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tereoselective synthesis of
a bicyclic hydantoino-thiolactone as the key
intermediate for production of (+)-biotin†‡

Lei Shu,a Zhi-Wei Yang,a Ren-Xu Cao,a Xiao-Xia Qiu,a Feng Ni*b and Xiao-Xin Shi *a

Bicyclic hydantoinothiolactone (1), as the key intermediate for production of (+)-biotin, has been efficiently

and high-stereoselectively synthesized from the cheap starting material L-cystine via nine steps in 44%

overall yield. In this new practical synthesis, there are two characteristic steps worthy of note. One step

is TMSOTf-catalyzed efficient cyanation of (3S,7aR)-6-benzyl-5-oxo-3-phenyltetrahydro-1H,3H-imidazo

[1,5-c]thiazol-7-yl acetate, the other step is DBU-catalyzed rapid isomerization of trans-isomer to cis-

isomer of the bicyclic hydantoinothiolactone.
Introduction

(+)-Biotin (see Fig. 1), an important member of the vitamin B
family, has been widely used in the elds of medicines, health
products, cosmetics and so on.1 It has persistently attracted
widespread attention from the synthetic community because of
unique physicochemical and pharmacological properties. It is
noted that bicyclic hydantoinothiolactone 1 (Fig. 1) has
emerged as the key common intermediate in many synthetic
routes towards (+)-biotin.2 Due to the importance of this key
intermediate 1 in production of (+)-biotin, considerable efforts
have been devoted to developing an industrialized method for
its preparation. Many syntheses of the key intermediate 1 have
been reported to date, and they can be categorized into four
classes according to the different starting materials (see
Scheme 1): (a) syntheses of compound 1 starting from fumaric
acid3–6 via meso-cyclic anhydride,4,6 meso-cyclic imide5 andmeso-
cyclic thioanhydride6 by desymmetrization and sulfurization;
(b) syntheses of compound 1 starting from 2,5-
dihydrothiophene-1,1-dioxide by desymmetrization and reso-
lution;7 (c) diastereoselective syntheses of compound 1 starting
from L-aspartic acid;8 (d) diastereoselective syntheses of
compound 1 starting from L-cysteine.9 L-Cysteine might be the
best startingmaterial for synthesis of compound 1 in view of the
following reasons: (i) L-cysteine is commercially cheap and
readily available, (ii) the chirality of L-cysteine can be used to
tical Process Chemistry of the Ministry of

a University of Science and Technology,

. China. E-mail: xxshi@ecust.edu.cn

., 378 Jian-Lu Road, Shanghai 201203, P.

in Dai on the occasion of his 100th

tion (ESI) available. See DOI:

6168
induce highly stereoselective construction of the neighbouring
chiral centre, (iii) the sulfur atom of compound 1 could origi-
nate from L-cysteine with no need for sulfurization under
drastic conditions. Although several syntheses9 of compound 1
starting from L-cysteine have been reported, there are some
drawbacks such as moderate yields, severe reaction conditions,
use of poisonous or toxic reagents, and complicated purica-
tion procedures. Herein, we would like to disclose an efficient,
highly stereoselective and practical synthesis of the targeted
bicyclic hydantoinothiolactone 1.
Results and discussion

Our novel synthesis of bicyclic hydantoinothiolactone 1 is
depicted in Scheme 2. As can be seen from the Scheme 2, the
condensation of L-cysteine with benzaldehyde in water at room
temperature (r.t.) rst gave (R)-2-phenyl-thiazolidine-4-
carboxylic acid 2 in 96% yield. Compound 2 was then exposed
to thionyl chloride (SOCl2) in anhydrous methanol at 0 °C to r.t.
to furnish methyl (R)-2-phenyl-thiazolidine-4-carboxylate 3 in
92% yield. Aer that, compound 3was treated with triphosgene,
triethylamine and benzylamine (BnNH2) in dichloromethane
(DCM) at 0 °C to r.t. to produce a N,N-disubstituted urea (i.e.
compound 4 in the parenthesis), which then underwent an acid-
catalyzed cyclization under reux for 4 h in a mixed solvent of
Fig. 1 The structure of related compounds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The reported syntheses of bicyclic hydantoinothiolactone 1 from various starting material.

Scheme 2 The novel highly stereoselective synthesis of bicyclic hydantoinothiolactone 1 starting from L-cysteine.
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aqueous HCl and tetrahydrofuran (THF) to afford (3S,7aR)-6-
benzyl-3-phenyldihydro-3H,5H-imidazo[1,5-c]thiazole-5,7(6H)-
dione 5 in 85% yield (over 2 steps from 3 to 5). Cyclization of
compound 4 should produce an epimeric mixture of
compounds 5 and 5′ (see Fig. 2), but herein it was observed that
stereoisomer 5 was formed as the only product without
contamination of its 3-epimer 5′ during the above HCl-catalyzed
cyclization of compound 4. We deduced that HCl not only
accelerated cyclization of compound 4, but also catalyzed epi-
merization between compounds 5 and 5′ via cleavage of the C–S
bond, rotation of the C–N bond and regeneration of the C–S
bond (see Fig. 2).10 Conformational analysis of compounds 5
© 2023 The Author(s). Published by the Royal Society of Chemistry
and 5′ was also shown in Fig. 2, phenyl group (Ph) would occupy
an equatorial position in the conformer of compound 5,
whereas the phenyl group would occupy an axial position in the
conformer of compound 5′. Conformer 5′ would be much less
stable than conformer 5 due to blocking between axial Ph and H
(enthalpy difference DH between conformers 5 and 5′ was esti-
mated to be 125 kJ mol−1 by Cook's method11) stereochemistry
of compound 5 has been further conrmed by 2D NMR tech-
nique. As can be seen from the 1H–1H NOESY spectrum (Fig. 3)
of compound 5, the correlation spot between H-7a and vicinal
H-1b is greater than the correlation spot between H-7a and
vicinal H-1a, meaning that H-7a and H-1b have a cis
RSC Adv., 2023, 13, 26160–26168 | 26161
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Fig. 2 The mechanism of configuration transformation and the
conformational analysis of the compounds 5 and 5′.

