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warning fie-detection system.44 Poly(phenylacety1ene) 
absorbs lights of long wavelength to exhibit a photo- 
conductive property.45 

Membranes for oxygen enrichment have recently 
been the subject of intensive research.46 Poly(di- 
methylsiloxane) is famous for its highest permeability 
coefficient [P; cm3( STP).cm/ (cm2.s*cmHg)] to oxygen 
among those of the polymers so far examined (Po, = 6.0 
X Po,/PN, = 1.9). We found that some of the 
present polymers exhibited fairly high p e r m e a b i l i t i e ~ ~ ~ ~ ~  
(see Figure 2). Quite interestingly, poly[ 1-(tri- 
methylsily1)-l-propyne], which was prepared with 
halides of niobium (Nb) and tantalum (Ta) as catalysts, 
showed a value about 10 times larger than that of 
poly(dimethylsi1oxane) (Po, = (61 X 10-8)-(83 X 
Pq2/PN, = 1.7).48 The high gas permeability of poly- 
(dimethylsiloxane) has been attributed mainly to the 
large free volume resulting from the flexible backbone. 
Findings with the present polymers must be explained 
in other terms since the polymers are considerably rigid. 

(44) (a) Senturia, S. 0. NASA [Contract Rep.] CR 1976, NASA-CR- 
134764. (b) Byrd, N. D.; Sheratte, M. B. Ibid. 1976, NASA-CR-134885. 

(45) Kang, E. T.; Ehrlich, P.; Bhatt, A. P.; Anderson, W. A. Appl. Phys 
Lett., in press. 

(46) For reviews, see: (a) Lonsdale, H. K. J. Membr. Sei. 1982,10,81. 
(b) Pusch, W.; Walch, A. Angew. Chem., Int. Ed. Engl. 1982,21,660. (c) 
Strathmann, H. J. Membr. Sci. 1981, 9, 121. 

(47) Higashimura, T.; Masuda, T.; Okada, M. Polym. Bull. 1983, 10, 
114. _ _  .. 

(48) Masuda, T.; Isobe, E.; Higashimura, T.; Takada, K. J .  Am. Chem. 
SOC. 1983,105, 7473. 

Concluding Remarks 
In this account the effectiveness of Mo- and W-based 

catalysts for the polymerization of substituted acety- 
lenes has been examined. We claim that the present 
polymerization is, following olefin metathesis and me- 
tathesis polymerization, the third important reaction 
mediated by W and Mo carbenes. 

Recently it has been found that disubstituted acety- 
lenes are polymerized by organo-Nb(II1) and -Ta(III)49 
and by halides of Nb(V) and Ta(V).48i50 It is worth 
noting that the latter catalysts afford poly(l-phenyl-1- 
p r ~ p y n e ) ~ ~  and poly[l-(trimethylsilyl)-l-propyne]48 
whose molecular weights reach about one million. It 
is reported that acetylenes are polymerized by lan- 
thanide-containing catalysts as well.51 Thus the study 
on the polymerization of acetylenes will further ad- 
vance, promoted by the exploitation of novel catalysts. 

Only a few studies have been performed on the ap- 
plication of polymers from substituted acetylenes. We 
expect that useful functions will be developed. 

W e  are grateful to Professor John K. Stille a t  Colorado State  
University who urged us to  write this Account.  

(49) Cotton, F. A.; Hall, W. T.; Cann, K. J.; Karol, F. J. Macromole- 
cules 1981, 14,233. 

(50) Masuda, T.; Takahashi, T.; Higashimura, T. J. Chem. Soc., Chem. 
Commun. 1982, 1297. 

(51) (a) Shen, Z.-Q.; Yang, M.-J.; Shi, M.-X.; Cai, Y.-P. J. Polym. Sci. 
Polym. Lett. Ed. 1982, 20, 411. (b) Shen, Z.-Q.; Farona, M. F. Polym. 
Bull. 1983, 10, 8. 
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Cyclopropane is conspicuous among alicyclic com- 
pounds by its similarity to olefins in its physical and 
chemical pr0perties.l Thus, three-membered carbo- 
cycles are known to effectively conjugate with unsatu- 
rated groups, are susceptible to attack by electrophiles, 
and are capable of undergoing nucleophilic ring opening 
when the ring is activated with strongly electron-with- 
drawing groups.'V2 In addition, the lability of cyclo- 
propanes to homolytic ring cleavages' and the high 
ability of cyclopropyl groups to stabilize adjacent 
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electron-deficient centers3 have been well-documented. 
These multifaceted features confer various interesting 
aspects on the chemistry of cyclopropyl derivatives. 
Among such reactions that are characteristic to cyclo- 
propyl derivatives, ring-opening cycloadditions with 
unsaturated compounds are of particular interest, since 
odd-membered ring compounds can be prepared from 
two fragments in a single operation. 

