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Abstrac-In this paper, we assess ti ability of trilIuoro_methyl groups to thermodynamically stabilize unsatmatcd 
and strained organic species relative to saturated analogues. Theoretical calculations with the Sl’@3G basis set are 
utilized in this analysis. The resulting theoretical data. as well as experimental calorimetric da& indicate little 
stabiiization and perhaps some destabiliin restin from the replacerned of II by CF, (Cq is unambiiously 
less stabilizing than methyl). This substituent effect is readily explained by dominance in CF,-substituted 
compouods of ao electron-withdrawing imhrtive effect which destabilizes the unsaturated liakages. We thus 
conch& that the striking thermal stability of perlhmroalkylated strained rings is completely kinetic in nature. The 
origios of the kinetic effect ale cxpkXed. 

The effects of general substituents upon the ther- 
modynamic and kinetic stabilities of strained organic 
molecules2 are often dramatic and the origins of these 
effects form an area of active interest.’ For example, the 
recently reported tetra-butyltetrahedrane’ is amazingly 
stable (m.p. 135”) despite the possibilities of a highly 
exothermic rearrangement to the isomeric cyclo- 
butadiene and an exothermic, but symmetry-forbidden’ 
potential decomposition to two molecules of 2,2, 55 
tetramethyl-3-hexyne.6 However, the effects of the Bu 
substituents appear to be steric rather than electronic in 
nature and thus involve kinetic stability only. Since steric 
effects are comparatively well understood, we will lar- 
gely ignore them in the remainder of this paper. The 
isolation of crystalline material tentatively identitied as 
tetralithiotetrahedrane’ would furnish the most spec- 
tacular example of a predominently electronic sub 
stitucnt effect upon the thermodynamic stability of a 
strained molecule, should the compound’s identity be 
proven conclusively. 

Perftuoroalkyl groups, such as trifluoromethyl exert 
profound intluences upon the stabilities of strained (and 
unsaturated) organic molecules in at least two different, 
if related, ways:. (1) perfiuoroalkylated compounds are 
often incredibly thermally stable compared to the parent 
hydrocarbons; (2) relative energies (thermodynamic 
stabilities) witbin a family of isomers may change 
dramatically when comparisons are made between parent 
and perlluoroalkylated molecules. Examples of the first 
type of phenomenon include the thermal stabilities of 
octrrkis (trifhmromethyl) cyclooctatetraene (slight 
decomposition after 1 hr at 4MP9. and huokis 
(tritIuoromethyl)-3,3’-bicyclopropenyl (half-life over 2 hr 
at 36fP9 compared to the parent or alkylated hydro- 
carbons. Examples of the second type of phenomenon 
include (1) the stabilization of hcxakis (triffuoromethyl) 
benzene valence isomers by over 30 k&/mole relative to 
the aromatic isomer when comparison is made with 
hexamethyl analogues,‘” and (2) the observation of 
greater stability for hex&is (pentallwrocthyl) Dewar 
benzene than its aromatic isomer at temperatures above 

28V.l’ Lemal and Dunlap” have convincingly explained 
the observed thermodynamic effects by noting the severe 
nonbonded repulsions between substituents in the 
aromatic isomer which are largely absent in the valence 
isomers. These authors” designated “as the 
‘pertluoroalkyl (4) effect’ the composite of stabilizing 
inlIuences which pelguoroalkyl groups confer upon 
highly strained carbon frameworks.” They further noted 
that “The Rf effect thus comprises both thermodynamic 
(steric in origin) and kinetic elements, where the latter 
include stabilization against both catalyzed and unim- 
olecular destruction.” 

The primary deficiency if the above analysis is its lack 
of attention to the origin of the “absolute” ther- 
modynamic effects of substituents such as CF, on the 
stabilities of strained (or unsaturated) molecules when 
they are compared to openchain (saturated) anabgues. 
The reader will recall that this comparison is the basis of 
the concept of molecular strain. For example, the strain 
energy of cyclopropane is obtained through comparison 
of its A& with the sum of the values for three hypo- 
thetical unstrained CHI fragments.” In the strain energy 
scheme of George et ul.,” eqn (1) defines the strain 
energy (A&,,& of cyclopropane. 

