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Chemically activated GEFCICH;, CRCFCICD;, CRCFCICH.D, and CECFCICHD, molecules with 94

kcal mol? of internal energy were formed by the combination o,CFCl radicals with CH, CD;, CH,D,

and CHD radicals, which were generated from UV photolysis ofsCIFCIl and CHI, CDsl, CH.DI, or

CHD.l. The total (HF+ HCI) elimination rate constants for @EFCICH; and CRCFCICD; were 5.3x 1(°

and 1.7x 10 s 1 with product branching ratios of 8 0.6 in favor of HCI (or DCI). The intermolecular
kinetic isotope effects were 3.22 and 3.18 for the HCl and HF channels, respectively. The product branching
ratios were 10.3t 1.9 and 11.8+ 1.8 (10.8+ 3.8 and 11.6+ 1.7) for HCI/HF and DCI/DF, respectively,

from CRCFCICHD (CRCFCICHD,). The intramolecular kinetic-isotope effects (without correction for
reaction path degeneracy) for HCI/DCI and HF/DF elimination from@HCICH,D (CRCFCICHD,) were

2.78+ 0.16 and 2.98+ 0.12 (0.82+ 0.04 and 0.9k 0.03), respectively. Density function theory at the
B3PW91/6-31%#G(2d,p) and B3PW91/6-31G(d') levels was investigated, and the latter was chosen to
calculate frequencies and moments of inertia for the molecules and transition states. Rate constants, branching
ratios and kinetic-isotope effects then were calculated using RRKM theory with torsional motions treated as
hindered internal rotations. Threshold energies for HF and HCI elimination frof@ EHCH; were assigned

as 61.3+ 1.5 and 58.5+ 1.5 kcal mot?, respectively. The threshold energy for-E interchange was
estimated as 67 kcal mdl The difference between the transition states for HCl and HF elimination is discussed.

1. Introduction data may suggest that the intermolecular kinetic-isotope effect
. L . of chemically activated mono-, di- and trisubstituted halo-
The unimolecular elimination reactions of HF and HCI from o ane% 13 incrementally increases with the number of halogen
fluorochloroethanés? and fluorochloropropanés® have been  a1oms on ther-carbon. The results for GEFCICH; (CD3) will
extensively investigated by our laboratory using the chemical- e ysed to test this trend. Intramolecular kinetic isotope effects
activation technique. With the development of electronic gnould have less experimental uncertainty, and we have
structure calculations, the vibrational frequencies and moments ,aasured thentramolecularkinetic-isotope effects, botkc//
of inertia of transition states can be calculated. Thus, matching . . and k,e/kor, for CRCFECICHD and CRCFCICHD,. Al
experimental to calculated statistical (RRKM) rate constants of these isotope effects are compared to RRKM calculations of
permits assignment of threshold energies for the unimolecular sotope effects, as well as to experimental kinetic-isotope effects
reactions’ We now wish to report a comprehensive study of f gther ethyl and propyl chlorides and fluorides. This work
the HCl and HF elimination reactions from the LIFCICHy provides an in-depth analysis of kinetic-isotope effects for
molecule. This work is part of a systematic study of various ynimolecular HCl and HF elimination reactions at a fixed
fluorochloropropane$,® and the assigned threshold energies \iprational energy.

for CRCFCICH; will be compared to that for HF elimination Characterization of the unimolecular reactions of thes-CF

from ,CF‘”CFZCHB' ) CFCICH; molecule is especially important as part of the

_This study includes measurement of the intermolecular gocymentation of GHF exchange reactions in certain fluoro-
kinetic-isotope effects for GEFCICD; and the intramolecular chloroethanes and -proparfsin previous work, the observa-
kinetic-isotope effects for GEFCICH,D and CECFCICHD,. o of CRCF=CH, following excitation of CECICR.CH was
Although transition-state structures for HF and HCI elimination claimed as identification of formation of GEFCICH; by the
reactions are similékinetic-isotope effects, "> as wellasrate  ¢|_F interchange reaction. In the current work, the branching
constants, may help to illustrate differences between them. payyveen the HE and HCI elimination channels 0bCFCICH;
Intermolecular kinetic-isotope effects tend to have considerable 55 measured, and the preference of HCI elimination was
experimental uncertainty, since the ratidkgé/koc is obtained verified.

from two independently measured rate constants. The published The molecules were generated with 94 kcal TAobf

. vibrational energy by the recombination of {LF-Cl and CH,,
828—22?—%&2% correspondence. E-mail: bholmes@unca.edu. Telephone: CDs, CD,H or CDH, radicals at room temperature. The
T Part of the special issue “William Hase Festschrift’. unimolecular processes, which are in competition with colli-
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. . . Figure 1. Computed structure (bond distances are’imid angles
Reactions 1 and 2 were studleq over a rangglof pressure Withy e in degrees) of the GEFCICH; molecule and the HCI and HF
measurement of the decomposition and stabilization products,elimination transition states. All molecular bond angles are within one
and rate constants for HCI and HF elimination were obtained. degree of tetrahedral except the-C—C angle. The angle between
From these data, the chemical branching ratiggi/kqr and the H—C—H triangular plane and the-=C---C bond in the transition

koo/kor, also were determined. For reactions 3 and 4, only ratios state is 152.45for HCI and 146.63for the HF and the angle between
the X—C—CF; triangular plane and the-=C---C bond is 170.57for

of the decompos_,mon products were measured using a 9aSy — ¢ (the HCI transition state) and 16348r X = Cl (the HF
chromatograph with a mass spectrometer detector and these dat@, . «itions state). Note the nearly planar geometry around theaeH
give kuci'koci, knr/kor andkuci/kue, koci/kor for each reaction. CXCF; groups.

Density functional theory (DFT) methods were used to
characterize the transition-state structur&sExploratory cal- or CRC(F) - - -Cl side of the transition states and gives rise to
culations first were done with the B3PW91 method with two 3 rather unbalanced mass distribution whes ¥ vs the more
basis sets, 6-31G(@) and 6-31%#G(2d,p). Since the transition  massive X= Cl, see the structures shown in Figure 1.
state structures were very simif@rlé the frequencies and
moments of inertia for the molecule and transition states from 5 Experimental Methods
6-31G(d,p’) were used to calculate RRKM rate constants for
comparison to the experimental results. The threshold energies The stated purities of the GD(99.5% D), CHDI (98% D),
for reaction 1, parts A and B, were selected by comparison of and CHDI (98% D) samples purchased from Aldrich were

the calculated and experimental rate constants fgCEEICH;; confirmed by GC/MS analysis. The gBFClII, purchased from
the Eo values for the other reactions are fixed by calculated Fluorochem USA, had a chemical purity of 99.0%. The
zero-point energies. Thi, for CIF interchange to give GF chemicals were loaded on a grease-free vacuum line and used

CICFR:CH; also was estimated. In anticipation of the discussion without further purification. All experiments were done at
of the difference between the HCIl and HF transition states, the 24 + 1 °C.

elongination of the C---X bond (%= F or CI) in the ring For study of the CECFCICH; and CRCFCICD; reactions,
introduces low bending frequencies along thesCEl)- - -F 1.83 umol of CHsl/CDsl and 1.83umol of CRCFCIlI were
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transferred to vessels ranging in size from 24.9 to 2108 ém
small amount of mercury(l) iodide was added to each vessel to 16 [ o o
scavenge the | atoms and $amples were photolyzed for-18 i ?

