
molecules

Article

Two-Phase Dibromocyclopropanation of Unsaturated
Alcohols Using Flow Chemistry

Runa Berg Østby 1,*, Terje Didriksen 2 , Simen Gjelseth Antonsen 3 ,
Steinar Sollien Nicolaisen 3 and Yngve Stenstrøm 3,*

1 Faculty of Engineering, Østfold University College, P.O. Box 700, NO-1757 Halden, Norway
2 SINTEF Industry, P.O. Box 124 Blindern, NO-0314 Oslo, Norway; terje.didriksen@sintef.no
3 Department of Chemistry, Biotechnology and Food Science, Norwegian University of Life Sciences,

P.O. Box 5003, NO-1432 Ås, Norway; simen.antonsen@nmbu.no (S.G.A.);
steinar.sollien.nicolaisen@nmbu.no (S.S.N.)

* Correspondence: runa.b.ostby@hiof.no (R.B.Ø.); yngve.stenstrom@nmbu.no (Y.S.);
Tel.: +47-69608904 (R.B.Ø.); +47-67232559 (Y.S.)

Received: 19 February 2020; Accepted: 17 May 2020; Published: 19 May 2020
����������
�������

Abstract: Dibromocyclopropanations are conventionally done by addition of dibromocarbene to
alkenes under phase-transfer conditions in batch reactions using a strong base (50% NaOH (aq)),
vigorous stirring and long reaction times. We have shown that cyclopropanation of unsaturated
alcohols can be done under ambient conditions using continuous flow chemistry with 40% (w/w)
NaOH (aq) as the base. The reactions were generally rapid; the yields were comparable to yields
reported in the literature for the conventional batch reaction

Keywords: dibromocyclopropanation; CHBr3; Makosza reaction; phase-transfer catalysis; flow chemistry;
unsaturated alcohols

1. Introduction

gem-Dihalocyclopropanes are important substrates in organic synthesis and have been used as
versatile intermediates for the syntheses of other interesting compounds like allenes [1,2], cumulenes [3],
cyclopentadienes [4,5], cyclic acetals [6,7], and also for the synthesis of natural products [8–10].

Traditionally, gem-dihalocyclopropanes were made by the Doering-Hoffman reaction [11], in
which dihalocarbene is generated from haloform and tert-butoxide in a non-polar solvent. One of
the disadvantages of the Doering-Hoffman reaction is its high sensitivity to water, often reducing the
yields significantly.

A two-phase dihalocyclopropanation reaction, achieved by vigorous stirring of a solution of the
starting alkene and haloform (CHX3, X = Cl, Br), with a concentrated (50% (w/w)) aqueous solution
of sodium hydroxide, and a phase-transfer catalyst, partially solved this problem when published a
decade later [12]. The discovery was important, as it was previously assumed that carbenes could not
be formed in aqueous media. This reaction, known as the Makosza reaction, has been established as
one of the most convenient methods for the synthesis of gem-dihalocyclopropanes [8,10,13].

Using unsaturated alcohols as substrates under Makosza conditions, the outcome of the reaction
depends strongly on the structure of the alcohol and the precise conditions used, as the hydroxyl
group/alkoxy anion may compete with the double bond for the dihalocarbene [8] and the yields of
dihalocyclopropyl alcohols vary from excellent to low.

When Kleveland et al. [14] used the allylic alcohols linalool and geraniol as substrates in the
Makosza reaction, they observed a surprising difference in the outcome of the reaction for the two
alcohols. Linalool gave a rapid and regioselective reaction resulting in an excellent yield of the
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dihaloocyclopropane monoadducts, 5-(2,2-dichloro-3,3-dimethylcyclopropyl)-3-methyl-1-penten-3-ol
(89%), and 5-(2,2-dibromo-3,3-dimethylcyclopropyl)-3-methyl-1-penten-3-ol (93%), while geraniol
(with dichlorocarbene) gave a low yield of a mixture containing at least six components that partially
decomposed under the attempted separations. Kleveland et al. [14] suggested that the difference in
reactivity between linalool and geraniol is due to the primary allylic hydroxyl group competing for the
dihalocarbene, and that this primary hydroxyl group has a retarding effect on the rate of addition of
dihalocarbene. To alleviate the detrimental effect of the hydroxyl group, this group it is often protected
either as an acetal [8,15] or an ether [8,16] during dihalocyclopropanation of unsaturated alcohols.

In the traditional Makosza reaction, vigorous stirring is essential in order to obtain a large interface
area between the two immiscible liquid phases, which is needed for the mass transfer between the two
phases, catalyzed by the phase-transfer catalyst. Stirring speed is thus an important factor for both
reaction rate, conversion, and yield [17–19].

Apart from vigorous stirring, intensification of mass transfer can also be obtained in
capillary-microreactors [20]. Capillary microreactors, being a special type of continuous flow reactors,
offer the benefits associated with microreactors/continuous flow reactors, such as increased control of
reaction temperature and time, and thus increased selectivity [21–25].

In the capillary microreactors, reagent solutions are usually pumped into a simple T or Y mixer, and
then led through a length of tube with a typical diameter of 100–1000 µm. The high surface-to-volume
ratio and the small diameter of the tube result in rapid mass and heat transfer. By immersing the
tube in a temperature-controlled bath, precise control of the reaction temperature can be achieved.
In addition, the reaction time, determined by the volume of the tubing and the reagent flow, is not
affected by the long time used for the addition of the reagents as is the case in batch reactors.

