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Multistep batch-flow hybrid synthesis of a terbinafine precursor
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Abstract
A three-step batch-flow hybrid process has been developed for an expeditious synthesis of the enynol key intermediate of
antifungal terbinafine. This procedure involves consecutive organometallic steps without the necessity of any in-line purification:
after a metalation by n-butyllithium, a selective addition of the lithium salt was elaborated followed by a Grignard reaction
resulting in a high yield of 6,6-dimethylhept-1-en-4-yn-3-ol. Moreover, as an alternative to tetrahydrofuran, cyclopentyl methyl
ether was used as solvent implementing a safe, sustainable, yet selective synthetic process. Even on a laboratory-scale, the
optimized batch-flow hybrid process had a theoretical throughput of 41 g/h. Furthermore, the newly developed process provides
an efficient synthesis route to the key-intermediate, while making acrolein obsolete, minimizing side-products, and enabling safe
and convenient scale-up.
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Introduction

Allylic alcohols are versatile building blocks for organic syn-
thesis as they permit a wide range of ensuing transformation
[1–3]. There are only a few procedures described in the liter-
ature [4, 5]; therefore, the continuous synthesis and modifica-
tion of functionalized allyl alcohols are still challenging.
Allylic enynols are important constituents, especially in the
synthesis of active pharmaceutical ingredients having antiviral
and antimycotic activities [6, 7]. In an original industrial-scale
synthetic route (Scheme 1), an organometallic step is followed
b y t h e a d d i t i o n o f a c r o l e i n t o s y n t h e t i z e

6,6-dimethylhept-1-en-4-yn-3-ol 3. Enynol 3 is the key inter-
mediate of terbinafine, best-known under the brand name of
Terbisil® or Lamisil® [8].

The allylamine-containing terbinafine is an orally and top-
ically active antifungal agent with an activity that inhibits the
biosynthesis in fungi of the principal sterol, ergosterol, by the
inhibition of squalene epoxidase [9–12]. Chemical synthesis
of compound 3 includes addition of acrolein after the
metalation of 3,3-dimethyl-but-yne 2 by n-butyllithium at
low temperature [8, 13–15]. There are obvious safety issues
associated with the use of n-butyllithium as it is a
moisture-sensitive, flammable reagent that may lead to
hotspot generation, runaway reactions, possible explosions,
and side-product formation. Moreover, acrolein is highly
flammable, volatile, and extremely carcinogenic.

The pressing need for sustainable chemical reactions has
raised a demand for novel, economic-friendly processes that
expand the conventional synthetic toolbox and generate min-
imal waste. Continuous flow processing is considered to be a
“hot topic” due to its versatile and unique control over key
reaction parameters [16]. Accordingly, industrial interest can
be envisioned as multistep syntheses [17], automatically opti-
mized processes [18] or end-to-end production in a
refrigerator-sized system [19] of active pharmaceutical ingre-
dients is an engaging and promising area. Although several
examples of flow applications exist [20], there is still an un-
ceasing need for effective, state-of-the-art solutions.
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In many cases, such as continuous flow hydrogenation,
ozonolysis, or organometallic reactions, the use of flow equip-
ment has proven its value and can bring doubtless advantage
for synthetic chemists [21]. Among the clear benefits of flow
chemistry, such as rapid heat dissipation, efficient mixing,
selectivity, reproducibility, in-line analysis and purification
or easily accessible industrial scale-up, the possibility of using
in situ generated hazardous or unstable intermediates poses
one of the greatest significances [22]. Syntheses of formerly
“forbidden” intermediates due to safety reasons, such as diazo
compounds, hydrazine, azides, phosgene, cyanides, and other
chemicals could be usedwith relatively low risk owing to flow
techniques [23].

Multistep batch-flow hybrid synthesis combines the best of
both synthetic techniques, as they offer unique advantages in
different systems, and combining them enables the widest
range of chemistry to be carried out [24, 25]. In this study, a
highly selective batch procedure was coupled with flow chem-
istry to obtain a remarkably productive batch-flow hybrid pro-
cess. This multistep organometallic reaction sequence resulted
in the valuable enynol precursor of antifungal terbinafine
without any in-line purification.

