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Abstract: Stable neutral silaaromatic compounds, 2-silanaphthaletesR = Tbt, 1b; R = Bbt), were
synthesized by taking advantage of extremely bulky and efficient steric protection groups, 2,4,6-tris[bis-
(trimethylsilyl)methyl]phenyl (Tbt) and 2,6-bis[bis(trimethylsilyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl

(Bbt). 2-Silanaphthalenesab were isolated as colorless crystalline compounds, and the structure of Tbt-
substitutedla was determined by X-ray crystallographic analysis. %l 13C, and?°Si NMR signals of the
silanaphthalene ring df were in good agreement with those calculated; downfield-shiftesignals indicating
aromatization were observed. Refined NICS (nucleus-independent chemical shift) calculations which separate
the o andxr contributions revealed the presence of comparably large ring current effects in the two rings of
2-silanaphthalene. The aromatic stabilization energies (ASESs) of 1-, 2-, and 9-silanaphthalenes, computed by
a novel isomerization method, are almost the same as naphthalerevi&)snd Raman spectra, and the
computed (B3LYP/6-311G(d,p)) structure of 2-silanaphthalene were similar to those of naphthalene, although
characteristic changes resulting from the replacement of carbon to silicon were observed. 2-Silanaphthalene
lais still highly reactive due to its polarized=SC moiety, but was relatively stable toward air in the solid

state and showed no complex formation with THF in solution. Considering all experimental and theoretical
results, the 2-silanaphthalenes were concluded to have considerable aromatic character, closely approaching

that of naphthalene itself.

Introduction

silaaromatic compoundsyamely, Si-containing 4+ 2] ring

theoretical results, simple silaaromatic compounds such as
Much attention in recent decades has been focused onsilabenzenes and disilabenzenes are highly reactive and have
only been characterized spectroscopically in low-temperature

systems, since these represent the heavier congeners of thenatrices or in the gas pha3#larkl et al. reported the synthesis

carbocyclic aromatic compourdshich play such important

of a “stable” silabenzene, 2,6-bis(trimethylsilyl)-1,4tdit-

roles in organic chemistry. Although the aromatic character of butylsilabenzene, but this survives only in solution (THECHt

silole anions and dianiorfsas well as those of cyclic diami-

petroleum ether, 4:1:1) below100 °C. The stabilization is,

nosilylenest were recently revealed from experimental and however, apparently due to coordination of the solvent Lewis
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Many theoretical calculations have been reported for sila- and g R SiMe3
disilabenzene; and they indicate that silabenzenes have a @Q' Me;Si SiMe
delocalized structure and considerable aromaticity (e:8§0% & . R-3
of benzene from energetic critefjaThis implies that silaarenes la; R = Tht _ SiMe3
might exist as stable molecules if their high reactivity could be 1b; R = Bbt MesSi SiMe
suppressed. leg R=H T

In view of the increasing number of stable unconjugated 1d; R =Me o R=H

le; R=Ph Bbt, R'=SiMe3

doubly bonded organosilicon compounds which were synthe-
sized successfully by taking advantage of steric proteétién, ) )
stable silaaromatic compounds with appropriately bulky sub- Results and Discussion
stituents are expected to be synthesizable. Synthesis of 2-SilanaphthalenegAlthough many synthetic

We have already developed an extremely bulky and effective routes to silabenzenes have been develdpedhe flow
steric protection group, 2,4,6-tris[bis(trimethylsilyl)methyl]-  pyrolysis of 2-allyl-2-methyl-1,2-dihydro-2-silanaphthalene was
phenyl (denoted as Tbt hereaftét)and many novel reactive  the only example reported for the preparation of a transient
species have been prepared as stable compounds by taking@-silanaphthalene derivati?8To synthesize 2-silanaphthalenes
advantage of this Tbt group. For example, a stable silanefifione in a preparative scale, we selected a method based on treatment
and its heavier element group 14 analodéés(we call these of the corresponding halosilanes with a base.
compounds “heavy ketones”) were successfully synthesized Bromosilane$ab, the precursors of 2-silanaphthaledes,
utilizing a single Tht group in combination with another were synthesized from 1,2,3,4-tetrahydro-2-silanaphthalene
considerably bulky substituent (bulky substituents can only be 2,2%?2following the route shown in Scheme 1. Thus, treatment

introduced onto one terminal of the double bond). Moreover,
the first stable distibed® and dibismutherté were also
synthesized by introducing the Tbt group on each group 15
element where only one substituent can be introduced.

In a preliminary contributiod? we reported that the successful
application of the Tbt group to the kinetic stabilization of
silaaromatic compounds led to the first isolation of a stable
2-silanaphthalene. In this paper, we describe the details of the
synthesis, structure, and reactivity of the kinetically stabilized
2-silanaphthalenes bearing 2,4,6-tris[bis(trimethylsilyl)methyl]-
phenyl (Tbt}! and 2,6-bis[bis(trimethylsilyl)methyl]-4-[tris(tri-
methylsilyl)methyl]phenyl (denoted as Bbt) groui§g? These
results, as well as those of theoretical calculations focus on the
aromaticity of these new silaaromatics in particular.

(7) It is well-established in the chemistry of silicenium ions that the
coordination of a Lewis base to the silicon center induces a high-field shift
in the2°Si NMR spectrum. See: (a) Maerker, C.; Schleyer, P. v. RHa
Chemistry of Organic Silicon Compound&appoport, Z., Apeloig, Y., Eds.;
Wiley: New York, 1998; Vol. 2, Chapter 10. (b) Lickiss, P. D. ihi@hapter
11.

(8) Gordon, M. S.; Boudjouk, P.; Anwari, B. Am. Chem. Sod.983
105 4972.

(9) Recent reviews on low-coordinated organosilicon compounds: (a)
Okazaki, R.; West, RAdv. Organomet. Chenil996 39, 232. (b) Baines,

K. M.; Stibbs, W. G Adv. Organomet. Cheni.996 39, 275. See also ref 1.
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utilizing steric protection. Weidenbruch, M.; Willms, S.; Saak, W.; Henkel,
G. Angew. Chem., Int. Ed. Endl997, 36, 2503.

(11) Okazaki, R.; Tokitoh, N.; Matsumoto, T. Bynthetic Methods of
Organometalic and Inorganic Chemistrilerrmann, W. A., Ed.; Thieme:
New York, 1996; Vol. 2 (Auner, N., Klingebiel, U., Vol. Eds.), pp 260
269 and references therein.

(12) (a) Suzuki, H.; Tokitoh, N.: Nagase, S.; OkazakiJRAM. Chem.
So0c.1994 116 11578. (b) Suzuki, H.; Tokitoh, N.; Okazaki, R.; Nagase,
S.; Goto, M.J. Am. Chem. S0d.998 120, 11096.

(13) (a) Tokitoh, N.; Matsumoto, T.; Manmaru, K.; Okazaki, RAm.
Chem. Soc1993 115, 8855. (b) Matsumoto, T.; Tokitoh, N.; Okazaki, R.
Angew. Chem., Int. Ed. Endl994 33, 2316. (c) Tokitoh, N.; Matsumoto,

T.; Okazaki, RJ. Am. Chem. S0d.997 119, 2337.

(14) (a) Tokitoh, N.; Saito, M.; Okazaki, R.. Am. Chem. Sod.993
115 2065. (b) Saito, M.; Tokitoh, N.; Okazaki, R. Am. Chem. So4997,

119 11124.

(15) Tokitoh, N.; Arai, Y.; Sasamori, T.; Okazaki, R.; Nagase, S.; Uekusa,
H,; Ohashi, Y.J. Am. Chem. S0d.998 120, 433.

(16) Tokitoh, N.; Arai, Y.; Okazaki, R.; Nagase, Sciencel997, 227,

78.
(17) Tokitoh, N.; Wakita, K.; Okazaki, R.; Nagase, S.; Schleyer, P. v.
R.; Jiao, H.J. Am. Chem. S0d.997, 119 6951.

(18) Unno, M. Dissertation, The University of Tokyo, 1988.

(19) Bbt group has almost the same steric protection ability as that of
Tht group. For recent applications of Bbt group, see: (a) Kano, N.; Tokitoh,
N.; Okazaki, ROrganometallics1998 17, 1241. (b) Tokitoh, N.; Sasamori,
T.; Okazaki, R.Chem. Lett1998 725.

Scheme 1
[ H
2 3a (R = Tbt)
3b (R = Bbt)

.R ..
1) NBS SiZ s.\R
. H + H
2) LiAlHg = =
4a,b Br
Sa,b
-R -
1) t-BulLi Si NBS SI\R
B H—— Br
2)H = Z
4a,b 6a,b

of 2 with TbtLi or BbtLi resulted in moderate yields of
hydrosilanes3a,b bearing these bulky substituents. The bromi-
nation of3 with excess NBS gave a complex mixture containing
products with a 3,4-double bond; this mixture was further
reduced with LiAlH, to give an inseparable mixture dfand
5.23 Lithiation of the mixture of4 and5 with t-BulLi followed

by quenching with aqueous solution of NEl afforded hy-
drosilanes4 as pure compounds. Finally, bromosilaréssb,

the precursors of 2-silanaphthalenes, were prepared as pure,
stable compounds by careful brominationdofvith equimolar
amounts of NBS at 0C.

