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Abstract

Thiosquaramides are the thio analogues of squaramides that are widely applicable in the fields of asymmetric catalysis, pharmaceutical
research, and chemical biology. Having four-membered ring system derived from squaric acid, thiosquaramides are feasible hydrogen
bond donors and acceptors. A high affinity for hydrogen bonding is driven through a concomitant increase in aromaticity of the
ring. In this review the structural properties, acidity, and lipophilicity of thiosquaramides and squaramides are compared. Different
synthetic procedures starting from squarates, half-squaramides or squaramides are shown, and the main derivatization methods
are outlined. Finally, the yet only few applications of this interesting family are reviewed. Considering their hydrogen bonding and
aromatic switching, in combination with structural rigidity, they bear the possibility of becoming robust and tunable bifunctional

organocatalysts for a range of synthetically useful transformations in the future.
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1 Introduction

The preparation of urea was an important conceptual
milestone in organic chemistry. Since then, this versatile
carbonic acid derivative has generally been used as fer-
tilizer [1], diuretic [2], and amongst others it also has med-
ical and laboratory applications [3]. Furthermore, urea has
become a robust building block capable of forming per-
sistent hydrogen-bond chains in a variety of environments,
from solutions to gels and fibers, as well as crystals. [4]
N,N'-Disubstituted ureas can act as both hydrogen-bond
donors by donating their two NH protons, and acceptors
through the lone pairs of the C=0 group. The good comple-
mentarity between the two groups results in self-association
forming robust one-dimensional hydrogen-bond chains. In
addition, both ureas and thioureas — their thio analogues —
have long been exploited as anion binding groups in syn-
thetic receptors by taking advantage of their ability to form
strong hydrogen bonds to a wide variety of anions. [5]

The utilization of hydrogen bonding as an activation
force has become a powerful tool in asymmetric organoca-
talysis. [6] In the mid-2000s, urea and thiourea were widely
recognized as highly useful templates upon which powerful
organocatalytic systems, [7] both mono- and bifunctional,

can be constructed. [8] Increased acidity of thiourea [9] has
been found to correlate with its increased catalytic activ-
ity than the urea has. [10] The earliest and most-enabling
bifunctional catalysts were based on the thiourea scaffold,
wherein the two-point hydrogen bond donor motif serves
to organize and activate reaction substrates. [11, 12]

Squaramides, the bisamides of squaric acid, have been
suggested as potent (thio)urea isosteres [13] with poten-
tial therapeutic benefits against a variety of diseases. [14]
Moreover, since their first application in 2008 by Malerich
et al. [15] chiral squaramides have become a dominant core
in the bifunctional hydrogen bond catalyst field, [14] thanks
to their higher acidity, and the significantly greater distance
between the donor hydrogens (see Fig. 1).

In squaramides, the position of the two hydrogens are
approximately 0.6 A further apart than in their thiourea
analogues. Thus, they could serve as versatile activation
units for dual hydrogen-bonding catalysts. [17] Quifionero
et al. [18] calculated the aromaticity of squaramide and its
complexes with ammonium cations. They measured aro-
maticity by considering the aromatic stabilization ener-
gies, bond length and magnetic properties. Comparing to
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Fig. 1 Structure of (thio)urea, (thio)squaramide [14, 16]

squaramide, their results indicated that the squaramide—
ammonium cation complex exhibits more aromatic char-
acter. [17] Exploiting their rigid planar structures, squara-
mides exhibit 10-50 times greater affinity for halides than
thioureas do. [19]

It was shown that the remarkable hydrogen bond donor
and acceptor character of squaramides can be explained by
an enhancement in aromaticity upon hydrogen bond for-
mation, that sets them apart from urea-based groups. [14]
Therefore, squaramides have been utilized as alternatives
to (thio)ureas in organocatalysis. [20, 21]

However, the self-aggregation of squaramides form-
ing head-to-tail ladder networks through dual hydro-
gen-bonds leads to low solubility, hence to possible pre-
cipitation. [22] Despite their widespread use, the low
solubility in nonpolar solvents and a limited ability to
modulate the pK, of the donor hydrogens, restricts their
performance in some reactions.