Fig. 3 1H–1H NOESY spectra of compound 5.

Table 1 Optimization of reaction conditions for the Lewis acid-
catalyzed cyanation of compound 7

Entry Lewis acid (equiv.) T (°C) t Yield% (8/8a)

1 None 25 10 h 0/0
2 AlCl3 (0.5) 25 10 h 32/31
3 ZnBr2 (0.5) 25 10 h 35/32
4 Bu3SnCl (0.5) 25 8 h 46/35
5 BF3$Et2O (0.5) 0 8 h 45/50
6 BF3$Et2O (0.1) 0 8 h 60/38
7 BF3$Et2O (0.05) 25 8 h 65/30
8 TMSOTf (0.5) 0 2 min 88/9
9 TMSOTf (0.1) 0 5 min 90/8
10 TMSOTf (0.05) 25 5 min 92/6
11 TMSOTf (0.02) 25 5 min 94/3
12 TMSOTf (0.01) 25 5 min 96/1
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relationship while H-7a and H-1a have a trans relationship; in
addition, H-3 correlates with H-1a rather than H-1b, meaning
that H-3 and H-1a have a cis relationship while H-3 and H-1b
have a trans relationship.

Subsequently, reduction of compound 5 with NaBH4 at 0 °C in
MeOH produced (3S,7aR)-6-benzyl-7-hydroxy-3-phenyl-tetrahy-
dro-3H,5H-imidazo[1,5-c]thiazol-5-one 6 in almost quantitative
yield. Compound 6was then treated with acetic anhydride (Ac2O),
triethylamine and catalytic N,N-dimethyl-aminopyridine (DMAP)
at room temperature in ethyl acetate to furnish (3S,7aR)-6-benzyl-
26162 | RSC Adv., 2023, 13, 26160–26168
5-oxo-3-phenyltetrahydro-1H,3H-imidazo[1,5-c]thiazol-7-yl acetate
7 in 98% yield. We then attempted Lewis acid-catalyzed cyanation
of compound 7 with trimethylsilyl cyanide (TMSCN) under
various conditions, the results were summarized in Table 1. As
can be seen from the Table 1, cyanation of compound 7 with
TMSCN did not take place in the absence of a Lewis acid (entry 1),
while Lewis acids catalyzed the reaction to produce (3S,7aR)-6-
benzyl-5-oxo-3-phenyltetrahydro-1H,3H-imidazo[1,5-c]thiazole-7-
carbonitrile 8 and undesired (3S)-6-benzyl-3-phenyl-1,6-dihydro-
3H,5H-imidazo[1,5-c]thiazol-5-one 8a (entries 2–12). Several Lewis
acids such as aluminium chloride, zinc bromide, boron tri-
uoride etherate (BF3$Et2O), tributyltin chloride and trime-
thylsilyl triuoromethanesulfonate (TMSOTf)12 have been tested
as the catalyst for the reaction, and it was found that TMSOTf
could dramatically catalyze the cyanation to furnish the
compound 8 as the major product (entries 8–12), when 1 mol%
(0.01 equiv.) of TMSOTf was used the catalyst, the desired product
8 was obtained in the best yield (Table 1, entry 12). A possible
mechanism for the TMSOTf-catalyzed cyanation of compound 7
with TMSCN was proposed in Fig. 4, compound 7 would rst
react with TMSOTf to form an active intermediate A,13 which
would then react with TMSCN to afford product 8, or might
decompose to form by-product 8a via intermediate B. When
TMSOTf was used as the catalyst, reaction of TMSCN with the
active intermediate A to form desired product 8 would be much
faster than the decomposition via intermediate B to form unde-
sired by-product 8a. In contrast, when other lewis acids (see Table
1, entries 2–7) were used as the catalyst, reaction of TMSCN with
the similar active intermediate A would be signicantly slowed
down, thus amount of the undesired by-product 8a would be
signicantly increased.

Next, carbonitrile 8 was treated with excess of KOH under
reuxing (80 °C) in a mixed solvent of ethanol and water (EtOH/
H2O = 6 : 1), hydrolysis of the cyano group at C-7 position
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Possible mechanism for TMSOTf-catalyzed cyanation of 7 with
TMSCN.

