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Oxidative-substitution reactions of electron-rich
aromatic compounds with BF3-activated iodonium ylides
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Abstract—The treatment of electron-rich aromatic substrates with phenyliodonium bis(carbonyl)methylides in the presence of
Et2OÆBF3 leads to bis(carbonyl)alkylation of the aromatic nucleus.
� 2007 Elsevier Ltd. All rights reserved.
The use of phenyliodine(III) bis(trifluoroacetate),
(PIFA), in (CF3)2CHOH or CF3CH2OH for the func-
tionalization of para-substituted phenol ethers with
nucleophilic reagents; and evidence that such reactions
are initiated by SET-oxidation of the phenol ethers
with PIFA and proceed through arene cation-radical
intermediates have been reported by Kita and co-
workers.1–5 Similar functionalizations of naphthalene,
polymethylbenzenes, and heterocyclic substrates via
the action of BF3-activated PIFA in CH2Cl2 have also
been described and are thought to occur by an analo-
gous mechanism.1,6 Of interest here is the finding that
2-acetylbutyrolactone and cyclic b-diketones (mono-
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alkylated at C-2) are viable nucleophiles for PIFA-
induced inter- and intramolecular bis(carbonyl)-
alkylations of the phenol ether nucleus, examples of
which are shown in Scheme 1.2,5 However, the p-
MeOC6H4CH2CH2– derivatives of dimethyl malonate,
methyl acetoacetate, and acetylacetone did not give cyc-
lic products upon treatment with PIFA,5 and whether
acyclic b-dicarbonyl compounds undergo intermolecular
reactions of this type has not been reported.

It has recently been shown that phenyliodine(III)
sulfonate reagents 1 can also participate in oxidative
aromatic substitution reactions.7 In particular, the
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treatment of polycyclic aromatic hydrocarbons (PAH)
with 1 in CH2Cl2 leads directly and regioselectively to
PAH-sulfonate esters, and, when Me3SiNCS is avail-
able, to PAH-thiocyanates (Scheme 2). In view of the
reports that PIFA oxidations of polycyclic aromatic
hydrocarbons in trifluoroacetic acid lead to ESR-obser-
vable cation-radicals;8 and that phenyliodine(III) sulfo-
nates (R = p-tolyl, 2-naphthyl, and 10-camphoryl)
appear to be stronger oxidants than MnO4

� and
Cr2O7

2�,9 the formation of PAH cation-radical interme-
diates in these reactions seems likely.

In connection with the foregoing study, we explored the
possibility that phenyliodine(III) ylides10–12 might
Table 1. Yields of chromatographically isolated products from the reaction
with iodonium enolates 2a–c

ArH + 2
CH2Cl2, rt

R1

O

H

BF3 Et2O.

Ar Entrya,b R1

1 OMe
2 Me
3 Ph

4 OMe
5 Me
6 Ph

S
7 OMe
8 Me
9 Ph

S
10 OMe
11 Me
12 Ph

MeO OMe
13 Me

a With one exception (entry 13), the reactions were conducted with 1.00–1.07
CH2Cl2. In the case of entry 13, all quantities were halved. As a precautionar
a nitrogen-filled balloon and wrapped with aluminium foil. The reaction m
periods prior to an aqueous workup. The yields in parentheses are correcte

b Structural assignments are based on NMR (CDCl3; 1H and 13C), FTIR (ne
weight) analysis. The molecular structures of two of the anthracene products
analysis.
undergo similar reactions with polycyclic aromatic
hydrocarbons. We now report that the phenyliodonium
b-dicarbonyl enolates 2 can be utilized with Et2OÆBF3 in
CH2Cl2 for the installation of unsubstituted acyclic
b-dicarbonyl groups into electron-rich aromatic
substrates. This mode of reactivity was demonstrated
with pyrene, anthracene, 2-alkylthiophenes, and 1,4-
dimethoxybenzene.

In one experiment, Et2OÆBF3 (0.38 mL, 3.0 mmol) was
added to a stirred solution of pyrene (0.203 g,
1.00 mmol) and ylide 2a (0.503 g, 1.51 mmol) in CH2Cl2
(10 mL), and the reaction mixture was allowed to stir for
27 h at room temperature. After an aqueous workup
s of anthracene, pyrene, 2-alkylthiophenes, and 1,4-dimethoxybenzene

R2 R1 R2

O OH O

Ar Ar

and/or

R2 Time (h) Isolated yield (%)

OMe 8.5 28 (37)
OMe 5 34 (43)
Me 8 34 (45)

OMe 27 38 (45)
OMe 4 32 (39)
Me 7 34 (48)

OMe 24 30
OMe 8 29
Me 4 20

OMe 24 29
OMe 24 39
Me 24 15

OMe 1 32

mmol of ArH, 1.5 mmol of 2, and 3.0 mmol of Et2OÆBF3 in 10 mL of
y measure against air and light, the reaction vessels were equipped with
ixtures were stirred magnetically for the indicated (approximate) time
d for the recovered starting material.

at oils or solid films), and combustion (C,H) or HRMS-ESI (molecular
(entries 2 and 3) were established unequivocally by single crystal X-ray



Table 2. Selected bond distances of the 9-anthryl derivatives of methyl
acetoacetate and benzoylacetone

O O
H

R1 R2

Ar

(Ar = 9-anthryl)

1

234

5

Bond distance (Å)

