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overnight. The apparatus was flame dried and kept under an 
argon atmosphere while the solvent or solution was placed in vessel 
A, the alloy or metal was placed in vessel B, and high boiling 
liquids or solids, if any, were placed in vessel D. The solutions 
were degassed on a high-vacuum apparatus, the metal distilled 
from vessel B to vessel C, and the apparatus closed with a flame 
a t  the constriction. The solution was distilled from vessel A to 
vessel C and the apparatus clmed with a flame at the constriction. 
Agitation with cooling produced the typical blue color. The 
saturated solution with a small excess of metal was poured into 
the optical cell and the apparatus closed with a flame a t  the 
constriction. Samples were stored under liquid nitrogen until just 
prior to the examination of their spectra. 
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cis-exo-2,3-Dideuteriobicyclo[2.l.O]pentane, cis-ero-2,3-dideuterio-l-methylbicyclo[2.1.O]pentane, and the endo 
and exo isomers of 5-methylbicyclo[2.1.O]pentane have been prepared, rate constants for the gas-phase equilibrations 
between these substrates and the corresponding ring-inverted isomers have been determined between 153 and 
208 “C. The parent hydrocarbon and l-methylbicyclo[2.1.0]pentane have equal or nearly equal activation energies, 
37.8 f 0.1 and 38.0 f 0.4 kcal/mol; the 2-methyl and 5-methyl systems have slightly higher E, values, 38.7 to 
39.2 kcal/mol. These data and related information from the literature are assessed in terms of electronic and 
steric substituent effects on ground-state bicyclopentanes and transition states leading to planar 1,3-cyclopentadiyl 
diradicals. 

Thermal interconversion of endo- and ezo-2-methyl- 
bicyclo[2.1.0]pentane (1 is 3) was observed by Chesick in 
1962.l Tentative structural assignments for the isomers 
were suggested, and the activation parameters log A = 
14.45 and E, = 38.9 f 0.8 kcal/mol for the gas-phase ap- 
proach to equilibrium were determined. The reaction was 
presumed to involve incomplete cleavage of the C(l)-C(4) 
bond at the transition state and the planar cyclic diradical 
intermediate 2. An analogy between this isomerization and 
the geometric isomerization of the 1,2-dideuteriocyclo- 
pr0panes~8~ was noted. 

Other bicyclo[2.1.O]pentanes undergo thermal stereomu- 
tations consistent with C( 1)-C(4) bond cleavage and 
skeletal inversion but incompatible with alternative for- 
mulations involving C(2)-C(3) or C(l)-C(5) cleavage.6g 

Direct experimental observations on the 4-methyl-1,3- 
cyclopentadiyl diradical 2, the parent diradical 5, and 
several other representatives of this novel class of localized 
1,3-diradicals have been reported.l0 Generation of these 
diradicals under matrix-isolation conditions at  5.5 K gave 
rise to strong ESR signals attributable to triplet diradicals. 
The barrier for formation of bicyclopentane 4 from the 
triplet diradical was estimated to be 2.3 f 0.2 kcal/mol. 
In a revealing CIDNP experiment, triplet-sensitized pho- 
tolysis of 2,3-diazabicyclo[2.2.l]hept-2-ene, precursor to 

1 2 3 

The 2-methylbicyclo[2.1.O]pentane eluted first on a 
silicone oil or Carbowax GLC column has been shown to 
be the exo i ~ o m e r , ~ , ~  as Chesick provisionally suggested.’ 
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Table I. First-Order R a t e  Constants f o r  
Skeletal Inversions o f  Bicyclo[2. 1 .O]pentanes 

temp,  
system react ion “C h ,  + k,, s-,  

parent 7 2 8  180.0 (8.80 i 0.24) x l o - ’  
188.8 (1.93 * 0.17) x 
199.2 (4.80 i 0.46) X 
208.4 (1.00 * 0.05) x l o - )  

1-methyl 1 0 2  11 153.2 (3.26 k 0.40) X l o - ’  
162.0 (8.27 f 0.66) x l o - ’  
169.8 (1.79 * 0.09) x 
180.5 (4.85 k 0.21) x l o - +  

5-methyl 1 4 2  15 162.4 (3.03 i 0.15) x l o - ’  
171.0 (7.24 * 0.32) x 10‘’ 
183.0 (2.34 f 0.09) x 

the intermediate diradical5, led to enhanced proton NMR 
absorptions in the spectrum of the bicyclopentane formed. 