When two immiscible liquids flow through a narrow tube, they often form alternating slugs of
the two liquids [26]. Due to the velocity dispersion of the liquid flow, where the velocity is highest in
the center, and zero at the walls, internal circulation occurs within the liquid slugs [27] as illustrated
in Figure 1. This effect results in a good mass transfer, enabling reaction rates comparable to those
obtained in batch reactions, even for two-phase liquid-liquid reactions usually requiring vigorous
stirring. Slug-flow reactors have been successfully used, e.g., for nitration of aromates [20], arylation of
arylbromides [28], and Wittig reactions [29].
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Figure 1. Internal circulation in alternating slugs of two immiscible liquids in a microchannel enhances
mass transfer within and between the slugs. Internal flow is shown relative to the bulk velocity.

Previously, we have shown [30] that flow chemistry in a capillary microreactor can be a feasible
alternative to batch chemistry for the Makosza reaction. Similarly, von Keutz et al. achieved
gem-dichlorocyclopropanation of alkenes using packed bed flow reactors [31].

In our case, moderate to excellent yields of dibromocyclopropanes were obtained in short
reaction times from e.g., disubstituted alkenes. This encouraged us to use the same reactor system on
unsaturated alcohols to see whether it would be possible to omit the protection/deprotection steps, and
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in addition, to get an indication of the obtainable yields when the hydroxy group is left unprotected.
The setup for our experiments is shown in Figure 2.
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Figure 2. Modified flow chemistry toolkit FRX200 from Syrris Ltd.

2. Results and Discussion

The unsaturated alcohols selected for testing under Makosza conditions are shown in Table 1.
Benzyltriethylammonium chloride (TEBA) was used as the phase-transfer catalyst, and bromoform
was the dibromocarbene-precursor, as shown for 3-methyl-2-buten-1-ol in Scheme 1.
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Scheme 1. Dibromocyclopropanation of 3-methyl-2-buten-1-ol under phase-trasfer catalyst
(PTC) conditions.

In the traditional two-phase system, a 50% (w/w) solution of NaOH is used [8–10]. However,
during initial experiments, we observed clogging of the capillary systems due to the viscosity of the
NaOH solution. This problem was solved by reducing the base concentration to 40% (w/w) [30]. Other
bases, both potassium hydroxide and lithium hydroxide were also tested without improving the yields.
For both LiOH and KOH, the yields were significantly lower, and with LiOH we experienced severe
clogging of the capillary tubes. Using a ratio of alkene:bromoform:TEBA of 1:1.5:0.044 together with
40% (w/w) NaOH solution in an aqueous-to-organic flow ratio (AO ratio) of 4, good to excellent yields
of dibromocyclopropanes could be obtained [30].
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Table 1. Dibromocyclopropanation of a selection of unsaturated alcohols using 40% (w/w) NaOH (aq) at AO ratio: 4.a.

Entry Substrate CHBr3 (eq) b Product Yield (%) Litt. Yield (%) c Reference

1
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Table 1. Cont.

Entry Substrate CHBr3 (eq) b Product Yield (%) Litt. Yield (%) c Reference
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Employing the same conditions to 3-methyl-2-buten-1-ol gave a yield of 70% of the corresponding
dibromocyclopropane 1 (Table 1, entry 1). By increasing the amount of bromoform from 1.5 equivalents,
the yield could be increased to 74% (using 2 equivalents), and 78% (using 2.5 equivalents). (Table 1,
entries 2–3). For subsequent experiments a 1:2 or 1:2.5 ratio of alkene to bromoform was used. Several
unsaturated alcohols were subjected to these conditions.

When the tertiary dienol linalool was subjected to our flow chemistry conditions, regioselective
addition to the trisubstituted double bond occurred, and the dibromocyclopropane 2 was obtained
in 89% yield. (Table 1, entry 4). The primary dienol geraniol, however, yielded a mixture of several
products, according to 1H NMR and 13C NMR data, (Table 1, entry 5) as was also observed by Kleveland
et al. [14] with dichlorocarbene. No attempts were made to separate the complex mixture, and since
our observations were in accordance with the previously reported results, we did not study the reaction
of geraniol with dihalocarbenes any further.

Intrigued by this result, we subjected several other alcohols to this reaction. From citronellol, that
only differ structurally from geraniol by the absence of the allylic double bond, the dibromocyclopropane
4 was obtained as a mixture of diastereomers (approximately 1:1) in 57% yield when 2.5 equivalents of
bromoform (compared to alkene) were used (Table 1, Entry 6). With only two equivalents, the reaction
did not go to completion.

When 3-methyl-3-buten-1-ol was used as the substrate, the dibromocyclopropyl alcohol 5 was
obtained in moderate yield (47%) after chromatography (Table 1, entry 7). In addition, a small amount
of the formate ester 6 (3%) was isolated. The presence of the formate ester can be explained by insertion
of dibromocarbene at the O-H bond and subsequent hydrolysis (Scheme 2).
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The secondary alcohol, 6-methyl-5-hepten-2-ol, gave a good yield of the dibromocarbene adduct 7
as a mixture of diastereomers (approximately 1:1) (Table 1, entry 8).

When the tertiary alcohol, 2-methyl-3-buten-2-ol, was used as a substrate only small amounts of
the starting material could be seen (Table 1, entry 9). This is in accordance with the literature where this
alcohol has been reported to react sluggishly when subjected to dichlorocarbene under phase-transfer
conditions [14].

Kleveland et al. [14] reported a 45% yield of the dibromocarbene adduct 9 as a mixture of
diastereomers (1:1) when (E)-2-methyl-2-buten-1-ol was used as the starting material. Under our flow
chemistry conditions, only one diastereomer was detected and the adduct 9 was obtained in 62% yield
(Table 1, entry 10).

