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The unimolecular reactions of 1-propanol, 3,3,3-propan-1-ol-d;, 3,3,3-trifluoropropan-1-ol, and 3-chloropropan-
1-ol have been studied by the chemical activation technique. The recombination of CH;, CD3, CF5, and CH,Cl
radicals with CH,CH,OH radicals at room temperature was used to generate vibrationally excited
CH;CH,CH,OH, CD;CH,CH,OH, CF;CH,CH,OH, and CH,CICH,CH,OH molecules. The principal unimo-
lecular reaction for propanol and propanol-d; with 90 kcal mol ™! of vibrational energy is 1,2-H,O elimination
with rate constants of 3.4 x 10° and 1.4 x 10° s™!, respectively. For CH,CICH,CH,OH also with 90 kcal
mol ! of energy, 2,3-HCl elimination with a rate constant of 3.0 x 107 s™! is more important than 1,2-H,O
elimination; the branching fractions are 0.95 and 0.05. For CF;CH,CH,OH with an energy of 102 kcal mol !,
1,2-H,O0 elimination has a rate constant of 7.9 x 10° and 2,3-HF elimination has a rate constant of 2.6 x 10°
s~ L. Density functional theory was used to obtain models for the molecules and their transition states. The
frequencies and moments of inertia from these models were used to calculate RRKM rate constants, which
were used to assign threshold energies by comparing calculated and experimental rate constants. This
comparison gives the threshold energy for H,O elimination from 1-propanol as 64 kcal mol™!. The threshold
energies for 1,2-H,0 and 2,3-HCI elimination from CH,CICH,CH,OH were 59 and 54 kcal mol !, respectively.
The threshold energies for H,O and HF elimination from CF;CH,CH,OH are 62 and 70 kcal mol !, respectively.
The structures of the transition states for elimination of HF, HCI, and H,O are compared.

1. Introduction

The most important elementary unimolecular reactions of
aliphatic alcohols include 1,2-H,O elimination to give alkenes
and the rupture of the weakest C—C or C—OH bonds to give
free radicals. The latter lead to free-radical-induced chain
reactions under thermal activation conditions, and reliable
Arrhenius parameters for the elementary unimolecular steps have
been difficult to measure by thermal activation experiments. The
elimination of water (or dehydration) as the path with the lowest
threshold energy, Ey, for ethanol has only recently been firmly
established following infrared multiphoton laser-excitation ex-
periments' and observation of infrared emission from H,O as a
product from ethanol molecules formed by recombination of H
and CH,CH,OH at room temperature.> Modern thermal activa-
tion studies®* of ethanol with radical inhibitors have succeeded
in establishing Arrhenius parameters for the two main elemen-
tary reactions. Such work plus extensive modeling and electronic
structure calculations®® have reached a consensus value of E,
= 66 + 2 kcal mol™! for the dehydration of ethanol. The
literature associated with studies of alcohols activated by the
insertion of O('D) atoms into hydrocarbons is very extensive.®®
However, the high vibrational energy, ~140 kcal mol™!, of the
molecules favors the dissociation channels. The multiple reaction
pathways and subsequent free-radical secondary reactions
complicate the analysis, and reliable unimolecular rate constants
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at 140 kcal mol ! for the elementary reactions have been difficult
to obtain. Modern studies of O('D) insertion reactions provide
interesting dynamical details about the dissociation processes,
but not unimolecular rate constants for the alcohols.”® The
difficulty of working with the CH,OH radical has prevented
chemical activation studies of alcohols at more modest energies
utilizing recombination of CH,OH + R (R = CHj3, C,H;, etc.),
and recombination of OH with R also tend to be chemically
complex systems. We have circumvented some of these dif-
ficulties by employing the CHj;, CD;, CF;, and CH,Cl +
CH,CH,0H recombination reactions to generate 1-propanol,
3,3,3-propan-1-ol-ds, and 3-chloropropan-1-ol molecules with
90 kcal mol~! vibrational energy, as well as 3,3,3-trifluoropro-
pan-1-ol with 102 kcal mol™' of energy. The rate constants for
1,2-H,0O elimination were measured for all molecules, and the
rate constants for 2,3-HCI and 2,3-HF elimination also were
measured for CH,CICH,CH,OH and CF;CH,CH,OH, respec-
tively. The rate constant for dehydration from CD;CH,CH,OH
is simply a statistical secondary kinetic-isotope effect®!” that
supports the basic model for 1,2-H,O elimination from propanol.
In addition, the CD;CH,CH,OH results will test whether 1,3-
DOH elimination occurs as was found for energized propanol
ions.!!

The fundamental goal is to obtain a reliable E, value for 1,2-
H,O elimination from 1-propanol. Since the transition state
models for HCI elimination have been thoroughly tested,'®!?
the comparison of H,O and HCI elimination processes from the
same molecule should provide some insight for dehydration.
As an additional contribution to this effort, the rate constants
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for HF and H,O elimination from CF;CH,CH,OH formed with
102 kcal mol™! of energy were measured. If the threshold energy
is not affected, the F atoms have the role of a kinetic isotope
effect,” but the electron-withdrawing CF; group usually has an
effect on threshold energies.'®!? For energies of 90—100 kcal
mol~!, dissociation reactions of propanol are not competitive
with dehydration,” which greatly simplifies the chemical reac-
tions in the room temperature system. The loss of H,O will
usually be referred to as dehydration, but H,O elimination also
will be used especially when comparison with the elimination
processes of HCI or HF is desired.

The same methodology that we have used for similar
experimental studies of halopropanes was employed to assign
threshold energies.'%!>~15 Density functional theory (DFT) was
used at the B3PW91/6-3114+G(2d,p) level to calculate the
structures of CH;CH,CH,OH, CD;CH,CH,OH, CF;CH,CH,-
OH, and CH,CICH,CH,OH and their transition states. These
calculated frequencies and moments of inertia were employed
with RRKM theory to calculate the statistical unimolecular rate
constants as a function of threshold energy. Comparison of the
calculated rate constants to the experimental values permitted
assignment of Ej values. In the RRKM rate constant calcula-
tions, torsional motions were treated as hindered internal rotors,
which then requires consideration of the conformers for the
molecules and transition states.

Dehydration processes can be more easily observed from
thermal activation of 2-propanol and 2-methyl-2-propanol than
1-propanol, because the E, for dehydration is reduced for
secondary and tertiary alcohols, just as is the case for HX (X
=T, Cl, Br) elimination reactions.'*"2° Several pyrolysis studies
exist for 2-propanol, and a recent theoretical analysis?' concluded
that dehydration is an important channel for most temperatures
and pressures. Thermal activation studies of 1-propanol,!®?°
which are not so common, seem to be dominated by free-radical
chain reactions. However, Maccoll and Thomas? claim to have
isolated the dehydration reaction under condition of nitric oxide
inhibition and give A = 4.4 x 103 s7! and E, = 66.8 kcal
mol~! as Arrhenius parameters. A recent molecular beam study??
of O('D) + propane did not find evidence for a decomposition
channel involving loss of water, perhaps because these products
were difficult to observe in the presence of the more important
dissociation channels. A recent shock-tube study of the thermal
decomposition of CH,FCH,OH found that the threshold energy
for HF elimination was lower than that for dehydration.??

