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ABSTRACT: Recently, oxygen equilibrated water solutions of Kolliphor EL, a well-known surfactant, have been seen to
form nanomicelles with oxygen free cores. This has prompted the successful testing of the core environment as a green
medium for palladium catalyzed Suzuki-Miyaura cross couplings. The versatility of these conditions are endorsed by
several examples, including the synthesis of relevant molecular semiconductors. The reaction medium can also be re-

cycled, opening the way for an extremely easy and green chemistry compliant methodology.

Micellar couplings enable the use of established C-C and C-N
bond forming strategies at room temperature in water.'” Sev-
eral examples of standard*”’ and designerg’9 surfactants have
been reported in the literature to provide green environments
for popular reactions such as the Suzuki-Miyaura, Stille,
Buchwald—Hartwig, Heck and Sonogashira couplings. In re-
cent years, the advantages of such approaches have been
demonstrated, such as the reduction in energy consumption
and organic waste.'” It has also been demonstrated that Pd-
doped Fe nanoparticles used in connection with the micellar
environment results in an excellent route for Suzuki-Miyaura
coupling with very low palladium concentrations.'' Examples
of nickel catalyzed micellar reactions have also been report-
ed.”” New and very active phosphine ligands afford state of
the art results at very low palladium loading and with chlo-
rides as well as bromides.”’ Micelles also provide an ideal re-
action environment for reactions other than palladium-
mediated couplings.14 In particular, the Lipshutz group recent-
ly demonstrated that the high solubility of oxygen in organic
media, including micelles, can be very profitably exploited to

carry out the aerobic oxidation of water insoluble arylalkynes
to B-ketosulphones under very mild conditions. Precisely be-
cause of such high oxygen content, palladium catalyzed mi-
cellar cross coupling reactions require deoxygenation of the
reaction environment. Recently we demonstrated that the
commercially available surfactant Kolliphor EL, assembles
into nanomicelles with oxygen free cores having an average
hydrodynamic diameter of 6-7 nm." This unexpected proper-
ty, still under investigation, was confirmed by means of the
platinum porphyrin luminescence method.'*'” We here show
that such micelles provides suitable medium for the Suzuki-
Miyaura cross coupling in water at room temperature under an
oxygenated environment. We show that such a surfactant,
used directly in air, is competitive in terms of yield with other
designer surfactants described in the literature. We also show
that Kolliphor EL can be profitably exploited for the synthesis
of popular molecular semiconductors pertaining to the classes
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of diarylanthracenes,18 diketopyrrolopyrroles,
thiadiazoles,” isoindigos23 and perylenediimides.
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In order to comparatively test Kolliphor EL with established
coupling promoting surfactants, we tested the method under a
set of experimental conditions generally accepted as appropri-
ate in the dedicated literature: room temperature, a 2wt% so-
lution of the surfactant in distilled water, 0.5 M concentration
of the halide (bromide in all our reactions), [1,1'-Bis(di-tert-
butylphosphino)ferrocene]dichloropalladium(II)
(Pd(dtbpf)Cl,) 2 mol% with respect to the bromide as the cat-
alyst and triethylamine (N(Et);) as the base.® The reaction
scope is shown with examples of cross coupling reactions in
Scheme 1. Derivatives 2-5 have isolated yields comparable
with literature data obtained with two popular and efficient
designer surfactants, Nok and TPGS-750-M.* Results are gen-
erally comparable, with the relevant difference of Kolliphor
reactions being carried out under standard oxygenated envi-
ronment.

Scheme 1. Micellar couplings in water and under oxygen-
ated environment.
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Aryl bromides (in red) and arylboronic acids (in black) coupled
in 2wt% Kolliphor EL solution in deionized water. Conditions:
0.75 mmol of boronic acid, 0.5 mmol of arylbromide, 1.5 mmol
of N(Et)3 and 0.02 mmol of Pd(dtbpf) in 1 mL of surfactant solu-
tion at room temperature and in the air. For compound 10: 0.5
mmol of 1,4-phenylbisboronic acid and 1.5 mmol of 2-
bromothiophene. Isolated yields and reaction times are given.

