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Crystal Structure of the One-Electron Reduction Compound of
a Di(m-silylphenylenedisiloxane)

Cosmina Dutan,™ Sylvie Choua, Théo Berclaz,’ Michel Geoffroy,*1
Nicolas Mézailles,* Audrey Moores,* Louis Ricard,* and Pascal Le Floch*#

Contribution from the Department of Physical Chemistry, UniVersity of GeneVa,
30 Quai Ernest Ansermet, 1211 GeneVa 4, Switzerland, and
Laboratoire Hétéroéléments et Coordination, UMR CNRS 7653, Département de Chimie,
Ecole Polytechnique, 91128 Palaiseau Cedex, France

Abstract: Reduction of a solution of octamethylcyclo-di(m-silylphenylenedisiloxane) 4 in THF on a potassium mirror leads to EPR/
ENDOR spectra characterized by a large coupling (~20 MHz) with two protons, similar to the spectra obtained after reduction of the
m-disilylbenzene derivative 5, consistent with a localization of the extra electron on a single ring of 4. The spectra recorded after
reduction of 4 at low temperature in the presence of an equimolar amount of 18-crown-6 exhibit couplings of ~10 MHz with four
protons and indicate that embedding the counterion in crown-ether provokes the delocalization of the unpaired electron on the two
phenyl rings of 4. The measured hyperfine interactions agree with those calculated by DFT for the optimized structure of 4*~. Direct
information on the structure of this anion is obtained from the X-ray diffraction of crystals grown at —18 °C in reduced solutions
containing 4, potassium, and crown ether in a THF/hexane mixture. Both DFT and crystal structures clearly indicate the geometry
changes caused by the addition of an electron to 4: the interphenyl distance drastically decreases, leading to a partial overlap of the
two rings. The structure of 4°~ is a model for an electron transfer (ET) transition state between the two aromatic rings. The principal
reason for the adoption of this structure lies in the bonding interaction between the LUMO (x* orbitals) of these two fragments;
moreover, the constraints of the macrocycle probably contribute to the stabilization of this structure.

Introduction the benzene radical anion potassium-crown ether and of the
monomeric toluene radical anion analogue have recently been
reportec®

A particularly interesting situation occurs when the organic
molecule allowed to react with the alkali metal contains two
equivalent aromatic subsystems. In this case, communication
between these two subsystems increases delocalization of the

: . . . unpaired electron and can lead to a new type of chemical bond
concept of tight or loose ion pairs composed of an aromatic or Fr)nolecular structure. For example, we %Ewe recently shown
radical anion and a metal cation, eventually separated by solvent ' pie, y

. . h that reduction of the diphosphacyclophafieleads to the
molecules, is of central importanéélany studies focused on : -
- . . . formation of an intramolecular one-electron P—P bénd.
the constitution of these ion pairs, and it has been shown that

Reduction of aromatic systems by contact with alkali metal
is one of the earliest electron-transfer reactions studied in
chemistry! It has rapidly been realized that a large variety of
ionic species coexist in the reaction medium and that the
physical and chemical forms of ion pairs play a decisive role
in the chemical behavior of the solutiénin this field, the

several aromatic anions and solvent molecules can be involved R R o ©
in these edificed.In some favorable cases, these species could on S R.R\\; SR <
be crystallized, and for example, the structure of the dimer of §:(<® Po-d— mn @ b g <<
P’ s R R¥si k'R
. . \ A
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(1) Lipkin, D.; Paul, D. E.; Townsend, J.; Weissman, SS¢ience1953,117,
534. Weissman, S. |.; Townsend, J.; Paul, D. E.; Pake, .Gl. Ehem.
Phys.1953,21, 2227. De Boer, EJ. Chem. Phys1956,25, 190. . . . .

(2) Szwarc, M'Acc. Chem. Red.969, 2, 87. Apparently, this process is made possible by the constraints

©) géwggzlhfé%&lghgg; Red972,5, 169. Dye, J. LAngew. Chem., Int. of the macrocycle which maintain the two CPC moieties in an
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(4) Bock, H.; Nather C.; Ruppert, K.; Havlas, 2. Am. Chem. Socl992, (5) Hitchcock, P. B.; Lappert, M. F.; Protchenko, A. ¥. Am. Chem. Soc.
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7622. L.; Mathey, F.; Le Floch, PJ. Am. Chem. So2001,123, 6654.



adequate relative orientation. These results prompted us to look
for a molecular framework that could stabilize an unpaired
electron between two partially superposed phenyl rings &s in
Such a system can be seen as a representation of the transition®3' 4
state of an electron transfer (ET) between two disilylbenzene &
rings according to an inner-sphere mechanism.

Electron transfer between two phenyl rings is a fundamental
process in chemistry; it was mainly investigated by studying
radical anions derived from paracyclophafé$Such studies
revealed that an electron-hopping process between two super-
posed rings takes place in systems Bkdut as far as we know,
direct information about the structural modifications induced
by the presence of the extra electron could never be directly

Sil']
o1’

obtained. Moreover, all the attempts to form the radical anion
of the anti[2.2]metacyclophane failéd.

We decided therefore to proceed to the one-electron reduction

of the system4 featuring two phenyl rings linked in meta
positions by two—R,Si—O—SiR,— bridges, this framework
being structurally analogous to that used in our experiments
with phosphorus derivatives. Although the macrocycle is
certainly much more flexible ia than in usual [2.2]cyclophanes,

Figure 1. ORTEP view of the X-ray crystal structure 6f This structure
is composed oft*~ and of [K(18-C-6)(THF)].

Whereas, no reaction occurred with Na metal, the reaction with
K turned dark red after a few minutes and evolved to yield an
inhomogeneous dark brown solution. Suspecting that the tem-
perature would probably play an important role on the composi-
tion of the reacting medium, we carried out the same experiment

the two aromatic rings are expected to remain rather close toat —18 °C. Under these conditions, an homogeneous brown

each other in two almost parallel planes.

Si” \
R = Re=2
4
\0—31 Eto=si 2 3
VAN AN
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In the present study, we use EPR/ENDOR spectroscopy to
identify the one-electron reduction products 4fand to

solution slowly formed within 12 h but no crystals could be
grown from it. More satisfactory results were obtained by
reactingd with K metal in a THF/hexane mixture in the presence
of 18-crown-6. After 3 days at-18 °C, small dark brown
crystals of 6 were formed. Compound turned out to be
extremely sensitive toward moisture and oxygen, and crystals
could not be analyzed using classical conditions. Protecting them
in oil did not prevent their rapid decomposition. They were
successfully mounted on the X-ray diffractometer under a stream
of argon gas at-18 °C (see the Experimental Section for
technical details on the technique used). An ORTEP view of

determine some of the experimental conditions that govern theis presented in Figure 1.
formation of these species as well as the nature of the ion pairs As can be seen, the structure ®tonsists of two discrete

produced in the reacting medium. The interpretation of the

units: a reduced molecule @f and the countercation [K(18-

spectra is, in part, based on a comparison between the spinC-6)(THF)]. To precisely assess the effects of the reduction

delocalization found fo#*~ and5*~. The structural modifications

on the structure o4, its structure was recorded under the same

which accompany the addition of an unpaired electron between conditions (—150C) used for6. Indeed, the structure dfhas

the two partially overlapping phenyl rings are rationalized by

already been recorded by other authBrbut at room temper-

DFT calculations and, finally, evidenced by the crystal structure ature. To facilitate this comparison, the metric parameters of
of 4~. Then, the properties of this structure are examined in both structures are summarized in Table 1. They will be
order to know to what extent it is consistent with an ET discussed, together with those resulting from structure optimiza-
transition state. tions in the DFT part (vide infra).

