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ABSTRACT: We report the development of a one-pot synthesis of 2-fluoroadenine from an inexpensive 2,6-diaminopurine
starting material using diazonium chemistry in a continuous fashion. Given the sensitivity of this transformation to temperature,
we conducted critical experiments to study the exothermicity of the reaction and the heat removal, which were critical for the
development of the process. Our goal was to improve the yield and purity of this pharmaceutical intermediate (2-fluoroadenine)
and develop a more robust process.
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■ INTRODUCTION

The selective introduction of a fluorine atom in biologically
active molecules, especially in nucleosides for interrupting
cancer cell or viral replication, has received significant attention
in recent years.1 The main driver for the incorporation of
fluorine is the similarity in size of fluorine and hydrogen atoms
and the higher biological and chemical stability of organo-
fluorine compounds.1a,2 The interest in 2-fluoroadenine
nucleosides is increasing, with cytotoxic 2-fluoroadenosine
and modified sugar analogues demonstrating resistance toward
deamination by the catabolic enzyme adenosine deaminase and
thus longer lifetimes in vivo.3 Many efficient synthetic
methodologies have been reported for the formation of sp2

C−F bonds, though many require a directing group, such as a
weak amide, or have a limited substrate scope.4 Many of the
more efficient approaches have not been applied to the
synthesis of 2-fluoroadenine because of the high polarity and
lack of solubility of this compound in most organic solvents.
The existing methods are lengthy, require protecting group
manipulations, or employ expensive starting materials. They
also suffer from low overall yield or require the use of
chromatographic purification because of low selectivity.5 The
most commonly reported approach for the synthesis of 2-
fluoroadenine is the nucleophilic fluorination of aryl diazonium
salts in tetrafluoroboric acid (the Balz−Schiemann reaction).6

However, the reactivity of this polar compound necessitates
the use of aqueous conditions because of its low solubility in
organic solvents, and the fluorination step has been shown to
be very challenging under these conditions with low yields,
mainly because of competition between fluorine addition and
formation of the appropriate HO-purine as a byproduct.7 To
avoid the use of water, HF/Pyridine has been shown to be an
effective fluorinating reagent.8 Moderate yields reported for the
synthesis of 2-fluoroadenine and scale-up challenges we
encountered with the use of HF/Pyridine in batch mode

encouraged us to explore the use of continuous flow processing
for this transformation.8c

Continuous flow systems are gaining popularity for the
synthesis of pharmaceutical ingredients and intermediates.9

Importantly, improved control of reaction parameters such as
heat and mass transfer, mixing, and residence time are some of
the benefits arising from continuous flow compared with
related batch processes, and these advantages can often lead to
improved process safety and robustness.10 Herein we present
the synthesis of 2-fluoroadenine in continuous flow, where a
thorough understanding of heat transfer and several rounds of
optimization led to an efficient synthesis in high yield with high
selectivity.

■ RESULTS AND DISCUSSION
Part 1: Reaction Optimization and Understanding of

Batch Operation. The initial exploration of the reaction in
batch mode focused on screening of temperature, nitrite
sources/equivalents, solvents, acid sources, and fluorine
sources. The starting material, 2,6-diaminopurine (1a), is
sparingly soluble (less than 2 mg/mL) in most organic
solvents, with a maximum room-temperature solubility of only
17 mg/mL in N,N-dimethylacetamide (DMAc). Most of the
conditions screened led to low reactivity. The highest
conversions were found in aqueous environments. However,
these conditions resulted in low yields due to trapping of the
diazonium salt intermediate with water (see Table S1 in the
Supporting Information (SI)). After several rounds of
optimization, we found that the highest yields and conversions
could be achieved using tert-butyl nitrite (tBuONO) in neat
hydrogen fluoride pyridine solution (HF/Pyridine). Further
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optimization led to the reaction conditions shown in Table 1
(see Table S2 for more details). Selectivity for the reaction of
the amine at the 2-position in preference to the 6-position was
observed; however, overfluorination was observed in some
cases. In our initial optimization, we observed variability in
conversion when the reaction scale was increased in batch
(Table 1, entries 1 and 2). The conversion dropped
significantly, with 5−12% of 1a remaining unreacted with the
same nitrite addition time (8 min) when the scale was changed
from 800 mg to 4 g. This was explained by the temperature
that was measured inside the reaction vessel, which reached 35
°C. We discovered that both the conversion and the
percentage of overfluorinated impurity 2b can be impacted
significantly by the temperature and the rate of nitrite addition.
Although the overfluorinated impurity 2b could be easily
removed during isolation (precipitation of the reaction stream
with EtOAc), the reaction yield was directly impacted by
higher amounts of this impurity. Achieving a purity of more
than 98% was essential for our process, and our goal was to
develop a robust crystallization and to avoid chromatographic
purification. We were successful in this goal and discovered a
crystallization method that was optimized to improve the
purity of 2-fluoroadenine to more than 98% (see the SI). It was
found that complete rejection of starting material 1a during
this crystallization was difficult at conversions lower than 95%,
and residual 2,6-diaminopurine was the main impurity after
our crystallization process. As a result, the reaction was
optimized to target complete conversion while simultaneously
minimizing impurity 2b, as shown in Table 1, entries 3−6. We
found that the headspace pressure did not affect the
conversion, but we observed an increase in overfluorinated