4 5 

Computations” using SCF theory and a double {basis 
set have led to a reasonable predicted geometry for the 
1,3-cyclopentadiyl diradical, and a small calculated dif- 
ference in energy between ground-state triplet and the 
singlet diradical, modeled with a two-configuration SCF 
treatment;12 AE (3B2-1A1) = 0.9 f 3 kcal. The coefficients 
of the singlet ... 2a2 and ... 3b12 configurations were nearly 
equal, and the singlet diradical was considered nearly 
perfectly diradical-like in character. 

An interest in substituent effects on the skeletal ring 
inversion of bicyclo[2.1.O]pentanes led to the kinetic 
studies now being reported. The activation parameters 
for skeletal inversion of the parent hydrocarbon, for the 
C(1) and C(5) methyl derivatives, and for the C(2) methyl 
isomers studied by Chesickl provide some indication of the 
roles played by steric and electronic effects on ground and 
transition states. 

4 

Results 
Syntheses of Substrates. Reduction of bicyclo- 

[2.1.0]pent-2-ene (6)13-16 and l-methylbicyclo[2.1.0]pent- 
2-ene (9)17 with dideuteriodiimide18 generated from po- 
tassium azodicarb~xylate’~ and deuterioacetic acid in 
tetrahydrofuran gave, respectively, cis-exo-2,3-di- 
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Table 11. Activat ion Parameters and 
Relative Rate Constants f o r  

Skeletal Inversions o f  Bicyclo[2.1.0]pentanes 

Ea, 
system react ion kcal /mol  log A hrelQ 

parent 7 -  8 37.8 * 0.1 13.9 1 
1-methyl 10- 11 38.0 f 0.4 14.7 5 
exo-2-methylb  1 --t 3 38.65 i 0.8 13.9 0.3 
endo-2-methylb  3 -+ 1 39.15 f 0.8 14.4 0.7 
exo-5-methyl  14- 15 39.1 ?: 0.1 14.6 1 
endo-5-methyl  15- 14 39.2 f 0.1 15.0 3 
a A t  175°C. Reference 1. 

deuteriobicyclo[2.1.O]pentane (7) and cis-exo-2,3-di- 
deuterio-l-methylbicyclo[2.1.O]pentane ( 

R 

6 , R = H  7 , R = H  8 , R = H  
9, R =  CH, 10, R = CH, 

To prepare the epimeric 5-methylbicyclo[2.1.0]pentanes, 
5-methyl~yclopentadiene~~ and diethyl azodicarboxylate 
were combined to form the Diels-Alder adducts 12, which 
were hydrogenated over palladium-on-carbon, saponified, 
decarboxylated, and oxidized with cupric chloride. The 
resultant azo compounds 13 were pyrolyzed at 2W220 “C 
to give a mixture of 14 and 15.22 

11, R = CH, 

13 
12 

I 
CH3 

15 

14 

The epimers 14 and 15 were separated and identified 
through proton and carbon NMR spectro~copy.~~ The 
isomer of shorter retention time on both P,P-oxydi- 
propionitrile and dimethylsulfolane columns proved to be 
the exo compound 14. 

Kinetic Determinati0ns.2~ Rate measurements were 
made by using a gas-phase reactor,25 vacuum line, and 
either NMR spectroscopy or GLC as the analytical me- 
thod. For the interconversions 7 * 8 and 10 # 11, the 
characteristic 0.8-ppm difference in chemical shift between 
C(2,3) endo and exo protons25 provided a measure of the 
extent of reaction. For the 4 e 5 isomerization, GLC on 
a &P’-oxydipropionitrile column was used to determine the 
mole fractions of each isomer for each kinetic sample. The 
first-order rate constants for approach to equilibrium as 
a function of temperature are listed in Table I. 
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The mole fraction of the endo-5-methyl isomer deter- 
mined with samples heated for 15 half-lives at 171 “C was 
0.286; this value was used to calculate In ([15], - [15],) for 
the least-squares linear plots of kinetic runs starting with 
the exo isomer 14. 

