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A series of diorganotrifluorosilicates, (4-XCsH )MeSiF;™ (1), (4-XCH)PhSiF;™ (2), (Me,CH;_,)PhSiF;
(3), (2-MeC¢H,)(4-MeCH)SiF;™ (4), and (2,6-Me,CgHs)(3,5-Me,CoH)SiF; (5) with the 18-crown-6 potassium
countercation were prepared. Moleculr structures of 2a (X = CF;), 2d (X = Me), 2e (X = Me0), 2f (X
= Me;N), 4, and 5 were determined by X-ray crystallography, confirming trigonal-bipyramidal structures.
The dihedral angle between the substituted phenyl group and the equatorial plane depends not on the
electronic effect but on the steric effect. Variable-temperature °F NMR studies on 2 provide the electronic
effects on energy barriers for pseudorotation. In 3C NMR studies, all carbon chemical shifts have been
observed and assigned unambiguously: the Si ipso carbons of aromatic rings and the methyl group have
been observed for the first time. Changes in chemical shifts A6(C) of anionic pentacoordinate silicates
(1 and 2) vs the corresponding neutral tetracoordinate silanes (6 and 7) are +17 to +20 ppm for Si ipso
(C1), +3 to +4 ppm for ortho (C2), -3 ppm for meta (C3), -4 to -7 ppm for para (C4), and +9 ppm for
methyl carbon. The charge distribution in the phenyl groups in silicates has been discussed in terms of
the electron-donating nature by the —SiRF;™ group via the = polarization effect. There are linear correlations
of the chemical shifts of Si ipso C1 (para to X) in the para-substituted phenyl groups and Si ipso C1’ in
the parent phenyl groups in 2 and 7 with the Hammett o,*, from which are estimated the relative electron

densities on Si ipso carbons C1 and C1’.

Introduction

It has been well recognized that penta- and hexa-
coordinate silicon species play an important role in reac-
tions or organosilicon compounds.! Pentacoordinate an-
ionic silicates have thus recently received much attention
from structural and mechanistic points of view,! including
structure determination,? nature of bonding,® intramo-
lecular ligand exchange (Berry pseudorotation),* inter-
molecular ligand exchange with tetracoordinate silanes,’
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enhanced reactivity toward nucleophiles,® and activation
of the silicon-carbon bonds toward electrophiles.’

While structural aspects from the steric viewpoints have
so far been discussed extensively, mainly by the Holmes
group,f4* gtudies on the electronic effect in penta-
coordinate silicon species have been restricted mostly to
the pseudorotation.‘*®f Quite recently, a systematic,
theoretical study on charge densities on silicon in tetra-
and pentacoordinate silicon species has been reported by
Deiter and Holmes;* interestingly, their study has shown
comparable charge densities in both cases.

We have been concerned with synthetic and mechanistic
studies on cleavage reactions of silicon—carbon bonds, most
of which have been believed to proceed through penta-
and/or hexacoordinate silicon species.”®* In connection
with mechanistic studies, we now report herein the X-ray
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Table I. Selected Bond Lengths (A) and Angles (deg) for 2a, 2d-f, 4, and 5°

2a 2d 2e 2f 4 5
Distances

Si-F1 1.677 (3) 1.673 (4) 1.683 (3) 1.679 (4) 1.701 (4) 1.687 (4)
Si-F2 1.639 (3) 1.678 (4) 1.636 (3) 1.636 (4) 1.636 (5) 1.621 (5)
Si-F3 1.717 (2) 1.722 (3) 1.713 (2) 1.721 (4) 1.713 (4) 1.723 (4)
Si—C1 1.918 (4) 1.901 (5) 1.898 (4) 1.899 (5) 1.904 (6) 1.899 (5)
Si—C7 1.893 (4) 1.899 (4) 1.903 (4) 1.909 (5) 1.889 (6) 1.908 (5)
K-F2 2.882 (3) 2.846 (3) 2.902 (3) 2.984 (4) 2.760 (5) b

K-F3 2.661 (2) 2.653 (3) 2.622 (2) 2.596 (4) 2.731 (4) 2.512 (4)

Angles

F1-Si-F2 89.6 (1) 89.2 (2) 89.1 (1) 89.7 (2) 88.4 (2) 89.7 (2)
F1-Si-F3 175.0 (1) 174.8 (2) 175.7 (1) 175.7 (2) 175.9 (2) 176.0 (2)
F1-8i-C1 91.5 (1) 91.9 (2) 91.5 (1) 91.9 (2) 91.0 (2) 91.9 (2)
F1-8i-C7 91.8 (1) 91.5 (2) 91.4 (1) 91.2 (2) 90.6 (2) 90.4 (2)
F2-Si-F3 85.4 (1) 85.7 (2) 86.7 (1) 86.0 (2) 87.5 (2) 86.5 (2)
F2-Si-C1 119.7 (1) 119.8 (2) 118.6 (1) 119.6 (2) 1174 (3) 117.5 (2)
F2-Si-C7 118.3 (1) 117.7 (2) 116.5 (2) 116.5 (2) 115.8 (3) 117.7 (2)
F3-Si-C1 90.8 (1) 90.9 (2) 90.6 (1) 90.8 (2) 91.0 (2) 91.0 (2)
F3-Si-C7 90.7 (1) 90.7 (2) 90.5 (2) 90.0 (2) 91.1 (2) 90.2 (2)
C1-Si-C7 121.9 (2) 122.4 (2) 124.9 (2) 123.8 (2) 126.8 (3) 124.8 (2)

4 Estimated standard deviations in parentheses. The atom-labeling scheme is shown in Figure 1. ®Longer than 3.5 A,

structures and/or °F and ®*C NMR studies of phenyl-
methyl- and diphenyltrifluorosilicates with para or ortho
substituents on the phenyl ring, in comparison with the
corresponding tetracoordinate diorganodifluorosilanes, to
clarify the electronic and steric perturbations in organic
groups upon formation of anionic pentacoordinate silicon
species. In particular, the observation of all carbons in-
cluding the Si ipso carbon chemical shifts has made it
possible for the first time to estimate the electron distri-
bution in the phenyl rings and the charge densities of the
Si ipso carbons which should govern the reactivity of the
silicon—carbon bonds.

Results and Discussion

Synthesis. A series of diorganotrifluorosilicates, (4-
XCH, )MeSiF;™ (1), (4-XC¢H,)PhSiF; (2), (Me,CeHs_,)-
PhSiF; (3), (2-MeCgH,)(4-MeC¢H,)SiF;™ (4), and (2,6-
Me,CcH,)(3,5-Me,CcH)SiF;~ (5), with the 18-crown-6

F ] F )
I F X sLF
[ O
(),
Ki*e18-crown-6 K1 8-crown-6
 Xa 2 a: X=CF
1 gxagh b XaCi®
e X=H ¢ XuH
d: X =Me d: X=Me
o: X = OMe o: X = OMe
f: X = NMe;

)

K" 18-crown-6

3

sangn

potassium countercation were examined in this study.
These were prepared by Damrauer’s elegant method*® from
the corresponding difluorosilanes by treatment with

spray-dried KF in toluene in the presence of 18-crown-6
(eq 1) and purified by recrystallization from THF. The

18-crown-6 [R1 R2si F:!]H W

K*.18-crown-6

RIR’SIF, + KF

toluene
use of exactly 1 equiv or less of KF was essential for pu-
rification of the silicates by recrystallization: an excess
amount of KF caused contamination with KF-18-crown-6
crystals.

X-ray Crystal Structure. Molecular structures of
[(4-CF3C¢H )PhSiF;1{K*-18-crown-6] (2a), [(4-MeCzH,)-
PhSiF;"][K*.18-crown-6] (2d), [(4-MeOC.H,)-
PhSiF;"][K*-18-crown-6] (2e), [(4-Me;NC¢H,)-
PhSiF; ] [K*-18-crown-6] (2f), [(2-MeC¢H,)(4-MeCcH,)-
SiF;"1{K*.18-crown-6] (4), and [(2,6-Me,CsH,)(3,5-
Me,CgH;)SiFy ] [K*-18-crown-6] (5) were determined by
X-ray crystallography. The structures and the atom-la-
beling schemes are given in Figure 1. These represent the
first determination of molecular structures of unsymme-
trical diaryltrifluorosilicates.

Selected bond lengths and angles are given in Table I.
All crystal data are summarized in Table II. Atomic
coordinates, thermal parameters, and full data of bond
lengths and angles are provided as supplementary material.
Since the crystal of compound 4 was not good enough for
refinement (R = 0.082, R, = 0.126), the data will be
omitted from the detailed discussions which follow.

Structural features are discussed on the basis of the
representative data, listed in Table III, which contains
bond lengths, bond angles, deviations of the Si atom out
of the equatorial plane, deformation parameter (A),% di-
hedral angles between the equatorial plane and aromatic
rings, and the corresponding literature data of some related
compounds for comparison.

