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The Reformatsky analogous reaction for the
synthesis of novel pB-thioxoesters via using aroyl

isothiocyanates under solvent-free ball milling and
conventional conditionsT

Paula S. Farag, Magdy M. Hemdan and Aya . Hassaballah © *

The classical Reformatsky reaction, initially described in 1887, is considered one of the most useful ways of
forming C-C bonds. The target of this work includes improving the Reformatsky reaction between aroyl
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isothiocyanates and a-haloesters using metallic zinc to form B-thioxoesters (3-11). In this procedure,

a new metal-mediated carbon-carbon linkage is formed with the formation of an organozinc halide and
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Introduction

The Reformatsky reaction™* was discovered in 1887 and is still
extensively used in the synthesis of heterocyclic compounds
because it allows the direct insertion of Zn(0) into «-haloge-
nated esters, and the successive addition of the resulting zinc
enolate to ketones, aldehydes, or imines.** The classical form of
the Reformatsky reaction is demonstrated, as shown in Scheme
1A, through the nucleophilic addition of a zinc enolate inter-
mediate to the C=0 of aldehydes or ketones leading to the
formation of a B-hydroxy ester. The essential tool in recent
organic synthesis is the formation of C-C bonds. For several
reactions this consists of the metal-mediated synthesis of
complex organic compounds, where nucleophilic addition to
electrophiles has been established. However, the high basicity
and/or nucleophilicity of some organometallic reagents limits
their utility in late-stage modification, where sensitive func-
tional groups may already be present in the chemical structure.
On the other hand, organozinc®’ species are a type of “mild”
organometallic compound with great functional group
compatibility. Conversely,® the creation of organozinc species
frequently necessitates first gaining access to more reactive
organometallics, which are subsequently transmetalized with
Zn(u) salts to yield the necessary organozinc reactant. Activated
Zn(0) can also be utilized to make oxidative additions to
carbon-halogen bonds® (Scheme 1A). Since solvents must often
be distilled and dried before use, inert gases are frequently
required and, in the case of organozinc reagents, the form of the
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decomposition due to the presence of dilute acid, affording a good yield of the desired product via
conventional techniques and ball milling. The Reformatsky reaction requires no solvent and no inert gases.

bulk metal can play an important role, and chemical additives
are typically required to generate the activated zinc species, so
the formation and manipulation of organometallic compounds
are not particularly clean or green.

Herein, the formation of our target C-C linkage was obtained
through the addition of zinc-enolate to the thiocarbonyl group
(C=9) of isothiocyanate as the starting organic reagents in the
Reformatsky reaction, generating the corresponding organo-
zinc species from the reaction of Zn(0) with o-halogenated
esters to give a B-thioxoester (Scheme 1B).

Results and discussion

The research began with the treatment of the model substrates,
benzoyl isothiocyanate (1)"*** (1 mmol) and ethyl 2-
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Scheme 1 (A) The Reformatsky-reaction-based formation of a f-
hydroxy ester. (B) The Reformatsky-analogous-reaction-based
formation of a B-thioxoester.
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Table 1 Optimization of the Reformatsky analogous reaction

Q o s o
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N” A~ . NJ\/U\()D
+ Br” “COOEt H

Zn, dust <10 mm

Benzene

1 2 3
Entry  Zn[equiv.] 2 [equiv.]  Solvent Time [h]  Yield [%]
1 1 1.5 Benzene 2 60
2 1.4 1.5 Benzene 1 63
3 1.8 1.5 Benzene 2 68
4 2 1.5 Benzene 2 68
5 2.4 2.0 Benzene 1.5 70
6 2.8 2.0 Benzene 2 74
7 3 2.0 Benzene 2.5 95
8 0 2.0 Benzene 2.5 0

bromoacetate (2) (1.5 mmol) with 1 equivalent of zinc (dust <10
mm) heated at 60 °C in benzene (15 ml) for 1-3 h under an N,
atmosphere, as shown in Table 1. The reaction mixture was
cooled to 0 °C in ice and then the reaction was quenched with
10% HCI. IR and "H-NMR spectroscopy of the pure compound
confirmed that ethyl 3-benzamido-3-thioxopropanoate (3) was
produced in 60% yield (Table 1, entry 1). When the amount of
zinc was increased to 1.4 equivalents, the yield of the targeted
thioxoester product 3 was greater at 63% (Table 1, entry 2).
Adding more zinc with ethyl 2-bromoacetate (2) gave
a substantial improvement in yield (Table 1, entries 3-7). With
the adjusted reagent ratio in hand, a reaction time study eval-
uated four different reaction durations of 1, 1.5, 2, and 2.5 h.
(Table 1, entries 2 and 5-7), revealing that the reaction requires
2.5 h for complete conversion. The desired product was not
produced in a controlled experiment in which zinc was not
added to the reaction (Table 1, entry 8).

