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YatesU and Figueras and co-workers1° observed the effects 
of different supports (Al,O,, SiO,, Ti02, MgO, and zeolite) 
for CO adsorption on supported Ni. 

In our comparative studies of SMAD vs. conventional 
Ni/support catalysts we have found that electronic support 
effects are minimal for the SMAD catalysts but are sig- 
nificant for the conventional systems. Thus, the Ni-sup- 
port interactions are definitely different in the two systems. 

For an explanation of this difference, recall that during 
low-temperature clustering of nickel atoms in organic 
media a competition exists between Ni-Ni bond formation 
(cluster growth) and reaction of the forming clusters with 
the organic medium. This process leads to extensive C-C 
and C-H cleavage of alkanes at temperatures even as low 
as -130 0C,2 and a great deal of carbonaceous material is 
incorporated into the final clusters. Scott and co-workersm 
and we2 have demonstrated that the final Ni clusters are 
surrounded by a protective carbonaceous layer. 

Arenes react similarly to alkanes with the bare Ni 
clusters. However, a t  low temperatures (<-50 "C) for- 
mation of a stable n-arene-Ni complex prevents much 
cluster formation, and so C-C and C-H bond cleavage 
probably does not occur until the n-arene complex starts 
to decompose (>-50 "C). At this time the catalyst support 
is present in the melted Ni-arene solution. Thus, as de- 
composition of the n-areneNi complex occurs, Ni clusters 
begin to form and can react with the excess arene and 
thereby incorporate carbonaceous residues. These residues 
or arene fragments could serve as a mode of attachment 
of the Ni clusters to the surface of the support (see Scheme 

(22) J. H. Sinfelt, Catal. Rev., 3, 175 (1969). 
(23) C. E. O'Neill and D. J. C. Yates, J. Phys. Chem. 66,901 (1961); 

C .  E. O'Neill and D. J. C. Yates, Spectrochem. Acta, 17, 953 (1961). 

11). It is possible that this would lead to a robust Ni- 
support attachment but would also serve to insulate the 
Ni clusters from electronic effects of the support. That 
such a sequence of reactions takes place seems likely on 
the basis of our previous work and the current data. 

In support of the above explanation, we have determined 
that after treatment of a 8.9 wt 5% of Ni/MgO SMAD 
catalyst wth H2 at 400 "C some of the incorporated carbon 
remains. The final value was 0.33 wt 5% of carbon (Ni/C 
molar ratio of 5.5), and this would likely be the carbon 
buried under the metal cluster and in close proximity to 
the support surface. It is not likely that this remaining 
carbon is dispersed over the support surface since the 
Ni/A1203 catalyst still exhibited acidic character (IPA 
dehydration activity), and the Ni/MgO catalyst still ex- 
hibited basic character (bifunctional CO methanation 
activity). Therefore, the active support sites not containing 
Ni do still exist after the SMAD treatment. 

The available data lead us to conclude that the SMAD 
catalysts consist of very small Ni clusters probably atta- 
ched to the support through carbonaceous residues. This 
mode of attachment precludes electronic support effects 
but still allows bifunctional catalysis to occur, as is the case 
with methanation over the Ni/MgO SMAD catalyst. In 
the future we hope to obtain further information through 
surface spectroscopic studies as well as high-resolution 
transmission electron microscopy. 
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Tricycl0[4.2.2.0'~~]dec-7-ene ([4.2.2]propell-7-ene ([4.2.2]propell-7-ene; 1) has been prepared from cis-4- 
cyclohexene-l,2-dicarboxylic anhydride through a conventional 12-step reaction sequence by way of bicyclo- 
[4.2.0]oct-l(6)-ene and tricyclo[4.2.1.01~6]nonane-9-carboxaldehyde tosylhydrazone. It is isomerized thermally 
to 3,8-dimethylenecyclooctene (2) with activation parameters E, = 35.8 * 1.3 kcal mor1 and log A = 12.6 h 0.6. 
Two possible explanations for the isomerization are considered: reaction by way of a short-lived bicyclo- 
[4.2.2]deca-1(8),6-diene intermediate or direct cleavage of C( 1)-C(6) and C(9)-C(lO) simultaneously. 

Bicyclo[2.2.0] hex-2-enel isomerizes thermally to give 
1,3-~yclohexadiene.~-~ This electrocyclic reaction must 
be disrotatory and thus orbital symmetry forbidden; 
nevertheless, it is favored kinetically over alternative modes 
of rearrangement such as cyclobutane cleavage, degenerate 
[ 1,3] sigmatropic carbon shift, and retro-ene reaction. 