2. Chemical Reduction and EPR SpectraA pale yellow
solution of4 in THF turned to yellow/orange when in contact
with a potassium mirror at 220 K. As shown in Figure 2a, this
loxane) 4 and Crystal Structures. The mono electronic  solution led, at 210 K, to an EPR spectrum characterized by a
reduction of 4 was attempted in two solvents: THF or 20.0 MHz hyperfine interaction with two spi, nuclei; each
dimethoxyethane with sodium or potassium metal as reducing line of the resulting 1—2—1 pattern exhibits smaller additional
agents. In a first series of experiments, these reductions werecouplings. The same spectrum was recorded, at 210 K im-
carried out at room temperature by reactihin solution with mediately after reaction at 300 K, of a THF solutiondobn a
an equimolar amount or a slight default of the alkali metal. potassium mirror in the presence or in the absence of crown
ether. To identify the numerous hyperfine constants, ENDOR
experiments were carried out with this latter solution. The
resulting spectrum is shown in Figure 2b; it clearly indicates
four different small'H coupling constants which are reported
in Table 2 and which led to a good simulation of the EPR

Results

1. Reduction of Octamethylcyclo-difn-silylphenylenedisi-

(7) Eberson, L.; Shaik, S. 3. Am. Chem. S0d.990,112, 4484.
(8) Kochi, J. K.Angew. Chem., Int. Ed. Endl988,27, 1227. Rosokha, S. V.;
Kochi, J, K.J. Am. Chem. So2001,123, 8985.
(9) Gerson, F.; Martin, W. B., Jd. Am. Chem. S0d.969,91, 1883.
(10) Gerson, FTopics in Current Chemistrywogtle, F., Ed.; Springer: Berlin;
57

(11) Attempts to form the radical anion of the anti[2.2]metacyclophane afforded
the radical anion of tetrahydropyrene with the concomitant release.of H
Iwaizumi, M.; Isobe. TBull. Chem. Soc. Jpr1965,38, 1547. Elschenb-
roich, Ch.; Gerson, F.; Boekelheide, Melv. Chim. Actal971,54, 361.

(12) zZhang, R.; Pinhas, A. R.; Mark, J. E.; Lake, C.HInorg. Organomet.
Polym.1999,9, 63.



Table 1. Calculated and Experimental Geometriesé for 4 and 4°*~

neutral molecule 4 radical anion 4*~
parameter crystal structure anti conformer (DFT) from crystal structure of 6 anti conformer (DFT)

C1l---C1’ 3.323(3) 3.532 3.089 3.358
C6--:C2' 3.676 4.185 3.509 3.830
C5-C6 1.399(2) 1.407 1.435 1.433
C4-C5 1.389(2) 1.395 1.380 1.398
C1-C6 1.402(2) 1.407 1.399 1.408
C2-Sil 1.876(1) 1.891 1.850 1.867
C2-Si1-01 108.67 110.389 112.1 112.89
Si1-01-Si2 139.61 151.33 129.22 133.89
&b 0.0 0.0 0.0 0.0

aDistances in A, angles in degre£: angle between the normals to the phenyl rings.

single species was responsible for the five lines of the quintet,

2b we performed ENDOR measurements by saturating the five lines

JJWWWM successively. For each saturating position, the same ENDOR

lines were recorded (Figure 4b). The resulting coupling constants

are shown in Table 2. They allowed us to reproduce the

10 13 15 18 20 substructure observed on transition 1, 3 and 5. This variation
MHz of the spectrum with temperature is due to the well-known

alternating line-width phenomenon. This is caused by a time-

dependent mechanism associated with rapid jumps of the

electron between two sites exhibiting a same hyperfine structure

2a with two equivalent protons. This is consistent with a hopping
of the electron between the two phenyl rings and agrees with

W e the previous observation on paracyclophaffdscan neverthe-

less be remarked that the fluxionality of the macrocycle could
also give rise to an alternating line-width phenomenon by
making the proton couplings of the two rings slightly different;
interconversion between various conformations of similar mac-
341 342 343 344 rocycles has recently been detected by NMRherefore, we
mT cannot totally exclude this second interpretation.
Figure 2. (a) EPR spectrum obtained at 210 K after reaction of a solution _3' DFT Calculatpns. A. Systems Containing Orle_ Benzene
of 4 in THF on a potassium mirror. (b) ENDOR spectrum obtained with Ring. DFT calculations were performed Gnand5* in order
the same solution. to assess the structural modifications induced by the reduction
of the 1,3-bis(ethoxydimethylsilyl)lbenzene system. After pre-
spectrum'® Reduction of5 is expected to afford the coupling  liminary MM+ calculations, the geometries &fand of its
constants of a radical anion delocalized on a single radical anion were optimized by DFT by assumingCa
disilylphenylene moiety. The corresponding EPR spectrum, symmetry. The results show that, besides an increase2d§°®
obtained after reaction of a solution &fin THF, at room in the C3—C4—-C5 and C2—-C1—-C6 bond angles, the one-
temperature on a potassium mirror is shown in Figure 3 togetherelectron reduction ob causes an increase of the C2—C3 (0.06
with the corresponding ENDOR spectrum obtained at 196 K. A) and C5—C6 bond lengths together with a decrease in the
The resulting EPR parameters are given in Table 2. C2-Si (0.054 A) and C6—Si bond lengths.

To detect the spectral modifications caused by the presence These geometrical properties are consistent with the MO
of crown ether, the following experiments were carried out with shown in Figure 5: in the neutral compound, four carbon atoms
THF solutions containing equimolar quantities 4fand 18- participate in the HOMO (called;) which is bonding between
crown-6. The EPR spectrum obtained after reduction with C2 and C3 and between C5 and C6, while the HOMO-1 (called
potassium of such a solution, at 200 K, is shown in Figure 4a. x,) is delocalized on the six carbons and is bonding among
Clearly, this spectrum is different from the spectrum shown in C2—C1—-C6 and among C3—C4—CS5. In the radical anion, the
Figure 2a. It is characterized by a quintet pattern exhibiting an SOMO corresponds to the antibonding orbital consistent
hyperfine coupling of=11 MHz. An additional structure is  with the increase in the C2C3 and C5-C6 bond lengths. This
detected on the five lines, but the resolution of this structure is SOMO is bonding between carbon and silicon, in accord with
dependent upon both the position of the transition and the the shortening of the C2Si and C6-Si bonds. The various
temperature of the sample. Clearly, between 170 and 250 K, proton isotropic coupling constants are reported in Table 3. In
transitions 1, 3, and 5 exhibit additional smaller splittings which accord with the SOMO shown in Figure 5, the salient feature
are not detected with transitions 2 and 4. This temperature is a large hyperfine interaction (30 MHz) with the two protons
dependence was found to be reversible. To ascertain whether &ound to C3 and C5.

