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ABSTRACT: Optimization of the thiol−ene reaction for the preparation of methyl 3-((3,3,3-trifluoropropyl)thio)propanoate
(4), a key intermediate in the synthesis of the sap-feeding insecticidal candidate tyclopyrazoflor (1), is described. The major
challenge with the radical thiol−ene chemistry was control of the regioselectivity between the linear and branched products.
Reducing the radical initiation temperature was found to be the key variable in controlling the selectivity. Because of the high
cost and storage challenges associated with the use of the room-temperature diazo initiator 2,2′-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (V-70), a two-component initiator system consisting of benzoyl peroxide and N,N-dimethylaniline was
developed, allowing for radical initiation at temperatures as low as −15 °C. Application of semibatch operation gave 90:1
selectivity favoring the linear product. The overall yield and selectivity of the radical thiol−ene reaction were improved from
78% yield and 11:1 selectivity with azobis(isobutyronitrile) in batch mode to 91% yield and 90:1 selectivity with the two-
component system in semibatch mode, further eliminating the need for a fractional distillation purification step.
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■ INTRODUCTION
Pyrazole derivatives have been actively researched over the
past few decades for the development of agrochemicals such as
fungicides, herbicides, and insecticides1 and are also a common
structural motif in pharmaceutical targets.2 Tyclopyrazoflor (1)
(Figure 1), a pyrazole-containing insecticidal candidate with

excellent activities against sap-feeding pests,3 was made via
amidation of advanced pyridinylpyrazole derivative 74 with
acid chloride 6 (Scheme 1). Acid chloride 6 was prepared in
two steps from the key intermediate methyl 3-((3,3,3-
trifluoropropyl)thio)propanoate (4). This report describes
the development of a scalable synthesis of 4.
Tasked with developing a scalable synthesis of 4, we

identified four possible routes (Scheme 2) and evaluated their
viability on the basis of the availability and cost of starting
materials, the regulation of harmful components, and the
inherent selectivity of the reaction being performed. These

criteria align closely with the 12 principles of green chemistry
proposed by Anastas and Warner.5 To support field efficacy
studies, the product was initially prepared on 100 gram scales
using a simple nucleophilic substitution reaction with 3-halo-
1,1,1-trifluoropropanes (Scheme 2, Route A); however, these
reagents have properties that we attempt to avoid in
manufacturing processes.6 3-Bromo- and 3-chloro-1,1,1-tri-
fluoropropane are known ozone depletors, while the iodide
waste generated from 3-iodo-1,1,1-trifluoropropane poses
waste stream complications. The Michael addition between
methyl acrylate and 3,3,3-trifluoropropane-1-thiol (Scheme 2,
Route B) could be highly selective and atom-efficient, but the
cost of the 3,3,3-trifluoropropane-1-thiol starting material
made this route impractical.7 Switching the addition partners
to 3,3,3-trifluoropropene and methyl 3-mercaptopropionate for
an anti-Markovnikov hydrothiolation (Scheme 2, Route C)
eliminated expensive starting materials and led to the
development of a radical thiol−ene pathway that eliminated
the use of stoichiometric base (Scheme 2, Route D).8 This
report details the development and optimization of the radical
thiol−ene addition of methyl 3-mercaptopropionate (2) to
3,3,3-trifluoropropene (3) to make 4.
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Figure 1. Structure of tyclopyrazoflor (1).
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■ RESULTS AND DISCUSSION

Initial efforts in this research focused on the direct synthesis of
3-((3,3,3-trifluoropropyl)thio)propionic acid (5) to eliminate
one step from the synthesis of acid chloride 6. Starting from
3,3,3-trifluoropropene (3) and 3-mercaptopropionic acid (9),
the anti-Markovnikov addition route did afford a low yield of
the desired product 5 in addition to sulfide 10 and disulfide 11
(Scheme 3). In contrast, the azobis(isobutyronitrile) (AIBN)-
initiated thiol−ene reaction furnished the desired linear
product 5 in good yield with the branched isomer 12 and
double addition adduct 13 as the major side products. (Table
1, entry 1). The yield of the double addition adduct 13, which
results from the reaction of the incipient thiol−ene addition

radical with another equivalent of 3 before the internal radical
is quenched, was significantly reduced by decreasing the
amount of 3,3,3-trifluoropropene from 1.8 to 1.0 equiv (entry
2). Switching to a polar aprotic solvent, ethyl acetate (EtOAc),
afforded a good yield but had very little effect on the product
selectivity (entry 3). Finally, a polar protic solvent, methanol
(MeOH), resulted in enhanced selectivity for the single
addition product 5 but a significantly lower yield due to low
conversion (entry 4).
Attempts to purify 5 from the liquid crude product by

fractional distillation were fruitless because of the similar high
boiling points of 5, 12, and 13. It was envisioned that these
obstacles could be overcome by switching to methyl 3-