Only a few researchers addressed the issue of the synthesis
of 1-alkynyl-aldehyde 4, out of which the most common syn-
thetic strategy involved the addition of polar organometallics
after activation [26–28]. Based on the results of Yamaguchi et.
al., lithium acetylenides could react with esters at −78 °C in
presence of boron trifluoride etherate. In case of aliphatic es-
ters, ketones can be obtained in good yields [29]. In other
synthetic protocols for the synthesis of the aldehyde type 4,
organometallic derivatives of alkyl acetylenes were reacted
with N,N-dimethylformamide as electrophile resulting in
moderate yields [27, 30–33]. These conventional batch reac-
tions cope with several safety issues, due to their hazardous
nature, the high reactivity of reagents even at low tempera-
tures, thus the need for careful handling of these chemicals
and special circumstances are inevitable. Apart from the
replacement of acrolein, the aim was to develop an ef-
ficient and robust process, which could be scaled-up to
industrial-scale.

Results and discussion

Three-step batch methodology

The main objective of this research was to abolish the use of
acrolein. Therefore, a two steps organometallic synthesis of
key intermediate 3 was proposed and systematically investi-
gated. In this paper we present the preparation of
4,4-dimethylpent-2-ynal 4 (Table 1) from 3,3-dimethylbutyne
2 followed by addition of vinylmagnesium bromide to 4
(Table 2).

Initial studies were made for the addition of the lithiated
3,3-dimethyl-butyne on ethyl formate to form aldehyde 4.
There are apparent selectivity issues with adding the formate
to the solution of the metallated butyne dropwise. To avoid the
high level of the dialkylated by-product 5 formation, reverse
dispensing was required (Table 1/entry 1), i.e. the dropwise
addition of the lithiated intermediate 2.Li to the ethyl formate
at −78 °C was significantly more selective.

In an attempt to analyze the applied solvent and the solu-
bility of the system, the commonly used completely
water-miscible tetrahydrofuran was replaced. In the case of
methyl tert-butyl ether (MTBE), a suspension was obtained
e v e n w h e n u s i n g N , N , N ′ , N ′ ′ , N ′
′-pentamethyldiethylenetriamine (PMDTA) that could only
be dissolved by using additional 20% hexane (Table 1/entry
1). Under the reaction conditions used, two compounds
were observed: the expected product 4 and the
dialkylated alcohol 5, which was resolved by switching
to pure hexane. It was also found that raising the tem-
perature and applying an excess of ethyl formate did
not help to increase either the selectivity or the yield
(entry 2 to 5).

2-Methyltetrahydrofuran (2-MeTHF) being a greener alter-
native to tetrahydrofuran seemed like a promising choice.
Since 2-MeTHF is produced from renewable resources, it of-
fers both economical and environmentally friendly advan-
tages over tetrahydrofuran such as lower peroxide formation,
easier to dry, has limited miscibility in water (14 g/100 g at
23 °C), and a higher boiling point (80 °C) [34, 35]. Using
2-methyltetrahydrofuran did not require PMDTA to get the
solution clear and the desired enynol 4 was synthesized in
excellent yield and selectivity (Table 1/entry 6).

Another remarkable environmentally friendly alternative to
tetrahydrofuran and tert-butyl methyl ether is cyclopentyl
methyl ether (CPME) manufactured via a 100% atom eco-
nomical reaction [36]. Due to its unique composition, which
resists the formation of peroxides, CPME improves signifi-
cantly process safety and in addition to its broad usefulness
in many organometallic reactions, it provided better yields and
higher selectivity as compared to tetrahydrofuran. CPME is
only miscible with water to a very small extent (1.1 g/100 g at
23 °C), thus it can be dried easier than THF or 2-MeTHF and

Scheme 1 Currently used industrial-scale synthetic route towards the
active pharmaceutical ingredient of terbinafine HCl salt
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as a rich azeotrope with water its recovery can be realized
effectively [37]. With regard to the synthesis development
and scale-up, these properties are advantageous in the case
of industrial applicability of sensitive organometallic reactions
such those using butyllithium. In our optimization study,
CPME was found to be the best solvent leading to excellent
conversion (98%, determined by GC using internal standard
method) without the formation of any diynol by-product 5
(Table 1/entry 7).

