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Microflow technology is established as a modern and fashionable tool in synthetic organic chemistry,
bringing great improvement and potential, on account of a series of advantages over flask methods. The
study presented here focuses on the application of flow chemistry process in performing an efficient
multiple step syntheses of (1)-fluoxetine as an alternative to conventional synthetic methods, and one of

the few examples of total synthesis accomplished by flow technique.

Introduction

The preparation of many drugs and natural products remains
a challenge of organic chemistry in spite of the advances in
synthetic methodologies. For instance, generating a scalable
synthetic pathway often demands laborious and time-consuming
optimization studies. As a consequence, new techniques are
continuously introduced as tools for the chemist to meet the
need for rapid and flexible synthetic pathways on various scales.!
One of the newest and most innovative techniques that have
increasingly attracted attention over the recent years is microflow
technology, on account of a series of advantages over tradi-
tional flask method, of its flexibility and its amenability to
integration between chemistry and other scientific disciplines.?
Shorter diffusion distances and higher surface-to-volume ratios
compared to flask, in fact, significantly improve heat transfer
and reduce mixing times, hence hot spots are eliminated and
side-reactions are reduced considerably. Amongst other benefits,
reagent introduction techniques create a reacting mixture of con-
stant composition thus avoiding the accumulation of unreacted
reagents; reduced systems size is advantageous with respect both
to safety and economy, as small amounts of valuable catalysts
or reagents are required in optimization; reaction conditions can
be screened sequentially; finally, computer-controlled automation
has the potential to afford highly controlled systems with a great
degree of autonomy.® Not surprisingly, microflow technology has
become one of the most revolutionary and fashionable branches
of chemistry bringing enormous improvement and potential in
synthetic organic chemistry. Additionally, microflow provides a
very efficient and innovative approach to the total synthesis of
molecules of particular interest. The above-mentioned advantages
of flow over flask, in fact, become very useful especially when
carrying out syntheses with multiple steps. Thanks to the intrinsic
nature of the flow, multiple step syntheses using flow system can
be accomplished not only by carrying out the synthetic steps
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individually followed by purification, just as in flask, but also as a
consecutive synthetic process linked into one continuous sequence
with in-line purification between steps. This can be achieved by
assembling one multi-component flow system where additional
inlets are inserted for in-line sequential introduction of reagents
exactly where needed, with a great degree of efficiency.* A large
portion of literature works on flow chemistry in recent years has
focused on a number of single-step organic reactions, emphasizing
the benefits that flow can bring to those specific reactions.’
On the other hand, fewer works have been published on more
complex syntheses of molecules of interest, requiring more than
one step, using flow technology, probably on account of the
greater challenge they represents. For instance, Cheng-Lee and
co-workers accomplished the synthesis of a radio-labelled imaging
probe 2-["*F]-Fluorodioxyglucose in flow, involving a ['"*F]-fluoride
substitution on the mannose triflate precursor to afford 2-[*F]-
FDG in 38% radiochemical yield, with a purity of 98%.° In
another noteworthy example, Ley and co-workers described
the first enantioselective total synthesis of 2-aryl-2,3-dihydro-
3-benzofurancarboxyamide neolignan (grossamide) in excellent
purity under flow conditions.” The uniqueness of Ley’s method is
the integration of pre-packed columns of solid-supported reagents
into the flow system with a double purpose, either as immobilised
reactants or as scavengers for in-line purification in between steps.
In this case the synthesis of grossamide involved the use of a
polymer-supported coupling reagent in the first step followed by
in-line scavenging of any residual amine precursor before the bio-
transformation of the intermediate into the final product using
silica-supported enzyme peroxidase. Using the same methodology,
the authors also accomplished the seven-step synthesis of natural
alkaloid (%)-oxomaritidine including hydrogenation, oxidation
and azide formation with an overall yield of 40% under continuous
flow conditions, by use of a series of packed columns of immobilise
reagents, catalysts, and scavengers, combined with the use of a
glass microreactor.® The study presented here aimed to investigate
the application of flow technique as an alternative to flask
in performing the synthesis of ()-fluoxetine 5, as one of the
few examples of reactions requiring more than one step to be

3854 | Org. Biomol. Chem., 2011, 9, 3854-3862

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c0ob00906g
http://dx.doi.org/10.1039/c0ob00906g
http://dx.doi.org/10.1039/c0ob00906g
http://pubs.rsc.org/en/journals/journal/OB
http://pubs.rsc.org/en/journals/journal/OB?issueid=OB009010

Published on 30 March 2011. Downloaded by Purdue University on 01/08/2013 12:36:08.

View Article Online

Reagent delivery unit Flow reaction unit Analysis and collection unit

Pumps

Reagent 1

Reagent 2 Coiled microtube LC-MS and NMR

Flow reactor P Analysis PSaﬁsfactory

[] !

i

Reagent 3
Unsatisfactory Scale up
Reagent 4 / Solvent l
Temper;lture Re-optimisation Fraction collector
+ Heating methods i
Stoichiometry Sonication/UV [~ 777777 Collection
Concentration
Reaction time
e ————————————————————— -
Reagents

Fig. 1 The general method set-up of flow process used for the synthesis of (+)- fluoxetine.

accomplished by flow technique. Fluoxetine hydrochloride (3-(p-
trifluoromethylphenoxy)-N-methyl-3-phenylpropylamine-HC]) is
known under the trade name Prozac (trade mark Eli Lilly Co.).’ In
this work we adapted a synthetic route reported in literature taking
the challenge of providing an alternative route to conventional
flask methods.™