Scheme 1. Route to Tyclopyrazoflor (1)

Scheme 2. Synthetic Options for the Preparation of 3-((3,3,3-Trifluoropropyl)thio)propanoate Esters and Acids

Scheme 3. Syntheses of 5 via Base-Promoted Anti-Markovnikov Addition and the Radical Thiol−Ene Reaction of 9 and 3
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mercaptopropionate (2) to generate the more volatile methyl
ester 4.9 The reaction of 2 and 3 with AIBN as the radical
initiator in toluene at 80 °C resulted in an 11:1 mixture of
linear product 4 and branched product 14 (Table 2, entry 1,
virtually identical to that seen for the acid starting material) in
a good yield of 78%. This reaction was ultimately scaled to 5 kg
of methyl ester 2 with no loss in selectivity (11:1 ratio). A
multistage vacuum distillation provided effective separation
from the impurities, including the branched isomer with a
similar boiling point.10 It should be noted that a fast exotherm
of up to 36 °C was observed on the 5 kg scale when the AIBN-
initiated process was run in batch mode with all reagents
present.11

Reducing the radical initiator loading to 1 mol % had little
effect on the reaction selectivity but resulted in somewhat
sluggish reactivity, lower conversion, and consequently a lower
yield of only 68% (Table 2, entry 2). To test the effect of low
temperature on the efficiency and selectivity of the thiol−ene
reaction, we envisioned that a photoinitiator would allow
access to lower-temperature conditions. With the use of 2,2-

dimethoxy-2-phenylacetophenone (DMPA)12 as the initiator
and a reaction temperature of only 35 °C, the reaction
proceeded in good yield (71%) with an improved linear/
branched selectivity of 22:1 (entry 3). Because of the
challenges associated with the scale-up of photochemistry in
the available equipment, alternate low-temperature thermal
initiators were investigated. Reducing the reaction temperature
further to room temperature and using 2,2′-azobis(4-methoxy-
2,4-dimethylvaleronitrile) (V-70)13 as the initiator further
improved the linear/branched product selectivity to 44:1
(entries 4 and 5). While V-70 provided the desired selectivity
and yield, it was less than favorable from a manufacturing
perspective because of its high cost and need for special storage
conditions (it has a short shelf life at 0 °C and must be stored
below −15 °C to extend its lifetime).
The literature suggested that the use of a two-component

initiator system, such as benzoyl peroxide (BP) and N,N-
dimethylaniline (DMA),14 could provide access to radicals at
low temperature while maintaining the stability of the initiators
during storage. Under normal conditions BP has a half-life of

Table 1. Optimization of the Radical-Promoted Thiol−Ene Reaction of 9 and 3

entry solvent amount of 3 (equiv) 5:12a 5:13a yield (%)b

1 toluene 1.8 11:1 14:1 NA
2 toluene 1.0 12:1 43:1 74
3 EtOAc 1.0 11:1 44:1 74
4 MeOH 1.0 12:1 85:1 18

aDetermined by GC. bIn-pot yields by quantitative GC analysis. NA: not available.

Table 2. Optimization of the Radical Promoted Thiol−Ene Reaction of 2 and 3

entry initiator initiator loading (mol %) temp. (°C) 4:14a yield (%)b

1 AIBN 2.5 80 11:1 78
2 AIBN 1 80 11:1 68d

3 DMPAc 5 35 22:1 71
4 V-70 5 RT 44:1 77
5 V-70 1.75 RT 38:1 86
6 BP + DMA 5e RT 31:1 73
7 BP + DMA 5e 8 56:1 86
8 BP + DMA 5e −6 76:1 87
9 BP + DMA 5e −15 95:1 84
10 BP + TMA 5f RT 26:1 71

aDetermined by GC. bIn-pot yields by quantitative GC analysis. cInitiated with a 366 nm light source. dThe reaction stalled at 91% conversion. e5
mol % BP and 5 mol % DMA were used. f5 mol % BP and 5 mol % TMA were used.
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10 h at 73 °C, but in the presence of DMA, BP can rapidly
decompose at temperatures as low as −15 °C to produce
radicals (Table 2, entries 6−9). Systematic lowering of the
reaction temperature from ambient to −15 °C resulted in a
significant improvement in the linear/branched selectivity
(from 31:1 to 95:1) while affording an excellent yield of 84%
(entry 9).
While the conditions shown in Table 2 achieved high

