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ABSTRACT: The rapid cis−trans isomerization of α-anionic
stilbene was regioselectively controlled by using flow micro-
reactors, and its reaction with various electrophiles was conducted.
The reaction time was precisely controlled within milliseconds to
seconds at −50 °C to selectively give the cis- or trans-isomer in
high yields. This synthetic method in flow was well-applied to
synthesize precursors of commercial drug compound, (E)- and
(Z)-tamoxifen with high regioselectivity and productivity.

Stilbene is a well-known subunit occurring naturally in
polyphenols of various plants.1 Advances in spectroscopic

techniques facilitate the analysis of not only the intricate
structures of stilbenes but also the elucidation of their
biological efficacy. Stilbene derivatives have been at the
forefront of pharmaceutical research and development, because
of their potential therapeutic or preventive applications,
exemplified by tamoxifen,2 resveratrol,3 and combretastatin
A-4.4 Furthermore, they have been often used in material
applications as dye precursors, optical brighteners, phosphors,
and scintillators.5

The widespread applications of stilbene derivatives in
various research fields led the development of synthetic
method for regioselective functionalization of the stilbenes;6

however, the reactions are restricted, because of their rapid
isomerization. The geometry of the trans-stilbene is slightly
lower in energy than cis-stilbene by ∼4.6 kcal/mol, with an
isomerization barrier of 48.3 kcal/mol,7 because the steric
interactions force the aromatic rings out-of-plane and prevent
conjugation.8 Therefore, the formation of trans-isomer is
preferred in nature and the cis-isomer is sensitive to
isomerization, even to mild conditions, such as minor light
irradiation9 and exposure to heat.10 The preference for the
trans-isomer also strongly dominates the product conforma-
tion. The α-functionalization of stilbene through vinylic metal
species is difficult, because of the its rapid transformation from
cis to trans (Scheme 1a), as reported.11 A directing group for
high regioselectivity is required in order to control the olefin
geometry as part of a general synthetic methodology.
The carbolithiation of diphenylethylene and selective α-

lithiation of stilbene, one of the simplest and direct
functionalization methods12 is challenging, because the
formation of the trans-isomer cannot be prevented, even
under extremely low temperature conditions, because of the
rapid isomerization. The regioselective synthesis of α-function-
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Scheme 1. Synthetic Methodology for the Functionalization
of α-Anionic Stilbenes

Figure 1. Vinyl C−H metalation of cis-stilbene to result in the
formation of the trans-isomer in the flow.
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alized cis- and trans-stilbene derivatives is an ongoing
challenging issue using transition-metal catalysts.13

Flow chemistry based on microfluidics has been developed
and widely applied in the field of organic chemistry,
pharmaceutical chemistry, and materials science in the last
two decades.14 The flow reactor has emerged as a fascinating
alternative to conventional flask, especially as a safe and
environmentally friendly synthetic tool.15 Continuous flow
chemistry is increasingly recognized as a cutting-edge synthetic
technique that can be combined with artificial intelligence and
autonomous reaction system.16 Flow microreactors contrib-
uted advance in organic synthesis due to fast mixing, effective
control of reaction conditions, and time.17 Based on the precise
control of short reaction time (milliseconds or less) in the flow
reactor, our research group has reported several studies
involving rapid reaction control including rearrangement and
decomposition of intermediates,18 and this concept is referred
to as “flash chemistry”.19

Herein, we report a remarkable control of isomerization of
α-lithiated stilbene using the flow reaction system. To the best
of our knowledge, this is the first report of α-functionalization
of both cis- and trans-stilbene with high regioselectivity
(Scheme 1b). We also established the successful introduction
of various electrophiles into highly controlled cis- and trans-

lithiated stilbene including cis-stilbenyl borate, which could be
used in various synthetic reactions such as Pd-catalyzed cross-
coupling. The flash synthesis method is illustrated by the
synthesis of the precursors of the well-known pharmaceutical
compounds (E)- and (Z)-tamoxifen.
Initially, the generation of α-anionic stilbene was attempted

via vinyl C−H metalation of cis-stilbene using Schlosser’s base
(a mixture of BuLi and potassium tert-butoxide)20 in both a
flask and the flow reactor (Figure 1; see the Supporting
Information). In the various reaction conditions, only trans-
isomer 2b was obtained as a sole product, even using a flow
reactor where the time for the metalation was set to

