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Abstract: From quantitative analyses of the products of the decomposition of ICHZCH~CH~I-B~~O~ (1 11 .O") 
and (ICHzCHzCHzC02-)z (95.1 ") in several benzene-CC14 solutions it was determined that k(ICHzCHzCH2. +. 

cyclopropane + I.)/k(ICH2CHZCHz. + CC14 -, ICH2CHzCH2C1 + . CClJ = 2.2-4.0 M and k(Ph + ICHzCHz- 
CHzI -, PhI + cyclopropane + I-)/k(Ph. + ICH~CHZCHZI +. PhI + ICHZCH~CH~.) < 0.17 in benzene at 
111.0'. From these results and other arguments, it is concluded that >SO% of the cyclopropane produced in 
these reactions is derived from ICH2CHzCH2., with high probability via a unimolecular carbon radical displace- 
ment on carbon with a rate constant of -2 X lo3 sec-' at 111". 

he occurrence of a carbon radical displacement on T formally saturated carbon3t4 or of an other-than- 
,3 radical elimination from a carbon radical4 has not 
been demonstrated. We have reported several reac- 
t i o n ~ ~  which can be viewed in terms either of these 
events or of other mechanisms which also involve 
processes or intermediate species which are unprec- 
edented in free radical chemistrya6 

We wish to report observations which are relevant 
to  the mechanism of formation of cyclopropane in the 
ICH2CH2CHzI-Bzz025s and (ICHzCHzCHzC0z-)24a~5e 
systems. Our approach was directed primarily toward 
the question of the degree to  which cyclopropane is 
formed from the 3-iodopropyl radical via a radical 
displacement on carbon. The principal method of 
radical generation was that introduced by us earlier,5a re- 
action of a reactive radical (phenyl or methyl) with an 
organic iodide. In order to  determine the extent to 
which the cyclopropane is formed from a precursor 
which can be trapped as ICH2CHzCH2C1 by CC14, we 
have determined the products of the reaction of ICHZ- 
CHzCH21 with BzzO2 in the presence of varied con- 
centrations of CC14. These results and those of a less 
complete study of the decomposition of (ICH2CH2- 
CH2C0z-)z under the same conditions of concentration 
and temperature as used previously5e are summarized 
in Tables I and 11, respectively, and in Figure 1. 

Analysis of Results 
The scheme composed of reactions 1-8 was examined 
(1) This work was supported by the National Institutes of Health 

and the Petroleum Research Fund, administered by the American 
Chemical Society. 

(2) (a) National Science Foundation Predoctoral Fellow, 1966- 
1970; National Institutes of Health Predoctoral Fellow, 1970-1971 ; 
(b) Alfred P. Sloan Foundation Fellow, 1968-1970. 

(3) (a) One of the reasonable formulations of the reaction between 
BrCClj and a highly strained 1,2-diphenylcyclopropane [B. B. Jarvis, 
J .  Org. Chem., 35, 924 (1970)l involves such a step and is sufficiently 
plausible so as to merit study of the mechanism and a more detailed 
investigation of the structure of the products. (b) Polymerizations 
under free radical conditions of bicyclobutanes to yield polymers 
containing 1,3-substituted cyclobutane units have been reported : 
H. K. Hall, Jr., E. P. Blanchard, Jr., S. C. Cherkofsky, J.  B. Sieja, 
and W. A. Sheppard, J .  .4mer. Chem. Soc., 93, 110 (1971); H. K. Hall, 
Jr., C. D. Smith, E. P. Blanchard, Jr., S. C. Cherkofsky, and J. B. 
Sieja, ibid., 93, 121 (1971). 
(4) For recent investigations, see (a) D. C. Blomstrom, K. Herbig, 

and H. E. Simmons, J .  Org. Chem., 30, 959 (1965); (b) W. S.  Tra- 
hanovsky and M. P. Doyle, ibid., 32, 146 (1967). 

( 5 )  (a) L. I<aplan, J .  Amer. Chem. Soc., 89, 1753 (1967); (b) ibid., 
89,4566 (1967); (c) J .  Org. Chem., 32,4059 (1967); (d) Chem. Commun., 
754 (1968); (e) R. F. Drury and L. Kaplan, J .  Amer .  Chem. Soc., 94, 
3982 (1972). 
(6) See the discussion in ref 5a and 5b. 

for conformity to  the data in Table I. Our principal 
goals are the determination of k6/k4 and kz/kl. 

