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ABSTRACT: An enabling continuous flow setup for handling of
unstable organolithium intermediates and synthesis of heteroaryl
sulfinates on a multigram scale is described. The developed
continuous flow process allows for the synthesis and simple
isolation of heteroaryl sulfinates which are otherwise challenging to
access in classical batch mode. The lithium sulfinate salts prepared
by this method were shown to be efficient reaction partners in
palladium catalyzed C(sp2)−C(sp2) cross-coupling to access
medicinally relevant bis-heteroaryl motifs.

Biaryls, containing at least one aza-heterocyclic core, are
privileged and recurrent pharmacophoric features in the

small-molecule pharmaceutical landscape.1−3 An assessment of
146 WHO-registered kinase inhibitors, a compound class of
paramount importance in the pharmaceutical industry, showed
that 33 compounds possess the biaryl motif, of which 18 drugs
embody the heteroaryl−heteroaryl and 15 the heteroaryl−aryl
motif (see Figure 1).4 The high recurrence and value of the

biaryl motif has propelled the development of a vast array of
synthetic protocols to access these scaffolds,5 with the
palladium-catalyzed Suzuki−Miyaura coupling being acknowl-
edged as the most popular method for C(sp2)−C(sp2) bond
formation in the pharmaceutical industry.6−8

Despite its widespread usage, this catalytic system reveals
limitations when heterocyclic boronic acids need to be cross-
coupled. On the basis of internal experience and also supported
by a survey performed by Pfizer,9 this phenomenon becomes
even more pronounced when 2-substituted pyridine boronate
heterocycles are involved as these desirable building blocks show
a tendency to rapidely protodeborylate under a wide pH range.10

These stability issues can be mitigated by derivatization of the

boronic acids to stabilized boronic esters and boronates such as
triolborates,N-methyl iminodiacetic acid (MIDA) boronates, or
N-phenyldiethanolamine boronates.9,11,12

Although these measures can improve the stability of the
coupling partner, they are in contrast to the green chemistry
principals due to reduced atom efficiency as well as generation of
extra organic waste and boron-containing aqueous waste
streams.13 An additional aspect relates to preclinical safety and
the high likelihood of boronic acid derivatives to trigger an in
silico alert for mutagenicity, which can require the development
of challenging and time-consuming analytical control and testing
strategies.14,15

In this context, the substitution of heteroaryl boronic acid
derivatives by their corresponding sulfinate salts opens the
opportunity to circumvent the above-mentioned concerns and
allows access to a complementary cross-coupling strategy.
Recently, Willis et al. described the use of heteroaryl sulfinates
(especially pyridyl) as alternative nucleophilic partners for
palladium-catalyzed C(sp2)−C(sp2) cross-couplings.16−20

These salts are known to be bench-stable and greener compared
to stabilized boronates, with sulfur dioxide (SO2)

21 being one of
the only byproducts of the desulfinative coupling reactions.
Various methodologies for the preparation of aryl (and some

heteraryl) sulfinate salts have been described as outlined in
Scheme 1.19,22 Aryl and heteroaryl sulfinates are accessible via
redox or other reactions23 of prefunctionalized organosulfur
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Figure 1. C(sp2)−C(sp2) in a selection of kinase inhibitors.
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compounds (A). Sulfinative approaches (B) occur either via
palladium-catalyzed sulfination of aryl halides15,19−21 or by
reaction of an organometallic species with electrophilic SO2 or
its surrogate DABSO.19,23−26 Of note, aryl sulfinates are rarely
described as isolated compounds and are typically used in situ
for consecutive reactions.22

From an atom economy perspective, the reaction of an
(hetero)aryllithium species with SO2 appears the most
appealing, however the limited half-life of certain heteroaryl
aryllithium intermediates render this approach challenging in
conventional batch mode. We therefore hypothesized that a
continuous flow “make and consume” approach would allow for
rapid generation and electrophilic quench of an unstable
aryllithium intermediate and thereby extend the scope of this
methodology to access a wide range of advanced heteroaryl
sulfinate species.24−26

