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Benzocyclopropene 1’ and its derivatives and homologs are the most highly strained members of 
the class of I ,Zbridged aromatic hydrocarbons. The unexpected stability and the expectation that 
unusual chemi& and physieal properties mightresult from the disruption of the aromatjc sextet 
have led to the synthesis of a large number of these compounds. The purpose of this report is to 
provide a review of earlier work and describe recent advances in the field.4 

As a dass, these 1,2&idged bicyolic systems are referred to as ~~o~y~lopro~n~s or cycle- 
prop~~nes. ~n~~dual compounds are generally named under “fusion nomenclature’ using the 
cyclopropa~pr~~ (IWPAC Rule A 213) for systems of at least two rings of five or more members. 
Thus I. must be n~~.bi~yclu[4* 1 .O] hepta- 1,3,5-triene and not as ~~~yc~upro~~~ne under the 
IUPAG system* 

1 
bicyclo(b.1 .O]hepta-I ,3,!5triene 
benzwycloprcqxme 

The naphthalene derivatives, however, can be named as I H-~y~loprupa~]naphthalene and 1 H- 
cyclopropa~a]naphthal~ne. Other homologs are named similarly (1 H~y~loprop[bJant~a~ne, 1 H- 
cyclopropa[blphenanthrene, etc.). 
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The lower homologs have also been named as cyclopropene derivatives, and 1 becomes benzo- 
cyclopropene. Similarly, ~yclopro~a~~naphthalene and ~y~lopro~a~a~naphthalene can be named 
as naphtho~~cy~lopro~ne and naphtho[a~~y~lopro~ne~ resp~tively~ Use of this system brings 
benzocyclopropene more in line with the other benzocycloalkenes, and iis perhaps more descriptive 
of the compound’s character than bicyclofrl. 1 .~~he~ul~3,~-t~ene. In‘ this report we will use the 
formal nomenclature except for the parent compuund which will be named ~~~yGlopro~ene. 

The first synthesis of a cycloproparene was in 1964 with the isolation of 2 by Anet and Anet? 
The 3H-indazole 3 was found to eliminate molecular nitrogen upon photolysis with the formation 
of 2 in low yield. This route has been employed successfully by Gloss? in the synthesis of gem- 

disubstitut~ cy~lopropar~nes ; however, the method cannot be applied to the synthesis 
substituted Gy~lo~ro~arenes since the indazole ~utome~es readily to the 1H form 4, 

of mono- 

A substituted ~yclopropanaphthalene was prepared by lXrr arrd’ Schrader8 utilizing Spiro-3H- 
pyrazole 5. Irradiation of 5 gave the ~y~lopropa[a~napthalene 6. A similar approach led to the 
synthesis of the novel spiro~~~yclopro~ne 7.9 
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A non-photochemieal route to cycloproparenes (Scheme I) was developed by Vogel in 1963 and 
used to synthesize benzocyclopropkne. lo This elegant route, which uses 1,6-methano[lO]annulene 
as a point of departure, has also been used to synthesize 1 Wcyclopropa[a]naphtia~ene 8 by 
the pyrolysis of 9.” More recently, i~~loprop~~h~thr~e 10 has yielded to synthesis via this 
scheme. ” Both 8 and 10 are unstable at room temperature, perhaps refketing the formally enhanced 
olefinic character of the bridging double bond. 

A 
L 

+ 

One of the more exploited routes to cycloproparenes uses halogenated bi~yc~o~4.l.O~heptane 
derivatives such as 11 and 12. In one approach the bicycloheptane is prepared by the Diels-Alder 
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12 

addition of f ,3-dienes to tetrahal~yc~upro~nes. Dehydrohalogenation of the Diels-Alder adduct 
gives the 7,7-dihalobenzocyclopropene,13 as illustrated in Scheme II. 

x=Ek, a 
Y-cI,F 

Scheme XX”. 
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The te~h~oge~oGyclopro~ne route has found wide application in the synthesis of dihalo- 
cycloproparenes as exempl&d in the synthesis of 13. ’ 4 Several additional examples ’ 5-l 8 are illus- 
trated without comment in Schemes III-VI. 

Halogenated bicyclo[4.1 .O]heptenes, such as 12, can be prepared by the addition of dihalocarbenes 
to a cyclohexadiene or a benzoannelated cyclohexadiene. Benzocyclopropene itself can be syn- 
thesized on a preparative scale from either 7,7-dichlorobicyclo[4.1_0] hept-3-ene 14’9*20 or the isomer 
15. The generally ampted mechanism of this reaction for the more commonly used precursor 14 is 
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Scheme VII’q,20 

iffustrated in Scheme VII. ‘Oa Simple ~~~yc~opro~ncs such as 2- and 3-methyfbenzocycfopropene 
can also be prepared via this route. 2 ’ 

~n~t~atio~ in the bicyclic precursor is not necessary when appropriate leaving groups are 
present. Thus tetr~a~obicyclohexan~ It6 and 17 afforded the respective ~-ha~o~~~ycIopropenes 
18 and 19.22*23 An earlier report which placed the halogen in 18 and 19 at Cz is incorrect ;” however, 

Cl u Br 
Cl Cf 6r 

ct 
u 

Br 
Cl 

16 If 18 19 

when 1?0 was subjected to the dehydrohalogenation reaction, the major product was found to result 
from a skeletal rearrangement, giving benzocyclopropene 21 fpath a) along with 2225 (path b). 
These observations are summa~ in Scheme VW. 
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24 23 25 

lo-Cyclopropa[bJnaphthalene 23 can be prepared in 65% yield as a rather stable crystalline 
solid from the benzo derivative 24.26 A small amount of the-t-butyl ether 25 is thought to be derived 
from the chloride 26, an isolable product under different reaction conditions. 

