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From these results, the maximum rotation of (+)-(lS,2R)-
cyclopropanecarboxylic acid (cis-8) can be calculated to be 

[ « F D m a , ( - 1 2 . 0 ) t g l | ^ = +28.6° (ethanol) 

employing the value of —77.4° (ethanol) for the maximum rotation 
of (—)-(l^,2i?)-2-methylcyclopropanecarboxylic acid (trans 6). 

The cleavage of a carbon-carbon bond is normally 
assumed to occur along a reaction coordinate de

fined by the potential energy of the C-C stretching vi
bration—that is, by moving the two carbon atoms away 
from one another along a line coincident with the bond 
axis. The recent elegant discussions of carbon-carbon 

bond cleavage in cyclic polyolefinic systems presented by 
Oosterhoff,2 Woodward and Hoffmann,3 Longuet-Hig-
gins and Abrahamson,4 Fukui,6 Zimmerman,6 Dewar,7 

and Salem,8 however, have suggested that this reaction 
can occur more easily in some cases by rotation of the 
two atoms with respect to one another rather than by 
simply moving them apart. Thus so-called "electro-
cyclic" bond cleavage occurs thermally in cyclic poly-
olefins by rotating two carbon atoms along a coordinate 
with a symmetry (the disrotatory mode3) when there are 

(1) (a) For a preliminary account of this work, see W. L. Carter and 
R. G. Bergman, J. Am. Chem. Soc, 90, 7344 (1968); (b) National Sci
ence Foundation Predoctoral Fellow, 1968-1969. 

(2) Quoted in E. Havinga and J. L. M. A. Schlatmann, Tetrahedron, 
16,151 (1961); see also W. Th. A. M. van der Lugt and L. J. Oosterhoff, 
Chem. Commun,, 1235 (1968). 

(3) R. B. Woodward and R. Hoffmann, J. Am. Chem. Soc, 87, 395, 
2511(1965). 

(4) H. C. Longuet-Higgins and E. W. Abrahamson, ibid., 87, 2045 
(1965). 

(5) K. Fukui, Tetrahedron Letters, 2009 (1965), and subsequent papers. 
(6) H. E. Zimmerman,/. Am. Chem. Soc, 88,1564, 1566 (1966). 
(7) M. J. S. Dewar, Tetrahedron Suppl., 8, 75 (1967). 
(8) L. Salem, / . Am. Chem. Soc, 90, 543, 553 (1968). 
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An + 2 electrons in the open-chain ir system, and along 
a coordinate with C2 symmetry (the conrotatory mode3) 
when there are An electrons in the open-chain T system. 

The cleavage of a carbon-carbon bond which does 
not have an associated 7r-electron framework might be 
considered to be the simplest electrocychc reaction. 
Owing to the directional nature of the orbitals making 
up such a bond, the three modes of bond breaking would 
in principle still be available, and a transient 'V bond" 
might be an intermediate on the route to two completely 
free radicals. The stereochemistry of cleavage and re
combination would then be controlled only by the en
ergetic relationships of the two orbitals, modified by 
weak interactions with an associated a system present 
in the molecule. 

This paper reports the results of stereochemical in
vestigation of such a system, the thermal cleavage, and 
recombination of a bond in a substituted cyclopro
pane.113 The cyclopropane molecule was selected as an 
object of study because its thermal reactions were known 
to be clean and first order, because the presence of ring 
strain placed temperatures necessary to induce bond 
cleavage in a high but still accessible region, and in order 
to keep the gain in entropy for dissociation of the two 
radical centers as low as possible. The problem can 
then be restated briefly as an examination of whether 
stereospecific ring opening and closing of a substituted 
cyclopropane such as 1 (by either a conrotatory or dis
rotatory pathway) to produce a transient "7r-cyclopro-
pane" 2 is a higher or lower energy process than direct 
cleavage to give a freely rotating diradical 3. 
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Abstract: The rates of racemization and cis-trans isomerization of optically active cis- and ?ra/u-l-ethyl-2-methyl-
cyclopropane ((—)-4C and (-)-4T) have been measured at temperatures in the neighborhood of 400° in a static sys
tem in the gas phase. The rates have been analyzed to yield the unimolecular interconversion rate constants for 
each of the components in the system. Their similarity in magnitude indicates that an electrocyclic process proceed
ing through 7r-cyclopropane intermediates is energetically less favorable than a pathway involving stereoisomeric 
diradicals. A steady-state analysis of the diradical mechanism has been developed which may be solved for rela
tive rates of rotation and cyclization of the diradicals, and these values are compared with similar numbers char
acteristic of diradical species which may be intermediates in other reactions already reported in the literature. 
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Table I. Rate Constants (X 105) for Geometric and Optical Isomerization of cis- and /ra/M-l-Ethyl-2-methylcyclopropanes 
(4C and 4T)» 

Temp, 0C k? k,' ki kcc kCi kii krc 

377.2 4.21 1.56 3.16 0.94 1.18 0.38 0.40 
404.3 28.6 10.4 19.4 7.11 7.19 2.69 2.51 
421.1 89.4 29.6 52.4 25.4 19.34 7.90 6.80 
438.7 244 85.2 158 64 58 21.5 21.0 

"For definition of rate constant symbols, see text. Standard deviation in the measured rate constants is 1-3 %. Values of the equilibrium 
constant K for 4C ̂  4T are in adequate agreement with those reported in ref 11. 

R2C. -CR2 

3 

Cyclopropanes have been known for some time to 
undergo thermal "geometr ic" (cis-trans) isomerization 
and "s t ructura l" isomerization to propylenes. Our 
approach to the problem stated above is to examine 
closely the rate of a third type of isomerization, which 
we term "opt ical ," a process that interconverts the en-
antiomers of optically active 1,2-disubstituted cyclo
propanes. 

CH 
(1) structural / ^ . 

** R1CH2 CHR2 

H\ ^ / ^ ^ ^ ,/H (2) geometrical H \ ^ ^ ^ ^ \ ^ , 'R2 

Ri R2 Ri H 

(3) optical R,\s ^ ^ \ . , 'R2 

H < ^ H 

Experimental Section 
Apparatus and Method. Thermolysis of the compounds de

scribed in this study was carried out in a conventional static gas-
phase reactor of 200-ml volume. The reactor was constructed of 
Pyrex glass, and was joined to a Teflon stopcock by a length of 
capillary tubing to minimize dead space. The stopcock was then 
joined to a conventional vacuum line consisting of a trap, manifold, 
larger trap, and pump. System pressure was measured by means 
of a mercury manometer attached to the manifold. 

The reaction flask was immersed in a 6-1. stainless steel beaker 
containing a molten sodium nitrite-potassium nitrate mixture.9 

The beaker was situated in the center of a large porcelain vessel 
and surrounded by glass wool to minimize heat loss. Also im
mersed in the bath was a high-speed Sargent stirrer. Heat was 
supplied by a 500-W base heater and a smaller 150-W knife-blade 
heater connected to the power source through a Bayley propor
tional controller (Bayley Instrument Co., Danville, Calif.). The 
temperature was measured by inserting an iron-constantan thermo
couple into a thermocouple well built into the reactor; voltage 
was read on a Leeds and Northrup No. 8686 millivolt potenti
ometer. It was found that temperature could be routinely kept 
constant during a run to better than ±0.2°, and that the gradient 
across the reaction vessel was less than 0.5°. 

The reaction vessel was conditioned by heating starting material 
in it at the reaction temperature for at least 24 hr before use. 

(9) The apparatus was modified from one described by W. C. Hern-
don and L. L. Lowry, J. Am. Chem. Soc, 86, 1922 (1964). We are 
grateful for suggestions about its construction provided by Professor 
J. A. Berson and Dr. E. J. Walsh. 

Rate constants were determined by vaporizing the starting material 
into the reaction system (pressure in the reaction vessel during a 
run was always between 75 and 300 mm, well into the high-pressure 
region for these compounds10), closing the Teflon stopcock, and 
then removing the material after a known amount of time. The 
collected material was weighed and dissolved in enough n-heptane 
to make a volume of exactly 1.00 ml. The optical rotation of the 
solution at five wavelengths was measured on a Perkin-Elmer 141 
digital readout polarimeter, and then the solution was analyzed 
isomerically by injection of a small amount of it onto a vapor phase 
chromatography (vpc) column packed with 20% Carbowax 2OM 
on 60/80 mesh Chromosorb P. A Varian Aerograph A-90-P3 
instrument was employed, along with a Honeywell recorder 
equipped with a Disc integrator. It was found that peak integra
tions could be obtained with better than 1 % reproducibility. 

Materials. Optically active cis- and rra«.s-l-ethyl-2-methyl-
cyclopropanes were prepared as described in the accompanying 
paper.] 1 Reagent grade hydrocarbons were used to make up optical 
rotation solutions, and shown to have no detectable rotation at any 
of the five wavelengths used in this study. 

Results 

The rate of approach of cw-l-ethyl-2-methylcyclo-
propane (4C) to the equilibrium mixture of 4C and 
rran.s-l-ethyl-2-methylcyclopropane (4T) (isomeriza
tion), as well as the rate of falloff of optical activity of 
the entire system starting with either optically active 4C 
or 4T could be conveniently measured in the tempera
ture range 377.2-438.7°, were essentially uncomplicated 
by the much slower process of structural isomerization 
to olefins, and exhibited clean first-order kinetics. The 
rate constants for isomerization (approach to the equi
librium mixture of 4C and 4T) (k{) were determined by 
plotting the log of the quantity (xe —x)/xe vs. time, where 
xe is the molar proport ion of 4T at equilibrium and x 
represents its proportion at any time t. An example of 
the type of data obtained is given in Figure 1, and rate 
constants for four temperatures are recorded in Table I. 
The 4C ?± 4T equilibrium favors10 4T (K = 2.83 at 
414.1°); ki was therefore determined starting with 4C 
since this procedure yields greater precision than does 
the determination of kx starting with 4T. 