Replacement of even one of the carbonyl groups by
thiocarbonyl leads to disruption of ladder formation and,
as a result, improves solubility. Furthermore, this inter-
conversion increases the acidity of the N-H bonds, in line
with the case of urea and thiourea. According to compu-
tational and NMR titration methods thiosquaramides have
found to be more acidic (4-5 pK, units) than the corre-
sponding squaramides (see Table 1). [23]

X-Ray crystal structure of a bifunctional thiosquara-
mide showed smaller H-H distance than in squaramides
due to the steric and electronic repulsion of thiocarbonyl
groups. Formation of ladder networks among thiosquara-
mides was not observed. [16]

In comparison to (thio)urea, the enhanced hydro-
gen-bonding interactions provided by thiosquaramide
arise from the increase of aromaticity in the cyclic system
upon formation of hydrogen bonds analogously to squar-
amide. [31, 32]

Table 1 Substituent effect on pK_ values of (thio)urea and (thio)

squaramide derivatives®

o s (0] (o] S S
Substituent R\H)LN,R R\H)LN/R R\Hj:fu’R R\Hj\:ﬁ”j
R= < > 18.7 [24] 13.4 [24] 12.5 [26]
19.6 [25] 13.5 [25] (11.7) [27] (73)127]
R= CFy 9-8) [27]
O 16.1 [24] 16.8 [28] (10.9) [29] (5.3) [27]
CF,
R=Q 13.8° [24] 21.1[28] (2';‘)[?267]] 4.9) [27]
Fs
Bu
R=© 17.6 [23] 13.7 [23] (12.1) [27] (7.7) [30]
Bu

*pK, Values are measured in DMSO. Parenthesis refers to values
determined in acetonitrile-water 9:1.
® Estimated value

Experiments and computations reveal that the
increased acidity of thiosquaramides results in the forma-
tion of stronger hydrogen bonds than squaramide, urea,
and thiourea do. [16, 20]

Assuming the existence of amide-like restricted rota-
tion about the C-N bond of squaramide, a bis-secondary
squaramide containing two C-N bonds might exist as mix-
tures of anti/syn conformers. This conformational bias
has been investigated for several systems in solution by
NMR. [17] According to X-ray crystal structure analysis
of bis-secondary (thio)squaramides, the simultaneous par-
ticipation of the two NH groups in a complex favors an
extended anti /anti conformation (see Fig. 2) in squara-
mides, [15, 17] and in thiosquaramides [16] as well.

Recent developments of Rombola et al. [16, 33] in the
preparation of thiosquaramides have resulted in a syn-
thetic renaissance and have attracted considerable inter-
est in the organocatalytic applications of a new family
of hydrogen-bonding catalysts based on the thiosquar-
amide catalophore. Up to now, several variously sub-
stituted thiosquaramide derivatives were synthesized.

X X X X X X
"N ONR ”*!j N-R “‘N\j N-H
H H R H R R
antilanti syn/anti syn/syn
X=0OorS
R= alkyl, aryl

Fig. 2 Possible syn / anti conformers of (thio)squaramides



In this review, a summary of these synthetic methods is
presented considering the insertion of the thiocarbonyl
group(s), and the reactivity of these compounds as well.
Finally, a brief outlook on the application of thiosquara-
mide derivatives is given.

2 Synthesis

The first preparation of thiosquaramide B (see Scheme 1)
was achieved in 1966 by Maahs and Hegenberg [34] in the
reaction of N, N'-dicyclohexylsquaramide with diphospho-
rus pentasulfide (Entry 1, Table 2) in dichloromethane.

Then, Seitz et al. [35, 36] and later Frauenhoff et al.
[37] used tetraphosphorus decasulfide for the thion-
ation of squaramides (Entry 2, Table 2). According to
the experiments of Busschaert et al. [27], the applica-
tion of Lawesson's reagent proved to be unsuccessful for
the preparation of B. Using tetraphosphorus decasulfide
gave the expected product in low yields with a complex
mixture of by-products, presumably due to impurities
remaining from the preparation of the thionating reagent.
Afterward, using the pyridine complex of tetraphospho-
rus decasulfide in acetonitrile, that was free from impuri-
ties, gave the appropriate thiosquaramides with medium
yields (Entry 3, Table 2).