Figure 2. Generation of α-lithiated stilbene and the control of
isomerization by changing the residence time in R1 in a flow
microreactor: (a) the Br−Li exchange reaction of cis-α-bromo stilbene
(1) and subsequent reaction with benzaldehyde in flow, (b) the
reaction using n-BuLi as a lithiating reagent, and (c) the reaction
using s-BuLi as a lithiating reagent.

Figure 3. Investigation of the relationship between cationic species
and the isomerization rate: (a) the flow scheme for the reaction with
the cationic species, (b) the reaction with t-BuONa as an additive (the
reaction without an additive was represented by black dashed lines),
(c) the reaction using t-BuOK as an additive, and (d) the reaction
using 12-crown-4-ether as an additive.
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milliseconds at −78 °C. All of the attempts to get the cis-
isomer 2a failed. The results suggest that the rate of
isomerization was much faster than the rate of metalation by
the Schlosser’s base, which was not possible to control the
isomerization. For this reason, we modified the strategy to
generate the α-anionic stilbene via the rapid halogen−lithium
exchange reaction.
In a preliminary study using cis-α-bromo stilbene (1), the

generation of α-lithiated stilbene, followed by the reaction with
benzaldehyde, was conducted in a flask. A mixture of cis- and
trans-products was obtained in the ratio of 2:1 (63% and 34%,
respectively), although the lithiation time was kept to 1 min at
−78 °C. This result indicates that the regioselective
functionalization of stilbene is difficult to achieve in flask,
because of the rapid isomerization even at −78 °C (See the
Supporting Information).

We next performed the flow reaction expecting better
controllability. The reaction was conducted in the flow reactors
consisting of two micromixers (M1 and M2; 250 μm of inner
diameter) and two tube reactors (R1 and R2), as shown in
Figure 2a. A solution of cis-α-bromo stilbene (1) and BuLi was
mixed and lithiated in M1 and R1, and the resulting solution
was reacted with benzaldehyde in M2 and R2. Because many
previous reports indicate that the Br−Li exchange at −78 °C in
flow reactors results in low conversions,21 the temperature of
flow reaction was maintained at slightly higher than −50 °C
and the residence time in R1 was controlled from 14 ms to 94 s
by changing the diameter and length of the tube reactor. First,
we used n-BuLi as a lithiating reagent (Figure 2b). The yield of
2a was increased by changing the residence time from 14 ms to
3.1 s, because of the incomplete Br−Li exchange at residence
times that are too short under low temperature. However, the
yield of 2a dwindled by further increasing the residence time
(from 3.1 s to 63 s), because of the rapid cis−trans
isomerization. When the residence time was 0.63 s, we
obtained compound 2a in 91% yield, but the isomerized trans-
compound 2b was also detected (2%). We could confirm that
the isomerization began before the complete Br−Li exchange
reaction to result in the formation of a mixture of compound
2a and 2b. Therefore, we changed the lithiating reagent to s-
BuLi for faster Br−Li exchange and resulted in the highest
yield of compound 2a without the formation of isomer 2b at
55 ms of residence time (93% in Figure 2c). At a residence
time of 94 s, compound 2b was obtained as a sole product,
with a yield of 84%. The yield of 2a was decreased by

Figure 4. Regioselective functionalization of stilbene with various
electrophiles.

Figure 5. Various reactions of flow-synthesized cis-stilbenyl borate
13a.

