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Here we report the generation of a small focused library of 12 diversely functionalized dihydropyrimidine (DHPM) derivatives via one-pot

three-component Biginelli cyclocondensation of b-ketoesters, aldehydes and (thio)ureas. By applying controlled microwave heating under

sealed vessel conditions using a fully automated microwave instrument including a gripper and liquid handler, the sequential synthesis of

DHPMs can be performed in a shorter reaction time (10–20 min per one DHPM derivative) compared to conventional heating methods,

which normally require several hours of reflux heating. The solid products either crystallize directly upon cooling or can be precipitated

upon addition of water, requiring only filtration for isolation. In this way, the DHPM derivatives are obtained in high purity and no further

purification by recrystallization or chromatography is necessary. This can be ascribed to the microwave heating technology where less

side-product formation is often seen. The preparation of this 12-membered DHPM library can be carried out within B9 h.

INTRODUCTION
The generation of diverse combinatorial libraries has been shown
to be a valuable tool for lead compound identification in the
drug discovery process1,2. However, lead compound optimization
and traditional medicinal chemistry remain the bottlenecks in
this high-throughput discipline. As speed is a critical factor in the
field of drug discovery and medicinal chemistry, increasing interest
has focused toward technologies and concepts that allow a more
rapid synthesis of such compound libraries. One such high-speed
technology is microwave-assisted organic synthesis, which has
attracted a substantial amount of attention in the past few years
and is nowadays a popular and convenient tool for performing
organic reactions in a high-speed fashion3–8. In particular, the
use of dedicated microwave reactors (see Fig. 1) that enable the
rapid and safe heating of reaction mixtures in sealed vessels under
controlled conditions with on-line temperature and pressure
monitoring has greatly increased the general acceptance of

this method. The main advantages of microwave-assisted heating
over conventional oil-bath heating are the significant rate enhance-
ments (from hours to minutes and even seconds), reduced
side reactions and therefore improved product yields and purities.
Many reaction parameters such as reaction temperature and
time, variations in solvents, additives and catalysts or the molar
ratios of the substrates can be evaluated in a few hours to
optimize the desired chemistry. Owing to these facts, it is not
surprising that the drug discovery and medicinal chemistry com-
munities and many pharmaceutical companies are heavily
using this high-speed technology for both lead optimization
and lead generation9–15.
For the preparation of compound libraries, two different high-

throughput techniques can be applied usingmicrowave technology,
the automated sequential or parallel approach. The concept of
automated sequential microwave-assisted library synthesis is a very
attractive tool if small focused libraries containing ca 20–100
compounds need to be produced. By using a dedicated single-
mode microwave instrument with integrated robotic vial-handling
and liquid dispensing (as shown in Fig. 1), library synthesis can
become as efficient as a parallel approach under conventional
heating16,17. As in this technique each individual vessel is irradiated
separately, a better control over the reaction parameters is ensured,
but also fast iterations in protocol development and individual
rapid optimization of reaction conditions. If larger compound
libraries (4200 compounds) need to be generated, the sequential
approach can become impractical since the time-saving aspect of
microwave synthesis is diminished by having to irradiate each
reaction mixture individually. Parallel synthesis can be performed
in multimode instruments using either dedicated multivessel rotor
systems or deep-well microtiter plates that allow a higher through-
put3,18–20. One limitation of the parallel mode is that all reaction
vessels are exposed to the same reaction conditions and therefore
the same amount of identical solvent has to be used in all the vessels
employed for the library synthesis.
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Figure 1 | Automated single-mode microwave instrument with gripper and

