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A facile and efficient method for the cleavage of the-Ar
Si bond of various aryl trimethyl silanes is described. When
adsorbed on montmorillonite KSF (mont KSF), these aryl-
silanes readily undergo a solvent-free protodesilylation to

the corresponding arenes at room temperature in excellen
yields. This approach seems to be superior to the traditional

mild methods (i.e., desilylation by TFA, TBAF, CsF), in
terms of reaction yield, rate, and environmentally benign

Note

applications in organic synthesis since these reactions always
occur at theipso position#® In conventional applications,
trialkylsilyl groups were used to block reactivity at specific sites
or to directipsosubstitutions of arylsilanes for the regiospecific
introduction of electrophilic functional groufsA further
creative application was discovered independently by Elfman
and Vebet in 1995, who developed a silicon-based traceless
linker for solid-phase synthesis, utilizing the well-known
protodesilylation of the ArSi bond.

The protodesilylation of some arylsilanes, in which the aryl
moiety was functionalized with electron-donating groups, can
be achieved in comparatively mild acidic conditions such as
TFA,® boron trifluoride-acetic acid complex (2/3) and chlo-
roacetic acid?1,1,1,3,3,3-hexafluoroisopropyl alcohdlor in
the presence of trimethylsilyl chloride and potassium iodide.
However, for most cleavages studied in the past, a strong acid
was required (aqueous methanolic perchloric acid or sulfuric
acid in acetic acid}:® Since such harsh conditions may cause
decomposition of the substrate or products, there is a consider-
able interest in developing milder and more environmentally
benign methods for performing this process. For instance,
recently, it has been published by Itami et al. that aSC
(including Ar—Si) bond could be rapidly and efficiently cleaved
by supercritical watet?

Herein we report the facile and efficient room temperature
Ar—Si bond cleavage, using mont KSF clay as a solid support.
The facility and efficiency of the process encouraged us to study
the mechanism of this solvent-free protodesilylation (dry media),
using both solution and solid-state magic-angle spinning (SS
tMAS) IH NMR techniques. A mechanistic study of such
solvent-free reactions may provide valuable information on the
nature of the active site within the inorganic matrix and on to
the role the diffusion plays in their kinetics. These mechanistic
insights may lead to improved synthetic tools useful for

conditions. Some mechanistic studies using both solution andjmpjementation in the so-called “green chemistry”. Real time

solid-state magic-angle spinning (SS MAS)NMR are also
presented.
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media in various organic transformations has become wide-

spread in the last two decades.Such environmentally benign

heterogeneous reactions often involve minimal waste, efficient
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phase homogeneous reactions. In addition, mineral clays benefit117 11999.

from practical features such as stability, ease of handling, lack
of corrosiveness, and low cost. For example, acid-treated

montmorillonite (commercially known as mont KSF) shows
high activity as solid support in many organic reactions. The
catalytic activity is mainly attributed to the Brgnsted acidic sites,

generated by the interaction of water molecules with a metal

ion in the interlamellar space.
Protodesilylation and electrophilic aromatic substitution of

arylsilanes discovered a century ago have found extensive!
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TABLE 1. Reactions of Arylsilanes 1a-f (1 mmol, ca. 10% w/w)

with Mont KSF
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FIGURE 1. Proposed reaction mechanism for the protodesilylation
H0 ti2 conv of 1a—f by mont KSF.
run  compound R (equiv) (h) (%)
1 la H 0 0.15 (0.16) 100 the arene functionality and thus accelerates when R is a small
g é g-6 ©.7 962 electron-donating group (as itb) but slows when R is bulky
2 10 no reaction 0 (as inlc) or an electron-withdrawing group (as la—f). The
5 D0 (1-3) notdetermined 100 protodesilylgtion profiles are compatib'le with a pseudo-first-
6 1b Me 1 <0.1 (<0.1p 100 order reaction, suggesting that the diffusion of the reactant
7 1lc n-butyl 1 1.6(0.9) 9 toward the active sites is the rate-determining step (Figure S1).
g 11‘; g 1 fg 2407 %850 They are also compatible with the fact that the reaction is
10 1 E 1 24(2.2) 97 believed to proceed by the same mechanism as that of normal

