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Al~ract---Cope rearrangements of 73,7-triflmro-l,5-heptadiene and 7,7-difluom-l,5.heptadieue were examined to 
gain quantitative understanding of the thermodynamic effect of allylic fluorine substitution. Group value con- 
tributions to AH(s were thus able to be determined for allylic fluorine-substituted carbon groups: C-(I~Cd)= 
- 166.0, C-(F)2(HXCd)= - 107.6 and C--(F)(H~Ca)= -52.2 kcal/mole. 

There are only limited published thermochemical data on 
fluorinated hydrocarbons and many of these have a high 
level of uncertainty. ] It is therefore difficult to make 
reasonable estimates of the heats of formation of even 
relatively simple fluorinated hydrocarbons. This is in 
distinct contrast to one's ability to estimate very ac- 
curately heats of formation for a multitude of hydro- 
carbon species. 2 

Perhaps the most commonly utilized empirical method 
for estimating AHT's is that of Benson wherein a mole- 
cule's AH~ is assumed to be the sum of the contributions 
of each of its composite groups, plus any corrections for 
ring strain, cis.effects, gauche effects, etc) Because of 
the paucity of data available, the use of Benson's pub- 
iished fluorine-containing group values to estimate heats 
of formation for any but the simplest of molecules fails 
miserably. Because of our interest in the kinetic and 
thermodynamic behavior of partially fluorinated cyclic 
and unsaturated hydrocarbons, we sought to obtain data 
which might fill some of the gaps in this area and thus 
allow better empirical estimates of heats of formation for 
molecules in which we were interested. 

Our approach was to obtain relative thermodynamic 
data from appropriate equilibria which were chosen for 
their ability to provide insight into specific effects which 
are inestimable using currently available data. 

Our initial efforts were designed to probe the ther- 
modynamic differences between CF~, CFaH and CFH2 in 
the allylic vs the alkylic situation. It was proposed to 
examine these differences via the Cope rearrangements 
represented below. 

system, (1c~2c~3c). Entry into these systems was 
gained through the syntheses of 3c and 3d by the pro- 
cedures shown below. 
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The equilibria for each system were examined in the 
gas phase at eight temperatures, starting from either I or 
3 and with high mass balance (> 95%) being observed at 
equilibrium in each case. The data are presented in 
Tables i and 2. 

The van't Hoff plots of the equilibrium data were 
treated by the method of least squares to give the ther- 
modynamic data below. 

For the CF3-system 

AH~-2 --- + 1.47 kcallmole 
AH;-3 = - 0.23 
AH;.s = - 1.63 

ASt~z = +0.51 e.u. 
AS~s = + 1.52 
AS2~s = + 1.12. 

I •.d 3.-d 2s- 

For *t-e, n=O,1,2&3 

The 3-methyl-l,5-hexadiene system (la~2a~3a) has 
been examined thoroughly by Solly and Frey s with the 
results that for process la~,2a, AH = -0.76 kcallmole, 
for process la--,3a, AH=-1 .28  kcal/mole, and for 
process 2a--,3a, AH = -0.51 kcal/mole. This report will 
deal with the 3-(trifluoromethyl)-l,5-hexadiene system, 
(ld~2d~3d), and the 3-(difluoromethyl)-1,5-hexadiene 

For the CF2H-system 

AH;-2 --- + 0.56 kcai/mole 
AH;~s = - 0.80 
AH;,3 = - 1.37 

AS,~, = - 0.73 e.u. 
AS,~3 = + 0.36 
AS~3 = + 1.1. 

Assuming that the experimentally determined values 
for the heats of formation of CF3CHs (-178.0) ], 
CF2HCH3 (-I18.8) l and CFH2CHs (-62.9 kcal/mole)' 
are correct as described, and assuming that all non- 
fluorine-containing groups have the values ascribed to 
them by Benson, one can calculate the group values for 
[C-(F)3(C)], [C-(F)2(H)(C)] and [C-(F)(H)2(C)] to be 
-167.8, -108.6 and -52.7 kcal/mole, respectively. 
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Table i. Equilibrium data for 3-(trifluoromethyl)-l,5-hexadiene system 

Tesap 408.0" 394.4 ~ 380.9 ~ 368.7 ~ 356.3 ° 344.6" 322.5" 321.3" 

I~/~ 0.439 0 . 4 2 7  0 . 4 1 3  0.405 0 . 4 0 2  0 . 3 9 2  0 . 3 8 3  0.370 

I~/~ 2.55 2.54 2.57 2.58 2.61 2.58 2.60 2.60 

1 ~  5~81 5.95 6.21 6.37 6.49 6.$8 6.80 6.94 

Tab~ 2. Equilibrium data for 3~difluoromethylbl~-hexadkne system 

Te~p 409 ~ 394.8 ~ 381.5 ° 370.0" 356.4 ~ 345.0 ~ 332.2" 321.2" 309.9" 