In the structural and geometrical isomerizations of 
cyclopropanes, trimethylene biradicals are commonly 

( 1 )  (a) Charton, M. In "The Chemistry of Alkenes"; Zabicky, J., Ed.; 
Interscience: London, 1970; Vol. 2, Chapter 10. (b) Wendisch, D. In 
'Methoden der Organiachen Chemie"; MUer, E., Ed.; Thieme: Stuttgart, 
1971; Band N / 3 .  (c) Greenberg, A.; Liebman, J. F. "Strained Organic 
Molecules"; Academic Press: New York, 1978. (d) de Meijere, A. Angew. 
Chem., Int. Ed. Engl. 1979, 18, 809. 

( 2 )  Danishefsky, S. Acc. Chem. Res. 1979, 12, 66. 
(3) Robert, J. D.; Mazur, R. H. J. Am. Chem. Soc. 1951,73,2509,3542. 

Bergstrom, C. G.; Siegel, S. Ibid. 1952, 74, 145, 254. For reviews, see: 
Richey, H. G, Jr. In 'Carbonium Ions"; Olah, G. A., Schleyer, P. v. R., 
Eds.; Wiley-Interscience: New York, 1972; Vol. 3, Chapter 25. Wiberg, 
K. B.; Hess, B. A., Jr.; Ashe, A. J., I11 Ibid.; Vol. 3, Chapter 26. Brown, 
H. C. 'The Nonclassical Ion Problem"; Plenum Press: New York, 1977; 
Chapter 5.  
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postulated as  intermediate^.^ It is hence natural that 
considerable effort has been devoted to accomplish the 
interception of intermediate 1,3-diyls with unsaturated 
functions (diylophiles). However, successes reported 
so far have largely been limited to such reactions oc- 
curring intram~lecularly;~ the intermolecular trapping 
of the 1,3-diyls with diylophiles is generally not possible. 
The failure probably arises from the fact that the re- 
closure of trimethylene biradicals is so rapid that in- 
termolecular processes cannot kinetically compete with 
it.6 In the limited examples of the intermolecular cy- 
cloadditions of cyclopropyl derivatives, it has been 
demonstrated that only such cyclopropanes that are 
constructed in a highly strained molecular framework, 
such as bicyclo[l.l.0]butane and bicyclo[2.1.0]pentane, 
are capable of being incorporated in the cy~loaddition.~ 
In the reactions of these compounds, the electron-de- 
manding unsaturated function in the reagent molecule 
attacks the back lobe of the bent central a-bond in a 
radical fashion to generate 1,5-biradicals, which produce 
the expected 12 + 31 cycloadduct. The relatively ready 
production of the 1,Bbiradicals in these cases is prob- 
ably due to the specifically highly strained nature of the 
central a-bond. Hence, cycloadditions via 1,Bbiradicals 
will not be generally applicable for simpler cyclopropyl 
derivatives. 

The intermolecular trappings of trimethylene- 
methane biradicals,4bs8 which can be generated fairly 
easily from methylenecyclopropanes, with unsaturated 
functions have generally been unsuccessful l ikewi~e.~J~ 
Eventually, it may thus be concluded that the trapping 
of l,&diyls generated from relatively simple three- 
membered carbocycles is not a good means to achieve 
the cycloaddition, and hence certain specific devices 
may be required to effect the reaction. Some of the 
features of cyclopropyl derivatives summarized above 
are put to practical use as exemplified in the following 
examples. 

Donor-Acceptor Type Cycloadditions 
In analogy to the [,2 + ,2] cycloaddition of elec- 

tron-rich alkenes with electron-deficient olefins,ll it is 
anticipated that the cycloadditions between donor-ac- 

(4) (a) Bergman, R. G. In "Free Radicals"; Kochi, J. K., Ed.; Wiley: 
New York, 1973; Vol. 1, Chapter 5. (b) Berson, J. A. In 'Rearrangements 
in Ground and Excited States"; de Mayo, P., Ed.; Academic Press: New 
York, 1980, Vol. 1, Essay 5. 

(5) Toda, T.; Tanigawa, C.; Yamae, A,; Mukai, T. Chem. Lett. 1972, 
447. Martin, H. Chem. Ber. 1974, 107, 477. Bloch, R.; Denis, J.-M. 
Angew. Chem., Int. Ed. Engl. 1980, 19, 928. See also: Wiskott, H.; 
Schleyer, P. v. R. Ibid. 1967, 6, 694. Prinzbach, H.; Sedelmeier, G.; 
Martin, H.-D. Zbid. 1977, 16, 103. 

(6) With regard to recent arguments on the energy barrier for the 
reclosure of trimethylene biradicals, see: Doering, W. v. E. Proc. Natl. 
Acad. Sci.  U.S.A. 1981, 78, 5279. 