liquid handler (Emrys Liberator, Biotage AB).
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Multicomponent reactions (MCRs), like
the Biginelli three-component conden-
sation for the generation of multifunctiona-
lized DHPM scaffolds, constitute one of the
most efficient approaches toward rapid
library production and thus identification
of potentially biological active compounds21.
In combination with microwave heating,
MCR strategies are highly attractive to
the drug discovery and medicinal chemistry
communities owing to the increased diversity
and efficiency that can be obtained in very
short times compared to conventional linear-
type strategies. The Biginelli protocol is par-
ticularly attractive from the drug discovery
point of view, as the resultingDHPM scaffold
covers a wide range of biological targets,
which has led to the generation of a number
of lead compounds based on that structural
core22. In several recent publications, DHPM
derivatives with novel potent biological activ-
ities have been reported (see Fig. 2). For example, compound 1
showed potent cardiotonic activity, whereas 2a and 2b proved to be
b-adrenergic receptor antagonists23. DHPM derivative 3 displayed
significant antispasmodic and vasodilator activity24 and scaffold 4
potent antihypertensive activity25. DHPM 5 was identified as calci-
tonin mimetic when administered subcutaneously26 and the boron-
containing compound 6 has potential as agent against the breast
cancer cell line MCF7 (see ref. 27). Cyclopentyl ester 7 proved to be a
potent inhibitor of the fatty acid transporter FATP4 (the S-enantio-
mer showed to be B100 times more potent than the R-enantio-
mer)28. The analogs 8a and 8b both exhibited a strong in vitro
antioxidant activity29 and derivative 9 plays a role in the activation of
chaperones that block Ab aggregation and thusmight have a favorable
therapeutic effect on neurodegenerative diseases like the Alzheimer
disease30,31.
A direct and simple method for the synthesis of DHPMs is

the above-mentioned Biginelli MCR, a one-pot cyclocondensation
of a b-ketoester, aldehyde and (thio)urea under acidic conditions,
which was first reported by Biginelli in 1893 (see Fig. 3)32,33. As it
is known that conventional heating methods for this reaction
normally require several hours of reflux heating and furthermore
deliver the DHPM products in rather moderate yields, we wanted
to take advantage of direct and rapid microwave dielectric heating
under sealed vessel conditions to shorten the reaction time and to
obtain the desired DHPM derivatives in high yield and purity.
Based on our previous reports on the microwave-assisted

generation of DHPM libraries applying an automated sequential
microwave instrument (see Fig. 1)34,35, we report here an updated

protocol for the synthesis of a small focused 12-membered library
of DHPM scaffolds utilizing the same instrument with all available
automation features (see Table 1). For the library synthesis, an
Emrys Liberator instrument (Biotage AB), especially designed for
library production (see Fig. 1), with incorporated EmrysWork-
flowManager software was employed. In addition to the built-in
gripper that moves vials in and out of the cavity, this software
allows liquid dispensing using the liquid handler. Furthermore, all
the weights/volumes needed for each experiment are calculated
automatically (see PROCEDURE for programming). Alternatively,
a SWAVEmicrowave synthesizer (Chemspeed Technologies), which
is a fully automated system incorporating the Biotage Initiator
microwave reactor in combination with automated capping/dec-
apping, automated addition of liquid and solid reagents, transfer of
the vials to the microwave cavity, intermediate addition of reagents
for multistep synthesis and work-up features, can be employed for
the DHPM library synthesis.
Structural diversity in the DHPM scaffolds was generated

by employing seven individual CH-acidic carbonyl compounds (10),
ten different aldehydes (11) and two ureas/thioureas (12).
A combination of all these building blocks would lead to a library
of 140 individual DHPMs (13). In the present protocol, a detailed
procedure for the synthesis of a set of 12 representative DHPM analogs
is given. After some reoptimization of our previously published
protocols34,35, we discovered that the use of 1.5 equivalents of the
CH-acidic compounds in combination with 10 mol% of Ytterbiu-
m(III) trifluoromethanesulfonate hydrate (Yb(OTf)3) as a Lewis acid
catalyst at 120 1C produced the best results. Under these conditions, a
10 min reaction time was employed in cases where urea was used as a
building block, and a 20 min time for thiourea. As we have reported
recently, acetonitrile (MeCN) proved to be the best solvent for 2-thio-
DHPM derivatives36, whereas a 3:1 mixture of acetic acid (AcOH)/
ethanol (EtOH) was superior for 2-oxo-DHPM products. In some
cases, pure EtOHgave somewhat higher yields compared to theAcOH/
EtOH 3:1 mixture (see Table 1).
Utilizing the automation features of the microwave instrument