Treatment of the bromosilane&&a,b thus obtained with 1
equiv of t-BuLi in hexane resulted in the formation of the
expected 2-silanaphthalentsgb ( ~80% conversion based on
NMR), which were confirmed by their characteristic low-field
29Si NMR signals La, 87.3 ppm;1b, 86.7 ppm; in GDe)
(Scheme 2§ 2-Silanaphthaleneka,b were isolated as colorless

(20) (a) Kwak, Y.-W.; Lee, J.-B.; Lee, K.-K.; Kim, S.-S.; Boo, B. H.
Bull. Korean Chem. S0d994 15, 410. (b) Kwak, Y.-W.; Lee, K.-K.; Yoh,
S.-D.Bull. Korean Chem. So0d.997, 18, 552.

(21) 1,2,3,4-Tetrahydro-2-silanaphthaleéheas synthesized by LiAlkd
reduction of the corresponding dichlorosilane. See Experimental Section.
(22) For the reason we use dihydrosilgh@astead of dihalosilanes, see:

Wakita, K.; Tokitoh, N.; Okazaki, RChem. Lett1998 687.

(23) The structure 05 is still preliminary because the separationdof
and5 was not achieved.

(24) Starting from 6-phenyl-1,2,3,4-tetrahydro-2-silanaphthalene, we
succeeded in the synthesis of 6-phenyl24,6-tris[bis(trimethylsilyl)-
methyl]pheny}-2-silanaphthalened§; = 87.8). Their details will be reported
elsewhere.
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Table 1. Observed and CalculatédC and?°Si NMR Chemical Shifts (ppm) for 2-Silanaphthalenes

compound C1 Si2 C3 c4 C5 C6 Cc7 Cc8 C9 C10
la(R = Thbt, obsd) 116.0 87.3 122.6 149.0 133.3 120.6 126.7 128.8 146.5 128.3
1b (R = Bbt, obsd) 115.0 86.8 122.0 149.0 133.3 120.6 126.8 128.7 146.5 128.6
1c(R = H, calcd} 128.5 67.8 1251 153.4 137.3 125.4 130.5 131.8 151.7 1345
1d (R = Me, calcdy 120.4 101.0 122.7 153.3 137.2 124.0 130.4 131.7 152.0 133.7
le(R = Ph, calcdh® 121.6 94.3 123.6 152.5 137.1 124.5 130.4 132.3 151.6 133.7

2 Calculated by GIAO-B3LYP/6-311G(d)(6-311G(3d) for Si)//B3LYP/6-31G(d) lebdlhe phenyl group is fixed in such a way that it is
perpendicular to the 2-silanaphthalene ring.

with low-temperature data collection, we could not obtain
refined data free from severe disorder around the 2-silanaph-
thalene ring. This prevented accurate experimental determination
of bond lengths and angles in the 2-silanaphthalene ring. We
will discuss, therefore, the structure of 2-silanaphthalene based
on the available spectroscopic data and theoretical calculations.
NMR Spectra, NICS, and Energetic Evaluation of Aro-
maticity. As mentioned above, 2-silanaphthaldrehowe°Si
NMR signals of the central Si atoms around 87 ppm. Uncon-
jugated silenes are also known to have low-field shiffed
values, but they are widely scattered depending on the difference
of substituents (42144 ppm)d Although no simple silene with
carbon substituents has been reported yetothealues ofl
are reasonably compared with that of Couret’s péesC(H)-
. CCTho CHa(t-Bu) (0si = 77.6¥% and clearly different from that of
Markl's 2,6-bis(trimethylsilyl)-1,4-ditert-butyl-1-silabenzene
(6si = 26.8)% At present, however, we cannot judge the
aromaticity from the?®Si chemical shifts because of the scarcity
of examples for both silenes and silaaromatic compounds.
The H and 13C signals of1 were assigned by 2D NMR
techniques together with differential NOE and decoupling
experiments. Thé*C NMR assignments are listed in Table 1

(a)

C7 C8 Cl :
o o S W

> Z
c6 cs Cl0° &3

(b

Figure 1. X-ray crystallographic analysis ola (ORTER 30% along with the calculated values for some other 2-silanaphth_a-
probability). (a) Full view of the molecule. (b) Top view of the le€nes. '_I'he agreement bgtween experimental and theoretical
2-silanaphthalene ring. Data collection was performee 8@ °C. values is excellent, especially fae (R = Ph).

o _ ] It is well-established that the coupling constant of adjacent
crystals by recrystallization from hexane in a glovebox filled two atoms can be a good index for the bond ofdevalues
with argon. Interestingly, bromosilariga, prepared by NBS  around 50 Hz are known for typical SC single bondg?
bromination of3a, did not react witht-BuLi under the same  whereas 8385 Hz values are reported for-SC double bonds
conditions as those fdfa (although the number of examples is still limitéd)For 1a,
Jsi—c1 and Jsi—cz were measured to be 92 and 76 Hz,
respectively; both values exceed those ofSisingle bonds

si-R £Buli xsi-R considerably, and suggest double bond character for these Si
@ Br ——— @Q bonds as in naphthalene (see below).
The assignments 6H signals of 2-silanaphthalenés,b are
shown in Table 2, including calculated values far—e and

s-™ Bl those observed for the dihydro derivativéab. H3 and H4
@:\) “Br ——— No reaction

Scheme 2

6a,b 1a,b

protons inlab resonate at approximately 1 ppm lower field
than those iMda,b consistent with the predicted aromatization
7a effect of the Si-containing rings ific—e. A similar change also

. . L occurs between naphthalene (H3, 7.46; H4 7.81 ppm) and 1,2-
Although 2-silanaphthalera was moisture-sensitive, it was dihydronaphthalene (H3, 5.82; H4, 6.33 ppm).

thermally very stable under an inert atmosphere in the solid
state at room temperature or in solution at 100; no
dimerization product was detected. The high stabilitylaf
demonstrates the excellent steric protection afforded by the Tbt
group. In contrast, théert-butyl group in 1,4-ditert-butyl-1-
silabenzene, which reportedly undergoes facile dimerization
even at 0°C, is ineffective?® (26) Delpon-Lacaz, G.; Couret, G. Organomet. Chenl994 480, C14.

The structure oflawas finally determined by X-ray crystal- (27) Kalinowski, H.-O.; Berger, S.; Braun, &arbon-13 NMR Spec-
lographic analysis, which revealed the planar geometry of the tm?zcg)pértcr)%rllflzt.eg.?),/Af)'dgéaBkZCnc,OE.s;acll'u\tlglllﬁxét,’\ng\; ;g@gg&&ﬁfoo'
2-silanaphthalene ring and the central silicon atom (Figure 1). metallics1982 1, 994.

Despite a number of trials using different single crystals even  (29) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J. R. v. EJ. Am. Chem. Sod996 118 6317.

(25) Makl, G.; Hofmeister, PAngew. Chem., Int. Ed. Engl979 18, (30) Schleyer, P. v. R.; Jiao, H.; Hommes, N. J. R. v. E.; Malkin, V. G;
789. Malkina, O. L.J. Am. Chem. S0d.997, 119, 12669.

We have recently proposed the nucleus-independent chemical
shifts (NICSs) as convenient criteria of aromatiéftynd NICSs
of silanaphthalenes were reported in the preliminary com-
municationt’ We have refined this method further to separate
the 7 and o contributions®® The refined NICSs are shown in
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Table 2. Observed and Calculatétht NMR Chemical Shifts (ppm) for 2-Silanaphthalenes and Their Dihydro Derivatives

compound H1 H2 H3 H4 H5 H6 H7 H8
la(R = Tht, obsd) 7.40 7.24 8.48 7.60 6.99 7.20 7.64
1b (R = Bbt, obsd) 7.33 7.19 8.49 7.60 7.00 7.20 7.64
1c(R=H, calcd} 7.74 6.37 7.27 8.64 7.69 7.23 7.40 7.62
1d (R = Me, calcd} 7.26 7.03 8.50 7.60 7.11 7.32 7.54
le(R = Ph, calcd)® 7.32 7.08 8.55 7.67 7.17 7.36 7.59
4a (R = Tht, obsd) 2.45 6.27 7.30 ~7.1 ~7.1 ~7.19 ~7.9
4b (R = Bbt, obsd) 2.46 6.30 7.29 ~7. ~7. ~7.1 ~7.1

2 Calculated by GIAO-B3LYP/6-311G(d)(6-311G(3d) for Si)//B3LYP/6-31G(d) lebdlhe phenyl group is fixed in such a way that it is
perpendicular to the 2-silanaphthalene rihnghese values are the average of the chemical shifts of two geminal préfimsse signals are observed
in the range between 7.09 and 7.15 ppm but cannot be exactly assigned due to the overlap of the signals.

Table 3. Calculated NICSs of 2-Silanaphthalehe (IGLO

pwo1/IIl)2 (@
NICS(0)total NICS(1)total NICS(G) NICS(1)r

Si-ring -8.0 -94 —-17.7[0.3] —9.5[-0.1]

C-ring —-8.4 —-10.3 —20.7 [-0.4] —10.5 [-0.3]

naphthalene —8.9 —10.8 —20.3[0.0] —10.1[0.0]

aDistances from ring centers to the calculated points (A) are
described in parentheses, and contribution of the opposite rings are in
square brackets (see the text for details). Data for naphthalene are
provided for comparison.