Table 2 Amine-catalyzed isomerization of trans-1 to cis-1 under
various conditions
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occurred smoothly to afford a carboxylic acid 9 in 90% yield.
The compound 8 was actually a mixture of two epimers of the
chiral center at C-7 position, but herein both hydrolysis and
reversible enolization happened to form the compound 9 as
a single stereoisomer, in which COOH group has an upward
orientation. The stereochemistry was also conrmed by 1H–1H
NOESY spectrum. As can be seen from the 1H–1H NOESY
spectrum of the compound 9 (see Fig. 5), the correlation spot
between H-7a and vicinal H-1b is greater than the correlation
spot between H-7a and vicinal H-1a, meaning that H-7a and H-
1b have a cis relationship while H-7a and H-1a have a trans
relationship; in addition, H-7 correlates with H-1a rather than
H-1b, meaning that H-7 and H-1a have a cis relationship while
H-7 and H-1b have a trans relationship, and thus COOH group
should be cis with both of H-7a and H-1b. Aerwards, we per-
formed reductive cleavage of C–S bond of the compound 9.
When compound 9 was exposed to a large excess of zinc powder
in acetic acid at 80 °C, cleavage of C–S bond occurred to afford
(4R,5R)-1,3-dibenzyl-5-(mercaptomethyl)-2-oxoimidazo-lidine-4-
carboxylic acid 10 in 83% yield.9e
Fig. 5 1H–1H NOESY spectra of compound 9.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Finally, we tried to perform the cyclization of thiol carboxylic
acid 10, when compound 10 was treated with dicyclohex-
ylcarbodiimide (DCC), pyridine and triuoracetic acid9b,e in
chloroform, thiolactonization occurred to furnish intermediate
compound (3aR,6aR)-1,3-dibenzyltetrahydro-1H-thieno[3,4-d]
imidazole-2,4-dione trans-1, which was then treated in situ
with 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) to afford ther-
modynamically much more stable (3aS,6aR)-1,3-dibenzyl-tetra-
hydro-1H-thieno[3,4-d]imidazole-2,4-di-one cis-1 in 85% yield.
We have also tried amine-catalyzed isomerization of trans-1 to
cis-1 under various conditions, the results are summarized in
Table 2. As can be seen from the Table 2, isomerization from
trans-1 to cis-1 did not take place at all in the absence of an
amine (entry 1), while amines could catalyze the isomerization
(entries 2–10). Several amines such as pyridine, triethylamine,
4-N,N-dimethyl-aminopyridine (DMAP) and DBU have been
tested as the catalyst for isomerization, only DBU could rapidly
and efficiently catalyze isomerization (Table 2, entries 8–10).

A possible mechanism for DBU-catalyzed isomerization from
trans-1 to cis-1 was proposed in Fig. 6, isomerization would take
place via ion pairs, an enolate anion and a delocalized DBU-
derived cation.14

Stereochemistry of compounds trans-1 and cis-1 were
conrmed by 2D NMR technique. As can be seen from the
1H–1H NOESY spectrum (see Fig. 7) of trans-1, the correlation
spot between H-6a and vicinal H-6b is greater than the
Entry Base (equiv.) T (°C) t Yield% (trans/cis)

1 None 25 24 h 100/0
2 Pyridine (5.0) 25 72 h 2/96
3 Pyridine (1.0) 60 24 h 1/96
4 DMAP (2.0) 25 48 h 2/96
5 DMAP (1.0) 60 8 h 1/95
6 Et3N (10.0) 25 72 h 5/90
7 Et3N (1.0) 60 32 h 5/91
8 DBU (0.5) 25 5 min 0/99
9 DBU (0.1) 25 10 min 0/99
10 DBU (0.05) 25 10 min 0/99

Fig. 6 Possiblemechanism of DBU-catalyzed isomerization of trans-1
to cis-1.

RSC Adv., 2023, 13, 26160–26168 | 26163
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Fig. 7 1H–1H NOESY spectra of compounds trans-1 and cis-1.

Fig. 8 ORTEP drawing of the compound cis-1.
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correlation spot between H-6a and vicinal H-6a, meaning that
H-6a and H-6b have a cis relationship while H-6a and H-6a have
a trans relationship; H-3a obviously correlates with H-6a rather
than H-6b, meaning that protons H-3a and H-6a have a cis
relationship. As can be seen from the 1H–1H NOESY spectrum
(see also Fig. 7) of cis-1, the correlation spot between H-6a and
vicinal H-6b is greater than the correlation spot between H-6a
and vicinal H-6a, meaning that H-6a and H-6b have a cis rela-
tionship while H-6a and H-6a have a trans relationship; H-3a
obviously correlates with H-6b rather than H-6a, meaning that
protons H-3a and H-6b have a cis relationship. In addition, the
stereochemistry of cis-1 was further unequivocally conrmed by
X-ray diffraction analysis of its single crystal as shown in Fig. 8.
Conclusions

A novel efficient and highly stereoselective synthesis of bicyclic
hydantoinothiolactone cis-1 has been developed. It was
synthesized starting from L-cysteine via nine steps in 44%
overall yield. Two characteristic steps of this total synthesis have
been extensively studied, and TMSOTf was found as the best
catalyst for cyanation of compound 7 with trimethylsilyl
26164 | RSC Adv., 2023, 13, 26160–26168
cyanide, and DBU was found as the most appropriate catalyst
for rapid isomerization of trans-1 to cis-1. Stereochemical
structures of compounds 5, 9, trans-1 and cis-1 have been
conrmed by 2D NMR technique; and the stereochemistry of
cis-1 was further unequivocally conrmed by X-ray crystallo-
graphic analysis. The present synthesis has some advantages
such as use of cheap starting material, good yields, mild reac-
tion conditions, freeness of poisonous or toxic reagents, and
easy purication procedures.

