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ABSTRACT: A new palladium-catalyzed three-component coupling involving acylation/alkenylation of aryl iodide is reported.
The reaction was carried out with readily available starting materials and gave the ortho-acylated styrene in moderate to good
yields. Compared with previous Catellani—Lautens reactions, this reaction is the first example of introducing an acyl group at the
ortho position of aryl iodides. The proposed Pd" complex, generated via oxidative addition of the carboxylic anhydrides, is a key

intermediate for this transformation.
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Aromatic ketones are fundamental building blocks in the
synthesis of natural products and pharmaceutical com-
pounds." Transforming the readily available carboxylic acid
derivatives into the aromatic ketone is a general approach. For
example, Friedel—Crafts acylation of aromatic compounds from
carboxylic acid derivatives is a classical method to synthesize
these ketones (Scheme 1la).” The crucial drawback with this
reaction is the poor regioselectivity leading to hard-to-separate
isomeric mixtures. In addition, this reaction is often employed
with excess Lewis acid, generating a large amount of waste.
Alternatively, the acylation of arylmetal species by carboxylic
acids derivatives could afford single regioisomeric aromatic
ketones (Scheme 1b).">* However, these types of reactions
have several potential disadvantages: (1) arylmetal reagents are
air- and moisture-sensitive, (2) highly reactive arylmetal species
generally are not compatible with many functional groups, and
(3) the reactions need to employ cumbersome conditions to
avoid the formation of tertiary alcohols. Recently, Yamamoto®
and Gooflen® developed an acylation reaction of boronic acids
using carboxylic acid derivatives (Scheme 1c). Such a strategy is
superior to previous methods in terms of mildness of reaction
conditions, efficiency, and functional group compatibility.
However, transition-metal-catalyzed direct acylation of aryl
C—H bonds is an attractive option. Thus far, only a few
methods of direct acylation of aryl C—H bonds by carboxylic
acid derivatives have been developed. These transformations rely
on pyridine or carboxylic acids as a directing group (Scheme 1d).°
Transition-metal-catalyzed acylation of aryl C—H bonds with
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carboxylic acid derivatives by using iodide as a pseudodirecting
group is without literature precedent.

The Catellani—Lautens reaction is a remarkable methodo-
logy for aromatic C—H functionalization with palladium and
norbornene as a catalyst;7 however, to our knowledge, the func-
tional groups are limited to alkyl, benzyl, aryl, and secondary
amine.”® For our interest in the Catellani—Lautens-type
reaction,” we wish to report a palladium-catalyzed acylation
of aryl C—H bonds with carboxylic acid derivatives by using
iodide as a pseudodirecting group (Scheme le).

Our initial efforts focused on the three-component cross-
coupling reaction, employing 1-iodo-2-methylbenzene (1a),
benzoic anhydride (2a), and ethyl acrylate (3a) as substrates.
The combination of Pd(OAc),/PPh,/norbornene,' was chosen
as the catalyst with +-BuOLi as base using toluene at 90 °C for
20 h (Table 1, entry 1). However, none of the cross-coupling
product 4a was detected. Similar results were obtained when the
base was switched to +-BuONa, Na,CO,, or K,CO; (Table 1,
entries 2—4). However, it was observed that Cs,CO; provided
4a in 6% yield and Cs(OAc), gave only trace amounts of
product (Table 1, entries S—6). With Cs,CO; as the most
effective base, we went on to test other reaction conditions.
A series of solvents, including dioxane, MeCN, DMF, DCE, and
DME were then screened. Changing the toluene to dioxane
or MeCN gave comparable yields (Table 1, entries 7—8).
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Scheme 1. Different Methods To Synthesize Aromatic
Ketone with Readily Available Carboxylic Acid Derivatives
As Acylating Agents
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DCE and DME gave better results, and DMF was not a suitable
solvent for this reaction (Table 1, entries 9—11).

Next, we investigated the influence of the palladium species
and observed that PACl, showed the best activity (Table 1,
entries 12—15). Further inspection of the reaction conditions
revealed that the choice of ligand had a significant effect on the
yield. No reaction occurred when the reaction was performed
with phen (Table 1, entry 16). Different mono and bidentate
phosphine ligands were tested, and TFP was found to be the
most effective (Table 1, entries 17—21). Lowering the catalyst
loading to S mol % resulted in a diminished yield (Table 1,
entry 22). Using benzoyl chloride as the acylating agent could
also afford the desired product 4a, but it was less efficient than
benzoic anhydride (2a) (Table 1, entry 23).

