and peptides so this was seen as the obvious first choice as a
solvent for this coupling reaction. Unfortunately, this was not the most ideal solvent for the resin.
The reaction was impeded by the resin clumping up and floating in the solvent, even with a
vigorous stir. With the resin clumping up in the solvent, the reagent tethered to the resin is
impervious to the ligand in the PBS. Therefore, there was little, if any product formed.
Since the resin has been observed to react better in organic solvents, the next choice in
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solvent was an organic solvent with an added base. The first solvent chosen was
dichloromethane (DCM) with diisopropylethylamine (DIEA) as the added base. This reaction
was allowed to go overnight at room temperature. Although product was observed in the NMR
spectra, the reaction did not go to completion and the product was not pure. To improve yields
and purity, another polar aprotic solvent, dimethylformamide (DMF) was chosen as the next
solvent for possible optimization of this step.24 To the DMF, DIEA was added as well and was
allowed to stir at room temperature. The reaction seemed to stall at the same point that the
reaction in DCM did, so the reaction was warmed to 50°C to obtain more conversion. After 5
more hours, the reaction looked like it stalled again, so more base was added to the solvent and
the reaction was allowed to go overnight. After this reaction, followed by the cleavage reaction,
the pure product was found with residual DMF.
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METHODS
2.2.1 Objective
The objective of this project was to radiolabel proteins, peptides, and other biologically
sensitive molecules with 18F, using N-succinimidyl 4-fluorobenzoate as a coupling ligand, since
it is not possible to directly and rapidly fluorinate these molecules. When synthesizing these
molecules with radioactive 18F, the half life of the radionuclide must be kept in mind. Because of
this, the synthesis of these molecules is limited to a few steps, with no need for a final
purification step. This is the reason it was decided to tether our analyte molecule on a resin and
then couple the linker to the molecule as it is tethered, so that there was a possibility of washing
away any contaminants or side products. This improves the likelihood of synthesizing pure
products. During this project, Wang resin was used because forms ester bonds with the molecule
and it is well-precendented for its use in protein synthesis.25 Scheme 2 illustrates the multi-step
synthesis used to radiolabel the proteins. The protein (34) is first protected with Fmoc-Cl (35)
and is then tethered onto the Wang resin (37). It is subsequently deprotected and then coupled
with the linker (40). Lastly, the molecule is cleaved off of the resin. All of these experiments
were done with cold fluorine to develop on the methodology.
The resin was purchased from Fisher scientific. All the other reagents were purchased
from Sigma Aldrich, including the tripeptides. The 1H NMR were recorded on a 500 MHz
Varian instrument and are reported in ppm down field relative to tetramethylsilane as an internal
standard. TLC analyses were carried out on general-purpose silica gel on polyester TLC plates
and were visualized under UV.
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2.2.2 Radiolabeling Synthetic Scheme
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Scheme 2. Synthesis of 18F-radiolabeled proteins
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2.2.3 Fmoc Protection

16

The peptide (1 mmol) (34) was put in a 25 mL roundbottom flask with 7 mL ether. Then at 0°C,
fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) (0.27 g, 1 mmol, 1 eq) (35) in 4 mL ether was
added to the flask. This mixture was stirred at 0°C for 5 minutes and then 2 mL of deionized
water was added. This was stirred at 0°C for 20 minutes. The reaction warmed to room
temperature and stirred at room temperature overnight. The reaction was then evaporated to
dryness and compound 36 was isolated.
Fmoc-DL-Leu-Gly-Gly-OH (36a)26 was isolated in 99% yield (0.456 g, 0.98 mmol) with a purity
of 50% by NMR, but the crude product was taken onto the next step.
Fmoc-Gly-Gly-Gly-OH (36b)27 was isolated in 150% yield (0.611 g, 1.49 mmol) with a purity of
50% by NMR, but the crude product was taken onto the next step.
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2.2.4 Wang Resin Coupling

2

The Wang resin (1.5 g, 0.5-1.3 mmol/g) (37) was placed in a 250 mL roundbottom flask with
100 mL of 4:1 DCM/DMF, the Fmoc-protected peptide (1 mmol) (36), and DMAP (0.223g,
0.6eq, 1.0 mmol). This mixture was stirred for 15 minutes at room temperature, then DCC
(2.12g, 4.5eq, 10 mmol) was added. This reaction stirred overnight at room temperature. The
resin was then filtered and washed with 4:1 DCM/DMF, DMF, DCM. The reaction solution and
wash were monitored by TLC and no Fmoc peptide was observed in either reaction, meaning the
Fmoc-protected protein was linked to the resin (38).
This reaction was performed with with Fmoc-DL-Leu-Gly-Gly-OH (36a) and Fmoc-Gly-GlyGly-OH (36b), and Fmoc-L-Ala-OH (Commercially available, 36c).
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2.2.5 Fmoc Deprotection
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The resin tethered product (1.5 g, 0.5-1.3 mmol/g) (38) was placed in a 100 mL roundbottom
flask with 30 mL of 20% piperidine in DMF. This was stirred overnight at room temperature.
The reaction was filtered and the resin bound product was washed with DMF, DCM, deionized
water, and DCM. When the reaction and wash were analyzed by TLC, the Fmoc cleavage
product was observed in both, which demonstrates the cleavage of the protecting group from
resin-tethered product (39).
This reaction was done with Fmoc-DL-Leu-Gly-Gly, Fmoc-Gly-Gly-Gly, and commercially
available Fmoc-L-Ala.
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2.2.6 Synthesis of N-succinimidyl 4-fluorobenzoate