The photolysis of CH3l, CD;l, CF;I, and CH,CIl with
CH,OHCH,I at room temperature was used as the source of
radicals. Other investigations also have used CH,OHCH,I as a
satisfactory source of CH,CH,OH radicals.’*?> The expected
recombination and disproportionation reactions with these
radical are listed below with CHj as the example.

CH, + CH,CH,0H — CH,CH,CH,OH* (1)

— CH, +
CH,=CHOH(or CH,CHO)

2CH,CH,0H — (CH,CH,0H*), — CH,CH,OH +
CH,=CHOH (or CH,CHO) (2)

2CH, — C,H* 3)

Although vinyl alcohol is stable in the gas phase, it rearranges
to acetaldehyde on surfaces and in the column of the gas
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chromatograph,?® and acetaldehyde actually is the observed
product from the disproportionation reactions. The self-dispro-
portionation-to-recombination ratio for CH,CH,OH radicals has
been estimated®* as 0.12. The C,H¢* and (CH,CH,OH),*
molecules will be collisionally stabilized at the pressures of our
experiments, which were designed to study the competition
between decomposition and collisional stabilization of 1-pro-
panol in bath gas M (CH3l and CH,ICH,0OH).

CH,CH,CH,OH* — CH,CH=CH,(D) + H,0 (4)

+ M — CH,CH,CH,0H(S) + M

The experimental rate constant for propanol molecules with 90
kcal mol™! of vibrational energy was obtained from the slopes
of the usual plots of D/S vs (pressure) . The chemical equations
that describe the CD;CH,CH,OH, CF;CH,CH,OH, and
CH,CICH,CH,O0H systems are analogous to eqs 1—4, although
the side reactions for the CH,Cl and CF; systems are somewhat
more troublesome and CH,CICH,CH,OH* (CF;CH,CH,OH?*)
can react either by 1,2-H,O or by 2,3-HCI (2,3-HF elimination)
elimination. Although propanal was a persistent product in all
three systems, it does not arise from a unimolecular reaction of
propanol, rather it is a product from free-radical reactions in
the system, vide infra.

II. Experimental Procedures

A. CH;CH,CH,OH and CD;CH,CH,OH. Cophotolysis of
CH;l or CDsl with CH,ICH,OH plus small amounts?’ mercu-
ry(I) iodide by a high pressure Oriel 6137 200 W high-pressure
mercury lamp was used to generate 1-propanol and 1-propanol-
3,3,3-d;. The iodide samples were measured in a calibrated
volume and cryogenically transferred via a grease-free vacuum
line to Pyrex glass photolysis vessels varying in volume from
34.7 to 2066 cm®. A MKS 270 electronic manometer was used
for measurement of pressure. The samples consisted of 0.45
umol of CH3I and 0.045 umol of CH,ICH,OH, which were
irradiated for 5—30 min depending on the size of the vessel.
Generally 5—10% of the sample would be converted to products.
In Pyrex glass vessels, the effective wavelength range for
photolysis is =290 nm. The CH;lI, CD;l, and CH,ICH,OH were
purchased from Aldrich. Samples were transferred to storage
vessels on the vacuum line after several freeze—pump—thaw
cycles.

Product identification was based upon data collected with a
Shimadzu QP-5000 gas chromatograph with mass spectrometer
detector (GC-MS) equipped with a 105 m RTX-624 capillary
column. Products were identified by comparison of retention
times and mass spectra to commercially available compounds.
The temperature program for the separation began with a
constant temperature of 35 °C for 20 min followed by increasing
the temperature by 6 deg/min until 200 °C was reached. The
typical elution times (in minutes) of the major components were
CH;CH=CH, (8), CH3;CH,CHO (19), CH;I (20), CH3CH,-
CH,0OH (28), and CH,ICH,OH (39). In addition small yields
of C,Hg, C,HsOH, and CH3;CHO were observed in accord with
reactions 1—3. The acetaldehyde arises from the isomerization
of the vinyl alcohol product from reaction 2.2 The 1,4-butandiol
product was not observed, perhaps because it was not eluted
from the GC column by the selected temperature program. No
evidence was found for propene-d, in the CD;CH,CH,OH
experiments removing the possibility of a 1,3-HOD elimination
pathway that was observed for the propanol cation.'' In addition
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to the expected products, small yields of C,H, were observed.
The mechanisms for producing ethene and propanal are
considered next.

The mechanism for the generation of CH;CH,CHO involves
the reaction of vinyl alcohol with CH; (CF; or CH,CI).

CH, + CH,=—CHOH — CH,CH,CHOH* —
CH,CH,CHO + H (5)

The vibrationally excited CH;CH,CHOH?* radical will decom-
pose by loss of an H atom to give the observed CH;CH,CHO
(or CH,CICH,CHO or CF;CH,CHO) product.

The explanation for the presence of C,H, is less certain.
Photolysis of CH,ICH,OH can generate C,H, at short wave-
lengths from dissociation of CH,CH,OH radicals that have
retained enough energy, =29 kcal mol~!, from the photolysis
step or from absorption of a second photon.?® For 300 nm
photolysis, the excess energy is about 40 kcal mol~!. The
dissociation of a small fraction of the CH,CH,OH radicals that
have retained =29 kcal mol™!' of vibrational energy is a
possibility, although the photodissociation of ICH,CH,OH is
expected to favor release of translational energy.?® A dispro-
portionation reaction involving transfer of OH to CHj radicals
seems unlikely, since CH3;0H was not observed. Another
possibility could be disproportionation between two CH,CH,OH
radicals giving C,H, and CH,OHCH,OH. We are not aware of
OH transfer in disproportionation reactions; however, Cl atom
transfer in disproportionation has been reported.'® Other inves-
tigators®* who have used CH,ICH,OH as a source of
CH,CH,OH radicals from photolysis at shorter wavelengths,
reported CH;CHO + H + I as a major competing primary
pathway. In our experiments the yield of CH;CHO was always
modest and photolysis at =290 nm seems mainly to give
CH,CH,OH + 1. Our observations are in accord with the study
at 266 nm.*%

The ratios of CH;CH=CH,/CH;CH,CH,OH and CD;CH=
CH,/CD;CH,CH,0OH were measured at various pressures
using a Shimadzu GC-14A gas chromatograph with a flame-
ionization detector (GC-FID) and the 105 m MXT-624
column. Whenever possible the FID detector is preferred to
MS because calibration factors are more accurate and because
larger samples can be analyzed. The temperature program
was the same as mentioned for the experiments using the
GC-MS analysis. Since commercial samples were available,
the response of the GC-FID could be calibrated, and the
calibration factor for the ratio of peak areas of propene to
propanol was 1.7. The greatest difficulty in obtaining reliable
data was quantitative gas handling of the propanol and
CH,ICH,OH because of their tendency to adsorb on Pyrex
glass walls. Thus, care and patience was necessary to ensure
complete transfer of a gas samples under cryogenic pumping.

