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1. Introduction

Functional molecules bearing thioureas are widelgdug.g. in catalysis mediciné, bioconjugatioff and
supramolecular self-assemI§) and the thiourea motif is considered to be vetyust. The formation of thioureas
can be regarded as a click reactiand this is one of the main reasons for their dragplication; especially in the
preparation of bioconjugates and in material see@a. as a linker in nanoparticle and polymer functigalor?).
The synthesis of thioureas is typically accomplish®y mixing an appropriate isothiocyanate with aninemat
ambient temperatures, although in the literaturerehare some procedures that are performed attetbva
temperaturés(even at refluX) in the presence of a base @ EN). It should be noted that the yields reported in
those cases were typically lower than obtained atentemperatures.

It is known that by heating a mixture of thioureashvdcid§®above 130 °C or by heating neat thiout&asove 200
°C, isothiocyanates can be obtained. It was alsorteg that isothiocyanates can be obtained frooutieias with very
good yields using Viehe's sal{(Dichloromethylene)N-methylmethanaminium chlorid&)in the presence of a base.
Because of its acidity, the thiourea moiety hasnbeeployed in the design of catalysts. Thioureaettas
organocatalysts are widely used in carbon-carbon @artion-heteroatom bond forming reactibéhSimilar to
Takemoto’s pioneer example of a bifunctional themurcatalyst’ many of these organocatalysts contain a basic
tertiary alkyl amine group, which together with thétirea enables simultaneous activation of botbtelphilic and
nucleophilic substrates*™® Examples of using more nucleophilic bases). DMAP instead of trialkyl amines in
combination with thiourea are scaréeAlthough there are now numerous examples of reaxt@nploying these
catalysts, decomposition of the catalyst was novnted; even for reactions in which 10 mol % of tatalyst was
used, with reaction time as long as 3 @his created the notion that the thiourea moigtpbust enough not to suffer
from any unwanted decomposition. Our group has uskd\® as a base unit to build motor - based thiourea
organocatalystsl(and 2) with which dual stereocontrol of Michael and Henepgation was achieved® For both
catalysts some degradation was observed duringénmal helix inversion (THI) step (Scheme 1).
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Scheme 1Thermal helix inversion of catalysisand2 and side-product X formation.

The first motor-based catalystmade in our group which contained a phenyl spiacketween the motor core and the
catalytic DMAP and thiourea moieties, was reportedridergo partial thermal degradation during the Pkticess.
Albeit an intriguing observation unfortunately thegdadation products were not characterized at taaes We
discovered a highly relevant elimination processcihs of considerable importance in the developno¢ithiourea-
based systems ranging from catalysts to supramlaleauaterials. Here we will discuss the eliminatiomdurcts
obtained during thermal helix inversion from casaB. Additionally, we will address the implications anehgrality
of this process focussing on the question, isec#j only for our catalyst or is this a more coomphenomenon?

2. Results and discussion

We studied this elimination process in more dedaill characterize the formed byproduct for catatyas well as
examined related thioureas. After heating tieeunstable form of the cataly2in THF for 16 h, apart from the
expecteccis-stable form of the catalyst (the result of therimelix inversion) also a second product (Schemerdy
formed. We anticipated that the degradation produfdrmed due to the elimination of thiourea, si&sl by the basic
nitrogen of the DMAP moiety. In such case, the reddamolecule could either be the isothiocyanate her t
corresponding aniline. The degradation product ¢dugé separated by silica column chromatography aad
characterized bjH-NMR, *-C-NMR and HRMS (Scheme 2). Prod&tvas isolated in 15% yield and was found to
have an isothiocyanate moiety instead of thioutethe motor core, suggesting that the leaving gneap the 3,5-
bis(trifluoromethyl)aniline, which was isolated andly characterized.

<>—\
7~ Y= =N
~5 L ) N =N e cF

e N A NH Y-« AN

1 H THF. 60 °C [ >+ VAR + [ )

a A s on \ HoH M A

\__</ —NH ol AN NN A CF: - { P

= s)’( Y=\ AJ s J T
) Y Y

/
Fi€

cis-unstable-2

Scheme 2Formation of three new products during thermal higlsersion fromcis-unstable motog2.

