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ABSTRACT

Transition Metal-Organo Dual Catalysis

[RhCp*Clo]p
0O 4-triflucromethyl
. aniline
| Ag,CO3
R,/ ZSH 90°C, 16 h

Up to 82 % yield

A novel oxidative coupling of aldehydes to form C3-substituted phthalides facilitated by co-operative dual catalysis of a Rh(lll) complex and an aryl
amine is reported. The reaction involves a cascade ortho C—H activation—insertion—annulation sequence. This methodology is efficient and
applicable for the homo- and heterocoupling of various functionalized aldehydes generating the corresponding phthalides in moderate to high yields.

Phthalide scaffolds, particularly C3-substituted phthalides,
are prevalent in many natural products as well as biologically
active compounds and are also useful as synthetic intermedi-
ates for complex organic molecules.! They are traditionally
synthesized by multistep synthetic pathways using stoichio-
metric organic and organometallic reagents.” Recently, alter-
native transition metal catalyzed methods for the synthesis of
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phthalides were developed such as Rh-, Pd-, and Co-cata-
lyzed cascade arylation—lactonization of phthalaldehyde® or
iodo benzoates* using boron reagents and zinc respec-
tively, Rh- and Ru-catalyzed intramolecular ketone
hydroacylation,” and Ru-catalyzed reductive cyclization
of 2-arylacylcarboxylates.® Lately, further elegant methods
based on C—H activation have been reported. Synthetic
methods by means of direct C—H activation are attractive
from a green chemistry perspective, as they minimize
the necessity of prefunctionalization and thus improve
the overall atom economy of the process in addition to
reducing the use of environmentally hazardous reagents
and generation of wastes.” For instance, a Ru-catalyzed
oxidative ortho C—H bond alkenylation of benzoic acid
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derivatives followed by an oxa-Michael reaction to form
3-alkyl phthalides was reported by Ackermann and
Pospech.® In 2012, Shi and Li’ demonstrated a Rh-catalyzed
ortho functionalization of essentially electron rich benzoic
acids with aldehydes to form aryl and alkyl substituted
phthalides albeit the reaction required harsh conditions
(48 hat 150 °C). Similarly, with the use of a Rh(III) catalyst,
Ellmann et al.'® developed a method that involves a cascade
ortho C—H bond activation and addition of benzimidates to
aldehydes to form various aryl and alkyl substituted phtha-
lides at 110 °C (20 h). Although the reaction was efficient,
presynthesis of the benzimidates was necessary and that
involved multistep protocols using harmful reagents. We
report herein the synthesis of C-3 substituted phthalides
directly by the oxidative homo- and heterocoupling of
readily available aldehydes via dual catalysis using a Rh(I11)
complex and an aryl amine under relatively mild conditions.

In our initial studies using benzaldehyde (1a) with
catalytic [RhCp*CL],!' and AgBF, in the presence of
Ag,COj; as the oxidant at 130 °C, we observed the forma-
tion of traces of the phthalide, 3-phenyl-1,3-dihydro-2-
benzofuran-1-one (2a). We envisaged that the presence of
catalytic amounts of amines will be able to enhance the
reactivity by forming imine, iminium, or aminal intermedi-
ates in situ which could act as better directing groups for
the Rh-catalyzed ortho C—H activation compared to the
aldehyde functionality itself.'?

Accordingly, after screening various primary and sec-
ondary amines (Table 1), we were delighted to discover that
primary aryl amines particularly 4-trifluoromethylaniline
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Table 1. Screening of Amine Catalysts for the Oxidative
Homocoupling of Benzaldehyde to 3-Phenyl-1,3-dihydro-2-
benzofuran-1-one

[RhCpP*Cla]x(1.25 mol %) o
o) AgBF, (5 mol %)

y A92CO(1.0 mmol) O o
Amine catalyst (10 mol %)

P o,
12, 2 mmol Diglyme, 130 °C, 1.5 h 2a O
entry amine catalyst yield (%)*
1 — trace
2 pyrrolidine trace
3 cyclohexylamine trace
4 N-methylaniline 10
5 aniline 28
6 p-anisidine trace
7 4-trifluoromethylaniline 69

“NMR yield determined by using CH,Br; as the internal standard.

indeed catalyzed the reaction efficiently giving up to 69%
NMR yield of the phthalidein 1.5hat 130 °C. Traces of side
products such as N-benzylidene-4-(trifluoromethyl)aniline
(4a) and benzyl alcohol (5a) were also detected by GC-MS
and '"H NMR.