B. Systems Containing Two Benzene RingsTwo main

(13) Probably due to a too low intensity, the high-frequency signal (correspond- i i
ing to an hyperfine coupling of 20 MHz) is not observed on the ENDOR types of structures can be envisaged4orthe syn and the anti

spectrum. Nevertheless, the corresponding splitting is clearly measured on
the EPR spectrum. (14) Mitchell, R. H.J. Am. Chem. So2002,124, 2352.




Table 2. Experimental Isotropic *H Coupling Constants for the Reduction Products of 4 and 5

coupling constants? with proton in position (MHz)

compd experimental conditions 35 4 Me(Si) 1 Me(Si")

4 without crown ether, 20.8(x2) 1.93(x1) 1.46(x12) 1.04(x1) 0.57(x12)

reaction at 220 K or 300 K
with crown ether, 20.02(x2) 2.00(x1) 1.46(x12) 1.07(x1) 0.57(x12)

reaction at 300 K

4 with crown ether, 11.42(x4) 1.77(x2) 0.61(x24)
reaction at 200 K

5 without crown ether, 21.00(x2) 2.80(x1) 1.08(x12) 0.65(x1) 0.23(x4)

reaction at rt

aThe coupling constants are measured from ENDOR spectra, and the number of equivalent protons is obtained after simulation of the EPR spectra; the
number of equivalent protons is given in parentheses. The positions of the protons are determined after comparison with DFT results.

3b ’
| 4b
N
! ‘ [“f
¥
10 15 20 25 ‘
MHz 10 15 20
MHz
3a 4a
: : : . 340 341 342 343 344
340 341 342 343
mT

mT

Figure 3. (a) EPR spectrum obtained at room temperature after reaction
of a solution of5 in THF on a potassium mirror. (b) ENDOR spectrum
obtained with the same solution.

Figure 4. (a) EPR spectrum obtained at 200 K after reaction on a potassium
mirror, at 200 K, of a solution containing equimolar quantities4aind
18-crown. (b) ENDOR spectrum obtained with the same solution.

the Si-O—Si bond angles which are smaller in the experimental
structures than in the optimized geometries. This leads to
interphenylene distances which are shorter for the crystal-

have limited our calculations to the minimum energy syn and - . S
anti conformers found after a geometry optimization which lographic strugtures than for the DFT optimized geometries: for
example, the differencAcict (Acict = C1CIprr — C1CLeysta)

assume£2 symmetry. Since the crystal structures of both the .

neutral and the anionic species correspond to the anti conform-IS equal to 0.209 A and 0.269 A fa¥ and 4", respectively,
P P while the corresponding valués:>c» are equal to 0.509 A and

ers, the calculated geometrical parameters are reported in Tabkb321 A, respectively. These differences are possibly due to
1 for these conformers only (the parameters calculated for the . ; ) -
packing effects in the crystal. The important point shown by

syn isomers are given as Supporting Information). For both the e .
Y 9 PP 9 ) . Table 1 concerns the structure modifications induced by the
neutral molecule and the radical anion, the energy of the anti . ;
. . one-electron reduction &. DFT geometries, as well as crystal
conformer is found to be lower than that of the syn conformer: .
structures, show that by passing from the neutral molecule to

(kizrrgoii"?grlifqual to 1.449 keal mot for 4and t0 7.175 " ical anion two main modifications appear: (1) a
' deformation of the phenylene rings which remain planar but

conformers (4-synand 4-anti). Although the molecule can
possibly wobble between a great number of conforrievee

. . undergo an increase in the C23,C5—-C6 (and C2-C3',C5'—
Si{ Sf\ \ C6'") distances Aanion—neuraiS €qual to 0.026 A for the DFT
@Zof @ o—si—~ geometries and 0.034 A for the crystals) and (2) a drastic
ésfi" 78\1 @ shortening of the distance between the two phenylene rings.
C}S_/O O==si The DFT calculated G1C1' distance decreases by 0.174 A
AN N (0.234 A for the crystal), while the G&C2' and C2—C6DFT
4-syn 4-anti distances decrease by 0.355 A (0.167 A for the crystal);

consistent with this diminution in the interphenylene distance,
As shown in Table 1, the geometries calculated for the neutral a spectacular decrease in the-8i—Si angles (17.44by DFT,
and anionic anti conformers agree with those measured from 10.39°in the crystal) occurs by passing from the neutral to the
the crystal structures. Nevertheless, some differences exist inanionic species. Also noteworthy is the shortening of theSC



NEUTRAL — RADICAL ANION

. J

HOMO-1 (1) — SOMO-2

Figure 5. Representation of the molecular orbitals fdand its radical
monoanion (cutoff= 0.0500).

Figure 6. Representation of the SOMO fdr~ (cutoff = 0.0349).

bond. Similar effects are calculated for the syn conformer and
are given as Supporting Information.

DFT calculations clearly indicate that the positive atomic spin

Table 3. Calculated H Isotropic Coupling Constants? (MHz)

radical

anion H35(35) H4(4) HI(l)  Si-CHP  Si—CH;  CH,-Me
5 —-30.3 6.88 0.99 1.57 1.57 0.19
4= —-13.81 3.11 0.405 0.83 0.88

aValues in parentheses correspond to the additional protond*for
b Averaged value for the three protons of each methyl group; two sets of
four equivalent methyl groups #t~ and two sets of two equivalent methyl
groups in5~.
are presented in Figure 7 for bothand its radical monoanion.
The calculated isotropiH coupling constants are given in Table

3.
Discussion

As shown in Figure 5, the SOMO of the radical aniorbof
is mainly constructed from the 2prbitals of the C2,C3, C5,
and C6 carbon atoms and, to a smaller extent, from the silicon
p. orbitals. Consistent with the composition of this SOMO, the
EPR spectrum d&~ shown in Figure 3 exhibits a large coupling
with the two protons bound to carbons in positions 3 and 5.
Although the coupling constants calculated by DFT are rather
larger than the experimental ones, the accord can be considered
as reasonable. The fact that the reactiom @hn a potassium
mirror in the absence of crown ether leads to EPR/ENDOR
spectra which are very similar to those obtained by reduction
of 5 (Table 2) indicates that, in these conditions, the radical
anion remains localized on only one of the two benzene moieties
of 4. In both cases, a tight ion pair'k:-\[RCsH4R]*~, stabilized
by the electrostatic attractive interactibg is probably formed.

In the presence of crown ether, however, the principal coupling
constants are divided by 2 and the number of each class of
protons patrticipating in the hyperfine structure is multiplied by
two. These new coupling constants are quite similar to those
calculated by DFT fod*~ (Table 3). They clearly indicate that,

in the presence of crown ether, the odd electron is equally
delocalized on both phenyl rings df~. An interpretation of
this result is sketched in Scheme 1. Whehi&embedded inside
the crown ether, the tight ion pair'k:--[RCsH4R]* ™ is replaced

by a loose pairf, almost vanishes, allowing the structure of
the radical anion to relax to a conformation stabilized by
intramolecular interactions between the two arene moieties
(Scheme 1).

