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The combination of CFEHF and CH or CD; radicals was used to prepare vibrationally excited@HFCH;

or CRCHFCD; molecules with 97 kcal mot of internal energy. The experimental unimolecular rate constants
were 3.7x 10f s7* for 2,3-FH elimination from CFCHFCH; and 1.3x 10° s~ for 2,3-DF elimination from
CRCHFCDs. Unimolecular rate constants for 1,2-FH elimination reaction were approximately 230 and 98
times smaller for CECHFCH; and CRCHFCD;, respectively, than the corresponding rate constants for 2,3-
FH elimination. Density functional theory (DFT) was used to calculate the structures and vibrational frequencies
of the molecules and transition states; this information was subsequently employed for calculations of RRKM

rate constants. Comparison of the experimental and calculated rate constants gave a threshold energy of

73 £ 2 kcal mol? for the 1,2-FH elimination process and 6@:51.5 kcal mot™ for the 2,3-FH elimination

reaction from CECHFCH;. The calculated kinetic-isotope effects agree with the experimental results. The
experimentally derived threshold energies for 1,2-FH and 2,3-FH elimination reactions from several
fluoropropanes and fluorochloropropanes are summarized and compared to those from DFT calculations.

1. Introduction Experiments also were done with §FHFCD; to measure
the kinetic isotope effects for reactions la and 1lb. These
unimolecular rate constants can be assigned to a specific

where X and Y are F, Cl, or H, using the chemical activation vibrational energy, which is given by the average internal energy

method:® The present report, which describes the zCF of the molecule formed by radical recombination.
CHFCHy(CD3) system, completes the series. The molecules In recent work™® we have employed electronic structure
were generated with 97 kcal malof vibrational energy by  calculations using density functional theory (DFT) at the
the recombination of GFEHF and CH(CD3) radicals at room B3PW91 level with the 6-31G(gh') basis set to assign structures
temperature. These radicals were obtained by photolysis ofand vibrational frequencies to haloethane and halopropane
CRCHFI and CHI(CD3l). Both 2,3-FH and 1,2-FH elimination ~ molecules and their transition states for HF and HCI elimination.
were observed, but 2,3-FH elimination is dominant because of These properties of the transition states are not very sensitive
the lower threshold energg,, with the F atom in the secondary ~ to the level of theory or the basis séts, especially for HF

Our laboratory has studied the unimolecular reactions of a
series of halopropanes with the general formulg@&YCHg,

position. elimination, and the calculated frequencies of the transition states
K should be reliable. These calculated frequencies and moments
CF,CHFCH;* 2 CF,CH=CH, + HF (1a) of inertia subsequently are used with statistical (RRKM)
unimolecular rate theory to calculate rate constants at a given
K, 5. . . .
12-FH CF,=CFCH, + HF (1b) energy. In the rate constant calculations, the torsionsal motions

of the CH; and CFk groups were treated as hindered internal
Ku rotors# The threshold energyy, is treated as a parameter to
+M—CRCHFCH, +M (1c) be obtained by matching the calculated rate conskantp the
The bath gases, M, are GHCD3l) and CRCHFI in these experimental rate constant. T@ values assigned_ by this_
experiments. Collisional deactivation, reaction 1c, should be Procedure were shown to agree with threshold energies obtained
efficient for these molecules, and the usual unit deactivation PY thermal activation experiments for several test casésing
assumption gives the experimental rate constants asn = this approach, the experimental data to be reported in this study
ku[M]([CF sCH=CH,)/[CFsCHFCH]) and k> e = ku[M]- enableEo to be assigned for 1,2-FH and 2,3-FH elimination
(ICF,=CFCHJ/[CFsCHFCHy]). The products from the decom- ~ from CRCHFCHs. The data for CECHFCD; provide a
position reactions, GEH=CH, and CE=CFCH, are labeled ~ consistency test for the computations and for the experimental
asD; and S represents the GEHFCH; product stabilized by ~ Mmeasurements. The uncertainty in tevalues assigned from
collision. The 1/[M]= 1/P, so that a plot oD/Sversus inverse fitting experimental rate constants measured at a single energy
pressure can be used to the determine the experimma:]H will l?e discussed for the 2,3-FH and 2,3-FD elimination
rate constant. Thd(z,ypH/kl,zpr = [CF3CH=CH2]/[CF2= reactions.
CFCH;] and, if the rate constants differ by more than a factor ~ The assignment o&p for 2,3-FH elimination from Cg
of 10, this product ratio is the most convenient and reliable CHFCH; enables a comparison to be made withsCIF,CHs
method for determining the rate constant for the slower reaction. and CRCFCICH,® which illustrates the effects of F and Cl
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substituents in the secondary position on threshold energies. TABLE 1: Mass-Spectral Fragmentation Data at 70 eV