Then we applied the optimized conditions to another 6
different solvents, as shown in Table 1, entry 7, using a fixed
equivalent of zinc : ethyl 2-bromoacetate (3 : 2) for each sample.
Luckily, we found that in all cases, regardless of the solvent
used, the Reformatsky analogous reaction was successful (Table
2).

After establishing the optimized conditions, the reactivity
with ethyl 2-bromoacetate and zinc (dust <10 mm) under
heating was studied (Scheme 2). We found that the Reformatsky
analogous reaction showed good functional group tolerance.

Table 2 Reformatsky analogous reaction using different solvents

Entry Solvent Time [h] Yield [%]
1 Benzene 2.5 95
2 Diethyl ether 2.5 73
3 Toluene 2.5 86
4 Chloroform 2.5 90
5 Dioxane 2.5 83
6 Acetonitrile 2.5 89
7 Tetrahydrofuran 2.5 80
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Scheme 2 The scope of isothiocyanate electrophiles in the Refor-
matsky analogous reaction. Reaction conditions: isothiocyanate
derivative (1 mmol), ethyl 2-bromoacetate (2 mmol), and zinc (dust,
<10 mm, 3 equivalents). Yield refers to the separated products.

The highly hindered substrate 2-chlorobenzoyl iso-
thiocyanate provides the corresponding thioxoester 4 in good
yield (72%). Aromatic isothiocyanates were also effective
substrates, leading to high yields of isolated products [5-7, 69-
81%] (Scheme 2). Under these conditions, the isothiocyanate
heterocyclic derivatives were also capable electrophiles,
providing isolated products 8 and 9 with 86% and 68% yields,
respectively. Aliphatic isothiocyanates such as caproyl and
lauroyl isothiocyanates 10 and 11 gave a poor yield of 42%
(Scheme 2).

When a solution-based reaction was compared to one per-
formed under ball-milling conditions with comparable chem-
icals, the convenience of the method was proved (Scheme 3).
The solution-based reaction in dry solvent and under a nitrogen
atmosphere (N,) at 60 °C with zinc dust yielded 42-95% of the
desired products. However, the reaction mixture under ball-
milling conditions progressed smoothly without any solvent,
inert gas, or additive, giving yields of 50-79% of the desired
product (Table 3).

We first compared our mechanochemical technique to the
production of such chemicals with a conventional strategy

5
*Br” coort |22

Ar’ N - SN ORI 1
H Ball Millir .

3-11

Ball Milling Protocol

Scheme 3 The Reformatsky analogous reaction with zinc dust under
different conditions.
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using green metrics, such as atom economy (AE)."*® The effi-
ciency with which the atoms in the starting components of
a reaction are incorporated into the intended product is
referred to as the AE" (i.e., how efficiently a reaction makes use
of the reactant atoms)."*2° However, because we employed two
different reaction conditions to achieve identical target
compounds, the AE values for the mechanochemical and

traditional techniques were the same. The theoretical

Table 3 The Reformatsky analogous reaction via the ball-milling
technique

0
P W
7 4
Ar N B N
1

Zn, dust <10mm
COOEt — R T viline

[¢] S
Ar N
H

Ball Milling
2 30Hz
Entry Ar. Time [h] Yield [%]
1 4.5 56
2 4 70
|
3 5 53

O
5 Ph—N = X
\N/ ON 4.5 55
Ph
6 o 4 79
\ 0
7 o 4 50
\ s
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Table 4 Physical data relating to the synthesized target heterocyclic

compounds under solvent-free ball-milling and conventional
conditions®

Yield (YE)

economy (%

Time (min) Yield (%) per min)

Prod. no. B.M. Con. B.M. Con. B.M. Con. AE
3 270 150 56 95 20.7 63.3 76.0
4 240 150 70 72 29.1 48 78.2
5 300 150 53 73 17.6 48.6 77.8
6 270 150 76 69 28.1 46 80.8
7 270 150 55 81 20.3 54 84.8
8 240 150 79 86 32.9 57.3 75.3
9 240 150 50 68 20.8 45.3 76.4
10 300 150 48 42 16 28 75.9
11 300 150 51 42 17 28 80.6

¢ B.M.: ball milling, Con.: conventional method, AE: atom economy.

maximum efficiency of reactant usage is given by AE. As a result,
we developed yield economy (YE) as a parameter to compare the
conversion efficiency of these two different synthetic
approaches for the same reaction.'”*»* The YE is determined
using the following equation: [YE = yield (percent)/reaction
time (min)]. It basically evaluates how much yield (percent) of
the target product is obtained over a given reaction time. A
greater YE indicates a higher conversion rate, a considerably
more efficient chemical process, and a more cost-effective
reaction. In this study, YE was employed to provide a defini-
tive assessment of yields attained under mechanochemical and
conventional settings (Table 4).