First, the optimized reaction conditions established in entry
19 were applied to a series of aryl iodide 1 to examine the scope
of this reaction. Both the electron-deficient and the electron-
rich aryl iodides showed excellent reactivities and furnished
the corresponding products in moderate to good yields.
Highly sterically hindered 1-iodo-2-isopropylbenzene (1b)
could convert into the coupling product in moderate yield
(Table 2, 4-2). The reaction of 2-iodonaphthalene (1c) also
proceeded efficiently, delivering 4-3 in 90% yield (Table 2,
4-3). For the electron-rich aryl iodides, increasing the amount
of benzoic anhydride (2a) was required to improve the yield
of desired products (Table 2, 4-4 and 4-5). TBS-protected
benzyl alcohol and methyl ester are compatible for this reaction
(Table 2, 4-6 and 4-12). The reaction also worked well when
the aryl iodide contained a methyl group at the 3- or 4-position
(Table 2, 4-7 and 4-9). Notably, the substrates with halogen
groups also worked in this transformation, which provide a
possible further transition-metal-catalyzed cross-coupling for
the corresponding products (Table 2, 4-8, 4-10, and 4-11).
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Table 1. Optimization of Reaction Conditions”

| COOEt
2 9 oo e [ 8
¥ Ph)J\O)LPh + 7 TCO0Rt T vent Ph
90°C,20 h
1a 2a 3a 4a
entry catalyst base slovent yieldb
1 Pd(OAc),/PPh, t-BuOLi toluene 0
2 Pd(OAc),/PPh, t-BuONa toluene 0
3 Pd(OAc),/PPh, Na,CO, toluene 0
4 Pd(OAc),/PPh, K,CO, toluene 0
S Pd(OAc),/PPh, Cs,CO; toluene 6
6 Pd(OAc),/PPh, Cs(OAc), toluene trace
7 Pd(OAc),/PPh, Cs,CO; dioxane 8
8 Pd(OAc),/PPh, Cs,CO; MeCN 9
9 Pd(OAc),/PPh, Cs,CO;4 DCE 13
10 Pd(OAc),/PPh, Cs,CO, DME 17
11 Pd(OAc),/PPh, Cs,CO; DMF 0
12 Pd(PPh,),/PPh, Cs,CO4 DME trace
13 Pd,(dba),-CHCl,/PPh, Cs,CO; DME 5
14 Pd(CH,CN),CL/PPh, Cs,CO4 DME 30
15 PdCl,/PPh, Cs,CO, DME 47
16 PdCl,/phen Cs,CO, DME o
17 PdCl,/dppb Cs,CO;4 DME 534
18 PdCl,/DPEphos Cs,CO, DME 367
19 PACl,/TFP Cs,CO,4 DME 88
20 PdCl,/Xphos Cs,CO, DME trace
21 PdCl,/[P"Bu,]BF, Cs,CO; DME trace
2 PACL/TFP Cs,CO4 DME 70¢
23 PdCL,/TEP Cs,CO; DME 72/

“Reaction conditions: 1a (0.3 mmol, 1.0 equiv), 2a (0.6 mmol,
2.0 equiv), 3a (0.6 mmol, 2.0 equiv), Pd (10 mol %), ligand (20 mol %),
norbornene (0.3 mmol, 1.0 equiv), base (0.90 mmol, 3.0 equiv), solvent
(3 mL), 90 °C, 20 h. ®Yield of isolated product. “Pd,(dba),-CHCI,
5 mol %). ngand (10 mol %). “PdCl, (S mol %), ligand (10 mol %).
Using benzoyl chloride (0.6 mmol, 2.0 equiv) as acylating agents.
Phen = 1, 10-phenanthroline, TFP = tris(2-furanyl)phosphine.

In addition, aryl iodides containing a substituent ortho to the
C—H activation site were also a suitable substrate for the
reaction (Table 2, 4-13).

