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The cross-dehydrogenative coupling (CDC) of two
unfunctionalized arenes is one of the most attractive
transformations to build up the ubiquitous biaryl
motif."? In comparison to established cross-cou-
pling reactions between aryl halides and organome-
tallic reagents,” CDC is considered a more efficient
and environmentally friendly approach since it
circumvents the often tedious and wasteful pre-

X=0

functionalization of starting materials. However, the This work:

use of C—H bonds as functional groups in these 7
reactions raises substantial challenges. Besides reac- Sz
tivity and regioselectivity, a major challenge is to X=

control the reaction pathway such that the cross-
coupling product is favored over undesired homo-
coupling pathways.™!

In the last few years, several studies describing
the CDC of, for example, one arene decorated with a directing
group and one simple arene,” the coupling between two
simple arenes,” and the arylation of heterocycles!” have been
reported. In comparison, the cross-dehydrogenative coupling
of two heteroarenes is surprisingly under-represented despite
the high value of the resulting bi(heteroarene) products in
medicinal chemistry and materials science.®®* First reports on
palladium-catalyzed couplings between electron-rich hetero-
arenes and electron-deficient N-containing heterocycles, such
as azoles and pyridine N-oxides, were disclosed by You
et al.l'" and Ttami et al.™ [Eq. (1)]. Concurrently, Ofial and
co-workers also demonstrated that very similar azole hetero-
cycles undergo efficient C—H/C—H bond coupling.’ Several
oxazoles, thiazoles, and imidazoles were shown to selectively
cross-couple at their C2-positions with various benzannulated
azoles.? Similarly, You et al. revealed that this transforma-
tion is even feasible for two structurally similar azoles."’!
However, a chemo- and regioselective transition-metal-cata-
lyzed CDC of two similar heterocycles other than azoles, in
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particular of furans, thiophenes, and pyrroles, has not been
accomplished to date.!'*!”]

Rhodium(III)-catalyzed reactions!'® of arenes with ole-
fins,"” alkynes,'®! allenes'” carbon monoxide,”” chloro-
amines,”"! or carbonyl compounds®?? have been studied over
the last few years. However, the Rhodium(III)-catalyzed
formation of biaryls by C—H/C—H coupling has remained
unprecedented.*?? Recently it was demonstrated that
[{RhCp*ClL},] (Cp*=CsMes) is also a suitable catalyst for
the intermolecular CDC of benzamides and haloarenes to
afford halogenated biaryl compounds with high levels of
chemo- and regioselectivity.[*’!

Herein, we report the successful application of
[{RhCp*Cl,},] to the dehydrogenative coupling of structurally
similar furan and thiophene heterocycles, affording coupled
products featuring the 2,2'-bi(heteroaryl) motif which is
prominent in semiconducting materials®® and biologically
active compounds.”””! These reactions proceed with excellent
regiocontrol whilst high selectivity for the cross-coupled
products was generally observed [Eq. (2)]. Furthermore, the
methodology could also be extended to sensitive indole and
pyrrole coupling partners.!

The CDC of 2-n-butylfuran (1a) and benzothiophene (2a)
was selected as the model transformation as this system allows
for facile analysis of the reaction by '"H NMR spectroscopy.
Starting from our previously reported conditions,
[{RhCp*ClL},] (2.5mol%), AgSbF, (10mol%), CsOPiv
(20mol%), PivOH  (1.1equiv), and  Cu(OAc),
(22 equiv),™ an initial solvent screen revealed tert-
AmylOH to be superior, delivering the desired cross-coupled
product 3a in 47% NMR yield along with 18% of 2,2'-
bi(furan) 4a resulting from homocoupling of 1a (Table 1,
entry 1). Interestingly, no homocoupling of 2a was observed
even though this component was used in slight excess

Angew. Chem. Int. Ed. 2012, 51, 8230-8234


http://dx.doi.org/10.1002/anie.201203792

Table 1: Optimization.?!

