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Reaction Study

Sandrine Gosling, Patrick Rollin, Arnaud Tatibouét*

Institut de Chimie Organique et Analytique UMR 6005 — CNRS, Université d’Orléans, BP 6759, 45067 Orléans Cedex 2, France

Fax +33(2)38417281; E-mail: arnaud.tatibouet @univ-orleans.fr
Received 25 July 2011; revised 5 September 2011

Abstract: Thiohydantoins formed by the Schlack—Kumpf protocol
were selectively functionalized at the nitrogen, sulfur, or carbon
atom to test the Liebeskind—Srogl reaction possibilities.
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2-Thiohydantoins are simple heterocycles obtained
through condensation of an amino acid with a source of
thiocyanate.! One of the earliest methods of synthesis is
the Schlack—-Kumpf protocol.? Since then numerous
methods have been developed to prepare 2-thiohydanto-
ins: reaction of an a-amino acid with ammonium thiocy-
anate under acetic anhydride activation or coupling of an
isothiocyanate with an o-amino acid have been the most
popular conditions applied to synthesize 2-thiohydanto-
ins.? Some other methods of preparation have been devel-
oped, for example, the condensation of thiourea with a-
amino acids* or with a-halo acids,’ or the condensation of
1,1’-thiocarbonyldiimidazole with a-amino amides.® All
of these procedures have been applied in combinatorial
chemistry’ and also explored on carbohydrate templates.®
Considering the good accessibility to 2-thiohydantoins, it
is surprising that the chemistry of this heterocyclic system
has been so little explored.’ In the present paper, we have
reconsidered the synthesis of some thiohydantoins using
the Burgess-modified protocol of the Schlack—Kumpf re-
action and explored the reactivity of the newly formed
thiohydantoins.'”

The conditions developed by Reyes and Burgess — ammo-
nium thiocyanate in acetic anhydride at 100 °C for 30
minutes — were applied to nine o-amino acids (Scheme 1)
and the results are reported in Table 1. As expected, the
yields range from satisfactory (Table 1, entries 1-4) to
mediocre or poor when the side chain bears a protic func-
tion, in which case concomitant acetylation takes place.
The stability of the amide function formed in situ allowed
formation of 2e in a reasonable yield of 51% (entry 5). In
contrast, the acetoxyphenyl side chain in 2f or the thioac-
etate in 2g rendered purification of the thiohydantoins dif-
ficult, thus leading to poor yields (entries 6 and 7). From
L-serine, only the exo-methylene derivative 2h resulting
from elimination could be isolated in low yield (entry 8).
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L-Aspartic acid was reacted as its y-methyl ester (entry 9)
and gave a reasonable yield of thiohydantoin 2i.

o)

A
R NH
W)J\OH 100 °C, 30 min \WN\(
NH,
8 s
2

1

Ac»0, NH4SCN

Scheme 1 Conditions used for the synthesis of thiohydantoins

Table 1 Preparation of Thiohydantoins 2 from a-Amino Acids 1

Entry o-Amino acid 1, R Thiohydantoin 2, R Yield (%)

1 Gly 1a, H 2a,H 68
2 L-Phe 1b, PhCH, 2b, PhCH, 76
3 L-Trp 1¢, 3-indolylCH, 2¢, 3-indolylCH, 72
4 L-Met 1d, MeS(CH,), 2d, MeS(CH,), 76
5 L-Lys 1e, H,N(CH,), 2e, AcNH(CH,), 51
6 L-Tyr 1f, 4-HOCH,CH, 2f, AcOC(H,CH, 19
7 L-Cys 1g, HSCH, 2g, AcSCH, 20
8 L-Ser 1h, HOCH, 2h, H,C= 7
9 L-Asp 1i, MeO,CCH, 2i, MeO,CCH, 53

Thus the Burgess modified process proved efficient with
amino acids devoid of side chain functionality. Better re-
sults could be attained with priorly protected side chains.
For example, L-cysteine was acetylated on both the amino
and the thiol groups'! to afford the N,S-diacetylated a-
amino acid 3, which could be further converted into thio-
hydantoin 2g in 73% yield (Scheme 2).

o} o}
NaOH, AcoO )J\S/\HkOH Ac0, NH4SCN ACS/Y(NH

194> —_—

H,0, 0 °C HNW 100 °C, 30 min
e}

3 2g

Scheme 2 Preparation of 2g from N,S-diacetylated cysteine
Some of the thiohydantoins prepared were submitted to

chemical tests with a view to explore the reactivity of the
nucleophilic sites. S-Alkylation was first studied on the
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Scheme 3 N-Protection of thiohydantoins; for yields, see Table 2

thiohydantoin 2a, which was reacted under previously es-
tablished conditions to afford the selectively S-benzylated
derivative 4 in 52% yield (Scheme 3) and was subse-
quently N-protected with a fert-butoxycarbonyl group in
77% yield.'? All attempts to reach selective Boc introduc-
tion either on N-1 or N-3 were not successful, but the mix-
ture of regioisomers could be separated by
chromatography to afford 5 and 6a in 28% and 49% yield,
respectively. Modifications of the reaction sequence were
devised in order to select more efficiently the N-protec-
tion site (Scheme 3).

An exchange of acyl protections of N-1 was performed on
2a through base-induced deacetylation, then N-tert-bu-
toxycarbonylation to afford thiohydantoin 7a in very good
yield. The S-benzylated derivative 6a was also produced
more efficiently under the same reaction conditions
(Scheme 3). Considering the efficiency of this two-step
reaction sequence, it was extended to thiohydantoins 2b,
2e, 2g, and 2i (Table 2).

The efficiency of the above three-step sequence was at-
tested by the yields obtained and the selectivity observed
for the nitrogen protection. The case of the L-Cys-derived
thiohydantoin 2g was particular, because standard metha-
nolysis conditions caused full N- and S-deacetylation of
the thiohydantoin. Selective N-deacetylation was experi-
enced with moderate yields using catalytic hydrazine ace-
tate as base. In other respects, S-methylation of the Boc-
protected intermediate 7b using iodomethane under simi-
lar conditions was performed to provide an 80% yield of
6j, the S-methyl analogue of 6b.

Table 2 Selective Functionalization of Thiohydantoins 2
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Our interest in this study was centered on the Liebeskind—
Srogl coupling reaction using the ability of the benzylsul-
fanyl moiety.'® Previous results from our lab have shown
on small heterocycles an efficient C—C bond formation us-
ing this methodology.'* We have also experienced the
variability of these coupling reactions depending on the
starting sulfur precursor — aromatic or nonaromatic, thio-
ether- or thione-type.'*® It was therefore decided to pre-
pare some exo-methylenic substrates 9, 11-15 in which all
carbons in the heterocycle are sp>-hybridized (Scheme 4).

Knoevenagel condensation of aldehydes on thiohydanto-
ins is a well-known process used to generate libraries of
pharmaceutical compounds.'> Direct condensation was
explored with N-protected compounds 4 and 6a, together
with unprotected 8 resulting from deacetylation of 4
(Scheme 4). Two protocols have been used: under condi-
tions A, compound 9 was obtained, respectively, in 83%
from 4, 71% from 6a, and 56% from 8; under conditions
B, the yield of 9 was much lower; 34% from 4, 42% from
6a, and 40% from 8, respectively. From this comparative
set of experiments it appeared that whatever the condi-
tions (A or B) used, neither the N-acetyl nor the N-Boc
protecting groups could be stable towards the severe con-
ditions applied for the condensation. Surprisingly, the best
yield from the N-acetyl derivative 4 was obtained under
protic conditions A. Compound 9 could also be prepared
following an alternative route. Nearly quantitative
deacetylation of 2a (Table 2) delivered the 2-thiohydanto-
in 10, which was converted through Knoevenagel conden-
sation into compound 11.' Final S-benzylation under

Entry Side chain, R Deacetylation Boc protection S-Benzylation Overall yield (%)
1 Gly 2a, H 98% 94% (7a) 81% (6a) 75

2 L-Phe 2b, PhCH, 87% 96% (7b) 86% (6b) 72

3 L-Lys 2e, H,N(CH,), 80% 99% (7e) 81% (6e) 64

4 L-Cys 2g, AcSCH, 46%* 73% (7g) - -

5 L-Asp 2i, MeO,CCH, 96% 88% (71) 98% (6i) 83

* Deacetylation with hydrazine acetate.
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Scheme 4 Knoevenagel condensation

standard conditions afforded 9 in an excellent 91% yield
over three steps. Protection at N-3 was performed with
four different groups: carbamates 12 and 13 were obtained
in 67% and 74% yield, respectively. N-Arylalkyl deriva-
tives 14 and 15 were produced in somewhat lower yield,
44% and 66%, respectively. Nitrogen substitution as well
as configuration of the alkenyl moiety in 12 was ascer-
tained by using HMBC NMR experiments, which show
the alkenyl proton H-6 to be coupled with the carbonyl C-
4 with a J value of 4.8 Hz indicating a cis relationship.'’
Further NOESY experiments clearly indicated the prox-
imity of the benzylic protons to the 4-methoxyphenyl
moiety. These combined data indicate both the location of
the N-protecting group and the configuration of the dou-
ble bond, thus adding more understanding of the observed
instability of protecting groups under Knoevenagel condi-
tions and of the N-3 selectivity in protection processes.

The Liebeskind—Srogl reaction was explored on the mod-
ified thiohydantoins 2b, 6b, 6i, 7b, and 10-15. Whatever

the conditions used for the chiral substrates 2b, 6b, 6i, and
7b, no Suzuki coupling was observed with 4-methoxyphe-
nylboronic acid: changing the solvent (THF, DMF) or the
reaction conditions (thermal or microwave activation)
brought no improvement. On the contrary, the exo-meth-
ylenic derivatives followed a coupling behavior compara-
ble to previous results obtained with an analogous
molecule.'®

On our model structure, the benzylsulfanyl thiohydantoin
12, the first conditions proved disappointing (Scheme 5,
Table 3). The deprotected compound 16a was isolated in
very low yields (Table 3, entries 1-4), instead of the ex-
pected coupled product 16b. Changing the solvent (THF
or DMF) or the activation process (microwave or heat-
ing), did not change much the yields (5 to 9%) of the
deprotected compound. Focusing on the nonprotected
molecule 10 and applying the same conditions (entries 5,
7, 8) gave some improvement. The microwave conditions
in DMF gave an encouraging 35% yield.

Taking into account the possibility of some negative ef-
fect resulting from the unprotected N-3 position, the N-
benzylated thiohydantoin 14 was tested under similar con-
ditions (entries 9-12). In this four set of reactions, THF
proved more efficient than DMF, while microwave or
thermal activation gave similar results. At this stage, entry
11 would represent the set of standard conditions. We
have further tested some other palladium catalysts (entries
13-17) without significant changes in the efficiency of the
reaction and yields ranging from 63% with Pd,dba, (entry
13) to 14% with PdCl,/Ph;P (entry 16). Further explora-
tion of the coupling reaction called for changing the
source of copper (entry 18), increasing the amount of bo-
ronic acid to 2.2 equivalent (entry 19) or adding an inor-
ganic base (entry 20). However, none of these
modifications resulted in significant yield improvement.
As the moderate yields observed throughout could stand
as a consequence of some inactivation of the catalytic cy-
cle, the amount of palladium catalyst was increased (en-
tries 21, 22) albeit without significant change.