Results and discussion

The typical setup of our flow system used in the synthesis of (&)-
fluoxetine 5 consisted of three main units as illustrated in Fig. 1;
in the reagents delivery unit, each reagent is transported from the
bulk reservoir into the flow reaction unit using New Era syringe
pumps (NE-1000 model) or HPLC Knauer Smartline pumps (K-
100 model). As the reagents are pumped into the flow reaction unit,
all separate reagent streams merge and mix at the meeting junction
forming one stream of reaction mixture flowing continuously
through the flow reactor. Computer-controlled pumps using in-
house built software Flow System Controller (FSC) allowed easy
and rapid modification of reaction conditions, including residence
time, concentration and stoichiometry. A good sealing connection
between the flow reactor and the pumps was accomplished by
using multi-, cross-, or T-connectors from Upchurch Scientific.!!
Fluorinated polymer tubings were frequently used in the flow reac-
tor setup, with 1.58 mm outside diameter (0.d) and 0.50-1.00 mm
internal diameter (i.d). Polymers such as polytetrafluoroethylene
(PTFE) or perfluoroalkoxyethylene (PFA) are economical and
flexible, therefore easily adaptable to modifications, and have
a good visibility with a good degree of chemical and physical
resistance. In a typical setup, the flow reactor was coiled around
a glass or metal core unit, in order to fit easily and neatly into
a heating or cooling bath as well as a sonication or microwave
cavity. Once the flow stream reaches the end of the flow reactor,
monitoring of the reaction progress takes place by analysing
small samples taken from the emerging flow, using LC-MS or
NMR. Analytical samples were collected only after the flow had

reached the steady state, i.e. allowing the passing of a volume equal
to at least 1.5 times the flow reactor volume. The eluting product
can be easily collected using an automated fraction collector
(Foxy Junior), coupled with a UV-triggered liquid handler. In the
case of unsatisfactory outcome, a re-optimisation study can take
place (Fig. 1) using the software to modify reaction parameters
for both reagent delivery unit and the flow reaction unit. This
allows sequential screening of reaction conditions. Between each
screening cycle, a solvent wash of the system was carried out to
ensure segregation between different sets of conditions in order to
avoid contamination. In addition to the in-house built system, a
commercially available Vapourtec R Series flow system was also
used to conduct the synthesis of (+)-fluoxetine 5 (Fig. 2)."* The
Vapourtec R Series flow system consists of an R2+ delivery unit
using two HPLC pumps and an R4 flow reactor unit integrated
with an automated fraction collector. Following the reagent

R 2+ module

R4 module

Fraction
collector

Fig.2 The Vapourtec R series flow system set-up.
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delivery (R2+), the merging and mixing of the streams occurs in
a T-connector, with the resulting mixture flowing continuously
into the reactor unit (R4). The R4 reactor holds up to four
coiled tubing reactors arranged into four independently heated
zones ranging from ambient temperature to 150 °C, using a built-
in hot air jet system to enable fast transition between different
temperatures with rapid response up to 80 °C per minute and
precise temperature control. In addition, the system is fitted
with a back-pressure regulator (100 psi) at the end of the flow
reactor allowing superheating of the reaction mixture. As with
the in-house built system setup (Fig. 1), the monitoring of the
reaction takes place after the flow reaches the steady state. Once
the optimal conditions are found, product collection is carried
out using an automated fraction collector accompanied with a
software-triggered liquid handler. The whole process is integrated
with Flow Commander Software, allowing sequential screening
by rapid modification of reaction parameters. Also in this system,
automated solvent washing cycles between reactions are included.
In addition, Vapourtec R Series systems can be adjusted to fit
synthetic requirements, allowing us to carry out successful flow
reaction trials using a system with two additional pumps (Fig. 3).

Vapourtec R Series flow system

Fig. 3 The modified setup of Vapourtec R series flow system including
an extra set of two pumps (R2) on the RHS in addition to the base set of
two pumps (R2+) on the LHS.

The synthesis of (+)-fluoxetine S in flow was carried out using
the sequence shown in Scheme 1. In the first step, 3-chloro-1-
phenyl-propan-1-one 1 was reduced under flow conditions to the
corresponding secondary alcohol, 3-chloro-1-phenyl-propan-1-ol
2, using a stoichiometric amount of a hydride donor (Scheme 1,
stepi). In search for the optimal reduction conditions a range of re-
ducing agents were tried. Attempts to accomplish the reduction of
1 using sodium borohydride were unsuccessful, due to difficulties
encountered in solubilising sodium borohydride for introduction
into the flow reactor.’®'* The use of a commercially available
homogeneous solution of sodium borohydride in triethylene glycol
dimethyl ether, on the other hand, enabled an easy introduction
of the reducing agent into the flow reactor. However, after several
reduction trials, the ketone precursor remained unreacted under
a variety of conditions. Alternatively, the use of commercially
available BH;-THF solution proved successful both in terms of

O .
©)J\/\ Cl (1) (11)
1 l
(iv) ©/\A

W) (iii)

-—

S
O
N/
W N
5

Scheme 1 Synthesis of (£)-fluoxetine in flow: (i) BH;-THF, r.t., 5 min
(77%); (i) Nal, toluene: water, 100 °C, 20 min (43%); (iii); MeNH,
(aq), tetrahydrofuran (THF), 80 °C, 10 min (89%); (iv) MeNH,
(aq), acetonitrile (MeCN), 140 °C, 10 min (95%); (v) DIAD, PBu;,
p-hydroxybenzotrifluoride, DCM: dimethylacetamide, 70 °C, 5 min (86%).

easy delivery into the flow reactor and also in the reduction
of the ketone precursor. The major drawback with the use of
BH;-THF reagent was its thermal instability, leading to evolution
of gas with consequent pressure build-up within the flow system.
Unfortunately, from a technical point of view, the use of Knauer
HPLC continuous pumps proved undesirable in this case, as their
intrinsic mechanism tended to create friction leading to further
evolution of gas within the system. In order to overcome this
difficulty, we opted for the use of syringe pumps to deliver the
reaction components whilst cooling the glass syringe to reduce any
thermal instability. Cooling of the syringe was accomplished by
keeping it in contact with a plastic bag filled with ice and salt, which
was replaced when required. In a general reduction procedure,
using the diagram shown in Fig. 4, a solution of the ketone
1 in THF was introduced from inlet A, whilst simultaneously
introducing a solution of the BH;-THF from inlet B. Once the
two streams of reactants were combined, starting the reaction, the
flow proceeded through the flow reactor, before being quenched
just prior to collection and analysis.

o

oy e
| —

1 OH

¢ "y

2
BH, THF E——
InletB

Fig. 4 Flow system set-up for the reduction of 1.