(7) Gassman, P. G. Acc. Chem. Res. 1971,4, 128. 
(8) Weiss, F. Q. Reu., Chem. SOC. 1970,24,278. Dowd, P. Acc. Chem. 

Res. 1972, 5, 242. 
(9) Bloch, R.; Leyendecker, F.; Toshima, N. Tetrahedron Lett. 1973, 

1025. See also: Bloch, R.; Bortolussi, M. Ibid. 1976, 309. 
(10) For some intriguing examples of trapping the cyclic tri- 

methylenemethane intermediate see: Berson, J. A. Acc. Chem. Res. 1978, 
11,446. Rule, M.; Mondo, J. A.; Beraon, J. A. J. Am. Chem. SOC. 1982, 
104, 2209. Mazur, M. R.; Berson, J. A. Ibid. 1982, 104,2217. Salinaro, 
R. F.; Berson, J. A. Ibid. 1982, 104, 2228. Martin, A. R.; Inglin, T. A.; 
Berson, J. A. Ibid. 1982,104,4954. Little, R. D.; Muller, G. W. Ibid. 1981, 
103, 2744. 

(11) Brannock, K. C.; Bell, A,; Burpitt, R. D.; Kelley, C. A. J. Org. 
Chem. 1964,29,801. Brannock, K. C.; Burpitt, R. D.; Goodlett, V. W.; 
Thweatt, J. G. Ibid. 1964, 29, 813. Bartlett, P. D. Q. Rev., Chem. SOC. 
1970,24,473. Ciganek, E.; Linn, W. J.; Webster, 0. W. In 'The Chem- 
istry of the Cyano Group"; Rappoport, Z., Ed.; Interscience: London, 
1970; Chapter 9. Huisgen, R. Acc. Chem. Res. 1977,10, 117. 

Table I 
Relative Reactivities of Cyclopropylethylenes 

with TCNE (Dichloromethane,  25 "C) 

Trisubstituted 

Ethylene 

I Ret. Rate 430 74 1.0 

1 ( Type I : ethyl 5 cyclopropyl > Isopropyl ) 

Re1 Rate 0 . 4 3  0 7  1.0 
~ ~~~ ~ ~~ ~~~ ~ 

( Type I I  cyclopropyl > IMpropyl > ethyl ) 

ceptor pairs of cyclopropanes and unsaturated com- 
pounds will be feasible. A number of such reactions 
have indeed been found so far. They include the cy- 
cloadditions of cyclopropyl-,12 l,l-diphenyl-,13 and 1,l- 
dialkoxy-substituted14 cyclopropanes with ethene- 
tetracarbonitrile (TCNE). With regard to the cyclo- 
additions between inverse donor-acceptor pairs, the 
reaction of cyclopropanes substituted by electronegative 
groups with enamines are re~re5entative.l~ In these 
reactions, 1,Bzwitterions are generally postulated as 
intermediates. 

We have studied the reactions of several cyclo- 
propyl-substituted ethylenes, 1, with TCNE.16 The 
reaction usually took place at the ?r-bond in the sub- 
strate16*J7 and a four-membered cycloadduct, 2, was 
produced (type I). When the ethylene was substituted 

Type I CN 

4 FPCR'R' + TCNE 2 

R' 

Type I 1  
1 U C i C R ' i ?  

R' 
2 

with four relatively bulky groups, however, a different 
reaction occurred and a vinylcyclopentane derivative, 
3, was formed (type II).16b Both types of cycloadditions 
proceeded equally well at  room temperature. 

On the basis of the results obtained in the extensive 
studies on these reactions,16J8 we proposed that the type 
I reaction is an ordinary [,2 + ,2] cycloaddition via 

(12) Magrill, D. S.; Altmann, J.; Gmberg, D. Zsr. J. Chem. 1969,7,479. 
(13) Martini, T.; Kampmeier, L. A. Angew. Chem., Int. Ed. Engl. 1970, 

9, 236. 
(14) Noordstrand, A. A. P.; Steinberg, H.; de Boer, Th. J. Tetrahedron 

Lett. 1975, 2611. Wiering, P. G.; Steinberg, H. J. Org. Chem. 1981, 46, 
1663. 

(15) Berkowitz, W. F.; Grenetz, S. C. J. Org. Chem. 1976, 41, 10. 
(16) (a) Nishida, S.; Moritani, I.; Teraji, T. J. Chem. SOC., Chem. 

Commun. 1970, 501; J. Org. Chem. 1973, 38, 1878. (b) Nishida, S.; 
Moritani, I.; Teraji, T. J. Chem. SOC., Chem. Commun. 1971, 36. (c) 
Nishida, S. Angew Chem., Int. Ed. Engl. 1972, 11, 328. 

(17) Effenberger, F.; Podszun, W. Angew. Chem., Int. Ed. Engl. 1969, 
8, 976. Effenberger, F.; Gerlach, 0. Chem. Ber. 1974, 107, 278. 