selectivity, a significant exotherm (estimated at −22 kcal/mol)
was observed during the investigations. Although the heat was
efficiently removed on a small scale (25 g in a 100 mL Parr
reactor), we calculated that >100 min would be required to
remove all of the heat of reaction for a 300 gal glass-lined
vessel, and larger production-scale reactors would require
multiple hours. Switching from a batch process to a semibatch
process would allow for efficient control of heat generation. In
order to enable a semibatch process, a constant supply of
radicals would need to be generated in the reactor. This was
achieved by continuously adding BP to a reactor containing the
aniline activator (Figure 2). Ultimately N,N,4-trimethylaniline

(TMA) was selected for further optimization as the aniline
activator because it increased the reaction rate by 10-fold,
allowing for shorter semibatch reactions.
A semibatch process was investigated in which TMA (5 mol

%) and 2 were preloaded into a 300 mL autoclave reactor that
was cooled to 0 °C. Two Isco syringe pumps were used to
deliver 315 and a solution of BP in toluene into the reactor over
2 h (Table 3). It was found that increasing the reactant
concentration gave higher conversion, improved the selectivity,
and allowed for reduced BP loadings, with 80 wt % 2 and 3
(1:1.05) being the optimal conditions (entry 3). These
conditions were successfully demonstrated on a 1.5 kg scale
using a 1 gal reactor at −5 °C, affording an in-pot yield of 91%

with 50:1 selectivity favoring the desired linear adduct 4. The
purity of the product was acceptable, which obviated the need
for further purification by fractional distillation.

■ CONCLUSIONS
The thiol−ene reaction proved to be an efficient and low-cost
method for the synthesis of methyl 3-((3,3,3-trifluoropropyl)-
thio)propanoate (4). The main side product of this chemistry,
the branched isomer 14, was controlled by reducing the radical
initiation temperature. The two-component initiator system
consisting of BP and DMA or TMA proved to be an efficient
means of accessing radicals at low temperatures and improved
linear/branched selectivity of this reaction while also providing
a low-cost and scalable route. A semibatch process was
successfully developed to afford excellent yield, selectivity, and
effective control of the exotherm, enabling the development of
a scalable process that eliminated the need for a challenging
fractional distillation separation.

■ EXPERIMENTAL SECTION
General. All of the reagents were commercially available

and used as purchased without further purification. 1H, 13C,
and 19F NMR spectra were recorded on a Bruker Ultrashield
400 NMR spectrometer. GC analysis was performed on an
Agilent 7890A GC system with an Agilent DB-5MS column
(30 m × 0.25 mm × 0.25 μm, P/N 122-5532) using the
following conditions: heater, 250 °C; flow rate, 2 mL/min;
injection volume, 1 μL; oven program: 50 °C for 2 min, ramp
to 280 °C at 20 °C/min, hold at 280 °C for 8 min; internal
standard, octanophenone.

Representative Procedure for the Preparation of 4
Using AIBN (Batch Mode). A 10 gal 316 stainless steel (SS)
reactor was charged with methyl 3-mercaptopropionate (5007
g, 41.67 mol), AIBN (170 g, 1.04 mol), and toluene (8410 g)
and cooled to 5 °C. 3,3,3-Trifluoropropene (3843 g, 40.01
mol) was added as a liquefied gas, and the reactor was heated
to 80 °C over 1 h. After 20 h at 80 °C, the pressure was slowly
ramped down to 50 mmHg to remove toluene, giving crude 4
(8200 g, 11:1 linear/branched, 82.2 wt % purity, 78% yield).
Four batches of crude product 4 (31 200 g, 85.6 wt %

purity) were combined and charged to a 10 gal 316 SS reactor
equipped with a 60″ tall, 4″ diameter column packed with
GOODLOE high-efficiency structured packing. The material
was distilled under vacuum (∼5 mmHg at the top of the
column) with a 10:1 reflux ratio. Fractions of desired purity
were combined to give 4 (26 530 g, 95 wt %, 94% recovery).
1H NMR (400 MHz, CDCl3) δ 3.71 (s, 3H), 2.82, (td, J = 7.3,
0.7 Hz, 2H), 2.75−2.68 (m, 2H), 2.63 (td, J = 7.2, 0.6 Hz,
2H), 2.47−2.31 (m, 2H). 13C NMR (101 MHz, CDCl3) δ

Figure 2. Diagram of the semibatch process for the preparation of 4
via radical-initiated thiol−ene reaction.

