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Abstract: The synthesis and isolation of 12 a-aryl, 5, '-disilyl-substituted vinyl cations 1b—I, 7, and 8 with
the tetrakis(pentafluorophenyl)borate counteranion is reported. The vinyl cations are characterized by NMR
spectroscopy and are identified by their specific NMR chemical shifts (6 13C(C*) = 178.1—194.5; 6 3C(CF)
= 83.3—89.9; § 13C(CPs°) = 113.6—115.2; 6 2°Si = 25.0—12.0), supported by density functional calculations
at the B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) level. All cations are found to be stable at room temperature
in solution and in the solid state. The NMR chemical shifts as well as J-coupling data indicate for vinyl
cations, 1b—I, 7, and 8, the occurrence of substantial stabilization through sz-resonance via the aryl
substituents and through o-delocalization via the fg-silyl groups. For vinyl cation 8, the free enthalpy of
stabilization via zz-resonance by the a-ferrocenyl substituent is determined by temperature-dependent 2°Si
NMR spectroscopy to be AG* = (48.9 + 4.2) kJ mol~1. A Hammett-type analysis, which relates the 1J(SiCF)
coupling constant and the low-field shift of the 2°Si NMR signal upon ionization, Ad 2°Si, with the electron-
donating ability of the aryl group, indicates an inverse relation between the extent of Si—C hyperconjugation
and z-donation. The computed structures (at B3LYP/6-31G(d)) of the vinyl cations 1a—I, 7, and 8 reveal
the consequences of Si—C hyperconjugation and of w-resonance interactions with the aryl groups. The
structures, however, fail to express the interplay between o-delocalization and w-conjugation in that the
calculated Si—C bond lengths and the C*-C?s° bond lengths do not vary as a function of the substituent.

Introduction case of vinyl cations to rearranged products or decomposition

Vinyl cations? the dicoordinated unsaturated analogues of &t temperatures higher thanl00 °C.* In the case of silyl-
trivalent carbenium ions, were first detected by Grob and co- substituted carbocations, the omnipresence of sources for
workers in the early 1960s in solvolysis reactionstedrylviny! fluoride ions in the superacidic reaction media leads to facile
halides? In the 1970s, numerous investigations established vinyl desilylation>~82 Although, this was ingeniously used for the
cations as transient intermediates in solvolysis reactions of generation of other vinyl catiorf§ the thermodynamic stabiliza-
activated alkenyl halidésand in reactions of electrophiles with  tion by theg-silyl group, however, was lost. Recently, we were
alkynes? The direct NMR detection of vinyl cations under able to demonstrate that vinyl catiodscan be obtained by
superacidic reaction conditions at temperatures betd@0°C intramolecular addition of transient silylium ions to alkynes in
was achieved in the early 1990s by Siehl and co-workers andthe presence of weakly coordinating anions, such as tetrakis-
provided important information about their electronic structafe. (pentafluorophenyl)borate, B(Es)s~ (TPFPB)? Solutions of
The major drawback of this conventional approach via super- these vinyl cation salts in aromatic hydrocarbons are persistent
acids, like FS@H/SbFs, is the high oxidation potential and the 5t room temperature, and the salts can be isolated as amorphous
reactivity of the applied Lewis acids, Sfwhich leads in the powders. With a brominated carborane arfibrerystalline

(1) For a recent monograph on vinyl catior3icoordinated Carbocations material of the mel catiorl (R = t'Bu) was obtained, and the

Rappoport, Z., Stang, P. J., Eds.; Wiley: New York, 1997. X-ray structure was reported, which provided the first experi-
(2) (a) Grob, C. A.; Csapilla, J.; Cseh, Belv. Chim. Actal964 47, 1590. . . . .
(b) Grob, C. A. Inref1,p 1 mental structural evidence for the linear coordination of the

® @ '{'-g‘ﬂﬁgky“"ﬁcféfcfeg”ég{fﬂg76 9, 364. (b) Kitamura, T.; Taniguchi,  positively charged carbon atom in vinyl cations and for the

(4) For areview, see: Lucchini, V.; Modena, G.; Pasquato, L. Inref 1, p 237. occurrence of SiC hyperconjugatiéh_

(5) Siehl, H.-U. In ref 1, p 189.

(6) (a) Kaufmann, F.-P.; Siehl, H.-U. Am. Chem. S0d 992 114, 4937. (b)
Siehl, H.-U.; Kaufmann, F.-P.; Hori, Kl. Am. Chem. S0&992 114, 9343.

(7) (a) Siehl, H.-UPure Appl. Chem1995 67, 769. (b) SiehlH.-U. In Stable
Carbocation ChemistryPrakash, G. K. S., Schleyer, P. v. R., Eds.; Wiley:

New York, 1997; p 165. Me;Si o gSiMez
(8) (a) Siehl, H.-U.; Kaufmann, F.-P.; Apeloig, Y.; Braude, V.; Danovich, D.; 'é»,
Berndt, A.; Stamatis, NAngew. ChemInt. Ed. Engl.1991, 30, 1479. (b) 7
Siehl, H.-U.; Miller, T.; Gauss, J.; Buzek, P.; Schleyer, P. v.JRAm. R R=alkyl, aryl
Chem. Soc1994 116, 6384. 1
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Scheme 1. Resonance Structures of a-Aryl-Substituted Vinyl Cations
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The unusual stability of the vinyl catiorisis a result of (i)
kinetic stabilization by the reaction conditions, that is, weakly
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[-silicon substituent in the alkyl-substituted vinyl cati8ris
8.4 kJ mot'! more efficient than the phenyl-substituted cation

coordinating anions and aromatic hydrocarbons as solvents, andt.1®

(ii) the thermodynamic stabilization by hyperconjugational
interaction between the dicoordinated carbon atohe@d the
two S-silyl groups. It was already pointed out previously that
the coplanar arrangement of the empty 2p-orbital at the
positively charged carbon atom*Gnd theS-C—Si bond in
p-silyl-substituted vinyl cations, in addition to the spatial
proximity of the interacting orbitals in vinyl cations, leads to a
very efficient electron delocalization from theC’—Si bond
to the empty 2p-orbital of the dicoordinated carbon atohi433
The second substituent R at the carbon atohafSo provides
stabilization either by inductive effects and/or i»delocaliza-
tion. As a consequence, the vinyl catidp R = Ph, was
calculated to be only 7.1 kJ mdl less stable than the trityl
cation (PRCM).°