Applying the latter conditions of higher palladium ratio on
the 4-methoxybenzyl derivative 15 (entries 23-25) did
seem to improve the yield as compared with the benzyl
derivative 14. A final assay (entry 26) was performed with
the N-benzyloxycarbonyl-protected substrate 13, which
was converted in 50% yield into 16¢, thus showing the
carbamate protection to be able to stand the reaction con-
ditions.

o o]
AN 4-MeOCgH4B(OH), (1.2 equiv) N
N—R N—R
MeO N= Liebeskind—Srogl reaction MeO N
SBn
9,R=H 16a, R=H

12, R =Boc 16b, R = Boc
13, R=Cbz 16¢c, R =Cbz
14, R=Bn 16d, R =Bn
15, R = PMB 16e, R = PMB OMe

Scheme 5 Liebeskind—Srogl reaction
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From the above results, the Liebeskind—Srogl reaction
proved to be moderately efficient on 2-alkylsulfanylimi-
dazolones bearing an sp? C-5 atom while under the same
conditions, analogue substrates with an sp3-hybridized
C-5 proved surprisingly unreactive.

Recent approaches of the Liebeskind—Srogl reaction em-
phasized the direct reactivity of thionocarboxamido deriv-
atives."*!? Previous studies have shown that direct
coupling could be effected on both heterocyclic types,
aromatic and nonaromatic, albeit slightly less efficiently
in the latter case. We were therefore interested in testing

Table 3 Optimization of Cross-Coupling Reactions®

the direct coupling process on a thiohydantoin. To per-
form such a test, a free N-1/protected N-3 thiohydantoin
was needed. The protocol described in Scheme 4 being in-
appropriate to achieve selective N-3-alkylation, we used
the Edman condensation of benzyl isothiocyanate or 4-
methoxybenzyl isothiocyanate with glycine methyl ester
to prepare thiohydantoins 17 and 18. Through Knoevena-
gel condensation, the model substrates 19 and 20 were ob-
tained in good yield and further reacted with 4-
methoxyphenylboronic acid under Liebeskind—Srogl con-
ditions (Scheme 6). We were pleased to observe that these

Entry Alkyl sulfanyl Solvent (conditions) Pd source Cu source (equiv) Time Product (yield)

1 12 THF (60 °C, MW) Pd(PPhy), (5%) CuTC (3 equiv) lh 16a (5%)

2 12 DMF (130 °C, MW) Pd(PPhs), (5%) CuTC (3 equiv) 1h 16a (7%)

3 12 THF (reflux) Pd(PPhs), (5%) CuTC (3 equiv) 24h 16a (6%)

4 12 DMEF (130 °C) Pd(PPhs), (5%) CuTC (3 equiv) 24h 16a (9%)

5 9 THF (60 °C, MW) Pd(PPhy), (5%) CuTC (3 equiv) 1h 16a (9%)

6 9 DMF (130 °C, MW) Pd(PPhy), (5%) CuTC (3 equiv) 1h 16a (36%)

7 9 THF (reflux) Pd(PPhy), (5%) CuTC (3 equiv) 24h 16a (10%)

8 9 DMF (130 °C) Pd(PPhy), (5%) CuTC (3 equiv) 24h 16a (11%)

9 14 THF (60 °C, MW) Pd(PPhs), (5%) CuTC (3 equiv) 1h 16d (45%)
10 14 DMF (130 °C, MW) Pd(PPhy), (5%) CuTC (3 equiv) lh 16d 31%)
11 14 THF (reflux) Pd(PPhs), (5%) CuTC (3 equiv) 24h 16d (51%)
12 14 DMF (130 °C) Pd(PPhs), (5%) CuTC (3 equiv) 24h 16d (12%)
13 14 THF (reflux) Pd,dba; (5%) CuTC (3 equiv) 24h 16d (63%)
14 14 THF (reflux) Pd,dba; (5%)/Ph;P (10%) CuTC (3 equiv) 24h 16d (53%)
15 14 THF (reflux) Pd,dba, (5%)/TFP (10%)°® CuTC (3 equiv) 24h 16d (61%)
16 14 THF (reflux) Pd,Cl, (5%)/ Ph;P (10%) CuTC (3 equiv) 24h 16d (14%)
17 14 THF (reflux) Pd,(OAc), (5%)/Ph;P (10%)  CuTC (3 equiv) 24h 16d (52%)
18 14 THF (reflux) Pd(PPhy), (5%) CuMeSal (2.2 equiv) 24h 16d (47%)
19 14 THF (reflux) Pd(PPhy), (5%) CuTC (3 equiv) 24h 16d (55%)°
20 14 THF (reflux) Pd(PPhs), (5%) CuTC (3 equiv) 24h 16d (40%)°
21 14 THF (reflux) Pd(PPhy), (10%) CuTC (3 equiv) 24h 16d (51%)
22 14 THF (reflux) Pd(PPhy), (2 X 5%) CuTC (3 equiv) 24h 16d (52%)
23 15 THF (reflux) Pd(PPhy), (5%) CuTC (3 equiv) 24h 16e (47%)
24 15 THF (reflux) Pd(PPhs), (2 X 5%) CuTC (3 equiv) 24h 16e (52%)
25 15 THF (reflux) Pd(PPhy), (10%) CuTC (3 equiv) 24h 16e (61%)
26 13 THF (reflux) Pd(PPhs), (5%) CuTC (3 equiv) 24h 16¢ (50%)

* Pd,dba;: tris(dibenzylideneacetone)dipalladium(0); CuTC: copper(l) thiophene-2-carboxylate; CuMeSal: copper(I) 3-methylsalicylate; TFP:

tris 2-furylphosphine.

® Methoxyphenylboronic acid used: 2.2 equiv.
¢ Na,COj; (1.2 equiv) was added.
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thionocarboxamido derivatives proved more efficient
than their benzylsulfanyl counterparts, with 76% coupling
yield for the benzyl derivative 16d and 65% yield for the
4-methoxybenzyl derivative 16e .

O O

4-MeOCgH4CHO (1.1 equiv)
r[< NaOAc (4.3 equiv) N
N—R N—R
HN\< AcOH MeQO HN\(
S

S

19, R = Bn (91%)

17,R=Bn 20, R = PMB (74%)

18, R=PMB
4-MeOCgH4B(OH), (1.2 equiv)
Liebeskind—Srogl reaction

Pd(PPha), (5 mol%)
o THF, reflux, 24 h

N
MeO N>

N—R

OMe
16d, R=Bn (76%)
16e, R = PMB (65%)

Scheme 6 Direct coupling on thiohydantoins

In conclusion, the Schlack—Kumpf condensation gave ac-
cess to selectively functionalized thiohydantoins derived
from various amino acids. The Liebeskind—Srogl reaction
needs a sp? hybridation at the C-5 atom. Indeed, after a
Knoevenagel condensation on C-5, the cross coupling re-
action on the 2-alkylsulfanyl gave reasonable yields of the
C-C bond formation (up to 62%). A direct cross-coupling
on the 2-thione derivatives (obtained from the Edman
degradation method) gave a more efficient palladium
cross-coupling (76%). Further explorations on this latter
approach and its potential will be published in due course.

The reactions requiring anhydrous conditions were performed in
oven-dried glassware with anhydrous solvents under argon atmo-
sphere. CH,Cl, was distilled over P,05, THF was distilled in the
presence of Na/benzophenone. Toluene was distilled over CaH,.
DMF (HPLC) was dried over MS 4 A and MeOH (HPLC) over MS
3 A. Most reagents were used as obtained from commercial suppli-
ers (Acros, Aldrich, Lancaster, or Apollo). Copper(I) 3-methylsali-
cylate (CuMeSal) and copper(I) thiophene-2-carboxylate (CuTC)
were prepared as described by Liebeskind.?’ Petroleum ether (PE)
used refers to the fraction boiling in the range 40-60 °C. Analytical
TLC was performed on Merck Silica gel 60 F254 precoated plates.
Visualization of the compounds was made by UV light (254 nm)
and by staining either with a 1% aq KMnO, or with 5% phospho-
molybdic acid followed by heating. Flash column chromatography
was carried out using Merck Silica gel 60N (spherical, neutral, 40—
63 pum) under N, pressure. NMR spectra were recorded on 400 MHz
Bruker Avance 2 or 250 MHz Bruker Avance DPX250 spectrome-
ters using TMS as the internal standard. Chemical shifts are report-
ed in parts per million (ppm, d units). Coupling constants (J) are
expressed in hertz (Hz); standard abbreviations are used for denot-
ing signal multiplicity. Mass spectra were recorded with a Perkin-
Elmer Sciex API 300 spectrometer for negative (ISN) and positive
(ISP) electrospray ionization. High-resolution mass spectra
(HRMS) were recorded with a TOF spectrometer in electrospray

ionization (ESI) mode or in chemical ionization (CI) mode. IR spec-
tra were recorded on Thermo-Nicolet AVATAR 320 AEK0200713.
Melting points were measured using a Thermo Scientific 9200 cap-
illary apparatus and are uncorrected. Optical rotations were record-
ed at 20 °C using a Perkin-Elmer 341 polarimeter (path length 1
dm).

Thiohydantoin Formation;*' General Procedure A

In a round-bottom flask, the amino acid 1 (1 equiv) and NH,SCN (1
equiv) were mixed in Ac,0 (6 equiv). The resulting mixture was
heated at 100 °C for 30 min in an oil bath, by which time all solids
dissolved. The reaction was then quenched with ice and H,O (30
mL) and the aqueous layer was extracted with EtOAc (3 x 20 mL).
The combined organic layers were dried (MgSO,), concentrated in
vacuo, and the crude product purified by column chromatography
on silica gel (Table 1).

1-Acetyl-2-thioxoimidazolidin-4-one (2a)'°
[584-26-9]

Glycine (5.0 g, 66.6 mmol) was used to prepare 2a. The reaction
mixture was poured into an ice/H,0O mixture (60 mL) and stored in
a freezer overnight. The resulting orange solid was filtered, washed
with cold H,O (15 mL), and dried under vacuum to afford 2a as an
orange solid; yield: 7.18 g (68%); mp 167-169 °C (Lit.!” mp 173—
174 °C); R, = 0.31 (PE-EtOAc, 7:3).

MS (IS): m/z = 181.0 [M + Na]"*.

Physical and spectral data matched those previously reported.!

(55)-1-Acetyl-5-benzyl-2-thioxoimidazolidin-4-one (2b)*»1°
[182002-59-1]

L-Phenylalanine (2.0 g, 12.1 mmol) was used to prepare 2b. Flash
chromatographic purification (PE-EtOAc, 7:3) afforded the thiohy-
dantoin 2b as a yellow solid; yield: 2.28 g (76%); mp 166—168 °C
(Lit.'"” mp 168-169 °C); [a]p +23 (¢ 1.10, CHCLy); R;= 0.38 (PE-
EtOAc, 7:3). ‘

MS (IS): m/z = 245.0 [M — C,H,0 + K]*.

Physical and spectral data matched those previously reported.'°

(55)-1-Acetyl-5-(1H-indol-3-ylmethyl)-2-thioxoimidazolidin-4-
one (2¢)
[182002-62-6]

L-Tryptophan (500 mg, 2.45 mmol) was used to prepare 2c. Flash
chromatographic purification (PE-EtOAc, 7:3) afforded the thiohy-
dantoin 2c¢ as a yellow solid; yield: 505 mg (75%); mp 177-179 °C
(Lit2 mp 183-185 °C); [alp +69 (¢ 1.07, MeOH); R;=0.26 (PE-
EtOAc, 7:3).

MS (IS): m/z = 246.0 [M — C,H,0 + HJ*, 310.0 [M + Nal*.

Physical and spectral data matched those previously reported.?

(55)-1-Acetyl-5-[2-(methylsulfanyl)ethyl]-2-thioxoimidazoli-
din-4-one (2d)
[875782-19-9]

L-Methionine (500 mg, 3.35 mmol) was used to prepare 2d. Flash
chromatographic purification (PE-EtOAc, 7:3) afforded the thiohy-
dantoin 2d as a yellow solid; yield: 589 mg (76%); mp 99-101 °C
(Lit.2* mp 102-103 °C); [0l +43 (¢ 1.13, MeOH); R;=0.53 (PE-
EtOAc, 7:3).