The nature of this interaction is clearly seen from the MO
represented in Figures 7 and 8. In the neutral moledukhe
HOMO results from the antibonding interaction between the
72 MO of each “monomer” (Figures 7a, 8a), while the HOMO-1
and HOMO-2 correspond to the antibonding and bonding
interaction between ther; MO, respectively. The overlaps
between orbitals localized on carbons C1,C2, C6 andG2,

C6' lead in the neutral molecule to a short-€C1' distance
(3.32 A in the crystal). These four occupied MOs (HOMO,
HOMO-1, HOMO-2, HOMO-3) are all close in energy, whereas
the LUMO is considerably higher. As shown in Figures 6 and
8b, in the radical aniod*~, the SOMO results from a bonding
interaction between the,* orbitals. Consistent with this SOMO
composition, the crystal structure 6findicates that the one-
electron reduction of is accompanied by a shortening of the

densities are mainly found on carbon atoms C3, C5, C3', andinterphenyl distances and a lengthening of the-C3, C5—

C5' and in a smaller extent on the four silicon atoms and the

C6 bond lengths. It can also be remarked that addition of the

carbons atoms C2,C6, C2', and C6'. A representation of theextra electron has inversed the order of the HOMO and

SOMO is shown in Figure 6, while three other occupied MOs

HOMO-1 mentioned for the neutral molecule.
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HOMO-2

a) NEUTRAL b) RADICAL ANION
Figure 7. Representation of the molecular orbitals foand4*~ (cutoff = 0.0500).
Scheme 1 NEUTRAL RADICAL ANION
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Interaction betweent* orbitals of monomers has been ™ == \ e e T + — e 72
invoked to explain the dimerization of the diphosphirenyl 53
radical® and the formation of other dimeric structures such as | 1
in Clgt16 and CpO,1.17 In K[TCNE] , recently described by H3 sS4
Novoa et al., 18 the attractive electrostatic interactions a b

“cation--[TCNE]™" enable the overlap of the SOMOs of the  Figure 8. Formation of the molecular orbitals @ (and 4°-) from the
[TCNE]- monomers through four carbon atoms and lead to z-type orbitals of5.

intradimer C-€ distances (2.8 A) which are substantially less  than ther-C van der Waals radius (3.40 A). These features are
rather different from those observed in our case: the crystal

(15) Canac, Y.; Bourissou, D.; Bacereido, A.; Gornitzka, H.; Schoeller, W. W.; i H
Bortiand, G Sciencel996. 270, 2080, structure of6 shows that the countercation is far from tite

(16) Seidel, S.; Seppelt, Kingew. Chem., Int. EQ000,39, 3923. unit and does not seem to contribute to its stabilization.

17) Drews, T.; Koch, W.; Seppelt, K. Am. Chem. S0d.999,121, 4379. B R

&s% Novvc\JIa. J. J.; Lafuente, Pp.?DeI Sesto, R. E.; Miller, JABgew. Chem., Moreover, the mterph_enyle_ne c_;arbecgrbon distances are
Int. Ed.2001,40, 2540. rather longer than the intradimericGC distances observed in
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Figure 9. Diagram for the electron transfer between the two phenyl rings
of 4. The red curve illustrates the transition state between the two phenylene
rings in the absence of the bridge between the two silicon atoms. The
minimum observed on the blue curve is attributed to constraints in the
macrocycle.

K2[TCNE], (the shortest distance is equal to 3.089 A). In fact,

the structure of*—, in the presence of crown ether, is a model

for the transition state of an inner-sphere ET between two
partially overlappingn-phenylene rings marked 1 and 2:

Ph’®,” — ®," Ph’

where Ph andb correspond to the relaxed geometries of the
neutral and anionic phenylene group, respectivéin a first
approximation, the role of the SID—Si moieties in this process

is mainly to avoid a separation between the two phenylene rings
after the electron transfer has occurred and, thus, to lead to th
electron hopping phenomenon. Referring to Figure 9 and in
accord with the study of Eberson and Shaie find the

e

With regard to the influence of the silicon atoms, it is worthwhile
mentioning that the presence of these heteroatoms probably
affects the composition and the overlap of the variauand

a* orbitals and therefore contribute to the electron-transfer
process (cf. value of B in Figure 9).

Concluding Remarks

EPR/ENDOR measurements have shown that, in conditions
preventing the formation of tight ion pairs, the reductiondof
leads to the formation of a radical anion whose unpaired electron
is equally delocalized on the twm-phenylene rings of this
molecule and which undergoes a dynamical process. The crystal
structure of this radical anion clearly indicates that the reduction
of 4 decreases the distance between the two phenylene rings,
leading to a structure which is a model for the transition state
of an electron transfer between twio-phenylene moieties. As
shown by DFT, and in accord with the experimental hyperfine
couplings, this structure results from an overlap between the
LUMO of the two (R'RSi);Ph moieties ir4, with an almost
negligible contribution of the Si—O-Si links to the MO
involved in the electron-transfer process. It can therefore be
foreseen that, in a solution containing isolatedsRPh
molecules and [(ESi)Ph}~ radical anions, the electron transfer
between these two systems would be characterized by a
transition state very close t&~. This agrees with previous
studie€ which proposed that organic ET reactions of radical
ions proceed through relatively compact transition states and,
generally, follow an inner-sphere mechanism.

Experimental Section

Apart from the synthesis ef that can be carried out under classical
conditions, all reductions were performed in the glovebox. THF and
hexane were distilled twice on Na/benzophenone and stored in the
glovebox on molecular sieves (4 A). Compouddwas prepared
according to a published procedife.

Reduction of 4.In the glovebox, a tube was successively charged
with 4 (50 mg, 0.12 mmol), the 18-crown-6 (32 mg, 0.12 mmol), and
a mixture of THF/hexane (0.5 mL/0.5 mL). A thin piece of potassium
metal (3 mg, 0.077 mmol) was added, and the tube was rapidly sealed
under vacuum and then stored in the freezer &8 °C. After 3 days,
the tube was rapidly warmed to room temperature and introduced in
the glovebox. After a rapid filtration and drying, the collected crystals

transition state, located at the top of the red curve, is character-were weighed as fast as possible beca@iseecomposes at room

ized by the resonance (Bbz~) < (bz;~ bzP, where bz
represents the geometry of the phenylene ring in the transition
state. The corresponding resonance interaction B is directly
related to the overlap of the twa;* orbitals described

temperature. Yield: 43 mg (50%).

The same experiment was carried out in DME, but no crystal could
be obtained from this solvent.

X-ray Crystallographic Studies of 4 and 6.Crystals of4 (triclinic,

previously. The interphenylene carbon—carbon distances mea-SPace groupPl) were obtained in ether at18 °C. Crystals of6

sured on the crystal structure 4f (Table 1) are in excellent
agreement with this interpretation, since the values expected
for the transition state of an inner-sphere electron transfer are
comprised between 3.0 and 3.5 A.