(see Fig. 1), including a gripper that moves the vials in and out of
the cavity and a liquid handler for dispensing liquid building blocks
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or stock solutions in the vials before irradiation, the synthesis of all
12 derivatives can be performed within 3.5 h, which implies an
average processing time ofB17min (including dispensing, moving
the vial in and out of the cavity and cooling to 50 1C). Owing to the
benefits of microwave heating, further purification steps such as
recrystallization or column chromatography were not required.
The solid and crystalline library products were obtained in an
average isolated yield of 67% and very high purity (495%
according to HPLC at 215 nm) after filtration and appropriate
washing protocols (see Table 1). Here, four different HPLC
methods for quality control have been employed, depending on
the nature of the DHPM product (see HPLC setup and Table 1).
The standard method utilized was method B, which involves an
initial concentration of 35% of eluent B (see HPLC setup and
Fig. 4). If the DHPM products are more polar, like 13e and 13f, the
concentration had to be decreased to 20% to obtain a meaningful
HPLC chromatogram (see Fig. 5). If thiourea is applied, the
maximum absorption is shifted to a higher wavelength in com-

parison to the 2-oxo-DHPMs, therefore 305 nm is set for the
second wavelength (method D, see HPLC setup).
This automated protocol for the generation of a diverse set of

DHPM scaffolds described herein can also be employed utilizing
different dedicated microwave instrumentation without a liquid
handler or automation (e.g., Biotage Initiator or CEM Discover/
Explorer platforms). In this case, all the building blocks have to
be filled into the vial manually. For the irradiation process itself,
the same time/temperature parameters can be applied as given
in Table 1. The same is true for the generation of DHPM scaffolds,
which are not described in this procedure; as a starting point,
the same reaction conditions can be employed. If the yields are
not satisfactory, a change in the ratio of the reagents or solvent
from AcOH/EtOH 3:1 to pure EtOH or MeCN could help to
obtain the DHPM products in higher yields. Additionally, other
catalysts than Yb(OTf)3 like LaCl3 for 2-thio-DHPMs35,37 or
TMSCl (trimethylsilyl chloride)38–41 can be superior, as well as
prolonged reaction times or slightly higher temperatures (note that
above 140 1C, more by-products are obtained owing to decom-
position of urea). If acid-sensitive aldehydes such as furane-2-
carbaldehyde are considered, the reaction works better when EtOH
is used as a solvent at a slightly lower reaction temperature of
100 1C (ref. 34). N-Substituted (thio)ureas are known to be
troublesome building blocks, resulting in lower yields of DHPM
products. Especially the work-up is not as facile as presented in this
protocol since the corresponding DHPM derivatives generally do
not precipitate upon cooling and need column chromatography or
extraction for purification.
If a microwave-assisted parallel approach is considered, it has to be

ensured that identical solvents and filling volumes are used in each
vessel to achieve similar temperatures. For the DHPM library
presented here, this means that different reaction conditions have
to be incorporated for some derivatives. If AcOH/EtOH 3:1 is
employed as a solvent for all reactions at 120 1C for 10 min, scaffolds
13e and 13f are obtained in somewhat lower yields (59% versus 67%
for 13e and 47% versus 53% for 13f).
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TABLE 1 | Yields and purities of library DHPM products; the DHPM derivatives are obtained in 51–79% isolated yield.
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X = S: MW, 120 °C, 20 min

DHPM R1 R2 R3 X Yield (%)a Purity (%)b RT (min)c

13a OEt Me 2-Cl-Ph O 74 96 6.39d

13b OEt Me 2-thienyl O 57 96 4.60d

13c OMe Me 4-F-Ph O 69 96 4.73d

13d OMe Me 2-tolyl O 79 97 4.78d

13e e OEt Me Me O 67 99 4.79f

13f g Me Me 3-tolyl O 53 99 5.79f

13g OiPr Me 3-NO2-Ph O 70 97 5.71d

13h OMe CH2OMe 3-NO2-Ph O 69 96 4.73d

13i OMe Et 2,3-(Cl)2-Ph O 72 95 6.11h

13ji NHPh Me 2-Cl-Ph S 51 98 6.89d

13k OEt Me Ph S 70 98 6.99 j

13l OEt Me 3-OH-Ph S 78 98 4.85 j

aYields refer to isolated yields. bPurity according to HPLC at 215 nm. cRetention time on reversed-phase HPLC. dHPLC method B. eEtOH as solvent; 120 1C, 20 min. fHPLC method A. gEtOH as solvent. hHPLC method C.
iTotal reaction volume: 3,600 ml. jHPLC method D.
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Figure 4 | HPLC of DHPM derivative 13a using HPLC method B (linear