Comparison can be made for 1,2-FH loss for the@HRCHs, (m/e, Relative Abundance and Assignment)
CRCHFCH; and CECHFCE; series and for 2,3-FH loss from CRCH=CH, CFRCH=CD,
CRCHFCH; and CHCHFCH; to iIIL_Jstrat(_e the effect of_ CHl e RA assignment e RA assignment
and Ck groups on threshold energies. Finally, comparison can " "
be made with CECHFCHs vs CHsCH,F and CRECH;F to see w5 GsH, 98 100 GRHD"
. GFsH3 79 93 GFHD,
the effects upori, for adding a Ck group or a CH group to 77 80 GFHs 96 80 GFsHD*
the ethanes. Several comparisons also are possible with mol- g9 46 CR* 97 55 GFsD,*
ecules such as GEICF,CHs. These experimentally assigned 51 35 CRH* 69 47 CR*
threshold energies also are compared to values from DFT 75 24 GFH* 51 43 CRH*
calculations. CF—CFChH CF—CFCDs
Two additional motivations for investigating gEHFCH; are - -
as follows: (1) By comparison to tH&’'s for CFsCHs (69 kcal me RA  assignment mle RA  assignment
mol~1)47 and CFHCHjz (58 kcal mof?),* the Eq for 1,2-FH 96 100 QFSH{ 99 100 QFsti
and 2,3-FH elimination from GIEHFCH; are anticipated to o . S‘Ei“z o o %E?Pz
differ by about 10 kcal mo' and the computed structure of 51 74 CEH* 50 76 CED*
the two transition states might provide some insight into reasons  4¢ 58 GFH5* 49 63 GFDs*
for this difference. (2) We have reported a novel CIF interchange 75 34 GFH* 31 32 CF
reaction for CECICR,CHz® and CHRCH,CIl.82We are complet-
ing work for CR,CICHFCH; and CRCICHFCD:#? in which 2,3- CRCHFCH CRCHFCD;
FH elimination, the dominant pathway, and 1,2-HCl loss, the me RA  assignment me RA assignment
slowest channel, are competitive with the 1,2-CIF interchange 47 100 GFH,* 50 100 CK*, C,FHDs*
reaction. The development of a reliable method for assigning 69 44 CR* 69 26 CR'
threshold energies for the HF elimination reactions for-CF 77 40 QFsz* 79 12 QF2H+D2*
CHFCHs and HClI for other chlorofluoroalkanes should facilitate g% gg EE"'L 13% ﬁ ((:Z;EHHD N
utilization of the same methodology for determining threshold g7 11 QF;H4+ 80 8 QFiDg*s
energies for FCI interchange in gACHFCH; and similar
halopropanes. meso€RCHFCHFCR d,-CRCHFCHFCR
) me RA assignment  m/e RA assignment
2. Experimental Methods 69 100 CE' 69 100 CE'
Pyrex vessels with volumes ranging from 15 to 3500 mL 1513 38 gg;‘_"f 1:5Li’ g’g gg;‘_"f
containing 0.14umol of 1-iodo-1,2,2,2-tetrafluoroethane and 95 28 GF:Ho* 95 27 GFH,*
2.1 umol of iodomethanel or iodomethanek and small 114 24 GF4H," 133 18 GFsHo"
amounts of mercury(l) iodide were photolyzed with an Oriel 101 12 GFH* 114 17 GF4H,*
high-pressure 250 W mercury lamp. The presence of mercury- 82 11 GRsH* 101 14 GFH*
133 9 GFsH," 82 13 GRH*

(I) iodide in the vessels during photolysis aids in formation of
the methyl and 1,2,2,2-tetrafluoroethyl radicti&.Photolyses o .
were done at room temperature with irradiation periods betweenionization detector and a Shimadzu CRS501 Chromatopac
30 s and 4 min; the longer irradiation times correspond to vessels/Ntégrator for measurement of peak areas. A block of dry ice
with larger volume. The typical percentage conversion for Was added to the GC oven to achieve ;ubamblent temperatures,
experiments from which decomposition and stabilization ratios Which improved separation of the earliest eluted components.
were measured were less than 5% for the iodomethane and aboufter 12 min, the temperature of the GC column was raised to
30% for the 1-iodo-1,2,2,2-tetrafluoroethane. Longer photolysis 20 °C. Typical retention times were as follows:;H, 10 min;

times were used to obtain sufficient material for mass spectro- CBCH=CH,, 11 min; CL=CFCH, 11.5 min; CRCHFCH,
metric analysis. Sample preparation was done on a grease-fred-2 Min;mese andd,|-CRCHFCHFCE, 13 and 15 min; CH,
vacuum line, and pressures of all gases were measured with 20 Min; and CECHFI, 21 min. Since sufficient quantities of
MKS 270 electronic manometer. The @ikvas purchased from  CRCHFCHs and CR=CFCH; were not available, the calibra-

Aldrich, and the CECFHI was purchased from PCR (now tion factors for the flame ionization detection for [FH=
SynQuest). CH2]/[CF3CHFCH3], [CF3CH=CH2]/[CF2=CFCH3] and the
Product identification was based on mass spectral fragmema_deuterated analogues were assumed to be 1.0. This is consistent

tion patterns and gas chromatographic retention times. A With FID czezlibration faptors .from previous work from this
Shimadzu QP 5000 GEMS with 0.25 mm by 105 m Rtx-200 laboratory-24 for cases in which the quoroaIkepe and qupro-
column was used for mass analysis. Table 1 shows the massalkane_ molecule_s were not completely qu_orlnated. Th's. as-
spectral patterns for the products of interest; a commercial sumption could_ introduce a-510% systematic uncertainty in
sample was available for only GEH=CH,. To determine the the product ratios and, hence, the rate constants.

