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detectable down to levels corresponding to yields of approximately 
0.1%. Any peak whose area never represented more than 2 (70 
of the total area due to all product peaks was not investigated. 
Peak areas were determined using a Varian CDS l l l L  integrator. 
Yields were determined by comparisons of areas of absorption 
for each component relative to that  of an alkane standard. For 
the reaction of 1 with dipropylmagnesium, undecane was the 
internal standard and the GC conditions were 2 min a t  45 "C 
followed by an increase of 50 "C per min to 130 "C, which tem- 
perature then was maintained. Retention times (min) and re- 
sponse factors (for equal weights) were 1 (1.52, 1.38), 4 (1.97, 1.20), 
undecane (3.68, 1.00), and 2 (4.17, 1.08). For the reactions with 
5, it was assumed tha t  the detector responded equally to equal 
weights of different compounds. For the reaction with di- 
propylmagnesium, pentadecane was the internal standard and 
the GC conditions were 2 min a t  55 "C followed by an increase 
of 55 "C per min to 160 "C, which temperature then was main- 
tained. Retention times (min) were 5 (2.201, 8 (2.79), 6 (4.25), 
and pentadecane (5.40). For the reaction with di-tert-butyl- 
magnesium, hexadecane was the internal standard and the GC 
conditions were 45 "C for 3 min followed by an increase of 60 "C 
per min to 200 " C ,  which temperature then was maintained. 
Retention times (min) were 5 (2.80), 8 (3.81), 7 (5.91), and hex- 
adecane (6.53). 

Reaction of Ethylpotassium and 1. A sample of Na-K alloy 
prepared37 by pushing together Na (0.15 g, 6.5 mmol) and K (0.78 
g, 20 mmol) was added to cyclohexane (10 mL). To  the stirred 
suspension was added dropwise over 15 minutes a solution of 
EhHg (1.68 g, 6.5 mmol) in cyclohexane (3 mL), and the resulting 

mixture was stirred for 24 h. Excess alloy was removed by addition 
of mercury,% stirring for 2 h, and decanting the suspension of EtK 
from the solid. Decane (as a GC standard) and 1 (0.24 g, 2.1 mmol) 
were added to this suspension. The reaction mixture was stirred 
for 18 h and quenched with a saturated aqueous NH&l solution. 
The organic layer was dried (Na,SO,). GC conditions were similar 
to those reported for reactions of 1 above; a response factor of 
1.1 was assumed for 3. 
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A correlation has been observed between the differences in Benson's group enthalpies of formation for free 
radicals, {[*C-(X)(Y)(Z)] - ['C-(H)(Y)(Z)]J, and the related molecules, ([C-(H)(X)(Y)(Z)] - [C-(H),(Y)(Z)]I, where 
X = C, CB, Cd, C,, CN, CO, Br, C1, F, I, N, NO,, 0, or Si, and Y and Z = H or the same X atoms or groups except 
Si. The least squares equation, ['C-(X)(Y)(Z)] (kcal mol-') = ['C-(H)(Y)(Z)] + (0.857 f O.O3l){[C-(H)(X)(Y)(Z)] 
- [C-(H),(Y)(Z)]J - (4.64 f 0.62), r2 = 0.90, n = 89, provides a way to estimate unknown radical group values 
when the other three group values in the equation are known. Numerous new radical group values were derived 
from experimental enthalpies of formation for use in this correlation. Analogous equations were also derived 
for the specific cases where X is only one of the atoms or groups indicated. Applications of these equations for 
estimating the benzylic bond dissociation energies for the perfluoroalkylbenzenes are reported; D(PhCF,-Rf) 
= 112, 78, and 70 kcal mol-' for Rf = F, CF3, and CF2CF3, respectively. 

Introduction 
Benson and co-workers have developed a useful method 

for predicting enthalpies of formation of molecules and free 
radicals from constituent group values.' The utility of this 

method for free radicals is limited because of the lack of 
many of the required group values, ['C-(X)(Y)(X)]. In the 
course of another research project where we needed to 
estimate the enthalpies of formation of several halogenated 
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free radicals, the available compilations gave no group 
values for such radicals, e.g. ['C-(CB)(F)2].1d This paper 
describes a method to make such estimates and an ap- 
plication of the method to estimate the benzylic bond 
dissociation energies for the perfluoroalkylbenzenes, 
PhCF,, PhCF2CF3, and PhCF2CF2CF3. 

Results and Discussion 

To estimate a radical-centered group value, ['C-(X)- 
(Y)(Z)], we reasoned that perhaps one could use an atom 
substitution principle to arrive at  a useful relationship 
between (1) the difference in values of the group in 
question and of the corresponding radical-centered group 
with one of the substituent atoms or groups replaced by 
a hydrogen atom, ['C-(H)(Y)(Z)], and (2) the difference 
in values of the corresponding nonradical analogues where 
the radical centers were replaced by hydrogen atoms, 
[C-(H)(X)(Y)(Z)] and [C-(H),(Y)(Z)]. In other words, 
perhaps a relationship exists between the stabilizing effect 
of an atom or group on a radical and the stabilizing effect 
of that  same atom or group on a neutral molecule. If a 
relationship does exist, then one could calculate ['C- 
(X)(Y)(Z)] if values for the other three groups were known. 
In general, many more group values are known for non- 
radicals than for radicals, and more values for simple 
radicals are known than for more complex radicals. Of 
course the relationship could be used two or more times 
to go from ['C-(X)(Y)(X)] to [*C-(H)(Y)(Z)] to [*C-(H),(Z)] 
to even [*C-(H),]. 

