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Vibrationally excited CECICHFGHs(CF,CICHFC,Ds) molecules were prepared in the gas phase at 300 K
with ~93 kcal mol* of energy by recombination of GEICHF and GHs or C;Ds radicals. Three unimolecular
reactions were observed. 1,2-CIF interchange convedSICHFGHs(CRCICHFGDs) into CRCHCIGHs(CRs-
CHCIGC,Ds), and subsequent 2,3-CIH (CID) elimination givessCA=CHCH; (CRCH=CDCDy). 2,3-FH-

(FD) elimination giveis- andtrans-CF,CICH=CHCH; (CF,CICH=CDCD;), and 1,2-CIH elimination gives
CF,=CFCH,CH; (CF,=CFCD,CDs). The experimental rate constants for,CFCHFGHs (CRCICHFGDs)

were 1.3x 10* (0.63 x 10* s * for 1,2-FCl interchange and 24 10* (0.61 x 10% s~ ! with atrans/cisratio

of 3.7 for 2,3-FH(FD) elimination. The 1,2-CIH process was the least important with a branching fraction of
only 0.08+ 0.04. The rate constants for 2,3-CIH (CID) elimination fromsCHCIC,Hs (CRCHCIC,Ds)

were 1.8x 1P (0.49 x 10°) st with atrangcisratio of 2.4. Density functional theory was used to compute
vibrational frequencies and structures needed to obtain rate constants from RRKM theory. Matching theoretical
and experimental rate constants provides estimates of the threshold erigrdashe three reaction pathways;
1,2-FCl interchange has the lowé&st The unimolecular reactions of @FICHFG,Hs are compared to those

of CR,CICHFCH;. Both of these systems are compared to;CHFGHs to illustrate the influence of a GF

ClI group on thek, for FH elimination.

1. Introduction intensive because several conformers exist for both the molecule
and transition states. The data also are less reliable than for the
propanes, because the rate constants are smaller, thus requiring
experiments at lower pressure. The state counting for RRKM
interchange process is competitive with HCl and HF elimination calculations was done for structures corresponding to an average
reactions for vibrational energies ef95 kcal mot2. In the conformer of the molecule and the lowest energy conformer
present work we have extended the investigation of CIF for transition states, and the assignment of threshold energies
interchange reactions to @FCHFGHs and CRCICHFGDs is less rigorous than for the ethane and propane systems
formed by recombination of GEICHF and GHs(C.Ds) previously studied:*” A principal experimental objective was
radicals. In addition to providing a third definitive example of to identify and measure the rearranged product molecule CF
CIF interchange, the data provide an opportunity to study the CHCIGHs (CRCHCIC;Ds) as proof of the 1,2-CIF interchange
difference between a GHyroup and a ¢Hs group on thekg of reaction. In anticipation of the data to be presented, the 1,2-
the CHF interchange transition state, which has a bridged FCI interchange reaction is a major unimolecular reaction for
structure with the Cl and F atoms located above and below the CR,CICHFGHs(C.Ds). Although the evidence is indirect, €F
plane of the carbon atoms with a nearly $ppe structuré:? interchange reactions also occur in fluorochloroeth&n¥slThe

In recent publications experimental unimolecular rate con- rate constants and threshold energies for the unimolecular
stants measured at a fixed vibrational energy for several reactions of CECICHFGHs are compared to those of gF
fluorochloroethanes and -propanes have been matched toCICHFCHs! and CHCHFGHs.2! and the nature of the CIF
calculated RRKM rate constants to assiga’*’ In this interchange and FH elimination transition states is discussed.

appll.catlon of RRKM theory, V|brat|onal'frequen0|es and The chemically activated GEICHFGHs (CE,CICHFG,D:)
rotational moments of inertia were obtained from density molecules were prepared by the recombination G§@EHF
functional theory (DFT) calculations of electronic structures; . .

Y ( ) :and CHCHjz; (CD,CDs) radicals; reaction (1) at room temper-

torsional motions were treated as hindered internal rotations in X .
the evaluation of sums and densities of st have argued ~ 2ture. The radicals were produced by photolysis Gf@EHF!

that theE, assignments from reliable chemical activation 8ata 2nd GHsl(C2Dsl). The expected products from disproportion-
have uncertainties of:1.5 kcal motl. Application of this ation and self-combination reactions were observed, but those

methodology to CFCICHFGHs is considerably more labor ~ reactions will not be listed.

The unimolecular interchange reaction of F and Cl atoms
located on adjacent carbon atoms has been demonstrated fo
CFR,CICR,CH3(CD3) and CRCICHFCH;(CD3).1 2 The 1,2-CIF
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No products were observed that would be expected from CF
CHCI radicals, and the GEICHF radical does not isomerize
under our experimental conditions. The asterisk denotes vibra-
tionally excited molecules with 93 kcal mdlof internal energy.
The unimolecular reaction pathways and collisional stabilization
for CRCICHFGHs* are shown in reactions-26. A similar

set of reactions exist for GEICHFG,Ds*.

Ky 5
CF,CICHFCH* — cis- and
trans-CF,CICH=CHCH,; + HF (2)

Ky o
—2%% CF,CHCICH,* ®)
Ky oo
—2 CF,=CFC,H, -+ HCI (@)

Ky o
—2 Cis- andtrans-CFCECFCH; +
®)

kn[M] ©)

—— CF,CICHFCH,

Since the enthalpy of reaction 3 is abett1 kcal moi?, CF;-
CHCIGH5* containsa104 kcal mot?® and reactions #9 can
be anticipated.

k.
CF,CHCIC,H* —2 cis- and
trans-CF,CH=CHCH,; + HCI (7)

kon
—~=- CF,CICHFCH, @8)
KolM]
—— CF,CHCIC,H, ©)

Beaver et al.

TABLE 1: Mass Spectral Fragmentation Data at 70 eV
(m/e, Relative Abundance, and Assignment)

m/e RA assignment  me RA assignment
CF=CFCHCHjs cis-CF,CICH=CHCHs;
95 100 GRsH" 91 100 GFHs"™
69 61 CR* 39 44 GHs*
110 32 GFsHs™ 51 30 CRH*
39 27 GHs* 71 29 GFH,*
27 24 GH3* 41 19 GHs*
CF=CFCD,CD3 cis-CR,CICH=CDCD;
97 100 GFsD2" 95 100 GF.DH*
69 70 CR* 32 22 GD4"
115 31 GFsDs*™ 74 16 GFDsH*
30 27 GDs* 30 14 GD3"
50 24 CkR* 45 12 GD4H"
trans-CR,CICH=CHCH,; CFR,CICHFCH,CH;3
91 100 GFHs"™ 61 100 GFHg"
39 41 GH3™ 29 42 GHs*t
51 35 CRH" 27 35 GHs*
7HF 28 GFHs"™ 47 31 GFH,*
41 19 GHs™ 41 28 GHs™
trans-CR,CICH=CDCD; CR,CICHFCD,CD3
95 100 GF.D4H* 66 100 GFDsH™
74 21 GFDsH™ 34 39 GDs*
41 20 GD,H™ 30 23 GDs*
45 19 GD4H" 51 23 CRH*
30 17 GDs" 45 21 GD4H*
CRCHCICH,CH; CRCHCICD,CDs
29 100 GHs" 34 100 GDs"
41 27 GHs* 82 25 G*CIHDs*
110 21 CFHs* 45 22 GD4H*
77 17 GClIHg" 30 19 GDs*
32 13 CFH 114 17 GF3D4H*

CHs (from 1,2-CIH elimination),cis- and transCF,CICH=
CHCH; (from 2,3-FH elimination),cis- and transCRCH=
CHCH; (from 1,2-FCI interchange, followed by 2,3-CIH

The threshold energy for 1,2-FH elimination is higher than those elimination), CRCICHFGHs, and CRCHCICHs (from 1,2-
of competing processes, and reaction 5 and the corresponding=c| jnterchange followed by collisional stabilization). Com-

step for CECHCIC;Hs were not observed. Since the reverse
step, reaction 8, is slower than 2,3-CIH elimination, collisional
stabilization and HCI elimination are the only options fors€F
CHCIGHs*. Experimental rate constants were obtained in the
usual way from linear plots of the ratios of the decomposition
product (D) to the stabilized producty vs pressurel.