The solvent-base combination used for this reaction is particularly important. Whereas benzo- 
cyclopropene can be prepared from 14 (or 15) using potassium t-butoxide in dimethyl sulfoxide, 
the synthesis of 23 requires a high concentration of potassium t-butoxide in tetrahydrofuran for a 
satisfactory yield. The yield of 23 from the potassium t-butoxide-dimethyl sulfoxide combination 
is < 10%. 

Browne and I-Ialton27 have reassigned the #Lsubstitutcd naphthalenes 25 and 26 as the a-isomers 
27 and 28 and proposed an unprecedented intramolecular SN2 displacement on the cyclopropane to 
account for the skeletal rearrangement. We have also observed these products, but have traced their 
origin to an impurity(ies) in the starting material ; otherwise, none of the rearranged product is 
produced.28 

26 

27 28 

The observation that a high ~n~ntration of potassium t-butoxide is required for the trans- 
formation 24 -+ 23 suggests that an aggregate of r-butoxide (high kinetic order) is required to effect 
the deprotonation leading to 23. In this regard, i-butoxide is known to exist as a tetramer in 
tetrahydrofuran.29 Subsequent steps in this reaction would be strictly analogous to those described 
earlier in Scheme VII. 

24 

23 

A competing process accounting for 25 and 26 would involve deprotonation at the benzylic 
carbon. This would yield the cyclopropylcarbinyl anion 29 which upon rearrangement to the 
homoallylic anion could be transformed readily into 26. 

This pathway might become even more important with compounds such as 30, since the anion 
would be expected to experience greater resonance stabilization by the aromatic pendant (naph- 
thalene US. benzene). Consistent with this hypothesis is the observation that 30 yields 2- 
substituted anthracenes.30 None of the expec ted cycloproparene 31 could be isolated. Similar 
observations were made when 32 was treated with potassium t-butoxide in tetrahydrofuran. The 
chlorides 33 and 34 were isolated in > 90% combined yield.28 
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32 33 34 

Trapping experiments usmg methyl mercaptide to test for cyclopropene ~nte~ediates are in 
agreement with these conclusions. 3 ’ For example, treatment of 30 with potassium ~-butox~de in 
dimethyl sulfoxide containing methyl mercaptide afforded sulfide 35 in 94% yield, whereas 32 
aEorded a ~uant~~tive yield of the isomer-k Z- and 3~~t~umethy~)methy~phenanthrenes 36 and 3?,28 
via the chlorides 33 and 34. 

30 35 

32 36 3t 

fn contrast, compound 14, which can be converted readily into ~~~yc~~pro~~e under the 
conditions used fur the trapping experiment, yields cyc!opropene derived products 3Wand 39 along 
with four additionai products provisionally identified as 40-43. As expected, the product ratios are 
strongly dependent on reaction time. After 1 h the yield of 38 is 42%, but only 5% ‘after 2.5 h. 
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14 38 39 

40 41 42 43 

The reaction of 24 (pure by NMR, TIC, GC/MS) afI’orded 44 as the major product along with 
45 and 46 (cu 6% combined yield). The absence of cyclopropyl sulfides is not surprising since 
the reaction does not yield cyclopropa~~naphthalene efliciently under the reaction conditions. 
Compounds 47 and 48 were observed when the starting material was not purified carefully. The 
observation that compound 48 can also be derived from 49 suggests that 49 might be a precursor 
to the rearranged products 27 and 28 observed by Halton and his co-workers.27 

24 44 45 

+ a I \ SCH3 

\ Lccc 

46 

47 48 

Nonlinearly fused cycloproparenes such as ~y~lopropa~a]naphthalene are inaccessible via the 
gee-dichlorocyclopropane route, since isomerization of the initially produced cyclopropenyl double 
bond requires disruption of a benzene ring, and other reactions are preferred as illusrated in the 
case of 49, l 3 ’ however, the very reactive 1 , 1 -dihalogeno- 1 H-cyclopropa[a]naphthalenes 50 and 51 
can be prepared 32 by dehydrobromination of the appropriate brominated carbene adducts (52 and 
53, respectively) of 4-bromo-1,2~dihydronaphthalene (Scheme IX). 

49 
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t-BuOK 

Scheme IX j2. 

Scheme X33. 

Despite these limitations, this method has been applied to the synthesis of a rather widevariety 
of benzocyclopropenes and their naphtho analogs. Both compounds in which benzene is fused to a 
three- and a four-membered ring have been reported by Davalian and Garratt..33 The linear isomer 
!54 was prepared via the route outlined in Scheme X, whereas the isomer 55 could be derived from 
56. The analogous route from 57 fails, however, since the tetrasubstituted double-bond cannot be 
induced to migrate from the four-membered ring as would be required by the mechanism of Scheme 
WI. 
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The highly reactive naphthalene 58 can be ‘prepared readily from 59.33 An even more strained naph- 
thalene, compound 60, has been prepared from 61. 34 The high strain energy of this compound is 
manifested by a tendency to explode upon melting. 

Recently the formal Diels-Alder adducts of dicyclopropa[a,c]naphthalene 62 and its isomer 63 
with 1,3-diphenylisobenzofuran have been isolated (Scheme XI). 35 Evidence indicates that stepwise 
1,2-eliminations and additions of 1,3-diphenyliso~nzofuran take place. 

