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Bisaromatic thioureas are widely used in e.g. asymmetric organocatalysis and considered to be robust
compounds. Herein we show, in strong contrast to common notion, that thioureas dissociate to amines
and isothiocyanates in a base catalyzed reaction under mild conditions. This ‘unclicking’ process can
occur in the presence of weak organic bases even at moderate temperatures. The influence of the sub-
stituents at the aromatic rings of the thiourea on the regioselectivity of this unclicking process is also

© 2019 Published by Elsevier Ltd.

1. Introduction

Functional molecules bearing thioureas are widely used (e.g. in
catalysis [1], medicine [2], bioconjugation [3a] and supramolecular
self-assembly [3b-d]) and the thiourea motif is considered to be
very robust. The formation of thioureas can be regarded as a click
reaction [4] and this is one of the main reasons for their broad
application; especially in the preparation of bioconjugates and in
material science (e.g. as a linker in nanoparticle and polymer
functionalization [5]). The synthesis of thioureas is typically
accomplished by mixing an appropriate isothiocyanate with an
amine at ambient temperatures, although in the literature there are
some procedures that are performed at elevated temperatures [6]
(even at reflux [7]) in the presence of a base (e. g. Et3N). It should be
noted that the yields reported in those cases were typically lower
than obtained at milder temperatures.

It is known that by heating a mixture of thioureas with acids
[8,9] above 130 °C or by heating neat thioureas [10] above 200 °C,
isothiocyanates can be obtained. It was also reported that iso-
thiocyanates can be obtained from thioureas with very good yields
using Viehe's salt (N-(Dichloromethylene)-N-methyl-
methanaminium chloride) [11] in the presence of a base. Because of
its acidity, the thiourea moiety has been employed in the design of
catalysts. Thiourea based organocatalysts are widely used in
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carbon-carbon and carbon-heteroatom bond forming reactions
[12]. Similar to Takemoto's pioneer example of a bifunctional
thiourea catalyst [ 13], many of these organocatalysts contain a basic
tertiary alkyl amine group, which together with the thiourea en-
ables simultaneous activation of both electrophilic and nucleophilic
substrates [15,16]. Examples of using more nucleophilic bases, e.g.
DMAP instead of trialkyl amines in combination with thiourea are
scarce [14]. Although there are now numerous examples of re-
actions employing these catalysts, decomposition of the catalyst
was not reported; even for reactions in which 10 mol % of the
catalyst was used, with reaction time as long as 3d [17]. This
created the notion that the thiourea moiety is robust enough not to
suffer from any unwanted decomposition. Our group has used
DMAP as a base unit to build motor - based thiourea organo-
catalysts (1 and 2) with which dual stereocontrol of Michael and
Henry reaction was achieved [14b,c]. For both catalysts some
degradation was observed during the thermal helix inversion (THI)
step (Scheme 1).

The first motor-based catalyst 1 made in our group which con-
tained a phenyl spacer in between the motor core and the catalytic
DMAP and thiourea moieties, was reported to undergo partial
thermal degradation during the THI process. Albeit an intriguing
observation unfortunately the degradation products were not
characterized at that stage. We discovered a highly relevant elim-
ination process which is of considerable importance in the devel-
opment of thiourea-based systems ranging from catalysts to
supramolecular materials. Here we will discuss the elimination
products obtained during thermal helix inversion from catalyst 2.
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Scheme 1. Thermal helix inversion of catalysts 1 and 2 and side-product X formation.

Additionally, we will address the implications and generality of this
process focussing on the question, is it specific only for our catalyst
or is this a more common phenomenon?

2. Results and discussion

We studied this elimination process in more detail and char-
acterize the formed byproduct for catalyst 2 as well as examined
related thioureas. After heating the cis-unstable form of the catalyst
2 in THF for 16 h, apart from the expected cis-stable form of the
catalyst (the result of thermal helix inversion) also a second
product (Scheme 1) was formed. We anticipated that the degra-
dation product is formed due to the elimination of thiourea,
assisted by the basic nitrogen of the DMAP moiety. In such case, the
released molecule could either be the isothiocyanate or the corre-
sponding aniline. The degradation product could be separated by
silica column chromatography and was characterized by 'H NMR
[13],-C-NMR and HRMS (Scheme 2). Product 3 was isolated in 15%
yield and was found to have an isothiocyanate moiety instead of
thiourea at the motor core, suggesting that the leaving group was
the 3,5-bis(trifluoromethyl)aniline, which was isolated and fully
characterized.

A possible mechanism for the elimination with intramolecular
DMAP assistance followed by THI of cis-unstable isothiocyanate 3 is
presented in Scheme 3.

