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Abstract: More than 40 new 4- to 12-membered ring heterocycles containing various combinations of Group
14 and 16 elements Si, Sn, S, Se, and Te have been synthesized and fully characterized. Synthesis of
these small-ring as well as medium-ring (mesocyclic) heterocycles from o,w-dihalides is facilitated by the
presence of gem-dialkylsilyl and gem-dialkylstannyl groups in the precursors. Conformations of several of
the new ring systems in the solid state have been determined by X-ray crystal structure analysis. Oxidation
of mixed S(Se, Te)/Si eight-membered ring mesocycles with NOPFg or Br, gives dications or a bicyclic
dibromide, respectively, which can be characterized by NMR methods. On treatment with nucleophiles,
mesocyclic dications, or the corresponding radical cations undergo ring contraction, giving five- or six-
membered ring heterocycles. Photolysis of a S/Se four-membered ring heterocycle gives selenoformal-
dehyde, trapped in 80% yield with 2,3-dimethyl-1,3-butadiene.

Introduction been evaluated using photoelectron spectroscopy (PES), cyclic
voltammetry (CV), MO calculations, and/or more qualitatively
by measuring thdg-proportional Amax Of their tetracyano-

ethylene charge-transfer (TCNE-CT) complex&<.

Sulfur-containing heterocycles with one or more ringSR
or R;Sn groups, separated from S by £gtoups (e.g7—14
(E = S), Chart 1), are virtually unknown, despite novel
properties which might be anticipated by analogy with those of
well-studied polysulfur systemd—6.> Also unknown are
analogous Se- or Te-containing heterocycles with similarly
positioned RBSi or R:Sn groups. It is known that the oxidation
potential of4 (1,5-dithiocane; Scheme 1) is lowered, owing to
transannular bond formation, and that the radical caticand
dication4", formed on oxidation, are stabilized. Similar effects
are also seen withand with15and16, the Se and Te analogues
of 4, respectively’. Compounds}, 5, 15, and16 show unusual
redox chemistry;2 catalytic activity? and metal coordination
abilities? In 1 and its bicyclic analogue20 (Chart 2), facilitation
of oxidation depends not only on the-£5 distance but also on
the angular relationship of the interacting lone-pair orbitals, e.g.,
compare planat (higher ionization energyl§)) and puckered
20 (lower Ig).5 Exocyclic S-silicon andg-tin groups, e.g., in
2-substituted derivatives of 1,3-dithiaB# 2 1,3-dithioles$2and
oxiranes and thiirane22,%° can also significantly facilitate one-
electron oxidation at the chalcogen atom(s) by the well-known
B-effect of these elemertteshen the angular relationship of the
C—Si or C—Sn orbitals with adjacent chalcogertype lone-
pair orbitals is optimum (eclipsed). The lowering kf and
facilitation of oxidation in1—6 as well as in15 and 16 has

(2) (a) Wilson, G. S.; Swanson, D. D.; Klug, J. T.; Glass, R. S.; Ryan, M. D,;
Musker, W. K.J. Am. ChemSoc.1979 101, 1040-1042. (b) Musker, W.

K. Acc. Chem. Red98Q 13, 200-206. (c) Brown, T. G.; Hirschon, A.
S.; Musker, W. KJ. Phys. Cheml981, 85, 3767-3771. (d) Fujihara, H.;
Furukawa, N.J. Mol. Struct. (THEOCHEM)1989 186, 261-272. (e)
Fujihara, H.; Ninoi, T.; Akaishi, R.; Erata, T.; Furukawa, Netrahedron
Lett 1991, 32, 4537-4540. (f) Glass, R. S.; Radspinner, A. M.; Singh, W.
P.J. Am. Chem. S0d992 114, 4921-4923. (g) Fujihara, H.; Furukawa,
N. Phosphorus, Sulfur Silicon Relat. Elet®92 67, 131-134. (h) Fujihara,
H.; Takaguchi, Y.; Ninoi, T.; Erata, T.; Furukawa, .Chem. Soc., Perkin
Trans. 11992 2583-2584. (i) Nakayama, N.; Takahashi, O.; Kikuchi,
O.; Furukawa, NHeteroatom Chen200Q 11, 31-41. (j) Batchelor, R.
J.; Einstein, F. W. B.; Gay, I. D.; Gu, J.-H.; Mehta, S.; Pinto, B. P.; Zhou,
X.-M. Inorg. Chem200Q 39, 2558-2571. (k) Maity, D. K.J. Am. Chem.
Soc.2002 124, 8321-8328. (I) Nenajdenko, V. G.; Shevchenko, N. E.;
Balenkova, E. S.; Alabugin, I. VChem. Re. 2003 103 229-282. (m)
Detty, M. R.; Logan, M. EAdv. Phys. Org. ChenR004 39, 79—145. (n)
Clennan, E. L.; Hightower, S. E.; Greer, A. Am. Chem. So@005 127,
11819-11826. (0) Clennan, E. L.; Hightower, S. E.Org. Chem2006
71, 1247-1250.

(3) (a) Kataoka, T.; lwama, T.; Tsujiyama, S.; lwamura, T.; Watanabe S.
Tetrahedron1998 54, 11813-11824. (b) Takaguchi, Y.; Hosokawa, A.;
Yamada, S.; Motoyoshiya, J.; Aoyama, H.Chem. Soc., Perkin Trans. 1
1998 3147-3149.

(4) (a) Stein, C. A.; Taube, Hl. Am. Chem. S0d 978 100, 1635-1637. (b)

Blake, A. J.; Schirder, M.Adv. Inorg. Chem1990Q 35, 1—80. (c) Cooper,

S. R. InCrown Compounds: Toward Future Applicatioi@dooper, S. R.,

Ed.; VCH: New York, 1992; pp 285302. (d) Musker, W. K.Coord.

Chem. Re. 1992 117, 133-157. (e) Adams, R. D.; McBride, K. T.; Rogers,

R. D. Organometallics1997, 16, 3895-3901. (f) Davies, M. K.; Durrant,
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Chart 1. Di- and Trithiaheterocycles (1—6), Analogous Mixed
Group 14/16 Homologs 7—14, and Related Heterocycles 15—19
Prepared in This Work (E = S, Se or Te; M = R;Si or R,Sn)
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Scheme 1. Radical Cation (4') and Dication (4'"") Formation in
1,5-Dithiocane (4)
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The goal of the present work was to synthesize unknown
heterocycles7—14, having endocyclic or exocyclic €Si,
C—Sn, and StSi orbitals (S+Si orbitals areexocyclicwhen
M = (MesSi),Si) at various angles to the chalcogeworbitals,

(7) (a) Lambert, J. B.; Wang, G.; Teramura, D. H Org. Chem1988 53,

5422-5428. (b) Lambert, J. B.; Zhao, Y.; Emblidge, R. W.; Salvador, L.
A.; Liu, X.; So, J.-H.; Chelius, E. CAcc. Chem. Re4.999 32, 183-190.
(c) Jouikov, V.; Fattahova, DElectrochim. Actal998 43, 1811-1819.
(d) Jouikov, V.; Fattahova, Ol. Organomet. Chen200Q 613 220-230.
(e) Fu, Y.; Liu, L.; Guo, Q.-XTHEOCHEM2005 725, 1—4. (f) Mller,
T.; Juhasz, M.; Reed, C. Angew. Chem., Int. EQ004 43, 1654-1546.
(9) Mlller, T.; Margraf, D.; Syha, YJ. Am. Chem. So2005 127, 10852~
10860.
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Chart 2. Heterocycles lllustrating Angular Dependence of Orbital
Interaction with Chalcogen Lone Pair p-Orbitals
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20 (R =H or Me)
CX
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21a, R = SiMe3
21b, R = SnMe3

E

22a,E=0,R=Me

22b, E =0, R =SiMej
22¢, E=S, R=CMeg
22d, E =S, R =SiMej

and to examine the ease of their one- and two-electron oxidation.
This study reports the synthesis of more than 40 new 4- to 12-
membered ring heterocycles including mixedS, S-Sn,
Se-Si, Se-Sn, and Te-Si systems, together with their char-
acterization and determination of conformation in the solid state
by X-ray crystallography. Radical cations and dicationd &f
were generated in solution using stoichiometric N@PFoi-
chiometric Bp affords a bicyclic dibromide o012 (E = Te, M

= Me;Si). In some cases, the dicationsi& can be character-
ized by NMR spectroscopic methods and are found to undergo
novel rearrangements on treatment with nucleophiles. In view
of these interesting findings, we have re-examined the formation
of dications froml5and16 and have prepared for the first time
mesocyclesl7 and 18 having two different chalcogen atoms.
Finally, we have extended our studies to new four-membered
ring systeml9for comparison with properties dfand7, where

E Se. For selected four-membered rings, we describe
photochemical ring cleavage and formation of metal complexes.
lonization energies and oxidation potentials f6r13 and
16—18 have been obtained using PES and CV; these studies
will be reported separatefy.

Results and Discussion

I. Eight-Membered Ring Systems la. Synthesis of 1,5-
Dichalcogena-3,7-disilocanes, -3,7-distannocanes, and Re-
lated Systems.Synthesis of medium-sized ring (mesocyclic)
heterocycles lacking rigid groups can be problematic, often
requiring high-dilution techniques or use of metal templétésc
or the gemdialkyl (“Thorpe-Ingold”) effect?-9 A limited
number of Se- or Te-containing mesocycles lacking rigid groups
are knownt We find that new mesocycle&5, 27, and 29
(Scheme 2) bearing twgemdimethyl orgembis(trimethylsilyl)
groups can be easily prepared in fair to good yields without re-
sorting to special techniques by combining bis(halomethyl)-
silanes or -stannanes with appropriate S(Se,Te)/Si(Sn) reagents
including bis-thioacetate24, cyclic diselenide26 (prepared
using NaSe),1%cf and bis-tellurocyanat@8.1%¢:11a|n these

(8) (a) Glass, R. S.; Block, E.; Lorance, E.; Zakai, U. I.; Gruhn, N. E.; Jin, J.;
Zhang, S.-ZJ. Am. Chem. SoQ006 128 12685-12692. (b) Glass, R.
S.; Block, E. manuscript in preparation.

(9) (a) Buter, J.; Kellogg, R. MJ. Org. Chem.1981, 46, 4481-4485. (b)
Sellmann, D.; Zapf, LAngew. Chem., Int. EdL984 23, 807—808. (c)
Yeo, J. S. L.; Vittal, J. J.; Hor, T. S. Aur. J. Inorg. Chem2003 277—
280. (d) Desper, J. M.; Gellman, S. B.Am. Chem. S0d991, 113 704~
706. (e) Desper, J. M.; Gellman, S. H.; Wolf, R. E., Jr.; Cooper, SI.R.
Am. Chem. S0d.991, 113 8663-8671. (f) Jung, M. E.; Gervay, J. Am.
Chem. Soc1991, 113 224-232. (g) Jung, M. E.; Piizzi, GChem. Re.
2005 105, 1735-1766.
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Scheme 2. Synthesis of 1,5-Dichalcogena-3,7-disilocanes, -3,7-distannocanes, and Related Systems?

