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Threshold Energy and Unimolecular Rate Constant for Elimination of HF from Chemically
Activated CFsCF,CH3: Effect of the CF3z Substituent on the o-Carbon
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Methyl and CRCF,; radicals were combined to form chemically activatedsCICHs with 104 kcal/mol of
internal energy, and the experimental rate constant for unimolecular 1,2-dehydrofluorination wa4@.5

s L. Fitting the calculated rate constant for HF elimination from RRKM theory to the experimental value
provided a threshold energk,, of 68.5 kcal/mol. Comparing this threshold energy to those foHTH;,
CH3CF,CHj3, CR,CICH3, and CECHs shows that replacing the-H of CF,HCH; with CH; lowered thek, by

7 kcal/mol and replacing with GFCI, or F raises th&, about 8 kcal/mol. The GFsubstituent, an electron
acceptor, increased thHg, by an amount nearly equal to that with F and Cl substituents, suggesting that
halogen substituents exert a similar inductive effect attttarbon that loses electron density as the transition

state forms. These proposals will be compared to recent calculations of the carbon’s atomic charges in the

reactant and transition state.

Introduction Cl's. Steric crowding present in the molecule would be reduced

. e ) . . with stretching of the €CI bond so that additional chlorines
Chemists have an abiding interest in the atomic and electronic \yquid raise the energy for the reactant more than for the

motions occurring as reactants are converted into products. If{ansition state reducings. When HF is eliminated, Cl

the movement of electrons is uneven, the atoms acquire partialg ptityents contribute similar steric repulsions in the molecule
charges, and elucidating this ionic character is often the first 54 the transition state. so thg is unchanged.

step in understanding the reaction mechanism. A traditional
technique to gain insight into the partial charges arising on an
atom is the measurement of the effect of substituents on the
threshold energy barrier. When substituent effects are analyzed
it is imperative that the change in the electron density, not the
absolute charge, be considered because a carbon that retain
the same partial charge as the transition state forms will not
have its threshold energy affected by substituents. We have
used this methde with chemically activated CF@CHz and
CRCICH; and measured unimolecular rate constants for the .
competitive 1,2-elimination of HF and HCI. nature of F and Cl substituents. )
Threshold energies for loss of HE,(HF), and for loss of Theoretical treatment of the 1,2-dehydrohalogenation reac-

g :
HCI, E,(HCI), from CRCICH; and CFCJCH; have been EC;P four;d tnatlthe char|1_|gFeI|n charge at thecr?rbon was ”
determined and compared to those for other chloro- and ifferent for HCl versus 0ss, supporting the concept o

fluoroalkanes. The data show an increase irBi{elF) of 3—7 dissir_nilar transiti_on_ states; i.e., thecarbon acquir_ed electron
kcal/mol for replacement of each H on thecarbon by an F: density for HF elimination but lost glec_tron d(_ansny vyhen HCI
CH,FCHs, 58 kcal/mol®4 CHF,CHs, 61 kcal/mol® CFsCHs, was r_emoved. However, several kinetic studies of blm_olec_ular
68 kcal/mol*® The a-carbon contains the halogen and the '€action8™? have measured rate constants that varied in a
p-carbon the hydrogen that are eliminated. Exchanging two Manner suggesting that the effect of F and Cl substituents
Cl's for H's on thea-carbon had an effect upon tH&(HF) depended upon their number anql identity. Halogen supstltuents
similar to replacement of H's with F'$,’s for CFsCHs, CFo- are knqwn to both .donatel and Wl?hdraw electron density, often
CICHs, and CFCICH; are, within experimental uncertainty, displaying a complicated interaction of these two effects when

identical at 68. 69.5. and 68 kcal/miol Therefore. for HF different types of halogens are present. Examples of reactions
elimination. Cl and F substituents on thecarbon are equiva- that exhibit competition between the dual electronic nature of

lent; they increase the, Ea:ogen Stu%Stiilrjle?fts ingludetr?tom%i; Cl?kt)rini' abst;al_(lttrgoHljrom
For HCI elimination, the threshold energiégor CH,CICH3 alogenated ethareand methanes, abstraction o y

and CRCICHs are identical at 55 kcal/mol. When two chlorines radicals from haloalkane,and singlet oxygen addition to

