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slope of In a vs. ¢ plots. Reactions were typically first order for
several half lives, and the correlation coefficients were 0.995 or
better. Second-order rate constants were obtained from the slope
of the pseudo-first-order rate constant vs. the diene concentration.
Three diene concentrations were used to obtain each second-order
rate constant. The second-order rate constants were obtained
in triplicate.

In a typical experiment 10 mL of diene solution was placed
in a rubber capped reaction flask containing a stirring bar. The
flask was put in a thermostated bath and stirred for 30-60 min.
At the same time the bath water was circulated through a jacket
especially designed to house the IR cell (Precision Cells, Inc., part
no. 20710). The reaction flask was connected to the IR cell by
Teflon tubing. With the IR instrument set at 2128 cm™ and in
the time drive mode about 0.1 mL of approximately 1 M Hfe in
the reaction solvent was injected into the reaction flask. The
reaction mixture was then forced through the IR cell by inert-gas
pressure supplied by a nitrogen or argon tank while the absorbance
vs. time data was obtained. Rate data was obtained for 60-300
s. Kinetics data were obtained at 20, 30, and 40 °C for activation

energy studies. Carbon monoxide was used in place of the inert
gas in each step of the experiment to test its retarding effect on
the rate. Similarly rates were measured by using a solvent that
was successively 0.1, 0.2, and 0.3 M in trichlorosilane.

Procedure b. For the slower reactions, reaction mixtures were
made up in a constant temperature bath and aliquots were pe-
riodically transferred to the IR cell.
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Trimethyl- and triethylsilyl triflate form with BCl, and BBr; strongly polarized donor-acceptor complexes.
The deshielding of the 22Si NMR shifts [Adng; (BCl;) 28.81 and 32.26, respectively] and shielding of !B
NMR shifts characteristic for tetracoordinated boron are consistent with the development of partial positive
charge at silicon involving O-coordination of boron halide with the triflates. Data also show that no ionization
to silicenium ions takes place. Similarly, dimethylisopropyl- and tri-n-butylsilyl triflate gave donor—acceptor
complexes on reaction with BCl; [Adwg; 30.51 and 25.18, respectively]. In general BCl; was found to interact
more strongly than BBrs. The reaction of a number of other alkylarylsilyl triflates or dialkylsilyl ditriflates
with BX; was also investigated. The deshielding of 2Si NMR shifts diminished when the steric bulkiness
of the alkyl ligands on silicon was increased, such as in the case of (i-Pr);SiOTf or Me,(t-Bu)SiOTf. Ligand
exchange of the triflates with BX; is a competing process in the reactions, the rate of which increases
significantly by increasing the temperature or reaction time. The reaction of tris(alkylthio)silyl triflate
with BCl; at low temperature led only to ligand exchange. The reaction of Me;SiOR (R = Me, Et, Ph)
with BBrj; (30 °C) or with BCl, (75 °C) gave Me3SiBr, Me;SiCl, and the corresponding ROSiX, indicative
of initial complexation followed by rapid Si-O cleavage. The initial complexation, however, could not be
observed by NMR. The reaction of AlCl; and AlBr; with silyl triflates resulted only in ligand exchange.
Attempts to utilize the R;SiOT{-BX; systems as electrophilic trialkylsilylating agents for aromatics were

unsuccessful.

Introduction

We have previously shown that trimethylsilyl halides
form donor-acceptor complexes with Lewis acid halides
such as AlBr;, AlICl;, and BI; in solvents such as CS,,
CH,Cl,, and CH,Br,.2 Spectroscopic evidence for the
formation of these polarized complexes is based on the
observed deshielding of the 2Si NMR shifts and a con-
siderable sharpening of ?Al NMR resonances, indicating
a pseudotetrahedral environment around the aluminum
atoms. However, the Si-halogen bonds are not ionized and
no trivalent silicenium ions were formed in these systems
(eq 1).