The stabilization mechanism operating in aryl-substituted
vinyl cations1 can be qualitatively depicted by the canonical
resonance structures—C (see Scheme 1). Hyperconjugation
between thes-C#—Si bond and the empty 2p-orbital of the
carbon atom € is described by no-bond resonance structures
B, and m-delocalization is indicated by structurgs. An
intriguing question which arises from this description of electron
delocalization in aryl-substituted vinyl catiotigs whether the
extent of hyperconjugation through ti#eSiC bonds depends
on the electron-donating ability of the substituent or whether
the stabilization arising fromo-delocalization effects is a
constant term that adds to the stabilization which dhsub-
stituent already confers on the vinyl catidn A previous
experimental study om-mesityl-substituted vinyl cation2

R MesSi, Me;3Si,
c=ck_ C=C*Bu-n C=C*Ph
R H H
R = silyl, alkyl, alkenyl
2 3 4

To probe the interplay betweef-silyl stabilization and
s-conjugation for stable vinyl cations of typgkin detail, we
synthesized a series af-aryl-substituted vinyl cations and
characterized these by NMR spectroscopy and identified
spectroscopic parameters, which provide a measurg-fRiC
hyperconjugation in these cations. These investigations were
supported by density functional calculations of structure, energy,
and NMR parameters of the experimentally observed cations.

Results and Discussion

Synthesis and Characterization of Vinyl Cations. The
precursor alkynyl silanes, 9, and 10 were obtained from the
reaction of 2-chloro-2,6-disila-2,6-dimethylheptane with the
corresponding aryl alkynyllithium compound in satisfactory
yield and characterized by standard techniques (see Scheme 2,
and for details, see Experimental Part in the Supporting
Information). Vinyl cationslb—1l were prepared by reaction
of the corresponding alkynyl silane€s with trityl cation in
benzene or toluene via transient silylium iofisas described
previously for catiorlaand related cations (see Schemé&%).
For comparison, thet-naphthyl- and thex-ferrocenyl-substi-

suggested, on the basis of chemical shift arguments, that they e yinyl cations” and8 were synthesized from the precursor

extent ofzr-delocalization in vinyl cations depends on the ability
of the substituent at the/position to stabilize the positive
charge at the carbon atont € In addition, mass spectroscopic

studies have indicated that, for tricoordinated carbenium ions,

the B-silyl stabilization (i.e.,o-delocalization) decreases sig-
nificantly along the series primary, secondary, tertiary, and
benzylic cationd# Similarly, high-pressure mass spectrometry

data have shown that the thermodynamic stabilization by a

alkynes9 and10. The counteranion was, in all cases, tetrakis-
(pentafluorophenyl)borate. The cation salts were isolated as red
to brown oils or glassy amorphous solids in high yields.

The TPFPB salts of the vinyl catiods—1l, 7, and8 are not
soluble in hydrocarbons, and they form liquid clathrates with
aromatic hydrocarbori§.These were prepared in0s for NMR
measurements. Previous studi¥ssuggested that in these
clathrates no sizable interactions between vinyl catibasd

(9) Mdller, T.; Meyer, R.; Lennartz, D.; Siehl, H.-lAngew. Chem., Int. Ed.
200Q 39, 3074.

(10) Reed, C. AAcc. Chem. Red.998 31, 133.

(11) Muller, T.; Juhasz, M.; Reed, C. Angew. Chem., Int. E@004 43, 1543.

(12) (a) Wierschke, S. G.; Chandrasekhar, J.; Jorgensen, \l.Am. Chem.
Soc.1985 107, 1496. (b) Apeloig, Y.; Arad, DJ. Am. Chem. S0d.985
107, 5285.

(13) For recent reviews: (a) Apeloig, Y.; Mer, T. In ref 1, p 189. (b) Siehl,
H.-U.; Muller, T. In The Chemistry of Organosilicon Compounéap-
poport, Z., Apeloig, Y., Eds.; Wiley: New York, 1998; Vol. Il, p 595.

(14) Li, X.; Stone, J. AJ. Am. Chem. S0d.989 111, 5586.

(15) Zhang, W.; Stone, J. A,; Brook, M. A.; McGibbon, G. A. Am. Chem.
Soc.1996 118 5764.

(16) (a) Lambert, J. B.; Yan, Z.; Wu, H.; Tse, W. C.; Kuhimann,JB. Am.
Chem. Soc1999 121, 5001. (b) Atwood, J. L. Irinclusion Compounds
Atwood, J. L., Ed.; Academic Press: London, 1984; Vol. 1, Chapter 9. (c)
Atwood, J. L. InCoordination Chemistry of AluminyrRobinson, G. H.,
Ed.; VCH: New York, 1993; p 197. (d) Bond, D. R.; Jackson, G. ElpJoa
H. C.; Hofmeyer, M. N.; Modro, T. A.; Nassimbein, L. B. Chem. Soc.,
Chem. Commurl989 1910. (e) Hunter, R.; Haueisan, R. H.; Irving, A.
Angew. Chem., Int. Ed. Engl994 33, 566-568. (f) Dioumaev, V. K
Harrod, J. FOrganometallics1996 15, 3859.
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Scheme 2. Synthesis of Vinyl Cations 1
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5
6/ 4 6 4' 6 4
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e,Si .SiMe. e,Si .SiMe, '
2 \ﬁB 2 \ﬁB H |‘| X ¥
C ct
R
()
9, R = 1-naphthyl 11, X=Cl
7 8 10, R = ferrocenyl 12, X=F

Table 1. Selected Experimental NMR Spectroscopic Data of Aryl-Substituted Vinyl Cations. NMR Chemical Shifts ¢ versus TMS, Coupling
Constants 1J (Hz) in Brackets?