To test whether a relationship does exist between 
['C-(X)(Y)(Z)l - ['C-(H)(Y)(Z)I and IC-(H)(X)(Y)(Z)I - 
[C-(H),(Y)(Z)], we collected data where all four values were 
available. Several sets, where X = c ,  cB, c d ,  and CN, were 
taken from Benson's compilation.ld A few sets, where X 
= CN, Br, C1, F, I, and NO2, were available from the radical 
or molecular values, e.g. ['C-(H)(F),] = AHfo('CHF2), 
[C-(H),(F),] = LVlfo(CH2F2). Other values (Table I) for 
radical groups in sets where at  least one of X, Y, or Z is 
a multivalent atom or group, C, CB, c d ,  C,, CO, N, 0, or 
Si, were derived from reported enthalpies of formation of 
various free radicals, 'CX'Y'Z', and known group values, 
from eq 1, where [X-(C*) ...I = [X-(C) ...I, etc.lcpdJ The last 

['C-(X)(Y)(Z)] = AHf0(.CX'Y'Z') - {[X-(C*) .,.I + ...I - 
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Figure 1. Correlation of differences in group enthalpies of 
formation for radicals and molecules. Symbols for X atoms or 
groups: C (o), CB (A), C d  (o), C, ( O ) ,  CN ( W ,  CO (V), B: (A), 
C1 (v), F (o), I (+), N (x)! NOp (*), 0 (+), Si (0). Equation of 
least squares line (std dev given): ['C-(X)(Y)(Z)] - ['C-(H)(Y)(Z)] 

0.62), r2 = 0.90, n = 89, 95% confidence curves shown. 
= (0.857 f O.O31)([C-(H)(X)(Y)(Z)] - [C-(H)p(Y)(Z)]) - (4.64 f 

three terms of eq 1 appear only if the X, Y, or Z is mul- 
tivalent. Most of the reported enthalpies of formation used 
here are from experimental data, a few are from theoretical 
calculations or are estimates. No sets in which all four 
group values had been reported or were derivable from 
experimental data that were known to us a t  the time this 
work was completed have been omitted from the correla- 
tion. The data for 89 sets are given in Table I1 and are 
plotted in Figure 1. 

For internal consistency we have retained most group 
and molecular values given in Benson's compilationld even 
though more recent studies indicate that perhaps some 
revisions should be made.36 Although desirable, a com- 
plete revision of the group values given by Bensonld would 
require considerable effort. Some revised molecular values 
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Table I .  Derivation of Radical Grouo Enthaloies of Formation from Known Radical EnthalDies of Formation' 

C 

C 
C 
C 

C 

C 
C 
C 
C 
C 

C 
C 

C 

C 
C 

Cd 
Cd 
Cd 
ct 

['C-(X)(Y)- 
X Y Z  X' El' Z' ('CX'Y'Z) [X-(C*) ...I + ... [Y-(C*) ...I + ... [Z-(C') ...I + ... (Z)1 
C H Br CH, H Br 28.45b -10.08' 38.53 

Hf" 

H C1 CHq 
CHiC1 
CHC12 

H F CH:, 
H N CHq 

C Ct CH3 
CH3 

C N CHs 
C NO2 CHj 
C 0 CH3 
CB CN CH, 
C, H CH3 

CH3 

CO H CH3 
CI C1 CH, 

CHzC1 
CHClp 
CC13 

H 
H 

H 
Cd 

CO H 

N H  

O H  

O H  
Si H 

C1 
0 
H 
H 

H 

H 

H 

0 
H 

CH=CH, 
CH=CH, 

C=CH 
CH=CH, 

CECCH~ 

CHO 
COCH, 

NHZ 
NHCH3 
N(CHJ2 

OH 
OCH3 
OCOCeH, 

OCH, 
Si(CH,), 

H c1 
H c1 
H CI 

H F 
H NHo 

CH, OH' 
C,H, CN 
CLCH H 
CECCH~ H 

COCH, H 
c1 C1 
c1 C1 
c1 c1 
c1 c1 
F F 
F F 
F F 

H c1 
H OH 
CH=CHZ H 
H H 
H H 

H H 
H H 

H H 
H H 
H H 

H H 
H H 
H H 

H OCH3 
H H 

18.3d 
14.4' 
8.70' 

-18.99 
26h 
14.8e 
12.3' 

61.5' 
53.0k 

17h 

-26.P 
54.41 
72.4"' 
65.2k 

8.51' 