Ph* + ICHzCHzCHzI + ICHzCHzCHz. + PhI (1) 
(2) 

Ph* + c c l 4  + PhCl + . CCl, (3) 
ICHzCHzCHz. + cc l4  -----f ICHzCHzCHzCl + CC13 (4) 

( 5 )  
ICHzCH1CHzCl + Ph. + ClCHzCHzCHz. + PhI ( 6 )  

ClCHtCHzCHz. + cc l4  + ClCHzCHzCHzCl + 'CC13 (7) 

Ph. + ICHzCHzCHzI ----f cyclopropane + PhI + 1. 

ICHzCHzCH2. - cyclopropane + 1. 

ICHCHzCHz. + ClCHzCHzCHzI J_ 
ICHzCHzCHzI + ClCHzCHzCHz. (8) 

Application of the steady-state approximation to the 
behavior of ICH2CH2CH2. and C1CHzCH2CH2., with 
the exclusion of reactions 8 and with recognition of the 
near-constancy of [CC14]7 throughout each reaction 
(Table I), leads to eq 9. If the values of kl, kz, k4, and 

- [cyclopropane] - 
[ICH2CH&HzCl] + [ C ~ C H Z C H ~ C H ~ C ~ ]  

k5 for a particular solution are taken to be the averages 
of the values, weighted according to the relative 
mole fractions of CC14 and benzene in that solution, 
CC14 and benzene, eq IOs is obtained from eq 9. We 

- [cyclopropane] - 
[ ICHZCHZCH~C~] + [ C ~ C H ~ C H ~ C H Z C ~ ]  

klB kzB 
9 97 

"(" - 
1.088 + ki 

kiB [CCl,] 
- -  

_ -  k4C 1.088 
k4B 

(7) All analyses of data are based upon and imply the use of molarity 
as the specification of the relative quantity of CCIL 

(8) Superscripts C and B refer to solvents CClr and benzene, respec- 
tively. The molar volumes of CCh and benzene at 11 1 were obtained 
from the data of S. Young, Sci. Proc. Roy .  Dublin Soc., 12, 374 (1910). 
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Table II. Decomposition of (ICHzCH2CH2C02)z in Benzene-CCI, Solutions at 95.1 O 

Solution 1 2 3 4 5 
Reactants, mmol 

( ICHzCHzCHzCOz-)z 1.010 1.004 0.571 0.5042 0.5181 
CCln 1028 519.4 126.1 91.57 65.25 
Benzene 552.3 420.4 452.9 483.4 
Total liquid volume 110.0 109.6 54.8 54.2 54.3 

a t  95.1", ml 
Products, mol X4vb 

Cyclopropane 10.8 f 0 . 9  2 1 . 3 f  1 . 2  3 1 . 6 3 ~  1 . 3  3 5 . 8 1  1 . 1  4 1 . 4 1  1 . 8  
ICHzCHzCHzCl 68.1 f 3 . 0  55.7 f 2 . 9  37.1 f 1 .O 3 1 . 1 1 0 . 9  2 5 . 2 1  0 . 6  
ICHzCHzCHzI 1 5 . 5 1  1 . 0  23.9 f 2 . 9  35.5 f 1 . 5  41.7 f 2 . 1  45.7 1 2 . 0  
CzCla 2 1 . 8 i  1 . 4  17.3 f 1 . 3  10.4 f 0 . 3  7 . 3  f 0 . 7  5 . 5  1 0 . 3  
Cyclopropane/ 0.158 f 0.011 0.383 i 0.010 0.852 f 0.029 1 . 1 5 i 0 . 0 3  1 . 6 4 i 0 . 0 7  

ICHzCH2CHiCl 

" Based on moles per mole of peroxide decomposed. Uncertainties are standard deviations and include errors (typically ca. seven deter- 
Results are typically the average of a total of ca. six analyses of three sepa- 

Also produced were I C H Z C H Z C H ~ C H ~ C H Z C H ~  and ICH?CHZCHZOCOCH~CH~CHZI inper cent yields whose average devia- 
minations) of the relative molal responses of the vpc detector. 
rate runs. 
tions were 0.02 and 0.04, respectively, of the average yields from all five solutions. The yield of C1CHzCH2CHzCl was <2z. 

examined the range of kZB/klB and of ksB/kdB for which 
eq 10 could be fits to  the [cyclopropane]/([ICHzCHz- 
CHzC1] + [C1CHzCHzCH2C1]) us. [CCIJ-' data of 
Table I'O by means of independent variation of klC/klB,  
kzC/kzB,  k4C/k4B,  and k S C / k S B ,  each within the range 
0.01 to 100." kSB/k4B was found to be greater than 

(9) Here and in subsequent analyses, in making the inherently 
subjective determination of acceptable os. unacceptable fit, ;.e., in 
formulating an operational definition of "fit," we have deliberately 
underestimated the precision of our data. 

