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Abstract: 2,7-Methanothia[9]annulene (1) was synthesized from 1,6-diiodo-1,3,5-cycloheptatriene in 13 steps. Variable- 
temperature "C NMR and electronic spectra indicated that 1 is in equilibrium with its valence isomer, 9-thiatricyclo- 
[4.3.1.01~6]deca-2,4,7-triene (2). From the I3C NMR spectra, the equilibrium ratio 1/2 was estimated as 16/84 in CDC13-CS2 
(1:l) at 30 OC. Comparison of the temperature dependence of I3C chemical shifts of 1 with that of other related systems 
suggested the presence of some stabilization in 1, which was attributed to the aromaticity of 1 as a loa-electron system although 
direct evidence for the presence of diatropicity in 1 could not be obtained from 'H NMR spectroscopy due to a fast equilibrium 
even at low temperatures. 

The chemistry of bridged annulenes has been extensively studied 
by Vogel and his co-workers and has made a great contribution 
to our understanding of aromaticity.' As for bridged hetero- 
annulenes, however, only a few examples have been reported1g,24 
although a wide variety of compounds is possible in principle. This 
is probably due to the limited availability of useful synthetic 
methods for the preparation of such heterocycles. We have 
previously reported the photochemical synthesis of 1,6-disubstituted 
cycloheptatrienes which are very useful precursors for bridged 
 heterocycle^.^-^ 

We now report here the synthesis of 2,7-metanothia[9]annulene 
(1)* and the existence of an equilibrium between 1 and its valence 
isomer I9 

10 10 

1 2 

Annulene 1 was synthesized by a route depicted in Scheme I 
starting from 1,6-diiodo-l,3,5-~ycloheptatriene (3).5 One of the 
iodine groups was converted to a 2-hydroxyethyl group by selective 
mono~inylation~ followed by hydroboration to give alcohol 5. After 
introduction of a benzylthio group by palladium-catalyzed sub- 

(1) (a) For reviews, see: (a) Vogel, E. Spec. Publ. Chem. SOC. 1967, 21, 
113. (b) Chimia 1968, 22, 21. (c) Pror. Robert A .  Welch Found. Conf. 
Chem. Res. 1968, 12, 215. (d) Pure Appl. Chem. 1971, 28, 355. (e) Zsr. J .  
Chem. 1980,20,215. (f) Pure Appl. Chem. 54, 1015. (g) In "Current Trends 
in Organic Synthesis"; Nozaki, H.; Ed.; Pergamon Press: New York, 1983; 
pp 379-400. 

(2) (a) Schafer-Ridder, M.; Wagner, A.; Schwamborn, M.; Schreiner, H; 
Devrout, E.; Vogel, E. Angew. Chem., Int. Ed. Engl. 1978, 17, 853. (b) Golz, 
H. J.; Muchowski, J. M.; Maddox, M. L. Zbid. 1978, 17, 855. (c) Lipa, W. 
J.; Crawford, H. T.; Ralick, P. C.; Helmkamp, G. K. J.  Org. Chem. 1978.43, 
3813. (d) Maddox, M. L.; Martin, J .  C.; Muchowski, J. M. Tetrahedron Lett. 
1980, 21, 7. (e) Hunadi, R. J.; Helmkamp, G. K. J.  Org. Chem. 1981,46, 
2880. (f) Hilken, G.; Kinkel, T.; Schwamborn, M.; Lex, J.; Schmickler, H.; 
Vogel, E. Angew, Chem., Znt. Ed.  Engl. 1982, 21, 784. (g) Vogel, E.; Feld- 
mann, R.; Diiwel, H.; Cremer, H.-D.; Giinther, H.  Zbid. 1972, J I ,  217. 

(3) Kato, H.; Toda, S. J.  Chem. SOC., Chem. Commun. 1982, 510. Kato, 
H.; Arikawa, Y.; Hashimoto, M.; Masuzawa, M. Zbid. 1983,938. Cf.: Nitta, 
M.; Sogo, S.; Nakayama, T. Chem. Lett. 1979, 1431. 