It is nevertheless possible that the silicon-containing spacers

(triclinic, space grouf1) were obtained as described previously from

a cooled solution of the radical anion in a mixture of THF/hexane (1:
1). After the tube was warmed to room temperature, it was broken,
and the mother liquor and crystals were poured onto an absorbing paper
under a stream of argon at20 °C. The device used for collecting
crystals consists of a long glass tube, bevelled at one extremity; this

play an additional role in this mechanism. Indeed, the vibration tube is connected to a Dewar of liquid nitrogen, and a pressured stream
analysis of the DFT optimized geometry indicates that the of argon allows the diffusion of cold argon in the tube. By this way,
corresponding structure is a real minimum, suggesting that the crystals which are deposited at the end of the tube can be observed for
(bzibz,)~ structure is a metastable state, as shown by the blue some time without apparent decomposition. Data were collected on an
curve of Figure 9. The presence of this local minimum is likely Enraf—Nonius Kappa CCD diffractometer using an Mat K-ray

to be due to additional interactions caused by the macrocycle.source and a graphite monochromator. Experimental details are given
as Supporting Information. The crystal structures were solved using

(19) The geometrical changes caused by addition of an electron to the
m-disilylbenzene can be evaluated from the DFT optimized structur®s of
and5'~ given in the Supporting Information.

(20) Zhang, R.; Pinhas, A. R.; Mark, J. Bolym. Prepr(Am. Chem. Soc., bi
Polym. Chem.}1998, 39, 607.



SIR 97 and ShelxI-97.22 ORTEP drawings were made using ORTEP acterized by harmonic frequency analysis as minima (all frequencies
Il for Windows > real)?” The molecular orbitals were represented by using the Molekel

EPR/ENDOR Experiments. EPR and ENDOR experiments were  progran??
carried out on a 200D Bruker and a 300 Bruker spectrometer, ) )
respectively (X-band, 100 kHz field modulation). Potassium mirrors ~ Acknowledgment. The authors thank the Swiss National
were formed by sublimation of the metal under high vacuum, and the Science Foundation, the CNRS, and the Ecole Polytechnique
sample tubes were sealed before contact of the reacting solutionfor financial support of this work
(generally 162 M) on the mirror. . .

DFT Calculations. DFT calculations were performed by using the Supporting Information Available: Comparisonof metric
Gaussian 98 packadéWe employed the B3LYP functiorfal® and parameterdetweerthe crystalstructureof 4 and6, optimized
triple-Z basis sets (6-31G* and 6-35* for the neutral moleculesand  geometriedor 5 and5*~ (DFT calculations)pptimizedparam-
the radical anion, respectively). The optimized structures were char- gtarsfor 4-synand4-syrt— (DFT calculations)andsimulations
(21) AItom‘are,AA.; Burla_, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, C.; of theEPRspectrd)y u3|_ngtheENDORfrequgnuesTableqf

thagh?rtél, A.:kMollte{nl, A Gt G.; Pohdon% G.t;h Spa?nta, Ble97,f_an . crystaldata,tableof atomiccoordinatesindequivalenisotropic

integrated package of computer programs for the solution and refinement .

of crystal structures using single-crystal data; 1999. (Sée:Appl. displacemenparametergableof bondlengthsandbondangles,

Crystallogr. 1994,27, 435.) i icdi
(22) Sheldrick, G. MSHELXL-97 Universitd Gittingen: Géttingen, Germany, table of anISOtr.OpICdISplacemehpa}rametersand the table of

1998. hydrogencoordinatesindisotropicdisplacemenparameterfor
(23) Farrugia, L. J.ORTEP Il (Department of Chemistry, University of i

Glasgow):J. Appl. Cryst1997.30. 565-567. the structureoyc 6 are a_lsq g|yen as weI.I as a table of crystal
(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. datafor 4. This material is in the remainder.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;  (26) Lee, C.; Yang, W.; Parr. R. ®hys. Rev. B 198&4, 785.

Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,  (27) Except for the ethoxy moiety, the geometry optimizedsforwas the same

C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; as the geometry optimized for the radical anion of (M&-Si(Mey)).CeH4

Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, which contains a methyl group instead of an ethyl group. The frequency

M.; Replogle, E. S.; Pople, J. AGaussian 98, revision A.7; Gaussian, analysis was performed on the methoxy-containing anion.

Inc.: Pittsburgh, PA, 1998. (28) Flukiger, P. Development of Molecular Graphics Package MOLEKEL,
(25) Becke, A. DJ. Chem. Phys1993,98, 5648. Ph.D. Thesis, University of Geneva, Switzerland, 1992.
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Table 1 : Comparison of metric parameters between the crystal structures of 4 and 6.
In the crystal structure of 6, the anion unit corresponds to 4°. Bond distances are expressed in

A and bond angles in °.

Bond distances 4 6

Cl1-C2 1.400(2) 1.400(3)
C2-C3 1.399(2) 1.433(3)
C3-C4 1.389(2) 1.383(4)
C4-CS 1.385(2) 1.380(4)
C5-Cé6 1.404(2) 1.435(3)
C6-Cl 1.402(2) 1.399(3)
C2-Sil 1.876(1) 1.850(2)
Sil-0O1 1.642(1) 1.653(2)
O1-Si2 1.639(1) 1.651(2)
C6’-Si2 1.874(1) 1.852(3)
Cl1-Cr 3.323(3) 3.089(4)
Bond angles 4 6

C1-C2-C3 117.1(1) 116.5(2)
C2-C3-C4 121.2(1) 120.4(2)
C3-C4-C5 120.2(1) 121.5(2)
C4-C5-Cé6 121.2(1) 120.7(2)
C5-C6-C1 117.0(1) 116.2(2)
C6-C1-C2 123.3(1) 124.6(2)
C2-Si1-01 108.67(5) 112.1(1)
Si1-01-Si2 139.61(6) 129.2(1)
01-Si2-C6’ 108.90(6) 1 10.6(1)
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Table 2: Optimized geometries for S and 5° (DFT calculations). Bond distances are
expressed in A and bond angles in °.

Bond distances ' 5 5%

Cl-C2 1.406 1.408
C2-C3 1.406 1.466
C3-C4 1.395 1.394
C2-Si 1.879 1.825
Si-O 1.675 1.700
Bond angles 5 57

C1-C2-C3 117.66 116.62
C6-C1-C2 120.23 123.04
C1-C2-Si 120.90 119.40
C2-Si-0 104.32 107.72

Table 3: Optimized parameters® for 4-syn and [4-syn]’ (DFT calculations).