Significantly reduced residence times (≤1 s) as well as
enhanced heat- and mass-transfer in flow mode compared to
batch mode operation facilitates the handling of unstable
intermediates and enables chemistries which are highly
challenging or even impossible in conventional batch
reactors.27−29

Here, we describe the synthesis of aryl sulfinates via a
metalation−sulfination sequence in continuous flow mode (C).
On the basis of our previous work in the field of organometallic
reactions, we reverted to our established continuous flow setup
which is a reliable work horse in our process development
laboratory for the synthesis of aryl boronic acids.30,31 The
utilized flow setup integrates precooling loops for all reagent
streams: three Syrdos2 continuous syringe pumps and pressure
sensors for each reagent stream (Scheme 2). The automated
flow platform32 consists of simple PTFE T-pieces (ID = 0.5
mm) as mixing elements, and PFA tubing (ID = 0.8 mm)
providing two tubular reactors. Pleasingly, we realized that only
minimal adjustment to the established boronic acid protocol was
required to establish a flow procedure for the synthesis of aryl
sulfinates. Side-reaction of n-butyllithium (nBuLi) with SO2
leads to the formation of n-butyllithium sulfinate as a major
process impurity, which is difficult to separate from the desired
heteroaryl sulfinate moiety. Therefore, n-butyllithium was
defined as the limiting reagent while sacrificing small amounts
(10 mol %) of aryl bromide. This comes at a price, however, it
simplifies the workup significantly because all nonsulfinate,
nonpolar impurities can be depleted from the product filter cake
by a washing cycle. High purity compounds are obtained

without the requirement of chromatographic purification or
recrystallization.
Optimal conversion for the preparation of sulfinates 2a−qwas

achieved using a 0.4 M concentration of aryl bromide (1) in
tetrahydrofuran, a commercially available 1.6 M solution of n-
butyllithium in hexanes, and a 0.5 M solution of sulfur dioxide33

in tetrahydrofuran. The sulfinate immediately precipitates at the
mixing point with sulfur dioxide and consisted of very fine, hard,
and nonsticky particles which did not show a tendency to
accumulate and cause clogging issues under these conditions.
To demonstrate the substrate scope and synthetic value of the

continuous flow process, standard conditions for the conversion
of various aryl bromides to lithium sulfinates were devised. In
total, 17 pharmaceutically relevant heteroaryl sulfinates were
synthesized in moderate to excellent yield. Heteroaromatic
bromides such as pyridines in all three positions (2a−h, 2l−m),

Scheme 1. Selected Methods for the Synthesis of Aryl (Ar)
and Heteroaryl (Het) Sulfinate Salts

Scheme 2. Metallation−Quench Sequence for the Synthesis
of Heteroaryl Sulfinatesa

a(a) Reactions were performed on 4.6 mmol scale in flow (1.0 min
collection at steady-state). (b) Isolated yields are given. Yield is
calculated on nBuLi as limiting reagent. (c) Scale up was realized by
collecting at steady-state for 31 min (2a) and 35 min (2n), amounts
isolated in parentheses.
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and isoquinoline (2i), quininolines (2j,k), pyrimidine (2n), and
benzthioxalzole (2q) were successfully transformed to their
corresponding sulfinate salts.
We considered the scale-ups to be an important proof-of-

concept effort due to the exothermic nature of the two
consecutive reaction steps, and the potential clogging of the
reactor system with sulfinate salts during extended run-time.
Over 35min, the unit delivered 31 g of the desired sulfinate 2n in
excellent purity and with only neglectable fluctuation in the
back-pressure.
To validate the quality and reactivity of the lithium sulfinates

synthesized via the continuous flow procedure, with the
desulfinylative cross-coupling results reported by Willis,16,20

we investigated the reaction of 2 with 3 toward bis-heteroaryls 4
(see Scheme 3).