B. CH,CICH,CH,OH. Chemically activated CH,CICH,-
CH,0OH molecules were prepared by photolysis of mixtures
typically containing 0.11 gumol of CH,CII (purchased from
Aldrich) and 0.33 umol of ICH,CH,OH and 8.8 umol of SFs
in Pyrex vessels containing small amounts of mercury(I) iodide.
The photolysis experiments were done at room temperature in
vessels ranging in volume from 67 to 852 cm?. The vessels were
irradiated for 2—5 min depending on the vessel size, and
typically 50% of the iodide precursors were consumed.

Products were identified with a Shimadzu QP5000 GC-MS
equipped with a 105 m Rtx-200 column. A Shimadzu GC-14A
gas chromatograph with flame ionization detection operated with
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a 105 m RTX-200 column of 0.53 mm i.d. was used to measure
the ratios of decomposition to stabilization (Dy/S) at various
pressures. Similar temperature programs were used for the GC-
MS and GC-FID! analyses; the oven was set at 35 °C for 10
min, then the temperature was increased to 200 °C at a heating
rate of 2 °C min~!. The following products and reactants (with
typical retention times in min.) were identified: CH,=CH, (10),
CH,=CHCI (12), CH,=CHCH,CI (20), CH,=CHCH,OH (23),
CH,CICH,CHO (25), CH,CICH,Cl (31), CH,CII (39),
CH,CICH,CH,0H (58), and CH,OHCH_I (60). The CH,=CHCl
arises from HCI loss from chemically activated 1,2-dichloro-
ethane. Commercial samples of all important products were
available to provide positive identification.

Since the primary data for the Dy/S ratios were obtained with
the GC-FID system, a calibration of the relative response was
necessary. The ratio of response factors for CH,=CHCH,OH,
CH,=CHCH,Cl, and CH,CICH,CH,OH were determined from
mixtures with a composition that mimics the photolyzed
samples. The response factors were 1.41 &+ 0.37 for CH,=CHCH,
OH/CH,CICH,CH,OH and 1.93 4+ 0.26 for CH,=CHCH,CV/
CH,CICH,CH,0OH.

C. CF;CH;CH,OH. Using the same procedures as described
for CH;CH,CH,OH, a series of experiments were done with
photolysis of 2.68 umol of ICH,CH,0OH and 0.889 ymol of CF;l
to create vibrationally excited CF;CH,CH,OH molecules. The
CF;lI was purchased from SynQuest.

A Hewlett-Packard 5890/579 GC-MS fitted with a 105 m x
0.25 mm Restek RTX-200 capillary column was used for
identification of the products and measurement of the alkene/
alcohol ratio. Using an initial temperature of 35 °C for 15 min
followed by temperature programming at 10 °C per min to a
final temperature of 150 °C, the normal elution times (in min.)
were generally as follows: CF;CF; (10), CF;CH=CH, (11), CF:l
(12), CF;CH,CH,CF; (13), CH;CH,OH (15), CH3;CHO (16),
CF;CH,CHO (19), CF,=CHCH,OH (22), CF;CH,CH,0H (23),
and ICH,CH,OH (37). A commercial sample of CF,=CHCH,-
OH was not available, but the GC peak assigned to this molecule
had the expected pressure dependence relative to CFs-
CH,CH,OH, and the mass spectrum (relative abundances) was
CF,=CHCH,0"(100), CF,H* (92), CFCHCH,O™" (92), CFCH-
CHO™" (89), and CFCH," (80). The response of the GC-MS
total ion count for CF;CH,CH,OH and for CF;CH=CH, was
determined using five trials of three independently prepared
samples designed to replicate the photolysis samples. The
calibration factor for the [CF;CH=CH,]/[CF;CH,CH,OH] ratio
was 0.99. Since a commercial sample of CF,=CHCH,0OH was
not available, it was assumed that the response of the mass
spectrometer would be similar to that of CH,=CHCH,OH. The
calibration factor for the [CH,=CHCH,OH]/[CF;CH,CH,0OH]
ratio was measured as 1.4. The CF;CH=CH, from reaction 6¢
was subtracted from the total CF;CH=CH), yield to obtain the
component from the decomposition of CF;CH,CH,OH. The
yield from (6¢c) was

CF, + C,H, — CF,CH,CH, (62)

CF, + CF,CH,CH, — CF,CH,CH,CF,  (6b)
— CF,H + CF,CH=CH,

(6¢)

deduced from the quantity of CF;CH,CH,CF; and the pub-
lished® disproportionation to combination ratio (0.022) of the
CF;CH,CH, and CF; radicals. The fraction of the total
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Figure 1. Plot of propene/propanol (D/S) vs (pressure)”' for
CH;CH,CH,0H (@, W) and CD;CH,CH,OH* (A). The @ and W
symbols denote two independent series of experiments, which were
combined to obtain a line with a slope of 0.019 £ 0.001 Torr, an
intercept of 0.01 4 0.02, and a correlation coefficient of 0.97. The
slope and intercept from the CD;CH,CH,OH data are 0.0081 + 0.0005
Torr and 0.08 & 0.04 with a correlation coefficient of 0.95.

CF;CH=CH, from (6¢) ranged from 0.00 to 0.06, and this
correction had an insignificant effect on the ratio of CF,=CH-
CH,OH/CF;CH,CH,OH.

III. Experimental Results

A. Rate Constants. Rate constants were obtained from linear
fits to plots of propene/1-propanol (or D/S) vs (pressure) ! for
pressure ranges such that D/S was <1.0 for 1-propanol and <1.6
for 1-propanol-d;. Two independent sets of data, separated in
time by 3 years, for 1-propanol are shown in Figure 1. The two
sets of data are in excellent agreement, and they were combined
to obtain the rate constant of ke, = 0.019 £ 0.001 Torr for
dehydration of 1-propanol. The rate constant for dehydration is
60 times smaller than the HF elimination rate constant for
1-fluoropropane,'® which implies that E; is higher for dehydra-
tion. The data for 1-propanol-d; were collected at the same time
as the last set of experiments for 1-propanol. The data points
for propanol-d; are somewhat more scattered than those for
CH;3;CH,CH,0H; however, ke, = 0.0081 4= 0.0005 Torr is in
the range expected for a secondary kinetic-isotope effect, ku/kp
= 2.3, which involves three deuterium atoms.