In addition, the stereochemical conguration of C-3 in
compound 5 was lost during the process of reductive cleavage
from compound 9 to 10 in present synthesis, meaning stereo-
seletive construction of the chiral centra at C-3 of compound 5
seemed unnecessary. However, 1,3-dihidro-imidazo[1,5-c]
thiazole-5,7-dione derivatives like compound 5 are interesting
in medicinal chemistry,15 so the above protocol for highly ster-
eoselective preparation of compound 5 and its derivatives might
be important.
Experimental
General method

NMR spectra were acquired on a Bruker AM-400 instrument.
Chemical shis are given on the d scale as parts per million
(ppm) with tetramethylsilane (TMS) as the internal standard.
Mass spectra were performed with a HP1100 LC-MS spectrom-
eter. Optical rotations of chiral compounds were measured on
a PerkinElmer polarimeter at room temperature. Melting points
were determined on a Mel-TEMP II apparatus. Column chro-
matography was performed on silica gel (Qingdao Ocean
Chemical Corp.).
(R)-2-Phenylthiazolidine-4-carboxylic acid (2)

A round-bottom ask (500 mL) was charged with L-cysteine
(20.00 g, 165.0 mmol) and H2O (200 mL). The mixture was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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stirred at room temperature for 20 min, and then, PhCHO
(17.52 g, 165.1 mmol) was dropwise added. The reaction
mixture was vigorously stirred for 4 h, during which white
amorphous solids precipitated out from reaction solution. The
reaction mixture was then ltered by suction, white amorphous
crystals were collected on a buchner funnel, and washed
successively with cold water (50 mL) and a mixed solvent of
hexane and ethyl acetate (30 mL, hexane/EtOAc = 1 : 8). White
solid compound 2 (33.15 g, 158.4 mmol) was thus obtained as
an epimeric mixture in 96% yield aer drying overnight in an
infrared oven. 1H NMR (400 MHz, DMSO-d6) d 3.09 (dd, J = 8.9,
10.0 Hz, 0.4H, H-5), 3.15 (dd, J = 4.5, 10.3 Hz, 0.6H, H-5), 3.30
(dd, J = 7.1, 10.2 Hz, 0.6H, H-5), 3.38 (dd, J = 7.2, 10.1 Hz, 0.4H,
H-5), 3.91 (dd, J = 7.2, 8.8 Hz, 0.4H, H-4), 4.24 (dd, J = 4.5,
7.0 Hz, 0.6H, H-4), 5.67 (s, 0.6H, H-2), 5.51 (s, 0.4H, H-2), 7.25–
7.57 (m, 5H, Ph–H). 13C NMR (101 MHz, DMSO) d 173.47,
172.72, 141.69, 139.39, 128.96, 128.78, 128.71, 128.08, 127.76,
127.42, 72.24, 71.56, 65.91, 65.36, 38.92, 38.46.

Methyl (R)-2-phenylthiazolidine-4-carboxylate (3)

Thionyl chloride (18.19 g, 152.9 mmol) was dropwise added into
anhydrous MeOH (120 mL) at 0 °C. Aer the addition was
nished, the resulting solution was continuously stirred for
10 min in an ice bath. Compound 2 (16.00 g, 76.46 mmol) was
added into the solution in portions. Aer the addition was
nished, the ice bath was removed, and the reaction mixture
was further stirred at room temperature for 16 h. Removal of the
solvent by vacuum distillation gave a yellow oil. Dichloro-
methane (100 mL) and water (100 mL) were added, and the
biphasic mixture was vigorously stirred, then NaHCO3 was
slowly added in portions until the pH was adjusted to 7–8. Two
phases were separated. The aqueous layer was reextracted twice
with dichloromethane (2 × 30 mL). The organic extracts were
combined, washed with H2O (20 mL) and dried over anhydrous
MgSO4. Evaporation of solvent gave a residue, which was puri-
ed by ash chromatography (eluent: EtOAc/hexane = 1 : 4) to
give colorless oily compound 3 (15.71 g, 70.36 mmol) as an
epimeric mixture in 92% yield. 1H NMR (400 MHz, CDCl3) d 3.14
(dd, J = 9.0, 10.2 Hz, 0.6H, H-5), 3.23 (dd, J = 5.8, 10.6 Hz, 0.4H,
H-5), 3.42 (dd, J = 7.1, 10.6 Hz, 0.4H, H-5), 3.49 (dd, J = 7.1,
10.3 Hz, 0.6H, H-5), 3.82 (s, 1.2H, OCH3), 3.83 (s, 1.8H, OCH3),
4.02 (dd, J = 7.1, 8.9 Hz, 0.6H, H-4), 4.24 (dd, J = 7.5, 8.6 Hz,
0.4H, H-4), 5.59 (s, 0.6H, H-2), 5.84 (s, 0.4H, H-2), 7.28–7.58 (m,
5H, Ph–H). 13C NMR (101 MHz, CDCl3) d 171.20, 170.58, 140.12,
137.13, 127.71, 127.67, 127.42, 126.90, 126.42, 125.89, 71.59,
69.78, 64.54, 63.29, 51.59, 51.55, 38.22, 37.13.

(3S,7aR)-6-Benzyl-3-phenyldihydro-3H,5H-imidazo[1,5-c]
thiazole-5,7(6H)-dione (5)