Table S1 of the Supporting Information gives additional ex-
amples, including also reactions carried out with less reactive
catalysts like [1,1'-
bis(diphenylphosphino)ferrocene]dichloropalladium(II)
(Pd(dppf)Cl,) and palladium acetate. Whenever a thiophene
residue was present, the use of Pd(dtbpf)Cl, gave best results.
We carried out a comparative study on the coupling of 3-
thiopheneboronic acid and 3-bromoquinoline by using two
popular micelle forming surfactants: Triton X-100 and the
designer surfactant TPGS-750-M. Table 1 shows that under
otherwise identical conditions, the reaction with Kolliphor
leads to 90% yield whilst the reactions with Triton X-100 and
TPGS-750-M afford the product in a more modest 68% and
69% vyield respectively. As an extra benefit, in the case of
Kolliphor the coupling product can be readily isolated by fil-
tration. This prompted us to recycle the aqueous phase for a
second consecutive reaction, without adding a fresh catalyst.
The reaction behaved satisfactorily, leading to an isolated
yield of 70% after 2 h.

The role of oxygen in explaining the different behavior of
Kolliphor, Triton and TPGS-750-M enhanced reactions was
further confirmed by repeating the reactions with Triton X-
100 and TPGS-750-M under nitrogen atmosphere and with
nitrogen saturated water. Indeed, we were able to increase the
yield from 68 to 80% in the case of Triton X-100 and from 69
to 95% in the case of TPGS-750-M. The absolute higher
yield obtained with the latter surfactant is not surprising;
TPGS-750-M is a designer surfactant, specifically engineered
to perform cross coupling reactions. Conversely, Kolliphor
EL is just an emulsifier, unoptimized for micellar couplings.
The real gain on using Kolliphor is thus the oxygen insensitiv-
ity rather than the absolute performance (in any case remarka-
ble).

Table 1. Test reaction between 3-bromoisoquinoline and
3-thiopheneboronic acid in different surfactants.

Qﬁ/m . ho, D Pd(dtbpf)Cl - I i
N é)H various surfactants N s
entry medium run atmosphere time (h)  vyield (%)
1 Kolliphor EL | air 1 90
2 Kolliphor EL 1] air 2 70
5 Triton X-100 | air 2 68
6 Triton X-100 | N, 2 80
7 TPGS-750-M | air 2 69
8 TPGS-750-M | N, 2 95



Conditions: 0.75 mmol of boronic acid, 0.5 mmol of arylbromide,
1.5 mmol of N(Et); and 0.02 mmol of Pd(dtbpf)Cl, in 1 mL of
surfactant solution at room temperature.

To further substantiate this point, we carried out an additional
experiment using the oxygen sensitive  catalyst
tetrakis(triphenylphosphine)palladium(0)  (Pd(PPh;),). We
prepared two identical dispersions — one with Kolliphor EL
and one with TPGS-750-M - of 10 mg of Pd(PPh;), in 2 mL
of 2% by weight surfactant solution in water. Such dispersion,
both featuring the characteristic yellow coloration of fresh
Pd(PPh;),, were left under stirring at room temperature for 24
h and under standard laboratory environment. After aging, the
TPGS-750-M dispersion darkened significantly (Figure 1).

Both  dispersions  were thus charged with 6-

methoxynaphthalene-2-boronic acid, 9-bromoanthracene and
N(Et);. Figure S1 of the Supporting information shows the
GC-MS trace of both reactions after 3 h stirring. The Kolli-
phor EL dispersion gives the expected product, conversely the
TPGS-750-M reaction leads to negligible conversion, coher-
ently with extensive catalyst degradation.

Figure 1. a) As prepared dispersions of 5 mg of Pd(PPhz3)4
in Kolliphor EL (denoted with K) and PTS (denoted with P);
b) Dispersions after 24 h aging at room temperature and
under oxygenated environment.