Relatively more nucleophilic amines such as p-anisidine,
pyrrolidine, and cyclohexyl amine gave only traces of
the product. Consequently, further screening and optimi-
zation of reaction parameters were carried out using
4-trifluoromethylaniline as the amine catalyst (Table 2).
The presence of the Rh catalyst particularly [RhCp*Cl,],
was necessary for the reaction to occur. Reactions without
any rhodium catalyst or by using other Rh(I) and Rh(III)
precursors such as [Rh(cod)Cl],, Rh(acac);, and RhCl;
(entries 1—3, Table 2) did not generate any products. Silver
additives with weakly co-ordinating counterions were also
essential, among which AgOTf and AgSbF were found to
work reasonably well, but AgBF, was the best (entries
4—06, Table 2). The addition of an oxidant was necessary,
as in the absence of any oxidant only traces of the product
were generated. Among the oxidants studied (entries 8—10,
Table 2), Ag,CO3; was the most suitable. When molecular
oxygen was used as the oxidant only 15% yield of the
phthalide was obtained while a significant amount of
benzaldehyde was found to be converted to benzoic acid.
The use of simple bases such as KOAc and Cs,CO; (entries
11 and 12, Table 2), instead of the oxidant, resulted only in
the formation of the corresponding imine, N-benzylidene-
4-(trifluoromethyl) aniline (4a). Diglyme was the best
solvent for this reaction followed by ethyl lactate while
the reaction was also effective under neat conditions. The
yield increased to 78% by lowering the temperature to
90 °C and prolonging the reaction time to 16 h. The
reaction was also found to occur at 70 °C under these
conditions, albeit with a slight drop in the yield (76%).

After attaining the optimized conditions, we explored
the scope of this methodology for the homocoupling of dif-
ferent functionalized aryl aldehydes to form C3-substituted
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Table 2. Optimization Studies on the Homocoupling of Benzaldehyde to 3-Phenyl 1,3-dihydro-2-benzofuran-1-one

rhodium silver temp time yield®?
entry catalyst additive oxidant solvent (°C) (h) (%)
1 Rh(cod)sCls AgBF, AgyCO3 diglyme 130 1.5 -
2 Rh(acac)s AgBF, Ag,CO3 diglyme 130 1.5 -
3 RhClg AgBF, AgyCO3 diglyme 130 1.5 -
4 (RhCp*Cly)y - AgyCO3 diglyme 130 1.5 -
5 (RhCp*Cly)e AgBF, AgyCO3 diglyme 130 1.5 69
6 (RhCp*Cly)y AgSbFg AgyCO3 diglyme 130 1.5 52
7 (RhCp*Cly)s AgOTf Ag,CO3 diglyme 130 1.5 62
8 (RhCp*Cly)e AgBF, AgOAc diglyme 130 1.5 41
9 (RhCp*Cly)y AgBF, benzoquinone diglyme 130 1.5 -
10 (RhCp*Cly)e AgBF4 Oy (1 atm) diglyme 130 1.5 15
11 (RhCp*Cly)y AgBF, —¢ diglyme 130 1.5 -
12 (RhCp*Cly), AgBF, —d diglyme 130 1.5 -
13 (RhCp*Cly)y AgBF, AgyCO3 p-xylene 130 1.5 41
14 (RhCp*Cly)s AgBF, AgoCO3 ethyl lactate 130 1.5 57
15 (RhCp*Cly)e AgBF, Ag,CO3 DMF 130 1.5 18
16 (RhCp*Cly)y AgBF, AgyCO3 - 130 16 44°
17 (RhCp*Cly)s AgBF, Ag,CO3 diglyme 90 16 78
18 (RhCp*Cly)y AgBF, AgyCO3 diglyme 70 16 76
19 (RhCp*Cly)s AgBF, Ag,CO3 diglyme 50 16 14

“Reaction conditions: benzaldehyde (2 mmol), [Rh] (2.5 mol %), silver additive (5 mol %), 4-trifluoromethyl amine (10 mol %), oxidant (1 mmol)
solvent (0.2 mL). * NMR yield, determined by using CH,Br; as the internal standard. “In the presence of 1 mmol of KOAc (formation of imine was
detected by GC-MS). “In the presence of 1 mmol of Cs,CO5 (formation of imine was detected by GC-MS). ¢ Neat reaction (benzaldehyde, 0.5 mmol).

phthalides (Scheme 1). In general, fairly electron-rich and -
poor aldehydes were effective and functional groups such
as chloro, bromo, fluoro, ester, alkoxy, and trifluoromethyl
were well tolerated. Substitutions at para-, meta-, and
ortho- positions were suitable. Thus, the monosubstituted
aryl aldehydes la—1k gave the corresponding C-3 aryl
substituted phthalide derivatives 2a—2jin 63—81% isolated
yields. In the case of the disubstituted benzaldehyde deri-
vative 3-fluoro-4-methoxybenzaldehyde, the correspond-
ing regioisomeric phthalides 2k and 2k’ were formed in a
ratio of 2:1 with an overall yield of 63%.