AH; (cyclopropane) = 

3WXCHXHzCH3) - AH;(CHJCH~)] + AH:- (1) 

For a substituted cyclopropane, eqn (2) holds: 

AJfX f )= AHxCH&XXXH3) 

+ 2AIfxCHXHaCH3) - 3AHXCHXH3) 

+AHL& (2) 

Fdy, one may compare the strain energy of a sub 
stituted cycbpropane to the parent in the manner of eqn 
(3), where a negative value for ME- is equated to a 
decrease in the strain energy of the substituted cyclo- 
Propane. 
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AA&& = [AH;( x ) - A?IxcYcbroPane)] 
- [AH;(CHEHxCHa) - AH;(C&CH&H3)] (3) 

In the case of the bridgehead carbons of bicyclobutane 
or the carbons in tetmhedrane, Me,CH and MeKX are 
employed as standards suitable also for cyclopropene 
and acetylene (“bicycloethane”). The use of isodesmic” 
equations such as 3 are well suited to theoretical studies 
where calculated total energies can be employed in place 
of A& and inherent errors due to inadequacies in the 
chosen basis set as well as arising from electron cor- 
relation hugely cancel.” 

for the heat of formation of 2-methyl-l,l,l-tritIuoropro- 
pane, it may reasonably be estimated at 
-190 kcal/mole,‘~ The destabilization estimated by eqn 
(6) is 6 f 4 kca4mole. Similar effects would be anticipated 
for cyclopropanes. In this regard, we note that CK 
groups do not stabilize a uorcaradiene relative to the 
isomeric tropylidene (eqn 7’4 in marked contrast to the 
effect of cyan0 groups (eqn 89. 

CF3 

(7) 

We shall employ such isodesmic equations to assess 
the “absolute” thermodynamic effects of CK groups 
upon strained and unsaturated linkages. 

We note that there is a dearth of thermochemical data 
for CF+ubstituted molecules. (Caloimetric deter- 
minations of AH? of fluorinecontaining organic com- 
pounds are particularly diicult.‘s) For the moment, one 
may compare the stabilizing ability of CFs upon UD 
saturated molecules with that of CHJ employing eqns (4) 
and @).I6 

(8) 

AHXCHfCHCF,) + A&dCH&H,) + 
AIfxCH2CHCHa) + AZJxC&CF>) (4) 

A&(&H&F>) + A&(CHKH,)+ 
AZf”XGHsCH3 + AHXCH,CW Q 

Equation (4) is exotbermic by 6.3 LcaUmole and eqn (5) 
is exothermic by 2.8 kcal/mole clearly indicating that Me 
confers better stabilization (thermodynamically) than 
trhhroromethyl on unsaturated Iii. If one employs a 
doubk bond stabilization parameter of 2.5 kcaUmole for 
the Me group,” the CK group is seen to be slightly 
destabilizing or at best nonstabihz& when attached to 
the vinyl group. Alternatively, one may use eqn (a), an 
approach analogous to eqn (3), to estimate an “absolute” 
substituent effect for CF>. Although there is no experi- 
mental value 

Mcfir&ogy. In order to obtain the total calculated 
energies of molecules investigated in this study, we have 
performed calculations employing the GAUSSIAN70 
package2’ at the STG-3G level= using published 
geometric? for the hydrocarbons and monosubstituting 
them by a standard CK group whose structural 
parameterP are taken from the literature.” Com- 
parisons between strain energies of substituted and 
parent strained (unsaturated) molecules are made in the 
mamter of eqn (3). The standard for a carbon having two 
bonds with other carbons (e.g. cyclopropane and ethy- 
lene) is the methykne group in propane, for carbon 
having three bonds to other carbons (e.g. tetrahedrane 
and acetylene), isobutane is employed as the standard. 

AAHLtu = [A&(CHFCHCR) - A&ACHz=CHz)l - 
- [A&(CH,CH(CF,)CH,) 

- AEIXCHOLCHdl (6) 

Tabk 1 lists the calculated total energies and strain 
energies of trithroromethyl derivatives of cyclopropane, 
ethylene, bicyclobutane, and tetrahedrane as well as 
parent hydrocarbons and saturated model compounds. It 
is obvious that the calculated stabilizations (strain 
reductions) are not large. When one considers that the 
STG3G calculations provide results which appear to 
overstate stabiitions by sub&rents such as Me3 and 
OMeJ by 2-5 kcaUmole,’ it is apparent that stabiliitions 
by CR are small at best and perhaps negative (i.e. 
destabilizations) in some cases. This is certainly con- 
sistent with the earlier discussions of eqns (4)-(6). 

