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a b s t r a c t

The solvent-free indium-promoted reaction of alkanoyl chlorides with sterically and electronically
diverse arylstannanes is a simple and direct method for the regioselective synthesis of primary, second-
ary and tertiary alkyl aryl ketones in good to excellent isolated yields (42–84%) under mild and neutral
conditions. The protocol is also adequate for the synthesis of aryl vinyl ketones. Reaction times are dras-
tically reduced (from 3–32 h to 10–70 min) under ultrasonic irradiation. Evidences for the involvement of
a homolytic aromatic ipso-substitution mechanism, in which indium metal acts as radical initiator, are
presented. It is possible the transference of two aryl groups from tin, thus improving effective mass yield,
working with diarylstannanes as starting substrates.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Ketones are vital building blocks in organic synthesis as well as
an important functionality found in several natural products and
pharmaceutical compounds. The Friedel–Crafts (F–C) acylation of
aromatic compounds is the most common route for the synthesis
of aromatic ketones [1]. Nevertheless, intrinsic limitations of F–C
reactions are the substituent-directing effects, the reactivity sub-
strate requirements and the fact that recovery and recycling of
the catalyst is seldom possible after aqueous work-up and a large
amount of toxic waste is generated. On the other hand, Pd-
catalyzed cross-coupling reactions of acyl halides with organome-
tallic reagents provide a direct procedure for the synthesis of
isomeric ketones [2]; a drawback is that Pd-catalysts are expensive
and that it is usually necessary to find the appropriate catalytic
protocol for each pair of reactants. We have been involved in the
synthesis of arylstannanes as well as in their application as inter-
mediates in organic synthesis [3]; recently, based on the excep-
tional leaving group ability of the trialkylstannyl group in
electrophilic aromatic substitutions we have developed new
straightforward procedures for the regiospecific [4] mono-, bi-
and triaroylation of aromatic rings by the reaction of mono-,
bi- and tristannylarenes with different aroyl chlorides [5].
Moreover, we have proposed an efficient catalyst-free route
ll rights reserved.
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art).
(o-dichlorobenzene, 180 �C) for the selective synthesis of tertiary
alkyl aryl ketones in good to high yields, without the generation
of alkylbenzenes as by-products, by the reaction of arylstannanes
with tertiary aliphatic acyl chlorides [6]. Unfortunately, under a
similar protocol acyl chlorides bearing a-hydrogens lead only to
protodestannylated products due to the presence of HCl generated
under the reaction conditions, probably, by a b-elimination of the
alkanoyl chloride [6]. In recent years, the development of
indium-mediated synthetic methods has grown up in the literature
due to the special properties of indium metal [7]. Thus, it is unaf-
fected by air, moisture or oxygen at ambient temperature and,
most importantly, the element itself is without any apparent tox-
icity. In this respect, we have established that indium metal is a
promoter of the solvent-free reaction of aroyl chlorides with arylst-
annanes applied to the synthesis of hindered benzophenones [5c].
Based on this experience we considered interesting to explore the
application of a similar protocol for the synthesis of alkyl aryl ke-
tones, specially taking into account the above mentioned limita-
tion found in our catalyst-free route [6].

In the last decades, ultrasound irradiation has emerged as an
eco-environmental technology in green chemistry [8]. It has been
increasingly used as an alternative energy source to promote sev-
eral organic transformations in higher yields, shorter reaction
times and milder conditions, being considered a clean and useful
protocol compared with traditional methods [9]. A literature sur-
vey demonstrates that many synthetic protocols using metals or
organometallic reagents could be promoted by ultrasonic irradia-
tion [10]. Thus, it has beneficial effects on indium-mediated reac-
tions [10,11], and the existence of SET pathways may be

http://dx.doi.org/10.1016/j.ultsonch.2012.10.018
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probable in these type of reactions [7]. Additionally, many solvent-
free protocols can be conducted smoothly by sonication [12].

On the base of these antecedents we considered really interest-
ing to study the effect produced by ultrasonic irradiation on our
protocol.

Thus, we report herein the synthetic potential of the ultrasound
irradiated, solvent-free, indium-promoted reaction of acid chlo-
rides with arylstannanes; we have checked the reusability of the
indium metal and a special work-up was carried out to recover
the organotin by-products. The study resulted in an attractive pro-
cess for the synthesis of alkyl aryl ketones under mild and neutral
conditions.
2. Results and discussion

We started our study by synthesizing a series of sterically and
electronically diverse arylstannanes (1a–h) which were then sub-
jected to the reaction with different acid chlorides (2a–g) under
the conditions we have previously established, that is, solvent-free,
in the presence of indium powder [5c].