compound 5 ZQSi A0 ZQSi b 5 13(C+) ) IS(U}) ) la(crpsa) ) 13(Cu/mo) ) 13(Cmeta) ) 13(Cpara) ) 19F
1ad 22.8 39.2 185.8 84.1 113.7 141.6 130.9 143.0
[18.2, 55.0] [18.2] -9.3 9.8° 2.8 14.7
lade 22.8 39.2 185.3 84.1 113.7 141.7 130.9 143.0
1b 20.1 36.6 189.2 84.7 111.5 143.1 133.1 159.8
[19.8,54.7] [19.8] -8.6° 11.3 4. 21.4
1c 20.1 37.2 187.9 84.2 110.9 142.3 130.9 164.4
[20.2, 55.7] [20.2] -9.5 10.4 3.2 19.5
1d 19.0 36.1 187.6 87.0 111.0 155.0, 142.8 133.1,129.9 159.2
[20.7,55.7] [20.7] -9.0° 14.6,10.8 2.9 3.7 20.8
le 20.4 374 186.5 86.6 113.9 152.6,142.1 139.3,132.0 145.3
[19.5, 55.5] [19.5] -8.8 15.%, 19.5 3.5, 2.8 16.0
1f 20.6 37.7 187.9 83.3 113.6 139.3 141.9 146.2
[18.8, 55.6] [18.8] —9.% 9.7 8.5 15.5
19 20.5 37.3 187.9 84.9 111.7 142.5 131.7 156.4
[19.5, 55.6] [19.5]
1h 24.9 41.2 178.1 89.9 104.0 169.6, 140.7 126.8, 117.6 146.6 —93.4
[16.6, 55.2] [16.6] 7.9 6.5, 16.9 —7.0,2.1° 16.4 [273.3]
1i 25.0 41.4 182.0 84.7 115.2 137.8,126.2 162.4,133.0 130.2 —105.3
[17.2,55.5] [17.2] —9.¢ 10.0,, 13.¢ 0.1, 3. 7.5 [256.7]
1k 22.1 38.4 184.8 84.8 110.3 145.5 119.3 171.8 —78.5
[18.8, 55.9] [18.8] —9.1° 11.6 3.5 9.0¢ [276.2]
1l 23.0 39.6 184.3 85.3 111.8 142.3 131.7 152.1
[18.4,55.7] [18.4] -9.9 9.1° 3. 17.6
7 20.8 374 186.1 89.0
[19.9, 55.7] [19.6]
8 12.0 29.5 1945 85.0
f [24.6]

an benzeneds at 303 K. 2Si NMR chemical shift difference between catiband alkynes; Ad 2°Si = ¢ 29Si(1) — & 2°Si(5). ¢ 13C NMR chemical shift
difference between catichand alkynes; AS 13C = § 13C(1) — 6 13C(5); negative values denote a high-field shift upon ionizatfbfiaken from ref & In
tolueneds at 303 K.f The determination ofJ(SiC%) from 2°Si NMR data was not possible due to kinetic line broadening ofiBesignals.

solvent molecules take place; in particular, no Wheland-type calculated interaction energiegE), for vinyl cation 1a and
intermediates are formed. Experimentally, this is shown by benzene I(E) = 13.0 kJ mot?, at B3LYP/6-31G(d)f, and
negligible solvent effects on theC and?°Si NMR chemical inclusion of thermal energy and entropy reveals that the
shifts when the solvent is changed frorgDgto C;Dg (see Table association betweeta and benzene is an endogonic process at
1)° Computationally, this is supported by relative small 298 K (AG(298) = +16.3 kJ mot?). With all other common

10854 J. AM. CHEM. SOC. = VOL. 127, NO. 31, 2005



o-Hyperconjugation versus st-Delocalization

ARTICLES

organic solvents, rapid decomposition occurs; for example, with Scheme 3. z-Delocalization in 1k

organic nitriles, the formation of silylated nitrilium ions can be
observed. After addition of methylene chloride to a solution

of lain toluene, a fast fragmentation reaction occurs even at

temperatures as low as50 °C, and the disilyldichloridel1

was detected by NMR spectroscopy as the final product.

Similarly, the trifluoromethyl-substituted arylalkynyl silanes
5m,n did not give the corresponding vinyl cations upon
ionization with trityl cation, but the transient silylium ioGsn,n

Me,Si< . SiMe;

¢
ct -~
F

Me,Si< . SiM
€20l 9 IMep
o]

7

underwent further degradation reactions and the only detectableto that of the precursor alkynes in th&C NMR spectra 40

product by NMR spectroscopy from both reactions was the
disilyldifluoride 12 (see Experimental Part in the Supporting
Information for details}’ Both disilyldihalides,11 and12, were
identified by comparison of their NMR spectra with those of
original samples.

Cationslb—I, 7, and8 were characterized in benzene solution
by multinuclear NMR spectroscopy (see Table 1). TheGZ
unit of the vinyl cationslb—I and7 is readily identified by the
low-field resonance of the positively charged €arbon atom
in the 13C NMR spectra at) 13C = 178.1-189.2 and that
attributed to the trigonal carbon atonf @t  13C = 83.3—
89.0. Thesé3C NMR chemical shifts are very close to those
observed for similap-silyl-substituted vinyl cations and are
characteristic for the electronic situation found for=Cdouble
bond formed from a positively charged dicoordinated carbon
atom and a second%pybridized trigonal carbon center?11.13b
The relative high-field resonance of the aromagiso carbon
atoms ¢ 13CPso= 104.0-115.2) is typical for thépso C(s)—
C*(sp) linkage in aryl-substituted vinyl catioh8.2-13°The 13C
NMR signals of the @®s° atoms in1b—| and7 appear at even
lower frequencies than in the starting alkyrigshe chemical
shift difference beingAd 13CPs° = —7.9 to —9.918 The
symmetric structure of each vinyl catidiv—I and7 in solution
is apparent from one single line in tA%i NMR spectra ab
295j = 19.0-25.0 and is further supported by tH¢ NMR and
13C NMR data obtained for the disilacyclohexane moiety (see
Experimental Part in the Supporting Information). The charac-
teristic13C NMR spectroscopic data detected for the ferrocenyl-
substituted vinyl catio® (6 13C(C%) = 194.5,6 13C(C%) = 85.0,
0 13C(C!) = 52.6) are similar to those observed for vinyl cations
1b—I and 7 and for other a-ferrocenyl-substituted vinyl
cations31% and also for this cation, only one single resonance
in the °Si NMR at 6 2°Si = 12.0 is detected at room
temperatur@®

The 13C NMR chemical shift pattern observed for the aryl
carbon atoms inb—f,h—I indicates, in each case, considerable
charge transfer from the “Ccarbon atom to thea-aryl
substituent, characteristic for-delocalization, but the extent
clearly depends on the individual substituéhin all cases, the
signals of the carbon atoms artho and para positions of the