(1) The molecular geometry about the silicon atom in
2 and 5 is referred to as trigonal bipyramidal (TBP) with
two aryl groups in the equatorial positions. The bond
lengths, bond angles, deviations of Si from the equatorial
plane, and deformation parameter (A) are all not largely
different from those of the parent counterpart, Ph,SiF,~.%
Only the Si—C1 (Si-C¢H,CF;) bond in 2a, 1.918 (4) A,
seems to be somewhat longer than other Si~C bonds in the
diorganotrifluorosilicate series and comparable to Si-C
bonds in a triaryldifluorosilicate, 1-NpPh,SiF,~.%

(2) The potassium cation interacts with two fluorine
atoms, one axial and one equatorial, with a shorter distance
to the former. Of two axial Si-F bonds, the Si-F3 bond
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Table II. Summary of Crystal Data, Intensity Collection, and Least-Squares Processing for 2a, 2d-f, 4 and 5

Tamao et al.

2a 2d
formula Cz5H3306FssiK C25H3606F38iK
fw 610.7 556.7
cryst sys monoclinic monoclinic
space group P2,/c P2, /c
a, 8.259 (2) 8.381 (1)
b, A 21.713 (2) 21.244 (1)
c, A 17.623 (2) 17.399 (1)
8, deg 110.75 (1) 111.38 (1)
v, A3 2955.2 (8) 2884.8 (5)
Z 4 4
pcaled, g cm™ 1.373 1.282
u#(Cu Ka), cm! 26.2 24.7
20mazx, deg 120 120
no. of unique refins 4393 4288
no. of reflns, used for refinement 3694 3456
R 0.056 0.060
R, 0.085 0.092
S 1.328 1.392

2e 2f 4 5
CosHyO7F3SiK  CygHygNOGF:SIK  CogHysOgF3SiK  CygH 0 06F;SIK
572.7 585.8 570.8 598.8
monoclinic monoclinic monoclinic orthorhombic
P/c P2/c P2,/c P2,2,2,

8.297 (3) 8.455 (2) 8.5623 (1) 17.872 (4)
21.515 (3) 21.665 (4) 17.937 (2) 20.331 (5)
17.604 (3) 17.416 (2) 20.347 (2) 8.553 (2)
111.61 (2) 110.67 (1) 107.93 (1)

2922 (1) 2985.1 (9) 2959.5 (6) 3108 (1)
4 4 4 4

1.302 1.303 1.281 1.280
24.8 24.2 24.2 23.3

120 110 110 130

4339 3644 3702 3000
3465 2839 2809 2680
0.051 0.057 0.082 0.041
0.074 0.084 0.126 0.056
1.250 1.287 1.476 1.464

Table III. Comparison of Bond Lengths, Bond Angles, Deviations from Trigonal-Bipyramidal Geometry, and Dihedral Angles for
Diaryltrifluorosilicates and Some Related Compounds®

X in (4-XC,H,)PhSiF,

CF, Me MeO Me,N 1-NpPh,-
(2a) 2d) (2e) 2f) B Ph,SiF;® Mes,SiF;~ ¢-BuPhSiF,;  SiF,° PhSiF,®
Si-F1,, A 1.677(3) 1873(4) 1.683(3) 1679(4) 1.687 (4) 1.688 1.678 (6) 1.682 (4) 1.720 (4) 1.668
Si-F3,,, Ad 1.713 (2) 1.722 (3) 1.713 (2) 1.721 (4) 1.723 (4) 1.688 1.729 (6) 1.718 (4) 1.720 (4) 1.670
Si—FZeq, A 1.639 (3) 1.638 (4) 1.636 (3) 1.636 (4) 1.621 (5) 1.648 1.641 (8) 1.639 (4) 1.601¢
Si—Cleq, A 1.918 (4) 1.901 (5) 1.898 (4) 1.899 (5) 1.899 (5) 1.893 1.872 (9) 1.897 (8)f 1.925 (7)% 1.871
Si-C7,, A 1.893 (4) 1.899(4) 1903 (4) 1.909(5) 1.908 (5) 1.893 1.915 (7) 1.902 (6) 1.915 (7)
deviation of Si from 0.032 (1) 0.027 (2) 0.022 (1) 0.031(2) 0.022 (2) 0.019 0.014
eq plane, A
F,-Si-F,,, deg 175.0 (1) 174.8 (2) 175.7 (1) 175.7 (2) 176.0 (2) 198.6 175.6 (3) 171.9 (2) 176.4 (2) 174.6
Ceq—Si_—Ceq, deg 121.9 (2) 122.4 (2) 124.9 (2) 123.7 (2) 124.8 (2) 118.9 127.0 (4) 124.3 (2)" 125.8 (3) 121.4¢
A, deg/ 6.9 7.6 9.2 8.1 8.9 8.7 114 12.4 9.4 6.8
dihedral angle, deg”
C1-Cse 86.1 (1) 83.5 (2) 74.1 (1) 87.9 (2) 65.9 (2)} 75 36.6 87 87.2 54.3
C7-C12 69.8 (1) 72.1(2) 73.5 (1) 75.3 (2) 28.6 (2)™ 75 32.8 58.4
34.8"
ref this work  this work this work this work this work 2b 4e 4d 2¢ 2a

¢ Atom-labeling systems are shown in Figure 1. Unless otherwise stated, the countercation is K*-18-crown-6. ®Countercation is Me,N*. ¢1-Np =
iF.-Si-F,,. /The sum of axial and
equatorial bond angle displacements from the values of 180 and 120°, respectively, for the ideal TBP structure (ref 2c). *Dihedral angle between the
aryl group and equatorial plane. /3,5-Xylyl group. ™2,6-Xylyl group. "Naphthyl group.

1-naphthyl. “Fluorine close to the countercation. °Average. /Si~t-Bu bond. #Si~Np bond. "F.-Si-C,,.

close to the K* ion is longer than the other in all cases.

(3) There are unusually large dihedral angles between
the aryl ring and equatorial plane in some cases. Thus,
the angle between the XCgH, ring and equatorial plane
in 2a, 2d, and 2f is 86.1, 83.5, and 87.9°, respectively, being
much larger than 75° or less which is found for the cor-
responding angles between the parent phenyl ring and
equatorial plane in our series 2 and in Ph,SiF; 2 and
PhSiF,~.?* There seems to be a tendency that equatorial
aryl groups in the TBP structure inherently avoid being
perpendicular to the equatorial plane because of steric
repulsion between the ortho hydrogens and axial fluorines,
as is seen in Ph,SiF;~ and PhSiF,~. It is therefore of
particular interest to note that the Me,NC:H, group in 2f
is almost perpendicular to the equatorial plane; the di-
hedral angle 87.9° is the largest ever reported for penta-
coordinate silicates. The largest values, 87-87.2°, so far
reported in literature have been found in t-BuPhSiF;~ 4
and 1-NpPh,SiF,",% in which the phenyl group appears
to be forced nearly perpendicular to the equatorial plane
by the other bulky equatorial group. In our cases, in
contrast, the electronic effect must be the primary factor,
but since both the electron-withdrawing (CF5) and elec-
tron-releasing (Me,;N) groups cause the perpendicular
arrangement, the exact nature of the electronic effect
would not readily be clarified.

The other extreme case has been observed in 5. Thus,
the 2,6-xylyl group rotates only 28.6° out of the equatorial

plane, which is among the smallest angles. This is obvi-
ously owing to the steric hindrance by ortho substituents,
as reported by Holmes and his co-workers: The smallest
values for monoorgano- and diorganofluorosilicates were
13.8° in (2,4,6-(t-Bu);CcH,)SiF, 4 and 30° in (2-
MeCeH4)2SiF3'.4°

(4) Another interesting structural feature is the extent
of planarity of the dimethylamino group in 2f; N1 deviates
0.169 (5) A from the C4-C13-C14 plane. It has been
known that the N-C(aromatic) bond length is well corre-
lated with the planarity of the nitrogen atom based on the
angle (¢) between the N-C(aromatic) and the bisector of
the Me-N-Me moiety.? Thus, an electron-withdrawing
group on the aromatic ring causes the coplanarity of amino
group and the bond-shortening, as shown by some perti-
nent data listed in Table IV. The data reveal that the
—-SiPhF;" group is a mild electron-releasing group, being
in line with the result deduced from the *C NMR data
(vide infra).

YF NMR Study for Intramolecular Ligand Ex-
change. Like other known anionic pentacoordinate sili-
cates,* diorganotrifluorosilicates prepared in this study all

(8) (a) Christen, D.; Norbury, D.; Lister, D. G.; Palmieri, P. J. Chem.
Soc., Faraday Trans. 2, 1975, 71, 438. (b) Ohms, R.; Guth, H. Z. Kris-
tallogr. 1984, 166, 213. (c) Nakai, H.; Saito, T.; Yamakawa, Acta Crys-
tallogr. 1988, C44, 533. (d) Nakai, H.; Saito, T.; Yamakawa, Acta Crys-
tallogr. 1988, C44, 1057.