An analysis of the results summarized in Table 1 shows that
electronic effects have a notable influence in the reaction; thus,
arylstannanes bearing electron-releasing groups gave the corre-
sponding ketones even at room temperature meanwhile the pres-
ence of electron-withdrawing groups made it necessary to work at
higher temperatures (for example, compare entry 2 with 3 and 4).
Moreover, the reaction of 2a with 1h, bearing a p-cyano substitu-
ent, was negative even after 72 h at 80 �C and the starting substrate
was almost recovered (entry 7). On the other hand, the substitution
pattern of the aromatic ring did not greatly affect the reaction and
ortho-, para- and meta-substitution were well tolerated. In general,
the reactions gave, as a single product, the corresponding ketones
resulting from the strict ipso-substitution of the stannyl group,
allowing the synthesis of ketones with high specificity. Thus, even
the more sterically hindered 2,6-dimethylphenylstannane (1g) was
also successfully ipso-acyldestannylated giving the corresponding
ketones 3ga, 3gb, 3gf and 3gg in good isolated yields (47–75%).
It should be mentioned that in experiments 6, 14 and 22 traces
of an isomeric ketone were detected (GC), generated by direct acyl-
ation of the aromatic ring followed by protodestannylation. On the
other hand, the negative reaction between 1g and 2c is probably
due to steric effects (entry 19). Unfortunately, it was not possible
to overcome the strong para-directing effect of the OMe group pro-
ducing, whatever the acyl chloride employed, high amounts of the
ketone generated by direct acylation of the ring (entries 1 and 18),
being these results consistent with those obtained previously in
the aroylation of arylstannanes [5c].

A global evaluation of the results indicates that the method can
be used to produce ketones either from primary, secondary or ter-
tiary alkanoyl chlorides.2 By the way, due to its low boiling point,
the reactions with acetyl chloride must be carried out in solution
being benzotrifluoride chosen as solvent in view of its properties
(entry 23) [13]. Furthermore, experiment 22 shows that by using
cinnamoyl chloride (2g) afforded the desired ketone although in
moderate yield (47%). On the other hand, electron withdrawing
groups on the acyl chloride moiety showed a negative effect. Thus,
while the reaction of pivaloyl chloride (2d) with 1b produced the de-
sired ketone in 55% yield (22 h, 60 �C), under analogous conditions
the reaction of the similar acyl chloride 2e with 1b was negative
and the starting substrate was almost recovered after 24 h of reac-
tion (entries 20 and 21).
2 It was found that 2.0 equiv. of tertiary acyl chloride is required in order to shorten
reaction times.
It should be mentioned that each reaction was, in principle, per-
formed at the lowest temperature which allowed keeping the stir-
ring of the reaction mixture during reaction time. Nevertheless, it
is important to note that an increase in reaction temperature
causes a sharp reduction of reaction times (entries 3 vs. 4; 8 vs. 9).

We carried out control experiments which showed that no reac-
tion occurred in the absence of indium, indicating that the metal
acts as a promoter of these reactions. On the other hand, the addi-
tion of galvinoxyl radical (0.5 equiv) to a couple of reactions pro-
duced a marked retardation effect and they did not proceed
efficiently comparing with blank ones. Based on these results, we
believe that these reactions proceed initially through a single-elec-
tron transfer (SET) from indium to the acyl chloride with genera-
tion of an acyl radical,3 which reacts with the arylstannane
through a homolytic ipso aromatic substitution affording the ketone.
The selective ipso-substitution is a consequence of the enhanced
hyperconjugation of the unpaired electron with the b-carbon-tin
bond (b-effect) [14]. The tin radical should be rapidly lost and reacts
with the alkanoyl chloride, regenerating the acyl radical (Scheme 1).
It should be mentioned that the reaction also takes place using sub-
stoichiometric amounts (0.2 equiv) of In(0) although the yield de-
crease from 84% to 71% (entries 9 and 10).

Next, since sonication is able to affect heterogeneous systems
which include radical mechanisms [9], we studied the effect pro-
duced by ultrasonic irradiation over these reactions.

The optimal conditions for carrying out the irradiated reactions
were found by the reaction of tributylstannyl-3-chlorobenzene (1f)
and butanoyl chloride (2a) in the presence of indium (Table 2). The
model reaction was carried out using an ultrasonic probe (from
Cole-Parmer ultrasonic homogenizer-4710 of 20 kHz and 375 W)
equipped with a 10 mm diameter titanium horn. Experiments
were conducted in closed glass reactors along with the horn im-
mersed in a bath. The first experiments were performed in a
water/detergent bath [15] (60 �C initial temperature) working at
70% and 90% of output power and in a pulsed mode with different
duty cycles (70% or 80%). The results indicated that the reaction
proceeded similarly under the diverse conditions employed so, in
the following, 70% of power out and 70% duty cycles were used.
Moreover, as cavitation is dependent on temperature [16], one
experiment was performed at 100 �C (initial temperature, oil
bath); under these conditions product 3fa was obtained in a simi-
lar yield but in really shorter reaction time (3 min). Probably, the
increase in the reaction rate at 100 �C is due to the decrease of
the reaction mixture viscosity (solvent-free) which improves the
molecular diffusion [12a]. These results enable us to affirm that
in comparison with the conventional method (Table 1, entry 5)
the major advantage of ultrasound application is the significant de-
crease in the reaction time (from 5 h at 80 �C under classical con-
ditions to 10 min at 60 �C or 3 min at 100 �C, under irradiation).