(18) Kataoka, F.; Nishida, S. Chem. Lett. 1980, 1115. 
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1,4zwitterions, 4, whereas the type I1 reaction, in which 
only a cyclopropane a-bond is incorporated, is initiated 
by an electron transfer from the cyclopropylethylenes 
to TCNE. The formation of 3 can be rationalized in 
terms of the reactions of the resultant radical ion pairs. 
This proposal appears to be supported by the explicit 
difference observed in the structure-reactivity se- 
quences for the two types (Table I).18 

On the basis of the relative reactivity of three sub- 
strates examined in each type, it can be concluded that, 
in the type I reactions, steric hindrance for the access 
of TCNE at the ?r-bond in the cyclopropylethylene is 
a controlling factor, whereas electronic effects (elec- 
tron-donating ability expected: cyclopropyl > isopropyl 
> ethyl) appear to play a role in type I1 reactions. With 
regard to the electronic effects exerted by cyclopropyl 
groups, it was observed that the substitution of olefinic 
hydrogens with cyclopropyl groups remarkably lowers 
the ionization potentid (IP) of the corresponding 
eth~1enes.l~ Thus, the IP, of tetracyclopropylethylene 
was found to be exceedingly low (7.25 eV)18 for an al- 
kene. Furthermore, a statement made by Scott et al.20 
should be cited here to indicate the feasibility of the 
electron transfer in the type I1 process. They pointed 
out that the electroh tkansfer is presumed to be ther- 
modynamically favored when the difference between 
the IP of the donor and the electron affinity (EA) of 
the acceptor is less than about 4-5 eV, which appears 
to be the case in the present pairs of reactants readily 
undergoing the type I1 reactions.21 

The feasibility of the electron transfer in related re- 
actions has been substantiated by Arnold and Hum- 
phreys22 and Scott et aL20 Thus, it may be reasonable 
to assume that the initial step of the type I1 reaction 
is the electron transfer, and the incipient cation radical 

(19) (a) Nishida, S.; Moritani, I.; Teraji, T. J. Chem. SOC., Chem. 
Commun. 1972, 1114. (b) Harada, Y.; Ohno, K.; Seki, K.; Inokuchi, H. 
Chem. Lett. 1974,1081. (c) de Meijere, A. Chem. Ber. 1974,107,1684. 
(d) Aemue, P.; Kleaeinger, M.; Meyer, L A . ;  de Meijere, A. Tetrahedron 
Lett. 1975, 381. (e) Spanget-Larsen, L.; Gleiter, R.; Detty, M. R.; Pa- 
quette, L. A. J.  Am. Chem. SOC. 1978, 100, 3005. (0 Gleiter, R. Top. 
Current Chem. 1978,86, 197. 

(20) Scott, L. T.; Erden, I.; Brunsvold, W. R.; Schultz, T. H.; Houk, 
K. N.; Paddon-Row, M. N. J. Am. Chem. SOC. 1982,104,3669. Cf. H o d ,  
K. N. In "Pericyclic Reactions"; Marchand, A. P.; Lehr, R. E., Eds.; 
Academic Press: New York, 1977; Vol. 2, Chapter 4. 

(21) The electron affinities of TCNE and TCNQ are 2.8-2.9 eV (Chen, 
E. C. M.; Wentworth, W. E. J. Chem. Phys. 1975,63, 3183). 

(22) Amold, D. R.; Humphrey, R. W. R J. Am. Chem. SOC. 1979,101, 
2743. 
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5 undergoes a relatively slow ring opening to 6. The 
resultant second cation radical, 6, combines with a 
nearby TCNE anion radical to form 7, which ultimately 
cyclizes to 3 (Scheme I). There is also the possibility 
that the TCNE anion radical directly attacks the cy- 
clopropyl methylene carbon in 5 to produce 7. 

Recently, Steinberg et al.23 have proposed, primarily 
on the basis of the stereochemical consequences of the 
cycloaddition, that the cycloaddition of cyclopropanone 
monothioacetal with TCNE might be a concerted [,2, 
+ .2,] process. Concerted mechanisms have also been 
proposed for the reactions of methylenecyclopropanes 
with electron-deficient unsaturated compounds.24 
Alkenylcyclopropanes and Related Compounds 

One may anticipate that the double-bond character 
of the cyclopropyl ring will enable alkenylcyclopropanes 
to behave as homo-l,3-dienes in cycloaddition reactions. 
Thus, if the alkenylcyclopropanes were incorporated in 
the Diels-Alder type reactions, seven-membered rings 
could be constructed in a one-step process. Realization 
of such reactions, however, has generally met with 
difficulties and appears to be possible only in the lim- 
ited cases. 