The secondary alcohol, 3-methyl-3-buten-2-ol (Table 1, entry 11), yielded a dibromocarbene adduct
10 as a mixture of diastereomers (2:3) according to 1H NMR. Purification of the mixture through a plug
of silica yielded the dibromocarbene adduct 10 (49%) as a mixture of diastereomers (1:3).

In order to further investigate the scope and limitations, we tested the reaction conditions on
some non-terpene-like compounds. First, both (Z)-and (E)-dec-4-en-1-ol were tested (Table 1, entries 12
and 13). The reactions were not successful, as we recovered most of the starting material in both cases.
However, for both the geometric isomers, just below 10% of the material converted into a complex,
inseparable mixture.

Next, we turned to styrene derived alcohols (Table 1, entries 14–19). In the experiments with
cinnamyl alcohol, only pure starting material was recovered. Nishii et al. [35] have prepared
the dihalocyclopropane product via a Makosza reaction. However, they protected the hydroxyl



Molecules 2020, 25, 2364 8 of 13

group as the corresponding tetrahydropyran. The use of protection groups has been shown to
increase the yield for this type of compounds, but the styrene derived compounds are still known
to be low yielding under these conditions [36]. As control experiments, we did reactions with
cinnamyl alcohol protected as the corresponding tetrahydropyran and also as the tert-butylether,
(E)-(3-(tert-butoxy)prop-1-en-1-yl)benzene (Table 1, entries 15 and 16). In both cases, only unreacted
starting material was isolated. This can possibly be explained by the reaction time and the reaction
temperature used in our system, as Nishii et al. used both a higher temperature and longer reaction
times for similar compounds. Nishii et al. also used a 50% (w/w) NaOH (aq) solution, which, as
previously mentioned, does not work well with the narrow tubes in the microreactor. Even when
doubling the reaction times, our attempts were unsuccessful.

Increasing the reaction temperature above the normal boiling point of dichloromethane would
require using a back-pressure regulator to pressurize the flow reactor. Our experience is that this is not
feasible due to an increased propensity for clogging of the reactor system.

As Nishii et al. had success with trisubstituted alkenes [35], (E)-3-phenylbut-2-en-1-ol was tested
in the reaction (Table 1, Entry 17). The desired product was obtained in 41% yield, confirming a higher
reactivity of a trisubstituted cinnamyl alcohol compared to the disubstituted one (Table 1, entry 14).

In order to investigate whether the aromatic portion of the molecule affected the reactivity,
(E)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-ol (Table 1, entry 18) was reacted under the same conditions,
but also for this substrate we isolated only starting material. The same occurred with the corresponding
ester, methyl (E)-3-(3,4,5-trimethoxyphenyl)acrylate (Table 1, Entry 19).

In conclusion, flow chemistry was successfully used for dibromocyclopropantion of several
unsaturated alcohols under phase-transfer catalysis (PTC) using 40% (w/w) NaOH (aq) as the base.
Moderate to excellent yields were achieved in less time than for batch chemistry, depending on the
structure of the alcohol. The trisubstituted alkenes (Table 1, entries 1–6, 8, 10, 17) generally gave better
yields than the gem-disubstituted (Table 1, entries 7 and 11) and monosubstituted alkenes (Table 1,
entry 9). This has been explained as resulting from the increased nucleophilicity of the trisubstituted
double bonds compared to di- and monosubstituted double bonds when the substituents are electron
donating [8,37,38]. Our flow chemistry conditions were unsuccessful for the 1,2-disubstituted alkenes,
including the aromatic ones (Table 1, entries 12–16, 18–19). This is in accordance with the literature [37].
For the successful reactions, yields comparable to the ones reported from ordinary batch-reactions
were achieved. Thus, the use of microreactor technology should be an interesting alternative for the
Makosza reaction (compared to the traditional batch chemistry) giving access to the general benefits
of flow chemistry. The problems with the high viscosity of the concentrated base solutions and the
narrow temperature window are clear limitations of this method.

3. Experimental Section

3.1. General Information

All chemicals were purchased from commercial suppliers and used without further purification
unless otherwise stated. Preparation of 3-methyl-3-buten-2-ol [39], (E)-2-methyl-2-buten-1-ol [40],
2-(cinnamyloxy)tetrahydro-2H-pyran [41], (E)-(3-(tert-butoxy)prop-1-en-1-yl)benzene [42,43],
(E)-3-phenylbut-2-en-1-ol [44], and (E)-3-(3,4,5-trimethoxy-phenyl)-prop-2-en-1-ol [45] was done as
described in the literature. The spectral data were in accord with those reported.

Analytical thin layer chromatography (TLC) was performed on Merck DC-Alufolien Kieselgel 60
F254. Compounds were visualized by KMnO4 stain. Flash column chromatography was performed
on silica gel (Merck Kieselgel 60, (0.040–0.063 mm, 230–400 Mesh ASTM) or VWR Chemicals/BDH
Prolabo Normasil 60 (40–63 µm). In order to degas the dichloromethane, it was sonicated for 15 min
prior to use in the flow system. Mass Spectrometry was performed on an Autospec Ultima (Micromass
Ltd. Manchester, England) using electron ionization (EI, 70 eV).
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NMR spectra were recorded on a Bruker AscendTM 400 using CDCl3 as a solvent and TMS as
a reference. 1H NMR spectra were recorded at 400 MHz, and 13C NMR spectra were recorded at
100 MHz. IR spectra were recorded on a Perkin-Elmer Spectrum BX series FT-IR spectrophotometer
using a ZnSe HATR cell (Horizontal Attenuated Total Reflectance). The flow instrumentation apparatus
used was the flow chemistry toolkit FRX200 from Syrris Ltd. fitted with 2 Frx200 pumps, a reagent
module containing one Syrris sample loop (PTFE, 5 mL, 0.5 mm i.d.) and one 1.0 mL sample loop
(PTFE, 0.5 mm i.d.), a Y-mixer (Tube Reactor 3 input Adaptor (PCTFE) from Syrris Ltd.), and a 25 mL
tube reactor (PTFE, 0.8 mm i.d.).