A possible mechanism for the elimination with intrdecollar DMAP assistance followed by THI ofs-unstable
isothiocyanate is presented in Scheme 3.
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Scheme 3Plausible elimination pathway fais-unstable2.
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Unfortunately, the isothiocyanaBewas unreactive in itsis-stable configuration, and no product was observethd

24 h after addition of 4-methoxyaniline at room parature. This low reactivity is most probably doethe steric
reasons, and is likely to be a driving force far thecomposition.

In a control experiment it was found that the watantent in the reaction mixture did not influence #dimination.
The experiment was repeated with various THF sowocetining 5, 50 and 100 ppm of water, always shouilieg
same result.

2.1 Elimination from model compounds



In order to test the generality of the base catlyalimination upon prolonged exposure to orgaagel and heating
a set of simple model thiourea compoudds(Figure 1) were synthesized from the corresponiiathiocyanate and
aniline substrates. Both donor and acceptor substitanilines were used.
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Fig. 1. Model thiourea compounds.

The elimination from model compounds? was followed over time in the presence of one edemtaof DMAP, at
room temperature and at 60 °C in THF. At room terafpge during 24 h only traces of elimination pragumuld be
observed ¢a. 1% according to'H-NMR measurements). Figure 2 shows th&NMR spectra of thioureat
immediately upon addition of 1 equivalent of DMAP aalfter 24 h at room temperature, showing only traufes
elimination products.
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Fig. 2.'H-NMR spectra of thioured in the presence of DMAP and after 24 h at room teatpee (arrows indicate
traces of elimination product).

When the elimination process of 4 was followed at®0n THF, in the presence of 1 equivalent of DMAPadsase
(Figure 3), significant elimination was evident witha few hours (after 3 h 30% conversion to the isoffanate and
aniline elimination products was observed. After 7@hversion to the elimination products has reach#d based
on'H-NMR measurements.
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Fig. 3."H-NMR spectra of symmetric thiourdan presence of 1 eq of DMAP at 60 °C followed overet (arrows
indicate elimination product).

The same process was followed for the non-symmeéirauteas5, 6 and 7. With thiourea5 which contains the
electron withdrawing Cfgroup on one of the phenyl moieties, remarkablyreference for abstraction of a proton
from the two nitrogens was observed. After 3 h, tite@rbetween the formed aniline apdtrifluoromethyl)aniline
was approx. 1:1 (Figure 4). Nevertheless, when the reaction veedirued, the disappearing of the aniline peaks
could be observed, along with the formation of lihdnylthiourea 4). After 72 h no aniline peaks could be
observed, showing that the more reactive anilinetegbwith the formed isothiocyanate, causing accatior of the
less reactive-trifluoromethylaniline (Scheme 4).
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Fig. 4. Elimination from thioure® over time at 60C.
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Scheme 4Elimination pathway from thioureamediated by DMAP.

With thiourea6 bearing an electron donating group the observéectefvas similar (Figure 5). Since the
methoxyaniline is more electron rich and hence ebaucleophile, its accumulation cannot be oberas upon
formation it reacts with the available isothiocyasatwith eliminategh-methoxyphenyl isothiocyanate it is forming a
symmetric thiourea containing two methoxy groupss@sn in Figure 7 in th#H-NMR spectrum after 3 h). After
longer heating period, the formation of symmethiotiread4 could also be observed (Scheme 5).
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Scheme 5Elimination process from thiouréa

Interestingly for thioure& which had ar-methyl substituent on one phenyl ring grtifluoromethyl substituent on
the other ring only the elimination products and mew thiourea products were observed. In the beginbisth
anilines are observed as elimination products lvetr sime mostlyp-trifluoromethylamine is observed and the
toluidine signals diminish (Figure 6). Only one arél was present at the end as the product of eltnm#&90%
conversion to elimination products in 72 h), indilcg a strong preference for elimination of the en@lectron
deficient aniline. The lack of formation of the néviourea indicates that sterics plays a crucia moldetermining the
thermodynamic equilibrium— the reversed reactionnffation of the thiourea) is strongly hindered t®ris crowding.
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Fig. 6."H NMR spectra of elimination products from thiourzaver time at 60C in THF.