The reactions of alkenylcyclopropanes with powerful 
dienophiles, such as TCNE and N-phenyl- 1,2,4-triazo- 
line-3,5-dione (PTAD), generally give a four-membered 
[,2 + ,2] cycloadduct as a kinetic p r o d u ~ t . l ~ J ~ ~ ~  The 
stepwise, polar nature of the reaction is verified either 
by the solvent polarity effect on the reaction rates or 
by the observation that cation-stabilizing groups on the 
cyclopropane ring greatly facilitate the formation of the 
ring-opened, rearranged products. For example, we26 
found that the introduction of two aryl groups at  one 
of the methylene groups of the ring in vinylcyclo- 
propane brought about total alteration of the reaction 
course. Thus, the reaction of parent vinylcyclopropane 
with TCNE gave the type I product, whereas the re- 
action of l,l-diaryl-2-vinylcyclopropane, 8, with TCNE 
yielded an unexpected product, 9. The formation of 9 
could be rationalized in terms of the cationic rear- 
rangement in the intervening zwitterion, 10 - 11, fol- 

(23) Wiering, P. G.; Verhoeven, J. W.; Steinberg, H. J. Am. Chem. SOC. 
1981,103,7675. 

(24) Noyori, R.; Hayashi, N.; Kato, M. J. Am. Chem. SOC. 1971,93, 
4948. Pasto, D. J.; Chen, A. F.-T. Ibid. 1971,93,2562. Pasto, D. J.; Chen, 
A. F.-T.; Binsch, G. Ibid. 1973,95,1553. Pasto, D. J.; Borchardt, J. K.; 
Fehlner, T. P.; Baney, H. F.; Schwartz, M. E. Ibid. 1976, 98, 526. 

(25) Pasto, D. J.; Chen, A. F.-T. Tetrahedron Lett. 1973,713. Sarel, 
S.; FeLzenstein, A.; Yovell, J. J. Chem. Soc., Chem. Commun. 1973,856; 
1974, 753. Langbeheim, M.; Sarel, S. Tetrahedron Lett. 1978, 1219. 

(26) Shimizu, N.; Ishizuka, S.; Tsuji, T.; Nishida, S. Chem. Lett. 1975, 
751. Shimizu, N.; Fujioka, T.; Ishizuka, S.; Tsuji, T.; Nishida, S. J. Am. 
Chem. SOC. 1977,99,5972. 
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lowed by the Cope type rearrangement of the first 
formed cycloadduct, 12 (Scheme 11). 

Cationic rearrangements in zwitterionic intermediates 
have also been observed in the reactions of cyclo- 
propylethylenes, fused in a polycyclic framework, with 
some electron-deficient unsaturated compounds.n The 
propensity of alkenylcyclopropanes for undergoing polar 
cycloadditions undoubtedly arises from the high cat- 
ion-stabilizing ability of cyclopropyl  group^.^ Some of 
these [,2 + ,2] cycloadducts regenerate the zwitterion 
at  elevated temperature and ultimately yield the cy- 
clopropane-cleaved products.28 

Sarel and Lar~gbeheim~~ and Paquette et aL2'* have 
reported that the reactions of 1,2-dialkenylcyclo- 
propanes with electrophilic unsaturated compounds 
give nine-membered cyclic dienes. The two a-bonds 
and the cyclopropane a-bond in the reactants are in- 
corporated. However, in the reactions of l-cyclo- 
propyl-1,3-butadiene derivatives, 13, we30 found that 
TCNE reacted mainly with the terminal double bond 
of the dienes to give [,2 + ,2] cycloadducts, 14, which 
in turn undergo ring enlargement to produce formally 
the [,4 + ,2] adducts, 15. No further isomerization 

- 13 - 14 15. 
accompanied by the cyclopropane cleavage was ob- 
served even at  a somewhat elevated temperature. In 
contrast, however, 13 smoothly reacted with 3,6-bis- 
(dicyanomethylene)-l,4-cyclohexadiene (TCNQ) with 
involvement of the cyclopropane opening to afford 
[9]paracyclophadiene, 16.31 The product 16, possessed 
3-transd-cis geometry irrespective of the stereochem- 
istry in the starting 13 .  In analogy with the reactions 

R 
k 

17 
I 

(27) (a) Paquette, L. A,; Kirschner, S.; Malpass, J. R. J.  Am. Chem. 
SOC. 1970,92,4330. (b) Katz, T. J.; Nicolaou, K. C. Ibid. 1974,96,1948. 
(c) Coxon, J. M.; de Bruijn, M.; Lau, C. K. Tetrahedron Lett. 1976,337. 
(d) Toong, Y. C.; Borden, W. T.; Gold, A. Ibid. 1976,1549. (e) Cemuechi, 
P.; de Micheli, C.; Gandolfi, R. Ibid. 1977, 3667. (fj Browne, A. R.; 
Paquette, L. A. J.  Org. Chem. 1978,43,4522. (9) Hogeveen, H.; Zwart, 
L. Ibid. 1979,44, 1365. 