T a TSN,
\/SAC \/S\/
24a-c 25a-d
M/\ X b /\?e e /se\
M — M M
X \_—Se \_-Se-_/
23a-c (23a,c, 26a-c 27a-c
X =1;23b, X = Br)
23a-29a: M = M' = Me,Si
TeCN Te
23b-29b: M = M' = (Me3Si),Si L ° M/\ ¢ 4f> M/\ /\M
23c-27¢: M = M' = Me,Sn \_—TeCN \-Te/
25d: M = Me,Si, M' = Me,Sn 28a,b 29a,b

aConditions: (a) KSAc, THF, rtZ4a 81%;24b, 74%; 24c, 73%). (b) NaSe, EtOH, 0°C (263 71%; 26b, 55%; 26¢, 89%). (c) For28a Te, KCN,
DMSO, 100°C, then23a DMSO, rt; for28b, Te, KCN, DMSO, 100°C, then23b, DMSO, rt. (d) For25a 23a+ 24a KOH, EtOH, tt 2 h (34%); for25b,
23b + 24b, KOH, EtOH, t 2 h (22%); for25¢ 23c + 24c, KOH, EtOH, it 2 h (42%); for25d, 23c + 24a KOH, EtOH, tt 2 h (34%); (e) FoR7a 23a
+ 26a NaBH,, EtOH, THF (73%); for27b, 23b + 26b, NaBH,, EtOH, THF (76%); for27¢ 23c + 26¢ NaBH,;, EtOH, THF (58%). (f) For29a 23a+
28a, NaBH;. EtOH, DMSO (23%); for29b, 23b + 28b, NaBH:. EtOH, DMSO (21%; two step yield).

syntheses, in contrast to syntheses1&fand 16,2610 it is
imperative to produce the dichalcogen dianionthe presence
of the 1,3-dihalidedecause the former dianions are unstable

We found that the very useful reagent BréliH(prepared from
CH2Br; and n-BulLi in the presence of LiBr in THF at-78
°C)13b.14cdcan be employed for one-pot conversion of com-

and must be immediately trapped. This is accomplished by pounds of type BSiCl, to R.Si(CHBr)2.24P This method is used

dropwise addition of a 1:1 mixture d23 and 24 to dilute
ethanolic KOH giving25 (22—42% yield), of23and26to dilute
NaBH; in EtOH-THF giving 27 (58—76% yield), and 0f23
and 28 to dilute NaBH, in EtOH-DMSO giving29 (21—23%
yield). Bis-tellurocyanat@8 is only stable in DMSO solution,
polymerizing on concentration. Compour2a, 273 27¢ 293,

and 29b are crystalline solids further characterized by X-ray
crystallography, as discussed below. To facilitate discussion

to prepare the new dibromide (IV&i),Si(CH:Br), (23b) from
(Me3Si)SiClL15 in 57% yield, as well ag-BuMeSi(CHBTr);

(23d) and [BrCHSIiMey],,1%2from t-BuMeSiCh and [CISiMe].,
respectively. In the cyclization steps leading2iband?29, it is
essential to use diiodides or dibromides rather than dichlorides,
so that reactions can be run at the lowest possible temperatures,
to avoid decomposition of unstable Se and Te compounds.
, Fortunately, the silicon facilitates-carbon {2 processes

heterocycles are identified below by a short-hand descriptor as(discussed below). In the syntheses2% the unstable bis-

well as by numbet?
The majority of compound®5, 27, and 29 give intense
molecular ions (M) in their mass spectra, whose composition

(tellurocyanates$e are not isolated but rather directly taken on
to the next step.

Ib. Structure of 1,5-Dichalcogena-3,7-disilocanes, -3,7-

can be confirmed by HR-MS; these compounds are volatile and distannocanes, and Related SystemX-ray crystal structures
stable enough for characterization by GC-MS. For compounds of 253 273, 27¢, 29a and 29b (Figure 1) were determined.

with multiple isotopes (e.g., FeSn heterocycles), the predicted

Calculations indicate tha adopts a boatchair and/or chair

patterns for the molecular ions are in excellent agreement with chair conformation in which the transannular S atoms are
the complex observed patterns. Most new heterocycles showrelatively close to each oth&f@The solid-state structure @ba

singlets in their NMR spectra for the ring Glgrotons even at
—85°C, indicative of conformational mobility. Compour2®a

shows!?5Te NMR ¢ 75.2 (relative to MgTe). Efforts to prepare
3,3,7,7-tetramethyl-1,5-ditellura-3,7-distannocara®, (M
Me,Sn) led to a complex mixture in which only minor amounts

of the target compound could be detected by GC-MS.

In the above syntheses, we initially employed the known bis-
iodides MeSi(CH,l), (238, prepared from commercially avail-
able MeSi(CH,Cl),,'2 and MeSn(CHl), (230).1421n an effort
to improve the stability and reduce the reactivity of the new

heterocycles, we sought to increase the steric bulk at silicon.

(10) (a) Tamao, K.; Kumada, M. Organomet. Cheni971 30, 329-337. (b)
Klayman, D. L.; Griffin, T. S.J. Am. Chem. S0d 973 95, 197-199. (c)
Krief, A.; Derock, M. Synlett2005 1012-1014. (d) Thompson, D. P.;
Boudjouk, P.J. Org. Chem 1988 53, 2109-2112. (e) Spencer, H. K;;
Lakshmikantham, M. V.; Cava, M. B. Am. Chem. Sod977, 99, 1470~
1473. (f) Syper, L.; Mlochowski, JTetrahedron1988 44, 6119-6130.

(11) (a) Several sulfur or selenium heterocycles containing the diphenylsilyl

group were also prepared: Jin, J. Ph.D. Thesis, University at Albany, 2006.

(b) Fujihara, H.; Akaishi, R.; Furukawa, Netrahedron1993 49, 1605~
1618.

shows that in the crystal lattice, the molecule adopts a-boat
boat62 conformation where transannular S atoms are 4.735 A
apart. This conformation is an energy-minimum in the gas phase,
as shown by DFT calculatior$8.In this conformation, the S

(12) The crown-ether like descriptors we use gives ring size (bracketed), number
and identity of Group 16 and 14 elements (contiguous pairs of heteroatoms
parenthesized), and nonmethyl heteroatom substituents, e.g.:,[8]Se
[8]Te,, [8]SSe, [8]STe, [4]SSe, [8}Sk, [8]SySI[TMS]2)2, [8]S;Sr, and
[8]S2SiSn (forl5-19, 25a25d, respectively). It is assumed that methylene
groups separate noncontiguous heteroatoms. Descriptors for each compound
are given in the experimental material.

(13) (a) Scholl, R. L.; Maciel, G. E.; Musker, W. K. Am. Chem. Sod972
94, 6376-6385. (b) Vivet, B.; Cavelier, F.; Martinez, Bur. J. Org. Chem
200Q 807-811.

(14) (a) Seyferth, D.; Andrews, S. B. Organomet. Cheni969 18, P21-23.

(b) Kobayashi, T.; Pannell, K. HOrganometallics1991, 10, 1960-1964.
(c) Tarhouni, R.; Kirschleger, B.; Rambaud, M.; VilleirasT&trahedron
Lett. 1984 25, 835-838. (d) Daiss, J. O.; Barth, K. A.; Burschka, C.; Hey,
P.; llg, R.; Klemm, K.; Richter, I.; Wagner, S. A.; Tacke, Grganome-
tallics 2004 23, 5193-5197.

(15) Boo, B. H.; Gaspar, P. ®rganometallics1986 5, 698-707.

(16) (a) Nakayama, N.; Takahashi, O.; Kikuchi, O.; Furukawalisteroatom
Chem.1999 10, 159-166. (b) Werz, D. B.; Gleiter, R.; Rominger, F.

Am. Chem. So2002 124, 10638-10639.
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Figure 1. (a) Molecular structure dl5a Boat-boat conformation (BB23¢
intramolecular contacts -SS 4.7347(6), intermolecular contacts-S
4.522(1), 4.615(1), SCa 1.8109(15), Si-Cay 1.8696(15) A, CG-S—Cauy
105.33(7j. (b) Molecular structure d27a Boat-boat conformation (BB2),
intramolecular contacts SeSe 4.7686(3) A, intermolecular contacts
Se--Se 4.298(1), 4.952(1), Se€Cay 1.9538(17), SiCa 1.869(2) A,
C—Se-Cy 102.17(7j. (c) Molecular structure of27c Twist—chair
conformation (TC), intramolecular contacts-S8e 4.6526(14), intermo-
lecular contacts SeSe 4.110(2), SeCay 1.957(6), SA-Cqy 2.145(6) A,
C—Se-C 98.9(3y}. (d) Molecular structure d29a Boat-boat conformation
(BB2), intramolecular contacts Te¢i)Te(2) 5.0332(3), intermolecular
contacts Te(t)-Te(2) 4.064(1), TeCa 2.159(2), SCav 1.866(2) A,
C—Te—C 99.18(9). (e) Molecular structure d¥9a. Twist—chair conforma-
tion (TC)., intramolecular contacts Te(3)Te(3A) 4.3025(3), TeCay
2.162(2), S+Cay 1.864(3) A, C-Te—C 96.44(10). Contacts from different
conformation Te(L)-Te(3) 4.687(1) A. (f) Molecular structure ¢f9b.
Twist—chair conformation (TC), intramolecular contacts Te{De(1A)
4.2574(3), Te-Cay 2.162(2), S+-Cay 1.873(3) A, C-Te—C 96.16(10) (see
Supporting Information for further details).

atoms are substantially far apart (the van der WaalsSS
distance is 3.7 Rk16vand would be expected to interact less
than in4 (S-+-S distance 3.58 A3 presumably a consequence
of replacing ring G-C bonds and €C—C angles with longer
C—Si bonds and wider €Si—C angles. The €Si bonds
sustain an angle of 37”40 the C-S—C planes, facilitating
interaction of the € Si orbitals with the lone paip-orbitals on
the S atoms.

The boat-boat and twist-chair conformations adopted by

Scheme 3. Synthesis of 1,5-Thiaselenocane (17),
1,5-Thiatellurocane (18), 1,2-Thiaselenolane (33c), and
1,2-Thiatellurolane (33d)@

C2 =2 Cloom—
Br SC(O)Me
30
Cloome ~ 20 (2D
SC(O)Me <:E S
SC(O)Me
31a, E=Se 32a, E =Se 17,E=Se
31b,E=Te 32b,E=Te 18,E=Te
Jf
i
S
33c, E=Se
33d,E=Te

aConditions: (a) KSAc, THF, reflux 1 h. (b) Nal, acetone,&td (99%
two steps). (c) KSeCN or KTeCN, DMSO, rt. (d) Br(GkBr, NaBH,,
EtOH, rt 32a 48%; 32b, 32%; each two steps). (e) KOH, EtOH, &7
88%; 18, 37%). (f) KOH, EtOH, 0°C (33¢ 25% from 30; 33d, 40%
from 30).

The solid-state structure of ditelluroeth2®a reveals mol-
ecules of two different conformations in the unit cell (Figure
1): boat-boat (BB2}6 and twist-chair (TC}6 in a 2:1 ratio.