nBu” O 2.5 mol% {RhCp*Cly},] nBu” O S
1a 10 mol% AgSbF, 20 mol% CsOPiv 3a
* 1.1 equiv PivOH, 2.2 equiv Cu(OAc), * B
(/Ij tert-amylOH (0.2 M), 120 °C, 20 h B o | nBu
S g N\
2a nBu 4a
Entry la:2a Variation Yield 3a:4al
3a [%]"
1 1:1.5 no variation 47 3:1
2 1:1.5 20 mol % PivOH 33 2:1
3 1:3 no variation 59 7:1
4 1:3 AcOH 16 2:1
5 1:3 2.2 equiv Cu,0 32 6:1
6 1:3 2.2 equiv Cu(OH), 36 9:1
7 1:3 2.2 equiv 5 68 17:1
8 13 no PivOH, 2.2 equiv 5 69 (71) 1111
9 1:3 no PivOH, 3.0 equiv 5 85 (84) 12:1
10 1:3 no [RhCp*Cl,J,1 n.r. -
1 1:3 no AgSbF 74 12:1
12 1:3 no CsOPiv9 n.r. -

[a] Reactions were performed on a 0.2 mmol scale, best result high-
lighted in bold. [b] The yield was determined by "H NMR spectroscopy of
the crude product using CH,Br, as an internal standard. Yields of
isolated products are given in brackets. [c] The 3a:4a ratio (based on
conversion of 1a) was determined by '"H NMR spectroscopy of the crude
product mixture. [d] 3.0 equiv of 5 was used. 5: Cu"(2-ethylhexanoate),.

(1.5 equiv). Moreover the 2,2'-cross-coupled product was
obtained as a single regioisomer with C—H functionalization
occurring exclusively at the C2-position of both the furan and
the benzothiophene components. Despite screening of vari-
ous parameters, only an increased amount of 2a (3 equiv)
could improve the yield of 3a significantly (59 %, entry 3).
Further variations of the reaction conditions, such as doubling
the catalyst loading or increasing the reaction time failed to
improve the reaction outcome.”* We hypothesized that
acetic acid generated in situ from Cu(OAc), could possibly
hamper the coupling process and consequently tested a range
of different Cu" oxidants.®"! Whilst salts with more basic
counteranions were less effective (entries 5 and 6), commer-
cially available Cu'"(2-ethylhexanoate), (5) improved the
yield to 68 % (entry 7). In this case, addition of pivalic acid
became unnecessary (entry2 vs. entry 8). Increasing the
amount of oxidant to 3 equivalents delivered 3a isolated in
84 % yield with a respectable 12:1 selectivity for the cross-
coupled product over the furan homodimer 4a (entry9).
Control reactions performed in the absence of the rhodium or
silver precatalysts revealed that, whilst Rh™ was essential for
the coupling process, 3a was also produced in the absence of
AgSbF,, albeit with slightly lower efficiency (entries 10 and
11).

With the optimized conditions in hand, we sought to
investigate the generality of the CDC process with other
substrate combinations. To our delight, 2-n-butylfuran (1a)
also underwent efficient coupling with benzofuran 2b,
affording 3b, isolated in 62% yield (Scheme 1). Again in
this case, good selectivity for the cross-coupled product over
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2.5 mol% [{RhCp*Cl,}]
10 mol% AgSbFg, 20 mol% CsOPiv

3.0 equiv Cu'(2-ethylhexanoate),
tert-AmylOH, 120 °C, 20 h

R? -
D~
R X Z7
3
(0] S

nBu o S nBu o o
3a 3b 3¢l
84% (12:1) 62% (9:1) 50% (18:1)
0 L O <O
o S BnO fo] S o S
O 3d 3e 3f
64% ()P 48% (5:1) 64% (19:1)
F
N7 > ]
Jd s nBu
nBu ‘ A / ]
R d s
3g 3hR=F  75% (12:1) mBu 3k
71% (11:1) 3i R=Cl  70% (161) 52% (8:1)