(10) A weighted least-squares analysis of the data in Table I leads 
to 

[cyclopropane] - 
[ICH~CHZCHQCI] + [ClCHzCHzCHzCl] - 

(2*49 * 0'05) - (0.114 f 0.018) 
[CCl,l 

at 11 1.0", where the uncertainties are standard deviations. 
the data in Table I1 yield at 95.1" 

Similarly, 

[cyclopropane] - 
[ICHzCHzCHzCI] + [ClCHzCHzCHzCl] - 

(2*06 * O.O3) - (0.056 i 0.007) 
[CClal 

(11) Studies of the solvent effect of CClr os. benzene on volumes 
of activation, 12 enthalpies and entropies of activation, 1 3  rate con- 
stants," relative reactivities, l5 and heats of solutionle in radical pro- 
cesses have been reported. Reports of rate constants for dimerization 
of 1. in CCla and benzene17 and of equilibrium constants of complex 
formation between 1 2  and benzene18 provide no cause for concern 
over whether ks in particular might vary with solvent even beyond our 
extreme limits. 

(12) (a) A. E. Nicholson and R. G. W. Norrish, Discuss. Faraday 
Soc., 22, 97 (1956); (b) C. Walling and G. Metzger, J .  Amer. Chem. 
Soc., 81, 5365 (1959); (c) H. Asai and T. Imoto, J .  Chem. Soc. Jap., 
84, 863 (1963); reported in K. E. Weale, "Chemical Reactions at 
High Pressures,'' E. and F. N. Spon, Ltd., London, 1967, p 224. 

(13) (a) C. E. H. Bawn and S. F. Mellish, Trans. Faraday Soc., 47, 
1216 (1951); (b) C. E. H. Bawn and R. G. Halford, ibid., 51, 780 
(1955); (c) G. A. Razuvaev, L. M. Terman, V. R. Likhterov, and 
V. S. Etlis, J .  Polym. Sci., 52, 123 (1961); (d) G. A. Razuvaev. V. R. 
Likhterov, and V. S. Etlis, Zh. Obshch. Khim., 32, 2033 (1962); ( e )  
C. Walling and J. C. Azar, J .  Org. Chem., 33, 3885  (1968); (f) R. 
Hisada, H. Minato, and M. Kobayashi, Bull. Chem. Soc. Jap.. 44, 
2541 (1971). 

(14) (a) J. H. McClure, R. E. Robertson, and A. C. Cuthbertson, 
Can. J .  Res., Sect. B, 20, 103 (1942); (b) K. Nozaki and P. D. Bartlett, 
J .  Amer. Chem. Soc., 68,1686 (1946); (c) B. Barnett and W. E. Vaughan, 
J .  Phys. Chem., 51, 926, 942 (1947); (d) G. S .  Hammond, J .  Amer. 
Chem. Soc., 72, 3737 (1950); (e )  C. G. Swain, W. H. Stockmayer, 
and J. T. Clarke, ibid., 72, 5426 (1950); (f) S. D. Ross and M. A. Fine- 
man, ibid., 73, 2176 (1951); (9) W. M. Thomas and M. T. OShaugh- 
nessy, J .  Polym. Sci., 11, 455 (1953); (h) M. Levy, M. Steinberg, and 
M. Szwarc, J .  Amer. Chem. Soc., 76, 5978 (1954); (i) ref 12a; (j) 
W. Honsberg and J. E. Lemer, J .  Org. Chem., 26, 733 (1961); (k) 
H.  J. Shine, J. A. Waters, and D. M. Hoffman, J .  Amer. Chem. Soc., 
85, 3613 (1963); (I) D. G. Hendry and G. A. Russell, ibid., 86, 2368 
(1964); (m) J. A. Howard and K. U. Ingold, Can. J .  Chem., 42, 1044 
(1964); (n) R. C. Lamb, I. G. Pacifici, and P. W. Auyers, J .  Amer. 

2.2 M and less than an upper limit which decreased 
steadily from 4.0 to 3.0 M as kzB/klB increased within its 
range of 0.00-0.17. 