In the BB2 conformation, all atoms are crystallographically
independent, whereas in the TC conformation, the ring sits on
an inversion center (only half of the molecule is crystallographi-
cally independent). The FTeTe distances in the two different
conformations are 5.033 and 4.303 A, respectively. The structure
of 29b shows a twist-chair (TC) conformation with a TeTe
distance of 4.257 A, which is smaller than the calculated
Te---Te separation in 1,5-ditellurocang€) as well as the van
der Waals distance (4.4 A§® The extent of interaction between
the chalcogem-type lone pair orbitals and -€Si, Si—Si and
C—Sn o-orbitals in25, 27 and 29, is evaluated from TCNE-
CT complex spectroscopic data and PES and computational
studies on25, 27, and29 to be reported elsewhefeElectro-
chemical studies provide oxidation potentials for these com-
pounds and relative stabilities of the corresponding oxidized
productsi®

Ic. Synthesis of 1,5-Thiaselenocane (17) and 1,5-Thiatel-
lurocane (18). In connection with our exploration of the
chemistry of radical cations and dications 28, 27, and 29,
discussed below, we also examined aspects of the reactivity of
radical cations and dications of heterocyckesl5, and 16,
as well as new heterocyclés’ and 18. The previously un-
known 1,5-dichalcogenocanes containing two different chalco-
gen atomd.7 and18 (Scheme 3) were prepared using a stepwise

27aand27cin their solid-state structures place the transannular process starting from 1-bromo-3-chloropropane via intermediates

Se atoms far from each other, e.g:S8e 4.769 and 4.653 A
in the X-ray structures foR7a and 27¢ respectively. These

30—32. Dibenzo analogues of7 and 18 are known’ 1,2-
Thiaselenolane3@¢ and 1,2-thiatellurolane3@d), required for

distances are COnSiderany |0ngel’ than that (3780 A) found in other purposes (See below)’ were also synthes|zed fbm

3,3,7,7-tetramethyl-1,5-diselenocéhand longer than the van
der Waals Se-Se distance of 4.0 A likely a consequence,
as discussed foR5a of substituting Si or Sn for C. In the
conformations adopted, the<Si and C-Sn bonds are oriented
for interaction with the lone paimp-type orbitals on Se
perpendicular to the €Se—C planes. An unusual distorted
twist-chair conformation is adopted in the solid state 2@

(reminiscent of a chair cyclooctatetraene arrangement for the

ring atoms).

14952 J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006

Id. Sequential One-Electron Oxidation of 25a, 27a, and
29a Giving Radical Cations and DicationsTreatment oR9a
([8]TezSiy) with 2 equiv of the one-electron oxidant NOPF
gives the corresponding dicatidd®d’ (Scheme 4) as shown
by theH (see Figure 5)13C, and?Te NMR spectra. When
1.0 equiv of NOPFE is added, the reaction mixture takes on a

(17) (a) Fujihara, H.; Mima, H.; Chiu, J. J.; Furukawa, Retrahedron Lett.
1990 31, 2307-2310. (b) Takaguchi, Y.; Fujihara, H.; Furukawa, N.
Organometallics1996 15, 1913-1919.
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Scheme 4. Radical Cation, Dication, and Dibromide Formation in
29a?

?r Ha
H

Me S'/\Tle S'l:)lle

I |
2 \/T|e 2
Br
29c¢
fo
Ha
H .

Me,Si e/kS':/I a_le,si f sim
e,Si iMe, 5 [MesSi iMe
P Te/ 2 ZP\_Te 2

+  PFg™
29a 29a’
Ha J
+ + _ PFg

MeoSi Ie S':/I a M S'/\Tle/\S'l\j
e,Si iMe, <— [MesSi iMe
PN Te 2 2 Te/ °

+ 2PFg~ N
29a" 29a’

aConditions: (a) NOP§ CDsCN—CD,Cl,, —78°C to room temperature.
(b) Bra.

red color, presumably due to formation of a radical cation. After
2.0 equiv of NOPFk is added, the solution d?9d’ becomes
colorless. A comparison of the NMR data f28a (*H 6 1.67
(s, 8H, CH), 0.18 (s, 12H, Me)}3C 6 0.4 (CH), —17.0 (CH);
125Te ¢ 75.2) and29d’ (*H 6 2.73 (d,J = 12.8 Hz, 4H), 2.49
(d, J = 12.8 Hz, 4H), 0.30 (s, 6H), 0.26 (s, 6H¥C 6 15.2
[TeC], 2.19 [CHy]; 1%5Te 6 1068; Table 1) shows a notable
deshielding at telluriumd 75.2 versus 1068 ppm) along with
smaller but still significant deshielding at all protons and carbon
atoms. Both the methyl groups on silicon and the methylene
protons (H, Hp) in 294" are nonequivalent. These NMR results
are in good agreement withd, 13C, and'25Te NMR data on
dication16’ from 1,5-ditellurocand 6.2¢ Efforts to characterize
the intermediate radical catid?®d by ESR under a variety of
conditions were not successful. Treatmen2®& with 1 equiv
of bromine gives a bicyclic dibromid29c, whose NMR spectra
in DMSO-ds are similar to those 0294’ (*H NMR ¢ 2.76 (d,
J=13.2 Hz, 2H), 2.62 (dJ = 13.2 Hz, 4H), 0.31 (s, 6H), 0.30
(s, 6H);13C ¢ 17.2, [TeC] 3.3 [CH], 2.7 [CHy]; 125Te 6 867).
From25a([8]S,Si,) and27a([8]Se:Siy), dications25d’ (*H
NMR 6 2.26 (d,J = 15.1 Hz, 4 H), 1.74 (d) = 15.1 Hz, 4 H),
0.44 (s, 6 H), 0.42 (s, 6 H)) ar@ird’ (*H NMR 6 2.39 (d,J =
13.6 Hz, 4 H), 1.96 (dJ = 13.6 Hz, 4 H), 0.41 (s, 6 H), 0.39

Scheme 5. Ring Contraction Products Formed upon One- and
Two-Electron Oxidation of Eight-Membered Chalcogen-Containing
Mesocyclic Rings with NOPFg

i Me,Si ? ‘
' e-Si '
S
S 36a !
P
M S'/\s SiM . Me,S S>
e,Si iMe e5Si
N8/ % NOPFg 2 g
25a Nu 3da
s
MeZSi |
NOPFg;
. € . Nu 26a
Me,Si SiMe, ———<
2PN se/ 2 Se
27a Me,Si
\—Se
g 35
~
/T Te
Me,Si |
o~ NOPFg; \—Te
) 4 Nu 36b
MesSi SiMe, —<
2 \/Te\/ 2 Te
29a Me,Si
Te
g 37
NOPFg;
Cio =1
_—— |
E' E
4, E,E'=S 2, EFE=8
15,E, E'=Se 33a, E,E'=Se
16,E,E'=Te 33b,E,E'=Te
17,E=S,E'=Se 33c,E=S,E'=Se
18,E=S,E'=Te 33d,E=S,E'=Te

le. Formation of Five- and Six-Membered Rings by
Fragmentation of Eight-Membered Ring Radical Cations
and/or Dications. When mesocycle®5a 27a and 29a are
sequentially treated at78 °C with one and then two equivalents
of NOPF;, the solutions first take on a red-orange color, which
lightens with the addition of the second equivalent of NQPF
and warming. At=78 °C, 'H NMR spectra of dicationg5d’,
27d', and29d’ can be obtained; fo294d’, 13C NMR spectra
can also be obtained. Dicati&@9d’ is stable up to ca. 16C,
whereas25d' and27d' are somewhat less kinetically stable.
In most cases, quenching the reactions with thiols (ethanethiol
or 2-propanethiol), alcohols (methanol or ethanol), or water
following the addition of 1 or 2 equiv of NORHeads to
mixtures of five- and six-membered ring heterocycles (Scheme

(s, 6 H)), respectively, can be prepared. For the dications seriess) gjong with the recovered mesocycles, together with disulfide

25d', 27d', 29d', Jnann and AoH, — Hyp decrease, the GH
protons become more deshielded, and theN& protons

when thiols are used. An exception is the dicat®a’, which
gives a complex mixture upon quenching. The ratio of the

become more shielded. Our results are notable because of thgjye- and six-membered ring heterocycles shows consider-

simplicity of the 'H NMR spectra of the dications (see
Figure 5) due to the absence of adjacent,@rbups, which
greatly complicate théH NMR spectra of dications of 1,5-
dichalcogenocane®:18 Heterocyclesl7 ([8]SSe) andl8 ([8]-
STe) also undergo ready oxidation with NQPBecause the

able variation in these reactions, as summarized in Table 2.
Disulfide formation with regeneration of starting material may
occur either by electron transfer or by nucleophilic attack of
thiol on the dication followed by thiol attack on chalcogen-
bound thiolate.

consequences of oxidation are different than what is observed Analogous reactions are also found with 1,5-dithiocadie (

for 25a ([8]S,Sk), 27a ([8]Se:Siy), and29a ([8]Te,Sk,), these
results are discussed elsewh@&re.

(18) (a) Musker, W. K.; Wolford, T. L.; Roush, B. Am. Chem. Sod.978
100 6416-6421. (b) Fujihara, H.; Kawada, A.; Furukawa,NOrg. Chem
1987, 52, 4254-4257. (c) Fujihara, H.; Akaishi, R.; Furukawa, Bull.
Chem. Soc. Jprl989 62, 616-617. (d) Fujihara, H.; Akaishi, R.; Erata,
T.; Furukawa, NJ. Chem. Soc., Chem. Commuad®89 23, 1789-1790.

[8]S2), and related mesocycleks ([8]Se) and 16 ([8]Tey),
which give 1,2-dithiolane2) and 1,2-dichalcogenolan&3a

and 33b, respectively. In all cases products were identified
through comparison with authentic materials, synthesized as
described below, or in the case of known compounds 1,2-
diselenolane33g)1° and 1,2-ditellurolane33b),'%2as described
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Table 1. NMR Spectral Data for Dications and Bicyclic Dibromide from 1,5-Dichalcogenocanes

compound S5'H d1%C 87Se | §'*°Te
+
CID
S 3.60-2.90 (m, 8H), 2.70-2.20 (m, 4H)**
2CF,S05
4’7
7
<:§:> 53.0,35.0¢
2BF,”
4’,
-
CD
o 439-391 (m, 8H), 3.85-2.92 (m, 4H)* | 52.6,353% | 806.5%
2PF,”
15”
-
O
Te 3.03-2.89 (m, 8H), 2.10-1.74 (m, 4H)** | 36.1,17.8° 1303.7°0
2PF,”
16”
+ aHb
Mesi{ T SiMe, |2.26(d,J=15.1Hz 4H), 1.74(d, J = -
$~ por - | 15.1 Hz, 4 H), 0.4 (s, 6 H), 042 (5, 6 H)
6
253"
+ aHb
S
MeQSiCsle\/SiMez 239 (d,J = 13.6 Hz, 4 H), 1.96 (d, J = - -
2~ opr,- | 13.6Hz, 4 H),041 s, 6 H), 0.39 (s, 6 H)
27a”
Ka
e
Me,s{ © SiMe, |2.73(d,J=12.8,4H),249 (d,J=128, | 152[TeC], 1068
T~/ op - | 4H),0.30 (s, 6H), 0.26 (s, 6H) 2.19 [CH,]
6
2927
Br H,
Y
MeoS{_J, jSiMes | 276 (d, J = 13.2 Hz, 2H). 2.62 (d, J = 132 | 172 [TeC], 867
o~ Hz, 4H), 0.31 (s, 6H), 0.30 (s, 6H) 3.3 [CH,],2.7
” Br [CH,]
C

2|n CDsCN. PIn (CD3)2SO. ¢ Reference 18c¢! Reference 18z Reference 18d.Reference 2ed Precursorl5 showed”’Se até 141.3." Precursorl6
shows!?5Te atd 163.5.1 Precursoi29a shows'?Te at 75.21 1H and13C NMR data on the bis-GS0; salt of 15" in CH3;CN agrees with the data for the

PR~ salt (ref 2j).

