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A sulfur-directed Fe(lll)-mediated ortho C- H coupling of
arenes with unactivated terminal alkenes gives products of
regioselective alkene chloroarylation. The
mechanism involves redox-activation of the arene partner
and alkene addition to the resultant aryl radical cation.

novel

The use of metals to carry out C-H functionalisation in
aromatic substrates is highly desirable due to favourable step
and atom economy.1 As regioselective C-H functionalisation
can often prove difficult, directing groups are used to
facilitate functionalisation with directed ortho C-H bond
activation on an aromatic or heteroaromatic ring being a
common approach.2 In recent years, there has been great
interest in the metal-catalysed ortho C-H coupling of arenes
and heteroarenes with alkenes.
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This has been achieved using a range of directing groups (e.g.
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aldehydes, ketones, esters and amides), late transition metal-
(e.g. Pd, Ru, Rh) and reactive alkenes such as acrylates uiiu
styrenes.3 Despite the plethora of directing groups studied, the
use of a sulfur substituent on an aromatic ring to mediate ¢ .
coupling with alkenes has only recently been develope '
(Scheme 1A).4 The need to shift towards the use ¢
inexpensive first row transition metals for cross-couplir. -
processes, including those involving C-H functionalisation
well appreciated.5 Due to the low cost and low toxicity of iror
and its high natural abundance, iron-based reagents are ide. |
candidates for the development of such processes.

Table 1 Optimisation of Fe(lll)-mediated C-H arene/alkene coupling’

MeO. SPh _ reagent  MeO spré |
* /\CGH13 solvent, rt
15h CeHy3
OMe 1a 2a OMe
Entry  Oxidant Octene  Solvent Atmosphere Conversion  Yieiw. -
(equiv.) (equiv.) (%) (%)?

1 FeCl; (2.2) 10 MeCN Ny 55 10
2 FeCls (2.2) 10 THF N, 0 0
3 FeCl3 (2.2) 10 CH,Cl, N, 91 36
4 FeCl3 (2.2) 10 MeNO, N, 60 14
5 FeCl3.6H,0 (2.2) 10 CH,Cl, N, 13 4
6b FeBr; (2.2) 10 CH,Cl, N, 63 22
7 Fe(acac); (2.2) 10 CH.Cl, Ny 0 0
8 FeCl3 (2.2) 10 CH,Cl, 0, 88 47
9 FeCly (2.2) 10 CH,Cl, air 88 49
10  FeCly(2.2) 5 CH,Cl, air 85 4
11 FeCl; (2.2) 2 CH,Cl, air 81 3

12 FeCls (1) 10 CH.Cl, air 48 25
13¢ FeCl; (2.2) 5 CH,Cl/MeNO,  air 66 42
14°  FeCl; (4) 5 CH,Cly/MeNO,  air 98 70

Typical Conditions: Oxidant added to a mixture of 1a (0.2 mmol) and octene an*’
stirred for 1.5 h.“ Yields by NMR spectroscopy. ® The bromide analogue of 2aw <
obtained. © FeCl; in MeNO, was added dropwise to the sulfide and alkene in
CH,Cl,.
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For example, in the context of the C-H coupling of aromatics
and heteroaromatics with alkenes, Beller has reported the
hydroarylation of styrenes catalysed by FeCl; to give the
corresponding branched 1,1-diarylalkanes that likely proceeds
by an SgAr pathway.6

Herein we describe a Fe(lll)-mediated C-H ortho coupling of
arenes and unactivated alkenes directed by sulfur that gives
the corresponding linear B-chloroarenes selectively (Scheme
1B). A
nucleophilic components7 involves the quenching of radical
generated by Fe(lll)-mediated
activation of the arene partner with simple alkenes: a new
strategy for arene C-H/alkene cross—coupling.8