The optimized conditions were applied to a representative
series of reactions, shown in Table 3, in order to compare with
those reactions carried out by the conventional method (Table 1).
It should be mentioned that the reactions were performed at the
lowest temperature which kept a homogeneous mixture of sub-
strate and reactant.

The results obtained show that, in all cases, sonication dramat-
ically reduced the reaction times without significantly affecting the
yields. Once more, ultrasound enhanced the rate of a reaction and,
consequently, reduced energy consumption. Comparing experi-
ments 4 and 5, the reaction took place even using sub-stoichiome-
tric amounts of indium but giving lower yields of ketone (62% vs.
47%). On the other hand, experiments 7 and 9 show that it was pos-
sible to performed reactions, in a reasonable reaction time, without
3 Indium metal is capable of promoting SET processes. See Ref. [7].



Table 1
Indium-mediated reactions of arylstannanes with acid chlorides.

ArSnR3 + R'COCl
In(0)

temp, time1 2 3

ArCOR'

neat

Entrya 1 Ar 2 R’ Temp. (�C) Time (h) 3 ArCOR0 Yield (%)b

1 1a 3-MeOC6H4 2a Pr r.t. 6 3aa O
O

Tracesc

2 1b 3-MeC6H4 2a Pr r.t. 6 3ba O 49

3 1e 3-FC6H4 2a Pr r.t. 24 3ea O
F

5d

4 1e 3-FC6H4 2a Pr 80 5 3ea 55
5 1f 3-ClC6H4 2a Pr 80 5 3fa O

Cl
49

6 1g 2,6-Me2C6H3 2a Pr 80 6 3ga O 72e

7 1h 4-CNC6H4 2a Pr 80 72 3ha

NC

O 0f

8 1b 3-MeC6H4 2b ACH(Ph)CH2CH3 r.t. 100 3bb O 64

9 1b 3-MeC6H4 2b ACH(Ph)CH2CH3 80 6 3bb 84
10g 1b 3-MeC6H4 2b ACH(Ph)CH2CH3 80 6 3bb 71
11 1c 4-MeC6H4 2b ACH(Ph)CH2CH3 80 3 3cb O 76

12 1d 2-MeC6H4 2b ACH(Ph)CH2CH3 80 3 3db O 65

13 1e 3-FC6H4 2b ACH(Ph)CH2CH3 80 7 3eb O

F

61

14 1g 2,6-Me2C6H3 2b ACH(Ph)CH2CH3 r.t. 32 3gb O 75e

15 1b 3-MeC6H4 2c 1-Ad 80 25 3bc O 42d

16h 1b 3-MeC6H4 2c 1-Ad 80 5 3bc 69
17h 1d 2-MeC6H4 2c 1-Ad 80 14 3dc O 51

18h 1a 3-MeOC6H4 2c 1-Ad 60 10 3ac O
O

0c

19h 1g 2,6-Me2C6H3 2c 1-Ad 80 24 3gc O Tracesf

20h 1b 3-MeC6H4 2d t-Bu 60 22 3bd O 55

21h 1b 3-MeC6H4 2e AC(CH2Cl)2CH3 60 24 3be O

Cl

Cl

0f
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Table 1 (continued)

Entrya 1 Ar 2 R’ Temp. (�C) Time (h) 3 ArCOR0 Yield (%)b

22 1g 2,6-Me2C6H3 2g ACH@CHPh 60 3 3gg O 47e

23i 1g 2,6-Me2C6H3 2f ACH3 r.t. 8 3gf O 57

a All reactions were conducted in solventless conditions using 1.0 equiv of 1, 1.2 equiv of 2 and 1.0 equiv of indium metal, unless otherwise stated.
b Isolated yields from 1.0 mmol scale experiment (column chromatography).
c High yield of para-isomer (GC).
d Together with starting substrate (GC).
e Together with traces of isomer.
f Starting substrate was almost recovered.
g In presence of 0.2 equiv of In(0).
h 2.0 equiv of 2 were used.
i In solution of CF3C6H5 (1.0 M in 1).

R'COCl

R'CO

R'COCl

COR'

SnR3

In(0)

InCl

R3Sn
COR'R3Sn

R3SnCl

Scheme 1. Proposed mechanistic pathways for the indium-mediated homolytic
aromatic ipso-substitution of aryltins.

Table 2
Optimizing conditions for ultrasound.

