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ABSTRACT: A palladium(II) catalyst promotes con-
densation of an N-aryl imine and an alkynylbenziodox-
olone derivative to afford a multisubstituted furan, whose
substituents are derived from the alkynyl moiety (2-
position), the imine (3- and 4-positions), and the 2-
iodobenzoate moiety (S-position), along with an N-
arylformamide under mild conditions. The 2-iodophenyl
group of the furan product serves as a versatile handle for
further transformations. A series of isotope-labeling
experiments shed light on the bond reorganization process
in this unusual condensation reaction, which includes
cleavage of the C—C triple bond and fragmentation of the
carboxylate moiety.

ypervalent jodine compounds have found increasing

applications as oxidants and electrophilic reagents for
organic synthesis.' Among them, those having a benziodoxolone
skeleton have emerged as unique and effective reagents for the
delivery of electrophiles such as trifluoromethyl and alkynyl
groups to nucleophilic reaction partners."® In these iodine(III)
reagents, the 2-iodobenzoate moiety serves to modulate their
stability and reactivity and upon transfer of the electrophile leaves
as 2-iodobenzoic acid, which usually behaves as an innocent
byproduct. Here we report on a coupling reaction of N-aryl imine
1 and ethynylbenziodoxolone (EBX) reagent 2>° under
palladium(II) catalysis to afford multisubstituted furan 3 bearing
substituents derived from the alkynyl moiety of 2 (2-position), 1
(3- and 4-positions), and the 2-iodobenzoate moiety of 2 (5-
position), accompanied by the concomitant formation of N-
arylformamide 4 (Scheme 1a). This reaction is unusual as a
transformation of EBX in a few aspects such as cleavage of the
C—C triple bond* and participation/fragmentation of the 2-
iodobenzoate moiety.

We recently reported on palladium (II)-catalyzed dehydrogen-
ative synthesis of indoles,” pyrroles,® and aryl amines’ through a-
palladation of an imine as a key elementary step (1 to A; Scheme
1b). The present finding originated from our attempt to expand
the synthetic versatility of a-palladated imine A. Thus, we
envisioned that interception of species A with EBX 2 would give a
palladium(IV) intermediate,®>*" which would then undergo
reductive elimination to afford a-alkynylated imine $ along with
2-iodobenzoic acid.**® With the aid of the Pd(II) catalyst, imine 5
might be cycloisomerized to pyrrole 6.”'° Alternatively,
hydrolysis of § would give a-alkynyl ketone §’, which might
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Scheme 1. Pd(II)-Catalyzed Coupling of Imine and
Alkynylbenziodoxolone (PMP = p-MeOCH,)
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also undergo Pd(II)-catalyzed cycloisomerization leading to
furan 6'."'

Contrary to the initial expectation, imine la (0.2 mmol)
derived from 4-acetylbiphenyl and p-anisidine reacted with
phenyl-EBX 2a (2 equiv) in the presence of Pd(OAc), (10 mol
%) in toluene under a nitrogen atmosphere at room temperature
to afford 2,3,5-trisubstituted furan 3aa in 72% vyield (as
determined by 'H NMR; isolated in 64% yield) along with N-
(4-methoxyphenyl)formamide (4) (71% NMR yield, 60%
isolated yield) (eq 1). The structure of 3aa was unambiguously

0.
Ph
NPMP \

Ar Ar !
1a (Ar=4-PhCgH,)  Pd(OAc),  3aa, 72% (NMR), 64% (isolated)
(10 mol %)
+ —_— + (1)

Ph——1—0O toluene, rt, 24 h 0
o PMP\HJ\H

2a (2 equiv) 4, 71% (NMR), 60% (isolated)

determined by X-ray crystallographic analysis [see the
Supporting Information (SI)]. The phenyl, 4-phenylphenyl,
and 2-iodophenyl groups of 3aa appear to originate from the
alkynyl moiety of 2a, 1a, and the 2-iodobenzoate moiety of 2a,
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respectively. Also, the formyl group of 4 appears to come from
2a. While the bond reorganization process in this reaction seems
puzzling (vide infra), it is important to note that the combined
molecular formula of 3aa and 4 (C34H,sINO;) is identical to that
of 1a and 2a. Thus, despite the moderate yields due to formation
of other intractable byproducts, the major products 3aa and 4
appear to be formed through 1:1 coupling of 1a and 2a.