2. Experimental Methods

CRCICHFGHs (CRCICHFGDs) molecules were prepared
by photolysis of mixtures typically containing 0.022nol of
CR,CICHFI, 0.36umol of CHsCHal or CD3CD;l, plus small
amounts of mercury(l) iodide. The photolysis experiments were
done at room temperature in Pyrex vessels ranging in volume
from 530 to 4900 crh To achieve higher pressures, 0.Q680l
of CRCICHFI and 0.51umol of CH;CHal or CD3CD,l were

mercial samples ofis- andtrans CF;CH=CHCH; were used

to identify this pair of products. A sample afs- and trans
CR,CICH=CHCH;z was prepared to verify those products. The
synthesis involved the addition of @H radicals, obtained from
photolysis of 1,3-dichlorotetrafluoroacetone, to propene to obtain
the CRCICH,CHCH;z radical. Then a disporportionation reaction
between CECl and CRCICH,CHCH; radicals producedis-
andtrans CR,CICH=CHCH; and CHRCI. All other products
were verified by mass spectral fragmentation patterns, which
are shown in Table 1. Although authentic samples o0f-CF
CICHFGHs and CRCHCIC;Hs were unavailable, the GC
retention times and mass spectral fragmentation patterns were
consistent with expectations. For example, a prominent ion in
the mass spectrum of GEICHFGHs is CsFHst (m/e = 61),
formed by breaking the €C bond between the first and second

used in these vessels. Samples were prepared by evacuating thearbons. The corresponding fragmentation insCHCIC,Hs,
photolysis vessel and then transferring premeasured gases t&€3;CIHg" (m/e = 77 and 79 for CI-35 and CI-37), was present

the vessel with cryogenic pumping. All gases were transferred
on grease-free vacuum lines and a MKS type 270C high

with a relative abundance of 17 and 6, respectively. The
deuterated molecule fragmented similarly withle values

accuracy signal conditioner was used to measure pressuresincreased by 5. ldentification of GEHCIC,Hs was also

Either a high-pressure Oriel 6137 arc lamp operated with a 200
W mercury lamp or an Oriel 58811 arc lamp operated with a
200 W HgXe lamp was used to photolyze mixtures for 2.2 to
8.7 min, depending on vessel volume, yielding approximately
10% conversion of reactants to products.

Products were identified with a Shimadzu QP5000 GC/MS
equipped with a 120 m Rtx-VMS column (two 60 m columns
in series). The following products were identified: SfCFCH,-

supported by the dependence of its yield on pressurg: CF
CHCIGHs was not observed at high pressures because of
collisional stabilization of CECICHFGHs*, it was present in
small concentrations at intermediate pressures, and it disappeared
at low pressures because of decomposition.

Both a Shimadzu GC-14A gas chromatograph with flame
ionization detection operated with a 105 m Rix-VGC column
of 0.53 mm inner diameter and a Shimadzu QP5000 gas
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chromatograph with mass spectrometric detector, operated withagreement, and we employed results from tHegp(dbasis set

a 120 m Rtx-VMS column, were used to measure the ratios of for rate constant calculations to be consistent with previous
decomposition to stabilization productsi{®) at various pres-  work.14=¢ Other basis sets also were used in isodesmic
sures. Similar temperature programs were used in each GC; thecalculations to estimate thAH*(CFR.CICHFGHs) and the
oven was at 35C for 20 min, and then the temperature was enthalpy of reaction (3).

increased to 170C at a rate of 8C/min. Retention times for The CRCICHEGHs, CRCHCIGHs, and CHCHFGHs
compounds of interest are as followsHgo at 12.0 min; Ck= molecules and their transition states have several conformers.

SF%:ig_}é'o m:nic7is%CF39H%gHC(Zzll-ggt_lcﬁi%cmin;tt%rasz The energies of the three conformers for OHIFGHs were
FCH= Mg at 17.7 min;cis CF _ Hs at 30. explored with both DFT and MP2 calculations. The differences

min; CRCHCICH,CHjs at 30.7 min;transCF,CICH=CHCH; .
at 31.5 min; CECICHFGHs at 35.7 min; CHCH,l at 36.8 min; :Z;niﬁzlag]gngégf ';:;e}e coounrfogg"ll(ezll;lsaftoer dth;gﬁsm]?;?o&iwere
CRCICHF at 42.8 minmese andd, 1-CRCICHFCHFCRCI CHFGHs also agreed with experimental measurements and

at 39.1 and 42.2 min. Thaesoandd,1 pair are indistinguish- calculations of ref 14. Therefore, we calculated frequencies and

able, thus the order of elution of these two products is uncertain. o :
The GC-FID procedure completely resolved otilgnsCFs- moments of inertia for all conformers, which were then averaged

CH=CHCH;, trans-CR,CICH=CHCHs, CFH,CICHFGHs, and to calculate the density of states of a representative conformer
CRCHCICHs. Therefore, the GC/MS was utilized to collect 0F CHiCHFGHs, CRCHCICHs, and CECICHFGHs. The
data for thecis-olefins and for CF=CFG,Hs by comparisonto  torsional motions of the GEl (or CF) and GHs groups were
thetransolefins. Because some compounds were not completely réated as symmetric hindered internal rotations; the torsional
resolved, the total ion current could not be integrated (in some Motion of the CH group was treated as a vibration. The reduced
cases) and parent and daughter ions had to be monitored. ~ Moments for internal rotation were calculated for the geometry
The primary data for measuring the/®ratios were obtained ~ ©f the conformers and then averaged. The barriers to internal
with the GC/FID system. The ratio of response factors for rotation of the molecules were obtained by identification of the
halogenated alkene and alkanes that differ only by loss of HCI maximum positions of the potentials for internal rotation. These
or HF are nearly unity for flame ionization detectibrwe calculations were done at the B3PW91/6-31Cj(yllevel. The
confirmed this response factor by comparing six samples of barriers calculated for the C;Hs group in CHRCHFGHs were
mixtures of CRCF=CH, and CRECF,CHs and three samples in agreement with those calculated in ref 14. Calculated
of mixtures of CRCH=CH, and CECH,CH,CI. The two pairs structures of the conformers are in Table S1 (Supporting
were chosen because the fluoroalkene is formed from the Information), and vibrational frequencies for each conformer
fluoroalkane by the loss of HF or HCI; the ratios of response and for the average representative conformer are provided in
factors were 0.9540.02) and 1.004£0.01), respectively. These = Table S2 (Supporting Information).
tests indicated nearly equal response for halopropene versus The conformers of the transition states associated wiksC
hal_opropan(_es to flame ionization detection, and we adopted ajnternal rotation (for 1,2-CIF or 1,2-CIH processes) or withyCF
ratio of unity as the response factor for halobutenes and cj jnternal rotation (for 2,3-FH elimination) were difficult to
halobutanes, which should introduce less than 10% uncertainty gefine for some configurations. Since the vibrational frequencies
in a.g|ven 0/S ratio. ) of different conformers are very similar, we decided to use the
Since GC-FID data could be used only to assigms Chs- results of just the lowest energy conformer for the transition
CH=CHCHy/CRCHCICHs, trans CRCICH=CHCHy/CF- states. The computed results including the reduced moments of
CICHFGHs, and CRCHCICHs/CRCICHFGHs ratios, the internal rotation and the potential barriers are given in Table