aromatic electrophilic substitution, involving a carbocation
intermediaté$ It is well-known that, in the standard protode-
silylation, the formation of the carbocation intermediate is the
rate-determining step, and the proton attack is at the silicon-
monitoring of the chemical and physical behavior of the bearing carbon, leading to/carbocation intermediate stabi-
reactants adsorbed on a solid support by SS MAS NMR has |ized by the silyl group. However, in the aforementioned solvent-
proved to be a powerful tool for mechanistic studies of solvent- free protodesilylation, it seems that the diffusion of the reactants
free reactiond? However, despite the huge number of organic to the active sites of mont KSF plays a crucial role in the kinetics
syntheses induced by inorganic solid supports, this techniqueof the reaction. This can also be demonstrated by comparing
is rarely used for mechanistic studies. In the present study, thisthe kinetics oflc (p-Bu, slower diffusion) and.b (p-Me) or 1d
technique was found to provide mechanistic insights not only (p-Br, slower diffusion) andle (p-Cl) (Table 1, runs 7, 6, 8,
for the solvent-free liquiersolid protodesilylations but also for  and 9, respectively). While in the liquid media studied by
a solid-solid type reaction (disilan@ as an organic solid and  Eabornt® arylsilaneslcb or 1d,e react in closed protodesily-
mont KSF as an inorganic solid, vide infra). It will also be |ation rates, in our alternative solvent-free protodesilylation, the
shown that in some cases the kinetic behavior of the reactionsrates oflc and 1d are considerably slower than those df
may be affected by the use of the SS NMR technique. and le respectively.

The reactivity of phenyltrimethyl silanelg) (1.0 mmol, ca. A plausible mechanism for the protodesilylation of arylsilanes
10% w/w) was examined toward mont KSF (dried by heating 1a—f by mont KSF is shown in Figure 1. The arylsilane is
to 160°C for 24 h), in the presence of different quantities of mainly protonated by a water molectflavithin the hydrated
water (Table 1, runs-14). It was found that the rate of the interlamellar space, followed by an ASi bond cleavage by a
protodesilylation oflawas slowed by an excess of water added hydroxide ion attack at the silicon atom. SS MAS NMR
to the mont KSF before mixing with the arylsilane (Table 1, spectroscopy is commonly used to observe the mobile phases
runs 2-4), supposedly by blocking the acidic sites of the within the solid support. The fact that both arergzs-f and
catalyst. We also found that silade underwent a facile and trimethy| silanol products were detected by the SS VIAB
quantitative protodesilylation to benzene even with “dry” mont NMR supports the suggested mechanism. Further mechanistic
KSF (Table 1, run 1). However, the addition of 1 equiv of water evidence supporting the involvement of bound water molecules
is recommended for obtaining optimal reproducible results at within the hydrated interlamellar space was provided by the
ambient conditions. reaction ofla with “dry” mont KSF in the presence of D in

Next, we have examined the reactivity of the other liquid various quantities (Table 1, run 5). This reaction, which did
arylsilanes, possessing electron-donatirid,g), electron- not differ kinetically from the reaction involving 3, has led
withdrawing @d—f), and bulky (c) groups. The solid bis-  to benzene (and trimethyl silanol) but not to the corresponding
(trimethylsilyl)benzene3) was also examined. These arylsilanes deuterated benzene product. This was demonstrated by spiking
exhibit variability in their physical properties (e.g., viscosity, of the product mixture with commercial benzete-
bp, etc.), and thus their protodesilylation may provide insights
regarding the significance of the diffusion on the reaction
kinetics. In addition, the use of this series of arylsilanes will
also demonstrate the generality of this reaction. Arylsildies
were synthesized according to standard proceddrédt was
found that the reaction of these compountis<f) under similar
conditions results in the formation of arene compougbsf,

aThe values in parenthesis were determined by SS MAS NMR.
b Conversion (%) was determined by solution NMRsolated yield for
the nonvolatile products.
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in a facile manner in a near quantitative yield (Table 1, runs Mpaggi, R. Ma'?zi, E.. Moggi, P.: Rastelli, M. Sar(to)ry‘ G.: Taramo% E
6—10). Tetrahedron1997, 53, 3795. (b) Bigi, F.; Chenisi, L.; Maggi, R.; Sartori,
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FIGURE 2. Left: H solution NMR spectra obtained for arylsilatie added to mont KSF at (a) 0.25 h, (b) 1.25 h, (c) 2.25 h, (d) 3.75 h, and (e)
6 h. Middle: reaction profile for arylsilangc on mont KSF. Right:'H SS MAS NMR spectra obtained for solid arylsilabeadded to mont KSF
at (A) 0.33 h, (B) 1.83 h, (C) 2.5 h, (D) 3.17 h, and (E) 4.5 h.

TABLE 2. Reaction of the Solid Disilane 3 with Mont KSF As in the case of liquidda—f, the rate of the protodesilylation
of 3 was slowed by an excess of water (Table 2, run 2).