Figure 6. Flow-assisted synthesis of (E)- and (Z)-tamoxifen precursor
with high regioselectivity.
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increasing the temperature (from −78 °C to 20 °C) at a fixed
residence time (3.1 s; see the Supporting Information).
Next, we investigated the effect of cationic species on the

isomerization rate. The cis-α-lithiated stilbene generated in R1
was mixed with alkali-metal species, and then trapped with
benzaldehyde in the flow microreactors (Figure 3a).
Interestingly, the kinetics of isomerization was dramatically
changed by the cation. Using sodium tert-butoxide (t-BuONa)
as an additive, the rate of isomerization seemed to be slightly
increased (Figure 3b). When the potassium tert-butoxide (t-
BuOK) was added, trans-isomer 2b was only detected at all of
the residence times in R2 (Figure 3c). The reaction rate of
isomerization was increased in the following order of the
cation: Li+ < Na+ < K+, presumably because of a degree of
ionized α-anionic stilbene. The addition of t-BuONa and t-
BuOK can induce the replacement of Li+ with Na+ or K+,
which leads to more ionized anions. We also conducted the
reaction using 12-crown-4-ether as the additive to generate the
more ionized anion by capturing the Li+ and the rate of
isomerization was dramatically accelerated, as shown in Figure
3d. This result indicates that the more ionized anion stilbene
facilitates faster cis−trans isomerization. Based on the results,
we realized that our initial attempt to generate cis-α-lithiated
stilbene using Schlosser’s base most likely failed even in the
flow, because of the effect of potassium accelerating the rate of
isomerization.
Under the optimized residence times (55 ms for cis-stilbene

derivatives and 94 s for trans-stilbene derivatives), we
conducted the regioselective reactions with various electro-
philes (Figure 4). We obtained the desired cis- (2a−5a) and
trans- products (2b−5b) in high yields of 84−99% through the
reactions with benzaldehydes bearing electron-withdrawing or
electron-donating groups and an aliphatic aldehyde.
Various electrophiles including methyl triflate, benzophe-

none, phenyl isocyanate, hexachloroethane, trimethylsilyl
triflate, diethyl malonate, tributyltin chloride, and trimethox-
yborane were effectively trapped the intermediate organo-
metallic to yield the corresponding cis- (3a−13a) and trans-
stilbene derivatives (3b−13b) with high yield and regiose-
lectivity.
To demonstrate the synthetic utility of the cis-stilbenyl

borate compound, we conducted further reactions using
compound 13a (Figure 5). The oxidation reaction was
achieved with hydrogen peroxide and sodium hydroxide,
resulting in 1,2-diphenylethone (14) in 92% isolated yield. The
Pd-catalyzed cross-coupling reaction gave the corresponding
products (15−18) in high yields (87%−94%), using coupling
partners such as allyl, benzyl, aryl, and heteroaryl bromide.
We next conducted the synthesis of precursors of cis- and

trans-tamoxifen (Figure 6). The remedial effect of tamoxifen is
different by the E/Z geometry, which requires the
regioselective synthesis during production of the drug
compound. Whereas cis- or (E)-tamoxifen is a full estrogen
agonist,22 trans- or (Z)-tamoxifen is a therapeutic agent used
for the management of estrogen-dependent breast cancer.23

The cis- or trans-α-lithiated stilbenes were generated under the
optimized conditions, followed by the reaction with ethyl
triflate (EtOTf) in the flow reactors resulting in ethylated
compound 19a or 19b in the isolated yield of 60% and 69%,
respectively. In case of using ethyl iodide as the electrophile,
compound 19a was not obtained as the sole product, because
of low reactivity.