KTd/• 0.457 0.452 0,448 0.444 0.441 0.437 0.433 0.429 0.426 

K~/~ 2.16 2.20 2.32 2.24 2.29 2.31 2.34 2.36 2.39 

K~/~ 4.74 4,85 4.98 5.05 S.21 5.29 S.41 5.49 5.62 

Secondly, one defines the gauche interaction of the Me 
group in la to he + 0.33 (that value required to correlate 
the calculated AH~'s for la and 3a with the experimental 
enthalpy for their equilibrium3). Thirdly, one defines the 
c/s methyl correction for 2a to be +0.51 kcal/mole (the 
experimental value for the difference in their enthalpies 
as ascertained from Frey's equilibration study). 

The c/s-correction for CF3-alkyl is equal to A H ~ - u  
and is + 1.63 kcal/mole, while that for CF2H- alkyl is 
equal to its respective A H ~  and is 1.37 kcal/mole. 
Obviously, the CF3 and CF2H groups give rise to sub- 
stantially greater steric repulsions than Me. 

Assuming that the magnitude of the cis-corrections are 
correlatable with the magnitudes of the respective 
gauche corrections found in 1 and since the CF3 and 
CF2H group c/s corrections were 3.20 and 2.69 times 
greater than that of Me, the gauche corrections for CF3 
and CF2H were designated to he 1.06 (3.2 × 0.33) and 0.89 
(2.69 x 0.33) kcal/mole respectively. 

Using then Benson's group values 2 for all non-F-con- 
taining groups and AH]~3 data above, one can calculate 
the group value for allylic CF3 to be: [C-(Fh(Cd)] = 
- 1 6 6 . 0  kcal/mole and that for allylic CF2H to be: [C- 
(Fh(H)(Cd) = - 107.6 kcal/mole. 

When compared to the group values for the alkyiic 
CF~ and CF2H, one finds the allylic groups to be in- 
crementally more positive by 1.8 and 1.0 kcal/mole, res- 
pectively. The consistency of the incremental change for 
allylic CF3 (0.6 per F) and CF~H (0.5 per F) allows one to 
predict that the [C-(F)(H)2(Cd)] group value should be 
more positive than the aikylic value by 0.5 kcal/mole, and 
that its value should thus be - 52.2 kcal/mole. 

What these values indicate in a practical sense is that 
alkylic CFs, CF2H and CFH2 groups are more stable (i.e. 
make a greater negative contribution to the heat of 
formation) than the analogous allylic groups. This is 
reflected by the hypothetical equilibrium below. 

CH3CH~c~_~/H CF3CH ~ / H  
/~C ~ C 

H / \CF~ H N"CH 3 

A H  = - 1.8 kcal /mole 

The values thus obtained begin to fill the gaps in the 
group values which are required to make accurate rou- 
tine calculations of heats of formation of F-containing 

hydrocarbons.  For example, the availability of  these 
particular group values will allow one to evaluate, in a 
straightforward manner, the thermodynamic data in the 
following paper, where allylic and vinylic F-containing 
groups are in equilibrium. 

E X ] ~ A L  
t9F IqMR spectra were determined on a XL-100 instrument at 

94.1 MHz. Chemical shifts are reported as ¢~ in ppm from inter- 
nal CFCI3 with CDCi3 as the solvent. 

All tH NMR spectra were determined at 60 MHz. Chemical 
shifts are reported as 8 in ppm downfleld from internal TMS with 
CDCI3 as the solvent. 

Infrared spectra were determined on a Perkin-Elmer 283B 
spectrophotometer. The spectra were determined from the neat 
liquid between KCI plates, unless otherwise stated. 

Mass spectra and exact masses were determined on an AEI- 
MS spectrometer at 70 eV. 

Preparative glpc separations were accomplished on a Varian 
Aerograph 90-P using helium as the carrier gas and fitted with 
either column !(10' x~' 10~ ODPN (jS,,8'-oxydipropionitrile) on 
Chromosorb P 60/80) or column 2(10'x~ 10~ DNP (Dinonyl- 
phthallate) on Chromusorb P 60/80). Product ratios and kinetic 
data were determined on a Hewlett-Packard 5710A fitted with a 
flame ionization detector, gas injection system and a Hewlett- 
Packard 3380s integrator. Either column 3 (7' g 1/8" 10950DPH 
on Chromosorb P 60/80) or column 4 (19'x I/8" 10~ DHP on 
Chromosorb P 60/80) was used. 