SnBu3

Cl
1f

Cl

O

2a

+
Cl

O

3fa

In(0)

neat
))))

Entry Power (%) Duty cycles (%) Temp.a (�C) Time (min) Yieldb (%)

1 70 70 60 10 53
2 90 70 60 10 49
3 90 80 60 10 52
4 70 70 100 3 54

a Water/detergent bath (60 �C); oil bath (100 �C).
b Isolated yields.

Table 3
Indium-mediated reactions of arylstannanes with acid chlorides under ultrasonic
irradiation.

ArSnR3 + R'COCl

1 2 3

ArCOR'
In(0)

neat
))))

Entrya 1 2 Temp.b (�C) Time (min) 3 Yieldc (%)

1 1b 2a 60 10 3ba 47
2 1e 2a 60 10 3ea 55
3 1b 2b 80 30 3bb 79
4 1e 2b 80 45 3eb 62
5d 1e 2b 80 45 3eb 47
6e 1b 2c 80 20 3bc 70
7 1b 2c 80 53 3bc 70
8e 1b 2d 80 40 3bd 55
9 1b 2d 80 70 3bd 52

a All reactions were conducted in solventless conditions using 1.0 equiv of 1,
1.2 equiv of 2 and 1.0 equiv of indium metal, unless otherwise stated.
b Water/detergent bath (60 �C); oil bath (80 �C).
c Isolated yields.
d In(0) (0.2 equiv).
e 2 (2.0 equiv).
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using an excess of tertiary alkanoyl chlorides (compare with en-
tries 6 and 8), thus improving the traditional method (minimiza-
tion of the reagents correspondingly minimized waste).

In order to evaluate the role of ultrasound in the reaction sys-
tem we repeated experiments 6 and 7 (Table 3) but in the absence
of indium, that is, under homogeneous conditions. After the same
reaction times (20 min and 53 min, respectively) the correspond-
ing ketones were obtained (23% and 36%, respectively) together
with starting substrate. The presence of ketone supports the
existence of a chemical ultrasound enhancement [9a,b]. The in-
tense local temperature and high pressure produced during cavita-
tion promoted the cleavage of the carbon-halogen bond of the acid
chloride (sonolysis) generating an acyl radical and initiating the
radical process to give the corresponding ketone, although in lower
yields compared with the indium-catalyzed reaction. Ultrasound
exerts a dual effect on the indium-assisted reaction (heteroge-
neous system); on the one hand, it favors the radical reaction
and, on the other hand, it enhances the activity of the metal. In this
way, cavitation generates microinjects of liquid which bombard
the solid surface, removing contaminating coatings. It is known
that clean metal surfaces favor the single-electron transfer (SET)
from metals (indium) to an organic compound (the acyl chloride)
increasing the reaction rate [9a,c].

A drawback of the synthetic protocol is the generation of an
equimolecular amount of triorganotin chlorides. Because of the
environmental problems caused by the well-known toxicity of tri-
organotin residues, we considered really important to trap them
and applied a special work up in order to recover the trialkyltin
chlorides produced (see Section 3). With the main goal of decreas-
ing the level of pollution we also considered interesting to study
the possibility of transferring more than one aryl group attached



Table 4
Indium-mediated reactions of diarylstannanes with acid chlorides under ultrasonic
irradiation.

Ar2SnR2 + R'COCl

3

ArCOR'
In(0)
neat

))))2

Entrya Ar 2 Temp.b (�C) Time (min) 3 Yieldc (%)

1 3-MeC6H4 2a 60 6 3ba 36
2 3-MeC6H4 2b 80 15 3bb 61
3 3-MeC6H4 2c 80 25 3bc 60
4 3-ClC6H4 2a 60 6 3fa 33
5 3-FC6H4 2a 60 6 3ea 41
6 3-FC6H4 2b 80 10 3eb 42

a All reactions were conducted in solventless conditions using 1.0 equiv of Ar2-
SnR2, 2.0 equiv of 2 and 1.0 equiv of indium metal.
b Water/detergent bath (60 �C); oil bath (80 �C).
c Isolated yields referred to stoichiometric equation.
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to the metal. For this purpose, we applied the ultrasound protocol
to the reaction of acyl chloride 2b with tributylphenylstannane,
dibutyldiphenylstannane, butyltriphenylstannane and tetraphe-
nylstannane, as model systems. The results are summarized in
Eq. (1) and the yields are referred to the stoichiometric equation.

))))

Ph4-nSnBun

4-n Cl

O

Ph

In(0), 80°C,
Ph

O

Ph
+ Cl4-nSnBun

n

3

2

1

0

50 min

30 min

15 min

7 min

84 %

52 %

25 %

5 %

ð1Þ

The results obtained showed that while diphenylstannane is a suit-
able substrate giving the ketone in an acceptable yield (52%), tri-
and tetraphenylstannanes afforded only 25% and 5% of ketone,
respectively, together with large amounts of protodestannylation
product.