response factors for hglogenated alkenes from Mass Spectrag of the Supporting Information. The molecular and transition
detection must be considered to complete the analysis. Equiva-

ot esponses 0 CCICH-CHOHL andans CFIH= e b0 TS S0 Mullen erares of e )
CHCH, (or cisCRCICH=CDCD; and trans CRCICH= for each transition state were calculated usingythe B3LYP
CDCD:s) were confirmed from authentic samples. Similadig; density at th timized ¢ dth | ; .
CRCH=CHCH; andtrans CR;CH=CHCH; (or cis-CFRCH— ensity at the optimized geometry, and these are also given in
CDCD; andtransCRCH=CDCDs) had equal responses. Tab_le S_l' _ o

The CE=CFGHs yield was assigned by comparing the total ~ Vibrational frequencies and moments of inertia from the DFT
ion currents of CE=CFGHs andtrans-CFCICH=CHCH. This calculations were used with RRKM theory to calculate rate
comparison assumes that the ionization cross sections for theconstantske, and kinetic-isotope effect&e/kep.
two olefins are equal. Because the yield of,&EFGHs was
Iow(,jthet: uncertainty in its measurement is greater than for other ke = (s*/h)(|*/|)1’2(z P (E — EO)/NE*) (10)
products.

) The sums of states for the transition stgf®*(E — Eo), and
3. Computational Methods the density of states for the moleculés*, were calculated with

Density function theory (DFT) calculations were performed the Multiwell code®® The reaction path degeneracysis and
using the GAUSSIAN 0% suite of programs. All ground-state I*/l is the ratio of the three overall rotational moments of inertia.
and transition-state geometries were optimized, along with The only unknown factor in eq 11 is the threshold energy, which
calculations of vibrational frequencies, zero-point vibrational is determined by matchingenand ket The pre-exponential
energies, and overall rotational moments of inertia. Calculations factors, in partition function form with*s= 1.0, of the thermal
were performed using the B3PW91 method with the 6-31G- rate constants also were examined for the three reaction paths
(d',p) basis set. Description of these methods as used in ourof CR.CICHFGHs to ensure conformity with the models for
laboratory can be found in refs 2 and 13. The structures and CRCICHFCHg;! the values at 1000 K are 0.6910*3s7%, 2.2
vibrational frequencies obtained from different basis sets for x 10' s%, and 0.83x 10'3 s7! for 1,2-CIF interchange, 1,2-
molecules and transition states have been found to be in closeCIH elimination, and 2,3-FH elimination, respectively.
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Figure 1. Plots oftransCRCICH=CHCHy/CF,CICHFGHs (O) and
trans CR,CICH=CDCDs/CR,CICHFC,Ds (O) vs pressure-. The slopes
(intercepts) are (1.0& 0.04) x 1072 Torr (0.018+ 0.013) and (0.309
+0.011)x 103 Torr (0.0006+ 0.0026) for CLCICHFGHs and Ck-
CICHFGDs, respectively. The correlation coefficient is 0.992 for both
plots.

4. Results

4.1. Experimental Rate ConstantsThe cis/transratios of
product olefins can vary with pressure for chemically activated

Beaver et al.
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Figure 2. Plots oftrans (O) andcis-CRCH=CHCH,/CRCHCIC;Hs

(O) andtrans CRCH=CDCDs/CFRCHCIC,Ds (®) vs pressuret. The
Cis:CRCH=CHC,Ds yield was too low to be accurately measured by
FID/GC in this series of experiments. The slope (intercept) for the CF
CHCIC:Hs plot are 0.082+ 0.007 Torr (-0.65+ 0.92) fortransand
0.034+ 0.007 Torr £0.20+ 0.42) forcis. The slopes and intercepts
for CRCHCIG,Ds are 0.023+ 0.002 Torr and—0.18 £+ 0.62 for the
transCRCH=CDCD; plot. The largeD/Sratios are a consequence of
the small degree of collisional stabilization of {LFHCIC,Hs* or CFs-
CHCIC,Ds*. The correlation coefficients were between 0.95 and 0.97
for the plots.

haloalkane systems that involve carbene intermediates in the

decomposition mechanism. For example, 1,1-HX elimination
from CHCLCH,CI'*® and CHRCH,F'” producectis/transratios

that varied by factors of 2.5 and 2.0 with pressure, respectively.

No variations in thecis/transratios were observed from the
CFR.CICHFGH5(C;Ds) systems, and the reaction mechanism
already presented seems adequate.

and 0.023 Torr, respectively, and scaling fos-CRCH=
CHCH;(CD3) gives total rate constants for 2,3-CIH(CID)
elimination of 0.12 (0.035) Torr. For the QEICHFGH5 series

of experiments, theiss CFsCH=CHCH; product peak actually
was resolved by the GC/FID, and these results also are shown
in Figure 2. The ratio ofrans CFsCH=CHCH; to cissCFCH=

The primary data are the GC/FID measurements of ratios of CHCH; from the data of Figure 2 is 2.34, which agrees with

trans CR,CICH=CHCHy/CF,CICHFGHs, trans CFRCH=CH-
CHy/CFR,CICHFGHs, andtrans CRRCH=CHCHy/CRCHCIGH5

Vs inverse pressure; see Figures 1 and 2. Due to concern about

the vapor pressure of Hig and the Hg+ Hgyl, mixture, no
experiments were attempted for pressures belowlD2 Torr.
Plots of the transCF,CICH=CDCD; and transCRCH=
CDCD; data also are shown in Figures 1 and 2 fromyCF
CICHFGDs and CRCHCIC;Ds. The rate constants farans
2,3-FH andrans-2,3-FD elimination are 1.08 and 0.34.10°8
Torr, respectively. To obtain the total 2,3-FH(FD) rate constants,
thetrans/cisratio from the mass spectral data is required. Figure
3 shows therans/cisratios for CRCICH=CHCH; and CFk-
CIC=CHCD;; the ratios are independent of pressure wiimé
CFKRCICH=CHCHgz/cis-CRCICH=CHCH; = 3.7 andtrans
CRCICH=CDCDs/cis-CRCH=CDCD; = 3.8. Scaling the rate
constant fotrans-2,3-FH(FD) elimination by a factor of 1.3 to
account for thecis product gives a total rate constant for 2,3-
FH(FD) elimination of 1.4x 1073 (0.40x 1073) Torr, as shown
in Table 2. The data for GEICHFGDs only extend to [IS <
0.14, and the uncertainty ik(2,3-FD) could be rather large.
The data for CECHCIC;Hs (C2Ds) in Figure 2 correspond
to a high extent of decomposition. If cascade collisional

the mass spectrometrically measured ratio in Figure 3.

