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ol reaction of a-aldimino
thioesters: a facile three-component coupling
reaction†

Makoto Shimizu, *ab Asako Higashino,b Isao Mizota b and Yusong Zhu a

Theoretical calculation of the reactivity of a-imino thioesters indicates that they are very reactive substrates

for Umpolung N-alkylation. In fact, treatment of a-aldimino thioesters with dialkylzinc reagents in the

presence of aldehydes or imines gives three-component coupling products in good yields.
1 Introduction

The widespread existence of 1,2-amino alcohol moieties in
natural products and pharmaceuticals1 has prompted us to
explore efficient synthetic methods for these important mate-
rials. Various synthetic 1,2-amino alcohol derivatives have also
been employed as drugs for therapeutic purposes, chiral
auxiliaries, and metal ligands in catalytic asymmetric
synthesis.2 We have reported new approaches to this class of
compound via asymmetric reduction of 1,2-imino ketones,3

diastereoselective addition to chiral imines,4 titanium
tetraiodide-mediated reductive addition reactions,5 and crossed
pinacol-type reductive coupling of aldehydes with imines.6 In
addition to these studies, we have been interested in the
Umpolung reactions using a-imino esters 1 and related
compounds, and have disclosed several interesting features.7,8

Under certain reaction conditions an unusual Umpolung N-
addition reaction proceeds to give N-alkylated products in good
yields (Scheme 1, path a).

During these investigations, the thioester analogues 2 have
intrigued us, since a simple calculation using the model
substrates 1a and 2a with the Gaussian 03 program9 indicates
that in the addition reactions of a methyl anion to normal ester
1a and thioester 2a, the energy difference between the C- and
the N-additions is larger for thioester 2a than for normal ester
1a (Scheme 2). This means that the Umpolung N-addition
reaction would be easier for thioesters than for normal esters.
Among a-imino thioesters a-aldimino thioester 3 has attracted
our attentions since a-aldimino thioesters are expected to be
more reactive than a-ketimino analogues and the subsequent
reactions at the aldimino moieties would proceed to give
anjing Tech University, Nanjing 211816,

Graduate School of Engineering, Mie
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
interesting and useful products. This paper describes three-
component coupling reactions consisting of N-alkylation/aldol
reaction10 of a-aldimino thioesters (Scheme 3).
2 Results and discussion

A further calculation using the Gaussian 03 program9 indicates
that the LUMO energies of the ethyl ester 1b and its thio
analogue are �0.0627 and �0.0756, respectively, which means
that the reactivity of the a-imino thioester 2b is higher than that
of the a-imino ester 1b. The structures 1b and 2b were fully
optimized followed by frequency calculation on the stationary
point performed using 6-31G(d) basis set for all atoms, which
was employed a B3LYP density functional theory.11 We have also
found that the reactivity of the imino nitrogen atom of a-imino
thioester 2b is higher than that of a-imino ester 1b since the
Frontier electron densities are 0.176 and 0.216, respectively,
leading to the increased reactivity of nitrogen atom (Scheme 4).
In fact, the reaction of the a-imino ester 1b with Et2AlCl in DME
Scheme 1 Reactions of a-imino ester 1 and a-imino thioester 2.
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Scheme 2 Model substrates 1a and 2a for energy calculation.

Scheme 3 The present study using a-aldimino thioester 3.

Scheme 5 Previous investigations using a-aldimino ester 7 and a-
aldimino thioester 3.
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at rt for 15 min gave the N-ethylation product 5 in only 4% yield,
whereas the a-imino thioester 2b underwent a similar N-ethyl-
ation reaction to give the product 6 in 80% yield. (Scheme 4,
eqn (1) and (2)).

Our previous investigations revealed that N-alkylation pro-
ceeded well both with the a-aldimino ester 77a and the a-
Scheme 4 Reactivity difference between a-imino ester 1b and a-
imino thioester 2b.

13098 | RSC Adv., 2021, 11, 13097–13104
aldimino thioester 37q to give the intermediary aluminum and
the zinc enolates, respectively. However, the subsequent addi-
tion reaction with the parent imines 7 and 3 proceeded very
rapidly to give homo-coupling products 8 and 10, respectively in
good yields (Scheme 5, eqn (1) and (3)), and therefore, it was not
trivial to carry out a cross-coupling reaction with another elec-
trophile (eqn (2) and (4)). When the a-aldimino ester 7 was used
as a substrate, the presence of an added additive (Me2-
N(CH2)2OMe) facilitated a cross-coupling reaction with alde-
hydes to give 1,2-amino alcohols 9 in good yields (eqn (2)).7j In
strong contrast to the cases with the a-aldimino ester 7,
however, the thioester 3 underwent only a homo-coupling
reaction even in the presence of an additive (Me2N(CH2)2OMe)
to give the adduct 10 in good yield, and the cross-coupling
product 11 was not obtained at all, presumably due to the
enhanced electrophilicity of the imine moiety of the a-aldimino
thioester 3. We screened various organometallics (RMgBr,
R2Mg, R3Al, R2AlCl, RAlCl2, R2Zn and RZnBr), and among them
the use of dialkylzinc recorded an acceptable yield of the homo-
coupling product 10 (up to 86% yield, eqn (3)).