(1) For part 20 see: Olah, G. A,; Field, L. D.; Lammertsmas, K.; Pac-
quin, D.; Suemmerman, K. Nouv. J. Chim. 1983, 7, 279.
(2) Olah, G. A.; Field, L. D. Organometallics 1982, 1, 1485.

Me3Si6+Br - 6_A1Bl'3 (1)

Recently, the generation of a stable silicenium ion was
reported by Lambert by hydride abstraction from tris-
(isopropylthio)silane with trityl perchlorate in CH,Cl, at
room temperature. The poorly resolved 2*Si NMR signal
was deshielded by only 17 ppm as compared to the silane
precursor. This was attributed to “polymer formation”,
and it was suggested that the 2Si NMR signal of the ion
has a very slow relaxation time.? We feel this evidence
is inadequate, and further studies are needed to substan-
tiate whether a truly electron-deficient silicenium ion was
obtained. The formation of silicenium ylides and their

(8) Lambert, J. B.; Schulz, W. J., Jr. J. Am. Chem. Soc. 1983, 105,
1671,
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Table I. *°Si and "B NMR Chemical Shifts of Silyl Triflate-BX, Complexes
, asgy sup
compound? Lewis acid starting material complex exchange complex
Me,SiOTf 43.54
Me,SiOTf BCl, (-35°C) 72.35 29.02 -2.62
Me,SiOTE BBr, (rt) 61.52 25.74 -2.45
Me,SiOTf AlBr,/CS, (rt) 25.24
Me,SiOTf AlCL,/CS, (rt) 41.85
Me, SiOTf AlICL/CS8, (-30°C) 43.05 29.07
Et SiOTf 44.46
Et,SiOTf BCl, (-35°C) 76.72 34.73 -2.75
Et,Si(OTf), 13.35
Et,Si(OTf), BCl, (-35°C) 35.14 12.94 -2.55
Et,Si(OTf), BBr,/CH,Cl, (rt) 31.04 -2.45
i-Pr,SiOTt 41.15
i-Pr,SiOTE BCl, (-35°C) 34.35
n-Bu,SiOTf 45.23
n-Bu,SiOTE BClL, (-60°C) 70.41 31.81 -3.09
Me, (i-Pr)SiOTE 45.05
Me, (i-Pr)SiOTf BCl, (60 °C) 75.56 33.27 -2.82
Me, (+-Bu)SiOTf 43.50
Me, (t-Bu)SiOTf BCl, (-35°C) 42.56
Me, (¢t-Bu)SiOTf BBr, (rt) 43.79 34.16
Ph,(Me)SiOTE 11.54
Ph,(Me)SiOT{ BBr, (rt) 29.79 8.42
Ph,(Me)SiOTf BCIL, (-35°C) 10.54 17.55

¢ Qi NMR spectra of the starting triflates are recorded as neat solution at room temperature (rt).

stabilization with A1X; were also reported. The partial
zwitterion character of these species is based on #Si and
Z7A]1 NMR data.*
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The silylating ability of trimethylsilyl triflate Me;SiOTf
is well-known. We have ourselves previously developed
an improved synthetic method for the in situ generation
of this reagent for silylating carboxylic acids, alcohols,
phenols, mercaptans, and ketones.® Our recent studies
of RgSO,0H-BX; systems and the finding that tricoor-
dinated boron has a high tendency to coordinate triflate
ligands® led us to study the complexation of silyl tri-
fluoromethanesulfonates (triflates) with BX; by NMR
(#8i, 1'B) and to search for suitable substituents on silicon
to enhance the donor-acceptor complex formation. It was
also attempted to use the trimethyl- and triethylsilyl
triflate-BX; reagent for electrophilic silylation of alkyl-
benzenes.