The scope of heterocoupling of aldehydes using this
protocol was then examined (Scheme 2). Initially, we per-
formed the reaction of two different aryl aldehydes, one
of them having substituted ortho positions. As such, the reac-
tion of benzaldehyde (1a) with 2,6-difluorobenzaldehyde
(1) in a molar ratio of 1:3 resulted in the corresponding
heterocoupled phthalide product 3-(2,6-difluorophenyl)-
1,3-dihydro-2-benzofuran-1-one (3a) selectively in high
isolated yield (75%). Only a trace amount of 3-phenyl 1,3-
dihydro-2-benzofuran-1-one (2a) (the homocoupled pro-
duct of benzaldehyde) was observed under these conditions.
Under similar conditions, other aldehydes such as 4-methyl,
4-chloro, 4-bromo, 4-methoxy, and 4-carbomethoxy
benzaldehydes as well as 2-naphthaldehyde reacted with
2,6-diflourobenzaldehyde forming the corresponding
heterocoupled phthalide derivatives (3b—3g) in moderate
to high yields (38—82%). Similarly, 4-methyl benzalde-
hyde (1f) reacted with 5-bromo-2H-1,3-benzodioxole-4-
carbaldehyde (Im) to form 3-(5-bromo-2H-1,3-benzo-
dioxol-4yl)-5-methyl-1-3-dihydro-2-benzofuran-1-one in
32% yield.
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Scheme 1. Rh(II1)-Amine Catalyzed Homocoupling of Aryl
Aldehydes to Phthalides

0o [RhCp*Cly], (1.25 mol %) g
AgBF, (5 mol %)

[ H Ag2CO3 (1.0 mmol)
Ry — 4-Trifluoromethyl
aniline (10 mol %)
1, 2 mmol Diglyme, 90 °C, 16 h 2, isolated yield

2a, 78% .
2d, 55% F, 2071 %

0
CO,Me Me

29,72 % t 2h 63%
ﬂ F
OMe

2k, 42 %

2i,65%

2j, 63% 2k,21%
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Scheme 2. Rh(III)-Amine Catalyzed Heterocoupling of
Aldehydes to Phthalides

o
0 [RhCp*Clol (5 mol %)
AgBF, (20 mol %) N
R:_Cj)LH +RCHO __A9CO; (1.0mmol)  RT__
= 4-Triflucromethyl R

aniline (40 mol %)

1.5 mmol
1,0.5 mmol Mmool biglyme, 90 °C, 16 h

3, isolated yield

3d,45% 3e, 65 % 3,43 %
o)
% s
. cl
3g, 75 % 3h,32% 3i, 70 %

(<
F FO
3,87 % 3k, 82 % 3l79%
3n22%:

Next, the heterocoupling of two different aryl aldehydes
having free ortho C—H bonds was studied. Remarkably,
the reaction between 4-methyl benzaldehyde with
2-chloro, 2,5-difluoro, 3,5-difluoro, and 4-trifluoromethyl
benzaldehydes in a molar ratio of 1:3 gave the correspond-
ing phthalide derivatives (3i—3l) in high yields (67—82%).
However, moderate amounts of homocoupled products
of the excess aldehyde (R’"CHO) were also found to form
in these cases (NMR yields of 5—26% with respect to the
excess aldehyde). More interestingly, aliphatic aldehydes,
e.g. trimethyl acetaldehyde and cyclohexaldehyde, also
reacted with 4-methyl benzaldehyde to form the corre-
sponding phthalide derivatives 3m and 3n respectively
though the yields were modest under these conditions.

The reaction is proposed to proceed through a Rh(III)—
Rh(I) catalytic cycle (Scheme 3) initiated by the cationic
Rh(III) complex i generated in situ from [RhCp*Cl,], and
AgBF,. The rhodium species i then activates the ortho
C—H bond of the in situ formed imine derivative 4 forming
the intermediate #. Insertion of the second aldehyde
molecule in the Rh—C bond in #i forms the rhodium
species iii followed by the nucleophilic attack of the alkoxy
oxygen on the electrophilic imine carbon leading to iv.

3

3m, 21 %
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Scheme 3. Proposed Catalytic Cycle

[RhCp*Cll, o
7.
[~ 1
AgBF, R'
28g%+H,0+CO, ¢
/Ar
[Rh”'Cp (BFs ),
AQZCO;:, “ Ar
O/\ /
Cp R “HBFs
vi
ArNH,
-HBF,
N’Ar O // hIIICp
HRh'”Cp BF, CE?
RCHO
Ar< I}
N/Rh Cp* n
H BF, |/ Z Rh Cp
| X R o
7~ "
v R m

Upon S-hydride elimination, the Rh(III) intermediate iv
forms the Rh(III) hydride v and the imine intermediate
6 which then hydrolyzes to form the phthalide product.
The Rh'"—H species upon reductive elimination of HBF,
results in vi which after oxidation by Ag,COj5 regenerates
the active catalyst back for further turnovers.

In conclusion, we have developed a novel coupling
reaction of aldehydes toward a single step method for
the synthesis of C3-susbtituted phthalides by Rh(III)-
amine dual catalysis. The reaction occurs under oxidative
conditions by the ortho C—H activation of the aryl alde-
hyde. This methodology was applied for the homo- and
heterocoupling of aldehydes forming various functiona-
lized aryl and alkyl phthalide derivatives in moderate
to high yields. We are currently studying the scope of this
co-operative dual catalytic strategy toward the enantio-
selective synthesis of C3-susbtituted phthalides and other
heterocyclic motifs by the ortho C—H activation of aryl
aldehydes.
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