Later, Rombola et al. [16] published a second method for
the formation of dithiosquaramides (B). Starting from dibu-
tyl squarate, a half-squaramide C was synthesized, followed
by thionation applying Lawesson's reagent (Entry 4, Table 2).
In the last step, dithiosquaric half amide half ester (D) was
converted into the appropriate dithiosquaramide through a
second addition — elimination reaction using aralkyl amines.
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This year as a continuation of their work, Rombola
and Rawal [33] reported a new procedure in which dith-
iosquaramides (B) are prepared through the thionation
of dicyclopentyl squarate (Entry 5, Table 2). In com-
parison to the easily decomposable dibutyl ester deriv-
ative (Entry 6, Table 2), dicyclopentyl dithiosquarate is
a stable, easily accessible, and broadly modifiable scaf-
fold (Entry 6, Table 2). Dithiosquaramides (both diaryl
and alkylaryl) can be readily accessed from dicyclopen-
tyl dithiosquarate via two separate addition — elimination
reactions, similarly to the synthetic route that is widely
applied for the synthesis of squaramides (Entries 7-9,
Table 2). Due to the stability and reactivity of the dicyclo-
pentyl derivative, dithiosquaric half amide half ester (D)
intermediates can be easily prepared, purified, and fully
characterized.

Additionally, this provides an opportunity to syn-
thesize not only the symmetric dithiosquaramides, but
the asymmetric ones also, where the nitrogens contain
different substituents.

Finally, it is important to mention that monothionated
squaramides can be synthesized as well. These methods
apply the above-mentioned procedures, but in the thion-
ation step half, or less than half, equivalent of thionat-
ing agent must be used. Seitz and Sutrisno [38] applied
ethoxycarbonyl isothiocyanate for monothionation of
squaramides (Entry 10, Table 2). Also, Rombola and
Rawal [33] were able to prepare a partially thionated
squaramide with complete regiocontrol as a result of their
new methodology for the general synthesis of squara-
mides (Entries 11-13, Table 2).

(0] 0
2 5
RENT T N-R RN “OR! Ro” R
R R* R3
A E
Thionation Thionation Thionation
S X S X S X
=GR LR =g
2\ _ 5 2
N NR RN oR! R'0”  TOR!
R® R* R3

R' R2 R3 R* R5=H, alkyl, aryl

X=0,8

Scheme 1 Preparation of mono-, and dithio analogues of squarates and (half)squaramides
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Table 2 Synthesis of mono-, and dithio analogues of squarates and (half)squaramides

Entry Reaction R! Reagent X Solvent Yield (%)
1 A-B - P,S>? S DCM - [34]

2 A-B - PS, 2 S DCM 36-72 [35-37]
3 A->B - P,S,, pyridine S MeCN 37-66 [27]
4 C-D butyl Lawesson's reagent S DCM 67-83 [16]
5 E-F 3-pentyl, cyclopentyl Lawesson's reagent 0O,S DCM 68-80 [33]
6 E=-F butyl Lawesson's reagent S DCM 14 [33]

7 F-D cyclopentyl alkyl or aryl amines S DCM 52-79 [33]
8 D-B butyl or cyclopentyl alkyl or aryl amines S DCM 73-96 [16, 33]
9 F-B cyclopentyl alkyl or aryl amines S DCM 30-86 [33]
10 A->B - ethoxycarbonyl isothiocyanate (¢} MeNO, 54-78 [38]
11 A-B - PSS -pyridine (o) MeCN 26 [30]

12 F-D cyclopentyl alkyl amine (0) DCM 84 [33]

13 D—-B cyclopentyl alkyl amine (¢} DCM 57 [33]

* This reagent is named as diphosphorus pentasulfide (P,S

) or as its dimer form, tetraphosphorus decasulfide (P

4 10)

