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A microwave-enhanced variation of the Kindler thioamide synthesis is introduced. Taking advantage of the
sealed vessel capabilities of a dedicated single-mode microwave reacto,r a diverse selection of 13 aldehyde
and 12 amine precursors was utilized in the construction of a representative 34-member library of substituted
thioamides. The three-component condensations of aldehydes, amines, and elemental sulfur were carried
out using 1-methyl-2-pyrrolidone (NMP) as solvent employing microwave flash heating atlBD0C for

2—20 min. A simple workup protocol allows the isolation of synthetically valuable primary, secondary, and
tertiary thioamide building blocks in 83% average yield an@0% purity.

Introduction Scheme 1
Thioamides are essential building blocks for the prepara- o) Rz A S
i iologi ' - R1_4 R
tion of a number of biologically relevant heterocyclic R,—{ + Sg +H N\ NE
scaffolds (that is, utilizing the Hantzsch thiazole synthé'sis). H Rj -H0 |
Although many different methods to prepare thioamides have 1 2 3 Rs

been reported in the literatutéhe three-component coupling
of an aldehydd, elemental sulfur and an ami@{Scheme  venerable, but underutilized, Kindler method. Here, we report
1) has so far received comparatively little attention, in a high-speed, one-pot protocol for the generation of diverse
particular from the combinatorial chemistry community. This sets of thioamides from readily available aldehyde and amine
is despite the fact that this one-pot process, first reported byprecursors. It should be noted that very recently, the first
Kindler in 19233 allows for an easy introduction of diversity ~ reports on microwave-assisted Kindler reactions (and on
into the thioamide backbone by simple variation of the related Willgerodt-Kindler processes) have appeared in the
aldehyde (B and amine (R R® components in the literature? These studies employed domestic microwave
condensation step. Since a large number of aldehydes and@vens that did not allow accurate temperature measurements
primary/secondary amines are commercially available, a and, therefore, may prove difficult to reproduce. In addition,
diverse set of synthetically useful thioamide products can examples were restricted to two cyclic secondary amines
potentially be prepared in one step using this method. (morpholine and piperazine) and, therefore, offered no
However, the multicomponent process depicted in Schemediversity in a combinatorial conte&t.
1 has so far found only limited application because of the
high reaction temperatures and long reaction times that are
typically required*® In addition, the protocol is hampered =~ We have chosen the condensation of benzaldehgde (
by the fact that volatile amines or aldehydes cannot be usedR:1 = Ph) with sulfur (S) and piperidine Z, R,—Rs =
unless autoclave technology is employed. —(CHy)s—) as a suitable model reaction to investigate and
In recent years, the concept of speeding up synthetic OPtimize the microwave-assisted Kindler thioamide synthesis.
transformations by microwave activation has created a lot This combination of building blocks involving cyclic amines
of interest in the organfcand combinatorial chemistry —and aromatic aldehydes has been well-studied in the literature
community? In particular, the use of dedicated microwave and generally provides good yields of thioamide products
reactors that enable the rapid and safe heating of reactionUPon heating of the neat reagents (or using suitable sol-
mixtures in sealed vessels under controlled conditions with VENts)>® Our initial experiments involved DMF as the solvent
on-line temperature and pressure monitoring has greatly (2 ML) and an equimolar (2 mmol each) composition of the
increased the general acceptance of the microwave heatinghree building blocks. DMF effectively couples with micro-
method. Therefore, it appeared to us that the use ofWave irradiation, that is, is able to convert electromagnetic
microwave heating under sealed vessel (autoclave) conditionsenergy of 2.45 GHz into heat enerdfyleading to a rapid
would provide an ideal and rapid method to synthesize increase in temperature (“microwave flash heating”; see also

thioamides in a combinatorial fashion according to the Figure S1 in the Supporting Information). Single-mode
microwave irradiatiobt of the equimolar mixturel/2/Sg