byproduct when the pressure was reduced from 350 to 50 psi
(entries 3−5).
The high sensitivity of the reaction to temperature was

explained by the short half-life of tBuONO in HF/Pyridine at
higher temperatures. Subsequent investigation led to the
realization that the reaction is rapid, highly exothermic, and
sensitive to temperature rise. The active species to form
diazonium salts, NOF, which was observed in situ by Raman
spectroscopy at ∼2340 cm−1, was very unstable above ambient
temperatures and found to decompose within 1 h of incubation
(see the SI).11 Therefore, the longer incubation of tBuONO in
HF/Pyridine (liquid or vapor in the headspace) resulted in
higher levels of this decomposition and lower conversion. This
hypothesis was confirmed by a premixing experiment in both
temperature-controlled and temperature-uncontrolled experi-
ments (Figure S4 in the SI), in which the degradation of
tBuONO was faster at higher temperature. The lack of
robustness toward minor changes in the process led us to
explore the use of a continuous flow system to ensure better
heat transfer and ultimately achieve a more robust process.

Part 2: Reaction Optimization in Flow Operation.12

The study of the reaction in continuous flow was performed in
the reactor setup shown in Figure 1. A solution of 1a in HF/
Pyridine was prepared and loaded into a stainless steel (SS)
syringe, and neat tBuONO was loaded into a second SS
syringe. Solutions were pumped with a syringe pump at a total
flow rate of 0.2 mL/min. Perfluoroalkoxyalkane (PFA)
precooling loops (0.063″ o.d., 0.03″ i.d.), constructed to give
1 min of precooling residence time (tR), were made for each
stream and joined by a PEEK tee mixer (0.02″ i.d.). The length
of the PFA flow reactor loop (0.063″ o.d., 0.03″ i.d.) was
varied to adjust the tR for kinetic analysis. Pressure was

Table 1. Optimization of the Synthesis of 2-Fluoroadenine (2a) in Batch Operation

entry condition scale (g) Tj or Tr
a presssure (psi) addition time (min) conv. (%) 2a (%) 2b (%) yield (%)

1 A 0.8 Tj = 0 °C − 8 99.6 88.5 8.8 −
2 A 4.0 Tj = 0 °C − 8 78.1 62.1 0.8 −
3b A 4.0 Tr = 0 °C 40−350 45 97.7 90.0 3.5 74
4b A 4.0 Tr = 0 °C 40−45 45 96.7 85.5 3.7 68
5b A 4.0 Tr = 0 °C 0.5 45 97.1 88.2 4.0 69
6b,c B 10.0 Tr = −5 °C 0.5 25 99.2 82.4 13.8 72

aTj is the jacket temperature, and Tr is the temperature inside the reaction vessel. A discussion of safety issues associated with handling HF/
Pyridine and how to minimize them is provided in the Supporting Information. bA Multimax/Easymax system was used for Tr control.

c1.1 equiv of
nitrite was used after rounds of optimization.