3.2. Representative Procedure, Synthesis of (2,2-Dibromo-3,3-Dimethylcyclopropyl)Methanol (1)

A 1.0 mL sample loop (PTFE) containing a solution of 3-methyl-2-buten-1-ol (1.43 mmol), CHBr3

(2.86 mmol), 4.3 mol% TEBA (relative to the alkene) and 0.6 vol.% ethanol (absolute) in CH2Cl2, and
a 5 mL sample loop (PTFE, Syrris Ltd.) containing 40% (w/w) NaOH (aq) solution, was used. The
filling of the 40% (w/w) NaOH (aq) solution into the sample loop was done very slowly and with
great care, due to the high viscosity of the strongly basic NaOH solution and danger of spillage
due to pressure build-up. The two solutions were simultaneously introduced into the flow system
at a total flow rate of 0.50 mL/min (flow rate NaOH (aq): 0.40 mL/min, flow rate organic solution:
0.10 mL/min) at room temperature, i.e., a residence time of 50 min and an AO flow ratio of 4. The
mixture was fed into brine (50 mL), and the flow was collected for 77 min at this flow rate, and then
for 4 min at 2 × 1.5 mL/min (to flush the system). The pressure in the system was 1–4 bar. The
reaction mixture was extracted with ethyl acetate (100 mL + 3 × 50 mL), and the combined organic
phases were washed with brine (2 × 50 mL), dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by filtering it through a plug made of 0.5 cm silica and 0.5 cm Celite 545
coarse (calcined) using ethyl acetate as the eluent. Concentration in vacuo yielded a mixture (0.31 g)
containing (2,2-dibromo-3,3-dimethylcyclopropyl)-methanol (1): 3-methyl-2-buten-1-ol: bromoform;
88:2:10 according to 1H NMR. Estimated yield of 1: 0.27 g, 74%, corresponding to a space time yield of
~0.25 moL L−1 h−1. The spectral data were in accordance with the literature [46].

3.3. Synthesis of 5-(2,2-Dibromo-3,3-Dimethylcyclopropyl)-3-Methyl-1-Penten-3-Ol (2)

Yield: 0.48 g of a mixture containing the dibromide 2: linalool: bromoform; 87:9:4, according to 1H
and 13C NMR. Estimated yield of the dibromide 2, 0.42 g, 89%. The spectral data were in accordance
with the literature [14].

3.4. Synthesis of 5-(2,2-Dibromo-3,3-Dimethylcyclopropyl)-3-Methylpentan-1-Ol (4)

2.5. equivalents of CHBr3 per equivalent of 3,7-dimethyl-6-octen-1-ol were used. The crude
mixture was purified by column chromatography (silica, hexane: ethyl acetate; 80:20) yielding the
dibromide 4 (0.27 g, 57%) as a mixture of diastereomers (approximately 1:1), according to 1H and
13C NMR. IR (HATR) νmax: 3338 (br, s), 2954 (s), 2926 (s), 2870 (s), 1456 (s), 1375 (s), 1147 (m), 1109
(m), 1060 (s, shoulder), 1006 (m), 963 (m), 756 (s), 740 (s) cm−1; 1H NMR (400 MHz, CDCl3) δ 0.89 (d,
J = 6.5 Hz, 3H), 1.07–1.52 (m, 6H), 1.14 (s, 3H), 1.34 (s, 3H), 1.52–1.65 (m, 2H), 1.75 (br s, 1H), 3.57–3.72
(m, 2H); 13C NMR (100 MHz, CDCl3) δ 19.2 and 19.3 (CH3), 19.5 and 19.6 (CH3), 25.4 and 25.5 (CH2),
27.4 (CH3), 27.9 and 28.0 (C), 29.3 and 29.4 (CH), 35.5 and 35.6 (CH2), 39.6 (CH2), 40.01 and 40.05 (CH),
48.3 and 48.4 (C), 60.9 (CH2). MS, m/z (%) = 246 (M-HBr, 1)/248 (M-HBr, 1), 228 (10)/230 (10), 167 (40),
163 (34), 162 (33), 149 (28), 107 (13)/109 (14), 93 (24)/95 (23), 83 (100), 81 (56), 69 (74) and 67 (49). HRMS
(EI+) m/z 325.9878. (calcd for C11H20O79Br2, 325.9881).

3.5. Synthesis of 2-(2,2-Dibromo-1-Methylcyclopropyl)Ethan-1-Ol (5) and
2-(2,2-Dibromo-1-Methylcyclopropyl)Ethyl Formate (6)

The crude mixture was purified by column chromatography (silica, pentane: ethyl acetate; 85:15)
yielding the dibromide 5 (0.17 g, 47%) and 2-(2,2-dibromo-1-methylcyclopropyl)ethyl formate (6) (0.01
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g, 3%), both as oils. The spectral data for the dibromoalcohol 5 were in accordance with literature [33].
2-(2,2-Dibromo-1-methylcyclopropyl)ethyl formate (6). IR (HATR) νmax: 2963 (s), 2928 (s), 2873 (m), 1725
(s), 1454 (m), 1430 (m), 1383 (m), 1260 (m), 1167 (s), 733 (s), 694 (s) cm-1; 1H NMR (400 MHz, CDCl3) δ
1.40 (s, 3H), 1.44 (d, J = 7.5 Hz, 1H), 1.51 (d, J = 7.5 Hz, 1H), 1.92–2.13 (m, 2H), 4.36 (t, J = 7.0 Hz, 2H),
8.05 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 22.6 (CH3), 27.4 (C), 34.5 (CH2), 36.9 (CH2), 37.7 (C), 61.3
(CH2), 160.9 (CH). MS, m/z (%) = 238 (M-HCOOH, 14)/240 (M-HCOOH, 29)/242 (M-HCOOH, 14), 211
(10)/213 (18)/215 (9), 159 (72)/161 (70), 131 (11)/133 (12), 119 (4)/121 (3), 80 (100) and 79 (87). HRMS (EI+)
m/z 237.8994 (calcd for C6H8

79Br2, 237.8993).