increase from 35% solution B to 100% solution B in 9 min, hold at 100%
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MATERIALS
REAGENTS
.2-Chlorobenzaldehyde (Aldrich, cat. no. 124974)
.2-Thiophenecarboxaldehyde (Aldrich, cat. no. T32409)
.4-Fluorobenzaldehyde (Aldrich, cat. no. 128376)
.o-Tolualdehyde (Fluka, cat. no. 89830)
.3-Nitrobenzaldehyde (Aldrich, cat. no. N10845)
.Acetaldehyde (Merck, cat. no. 800004)
.m-Tolualdehyde (Fluka, cat. no. 89840)
.2,3-Dichlorobenzaldehyde (Aldrich, cat. no. 254835)
.Benzaldehyde (Acros, cat. no. 1052200)
.3-Hydroxybenzaldehyde (Aldrich, cat. no. H190808)
.Ethyl acetoacetate (Acros, cat. no. 1179700)
.Methyl acetoacetate (Aldrich, cat. no. 537365)
.Isopropyl acetoacetate (Fluka, cat. no. 00485)
.Acetylacetone (Fluka, cat. no. 00909)
.Methyl 4-methoxyacetoacetate (Aldrich, cat. no. 281506)
.Methyl 3-oxo-pentanoate (Acros, cat. no. 243160250)
.Acetoacetanilide (Fluka, cat. no. 00440)
.Urea (Riedel de Häen, cat. no. 33247)
.Thiourea (Acros, cat. no. 138915)
.Yb(OTf)3 (Aldrich, cat. no. 405329)
.MeCN (HPLC grade; Fisher Scientific, cat. no. A/0627/17)
.AcOH (Acros, cat. no. 1240400)
.EtOH (Merck, cat. no. 9MAU111052)
EQUIPMENT
.Microwave process vials (0.5–2 ml, cat. no. 352016; 2–5 ml, cat. no. 351521;
Biotage) m CRITICAL Only dedicated microwave process vials as supplied by
Biotage designed to withhold elevated pressures (20 bar) and temperatures
must be used. Note that the instrument vendor suggests single use for the
microwave vials.
.Solvent bottle (50 ml; Biotage)
.Magnetic stir bar (1 cm for 2–5 ml vials; Biotage)
.Teflon septum (Biotage)
.Aluminum crimp (Biotage)
.Microwave reactor (Emrys Liberator; Biotage; see Fig. 1)
.Erlenmeyer flask
.Disposable glass pipettes
.Micropipettes and tips (Finnpipette; Thermo)
.Fritted funnels (alternatively Büchner funnels + filter)

.HPLC (Shimadzu LC-20), which includes an LC-20AD pump, a SIL-20A
autosampler, a diode array detector (SPD-M20A), a column oven
(CTO-20A) and a degasser (DGU-20A5)
.HPLC column: Pathfinder AS100 reversed-phase analytical column
(150 � 4.6 mm, particle size 5 mm)

EQUIPMENT SETUP
HPLC setup The separations were carried out at 25 1C using a mobile
phase from (A) 0.1% trifluoroacetic acid (TFA) in 90:10 water/MeCN and
(B) 0.1% TFA in MeCN (all solvents were HPLC grade, Acros; TFA was
analytical reagent grade, Aldrich). The following gradients were applied at a
flow rate of 0.5 ml min�1.
Method A: linear increase from 20% solution B to 100% solution B in 9 min,
hold at 100% solution B for 1 min. The UV detector is set at 215 and 283 nm.
Method B: linear increase from 35% solution B to 100% solution B in 9 min,
hold at 100% solution B for 1 min. The UV detector is set at 215 and 283 nm.
Method C: linear increase from 40% solution B to 100% solution B in 9 min,
hold at 100% solution B for 1 min. The UV detector is set at 215 and 283 nm.
Method D: linear increase from 35% solution B to 100% solution B in 9 min,
hold at 100% solution B for 1 min. The UV detector is set at 215 and 305 nm.

PROCEDURE
Program library using EmrysWorkflowManager
1| Open the EmrysWorkflowManager for the programming of the library and start a new experiment.