Results and Discussion

When liquid BCl; was slowly added with efficient stir-
ring to MeySiOTY at dry ice/acetone temperature, an oil
layer was formed. The #Si NMR spectrum of the resulting
oil recorded directly in BCl; at =35 °C consisted of two
absorptions, a deshielded signal at éxg; 72.35 for the com-
plex (Adxng; 28.81) and a shielded absorption at dzg; 29.02
for MegSiCl, formed by ligand exchange, in a 1:3 ratio.
Upon standing at —75 °C the complex slowly precipitated
from BCI; solvent. After removal of excess BClg, the
complex was dissolved in SO,CIF. The corresponding !B
NMR spectrum of the complex was observed at —2.62 ppm,

(4) Clegg, W.; Klingebeil, U.; Neemann, J.; Sheldrick, G. M. J. Orga-
nomet. Chem. 1983, 249, 23.

(5) Olah, G. A.; Husain, A.; Gupta, B. G. B.; Sales, G. F.; Narang, S.
C. J. Org. Chem. 1981, 46, 5212,

(6) Olah, G. A.; Laali, K.; Farooq, O., submitted for publication in J.
Org. Chem.

viz., in the region of tetracoordinated boron compounds.
Similarly, BBr; forms a complex that at room temperature
shows two signals in the 2Si NMR spectrum (d=g; 61.52,
Adxg; 18) and the ligand exchange product MesSiBr (8zsg;
25.74). The corresponding !B NMR signal of the complex
was observed at 6ug —2.45. A variable-temperature 2Si
NMR study (-60 to ~20 °C) of Me;SiOT{-BCl; system
showed reversible exchange broadening of the ?°Si signal
of the donor-acceptor complex with the solvent BCl;. The
ligand exchange process is, however, irreversible, and
Me;SiCl increases slowly by increasing temperature at the
expense of donor-acceptor complex. It is also noted that
the expected B(OTf)X, formed by ligand exchange does
not show a separate signal from BCl; or BBr; solvent in
the !B NMR spectra, suggesting that it undergoes ex-
change with the medium (eq 2). Whereas AlCl; and AlBr,

R3SIOTH + BX3 = R;3Si**0OTf —= R3SiX + B(OTH)X, (2)

#

BX3

were found to give donor-acceptor complexes with
Me,SiCl,? with trimethylsilyl triflate only ligand exchange
of chlorotrimethylsilane was observed. This is in agree-
ment with the finding that AlX; readily reacts with triflic
acid with the evolution of HX to form triflates.’”

When triethylsilyl triflate was reacted with BCl; in a
similar fashion in an NMR tube, the %Si NMR spectrum
recorded at —35 °C showed two absorptions at dzg; 76.72
and 34.73 for the donor-acceptor complex (Adxsg; 32.26) and
Et,SiCl, respectively, in a 1:2 ratio. Since the complex
slowly precipitated out of solution at low temperature, in
order to observe the !B NMR spectrum of the complex
(61,5 —2.75) it was necessary to remove excess BCl; and to
dissolve the precipitate in SO,CIF. Diethylsilyl ditriflate
similarly formed a complex with BCl; at low temperature.
The 2Si NMR spectrum of the mixture again showed two
absorptions at dzg; 35.14 and 12.94 for the donor-acceptor
complex (Adxsg; 21.79) and the unchanged starting material,
respectively, in a 1:4 ratio. Surprisingly, no ligand ex-

(7) Olah, G: A,; Laali, K., unpublished results.
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change product was formed. The corresponding !B NMR

signal of the complex was at éug —2.55. Treatment of

Et,Si(0Tf), with a dilute solution of BBr, in dry CH,Cl,
also resulted in a donor-acceptor complex with the ab-
sorption in the 2Si NMR at dug; 31.04 (Adxg; 17.69) and
the corresponding boron signal at éug ~2.45. t-Bu,SiF, with
triflic acid does not form t-Bu,Si(OTf),. Similarly, ¢-
Bu,Si(0Tf), could not be obtained from its chloride and
triflic acid.