Unfortunately, the isothiocyanate 3 was unreactive in its cis-
stable configuration, and no product was observed during 24 h after

cis-stable-2 3
Gis-unstable-2

Scheme 2. Formation of three new products during thermal helix inversion from cis-
unstable motor 2.

NH;

CFy

cis-unstable-3 cis-stable-3

cis-unstable-2

Scheme 3. Plausible elimination pathway for cis-unstable-2.

addition of 4-methoxyaniline at room temperature. This low reac-
tivity is most probably due to the steric reasons, and is likely to be a
driving force for the decomposition.

In a control experiment it was found that the water content in
the reaction mixture did not influence the elimination. The
experiment was repeated with various THF sources containing 5, 50
and 100 ppm of water, always showing the same result.

2.1. Elimination from model compounds

In order to test the generality of the base catalyzed elimination
upon prolonged exposure to organic bases and heating a set of
simple model thiourea compounds 4—7 (Fig. 1) were synthesized
from the corresponding isothiocyanate and aniline substrates. Both
donor and acceptor substituted anilines were used.

The elimination from model compounds 4—7 was followed over
time in the presence of one equivalent of DMAP, at room temper-
ature and at 60 °C in THE. At room temperature during 24 h only
traces of elimination products could be observed (ca. 1% according
to 'H NMR measurements). Fig. 2 shows the 'H NMR spectra of
thiourea 4 immediately upon addition of 1 equivalent of DMAP and
after 24 h at room temperature, showing only traces of elimination
products.

When the elimination process of 4 was followed at 60 °C in THF,
in the presence of 1 equivalent of DMAP as a base (Fig. 3), significant
elimination was evident within a few hours after 3 h 30% conver-
sion to the isothiocyanate and aniline elimination products was
observed. After 72 h conversion to the elimination products has
reached 44% based on 'H NMR measurements.

The same process was followed for the non-symmetric thio-
ureas 5, 6 and 7. With thiourea 5 which contains the electron
withdrawing CF3 group on one of the phenyl moieties, remarkably
no preference for abstraction of a proton from the two nitrogens
was observed. After 3 h, the ratio between the formed aniline and
p-(trifluoromethyl)aniline was approx. 1:1 (Fig. 4). Nevertheless,
when the reaction was continued, the disappearing of the aniline
peaks could be observed, along with the formation of 1,3-
diphenylthiourea (4). After 72h no aniline peaks could be

CF; N 2
Oyl QI Qs O 0 s, 0
4 5 6 7

Fig. 1. Model thiourea compounds.
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Fig. 2. "H NMR spectra of thiourea 4 in the presence of DMAP and after 24 h at room
temperature (arrows indicate traces of elimination product).
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Fig. 3. "H NMR spectra of symmetric thiourea 4 in presence of 1 eq of DMAP at 60 °C
followed over time (arrows indicate elimination product).

observed, showing that the more reactive aniline reacted with the
formed isothiocyanate, causing accumulation of the less reactive p-
trifluoromethylaniline (Scheme 4).

With thiourea 6 bearing an electron donating group the
observed effect was similar (Fig. 5). Since the p-methoxyaniline is
more electron rich and hence a better nucleophile, its accumulation
cannot be observed as upon formation it reacts with the available
isothiocyanates. With eliminated p-methoxyphenyl isothiocyanate
it is forming a symmetric thiourea containing two methoxy groups
(as seen in Fig. 5 in the '"H NMR spectrum after 3 h). After longer
heating period, the formation of symmetric thiourea 4 could also be
observed (Scheme 5).

Interestingly for thiourea 7 which had an o-methyl substituent
on one phenyl ring and p-trifluoromethyl substituent on the other
ring only the elimination products and no new thiourea products
were observed. In the beginning both anilines are observed as
elimination products but over time mostly p-trifluoromethylamine
is observed and the o-toluidine signals diminish (Fig. 6). Only one
aniline was present at the end as the product of elimination (90%
conversion to elimination products in 72 h), indicating a strong
preference for elimination of the more electron deficient aniline.
The lack of formation of the new thiourea indicates that sterics
plays a crucial role in determining the thermodynamic equi-
librium— the reversed reaction (formation of the thiourea) is
strongly hindered by steric crowding.