We further examined the reaction conditions for cross-
coupling using a series of aldehydes under various conditions.
Among the aldehydes tested (pClC6H4CHO, PhCHO, PhCH ¼
CHCHO, nPrCH ¼ CHCHO, nBuCHO, EtOCOCHO, CCl3CHO,
etc.) only chloral, a reactive aldehyde gave a cross-coupling
product 11. Since the three-component coupling product, the
b-hydroxy a-amino thioester obtained was unstable under air
due to the oxidative cleavage previously reported,12 it was iso-
lated as the acetate 12a aer acetylation with AcCl at the hydroxy
moiety. Table 1 summarizes the results.

As shown in Table 1, the three-component coupling reaction
proceeded with the a-imino thioester 3a, diethylzinc, and
chloral in toluene to give the adduct 12a together with the
homo-coupling product 10a as a major byproduct (entry 1). In
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Three-component coupling reaction: Examination of the reaction conditions

Entry Chloral (equiv.) Temp (�C) Time (h) 12aa (%) anti/synb 10aa (%)

1 1.0 �60 to �30 2.0 19 63 : 37 29
2 1.0 �78 to �50 1.0 45 70 : 30 26
3 1.5 �78 to �50 2.0 59 64 : 36 8
4 2.0 �78 to �50 2.0 79 62 : 38 6
5 2.5 �78 to �50 2.0 76 59 : 41 5
6c 2.1 �78 to �50 1.0 37 65 : 35 20

a Isolated yield. b Determined by 1H NMR and/or HPLC. c 3a was slowly added to a mixture of chloral and Et2Zn.

Table 2 Three-component coupling reaction

Entry 3 : R1 Electrophile Time (h) 12 : Yielda (%) anti : synb

1 3a : tBu 2.0 0 —

2 tBu 1.0 12a : 79 62 : 38

3 3b : Et 1.0 12b : 54 83 : 17

4 3c : Cy 1.0 12c : 47 69 : 31

5 tBu 2.0 12d : 43 50 : 50

6 tBu 3.0 12e : 26 50 : 50

7 tBu 4.0 12f : 32 62 : 38

8 tBu 2.0 0 —

9 tBu 3.0 0 —

10 tBu 1.0 12g : 45c 100 : 0

11 Et 1.0 12h : 64c 100 : 0

a Isolated yield. b Determined by 1H NMR and/or HPLC. c 1.0 equiv of
the electrophile (imine) was used.
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an effort to avoid the undesirable formation of the homo-
coupling product 10a, a solution of diethylzinc was added to
a mixture of the a-imino thioester 3a and chloral at �78 �C
(entry 2). An increase in the formation of the cross-coupling
product 12a was observed when 1.5 equivalents of chloral
were used. The best result was obtained when the reaction was
carried out with 2.0 equivalents of chloral, and in this case the
desired product was obtained in 79% yield (entry 4). An addi-
tional increase in the amount of chloral did not lead to a further
improvement of the product yield (entry 5). Since diethylzinc
did not react with chloral at �78 �C, a solution of the thioester
3awas added to amixture of choral and diethylzinc. In this case,
however, an increased amount of the homo-coupling product
10a was obtained (entry 6). Under the best conditions found for
the cross-coupling reaction, various aldehydes and imines were
subjected to the three-component coupling reaction, and Table
2 summarizes the results.

Benzaldehyde did not react with the intermediary zinc eno-
late, but only the homo-coupling product 10a was obtained (entry
1). The use of the cyclohexylthio ester recorded a slightly better
diastereoselectivity of 69 : 31, whereas in the case of the ethylthio
ester the ratio of the diastereomers was improved to 83 : 17,
although the product yields were moderate (entry 3 and 4). Bromal
also reacted with the enolate to give the three-component coupling
product 12d in moderate yield, presumably due to the decreased
reactivity of bromal compared with that of chloral (entry 5). Ethyl
glyoxylate and acrolein did not serve as a good electrophile in this
three-component coupling reaction, and the addition reaction
gave moderate yields of the products (entries 6 and 7). Regarding
the use of imines, a simple imine derived from para-chlor-
obenzaldehyde and anisole did not give the addition product, nor
did its para-tosyl derivative, a relatively reactive imine (entries 8
and 9). The imine derived from ethyl glyoxylate is a better elec-
trophile in this three-component coupling reaction to give the anti-
coupling adduct as a sole product, in which the ethylthio ester
served as a better substrate (entries 10 and 11). We further exam-
ined the use of other dialkylzinc reagents as the initialN-alkylation
reagent. Table 3 summarizes the results.