GC retention time and mass spectrum of EEFCH; an
authenic sample was prepared by the elimination of HCI from
chemically activated GIEICHFCH; that was formed by the 3.1. Experimental Rate Constants.The rate for 1,2-FH
photolysis of CECICHFI and methyl iodide. Assignment of the  elimination is much slower than for 2,3-FH elimination, and
mesoe andd,|-diastereometers for GEHFCHFCH was based the yield of CRL=CFCH; was too small to be measured
upon the retention time for thmese andd,|-diastereomers for  accurately in the pressure range needed to measub® #ratio
CRCH,CHCICHCICH,CF;. Data for determination of rate  to establish the rate constant for 2,3-FH elimination. Therefore,
constants were collected using a 0.53 mn210 m Ritx-200 experiments first were done over the pressure range from 2.8
combination column in a Shimadzu GC-14A with flame to 0.08 Torr to measure the ratios of {Lff=CH,/CRCHFCH;

3. Results
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Figure 1. Plot of CRCH=CH,/CFRCHFCH; (O) and CRCH=CD,/
CRCHFCD; (O) vs inverse pressure. The slope and intercept values
are 0.280+ 0.006 and—0.04 £+ 0.02 for CRCHFCH; and 0.101+
0.002 and—0.01+ 0.01 for CRCHFCD;.

and CRCF—CD,/CRCHFCD; from reaction 1la. A second set

of experiments at lower pressure was done to measure the

CF,~=CFCHy/CRCH=CH, and CRL=CFCDy/CRCF=CD, ra-
tios. TheD/Sversus 1P plots for 2,3-FH and 2,3-FD elimination
from CRCHFCH; and CRCHFCD;, respectively, are shown
in Figure 1. The slopes are 0.2800.006 Torr for the 2,3-FH
reaction and 0.10% 0.002 Torr for the 2,3-DF pathway. The
high-pressure intercepts are).040 and—0.0091 for the Ck
CHFCH; and CRCHFCD; plots, respectively, and the correla-

tion coefficient is 0.995 for both data sets. These intercepts
should be, and are, effectively zero, and these data appear to
be a reliable measure of the limiting high-pressure rate constants

These data give a kinetic-isotope effect of 2:80.1 for 2,3-
FH vs 2,3-DF elimination.

For pressures sufficiently low that most of the SCHFCH;
decomposes, the small @FCFCH; yield could be measured.
Based on five experiments over the pressure range of 8.033
0.015 Torr the [CEBCH=CH,]/[CF,=CFCHg] ratio was 230+
80 and the [CECH=CD,)/[CF,=CFCD;] ratio was 98+ 22.

These product ratios are equivalent to rate constant ratios.

Converting to rate constants gives (H420.4) x 10°2 and
(1.0 £ 0.2) x 1073 Torr for 1,2-FH elimination from C§
CFHCH; and CRECFHCD;, respectively. The large uncertainty

in these rate constants is a consequence of the small yields o

CF=CHFCH; and CRL,=CHFCD;. The kinetic isotope effect
for 1,2-FH elimination (1.2) is smaller than for 2,3-FH and 2,3-
DF elimination (2.8), because HF elimination from{CIFHCD;
does not include a primary isotope effect. Unfortunately, the

experimental uncertainty of this secondary kinetic-isotope effect

for reaction 1b is relatively large.

The rate constants in pressure units were converted to units

of s71 by multiplication by the collision rate constakt y =
02 (8K T mua m)Y2Q24(T*). The collision diameters (andk)
values used for the calculation are 4.6 A (405 K), 5.2 A (300
K), and 5.6 A (240 K) for CHI, CFsCFHI, and CECHFCH,
respectively® The collision diameters and thek values used
for CRCHFI and CECHFCH; are the same estimates that were
employed for CECF,l and CRCF,CHz.6 The unimolecular rate
constants are (3.F 0.4) x 10° and (1.34 0.2) x 1(° s1 for

Holmes and Holmes

TABLE 2: Comparison of Experimental and Calculated
Rate Constants

EQ rate constants, $ s
molecule (kcal mol?) exptl calcd (kcal mol?)