i-PrySiOTf on treatment with BCl; at low temperature
did not give an observable complex. Only ligand exchange
of triflate for Cl was observed, giving chlorotriisopropyl-
silane indicative of ionization followed by immediate
quenching of the silicenium ion by chloride. n-BugSiOTf
formed a donor-acceptor complex with BCl, (Ad»g; 25.18)
together with n-BugSiCl in a 1:3 ratio at -60 °C. The
corresponding !B NMR signal of the complex was at dug
-3.09 (SO,CIF). Mey(i-Pr)SiOTf similarly formed a do-
nor-acceptor complex on addition of BCl; at dry ice/
acetone temperature (Adwg; 30.51) and Mey(i-Pr)SiCl in a
0.8:1 ratio at —60 °C. 1B NMR spectrum of the complex
dissolved in SO,CIF was observed at dug —2.82. Me,(t-
Bu)SiOTf did not react with BCl;,. However, with BBr,
ligand exchange was observed at ambient temperature.
Bulkiness of the ligands on silicon therefore affects the
stability of the donor-acceptor complexes. NMR data,
however, cannot differentiate complexation on the sulfonyl
or ether oxygen. Analogy with protonation (or complex-
ation) of carboxylic acid esters, however, suggests that it
is the ether oxygen complexation which results in Si-O
bond cleavage with subsequent formation of the corre-
sponding halosilane ligand exchange product.

8%,

In general, when the alkyl groups on silicon were re-
placed by phenyl, the extent of positive charge on silicon
is reduced. This is in accord that diphenylmethylsilyl
triflate gave an observable donor-acceptor complex on
reaction with BBr; at room temperature, the 2Si NMR
absorption of which was 0wg; 29.79 (Adwg; 18.25). Subse-
quent ligand exchange was also observed, giving di-
phenylmethylsilyl bromide. On standing in BBr;, side
reactions occurred and the solution gradually darkened.
With BCl, at low temperature the 2Si NMR indicated only
complex formation (8xg; 17.55, Ad=g; 6) and no ligand ex-
change was found. On the basis of the NMR data no
apparent correlation between the magnitude of the positive
charge on silicon, reflected in Adxg; values, and the extent
of cleavage vs. complex formation could be found.

The behavior of tris(isopropylthio)silyl triflate was also
studied with BCl; in order to examine the influence of the
alkylthio ligands on donor-acceptor complex formation.
The product observed was chlorotris(isopropylthio)silane
(d2g; 20.67) indicative of ligand exchange, and no inter-
mediate donor-acceptor complex was observed.

Whereas the cleavage of trimethylsilyl ethers to tri-
methylsilyl halides by reaction with BBr; or BCl, is
known,® to our knowledge direct observation of the intial
step, i.e., the formation of a donor-acceptor complex, has
not been reported. We therefore examined the reaction
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of MesSiOR (R = Me, Et, Ph) with BBr; at ambient tem-
perature and at -30 °C as well as with BCl, at -75 °C, #Si
NMR spectrum of a neat sample of Me;SiOMe at room
temperature gave a single absorption at 6sg; 16.98 with the
corresponding du¢ shifts at —1.74 and 49.02 ppm at —20 °C.
Slow addition of excess BBr; to this sample at -55 °C gave
a colorless solution, the ®Si spectrum of which showed only
Me;SiBr (6»g; 26.36). The ®)C NMR spectrum of this
sample showed two absorptions at 61 4.12 (Me,SiBr) and
d1sc 59.38. The latter is in close agreement with the re-
ported values for methoxy attached to tricoordinated bo-
ron® and is therefore assigned to MeOBBr, (ug 26.27 at
-30 °C). Similarly, low-temperature addition (=50 °C) of
BBr; to Me3SiOEt (6g; 14.36) and Me;SiOPh (6=g; 20.07)
gave Me,;SiBr (éxg; 26.11 and 26.37). Excess BCl; reacted
rather violently with Me;SiOMe and Me;SiOEt cooled to
dry ice/acetone temperature. The °Si NMR spectra of
both samples were consistent with MeySiCl (8=g; 30.91 and
30.70), and a donor-acceptor complex was not observed.

