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ABSTRACT: Experimentally measured 298 K enthalpies of formation are not well established for monofluoroalk-
anes. To supplement available experimental data, the multi-coefficient G3 (MCG3) quantum mechanical model has
been applied to estimate this thermochemical quantity for methyl fluoride, ethyl fluoride, 2-fluoropropane (isopropyl
fluoride) and 2-fluoro-2-methylpropane (ferz-butyl fluoride). The following 298 K standard enthalpies of formation
are suggested for these monofluoroalkanes: AH{,os (MeF)=—57.140.2kcal mol ™!, AHf 95 (EtF)=—-66.5+
0.4 kcal mol ™, AHE 595 (i-PrF) = —75.4 £ 0.5kcal mol ™!, and AH;-"298 (t-BuF) = —86.0 £ 2.0 kcal mol ™! (1 kcal =

4.184kJ). Copyright © 2004 John Wiley & Sons, Ltd.
Additional material for this paper is available in Wiley Interscience
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INTRODUCTION

Owing to their unique properties, interest in fluorinated
compounds continues unabated. Their thermochemical
properties, and in particular their standard enthalpies of
formation, have been of key importance. However, as
perusal of relevant review articles and book chapters
shows,'™ the majority of research has been focused
on species characterized by a very high degree of
fluorination.

By contrast, very few contemporaneous experimental
thermochemical studies address monofluorinated spe-
cies.” Insofar as the effects of fluorine substitution are
manifestly non-additive, we are thus missing key data for
furthering our understanding of the energetics of organic
compounds. For example, it is well accepted that the
following reaction is significantly exothermic:'™

However, we are thwarted from knowing the exothermi-
city quantitatively because of the absence of enthalpy of
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formation data for methyl fluoride from the experimental
calorimetric literature.

Even in those instances where the experimental litera-
ture has addressed monofluorinated alkanes, the results
have been open to question with respect to their accu-
racy.”"® For example, there is only one measured enthalpy
of formation for a sec-alkyl fluoride, that of isopropyl
fluoride.’ The value reported differs from that for the iso-
meric n-propyl fluoride by 1.8 4- 0.3 kcal mol ' (1 kcal =
4.184kJ)."° This difference is substantially smaller than
that observed for the corresponding isomeric amines
(3.340.1kcalmol "), alcohols (4.2+0.1 kcalmol ")
and the other halides (Cl, 3.1 +£0.3; Br, 3.0+£0.7; I,
2.4 4+0.9kcalmol )"

Not only are enthalpies of formation rather rare in the
literature for alkyl fluorides, but so too are enthalpies of
reaction. Again, for those cases where data are available,
there are troubling issues. For example, from an analysis
of measured gas-phase dissociative protonation attach-
ment reactions, Abboud et al.'' asserted the halogen
exchange reaction

1-AdF + HCl — HF + 1-AdCl

(Ad =adamantyl) to have a Gibbs free energy change
of —6.4+2.8kcalmol™'. If we assume that the entropy
change is negligible, the enthalpy of reaction is the same
value (this entropy assumption seems reasonable, insofar
as the entropy change for MeF + HCl — HF 4 MeCl
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is —0.36 e.u.'?). By contrast, using computationally
derived enthalpies of formation for #-butyl fluoride (as
discussed below) and archival values for the remaining
species,'” the related halogen exchange reaction

t-BuF 4+ HCI — HF + #-BuCl

is predicted to be essentially thermoneutral, with an
enthalpy change of 0.2+ 1.9kcalmol '. Why might
these results be so discrepant? Perhaps r-butyl and
I-adamantyl are profoundly different in their response
to fluorine substitution versus chlorine substitution. This
seems unlikely, however. The ionization enthalpies for #-
butyl fluoride and chloride and 1-adamantyl fluoride and
chloride are known,'? and the differences in ionization
enthalpies for the two f-butyl and two 1-adamantyl
halides are the same, within experimental error. Further-
more, if we accept that there might be expected to be a
constant enthalpy change associated with replacing F by
OH in a given monosubstituted fluoride, then we may
also consider the reaction

1-AdOH + #-BuCl — 1-AdCl + -BuOH
Experiment'*'* indicates this reaction also to be essen-
tially thermoneutral (AH»9g = 0.6 4 1.3 kcal mol ™), sug-
gesting that the proton-mediated fluoride—chloride
exchange in the adamantyl system should be thermoneu-
tral in spite of the analysis of Abboud ef al.'!