To a 250 mL roundbottom flask was added 4-fluorobenzoic acid (1.12 g, 8.2 mmol) (43) and
N,N-disuccinimidyl carbonate (DSC) (2.5 g, 1.1 eq, 9.8 mmol) (44) under argon. Then dried
acetonitrile (45 mL) and triethylamine (3.2 mL, 3eq, 23.0 mmol) were added. The solution was
stirred at 80°C for 2.5 hours. The reaction was concentrated and diluted with ethyl acetate (200
mL). This was washed twice with saturated sodium bicarbonate. The aqueous layers were backextracted with ethyl acetate. The combined organic layers were washed with brine, dried with
magnesium sulfate, and then the solvent was evaporated. The residue was purified on silica gel
with 70% hexanes/ethyl acetate. After evaporation, compound 40 was obtained in 56% yield
(1.08 g, 4.6 mmol), pure white crystals (mp = 111°C). 1H NMR (500 MHz, DMSO) δ 2.91 (s,
4H), 7.20 (t, 2H, J = 11.5 Hz), 8.17 (d(d), 2H, J = 9.0, 5.0 Hz).
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2.2.7 Fluorine Tethering
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The resin tethered product (1.5 g, 0.5-1.3 mmol/g) (39) was placed in a 100 mL roundbottom
with N-succinimidyl 4-fluorobenzoate (0.5g, 2mmol) (40) in DMF (40 mL) and DIEA (2 mL, 11
mmol). After stirring the reaction for an hour at room temperature, the reaction was heated to
50°C for 5 hours. At this point, DIEA (1 mL, 5.5mmol) was added and the reaction stirred
overnight. The resin was then filtered and washed by stirring the resin with DMF, DCM, water,
and DCM separately.
This reaction was done with DL-Leu-Gly-Gly, Gly-Gly-Gly, and L-Ala, all tethered to Wang
resin.
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2.2.8 Resin Cleavage

The resin tethered reagent (1.5g, 0.5-1.3 mmol/g) was placed in a 100 mL roundbottom flask
with 1:1 TFA:DCM (40 mL). This reaction was stirred at room temperature overnight. The resin
was then filtered and washed sequentially with DCM, methanol, ethyl acetate, and DCM. The
washes were collected in a roundbottom flask and the solvent was evaporated.
No product was collected with Gly-Gly-Gly.
With DL-Leu-Gly-Gly, 50% (0.171 g, 0.47 mmol) was isolated. The NMR spectra was very dirty
and showed <5% product.
With L-Ala, 70% (0.200 g, 0.95 mmol) was isolated. The NMR does include excess DMF and
some excess peaks, product purity is 60%.
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FUTURE WORK
2.3.0
Through all the research, the methods found for this project were not fully optimized for
the specific goals of this project. Although proof-of-concept was achieved, by being able to
fluorinate the amino acid alanine with the N-succinimidyl 4-fluorobenzoate ligand, most of the
steps of the synthesis could be optimized further to make the synthesis more efficient.
Within the first protection step, the first optimization that could be explored is the
solvent. By observing the difference in the two tri-peptides in these reaction conditions, one can
hypothesize how a more complex protein or peptide would react. Most of these conditions would
have to include some kind of aqueous or two phase system, though a two phase system would be
most ideal because of the work-up afterwards. The possibility of exploring another Fmoc
precursor could be explored as well.
Neither the resin coupling nor the deprotection steps needed further optimization. The
only aspect that may be explored in the resin coupling step would be the use of DIC instead of
DCC. Since DIC forms a more soluble urea and therefore can be washed away with ease, thus
reducing contamination of the products.2
As previously mentioned, the coupling of the N-succinimidyl 4-fluorobenzoate ligand
and the peptide could be optimized further. The reaction was optimized with the use of solvent,
but the possibility of further optimization with another solvent could be explored. This could be
performed in tandem with probing optimization with the use of a different base. Since base
needed to be added twice in the experiment in which the best yield was obtained, the possibility
of using more of the base upfront or even using a stronger base may provide better results. With
a stronger base, though, side reactions may result. Also, to translate this procedure to hot
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radiosynthesis, the method must be optimized to provide improved yields, and more rapidly, in
order to ensure enough of the half life of the radionuclide for imaging. This goal can be explored
with the use of the microwave. Instead of heating the product conventionally at 50°C overnight,
the idea of quickly heating the reaction with the microwave can be explored. Also, many
microwaves have a simultaneous cooling system. Therefore when the microwave irradiates the
reaction, it simultaneously cools the reactions, so that it does not reach exorbitant temperatures
and cause the peptides to decompose or to become inactive.
The wash systems of each step needs to be optimized. Since the goal is to provide pure
products, the wash systems need to wash away any side products, unreacted reagents, and any
other contaminants. Throughout the various synthetic steps various reagents are used, which then
can lead to various contaminants. Therefore, a thorough wash protocol must be devised, that
would fully wash the resin and product after each step. If one cannot be devised, the use of
scavenger columns could also be implemented. These columns are filled with tethered reagents
that scavenge different classes of contaminants from the products. Multiple different scavengers
could also be used in tandem, to scavenge multiple contaminants. The use of these columns can
be very helpful as a last resort to clean up the product.
After the method is optimized, a future project would be to radiolabel more complex
proteins with the use of this method. When radiolabeling these proteins, the method can be
examined to see if selective fluorination is possible. Proteins that have amino acids such as
arginine, lysine, glutamine, etc. have at least two amino groups present; the one the N-terminus
and one on the amino acid side chain. These amino groups have different pKa values, therefore
we can explore if our ligand selectively reacts with one amino group over the other based on the
pKa values, the solvent, and the base used.24,28
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Lastly, the method could be used in radiolabeling proteins of interest with the use of hot
18

F. This method would ideally allow us to radiolabel proteins that were previously unable to be

radiolabeled with
proteins.29

18

F, and furthermore could perform in vivo imaging studies with these
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