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ABSTRACT

Cationic complexes of Pt(II) and other late transition metals efficiently catalyze Friedel−Crafts acylations of moderately activated arenes by
carboxylic acid anhydrides. The nature of the catalytically relevant species formed from (PhCN)2PtCl2 and AgSbF6 and their interactions with
the substrates are studied by NMR and ESI-MS.

The Friedel-Crafts acylation (FC-acylation) of arenes lead-
ing to aromatic ketones is a transformation of significant
industrial importance.1 The fact that (over) stoichiometric
amounts of Lewis acids such as AlCl3, BF3, TiCl4, or SnCl4
are required, however, constitutes a serious drawback since
these oxophilic promoters are a significant cost factor and
cause environmental problems due to strongly acidic waste
streams. The development of truly catalytic alternatives is
therefore highly desirable and constitutes a field of current
interest.

Considerable progress in this direction has been made in
recent years. Most notable are the introduction of lanthanide
triflates2 and related complexes3 as well as the use of
catalytically competent binary Lewis acid mixtures.4,5 Al-
though these reagents exhibit an excellent application profile
in many acylation reactions, catalyst loadings ofg 10% are

frequently required. Moreover, some recipies are based on
very moisture sensitive reagents such as SiCl4, SbCl5,
B(OTf)3, and TiCl(OTf)3 that are difficult to handle and
require rigorously anhydrous reaction media.

Herein we report an alternative approach toward catalytic
FC-acylations. The new protocol employs only air stable
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ingredients and is therefore distinguished by its practicality,
by good turn-over numbers, and by a reasonably wide scope.6

Conventional promoters for FC-acylations are highly
oxophilic Lewis acids that remain coordinated to the aryl
ketones formed. We reasoned that it might be possible to
overcome this product inhibition by usinglate transition
metals salts as the catalysts: a mismatch between their “soft”
metal center and the “hard” carbonyl oxygen atoms of the
products should avoid the formation of kinetically inert
complexes and thus result in catalytic turn-overs. Although
late transition metal salts exhibit, a priori, rather poor Lewis
acidity, sufficient reactivity can be gained by rendering them
cationic.7

Encouraged by our excellent experiences with PtCln (n )
2, 4) as catalyst for various C-C bond forming reactions,8,9

we screened different platinum salts for their ability to
promote the acylation of anisole by acetic acid anhydride.
While PtCl2, PtCl4, and neutral L2PtCln complexes (L)
PhCN, PPh3, P(C6F5)3, PEt3, COD) showed no appreciable
activity (entries 1, 3, 13, 15), excellent results were obtained
after treatment with AgX (Table 1).10 Thereby, a pronounced

influence of the counterion X was observed, with SbF6 >
ClO4 > OTf . PF6, BF4, OAc (entries 4-9). Similarly, the
reaction medium plays an important role in ensuring catalytic
turn-over, with CH2Cl2 being the solvent of choice.11 Under
these optimized conditions, as little as 1 mol % of

(PhCN)2PtCl2 and 2 mol % of AgSbF6 are necessary to obtain
4-methoxyacetophenone in 75% isolated yield (entry 4,
footnote c).

Representative FC-acylation reactions catalyzed by (PhCN)2-
PtCl2/AgSbF6 are summarized in Table 2. Although toluene

is acylated only slightly under these conditions, the reaction
works well with moderately or strongly activated arenes.
Even the sterically hindered position in pentamethylbenzene
is smoothly acylated. Heterocycles such as furan or thiophene
are equally well suited.N,N-Dimethylaniline or indole,
however, do not react, most likely because the catalytically

(6) For previous studies from this laboratory on the evolution of transition
metal promoted transformations into catalytic processes, see: (a) Fürstner,
A.; Hupperts, A.J. Am. Chem. Soc. 1995,117, 4468. (b) Fürstner, A.; Shi,
N. J. Am. Chem. Soc. 1996,118, 2533. (c) Fürstner, A.; Shi, N.J. Am.
Chem. Soc.1996,118, 12349. (d) Fürstner, A.Chem. Eur. J.1998,4, 567.