IR (neat): 3114.2 (NH), 1747.8 (C=0 ring), 1678.0 (C=0 Ac),
1454.2 (NC=S), 1213.5-1184.0 cm™" (C-N).

'H NMR (CDCL): § = 2.08 (s, 3 H, NCOCH}), 2.49 (m, 2 x 2 H, H-
6 and H-7), 2.83 (s, 3 H, SCH;), 4.88 (dd, J5, = 3.4 Hz, J5 4, = 6.5
Hz, 1 H, H-5), 9.32 (br, 1 H, NH).
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13C NMR (CDCly): §=15.2 (SCHy), 27.5 (CH;, NAc), 28.4
(2 x CH,, C-6 and C-7), 62.1 (C-5), 170,4 (C=0, NAc), 171.8 (C-
4y, 180.1 (C-2).

MS (IS): m/z =213.0 [M - C,H,0 + Na]J*.

HRMS-ES: m/z [M - C,H,0 + HJ]* caled for C,H;;N,OS,:
191.03073; found: 191.03080; [M + H]* calcd for CgH,5N,0,S,:
233.04130; found: 233.04120; [M + Na]* caled for CgH;,N,O0,S, +
Na: 255.02324; found: 255.02328.

(55)-5-(4-Acetamidobutyl)-1-acetyl-2-thioxoimidazolidin-4-one
(2¢)
[182153-42-0]

L-Lysine (500 mg, 3.40 mmol) was used to prepare 2e. Flash chro-
matographic purification (CH,Cl,-MeOH, 95:5) afforded the thio-
hydantoin 2e as a yellow solid; yield: 470 mg (51%); mp 132-
134 °C (Lit.> mp 131-133 °C); [a]p +42 (c 1.14, CHCLy); R,= 0.45
(CH,Cl1,-MeOH, 95:5).

MS (S): m/z=272.0 [M + H]*, 294.0 [M + Na].

Physical and spectral data matched those previously reported.?

(55)-5-(4-Acetoxybenzyl)-1-acetyl-2-thioxoimidazolidin-4-one
(20
[182002-68-2]

L-Tyrosine (500 mg, 2.76 mmol) was used to prepare 2f. Flash chro-
matographic purification (PE-EtOAc, 6:4) afforded the thiohydan-
toin 2f as a yellow solid; yield: 161 mg (22%); mp 134-136 °C
(Lit.2 mp 137-139 °C); [a]p +34 (c 0.96, MeOH); R, =0.76 (PE-
EtOAc, 1:1).

MS (IS): m/z =307.0 [M + H]*, 329.0 [M + Na].

Physical and spectral data matched those previously reported.?

(55)-1-Acetyl-5-[(acetylsulfanyl)methyl]-2-thioxoimidazolidin-
4-one (2g)
[182002-87-5]

L-Cysteine (1.00 g, 8.25 mmol) was used to prepare 2g. Flash chro-
matographic purification (PE-EtOAc, 6:4) afforded the thiohydan-
toin 2g as a yellow solid; yield: 0.42 g (20%); mp 137-139 °C (Lit.?
mp 138-143 °C); [a]p ~1 (c 1.07, MeOH); R,= 0.62 (PE-EtOAc,
1:1).

MS (IS): m/z = 227.0 [M — C,H,0 + Na]*, 269.0 [M + Nal*.

Physical and spectral data matched those previously reported.?

1-Acetyl-5-methylidene-2-thioxoimidazolidin-4-one (2h)
L-Serine (1.0 g, 9.52 mmol) was used to prepare 2h. Flash chro-
matographic purification (PE-EtOAc, 8:2) afforded the thiohydan-
toin 2h as a white solid; yield: 109 mg (7%); mp 223-225 °C (dec.);
R;=0.27 (PE-EtOAc, 8:2).

IR (neat): 3119.5 (NH), 1745.9 (C=O ring), 1679.1 (C=0O Ac),
1458.2 (NC=S), 1199.6-1134.5 cm™! (C-N).

"H NMR (CDCl,): § =2.91 (s, 3 H, NCOCH,), 5.95 (s, 1 H, H-62),
6.49 (s, 1 H, H-6b), 9.02 (br, 1 H, NH).

13C NMR (CDCL,): & = 29.0 (CH,, NAc), 109.7 (C-6), 134.1 (C-5),
161.1 (C-4), 170.7 (C=0, NAc), 210.5 (C-2).

HRMS-ES: m/z [2 M + Na]* caled for C,H;;N,O,S, + Na:
363.01922; found: 363.01914; [3 M + H]* calcd for C gH(N¢O4S;:
511.05227; found: 511.05193; [3 M + NH,]* caled for
C,3H,,N;0¢S5: 528.07882; found: 528.07878; [3 M + Na]* caled for
CsH sNO4S; + Na: 533.03422; found: 533.03424.
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(55)-1-Acetyl-5-methoxycarbonylmethyl-2-thioxoimidazolidin-
4-one (2i)

The y-methyl ester of L-aspartic acid (500 mg, 3.40 mmol) was used
to prepare 2i. Flash chromatographic purification (PE-EtOAc, 7:3)
afforded the thiohydantoin 2i as a white solid; yield: 416 mg (53%);
mp 119-122 °C; [a]p +1 (¢ 1.02, MeOH); R,=0.68 (PE-EtOAc,
1:1).

IR (neat): 3124.8 (NH), 1765.8 (C=O ring), 1736.9 (C=0 ester),
1675.6 (C=0 Ac), 1461.1 (NC=S), 1209.4—1177.6 cm™! (C-N).

'H NMR (CDCl,): § = 2.81 (s, 3 H, NCOCH,), 3.11 (dd, Jg, 5 = 3.4
Hz, Js, ¢, = 17.8 Hz, 1 H, H-6a), 3.43 (dd, Jg s = 4.7 Hz, Jo, 5 = 17.8
Hz, 1 H, H-6b), 3.69 (s, 3 H, CO,CH,), 4.84 (dd, Js4, = 3.4 Hz,
Js ¢ =4.7Hz, 1 H, H-5),9.51 (br, 1 H, NH).

13C NMR (CDCLy): § = 27.5 (CH,, NAc), 33.6 (C-6), 52.4 (CH, es-
ter), 59.5 (C-5), 169.7 (C=0, NAc), 170.8 (C-4), 171.1 (C=0 ester),
180.7 (C-2).

MS (IS): m/z = 253.0 [M + Na]".

HRMS-ES: m/z [M - CH,0 + HJ" caled for CcHyN,O5S:
189.03284; found: 189.03282; [M + Na]* caled for CgH;,N,O,S +
Na: 253.02535; found: 253.02556.

S-Benzylation; General Procedure B

The 2-thioxoimidazolidin-4-one derivative 2 (1 mmol, 1 equiv) was
dissolved in CH,Cl, (15 mL) under argon. Et;N (4 equiv) and ben-
zyl bromide (1.5 equiv) were added and the mixture was stirred for
2 h at r.t., after which the solution was concentrated in vacuo. The
crude product was purified by column chromatography on silica
gel.

1-Acetyl-2-(benzylsulfanyl)-4,5-dihydro-1H-imidazol-4-one (4)
Following general procedure B, 2a (4.00 g, 25.2 mmol, 1 equiv)
was converted into the S-benzylated derivative. Flash chromato-
graphic purification (PE-EtOAc, 7:3) afforded 4 as a yellow solid;
yield: 3.19 g (51%); mp 149-151 °C; R;= 0.26 (PE-EtOAc, 7:3).

IR (neat): 1730.7 (C=0 ring), 1698.1 (C=0 Ac), 1449.3 (NC=S),
1376.6 (C-S), 1226.3-1171.3 cm™ (C-N).

'H NMR (CDCl,): § =2.25 (s, 3 H, CHy), 4.32 (s, 2 H, H-5), 4.41
(s, 2 H, CH,Ph), 7.35 (m, 5 H, C¢Hy).

13C NMR (CDCly): & = 23.8 (CH,, Ac), 37.9 (CH,Ph,), 52.7 (C-5),
127.8, 128.7, 129.3 (CH,.,,), 134.9 (Cpop), 166.9 (C=0, NAc),
182.0 (C-4), 184.9 (C-2).

MS (IS): m/z = 249.0 [M + HJ*, 271.0 [M + Nal*.

HRMS-ES: m/z [M - C,H,0 + HJ]* caled for C,,H,;N,OS:
207.05866; found: 207.05871; [M - C,H,0 + Na]* calcd for
C,H,(N,OS + Na: 229.04060; found: 229.04048; [M + H]J* calcd
for C,H3N,0,S: 249.06922; found: 249.06933; [M + Na]* calcd
for C,,H,,N,0,S + Na: 271.05117; found: 271.05120.

N-Deacetylation; General Procedure C

The 1-acetyl-2-thiohydantoin (1 mmol, 1 equiv) was dissolved in
anhyd MeOH (MS 3 A, 10 mL) under argon. The solution was
cooled in an ice-salt bath, then Na metal was added at O °C until the
pH value reached 9-10. The resulting solution was stirred for 2 h at
r.t., then quenched with Amberlite IR120 H* until neutral pH, after
which the solution was concentrated in vacuo. The crude product
was purified on silica gel column chromatography.

tert-Butoxycarbonyl Protection; General Procedure D

The 2-thiohydantoin (1 mmol, 1 equiv) was dissolved in THF (20
mL) under argon atmosphere. (Boc),O (1 equiv) and DMAP (0.1
equiv) were added and the mixture was stirred for 2 h at r.t. after
which the solution was concentrated in vacuo. The crude product
was purified on silica gel column chromatography.
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Regioselective N-tert-Butoxycarbonylation of 2-(Benzylsulfa-
nyl)-4,5-dihydro-1H-imidazol-4-one (8)

Compound 8 (100 mg, 0.48 mmol, 1 equiv) resulting from the
deacetylation of 4 (general procedure C) was submitted to tert-bu-
toxycarbonylation according to general procedure D. Flash chro-
matographic purification (PE-EtOAc, 7:3) allowed the separation
of 2 regioisomers 5 and 6a.

2-(Benzylsulfanyl)-1-tert-butoxycarbonyl-4,5-dihydro-1H-imi-
dazol-5-one (5)

Yield: 42 mg (28%); yellow solid; mp 133-135 °C; R, = 0.77 (PE-
EtOAc, 1:1).

IR (neat): 1789.6 (C=0 ring), 1730.5 (C=0 Boc), 1574.5 (NC-S),
1308.4-1151.0 cm™ (C-N).

'HNMR (CDCLy): § = 1.47 (s, 9 H, -C,Hy), 4.12 (s, 2 H, H-4), 4.17
(s, 2 H, CH,Ph), 7.21 (m, 5 H, C¢H,).

13C NMR (CDCly): § = 27.7 (CH,, -C,Hy), 35.2 (CH,Ph), 59.0 (C-
4), 85.9 (Cpy -C,H,), 127.3, 128.4, 129.1 (CH,,,.), 135.8 (Cyro)s
147.2 (C=0, Boc), 160.1 (C-5), 174.9 (C-2).

MS (IS): m/z = 307.0 [M + HJ*, 329.0 [M + Nal*.

HRMS-ES: m/z [M - CsHgO, + HJ* caled for C, H;;N,OS:
207.05866; found: 207.05877; [M — CsHgO, + NaJ* caled for
C,oH;oN,0S + Na: 229.04060; found: 229.04066; [M + H]* calcd
for C;sH;(N,0;S: 307.11109; found: 307.11098; [M + Na]* calcd
for C;sH gN,O5S + Na: 329.09303; found: 329.09312; [2 M + Na]*
caled for C50H;36N,O4S, + Na: 635.19685; found: 635.19681.

2-(Benzylsulfanyl)-1-tert-butoxycarbonyl-4,5-dihydro-1H-imi-
dazol-4-one (6a)

Yield: 72 mg (49%); brown solid; mp 124-126 °C; R,= 0.55 (PE-
EtOAc, 1:1).