Table 1. Cakulatcd (SI’MCi) total energies (au) and strain energies &al/mole) of uosahnatcd and strainai 
hydrocarbons, their satmated model compounds. and corresponding Muoromethyl &rivatives 

mlmtiva 
@olecule Total Energy strain - ~amrqy 

Ethana -79.3061l3~ - - 

Propane -116.88581 - - 

Isobutane -115.46499 - - 

Cyclopropane -115.66554 27.4 

Ethylene -77.07095 22.3 

Bicyclobutane -152.99802 65.6 

Tetrahedrana -151.70784 148.8 

l,l,l-Trifluoroethane -370.68983 - 

2-Methyl-l,l,l-trifluorg- -447.84686 
propane 
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nolecule Total Energy Strain Energy Relative Enerx 

2,2-Dhmt&fl-lrlr- 
m=cf=fmb 

-466.4lU6 

--WC* 
-1 

Dp - ring face 446.62879 26.0 0 

C-Fmtitoring 
k -446.62603 1.7 

C-p PPI --446 Lscpyl c,c2 . 62730 0.9 

3.3.3aifluuw=s== 

&Fecllpaingw 408.03554 19.8 0 

YiTzegz '4a9.03491 0.4 

cwantitoce -409.03420 0.9 

l-TEifllffaasthylMcy- 
C- 

C-F anti to c1c3 463.96316 57.1 0 

M m tn c1c3 -463.96101 1.3 

RifluxumthyltetKa- 
hI?draneP -402.67320 139.4 

c 
a. W.A. Iathm, L.A. Curtian, W.J. Bahrs, J.B. Lisle, d J.A. l'o@h 

s_ P&s. Qg. am.&, 175 (1974) 

b.gmmtrymdow.=todMk==+= 

The most stable conformer of 3$,3MIuoropropene is 
calculated to have a C-F bond eclipsing the olefinic 
linkage, in accord with experiment.= This is consistent 
with the neg@ile operation of hyperconjugative effects 
in this molecule and so is in accord with the prevailing 
view of 6uorine hyperumju8ationP The calculates 
stabilization (2.5 kcal/mole) may be compared to the 
calculated stabiKzation for propene (6.6 k&/mole) which 
is itself over 4 kcal/mole greater than the experimental 
vdue.” The calculated stabilization in tioromethyl- 
cyclopropane (C-F eclipsing face of the ring) is smaller 
still. Ahhough tbe calculated stabilizations of 
8.7 kcal/mok and 9.4 kcal/mole in 1-trilluoromethyl- 
bicyclobutane and trifluoromethyltetrahedrane, respec- 
tively, might seem to be s@6cant, they would appear to 

be overstated by at least 5 kcaUmole (see earlier dis- 
cussions) and perhaps more due to reduced “F-strain”n 
when comparins these “pinned back” species with Me3 
CCK. The high p-character (ca. 96967 of the central 
bond in biiyclobutane does not appear to cause any 
&n&ant hyperconjugative interaction with the sub 
stituent, unlike what happens in the case of the sub 
stituent CH2+.= 

Table 2 lists the calculated total energies of benzene, 
benxvalene, Dewar benzene, prismane, and 3,3’-bicyclo- 
propenyl as well as the substituted derivatives l-8 along 
with their relative energies. It is quite clear that these are 
no significant stabilizations or destabilizations compared 
to tiuoromethvl benzene. 