3.6. Synthesis of 4-(2,2-Dibromo-3,3-Dimethylcyclopropyl)Butan-2-Ol (7)

The crude product was purified by column chromatography (silica, pentane: ethyl acetate; 80:20),
yielding the dibromide 7 as a mixture of diastereomers (approximately 1:1, according to 1H and 13C
NMR) as an oil (0.33 g, 77%). IR (HATR) νmax: 3343 (br, s), 2962 (s), 2926 (s), 2868 (s), 1456 (s), 1374 (s),
1335 (m), 1308 (m), 1128 (s, shoulder), 1090 (s), 773 (s), 745 (s) cm-1; 1H NMR (400 MHz, CDCl3) δ 1.16
and 1.17 (s, 3H), 1.20 (d, J = 6.2 Hz, 3H), 1.35 (s, 3H), 1.58 (s, 1H), 1.15–1.75 (m, 5H), 3.75–3.87 (m, 1H);
13C NMR (100 MHz, CDCl3) δ 19.3 (CH3), 23.7 (CH3), 24.2 and 24.4 (CH2), 27.42 and 27.44 (CH3), 28.0
and 28.1 (C), 37.6 and 37.8 (CH2), 39.7 and 39.9 (CH), 48.0 and 48.3 (C), 67.6 and 67.7 (CH). MS, m/z
(%) = 280 (M-H2O, 18)/282 (M-H2O, 34)/284 (M-H2O, 16), 238 (3)/240 (5)/242 (2), 173 (37)/175 (35), 159
(4)/161 (4), 122 (40), 121 (83), 107 (46), 94 (100), 79 (53) and 77 (40). HRMS (EI+) m/z 279.9461 (calcd for
C9H14

79Br2, 279.9462).

3.7. Synthesis of (2,2-Dibromo-1,3-Dimethylcyclopropyl)Methanol (9)

Yield: a mixture (0.25 g) containing (2,2-dibromo-1,3-dimethylcyclopropyl)methanol (9):
(E)-2-methyl-2-buten-1-ol: ethyl acetate: bromoform; 87:3:2:8 according to 1H NMR. Estimated
yield of 9: 0.22 g, 62%. The spectral data were in accordance with the literature [14]. 1H NMR (400 MHz,
CDCl3) δ 1.11 (d, J = 6.4 Hz, 3H), 1.25 (s, 3H), 1.49 (q, J = 6.5 Hz, 1H), 1.85–1.98 (m, 1H), 3.63 (d,
J = 11.9 Hz, 1H), 3.80 (d, J = 11.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 11.6 (CH3), 14.6 (CH3), 31.8
(CH), 33.2 (C), 45.4 (C), 71.3 (CH2).

3.8. Synthesis of 1-(2,2-Dibromo-1-Methylcyclopropyl)Ethanol (10)

The crude product (containing a mixture of diastereomers 2:3, according to 1H NMR) was purified
by filtration through a small plug of silica/Celite 545 coarse (calcined), using hexane, then hexane: ethyl
acetate (9:1), as eluents. The dibromide 10 was obtained as a mixture of diastereomers (approximately
1:3, according to 1H and 13C NMR) as an oil (0.18 g, 49%). The spectral data were in accordance with
the literature [14]. Major isomer: 1H NMR (400 MHz, CDCl3) δ 1.32–1.37 (m, 3H), 1.35 (s, 3H), 1.46 (d,
J = 7.4 Hz, 1H), 1.64 (d, J = 7.4 Hz, 1H), 1.60–1.75 (m, 1H), 3.69 (q, J = 6.3 Hz, 1H); 13C NMR (100 MHz,
CDCl3) δ 16.7 (CH3), 19.1 (CH3), 33.3 (C), 34.6 (CH2), 35.0 (C), 73.9 (CH). Minor isomer: 1H NMR
(400 MHz, CDCl3) δ 1.27 (d, J = 6.5 Hz, 3H), 1.38 (s, 3H), 1.41 (d, J = 7.6 Hz, 1H), 1.47 (d, J = 7.4 Hz, 1H),
3.77 (q, J = 6.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 15.6 (CH3), 19.2 (CH3), 32.7 (CH2), 34.2 (C), 38.1
(C), 73.7 (CH).

3.9. Synthesis of (2,2-Dibromo-3-Methyl-3-Phenylcyclopropyl)Methanol (16)

The crude product was purified by filtration through a small plug of silica/celite 545 coarse
(calcined), using hexane, then hexane: ethyl acetate (9:1), as eluents to yield compound 16 as an oil
(189 mg, 41%).1H NMR (400 MHz, CDCl3) δ 7.44–7.15 (m, 5H), 3.93 (dd, J = 11.9, 7.5 Hz, 1H), 3.84 (dd,
J = 11.9, 6.8 Hz, 1H), 2.23 (t, J = 7.1 Hz, 1H), 1.49 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 155.48, 128.37,
128.34, 128.18, 127.16, 125.68, 59.81, 41.51, 38.22, 29.61, 24.56.