min with the unfiltered light of an Oriel high-pressure mercury 14 [ o
lamp. Product identification was based on comparison of [ /

retention times with authentic samples and on GC/MS frag- 12 . / /
mentation patterns. Reaction mixtures were analyzed fgr CF b

CFCICHs;, CRCF=CH, and CRCCI—CH, on a Shimadzu gas /

chromatograph (GC-14A) equipped with a flame ionization as |

detector and a 105 m by 0.53 mm MXT-1 capillary column. i /: /E/

=

@Q
=

Average retention times were as follows: {CF—CH,, 9.2 min; 06
CRCFCICH;, 11.7 min; CRCCI=CH,, 12.6 min; Ck-
CFCICFCICF;, 18.1 min; CHl, 20.7, min; CECFCII, 28.6 min.
The response of the gas chromatograph was calibrated with
authentic samples. The ratio of stabilized product (S) to the
decomposition product (D) was measured vs pressure for a series
of experiments at various pressures.
Only the decomposition products were measured for experi-
ments with CECFCICH,D and CRCFCICHD;. Reaction mix- 1/P(Torr)
tures, typically containing~6.2 umol of CH,DI, ~0.62 umol Figure 2. Plots of CRCF=CH,/CRCFCICH; (circles) and CECCl=
of CRCFCII (CH,DI:CFsCFCII ~ 10:1), and a small amount ~ CHJ/CRCFCICH; (squares) vs inverse pressure. The slopes (and
of mercury(l) iodide, were prepared using the grease-free intercepts) of the lines are 0.367 0.013 Torr (—0.077'ﬂ: 0.026)_ gnd
vacuum line. The five vessels used for photolysis had volumes 0.04565 8'8215 Torr (-0.006+ 0.015). The correlation coefficients
of 67.81, 161.0, 299.0, 330.9, and 530.0 3cruplicate o C Jo oY
experiments normally were repeated three times in each vessel. 15
The experiments for CHP + CRCFCII were conducted in I
the same way as for GBI + CRCFCII, except that one larger
vessel (1158.3 mL) was used. For each experiment the sample
mixture was photolyzed for 10 min using the unfiltered light
of the high-pressure mercury lamp. The entire sample was -
transferred to the Shimadzu QP5000 GC/MS equipped with a I R
120 m x 0.25 mm VMS capillary column for analysis. I
Identification of the products was determined by comparison
of retention times with authentic samples and on the GC/MS i 3
fragmentation patterns. The average retention times were as i o /E/
follows: CRCF=CH,, 13.5 min; CECCI=CHj, 19.2 min; Ck- g
/D

0 5 10 15 20 25 30 35

e @

D/S

CFCICH;, 18.5 min; CECFCICFCICE, 25 min.

3. Experimental Results

3.1. CRCFCICH3; and CF;CFCICD3;. Each experiment
consists of measuring the ratio of the decomposition product to
the stabilized product for each channel of reactions 1 and 2 at
various pressures. Plots of the data are shown in Figures 2 and 1/P(Torr)

3lvs inverse pressure. Th(.a.plots are linear in each case, anq th'%igure 3. Plots of CRCF=CD,/CF:CECICD:; (circles) and CECCl=
yield of each decomposition product goes to zero at high cp,/CRCFCICD; (squares) vs inverse pressure. The slopes (and
pressure. The slopes of these plots give four rate constantsintercepts) of the lines are 0.115 0.002 Torr (0.018& 0.014) and
Ki—ncn, Ki—nr, Ko—pcr and ko—pge in units of Torr, which are 0.01374 0.0004 Torr (0.00184 0.0087). The correlation coefficients
summarized in Table 1. The standard deviation of the slopes ofare 0.99.

these linear D/S plots is quite small, onty3%. Considering

the small number of experiments with D£S0.5, the absolute difference between reactions 1 and 2, and the global average is
uncertainty in the rate constants can be no less #6#5. The 9.0+ 1.0. The experiments at the lowest pressuré¢SE- 0.4
rate constants in pressure units are converted to unitstdfys or larger), for which the yields of GEF=CH, and CRCCI~
calculating values oky, the collision rate constant, using the CHz are largest, should provide the most accurate ratios. These
collision diameters and theéK values given in the footnoté!8 data favor a branching ratio of 8.7 for gFFCICD; and 9.0

of Table 1; thee/K values are used to fin®224T*), which is for CRCFCICHs. Thus, the data of Figure 4 agree with the
significant for the iodide containing molecules. The uncertainty rate constant ratios and we will use an overall average of8.7
in the collision parameters is larger than the uncertainty in the 0.6 as the branching ratio. The formal intermolecular kinetic-
slope of the plots of Figures 2 and 3, and the overall uncertainty isotope effects ardq—nci’lke-pci = 3.22 + 0.25 andk,—ne/

of the rate constants im&is probably+15%. On the basis of ~ ke-pr = 3.18 £ 0.22, which are the same within the experi-
the rate constants, the branching ratios for reactions 1 and 2mental uncertainty.

are 8.42+ 0.42 and 8.39: 0.28, respectively, in favor of HCI 3.2. CRCFCICH D and CF;CFCICHD ». The products from
elimination. A more comprehensive measure of the branching CRCFCICH,D are CRCF—CHD and CECF=CH, from HCI/
ratios for reactions 1 and 2 can be obtained from the product DCI loss and CECCI=CHD and CRBCCI~CH, from HF/DF
ratios for all experiments; see Figure 4. There is no obvious loss; see reaction 3, parts—+. Chlorotrifluoropropene was

20 30 40 50
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TABLE 1. Rate Constant Summary

rate constant®

reaction

rate constant ratio Torr -3

(1) CRCFCICH; (—HCl) 8.42+ 0.4Z 0.367+ 0.013 (4.74: 0.28) x 10°

(—HF) 0.0436+ 0.0015 (0.56+ 0.03) x 10°
(2) CRCFCICDs (-DC) 8.39+ 0.28 0.115+ 0.002 (1.48 0.08) x 10°

(-DF) 0.0137+ 0.0004 (0.178t 0.010)x 10°
(3) CRCFCICHD (—HCl) 10.3+ 1.9

(=HF)

(-DCl) 11.8+1.8

(-DF)
(4) CRCFCICHD, (—HClI) 10.8+ 1.8

(=HF)

(-DCl) 11.6+ 1.7

(-DF)

2The conversion from Torr units to-swas done usingw = zxd?au (8KT/mu) Y2Q2T*). The collision diameters anelk are CRCFCICH;
(5.3 A, 410 K), CHI (4.6 A, 405 K) and CECFCII(5.2 A, 300 K).> The listed uncertainty in the rate constants (Torr) are the standard deviations
of the linear D/S v plots. However, the absolute uncertainty is, at lea$9, which is used for the values in units of's¢ The data of Figure
4 give branching ratios of 9.& 1.0 for reactions 1 and 2.