Pentacoordinate Anionic Diorganotrifluorosilicates

Figure 1. X-ray crystal structures of [(4-CF,C¢H,)-
PhSiF,; }{K*-18-crown-6] (2a), [(4-MeCyH,)PhSiF;][K*-18-
crown-6] (2d), [(4-MeOC H,)PhSiF; ][K*-18-crown-6] (2e), [(4-
Me,NC¢H,)PhSiF;"][K*-18-crown-6] (2f), [(2-MeC¢H,)(4-
MeC¢H,)SiF, ][K*-18-crown-6] (4), and [(2,6-Me,C¢H,;)(3,5-
Me,C¢H;)SiF; ][K*-18-crown-6] (5). The K*.18-crown-6 part is
omitted from each structure for clarity.

undergo rapid ligand exchange via the Berry pseudorota-
tion to show a singlet in the F NMR spectrum at ambient
temperatures, which, upon cooling to —78 °C, separates into
two signals due to the apical and equatorial fluorine atoms.
The data are given in the Experimental Section.
Variable-temperature 1°F NMR studies have been car-
ried out on a series of (4-XCH,)PhSiF; (2) for the purpose
of elucidation of the electronic effects on the pseudoro-
tation. The coalescence temperatures were around -10 to
-20 °C. The energy barriers for the exchange are sum-
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Table IV. Comparison of Coplanarity of the
Dimethylamino Group and Bond Length in
Dimethylamino/Aromatic Compounds

ul": N 3¢ /__\ X
<4
compd ¢, deg N-C(aromatic), A ref
MezN—CN_O 0.3 1.351 8c
MezN_CN 5.5 1.367 8b
MezN_.Q_Sipth_ 20.0 1.402 this work
(2f)

Qe B

Table V. Energy Barriers for Intramolecular Ligand
Exchange of [ArAr'SiF; ][K* ¢ 18-crown-6]

silicate AG*, kcal/mol silicate AG?, kecal/mol
2a 9.7 2e 10.8
2b 10.2 3c 11.6
2c 10.4 5 12.3
1.0
3
% 10.6 |-
=3
*
[G]
4. 10.2 |
3
£
@
o
S 9.8 I
o
@
c
[t
9.4 A "N A J
-1.0 0.5 0.0 0.5 1.0

Figure 2. Hammett plot of energy barrier of the intramolecular
ligand exchange of 2a, 2b, 2¢, and 2e.

marized in Table V. Thus, electron-withdrawing sub-
stituents facilitate the pseudorotation, being consistent
with the previous results.f A good linear relationship has
been obtained between the energy barriers and the Ham-
mett ap+,9 as shown in Figure 2, the p value being +2.0 (r
= 0.977). Energy barriers for isomerization of 2,6-xylyl
derivatives 3¢ and 5 were also determined to be ca. 12
kcal/mol, as listed in Table V. The pseudorotation is
clearly retarded by bulky groups, in consonant with
Holmes’ *¢ and Dramrauer’s results.*

13C. NMR Spectra. (A) Assignments. °C NMR
spectra of silicates 1-5 were measured in acetone-dg. All
ring carbons were assigned unambiguously by the coupling
pattern with fluorine atoms on silicon, relative intensities
of signals, and/or the two-dimensional H-C COSY spectra.
As typical examples, 3C NMR spectra of pentacoordinate
silicate 2c and its tetracoordinate precursor 7c are repro-
duced in Figure 3. The *C NMR data, chemical shifts,
and coupling constants (Jcr) of silicates 1-5 and of the
precursors 6 and 7 are summarized in Tables VI and VIIL
Several points deserve comment.

(9) Swain, C. G.; Lupton, E. C. J. Am. Chem. Soc. 1968, 90, 4328.
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Table VI. 3C NMR Data of Arylmethyltrifluorosilicates 1 at -78 °C and Arylmethyldifluorosilanes 6 at +22 °C®

c3 c2 ": . ca c2 'FF
x20 NE—si X—C4©m—éi\’
L ~cH, CH,
6
1
1 (X)" C4 C3 C2 (t, chcsﬂze!) Ci (dt, 2Jcs;pj2 and ZJCSiFS) SiCH3 (dt, 2Jcsﬂr9rand chsm&)
1a (CFy)* 128.504 123.10° 138.29¢ 153.75/ 3.85 (49.70 and 10.20)
ib (C)) 133.32 126.71 140.31 (7.88) 146.38 (43.78 and 12.58) 4.12 (49.88 and 10.42)
le (H) 127.89 126.77 138.34 (7.65) 147.59 (42.99 and 11.08) 4.31 (50.28 and 10.47)
1d (Me)® 136.88 127.57 138.74 (7.65) 143.67 (43.13 and 11.33) 4.43 (49.41 and 13.13)
le (OMe)* 159.74 111.99 140.30 (7.80) 137.80 (42.63 and 11.37) 4.48 (50.95 and 10.08)
6 (X) C4 C3 C2 C1 (t, ¥cgiy) SiCH; (t, %Jogip)

6a (CFy) 133.91 125.78% 135.19 135.55 (19.25) -5.13 (16.35)

6b (C) 138.82 129.42 136.05 129.19 (19.90) -5.05 (16.83)

6c (H) 132.85 129.25 134.29 130.62 (19.18) -5.03 (17.00)

6d (Me)™ 143.14 129.94 134.35 127.12 (19.30) -4.96 (17.20)

6e (OMe)" 163.62 114.95 136.10 121.43 (19.80) ~4.90 (17.48)

@ Measured in acetone-dg at 50.29 MHz. Unless otherwise state, each signal appears as a singlet. Chemical shifts are recorded in § ppm
downfield, from TMS and coupling constants, in hertz. ®18-Crown-6 carbons appear at 5 70.21-70.27 (s). °CF; § 125.52 (q, 'Jcp = 269.58).
4Quartet, %Jcp = 38.75. ¢Broad singlet. /Not measurable. §Me § 21.15. *MeO & 54.46. {CF3 8 124.92 (q, 'Jop = 270.13). /Quartet, 2Jep =
32.05. *Quartet, %Jop = 3.75. 'Quartet, “Jeop = 1.90. ™Me & 21.63. *OMe § 55.47.
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Figure 3. '3C NMR spectra of Ph,SiF, (7¢) and

[Ph,SiF; ][K*-18-crown-6] (2¢) (aromatic region), recorded in
acetone-dg at +20 °C.

This is the first case where the Si ipso carbons in anionic
organofluorosilicates were observed successfully.'®!! While
the Si ipso carbons in diarylsilicates 2-5 could be observed
at ambient temperatures, those in arylmethylsilicates 1

(10) ®C NMR of tetracoordinate phenylsilane derivatives have been
extensively studied: (a) Nguyen-Duc-Chuy, Chvalovsky, V.; Schraml, J.;
Mage, M.; Lippmaa, E. Coll. Czech. Chem. Commun. 1975, 40, 875. (b)
Schraml, J.; Chvalovsky, V.; Magi, M.; Lippmaa, E. Coll. Czech. Chem.
Commun. 1975, 40, 897. (c) Rakita, P. E.; Worsham, L. S. J. Organomet.
Chem. 1977, 137, 145.

(11) ®*C NMR data of pentacoordinate aryl-silicon compounds are
available for only a few compounds such as silatranes and analogues,'*'?
and anionic phenylsilicates.*®* Si ipso carbons in pentacoordinate
arylfluorosilicates have never been reported so far.

(12) Harris, R. K.; Jones, J.; Ng, S. J. Magn. Reson. 1978, 30, 521.

were observed only at low temperatures around -78 °C.
Since the TBP structure of 1 is kept at low temperatures
on the NMR time scale, the Si ipso carbons (C1) and the
methyl carbons appear as double triplets having two dif-
ferent coupling constants Jcgir,, (43-50 Hz) and 2Jcgipe,
(10-13 Hz) (Table VI). The Si ipso carbons (C1 and C1’)
in 2-5 at ambient temperatures appear as quartets due to
coupling with three equivalent fluorine atoms arising from
rapid intramolecular exchange (Table VII). The coupling
constants %Jcg;r (about 35 Hz) of the latter in the tem-
perature range of rapid exchange are roughly equal to the
average of two 2Jcgirs, (43 Hz) and one 2Jcgipeq (12 Hz) in
the former. It may Be further noted that the coupling
constants 2Jgr in pentacoordinate silicates 1-5 are nearly
1.5 times larger than those in tetracoordinate silanes 6 and
7, although the origin is not clear at present.

There is an interesting tendency also in coupling be-
tween ortho carbons and fluorine atoms, *Joogr. Thus,
ortho carbons (C2) of para-substituted phenyl groups in
1 existing as a “frozen” TBP structure at ~78 °C appear
as triplets due to coupling with two apical fluorines, having
coupling constants 3JCCSiFap of ca. 8 Hz. In 2-5, at +20 °C
where these undergo rapid intramolecular ligand exchange,
ortho carbons of the parent phenyl group and para- and
meta-substituted phenyl groups appear as a quartet due
to coupling with three equivalent fluorines, having coupling
constants 3Jocgir of ca. 5 Hz, nearly equal to two-thirds of
the coupling constant in 1. On the other hand, ortho
carbons of ortho-substituted phenyl groups appear as
singlets, as observed in 3a, 3¢, 3e, 4, and 5. This striking
difference strongly suggests that the coupling is not
through bonds, but by through-space attractions or
through ortho hydrogen atoms, because such a coupling
may be hindered by the ortho substituents in ortho-sub-
stituted phenyl groups.