Next, we synthesized a series of diarylstannanes in order to
study their reactivity towards different alkanoyl chlorides (Table
4).

It can be seen that, in general, diarylstannanes are appropriate
substrates as the corresponding ketones are obtained in acceptable
yields implying the use of sub-stoichiometric amounts of organotin
compounds. In addition, from a sustainable point of view, the
byproduct to be separated is Bu2SnCl2 which is less toxic than Bu3-

SnCl and easily converted into insoluble (Bu2SnO)n (see Section 3).
Moreover, it is important to mention that indium metal is stable

under both reaction conditions employed and we were able to re-
cover (ca. 90%)4 and reuse it without significant changes in the yield
of the following reactions. This is really significant taking into ac-
count that indium has been defined as a rare metal and that, due
to the many uses of indium in technology, there has been an increas-
ing demand and, consequently, significantly increased costs.In con-
clusion, the method provides a facile and specific access to a wide
range of alkyl aryl ketones via arylstannanes. These partners are
attractive due to their availability, air- and moisture-stability, and
their compatibility with a variety of functional groups. Moreover,
the transfer of two aryl groups from tin reduced the amount of
non-benign organotin subproducts. The difficulties connected with
organotin removal were largely solved in the workup and, in addi-
tion, these by-products were recovered and not rejected.The striking
advantages of the method are (i) energy saving by sonication; (ii) the
4 Purity and identity proof of indium metal were obtained by differential scanning
calorimetric (DSC) analysis.
use of no solvent; (iii) readily available, non-toxic and reusable metal
catalyst; (iv) accessible substrates and reactants; (v) improved effec-
tive mass yield [17]; (vi) specificity of the reaction; and (vii) simplic-
ity in the isolation of the products. These characteristics make this
procedure very attractive.
3. Experimental

3.1. General methods

All reactions were carried out under a dry nitrogen atmosphere.
Acid chlorides were commercially available and fractionally dis-
tilled under nitrogen before use. Aryltributylstannanes 1a–f were
prepared by transmetallation of the appropriate Grignard reagents
with tributyltin chloride in anhydrous THF. Aryltrimethylstann-
anes 1g and 1h were obtained by photostimulated reaction with
Me3SnNa in liquid ammonia, according to the literature proce-
dures; the former from the corresponding commercial aryl chloride
[18] and the latter from the synthesized (4-cyanophenyl) trimethy-
lammonium methylsulfate [3b]. Reactions were monitored by
thin-layer chromatography carried out on silica gel plates (60F-
254) and visualized under UV light or using 5% phosphomolybdic
acid in ethanol. Column chromatography was performed over silica
gel 60 (70–230 mesh) doped with 10% of potassium fluoride [5a].
The NMR spectra were recorded on a 300 MHz spectrometer
(300.1 MHz for 1H, 75.5 MHz for 13C). Chemical shifts (d) are re-
ported in ppm downfield from tetramethylsilane, with residual
non deuterated solvent resonance as internal reference (CDCl3: d
7.27 for 1H and d 77.0 for 13C) and coupling constants (J) are in
Hz. Identity and purity of the products (crude or purified) were
established using a GC/MS instrument (HP5-MS capillary column,
30 m � 0.25 mm � 0.25 lm) equipped with 5972 mass selective
detector operating at 70 eV (EI). Program: 50 �C for 2 min with in-
crease 10 �C/min to 280 �C. For gas–liquid chromatography (GC) an
instrument equipped with a flame-ionization detector and a HP5
capillary column (30 m � 0.25 mm � 0.25 lm) was used. External
sonication was carried out using an ultrasonic probe (from Cole-
Parmer 4710 series ultrasonic homogenizer of 20 kHz and
375 W) equipped with a 10 mm diameter titanium horn, which
was immersed either in a water–detergent [15] or in an oil bath.

The physical and spectroscopic characteristics of compounds
3bc, 3dc and 3bd have been reported upon in a previous paper
[5a].

Under silent conditions, indium-mediated reactions were car-
ried out following the experimental procedure described in our lat-
est work [5c].
3.2. Representative procedure for ultrasound assisted indium-
mediated reactions. Synthesis of 1-(3-chlorophenyl)butanone (3fa;
Table 2, entry 1) [19]