Kolliphor EL is mostly known for being an excellent disper-
sant of relatively insoluble drugs such as Taxol and its deriva-
tives.”™ We decided to challenge its dispersion capabilities in a
series of cross coupling reactions involving organic semicon-
ductors pertaining to the classes of 9,10-diarylanthracenes,
diketopyrrolopyrroles,  diarylbenzothiadiazoles, perylene-
diimides and isoindigos. Such compounds possess solid track
records in a variety of organic devices.”*’ The availability of
an exceedingly simple procedure for their late stage function-
alization would be of high value for the organic materials
community. Working with such starting compounds required
further optimization of the reaction conditions.

Scheme 2 shows a series of reactions involving 9,10-
dibromoanthracene (DBA) and three arylboronic acids, bear-
ing different functional groups. The reaction with phenyl-
boronic acid was tested to optimize reaction conditions. We
consistently obtained the highest yield by increasing reaction
mixture concentrations. In particular, dilution of the reaction
mixture favored formation of the homocoupling biphenyl side
product. This process is commonly connected with oxygen
being present in the reaction mixture.”’ Conversely, when
working at 1M bromide concentration, we obtained a 95%
yield after crystallization and no isolated biphenyl.

Working under the same conditions, we isolated all other
cross coupling products with yields between 69 and 95%. Ta-
ble S2 of the Supporting Information shows details for every
reaction, including the structure and yield of the homocou-
pling products (where present). In the same section we also
discuss a rationalization of such concentration dependency,
based on a previous observation that Kolliphor micelles pos-
sess oxygen free cores but oxygenated shells."

Scheme 2. Micellar couplings on 9,10-dibromoanthracene
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Couplings of 9,10-dibromoanthracene (in red) and different aryl-
boronic acids (in black) performed in a 2wt% Kolliphor EL solu-
tion in deionized water. Conditions: 0.5 mmol of bromide, 1.5
mmol of arylboronic acid, 3.0 mmol of N(Et); and 0.03 mmol of
Pd(dtbpf) in 0.5 mL of surfactant solution (apart from compound
12) at room temperature and in the air. Isolated yields, after crys-
tallization, are given.

Reaction conditions leading to diarylanthracenes were also
successfully employed for the synthesis of the organic semi-
conductors shown in Scheme 3. Derivatives 16 and 17 are



known fluorescent molecules and behave in a similar way to
diarylantracene compounds. These are poorly soluble crystal-
line derivatives; they can be directly filtered from the reaction
medium and purified by crystallization. Derivatives 18 and 19
are examples of heavily functionalized compounds that could
interfere with the micellar structure of Kolliphor EL in solu-
tion. Characteristics of such isoindigo derivatives made the
reaction mixture difficult to efficiently stir, as most of the ma-
terial formed an oily and sticky residue on the walls of the
reaction flask. To deal with the problem, we mechanically
shook the reaction mixture and increased the reaction time to
24 h. Derivatives 20 and 21 are examples of coupling reaction
involving a boronic ester instead of an acid. The reactions
proved to be significantly slower, again mostly due to the high
viscosity of the reaction mixture.

All products could, in any case, be isolated after chromato-
graphic purification in moderate to good yields. Further opti-
mization of our method will likely require the devising of im-
proved mixing procedures. The use of co-solvents might also
be helpful.32

Scheme 3. Micellar synthesis of selected molecular semi-
conductors
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Couplings of brominated precursors (in red) and arylboronic ac-
ids or esters (in black) performed in a 2wt% Kolliphor EL solu-
tion in deionized water. Conditions: 0.5 mmol of bromide, 1.5
mmol of arylboronic acid, 3.0 mmol of N(Et); and 0.03 mmol of

Pd(dtbpf)Cl, in 0.5 mL of surfactant solution. For compound 22:
0.5 mmol of diphenylacetylene-4,4'-diboronic acid bis(pinacol)
ester and 1.5 mmol of bromide. Isolated yields and reaction times
are given.