(B) Charge Distribution in Aryl Groups in Sili-
cates. 13C chemical shift should afford useful information
about the electronic nature of the particular carbon cen-
ter.” In particular, the chemical shifts of carbon para to
the substituent in monosubstituted benzenes have been

(13) A linear relationship of §(C,,,,) with the total charge densities
(factor 450 ppm/e): (a) Hehre, W. 4 ; Taft, R. W.; Topsom, R. D, Prog.
Phys. Org. Chem. 1976, 12, 159. (b) Hansen, P. E. Org. Magn. Reson.
1979, 12, 109.
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Table VII. *C NMR Data of Diaryltrifluorosilicates 2-5 and Diaryldifluorosilanes 7 at +22 °C®

c3 C2 F c3 cz ca M F
C4 C4 Cc2;1 | /F
X—@—-Sl cr S» 01 o Si[ ¢y G2
\© Me \© 1 e
. ca’
ce’ ca e
4
cz c3 C2 /F -
cl s. ‘o167 x—=0 N __g#
Cl oo
cy
Me c4
5 7
XCegH, CeHj
2 (X) C4 C3 C2(q, %Joegip)  Cl (q, 2egp) Ce’ C3 C2 (q,Jesw)  Cl (q, Woaw)
2a (CFy)° 128.96¢ 123.16¢ 138.64 (4.75) 154.94 (35.60) 128.06 126.99 138.43 (4.65) 147.55 (33.20)
2b (C)) 133.45 126.89 140.33 (4.95) 148.02 (34.88) 127.86 126.79 138.49 (4.72) 147.54 (35.95)
2¢c (H) 127.71 126.84 138.41 (4.75) 148.40 (34.88) 127.71 126.84 138.41 (4.75) 148.40 (34.88)
2d (Me)/ 136.70 127.66 138.90 (4.85) 144.88 (34.60) 127.54 126.77 138.40 (4.62) 149.02 (35.10)
2e (OMe)? 160.34 112.45 140.45 (5.15) 139.21 (34.80) 127.47 126.74 138.31 (4.53) 149.18 (35.00)
substituted pheny! phenyl
3t C4 C3 C2(q, ¥ecgir)  Cl (q, ogir) Cy C¥ C2 (q, %Jesip)  CV (q, *csw)
3a (2-Me)* 128.04¢ 126.11 141.26/ 149.74 (37.50) 128.85¢ 126.94 139.15 (4.65) 147.64 (32.83)
12383 134.25 . .
3b (3-Me)* 126.84¢ 135.21 139.13 (4.42) 148.54 (34.57) 127.69 126.84} 138.43 (4.67) 148.54 (34.92)
128327 13546 (4.48) . .
3¢ (2,6-Mey)! 127.85' 125.75¢ 141.14 149.30 (38.82) 127.03 126.81* 138.93 (5.15) 149.83 (32.50)
3d (3,5-Me,)™ 127.66* 135.1¢/ 136.20 (4.23) 148.66 (35.02) 129.22 126.82 138.46 (4.45) 148.08 (34.30)
3e (2,4,6-Me;)" 134.210 127.71 141.32 145.76 (38.82) 127.71 126.99 138.95 (5.05) 150.05 (32.53)
2'M606H4 4"M€CsH‘
4b,° C4 C3 C2 (q, aJCCSiF) C1 (q, chsﬂ.*) (07 C3 Cc2 (q, sJCSiF) cr (q, 2JCsip)
128.80 126.04': 141.20/ 149.89 (36.87) 137.1% 127.80¢ 139.44 (4.20) 143.79 (32.58)
123.79° 134.22
2,6'MGQCGH3 3,5'M€206H3
§bp C4 C3 C2 (q, 3JccsiF) C1 (q, Wesip) (674 C3 C2 (q, *Jesip) C1’ (q, %Jcsip)
129.37¢ 126.80 141.28 149.40 (38.10) 125.74¢ 135.25/ 136.58 (4.77) 149.57 (32.03)
7 (X) Cs C3 Ce C1 (& Jogy) cv Cy Co CY (t2Jcap)
7a (CFy)? 134.24" 125.95¢ 136.06 135.80¢ 133.64 129.58 135.21 127.50 (19.45)
7b (Cl) 139.29 129.65 136.89 127.87 (22.30) 133.41 129.45 135.08 127.13 (20.45)
7c (H) 133.24 129.40 135.11 128.49 (19.90) 133.24 129.40 135.11 128.49 (19.90)
7d (Me) 143.67 130.13 135.20 124.94 (20.13) 133.16 129.37 135.11 128.80 (20.15)
73 (Ome)” 163.92 115.16 137.02 119.10 (20.53) 133.06 129.33 135.10 129.00 (22.49)

% Measured in acetone-dg at 50.29 MHz. Unless otherwise stated, each signal appears as a singlet. Chemical shifts are recorded in 6 ppm

downfield from TMS, and couplmg constants, in hertz. ? 18-Crown 6 carbons appear at § 70.57-70.83 (s). ¢CF;3 5 126.06 (q, 'Jcp =

d Quartet 2Jcp

269.95).

30.65. ¢Quartet, *Jcr = 3.65. /Me & 21.35. ¢MeO & 54.89. *Me & 23.78. i Tentative assignments. /Me-substituted carbon.

*Me § 21.78. 'Me § 24.64. ™Me 4 21.67. "2,6-Me, 6 24.52; 4-Me 5 21.02. °2-Me § 23.78; 4-Me 4 21.35. P2,6-Me, § 23.56; 3,5-Me, & 21.19.

9CF; 6 124.88 (q, 'Jcr = 270.15). "Quartet, 2Jcp =

well correlated with the total charge density of the para
carbon. 1314

(1) The electronic effects on the benzene ring exerted
by -SiPhF, and -SiPhF;” groups as nuclear substituents
are discussed first. Differences in chemical shifts of all
carbons in Ph,SiF, (7¢) and Ph,SiF;™ (2¢) from that of
benzene (4 129.1 ppm in acetone-dg), AS(C(7¢ — CgHg)) and
A8(C(2¢ — C¢Hg)), are shown in A and B, respectively, in
Figure 4. Throughout this paper, a positive sigh means
a downfield shift. In the tetracoordinate case 7e, C2 and
C4 show small downfield shifts relative to those of benzene,
keeping C1 and C3 almost unperturbed, while in the case
of pentacoordinate 2¢, C1 and C2 show downfield shifts

(14) A linear relationship of 8(C,,,,) with o* and with the total charge
densities (factor 286 ppm/charge unit): Nelson, G. L.; Levy, G. C.;
Cargioli, J. D. J. Am. Chem. Soc. 1972, 94, 3089.

32.05. *Quartet, *Jcp = 3.77. *Indistinguishable. “Me 4 21.68. *OMe & 55.52.

and C3 and C4 small upfield shifts. Comparison of these
C4 chemical shifts indicates a weak electron-accepting
nature of the —SiPhF, group, as reported previously,’ and
an electron-releasing nature of the ~SiPhF;~ group.!®
For evaluation of the electronic effect of the —SiPhF;~
group, we next discuss the chemical shift changes upon
formation of pentacoordinate anionic silicates, 2¢ and le,
from tetracoordinate neutral silanes, 7¢ and 6e¢, respec-
tively; the data, A6(C(2c — 7¢)) and AS(C(lc - 6¢)), are

(15) Substituent constants for ¢ 1nductive and resonance effects may

be estimated to be o= +0.53 and og° = +0.19 for the —SiPhF, group and
=-1.02 and ¢g° = +0.04 for the —SiPhF; group, based on the following
empmca.l data, og® = 0.05(3(Cpara) — (Cprera)) and o7 = 0.424(5(Crqrs) -
3(Chengone)) + 0.032(5(Cpure) - .s(él,,,,,e,,e ); Voronkov, M. G.; Glukhikh, V.
L; D’yakov, V. M.; Kelﬁu, Kuznetsova, G. A.; Yarosh 0.G. Dokl
Akad. Nauk SSSR 1981, 258 387 Dokl. Phys. Chem. 1981, 258 398. See
also ref 1a. Somewhat different coefficients have also been report;ed.13
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Figure 4. '3C chemical shift changes on going from benzene to a tetracoordinate phenylsilane and pentacoordinate phenylsilicates,
from phenylsilanes to phenylsilicates, and from benzene to a phenylsilyl anion (ref 19a) and charge distributions.