> mont. KSF, t Interestingly, the kinetic behavior of this sotidolid type

SiMe H
SiMe3: H™ :

3 2a
H,02 CeDs t conversioA
run (equiv) (equiv) (h) (%)
1 1 0 7 100
2 2 0 12 100
3 1 2 0.5 100

aWwater was simply mixed and crushed with “dry” mont KS$FCon-
version (%) was determined by solutibd NMR.

Surprisingly, in the protodesilylation caseslafand1d, the

reaction was found to be quite different compared to its liguid
solid counterparts (liquidsa—f with solid mont KSF). Whereas
the liquid—solid reaction exhibited an exponential kinetic profile,
the solid-solid type reaction behaved as an autocatalytic
process. The rate of the latter was dramatically enhanced along
with the formation of the liquid productka (intermediate that
eventually protodesilylated t2a), 2a, and trimethyl silanol, as
shown in Figure 3. Figure 3 (left,&e) shows that only a trace

of benzene (ca. 7%) and silanol products appear afté h
reaction (supposedly by weak Brgnsted acidity at low concen-
tration that stems from the terminal hydroxyl groups located at
the layer surface).However, at this point, the reaction rate

rates of the reactions measured by SS MNS\MR were found became faster, displaying autocatalytic features, as can also be
to be higher compared to those measured by soldtibNMR seen in Figure 3 (middle). When this reaction was monitored
of the same reaction mixture (Table 1, runs 7 and 8). This effect by SS MASH NMR, no signal appeared at the beginning of
is clearly illustrated in Figure 2 for the protodesilyla.tionhf the reaction, due to the solid state of reac@(Figure 3, right,
We assume that the protodesilylation b.d, in which the spectrum A). However, after 2.6 h, the mobile products benzene
diffusion plays a S|gr_1|f|can_t ro_Ie in the kinetic reactions, may 54 trimethyl silanol appeared together with some soluble
be affected by the high spinning rate of the sample (ca. 8000 gjsjjane 3, and at this point, the reaction became faster, as
Hz). This in turn causes an acceleratlon of the reaction rate, mentioned above (Figure 3, right, spectrum B). We assume that
supposedly by a centrifugation effect that improves the diffusion ihe formation of the liquid products enhances the rate of the
of these reactants. To the best of our knowledge, only one yeaciant diffusion (rate-determining step) into the interlayer sites
example demonstrating a centrifugation effect by the rate of (stong Bransted acidity at high concentration stems from the
MAS h.as been reported, where Fhe adsorptlpn properties of watelhydrated interlayer metal catiors)’ by dissolving solid3.
on activated carbon were studied by Harris et*al. ) Furthermore, when an external source of benzineas added
Prompted by these results, we proceeded to investigate the; equiv) to the reaction mixture of disilargeand mont KSF,
behavior of the solid bis(trimethylsilyl) benzen®) (nder the e solid reactant was fully converted to the benzene product
same conditions as mentioned above, namely, simply mixing atter ca. 30 min (Table 2, run 3), indicating that dissolution of
and crushing the solid organic compound with the solid 345 a primary importance on the reaction kinetic. One should
inorganic mineral mont KSF. A quantitative double proto- 544 that, in all the experiments of solid disilaBgerformed,
desilylation of the disilane8 occurred, yielding the benzene  ihe monosilane intermediata appeared at 7.55 and 7.35 ppm
product (Table 2). The chemistry of sofidolid reactions is with an estimated concentration 6f10% (the signals ofLa
well-documented and reviewed, and the chemist’s interest in overlap with signals of disiland and the benzene product).
this type of reaction is permanently growitg:® An organic In order to highlight the synthetic utility of the mont KSF
reactionbetween two macroscopic solid materials is a difficult promoted protodesilylation, we compared it with some tradi-
concept to conceive. Recently, it was shown by Scott and co- tional mild methods, including the use of TRABAF,® and
workers that in most cases grinding the two solid reactants cgpse 55 desilylating reagents. Thus, we tested the reactivity of
together results in the formation of a liquid phase, and actually ¢, higher Lb) and the lower 1d) reactive arylsilanes toward

the reactions do not proceed in the solid phé&se.

various conditions, as outlined in Table 3. In the casd lnf

(18) Tanaka, K.; Toda, FChem. Re. 200Q 100, 1025.
(19) Nassimbeni, L. RAcc. Chem. Re2003 36, 631.
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Chem. Soc2001, 123 8701.
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FIGURE 3. Left: H solution NMR spectra obtained for solid disilaBedded to mont KSF at (a) 0.15 h, (b) 2 h, (c) 4 h, (d) 6 h, and (e) 7 h.
Middle: reaction profile for solid disilan@ on mont KSF monitored byH solution NMR. Right: *H MAS NMR spectra obtained for solid
disilane3 added to mont KSF at (A) 0.15 h, (B) 2.6 h, (C) 3.5 h, (D) 4 h, and (E) 5.5 h.