Optimisation of the reduction at room temperature was carried
out by varying three main parameters; residence time, reagent
stoichiometry, and reaction mixture concentration with respect
to ketone 1. While maintaining the reducing agent stoichiometric
ratio and the reaction concentration fixed (2 equiv. and 0.25 M
respectively), the residence time was varied by carrying the reaction
for fixed intervals of 2, 5 and 10 min, showing significant increase
of the reaction progress with time, although without a complete
reduction. In an attempt to maintain short resident times while
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trying to improve the reaction progress, the number of molar
equivalents of the reducing agent was increased to 3.5, successfully
leading to a complete reduction to the corresponding alcohol 2
within 10 min. Subsequently, we found that complete reduction
was achieved in only 5 min just by increasing the reaction
concentration from 0.25 M to 0.40 M when using 2 equivalents
of BH;-THF. On scale-up, we used this optimal set of conditions
(5 min, 2 equivalents BH;-THF and 0.4 M at room temperature)
in a larger reactor volume to increase the reaction productivity. A
direct scale-up was attempted using 9.1 mL of reactor volume and,
after ensuring the reaction completion by LC-MS, the system was
run further to obtain the desired alcohol 2. The emerging reaction
flow was continuously quenched using water followed by manual
liquid extraction of the crude product. The alcohol product was
then directed to the second step of the synthesis after purification
by flash chromatography to obtain alcohol 2 in 77% yield with a
productivity of 34 mmol product per hour. At later stage, we also
attempted a further modification of the flow process by lowering
the reaction temperature to minimize the evolution of gas inside
the flow reactor, and found that the reduction goes to completion
between 5 °C and r.t. without the need to alter the other reaction
parameters. Below 5 °C the reaction performance starts to decrease
while heating above ambient, on the other hand, gave no additional
benefits. Overall, the above-described difficulties encountered with
carrying the reduction in flow (such as avoiding flow instability
due to clogging, bubble formation or thermal instability) are a
demonstration that reproducing literature flask methodologies
in flow condition is not always a straightforward task. On the
other hand, once the method has been established, the ease of
optimisation and scale-up by software-controlled process is one of
the clear advantages in flow synthesis. The feasibility of obtaining
an enantiomerically pure isomer of the secondary alcohol 2 using
flow technique was next investigated. One way to achieve this
is via selective acylation of one enantiomer from the obtained
racemic mixture of 3-chloro-1-phenyl-propan-1-ol 2, with the aid
of a biocatalyst. Performing enantioselective bioprocesses in a
conventional flask is a well established technique,’® and carrying
out these reactions under flow conditions is becoming increasingly
popular especially by use of immobilized enzymes packed in a flow
column, on account of the higher surface-to-volume ratio com-
pared to conventional flask.'® In particular, enzymatic resolution
of secondary alcohols under flow conditions using immobilized
biocatalysts is already established; in one recent publication by
Csajagi and co-workers'” the author compared flow and flask
for the enzymatic resolution of various secondary alcohols using
immobilized lipases. Although high enantiomeric selectivities
were attained using both techniques, higher productivities were
achieved in the flow reaction. Using these conditions, we attempted
preliminary enantioselective acylation of the racemic alcohol 2
using vinyl acetate. A few selected immobilized biocatalysts were
screened, including Lipozyme™ Mucor Miehei, Amano lipase,
and Lipase-porcine pancreas, by pumping a flow of the racemic
alcohol solution in a 2:1:1 mixture of hexane, THF and vinyl
acetate respectively, through a pre-packed column containing
the immobilized enzyme. In these preliminary studies however,
no acylation was observed with any of the selected enzymes.
Subsequently, we investigated a direct route to enantioselective
reduction of ketone 1 via enantioselective borane reduction
using the Corey—Bakshi—Shibata (CBS) conditions, catalyzed by

Table 1 Summary of optimisation results of the enantioselective CBS
reduction of ketone 1 under flow conditions

Time Cat.6 DEANB [1]in reac-
Entry (min) (mol%) (equiv.) tion (mol L") 7/°C Yield (%) ee (%)

1 5 15 2.0 0.4 23 0 —
2 5 30 3.0 0.24 23 0 —
3 5 30 3.0 0.7 23 98 72
4 5 30 3.0 0.7 =7 0 —
5¢ 10 30 3.0 0.7 =7 88 92
6 10 30 3.0 0.7 =7 70 84

“Total flow system volume of 0.17 mL. ® Total flow system volume of
19.8 mL.

chiral oxazaborolidine catalyst 6 in the presence of a suitable
reducing agent.'®® The flow method used the same setup as in
the racemic flow reduction, except for the extra inlet now added
for the introduction of the oxazaborolidine catalyst (Fig. 5). The
CBS reduction was carried out using borane-N,N-diethylaniline
complex (DEANB) and (R)-(+)-2-methyl-CBS-oxazaborolidine 6
as catalyst, both introduced into the flow reactor simultaneously
along with a solution of ketone 1 in dichloromethane (DCM).
Unlike the BH;-THF complex, DEANB is thermally stable and
is available at higher concentrations. However, when we tried
to use DEANB instead of BH;-THF in the racemic reduction
of 1 we found that, in the absence of the catalyst 6, DEANB
is a worse reducing agent. Enantioselective reduction of 1 was
optimized with respect to residence time, reaction concentration,
temperature, catalyst loading, and stoichiometry of borane. Most
literature methods for the CBS reduction in flask strongly empha-
size that the rate of the ketone addition to the catalyst should be
considered as one of the key factors in reaction optimization.'s**
The reduction carried in flow benefits from the controlled addition
and continuous mixing of reagents. Preliminary tests carried on
the CBS reduction demonstrated that the concentration of ketone
1 played a key role in improving the outcome of the reaction.
Accordingly, the CBS reduction was first carried out using a range
of concentrations between 0.24 M to 0.40 M, whilst increasing
the residence time in intervals up to 10 min and varying both the
loading of catalyst 6 (up to 30 mol %) and the stoichiometry of
the borane reductant (up to 3 equivalents). Unfortunately within
these range of parameters no reduction was observed (Table 1,

o

©/|V\t| Inlet A
1 oH
©)\/\C|

DEANB DB { e bath (S)y2

Cat 6 InletC

Fig.5 Flow system set-up for the enantioselective CBS reduction of 1.
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entry 1 and 2). However, repeating the CBS reduction by increasing
the concentration to 0.70 M, led to a significant improvement in
the reduction outcome reproducibly. A complete reduction was
achieved within 5 min using 3 equivalents of the borane reductant
and 30 mol % of catalyst 6 at ambient temperature to afford
(S)-3-chloro-1-phenyl-1-propanol (S)-2, in 98% yield and enan-
tiomeric excess of 72% (Table 1, entry 3). As a general remark, the
use of higher stoichiometry to increase throughput has little or no
downstream effect since purification is carried out at the end of
each step. The reaction work-up in the case of the enantiomerically
pure alcohol (S)-2, was carried out by a similar procedure as
described above for the racemic product, by quenching of the flow
using methanol followed by liquid-liquid extraction and finally
purification of the product via HPLC.