Table VIII. Changes in '2C Chemical Shifts of Anionic
pentacoordinate Silicates 1 and 2 vs Neutral
Tetracoordinate Silanes 6 and 7, Respectively

A§{Cq(silicate — silane))

silicate ~ silane C4 C3 C2 C1 SiCH;,
1a—6a (CFy) -5.41 ~2.68 +3.10 +18.20 +8.98
1b-6b (CD) -5.50 ~3.02 +4.26 +17.19 +9.24
le—6c (H) -4.96 -2.48 +4.05 +16.97 +9.34
1d-6d (Me) -6.26 ~2.37 +4.39 +16.55 +9.39
le—6e (OMe) -3.88 ~2.97 +4.20 +16.37 +9.38
2a-7a (CFy) -5.92 -2.719 +2.58 +19.14 a
2bh-7b (C)) -5.84 -2.76 +3.44 +20.15 a
2¢~-7c (H) ~6.53 -2.56 +3.30 +19.91 a
2d-7d (Me) -6.97 ~2.47 +3.70 +19.94 a
2e-Te (OMe) -3.58 ~2.71 +3.43 +20.11 a

4 The corresponding data of the parent phenyl group are nearly
constant as follows: C4’ -5.53 to -5.62; C3 —2.56 to —2.66; C2’
+3.21 to +3.92; C1’ +19.91 to +20.41.

shown in C and D, respectively, in Figure 4. There are
thus +17 to +20 ppm and +9.3 ppm downfield shifts for
the Si ipso carbon (C1) of the phenyl group and for the
saturated methyl carbon, respectively. The latter may be
ascribed to the ¢ inductive effect and other possible effects
such as steric effects.'®17 With this value as the standard,
the excess downfield shift, nearly +10 ppm, of the Si ipso
carbon (C1) of the phenyl group may be ascribed primarily
to the = inductive effect such as through-space = polari-
zation (F,) induced by the electric fields of charged sub-
stituents.’® On the basis of the data in C and D, the
charge distribution in the phenyl group is schematically
represented as B’, being characteristic of the = polarization
effect. The C1 atoms in 2¢ and le may thus become
electron-deficient in comparison with those in 7¢ and 6c¢.
This is a sharp contrast to the charge distribution A’ in
7c, where the resonance effect (R,) is the predominant
effect. It is worthy of note here that the electron distri-
bution in the phenyl group in silicates is quite similar to
that in silyl anions, which has also been explained by the
electric field = polarization effect, as shown in E and E’.*°

Finally, effects of para substituents are considered.
Changes in 3C chemical shifts for a series of para-sub-
stituted phenylsilicates from the corresponding silanes,

(16) Breitmaier, E.; Voelter, W. Carbon-13 NMR Spectroscopy; VCH:
Weinheim, 1987; Chapter 3.

(17) The downfield shift, however, does not necessarily mean the
electron deficiency of the methyl carbon. Theoretical studies on penta-
coordinate silicates have shown an increase in electron densities on all
iigand3 atoms in comparison with the corresponding tetracoordinate si-
anes.

(18) (a) Reynolds, W. F. Prog. Phys. Org. Chem. 1983, 14, 165. (b)
Katritzky, R. R.; Topsom, R. D. J. Chem. Educ. 1971, 48, 427.

(19) (a) Buncel, E.; Venkatachalan, T. K.; Eliasson, B.; Edlund, U. J.
Am. Chem. Soc. 1985, 107, 303. (b) Olah, G. A.; Hunadi, R. J. Am. Chem.
Soc. 1980, 102, 6989.
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Figure 8. Hammett plots of 3C chemical shifts of C2 (@), C3
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AS(C(1 - 6)) and A6(C(2 - 7)), are summarized in Table
VIII. The data clearly indicate that the changes in the
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charge distribution during the structural change from
neutral tetracoordinate silane to anionic pentacoordinate
silicate are hardly influenced by the para substituents.
Thus, the charge distribution in each case is essentially
the same as that in the parent phenyl cases discussed
above, suggesting the predominance of the = polarization
effect in silicates.

(2) Electronic effects on the charge densities at the Si
ipso (C1) carbons are estimated here. The 13C chemical
shifts of C1 (para to X) of the substituted phenyl group
and C1’ of the parent phenyl group in silicates 2 and silanes
7 are plotted against Hammett ¢+ constants® of the sub-
stituents to give linear relationships, as shown in Figure
5,131 while no linear relationships are obtained with other
aromatic carbons, as shown in Figure 6;® however, all lines
for silicate 2 are parallel to the respective lines for silane
7. The parallelism reveals that the mechanism of the
transmission of the electronic effects by para substituents
is little affected by structural change at silicon from
tetracoordinate to pentacoordinate state.

The linear relationships in Figure 5 are pertinent to the
present discussion. As mentioned before, it has been es-
tablished that there is a linear relationship between the
chemical shift and the total charge densities, which is in
turn correlated linearly with the Hammet o,*, of the para
carbons of monosubstituted benzenes.!®4 Apparently, the
rule can be applied to the present silyl-substituted cases.
The parallel two lines, with about 20 ppm difference, for
C1 (para to X) in 2 and 7 (» = 0.997 and 0.998) have
positive signs, indicative of lower field shifts with elec-
tron-withdrawing substituents. Interestingly, the slopes
are slightly larger than that of the reference line!* for para
carbons of monosubstituted benzenes, demonstrating that
the Si ipso C1 (para to X) atoms in para substituted
phenyl-silicon compounds are slightly more sensitive to
the electronic effect by the para substituents than the para
carbons in monosubstituted benzenes.

The linear relationships of C1’ of the parent phenyl
groups in 2 and 7 are also interesting; the slopes are small
negative, being opposite to the lines for C1. The silicon
moieties seem to be almost an insulator for the trans-
mission of the electronic effect between two ligands but
definitely to reverse the electronic nature of C1’ vs C1. It
may also be noted in this connection that tetracoordinate
silicon and pentacoordinate silicon moieties behave sim-
ilarly in the electronic effect transmission.

Difference in electron densities on the two Si ipso car-
bons C1 and C1’ may, therefore, be estimated from the
chemical shift difference Ad(C) = 6(C1) — 6(C1’) between
the two aromatic rings in the same molecule. If the em-
pirical factor 450 ppm/e is employed,'® A5(C) = +7.39 ppm
for 2a (X = CFjy), +0.48 ppm for 2b (X = Cl), -0.97 ppm
for 2d (X = Me), and —4.14 ppm for 2e (X = OMe) cor-
respond to +0.016 e, +0.001 e, —0.009 e, and —0.022 e
differences, respectively (the positive sign means that C1
is more electron-deficient than C1’). Obviously, these
electronic biases also apply roughly to the silanes.

The present aspects concerning the electronic effects
observed in anionic pentacoordinate organosilicon species,
especially the estimation of the charge density differences
on the Si ipso carbons, should be useful for elucidation of
reaction mechanisms of the silicon-carbon bond cleavage
reactions which involve penta- and/or hexacoordinate
anionic silicon species as key intermediates. We will
discuss these aspects in the mechanistic study on the hy-
drogen peroxide oxidation of the silicon—carbon bond.%

(20) Essentially the same shapes have been obtained in plots of the
aromatic carbon chemical shifts of 1 and 6.
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Experimental Section

General Remarks. 'H (200 MHz), *C (50.29 MHz), °F (188.15
MHz), and #8i (39.73 MHz) NMR spectra were recorded on a
Varian VXR-200 spectrometer equipped with a VX-4000 com-
puter. 'H and 13C chemical shifts were referenced to internal
acetone-ds (*H 6 2.05 ppm; °C 4 29.8 ppm) or CDCl, (*H 6 7.24
ppm) relative to Me,Si at § 0.00 ppm. °F chemical shifts referred
to CFCl; (*°F 6 0.00 ppm) as an internal standard. 2Si chemical
shifts were relative to Me,Si in ppm. ®Si NMR experiments were
performed with proton decoupling, using a standard !*C pulse
program. Temperature calibration was accomplished by using
a standard methanol sample, with a calibration error of £1.0 °C.

Ether was distilled under N, from sodium/benzophenone, while
benzene, tetrahydrofuran (THF), and toluene were distilled from
lithium aluminum hydride.

Preparation of Diorganodichlorosilanes and Diorgano-
difluorosilanes. Arylmethyldichlorosilanes and unsymmetrical
diaryldichlorosilanes were prepared in the usual manner from
MeSiCl; and PhSiCl;, respectively, by treatment with the ap-
propriate arylmagnesium bromide in dry ether or dry ether—
benzene, except some ortho-substituted diaryldichlorosilanes, as
described below. Conversion of the dichlorosilanes into the
corresponding difluorosilanes was carried out by treatment with
an excess amount of antimony trifluoride at -50 °C to room
temperature for 6-12 h, followed by filtration and distillation.
Only one example is described herein. Yields, boiling points,
spectral and high-resolution mass data for other chlorosilanes and
difluorosilanes (6 and 7) are given in the supplementary material.

(1) 3,5-Xylyltrichlorosilane. A solution of 3,5-xylyl-
magnesium bromide was prepared from 3,5-xylyl bromide (25 g,
135 mmol) and magnesium (3.6 g, 149 mmol) in dry ether (100
mL). This Grignard solution was slowly added to a solution of
silicon tetrachloride (18 mL, 157 mmol) in dry ether (100 mL)
at 0 °C over 1 h under nitrogen, and the mixture was stirred at
room temperature overnight. After filtration through Celite, the
filtrate was evaporated and distilled to give 12.52 g (39%, based
on the xylyl bromide) of 3,5-xylyltrichlorosilane: bp 117-120 °C
(19 mmHg); 'H NMR (CDCl,, 200 MHz) § 2.378 (s, 6 H), 7.209
(bs, 3 H), 7.401 (bs, 6 H); IR (liquid film, cm™) 2928 (s), 1602 (s),
1410 (s), 1276 (s), 1140 (vs), 870 (s), 850 (s), 690 (s); MS m/z
(assignment, relative intensity) 242 (M* + 4, 8), 241 (M* + 3, 3),
240 (M* + 2, 20), 239 (M* + 1, 3), 105 (100).