As previously mentioned, CH;CH,CHO (or CD;CH,CHO)
was observed as a product in the system. A plot of the
CH;CH,CHO/CH;CH,CH,OH ratio was not consistent with a
normal D/S plot; the points are quite scattered and the high-
pressure intercept is not zero. Although the data points in a plot
of CH;CH,CHO/(CH;CH,CH,OH + CH,=CHCH3;) vs (pres-
sure)”!, see Figure 2, are scattered, the ratio is nearly constant,
which implies a parallel mechanism for the formation of
propanal. We believe that it is formed from the reaction of CH;
(or CD3) with CH,=CHOH, e.g., reaction 5. Similar plots of
aldehyde/(S + ZD;) vs inverse pressure for CF;CH,CH,OH and
CD;CH,CH,0OH were also nearly constant, see Figure 2, and
the results are consistent with formation of the aldehyde from
the reaction of CF; or CD; with CH,=CHOH, respectively.

The Dy/S plots for CF;CH,CH,OH are shown in Figure 3;
the rate constants are 0.046 4+ 0.003 and 0.015 £ 0.001 Torr
for elimination of H,O and HF, respectively. On the basis of
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Figure 2. Plot of propanal/(propanol + propene) vs (pressure) ! for
CH;CH,CH,OH (M with a solid line) and CD;CH,CH,OH(® with a
dash-dot line). Plot of CF;CH,CHO/(CF;CH,CH,OH + CF;CH=CH,
+ CF,=CHCH,OH) vs (pressure)~! (& with a dashed line). The nearly
constant ratio suggests that the aldehyde is formed in a parallel process
to reaction 1 for all of the chemically activated alcohols.
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Figure 3. Plot of Dy/S vs (pressure)”! for CF;CH,CH,OH: M,
CF;CH=CH,/CF;CH,CH,OH with slope = 0.046 + 0.004 Torr and
intercept = 0.017 &+ 0.047 with correlation coefficient = 0.96; @,
CF,=CHCH,OH/CF;CH,CH,0OH with slope = 0.015 + 0.001 Torr
and intercept = 0.030 £ 0.020 with correlation coefficient = 0.97.

these 25 experiments, the branching ratio for CF;CH=CH,/
CF,=CHCH,OH is 3.0 4= 0.2. These data seem reliable, and
the principal uncertainty in the rate constants probably is the
calibration factors of the GC analysis.

The rate constants for CH,CICH,CH,OH were obtained from
the data shown in Figure 4, which are in the pressure range
corresponding to D/S < 2. Elimination of HCl is 20 times more
important than elimination of H,O. The rate constants obtained
from linear fits to the D/S plots are 1.89 + 0.07 and 0.093 £
0.009 Torr for elimination of HCI and H,O, respectively. Both
D/S plots in Figure 4 have intercepts of zero. These data for
CH,=CHCH,OH formation seem to be very reliable. However,
the small branching ratio, 0.05, for CH,CICH=CH, formation
makes k(H,O) less reliable and the actual uncertainty probably
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Figure 4. Plot of D/S vs (pressure) ! for CH,CICH,CH,OH: M,
CH,=CHCH,0OH/CH,CICH,CH,0H with slope = 1.89 £ 0.07 Torr
and intercept = —0.03 £ 0.03 with correlation coefficient of 098; @,
CH,CICH=CH,/CH,CICH,CH,0H with slope = 0.093 £ 0.009 Torr
and intercept of 0.01 % 0.004 with correlation coefficient = 0.87.

TABLE 1: Experimental Rate Constants

rate constants®

molecule Torr (10%) s7!

CH;CH,CH,0OH (—H,0)" 0.019 £ 0.001 34+£0.6

CD;CH,CH,0OH (—H,0)" 0.0081 4 0.0005 14+£03

CF;CH,CH,0OH (—H,0)* 0.046 £ 0.004 79+15

(—HF)“ 0.015 £ 0.001 26+0.5

CH,CICH,CH,OH (—HCH 1.89 £ 0.07 297 + 60
(—H,0)¢ 0.093 £ 0.009 15+3

“The rate constants in s~' units were obtained from kep, =

Nad*(8kT/mu)'?Q>>" with N being the concentration for the cited
rate constant in Torr units and for the following collision diameters
and e/k values:*3! CH;l (4.6 A, 405 K); CFEl (5.1 A, 288 K);
CH,ICH,0H (5.3 A, 465 K); CH;CH,CH,OH (4.87 A, 480 K);
CF;CH,CH,OH (5.37 A, 450 K); CH,CICH,CH,OH (5.5 A, 500 K);
SF¢(5.20 A, 212 K). ®The bath gas was CH;l (CDiI) +
CH,ICH,OH in a 10:1 ratio in favor of CH3l. © The bath gas was
CF;I + CH,ICH,OH in a 1:3 ratio in favor of CH,ICH,OH. “ The
bath gas was CH,ICI + CH,ICH,OH + SFs in a 1:3:80 ratio,
respectively.

is £30% rather than £10%. The dehydration rate constant for
CH,CICH,CH,0OH is four to five times larger than the rate
constant for 1-propanol, which requires a lower Ey(H,0O) for
chloropropanol.

All six rate constants are summarized in Table 1 together
with their corresponding values in s™!. The latter were obtained
from the collision parameters®*3! described in the footnote of
the table. Since some uncertainty exists for the collision cross
sections, the overall uncertainty of the experimental rate
constants in s~! units was increased to +20%.

B. Thermochemistry. The average vibrational energy of the
three activated molecules is needed in order to compare
calculated rate constants, kg with kiy(expt) values. Since the
activation energies for radical recombination reactions are zero,
or nearly zero, the average energy for 1-propanol can be
obtained from eq 7.

(Ey = Dy(CH,—CH,CH,OH) + 3RT + (E,;;(CH,)) +
(E,;(CH,CH,OH)) (7)
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The bond dissociation energy of propanol, which is the critical
quantity, can be obtained from experimentally determined
enthalpies of formation at 298 K. The values are 35.0, —7.4,
and 61.0, kcal mol™! for CH;,*> CH,CH,OH,*3** and
1-C3H;0H,** respectively, which lead to D,os(CH;—CH,-
CH,0H) = 88.6 kcal mol™'. The uncertainty, which should be
<2 kcal mol™!, mainly depends on AH°{(CH,CH,-
OH). Converting to 0 K gives Dy(CH;—CH,CH,OH)-
= 87.4 kcal mol™!. Adding the average vibrational energies of
the radicals gives (E(propanol)) = 90.1 kcal mol~'. The average
energy of 1-propanol-ds only increases by 0.2 kcal mol™!.