Table 1. Comparison of the Catalytic Activity of Neutral and
Cationic Pt Reagents in the Acylation of Anisole by Ac2O. All
Reactions Were Carried Out in Refluxing CH2Cl2 for 20 ha

entry
Pt compound
(2.5 mol %)

additive
(5 mol %) yield (%)

1 PtCl2 0
2 AgSbF6 47
3 (PhCN)2PtCl2 0
4 AgSbF6 75b,c

5 AgClO4 56
6 AgOTf 33
7 AgPF6 19
8 AgBF4 5
9 AgOAc 4

10 (PPh3)2PtCl2 AgSbF6 65
11 (COD)PtCl2 AgSbF6 80
12 [P(C6F5)3]2PtCl2 AgSbF6 68
13 PtCl4 23
14 AgSbF6 80
15 (PEt3)4PtCl4 0
16 AgSbF6 72

a The ratio ofpara:ortho substitution isg99:1 in all cases (GC).b If
only 2.5 mol % of AgSbF6 is used, the FC-acylation proceeds similarly
well (67% isolated yield).c The same result (75% yield) is obtained with
only 1 mol % of (PhCN)2PtCl2 in combination with 2 mol % of AgSbF6
after a prolonged reaction time (72 h).

Table 2. Acylations of Arenes by Different Carboxylic Acid
Anhydrides Catalyzed by (PhCN)2PtCl2 (2.5 mol %) and
AgSbF6 (5 mol %)a

a All reactions were carried out in refluxing CH2Cl2 as the reaction
medium until complete conversion of the substrate was observed by TLC
(<24 h).
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relevant cationic Pt(II) species are inhibited by coordination
with the N atoms of these substrates. Carboxylic acid
anhydrides other than Ac2O can be used with similar
efficiency (entries 4, 5, 10, 11). It is also worth mentioning
that phenol isO- rather thanC-acylated under these condi-
tions (entry 12).

To study the scope of the proposed “hard/soft-mismatch”
principle, a variety of other transition metal salts have also
been screened (Table 3). Among them, the combination of

(MeCN)2PdCl2 and AgSbF6 shows appreciable activity,
although the reaction rate is significantly lower than with
the corresponding platinum system. Good results are obtained
with [RuCl2(CO)3]2 or CuCl2‚2[P(C6F5)3] in combintion with
AgSbF6. Even better is a mixture of RuCl3 and AgX,
affording the desired product in up to 81% yield. Since the
commercial hydrate of RuCl3 is used for solubility reasons,

however, it cannot be excluded that traces of HX (X) OTf,
SbF6) are formed under these conditions which may them-
selves be catalytically relevant.12 Despite this ambiguity,
RuCl3‚(H2O)n is an attractive pre-catalyst due to its com-
paratively low cost and because the solvents need not be
rigorously dried.

Spectroscopic investigations provide some insights into
the nature of the catalytically relevant species as well as into
their interactions with the substrates. Whereas addition of
(PhCN)2PtCl2 (1 equiv) to either Ac2O or anisole causes only
marginal changes in the IR and13C NMR spectra of these
reagents, exposure to the cationic species generated from
(PhCN)2PtCl2/2AgSbF6 leads to strong effects.13 The ob-
served shifts for Ac2O (Table 4) are in accordance with the

expected complexation of its carbonyl function onto a Lewis
acidic agent (∆δ) +2.4 ppm; ∆ν ) -31/-50 cm-1),
whereas asignificant upfieldshift is noticed for C(para) of
anisole (∆δ ) -5.9 ppm), indicating ahigher electron
densityat the position undergoing FC-acylation (Table 5).

The signal of H-4 is fully preserved in the1H NMR spectrum.
These results are best interpreted in terms of a preferred
coordination of anisole via theπ-system rather than the ether
oxygen although the precise hapticity of binding cannot yet
be unambiguously deduced. It is conceivable that such an
intermediate undergoes reversible electrophilic substitution
with formation of apara-substituted Pt-arene complex.14-16