R1, R2 C2–O1 C4–O5 C2–C3 C3–C4

Me, OMe 1.245 (3) 1.327 (3) 1.454 (3) 1.357 (3)
Ph, Me 1.2535 (17) 1.3282 (15) 1.444 (2) 1.3762 (19)
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[NaHCO3(aq); H2O; MgSO4] and solvent removal, a red
oil was obtained. Column chromatography of the oil on
silica gel with 20–50% CHCl3/hexanes gave dimethyl
2-(pyren-1-yl)malonate as a pale-yellow solid: yield,
0.128 g (38%); mp 118–120 �C (recrystallized from
MeOH); 1H NMR (CDCl3) d: 3.82 (s, 6H), 5.78 (s,
1H), 8.01–8.26 (m, 9H); 13C NMR (CDCl3) d: 53.25,
54.54, 122.36, 124.89, 125.23, 125.58, 125.91, 126.34,
126.52, 127.21, 127.57, 128.12, 128.81, 129.45, 130.76,
131.47, 131.57, 169.27; FTIR (solid film, cm�1) 1750,
1736; Anal. Calcd for C21H16O4: C, 75.89; H, 4.85.
Found: C, 75.91; H, 4.99. Based on recovered pyrene
(0.032 g, 0.16 mmol), the corrected yield of the product
is 45%; Eq. 1.
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Figure 1. Thermal ellipsoid projection of (Z)-3-(anthracen-9-yl)-4-
hydroxy-4-phenyl-3-buten-2-one.
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A similar treatment of various substrate–ylide combina-
tions with BF3-etherate in dichloromethane, followed by
chromatography of the crude product mixtures on silica
gel (usually with EtOAc/hexanes) gave moderate
isolated yields of the aryl-substituted b-dicarbonyl com-
pounds shown in Table 1.

Based on 1H (300 MHz) and 13C NMR analysis, the
malonate derivatives in Table 1 appear to exist entirely
as the keto tautomers, while the acetoacetate and benzo-
ylacetone analogs reside predominately in their enol
forms (i.e., except for entry 13), at least in CDCl3. Spec-
tral data for the 5-methyl-2-thienyl series (entries 7–9)
serve to illustrate this point. For example, the NMR
spectra of the malonate analog feature an a-hydrogen
singlet at d 4.86 and a typical saturated ester carbonyl
peak at d 168.06; and show no evidence for the enol tau-
tomer. The benzoylacetone analog, on the other hand, is
almost completely enolic. This is indicated by the pres-
ence of an enolic –OH singlet at d 17.55 (and a very
weak a-hydrogen singlet at d 5.83) in the proton spec-
trum, and one vinylic (d 106.85) and two carbonyl peaks
(d 184.15 and 198.52) in the carbon spectrum. The car-
bonyl chemical shifts are located upfield relative to those
of acetophenone (d 198.4) and acetone (d 207.1) in
CDCl3 (this work), due to conjugation in the enol sub-
structure, and are presumably weighted average chemi-
cal shifts for the two rapidly interconverting enol
forms shown in Eq. 2. This phenomenon has been
documented for b-dicarbonyl enols,13 and such average
13C-chemical shifts have been utilized for the estimates
of enol–enol equilibrium constants.14 The 1H spectrum
of the acetoacetate analog exhibits both enolic (d
13.22) and a-hydrogen (d 4.89) singlets and is consistent
with a 6:1 enol/keto mixture. The 13C spectrum shows a
vinylic peak at d 96.97 and four resonances in the car-
bonyl region; one pair of relatively weak intensity at d
168.60 and 200.62 corresponding to the keto form,
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and another pair at d 173.07 and 177.04 assigned to two
rapidly-interconverting enol tautomers.
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That the 9-anthryl derivatives of methyl acetoacetate
and benzoylacetone are also enolic in the solid state
has been confirmed by single crystal X-ray analysis.15

Selected bond distances for these compounds are given
in Table 2, and are consistent with the indicated enolic
forms. The molecular structure of the benzoylacetone
analog is shown in Figure 1.

The ability of phenyliodonium enolates to behave as
carbene-transfer agents, either in a formal sense or via
carbene/carbenoid intermediates, is well known. Such
reactions occur under thermal or photochemical condi-
tions, or in the presence of transition metal catalysts,
and follow dimerization, transylidation, cyclopropana-
tion, or CH-insertion pathways.11,12,16–21 Recent exam-
ples of CH-insertions include Rh2(OAc)4-catalyzed
conversions of pyrroles, thiophenes, benzene, and ani-
sole to the substituted b-dicarbonyl compounds 3–5
with the corresponding phenyliodonium enolates
(Fig. 2).22,23 Although the products of these reactions
are of the same type as those shown in Table 1, they
are presumably generated via carbene or carbenoid
intermediates. We suggest that the BF3-promoted reac-
tions of 2 with electron-rich aromatics proceed by the
arene cation-radical mechanism outlined in Scheme 3,
and are mechanistically related to PIFA oxidations of
para-substituted phenol ethers. This mechanism is based
on the assumption that the BF3-complexed iodonium
enolates are stronger oxidants than the free ylides.
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17. Müller, P.; Boléa, C. Helv. Chim. Acta 2002, 85, 483–
494.

18. Camacho, M. B.; Clark, A. E.; Liebrecht, T. A.; DeLuca,
J. P. J. Am. Chem. Soc. 2000, 122, 5210–5211.

19. Lenington, M. J.; DeLuca, J. P. The Spectrum 2004, 17, 9–
13.

20. Batsila, C.; Kostakis, G.; Hadjiarapoglou, L. P. Tetra-
hedron Lett. 2002, 43, 5997–6000.

21. Kirmse, W. Eur. J. Org. Chem. 2005, 237–260, see pp 241–
242.

22. Batsila, C.; Gogonas, E. P.; Kostakis, G.; Hadjiarapoglou,
L. P. Org. Lett. 2003, 5, 1511–1514.

23. Lee, Y. R.; Cho, B. S. Bull. Korean Chem. Soc. 2002, 23,
779–782.


	Oxidative-substitution reactions of electron-rich aromatic compounds with BF3-activated iodonium ylides
	References and notes