(4) Boekelheide, V.; Pepperdine, W. J .  Am. Chem. SOC. 1970, 92, 3684. 
(5) Okazaki, R.; 0-oka, M.; Tokitoh, N.; Shishido, Y.; Inamoto, N. Angew. 

Chem., Znt. Ed. Engl. 1981, 20, 799. 
(6) Okazaki, R.; Takai, H.; 0-oka, M.; Inamoto, N. Tetrahedron Lett. 

1982, 23, 4973. 
(7) Okazaki, R.; 0-oka, M.; Tokitoh, N.; Shishido, Y.; Hasegawa, T.; 

Inamoto, N. Phosphorus Sulfur 1983, 16, 161. 
(8) Numbering in the formula 1 is not made as an annulenyl system but 

as a bicyclo[4.3. lldecane system for ready comparison with other related 
compounds. 

(9) Presented in part at  the 9th International Congress of Hetercycllic 
Chemistry, August 1983, Tokyo. Abstracts G-22. 

Scheme I 

CH,=CHMgBr-cat:L&CuCl,; 87%. 9-BBN, NaOH-H,O,; 
82%. PhCH,SNa-cat:Pd(Ph,P),; 91%. Ph,P(SCN),; 81%. 
e MCPBA; 95%. f (CF,CO),O-(CH,CO),O, 2,6-lutidine; 91%. 

LiAlH ' 100%. I,, Et,N; 86%. PTAD; 32%. I P(NMe,),; 
88%. ',MCPBA; 100%. 2 CF3S0,SiMe,, i-Pr,EtN; 58%. Na. 
EtOH; 49%. 

stitution," the resulting alcohol 6 was converted into thiocyanate 
7 with Ph3P(SCN),." Oxidation of 7 to 8 followed by treatment 
with trifluoroacetic anhydride-acetic anhydride-2,6-lutidine 
(Pummerer rearrangement)'* gave 9, which was reduced with 
lithium aluminum hydride to dithiol 10, a key intermediate in this 
synthetic scheme. Oxidation of 10 with iodine under high dilution 
conditions afforded disulfide 11. Since all attempts of desul- 

& & &  \ 6 - - I  

16 17 18 

furization of 11 to 16 using trivalent phosphorus compounds were 
unsuccessf~l,'~ 11 was converted into 12, having a bond between 
bridgehead carbons, by cycloaddition with 4-phenyl-l,2,4-tria- 

(10) Migita, T.; Shimizu, T.; Asami, Y.; Shioba, J.; Kato, Y.;  Kosugi, M. 
Bull. Chem. Sor.  Jpn. 1980, 53, 1385. 

(11) Tamura, Y.; Kawasaki, M.; Adachi, M.; Tanio, M.; Kita, Y. Tetra- 
hedron Lett. 1977, 4417. 

(12) Tanikaga, R.; Tabuki, Y.;  Ono, N.; Kaji, A. Tetrahedron Lett. 1976, 
2257. 

(13) The reactions gave polymeric materials indicating that an intramo- 
lecular reaction could not compete with an intermolecular one probably due 
to the severe strain encountered in the cyclization. 
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Figure 1. Schematic representation of the variable-temperature "C 
N M R  spectra of the fluxional system 1 G 2 (100.40 MHz,  1:l CD2- 
C12-CS2, Me& as internal standard). 

zoline-3,5-dione (PTAD). In contrast to 11, the tetracyclic di- 
sulfide 12 was smoothly desulfurized to 13, which in turn was 
oxidized to give sulfoxide 14. A pummerer-type reaction of 14 
with trimethylsilyl triflate and baseI4 directly afforded 15. The 
final step of this synthetic scheme, deprotection of PTAD, was 
accomplished by using sodium in ethanolI5 to give an oil of a 
molecular formula C9HsS [m/e 148.0336 (calcd 148.0346)]: 'H 
N M R  (CDC13 at 30 "C) 6 0.39 (d, 1 H ,  J = 4.9 Hz), 1.55 (d, 
1 H ,  J = 4.9 Hz), 5.94-6.35 (m, 6 H)  and I3C N M R  (1:l 
CDC13-CS2 at  30 "C) d 24.0 (dd), 52.3 (s), 60.2 (s), 119.6 (d), 
120.4 (d), 124.8 (d), 126.1 (d), 127.2 (d), 127.9 (d). 