The rate constants for falloff of optical activity starting 
with active 4C (kr) and 4T (kx') were determined by 
plotting the log of the quantity a0/a where a0 represents 
the initial specific optical rotation of the starting mate
rial and a represents the rotation of the mixture present 
at time t. An example of the type of data obtained is 
given in Figure 2, and the rate constants are recorded in 
Table I. 

In all cases the rate constants and standard deviations 
were determined by least squares analysis of the data 
employing a program written for the IBM 360/50 com
puter. In most cases the standard deviation is from 1 
to 3 %. The rate data appear to agree quite well with 
those of Elliott and Frey,10 who studied the rate of cis-

(10) C. S. Elliott and H. M. Frey, J. Chem. Soc, 900 (1964). 
(11) R. G. Bergman, / . Am. Chem. Soc., 91, 7405 (1969). 
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Figure 1. Variation of log LOc0 — x)/xe] with time at 404.3°, 
starting with c/.s-l-ethyl-2-methylcyclopropane (4C). Slope of the 
line gives k\ = 1.94 X 10"4 ± 0.06 sec"1 

* & • ) 

Figure 2. Variation of log (ao/a) (see text) with time at 421.1° 
starting with optically active /ra«.s-l-ethyl-2-methylcyclopropane 
( ( - ) -4T) . Slope of the line gives k/ = 2.96 X IQ-4 ± 0.04SeC"1. 

trans isomerization of racemic 4C, and a plot of the 
combined data gives an activation energy of 57.8 kcal/ 
mole, within experimental error of the previous workers' 
value. 

Analysis of the Over-all Rate Constants. A simple 
inspection of the values of the rate constants provides at 
least an approximate answer to the problem stated in 
the introduction. If electrocyclic ring opening and 
closing of the cyclopropanes (either disrotatory or con-
rotatory; for simplicity only the latter process is illus
trated) were a highly favored process, then the rates of 
racemization of 4C and 4T would be much greater than 
the rate of cis-trans isomerization, since the electro-
cyclic process retains the integrity of each geometrical 

path A 

rate constants which must be extracted from the raw 
data. Fortunately, however, our experimental results 
indicate that a useful approximation can be employed. 
The thermolysis of (—)-4C was carried to about 20% 
conversion to its trans isomer, and the 4T formed in the 
reaction isolated by preparative vpc. The sample of 
4T obtained in this way had no detectable optical rota
tion at the sodium D line, and only a very small rotation 
([a]2536s +4°) at the highest wavelength used, 365 nm. 
From a knowledge of the maximum rotations" of 4C 
and 4T, it can be calculated from this experiment that 
4T is formed from 4C with only about 8 % retention of 
optical purity, or better than 92% racemized.12 It is 
therefore well within the experimental error of the ki-

Me' NEt 

(-)-4T 

v^path B 

Hk Me. ^ \ H n \ 

>^ > ( + y 
H NEt Me' (±) -4T 

< 

Et 

H 

isomer. In fact the rate constants Ic1, krt and k/ are 
quite similar in magnitude. Therefore the pathway 
leading to the 7r-cyclopropane (5) is at best only ener
getically competitive with that leading to some inter
mediate (such as 6) which can undergo relatively rapid 
C-C bond rotation and thus produce cis-trans isomer
ization. In fact, the data do not require that 5 inter
vene in the mechanism at all. 

In addition, the similarity in magnitude of the three 
rate constants also means that they are not independent, 
and must necessarily be made up of a combination of 
concurrent unimolecular processes. A completely rig
orous analysis of the system involved here would have to 
take into account the fact that the reacting system con
tains four components ( (+)-4T, ( - ) -4T, (+)-4C, and 
(—)-4C), each in principle capable of undergoing first-
order interconversion with the other three. The anal
ysis of such a system is extremely complex, since there 
are six possible pathways leading to and from each of the 
four components, and despite the reasonably high sym
metry of the system, a total of six different unimolecular 

netic determinations to assume that 4T is produced in 
essentially racemic form. This simplifies the rate anal
ysis considerably, because one now has to consider 
only a system with three interconverting components, 
(—)-4C, (+)-4C, and (±)-4C, and three rate constants 
&cc> &CT>

 a n d kTC. The phenomenological scheme is 
shown in Scheme I. The differential equations13 de-
Scheme I 
CH3CH: 

(~)-4C 
A T C ^ * 

CH2CH3 CH3 
2*, 

(±)-4T 

(12) That this is a valid mechanistic conclusion is shown by the fact 
that the rate of racemization of active 4T is about four times slower than 
the rate of racemization of 4C. Thus only a very small amount of the 
optical purity of 4T formed in this experiment could have been lost by 
racemization occurring subsequent to its formation. 

(13) For convenience in writing kinetic equations, we will normally 
use a compound's symbol to represent its concentration; e.g., in the 
equations, T = [T], T,q= [T]eq, etc. 
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scribing this system are (letting L represent [ (—)-4C], D 
represent [ (+)-4C], T represent [ (±)-4T], and L0 = 
D + L + T = constant) 

AL 
dt 

dD 
dt 

= kccD + kTCT - (2kTC + kcc)L (1) 

= kccL + kTCT - (2kTC + kcc)D (2) 

~ = 2kCT(D + L)- 2kTCT (3) 

These can be solved in analytic form (see Appendix I 
for the general solution) to give the following concen
tration dependencies (employing the boundary condi
tions that D0 = T0 = 0). 

— 2(£CT + *TC)<\ T = r ,q( i 

L = LeQ + ^e eq--2(*CT + *Tc)* 

(L- + T*) 

W) 

2(kc-r + kcc)l 

(5) 

CT + &CC)* D = Deq + ?k.-2C*cT+*To>* _ fDeq + I^\e-2^ 

(6) 

Now, the rate of falloff in optical rotation of the 
system is directly proportional to (L — D)IL0. This 
quantity can be calculated from eq 5 and 6 and gives 

D -2 (£CC + *CT)< (7) 

thus confirming that racemization should be a first-
order process with rate constant 

kt = 2(kCc + &CT) 

Rearranging eq 4 gives 

-* eq •* _ g-2(£cT + *Tc)< 

T 
J eq 

(8) 

(9) 

Thus cis-trans isomerization is also a first-order process 
with rate constant 

k{ = 2(kCT + kTC) (10) 

An exactly analogous set of relationships can be de
rived for the racemization and isomerization of the 
trans isomer 4T, based on Scheme II, in which the only 

Scheme II 

(-)-4T *= (+)-4T 

(±)"4C 

new rate constant is fcTT- The rate constant for the 
racemization in this system is then equal to 

K' = 2(/cTC + kTT). (H) 
Equations 8, 10, and 11, along with the equilibrium 

constant K = kCT/kTC, then allow calculation of the uni-
molecular rate constants which describe the intercon-
version of each optical isomer into its enantiomer and 

stereoisomer. The results of these calculations are 
given in Table I. 

Discussion 

The Trimethylene Diradical. The first thorough 
kinetic investigation143 of the thermal isomerization of 
cyclopropane to propylene was carried out by Cham
bers and Kistiakowsky in 1934. Carbon-carbon bond 
cleavage in this system was found to be unusually facile, 
the isomerization taking place at a convenient high-
pressure rate in the neighborhood of 450° and charac
terized by an activation energy of 65.0 kcal/mol and 
frequency factor of 10152. Chambers and Kistia
kowsky suggested two possible mechanisms for the reac
tion. The first postulated an initial bond breaking to 
give what has come to be known as the "trimethylene 
diradical" (7); this intermediate would then undergo 
hydrogen shift to produce the observed product (8). 
The alternative possibility was that bond breaking and 

CH2 CH2 

7 

CH2 CH3 (12) 

8 

hydrogen shift occurred simultaneously to give the prod
uct in one step via a transition state such as 9. 

H 

Ai 
CH2 CH2 —- c£ 

„CH 

CH2 CH3 

8 

(13) 

The clean, first-order kinetics of this isomerization, 
combined with the simplicity and symmetry of the cy
clopropane structure, have made the reaction a frequent 
subject of experimental and theoretical study. Calcu
lation of the rate constant using both Rice-Ramsberger-
Kassel theory and Slater theory has been carried out,15a-c 

and though reasonable agreement with experiment has 
been obtained (depending on the number of vibrational 
oscillators assumed to be active in the isomerization), 
no definitive choice of mechanism has arisen from the 
theory.15 O'Neal and Benson have carried out transi
tion-state theory calculations on the individual steps of 
mechanism 12, estimating activation energies by thermo-
chemical techniques and using classical harmonic os
cillator and rigid-rotor approaches to calculate fre
quency factors. They conclude that this mechanism is 
most consistent with their calculations.16 It is difficult, 
however, to determine which energy parameters are 
most reasonable for a transition state such as 9. 

Alkyl17 and isotopic18a"° substitution have proven to 

(14) (a) T. S. Chambers and G. B. Kistiakowsky, J. Am. Chem. Soc, 
56, 399 (1934). For a more recent study, see (b) W. E. Falconer, T. F. 
Hunter, and A. F. Trotman-Dickenson, / . Chem. Soc, 609 (1961). 