(28) Sarel, S.; Felzenstein, A.; Yovell, L. J.  Chem. Soc., Chem. Com- 
mun. 1974,753; Tetrahedron Lett. 1976,451. Langbeheim, M.; Sarel, S. 
Ibid. 1978, 2613. 

(29) Sarel, S.; Langbeheim, M. J. Chem. SOC., Chem. Commun. 1977, 
593. Langbeheim, M.; Sarel, S. Tetrahedron Lett. 1978, 2613. 

(30) Shimizu, N.; Nishida, S. J. Chem. Soc., Chem. Commun. 1978, 
931. Kataoka, F.; Shimizu, N.; Nishida, S. J. Am. Chem. SOC. 1980,102, 
711. 

(31) (a) Kataoka, F.; Nishida, S. Chem. Lett. 1978,1053. (b) Kataoka, 
F.; Nishida, S.; Tsuji, T.; Murakami, M. J. Am. Chem. SOC. 1981, 103, 
6878. 

forming 14, as well as the type I reactions, we proposed 
that the first step of the reaction would be a polar at- 
tack of TCNQ at the terminal double bond to give 17. 
The cyclization of 17 to 16 may be accomplished by an 
intramolecular attack of the cyano-bearing carbanion 
at  the methylene carbon of the cyclopropyl group ac- 
tivated with the allylic cation moiety, as depicted in 17. 
The specific formation of the cis-trans isomer in the 
cycloadditions will be the consequence of the preferred 
conformation of the chain in 17.31 The stereoelectronic 
requirement for the backside attack in the cyclopropane 
opening2 may be fulfilled with this conformer. The 
cycloaddition of TCNQ producing cyclophane deriva- 
tives is not known, to the best of our knowledge, except 
for the reactions with cyclopropylethylenes. 

It is well-known that quadricyclane, a bicyclopropyl 
constructed in a polycyclic framework, reacts with a 
number of dienophiles in a concerted [12 + 02 + g2] 
fashion.32 Concerted mechanisms have also been 
suggested for the [,2 + *2 + *2] cycloaddition of bicy- 
cl0[2.1.O]pent-2-ene~~ and for the [,2 + *4 + .2] cyclo- 
addition of homof~lvenes~~ with dienophiles. In con- 
trast, simple cyclopropylethylenes, as well as bicyclo- 
propyls, rarely show tendencies to behave as homo- 
logues of dienes toward dienophiles. It appears, 
therefore, that these compounds do so only when the 
functions are fused in a polycyclic carbon framework 
and take an arrangement well-adapted to carry out the 
concerted reactions. 
1,2-Dicyclopropylethylenes and Related 
Compounds 

When heated in the presence of various unsaturated 
compounds, dispiro[2.2.2.2]deca-4,9-diene, Ma, un- 
dergoes efficient ring-opening  cycloaddition^.^^ Thus, 
the thermal reactions of 18a with 1,3-dienes, styrenes, 
and monoenes afforded [8]paracycloph-4-enes, 19, 
[4.2]paracyclophanes, 20, and a mixture of 21 and 22, 
respectively. The reactions of 4,g-diacetoxy derivative 

a:  X = H  

24 - 23 

1Sb with 1,3-dienes proceeded analogously and provided 
a convenient route for the preparation of C8-bridged 
hydroquinones 23 and p-benzoquinones, 24. These 

(32) Smith, C. D. J.  Am. Chem. SOC. 1966, 88, 4273. Kaupp, G.; 
Prinzbach, H. Chem. Ber. 1971, 104, 182. Tabushi, I.; Yamamura, K.; 
Yoshida, 2. J. Am. Chem. SOC. 1972,94,787. Haselbach, E.; Martin, H-D. 
Helu. Chim. Acta 1974,57,472. Prinzbach, H.; Weidmann, K. Trah, S.; 
Knothe, L. Tetrahedron Lett. 1981,22, 2541. 

(33) Baldwin, J. E.; Rinschmidt, R. K., Jr. Tetrahedron Lett. 1971, 
935. 

(34) Askani, R. Angew. Chem., Int. Ed. Engl. 1970,9,167. Askani, R.; 
Chesick J. P. Chem. Ber. 1973, 106, 8. 