Conclusions

The development of an operationally simple one-pot mecha-
nochemical Reformatsky analogous reaction has been
completed using isothiocyanate derivatives (C=S) instead of
aldehydes and/or ketones (C=0). This approach eliminates the
need for dry solvents, inert gases, and chemical additives via
exploiting the organozinc created in situ during milling,
resulting in a process with better green metrics.

Experimental

All melting points were determined using uncorrected Griffin
and George melting-point equipment (Griffin & George Ltd,
Wembley, Middlesex, UK). The quality of the produced
compounds was controlled using aluminum sheet silica gel
F254 (Merck) thin layer chromatography (TLC). The KBr wafer
approach was used to record IR spectra using a Pye Unicam
SP1200 spectrophotometer (Pye Unicam Ltd, Cambridge, UK).
Ball-milling reactions were made in a MM400 mixer-mill
(Retsch GmbH, Haan, Germany), using four 5 mm diameter
stainless steel balls in a 5 ml stainless steel jar and were milled
vigorously at room temperature with frequency of 1800 rounds
per minute (30 Hz). "H-NMR spectra were obtained on a Bruker

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Avance III utilizing a Varian Gemini 400 MHz and an internal
standard of tetramethylsilane (chemical shifts in scale),
whereas "*C-NMR spectra were obtained at 100 MHz in
deuterated dimethyl sulfoxide, where TMS was used as an
internal standard (DMSO-d¢). Elemental studies were per-
formed using a PerkinElmer 2400 CHN elemental analyzer at
the Microanalytical Unit, Faculty of Science, Ain Shams
University, and satisfactory analytical data (+0.4) were obtained
for all substances.

General procedures

Method A: (under inert gas). A solution of isothiocyanate
derivatives 1 (1 mmol) and ethyl 2-bromoacetate (2) (1.5-2.0
mmol) with zinc (dust <10 mm) (3 mmol, 3 equiv.) was reacted
under a nitrogen atmosphere (N,) at 60 °C in dry solvent (15 ml)
for 1-3 h. The reaction mixture was cooled to 0 °C in ice and
then, the reaction was quenched with 10% HCL. The resulting
precipitate was separated by filtration and recrystallized from
the appropriate solvent to afford a pure compound.

Method B: (ball milling). A solution of isothiocyanate
derivatives 1 (1 mmol) and ethyl 2-bromoacetate (2) (2.0 mmol,
2 equiv.) with zinc (dust <10 mm) (3 mmol, 3 equiv.) was reacted
together into a stainless steel jar (5 ml) with four stainless balls
(5 mm in diameter). The reaction vessel and another identical
vessel were closed and fixed on the vibration arms of the mixer-
mill and were vigorously vibrated at room temperature at a rate
of 1800 rounds per minute (30 Hz) for 4-5 h. Then the reaction
was quenched with 10% HCIL The resulting precipitate was
separated by filtration and recrystallized from an appropriate
solvent to afford a pure compound.

Ethyl 3-benzamido-3-thioxopropanoate (3). Pale-yellow crystals;
m.p 140-142 °C; IR (KBI) (Vmax, cm *): 3168 (NH), 3021 (CH
aromatic), 1713 (C=Ogster), 1681 (C=O,miqc). 'H-NMR (400
MHz, DMSO-ds) dppm: 1.12 (t, 3H, CH3), 1.72 (q, / = 7.4 Hz, 2H,
CHy,), 4.89 (s, 2H, CH,), 7.39 (t, J = 8.80 Hz, 1H,romatic), 7-61 (t,]
= 4.84 Hz, 2Haromacic), 7-98 (d, J = 1.52 Hz, 2Hqromacic), 13.66
(br s, 1H, CONHCS, exchangeable with D,0). *C-NMR (100
MHz, DMSO-de) dppm: 10, 21, 68, 126, 128, 10, 131, 166, 169, 179.
Anal. caled for C;,H;3NO;5S (251.30) %: C, 57.35; H, 5.21; N,
5.57; found: C, 57.15; H, 5.25; N, 5.60.