IR (neat): 1716.2 (C=0 ring), 1716.2 (C=0 Boc), 1455.5 (NC-S),
1145.6-1255.4 cm™ (C-N).

'HNMR (CDCL): § = 1.53 (s, 9 H, +-C,Hy), 4.23 (s, 2 H, H-5), 4.45
(s, 2 H, CH,Ph), 7.33 (m, 5 H, C¢Hy).

13C NMR (CDCL,): § = 28.0 (CHa, -C,H,), 37.3 (SCH,), 52.6 (C-5),
85.6 (Cyy +-C,H,), 127.9, 128.7, 129.4 (CH,o), 135.2 (Cpron)s 148.2
(C=0, Boc), 182.0 (C-4), 184.9 (C-2).

MS (IS): m/z =307.0 [M + H]*, 329.0 [M + Na]".

HRMS-ES: m/z [M - CHg + HJ]* caled for C,;H;;N,O;S:
251.04849; found: 251.04860; [M — C,Hg + Na]* caled for
C,1H(N,05S + Na: 273.03043; found: 273.03045; [M + HJ* calcd
for C;sH;(N,0,S: 307.11109; found: 307.11123; [M + Na]* calcd
for C;sH gN,0O5S + Na: 329.09303; found: 329.09302.

Alternative Preparation of 2-(Benzylsulfanyl)-1-fert-butoxycar-
bonyl-4,5-dihydro-1H-imidazol-4-one (6a)
1-tert-Butoxycarbonyl-2-thioxoimidazolidin-4-one (7a; 3.00 g,
13.87 mmol, 1 equiv) was S-alkylated according to general proce-
dure B. Flash chromatographic purification (PE-EtOAc, 7:3) af-
forded 6a in 95% yield.

(55)-5-Benzyl-2-(benzylsulfanyl)-1-tert-butoxycarbonyl-4,5-di-
hydro-1H-imidazol-4-one (6b)
5-Benzyl-1-tert-butoxycarbonyl-2-thioxoimidazolidin-4-one  (7b;
240 mg, 0.78 mmol, 1 equiv) was S-alkylated according to general
procedure B. Flash chromatographic purification (PE-EtOAc, 7:3)
afforded compound 6b as a yellow solid; yield: 283 mg (91%); mp
132-135 °C; [a]p +2 (¢ 1.02, MeOH); R,= 0.26 (PE-EtOAc, 7:3).

IR (neat): 1719.2 (C=0 ring), 1719.2 (C=0 Boc), 1436.9 (NC-S),
1265.5-1146.5 cm™ (C-N).

'HNMR (CDCl): 8 = 1.60 (s, 9 H, 1-C,H,), 3.34 (dd, J, s = 2.7 Hz,
Jouso = 13.8 Hz, 1 H, H-62), 3.43(dd, Jg 5 = 5.8 Hz, Jg, ¢ = 13.8 Hz,

1 H, H-6b), 421 (dd, J;,,,=13.4 Hz, 1 H, SCH,), 427 (dd,
Joo7a=13.4 Hz, 1 H, SCHy), 4.53 (dd, J5 ¢, =2.7 Hz, J; 4, = 5.8 Hz,
1 H, H-5), 7.18 (m, 10 H, C4H,).

13C NMR (CDCly): § = 28.1 (CHa, +-C,Hy), 36.1 (C-6), 37.5 (SCH,),
64.3 (C-5), 85.7 (Cpy +-C,H,), 127.4, 127.7, 128.5, 128.6, 129.2,
129.4 (CH,o), 133.6, 135.3 (Cyop)s 148.3 (C=0, Boc), 184.7 (C-
4), 184.9 (C-2).

MS (IS): m/z = 397.0 [M + HJ*, 419.0 [M + Nal".

HRMS-ES: m/z [M - CHg + HJ* caled for C;gH;;N,O;S:
341.09544; found: 341.09560; [M - C,Hy + NaJ]* caled for
C3H;6N,0;S + Na: 363.07738; found: 363.07738; [M + H]* calcd
for C5,H,sN,0;S: 397.15804; found: 397.15813; [M + Na]* calcd
for C,,H,,N,05S + Na: 419.13998; found: 419.14014.

(55)-5-(4-Acetamidobutyl)-2-(benzylsulfanyl)-1-fert-butoxycar-
bonyl-4,5-dihydro-1H-imidazol-4-one (6e)
5-(4-Acetamidobutyl)- 1-tert-butoxycarbonyl-2-thioxoimidazolidin-
4-one (7e; 150 mg, 0.46 mmol, 1 equiv) was S-alkylated following
general procedure B. Flash chromatographic purification (EtOAc)
afforded compound 6e as a colorless syrup; yield: 150 mg (78%);
[a]p —1 (¢ 0.5, CHCl3); R, = 0.40 (CH,Cl,-MeOH, 9:1).

IR (neat): 3304.6 (NH lysine), 1720.2 (C=O ring), 1652.3 (C=0
Ac), 1652.3 (C=0 Boc), 1438.8 (NC-S), 1241.6-1145.0 cm™"
(C-N).

'HNMR (CDCly): § = 1.29 (m, 2 H, H-7), 1.49 (m, 2 H, H-8), 1.54
(s, 9 H, +-C,H,), 1.96 (s, 3 H, NCOCH, Lys), 2.06 (m, 2 H, H-6),
322 (qd, Jogonu =6.9 Hz, Jo,0,=2.9 Hz, 2 H, H-9), 431 (t,
Js6=4.9 Hz, 1 H, H-5), 443 (dd, J,0, 10, = 13.2 Hz, 1 H, CH,Ph),
4,47 (dd, Jygp 100 = 13.2 Hz, 1 H, CH,Ph), 5.63 (br, 1 H, NH Lys),
7.33 (m, 5 H, C4Hy).

13C NMR (CDCLy): §=20.3 (C-7), 23.3 (CH,, NAc Lys), 28.0
(CH,, -C,H,), 28.9 (C-8), 29.7 (C-6), 37.9 (SCH,), 39.1 (C-9), 63.2
(C-5), 85.7 (Cyy t+-C,Hy), 1279, 128.7, 129.4 (CH,,,), 135.0
(Cprom)s 1483 (C=0, Boc), 170.1 (C=0, NAc Lys), 184.9 (C-4),
185.4 (C-2).

MS (IS): m/z =420.0 [M + HJ*, 442.5 [M + Na]*.

HRMS-ES: m/z [M - CsHgO, + H]* caled for C;4H,,N;0,S:
320.14272; found: 320.14279; [M + H]* calcd for C,;H;)N;0,S:
420.19515; found: 420.19502; [M + Na]* calcd for C,;Hy,yN;0,S +
Na: 442.17710; found: 442.17606.

(55)-2-(Benzylsulfanyl)-1-tert-butoxycarbonyl-5-(methoxycar-
bonylmethyl)-4,5-dihydro-1H-imidazol-4-one (6i)
5-(Methoxycarbonylmethyl)-1-tert-butoxycarbonyl-2-thioxoimi-
dazolidin-4-one (7i; 50.0 mg, 0.17 mmol, 1 equiv) was S-alkylated
following general procedure B. Flash chromatographic purification
(CH,Cl1,-MeOH, 95:5) afforded compound 6i as a yellow solid;
yield: 63 mg (98%); mp 142-144 °C; [a]y +1 (¢ 1.10 MeOH);
R;=0.54 (CH,Cl,-MeOH, 95:5).

IR (neat): 1723.0 (C=0 ring), 1723.0 (C=0 ester), 1723.0 (C=0
Boc), 1450.2 (NC-S), 1256.2-1141.7 cm™" (C-N).

'"HNMR (CDCly): & = 1.53 (s, 9 H, -C,Hy), 3.08 (dd, J, s = 3.7 Hz,
Jouer = 16.8 Hz, 1 H, H-6), 3.18 (dd, Jg, 5 = 5.3 Hz, Jg, ¢, = 16.8 Hz,
1 H, H-6b), 3.65 (s, 3 H, CO,CH,), 445 (dd, J;5,=3.7 Hz,
Js = 5.3 Hz, 1 H, H-5), 4.48 (s, 2 H, CH,Ph), 7.36 (m, 5 H, C¢Hj).

BC NMR (CDCly): §=27.9 (CH,, t-C,H,), 34.8 (C-6), 37,9
(SCH,), 52.1 (CHj; ester), 59.4 (C-5), 85,1 (Cyy t-C4Hy), 127.8,
128.7,129.4 (CH,;om), 135.2 (Cyrom)» 148.2 (C=0, Boc), 169.1 (C=0
ester), 184.0 (C-4), 185.1 (C-2).

MS (IS): m/z =379.0 [M + H]*, 401.0 [M + Na]".

HRMS-ES: m/z caled for [M - CsHgO, + HJ* caled for
C,3H;sN,05S: 279.07979; found: 279.08004; [M — C,H; + H]* cal-
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cd for C4,H;sN,0OsS: 323.06962; found: 323.06963; [M — C,Hg +
Na]J* caled for C;,H,N,OsS + Na: 345.05156; found: 345.05157;
[M + HJ* caled for C gH,3N,05S: 379.13222; found: 379.13223; [M
+ Na]* calced for C,4H,,N,O;S + Na: 401.11416; found: 401.11410.

(55)-5-Benzyl-1-tert-butoxycarbonyl-2-(methylsulfanyl)-4,5-di-
hydro-1H-imidazol-4-one (6j)

To a solution of 7b (50 mg, 0.16 mmol, 1 equiv) in CH,Cl, (5 mL)
placed under argon were added Et;N (0.65 mmol, 4 equiv) and Mel
(0.56 mmol, 3.5 equiv). The mixture was stirred for 30 min at r.t.,
after which the solution was concentrated in vacuo. Flash chromato-
graphic purification (PE-EtOAc, 7:3) afforded compound 6j as a
white solid; yield: 42 mg (82%); mp 108-111 °C; [a]p —1 (c 0.95,
CHClLy); R, = 0.50 (PE-EtOAc, 1:1).

IR (neat): 1718.5 (C=0 ring), 1718.5 (C=0 Boc), 1455.2 (NC=S),
1258.3-1141.4 cm™ (C-N).

'"H NMR (CDCL,): § = 1.62 (s, 9 H, 1-C,H,), 2.38 (s, 3 H, SCH,),
333 (dd, Jo,5=2.7 Hz, Joq = 13.8 Hz, 1 H, H-6a), 3.43 (dd,
Jons = 5.9 Hz, Jo, ¢, = 13.8 Hz, 1 H, H-6b), 4.53 (dd, J5 5, = 2.7 Hz,
Js = 5.9 Hz, 1 H, H-5), 7.16 (m, 5 H, C;Hy).

13C NMR (CDCl,): § = 28.1 (CH,, +-C,Hy), 36.0 (C-6), 64.4 (C-5),
85.6 (Cyy 1-C,H,), 127.3,128.5, 129.3 (CH, ). 133.7 (Cpro). 148.3
(C=0, Boc), 184.6 (C-4), 185.9 (C-2).

MS (IS): m/z = 321.5 [M + HJ*, 345.0 [M + Nal".

HRMS-ES: m/z [M - CHg + HJ]* caled for C;,H;;N,0;S:
265.06414; found: 265.06428; [M — C,Hg + Na]* caled for
C,,H,,N,05S + Na: 287.04608; found: 287.04619; [M + H]* calcd
for C;¢H,N,05S: 321.12674; found: 321.12656; [M + Na]* calcd
for C,¢H,N,0,S + Na: 343.10868; found: 343.10858.

1-tert-Butoxycarbonyl-2-thioxoimidazolidin-4-one (7a)
[1253964-00-9]

Compound 8 (2.00 g, 17.2 mmol) was N-tert-butoxycarbonylated
according to general procedure D. Flash chromatographic purifica-
tion (PE-EtOAc, 7:3) afforded 7a as a yellow solid; yield: 3.53 g
(95%); mp 145-146 °C; R, = 0.68 (PE-EtOAc, 1:1).