*To whom correspondence should be addressed. Phe#3-316- (Table 1, entry 1) under_ SeaIEd'Ve_SSE| conditions (2 min, _100
3805352. Fax:+43-316-3809840. E-mail: oliver.kappe@uni-graz.at. °C) produced a 57% isolated yield of the corresponding
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Table 1. Optimization of Microwave-Assisted Kindler volatile amine and aldehyde building blocks. With these
Condensation of Benzaldehyde (1), Piperidine (2), and Sulfur jssues in mind, a diverse selection of 13 aldehytleRy)
(S) Furnishing Thioamide®3 and 12 amineZ, R;Rs) building blocks was utilized in the
12/S solvent  temp  time yield construction of a representative 34-member library of
entry ~ mmoP mL °C min % substituted thioamide8 (Table 2). As expected, cyclic
1 21212 DMF [2] 100 2 5% secondary amines (i.e., piperidine, morpholine, pyrrolidine,
2 21212 DME[2] 120 2 64 N-phenylpiperazine) reacted in high yield with a variety of
3 212.5/2.5 DMF [2] 120 2 85 fi ldehvd Table 2 tri idi th
2 2/3/2 5 DMF [2] 120 > 88 aromatic aldehydes (Table 2, entries8), provi ing the
5 4/6/5 DMF [2] 120 2 91 anticipated thioamides. Here, both electron-donating and
6 4/6/5 DMF [2] 110 3 91 -withdrawing substituents were tolerated on the aromatic ring.
7 41615 NMP[2] 110 3 95 In addition, heterocyclic aldehydes (entries 4 and 7) and

aScheme 1, R= Ph, R—R3 = —(CHj,)s. ® Molar weight of phenyl acetaldehyde (entry 3) also provided high yields of
sulfur (S) = 32.¢Isolated yields of pure (96%) product, except product. Similar to the optimization work involving piperi-
for entries 1 and 2% ~80% purity of product{H NMR, GC/MS). dine detailed above (Table 1), relatively moderate reaction
conditions (116-130 °C for 2—10 min) were sufficient in
order to achieve quantitative conversions. In contrast, reaction
temperatures of up to 18€ and somewhat longer reaction
f times were necessary in order to accomplish full conversions

thioamide3; however, the purity of the product was only
~80%, as judged byH NMR and GC/MS measurements.
Raising the reaction temperature to P2D(entry 2) furnished

a somewhat higher yield of product; however, the purity o ) _ : . ) :
the isolated thioamide did not improve. When an excess of for most K|nd|er-typg thioamide preparat|0n§ involving
both the amine and sulfur components was employed (entryp”mar)f ammes_(entr.les%O). In goenerall, reactions CPUId

3) the yield and purity ¥95%) of the thioamide improved be carried out either in t.he 17180°C region for 3-7 min
markedly. After considerable experimentation involving (for examples, see entries 9 and 11), or at somewhat lower

variation of molar ratios of the three components (data not {€Mperatures at the expense ﬁf an anreallsed regcuon time
shown), we arrived at conditions for which a 50% excess of (140-150°C, 10-20 min). Both methods led to virtually

the amine and a 25% excess of sulfur were utilized (entry identical results in terms of product yields; however, purities

4). These conditions consistently produced the highest yields"€"® Somewhat higher using the lower temperatures. Since
of thioamide3 and allowed the convenient isolation of the Many of the more complex primary amines employed are
product by precipitation with water in a very high state of Ot water-soluble, we have further reduced the amount of
purity (96%), as judged byH NMR and GC/MS with only amine in the building block composition to 5 mmol (Tgble
trace amounts of sulfur being present as impufioubling 2, entries 9-30), as compared to 6 mmol for the previous
the concentration of building blocks further increased the €Xamples involving water-soluble secondary amines (Table
yield (entry 5), whereas a lower reaction temperature (110 1)- Successful examples of primary amines in the Kindler
°C) and longer reaction time (3 min) produced an identical condensation include benzylamines (entries 9 and 10),
result. Ultimately, we decided to use 1-methyl-2-pyrrolidone Phenéthylamines (entries +23), cyclohexylamine (entries
(NMP) as the solvent of choice in all Kindler-type transfor- 24 and 25), and propylamine (entries-280). Note that
mations, since at higher reaction temperature$40 °C), be_ca_use of the sealed vessel capablh_ues, the use of vola_1t|le
DMF andN,N-dimethylacetamide (DMA) started to decom- building b_Iocks such as propyla_mlne did not present a major
pose, and small amounts of thioamide byproducts derived problem (in contrast to conventional open.vessel protocols).
from dimethylamine were detected as impurities. However, |_” fact, even ammonia COU|d. be employed in these andensa-
this did not present a problem for the comparatively moderate tions (entries 3+34) employing a commerdid M solution

temperatures (166120°C) used in the optimization studies Of @mmonia in methanol. Here, the pressure in the reaction
presented in Table 1. vial increased to 13 bar (see Figure S1 in the Supporting