S _,NMe,
&
N0
TsN_ NTs MeN™ S EtS. 0O
Me,N~  NMe, CHaSH EtS :o
Me,NH 12
Ts-NCO
80% 1) KOH
2)2Etl
S} 46%
1N FSO, °
s,
CN Py MeS S CH3SO4F H,S, NEt3 S\ S .S .
Dalac 2 © — 2K
2) CHgl ® 80% Me,NH, =
64% Me,N NMez Me,N~ s o” S
(CN H,N-CN 1 2
@ NEt
HNMe3 3 ®
MeS 2 KSH HNEt, o
CHgl © 1) CHgl
> 71% EtOH s_ S 2)H,0 ~ MeS_ S
\ CN 15% 5% .
Me,N N cN 32%
NC Me,N”  N- Me,N© 0
s,
8 .\",.S + 5 7
T 2K
1) KSH P\
56%‘2)ch3| s s 16%J ;g%‘; |
3
MeS_ S

MeS S
Mesjz/g/CN
NC
10

\N
MeS N-CN
6

Scheme 2 Reactions of dithiosquaramides (R, = H; R, = Bu; in other cases: R, =R, = Me)

3 Reactions

Several reactions of dithiosquaramides have been
reported, including the nucleophilic attacks on the vinylic
carbon atom of the four-membered ring by S-, O- and
N-nucleophiles, and — as a result of the suitable leaving

groups on the vinyl carbon of the cyclobutenedione system

— the successive displacement of the amino groups via an
addition-elimination mechanism (Scheme 3).

Among reactions with S-nucleophiles, Seitz [39]
reacted thiosquaramide B with hydrogen sulfide to gain
adduct 1 (Scheme 2) with three adjacent sulfur func-

tions, that can be converted into the potassium salt of
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Scheme 3 General mechanism of nucleophilic addition-elimination reactions of thiosquaramides

trithiosquarate dianion 2 by subsequent hydrolysis with
potassium hydroxide.

The tetrathiosquarate dianion 3 was obtained by
Allmann et al. [40] as an air-stable orange-yellow hydrate.
By heating it in air above 120 °C, the water of crystalli-
zation is removed and a dark violet, strongly hygroscopic
crystal structure is formed, that can be readily recon-
verted into the hydrated salt when exposed to moisture.

The thermodynamically more stable thiosquaraines (4)
can also be prepared with excellent yields by reacting
dithiosquaramides (B) with nucleophiles such as dimethyl
amine or methanethiol. [41]

N-Nucleophilic cyanamide, in the presence of triethyl-
amine followed by sulfohydrolysis readily transformed
the dithiosquaramides B through intermediate 5 into the
bis(methylthio)cyanamide derivative 6. The methylthio
monooxo derivative 7 can be obtained after subsequent
methylation and hydrolysis of intermediate 5. [42]

Arndt et al. [43] found that the malononitrile carban-
ion can act as a suitable C-nucleophile to replace at least
one dimethylamino function in B. The reaction product
is the resonance-stabilized anion 8, which is isolable as
the dimethylammonium salt. This intermediate (8) can
be converted into the corresponding methylthio- (9) and
bis(methylthio) (10) derivatives. Later, this research group
developed another method for the preparation of meth-
ylthio thiosquaramide malonitrile 9. The iminium salt
11 is accessible in the reaction of B with "magic methyl"
(FSO,CH,). Next, 11 was reacted with the carbanion of
malononitrile, followed by methylation to gain compound
9 with good yields. [43]

When the dithiosquaramide B was allowed to react with
potassium hydroxide, a stable potassium salt was formed,
that was converted into 12 after an ethylation step. [44]

Furthermore, the C=S bond of dithiosquaramide B can
be attacked by p-toluenesulfonyl isocyanate forming bis-
amidine 13 with high yields as a crystalline, colorless to
yellowish solid. [45]

4 Applications

Considering the above mentioned structural properties,
thiosquaramides are expected to be a "gold mine" for
catalyst discovery. Rombola et al. [16] recognized this
opportunity, and recently, they prepared the first chiral,
bifunctional thiosquaramide derivatives. The catalyst per-
formance was assessed by testing it in enantioselective
conjugate addition of N, N'-diphenylbarbituric acid (14) to
f-nitrostyrene (15, see Scheme 4). The reactions gave the
corresponding Michael adduct 16 with high conversion
(> 98 %) and high enantioselectivity (up to 99 % ee) even
with catalyst loadings as low as 0.05 mol%. The substitu-
ents of the amido nitrogens have significant effect on the
catalytic performance of thiosquaramides 17-21.