Thermolyses were carried out in a well conditioned 100ml 
pyrex vessel suspended in a thermostated molten salt hath, a 
system which has been described elsewhere, s 

5-lodo.7,7,7-tri~q~ro.l-heptene, 4. 14.gg of F~CI and 6.5g of 
1,5-hexadiene were sealed in a 200ml pyrex tube and irradiated 
in a Rayonet Photochemical Reactor. After 24 hr, the tube was 
cooled in liquid Nz and opened. I 1.3 g of F3CI was recovered and 
the remaining mixture was vacuum distilled to yield 4, b.p.4 480 
(yield 60%): NMR, O64.4 (t, JFa(6~= 10.4 Hz);/~5.5-6.2 (IH, m), 
4.9.-5.4 (2H, m), 4.2 (IH, p, Jtus)a,) = 7 Hz, Jm~6)--7 Hz), 
2..%3.3 (2H, m), !.6-2.5 (4H, m); IR, 3090, 2990, 2940, 2960, 1650, 
1435, 1360, 1260(s), 1150 (s), 995, 920, 580 cm-t; Mass spectrum 
gave M + 277.9788_+0.00152 (5.5 ppm), Calc. for CTH,oF3I: 
277.9779, deviation = 0.0007 (2.5 ppm); m/e (relative intensity): 
278 (3.8), 237 (I), 151 (59), 131 (29), 123 (11), 41 (100). 

7,7,7-Tri/luoro-l,5-heptadien~ M. In a 100ml flask, equipped 
with a 6" vigreux distillation apparatus, were placed 2.95 g 4 and 
1.5 g KOH (pellets). These were heated at 120 ° for 20 rain. The 
products were flash vacuum distilled from the solids. Preparative 
glpc on column 2 yielded 0.58 g M, b.p. 96-9"P, and 0.6 g 4. The 
M contained 14% of 2d. Total yield was 4795. 2d was not isolated 
separate from M but it was unambiguously identified by quan- 
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titative correlation of glpc and 1iF NMR. It's ~gF absorption was 
clearly resolved from that of 3d: t¢FNMR (7.d) ¢58.9 (d of t, 
J~6) = 8.3 Hz; Jiq~4) = 2.2 Hz); (3d), ~ . 6  (two mutt's, JFH(6) = 
6.2 Hz); other spectra of the mixture (84% 3d, 16% 2d): 'HNMR, 
85.3--6.8 (m, 3H), 4.8--5.3 (m, 2H), 2.1-2.5 (broad s, 4H); IR (gas); 
3100 (w), 2950 (m), 2860 (w), 1690 (m), 1650 (w), 1450 (w), 1425 
(w), 1330 (m), 1275 is), 1200 (w), !125 (s), 980 (m), 920 (s) cm-t; 
Mass spectrum gave M ÷ 150.0647-+0.00168 (11.2 ppm), Calc. for 
C7H~3: 150.0650, deviation =0.00~6 (5.8 ppm); m/e (relative 
intensity); 150 (0.5), 149 (0.5), 130 (4), 115 (5), 81 (27), 77 (8), 41 
(98), 2S (100). 

3-(Trilquoromethyl)-l.~-hexadiene, ld. The mixture of 7.d and 3d 
was pyrolyznd at 350° for 5 min and the product, ld, separated by 
preparative glpc on column 4: NMR, ¢71.5 (d, Jtmo~=8.7 Hz); 
$4,8--6.1 (6H, m), 2.0-3.2 (3H, m); IR (gas), 3100, 3000, 2995, 
1860, 1650, 1430, 1360, 1310, 1260 (s), 1190 (s), 1125 (s), 990, 925 
(s), 720 cm-º; Mass spectrum gave M + 150.0647-+0.0024 (14.9 
ppm), Calc. for C7I'~F3: 150.0656, deviation = 0.0009 (6 ppm); m/e 
(relative intensity): 150 (0.1) 135 (5), 122 (4), !15 (4), 90 (3), 81 
(29), 41 (100). 

Equilibration o/ ld,  2d and 3d. ld was pyro!yzed in a well- 
conditioned glass vessel from 321.20 to 408.00 and the mixture of 
2d and 3d was pyrolyznd at 408.0 °. The resulting equilibrium 
mixtures were analysed on column 4. The values are listed in 
Table 1. The mass balance was 96.4% using Igntane as an 
interual standard. The correlation coefficient for the van't Hoff 
plot of the data was 0.999. 

5,7.Dibramo-7-dijquoro-l-hepten~ $. 3.68 benzoyl peroxide, 
30g 1,5ohexadiene, and 115g Br2F2C were placed in a dry 250ml 
autoclave. It was heated with rocking at 1000 for 6.5 h. Dis- 
tillation yielded um-eacted starting material and 29.3 g of $, b.p. 
69-70, at 4ram, 27% yield: NMR, 4,43.3 (t, Jim~= 13.6 Hz); 
/~5.3.-6.2 (IH, m), 4.8-5.3 (2H, m), 4.2 (IH, p, J t~m~=6  Hz, 
Jm~m(6) = 6 Hz), 2.7-3.5 (2H, m), i.7-2.7 (4H, m). IR 3100, 2995, 
2930, 2860, 1650, 1450, 1435, 1200 (s), 1100 (s), 1000 (s), 920 (s), 
760, 635, 550 cm-'; Mass spectrum gave M + 289.9122-+0.00418 
(14.4 ppm), calculated for C~H,oF2Bq: 289.9118, deviation= 
0.00042 (1.5 ppm); n~e (relative intensity): 294 (0.1), 292 (0.4), 290 
(0.1), 252 (0.4), 67 (25), 55 (11), 28 (100). 