IR (neat): 3227.4 (NH), 1750.3 (C=O ring), 1718.9 (C=0O Boc),
1459.5 (NC=S), 1217.2-1144.0 cm™ (C-N).

'HNMR (CDCL,): § = 1.56 (s, 9 H, -C,Hy), 4.41 (s, 2 H, H-5), 9.01
(br, 1 H, NH).

13C NMR (CDCl,): § = 27.9 (CH,, 1-C,H,), 52.7 (C-5), 85.6 (Cyy
+-C,H,), 148.3 (C=0, Boc), 168.2 (C-4), 178.5 (C-2).

MS (IS): m/z = 217.0 [M + HJ*, 239.0 [M + Nal".

HRMS-ES: m/z [M — CsHgO, + Na]* caled for C;H,N,0OS + Na:
138.99365; found: 138.99362; [M - C,Hy + HJ]* calcd for
C,H;N,0;S: 161.00154; found: 161.00149, [M + Na]* calcd for
CgH|,N,05S + Na: 239.04608; found: 239.04617.

(55)-5-Benzyl-1-tert-butoxycarbonyl-2-thioximidazolidin-4-one
(7b)

5-Benzyl-2-thioxoimidazolidin-4-one (0.3 g, 1.45 mmol, 1 equiv)
prepared (general procedure C) from 2b was N-fert-butoxycarbon-
ylated according to general procedure D. Flash chromatographic
purification (PE-EtOAc, 7:3) afforded 7b as a yellow solid; yield:
426 mg (96%); mp 98-100 °C; [a], +1 (¢ 1.00 MeOH); R, = 0.30
(PE-EtOAc, 1:1).

IR (neat): 3245.2 (NH), 1739.3 (C=O ring), 1739.3 (C=0 Boc),
1438.5 (NC=S), 1223.6-1138.7 cm™! (C-N).

'HNMR (CDCl,): 8 = 1.64 (s, 9 H, -C,Ho), 3.29 (dd, J¢, s = 2.8 Hz,
Jsasp = 14.1 Hz, 1 H, H-6a), 3.49 (dd, Jg, 5 = 5.7 Hz, J, 5, = 14.1 Hz,
1 H, H-6b), 4.81 (dd, J5¢, = 2.8 Hz, J5 5, = 5.7 Hz, 1 H, H-5), 7.08
(m, 2 H, C¢Hs), 7.26 (m, 3 H, C¢Hs), 8.64 (br, 1 H, NH).
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13C NMR (CDCl): & = 28.1 (CHs, +-C,Hy), 35.9 (C-6), 64.4 (C-5),
85.5 (Cpy -C,H,), 127.8, 128.8, 129.5 (CH, ), 132.9 (C,yopy), 148.5
(C=0, Boc), 170.9 (C-4), 178.1 (C-2).

MS (IS): m/z =307.0 [M + H]*, 329.0 [M + Na]".

HRMS-ES: m/z [M - CsHO, + H]* caled for C,,H,;N,OS:
207.05866; found: 207.05888; [M — CsHgO, + NaJ* caled for
C,oH,oN,0S + Na: 229.04060; found: 229.04078; [M — C,Hs + H]*
caled for C; H,;N,0;S: 251.04849; found: 251.04863; [M + Na]*
caled for C;sH sN,O5S + Na: 329.09303; found: 329.09333.

(55)-5-(4-Acetamidobutyl)-1-tert-butoxycarbonyl-2-thioxoimi-
dazolidin-4-one (7¢)
5-(4-Acetamidobutyl)-2-thioxoimidazolidin-4-one (100 mg, 0.44
mmol, 1 equiv) prepared (general procedure C) from 2e was N-tert-
butoxycarbonylated according to general procedure D. Flash chro-
matographic purification (EtOAc) afforded 7e as a colorless syrup;
yield: 140 mg (97%); [a]p -2 (¢ 0.8 CHCly); R, = 0.20 (PE-EtOAc,
1:1).

IR (neat): 2931.0 (NH), 1744.8 (C=0O ring), 1628.9 (C=0 Boc),
1442.0 (NC=S), 1237.8-1144.9 cm™ (C-N).

'H NMR (CDCl,): § = 1.36 (m, 4 H, H-7 and H-8), 1.56 (s, 9 H, ¢-
C,Hy), 1.98 (s, 3 H, NCOCH; Lys), 2.08 (m, 2 H, H-6), 3.23 (q,
Jonnwg = 6.5 Hz, 2 H, H-9), 4.56 (t, Jss=4.8 Hz, 1 H, H-5), 5,76
(t, Jnno = 5,1 Hz, 1 H, NH Lys), 9.92 (br, 1 H, NH hydantoin).

13C NMR (CDCly): 8=20.5 (C-7), 23.3 (CH,, NAc Lys), 28.0
(CH,, +-C,H,), 29.0 (C-8), 30.1 (C-6), 39.2 (C-9), 63.2 (C-5), 85.4
(Cyy 1-C,H,), 148.5 (C=0, Boc), 170.6 (C=0, NAc Lys), 172.0 (C-
4),179.2 (C-2).

MS (IS): m/z =330.0 [M + H]*, 352.0 [M + Na].

HRMS-ES: m/z [M — CsHgO, + HJ* caled for CyH,;(N;0,S:
230.09577; found: 230.09590; [M - CsHgO, + NaJ* caled for
CoH,sN;0,S + Na: 252.07772; found: 252.07775; [M + Na]* caled
for C,,H,;N;0,S + Na: 352.13080; found: 352.13035.

(55)-5-[(Acetylsulfanyl)methyl]-1-tert-butoxycarbonyl-2-thi-
oxoimidazolidin-4-one (7g)
5-[(Acetylsulfanyl)methyl]-2-thioxo-imidazolidin-4-one (50 mg,
0.24 mmol, 1 equiv) prepared (procedure C) from 2g was N-tert-
butoxycarbonylated according to general procedure D. Flash chro-
matographic purification (PE-EtOAc, 7:3) afforded 7g as a yellow
syrup; yield: 56 mg (76%); [a]p +2 (¢ 0.66, CHCI,); R, = 0.62 (PE—
EtOAc, 1:1).

IR (neat): 3262.1 (NH), 1752.9 (C=0 ring), 1701.9 (C=0 Boc),
1443.9 (NC=S), 1225.8-1139.9 cm™' (C-N).

'HNMR (CDCL,): § = 1.61 (s, 9 H, -C,H,), 2.35 (s, 3 H, SCOCH,),
342 (d, Jguq = 12.6 Hz, 1 H, H-6a), 3.90 (d, Jg, ¢, = 12.6 Hz, 1 H,
H-6b), 4.84 (s, 1 H, H-5), 8.92 (br, 1 H, NH).

13C NMR (CDCly): § = 27.9 (CH,, -C,Hy), 28.9 (C-6), 30.5 (CH,
SAc), 62.6 (C-5), 85.9 (Cyy -C,H,), 169.8 (C=0, Boc), 178.3 (C-4),
193.2 (C=0, SAc), 201.3 (C-2).

MS (IS): m/z =305.5 [M + H]*, 327.0 [M + Na].

HRMS-ES: m/z [M - CsH;{O, — C,H,0 + H]* caled for C,H,N,OS,:
162.99943; found: 169.99966; [M — CsHgO, + HJ* calcd for
CcHyN,0,S,: 205.01000; found: 205.01027; [M — CsHgO, + Na]*
caled for CgHgN,O,S, + Na: 226.99194; found: 226.99212; [M +
Na]* caled for C;;H ¢N,O,S, + Na: 327.04437; found: 327.04458.

(55)-1-tert-Butoxycarbonyl-5-(methoxycarbonylmethyl)-2-
thioxoimidazolidin-4-one (7i)
5-(Methoxycarbonylmethyl)-2-thioxoimidazolidin-4-one (60.0 mg,
0.32 mmol, 1 equiv) prepared (procedure C) from 2i was N-tert-but-
oxycarbonylated according to general procedure D. Flash chro-
matographic purification (PE-EtOAc, 7:3) afforded 7i as a yellow
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solid; yield: 80.5 mg (87%); mp 127-128 °C; [a]p +2 (¢ 1.06,
CHCLy); R;=0.57 (PE-EtOAc, 1:1).

IR (neat): 3256.4 (NH), 1768.4 (C=O ring), 1733.5 (C=0 ester),
1694.2 (C=0 Boc), 1454.9 (NC=S), 1214.2-1144.2 cm™! (C-N).

'HNMR (CDCly): = 1.57 (s, 9 H, -C,Hy), 3.12 (dd, Js, s = 3.2 Hz,
Jouey = 17.2Hz, 1 H, H-62),3.26 (dd, J, s = 5.2 Hz, Jg, o, = 17.2 Hz,
I H, H-6b), 3.71 (s, 3 H, CO,CH,), 470 (dd, J5, =32 Hz,
Jse = 5.2 Hz, 1 H, H-5), 8.95 (br, 1 H, NH).

13C NMR (CDCl,): & = 28.0 (CH,, +-C,H,), 34.5 (C-6), 52.5 (CH,
ester), 59.8 (C-5), 85.8 (Cy +-C,Hy), 148.5 (C=0, Boc), 169.0 (C-
4), 170.6 (C=0 ester), 178.8 (C-2).

MS (IS): m/z = 289.0 [M + HJ*, 311.0 [M + Nal".

HRMS-ES: m/z [M + Na]* calcd for C;;H,4N,OsS + Na: 311.06721;
found: 311.06732.

2-Benzylsulfanylimidazolidin-4-one (8)

N-Deacetylation of compound 4 (1.00 g, 4.0 mmol, 1 equiv) was
performed following general procedure C. Flash chromatographic
purification (CH,Cl,~MeOH, 9:1) afforded 8 as a yellow solid;
yield: 0.81 g (98%); mp 113-115 °C; R,=0.38 (CH,C1,-MeOH,
9:1).

IR (neat): 1667.0 (C=0 ring), 1429.5 (NC-S), 1224.9-1157.4 cm™!
(C-N).

'H NMR (DMSO-dy): § = 4.03 (s, 2 H, H-5), 4.40 (s, 2 H, CH,Ph),
7.32 (m, 5 H, C4Hy), 9.7-11.3 (br, 1 H, NH-1/NH-3).

13C NMR (DMSO-dy): § = 32.4 (CH,Ph), 59.0 (C-5), 127.2, 128.4,
128.9 (CH, ), 137.2 (Cypop), 160.0 (C-4), 181.7 (C-2).

MS (IS): m/z = 207.0 [M + HJ*.

HRMS-ES: m/z [M + HJ* calcd for C,,H,;N,0S: 207.05866; found:
207.05868; [M + Na]* caled for C,(H;(N,OS + Na: 229.04060;
found: 229.04053.

(5Z)-2-(Benzylsulfanyl)-5-(4-methoxybenzylidene)-4,5-dihy-
dro-1H-imidazol-4-one (9)
[385797-51-3]

Compound 11 (3.00 g, 12.8 mmol, 1 equiv) was S-alkylated follow-
ing general procedure B. Flash chromatographic purification (PE—
EtOAc, 7:3) afforded compound 9 as a yellow solid; yield: 4.08 g
(98%); mp 199-201 °C; R, = 0.24 (PE-EtOAc, 7:3).

IR (neat): 2980.4 (NH), 1734.2 (C=O ring), 1511.3-1558.2
(N=CS), 1297.9-1249.7 cm™' (C-N).

'H NMR (DMSO-dy): 5=3.81 (s, 3 H, OCH,), 4.56 (s, 2 H,
CH,Ph), 6.74 (s, 1 H, H-6), 7.03 (d, J = 8.8 Hz, 2 H,,,,), 7.41 (m, 5
H, CHy), 8.19 (d, J = 8.8 Hz, 2 H,,,,,), 11.72 (br, 1 H, NH).