Ethyl 3-(2-chlorobenzamido)-3-thioxopropanoate (4). Yellow
crystals; m.p 152-154 °C; IR (KBr) (Vmaw cm Y): 3196 (NH),
30 060, 3003 (CH aromatic), 1713 (C=Opgter), 1617 (C=O4midc)-
"H-NMR (400 MHz, DMSO-ds) dppm: 1.59 (t, /] = 8.88 Hz, 3H,
CH3;), 1.82 (q,] = 7.4 Hz, 2H, CH,), 3.778 (s, 2H, CH,), 6.75 (t,] =
13.12 Hz, 1H,romatic), 6.96 (d,J = 8.16 Hz, 1Haromatic), 7-07 (d, ] =
9.6 Hz, 1Hromatic), 7-21 (t,J = 13.36 Hz, 1Haromatic), 10.16 (br s,
1H, CONHCS, exchangeable with D,0). "*C-NMR (100 MHz,
DMSO-de) dppm: 20, 22, 70, 127, 128, 129, 137, 146, 155, 159, 171.
Anal. Caled for C;,H;,CINO,S (285.74) %: C, 50.44; H, 4.23; N,
4.90; found: C, 50.48; H, 4.28; N, 4.95.

Ethyl 3-cinnamamido-3-thioxopropanoate (5). White crystals;
m.p 222-224 °C; IR (KBr) (ymax, cm™ *): 3265 (NH), 3130 (CH
aromatic), 1705 (C=Ogster), 1688 (C=O,miqe). 'H-NMR (400
MHz, DMSO-de) dppm: 0.67 (t,] = 15.12 Hz, 3H, CH3), 2.14 (q, ] =
5.96 Hz, 2H, CH,), 5.13 (s, 2H, CH,), 6.73 (t, J] = 14.48 Hz,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1Haromatic), 6-96 (d, J = 8.72 Hz, 2H,romatic), 7-07 (d,J = 7.72 Hz,
1Hgjiefinic)y 7-21 (t,J = 15.68 Hz, 2H romatic), 7.60 (d,J = 8.72 Hz,
1H,jiefinic), 13.75 (br s, 1H, CONHCS, exchangeable with D,0).
*C-NMR (100 MHz, DMSO-de) dppm: 37, 42, 70, 126.03, 126.71,
128.11, 128.46, 128.55, 129.80, 129.89, 167, 170.62, 170.77. Anal.
caled for C,,H;5NO;S (277.34) %: C, 60.63; H, 5.45; N, 5.05;
found: C, 60.60; H, 5.41; N, 5.08.

Ethyl 3-(2-(1,3-dioxoisoindolin-2-yl)acetamido)-3-
thioxopropanoate (6). Yellow crystals; m.p 212-214 °C; IR (KBr)
(Vmax, cm ™ '): 3204 (NH), 3063 (CH aromatic), 2921, 2851 (CH
aliphatic), 1732 (C=Ogster), 1671 (C=Ogmice). 'H-NMR (400
MHz, DMSO-ds) dppm: 1.50 (m, 3H, CHj), 1.70 (q, / = 12.72 Hz,
2H, CH,), 4.89 (s, 2H, CSCH,CO), 4.92 (s, 2H, NCH,CO), 7.38 (m,
2Haromatic)y 7-63 (M, 2Haromatc), 13.69 (br s, 1H, CONHCS,
exchangeable with D,0). ">’C-NMR (100 MHz, DMSO-dg) 6ppm:
15, 22, 65, 66, 123.33, 123.69, 126, 128, 158, 159, 166, 168, 169.
Anal. caled for C,5H,;N,05S (334.35) %: C, 53.89; H, 4.22; N,
8.38; found: C, 53.86; H, 4.25; N, 8.35.

Ethyl(E, Z)-3-(2-cyano-3-(1,3-diphenyl-1H-pyrazol-4-yl)
acrylamido)-3-thioxopropanoate (7). Yellow crystals; m.p 278-
280 °C; IR (KBI) (Vmax, cm™"): 3238 (NH), 3040 (CH aromatic),
2215 (C=N), 1712 (C=O0cster), 1667 (C=0,miac). "H-NMR (400
MHz, DMSO-de) Gppm: 1.26 (t,] = 6.08 Hz, 3H, CH3), 4.56 (q,] =
15.20 Hz, 2H, CH,), 5.42 (s, 2H, CSCH,CO), 7.55 (m, 3Haromatic),
7.67 (my 3Har0matic)1 7.80 (my 3Haromatic); 8.02 (my 2Holiefinic and
aromatic), 13.75 (br s, 1H, CONHCS, exchangeable with D,0). "*C-
NMR (100 MHz, DMSO-de) dppm: 20, 23, 69, 117, 118, 124.32,
124.78, 129, 131, 132, 135, 141, 153, 167, 170. Anal. caled for
C4H,0N,05S (444.51) %: C, 64.85; H, 4.54; N, 12.60; found: C,
64.82; H, 4.50; N, 12.58.

