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ABSTRACT: We report a general method for the synthesis of chiral
thiosquaramides, a class of bifunctional catalysts not previously de-
scribed in the literature. Thiosquaramides are found to be more acidic
and significantly more soluble in non-polar solvents than their ox-
osquaramide counterparts, and they are excellent catalysts for the un-
reported, enantioselective conjugate addition reaction of the barbituric
acid pharmacaphore to nitroalkenes, delivering the chiral barbiturate
derivatives in high yields and high enantioselectivities, even with cata-
lyst loadings as low as 0.05 mol%.

Conceptual insights and key advances in catalyst design have fueled
many breakthroughs in asymmetric catalysis. Over the past two dec-
ades, chemists have witnessed unparalleled growth in enantioselective
reactions promoted by chiral organic catalysts, such as bases, secondary
amines, and hydrogen bond donors. In the last category, early examples
of enantioselection through hydrogen bond activation paved the way
for broader application of this modality to asymmetric catalysis,"* with
the development of bifunctional catalysts playing a pivotal role in pro-
pelling this activation paradigm into the discovery of new enantioselec-
tive processes.’” Among the earliest and most-enabling bifunctional
catalysts are those based on the thiourea scaffold, wherein the two
donor hydrogens serve to organize and activate the reaction substrate.
In the hope of expanding the classes of reactions that can be rendered
enantioselective, we examined many new scaffolds for bifunctional
catalysis, particularly those in which the distance between the donor
hydrogens was significantly greater than found in thioureas, and intro-
duced chiral squaramides as bifunctional hydrogen bonding catalysts.’
Squaramides are easily synthesized, through two addition-elimination
reactions, and this has allowed the development of a large number of
derivatives. Squaramides have proven to be excellent catalysts and have
been adopted widely for the development of new methodology.®” De-
spite their widespread use, the inherent properties of squaramides, such
as low solubility in non-polar solvents and a limited ability to modulate
the pK, of the donor hydrogens, restricts their performance in some
reactions. Faced with these limitations, we have developed chiral dithi-
osquaramides as bifunctional catalysts and report herein their use in
the unreported enantioselective conjugate addition reaction of the
barbituric acid pharmacaphore to nitroalkenes.

The high effectiveness of squaramides stands in contrast to their
poor solubility in non-polar solvents, which are commonly employed
for hydrogen bond mediated reactions. The reason for the low solubili-
ty is that squaramides self-aggregate through dual H-bonds into head-

to-tail ladder networks and precipitate.*® Among the structural modifi-
cations to overcome this issue, we considered the prospect of convert-
ing the carbonyl groups to thiocarbonyls.!® Replacement of even one of
the carbonyl groups to a thiocarbonyl was expected to disrupt ladder
formation and, as a result, increase solubility. Furthermore, this inter-
conversion was also expected to increase the acidity of the N-H bonds,
as observed when going from an amide to a thioamide or urea to a
thiourea (Figure 1).""'1>'3 This ability to dial up the acidity of squara-
mides by converting one or both carbonyls to thiocarbonyls presented
an opportunity to expand the catalyst’s reaction footprint.

The selection of barbituric acid derivatives to test the capability of
new thiosquaramides was motivated by their known biomedical appli-
cations. Historically used as sedatives, anti-convulsants, and analgesics,
barbiturates have recently been shown to possess anti-tumor, immune
system modulatory, and anti-depressive activity."* The varied biologi-
cal properties of barbituric acids and the limited reports on their use in
enantioselective reactions,'® and none using organic catalysts, prompt-
ed us to select them as nucleophiles for demonstrating the effectiveness
of chiral thiosquaramide catalysts.