In order to investigate the next addition step by
vinylmagnesium bromide, we kept 2-MeTHF as solvent op-
tion next to CPME since good results have also been obtained
in it. Hexane itself was not appropriate due to the fact that the
Grignard reagent was insoluble in it. Employing the freshly
prepared 4 without any purification from the previous step
proved to be feasible giving 6,6-dimethylhept-1-en-4-yn-3-ol
3 as the main component of the reaction mixture.

Although using 2-MeTHF as solvent a small decrease in
selectivity of the aldehyde-forming step was detected in the

case of one-pot implementation, compared to the previous
one-step process (Table 1/entry 6), again a larger amount
(13%) of by-product was formed, but the overall product 3
ratio proved to be still high (Table 2/entry 1 to 2). At 0 °C
already, a minor excess of the Grignard reagent was enough to
form the alcohol 3 as main product. The best results were
o b t a i n e d i n c y c l o p e n t y l m e t h y l e t h e r ,
6,6-dimethylhept-1-en-4-yn-3-ol 3 could be formedwith good
conversion (88%) and high selectivity (entry 3). Switching to
the use of methyl formate in case of the aldehyde-formation
step instead of the ethyl analogue, led to lower yields (entry 4),
and 26% of the dialkylated by-product was observed.

Batch-flow hybrid process

After having optimized both steps in batch mode, we trans-
ferred the process into continuous-flow platform using syringe
pumps. Based on the results of the preliminary batch tests, we
envisioned a three-step consecutive organometallic process.

Table 1 Optimization of the addition of lithio 3,3-dimethyl-butyne (2.Li) to ethyl formate

[a] MTBE: methyl tert-butyl ether, Me-THF: 2-methyltetrahydrofuran, CPME: cyclopentyl methyl ether. [b] Determined by GC with a Restek Rtx-5
fused column: tR(4) = 3.46min, tR(5) = 6.16min. [c] PMDTAwas used as an additive to ensure solubility of all intermediates. [d] Additional hexanewas
necessary to get clear solution (0.2 mL hexane was added to 1.0 mL MTBE). [e] Yield was determined using internal standard method (dodecane)

Table 2 Optimization of the addition of vinylmagnesium bromide to the aldehyde 4

[a] Determined by GC with a Restek Rtx-5 fused column: tR(4) = 3.46 min, tR(5) = 6.16 min, tR(3) = 4.49 min. [b] Yield was determined using internal
standard method (dodecane). [c] Instead of ethyl formate, the methyl analogue was used in the aldehyde (4) formation
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Initially, our aim was to analyse the selective synthesis of the
aldehyde intermediate 4. The metalation was carried out at 0 °
C by butyllithium and the next addition step at −78 °C.
Although the batch process worked well, according to the
results measured by gas chromatography, between flow con-
ditions only 6% aldehyde could be detected next to the starting
3,3-dimethylbutyne 2. After investigating several settings of
conditions, the selectivity did not increase, thus we decided to
elaborate a batch-flow hybrid process, namely to do the
metalation under batch conditions following by a continuous
addition of ethyl formate to obtain the desired interme-
diate of 4.

Multistep batch-flow hybrid synthesis combines the best of
both synthetic techniques, as they offer unique advantages in
different systems and combining them enables the widest
range of chemistry to be carried out [16, 38]. Although con-
tinuous flow technology offers several unique solutions for
synthetic reactions, the question to use this technique for a
chemical transformation or not should be kept in mind. In
many cases a batch-flow hybrid solution can mean the golden
middle and a widely applicable, mixed toolbar could enable
the efficient multistep production of various heterocycles and
APIs.

Our continuous flow study began by analysing the
aldehyde-forming step. First, we investigated the role of the
residence time by changing the flow rate and the temperature
next to a lower concentration (Table 3/entry 1 to 3).