The 1,2-CIF interchange rate constants were obtained by
scaling thetrans CRsCH=CHCH; yield by 1.4 to account for
cissCRCH=CHCH; and adding the measured small contribution
of CRCHCIC;Hs to obtain the total P The stabilized product
was directly measured by GC/FID, and the resultingsplots
shown in Figure 4 give rate constants of 0.85.072 (0.42 x

1073) Torr for CRCICHFGHs(C2Ds). The 2,3-FD and 1,2-CIF
rate constants are equal for LHCHFGDs, and CHF inter-
change clearly is an important reaction channel.

The rate constant for 1,2-CIH elimination was estimated from
the average ratio of GFCFGHs to trans CR,CICH=CHCHs.
The ratio of the most abundant ions from each product from
the mass spectrometric data was scaled by 1.3 to obtain the
ratio of total ion currents from these two product olefins, which
is assumed to be equal to the ratio of their concentrations. The
ratio of CR,=CHGC;Hs to trans CF,CICH=CHCH; from Figure
3Ais 0.18+ 0.06, which corresponds to a rate constant of (0.20
+ 0.06) x 1078 Torr or (0.294 0.10) x 10* st for 1,2-CIH
elimination from CEBECICHFGHs. This rate constant corre-
sponds to a branching fraction of 0.@8 0.04, and 1,2-CIH

deactivation occurs, such data may overestimate the unitelimination is a minor reaction channel. Although£€HC,Ds

deactivation rate constatt1® The apparent rate constants for
transsCRCH=CHCH; and transCFRsCH=CHCD; are 0.082

was observed, the yield was too low to be measured reliably,
and no rate constant can be reported.
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A S e e CR,CICHFGHs and CRCICHFGDs seem self-consistent,
[ | although the kinetic-isotope effects are slightly laxde infra.

The rate constants in Torr units were converted tbwsith
5[ ] the collision constantky. The collision diameters and/k

[ ] valueg®2used to obtairky units are given in the footnotes of
o 1 Table 2. The uncertainty in the collision cross sections augments
al o o o ] the experimental uncertainty in the rate constants derived from

L O o O ~ ] the slopes of the I8 plots. This uncertainty, plus assumptions
o o ED 1 for calibration of the detectors, suggested ##20% uncertainty
1 that is listed for rate constants in’s In fact, the uncertainty
. 1 may be larger especially for the 1,2-CIH and 2,3-CIH(CID)
e ] processes. The intrinsic uncertainties associated with chemical
o[ o . 1 activation rate constants reported for fluorochloropropanes were
summarized in refs 4 and 6.

4.2. Thermochemistry. In order to assigrEy values from
experimental rate constants, the average vibrational energies of
CR,CICHFGH5(C;Ds) and CRCHCICH5(C,Ds) must be known.

The average vibrational energy for molecules formed by radical

>
12 24

Alkene Ratio
w
*

o _o_@_g?_,g ————— 0 & .: recombination with zero activation energy can be obtained from
0 100 200 300 400 500 600 700 eq 11. The RTarises from the 3 translational and 3 rotational
1P (Tom) [E(CF,CICHFC,H.) = Dy(CF,CICHF—C,H) +
B 6 1 e 3RT+ [E,(C,Hg)[H [E, (CF,CICHF)O(11)
L ] motions of the radicals that become vibrational motions in the
5[ b molecule. ThelEy(CyHs)Oand [Ey (CFCICHF)Oterms are the
H . o 1 average vibrational energy of the radicals at 298 K. The most
- q ] important term is the bond-dissociation energy, which is
E a L o g E o ] obtained from enthalpies of formation. TieH®; 295(C2Hs) is
c - DE - established (28.9 kcal md}),?? and we previously uséd
g o o o ] isodesmic reactions to findH°; 295 CF,CICHF) = —118 kcal
© sl o o = 1 mol~L. The following isodesmic reactions were employed to
3 ' - . . | estimateAH°(CRCICHFG,Hs).
5 v. L 2 o
% , : '3 * ¢ CF,CICHFCH, + C,H; — CF,CICHFCH; + CH, (12)
= AH°, = —2.0+ 0.3 kcal mol*
1 L b CR,CHFCH; + CH,Cl — CF,CICHFCH; + CH;F  (13)
AH°, = 16.4+ 2.0 kcal mol*
O -‘ PRI B PR S T ST S SN ST S S (ST S0 WU (T S S U S N YN S S S NS ST S . .
The average of the energy difference calculated for each reaction
© 100 200 300 400 800 €0 700 80 go 1 HF/6-311G(2d,p), B3PWOL/6-31G(gh), and B3PWOL/
1/P(Torr) 6-3114+G(2d,p) is indicated; the energies were calculated for
Figure 3. (A) Plots of product ratios vs pressufefor CFs the most stable conformers. The calculated energy change for
CICHFGHs:  transCR.CICH=CHCHy/cis-CRCICH=CHCH; (O0), each reaction is combined with experimental enthalpies of

trans CRCH=CHCHy/cis- CRisCH=CHCH; (®), and CE=CHGC;Hs/ formation to obtainAH®t295(CR.CICHFGHs). Reaction 12
trans CRCH=CHCH; (O). All data are from GE&-mass spectrometric  depends upon our previously assigned’(CF.CICHFCH).!
measurements, and the ratios are those of the most abundant ion. (BRegction 13 uses thieH°o(CFsCHFG,Hs) from ref 23; the other

Plots of product ratios vs pressutdor CR,CICHFGDs: trans-CF- L
CICH=CpDCDdciS-CF2CICHp=CDCD3 Q) tFrzansCRCC:ZHiCDCDalc'izzs enthalpy values are from s_tandard sourd@8 Combining the
CRCH=CDCD; (). All data are from GE&mass spectrometric ~ AH’r208 values withAH®, gives AH® 209 CRCICHFGHs) =

measurements. —179.8 and—181.6 kcal mot! for reactions 12 and 13,
respectively. Combining the average value witH°;(C;Hs) and
AH?(CRCICHF) givesD,gg CR,CICHF—C,Hs) = 91.4 kcal

Several assumptions about the response factors of the flame="" f ;
mol~L. This can be compared @95 CF,CICHF—CHg) = 92.1

ionization and mass-spectrometric detectors were made to 1
. . . kcal molt. The latter should be somewhat larger, and by

construct the PS and olefin product branching ratios vs A .