In a flame dried Schlenk tube (fitted with a Teflon plug valve)
1.2 mmol (0.127 g) of butanoyl chloride (2a) was added to a stirred
mixture of 1.0 mmol (0.402 g) of tributyl(3-chlorophenyl)stannane
(1f) and indium powder (0.148 g, 1.0 mmol) under a nitrogen gas
stream. After purging the system with nitrogen by means of three
pump-fill cycles, the tube was capped and immersed in a water–
detergent bath at 60 �C. The ultrasonic titanium horn was placed
into the bath to a distance of 10 mm to the wall and 5 mm from
the bottom of the Schlenk tube and ultrasound was applied in a
pulsed mode (duty cycle = 70%; output power = 70%) for 10 min.
After addition of 10% (m/v) solution of NaOH (2 mL) and 10 lL of
tetradecane (internal standard), the mixture was stirred at room
temperature for 15 min and then diluted with DCM (5 mL). Once
the stirring was stopped for about 5 min, the supernatant liquid
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mixture was decanted into a separatory funnel. The silvery-white
solid, settled at the bottom of the Schlenk tube, was washed with
acetone (2 � 5 mL), deionized water (2 � 5 mL), and then vac-
uum-dried at room temperature. As indicated by DSC analysis,
the dried sample (0.133 g) meant a 90% recovered yield of pure in-
dium. On the other hand, the organic phase was successively
washed with water and brine, dried over Na2SO4, filtered, analyzed
by GC, and then concentrated in vacuo. Purification by column
chromatography on silica gel (60 Å, 70–230 mesh) doped with
10% of KF (hexanes/DCM 8:2) gave 0.096 g (53%) of 3fa as a color-
less oil. mmax/cm�1 1692 (CO). 1H NMR (300 MHz, CDCl3) d (ppm)
7.92 (m, 1H), 7.82 (m, 1H), 7.52 (ddd, J = 1.0 Hz, J = 1.9 Hz,
J = 7.9 Hz, 1H), 7.39 (t, J = 7.8 Hz, 1H), 2.92 (t, J = 7.2 Hz, 2H),
1.77 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H); 13C NMR (75.5 MHz, CDCl3)
d (ppm) 198.9 (CO), 138.7 (C), 134.9 (C), 132.7 (CH), 129.9 (CH),
128.2 (CH), 126.1 (CH), 40.6 (CH2), 17.6 (CH2), 13.8 (CH3); MS m/
z (% rel. intensity, ion) 182 (5, M+�), 139 [100, (M+�APr�)], 111 [56,
(ClPh+)]. (3fa is also found in Table 1, entry 5 and in Table 4, entry
4).

3.2.1. 1-(3-Methylphenyl)butanone (3ba; Table 1, entry 2; Table 3,
entry 1 and Table 4, entry 1) [20]

Yellow oil. mmax/cm�1 1690 (CO). 1H NMR (300 MHz, CDCl3) d
(ppm) 7.79–7.74 (m, 2H), 7.38–7.30 (m, 2H), 2.94 (t, J = 7.3 Hz,
2H), 2.42 (s, 3H), 1.78 (m, 2H), 1.02 (t, J = 7.4 Hz, 3H); 13C NMR
(75.5 MHz, CDCl3) d (ppm) 200.6 (CO), 138.3 (C), 137.2 (C), 133.5
(CH), 128.5 (CH), 128.4 (CH), 125.3 (CH), 40.6 (CH2), 21.3 (CH3),
17.8 (CH2), 13.9 (CH3). MS m/z (% rel. intensity, ion) 162 (18,
M+�), 147 [3, (M+�AMe�)], 134 [5, (M+�ACH2CH2)], 119 [100,
(M+�APr�)].

3.2.2. 1-(3-Fluorophenyl)butanone (3ea; Table 1, entry 4; Table 3,
entry 2 and Table 4, entry 5)

Yellow oil. mmax/cm�1 1692 (CO). 1H NMR (300 MHz, CDCl3) d
(ppm) 7.74 (d, J = 7.7 Hz, 1H), 7.64 (m, 1H), 7.45 (m, 1H), 7.23
(m, 1H), 2.93 (t, J = 7.3 Hz, 2H), 1.78 (m, 2H), 1.01 (t, J = 7.4 Hz,
3H). 13C NMR (75.5 MHz, CDCl3) d (ppm) 197.6 (d, 4JCF = 1.5 Hz,
CO), 163.1 (d, 1JCF = 247 Hz, C), 139.0 (C), 130.2 (d, 3JCF = 7.7 Hz,
CH), 123.7 (d, 4JCF = 3.0 Hz, CH), 119.8 (d, 2JCF = 22 Hz, CH), 114.7
(d, 2JCF = 22 Hz, CH), 40.6 (CH2), 17.6 (CH2), 13.8 (CH3); MS m/z (%
rel. intensity, ion) 166 (12, M+�), 138 [11, (M+�ACH2CH2)], 123
[100, (M+�APr�)]. Anal. Calcd. for C10H11FO: C 72.27, H 6.67. Found:
C 71.99, H 6.79.

