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A methodology for the synthesis of oxetanes fromzbphenone and furan derivative:
presented. UV-light irradiation in batch and flowstems allowedthe [2+2] cycloadditio
reaction to proceed and a broad range of oxetaméd be synthesizeid manual and automat
fashion. The identification of high-yieldingaction parameters was achieved through &
self-optimizing photoreactor system.

2009 Elsevier Ltd. All rights reserved

Photoreactions and flow chemistry have been sharngver-
growingly entangled history. Due to the use of hpghwer UV-
lamps, side-reactions and decompositions of bolbistsate and
product were frequently observed in batch-type masetups
that have been overcome by sophisticated flow-cesttThese
allowed the precise adjustments of irradiation tiazewell as
reaction temperature resulting in higher conversiand space-
time-yields. One of the earliest examples of phatbzgtion
reactions performed in microflow systems was pubtsiwy
Fukuyama and Ryu in 2004Vinyl esters and enones were
successfully coupled by use of a 300 W Hg lamp aRataran
glass reactor giving the corresponding cyclic prgluin
moderate to good yields. In 2013, Oelgemdller andiockers
reported the [2+2]-cycloaddition reaction of furaes and

self-optimization. Nevertheless, good yields wereawmiatd in the
50-fold bigger system that was also in accordancth \the
previous investigated setup. In 2011, Poliakoff awdvorkers
established continuous etherification reactionssipercritical
carbon dioxide as green solvénfhereby, a super modified
simplex algorithm was used for the iterative optatian of three
(temperature, pressure, flow rate) or four (tempeeatpressure
flow rate, solvent ratio) parameter sets. The sptfraization
process was not only able to optimize the yield le# tnain
product but could also find conditions that ledhe formation of
specific side products. However, optimizations of eesly
photo-flow reactions still pose an insufficientlypdored research
area of organic chemistry and chemical engineerlRgdical
sensitivities of high-energy photocyclization réaes towards

alkenes’ Thereby, a commercially available Rayonet chambetemperatures and residence times let these reaciaffer from

reactor in combination with a microcapillary unit wased for
UVC-light irradiation §=254 nm) with excellent conversions
compared to conventional batch-type setups.

A rather emerging field of research has been coedewith
the establishment of self-optimizing reactor systetmat made
use of optimization algorithms, monitoring techrg&s, and
their integration in well-known reactor setupBioneering work

time-consuming and labor-intensive optimizationsttirermore,
concentrations of substrates in appropriate sadvaeed to be a
crucial parameter that often led to drastic improgats
concerning product yields and its purity.

Among these reactions, the [2+2] photoreaction easden as
model reaction that was used in batch and flow reacetups.
The so-called Paterno-Buchi reaction of

was achieved by Jensen and coworkers in 2010 when thg@hotochemically activated carbonyls was first désdiby their

presented the first self-optimizing Heck-reactionbiwth micro-
and meso-scale continuous flow systéma/ariations of
temperature and flow rate controlled by a Nelder-Msiagplex
algorithm led to isolation of an optimal paramedpace for the
micro-scale reactor system. Those conditions weren th
transferred to a meso-scale setup that was furtbed without

inventors E. Pateri@nd G. H. BiicHiand later on thoroughly
investigated by Schefikand Griesbeck® The importance of this
photochemical transformation was further proven tlyr&iber in
1984 who selectively generated a multi-substituted meta
building block for the synthesis of the bioactivegural product -
(¥)-Asteltoxin (Figure 1)

alkenes with
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Figure 1. Synthesis of Asteltoxin with a [2+2]

photocycloaddition key step.

Herein, we report the advantage of using a capiligng’
microfluidic photochemical reactor for Paterné-Biickactions
and a computer-assisted self-optimization of flaves.

The first investigations were carried out in ordedetermine
the most suited light source. A Rayonet chambertoeasas
therefore charged with lamps with emitting wavelengtt800,
350, and 400 nm, respectively. After 8 and 15 htreadimes
the conversion of the batch-mode Paternd-Biichi tiaacof
benzophenon@a and furanl was determined by GC-analysis
(Table 1).

