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We report here the facile substitution of aromatic iodides with non-activated fluoroarenes through
radical-promoted reaction conditions. Applying the recently-popularized BHAS methodology, catalytic
1,10-phenanthroline and KOtBu and the desired fluorobenzene as reactant and solvent, various
fluorinated biaryls can be synthesized in moderate to good yields. The method provides a simple access

to generate potentially many °‘F,Ar’-substituted derivatives from a single haloarene synthetic
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intermediate, using relatively cheap and non-toxic fluoroarene substrates directly from the bottle,
and may therefore be of use for medicinal chemistry campaigns. Although the method has a limitation in
that it is not compatible with substrates featuring base-sensitive substituents, especially 1,4-
difluorobiaryls are accessible in good yields. These investigations facilitate the exploitation of the

potential of this protocol to synthesize biologically active fluorinated biaryls, e.g. WNT-active molecules.

© 2015 Published by Elsevier B.V.

1. Introduction

Fluorinated arenes play a pivotal role in pharmacological
applications and material sciences. In particular fluorinated biaryls
have shown activity in many different biological systems. Notable
examples are the drug diflunisal [1-11], the fungicide fluxapyr-
oxad [12] or the WNT-active molecules 3 and 4 [13,14], shown in
Fig. 1.

So far, around 70,000 fluorinated, 45,000 difluorinated and
20,000 trifluorinated biaryls have been reported (according to
Scifinder). Besides the classical cross-coupling Suzuki, Stille,
Kumada and Ullmann reactions [15] (for references from our
labs: [16-19]) (Scheme 1, left), arylation by classical aryl radicals
generated from peroxides [20] or other sources like diazonium
salts [21], or dimerization reactions [22], selective C-H activation
reactions of fluorinated arenes emerged recently (Scheme 1, right)
(for references from our labs: [23,24]).
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In the latter context, metal-catalyzed reactions in particular
with the aid of copper [25-27], palladium [28,29], platinum [30]
complexes or with aluminum [31] (for a comparison: [32]) have
been used very successfully.

Recently the H-substituting arylation of simple arenes with
haloarenes has been shown to proceed in the absence of transition
metals. This method, the Base-Promoted Homolytic Aromatic
Substitution (BHAS) is a new base-driven form of the long-known
homolytic aromatic substitution [33]. The reaction requires excess
alkali-metal tertiary-butoxide base (usually KOtBu) alongside an
activating additive with chelating heteroatoms, usually phenan-
throline [34], or related heterocycles like pyridines [35] or
quinolones [36], alternatively phenylhydrazine, porphyrins and
even amino acids like proline [37].

The BHAS reaction has been used for the synthesis of fluoro-
decorated biaryls on occasion. It should be noted that these
examples are scarce and a broad investigation of the scope was still
required.

During our exploration of the acetal method for the construc-
tion of dibenzo[1,3]dioxepines, 2,2’-biphenols and biaryls more
generally [23,24], we found that substrates designed to provide
cyclization/coupling cascade reactions can allow the incorporation
of a wide range of arenes, including 1,4-difluorobenzene [38]. This
finding prompted us to investigate the intermolecular arylation of
(poly)fluoroarenes with functionalized arenes.
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Fig. 1. Fluorinated arenes with pharmacological applications: diflunisal (1) [1-11], fluxapyroxad (2) [12] and the two WNT-active polyfluorobiaryls 3 [13] and 4 [14].
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Scheme 1. Strategies for the synthesis of fluorinated biaryls.
Table 1

2. Results and discussion

Initially, the reaction conditions for the cross-coupling of
fluoroarenes were investigated using the conversion of 4-
iodotoluene (5a) with 1,4-difluorobenzene (pF»-6) as a model
reaction (Table 1). All reactions were carried out in vials applying
the now well-established conditions of Shi et al. [34] - 1,10-
phenanthroline as organocatalyst in combination with KOtBu
(3 equiv.) and an excess of the fluorobenzene as both coupling-
partner and solvent. Using 10 equiv. of fluorobenzene pF,-6 and
30 mol% of 1,10-phenanthroline at 100 °C for 3 h, the biaryl pF»-7a
was furnished in 37% (entry 1). The yield was dramatically
enhanced by increasing the amount of fluoroarene to 40 equiv.
(75%, entry 2) while less catalyst led to poorer yield (entry 3).
Changing the reaction time to 1, 2, or 4 h, respectively, had little

Optimization of the reaction conditions for the synthesis of 2,5-difluoro-4’-methyl-1,1-biphenyl (pF,-7a).

