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X-ray crystallographic examination of rigidly fixed bicyclo-
butanes has led to the generalization that the central bond length 
r depends in a linear fashion on the magnitude of the flap angle 
0.1"5 The bond contraction of r is mirrored in theoretical cal-

O 

culations carried out following the experimental observation.3,5 

In addition, theoretical analysis predicted that r should become 
longer as the angle <j> contracts. We now describe a linear cor
relation, of the bond length r with the external angle 0 of the 
substituent, which fully substantiates the theoretical treatment.3 

One of the key elements in this correlation is the propellane 1. 
The structural properties of that substance are described, and then 
the relationship between r and <j> is treated. 
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The propellane 1 contains a bicyclo[1.1.0]butane spanned by 
a one carbon bridge in the 2- and 4-positions (numbered as shown 
in Figure 1). Carbon atoms Cl and C5 in 1 are inverted. Their 
inversion parameters are 168.9° and 168.1°6 or 0.125 and 0.134 
A.7 The six-membered ring has a twist conformation as follows: 
C6-C5-C1-C7, 4.8 (3)°; C1-C5-C6-N1, -18.0 (3)°; C5-C1-
C7-N2, -16.9 (3)°; C5-C6-N1-N2, 47.6 (2)°; C1-C7-N2-N1, 
45.9 (3)°; and C6-N1-N2-C7, -64.9 (2)°. The geometry of the 
nitrogen atoms and their substituents corresponds to a flattened 
pyramid (sum of bond angles: N l , 357.5°; N2, 354.00).8 

The interplanar angle 6 between the three-membered rings Cl, 
C2, C5 and Cl , C4, C5 has a value of 98.6 (2)°, which is close 
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Figure 1. X-ray crystal structure of 1 with bond distances in A. The 
estimated standard deviations are 0.002-0.004 A. 

in magnitude to the same angle (96.8°) in the open tricyclo-
[2.1.0.02'5]pentane 2.2a Therefore, the influence of the interplanar 
angle 8 on the length of the bridging C1-C5 bond must be the 
same in both 1 and 2.1"5 The bicyclo[ 1.1.0] butane group in 
molecules 1 and 2 does not carry conjugating substituents which 
would influence the C1-C5 bond by electronic effects. Accord
ingly, since the length (1.509 (2) A) of the bridging C1-C5 bond 
in 1 (Figure 1) is significantly longer than the corresponding bond 
(1.455 A) in 2, the difference must be a consequence of the 
external bond angle. 

The C7 and C6 carbon atom substituents at the bridgehead 
atoms Cl and C5 are connected by the nitrogen atoms Nl and 
N2 in a six-membered ring, and the bond angles C1-C5-C6 and 
C5-C1-C7 in 1 are compressed to 119.5 (2)° and 120.4 (2)° from 
the comparable angles of 133.0 (1)° and 132.8 (1)° in the open 
ketal 2. Other [4.1.1]propellanes9 show bond lengths of 1.541 
to 1.573 A between the bridgehead carbons, somewhat longer than 
the bridging bond length in compound 1 because their angles 0 
(102.0-110.5°) are slightly smaller and their interplanar angles 
8 (113.2-121.9°) are considerably larger than those in 1. Both 
geometric factors cause a lengthening of the central propellane 
bond. 

The ketones 32b and 41 have the same rigid tricyclo-
[2.1.0.02,5]pentane carbon framework system. Compared with 
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the ketals 1 and 2, the bridging bond lengths r are shortened by 
the electronic effect of the carbonyl group,23 but superimposed 
on this effect is a striking dependence of the bond length r on the 
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Figure 2. Plot of bond length r versus external angle in tricyclo-
[2.1.0.02'5]pentanes (r = 0.998). 

angle <j>. The inverse relationship between the bridging bond length 
r and the bridgehead substituent angle <j> (C1-C5-C6 and C5-
C1-C7 for 1) is apparent in the linear correlation (r = 0.998) 
between the length of the bridging C1-C5 bond r and the angle 
0 shown in Figure 2. This plot constitutes clear and direct 
confirmation of the theoretical prediction3 and the qualitative 
suggestion6 that the angle 0 is a direct determinant of the bridging 
bond length in bicyclobutanes. 

Acknowledgment. We acknowledge financial support by the 
Fonds der Chemischen Industrie, by the Deutsche Forschungs-
gemeinschaft, and by the U.S. National Science Foundation. 
Acknowledgment is made to the donors of the Petroleum Research 
Fund, administered by the American Chemical Society, for partial 
support of this research. 

Supplementary Material Available: Table I, atomic coordinates 
and thermal parameters of 1; Table II, interatomic angles of 1; 
Table III, anisotropic thermal parameters for 1; Table IV, atomic 
coordinates and thermal parameters of H-atoms (3 pages); Table 
V, structure amplitudes (26 pages). Ordering information is given 
on any current masthead page. 

Free Radical Ring Expansion by Three and Four 
Carbons 

Paul Dowd* and Soo-Chang Choi 

Department of Chemistry, University of Pittsburgh 
Pittsburgh, Pennsylvania 15260 

Received July 10, 1987 

Organic synthesis1 requires efficient and flexible access to 
functionalized medium-sized rings. In this paper, we describe a 
new route to medium-sized rings based upon free radical promoted 
insertion of a three- or four-carbon chain into a cyclic /3-keto ester 
system. The new reaction is an extension of the recently discovered 
one-carbon ring expansion reaction of a-(bromomethyl)-/3-keto 
esters with tri-n-butyltin hydride as the promoting reagent,2"4 but 
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the new reaction is itself unique among ring expansion methods. 
We doubted that a two-carbon ring expansion could be carried 

out. Indeed, when the bromoethyl-substituted /3-keto ester 1 is 
treated with tri-H-butyltin hydride in the presence of AIBN in 
refluxing benzene, no ring-expanded product is observed; only the 
ethyl-substituted /3-keto ester 3 is obtained. Apparently, formation 
of the four-membered intermediate 4 required for ring-expansion 
is not competitive with chain transfer reduction of the initially 
formed radical 2. 
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By contrast, the three-carbon and four-carbon ring expansions 
appear to be very promising. When the bromo- or iodopropyl or 
the bromo- or iodobutyl derivatives are treated with tri-n-butyltin 
hydride,5 smooth ring expansion occurs to yield the enlarged ring 
together with a small amount of reduction product. To illustrate: 
ethyl cyclohexanone-2-carboxylate (5) was treated with 1,4-di-
iodobutane (6) in the presence of sodium hydride yielding the 
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2-iodobutyl adduct 7 (73%). When 7 was treated with tri-n-bu-
tyltin hydride, ethyl cyclodecanone-6-carboxylate (8) was produced 
in 71% yield together with the direct reduction product ethyl 
2-butylcyclohexanone-2-carboxylate (9) (25%). 

Further examples are presented in Table I. The ring expansion 
product is readily separated from the direct reduction product by 
column chromatography since the large ring products elute sig
nificantly more slowly than do the direct reduction products. 

Iodides undergo more efficient chain transfer with the tri-«-butyl 
radical than do the corresponding bromide; therefore, iodides give 
higher yields of ring-expansion product, in accord with the ob
servations of Porter.6 
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