Under the described palladium-catalyzed cross-coupling
conditions, the lithium sulfinates originating from the
continuous flow procedure gave excellent yield and quality of
the cross-coupled products. In total, 10 pharmaceutically
relevant bis-heteroaryls were synthesized in moderate to
excellent yield following the Willis protocol (4a−j).
Despite the application of heteroaryl sulfinates in palladium-

catalyzed desulfinative cross-coupling reactions, they also
embody versatile building blocks for transition-metal-free
desulfinative cross-couplings34 or other useful transformations
toward sulfonyl fluorides,35,36 sulfones,37−45 and sulfona-
mides.46−50 Investigations in these areas are underway in our
laboratories.
To finally confirm the use of these building blocks as a

replacement to potentially mutagenic boronate species for
pharmaceutical synthesis, in-house in silico assessment for the
presence of structural alerts for mutagenicity of 2a−q (17

heteroaryl lithium sulfinates) was carried out. These assessments
revealed that 2a, 2b, and 2p showed equivocal results, and the
molecules were not covered in the in silico systems used (Derek
Nexus v 6.0.0, Sarah Nexus v 3.0.0, and Case Ultra v 1.7.0.5).
However, reverse mutation assay Ames tests performed for
theses three heteroaryl sulfinates (2a, 2b, 2p) demonstrated
absence of a mutagenic potential (see Supporting Information
(SI) mutagenicity study data). Hence, they are considered as
nonmutagenic impurities, and no analytical control and testing
strategy would be necessary.
In concluson, we expanded on an established and reliable

continuous flow protocol for boronic acid preparation31 and
Matterson chemistry51 to synthesize a broad range of heteroaryl
sulfinates, which serve as valuable building blocks for the
formation of pharmaceutically relevant heterocyclic, biaryl
motifs. This emphasizes the usefulness and scope of this flow
platform and showcases the synthetic utility of organolithium
chemistry. The reported flow setup is equally suitable for the
delivery of small quantities for medicinal chemistry purposes or
for larger quantities for early development phases. We feel that
the straightforward concept will serve to reduce development
times and will generally appeal to the scientific community.
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Jeŕo ̂me Andre ́ − Global Discovery Chemistry, Novartis Institutes
for Biomedical Research, Basel 4056, Switzerland

Alexander Marziale − Global Discovery Chemistry, Novartis
Institutes for Biomedical Research, Basel 4056, Switzerland

Andreas Greb − Chemical and Analytical Development, Novartis
Pharma AG, Basel 4056, Switzerland

Susanne Glowienke − Preclinical Safety, Novartis Institutes for
Biomedical Research, Novartis Pharma AG, Basel 4056,
Switzerland

Mark Meisenbach − Chemical and Analytical Development,
Novartis Pharma AG, Basel 4056, Switzerland

Berthold Schenkel − Chemical and Analytical Development,
Novartis Pharma AG, Basel 4056, Switzerland

Scheme 3. Paladium-Catalyzed Desulfinative Cross-
Couplings of Heteroaromatic Lithium Sulfinates towards bis-
Heteroarylsa

a(a) Reactions were performed using 1.0 mmol of heteroaryl halide 3
and 1.5 mmol of heteroaryl sulfinate 2 in a sealed vessel. (b) Isolated
yields after column chromatography are given.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c02155
Org. Lett. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02155/suppl_file/ol0c02155_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02155/suppl_file/ol0c02155_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02155?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02155/suppl_file/ol0c02155_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joerg+Sedelmeier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9683-7918
http://orcid.org/0000-0002-9683-7918
mailto:joerg.sedelmeier.js1@roche.com
mailto:joerg.sedelmeier.js1@roche.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabio+Lima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2127-9568
mailto:fabio.lima@novartis.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Je%CC%81ro%CC%82me+Andre%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Marziale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Greb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susanne+Glowienke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Meisenbach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Berthold+Schenkel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Martin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02155?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02155?fig=sch3&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c02155?ref=pdf


Benjamin Martin − Chemical and Analytical Development,
Novartis Pharma AG, Basel 4056, Switzerland; orcid.org/
0000-0001-6272-1653

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c02155

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We are very thankful for the support of the Novartis Continuous
Manufacturing Unit (Chemical and Analytical Development,
Novartis Pharma AG). In addition, we thank Stephane Schmitt,
Chemical and Analytical Development, Novartis Pharma AG,
for analytical support. We dedicate this article to Professor
Yoshida Jun-Ichi (1952−2019), an admirable chemist and
person, pioneer of microscale reactions, and father of the flash
chemistry concept.