13cortho. = §,5-19.5, A§ 18Craa = 7.5-21.4), while the
deshielding of thenetacarbon atoms is much less pronounced,
AJ 13Cmeta= (,1—8.5, in the case obrtho fluoro-substituted
vinyl cation1h, even a shielding by\6 13C™e@(1h) = —7.0 is
observed (see also Table #)The delocalization of positive
charge into the aryl substituent is also reflected by'*®ReNMR
data for the fluoro-substituted vinyl catiodf—k (see Table
1). The fluorine atom in thpara-substituted vinyl catiorik is
strongly deshielded compared to the precursor aryl all§kne
(A6 °F (1k) = 32.5), and also for thertho-substituted cation
1h, a considerable low-field shift is detectedd °F (1h) =
16.5)18 The 1°F NMR signal of themetasubstituted catiod.

is significantly less shifted to lower fieldA® 1°F (1i) = 8.3).
Similar deshielding effects have been previously observed for
fluorinated arenium ion% These deshielding effects on tHE
NMR chemical shift forLh—k are paralleled by a significant
increase of théJ(CF) coupling constant upon ionization in these
cations AYJ(CF) = 26.0 Hz,AJ(CF) = 20.1 Hz,AJ(CF) =
9.4 Hz, for 1k, 1h, and 1i, respectively}? which is again
markedly larger for th@rtho- and para-substituted cationgh
and 1k.?* Both factors, the deshielding of the fluorine atoms
and the increase of thé&J(CF) coupling constant, indicate
significant involvement of the fluorine substituents in the
s-delocalization in vinyl cationdhk, as it is described fotk

by the canonical resonance structures in Scheme 3.

Two NMR spectroscopic parameters in vinyl catidres-|
show the occurrence efdelocalization by interaction between
the 3-C—Si o-bond and the empty 2p-orbital at the €arbon
atom as described by the no-bond resonance struciires
(Scheme 1). That is, for all investigated vinyl cations, a
significant low-field shift of the?*Si NMR resonance compared
to that of the precursor silylalkyne upon ionization is detected
(AS 2°Si = 36.1—41.4 forla—I, 7 and Ao 2°Si = 29.5 for 8,
see Table 13825 This deshielding indicates localization of
positive charge at the silicon atoms as a consequence of
hyperconjugation between theCSi bond and the 2p-orbital
at C". The low-field shift of the2°Si NMR silicon signal is
largest for themetafluoro-substituted vinyl catiodi and reaches
its minimum value with the strongly electron-donating ferrocenyl
substituent for vinyl catio®. In addition, the Lewis representa-

aryl substituent experience a marked low-field shift compared tionsB of the vinyl cationsl imply a reduced degree of bonding

(17) Fluorine abstraction from benzylic €groups by transient silylium ions
has been reported previously: Kira, M.; Hino, T.; SakuraiJHAm. Chem.
Soc.1992 114 6697.

(18) The NMR chemical shift differenceAdX'E is calculated according to:
AOXYE = 0XE(1) — OXE(5); XYE = 13C, 19F, 29S.

(19) Koch, E.-W.; Siehl, H.-U.; Hanack, M.etrahedron Lett1985 26, 1493.

(20) For a tricoordinated ferrocenyl-substituted ethylsilyl catioR?3 NMR
chemical shift ofo 2°Si = 23.5 was observed. See: Siehl, H.-U.7 My
B.; Malkina, O. InOrganosilicon Chemistry I|lAuner, N., Weis, J., Eds.;
Wiley-VCH: New York, 1998; p 25.

(21) An unequivocal assignment of the carbon atom in the biphenyl-substituted

alkyne 5g was not possible; therefore, vinyl catidg is excluded from
this discussion.

between the carbon atonf @nd the two adjacent silicon atoms.

(22) (a) Spear, R. J.; Forsyth, D. A.; Olah, G. A.Am. Chem. S0d.976 98,
2493. (b) Shteingarts, V. D.; Pozdnyakovich, Y. V.; Yakobson, GJG.
Chem. Soc., Chem. Comma869 1264. (c) Shtark, A. A.; Pozdnyakovich,
Y. V.; Shteingarts, V. DJ. Org. Chem. (USSR)977, 13, 1544.

(23) The differences for th& coupling constantaJ (E(1)E(2)) are calculated
according: A"J (E(1)E(2)) = "J (E(L)E(2)) (1) — "I (E(1)E(2)) (5); E(1),
E(2)=C, Si, F, H.

(24) Similar increasedJ(CF) coupling constants have been found in nitro-
substituted fluorobenzenes. See: Kalinowski, H.-O.; Berger, S.; Braun, S.
13C NMR-Spektroskopidrhieme: Stuttgart, Germany, 1984; p 524.

(25) o *°Si ggf the alkynyl-substituted silicon atom was used for the calculation
of Ad 2°Si.

J. AM. CHEM. SOC. = VOL. 127, NO. 31, 2005 10855
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Figure 1. The 62.90 MHZ13C NMR (left) and 49.69 MHZ2°Si NMR (right)
coupling constant (HZ8

As a consequence, thE&(CPSi) coupling constant in vinyl
cationsla—l, 7, and 8 are considerably smaller than regular
coupling constants between?dpybridized carbon atoms and
tetrahedral-coordinated silicon atomd(&CSi) ~ 60 Hz)26:27

In this series, the extreme values are observed forottigo
fluoro-substituted vinyl catiodh (1J(C#Si) = 16.6 Hz) and for
vinyl cation 8 (1J(CPSi) = 24.6 Hz; see Table 1, and for an
example, see Figure #j.A similar small 2J(CSi) coupling
constant has been detected in vinyl catib(R = t-Bu).X! In

that case, the theoretical analysis revealed that the small coupling

is a result of a strongly reduced Fermi contact term, which is
attributed to the strongly reduced s-orbital contributions to the
Si—C# bond?12°

From the discussion of the NMR spectroscopic data, it is
apparent that vinyl cationk are stabilized byr-delocalization
via the a-aryl substituent and by-type interaction between
the Si-C# bond and the 2p-orbital of the positively charged
Ct atom. The very similar structure of vinyl catiodswhich
differ among each other only in the substitution pattern of the
aryl group, provides the unique opportunity to probe the
influence of the aryl substituent on tffesilicon effect in vinyl
cations. A well-established tool for quantifying the electron-
donating ability of substituted aryl groups in reactions, which
proceeds via benzylic carbocations, are Brown's substituent
constantsst for different metaand para substituent§9-33 A
plot of the o™ constants for the eighhetaor para substitu-
ent$233 in vinyl cations la—c, f, g, and i—| versus the
deshieldingAo 2°Si of the silicon atoms upon ionizati&#>in
these vinyl cations suggests a correlation between these
parameters (see Figure 2a). The deshieldkig?°Si clearly

(26) Takeuchi, Y.; Takayama, T. [the Chemistry of Organosilicon Compounds
Rappoport, Z., Apeloig, Y., Eds.; Wiley: New York, 1998; Vol. 2, p 267.