Table 2. Products Formed by Quenching Mesocyclic Radical Cations and Dications?

entry reactants (color of intermediate) quench reagent products (ratio)”

1 4, 1 equiv NOPE (yellow) 2-propanethiol i1-PRSy; 2.4:14:2

2 15, 1 equiv NOPE (orange) 2-propanethiol i-PrS;; 6.8:115:33a
3 16, 1 equiv NOPE (yellow) ethanethiol BES; 33b

4 25a 1 equiv NOPE (orange) ethanethiol E; recovered®5a
5 25a 2 equiv NOPE (light yellow) ethanethiol BESy; 17:125a34a
6 27a 1 equiv NOPE (orange red) ethanethiol £; 55:3:127a35:26a
7 2743 2 equiv NOPE (light yellow) ethanethiol BES;; 5.5:135:26a
8 27a 2 equiv NOPE (light yellow) methanol 8.6:B5:26a

9 293 1 equiv NOPE (red) ethanethiol 37:36b1:4.3

10 29a 1 equiv NOPE (red) ethanol 37:36b3.3:1

aSolvent, CHCN—CH.Cly; 2, 1,2-dithiolane;4, 1,5-dithiocanel5, 1,5-diselenocanet6, 1,5-ditellurocane25a 3,3,7,7-tetramethyl-1,5-dithia-3,7-di-
silocane; 26a, 4,4-dimethyl-1,2,4-diselenasilolan®7a 3,3,7,7-tetramethyl-1,5-diselena-3,7-disilocar®#9a, 3,3,7,7-tetramethyl-1,5-ditellura-3,7-di-
silocane;33a 1,2-diselenolane33b, 1,2-ditellurolane;33c, 1,2-thiaselenolane33d, 1,2-thiatellurolane34a 5,5-dimethyl-1,3,5-dithiasilinaneds, 5,5-
dimethyl-1,3,5-diselenasilinandgb, 4,4-dimethyl-1,2,4-ditellurasilolan&7, 5,5-dimethyl-1,3,5-ditellurasilinane (see Scheme 5 for structut@s)alysis

by GC-MS.
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Scheme 6. Proposed Mechanism for 1,2-Dichalcogenolane
Formation from 1,5-Dichalcogenocane Dications
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Scheme 7. Proposed Mechanism for Ring Contraction of Dication
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in the literature. Formation of 1,2-dichalcogenola@g33a and
33b from mesocyclest, 15, and 16, respectively, following
NOPF; oxidation, can be rationalized by fragmentation initiated
by proton los&'2followed by nucleophile-induced -€E’' (chal-
cogen) cleavage (Scheme&In the case o# and 15—18,
gas-phase fragmentation givii2gand 33, respectively, is also
seen in the mass spectrum, as previously notedtf8P It is
relevant that the stable radical cation of 1,2-dithiolaneeasily
formed by AICk oxidation1% Interestingly, the mass spectrum
of 29a ([8]Te;Siy) shows a cluster of peaks (50% abundance
relative to base peaR9g) corresponding t86b (Scheme 5),

(19) (a) Lakshmikantham, M. V.; Cava, M. P.; Gunther, W. H. H.; Nugara, P.
N.; Belmore, K. A.; Atwood, J. L.; Craig, F. Am. Chem. S0d993 115
885-887. (b) Musker, W. K.; Gorewit, B. V.; Roush, P. B.; Wolford, T.
L. J. Org. Chem1978 43, 3235-3236. (c) Bock, H.; Stein, UAngew.
Chem., Int. Ed198Q 19, 834-835.

(20) Suslova, E. N.; Albanov, A. I.; Shainyan, B. A.Organomet. Chen2003
677, 73—79.

(21) (a) Furukawa, N.; Shima, H.; Ogawa,t&teroatom Chenl995 6, 559—
565. (b) Takikawa, Y.; Koyama, Y.; Yoshida, T.; Shimada, K.; Kabuto, C.
Chem. Lett1995 277—-278. (c) Takikawa, Y.; Yoshida, T.; Koyama, Y.;
Sato, K.; Shibata, Y.; Aoyagi, S.; Shimada, K.; Kabuto,Ghem. Lett.
200Q 870-871. (d) A short Se-Se distance of 3.858 A is reported in
1,5,3,7-diselenadiazoca®®.(e) Setzer, W. N.; Coleman, B. R.; Wilson,
G. S.; Glass, R. STetrahedron1981, 37, 2743-2747. (f) A reviewer
proposed an alternative mechanism in which dhproton of the dication
Is removed to generate an ylide, which undergoeg&Cleavage to generate
a carbene. The carbene then undergoegi@nsertion forming the allylic
intermediate shown in Scheme 6. We prefer the mechanism shown in
Scheme 6 because we believe that the proposed ylide would more likely
undergo rapid EE cleavage with concomitant formation efE*=CH,
which could then cyclize to a six-membered ring.

Scheme 8. Disulfide Formation upon Electrochemical Oxidation of
a f-Silylsulfide
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Scheme 9. Oxidative Syntheses of 1,2,4-Diselenazolidines and
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e.g., from loss of 1,1-dimethylsilirane (8i(CH,),). In the case
of 25a ([8]S:Sk), 27a ([8]SeSi), and 29a ([8]Te,Sk), we
suggest (Scheme 7, path a) that nucleophilic attack by oxygen
or sulfur at the silicon atom in the respective bicyclic dications
results in C-Si bond cleavage and ring fragmentation, giving
a chalcogen-stabilized carbocation, which recyclizes to a six-
membered ring, followed by nucleophilic cleavage of the
carbon-onium chalcogen bond.

1-Alkyl 1,3-thiasilacycloalkane salts are particularly suscep-
tible to attack at silicon by methanol and wateAlternatively,
nucleophilic attack at carbon (twice) would result in carbon
chalcogen bond cleavage (path b), giving five-membered ring
heterocycle 26a, analogous to processes occurring during
electrolysis of acyclicS-silyl sulfides affording disulfides
(Scheme 8y¢ The preference for path a versus path b should
be governed by the comparative reactivity of the nucleophile
toward silicon and carbon as well as the relative strength of the
carbon-chalcogen bonds. This proposal is supported by the
preference following oxidation of tellurium mesocy@ea for
formation of the six-membered rirRy over five-membered ring
36b with the more silaphilic reagent ethanol, whereas the less
silaphilic but better carbon-nucleophile ethanethiol favéés
over 37. The fact that 4,4-dimethyl-1,2,4-dithiasilolan@6;
see below for synthesis) could not be detected in experiments
involving radical cation and dicatior2bd and25d' may be a
consequence of the relative strength of theStbond compared
to the C-Se and C-Te bonds, disfavoring path b in the case
of dication25d’. Because the cation radicals can disproportion-
ate to dications and the parent mesocycles (Scheme 1), in some
cases the dications may also be responsible for nucleophile-
induced processes when one equivalent of NORFused.
Precedence for the above processes includes reactions in cyclic
system3!? analogous to that shown in Schemé &s well as
oxidative syntheses of 1,2,4-diselenazolidines and 1,2,4-ditel-
lurazolidines (Scheme 9}-9 Ring-contractions have not been
previously reported for dications frod ([8]S,), 15 ([8]Se),
and 16 ([8]Tez). Enhanced ring contraction associated with
radical cations or dications fro@b, 27, and29 compared tat,
15, and16 is presumably due to ease of nucleophilic attack at
silicon, or at ana-silyl carbon, compared to deprotonation-
induced fragmentation.

Il. Ten-Membered Ring Systems. lla. Synthesis of 1,6-
Dichalcogena-3,4,8,9-tetrasilocane$he ready availability of
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Scheme 10. Synthesis of 1,6-Dichalcogena-3,4,8,9-disilocanes?

MeZSi/\SAc b Megsli/\s/\§iMe2
Me,Si__ SAc MeoSi S _ SiMe;
39 40
la
Megsli/\Br MeQSIi/\Te/\§iMe2
Me,Si_ Br Me,Si.__Te _ SiMe;
38 43
jc
Mezsli/\§e d Megsli/\Se/\§iMe2
MeoSi__Se MeoSi._Se _ SiMe;,
41 42

aConditions: (a) KSAc, THF (73%); (b38, KOH, EtOH (30%); (c)
NaSe, EtOH (40%); (d)38, NaBH,;, EtOH/THF (41%).

Figure 2. (a) Molecular structure ofi0. [1414] conformatiorf!€ intra-
molecular contacts -SS 3.6648(5), StSi 2.3450(4), S'Si 3.0511(4),
4.2566(4), S Cay 1.8068(11), Si-Cay 1.8915(12), intermolecular contacts
S-S 4.855(1) A, G-S—Cay 102.39(5), C—Si—Siay 109.86(4J, torsion
angles CG-S—C—Si 160.36(6), S—C—Si—Siay 81.87(6). (b) Molecular
structure of42. [1414] conformation, intramolecular contacts-S8e
3.8136(3), SiSi 2.3464(6), SeSia 3.1652(4), 4.3495(5), Se€Cay
1.9554(16), Si-Ca 1.8868(16), intermolecular contacts-S8e 4.901(1)
A, C—Se-C, 99.48(7y, C—Si—Si,, 110.15(5j, torsion angles
C—Se-C—Si 157.66(8), Se-C—Si—Si,, 83.16(8) (see Supporting In-
formation for further details).

3802encouraged us to attempt syntheses of previously unknown
mesocycled0—43 (Scheme 10) by the protocol used to prepare
25, 27, and 29. This approach proved partially successful,
affording nicely crystalline 10-membered rird3([10]Sx(Sk)2)
and42 ([10]Se(Siy)2), both of which can be characterized by
X-ray crystallography (Figure 2). Unfortunately, 10-membered
ring tellurium compound3 ([10]Tex(Siy)2) cannot be prepared

by methods that worked f&9, instead givingo2c ([5]Te(Sk),
Scheme 13, below). Like 8-membered rir@fsa and 273, 10-
membered ringgl0 and 42 show sharp singlets for their ring
CH, protons. ThetH and*3C NMR shifts for both40 and 42

are slightly deshielded relative to those &ba and 27g
respectively. Mesocycled0 and 42 offer the opportunity to
examine the interaction of the sulfur and selenium upon electron
loss with3-C—Si as well ag/-Si—Si orbitals associated with a
pair of endocyclic S+Si bonds as well as the conformational
consequences of replacing four €gtoups in5 with four SiMe
groups.