Figure 1. Development of Relevant Chiral Organocatalyst Scaf-
folds
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Direct synthesis of chiral, bifunctional thiosquaramides by dithio-
nation of the corresponding “oxo”-squaramides eluded us for many
years.'® Even in instances where the desired product was observed, the
isolation of a pure bifunctional thiosquaramide was complicated by its
decomposition during silica gel chromatography and the presence of
various byproducts. An alternative approach was thus explored. The



preferred route to bifunctional thiosquaramides proceeded through the
butyl squarate ester 1, rather than the more common vinylogous me-
thyl ester. Treatment of vinylogous butyl ester-amide 2 with one equiv-
alent of Lawesson’s reagent gave the easily isolated dithionation prod-
uct 3, which is moderately stable at room temperature.'!” Carrying out
these steps on the corresponding methyl ester gave little or no product,
depending on the substrate. Coupling of 3 with a chiral diamine pro-
vided bifunctional catalysts A-E, which were purified by trituration to
give yellow to amber, bench-stable solids. As expected, unlike their
widely used oxo-counterparts, which are at best sparingly soluble in
common organic solvents, thiosquaramides are significantly more
soluble in a range of solvents. At room temperature, squaramide F has a
solubility of <0.1 mg/mL in toluene, whereas thiosquaramide E has a
solubility of >3 mg/mL. We have also determined the pK. of select
chiral squaramides and thiosquaramides using various methods (com-
putational, NMR titration, and Bordwell) and have found thiosquara-
mides to be 4-5 pK. units more acidic than the corresponding ox-
osquaramides.'®!” We expect this increased acidity to confer greater
hydrogen bonding capability to the thiosquaramide N-H bonds.

Figure 2. Synthesis of Bifunctional Thiosquaramides via the
Vinylogous Butyl Ester
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To gain insight on the structural changes imparted upon substitu-
tion of the two oxygens with sulfurs, we secured the X-ray crystal struc-
ture of bifunctional thiosquaramide A (Figure 3). Two rotameric forms
of the compound are observed in the structure, of which the one with
the dimethylamino group pointing forward is shown. The planar ge-
ometry about the two squarate nitrogens is consistent with sp> hybridi-
zation expected at these atoms, and the anti/anti conformation, with
the N-H bonds syn to each other, is as observed for most squara-
mides.”*” In the two rotameric forms of A, the two N-H hydrogen
atoms are positioned 2.43 and 2.64 A apart, as opposed to ~2.1 A for
thioureas® and ~2.7A for squaramides (see Crystallographic Infor-
mation File).* The smaller H-H distance in thiosquaramide A likely
results from the steric and electronic repulsion between the tert-butyl
group and the proximal thiocarbonyl group. Hartree-Fock calculations
for the same structure at the 3-21G level of theory gives the H-H dis-
tance as 2.60 A, indicating that the smaller H-H distance is due to the
interactions with the sulfur atoms rather than packing forces or other
interactions in the crystal structure.?’ As anticipated, intermolecular
hydrogen bonds to give ladder structures, found in analogous ox-
osquaramides, are not seen.”

Figure 3. X-ray Crystal Structure of a Bifunctional Thiosquar-
amide
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The procedure described above was used to synthesize several chiral
thiosquaramides (A-E), and the new bifunctional catalysts were evalu-
ated as catalysts for the unreported enantioselective conjugate addition
of N,N'-diphenylbarbituric acid to B-nitrostyrene (Table 1). Among
the catalysts possessing the N,N-dimethylated cyclohexanediamine
unit, reduction in steric bulk on the distal thiosquaramide nitrogen
corresponded with higher ee for the Michael addition product (entries
1-3). Of the piperidine containing thiosquaramides examined, the
benzyl-substituted catalyst performed better than the one possessing a
phenethyl unit (entries 4 and S). Catalyst F, the oxo-analog of E, was
also effective, but gave lower enantioselectivity (entries S and 6). The
seemingly small difference in ee observed with catalysts E and F (97%
vs 95%) corresponds to selectivity ratios of 70:1 and 40:1, respective-
ly.2® Further screening of conditions showed thiosquaramide E to af-
ford excellent yields and high enantioselectivities in all solvents exam-
ined except methanol, and the optimal solvent was found to be toluene.
No reaction took place in the absence of a catalyst. Further reduction
of catalyst loading to 0.1 mol% increased the reaction time only slight-
ly, from 0.5 h to 2 h, with no effect on ee. Even at a catalyst loading of
0.05 mol%, the reaction proceeded smoothly, going to full conversion
within 10 h, with essentially no diminution in ee. The reaction worked
even when the catalyst level was reduced to 0.02 mol%, but gave the
product in 72% ee. The conjugate addition can also be carried out on
gram-scale, affording 1.65 grams of the product in 96% yield and 96.5%
ee. Importantly, nearly all of these catalyzed reactions, as well as those
shown Chart 1, were carried out without special precautions, under an
air atmosphere and using reagent grade solvents right out of a bottle.**