Since DMAP is a particularly nucleophilic base, weided to check, whether the character of the orghage also
has an influence on the elimination. For this psgclimination studies with thiourdavere conducted with triethyl
amine and pyridine, at 60 °C. In the presenceiethlyl amine, the elimination was not significantidg the first 3h
resulting in only 4% elimination products, but afi€2h conversion to the elimination products was 38W¥hen
pyridine was used as a base, the effect was the aamédth DMAP during the first 3 h (30% conversion he t
eliminated products), and after 72 h conversiothéelimination product was 38%. Based on this ofadiem it can
be concluded that the elimination of aniline froniotirea compound always happens in a presence afa &t
elevated temperatures. To which extent eliminatsoobiserved depends on the duration of heatingtenbase used.



3. Conclusions

Catalyst2 unexpectedly undergoes elimination of 3,5-bis(iofomethyl)aniline during the thermal helix inversi
process. Such elimination appears to be a genesaltion for thioureas. It was shown with the modé&butea
compounds that the process of elimination in tres@nce of a base in THF is slow at room temperabutdyecomes
significant at increased temperatures. Preferdptitde electron poor amine is eliminated from thiga, leaving the
more electron rich isothiocyanate. It is an equiilitn process, as it was demonstrated by followingiekition in
time on model thiourea compounds. The reversediogadoes not occur in case steric hindrance isgmein the
aniline, as observed with thiour@aThe rate of elimination is dependent of the reirthe base (it is slower with
triethyl amine than with DMAP). All the observations lwinodel compounds have provided more insight iheo t
factors determining the elimination process fromalyst 2. Just like with model compounds, elimination from
catalyst2 was observed at elevated temperatures. Since sii2algntains in its structure the highly electron diefit
3,5-bistrifluoromethyl moiety, it dictates that éhg the elimination process 3,5-bistrifluoroaniliisereleased and the
isothiocyanate moiety remains at the motor coree fidversed reaction is disabled most probably duie steric
reasons as it was observed with the thiourea modebcond?.

These results indicate that during the synthesihiofirea compounds bases should be omitted, Biples to avoid
the formation of elimination byproducts. Additiongllthese findings suggest that it would be possiblenake
dynamic combinatorial libraries composed of thi@srén the presence of base. As far as we know thfseidirst
study of elimination of anilines, in presence o$éeof various aromatic thioureas.

4. Experimental section

General information:

Solvents and commercial starting materials were aseteceived (from Fluorochem or Sigma Aldrich). aBatt 2
was prepared as described in reference 14c. Tedlygnade solvents were used for chromatography. Msilda gel

60 (230-400 mesh ASTM) was used in flash chromatétyralMR spectra were obtained using a Varian Mercury
Plus (400 MHz) and a Varian VXR-300S (300 MHz). Chemgfzft values are reported in ppm with the solvent
resonance as the internal standard (GHCR6 for'H, 77.0 for'*C, THF: 1,73 and 3.58 fdH, 25.4 and 67.6 forC )
Exact mass spectra were recorded on a LTQ Orbitrap(B&l+) or on a DART Xevo G2 QTof. All reactions
requiring inert atmosphere were carried out undgoraatmosphere using oven dried glassware and sthSdhlenk
techniques. Dichloromethane was used from the solwerification system using a MBraun SPS-800 coluifidF
was distilled over sodium under nitrogen atmosplpier to use. Melting points were determined usi@uchi
Melting Point B-545 apparatus.

Compound3 N*(Z)-6'-isothiocyanato-2,2',4,4',7,7'-hexamethyl-B B'-tetrahydro-[1,1'-biindenylidene] -6-yl)-N4,N4-
dimethylpyridine-2,4-diaminel5 mg of the stablaans2-catalyst was irradiated at 312 nm in DCM (3 mg/mill) t
the PSS was reached (containing 93%isiunstable form of the catalyst, as determinedHNMR). The resulting
solution in THF was heated for 16 h at 60 °C achiguvihermal helix inversion accompanied by the elation
product3 which waspurified via column chromatography (DCM:MeOH = 95:5), Rf=0.1

mp= 133 °C

'H NMR (400 MHz, CDCJ) § 7.85(d,J=6.1 Hz,1H), 7.14(s,1H), 6.90(s,1H), 6.08(d€6.2 Hz,J=2.3 Hz, 1H), 6.00
(bs, 1H), 5.73 (dJ=2.3 Hz, 1H), 3.35(m,2H), 3.08(m,2H), 2.94(s,6H), 2.42(#), 2.25(s,3H), 2.22(s,3H), 60(s,3H),
1.38(s,3H), 1.08(m,6H).