Activation Parameters. For bicyclo[2.1.0]pentane and 
1-methylbicyclopentane, the skeletal inversion equilibrium 
constant is 1. The variation in lzl = k-, as a function of 
temperature gives identical or nearly identical E, values 
for inversion for the two systems. Rate constants for the 
exo-endo interconversions of 2-methyl- and 5-methylbi- 
cyclopentanes may be calculated from the experimental 
values of (k, + k1) and Keq; the derived quantities are 
given in Table 11. 

Experimental Errors. While the calculated “probable 
errors” for E, values in Table I1 are small, the real un- 
certainties in E, are larger; the standard deviations in the 
first-order rate constants summarized in Table I imply 
uncertainties in E, values of around 2 kcal/mol, and in log 
A values of about laz6 

Discussion 
Activation parameters and relative rate constants for 

ring inversions in bicyclo[2.1.O]pentane and the five 
methyl-substituted bicyclo[2.1.0]pentanes are very similar. 
The small apparent differences in E, values suggest that 
bicyclo[2.1.O]pentane and l-methylbicyclo[2.1.O]pentane 
have the same or almost the same activation energy for 
ring inversion, while the 2-methyl and 5-methyl systems 
have slightly higher E, parameters. 

The activation parameters for interconverting cis-exo- 
and cis-endo-2,3-dideuteriobicyclo[2.l.O]pentane, derived 
through a kinetic study based on microwave spectroscopic 
 technique^,^^ E,  = 38.5 f 1.4 kcal/mol and log A = 14.35 
f 0.7, agree within likely experimental uncertainties with 
the values in Table 11. 

Since 1962, the kinetic data for ring inversion of the 
2-methylbicyclo[2.1.0]pentanes1 have been used together 
with estimations of heat of reaction for the parent hy- 
drocarbon system (4 - 5 )  to calculate the depth of the 
local energy minimum corresponding to the planar inter- 
mediate: values ranging from 7 to 15 kcal have been de- 
d ~ ~ e d . ~ , ~ ~ - ~ ~  Using E, for the reaction 7 s 8 in place of 
the value for the skeletal inversion of the 2-methyl isomers 
reduces the estimated depth of the well to 6-14 kcal. The 
discrepancy between this range and the energy barrier of 
2.3 f 0.2 kcal estimated experimentallylo remains to be 
explained; it must stem from faulty appraisal of AHf for 
1,3-cyclopentadiyl. 

The difference in activation energy for the parent bi- 
cyclopentane isomerization and the spiro system 16 e 17, 
8.8 kcal/mol, is now in exact agreement with the estimated 
ring-strain  difference^.^^,^^ 
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17 
16 

Jorgenson and c o - ~ o r k e r s ~ ~  used literature data to es- 
timate that methyl in place of hydrogen would stabilize 
a diradical intermediate by 2.4 to 3.9 kcal/mol. The dif- 
ferences in activation energy for the interconversions 18 
e 19 and 20 e 21, 2-3 kcal/mol, were taken as support 
for this estimation. But in view of the small rate effect 
brought by methyl at C(1) in 10 + 11, it seems likely that 
ground-state destabilization through steric interactions in 
20 and 21 may be the major factor behind the lower E, 
value for approach to equilibrium. 