NSiH AH=-45.0 NsiH (b)
= =
N AH =442 SIS
= =
AEIA AH= 440 ‘ AN
a4 a4
Figure 3. Calculated vibration modes with maximum intensity. (a)

2-Phenyl-2-silanaphthalene. (b) Naphthalene.

AH = -34.1
é (5 methyl-substituted aromatic isomers. The evaluations are self-
consistent, and methyl groups have little effect on arene
85 AH =340 é aromaticity. We argue that such isomerization reactions, involv-
‘ 2 ‘ P ing highly similar structures, provide better aromaticity estimates
H A than more conventional equations based on small reference
Figure 2. Calculated isodesmic isomerization energies (kcal/mol, molecules. These do not balance the strain and other energetic
B3LYP/6-31H-G(d,p)//Fopt). effects as effectively.

Table 3. Althouah auite diff t thod d level The data demonstrate that incorporation of silicon into the
a Ie .d h OulgGLgUIID\?VmI/I?Irert]h r?\lelcg(? anl e\k/]es are arene frameworks not only has very little effect on the aromatic

employe .( ere ), € ( )_va UES NETe are siapilization but also shows that there is no significant position

not very different from those we obtained earlier8 9 for Si- dependence in naphthalene

ring, —9.5 for C-ring, GIAC-SCF/6-31G(d) level? All the o : '

data show the Si-ring to be only slightly less aromatic than the . UV—Vis Spectra.2-Silanaphthalenéa shows three absorp-

C-ring. The other (€ C and C-H o bonds etc.) contributions 28% rrﬁ)i(gﬁaegrfemgezs ;itel?:l)é gﬁ;t g To :g?;)r’ v?/‘;\(jelgfr?gg: they

are paratropic, explaining why the NICStOyalues are larger clearl correspond to thel, E2, andB bands of naphthale,ne

in magnitude than the NICS(O)total values. Fortuitously, the (221 (Zl 33% 10F), 286 (9 éX 1’03) and 312 (2.9¢ 107) nm]

thO?/rect%r;trrii?]utéc-)rr\]se::g r?r? : ?\I %g(lla;:gte ;ly a%%nﬁﬁlcg(\%?g:: L AThis docﬁments tr;e struct'ural resémblance bétween 2-silénaph-

gs, ! thalene and naphthalene. Similar BVis spectra relationships

are nearly the same. This supports our suggestion that NICS- . -
(D)total values may serve as a good indicator of ring current are also Qbsgrved for the benzemiab_enzene1,4-d|S|Iaben-
effects (aromaticity). zene series in low-temperature matrix speétra.
The two rings do not influence each other significantly. This . @man Spectra.The Raman spectrum @& showed the most
is shown by the small values in square brackets, which intense Raman line at 1368 ci while the most intense line
summarize ther contributions from the two remote double ©" naphthglene was observed at 1382 &niThe strongest
bonds in the opposite rings. Raman shlft§ observed fd}ra and naphthalgne are in good
We have also carried out the quantitative energetic evaluation agreement with the theoretically calculated vibrational frf_equen-
of 1- (1¢), 2-, and 9-silanaphthalene isomers along with those €S (1377 and 1389 crifor leand naphthalene, respectively,

for naphthalene, benzene, and silabenzene for comparison, th&oMputed at the B3LYP/6-31G(d) level and scaled by 8)08

results of which are summarized in Figure 2. The novel method Furthermore, the calculated vibration modeslefshowed a

employed is based on the DFT-computed isodesmic isomeriza-"(31) For the scaling factor of 0.98, see: Bauschlicher, C. W., Jr.;
tion energies of nonaromatic polyenes into the corresponding Partridge, H.J. Chem. Phys1995 103, 1788.
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Table 4. Observed and Calculated Bond Lengths (A) of 2-Silanaphthalenes, Their Isomers, and Parent Naphthazher(§ihs Are
Described in Bold Type)

compound 12 2-3 34 4-10 10-5 5-6 6—7 7-8 8-9 9-1 9-10
la(R = Tht, obsd} 1.704 1.765 1.36 1.27 1.66 1.36 1.37 1.40 1.30 1.64 1.39
1c(R = H, calcdy 1.750 1.791 1.379 1.432 1.422 1.376 1.414 1.375 1.428 1.426 1.445

1-silanaphthalene (caldd) 1.750  1.417 1.382 1.429 1.424 1.374 1.412 1.376 1.4191.803  1.418
9-silanaphthalene (calcd) 1.386 1.424 1.383 1.418 1.418 1.383 1.424 1.3861.786 1.786 1.792
naphthalene (obst) 1.378 1.421 1.378 1.425 1.425 1.378 1.421 1.378 1.425 1.425 1.426
naphthalene (calc#) 1.375 1.415 1.374 1.420 1.420 1.374 1.415 1.374 1.420 1.420 1.431

2 These values are not exact as mentioned in the ®*B8LYP/6-311G(d,p) © From ref 32.

1.750 isomers are small, 1- and 2-silanaphthalenes having almost the
Xsiy gi ,/1‘771 %'/1‘.710 same energy. Thgse results .indicate that three silar_lgphthalene

701 O Sl<H—14845 isomers have similar delocalized structure and stability. Thus,

’ = / 1- and 9-silanaphthalenes can be synthetic targets if an effective

steric protection group is introduced and an adequate synthetic

H3Si—CH3 H2Si=CH; route is developed.
1.885 1.708 Reactivity of 2-Silanaphthalene.Aromatic compounds are
Figure 4. Calculated SiC bond lengths (&) of 2-silanaphthlaefie generally stable and have low reactivity despite the presence
and related compounds (B3LYP/6-31G(d,p)). of unsaturated bonds. Silicon-containing doubly bonded com-

pounds are highly reactive, more so than their carbon counter-
parts. Hence, silaaromatic compounds can be expected to behave
not only as heteroaromatic compounds but as conjugated double-

Table 5. Relative Energies of Silanaphthalene Isomers (B3LYP/
6-311+G(d,p), kcal/mol)

compound relative energy bond organosilicon compounds. Judging from the reactions
1-silanaphthalene 0.2 reported for transient silabenzenes and 1,4-disilabenZéfes,
2-silanaphthalene 0 silaaromatic species are still highly reactive, serving as Si-
9-silanaphthalene 2.9 containing ethylene or 1,3-butadiene. The considerable aromatic

stabilization predicted theoretically is not sufficient to overcome
close resemblance to those of naphthalene (Figure 3), suggestinghe inherent reactivity conferred by the presence of the silicon.
the structural similarity between 2-silanaphthalene and naph- Indeed, despite the high thermal stability of 2-silanaphthalene
thalene. 1a, its SF—C bond is quite reactive toward various reagents as

Theoretically Optimized Structures. Table 4 summarizes  shown in Scheme 3.J® and MeOH reacted smoothly wifta
the observed and calculated bond lengths of silanaphthalenes
and naphthalene. Some computed-Sibond lengths are also ~ S¢heme 3
shown in Figure 4. The two different types of-%% bond lengths
(1.750 and 1.791 A) in 2-silanaphthalebeare between those
of Si—C single (1.885 A) and double bonds (1.708 A), have
the same average length as the 1.771 A-Gibond of
silabenzene, and are clearly different from the-Silengths
computed for the nonaromatic 2-silabutadiene.

In some fused aromatic systems, it is known that the
aromaticity of one ring can be influenced by that of another
ring 33 If one ring is more aromatic, the aromaticity of a second
ring may be reduced. However, the similar bond length patterns
in 2-sila- vs naphthalene, as well as the similar ASEs (Figure
2) indicated that the degree of electron delocalization of the
ring containing Si-atom is not appreciably reduced. This is
consistent with the conclusion obtained by NMR spectra and

NICS calculations. . _ to give the corresponding adducs (72%) and9 (59%),

~ Comparison between Silanaphthalene Isomersio obtain respectively. Reactions dfawith benzophenone, mesitonitrile

information about possibilities to synthesize other silanaphtha- oxide, and 2,3-dimethyl-1,3-butadiene afforded the correspond-

lene isomers, 1- and 9-silanaphthalenes, theoretical calculationsmg [2+ 2], [2 + 3], and [2+ 4] cycloadductsl0, 11, and12

were performed on these ispmers, the calqulated bond lengths, good yields. All of these reactions are similar to those of

and rel_atlve energies of which are shown in Tables 4 and 5, gjlenes whose reactivity has been much expldtédttempted

respectlvely._ ) ) reactions ofLawith dienophiles such as phenylacetylene, maleic
As shown in Table 4, all StC bond lengths of silanaphtha-  4nnydride, or tetracyanoethylene gave none of the expected

lenes are between those of typical-8&l single (1.89 'A) and cycloadducts, but rather complex mixtures.

double bonds (1.71 A), and the-C bond lengths of silanaph- The structure ol2 was established by X-ray crystallographic

thalenes have a close resemblance to those of naphthalene,ngysis; the results of which are shown in Figure 5 and Table
Differences in relative energies between the silanaphthaleneg, The high reactivity of 2-silanaphthalebaand the inspection

(32) Brock, C. P.; Dunits, J. D.; Hirshfeld, F. Acta Crystallogr.1991, of the molecular structure df2 indicate that Tht group affords

B4(7, 7)8(9.) haad o enough reaction space around the central Si atom despite its
33) (a) Hess, B. A., Jr.; Schaad, L. J.; AgranatJFAm. Chem. Soc. ; ;

1978 100, 5268. (b) Mitchell, R. H.; lyer, V. S.; Khalifa, N.; Mahadevan, Strlct’nngter'C ?r:oiescﬁiﬂc():n' 4 S=Si bond Cwith el al
R.; Venugopalan, S.; Weerawarna, S. A.; Zhou].Am. Chem. S04995 IS Known tha an I'bonds react with elementa

117, 1514. sulfur to afford the corresponding three-membered ritigs.