(2) (2,6-Xylyl)(3,5-xylyl)dichlorosilane. To a solution of
2,6-xylyl bromide (6.03 mL, 45 mmol) in dry ether (90 mL) was
added dropwise n-butyllithium (1.6 M in hexane, 50 mL, 80 mmol)
at 0 °C over 10 min, and the mixture was stirred at room tem-
perature overnight. The resulting 2,6-xylyllithium solution was
added dropwise to a solution of 3,5-xylyltrichlorosilane (11 g, 46
mmol), prepared above, in ether (80 mL) at 0 °C over 1 h. After
stirring at room temperature for 12 h, filtration through Celite,
evaporation of solvents, and distillation gave 12.17 g (87% yield
based on xylyl bromide) of the dichlorosilane: bp 135-137 °C (0.2
mmHg); 'H NMR (CDCl,) 6 2.339 (s, 6 H), 2.431 (s, 6 H), 7.037
(AB,, J = 7.8 Hz, 2 H), 7.133 (bs, 1 H), 7.277 (AB,, J = 7.8 Hz,
1 H), 7.375 (bs, 2 H); IR (liquid film, cm™) 2972 (s), 2932 (s), 1452
(vs), 1402 (s), 1138 (s), 858 (s), 774 (s), 694 (s); MS m/z (assign-
ment, relative intensity) 308 (M*, 14), 202 (11), 106 (100).

(3) (2,6-Xylyl)(3,5-xylyl)difluorosilane, (2,6-Me,C:H;)-
(3,5-Me,CH,)SiF,: 56% yield; bp 104-106 °C (0.15 mmHg); 'H
NMR (acetone-dg) & 2.302 (s, 6 H), 2.461 (t, J = 2.5 Hz, 6 H), 7.134
(AB,, J = 7.4 Hz, 2 H), 7.237 (s, 1 H), 7.268 (s, 2 H), 7.367 (AB,,
J = 7.4 Hz, 1 H); 3C NMR (acetone-dg) 6 21.19, 23.56 (t, J = 3.0
Hz), 126.68 (t, 2Jcp = 15.65 Hz), 129.01, 130.83 (t, %Jor = 19.53
Hz), 131.94, 132.86, 134.60, 138.96, 146.04; '°F NMR (acetone-d;)
6 —131.04 (1Jpg; = 292.8 Hz); IR (liquid film, cm™) 1454 (s), 1146
(s), 888 (8), 834 (8), 776 (s), 696 (s), 600 (s); MS m/z (assignment,
relative intensity) 277 (M* + 1, 24), 276 (M™, 100), 261 (55), 106
(72), 104 (20); HRMS calcd for C,;HsF,Si 276.1147, found
276.1169.

Preparation of the 18-Crown-6 Potassium Salt of Di-
organotrifluorosilicate, [RR’SiF; ][K*.18-crown-6] (1 and
2). According to Damrauer’s procedure,*® diorganodifluorosilane
(6 or 7) (6 mmol) was stirred with spray-dried KF (5.5 mmol) and

(21) Tamao, K.; Hayashi, T.; Ito, Y. Manuscript under preparation.



190 Organometallics, Vol. 11, No. 1, 1992

18-crown-6 (5 mmol) in toluene (10 mL) at room temperature for
1-2 days. The resulting white crystalline solids were collected
by filtration. Recrystallization from THF gave pure silicate.

[(4-CF;C.H,)MeSiF; ]J[K*:18-crown-6] (1a): 32% yield; 'H
NMR (acetone-ds, +22 °C) 6 0.080 (b, 3 H), 3.607 (s, 24 H), 7.454
(AB q,J = 7.40 Hz, 2 H), 8.069 (AB q, J = 7.40 Hz, 2 H); °C NMR
(acetone-dg, +22 °C) & 3.65 (b), 70.66, 123.07 (q, *Jcr = 1.23 Hz),
126.02 (q, 1Jcp = 269.22 Hz), 128.78 (q, 2Jcr = 30.98 Hz), 137.96,
155.09 (b); °F NMR (acetone-dg, +22 °C) § —61.60 (s, 3 F), -109.79
(b, 3 F); **F NMR (acetone-dg, -78 °C) § -60.20 (s, 3 F), -81.56
(q, *Jyy = 8.84 Hz, ‘Jpg; = 251.74 Hz, 2 F), -132.76 (s, 'Jpg; = 210.64
Hz, 1 F); IR (KBr, cm™) 1354 (s), 1330 (s), 1164 (s), 1112 (vs),
1058 (s), 966 (s), 808 (s), 752 (s), 668 (s). Anal. Caled for
CyHy FeOeSiK: C, 43.79; H, 5.70. Found: C, 43.50; H, 5.69.

[(4-CIC;H,)MeSiF; ][K*-18-crown-6]) (1b): 70% yield; mp
148.5~149.5 °C; 'H NMR (acetone-dg, +22 °C) § 0.032 (b, 3 H),
3.631 (s, 24 H), 7.138 (AB q, J = 8.40 Hz, 2 H), 7.911 (AB q, J
= 8.40 Hz, 2 H); '"H NMR (acetone-dg, —78 °C) 6 ~0.015 (t, *Jyuy
= 19.20 Hz, 3 H), 3.541 (s, 24 H), 7.238 (AB q, J = 8.20 Hz, 2 H),
7.918 (AB q, J = 8.20 Hz, 2 H); 13C NMR (acetone-dg, +22 °C)
5 4.22 (br), 70.76, 126.67, 133.18, 139.99; °F NMR (acetone-d,
+22 °C) 4 -100.05 (b); °F NMR (acetone-dg, —78 °C) & -83.42 (q,
SJFH = 8,28 HZ, IJFSi = 250.52 HZ, 2 F), -133.42 (S, IJFSi = 210.16
Hz, 1 F); IR (KBr, cm™) 2396 (vs), 1356 (s), 1252 (s), 1106 (vs),
966 (s), 804 (s), 762 (s), 664 (s). Anal. Caled for C;sH;,CIF;04SiK:
C, 44.31; H, 6.07. Found: C, 44.02; H, 6.01.

[PhMeSiF; J[K*-18-crown-6] (1c): 86% yield; mp 114.5-115
°C; 'H NMR (acetone-dg, +22 °C) § 0.054 (b, 3 H), 3.620 (s, 24
H), 7.068-7.179 (m, 3 H), 7.887-7.984 (m, 2 H); 'H NMR (ace-
tone-dg, —78 °C) § 0.009 (t, *Jyr = 9.80 Hz, 3 H), 3.536 (s, 24 H),
7.102-7.233 (m, 3 H), 7.879-7.999 (m, 2 H); 1°C NMR (acetone-dg,
+ 22 °C) § 70.82, 126.70, 127.38, 138.09; 1°F NMR (acetone-d,
+22 °C) 5§ —99.68 (b); 1°F NMR (acetone-dg, ~78 °C) 4 -83.85 (q,
3y = 8.65 Hz, Wpg; = 251.37 Hz, 2 F), -133.22 (s, 'Jpg; = 210.18,
1 F); IR (KBr, cm™) 2904 (s), 1528 (vs), 1354 (s), 1250 (s), 1108
(vs), 968 (8). Anal. Calcd for C,gH3,F304SiK: C, 47.48; H, 6.71.
Found: C, 47.10; H, 6.85.

[(4-MeC;H,)MeSiF; J[K*-18-crown-6] (1d): 79% yield; mp
126-127 °C; 'H NMR (acetone-dg, +22 °C) § 0.032 (b, 8 H), 2.231
(s, 3 H), 3.624 (s, 24 H), 6.946 (AB q, J = 7.70 Hz, 2 H), 7.833
(AB q, J = 7.70 Hz, 2 H); 'H NMR (acetone-dg, —78 °C) § —0.012
(t, *Jur = 9.10 Hz, 3 H), 2.206 (s, 3 H), 3.546 (s, 24 H), 6.978 (AB
q,J = 7.60 Hz, 2 H), 7.840 (AB q, J = 7.60 Hz, 2 H); 1°C NMR
(acetone-dg, +22 °C) 8 4.20 (b), 21.34, 70.68, 127.54, 136.40, 138.41;
15F NMR (acetone-dg, +22 °C) 4 -99.63 (b); °F NMR (acetone-dg,
-78 °C) 6 -84.37 (q, *Jry = 8.28 Hz, 'Jpg; = 248.92 Hz, 2 F), -133.24
(s, 'Jpg; = 210.35 Hz, 1 F); IR (KBr, cm™) 2904 (s), 1528 (vs), 1476
(s), 1354 (s), 1250 (s), 1108 (s), 968 (s). Anal. Caled for
029H34F3068iK: C, 48.56; H, 6.93. Found: C, 48.31, H, 6.88.