The use of diisopropylzinc and diphenylzinc was exam-
ined besides diethylzinc. Diisopropylzinc underwent
© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 13097–13104 | 13099
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Table 3 Comparison of dialkylzinc reagents

Entry R Time (h) 12a (%) anti/synb

1 Et 1.0 12a : 79 62 : 38
2 iso-Pr 1.5 12i : 75 56 : 44
3 Ph 3.5 0 —

a Isolated yield. b Determined by 1H NMR and/or HPLC.
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a similar N-alkylation reaction to give the three-component
coupling product 12i in 75% yield, whereas diphenylzinc
did not add to the a-imino thioester 3a, but only the starting
thioester 3a was recovered (entries 2 and 3). Regarding the
reaction mechanisms the following Scheme 6 shows possible
pathways.

First, diethylzinc coordinates with the a-imino thioester 3a
and N-ethylation proceeds to give the zinc enolate A, which reacts
Scheme 6 Plausible reaction pathways.

13100 | RSC Adv., 2021, 11, 13097–13104
with chloral to form the b-hydoroxy a-amino thioester 12a via a six-
membered transition state C. In the case of the reaction with an
imine, the addition also proceeds via a six-membered transition
stateD to give the a,b-diamino thioester 12g. Since there exist three
chelated metallacycles in the TS D, a relatively xed intermediate
would be involved in this model having an N,O-chelated electro-
philic imine, leading to a formation of the anti-adduct 12g with
high diastereoselectivity. In contrast, in the TS C for the addition
with chloral, since there are only twometllacycles and no chelation
is available between the aldehyde substituent (CCl3) with the zinc
atom, the anti-selectivity would be affected compared with the case
of the imine as an electrophile.
3 Conclusions

In conclusion, a-imino thioesters are useful substrates for the
Umpolung N-addition of dialkylzinc reagents to form the zinc
enolates. A simple theoretical calculation explains the high
reactivity of a-imino thioesters.9,13 Since the intermediary zinc
enolates formed upon the N-alkylation rapidly react with the
parent a-imino thioesters to give homo-coupling products, cross-
coupling reactions are not readily carried out. In the present
study, we found that the addition of dialkylzinc to a mixture of a-
imino thioester and reactive aldehydes or imines at low tempera-
ture gave three-component coupling products in good yields with
high anti-selectivity. The formed b-hydroxy a-amino thioesters and
a,b-diamino thioesters are potentially useful intermediates for
further functional group interconversions with respect to the
thioester moieties.14 Since the present procedure offers a rapid
assembly of three components efficiently, this methodology is
useful in addition to the existing precedents for the synthesis of
1,2-hydroxy amines1,2 and 1,2-diamines.15
4 Experimental
General aspects

Infrared spectra were determined on a JASCO FT/IR-460 plus
spectrometer. 1H NMR (400 and 500 MHz) and 13C NMR (100
and 125 MHz) spectra were recorded with a JEOL ECX-400P, or
a JEOL A-500 spectrometer using tetramethylsilane as an
internal standard. Mass spectra were recorded on a JEOL MS-
700D spectrometer. High-performance liquid chromatography
(HPLC) was carried out on a Hitachi L-4200 detector and
a Hitachi L-6200 pump. Toluene (PhCH3), was dried over CaH2,
distilled, and stored over molecular sieves 4 Å. 1,2-Dimethoxy-
ethane (DME) was distilled from calcium hydride and then
cupper(I) chloride, and stored over sodium. Purication of
products was performed by column chromatography on silica
gel (Kanto Silica Gel 60N) and/or preparative TLC on silica gel
(Merck Kiesel Gel GF254 or Wako Gel B-5F). The staring mate-
rials 1b, 2b, 3a–c were prepared as reported.7d,q,s
Ethyl 2-[ethyl(4-methoxyphenyl)amino]-2-phenylacetate 5