Parameter 4-syn [4-syn]”
ClL.cr 3.658 3.474
C6...C2° 4.208 3.940
C5-C6 1.406 1.408
C4-Cs 1.395 1.398
C1-Cé6 1.406 1.425
C2-Sil 1.888 1.870
C2-8i1-01 110.03 111.66
Sil-O1-Si2 166.31 154.87
£ 48.53 39.1

*distances in A, angles in degree; "€ angle between the normals to the phenyl rings.
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Figure 1' Simulation of the EPR spectra of 5° (a) and 4° (b) obtained after reaction without
crown ether

L] L ¥ T L v . )
340.0 340.5 341.0 341.5 342.0 342.5 343.0
mT

b
f T o T — T v LI T v T L
340,5 341.,0 341.,5 342,0 342,5 343,0 3435 3440
mT
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Table 4: Table of crystal data for 6.

Molecular formula C,.H,,KO,,Si,
Molecular weight 864.44

Crystal habit dark brown plate
Crystal dimensions(mm) 0.24x0.16x0.12
Crystal system Triclinic

Space group P-1
a(A) 10.268(5)
b(A) 10.604(5)
c(A) 11.829(5)
a(°) 72.950(5)
B(°) 87.140(5)
y(°) 81.820(5)
V(A®) 1218.8(10)

Z 1

d(g-cm™) 1.178
FO00 467

plcm™) 0.256

Absorbtion corrections multiples scans ; 0.9411 min, 0.9699 max
Difractometer KappaCCD

X-ray source MoKa
A(A) 0.71069
Monochromator graphite

T (K) 150.0(10)

Scan mode phi and omega scans
Maximum 0 24.41

HKL ranges -11 11 ; -12 12 ; -13 13
Reflections measured 6308
Independant reflections 3980

Rint 0.0286

Reflections used 3193

Criterion >2sigma (I)

Refinement type Fsaqd

Hydrogen atoms mixed

Parameters refined 267
Reflections / parameter 11

wR2 0.1171

R1 0.0443

Weighs a, bl 0.0548 ; 0.5546
GoF 1.035

difference peak / hole (e A™) 0.298(0.053) / -0.313(0.053)

13



Table 4 bis : Crystal data for compounds 4 and 6.

Compound 4 6
mol formula C,0H3,0,Si,4 C4oH7,0,0Si,4
mol wt 416.82 864.44

cryst. descripn colorless plate dark brown plate
(habit/size (mm)) 0.20x0.20x0.10 0.24x0.16x0.12
cryst syst triclinic triclinic

space group P-1 P-1

a(A) 7.617(5) 10.268(5)

b (A) 8.567(5) 10.604(5)

c(A) 10.404(5) 11.829(5)

a () 100.590(5) 72.950(5)

B(®) 106.340(5) 87.140(5)

Y(®) 106.110(5) 81.820(5)

Vv (A% 600.1(6) 1218.8(10

z 1 1

D (g/cm®) 1.153 1.178

F(000) 224 467

p(em™) 0.259 0.256

K) 150.0(10) 150.0(10)

max © (deg) 30.01 24 .41

r(A) 0.71069 0.71069

hkl ranges -10 10;-11 11;-14 13 -1111;5-1212;-13 13
no. of rflns measd 4853 6308

no. of indep rflns 3476 3980

no. of rflns used 3021 3193

Rint 0.0268 0.0286
refinement type Fsqd Fsqd

hydrogen atoms mixed mixed

no. of param. refined 122 267

rfin/param ratio 24 11

wR, 0.0969 0.1171

R, 0.0325 0.0443

Criterion 20(1) 20()

GOF 1.033 1.035

Diff peak/hole (eA%) 0.364(0.047)/-0.301(0.047) 0.298(0.053)/-0.313(0.053)
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Table 5: Table of atomic coordinates and equivalent isotropic displacement parameters

for 6.

atom bl
K(1) 0

Si(1) 5689 (1)
Si(2) 6986 (1)
o(1) 6700(2)
0(2) 583 (2)
0(3) 2533 (1)
o(4) 2055 (2)
0(5) 617(2)
c(1) 4127 (2)
c(2) 4241 (2)
c(3) 3181 (2)
Cc(4) 2117 (2)
c(s) 2037 (2)
c(e) 3070(2)
c(7) 6619 (2)
c(s) 5184 (3)
c(9) 5752 (3)
c(10) 8653 (3)
Cc(11) 1643 (2)
c(12) 2807(2)
c(13) 3538(2)
Cc(14) 3226(2)
c(15s) 1612(2)
Cc(1e6) 498 (2)
c(17) -323(4)
c(18) 175(4)
c(19) 1296 (3)
c(20) 1757(3)

3934 (1)
2363 (1)
2710(2)
-2243(2)
-1474(2)
1094 (2)
1491 (2)
5640(2)
4458 (2)
3678 (2)
4094 (3)
5265 (2)
6087 (2)
5359(3)
3275(3)
1311(3)
1376 (3)
-3148(2)
-2415(3)
-659(2)
220(3)
1900(3)
2912 (3)
2046 (4)
3228(5)
3483 (3)
2149(3)

-2251(1)
29 (1)
-1399(1)
-3113(1)
-4881 (1)
-6443(1)
-3686(2)
-1101(2)
-1421(2)
-1069(2)
-442(2)
-140(2)
-460(2)
-2933(2)
-3432(2)
873 (2)
305(3)
-3355(2)
-3755(2)
-5271(2)
-6495(2)
-7577(2)
-7419(2)
-2982(3)
-2841(5)
-3677(3)
-3816(3)

Uleq) is defined as 1/3 the trace of the Uij tensor.
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K(1) -0(5) #2
K(1)-0(2)
K(1)-0(4)#2
K(1)-0(3) #2
Si(1)-0(1)
Si(1)-c(8)
Si(2)-0(1)
Si(2)-C(9)
0(2)-C(11)
0(3)-C(13)
0(4) -C(15)
0(5)-C(17)
c(1) -c(e)
C(1l)-C(1)#2
c(2)-c(3)
Cc(3)-Cc(4)
C(4) -C(5)
C(5) -C(6)
C(6)-Si(2)#2
C(7)-H(7B)
C(8)-H(8A)
C(8)-H(8C)
C(9) -H(9B)
C(10)-H(1o0n)
C(10)-H(10C)
C(11)-H(11A)
C(12)-H(12A)
C(13)-C(14)
C(13)-H(13B)
C(14) -H(14B)
C(15)-H(15A)
C(16)-0(2) #2
C(16) -H(16B)
C(17)-H(17An)
Cc(18)-C(19)
C(18)-H(18B)
C(19)-H(19A)
C(20) -H(20A)

O(5)-K(1) #2-0(5)
0(5)-K(1)-0(2)
0(5)-K(1)-0(2) #2
0(5)-K(1)#2-0(4) #2
0(2)-K(1)-0(4) #2
O(5)-K(1)#2-0(4)
0(2)-K(1)-0(4)
O(4)-K(1)#2-0(4)
0(5)-K(1) -0(3) #2
0(2) -K(1)#2-0(3) #2
0(4)-K(1)-0(3) #2
0(5) -K(1)-0(3)
0(2)-K(1)#2-0(3)
0(4)-K(1)-0(3)
0(1)-si(1)-C(2)
C(2)-si(1)-c(s)
C(2)-8i(1)-Cc(7)

N

O OO HFHOOHOOOHOOOOOOOOHKFKHHKEEHFEF WERHEFPEPHFEFFEFFHEENDNODND

180.0(1)

89.
90.
82.
60.
97.