The above optimization studies therefore provide con- Information) at 18Q’C re_action_ temperature. Alternatively,
trolled microwave-assisted reaction conditions that allow a these transformations involving ammonia could also be
rapid and convenient access to thioamides derived from carried out without NMP as solvent, leading to similar yields
aromatic aldehydes and cyclic secondary amines (i.e.,of benzothioamide products (16C, 20 min). Note that it
morpholine, pyrrolidine). Indeed, most of the successful Was also possible to use combinations of volatile aldehyde
examples of Kindler three-component couplings described @nd amine precursors (entry 30).
in the literature involve these somewhat restricted building  In the majority of cases, workup of the reaction mixtures
block combinationg:>8? involved simply pouring the NMP solution onto ice/water

To increase the structural diversity and synthetic value of and filtration of the solid material (Table 2, workup a). In
thioamides3 that can be accessed using this three-componentcases in which the final reaction products did not solidify or
process (Scheme 1), it appeared of prime interest to extendwere soluble in water, extractions with diethyl ether were
this reaction also to, for example, primary amines, ammonia, performed (workup b). The purity of all those crude samples
and to substituted aromatic and aliphatic aldehydes. Here,was at least 90% as determined Y NMR and GC/MS
the number of successful high yielding examples reported measurements (see Supporting Information). In a few cases,
in the literature is rather limitetf Taking advantage of the it was necessary to purify the final products by flash
sealed vessel capabilities (max 20 bar) of the microwave chromatography (workups ¢ and d). For most of the examples
synthesizet! we particularly wanted to explore the use of presented in Table 2, yields were above 90%. Only for
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Table 2. Conditions and Yields for Synthesizing a 34-Member Library of Thioamides 3 (Scheme 1) via Microwave-Promoted
Kindler Reaction®

entry R R>, Rs 1/2/S, mmoP temp,°C time, min yield (%), workup'
1 Ph —(CHy)s— 4/6/5 110 3 95,a
2 4-(NOy)Ph —(CHy)s— 4/6/5 130 2 94, a
3 PhCH —(CHp)s— 4/5/4.5 100 3 73, c
4 3-indolyl —(CHp)s— 4/5/4.5 100 8 72,a
5 3-(NO)Ph —(CH,),0(CHy)o— 4/6.4/5 110 3 92, a
6 3-(MeO)-4-(OH)Ph  —(CHy),0(CHy)o— 4/6/4.8 120 10 92, a
7 2-thiophenyl —(CHy),N(Ph)(CH,)>— 4/5/4.5 120 3 99, a
8 4-(Me)Ph —(CHy)4— 4/6/4.8 110 3 91, a
9 Ph H, PhCH 4/5/4.5 170 3 >99, a
10 3-(Me)Ph H, 3-(Cl)PhCH 4/5/4.5 140 12 85, C
11 Ph H, PhCHCH, 4/5/4.5 180 4 >99, a
12 3,4-(MeO)Ph H, PhC}CH, 4/5/4.5 140 10 99, a
13 4-(NMe)Ph H, PhCHCH, 4/5/4.5 140 12 >99, a
14 3-(Cl)Ph H, PhCBCH, 4/5/4.5 140 12 97,a
15 3-(NQ)Ph H, PhCHCH; 4/5/4.5 150 10 >99, a
16 2-(Me)Ph H, PhCKCH; 4/5/4.5 160 20 43,d
17 2-thiophenyl H, PhCKCH, 4/5/4.5 140 14 99, a
18 pentyl H, PhCHCH, 4/5/4.5 140 10 39,d
19 4-(NMe)Ph H, 2-(MeO)PhChKCH, 4/5/4.5 140 12 >99,a
20 3-(Me)Ph H, 2-(MeO)PhCIH, 4/5/4.5 140 12 >99, b
21 3-indolyl H, 2-(MeO)PhChLCH, 4/5/4.5 140 10 99, a
22 3,4-(MeO)Ph H, 4-(F)PhCiEH, 4/5/4.5 140 10 93, a
23 3-(Cl)Ph H, 4-(F)PhCkCH, 4/5/4.5 140 10 97, a
24 Ph H, cyclohexyl 4/5/4.5 170 5 92, a
25 3-(Cl)Ph H, cyclohexyl 4/5/4.5 140 10 98, a
26 Ph H, propyl 4/5/4.5 150 5 93, a
27 4-(NMe)Ph H, propyl 4/5/4.5 170 7 97, a
28 3-(Cl)Ph H, propy! 4/5/4.5 140 12 90, a
29 3-(NG)Ph H, propyl 4/5/4.5 150 12 95,a
30 pentyl H, propyl 4/5/4.5 140 10 54, d
31 Ph H, H 4/6/4.5 180 20 44, d
32 4-(Me)Ph H, H 4/6/4.5 170 20 36,d
33 3-(Cl)Ph H, H 4/6/4.5 170 20 46,d
34 4-(NMe)Ph H, H 4/6/4.5 160 20 38, ¢c