CRCHFCH; 97.0
2,3-FH (3.7£0.4)x 10f 3.8x 10° 605
1,2-FH (1.6£0.5)x 10* 2.0x 10 73
CRCHFCDs 97.3
2,3-FD (1.3£0.2)x 10f 1.3x 10F 615
1,2-FH (1.3£0.3) x 10* 1.3x 10 73

a Average vibrational energy of the formed molecufeSee text for
collision cross sections used to convert the rate constants in Torr units
to sL. ¢Calculated from RRKM formulation of unimolecular rate
constants, eq 3\ Assigned by matching the calculated and experimental
rate constants.

2,3-FH (FD) elimination from C§CHFCH; and CRCHFCD;,
respectively. The uncertainty in the collision rate constants
together with the unit deactivation assumption introduces-a 10
15% uncertainty into the rate constants in! sunits. This
uncertainty is larger than the uncertainty of the slopes of the
D/Splots, and the uncertainty in the rate constants {irusits)

is cited ast+15% for 2,3-FH and -FD elimination here and in
Table 2. The rate constants for 1,2-FH elimination fromg-CF
CHFCH; is (1.6 £ 0.5) x 10* st and that for 1,2-FH
elimination from CERCHFCD; is (1.3+ 0.3) x 10* s7%; these
uncertainties are the same as those for the experimental product
ratios.

3.2. Thermochemistry. The average vibrational energy of
the CRCHFCH; molecules can be obtained from eq 2, assuming
that the activation energy for the radical recombination reaction
is negligible.

[E, 0= Dy(CF,CHF-CH,) -+ 3RT+ [E, (CH,) [+
[E,(CF,CHF)I(2)

The AH®t 295 of CH3, CRCHF and CECHFCH; were used

to find Daog(CFCHF-CH;), which was adjusted t®,. The

thermal energies of the radicals can be easily estimated, and
the uncertainty il Carises from lack of firm assignment for
AH?%(CRCHFCHs;) and AH°(CRCHF). The former has been
estimated previously as225.6 kcal mot! from utilization of

an isodesmic reactidhThe AH® 295( CRCHF) value$®-1? range
from —168 to—163 kcal mott. Combining these numbers with
the establishedAH® 209(CH3)*® = 35.0 kcal mot?, gives
[(Ey(= 97 & 2 kcal mol* as the average vibrational energy of
CRCHFCH; formed by recombination of CH+ CRCFH
radicals at 298 K. ThéEyUfor CRRCHFCD; is 0.3 kcal mot?

#arger than that for C#FEHFCHs. For our choice of thermo-

chemistry the [y [bf the CRCFCICH;, CRRCFHCH;, and CF-
CF,CHz molecules formed by recombination with @kadicals
are 94, 97, and 98 kcal midl The ordering for these bond
dissociation energies seems reasonable, although the uncertainty
in each value ist2 kcal mol™.

3.3. Calculated Results.The theoretical formulation of
statistical unimolecular rate constatt$RRKM theory, is used
in the form of eq 3 to assign threshold energkes,to reactions
la and 1b and to their counterparts withsCFHCD;.

& [IH\¥2SPE - By
ke =7 (I_) NE )

In eq 3 the vibrational energ¥, is equated to the average
internal energy,[Ey[] of the molecule. The sum of states,
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Figure 2. Computed geometries (bond distances are in A and angles are in deg) SOHBEH; and for the 1,2-FH and 2,3-FH elimination
transition states using DFT (B3PW91) calculations with a 6-31@]dasis set. The €F bond distances for the @lgroup of CRCHFCH; are
1.34-1.35 A. The ring dihedral angle is 1.1%and 0.618 for the 1,2-FH and 2,3-FH elimination transition states, respectively. For the 1,2-FH
transition state the angle between the triangular plane of thee@Fand the €&C bond is 167.3and the corresponding angle for the CRGHd

is 144.5. The equivalent angles are 1640r the CHCFE end and 157 4for the CH end of the 2,3-FH elimination transition state.

Z?(E — Eo), of the transition ;tate and the densﬁy of states, TABLE 3: Comparison of Calculated and Experimental Eq¢?
Ng, of the molecule were obtained from the Multiwell cofe.  for 2,3-FH and 1,2-FH Elimination

The reaction path degeneracig§,are 3 for both reactions 1a
and 1b. The moments of inertid, and I¥, and vibrational
frequencies of the molecule and transition states, which are__Mmolecule exptl calcd  molecule exptl  calcd
needed to calculate:, were obtained from the Gaussian Suite CRCFHCH; 60.5 62  CRCHFCH 73 74
of programs8 We have continugd® to use DFT atthe B3PW91 ~ CRCRCH; 65' 66  CRCHCHs 6 69
level with the 6-31G(b") basis set for computation of molecular CRCFCICH, 61.3 64  CRCH,CH.CI L) 67