To optimize further the enantioselectivity of the catalytic
system, we studied the effect of lowering the reaction temperature.
Lowering the temperature to —7 °C was not effective with
residence times up to 5 min (Table 1, entry 4). However, as the
residence time was increased to 10 min, a complete reduction was
achieved at —7 °C, (Table 1, entry 5) to yield the (S)-2 in 88%
yield with a much improved enantiomeric excess of 92%. It is
important to point out that the most efficient setup was obtained
by cooling down only the first half of the flow reactor, as shown
in Fig. 5, leaving the second half of the flow reactor length, up to
the collection point, to warm up to room temperature. To increase
the production of the CBS reduction even further we increased the
system volume up to 19.8 mL to obtain 83.2 mmol per hour of the
alcohol (S)-2 in 70% yield and 84% ee (Table 1, entry 6). The scale-
up lowered both yield and enantiomeric excess to some extent. We
are not entirely sure of the reason for that, but perhaps pumps
working at considerably larger flow rates with such ambitiously
larger scale-up volumes, can cause fluctuations in various reaction
parameters, leading to an overall less controlled process.

For the following step, in an attempt to convert the chloro-
alcohol 2 to 3-methylamino-1-phenyl-propan-1-ol 4 in flow, we
first carried out a halogen exchange with sodium iodide followed
by an amination of the resulting 3-iodo-1-phenyl-propan-1-ol 3.
Under flask conditions the conversion of a chloro-derivative into
an amino-derivative via direct amination is often a difficult process
toachieve.” Due to initial difficulties found in the iodination of 2 in
flow (vide infra) the optimisation of the amination step (Scheme 1,
step iii) was carried out using iodo-alcohol 3 synthesised in a
flask (91% yield).”® The amination was then carried out in flow
using THF with 40% aqueous methylamine (MeNH,). Literature
methods (flask) require a minimum of 50 equivalents of MeNH,
to achieve complete amination.'®™ A number of variables were
tested in the course of our optimization in an attempt to lower
the excess of amine needed, with no success. We found that using
50 equivalents of MeNH, we obtained a complete amination of
3 at a temperature of 80 °C and, with a total concentration of
0.16 M within 10 min of resident time. The effect of reaction
concentration (with respect to 3) on the amination exhibited an
interesting behaviour. Varying the total reaction concentration,
while maintaining the stoichiometric ratio of MeNH, constant,
showed that a complete amination was achievable at 0.16 M
and that with any higher or lower concentration the amount
of the unreacted 3 would start to increase. The iodination of
chloro-alcohol 2 in flow proved rather challenging. Since the
reaction is typically run in an organic medium, usually acetone,

the precipitation of by-product NaCl pushes the equilibrium
forward. However, salt precipitation in flow causes clogging of
the channel. On the other hand, the use of a solvent system where
all reaction components -including NaCl- are soluble would lower
the rate of the halogen exchange.?® Hence, by switching to an
organic-aqueous biphasic solvent system we aimed to overcome
the clogging as the presence of an additional aqueous phase
can quickly dissolve the salt by-product as soon as it forms,
thus maintaining the equilibrium in favour of the product (by
subtraction of the by-product from the equilibrium via extraction
instead of precipitation). Based on this, the biphasic reaction was
performed by pumping simultaneously into the flow reactor a
solution of the chloro-alcohol 2 in an organic solvent (toluene)
and an aqueous solution of sodium iodide, generating a segmented
flow pattern in which each phase forms a serial train of liquid
packets flowing across the channel whilst remaining separated
from the other phase (Fig. 6). The resulting large interface area,
typical of these systems, provides an improved mixing compared
to conventional biphasic mixing in flask, highlighting one of the
main advantages of flow reactions.?

Phase A: 2 in Toluene

A
B A B A B
B Flow reactor wall
OH
Phase B: Nal (aq.)
I+ Nacl
3

Fig. 6 Halogen exchange of chloro-alcohol 2 under segmented flow
conditions.

We screened a number of biphasic reaction conditions and as
a result a general improvement on the iodination outcome was
observed, with much less solid precipitation compared to the
single organic phase flow system using acetone. The toluene-
aqueous system was found to be optimum. Other solvents such
as DCM and ethyl acetate were found not to be suitable. The
least solid precipitation was observed in the toluene-aqueous
system using 9 equivalents of Nal and 0.6 M chloride 2 at
100 °C. Under these conditions, however, the best conversion
we were able to achieve was 43% within 20 min residence time.
Isolation and purification of 3 obtained under flow conditions
was achieved first by separating the emerging biphasic toluene-
water solution by manual extraction, followed by standard work-
up of the toluene phase containing the crude product and finally
purification by flash chromatography. Furthermore, attempts to
increase the reaction concentration were unsuccessful because of
the challenge given by the presence of the insoluble by-product.
In the course of our screening we observed that on the one hand
higher concentrations led to more solid precipitation, while on
the other hand higher dilution led to low conversions. Overall
our observations confirmed how solid precipitation represents
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one of the major challenges for flow chemistry. Therefore the
use of flow systems might not be ideal with reactions where the
formation of an insoluble by-product is essential to drive the
reaction forward since yields can be lowered considerably. As an
alternative, we successfully performed direct amination of 2 to
obtain 4 using aqueous MeNH, under superheated conditions
using the Vapourtec R Series flow system. Apart from the high
temperature required for this experiment (140 °C), the optimal
conditions for this reaction were similar to those used for the
amination of iodo-alcohol 3. Complete amination was achieved
in MeCN with 10 min residence time (Scheme 1, step iv), giving
a productivity of 9.5 mmol per hour of 4 when a 10 mL flow
reactor used. The amino-alcohol 4 was then easily isolated in 95%
yield by the “catch-and-release” method using silica-bound cation
exchanger propylsulfonic acid (SCX-2).22*