L B L S B loss of D from CRCF=CD,* gives a daughter ion with a
I ] different mass from the parent ion of gH—=CHD. The
daughter ion ifYe = 97 and 96) from loss of F could also be
used and results for both ions are shown in Table 2B. The parent
ions (e = 131+ 133 and 130+ 132) and the daughter ion
from rupture of the G CI bond /e = 97 and 96) were both
used to determine the relative yields of {lEl=CD; vs CFs-
CCI=CHD from HF/DF elimination; see reactions 4, parts C
H g ] and D. These results are in Table 2B. The average ratio of
o] Ks—nci/ka—pei is 0.824 0.04 and the average ratio &g/

. Ks—pris 0.91+ 0.03. For comparison on a per H/D basis, these
ratios need to be multiplied by 2.

The branching ratio for HCI (DCI) vs HF (DF) elimination
also can be determined from these d&a/kne = CRCF—=
CHD/CRCCI—CHD andkpci/kpr = CRCF=CH,/CFCCl=
ol ] CH, for CFHCFCICHD. A similar set of relations can be

0 10 20 30 40 50 written for CRRCFCICHD,. The ratios of the integrated areas
of the mass peaks for both systems are tabulated in Table 3.
1/P(Tor) The integrated areas fone = 114 (CRCF=CH,) have been
Figure 4. Product branching ratios vs inverse pressure from-CF  adjusted by 14.5% to account for the contribution from a
CFCICH; (circles) and CECFCICD; (squares). The mean of the data daughter ion fronm/e = 115 (CRCF=CHD). The response of
's 9.0+ 1.0 for both systems. the MS detector must be included to convert the ratios of peak
separated by more than 4 min from tetrafluoropropene, and theareas to ratios of concentration. Response factors were measured
relative yields of each isotope was measured with the massfor the parent ions of GEF=CH, and CECCI=CH,, and it
spectrometer detector. The parent ions fors@E=CHD was assumed that the relative response did not change with
(me = 131 and 133 for**Cl and *'Cl) and CRCCI=CH, substitution of D for H. Four trials each for three different
(m/e= 130 and 132) can be used to determine the relative yields, mixtures of CRCF=CH,, CRCCI=CH,, and CHjl gave the
assuming that the ionization efficiency is not altered by D for response factor for GEF=CH,/CF:CCI=CH, as 1.98+ 0.08.
H substitution. In addition, the daughter-ion from loss of CI- Excess CH was added to a|iqu0ts of the calibration mixture
(CsF4CHD, m/e = 96 and GF4CHz, m/e = 95) also gives the o replicate a photolyzed sample and to aid in the quantative
relative yields of the isotopes. The parent ion could not be used transfer of the aliquot to the injection system of the GC/MS.
to distinguish CECF=CHD from CRCF=CH,, because a  Multiplication of the ratios of Table 3 by 1.98 gives the
significant daughter ion pathway is loss of H. On average, 29% pranching ratios. For reaction 3, these are 15.8.9 and 11.8
of the CRCF=CH," parent ion loses H to form this daughter 1 1.8 for HCI/HF and DCI/DF. For reaction 4 the branching
ion, or 14.5% per available H. Thus, about 14.5% of the-CF  [atios are 10.8- 1.8 and 11.6= 1.7 for HCI/HF and DCI/DF.
CF=CHD forms CRCF=CD" with the same mass as €&6F=  The DCI/DF ratios seem slightly larger than the HCI/HF ratios,
CH,. Instead, we used the relative yields of the daughter ion pt the difference is within the experimental uncertainty.
forming the allyl radical cation by loss of Fr(e = 96 and 95). 3.3. Thermochemistry. The average vibrational energy of
Table 2A summarizes the integrated peak areas for the productﬁhe ' éECFCICFb moIeCIIJIes can be obtained from eq 5,

from the CECFCICH,D system. The average ratio kf nc/ . - . Lo
ks_oc is 2.78+ 0.16 and the average ratio bf ne/ks_or iS ;Zf:mlng that the activation energy for radical combination is

2.98+ 0.12. These ratios must be divided by 2 for comparison
on a per H and D basis.
For CRCFCICHD;, the loss of HCI/DCI, see reaction 4, parts o
A and B, forms CECF—CD, and CRCF=CHD and the parent 1= Do(CR,CFCHCHy) + 3RT+ [, (CHy) U+
ion (me = 116 and 115, respectively) could be used because [, (CR,CFCI(5)

2
o

=CH

3
N0 o
o

2
a1

=CH_/CF_CCl
=
o
m
Ooe

CF CF
3
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TABLE 2: Experimental Intramolecular Kinetic-Isotope Effects
A. CFCFCICH:D

CRCF=CHD/CRCF=CH, CRCCI=CHD/CRCCI=CH,

1/P (Torr) ratio ofm/e = 96/95 ratio ofm'e = 96/95 ratio ofm/e = (131+133)/(1306+132)

0.533 2.60 3.01 3.00

0.532 251 3.08 2.98

0.535 2.46 2.90 3.00

1.27 2.38 3.13 2.87

1.26 245 3.06 291

1.26 2.37 3.18 3.04

231 2.68 3.02 2.94

2.34 2.94 2.99 2.89

2.34 2.54 3.03 2.67

2.59 2.49 3.06 2.86

2.61 2.50 3.08 2.93

2.58 251 3.03 2.93

4.16 2.59 3.30 3.17

4.14 2.62 3.08 2.73

4.12 2.66 2.92 2.77

avto 255+ 0.14 3.06+ 0.10 2,91+ 0.12

B. CRCFCICHD;
CRCF=CD,/CRCF=CHD CRCCI=CD,/CFRCCI=CHD

1/P (Torr) ratio ofm/e = 97/96 ratio ofm/e = 116/115 ratio ofn/'e = 97/96 ratio ofm/e = (132+134)/(131-133)
0.534 0.839 0.912 0.927 0.905
0.527 0.820 0.865 0.932 0.944
1.265 0.793 0.823 0.907 0.928
1.263 0.772 0.799 0.886 0.929
1.273 0.777 0.814 0.890 0.944
2.076 0.822 0.791 0.894 0.952
2.357 0.868 0.794 0.890 0.893
2.343 0.849 0.851 0.953 0.879
2.585 0.775 0.900 0.887 0.925
2.602 0.783 0.876 0.915 0.940
2.581 0.762 0.838 0.923 0.956
4.130 0.785 0.828 0.894 0.923
4.141 0.802 0.794 0.894 0.966
4.126 0.786 0.834 0.911 0.910
8.751 0.768 0.835 0.875 0.877
9.050 0.885 0.911 0.898
9.133 0.783 0.876 0.932 0.941
avto 0.804+ 0.037 0.839t+ 0.038 0.90A 0.021 0.924+ 0.027

TABLE 3: Apparent Product Ratios from CF ;CFCICH,D and CF;CFCICHD,

CF:CFCICH,D CFRCFCICHD;
CR:CF=CHD/CRCCICHD CF:CF=CHJ/CRCCI=CH, CRCF=CDJ/CFRCCI=CD, CFCF=CHD/CRCCI=CHD
1/P (Torr) 115/(13H133) 114/(130r132) 116/(132+ 134) 115/(13H133)
0.53 5.85 6.93
0.53 2.91 3.48 6.36 6.31
0.53 5.18 6.34 6.42 7.01
1.26 4.79 5.49 4.90 5.52
1.26 4.81 5.50 4.36 5.07
1.26 4.94 5.98 6.89 7.99
2.3 6.07 6.53 6.17 7.43
2.3 7.41 7.33 5.20 5.85
2.3 5.71 5.77 5.20 5.37
2.6 4.91 5.54 4.48 4.60
2.6 4.88 5.74 5.15 5.53
2.6 5.39 6.37 4.61 5.26
4.1 5.05 7.21 5.14 5.73
4.1 5.20 5.49 4.49 5.47
4.1 5.26 5.77 4.95 5.40
8.75 5.06 5.32
9.05 7.64 6.32
9.13 5.37 5.78
mean o® 5.224 0.94 5.964+ 0.93 5.44+ 0.93 5.88+ 0.88

aThe integrated areas fone = 114 was corrected for 14.5% contribution franfe = 115.° The average ratios were adjusted for the detector
response of CJEF—CH, vs CRCCI=CH, using a factor of 1.98, see text, to obtain the branching ratios of Table 1.