■ REFERENCES
(1) Hajduk, P. J.; Bures, M.; Praestgaard, J.; Fesik, S. W. J. Med. Chem.
2000, 43 (18), 3443−3447.
(2) Horton, D. A.; Bourne, G. T.; Smythe, M. L. Chem. Rev. 2003, 103
(3), 893−930.
(3) Klekota, J.; Roth, F. P. Bioinformatics 2008, 24 (21), 2518−2525.
(4) Lightfoot, H. L.; Goldberg, F. W.; Sedelmeier, J. ACS Med. Chem.
Lett. 2019, 10 (2), 153−160.
(5) Zhang, Y. F.; Shi, Z. J. Acc. Chem. Res. 2019, 52 (1), 161−169.
(6) Brown, D. G.; Boström, J. J. Med. Chem. 2016, 59 (10), 4443−
4458.
(7) Schneider, N.; Lowe, D. M.; Sayle, R. A.; Tarselli, M. A.; Landrum,
G. A. J. Med. Chem. 2016, 59 (9), 4385−4402.
(8) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95 (7), 2457−2483.
(9) Blakemore, D. Synthetic Methods in Drug Discovery; Royal Society
of Chemistry, 2016; Vol. 1.
(10) Cox, P. A.; Reid, M.; Leach, A. G.; Campbell, A. D.; King, E. J.;
Lloyd-Jones, G. C. J. Am. Chem. Soc. 2017, 139 (37), 13156−13165.
(11) Hall, D. G. Boronic Acids: Preparation and Applications in Organic
Synthesis, Medicine and Materials, 2nd ed.; Wiley, 2011.
(12) Knapp, D. M.; Gillis, E. P.; Burke, M. D. J. Am. Chem. Soc. 2009,
131 (20), 6961−6963.
(13) Dixon, F.; Flanagan, R. C. Org. Process Res. Dev. 2020, 24, 1063.
(14) O’Donovan, M. R.; Mee, C. D.; Fenner, S.; Teasdale, A.; Phillips,
D. H. Mutat. Res., Genet. Toxicol. Environ. Mutagen. 2011, 724, 1−6.
(15) Baldwin, A. F.; North, R.; Eisenbeis, S. Org. Process Res. Dev.
2019, 23 (1), 88−92.
(16)Markovic, T.; Rocke, B. N.; Blakemore, D. C.; Mascitti, V.; Willis,
M. C. Chem. Sci. 2017, 8 (6), 4437−4442.
(17) Markovic, T.; Murray, P. R. D.; Rocke, B. N.; Shavnya, A.;
Blakemore, D. C.; Willis, M. C. J. Am. Chem. Soc. 2018, 140 (46),
15916−15923.
(18)Markovic, T.; Rocke, B. N.; Blakemore, D. C.; Mascitti, V.; Willis,
M. C. Org. Lett. 2018, 20 (10), 3148−3149.
(19) Liang, S.; Hofman, K.; Friedrich, M.; Manolikakes, G. Chem. - A
Eur. J. 2020, DOI: 10.1002/ejoc.202000403.
(20)Markovic, T.; Rocke, B. N.; Blakemore, D. C.; Mascitti, V.; Willis,
M. C. Org. Lett. 2017, 19 (22), 6033−6035.
(21)Handle with care: sulfur dioxide (SO2) is a toxic and corrosive gas
causing skin burns and eye damage and is harmful when inhaled.
(22) Aziz, J.; Messaoudi, S.; Alami, M.; Hamze, A. Org. Biomol. Chem.
2014, 12 (48), 9743−9759.
(23) Fier, P. S.; Maloney, K. M. J. Am. Chem. Soc. 2019, 141 (4),
1441−1445.
(24) Yoshida, J.-I.; Takahashi, Y.; Nagaki, A.Chem. Commun. 2013, 49
(85), 9896−9904.