2| Start adding the information about the chemicals that are necessary for the library by pressing the ‘‘New Chemical’’ button
(red-labeled button, see Fig. 6).

3| Press the ‘‘Edit’’ button (an ISIS-Draw window opens) and draw the structure of the first building block. By closing the
ISIS-Draw window, one returns to the ‘‘Chemical’’ window.

4| Name the building block. The molecular weight is calculated by the instrument. If the building block is a liquid, enter the
density. Define whether it is a solid or liquid, substrate, catalyst or solvent.

5| Repeat Steps 2–4 to enter all the building blocks, solvents and catalysts that are necessary for the reactions.

6| Start creating the protocols that are necessary for the library production by pressing the ‘‘Protocols’’ button
(red-labeled button, see Fig. 7).

7| By pressing the ‘‘Add Chemicals’’ button (blue labeled, Fig. 7), add all the building blocks, catalysts and solvents that are
needed for the first reaction (protocol).

8| Enter the amount (in mmol) of all the reagents: 4 mmol of aldehydes 11, 4 mmol of urea/thiourea 12, 6 mmol (1.5 equiv.)
of CH-acidic compound 10, 0.4 mmol (10 mol%) of Yb(OTf)3; the instrument calculates automatically the corresponding
amounts (green-labeled box, Fig. 7).

9| Enter the appropriate amount of solvent so that a total reaction volume of B2.5 ml (orange-labeled box, Fig. 7) is
reached.
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m CRITICAL STEP Ensure that the
minimum filling volume for the corres-
ponding vial type is reached. In the
current procedure, the 2–5 ml Biotage
microwave vials are used, which require a
2.0 ml minimum filling volume. If the
filling volume is lower, the temperature
measurement by the outside IR sensor
will not be correct.

10| Choose ‘‘High’’ for the sample
absorption and enter 120 1C for the tem-
perature, 600 s (1,200 s when thiourea
is used) for the reaction time and 15 s
for pre-stirring; activate the ‘‘Fixed hold
time’’ box (purple-labeled box, Fig. 7).

11| Follow Steps 6–10 for creating
all the protocols for the 12 reactions.

12| By opening the ‘‘Procedure’’ folder, a list of all chemicals in the corresponding amounts for all reactions (protocols) opens.
Define the size of the vials in which the liquid reagents should be stored and the dispensing type (here, combinatorial is chosen;
see Fig. 8).

13| Save the planned experiment, open the Emrys Liberator software and upload the experiment.

14| Place a stir bar in each of the 12 microwave vials that are going to be irradiated in the microwave.

15| Add 240 mg (4 mmol) urea or 304 mg (4 mmol) thiourea, and 248 mg (10 mol%) Yb(OTf)3 into the corresponding 2–5 ml
microwave vials. If other building blocks are solids, add them to the vial as well.

16| For the liquid dispensing procedure, fill all the liquid reagents into the appropriate microwave storage vials
according to the ‘‘Procedure’’ instruction (see Fig. 8).

17| Fit a Teflon septum into the
aluminum crimp and crimp all the vials.
m CRITICAL STEP The cap on the
microwave vial has to be even and tight;
otherwise, leakage of the reagents
or solvent can occur under microwave
irradiation.

18| Place all the microwave vials in the
proper positions in the rack of the micro-
wave instrument according to the image
that appears on the screen (see Fig. 9).

19| Run the experiment.
! CAUTION The solvent is heated well
above its boiling point, so all necessary
precautions should be taken when
performing such experiments. Vessels
designed to withhold elevated tempera-
tures must be used. After completion of
an experiment, the vessel must be
allowed to cool to a temperature below
the boiling point of the solvent before
removal from the cavity and opening to
the atmosphere.
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Figure 6 | Add chemicals for the library production.

Figure 7 | Creating protocols for the library production.
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20| After cooling to 50 1C via gas jet
cooling (compressed air, 5 bar), the
vials are moved out of the cavity by the
gripper and placed back to the rack. In
case of overpressure in the vial (B2–3
bar), remove it by piercing the septum
with a needle and open the vials.
! CAUTION Because of safety issues,
the piercing of the septum has to be
performed in the hood.