(27) A smallJ(SnC) coupling constant was detected in a related distannylm-
ethylene borane: Pilz, M.; Michel, H.; Berndt, Angew. Chem., Int. Ed.
Engl. 199Q 29, 409.

(28) ThelJ(C/Si) constant was detected in both, #8i and in the!3C NMR
spectra, with sufficient digital resolution to allow for a spectral resolution
of 0.1 Hz; see Figure 1.

(29) This conclusion is fully supported by density functional calculations at the
GIAO/B3LYP/6-311G(d,p) level of theory fati, which predict!J(C/Si)
= 11.8 Hz (17.2 Hz, experimentally) with a significantly reduced Fermi
contact contribution of 12.6 Hz. These values must be compared to the
computed coupling constant between the methyl carbon atom and the silicon
atom: 1J(CMeSi) = 48.7 Hz (55.5 Hz, experimentally) with Fermi contact
contribution of 50.3 Hz.

(30) Lowry, T. H.; Richardson, K. SMechanism and Theory in Organic
Chemistry 3rd ed.; Harper & Row: New York, 1987.

(31) (a) Ritchie, C. D.; Sager, W. Prog. Phys. Org. Cheni964 2, 323. (b)
Stock, M. L.; Brown, H. CAdv. Phys. Org. Cheml963 1, 35.

(32) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165.

(33) Brown, H. C.; Okamoto, YJ. Am. Chem. S0d.958 80, 4979.
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spectra oftk in benzeneds at 30 °C, which show the reducetl(C’Si)
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Figure 2. (a) Plot of o+ versusAd 29Si for vinyl cationsla—c,f,g,i—lI.
The correlation is given by the following equationd 2°Si = (7.1+ 0.5)
ot + (38.9+ 0.1), R = 0.99. (b) Plot ofo* versuslJ(CFSi) for vinyl
cationsla—c,f,g,i—I|. The correlation is given by the following equation:
1)(CPSi) = (—4.2 + 0.5) o™ + (18.6+ 0.1), R = —0.96.

increases with decreasingdonating ability of the aryl sub-
stituent. Similarly, the coupling constahi(C’Si) is reduced
with the decreasingr-donating ability of the aryl substituent
(see Figure 2b). Both correlations suggest that hyperconjugation
in vinyl cations 1, depicted by the resonance structuBe
(Scheme 1), becomes more important asstkstabilization of

the aryl substituent is diminished. Therefore, the contribution
of (-SiC hyperconjugation to the overall thermodynamic
stability of vinyl cations is not constant, but it is determined by
the electron demand at the electron-deficient dicoordinated
carbon atom.
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Table 2. Selected Computed Geometrical Parameter of o-Aryl-Substituted Vinyl Cations 1a-l, 7, and 8per. Bond Lengths in Picometers,
Bond Angles in Degrees (B3LYP/6-31G(d))

Compound C+=03 C/j_si C*t—Cipso Crpso_conhu Corthu_cmeta Cmeta—Cpara C/}=C+_Crpso Si_c+=c/3

la? 125.7 197.3;197.3 139.6 142.1;142.1 138.6; 138.6 140.6; 140.6 179.7 122.3,122.3
1b 126.0 196.8; 196.8 139.1 142.1;142.2 138.3;138.2 141.1;140.0 179.6 122.1,122.2
lc 126.0 196.6; 196.8 139.0 142.2;142.2 138.2;138.2 141.0; 141.0 179.6 122.5,121.8
syn 1d 126.2 196.5; 196.4 138.7 143.3;142.5 140.0; 137.8 140.7;141.0 178.8 122.2,122.1
anti-1d 126.2 196.5; 196.5 138.7 142.5;143.4 137.8;139.0 140.6; 141.6 179.3 122.3,122.2
syn-le 126.0 196.7; 196.6 139.1 143.1;142.5 139.4;138.7 139.6; 140.9 179.3 122.2,122.1
anti-1le 126.0 196.8; 196.6 139.1 143.0; 142.5 138.6; 139.5 141.0; 139.6 178.6 123.4,121.0
1f 125.9 196.8; 196.8 139.3 141.9;141.9 139.1;139.1 140.7; 140.7 179.6 122.2,122.1
19 126.2 196.4; 196.2 138.6 142.4;142.4 137.8;137.9 141.8;137.9 179.5 121.4;122.6
anti-1h 125.6 197.4;197.4 139.1 142.3; 142.0 138.3;138.4 140.6; 139.7 178.5 121.9;121.9
syn 1h 125.6 197.4;197.4 139.1 142.0; 142.4 138.4;138.3 139.7;140.6 179.0 122.2;122.3
anti-1i 125.6 197.8;197.8 139.9 141.9;141.8 138.9; 138.3 139.8;139.8 179.8 122.3;122.3
syn 1i 125.6 197.7;197.7 139.9 141.9;141.8 138.3;138.9 139.8; 139.8 180.0 122.3;122.3
1k 125.9 197.2;197.2 139.2 142.3;142.3 138.2;138.2 140.0; 140.0 179.7 122.3;122.3
1l 125.9 197.3;197.3 137.7 142.1;142.1 138.3; 138.3 140.5; 140.5 179.7 122.3;122.3
anti- 7 126.2 196.5; 196.5 138.6 179.2 122.1;122.1
syn 7 126.2 196.4;196.4 138.6 179.5 122.0;121.9
8per 126.5 197.8;194.4 137.7 174.1 114.6; 130.0

aData forla were reported previously; see ref 9.