Figure 1. Lab-scale flow reactor setup.
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controlled with a 100−250 psi back-pressure regulator (BPR).
The precooling loops, reactor, and BPR were cooled to 0 °C in
an ice bath.
The initial results with a flow rate of 0.2 mL/min in a plug

flow reactor were encouraging, giving slight improvements to
the product distribution (Table 2). More in-depth examination

of the amount of tBuONO, the residence time, and the
temperature demonstrated an ability to tune the conversion by
varying the amount of oxidant. A higher amount of oxidant
(1.47 equiv, entry 1) resulted in overfluorination (15.7%) and
a loss in yield. Reducing the amount of tBuONO to 1.16 equiv
led to low conversion (94%, entry 2), and extending the
residence time for longer aging did not improve the
conversion. Finally, we found the optimal amount of tBuONO
to be 1.31 equiv (entries 3−5). The appropriate tR was
determined in a semicontinuous fashion where the flow reactor
effluent was collected and analyzed for reaction conversion at
various time points with agitation at 0 °C. We discovered that
the reaction approaches 80% conversion very quickly, within 1
min upon mixing, but that the reaction requires 20 min to
achieve the targeted conversion. Repeating the flow experiment
with 1.31 equiv of tBuONO at 0 °C with a residence time of
20 min provided 97.1% conversion with a high selectivity of
93.9% (Table 2, entry 5). More details on high-throughput
screening of different variables are discussed in the SI.
Substituting PFA tubing for stainless steel led to improved
temperature control and slight improvements in the product
profile (see the SI). However, for simplicity of operation,
transparency, and monitoring inside the flow reactors, PFA
tubing was utilized for all the optimizations and scale-ups in
the next sections.
The reaction was then scaled up from 0.2 to 2 mL/min with

the best conditions from the initial optimization. While the
temperature, pressure, amount of tBuONO, and residence time
were held constant at 0 °C, 100 psi, 1.31 equiv, and 20 min,

respectively, the tubing size was changed from 0.03″ i.d. to
0.063″ i.d.. This led to higher levels of overfluorinated impurity
2b and a drop in 2-fluoroadenine (2a) from 93.9% to 86.9%
(Table 3, entries 2 and 3). Examination of the system revealed
that the result was likely caused by an internal temperature rise
of the reaction solution due to poor heat transfer in the wider-
bore tubing. This hypothesis was tested at low flow rates by
increasing the reactor temperature from 0 °C to ambient
temperature while maintaining the precooling loop temper-
atures at 0 °C (entries 1 and 2), which showed the same trend
with lower conversion (93.5%) and higher formation of
overfluorinated impurity 2b (8.9%). Next, we reduced the
temperature of reactor L3 from 0 to −8 °C at a flow rate of 2
mL/min. Decreasing the L3 temperature helped deliver higher
reactivity and selectivity (98.7 conversion, 92.0% 2a), as shown
in Table 3, entries 3−5. Lowering the temperature below −8
°C led to freezing of the tBuONO stream and clogging. We
realized that the temperature and tube diameter in reactor L3
were more important than the precooling temperatures in L1
and L2. Using narrower tubing (0.032″ i.d.) for the precooling
loops L1 and L2 at a flow rate of 2 mL/min did not result in a
significant improvement in the selectivity (entry 6). Similarly,
when we used −5 °C for the precooling tubes and 0 °C for
reactor L3, we did not observe significant improvement
(entries 3 and 7). The next step in finding a way to reproduce
our best results at the 0.2 mL/min scale (Table 3, entry 2) at
higher flow rates was to better understand the root cause of
this temperature dependence by measuring the temperature
rise inside the tube at different scales.