(15) (a) N. B. Slater, Proc. Roy. Soc. (London), A218, 224 (1953). 
See also (b) E. W. Schlag and B. S. Rabinovitch, / . Am. Chem. Soc, 
82, 5996 (I960); and (c) E. W. Schlag, Ph.D. Dissertation, University 
of Washington, 1958; (d) R. C. GolikeandE. W. Schlag, J. Chem.Phys., 
38, 1886 (1963); (e) K. J. Laidler, "Chemical Kinetics," McGraw-Hill 
Book Co., Inc., New York, N. Y., 1965, pp 159-163. 

(16) (a) H. E. O'Neal and S. W. Benson, / . Phys. Chem., 71, 2903 
(1967); (b) /6W1, 72, 1866 (1968); (c) S. W. Benson, "Thermochemical 
Kinetics," John Wiley & Sons, New York, N. Y., 1968, Chapter III. 
See also (d) S. W. Benson and P. S. Nangia, / . Chem. Phys., 38, 18 
(1963); (e) S. W. Benson, ibid., 34, 521 (1961); (f) D. W. Setser and 
B. S. Rabinovitch, / . Am. Chem. Soc, 86, 564 (1964). 

(17) For a review, see H. M. Frey, Adoan. Phys. Org. Chem., 4, 147 
(1966). 

(18) (a) A. T. Blades, Can. J. Chem., 39, 1401 (1961); (b) R. E. Wes
ton, J. Chem. Phys., 26, 975 (1957); (c) R. H. Lindquist and G. K. 
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be useful tools in the experimental investigation of the 
cyclopropane isomerization. Though no definitive de
cision seems to have arisen from the investigation of 
isotope effects on reaction rates,16b'c'd'18a-c a strong step 
forward was made when Rabinovitch, Schlag, and Wi-
berg18d demonstrated a powerful and elegant comple
mentarity between stereochemical and kinetic tech
niques. These workers studied the kinetics of the 
thermal isomerization of trans-cyclopropane-d2 (10T) 
and found that it underwent conversion to the cis isomer 
(10C) somewhat more rapidly than it isomerized to 
propylene-^ (11). This experiment demonstrates that 
some intermediate must exist which is capable of under
going free rotation and reformation of starting cyclo
propane, properties which one would quite normally 
expect of the dideuterotrimethylene diradical (12). The 
occurrence of an electrocyclic process proceeding 
through a 7r-cyclopropane (13) would, of course, have 
gone undetected in this experiment, since the compounds 
used were racemic and the electrocyclic process would 
simply have resulted in the interconversion of IOC with 
itself and 10T with itself. 

CHD CHD 

12 

/ C ~~ Hf<D H7VD ̂ - ^ 
IOC 13b IOC 

The work of Rabinovitch, Schlag, and Wiberg18d 

stimulated Smith to suggest19 that the geometrical isom
erization might occur by a twisting of one of the CHD 
groups attached to one of the carbons "without ring 
rupture." Benson has attacked this suggestion from an 
energetic viewpoint,166 but our principal objection is in 
part a semantic one. The transition state visualized by 
Smith (14) must have the orbitals containing the free 
electrons essentially perpendicular to one another. 
Since these orbitals must be close to p in character, the 
overlap between them will be very small, and we there
for feel somewhat uncomfortable with the statement19 

that 14 has an "unruptured" ring. Smith's suggestion, 
however, does raise the realistic possibility that there 
may be some rotation of one or both of the CHD groups 
taking place concurrently with bond rupture (which may 
or may not involve increasing the spatial separation of 
carbons 1 and 3); i.e, that the two processes might be 
concerted. 

The 7r-CycIopropane Problem. While our work was 
in progress, Hoffmann published the first extensive 
Rollefson, J. Chem. Phys., 24, 725 (1956); (d) B. S. Rabinovitch, E. W. 
Schlag, and K. B. Wiberg, ibid., 28, 504 (1958). See also ref 14b,c. 

(19) F. T. Smith, J. Chem. Phys., 29,235 (1958). Schlag and Rabino
vitch reportI6b that Smith has amplified his proposal to include an "ex
panded ring," although it is not clear whether this corresponds to "rup
ture" in the sense we mean it. 

quantum mechanical investigation of the potential 
energy surfaces available to the trimethylene diradical 
intermediate.20 Using extended Huckel calculations, 
Hoffmann investigated the total energy of the system 
with respect to variation of the three most important de
grees of freedom of the molecule: the central CCC 
angle and the rotations of the terminal methylene 
groups out of the plane defined by the three carbon 
atoms. These calculations led him to the striking pre
diction that there should be a potential energy mini
mum for 7r-cyclopropane (his so-called 0,0 interme
diate20) at an energy of about 1.93 eV relative to ring-
closed cyclopropane, and that this intermediate should 

0,0 0,90 90,90 

have an energy some 4 kcal/mole or so lower than that 
of the "stretched" cyclopropane or 90,90 intermediate 
having the same central bond angle. The 0,90 inter
mediate—which would be the one with most similarity 
to Smith's19—was predicted to be always higher in en
ergy than the other two, but also apparently has a sub
sidiary energy minimum, at a central angle of 110°. 

Two properties of the 0,0 intermediate are especially 
worthy of note.20 The first is that the central bond 
angle is calculated to be very large, ca. 125°. The 
second is that the easiest passage to and from ground-
state cyclopropane is via conrotatory motion2 of the 
terminal carbons. This is the rotational sense opposite 
to that predicted on the basis of simple inspection of the 
two half-filled orbitals. If this system could be treated 
as a simple two-electron, two-orbital problem, the 
ground state 7r2 of the 7r-cyclopropane would correlate 
with the ground state o-2 of stable cyclopropane with re
spect to a plane of symmetry, since both x and a are 
symmetric with respect to a plane bisecting the mole
cule but they do not have the same symmetry with re
spect to a C2.axis.3 Thus disrotatory closure is pre
dicted and the electrocyclic rule (disrotatory for An + 2 
electron systems) is preserved. The situation is appar
ently not so simple, however. Hoffmann explains the 
reversal in closure mode by pointing out20 that the C-H 
orbitals at C-2 are strongly mixed into the symmetric 
orbital of the pseudo-?r system, and this mixing results in 
an increase in energy of the S orbital, leaving the non-
interacting antisymmetric (A) orbital as the highest oc
cupied MO of the system. The ground states of cyclo-

3 
H 
\ 

- ^ 
H 

^ 
3 

- • v 

c±: 
H 

>t" 
H 

propane and the intermediate now correlate in the C2 
mode, and conrotation is predicted. 

(20) R. Hoffmann,/. Am. Chem. Soc, 90,1475 (1968). 
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Hoffmann's calculations nicely rationalize the earlier 
observations of McGreer and Crawford and their co
workers,21,22 who found that decomposition of sub
stituted pyrazolines such as 15 produce a major amount 

16C (72.6%) 

C H 3 " ^ / S C H 3 16C (33.2%) 
N = N 

15C 

16T (25.4%) 

16T (66.1%) 

of cyclopropanes with one net inversion of stereochem
istry; e.g., 15T gives mainly 16C and 15C gives mainly 
16T. Crawford has carried out a number of studies 
which indicate that both C-N bonds break simulta
neously, and therefore rationalized his results on the basis 
of the intermediacy of Tr-cyclopropanes such as 17 which 
prefer to close in a conrotatory sense.22a'23 

A comparison of the results of Crawford and 
Mishra22a with our work can be obtained by calculation 

CH, 

CH3 

r—N 

15T 16C 

of the selectivities of the intermediates formed in the two 
reactions. The pyrazoline decomposition can be con
sidered with reference to the general reaction scheme 
III, where the over-all relative rate factor kjkt is simply 
equal to the proportion of products formed. The value 
from 15T, which presumably passes through interme
diate 17, is 72.6/25.4 = 2.86. The molecule in our series 
which should be compared with this is the cis isomer 4C; 
if an electrocyclic mechanism were operative here, 4C 
should lead to the 7r-cyclopropane 18, which is very sim
ilar in structure to 17. We must now refer to Scheme 
IV to calculate the selectivity of the intermediates 
formed in the thermal reaction of 4C. This scheme is 
kinetically more complex than Scheme III, since the re-

Scheme III 

15T —>- [intermediates] 

CH^CH3 

k - r 16C 

*f*- 16T 

18 

(21) (a) D. E. McGreer, R. S. McDaniel, and M. G. Vinje, Can. J. 
Chem., 43, 1389 (1965); (b) D. E. McGreer, N. W. K. Chiu, M. G. 
Vinje, and K. C. K. Wong, ibid., 43, 1407 (1965); (c) D. E. McGreer, 
N. W. K. Chiu, and M. G. Vinje, ibid., 43, 1398 (1965); (d) D. E. Mc
Greer and W.-S. Wu, ibid., 45, 461 (1967). 

(22) (a) R. J. Crawford and A. Mishra, / . Am. Chem. Soc, 88, 3963 
(1966); (b) R. J. Crawford and D. M. Cameron, ibid., 88, 2589 (1966); 
(c) R. J. Crawford and G. L. Erickson, ibid., 89, 3907 (1967); (d) R. J. 
Crawford and L. H. AIi, ibid., 89, 3908 (1967); (e) A. Mishra and R. J. 
Crawford, Can. J. Chem., 47, 1515 (1969). 