Computational Results: Density functional calculatioi$at .
the B3LYP/6-31G(d¥® level of theory (for technical aspects, \
see Computational Details in the Supporting Information) predict .
for the a-aryl-substituted vinyl cationgb—I similar structures @ || ca ,‘35'

as reported previously fata® and found also experimentally __s '::?"‘,'F:-'f--':

for the a-t-butyl-substituted vinyl catiod, R = t-butyl.11 The . g Si)— s
computed structural data are summarized in Table 2. The sp- cortho 1265 ] .~ 188.8 -
hybridization of the positively charged carbon atont & 137.8 _._142‘5 . c .

indicated for all cations by a bond angi¢C’C*CPs9) close to cmetn g g o C .

180 (o (CPCHCiPs9) = 178.5-18C°) and the very short &=C+ . clpse I

formal double bond, which is actually closer to that of ®C 1411 | | 1434

triple bond ¢(C=C") = 125.6-126.2 pm). Long S+ C# bonds "C""’ ‘

r(Si—CF) = 196.2-197.8 pm), which exceed regular single Y
E)(gnd Iealgths between (’gphilbridized carbon gtoms agd . 140.6 ' 10 @

tetracoordinated silicon atoms (187.8 phy ca. 9-10 pm, Figure 3. Computed structure ainti-1d,3” calculated at B3LYP/6-31G-
suggest considerable interaction betweervi{@-Si) bond and (d), bond lengths in picometers. Hydrogen atoms are omitted for clarity.
the empty 2p-orbital at the dicoordinated carbon atom. The

Si—CF bonds inla—| are shorter than those calculated at the geometrical parameters which indic#@SiC hyperconjugation
same level of theory fot, R = tert-butyl (r(Si—C#) = 200.1, or z-conjugation (i.e.r(Si—CP) andr(C+t—CPs9), respectively)
197.9)!* and in each cation, both ST’ bonds are practically ~ are almost not influenced by the variable substituents at the aryl
of identical length. Thex-aryl groups inla—I| are oriented group (see Table 2). The-aryl groups in vinyl cationd, 7,
almost perpendicular to the plane spanned by the two silicon and 8 obviously reduce the electron deficiency of the dicoor-
atoms and the €atom, thereby providing maximum overlap dinated carbon atom C significantly, and therefore, the
between the empty 2p(G-orbital and ther-system of the aryl ~ geometrical consequences ofdelocalization are less pro-

substituent (see Figure 3 for the computed structurarai- nounced than as found iy R = tert-butyl 1 and predicted by
1d). Thez-delocalization is also apparent from the very short  computations for simplg-silyl-substituted vinyl cation&?13As
formal C"—CPs°single bond ((C"—CP*) = 137.7-139.9 pm), 3 consequence, subtle effects which distinguish the electronic

which reveals the importance of the allenic resonance descriptiongtrcture of the vinyl cations, 7, and8 and are clearly detected

C (see Scheme 1). As a result, the-C bond lengths in the by NMR spectroscopy are not shown by the computed geom-

aryl rings follow in all vinyl cations the expected lorghort-  gyries This indicates that NMR spectroscopic parameters are
middle sequence (see Table 2). This bond lengths patter iSpeyer gyited to monitor the intriguing interplay between

slightly modified by the actual electronic situation caused by 7-conjugation andr-delocalization in vinyl cations of typ#
the substituents. The most striking fact arising from the 7 and8 ,

computed structures of the catiofha—| is that all important ) . ) ) )
The six-membered disilacycle in all vinyl catioha—I adopts

(34) All computations were done witBaussian O3revision B.03; Gaussian, @ regular chair conformation (see Figure 3). As a result of the

(35) '(g‘;-g,fgtktgf’;{fgg,sﬁg %eoquigaa A38 3098, (b) Lee, C.: Yang, W Parr,  Perpendicular ground state conformation of the aryl substituent

R. G.Phys. Re. B 1988 37, 785. (c) Becke, A. DJ. Chem. Phys1993 relative to the SIC plane, the unsymmetrical substituted vinyl
98, 5648. (d) Johnson, B. G.; Gill, P. M. W.; Pople, J. A.Chem. Phys. . . . X 7
1993 98, 5612. cations1d,eh,i may exist assyn or anti-conformers’” The

(36) Kaftory, M.; Kapon, M.; Botoshansky, M. Iiithe Chemistry of Organo- ; i _
silicon Compotndskappoport. Z , Apeloig, Y. Eds. Wiley: New vork, ~ N€T9Y difference between both conformers is for all unsym

1998; Vol. 2, p 181. metrical substituted vinyl cationsd,eh,i negligible (at most
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Figure 4. (a) Thesyrlanti isomerization of vinyl catiorid via its twist boat conformer and by rotation around the@Ps° bond. (b) Energy profile for both
competing isomerization pathways as computed at B3LYP/6-311G(2d,p)//B3LYP/6-31GA@PVE.

1.1 kJ mof? for the ortho- andpara-dimethyl-substituted vinyl state conformatiorBper. In 8per, the substituted cyclopenta-
cationld, at B3LYP/6-311G(2d,p)//B3LYP/6-31G(e)) AZPVE). dienyl ring is oriented perpendicular to the plane spanned by
The barrier for internal rotation around the-€CPs° bond the @& carbon atom and the two silicon substituents. This