TABLE 3. Protodesilylation of Arylsilanes 1b,d under Various not only by means of synthetic aspects but also in terms of green
Conditions and inexpensive chemistry, compared to the traditional methods
Desilylation Conditions that are using desilylating agents such as TFA, TBAF, and CsF.
desilylation temp time  conv In addition, we have investigated a setigolid type reaction
run  silane reagent solvent (°C) (h) (%) of arylsilane3 (organic solid) and mont KSF (inorganic solid)
1 1b  montKSE none " 05 99 using SS MAS'H NMR. It was found that this reaction behaves
2 TBAF (2 equiv) DMF rt 48 traces as an autocatalytic process, in which the mobile intermediate
3 TBAF (2equiv) DMF 60 18 86 laand product2aand trimethyl silanol cause an enhancement
‘5‘ L'zﬁ g 233:8 gggﬁ :E 256 gg of the reaction rate by dissolving and dispersing the solid
6 CsF (2 equiv.) DME 60 48 traces arylsilane3 within the mont KSF medium.
7 1d mont KSF None rt 425 98
S K o N 0 2 Expermentl Secton
1(1) %Eﬁ g zgﬂ:z; Sggj 20 i% ‘Eces General Procedure.Mont KSF.was dried by heatin.g. to 16C
12 CsF (2 equiv.) DMF 60 168 55 for 24 h, before it was mixed with measured quantities of water

and arylsilaneda—f (1 mmol, ca. 10 wt %) and crushed for 5 min
(using a glass rod) at room temperature. For SS MASNMR

o . . experiments, a sample of ca. 40 mg from the reaction mixture was
the protodesilylation proceeded smoothly under acidic conditions inserted into a Zr@rotor equipped with a Kel-F spherical insert.

such as mont KSF or TFA (Table 3, runs 1, 4, and 5). However, Spinning speed of 8000 Hz was used. For the solutidNMR

the reactivity of this electron-rich arylsilanék) toward mont monitoring, aliquots of ca. 100 mg from the same reaction mixture
KSF is 10 times greater than its reactivity toward TFA and were extracted with 0.75 mL of CDEht the appropriate time
considerably larger than that of the well-known fluoride- intervals. Isolated yield of the high boiling point produ2tsd was
promoted desilylating agents TBAF and CsF. On the other hand, calculated_ after extraction W|th_ eth(_er (which _does not extract the
the electron-poor arylsilangd was found to be reactive with trimethyl silanol side product), filtration of the inorganic solid, and
both the fluoride reagent TBAF and mont KSF at 8D but evaporation OT the SOlver_]t' . . I
was less reactive under TFA conditions (Table 3, rurd2). In the solution NMR kinetic experiments for protodesilylation
The acidic nature of mont KSF as well as other protodesilylating of arylsilane3, the reaction mixture was distributed into 10 sealed

) .. ) vials (200 mg in each), and at the appropriate time points, the
agents may affect acid-sensitive functional groups present on o, tion was quenched by adding 0.75 mL of CR@lhich also

the molecule. However, the extremely facile and efficient exracted the products (benzene at 7.36 ppm and trimethy! silanol
protodesilylation promoted by mont KSF under mild conditions at 0.06 ppm).

may enable the conduction of this reaction with a chemoselec-  General Procedure for the Reactions of 1b,d with Desilylation
tivity toward such functional groups. Reagents in Solution.To a solution of the arylsilanelb,d) (1

In summary, we described here a facile and efficient method mmol) in 1.8 mL of the appropriate deuterated solvent was added
for the cleavage of the ArSi bond of arylsilaneda—f and3 2.0 equiv of desilylation reagent (i.e., TBAF, TFA, CsF), and the
using mont KSF clay as an inorganic solid support. These reaction was monitored by solutidhl NMR according to the data
arylsilanes readily undergo protodesilylation to the correspond- Presented in Table 2.
ing arenes at room temperature and in nearly quantitative yields.
The kinetic studies using solution and SS MAB NMR Supporting Information Available: Figure S1,'H and 13C
revealed that the reaction is catalyzed mainly by water within NMR spectra of isolated produczs,d, *H NMR spectra of products
the hydrated interlamellar sites, and the rate of the reaction is 20.&f at the end of the reaction. This material is available free
strongly dependent on the diffusion capability of the reaction of charge via the Internet at http://pubs.acs.org.
components. This solvent-free approach seems to be superiod00706170

aConversion (%) was determined By NMR.
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