Ethyl 3-(furan-2-carboxamido)-3-thioxopropanoate (8). Orange
crystals; m.p 148-150 °C; IR (KBr) (Vmax, cm ™ '): 3242 (NH), 3051
(CH aromatic), 1710 (C=Oegter), 1669 (C=04miqc)- "H-NMR (400
MHz, DMSO-de) dppm: 2-19 (m, 3H, CH3), 2.59 (m, 2H, CH,), 4.88
(s, 2H, CSCH,CO), 7.61 (dd, J = 7.4 and 1.48 Hz, 1H;omatic), 8-01
(t,J = 7.84 Hz, 1Haromatic), 8-63 (d,J = 8.36 Hz, 1Hromatic), 12.34
(br s, 1H, CONHCS, exchangeable with D,0). *C-NMR (100
MHz, DMSO-ds) dppm: 15, 22, 68, 123.33, 123.69, 126, 128, 158,
159, 168, 169. Anal. caled for C,oH;;NO,S (241.26) %: C, 49.78;
H, 4.60; N, 5.81; found: C, 49.80; H, 4.64; N, 5.83.

Ethyl  3-(thiophene-2-carboxamido)-3-thioxopropanoate  (9).
Yellow crystals; m.p 212-214 °C; IR (KBr) (Vmay, cm ): 3103
(NH), 3053 (CH aromatic), 1730 (C=Oester); 1698 (C=O.mide)-
"H-NMR (400 MHz, DMSO-dq) 0ppm: 1.90 (m, 5H, CH, and CHs),
4.88 (s, 2H, CSCH,CO), 6.69 (dd, /] = 6.56 and 7.32 Hz,
1Haromatic)y 713 (t, J = 15.72 Hz, 1H,romatic), 7-73 (dd, J = 2.36
and 2.52 Hz, 1H,1omatic), 12.34 (br s, 1H, CONHCS, exchangeable
with D,0). "*C-NMR (100 MHz, DMSO-d) dppm: 19, 21, 68, 112,
118, 129.11, 129.50, 149, 169. Anal. caled for C;,H;;NO3S,
(257.32) %: C, 46.68; H, 4.31; N, 5.44; found: C, 46.70; H, 4.28; N,
5.40.

Ethyl 3-hexanamido-3-thioxopropanoate (10). White crystals;
m.p 88-90 °C; IR (KBr) (Vmax, cm ™ "): 3290 (NH), 2922, 2849 (CH
aliphatic), 1711 (C=Oegter); 1635 (C=Oamiac). 'H-NMR (400
MHz, DMSO-de) dppm: 0.88 (t, ] = 10.96 Hz, 3H, OCH,CH), 1.26
(m, 3Haiphatic), 1.38 (M, 4Haiiphatic), 1.64 (M, 4Haiphatic); 4.75 (S,
2H, CSCH,CO), 5.16 (q,J = 15.20 Hz, 2H, OCH,CHj3), 13.69 (br s,

RSC Adv, 2022, 12, 10204-10208 | 10207
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1H, CONHCS, exchangeable with D,0). "*C-NMR (100 MHz,
DMSO-dg) Oppm: 28, 29.29, 29.36, 29.41, 29.60, 29.61, 30, 31, 68,
152, 166, 169. Anal. caled for C,,H;,NO;S (245.34) %: C, 53.85;
H, 7.81; N, 5.71; found: C, 53.88; H, 7.85; N, 5.73.

Ethyl 3-dodecanamido-3-thioxopropanoate (11). White crystals;
m.p 78-80 °C; IR (KBr) (Vmax, cm ™ '): 3171 (NH), 2917, 2849 (CH
aliphatic), 1700 (br C=Oggter), 1679 (C=Oamiqc). "H-NMR (400
MHz, DMSO'dS) 6ppm: 1.05 (m, 6Haliphatic); 1.56 (m, ZOHaliphatic);
3.62 (m, 2H, OCH,CH3), 5.01 (s, 2H, CSCH,CO), 12.89 (br s, 1H,
CONHCS, exchangeable with D,0). ">*C-NMR (100 MHz, DMSO-
de) Oppm: 22, 26, 28, 29.29, 29.36, 29.41, 29.60, 29.61, 30, 31, 65,
161, 169.13, 169.70. Anal. caled for C;,H;;NO;S (329.50) %: C,
61.97; H, 9.48; N, 4.25; found: C, 61.95; H, 9.44; N, 4.18.
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