(25) Yoshida, J.-I. Flash Chemistry: Fast Organic Synthesis in
Microsystems; John Wiley and Sons, 2008.
(26)Hafner, A.; Sedelmeier, J. InOrganometallic Chemistry in Industry;
Colacot, T. J., Johansson Seechurn, C. C. C., Eds.; Wiley-VCH, 2020;
pp 61−90.
(27) Ley, S. V.; Fitzpatrick, D. E.; Myers, R. M.; Battilocchio, C.;
Ingham, R. J. Angew. Chem., Int. Ed. 2015, 54 (35), 10122−10136.
(28) Gutmann, B.; Kappe, C. O. J. J. Flow Chem. 2017, 7 (3−4), 65−
71.
(29) Plutschack,M. B.; Pieber, B.; Gilmore, K.; Seeberger, P. H.Chem.
Rev. 2017, 117 (18), 11796−11893.
(30) Hafner, A.; Filipponi, P.; Piccioni, L.; Meisenbach, M.; Schenkel,
B.; Venturoni, F.; Sedelmeier, J. Org. Process Res. Dev. 2016, 20 (10),
1833−1837.
(31) Hafner, A.; Meisenbach, M.; Sedelmeier, J. Org. Lett. 2016, 18
(15), 3630−3633.
(32) HiTec Zang website , http://www.hitec-zang.de/en/laboratory-
automation/software.html.
(33) For preparation of the sulfur dioxide feedstock solution, please
see the SI.
(34) Wei, J.; Liang, H.; Ni, C.; Sheng, R.; Hu, J. Org. Lett. 2019, 21,
937−940.
(35) Davies, A. T.; Curto, J. M.; Bagley, S. W.; Willis, M. C. Chem. Sci.
2017, 8 (2), 1233−1237.
(36) Bogolubsky, A. V.; Moroz, Y. S.; Mykhailiuk, P. K.; Pipko, S. E.;
Konovets, A. I.; Sadkova, I. V.; Tolmachev, A. ACS Comb. Sci. 2014, 16
(4), 192−197.
(37) Liu, N. W.; Liang, S.; Manolikakes, G. Synthesis 2016, 48 (13),
1939−1973.
(38) Karmakar, U.; Samanta, R. J. Org. Chem. 2019, 84 (5), 2850−
2861.
(39) Liu, N. W.; Hofman, K.; Herbert, A.; Manolikakes, G. Org. Lett.
2018, 20 (3), 760−763.
(40) Cabrera-Afonso,M. J.; Lu, Z. P.; Kelly, C. B.; Lang, S. B.; Dykstra,
R.; Gutierrez, O.; Molander, G. A.Chem. Sci. 2018, 9 (12), 3186−3191.
(41) Yue, H.; Zhu, C.; Rueping, M. Angew. Chem., Int. Ed. 2018, 57
(5), 1371−1375.
(42) Deeming, A. S.; Russell, C. J.; Hennessy, A. J.; Willis, M. C. Org.
Lett. 2014, 16 (1), 150−153.
(43) Wang, L. J.; Chen, J. M.; Dong, W.; Hou, C. Y.; Pang, M.; Jin, W.
B.; Dong, F. G.; Xu, Z. D.; Li, W. J. Org. Chem. 2019, 84 (4), 2330−
2338.
(44) Xiao, F.; Chen, H.; Xie, H.; Chen, S.; Yang, L.; Deng, G. J. Org.
Lett. 2014, 16 (1), 50−53.
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