Steady-state treatment of the above scheme including 
reactions 8 permitted an estimate of the fractional error 
resulting from use of eq 10, derived for reactions 1-7, for 
the calculation of the values of [cyclopropane]/([ICH2- 
CHzCHzC1] + [C1CHzCHzCH2C1]) to  be expected from 
a scheme comprised of reactions 1-8. We examined 
quantitatively the effect which the correction (eq 11) 

Chem. Soc., 87, 3928 (1965); (0) G. B. Gill and G. H.  Williams, J .  
Chem. Soc., 995 (1965); (p) Yu. N. Anisimov, S. S. Ivanchev, and 
A. I. Yurzhenko, Zh. Anal. Khim., 21, 113 (1966); (4) C. Walling and 
D. Bristol, J .  Org. Chem., 36,733 (1971); (r) ref 5 e ;  (s) L. R. Mahoney 
and M. A. DaRooge, J .  Amer. Chem. Soc., 94, 7002 (1972). 

(b) C. Walling and 
M. F .  Mayahi, ibid., 81, 1485 (1959); (c) H.  J. DenHertog and P. 
Smit, Proc. Chem. Soc., London, 132 (1959); (d) C. Walling and B. B. 
Jacknow, J .  Amer. Chem. Soc., 82, 6108, 6113 (1960); (e) G. A. Russell 
and A. Ito, ibid., 85, 2983 (1963); (f) C. Walling and P. J. Wagner, 
ibid., 86, 3368 (1964); (g) M. L. Poutsma and R. L. Hinman, ibid., 86, 
3807 (1964); (h) P. Smit and H. J. DenHertog, Recl. Trau. Chim. Pays- 
Bas, 83, 891 (1964); (i) J. D. Bacha and J. K.  Kochi, J .  Org. Chem., 
30, 3272 (1965); (j) H. Singh and J. M. Tedder, Chem. Commun., 5 
(1965); (k) B. Fell and L.-H. Kung, Chem. Ber., 98, 2871 (1965); (I) 
J. C. Little, Y. L. Chang, and T. E. Zurawic, personal communication, 
cited by E. S. Huyser, Aduan. Free Radical Chem., 1, 100 (1965); (m) 
H. Singh and J. M. Tedder, J .  Chem. SOC. B, 605 (1966); (n) J. Rou- 
chaud and A. Bruylants, Bull. Soc. Chim. Belg., 75, 783 (1966); (0) 
J. Rouchaud and A. Bruylants. ibid., 76, 50 (1967); (p) E. M. Hodnett 
and P. S. Juneja, J .  Org. Chem., 33, 1231 (1968); (9) G. Lanchec, C. 
Bejannin, and B. Blouri, Bull. Soc. Chim. Fr., 4486 (1969); (r) T. 
Nagai, Y. Horikawa, H. S. Ryang, and N. Tokura, Bull. Chem. SOC. 
Jap.,  44. 2771 (1971). 

(16) W. G. Bentrude and A. K. MacKnight, J .  Amer. Chem. Soc., 
92, 5259 (1970). 

(17) (a) R. Marshall and N. Davidson, J .  Chem. Phys., 21, 2086 
(1953); (b) F. W. Lampe and R. M. Noyes, J .  Amer. Chem. Soc., 76, 
2140 (1954); (c) R. L. Strong and J. E. Willard, ibid., 79, 2098 (1957); 
(d) S. Aditya and J. E. Willard, ibid., 79, 2680 (1957); (e) H. Rosman 
and R. M. Noyes, ibid., 80, 2410 (1958); (f) S. J. Rand and R. L. 
Strong, ibid., 82, 5 (1960). 