2
are present, thEy's are 52 and 54 kcal/mol for CH&lTH; and fluoroetheneé. ) ]
CFCLCHs, respectively2” In both mono- and dichlorinated Tschuikow-Roux and co-worket¥’ have examined a series

systems, thexr-carbon substituents do not significantly affect Of chloro- and fluoromethanes and -ethanes to determine the
the E, and the small decline ifEo(HCI) with successive Cl effect of chlorine and fluorine substituents on the activation
substitution might arise from steric repulsion between the bulky €nergies for hydrogen abstraction by atomic chlorine. The

observed trends are attributed to a combination of inductive and

T Current address: Chemistry Department, University of Texas at Austin, resonance effects. Progressive chlor!ne or fluorine §ubstltgt|pn
Austin, TX 78741, at thea-carbon of an ethane resulted in a decrease in reactivity
@ Abstract published irAdvance ACS Abstract&ebruary 1, 1997. at botho- and-carbons as well as a preference for hydrogen

It appears that both Cl and F substituents on dhearbon
raise the barrier for loss of HF by-& kcal/mol per halogen
substituent; however, F substituents have negligible effect on
the barrier for loss of HCI. To account for these observations,
ither the transition states for HCl and HF elimination are
ifferent with Cl and F exhibiting similar substituent effects or
there is a complex interplay of F and Cl substituent effects on
a common transition state. The present work with chemically
activated CECFRCH3 was designed to resolve the electronic
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abstraction on the halogenated carBofhe fluoroethanes were . .
found to have higher activation energies for abstraction of 2CRLR + Hg,l, = 2CRCR, + 2Hgl, (12)

hydrogen than analogous chloroethanes. This was explained hy .

by greater repulsive dispersion forces between the fluorine 2CH;l + Hg,l, — 2CH;" + 2Hgl, (1b)
substituent, compared to a chlorine substituent, and the incoming

chlorine atom® Repulsive dispersive forces cannot be the sole ‘CH; + "CH; — CH,CH, 2
effect, since this would predict a preference for attack at the

least substituted carbon, contrary to observation. The decrease CF,CF,” + CFK,CF, — CF,CF,CF,CF, 3
in reactivity may arise from chlorine’s and fluorine’s inductive

effects, which should decrease with increasing distance of the CF,CF,’ + "CH; — CF,CF,CH,* 4

H from the substituent; i.e., the withdrawal of electron density

should reduce the likelihood of attack by atomic chlorine. The The radical combinations (reactions—a) form Chemica”y
preference for abstraction of the hydrogen on the more highly activated molecules, and the €HB-CHs* can eliminate HF
substituted carbon is ascribed to a resonance effect. TSChuikOW-(reaction 5a) or, at increased pressures, be stabilized through
Roux? also found that H abstraction from fluoromethanes is collision (reaction 5b).

increasingly endothermic, suggestive of an increase in the

strength of the €H bond with increasing fluorine substituents. « o _
The converse is true for chloromethanes; as the number of CFCR,CH, CR,CF=CH, + HF (52)
chlorine substituents increases, the loss of H becomes increas- kM)

ingly exothermic, indicative of a weakening of the-8 bond?3 — CFK,CE,CH, (5b)

Hsu and DeMor¥ investigated the gas-phase abstraction of
hydrogen from variously substituted halomethanes by hydroxyl The ratio of the products of reactions 5a and 5b is proportional
radicals. Successive chlorine substitution caused the rateto the rate constant ratf§ [CFsCF=CH,])/[CFsCF.CHs] = kue/
constant per hydrogen to increase; however, the magnitude ofku[M], so that a plot of [CERCF=CH,]/[CF3CF.CHg] versus
the change decreased with each additional chlorine. For fluorineinverse pressure (pressure is equivalent to [M]) should have a
substitution, the first fluorine resulted in an increase, the secondzero intercept and, if the strong collision assumption is valid
in a slight decrease, and the third in a dramatic decrease in thefor this system, the slope should be linear whengdCF=CH,]/
rate constant per hydrogen. [CRCR,CH3] < 1.0. The slope of the plot equadge/ky, which
Moss and Jenningdanalyzed the effect of fluorine substit- 1S converted tdw by calculation ok using collision theory.