Table 1: Evaluation of the light source.

o Ph)k Ph time (h) PhPh
1 2a 3a
Entry light (nm) time (h) 2 3al"!
Conv. (%) Yield. (%)
1 300 8 83 15
2 350 8 77 20
3 400 8 82 15
4 300 15 69 26
5 350 15 62 32
6 400 15 70 26

[a] Reaction conditions2a (2.73 mmol), furan (20 mL). [b]
GC conversionslyields (%).

It was observed that formation of the prodBatat 350 nm
was slightly higher than at the other wavelength®l@4, entry
2, 5). This fact was confirmed by the known absorpsipectrum

of benzophenon@a in non-polar solvents, where the excitation

of the importantnz* shift is located at that wavelength.
However, the usage of the photoreactor equipped withwaerful
medium-pressure Hg lamp and a Pyrex-glass filteyega
superior yield of 80% after 1 h reaction time (FeQ).
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Figure 2: Capillary-type continuous photo-flow reactor.

To maximize the productivity, the reaction time veasluated
by changing either the reactor volume or the flote (dable 2).
After adjusting the reaction time manually from 50 120
minutes by looping the reaction mixture back irtte teactor, it
was shown that the yield reached already excellelnesaafter
100 minutes (Table 2, entry 4). Furthermore, an onéinalysis
approach was developed to obtain the optimal resgléme by
connecting an in-line ReactIR spectrometer andnapeter based
communication interface to the aforementioned flogactor
(Figure 3). Fortunately, applying the newly develbpself-
optimizing reactor setup we observed a comparalele wf 97%
after 83 minutes (Table 2, entry 3).

Table 2: Evaluation of the flow rate and reaction time.

- A

hv (Hg-lamp, Pyrex) S (0]

; Ph
O1 Ph 2a Ph time (h) 2a Ph

Entry Reactor flow rate 1(total) Yield

volume (uL/min) (min) (%)

(mL)

1 10 600 17 69

2 5 500 2 80

3 5 360 14 97

4 10 1200 8 96

5 10 500 20 98

[a] Reaction conditions2a (1.37 mmol), furan (10 mL). [b]
Yields after column chromatography (%).
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been determined from the crude reaction mixturetarmted out
to be mostly excellent, the yield of the purifiedguct was party
reduced. This observation was tracked back to tticudt
separation of the remaining substrate from the hgsgired
product. In some cases, multiple purification pohoes had to
be performed to obtain a good separation.

§c°"tml F _l Table 3: Scope of the Paternd-Buichi reactfon.
.
R!
j S ' (/1 . i hv (Hg-lamp, Pyrex) 0~
HPLC pump i | O Mgt R¥°R? time (h) \ R3
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Figure 3: Schematic illustration of the flow setup for the 1 H H Ph 3a 96 98
[2+2] photocyclization reaction; BPR - back pressur 2 H H pTol 3b 87 94
regulator. 3 H H oTol 3c 84 98
4 H H 24-MePh 3d 82 95
5 H H Mes 3e 86 90
During the measurement, the reaction mixture floveastr 6 H H p(tBuPh 3f 84 94
passed the IR spectrometer before and right adieghirradiated. 7 H H 2-CN-Ph 3g 86 926
The recorded IR data were constantly analyzed bgrapater 8 H H pF-Ph 3h 82 95
software which, based on these information, contlaie pump 9 H H 24FPh 3i 95 95
unit. According to the intensity of the specific aljstion of the 10 H H 3-CRPh 3] 90 oY)
carbonyl group (1662 cf) of the benzophenone substrage the 11 H H  CH,-Ph 3k 234 28
ﬂovy rate of the operating HPLC-pump was gonstantuam_ed 12 H Ph Ph 3l 97 08
until the substrate was completely consumed in Huequeaction 13 Me Ph Ph 3m  77:23%4  75:20¢

(Figure 4).

= 0% conversion

== 50% conversion
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[

Figure 4: FTIR spectrum of the characteristic C=0 band a
1662 cm showing the conversion of benzophen@ae

To further prove the advantage of the developed 8gstem,
the reaction was also performed in a batch-typetoeam this
direct comparison study it was clearly shown thatleunflow
conditions superior yields were obtained after @tfoam of the
time which would be necessary under batch conditidable
SI1). After the same residence time of about 80 tamthe flow-
mode reaction showed full conversion of the carbaoyhpound,
whereas under the batch-mode conditions only min@tame
formation could be observed (Table SI1, entriead %).