Although the coupling constant of the bridge methylene protons 
( J  = 4.9 Hz) and the presence of six sp2 and two quaternary sp3 
carbon signals seem to suggest that the product has a tricyclic 
structure 2,16 variable-temperature I3C (Figure 1) and 'H N M R  
and electronic spectra (Figure 2 )  clearly show the presence of an 
equilibrium mixture of 1 and 2. The I3C N M R  signals of C-1, 
C-6, and C-10, especially those of the former two, show regular 
and substantial upfield shifts with decreasing temperatures whereas 
those of the sp2 carbons show only slight temperature dependence. 
This fact is explicable only in terms of a rapid equilibrium (in 
the N M R  time scale) between 1 and 2 with the latter being the 
major and thermodynamically more stable component." 

The relative ratio 1/2 can be estimated if one assumes ap- 
propriate chemical shifts for C-1 and C-6. Since the chemical 
shifts (in 1:l CDC13-CS2 at 30 "C) of C-1 and C-6 of 1618 (6 40.4 
and 40.7) and C-1 of 17 (40.6) (cf. (2-6: 48.3) are very similar 
to each other, those of C-1 and C-6 of 2 can be reasonably assumed 
to be approximately the same as those of 17, the mean value of 
C-1 and C-6 thus being about 45 ppm. As for the chemical shifts 
of C-1 and C-6 of 1, it seems reasonable to use the value of 11 5 
ppm as their average since the corresponding values of 1,6- 
methano[ 10Iann~lene'~ and annulenyl ion MZ0 are 114.6 and 113.7 
ppm, respectively. With use of these values and the observed 
average of 56 ppm for 1/2 the relative ratio of 1 to 2 can be 
roughly estimated to be 16:84 at 30 O C  (in 1:l CDC13-CS2).2's22 

(14) After we developed this new, general synthetic route to vinyl sulfides, 
similar reactions using trimethyliodosilane were reported. Miller, R. D.; 
McKean, D. R. Tetrahedron Left .  1983, 24, 2619. 

(15) Barton, D. H. R.; Shioiri, T.; Widdowson, D. A. J .  Chem. SOC. C 
1971, 1968. 

(16) That no skeletal rearrangement occurred during this deprotection 
procedure was demonstrated by formation of 15 from the reaction of 1 with 
PTAD. 

(17) No line broadening could be observed even at -1 11 'C for C-1 and 
C-6 in I3C NMR spectra (100.40 MHz) and for the bridge methylene protons 
in 'H NMR (399.65 MHz). Since the change in the resonance frequencies 
for C-l and C-6 due to the valence isomerization 1 i- 2 is ca. 7000 Hz (at 
100.40 MHz), 4G* for this system is calculated to be less than 6.2 kcal/mol. 

(18) Compound 16 was synthesized by the reaction of 13 with sodium and 
ethanol. 

(19) (a) Giinther, H.; Schmickler, H.; Bremser, W.; Straube, F. A,; Vogel, 
E. Angew. Chem., Znt. Ed. Engl. 1973,12, 570. (b) Giinther, H.; Schmickler, 
H.; Konigshofen, H.; Recker, K.; Vogel, E. Zbid. 1973, 12 ,  243. 

(20) Takahashi, K.; Kagawa, T.; Takase, K. Chem. Lett. 1979, 701. 
(21) Although we believe that the estimation of these chemical shifts for 

C-l and C-6 (1 15 ppm for 1 and 45 ppm for 2) is rather reliable, small 
changes in these values do not exert any substantial effect on the following 
discussion. For example, the combinations 120-45 and 115-43 lead to the 
ratios 15:XS and 18:82, respectively. 

Figure 2. Electronic spectra of the fluxional system 1 s 2 in cyclo- 
hexane. Insert shows variable-temperature spectra of the system in 
heptane: (a) 48 OC; (b) 26 OC; (c) 0 OC; (d) -24 O C ;  (e) -55 O C .  