R 
I 

20; R = CH, 

While l-methylbicyclo[2.1.O]pentane appears to be the 
first C( 1) monosubstituted bicyclopentane for which ki- 
netic data on the thermal skeletal inversion have become 
available, several C(5) monosubstituted systems have been 
investigated. a donors a t  C(5), such as methoxy, facilitate 
the stereomutation dramatically,3g41 but neither a u donor 
such as methyl nor a acceptors such as methoxycarbonyl 
and cyano have much influence on the barrier to skeletal 
inversion. Theoretical models for substituent effects ac- 
count for half of the experimental reality, the rate en- 
hancing effect of a donors a t  C(5); they do not accom- 
modate the insensitivity of stereomutation rates to a ac- 
ceptor~.~~-** 

Experimental Section 
Proton and carbon NMR spectra were obtained with deuter- 

iochloroform solutions on a Varian Associates XL-100-FT spec- 
trometer. Preparative GLC separations were done with a Varian 
Aerograph 1520, while analytical work was performed on a Per- 
kin-Elmer F-11, using flame-ionization detection and disk inte- 
gration. 
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cis-exo-2,3-Dideuteriobicyclo[2.l.O]pentane (7). About 400 
mL of an approximately 1% solution of bicyc10[2.1.0]pent-2-ene'~ 
in tetrahydrofuran was added to 20.0 g (0.118 mol) of potassium 
azodicarb~xylate~~ in an ice bath cooled 1000-mL flask under 
nitrogen. The mixture was stirred and treated with 14 mL of 
CH3COOD added dropwise over a 30-min period at  0 "C. The 
stirred reaction mixture was maintained a t  0 "C another 2.5 h 
and then allowed to warm to room temperature. Two hours later, 
GLC analysis on a 3 mm X 5 m pop TCEP column at 25 "C 
showed that no bicyclopentene remained. The mixture was fil- 
tered and concentrated by distillation, f i s t  using a 50-cm Vigreux 
column and then a 60-cm Teflon spinning-band column; the 
labeled bicyclopentane 6 (768 mg) was obtained in pure form by 
preparative GLC on a 6 mm X 5 m p&3 TCEP column at 25 "C. 

cis-exo-2,3-Dideuterio-l-methylbicyclo[2.l.O]pentane (10). 
About 200 mL of an approximately 1% solution of methyl- 
bicycl0[2.l.O]pentenes~~ in tetrahydrofuran was combined with 
5 g (0.03 mol) of potassium azodicarboxylate and then treated 
with 3.5 mL of CH3COOD in a procedure analogous to that 
detailed above. When GLC analysis indicated that reduction by 
dideuteriodiimide was complete, the reaction mixture was filtered 
through coarse sintered glass at  an aspirator; the filtrate was 
diluted with ice-water and extracted with pentane; the hydro- 
carbon phase was washed with 15 20-mL portions of water, and 
the labeled l-methylbicyclo[2.1.O]pentane was obtained in pure 
form by preparative GLC on a 6 mm X 5 m p&3 TCEP column, 
first at  50 "C and for the second and final chromatography at 25 
"C. 

Two preparations on this scale gave 322 mg of the deuterated 
product 10. 

exo- and endo-5-Methylbicyclo[2.l.O]pentane (14 and 15). 
5-Methylcyclopentadiene was prepared by the method of McLean 
and Haynes.21 To about 1000 mL of diglyme which had been 
freshly distilled from sodium was added 82.5 g (1.25 mol) of 
cyclopentadiene, followed by 28.75 g (1.25 mol) of sodium. The 
mixture was heated to reflux for 18 h. The resulting purple 
solution was cooled and added dropwise to 255 g (2.0 mol) of 
dimethyl sulfate cooled to -10 "C in a 2-L flask equipped with 
a mechanical stirrer. The reaction mixture was stirred and kept 
below -10 "C throughout the addition, stirred at -10 OC for 
another hour after addition was complete, and then stored for 
2 h at -20 "C. Distillation from the flask at  -10 "C (0.8 mm) gave 
8.5 mL of product, which was placed in a 50-mL two-necked 
round-bottom flask cooled in an ice-salt bath and fitted with an 
addition funnel containing 15.7 g (0.091 mol) of diethyl azodi- 
carboxylate in 15 mL of ether.22 The addition was done over a 
5-h period with magnetic stirring in a -20 "C cold room. The 
reaction mixture was placed in a +4 "C cold room overnight and 
then allowed to warm to room temperature. Solvent was removed 
at  aspirator pressure to leave 21.1 g of a yellow oil. The NMR 
spectrum of this material (e.g., methyl doublet at 6 0.08, J = 6 
Hz) was consistent with anticipations for diethyl 2,3-diaza-7- 
methylbicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate (12). 