Under an argon atmosphere, a suspension of the a-imino ester
1b (42.5 mg, 0.15 mmol) in DME (0.50 mL) was stirred at rt for
5 min, and to it was slowly added Et2AlCl in nhexane (0.17 mL,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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0.18 mmol, 1.05 M). Aer the mixture was stirred for 15 min, it
was quenched with an aq. solution of Rochelle's salt (5.0 mL,
30.0 g in 75 mL H2O), and the mixture was stirred at rt for
30 min. The whole mixture was extracted with ethyl acetate
(5.0 mL � 5). The combined extracts were washed with an aq.
solution of Rochelle's salt, dried over anhydrous Na2SO4, and
concentrated in vacuo. The crude product was puried on silica
gel TLC (nhexane : ethyl acetate ¼ 5 : 1) under an argon atmo-
sphere to give the title compounds 5 (1.84 mg, 4%) and the
recovered 1b (30.5 mg, 70%). The spectral data were identical
with those reported.7d

Yield 4% (1.84mg); a yellow oil; 1HNMR (400MHz, CDCl3) d 0.88
(t, 3H, J¼ 6.9 Hz), 1.17 (t, 3H, J¼ 7.3 Hz), 3.03–3.29 (m, 2H), 3.78 (s,
3H), 4.06–4.23 (m, 2H), 5.26 (s, 1H), 6.76–6.94 (m, 4H), 7.15–7.48 (m,
5H); 13C NMR (125 MHz, CDCl3) d 13.0, 14.1, 43.9, 55.5, 60.8, 68.7,
114.3, 119.8, 128.0, 128.4, 128.7, 136.6, 142.6, 153.7, 172.0; IR (neat)
2950, 1755, 1520, 1260, 1190, 1040, 825, 700 cm�1; HRMS (EI) calcd
for C19H23NO3 (M)+ 313.1678, found 313.1692.

S-Ethyl 2-[ethyl(4-methoxyphenyl)amino]-2-
phenylethanethioate 6

Under an argon atmosphere, a suspension of the a-imino
thioester 2b (44.9 mg, 0.15 mmol) in DME (0.50 mL) was stirred
at rt for 5 min, and to it was slowly added Et2AlCl in nhexane
(0.17 mL, 0.18 mmol, 1.05 M). Aer the mixture was stirred for
15 min. The reaction was quenched with an aq. solution of
Rochelle's salt (5.0 mL, 30.0 g in 75 mL of H2O), and the mixture
was stirred at rt for 30 min. The whole mixture was extracted
with ethyl acetate (5.0 mL � 5). The combined extracts were
washed with an aq. solution of Rochelle's salt, dried over
anhydrous Na2SO4, and concentrated in vacuo. The crude
product was puried on silica gel TLC (nhexane : ethyl acetate¼
5 : 1) under an argon atmosphere to give the title compounds 6
(40.5 mg, 80%) and the recovered 2b (2.3 mg, 5%).

Yield 80% (40.5 mg, 80%); a yellow oil; Rf ¼ 0.80 (nhex-
ane : ethyl acetate¼ 10 : 1, developed twice); 1H NMR (500MHz,
CDCl3) d 0.92 (dd, J¼ 7.0, 7.0 Hz, 3H), 1.22 (dd, J¼ 7.3, 7.3 Hz, 3H),
2.91–2.81 (m, 2H), 3.05 (dq, J¼ 7.0, 14.0 Hz, 1H), 3.15 (dq, J¼ 7.0,
14.0 Hz, 1H), 3.76 (s, 3H), 6.83–6.80 (m, 2H), 5.27 (s, 1H), 6.91–6.88
(m, 2H), 7.32–7.26 (m, 5H); 13CNMR (125MHz, CDCl3) d 12.7, 14.5,
23.3, 44.2, 55.5, 76.4, 114.3, 120.5, 128.0, 128.3, 129.3, 135.8, 142.0,
154.0, 201.9; IR (neat) 2971, 2931, 2833, 1684, 1510, 1452, 1375,
1244, 1180, 1038, 966, 819, 761, 702 cm�1; HRMS (EI) calcd for
C19H23NO2S(M)+ 329.1450, found 329.1447.

(2R*,3S*)-4-(tert-Butylthio)-1,1,1-trichloro-3-[ethyl(4-
methoxyphenyl)amino]-4-oxobutan-2-yl acetate 12a: general
procedure for the three-component coupling reaction

In a 30 mL two-necked round-bottomed ask equipped with
a magnetic stirring bar, a rubber septum, and an argon balloon
were placed S-(tertbutyl) 2-[(4-methoxyphenyl)imino]
ethanethioate 3a (37.7 mg, 0.15 mmol), and chloral (0.029
mL, 0.30 mmol) in toluene (3.0 mL) at �78 �C, and to it was
slowly added Et2Zn (0.30 mL, 1.00 M, 0.30 mmol). Aer the
mixture was stirred for 2 h at �78 to �50 �C, to it was added
AcCl (0.11 mL, 1.50 mmol) and stirred for 15.5 h at 0 �C. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
mixture was quenched with aq. NaHCO3 (10.0 mL), and the
whole mixture was extracted with ethyl acetate (5.0 mL � 3).
The combined extracts were washed with brine, dried over
anhydrous Na2SO4, and concentrated in vacuo. The crude
product was puried on silica gel TLC (toluene : ethyl acetate ¼
8 : 1) to give the title compound 12a (55.5 mg, 79%) and S,S-di-
tert-butyl (2S*,3R*)-2-[ethyl(4-methoxyphenyl)amino]-3-[N-(4-
methoxyphenyl)acetamido]butanebis(thioate) 10a (5.2 mg, 6%).