Table I. Electronic Spectra of the Fluxional System 1 G 2 and 
Some Other Related Compounds 

comDd solvent' L., nm e, cm-' M-' ref 
1 s 2  C 236 (sh) 6900 present work 

260 (sh) 3700 
280 (sh) 2200 
350 (sh) 220 

16 C 270 2600 present work 
17 C 270 3100 24 
(CH2=CH)2S H 255 6300 25 

benzo[b]- C 298 3680 26 
275 5000 

thioDhenb 
C a n d H  denote cyclohexane and hexane, respectively. *Only the 

It is well established that the 'H-vicinal coupling constant of 
the bridge protons of a bicyclo[4.n.l] system like 1 is 9-12 Hz 
whereas that for tricyclo[4.n.l.O] systems like 2 is 4-6 Hz.*~ The 
relevant coupling constant of the fluxional system 1 2 decreases 
slightly but regularly with decreasing temperature (4.9 Hz at 35 
OC vs. 4.0 Hz at  -1 11 OC in 1:l CD,C12-CS2). This indicates 
that 1, having a higher expected value, is more favorable at higher 
temperatures. This is consistent with the above-mentioned tem- 
perature dependence observed in 13C N M R  spectra. 

The electronic spectrum of this fluxional system shows a 
shoulder a t  350 nm along with additional shoulders below 300 
nm (Figure 2 and Table I). Considering the electronic spectra 
of 16, 17, and divinyl sulfide of a similar structure (Table I), the 
350-nm absorption cannot be ascribed to 2 but must be due to 

longest wavelength absorption IS listed. 

(22) 4Golo  4 2  s 1) = 1.0 kcal/mol. 
(23) Vogel, E.; Wiedemann, W.; Roth, H. D.; Eimer, J.; Giinther, H. 

Justus Liebigs Ann. Chem. 1972, 759, 1. Vogel, E. Pure Appl. Chem. 1969, 
20, 237. 
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17, and 19 having a norcaradiene structure are slightly larger than 
those for 20 and 21. This is probably accounted for in terms of 
an equilibrium with the corresponding cycloheptatriene structure 
to a very minor extent. Third and most important, the A value 
for the fluxional system 1 s 2 is much larger than those for 16, 
17, and 19 and almost ten times as large as those for 20 and 21. 
This clearly shows that in the case of the system 1 s 2 there must 
be some factor which stabilizes the corresponding cycloheptatriene 
structure 1 compared with 16, 17, and 19. We think that the most 
straightforward explanation for the stabilization is provided by 
invoking the aromaticity of 1, although direct evidence for the 
diatropicity cannot be obtained from 'H N M R  spectra because 
of the rapid equilibrium even at low temperatures.17 It appears 
that 1 can enjoy the aromatic stabilization to some extent, but 
it is not large enough to prevent the kinetically favorable peri- 
cyclization to 2 from taking place. This is in contrast to the 
corresponding bridged 1 Or-carbanionic system 18 which is re- 
ported to exist as a delocalized aromatic c o m p o ~ n d ~ ~ . ~ ~  and seems 
to reflect the difference in resonance energy between 18 and l.31 

Finally, it should be noted that the longest wavelength ab- 
sorption of 1 (A,,, 350 nm, t 14003*) is about 50 nm higher than 
that of benzo[b]thiophene (Table I). 2,7-Methanoaza[ 101- 
annulene and 3,8-methano- 10-methoxyaza[ 101 annulene, both of 
which are reported to be aromatic, also have the longest wave- 
length absorptions [364 nm, t 2200 (cyclohexane) for the former" 
and 385 nm, t 2000 (methanol) for the latter2c], about 50 nm 
higher than those of quinoline [3 14 nm, t 2900 (cyclohexane)] 33 

and 3-methoxyisoquinoline [336 nm, t 3470 (methanol)] .34 This 
seems to support, though does not prove, our conclusion that 1 
has an aromatic character although the coincidence of the value 
of 50 nm itself is fortuitous. 
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Table 11. I3C Shift Temperature Gradients (A)" for Bridgehead 
Carbons of the Fluxional System 1 F? 2 and Related 
Tricyclo[4.3.1 .0'i6]decane Systems 