-17.4" 
12.6e 
7.41e 
5.70 
7.w 

-70.7' 
-164 
-216' 

-50.0e 
21.7' 
1f1.7~ 
10.6e 

-7.89' 

36.4' 
0.W 

49k 
82.1' 
73.@ 

0.2' 
-12' 

33.2L 
30h 
26.8" 

-6.0" 
-2.P 

-16.7k 

-44.2' 
-8.3k 

-10.08' 
-16.5' 
-18.9' 

- 10.08' 
-10.08' 
-10.08c 
-4.95 - 10.08' 
2(-4.95) - 10.08' 

-10.08c 
-10.08' 

-10.08' 
-10.08' 
-10.08' 
-10.08' 
-10.08c 
-10.08' 

-10.08' 
-10.08' 
-16.5' 
-18.9' 
-20.7' 

-10.08' 
-106.3' 
-161' 

-46.9' 
-10.08' 
-4.95 - 10.08' 
2(-4.95) - 10.08' 

-46.9' 

8.59 + 6.26' 
8.59 + 6.26' 
8.59 + 6.26c 
27.55 + 26.93' 
2(27.55) - 10.08' 

-29.1' 
-31.4 - 10.08' 

4 8  
15.4 - 10.08' 
24.4 - 2(10.08)' 

-37.9c 
-23.2 - 10.08c 
-43.1 - 36.6 + 3.7 + 5(3.30)' 

-23.2 - 10.08' 
-14.6 - 3(10.08)" 

4.F 

-10.08' 27.55 + 26.93' 
-10.08' 2(27.55) - 10.08' 

-10.08' 4.8' 
-10.08' 
-10.08' -37.9c 
5.51 + 5(3.30)' 
27.55 + 26.93c 
2(27.55) - 10.08' 

-31.4 - 10.08' 

-37.9' 
8.59 + 6.26c 

-23.2 - 10.08' 

28.4 
30.9 
27.6 
28.97 f 0.99' 
-8.8 
31 
24.9 
27.3 
25.07 

25.76 f 0.79' 
27.2 
28.1 
27.66 f 0.48' 
32 
28.67 
31.5 
42.5 
28.0 
30.3 
29.1 f 1.1' 
34.1 
22.7 
23.9 
24.6 
28.3 
23.73 & 0.569 

-60.6 
-58 
-55 
-57.7 f 1.7f 
-3.1 
31.8 
30.7 
30.6 

39.0 
31.03 * 0.38q 
21.5 
23.1 
19 
27.6 
28.6 
28.10 f 0.48' 
29.3 
29" 
29.39 f 0.09' 
28.4 
25 
22.5 
25.2 f 1.11 
31.9 
31.3 
42.8 
31.58 f 0.32Y 
22.4 
36.5 

a Enthalpies in kilocalories per mole, most at 298 K, a few at  300 K. Mean of values given in refs 2 and 3. Value from ref Id. Mean of values 
given in refs 3-5. eValue from ref 4. {Mean and standard deviation of three preceding entries. 8Mean of values given in refs 4 and 5. hValue from 
ref 6. 'See refs lb,d and 7. 'Value from ref 8. kValue from ref 9. 'Mean and standard deviation of two preceding entries. '"Value from ref 10. 
"Mean of values given in refs 8 and 11. Mean of values given in refs 4 and 8. PMean of values given in refs 4 and 12. qMean and standard deviation 
of first three of four preceding entries. 'Value from ref 13. sCalculated from AHf"('CHC1CH=CH2) = D(H-CHCICH=CHp) - I W , O ( H ' )  + 
AHfo(CH2=CHCH,C1), D(H-CHClCH=CH2) = 88.6 kcal mol-'," AHf"(H') = 52.077 kcal mol-': AHfo(CH2=CHCH2C1) = -0.15 kcal mol-'.'6 'Value 
from ref 16. "If AHfo('CHzCOCH3) = -6.0 kcal mol-' Id is used, ['C-(CO)(H),J = 35.5 kcal mol-'. "Mean of values given in refs 6 and 17. "Mean of 
values given in refs 8 and 18. *Mean of values given in refs 8 and 19. YMean and standard deviation of first two of three preceding entries. 'Value 
from ref 19. "'[Si-(C),] = AHfo[Si(CH3),] - 4[C-(H),(Si)], Hfo[Si(CH3)4] = -54.9 kcal mol-' (mean of values given in refs 20 and 21), [C-(H3)(Si)] = 
-10.08 kcal mol-' (see refs lb,d, 7, and 22). 

were used, e.g. AHfo[Si(CH3),], where more recent data 
indicate that the original valuesld were in significant error. 
We have omitted error limits in the data cited because 
error limits in the original group values are not available.Id 
For the simpler, more thoroughly studied, groups the error 
limits are usually 1-2 kcal mol-'; error limits for other 
groups may be significantly larger. 