In the final step we attempted the conversion of amino-alcohol
4 into the target product (t)-fluoxetine 5 under flow conditions.
The majority of literature methods for the synthesis of 5 involve
an arylation via nucleophilic aromatic substitution (SyAr) with
sodium hydride (NaH) to generate the alkoxide, which acts as
nucleophile towards the substrate p-chlorobenzotrifluoride. !¢
However, the use of NaH in flow created constant problems of
clogging due to its low solubility even when a solubility enhancer
such as 15-crown-5ether was used. Additionally, not even the
use of alternative bases such as sodium bis(trimethylsilyl)amide
(NaHMDS) or Phosphazene-BEMP promoted the SyAr and the
amino-alcohol 4 remained unreacted. However the arylation of 4
was successfully carried out in flow using the Mitsunobu reaction
conditions instead (Scheme 1, step v). The amino-alcohol 4 is con-
verted to the phenyl ether derivative 5 through a nucleophilic sub-
stitution of the hydroxyl moiety with p-hydroxybenzotrifluoride
7.% Standard Mitsunobu reagents, tributylphosphine (PBu;) com-
bined with diethyl-diisopropyl-azo-dicarboxylate (DIAD), were
used to generate the phosphonium betaine intermediate 8 in situ
as shown in Fig. 7. During the optimization in flow, we realized
that the addition order of the reagents plays an important role
on the reaction outcome. We observed that there was only one
successful order of addition to perform the reaction. DIAD and
PBu; first were combined in flow to form the betaine intermediate
8, then, p-hydroxybenzotrifluoride 7 and amino-alcohol 4 were
introduced in sequence through separate inlets as shown in
Fig. 7.

OH

H\OQ [ p

InletA 4
DIAD a CF;
InletC InletD QQ/
Section 1 Section 2 Section 3

' N~
| = o
H 5

Inlet B | Vapourtec R4

PBu, < | flow heater

i
9 .
e \O/IKV/NW(O\ i-Pr

+PBy; O

Fig. 7 Flow system set-up for the preparation of (z)-fluoxetine 5.

Optimization of the reaction was performed using the Vapourtec
R Series system by looking at the effect of stoichiometry,

temperature, and residence time. Since we needed to introduce
each reagent individually, we used the modified Vapourtec R
Series system with four pumps controlled by the modified Flow
Commander™ software, as shown in Fig. 3. The performance of
the Mitsunobu reaction in flow was initially very poor when carried
out at room temperature using 1 equivalent of each reagent at a
reaction concentration of 0.2 M with respect to 4 and a residence
time between 5 and 20 min. A moderate improvement of the
reaction progress was achieved by increasing the molar ratio of
PBu; and DIAD, however significant improvement was observed
when the temperature was increased. The conversion of 4 was
achieved within 5 min at 70 °C, using 3 equivalents of PBu; and
DIAD along with 1 equivalent of the nucleophile 7, at a reaction
concentration of 0.2 M using a 2 mL volume of flow reactor. The
collected crude mixture was treated with hexane to remove excess
tributylphosphine oxide, before purification by chromatography to
obtain the product in 86% yield, giving a productivity of 4.8 mmol
product per hour.

Conclusions

Due to the increasing interest chemists are showing in using flow
synthesis, our aim was to carry out a study to verify its feasibility.
To better demonstrate this we decided to use flow for multiple
steps of a total synthesis of a relevant medicinal compound. We
delivered a multiple step approach to the synthesis of (+)-fluoxetine
in flow, thus developing an efficient and scalable synthetic route
as an alternative to conventional flask methods. In particular,
we easily carried out the direct amination of the chloro-alcohol
precursor, quite difficult to achieve in a flask, thus cutting down
the number of steps in the total synthesis. The intrinsic nature of
flow combined with the aid of automation and software control,
facilitated fast sequential optimisation of reaction conditions for
each step using both in-house and commercial flow systems, and
hence enabled us to rapidly identify which parameters were key to
enhancing productivity. Such accomplishment is often the result
of a fine balance between the parameters at play. For instance,
as the reaction concentration is increased to maximise the yield,
channel clogging can become an issue. Similarly, the use of high
temperature can create system instability (gas evolution, decompo-
sition), longer resident times required for scale-up purposes might
end up affecting throughput efficiency and increasing the system
volume can lead to large fluctuations of parameters. We showed
how essential it is to achieve the right balance between reaction
parameters in order to make the most of the many great advantages
offered by flow technique. The method hereby presented has the
potential to develop into a continuous flow multistep synthesis by
introduction of suitable in-line purification. Overall, the multiple
step synthesis of fluoxetine using flow technique is presented in
this study as a valid alternative to flask synthesis.

Experimental

Unless otherwise indicated, all chemicals used were of reagent
grade and starting materials were purchased from commercial
sources and used without further purification. '"H-NMR spectra
were recorded on Bruker DPX-300, DPX-400 or DRX-500 spec-
trometers and the chemical shifts were reported in ppm with the
solvent resonance as the internal standard (CHCI; 6y: 7.26 ppm).
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"H-NMR data are reported as follows: chemical shift, integration,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br =
broad, m = multiplet), and coupling constants (J) in Hz. LC-MS
analysis was performed on an Agilent HP 1100 chromatograph
(Phenomenex Gemini column: C18, 3 um, 2 mm x 50 mm)
equipped with a diode array detector for UV signals, a single
quadrupole mass spectrometer and an electrospray source on the
mass spectrometer. The Elution was carried out at 1 mL min™
over 2.5 min using a gradient of MeCN : water (5-100% MeCN
in water), both containing 0.1% formic acid. Flash purification
performed on SiliCycle Silia.Sep™ 40-63 um 60 A cartridges using
an automated flash chromatography coupled with a UV detector at
254 nm. HPLC purification performed using Phenomenex Gemini
column (C18, 5 um, 30 mm X 100 mm), configured with column
dilution. Elution was carried out at 60 mL min™ over 9 min
using a reversed-phase gradient of MeCN : water (10-100% MeCN
in water), both containing 0.1% trifluoroacetic acid. Thin layer
chromatography (TLC) was performed on glass backed plates pre-
coated with silica (Merck DC-platten Kieselgel 60 F254), which
were developed using standard visualizing agents: Ultraviolet light
or potassium permanganate. Optical rotation values were recorded
on a Perkin-Elmer 341 automatic polarimeter at 589 nm (Na/Hal)
with a path length of 1 dm and concentrations (¢) quoted in
g/100 mL.