(23) B. H. Al-Sader and R. J. Crawford, ibid., 46, 3302 (1968). 

verse reactions present prevent simply equating a pro
duct distribution with a selectivity factor. However, 
the factor of interest, k-2/k- 3, can still be obtained. The 

[intermediates] 

racemic trans (T) 

steady-state expression for the concentration of inter
mediates (here called X) is 

= kxL + hD + ksT_k1L + k2D + k3T 
fc_! + k-2 + 2k.s 5 { ' 

For the rate dependence of D and T we have 

dD 
dT 

k^X - UD 

3 5 5 

dT 
d/ 

Ik^X - k3T 

2k_3ki L Ik-jki D kz(2k-3 5) T (16) 

However, we have already written similar expressions 
(eq 2 and 3) with reference to the phenomenological 
system, Scheme I. By comparing eq 2 and 15 it must 
be true that 

kik-2 

«cc -

and similarly by comparing 

Therefore 

2«CT — 

k-2 

A:_3 

5 

eq 3 and 16 

2k-zk\ 
5 

&CC 

KCT 

(17) 

(18) 

(19) 

This selectivity factor for the cyclopropane pyrolysis 
turns out to be only 0.796 at 377.2°, compared with the 
pyrazoline selectivity223 of 2.86. The cyclopropane 
pyrolysis selectivity appears to deviate from this value 
somewhat at higher temperatures, but no clear tempera
ture dependence emerges and the values may well be 
within experimental error of one another. The selec
tivity appears to hover about a value close to unity and 
in no case comes near to 2.86. 

The intermediates produced in the pyrazoline decom
position therefore cannot be exactly the same as those 
produced in the cyclopropane pyrolysis. While no 
rigorous decision about the precise nature of the differ
ence can be made at this time, it is possible to speculate 
about certain of the alternatives. 

One possibility arises from the realization that 
different structural parameters must necessarily be used 
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to describe the carbocyclic fragment present in 15 com
pared to those in 4, and that one might therefore not 
have the right to expect the two molecules to produce 
intermediates with very similar structures, at least not 
instantaneously. One of the largest structural differ
ences between the two precursors is the central CCC 
angle—in the pyrazoline it is probably somewhere near 
the normal tetrahedral angle of 109°, whereas in the cy
clopropane it must be near 60°. Hoffmann's predic
tion20 that Tr-cyclopropane is stable at a bond angle of 
125° then suggests that this intermediate might be more 
accessible from 15, where the central angle starts out 
large, and less accessible from 4, which must undergo a 
large structural change to reach the wide-angle Tr-cyclo
propane.24 

A second, though somewhat less likely, possibility is 
that the pyrazoline decomposition does not produce a 
7r-cyclopropane at all, but selects an alternative mech
anism which also accounts for the singly inverted stereo
chemistry in the product. McGreer has suggested21 

that his cases might be rationalized by assuming that 
only one bond breaks in the initial transition state to 
give a zwitterion (or diradical) such as 19. If the rad-

CiS-J 

"N2 

H 

R 

19 

ical center at C-2 is now required to carry out a backside 
displacement of N2 at C-4, a product of the correct 
stereochemistry is produced. Roth and Martin26 have 
suggested a similar mechanism to explain the curious 
double inversion observed in the thermal decomposition 
of bicyclic azo compounds (e.g., 20). 

A final possibility is that the loss of nitrogen from 15 
and ring closure to give the cyclopropane are concerted. 

(24) An alternative which is difficult to discount rigorously is the pos
sibility that the difference in selectivity is a result of the large difference 
in decomposition temperatures of 15 and 4, and that at 400° we simply 
are working at a temperature at which the two activation energy plots 
intersect. We have attempted to examine this by looking for a tem
perature dependence of kcclkcT, but were frustrated by the fact that 
extremely accurate rate measurements would be needed to detect the 
small dependence expected for such a minor barrier difference at high 
temperatures. Another approach might be to look for a temperature 
dependence in the product distribution formed from IS at lower tem
peratures. It should be pointed out, however, that these sorts of ex
periments might be inconclusive, since the temperature of the kinetic 
bath does not necessarily correspond to the internal "temperature" 
of the diradical intermediates. That is, they are almost certainly pro
duced initially with some unknown amount of excess vibrational energy 
(especially in the pyrazoline decomposition, which is less endothermic 
than the cyclopropane pyroiysis). If the lifetime of these species is 
short16d compared to the time between collisions in the gas phase (ca. 
10 -11 sec), it will be difficult to know just what sort of temperature de
pendence, if any, to expect in the product distribution (see last section 
of the Discussion). 

(25) (a) L. K. Montgomery, K. Schueller, and P. D. Bartlett, / . Am. 
Chem. Soc, 86, 622 (1964); (b) P. D. Bartlett, C. J. Dempster, L. K. 
Montgomery, K. E. Schueller, and G. E. H. Wallbillich, ibid., 91, 405 
(1969); (c) P. D. Bartlett and G. E. H. Wallbillich, ibid., 91, 409 (1969). 

(26) (a) W. R. Roth and M. Martin, Ann., 702, 1 (1967); (b) see also 
A. L. Allred and R. L. Smith, / . Am. Chem. Soc, 89,7133 (1967). 

H - . , / \ x H 
R y. R 

Figure 3. 

This was first considered by McGreer and coworkers.21b 

If hyperconjugation is a relatively weak phenomenon 
(as one might intuitively expect it to be) and the central 
CH 2 group does not interact significantly with the 

breaking bonds,2 0 the nitrogen extrusion is the micro
scopic reverse of a hypothetical 2 + 2 cycloaddition of 
N2 to a cyclopropane C - C bond. Such a reaction is 
predicted by the considerations of Woodward and Hoff
mann to be a "„2S + a 2 a " process; i.e., to proceed in a 
suprafacial sense with respect to one of the developing 
fragments and an antarafacial sense with respect to the 
other.27 The transition state appears to be highly 
strained, but perhaps can be visualized as depicted in 
Figure 3. 

Crawford and his coworkers, on the other hand, have 
carried out several extensive and elegant studies that 
provide support for a two-step mechanism, the first con
certed cleavage of both C - N bonds and the second in
volving reaction of a nitrogen-free three-carbon frag
ment.2 2 The magnitude of a-deuterium isotope effects 
in the parent pyrazoline 21 is in good agreement with 
those measured by Seltzer and his coworkers in acyclic 
systems23 '28 where simultaneous C - N cleavage appears 
to be occurring. In the decomposition of 4-methyl-1-
pyrazoline and its 4-d analog, the isotope effects are best 
understood in terms of the two-step mechanism. 

(D2) H2CN )CH2 

N = N 
21 

(D2) 

Decomposition of 4-deuterio-3-methyl-l-pyrazoline 
gives a 50:50 yield of cis- and ?ra«5-2-deuteriomethylcy-
clopropane, indicating that the intermediate generated 

(27) (a) R. Hoffmann and R. B. Woodward, Accounts Chem. Res., 
1,17 (1968); (b) R. Hoffmann, Twelfth Conference on Reaction Mech
anisms, Brandeis University, June 1968; (c) R. B. Woodward and R. 
Hoffmann, Angew, Chem., in press. 

(28) (a) S. Seltzer and S. G. Mylonakis, J. Am. Chem. Soc, 89, 
6584 (1967); (b) S. Seltzer, ibid., 83, 2625 (1961); (c) S. Seltzer, ibid., 
85, 14 (1963); (d) S. Seltzer and F. T. Dunne, ibid., 87, 2628 (1965). 
See also (e) S. F. Nelsen and P. D. Bartlett, ibid., 88, 137 (1966); (f) 
R. K. Lyon, ibid., 86,1907 (1964). 
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Scheme V 

Et 
\ 

H 

Me 

H 

2*,«, c 

Ca 

W ^ M e 
+ 

H v / \ M e 
E/" '^H 

T 

2A ro l. 

NMe Et ' 

Et^ NMe 
(+) -4C 

(±)-4T 

in this case has a plane of symmetry.220 A similar test 
in the ?rans-3,5-dimethyl series is provided by decom
position of optically active 15T. /ra«s-l,2-Dimethyl-
cyclopropane (16T, 25% of the product) is produced 
with excess double inversion and 23 % retention of op
tical purity.226 A dissymmetric intermediate must 
therefore be intervening to some extent in this system; di-
radical 19 fulfills the requirement of dissymmetry and 
will produce double inversion in the over-all reaction. 
The stereochemical results only require, however, that 
6 % of the total reaction proceeds via chiral interme
diates. 

In summary, though there is evidence for an electro-
cyclic process occurring in the pyrazoline decomposi
tions, its intervention in the thermolysis of cyclopro-
panes is much more difficult to establish. For this 
reason, we feel that our kinetic data are most economic
ally and usefully considered with regard to the mech
anism outlined in Scheme V. 

The mechanism provides a different diradical pre
cursor for each product of the reaction, (+)-4C, (—)-
4C, (+)-4T, and (—)-4T (a similar scheme can be 
written for the pyrolysis of optically active 4T). This 
has the advantage that the rate constants in the scheme 
can be adjusted to provide an essentially freely rotating 
diradical (rotation rate constants > > cyclization rate 
constants) or a highly hindered diradical (cyclization 
rate constants > > rotation rate constants) or a spectrum 
of intermediate cases, each of which will produce cer
tain values for the phenomenological rate constants, 
^CC. kCT, ^TC; and kTT. The mechanism will not ac
commodate, however, a process which carries (+)-4C 
into (—)-4C without significant production of 4T—for 
this, a separate electrocyclic mechanism must be added. 
It should be pointed out that the mechanism does not 
necessarily require the precise structure of the diradicals 
to be extreme forms of "stretched cyclopropanes," as 
shown: other conformations of the intermediates are 
possible (such as Smith19 diradicals, 14), as long as these 
can be assumed to be "resting places" along the energy 
surface which have the possibility of retaining some of 
their integrity after formation. 