[(4-MeOC;H,)MeSiF; J[K*-18-crown-6] (le): 27% yield; mp
122-122.5 °C; 'H NMR (acetone-dg, +22 °C) 5 0.028 (s, 3 H), 3.619
(s, 24 H), 3.728 (s, 3 H), 6.721 (AB q, J = 8.80 Hz, 2 H), 7.899
(AB q, J = 8.80, 2 H); '"H NMR (acetone-dg, 78 °C) 5 —0.025 (t,
3Jyr = 8.60 Hz, 3 H), 3.547 (s, 24 H), 3.694 (s, 3 H), 6.745 (AB
q, J = 8.30 Hz, 2 H), 7.901 (AB q, J = 8.30 Hz, 2 H); 1*C NMR
(acetone-d;, +22 °C) 6 4.20 (b), 54.92, 70.74, 112.36, 140.00, 160.14;
I5F NMR (acetone-dg, +22 °C) 6 —98.43 (b); °F NMR (acetone-ds,
-78 °C) 6 —84.57 (q, *Jyy = 7.71 Hz, lJpg; = 250.52 Hz, 2 F), -133.10
(s, lJrg; = 210.92 Hz, 1 F); IR (KBr, cm™) 2900 (vs), 1530 (vs),
1354 (s), 1254 (s), 1108 (vs), 968 (s), 806 (s), 662 (s). Anal. Caled
for CoH3,F30-SiK: C, 47.04; H, 6.71. Found: C, 46.92; H, 6.61.

[(4-CF;C:H,)PhSiF;" ][K*-18-crown-6] (2a): 58% yield; mp
182.5-183.0 °C; 'H NMR (acetone-d) 6 3.634 (s, 24 H), 7.098-7.190
(m, 3 H), 7.397-7.493 (m, 2 H), 7.977-8.080 (m, 2 H), 8.106-8.208
(m, 2 H); °F NMR (acetone-dg, +22 °C) § -61.70 (s, 3 F), -109.90
(b, 3 F); F NMR (THF-dg, -90 °C) -59.69 (s, 3 F), ~101.02 (*Jg;
= 253.81 Hz, 2 F), -184.33 (1J5g = 206.40 Hz, 1 F); ¥Si NMR
(acetone-dg) 6 -110.44 (1Jgr = 239.73 Hz); IR (KBr, cm™) 1356
(s), 1326 (s), 1162 (s), 1104 (vs), 1058 (8), 964 (s), 548 (s). Anal.
Caled for Cg5H33FsossiK: C, 49-17; H, 5.45. Found: C, 48-99;
H, 5.55.

[(4-CIC.H,)PhSiF; ][K*-18-crown-6] (2b): 43% yield; mp
163-164 °C; 'H NMR (acetone-dg) 4 3.600 (s, 24 H), 7.105-7.217
(m, 5 H), 7.946-8.073 (m, 4 H); °F NMR (acetone-dg, +22 °C)
§-110.27 (b); F NMR (THF-d, -90 °C) § ~101.79 (*Jpg; = 253.81
Hz, 2 F), -134.19 (}Jpg; = 206.97 Hz, 1 F); IR (KBr, cm™) 1108
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(vs), 966 (s). Anal. Calcd for Co H3CIFO6SIK: C, 49.95; H, 5.76.
Found: C, 50.06; H, 5.69.

[Ph,SiF,; ][K*-18-crown-6] (2¢): 41% yield; mp 122.5-123.0
°C; 'H NMR (acetone-d;) 6 3.552 (s, 24 H), 7.114-7.215 (m, 3 H),
8.008-8.092 (m, 2 H); °F NMR (acetone-dg, -85 °C) 5 -99.55 (s
= 255.13 Hz, 2 F), —132.69 (*Jrg; = 205.65 Hz); Si NMR (ace-
tone-dg) § —109.06 (!Jgr = 238.06 Hz); IR (KBr, cm™) 2900 (s),
1354 (s), 1108 (vs), 964 (s), 788 (s), 742 (s), 716 (s), 704 (s), 668
(s). Anal. Caled for C, H3,0.FSiK: C, 53.03; H, 6.35. Found:
C, 53.12; H, 6.31.

[(4-MeCH,)PhSiF; )J[K*-18-crown-6] (2d): 54% yield; mp
127-128 °C; 'H NMR (acetone-dg) & 2.252 (s, 3 H), 3.595 (s, 24
H), 7.013 (AB q, J = 7.9 Hz, 2 H), 7.114-7.221 (m, 3 H),
7.861-8.040 (m, 2 H), 7.910 (AB q, J = 7.9 Hz, 2 H); °F NMR
(acetone-dg, +22 °C) 5 -110.78 (b); 'H NMR (acetone-dg, —78 °C)
4 -99.99 (IJFSi = 251.56 HZ, 2 F), -133.04 (IJFSi = 206.02 HZ, 1
F); 2Si NMR (acetone-dg) 3 ~109.71 ({Jgr = 237.74 Hz); IR (KBr,
cm™) 1354 (s), 1106 (vs), 966 (s), 752 (s), 692 (s). Anal. Caled
for CysH3s06F,SiK: C, 53.94; H, 6.52. Found: C, 54.08; H, 6.49.

[(4-MeOC:H,)PhSiF; J[K*-18-crown-6] (2e): 62% yield; mp
155-156 °C; '"H NMR (acetone-dg) 6 3.596 (s, 24 H), 3.725 (s, 8
H), 6.737 (AB q, J = 8.8 Hz, 2 H), 7.073-7.162 (m, 3 H),
7.957-8.062 (m, 2 H), 8.008 (AB q, J = 8.8 Hz, 2 H); F NMR
(acetone-dg, +22 °C) § -109.70 (b), 1°F NMR (THF-d,, —90 °C)
5 -102.53 (tJpg; = 249.11 Hz, 2 F), ~133.69 (\Jgg; = 203.96 Hz, 1
F); 2Si NMR (acetone-dg) 6 -110.04 (*Jgr = 237.82 Hz); IR (KBr,
em™) 1108 (vs), 966 (s). Anal. Caled for CosHs,O-F SiK: C, 52.43;
H, 6.34. Found: C, 52.30; H, 6.37.

[(4-Me,;NC;H,)PhSiF; J[K*18-crown-6] (2f): 39% yield;
mp 166-167 °C; 'H NMR (acetone-d,) & 2.853 (s, 6 H), 3.622 (s,
24 H), 6.5698 (AB q, J = 8.8 Hz, 2 H), 7.035-7.134 (m, 3 H),
7.901-8.026 (m, 2 H), 7.952 (AB q, J = 8.8 Hz, 2 H); 13C NMR
(acetone-dg, +45 °C) § 40.70, 70.84, 112.11, 126.80, 127.49, 138.08,
140.16, 151.57; IR (KBr, cm™) 1106 (vs), 688 (s). Anal. Caled
for Cst39F306F3NSiKI C, 53.31; H, 6.71. Found: C, 53.11; H,
6.85

[(2-MeC;H,)PhSiF; ][K*-18-crown-6] (3a): 43% yield; mp
122.5-123.5 °C; 'H NMR (acetone-dg) § 2.467 (s, 3 H), 3.534 (s,
24 H), 6.934-6.995 (m, 3 H), 7.168-7.263 (m, 3 H), 7.423-7.523
(m, 1 H), 8.059-8.163 (m, 2 H); °F NMR (acetone-dg, +22 °C)
6-103.09 (b); *F NMR (acetone-dg, ~90 °C) 5 -89.18 (\pg; = 253.82
Hz, 2 F), -131.03 (*J5g; = 211.29 Hz, 1 F); IR (KBr, cm™) 2896
(s), 1354 (8), 1110 (vs), 968 (s), 704 (s), 872 (s). Anal. Caled for
Cz5H35F3068iK: C, 53-94; H, 6.52. Found: C, 53.71; H, 6.51.

[(3-MeC;H,)PhSiF; ][K*.18-crown-6] (3b): 50% yield; mp
140-141 °C; 'H NMR {acetone-dg) 4 2.267 (s, 3 H), 3.557 (s, 24
H), 6.927-7.113 (m, 2 H), 7.116-7.212 (m, 3 H), 7.780~7.896 (m,
2 H), 7.978-8.096 (m, 2 H); F NMR (acetone-dg, +22 °C) &
-109.79 (b); °F NMR (acetone-d, -90 °C) 5 —99.39 (\Jpg; = 239.33
Hz, 2 F), -132.85 (*Jrg; = 208.66 Hz, 1 F); IR (KBr, cm™) 1110
(8). Anal. Caled for Co;H3O6F SiK: C, 53.94; H, 6.52. Found:
C, 53.72; H, 6.46.