(1) McDonald, R. N.; Reineke, C. E. J. Am. Chem. SOC. 1966, 87, 

(2) Martin, H.-D.; Hekman, M. Angew. Chem., Znt. Ed. Engl. 1976,15, 

(3) Goldstein, M. J.; Leight, R. S.; Lipton, M. S. J. Am. Chem. SOC. 

(4) Erker, G .  Dissertation, University of Bochum, 1973.5 

3020-3021; J .  Org. Chem. 1967,32, 1878-1887. 

431-432. 

1976,98,5717-5718. 
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5-Methylenebicyclo[2.2.0]hex-2-ene5 and 5,6-di- 
methylenebicyclo[2.2.0] hex-2-ene6 react similarly, giving 
l-methylene-2,4-cyclohexadiene and 1,2-dimethylene-3,5- 
cyclohexadiene (0-xylylene), respectively. 

cis-1,3,5-Hexatriene is not an important intermediate 
in the bicyclo[2.2.0]hex-2-ene isomerization to 1,3-cyclo- 
hexadiene; were it formed, it would be detected, for its rate 
of isomerization to cyclohexadiene is comparatively s ~ o w . ~ ~  

(5) Hasselmann, D.; Loosen, K. Angew. Chem., Int. Ed. Engl. 1978, 
17 finfi-tiw - . , - - - - - -. 

(6) Chang, C.-S.; Bauld, N. L., unpublished results; quoted by Chang, 
C.-S.; Bauld, N. L. J .  Am. Chem. SOC. 1972,94, 7593-7594. 
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3,8-dimethylenecyclooctene (2). 

Results 
Synthesis. The synthesis, outlined in Scheme I, pro- 

ceeded by way of bicyclo[4.2.0]oct-l(6)-ene (a), which was 
prepared following literature procedures.16z3 In basic 
methanol the diiodide from 6 gives 1,2-dimethylenecyclo- 
hexane (7);18J9 photoisomerization of the diene provides 
a nearly quantitative yield of bicyclo[4.2.0]oct-l(6)-ene 
(8). z0-z3 

The copper-catalyzed reaction between ethyl diazo- 
acetate and bicyclo[4.2.0]oct-l(6)-enez4 gave a mixture of 
epimeric 9-(carboethoxy) tricyclo[4.2.1.01~6]nonanes, which 
were converted in turn to the corresponding primary al- 
cohols 9 (3:l mixture by NMR analysis). Oxidation of the 
alcohols with chromium trioxide in pyridine-methylene 
chloridez5 gave the aldehydes, which were converted 
without purification to tosylhydrazone 10. The sodium salt 
of the tosylhydrazone at  180 "C gave [4.2.2]propell-7-ene 
(1) by way of a cyclopropylcarbene - cyclobutene isom- 
erization.26 After purification of this hydrocarbon by 
preparative GLC on an SE-30 column, a 19% yield (from 
the tosylhydrazone) was realized. 

The identity of the product was confi ied by its spectral 
characteristics and by catalytic hydrogenation to tricy- 
clo[4.2.2.01t6]decane ([4.2.2]propellane; llhZ7 

Thermal Isomerization. When degassed solutions of 
tricycl0[4.2.2.O~*~]dec-7-ene (1) in benzene were heated to 
temperatures from 180 to 240 "C, first-order conversion 
of the substrate to 3,8-dimethylenecyclooctene (2) was 
observed. The monocyclic isomeric product had NMR 
absorptions at  6 6.15 (s, 2 H), 4.95 (s, 4 H), 2.4 (br m, 4 
H), and 1.4 (m, 4 H).28 

Kinetic work in sealed ampules a t  three temperatures 
(181.1-240.3 "C) led to estimates of the activation param- 
eters for this first-order isomerization: E, = 35.8 f 1.3 kcal 
mol-' and log A = 12.6 f 0.6. 