41 (8)
59(8)
76 (7)
75(5)
24 (7)

119.25(5)
180.0

85.
61.

43(7)
25(5)

120.43(5)

94

.57(7)

118.75(5)

59.

57(5)

112.1(1)
111.0(1)
110.5(1)
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Table 6: Table of bond lengths and bond angles for 6.

.672(2)
.759(2)
.808(2)
.825(2)
.653(2)
.859(3)
.651(2)
.864(3)
.421(3)
.413(3)
.420(3)
.420(4)
.399(3)
.089(4)
.433(3)
.383(4)
.380(4)
.435(3)
.852(3)
.9800
.9800
.9800
.9800
.9800
.9800
.9900
.9900
.496(4)
.9900
.9900
.9900
.423(3)
.9900
.9900
.481(5)
.9900
.9900
.9900

K(1)-0(5)
K(1)-0(2) #2
K(1) -O(4)
K(1)-0(3)
Si(1)-C(2)
Si(1)-C(7)
Si(2)-C(e)#2
Si(2)-c(10)
0(2)-C(16)#2
0(3)-Cc(12)
0(4) -C(14)
0(5)-C(20)
c(1)-c(2)
C(1)-H(1)
C(2)-C(6)#2
C(3)-H(3)
C(4)-H(4)
Cc(5) -H(5)
C(7)-H(7A)
C(7)-H(7C)
C(8) -H(8B)
C(9)-H(9A)
C(9)-H(9C)
C(10)-H(10B)
C(11) -C(12)
C(11) -H(11B)
C(12) -H(12B)
C(13)-H(13n)
C(14)-H(14An)
C(15)-C(16)
C(15)-H(15B)
C(16)-H(16A)
C(17)-Cc(18)
C(17)-H(17B)
C(18)-H(18A)
c(19)-c(20)
C(19)-H(19B)
C(20)-H(20B)

0(5)-K(1)#2-0(2)
O(5)-K(1)#2-0(2) #2
0(2)-K(1)-0(2) #2
0(5)-K(1) -0 (4) #2
0(2)-K(1)#2-0(4) #2
0(5)-K(1)-0(4)
0(2)-K(1)#2-0(4)
O(5)-K(1) #2-0(3) #2
0(2)-K(1)-0(3) #2
0(4)-K(1)#2-0(3) #2
O(5)-K(1) #2-0(3)
0(2) -K(1) -0(3)
O(4)-K(1) #2-0(3)
O(3)-K(1)#2-0(3)
0(1)-si(1)-c(8)
0(1) -si(1)-C(7)
Cc(8)-si(1)-C(7)

I I I T S S N S e L S NN

.672(2)
.759(2)
.808(2)
.825(2)
.850(2)
.861(3)
.852(3)
.865(3)
.423(3)
.424(3)
.420(3)
.426(4)
.400(3)

.97(2)

3.
1.

509(3)
00(3)

.94 (3)
.97(3)

OOH OOH OOHOOOOKH OOOOOOoO

.9800
.9800
.9800
.9800
.9800
.9800
.500(3)
.9900
.9900
.9900
.9900
.497(4)
.9900
.9900
.474(5)
.9900
.9900
.480(5)
.9900
.9900

90.59(8)
89.41(8)
180.0
97.24(7)
119.25(5)
82.76(7)
60.75(5)
94.57(7)
118.75(5)
59.57(5)
85.43(7)
61.25(5)
120.43(5)
180.0
105.4(1)
108.5(1)
109.1(1)



0(1)-Si(2)-C(6)#2
C(6)-Si(2)#2-C(9)
C(6)-Si(2)#2-C(10)
Si(2)-0(1)-si(1)
C(11)-0(2) -K(1)
C(13)-0(3)-C(12)
C(12)-0(3)-K(1)
C(15)-0(4)-K(1)
C(17)-0(5)-Cc(20)
C(20)-0(5)-K(1)
c(6)-C(1)-Cc(1)#2
Cc(6)-C(1)-H(1)
C(1)-C(1)#2-H(1)
C(1)-Cc(2)-si(1)
C(1)-C(2)-C(6)#2
Si(1)-C(2)-C(6)#2
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(3)-C(4)-H(4)
C(4)-C(5)-H(5)
c(1)-C(s6)-C(5)
C(5)-C(6)-Si(2)#2
Si(1)-C(7)-H(7B)
Si(1)-C(7)-H(7C)
H(7B) -C(7)-H(7C)
Si(1)-C(8)-H(8B)
Si(1)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
Si(2)-C(9)-H(9B)
Si(2)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
Si(2)-C(10)-H(10B)
Si(2)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
0(2)-C(11)-H(11A)
0(2)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
0(3)-C(12)-H(12A)
0(3)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
0(3)-C(13)-H(13A)
0(3)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
0(4)-C(14)-H(14A)
0(4)-C(14) -H(14B)
H(14A)-C(14)-H(14B)
0(4)-C(15)-H(15A)
0(4)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
0(2)-C(16)#2-H(16A)
0(2)-C(16)#2-H(16B)
H(16A) -C(16)-H(16B)
0(5)-C(17)-H(17An)
0(5)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)
H(18A)-C(18) -H(18B)
C(20)-C(19)-H(19A)
C(20)-C(19)-H(19B)

110.
111.
110.
.2(1)
.0(1)
112.
.0(1)
112.
.6(2)
.5(2)

129
113

113

108
126

6(1)
4(1)
3(1)

3(2)

3(1)

93.9(2)
117(1)
81(1)

121.

6(2)

77.2(1)
74.5(1)
121 (1)

121.

5(2)

118(2)
121(2)

116.

121

2(2)

.7(2)
109.
109.
109.
109.
109.
109.
109.
109.
109.
109.
109.
109.
110.
110.
108.
109.
109.
108.
109.
109.
108.
110.
110.
108.
110.
110.
108.
109.
109.
108.
110.
110.
108.
110.
110.
108.
111.
111.