Table 3. Optimization of the Semibatch Process for the Preparation of 4 via Radical-Initiated Thiol−Ene Reaction

entry reactant concentration (wt %)a BP addition rate (mol %/h) 4:14b conv. (%)c yield (%)d

1 50 2.5 75:1 74 48
2 60 1 87:1 75 57
3 80 0.5 90:1 99 91

aCombined concentration of 2 and 3 relative to the mass at the end of the additions. bDetermined by GC. cRefers to loss of the starting material 2.
dIn-pot yields by quantitative GC analysis.
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172.04, 125.93 (q, J = 277.2 Hz), 51.86, 34.68 (q, J = 28.6 Hz),
34.39, 27.06, 24.11 (q, J = 3.3 Hz). 19F NMR (376 MHz,
CDCl3) δ −66.53.
Representative Procedure for the Preparation of 4

Using BP/DMA (Batch Mode). A 2 L autoclave reactor was
charged with methyl 3-mercaptopropionate (376.4 g, 3132.2
mmol), toluene (635.1 g), and benzoyl peroxide (Luperox
A75, 75 wt % BP wet with water, 50.1 g, 155.12 mmol active).
The reactor was sealed and purged with nitrogen, and the
cooling coil was set at −20 °C. 3,3,3-Trifluoropropene (303.0
g, 3154.6 mmol) was added by transfer cylinder, and the
resulting mixture was stirred overnight for effective cooling
prior to reaction initiation. The in-pot temperature reached 1
°C after cooling overnight. Dimethylaniline (19 g) was added
by transfer cylinder. After 1.5 h, more dimethylaniline (18.3 g)
was added, and an exotherm was observed (18 °C temperature
rise). After 19 h, the reactor was emptied, and its contents were
quantified (1353 g, 38.5 wt % active, 520 g active, 77%, 55:1
linear/branched by GC).
The organic layer was divided evenly between two 1 L

reactors, and 10 wt % NaOH was added (170 g each). The
mixtures were stirred at 350 rpm for 2 h and then allowed to
settle. The aqueous layers were removed, and to each reactor
was added 130 g of 2 N HCl, after which the mixtures were
stirred for 20 min. The organic layers were combined and
quantified (1226 g, 42.5 wt %, 521 g active, 77%). The toluene
was distilled off at atmospheric pressure, and the product was
distilled overhead under vacuum (83−88 °C, 6 mmHg), giving
4 as a colorless oil (493 g, 94.4 wt % active, 466 g active, 89%
recovery, 69% yield).
Representative Procedure for the Preparation of 4

Using BP/TMA (Semibatch Mode). Methyl 3-mercaptopro-
pionate (900 g, 7.49 mol) and N,N,4-trimethylaniline (50 g,
0.37 mol) were charged into a 1 gal Hastelloy C reactor with a
peristaltic pump through a 1″ headspace addition port. A 10 wt
% solution of benzoyl peroxide (Benox A-75, 75 wt % BP wet
with water, 27.2 g, 0.084 mol active) in toluene (184 g) was
prepared by mixing for 30 min to dissolve the solids. The
entire mixture was charged into the Isco pump (including the
water phase, which settled to the bottom). The reactor was
inerted with nitrogen and cooled to −5 °C. 3,3,3-
Trifluoropropene (755 g, 7.86 mol) was added at 0.5 equiv/
h with concomitant addition of the benzoyl peroxide solution
at 0.5 mol %/h with the reactor closed (no pressure control on
the reactor or venting during operation). After addition of the
reagents was complete (135 min, BP solution only during the
last 15 min), the feed lines were purged with nitrogen. The
reactor was allowed to mix for 1 h following addition, after
which the jacket set point was changed to 20 °C and the
reactor was left overnight. The mixture was discharged from
the reactor and quantified by GC analysis (1952 g, 75.4 wt %,
91% in-pot yield, 50:1 linear/branched).
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catalyst, were loaded, and then the reaction contents were heated until
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min to the maximum observed temperature before the system could
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with external jacket services. Upon scale-up of this process to larger
scales with lower heat transfer area-to-volume ratios in stirred tank
reactors, this approach would be expected to produce larger observed
exotherms. Reducing the temperature of initiation and/or determin-
ing a way to run this reaction in semibatch mode to extend the
exotherm were both identified as project goals following these scale-
up batches.
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