12a. Yield 79% (55.5 mg, anti : syn ¼ 62 : 38); a yellow oil; Rf
¼ 0.63 (toluene : ethyl acetate ¼ 7 : 1); 1H NMR (400 MHz,
CDCl3) d 1.02 (dd, J ¼ 6.9, 6.9 Hz, 1.11H), 1.06 (dd, J ¼ 6.9,
6.9 Hz, 1.89H), 1.44 (s, 5.67H), 1.45 (s, 3.33H), 1.99 (s, 1.89H), 2.12
(s, 1.11H), 3.20 (dq, J¼ 6.9, 7.2 Hz, 1.26H), 3.29 (dq, J¼ 6.9, 7.2 Hz,
1.26H), 3.40 (dq, J ¼ 7.0, 7.1 Hz, 0.74H), 3.94 (dq, J ¼ 7.0, 7.1 Hz,
0.74H), 3.77 (s, H), 3.78 (s, H), 4.61 (d, J ¼ 7.6, 0.63H), 4.78 (d, J ¼
8.7, 0.37H), 6.02 (d, J ¼ 8.7, 0.37H), 6.34 (d, J ¼ 7.6, 0.63H), 6.83–
6,94 (m, 4H); 13C NMR (100 MHz, CDCl3) d 12.6, 13.2, 20.5, 20.6,
29.5, 29.6, 40.7, 42.1, 48.7, 49.1, 55.5, 55.5, 71.4, 71.4, 76.4, 77.2,
98.5, 98.7, 114.4, 114.5, 118.1, 119.1, 140.0, 141.1, 153.2, 153.5,
168.2, 168.7, 194.3, 195.5; IR (neat) 2965, 2930, 2835, 1767, 1676,
1511, 1368, 1246, 1205, 1040, 805, 768 cm�1; HRMS (EI) calcd for
C19H26Cl3NO4S (M)+ 469.0648, found 469.0645.

10a. Yield 6% (5.2 mg, anti : syn ¼ 100 : 0); a yellow oil; Rf ¼
0.40 (nhexane : ethyl acetate¼ 3 : 1); 1H NMR (400 MHz, CDCl3)
d 1.04 (dd, J ¼ 6.8, 6.8 Hz, 3H), 1.40 (s, 9H), 1.43 (s, 9H), 1.78 (s,
3H), 3.15–3.32 (m, 2H), 3.74 (s, 3H), 3.83 (s, 3H), 4.39 (d, J ¼
11.3 Hz, 1H), 6.05 (d, J ¼ 11.3 Hz, 1H), 6.75–7.12 (m, 8H); 13C-
NMR (100 MHz, CDCl3) d 13.1, 23.2, 29.5, 29.8, 40.1, 48.4,
48.6, 55.4, 60.8, 70.9, 114.0, 114.4, 119.6, 131.0, 131.9, 140.8,
153.4, 159.4, 170.8, 195.1, 196.5; IR (neat) 2965, 1674, 1511,
1456, 1365, 1293, 1250, 1036, 731, 647 cm�1; HRMS (EI) calcd
for C30H42N2O5S2 (M)+ 574.2535, found 574.2517.

(2R*,3S*)-1,1,1-Trichloro -4-(ethylthio)-3-[ethyl(4-
methoxyphenyl)amino]-4-oxobutan-2-yl acetate 12b