10 11 12
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this reaction may be due to steric effects. Indeed, most cyclic
polysulfides containing Tht-substituted group 14 elements have
five-membered ring$?-14

Stability of 2-Silanaphthalene. 2-Silanaphthalenda was
moisture-sensitive as mentioned above, but about one-third of
lawas recovered after exposure to air in the solid state for 30
min. This remarkable stability toward air is noticeable when
compared with that of unconjugated (p&2),Si=C(Ad)OSiMe;
which reportedly decomposes in air immediately even in the
solid state’®

It is known that the silicon center of silenes has a strong Lewis
acid character and is stabilized by complexation with Lewis
bases such as THF, M, F~, etc3” Such complex formation
results in an upfield shift in thé®Si NMR spectrumt®? The
295i chemical shift of 2-silanaphthaleta (0s; = 87.3) in THF/

= CsDs (6:1), however, did not differ from that measured igDG,

Figure 5. ORTEP drawing ofL.2 (30% probability) with nonhydrogen indicating thatla does not form a complex with THF. In

atoms. contrast, as mentioned earlier, the Si chemical shift 6fkiVig
Table 6. Selected Bond Lengths df2 (&) silabenzene_measgred in THF/@tpetroleum ethe_r (4_:1:1_)5
Cl_si2 1.900(4) C8Co 1.385(5) at a.much hlgher fleIQé(Si = 26.8) than that ofLa, |nd!cat|ng
Sio—C3 1.853(4) C9C1 1.515(3) that it is coordmgt'ed w[th the solveqt molecule, most likely THF,
C3-C4 1.326(5) C9C10 1.395(6) and hence stabilized in such a mixed solvent. The absence of
C4-C10 1.467(7) Si2C11 1.914(3) complex formation ofLla suggests the remarkable effectiveness
C10-C5 1.400(6) CxC12 1.565(2) of Tbt as a steric protecting group.
C5-C6 1.377(7) Si2C13 1.896(4)
C6-C7 1.386(6) C14C15 1.326(5)

Conclusion and Outlook

Moreover, a variety of cyclic polysulfides containing group 14 s the 2-silanaphthalene aromatic? Finally, we must answer
elements were synthesized as stable compounds by utilizing thethis simple, yet important question from the results obtained
steric protection due to the Tbt gro&pSulfurization oflawas experimentally and theoretically in this study. Although the
examined in the hope of obtaining some polysulfides fused with definitive structural parameters were not determined experi-
a 2-silanaphthalene ring. The reaction mixture of 2-silanaph- mentally by X-ray analysis, theoretical calculations revealed the
thalenelawith 1 equiv (as S atom) of elemental sulfur showed Structure of 2-silanaphthalene. Furthermore, important features
a2°Si NMR signal at—67.6 ppm, assignable to thiasililad8 theoretically predicted for the 2-silanaphthalene, namely, the
by Comparison with the values reported for thiasililane and delocalization of the S#C double bond and structural Slml'arlty
thiadisililane rings15—17. However, 13 decomposed during ~ between 2-silanaphthalene and naphthalene, are also supported
attempted separation, and its exact structure was not determinedPy the experimental NMR coupling constants and-tis and
Reaction of excess sulfur witta afforded a new cyclic trisulfide ~ Raman spectra. Large negative NICS values and theoretical

14 (Scheme 4). The formation of the five-membered ring in €nergetic evaluations (Figure 2) also indicate the ring current
effects and energetic stabilization of the 2-silanaphthalene. Thus,

Scheme 4 all the results obtained theoretically and experimentally point
to the aromatic character of the 2-silanaphthalene.
$ Despite its aromatic character, 2-silanaphthaléaeunlike
la 58 @ij&_m —+ decomp. naphthalene, is highly reactive and similar to unsaturated silicon
1eqasS = compounds. Molecules with an isolated=%&} double bond are
13 (8 -67.6) inherently much more reactive than those with==Cdouble
o bond. For example, addition of water to =%} double bond
$—§ is more exothermic than addition to &C double bond by 60
Sg Si:S kcal/mol3® Since the data in Figure 2 indicate that the
excess _ ot six-membered ring containing silicon in the 2-silanaphthalene
(158 has essentially the same aromatic stabilization effect toward
(% 15.8) reactions which result in a single benzene moiety as that of
s s s naphthalene (around £12 kcal/mot?), the energy of addition
Me3Si~g \~Ad  Mes~gj_5j-Mes Mes~gj_sj-Mes of water to 2-silanaphthalene is greater. Thus, the high reactivity
/ ) /o /
Mes OSiMe; Mes Mes tBu  +Bu (36) Brook, A. G.; Abdesaken, F.; Gutekunst, B.; Gutekunst, G.; Kallury,
15 (6« -57.7 16 361 17 (8<: =590 R. K. M. R.J. Chem. Soc., Chem. Commu881, 181.
(i ) (i ) (i ) (37) Wiberg, N.; Wagner, G.; Reber, G.; Riede, J:Iiy G. Organo-
metallics1987, 6, 35.

(34) (a) Brook, A. G.; Kumarathasan, R.; Lough, AQrganometallics (38) Nagase, S.; Kudo, T.; Ito, K. ipplied Quantum Chemistr$mith,

1994 13, 424. (b) West, R.; De Young, D. J.; Haller, J. K.Am. Chem. V. H. Jr.,, Shaefer, H. F., Ill, Morokuma, K., Eds.; Reidel: Dordrecht, 1986;
Soc.1985 107, 4942. pp 249-267. See also ref 1c.

(35) (a) Takeda, N.; Tokitoh, N.; Imakubo, T.; Goto, M.; Okazaki, R. (39) In typical reactions of naphthalene involving one of the rings,
Bull. Chem. Soc. Jpn1995 68, 2757. (b) Tokitoh, N.; Suzuki, H.; the total aromatic stabilization energy (ASE) of naphthalene must be re-
Matsumoto, T.; Matsuhashi, Y.; Okazaki, R.; Goto, Nl. Am. Chem. Soc. duced by the ASE of benzene since one benzene moiety remains after the
1991 113 7047. (c) Tokitoh, N.; Kano, N.; Shibata, K.; Okazaki, R.  reaction. The ASEs depend on the method of evaluation as described in
Organometallics1995 14, 3121. (d) Tokitoh, N.; Okazaki, Rl. Chem. ref 2. For a recent paper, see: Wiberg, K. B.Org. Chem.1997, 62,

Soc., Dalton Transmanuscript in preparation. 5720.
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of the 2-silanaphthalene is not inconsistent with its aromaticity,  Preparation of 24{2,4,6-Tris[bis(trimethylsilyl)methyl]phenyl } -
which is insufficient to suppress an addition reaction across the 1.2,3,4-tetrahydro-2-silanaphthalene (3a)To a solution of ThtBr
Si=C bond. (10.96 g, 17.3 mmol) in THF (100 mL) was addeBuLi (1.75 M in
pentane, 5.11 mmol) at78 °C. After the mixture was stirred for 30
min, a solution of2 (2.57 g, 17.3 mmol) in THF (20 mL) was added
dropwise at—78 °C to it. The reaction mixture was warmed to room
. . temperature within 10 h. After removal of the solvent the residue was
Experimental Section dissolved in hexane (50 mL) and filtered. Purification by WCC (5iO
hexane) followed by reprecipitation from GEl,/EtOH afforded3a
4.08 g, 34%) as a white powdeBas mp 211-215 °C; 'H NMR
CDCls) 6 0.01 (s, 18H), 0.04 (s, 18H), 0.04 (s, 18H), 1913 (m,
2H), 1.32 (s, 1H), 2.04 (s, 2H), 2.22.38 (m, 2H), 2.86 (dtJ = 14,

8 Hz, 1H), 2.94 (dJ = 8, 5 Hz, 1H), 4.49 (quint) = 4 Hz, 1H), 6.28
(br's, 1H), 6.40 (br s, 1H), 7.697.17 (m, 4H);33C NMR (CDCk) ¢

Considering all of the results, we can conclude with confi-
dence that the 2-silanaphthalene is highly aromatic.