Discussion 
The isomerization of [4.2.2]propell-7-ene (1) to 3,5-di- 

methylenecyclooctene (2) provides a novel example of a 
bicyclo[2.2.0]hex-2-ene to cis-1,3,5-hexatriene rearrange- 
ment; alternatively, it may be viewed as a cyclobutane 
fragmentation or cyclodissociation of a bicyclo[2.2.0]hexane 
derivative comparable to the isomerization of a bicyclo- 
[2.2.0]hexane to a 1,5-he~adiene.~*~l 
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A studyg which followed the thermal isomerization of bi- 
cyclo[2.2.0]hex-2-ene1 in c& by NMR spectroscopy found 
no proton resonance adsorptions appropriate to cis-1,3,5- 
hexatriene as 1,3-cyclohexadiene was formed at  135 "C. 
According to the mechanistic sequence bicyclo[2.2.0]hex- 
2-ene - cis-1,3,5-hexatriene - 1,3-cyclohexadiene, the 
hexatriene concentration should have reached a maximum 
of about 54 mol % at  this temperature.'O 

A l,+bridged bicyclo[2.2.0]hex-2-ene such as tricyclo- 
[4.2.2.0'i6]dec-7-ene (1; [4.2.2]pr0pell-7-enel'-'~) ought to 
preclude or a t  least impede the cyclobutene - butadiene 
type of electrocyclic reaction and, by default, permit one 
or several otherwise unobservable reactions to occur. 

n 
m q c t i y  1 rl 3 / 
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The [ 1,3] carbon shift isomer 3 and the retro-ene product 
4, if formed, might well react further to give 1(6),2- and 
1,5-bicyclo[4.4.0]decadiene, respectively. Still other modes 
of reaction might obtain.14 

We have synthesized tricycl0[4.2.2.0~*~]dec-7-ene (1) in 
order to examine its thermal chemistry:16 with the normal 
bicyclo[2.2.0] hex-2-ene electrocyclic isomerization thwarted 
by the tetramethylene bridge across the bridgehead bond, 
this bicyclohexene undergoes a facile cycloreversion to give 

(7) Lewis, K. E.; Steiner, H. J. Chem. SOC. 1964,3080-3092. 
(8) Doering, W. von E.; Roth, W. R., unpublished results; quoted in 

Roth, W. R.; Peltzer, B. Justus Liebigs Ann. Chem. 1965, 685, 56-74. 
(9) Heffner, S.; Andrews, U. H., unpublished results, 1974-1976. 
(IO) Wiberg, K. B. 'Physical Organic Chemistry"; Wiley: New York, 

1964; p 321f. 
(11) Ginaburg, D. 'Propellanes: Structure and Reactions"; Verlag 

Chemie: Weinheim/Bergstr., Germany, 1975; "Sequel I"; Technion-Israel 
Institute of Technology; Haifa, Israel, 1981. 

(12) [4.2.2]Propella-7,9-diene polymerizes at  100 "C: Weinges, K.; 
Klessing, K. Chem. Ber. 1974,107, 1915-1924. 

(13) [4.2.2]Propella-3,7-diene has been made: Paquette, L. A,; Houser, 
R. W. J. Am. Chem. SOC. 1971, 93, 4522-4526. 

(14) [5.2.2]Propella-8,10-diene isomerizes to benzocycloheptene: van 
Straten, J. W.; Landheer, I. J.; de Wolf, W. H.; Bickelhaupt, F. Tetra- 
hedron Lett. 1974,4499-4502. 

(15) Preliminary report: Baldwin, J. E.; Chang, G. E. "Abstracts of 
Papers", 173rd National Meeting of the American Chemical Society, New 
Orleans, LA, March 1977; American Chemical Society: Washington, DC, 
1977; ORG 77. 

(16) Cope, A. C.; Herrick, E. C. "Organic Syntheses", Collect. Vol. 4; 

1171 Haeeis. G. H.: Owen. L. N. J. Chem. SOC. 1953. 389-398. 
Wiley: New York, 1963; pp 304-307. 

(18) Wiihatz, J. E:; Short, J. N. US. Patent 2601 075, June 17,1952; 

(19) Blomquist, A. T.; Longone, D. T. J.  Am. Chem. SOC. 1957, 79, 
Chem. Abstr. 1953,47, 4366i-4637c. 
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(20) Garrett, J. M. Doctoral Thesis, University of Texas, Austin, TX, 

(21) Garrett, J. M.; Fonkin, G. J. Tetrahedron Lett. 1969, 191-194. 
(22)Aue, D. H.; Reynolds, R. N. J.  Am. Chem. SOC. 1973, 95, 
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W.; Pook, K. H. Angew. Chem., Znt. Ed. Engl. 1966,5, 594. 