5
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0(1)-Si(2)-C(9)
0(1) -Si(2)-c(10)
C(9)-Si(2)-c(10)
C(11)-0(2)-C(16) #2
C(16) -0(2) #2-K (1)
C(13)-0(3)-K(1)
C(15)-0(4)-C(14)
C(14) -0(4) -K(1)
C(17)-0(5) -K(1)
c(6)-C(1)-C(2)
C(2)-C(1)-C(1)#2
c(2)-c(1)-H(1)
c(1) -c(2)-c(3)
C(3)-C(2)-si(1)
C(3)-C(2)-C(6)#2
C(4)-C(3)-C(2)
C(2)-C(3)-H(3)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
c(6)-C(5)-H(5)
C(1)-C(6)-Si(2)#2
Si(1)-c(7)-H(7A)
H(7A) -C(7) -H(7B)
H(7A) -C(7)-H(7C)
Si(1)-C(8)-H(8A)
H(8A)-C(8)-H(8B)
H(8A)-C(8)-H(8C)
Si(2)-C(9)-H(9A)
H(9A) -C(9) -H(9B)
H(9A) -C(9) -H(9C)
Si(2)-C(10)-H(10A)
H(10A)-C(10)-H(10B)
H(10A)-C(10)-H(10C)
0(2)-Cc(11)-C(12)
C(12)-C(11)-H(11A)
C(12)-C(11)-H(11B)
0(3)-C(12)-C(11)
C(11)-C(12)-H(12A)
C(11)-C(12)-H(12B)
0(3)-C(13)-C(14)
C(14)-C(13)-H(13A)
C(14)-C(13)-H(13B)
0(4)-C(14)-C(13)
C(13)-C(14)-H(14A)
C(13)-C(14)-H(14B)
0(4)-C(15)-C(16)
C(16)-C(15) -H(15A)
C(16)-C(15)-H(15B)
0(2)-C(16) #2-C(15)
c(15)-C(16)-H(16A)
C(15)-C(16) -H(16B)
O(5)-C(17)-C(18)
C(18)-C(17)-H(17A)
C(18)-C(17)-H(17B)
C(17)-Cc(18)-Cc(19)
C(19)-C(18)-H(18A)
C(19)-C(18) -H(18B)
C(20) -Cc(19) -c(18)
C(18)-C(19) -H(19A)
C(18)-C(19) -H(19B)

108.
107.

108.
.3(2)

111
116.
112.
112

117.

122.

124.

8 (1)
0(1)
6(1)

2(1)
9 (1)

-7(2)

2(1)
8(2)
6(2)

93.2(2)
118(1)

116.

121.

119.
120.

5(2)
9(2)
9(2)
4(2)

119(1)
120(2)

120.

7(2)

118(2)

122.
109.
109.
109.
109.
109.
109.
109.
109.
109.
109.
109.
109.
108.
110.
110.
108.
109.
109.
108.
109.
109.
108.
110.
110.
108.
110.
110.
108.
109.
109.
106.
110.
110.
106.
110.
110.
102.
111.
111.

1(2)
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6(3)
3
3



H(19a)-C(19) -H(19B) 109.2 0(5)-C(20)-C(19) 105.9(3)
0(5)-C(20) -H(20A) 110.6 C(19)-C(20) -H(20A) 110.6
0(5)-Cc(20)-H(20B) 110.6 C(19)-Cc(20) -H(20B) 110.6
H(20Aa)-C(20) -H(20B) 108.7

Estimated standard deviations are given in the parenthesis.
Symmetry operators
l: x, v, 2z 2: -x, -y, -z
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Table 7: Anisotropic displacement parameters for 6.

atom Ull U22 U33 U23 U13 U12
K(1) 23(1) 28 (1) 32(1) -6(1) 2(1) -6(1)
Si(1) 23(1) 38(1) 32(1) -13(1) 1(1) -2(1)
si(2) 26(1) 35(1) 35(1) -11(1) -1(1) 3(1)
o(1) 31 (1) 41 (1) 35(1) -16(1) -1(1) 5(1)
0(2) 28(1) 33(1) 40 (1) -5(1) 3(1) -7(1)
0(3) 24 (1) 38(1) 31(1) -4 (1) -2(1) -6(1)
o(4) 29(1) 37(1) 36(1) -1(1) 4(1) -4 (1)
0(5) 72(2) 85(2) 94 (2) -64(2) 14 (1) -32(1)
Cc(1) 19(1) 33 (1) 27(1) -6(1) -2(1) -1(1)
c(2) 22(1) 35(1) 27(1) -9(1) -3(1) -1(1)
c(3) 28 (1) 31(1) 33(1) -8(1) -5(1) -4 (1)
C(4) 24 (1) 40(2) 31(1) -2(1) -3(1) -9(1)
Cc(5) 23 (1) 41(2) 29 (1) -7(1) 2(1) -2(1)
c(e) 24 (1) 33(1) 26 (1) -5(1) -4(1) 1(1)
c(7) 30(1) 52(2) 44 (2) -11(1) 7(1) -5(1)
c(8) 34 (1) 61(2) 44 (2) -26(1) -1(1) 0(1)
Cc(9) 47(2) 38(2) 48 (2) -13(1) -1(1) -8(1)
C(10) 39(2) 52(2) 50(2) -18(1) -6(1) 13(1)
c(11) 35(1) 33(1) 36 (1) -5(1) -4 (1) -1(1)
c(12) 27(1) 40(2) 36 (1) -3(1) -4(1) 0(1)
Cc(13) 23(1) 40(1) 45(2) -12(1) 2(1) -7(1)
Cc(14) 24(1) 43(2) 40 (2) -5(1) 7(1) -5(1)
Cc(15) 35(1) 43 (2) 36 (2) 2(1) 5(1) -9(1)
Cc(16) 33(1) 35(1) 42(2) 4(1) 4(1) -7(1)
c(17) 72(2) 103(3) 69(2) -50(2) 16 (2) -29(2)
c(18) 52(2) 123 (4) 184 (5) -113(4) 22(3) -14(2)
Cc(19) 63(2) 53(2) 72(2) -20(2) -16(2) -5(2)
c(20) 51(2) 76 (2) 87(3) -49(2) 4(2) -14(2)

The anisotropic displacement factor exponent takes the form
2 pi®*2 [h"2a*"2U(11) +...+ 2hka*b*U(12)]
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Table 8: Hydrogen coordinates and isotropic displacement parameters for 6.

atom X Yy z Uleq)
H(3) 3230(20) 2830(30) -1290(20) 37
H(4) 1430(30) 3570(30) -250(20) 39
H(5) 1280(30) 5560 (20) 300(20) 38
H(7a) 6961 5656 -2309 64
H(7B) 6032 6093 -3443 64
H(7C) 7352 5079 -3406.0002 64
H(8A) 5964 3027 -3872 67
H(8B) 4579 3960 -3972 67
H(8C) 4742 2489 -3073 67
H(9A) 4868 1810 721 66
H(9B) 5937 1066 1720 66
H(9C) 5802 502 622 66
H(10A) 8700 612 -9 72
H(10B) 8817 1060 1158 72
H(10C) 9319 1938 -88 72
H(11A) 1391 -3514 -3980 43
H(11B) 1865 -3897 -2634 43
H(12A) 2985 -1949.9999 -3176 43
H(12B) 3596 -3051 -3811 43
H(13a) 4396 -1219 -5270 43
H(13B) 3595 -109 -4733 43
H(14A) 3960 739 -6814 45
H(14B) 3101 -326 -7022 45
H(15A) 1313 1342 -8026.0005 49
H(15B) 2339 2351 -8025 49
H(16A) 775 3416 -6909.0005 48
H(16B) 237 3547 -8195 48
H(17A) -424 1392 -2201 89
H(17B) -1189 2301 -3375 89
H(18A) 468 3060 -2019 127
H(18B) -522 4004 -3026 127
H(19A) 1008 4129 -4441 74
H(19B) 1993 3820 -3343 74
H(20A) 2166 2227 -4606 78
H(20B) 2414 1649 -3204.9998 78
H(1) 4830(20) 6180 (20) -1330(20) 25(6)
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