General procedures

Preparation of racemic 3-chloro-1-phenyl-1-propanol (2)*’ in
flask. To a solution of the ketone 1 (15 g; 89 mmol) in THF
(210 mL) and water (15 mL), NaBH, was added (4 g; 107 mmol).
The mixture was left to stir for 12 h at room temperature. After
completion, the crude mixture was treated with water (150 mL),
extracted with ethyl acetate (150 mL x 2), dried over magnesium
sulfate and filtered followed by solvent evaporation. The crude
product was purified by flash chromatography using 40% diethyl
ether in hexane to afford the racemic alcohol 2 (12.9 g, 85% yield)
as yellow oil.

Preparation of racemic 3-chloro-1-phenyl-1-propanol (2) in flow.
The following solutions were prepared: (i) 2 M solution of the
ketone 1 (4.7 g; 28 mmol) in THF; and (ii) 1 M solution of
BH;-THF (56 mL; 56 mmol). Each solution was individually
loaded into a gas-tight glass syringe connected to the flow system
(9.1 mL, 1 mm i.d) through a designated inlet as illustrated in
Fig. 4. Using the syringe pump, both solutions were then delivered
simultaneously into the flow system, at the desired residence
time of 5 min (solution (i) flow rate at 1 equiv. = 364 uL min™
and solution (ii) flow rate at 2 equiv. = 1457 uL min™). After
continuously quenching the emerging flow of the crude mixture
using water, the crude was extracted with ethyl acetate (50 mL x
3), washed with brine, dried over magnesium sulfate, filtered and
concentrated to dryness. The crude product was purified by flash
chromatography using 35% diethyl ether in hexane to afford the
racemic alcohol 2 (3.66 g, 77% yield) as yellow oil.

Preparation of (S)-3-chloro-1-phenyl-1-propanol (2) in flow.
The following solutions were prepared: (i) 1.5 M solution of the
ketone 1 (0.51 g; 3 mmol) in DCM; (ii) 1 M solution of (R)-(+)-
2-methyl-CBS-oxazaborolidine 6 (0.9 mL; 0.9 mmol) in toluene;
(iii) 5.6 M neat solution of borane-N,N-diethylaniline complex

(DEANB) (1.6 mL; 9 mmol). Each solution was then individually
loaded into a gas-tight glass syringe connected to the flow system
(0.17 mL, 0.5 mm i.d) through a designated inlet as illustrated
in Fig. 5. First half of the flow reactor was cooled down to
—7 °C, leaving the second half of the flow reactor length up to the
collection point to warm up to room temperature (Fig. 5). Using
syringe pumps, all solutions were then delivered simultaneously
into the flow system for the desired residence time of 10 min
(solution (i) flow rate at 1 equiv. = 7.8 pL min™, solution (ii)
flow rate at 0.3 equiv. = 3.5 uL min™; and solution (iii) flow
rate at 3 equiv. = 6.3 UL min™). After continuously quenching
the emerging flow of the crude mixture using MeOH, the crude
was concentrated under vacuum followed by dilution with diethyl
ether, washed with 1 N aqueous HCI (10 mL), water (10 mL), then
brine, dried over magnesium sulfate, filtered and concentrated to
dryness. The crude product was purified by HPLC to afford the
(S)-alcohol (S)-2 (0.45 g, 88% yield) as a white solid. [o]}) —23,
(¢ =1, CHCI,) for 92% ee.?® Retention time = 1.13 min, M + Na
m/z=193.70. "H NMR (400 MHz, CDCl;): é (ppm) 7.4-7.3 (5H,
m), 4.9 (1H, dd, J =4.9, 8.3 Hz), 3.8-3.7 (1H, m), 3.6-3.3 (1H, m),
2.3-2.2 (1H, m), 2.1-2.0 (1H, m), 1.9 (1H, s).

Preparation of racemic 3-iodo-1-phenyl-propan-1-ol (3)" in flask.
To a solution of chloro-alcohol 2 (3.2 g; 18.7 mmol) in acetone
(250 mL), Nal was added (5.5 g; 36 mmol). The mixture was left
to stir for 16 h under reflux. The resulting mixture was filtered
then concentrated under vacuum followed by dilution with diethyl
ether, washed with brine, dried over magnesium sulfate, filtered
and concentrated to dryness to afford iodo-alcohol 3 (4.5 g, 91%
yield). No further purification was required as analysis indicated
that the obtained iodo-alcohol 3 was clean enough to carry
through the next step. Retention time = 1.19 min, M + Na m/z =
285.00. '"H NMR (400 MHz, CDCl;): é (ppm) 7.4-7.2 (5H, m),
4.7(1H, dd, J=4.8, 8.0 Hz), 3.3-3.2 (1H, m), 3.2-3.1 (1H, m), 2.3
(1H, s), 2.3-2.1 (2H, m).

Preparation of racemic 3-iodo-1-phenyl-propan-1-ol (3) in flow
under biphasic conditions. The following solutions were pre-
pared: (i) 0.6 M solution of chloro-alcohol 2 (0.5 g; 2.9 mmol)
in toluene; and (ii) 5.3 M aqueous solution of Nal (4 g; 27 mmol).
Each solution was individually loaded into a glass flask connected
through a designated inlet to a flow system (0.40 mL, 0.5 mm i.d)
fitted with back pressure regulator (100 psi). Using the Knauer
HPLC pump, both solutions were then delivered simultaneously
into the flow system, heated at 100 °C, to create a continuous
segmented flow (Fig. 6) at residence time of 20 min (solution
(i) flow rate at 1 equiv. = 10 uL. min™' and solution (ii) flow
rate at 9 equiv. = 10 pL min™). Once the emerging segmented
phases of toluene-water flow collected from the output, the toluene
phase, containing the crude mixture, was separated. The toluene
phase was then concentrated under vacuum followed by dilution
with diethyl ether, washed with brine, dried over magnesium
sulfate, filtered and concentrated to dryness. The crude product
was purified by flash chromatography using 10% diethyl ether in
hexane to afford the racemic iodo-alcohol 3 (0.33 g, 43% yield) as
light brown solid.