To assure an inert system, dry THF was flowed (3 reactor
volume) through the device to remove traces of water.
Metalation was carried out in a Schlenk tube at 0 °C and it
was pumped via a syringe-needle-fitted tubing through a
Suba-Seal® septa. The solution of ethyl formate was prepared
in a similar Schlenk tube and Y-junction was used for mixing.
Best result (46% of 4) was obtained at lower temperature and
flow rate, but we could not enhance the selectivity further, a
significant amount of dialkylated by-product was always
formed.

In order to find the reason of the notable by-product for-
mation it was assumed that such a low concentration and using
moderate flow-rates the metalated 3,3-dimethylbutyne 2 could
not meet ethyl formate to the extent necessary, namely only a
poor mixing can be realized. It is well-known that at low flow
rates the fluid tends to move without lateral mixing resulting
in laminar flow and diffusion only occurs between surfaces of
the layers. Perfect mixing can be achieved in the tube only if
the Reynolds number is at least 2300, that can be only reached
in a common 1/16” OD (0.5 mm ID) tubing by applying at
least 16 mL/min flow rate [16, 22, 39]. To facilitate the en-
counter of reagents other promising option could be the rais-
ing of concentration. Indeed, when tested a higher 1.0 M
starting concentration the selectivity almost doubled
(Table 3/entry 4 to 9). Surprisingly, it turned out that carrying
out the addition step at −20 °C ended in the best result. As can

be seen from the table (entry 6), 4,4-dimethylpent-2-ynal 4
could be synthetized with 88% conversion next to outstanding
selectivity (94%) and this value does not decrease with in-
creasing the flow rate, which is very promising for a possible
industrial application.

Under these optimized continuous flow conditions, we were
curious if the last organometallic step, the Grignard reaction can
be attached to the process or not. To our delight, we success-
fully obtained the desired 6,6-dimethylhept-1-en-4-yn-3-ol 3
and immediately in good selectivity and yield (Table 4/entry
1). There was no noticeable negative effect of a higher flow rate
(entry 2). An increase in the amount of divinyl by-product 6
was only observed when an excess was used from
vinylmagnesium bromide (entry 3).

A multicomponent reaction was also envisioned for
further optimisation, which however, worked only with
moderate yield (Table 4/entry 4). In this process we added
the Grignard reagent to the previously l i thiated
3,3-dimethylbutyne 2 and by using only two flow channels
we reacted this mixed solution with the one containing only
ethyl formate. The amount of the divinyl by-product 6 signif-
icantly increased.

The highest final yield was obtained for a system setup
(Scheme 2) with two Y-junctions, but it must be mentioned

Table 3 Optimization of the aldehyde-forming step in continuous flow
system

[a] Metalation was carried out at 0 °C. Asia Flow Chemistry Syringe
Pump was used. 1.0 equiv. ethyl formate was used. [b] Determined by
GCwith a Restek Rtx-5 fused column: tR(4) = 3.46min, tR(5) = 6.16min.
[c] The starting concentration was 0.2 M. [d] The starting concentration
was 1.0 M. [e] Retention time in the case of 1 mL/min flow rate: tR: 42 s.
[f] Yield determined with internal standard method (dodecane)
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that by using these types of passive mixers and tubing, perfect
mixing cannot be achieved in low overall concentrations and
flow rates. Micromixers provide a wide range of solutions
[40] for this problem but their size limitation remained still
their disadvantage. It was crucially important during our reac-
tions to enable goodmixing of the reagents in order to achieve
high selectivity and yield; therefore, dynamic mixers shall be
considered in future applications.