Molecules 2020, 25, 2364 11 of 13

Author Contributions: Conceptualization, R.B.Ø., Y.S. and T.D.; methodology, R.B.Ø., Y.S. and T.D.; investigation,
R.B.Ø (main part), T.D., S.G.A., Y.S. and S.S.N.; writing—original draft preparation, R.B.Ø.; writing—review and
editing, R.B.Ø, Y.S., T.D. and S.G.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Professor Dag Ekeberg is greatly acknowledged for performing mass spectrometry analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Skattebøl, L. The synthesis of allenes from 1,1-dihalocyclopropane derivatives and alkyllithium. Acta Chem.
Scand. 1963, 17, 1683–1693. [CrossRef]

2. Kleveland, K.; Skattebøl, L. Chemistry of gem-dihalocyclopropanes. IX. Stereospecific synthesis of conjugated
meso-diallenes. Acta Chem. Scand. Ser. B 1975, B29, 191–196. [CrossRef]

3. Skattebøl, L. Novel route to cumulenes. Addition of dihalocarbenes to 2,5-dimethyl-2,3,4-hexatriene.
Tetrahedron Lett. 1965, 6, 2175–2179. [CrossRef]

4. Holm, K.H.; Mohamed, E.A.; Skattebøl, L. Chemistry of dihalocyclopropanes. XXV. The influence of halogen
substituents on the vinylcyclopropylidene-cyclopentenylidene rearrangement. Acta Chem. Scand. 1993, 47,
500–505. [CrossRef]

5. Holm, K.H.; Skattebøl, L. The vinylcyclopropylidene - cyclopentadiene rearrangement. Tetrahedron Lett.
1977, 18, 2347–2350. [CrossRef]

6. Arct, J.; Skattebøl, L.; Stenstrøm, Y. Chemistry of gem-dihalocyclopropanes. XIX. Formation of
3-oxabicyclo[3.1.0]hexane derivatives by intramolecular insertion of cyclopropylidenes. Acta Chem. Scand.
Ser. B 1983, B37, 681–686. [CrossRef]

7. Skattebøl, L.; Stenstrøm, Y.; Stjerna, M.B. Chemistry of gem-dihalocyclopropanes. XXIII. Reaction of some
gem-dibromocyclopropyl acetals with methyllithium. Acta Chem. Scand. Ser. B 1988, B42, 475–483. [CrossRef]

8. Fedorynski, M. Syntheses of gem-dihalocyclopropanes and their use in organic synthesis. Chem. Rev. 2003,
103, 1099–1132. [CrossRef]

9. Banwell, M.G.; Beck, D.A.S.; Stanislawski, P.C.; Sydnes, M.O.; Taylor, R.M. Pyrroles and
gem-dihalocyclopropanes as building blocks for alkaloid synthesis. Curr. Org. Chem. 2005, 9, 1589–1600.
[CrossRef]

10. Banwell, M.G.; Lehmann, A.L.; Menon, R.S.; Willis, A.C. New methods for the synthesis of certain alkaloids
and terpenoids. Pure Appl. Chem. 2011, 83, 411–423. [CrossRef]

11. Doering, W.V.E.; Hoffmann, A.K. The addition of dichlorocarbene to olefins. J. Am. Chem. Soc. 1954, 76,
6162–6165. [CrossRef]

12. Makosza, M.; Wawrzyniewicz, M. Reactions of organic anions. XXIV. Catalytic method for preparation of
dichlorocyclopropane derivatives in aqueous medium. Tetrahedron Lett. 1969, 10, 4659–4662. [CrossRef]

13. Makosza, M.; Fedorynski, M. Phase transfer catalysis in dichlorocarbene chemistry: Basic principles and
specific features. Russ. Chem. Bull. 2011, 60, 2141–2146. [CrossRef]

14. Kleveland, K.; Skattebøl, L.; Sydnes, L.K. Chemistry of gem-dihalocyclopropanes. XI. Reactions of
dihalocarbenes with allylic alcohols. Acta Chem. Scand. Ser. B 1977, B31, 463–468. [CrossRef]

15. Bolesov, I.G.; Solov’eva, V.A.; Baird, M.S. Functionalized α-bromocyclopropylmagnesium bromides:
Generation and some reactions. Russ. J. Org. Chem. 2013, 49, 1580–1593. [CrossRef]

16. Piers, E.; Morton, H.E.; Nagakura, I.; Thies, R.W. Seven-membered ring annulation and spiro-annulation
processes via preparation and thermal rearrangement of β-(2-vinylcyclopropyl) α,β-unsaturated ketones.
Can. J. Chem. 1983, 61, 1226–1238. [CrossRef]

17. Skattebøl, L.; Aziz Abskharoun, G.; Greibrokk, T. Chemistry of gem-dihalocyclopropanes VIII A convenient
preparation of gem-dibromocyclopropanes. Tetrahedron Lett. 1973, 14, 1367–1370. [CrossRef]

18. Sirovski, F.; Gorokhova, M.; Ruban, S. Phase-transfer catalysis: Kinetics and mechanism of
dichlorocyclopropane formation in liquid/liquid and solid/liquid systems. J. Mol. Catal. A Chem. 2003, 197,
213–222. [CrossRef]