In conclusion, we have demonstrated that Kolliphor EL, a
cheap, readily available and well-established drug emulsifier
and surfactant, can be used with a simple room temperature
method to access a wide variety of Suzuki-Miyaura coupling
products affording high yield in air. The scope of the reaction
is demonstrated with the coupling of a wide variety of aryl
and heteroaryl bromides with various boronic acids and esters,
including examples of well-established organic molecular
semiconductor cores. All reactions can be carried out directly
in a standard oxygenated environment in deionized water. The
reaction medium can be recycled. In the case of crystalline
compounds, the coupling products can be isolated directly by
filtration. Comparing Kolliphor EL to other designer surfac-
tants we have demonstrated that Kolliphor EL alone provides
an environment suitable for efficient oxygen insensitive reac-
tions. In short, we demonstrated an exceedingly simple, eco-
nomically convenient and sustainable bench-top protocol for
efficient Suzuki-Miyaura coupling. We are currently explor-
ing polymerization reactions according to the same method
with very encouraging results.

ASSOCIATED CONTENT

Supporting Information

General experimental procedures, additional examples and
full characterization data for all compounds.

The Supporting Information is available free of charge on
the ACS Publications website.

AUTHOR INFORMATION

Corresponding Author

* e-mail: luca.beverina@mater.unimib.it.

Author Contributions

The manuscript was written through contributions of all au-
thors. / All authors have given approval to the final version
of the manuscript.

ACKNOWLEDGMENT

We thank Universita degli Studi Milano-Bicocca (grant n°
2016-ATESP-0047) for financial support. L.B. and M.R.
thank the European Community’s Seventh Framework Pro-
gramme (FP7/2007-2013) under grant agreement N.
607232 for financial support (THINFACE).

REFERENCES



(1) Ryu, J.-H.; Jang, C.-J.; Yoo, Y.-S.; Lim, S.-G.; Lee,
M. J. Org. Chem. 2005, 70 (22), 8956.

(2) La Sorella, G.; Strukul, G.; Scarso, A. Green Chem.
2015, 17 (2), 644.

3) Lipshutz, B. H.; Abela, A. R. Org. Lett. 2008, 10 (23),
5329.

(4) Bhattacharya, S.; Srivastava, A.; Sengupta, S. Tetra-
hedron Letters 2005, 46 (20), 3557.

(5) Duplais, C.; Krasovskiy, A.; Lipshutz, B. H. Organo-
metallics 2011, 30 (22), 6090.

(6) Saha, D.; Chattopadhyay, K.; Ranu, B. C. Tetrahe-
dron Letters 2009, 50, 1003.

(7) Arcadi, A.; Cerichelli, G.; Chiarini, M.; Correa, M.;
Zorzan, D. Eur. J. Org. Chem. 2003, 2003 (20), 4080.

(8) Klumphu, P.; Lipshutz, B. H. J. Org. Chem. 2014, 79
(3), 888.

(9) Prof Bruce H Lipshutz, D. S. G. Aldrichimica acta
2012, 45 (1), 3.

(10) Lipshutz, B. H.; Isley, N. A.; Fennewald, J. C.; Slack,
E. D. Angew. Chem. Int. Ed. 2013, 52 (42), 10952.

(11) Handa, S.; Wang, Y.; Gallou, F.; Lipshutz, B. H. Sci-
ence 2015, 349 (6252), 1087.

(12) Handa, S.; Slack, E. D.; Lipshutz, B. H. Angew.
Chem. 2015, 127 (41), 12162.

(13) Handa, S.; Andersson, M. P.; Gallou, F.; Reilly, J.;
Lipshutz, B. H. Angew. Chem. 2016, 128 (16), 4998.

(14) Handa, S.; Fennewald, J. C.; Lipshutz, B. H. Angew.
Chem. Int. Ed. 2014, 53 (13), 3432.