To find the bond dissociation energy, théli°(CHz), AH(CFs- calculated or estimated. TheH%9g(CHs) = 35.0 kcal mot?
CFCl), andAH;%(CFRCFCICH) values are needed. The average is established® The AH%9CFCFCI) has been calculated by
vibrational energies of the radicals in eq 5 can be easily Yamada et a9 as—174.0 kcal mot?, based upon consideration
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TABLE 4: Enthalpy of Formation of CF ;CFCICH3

(1) CHsCHFCI + CoHs CH:sCH.CI + CH:sCH,F
total energy —400, 696.3 —50, 041.3 —338, 423.9 —112,311.3 AH%x =3.3
AH® 208" (=75.4) —20.2 —26.8 —65.5

(2) CRCFCICHs + CoHs CHiCHFCI + C,HsCFs
total energy —612, 169.7 —50, 041.3 —400, 696.3 —261, 523.2 AH°rx = —8.5
AH® 208" (—229.8) —20.2 —75.4 —183.1

(3) CRCHFCHs + CaoHs CH3;CHFCHs + CH:CFs
total energy —323,790.5 —50, 041.3 ¢136, 965.7) —236,874.4 AH%x=—8.3
AH® 24 (—225.6) —20.2 —-75.9 —178.2

(4) CRCF,CH; + CoHs CH3;CF,CH; + CH:CFs
total energ§ —385, 686.7 —49, 963.6 —199, 025.7 —236, 636.7 AH%y = —12.1
AH®% 208 (—275.7) —20.2 —129.8 -178.2

a All entries are in kcal mof'. ® Calculated total electronic energy plus zero-point energy from B3PW 91/6-8G(2d,p); this work ¢ Calculated
total electronic energy plus zero-point energy from G2MP2; ref Experimentally determined enthalpies of formation; the number in parentheses
is derived from the calculatedH°rx and the other experimentalH® gs.

of D(H—CFCICR). We calculated\H°gg CFCFCICH;) from and the density of stateNg*, for the molecule were calculated
the isodesmic reactions given in Table 4, which utilize a using hindered internal rotors to represent the torsional motions
combination of experimental enthalpies of formation with DFT of the Ck and CH groups. The three overall rotations were
calculations for the net energy charfdeWe have used taken as adiabatic, antf/{) is the ratio of the principal moments
enthalpies of formation recommended by Sr#fithnd by Luo of inertia; s* is the reaction path degeneracy. The;CFCICH;
and Bensof? for C;HsF and CHCHFCH; and by Williamson molecule has two optical isomers, and each transition state also
et al2* for CHsCF,CHs. For AH9g CFCFCICH;) = —229.8 has two optical isomers; the systems do not interconvert and
kcal mol?, DyogCRCFCI-CHg) is 90.8 kcal mot! and each enantiomer has a reaction path degeneracy of 3 for both
adjustmenta 0 K gives 88.4 kcal mott. Equation 5 givesE,[] channels. The sums of states and density of states needed for
as 93.5 kcal moi* at 298 K. The uncertainty in this number is  eq 6 were calculated with the Multi-Well code kindly furnished
difficult to evaluate, but given the uncertainty in some of the by Professor Barker. Since the properties of the molecules and
experimental enthalpies of formation and the calculatelrx transition state were obtained from the Gaussian calculations,
of Table 4, it must bet3 kcal mol L. Thus, we will usel, = the only parameter in eq 6 is the threshold energy. HyfelCl)
94 + 3 kcal molL. The average vibration energy for recom- andE(HF) were set by fitting the absolute values of the rate
bination of CHD, CHD, and CI} radicals with CECFCI are constants for reaction 1, parts A and B. In the fitting process,
just 0.1, 0.2, and 0.3 kcal mdl larger than for CH. consideration also was given to the absolute values of the rate
Table 4 includes isodesmic reactions that giue°,q( CFs- constants for reaction 2, parts A and B, while keeping the
CF,CHz) and AH%qg( CFCHFCHs). These values will be used  Eo(DCI) — Eo(HCI) andEg(DF) — Eo(HF) at 1.0 kcal moi?, as
in the Discussion section to assigf,[of chemically activated fixed by zero-point energies. After they(HF) and Eq(HCI)

CRCR,CHs and in a future paper for GEHFCH;. values were assigned, zero-point energies were used to obtain
_ threshold energies for reactions 3 and 4.
4. Computational Results The potential energy barriers for internal rotation about the

4.1. Description of Calculations.The Gaussian-03 suite of CFs—CFCl and CH—CFCI bonds were determined from
programd was used to find the optimum geometry for the calculations at the'B3LYP/§-31le(2d,p) level. The pgtentlal
molecules and for the transition states. Density functional €Nergy as a function of dihedral angle was determined by
theory (DFT) at the B3PWO1 level with 6-31Gd) and scanning the torsion angle from O to 36& 15 intervals gnql
6-311+G(2d,p) basis sets were explored. The differences allowing the remaining mlolecular parameters to be qptlmlzed.
between the calculated frequencies from the two basis sets werel N geometry at all maximum and minimum potential values
minimal for both the molecule and the transition states, and all Were fully optimized in separate calculations. The calculated
rate constant calculations were done using results from theParrier heights were 4.7 kcal mdifor the CF; group and 3.5
6-31G(d,p) basis set. On the basis of our investigation of Kcal molfor the CHs group, which are in the range expected
several HX elimination reactions, this similarity in calculated for fluorochloropropane:2°The barrier for internal rotations
frequencies can be taken as a general conclfsio@n the in the transition states were assumed to be the same as the
other hand, these calculations frequently do not provide reliable Molecule. The reduced moments of inertia for the &ird Ch
threshold energies, which must be derived experimentally from "otors in the molecule weréeq = 56.3 and 3.2 amu A
Arthenius constants or from fitting chemical activation rate respectively. The*e(CFs) = 57.7 and 63.6 amu Afor the
constants to calculated RRKM rate constants. The calculatedHF and HCI elimination transition states, respectively. The
frequencies for the transition states for reactions 1, 2, and 4 are'®@duced moments of inertia for the &F-CICD; system were
listed in Table 5, and the geometry of the molecule and the 58-1 and 6.3 for the molecule and 59.1 and 64.5 aridoh
transition states are illustrated in Figure 1. the DF and DCI transition states, respectively.