As far as we know, a value for AH°{(CF;CH,CH,OH) has
not been reported. However, a reasonable estimate for
D(CF;—CH,CH,OH) can be obtained from D(CF;—CH,CHj3).
Using —112.0, 28.9, and —185.3 kcal mol~! for enthalpies of
formation of CF3,* C,Hs,*? and CF;CH,CH3,* respectively,
gives Djys(CF;—CH,CH;) = 101.2 kcal mol ™!, which we will
use for ngg(CF3_CH2CH20H). ThllS, <E(CF'§CH2CH20H)> is
=12 kcal mol~! higher than (£(CH;CH,CH,0H)) or 102 kcal
mol ™.,

Since D,9s(CH;—CH,CH,OH) 1is nearly the same as
D»og(CH3;—CH,CH3;), we expect that D,e3(CH,Cl—CH,CH,OH)
will be similar to Do3(CH,Cl—CH,CH3). On the basis of
D19s(CH,Cl—CH,CH3)** = 88.2 4= 2.0 kcal mol™!, we assigned
(E(CH,CICH,CH,0H)) as 90 + 2 kcal mol .

IV. Assignment of Threshold Energies

A. Models for Molecules and Transition States. Threshold
energies, Ej, were assigned by matching experimental rate
constants at energy (E) to calculated statistical rate constants,
kg, with E as a variable.

ks = s'h(I'ID"SPY(E — Eg)/N*(E) ®)

The sums of internal states, XP"(E — E,), of the transition state,
and of the density of states, N*(E), of the molecule were
evaluated from models obtained from electronic structure
calculations. The I'/I term is the ratio of the product of the three
overall moments of inertia and s is the reaction path degeneracy.
Calculations for kg were done with the Multiwell code.’” A
summary of the models for the molecules and transition states
is provided in the Supporting Information. The measured rate
constants correspond to high-pressure limiting values, which
will be assumed to be equivalent to the unit deactivation rate
constants. This assumption will be examined more carefully for
SFg as the bath gas in the Discussion.

The electronic structure calculations were done with the
Gaussian code®® using density functional theory, DFT, at the
B3PW9/6-311+G(2d,p) level. In addition several calculations
were done with the 6-31G(d’,p") basis set. The torsional modes
of the molecule and transition state were treated as symmetric,
hindered, internal rotations in the calculation of SPT(E — E;)
and N*(E). Li, Kazakov and Dryer® have noted the importance
of the loss of the OH and CHj internal rotations in the transition
state for calculation of the dehydration rate constant for ethanol,
and similar considerations apply to propanol.

The five distinct conformers (four have mirror images) of
propanol have been investigated by several authors,**! and
the differences in reported energies of the conformers are less
than 1 kcal mol™!. Our calculations with the 6-3114+G(2d,p)
basis set gave similar results with the largest energy difference
between conformers of only 0.2 kcal mol™'. The calculated
harmonic frequencies and overall moments of inertia, which
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are provided in tables in Supporting Information, are in accord
with previous calculations and experimental results. We used
the geometric average of the conformer frequencies, although
they are actually nearly identical, in the calculation of N*(E).
The barrier to internal rotation of the OH group (I.,q = 0.78
amu A?) is only 1.1 kcal mol™, and it is nearly a free rotor.
The barriers for CH; and CH,OH rotation (/,.¢ = 2.86 and 9.52
amu A?) are 3.0 and 3.8 kcal mol ™, respectively.*’

The transition state for dehydration from ethanol resembles
the four-membered transition state for HF elimination from
fluoroethane.>*?* The R(C—H) bond is extended by 30%, the
R(C—0) bond is extended by 28% and the C—C bond is
between a single and double bond. The R(H—OH) bond is 30%
longer than the bond of water. The four-membered ring is just
slightly nonplanar with the OH bond extending away from the
plane at an angle of about 110°. The carbon atoms in the ring
have considerable sp? character; however, the carbon atom
attached to the O, F, or Cl atoms develops more sp? character
in this series, as the diagrams in Figure 5 illustrate. The basic
nature of the transition state for dehydration of propanol is the
same as just described for ethanol with the additional complica-
tion that the OH group can have cis and trans geometries with
respect to the CH; group; see Figure 5 and Table S-1 in
Supporting Information. Each of these cis or trans geometries
also has a mirror image as seen in Table S-1 in Supporting
Information and illustrates the reactions path degeneracy of four.
It appears that the cis or trans isomers form when the proton
that is eliminated forms an O—H bond with either of the two
lone electron pairs on the oxygen. Since the energy difference
between the two isomers is very small, we evaluated the sums
of states for the transition state with the average frequencies of
the two isomers. The I'.q(CH;) was 2.92 amu A2, and the barrier
was assumed to be the same as for propanol. The calculated
threshold energy for dehydration was 63 and 65 kcal mol™! from
the 6-311+G(2d, p) and 6-31G(d’,p’) basis sets, respectively.
The calculated threshold energy for H, elimination to give
propanal was 18 kcal mol™! higher than that for dehydration.

The same set of calculations was done for CD;CH,CH,OH
with appropriate reduced moments of inertia for the internal
rotations. The barriers for the three hindered rotors were taken
to be the same as for propanol. The calculated threshold energy
was unchanged from propanol, as expected for a pure secondary
kinetic-isotope effect.

The CF;CH,CH,OH system has the same basic structure as
propanol, but with the addition of the 2,3-HF elimination
pathway in competition with dehydration. The conformers of
CF;CH,CH,0H have one complication. Although the energy
differences are relatively small, the conformers fall into two
categories based upon the lowest frequency, the CF; torsion,
or upon /,4(CF3). If the OH group is oriented toward the CF;
group (three conformers) the frequency is lower (/.4 is larger),
whereas if the OH group is oriented away from the CF; group
(two conformers) the frequency is higher (/.4 is lower). For
the torsional model, the density of states at 100 kcal mol~! was
25% higher for the conformers with the higher CF; torsional
frequency, because overall the frequencies are lower, even
though the CF; frequency is higher. Replacing the three torsion
frequencies by internal rotors reversed the situation, and the
density of states is 20% higher for the conformers with the larger
I..4(CF5). Although 20% is still significant, adoption of the
hindered-rotor model reduces the difference in the rate constants
between the two sets of conformers because the moments of
inertia for overall rotation are larger for the category with small
I..q and the difference in rate constants is actually only 5%. We
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did rate constant calculations for both categories and averaged
the values to compare to experimental rate constants. The H,O
transition state has cis and trans isomers, but only one conformer
associated with the CF; hindered internal rotation. The HF
transition state has the OH and CH,OH hindered internal rotors,
which provide several conformers; the frequencies and moments
of inertia of the lowest energy conformer were used for rate
constant calculations. The potential barriers were 4.5, 3.8, and
1.0 kcal mol™! for the CF;, CH,OH, and OH internal rotors,
respectively. Threshold energies were calculated based on the
lowest energy conformers; the values were 63.4 and 60.4 kcal
mol™! for HF and H,O elimination, respectively, from the
6-311+G(2d,p) basis set and 68.3 and 61.9 kcal mol~! from
the 6-31G(d’,p") basis set. The Ey(HF) values involving a CF;
group are usually in the 68—70 kcal mol™' range and the
6-31G(d’,p") results usually are closer to the experimental
values.!”1* Exchanging a CHj; for a CF; group seems to slightly
(2—3 kcal mol™") decrease the threshold energy for dehydration.
The structures of the dehydration transition states for propanol
and trifluoropropanol can be compared in Figure 5 and in the
Tables S-1 and S-2 in Supporting Information. There are
substantial differences; the OH bond is more nearly formed for
CF;CH,CH,0H, i.e., the R(C—H) and R(C—C) are longer and
the R(O—H) and R(C—O) are shorter for CF;CH,CH,OH.

