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The challenging coupling of 10-halobenzol[h]lquinolines with
ortho-substituted aryl boronic acids has been achieved using Pd-
(OAC),/P(0O)Ph;3 as the catalytic system. High yields were obtained
for diversely functionalised substrates under mild reaction
conditions.

The Suzuki-Miyaura cross-coupling reaction is a highly reliable
method to form aryl-aryl bonds starting from an aryl boronic
acid and an aryl halide under palladium catalysis." It has
already reached an upper level of maturity and is ubiquitously
applied in synthetic chemistry, facts recently recognised by the
award of a Nobel prize for one of its discoverers.” In contrast,
the highly researched field of C-H arylation is comparatively
still in its infancy.® The advantage of this methodology over
standard cross-coupling reactions is the fact that it allows the
coupling of (at least one) non-functionalised aromatic com-
pounds, thus potentially saving preparative steps and chemical
waste.

Benzo[A]quinoline represents a prevalent substrate for the
development of new directed C-H arylation protocols.*
However, there is a dearth of examples of reactions using
ortho-substituted arylating agents,””® which would afford
highly sterically encumbered heterobiaryls. Through restricted
rotation about the aryl-aryl bond, such bulky products would
likely exist as isolatable atropoisomers and therefore be of sig-
nificant interest in further conformational and stereochemical
studies.” We were surprised by this omission from C-H aryl-
ation methodology, given that in the field of conventional
cross-coupling chemistry,® especially the Suzuki-Miyaura reac-
tion,” the coupling of bulky substrates is an actively investi-
gated topic. We therefore elected to study the C10-arylation of
benzo[k]quinoline with bulky ortho-substituted arylating
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agents under both C-H arylation and more conventional coup-
ling conditions.

Initially we screened a significant number of published pro-
cedures to examine the feasibility of arylating benzo[Z]quino-
line directly with ortho-substituted halobenzenes. In all cases
we found that, in the case of such substrates, C-H arylation
chemistry was not successful. The only procedure we found to
be preparatively viable (to prepare 3a), was palladium-catalyzed
C-H arylation using mixed aryl iodonium salts as reported by
Sanford and co-workers.® Since this procedure requires prior
preparation of bespoke iodonium arylating agents however,
the advantages of using direct arylation as opposed to more
conventional coupling conditions is less clear. Consequently,
we decided to study whether the Suzuki-Miyaura reaction
would stand up to these challenging substrates.

Using 10-halobenzo[k]quinoline’® substrates (1a or 1b), no
cross-coupling with o-toluene boronic acid (2a) occurred under
standard Suzuki-Miyaura reaction conditions (10 mol% Pd-
(PPhj),, 2 equiv. CsF, dioxane-H,0, 100 °C).

We reasoned that the failure of the reaction may be due to
stability of the oxidative addition product,’® shutting down
catalysis. Since it has been known for some time that p-benzo-
quinone (BQ) can function as a useful additive to promote
transmetallation and reductive elimination of organopalla-
dium complexes,"* we decided to test the effect it would have
on this Suzuki reaction. To our delight, we found that the
addition of 0.5 equiv. of BQ to the reaction mixture lead to the
formation of 3a in 67% isolated yield (Scheme 1). While con-
ducting control we made the

experiments, surprising

10 mol% Pd(P Phz)s
BOHR 750 moi% BQ
9 2 equw CsF
dioxane/H20 2:1
100 °C, 2 h, 67 %
2 1.05 equiv.
1a 2a
Scheme 1 Suzuki-Miyaura cross-coupling reaction with BQ.
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observation that an old batch of Pd(PPhj), furnished the
desired product without additional BQ. We therefore con-
cluded that one role of BQ may be the oxidation of the PPh;
ligands to P(O)Ph; during the course of the reaction
(¢f slow aerobic degradation of Pd(PPh;),). Moreover, we
found that PPh; suppressed the reaction: An experiment with
the “old” Pd(PPh;), catalyst and additional PPh; did not yield
any product.