Fusion of Vogel’s 1 ,~methano~l~]annulene to cyclopropene leads to the interesting compound 
64 (Scheme XII). This compound is much less stable than benzocyclopropene or the isoelectronic 
cyclopropa[bJnaphthalene and tends to polymerize at room temperature? Compound 64 has 
achieved reagent status in the Cologne laboratory as several kilograms have been synthesized. 

1 ,l-Dic~or~yclopropa~lphenanthrene 65 is thought to be an intermediate in the elimination 
of phenylselenic acid from 66. 37 Formation of 65 is based on the reaction of the selenoxide elim- 
ination product with methanol to give the carboxylate. Analogous reactions of 1 J-dihalo- 
cycloproparenes with alcohols are well known, 32*38 Attempts to trap 65 with dienes have failed. 
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Scheme X13’. 
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64 

Scheme Xfli 34. 

Base-induced elimination of the suIfo~um salt 6‘7 in the presence of furan af%ords the addition 
products 68 and 69, derived from ~H~yc~~propa~]phenanthrene 10 and the isomeric cyclopropene 
70a3’ Upon oxidation, the selenide 71 yields phenanthrene-g-methanol, presumably via lO.39 No 
evidence for the intermediacy of 10 is obtained from the suffoxide pyrolysis of 72,3g which leads to 
products formed by radical pathways (Scheme XIII), 

Cl 

66 65 

67 IO 70 
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The introduction of 1-bromo-2~hlor~y~lopro~n~ as a synthon represents a major advance in 
the synthesis of cycloproparenes. The anthracene 31, inaccessible by other routes, can be prepared 
readily using the cyclopropene in a key step of the synthesis (Scheme XIv).4o Cyclo- 
propa[b]phenanthrene 73, one of three remaining cyclopropaphenanthrenes, I2 can be prepared via 
the straightforward sequence of reactions in Scheme XV.41 

10Bromo-2-chlor~yciopro~ne has also been used in the facile syntheses of several bis- and tris- 
annelated benzenes which incorporate the three-membered ring. A two-step synthesis of 74 is 
illustrated be10w.~~ Compound 74 is probably the most strained cycloproparene, yet it possesses 
remarkable kinetic stability ; a solution of 74 in CDC& decomposes only after 36 h at room 
temperature, The tri&annelated compounds 75 and 76 have also been prepared from the car- 
responding dienes and the cyclopropene. 

CH2- CH;! 

Scheme XIII39 

Scheme XIV’*- 
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_ 

73 

Scheme XV”, 

Reactions of f -vinylcycloa~kenes and 1,2-dimethyl~ne~ycloalkanes with 1-bromo-2_chloro- 
cyclopropene have been used to produce prtiursors to several bis-amrelated benzenes, thus 
providing a conwnient route to‘linearly and nonlinearly fused benzocyclopropenes.43 Compounds 
n-80, as well as 54 and 55, can he prepared read’ily using the procedure outlined in Scheme XVI. 
Compounds 81 and 82 have also been prepared via the Diels-Alder route using the appropriate 
acyclic dienes and f bromo-2chforocyclopropene. 

74 

76 

79 80 
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n = 2.3.4 

Scheme XVP3. 

Other recent applications include the syntheses of 23 and methyl or dimethyl derivatives by 
interception of appropriately substituted ~-quinodimethanes with the cyclopropene and subsequent 
dehydrohalogenation of the adducts. 

23 

A further interesting example4’ is the synthesis of 2,kIiphenyk 1 ~-cy~lo~ropa[b]naph~alene 
83 via cycloaddition of ,I ,3-~phenylisobe~of~an to l-@orno-2-chlorocyclopropene followed by 
aromatization of the adduct with low-valent titanium. 

Ph Ph 

63 

Benzocyclopropene has been prepared46 by treating o-bromobenzyl methyl ether with butyl- 
lithium. Unfortunately, this potentially useful method fails for cyclopropa[b]naphthalene4’ and 
does not appear to be very general as only one other successful application of this reaction has been 
reported. Compound 54 can be prepared in 5% yield. 48 \ a CH20hle 
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04 

Scheme XVW9. 

I, 1.Qiphenylmethy~en~yclopropa~~ene 84, a compound of considerable theoretical interest, 
has been reported recentty.49 This synthesis makes use of both the cyclopropabenzenyl anion and 
the Peterson olefination to obtain 84 as a stable yellow solid (Scheme XVII). Several other derivatives 
of methy~en~yclopropa~~ne as well as the I-alkyiidene- 1 H-cycloproparenes 85-90 derived from 
lH-cyclopropa[blnaphthalene can also be synthesized using this scheme.50 Although neither of the 
parent hydrocarbons (91 or 92) has been reported, 91 has been postulated as an intermediate in 
the following reaction. 5 ’ 

05 R-f% 88 R-Ph 

86 R-W 09 
07 

R=pMeOCeHq 
R-CF, 90 R=j-&J 

91 92 

91 

The fascinating hydrocarbon 93, obtained by treating 94 with ~-butyl~ithium, has also been 
reported recently. 5 2 

The benzocaficenes 95 and 96 and the first triaheptafulvalenes 97-100 are available by Peterson 
olefination of the corresponding cycloproparene with the appropriate ketone. 53 

The generation and trapping of both cyclopropabenzynes 101 and 1102 emphasizes the remarkable 
ability of the benzenoid framework to accommodate strain. These compounds can be generated and 

Ph bh +h 

94 93 
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95 R* 
98 RR 98 RR=b%mo 

trapped as the furan adducts 103 and 104 by treating the brurn~~~~y~~opr~~nes 19 and 21. with 
the complex base system of t-butoxide ion/amide ion (Scheme XVIII). 54 Use of the cIassica1 method 
of amide ion in liquid ammonia gave inconclusive results. The formation of the linear benzyne from 
19 appears to be highly regioselective, since none of the nonlinear adduct is obtained. Compund 
101 is calculated tu be less stable than 102 by 2.5 kcal/mof.54 

Although a single, we&conceived attempt to synthesize IO!5 failed,” the formation of the 
cyclopropabenzynes raises hope that 105, 106, ur lU? might be isofable or exist as a transient 
intermediate. 