Attempted Silylation of Aromatics. Electrophilic
silylation of aromatics under Friedel-Crafts condition has
not so far been achieved. We felt of interest to study the
reaction of the presently studied R;SiOTf-BCl; (R = Me,
Et) complexes with reactive aromatic compounds. When
cumene was allowed to react with Me;SiOTf-BCl; whereas
GC analysis of the reaction mixture after removal of BCl,
indicated the presence of higher boiling isomeric products,
they were found to be disproportionation products (di-
isopropylbenzene isomers based on GC-MS analysis). The
only silicon-containing compound identified was Me;SiCl
formed by ligand exchange with the Lewis acid, i.e., the
same processes observed in our NMR studies of the com-
plex. Control experiments showed that under the reaction
condition, neither BCl; nor Me;SiOTH itself were able to
disproportionate cumene. The catalyst for dispropor-
tionation is therefore the conjugate acid formed by the
reaction between BCl; and triflic acid impurity.® Similarly,
no silylated aromatics were found in reaction with toluene
or anisole. The latter gave a 10% yield of isomeric me-
thylphenols. In subsequent experiments 2,4,6-tri-tert-
butylpyridine was used as a proton trap in order to sup-
press acid-catalyzed desilylation that would have taken
place. Once again, however, silylated aromatics were not
detected.

In summary as shown by #Si and "B NMR data we
have obtained polarized donor—acceptor complexes from
a series of silyl triflates with boron trihalides. No ob-
servable silicenium ions were formed in the systems, al-
though triflate to halide ligand exchange indicates inter-
mediate Syi-like ionization or Sy2-like exchange through
five coordinated silicon species.

Experimental Section

Trimethylsilyl triflate (Petrach) and dimethyl-tert-butylsilyl
triflate (Aldrich) were commercial samples of sufficient purity
and were used as received. Diethylsilyl ditriflate was prepared
from Et,SiHCI and triflic acid using the method recently described
by Corey!? for the preparation of i-Pr,Si(QT4),.

Triethylsilyl triflate was prepared in ca. 90% yield (¥*Si NMR)
by an overnight reaction of EtsSiCl and triflic acid (1 equiv) under
dry nitrogen, followed by the removal of any dissolved HCI in
solution under vacuum,

Tri-n-butylsilyl triflate and dimethylisopropylsilyl triflate were
prepared from their corresponding chlorides and triflic acid (1
equiv) by room temperature mixing under argon for 18 h. #Si
NMR spectrum of the reaction mixture showed a complete re-
action, and no unreacted chloride could be detected.

(8) Wilberg, E.; Kruerke, U. Z. Naturforsch., B: Anorg. Chem., Org.
Chem., Biochem., Biophys., Biol. 1953, 8B, 608.

(9) Wrachmeyer, B. Prog. Nucl. Magn. Reson. Spectrosc. 1979, 12, 2217.
(10) Corey, E. J.; Hopkins, P. B. Tetrahedron Lett. 1982, 23, 4871.
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Triisopropylsilyl triflate and diphenylmethylsilyl triflate were
similarly prepared from their corresponding chlorides.

Tris(alkylthio)silyl chloride was prepared in ca. 95% yield
(estimated by *Si NMR) from SiCl, and i-PrSH (3 equiv) using
the method described in the literature for the preparation of
tris(alkylthio)silane from trichlorosilane.!* The reaction of the
chloride with 1 equiv of triflic acid gave a ca. 65% yield of the
triflate (estimated by #Si NMR). Unreacted triflic acid in the
reaction mixture was removed by addition of the required amount
of 2,4,6-tri-tert-butylpyridine. An aliquot of the solution was used
for NMR studies (transferred to an NMR tube under nitrogen).

BBr; was doubly distilled, followed by distillation from alu-
minum powder, in an all glass distillation apparatus, until it was
completely colorless. It was then stored in a drybox. BClg
(Matheson) was used as received. All aromatic compounds were
commercial samples of highest purity and were used as received.