3.2.3. 1-(2,6-Dimethylphenyl)butanone (3ga; Table 1, Entry 6)
Yellow oil. mmax/cm�1 1693 (CO). 1H NMR (300 MHz, CDCl3) 7.04

(t, 1H, J = 7.6), 6.9 (d, 2H, J = 7.6 Hz), 2.59 (t, 2H, J = 7.3 Hz), 2.13 (s,
6H), 1.66 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H); 13C NMR (77.0 MHz,
CDCl3) 210.3 (CO), 142.5 (C), 132.3 (C), 128.3 (CH), 127.6 (CH),
46.5 (CH2), 19.0 (CH3), 16.7 (CH2), 13.7 (CH3); MS m/z (% rel. inten-
sity, ion) 176 (4, M+�), 133 [100, (M+�APr�)], 105 [39, (Me2PhþÞ].
Anal. Calcd. for C12H16O: C 81.77, H 9.15. Found: C 81.95, H 9.13.

3.2.4. 2-Phenyl-1-(3-methylphenyl)butanone (3bb; Table 1, entry 9
and Table 3, entry 3)

White solid; m.p. 70–71 �C. mmax/cm�1 1690 (CO). 1H NMR
(300 MHz, CDCl3) d (ppm) 7.77–7.74 (m, 2H), 7.31–7.20 (m, 6H),
7.17 (m, 1H), 4.44 (t, J = 7.2 Hz, 1H), 2.33 (s, 3H), 2.21 (m, 1H enan-
tiotropic), 1.85 (m, 1H enantiotropic), 0.90 (t, J = 7.3 Hz, 3H); 13C
NMR (75.5 MHz, CDCl3) d (ppm) 200.3 (CO), 139.7 (C), 138.2 (C),
137.2 (C), 133.5 (CH), 129.1 (CH), 128.7 (CH), 128.3 (CH), 128.2
(CH), 126.8 (CH), 125.8 (CH), 55.4 (CH), 27.1 (CH2), 21.3 (CH3),
12.2 (CH3); MS m/z (% rel. intensity, ion) 238 (1, M+�), 119 [100,
(MePhCO+)], 91 [58, (PhCH2

+)]. Anal. Calcd. for C17H18O: C 85.67,
H 7.61. Found: C 85.38, H 7.58.
3.2.5. 2-Phenyl-1-(4-methylphenyl)butanone (3cb; Table 1, Entry 11)
[21]

Colorless oil. mmax/cm�1 1692 (CO). 1H NMR (300 MHz, CDCl3) d
(ppm) 7.80 (d, J = 8.2 Hz, 2H), 7.22–7.14 (m, 4H), 7.10–7.06 (m, 3H),
4.33 (t, J = 7.2 Hz, 1H), 2.22 (s, 3H), 2.11 (m, 1H enantiotropic), 1.76
(m, 1H enantiotropic), 0.80 (t, J = 7.4 Hz, 3H); 13C NMR (75.5 MHz,
CDCl3) d (ppm) 199.6 (CO), 143.4 (C), 139.9 (C), 134.6 (C), 129.1
(CH), 128.7 (CH), 128.2 (CH), 126.8 (CH), 55.3 (CH), 27.1 (CH2),
21.4 (CH3), 12.3 (CH3); MS m/z (% rel. intensity, ion) 238 (2, M+�),
119 [100, (MePhCO+)], 91 [51, (PhCHþ2 Þ].

3.2.6. 2-Phenyl-1-(2-methylphenyl)butanone (3db; Table 1, entry 12)
Colorless oil. mmax/cm�1 1693 (CO). 1H NMR (300 MHz, CDCl3) d

(ppm) 7.74 (m, 1H), 7.50–7.36 (m, 8H), 4.50 (t, J = 7.3 Hz, 1H), 2.54
(s, 3H), 2.46 (m, 1H enantiotropic), 2.07 (m, 1H enantiotropic), 1.16
(t, J = 7.4 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) d (ppm) 204.4 (CO),
139.2 (C), 138.9 (C), 137.7 (C), 131.5 (CH), 130.6 (CH), 128.6 (CH),
128.4 (CH), 127.7 (CH), 126.9 (CH), 125.3 (CH), 58.8 (CH), 26.5
(CH2), 20.5 (CH3), 12.3 (CH3); MS m/z (% rel. intensity, ion) 238
(1, M+�), 119 [100, (MePhCO+)], 91 [59, (PhCHþ2 Þ]. Anal. Calcd. for
C17H18O: C 85.67, H 7.61. Found: C 85.90, H 7.63.

3.2.7. 2-Phenyl-1-(3-fluorophenyl)butanone (3eb; Table 1 entry 13;
Table 3, entry 4 and Table 4, entry 6)