An area that has seen little activity is the synthesis of cycloproparenes containing heteroatarns. 
Although cyclobutapyridines are a well-known class of cumpounds,56 only recently has the first 
cyclopropapyridine been reported ; photolysis of the pyrazolopyridine 108 afforded the ~ycfo- 
propapyridine 109 and an isomeric is~pru~nyl~y~d~ne.” 

It is not surprising that the chemistry of the cycloproparenes is dominated by reactions involving 
cleavage of the three-membered ring, a property which prevents aromatic substitution of the typ 
observed in benzocyclobutenes. 

The thermally induced ring opening reactions of benzocyclopropenes are thought to proceed via 
homolysis of the single bond to give an intermediate 1,3-diradical. Thermolysis of the parent 
compound 1 (vapor phase, SOOC) afforded 9~lU_dihydr~phenanthrene, and the diradical 110 has 
been trapped with butadiene.4*58 

Flash pyrolysis of C ,-labelled benzocycl~prupene 1, however, affords the allene III. as the 
primary product. 59 These labelfing studies have shown that the ring contraction does not randomize 

21 701 103 
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108 109 
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NHCOPh NHCOPh 

1 110 111 

the carbon sketeton, suggesting that a Wolff-type rearrangement is implicated in this reaction. An 
analogous ring contraction has been observed for 23, giving 2-ethynylineneT” 

23 

Diradical intermediates are also implicated in the photolysis of cyeloproparenes? Photolysis6* 
of 112 yields the ring contracted product 113 along with the benzofuran 114, the only product 
observed in the thermolysis of 11X* 

Cycloproparenes substituted with alkyl groups at C, undergo intramolecular transfer of an 
a-hydrogen atom both thermally and phot~hemically9f62~63 through a five-membered transition 
state. Representative examples of these reactions are illustrated below.64 
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The the~olysis _of ?,~d~h~ocycluproparenes is quite diRerent from the examples described 
above.64*69 For instance, 94 yields the geomet~~al isomers I I5 and 116, id~nt~~ed by X-ray analysis. 
The formation of these dimers has been rationalized66 in terms of the mechanism illustrated in 
Scheme XIX. 

The three-membered ring in cy~lo~roparenes can be cleaved readily by reaction with silver salts, 
yielding intermediates which can be used as excellent benzyiating species. The Ag(I) catalyzed 
reaction of ~~~yclopropene with alcohols, thiols, and amines all proceed smoothly at 0°C in 
aprotic solvents giving the corresponding dilated de~vatives in high yield? The 
alcohols has been used in the characterize tion of several cycloproparenes.24*34 

reaction with 

0 I 
\ 
I’ 

Silver ion also catalyzes the reaction of be~o~y~lupru~ne with other reagents~ including alkenes, 
dienes, allenes, and alkynes. ” In each case etectrophiiic addition of the cationic intermediate to a 
multiple bond yielding a new cation is observed. The resulting intermediate can then give products 
resulting from ring closure or proton transfer. The reaction with butadiene is illus~ated in Scheme 
xx. 

Mineral acids and halogens readily cleave the three-membered ring of benzocyctopropenes. 2 I,30 
Reaction of 18 with hydr~hlo~~ acid yielded a mixture of 3- and 4-~h~oro~~y~ chlorideY2* while 
Ag(I) catalysis gave onf y the 4-chlorobenzyl ether. 23 

Ph 

Ph Ph 
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Scheme XX68. 

In contrast to the mixture obtained from 18, reaction of the nonlinearly fused isomer 55 with 
HCl produced only one adduet. ” This result seemed to indicate that the substitution pattern in 

unsymmetrical systems might influence the regiochemistry of the ring cleavage. To test this concept, 
Garratt et al. *’ prepared several asymmetrically substituted benzocyclopropenes and reacted them 
with electrophiles. Compound_81 reacts with bromine, iodine, and HC1 to give the m-xylenes ll’la,b,c 
as the major products, whereas it reacts with silver nitrate in the presence of ethanol and aniline to 
give o-xylenes 118&e as the major products. Similarly, 82 gives maiaIy m-xylenes 119a,b,c with the 
halogens and HCl and gives p-xylenes 12W,e with silver nitrate in ethanol or aniline. In contrast, 
the reaction of 55 with iodine gave 1211~ piedominantly, and with bromine 12lb exclusively ; addition 
of WC1 or Ag(I)-ethanol gave only 122~ and d, ?hes differences in electrophilic behavior toward 
the two types of reagents were suggested’ ’ to arise from the atack of the silver ion (and the proton 
in the case of 55) on the o electrons of the cyclopropyi ring. If the reaction of 55 with silver ion 
proceeds Gia the (T route, then the observed regiochemistry would require that 123 be preferred to 
124. 