Within the limits of the scatter of the data in Figure 1 
one can estimate the group enthalpy of formation for a new 

group, ['C-(X)(Y)(Z)], if the values of ['C-(H)(Y)(Z)], 
[C-(H)(X)(Y)(Z)], and [C-(H),(Y)(Z)] are known. Part of 
the scatter may be caused by errors in the experimental 
values on which the group values are based. For example, 
an older value for L I ~ Z ~ " ( ' C H B ~ ~ ) ~  caused the data point 
for ['C-(H)(Br),] - ['C-(H),(Br)] to be significantly further 
off the correlation line than the more recent value actually 
used in the correlation. This correlation may even serve 
as a guide to group values that should be reevaluated. 
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Table 11. Group Enthalpies of Formation for Radicals and Molecules" 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
CB 
CB 
CB 
Cd 
Cd 
Cd 
Cd 
Cd 
Cd 
ct 
ct 
ct 
CN 
CN 
CN 
CN 
co 
co 
Br 
Br 
Br 

H Br 
H C1 
H F  
H N  
H NO2 
H O  
C H  
c c  

c ct 
CB 
Cd 

C CN 
C N  
C NO2 
c o  
cB 
Cd 
ct H 
CN H 
CO H 
c1 c1 
F F  
NOz NOz 
H H  
C H  
c c  
H H  
H C1 
H O  
C H  
c c  
H H  
C H  
c c  
H H  
C H  
c c  
CN H 
H H  
C H  
H H  
H Br 
C H  

Cd 

38.53e 
29.0e 

31e 
25.8e 
31.4' 
37.45' 
38.00' 
25.5' 
24.8' 
27.7e 
56.1' 
32e 
28.67e 
31.5e 
24.7' 
25.5' 
29.1e 
56.8' 
34.1e 
23.7e 

31.0' 
23.0' 
24.7' 
25.5' 
23.2' 
21.5e 
23.1e 
25.5' 
24.8' 
19e 
28.1e 
29.1e 
27.7' 
58.2b 
56.8' 
56.1 ' 
93.67" 
29.4e 
34.1e 
40.31 
44.71 
38.53e 

-8.8e 

-58e 

40.31 
28.4f 
-9.48 
25e 
24.7h 
31.6e 
35.82' 
37.45' 
24.7' 
25.5' 
2ge 
56.8' 
31e 
25.8' 
31.4' 
23.0' 
23.2b 
28.1e 
58.2' 
2ge 
22.91 

-58.78 
37.5' 
35.1' 
35.82b 
37.45' 
35.1' 
28.d 
31.6e 
35.82' 
37.45' 
23.2' 
35.1c 
35.82' 
27.45' 
35.1' 
35.82' 
37.45' 
58.2' 
35.1c 
35.82' 
35.1' 
40.3' 
35.82b 

-5.4' 
-16.5' 
-51.5' 
-6.6' 

-15.1' 
-8.1' 
-4.95d 
-1.90' 
-0.98' 
-1.48' 
-1.72' 

-5.2' 
-15.8' 
-7.2' 
-4.86' 
-4.76' 
-4.73' 
22.5' 
-5.2' 

-18.9' 
-102.3' 
-14.9' 
-10.08d 
-4.86' 

-10.08d 
-16.2" 
-6.5' 
-4.76' 
-1.48' 
-4.29' 

-10.08d 
-4.73' 
-1.72' 
19 
22.5' 
25.8' 
6 3 3  

-10.08d 
-5.2' 
-9.1' 
-1.4' 
-5.4' 

25.8' 

-0.98' 

-9.lb 
-19.6' 
-56' 
-10.08' 
-17.86' 
-10.08' 
-10.08d 

-4.95d 
-4.86' 
-4.76' 
-4.73' 
22.5b 
-6.6' 

-15.1' 
-8.1' 

-10.08d 
-lO.OSd 
-10.08d 
19 

-10.08' 
-22.8' 

-14.1'" 
-17.9' 
-10.08d 

-4.95d 
-17.9' 
-19.6' 
-10.08' 
-10.08d 
-4.95d 

-10.08d 
-17.9' 
-10.08d 
-4.95d 

-17.9' 
-10.08d 
-4.95d 
19 

-17.9' 
-10.08d 
-17.9' 
-9.1' 

-10.08d 

-108& 

Br 
Br 
c1 
c1 
c1 
c1 
c1 
c1 
c1 
c1 
c1 
c1 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
I 
I 
I 
N 
N 
N 
NO2 
NO2 
NO2 
NO2 
NO2 
NO2 
NO2 
NO2 
NO2 
0 
0 
0 
0 
0 
Si 

c1 c1 
H H  
H C1 
H F  
C H  
c c1 
Br Br 
c1 c1 
C1 F 
F F  
H H  
H C1 
H F  

C H  
C F  
c1 c1 
C1 F 
F F  
F NOz 

H H  
H I  
I 1  
H H  
C H  
c c  
H H  
H F  
H NO2 
C H  
c c  
C NO2 
F F  
F NO2 
NO2 NOz 
H H  
H O  
C H  
c c  
H H  