uents upon the relative rates of singlet oxygen addition to
fluoroalkenes. Increasing the number of fluorine substituents
close to the double bond caused the reactivity at first to decline  Chemically activated GFER,CHz was prepared by photolysis
and then to increase. They suggested that competition betweerof mixtures containing 3.@mol CHsl and 6.0umol CRCFl
donation and withdrawal of electron density by the substituents in Pyrex vessels containing small amounts otlignd ranging
is responsible for this trend; i.e., the inductive effect per fluorine in volume from 14.85 to 2115.4 ¢in Samples were prepared
decreases with successive fluorination and the magnitude of theon a grease-free vacuum line using an MKS 270 electronic
resonance effect per fluorine remains constant. manometer and photolyzed at room temperature for 10 min with
From an analysis of the trends for these three systems, it is& Nigh-pressure Oriel 6137 mercury lamp, normally resulting

apparent that the interplay of resonance and induction is complex'” 15% conversion of reactants.
and there is no unified explanation for all observations. Because

Experimental Section

A Shimadzu 14A FID GC with a 20 fix 1/8 in. stainless

the effect of Cl and F substituents are complex and the _stg_el column of Porapak T was “?ed for analysis. By use ofan
interpretation ambiguous, in this work we will use the ;CF initial temperature of 8.0C for 5 min followed by temperature
substituent, which is known to withdraw electron density, to programming at ]f(_:/mm fo a final temperature of 16_35:' the
investigate the nature of the transition state for 1,2-elimination elyt!ongmis(,)(m_ n?lgutgivgﬂe ggne_ra.llé/: aCs: focllzwsélé@ 16

of HF. The rate constant for loss of HF from FCHs will QII::CCF; “’ioz mm C?—!;I 175 iﬁin njllﬂe ditgzwersé colrg(r:l'éed
be measured and matched to rates calculated using RRKM ’ : ’ y

. and integrated with a Shimadzu Chromatopac CR5A integrator.
tgﬁosrzvt”c; geetsgnr:;]:r;hf‘t’ﬂﬁgsg?;tggs:gﬁd eggrgCsz(();: 'ﬁF Products were identified by comparison of GC retention times
3 3, CHs 3

. . and mass spectra with commercial samples except fer CF
CCIRCHs,! and CRCHz%6to ascertain the effect of replacing CF=CH,. Agample of CECF=CH, was n(?t availablg bﬁ; it
:Ee H by ghe C_E’hCH&tCI' gndrl]: SlIJ dbztlttuent_s, restﬁ)et(r:]tlve(l:);, atF demonstrated the pressure dependence expected for unimolecular
eba-_car on. ese renl S S oul € e;m'”‘? W eb:ri:) or decomposition of a chemically activated molecule and its mass
substituents remove or release electron density atitbarbon spectrum showedve = 114 (relative abundance RA = 63,
by comparison to the effect of an electron-withdrawing sub- o parent ion)m/e = 113 (RA= 21, GF,H" from loss of H

stituent, Cl;, and to the effect of a CHsubstituent, which ¢ e parent ionjve = 95 (RA = 50, CRCFCH* an allyl
provides electron density through hyperconjugation. In addition, (44ical ion from loss of F from the parent iomye = 75 (RA
this will ascertain whether electron density flows to or from _ 11 GFH* from loss of HF from the CIEFCH," allyl
the a-carbon as the transition state forms, thus clarifying the radicz;l ion), andn/e = 69 (RA = 100, CK™).

polar character at the-carbon. Direct calibration of the flame-ionization detector was not
The chemically activated GEF,CHs, containing 104 kcal/  possible for this system because we lacked an authentic sample
mol of internal energy, was formed by photolysis ofCFl of CRCF=CH,. We have foun¥ that response factors for

and CHil in the presence of Hep. These iodides produce GF fluorinated propenes/propanes are near 1. For example, calibra-
CF; and CH; radicals!® which combine to form C§EFRCHs* tion factors were 1.002 0.011 for [CRCH=CF,)/[CF3CH,-