F
X 1,10-Phen
/@/ . KOtBu (3 equiv.)
temperature, O
F reaction time
5a-X PF,-6 PFy-7a

(X=Br 1)
Entry 1,4-Difluorobenzene (pF»-6) [equiv.] 1,10-Phenanthroline [equiv.] Temperature [°C] Reaction time Yield?® [%]
1 10.0 0.300 100 3h 37
2 40.0 0.300 100 3h 75 (66)°
3 40.0 0.100 100 3h 64
4 40.0 0.300 100 4 h 71
5 40.0 0.300 100 2h 75
6 40.0 0.300 100 1h 73
7 40.0 0.300 120 3h 61
8 40.0 0.300 80 3h 69

The best conditions are highlighted.
@ Isolated yields for X=1.
b 4-Bromotoluene was used as starting material.
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Table 2
Scope and limitation of the cross-coupling of fluoroarenes.?

Fis
, Fis 1,10-Phen 28
©/ . K KOfBu |
R—— | B
Nz Z !
100°C, 3 h RT
5 6 7
Products

E
F F F
/‘/# O [
O F F E
MeO o HoN O,N

pF,-7b, 72% pF2-7c, 14%P

F F F
@/<> ®/©
= F N\ F
N = F N N

pFo-7Te, 43%

pF,-7d, 44%

pFo-7f , 45%

pF,-7i, 18%° pF2-7j, 48%4

F Model for Rapid Analoguing with F
Commercially-Available Fluoro-Arenes

ase

F-7a, 60%
inseparable mixture of
3 isomers®

ey

oF-7a, 6%
inseparable mixture of
2 isomers®

T o

2Isolated yields - the molecules displayed in gray could not be synthesized.

/

AN

mFy-7a, 27%
separable mixture of 3 isomers
(2,4-F/2,6-F/3,5-F = 2/1.7/1)

pF.Me-7a, 33%
inseparable mixture of
3 isomers®

> Product could only be isolated as a mixture together with the remaining 4-iodoacetophenone.

€6.00 equiv. of KOtBu was used.

46.00 equiv. of KOtBu, 0.600 equiv. of 1,10-phenanthroline and 80.0 equiv. of 1,4-difluorobenzene was used.

€In case of inseparable mixtures the isomers could not be associated definitely.

influence on the product yield (entry 4-6). According to the
obtained yields, the conversion is already completed after 2 h, but
slightly longer reaction time did not decline the yield, indicating
product stability under the conditions. This is also typical of radical
reactions without rate-control, which usually proceed from start to

completion very quickly, often after a variable induction period.
Therefore a reaction time of 3 h was set for further reactions.
Additional experiments were implemented varying the tempera-
ture, but only resulting in decreased yields. The optimized
conditions were also applied successfully to 4-bromotoluene
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(5a-Br) as substrate, yielding biaryl pF,-7a in 66% (entry 2), while
the corresponding chlorotoluene (5a-Cl) did not react.

With the optimized conditions in hand we first examined the
coupling of 1,4-difluorobenzene with other functionalized ben-
zenes (Table 2). While methyl ether-substituted iodobenzene
could be converted successfully to the corresponding biaryl
pF2-7b in good yields [34], ketone pF»-7c could only be obtained
in poor yield. However, base-sensitive substituents like amino or
hydroxyl groups as well as nitro and methyl ester functionalities
were not tolerated by this procedure. We then proceeded with the
cross coupling of heteroaromatic iodides. Here, pyridyl and
quinolinyl iodides could be transformed into the biaryls pF»-7d,
pF2-7e, pF»-7f in moderate yields whereas indolyl biaryls were
not accessible. Furthermore, the procedure also could be applied
for the synthesis of naphthalene pF,-7g and xanthone pF,-7h, but
not for a base-sensitive tetrahydroxanthone. To our delight
diiodides could also be converted via this cross coupling
procedure yielding terphenyl pF»-7i in 18% and quaterphenyl
pF»-7j in 48%, respectively.

After investigation of the substrate scope for the reaction with
1,4-difluorobenzene (pF,-6), we proceeded to examine the
reaction of 4-iodotoluene with other fluorobenzenes. The conver-
sion of fluorobenzene led to an inseparable mixture of three
isomers F-7a in good yield, whereas other difluorobenzenes (oF,-6,
mF,-6, pF;Me-6), only yielded the corresponding coupling
products (0F,-7a, mF,-7a, pF;Me-7a) in up to 33%. It should be
noted that all possible isomers were formed, which could only be
separated in case of 1,3-difluorobenzene. Due to the low
regioselectivity this procedure cannot be used for the selective
coupling. The trifluoro- and pentafluorobenzene however did not
react to the desired coupling product.