(18) (a) H. A. Benesi and J. H.  Hildebrand, ibid., 71, 2703 (1949); 
(b) T. M. Cromwell and R. L. Scott, ibid., 72, 3825 (1950); (c) R. M. 
Keefer and L. J. Andrews, ibid., 74, 4500 (1952); (d) M. Tamres. 
D. R. Virzi, and S. Searles, ibid., 75, 4358 (1953); ( e )  G. Kortiim and 
H.  Walz, Z .  Elektrochem., 57, 73 (1953); (f) C. van de Stolpe, Thesis, 
University of Amsterdam, 1953, cited in ref 18j; (g) J. A. Ketelaar, 
J .  Phys. Radium, 15, 197 (1954); (h) R. M. Keefer and L. J. Andrews, 
J .  Amer. Chem. SOC., 77, 2164 (1955); (i) P. A. D. DeMaine, M. M. 
DeMaine, and C. Froese, J .  Mol.  Spectrosc., 8, 373 (1962); Cj) W. 
Plucknett and H. L. Richards, J .  Chem. Eng. Data, 8, 239 (1963); 
(k) I .  P. Gol'dshtein, E. N. Gur'yanova, and I. R. Karpovich, Zh. Fir. 
Khim., 39, 932 (1965); (1) S. U. Choi, S. J. Chang, and S. J. Kwon, 
Daehan Hwahak Hwoejee, 9, 153 (1965); (m) S. U. Choi and B. Y .  
Lee, ibid., 9, 161 (1965); (n) 0. K. Rice, I n t .  J .  Quantum Chem., Symp., 
No. 2, 219 (1968); (0) however, see S.  Carter, J. N. Murrell, and E. J. 
Rosch, J .  Chem. Soc., 2048 (1965); (p) J. D. Childs, S. D. Christian, 
and J. Grundnes, J .  Amer. Chem. Soc., 94, 5657 (1972); (4) S. D. 
Christian, J. D. Childs, and E. H.  Lane, ibid., 94, 6861 (1972). 

(15) (a) G. A. Russell, ibid., 80, 4987 (1958); 

Drury, Kaplan 1 3-Iodopropyl Radical 



2220 

dflcyclopropane]) 

d([cyclopropane]) 
{ ~([ICHZCHZCHZC~I + [CLCHZCHZCHZC~]))., 1-7 = - 

(dflICHzCHzCHzC11 + [ClCHzCHzCHzCl]) 
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Figure 1. Product ratios from the decomposition of ICHZCH~CH~I-  
BzZOz at 111.0’ (circles) and (ICHZCHZCHZCOZ-)Z at 95.1’ (tri- 
angles) in several benzene-CClc solutions. 

would have on the limiting values of kZB/klB and 
kSB/k4” consistent with compatibility of reactions 1-8 
with the data in Table I. It was found that application 
of this correction, in either a maximallyl9 positive 2o or 
negativez2 sense, could not expand the limits of kzB/ 
klB or ksB/kiB; they were either unchanged or con- 
tracted. 

Discussion of Results 
Based upon our analysis of the data in Table I, we 

(19) The limits placed on the various parameters in eq 11 in the 
direction(s) which would produce the maximum positive (negative) 
error were not those which appeared to be most reasonable, but those 
against which we could argue strongly, but not definitively. 

(20) The correction is more positive the smaller are k-a/ks, ks/kl, 
k4/ks, and [ICHZCHZCHZI] and the larger are krikr and [ICHzCH?- 
CHzCll. [ICHzCHzCHzI] = [ICHzCHzCHz1]iinai, [ICHzCHzCHzCI] = 
[ICHzCHzCHzCl]ri,,i, and, based upon reports of the effects of -,’ 
halogens on the stability, reactivity, and ease of formation of radicals,Zl 
k-siks 2 2, k6lkl 2 0.11, kr/ks 2 0.001. and k7/k4 5 10 were used. 

(21) (a) J. K. Kochi and D. M. Singleton, J .  Org. Chem., 33, 1027 
(1968); (b) P. B. Chock and J. Halpern, J .  Amer. Chem. Soc., 91, 582 
(1969); (c) W. C. Danen and R. L. Winter, ibid., 93,716 (1971); (d) L. 
Kaplan, “Bridged Free Radicals,” Marcel Dekker, New York, N. Y., 
1972, Chapters 5 and 7. 

(22) The correction is more negative the smaller are krka!k+k-s and 
[ICHZCHZCHZII and the larger are ke/kl and [ICHZCHZCHZCI]. Based 
as in ref 20, kdkl S 1, [ICHZCH?CHZI] = [ I C H Z C H Z C H Z I I ~ ~ ~ ~ I ,  krkd 
krk-a 2 0.01, and [ICHZCHZCHZCI] = [ ICHZCH?CHZC~]~~, .~ were 
used. 

conclude that k5Blk4B = 2.2-4.0 M and that kzB/klB < 
0.17 at 111”. Based upon that analysis, upon the data 
in Table 11, obtained independently for another system 
which involves ICH2CHzCHz- as a precursor of ICH2- 
CH2CH2Cl,je and the comparison (ref 10 and Figure 1) 
between them and those of Table I, we conclude that 
the parameters k5B/k4B and kzB/klB represent, in  actual- 
ity, the ratios of overall rate constants of the cor- 
respondingly labeled reactions. 2 3  Therefore, >80 % of 
the cyclopropane is produced from a species, considered 
to be the 3-iodopropyl radical, derived from both 
ICH2CH2CHzI-Bz2O2 and (ICHzCH2CHzC0z-)z and 
trappable as ICH2CH2CH2C1 by CC14. 