The CH,CICH,CH,OH molecule has an asymmetric CH,Cl
internal rotor, which introduces the complexity associated with
27 conformers. These conformers have been investigated by
Yamanaka et al.*> We decided to select the 5 lowest energy
structures to represent the molecule, which actually includes
10 conformers. The average frequencies of these 10 conformers
together with the moments of inertia and the reduced moments
for the hindered internal rotations, see Table S-3 in Supporting
Information, were used for eq 8. The lowest energy conformer
for each transition state was used to evaluate XPT(E — E). The
barriers to internal rotation for OH and CH,OH were assumed
to be the same as those for propanol. The potential for the CH,Cl
torsion probably depends on the orientation of the OH group;*?
i.e., it will change with conformer. We did calculations with
barriers of 4 and 6 kcal mol™! for the CH,Cl rotor to evaluate
the sensitivity to this aspect of the model; the difference in Ng*
was 14%. The very large number of conformers for the
CH,CICH,CH,0H system reduces the assignment of a single
E, to an approximation of reality. The calculated, 6-311+G(2d,p)
basis set, threshold energies based on lowest energy conformers
were 60.5(trans) and 63.3(cis) kcal mol~! for H,O elimination
and 51.2 kcal mol™! for HCI elimination. The structure of the
transition state for dehydration from CH,CICH,CH,OH re-
sembles that for CF;CH,CH,OH as shown in Figure 5 and
Tables S-2 and S-3 in Supporting Information.

B. The Threshold Energies. Since hindered-rotor models
are the most realistic representation for these unimolecular
reactions, those calculated kg were used to assign E, values,
although calculations were done with free-rotor and vibrational
models for comparison. The rate constants for the free-rotor
model were nearly the same as those for the hindered-rotor case,
which implies that the rate constants at 90—100 kcal mol ™! are
not sensitive to modest changes in barrier heights (as was found
explicitly for CH,CICH,CH,OH). However, the rate constants
for the hindered-rotor models were substantially smaller, a factor
of 8 for propanol, than the rate constants for the vibrational
models. For all three molecules the reaction path degeneracy
for elimination of H,O was set as 4, because of the two isomeric
transition states. The measured rate constants correspond to high
pressure limiting values. These will be assumed to be equivalent
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TABLE 2: Comparison of Calculated and Experimental Rate Constants

rate constants (s~')

molecule (E) (kcal mol™") kexp ki Ey (kcal mol™)

CH;CH,CH,OH(—H,0) 90.0° 34 x 10° 3.3 x 10° 64"
CD;CH,CH,0OH(—H,0) 90.2¢ 1.4 x 10° 1.6 x 10° 64
CF;CH,CH,0OH(—H,0) 102 79 x 10° 8.0 x 10° 62
(—HF) 102 2.6 x 10° 2.7 x 10° 70
CH,CICH,CH,OH(—HCI) 90 3.0 x 107 2.7 x 107 54

2.0 x 107) (1.8 x 107) (559
(—H,0) 90 1.5 x 10° 8.6 x 10° 59

(1.0 x 10% (0.57 x 10%) 0.57 x 10 (609
CH;CH,CH,F(—HF)? 94 17 x 10° 20 x 10° 59
CH;CH,CH,CI(—HCl)? 90 87 x 10° 104 x 10° 54
CF;CH,CH,CI(—HC1)¢ 94 2.4 x 10° 2.8 x 10° 58
(—HF) 94 0.03 x 10° 0.05 x 10° 70
(—HC) 101 12 x 109 13 x 109 58

“These energies are listed with three significant figures only to show that the CD;CH,CH,OH molecules should have slightly more energy
than the CH;CH,CH,OH molecules. ” The calculated rate constant decreases to 2.1 x 10° s~! if the E, is increased to 65 kcal mol~!. ¢ The

numbers in parentheses correspond to adjustment for inefficient collisional deactivtion by SFg; see text. ¢ Taken from ref.!”

to unit deactivation values. Relaxation of this assumption for
CH,CICH,CH,OH in SF;g is considered in the Discussion.

The assigned threshold energies are listed in Table 2. The
value for dehydration of propanol is 64 kcal mol™!, and the
calculated kinetic isotope effect is 2.1 for a common energy of
90 kcal mol ™! and Ej = 64 kcal mol ™. If the propanol-d; energy
is increased to 90.2 kcal mol™!, the calculated isotope effect
becomes 2.0. The experimental kinetic-isotope effect was 2.3
=+ 0.2. According to the zero-point energies, the E, for propanol
and propanol-d; are equal. The propanol-d; data reinforce the
E, assignment for dehydration of propanol as 64 kcal mol ~'.
Given the combined uncertainties of the data, the collision cross
sections, the approximations in the calculations, and the average
nature of E; associated with the numerous conformers, the
combined uncertainty in E; is probably 42 kcal mol™".

The threshold energies for CF;CH,CH,OH were assigned as
62 kcal mol™! for elimination of H,O and 70 kcal mol™! for
elimination of HF. For the same (E) and E,, the calculated HF
rate constant is 9 times larger than the H,O elimination rate
constant, and that is why Ey(HF) must be &8 kcal mol ™! larger
than that for H,O elimination, even though the experimental
rate constants only differ by a factor of 3. A threshold energy
of 70 kcal mol™! is typical for HF elimination from the CF;
group.!2715

The experimental rate constant for HCl elimination from
CH,CICH,CH,OH should be reliable, and the assigned threshold
energy of 54 kcal mol~! should have a similar uncertainty as
for dehydration of propanol; the main caveat is the uncertainty
associated with the calculations because of the numerous
conformers. The branching fraction for formation of H,O was
only 0.05, and accurate measurement of the small yield of
CH,CICH=CH, was difficult. The low value selected for the
calculated rate constant in Table 2 was a deliberate choice,
because we suspect that the experimental rate constant may be
too large because the collisional efficiency of SFs is question-
able. The assigned threshold energy of 59 kcal mol™! for
dehydration probably has an uncertainty of £3 kcal mol~'. The
trend for decreasing Ey(H,O) values in the propanol, trifluoro-
propanol, chloropropanol series is supported by the DFT
calculations.