Part 3: Understanding the Reaction Exotherm and Its
Impact on Selectivity in Flow Operation. We first
investigated the reaction exotherm and kinetics (see the SI).
Because of the hazardous, corrosive nature of the reaction and
the lack of equipment compatibility with HF/Pyridine, heats of
reaction for mono- and difluorination were estimated using
computational chemistry models. Those models indicated that
both transformations are exothermic, with the first fluorination
(−58.9 kcal/mol) being more exothermic than the second
fluorination (−50.1 kcal/mol) by 8.8 kcal/mol. The rate of the
first fluorination at position 2 was compared with the rate of
the second fluorination at position 6 by stepwise addition of
tBuONO (see the SI). We observed fluorination only at
position 6 when starting from 2-fluoroadenine, which also
proceeded at a much lower rate.
The adiabatic temperature rise was estimated to be between

45 and 60 °C, with the reaction reaching ∼80% completion
within 1 min. With so much heat released in a short period of
time, it was not surprising that overfluorination presented an
issue. Additionally, the temperature rise could not only
accelerate the decomposition of the active species (nitrosyl

Table 2. Initial Optimization of the Flow Process (0.2 mL/
min)a

entry
equiv of
tBuONO

L3 tR
(min)

T
(°C)

pressure
(psi)

conv.
(%)

2a
(%)

2b
(%)

1 1.47 5.0 0 100 97.9 77.9 15.7
2 1.16 20.0 0 100 94.0 90.0 2.7
3 1.31 7.5 0 100 96.6 91.9 0.5
4 1.31 7.5 0 250 96.9 86.5 6.8
5 1.31 20.0 0 100 97.1 93.9 0.7
6 1.35 20.0 0 100 97.8 91.4 4.2

aFlow optimizations on a small scale (0.2 mL/min). A residence time
(tR) of 1 min was used for L1 and L2 for all entries at 0 °C (all used a
0.02″ i.d. tee mixer).

Table 3. Flow Scale-Up Challenges and Importance of Temperature

T (°C) PFA tubing i.d.

entry L1/L2 L3 flow rate (mL/min) L1/L2 L3 conv. (%) 2a (%) 2b (%)

1 0 25 0.2 0.02″ 0.02″ 93.5 79.9 8.9
2 0 0 0.2 0.02″ 0.02″ 97.1 93.9 0.7
3 0 0 2.0 0.063″ 0.063″ 97.7 86.9 7.8
4 0 −5 2.0 0.063″ 0.063″ 98.1 89.8 6.5
5 0 −8 2.0 0.063″ 0.063″ 98.7 92.0 5.6
6 0 0 2.0 0.032″ 0.063″ 97.9 89.6 6.5
7 −5 0 2.0 0.063″ 0.063″ 97.8 88.5 6.9
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fluoride), affecting the conversion and selectivity, but also
generate more safety issues with handling of the diazonium
intermediate. Diazonium moieties are known to be highly
energetic, and detonations can be readily initiated by heat and
shock, especially with solid-state diazoniums. Therefore,
diazonium species often are not isolated but instead are
directly used in further reactions. Buildup of diazonium salt
was not a concern in our system, in which desired product was
formed with no isolation of the diazonium intermediate,
because of the high electrophilicity and rapid fluorination.
Additionally, several reports have shown that the continuous
flow can be used as a tool to mitigate safety concerns related to
diazonium salts.6b,13 We utilized flow chemistry to continu-
ously prepare our transient diazonium species and directly
couple it into a subsequent consuming step with an enhanced
safety profile. Next, we performed various experiments to find
the best conditions for obtaining the best heat control.
While the large exotherm suggests that slow addition of the

nitrite may be advantageous, the short lifetime of the active
species complicates this process, and we observed decreased
conversion in our semibatch process. Subsurface feedings were
not explored, as it was expected that backflow into the feed
tube may pose a significant challenge. During our scale-up with
batch operations, we did observe low conversion and lack of
robustness when the tBuONO feeding tube was located above
the surface. This was mainly due to decomposition of the
oxidant at the tip of the dosing tube at longer dosing times
(along with solidification and freezing of the oxidant).
To obtain a reaction temperature profile for the 2 mL/min