A high-yielding, high-throughput synthesis of 19a (0.83 g)
and 19b (1.04 g) was achieved in 11 and 12 min of operation
time, respectively. The cis-isomer 19a can be converted to (E)-
tamoxifen via epoxidation (see the Supporting Information)
and epoxide olefination,24 and the trans-isomer can be directly
transformed to (Z)-tamoxifen via Heck-type cross-coupling
reaction.25 These results suggest that the flow-assisted
approach is useful for the regioselective synthesis of
pharmaceutical ingredients with high productivity.
In conclusion, we have achieved the flow-assisted precise cis-

trans isomerization of α-anionic stilbene. We generated the α-
lithiated stilbene via rapid Br−Li exchange. Under the
optimized conditions, two isomers can be regioselectively
trapped with various electrophiles to obtain the desired
products in high yields. The cis-stilbenyl-borate that was
obtained using this method could be used for the synthesis of
various cis-stilbene derivatives. Moreover, the synthesis of both
precursors of cis- and trans-tamoxifen with enhanced
productivity in flow demonstrates the power of flow chemistry
in the field of organic synthesis.
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Mongirdiene,̇ A.; Bernatoniene,̇ J. Multiplicity of effects and health
benefits of resveratrol. Medicina 2016, 52, 148−155.
(4) (a) Lawrence, N. J.; Hepworth, L. A.; Rennison, D.; McGown, A.
T.; Hadfield, J. A. Synthesis and anticancer activity of fluorinated
analogues of combretastatin A-4. J. Fluorine Chem. 2003, 123, 101−
108. (b) Siles, R.; Ackley, J. F.; Hadimani, M. B.; Hall, J. J.; Mugabe,
B. E.; Guddneppanavar, R.; Monk, K. A.; Chapuis, J.-C.; Pettit, G. R.;
Chaplin, D. J.; Edvardsen, K.; Trawick, M. L.; Garner, C. M.; Pinney,
K. G. Combretastatin Dinitrogen-Substituted Stilbene Analogues as
Tubulin-Binding and Vascular-Disrupting Agents. J. Nat. Prod. 2008,
71, 313−320. (c) de Lima, D. P.; Rotta, R.; Beatriz, A.; Marques, M.