Next, the scope of this reaction was expanded with a range
of anhydride 2. Both aromatic and aliphatic anhydrides readily
reacted with 1-iodo-2-methylbenzene (1a) and ethyl acrylate
(3a) to give the corresponding product in good to moderate
yields (Table 3, 4-14—4-24).

Finally, the scope of this reaction was further tested with
various olefins. Methyl, tert-butyl, and benzyl acrylates were
good coupling partners in the reaction, resulting the cor-
responding products in moderate to good yields (Table 4, 4-25,
4-26, and 4-27). Vinyl amide, methyl vinyl ketone, and
acrylonitrile worked efficiently (Table 4, 4-28, 4-29, and 4-30).
2-Vinylnaphthalene, ethyl 4-vinylbenzoate, and vinylpyridine
are suitable Heck acceptors for the coupling reaction, and
acceptable yields were obtained (Table 4, 4-31, 4-32, and
4-33).

A noteworthy advantage of our method was that the reaction
system could be scaled up to gram quantities, and a good yield
was afforded (Scheme 2).

Using benzeneboronic acid (Sa) as a coupling partner could
afford the desired product in 38%, but the yield could not be
further improved after trying many times (Scheme 3).
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Table 2. Scope of the Reaction with Aryl Iodide 1¢

Table 3. Scope of the Reaction with Anhydride 2

| COOEt | COOEt
RS 79 hreCmane r o 9 09 PACI, ITFP 7 o
|// + Ph)J\OJ\Ph.F /\COOEtm R = | Ph \© + R3J\OJ\R3 + 2 COOEt norbornene RS
R? 90°C,20 h R\Z/\ CS%)%(():SZ?)I\}/:E
1 2a 3a 4 1a 2 3a 4
COOEt COOEt COOEt COOEt COOEt COOET
7 o Z 0 Z o
i et O C O C o CL,
41, 85% 4-2, 529" 4-3,90% 4-14,82% 415,72% 0 446, 86%
COOEt COOEt COOEt COOEt COOEt COOEt
Z 5 | Z 5 Z 5 Z
HsCO Ph N Ph  TBSO Ph O G O O O O

4-4, 76% (1:15) 4.5, 74%° (1.6)d 46, 71%
COOEt COOEt COOEt
7 o ) Z 0o
Ph Ph Ph
RZ
R2=CHj, 4-7, 87% cl
R2=Cl, 4-8, 89% 4-9, 84% 4-10, 81%
COOEt COOEt COOEt
7 o 7 o Z o
Ph Ph Ph
OCH,
Br COOMe
4-11,68% 412, 70% 4-13,79%

“Reaction conditions: 1 (0.3 mmol, 1.0 equiv), 2a (0.6 mmol, 2.0 equiv),
3a (0.6 mmol, 2.0 equiv), PdCl, (10 mol %), TFP (20 mol %),
norbornene (0.3 mmol, 1.0 equiv), Cs,CO; (0.90 mmol 3.0 equiv),
DME (3 mL), 90 °C, 20 h. Yield of isolated product. “The reactlon was
carried out at 90 °C for 14 h. “3.0 equiv of 2a was employed. ¢ 17/E
ratio determined by 'H NMR spectroscopy.

. . 7-9,11 . .
According to previous reports,’ "' a possible mechanism

for the formation of aromatic ketones is outlined in Scheme 4.
Oxidative addition of aryl iodide to Pd(0) give complex A,
which subsequently incorporates a norbornene to afford B.
The intermediate B undergoes an ortho C—H activation to
generate the palladacycle C. The palladium(IV) species D,
generated from oxidative addition of anhydride 2 to C,
undergoes a reductive elimination to give intermediate E.
The expulsion of a norbornene from E affords F. Complexa-
tion of the alkene to F leads to G, and insertion of the
alkene generates the intermediate H. f-Hydride elimination
then occurs, delivering the desired ketone and palladium
complex I. Finally, the Pd(0) catalyst regenerates by reductive
elimination.

In conclusion, a new palladium-catalyzed/norbornene-
mediated ortho-selective acylation of aryl iodides via C—H
bond activation with readily available carboxylic anhydride
as acylating source was developed. Compared with the pre-
vious method of aromatic ketones synthesis, this approach
showed excellent regioselectivity. In addition, this reaction
is complementary to the alkylation, benzylation, arylation,
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417, 84% 4-18, 64% (1:20)] 4-19, 80%

COOEt COOEt COOEt

G GG

4-20, 63% 4-21, 46%!°] 4-22, 57%]!