The #Si and !B NMR spectra were recorded an a Varian
FT-80A instrument. The silicon chemical shifts were referenced
to Me,Si, whereas the boron shifts were referenced to BF3-Et,0.
GC analyses were performed on a Varian Model 3700 gas chro-
matography using a capillary as well as a short packed column
(OV 101).

Complexation of Silyl Triflates with BX,. The triflate (1
mL) was placed in an NMR tube and was cooled in dry ice/
acetone under dry nitrogen with exclusion of moisture. After slow
addition of BCl; (ca. 2 mL) and vortex mixing, the sample was
first studied by #Si NMR directly in BCl, solvent, followed by
B NMR analysis usually after removal of excess BCl and SO,CIF
as solvent. With BBr;, whereas the addition was initially done
at low temperature, the NMR tube was allowed to warm up slowly

(11) Wolinski, L.; Tiechelmann, H.; Post, H. W. J. Org. Chem, 1951,
16, 395.

to room temperature prior to NMR studies. Same procedure was
followed for the reaction of Me;SiOR with BCly and BBr,.

For reactions with aromatics, the donor-acceptor complexes
formed upon reaction of MezSiOTY or Et,SiOTf with BCl, at low
temperature were added to an excess of the aromatic compound
precooled to ca. —40 °C with efficient magnetic stirring under dry
nitrogen. The temperature was then allowed to warm up slowly
to room temperature, followed by an additional 30 min of mixing
at room temperature. The remaining BCl; was then removed by
passing a fast flow of nitrogen through the reaction mixture, and
the mixture was analyzed by GLC. In some cases, the reaction
mixtures were also subjected to aqueous workup and ether ex-
traction prior to GLC analysis.
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The direct generation of silanones and germanones from easily prepared 6-oxa-3-metallabicyclo-
[3.1.0]hexanes is reported. Application of this method to the transient formation of an [0=Si=0] species
is given. This silicon analogue of carbon dioxide was trapped by hexamethylcyclotrisiloxane to yield
2,2,4,4,6,6,10,10,12,12,14,14-dodecamethyl-2,4,6,8,10,12,14-heptasila-1,3,5,7,9,11,13,15-octaoxaspiro[7.7]-
pentadecane, the expected spiro adduct, in 60% yield.

Silanones, compounds containing a silicon-oxygen
double bond, have been postulated as transient interme-
diates in a variety of reactions.! Most of these reactions
involve the conversion of other unsaturated silicon inter-
mediates into silanones. For example, reaction of non-
enolizable aldehydes or ketones with silenes,?® silaimines,”®

(1) For a general review of r-bonded silicon see: L. E, Gusel'nikov and
N. S. Nametkin, Chem. Rev., 79, 529 (1979).

(2) T. J. Barton and E. A. Kline, Third International Symposium on
Organosilicon Chemistry, Madison, WI, Aug 1972.

(3))W. Ando, A. Sekiguchi, and T. Migita, J. Am. Chem. Soc., 97, 7159
(1975).
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or disilenes®!! yield silanones. Likewise, reaction of si-
lylenes with sulfoxides give silanones.!>'? On the other

(4) D. N. Roark and L. H. Sommer, J. Chem. Soc., Chem. Commun.,
167 (1973).

(5) P. B. Valkovich and W. P. Weber, J. Organomet. Chem., 99, 231
(1975).

(6) I. M. T. Davidson, C. E. Dean, and F. T. Lawrence, /. Chem. Soc.,
Chem. Commun., 52 (1981).

(7) C. M. Golino, R. D. Bush, and L. H. Sommer, J. Am. Chem. Soc.,
96, 614 (1974).

(8) D. R. Parker and L. H. Sommer, J. Organomet. Chem., 110, C1
(1978).

(9) T. J. Barton and J. A. Kilgour, J. Am. Chem. Soc., 96, 2278 (1974).
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