Compound 3 (12.00 g, 53.73 mmol) and Et3N (11.70 g, 115.6
mmol) were dissolved in dichloromethane (60 mL), and the
solution was cooled to 0 °C by an ice-bath. A freshly prepared
solution of triphosgene (6.380 g, 21.50 mmol) in dichloro-
methane (40 mL) was then dropwise added over 10 min at 0 °
C. Aer addition was nished, the reaction mixture was further
stirred for 0.5 h until compound 3 was completely consumed as
© 2023 The Author(s). Published by the Royal Society of Chemistry
determined by thin-layer chromatography (TLC) analysis
(eluent: EtOAc/hexane= 1 : 3). BnNH2 (6.330 g, 59.07mmol) was
added, and then the ice-bath was removed. The reaction
mixture was further stirred at room temperature for 2.5 h.
Removal of the dichloromethane by vacuum distillation gave an
oily residue, which was dissolved in THF (120 mL). Concen-
trated HCl aqueous solution (12 mL) was added, and the reac-
tionmixture was heated to reux (70 °C), and was further stirred
under reuxing for 4 h. Aer the reaction was complete
(checked by TLC; eluent, EtOAc/hexane = 1 : 3), THF was
removed by vacuum distillation. EtOAc (100 mL) and H2O (100
mL) were added, and the biphasic mixture was vigorously stir-
red for 5 min. Two layers were separated, and the aqueous layer
was twice extracted with EtOAc (2 × 50 mL). The organic
extracts were combined and washed with brine (50 mL), and
then dried over anhydrous MgSO4. Evaporation of the solvent
under reduced pressure gave crude product which was puried
by ash chromatography (eluent: EtOAc/hexane= 1 : 20–1 : 3) to
furnish pure compound 5 (14.82 g, 45.68 mmol) as white crys-
tals in 85% yield. M.p. 77–79 °C. [a]20D = −251 (c 1.0, CHCl3)
{lit.16 [a]20D = −250 (c 1.1, CHCl3)}.

1H NMR (500 MHz, CDCl3)
d 7.48–7.27 (m, 10H, Ph–H), 6.42 (s, 1H, H-3), 4.68 (s, 2H, Ph–
CH2–N), 4.55 (t, J = 7.4 Hz, 1H, H-7a), 3.31 (dd, J = 11.6, 7.8 Hz,
1H, H-1), 3.16 (dd, J = 11.5, 6.9 Hz, 1H, H-1). 13C NMR (101
MHz, CDCl3) d 170.06, 157.64, 137.90, 134.33, 127.76 (2C),
127.65 (2C), 127.54 (2C), 127.38, 127.12, 125.37 (2C), 64.93,
64.22, 41.93, 32.36. HRMS (ESI) m/z calcd for C18H17N2O2S [M +
H]+: 325.1011, found: 325.1009.
(3S,7aR)-6-Benzyl-7-hydroxy-3-phenyltetrahydro-3H,5H-
imidazo[1,5-c]thiazol-5-one (6)

Compound 5 (11.00 g, 33.91 mmol) was dissolved in methanol
(35 mL), and the solution was cooled to 0 °C by an ice-bath.
Sodium borohydride (1.926 g, 50.91 mmol) was gradually
added in portions. Aer the addition was nished, the reaction
mixture was further stirred at 0 °C for 30 min. The ice-bath was
removed, and stirring was continued at room temperature for
additional 30 min. Once the starting material was completely
consumed as monitored by TLC (eluent: EtOAc/hexane = 1 : 3),
the reaction was quenched by addition of H2O (5 mL). Methanol
was removed by evaporation under reduced pressure. EtOAc (80
mL) and H2O (40 mL) were added, and the mixture was vigor-
ously stirred for 10 min. Two layers were separated, and the
aqueous layer was reextracted twice with EtOAc (2 × 40 mL),
The organic extracts were combined, washed with brine (40 mL)
and dried over anhydrous MgSO4. Evaporation of EtOAc under
vacuum gave white solid product, which was washed with
a mixed solvent EtOAc and hexane (EtOAc/hexane= 1 : 8) to give
pure compound 6 (10.95 g, 33.55 mmol) as white crystals in 99%
yield. M.p. 134–135 °C. 1H NMR (400 MHz, acetone-d6) d 7.50–
7.19 (m, 10H, Ph–H), 6.38 (s, 1H, H-3), 5.46–5.36 (m, 1H, H-7),
4.69 (d, J = 15.4 Hz, 1H, Ph–CH2–N), 4.37 (dt, J = 8.6, 6.7 Hz,
1H, H-7a), 4.21 (d, J = 15.4 Hz, 1H, another Ph–CH2–N), 3.36
(dd, J = 11.1, 8.5 Hz, 1H, H-1), 3.03 (dd, J = 11.1, 6.5 Hz, 1H, H-
1). 13C NMR (101 MHz, acetone-d6) d 158.94, 142.51, 137.55,
128.46 (2C), 128.33 (2C), 127.99 (2C), 127.48, 127.23, 126.23
RSC Adv., 2023, 13, 26160–26168 | 26165
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(2C), 77.36, 77.26, 65.82, 64.96, 43.48, 31.92. HRMS (ESI) m/z
calcd for [C18H18N2O2NaS]: 349.0987, found: 349.0985.

(3S,7aR)-6-Benzyl-5-oxo-3-phenyltetrahydro-1H,3H-imidazo
[1,5-c]thiazol-7-yl acetate (7)