In light of these results, we turned our attention to phos-
phine-free palladium precatalysts and found that a combi-
nation of Pd(OAc), and P(O)Ph; led to a fast reaction with
complete consumption of 1a within 10 min at 100 °C (Table 1,
entry 2). Denmark and co-workers have previously reported the
beneficial effect of P(O)Ph; in cross-coupling reactions of elec-
tron-rich arylsilanolates.'”> At this temperature, comparable
results were obtained when a Pd(0) or a Pd(u) source was used
(Table 1, entries 3 and 4). Only the heterogeneous catalyst Pd
black afforded an incomplete conversion even after 18 h
(Table 1, entry 5). Interestingly, with a Pd(0) source (Pd(dba),)
as the catalyst, the addition of P(O)Ph; was not necessary for
the reaction to occur at 100 °C (Table 1, entry 7) whereas with
a Pd(u) source (Pd(OAc),) only traces of 3a were formed in the
absence of P(O)Ph; (Table 1, entry 6). Upon lowering the reac-
tion temperature however, we observed that a quantitative
yield of 3a was afforded even at ambient temperature when a
Pd(u) precatalyst and P(O)Ph; was used (Table 2, entry 1),
whereas the use of a Pd(0) source (Pd(dba),) was far less
effective (Table 2, entry 2). This result highlights the prepara-
tive usefulness of a Pd(u) source combined with P(O)Ph;. Fur-
thermore, to our surprise chlorobenzo[Z]-quinoline 1b gave a
much faster reaction time than with bromo compound 1a.
Indeed, the coupling of substrate 1b proceeded quantitatively
within 0.5 or 2 h, respectively, with CsF or Na,COj3 as the base
(Table 2, entries 3 and 4), while for 1a stirring overnight was
necessary to reach full conversion.

Table 1 Initial screening of reaction conditions®
10 mol% "Pd"
B(OH) additive OO
2 equiv CsF
AN
| dioxane/H0,100°C N O
~N Br
1a 2a 3a
Entry  Catalyst Additive (equiv.)  Time (h)  Conversion” (%)
1 Pd(PPh;);  BQ (0.5) 2 67°
2 Pd(OAc),  P(O)Ph; (0.2) 10 min 86
3 Pdcl, P(0)Ph; (0.2) 0.5 98
4 Pd(dba),  P(O)Ph; (0.2) 0.5 83
5 Pd black P(O)Ph; (0.2) 18 64
6 Pd(OAc), — 1 1
7 pd(dba), — 0.5 86

“Reactions were performed on a 0.2 mmol scale with 1.05 equiv. 2a in
1.5 ml dioxane-H,O 2: 1. ” Determined by NMR based on the ratio of
1a and 3a. “Isolated yield.
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Table 2 Optimisation of reaction conditions®”

o0
AN

solvent, rt =N
~N X

10 mol% "Pd"
0.2 equiv P(O)Phs

2 equiv base |
B

1aor 1b 2a 3a
Entry X Catalyst Base Solvent Time (h) Yield® (%)
1 Br Pd(OAc), CsF Dioxane-H,02:1 18 98
2 Br Pd(dba), CsF Dioxane-H,02:1 18 52
3 Cl Pd(OAc), CsF Dioxane-H,02:1 0.5 100
4 Cl Pd(OAc), Na,CO; Dioxane-H,02:1 2 99
5 Cl Pd(OAc), Na,CO; Dioxane 18 92
6 Cl Pd(OAc), Na,CO; MeOH 5 min 100
7 Cl Pd(OAc),? Na,CO; MeOH 0.25 84

“Reactions were performed on a 0.1 mmol scale with 1.05 equiv. 2a in
0.75 ml dioxane-H,O 2:1 or 0.5 ml dioxane or 0.5 ml MeOH. ® For
more results, see ESLT “ Isolated yield. “ 1 mol% Pd(OAc),.