Initial studies focussed on the reaction of aryl sulfide 1a

likely mechanism for the coupling of the two

cations electron-transfer

and 1l-octene, using inexpensive FeCl; (Table 1). Entries 1-4
show that solvent plays an important role in the reaction.’ In
CH,Cl,, starting material was efficiently consumed using FeCls
(2.2 equiv.) as the oxidant at room temperature in 1.5 h and
the coupling product 2a was obtained in 36% vyield (Entry 3).
Use of the oxidants FeCl;.6H,0, FeBrs, Fe(acac)s; gave lower
conversions and yields of product (Entries 5-7). The reaction
was further improved by changing the atmosphere from N:
the reaction was found to be as efficient when run in air as
when under an O, atmosphere (Entries 8 and 9). Reducing the
amount of alkene used in the coupling to 5 equiv. did not
affect the yield greatly (Entry 10), however, the use of 2 equiv.
of alkene lowered the yield of 2a significantly (Entry 11).
Similarly, the use of less FeCl; (1 equiv.) also resulted in a
lower yield of 2a (Entry 12). In all the reactions in Table 1, the
only compounds observed in the product mixtures were 2a
and starting material 1a and the poor mass balance in some
reactions was ascribed to decomposition of a radical-cation
intermediate (vide infra). To address this issue, slow addition
of a solution of FeCl; in MeNO, to the sulfide and alkene was
employed (Table 1, entries 13-14). Using 2.2 equiv. of FeCl; in
the slow addition protocol gave a greatly improved mass
balance (Entry 13). Finally, in the optimised conditions, the use
of more FeCl; (4 equiv.) and the slow addition protocol gave a
70% vyield of 2a with little starting material remaining (Entry
14). With optimised reaction conditions in hand, we began to
assess the scope of the process by varying the terminal alkene
cross-coupling partner (Table 2). Bromide, chloride, iodide,
nitro, alkyl, aryl and alkenyl groups were tolerated in the
alkene partners and products were obtained in good yields
(46-70%) (Entries 1-10). Interestingly 1,6-heptadiene
underwent selective mono-coupling and no double addition
product was observed (vide infra) (Entry 3). The scope of the
process with regard to the aryl sulfide partner was next
investigated (Table 3). Although the process is currently
sensitive to substitution in the aryl ring undergoing coupling
(vide infra), significant variation was tolerated in the non-
reacting aryl group and methyl (2k), bromide (2l), fluoride (2m
and 2r), nitro (2n), trifluoromethyl (20), and methoxy (2p and
2q) substituents, in various positions on the ring, proved to be
compatible with the cross-coupling. Finally, the methyl ether
groups in 1a could be changed to iso-propyl and allyl ethers
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with little reduction in the observed efficiency of the cros -
coupling (2s and 2t) (Table 3).

Table 2 Variation of alkene in the Fe(lll)-mediated C-H coupling

FeCl3 (4 equiv.)
MeO SPh 3 MeO SPh
MeNO,/CH,Cl, " ¢ el
. R— >
1 H rt, air, 2 h R
a ) "
OMe 5 equiv. OMe 2a-j
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2j b
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OMe

?Isolated yields. b 1:1 Mixture of diastereoisomers.

The products of the C-H arene/alkene cross-coupling are rich 1
synthetic potential (Figure 1). For example, directed metalation and
electrophilic quenching (3a-c), sulfur oxidation (3d), reduction ar 1
elimination of chloride (3e and 3f), and Sy2 displacemen. _.
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chloride (3g) can be carried out. Attractively, 3f is formally the
product of an oxidative Heck reaction involving 1a and 1-octene.™
Notably, the products of the cross-coupling resemble biologically
important aIkyIresorcinoIs.11 Finally, coupled products undergo
deprotection to give important benzofuran motifs (3h).

Table 3 Variation of aryl sulfide in the Fe(lll)-mediated C-H coupling

N
R2=—
P>
FeCls (4 equiv.)
R'O s MeNO,/CH,Cl,
2kes CeHqs

* ¢\CGH13

H b
”

rt, air, 2 h
5 equiv.

CeH1z

801 |

S MeO.
Cl
\@/KCGFHS \@()\CGHu;
OMe

2k 53%

OMe

21 65% 2m 66%

CF3
MeO.