Preparation of racemic 3-methylamino-1-phenyl-propan-1-ol
(4)"° in flow. The following solutions were prepared: (i) 0.6 M
solution of the halo-alcohol 2 (16 mmol) in MeCN or 3 (16 mmol)
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in THF; and (ii) 11.6 M aqueous solution of MeNH, (69 mL; 800
mmol). Each solution was loaded individually into the Vapourtec
R Series flow system using the two pumps R2+ system. The
solutions were first pumped in, then merged into a T-connector
and finally directed into the R4 flow reactor (10 mL, 1 mm i.d.)
heated at 80 °C (when iodo-alcohol 3 used) or 140 °C (when chloro-
alcohol 2 used), flowing at a residence time of 10 min (solution
(i) flow rate at 1 equiv. =279 uL min™'; and solution (ii) flow rate
at 50 equiv. = 721 uL min™). The collected crude mixture was
then concentrated under vacuum, to remove the excess MeNH,,
then purified using the catch-and-release purification technique.
The crude was poured over a flash SCX-2 column and washed
with MeOH (150 mL) followed by 7 M solution of ammonia in
MeOH (150 mL) to release the desired secondary amine product.
The obtained material was concentrated under vacuum to afford
the amino-alcohol 4 (2.53 g; 95% yield (from 2)) and (2.4 g; 89%
yield (from 3)) as colourless oil. Retention time = 1.42 min, M + H
m/z =166.20 (High pH). '"H NMR (400 MHz, CDCl,): é (ppm)
7.4-7.2 (SH, m), 4.9 (1H, dd, J =3.0, 8.3 Hz), 4.3 (2H, s), 2.9-2.7
(2H, m), 2.4 (3H, s), 1.9 -1.7 2H, m).

Preparation of ()-fluoxetine (5)'° in flow. The following solu-
tions were prepared: (i) 1.1 M solution of the amino-alcohol 4 (1 g;
5.9 mmol) in DCM; (ii) 1 M solution of p-hydroxybenzotrifluoride
7 (1.1 g; 6.68 mmol) in a mixture of DCM : dimethylacetamide
(4:1); (iii) 1.6 M solution of PBu; (4.5 mL; 18 mmol) in DCM;
(iv) 3 M solution of DIAD (3.6 mL; 18 mmol) in DCM. Each
solution was loaded individually into the Vapourtec R Series
flow system in the required addition order (Fig. 7) using the
four-pump modification of the Vapourtec R Series system. The
solutions were mixed using a T-connector then directed into the
R4 flow reactor (2 mL, 1 mm i.d) heated at 70 °C, flowing at
a residence time of 5 min (solution (i) flow rate at 1 equiv. =
76 uL min™', solution (ii) flow rate at 1.1 equiv. = 84 uL min™'; and
solution (iii) flow rate at 3 equiv. = 157 pL min™, (iv) flow rate
at 3 equiv. = 84 uL min™). The collected crude mixture was then
concentrated under vacuum followed by dilution with diethyl ether
and slow addition of hexane (30 mL) while stirring until the cloud
point was reached. The precipitated tributylphosphine oxide was
then removed by filtration then the filtrate was concentrated and
purified by chromatography using 10% DCM in MeOH to afford
the ()-fluoxetine 5 (1.6 g; 86%) as a pale yellow oil. Retention
time = 0.98 min, M + H m/z = 310.20. '"H NMR (400 MHz,
CDClL): 6 (ppm) 7.4 (2H, d, J = 8.3 Hz), 7.3 -7.2 (5H, m), 6.9
(2H, d, J =8.3 Hz), 5.3 (1H, dd, J =4.8, 7.8 Hz), 2.7 2H, t, J =
6.8 Hz), 2.4 (3H, s), 2.2-2.1 (1H, m), 2.0-1.9 (1H, m).

Acknowledgements

The authors would like to dedicate their special thanks to Andrew
C. Williams, Andrew Faller, Andrew J. Ledgard of Eli Lilly and
Company including Gary Sherman for the analytical support and
Faye Price for the IT support.

References

1 (a) M. Colombo and 1. Peretto, Drug Discovery Today, 2008, 13,
677-684; (b) 1. R. Baxendale, S. V. Ley, New Avenues to Efficient
Chemical Synthesis: Emerging Technologies Ernst Schering Foundation
Symposium Proceedings, 2006-3, ed. P. H. Seeberger and T. Blume,

Springer-Verlag: Berlin, Heidelburg, 2007; (¢) A. Kirschning, W.
Solodenko and K. Mennecke, Chem.—Eur. J., 2006, 12, 5972-5990;
(d) 1. R. Baxendale and M. R. Pitts, Chimica Oggi, 2006, 24, 41-45;
(e) C. Oliver Kappe, A. Stadler, Microwaves in organic and medicinal
chemistryWiley-VCH, 2005.

2 (a) Organic chemistry in Microreactors, ed. T. Wirth, Wiley-VCH, 2008;
(b) T. Fukuyama, T. Rahman, M. Sato and I. Ryu, Synlett, 2008, 151—
163; (¢) P. S. Dittrich and A. Manz, Nature, 2006, 5, 210-218.

3 J. P. McMullen, M. T. Stone and K. F. Jensen, Angew. Chem., Int. Ed.,
2010, 49, 7076-7080.

4 B. Ahmed-Omer, D. A. Barrow and T. Wirth, Arkivoc, 2011 in press.

5 (@) T. Razzaq, T. N. Glasnov and C. O. Kappe, Eur. J. Org. Chem., 2009,
1321-1325; (b) C. B. McPake, C. B. Murray and G. Sandford, Tetrahe-
dron Lett., 2009, 50, 1674—-1676; (¢) M. Baumann, I. R. Baxendale and
S. V. Ley, Synlett, 2008, 14,2111-2114; (d) T. Gustafsson, F. Pontén and
P. H. Seeberger, Chem. Commun., 2008, 1100-1102; (¢) M. Baumann,
I. R. Baxendale, S. V. Ley, N. Nikbin and C. D. Smith, Org. Biomol.
Chem., 2008, 6, 1587-1593; (f) C. Wiles and P. Watts, Eur. J. Org. Chem.,
2008, 1655-1671; (g) B. Ahmed-Omer, J. C. Brandt and T. Wirth, Org.
Biomol. Chem., 2007, 5, 733-740.