compd A compd A 

1 * 2  1.11 
5.37b Cb 

19 

16 1 .87b & 0.52b 

20  

17 1 .75b 
adamantane 0.57 

0s8c & 
2 1  

"In ppm/K units. Calculated from chemical shifts in CDC13- 
C S ,  ( 1 : l )  (22.49 MHz; internal standard: Me,Si) a t  -60, -30, 0, and 
+30 "C. For detailed data, see the supplementary material. bFor un- 
symmetrical compounds the averages of the two chemical shifts are 
used. CThe average of the tertiary (0.62) and secondary carbons 
(0.53). Reference 29. 

the extended conjugated system of 1. Furthermore, the intensity 
of the absorption shows reversible temperature dependence (Figure 
2): it diminishes with decreasing temperatures indicating the 
decrease of the concentration of 1 and the spectrum reverts to 
its original one on raising temperatures. This observation is in 
good accordance with the temperature dependence of the I3C 
chemical shifts described above, confirming our conclusion that 
the equilibrium between 1 and 2 is established in solution. 
Moreover, the decrease in concentration of 1, due to the tem- 
perature change, estimated from I3C N M R  spectra (between -60 
and +30 "C) and that from the electronic spectra (between -55 
and +48 "C) are similar to each other, Le., about 50%, supporting 
the validity of the aforementioned evaluation of the equilibrium 
ratio from I3C N M R  spectra. 

The equilibrium between 1 and 2 is the first experimental 
demonstration of cycloheptatriene-norcaradiene equilibrium in 
bicyclo[4.3.l]decane derivatives, although there are some pre- 
cedents in bicyclo[4.4. llundecane  derivative^.^^^^*^^^* In order 
to shed light on the detailed nature of this equilibrium, we studied 
the temperature dependence of I3C chemical shifts of some related 
tricyclo[4.3.1 .0'q6]decane derivatives between -60 and +30 O C .  

Results obtained for the bridgehead carbons are summarized in 
Table 11. For all the compounds studied the signals shift upfield 
linearly with decreasing temperatures. Inspection of Table 11, 
where the temperature gradients are expressed in terms of A values 
(ppm/K), reveals the following interesting features. First, A values 
for compounds 20 and 21, which are incapable of undergoing 
norcaradiene-cycloheptatriene valence isomerization, are very 
small and almost the same as that of adamantane having similar 
skeletal rigidity, suggesting that these values are due to intrinsic 
temperature dependence. Second, A values for compounds 16, 

(24) Grimme, W.; Kaufhoid, M.; Detmeier, U.; Vogel, E. Angew. Chem. 

(25) Mohler, H.; Sorge, J .  Helu. Chim. Acta 1940, 23, 1200. 
(26) Haines, W. E.; Helm, R. V.; Cook, G. E.; Ball, J .  S.  J .  Phys. Chem. 

(27) Cremer, D.; Dick, B. Angew. Chem., Int. Ed.  Engl. 1982, 21, 865. 
(28) Vogel, E.; Scholl, T.; Lex. J.; Hohlneicher, G. Angew. Chem., Int. Ed. 

1966, 78, 643. 

1956, 60, 549. 

Engl. 1982, 21, 869. 

(29) Schneider, H.-J.; Freitag, W. J .  Am.  Chem. SOC. 1976, 98, 478. 
(30) Radlick, P.; Rosen, W. J .  Am. Chem. SOC. 1966, 88, 3461. 
(31) Very recently the resonance energy of 1 was estimated to be 58% of 

that of benzene with use of a topological resonance energy approach. JuriE, 
A.; SablijiE, A.; TrinajstiE, N. J .  Heterocycl. Chem. 1984, 21, 273. We thank 
Prof. TrinajstiE for sending us their manuscript prior to publication. 

(32) Calculated by using the values of molar fraction 0.16 and L 220. 
(33) Dal Monte, D.; Mangini, A.; Montanari, F. Gazz. Chim. Ita/. 1958, 

(34) Simchen, G.; Hafner, M. Justus Liebigs Ann. Chem. 1974, 1802. 
88, 1035. 