IIb. Structure of 1,6-Dichalcogena-3,4,8,9-tetrasilocanes.
X-ray crystal structures 040 and42 (Figure 2) show that in
both cases the SiSi bonds are almost perpendicular to the CSC
or CSeC planes, ideal for interaction of the-Sii orbitals with
the sulfur or seleniurp-type lone-pair orbitals, which are normal
to the CSC and CSeC planes, respectively. TheSYistance
in 40is 3.6648(5) A while the Se-Se distance id2is 3.8136-

(3) A. These values are slightly shorter than the van der Waals
S-S and Se-Se radii of 3.7 and 4.0 A respectively. The
extent of interaction between the endocyclie-Si orbitals in

14956 J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006

Scheme 11. Synthesis of 1,3-Thiasiletanes, 1,3-Selenasiletanes,
1,3-Tellurasiletanes, and 1,3-Tellurastannetanes?@

a M/\S
N4
44ab,d
/\

W X b M/\ e
X NV
23a-d 45ab,d

23a: X = |

23b: X = Br c M/\Te
23¢: X = |

23d: X = Br \/

46a-d

a: M = MesSi; b: M = (Me3Si)sSi; c: M =
Me,Sn; d: M = Me('Bu)Si
aConditions: (a) KHS, EtOH44a 55%); LS, THF @4b, 43%); LiS,
THF (44d, 31%). (b) LbSe @53 60%;45b, 57%;45d, 47%). (c) NaTe,
EtOH (46b, 66%:; 46d, 68%;46a, 46¢ yields not determined).

40 and 42 and the filled  and 4 orbitals on sulfur and
selenium, respectively, has been evaluated through measurement
of TCNE-CT compleximax values along with PES and electro-
chemical studies, discussed elsewhefde conformations of
ten-membered rings have been previously described; compounds
40 and42 can be said to have [1414] conformatichs.

Ill. Four-Membered Ring Systems. llla. 1,3-Thia-, 1,3-
Selena-, and 1,3-Tellurasiletane<Of the 1,3-diheterocyclobu-
tanes containing both Group 14 and 16 elements, 1,3-oxa-
siletaneg22.,1,3-thiasiletanes (e.g. 3,3-dimethyl-1,3-thiasiletane,
44a ([4]SSi), Scheme 18 ¢ and 1,3-thiagermetari@s’ are
known, but heterocycles containing other combinations of
S(Se,Te) and Si(Sn) are unkno@fhk We initially examined
the reaction o223 with chalcogenide anions {S§ Sée&—, Te*)
as a possible one-step approach to mesocy3e87, and29
but discovered that the major products of these reactions were
instead 1,3-diheterocyclobutaneil-46, with at best trace
amounts of25, 27, and 29. Under optimized condition®3a
reacted smoothly with LSe to give 3,3-dimethyl-1,3-selena-
siletane ¢5a [4]SeSi) a new heterocycle, in 60% yield.
Although commercially available bis(chloromethyl)dimethyl-
silane can also be use#@3a gives higher yields and cleaner
reactions with LiSe. As in the case of synthesis28, 27, and
29, in ring closures usingr,w-dihalides with LS, Li,Se or
NaTe, diiodides or dibromides are preferred over dichlorides,
allowing displacements to be carried out at the lowest possible

(22) (a) Strohmann, GChem. Ber1995 128 167—172. (b) Pavel, |.; Strohfeldt,
K.; Strohmann, C.; Kiefer, Winorg. Chim. Acta2004 357, 1920-1930.
(c) Voronkov, M. G.; Kirpichenko, S. V.; Suslova, E. N.; Keiko, V. ¥.
Organomet. Cheml981, 204, 13—19. (d) Traven, V. F.; Rokitskaya, V.
l.; Rodin, O. G.; Shvets, A. F.; Redchenko, V. V.; Voronkov, M. G.;
Kirpichenko, S. V.; Suslova, E. NDokl. Akad. Nauk SSSR986 288
1160-1163. (e) Voronkov, M. G.; Belyaeva, V. V.; Brodskaya, E. I.;
Kirpichenko, S. V.; Suslova, E. NZh. Obshch. Khim1986 56, 2095~
2100. (f) Barrau, J.; Rima, G.; Satge,Synth. React. Inorg. Metal-Org.
Chem.1984 14, 21—-37. (g) Barrau, J.; Rima, G.; Satge JJOrganomet.
Chem.1983 252 C73-C77. (h) Barrau, J.; Rima, G.; EI-Amine, M.; Satge,
J.J. Organomet. Chen1988 345 39-50. (i) Khabashesku, V. N.; Kudin,
K. N.; Tamsas, J.; Boganov, S. E.; Margrave, J. L.; Nefedov, O.JMAm.
Chem. Soc1998 120, 5005-5016. (j) Rousseau, G.; Blanco, Letra-
hedron 2006 62, 7951-7993. (k) Mixed Group 14/16 1,2-diheterocy-
clobutanes are known, e.g., 1,2-thiasiletanes and 1,2-selenasiletanes:
Boudjouk, P.; Black, E.; Kumarathasan, R.; Samaraweera, U.; Castellino,
S.; Oliver, J. P.; Kampf, J. WOrganometallics1994 13, 3715-3727.
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characterization. Thus, treatment28b with Li,S 242 Li,Se?*b

or NaTe?* gives 3,3-bis(trimethylsilyl)-1,3-thiasiletane, -sel-
enasiletane, and -tellurasiletan®&, 45b, and 46b ([4]SSi-
(TMS),, [4]SeSi(TMS), and [4]TeSi(TMS)), respectively), all
low melting crystalline solids, which are fully characterized.
Both 44b and45b were further characterized by X-ray crystal-
lography (Figure 3). With the bulkier bis(trimethylsilyl) group,
tellurium compound46b proved to be somewhat more stable
than46a ([4]TeSi), although it still was quite reactive.

By a similar process, bis(bromomethy8it-butyl)methylsi-
lane 23d can be used to prepaded, 45d, and46d ([4]SSi(t-
BuMe), [4]SeSi{-BuMe), and [4]TeSi-BuMe)) as moderately
stable liquids, with diastereotopic ring Gldrotons 44d, J =
13 Hz; 45d, 46d, J = 12 Hz) along with other spectroscopic
data consistent with the proposed structures. Tellurium com-
pound46d can be stored without decomposition-820 °C for
several days. Reaction of Blee with bis(iodomethyl)dimeth-
ylstannaneZ3¢) gives 3,3-dimethyl-1,3-tellurastannetadéd
[4]TeSn), which is only stable in solution but can be character-
ized by NMR and by GC-MS. The predicted pattern for the
molecular ion of46c containing combinations of isotopes of
tin and tellurium is in excellent agreement with the complex
observed pattern.

The ring CH 'H NMR shifts of44a([4]SSi), 45a([4]SeSi),
and46a([4]TeSi) are slightly deshielded compared to those of
25a ([8]S:Sky), 27a ([8]Se:Siy), and29a ([8]Te,Siy), whereas
the reverse is true comparidgb ([4]SSi(TMS),), 45b ([4]SeSi-
(TMS),), and46b ([4]TeSi(TMS)) with 25b ([8]S[Si(TMS).]>),
27b ([8]Se[Si(TMS),]2), and29b ([8] Tex[Si(TMS),]»), respec-
tively. The3C NMR shifts of44ab, 45ab, and46ab are all

) shielded compared to those B8bab, 27ab, and29ab. The
g_’ igg%(g')’ R(li)sg/l 3 Iggglla(l;)’sg%g%%)og\’ [é%oé%i?é‘é.gg?g)sehgi% 77Se NMR shift of45bis 6 272, whereas thh?.5Te NMR ;hlfts
85.8(3). (b) Molecular structure ofi4b. Intramolecular contact -SSi of 46a—c areo 204, 142, and 219, respectively, significantly
2.6589(8), SC 1.8257(16), StCiing 1.9113(15) A, G-S—C 91.91(9), deshielded from the corresponding chemical shift in eight-

C—Si—Ciing 86.72(10j. (c) Molecular structure o#5b. Intramolecular ; ; _ ;
contact Se-Si 2.7742(6), SeC 1.9792(15), SiCmg 1.9090(15) A, membered rin@9a([8]Te;Sky), (0 75.2). Four-membered rings

C—Se~C 86.94(8), C-Si~ Cring 91.01(9}. (d) Molecular structure c23b. containing a single divalent tellurium are unknown, although
C—Br 1.953(2), SSi 2.3551(7), SiC 1.886(2) A, C-Si—C 106.89(16), 1,3-ditelluretanes and 1,3-selenatelluretanes are kip®tan-

Si—Si—Si 112.58(4). (e) Molecular structure of8. Intramolecular contact netanes, four-membered rings containing tin, are highly reactive,
S+Se 2.6597(7), SOy 1.487(2), S-Cq 1.798(3), Se-Cy 1.961(3) A,

a)

C—S-Cay,84.67(14), C-Se-Cay 76.28(12). () Molecular structure 89, rare, and little studleeﬁ_Thls is the first example of a four-
Intramolecular contact -$Se 2.7029(16), SO, 1.439(5), S-Cay membered ring containing both Te and Sn. We were unable to
1.781(6), Se-Cay 1.970(7) A, C-S—C 92.0(3), C-Se-C 81.1(2) (see prepare the analogous S/Sn and Se/Sn heterocycles. Efforts to
Supporting Information for further details). oxidize selenium in45a ([4]SeSi) usingm-CPBA led to

formation of a complex mixture.

Cyclizations of bis(halomethyl)silanes are facilitated com-
pared to cyclizations of analogous 1,3-dihalopropanes. Thus,
characterized by spectroscopic methods as well as by X_rayalthough conversion of tetrakis(bromomethyl)methane to 2,6-

crystallography of its complex with dirhodium tetrakistrifluo- d|seI§£asp|ro[3.3]heptar\e _byzse req1_J|_re 4 hin refluxmg
roacetate [RHO,CCFs) (Figure 3). This latter reagent is 1HF.° analogous cychfatlon 0E3d giving 45d, [4]SeSi(-
particularly useful in characterizing a variety of Lewis bases, BUMe), occursi 2 h at 0°C. The facilitation of cyclization of
including those that are liquid.Reaction of23awith Na;Te the silicon (and tin) bis(halomethyl) systems can be attributed
under the above conditions gives 3,3-dimethyl-1,3-tellurasiletane — _ ,

46a ([4]TeSi), which is stable for less than 24 h in solution, @3 8,)_ Sggf T{o’F'lg)Az"lPl"E%r;V(bE'DYR’EI,F::,T’EI(_h\',rT?i:g}ﬁ%%‘CV'M?I}f_ﬂ"i,IQt_';
even when refrigerated, but can still be characterized by Block, E. Inorg. Chem 2003 42, 1966-1972.