117 118 
a. x=Y=Sr d. X=H,Y-OEt 
b. x=Y=! e. Xd-i,Y=NHPh 
C. X-H,Y-Cl 

119 
a. x-v-Ek 
b. X-Y-I 
c, X=YY-Ci 

120 
d. X=H,Y-OE! 
e. X=H,Y=NHPh 
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C. X=H,Y=Clt 
d. X=H,Y=CEt 

123 

125 

124 

126 

The reaction of halogens presumably proceeds by attack on the 71 electrons to give the inter- 
mediate in which the positive charge is adjacent to the four-rnern~r~ ring, i.e. 125, in preference 
to 126, 

A tendency for ~~~y~loalka~~s with strained rings to react with el~trop~les mainly p to the 
ring junction was first reported by Mills and Nixon” nearly sixty years ago, Sub~uent studies by 
Finnegan? ’ and Streit~eser et aLT2 on the electruphi~~ substitu~on reactions af ~~~yclopro~nes 
and biphenylene have also shown that the B position is more reactive to electrophihc substitution, 
Although a ~tisfying explanation for these results has not been presented, rehyb~di~atiun of the 
framework which occurs in these molecules because of the bond angle requirements of the small 
ring is most often presented. 

The recent availab~ity of the annelated ~~u~y~lopro~nes 77 and 78 has resulted in a logical 
extension of the Garratt study. 43 The reaction of 77 with el~trophil~ follows a path similar to that 
observed by Carratt” for 55, For exampte, the reaction with iodine gave 127a predo~nantly~ and 
with bromine gave 127b exclusively, products resulting from cleavage of the bond @ to the five- 
membered ring, whereas I-KY and silver ion in methanol gave exclusively products derived from 01- 
cleavage (lZ&,d). In contrast to 77, ~~ocyclopropene 78 was found to react with electrophiles to 
yield, in each instance, both re~oisome~ 129 and 130. 

These results support the argument 73 that the strain resulting from fusion of a five-membered 
ring (77) leads to regiospecific cleavage of the cyclopropene; however, fusion of a six-membered 
ring (78) does not impart additional strain and thus the regioselectivity observed for 55 and 77 is 
lost. 

77 127 126 
a. x=v-I 
&. X=Y-Br 

c. x=yv=cl 
d, X=H,Y-CMe 
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78 129 130 

a x-Y4 
be X-Y-W 
c X=ti,Y-a 
d. x-YY=cMe 

The ~e~~di~h~oro derivative 94 decomposes readily in ~h~urof~~ or di~hluromethane to give 
the dinner 115 and the tropones 131 and 132.” If the solvent is saturated with I-ICI, dimerization 
becomes less important, but the two tropones are still obtained. Formation of the tropone has been 
att~but~ tu e~~tr~phi~i~ attack at the budging bond, furrows by the reaction of the ~arbon~um 
ion with either chloride or water, 
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It has been noted that, in the reaction of 1 with iodine, smalli quantities of ~,~diiodo- 
cycloheptat~ene accompany the major product, o-iodobenzyl iodide.4*s8 This product has been 
shown to result from a photochemical reaction, and with photolysis at > 400 nm the cycloheptatriene 
becomes the major product. ~nz~y~~opro~ne also produces a ~y~lohep~t~ene when photoiyzed 
with thi~yanogen.” These fun~tiona~ized cy~~oh~ptat~enes have been converted to other impo~ant 

cwpcs 

+ + 

SCN SCN 

de~vat~ves~ alar demonstrating the potentiai of ~y~~o~roparenes in synth~is. Syn-l ,6 : 8, X 3- 
bismethand~I+nnulene (133) was synthesized *~~~ntly via 1 ,~~i~d~y~I~h~~~e, ” as illus- 
trated in Scheme XX. The cyc~opro~~~e~ 64 has abo IXWB utilized io the syx&e& of X33?” 

~~~y~~u~~~nes have a d~u~st~t~ potential as dieno~~~s, as evidenced by the fixation 
of 1 ,~rneth~o~~~]a~u~ene from 1 and butadiene. ” Other examples can be found in the reactions 
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Scheme kXIJs. 

x 

of 1 with ar-pyrone and 1 ,2,4,~-tetraz~ne-3,6-di~arb~xylate.4 The cycloadducts are thermally labile 
and undergo respective d~arboxy~at~on and deazetation. ~e~uey~~~~ro~ne and 4,~-dibromo-us 
benzoquinone give t34? It has not been demonstrated whether the reaction proceeds via a concerted 
[~6s+ ~4s] pathway or an alternate non~~n~rt~d process. 

R’- CU2Et, CN, H; R2- R3 = CU$ 
R’- ccp; R2- R3- t-t 

135 

~~~y~lo~ru~ne has been used as a d~enu~hi~e with substituted t~~ines~* to give 
rnethan~~~~o~annu~ene derivatives such as 135, When the R group is H, ultra-high-pressure 
techniques are required. The reaction of 1 with the parent triazine (R’ = R2 = R3 = H) has not 
been afkcted, 

Further cycloadditions involving benzocyclopropenes and reactants such as p-toluenesulfonyl 
azide, ~~~troph~ny~ azide, diphenyl~t~~~ne, e~hy~di~oa~~~,‘~ and phenyl azidesO have be;en 
unsuccessful. Benzocyclopropene has been shown to react with aryl nitrile oxides in a dipolar 
~y~~oaddit~on to yield stable (up to 130°C) bridged norcaradien~ such as 13fd ’ 
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Ph 

In anticipation that partial bond localization might lead to interesting ltcomplexes with metal 
carbonyls, benzocyclopropene and ~y~lopropa~]naphthalene have been reacted with diiron non- 
a~ar~n yl . 8 ’ With 1 only intractable materials were ob~~ned ; however, 23 yielded the stable 
metalfacycle 137 and a trace of the dione 138, No evidence of the desired n-complex was found. The 
co-condensation of benzocyclopropene with chromium atoms also failed to afford any volatile 7t- 
complexes ;83 upon exposure to air, only a C7H6 polymer was obtained. 