Table 1. Evaluation of Catalysts and Other Reaction Condi-
tions
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entry” catalyst mol% solvent time conv® ee’
1 A 0.5% PhMe 0.5h >98% 54%
2 B 0.5% PhMe 0.5h >98% 45%
3 C 0.5% PhMe 0.5h >98% 88%
4 D 0.5% PhMe 0.5h >98% 91%
S E 0.5% PhMe 0.5h >98% 97%
6 F 0.5% PhMe 0.5h >98% 95%
7 E 0.5% MeOH 6h >98% 38%
8 E 0.5% acetone 1.5h >98% 87%
9 E 0.5% CHCl; 0.5h >98% 91%
10 E 0.5% EtOAc 0.5h >98% 92%
11 E 0.5% CH.CL 0.5h >98% 94%
12 E 0.1% PhMe 2h >98% 97%



13 E 0.05% PhMe 10h >98% 96%

14 E 0.02% PhMe 10h 83% 72%

“Reactions were carried out using 0.2 mmol of Sa and 0.22 mmol of
4a. "Conversion was determined by "H-NMR spectroscopy. ‘Enantio-
meric excess measured after halogenation (see Supporting Infor-
mation).

The scope of this thiosquaramide catalyzed conjugate addition of
barbiturates was examined next. Different combinations of nitroolefins
and N,N-disubstituted-barbituric acids were reacted in the presence of
0.5 mol% of catalyst E (Chart 1). The reactions gave high yields and
high enantioselectivities for most of the reactants examined.?* Bromin-
ated nitrostyrenes gave excellent results, although the rate of the reac-
tion was considerably slower for the substrate giving 6d, presumably
due to the steric hindrance caused by the ortho-substituent, necessitat-
ing higher catalyst loading (S mol%). A similar effect on rate was ob-
served with other hindered substrates, and with alkenyl and alkyl sub-
stituted nitroalkenes. For comparison purposes, the corresponding
squaramide (F) was employed for the catalysis of two additional reac-
tions, under otherwise identical conditions (6e and 6h, enantiomeric
excess given in parentheses). The absolute stereochemistry of 6f, and
by analogy all other conjugate addition products, was determined by X-
ray crystallography of its chlorination product 7f (Figure 4).

Chart 1. Conjugate Addition of Barbituric Acids to Nitroole-
fins
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All reactions were carried out using 0.22 mmol of nitroolefin and 0.2
mmol of barbituric acid, and yields given are of isolated products. En-
antiomeric excess was determined after chlorination, and the absolute
stereochemistry shown is tentative, based on the crystal structure of 7f
(see Figure 4 and Supporting Information for further details). “Enanti-
omeric excesses in parentheses correspond to reactions carried out
with squaramide catalyst F. *S mol% of the catalyst was used.

Figure 4. X-ray Crystal Structure of a Chlorinated Barbiturate

In conclusion, we have developed a general method for the synthesis
of chiral thiosquaramides, a class of bifunctional catalysts not previous-
ly described in the literature. Thiosquaramides can be prepared in only



three steps from commercially available materials, and they are more
acidic and significantly more soluble in non-polar solvents than their
“oxo0”-squaramide counterparts. Thiosquaramides are excellent cata-
lysts for the unreported, enantioselective conjugate addition reaction of
the barbituric acid pharmacaphore to nitroalkenes, delivering the chiral
barbiturate derivatives in high yields and high enantioselectivities, even
with catalyst loadings as low as 0.05 mol%.
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