(15) Mattiello, S.; Monguzzi, A.; Pedrini, J.; Sassi, M.; Vil-
la, C.; Torrente, Y.; Marotta, R.; Meinardi, F.; Beverina, L. Adv.
Funct. Mater. 2016, 26, 8447.

(16) Borisov, S. M.; Larndorfer, C.; Klimant, I. Adv. Funct.
Mater. 2012, 22 (20), 4360.

(17) Borisov, S. M.; Zenkl, G.; Klimant, I. ACS Appl. Ma-
ter. Interfaces 2010, 2 (2), 366.

(18) Gray, V.; Dzebo, D.; Lundin, A.; Alborzpour, J.; Abra-
hamsson, M.; Albinsson, B.; Moth-Poulsen, K. J. Mater. Chem.
C 2015, 3, 11111.

(19) Lin, J. D. A;; Liu, J.; Kim, C.; Tamayo, A. B.; Proctor,
C. M.; Nguyen, T.-Q. RSC Adv. 2014, 4 (27), 14101.

(20) Vandewal, K.; Albrecht, S.; Hoke, E. T.; Graham, K.
R.; Widmer, J.; Douglas, J. D.; Schubert, M.; Mateker, W. R,;
Bloking, J. T.; Burkhard, G. F.; Sellinger, A.; Fréchet, J. M. J,;
Amassian, A.; Riede, M. K.; McGehee, M. D.; Neher, D.; Sal-
leo, A. Nat. Mater. 2013, 13 (1), 63.

(21) Ripaud, E.; Demeter, D.; Rousseau, T.; Boucard-
Cétol, E.; Allain, M.; Po, R.; Leriche, P.; Roncali, J. Dyes and
pigments 2012, 95 (1), 126.

(22) Zhang, J.; Chen, W.; Rojas, A. J.; Jucov, E. V.; Timo-
feeva, T. V.; Parker, T. C.; Barlow, S.; Marder, S. R. J. Am.
Chem. Soc. 2013, 135 (44), 16376.

(23) Stalder, R.; Puniredd, S. R.; Hansen, M. R.; Kol-
demir, U.; Grand, C.; Zajaczkowski, W.; Miillen, K.; Pisula, W.;
Reynolds, J. R. Chem. Mater. 2016, 28 (5), 1286.

(24) Wadrthner, F.; Saha-Modller, C. R.; Fimmel, B.; Ogi, S.;
Leowanawat, P.; Schmidt, D. Chem. Rev. 2016, 116 (3), 962.

(25) Chen, S.; Slattum, P.; Wang, C.; Zang, L. Chem.
Rev. 2015, 115 (21), 11967.

(26) Hartnett, P. E.; Timalsina, A.; Matte, H. S. S. R;;
Zhou, N.; Guo, X.; Zhao, W.; Facchetti, A.; Chang, R. P. H;
Hersam, M. C.; Wasielewski, M. R.; Marks, T. J. J. Am. Chem.
Soc. 2014, 136 (46), 16345.

(27) Zhan, X.; Facchetti, A.; Barlow, S.; Marks, T. J.; Rat-
ner, M. A.; Wasielewski, M. R.; Marder, S. R. Adv. Mater.
2011, 23 (2), 268.

(28) Petros, R. A.; DeSimone, J. M. 2010, 1.

(29) Lin, Y.; Li, Y.; Zhan, X. Chem. Soc. Rev. 2012, 41
(11), 4245.

(30) Mishra, A.; Bauerle, P. Angew. Chem. Int. Ed. 2012,
51 (9), 2020.

(31) Adamo, C.; Amatore, C.; Ciofini, |.; Jutand, A.; Lak-
mini, H. J. Am. Chem. Soc. 2006, 128 (21), 6829.

(32) Lipshutz, B. H.; Gallou, F.; Handa, S. ACS Sustaina-
ble Chemistry and Engineering 2016, 4 (11), 5838