With the optimized flow parameters in hand the swalbst
scope of the Paterné-Bichi reaction was explored. lyip
various aldehydes and a ketone to the [2+2] phatti@n with
furan and its derivative, the appropriate produetse isolated in
good to excellent yields (Table 3). While the casiens have

[a] Reaction conditions2 (2.73 mmol), furan (20 mL), flow
rate 60uL/min; Vieactor > ML, T = 83 min [b] Yields after column
chromatography. [c] GC conversions. [d] Calculatate from
NMR. [e] Rate of substitution at position 1 and 3.

It was shown that both electron donatiBeyf and withdrawing
substituents 3g-j on the aromatic group of the carbonyl
compound were similarly suitable for the cyclizaticeaction.
Also the substitution pattern of the aromatic grdwgu just a
minor influence on the product yield. Just in caan aliphatic
carbonyl substituent a lower yield of 23% was isalgfEable 3,
entry 11). This observation can be explained byatb@ication of

a Pyrex-filter and the insufficient irradiation witligh energetic
UV-light with wavelength below 300 nm. In a similar cdan of
nonal and furan, Schreiber and Hoveydased a Vycor-glas
jpatch reactor, which shows comparable transparentivtght
as fused silica. Upon performing the Paternd-Bueaction with
benzophenonga and 2-methylfurarib, isomeric products were
isolated. The introduced methyl-group could be tedaither at
the C-1 or the C-3 position. In conformity with tim¥estigations
by the group of Ab® the higher substituted oxetane was built
preferably with a 77 to 23 ratio of the isomers.

In order to make use of the previously mentioned- se
optimizations and our gained expertise in this dfiewe
envisioned the integration of an optimization aitjon into a
continuous-flow photoreactor. Again, using an in-liReactIR,
we chose the Paternd-Buichi reaction of benzophewithefuran
as model reaction which is highly suitable due te th
characteristic IR-bands that can be analyzed by RFTI
spectroscopy. Moreover, identification of statignatates can
easily be achieved by this method. Using the IRvar# (iC
IR™)Y  which simultaneously controls the IR machine,
interpretation of the IR spectra was possible. An @Riump
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(Knauer K-120), valve controls (Upchurch Scientifie1341)
and an autosampler (HiTec Zhang AutoSam200) complemen

our reactor setup. The Modified Simplex algorithmMS(M)*®
was integrated in LabVIEW 2010 (National Instrumenisih
Matlab 7 (MathWorks), which controlled all equipmen
components via RS-232 connections. By analyzingothtained
parameter values based on the peak correspondihg teaction
conversion with consecutive auto-export functiorea-time (by
the LabVIEW controlled) optimization program wasagdished.
Having reached the steady state (after a minimunthoée
hydrodynamic residence times and a standard dewiati peak
height difference belovg 7+10% of the system the next set of
parameters is calculated. Benzophenone dissolvefiliran as
well as neat furan was pumped from a reservoir ifte t
photoreactor, previously mixed by a T-shaped migxemfor the
2-HPLC-pump system. Having passed the IR flow cell,
computer assisted valve control allows collectiorthef product
in vessels, as all components and the resultingctiosa
parameters were controlled, and optimized by the puten
software. Starting values were chosen within parameteges
that allowed efficient progress in the consecutiyginization
process?

To further improve the presented self-optimizingaatéon
system and analyze the influence of reactant dihgti an
additional parameter should be installed. So bemeopne
dissolved in furan and neat furan were pumped iddadly into
the photochamber thus allowing the system to idgnktié best
concentration for both substrates. Therefore, twpasely
controlled HPLC pumps were installed to the previsystem
and mixed by a T-shaped mixer that finally givesiangle with
two variables in the given parameter space (Figure 5

Check

Pump 1 valves ow-ReactiR

B Auto-
sampler

Pump 2

g™ et

Photo-flow reactor

Figure 5: Self-optimizing photo-flow reaction setup with two
HPLC pumps and on-line ReactIR.

The parameter space was chosen to be 60 — 150 jtLiiis
area roughly covers the previously identified optim with
regards to its possible variation towards lower caotregions that
have been observed in earlier experiments. Afteriratial
orientation phase of 10 points (Figure 6, Tabldo4,full table
see Sl), optimal regions towards low furan flow ratesld be
identified, finally resulting in 95% conversions fiaw rates of
65 pLmin* for benzophenonga and 115 pLmift for furania.