Cd 

H NO2 

NO2 NO2 

Cd 

31' 
28.d 
22.91 

29.0' 
23.7e 
21.5e 
31.6" 
19.0" 

-23.2% 
-65.68 
-9.48 

-14.5' 
-58.78 
-15.W 
-8.8e 

-58' 
-23.2% 
-65.68 

-112.0" 
-57.P 
-9.90' 
54.9' 
79.8" 

110v 
25e 
31e 
32e 
24.7h 

-15.W 
37.5' 
25.8e 
28.67' 
31.0e 

-57.P 
-9.90' 
47.9P 
31.6e 
22.4e 
31.4' 
31.5e 
23.1e 
36.5e 

-14.5' 

22.91 
35.1' 
28.4, 
-9.48 
35.82' 
29.OC 
23.2' 
44.71 
22.91 

-14.5' 
-58.78 

35.1' 
28.d 
-9.48 
24.7h 
35.82' 
-8.8' 
22.91 

-14.5' 
-58.78 
-15.W 

37.5' 
35.1' 
54.99 
79.8" 
35.1c 
35.82' 
37.45' 
35.1c 
-9.48 
24.7h 
35.82' 
37.45' 
25.8e 

-58.78 
-15.W 

37.5' 
35.1c 
31.6O 
35.82' 
37.45' 
23.2' 
35.1' 

-14.0' 
-19.6' 
-22.8& 
-69.5' 
-16.5' 
-18.9' 
-16.2" 

-5.0' 
-24.6' 
-71.4' 

-115.4"' 
-56' 
-69.5' 

-108k 
-59.63' 
-51.5' 

-102.3' 
-71.4' 

-115.4'" 
-165.7' 
-111.82' 
-56.00'" 

3.3' 
29.2' 
59.8'' 

-10.08' 
-6.6' 
-5.2' 

-1 7.86' 
-59.63' 
-14.1'" 
-15.1' 
-15.8' 
-14.9' 

-1 11.82' 
-56.00'" 

-0.05m 
-lO.OSd 
-16.1' 

-8.1' 
-7.2' 
-6.5' 

-10.08" 

-22.8k 
-17.9' 
-19.6' 
-56' 
-10.08d 
-16.5' 
- 10 .08d 
-1.49 

-22.8k 
-69.5' 

-17.9' 
-19.6' 
-56' 
-17.86' 
-10.08d 
-51.5' 
-22.8k 
-69.5' 

-59.63' 
-14.1'" 
-17.9' 

3.3' 
29.2' 

-17.9' 
-10.08d 

-4.95d 
-17.9' 
-56b 
-17.86' 
-10.08d 

-4.95d 
-15.1' 

-59.63' 
-14.1'" 
-17.gb 
-10.08d 
-10.08d 

-4.95d 
-10.08d 
-17.9' 

-108k 

-108& 

-108k 

a Group values in kilocalories per mole, most a t  298 K, a few a t  300 K. ' Value from ref Id. Value from refs 8 and 23. See refs 1 b,d and 
7. 'This work. (Mean of values given in refs 3 and 24. 8Mean of values given in refs 4 and 8. hValue from ref 4. 'Value from refs 15 and 
25. jValue from ref 23. kValue from refs Id and 15. 'Value from ref 26. '"Value from ref 25. "Value from ref 27. OValue from ref 28; 
theoretical calculation. PValue from refs 28 and 29. "Value from ref 3. 'Value from ref 30 cited in ref 3. 'Calculated from ['C-(Br)(Cl)z. 
= D(CBrCl,-Cl) - AHI"(C1') + AH?(CBrCl3), D(CBrCl,-Cl) = 70 kcal AHF(CBrC1,) = -9.99 kcal 

'Value from ref 15. UValue from ref 24. "Calculated from [*C-(Br)z(Cl)] = D(CBr2C1-Br) - AHfo(Br') + AHfo(CBr3CI), D(CBr2- 
Cl-Br) = 55.5 kcal AHfo(CBr3CI) = 3.0 kcal mol-'.15 "Value from ref 8. *Mean of values given in refs 
4 and 24. YValue from refs 4 and 26. 'Value from ref 32; theoretical calculation. O'Value from refs 26 and 33. ''Estimated value given in 
ref 34. C'Estimated value given in ref 35. d'Assigned value, [C-(H),(Si)] = [C-(C)(H),].ld 