When experimental data are equivocal, estimation/
correlation methods™”'> and contemporary high-level
quantum chemical calculations® can guide further
analysis. We here apply such techniques with the specific
goal of providing improved estimates of the 298K
standard enthalpies of formation for the four paradig-
matic monofluoroalkanes, methyl fluoride, ethyl fluoride,
2-fluoropropane (isopropyl fluoride) and 2-fluoro-2-
methylpropane (tert-butyl fluoride).

COMPUTATIONAL METHODS
Thermochemistry

The molecular geometries of all reactants (methyl fluor-
ide 1, ethyl fluoride 3, isopropyl fluoride 5 and tert-butyl
fluoride 7), all heterolytic dissociation products derived
therefrom (methyl cation 2a, ethyl cation 4a, isopropyl
cation 6a and fert-butyl cation 8a), and all homolytic
dissociation products derived therefrom (methyl radical
2b, ethyl radical 4b, isopropyl radical 6b and fert-butyl
radical 8b) were optimized at the multi-coefficient
quadratic configuration interaction including singles
and doubles (MCQCISD)'® level of theory. Vibrational
frequency calculations at this same level were performed
on 1-8 in order to assess the nature of various stationary
points and to compute unscaled thermal contributions to

Copyright © 2004 John Wiley & Sons, Ltd.

the 298 K enthalpy.'” The energies of 1-8, the fluoride
anion 9a and fluorine atom 9b and also the carbon 10 and
hydrogen 11 atoms, were then computed at the multi-
coefficient G3 (MCG3)'®' level, which has been demon-
strated to predict enthalpies of activation, reaction and
formation over large sets of molecules to a typical
accuracy of 1kcalmol™".?° The MCG3 level of theory
includes electron correlation effects through quadratic
configuration interaction including singles, doubles and a
perturbative estimate for triples [QCISD(T)]ZL22 and
employs basis sets of size up to an improved version of
the 6-3114+ G(3d2f,2df,2p) basis set.'®*

R—F — R"+F

A B C M

R—F — R°*+F°

A D E @)

C,H,F — F+mC+nH

A E F G ®)
The 298 K enthalpies of formation of the monofluorinated
alkanes 1, 3, 5 and 7 were computed by three different
approaches. These approaches differ primarily in the
experimental data that are used as a foundation for the
computational procedure. In each case, we compute
298 K enthalpies of reaction AH?,ys for fragmentation
of the alkyl fluorides into products for which experimen-
tal heats of formation have been reported. In the case of
Eqgn (1), the fragmentation is heterolytic and generates
the fluoride anion and the alkyl cation. In the case of
Eqn (2), the fragmentation is homolytic and generates the
fluorine atom and the alkyl radical. Finally, in the case of
Eqn (3), the fragmentation is the atomization reaction.
With MCG3//MCQCISD computed enthalpies of reac-
tion in hand, we may compute the heats of formation of
the alkyl fluorides for the three cases by the following
equations:

AHf 505(A) = AHf 303(B) + AH{ 505(C) — AH95(1)  (4)
AHf 295(A) = AHf 393(D) + AHE 05 (E) — AH595(2)  (5)

AHf 95(A) = AH 595 (E) + mAH 544 (F)
+ nAH; 505(G) — AH;505(3) (6)

where all heats of formation on the right-hand side of
Eqns (4)—(6) are taken from experiment and can be found
in Table 1.