scale reaction (Table 3), thermocouples were inserted into the
reactor tubing to measure the temperatures at various positions
(T1 to T4 in Figure 2) in the reactor loop (L3). Our goal was
to understand the temperature rise shortly after mixing (T1, 3 s
after mixing) and as the reaction stream continued through L3
(T2−T4, tR = 6, 12, and 24 s, respectively). The temperature
readings at these four locations were measured for two
experiments, one using 0.03″ i.d. tubing and another using
wider tubing (0.063″ i.d.). The difference in temperature
between the two configurations was striking. In the first system
with thinner tubing (0.03″ i.d.), the temperatures were never
observed to rise above 12 °C (3−24 s residence time). Within
3−5 s of mixing (T1), the reaction temperature rose to 10−12
°C and then quickly decreased to 4−5 °C prior to reaching T2
(tR = 6 s), and then at T4 (tR = 24 s) the reaction temperature
was close to zero. Next, we repeated the same experiment for
the second system with a larger tubing diameter (0.063″ i.d.)
and measured the temperatures at all four locations (T1−T4).
When the radial dimension was increased to 0.063″, the

maximum temperature observed was 27 °C at T1 and T2 (tR =
3−6 s). Not only was the temperature higher, it also stayed
above 0 °C for a longer period of time (15 °C at T4), which
led to decomposition of the nitrite source and eventually to
lower conversions and lower selectivity.
Table 4 shows more details on the relationship between the

maximum temperature rise, tube diameter, and tube wall

thickness. Interestingly, for our system the use of tubing with
an even narrower channel width (0.01″ i.d., 0.026″ wall
thickness) resulted in the lowest rise in temperature (1.8 °C),
but the product distribution did not improve relative to the
baseline conditions (0.032″ i.d. tubing). This suggests that the
fluorination is tolerant toward some degree of warming. Our
results show a strong dependence of the maximum temper-
ature on the tube diameter. It is also well-known that for
exothermic reactions, the rate of heat transfer is highly
dependent on three factors: (1) the rate of heat generation by
the reaction, (2) the rate of heat removal to the reactor wall
through convection or conduction, and (3) the rate of heat
removal from the reactor wall to the surroundings. Our results
suggested that heat transfer through the solution was the
limiting factor, not heat transfer across the tube wall. By going
to larger-diameter tubing, the surface area to volume ratio
decreases, so a longer time for diffusion is required and the
heat transfer is less effective. Smaller-diameter tubing increases
the surface area to volume ratio and thus increases heat
transfer. The larger the surface area to volume ratio, the smaller
is the temperature rise at a flow rate of 2 mL/min.
Several strategies were explored to improve the reaction

upon scale-up, including lowering the temperature of the
cooling bath, applying a mix-then-reside approach, and/or
multiport addition of nitrite (Table 5). It was found that when
the temperature of the cooling medium was reduced to −8 °C,
the results were similar to those observed in thinner tubing.
This further confirmed that the internal temperature was the
critical variable impacting the ability to scale, as already
demonstrated in Table 3. Running at lower temperature
provided a solution at this scale; however, the strategy might

Figure 2. Reaction temperature as a function of tube diameter and tR at a flow rate of 2 mL/min. Conditions: 1.31 equiv of tBuONO, 1a (0.67 M in
HF/Pyridine), Tj = 0 °C.

Table 4. Maximum Temperature Rise as a Function of Tube
Diameter

entry
tube

diameter
wall

thickness
surface area to volume

ratio
max T
(°C)

1 0.063″ 0.031″ 9.9 27.0
2 0.032″ 0.016″ 21.0 9.5
3 0.010″ 0.026″ 62.0 1.8
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not be applicable to further increases in the radial dimension,
especially when scaling to significantly larger diameter tubing
with thicker walls. Another challenge with this approach is that
lower temperature (below 0 °C) increases the risk of tBuONO
freezing and clogging.
Next, we looked into a mix-then-reside approach to improve

the cooling process in the tubular reactor. We examined this
idea at a 2 mL/min scale by having a first reactor coil with a
narrow diameter and stainless steel construction for improved
heat transfer and a second coil with a wider bore for increased
residence time to allow for full reaction completion (Table 5,
entries 3 and 5). Mix-then-reside was successfully employed by
constructing a first reactor segment of 1/16″ stainless steel
tubing (4 mL) that then flowed into a 1/8″ PFA reactor (16
mL). This provided efficient heat transfer in the critical early
stages of the reaction (highest temperature rise) and a greater
volume for the reaction to reach completion in a larger
diameter tubing to reduce pressure drop. While this approach

was successful at both the 2 and 10 mL/min scales, there were
concerns about the ability to scale-up this system to much
higher flow rates.
A more general approach might result from splitting the