(the * denotes chemical activation). The dominant reaction CF;], 0.953 &+ 0.017 for [CRCH=CH,]/[CF3sCH,CHjg], and
channels follow. 1.070+ 0.066 for [CRCH=CF,)/[CF3CH,CHjz]. Therefore, a
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3 S — TABLE 1: Experimental Unimolecular Rate Constants in

N ] Units of Torr and s~ for 1,2-HF Elimination from CXF ,CH3s

X A (X = H, CI, F, CH3, and CF), the Average Energy of the
Chemically Activated Molecule, and the Threshold Energy

X / ] /K [ED E

knr
molecule (Torr) (kcal/mol)  (1CFs™) (kcal/mol)

L O(( J CHR,CH;s 100 95.5 10.0 61
CCIFCHs 10 101 1.0 69.5

- %6 ] CRCHs 21 102 2.0 68
] CHCRCH; 300 115 300 54

€
o
¥z ] . CRCF.CHs 0.062 104 0.0045 68.5

by oo b e by e by v by bagadd 2 The total rate constant was 110 Torr with contributions from 1,1-
2 4 6 8 10 12 14 and 1,2-HF elimination. Based on the 1,1- and 1,2-branching ratio for
CHF,CD3, the rate constarftsvere 100 Torr for 1,2-HF elimination
1/P (torr) and 10 Torr for 1,1-HF loss from CHEH;. b Reference 5¢ Reference

d e i i
Figure 1. Plot of [CF3CI'=CH2]/[_CF_3CE2CH3] versus reciproc_al ilﬁto'?ﬁéeg anebgthgf%l-éCCFézC':_'H?r\évfa ﬂ;)-rfrq%?sb\yvcr;sthylene insertion
pressure for the four-centered elimination of HF from chemically
activated CECF,CH. The slope is 0.062 Torr, the intercept is 0.0023, T yalidate comparisons, the RRKM calculations were based
and the correlation coefficient is 0.992. upon uniform models adjusted to a common thermal preexpo-
. > 1 !
calibration factor of 1.01+ 0.04_ was obtained for [GF E?n&ﬂggfsfogrgf/ifﬁgﬁ/ld)ei(/ellc()):)etsj foeeéé%aﬁ:? Eg?:ca:l;oo
CF=CH,)/[CFsCF.CHy] by averaging these response factors. 5,4 CRCH;® had been parametrized to a thermal preexponential
factor within the expected limits and were used without
modification. Models were developed for &HCH3; and CH-
Measuring yields was straightforward, and only products from CF.CHs. An earlier versiotf for CH;CF,CHs, giving a value
reactions +5 were detected, indicating secondary reactions that was too high for the preexponential factor, was reevaluated
were unimportant. In particular we searched for products from because vibrational frequencies for the molecule are now
the addition of CECF,; radicals to the C§CF=CH,, but none available?? Vibrational frequencies have not been reported for
were found. Perfluorinated radicals rapidly add to many CRCF.CHs, so these were estimated from €HR,CHs,22:23
alkenest® but fluorine substituents deactivate alkenes to radical CRCF.CF;,24 and CRCH,CF:.2>26 For the four-member
attack?® so the absence of addition products is not surprising. transition states, the frequencies were assigned from previous
A plot of [CFsCF=CH,]/[CF3CF,CHj3] versus inverse pressure, model$~7 with the ring puckering adjusted to produce the
Figure 1, had the expected zero intercept with a slope of 0.062desired preexponential factor (see Table 2).
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Results and Discussion

Torr. By calculation ofky to be 7.2x 10° Torr ! st using The average energy of the chemically activated species is
temperature independent collision diametetsof 5.5 (Ck- the enthalpy of reaction at absolute zero plus the thermal energy
CFl), 4.3 (CHl), and 5.0 A (CECF;CHz), thekye converts to of the reactants. The enthalpy of formation at 298 K fos-CF
45x 1P sL CR,CHzs is not available; it was estimated a275 kcal/mol