Yield 54% (36.1 mg, anti : syn ¼ 83 : 17); a yellow oil; Rf ¼ 0.65
(toluene : ethyl acetate ¼ 8 : 1); 1H NMR (400 MHz, CDCl3)
d 1.04 (dd, J¼ 7.1 Hz, 2.49H), 1.09–1.13 (m, 0.51H), 1.23 (dd, J¼
7.3 Hz, 0.51H), 1.23 (dd, J ¼ 7.3 Hz, 2.49H), 1.98 (s, 0.51H), 2.12
(s, 2.49H), 2.81–2.92 (m, 2H), 3.26–3.54 (m, 2H), 3.77 (s, 0.51H),
3.77 (s, 2.49H), 4.69 (d, J ¼ 6.9 Hz, 0.17H), 4.85 (d, J ¼ 8.2 Hz,
0.83H), 6.06 (d, J ¼ 8.2 Hz, 0.83H), 6.41 (d, J ¼ 6.4 Hz, 0.17H),
6.78–6.96 (m, 4H); 13C NMR (100 MHz, CDCl3) d 12.6, 13.1, 14.5,
14.7, 20.6, 21.0, 23.7, 23.7, 41.2, 43.1, 55.5, 55.5, 71.8, 71.8, 76.5,
77.2, 98.5, 98.8, 114.4, 114.7, 118.0, 119.3, 140.0, 140.8, 153.2,
153.6, 168.3, 168.6, 193.9, 196.2; IR (neat) 2971, 2932, 1772,
1679, 1511, 1371, 1247, 1202, 1039, 797, 764 cm�1; HRMS (EI)
calcd for C17H22Cl3NO4S(M)+ 441.0335, found 441.0347.

(2R*,3S*)-1,1,1-Trichloro-4-(cyclohexylthio)-3-[ethyl(4-
methoxyphenyl)amino]-4-oxobutan-2-yl acetate 12c

Yield 47% (35.3 mg, anit : syn ¼ 69 : 31); a yellow oil; Rf ¼ 0.58
(nhexane : ethyl acetate ¼ 3 : 1); 1H NMR (400 MHz, CDCl3)
d 1.03 (dd, J ¼ 6.87 Hz, 2.07H), 1.09 (dd, J ¼ 6.87 Hz, 0.93H),
1.19–1.62 (m, 6H), 1.66–1.69 (m, 2H), 1.85–1.95 (m, 2H), 1.99 (s,
0.93H), 2.12 (s, 2.07H), 3.23–3.38 (m, 1H), 3.44–3.53 (m, 2H),
RSC Adv., 2021, 11, 13097–13104 | 13101
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3.77 (s, 0.93H), 3.78 (s, 2.07H), 4.67 (d, J ¼ 6.87 Hz, 0.31H), 4.81
(d, J ¼ 8.24 Hz, 0.69H), 6.05 (d, J ¼ 8.24 Hz, 0.69H), 6.39 (d, J ¼
6.87 Hz, 0.31H), 6.79–6.96 (m, 4H); 13C NMR (100 MHz, CDCl3)
d 12.6, 13.2, 20.6, 20.6, 25.4, 25.4, 25.8, 25.9, 32.6, 32.7, 32.8,
33.0, 41.0, 42.8, 42.9, 55.4, 55.5, 71.7, 71.8, 76.4, 76.5, 98.5, 98.7,
114.4, 114.4, 118.1, 119.4, 140.0, 141.0, 153.2, 153.6, 168.3,
168.7, 193.6; IR (neat) 2933, 2854, 1770, 1675, 1511, 1371, 1247,
1203, 1039, 910, 797, 764, 732 cm�1; HRMS (EI) calcd for C21-
H28Cl3NO4S(M)+ 495.0805, found 495.0805.
(2R*,3S*)-1,1,1-Tribromo-4-(tert-butylthio)-3-[ethyl(4-
methoxyphenyl)amino]-4-oxobutan-2-yl acetate 12d

Yield 43% (38.7 mg, anti : syn ¼ 50 : 50); a yellow oil; Rf ¼ 0.63
(toluene : ethyl acetate ¼ 7 : 1); 1H NMR (400 MHz, CDCl3) d

1H
NMR (400 MHz, CDCl3) d 1.04–1.07 (m, 3H), 1.45 (s, 9H), 2.03 (s,
1.5H), 2.14 (s, 1.5H), 3.22–3.25 (m, 1H), 3.47 (dq), 3.60 (dq), 3.78 (s,
3H), 4.55 (d, J¼ 6.9 Hz, 0.5H), 4.75 (d, J¼ 7.8 Hz, 0.5H), 5.96 (d, J¼
7.8 Hz, 0.5H), 5.34 (d, J¼ 7.6 Hz, 0.5H), 6.82–6.96 (m, 4H); 13C NMR
(100 MHz, CDCl3) d 12.6, 13.2, 20.7, 20.8, 29.5, 29.6, 41.0, 41.1, 42.1,
48.7, 49.1, 55.4, 55.5, 72.4, 72.7, 77.2, 77.5, 77.5, 114.3, 114.4, 118.4,
119.0, 140.0, 140.9, 153.1, 153.3, 168.2, 168.7, 194.3, 195.7; IR (neat):
2964, 2929, 1763, 1676, 1511, 1366, 1246, 1205, 1039, 696, 648 cm�1;
HRMS (EI) calcd for C19H26Br3NO4S (M)+ 600.9133, found 600.9128.
Ethyl (2R*,3S*)-2-acetoxy-4-(tert-butylthio)-3-[ethyl(4-
methoxyphenyl)amino]-4-oxobutanoate 12e