0 

23 137 

The obse~at~on that certain N(O) complexes catalyze the oligome~~tion of ~n~o~yc~opro~ne 
adds an impor~nt new dimension to the use of ~y~loproparenes in synthesis. For instance, conditions 
have been found for the cyclotetramerization of benzocyclopropene to yield the fascinating 
[24]annulene 139. 84 A key intermediate is the bus-me~hano-budge nickelacyclotrideca- 
hexaene 140 which, upon treatment with P(CJ-& yields X39 by reductive eliminations 
Wnder different conditions, other products are observed (Scheme XXTI). Other nickel(O) complexes 

M%3P 
\ 

/ 
Me3P 

a 
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Scheme XXHP. 

have been found to yield ~~kela~y~lobu~~~ne compounds by oxidative addition.” The bis(tri- 

methyfs~yl) derivative 141 reacts singly to form a ~ckela~clobu~~~ne;86 with LN = TMEDA 
the nickelacyclobuta~n~~e undergoes ligand exchange smoothly with phosphorus ligands (Scheme 
XXIII). The difluoro derivative 142 reacts with several nickel(O) complexes to yield the propellane 
structure.” 

F 

142 L = PtvI+, PEta PPh3 
L2 = TMEDA, dqe, b@y 

Reaction of (~3~allyl)(~s~yclo~nta~enyl)palladi~ with benzocyclopropenes 1, 141, and 142 
and P(CH,), afforded the palladium complexes 143-145, illustrated in Scheme XXI%?’ Benzo- 
cyclopropenes 141 and 142 afford complexes that are analogous to reactions with nickel(O), whereas 

I 
- Me PPd 3 

F 

F 
\ 

‘so w3302W 
/ 

145 

Scheme XXIVss. 



benz~yclopxapene 1 gives a benzyl complex in which a metallacycle is presumably involved as an 
intermediate. 

B&h r~u~~~n af ~~y~l~~r~~~~ is reported to give ring-cleaved products i4’ l-methyl- 
cyclohexa-1,4sliene, toluene, and 1,2~diph~nylethane are obtained in the ratio of 62 : 28 : 10, 

Although the benzocyclopropenyl cation 146 received theoretical attention as early as 1 962,89 
the only experimental evidence available fur years was the mass spectral fra~en~tiQn pattern of 
substituted cycloproparene derivatives.‘ps Compound 94, for example, shows a M,-35 peak reason- 
ably postulated as the benzocyclopropenyl ion 147. Self Consistent Charge-Extended I-Iiickel 
Molecular Orbital calculations reported in 1973’O predicted stabilization of the parent ion by 
charge delocalization, and it was suggested that the parent ion might be isolable, 

Ph Ph 

Ph 

94 

Ph 

147 

Indeed the parent ion and several de~vatives have subsequently been generated in solution. 
Treatment of both 1 and 23 with t~tyl~uor~b~ra~~~ yields the corresponding aryl aldehyde after 
hydrolysis ; formation of the respective cation is implicated in this process. 

CHU 

+ Ph$N 

1 R-H 
23 RR-berm 

In other cases the inte~ty of the ~~~~y~l~pru~ne skeleton is maintained, The ~~~~ichl~~de 
94 and the naphthalene analog 13 can be alkylated with either Grignard or organolithium 
reagents. i4pb4 Compounds 148 and 149 have been 
case of 148. 

isolated from these reactions as illustrated in the 

148 

Ph 

- 148 

Ph 
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The reaction of 94 with silver fluoride or LiAlH4fA1C13 provides further evidence for the 
~n~o~y~lopru~nyl cation, With AgF, 94 is converted to the beg-difluoro derivative l5o.92 The 
reaction can also be terminated at the half-exchange product 151? LiAlHJAlC& yields the cor- 
responding h ydro~rbun. 94 Reductions using only LiAlH4 cannot be te~~nat~ at the exchanged 
product, and give only ring opening to the cycloheptatrienyl or benzyl derivatives,64 

Ph Ph Ph 

t;h tjh 

94 151 150 

There is a large body of spectroscopic evidence for the ~~~clopr~~ny~ cations. The *I-I and 
i3C NMR sptra of 147 have been recorded,3S using solutions prepared by the dissolution of 94 in 
fluorosulfonic acid. The ion exhibits a resonance of 9.22 ppm for H3 and H4, which is deshielded 
ca 1 .S ppm from compound 94. C i appears 7 1 ppm downfield (I 3 1.2 ppm) from its sp3 ~ounte~a~ 
in 94. The cation has also been prepared by reaction of 94 with antimony pentachloride. A solution 
of this salt in chlurusulfonic acid gave spectra identical to those reported for the dissu~ution of 
94 in Auorosulfonic acid. 