13C NMR (CDCly): 8 = 33.3 (SCH,), 55.2 (OCHj), 114.2 (CH,,)),
121.4 (C-6), 126.9 (C,y), 127.5, 1285, 128.9 (CH,jep,)s 133.3
(CH,y), 137.1 (C-4), 137.3 (Cpeng), 160.4 (4-MeOC,yy), 162.1 (C-
5), 170.4 (C-2).

MS (IS): m/z = 325.0 [M + HJ*, 347.0 [M + Nal".

HRMS-ES: m/z [M + HJ* caled for C,;gH;;N,0,S: 325.10052;
found: 325.10073; [M + Na]* caled for C,gH,(N,O,S + Na:
347.08247; found: 347.08253.

2-Thiohydantoin (10)
[503-87-7]

Prepared from 1-acetyl-2-thiohydantoin (2a; 1.00 g, 6.32 mmol, 1
equiv) according to general procedure C. Flash chromatographic
purification (PE-EtOAc, 7:3) afforded 2-thiohydantoin (10) as a
brown solid; yield: 0.72 g (98%); mp 228-230 °C; R,= 0.13 (PE-
EtOAc, 1:1).

Physical and spectral data matched those previously reported.'”

(5Z)-5-(4-Methoxybenzylidene)-4,5-dihydro-2-thioxo-1H-imi-
dazol-4-one (11)
[95474-45-6]

2-Thiohydantoin (10; 2.00 g, 17.22 mmol, 1 equiv) and 4-methoxy-
benzaldehyde (2.32 mL, 18.94 mmol, 1.1 equiv) were introduced in
a round-bottom flask under argon. NaOAc (6.07 g, 74.05 mmol, 4.3
equiv) and AcOH (20 mL) were added and the mixture was stirred
under reflux for 2 h, after which the solution was diluted with
EtOAc (30 mL). The combined organic layers were washed with
H,0 (3 x 30 mL), dried (MgSO,), and concentrated in vacuo. Flash
chromatographic purification (PE-EtOAc, 7:3) of the crude product
afforded 11 as a yellow solid; yield: 3.17 g (79%); mp 267-268 °C;
R;=0.36 (PE-EtOAc, 7:3).

IR (neat): 3139.3 (NH), 1720.4 (C=Oring), 1595.5 (NC=S), 1481.5
(C=S), 1258.0 cm™ (C-N).

'H NMR (DMSO-d,): & =3.81 (s, 3 H, OCH,), 6.46 (s, 1 H, H-6),
6.98 (d,J = 8.8 Hz,2H,,,,,), 7.33 (d, J = 8.8 Hz, 2 H,,,,,,), 12.07 (br,
1 H, NH), 12.26 (br, 1 H, NH).

3C NMR (DMSO-dy): =553 (OCH,), 112.1 (C-6), 114.3
(CH, o), 124.8 (Cyrom), 125.8 (C-5), 132.1 (CH,,y), 160.2 (4-MeO-
Cyrom)s 165.7 (C-4), 178.5 (C-2).

MS (IS): m/z = 235.0 [M + H]".

HRMS-ES: m/z [M + H]* caled for C,;H,;N,0,S: 235.05357;
found: 235.05371; [M + Na]* caled for C;;H,(N,O,S + Na:
257.03552; found: 257.03548.

arom

(5Z)-2-(Benzylsulfanyl)-3-tert-butoxycarbonyl-5-(4-methoxy-
benzylidene)-4,5-dihydro-1H-imidazol-4-one (12)

Compound 9 (72.5 mg, 0.22 mmol, 1 equiv) resulting from S-ben-
zylation of 11 (general procedure B) was submitted to tert-butoxy-
carbonylation according to general procedure D. Flash
chromatographic purification (PE-EtOAc, 8:2) afforded 12 as a yel-
low solid; yield: 64 mg (68%); mp 149-151 °C; R,=0.58 (PE~
EtOAc, 7:3).

IR (neat): 1734.2 (C=0O ring), 1511.6-1557.8 (N=CS), 1297.3—
1249.1 cm™' (C-N).

'H NMR (CDCLy): & = 1.53 (s, 9 H, +-C,H,), 3.78 (s, 3 H, OCH,),
4.41 (s, 2 H, CH,Ph), 6.86 (d, J = 8.8 Hz, 2 H,,,,,), 6.87 (s, 1 H, H-
6),7.27 (m, 5 H, C,Hy), 8.04 (d, /= 8.8 Hz, 2 H,,,,,)).

13C NMR (CDCL): §=27.9 (CH,, +-C,H,), 36.0 (SCH,), 55.4
(OCH,), 114.3 (CH,,,), 125.5 (C-6), 127.0 (C,), 127.6, 128.6,
129.2 (CH,peny)> 133.9 (CH,), 135.0 (C-4), 135.9 (Cppeny), 159.8
(4-MeOC,y,), 161.4 (C-5), 165.6 (C-2).

MS (IS): m/z =425.5 [M + H]*, 447.5 [M + Na]".

HRMS-ES: m/z [M - CsHgO, + H]* caled for C;gH;;N,O,S:
325.10052; found: 325.10058; [M - CsHgO, + NaJ* caled for
C,3H;(N,O,S + Na: 347.08247; found: 347.08247; [M + H]* calcd
for C,3H,sN,0,S: 425.15295; found: 425.15299; [M + Na]* calcd
for C,3H,,N,0,S + Na: 447.13490; found: 447.13487

(5Z)-3-Benzyloxycarbonyl-2-(benzylsulfanyl)-5-(4-methoxy-
benzylidene]-4,5-dihydro-1H-imidazol-4-one (13)

Compound 9 (100 mg, 0.31 mmol, 1 equiv) dissolved in anhyd
CH,Cl, (4 mL) under argon was cooled to 0 °C (ice-salt bath), then
benzyl chloroformate (0.06 mL, 0.37 mmol, 1.2 equiv) and Et;N
(0.18 mL, 1.23 mmol, 4 equiv) were added. The mixture was stirred
for 6 h at r.t., after which the mixture was concentrated in vacuo.
Flash chromatographic purification (PE-EtOAc, 8:2) of the crude
product afforded compound 13 as a yellow solid; yield: 105 mg
(74%); mp 160-162 °C; R, = 0.41 (PE-EtOAc, 7:3).
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IR (neat): 1737.9 (C=0 ring), 1507.5-1595.0 (N=CS), 1304.3—-
1260.8 cm™' (C-N).

'H NMR (CDCly): 8 =3.86 (s, 3 H, OCHy), 4.48 (s, 2 H, CH,Ph),
5.40 (s, 2 H, CH,0CO), 6.94 (d, /= 8.8 Hz, 2 H,,,,,), 6.98 (s, | H,
H-6), 7.36 (m, 10 H, 2 x C,Hy), 8.11 (d, /= 8.8 Hz, 2 H,).

13C NMR (CDCly): 8=36.0 (SCH,), 55.4 (CHs, OCH,), 69.2
(CH,0CO), 114.3 (CH,,p), 126.2 (C-6), 126.9 (C,yy), 1277, 128.2,
128.6, 128.6, 128.7, 129.2 (CH,p,1), 134.0 (CH,,)), 134.3 (C-4),
134.6, 135.8 (Cypeny)s 149.5 (OCO), 159.4 (4-MeOC,y,)), 161.5 (C-
5), 165.2 (C-2).

MS (IS): m/z = 459.5 [M + HJ*.

HRMS-ES: m/z [M — CO, + HJ" calcd for C,5H,;N,0,S: 415.14748;
found: 415.14734; [M + H]* caled for C,sH,3N,0,S: 459.13730;
found: 459.13724; [M + Na]* caled for C,H,,N,0,S + Na:
481.11925; found: 481.11927.

(4Z)-1-Benzyl-2-(benzylsulfanyl)-4-(4-methoxybenzylidene)-
4,5-dihydro-1H-imidazol-5-one (14)

The thiohydantoin 19 (2.00 g, 6.17 mmol, 1 equiv) was S-alkylated
according to general procedure B. Flash chromatographic purifica-
tion (PE-EtOAc, 7:3) afforded compound 14 as a yellow solid;
yield: 2.23 g (87%); mp 146-149 °C; R;= 0.55 (PE-EtOAc, 7:3).

IR (neat): 1699.6 (C=0 ring), 1496.3-1597.6 (N=CS), 1252.2—
1172.6 cm™ (C-N).

'H NMR (CDCL,): §=3.85 (s, 3 H, OCH,), 4.55 (s, 2 H, SCH,),
476 (s, 2 H, NCH,), 6.94 (d, J, , = 8.8 Hz, 2 H,,), 7.00 (s, 1 H,
H-6), 7.32 (m, 10 H, 2 x C¢Hy), 8.15 (d, J ;00 = 8.8 Hz, 2 o).

13C NMR (CDCL,): & = 35.1 (SCH,), 44.2 (NCH,), 55.3 (OCH,),
114.2 (CH, ), 124.6 (C-6), 127.4 (C,,)), 127.7,127.8,128.6, 128.7,
129.2 (CHpeny)s 133.8 (CH,yyy), 135.7 (C-4), 136.0, 136.5 (Cpeny)s
161.1 (4-MeOC,y), 162.6 (C-5), 169.8 (C-2).

MS (IS): m/z = 415.0 [M + HJ*, 437.5 [M + Nal".

HRMS-ES: m/z [M + HJ* calcd for C,sH,;N,0,S: 415.14748;
found: 415.14765; [M + Na]* caled for C,sH,,N,0,S + Na:
437.12942; found: 437.12932.

(4Z)-2-(Benzylsulfanyl)-1-(4-methoxybenzyl)-4-(4-methoxy-
benzylidene)-4,5-dihydro-1H-imidazol-5-one (15)

Compound 9 (500 mg, 1.54 mmol, 1 equiv) dissolved in THF (7.5
mL) under argon in a 50 mL round-bottom flask was cooled to 0 °C.
Bu,NI (57.0 mg, 0.154 mmol, 0.1 equiv), NaH (60% in oil; 203 mg,
8.47 mmol, 5.5 equiv), and 4-methoxybenzyl chloride (0.65 mL,
4.93 mmol, 3.2 equiv) were added and the mixture was stirred 4 h
at r.t. After quenching with ice and extraction with EtOAc (3 x 20
mL), the combined organic layers were dried (MgSO,), and concen-
trated in vacuo. Flash chromatographic purification (PE-EtOAc,
9:1) of the crude product afforded compound 15 as a yellow solid;
yield: 301 mg (44%); mp 86-88 °C; R,= 0.47 (PE-EtOAc, 7:3).

IR (neat): 1700.0 (C=O ring), 1510.0-1594.1 (N=CS), 1260.8—
1171.1 em™ (C-N).

'"H NMR (CDCl,): & =3.76, 3.84 (2 s, 6 H, OCH,), 4.55 (s, 2 H,
SCH,), 4,69 (s, 2 H, NCH,), 6.82 (d, J = 8.5 Hz, 2 H,,.,.), 6.94 (d,
Jo=8.8Hz,2H,,,).6.98 (s, | H,H-6),7.24 (d,J = 8.5 Hz, 2 H,y,).
7.37 (m, 5 H, C¢Hy), 8.14 (d, J = 8.8 Hz, 2 H,,,,).

13C NMR (CDCL): §=35.1 (SCH,), 43.7 (NCH,), 55.2, 55.3
(OCHj), 114.0 (CH,y,), 114.2 (CH,,,)), 124.4 (C-6), 127.4 (C,,
127.9 (Cypyp), 127.8, 128.7, 129.2 (CH,peny), 1293 (CH,), 133.7
(CH,), 136.0 (C-4, Cypeny)s 1366 (Cppeny)s 159.2 (4-MeOC,,y),
161.0 (4-MeOC,)), 162.6 (C-5), 169.8 (C-2).