a All reactions were carried out utilizing controlled single-mode microwave irradiation under sealed vessel conditions in NMP (2 mL).
For details, see text. For a graphical representation of all thioamide prajsets Figure S2 in the Supporting Informatiémolar weight
of sulfur (S)= 32.¢Isolated yields of crude (workups a and b) or purified (workups ¢ and d) products. The purity of all compounds was
>90% as by GC/MS. See the Supporting InformatibRor details of the workup procedures, see the Experimental Section in the text.

aliphatic aldehydes (entries 3, 18 and 30) and for casesparticular for R = H) are important building blocks in
involving ammonia as amine building block (entries=31  heterocyclic synthesis.
34) were yields considerable lower. The reasons for these  aneral Microwave Procedure for the Synthesis of

low yields were not investigated further. Other limitations Thioamides 31 Elemental sulfur. 2 mL of NMP. the
of the Kindler method include the use of ortho-substituted ' ' X

aromatic aldehydes (see, for example, entry 16), and the us
of aromatic amines, with both types of building blocks

furnishing only moderate yields of the desired thioamide
products. In the case of benzaldehyde and aniline, for

example, very high reaction temperatures (2060°C) were and al-uminum crimp, u;ing thg appropriate .crimping tooll.
required to afford the desireN-phenylbenzothioamide in The mixture was heated in the single-mode microwave cavity

~30% yield with varying amounts of 2-phenylbenzothiazole (Max power 300 W) for 2:20 min at 116-180°C (see Table
(10—15%) being formed as a byproduét. 2). After cooling, the usually dark brown reaction mixture

The examples of thioamide preparations shown in Table was poured onto 'ic.e (40 g). In the case of a sollid thioamide
2 represent carefully optimized and fine-tuned reaction Product, the precipitate was removed by filtration (workup

conditions for a representative set of building block com- a).In those irjstar?ces for which the thioamide did not solidify,
binations. Utilizing the advantages of modern microwave extraction with diethyl ether (& 20 mL) was performed,
synthesizers, allowing either parallel or sequential proce@sing, followed by washing (brine) and drying (sodium sulfate) of
the protocol presented herein allows the rapid generation ofthe combined organic phases and evaporation (workup b).
diverse sets of thioamides using the general concept of theln a few cases, purification of the crude materials (solids,
Kindler coupling, a reaction that to our knowledge has so workup c; or liquids, workup d) by silica gel flash chroma-
far not been utilized in the context of a combinatorial tography had to be carried out in order to obtain thioamides
approach. The thioamides accessible via this route (in with sufficient purity.

corresponding aming, and the appropriate aldehyde(in

hat order; for molar ratios, see Table 2) were charged into
a large Smith process vial. After the addition of a Teflon-
coated stirring bar, the vial was sealed with a Teflon septum
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