The RRKM rate constants were calculated using eq 6, which ~ 4.2. Fitting Ka(expt), Eo(HCI), Eo(HF), and the Intermo-
has been verifigd” for vibrationally excited molecules with  lecular Kinetic-Isotope Effect for CFsCFCICH3, The preex-

lifetimes much shorter than that for @EFCICH; (>10°8 s). ponential factors, which are 1.3 10'¥s™* and 0.51x 10'3s7*
The sum of statesy P*(E — Ey), for the transition state per unit reaction path (at 800 K) for the HCI and HF transition
states, respectively, provide a global perspective of the structures
£ 15112 § PHE — of the transition states. This difference of a factor of 2.7 arises
s (I > P(E—E) \ =/ a
ke =~ - (6) from the lower frequencies and larger moments of inertia of
h\l Ne the HCI transition state, as further illustrated by the larger
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TABLE 5: Properties? of the Calculated Transition States

Zhu et al.

CF:CFCICH® CF:CFCICDs* CF:CFCICDH*

(—HCI) (—HF) (—DCI) (—DF) (—HCI) (—DCI) (—HF) (—DF)
3209 (2) 3228 (2) 2362 (2) 2376 (2) 2362 (2) 3212 2376 (2) 3222
1668 1671 1540 1449 1652 2360 1664 2381
1492 1510 1412 1294 (2) 1441(2) 1552 1459 1471
1430 1394 1309 1208 (2) 1309 1422 1294 (2) 1313
1396 1300 1229 1039 (2) 1224 1290 (2) 1196 (2) 1275 (2)
1286 (2) 1269 (2) 1141 (2) 901 1152 (2) 1225 1036 (2) 1209 (2)
1216 1208 1025 786 1032 1138 (2) 788 1043
1152 1120 909 717 868 1023 719 986
1034 874 (2) 849 699 780 (2) 885 703 810
979 758 792 644 732 799 (2) 667 747 (2)
811 701 733 (2) 608 597 723 610 679
733 629 597 559 550 614 561 610
594 (2) 557 (2) 531 (2) 544 515 566 546 552 (2)
527 491 417 446 417 523 448 453
433 (2) 468 354 380 357 418 383 402
371 381 329 352 316 360 (2) 365 372
333 325 302 316 343 307 319 317
243 302 238 277 240 240 283 287
215 240 206 237 208 208 237 238
159 187 157 184 158 157 184 186
106 172 105 171 105 105 171 172
620 760 620 s 620 62° 75 75

lred’
63.6 57.0 64.5 59.1 64.2 64.2 58.6 58.9
Ix

229.4 239.4 243.9 254.1 242.4 236.7 250.6 247.1

ly

406.8 337.3 417.1 347.5 413.7 415.2 346.9 344.2

I
453.1 390.6 463.6 401.7 460.6 456.9 397.6 399.0
Quin®
6.7 x 1P 2.8x 1P 17 x 1P 7.3x 1P 13x 1P 12 x 1P 59x 1P 5.2x 1P
AC
1.3x 1018 0.51x 10 1.3x 1018 0.54 x 103 1.5x 101 1.4x 108 0.58x 101 0.50x 101

aFrequencies (cm), reduced moment for internal rotation and principal moments (aBwisome cases similaxG6% difference) frequencies
have been combined as the geometric médine hindered internal rotation of the €§roup withV = 4.7 kcal mot™ replaced the lowest vibrational
frequency in rate constant calculatiof€ip* is the total vibrational partition function at 800 K with the torsion treated as a hindered Aoisr.
the pre-exponential factor per unit path in partition function form for the thermal rate constant at 800 K.

partition functions for the HCI and DCI transition states listed with those mentioned above. The rate constants calculated from
in Table 5. The difference in preexponential factors has a torsions treated as vibrational modes (and gite= 3) are 2.7
corresponding difference in the sums of states and, for the sametimes larger than for the hindered rotor model for the s&ne

Eo, thekyci/kyr ratio is 2.3 over the 98100 kcal mot? range. Thus, the assigné values would be about 2 kcal malhigher

The much larger preference for the HCI channel arises from if rate constants were calculated with vibrational models.
lower Eo(HCI), which augments the effects of the lower The origin of the intermolecular kinetic-isotope effect for
vibrational frequencies of the transition state for HCI elimination. reactions 1 and 2 can be examined using eq 7.

For an energy of 94.0 kcal mid|, a threshold energy of 58.5
kcal mol™* giveske = 4.8 x 10° s7%, which is in agreement .. A\Y2 S pHE. - N *
with k(expt)= (4.7 £ 0.7) x 10° s~* for HCI elimination from &z R—H¢ z ':( 1= Eon) NE’D*
CF:sCFCICHs. Thek(expt)= (0.56+ 0.08) x 10° 51 for HF Ko \lro > Fo(Ep - Egp) Nen
elimination is closely matched by = 61.3 kcal mof? with
ke = 0.52 x 10° s The average energy of @EFCICD;

()

Although the absolute value of the sum and density of states
increases to 94.3 kcal mdl and Eo(DCI) — Eo(HCI) and calculated from a hindered rotor is preferred, the ratios of the
Eo(DF) — Eo(HF) are both 1.0 kcal mol according to zero-  sums and densities from the torsional model may be useful,
point energies. Threshold energies of 59.5 and 62.3 kcat'mol and we have given the calculated isotope effects from both
give rate constants for DCI| and DF elimination that closely models. The average energy of the sCFCICD; and Ck-
match the experimental values; see Table 6. The calculatedCFCICH; molecules differ by only 0.3 kcal mot. The I¥zy/
branching ratios of 9.2 (GEFCICH) and 9.4 (CECFCICDy) I*rp term, which is the inertial ratio from eq 6, is nearly unity.
are slightly larger than the preferred experimental value of The most important term is thi*g o/N*g  ratio, which is

8.7 + 0.6; however, the 2.8 kcal mdl difference between  6.9(7.4) for the HIR (vibrational) model of GEFCICH; vs
Eo(HCI) and Eo(HF) was selected with consideration for the CF,CFCICD; at 94 kcal mot. This large statistical effect is
branching ratios for reactions 3 and 4; vide infra. reduced by the ratio of the sum of states for the transition states.