2,3-FH elimination 1,2-FH elimination

o - L . CH3CHFC 55° 57 CRCH.C 3 67
and transition state structures. In previous publications, which CHchCH';b ~55 60 CECH?ZCF% ~T5 7O
summarized the unimolecular reactions of several fluoropro- cH,FCH, 58 59 CRCHs 6% 69
panes, we have demonstrated that these computations provide CRCHF ~69

reliable_vibrational freqqencié&‘vaThe calculated structures an_d 21n units of kcal mot™. The experimentak, values usually have
properties of the transition states and molecules are providedyncertainties oft1.5 kcal mot™. ® Obtained from DFT (B3PW91)
in Figure 2 and in Table 4. The DFT calculations, even with a calculations with 6-31G(¢p) basis set¢ This work.¢ Reference 6.
more advanced level theory and larger basis sets, do not®Reference 4 and see text for discussion of@HLCHs. ' Reference
necessarily provide reliabl&, values for FH elimination  3.°Reference 4; the experimentaj value for CHCR,CH; may be a
reaction$® and these are assigned by matching the Ca|cu|atedlower [lmlt. h Ref_erence 5! Reference 20, obtained from Arrhenius
rate constankg; from eq 3 with the experimental rate constant, activation energies.
k(exp). The calculated rate constants are shown in Figure 3 for 2,3-
In evaluating the harmonic sums of states and densities of FH and 2,3-FD elimination reactions. Since we wish to compare
states, the torsional modes of the {Gdhd CH groups were  threshold energies for a series of 2,3-FH and 1,2-FH elimination
treated as hindered internal rotations (HIR). The reduced reactions, this figure is presented to demonstrate the dependence
moments of inertia arée{ CF3) = 35.9 andie CHs) = 3.14 of the Ep assignments on the uncertaintieskiexp) andEy, [
amu A& with potential energy barrietsof V(CFs) = 4.9 and and how independent results from §CHFCD; help better to
V(CHz) = 3.3 kcal mof! for CRCHFCH;. The potential  define the threshold energy. The threshold energies for the
barriers were assumed to be unchanged in the transition statesseactions from CFCFHCD; are fixed by the zero-point energy
but the moments of inertia were evaluated for each structure djfferences relative to the threshold energies for thgGQEfFCH;
and|},{CFs) = 39.4 andl;,(CHs) = 3.13 amu A for 2,3-FH reactions. ThusEo(2,3-FH) andEy(1,2-FH) from CRCHFCH
and 1,2-FH elimination, respectively. The reduced moments for are the only parameters to be determined. The ratio of rate
the CRCHFCD; system werded CDs) = 6.17,lre CF3) = 39.1, constants for reactions 1a and 1b depends on both the two
I*.{CDs) = 6.16, andl),(CFs) = 41.4 amu A&. threshold energies and any intrinsic difference in the sums of
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TABLE 4: Computed Moments of Inertia and Vibrational Frequencies for CF3CFHCH3; and CF;CFHCD3 and the Transition

States Using B3PW91/6-31G(¢p’)

moments of inertia, amu?

frequencies,cm !

CRCHFCHs

143.6, 212.0, 258.4
1,2-HF transition state

163.5, 236.8, 265.6
2,3-HF transition state

143.1, 225.9, 271.6
CRCHFCD;

151.8, 225.3, 277.1
2,3-DF transition state

150.9, 238.0, 289.0
1,2-HF transition state

172.0, 251.7, 285.8

72.9*%, 208, 226*, 247, 333, 410, 474, 543, 578, 670, 806, 926, 1032, 1140, 1157, 1198, 1237, 1312,
1364, 1410, 1416, 1489, 1502, 3079, 3082, 3173, 3176

1806i, 100, 194*, 213, 262, 270, 303, 350, 495, 554, 581, 742, 802, 967, 1050, 1166, 1190, 1286,
1403, 1436, 1475, 1498, 1620, 1728, 3061, 3143, 3169

1854i, 76.4*, 174, 242, 319, 392, 506, 513, 557, 577, 641, 683, 825, 869, 1008, 1057, 1179, 1237,
1243, 1286, 1310, 1434, 1553, 1629, 3176, 3232, 3279

69.5%, 163*, 201, 237, 312, 403, 443, 533, 568, 624, 757, 788, 932, 996, 1065, 1072, 1127, 1176,
1195, 1232, 1314, 1365, 1417, 2215, 2351, 2355, 3080

1395i, 74.4*, 172, 225, 311, 356, 407, 500, 550, 563, 595, 629, 686, 777, 877, 938, 1018, 1036,
1172, 1190, 1224, 1294, 1317, 1514, 2311, 2444, 3233

1807i, 93.0, 143*, 203, 256, 264, 294, 331, 483, 538, 561, 720, 778, 809, 861, 1043, 1061, 1078,
1160, 1189, 1296, 1427, 1611, 1726, 2202, 2328, 2348

aFrequencies that were replaced by hindered internal rotors are designed with an asterisk.
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Figure 3. Plots of logke vs E for two Eg values for 2,3-FH and 2,3-
FD elimination from CECHFCH; (top three curves) and GEHFCD;
(bottom two curves) for the hindered internal rotor models (HIR). The
ke for the free internal rotor model (FR) of @HFCH; is shown for

Eo = 60 kcal moft. The ranges of uncertainty faE,Candk(exp) are
shown by the upper and lower boxes forsCHFCH; and CRCHFCD;,
respectively; the preferred value is in the center of the boxes.

states of the 1,2-FH and 2,3-FH elimination transition states.