(24) Compare House, H. 0.; Blankley, C. J. J.  Org. Chem. 1968,33, 
47-53. 

(25) Ratcliffe, R.; Rodehorst, R. J. Org. Chem. 1970,35, 4000-4002. 
(26) (a) Meinwald, J.; Samuelson, G. E.; Ikeda, M. J. Am. Chem. SOC. 

1970,92,7604-7606. (b) Wiberg, K. B.; Burgmaier, G. J.; Warner, P. Zbid. 
1971,93,246-247. (c) Sasaki, T.; Eguchi, S.; Ohno, M.; Umemura, T. J. 
Org. Chem. 1973, 38, 4095-4100 and references cited therein. 

(27) Eaton, P. E.; Nyi, K. J. Am. Chem. SOC. 1971, 93, 2786-2788. 
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94, 5119-5121. 

(30) (a) Srinivasan, R. Int. J.  Chem. Kinet. 1969, 1, 133-146. (b) 
Paquette, L. A.; Schwartz, J. A. J.  Am. Chem. SOC. 1970,92,3215-3217. 

1966; Dissertation Abstr., 1967,27, 3035B. 
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[n.2.2]Propellanes isomerize through cyclobutane frag- 
mentations at  relatively low temperatures if considerable 
strain energy may be released in the process; [4.2.2]pro- 
pellane and [3.2.2]propellane are thermally stable at tem- 
peratures up to at least 160 0C,27 while a substituted 
[2.2.2]propellane prepared by Eaton and Temme32 rear- 
ranged to 1,4-dimethylenecyclohexanes with a half-life of 
about 28 min at 25 "C. The olefinic moiety in 1 does not 
appear to be a particular help or hindrance to the cyclo- 
reversion observed, for bicycle[ 2.2.01 hexane isomerizes to 
1,Shexadiene at 180 "C only a factor of 4 or 5 fasterm than 
1 isomerizes to 2. (The bicyclo[ 2.2.01hex-2-ene rear- 
rangement to 1,3-~yclohexadiene is nearly lo3 f a ~ t e r ~ - ~ . )  

While formation of 3,8-dimethylenecyclooctene (2) from 
1 was not a surprise, the rate of this reaction was not 
anticipated: we did not expect it to be so comparable to 
the rate of the bicyclo[2.2.0]hexane - 1,bhexadiene re- 
action. That process is thought to proceed by cleavage of 
the C( 1)-C(4) bond to generate a 1,4-cyclohexadiyl di- 
radical or l,C?r-bonded intermediate,mi31,33 an intermediate 
which can serve to rationalize the stereochemistry of 
hexadiene products and the skeletal inversion shown by 
some bicyclo[2.2.0]hexanes. The 1,4tetramethylene bridge 
spanning C(l)-C(4) of the bicyclo[2.2.0]hexene unit in 1 
would be as discouraging to the formation of a comparable 
diradical (12) as to bicyclo[4.2.2]deca-l(8),6-diene (13). 
Indeed, differences between these structures could be 
subtle and hard to detect. 

Baldwin and Chang 

integrator, on a 3-mm SE-30 column at  120 "C with flame ion- 
ization detection. Pyrolyses were done in a molten potassium 
nitritesodium nitrate bath controlled with a Bailey Instruments 
Model 253 precision temperature controller. A Hewlett Packard 
Model 2802A digital thermometer was used to measure the bath 
temperature. 

Low-resulution mass spectra and GLC analyses were taken as 
adequate evidence of molecular formula and purity for new 
substances; structural assignments were based on IR and 'H NMR 
spectra and on the synthetic sequences linking new and previously 
established structures. 
Bicyclo[4.2.O]oct-l(6)-ene (8) was prepared from commercial 

cis-4-cyclohexene-l,2-dicarboxylic anhydride through esterifica- 
tion,16 catalytic hydrogenation,16 reduction with lithium aluminum 
hydride," conversion of the cis-1,2-bis(hydroxymethyl) compound 
6 to the corresponding cis-1,2-bis(iodomethyl) intermediate,'* 
dehydrohalogenation with alcoholic potassium hydroxide,18 and 
photochemical isomerization?0'22 The photolysis, accomplished 
in 9-12 h with use of a Hanovia 450-W high-pressure lamp, Vycor 
filter, nitrogen atmosphere, and pentane solution of 1,2-di- 
methylenecyclohexane (7) at 0 "C, was followed by NMR spec- 
troscopy; the narrow multiplets at 6 4.6 and 4.9 from the exocyclic 
vinyl methylene protons and the allylic proton resonance centered 
at 6 2.25 diminiihed in intensity as the methylene proton multiplet 
of the cyclobutene moiety at 2.45 ppm increased. The bicyclo- 
[4.2.0]0&1(6)-ene (8), isolated through concentration and vacuum 
transfer (25 "C, 20 mm), was found to be homogeneous through 
GLC and NMR analyses. 
9-(Carboetho~y)bicyclo[4.2.1.O~~~]nonanes.~ Ethyl diazo- 