The ke values for treating the torsional motions, as free The overall ratio in (7) is larger than unity, because the

internal rotors, rather than hindered rotors, are nearly identical vibrational energy of the transition state is one-third that of the
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TABLE 6: Comparison of Calculated® and Experimental Results

J. Phys. Chem. A, Vol. 110, No. 4, 2008513

rate constants (%)

branching ratid kuci/kue

reaction (kcal moi) calculated® experimental calculated® experimental
(1) CRCFCICH; HCI58.5 4.8x 10 (4.7+£0.7) x 10° 9.2 8.7+ 0.6
HF 61.3 0.52x 1(f (0.56+ 0.08) x 1P
(2) CRCFCICDs DCI59.5 1.6x 10° (1.5+0.2) x 10° 9.4 8.7+ 0.6
DF 62.3 0.17x 1¢f (0.184+ 0.03)x 1(°
Intramolecular Isotope effeéts
(3) CRCFCICH,D® HCI 58.53 9.2 10.3t 1.9
HF 61.33
DCI59.41 1.5 1.4 9.6 1184 1.8
DF 62.19 1.6 15
(4) CRCFCICHD? HCI 58.56 9.3 10.8: 1.8
HF 61.38
DCI 59.45 1.4 1.6 9.8 11.6 1.7
DF 62.23 1.6 1.8

aThe calculated rate constants or rate constant ratios atglfer 94.0, 94.3, 94.1, and 94.2 kcal méfor reactions +4, respectively? Calculated
from the Ey values in column 2 using eq 8. See text for utilization of the experimental branching ratios to Bifté) — Eo(HCI) or Eo(DF) —
Eo(DCI). ¢ The overall uncertainty in the rate constants has been increased5% to reflect the uncertainty introduced by the collision cross
sections. The branching ratio for reactions 1 and 2 have been weighted slightly by the data of Figure 4, $€haekinhetic isotope effect is the
ratio of kuci/koci or kue/kor per unit reaction path. The calculated values were obtained from &@h& threshold energies were obtained from
Eo(HCI) andEq(HF) of CRCFCICH; and differences in zero-point energies. The fourth significant figure was retained for consistency with calculated

changes in zero-point energy.

molecule, and the statistical effect for the ratio of the sums of
states is less important than for tR&gp/N* g ratio. SinceEp p

is larger thanEp, the primary isotope effect acts to lower
SP*p(Eo — Eop), Which increases thégn/kep ratio. The
calculated isotope effects are 2.9 (3.1) kge/koc) and 3.1 (3.3)

for kur/kpr for the HIR (torsional) models. The experimental
isotope effects are 32 0.2 for both channels and the agreement

mol~! gives kinetic-isotope effects of 1.54 (1.54) and 1.61 (1.62)
for the HCI and HF channels, respectively.

For the same value d&*, andE*y, the ratio of the sums of
states is 1.09 (1.10) for the HF/DF channels ogCIFCICHD,.
This is the same pattern as for {F-CICH,D. The difference
in threshold energie€o(DF) — Eq(HF), is 0.85 kcal mol?,
which gives a kinetic isotope effect of 1.63 (1.62) for the HF

between the calculated and experimental values is satisfactory channel. The ratio 0EP*.ci(E*u)/SP*oci(E¥) is 1.03 (1.04),

The slightly larger ratio calculated for the HF channel is a
consequence of the 2.8 kcal mblreduced available energy
for the HF and DF transition states relative to those for HCI
and DCI.

4.3. The Intramolecular Kinetic-Isotope Effects for Reac-
tions 3 and 4.In contrast to the intermolecular isotope effect,
which is dominated by the ratio of the density of states of the
molecules, the intramolecular effect depends only upon the
properties of the transition states. Since both channels originat
from the same molecul&y = Ep. These calculations have no
adjustable parameters, sinEgp — Ep 1, the frequencies, and
the moments of inertia are determined from the electronic
structure calculations.

@ _ (I_H¢)1/2 ZP¢(EH . EO,H) ©
keo I S PEs — Eop)

The ratio from (8) is larger than unity, becauSgp > Eop.
The (*4/I*p) term is effectively unity, so attention can be
focused on the ratio of sums of states. The calculations will be

which is somewhat lower than the other three cases. Adjustment
of this ratio for Eo(DCI) — Eo(HCI) = 0.89 kcal mot? gives
an isotope ratio of 1.53 (1.55).

The calculations, which give the same result for both
vibrational and HIR models of the transition states, are in
agreement with the experimental results for bothCHFCICH,D
and CRCFCICHD,, see Table 6. The experimental and calcu-
lated ratios are both slightly larger for the HF channel than for

€the HCI channel. The difference in these ratios is probably within

the uncertainty limits of the measurements and the calculations,
nevertheless it is pleasing that both show the same trend.

4.4. Product Branching Ratios for Reactions 3 and 4The
intramolecular chemical branching between HCI(DCI) and
HF(DF) also can be treated by eq 8. Since the transition-state
structures have been chosen, the experimental branching frac-
tions can be used to evaluate the difference in threshold energies,
Eo(HF) — Eo(HCI). This approach also could be applied to
reactions 1 and 2, but for those cases the rate constants were
measured and we assigned absolute threshold energies. We will
use average branching ratios of 16:50.8 and 11.7A 0.5 as

presented on a unit reaction pathway basis. The transition stateghe HCI/HF and DCI/DF ratios for both reactions.
associated with formation of cis and trans isomers are nearly As illustrated in Table 5, the transition states for HCI
identical, and this potential complication need not be considered elimination have larger moments of inertia and lower vibrational

further.

Consider the C]EEFCICHD reactions first. The ratio of states
in eq 8 is not very sensitive to the specific value of the
vibrational energy E'y = Eq — Eon or Efp = Ep — Egp)
and ZP¢Hc|(E¢H)/ZPtpc|(E¢D) = 1.05 (106) andZP*HF(E*H)/
SP*or(E'p) = 1.10 (1.09) forE* = E*p = 30—35 kcal mot?
for the HIR (vibrational) models. Transition states with one
D atom in-ring have slightly fewer states than those with
one D atom out-of ring. Adjusting the ratios f&,(DCl) —
Eo(HCI) = 0.88 kcal mot! andEq(DF) — Eo(HF) = 0.85 kcal

frequencies than the transition states for HF elimination. Thus,
even for Efyc) = Efyr, the ratio in (8) is larger than unity
because of the inertial ratio, a factor of 1.15, and the ratio of
the sums of states for an energy of 33 kcal Mpivhich are

2.3 (2.7) [HCI/HF] and 2.4(2.8) [DCI/DF] for GJEFCICDH,

and 2.3 (2.6) [HCI/HF] and 2.4 (2.8) [DCI/DF] for GF
CFCICD,H for the HIR (vibrational) models. These ratios must
be increased to the experimental values by adjusting threshold
energies. Matching these ratios requikggHF) — Eo(HCI) =
3.1+ 0.1 (2.6+ 0.1) andEy(DF) — Eo(DCI) = 3.2 4+ 0.1
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(2.7 & 0.1) kcal mot? for the HIR (vibrational) models. The
average branching ratio for reactions 1 and 2, which is based
on measurements with a flame ionization detector, see Figure
4, rather than mass spectrometry, is &70.6. This ratio
corresponds t&o(DF) — Eo(DCI) Eo(HF) — Eo(HCI) = 2.6 &

0.1 kcal mof! according to the HIR model. This value for
Eo(HF) — Eo(HCI) is probably a lower limit and, considering
the uncertainty in the experimental branching ratios, the
difference in the two threshold energies for the entire series is
taken as 2.8k 0.3 kcal mot™.

In the discussion above, the experimental branching ratios
were used to assigBy(DF) — Eo(DCI) or Eg(HF) — Eo(HCI).

Zhu et al.