6 C. C. Lee, G. D. Sui, A. Elizarov, C. Y. J. Shu, Y. S. Shin, A. N. Dooley,
J. Huang, A. Daridon, P. Wyatt, D. Stout, H. C. Kolb, O. N. Witte, N.
Satyamurthy, J. R. Heath, M. E. Phelps, S. R. Quake and H.-R. Tseng,
Science, 2005, 310, 1793-1796.

7 1. R. Baxendale, C. M. Griffiths-Jones, S. V. Ley and G. K. Tranmer,
Synlett, 2005, 427-430.

8 I. R. Baxendale, J. Deeley, C. M. Griffiths-Jones, S. V. Ley, S. Saaby
and G. K. Tranmer, Chem. Commun., 2006, 2566-2568.

9 D. T. Wong, K. W. Perry and F. P. Bymaster, Nature Mater., 2005, 4,
764-774.

10 E.J. Corey and G. A. Reichard, Tetrahedron Lett., 1989, 30, 5207-5210.

11 Presearch Ltd, Kingsland Business Park, Basingstoke, RG24 8PZ.

12 Vapourtec Ltd, Place Farm, Ingham, Suffolk, IP31 INQ, UK.

13 Flask conditions: NaBH, (1.2 eq.), THF-water (14:1), r.t., 12 h, (85%
yield).

14 R. Silvestri, M. Artico, G. L. Regina, A. D. Pasquali, G. D. Martino,
F. D. D’Auria, L. Nencioni and A. T. Palamara, J. Med. Chem., 2004,
47, 3924-3926.

15 (a) U. T. Bornschauer, R. J. Kazlauskas, Hydrolases in Organic
Synthesis: Regio- and Stereoselective BiotransformationsWiley-VCH,
Weinheim-New York, 2006; (b) A. Ghanem and H. Y. Aboul-Enein,
Chirality, 2005, 17, 1-15; (¢) K. Faber, Biotransformations in Organic
Chemistry, 4th ed., Springer, Berlin, 2004; (d) L. Poppe, L. Novak,
Selective Biocatalysis: A Synthetic Approach, Wiley-VCH, Weinheim-
New York, 1992.

16 (a) K. Koch, R. J. F van den Berg, P. J. Nieuwland, R. Wijtmans,
H. E. Schoemaker, J. C. M. Van Hest and F. P. J. T. Rutjes, Biotechnol.
Bioeng., 2008, 99, 1028-1033; (b) A. Liese, K. Seelbach, C. Wandrey,
Industrial Biotransformations, 2nd ed., Wiley-VCH, Weinheim, 2006;
(¢) A. Sanchez, F. Valero, J. Laufente and C. Sola, Enzyme Microb.
Technol., 2000, 27, 157-166; (d) R. N. Patel, A. Banerjee and L. J.
Szarka, J. Am. Oil Chem. Soc., 1996, 73, 1363-1375.

17 C. Csajagi, G. Szatzker, E. R. T6ke, L. Urge, F. Darvas and L. Poppe,
Tetrahedron: Asymmetry, 2008, 19, 237-246.

18 (a) A. A. M. Lapis, A. de Fatima, J. E. D. Martins, V. E. U. Costa and
R. A. Pilli, Tetrahedron Lett., 2005, 46, 495-498; (b) C. E. Garrett, K.
Prasad, O. Repi¢ and T. J. Blacklock, Tetrahedron: Asymmetry, 2002,
13, 1347-1349.

19 D. W. Robertson, J. H. Krushinski, R. W. Fuller and J. D. Leander,
J. Med. Chem., 1988, 31, 1412-1417.

20 Flask conditions: Nal (2.0 eq.), acetone, reflux, 16 h, (91% yield).

21 A. Klapars and S. L. Buchwald, J. Am. Chem. Soc., 2002, 124, 14844—
14845.

22 (a) T. Wirth, D. Barrow and B. Ahmed, Adv. Synth. Catal., 2006, 348,
1043-1048; (b) A. Gunther and K. F. Jensen, Lab Chip, 2006, 6, 1487—
1503; (¢) J. D. Tice, H. Song, A. D. Lyon and R. F. Ismagilov, Langmuir,
2003, 19, 9127-9133.

23 Silica propylsulfonic acid (SCX-2), capacity of 0.7 mmol/g, commer-
cially available from Biotage, cat. No. 9536-0010.

24 Catch-and-release procedure: The crude mixture containing the amino-
alcohol product was passed through a pre-packed column of SCX-2
(capacity of 0.6 mmol(g) to catch the product. The SCX-2 column
was then washed with excess of methanol to remove any unbound
substrates, followed by releasing the amino- product by eluting the
column with a 7 M solution of ammonia in methanol.

This journal is © The Royal Society of Chemistry 2011

Org. Biomol. Chem., 2011, 9, 3854-3862 | 3861


http://dx.doi.org/10.1039/c0ob00906g

Published on 30 March 2011. Downloaded by Purdue University on 01/08/2013 12:36:08.

View Article Online

25 (a) R. K. Pandey, R. A. Fernandes and P. Kumar, Tetrahedron Lett.,
2002, 43, 4425-4426; (b) R. Chénevert, G. Fortier and R. Bel Rhlid,
Tetrahedron, 1992, 48, 6769-6776.

26 (a) B. H. Lipshutz, D. W. Chung, B. Rich and R. Corral, Org.
Lett., 2006, 8, 5069-5072; (b) S. D. Lepore and Y. He, J. Org
Chem., 2003, 68, 8261-8263; (¢) O. Mitsunobu, Synthesis, 1981,
1-28.

27 (a) Y. Wei, X. Jian-He, X. Yan, X. Yi, Z. Gang and L. Guo-Qiang,
Tetrahedron: Asymmetry, 2006, 17, 1769-1774; (b) J. Barluenga, C.
Rubiera, J. R. Fernandez, J. Florez and M. Yus, J. Chem. Res. Synopses,
1987, 12, 400-401.

28 Calculated using as a reference the specific rotation of (S)-3-chloro-
1-phenyl-1-propanol (Sigma-Aldrich) [a]}) -25, (¢ = 1, CHCL) for
99% ee.

3862 | Org. Biomol. Chem., 2011, 9, 3854-3862

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c0ob00906g