3 R=OMe: 58% (7:1)

(> ] =T Dad
By’ © s nu” O s ° nBu” 0 s B
[¢]
3l 3m 3n s
72% (40:1) 81% (23:1) 39% (6:1)
| N R4 N T N
ngu” S o s s nBu s o nBu” S o
30 3p 3q 3r 0
44% 38% (n.d.)b! 44% (6:1) 49% (18:1)

Scheme 1. Substrate scope. Yields of isolated products are given. 3:4
ratios based on 1, given in brackets, were determined by '"H NMR
spectroscopy of the crude product mixture if possible. General reaction
conditions: 1 (0.5 mmol), 2 (1.5 mmol), [{RhCp*Cl,},] (2.5 mol %),
AgSbF¢ (10 mol %), CsOPiv (20 mol %), Cu'"(2-ethylhexanoate),

(3.0 equiv), tert-AmylOH (2.0 mL), 120°C, 20 h. [a] Reaction was per-
formed on a 0.4 mmol scale. [b] Determination of the 3:4 ratio by

"H NMR spectroscopy was not possible. [c] No homocoupling of To.

the furan homodimer 4a was achieved (ratio 3b:4a 9:1),
whilst no products resulting from homocoupling of the
benzofuran component could be isolated from the reaction
mixture. Moreover, exclusive formation of the 2,2’-bi(hetero-
arene) regioisomer was observed. A selection of various 2-
alkyl and 2-aryl substituted furans (3a-3e) reacted smoothly
with benzothiophene 2a under the standard conditions whilst
the 2,3-disubstitution pattern was also tolerated (3 f).

The range of coupling partners amenable to CDC with
furans was not limited to benzannulated derivatives. Sub-
strate 1a was efficiently arylated with various 2-aryl thio-
phenes in good yields and high chemo- and regioselectivities
(3g-3j). In addition, a 3-substituted thiophene could also be
employed leading to product 3k in 52% yield as a single
regioisomer.P?! Similarly, 2,3"-bi(thiophene) 2n bearing a 2,5-
unsubstituted thiophene moiety yielded only one cross-
coupling product (3n). Importantly, several synthetically
valuable functional groups, such as halides (3h, 3i), ketones
(31), and esters (3m), were tolerated under the reaction
conditions delivering the desired cross-coupled products in
excellent yields and regioselectivities (e.g. 31 72%, 3m
81%).

Finally, 2-alkyl-substituted thiophenes could also be
successfully employed in place of the furan component,
leading to various 2-heteroarylthiophenes in moderate yields
(30-3r).

In general, more efficient coupling was observed between
substrates with different electronic profiles. For example, the
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comparatively electron-deficient 2-acetyl-
furan did not react with benzothiophene 2a
but did couple with the more electron-rich 2-
n-butylthiophene (3r, 49%). In contrast, the
reaction between 1a and 2-methylthiophene

lead to an inseparable mixture of the cross- 1a
coupled product and significant amounts of 1 equiv
both homo-coupled products (3:4 ratio -t

2:1).

With the observation that more electron-
rich furans or thiophenes tend to undergo
selective coupling preferentially with a rather
electron-poor partner, we assumed that alkyl-
substituted furans or thiophenes could be
replaced with electron-rich N-heterocycles.
Indeed, after a short screening of suitable
protecting groups, N-benzylindole was found
to couple with benzothiophene 2a and ben-
zofuran 2b yielding the desired products 6a
and 6b in 39% and 62 % yield, respectively.
Intriguingly, excellent selectivity for the
indole C3-position was observed in both cases (Figure 1).
Moreover, benzyl protected 2-acetylpyrrole could also be
converted into the corresponding biaryl 7 in 44 % yield with
coupling again occurring preferentially at the C3-position.*!