21| Purify the product by either filtra-
tion (A), in the case of already precipi-
tated product, or by precipitation
and filtration (B), if no product has
precipitated after the cooling step.
(A) Filtration

(i) Place the vials in the fridge
for B 2 h.
’ PAUSE POINT Can be left over-
night.

(ii) Filter the precipitate through
a fritted funnel and wash it with
10–15 ml of a mixture of cold
H2O/EtOH 2:1 in the case of

13a–f or with 15 ml of cold water
in the case of 13k (see Table 1).

(B) Precipitation and filtration
(i) Fill an Erlenmeyer flask with

B20 g of crushed ice.
(ii) Transfer the reaction mixture from

the vial to the Erlenmeyer flask
filled with crushed ice using a
glass pipette.

(iii) Rinse the microwave vial with an
additional 700–1,050 ml of the
corresponding solvent and transfer
it with a glass pipette to the
Erlenmeyer flask filled with
crushed ice.

(iv) Let the reaction mixture stir vigor-
ously for 2 h on a magnetic stirrer.
’ PAUSE POINT Can be left over-
night.

(v) Filter the precipitates through a
fritted funnel and wash it with 20 ml
of a mixture of cold H2O/EtOH 1:1
in the case of 13g–i, B12 ml of a
mixture of cold H2O/MeCN 1:2 in
the case of 13j or 15 ml of
cold water in the case of 13l
(see Table 1).

22| Dry the product in the drying oven
at 50 1C overnight.
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Figure 8 | Dispensing procedure.

Figure 9 | Loading of the microwave vials onto the rack. For each experiment (protocol), the procedure

steps can be controlled. In the ‘‘Description’’ the dispensing sequence, the corresponding rack–vial

position (in parentheses) of the employed chemicals and the positions of the reaction microwave vials

(in parentheses), which will be irradiated (heating protocol), are provided. If the dispensing protocol is

highlighted, the rack positions of the employed chemicals are highlighted in light-blue and arrows

indicate in which vial they will be dispensed, which allow easier visualization of each protocol.
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23| Check the purity by HPLC using one of the HPLC methods described in HPLC setup.
? TROUBLESHOOTING

� TIMING
Steps 1–13: 40 min
Steps 14–17: 1 h
Step 18: 10 min
Steps 19 and 20: 3 h 30 min
Step 21A for six DHPM products: Steps (i) and (ii): B3 h
Step 21B for six DHPM products: Steps (i)–(iii): 15 min
Step (iv): 2 h
Step (v): 1 h
Step 22: 15 h

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 2.

ANTICIPATED RESULTS
The synthesized DHPM scaffolds together with the corresponding yield, purity and HPLC retention time can be found in Table 1.
13a: mp 210–212 1C
1H NMR (360 MHz, DMSO-d6) d 0.99 (t, J ¼ 7.1 Hz, 3H), 2.29 (s, 3H), 3.89 (q, J ¼ 7.1, 2H), 5.62 (d, J ¼ 2.7 Hz, 1H),
7.24–7.31 (m, 3H), 7.40 (d, J ¼ 7.5 Hz, 1H), 7.70 (br s, 1H), 9.26 (br s, 1H).

13b: mp 214–217 1C
1H NMR (360 MHz, DMSO-d6) d 1.16 (t, J ¼ 7.1 Hz, 3H), 2.21 (s, 3H), 4.06 (q, J ¼ 7.1, 2H), 5.41 (d, J ¼ 3.5 Hz, 1H),
6.88–6.95 (m, 2H), 7.34 + 7.36 (dd, J ¼ 0.9 + 5.0 Hz, 1H), 7.90 (br s, 1H), 9.31 (br s, 1H).

13c: mp 188–190 1C
1H NMR (360 MHz, DMSO-d6) d 2.25 (s, 3H), 3.52 (s, 3H), 5.14 (d, J ¼ 3.2 Hz, 1H), 7.14 (t, J ¼ 8.8 Hz, 2H), 7.23–7.24
(m, 2H), 7.77 (br s, 1H), 9.25 (br s, 1H).

13d: mp 235–237 1C
1H NMR (360 MHz, DMSO-d6) d 2.29 (s, 3H), 2.41 (s, 3H), 3.45 (s, 3H), 5.39 (d, J ¼ 2.7 Hz, 1H), 7.11–7.17 (m, 4H),
7.63 (br s, 1H), 9.18 (br s, 1H).