V. Discussion

The vibrational energy released from recombination of
radicals at room temperature have provided a means to study

many unimolecular reactions including both rate constants and
energy disposal.>* The present study has extended the method
to include the CH,CH,OH radical, and vibrationally excited
CH;CH,CH,OH, CF;CH,CH,OH, and CH,CICH,CH,0H mol-
ecules were generated, and many other applications using this
radical are possible. Although collisional deactivation of highly
vibrationally excited alcohols has not been extensively studied,
collisions of alkyl iodides with polar alcohol molecules are
expected to be as efficient as those with propyl halides,'®*” and
the unit deactivation mechanism employed to obtain the
experimental high pressure rate constants should be valid. The
only reservation might be for the dual channel reactions with
sizable difference in E,, but lower pressure data would be needed
to observe the effects of cascade deactivation** on the product
branching ratio. The collisional efficiency of SFs with vibra-
tionally excited fluoro- and chloroethanes has been studied,*
and the average energy lost per collision (defined by Lennard-
Jones cross sections) was assigned as 5—6 kcal mol™!. For a
stepladder model with (AE) = 6 kcal mol~", the limiting high
pressure rate constant is 1.5 times larger than the unit deactiva-
tion result. Modern physical measurements***’ of (AE) from
vibrationally excited molecules such as toluene and pyrazine
with colliders similar to SF¢ suggest that the deactivation models
are similar or less efficient than the work*’ with the fluoro- and
chloroethanes. Therefore we have added a comparison for
CH,CICH,CH,OH with SF¢ bath gas for an experimental rate
constant that has been reduced by a factor of 1.5 as an estimate
for the unit deactivation result as shown in Table 2. This has
the consequence of raising both assigned threshold energies by
1 kcal mol ™.

The 64 kcal mol™! threshold energy assigned to dehydration
of propanol is supported by the results from CD;CH,CH,OH.
Since the thermochemistry for propanol is established and the
experimental rate constants seem reliable, the uncertainty in E
should be less than £2 kcal mol™!. The consensus E, for ethanol
is 66 £ 2 kcal mol~!. This trend of a small decrease in E, with
methyl substitution is consistent with the results for propyl
chloride and propyl fluoride for which the threshold energies
are equal to or slightly (1—2 kcal mol™') less than the ethyl
halides.'® The comparison in Table 2 shows that Ey(H,O) is
~35 and ~10 kcal mol ™! higher than E, for propyl fluoride and
propyl chloride, respectively. The lower Eo(HCl) and Eo(HF)
explain why thermally activated studies were easier for alkyl
chlorides and fluorides than for alcohols. The H, elimination
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reaction to give propanal has a very high threshold energy and
is not competitive with dehydration.

This pattern of higher Ey(H,O) for alcohols than Ey(HCI) or
Ey(HF) for alkyl halides is illustrated by the product branching
rates from CH,CICH,CH,OH for which Ey(HCI) is 5 kcal mol ™!
lower for HCI elimination and by CH,FCH,OH for which E; is
about 10 kcal mol~! lower for HF elimination.”® The Ey(HF)
from CF;CH,CH,OH does exceed Ey(H,O) because of the
special effect of the CF; group for HF elimination.'> The
presence of the CH,OH group seems not to have seriously
affected the E, for HCI or HF elimination from CF;CH,CH,OH
and CH,CICH,CH,OH. On the other hand the CH,Cl and CF;
groups appear to lower the Eo(H,0) by about 5 and 2 kcal mol ™!,
respectively. A similar trend for Ey(H,O) was found by the DFT
calculations; the trend is expected to be reliable, even if the
actual Eo(H,O) values are uncertain. Although S-substitution
by a F atom tends to raise threshold energies for HX elimination,
the effect seems to be rather modest for CH,FCH,OH compared
to CH;CH,OH.? The effect of the CF; group on Ey(H,0)
mentioned for CF;CH,CH,OH is opposite to that found for HCI
and HF elimination reactions;'®!'""' see Table 2 for an example.
Systematic studies are needed to characterize and understand
substituent effects on the Ej values for dehydration reactions
of alcohols.

Previous comparisons of transition states for HF and H,O
elimination reactions have noted the similarity of the pre-
exponential factors when comparing vibrational models.>? In
our case, comparison can be made for propanol and propyl
fluoride.'” The pre-exponential factors (partition function form
and st = 1.0) for C3H;F and C5H,OH are 3.26 x 10'3 and 3.54
x 10" s7!, respectively, per reaction path at 1000 K for
vibrational models. The values are reduced to 0.70 x 10'* and
0.28 x 10" s7!, respectively, for the hindered-rotor models,
and the similarity between the pre-exponential factors for H,O
and HF elimination is diminished. The greater reduction in the
pre-exponential factor of propanol arises from the much larger
partition function for the OH rotor relative to that for the OH
vibrational frequency; the partition functions of the CH,F and
CH,OH rotors are similar. Although the specific rate constants
at 90—100 kcal mol™! are not sensitive to the energy barriers
for internal rotation, the partition functions at 1000 K do change
with barrier height and the pre-exponential factors can reflect
the barrier heights of the rotors. On the basis of the smaller
calculated frequency for the CH; torsion in the transition state
relative to the molecule, we suspect that the rotational barrier
may be lower in the transition state than in the propanol
molecule and, if so, our pre-exponential factor for propanol may
be a lower limit (but only by 20—30% for this particular
consideration). If the reaction path degeneracy of 4 is included,
the total rate constant for the hindered-rotor model of propanol
in Arrhenius form becomes 6.4 x 10" e 7#KT g~1 at 1000 K
for Ey = 64 kcal mol~!. This result actually agrees with the
report of Maccoll and Thomas.?

The pre-exponential factor (partition function form per
reaction path) for propyl chloride with a hindered-rotor model*°
is 1.8 x 10" s7! at 1000 K, and the transition state for HCIl
elimination has a larger entropy of activation than either HF or
H,O elimination. This also is evident from inspection of the
transition-state structures in Figure 5; the C—Cl distance is much
longer than the C—O(H) distance.

We also can directly compare the pre-exponential factors for
HCI and H,O elimination from CH,CICH,CH,OH. One impor-
tant difference is that the HCI transition state has both an OH
and a CH,OH internal rotor, whereas the H,O transition state
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has only the CH,Cl rotor. The pre-exponential factors (partition
function form per reaction path) are 2.9 x 10'3 and 2.5 x 10"
s~! for HCI and H,O elimination, respectively, at 1000 K
according to vibrational models. These values are reduced to
2.0 x 10" and 0.23 x 10" s™! for hindered rotor models, and
the consequence of two hindered rotors for the HCI elimination
transition state is evident. The calculated OH torsional frequency
for the HCI transition state versus the one for HCI elimination
was anomalously high. This could be from complex mixing of
normal modes and/or a higher barrier to internal rotation than
what we have assumed, and the calculated pre-exponential factor
for HCI elimination may be overestimated. The similarity of
these two pre-exponential factors to those for HCI and H,O loss
from propyl chloride and propanol should be noted. Adding the
reaction path degeneracies gives total rate constants in Arrhenius
form for CH,CICH,CH,OH of 13.4 x 10'3 e %¥T and 4.2 x
1013 e 620RT =1 at 1000 K for E, values of 54 and 59 kcal
mol™! for HCI and H,O elimination, respectively.