1 S weighting the result from reaction 12 more heavDpgg(CF-
pressurel! plots. Thus, the total uncertainty in the rate constants CICHF—CyHs) = 91.0 keal mott was selected. Convertirpeg
is larger than the standard deviations listed from the slopes of ;1 7  znd addiﬁg the thermal energiés givEE(CF-
the D/S plots in Table 2. One check on the rate constants is CICHFGHs)[1= 93 kcal mot?. The estimated uncertainty in
the kinetic-isotope effects, which must be reasonable based onjs value is+3 kcal mol?, and the complication associated
results from similar molecul€’s® The kinetic-isotope effects  ith 9 conformers of CFCICHFGHs must be remembered. The
are 3.5 for 2,3-HF(DF) elimination and 2.1 for 1,2-CIF [E(CF,CICHFGDs)[increases by 1 kcal motto 94 kcal mot™.
interchange. The latter is a pure secondary statistical effect and The difference in energy between LHCIC,Hs and Ck-
should be smaller than for HF(DF) elimination. The data for CICHFGHs, which is equivalent to the enthalpy for reaction
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TABLE 2: Summary of Experimental Rate ConstantsP
CF,CICHFCH,CHj3 CFR.CICHFCD,CD3
reaction (108 Torr st (1073 Torr st

2,3-FH(FD) 1.40+ 0.06 2.1+ 0.4 x 10 0.40+ 0.0Z 0.60+0.12 x 10*

1,2-CIF 0.88+ 0.08 1.3+ 0.2x 10 0.42+ 0.03 0.63+0.12x 10

1,2-CIH 0.20+ 0.06 0.294+0.10x 10* not assigned

1,2-FH not observed not observed

CRCHCICH,CH; CRCHCICD,CD;
2,3-CIH(CID) 1164 6°d 1.84+0.3x 1¢° 32.7+2.5 0.494 0.09 x 1C°
1,2-FH not observéd not observed

aThe listed uncertainties in the rate constants in Torr units are the standard deviations frof the@essuré plots. The absolute uncertainty
in the unimolecular rate constants intsinits is considerably larger because of uncertainties in calibration of the response of the gas chromatograph
and in the collision cross sections. Thus, the uncertainties were increas&% for the rate constants in’sunits.” The rate constants in Torr
units were converted to s using the following collision diameters ar¢K values'®2° CF,CICHFGHs (5.5 A and 410 K); CECHCIC,Hs (5.5 A
and 410 K); CRCICHFI (5.2 A and 400 K); GHsl (5.0 A and 405 K)ky = zd2am (8K Tmuam)Y2Q2%T*). ¢ The ratio oftrans- to cis-CF,CICH=CHCH;

was 3.7.9 The ratio oftrans to cissCRCH=CHCH; was 2.4.¢ The yield

of CR=CHGC,Ds was observed, but it was too small to be measured

reliably because the overall extent of decomposition of @EEHFC,Ds was low, see Figures 1 and 4L,2-FH elimination from CECICHFGHs
or CR,CHCIC:Hs was not observed; therefore, the rate constant mustbe3 times that for 1,2-CIH elimination.
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Figure 4. Plots of D/S ratio vs pressur&for 1,2-CIF interchange for
S = CRCICHFGHSs (O) and CRLCICHFGDs (O). The D includes all
decomposition productdrans and cisCRCH=CHCH; plus Ck-
CHCICHs for (O) and trans and ciss=CRCH=CDCD; plus Ck-
CHCIG,Ds for (O). The slope is (0.88: 0.05) x 1073 Torr and the
intercept is 0.024+ 0.019 with a correlation coefficient of 0.97 for
CR,CICHFGHs, and for CLCICHFG,Ds the slope is (0.42: 0.03) x
1073 Torr, the intercept is 0.002 0.009, and the correlation coefficient
is 0.96.

800

3, was calculated from two basis sets for the lowest energy
conformers. The values were 12.1 and 9.7 kcal thébr the
G-31G(d,p) and 6-31#G(2d,p) basis sets, respectively. These
values are similar to the corresponding value$2.4 and—9.5
kcal moi™) for the CRCICHFCH; to CRCHCICH; interchange
reaction. We used an average-f1 kcal mot for the enthalpy
change of reaction 3.

In order to compare the reactions of LACHFGHs with
CH3;CHFGHs, the average energy of 2-fluorobutdhéormed
by recombination of CECHF and GHs radicals at room
temperature is needed. Sint!% 295(CoHs)22 and AH® 205(CH3-
CHFY5 are established as 28.9 anel8.2 kcal mot?, an
estimate forAH 20(CHsCHFGHs) is needed to use eq 11. A
recent comprehensive summ&gf the enthalpies of formation
of fluorinated alkanes giveAH?® 295 CH3CHFGHs) as—79.1
kcal mol™t. Another approach t\H®; 295( CH;CHFGHs) is to
use the established-&~ bond dissociation enthalpy value for

CHsCHFCH;23:26 of 117 kcal mot?! and to assume the same
value for 2-fluorobutane. With this assumption and with
enthalpies of formatioif of 2-propyl and 2-butyl radicals, the
AH% 295(CH3CHFGH5s) is —82.0 kcal mot?, which supports
the values of ref 23. For these enthalpies of formation, the
AH°>gg for recombination of CRICHF and GHs is —89.8 kcal
mol~. Application of eq 11 give§E(CH;CHFGHs[= 92 kcal
mol~! for radical recombination at room temperature. The
reaction of CH with CH;CHFCH; at 300 K also has been used
to prepare vibrationally excited GBHFGHs moleculest! The
enthalpies of formation for CEf® CH;CHFCH;,24 and CH-
CHFGHs2 plus the thermal energy giveBE(CH;CHFGHs)O

= 107 kcal mot1.

4.3. Assignment of Threshold Energies4.3.a. 2,3-FH and
2,3-CIH Elimination Reactiond-he torsional motion of the CH
group of the GHs fragment was treated as a vibration both in
the molecule and in the transition states, because the sum-to-
density ratio in eq 10 is insensitive as to whether vibrational or
hindered internal rotational models are used, provided that the
same model is used for the molecule and transition state. The
frequencies for the nine conformers of the ,CFCHFGHs
molecule and the three conformers of the 3CHCICHs
molecule were averaged for the calculation of this density of
states; details are provided in Table S1. Separate rate constant
calculations were done for thgs- and transisomers of the
transition states; however, only the lowest energy conformer
associated with the GEI rotor was utilized for 2,3-FH
elimination. The CERCICHF—C;Hs and CRCHCI—C;Hs tor-
sional motions of the molecules were treated as symmetric
hindered rotors with,eq = 22 and 24 amu A respectively,
with V = 4.0 kcal mot?. The CRCI(CR) torsion was treated
as a hindered internal rotor with.g = 50 (60) amu & andV
= 5.0 (4.7) kcal motl, respectively. These reduced moments
were obtained as average values from the various conformers.
The same potential barriers were used for the hindered rotors
in the transition states; howeveéf,.q was calculated for each
transition state.

A full description of the 9 conformers of GEICHFGHs is
provided in the Supporting Information, and we will only give
a summary. The lowest energy conformer trass-configura-
tions for the Cl and Ch{CH3; groups (CEKCI rotor) and for the
CHs and CFRCI groups (CHCHGg rotor). Rotation of the CJl
group for the fixed most stable configuration ofH gives two
more conformers, which differ in energy hy0.5 kcal mot™.
Rotation of the CHCH; group for the most stable GEl
configuration gives two higher (1.2 and 1.3 kcal miglenergy