General Procedure All experiments were performed under an argon
atmosphere unless otherwise noted. Solvents were dried by standar
methods and freshly distilled prior to us#d (500 MHz), 3C (125
MHz), and?°Si (99 or 54 MHz) NMR spectra were recorded on a JEOL
JNM-A500, Bruker AM-500, or JEOL JNM-EX270 spectrometer at

room temperature. Chemical shifts were measured with tetramethyl-0.72 (@), 0.75 (q), 1.04 (q). 6.7 (1), 20.52 (1), 28.64 (d), 29.06 (1),

silane as an external standard. High-resolution mass spectral data wer:
obtained on a JEOL JMS-SX102 mass spectrometer. SCC (short columnag'92 (), 30.42 (d), 121.78 (d), 124.95 (s), 125.38 (s), 126.64 (d),

chromatography) and WCC (wet column chromatography) were 126.84 (d), 128.13 (d), 129.64 (d), 138.25 (d), 141.10 (s), 144.65 (s),

9Q; — .
performed on Wakogel C-200. PTLC and DCC (dry column chroma- 151.48 (S)'_151'82 (s3°Si NMR (CDCb) 0 26'59.’ 1'75;1'89’ HRMS
; : (El, 70 eV): foundmnz698.3868, calcd for §&H-cSiz ((M] *) 698.3863.
tography) were carried out on Merck Kieselgel 60 PF254 Art. 7743 Anal. Caled for GeHnoSh: C. 61.81: H, 10.09. Found: C, 61.52: H
and ICN Silica DCC 60A, respectively. Preparative HPLC was ' EHT0oT7: S B2 B0 T SRS Lo Reee th

. . 10.36.
performed on an LC-908 (Japan Analytical Industry Co., Ltd.) equipped ) e . .
with JAI-gel 1H and 2H columns (eluent: chloroform). All melting Preparation of 2-{2,6-Bis[bis(trimethylsilyl)methyl]-4-{tris(tri-

points were determined on a Yanaco micro melting point apparatus methylsilyhmethyllohenyl}-1,2,3,4-tetrahydro-2-silanaphthalene (3b).
and are uncorrected. Elemental analyses were carried out at theCompouncBb was synthesized by the same procedure as thegeor
Microanalytical Laboratory of the Department of Chemistry, Faculty 1€ use of BbtBr (9.67 g, 13.7 mmolBuLi (1.75 M, 26.8 mmol),
of Science, The University of Tokyo. 1-Bromo-2,4,6-tris[bis(trimeth- a”df (3.15 9 23.1 mmol) gaveb as a white powde3b: mp 276-
ylsilyhmethyllbenzene (TbtBry: 1-bromo-2,6-bis[bis(trimethylsilyl)- 280 °C dec;’H NMR (CDCl;) 6 0.05 (s, 18H), 0.07 (s, 18H), 0.26 s,
methyl]-4-[tris(trimethylsilyl)methyllbenzene (BbtBY and 2,2-dichloro- 27H), 1.08-1.15 (m, 1H), 1.1#1.21 (m, 1H), 2.17 (s, 2H), 2.36 (dd,

. . J=14.3, 6.9 Hz, 1H), 2.37 (ddl = 14.3, 2.5 Hz, 1H), 2.86 (td] =
1,2,3,4-tetrahydrosilanaphthaléhevere prepared according to the N
reported procedures. 13.8, 5.0 Hz, 1H), 2.97 (dfl = 13.8, 5.0, 1H), 4.444.47 (br m, 1H),

. . ' . 6.72 (s, 2H), 7.167.18 (m, 4H);**C NMR (CDCk) 6 1.43 (q), 1.45
Computational Methods. The geometries of various silanaphtha-
lenes and related reference molecules were optimized by using the(q)’ 5.47 (0), 9.16 (1), 21.04 (1), 22.23 (s), 29.85 (d), 29.97 (1), 125.43

Gaussian 98 program at B3LYP/6-3tE(d,p) levels of density g)) ' ﬁggg Eg; ﬁgjg (((3 ﬁzgg (é%&lﬁiﬁl; ((ggéi)gésggds)ﬁ%'ls
functional theory’! We have also carried out NICS calculations at the ) : ! ’ ! ' e

SOS-DFPT-IGL®? level using the PerdewWang-91 exchange- 273 1S|51([l\i]ﬁ)87|;§’4\1/|255£(3E|A:; eé/;:lcgo?or:wé@.ggaégzggq |f_|0r
correlation functional and the IGLO Ill TZ2P basis set as implemented %2 7658 X ' ; T8 ey BEEE T

) ; . o 10.18. Found: C, 60.66; H, 9.96.
in the deMon NMR program using the Pipeklezey localization p . ¢ 242 4. 6-Trislbis(trimethvisilv] hviTohenvl
procedure for analyzing the and s contributions’® reparation of 2{2,4,6-Tris[bis(trimethylsily)methyljpheny!} -

) . 1,2-dihydro-2-silanaphthalene (4a)A mixture of 4a (2.90 mg, 4.15
Suspr:ﬁ:irg:%r; ET A1|ﬁ'aAgTetL%mr/ndr:qoo_S-isr:Iz?sgrtgglﬂf)(3\,);: :&Ze g Mmmol), NBS (4.43 g, 24.9 mmol), and a catalytic amount of benzoyl
1 2%4-tetrah dro-2 2d EI' r0-2-silanaphthalene (5.95 q. 27.4 mmol peroxide was dissolved in benzene (300 mL) and refluxed for 2 h. After

2,34 ydro-2,2-dichloro-2-silanaphthalene (5.95 g, 27.4 mmol) oo, a1 of the solvent, addition of THF (200 mL), and cooling to 0
dropwise at room temperature. After the reaction mixture was stirred °C, LiAIH4 (1.5 g, 40 mmol) was added to the mixture, which was
ga?’gr;?éré’ QZ%?VS oTiero\ers;ligd:aelti tg lts,cagdégfitg(;r?elj\)/enatv\évas stirred for 2 h. AcOEt (20 mL) was added, the solvent evaporated, and
almgst ureé (4.09 1000/)gas a colorleé,s liquigt bo 88 °Cg/23 the residue dissolved in chloroform (300 mL) and filtered. Purification

[1) 22 9 . quig- p_ by WCC (SiQ/hexane) gave an inseparable mixturdatnd5a(~3:2
mmHg;*H NMR (CDCl;) 6 0.99-1.03 (m, 2H), 2,17 (tJ = 3.2 Hz,

— v ratio determined by NMR).
2H), 27? (t= 6.9 Hz, 2H), 3.83 (quint) = 3.5 Hz, 2H), 7.16.7.17 This mixture was dissolved in THF (80 mL) and cooled+@8 °C;
(m, 4H);:°C NMR (CDCh) 0 3.51 (1), 12.94 (1), 29.07 (1), 125.38 (d), > W decBULi (0.56 M in bortans. 3.6 N A
126.73 (d), 128.22 (d), 129.52 (d), 136.97 (s), 141.40 (s); HRMS (g1, ' thiS mixture was a uLi (0. in pentane, 3.6 mmol). After

70 eV): foundm'z 148.0699, calcd for @1,Si ((M] *) 148.0709. Anal the solution was stirred for 1 min, excess amount of aqueousCNH
Caled i‘or GHuSi: C '72 9(’). H 8.15. Found: C. 73 0'8, H éOl ' was added. The solvent was evaporated, and inorganic salts were

removed by SCC (Si@hexane). Reprecipitation from GEI,/CH;CN

(40) Zhdanov, A. A.; Andrianov, K. A.; Odinets, V. A.; Karpova, I. V. ~ 9ave pureta(2.22 g, 77% fronBa) as a white powdeda mp 135-

Zh. Obshch. Khim1966 36, 521. (b) Chernyshev, E. A.; Komalenkova,  138°C; 'H NMR (CDCls) 6 —0.09 (s),—0.08 (s),—0.00 (s),—0.03
N. G.; Bashkirova, S. A.; Kumina, T. M.; Kisin, A. V.Zh. Obshch. Khim (s),—0.03 (s), 1.30 (s, 1H), 2.16 (br s, 1H), 2.22 (br s, 1H), 2.39 (dd,

1975 45, 2227. J =17, 4 Hz, 1H), 2.50 (ddJ) = 17, 5 Hz, 1H), 5.00 (tJ = 4 Hz,

(41_) Frisch, M. J.; Trucks_, G. W.; Schlegel, H._B.; Scuseria, G. E.; Robp, 1H), 6.24 (br s, 1H), 6.36 (br s, 1H), 6.27 @@= 14 Hz, 1H), 7.09-
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A. Jr.; 715 4H). 7.30 — 14 Hz. 1H)'13C NMR (CDCR) 6 0.39
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. - (m, 4H), 7.30 (&) = z, 1H); ( k) 39 (s),

D.; Kudin, K. N.; Strain, M. C.; Farkas, O.: Tomasi, J.; Barone, V.; Cossi, 0.67 (s), 0.70 (s), 1.01 (s), 17.37 (t), 28.66 (d), 28.98 (d), 30.46 (d),
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; 121.71 (d), 124.52 (s), 125.89 (d), 126.29 (d), 126.65 (d), 127.75 (d),
Ochterski, J.; Petersson, G. A;; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, 130.75 (d), 132.29 (d), 135.14 (s), 135.40 (s), 144.90 (s), 147.00 (d),
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; 151 83 (s), 152.10 (s}Si NMR (CDCh) 6 —43.91, 1.72, 1.81. HRMS

Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, . : "
I; Gomperts, R.; Martin, R. L.. Fox, D. J.; Keith, T.. Al-Laham, M. A. (El, 70 eV): foundmz696.3702, calcd for €&HesSiz ([M] ) 696.3706.

Peng, C. Y.: Nanayakkara, A.; Gonzalez, C.: Challacombe, M.; Gill, p. M. Anal. Calcd for GeHesSiz: C, 61.98; H, 9.82. Found: C, 61.70; H,
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; 9.69.

Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98Revision A.5; Preparation of 2-{2,6-Bis[bis(trimethylsilyl)methyl]-4-[tris(tri-
Gaussian, Inc.: Pittsburgh, PA, 1998. methylsilyl)methyllphenyl}-1,2-dihydro-2-silanaphthalene (4b)Com-

(42) (a) Malkin, V. G.; Malkin, O. L.; Eriksson, L. A.; Salahub, D. R. h
Modern Density Functional Theanseminario, J. M., Politzer, P., Eds.; pound4b was synthesized by the same procedure as thatdorhe

Elsevier: Amsterdam, 1995; p 273. (b) Malkin, V. G.; Malkin, O. L.;  uSe 0f3b(1.90 g, 2.46 mmol), NBS (2.67 mg, 1.50 mmol), and LiAlH
Eriksson, L. A.; Salahub, D. Rl. Am. Chem. Sod.994 116, 5898. (0.7 g, 18 mmol) gave an inseparable mixture4bfand5b ( ~5:4
(43) Pipek, J.; Mezey, P. Q. Chem. Phys1989 90, 4916. ratio determined by NMR), which was treated witBuLi (1.81 M in
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pentane, 4.9 mmol) to affordb as a white powde#b: mp 208-212
°C;H NMR (CDCl) 6 —0.06 (s, 18H), 0.10 (s, 18H), 0.25 (s, 27H),
2.38 (s, 2H), 2.42 (dd) = 16.8, 4.8 Hz, 1H), 2.50 (dd} = 16.8, 4.4
Hz, 1H), 5.03(br m, 1H), 6.30 (d] = 14.0 Hz, 1H), 6.70 (s, 2H),
7.10-7.14 (m, 4H), 7.29 (dJ = 14.0 Hz, 1H);33C NMR (CDCk) ¢
1.11 (qg), 1.46 (), 5.40 (q), 17.36 (t), 22.23 (s), 22.91 (d), 125.96 (d),
126.39 (d), 126.55 (d), 127.09 (s), 127.76 (d), 130.74 (d), 132.19 (d),
135.07 (s), 135.33 (s), 146.68 (s), 146.77 (d), 151.78%S); NMR
(CDClg) 6 —42.82, 0.69, 1.44, 1.54. HRMS (El, 70 eV): founuz
768.4097, calcd for §H76Sis ([M] *) 768.4101. Anal. Calcd for &gH7¢-
Sig: C, 60.85; H, 9.95. Found: C, 60.69; H, 9.73.

Bromination of 4a. 4a (50 mg, 0.072 mmol) and NBS (13 mg,
0.073 mmol) were dissolved in C£{10 mL) under dry air, and the
solution was stirred at C. After disappearance dfa ( ~5 days) the
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were calculated, assuming tHatwas purela: mp 151-155°C (dec);

H NMR (CeDe) 6 0.14 (s, 36H), 0.16 (s, 18H), 1.53 (s, 1H), 2.61 (br
s, 1H), 2.72 (br s, 1H), 6.61 (br s, 1H), 6.73 (br s, 1H), 6.99 (ddd,

8.1, 6.9, 1.2 Hz, 1H), 7.20 (ddd,= 8.1, 6.9, 1.2 Hz, 1H), 7.24 (dd,
J=13.0, 2.2 Hz, 1H), 7.40 (d] = 2.2 Hz, 1H), 7.60 (dJ = 8.1 Hz,

1H), 7.64 (d,J = 8.1 Hz, 1H), 8.48 (dJ = 13.0 Hz, 1H);*C NMR
(CsDe, 126 MHZz) 6 0.62 (q), 0.82 (), 31.51 (d), 36.87 (d), 37.50 (d),
116.01 (d), 120.58 (d), 121.53 (d), 122.56 (d), 125.69 (s), 126.08 (d),
126.70 (d), 128.26 (s), 128.77 (d), 133.27 (d), 146.53 (s), 148.01 (s),
148.95 (d), 152.33 (s), 152.38 (€PSi NMR(CsDs, 54 MHz) § 2.2,

2.5, 87.3; UV-vis (hexanelmax 267 nm € 2 x 10%), 327 nm € 7 x

10°), 387 nm € 2 x 10°). HRMS (El, 70 eV): foundmwz 694.3554
(IM]1), calcd for GegHseSiz 694.3549. Anal. Calcd for 4HgeSiz: C,
62.17; H, 9.56. Found: C, 60.97; H, 9.44.

solvent was evaporated, hexane (10 mL) was added, and the mixture Synthesis of 1b.Compoundlb was synthesized by the same

was filtered. Removal of the solvent afforded almost pure2 2+,6-
tris[bis(trimethylsilyl)methyl]phenyl-2-bromo-1,2-dihydro-2-silanaph-
thalene 6a) (48.5 mg, 87%) as white powder. A8a gradually
decomposed in air to give ThtH, further purification was not performed.
6a mp 168-176°C dec;'H NMR (C¢Ds, 500 MHz)6 0.12 (s, 18H),
0.15 (s, 9H), 0.19 (s, 9H), 0.20 (s, 9H), 0.26 (s, 9H), 1.44 (s, 1H), 2.67
(br s, 1H), 2.70 (br s, 1H), 3.07 (d,= 16.2 Hz, 1H), 3.19 (dJ =

16.2 Hz, 1H), 6.47 (br s, 1H), 6.60 (br s, 1H), 6.61 Jd+ 13.5 Hz,
1H), 6.87-7.06 (m, 5H);**C NMR (CsDg, 126 MHz)6 0.91 (q), 0.94

(9), 1.01 (q), 1.14 (q), 1.54 (q), 1.65 (q), 27.91 (t), 29.18 (d), 29.56
(d), 31.11 (d), 122.86 (d), 123.55 (s), 126.62 (d), 128.29 (d), 128.42

procedure as that fata. The use oféb (216 mg, 0.254 mmol) and
t-BuLi (0.45 M in hexane, 3.0 mmol) gave{2-6-bis[bis(trimethylsilyl)-
methyl]-4-[tris(trimethylsilyl)methyl]phenyl-2-silanaphthalnenel )

( ~50% vyield estimated by NMR spectra). Recrystallization from
hexane gave small amount @b as a white powderlb: 'H NMR
(CsDg) 0 0.15 (s, 36H), 0.36 (s, 27H), 2.85 (s, 2H), 7.00 (ddie; 8.2,
7.0, 1.2 Hz, 1H), 7.06 (s, 2H), 7.19 (ddl= 13.1, 2.2 Hz, 1H), 7.20
(ddd,J = 8.2, 7.0, 1.2 Hz, 1H), 7.33 (d} = 2.2 Hz, 1H), 7.60 (dJ

= 8.2 Hz, 1H), 7.64 (dJ = 8.2 Hz, 1H), 8.49 (dJ = 13.1 Hz, 1H);
13C NMR (GsDg) 6 1.19 (q), 5.46 (q), 23.29 (s), 39.25 (s), 114.97 (d),
120.55 (d), 121.96 (d), 125.99 (d), 126.77 (d), 128.59 (s), 128.72 (s),

(d), 129.40 (d), 130.68 (d), 132.00 (d), 134.79 (s), 135.04 (s), 144.85 133.30 (d), 146.49 (s), 148.99 (d), 149.59 (s), 151.94%j; NMR

(d), 146.82(s), 152.84 (s), 153.46 (3Si NMR (CsDg, 54 MHz) &
—7.51, 1.68, 2.16, 2.30, 2.78. HRMS (FAB): foumtz 776.2819, calcd
for CaeHe#'BrSiz ([M]*) 776.2790. Anal. Calcd for £&HeBrSiz: C,
55.69; H, 8.69; Br, 10.29. Found: C, 56.43; H, 9.01; Br, 7.71.
Bromination of 4b. Bromination of4b was performed by the same
procedure as that fata. The use ofdb (200 mg, 0.260 mmol), NBS
(46.7 mg, 0.262 mmol) gave almost purg 26-bis[bis(trimethylsilyl)-
methyl]-4-[tris(trimethylsilyl)methyl]phenyl-2-bromo-1,2-dihydro-2-si-
lanaphthalene6p) (216 mg, 98%) as a white powdesb was also
unstable in air6b: mp 192-198°C dec;*H NMR (CsDg) 6 0.19 (s,
18H), 0.28 (s, 18H), 0.32 (s, 27H), 2.84 (s, 2H), 3.02)e: 16.5 Hz,
1H), 3.18 (d,J = 16.5 Hz, 1H), 6.63 (dJ = 13.7 Hz, 1H), 6.88 (s,
2H), 6.88-6.97 (m, 4H), 7.06 (dJ = 7.3 Hz, 1H);%C NMR (CsDg)
0 1.87 (q), 2.01 (q), 5.67 (q), 22.67 (s), 27.74 (d), 30.04 (d), 126.32
(s), 126.64 (d), 127.71 (d), 128.29 (d), 128.44 (d), 129.60 (d), 130.61

(CsDg) 0 1.15, 2.18, 86.68.
Crystal Data of 1a. Formula GgHesSiz, M = 695.52, monoclinic,
space grouP2,/c, a = 12.762(6) Ab = 9.91(1) A,c = 34.67(1) A,
B = 96.58(3)°, V = 4356(4) B, Z = 4,D. = 1.060 g cm3, R =
0.071 Ry = 0.047). Colorless and prismatic single crystald afvere
grown by the slow evaporation of its hexane solution. The intensity
data were collected on a Rigaku AFC7R diffractometer with graphite-
monochromated Mo K radiation ¢ = 0.71069 A) at 193 K. The
structure was solved by direct method with SHELXS-86, and refined
by the full-matrix least-squares method. All the non-hydrogen atoms
were refined anisotropically, and all hydrogen atoms were located by
calculation. The final cycles of the least-squares refinements were based
on 6018 observed reflectionis¥ 5.00/1|) and 388 variable parameters.
Reaction of 1a with Deuterium Oxide.To 1a (30 mg, 0.043 mmol
if pure) was added deuterium oxide (0.5 mL) and THF (2 mL). After

(d), 131.92 (d), 134.70 (s), 134.89 (s), 144.41 (d), 148.73(s), 152.81 the solution was stirred for 10 min, the solvent was removed.