AHfo(CI') = 29.031 kcal 

AHfo(Br') = 26.86 kcal 

Because the data for the sets where the same atom or 
group (X) has replaced a hydrogen atom tend to cluster 
(Figure I), we have also treated these sets separately and 
calculated least-squares correlation lines for each (Table 
111). In general, the data points for those X atoms or 
groups that are part of radical stabilizing groups, especially 
CB, Cd, and C,, appear below the correlation line in Figure 
1 as expected because of the lower enthalpy of ['C-(X)- 
(Y)(Z)] relative to ['C-(H)(Y)(Z)] compared to [C-(HI- 
(X)(Y)(Z)] relative to [C-(H),(Y)(Z)] for these atoms. 
Correlations for the combined saturated X atoms (r2 = 
0.96) and the combined unsaturated X atoms or groups 
(r2 = 0.95), with NO2 omitted because of excessive scatter 
(r2 = 0.66 with NO2 included), are given in Table 111. For 
estimating new group values in this paper we have used 
the correlation equations for the specific X atoms or groups 
given in Table I11 because those should give more accurate 

values, if large extrapolations are not required, than using 
the general equations given in Figure 1 and the last three 
lines of Table 111. If one needed to estimate a group value 
for which no correlation equation exists for a specific X 
atom or group, then either the overall correlation equation 
(Figure 1) or the equations for saturated or for unsaturated 
X atoms or groups could be used. Use of the overall 
correlation equation could potentially lead to larger errors, 
as much as 10 kcal mol-' or so, in the estimated group 
values, but a t  least a rough estimate could be made. 

As an example of the utility of the above correlations 
we estimated the benzylic bond dissociation energies of the 
perfluoroalkylbenzenes, D(PhCF2-Rf), where Rf = F, CF,, 
and CF2CF3. All higher homologues have the same cal- 
culated benzylic bond dissociation energy as that of per- 
fluoropropylbenzene, Rf = CF2CF3. The bond dissociation 
energy, defined by eq 2, can be estimated from the gen- 
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Table 111. Least-Squares Correlations of Group Enthalpies 
of Formation for Radicals and Molecules for Single Atom 

or Group Replacement Types, ['C-(X)(Y)(Z)] - 
[d-(H)(Y)(Z)I = slo~el[C-(H)(X)(Y)(Z)l - [C-(H)dY)(Z)IJ + InterceDt 

X slope" intercepta$' n max. dev' 
C 0.42 f 0.24 -0.84 f 0.94 24 5.5 
CB -0.09 f 0.25 -11.2 f 1.5 3 0.6 
Cd -0.20 f 0.93 -8.1 f 4.8 6 5.3 
Ct 0.59 f 0.45 -11.0 f 2.6 3 1.2 
CN 1.20 f 0.18 -18.9 f 6.5 4 2.3 
CO -1.36 4.9 2 
Br 0.94 f 0.39 -2.1 f 3.0 5 1.8 
C1 -0.16 f 0.28 -7.1 f 1.7 10 6.5 
F 0.31 f 0.20 -31.8 f 9.7 11 6.5 
I 1.11 -3.7 3' 
N -0.62 f 0.40 -4.2 f 2.0 3 1.9 

0.96 f 0.33 0.2 f 2.2 9 10.7 
0.49 f 0.22 -5.2 f 1.1 5 3.3 0 

saturatedd 0.908 f 0.025 -3.01 f 0.54 62 14.0 
unsaturatede 1.068 f 0.063 -14.3 f 1.1 18 7.4 
combination 0.857 f 0.031 -4.64 f 0.62 89 14.2 

NO2 

Standard deviation given. ' Kilocalories per mole. One of the 
c, Br, C1, F, I, N, 0, si. e Cg, cd, c,, three values is an estimate.34 

CN, CO (NO2 omitted). 

Table IV. Estimated Benzylic Bond Dissociation Energies of 
Perfluoroalkylbenzenes (PhCFZRf) and Related Group 

Enthalpy of Formation Values 
D- 

[C-(CB)(F)Z- (PhCFz- 
['X-(Y) ...I, (X)], kcal [X-(C)(Y) ...I, kcal Rf), kcal 

Rf kcal mol" mol" mol-' mol-' 
F [F'], 18.92' [C-(CB)(F)B], 112 

CF3 ['C-(F),I, [C-(C)(CB)- [C-(C)(F)31, -161' 78 

CFlCF3 ['C-(C)- [C-(C)(CB)- [C-(C)z(F)*], -99' 70 

-162.7' 

-112.0a (F)2], -98' 

(F)zlt (F)21, -98' 
-58d 

"Value from ref 8. 'Value from ref Id. 'This work. dValue from 
Table I. 

eralized group values in eq 3; all group values not involving 
the bond being broken cancel. The specific groups and 
their reported or derived values are shown in Table IV. 
D( P hCF2-Rf) = 

LWfO(PhCF2') + A H , O ( R f . )  - AHfO(PhCF2Rf) (2) 

D(PhCF2-Rf) = [ 'c-(c~)(F)2]  + [*X-(Y) ...I - 
[C-(C,)(F),(X)I - [x-(C)(y)  ...I (3) 

The group value, [*c-(c~)(F)2] ,  was estimated by two 
procedures, using the two equations in Table I11 where X 
= CB and where X = F. In the former case, two of the 
required group values, ['C-(H)(F),] and [C-(H),(F),], are 
given in Table 11. The third required value, [C-(CB)- 
(H)(F12], was estimated from eq 4, which was derived from 

the data in Table V; the means and standard deviations 
of [C-(cB)(x)(y)(z)l  - [C-(C)(X)(Y)(Z)l and [C-(CB)- 
(X)(Y)(Z)] - [c-(cd)(x)(Y)(z)] were 0.51 f 0.33 and 0.21 
f 0.46 kcal mol-', respectively. From the known value of 
[C-(C)(H)(F),] (Table II), [C-(CB)(H)(F),] was -101.8 kcal 
mol-'. These values led to an estimate of -70 kcal mol-' 