19. Starks, C.M. Interfacial area generation in two-phase systems and its effect on kinetics of phase transfer
catalyzed reactions. Tetrahedron 1999, 55, 6261–6274. [CrossRef]

http://dx.doi.org/10.3891/acta.chem.scand.17-1683
http://dx.doi.org/10.3891/acta.chem.scand.29b-0191
http://dx.doi.org/10.1016/S0040-4039(00)90174-6
http://dx.doi.org/10.3891/acta.chem.scand.47-0500
http://dx.doi.org/10.1016/S0040-4039(01)83760-6
http://dx.doi.org/10.3891/acta.chem.scand.37b-0681
http://dx.doi.org/10.3891/acta.chem.scand.42b-0475
http://dx.doi.org/10.1021/cr0100087
http://dx.doi.org/10.2174/138527205774370469
http://dx.doi.org/10.1351/PAC-CON-10-10-21
http://dx.doi.org/10.1021/ja01652a087
http://dx.doi.org/10.1016/S0040-4039(01)88775-X
http://dx.doi.org/10.1007/s11172-011-0332-3
http://dx.doi.org/10.3891/acta.chem.scand.31b-0463
http://dx.doi.org/10.1134/S1070428013110043
http://dx.doi.org/10.1139/v83-219
http://dx.doi.org/10.1016/S0040-4039(01)95945-3
http://dx.doi.org/10.1016/S1381-1169(02)00593-9
http://dx.doi.org/10.1016/S0040-4020(99)00203-3


Molecules 2020, 25, 2364 12 of 13

20. Dummann, G.; Quittmann, U.; Groschel, L.; Agar, D.W.; Worz, O.; Morgenschweis, K. The
capillary-microreactor: A new reactor concept for the intensification of heat and mass transfer in liquid-liquid
reactions. Catal. Today 2003, 79–80, 433–439. [CrossRef]

21. Jas, G.; Kirschning, A. Continuous flow techniques in organic synthesis. Chem. Eur. J. 2003, 9, 5708–5723.
[CrossRef]

22. Geyer, K.; Codee, J.D.C.; Seeberger, P.H. Microreactors as tools for synthetic chemists - the chemists’
round-bottomed flask of the 21st century? Chem. Eur. J. 2006, 12, 8434–8442. [CrossRef]

23. Wiles, C.; Watts, P. Continuous flow reactors, a tool for the modern synthetic chemist. Eur. J. Org. Chem.
2008, 2008, 1655–1671. [CrossRef]

24. Valera, F.E.; Quaranta, M.; Moran, A.; Blacker, J.; Armstrong, A.; Cabral, J.T.; Blackmond, D.G. The Flow’s
the Thing···Or Is It? Assessing the Merits of Homogeneous Reactions in Flask and Flow. Angew. Chem. Int.
Ed. 2010, 49, 2478–2485. [CrossRef]

25. Hartman, R.L.; McMullen, J.P.; Jensen, K.F. Deciding whether to go with the flow: Evaluating the merits of
flow reactors for synthesis. Angew. Chem. Int. Ed. 2011, 50, 7502–7519. [CrossRef]

26. Burns, J.R.; Ramshaw, C. The intensification of rapid reactions in multiphase systems using slug flow in
capillaries. Lab Chip 2001, 1, 10–15. [CrossRef]

27. Kashid, M.N.; Gerlach, I.; Goetz, S.; Franzke, J.; Acker, J.F.; Platte, F.; Agar, D.W.; Turek, S. Internal Circulation
within the Liquid Slugs of a Liquid-Liquid Slug-Flow Capillary Microreactor. Ind. Eng. Chem. Res. 2005, 44,
5003–5010. [CrossRef]

28. Zhang, L.; Geng, M.; Teng, P.; Zhao, D.; Lu, X.; Li, J.-X. Ultrasound-promoted intramolecular direct arylation
in a capillary flow microreactor. Ultrason. Sonochem. 2012, 19, 250–256. [CrossRef]

29. Sinkovec, E.; Krajnc, M. Phase Transfer Catalyzed Wittig Reaction in the Microtube Reactor under
Liquid-Liquid Slug-Flow Pattern. Org. Process Res. Dev. 2011, 15, 817–823. [CrossRef]

30. Østby, R.B.; Stenstrøm, Y.H.; Didriksen, T. The use of flow chemistry for two-phase dibromocyclopropanation
of alkenes. J. Flow Chem. 2015, 5, 69–73. [CrossRef]

31. von Keutz, T.; Cantillo, D.; Kappe, C.O. Enhanced mixing of biphasic liquid-liquid systems for the synthesis
of gem-dihalocyclopropanes using packed bed reactors. J. Flow Chem. 2019, 9, 27–34. [CrossRef]

32. Richey, H.G., Jr.; Moses, L.M. Configurational stability of a cyclopropyl Grignard reagent containing a
metalated 2-hydroxymethyl group. J. Org. Chem. 1983, 48, 4013–4017. [CrossRef]

33. Sydnes, L.K.; Skare, S. Reactions of 2,2-dibromocyclopropyl carboxylic acids with methyllithium. Can. J.
Chem. 1984, 62, 2073–2078. [CrossRef]

34. Holm, K.H.; Skattebøl, L. Chemistry of gem-dihalocyclopropanes. XX. The effect of methyl and phenyl
substituents on the vinylcyclopropylidene-cyclopentenylidene rearrangement. Acta Chem. Scand. Ser. B
1984, B38, 783–794. [CrossRef]

35. Nishii, Y.; Matsumura, H.; Muroya, Y.; Tsuchiya, T.; Tanabe, Y. Novel synthetic pyrethroids containing a
halocyclopropane structure. Biosci. Biotechnol. Biochem. 1995, 59, 1355–1357. [CrossRef]

36. Molchanov, A.P.; Kostikov, R.R. Reaction of dichlorocarbene with allyl and cinnamyl alcohols. Zh. Org. Khim.
1987, 23, 69–71.