(s); 2°Si NMR (GsDg) 6 —8.12, 1.06, 1.96, 2.48. HRMS (FAB): found
m/z 846.3199, calcd for &H7s"°BrSis ([M] ") 846.3207. Anal. Calcd
for CsgH7sBrSig: C, 55.19; H, 8.90; Br, 9.41. Found: C, 56.06; H,
8.83; Br, 8.74.

Bromination of 3a. Bromination of3awas performed by the same
procedure as that fata. The use oBa (50 mg, 0.071 mmol) and NBS
(14.0 mg, 0.079 mmol) gave almost purd 24,6-tris[bis(trimethyl-
silyl)methyllpheny}-2-bromo-1,2,3,4-tetrahydro-2-silanaphthaler) (
(56.7 mg, 100%) as a white powdéta was also unstable in aira
H NMR (CDCls) 6 0.02 (s, 9H), 0.05 (s, 9H), 0.06 (s, 18H), 0.10 (s,
9H), 0.11 (s, 9H), 1.36 (s, 1H), 1.50 (ddbs= 15.6, 10.8, 5.5 Hz, 1H),
1.72 (dt,J = 14.8, 5.2 Hz, 1H), 2.05 (br s, 1H), 2.11 (br s, 1H), 2.77
(ddd,J = 14.8, 10.8, 5.0 Hz, 1H), 2.83 (d,= 14.5 Hz, 1H), 2.92 (d,

J = 14.5 Hz, 1H), 2.97 (dtJ = 14.3, 5.6 Hz, 1H), 6.31 (br s, 1H),
6.44 (br s, 1H), 7.147.20 (m, 4H):33C NMR (CDCk) 6 0.39 (q),
0.80 (q), 0.98 (q), 1.03 (q), 1.53 (q), 20.42 (t), 28.64 (d), 29.14 (d),
29.53 (1), 30.50 (1), 30.72 (d), 122.38 (d), 124.53 (s), 125.99 (d), 126.67

Purification by PTLC (hexane/chloroform 2:1) afforded 1-deuterio-
2-hydroxy-2{2,4,6-tris[bis(trimethylsilyl)methyl]phenyt1,2-dihydro-
2-silanaphthalene8] as a white powder (25.8 mg, 84%). As the D
content of the white powder was 70% (froitd NMR), the net yield

of 8 was 59%. The following data were obtained for the sample which
was prepared by the reaction d with H,O. 8: mp 169-171°C dec;

H NMR (CDCls;, 500 MHz)6 —0.07 (s, 9H),—0.05 (s, 9H), 0.04 (s,
18H), 0.05 (s, 9H), 0.09 (s, 9H), 1.31 (s, 1H), 1.67 (s, 1H), 2.42 (br s,
1H), 2.46 (br s, 1H), 2.48 (d] = 16.8 Hz, 1H), 2.55 (dJ = 16.8 Hz,
1H), 6.25 (br s, 1H), 6.36 (dl = 14.0 Hz, 1H), 6.37 (br s, 1H), 7.68
7.14 (m, 4H), 7.27 (d) = 14.0 Hz, 1H);**C NMR (CDCk, 126 MHz)

0 0.54 (q), 0.73 (q), 0.77 (), 0.89 (q), 1.14 (q), 24.77 (t), 28.27 (d),
28.54 (d), 30.42 (d), 122.08 (d), 125.78 (d), 125.99 (s), 127.06 (d),
127.51 (d), 130.48 (d), 130.55 (d), 133.23 (d), 135.10 (s), 136.00 (s),
144.99 (s), 146.03 (d), 151.51 (s), 151.97 &%i NMR (CDCk, 54
MHz) 6 —11.70, 1.61, 1.78, 2.13. HRMS (FAB): foumdz 712.3628
(IM] 1), calcd for GeHesOSky 712.3655. Anal. Calcd for £HgsOSi:

(d), 127.44 (d), 127.68 (d), 130.54 (d), 135.98 (s), 139.89 (s), 146.29 C, 60.59; H, 9.60. Found C, 60.29; H, 9.65.

(s), 151.85 (s), 152.77 (s).
Synthesis of 1aTo a solution o6a (334 mg, 0.43 mmol) in hexane
(10 mL) was added-BuLi (0.59 M in hexane, 0.045 mmol) with

Reaction of 1a with Methanol.To 1a(30 mg, 0.043 mmol if pure)
was added methanol (0.5 mL) and THF (2 mL). After the solution was
stirred for 10 min, the solvent was removed. Purification by PTLC

stirring. The solution was transferred into a Pyrex tube and degassed(hexane/chloroform= 2:1) afforded 2-methoxy-22,4,6-tris[bis(tri-

and sealed. After opening the tube in the glovebox filled with argon,
the solvent was slowly removed. Generation of 24,6-tris[bis-
(trimethylsilyl)ymethyl]pheny}-2-silanaphthalenel@) was confirmed
by NMR spectra (~80%), although only small amount of pulea
was obtained by careful recrystallization from hexane. This crude
mixture was used for further reactions without purification, and yields

methylsilyl)methyl]phenyi-1,2-dihydro-2-silanaphthaleng)(as a white
powder (22.6 mg, 72%0: mp 162-164 °C; *H NMR (CDCls, 500
MHz) 6 —0.10 (s, 9H),—0.07 (s, 9H), 0.03 (s, 18H), 0.05 (s, 9H),
0.08 (s, 9H), 1.29 (s, 1H), 2.34 (d,= 17.2 Hz, 1H), 2.47 (br s, 1H),
2.50 (br s, 1H), 2.55 (dJ = 17.2 Hz, 1H), 3.32 (s, 3H), 6.22 (br s,
1H), 6.29 (d,J = 14.0 Hz, 1H), 6.35 (br s, 1H), 7.687.14 (m, 4H),
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7.38 (d,J = 14.0 Hz, 1H);*C NMR (CDCk, 126 MHz) 6 0.50 (q),
0.72 (), 0.73 (), 0.77 (g), 0.86 (g), 1.17 (q), 21.63 (t), 28.09 (d),
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(d), 41.84 (t), 122.18 (d), 125.86 (d), 126.55 (s), 126.96 (s), 127.44
(d), 127.97 (d), 128.26 (s), 128.77 (d), 130.45 (d), 132.42 (d), 135.85

28.33 (d), 30.34 (d), 50.21 (q), 122.02 (d), 125.64 (d), 125.65 (s), 126.97 (s), 141.39 (s), 144.07 (s), 144.61 (d), 151.52 (s), 151.97°G)NMR
(d), 127.45 (d), 128.20 (d), 130.72 (d), 132.17 (d), 135.12 (s), 136.48 (CDCL, 54 MHz) 6 —24.87, 1.68, 1.78, 1.96. HRMS (El, 70 eV):

(s), 144.73 (s), 147.30 (d), 151.66 (s), 152.14 1%j NMR (CDCl,
54 MHz) 6 —11.12, 1.44, 1.75, 2.23. HRMS (FAB): founaz
726.3784 ([M]), caled for G/H70OSi, 726.3811. Anal. Calcd for
Cs7H700Si+0.5H,0: C, 60.33; H, 9.71. Found C, 60.29; H, 9.65.
Reaction of 1a with Benzophenone. 130 mg, 0.043 mmol if
pure) and benzophenone (30 mg, 0.16 mmol) were dissolvedlyg C
(0.8 mL). 1a disappeared immediately, and removal of the solvent
followed by purification by PTLC (hexane/chloroform 1:1) afforded
3,9b-dihydro-1,1-diphenyl-82,4,6-tris[bis(trimethylsilyl)methyl]phenj4
1H-[2]benzosilino[2,1b][1,2]oxasilete 10) as a white powder (23.4
mg, 62%).10: mp 230-235°C dec;*H NMR (CDCl;) ¢ —0.19 (s,
9H), —0.15 (s, 9H), 0.013 (s, 18H), 0.017 (s, 9H), 0.05 (s, 9H), 1.32
(s, 1H), 1.90 (br s, 1H), 1.93 (br s, 1H), 4.49 (s, 1H), 6.090(e, 14.7
Hz, 1H), 6.25 (br s, 1H), 6.36 (br s, 1H), 6.79 @= 7.0 Hz, 1H),
6.88-6.91 (m, 4H), 7.057.14 (m, 4H), 7.19-7.27 (m, 3H), 7.43 (d,
J = 7.3 Hz, 1H), 7.62 (dJ = 7.3 Hz, 2H);*C NMR (CDCk, 126
MHz) 6 0.44 (q), 0.61 (q), 0.67 (q), 0.77 (), 1.11 (q), 28.45 (d), 29.26

(d), 30.72 (d), 48.72 (q), 92.42 (s), 121.40 (d), 125.39 (d), 125.64 (d),
126.01 (d), 126.17 (s), 126.19 (d), 126.39 (d), 126.72 (d), 126.86 (d),
126.91 (d), 127.69 (d), 127.73 (d), 131.94 (d), 132.61 (d), 135.71 (s),

foundm/z 776.4315 ([M]); calcd for G,H7eSi; 776.4332. Anal. Calcd
for CsoH76Siz: C, 64.86; H, 9.85. Found C, 64.60; H, 9.56.