acetate (2.91 g, 69 mmol) in 30 mL of cyclohexane was added 
dropwise over a 2.5-h period to a stirred mixture of cupric sulfate 
(1.0 g) and bicycl0[4.2.0]oct-l(6)-ene (8; 2.27 g, 21 mmol) in 5 mL 
of cyclohexane heated to reflux. The reaction mixture was stirred 
at reflux an additional 15 min, cooled, and filtered. Concentration 
of the deep-burgundy filtrate and distillation of the residue gave 
1.64 g (41% yield) of the two 9-(carboethoxy)bicyc10[4.2.1.0~~~]- 
nonanes: bp 43-68 "C (1 mm); IR 1700,1730 cm-'; mass spectrum, 
m / e  194 (M+), 82 (base peak). 
9-(Hydroxymethyl)bicyclo[4.2.01~6]nonanes (9). A solution 

of the two 9-(carboethoxy)bicyclo[4.2.1.01~6]n~nane isomers (1.56 
g, 8 mmol) in 15 mL of ether was added dropwise under nitrogen 
to a stirred slurry of LiAlH, (0.30 g, 8 mmol) in 25 mL of ether 
at reflux. The reaction mixture was stirred at  reflux another 1.5 
h and then cooled and h y d r o l y ~ e d . ~ ~  The dried (MgSOJ and 
filtered ethereal solution was concentrated at reduced pressure 
to give 0.91 g (74% yield) of the hydroxymethyl isomers as a clear 
oil: NMR, HC(9)CH20H doublets (J = 8 Hz) at  6 3.85 and 3.69 
(3:l ratio); IR 3600,3440 cm-'; mass spectrum, m / e  152 (M'), 79 
(base peak). 
Tricyclo[4.2.1.0'~6]nonane-9-carboxaldehyde Tosyl- 

hydrazone (10). In a 250-mL, three-necked, round-bottomed 
flask equipped with an overhead stirrer and a reflux condenser 
was placed dry pyridine (5.68 g, 72 mmol) and 90 mL of dry 
methylene chloride. Under a nitrogen atmosphere and with 
stirring was added in several portions chromium trioxide (3.6 g, 
36 mmol, dried over phosphorus pentoxide); the dark-red sus- 
pension was stirred another 15 min and then a mixture of epimeric 
9-(hydroxymethyl)tricyclo[4.2.1.01~6]n~nanes (9; 0.91 g, 36 mmol) 
was added. The black reaction mixture was stirred for 15 min 
and filtered through Florisil. The Florisil was washed with 200 
mL of CH2C12, and the methylene chloride solutions were com- 
bined, extracted with dilute HCl and saturated NaHC03, washed 
with water and brine, dried over Na2S04, filtered, and concen- 
trated under reduced pressure to give the crude aldehydes as a 
yellow oil (0.69 g, 77%). This oil was added to (p-tolyl- 
sulfony1)hydrazine (0.93 g, 5 mmol) dissolved in a minimum of 
ethanol at 50 "C. The reaction mixture was cooled in an ice bath 
and then allowed to stand at room temperature overnight. The 
collected, washed, and dried tosylhydrazone (0.39 g, 20% from 
the mixture of alcohols) had mp 136.5-138.0 "C; mass spectrum, 
m / e  318 (M+), 290, 262, 171, 163 (base peak). 
Tricycl0[4.2.2.0'~~]dec-7-ene (1). In a 15-mL, one-necked, 

round-bottomed flask under nitrogen was placed sodium hydride 

12 13 

Tfvo explanations for the similarities in rates seem most 
plausible to us now. Perhaps bias against intervention of 
13 as an intermediate based on a conservative prejudice 
against Bredt's rule violations is not valid; the reaction 
sequence could then be 1 - 13 - 2, with the second step 
being very much faster than the first and the similarity 
in overall rates for 1 - 2 and bicyclo[2.2.0]hexane - 
1,bhexadiene being a mere coincidence. Or perhaps the 
cyclobutane cleavage in this case (1 - 2) takes place with 
simultaneous elongation of both cyclobutane bonds that 
are broken; this view would hold that 1,4-cyclohexadiyl 
diradicals may be preferred but are not required inter- 
mediates, and that a range of geometrical and timing op- 
tions may be available to any particular bicyclo[2.2.0]- 
hexane or related system.34 