White solid, m.p. 55 �C. mmax/cm�1 1689 (CO). 1H NMR
(300 MHz, CDCl3) d (ppm) 7.64 (d, J = 7.6 Hz, 1H), 7.54 (d,
J = 9.5 Hz, 1H), 7.30–7.06 (m, 7H), 4.29 (t, J = 7.2 Hz, 1H), 2.12 (m,
1H enantiotropic), 1.78 (m, 1H enantiotropic), 0.83 (t, J = 7.3 Hz,
3H); 13C NMR (75.5 MHz, CDCl3) d (ppm) 198.8 (d, J = 1.9 Hz, CO),
162.8 (d, J = 248 Hz, C), 139.3 (C), 139.2 (CH), 130.1 (d, J = 7.5 Hz,
CH), 128.9 (CH), 128.2 (CH), 127.1 (CH), 124.3 (d, J = 2.7 Hz, CH),
119.7 (d, J = 21.7 Hz, CH), 115.4 (d, 2JCF = 22 Hz, CH); 115,4 (d,
2JCF = 22 Hz, CH); 55,8 (CH2); 27,0 (CH2); 12,2 (CH3). MS m/z (%
rel. intensity, ion) 242 (9, M+�), 183 [5, (M+�AEtCO�)], 123 [100,
(FPhCO+)], 91 [92, ðPhCHþ2 Þ]. Anal. Calcd. for C16H15FO: C 79.32,
H 6.24. Found: C 79.10, H 6.21.

3.2.8. 2-Phenyl-1-(2,6-dimethylphenyl)butanone (3gb; Table 1, entry
14)

Colorless oil. mmax/cm�1 1690 (CO) 1H NMR (300 MHz, CDCl3) d
(ppm) 7.26–7.19 (m, 3H), 7.16 (m, 2H), 7.09 (m, 1H), 7.53 (d,
J = 7.5 Hz, 2H), 3.91 (dd, J = 5.5 Hz, J = 9.5 Hz, 1H), 2.32–2.04 (m,
2H), 1.93 (s, 6H), 0.89 (t, J = 7.4 Hz, 3H); 13C NMR (75.5 MHz, CDCl3)
d (ppm) 209.1 (CO), 141.8 (C), 136.9 (C), 133.4 (C), 129.2 (CH),
128.5 (CH), 128.5 (CH), 127.7 (CH), 127.3 (CH), 62.1 (CH), 24.3
(CH2), 19.2 (CH3), 11.9 (CH3); MS m/z (% rel. intensity, ion) 133
[100, ðMe2PhCOþÞ], 105 [33, Me2PhþÞ], 91 [20, ðPhCHþ2 Þ]. Anal.
Calcd. for C16H20O: C 85.67, H 7.99. Found: C 85.82, H 7.96.

3.2.9. 1-(2,6-Dimethylphenyl)ethanone (3gf; Table 1, entry 23) [22]
Yellow oil. mmax/cm�1 1690 (CO). 1H NMR (300 MHz, CDCl3) d

(ppm) 7.15 (t, J = 7.1 Hz, 1H), 7.02 (d, J = 7.1 Hz, 2H), 2.48 (s, 3H),
2.26 (s, 6H); 13C NMR (75.5 MHz, CDCl3) d (ppm) 208.0 (CO),
142.6 (C), 132.2 (C), 138.5 (CH), 127.8 (CH), 32.0 (CH3), 19.1
(CH3); MS m/z (% rel. intensity, ion) 148 (21, M+�), 133 [100, (M+�-

AMe�)], 91 [8, (MePh+)], 77 [41, (Ph+)].

3.2.10. (E)-1-(2,6-Dimethylphenyl)-3-phenyl-2-propenone (3gg; Table
1, Entry 22)

Yellow oil. mmax/cm�1 1680 (CO) and 1602 (C = C). 1H NMR
(300 MHz, CDCl3) d (ppm) 7.40 (dd, J = 3.0 Hz, J = 6.6, 2H), 7.29–
7.27 (m, 3H), 7.11 (dd, J = 8.0 Hz, J = 16 Hz, 2H), 6.97 (d,
J = 7.6 Hz, 2H), 6.85 (d, J = 16 Hz, 1H), 2.14 (s, 6H); 13C NMR
(75.5 MHz, CDCl3) d (ppm) 200.9 (CO), 146.8(CH), 146.6 (C),
139.9 (C), 134.4 (C), 134.0 (CH), 130.8 (CH), 128.9 (CH), 128.4
(CH), 127.8 (CH), 127.3 (CH), 19.4 (CH3); MS m/z (% rel. intensity,
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ion) 236 (25, M+�), 221 [9, (M+�AMe�)], 159 [10, (M+�APh�)], 145
(100, C10H9O+) 133 [20, (Me2PhCO+)], 103 [45, (PhCHCH+)]. Anal.
Calcd. for C17H16O: C 86.40, H 6.82. Found: C 86.71, H 6.80.

3.3. Recovering method for organotin chlorides

The recovery of trialkyltin chlorides was carried out using the
methods resumed in our previous work [5c].

3.3.1. Dibutyltin dichloride
After workup of the reactions carried out with diaryldibutylst-

annanes, the resulting cloudy organic phases (�5 mL for 1.0 mmol
scale) were centrifuged. The amorphous off-white sediments of
(Bu2SnO)n were washed twice by centrifugation with DCM and re-
served for its further conversion in Bu2SnCl2 [23].
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