Since DMAP is a particularly nucleophilic base, we decided to
check, whether the character of the organic base also has an
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31 heating M' E £ il T
9 h heating 'IU WA d I
72h |>en||1u7w‘ !A M 'HJIH . - S

@ .“‘ fl‘ 7 2
G}

98 96 94 92 30 08 86 04 02 00 78 76 74 72,70 68 66 64 62 60 58 56 54 52 50 48 45 44 42 40
(ppm)

‘? +@~Q‘

Fig. 4. Elimination from thiourea 5 over time at 60 °C.
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Scheme 4. Elimination pathway from thiourea 5 mediated by DMAP.
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Fig. 5. "H-NMR spectra of elimination products from thiourea 6 over time at 60 °C in
THF-dg.
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influence on the elimination. For this purpose, elimination studies
with thiourea 4 were conducted with triethyl amine and pyridine,
at 60 °C. In the presence of triethyl amine, the elimination was not
significant during the first 3 h resulting in only 4% elimination
products, but after 72 h conversion to the elimination products was
38%. When pyridine was used as a base, the effect was the same as
with DMAP during the first 3 h (30% conversion to the eliminated
products), and after 72 h conversion to the elimination product was
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Fig. 6. "H NMR spectra of elimination products from thiourea 7 over time at 60°C in
THE.

38%. Based on this observation it can be concluded that the elimi-
nation of aniline from thiourea compound always happens in a
presence of a base at elevated temperatures. To which extent
elimination is observed depends on the duration of heating and the
base used.

3. Conclusions

Catalyst 2 unexpectedly undergoes elimination of 3,5-
bis(trifluoromethyl)aniline during the thermal helix inversion
process. Such elimination appears to be a general reaction for
thioureas. It was shown with the model thiourea compounds that
the process of elimination in the presence of a base in THF is slow at
room temperature, but becomes significant at increased tempera-
tures. Preferentially, the electron poor amine is eliminated from
thiourea, leaving the more electron rich isothiocyanate. It is an
equilibrium process, as it was demonstrated by following elimi-
nation in time on model thiourea compounds. The reversed reac-
tion does not occur in case steric hindrance is present in the aniline,
as observed with thiourea 7. The rate of elimination is dependent of
the nature of the base (it is slower with triethyl amine than with
DMAP). All the observations with model compounds have provided
more insight into the factors determining the elimination process
from catalyst 2. Just like with model compounds, elimination from
catalyst 2 was observed at elevated temperatures. Since catalyst 2
contains in its structure the highly electron deficient 3,5-
bistrifluoromethyl moiety, it dictates that during the elimination
process 3,5-bistrifluoroaniline is released and the isothiocyanate
moiety remains at the motor core. The reversed reaction is disabled
most probably due to the steric reasons as it was observed with the
thiourea model compound 7.

These results indicate that during the synthesis of thiourea
compounds bases should be omitted, if possible, to avoid the for-
mation of elimination byproducts. Additionally, these findings
suggest that it would be possible to make dynamic combinatorial
libraries composed of thioureas in the presence of base. As far as we
know this is the first study of elimination of anilines, in presence of
base, of various aromatic thioureas.

4. Experimental section
4.1. General information

Solvents and commercial starting materials were used as

received (from Fluorochem or Sigma Aldrich). Catalyst 2 was pre-
pared as described in reference 14c. Technical grade solvents were
used for chromatography. Merck silica gel 60 (230—400 mesh
ASTM) was used in flash chromatography. NMR spectra were ob-
tained using a Varian Mercury Plus (400 MHz) and a Varian VXR-
300S (300 MHz). Chemical shift values are reported in ppm with
the solvent resonance as the internal standard (CHCls: 7.26 for 'H,
77.0 for 13C, THF: 1,73 and 3.58 for 'H, 25.4 and 67.6 for C) Exact
mass spectra were recorded on a LTQ Orbitrap XL (ESI+) or on a
DART Xevo G2 QTof. All reactions requiring inert atmosphere were
carried out under argon atmosphere using oven dried glassware
and standard Schlenk techniques. Dichloromethane was used from
the solvent purification system using a MBraun SPS-800 column.
THF was distilled over sodium under nitrogen atmosphere prior to
use. Melting points were determined using a Biichi Melting Point B-
545 apparatus.

Compound 3 N?(Z)-6'-isothiocyanato-2,2',4,4',7,7'-hexamethyl-
2,2’ 3,3/-tetrahydro-[1,1’-biindenylidene]-6-yl-N4,N4-
dimethylpyridine-2,4-diamine: 15 mg of the stable trans-2-catalyst
was irradiated at 312 nm in DCM (3 mg/mL) till the PSS was reached
(containing 93% of cis-unstable form of the catalyst, as determined
by 'H NMR). The resulting solution in THF was heated for 16 h at
60 °C achieving thermal helix inversion accompanied by the elim-
ination product 3 which was purified via column chromatography
(DCM:MeOH = 95:5), Rf=0.1 mp=133°C 'H NMR (400 MHz,
CDCl3) & 7.85 (d, J=6.1Hz,1H), 714 (s,1H), 6.90 (s,1H), 6.08(dd,
J=6.2Hz, J=2.3 Hz, 1H), 6.00 (bs, 1H), 5.73 (d, J = 2.3 Hz, 1H), 3.35
(m,2H), 3.08 (m,2H), 2.94 (s,6H), 2.43 (m,2H), 2.25 (s,3H), 2.22
(s,3H), 60 (s,3H), 1.38 (s,3H), 1.08 (m,6H). 13C NMR (101 MHz, CDCl3)
d 158.2, 156.2, 147.9, 143.8, 142.7, 142.2, 141.6, 141.0, 139.5, 137.2,
133.5,131.9, 1314, 129.3,128.2,128.0, 125.9, 124.8, 100.0, 88.5, 41.9,
41.7,39.3, 38.6, 38.5, 20.4, 20.3, 18.5, 18.2, 16.8, 16.1. HRMS (APCI+,
m/z): calculated for C35H37N4S [M+H]': 509.2721, found: 509.2724.