Unimolecular Reactions

TABLE 3: Comparison of Calculated and Experimental Rate Constants

J. Phys. Chem. A, Vol.

111, No. 34, 2008451

ka(exp) (E3 ked EdP
reaction st kcal/mol st kcal/mol
CR.CICHFGHs
2,3-FH (is) (0.45+ 0.10) x 10° 93-95 (0.52-0.92) x 10* 63
2,3-FH (rans) (1.6+0.3) x 10 (1.5-2.6) x 10 61
Cl—F interchange (1. 0.2) x 10¢ 93-95 (1.3-2.6) x 10* 60
1,2-CHH (0.294+0.10)x 10* 93-95 (0.32-0.59) x 10* 65
1,2-FH not observed >68
CR,CICHFG,Ds
2,3-FD (i9) (0.124+ 0.02) x 10¢ 94-96 (0.086-0.16) x 10* 64
2,3-FD trany (0.48+ 0.10) x 10* (0.29-0.51) x 10* 62
CIF-interchange (0.630.12)x 10¢ 94—-96 (0.38-0.63) x 10* 60
1,2-CIH not assigned 9496 ~ 65
1,2-FH not observed >68!
CRCHCICHs
2,3-CIH (is) (0.53+ 0.3) x 10° 104-106 (0.48-0.72) x 10° 61
2,3-CHH ¢rans (1.3+0.2) x 10° (1.2-1.7) x 10° 59
Cl—F interchange (0.3% 10%° 104-106 (71y
1,2-FH not observed >79
CRCHCIC,Ds
2,3-CID (is) (0.14+ 0.03) x 10° 105-107 (0.14-0.21) x 10° 62
2,3-CID (rans) (0.354 0.06) x 1¢° (0.34-0.50) x 1C° 60
Cl—F interchange (0.16c 10%¢ 105-107 (71y
1,2-FH not observed >79H

2 The twokgpvalues correspond tdEC= 93 and 95 kcal moft for CRCICHFGHs and 94 and 96 kcal mot for CR,CICHFGDs. A change
in Eg of 1 kcal mol* has roughly the same effecs @ 2 kcal mot! change inEL ® Assigned by matchingi.(expt) andkgfor E equal to the
average energyEL for CRCICHFGHs and CECHCICHs. The Ey values for CECICHFG,Ds were obtained from consideration of calculated
zero-point energy changes and matchkag:. The rate constants for GEICHFGDs were based on the density of states of the lowest energy
conformer (see textf. The E; was assigned d@5(CIF; CRCICHFGHs)— AH°g. The rate constant was estimated friafh,2-CIF) and the equilibrium
constants for CFCICHFGHs (C,Ds) and CRCHCIC,Hs (C,Ds). @ The E, for 1,2-FH elimination was estimated to be3 kcal mol? larger than for
1,2-CIH elimination from CECICHFGHs and theE, for 1,2-FH elimination from CECHCIC;Hs would be 11 kcal mot* higher than for
CR,CICHFGHs.

conformers. The four remaining conformers have relative for HX vs DX elimination is always about 1 kcal mdl The

energies of 1.3, 1.6, 2.6, and 2.8 kcal molln summary, the statistical effect of the other 4 deuterium atoms augments the

difference in energies of the conformers<.8 kcal mot™. consequence of the higher threshold energy to obtain a calculated

Relative to the most stable conformer, the energy barriers for kinetic-isotope effect of 5.2 and 3.4 for @FICHFG,Ds and

rotation of the CECI group were 4.1, 5.7, and 4.6 kcal m| CFCHCIC,Ds, respectively. The calculated ratios include the

the barriers for rotation of the GBH; group were 3.0, 6.2, 1.0 kcal mot? higher energy for CFCICHFGDs and Ck-

and 3.7 kcal mol®. The symmetric internal rotor approximation CHCIC;Ds. The use of the single conformer for §FCHFGDs

will be least satisfactory for the £s internal rotation. The in the calculation oNg* is mainly responsible for the high value

lowest energy conformer for GEHCIC;Hs has the CH and (5.2) for this isotope effect. If the lowest energy conformers

CRin transposition; the other two conformers are 1.0 and 1.2 are ysed for both GEICHFGHs and CRCICHFGDs, the

kcal mof™ higher in energy. calculated rate constant ratio would be 4.3. The experimental
Rate constants for thes- andtrans-pathways were calculated  jsptope ratios are 3.3 0.3 and 3.6+ 0.6. The data for CF

as a function of energy for several values of the threshold CICHFGDs do favor arE, (2,3-FH) elimination (trans) of about

energy, and thefip values were selected to give the best match g1 5| motL, These intermolecular kinetic-isotope effects can

with Keypt Values as shown in Table 3. Since the assignment of be compared to HCI (DCI) elimination &= 91 kcal mot*

[(ECis not very precise, calculated rate cor!stants are given for ¢y m C:HsCH,Cl and GDsCH,Cl, which gave 4.0 and 3.8 for

93 and 95 kcaf'. The ratle_ constants are quite sensitive to both the experimental and calculated kinetic isotope effect, respec-

[ELandEy; a 2 keal mot® increase inEL which is equivalent tively.# The purpose of the GEICHFG,Ds experiments was

1 . :
to a 1 kcal mot! decrease irkEp, increases the rate constants to provide support for the interpretations of LFCHFGHs

by a factor of~1.6. The assigned values for 2,3-FH elimination . - . .
from CR,CICHFGHs are 61 and 63 kcal mot, for thetrans ?gf;?,;}g&fem'fy products for which authentic samples were

andcis-channels, respectively. The assigrit&dsalues for 2,3- o
CIH elimination from CECHCIC,Hs are 59 and 61 kcal mot _ 4.3.b. 1,2-CIF Interchange and 1,2-CIH Ellmmanon Reac_:-
for thetrans- andcis-channels, respectively. The rate constant tions. The same model for the molecule as descr_lbed in section
for CRsCHCIC,Hs is 80-fold larger than for CIEICHFGHS, 4.3.a was used for these rate constant calculations. THe C
because th&ELs 11 kcal mot? higher and théEq(2,3-CIH) is torsion was treated as a hindered rotor, and the frequencies of
lower than for 2,3-FH elimination from GEICHFGHs. lowest energy conformers of both transition states were used
Calculations for CECHCIC,Ds were done as the average of ~for the rate constant calculations. The avertigg(C-Hs) were
three conformers as described for{CHCIC,Hs. However, the 23.8 and 25.0 amu %for the CIF and CIH transition states
CRCICHFGDs rate constant was calculated from properties With V selected as 4 kcal mol. The reaction path degeneracy
of just the lowest energy conformer, rather than the average ofis unity for both channels. The assigned threshold energies listed
9 conformers. The assignments f&(2,3-FD) andEq(2,3-CID) in Table 3 are 60 and 65 kcal mdlfor 1,2-CIF interchange
listed in Table 3 are 1 kcal mot higher than those for FH and  and 1,2-CIH elimination, respectively. The threshold energy for
CIH elimination, as expected from zero-point energy consid- 1,2-CIF interchange definitely seems to be the lowest of the
erations. The primary isotope effé¢® on threshold energies three reactions for GEICHFGHs. Given the large uncertainty
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in Kexp(1,2-CIH), the threshold energy for 1,2-CIH elimination Torr. If the residual pressure in the nominally empty vessels

has a 2-3 kcal mol! uncertainty. was higher than measured on the vacuum line, the pressures
The kinetic-isotope effect for 1,2-CIF interchange fromyCF  calculated from the measured samples placed in the vessels

CICHFGDs is a pure statistical effect, and the threshold energy could have been underestimated especially for low-pressure

should not be affected, which was confirmed by examining experiments in large vessels. As a final point, the high value

changes in the zero-point energies. The calculated rate constan@ssigned tdeo(1,2-CIH) for CRCICHFCHE fits the trend found

for CR.CICHFGDs with (EDone kcal mot? higher, but with for CRCICHFCH;, e.g., the discrepancy between the DFT

the same threshold energy as for,CECHFGHs, is listed in calculated threshold energy and the much higher value assigned
Table 3. The calculated rate constant for,CIEHFGDs is from experimental data exists for both molecules. Since the
somewhat lower than the experimental value. Stated anotherproduct branching fraction for 1,2-CIH elimination is very low,
way, the experimental kinetic-isotope effect is 21 0.2, a highEy(1,2-CIH) seems definitely required.