. . (24) (a) Gladysz, J. A.; Wong, V. K.; Jick, B. $etrahedronl979 35, 2329~
GC-MS and spectroscopic methods. Ethanol is the preferred 2335. (b) Gladysz, J. A.: Hornby, J. L.; Garbe, JJEOrg. Chem1978

temperatures, an important consideration for reactive and
unstable four-membered ring systems.
Compound45a a colorless volatile liquid, can be fully

i i i 43, 1204-1208. (c) Al-Rubaie, A. Z.; Uemura. S.; Masuda, H.
solvent for_{lGa; all aprotic solvents examined lead to rapid Organomet. Chemi991, 410, 308-320.
decomposmon. (25) (a) Boese, R,; Haas, A.; Limberg,l[:.Chem. Soc., Chem. Comm@i91,
By increasing the steric bulk at silicon in mixed silicon- 1378-1379. (b) Boese, R, Haas, A.; Limberg, L.Chem. Soc,, Dalton

K T Trans 1993 2547-2556. (c) Back, T. G.; Dyck, B. P.; Parvez, N1.Org.
chalcogen four-membered ring systems, the reactivity of the Chem.1995 60, 4657-4659. (d) Minoura, M.; Kawashima, T.; Okazaki,
heterocycles can be reduced, the volatility decreased, and the,, R. Tetrahedron Lettl997 38 250k 2304 . Bickelhauptl, Am
melting points increased, facilitating isolation, purification, and Chem. Soc1983 105, 3336-3337.
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Scheme 12. Synthesis and (S)-Oxidation of 48: Trapping of
Selenoformaldehyde, CH,=Se, from Photolysis of 48 and 45a@

/~c_a___/\_ b VAN
os ——0s] se 0,8. se
\-Cl AVERN A4
a7 48 X 49

[+ hv ) \\ S/\ Se
\ N4
19
i c, hv
Mezs'\/se :@e | so

50 51

aConditions: (a) NgSe, THF (61%). (b) KMn@ MgSQ,, acetone;-15
to —25°C (69%). (c) 2,3-dimethyl-1,3-butadiene, &y, hv, 3 h G0 from
48, 80%;51 from 48, trace;50 from 45a trace).

to a combination of the greater length of-%& (Sn—C)
compared to €C bonds and the relative enhancement of
nucleophilic substitution at carbon attached to silicon (or tin)
compared to carbofi.Furthermore23b, characterized by X-ray

giving 1,3-thiaselenetane 1-oxidé& 61%) as a colorless solid
with a garlicky odor and afH NMR spectrum similar to that
of 1,3-dithietane 1-oxid82("’Se NMR¢ —14.9,13C NMR o
41.8, UV Amax 286). Oxidation (KMNnQ/MgSQy)3° of 48 gives
1,3-thiaselenetane 1,1-dioxidéX 69%; ("Se NMR¢ —42.5,
13C NMR 6 59.6). Interestingly, despite the anticipated electron
withdrawing effects of the sulfinyl and sulfonyl groups, in both
48 and 49, selenium is shielded compared to thH&e NMR
chemical shift of) 592 in45a Recrystallization gives colorless
crystals 0f48, mp 86-88 °C, and49, mp 141143 °C. Both
48 and49 can be characterized by X-ray crystallography (Figure
3). The mode of preparation of the sodium selenide is crucial
because traces of residual NaHSe reduce sulfo&itle

Efforts to deoxygenatel8 to the parent compound 1,3-
thiaselenetanel@) as previously reported for 1,3-dithietane
1-oxide?®awith BH3-THF or other reagents were unsuccessful,
precluding efforts to compare chalcogeshalcogen interactions
in 19 with those seen .3 We were also unsuccessful in
extending this synthetic procedure to 1,3-thiatelluretane 1-oxide

crystallography using low temperature techniques (Figure 3d), ysing sodium telluride. The novel selective oxidation of the

shows a significantly contracted Br{Si—CBr angle of 106.89-
(16)°,28¢ favoring ring closure.

sulfinyl group of48 to the sulfonyl function ir49, rather than
oxidation at selenium, is consistent with prior studies by us on

In these syntheses, the ratio of the amount of reducing reagentthe selectivity of KMnQ in the presence of Lewis acid$.
Super Hydride, relative to the amount of S or Se used to generateEfforts to oxidize48 and49 at selenium using+CPBA led to
the LS and LjSe, respectively, employed in the cyclizations an unstable and insoluble mixtures of isomeric sulfoxide/
must be precisely controlled. Although a slight excess of Super selenoxide which could not be satisfactorily characterized.
Hydride is desirable, too much of an excess will reduce the Efforts to form the dication 019 by treatment o#8 with acetic
carbon-halogen bonds. On the other hand, excess of S or Seanhydride or trifluoroacetic anhydride (a procedure successfully
will lead to formation of LS, or Li,Se with resultant formation employed to convert 1,5-dithiocane 1-oxide to dicadthwere
of five-membered rings (see below). Dilute solutions are pre- also unsuccessful. Ultraviolet irradiation 48 in the presence
ferred for synthesis of four-membered rings to avoid contamina- of excess 2,3-dimethyl-1,3-butadiene gives the known 3,4-
tion with eight-membered rings, which are sometimes found as dimethyl-1-selenacyclohex-3-e#3&50in 80% yield by a route
contaminants. Reaction time (as short as possible), temperaturehat presumably involves efficient generation and trapping of
(0°C), and solvent (THF not EtOH) must be controlled to avoid = selenoformaldehyde, GHSe. Trace amounts of the Diels
ring decomposition, e.g., through nucleophilic attack at silicon. Alder adduct51 of sulfine can also be detected by GC-MS.
Because many of the four-membered ring compounds decom-Wwhile this is the first instance of photochemical solution phase
pose on silica gel, neutral alumina is favored for chromatog- generation and trapping of selenoformaldehyde, other methods
raphy. have been described for generation and trapping of this highly

Illb. 1,3-Thiaselenetanes. Photochemical Generation and  reactive moleculé?’-¢ Repetition of the photochemical proce-
Trapping of Selenoformaldehyde.Our earlier work on 1,3- dure substitutingt5a for 48 led only to trace amounts &0.
dithietane&(e.g.1, [4]S;) and more recent work on selenetanes  |ic. Structures of Four-Membered Rings. Although 45a
(7, E= Se, M= CRy)*®“inspired efforts to synthesize related, ([4]SeSi) is a liquid, an X-ray structure can be obtained for the
unknown mixed SSe systems, e.g. 1,3-thiaselenetaf8, (  complex of45awith Rhy(O,CCF)4 (Figure 3a). This structure
[4]SSe). Through the use of the same protocol that was shows45ain the complex to be nearly planar (dihedral angle
successful in the synthesis of 1,3-dithietane 1-o%fdegriva- ca. 7), with a short Se-Si distance of 2.761(2) A. Crystals of
tives of the little known 1,3-thiaselenetane ring systtwere 44b ([4]SSi(TMS),) and 45b ([4]SeSi(TMS)) were obtained
easily prepared (Scheme 12). Thus, bis(chloromethyl)sulfoxide jn hexane at-78 °C. Because both compounds have very low
(47) was treated with a suspension of sodium selenide (from melting points, X-ray crystallography was carried out by
reduction of Se with Na in THF in the presence of naphthaléhe)  manually mounting crystals in dry ice cooled dishes under a
flow of cold, dry nitrogen. The crystal structures 44b and

(27) (a) Fleming, I. InComprehensie Organic ChemistryBarton, D. H. R.,
Ollis, W. D., Eds.; Pergamon Press: Oxford, 1979; Vol. 3, pp-5846.
(b) Bassindale, A. R.; Taylor, P. G. [fhe Chemistry of Organic Silicon
CompoundsPatai, S., Rappoport, Z., Eds.; John Wiley & Sons: New York,
1989; Vol 2, pp 893963. (c) Shimizu, M.; Hata, T.; Hiyama, T.
Tetrahedron Lett1997, 38, 4591-4594.

(28) (a) Block, E.; Corey, E. R.; Penn, R. E.; Renken, T. L.; Sherwin, P. F.;
Bock, H.; Hirabayshi, T.; Mohmand, S.; Solouki, B. Am. Chem. Soc.

(29) Migalina, Yu. V.; Lentel, V. G.; KoZmin, A. S.; Zefirov, N. S.Khim.
Geterotsikl. Soedinl978 708; Migalina, Yu. V.; Lentel, V. G.; KoZmin,
A. S.; Zefirov, N. S.Chem. Abstr1978 89, 109182.

(30) Xie, N.; Binstead, R. A.; Block, E.; Chandler, W. D.; Lee, D. G.; Meyer,
T. J.; Thiruvazhi, M.J. Org. Chem200Q 65, 1008-1015.

(31) Wilson, G. S.; Swanson, D. D.; Klug, J. T.; Glass, R. S.; Ryan, M. D;
Musker, W. K.J. Am. Chem. Sod.979 101, 1040-1042.

(32) (a) Segi, M.; Takahashi, T.; Ichinose, H.; Li, G. M.; Nakajima, T.

1982 104, 3119-3130. (b) Block, E.; Dikarev, E. V.; Jin, J.; Li, B.;
Petrukhina, M. A.; Zhang, S.-Rure Appl. Chem2005 77, 2029-2032.

(c) Petrukhina, M. A.; Henck, C.; Li, B.; Block, E.; Jin, J.; Zhang, S. Z,;
Clerac, RInorg Chem2005 44, 77—84. (d) Dikarev, E. V.; Shpanchenko,
R. V.; Andreini, K. W.; Block, E.; Jin, J.; Petrukhina, M. Anorg Chem.
2004 43, 5558-5563. (e) The €Si—C angles in Si(CkLCl), are 109.24-
(3)° and 109.93(7) Ilg, R.; Troegel, D.; Burschka, C.; Tacke, R.
Organometallics2006 25, 548-551.
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Tetrahedron Lett1992 33, 7865-7868. (b) Meinke, P. T.; Krafft, G. A.
Tetrahedron Lett1987 28, 5121-5124. (c) Krafft, G. A.; Meinke, P. T.
J. Am. Chem. S0d.986 108 1314-1315. (d) Brown, R. D.; Godfrey, P.
D.; McNaughton, D.; Taylor, P. RJ. Mol. Spectrosc1986 120, 292—
297. (e) Judge, R. H.; Moule, D. @. Am. Chem. S0d.984 106, 5406~
5407.
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Scheme 13. Synthesis and Reactions of
1,3,4-Chalcogenadisilolanes?