28

o
oo

MeO. MeO. MeO. S
Cl
CeH1z CeH13 CeH13
OMe OMe OMe
2n 75% 20 75% 2p 60%
S
Cl
CeHi3 CeH13 CeH1s
OR
2q 47% 2r 64% 2s R =j-Pr, 65%

2t R = allyl, 50%

The formation of linear rather than branched coupling products
suggests that an SgAr process is not in operation.6 Furthermore, the
use of non-redox active Lewis acids (e.g. BF3*OEt,, Sc(OTf)s)
resulted in no reaction.”* A plausible mechanism for the Fe(lll)-
mediated C-H arene/alkene cross-coupling of aryl sulfides is
illustrated in Scheme 2. Single electron oxidation by the strong
anhydrous oxidant FeCl; (approx. +2.00 V (vs SHE) in MeCN)9 gives
radical cation 4 that undergoes coupling with the terminal alkene
partner to give intermediate radical cation 5 that is deprotonated to
give radical 6. We have determined the oxidation potential of 1a
and found it to be compatible with the above mechanism (+1.71 V
(vs SHE) in MeCN).2
carbocation 7 that is quenched by chloride to give coupling

Oxidation of 6 with FeCl; then gives

products 2. This mechanism is indirectly supported by the
observation that the well-known oxidant CAN mediates the
transformation: coupling of 1a with 1-octene gave the nitrate

analogous to 2a in 47% yield. 1214 Crucially, the terminal alkene

This journal is © The Royal Society of Chemistry 20xx
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partners have higher oxidation potentials than the aryl sulfide.. ’
Preliminary attempts to intercept radical 6 using a 5-hexenyl radic .
cyclisation were unsuccessful (Table 2, entry 3: 2c was the on'
coupled product) suggesting that radical oxidation under F

SCgHym-OM.
mCGHu

. oy . 15
experimental conditions is fast.

MeO SPh SO,Ph
Cl Cl
R CeHis CeH3
[¢]

Me Me

3aR =D, quant 3d 95% 3e 86% brsm
3bR=1,95% (mCPBA, CH,Clp) (from 2p;
3c R=Me, 87% n-BuzSnH, AIBN
benzene)

(n-BuLi, THF, -78 °C to rt
then MeOD, or I, or Mel)

eO SPh MeO SP?\I HO SPh
:[ 3
CsHys
N CeH13
OMe OMe (o}

3f53 % CeHiz

(NaOEt, EtOH)

39 88% brsm
(NaN3, DMF)

3h 53%
(from 2t;
cat. Pd(PPhg)s, MeOH, K,CO3)

Figure 1 Synthetic manipulation of coupled product 2a

Both the ease of oxidation of the aryl sulfide and the stability of the
resultant radical cation 4 appear to be key to the success of tt 2

-

coupling process. For example, attempted coupling of -

methoxyphenyl phenylsulfide with 1-octene led to complete

consumption of starting material but only a trace of couplir 3
product. As we have determined the oxidation potential of 3-
methoxyphenyl phenylsulfide to be very similar to that of 1a (+1.7 2
V (vs SHE) in MeCN),"
aryl radical cation derived from 3-methoxyphenyl phenylsulfic 2

results in inefficient cross-coupling. Thus, the stability of the radical

we believe destructive side reactions of the

cation 4 may be the most important role of substitution in the ar
sulfide.®
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Scheme 2 Proposed mechanism of Fe(lll)-mediated C-H arene/alkene couplir

Changing the electronic properties of the para substituent in tiic
aryl group not involved in cross-coupling had an effect on tt -
(Table 3).
surprisingly, coupling reactions to give sulfides 2n and 2o bearir.,

overall vyield of the coupling process Somewh .
electron-withdrawing nitro and trifluoromethyl groups, proceede .
in higher yield compared to the coupling of analogous substrate.
lacking these substituents. A competition reaction between 1a ar .