(35) (a) Tsuji, T.; Nishida, S. J .  Am. Chem. SOC. 1973,95, 7519. (b) 
Shibata, T.; Tsuji, T.; Nishida, S. Tetrahedron Lett. 1976,4095; Bull. 
Chem. SOC. Jpn. 1977,50, 2037. (c) Tsuji, T.; Shibata, T.; Hienuki, Y.; 
Nishida, S. J. Am. Chem. Soc. 1978,100,1806. (d) Shibata, T.; Tsuji, T.; 
Nishida, S. Bull. Chem. SOC. Jpn. 1980,53, 709. 
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Scheme I11 

25  - 

2s - 21 22 

(&bridged compounds exhibited interesting spectro- 
scopic and chemical proper tie^.^^ 

The reactions of 18 with olefinic substrates are ex- 
plained by the pathways outlined in Scheme 111. In 
the reaction with conjugated dienes, 25 undergoes cy- 
clization to 19, whereas 26, produced in the reaction 
with monoenes, can not cyclize to a highly strained 
[6]paracyclophane and hence is forced to collapse to 21 
and 22. The formation of [4.2]paracyclophanes may be 
rationalized as shown in the scheme (27 - 28 - 20). 

The successful intermolecular captures of the birad- 
i d   intermediate^^^ in these reactions, in particular the 
formation of 21, are seemingly in contradiction to the 
fact that 1,3-diyls can hardly be trapped with diylo- 
philes intermolecularly. However, rationalization may 
be found in the fact that the reacting species would 
most probably be not the 1,3-biradical 29 but a 1,s- 
biradical, 30.35 The cyclopropane rings in 18a would 
rupture in a stepwise manner to produce 29, but it 
would undergo ready rearrangement to 30, because the 
spiro[2.5]octadienyl structure in 29 corresponds to that 
of a transient species postulated in the 1,2 aryl shift of 
arylethyl radicals.% Considerations of energy barriers 
for the ring opening of spiro[2.5]odadienyl radicals and 
for the reverse process40 suggest that the 1,s-biradical 
30, once formed, sustains a somewhat long lifetime 
before recyclizing to 29 and hence is captured with 
unsaturated compounds. In addition, it should be 
pointed out that the process from 18a to 29 to 30 is 
reversible, as was unequivocally demonstrated by CID- 
NP studies on 18a.41 Thus, the unsaturated functions 
will have numerous opportunities to seek out the re- 
active 30, which is repeatedly produced.'O 

As described previously, reactions of alkenylcyclo- 
propanes with TCNE are classified into two types. The 

(36) Hienuki, Y.; Tsuji, T.; Nishida, S. Tetrahedron Lett. 1981, 22, 
863, 867. 

(37) Several observations,a6 including the CIDNP effects (Tsuji, T.; 
Nishida, S. Chem. Lett. 1973,1335), support the intermediacy of biradical 
species. 

(38) Beekwith, A. L. J.; Ingold, K. U. In ref 4b; Vol. 1. Essay 4. 
(39) Effio, A.; Griller, D.; Ingold, K. U.; Scaiano, J. C.; Sheng, S. J. J. 

Am. Chem. Sac. 1980,102,6063. 
(40) Griller, D.; Ingold, K. U. Acc. Chem. Res. 1980, 13, 317. 
(41) Tsuji, T.; Niahida, S. Chem. Lett. 1977,631; J.  Am. Chem. SOC. 

1974,96,3647. Cloas, G. L.; Czeropski, M. S. Chem. Phys. Lett. 1977,45, 
115. 

Scheme IV 

[ > - c R = c R ~  . TCNQ 

It 

35 

type I1 reaction, which is characteristic of the reactions 
of heavily substituted ethylenes, appears to be initiated 
with the electron transfer. With these results in mind, 
we treated certain tetrasubstituted 1,2-dicyclopropyl- 
ethylenes, 31, with TCNQ.31b,42 After relatively pro- 
longed heating at 85-90 "C, 1:l cycloadducts were iso- 
lated in fairly good yields. The adducts were assigned 
as [ lO]paracyclophadienes, 32, possessing the double 
bonds of cis-trans configuration. 

[>_cR'=cR~+ + TCNO ___, 
NC 

31 

32 
I 

With regard to the mechanism for the formation of 
32, we proposed that the first step would be an electron 
transfer from 31 to TCNQ, as in the type I1 reaction. 
The combination of radical ion pairs, either 33 or 34, 
will yield 35, which cyclizes in a manner similar to that 
of 17 (Scheme IV). In 35, the allyl cation unit will 
selectively be in the transoid-transoid configuration for 
steric reasons. The stereoelectronic requirement for 
backside attack2 may then be fulfilled only in the s-cis 
conformer as depicted in 35, and the cis-trans isomer 
might be selectively produced.31b 

In the reactions of di- and trisubstituted 1,2-di- 
cyclopropylethylenes, TCNQ may preferentially attack 
the r-bond and the resultant intermediates would have 
no proper way to yield isolable products. In contrast, 
Ma, which is essentially the disubstituted substrate, 
reacted with TCNQ in a manner similar to that of 31; 
[3.3]paracyclophane, 36, was ~ b t a i n e d . ~ ~ ~ ? ~ ~  Steric 

3s 37 - 38 2 

hindrance may not be severe, but the attack of TCNQ 

(42) Kataoka, F.; Nishida, S. J. Chem. SOC., Chem. Commun. 1978, 

(43) Tsuji, T.; Hienuki, Y.; Nishida, S. Chem. Lett. 1977, 1015. 
864. 