Behavior of the Diradicals. Relative Rates of Rota
tion and Cyclization. It is now appropriate to inquire 
as to the possibility of quantitatively interpreting Scheme 
V in terms of the observed reaction kinetics of the cyclo
propane isomerization. Although the steady-state 
equations for Scheme V are algebraically cumbersome, 

they may be solved analytically for two very important 
rate ratios: kcyC: c/^rot, c> the rate of cyclization of the 
cis diradicals Ca and Cb, relative to the rate these species 
undergo ring closure, and &cyc, -r/^rot, T> the analogous , 
rate ratio for the trans diradicals T. An outline of the 
derivation is given in Appendix II; the result is that 
Scheme V provides a set of steady-state expressions that 
reduces to 

2kr 

<<cc 

KyC1TL +
 2^rOt, c \ ( 2 ( ) ) 

^rot, T \ ^cyc, C / 

and an analogous scheme starting from active 4T pro
vides a set of steady-state equations that reduces to 

Ft = 
_2kTC ^ c ( l + 2 ^ r X (21) 

These may be treated as two equations in two un
knowns ; solving for the rate ratios 

fccyc, C _ FeFt ~ 4 
&rot, C Fc + 2 

fccyc, T Fe^t ~ 4 

fcrot, T ^t + 2 

or, in terms of the measured rate constants 

frcycc = 2[kjcr + KkJc/ - krk/(K + I)] 
W UkAK + 1) - kH 

fccyc,T = 2[kjct + KkJc/ - Kk/{K + I)] 
fcrot.x k/[k£K +I)-JKkH 

(22) 

(23) 

(24) 

(25) 

where K is the equilibrium constant relating racemic 4C 
and 4T. 

A serious problem now arises in the numerical cal
culation of the two rate ratios. The rate and equilib
rium constants shown are used repeatedly in the calcu
lation, resulting in a serious propagation of error in the 
final rate ratios. In addition, the two terms on opposite 
sides of the minus sign in the numerator of eq 24 and 25 
are large and similar in magnitude (that is, the product 
FcFt is very close to 4), and we are forced to estimate a 
small difference between two relatively large numbers. 
This propagates the error even more seriously, and so 
the final values of the rate ratios have a much larger per
centage standard deviation (estimated by differential 
error analysis using a program written for the IBM 
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360/50 computer) than do the individual measured rate 
constants. 

The values calculated for C and T at each temperature 
are essentially the same; at the four temperatures 
studied they are +0.3, —0.5, —0.3, and —0.1. Thus 
while it is impossible to pin down the kcyQ/krot values 
very precisely, it seems clear that they are small, prob
ably < 0.3, and therefore each time a diradical is formed, 
it undergoes rotation to the isomeric diradical at least 
four or five times for each time it recyclizes to ground 
state cyclopropane.29 

It is of some interest to compare the rotation-cycliza-
tion selectivity calculated for what we believe to be di-
radicals formed in the dialkylcyclopropane thermolysis 
with the selectivities exhibited for qualitatively similar 
intermediates generated in other systems. Berson and 
Balquist30 recently examined the relative rates of race-
mization and cis-trans isomerization of optically active 
tetramethylcyclopropane-^6 (22). Their data can also be 

CD-

CH. 

.CH3 

'CD3 

22a 

rationalized most efficiently by invoking diradical inter
mediates having competitive rates of cyclization and ro
tation about single bonds. The mechanistic scheme is 
more highly symmetrical than in the methylethylcyclo-
propane case, since (neglecting isotope effects) the rate 
parameters associated with 22a and its cis isomer should 
be identical. One therefore need make no assumptions 
in deriving the equations necessary to relate the rate 
constants for racemization and isomerization to the 
kIot/kCyC values characteristic of 22a; the k{/kt ratio for 
the tetramethyl system turns out to be 1.74, and this 
leads to a value30 of 0.091 for krot/kcyc in 22a. 

A number of other diradicals—or intermediates 
which appear to behave very much like diradicals— 
have been generated, usually in one of three ways: (a) 
by direct cleavage of one single bond, (b) by formation 
of one single bond between two olefinic systems or be
tween an olefin and carbene, and (c) by extrusion of a 
fragment (usually heterocyclic) from a cyclic system. 
Depending on the complexity of the reaction and the 
data available, it is often possible to calculate rotation-

X-(CH 2 W (CH2)nv 

CH2*
 1CH2 

+ 

(a) 

(b) 

cyclization selectivities for the diradicals by applying 
the steady-state approximation to the reactive interme
diates. The simplest type of system in which this can be 
done is the general set of pathways outlined in Scheme 
VI. The mechanism of some 2 + 2 cycloadditions ap-

Scheme VI 

J* 
E 

D * 

F 

parently fit this scheme; this was recognized by Mont
gomery, Schueller, and Bartlett,26* who calculated k2/ks 

and ki/ki values of 12.2 and 2.63 at 100° for the dirad
icals 23 and 24 (where C represents 23 and D represents 
24 in Scheme VI). Berson and Walsh31 applied a sim
ilar technique to the syn and anti doubly allylic radicals 
25 and 26 (formed by C-C bond cleavage in a bicyclic 
system), which undergo rotation and cyclization with 
relative rates of 0.64 and 0.086, respectively. Both 
Berson and Bartlett and their coworkers have suggested 
the difference in behavior between the two types of di
radicals may arise from onset of strain in the cyclization 
of step 23 and 24, as well as from the birth of some frac
tion of the butanediyl diradicals in conformations un
favorable to cyclization. Bartlett apparently feels that 
these initial radical conformations result from approach 
of the olefinic groups in random orientational fashion.32 

H 
-CCl2 

CH3 

H 

• < 

23 

Simple quantum mechanical considerations, however, 
indicate that it may be difficult to bring two olefinic 
groups together in a distorted four-center orientation 
such as 27—the four-center orbital arrangement will 
produce an antibonding interaction between the devel
oping radical centers at C-I and C-4. In order to avoid 
this antibonding interaction, the transition state will 
probably favor an orientation ploser to 28a, or to 28b, 
an approach similar to an allowed C2S + „2a transition 
state.27 The kinetics will show a rate of rotation en
hanced even above that of the statistical factor if the 

'(CH2)r t\ 

-X-

XCHj)n-V 

W - -CH2' 
(c) 

(29) A kinetic phenomenon which would make F0Ft much less than 
4 would be values of kcc and £TT which are too large to fit the mechanism 
outlined in Scheme V; that is, incursion of an electrocyclic process. 
Unfortunately, though some of the keyalkI0t values appear to come out 
slightly negative, they are almost certainly within experimental error of 
small positive values of the rate ratios. Thus while it would be possible 
to fit our rate data to a composite mechanism of competing electrocyclic 
and diradical processes, we have chosen the more economical alterna
tive of suggesting only one mechanism in the face of a lack of convincing 
data requiring the incursion of the electrocyclic process as well. 

(30) J. A. Berson and J. M. Balquist, / . Am. Chem. Soc, 90, 7343 
(1968). 

-cp 
cb£ 

28b 

(31) J. A. Berson and E. J. Walsh, ibid., 90,4732 (1968). 
(32) P. D. Bartlett, Reaction Mechanisms Symposium, Brandeis 

University, June 1968. 
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majority of diradicals are generated in conformations 
prevented from cyclizing. 

Not very many other relative rates for diradical path
ways are available in the literature, despite the fact that 
there are a number of reactions which may proceed par
tially or exclusively through such intermediates. The 
reason for this is probably the fact that besides being 
able to undergo rotation and cyclization, many dirad
icals often have at least one more pathway available to 
them, producing significant amounts of side products. 
Trimethylene-type diradicals, for example, can undergo 
hydrogen shift to produce olefins, and 1,4-butanediyl 
species like 23 and 24 might produce olefins by 2,3-bond 
cleavage.25'3 3 This complicates the kinetics somewhat; 
in such cases it is necessary to represent the reaction 
mechanism by the general set of pathways outlined in 
Scheme VII. This scheme now has two additional rate 

Scheme VTI 

*AV'AV 
E F G 

constants—but it is still possible to obtain the relative ro-
tation-cyclization ratios from a steady-state analysis of 
this scheme. Furthermore, the analysis also provides 
the rate ratios k4/k3 and ks/ke> which describe the par
titioning of each diradical between cyclization and "de
composition" pathways. Letting each letter in the 
scheme represent the concentration of a particular com
ponent at any time, t, it must be true that 

and 

dF/dr _ F 
dE/dt E 

kiC + k5D 
k3C 

kt 

" k3 
+ * 

But we also know that 

dEjdt _ E _k3C 
dG/dt G k«D 

so 

D G 
k3C k6E 

Therefore, starting from A 

"F" 
_E_ 

- L̂4 + *± 
A ks k6 

'G' 

A 

and starting from B 

"F" 
_E_ B k3 kt, 

~G~ 
_E_ 

B 

\ksCj 
(26) 

(27) 

(28) 

(29) 

(30) 

These two equations can be solved for the two "un
knowns," ki/ks and k-Jke. Then, from the steady-state 
equation for the concentration of D (entering the system 
from A), we find 

D 
k2C 

ki + k5 + k6 
= 0 (31) 

(33) Apparently 23 and 24 themselves do not undergo very much re
versal to olefins, as there is very little cis-trans isomerization observed 
in the 2,4-hexadienes recovered from the reaction. Other diradicals 
of this type, however, 26b'c'34 yield a significant amount of olefin in the 
product mixture. 