1n (limiting FeCls) led to the selective formation of 2a sugges... .
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that the rate of coupling is highest for electron-rich substrates
(Scheme 3). The higher yields obtained for the cross-coupling of
sulfides to give 2n and 2o (Table 3) may therefore suggest that a
slower rate of substrate oxidation prevents the build-up of large

concentrations of radical cations which leads to their
s 16
decomposition.
MeO SPh A NCeHys MeO SPh
5 equiv. Cl
(5 equiv.) 2a30 %
1a FeCls (1 equiv.) CoHyg (12 64%)
OMe —
CH,Cl/MeNO, OMe
MeO SCgH4p-NO,  air,1,2h  MeO SCgH,p-NO,
Cl 2n
not observed
n CeHyz (1n 96 %)
OMe OMe

Scheme 3 Competition experiment

In summary, Fe(lll)-mediated C-H ortho coupling of arenes and
unactivated terminal alkenes directed by sulfur delivers linear
products of alkene chloroarylation in good yields and with high
selectivity. A novel mechanism involving redox-activation of the
arene partner and alkene addition to the resultant radical cations is
proposed.

Notes and references

1 For recent reviews see: a) P. B. Arockiam, C. Bruneau and P.
H. Dixneauf, Chem. Rev., 2012, 112, 5879; b) J. Wencel-
Delord, T. Droge, F Liu and F. Glorius, Chem. Soc. Rev, 2011,
40, 4740; c) X. Chen, K. M. Engle, D. Wang and J. Yu, Angew.
Chem. Int. Ed., 2009, 48, 5094.

2 D. A. Colby, R. G. Bergman and J. A. Ellman, Chem. Rev.,
2010, 110, 624.

3 For seminal studies, see: a) S. Murai, F. Kakiuchi, S. Sekine, Y.
Tanaka, A. Kamatani, M. Sonoda, N. Chatani, Nature 1993,
366, 529. For selected examples: Using Pd, see: b) D. Nandi,
D. Ghosh, S. Chen, B. Kuo, N. M. Wang and H. M. Lee, J. Org.
Chem., 2013, 78, 3445; c) Z. Xu, B. Xiang and P. Sun, Eur. J.
Org. Chem., 2012, 3069; d) L. Wang, S. Liu, Z. Li and Y. Yu,
Org. Lett., 2011, 13, 6137; e) C. Wang and H. Ge, Chem. Eur.
J., 2011, 17, 14371; f) M. Tani, S. Sakaguchi and Y. Ishii, J.
Org. Chem., 2004, 69, 1221; g). C. Jia, W. Lu, T. Kitamura and
Y. Fujiwara, Org. Lett., 1999, 1, 2097. Using Ru, see: h) K.
Graczyk, W. Ma and L. Ackermann, Org. Lett., 2012, 14,
4110; i) K. Padala and M. Jeganmohan, Org. Lett., 2012, 14,
1134; j) B. Li, J. Ma, N. Wang, H. Feng, S. Xu and B. Wang,
Org. Lett., 2012, 14, 736; kj) L. Ackermann, L. Wang, R.
Wolfram and A. V. Lygin, Org. Lett., 2012, 14, 728; |) K.
Padala, S. Pimparkar, P. Madasamy and M. Jeganmohan,
Chem. Commun., 2012, 48, 7140; m) K. Padala and M.
Jeganmohan, Org. Lett., 2011, 13, 6144; n) T. Ueyama, S.
Mochida, T. Fukutani, K. Hirano, T. Satoh and M. Miura, Org.
Lett., 2011, 13, 706. Using Rh, see: o) P. Becker, D. L.
Priebbenow, R. Pirwerdjan and C. Bolm, Angew. Chem. Int.
Ed., 2014, 53, 269; p) T. litsuka, P. Schaal, K. Hirano, T. Satoh,
C. Bolm and M. Miura, J. Org. Chem., 2013, 78, 7216; q) S.
Rakshit, C. Grohmann, T. Besset and F. Glorius, J. Am. Chem.
Soc., 2011, 133, 2350; r) S. Mochida, K. Hirano, T. Satoh and
M. Miura, J. Org. Chem., 2011, 76, 3024; s) S. H. Park, J. Y.
Kim and S. Chang, Org. Lett., 2011, 13, 2372; t) T. K. Hyster,
D. M. Dalton, T. Rovis, Chem. Sci., 2015, 6, 254.