Crystal Data of 12. Formula G2H7Siz, M = 777.66, triclinic, space
groupP1, a = 13.220(2) A,b = 16.128(3) A,c = 12.486(3) A,a =
93.33(2), B = 97.11(1}, y = 106.66(1}, V = 2518.4(8) B, z = 2,

D. = 1.025 g cm?3, R= 0.056 R, = 0.038). Colorless and prismatic
single crystals of.2 were grown by the slow evaporation of its CHCI
CH:CN solution. The intensity data were collected on a Rigaku AFC5R
diffractometer with graphite-monochromated MaKadiation ¢ =
0.71069 A) at 296 K. The structure was solved by direct method with
SHELXS-86, and refined by the full-matrix least-squares method. All
the non-hydrogen atoms were refined anisotropically, and all hydrogen
atoms were located by calculation. The final cycles of the least-squares
refinements were based on 5179 observed reflectibris 8.007]1)

and 442 variable parameters.

Reaction of 1a with 1 Equiv Amount of Elemental Sulfur. 1la
(30 mg, 0.043 mmol) and elemental sulfur (1.4 mg, 0.044 mmool as S
atom) were dissolved in D¢ (0.7 mL). After the solution was
transferred into an NMR tube, degassed, and sealed, the signal
assignable td 3 (dsi = —67.62) was observed BYSi NMR. However,

136.32 (s), 143.69 (s), 146.24 (s), 150.13 (d), 150.53 (s), 150.87 (s), purification of this reaction mixture by PTLC (hexane/chloroform

151.01 (s);?°Si NMR (CDCk, 54 MHz) ¢ 1.82, 2.40, 5.11. HRMS-
(FAB): observedm/z 877.4375 ([M+ H]*); calcd for GoHzcOSk
877.4375. Anal. Calcd for £H7¢0Si;: C, 67.05; H, 8.72. Found C,
67.32; H, 8.84.

Reaction of 1a with Mesitonitrile Oxide. By the same procedure
as that for9, 1a (30 mg, 0.043 mmol if pure) and mesitonitrile oxide
(30 mg, 0.19 mmol) afforded 4,10b-dihydro-1-mesity{-2,4,6-tris[bis-
(trimethylsilyl)methyl]pheny}-[2]benzosilino-[1,26€][1,2,5]0x-
azasilole 11) as a white powder (28.5 mg, 77941 mp 224-232
°C; *H NMR (CDClg) 6 —0.12 (s, 9H),—0.08 (s, 9H), 0.01 (s, 18H),
0.03 (s, 9H), 0.05 (s, 9H), 1.36 (s, 1H), 1.38 (s, 3H), 1.88 (br s, 1H),
1.97 (br s, 1H), 2.20 (s, 3H), 2.25 (s, 3H), 3.85 (s, 1H), 6.25)(¢;
14.4 Hz, 1H), 6.35 (br s, 1H), 6.46 (br s, 1H), 6.48 {d= 7.6 Hz,
1H), 6.55 (s, 1H), 6.83 (s, 1H), 6.90 @t= 7.7 Hz, 1H), 7.12 (dJ =
7.6 Hz, 1H), 7.17 (tJ = 7.3 Hz, 1H), 7.37 (dJ = 14.7 Hz, 1H);**C
NMR (CDCls, 126 MHz)6 0.34 (q), 0.68 (), 0.71 (q), 0.91 (q), 1.23

2:1) gave only a hydrolyzed product (11.3 mg, 37%), and the rest was
a complex mixture.

Reaction of 1a with an Excess Amount of Elemental Sulfur. 1a
(98.8 mg, 0.142 mmol) and elemental sulfur (50 mg, 1.56 mmol as S
atom) were dissolved in benzene (4 mL). After removal of the solvent,
the crude products were submitted to separation by WCC (hexane/
chloroform = 2:1) and HPLC to afford 4,10b-dihydro{42,4,6-tris-
[bis(trimethylsilyl)methyl]phenyi-[2]benzosilino[2,1€]-1,2,3,4-trithia-
silole (14) as a white powder (23.0 mg, 20%H NMR (CDCl) ¢
—0.10 (s, 9H),—0.05 (s, 9H), 0.02 (s, 18H), 0.07 (s, 9H), 0.11 (s, 9H),
1.32 (s, 1H), 2.46 (s, 2H), 4.40 (s, 1H), 6.14 (d= 13.8 Hz, 1H),
6.29 (br s, 1H), 6.41 (s, 1H), 7.35.26 (m,5H);**C NMR (CDCE,

126 MHz) 6 0.55 (q), 0.73 (qg), 0.89 (q), 0.98 (q), 1.30 (q), 29.2 (d),
29.50 (d), 30.89 (d), 44.11 (d), 118.56 (s), 122.70 (d), 126.66 (d), 127.79
(d), 127.97 (d), 128.26 (d), 131.20 (d), 134.13 (d), 134.58 (s), 136.00
(s), 144.15 (d), 147.18 (s), 153.57 (s), 153.95 {&3j NMR (CDCE,

(9), 18.60 (q), 19.68(q), 21.03 (q), 29.37 (d), 29.83 (d), 30.79 (d), 41.65 54 MHz) 6 1.99, 2.16, 2.57, 15.37. HRMS(FAB): observeuz
(d), 121.85 (d), 123.71 (s), 125.56 (d), 126.80 (d), 127.45 (d), 127.83 791.2773, calcd for &He:SizS; 791.2790. Anal. Calcd for $Her-
(d), 127.86 (d), 127.98 (d), 128.63 (s), 130.22 (s), 131.84 (d), 134.74 Si;Ss: C, 54.62; H, 8.40; S, 12.15. Found C, 53.91; H, 8.33; S, 10.32.

(d), 135.20 (s), 135.30 (s), 137.89 (s), 138.03 (s), 146.27 (s), 148.48

(d), 151.87 (s), 152.26 (s), 166.04 (3Si NMR (CDCk, 54 MHz) &
1.61, 1.85, 2.68, 6.86. HRMS (FAB): observerz 856.4485 ([M+
H]™); calcd for GgH70ONSK; 856.4469. Anal. Calcd for &gH,7ONSi
H,O: C, 63.16; H, 9.10; N, 1.60. Found C, 63.47; H, 9.18; N, 1.35.

Reaction of 1a with 2,3-Dimethyl-1,3-butadieneTo a solution6a
(87.8 mg, 0.113 mmol) in hexane (2 mL) was adddslLi (0.56 M
in hexane, 0.134 mmol) and 2,3-dimethyl-1,3-butadiene (1 mL).

After heating at 100C for 20 h, the tube was opened. Purification by
DCC (hexane) afforded 4b,5,8,8a-tetrahydro-6,7-dimethy]84;6-
tris[bis(trimethylsilylymethyl]phenyl-8a-silaphenanthrenel?) as a
white powder (62.9 mg, 72%)2: mp 153-159°C; *H NMR (CDCly)

0 —0.07 (s, 9H),~0.06 (s, 9H),—0.04 (s, 9H), 0.009 (s, 9H), 0.011 (s,
9H), 0.04 (s, 9H), 1.26 (s, 1H), 1.49 (s, 3H), 1.66 (s, 3H), 1.7Q &,
15.6 Hz, 1H), 1.79 (tJ = 6.7 Hz, 1H), 2.10 (br s, 1H), 2.15 (br s,
1H), 2.36 (d,J = 6.7 Hz, 1H), 2.53 (tJ = 6.7 Hz, 1H), 6.06 (dJ) =
14.0 Hz, 1H), 6.22 (br s, 1H), 6.34 (br s, 1H), 7-60.17 (m, 5H);%C
NMR (CDCls) 6 0.62 (q), 0.72 (q), 0.82 (qg), 0.86 (), 1.06 (q), 1.40

The
solution was transferred into a Pyrex tube and degassed and seale

Acknowledgment. This work was partially supported by
Grants-in-Aid for Scientific Research from the Ministry of
Education, Science, Sports and Culture, Japan (Nos. 08454197
and 10440184) and at Erlangen by the Deutsche Forschungs-
gemeinschaft and the Fonds der Chemische Industrie. We are
grateful to Professor Yukio Furukawa, Waseda University, for

OIthe measurement of FT-Raman spectra. We also thank Shin-

etsu Chemical Co., Ltd. and Tosoh Akzo Co., Ltd. for the
generous gift of chlorosilanes and alkyllithiums, respectively.

Supporting Information Available: Tables of crystal data,
structure solution and refinement, atomic coordinates, bond
lengths and angles, and anisotropic thermal parametetkafor
and12, and total electronic energies and atomic coordinations
for all molecules used in Figure 2 (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.

(@), 20.80 (q), 22.45 (q), 23.04 (t), 28.01 (d), 28.40 (d), 28.60 (d), 30.26 JA992024F