Therefore, the nature of the two transition states will be
examined before thg, values are selected.

A global measure of the difference in transition states for
1,2-FH and 2,3-FH elimination is a comparison of their internal
partition functions ¢) and moments of inertiali*o. Both are
larger for the 1,2-FH elimination transition state with ratios of
(131342 = 1.08 and @y/qu2) = 2.0 for vibrational models or
1.9 for HIR models; the partition functions were calculated at
800 K. The lower vibrational frequencies for the 1,2-FH
elimination transition state give ratios aP*(1b)ZP¥(1a) =

between the 1,2 and 2,3 elimination pathways is an intrinsic
property of the reactions of GEXYCHs-type molecules.

Examination of Figure 3 shows that fd, = 97.0 and 97.3
kcal mol?, threshold energies of 60.5 and 61.5 kcal ol
provide a satisfactory fit to théy s rq and kz3-gp Of CFs-
CHFCH; and CRCHFCD;, respectively. Given the uncertain-
ties in the experimental and calculated rate constants, exact
fitting of threshold energies beyond0.5 kcal mot? has no
physical significanceA 1 kcal mol? difference in threshold
energies for CECFHCH;(CDg) is consistent with the predicted
Eo(FD) — Eo(FH) of 0.97 kcal mot! from zero-point energy
considerations.

Inspection of the zero-point energies shows that 1,2-FH
elimination from CECHFCH; and CRCHFCD; should have
nearly the samgy value (the difference is only 0.05 kcal m#).
Sinceky oy is thought to be more reliable from @EHFCDs,
that system will be examined first. The dependenclk-afpon
Ep from 2,3-FD elimination shown in Figure 2 can be used to
provide an estimate fdEg(1,2-FH) A 2 kcal moi change in
Eo alterske by a factor of 2.3 aE = 97 kcal mot™. Thus, a
98-fold reduction irke requires approximately a 10 kcal mél
higher threshold energy. However, the 1,2-FH and 2,3-FD
transition states differ, as mentioned above, and an even larger
difference inEy values is needed. Fitting the ratio of rate
constants gives the best measuré&gfiLb) because the properties
of the molecule cancel and, only the differenceEgflb) and
Eo(1a) matters. Fitting the ratios of rate constants for reactions
la and 1b of 236t 80 and 98+ 22 from CRCFHCH; and
CRCFHCD;, respectively, gavé&y(1,2-FH) — Ey(2,3-FH) =
13.5 kcal mot?! and E¢(1,2-FH) — Eq(2,3-FD) = 11.5 kcal
mol~1. The uncertainties in the experimental product ratios give
a £1.0 kcal mot? uncertainty for theEqg(1,2-FH) assignment
for each case. As an alternative method, the absolute values of
the rate constants can be fitted, see Table 2. We recommend an
Eo(1,2-FH) of 73 kcal mot! for CRsCHFCH; or CRsCHFCDs;.

The calculated secondary kinetic-isotope effect for 1,2-FH
elimination from CECHFCD; vs CRRCHFCH; is 2.2 for a fixed
common threshold energy of 73.0 kcal mblThis value is
considerably larger than the experimental value of 1.2. The latter
has a large uncertainty due to the very small yields of=€F

2.2 and 1.9 for vibrational and HIR models at a common energy cFCH, and CR=CFCD; from reaction 1b, and the calculated

of 35 kcal mof. This difference in transition states means that
Eo(1b) — Eg(1a) must be larger than it would be, if the structures

ratio is preferred.

of the two transition states were equivalent, to obtain a given 4 piscyussion

value fork(1a)k(1b). Although the 2,3-FH transition state has
a -CRinternal rotor while the 1,2-FH transition state has a 3CH

4.1. Threshold Energies for CRCHFCH3. The Ck-

internal rotor, the frequencies associated with the three out-of- CHFCH; molecule is the simplest member of the series that

ring C—F bonds of the 1,2-HF transition state are, collectively,
lower than the frequencies of the €group. This difference