The Diels-Alder adduct was dissolved in 25 mL of absolute 
ethanol and hydrogenated over 100 mg of 5% palladium-on-carbon 
in a Parr bottle. The customary workup led to 20.7 g of yellow 
oil, shown by NMR to be completely reduced. 

Dry nitrogen was bubbled for 20 min through 120 mL of mildly 
warmed ethylene glycol in a 250-mL three-necked flask fitted with 
magnetic stirrer, condenser, and thermometer. Potassium hy- 
droxide pellets (27.5 g, 0.042 mol) were added in two portions, 
and the solution was heated to 125 "C. The diazabicycloheptane 
derivatives 13 (20.7 g, 0.081 mol) were added quickly; the reaction 
mixture was stirred for 1 h at 125 "C, allowed to cool, and poured 
slowly into a mechanically stirred mixture of 100 g each of ice 
and water and 45 mL of concentrated hydrochloric acid. This 
hydrolysis mixture was warmed to 40 "C and neutralized with 
5 N ammonium hydroxide. Six 6-mL portions of 2 N cupric 
chloride solution were added with stirring. After each of the six 
additions, enough 5 N ammonium hydroxide was added to bring 
the pH to 5-6. The brick-red precipitate was collected by fil- 
tration; the filtrate was treated again with cupric chloride and 
ammonium hydroxide solutions, and a second crop of product 
was thus obtained. The combined precipitate was washed with 
100 mL of 20% aqueous ammonium chloride, 200 mL of 95% 
ethanol, and 200 mL of water. It was sucked as dry as possible 
on the funnel, then slurried with 40 mL of water, and treated with 
a slowly added solution prepared from 6 g of sodium hydroxide 
and 10 mL of water. The resulting orange-yellow suspension was 
continuously extracted with pentane for 48 h. The hydrocarbon 
solution was dried over potassium carbonate; filtration and 
concentration gave 3.45 g of a brown oil. Another 48-h extraction 
led to another 40 mg of material. The NMR of the 3.49 g of 
intermediate was consistent with the 2,3-diaza-7-methylbicyclo- 
[2.2.l]hept2-ene structure 13 expected (yield 50.5% from reduced 
Diels-Alder adduct). 

The azo compound (1.41 g) was placed in a 5-mL flask which 
was fitted with a 20-cm unpacked column connecting directly to 
a receiver cooled in a dry ice-acetone bath. The flask was kept 
at 200-220 "C by an oil bath for 9 h, giving 485 mg of colorless 
liquid in the receiver. Analytical GLC on a 3 mm X 2.4 m &3 
ODPN column a t  25 "C showed traces (<2%) of 1-methylbi- 
cyclopentane and bicyclopentane and two major products. These 
were collected by preparative GLC on a 6 mm X 5 m &3j3 TCEP 
column at 35 "C and identified through proton and carbon NMR 
spectra as exo-(shorter retention time) and endo-5-methyl- 
bicyclo[2.1.0]pentane in a 3.5:l ratio.23 

Kinetics of the gas-phase isomerizations were determined 
by using a well-seasoned 3WmL round-bottomed glass vessel with 
a length of 9-mm glass tubing connected through a "greaseless" 
Teflon stopcock to a vacuum line. The bath design and tem- 
perature control system have been described elsewhere.% After 
each run, hydrocarbons were condensed back in the vacuum line 
and analyzed either by NMR spectroscopy or GLC. The results 
are summarized in Table I. 
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Resonance energies for R hydrocarbon radicals can be calculated by using the empirical, parameterized, 
valence-bond method called structure-resonance theory. The calculations are in good agreement with kinetic 
data which experimentally model the difference in resonance energies between reactants and radical intermediates. 

Quantitative aspects of aromatic hydrocarbon reactivi- 
t ies  are well-described by structure-resonance theory 
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calculations.2 A recent example3 involved kinetic studies 
of the Diels-Alder reactions of 46 polycyclic benzenoid 
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