4-23, 73%°! 4-24, 83%l°

“Reaction conditions: 1a (0.3 mmol, 1.0 equiv), 2 (0.6 mmol, 2.0 equiv), 3a
(0.6 mmol, 2.0 equiv), PACL, (10 mol %), TFP (20 mol %), norbornene (0.3
mmol, 1.0 equiv), Cs,CO; (0. 90 mmol, 3.0 equiv), DME (3 mL), 90 °C,
20 h. Yield of isolated product. *Z/E ratio determined by "H NMR spectro-
scopy. “The reaction was carried out in toluene at 100 °C for 20 h.

Table 4. Scope of the Reaction with Olefin 3

R4
I
\© o o PdCl, /TFP 7 o
P norbornene
* oo e * PR Goco, DN Ph
O
1a 2a 3 90°C, 20 h 4
COOR® COOBn
7 o
Ph
R5=COOMe, 4-27, 87% 4-28, 69% 4-29, 53%)(1:3)l]
4-25, 89%
R5=CO0'Bu, COOEt
4-26, 82% N
o @ o
e 7 o o)
Ph Ph Ph
4-30, 82%P! 4-31, 64% 4-32, 72% 4-33, 76%

“Reaction conditions: 1a (0.3 mmol, 1.0 equiv), 2a (0.6 mmol, 2.0 equiv),
3 (0.6 mmol, 2.0 equiv), PdCL, (10 mol %), PPh;(20 mol %), norbornene
(0.3 mmol, 1.0 equiv), Cs,CO; (0.90 mmol 3.0 equiv), DME (3 mL),
90 °C, 20 h. Yield of isolated product. “The reaction was carried out at
80 °C for 20 h. “Z/E ratio determined by '"H NMR spectroscopy.
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Scheme 2. Palladium-Catalyzed Gram Scale Reaction of
2-Iodonaphthalene (1c), Benzoic Anhydride (2a), and
Ethyl Acrylate (32)“

COOEt
! =
o o PACL/TFP o
O . /U\ )J\ + /\COOEt norbornene Ph
Ph™ O "Ph Cs,CO,;, DME
90°C,20 h
1c 2a 3a 4-3
1.02g 88%

“Reaction conditions: 1c (4.0 mmol, 1.0 equiv), 2a (8.0 mmol,
2.0 equiv), 3a (8.0 mmol, 2.0 equiv), PdCl, (10 mol %), TFP (20 mol %),
norbornene (0.3 mmol, 1.0 equiv), Cs,CO; (0.90 mmol, 3.0 equiv), DME
(3 mL), 90 °C, 20 h. Yield of isolated product.

Scheme 3. Palladium-Catalyzed Reaction of 1-Iodo-2-
methylbenzene (1a), Benzoic Anhydride (2a), and
Benzeneboronic Acid (5a)”

|
o o PACL/TFP Pho O
norbornene Ph
+ + PhB(OH
Ph)J\OJ\Ph (OH) KCOj3, CHACN \©)k
1a 2a 5a 80°C, 30h 6a, 38%

“Reaction conditions: la (0.3 mmol, 1.0 equiv), 2a (0.6 mmol,
2.0 equiv), 3a (0.6 mmol, 2.0 equiv), PdCl, (10 mol %), TFP (20 mol %),
norbornene (0.6 mmol, 2.0 equiv), K,CO; (0.90 mmol, 3.0 equiv),
CH,CN (3 mL), 90 °C, 30 h. Yield of isolated product.

Scheme 4. Proposed Mechanisms

R!

I
Pdl
Cs,CO; CsOCOR?+ CsHCO; R!
1

A

HPJdOCOR? Pd(0)
! Oy _R?
- &y
R1
0O _R?
Pd—Q
R! 2
H O% R B
Cs,CO;
Csl + CsHCO3
o._R2 R
(o)
Pd—0
’\/1’\Rs Pd"
c " c

and amination of aryl iodides in Catellani—Lautens reaction.
Detailed mechanistic studies are underway and will be reported
in due course.
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