(7) For previous applications of cationic Pd(II) or Pt(II) complexes in
synthesis, see: (a) Sodeoka, M.; Tokunoh, R.; Miyazaki, F.; Hagiwara, E.;
Shibasaki, M.Synlett1997, 463. (b) Kataoka, Y.; Matsumoto, O.; Ohashi,
M.; Yamagata, T.; Tani, K.Chem. Lett.1994, 1283. (c) Ghosh, A. K.;
Matsuda, H.Org. Lett.1999,1, 2157. (d) Oi, S.; Terada, E.; Ohuchi, K.;
Kato, T.; Tachibana, Y.; Inoue, Y.J. Org. Chem.1999,64, 8660. (e) Nieddu,
E.; Cataldo, M.; Pinna, F.; Strukul, G.Tetrahedron Lett.1999,40, 6987.
(f) Oi, S.; Kashiwagi, K.; Inoue, Y.Tetrahedron Lett.1998,39, 6253. (g)
Hagiwara, E.; Fujii, A.; Sodeoka, M.J. Am. Chem. Soc. 1998,120, 2474.
(h) Ferraris, D.; Young, B.; Dudding, T.; Lectka, T.J. Am. Chem. Soc.
1998,120, 4548. (i) Sodeoka, M.; Ohrai, K.; Shibasaki, M.J. Org. Chem.
1995,60, 2648. (j) Cataldo, M.; Nieddu, E.; Gavagnin, R.; Pinna, F.; Strukul,
G. J. Mol. Catal. A: Chem.1999,142, 305. (k) Gorla, F.; Venanzi, L. M.
HelV. Chim. Acta1990, 73, 690. (l) Hori, K.; Kodama, H.; Ohta, T.;
Furukawa, I.J. Org. Chem. 1999, 64, 5017. (m) Jia, C.; Piao, D.; Oyamada,
J.; Lu, W.; Kitamura, T.; Fujiwara, Y.Science2000,287, 1992.

(8) (a) Fürstner, A.; Szillat, H.; Gabor, B.; Mynott, R.J. Am. Chem.
Soc.1998,120, 8305. (b) Fürstner, A.; Szillat, H.; Stelzer, F.J. Am. Chem.
Soc.2000,122, 6785.

(9) Fürstner, A.; Voigtländer, D.Synthesis2000, 959.
(10) Several control experiments have shown that AgX (X) SbF6, OTf,

ClO4, BF4, PF6) itself is not responsible for the observed catalytic activity
in any of these cases.

(11) A screening of different solvents in the acylation of anisole by Ac2O
catalyzed by PtCl2(PhCN)2 (2.5 mol %) and AgSbF6 (5 mol %) gave the
following results: CH2Cl2 (75%), CHCl3 (56%), CH3NO2 (63%), MeCN
(3%), THF (0%).

(12) Triflic acid is known to catalyze various FC acylations, cf. refs 5b,
5c, 5d, and literature cited therein.

(13) Precipitated AgCl was filtered off under Ar prior to these spectro-
scopic investigations.

(14) Note, however, that neutral Pt(II) triflate (trifluoroacetate) salts
complexed by phosphines donotundergo electrophilic substitution of arenes,
cf: (a) Brainard, R. L.; Nutt, W. R.; Lee, T. R.; Whitesides, G. M.
Organometallics1988,7, 2379. (b) Peters, R. G.; White, S.; Roddick, D.
M. Organometallics1998,17, 4493.

Table 3. Acylation of Anisole by Ac2O: Screening of the
Catalytic Activity of Various Transition Metal Salts (2.5 mol %)
in the Presence of AgX (5 mol %). All Reactions Were Carried
out in Refluxing CH2Cl2 unless Stated Otherwise

no. metal salt AgX t (h) yield (%)

1 (COD)CuCl AgSbF6 20 58
2 CuCl2‚2[P(C6F5)3] AgSbF6 20 78
3 (MeCN)2PdCl2 AgSbF6 72 75
4 RhCl(CO)(PPh3)2 AgSbF6 20 2
5 [RuCl2(CO)3]2

a AgSbF6 72 79
6 RuCl3‚(H2O)n

b 21 31
7 RuCl3‚(H2O)n

c AgBF4
c 21 80

8 RuCl3‚(H2O)n
d AgOTf 48 45

9 RuCl3‚(H2O)n AgSbF6 20 81
10 RhCl3‚(H2O)n

e AgBF4
e 21 70

11 Hg(ClO4)2‚(H2O)n
f 21 73

a Using only 1.25% of the dimeric complex.b 8 mol % in CH3NO2 at
50 °C. c 8 mol % (each metal) in CH3NO2 at 50°C. d 5 mol %. e 10 mol %
(each metal) in CH3NO2 at 50°C. f 5 mol % in CH3NO2 at 50°C.