Acc. Chem. Res. 1984,17,61-66 61 

at the x-bond would be kinetically less favorable than 
the electron transfer in this particular substrate, which 
has an exceptionally low IP (IP, = 7.5 eV).lgb The 
combination of the resultant ion pairs yields 37, which 
culminates in the production of 36. The intermediacy 
of 37 was verified by conducting the reaction in either 
acetonitrile or acetone. The products obtained in the 
reactions in these solvents were 38 and 39, respectively. 
Apparently, the dipolar addition of 37 to the hetero- 
multiple bond in the solvent molecules took p l a ~ e . ~ ~ ~ ~ ~  
Dispir0[2.0.2.4]deca-4,6-diene~~*~ undergoes cyclo- 

addition with TCNE in dioxane to afford a benzo- 
cycloodane derivative as the major adduct.ld Cleavages 
of the two cyclopropane rings take place. Since most 
other dienophiles produce the normal Diels-Alder ad- 

a mechanism similar to those discussed above 
has been proposed by de Meijere.ld 

Concluding Remarks 
In spite of the fact that the thermal cycloadditions 

of cyclopropanes with olefins can rarely be accom- 
plished, 18 produced a variety of cycloadducts in its 
reactions with various unsaturated compounds. The 
ready rearrangement of the incipient l,&biradical29 
to the l,&biradical 30, which may have a prolonged 
lifetime owing to the intervention of an aromatic ring 
between the two radical centers, as well as the repeated 

(44) de Meijere, Angew. Chem., Znt. Ed. Engl. 1970, 9, 899. 
(45) de Meijere, A. Chem. Ber. 1974, 107, 1702. Kaufmann, D.; de 

Meijere, A,; Hingerty, B.; Saenger, W .  Angew. Chem., Znt. Ed. Engl. 1975, 
14, 816. Kaufmann, D.; de Meijere, A. Tetrahedron Lett. 1979, 779. 

production of the biradical species under the reaction 
conditions, might be the reason for the successes. 

Some heavily substituted cyclopropylethylenes, 1, 
reacted with TCNE to afford vinylcyclopentane deriv- 
atives, 3. Certain tetrasubstituted 1,2-dicyclopropyl- 
ethylenes 31, reacted with TCNQ to afford [10]para- 
cyclophadienes, 32, and the dispiro compound 18 pro- 
duced [3.3]paracyclophane, 36, in its reaction with 
TCNQ. The success of these cycloadditions is ascribed 
to the low IP of the substrate ethylenes, the high EA 
of TCNE or TCNQ, and, in some cases, the difficulties 
for the access of TCNE or TCNQ to the x-bond in the 
reactants. Thus, an initial electron transfer is assumed, 
and the reactions of the resultant radical ion pairs ap- 
pear to be accompanied by the efficient cyclopropane 
cleavage in the subsequent steps. In the para- 
cyclophane formations with TCNQ, the intramolecular 
nucleophilic opening of the cyclopropane ring at the 
final stage of the reaction appears to be e ~ s e n t i a l . ~ ~  

The thermal ring-opening cycloadditions of cyclo- 
propyl derivatives have not yet been well-explored, but 
some promising developments have been achieved as 
illustrated in this Account. 
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The dominant photochemical process of many met- 
al-metal-bonded carbonyl dimers is homolytic cleavage 
of the metal-metal bond to produce two 17-electron 
metal carbonyl fragments (eq l).l The results of nu- 

L,M-ML, LnM + ML, (1) 
merous photochemical, flash photolysis, and ESR 
spin-trapping experiments are consistent with this 
conc1usion.l 

For a considerable period of time it was thought that 
all of the photochemistry of metal-metal-bonded car- 
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bony1 complexes could be explained by invoking the 
primary photoprocess in eq 1. Recent results, however, 
suggest that other primary photoprocesses might also 
be important in accounting for the photochemistry of 
these complexes. It is noteworthy that the mechanistic 
evidence for primary photoprocesses other than ho- 
molytic cleavage is often less than definitive. From our 
examination of these reactions, we hope to draw some 
conclusions about the relative importance of nonho- 
molytic cleavage pathways in the photochemistry of 
metal-metal-bonded carbonyl dimers. 

Electronic Excited States of 
Metal-Metal-Bonded Complexes 

Of the molecules discussed in this account, detailed 
electronic spectral studies have been carried out only 

(1) The most recent review dealing with the photochemistry of metal 
carbonyl dimere cnn be found in Geoffroy, G. L.; Wrighton, M. S. 
"Organometallic Photochemistry"; Academic Press: New York, 1979. 
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