13e: mp 194 1C
1H NMR (360 MHz, DMSO-d6) d 1.09 (d, J ¼ 6.3 Hz, 3H), 1.19 (t, J ¼ 7.1 Hz, 3H), 2.15 (s, 3H), 4.02–4.14 (m, 3H),
7.20 (br s, 1H), 8.98 (br s, 1H).
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TABLE 2 | Troubleshooting table.

Problem Possible reasons Solution

Isolated product not pure
(according to HPLC at 215 nm)

Not washed properly during filtration Wash the product with a higher amount of the corresponding
washing solvent mixture

Reduce the amount of water in the corresponding washing solvent
mixture (e.g., H2O/EtOH 1:1 instead of H2O/EtOH 2:1)

Recrystallize the product from EtOH

Lower yields Temperature is lower than indicated Check if the IR sensor of the microwave instrument is calibrated
correctly

Too much solvent used for the
washing step

Reduce the amount or extract the mother liquor with ethyl acetate

Leakage of the vial Ensure that the vial is capped properly; otherwise, solvent can
evaporate during the reaction and the temperature measurement is
not correct anymore
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13f: mp 250–252 1C
1H NMR (360 MHz, DMSO-d6) d 2.09 (s, 3H), 2.28 (s, 6H), 5.21 (d, J ¼ 3.3 Hz, 1H), 7.01–7.07 (m, 3H), 7.20 (t, J ¼ 7.8 Hz,
1H), 7.77 (br s, 1H), 9.14 (br s, 1H).

13g: mp 199–201 1C
1H NMR (360 MHz, DMSO-d6) d 0.98 (d, J ¼ 6.2 Hz, 3H), 1.17 (d, J ¼ 6.2 Hz, 3H), 2.26 (s, 3H), 4.78–4.85 (m, 1H),
5.28 (d, J ¼ 3.0 Hz, 1H), 7.64–7.71 (m, 2H), 7.88 (br s, 1H), 8.07–8.15 (m, 2H), 9.34 (br s, 1H).

13h: mp 182–184 1C
1H NMR (360 MHz, DMSO-d6) d 3.31 (s, 3H), 3.57 (s, 3H), 4.45–4.58 (m, 2H), 5.34 (d, J ¼ 3.3 Hz, 1H), 7.64–7.72 (m, 2H),
8.00 (br s, 1H), 8.10–8.16 (m, 2H), 8.89 (br s, 1H).

13i: mp 212–213 1C
1H NMR (360 MHz, DMSO-d6) d 1.15 (t, J ¼ 7.3 Hz, 3H), 2.69 (d, J ¼ 7.3 Hz, 2H), 3.45 (s, 3H), 5.66 (d, J ¼ 3.1 Hz, 1H), 7.25
and 7.27 (dd, J ¼ 1.4 and 7.8 Hz, 1H), 7.36 (t, J ¼ 7.9 Hz, 1H), 7.54 and 7.56 (dd, J ¼ 1.4 and 7.9 Hz, 1H), 7.77 (br s, 1H),
8.36 (br s, 1H).

13j: mp 195–197 1C
1H NMR (360 MHz, DMSO-d6) d 2.01 (s, 3H), 5.77 (s, 1H), 7.01–7.51 (m, 9H), 9.34 (br s, 1H), 9.86 (br s, 1H), 10.05 (br s, 1H).

13k: mp 205 1C
1H NMR (360 MHz, DMSO-d6) d 1.10 (t, J ¼ 7.1 Hz, 3H), 2.29 (s, 3H), 4.01 (q, J ¼ 7.0, 2H), 5.17 (d, J ¼ 3.5 Hz, 1H),
7.20–7.37 (m, 5H), 9.65 (br s, 1H), 10.33 (br s, 1H).

13l: mp 179 1C
1H NMR (360 MHz, DMSO-d6) d 1.12 (t, J ¼ 7.0 Hz, 3H), 2.28 (s, 3H), 4.02 (q, J ¼ 7.0, 2H), 5.08 (d, J ¼ 3.3 Hz, 1H),
6.63–6.65 (m, 3H), 7.12 (t, J ¼ 7.6 Hz, 1H), 9.44 (br s, 1H), 9.60 (br s, 1H).
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