Experimental Section 
All 'H NMR spectra were determined as CDC1, solutions on 

Varian XL-100 or HA-100 spectrometers. Mass spectra were taken 
on a CEC 110-21B instrument by Dr. Richard Wielesek. Analytic 
GLC analyses were done with a Hewlett Packard 700 gas chro- 
matograph equipped with a 5771A control module, an F & M 
Scientific 220 temperature controller, and an Autolab 6300 digital 

(31) Sinnema, A.; van Rantwijk, F.; de Koning, A. J.; van Wijk, A. M.; 
van Bekkum, H. J. Chem. SOC., Chem. C O ~ ~ U R .  1973,364-365; Tetra- 
hedron 1976,32, 2269-2272. 

(32) Eaton, P. E.; Temme, G. H., I11 J. Am. Chem. SOC. 1973, 95, 
7508-7510. 

(33) Roth, W. R.; Martin, M. Tetrahedron Lett. 1967, 3865-3866. 
(34) Compare perceptions of the Cope rearrangement which include 

a variable transition state: (a) Wehrli, R.; Schmid, H.; BellG, D. E.; 
Hansen, H.-J. H e h .  Chim. Acta 1977, 60, 1325-1356; Chimia 1976,30, 
416-423. (b) Gajewsky, J. J.; Conrad, N. D. J.  Am. Chem. SOC. 1978,100, 
6269-6270; Zbid. 1979,101, 6693-6704. (c) Gajewsky, J. J. J.  Am. Chem. 
SOC. 1979,101,4393-4394. (d) Gajewsky, J. J. Acc. Chem. Res. 1980,13, 
142-148. 

(35) MiEoviE, V. M.; Mihailovie, M. L. J.  Org. Chem. 1953, 18, 
119c-1200. 
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(0.042 g, 1.75 mmol) in 2 mL of dry tetrahydrofuran. The to- 
sylhydrazone prepared above (0.39 g, 1.2 mmol) was added, and 
the reaction mixture was stirred for 15 min. The solvent was 
removed by distillation at reduced pressure, and the reaction flask 
was connected through a trap to a vacuum line. The system was 
evacuated to 0.2 mm and the flask was heated; a t  a bath tem- 
perature of 120-130 "C, the pale-yellow sodium salt turned pink, 
and liquid began to collect in the liquid-nitrogen-cooled trap. The 
bath temperature was brought to 180-190 OC for 1.5 h to complete 
the reaction. Purification of the liquid collected in the cold-fiiger 
trap by preparative GLC (SE-30,120 "C) gave 30 mg (19% yield) 
of tricycl0[4.2.2.0~~~]dec-7-ene: NMR 6.25 (2 H, s), 1.82 (6 H, br 
s), 1.50 (2 H, m), 1.35 (4 H, m); mass spectrum, m / e  134 (M'), 
119, 106, 105, 91 (base peak). 

Tricycle[ 4.2.2.01p6]decane (1 1). Atmospheric hydrogenation 
of 5 mg of tricycl0[4.2.2.0~~~]dec-7-ene in ethyl acetate with the 
aid of Adams catalyst gave a colorless low-melting solid. Its NMR 
spectrum matched the published spectrum of [4.2.2]propellane 
(tricycl0[4.2.2.0~~~]decane).~~ 
3,8-Dimethylenecycloootene (2). A 5-mg sample of tricy- 

cl0[4.2.2.O~~~]dec-7-ene in 0.5 mL of benzene-de was thoroughly 
degassed, sealed in vacuo, and heated in a salt bath maintained 
at  221.4 O C .  After 10 min, new NMR signals had appeared at 
6 6.15 (s), 4.95 (s), 2.4 (br m), and 1.4 (m), with relative intensities 
1:222. After 60 min of thermolysis, more than 90% of the start ing 
material had been converted to this new product. On an SE-30 

column at 120 OC, it had a longer retention time than the starting 
material; mass spectrum, mle 134 (M+), 119,106,91 (base peak). 