Screening of the reaction conditions was performed using 4'-
methylacetophenone imine and 2a (see Table S1 in the SI).
Essential observations include the following: (1) Besides
Pd(OAc),, Pd,(dba); and [1,2-bis(phenylsulfinyl)ethane]-
palladium(II) acetate (White’s catalyst) promoted the coupling
reaction, albeit in lower yields, while PdCl,, PdCl,(PPh;),, and
Pd(PPh;), did not give the desired product at all. (2) The
reaction did not take place with other metal catalysts such as
AuCl and Cul or without a catalyst. (3) Additives such as AcOH
and PivOH did not improve the product yield, while Bu,NBr,
LiCl, and K,COj completely shut down the reaction. (4) The
reaction took place in CH,Cl, as efficiently as in toluene, while
coordinating solvents such as DMSO and DMF inhibited the
reaction. It should also be noted that the use of 4'-
methylacetophenone instead of the imine did not give the
furan at all. The imines derived from parent aniline afforded the
desired product in a comparable yield, while the reaction became
sluggish with those derived from 4-dimethylaminoaniline and
benzylamine (see Table S2).

Scheme 2 shows the scope of imines as explored by the
coupling reaction with 2a. A wide variety of imines derived from
substituted acetophenones participated in the reaction to afford
the corresponding furans 3aa—3o0a in moderate to good yields.
The reaction tolerated both electron-donating and electron-
withdrawing substituents on the imine, including bromine and
iodine atoms as well as cyano and trifluoromethyl groups. Methyl
imines bearing 2-thienyl, 2-furyl, and styryl groups also afforded
the corresponding furan derivatives 3pa, 3qa, and 3ra, albeit in
modest yields. Unlike our indole/pyrrole synthesis,> imines
bearing f-hydrogen atoms are tolerated. Thus, propiophenone-
and 6-methoxy-1-tetralone-derived imines furnished the desired
tetrasubstituted furans 3sa and 3ta, respectively. Likewise,
tetraarylfuran 3ua was obtained, albeit in a modest yield. The
reaction of 4-pyridyl imine 1v and 2a did not afford the desired
furan derivative, while 2-iodobenzoate ester 7 was obtained in
22% yield, presumably through ring-opening rearrangement and
hydration of 2a (eq 2)."> Imines derived from aliphatic ketones
such as pinacolone failed to participate in the present reaction.

(0] Ph
NPMP j/
Pd(OAC), (10 mol %) I o
~ *e e2 auiv) - @)
l P (2eq toluene, 60 °C, 18 h (0]
1v
7,22%

Next, we explored the scope of EBXs (Scheme 3). Aryl-EBXs
derived from a series of arylacetylenes participated in the
coupling reaction with imine lc or 1d to afford the
corresponding furans 3cb—3cf, 3dg, and 3ch—3ck in moderate
to good yields with tolerance of substituents such as
trifluoromethyl, cyano, nitro, bromo, and thienyl groups. By
contrast, n-butyl-EBX reacted rather sluggishly, affording the
desired furan 3dl in only 8% isolated yield along with
unidentified byproducts as well as unreacted imine (26%). No
desired product could be obtained with trimethylsilyl- and

Scheme 2. Coupling of Various Imines with 2a“
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“The reaction was performed on a 0.2 mmol scale. “The reaction time
was 48 h. “The reaction was performed at 40 °C for 20 h. “The
reaction was performed at 70 °C for 24 h.

triisopropylsilyl- EBXs (see 3cm). Phenyl-EBXs derived from
substituted 2-iodobenzoic acids also reacted with 1c or 1d to
afford the corresponding furan derivatives 3cn, 3co, and 3dp in
moderate yields.

The 2-iodophenyl moiety of the furan product serves as a
versatile handle for further synthetic transformations (Scheme
4). Pd(0)-catalyzed cyclocarbonylation'® of 3ca proceeded
smoothly to give indenone-embedded furan 8. Domino
Suzuki—Miyaura coupling/intramolecular direct arylation'*
using 2-bromophenylboronic acid afforded phenanthro[9,10-
blfuran derivative 9. A sequence of iodine—lithium exchange,
electrophilic trapping with PhPCl,, intramolecular phospha-
Friedel—Crafts reaction,'® and oxidation with H,O, furnished
phosphole derivative 10 in good yield.