Yield 26% (16.3 mg, anti : syn ¼ 50 : 50); a yellow oil; Rf ¼ 0.65
(toluene : ethyl acetate¼ 8 : 1); 1HNMR (400MHz, CDCl3) d

1HNMR
(400 MHz, CDCl3) d 1.02–1.22 (m, 6H), 1.45 (s, 4.5H), 1.46 (s, 4.5H),
2.09 (s, 1.5H), 2.11 (s, 1.5H), 3.18–3.46 (m, 2H), 3.76 (s, 1.5H), 3.77 (s,
1.5H), 3.99–4.15 (m, 2H), 4.63 (d, J¼ 7.3H, 0.5H), 4.84 (d, J¼ 5.3 Hz,
0.5H), 5.44 (d, J¼ 7.3 Hz, 0.5H), 5.71 (d, J¼ 4.6 Hz, 0.5H), 6.79–6.90
(m, 3H), 7.07–7.11 (m, 1H); 13C NMR (100 MHz, CDCl3) d 10.8, 10.8,
13.1, 14.2, 24.5, 24.5, 29.6, 29.8, 39.8, 39.8, 48.5, 48.6, 55.2, 55.4, 60.4,
65.2, 69.1, 72.3, 76.4, 77.6, 113.4, 114.1, 119.9, 119.9, 130.2, 130.2,
137.7, 141.2, 153.4, 156.8, 173.5, 173.5, 194.9, 197.8; IR (neat) 2964,
1734, 1675, 1510, 1463, 1244, 1179, 1038, 995, 834, 755 cm�1; HRMS
(EI) calcd for C21H31NO6S (M)+ 425.1872, found 425.1875.
(3S*,4S*)-5-(tert-Butylthio)-4-[ethyl(4-methoxyphenyl)amino]-
5-oxopent-1-en-3-yl acetate 12f

Yield 32% (18.1 mg, anti : syn ¼ 62 : 38); a yellow oil; Rf ¼ 0.62
(toluene : ethyl acetate ¼ 8 : 1); 1H NMR (400 MHz, CDCl3) d 0.99–
1.07 (m, 3H), 1.44 (s, 3.42H), 1.44 (s, 5.58H), 1.95 (s, 1.14H), 2.02 (s,
1.86H), 3.27 (dq, J ¼ 7.0, 7.0 Hz, 0.76H), 3.32 (dq, J ¼ 7.0, 7.2 Hz,
1.24H), 3.77 (s, 3H), 4.22 (d, J¼ 8.2 Hz, 0.38H), 4.25 (d, J¼ 9.2 Hz,
0.62H), 5.18–5.25 (m, 1H), 5.28–5.37 (m, 1H), 5.80–5.92 (m, 2H),
6.75–6.88 (m, 4H); 13C NMR (100 MHz, CDCl3) d 13.1, 13.2, 20.9,
29.7, 40.6, 41.2, 48.3, 48.3, 55.5, 71.7, 71.9, 73.7, 74.8, 114.4, 118.3,
118.6, 118.8, 118.9, 133.5, 133.8, 141.3, 142.0, 153.2, 153.3, 169.4,
169.5, 197.6, 197.8; IR (neat) 2965, 2930, 2867, 2834, 1749, 1675,
1511, 1365, 1230, 1039, 936, 817 cm�1; HRMS (EI) calcd for
C20H29NO4S (M)+ 379.1817, found 379.1822.
13102 | RSC Adv., 2021, 11, 13097–13104
S,S-Di-tert-butyl (2S*,3R*)-2-[ethyl(4-methoxyphenyl)amino]-
3-[N-(4-methoxyphenyl)acetamido]butanebis(thioate) 12g