In terms of suitable solvents, we found that under non-
aqueous conditions (for example anhydrous dioxane) the reac-
tion took up to 18 h to go to completion (Table 2, entry 5),
whereas it was fastest in MeOH where the reaction was com-
plete after about 5 min (Table 2, entry 6). Pleasingly, when the
catalyst loading was reduced to 1 mol%, the reaction was still
suitably fast, although the product yield dropped slightly
(Table 2, entry 7). While we surveyed other phosphine oxide
additives, for example P(O)Cy; or XPhos(O), we found these to
be less effective than P(O)Ph;. Additional optimisation con-
ditions can be found in Table S1, ESL.T

Next, the scope of the coupling reaction was examined
(Table 3). A variety of ortho-substituents were tolerated. In
general, electron donating (Me, OMe) and electron withdraw-
ing substituents (CF; and Cl) all furnished a high product
yield (Table 3, entries 1 to 4). To our surprise, 2-bromobenzene-
boronic acid (Table 3, entry 5) was also a suitable substrate,
giving the corresponding product in 99% yield; the ortho-
bromo group proving inert to the reaction conditions.
Additional substituents on the aromatic ring did not generally
alter the reactivity of the boronic acids (compare Table 3, entry
1 with entry 7) unless the 6-position was occupied in addition
to the 2-position. For example, 2,6-dimethylbenzeneboronic
acid (Table 3, entry 8) only underwent coupling when the reac-
tion was performed at elevated temperature. Indeed, more
sterically encumbered substrates reduced the reaction rate
and, depending on the solvent used, led to a side reaction
where 1a or 1b were converted to the 10-methoxy derivative (in
methanol) or the 10-hydroxy derivative (in dioxane-H,O),
respectively. Pleasingly, this side reaction could be avoided
simply by switching to THF as solvent. While 10 mol% catalyst
was arbitrarily selected from our optimisation studies, we were
delighted to observe that analogous results were obtained
using 5 mol% (Table 3, entries 4 and 12). The robustness of
our method could be demonstrated when the reaction of
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Table 3 Scope of the cross-coupling reaction®”
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0
N L R

10 mol% Pd(OAc)z
0.2 equiv P(O)Ph3z
2.4 equiv base

| | solvent
N O R
1b 2ak

Entry Boronic acid Solvent Base T (°C) Time (h) Yield® (%)
1 2a o) Dioxane-H,0 2:1 CsF rt 0.5 100
2 e Dioxane-H,0 2:1 CsF It 18 74

2b

B(OH)2 .

3 CFs Dioxane-H,0 2:1 CsF rt 18 100

2c
4 o Dioxane-H,0 2: 1 CsF rt 10 min 93 (96%)

2d
5 BKOH)ZBr Dioxane-H,0 2:1 CsF rt 2 min 99

2e
6 L oo THF Na,CO; 60 18 51

2f
7 flom: Dioxane-H,0 2: 1 CsF rt 0.5 100

29
8 fone THF CsF 60 18 84
2h
9 jore Dioxane-H,0 2 : 1 Na,COs rt 18 85
10 - THF CsF 60 2 88
0,

11° 2 o THF CsF 60 2 92
12 g THF CsF 60 18 72 (849

N
=

“ Reactions were performed on a 0.1 mmol scale with 1.2 equiv. boronic acid in 0.75 ml dioxane-H,O 2: 1 or 0.5 ml THF. ” For more results, see

ESLT “Isolated yield. “Isolated yield using 5 mol% Pd(OAc),. ¢ On gram

2-methoxy-1-naphthylboronic acid with 1b was conducted on
gram scale affording the coupling product in 92% isolated
yield (Table 3, entry 11).

In conclusion, we have developed a highly robust and versa-
tile method to prepare bulky C10-arylated benzo[A]quinoline
products. We envisage these products will be of significant
interest in the study of dynamic conformation chemistry and
as stereochemical switches. In the developed method, the use
of P(O)Ph; as an additive enabled the formation of a number
of sterically encumbered, functionalised products. It is worth
reiterating that use of chlorobenzo[/]quinoline (1b) lead to
shorter reaction times than the bromo compound (1a), a fact
that is counterintuitive for the known reactivity profile of
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scale (4.2 mmol 1b).

oxidative addition of a Pd(0) species into the carbon-halide
bond."” Future studies will be aimed at elucidating the
mechanistic nature of this interesting transformation and its
use in target based synthesis.

We would like to thank the Leverhulme Trust (grant
F/07058/BG) for funding this work.
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