(34) P. D. Bartlett and N. A. Porter, / . Am. Chem. Soc, 90, 5318 
(1968). 

[ I I - kS - K l + 1 + 0 <32> 
Similarly, entering the system from B, it is true that 

; ( ! + 1 + ') <33> 
k_t 

Since kt/k3 and ktjkn are already known, eq 32 and 33 
can be solved for the two remaining unknowns, k2/k3 

and ki/kt. These are the relative rates of rotation and 
cyclization for the diradicals C and D. 

A large number of observations already in the litera
ture can now be analyzed in terms of diradical mech
anisms. Employing the above relationships derived 
from Scheme VII, both rotation-cyclization selectivities 
and cyclization-side reaction selectivities can be cal
culated relatively easily. Some of these values are col
lected in Table II. Most of the intermediates have been 
generated either by pyrolytic ring cleavage, thermal cy-
cloaddition, or azo compound decomposition. A 
strong disclaimer should be noted with regard to the 
last of these processes. As discussed earlier in this 
paper, the mechanism of decomposition of cyclic azo 
compounds appears to be very difficult to generalize, 
and seems to be strongly altered with changes in struc
ture such as the size and nature of the ring in
volved.21'22,26 It is quite clear therefore that the pyra-
zoline decompositions of Crawford and Mishra,22a as well 
as the bridged pyrazoline decompositions reported by 
Roth and Martin and Alfred and Smith,26 will not fit the 
simple diradical mechanism outlined in Scheme VII un
less there is some sort of inversion process taking place 
concurrent with nitrogen extrusion. It therefore is 
quite possible that varying amounts of such pathways 
may be competing with the diradical processes in the 
thermolysis of other azo compounds, such as those 
listed in Table II. As long as this possibility is under
stood, however, the reasonableness of the kcyc/krot 

values calculated for these presumed intermediates 
strongly suggests that the diradical mechanism provides 
an effective working hypothesis with which to discuss 
the mechanisms of such reactions at the present time, 
and we therefore feel justified in including them in the 
table. 

Such an analysis provides an insight into the factors 
controlling behavior of diradical intermediates. One 
of the most interesting cases is that of the heterocyclic 
diradicals 29c and 29t generated photolytically from the 
appropriate 1,2,3-triazolenes by Scheiner.35 The sen
sitized photolysis apparently proceeds through the 
triplet state of the diradicals, whereas the direct photol
ysis chooses the singlet state. Interestingly, the varia
tion in product distribution does not require that the 
triplet have a greater preference for the cis form of the 
diradical or closure to w-aziridine;36 all that is required 
is that the krot/kcyc values for both stereoisomers increase 
by better than an order of magnitude in the triplet di
radicals. This is quite consistent with the postulate36 

that the triplets must undergo quantum-mechanically 
forbidden intersystem crossing to the singlet before they 
recyclize, and this will tend to slow down the over-all 
rate of ring closure. Interestingly, the relative rates of 

(35) P. Scheiner, ibid., 88,4759 (1966). 
(36) P. S. Skell and R. C. Woodworm, ibid., 78,4496 (1956). 
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Compd 
no. Diradical 

Method of 
generation tro Aroyc/̂ deoomp Decomp product Ref 

Ca 

Cb 

29c 

29t 

24 

23 

31 

22a 

25 

26 

M e - ^ - E t 

Me. 

C6H5 

H " H • 

C6H5 

H-

CH/ H 

CH: 

H' 

H 

CH1' 

N-C6H, 

CCl2 

CCl2 

• H 

CH, 
CH3-

H / H 
:CH2 

"CH3 

V ^ - f""OCH3 

H 

OCH3 

CDa^^.^.CHa 

CH/ ^CD 3 

Thermal" 

Thermal" 

Ac, direct' 
Ay, sens' 

h , direct' 
/ic, sens' 

Thermal"* 

Thermal'' 

Ac1 sens" 

Thermal' 

Thermal' 

Thermal" 

Thermal" 

~ 5 

~ 5 

0.43 
6.7 

0.56 
10.0 

2.63 

12.2 

1.86? 

0.405 

1.48 

0.91 

0.64 

Thermal" 0.086 

Large 

Large 

4.0 
21.8 

10.5 
28.6 

Olefins 

Olefins 

Anil 

Anil 

Large 

Large 

Very 
large 

Olefins 

Dimethylpropenes 

Olefin + benzyne 

VY-

This work 

This work 

34 

34 

25 

25 

30 

31 

31 

fcflip/&cl kcU*Ye\0/kc\t&ve\S€C) 

32 

33 

34 

I CH3 
CH3 

CH3 

H 

C t i V ^ - ^ 

Thermal0 Very large? 

Thermal" 0.79 

Thermal' 15.4 

2.0 :C 
20 G"and CX 

36 

36 

36 

» Pyrolysis of the corresponding cyclopropanes. ' Decomposition of the appropriate 1,2,3-triazolenes. ' Decomposition of the appro
priate cyclic azo compound. d Cycloaddition of 1 ,l-dichlorc-2,2-difluoroethylene and 2,4-hexadiene of indicated stereochemistry. • Trip
let-sensitized decomposition of CH2N8 in the presence of c/j-2-butene. ' Cycloaddition of benzyne and propyl methyl ether of indicated 
stereochemistry. »Pyrolysis of the corresponding closed-ring vinyl-substituted bicyclo[2.2.1]heptene. * K. R. Kopecky, G. S. Hammond, 
and P. A. Leermakers, / . Am. Chem. Soc., 83, 2397 (1961); 84,1015 (1962). * I. Tabushi and R. Oda, Tetrahedron Letters, 3743 (1968); 
see also M. Jones, Jr., and R. H. Levin, ibid., 5593 (1968); H. H. Wasserman, A. J. Solodar, and L. S. Keller, ibid., 5597 (1968)- L ' 
Friedman,R.J.Osiewicz,andP.W.Rabideau,i6W.,5735(1968). ' 

hydrogen shift and cyclization do not change by as big the diazabicyclo[2.2.2]octyl system.37 Both the boat 
a factor. A similar dependence on multiplicity appears and chair diradicals 33 and 34 undergo cleavage of the 
in the decomposition of the 6-ring azo compounds 
studied by Bartlett and Porter.34 

Another azo compound decomposition which appears 
to be quite consistent with the diradical mechanism is 

secondary-secondary bonds about half as fast as the 
tertiary-tertiary bonds, but the large preference for ring 

(37) W. R. Roth and M. Martin, Tetrahedron Letters, 3865 (1967). 
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flip over cleavage in 34 testifies to its lack of stability rel
ative to the chair conformer 33. 

As the table also indicates, substituted trimethylene 
diradicals appear to be intermediates in a number of reac
tions, and the wide differences in their behavior is at first 
perplexing. As pointed out earlier, the intermediates 
in the methylethylcyclopropane pyrolysis (4C and 4T) 
appear to undergo rotation at least five times faster than 
cyclization, but the more highly substituted tetramethyl-
trimethylene (22) cyclizes about 11 times faster than it 
rotates.30 Some understanding of this inversion in pref
erence can be obtained by consideration of recent 
transition-state theory calculations on the rates of di-
radical reactions by Benson and O'Neal.16a_c Benson 
has long contended that the activation energy for re-
cyclization must be of the order of 9 kcal/mole.16d,e 

Even though this is strictly a radical recombination, a 
process normally thought to proceed with essentially 
zero activation energy, the rather large barrier in this 
case is presumably due to incorporation of some cyclo
propane ring strain in the transition state for ring clo
sure. In order to estimate rates, O'Neal and Benson 
have developed a method of calculating the entropies of 
activation for these fast reactions by essentially consid
ering the number and kind of vibrational degrees of 
freedom frozen out in the closure transition state. En
tropies for rotation can also be calculated by treating 
the radical carbons and attached groups as rigid rotors, 
and calculating the partition functions for the rotational 
transition state on this basis.16a_c O'Neal and Benson 
thus calculate that the log of the frequency factor (log A) 
for internal rotation in the unsubstituted trimethylene di-
radical should be 12.9. With an estimated barrier to 
rotation of 3.8 kcal, trimethylene is thus predicted166 to 
have kIot/kcyc = ~10at750°K. 

Application of these calculations to tetramethyltri-
methylene, using the parameters given in ref 16b, pre
dicts38 a value of 2.2, whereas the observed value isO.091. 
In our system kIot/kcyc for the diradical C or T is pre
dicted to be about 5. This number agrees reasonably 
with that calculated from our experiment. The nu
merical agreement in this case may well be fortuitous 
since there appears to be a fair amount of looseness in the 
estimate of energy barriers to rotation at radical cen-
ters,16b but we feel that at least the trend of the calculated 
values is instructive. It is clear that even if the energy 
barriers do not change much on substitution, placing a 
methyl group on the relatively low-mass methylene rotor 
can decrease the frequency factor for internal rotation by 
as much as an order of magnitude. 