Yield 45% (35.9 mg, anti : syn¼ 100 : 0); an orange oil; Rf ¼ 0.25
(nhexane : ethyl acetate ¼ 2 : 1); 1H NMR (500 MHz, CDCl3)
d 1.01 (dd, J¼ 6.9, 6.9, 3H), 1.17 (dd, J¼ 7.3, 7.3 Hz, 3H), 1.40 (s,
9H), 1.78 (s, 3H), 3.17 (dq, J ¼ 6.9, 7.0 Hz, 1H), 3.24 (dq, J ¼ 6.9,
7.0 Hz, 1H), 3.74 (s, 3H), 3.83 (s, 3H), 4.03 (dq, J ¼ 7.3, 10.8 Hz,
1H), 4.12 (dq, J¼ 7.3, 10.8 Hz, 1H), 4.44 (d, J¼ 11.3 Hz, 1H), 5.53
(d, J ¼ 11.3 Hz, 1H), 6.60–7.58 (m, 8H); 13C NMR (125 MHz,
CDCl3) d 13.0, 13.9, 23.0, 29.7, 40.1, 48.4, 55.4, 58.2, 61.3, 70.9,
114.2, 114.5, 118.9, 131.2, 132.9, 141.0, 153.3, 159.4, 171.2,
171.6, 195.2; IR (neat) 2965, 2934, 2870, 1735, 1668, 1511, 1463,
1377, 1296, 1248, 1183, 1036, 986, 840, 755 cm�1; HRMS (EI)
calcd for C28H38N2O6S (M)+ 530.2451, found 530.2432.

Ethyl (2R,3S)-3-[ethyl(4-methoxyphenyl)amino]-4-(ethylthio)-
2-[N-(4-methoxyphenyl)acetamido]-4-oxobutanoate 12h

Yield 64% (48.2 mg, anti : syn¼ 100 : 0); a pale yellow oil; Rf¼ 0.28
(toluene : ethyl acetate ¼ 7 : 1); 1H NMR (500 MHz, CDCl3) d 1.00
(dd, J ¼ 7.1, 7.1 Hz, 3H), 1.18 (dd, J ¼ 7.3, 7.3 Hz, 3H), 1.20 (t, J ¼
7.5 Hz, 3H), 1.78 (s, 3H), 2.80 (q, J ¼ 7.5 Hz, 2H), 3.17 (dq, J ¼ 7.1,
14.3Hz, 1H), 3.21 (dq, J¼ 7.1, 14.3Hz, 1H), 3.74 (s, 3H), 3.82 (s, 3H),
4.02–4.17 (m, 2H), 4.55 (d, J ¼ 11.0 Hz, 1H), 5.57 (d, J ¼ 11.0 Hz,
1H), 6.75–7.48 (m, 8H); 13C NMR (125 MHz, CDCl3) d 12.9, 13.9,
14.7, 23.0, 23.3, 40.5, 55.4, 58.6, 61.3, 70.9, 114.2, 114.4, 119.2, 131.1,
132.8, 140.9, 153.5, 159.4, 170.8, 171.6, 195.1; IR (neat): 2934, 2837,
1736, 1667, 1511, 1376, 1297, 1247, 1183, 1034, 839, 754 cm�1;
HRMS (EI) calcd for C26H34N2O6S (M)+ 502.2138, found 502.2160.

(2R*,3S*)-4-(tert-Butylthio)-1,1,1-trichloro-3-(isopropyl(4-
methoxyphenyl)amino)-4-oxobutan-2-yl acetate 12i

Yield 75% (54.4 mg, anti : syn ¼ 56 : 44); a yellow oil; Rf ¼ 0.53
(nhexane : ethyl acetate ¼ 5 : 1); 1H NMR (400 MHz, CDCl3)
d 0.99 (d, J¼ 6.4 Hz, 1.32H), 1.17 (d, J¼ 6.9 Hz, 1.64H), 1.22 (d, J
¼ 6.9 Hz, 1.32H), 1.32 (d, J¼ 6.4 Hz, 1.64H), 1.41 (s, 5.04H), 1.52
(s, 3.96H), 1.97 (s, 1.68H), 2.09 (s, 1.32H), 3.72–3.83 (m, 0.56H),
3.76 (s, 1.68H), 3.79 (s, 1.34H), 3.94 (dq, J ¼ 6.7, 6.6 Hz, 0.44H),
4.45 (d, J¼ 7.3 Hz, 0.56H), 4.46 (d, J¼ 6.9 Hz, 0.44H), 5.91 (d, J¼
7.3 Hz, 0.44H), 6.46 (d, J¼ 6.9 Hz, 0.56H), 6.76–7.21 (m, 4H); 13C
NMR (100 MHz, CDCl3) d 20.5, 20.7, 21.3, 21.6, 22.1, 23.8, 29.5,
29.7, 48.3, 48.9, 50.4, 50.8, 55.3, 55.4, 70.1, 72.4, 76.0, 78.2, 99.0,
99.4, 113.5, 113.9, 122.8, 129.5, 138.4, 139.6, 154.3, 156.5, 168.2,
168.8, 197.5, 197.9; IR (neat) 2966, 2835, 1768, 1679, 1513, 1367,
1244, 1205, 1039, 808, 766, 734 cm�1; HRMS (EI) calcd for
C20H28Cl3NO4S(M)+ 483.0805, found 483.0822.
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