is, however, substantial, due the partial double bond characterconformation guarantees maximum overlap betweenrtbgs-
of this bond and due to steric crowding in the transition state tem of the cyclopentadienyl ring and the empty 2p-orbital at
for rotation; that is, for vinyl catiorild, a barrier of 57.2 kJ the C" carbon atom, and it lends a nonequivalent environment
mol~1is predicted (B3LYP/6-311G(2d,p)//B3LYP/6-31G(#) of the two silicon atoms i8. This contrasts the observation of
AZPVE). A two-step ring flip process of the disilacyclohexane only one 2°Si NMR signal at room temperature. The only
ring via the twist boat conformer dfd, as it is shown in Figure equilibration mode capable of interconverting the two silicon
4a, can however equilibrate ttsyn and anti isomers without atoms is the internal rotation around thé&-&C! single bond
rotation around the ©-CPs° bond. This alternative isomeriza-  Vvia the planar transition state conformati@plan, for which
tion pathway was investigated computationally in detailtfdy the z-interaction between the ferrocenyl substituent and the
and it involves a maximal barrier of merely 16.5 kJ migland formally empty 2p(C)-orbital is switched off. The theoretical
the second step is nearly barrierless (0.3 kJthat B3LYP/ activation free enthalpy for the rotation, the free enthalpy
6-311G(2d,p)//B3LYP/6-31G(d}» ZPVE, see Figure 4b and  difference betwee®plan, and the perpendicular ground state
Supporting Information for further details). Similar or somewhat conformation8per are relatively high,AG*(298) = 47.7 kJ
smaller barriers can be expected for vinyl catidesh,i. This mol~1.38 This indicates strong conjugative interaction between
computational result is in qualitative agreement with the the vinyl cation moiety and the ferrocenyl substituengper.
experimental finding that only one signal for the equatorial and
axial methyl groups at silicon in vinyl cationgd,eh,i is Si'Me; 23 SiMe,
observed in théH and 23C NMR spectra recorded at 3C. <: c= C+—©54 CSIMeC =4S
This indicates equilibrium between tlsyn and anti isomers, S'Z'V'ez Fe 2
which is fast on the NMR time scale at room temperature. —r @
For the a-naphthyl-substituted vinyl cationsynanti-7, a
situation quite similar to that ofla—| is predicted by the
calculations, that is, structural features indicating (i) considerable
interaction between the-system of the naphthyl substituent
and the 2p(€) (i.e., short GCPs°honds: r(Ct—CPs9) = 138.6
pm) and (i) significant Si€ hyperconjugation (i.e., relatively
long &’Si bonds: ((CASi) = 196.4 and 196.5 pm). In addition,
the energy difference between tlsyn and anti isomer is
negligible AE = 0.1 kJ mot?, with theanti isomer being more
stable). In vinyl catior8, however, the particular geometry of
the ferrocenyl substituent leads to the unsymmetrical ground

8 per 8 plan

Experimentally, this barrier for internal rotation in vinyl cation
8 could be verified by temperature-dependéfisi NMR
measurements, which showed that the single liné #Si =
12.0 disappears in the baselineTat —15 °C and is replaced
atT = —30°C by two relatively broad signals at>°Si = 15.3
and 7.6 for the two nonequivalent silicon atoms in the ground
state of vinyl catiorBper. This process is reversible and can be
explained by the internal rotation around the-GC! single bond,
which equilibrates both silicon atoms 8. The activation
parameters for the hindered rotation as determined by a line

(37) We define thesynisomer as the isomer for which the substitueniriata
or ortho position of the aryl substituent is on the same side of a plane
spanned by the dicoordinated carbon atom and the two methylene carbon(38) The free enthalpy of activation for the internal rotation around the @

atoms @ and ¢, as the methylene carbon aton¥ CSimilarly, for the bond is computed from the electronic energy difference betvBpden
anti isomer, the substituent imetaor ortho position is on the opposite and8per at B3LYP/6-311G(2d,p), corrected by the thermal corrections to
side of this plane; see Figure 3. the free enthalpy as obtained at the B3LYP/6-31G(d) level.
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Table 3. Selected Computed NMR Chemical Shifts ¢ of Aryl-Substituted Vinyl Cations?

R é ngib 6 13(c+) 6 lB(C/i) 6 13(C!p50) é 13(Cur[ha) é 13(Cmela) é 13(Cpara)

la 26.3 199.9 93.4 117.9 151.2;151.2 137.3;137.2 152.9
1b 23.2 201.1 93.5 114.7 151.0; 150.4 138.0; 137.9 172.2
1c 22.9 201.3 93.4 114.7 151.0; 151.0 137.5;137.5 179.2
synld 21.3 199.5 96.7 115.2 166.1; 152.4 139.1;135.3 172.4
anti-1d 22.3 199.4 96.4 115.1 166.6; 152.0 139.0; 135.5 1725
synle 231 199.3 96.0 118.1 165.1;151.9 148.8; 138.0 154.8
anti-le 24.2 199.5 95.7 118.0 164.9;151.8 149.0; 137.9 154.7
1f 23.6 201.9 92.2 117.6 148.3; 148.3 151.3;151.3 156.2
19 21.0 202.8 94.2 114.2 150.8; 150.8 134.6; 134.6 168.0
synlh 28.2 192.7 99.3 108.8 183.2; 149.7 132.7;123.4 156.3
anti-1h 28.1 193.0 99.8 108.8 183.0; 149.8 132.8;123.4 156.3
synli 29.0 197.8 93.4 119.6 146.8; 135.8 172.4;139.0 141.0
anti-1i 29.2 197.8 93.4 119.6 146.9; 135.7 172.4;139.0 141.0
1k 25.2 198.6 94.6 114.0 154.7;154.7 125.5;154.7 183.9
1l 26.1 198.7 94.9 115.3 150.7; 150.7 138.4;138.4 173.1
syn7 215 200.0 98.1 114.7

anti-7 23.3 199.8 98.2 1145

8per 19.5 209.4 91.4 93.3

aComputed at GIAO/B3LYP/6-311G(2d,p)//B3LYP/6-31G(d), relative to calculated TMS (Rfo 2°Si(TMS) = 328.5;0 3C(TMS) = 182.8.°> Mean
value of two?°Si NMR chemical shifts. For vinyl catiorsa—I and7, the computed®Si NMR chemical shift difference for both silicon nuclei was smaller
than 0.3.¢ Mean value from 29Si(1) = 23.7 andd 2°Si(2) = 15.2.