MS (IS): m/z =445.5 [M + H]*, 467.5 [M + Na].

HRMS-ES: m/z [M + H]* caled for C,H,sN,05S: 445.15804;
found: 445.15819.
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Liebeskind-Srogl Coupling Reaction; General Procedure E

To the N-3 protected imidazolinone (1 mmol, 1 equiv), dissolved in
anhyd THF (10 mL) under argon were added Pd(PPh,), (0.1 mmol,
0.1 equiv), copper(l) thiophene-2-carboxylate (CuTC) (3 mmol, 3
equiv), and 4-methoxyphenylboronic acid (1.2 mmol, 1.2 equiv) at
r.t. The mixture was stirred for 24 h at 70 °C, after which the solu-
tion was diluted with EtOAc (20 mL), and washed with sat. aq
NaHCO; (3 x 50 mL). The combined organic layers were filtered
over Celite and concentrated in vacuo. The crude product was puri-
fied by flash silica gel column chromatography (Table 3).

(4Z)-4-(4-Methoxybenzylidene)-2-(4-methoxyphenyl)-4,5-dihy-
dro-1H-imidazol-5-one (16a)

The hydantoin 9 (21 mg, 0.18 mmol, 1 equiv), Pd(PPh;), (9.24
pmol, 0.05 equiv), CuTC (0.56 mmol, 3 equiv), and 4-methoxyphe-
nylboronic acid (0.22 mmol, 1.2 equiv) were introduced in DMF (3
mL) in a vial under argon at r.t. The vial was sealed and the mixture
was stirred and irradiated (300 W) at 130 °C, for 1 h, after which the
solution was diluted with EtOAc (10 mL) and washed with sat. aq
of NaHCO; (3 x 100mL). The combined organic layers were fil-
tered over Celite and concentrated in vacuo. Flash chromatographic
purification (PE-EtOAc, 1:1) of the crude product afforded com-
pound 16a as a yellow solid; yield: 20 mg (36%); mp 264-266 °C;
R;=0.25 (CH,Cl,-MeOH, 19:1).

IR (neat): 2955.8 (NH), 1698.9 (C=O ring), 1595.7-1503.7
(N=CS), 1251.5-1170.6 cm™' (C-N).

'H NMR (DMSO-d,): = 3.83,3.86 (2's, 6 H, OCH,), 6.92 (s, 1 H,
H-6),7.05 (d, J = 8.8 Hz, 2 H,.,,), 7.14 (d, J = 8.8 Hz, 2 H,y,,,,), 8.11
(d,J=88Hz 2H,,,). 8.28 (d,J = 8.8 Hz,2 H,,,,,), 11.91 (br, 1 H,
NH).

13C NMR (DMSO-d,): §=55.3, 55.6 (OCH,), 114.4 (CH,,,),
114.5 (CH,p), 1204 (Cpom), 123.9 (C-6), 127.3 (Cyom)s 129.1
(CH,.,), 133.8 (C-4), 159.9 (C-2), 160.6 (4-MeOC,y,,), 162.5 (4-
MeOC, ), 172.1 (C-5).

MS (IS): m/z = 309.5 [M + H]".

HRMS-ES: m/z [M + H]* calcd for C3H;N,05: 309.12337; found:
309.12349.

(4Z)-1-Benzyloxycarbonyl-4-(4-methoxybenzylidene)-2-(4-
methoxyphenyl)-4,5-dihydro-1H-imidazol-5-one (16¢)
Compound 13 (100 mg, 0.22 mmol, 1 equiv) was submitted to the
coupling reaction according to general procedure E. Flash chro-
matographic purification (PE-EtOAc, 8:2) afforded the imidazolo-
ne 16¢ as a yellow solid; yield: 67 mg (69%); mp 126-128 °C;
R;=0.34 (PE-EtOAc, 7:3).

IR (neat): 1735.9 (C=0), 1597.0-1502.9 (C=C), 1250.8-1170.3
cm™! (C-N).

'H NMR (CDCl,): §=3.85, 3.86 (2's, 6 H, OCH,), 5.33 (s, 2 H,
CH,0CO), 6.89 (d, J=8.8 Hz, 2 H,,,), 6.96 (d, J=8.8 Hz, 2
H,.n). 7.23 (s, 1 H, H-6),7.59 (d, J = 8.8 Hz, 2 H,,,,,), 7.34 (s, 5 H,
C¢Hy), 8.19 (d, J = 8.8 Hz, 2 H,,,,,).

13C NMR (CDCly): § =55.4 (2 x OCH,), 69.6 (CH,0CO), 113.6
(CH,,), 1144 (CH,), 122.1 (C,), 126.8 (C,,), 128.5, 128.6
(CHpeny)s 130.0 (C-6), 130.0 (CH,), 1341 (Cppeny)s 134.7
(CH,y, 135.0 (C-4), 149.5 (OC=0), 156.8 (C-2), 162.0 (4-MeO-
Cyron)s 161.8 (4-MeOC, ), 167.07 (C-5).

MS (IS): m/z =399.0 [M - CO, + H]*, 443.5 [M + H]*, 465.0 [M +
NaJ*.

HRMS-ES: m/z [M - CO, + H]* caled for C,5H,;N,05: 399.17032;
found: 399.17032; [M + HJ* calcd for C,Hy;N,O5: 443.16015;
found: 443.16031; [M + Na]* caled for C,H,,N,O5 + Na:
465.14209; found: 465.14207.
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(4Z)-1-Benzyl-4-(4-methoxybenzylidene-2-(4-methoxyphenyl)-

4,5-dihydro-1H-imidazol-5-one (16d)

Compound 14 (150 mg, 0.36 mmol, 1 equiv) was submitted to the
coupling reaction according to general procedure E. Flash chro-
matographic purification (PE-EtOAc, 8:2) afforded the imidazolo-
ne 16d as a yellow solid; yield: 90 mg (62%); mp 90-92 °C;
R;=0.24 (PE-EtOAc, 7:3).

IR (neat): 1704.1 (C=O ring), 1502.2-1596.8 (N=CS), 1250.0—
1176.2 em™ (C-N).

'H NMR (CDCL,): §=3.83, 3.85 (2 s, 6 H, OCH,), 4.97 (s, 2 H,
NCH,), 691 (d, J = 8.8 Hz, 2 H,,,,), 6.95 (d, J = 8.8 Hz, 2 H,,,,),
7.17 (m, 2 H, C¢Hy), 7.29 (s, 1 H, H-6), 7.54 (m, 3 H, C¢Hy), 7.65
(d,J=8.8Hz,2H,,,), 823 (d,J=8.8 Hz, 2 H,,,,).

13C NMR (CDCly): =453 (NCH,), 55.3, 55.4 (OCH,), 114.1
(CH,), 1143 (CH,y, 1217 (Cyy), 127.4 (C-4), 1265, 127.5,
128.8 (CH,pepy), 1283 (C-6), 130.3 (CH,,y, 134.4 (CH,,y), 136.8
(Copeny)s 136.9 (CH,y,y), 161.1 (C-2), 161.4 (4-MeOC,y,), 162.0 (4-
MeOC,), 171.9 (C-5).

MS (IS): m/z = 399.0 [M + HJ*, 421.0 [M + Nal".

HRMS-ES: m/z [M + H]* calcd for C,5H,;N,05: 399.17032; found:
399.17054.

ryl

(4Z)-1-(4-Methoxybenzyl-4-(4-methoxybenzylidene)-2-(4-
methoxyphenyl)-4,5-dihydro-1H-imidazol-5-one (16e)
Compound 15 (160 mg, 0.36 mmol, 1 equiv) was submitted to the
coupling reaction according to general procedure E. Flash chro-
matographic purification (PE-EtOAc, 8:2) afforded the imidazo-
lone 16e as a yellow solid; yield: 94 mg (61%); mp 74-76 °C;
R;=0.21 (PE-EtOAc, 7:3).

IR (neat): 1703.0 (C=O ring), 1599.9-1507.3 (N=CS), 1248.7—
1174.0 em™ (C-N).

'H NMR (CDCL,): §=3.77, 3.85 (2's, 9 H, OCH,), 491 (s, 2 H,
CH,Ar), 6.83 (d, J = 8.7 Hz, 2 H,,,,,), 6.93 (d, J = 8.8 Hz, 2 H,y,,,.),
6.96 (d, J = 8.8 Hz, 2 H,.,,), 7.09 (d, J = 8.7 Hz, 2 H,y,,.)), 7.24 (s, 1
H, H-6), 7.67 (d, J=8.8 Hz, 2 H,,,,,), 8.23 (d, /= 8.8 Hz, 2 H,,,,)).

13C NMR (CDCL,): §=44.8 (NCH,), 55.2, 55.3, 554 (OCH,),
114.1, 1142, 1143 (CH,.,), 121.8 (Cpop), 127.4 (Cprop) 128.0
(CH,on), 128.2 (C-6), 128.9 (C,rop), 130.4 (CH, ), 134.4 (CH, o),
137.0 (C-4), 158.9 (C-2), 161.2, 161.4, 162.0 (4-MeOC,,,,), 171.9
(C-5).

MS (IS): m/z = 429.0 [M + HJ*.

HRMS-ES: m/z [M + H]* calcd for C,¢H,sN,0,: 429.18088; found:
429.18105.

3-Benzyl-2-thiohydantoin (17)*
[39123-65-4]

To a solution of glycine methyl ester hydrochloride (2.00 g, 15.9
mmol, 1 equiv) and Et;N (2.25 mL, 15.9 mmol, 1 equiv) in CH,Cl,
(150 mL) was added benzyl isothiocyanate (2.12 mL, 15.9 mmol, 1
equiv) and the solution was stirred for 6 h at r.t. The reaction mix-
ture was washed with H,O (3 x 50 mL), the aqueous layer was ex-
tracted with CH,Cl, (3 x 50 mL), and the combined organic phases
were dried (MgSO,), and evaporated in vacuo. Flash chromato-
graphic purification (PE-EtOAc, 7:3) of the crude residue afforded
compound 17 as a yellow solid; yield: 3.00 g (91%); mp 143—
144 °C; R;= 0.15 (PE-EtOAc, 7:3).

MS (IS): m/z =207.5 [M + H]*, 229.5 [M + Na].
Physical and spectral data matched those previously reported.?

3-(4-Methoxybenzyl)-2-thiohydantoin (18)
[287918-21-2]

Similarly, 4-methoxybenzyl isothiocyanate (214 mg, 1.19 mmol, 1
equiv) was added to a solution of glycine methyl ester hydrochlo-
ride (150 mg, 1.19 mmol, 1 equiv), and Et;N (0.17 mL, 1.19 mmol,
1 equiv) in CH,Cl, (10 mL) and the solution was stirred for 1 h at
r.t., then 4 h at 40 °C. The reaction mixture was washed with H,O
(3 x 10 mL), the aqueous layer was extracted with CH,Cl, (3 x 10
mL), and the combined organic phases were dried (MgSO,), and
evaporated in vacuo. Flash chromatographic purification (PE—
EtOAc, 1:1) of the crude residue afforded compound 18 as a yellow
solid; yield: 246 mg (87%); mp 177-179 °C; R,= 0.44 (PE-EtOAc,
4:6).

IR (neat): 3200.0 (NH), 1733.5 (C=O ring), 1509.8 (NC=S),
1241.8-1169.1 cm™ (C-N).

'H NMR (DMSO-d): § =3.72 (s, 3 H, OCH,), 4.18 (s, 2 H, H-5),
4.79 (s, 2 H, CH,Ar), 6.87 (d, J=8.7 Hz, 2 H,,,)), 7.28 (d, J = 8.7
Hz, 2 H,,,,,), 10.24 (br, 1 H, NH).