3. Conclusions

In summary, we report the investigation of the cross-coupling
reaction of fluorobenzenes with aromatic iodides to biaryls
through aromatic C-H activation. Using 1,10-phenanthroline in
combination with KOtBu and an excess of fluorobenzene, various
fluorinated biaryls can be synthesized. These investigations
facilitate the exploitation of the potential of this protocol to
synthesize biologically active fluorinated biaryls.

4. Experimental part
4.1. General procedure for the synthesis of (poly)fluorobiaryls (GP1)

To a vial (5.0 mL) containing a stirring bar were added
sequentially iodobenzene (0.500 mmol, 1.00 equiv.), potassium
tert-butoxide (1.50 mmol, 3.00 equiv.) and 1,10-phenanthroline
(0.150 mmol, 0.300 equiv.). The vial was capped under an argon
shower and the septum was punctured by a needle connected to a
Schlenk line and the atmosphere cautiously removed by vacuum
whilst stirring, then replaced with argon (repeat three times).
Fluorobenzene (40 equiv.) was added to the mixture and the
reaction mixture was degassed once more with argon. The vial
was then heated at 100 °C for 3 h. After cooling to ambient
temperature, the reaction mixture was flushed through a short
(3 cm) silica gel plug with ethyl acetate (~150 mL) and the
volatiles were removed under reduced pressure. The crude

product was then subjected to column chromatography (silica
gel, cyclohexane/ethyl acetate).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.jfluchem.2015.06.010.

References

[1] W.V. Ruyle, L.H. Sarett, A. Matzuk, Merck and Co., Inc., 1968, p. 46,
ZA6701021.

[2] N. Jeong, SJ. Lee, K.H. Choi, S. Chung, Bull. Korean Chem. Soc. 21 (2000) 165-166.

[3] D. Wang, G. Wang, Huaxue Shiji 24 (2002) 169-170.

[4] R.B. DeVasher, L.R. Moore, K.H. Shaughnessy, J. Org. Chem. 69 (2004) 7919~
7927.

[5] T. Kylmala, J. Tois, Y.-J. Xu, R. Franzen, Cent. Eur. J. Chem. 7 (2009) 818-826.

[6] M.-A. Gunawan, C. Qiao, I. Abrunhosa-Thomas, B. Puget, ].-P. Roblin, D. Prim, Y.
Troin, Tetrahedron Lett. 51 (2010) 5392-5394.

[7] S.-H. Kim, J.-G. Kim, Bull. Korean Chem. Soc. 32 (2011) 341-343.

[8] B. Schmidt, F. Hoelter, Org. Biomol. Chem. 9 (2011) 4914-4920.

[9] V.L Potkin, N.A. Bumagin, S.K. Petkevich, A.S. Lyakhov, D.A. Rudakov, M.V.
Livantsov, N.E. Golantsov, Synthesis 44 (2012) 151-157.

[10] N.A. Bumagin, S.K. Petkevich, A.V. Kletskov, M.V. Livantsov, N.E. Golantsov, V.I.
Potkin, Chem. Heterocycl. Compd. (N.Y., U.S.A.) 49 (2014) 1515-1529.

[11] E.L. Hawksworth, P.C. Andrews, W. Lie, B. Lai, C.T. Dillon, J. Inorg. Biochem.
135 (2014) 28-39.

[12] T. Zierke, V. Maywald, S.P. Smidt, BASF SE, Germany, 2010, p. 39,
W02010094736A1.

[13] K. Thede, W.]. Scott, E. Bender, S. Golz, A. Haegebarth, P. Lienau, F. Puehler, D.
Basting, D. Schneider, M. Moewes, Bayer Pharma Aktiengesellschaft, Germany,
2014, p. 291, W02014147182A2.

[14] J. Hood, K.C.S. Kumar, Epitherix, LLC, USA, 2011, p. 72, US20110034441A1.

[15] S. Brdse, Organopalladium chemistry, in: M. Schlosser (Ed.), Organometallics in
Synthesis, John Wiley & Sons, Inc., Chichester, 2013, pp. 777-1000.

[16] K.C. Nicolaou, X,J. Chu, J.M. Ramanjuluy, S. Natarajan, S. Brase, F. Rubsam, C.N.C.
Boddy, Angew. Chem. Int. Ed. 36 (1997) 1539-1540.

[17] K.C. Nicolaou, ].M. Ramanjulu, S. Natarajan, S. Brdse, H. Li, C.N.C. Boddy, F.
Rubsam, Chem. Commun. (Camb.) (1997) 1899-1900.

[18] K.C. Nicolaou, C.N.C. Boddy, S. Brdse, N. Winssinger, Angew. Chem. Int. Ed. 38
(1999) 2097-2152.