can have competitive 2,3-FH and 1,2-FH elimination. Thus, it
is important to understand the uncertainties in the assignment
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of the Eg values for reaction 1. The source of the uncertainties comparisons can be explained by the following two factors:
are the experimental error in the D/S plot, the choice of collision First, the larger bond dissociation ener@y, for D(C—F) and
cross sections for calculation d§4, the uncertainty in the D(C—H), which are 125 and 106 kcal md| respectively, for
assignment offEy [ possible deficiencies of the transition state, CFCH; compared to 108 and 98 kcal mé| respectively, for
and inherent limitations of the theory behind eq 3. Several of CFH,CHjs, is one cause for the high&y(CFCHz) relative to
these questions can be discussed with the aid of Figure 3.  Eo(CFH,CHj3). The trend for the energies of the bonds that
The average energy of @EHFCH; carries at-2 kcal mol? evolve to the four-membered transition states for 1,2-FH and
uncertainty. As shown in Figure 3, a decrease in energy from 2,3-FH from CRCHFCH; would be similar. Second, the
97 to 95 kcal mot! would lowerke by a factor of 1.4-1.5. difference in bond energies of $@—H versus (shC—H bonds
The uncertainty in a carefully measured high pressure experi- for out-of-ring atoms is much larger than the corresponding
mental rate constant, which lies primarily in the choice of difference for C-F bonds, especially for the Gigroup as the
collision cross sections used to fifig, is typically equal to or  SP(C—F) representative. The typical difference in energy for
less than 30%; see Figure 1 for the uncertainty in the slopes of C—H bonds is about 13 kcal mdl in favor of the sp bond,
the D/S plots. Although the collisional efficiency of GHand whereas the difference in energy betweenRbonds for Cht
CF:CFHI have not been measured, we have arfjtieat these ~ CF2 or CH,CHF and CECHj is negligible. Thus, the transition
gases will resemble ££s or SK and unit deactivation can be  state for CFHCHz with four (S)C—H bonds will be stabilized
used for the high-pressure limit. Both of these factors can changemore than the transition state for &FH; with only two
the assignment ofg by ~1 kcal mol?, sine a 2 kcal mot? (sP)C—H bonds. The situation for 1,2-FH and 2,3-FH transition
change inEy alterskg(2,3-FH) by a factor of 2.3 ankz(1,2- states is even more extreme with the 2,3-FH transition state
FH) by a factor of 2.6 forlEyO= 97 kcal mot?’. The rate having three (sPC—H bonds and the 1,2-FH transition state
constants are not very sensitive to changes in structure of thehaving no (s§C—H bonds. In addition the €CF; bond will
transition states, and DFT calculations with different basis sets be stronger than the-&CHs bond, which further stabilizes the
usually changée by less than 15% (for the sanf®), which 2,3-FH transition state.
would only change the threshold energy assignment-bys Computed structures, B3PW91 6-31G({4, for the transition
kcal mof-%. Andersson and Uvddhave summarized the scaling  state geometries for the two HF elimination channels of-CF
factors for frequencies calculated from various basis sets. WeCHFCHs, Figure 2, support the arguments in the previous
have not employed any scaling factors, because their effectsparagraph that were based on experimental bond dissociation
tend to cancel in the ratio of the sums and density of states. energies and the assumption that the carbon atoms in the ring
Application of scaling factors for frequencies calculated from of the transition state had significantsgharacter. Two sets of
6-31G(d,p’) for CRCFHCH, and transition states would only  geometric parameters shown in Figure 2 are evidence for
marginally changée. The calculation also is not very sensitive  substantial shcharacter in the 2,3-FH elimination transition
to the barrier employed for the internal rotation as shown by state: (a) the angles between the=C bond and the triangular
the comparisons in Figure 2 for hindered rotors vs free rotors. plane defined by the HC—H (157.3) and the H-C—CF;
The deficiencies of eq 3 are those of transition-state theory and(164.0) are much closer to a $than sg geometry and (b) the
harmonic counts for density and sums of states. Such effectsH—C—H and the H-C—CF; bond angles of the transitions state
seem to be either minor or cancel based upon comparison of(117.7 and 113.3, respectively) are very close to the corre-
assigned threshold energies from eq 3 with those determinedsponding angles in the GEH=CH, product (117.5and 114.83,
independently from thermal Arrhenius constants for several test- respectively). A similar conclusion emerges from analysis of
case fluoro- and chloro-ethane and -propane moledules- the geometries of the 1,2-FH elimination transition state and
neling was not included in the above list, because extensive the alkene product. In addition, the 16 kcal midbwer energy
kinetic-isotope measuremehtfor CFCFCICHs-dg-d;-d>-d3 computed for CECH=CH, compared to CF=CFCH; is
suggest that tunneling is not important for 2,3-FH or 2,3-FD pleasingly close to the 314 kcal mot difference in threshold
loss from highly vibrationally excited molecules. Extensive energies and further illustrates the substantidlckaracter of
analysis of the primary and secondary (statistical) kinetic-isotope the carbons in the transition state. Finally, computed bond
effects for HCI and HF elimination reactions can be found in distances support the assertion that theHbond dissociation

refs 4 and 6. energies of the transition state are close to those fad ®onds

The good agreement between the threshold energies assigneth alkenes. Figure 2 shows that computed bond distances for
from independent measurements withsCAFCH; and Ck- the out-of-ring C-H bonds in the 2,3-FH elimination transition
CHFCD; suggests that the overall uncertainty fy(2,3-FH) state are the same as, or slightly shorter than, those in the alkene