To gain insight into the bond reorganization process in the
present reaction, we performed a series of experiments using BC-
or "#0-labeled imine 1¢* and EBX 2a* (Scheme 5a; see the SI for
the details of each experiment). As summarized in Scheme 5a, a
one-to-one correspondence between the starting materials and
the products was established for each of the color-coded carbon
and oxygen atoms. Notably, the acetylenic carbon atoms of 2a*
underwent bond cleavage, and the one originally bonded to the
iodine atom ended up as the formyl carbon of 4*. The benzoate
moiety of 2a* was also dissected to constitute the furan C5—O
moiety of 3ca* and the formyl oxygen of 4*. We also performed a
crossover experiment using imine 1d, EBX 2a, and 2-iodo-6-
methylbenzoic acid under the standard conditions, which
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Scheme 3. Coupling of 1c or 1d with Various EBXs“
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Scheme 4. Transformations of Furan 3ca (p-An = 4-
MeOC6H4)a
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“Reaction conditions: (a) Pd,(dba);, PCy;, CsOPiv, CO (1 atm),
DMF, 110 °C, 12 h. (b) Pd,(dba);, PCy;, 2-bromophenylboronic acid,
DBU, DMEF, 155 °C, 48 h. (c) (1) nBuLi, —78 °C, THF, 30 min; (2)
PhPCL,, —78 to 60 °C, 4 h; (3) AICL,, iPr,NEt, —78 to 90 °C, 12 h;
(4) H,0,, 30 min.

afforded a 1:1.6 mixture of the expected furan 3da and another
furan 3dp bearing a 2-iodo-6-methylphenyl group at the $-
position (Scheme Sb). The formation of 3dp indicates that the
C2-aryl and C5-aryl moieties of the furan product do not
necessarily come from the same EBX molecule.

Unfortunately, we have not been able to observe any
intermediates that may shed further light on the reaction

Scheme 5. (a) Summary of Isotope Labeling Experiments and
(b) Crossover Experiment
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mechanism. Nevertheless, on the basis of the isotope-labeling
and crossover experiments (Scheme S) and the accepted wisdom
in alkynyliodonium chemistry,”® we have attempted to draw a
possible reaction pathway (Scheme 6)."° The reaction may be

Scheme 6. Possible Reaction Pathway ('Bz = 2-Iodobenzoyl;
'Ph = 2-Todophenyl)
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initiated by the addition of a palladium(II) 2-iodobenzoate
species to the electrophilic C—C triple bond of EBX. Cleavage of
the resulting vinyl—I(III) bond and reduction of I(III) to I(I)
would then lead to palladium—vinylidene species B. Addition of
an enamine form of the imine to B and subsequent
protodepalladation would afford enamine intermediate D with
elimination of the palladium(II) 2-iodobenzoate species.
Although highly speculative, a sequence of skeletal rearrange-
ments from D initiated by intramolecular attack of the enamine
to the ester would eventually lead to oxaazabicyclic intemediate J.
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Ring opening of the azetidine moiety of J would then afford furan
3 and formamide 4.

Regardless of the mechanistic ambiguity, the result of the
crossover experiment (Scheme Sb) implies the possibility of a
three-component furan synthesis using imine, alkynyliodonium-
(III) reagent, and carboxylic acid. Indeed, a preliminary
experiment using imine lc, phenyl(2-phenylethynyl)iodonium
tosylate, and benzoic acid afforded the desired trisubstituted
furan 11 in 31% yield (eq 3).

Pd(OAC), (10 mol %)

PhCO,H (1.5 equiv) 0o

\ 7/

p-An
11, 31%

“OTs
|+
|
Ph

2 equiv

Ph Ph

@3)

NPMP
+ Ph

p-An toluene, rt, 24 h

1c

In summary, we have found a palladium (II)-catalyzed coupling
reaction of imines and EBXSs to afford multisubstituted furans'
that involves unique condensation and fragmentation processes.
Our current studies are focused on the synthetic potential and
mechanistic aspects of the three-component coupling of imine,
alkynyliodonium reagent, and carboxylic acid.
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