[19] K.C. Nicolaou, H. Li, C.N.C. Boddy, ].M. Ramanjulu, T.Y. Yue, S. Natarajan, X.J.
Chu, S. Brése, F. Rubsam, Chem. Eur. J. 5 (1999) 2584-2601.

[20] KJ. Allen, R. Bolton, G.H. Williams, J. Chem. Soc., Perkin Trans. 2 (1983)
691-695.

[21] M. Maerky, H. Schmid, HJ. Hansen, Helv. Chim. Acta 62 (1979) 2129-2153.

[22] N. Uchiyama, E. Shirakawa, R. Nishikawa, T. Hayashi, Chem. Commun. (Camb.,
U.K.) 47 (2011) 11671-11673.

[23] K.-S. Masters, A. Bihlmeier, W. Klopper, S. Brdase, Chem. Eur. ]. 19 (2013)
17827-17835.

[24] K.-S. Masters, S. Brase, Angew. Chem. Int. Ed. 52 (2013) 866-869.

[25] F.R. Leroux, R. Simon, N. Nicod, Lett. Org. Chem. 3 (2006) 948-954.

[26] H.-Q. Do, RM.K. Khan, O. Daugulis, J. Am. Chem. Soc. 130 (2008) 15185-15192.

[27] O. Daugulis, H.-Q. Do, The University of Houston System, USA, 2009, p. 112,
US20090076266A1.

[28] M. Lafrance, C.N. Rowley, T.K. Woo, K. Fagnou, J. Am. Chem. Soc. 128 (2006)
8754-8756.

[29] W. Hong, Y. Qiu, Z. Yao, Z. Wang, S. Jiang, Tetrahedron Lett. 52 (2011)
4916-4919.

[30] A.M. Wagner, A.J. Hickman, M.S. Sanford, J. Am. Chem. Soc. 135 (2013)
15710-15713.

[31] S.H. Wunderlich, P. Knochel, Angew. Chem. Int. Ed. 48 (2009) 1501-1504,
S$1501/1501-S1501/1557.

[32] G.S. Noemi Tocci, F.D. D’Auria, S. Panella, A.V. Anna Teresa Palamara, G.
Pasqua, Appl. Microbiol. Biotechnol. 91 (2011) 977-987.

[33] A.L. Beckwith, V.W. Bowry, W.R. Bowman, E. Mann, J. Parr, J. Storey, Angew.
Chem. Int. Ed. 116 (2004) 97-100.

[34] C.-L. Sun, H. Li, D.-G. Yu, M. Yu, X. Zhou, X.-Y. Lu, K. Huang, S.-F. Zheng, B.-J. Li,
Z.-]. Shi, Nat. Chem. 2 (2010) 1044-1049.

[35] H. Zhao, ]. Shen, ]. Guo, R. Ye, H. Zeng, Chem. Commun. (Camb., U.K.) 49
(2013) 2323-2325.

[36] Y. Qiu, Y. Liu, K. Yang, W. Hong, Z. Li, Z. Wang, Z. Yao, S. Jiang, Org. Lett. 13
(2011) 3556-3559.

[37] K. Tanimoro, M. Ueno, K. Takeda, M. Kirihata, S. Tanimori, J. Org. Chem. 77
(2012) 7844-7849.

[38] K.-S. Masters, RSC Adv. 5 (2015) 29975-29986.

Please cite this article in press as: S. Lindner, et al., J. Fluorine Chem. (2015), http://dx.doi.org/10.1016/j.jfluchem.2015.06.010



http://dx.doi.org/10.1016/j.jfluchem.2015.06.010
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0200
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0205
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0210
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0210
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0215
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0220
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0220
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0225
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0230
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0235
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0235
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0240
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0240
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0245
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0245
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0265
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0265
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0270
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0270
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0275
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0275
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0280
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0280
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0285
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0285
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0290
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0290
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0295
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0300
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0300
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0305
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0305
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0310
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0315
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0320
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0330
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0330
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0335
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0335
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0340
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0340
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0345
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0345
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0350
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0350
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0355
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0355
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0360
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0360
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0365
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0365
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0370
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0370
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0375
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0375
http://refhub.elsevier.com/S0022-1139(15)00164-5/sbref0380
http://dx.doi.org/10.1016/j.jfluchem.2015.06.010

	Simple and expedient metal-free CH-functionalization of fluoro-arenes by the BHAS method – Scope and limitations
	1 Introduction
	2 Results and discussion
	3 Conclusions
	4 Experimental part
	4.1 General procedure for the synthesis of (poly)fluorobiaryls (GP1)

	Appendix A Supplementary data
	References