These results substantiate Lemal and Dunlap’s sug- 
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Tabk 2. Cakukted (!3TC%3G) total energies (au) and relative enerpics (‘kcal/mok) of bcnzcae and its valence 
isowrsPIwellar~romethyktedderivatives 

l4olecula Total 
Energy 

Calc'd 
Rel. 
Energy 
(C6H6) 

Exp'tl 
Rel. 
Energy* 

C8lC'd 
Rel. 
Energy 
(C6B5CP3) 

benzene -227.89128 

trifluoromethyl -558.85410 
benzene (i, 

benrvalene -227.70240 

1-trifluorcxmthyl -558.74709 
benrvalene (2) 

2-trifluoromethyl -550.74393 
benrvalene (2) 

3-trifluoromethyl -550.74772 
benzvalene ($) 

Dwar benzene -227.76544 

1-trifluormethyl -558.72026 
Dewar benzene (2) 

Pri-e -227.74379 

trifluoromethyl -556.70859 
pri-0 (2) 

3,3'-bicyclopro- -227.66341 
PanYl 

1-trifluoromethyl- -558.62811 
3,3'-bicyclopropenyl 
(2, 

3-trifluoromethyl- -558.62591 
3,3'-bicyclopro- 
F-nYl Ql 

0 

68.2 67.5 

0 

0 

78.9 59.5 

67.1 

69.1 

66.7 

70.9 

92.5 91.2 

91.2 

142.9 119 (est.1 

141.7 

143.1 

l Experimental relative energies are thoee reported for hexamtbyl 

derivatives of benwalene, Dewar benxene, and primane (8ee J.P.M. 

Oth, Angw. Chew, Int. Ed. Engl., 2, 646 (1968). The value of 

AHf. for 3,3'-bicyclopropenyl vae eetimated a.8 

2 AEfo kyclopropene) + AEf* (bicyclopropyl)-2 AHf*(cyclopropane) 

gestion that the dominant factor in the relative ther- 
modynamic stabilities of tbe hatuRis (tlifhloromethyl) 
benzene valence isomers compared to the aromatic 
isomer is the instability of the latter caused by non- 
bonded repulsion of CR groups. The results discussed 
earlier suggest to us that all five (CCF& species are 
destabihd relative to open chain analogues, or Me 
anaioeues. 

The steric strain in hex&s (trihoromethyl) benzene 
approacbe!3 the resonance energy of tbe aromatic ring, 
even when one neglects tbe destabilixation introduced by 
tbe CK groups (eqn 5). In order to fmtber investigate 
this effect, we have calculated total energies of model 
StrMureS, namely, conformers (9-11) of “1 1 14 4 6 , 9 * * , 

hcxafluoro-cis-2-butene” iu which the olehic linkage is 
assumed to be 1.39A and perfect trigonal (BP) 
geometry is assumed at the olefmic termini. Tbe 0,O 
conformer of model “1 1 14 4 4-llexathonPfmns-2- t , . . , 
butene” (12) is included for comparison. The results are 
presented in Table 3. The (0,O) conformer of the model 
cis compound is extremely high in energy since tbe two 
closest fluorine atoms are well within the van der Waals 
repulsion region. 

The rotational potential surface of 1,1,1,4,4,4- 
hexalluoro-ci&butene is qualitatively similar to but 
more exaggerated than tbat of h-2-butene.= Further- 
more, the lowest energy interaction (9) canaot exist 
without some very high energy interactions in hex&is 
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Table 3. Calculated (SrCQG) total energies (au) and straiu energies of structures 9-11 (C&J, 1.39A; trigoaal 
(12tP) geowtry about C2 amI Cj) which arc taken as models for o&o-his (tritluoromethyl) benzene. The 

rmM-stluctum (12) is sssulned to be strain-free for this pwpose 

‘Ibtalm stetic strain 

9 u80.100) w -738.98016 5.8 

39 (0,190) -738.96981 12.3 

g f-90, 4.90) -739.967% 13.5 

12(trwbmer) N- -738.99941 0 
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(tri8wromethyl) henxene. As a result of these inter- 
actions, haakis (tritluoromethyl) benzene adopts a shal- 
low chair &ucture in which the sub&tents alternate 
above and helow (12”) the pseudo plane of the mole- 
cule.” This may be contrasted with hexamethyl benzene 
which has a strain energy of only 67 kcaVmole. This 
latter species maintains a planar ring but has its methyl 
grog’s alternating above and below the ring plane by 
lo”. 