Experimental section

General

All starting materials and anhydrous solvents were purchased
from commercial sources and were used without further puri-
fication. Anhydrous solvents were stored over 4 Å molecular
sieves, except for anhydrous THF which was stored over so-
dium wire. The batch reactions and the first step of the
batch-f low hybrid synthesis were carr ied out in
Schlenk-flasks under a dry nitrogen atmosphere. Routine 1H
and 13C spectra were recorded with a Bruker DRX 500 spec-
trometer. The chemical shifts (δ) are reported in parts per
million (ppm) and the coupling constants (J) in Hz. NMR
Spectroscopy was performed in deuterated chloroform
(CDCl3) with tetramethylsilane (TMS) as internal and the
chemical shift scale was referenced to the 1H or 13C signals
of the internal TMS at 0.00 ppm. GC measurements were
performed on an Agilent® 6890 GC-FID chromatograph
(Agilent, Santa Clara, CA, USA), using a 15 m × 0.18 mm
Restek, Rtx-5 column with a film thickness of 0.20 μm. The
developed GC oven temperature program starts at 40 °C for
1 min, followed by programming at 25 °C/min up to 300 °C
and a final period at 300 °C (isothermal) for 10 min. The
temperature of the injector was set to 290 °C and of the FID
detector to 300 °C. The carrier gas was N2. In the case of flow
steps, the steady state was verified by regular sampling and
parallel gas chromatographic measurements.

Batch procedure for the synthesis of
4,4-dimethylpent-2-ynal (4)

To a stirred solution of 3,3-dimethylbutyne (2, 10.0 mmol) in
dry cyclopentyl methyl ether (6 mL) butyl lithium (2.5 M in

Table 4 Addition of vinylmagnesium bromide to aldehyde 4 in continuous flow

[a] Metalation was carried out at 0 °C, addition at −20 °C. The initial concentration was 1.0 M. 1.0 equiv. ethyl formate and 1.2 equiv. vinylmagnesium
bromide was used. V1,2: flow rates of 2 and ethyl formate, V3: flow rate of Grignard-reagent solution. [b] Determined by GC with a Restek Rtx-5 fused
column: tR(4) = 3.46 min, tR(5) = 6.16 min, tR(3) = 4.49 min, tR(6) = 2.69 min. [c] Retention time in the case of 1 mL/min flow rate: tR: 71 s. [d] Yield
determined with internal standard method (dodecane). [e] 1.5 equiv. vinylmagnesium bromide was used. [f] Multicomponent reaction process: 1. vessel:
lithiated 3,3-dimethyl-butyne plus vinylmagnesium bromide (V1); 2. vessel: ethyl formate (V2) in CPME solvent

Scheme 2 Optimized three-step batch-flow hybrid process of the key
intermediate 3 of terbinafine
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hexane, 4.00 mL, 10.0 mmol) was added at 0 °C, under nitro-
gen atmosphere. The obtained mixture was stirred for 10 min
and it was added dropwise to the cyclopentyl methyl ether
(10 mL) solution of ethyl formate (0.81 mL, 10.0 mmol) at
−78 °C under inert conditions. After 10 min stirring, the reac-
tion mixture was allowed to warm up to room temperature.
10% KH2PO4 solution (30 mL) was added to the mixture and
was extracted with CPME (3 × 20mL). The combined organic
layers were dried over anhydrous Na2SO4. Purification was
performed by fractionated vacuum distillation to yield 4 (atm.,
130–132 °C) as a pure colorless oil (0.96 g, 87%). δH
(500 MHz, CDCl3) 9.19 (s, 1H), 1.31 (s, 9H) ppm. δC
(126 MHz, CDCl3) 177.3, 91.8, 67.8, 30.6 (3C), 25.5 ppm.

Batch procedure for the synthesis of
6,6-dimethylhept-1-en-4-yn-3-ol (3)

To a stirred solution of 3,3-dimethylbutyne (2, 10.0 mmol) in
dry cyclopentyl methyl ether (6 mL) butyl lithium (2.5 M in
hexane, 4.00 mL, 10.0 mmol) was added at 0 °C, under nitro-
gen atmosphere. The obtained mixture was stirred for 10 min
and it was added dropwise to the cyclopentyl methyl ether
(10 mL) solution of ethyl formate (0.81 mL, 10.0 mmol) at
−78 °C between inert conditions. After 10 min stirring
vinylmagnesium bromide (1 M in THF, 12.0 mmol, 12 mL)
was added directly and after an additional 10 min stirring it
was allowed to warm to room temperature. Saturated NH4Cl
(30 mL) was added to the mixture and was extracted with
cyclopentyl methyl ether (3 × 20 mL). The combined organic
layers were dried over anhydrous Na2SO4. Purification was
performed by fractionated distillation to yield 3 (10 Hgmm,
60–62 °C) as a pure colorless oil (1.01 g, 79%). δH (500MHz,
CDCl3) 5.97 (ddd, J = 17.0, 10.1, 5.2 Hz, 1H), 5.44 (d, J =
17.0 Hz, 1H), 5.19 (d, J = 10.1 Hz, 1H), 4.86 (d, J = 4.9 Hz,
1H), 1.96 (s, 1H), 1.23 (s, 9H) ppm. δC (126 MHz, CDCl3)
137.8, 116.0, 95.6, 77.5, 63.4, 31.1 (3C), 27.5 ppm.