Since the pre-exponential factor for HF elimination from a
CF; group has been discussed previously'? and since the pre-
exponential factor for H,O elimination from CF;CH,CH,OH
follows the same pattern as that for CH,CICH,CH,OH, we will
just give the total Arrhenius rate constants for HF and H,O
elimination, which are 8.4 x 10" e 7>VRT and 2.3 x 10"
e S+2RT g1 respectively, at 1000 K for Ey = 70 and 62 kcal
mol~!. A common feature for both CH,CICH,CH,OH and
CF;CH,CH,OH, the change of the calculated branching ratio
for vibrational versus hindered rotational models, is interesting
and worth mentioning. This effect was displayed for thermal
activation by the ratio of the pre-exponential factors given above
for CH,CICH,CH,OH. The same effect also exists for chemical
activation rate constants at a single energy. A comparison
follows for the sum of states in the transition states of
CH,CICH,CH,OH at 90 kcal mol™! with E, = 60 kcal mol !,
i.e., 30 kcal mol™! of energy in the transition state. For treatment
of the torsional motions as vibrations, the ratio of the sum of
states is just 1.02; the ratio increases to 7.5 in favor of HCl
elimination for hindered-rotor models. The comparison for
CF;CH,CH,0H will be done with 40 kcal mol™! of energy in
the transition state since the energy for this system was higher
than that for chloropropanol. The ratio of the sums of states for
vibrational models is 1.8 in favor of the HF elimination transition
state; the ratio increases to 16 for the hindered-rotor model.
The larger ratio for the CF;CH,CH,OH system arises because
the sum of states for HyO elimination is nearly the same for
treating the CF; torsion as a vibration or as an internal rotor
with a symmetry number of 3.

A final comparison between the transition states for elimina-
tion of HX (X = F, CI, or OH) is the development of partial
charges on individual atoms involved in the four-membered ring.
Partial charges on each atom in the molecules and transition
states were evaluated using the theory of Atoms In Molecules*
(AIM) which determines the charges by integrating the electron
density (generated at the B3PW91/6-311+G(2d,p) level of
theory) for each atom defined by gradient vectors in its electron
density. AIM charges are determined by the integration of
electron density in the region of a nucleus and, we believe, are
therefore better-suited to evaluate partial charges, particularly
in situations where there is loose bonding, than the more
common Mulliken molecular-orbital based method. An analysis
of the partial charges shows that the oxygen atom changes very
little between the ground state (—1.1) and the transition state
geometry (—1.0). There is a considerable gain of electron density
by the carbon atom attached to that oxygen atom (+0.5 in the
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ground state, +0.1 in the transition state). The hydrogen atom
loses electron density, going from neutral in the ground state
to a charge of 0.4 in the transition state geometry, and a slight
gain of electron density on the carbon atom formally bonded
to that hydrogen atom, from +0.1 to —0.2). There is remarkable
similarity between the transition states for HOH and HF loss.
The evolution of electron density calculated using AIM for HOH
loss is nearly identical, £0.05, to the AIM charges we calculated
for HF loss. In general, the Mulliken charges reported® for the
HF and HCI elimination transition states are consistent with
the AIM electron density that we calculated for similar
molecules.

The evolution of electron density for propanol would be
consistent with a concerted elimination, rather than an ion-pair
type of separation in the transition state. It is tempting to
speculate that the mechanism involves elongation of the C—O
bond and movement of the proton to one of the lone electron
pairs on the oxygen as the electron density in the C—H bond
shifts toward the developing double bond between the carbons.
The electron density in the C—O bond becomes a lone electron
pair of the HOH product. This picture agrees with the cis and
trans transition states illustrated by isomers 1 and 2 in Table
S-1 in Supporting Information because the proton could transfer
to either of the lone pair electrons on the oxygen. There is
remarkably little variation (40.2) in the partial charges of the
atoms involved in the HOH elimination transition state geom-
etries across the three alcohols studied here; the replacement
of the CH; group by a CF; or a CH,Cl group is not affecting
the movement of electron density that accompanies the change
in geometry from the initial geometry to the transition state
geometry.

VI. Conclusions

The photolysis of ICH,CH,OH has been used as a source of
CH,CH,OH radicals at room temperature. Such photolysis in
the presence of CH;l, CD;l, CH,ICI, and CF;l generated
chemically activated CH;CH,CH,OH, CD;CH,CH,OH, and
CH,CICH,CH,OH molecules with 90 kcal mol™' of vibrational
energy. Since D(CF;—CH,CH,0H) is larger than D(CH;—CH,-
CH,0H), the CF;CH,CH,OH molecules have 102 kcal mol™!
of vibrational energy. The assignment of the threshold energy
for dehydration of propanol was of principal interest, and 64 +
2 kcal mol™! was established as the Ey(H,O) for loss of H,O
from propanol by comparing the experimental rate constant to
calculated statistical (RRKM) rate constants that were based
on models from electronic structure calculations. The torsional
motions in the molecules and transition states were treated as
hindered internal rotations in the calculations. The competition
between dehydration (or elimination of HO) and HCl or HF
elimination from CH,CICH,CH,OH and CF;CH,CH,OH was
analyzed. The transition state for elimination of H,O has a
somewhat smaller entropy of activation than that for elimination
of HF or HCI. The chemical activation technique permits the
study of the unimolecular dehydration reaction without the
complications arising from the free-radical reactions that affect
thermal activation studies of alcohols.

A recent computational study>® of the unimolecular decom-
position pathways in propene-2-ol predicts that H migration by
a four-centered transition state giving acetone has the lowest
threshold energy barrier (54 kcal). Subsequently, acetone
decomposes by loss of a methyl radical. The 1,2- and 2,3-HOH
elimination channels have high threshold energies, 80—81 kcal
mol~!, because of substituent or structural effects in the
transition states. The 1,2-HOH elimination to form an alkyne
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is probably characteristic for an OH located adjacent to a double
bond. This investigation of propene-2-ol and our finding that
CF; and CH,CI groups seem to reduce the threshold energy for
dehydration relative to that for propanol suggest that additional
studies of these substituent effects is warranted. The importance
of treating torsional motions as appropriate hindered internal
rotations should be remembered.’!
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