4.1.1. Elimination of model compounds followed by "H-NMR

In an NMR tube, 0.1 mL of the solution of 0.02 mmol DMAP in dg-
THF was added to a solution of 0.02 mmol of the model thiourea
compound dissolved in 0.5 mL dg-THF. The NMR tube was sealed
and placed in an oil bath at 60 °C and the 'H NMR spectrum was
recorded every hour during the initial 8 h, and then every 12 h.

4.1.2. Synthesis of model compounds

In a dry flask equipped with a stirring bar under nitrogen at-
mosphere, 1 mmol of aniline or p-trifluoromethylaniline or o-to-
luidine was dissolved in 12mL of dry DCM. 1 mmol of the
appropriate isothiocyanate was added dropwise to the corre-
sponding aniline solution at room temperature. The reaction
mixture was left to stir overnight and then was evaporated to
dryness. The thiourea products were purified by column chroma-
tography on a short column, using pentane/EtOAc as eluent.

181:

yield = 92% mp = 152—153 °C. (lit. 152 °C) [18]

TH NMR (400 MHz, THF-dg)  9.05 (s, 2H), 7.46 (d, ] = 7.9 Hz, 4H),
7.29 (t, ] = 7.7 Hz, 4H), 7.09 (t, ] = 7.3 Hz, 2H).

13C NMR (101 MHz, THF-dg) 5 181.2, 140.5, 129.5, 125.6, 124.7.

HRMS (APCl+, m/z): calculated for Cy3Hi3sNoS [M+H]':
229.0794, found: 229.0792.

Compound 5 (1-phenyl-3-(4-(trifluoromethyl)phenyl)thiourea):

yield = 80%

mp = 147—-148°C

TH NMR (400 MHz, THF-d8) § 9.33 (s, 1H), 9.19 (s, 1H), 7.73 (d,
J=8.4Hz, 2H),7.58 (d,] = 8.5 Hz, 2H), 7.43 (d,] = 8.1 Hz, 2H), 7.32 (t,
2H), 7.13 (t, 1H).

13C NMR (101 MHz, THF-dg) d 181.3, 144.56, 144.55, 140.3, 129.8,
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126.4 (q, J=3.9Hz), 126.3 (q, J = 270.2 Hz), 125.9, 124.6, 123.8.
HRMS (APCI+, m/z): calculated for C14H12F3N,S [M+H]™: 297.0668,
found: 259.0666.

Compound 6 (1-(4-methoxyphenyl)-3-phenylthiourea):

yield = 90%

mp = 141-142 °C (lit.reported from 125 °C[19a] to 160 °C [19b]).

TH NMR (400 MHz, THF-dg) & 8.87 (s, 1H), 8.76 (s, 1H), 7.44 (d,
J=8.0Hz, 2H), 7.34—7.21 (m, 4H), 7.07 (t, ] = 7.4 Hz, 1H), 6.86 (d,
J=8.7Hz, 2H), 3.74 (s, 3H).

13C NMR (101 MHz, thf) 8 181.71, 158.76, 140.79, 133.16, 129.51,
127.32,125.59,124.86,114.87, 55.79. HRMS (APCI+, m/z): calculated
for C14H15N,S [M+H]*t: 259.0899, found: 259.0898.

Compound 7 (1-(4-methoxyphenyl)-3-(o-tolyl)thiourea):

yield = 75%

mp = 136—137°C

TH NMR (400 MHz, THF-dg) 5 9.06 (s, TH), 8.98 (s, 1H), 7.75 (d,
J=8.4Hz, 2H), 7.58 (d, J=8.4Hz, 2H), 7.33—7.11 (m, 4H), 2.33 (s,
3H).

13C NMR (101 MHz, THF-dg) & 181.0, 143.43, 143.42,137.2, 135.2,
130.7,127.4,127.0,126.5,125.3 (q,] = 3.9 Hz), 124.5 (q,] = 270.4 Hz),
123.3,17.3.

HRMS (APCl+, m/z): calculated for CqsHi4F3N2S [M+H]':
311.0824, found: 311.0825.
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