To a solution of compound 6 (10.50 g, 32.17 mmol), Et3N
(4.897 g, 48.39 mmol) and DMAP (10.0 mg, 0.082 mmol) in dried
EtOAc (60 mL), Ac2O (3.952 g, 38.71 mmol) was dropwise added
at room temperature, the reaction was complete in 15 min as
monitored by TLC (eluent: EtOAc/hexane = 1 : 3). The reaction
was then quenched by addition of H2O (30 mL). Aer the
biphasic mixture was vigorously stirred for 10 min, two layers
were separated, and the aqueous layer was reextracted twice
with EtOAc (2 × 30 mL). Organic extracts were combined,
washed successively with saturated aqueous solution of
NaHCO3 (25 mL) and brine (30 mL), and then dried over
anhydrous MgSO4. Evaporation of EtOAc under vacuum gave
white solid product, which was washed with a mixed solvent of
ethyl ether and hexane (Et2O/hexane = 1 : 2) to give pure
compound 7 (11.62 g, 31.54 mmol) in 98% yield. M.p. 115–116 °
C. 1H NMR (400 MHz, acetone-d6) d 7.52–7.16 (m, 10H, Ph–H),
6.34 (s, 1H, H-3), 6.29 (d, J = 7.0 Hz, 1H, H-7), 4.65 (dd, J = 7.6,
7.2 Hz, 1H, H-7a), 4.59 (d, J = 15.4 Hz, 1H, Ph–CH2–N), 4.30 (d, J
= 15.4 Hz, 1H, another Ph–CH2–N), 3.21 (dd, J = 11.4, 7.7 Hz,
1H, H-1), 3.04 (dd, J = 11.4, 6.5 Hz, 1H, H-1), 1.97 (s, 3H, CH3 in
OAc). 13C NMR (101 MHz, acetone-d6) d 169.89, 158.48, 141.84,
137.26, 128.50 (2C), 128.39 (2C), 128.05 (2C), 127.66, 127.43,
126.22 (2C), 79.56, 65.43, 63.17, 45.10, 31.86, 19.67. HRMS (ESI)
m/z calcd for [C20H20N2O3NaS]: 391.1092, found: 391.1091.

(3S,7aR)-6-Benzyl-5-oxo-3-phenyltetrahydro-1H,3H-imidazo
[1,5-c]thiazole-7-carbonitrile (8)

Compound 7 (11.50 g, 31.21 mmol) and TMSCN (4.640 g, 46.77
mmol) were dissolved in dichloromethane (50 mL). TMSOTf
(70.0 mg, 0.31 mmol) was added by a micro injector at room
temperature. The reaction was complete in 5 min as monitored
by TLC (eluent: Et2O/hexane = 2 : 3). Dichloromethane was
removed by evaporation under vacuum. EtOAc (60 mL), H2O (40
mL) and a saturated aqueous solution of NaHCO3 (15 mL) were
added. The biphasic mixture was vigorously stirred for 10 min,
two layers were separated, and the aqueous layer was twice
extracted with EtOAc (2 × 30 mL). The organic extracts were
combined, washed with brine (30 mL), and then dried over
anhydrous MgSO4. Evaporation of EtOAc under vacuum gave
a residue, which was puried by ash column chromatography
on silica gel (eluent: EtOAc/hexane= 1 : 7) to furnish compound
8 (10.05 g, 29.96 mmol) as a colorless oil in 96% yield. Two
diastereomers of compound 8 could be separated by a very
careful chromatography. Minor diastereomer: 1H NMR (400
MHz, CDCl3) d 7.50–7.04 (m, 10H, Ph–H), 6.32 (s, 1H, H-3), 5.02
(d, J = 15.1 Hz, 1H, Ph–CH2–N), 4.29 (d, J = 7.6 Hz, 1H, H-7),
4.12 (ddd, J = 9.5, 7.6, 5.9 Hz, 1H, H-7a), 3.99 (d, J = 15.1 Hz,
1H, another Ph–CH2–N), 3.21 (dd, J= 10.9, 5.9 Hz, 1H, H-1), 3.10
(dd, J = 10.9, 9.5 Hz, 1H, H-1). 13C NMR (101 MHz, CDCl3)
d 158.55, 140.42, 134.24, 129.27 (2C), 128.76 (2C), 128.69 (2C),
128.64, 128.30, 126.47 (2C), 65.85, 59.56, 46.73, 46.70, 35.39.
26166 | RSC Adv., 2023, 13, 26160–26168
Major diastereomer: 1H NMR (400 MHz, CDCl3) d 7.58–6.99 (m,
10H, Ph–H), 6.37 (s, 1H, H-3), 5.02 (d, J = 14.9 Hz, 1H, Ph–CH2–

N), 4.15 (dd, J = 9.3, 6.2 Hz, 1H, H-7a), 4.04–3.97 (m, 2H, H-7
and anther Ph–CH2–N), 3.10 (dd, J = 10.6, 6.2 Hz, 1H, H-1),
2.53 (dd, J = 10.5, 9.4 Hz, 1H, H-1). 13C NMR (101 MHz,
CDCl3) d 158.87, 140.32, 134.38, 129.29 (2C), 128.74 (2C), 128.66,
128.46 (2C), 128.21, 126.17 (2C), 115.51, 65.32, 62.34, 47.44,
46.47, 36.17. HRMS (ESI) m/z calcd for [C19H17N3ONaS]:
358.0990, found: 358.0992.

(3S,7R,7aR)-6-Benzyl-5-oxo-3-phenyltetrahydro-1H,3H-
imidazo[1,5-c]thiazole-7-carboxylic acid (9)

A round-bottom ask (100 mL) was charged with compound 8
(10.00 g, 29.81 mmol), EtOH (60 mL) and H2O (10 mL). KOH
(8.360 g, 149.0 mmol) was added, and the mixture was stirred at
room temperature for 1 h. The reactionmixture was then heated
to reux (80 °C), and was further stirred under reuxing for 4 h.
Aer the reaction was complete as determined by TLC (eluent:
DCM/MeOH = 10 : 1), EtOH was removed by vacuum distilla-
tion. EtOAc (40 mL) and H2O (40 mL) were added. The biphasic
mixture was vigorously stirred for 5 min, and then the organic
layer was extracted twice with H2O (2 × 20 mL). The aqueous
extracts were combined, and then acidied with 4N aqueous
solution of HCl until the pH value was adjusted to 1–2. EtOAc
(100 mL) was added, and the biphasic mixture was vigorously
stirred for 10 min. Two layers were separated, and the aqueous
layer was twice extracted with EtOAc (2 × 50 mL). The organic
extracts were combined, washed with brine (30 mL), and then
dried over anhydrous MgSO4. Solvent was removed under
vacuum to give light yellow solid product, which was washed
with a mixed solution of ethyl acetate and hexane (EtOAc/
hexane = 1 : 6) to furnish pure compound 9 (9.509 g, 26.83
mmol) in 90% yield. M.p. 182–183 °C. [a]20D = −210.38 (c 1.0,
CHCl3).