In addition to the MCG3//MCQCISD level of theory,
density functional theory (DFT) calculations were carried
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Table 1. Experimental 298 K standard enthalpies of forma-
tion for heterolysis, homolysis and atomization products
found in Egns (1)—(6)

Species AH 508 Ref.
CH;" 2a 261.8+£0.2 44
CHj 2b 35.1+0.2 51
C,Hs " 4a 215.240.5 45
>H3 4b 2890+04 52
iso-C3H;* 6a 191.54+0.9 44
iso-C3H;  6b 220+0.5 51
tert-C4Ho ™ 8a 167.34+0.9 This study
tert-C,Hy  8b 12.8+2 49
F~ 9a —61.0+1.3 See 8
F 9b 18.97 +0.072 50
C 10 171.29+0.11 50
H 11 52.14+£0.001 50

out for all of the alkyl fluorides 1, 3, 5§ and 7, their
respective alkyl cations 2a, 4a, 6a and 8a, the fluoride
anion 9a, isobutane 12 and propane 13. Functionals
employed were the gradient-corrected Hartree—Fock
including®® exchange functional of Becke® with the
gradient-corrected correlation functional of Lee, Yang
and Parr®® (B3LYP) and the gradient-corrected Hartree—
Fock including exchange and correlation functionals of
Perdew and co-workers>’>? as modified by Adamo and
Barone™ (mPW1PW91). For 1-9a the mPWIN func-
tional was also employed, this being a modification of
mPW1PWO1 that incorporates 40.6% Hartree—Fock ex-
change in place of the usual 25%.% All DFT calculations
employed the 6-314+G(d) basis set.’’ Vibrational fre-
quency calculations at both levels were performed to
confirm all stationary points as minima and to compute
unscaled thermal contributions to the 298 K enthalpy.'’

CH H
s H

i CRN
® »
Tre A H3CJ\CH3 H30J\CH3 * e,
3
12 6a 8a 13

(7)

One goal of the DFT equations was to use the
isodesmic Eqn (7) to assess better the 298 K enthalpy
of formation of 8a, which was computed using the
equation

AH 505(8a) = AH; 505(7) + AH 595(12)
+ AH§298(63) — AH§298(13) (8)

where experimental values for the 298 K standard enthal-
pies of formation of 12 and 13 were taken as —32.25 £0.14
and —24.92 +0.13 kcal mol ', respectively (each value is
an average of two reported numbers>?).

Copyright © 2004 John Wiley & Sons, Ltd.

Software

MO and DFT calculations were carried out with the
Gaussian 98 program suite.”® Multicoefficient calcula-
tions employed the MULTILEVEL code.**

RESULTS AND DISCUSSION

Reactions

Heterolytic dissociation. At the MCQCISD level,
geometry optimization proceeds by minimization of the
gradient to the nearest stationary point.”’35 For the
majority of the species in this study, this process pro-
ceeded uneventfully, resulting in stationary point struc-
tures having all real vibrational frequencies (structures for
all MCQCISD-optimized species may be found in the
supplementary material). However, optimization of tert-
butyl cation 8a led to three different stationary points
depending on the nature of the starting geometry. The
lowest in energy at the MCG3 level, 8ay, has C; symmetry,
the next lowest, 8a,, has C;;, symmetry, and the highest in
energy, 8as, has C5, symmetry (Fig 1; note that symmetry
was not imposed in any of the optimizations).

Energies of all species involved in heterolytic reactions
at the MCQCISD and MCG3//MCQCISD levels are
given in Table 2. Another level of theory is also pre-
sented, namely mPWlN,8 which is a modification of the
mPW1PWOI1 formalism that uses 40.6% Hartree—Fock
exchange in place of the usual value of 25%; mPW 1N is
also defined to imply use of the 6-31+G(d) basis set. The
mPWIN model was designed specifically for use in
modeling halohydrocarbons and their nucleophilic sub-
stitution reactions. This level was examined to help
resolve the issue of which one of the structures 8a;_3 is
the correct local minimum. At the MCQCISD level, all
three structures are predicted to have one imaginary
frequency each, of magnitudes 12, 62 and 193 cm ',
respectively. The multilevel character of the model,
however, makes it subject to some numerical noise, and
thus the small magnitudes of the imaginary frequencies
for 8a; and 8a, cannot be regarded as definitive. At the
mPWIN level, 8a; is predicted to have zero imaginary
frequencies (the frequency of lowest magnitude is
56cm™ "), whereas 8a, and 8az are predicted to have
imaginary frequencies of magnitudes 37 and 192cm ™',
respectively.