13C NMR (DMSO-d,): §=43.7 (NCH,Ar), 484 (C-5), 55.0
(OCH,), 113.6 (CH,,,,), 128.4 (CH,y), 129.2 (Cyrop)s 158.5 (4-
MeOC,,,,), 172.5 (C-4), 183.2 (C-2).

MS (IS): m/z = 237.5 [M + HJ*.

HRMS-ES: m/z [M — C;H,N,OS + H]* caled for CgHyO: 121.06479;
found: 121.06483; [M + H]* caled for C,;H3N,0,S: 237.06922;
found: 237.06919; [M + Na]* caled for C,;;H;;N,O,S + Na:
259.05117; found: 259.05131.

(5Z)-3-Benzyl-5-(4-methoxybenzylidene)-2-thiohydantoin (19)
[875424-21-8]

3-Benzyl-2-thiohydantoin (17; 2.00 g, 9.7 mmol, 1 equiv) and 4-
methoxybenzaldehyde (1.31 mL, 10.67 mmol, 1.1 equiv) were in-
troduced in a round-bottom flask under argon. NaOAc (3.55 g, 41.7
mmol, 4.3 equiv) and AcOH (10 mL) were added and the mixture
was stirred under reflux for 2 h, after which the solution was diluted
with EtOAc (30 mL). The combined organic layers were washed
with H,O (3 X 30 mL), dried (MgSO,), and concentrated in vacuo.
Flash chromatographic purification (PE-EtOAc, 7:3) of the crude
product afforded thiohydantoin 19 as a yellow solid; yield: 2.86 g
(91%); mp 209-211 °C; R,=0.31 (PE-EtOAc, 7:3).

IR (neat): 3239.9 (NH), 1724.7 (C=0 ring), 1593.7 (NC=S),
1254.4-1232.5 cm™ (C-N).

'HNMR (DMSO-d,): = 3.82 (s, 3 H, OCH3), 5.01 (s, 2 H, NCH,),
6.65 (s, 1 H, H-6), 7.00 (d, J = 8.7 Hz, 2 H,,,,), 7.30 (m, 5 H, C,H,),
778 (d, J=8.7Hz, 2 H, ), 12.42 (br, 1 H, NH).

3C NMR (DMSO-dy): §=553 (OCHj), 113.9 (C-6), 114.3
(CH,y), 124.0 (CH,)), 124.7 (C-5), 127.3, 127.4, 128.3 (CH,peny),
132.3 (C,y), 160.4 (4-MeOC,)), 163.9 (C-4), 177.9 (C-2).

MS (IS): m/z =347.0 [M + NaJ*.

HRMS-ES: m/z [M + HJ" caled for C;sH;;N,O,S: 325.10052;
found: 325.10066; [M + Na]* caled for C;gH;(N,O,S + Na:
347.08247; found: 347.08230.

(5Z)-3-(4-Methoxybenzyl)-5-(4-methoxybenzylidene)-2-thiohy-
dantoin (20)

3-(4-Methoxybenzyl)-2-thiohydantoin (18; 240 mg, 1.02 mmol, 1
equiv) and 4-methoxybenzaldehyde (0.14 mL, 1.12 mmol, 1.1
equiv) were mixed in a round-bottom flask under argon. NaOAc
(359 mg, 4.37 mmol, 4.3 equiv) and AcOH (2 mL) were added and
the mixture was stirred under reflux for 2 h. The solution was then
diluted with EtOAc (10 mL) and washed with H,O (3 x 10 mL).
The combined organic layers were dried (MgSO,) and concentrated
in vacuo. Flash chromatographic purification (PE-EtOAc, 7:3) of
the crude product afforded thiohydantoin 20 as a yellow solid;
yield: 266 mg (74%); mp 237-239 °C; R,= 0.67 (PE-EtOAc, 1:1).
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IR (neat): 3218.7 (NH), 1730.1 (C=O ring), 1512.0 (NC=S),
1271.7-1175.1 cm™ (C-N).

'H NMR (CDCL,): §=3.77, 3.84 (2 s, 6 H, OCH,), 5.03 (s, 2 H,
NCH,Ar), 6.69 (s, 1 H, H-6), 6.83 (d, J = 8.6 Hz, 2 H,,,,), 6.94 (d,
J =8.8Hz,2 Hyom, 7.38 (d,J = 8.8 Hz, 2 Hyo), 746 (d, J = 8.6 Hz,
2H,,,), 8.98 (br, | H, NH).

13C NMR (CDCly): § =44.2 (NCH,), 55.2, 55.4 (OCHj), 113.8
(CH,,.), 114.1 (C-6), 115.0 (CH,,), 124.7 (C-5), 125.2 (C,.0.)s
127.8 (CH,,), 130.4 (CH,,), 131.0 (4-MeOC,,), 159.3 (4-
MeOC, ), 160.9 (4-MeOC,,,,,), 163.7 (C-4), 177.5 (C-2).

MS (IS): m/z = 355.0 [M + HJ*, 377.0 [M + Nal*.

HRMS-ES: m/z [M + H]* caled for CoH;(N,O5S: 355.11109;
found: 355.11118; [M + Na]* caled for C,H;{N,O;S + Na:
377.09303; found: 377.09292.

References

(1) (a) Ware, E. Chem. Rev. 1950, 46, 403. (b) Edman, P.;
Begg, G. Eur. J. Biochem. 1967, 1, 80.

(2) (a) Duggan, B. M.; Laslett, R. L.; Wilshire, J. F. K. Aust. J.
Chem. 1996, 49, 541. (b) Johnson, T. B.; Nicolet, B. H.

J. Am. Chem. Soc. 1911, 33, 1973. (c¢) Thielemann, H. Z.
Chem. 1978, 18, 174. (d) Villemin, D.; Ricard, M. Synth.
Commun. 1987, 17, 283. (e) Marton, J.; Enisz, J.; Hosztafi,
S.; Timar, T. J. Agric. Food Chem. 1993, 41, 148.

(f) Davis, R. A.; Aalbersberg, W.; Meo, S.;

Moreira da Rocha, R.; Ireland, C. M. Tetrahedron 2002, 58,
3263.

(3) (a) Bentarzi, Y.; Nedjar-Kolli, B.; Plas, A.; Chalard, P.;
Troin, Y. ARKIVOC 2010, (x), 328. (b) Jullian, M.;
Hernandez, A.; Maurras, A.; Puget, K.; Amblard, M.;
Martinez, J.; Subra, G. Tetrahedron Lett. 2009, 50, 260.
(c) Lanman, B. A.; Overman, L. E. Heterocycles 2006, 70,
557.

(4) Wang, Z. D.; Sheikh, S. O.; Zhang, Y. Molecules 2006, 11,
739.

(5) (a) Yoshino, H.; Sato, H.; Shiraishi, T.; Tachibana, K.;
Emura, T.; Honma, A.; Ishikura, N.; Tsunenari, T.;
Watanabe, M.; Nishimoto, A.; Nakamura, R.; Nakagawa, T.;
Ohta, M.; Takata, N.; Furumoto, K.; Kimura, K.; Kawata, H.
Bioorg. Med. Chem. 2010, 18, 8150. (b) Thanusu, J.;
Kanagarajan, V.; Gopalakrishnan, M. Bioorg. Med. Chem.
Lett. 2010, 20, 713. (c) Raghuvanshi, D. S.; Singh, K. N.
Phosphorus, Sulfur Silicon Relat. Elem. 2010, 185, 2243.

(6) Wang, X.-J.; Zhang, L.; Xu, Y.; Krishnamurthy, D.;
Varsolona, R.; Nummy, L.; Shen, S.; Frutos, R. P.; Byrne,
D.; Chung, J. C. Tetrahedron Lett. 2005, 46, 273.

Synthesis 2011, No. 22, 3649-3660 © Thieme Stuttgart - New York

@)

®)

€)]

10)
(1)
12

13)

(14)

15)
16)

a7

(18)

19)

(20)

@n
(22)

Rajamaki, S.; Innitzer, A.; Falciani, C.; Tintori, C.; Christ,
F.; Witvrouw, M.; Debyser, Z.; Massa, S.; Botta, M. Bioorg.
Med. Chem. Lett. 2009, 19, 3615.

(a) Gasch, C.; Illangua, J. M.; Merino-Montiel, P.; Fuentes,
J. Tetrahedron 2009, 65, 4149. (b) Aguilar-Moncayo, M.;
Ortiz Mellet, C.; Garcia Fernandez, J. M.; Garcia-Moreno,
M. L. J. Org. Chem. 2009, 74, 3595. (c) Fuentes, J.;
Salameh, B. A. B.; Angeles Pradera, M.;

Ferndandez de Coérdoba, F. J.; Gasch, C. Tetrahedron 2006,
62,97.

(a) Kumar, R.; Chauhan, P. M. S. Tetrahedron Lett. 2008,
49, 5475. (b) Gao, F.; Zhang, G.; Zhang, S.; Cheng, Y_; Shi,
Z.;Li, Y.; Gao, J. Tetrahedron 2007, 63, 3973. (c) El-
Barbary, A. A.; EI-Ezz, A. Z. A.; Sharaf, A. M.; Nielsen, C.
Phosphorus, Sulfur Silicon Relat. Elem. 2007, 182, 1621.
(d) Boulos, L.; Yakout, E.-S.; Arsanious, M. Phosphorus,
Sulfur Silicon Relat. Elem. 2006, 181, 1615.

(e) Chérouvrier, J.-R.; Carreaux, F.; Bazureau, J. P.
Molecules 2004, 9, 867.

Reyes, S.; Burgess, K. J. Org. Chem. 2006, 71, 2507.

Lee, S.; Rosazza, J. P. N. Org. Lett. 2004, 6, 365.
Girniene, J.; Tatibouét, A.; Sackus, A.; Yang, J.; Holman, G.
D.; Rollin, P. Carbohydr. Res. 2003, 338, 711.

(a) Prokopcov, H.; Kappe, C. O. Angew. Chem. Int. Ed.
2008, 47, 2. (b) Dandepally, S. R.; Williams, A. L.
Tetrahedron Lett. 2010, 51, 5753. (c) Musaev, D. G.;
Liebeskind, L. S. Organometallics 2009, 28, 4639.

(a) Silva, S.; Tardy, S.; Routier, S.; Suzenet, F.; Tatibouét,
A.; Rauter, A. P.; Rollin, P. Tetrahedron Lett. 2008, 49,
5583. (b) Silva, S.; Sylla, B.; Suzenet, F.; Tatibouét, A.;
Rauter, A. P.; Rollin, P. Org. Lett. 2008, 10, 853.

(c) Leconte, N.; Pellegatti, L.; Tatibouét, A.; Suzenet, F.;
Rollin, P.; Guillaumet, G. Synthesis 2007, 857.
Ates-Alagoz, Z.; Altanlar, N.; Buyukbingol, E.

J. Heterocycl. Chem. 2009, 46, 1375.

Marton, J.; Enisz, J.; Hosztafi, S.; Timar, T. J. Agric. Food
Chem. 1993, 41, 148.

Jakse, R.; Kroselj, V.; Recnik, S.; Sorsak, G.; Svete, J.;
Stanovnik, B.; Grdadolnik, S. G. Z. Naturforsch., B 2002,
57,453.

Oumouch, S.; Bourotte, M.; Schmitt, M.; Bourguignon, J. J.
Synthesis 2005, 25.

Arshad, N.; Hashim, J.; Kappe, C. O. J. Org. Chem. 2009,
74,5118.

(a) Savarin, C.; Srogl, J.; Liebeskind, L. S. Org. Lett. 2001,
3,91. (b) Zhang, S.; Zhang, D.; Liebeskind, L. S. J. Org.
Chem. 1997, 62, 2312.

Swan, J. M. Aust. J. Chem. 1952, 4, 711.

Wolfe, D. M.; Schreiner, P. R. Synthesis 2007, 2002.

Downloaded by: Collections and Technical Services Department. Copyrighted material.