5. Discussion

5.1. Kinetic-Isotope Effects and Transition States.Al-
though transition states for HCI elimination usuéllyave a
somewhat larger entropy of activation than their HF counter-
parts, this tendency is amplified for @EFCICH; reactions
because of the long distance between the @®up and Cl
atom in the HCI elimination transition state; see Figure 1. The
agreement between the calculated and experimental kinetic-
isotope effects provides general support for the models of the
transition states from DFT. Furthermore, the excellent agreement
between the extensive experimental data and the calculations
using a transition-state formulation without tunneling is implicit

The other approach is to use the threshold energies deducecatvidence that tunneling is not of importance for reactions of

from zero-point energie&,, of the competing transition states,
relative toEo(HF) — Eo(HCI) for reaction 1 and eq 8 to calculate
branching ratios. The calculated branching ratios in Table 6 are

vibrationally excited CECFCICH; and CRECFCICD; molecules.
This conclusion is in accord with expectations of simple models
for tunneling?’2In formulating this research effort, one of the

based on the listed threshold energies for each reaction. Thesd0als was to investigate inter- and intramolecular kinetic-isotope

E,(HCI) — E(HF") andE(DCI*) — E(DF) values are 0.254
(CRCFCICHs) and 0.264 (CECFCICDs) and the corresponding
values for CECFCICH,D are 0.236 and 0.277 and those for
CRCFCICHD; are 0.247 and 0.272 kcal mdl The 0.03 kcal
mol~! larger EDCI) — EADF) for reactions 3 and 4 suggest
that Eo(DF) — Eo(DCI) could be slightly larger thaBo(HF) —
Eo(HCI) in accord with the trend of the slightly larger
experimental branching ratios for DCI/DF than HCI/HF. The
zero-point energies differences, which are quite small for the

series of four reactions, support the assignment of a constant

value forEo(HF) — Eo(HCI) for the series.

4.5. Eo(HF) for CF3CF,CH3. The rate constant for HF
elimination from CECF,CHjs formed via recombination of CH
and CRCF; radicals at room temperature has been measured
as 0.062+ 0.006 Torr (7.7+ 0.8 x 10° s71).4 The rate constant
in units of Torr was converted to s using collision diameters
ande/K similar to those of Table 1718 This rate constant is
only 50% larger than the rate constant for HF elimination from
CRCFCICH; (see Table 1), which implies that the threshold
energies for the two reactions must be similar. The bond
dissociation energy of GEFR,CHs; was assigned as 95.7 kcal
mol~1 from AH®f 295(CFCR,)?% 31 = —215.0,AH% 205(CH3)°
= 35.0, andAH®;205(CRCF,CH3) = —275.7 kcal mat? (see
Table 4). Adding 2.5 kcal mot for thermal vibrational energy
of the radicals giveE,[J= 98 4+ 3 kcal mol!. Most of the
uncertainty is in theAH%(C,Fs); we used the average of the
values cited in refs 2931. The bond dissociation energy for
CRCFCI-CHjs should be lower than for GEFR,—CHz by
analogy to fluorochloroethanéshowever, 4 kcal molt may
overestimate the difference.

Rate constants were calculated using the same method a
described for CECFCICH;. Electronic structure calculations
were done with the 6-31G/(g') basis set to obtain vibrational
frequencies and moments of inertia for {,CH3 and the
transition state for HF elimination. The torsional modes were
treated as hindered G&nd CH; internal rotors withl;eg andV
similar to those for CRECFCICH;. The preexponential factor
per reaction path for GEFR,CHz was 0.54x 103 s™1 at 800
K, which is nearly identical to that for HF elimination from
CRCFCICH; listed in Table 4. The reaction path degeneracy
for CRsCF,CHjs is 6. A threshold energy of 65 kcal mdlwith
[E,0= 98 kcal mot? is required to obtain a calculated rate
constant (8.0x 10° s1) in agreement with the experimental
value. If [E,(Jhas been overestimatef, would be reduced by
1-2 kcal mol™.

effects as diagnostic tests for differences in the structure of
transition states for HF and HCI elimination: i.e., can isotope
effects offer something beyond general support for the models?
In principle, the intramolecular isotope effect should be the most
sensitive to the structure of the transition states, since the ratios
in eq 8 involve only properties of the transition states. The
experimental data and the calculations do suggeskthdkpc

is smaller thankye/kpr. However, the rate constant ratio is
mainly governed by the reduced vibrational energy (about 1.0
kcal/mol) available to the DCI and DF transition states, and the
ratio is not very sensitive to their structural differences. The
intramolecular isotope ratios from reactions 3 and 4 plus the
similar result for CRCHFCH;, see Table 7, require that the
reaction coordinate involve a H/D motion in the transition state
to obtain the requisit€y p — Eon. A thermal pyrolysis studi?

of CH,DCD,CI reported an activation energy difference of
1.14 0.3 kcal mot? for DCI vs HCI elimination. Earlier studies

of CH,DCH,CI?® and CHQCD,CI3* found similar results, and
thermal pyrolysis studies of chloroethane certainly support
Eop — Eon = 1.0 £ 0.1 kcal mof?. SinceEyp — Egn is the
critical quantity, it is worth noting that this difference does
become slightly larger as more out-of-ring D atoms are added
to the transition state. This is a consequence of the increase in
C—H and C-D stretch frequencies in the transition state because
of the development of olefinic character (note the nearly planar
geometry) in the transition states of Figure 1. Because of this
tendency and the dependence of thekCstretching frequency

on level of calculation, the zero-point energies and, hence,
Eop — Eon may change slightly with the basis set used in the
calculation.

The intermolecular kinetic-isotope effect is dominated by
statistical effects of the lower frequencies of the @ bonds

both the molecules and the transition states. Althokigth
kor is calculated to be 15% larger thdqci/kpe) for CRs-
CFCICH;(CDg), this predicted difference is almost entirely due
to the 3 kcal mot? difference in vibrational energies of the
two transition states and not because of the lower frequencies
of the HCI/DCI elimination transition state. The predicted larger
value forkye/kpr was not confirmed by experiment, because of
the difficulty of measuring, with accuracy, the low product yields
from the HF and DF elimination processes.

A summary of intermolecular kinetic-isotope effects for HX
elimination reactions is provided in Table 7. As a first
approximation, the intermolecular rate constant ratio can be
reduced to the effect per H/D atom; the resulting values range
from 1.28 to 1.47 (the 1.63 value from CRLCH3/CFCLCD3
has been excluded because of suspected experimental error).
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TABLE 7: Summary of Nonequilibrium Kinetic-Isotope Effects for HX/DX Elimination

system [ECFEL? ka/kab (ka/ka)H/DC ref
C;HsCI/C,DsCl 36 3.3+04 1.27 10
C;HsCI,CI/CH,CICD3 36 2.1+ 0.2 1.28 9
CH.CICH,CI/CDCICD,CI <33 3.4+ 0.2 1.36 10,11
C;HsF/CH.FCDs 36 2.3+£0.3 1.32 12
CRHCH3/CFRHCD3 34 29+0.3 1.42 12
CRCHy/CRCD3 34 2.8+ 0.2 1.41 13
CR,CICH3/CF,CICD; 35 (—=HCI) 3.2+ 0.9 1.47 1
CFCLCHy/CFCLCD4? 34 (—HCl) 4.4+ 0.9 1.64 2
CR,CICF,CHy/CF,CICF,CD; 35 2.9+ 0.6 1.43 6
CRCHFCH/CRCHFCD; 36 2.8+ 0.3 1.41 32
CHCIC,Hs/CH,ClI,C;Ds 35 4.0+ 0.3 1.32 8
CRCFCICH/CRCFCICDs 32 (—HCI) 3.2+ 0.2 1.47 this work
(—HF)3.2+0.2 1.39
CH;CHFCDs® 1.5+ 0.1 1.5 14
CR,CFCICHD® (—HCl) 2.78+ 0.14 1.39 this work
(—HF) 2.98+ 0.11 1.49
CRCFCICHD, (—HC0.82++ 0.04 1.64 this work
(—HF)0.91+ 0.03 1.82