The calculations therefore emphasize the often-ne
glected fact that rotational entropies will be seriously 
affected by changes in substitution at the radical center, 
and may well be the determining component in the 
krot/kcyc decreases observed on increasing substitu
tion.39 It seems qualitatively reasonable then that 

(38) Private communication from Professor J. A. Berson. 
(39) The rotation is undoubtedly also attenuated in 22a by the diffi

culty of rotating a methyl group past the rather large disubstituted radi
cal center.40 This probably results in an increased rotational barrier, 
but a retarding entropy effect may also arise from the fact that rotation 
of one of the dimethyl-substituted carbon may require some restrictions 
on the motion of the other dimethyl-substituted carbon.40 Diradicals 
4C and 4T are much more similar to trimethylene in these respects, 
since it is possible to always carry out rotations which keep the alkyl 
group on the "outside" of the molecule. Complete avoidance of the 
"inside" rotational pathway will decrease the rotational rate at each 
carbon by only a statistical factor of 2. 

cyclization is the fast step in 22a, whereas rotation be
gins to take over in the disubstituted diradicals, and our 
expectation is that trimethylene itself is undoubtedly a 
freely rotating diradical which may have kI0t/kcyc much 
larger than the value of 10 predicted for it on the basis 
of O'Neal and Benson's calculations.16 

Stereochemistry of the cis-trans Isomerization. An 
Estimate of Relative Rates of Rotation of Methyl- and 
Ethyl-Substituted Radical Centers. As indicated earlier 
in this paper, pyrolysis of (—)-4C to about 20% con
version to 4T and isolation of the 4T formed showed that 
it exhibited a low positive optical rotation at 365 nm 
(M25D ^ + 4 ° ) . Data from the optical correlation10 

of 4C and 4T can be used to determine that this corre
sponds to about 8 % retention of optical purity in the 
transformation, and that (—)-cw-l-ethyl-2-methylcyclo-
propane (4C) of \S:2R absolute configuration produces 
4T of 15:25 absolute configuration in this reaction. 
Assuming that 4T is formed from essentially exclusive 
tertiary-tertiary bond cleavage in 4C, this means that 
methyl rotation in diradical C is very slightly more 
rapid than ethyl rotation, a result understandable on the 
basis of the somewhat larger mass of the ethyl rotor. 

H-4C c 

T (+)-4T 

There is no rigorous way of ruling out the possibility 
of some secondary-tertiary bond cleavage occurring. 
However, a great deal of data in the literature on related 
systems indicates that such a pathway, if it occurs at all, 
cannot contribute greatly to the mechanism. For ex
ample, an examination of the relative activation ener
gies for isomerization of a number of substituted cyclo-
propanes41 suggests that alkyl substitution lowers these 
energies by about 2.5-3.0 kcal/alkyl group. Further
more, attribution of the activity of isolated 4T to secon
dary-tertiary bond breaking in 4C would indicate that 
the ethyl-substituted bond breaks more slowly than the 
methyl-substituted bond. While structural isomeriza
tion data can be misleading, the over-all activation en
ergy for isomerization of methylcyclopropane42 is 65.0 
kcal/mole, and for ethylcyclopropane43 it is 61.6 kcal/ 
mole; it would thus appear that isomerization at an 
ethyl center should be preferred. The effects of sub-
stituents on cyclobutane decomposition may be some
what more reliable, since cleavage to olefins from the di
radical is a faster process than isomerization and may 
reflect the rate of actual bond breaking more closely. 
The absolute magnitude of the effect is damped out 
somewhat, but the trend of the £ a values again indicates 
that a methyl-substituted bond breaks more slowly than 
an ethyl-substituted one.44 These factors, combined 

(40) Private communication from Dr. S. W. Benson. 
(41) For a good compilation of data, see ref 16b. 
(42) J. P. Chesick, J. Am. Chem. Soc, 82, 3277 (1960). 
(43) M. L. Halberstadt and J. P. Chesick, J. Phys. Chem., 69, 429 

(1965). 
(44) Cf. (a) C. T. Genaux, F. Kern, and W. D. Walters, J. Am. Chem. 

Soc, 75, 6196 (1953); (b) R. W. Carr, Jr., and W. D. Walters, J. Phys. 
Chem., 67, 1370 (1963); (c) M. N. Das and W. D. Walters, Z. Phys. 
Chem. (Frankfurt), 15, 23 (1958); (d) R. E. Wellmann and W. D. Wal
ters, J.Am. Chem. Soc, 79,1542(1957). 
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with the fact that steric strain in .4C should also favor 
tertiary-tertiary cleavage, provide relatively strong in
dications that the amount of secondary-tertiary cleav
age in 4C is probably low. 

Nature of the Diradical. A number of questions con
cerning the structure of the diradicals produced on cyclo
propane pyrolysis cannot be completely determined on 
the basis of our experimental data. The first of these 
concerns the precise positions of the rotational energy 
minima in these intermediates. It is conceivable that 
eclipsing effects are the most important destabilizing 
factors, in which case such a diradical might have the 
partially staggered form 14 as its structure of lowest en
ergy. Even if this were the diradical's structure, how
ever, the problem of whether 14 is the first interme
diate reached in the reaction (i.e., whether bond cleavage 
and rotation are concerted) is still a separate (and unan
swered) question. The obvious problem with 14 is that 
rotation of one of the half-filled orbitals rapidly destroys 
residual bonding which may exist between the two ter
minal centers along the reaction coordinate leading to 
the diradical. It seems most reasonable to us that a 
cyclopropane will choose the path of lowest energy on 
its way to the "nonbonding" 1,3 situation, and this path 
is probably the one closest to the C-C vibrational 
stretching coordinate, since it probably retains a greater 
amount of overlap than does a coordinate with some ro
tation built into it. 

The second question concerns the problem of the di
radical spin multiplicity. It seems reasonable that the 
intermediates are in the singlet state, since there is no 
obvious reason for incorporation of two quantum-
mechanically forbidden intersystem crossing processes 
into the isomerization reaction especially if (as seems 
most likely20) the diradicals have singlet ground states. 
Even if the diradicals have triplet ground states, one 
might expect the rates of intersystem crossing to be so 
slow as to be noncompetitive with what must be at least 
coenergetic singlet reaction processes. However, the 
data on rotation-cyclization selectivities (Table II) 
might at first glance be taken to provide evidence for 
triplet species in the cyclopropane pyrolysis. Diradi
cals 29c, 29t, 30c, and 3Ot all have krot/kcyc of the order 
of 0.1-0.5 when apparently generated as singlets; this 
ratio increases to 6-10 when these species are generated 
as triplets. The kTOt/kcyc of about 5 for diradicals Ca 
and Cb is closer to the triplet value. Furthermore, the 
very similar diradical 31, generated45 as a triplet by the 
addition of triplet methylene to cw-2-butene, has been 
estimated by Bartlett25 to have a kI0t/kcyc value of 1.86. 
As we have already mentioned, however, these values 
are highly dependent on both structure and environ
ment—closer examination shows that though triplet 31 
generated in solution may have kxotjkcyc = 1.86, when 
generated in the gas phase,46 the triplet 1,3-diradicals 
completely stereoequilibrate before closure occurs. Of 
all the diradicals in the table, 31 appears to be the most 
similar to Ca and Cb; the fact that krotjkQyc for triplet 
31 generated in the gas phase must be very large there
fore suggests that the singlet mechanism is still consis

ts) See Table II, footnote A. 

(46) (a) F. A. L. Anet, R. F. W. Bader, and A.-M. Van der Auwera, 
J. Am. Chem. Soc, 82, 3217 (1960); see, however (b) H. M. Frey, 
ibid., 82, 5947 (1960); (c) for a discussion of this effect, see B. S. 
Rabinovitch, K. W. Watkins, and D. F. Ring, ibid., 87,4960 (1965). 

tent with the cyclopropane pyrolysis, since Ca and Cb 
are also generated in the gas phase.47 

Finally, even though these diradicals may be gener
ated in electronic ground states, they are almost cer
tainly produced with some quantity of excess vibra
tional energy, at least initially.48 Normally the assump
tion is made that deactivation of any relatively complex 
molecule is extremely rapid,49 and perhaps requires only 
one or two collisions, and thus any reactions which oc
cur must take place by thermal reactivation of the mol
ecule. A simple collision theory calculation, however,50 

indicates that at the pressures at which we are working, 
a molecule collides with another molecule in the gas 
phase every 10-1J sec or so. The calculations of O'Neal 
and Benson predict that a species such as the trimeth-
ylene diradical undergoes rotation at about this rate. 
If the calculations are only accurate to about an order 
of magnitude, then diradicals such as Ca and Cb might 
also be in the rate range in which collisional deactiva
tion is at best only competitive with some of the pro
cesses which the diradicals undergo. A fair amount is 
now known about the rates of collisional activation and 
deactivation of simple, stable molecules.49 The influ
ence of activation and deactivation on the reactivity of 
complex molecules in relatively shallow energy minima, 
however, is a large area of chemistry which still remains 
only partially explored. 

Appendix I. Generalized Derivation of Kinetic Expres
sions for a Completely Coupled Three-Component System 
of Two-fold Symmetry 

For the general system 

T 
the differential equations 1, 2, and 3 can be written (see 
text), where fecc = kx, kCT = k2, and kTC = k3. Starting 
from pure L, L0 = L + D + T. Then from eq 3 

^f- = 2Ar2(L0 - T) - Ik3T 
at 

^ + 2(k2 + k3)T = 2k2L0 at 

Multiplying through by e2<-kl+h')l 

dT e2(*,+*,)< + 2(fc2 + kz)Te2^+^1 = Ik2Ue2V"+'"''1 

at 

which is equivalent to 

— Te2*-1"+1"* = 2/c2Z,0e
2(*a+w' 

d; 

Integrating 

k2 + k3 

(47) For an interesting insight into this problem, see D. R. McKelvey, 
J. W. Frederiksen, R. R. Barrick, and G. A. Teas, / . Am. Chem. Soc, 
90,6568(1968). 