Batch-flow hybrid procedure for the synthesis of
4,4-dimethylpent-2-ynal (4)

To a stirred solution of 3,3-dimethylbutyne (2, 10.0 mmol) in
dry cyclopentyl methyl ether (6 mL) butyl lithium (2.5 M in
hexane, 4.00 mL, 10.0 mmol) was added at 0 °C, under nitro-
gen atmosphere, and the obtained mixture was stirred for
10 min. This solution of lithiated 2 (1 M) and a CPME solu-
tion (1 M) of ethyl formate (0.81 mL, 10.0 mmol) were mixed
via a Y-junction (Supelco, PEEK for 1/8” OD tubing) using
Asia Syringe pumps (Syrris Ltd., Royston, UK) at −20 °C for
a 42 s of residence time. After reaching steady state, the
resulting mixture was quenched by 10% KH2PO4, and was
analyzed by gas chromatography (See Table 3).

Batch-flow hybrid procedure for the synthesis of
6,6-dimethylhept-1-en-4-yn-3-ol (3)

To a stirred solution of 3,3-dimethylbutyne (2, 10.0 mmol) in
dry cyclopentyl methyl ether (6 mL) butyl lithium (2.5 M in
hexane, 4.00 mL, 10.0 mmol) was added at 0 °C, under nitro-
gen atmosphere, and the obtained mixture was stirred for
10 min. This solution of lithiated 2 (1 M) and a CPME solu-
tion (1 M) of ethyl formate (0.81 mL, 10.0 mmol) were mixed
via a Y-junction (PEEK for 1/8” OD tubing) using Asia
Syringe pumps at −20 °C for a 42 s of residence time.
Afterwards, a cyclopentyl methyl ether solution (0.6 M) of
vinylmagnesium bromide (1 M in THF, 12.0 mmol, 12 mL)
was introduced to the reaction mixture via a second
Y-junction at also −20 °C, which was followed by an addi-
tional 71 s of residence time at 0 °C. After reaching steady
state, the resulting mixture was quenched by saturated NH4Cl,
and was analyzed by gas chromatography (See Table 4).

Conclusion

In conclusion, a reproducible and safe procedure was devel-
oped for synthesis of 6,6-dimethylhept-1-en-4-yn-3-ol key in-
termediate of terbinafine via a three-step batch-flow hybrid
process. Using the flow technique, next to eliminating the
toxic acrolein, there was no need for extremely low tempera-
tures, the volatile aldehyde intermediate was carried on with-
out isolation and the overall conversion proved to be 10%
higher than between batch conditions. The precise control of
the reaction variables improved selectivity while maintaining
relatively high yield as compared to the corresponding batch
p r o c e d u r e s . T h e p r o d u c t i v i t y o f
6,6-dimethylhept-1-en-4-yn-3-ol was calculated to be
5 mmol/min in this newly developed batch-flow set-up. The
elaborated procedure allows stopping at the level of aldehyde
during the addition of the lithiated species to the ethyl formate
without using any additives. That crucial step can be accom-
plished between −20 °C to 0 °C instead of the literature sug-
gested −78 °C [26], using much less “cold energy”, which is
advantageous for possible industrial large scale production.
The rate and required temperature (0 °C) of vinylmagnesium
bromide addition step fits well to the previous organometallic
reactions, thus high productivity and selectivity can be real-
ized in the first batch-flow hybrid, three-step organometallic
synthesis of 6,6-dimethylhept-1-en-4-yn-3-ol.
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