whereas the calculated rate constant ratio for 1,2-CIF rearrange- The reduction of the 2,3-CIH rate constant forsCACIC,H5
ment with a one kcal mot difference inELIs 3.3. Part of this vs CRCHCICH; is only a factor of 31, and the ratio for GF
discrepancy is a consequence of basing theGBEHFGDs CHCIC,Ds vs CRCHCICD; is 46. These smaller ratios are
calculation on just the lowest energy conformer. According to partly a consequence of the higher energy of the molecule with
the CRCICHFGHs calculations, the density of states for£F  a correspondingly largeE— Eo(2,3-CIH); the calculated ratio
CICHFGDs would be lower by a factor of 0.81 for the average is about 20 rather than 30 for GEICHFGHs. Agreement

of all nine conformers, and the kinetic isotope effect would be between the experimental and calculated rate constants fer CF
2.7. The low fractional conversion to decomposition products CHCIC,Hs was obtained with only a-42 kcal mol? increase

for CRCICHFGDs also makes these data less reliable. Nev- in Ey(1,2-CIH) relative to CECHCICHs. This closer match is
ertheless, the GEICHFGDs data support afo(CIF) of 60+ probably fortuitous, since the data for 2,3-CIH elimination have
2 kecal mol ™. The rate constant for 1,2-CIH elimination from  more uncertainty than the data upon which the rate constants
CRCICHFGDs could not be measured, because the yield of for CF,CICHFGHs are based.

CR=CHCDs was too low. 5.2. Comparison of CRCICHFC ;Hs with CH sCHFC,Hs.
_ ) The HF elimination reactions of G@HFCGHs formed by
5. Discussion combination of GHs and CHCHF radicals were studied in 1973
5.1. Comparison of CRCICHFC ;Hs with CF,CICHFCH s, as part of a comprehensive program to characterize unimolecular

HX elimination reaction&! These data can be reinterpreted using
our current computational approach to provide anotheink
to earlier work and to elucidate the differences between CH
and CRCI groups on the threshold energies for 2,3-FH
elimination. The experimental rate constants forsCHFCGHs
with [EO= 92 kcal molt were 0.20 Torr (3.6x 10° s™1) and

times smaller than for GEICHFCH;. RRKM calculations for 0.26 To_rr (4'17X 10°s™) for 2,3-FH and 2,1-FH elimination,
the same threshold energies predict a reduction in rate constant§63pe0t'velyl' )

by a factor of 30 for CKCICHFGHs relative to CRCICHFCH. In order to interpret the C¥CHFGHs system, DFT calcula-
Thus, ~2 kcal mol! higher values ofE,, relative to Ch- tions with the 6-31G(dp') basis set were done for the molecule
CICHFCH;, were required to fit theke values of Chk- and for the transition states of GBHFGHs, and then RRKM
CICHFGHs; the Ey (trans-2,3-FH) was used in this comparison. ~ calculations were done for 2,1-FH and 2,3-FH reactions. The
The main question to be answered is whether the difference inthree conformers of C#€HFCGHs have similar energies and
assigned threshold energies betweerGEHFCH; and CK- vibrational frequencie¥! and we used the average frequencies
CICHFGHs is real or a consequence of the combined uncer- ©f the thrge conformers to represent the molecule. For the 2,3-
tainties inke and the calculatetiz; An additional piece of ~ FH reaction, the-CzHs torsion was treated as a symmetric
evidence is the DFT calculated threshold energies for the threehindered rotor with a barrier heighof 4.6 kcal mot with Ireq
unimolecular pathways for both molecules. The threshold = 15.5 amu &. The torsional motions of the two GHroups

energies from the B3PW91/6-31G(t) calculations for C were treated as vibrations, since these modes are the same for
CICHFGHs were 56.2, 59.7, and 56.0 kcal mé| for CI—-F the molecule and the transition state. Rate constants faighe

interchange, 2,3-FH eliminatioriranschannel), and 1,2-CIH  andtransisomers were added to obtain the total rate constant
elimination, respectively, for the lowest energy conformers of for butene-2 formation. Th&, required to match the experi-
the molecule and transition state. These values are virtually mental 2,3-FH rate constant is 54 kcal molCalculations were
identical to those calculated for @FICHFCH;.t Based on these ~ €xtended to include the 2,3-FH reaction from OHIFGHs
DFT calculations and upon general expectations for substitution formed with 107 kcal mot* from the CH(&) + CHCHFCH,

of a CHs group by a GHs group, we believe that the higher reactiont! which has an experimental rate constant 15 times
threshold energies assigned to the,CIEHFGHs data are a larger than the rate constant for molecules formed by radical
consequence of the combined uncertainties associated with théecombinatiorf? The calculated increase k(2,3-FH) was a
experimental data and the computational models (including the factor of 10. This modest agreement with the experimental ratio
[EL). For example, if the density of states is underestimated by IS satisfactory given the possibilities of (a) cascade collisional
a factor of 2, the calculated rate constants would be too large deactivation of CHCH,FC;Hs which would tend to increase
by a factor of 2, which requires a highEg to reduce the rate the experimental rate constant, and (b) additional energy from
constant. In particular, the large number of conformers for the Vibrational excitation of the bending mode of gftom the
CR.CICHFGHs molecule, as well as-23 conformers or isomers ~ photolysis®

for each transition state, make the assignment of an avé&@ge The rate constant for 2,1-FH elimination also was fitted by
for each channel somewhat arbitrary. The pressures for experi-RRKM calculations. In this case the,lds group has similar
ments with CECICHFGHs were in the range of 0.02 to 0.002 modes in the molecule and transition state, and the torsional

The pattern for the rate constants of CECHFGHs and Ch-
ClCHFCH31 is very similar Withk2,37|:H = kl,2*CIF > k1’27c|H,
and CRLCICHFGHs5(C.Ds) provides another example for which
1,2-CIF interchange is important. Changing a{Gifloup to a
C,Hs group did not strongly affect the branching ratios.
However, the rate constants for 8HCHFGH5s are 115-150
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TABLE 4: Comparison of 2,3-XH Elimination Reactions the ring rather than the effect of changes in bond strengths for
ED assigned, sp? hybridized carbons versus carbons with significant olefinic
molecule reference kcallmol ke, S kcal/mol character. To test whether the electronic structural calculations
CRCICHFGHs _this work 93 2 1x 10° 62 would support Fhe' explan_a_tion based on dispersal of partial
CRCICHFCH 1 94.3 3.1x 10° 595 charges for an ionic transition state, Mulliken charges for the
CRCHCIC,Hs  this work 104 1.8¢ 10° 60 individual atoms were calculated using the B3LYP density at
gEg:gg_zb é 18?-(2) g?x ig; gg-g the optimized geometry in each molecule §CIEHFGHs, CFs-
. X . _
CHCHFCH® 4 95 11w 108 ot CHCIGHs, and CHCHFGHs) and the lowest energy con

former for each transition state; see Table S1 in the Supporting
Information. Results of an earl#rs* calculation for CECH;
o f;;';gg ][f‘(:; iﬁgftg?tcg:ﬁgecF?e:gugrggg ?gf%:)H?;Htgh\gran?al regarding the redistribution of charge as the HF transition state
activation data® The 1,2-HF elimination rate constant was approxi- forms is confirmed for HF e"m'”at.'o’? from all three halobu.-
mately equal to the 2,3-FH rate constant, and the threshold energy ist2n€s. Movement of electron density is largest to the departing
53 kcal mof?; see text. X with Cl experiencing a greater gain in electron density than
F. Examination of the charges on the {HHFCH,CH3 and the
motions of the GHs group were treated as vibrations. However, 2 3-FH transition states in Table S1 illustrates the effect of a
the CH—~CHFGHs torsion in the molecule was treated as a methyl substituent attached to each of the carbons in the ring.