1H NMR (400 MHz, CDCl3) d 9.04 (s, 1H, COOH), 7.42–
6.96 (m, 10H, Ph–H), 6.39 (s, 1H, H-3), 5.05 (d, J = 14.9 Hz, 1H,
Ph–CH2–N), 4.10–4.00 (m, 2H, H-7a and another Ph–CH2–N),
3.76 (s, 1H, H-7), 3.08 (dd, J = 10.5, 6.1 Hz, 1H, H-1), 2.51 (t, J =
9.9 Hz, 1H, H-1). 13C NMR (101 MHz, CDCl3) d 172.64, 160.58,
140.99, 135.33, 129.04 (2C), 128.59 (2C), 128.43 (2C), 128.21,
127.93, 126.17 (2C), 65.32, 62.67, 58.27, 46.47, 37.20. HRMS
(ESI) m/z calcd for [C19H17N2O3S]: 353.0960, found: 353.0959.

(4R,5R)-1,3-Dibenzyl-5-(mercaptomethyl)-2-oxoimidazolidine-
4-carboxylic acid (10)

To a solution of compound 9 (9.000 g, 25.39 mmol) in acetic
acid (30 mL) was added zinc powder (8.300 g, 126.9 mmol). The
reaction mixture was heated to 80 °C, and then stirring was
continued at this temperature for 10 h under a nitrogen atmo-
sphere. Aer the reaction was complete (checked by TLC,
eluent: DCM/MeOH = 1 : 20), the mixture was cooled to room
temperature and ltered to remove insoluble solid, and the
lter cake was washed three times with EtOH (3 × 30 mL). The
ltrates were combined and concentrated under vacuum to give
a viscous residue. EtOAc (60 mL) and 2N aqueous solution of
HCl (40 mL) were added, the biphasic mixture was vigorously
stirred for 10 min. Two layers were separated, the aqueous layer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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was twice extracted with EtOAc (2 × 30 mL). Organic extracts
were combined, washed with brine (30 mL), and then dried over
anhydrous MgSO4. The solution was concentrated under
a reduced pressure to give solid residue which was washed with
ethyl ether to furnish pure compound 10 (7.514 g, 21.08 mmol)
as white crystals in 83% yield. M.p. 160–161 °C {lit.9c mp. 158–
160 °C}. [a]20D = +49.5 (c 1.0, DMF) {lit.9b [a]20D = +48.8 (c 0.62,
DMF)}. 1H NMR (400 MHz, DMSO-d6) d 13.58–12.79 (brs., 1H,
COOH), 7.43–7.15 (m, 10H, Ph–H), 4.83 (d, J = 15.4 Hz, 1H, Ph–
CH2–N), 4.65 (d, J = 15.6 Hz, 1H, Ph–CH2–N), 4.13 (d, J =

15.6 Hz, 1H, Ph–CH2–N), 4.06 (d, J = 15.4 Hz, 1H, Ph–CH2–N),
3.82 (d, J = 5.2 Hz, 1H, H-4), 3.60 (td, J = 5.4, 3.1 Hz, 1H, H-5),
2.84–2.61 (m, 2H, CH2S), 2.11 (t, J = 8.3 Hz, 1H, SH).$13C NMR
(101 MHz, DMSO-d6) d 172.27, 159.36, 137.88, 137.22, 129.01
(2C), 128.93 (2C), 128.36 (2C), 128.11 (2C), 127.77 (2C), 57.97,
57.39, 46.32, 44.89, 26.23. HRMS (ESI) m/z calcd for
[C19H21N2O3S]: 357.1273, found: 357.1275.

(3aR,6aR)-1,3-Dibenzyltetrahydro-1H-thieno[3,4-d]imidazole-
2,4-dione (trans-1)

To a solution of compound 10 (5.100 g, 14.31 mmol) in CHCl3
(15 mL) was added pyridine (1.582 g, 20.00 mmol) and TFA
(680.0 mg, 5.964 mmol), and the reaction mixture was stirred at
0 °C for 10 min. A freshly prepared solution of DCC (4.450 g,
21.56 mmol) in CHCl3 (10 mL) was added, and then the reaction
mixture was further stirred at 0 °C for 2 h. Aer that, the reac-
tionmixture was warmed to 20 °C, and then stirred for 2 h. Aer
the reaction was complete (checked by TLC, eluent: EtOAc/
hexane = 1 : 3), the reaction mixture was ltered to remove
insoluble substance, which was rinsed twice with CHCl3 (2 × 20
mL). The ltrates were combined, and then evaporated under
vacuum. The residue was diluted with EtOAc (100 mL) and H2O
(50 mL), 2N aqueous solution of HCl was added to adjust pH to
1–2. Aer the biphasic mixture was vigorously stirred for
10 min, two layers were separated, organic layer was succes-
sively washed with saturated aqueous NaHCO3 solution (20 mL)
and brine (10 mL). Aer being dried over anhydrous MgSO4, the
solution was concentrated under reduced pressure to give
a residue, which was puried by ash column chromatography
on silica gel (eluent: EtOAc/hexane= 1 : 10) to afford compound
trans-1 (3.440 g, 10.16mmol) as white crystals in 71% yield. M.p.
116–117 °C. [a]20D = + 103.2 (c 1.0, CHCl3).