[(2,6-Me,CsH;)PhSiF; J[K*-18-crown-6] (3¢): 75% yield,;
mp 142.0-142.5 °C; 'H NMR (acetone-dg) 6 2.392 (s, 6 H), 3.525
(s, 24 H), 6.746 (A of A,B, J,p = 7.8 Hz, 2 H), 6.837 (B of A;B,
Jap = 7.8 Hz, 1 H) 7.166-7.257 (m, 3 H), 8.060-8.174 (m, 2 H);
19F NMR (acetone-dg, +22 °C) 6 -91.81 (b); °F NMR (acetone-d,
-90 °C) 5 -88.74 (Wpg; = 255.14 Hz, 2 F), -126.97 (“WJpg, = 214.31
Hz, 1 F); IR (KBr, cm™) 2908 (vs), 1353 (s), 1112 (vs), 968 (s),
746 (S), 678 (S), 586 (S), 512 (S). Anal. Calcd for CgsH3506FasiK:
C, 54.71; H, 6.71. Found: C, 54.51; H, 6.85.

[(3,5-Me,CcH;)PhSiF; J{K*-18-crown-6] (3d): 84% yield;
mp 151-152 °C; 'H NMR (acetone-dg) 5 2.230 (s, 6 H), 3.561 (s,
24 H), 6.796 (s, 1 H), 7.100-7.202 (m, 3 H), 7.645 (s, 2 H),
7.976-8.083 (m, 2 H); °F NMR (acetone-dg, +22 °C) & -108.92
(b); '°F NMR (acetone-dg, =90 °C) 6 —99.01 (1Jrg; = 244.22 Hz,
2 F), -132.82 (1Jpg; = 207.34 Hz, 1 F); IR (KBr, cm™) 1110 (s),
686 (s). Anal. Caled for C;qHgOgF3SiK: C, 54.71; H, 6.71. Found:
C, 54.70; H, 6.86.

[(2,4,6-Me,CoH,)PhSiF; J[K*18-crown-6] (3e): 57% yield;
mp 133.5-134.5 °C; '"H NMR (acetone-dg) & 2.149 (s, 3 H), 2.357
(s, 6 H), 3.521 (s, 24 H), 6.580 (s, 2 H), 7.135-7.252 (m, 3 H),
8.053-8.170 (m, 2 H); 1°F NMR (acetone-dg, +22 °C) 6 -92.70 (b);
15F NMR (acetone-dg, 90 °C) 6 -88.43 (‘Jop = 253.82 Hz, 2 F),
-126.96 (}Jcp = 213.74 Hz, 1 F); IR (KBr, cm™) 2896 (bs), 1354
(), 1110 (bs), 966 (s), 502 (s). Anal. Caled for CyH,;,OF3SiK:
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C, 55.46; H, 6.89. Found: C, 55.22; H, 7.11.

[(2-MeC:H,)(4-MeC;H,)SiF; ][K*-18-crown-6] (4): 61%
yield; mp 125-126 °C; 'H NMR (acetone-d) & 2.302 (s, 3 H), 2.467
(s, 3 H), 6.846-6.995 (m, 3 H), 7.058 (AB q, J = 8.0 Hz, 2 H),
7.426-7.514 (m, 1 H), 8.022 (AB q, J = 8.0 Hz, 2 H); 9F NMR
(acetone-dg, +22 °C) 6 -103.23 (b); '°F NMR (acetone-dg, 90 °C)
6 -89.29 (Jypg = 227.10 Hz, 2 F), -130.86 (*Jor = 208.47 Hz, 1
F); IR (KBr, cm™) 1110 (vs). Anal. Caled for Co,sHgsOF;SiK:
C, 54.71; H, 6.71. Found: C, 54.42; H, 6.77.

[(2,6-Me,C.H;)(3,5-Me,CH;)SiF; J[K*-18-crown-6] (5): 41%
yield; mp 124.5-125.0 °C; 'H NMR (acetone-d;) 6 2.259 (s, 6 H),
2.392 (s, 6 H), 3.533 (s, 24 H), 6.736 (AB,, J = 8.2 Hz, 2 H), 6.826
(AB,, J = 8.2 Hz, 1 H), 6.837 (s, 1 H), 7.719 (s, 2 H); F NMR
(acetone-dg, +22 °C) 6 -90.03 (b); °F NMR (acetone-dg, —90 °C)
8 -87.96 (\Jpg; = 258.71 Hz), -126.65 (1Jgg; = 214.31 Hz); IR (KBr,
Cm_l) 1108 (Vs). Anal. Caled for ngH4206F3SiK: C, 56.16; H,
7.07. Found: C, 55.95; H, 7.13.

Variable-Temperature °F NMR Studies. The variable-
temperature '°F NMR studies have been carried out in a THF-d;
solution of silicates (30-50 mg). The energy barriers for intra-
molecular ligand exchange (AG?, kcal/mol) were calculated by
the Eyring equation.

X-ray Studies. Intensity data were collected on a Rigaku
AFC-5R diffractometer using graphite-monochromatized Cu Ko
radiation (A = 1.54178 A) and «w-26 scan values of 20 reflections
in the range 35° < 26 < 40°. No significant changes in intensities
of three standard reflections monitored every 100 measurements
were observed during data collection. The structures were solved
by use of the program MULTANs7%? and refined by the block-di-
agonal least-squares method to minimize the function of
Y (w|AR?). Corrections for absorption were applied after isotropic
least-squares refinement for the non-H atoms, by an empirical
method based on the differences between the observed and
calculated structure factors.?? Many of the H atoms were located
in a difference electron density map, the others being stereo-
chemically positioned. Positional parameters of all the atoms and
anisotropic thermal ones of the non-H atoms were refined: the
temperature factor of each H atom was assumed to be isotropic
and estimated to be equal to the equivalent isotropic temperature
factor of the bonded atom. Atomic scattering factors were cal-
culated by the analytical appoximation, 3" {a; exp(-b; (sin? §)A?)]
+c(i=1,..4).%* All computations were performed on a FACOM
M-340R computer at Shionogi Research Laboratories. Crystal-
lographic details are listed in Table II. Bond lengths for 18-
crown-6 parts of all the compounds, in which the atoms are
subjected to thermal motions of a large anisotropy, are shorter

(22) Debaerdemaeker, T.; Germain, G.; Main, P.; Tate, C.; Woolfson,
M. M. MULTANS87 Computer Programs for the Automatic Solution of
Crystal Structures form X-ray Diffraction Data; University of York:
York, England, 1987.

(23) Walker, N.; Staurt, D. Acta Crystallogr. 1983, A39, 158.

(24) Cromer, D. T.; Waber, J. T. International Tables for X-ray
Crystallography; Kynoch Press: Birmingham, England, 1973; Vol. IV,
Table 2.2B.
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than the corresponding normal values.

The crystals of 2a, 2e, and 4 used for the X-ray study were
recrystallized from THF, while those of 2d, 2f, and 5, from acetone.
For 2a, the trifluoromethyl group is disordered, with an equal
probability, at the two locations related approximately by a 2-fold
axis imagined to lie along the C4—C13 direction. In Figure 1, one
of the locations is shown for clarity. For 4, the relatively large
R value was attained due to poor quality of the crystal (chim-
neylike crystal) and large thermal motions exhibited especially
in the 18-crown-6 part. Therefore, the geometrical data are
inadequate to compare with those of other compounds.
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27-3; (4'M62NCSH4)PhSiclg, 137364-28-4; (2-MBCGH4)PhSiClz,
38948-60-6; (3-MeCyH,)PhSiCl,, 13688-71-6; (3,5-Me,C¢H,)-
PhSiCl,, 137364-29-5; (2-MeCgH,)(4-MeCgH,)SiCl,, 137364-30-8;
(2,6'M3206H3)Phsiclg, 137364-31-9; (2,4,6-Me305H2)PhSiC12,
137364-32-0; (2-MeCgH,)MeSiF,, 137364-36-4; (2-MeCgH,)PhSiF,,
137364-41-1; (3-MeCgH,)PhSiF,, 137364-42-2; (2-MeCgH,)(4-
MeC:H,)SiF,, 137364-43-3; (2,6-Me,CsH;)PhSiF,, 119795-64-1;
(3,5-Mey,CgH)PhSiF,, 137364-44-4; (2,4,6-MeysCqH,)PhSiF,,
137364-45-5; MeSiCl;, 75-79-6; PhSiCl;, 98-13-5; 3,5-xylyltri-
chlorosilane, 2942-84-9; 3,5-xylyl bromide, 556-96-7; silicon tet-
rachloride, 10026-04-7; (2,6-xylyl)(3,5-xylyl)dichlorosilane,
137364-46-6; 2,6-xylyl bromide, 19393-92-1; (2,6-Me,C¢H,)(3,5-
MechHg)Sin, 137364-47-7.

Supplementary Material Available: Tables of atomic co-
ordinates, thermal parameters, and bond lengths and angles for
2a, 2d, 2e, 2f, 4, and 5 (Part 1, Tables S-I-S-XVIII) and a textual
presentation of preparative methods and physical and spectral
data of diorganodichlorosilanes and diorganodifluorosilanes in-
cluding 6 and 7 (Part 2) (32 pages); listings of structure factors
for 2a, 2d, 2e, 2f, 4, and 5 (Tables S-XIX-S-XXIV) (152 pages).
Ordering information is given on any current masthead page.