Our purpose is to determine thg(HF) for 1,2-HF elimination from group additivity schemed,and adjustmentot 0 K gave
from CRCFR,CHs and to compare this to haloalkanes of the —271 kcal/mol. For the methyl radicAlH;°(0 K) = 35.9 kcal/
formula CXF,CHjs, where X=H, CI, F, or CH. All the CXF,- mol,28 and for the CECF; radical the—213 kcal/mol (298 K)
CHjz compounds have been investigated using chemical activa-recommended by Rodgéfsvas corrected te-211 kcal/mol at
tion. Often, thermal activation is not useful because HF 0 K. The AH°x, for reaction 4 80 K is —98.6 kcal/mol;
catalyzes the elimination on hot surfaces. The experimental addition of 4.9 kcal/mol thermal energy for the two radical
rate constants in pressure units and reciprocal seconds, theeactants gives afiE[l= 103.5 kcal/mol, which was rounded to
average energhEl) and thekE,y's for the CXF,CHjs series are in 104 kcal/mol. A value exceeding 100 kcal/mol is in accord
Table 1. TheE,'s were determined by matching rate constants with a recent ab initio calculatih of the bond dissociation
calculated using the RRKM theory to the experimental values. energies for a series of fluoroethanes that predicted the increased

TABLE 2: Summary of Experimental Rate Constants and RRKM Models for 1,1,1,2,2-Pentafluoropropane and
2,2-Difluoropropane

molecule activated complex, molecule activated complex,
CRCF,CH; elimination of HF CH3CFR.CH;3 elimination of HF
vibrational frequencies, 2942 (3) 2925 (2) 2997 (6) 2852 (6)
cm ! (degeneracies)
1257 (8) 1228 (7) 1437 (6) 1440 (4)
902 (3) 849 (5) 1235 (3) 1270 (3)
584 (6) 573 (5) 953 (4) 954 (4)
380 (3) 380 (3) 779 (1) 789 (2)
231 (2) 229 (3) 490 (3) 503 (5)
91 (2) 82 (1) 304 (4) 300 (2)
moment of inertid*/I 0.96 1.0
reaction path degenerdcy 4 8
preexponential factdrs—* 8.97 x 10%2 8.93x 1012
E,, kcal/mol 68.5 54
[EL keal/mol 104 115
ka(exptl), st 45x%x 10° 3.0x 10°
ko(calcd), s* 43x 10° 2.8x 10

aHindered rotor treated as a torsidrPartition function form for unit reaction path degeneracy at 800 K.
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ionic character in the €C bond for C¥CHs (Y = halogen) theoretical work will be needed to test our suggestions about
would cause the bond dissociation energy to be 6 kcal/mol the changes in the electron density at thearbon during 1,2-
higher than for ethane. We examined the thermochemistry for HF elimination and to reproduce the experimental observations
the other CXRCHs molecules and retained tfiECselected by  of a-carbon substituent effects on tBg(HF). We are working’
the authors. The calculated rate constant matched the experion the influence of Cfand CH substituents at thg-carbon
mental values wittE(HF) = 54 kcal/mol for CHCF,CHs, and on the Eo(HF). It remains to be determined if the ab initio
by use oflEC= 104 kcal/mol for CECF.CHs, Eo(HF) = 68.5 calculation8 will agree with the experimental effect afcarbon
kcal/mol (see Tables 1 and 2). Using a lowtwould require  substituents upon the threshold energies when HCl is eliminated,
a lower E,. For example, reducing théE[lby 5.0 kcal/mol and we intend to explore this in the future.
reduced thég by a factor of 2.3 while a 2.0 kcal/mol decrease
in the threshold energy (from 68 to 66 kcal/mol) raiseskpe
by a factor of 2.3.

Comparing the CFCF,CHjs results to data provided in Table
1 shows that an electron-withdrawing substituents,®&s the
same effect oiE,(HF) as both Cl and F, but all these substituents
are different from CH, which is an electron donor. This
strongly suggests that F and Cl substituents are electron
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