35]] Sa; 3:1_1

Figure 1. Ball-and-stick stereostructures for 8a4_3 optimi-
zed at the MCQCISD level of theory
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Table 2. Absolute () [and relative (kcal mol~")] energies, zero-point vibrational energies, and 298 K thermal contributions for
1-11 at various levels of theory

Property
mPWIN Ee] ZPVE H298 — HO H293a
1 —139.712 68 0.039 81 0.003 85 —139.669 02
2a —39.463 85 0.031 88 0.003 80 —39.428 18
3 —179.025 84 0.068 84 0.004 78 —178.952 23
4a —78.837 11 0.061 82 0.004 09 —78.771 21
5 —218.338 52 0.097 09 0.005 97 —218.235 47
6a —118.178 75 0.089 31 0.005 81 —118.083 63
7 —257.649 81 0.124 90 0.011 53 —257.517 62
8a; —157.513 22 [0.0] 0.117 99 [0.0] 0.007 25 [0.0] —157.387 97 [0.0]
8a, —157.513 21 [0.0] 0.117 75 [-0.2] 0.006 51 [—0.5] —157.388 96 [—0.6]
8a; —157.510 72 [1.6] 0.117 47 [-0.3] 0.005 94 [-0.8] —157.387 31 [0.4]
9a —99.827 66 0.000 00 0.002 36 —99.825 30
MCQCISD Eq ZPVE H,9gs — Hy Hyog™
1 —140.132 30 0.039 27 0.003 86 —140.089 17
2a —39.563 53 0.031 36 0.003 80 —39.528 37
2b —39.924 61 0.029 72 0.003 97 —39.890 92
3 —179.538 96 0.066 80 0.004 93 —179.467 23
4a —79.028 60 0.060 83 0.004 07 —78.963 70
4b —79.327 28 0.059 27 0.004 86 —79.263 15
5 —218.946 98 0.095 57 0.005 98 —218.845 43
6a —118.457 76 0.088 18 0.005 75 —118.363 83
6b —118.732 21 0.087 92 0.005 96 —118.638 33
7 —258.355 51 0.122 84 0.007 37 —258.225 30
8a,; —157.886 60 [0.0] 0.116 34 [0.0] 0.006 42 [0.0] —157.763 84 [0.0]
8a, —157.886 38 [0.1] 0.115 91 [-0.3] 0.006 64 [0.1] —157.763 83 [0.0]
8a; —157.884 03 [1.6] 0.115 83 [-0.3] 0.006 83 [0.3] —157.761 36 [1.5]
8b —158.138 41 0.116 20 0.007 12 —158.015 09
9a —100.162 72 0.000 00 0.002 36 —100.160 36
9b —100.021 58 0.000 00 0.002 36 —100.019 22
MCG3//MCQCISD Eq Hoog"
1 —141.277 61 —141.234 48
2a —39.890 20 —39.855 04
2b —40.253 03 —40.219 34
3 —181.008 28 —180.936 55
4a —79.680 61 —79.615 71
4b —79.979 52 —79.915 39
5 —220.740 51 —220.638 96
6a —119.433 88 —119.339 96
6b —119.708 52 —119.614 64
7 —260.473 40 —260.343 19
8a, —159.186 88 [0.0] —159.064 12 [0.0]
8a, —159.186 71 [0.1] —159.064 16 [0.0]
8a; —159.184 37 [1.6] —159.061 70 [1.5]
8b —159.439 05 —159.315 73
9a —100.975 19 —100.972 83
9b —100.840 45 —100.838 09
10 —38.087 47 —38.085 11
11 —0.506 17 —0.503 81

% Sum of E, ZPVE and Hjog — H,.
® Sum of MCG3 E,, and MCQCISD ZPVE and Haog — Ho.