Mezsli/\Br a MeZSIi/\E b MeéSi_\SO
Me,Si~__Br MeoSi—/ Me,Si—
38 52a:E=5\¢ 53
52b: E = Se
52c:E=Te
Me,Si
1 Tel
Me,Si/ &2
54

aConditions: (a)52a NaSe9H,O (68%); 52b: Li,Se (33%);52c
NagTe (74%). (b)M-CPBA (71%). (c) } (52%).
45b (Figure 3b,c) show that both rings are nearly planar with
very short S-Si and Se-Si distances of 2.66 and 2.77 A,
respectively (the 8-Si distance, comparable to that reported
for a nonplanar 3-silathietar?é®? is shorter than the sum of
the van der Waals radii for these atoms of 3.90 A), and that the
Si—Si bonds sustain angles of ca.°3® the CSC and CSeC
planes, geometries which have important implications to be
discussed below. The crystal structure48f(Figure 3e) shows
a puckered ring with an equatorial oxygen. The average dihedral
angle for the ring is 32:3(compare the corresponding dihedral
angle of 39 for 1,3-dithietane 1-oxide as determined by gas-
phase microwave spectroscofif)whereas the short-SSe
distance averages 2.6615 A (2.6597(7)/2.6633(7) A for two
different molecules o#l8 measured in the same unit cell). The
crystal structure ofl9 (Figure 3f) shows a more nearly planar
ring with an average dihedral angle for the ring of £2aéd a
short S--Se distance of 2.703(2) A. The mass spectra (MS) of
heterocycleg4—46 all show a major fragment4RE**, where
M = Sior Sn and E= S, Se or Te. MS fragmentation giving
Me,SiS™ is known for44a ([4]SSi)2%¢

IV. Five-Membered Ring Systems. IVa. 1,2,4-Dithia- and
1,2,4-Diselenasilolanes and 1,2,4-Dithia- and 1,2,4-Diselena-
stannolanes. Bis(acetylthiomethyl)silane4 on sequential
treatment with NaOMe and then iodine gives the corresponding
1,2,4-dithiasilolanes, e.g36a [5](S2)Si (Scheme 5). 1,2,4-
Dithiasilolanes can also be obtained by reaction of bis-
(halomethyl)silane3 with Li,S,, prepared by reduction of
sulfur powder with Super Hydride. Five-membered Si- or Sn-
containing diselenideg6a—c ([5](Sey)Si, [5](Se)Si(TMS),,
[5](Se)Sn; Scheme 2) are formed by nucleophilic attack of
Na:Se (prepared by reduction of selenium powder with NaBH
at reflux in EtOH) on the corresponding dihalid28a—c in
EtOH at 0°C. Efforts to prepare 1,2,4-ditellurasilolanes (e.g.
36b, [5](Te,)Si, Scheme 5) using Nae, and bis(halomethyl)-
silanes23 led to products corresponding to 1,2,4-ditellura-
silolanes, which can be detected by GC-MS but decompose
during the workup, giving solid precipitates.

IVb. 1,3,4-Thia-, 1,3,4-Selena-, and 1,3,4-Telluradi-
silolanes.Efforts to synthesizé3 (Scheme 10) led instead to
five-membered ring compouric (Scheme 13). 1,3,4-Chalco-
genadisilolaness2 could be readily prepared from 1,2-bis-
(bromomethyl)-1,1,2,2-tetramethyldisilar&8]. Thus, treatment
of 38 with N&S-9H,0, Li,Se or NaTe gives 3,3,4,4-tetra-

methyl-1,3,4-thiadisilolanes, -1,3,4-selenadisilolanes, and -1,3,4-

telluradisilolanes52a—c ([5]S(Sk), [5]Se(Sh), [5]Te(Sk)),
respectively in 68, 33, and 74% yields as oils. None of the mixed
Group 14/16 five-membered ring compounds have been pre-
viously reported; theoretical calculations have been performed
on the des-methyl analogue 62a33 Oxidation of 52a with
excessm-CPBA results in insertion of oxygen into the-S$i

Figure 4. (@) Molecular structure 054. Intramolecular contact FeSiay,
3.3933(16), Te-Cay 2.137(6), Te-1a2.9045(7), Si-Si 2.350(2) A, +Te—I
176.45(2). (b) Molecular structure 084b. Chair conformation, intramo-
lecular contacts &S 3.0850(4), SiSia 2.3498(4), S Siay 3.1065(4),
S—Ca 1.8114(12), Si-Cay 1.8949(12), intermolecular contactsS 4.636-
(1) A, C-Si—C 105.50(5), S—-C—S 117.46(7, C—S—C 100.40(6),
torsion angles €S—C—Siy, 59.89(8) (see Supporting Information for
further details).

| —

3 T

Figure 5. M NMR spectrum of 3,3,7,7-tetramethyl-1,5-ditellura-3,7-
disilocane 29a bottom) and the corresponding dication, 3,3,7,7-tetramethyl-
1,5-ditellura-3,7-disilabicyclo[3.3.0]octane bis(hexafluorophosphagsg'(

top; in CD;CN—CD.Cl,. The multiplet at cad 2 is from CD;CN).

bond as well as oxidation at sulfur to afford the known
compound, 2,2,6,6-tetramethyl-1-oxa-4-thia-2,6-disilacyclohex-
ane53.34 Treatment ob2cwith iodine gives 1,1-diiodo-3,3,4,4-
tetramethyl-1,3,4-telluradisilolan&4), characterized by X-ray
crystallography (Figure 4a). The PES &Ra is reported
elsewheré?

V. Six-Membered Ring Systems. Compounds 34ab
([6]S2Si, [6]S:Si(TMS),) were prepared fron23ab, respec-
tively, using CS as the source of CHiS7);3% synthesis of34c

(33) Berthier, G.; Cadioli, B.; Gallinella, Hheor. Chim. Act200Q 104, 223—
225.

(34) Schmidt, M.; Wieber, MChem. Ber1961, 194, 1426-1436.

(35) Wan, Y.; Kurchan, A. N.; Barnhurst, L. A.; Kutateladze, A.@rg. Lett
200Q 2, 1133-1135.
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Scheme 14. Synthesis of 1,3,5-Dithiasilinanes,
1,3,5-Dithiastanninanes, 1,3,5-Diselenasilinanes, and
1,3,5-Ditellurasilinanes?

Scheme 15. Synthesis of a 1,3,5,6-Dithiadisilepane (55),
1,4,6,7-Dithiadisilocane (56), 1,5,7,8-Dithiadisilonane (57),
1,5-Dithia-3,7,8-trisilonane (58), and
1,5-Dithia-7,8-disila-3-stannonane (59)@

S
/0 a /T
Me28|\/I Me28|\_s> <S S‘|Mez<i Mezsli/\Br b E _\$iMe2
23a 34a S\/SIMeg MeoSi._Br sJSiMeg
55 38 56
Me3Si),Si B MegSi S'/_S>
(Me3Si), I\/Br (Me3Si) I\_S Megsli/\SAc . <:S/\SliMe2
23b 34b MeoSi_ SAc S\/SiMeg
I~ s 39 &A 57
SAc c
Me,S —————  MeySn > g
s T\g eJ Mezsi/\:i iﬂez
24c 34c o Sn/\s/\§iMe2 o
2! .
/\Se § Se \/S\/SlMeg
Me,Si | ——  MeSi > 59
\/59 2 Conditions: (a) Cg NaBH,, THF, rt, 16 h. (b) HS(CH),SH, EtOH,
Se
26a 35 CsCO;, 50°C, 2 h. () Br(CH)3Br, KOH, EtOH, rt, 2 h. (d)23a EtOH,
T KOH, rt, 2h. (e)23¢ KOH, rt, 2 h.
/" TeCN e /R _ o
Me,Si — MeSi Scheme 16. Rhenium Catalyzed Cyclooligomerization of
\—TeCN Te 3,3-Dimethyl-1,3-selenasiletane (45a)2
28a 37
aConditions: (a) C§ NaBH,, THF, rt, 16 h (47%). (b) CS NaBH;, Me,Si Se/\SiM92
EtOH-THF, rt 2 h (57%). (c) CHl,, KOH, EtOH, rt (24%). (d) CH>, \_-Se/
NaBH,, EtOH-THF, rt (30%). (e) Cklz, NaBH;, DMSO, rt (28%). 27a
AN a Meo
([6]1S2SnN),35 ([6]Se:Si), and37 ([6] Te,Si) employed4dKOH/ Mezsl\/Se — Si
CHoal,, 26a/NaBH,/CHal,, and28a/NaBH,/CHal,, respectively 45a Sef ge
(Scheme 14). None of the mixed Group 14/16 six-membered
ring compounds have been previously reported. Comp8dihd Me,Si___Se _SiMe,

was characterized by X-ray crystallography, which shows that \_
the Si-Si bonds sustain angles of 60.4 and 3@®the C-S—C
planes, which correspond to angles of 29.6 and 3®&4the

fsulfur g)l-tyfpe ) lone .pair forhbitgss;. this bger)mgtLy hshou:;j be Formation of this compound presumably involves a mechanism
avorable for interation of the | o-orbitals with the sulfur proposed by Adam&.The failure to afford the macrocyclization

p—type I_one pairl orbi(tjalﬁ (Figﬁre 4b). The consequznces O(; this product fromd44aindicates that silicon is the more electrophilic
interaction, evaluated through TCNE CT-compléig, data an site to be attacked than carbon4dadue to the electronega-

PES studies, is presented elsewHe®ynthesis of 4,4,5,5- tivity: Si < C < S. For45a the weaker SeC bonds compared

tetramethyl-1,2,4,5-diselenadisilinas& ([6](Se)(Si),) from 38 to S-C bonds may explain the success of the reaction.
is described in Scheme 10.

VI. Seven-, Eight-, and Nine-Membered Ring Systems
with Si—Si Bonds.To take advantage of the ready availability We demonstrate that a variety of mixed Group 14/16
of intermediates88 and 39, to round out our survey of mixed heterocycles’—14 (Chart 1) with 4-12-membered rings can
Group 14/16 heterocycles, and to make compounds availableye easily prepared from bis(halomethyl)-silanes or -stannanes
for PES, seven-, eight- and nine-membered ring compounds,r compounds prepared therefrom. Most of these compounds
55—-59 were prepared (Scheme 15). _ represent previously unknown ring systems, including rare

VII. Twelve-Membered Ring Systems: 1,5,9-Triselena-  gyamples of four-membered rings containing a single tin or
3,7,11-trisilacyclododecanesSince Adams has reported the  g)jyrium atom. Solid-state conformations for many of these new
rhenium catalyzed cyclooligomerization of thietanes and sele- ring systems have been established by X-ray crystallography.
netanes to polythia or polyselena macrocycfese examined 1 5 pjchalcogena-3,7-disilocanes, on treatment with NEJRRe
the reactions o#4a ([4]SSi) and45a ([4]SeSi) with Re(CO)- dications which can be characterized by low-temperature NMR
CHsCN under Adams’ conditions (Scheme 16). In the case of methods. On treatment with nucleophiles, these dications
443 the Si-C bond was cleaved and no macrocycles could be rearrange to mixtures of five-membered ring 1,2-dichalcogeno-
detected by GC-MS analysis. In the case4df, neat reac-  |anes and six-membered ring 1,3,5-dichalcogenasilinanes. Het-
tion at 65°C gives, after preparative TLC, eight-membered g 4cycles with four- and eight-membered rings containing two

ring 3,3,7,7-tetramethyl-1,5-diselena-3, 7-disiloca2ea( 3%) different chalcogen atoms, e.g. S/Se or S/Te, have been prepared
and 12-membered ring 3,3,7,7,11,11-hexamethyl-1,5,9-triselena-q; he first time. A member of the latter class of compounds,

3,7,11-trisilacyclododecané@, [12]SeSis, 9%), alongwithan 1 3 thiaselenetane 1-oxide, has been found to be a useful
apparently polymeric material (34%). Compol8@is a unique  yhotochemical source of selenoformaldehyde. Given the ease
example of a silicon- and selenium-containing crown ether. ot one_electron oxidation for many of these heterocycles, based
on reactivity toward NOP§ it can be anticipated that they

should be of interest as ligands and catalysts. Additional aspects

60
a Conditions: (a) RECO)CH3CN, CH;CN (3% 27a, 9% 60).