Similar techniques have been used to generate 1-~uor~y~lo~r~pa~l cations from f z I -difIuoro- 
1 Hcycloprcrpabenzenes, jalnaphthalenes, and -~~naph~alen~. i5*32*% The spectral data of selected 
compounds have been summarized in Table L NNR assi~en~ have been aided by the use of 
specifically labelled 2,5- and 3&dideuterio derivatives in the case of 152.y7 Attempts to prepare the 

Ph 

cyclo~rop~]anth~l cation in an analogous manner have failed, however, probably due to the 
tendency of protonated dihalogenocy~lo~ro~~~anthra~n~s to undergo polym~~~ation rather than 
ionization to cations, * ’ The cy~lopropa[l]phenanth~l cation has been postulated as a reaction 
inte~ed~ate in the decomposition of 65 with t-butyl peruxide+37 

The charge distribution in these ions has been estimated from the changes in the ’ 3C chemical 
shifts upon ionization. 95 Ion 147 and its fluoro analog show Little delo~l~~un of the charge into 
the two phenyl substituents. Approximately 45% of the charge resides in the three-membered ring. 

The low-tem~rature lithiation and conversion of ~n~ocyclupro~ne to the t~methylsilyl deriva- 
tive 1153, and cleavage of this compound with sodium hydroxide9* provides campelling evidence for 
the existence of the anion 154, The cleavage of 153 occurs 64 times more rapidly than benzyl- 
t~methylsilane, indicating a pK, of N 36 for 1. The use of these anions in synthesis has been 
described earlier. 
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Table 1. NMR Parameters of Benzocyclopropenyl Cation&’ 

1331 

Csmpound Hz(f9 H3(1) ClaRkI C2@5) CX4) Cl Ref. 

Ph 

Ph 

7.70(s) 131.6 130.4 129.1 60.1 

Ph 

Ph 

F 9.38(s) 134.7 13W 148.7 147.2 

Ph 

Ph 

F 

F 

Ph 

8.40(m) EXKm) 1415 

F 
7.4%9 7.4Mm) 1%X6 

F 

Me 
F 

Me 

Me F 

Me F 

Ph 
F 

Ph 

8.20(d) 138.0 

7.3l (t) 1282 

S.SMd) 13&l 

1193 

11&O 

116.2 

115.9 

11&O 

117.6 

1634 

134.7 

17&l 

165.4 

1738 

149.0 7.57(t) 

7.95(d) 

?.24Ctm) 

8.20(d) 

7*33&n) 

8&4(d) 

?,14&) 

liB.8 

136.8 

127.4 

138.9 

128.3 

138.8 

127.0 

115.7 

115.4 

112.3 

111.7 

lld7 

109.0 

1769 

146.3 

183.0 

x3.0 

1832 

154.2 

142.8 

o Spectra reported in 
‘The corresponding 

6 units. 
qfcloproparene is for 
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6. BOND IBCXLIZATION AND STRAIN ENERGY 

The concept of bond fixation advanced by Mills and Nixon” in 1930 has been an area of 
active investigation. The original experimental data on which the premise was based has been 
shown to be ambiguous,gg and has been subjected to reinterpretation. A theoretical studyioO of the 
bond lengths and angles in indan and tetrahn ted to the conclusion that bond localization in indan 
shouid occur as depicted, and that the effect should be more pronounced in the more highly strained 
benzocyclobutenes and benzocyclopropenes. 

X-ray crystallographic data and thus exact bond lengths and angles are available for some 
cycloproparenes. These data are presented in Table II. The data indicate that ‘&me bond localization 
does occur, but it is remarkable that bond hation is not in accordance with either Kekuli: structure 
la or lb; instead, three adjacent short bonds are found (b-a-b’). The bridging bond (a) is shorter 

la fb 

than benzene (1.395 A) and intermediate between cyclopropene (1.296 A) and cyclopropane (1.510, 
A). lo1 The effect is most pronounced in the grem-disubstituted compounds and is less extreme in 
cyclopropa[b]naphthalene. The reader is referred to the theoretical study of Apeloig and Grad on 
this topic. ’ O* 

Table II, Crystallographic Data af BenzocyclopropenesQ 

d 

Compound a WI ck’) d e(d) a&f) g(f) $f> Ref. 

6h 

Ph 

1.333 1.385 l&l7 1.392 I.519 126.6 109.3 64.0 110 
(1.389) (1. .42u (1,520) (126.3) (109.6) VS4.0) 

1.35 1.39 1.40 1.39 1.47 128 106 111 
(1.42) (1.36) u5) 6124) (110) 

t& 

1.339 1.355 1.423 1.411 1.52 126.1 111.5 112 

1.368 1.337 1.43’1 1.439 1.504 124.9 114.7 62.9 103 

* Bond lengths are in angstroms; bond angles are in degrees. 
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The strain energy of benzocyclopropene has been determined experimentally’o3 from a silver- 
ion catalyzed methanolysis reaction, and is -68 kcalfmol, This value is substantially higher than 
the total strain etlergy of cyclopropene (52.6 kcal/mol). ’ O4 A similar methanolysis study for cyclo- 
PropabJnaphthalene gave a value of 65-67 kcal/mol, and combustion calorimetry gave 67.8 kcal/ 
mol. lo3 Combustion data have also been obtained for di~yclopropa[b,g~naphth~ene 60,‘*’ yielding 
a strain energy of 166 kcal/mol. This represents a minimum value, since clean combustion of 60 was 
difficult to achieve. The strain energy of 60 is more than twice that of 23 and would seem to reflect 
the increased distortion induced by the second strained-ring fusion, 

The ‘H NMR spectra of benzocyclopropenes exhibit fairly normal chemical shifts. The appear- 
ance of the protons in the usual aromatic region indicates little effect by structural distortion of the 
ring current. Data for several representative cycloproparenes are summarized in Table III. The 
protons of the methylene group appear as a characteristic singlet in the range 3.0 to 3.5 ppm. 