7.Bromo-7,7-dijquow-l,5-heptadien~ 6. A 3-necked 250mi 
flask was equipped with an addition funnel and a distillation 
take-off with a 6in. vigreux column. 10g KOH (pellets) was 
placed in the flask and 16.4 g $ was placed in the addition funnel. 
The pressure was reduced to 30 mm and the flask was heated to 
120 °. S was slowly added and a mixture of S and 6 was distilled 
out. Redistiilation of the distillate yielded 6.8g 6, b.p.ts55 °, and 
4.3 g $. Yield based on amount of S used was 77.3%, 6 was 95% 
trans isomer and 5% c/s isomer as determined by glpc and '~F 
NMR: NMR, 4,(6-c/s) 39.3 (2F, 2m, Jr.(6j -- 13.8 Hz), ~(6-trans) 
44.6, (2F, dd, JrH(e) - 9.0 Hz, Jw¢~ = 1.4 Hz); 85.3-6.7 (3H, m) 
4.8-5.3 (2H, m), 2.1-2.5 (4H, broad s); IR, 3095, 2995, 2940, 2860, 
1740, 1730, 1675, 1650, 1450, 1350, 1300, 1230 (s), 1190, 1090, 920 
(s), 735 cm-~; Mass spectrum gave insufficient parent inn for 

exact mass: m/e (relative intensity): 212 (0.2), 210 (0.2), 171 (1), 
169 (I), 131 (38), 111 (13), 90 (38), 41 (53), 28 (100). 

7,7-Di~uoro-l,5-heptadien~ 3¢. In a 25ml flask, 3.58 of tri-n- 
butyltin hydride and 2 g of 6 was stirred for 4 h at room temp. 
The mixture was flash vacuum distilled and preparative ~ on 
column 2 yielded 0.5g 3¢ for a 42~ yield. 3¢, b.p. 120-122", was 
shown on column 4, to be composed of 95% 3c and 5% 2¢: NMR, 
4, (3¢) !!0.3 (2F, 2m, Jtmm = 59.5 Hz), ~b(2¢) 111.4 (2F, ddt, 
J~o~-- 56.0 Hz, JFII(6}= 8.2 Hz); 85.9 (IH, td, Juow-- 59.5 Hz, 
Jmrm~) = 5 Hz), 5.2-6.4 (3H, m), 4.8-5.2 (2H, m), 2.0-2.4 (4H, 
bread s); IR (gas), 3095, 2995, 2940, 2860, 1680, 1645, 1395, !145, 
1130, 1020 (s), 970, 915 cm-'; The mass spectrum gave 
insufficient parent ion for exact mass: m/e (relative intensity): 
132 (0.3), 131 (0.2), 117 (!), 104 (5), 97 (3), 91 (4), 81 (69), 72 (14), 
59 (6), 41 (100). 

3-DilluoromethyI-LS-hexadien~ lc. 3c was pyrolyzed at 3500 
for 5 rain, which yielded an equilibrium mixture of 3¢, 2c and lc. 
Several runs were combined and separated by preparative glpc 
on column 2. NMR, ¢123.5 (dd, Jtmo)=56.7 Hz, Jtmo~-'-- 15.1 
Hz); 85.74 (IH, td, Jucn.r = 56.7 Hz, Jucnuoj= 3.5 Hz), 4.7-6.1 
(6H, m), 2.0-3.0 (3H, m); IR (gas), 3095, 2998, 2940, 1645, 1450, 
1425, 1380, 1140, 1090, 1050, 720 cm-J; The mass spectrum gave 
inso~cient parent ion for exact mass: m/e (relative intensity); 
131 (0.2), 104 (3), 91 (3), 81 (80), 77 (6), 72 (16), 53 (11), 51 (13), 41 
(100). 

Equilibration o[ ic, 2c and 3c. lc was pyrolyzed in a well- 
conditioned pyrex vessel at temp from 309.9 ° to 409.0 °. 2c and 3c 
were pyrolyzed at 409.0 °. The resulting equih'brium mixtures 
were analyzed on column 4. The equilibrium values are listed in 
Table 2. The mass balance was 97.6%, using pentane as the 
internal standard. The correlation coefficient for the van't Hoff 
plot of the equilibrium data was 0.999. 
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