The mPWIN vibrational frequencies support assign-
ment of 8a; as the local minimum and 8a, and 8aj as
rotational transition-state structures for switching the
identity of the unique methyl group in the C, structure,
in agreement with a previous study.’® This vibrational
analysis is curiously contrary to the energetic situation,

Copyright © 2004 John Wiley & Sons, Ltd.

where mPWIN predicts structure 8a, to be lower in
298 K enthalpy than 8a;. However, at the much more
complete MCQCISD and MCG3//MCQCISD levels, 8a,
and 8a, are predicted to be essentially degenerate,
whereas 8aj is predicted to be 1.5kcalmol™' higher in
energy. Taking all of these data together, it is clear that
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the potential energy surface for 8a is fairly flat along the
various rotational coordinates. In any case, from this
point forward we will employ the data for 8a; in any
calculation involving the tert-butyl cation.

A separate point meriting digression is the larger zero-
point vibrational energy (ZPVE) computed for all struc-
tures at the mPW IN level compared with the MCQCISD.
The vibrational frequencies for 7 and 8a; are listed in
Tables 3 and 4, respectively. The larger frequencies
predicted at the mPW 1N level are consistent with it being
a DFT level of theory incorporating a substantial fraction
of Hartree—Fock exchange—such levels of theory typi-
cally require that their predicted frequencies be scaled by
a factor somewhat less than 1.0 to bring them into better
agreement with experiment.'” Tables 3 and 4 also list the
mPWIN scaled frequencies, using a scale factor of
0.9846. This factor minimizes the root mean square
(r.m.s.) difference between the scaled frequencies and
the MCQCISD frequencies for 7. Note that in Table 4,
this results in a lowest predicted frequency of 54.6cm ™'

Table 3. Vibrational frequencies (cm~") for 7 computed at
various levels of theory

Normal mode MC-QCISD mPWIN Scaled mPWI1N?
36 3127.5 3168.7 3119.8
35 3127.2 3168.7 3119.7
34 3126.4 3167.1 3118.3
33 3122.5 3164.3 3115.5
32 3118.6 3159.6 31109
31 3118.2 3159.6 3110.8
30 3043.0 3086.6 3038.9
29 3037.4 3079.1 3031.6
28 3037.0 3079.0 3031.5
27 1505.2 1545.4 1521.5
26 1483.8 1523.3 1499.8
25 1483.8 1522.8 1499.3
24 1471.6 1509.8 1486.5
23 1471.6 1509.5 1486.2
22 1454.2 1493.8 1470.7
21 1408.6 1450.8 1428.4
20 1390.8 1429.3 1407.3
19 1390.7 1428.6 1406.5
18 1285.9 1301.5 1281.5
17 1285.9 1301.2 1281.1
16 1219.0 1239.8 1220.6
15 1039.5 1058.8 1042.5
14 1039.4 1058.7 1042.4
13 952.0 971.8 956.8
12 921.3 935.6 921.2
11 921.2 934.3 919.9
10 917.2 912.6 898.6
9 763.2 765.0 753.2
8 453.5 459.5 452.4
7 453.3 458.8 451.7
6 397.4 409.5 403.2
5 330.7 334.5 3294
4 330.6 334.0 328.9
3 256.3 256.8 252.9
2 255.7 255.1 251.1
1 181.1 189.3 186.3

# Scale factor = 0.9846.

Copyright © 2004 John Wiley & Sons, Ltd.