Table 4. Characteristic Changes in the IR (∆ν, cm-1) and13C
NMR Spectra (∆δ, ppm) of Acetic Anhydride upon Addition of
a Neutral or a Cationic Pt(II) Complex (1 equiv of each) to a
Solution in CD2Cl2

(MeCN)2PtCl2 (MeCN)2PtCl2/2AgSbF6

∆δ(CdO) -0.03 +2.4
∆ν(CdO) (0 -31/-50

Table 5. Changes (∆δ, ppm) in the13C Chemical Shifts of
Anisole upon Addition of a Neutral or a Cationic Pt(II)
Complex (1 equiv. each) to a Solution in CD2Cl2

(MeCN)2PtCl2 (MeCN)2PtCl2/2AgSbF6

C(quart.) -0.06 +1.7
C(ortho) -0.05 +0.4
C(meta) +0.08 -1.2
C(para) -0.04 -5.9
OMe -0.02 +0.5
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Such a species, although not present in detectable amounts,
could be so reactive toward the acylating agent thatipso-
substitution may well proceed rapidly. However, this is only
one of several mechanistic possibilities, and further studies
are necessary before final conclusions can be made.

ESI-MS investigations were carried out to characterize the
dominant Pt(II) species in solution.17 Careful analyses of a
mixture of PtCl2(PhCN)2 and 2AgSbF6 in CH2Cl2 allowed
us to identify the following cationic Pt(II) complexes:
[(PhCN)2PtCl]+ (I ), [(PhCN)3PtCl]+ (II), and [(PhCN)2PtCl-
(AgCl)]+ (III). Upon addition of anisole to the reaction
mixture, the chloride-free Pt(II) complex [(PhCN)2Pt(C6H5-
OMe-H)]+ (IV) (Figure 1) is observed which derives from
complex I and C6H5OMe via loss of HCl.18,19 If the same
experiment is carried out with an anisole sample that is
selectively mono-deuterated at thepara-position (deuterium
incorporation> 98%),20 the same complexIV deVoid of any
deuterium labelis observed. This result shows that it is H-4,
i.e., the proton resident at the position being acylated in the
presence of an acid anhydride, that is rendered kinetically
labile by interaction with the Lewis acidic platinum center.

Although a more detailed understanding of the present
catalytic system must await further in-depth studies, the NMR
and ESI-MS data summarized above prove that cationic Pt-

(II) entites reversibly activate the anhydride as well as the
arene. The question as to which extent both effects must be
operative to ensure efficient FC-acylations is subject to
further investigations in this laboratory.

Acknowledgment. Generous financial support by the
Deutsche Forschungsgemeinschaft (Leibniz program) is
acknowledged. D.V. thanks the Fonds der Chemischen
Industrie, Frankfurt, for a Kekulé Stipendium. We thank
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(15) Sc(OTf)3 has been shown to undergo reversible electrophilic
substitution of arenes: Bisi Castellani, C.; Perotti, A.; Scrivanti, M.; Vidari,
G. Tetrahedron2000,56, 8161.

(16) HgX2 salts are known to induce electrophilic mercuration of arenes,
cf.: (a) Olah, G. A.; Yu, S. H.; Parker, D. G.J. Org. Chem.1976, 41,
1983. (b) Borovik, A. S.; Bott, S. G.; Barron, A. R.Angew. Chem., Int. Ed.
2000,39, 4117.

(17) The ESI MS spectra were recorded on an Ionspec Ultima high-
resolution FT-MS spectrometer.

(18) In addition toIV, the methanol adducts [(PhCN)nPt(C6H5OMe-H)-
(MeOH)]+ (n ) 1, 2) derived thereof as well as [(PhCN)2Pt(MeOH)-H]+
are detected. MeOH used as the solvent for the ESI-MS experiments is the
source of this additional ligand.

(19) The assignments are unambiguous by (i) comparison of the
experimentally observed isotope distribution patterns with the calculated
ones and (ii) accurate mass determinations for the peaks of all individual
platinum isotopes, cf. Figure 1.

(20) Prepared by metal halogen exchange between 1-bromo-4-methoxy-
benzene and t-BuLi in Et2O at -78 °C, followed by quenching the
aryllithium compound formed with D2O.

Figure 1. Comparison of the experimentally observed (top) and
the calculated (bottom) isotope distribution patterns of the ESI-
MS peak assigned to complex [(PhCN)2Pt(C6H5OMe)-H]+ (IV).
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