37. Skell, P.S.; Garner, A.Y. Reactions of bivalent carbon compounds. Reactivities in olefin-dibromocarbene
reactions. J. Am. Chem. Soc. 1956, 78, 5430–5433. [CrossRef]

38. Jonczyk, A.; Fedorynski, M. Dihalocarbenes or Equivalents. In Houben-Weyl-Methods of Organic Chemistry:
Cyclopropanes: A. Synthesis; de Meijere, A., Ed.; Georg Thieme Verlag: Stuttgart, Germany, 1997; Volume E
17a, pp. 589–734.

39. Kobayashi, Y.; Yoshida, S.; Nakayama, Y. Total synthesis of korormicin. Eur. J. Org. Chem. 2001, 2001,
1873–1881. [CrossRef]

40. Yadav, J.S.; Yadav, N.N.; Reddy, B.V.S. Studies directed towards the total synthesis of polyether antibiotic
ionomycin: Asymmetric synthesis of fragments C(24)-C(32) and C(1)-C(23). Tetrahedron 2015, 71, 7539–7549.
[CrossRef]

41. Kumar, H.M.S.; Reddy, B.V.S.; Reddy, E.J.; Yadav, J.S. Iodine-catalyzed mild and efficient
tetrahydropyranylation/depyranylation of alcohols. Chem. Lett. 1999, 857–858. [CrossRef]

42. Jung, Y.H.; Kim, J.D. One-pot synthesis of cinnamyl amines with various protecting groups from cinnamyl
ethers. Arch. Pharmacal Res. 2001, 24, 371–376. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0920-5861(03)00056-7
http://dx.doi.org/10.1002/chem.200305212
http://dx.doi.org/10.1002/chem.200600596
http://dx.doi.org/10.1002/ejoc.200701041
http://dx.doi.org/10.1002/anie.200906095
http://dx.doi.org/10.1002/anie.201004637
http://dx.doi.org/10.1039/b102818a
http://dx.doi.org/10.1021/ie0490536
http://dx.doi.org/10.1016/j.ultsonch.2011.07.008
http://dx.doi.org/10.1021/op200061j
http://dx.doi.org/10.1556/JFC-D-14-00041
http://dx.doi.org/10.1007/s41981-018-0026-1
http://dx.doi.org/10.1021/jo00170a027
http://dx.doi.org/10.1139/v84-354
http://dx.doi.org/10.3891/acta.chem.scand.38b-0783
http://dx.doi.org/10.1271/bbb.59.1355
http://dx.doi.org/10.1021/ja01601a073
http://dx.doi.org/10.1002/1099-0690(200105)2001:10&lt;1873::AID-EJOC1873&gt;3.0.CO;2-O
http://dx.doi.org/10.1016/j.tet.2015.08.011
http://dx.doi.org/10.1246/cl.1999.857
http://dx.doi.org/10.1007/BF02975178
http://www.ncbi.nlm.nih.gov/pubmed/11693534


Molecules 2020, 25, 2364 13 of 13

43. Kroesen, U.; Knauer, L.; Strohmann, C. The Reactivity of Benzyl Lithium Species is Regulated by Intermediate
Structures. Angew. Chem. Int. Ed. 2017, 56, 6232–6235. [CrossRef] [PubMed]

44. Wijtmans, M.; Maussang, D.; Sirci, F.; Scholten, D.J.; Canals, M.; Mujic-Delic, A.; Chong, M.; Chatalic, K.L.S.;
Custers, H.; Janssen, E.; et al. Synthesis, modeling and functional activity of substituted styrene-amides as
small-molecule CXCR7 agonists. Eur. J. Med. Chem. 2012, 51, 184–192. [CrossRef] [PubMed]

45. Nguyen, B.H.; Perkins, R.J.; Smith, J.A.; Moeller, K.D. Solvolysis, Electrochemistry, and Development of
Synthetic Building Blocks from Sawdust. J. Org. Chem. 2015, 80, 11953–11962. [CrossRef] [PubMed]

46. Sheshenev, A.E.; Baird, M.S.; Bolesov, I.G. Synthesis of 1-bromo-substituted analogs of cis-deltamethrinic
and cis-permethrinic acids. Russ. J. Org. Chem. 2005, 41, 1601–1609. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/anie.201702377
http://www.ncbi.nlm.nih.gov/pubmed/28402588
http://dx.doi.org/10.1016/j.ejmech.2012.02.041
http://www.ncbi.nlm.nih.gov/pubmed/22424612
http://dx.doi.org/10.1021/acs.joc.5b01776
http://www.ncbi.nlm.nih.gov/pubmed/26544912
http://dx.doi.org/10.1007/s11178-006-0005-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Experimental Section 
	General Information 
	Representative Procedure, Synthesis of (2,2-Dibromo-3,3-Dimethylcyclopropyl)Methanol (1) 
	Synthesis of 5-(2,2-Dibromo-3,3-Dimethylcyclopropyl)-3-Methyl-1-Penten-3-Ol (2) 
	Synthesis of 5-(2,2-Dibromo-3,3-Dimethylcyclopropyl)-3-Methylpentan-1-Ol (4) 
	Synthesis of 2-(2,2-Dibromo-1-Methylcyclopropyl)Ethan-1-Ol (5) and 2-(2,2-Dibromo-1-Methylcyclopropyl)Ethyl Formate (6) 
	Synthesis of 4-(2,2-Dibromo-3,3-Dimethylcyclopropyl)Butan-2-Ol (7) 
	Synthesis of (2,2-Dibromo-1,3-Dimethylcyclopropyl)Methanol (9) 
	Synthesis of 1-(2,2-Dibromo-1-Methylcyclopropyl)Ethanol (10) 
	Synthesis of (2,2-Dibromo-3-Methyl-3-Phenylcyclopropyl)Methanol (16) 

	References