4 a) K. Nobushige, K. Hirano, T. Satoh and M. Miura, Org. Lett.,
2014, 16, 1188; b) B. Wang, C. Shen, J. Yao, H. Yin and Y.

4 | J. Name., 2012, 00, 1-3

Zhang, Org. Lett., 2014, 16, 46; c) X. Zhang, Q. Zhu, Y. Zha.. ,
Y. Li and Z. Shi, Chem. Eur. J., 2013, 19, 11898; d) M. Yu, v
Xie, C. Xie and Y. Zhang, Org. Lett., 2012, 14, 2164.

5 C.Sun, B. Liand Z. Shi, Chem. Rev., 2011, 111, 1293.

6 J. Kischel, I. Jovel, K. Mertins, A. Zapf and M. Beller, Org. L:t..
2006, 8, 19.

7 7For reviews on metal-mediated oxidative coupling, see: a)
C. Liu, H. Zhang, W. Shi and A. Li, Chem. Rev., 2011, 11 ,
1780; b) C. Liu, D. Liu and A. Lei, Acc. Chem. Res., 2014, 4.,
3459.

8 For oxidative radical couplings of sulfides, see: a) H. Cao, | .
Liu, C. Liu, X. Hu and A. Lei, Org. Biomol. Chem. 2015, DOI:
10.1039/C40B02564D; b) A. Kamimura, T. Nokubi, K. Nasu,
Y. Yakechi, Y. Ishihara, K. Kato, S. Noguchi, M. Watanabe, N*
Shirai, M. Sumimoto and H. Uno, Chem. Lett., 2012, 41, 950
Similar pathways have been proposed for othcr
transformations. See: c¢) L. Menini and E. V. Gusevskayw.,
Chem. Commun., 2006, 209; d) L. Yang, Z. Lu and S. S. Stab’
Chem. Commun., 2009, 6460; e) X. Chen, X. Hao, C.
Goodhue and J. Yu, J. Am. Chem. Soc., 2006, 128, 6790; f) 7.
Huang, L. Jin, Y. Feng, P. Peng, H. Yi and A. Lei, Angew. Ch_ -
Int. Ed., 2013, 52, 7151.

9 Formal potential of Fe(lll)/Fe(ll) in anhydrous solutio.. ._
+1.57 V vs Ag/0.01M Ag+. K. lzutsu, Electrochemistry in
Nonagqueous Solutions, 2002 Wiley-VCH, Verlag GmbH & £~
KGaA.

10 C. Jia, T. Kitamura and Y. Fujiwara, Acc. Chem. Res. 2001, 3a,
633.

11 A. B. Ross, A. Kamal-Eldin and P. Aman, Nutrition Rev., 200
62, 81.

12 See Supporting Information.

13 D. A. Nicewicz and D. S. Hamilton, Synlett, 2014, 25, 1191.

14 An alternative process involving electrophilic metalation «¢
the aryl sulfide followed by carbometalation of the alkene is
less likely. For nucleophilic metalation, see: a) J. S. Bair, '
Schramm, A. G. Sergeev, E. Clot, O. Eisenstein and J. i
Hartwig, J. Am. Chem. Soc., 2014, 136, 13098; b) Y. Hirata, /
Yada, E. Morita, Y. Nakao, T. Hiyama, M. Ohashi and .
Ogoshi, J. Am . Chem. Soc., 2010, 132, 10070; c) Y. Nakao, N
Kashihara, K. S. Kanyiva and T. Hiyama, J. Am. Chem. Soc ,
2008, 130, 16170.

15 Rate of cyclisation ~1 x 10° s A L. J. Beckwith, Tetrahedron
1981, 18, 3073.

16 This is consistent with the observation that the slow addition
of a solution of FeCl; in MeNO, to the aryl sulfide and alkene
gave the highest yields of coupled product.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 4