shape analysis areAH* = (52.24 2.0) kJ motl, ASF = (12 and basis set. DFT-based methods, such as GIAO/DFT calcula-
+ 8) J K1 mol™%, and AG*(T& = 268 K) = (48.9+ 4.2) kJ tions, are known to overestimate paramagnetic contributions to
mol~* (see Supporting Information for details), which compares the chemical shielding, giving overly deshielded chemical shifts
favorably with the results of density functional calculations at in critical cases for molecules with small HOMO/LUMO
the B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) level of theory.  separationd!®44 It has been demonstrated that the accurate
Quantum mechanical methods for the calculation of NMR calculation of the magnetic properties of dienyl cations requires
chemical shifts have been extensively applied in c&foand high correlated methods, such as CCSD¥Pf The size of the
silyl-catiorf?41 chemistry, and the validity of theoretical struc- cations studied and the extent of the present investigation,
tures is frequently established by comparing the computed NMR however, prevent the use of these highly accurate methods. The
chemical shifts with the experimental data. Characterfégc overall agreement between the experimental and the theoretical
and 13C NMR chemical shifts calculated at GIAO/B3LYP/6- data (see Tables 1 and 3) is, however, satisfying when the
311G(2d,p)//B3LYP/6-31G(d) foda—I, 7, and 8 are sum- reduced accuracy of thH8éC NMR chemical shift calculations
marized in Table 32 The agreement between the calculated is taken into account.
29Si NMR chemical shifts) 2°Sicddand the experimental data _
for the vinyl cationsla—I, 7, and8 is convincing; that is, the ~ Conclusions
deviation A¢ 29Sjcalcd js small (AS 29Sjcaled = § 29Gjcaled — 5
295jexp = 0.5—4.1). Thus, the?*Si NMR chemical shift calcula-
tions corroborate the validity of the computed structures. The
performance of this specific theoretical model for the calcula-
tions of 13C NMR chemical shifts is much less satisfactory.
Although the general trend of the experiment&dC NMR

Theo-aryl-substituted vinyl cationsb—I, 7, and8 have been
synthesized by treatment of alkynyl silanes with trityl cation
and TPFPB as counteranion in benzene as solvent. The vinyl
cation salts have been isolated and characterized by NMR
spectroscopy, supported by density functional calculations on

hemical shifts is faithfull duced by th ) their structures, energies, and NMR parameters. The analysis
chemical shifts is faithfully reproduced by the computations, - ¢ e 15¢ and19% NMR data reveals in all investigated cases

the in_d ividugl errors between computed and exper_iméﬁml the delocalization of positive charge into the aryl substituent.
chemical shifts are large. In general, all characteristic carbon For the a-ferrocenyl-substituted viny! catio8, the extent of
nuclei of the ﬁry:'SUbit'tUted V'nlyl catiors—| are calculated m-delocalization could be quantified by the determination of
to b? t0o deshie d?d.' or example, fta, b}/ 4'2_14'1 ppm. In the free enthalpy barrier for internal rotation around tHe&es°
particular, the deviations for the sp-hybridized €arbon atom bond to beAG* = (48.9+ 4.2) kJ mofL. In addition, the?Si

are large: Ao 132 = +11.9-15.8. However, experimental NMR data give clear evidence for the occurrencegseBi—C

. ; : .
and calculated®C NMR chemical shift data are linearly hyperconjugation in these cations. Hammett-type analyses for

3 L
correlateff. This indicates that Fh_e d(_awatlons are_due to a eightmeta or para-substitutedx-arylvinyl cations suggest that
systematic error, for example, deficiencies of the applied method the extent ofo-delocalization by3-Si—C hyperconjugation is

(39) Reviews: (a) Schleyer, P. v. R.; Marker, Rure Appl. Chem1995 67,
755. (b) Siehl, H.-U.; Vréek, V. In Calculation of NMR and EPR (43) 6 C(theo)= (1.073+ 0.011);0 ¥C(exp)= (0.826+ 1.528);R = 0.996,

Parameter Kaupp, M., Malkin, V. G., Bhl, M., Eds; Wiley-VCH: SD = 2.906 for 74 data points; only tri- and dicoordinated carbon atoms
Weinheim, Germany, 2004. were included in the correlation; see Supporting Information for details.
(40) Maerker, C.; Schleyer, P. v. R. Iihe Chemistry of Organicsilicon (44) (a) Ottosson, C.-H.; Cremer, Drganometallics1996 15, 5495. (b) For
CompoundsRappoport, Z., Apeloig, Y., Eds.; Wiley: Chichester, U.K., a short review, see: Webb, G. A. Encyclopedia of NMR Spectroscopy
1998; Vol. 2, p 513. Grant, D., Webb, G. A., Eds.; Wiley: New York, 1996; p 4316.
(41) (a) Muler, T.; Zhao, Y.; Lambert, J. BOrganometallics1998 17, 278. (45) (a) Stanton, J. F.; Gauss, J.; Siehl, H.@hem. Phys. Lettl996 262
(b) Kraka, E.; Sosa, C. P.; Gemstein, J.; Cremer, DChem. Phys. Lett 183. (b) Siehl, H.-U.; Miler, T.; Gauss, JJ. Phys. Org. Chen?003 16,
1997 9, 279. 577.
(42) (a) Ditchfield, RMol. Phys.1974 27, 789. (b) Wolinski, K.; Hilton, J. F.; (46) (a) Gauss, JChem. Phys. Lett1992 191, 614. (b) Gauss, J. Chem.
Pulay, P.J. Am. Chem. S0d.982 104, 5667. (c) Cheeseman, J.; Trucks, Phys 1993 99, 3629. (c) Gauss, J.; Stanton, J.J=.Chem. Phys1996
G. W.; Keith, T. A.; Frisch, MJ. Chem. Physl996 104, 5497. 104, 2574.
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determined by the electron demand of the positively charged 139.0 pm). Considering the reliability of the computed structures

C* carbon atom, which is controlled by the electron-donating
ability of the aryl group. As a result, the contribution of
o-delocalization to the electronic structurelaf depressed with
increasing electron-donating ability of the aryl substituent in
vinyl cations1.

The consequences afconjugation and-delocalization are
clearly visible in the computed structures of catidres-1, 7,
and8. The short CCPs°hond predicted for all investigated vinyl
cations demonstrates the importancereesonance in-arylvi-
nyl cations, and the long ASi bond indicates considerable
electron transfer from the occupig@SiC o-bonds to the
formally empty 2p(C)-orbital. The subtle interplay between
m-conjugation ands-delocalization, which is clearly evident
from the analysis of the magnetic properties of vinyl catibns

is however not apparent from their computed structures, which

are all very similar. That is, all computed-St# bond lengths

are predicted to fall in a very narrow range between 196.2 and

197.8 pm, and also, the prominent structural indicator for
s-conjugation in vinyl cationsl, the C"CPs° bond length, is
computed to be very similar for all vinyl catiorls (137.7—

10860 J. AM. CHEM. SOC. = VOL. 127, NO. 31, 2005

at the applied level of theo},this result suggests that although
the NMR data indicate the effects of-delocalization and
mr-conjugation in vinyl cationd, intriguingly, this effect is not
apparent from the structural results.
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