1H NMR (400 MHz,
CDCl3) d 7.31–7.19 (m, 10H, Ph–H), 4.87 (d, J = 14.4 Hz, 1H, Ph–
CH2–N), 4.53 (d, J = 14.5 Hz, 1H, Ph–CH2–N), 4.23 (d, J =

11.4 Hz, 1H, Ph–CH2–N), 4.19 (d, J = 11.5 Hz, 1H, Ph–CH2–N),
3.41 (ddd, J = 14.0, 10.5, 4.6 Hz, 1H, H-6a), 3.30 (d, J = 14.0 Hz,
1H, H-3a), 2.87 (dd, J = 10.5, 9.5 Hz, 1H, H-6), 2.73 (dd, J = 9.5,
4.5 Hz, 1H, H-6). 13C NMR (101 MHz, CDCl3) d 194.18, 165.25,
136.03, 135.28, 129.35 (2C), 128.90 (2C), 128.70 (2C), 128.21
(2C), 128.10 (2C), 65.19, 59.57, 48.99, 46.97, 34.66.

(3aS,6aR)-1,3-Dibenzyltetrahydro-1H-thieno[3,4-d]imidazole-
2,4-dione (cis-1)

To a mixture of compound 10 (2.400 g, 6.733 mmol) in CHCl3
(10 mL) was added pyridine (746.0 mg, 9.431 mmol) and TFA
(307.0 mg, 2.692 mmol), and the reaction mixture was stirred at
© 2023 The Author(s). Published by the Royal Society of Chemistry
0 °C for 10 min. A freshly prepared solution of DCC (2.070 g,
10.03 mmol) in CHCl3 (6 mL) was added, and reaction mixture
was stirred at 0 °C for 2 h. Aer that, the reaction mixture was
warmed to 60 °C, and then stirred for 2 h. The mixture was
cooled down to room temperature, DBU (52.0 mg, 0.341 mmol)
was added, and the reaction was further stirred for 10 min. Aer
the reaction was complete (checked by TLC, EtOAc/hexane = 1 :
3), the reaction mixture was ltered to remove insoluble
substance, which was rinsed twice with CHCl3 (2 × 15 mL). The
ltrates were combined, and then evaporated under vacuum.
The residue was diluted with EtOAc (50 mL) and H2O (20 mL),
2N aqueous solution of HCl was added to adjust pH to 1–2. Aer
the biphasic mixture was vigorously stirred for 10 min, two
layers were separated, the aqueous layer was extracted with
EtOAc (2 × 20 mL). Organic extracts were combined, and
washed successively with saturated aqueous NaHCO3 solution
(20 mL) and brine (10 mL). Aer being dried over anhydrous
MgSO4, the solution was concentrated under reduced pressure
to give a solid residue, which was washed with aqueous meth-
anol (MeOH/H2O = 4 : 1) to afford pure compound 1 (1.937 g,
5.724 mmol) as white crystals in 85% yield. M.p. 122–123 °C
{lit.9bm.p. 122–123 °C }. [a]20D = + 90.2 (c 1.0, CHCl3) {lit.9b [a]

25
D =

+ 90.5 (c 1.0, CHCl3)}.
1H NMR (400 MHz, CDCl3) d 7.37–7.07 (m,

10H, Ph–H), 4.95 (d, J = 14.8 Hz, 1H, Ph–CH2–N), 4.60 (d, J =
15.4 Hz, 1H, Ph–CH2–N), 4.30 (d, J = 4.5 Hz, 1H, Ph–CH2–N),
4.27 (d, J = 3.9 Hz, 1H, Ph–CH2–N), 4.06 (ddd, J = 7.7, 5.5,
2.1 Hz, 1H, H-6a), 3.73 (d, J = 7.8 Hz, 1H, H-3a), 3.30 (dd, J =
12.4, 5.5 Hz, 1H, H-6), 3.21 (dd, J = 12.5, 2.1 Hz, 1H, H-6). 13C
NMR (101 MHz, CDCl3) d 203.61, 158.35, 136.42, 136.23, 128.93
(2C), 128.83 (2C), 128.71 (2C), 128.04 (2C), 127.97, 127.80, 62.16,
55.89, 46.53, 45.28, 33.05. HRMS (ESI) m/z calcd for
[C19H19N2O2S]: 339.1167, found: 339.1168.
Synthesis of cis-1 from trans-1

Compound trans-1 (1.250 g, 3.694 mmol) was dissolved in CHCl3
(5 mL), and DBU (29.2 mg, 0.192 mmol) was added. The reaction
solution was then stirred at room temperature for 10 min. The
reaction was complete (checked by TLC, EtOAc/hexane = 1 : 3),
and then chloroform was removed by evaporation under vacuum.
The residue was diluted with EtOAc (40 mL) and H2O (6 mL), 2N
aqueous solution of HCl (2 mL) was added. Aer the biphasic
mixture was vigorously stirred for 5 min, two layers were sepa-
rated, the aqueous layer was extracted again with EtOAc (15 mL).
Organic extracts were combined, and washed successively with
saturated aqueous NaHCO3 solution (10 mL) and brine (10 mL).
Aer being dried over anhydrous MgSO4, the solution was
concentrated under reduced pressure to give a solid residue,
which was washed with a small amount of the mixed solvent of
ethyl ether and hexane (Et2O/hexane = 1 : 2) to afford pure
compound cis-1 (1.237 g, 3.655 mmol) as white crystals in 99%
yield. The characterization data of the present sample was iden-
tical with the data of above-obtained sample from compound 10.
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