Table ITi, ‘H NMFt Data of Benzocycloakenes” 

Compound 

7.l.W.15 3.11 

7.08-6.80 3.06 2.34 (methyl) 

7.04-6.82 3.18 3.24 

7.20-7.00 3.20 3.05-2.80 

6.85 3.08 3.08 

7.15 3.35 3.052,80 

6.88 3.14 

7.07-6.80 3.12 2.85-2.77 

6.91 3.08 286 

3fO 

3.l6 

3.20 

3m-270 

2.30-l .95 

2.28-l 92 

2.03 

2.00 

2.35-2.05 

112 

f21. 

33 

43 

3;3 

43 

113 

113 

113 

42 

42 

a spectra reportedin sunits. 
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Table XV. 13C NMR Data of Benzwyc~oakene~ 

Compound c-a Cl C2 c% C4 C5 C6 Ref. 

3 ’ 

~ 

& 

I a 18.4 125.4 114.7 

19.9 119.6 135.9 

19.2 122.8 110.0 

18.6 123‘4 112.3 

122.1 112.7 

122.8 113.5 

B.4 145.6 122.1 

33.8 144.0 

136.3 

124.4 

19.4 129.8 

128.8 128.8 

148.0 12l.o 

145.5 145.5 

136.7 136.7 

136.2 136.2 

140.1 14&l 

126.6 126.6 

126.2 126.2 

126.0 126.0 

114.7 125.4 

112.4 126.0 

110.0 122.8 

112.3 123.4 

112.7 122.1 

113.5 122.8 

122.1 145.6 

124.4 144.0 

129.8 136.3 

114 

a 

33 

114 

30 

34 

114 

114 

114 

a Spectra reported in 6 units. 
b Numbering system is for convenience ody. 

The 13C NMR spectra of the cycioproparenes are more greatly affected by ring strain. Typical 
chemical shifts are shown in Table IV. The effects of ring strain are clearly shown at C, and C5, which 
show increased shielding from 130 ppm in o-xylene, through indan and benzocyclobutene, to 
114.7 ppm in benzocyclopropene; however, the C, and C6 carbons in the sequence xylene-indan- 
benzocyclobutene are deshielded (136 ppm-145.6 ppm), and C, and C6 in benzocyclopropene are 
shielded (125.4 ppm). The shielding at the bridge carbons may be due to the special nature of the 
cyclopropyl group, which is noted ‘06 for substantial shielding. The other cycloproparenes exhibit 
similar patterns, with enhanced shielding at C2 and C5 with chemical shifts of 11 O-1 5 ppm, and 
shifts of 120-126 ppm for C, and Cg. The remaining aromatic carbons, C3 and Cd, removed from 
the site of fusion, are essentially unaffected by ring strain. The narrow range (110-l 15 ppm) of shifts 
for CZ, even for the highly strained bis-annelated compounds, indicates that ’ 3C chemical shifts may 
not provide a reliable method to evaluate the strain of these compounds. 

The W spectral data of several benzocycloalkenes are recorded in Table V. The mono-annelated 
benzene derivatives show little influence of the small ring on the aromatic chromophore. Annelation 
of a second ring to a benzocyclopropene gives a more pronounced effect. The linearly fused bis- 
annelated systems exhibit a bathochromic shift with reduction in ring size. This shift to longer 
wavelength had been noted long ago lo7 for dicyclobuta[a,d]benzene relative to durene, but is 
intensified in the benzocyclopropenes. The reverse trend is observed for the nonlinearly fused bis- 
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‘I’aMe V. Electmnic Spectra of Benzocycfoalkenefl 

Compound Ref. Compound hu Ref. 

b 

0 277 

27l 

294 

292 

283 

286 

286 

275 

283 

270 

266 

287.5 

233 

282 

230 

290 

a68 

273 

264 43 

258 113 

234 33 

274 43 

274 43 

276 113 

276 113 

247 

_ 

42 

42 

276 

276.5 

283 

2116 

276 

263 

in? 

270 

272 

275 

289 

2?l 

270 

255 

270 

264 

266 

am 

266 

!a87 

_ 

21 

21 

33 

43 

43 

113 

113 

42 

a Wavelength m&m8 are in nanometers. 
b Two other bands were recorded at 258 nm and 252 nm. 

annelated systems ; a bathochromic shift occurs with increasing alkyl ring size. This behavior has 
been rationalized lo8 from the h~rconjuga~ive abilities of the fused rings and changes in the 
configurational composition of the lowest excitid singlet state. 

The IR spectra of benzocyclopropenes exhibit a characteristic band at ca 1670 cm- I, which has 
been attributed to the combination of a three-membered ring vibration and an aromatic ‘double 
bond’ stretching vibration. Examples are benzocyc$oprop&e (1660 cm- *) and cyclo- 
propab]naphthalene (1673 cm- ‘). Otherwise, the infrared spectra are simple, and reflect the sym- 
metry of these molecules. 

The rotational spectrum of 142, measured in the X- and R-bands, has been anatysed to give the 
rotational constants in the ground and &t four vibrational states, lo9 Analysis of the second-order 
Stark effizct’yields the dipole moment in the ground state (3.57 D) and first excited state (3.54 D) 
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for 142. This high value implies considerable polarization of the n-electron framework ; the most 
obvious rationalization of this value lies in a contribution from the benzocyclopropenyl cation. 
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