R.; Montenegro, R. C.; Vasconcellos, M. C.; Pessoa, C.; de Moraes,
M. O.; Costa-Lotufo, L. V.; Frankland Sawaya, A. C. H.; Eberlin, M.
N. Synthesis and biological evaluation of cytotoxic properties of
stilbene-based resveratrol analogs. Eur. J. Med. Chem. 2009, 44, 701−
707. (d) Ma, M.; Sun, L.; Lou, H.; Ji, M. Synthesis and biological
evaluation of Combretastatin A-4 derivatives containing a 3′-O-
substituted carbonic ether moiety as potential antitumor agents.
Chem. Cent. J. 2013, 7, 179−186. (e) Gaspari, R.; Prota, A. E.;
Bargsten, K.; Cavalli, A.; Steinmetz, M. O. Chem. 2017, 2, 102−113.
(5) (a) Grabchev, I.; Philipova, T. Polymerization of styrene in the
presence of some triazine-stilbene fluorescent brighteners. Angew.
Makromol. Chem. 1998, 263, 1−4. (b) Navadiya, H. D.; Dave, P. N.;
Jivani, A. R.; Undavia, N. K.; Patwa, B. S. Studies on Synthesis of 4
Oxoquinazolin Dyes and their Application on Various Fibres. Int. J.
Chem. Sci. 2008, 6, 2224−2232. (c) Bertrand, G. H. V.; Hamel, M.;
Sguerra, F. Current Status on Plastic Scintillators Modifications.
Chem. - Eur. J. 2014, 20, 15660−15685. (d) Saeed, A.; Shabir, G.;
Batool, I. Novel stilbene-triazine symmetrical optical brighteners:
synthesis and applications. J. Fluoresc. 2014, 24, 1119−1127. (e) Lee,
S. K.; Son, J. B.; Jo, K. H.; Kang, B. H.; Kim, G. D.; Seo, H.; Park, S.
H.; Galunov, N. Z.; Kim, Y. K. Development of large-area composite
stilbene scintillator for fast neutron detection. J. Nucl. Sci. Technol.
2014, 51, 37−47. (f) Abourashed, E. A. Review of Stilbenes:
Applications in Chemistry, Life Sciences and Materials Science. J. Nat.
Prod. 2017, 80, 577−577. (g) Ostapenko, N.; Ilchenko, M.;
Ostapenko, Y.; Kerita, O.; Melnik, V.; Klishevich, E.; Galunov, N.;
Lazarev, I.; Chursanova, M. Photoluminescence of a new polycrystal-
line scintillator based on stilbene. Mol. Cryst. Liq. Cryst. 2018, 671,
104−112.
(6) (a) Al-hassan, M. I. Conversion of Stilbene to trisubstituted
Olefins. Synth. Commun. 1989, 19, 463−472. (b) Negishi, E.-i.;
Kondakov, D. Y.; Van Horn, D. E. Carbometalation Reactions of
Diphenylacetylene and Other Alkynes with Methylalanes and
Titanocene Derivatives. Organometallics 1997, 16, 951−957.
(c) Hu, Q.; Li, D.; Zhang, H.; Xi, Z. A novel reaction of
titanacyclopentenes and aldehydes with or without Lewis acids.
Tetrahedron Lett. 2007, 48, 6167−6170. (d) Tanaka, R.; Sanjiki, H.;
Urabe, H. Yttrium-Mediated Conversion of Vinyl Grignard Reagent
to a 1,2-Dimetalated Ethane and Its Synthetic Application. J. Am.
Chem. Soc. 2008, 130, 2904−2905. (e) Tarr, J. C.; Johnson, J. S.
Lanthanum Tricyanide-Catalyzed Acyl Silane−Ketone Benzoin
Additions and Kinetic Resolution of Resultant α-Silyloxyketones. J.
Org. Chem. 2010, 75, 3317−3325. (f) DeBerardinis, A. M.;
Turlington, M.; Pu, L. Activation of Vinyl Iodides for the Highly
Enantioselective Addition to Aldehydes. Angew. Chem., Int. Ed. 2011,
50, 2368−2370.
(7) (a) Saltiel, J.; Ganapathy, S.; Werking, C. The ΔH for thermal
trans/cis-stilbene isomerization: do S0 and T1 potential energy curves
cross? J. Phys. Chem. 1987, 91, 2755−2758. (b) Ni, T.; Caldwell, R.
A.; Melton, L. A. The relaxed and spectroscopic energies of olefin
triplets. J. Am. Chem. Soc. 1989, 111, 457−464. (c) Han, W.-G.;
Lovell, T.; Liu, T.; Noodleman, L. Density Functional Studies of the
Ground- and Excited-State Potential-Energy Curves of Stilbene cis−
trans Isomerization. ChemPhysChem 2002, 3, 167−178. (d) Baker, J.;
Wolinski, K. Isomerization of stilbene using enforced geometry
optimization. J. Comput. Chem. 2011, 32, 43−53. (e) Ioffe, I. N.;
Granovsky, A. A. Photoisomerization of Stilbene: The Detailed
XMCQDPT2 Treatment. J. Chem. Theory Comput. 2013, 9, 4973−
4990.
(8) (a) Arenas, J. F.; Tocon, I. L.; Otero, J. C.; Marcos, J. I. A Priori
Scaled Quantum Mechanical Vibrational Spectra of trans- and cis-
Stilbene. J. Phys. Chem. 1995, 99, 11392−11398. (b) Molina, V.;
Merchán, M.; Roos, B. O. A theoretical study of the electronic
spectrum of cis-stilbene. Spectrochim. Acta, Part A 1999, 55, 433−446.
(9) (a) Waldeck, D. H. Photoisomerization dynamics of stilbenes.
Chem. Rev. 1991, 91, 415−436. (b) Busby, M.; Matousek, P.; Towrie,
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