[c-(cB)(x)(y)(z)]  - [c - (c ) (x) (y) (z) l  = 0.5 (4) 

for [*c- (c~)(F)2] .  
The second estimate of I'C-(Cn)(F),l required first es- 

timating the value of ['c-(C,)(HjiF)].--Estimation of the 
latter value was again performed by two routes. Use of 
the equation in Table I11 where X = CB required the group 
values, ['C-(H),(F)] and [C-(H),(F)] (Table 111, and [C- 
(cB)(H)2(F)],  which was estimated by two routes. Equa- 

x Y z [C-(C)(X)(Y)(Z)I (Z)l 
C H H  -4.95 -4.86 
C C H  -1.90 -0.98 
C C C  0.50 2.81 
Cd H H  -4.76 -4.29 
CO H H -5.2 -5.4 
Br H H  -5.4 -5.1 
F F F  -161 -162.7 
I H H  8.0 8.4 
0 H H  -8.1 -8.1 
S H H  -5.65 -4.73 
SO2 H H -7.68 -5.54 

Group values in kilocalories per mole from ref Id.  

-4.76 
-1.48 

-4.29 
-3.8 

1.68 

-6.5 
-6.45 
-7.14 

Table VI. Estimated and Experimental Benzylic Bond 
Dissociation Energies of Alkylbenzenes (PhCH2R)' 

R D(PhCH,-R) . W Z S ~ C '  ' 
H 85.2 85.2; 87.7d 
CH3 73.0 71.3', 72.1f, 72.4d 
CHzCHB 68.6 68.0: 69.W 
CHZCH,CH3 68.6h 66.5d 

Values in kilocalories per mole. ' Calculated from hH250~* = E, 
- 0.59 and experimental E,. Value from ref 
40. "Value from ref 41. /Value from ref 42. gValue from ref 43. 
hThis  and all higher homologues have same values as for 
PhCH2CH2CH3. 

tion 4 and the known value of [C-(C)(H),(F)] (Table 11) 
gave -51.0 kcal mol-' while eq 5, derived from data in Table 
V, and a value of -54.0 kcal mol-'37 for [C-(Cd)(H)2(F)], 
gave -53.8 kcal mol-'. The mean value of [c-(CB)(H),(F)] 

was thus -52.4 f 1.4 kcal mol-'. The first estimate of 
['C-(CB)(H)(F)] was therefore -21 kcal mol-'. The second 
estimate of ['C-(CB)(H)(F)] employed the equation in 
Table I11 where X = F and values of ['C-(CB)(H)2] and 
[C-(CB)(H),] (Table 11) and [c-(cB)(H)2(F)]. This second 
estimate of ['C-(cB)(H)(F)], -22 kcal mol-', is in good 
agreement with the first estimate, mean value -21.4 f 0.4 
kcal mol-'. This agreement in estimated values of ['C- 
(CB)(H)(F)] by two different routes provides added con- 
fidence that the estimated value is probably near the true 
value. 

The second estimate of ['C-(CB)(F),] can now be made 
from the estimated values of [ ' c - (c~) (H)(F) l ,  [c-(c~)- 
(H)(F),], and [C-(cB)(H)@)]. The result, -68 kcal mol-' 
is in reasonable agreement with the first estimate, mean 
value -69.4 f 1.0 kcal mol-'. 

The only other group value required to complete the 
estimation of the bond dissociation energies in Table IV 
is [C-(C)(cB)(FI2]. Equation 4 and the value of [C-(C),- 
(F12], -99 kcal mol-',Id gave -98 kcal mol-'. 

As far as we are aware, no experimental values for any 
of the bond dissociation energies in Table IV have been 
reported. The weakest bond in PhCF, is apparently the 
CB-C bond, calculated value 108.9 kcal mol-l, based on 
enthalpies of formation of 77.7,* -112.0 (Table 11), and 
-143.225 kcal mol-' for Ph', 'CF,, and PhCF,, respectively. 
Based on an activation energy for the thermolysis of PhCF3 
to Ph' and 'CF, of 99.7 kcal the enthalpy of ac- 

Value from ref 39. 

[c-(CB)(x)(Y)(z)l - [c-(cd)(x)(y)(z) l  = 0.2 (5) 

(37) Alfassi, Z. B.; Golden, D. M.; Benson, S. W. J. Chem. Thermodyn. 

(38) Szilagyi, I.; Berces, T. Int. J. Chem. Kinet. 1970, 2, 199-213. 
(39) Rao, V. S.; Skinner, G. B. J .  Phys. Chem. 1989, 93, 1864-1869. 

1973,5, 411-420. 
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strengths. As the side chain is lengthened, the differences 
between the two series decreases until at the propyl- 
benzene stage relatively little difference remains. 