Evidence that the 3-iodopropyl radical is on the re- 
action path to cyclopropane does not specify a mech- 
anism by which the radical is converted to cyclopropane. 
A unimolecular single- or multistep process would con- 
stitute a carbon radical displacement on carbon, with 
a rate constant of -2 X IO3 sec-’ at l l1° .24  We be- 
lieve alternatives involving attack by a second radical 
on a 3-iodopropyl radical of either “conventional”25~ 26a 

(an unprecedented homodisproportionation) or ir- 

(23) Our experimentally determined value of kdk4 is not inconsistent 
with the value obtained from an extrapolation of S .  W. Benson’s 
[J .  Chem. Phys., 34, 521 (1961)] estimate of ks [gas phase, based upon 
the unjustified assumption that D(ICHzCHzCH2-H) = D(CHJCHZ-H), 
i .e . ,  that there is no extraordinary stabilization of the 3-iodopropyl 
radical] and our estimate of kr which is based upon the unjustified 
assumption that k4 E ~ ( C H ~ C H Z C H Z .  + C C I I ) . ~ ~  Since Benson’s 
and our assumptions are similar, the result that the calculated and 
experimental values of k5/k4 do not disagree seriously is not relevant 
to their validity. 

(24) If kr E 800 M-1 sec-1 at 111”; see ref 23. 
(25) (a) This mechanism would require that the ( R ’  + ICHLHzCHz. - RI + cyclopropane) reaction compete successfully with the “almost- 

diffusion-controlled” coupling reaction. (b) The amounts of PhCHz- 
CHzCHzI (which need not arise exclusively cia radical coupling) and 
ICHZCHZCHL!HZCH~CH~I produced are < 3 and < 2  %, respectively, 
that of cyclopropane, (c) The contribution to a significant degree of 
a cyclopropane-producing step bimolecular in radicals would change 
the form of the dependence of [cyclopropane]/([ICH~CH~CH~Cll + 
[CICHZCH~CHZCI]) on [CClr]. (d) The competitive occurrence of 
such a step in the (ICHZCH~CHZCO?-)~ system, even with a diffusion- 
controlled rate, would require that the effective steady-state concen- 
tration of R be at least ~10-~[(1CH~CH?CH~CO~-)?linit i . l  (based 
upon our estimate of ks; see below). (e) The ICH~CHZCHZI-BZ~O~ 
and (ICHZCHCCHZCO:-)~ systems, wherein the effective steady-state 
concentration of each R . would differ, showed very similar variations 
of [cyclopropane]/([ICH2~~?CH?CH~Cl] + [CICH?CHZCH~CII) with 

(26) (a) This process may be classified as a carbon radical displace- 
ment on carbon, assisted by external R .  with the leaving group being 
RI rather than I . ,  Le. ,  general radical catalysisz6b of the displace- 
ment. An analogous process, a general acid catalyzed conversion of 
an n,w-diol to a cyclic ether, would be classified as an intramolecular 
nucleophilic displacement. (b) Such terminology, normally confined 
IO “acid-base chemistry,” should prove to be of significant assistance 
in the conceptualization and categorization and, hence, in the design 
of experiments in free radical chemistry. For recent work based on 
the concept of a free radical buffer system, see R. Hiatt and S .  W. 
Benson, I n ? .  J .  Chem. Kinet., 4, 151, 479 (1972), and R. Hiatt and S .  W. 
Benson, J .  Amer. Chem. Soc., 94, 25 (1972). 

[CClr]. 
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reversibly symmetrically bridgedn limiting 
structure to be unlikely. 

Experimental Section2* 
Infrared and nmr spectra were obtained on  Perkin-Elmer Infra- 

cord and Varian 60-MHz spectrometers, respectively. Vpc anal- 
yses were performed on Varian Aerograph thermal conductivity 
instruments; in all cases appropriate corrections were made for 
the varied response of the detector. Each product was identified 
by comparison of retention time and spectra of collected material 
with those of an authentic sample. 

The reactions described in Tables I and I1 were run in a covered 
oil bath (P. M. Tamson, 12-gal. capacity, stirred by circulating 
pump, temperature controlled by adjustable mercury-column- 
actuated relays and coiled immersion heater). 