Comparing the solubility of thiosquaramide 21 and that
of squaramide 22 in toluene, the thio-analogue showed at
least 30 times higher values. This can be explained by the
lack of intermolecular hydrogen bonds to give stable lad-
der structures. [33]

Catalyst 22, the oxo-analogue of thiosquaramide 21
was also effective but gave lower enantioselectivity.
The seemingly small difference observed in ee with these
catalysts (95 % vs. 97 %) corresponds to selectivity ratios
of 40:1 and 70:1, respectively.

Moreover, Rombola and Rawal [33] evaluated the cata-
lytic performance of thiosquaramides and squaramides in
the conjugate addition of lawsone (23) to a f,y-unsaturated
o-keto ester (24, Scheme 5) to give Michael adduct 25.
All thiosquaramides (26-29) provided higher enantiose-
lectivities than their oxo-analogues (30—33).

As a further catalytic application, the higher acidity
of aryl thiosquaramides opens the possibility of their uti-
lization as Bronsted acid catalysts. The former research
group tested thiosquaramide 34 containing electron-with-
aza-Diels—Alder
between 2-silyloxydiene 35 and N-benzylidineaniline 36
(Scheme 6). [33]

This reaction afforded Diels—Alder adduct 37 with
high (77 %) yield. In summary, the ability to dial up the

drawing substituents in reaction
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Scheme 4 Conjugate addition of barbituric acid (14) to S-nitrostyrene (15) catalyzed by bifunctional thiosquaramides.
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Scheme S Conjugate addition of lawsone (23) to a f,y-unsaturated a-keto ester (24) catalyzed by bifunctional thiosquaramides.

acidity of squaramides by converting one or both carbo-
nyls to thiocarbonyls presents an opportunity to expand
the catalyst's reaction footprint. Using modern tools
of computational quantum chemistry a possible cata-
lytic application of thiosquaramides was compared with
analogous urea-, thiourea-, and squaramide catalysts in
Diels—Alder cycloaddition of anthracene and nitrosty-
rene by Lu and Wheeler [20] The examined thiosquara-
mide-derived catalyst is predicted to promote formation

of transitional states with the lowest energy barrier, while
retaining the same high degree of enantioselectivity as
the squaramides.

Besides their catalytic activity, dithiosquaramides have
also been investigated as anion receptors [6, 27] that could
be used in treatment of diseases characterized by incorrect
anion transport. [7, 8] Elmes et al. [30] showed, that both
mono-, and dithiosquaramides can be used as pH-switch-
able chloride ion transporters.
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Scheme 6 Aza-Diels—Alder reaction using a thiosquaramide derivative (34) as a Bronsted acid catalyst

Finally, thiosquaramides can also form neutral 2:1 com-
plexes with divalent metals (Ni, Pd, Cu) that can lead to a
possible application in coordination chemistry. [37]

5 Conclusion

We demonstrated the "rediscovery" of a more than five
decades known thiosquaramide skeleton. During compar-
ison of thiosquaramide with (thio)urea and squaramide,
the structural origins of its increased aromaticity, acidity
and greater solubility in non-polar solvents were discussed.
For the preparation of thiosquaramides three main strate-
gies were shown. These compounds can be obtained directly
from squaramides, or starting from thiosquaric half amide
half esters, and in the most effective approach, through the
application of dicyclopentyl thiosquarate. Their reactivity
can be categorized into two main types. Nucleophilic addi-
tion-elimination reaction can take place on the vinyl-, or
on the thiocarbonyl carbon atoms, generating several (thio)
squaramide derivatives. Thiosquaramides show promising
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