In summary, we have shown that within rather broad 
limits a correlation exits between the differences in group 
enthalpies of formation for radicals ([*C-(X)(Y)(Z)] - 
['C-(H)(Y)(Z)]I and for molecules ([C-(H)(X)(Y)(Z)] - 
[C-(H),(Y)(Z)]l and that this correlation can be used for 
estimating new group values when the other three group 
values in the set are known or can be estimated. A better 
correlation exists in some cases if it  is limited to only one 
X group. These correlations should be useful in cases 

(40) Benson, S. W.; ONesl, H. E. Kinetic Data on Gas Phose Uni- where 
Acknowledgment. I thank A. N. Syverud, S. W. molecular Reactions. National Bureau of Standards Reference Data 

Series 21; US. Govemment Printing Office: Washington, DC, 1970. 
(41) Barton, B. c.; Stein. S. E. J .  Phys. Chem. 1980,84, 2141-2145. Benson, A. S. Kende, E. S. Huyser, and K. N. Houk for 
(42) Robaugh, D. A.; Stein, S. E. Int. J. Chem. Kin& 1981, 13, helpful discussions and information. 44-462. 
(43) Robaugh, D. A.; Barton, B. D.; Stein, S. E. J. Phys. Chem. 1981, Registry No. PhCF,, 98-08-8; PhCF,CF,, 309-11-5; 

85.2318-2383. PhCF,CF,CF, 378-98-3. 

tivation for this process is 99.1 kcal mol-' at  25 "C, ap- 
preciably less than the calculated value. 

An instructive comparison with the results in Table IV 
are the bond dissociation energies of the corresponding 
hydrocarbons (Table VI), for which all of the group values 
required for the calculation of D(PhCH,-R) were availa- 
ble.*d,s The agreement between the estimated and ex- 
perimental values for these hydrocarbons is quite good. 
The large difference between the bond dissociation ener- 
gies of the first member of each series is of course caused 
mainly by the intrinsic difference in C-F and C-H bond 

Of formation are unavailable' 
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The decomposition of cyclopropyldiazomethe, 2, to generate cyclopropylmethylene, 1, was carried out from 
573 to 773 K under flash vacuum pyrolysis (FVP) conditions and from 77 to 303 K photolytically in hydrocarbon 
solvents. An examination of the ratio of ring-expanded products (RE, butadiene and cyclobutene) to those of 
cleavage (C, ethylene and acetylene) as a funciton of temperature leads to the conclusion that RE is favored 
over C by 2.3 kcal/mol in the FVP of2. Ah initio calculations (MP2/6-31G*//3-21G) predict that decomposition 
of 2 to give the conformer of 1 in which the ring methyne hydrogen and the a-hydrogen are cis (la) is more favorable 
than formation of the trans conformer (lb) by 1.1 kd/mol. The calculated activation parameters for the formation 
of la and lb  have been combined with those calculated previously for the reactions of la and lb, which indicate 
the RE is favored from la while lb  gives C, to give theoretical values of REC as a function of temperature which 
lead to a computed difference in E. between RE and C of 2.7 kcal/mol, in good agreement with the 2.3 kcal observed 
experimentally. Photolysis of 2 gives a higher ratio of C to RE than does FVP. This may be a consequence of 
the fact that a more energetic carbene is produced in the photolysis than in the thermolysis. 

Scheme I The reaciions of cyclopropylmethylene, 1, are interesting 
in that this carbene does not undergo the 1,Z-hydrogen 
migration common t o  most carbenes with phydrogens. 
Instead, the strain of the cyclopropane ring and the con- 
formation of the carbene dictate rearrangement via a C-C 
insertion to give cyclobutene and an unusual cleavage of 
two 0 C-C bonds to generate ethylene and 
Theoretical work has indicated that 1 exists in the two 
conformations, la (cis) and lb (trans) (Scheme I), in which 
the empty p orbital on the carbene carbon is stabilized by 
electron donation from the antisymmetric Walsb orbital 
of the ring." In a recent computational investigation of 
this interesting carbene, we have predicted that la is likely 
to ring expand to CYclobutene (h > ks) while the most 
favorable reaction of 1b is expected to be cleavage to 
ethylene and acetylene (k5 > k,, Scheme I)? Since these 

2 

- *  

I b  

cdc.ations indieate that the barrier to the intereonversion 
of la and lb is higher than the respective rates of ring 
expansion (RE, k, > k,) and cleavage (C, k, > k.d, we have 
proposed that R E C  ratio in 1 is dictated by the confor- 
mation in which the carbene finds itself a t  birth.' 

( I )  A rate constant8 of 9 X lo6 8 and activation energy of 7.4 k a l /  
mals for the ring expansion of cyelopropylehlorocarbene have recently 
been measured. 

(8) Ho, G.-J.; Krogh-Jespersen, K.; Moss. R. A.; Shen, S.; Sberidan, 
R. S.; Subramanian, R. J.  Am. Chem. Sac. 1989, 111,6875-6871. 
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