Starting from 16% conversion for the first parameteint at

flow rate (Furan) / |JLmin'1

Tetrahedron

conversions ‘when the flow rate of benzophendze was
increased, higher yields were again obtained witbxaess ratio
of furanla.

140
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Figure 6: Parameter space of self-optimized [2+2] photo-
cyclization

Table 4: Excerpt of values for self-optimization using two
HPLC-pumps angarameter space of self-optimized [2+2]
photo-cyclization reaction.

Flow rate  Flow rate T Conv.
BP Furan
point (uLmin®  (uLmin?) (min) (%)
1 80 80 63 16
2 117 106 45 12
3 106 117 45 10
4 117 135 40 15
5 140 114 39 19
6 123 95 46 30
10 141 110 40 33
11 106 111 46 33
12 71 114 54 35
16 89 111 50 51
17 70 117 53 59
21 81 114 51 90
22 75 115 53 95
23 65 115 56 95
24 61 114 57 86
25 72 115 53 90

%Conversions determined by GC; BP: benzophenone.

For parameter point 14 no clear IR spectrum wasrdecbdue
to formation of a hot spot in the tube that ledet@poration of
furan. Nevertheless, the algorithm was able to castiiits
optimization also showing the robustness of the noigttion
method towards certain casual errors. Having kepfutan flow

80 uLmin’l for both components, a steady increase offate constant and further lowering the amount ofariurthe

conversions can be observed. After receiving a blafclower

algorithm was able to identify an optimal region fbe reaction



system after 25 parameter points. The total optition was
achieved within 48 hours showing its high efficieribgt could
not have been obtained without computer assistaratdd 5).

It becomes evident that there is a correlation betwe
conversion and benzophenone concentration. Usubkylower
the benzophenone concentration, the higher theezsion. This
was either obtained by increasing the furan or lwehing the
benzophenone flow rate.

Furthermore, comparing the productivity of both it
parameter points from both flow setups, 0.37 mMahproduct
3a for the 2-pump system and 0.35 mmblfor the 1-pump
system could be obtained (according to eq. 1). Atstime time,
a 36% reduction in irradiation time was achievedtfa 2-pump
system (53 min) compared to the 1-pump system (@3 m

Table 5: Self-optimization run for photoflow reactor.

o]
hv (Hg-lamp, pyrex) o

IR

; \ Ph
O1 Ph 2a Ph time (h) 2 Ph
Point Flow rate Flowrate flow rate T Conv
BP Furarf total

(LL/min) (uL/min) (UL/min) (min) (%)
1 80 80 160 63 16
2 117 106 223 45 12
3 106 117 223 45 10
4 117 135 252 40 15
opt 65 115 180 56 95

®c(benzophenone) = 0.1 M in
conversion by GC

Vsubst .

productivity [mmol h™] = ceypse * 32
total

(eq. 1)

subst

C.ubst: CcOncentration of substrate
V : flow rate
Y: yield

It cannot be excluded that other combinations ah Htow
rates may lead to optimal conversions. Since tigerdéhm is
only capable of identifying a local optimum, noetglobal one,
increasing the length of the starting triangle tartsng from a
different starting point may result in a differgmarameter set.
However, since the initial optimization already idéetl a local
optimum, we were only interested in the question wdreth
modification of setup and a more specified perfarosacould
give rise to a more detailed and advanced optimizanethod.
As both reactor setups identified similar optimaependently,
verification of both methods can be assumed. Neghils,
reasonable amounts of these biologically activeifsiacan now
be easily prepared using readily available hardware.

In summary, we have illustrated the development {#+&]
photocyclization reaction of benzophenone and fuyesding
biologically active and important structural motislerating a
broad scope of different educts. Starting from aype reactor
setups, modern flow-setups in combination with adednself-
optimization methods led to identification of paetar sets
which show excellent conversions and yields for tlesiréd
oxetanes. By changing to a 2-reservoir reactoresysind thus

furan; BP: benzophenone;

5

increasing the number of parameters, an even mertailet
“map” of the reaction space could be drawn allowimg @iser to
choose from a variety of high-yielding parametds.s&€he entire
optimization was achieved without human interactas all
necessary manual interactions, such as probe totiec
recording of spectra and adjustment of flow rateseveenducted
by integrated algorithms and control entities.
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