The results reported in this paper indicate that CK 
groups provide little (if any) stabihxation and provide in 
certain cases some destabilization of strained (un- 
saturated) molecules relative to saturated model com- 
pounds. The little experimental data available supports 
this view. Thus, the remarkably thermally stable mole- 
cule M&S (trifluoromethyl)-cyciooctatettaene is prob 
ably destabilized energetically relative to saturated 
model compounds. While energies of (CCF& isomers 
relative to the aromatic member of the family are well 
explained by steric strain in the last species” we feel 
that ali members are destabilized relative to the hex- 
amethyl series and possibly even the parent species. The 
dominant etfect of the CK group is inductive electron 
withdrawal which is destabilixing for unsaturated” and 
strained molecules.’ However, not sutprisingly CK 
groups stab&e negative charges and so CKCOOH and 
CRCHZOH are stronger (gas phase) acids than 
CHKOOH and CHSCHIOH.~ 

If tri8uoroalkyl groups do not tower the strain energy 
of strained molecules, how do they confer stability? 
Obvkmsly, resistance to attack by various species is 
explicable in the manner of saturated fluorocarbons: 
,,. . .fluorim atoms in a saturated fhtorocarbon form an 
almost impenetrable sheath which must give excellent 
protection from chemical attack to the carbon 
backbone.“Y More puzzling, however, is the increased 
stability with respect to unimolecular thermal reactions 
despite apparent weakening of the bonds in the carbon 
skeleton which are the ones most susceptible to rupture. 
For example, note that the value of E., is higher (and the 
precxponential factor A lower) in unimolecuhu thermal 
decomposition of tritluoromethyl cyclopropane than for 
decomposition of methylcyclopropane.” This occurs 
despite the conclusions developed here that the Me 
group is more stabihxing, thermodynamically, than the 
tritluoromethyl group. We feel this relates to the way the 
requisite collisions between perfhtoroalkylated molecules 
distribute their energy between translational modes 
(external energy) and vibrational modes (internal 
energy). The hard, repulsive nature of nonbonded fluor- 
ing-fhtorine interactions should cause collisions between 
per8tmroalkyl molecules to be less intimate (occur at 
greater separations aii over shorter contact times) than 
collisions between permethylated analogues. As such 

there should be little coupling to vibrational modes and 
the collisions should be relatively elastic. Since the 
molecules absorb little internal energy, they are subject 
to little decomposition of the carbon skeleton. The weak 
interactions (because of low polarixability, for example) 
between fluorocarbons are evidenced by theii low boiling 
points (e.g. BP CF. (MW 88) = - 182”; BP CH, (MW = 
16) = - 184”) as well as other physical properties.” 

Another way of viewing this behavior is as follows: 
upon collision, nuclear positions and electron densities 
are distorted from normal. One can view, the distorted 
molecule as being in a superposition of various sta- 
tionary states of the undistorted compound (i.e. various 
v~brationsl. rotational, and electronic states). 

There is insufiicient enerev in these collisions to 
produce electronically excitz states and so collisions 
produce either higher rotational and vibrational states or 
no change (elastic scattering). Translational energy can 
be transferred into vibrational modes. In the tluorocar- 
bans however, the steep repulsive nonbonded potential 
associated with tightly-bound electrons causes little dis- 
tortion upon collision and therefore comparatively little 
vibrational excitation. 

Another factor may well be the relative ease with 
which any viirational excitation in a perfluoroalkyl sys- 
tem may be “siphoned” from the carbon skeleton to the 
substituents. The C-F stretching frequency is between 
loo0 and 148Ocm-’ while the C-H stretching frequency 
is close to 3008cm-‘.” In toto, perfhtorocarbon chem- 
istry exemplifies the poor translational-vibrational 
energy interconversion which characterizes non- 
hydrogen containing species.” 

Fiily, we briefly note that the comparative inertness 
conferred on molecules by fluorination is well chronicled 
to transcend the aforementioned fluorocarbons. This 
effect even applies to molecular fluorine. Simple exam- 
ples are the reactions: F+X2+XF+X vs X+Fz+ 
XF+PwforX=CIandBrandR+XI+RXtXforR=H 
and 0 and X = F, Cl and Br.” In each of these cases, the 
reaction exothermicity provides inadequate explanation 
of the relative reaction rates: the general rule is seem- 
ingly the relative inertness of F2 compared to the heavier 
halogens. 

Summary. In summary we 8nd that tribromcthyl groups 
thermodynamically destabilize unsaturated and strained organic 
specks relative to saturated analogues. As such, we conclude 
that the striking thermal stability of perfiuorualkylated strained 
&s is compktely kinetic in nature. 
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