Reagent grades benzene (Mallinckrodt), 1,3-dichloro- 
propane (Aldrich), chlorobenzene (Fisher), iodobenzene (Matheson 
Coleman and Bell), 1,3-diiodopropane (Eastman), benzoic acid 
(Baker and Adamson), biphenyl (Eastman), phenyl benzoate (East- 
man), and hexachloroethane (Mallinckrodt) were used without 
further purification. 

Benzoyl peroxide (Lucidol) was recrystallized twice from chloro- 
form-ethanol and dried in vacuo, yielding white needles, mp 106- 
107", which were stored in a freezer. 

Carbon tetrachloride was distilled from phosphorus pentoxide on 
a platinum spinning band column (Nester and Faust), with column 
and pot protected from light by a wrapping of aluminum foil. Frac- 
tions were taken at  reflux ratio >20 until a small low-boiling im- 
purity (presumably chloroform) was no longer observed when 10 
p1 of the solution was analyzed on a 10-ft SE-30 (20% on acid- 
washed DMCS-treated Chromosorb W 20-80) vpc column (column 
temperature 30", He flow rate 60 ml/min, injector temperature 210°, 
detector temperature 325") on attenuation 1, conditions such that 
the major peak was full scale on attenuation 64. The.main frac- 
tion was collected at  a lower (> 10) reflux ratio and was stored under 
nitrogen in an amber bottle in a freezer. 

In a system maintained under nitro- 
gen, a solution of NaI (16.0 g, 0.10 mol, Mallinckrodt reagent) in 
100 ml of acetone was added to a solution of 15.7 g (0.10 mol) of 
BrCHzCHzCHzCl in 100 ml of acetone. The resulting solution 
was stirred for 2 hr at  room temperature, the product mixture 
was filtered, and the filtrate was concentrated on a rotary evaporator 
until -20 ml of liquid remained. Ether (100 ml) was added, the 
resulting mixture filtered, and the filtrate concentrated on a rotary 
evaporator until -10 ml of liquid remained. Distillation on a 
60-cm platinum spinning band column yielded 15.8 g (7773, bp 
68" (18 mm) (lit.z9 60.8" (15 mm)), of material whosenmrspectrum 
(CC1,) consisted of absorption at  T 6.41 (t, J = 6 cps), 6.71 (t, J = 6 
cps), and 7.79 (quintet) with relative areas of 1.0, 1.0, and 1.0, re- 
spectively. Injection of a 1-pl sample onto a 10-ft SE-30 (20% on 
Chromosorb W) vpc column (injector temperature 225 ', detector 
temperature 275", column temperature loo", He flow rate 60 ml/ 
min) gave a full-scale peak on attenuation 16, and no other visible 
peaks at  an attenuation of 1 over a run which was ten times the re- 
tention time of the main peak. 

3-Iodopropylbenzene, prepared30 from 3-chloropropylbenzene 
and NaI, had bp 71.5-73" (0.25 mm) (lit.30 105-105.5" (3 mm)). 
Its nmr spectrum (CCL) consisted of absorption at  T 2.7-3.1 (m), 
6.9 (t), 7.2-7.5 (m), and 7.7-8.2 (m), with relative areas of 5.0, 2.0, 
2.0, and 2.0, respectively. 

Benzoyl peroxide, ICH2CHKH21, benzene, and CC14 
were sealed into 9-in. 5-mm O D  nmr tubes (Wilmad) and the tubes 
were heated at 111.0 i 0.05" for 12 hr, conditions under which the 
liquid/vapor volume ratio was typically -9. 

The quantity of cyclopropane in the liquid phase of the product 
mixture was determined by integration of the appropriate peaks in 
the nmr spectrum. The tubes were shaken for 10-15 min prior to 
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1-Chloro-3-iodopropane. 
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(27) (a) See ref 25c-e. (b) This mechanism would involve the con- 
current existence of two 3-iodopropyl radicals, with "conventional" 
and symmetrically-bridged structures, the former being trapped to a 
significant extent by CCli but not by R .  and the latter by R. but not5e 
by CClr. 

(28) For greater detail, see the Ph.D. Thesis of R. F. Drury, Uni- 
versity of Chicago, 1972. 

(29) H. B.  Hass and H. C. Huffman, J .  Amer .  Chem. Soc., 63, 1233 
(1941). 