& i
S BHN / (] N~/ (0]

6a 6b 7
39% 62% 44%

&

N/
Bn”

Figure 1. Coupling products and yields of isolated products for the
reactions of N-benzylindole and N-benzyl-2-acetylpyrrole with benzo-
furan and/or benzothiophene.?l

With the scope and limitations of the CDC process
established, our attention turned to an investigation of the
reaction mechanism. Firstly, deuterium labeling experiments
for the standard reaction between 1a and 2a and for each
coupling partner (la or 2a) in isolation were performed.
When the standard reaction was conducted in tBuOD for
35 min at 120°C, significant deuterium incorporation in both
partners, 1a (83% D) and 2a (36% D) was observed
(Scheme 2a).B!

Moreover, a similar outcome was obtained when the
coupling partners were exposed to the same reaction con-
ditions in the absence of the other component (1a (81 % D),
2a (24% D)), indicating that C—H activation of both
reactants is reversible and largely independent of the
presence of the other coupling partner (Scheme 2b,c).
Notably, the corresponding control experiments without the
Rh™ precatalyst or without CsOPiv did not result in consid-
erable deuterium incorporation in 1a or 2a, implying that
a similar Rh"™/CsOPiv-mediated C—H activation mechanism
is operating for both coupling partners.”!

Furthermore, initial rate measurements revealed Kinetic
isotope effects (KIEs) of 0.9 and 1.3 for 1la and 2a,

www.angewandte.org
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Deuterium incorporation:

a)
-0
neu” © S

[D;]1a

2.5 mol% [{RhCp*Clo},] ey’ O 83% D

10 mol% AgSbFg, 20 mol% CsOPiv

3.0 equiv Cu'(2-ethylhexanoate),

tBuOD, 120 °C Vi [D4]-2a
2a 35 min D/H 36% D
3 equiv

without [{RhCp*Cl,},]: < 1% D
without CsOPiv: 9% D

standard conditions: 81% D
o
(e]
nBu
1a 2.5 mol% [{RhCp*Cly},]

10 mol% AgSbFg, 20 mol% CsOPiv [Ds]1a
or or

3.0 equiv Cu'(2-ethylhexanoate),
DIH—(/t©
S

tBuOD, 120 °C
[D4]-2a

w0
[¢]

35 min

2a

without [{RhCp*Cl,},]: 2% D
without CsOPiv: 0% D

standard conditions: 24% D J

Scheme 2. Deuterium labeling experiments.

respectively, indicating that C—H bond cleavage at either
coupling partner is not necessarily involved in the turnover
limiting step of the catalytic cycle.’) Instead, reductive
elimination from a potential diaryl rhodium(III) species
may be both the turnover and also the selectivity determining
step in the catalytic cycle. Additionally, reversibility of the
furan C—H activation and the excess of the less reactive
coupling partner 2a (la:2a 1:3) seem to be key factors
controlling selectivity for the cross-coupling product since
running the reaction only with 1a (i.e. without 2a) generates
homocoupling product 4a in a considerable yield of 58%.
Despite these results, the true order of C—H activation events
in the -catalytic cycle remains a point of discussion
(Scheme 3).5¥!

In summary, we have developed the first rhodium(III)-
catalyzed cross-dehydrogenative coupling (CDC) of furans
with benzothiophenes and thiophenes leading to the corre-

no differentiation by
C-H bond activation mechanism
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Scheme 3. Mechanistic scheme for the CDC process consistent with
the preliminary mechanistic results.
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sponding 2,2'-bi(heteroaryl) compounds in good yields and
excellent regioselectivities. High levels of selectivity for the
cross-coupled products over homodimers of either coupling
partner were generally observed. Additionally, the reaction
conditions could also be applied to other substrate combina-
tions including indoles and pyrroles. Furthermore, we believe
that the apparent ability of Rh™ to regioselectively activate
heteroaromatic C—H bonds demonstrated herein could pave
the way for the development of many novel coupling
reactions involving a wide range of different heterocycles.
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