*C NMR (101 MHz, CDG)) § 158.2, 156.2, 147.9, 143.8, 142.7, 142.2, 14%6,0, 139.5, 137.2, 133.5, 131.9,
131.4,129.3,128.2, 128.0, 125.9, 124.8, 100.(5,88..9, 41.7, 39.3, 38.6, 38.5, 20.4, 20.3, 1833, 16.8, 16.1.
HRMS (APCIl+,m/2: calculated for gH3N,S [M+H]": 509.2721, found: 509.2724.

Elimination of model compounds followed By-NMR:

In an NMR tube, 0.1 mL of the solution of 0.02 mmWAP in dg-THF was added to a solution of 0.02 mmol of the
model thiourea compound dissolved in 0.5 dgtTHF. The NMR tube was sealed and placed in anatf lat 60 °C
and the'H-NMR spectrum was recorded every hour during théirith, and then every 12 h.

Synthesis of model compounds: In a dry flask eqedppith a stirring bar under nitrogen atmosphereaniol of
aniline orp- trifluoromethylaniline oro-toluidine was dissolved in 12 mL of dry DCM. 1 mnadlthe appropriate
isothiocyanate was added dropwise to the correspgratiiline solution at room temperature. The reactigxture
was left to stir overnight and then was evaporatedirgmess. The thiourea products were purified byrool
chromatography on a short column, using pentane/E&Aeuent.

181
yield= 92%

mp= 152-153 °C. (lit. 152 °¢

'H NMR (400 MHz, THFds) 5 9.05 (s, 2H), 7.46 (d] = 7.9 Hz, 4H), 7.29 () = 7.7 Hz, 4H), 7.09 () = 7.3 Hz,
2H).

*C NMR (101 MHz, THFdg) 5 181.2, 140.5, 129.5, 125.6, 124.7.



HRMS (APCIl+,m/2: calculated for GH13N,S [M+H]": 229.0794, found: 229.0792.

Compoundb (1-phenyl-3-(4-(trifluoromethyl)phenyl)thiourga

yield = 80%

mp = 147-148 °C

'H NMR (400 MHz, THF-d8p 9.33 (s, 1H), 9.19 (s, 1H), 7.73 (d, J = 8.4 Hz, ZtH8 (d, J = 8.5 Hz, 2H), 7.43 (d, J
= 8.1 Hz, 2H), 7.32 (t, 2H), 7.13 (t, 1H).

*C NMR (101 MHz, THFdg) 5 181.3, 144.56, 144.55, 140.3, 129.8, 126.4 3.9 Hz), 126.3 (q, J=270.2 Hz),
125.9, 124.6, 123.8.

HRMS (APCI+,m/2): calculated for GH;,FsN,S [M+H]": 297.0668, found: 259.0666.

Compounds (1-(4-methoxyphenyl)-3-phenylthioujea

yield= 90%

mp = 141 — 142 °C. (lit.reported from 125 *€to 160°C'®)

'H NMR (400 MHz, THFdg) & 8.87 (s, 1H), 8.76 (s, 1H), 7.44 (U= 8.0 Hz, 2H), 7.34 — 7.21 (m, 4H), 7.07X&
7.4 Hz, 1H), 6.86 (dJ = 8.7 Hz, 2H), 3.74 (s, 3H).

¥C NMR (101 MHz, thf)s 181.71, 158.76, 140.79, 133.16, 129.51, 127.32.5%2 124.86, 114.87, 55.79.
HRMS (APCI+,m/2: calculated for §H1sN,S [M+H]": 259.0899, found: 259.0898.

Compound? (1-(4-methoxyphenyl)-3-(o-tolyl)thiourga

yield= 75%

mp= 136 — 137 °C

'H NMR (400 MHz, THFdg) & 9.06 (s, 1H), 8.98 (s, 1H), 7.75 (= 8.4 Hz, 2H), 7.58 (d] = 8.4 Hz, 2H), 7.33 —
7.11 (m, 4H), 2.33 (s, 3H).

*C NMR (101 MHz, THFdg) 5 181.0, 143.43, 143.42 ,137.2 , 135.2, 130.7 ,412727.0 , 126.5 , 125.3 (@= 3.9
Hz), 124.5 (qJ = 270.4 Hz), 123.3, 17.3.

HRMS (APCI+,m/2: calculated for GH4FN,S [M+H]": 311.0824, found: 311.0825.
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