CH;CHFGHs®  11; this work 92 3.6x 1¢° 54

hindered rotor withreq = 3.08 amu & andV = 3.0 kcal mot™. The Mulliken charges on the two methyl substituents are nearly
The frequencies of the other modes were taken as the averagdentical for the reactant and for tfieandZ transition states.
of the conformers. The assigngg(1,2-HF) was 53 kcal mot, In fact, the variation of electron density between different

and the difference in the threshold energies between eliminationmolecular rotomers is greater than the change when the transition
of HF from a primary vs a secondary-G1 bond is negligible  state forms. This suggests that the methyl substituent on either
in CH;CHFGHs. The assigned threshold energies for&£H  the carbon with the departing F or the carbon with the departing

CHFCHs are in accord with thermal activation experiments with neither accepts nor donates electron density. This observation
CH3CHFCH;*2and CHCHCICH;3'> The Eo values assigned s counter to the explanation that methyl substituents donate
here for CHCHFCHCH; are the same as those in ref 11. gjectron density to stabilize the developing charge on the carbons
Although the transition states from DFT calculations have a i, the ring of the transition state. Thus, we believe our view

higher entropy than the empirical transition states used earlier, that differences in bond strengths for atoms attached to &n sp

the utilization of hindered internal rotors in the model for the hybridized carbon versus a carbon with significant olefinic

molecule leads to the samBR*(E — Eq)/Ne* ratio.*2° _character might be responsible for the changeBginFinally,
Several 2,3-FH elimination rate constants are compared in ginole moments for the reactants and the transition states are

Table 4 for molecules with~95 kcal mof* of energy. The 156 in Table S1. Due to the significant lengthening of thexC
reduced rate constants of &FHFCH; and CRCICHFCH, bond in the transition state the dipole moments for all HX

relative to CHCHFCH, illustrate the effect of the F and CI  gjimination transition states are larger than for the molecule.

atoms in Ck or CRCI groups, which increase the density of 1 increase in dipole moment is much larger for HCI loss than
statesand raise the threshold energy by 5 kcal mblThe for HF.

reduction in rate constant for converting a £gtoup in CH-
CHFGHs to CRCI in CRCICHFGHs also is 2 orders of
magnitude. As an explanation for the elevatiortyby CF; or

5.3. Considerations of Product Branching Ratios from
CF,CICHFC ,Hs. Although threshold energies are the dominant
A _ factors that determine product branching fractions, the structures
gﬁngg;OyspS’(gs E%n;pf(r:eg gcaljfd [C):(FéHCEgHag?_'ID)(CFg of the three transition states and the approximations in our

s 3 5 3 s treatment of their internal rotors should be examined. Further-
D(CF,—CH=CH,) — D(CF,—CH,CH,) = more, the 2,3-XH processes hagis- and transisomers and
_ 1 the reason that theansisomer is favored needs to be explained.
106.7— 102.1= 4.6 kcal mol The transtransition state has the @El(CF;) and CH groups
D(CH,—CH=CH,) — D(CH,—CH,CH,) = on opposite sides of the nearly planar four-membered ring, and
_ 1 this transition state evolves naturally taris CF,CICH=CHCH;
101.7— 88.0=13.7 kcal mol~ (14) (or transCRCH=CHCH;). The cis-transition states giveis-

The calculated transition-state structdrégor HF elimination ~ ©Ol€fin products. At the same vibrational energy, the two
have a high degree of olefinic character, and the bond dissocia-transition states have nearly the same sums of states, and the
tion energies for C|EH=CH, and CHCH=CH, were chosen  Preference for th&ansproduct arises from the-23 keal mol?

to represent the transition state. The;€E bond strength does ~ lower energy of thetranstransition state (a 2 kcal mol

not increase nearly as much for trifluoropropene as does thedifference inEo gives a factor of 2.7 and 3 kcal mdlgives
CHs—C bond strength in propene. Given the olefinic nature of 4.5 in the rate constant). This energy difference is nearly the
the carbon atoms in the four-membered ring of the transition Same as for the olefin products, which is additional confirmation
state, this has the net effect of increasing the threshold energythat the transition states for HX-elimination have considerable
for HF elimination from compounds with a GRgroup rather  olefinic character. The experimentains/cisratio of butene-2
than a CH group on carbon atoms in the four-membered ring. from CHCHFGHs was only 1.2. The small ratio is a
The ana|ogy can be extended to 2,3-HCI elimination fromy-CH consequence of the small difference in threshold energies (10
CH,CH,CI and CRCH,CH,CI: the latter ha a 4 kcal mot! kcal mol from DFT calculations), as expected for the 1.0 kcal

higher Eo.* mol~1 difference in enthalpies of formation efs- andtrans-
It has long been recogniz&#3that replacement of H by GH 2-butene.
on the carbons in the ring lowered ti® for the 1,2-HX Comparison of the sums of stat§€?*(E — Ey), for the three

elimination reaction. This was attributed to the methyl group transition states of GEICHFGHs requires a consistent treat-
dispersing the partial charges that developed on the carbons irment for the torsional motions of GHC,Hs, and CFCI groups.
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We have treated the GHorsion treated as a vibrational mode vs an alkene, and the olefinic nature of the transition states for
in all three transition states. For a common energy of 35 kcal HCI or HF elimination. Calculated Mulliken charges for the
mol~1 and for hindered internal rotational models for the;,CF  methyl substituents for the GBHFGHs molecule and the 2,3-

Cl or GHs groups, the sums of states are %8L0", 24.1 x FH transition state do not support an earlier iéW that
10 and 15.1x 10* (trans) or 16.5 x 10" (cis) for the replacement of H by a CHsubstituent lowers th&, as a
transition states of 1,2-CIF, 1,2-CIH, and 2,3-FH reactions, consequence of dispersal of the partial charges on the carbon
respectively. As discussed previousi§the transition state for ~ atoms in the ring by the methyl group.

CIF interchange has a rigid structure. After completing the

calculations for 2-fluorobutane described above with only one  Acknowledgment. Financial support for this work was
hindered rotor in the molecule, we repeated the calculations with provided by the U.S. National Science Foundation under Grants
a two rotor model (the Ckt+CHF— rotor and the-CHF—C;Hs CHE-0239953 and MRI-0320795.

rotor). Thus, the 2,1-FH and 2,3-FH transition states can be more

easily compared; the sums of states are 2580 and 9.4x Supporting Information Available: Dipole moments, Mul-
10 (transisomer), respectively. Thus, thelds group provides liken charges, calculated vibrational frequencies, and reduced
more states than do two GHgroups. The rate constants moments of inertia and potential barriers. This material is
calculated with the single rotor model for @EHFGHs were available free of charge via the Internet at http://pubs.acs.org.
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