aThe average vibrational energy (kcal mblin the transition state for the system without deuterium atoms.Eh&nd E, values are those
currently accepted, which may deviate slightly from values in original pap&sasured rate constant ratio for molecules formed by radical
combination.¢ Rate constant ratio per H/D atofhThese data are not considered to be reliable and the large isotope effect is probably an artifact.
¢ These are intramolecular kinetic-isotope effects, which depend only upon the transition states (see text).

Except for CRCICH3/CF,CICD3, a weak correlation exists a Ck group for a CH group generally elevates threshold
between smallefEC—- Eq values and larger isotope effects. This energies, and Ey values higher than 50 or 55 kcal mélare

is expected because the maximum statistical effect occurs forexpected for HCI or HF elimination, respectively, from £F
high (E0and low [EO— Eo.21%35Since theEgp — Eon values CXYCHz molecules (X,Y= F or Cl). Fitting the rate constants
for all reactions in Table 7 tend to be quite similar(.0 kcal from CRCFCICH; (and CRCFCICD;) provided threshold
mol~1), the only variable for different systemsi&— Eo. The energies of 58.5 and 61.3 kcal mélfor HCI and HF
expected change can be examined from calculaRYDCI)/ elimination, respectively. The branching ratios from ;CF
SP¥HCI) values for CECFCICH;(CDs), which are 3.22 and  CFCICHD and CRCFCICHD; confirmed a difference of
3.51 for vibrational energies of 30 and 35 kcal mgl 2.8 £ 0.3 kcal mof?! between these two threshold energies.
respectively. Thusa 5 kcal mot? difference in(EC— Eg can Thus, we assign values of 58451.5 and 61.3t 1.5 kcal mot?
cause a 10% change in the isotope effect. The difference with some confidence. The effect of exchanging Cl and F atoms
betweerlEyCandEp[also is important in this context, because in the secondary position updfy was obtained by comparing
(Ep[— Eop andE4— Eo governs the energies for obtaining  HF elimination from CECFCICH; (61.34 1.5 kcal mot™) and

the ratio of the sums of states in eq 7. In the present work, we CRCFRCH3 (65 + 2 kcal mol?). The fourth F atom does
assignedE(CRCFCICDs)Oconsidering only the difference in  increase the threshold energy for HF elimination augmenting
thermal energies of CHHand CD, which minimizes[E(CFs- the trend from replacing a GHyroup by a Ck group.
CFCICDs) - [E(CRCFCICH;)Cand maximize&yci/koc. More The reactions of the GEFCICH; molecule also has been
formal models for the radical recombination reaction would lead independently studiédin the chemical system given below,
to a larger energy difference and, hence, smaller isotope effectswhich utilized the CIF interchange reaction.

however, recombination of GHind GHs radicals seems to have

zero activation energ¥/.38With addition of the CECFCICHs- CECICF, + CH; — CF,CICE,CHZ* (9A)

(CDg) results to the database of Table 7, the apparent trend of .

larger isotope effects with greater extent of halogen substitution CR,CICF.CHg* — CRCFCICH, (9B)

is not verified. . . CF,CFCICH;* — HCI 4+ CF,CF=CH, (9C)
Since the validity of the statistical secondary isotope effects

have been fully documented, the principal value of intermo- — HF + CR,CCI=CH, (9D)

lecular kinetic-isotope effect measurements is independent
confirmation for the rate constant of the chemical activation The [E,0is larger than for recombination of GHwith
system. If the transition state model is reliable, the intermolecular CRCFCI by D(CRCICR,—CHs) — D(CRCFCI-CH3) +
kinetic-isotopic effect provides an independent measurement of AH°gx(9B). According to electronic structure calculatids,
the threshold energy. An experimental point to remember is that AH°rx(9B) is —3.3 kcal mofl. The difference in the bond
the rate constants must be measured at the high-pressure limitlissociation energies is not known with certainty, and we have
of both systems (in the intermolecular comparison) because withused the experimental rate constant from (9C) to estimate the
cascade collisional deactivation thHec/kpc) ratio can be difference in energy of GIEFCICH; from reaction (9B) relative
pressure dependeht. Another point is the importance of to (1A). The ratio of experimental rate constants is 5.1, which
thermochemistry and threshold energy assignments for thecorresponds to an energy difference of 8 kcal TholA
intermolecular isotope effects, as discussed above. difference in bond energies of-% kcal mol? is reasonable,
5.2. Threshold Energies for HCI and HF Elimination and since D(CR,CICF,—CHj3) should be larger thaB(CFRCFCI—
CIF Rearrangement. Elimination of HCI or HF from CH- CHs). The rate constant for (9C) was extracted indirectly in the
CHCICH; or CHsCHFCH; have threshold energies of 50 and  work of ref 6, and the reliability is probably only a factor of 2.
55 kcal mof™, respectively, which are-45 kcal mol? lower The CRCICF,CD; system also was studiédhe kinetic-isotope
than for CHCH;CH,CI or CH;CH,CH,F 849-42 Substitution of effect for (9C) was 2.7, which is similar to the result for reaction
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2 and provides support for the magnitudekg§, claimed for is 65 4 2 kcal moi1, and replacing the F atom by a Cl atom
CRCFCICH;. In that worké the DFT computed threshold energy  lowers theEq(HF) by about 3 kcal mol'.
(55.4 kcal moft) was used and the calculated rate constant was  According to the DFT calculations, the transition states for
too large by a factor of 8. The DFT calculation also overesti- HCI and HF elimination reactions do have significantly different
mated the difference betweefy(HF) and Eo(HCI), so the structural properties. Extension of the-€ and C-CIl bonds
calculatedkyci/kue Was too large. Nevertheless, the overall from 1.36 to 1.90 A and from 1.80 to 2.67 A, respectively,
mechanism, which includes 2,3-HF elimination in competition introduces a larger component of low bending frequencies in
with 1,2-CIF exchange (reaction 9B) from @HCFCHs the transition state for HCI elimination. This correspondingly
followed predominantly by 2,3-HCI elimination from QEF- larger entropy of activation leads to a preexponential factor for
CICHGg, is correct. a thermal rate constant that is 2.7 times larger for HCI than HF
As a final point, we want to estimate the threshold energy elimination. This prediction for the preexponential factors, as
for the CIF-interchange reaction, the reverse of (9B). For this well as the difference ifEo(HF) andEo(HCI), could be tested
purpose, the CIF transition state was identified and characterizedoy thermal activation experiments with gECICHs.
using the 6-31G(¢b’) basis set. The calculated threshold
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