(48) (a) B. S. Rabinovitch and M. C. Flowers, Quart. Rev. (London), 
18, 122 (1964); (b) W. B. DeMore and S. W. Benson, Adoan. Photo-
chem., 2,219 (1964). 

(49) A. W. Read, Progr. Reaction Kinetics, 3, 203 (1965). 
(50) Reference 15e, pp 63-68. 

Bergman, Carter / l-Ethyl-2-methylcyclopropanes 



7424 

at t = O, T = 0, so 

K=-
k2L$ 

Ar2 + Ar3 

and 

T = 
Ar2L0 

Ar2 + k, 

Now, from eq 1 

dL 

(1 _ e-Kh+Mt) = r ( 1 _ e -2(ft i+*»)f ) 

d* 
= Ar1(L0 - r - L) + ksT - (Ik2 + Ar1)L 

From the steady-state approximation, we know that 

kxB + k3Y 

Y = 

X 
k-i + k2 

From these equations, one derives 

A;_i + Ar2 

Ar2(JT + Z) + khC 
2K3 + K4 

M + K3 r 

dL 
d* 

+ 2(K2 + Ar1)L = K1L0 + (fr. - K1)J6, 
Y = 

kklA + B) + k^k-i + Ar2)C 

Now letting a = 2(Ac1 + Ar2), /3 = K1L0 + (Ar3 - Ari)Jeq, 
7 = (K3 - Ki)J6(J, and 5 = 2(Ar2 + K3) 

dL 

J6 (fc3 — ki)e~2<-kt+k'" where S = 2K_;LK3 + Ac1Ar4 + Ar2Ar4. Using this expres
sion 

dt 
+ aL = /3 — 7e~ 

ea'-f L + aLea( = j3eat - ye^-®' 
at 

this is equivalent to 

-Leat = Beat - ye("-s)t 

dt 

Integrating 

Le"1 = ^e- ' - _ l _ e ( « - » « + Jf 
a (a — 5) 

which, after rearrangement and substitution, gives 

L = Leq + ^ e - « + #e 

At * = 0, L = L0, so 

K= Le + 
Te 

and 

L = Leq + I s se -P* n+*i)« + [ X , -)- - 5 9 )e-2(At+W( 

Similarly, it can be shown that 

X, = X)eq + Tse-'to+Ht _ ^X)6, + ?W\e-»<*i+W< 

so that 

and 
L-D = L0e -2(*i+*i)« 

thus 

(L + D) - (Leq + L>eq) _ 

Kr = 2(K1 + K2), K1 = 2(K2 + K3) 

Appendix II. Derivation of krot/kcyc Values for a Mech
anism Involving Three Sets of Isomeric Diradicals 

Consider the mechanistic scheme 
hi fca ka h-i 

fc_l ks I 1 fc2 &1 

*4 I p» 

z = 5K1L̂  + Ar3K1K2(̂  + B)+ fe,fe,(fe-i + K2)C 
S(K_! + K2) 

Therefore 

^ = Ac1Z - M = 
at 
Ar1Ac1Ar2Ar3̂  + (Ar1Ac1Ar2Ar3 — 5Ar1Ar2)J? + Ac1Ar3K5(Ac1 + k2)C 

5(Ac1 + Ar2) 

^ = A r 4 F - Ar5C = 
dt 

kik2kjA + kik2kjB + (Ar4Ar5(K-J + Ar2) — 5Ar5)C 
5 

But we know from the phenomenological scheme 

A -

k 

B 

that 

— = k^A + kCBC - (ArBA + ArBC)5 

— = kACA + kBCB - (K C A + kCB)C 

so it must be true that 

K1Ac1Ar2Ar3 
Ar AB — 

5(Ac1 + Ar2) 
and A;Ac 

Ar1Ar2Ar4 

therefore 

ArAc 
K AB 

Ar4(Ac1 4(Ar_! + Ar2) = Ar 4 A Ar2 \ 
Ac1Ar3 Ar3\ k-J 

Now, KAC/ATAB can be obtained from the rate data (cf. 
Appendix I), and two equations of the above type can 
be obtained, one starting from active 4C and the other 
from active 4T. These can be solved for the rate ratios 
ki/k3 and k2/k-.u and the appropriate statistical factors 
and rate constants used in the 4C ^ 4T system are em
ployed, give eq 20-25 in the text. 
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Alkyllithiums have long been known to exist as ag-
k gregates in hydrocarbon solvents by cryoscopic and 

ebullioscopic measurements.1-4 The average molec
ular weight changes little or not at all with dilution. 
Ethyllithium has been shown to be in the form of tetra-
meric and hexameric aggregates in the vapor phase by 
mass spectroscopy.5,6 Methyl- and ethyllithium have 
been shown to be tetrameric aggregates in the crystal
line solid phase by X-ray crystallography.7-8 Most re
cently methyl- and ethyllithium have been shown to be 
tetrameric in ethyl ether by 7Li nmr;9 the 7Li-18C cou
pling patterns10 in methyllithium are in best agreement 
with the local-environment tetrahedral model91. 

Formula 1 shows four lithium atoms held together by 
electron-deficient bonding and occupying the corners of 

(1) Fr. Hein and H. Schramm, Z. Phys. Chem., 151, 234 (1930). 
(2) G. Wittig, F. J. Mayer, and G. Lange, Ann., 571, 167 (1951). 
(3) M. Weiner, G. Vogel, and R. West, / . Inorg. Chem., 1, 654 

(1962). 
(4) For reviews see (a) M. Szwarc, "Carbanions, Living Polymers, 

and Electron Transfer Processes," Interscience Publishers, New York, 
N. Y., 1968, Chapter VIII; (b) T. L. Brown, Advan. Organometal. 
Chem., 3,365 (1965). 

(5) J. Berkowitz, D. A. Bafus, and T. L. Brown, / . Phys. Chem., 65, 
1380(1961). 

(6) G. E. Hartwell and T. L. Brown, J. Inorg. Chem., 5, 1257 (1966). 
(7) H. Dietrich, Acta Cryst., 16, 681 (1963). 
(8) E. Weiss and E. A. C. Lucken, / . Organometal. Chem., 2, 197 

(1964). 
(9) L. M. Seitz and T. L. Brown, / . Amer. Chem. Soc, 88, 2174 

(1966). 
(10) L. E. McKeever, R. Waack, M. A. Doran, and E. B. Baker, 

ibid., 90,3244 (1968). 
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a tetrahedron. The alkyl groups are not at the corners, 
but on the faces, of the tetrahedron, so that each alkyl 
group has three lithium atoms for nearest neighbors and 
each lithium atom has three nearest neighbor alkyl 
groups. The organolithium tetramer has 16 bonding 
lithium orbitals and only four electron pairs. The ex
change of lithium atoms in the tetrahedral aggregate is 
rapid compared to the transitions involved in nmr ab
sorption at room temperature but is slower than these 
a t - 6 0 ° . 1 0 

These considerations are fundamental to any kinetic 
study of alkyllithium reactions. Whatever equilib
rium exists between organolithium aggregates of 
different sizes and the organolithium monomer, any 
reaction of an alkyllithium will be channeled through 
that species for which the most favorable mechanism 
exists. If that species is the same as the predominant 
one under the reaction conditions, whatever that species 
may be, the reaction will appear to be of the first order 
with respect to alkyllithium. A reaction channeled 
through a higher aggregate than the prevailing one will 
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Abstract: The degree of etheration by dimethyl ether at its boiling point (—24.8 °) has been measured for «-heptane 
solutions of isopropyl-, ,sec-butyl-, and n-butyllithium over a range of ether partial pressures. The primary alkyl
lithium is appreciably more strongly etherated than the secondary ones. n-Butyllithium approaches a limit of four 
ether molecules coordinated with a tetrameric organolithium aggregate. The ethylenation of isopropyl-, sec-
butyl-, and /-butyllithium at —24.8° is of the first order with respect to organolithium tetramer and of the first 
order with respect to ethylene. With diethyl ether in 5.7- to 113-fold excess over [RLi] in w-pentane, the ethylena
tion of isopropyl- and sec-butyllithium is of second order in ether. With the less hindered ether, tetrahydrofuran, 
the rate of ethylenation of r-butyllithium at —40.8° in w-pentane passes through a maximum and later becomes in
versely proportional to [THF]. Triethylamine and N-methylpyrrolidine produce a first-order catalysis of ethylen
ation, over a concentration range similar to that in which diethyl ether behaves in a second-order manner. 1,4-
Dimethoxybutane is a strong first-order catalyst at low concentrations, but was not examined at high [ether]/[RLi] 
ratios. The activation parameters of the ethylenations observed lie in the range AH* = 9.0-H.5 kcal/mole and 
AS* = — 41.5 to —25.4 eu/mole. The implications of these facts for diethyl ether catalysis are discussed in terms 
of a transition state (Chart I) containing one molecule of ethylene, four units of RLi, and (2 + n) molecules of 
ether, where n = 0 or 1 and represents the prevalent degree of etheration over the range of conditions examined. 
The model predicts reaction orders which may vary with the case and the conditions. If RLi-initiated polymeri
zation of styrene is a carbanion reaction, ethylenation is probably not one. 
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