Kinetic& of the Tricycl0[4.2.2.O~~~]dec-7-ene to  3,8-Di- 
methylenecyclooctene Rearrangement. Open-ended glass 
capillary tubes were soaked for several hours in dilute HCl and 
again in an NH40H/EDTA solution and then thoroughly washed 
with distilled water and dried overnight in an oven at 140 "C. One 
end of each tube was sealed. A benzene solution approximately 
0.8 M in tricyclodecene and containing dodecane as internal 
standard was prepared; 5-pL portions of this solution were placed 
in each capillary tube with a syringe. These capillary-tube ampulea 
were flushed gently with nitrogen, frozen, sealed, and heated in 
the salt bath; after pyrolyses the reaction mixtures were analyzed 
by GLC. The observed fiit-order rate constants for the thermal 
conversion of tricyclodecene to 3,8-dimethylenecyclooctene were 
(2.52 f 0.15) X lod s-l at 181.1 "C, (2.51 f 0.24) X lO-'s-l at 211.2 
"C, and (2.31 f 0.06) X s-l at 240.3 "C. The kinetic work 
at 211.2 OC was done several months after the other two sets of 
pyrolyses were completed. An Arrhenius plot based on the three 
rate constants gives the activation parameters E, = 35.8 f 1.3 
kcal/mol and log A = 12.6 f 0.6. 
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The synthesis of certain specifically 2H- and ls0-labeled l-(2-chloroalkyl)-3-alkyl-l-nitrosoureas is described. 
When BCNU-&!?'-d4 (2) was allowed to decompose in phosphate buffer at pH 7.1 and 25 "C in 99% H2180 in 
the presence of liver alcohol dehydrogenase and NADH, the acetaldehyde initially produced is immediately reduced 
to ethanol. Gas chromatographic mass spectral analysis of the positions of 2H and '80 labels in the ethanol permitted 
a discrimination between competing pathways of decomposition, indicating in this case ca. 21 % contribution 
via a postulated 1,2,3-oxadiazohe intermediate. The observation of CH2DCDH1QH in addition to CH3CDHl6OH 
indicates the 1,2,3-oxadiazoline intermediate may decompose partly by a concerted pathway requiring a 5 to 
4 deuterium shift. In contrast decomposition of BCNU-a,a'-diMe (3) in 99% H280 containing phosphate buffer 
a t  pH 7.1 and 25 "C in the presence of the alcohol dehydrogenase afforded labeled propanol corresponding to 
ca. 89% contribution via the 1,2,3-oxadiazoline intermediate. The result was substantiated by the reverse 
decomposition of BCNU-B,P'-d4-a,d-de-~-180 in Ha6O, GC-MS analysis of which afforded CH3CDHCDH180H 
and CH3CH2CDH180H corresponding to ca. 88% contribution of the 1,2,3-oxadiazoline pathway. The preference 
for this pathway in the latter case may be due to the increased stabilization the a-Me group affords the intermediate 
cation. This would tend to disfavor the two alternative mechanisms which require a hydride shift in the cationic 
intermediate. 

Introduction 
The (2-chloroethy1)nitrosoureas (CENUs) such as 

BCNU, CCNU, and MeCCNU, and chlorozotocin are of 
clinical value in the treatment of a wide range of neo- 
plasmalJ Pharmacologial evidence indicates that CENUs 
decompose spontaneously under physiological conditions, 

CENU, 1-(2-chloroethyl)-3-alkyl-l-nitrosourea; BCNU, bis(2- 
chloroethy1)-1-nitrosourea; BCNU-@,@'-d4, bis(2-chloro-2,2-di- 
deuterioethy1)-1-nitrosourea; BCNU-a,a'-diMe, bis(2-chloro-l- 
methylethyl)-1-nitrosourea; BCNU-@,@'-d4-a,a'-diMe, bis(2-chloro- 
2,2-dideuterio-l-methylethyl)-l-nitrosourea; BCNU-@,@'-d,-a,a'- 
diMe-N-'*O, bis~2-chloro-2,2-dideuterio-l-methylethyl)-l-[1*O]- 
nitrosourea. 

giving rise to electrophiles including isocyanate, 2-chloro- 
ethyldiazohydroxide, or the 2-chloroethyl cation, and that 
the latter two species both alkylate and form interstrand 
cross-links in DNA and between DNA and pr~teins.~-lO 
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