Summary

(36) For a recent example of dimethylsiloxane crown ethers see: Decken, A.;
Passmore, J.; Wang, YAngew. Chem Int. Ed. 2006 45, 2773-2777.
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of the chemistry of these novel heterocycles will be presented 5,5-Bis(trimethylsilyl)-1,3,5-dithiasilinane (34b) ([6]SSi(TMS),).

elsewhere. 2,2-Bis(bromomethyl)-1,1,1,3,3,3-hexamethyltrisilap8lf, 0.36 g, 1.0
mmol) and C$(0.12 g, 1.5 mmol) in THF (10 mL) was added at room
Experimental Section 37 temperature to a slurry of NaBH0.12 g, 3.0 mmol) in EtOH-THF

(1:5, 12 mL), and the solution was stirred for 2 h. The solution was
concentrated and extracted (gHp; 20 mL), the extracts were
concentrated, and the residue was chromatographed (silica gel,
CH.Cl,), giving 34b as colorless crystals (0.16 g, 57%), mp-&3
°C; 'H NMR 6 3.74 (s, 2H), 2.09 (s, 4H), 0.18 (s, 18HJC NMR 6
35.9 (SCHS), 9.9 (SCHSI), —0.5 (CH); IR (thin film, cm™) 2948
(s), 2890 (m), 1244 (s), 837 (s); HRMS Calcd faH3.S,Sis: 280.0627
Found: 280.0609. X-ray crystal structure determined.
3,3,4,4,8,8,9,9-Octamethyl-1,6-diselena-3,4,8,9-tetrasilecane (42)
([10]Se(Sk)2). 4,4,5,5-Tetramethyl-1,2-diselena-4,5-disilila44,(0.35
g, 1.2 mmol; from 1,2-bis(bromomethyl)tetramethyldisilagg)(and
NaSe in EtOH) and38 (0.35 g, 1.2 mmol) in EtOH-THF (1:1, 10
mL) was added dropwise during 1.5 h to a suspension of NgBi34
g, 9.0 mmol) in EtOH-THF (1:19, 100 mL) with stirring under Ar at
room temperature. The solution was concentrated, and the residue was
chromatographed (SiQ 1:3 CHClI»:C¢Hi4), giving 42 as colorless
crystals (0.21 g, 41%), mp 163.04°C; 'H NMR 6 2.07 (s, 8H), 0.11
) . . (s, 24H);**C NMR 6 12.0 (CH), —2.4 (CHy); IR (KBr, cm™): 2953
3,3_,7,7-Tetrame'_[hy|-1,5-d|selena-3,7-d|5|locane (27a) ([81Se). (s), 2891 (s), 1246 (s), 1022 (m): HR-MS Calcd fors@sSesSis
4,4-D|methyl-1_,2-d|selena-i1-3|IoIanQQa, 0.30 g, 1.2 mmel; from 447.9913. Found: 447.9906. An X-ray crystal structure was determined.
N&Se and23ain EtOH at 0°C) and23a(0.41 g, 1.2 mmol) in EtOH- 1,3-Thiaselenetané-Oxide (48).Bis(chloromethyl) sulfoxid® (47,
THF (1:1, 10 mL) was added dropwise during 1.5 h to a suspension of 1.47 g, 10 mmol) in THF (10 mL) was added dropwise to an ice cooled
NaBH, (0.30 g, 7.9 mmol) in EtOH-THF (1_:19, 100 m'L) with stirring_ Na,Se (10 mmol) suspension in THF (25 mL) af@. The mixture
under Ar at room temperature. The solution was stirred for 10 min, \aq \varmed to room temperature, stirred for 2 h, filtered through Celite,
concentrated in vacuo, poured into;® (20 mL) and extracted 5,4 concentratedhe brown residue was chromatographed (silica gel:
(CHCl; 2 x 20 mL). The extracts were washedz( 4 x 20 mL), EtOAc, R 0.4), giving 48 (0.95 g, 61%) as colorless crystals, mp
dried (NaS0Q,), and concentrated in vacuo, and the residue was 86-88 °C after recrystallization (EtOAc; 6C); 'H NMR (CDCl) &
chromatographed (silica gel; 1:7 @El.: CgHi4), giving 27a as 4.22 (dd,J=5.3, 2.4 Hz, 2 H), 3.95 (dd = 5.5, 2.4 Hz, 2 H); (D)
colorless crystals (0.29 g, 73%), mp-381 °C; *H NMR ¢ 1.75 (s, 6 3.36 (dd,J = 5.0, 2.4 Hz, 2 H), 2.70 (dd) = 5.5, 2.4 Hz, 2 H);
8H), 0.19 (s, 12H)%C NMR 6 6.5 (CH), ~1.7 (CH): MSm2332  (pyiS0.qy) 6 4.58 (dd,J = 5.0, 2.4 Hz, 2 H), 4.06 (dd] = 5.5, 2.4
(M+, 80Se, 75), 245 (48), 45 (100); IR (KBr, cr): 2955 and 2896 Hz, 2 H): 13C NMR (C’DCE) 6’41.8;77S’$e—N|\,/IR (CDCH) _1’4.9;

(m, C—H), 2355 (w), 1361 (m), 1249 (s), 1102 (m), 1026 (M), 832 (S): 5. MsMYZ 156 (M*, 29Se, 38), 126 (20), 108 (3), 94 (100), 80 (6), 63
HR-MS Calcd for GHxf°Se€%SeS): 331.9428. Found: 331.9435. X-ray (®); IR (KBr) 1114, 1061, 1008 crt (all 5); UV (CHCl5) Amax 266

3,3,7,7-Tetramethyl-1,5-dithia-3,7-disilocane (25a) ([8}Si;). A
solution of bis(acetylthiomethyl)dimethylsilan24@ 0.47 g, 2.0 mmol,
from reaction of bis(iodomethyl)dimethylsilan23g) stirred overnight
in THF with excess KSAc) an@3a (0.68 g, 2.0 mmol) in EtOH (20
mL) was added dropwise during 1.5 h to a solution of KOH (0.28 g,
5.0 mmol) in EtOH (100 mL) with stirring under Ar at room
temperature. The solution was stirred for an additional 10 min, poured
into HO (20 mL), and extracted (Gil,; 2 x 20 mL). The extracts
were washed (kD; 4 x 20 mL), dried (NaSQy), concentrated, and
the residue chromatographed £8%; 1:6 CHCl,:CgH14) giving 25aas
colorless crystals (0.16 g, 34%), mp-561 °C; *H NMR 6 1.85 (s,
8H), 0.18 (s, 12H)}¥C NMR 6 17.4 (CH), —2.7 (CHb); IR (thin film,
cm™): 2955 and 2893 (m, €H), 2360 (w), 1715 (m), 1252 (m), 1053
(m), 841 (s), 793 (m), 531 (m); LR-EIM&vVz 236 (M*, 100), 221
(M*-Me, 19), 190 (19), 175 (55), 149 (20), 147 (20); HR-MS Calcd
for CgH20S:Sk: 236.0545. Found: 236.0548. X-ray crystal structure
determined.

crystal structure determineq. o _ nm (518), 286 nm (476). Anal. Calcd for,E8,SSeO: C, 15.49; H,
8,3,7,7-Tetramethyl-1,5-ditellura-3, 7-disilocane (29a) ([8]ESk).  2,60; 5, 20.68. Found: C, 15.72; H, 2.44; S 20.84. An X-ray crystal

A mixture of Te powder (1.28 g, 10 mmol) and KCN (0.67 g, 10 mmol)  gtrycture was determined.

in dry DMSO (20 mL) was heated to 10@ under Ar for 1 h. The 3,4-Dimethyl-1-selena-3-cyclohexene (58% Compound48 (0.35

mixture was cooled to room temperature, é&ﬁ_ﬁa_(l.? g, 5 mmol) in g, 2.3 mmol) in CHCI, (5 mL) and 2,3-dimethyl-1,3-butadiene (0.6 g,
DMSO (5 mL) was added dropwise. After stirring for 2 h, a solution g 9 mmol) in a 10 mL Pyrex flask was irradiated ®h using a medium

of 23a(1.7 g, 5_ mmol) in EtOH (10 mL) was added to the solution of pressure 450 W mercury lamp (Hanovia). By GC-MS analysis, 3,4-
bis-tellurocyanide28a (88% yield by NMR;*H NMR, DMSO"_jG' 0 dimethyl-1-selena-3-cyclohexen&0j and 3,4-dimethyl-1-thia-3-cy-
1.87 (s, 4H), 0.31 (s, 6H}’C, DMSOds 0 —1.0,—7.2). The mixture  ¢johexene 1-oxideS(l) were formed in a 21:1 ratio. The mixture was
was added dropwise by syringe during15 h to a suspension of  concentrated and chromatographed (silica gel, hexane), affobding
NaBH; (1.16 g, 30 mmol) in EtOH (60 mL) at ®C. The solution was as a light-yellow oil (0.32 g, 80%}H NMR 6 3.02 (s, 2H), 2.70 (tJ
stirred for 10 min, poured into # (50 mL), and extracted (Gi€l,; = 6 Hz, 2H), 2.33 (m, 2H), 1.76 (s, 3H), 1.70 (s, 3HJ}C NMR

2 x 30 mL). The extracts were washedo(® 5 x 30 mL), dried (CDCly) 6 129.3, 125.0, 33.0, 20.9, 20.4, 19.9, 18.4; GC-MS 176
(NaSQy), and concentrated, and the residue was chromatographed(M+ 80Se, 100), 161 (10).

(basic AbOs; hexane), giving29a as a pale-yellow oil (0.5 g, 23%). . . . .
Recrystallization of the product (hexane) gave pale-yellow crystals; ~Acknowledgment. Financial support from the National Sci-
mp 56.5-57.5°C; 'H NMR ¢ 1.67 (s, 8H, Ch), 0.18 (s, 12H, Me); ence Foundation (CHE-9906566, CHE-0342660, CHE-0450505,
13C NMR 6 0.4 (CH), —17.0 (CH); Te~NMR o 75.2 (relative to  E.B.; CHE-01300985, E.V.D.; CHE-0201555, CHE-0455575,
Me;Te); MS m/iz 428 (M, 13Te, 100), 342 (41), 216 (61); IR (KBr) R.S.G.; CHE-9601809, U. Arizona HR-MS facility) and the

2950, 2894, 1240, 827, 769, 705 tMHRMS Calcd for GH20Si:Tex: Petroleum Research Fund, administered by the American
427.9202. Found 427.9196. An X-ray crystal structure was determined. Chemical Society (E.B.) is gratefully acknowledged. We thank
Radical Cation of 29a Quenched with Ethanol.To 29a (9 mg, Professors K. Baines and B. Zwanenburg for helpful sugges-

0.02 mmol) in CDJ (0.5 mL) was added NORF3.8 mg, 0.02 mmol) tions.

in CDsCN (0.5 mL) dropwise at-55 °C. The mixture, which instantly )

turned red, was stirred for 20 min. Then EtOH (2.8 mg, 0.06 mmol) ~ Supporting Information Available: Complete experimental
was added at-55 °C. GC-MS showed 3.3:1 5,5-dimethyl-1,3,5- procedures and data on new compounds; full X-ray crystal-
ditellurasilinane 87) to 4,4-dimethyl-1,2-ditellurasilolanes6). lographic data on structures determined. This material is
available free of charge via the Internet at http://pubs.acs.org.

(37) Representative syntheses are given; full details appear in the Supporting
Information. JA065037J
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