(30) A. Iliceto, A. Fava, and A.  Simeone, Gat=. Chim. Ital., 90, 660 
(1960). 

insertion into the spectrometer probe, which was maintained at  
room temperature in order to avoid temperature, and hence [cyclo- 
propane], gradients. Four analyses were performed, each on a 
different day. The four results were combined as a weighted aver- 
age, the weights assigned being equal to  the inverse of the square of 
the standard deviation from the mean of the -15 integrations which 
comprised each analysis, with a corresponding standard deviation. 
The Bunsen coefficients (the volume, at  STP, of a substance which 
will dissolve in a unit volume of solution when the equilibrium 
partial pressure of the substance above the solution is 1 atm) of 
cyclopropane in benzene, CC14, and a benzene-CC14 mixture were 
determined by use of a modified atmospheric pressure hydrogena- 
tion apparatus in order that each result could be corrected for the 
small amount of cyclopropane in the vapor phase. Results are in 
Table 111. 

Table III. Solubility of Cyclopropane and Propane 
in Benzene and CCI4, 25.0 i 0.3" 

Bunsen 
Compd Solvent coefficient" 

Cyclopropane cc14 37.7 i 0. I d  
Cyclopropane Benzene-CCI4, 35 0 

Cyclopropane Benzene 32.8 3= 0.4h.c 

50/50 (v/v) 
Propane Benzene 14 .5  f 0 . 2 b e  

0 Uncertainties are average deviations. * An average of four 
determinations. E. S. Thomsen and J. C. Gjaldbaek, Dan. 
Tidsskr. Farm., 37, 9 (1963), reported 33.2 at 25".  d An average 
of three determinations. E. S. Thomsen and J. C. Gjaldbaek, 
Acfa Chem. Scand., 17, 134 (1963), reported 14.7 at  25". 

All other products were analyzed on an  SE-30 (20% on acid- 
washed, DMCS-treated Chromosorb W 20-80) vpc column (He 
flow rate 60 ml/min, injector temperature 230", detector tempera- 
ture 275", column ambient until elution of solvent, then pro- 
grammed to 100" and held isothermal until elution of ICHZCHZ- 
C H J ,  then programmed to 200" and held isothermal). 

In order to  confirm our acceptable material balances, an experi- 
ment which might have been indicative of the failure of some prod- 
uct(s) to emerge from the vpc was performed. It was shown that 
a reaction mixture could be transferred quantitatively (-0.01 wt 2 
residue) by distillation (ultimately 200" (0.01 mm)) and that the 
material with the highest vpc retention time comprised the same 
fraction (<0.4 % decrease) of the reaction mixture both before and 
after distillation. If the distillation were stopped prematurely, 
leaving a residue of 0.53 wt %, the fraction of the distillate com- 
prised by the material with the highest retention time decreased by 
34%. If the order of boiling points of the less volatile products is 
roughly that of their retention times on an SE-30 vpc column, these 
results indicate the absence of any product with a retention time 
greater than the highest observed; this contrasts with what might 
be concluded from a significant distillation residue being accom- 
panied by no reduction in the amount of observed material of high 
retention time. 

In order to investigate the possibility of reversal of the formation 
of cyclopropane and iodine, a CClr solution 0.01002 M [ > l o 2  
times the concentration which could have been present (visual de- 
tection) during the course of the Table I reactions] in iodine and 
-0.19 M (more than double the highest final concentration of 
cyclopropane in Table I) in cyclopropane was heated at  11 1.1 i 
0.1" for 12 hr. Titration with 0.01OOO M Na&0, solution (pre- 
pared from Fisher Scientific 1.OOO M solution and standardized 
against a solution of iodine in CCl,) indicated that 1.9% of the 
iodine had been destroyed. Similarly, analysis of a benzene solu- 
tion, 0.01005 M in iodine and -0.19 M in cyclopropane, which 
had been heated for 15 hr indicated that the cyclopropane was re- 
sponsible for the destruction of 1.7 % of the iodine. 

Table 11. Solutions of 4-iodobutyryl peroxide5e (titrimetric 
purity 99.9 wt %) in benzene-CCli were sealed into 5-ml ampoules 
which were then heated at  95.1 i 0.05" for 15 hr. All products 
were analyzed on a 10-ft SE-30 (20% on acid-washed DMCS- 
treated Chromosorb W 20-80) vpc column (He flow rate 37 ml/min; 
injector temperature 230" ; detector temperature 275"; colwnn 
ambient until elution of solvent, then programmed to 90" and held 
isothermal until elution of ICHZCHZCH~CI, then programmed to 
200" and held isothermal). 
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