= 60.5 kcal mot?!is 1.5 kcal mof ™. The larger experimental ~ product.
uncertainty in the data for the 1,2-FH reaction gives an  The experimentally assigned threshold energies based upon
uncertainty of£2 kcal mol for Eq(1,2-FH)= 73 kcal mot™. chemical activation data for several reactions are summarized
The £2 kcal mol* uncertainty inEy Ofor CRCHFCH is one in Table 3 and compared to threshold energies from DFT
of the more favorable cases for halopropanes formed by radicalcalculations at the B3PW91/6-31Gf) level. The first thing
recombination. For some formation reactidhthe question of o note is the close agreement between the experimental and
an energy barrier for radical recombination may augment the calculated threshold energies for {LFHFCH; (and for several
uncertainty of the thermochemistry. other reactions). This agreement is, in part, fortuitous because
4.2. Comparison of Threshold Energies for 2,3- and 1,2-  using larger basis sets generally lowers the calculagedlues
FH Elimination Reactions. The 13-14 kcal moi?! energy and increases the discrepancy with experimental vdlues,
difference betweeky(1,2-FH) andgy(2,3-FH) for CRCHFCH; whereas one would prefer the converse for the ideal computa-
resembles the difference betweensCHjz (69 kcal mot?) and tional model. The second general point is th&0 kcal mot
CFH,CHjs (58 kcal mot1). Substitution of a Cggroup for a H higher threshold energies for 1,2-FH relative to 2,3-FH reactions;
atom in CFHCHj3 only raises the threshold energy for 2,3-FH  the Eq(1,2-FH) values tend to be 70 kcal mol~2. This 10 kcal
elimination by 2-3 kcal mol. The energy differences for both  mol™?! difference is a general feature of §EXYCH; and the
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explanation is the same as given in detail above fog-CF frequencies than those in a gfroup. The experimental kinetic-
CHFCHs. A third general point is the-35 kcal mol~1increase isotope effect for 2,3-FD elimination from GEHFCD; is 2.8

of the threshold energy for 2,3-FH elimination upon replacement and the transition-state models reproduce this isotope effect.
of the CH; group by the CEgroup, e.g., compare GEHFCH; The computed transition state structures show a nearly planar
to CHsCHFCH; or CHsCF,CHas. Adding one more F atom to  four-membered ring and substantial planarity of the four out-
the secondary carbon also increa&g€,3-FH) for CRCF,- of-ring atoms attached to the=6C bond, indicative of
CHg relative to CERCFHCHs. This 5 kcal mol~1 difference is significant sp character for the carbons. Results from the DFT
a consequence of the difference of bond energies fog iGH calculations were used with the RRKM theory, employing a
the molecule and in the transition state versus those for;a CF hindered internal rotor treatment of the torsional maotions, to
group. The C-CF; bond energies are similar whereas the compute rate constants that fitted the experimental results using
C—CHjs bond energy increases in the transition states. The threshold energies of 60%& 1.5 and 734 2 kcal mol? for
CRCHFCH; and CRCHFCR; molecules have slightly higher  2,3-FH and 1,2-FH elimination, respectively. The-1131 kcal

threshold energies for 1,2-FH elimination than sCHs; or mol~1 lower threshold energy for 2,3-FH versus 1,2-FH
CRCH,F because of the difference in bond energies for the elimination is mainly a consequence of the difference in bond
(sp)C—F versus the (HC—H. energies of (s§C—X versus (spC—X bonds for the four out-

The large rate constant and hence |Byfor CF;CHy,CHs of-ring atoms (X= C, H, or F). For X= H the bonds are
seemed anomalous for 1,2-HF eliminatiofihe original data stronger for sp versus sp carbons but for X= F or C the
for CRsCH,CHs were collected in 1998 using both € CH,- corresponding bond energies are similar. These principles also
CHs; and CRCH, + CHs activation. These experiments have can be used when comparing threshold energies for different
been recently repeatédind the large rate constants could not molecules. For example, the 1,2-FH elimination reaction of CF
be confirmed. Apparently the pressure measurements of theCH,CHs, which has been reinvestigatedan be compared to
work in 1998 were in error by an order of magnitude due to CRCHFCHs. The replacement of H by an F atom in the
using an incorrect range on the MKS electronic manometer, secondary position raised the threshold energy for 1,2-FH
and the new rate constants are about 10 times smaller for bothelimination by~3 kcal molL. The threshold energy for 1,2-
energies. Thusky = 64 kcal mof! assigneti by fitting the FH elimination from CECFHCH; is ~4 kcal mol® higher than
rate constants from 1998 must be revised. On the basis of thefor CRsCHsz or CRCHF. Comparison of the 2,3-FH elimination
new data, the&y(1,2-FH) for CRCH,CHs will be 68—69 kcal threshold energy for GEHFCH with CH;FCHs and CH-
mol~1. With these new experimental results, the discrepancy CHFCH; shows that substituting a GGroup fara H or a CH,
between the calculated and experimentally derived values for respectively, raises the threshold energy by8Zcal mol for
the threshold energy disappears. The addition of the fourth F CH3CHF and 4-5 kcal mol? for CH;CHFCHs.
atom to CBCH,CHjs clearly raisessg for 1,2-FH elimination
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