addition of tBuONO into multiple portions to decrease the
energy released into the reaction stream at one time, and this
was tested next (Table 5). This strategy proved to be
successful for reactions run at both 2 and 10 mL/min
(Table 5, entries 4 and 6). A multiport system was constructed
with four nitrite streams using 0.063″ tubing for the reactor,
and experiments at 10 mL/min resulted in conversion and
selectivity identical to those obtained in thin tubing at 0.2 mL/
min (99.0% conversion, 90.8% selectivity). This approach is
viewed as scalable, where the number of sequential tBuONO
addition points is dependent upon the heat removal rates at
the desired reactor scale.
Further demonstrating the applicability of this concept, the

flow rate of the reaction was doubled to 20 mL/min, and
results identical to those obtained at 10 mL/min were
obtained. For improved safety, the reaction was performed
on an automated platform14 to enable hands-free operation in
a fully enclosed fume hood at higher reaction volumes (Figure
3). To this end, the syringe pump, peristaltic pump, and
sampling valve could all be controlled by computer. In this
way, the current reactor setup was deemed to have sufficient
throughput capability to meet a significant portion of potential
commercial demand as part of a small-volume program. The
overall process scheme is shown in Scheme 1. With the current
reaction setup and a flow rate of 20 mL/min, 120 g of crude 2-
fluoroadenine (2a) can be synthesized in 1 h. Next, the
collected stream mainly containing 2a and HF/Pyridine was
poured into ethyl acetate (25 volumes). The desired product
(crude) was precipitated with very small mother liquor loss,
and great rejection of overfluorinated impurity 2b and HF/
Pyridine reagent was observed. The crude solid was dissolved
in water and acetonitrile for a pH-swing crystallization using
sodium hydroxide and acetic acid in order to upgrade the
purity of 2a to more than 98% (for details, see the SI).

■ CONCLUSION

We have reported the synthesis of 2-fluoroadenine from
commercially available and inexpensive 2,6-diaminopurine
through diazonium chemistry without prefunctionalization in
one step. We found that this reaction is rapid and exothermic
and that it is the root cause of the low conversion and
selectivity when the temperature is not well-controlled. By
comparison of results obtained in batch to those obtained in
flow at different scales, it was found that it was easier to control

Figure 3. Successful scale-up to a flow rate of 20 mL/min on an
automated platform with multiport addition of tBuONO.

Table 5. Higher Flow Rates with Various Tubing Diameters
and/or Numbers of Oxidant Inlets

entry
flow rate
(mL/min)

no. of
nitrite
inlets PFA tubing i.d.

conv.
(%)

2a
(%)

2b
(%)

1 2.0 1 0.063″ 97.7 86.9 7.8
2 2.0 1 0.032″ 98.8 91.1 6.3
3 2.0 1 0.032″/0.063″ 98.2 90.6 2.9
4 2.0 2 0.032″ 98.5 91.7 5.4
5 10.0 1 0.032″/0.09″ 97.3 87.9 5.7
6 10.0 4 0.063″ 99.0 90.8 5.8

Scheme 1. Overall Process Scheme
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the heat transfer with the continuous operation. Process
improvement was established by understanding the impact of
temperature, heat transfer, and residence time for this highly
exothermic and temperature-sensitive reaction using a tubular
reactor. Consistent and scalable results were delivered while
using less tBuONO (1.31 equiv in comparison with 1.40 equiv
in batch), and improvements observed in the 2a selectivity
translated to yields that were approximately 10% higher than
the batch analogues (82.4% isolated yield). The high selectivity
for 2-fluoroadenine achieved from this process helped us
deliver material that was >98% pure with a single crystallization
and avoided lengthy chromatographic purification. We
developed a safer process to synthesize an important
intermediate for a low-dose pharmaceutical drug by both
controlling the heat formation in the reaction and using an
automated platform to avoid operator contact with the reaction
stream. This platform not only allows for automated and
continuous operation but also enables the chemists to execute
more potentially hazardous transformations in a safe and
reliable fashion. We hope that this publication will serve as a
guide to some considerations that are important when
designing a continuous process for highly exothermic reactions
toward manufacturing route development.
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