Table 4. Vibrational frequencies (cm~") for 8a, computed
at various levels of theory

Normal mode MC-QCISD mPWIN scaled mPWIN?*
33 3183.8 3216.4 3166.7
32 3177.6 3210.0 3160.4
31 3177.5 3209.0 3159.5
30 3098.7 3115.3 3067.3
29 3096.0 3114.4 3066.3
28 3083.1 3094.3 3046.5
27 2981.4 3027.0 2980.3
26 2959.7 3005.7 2959.3
25 2952.1 2999.4 2953.1
24 1506.3 1528.5 1504.9
23 1497.5 1523.7 1500.1
22 1490.1 1519.6 1496.1
21 1434.0 1461.8 1439.2
20 1418.9 1445.2 1422.9
19 1397.3 1435.0 1412.9
18 1360.8 1383.6 1362.3
17 1337.7 1372.1 1350.9
16 1328.6 1365.5 1344.4
15 1303.9 1326.6 1306.1
14 1295.3 1319.9 1299.5
13 1103.4 11259 1108.5
12 1014.3 1013.8 998.2
11 990.2 1001.9 986.4
10 974.4 990.5 975.3
9 838.7 842.0 829.0
8 748.3 786.2 774.0
7 707.7 761.9 750.1
6 435.8 451.3 444.3
5 400.1 407.2 400.9
4 396.4 406.2 400.0
3 205.4 189.8 186.9
2 119.3 87.7 86.4
1 11.8i 55.5 54.6

# Scale factor = 0.9846.

for 8a;. This value has been used in place of the
corresponding near-zero imaginary frequency computed
at the MCQCISD level in computing the MCQCISD
ZPVE and thermal enthalpic contributions listed in
Table 2.

Whereas the values in Table 2 permit computation of
the 298 K enthalpies of reaction for Eqn (1), in order to
proceed to compute the 298 K enthalpies of formation for
the alkyl fluorides 1, 3, 5 and 7 using Eqn (4), we must
identify 298 K enthalpies of formation for the respective
alkyl cations (2a, 4a, 6a and 8a) and fluoride anion (9a).
With respect to 9a, the enthalpy of formation adopted
(—61 +1.3kcalmol ') is an average of seven experi-
mental values listed in the NIST WebBook.*’™* The
error assigned to this value (determined as the r.m.s. of
all reported experimental errors) is in excess of
1 kcalmol ', but this estimate would appear to be the
best available.

As for the enthalpies of formation of the alkyl cations,
the experimental values of 261.8£0.2 and 191.5+
0.9kcalmol™' used for the methyl cation 2a and the
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isopropyl cation 6a, respectively, were taken directly
from the NIST website** and are presumably calculated
using the experimental enthalpies of formation of the
appropriate alkyl radicals and their corresponding ioniza-
tion energies, whereas the enthalpy of formation of
215.240.5kcal mol "' applied for the ethyl cation 4a
comes from a recent measurement by Baer et al.*® Some
ambiguity exists in the literature for the enthalpy of
formation of the fert-butyl cation 8a, with reported
values spanning a range from 165.8 to 171.0kcal mol '
and having typical error bars of the order of I1-

2kcal mol . **™*® In order to have a more precise value,
we evaluated Eqn (7) at the B3LYP/6-31+G(d) and
mPWI1PW91/6-314G(d) levels of theory, since trust-
worthy values for the 298 K enthalpies of formation for
molecules 6-8 are available.’>** As Eqn (7) is an
isodesmic equation, lower levels of theory are expected
to benefit from substantial cancellation of errors in
predicting the enthalpy of reaction. Absolute energies at
both levels of theory for 6a, 8a, 12 and 13 are listed in
Table 5. The 298 K enthalpy of reaction for Eqn (7) is
predicted to be 16.8 and 16.9kcalmol ' at the B3LYP
and mPWI1PWO1 levels, respectively. Employing either
of these two closely agreeing numbers with the experi-
mental 298 K enthalpies of formation for the remaining
species according to Eqn (8) gives a predicted enthalpy of
formation for 8a of 167.3 - 0.9 kcal mol '. This value is
lower than estimates derived from the most recent work of
Smith and Radom™*® (171 £ 2.4 kcal mol ") and Traeger
and Kompe47 (170.0 £ 0.6 kcal molfl). However, when
our 167.3 £0.9 value for the enthalpy of formation of 8a
is used with the accepted ionization energy of 6.70eV,*” a
value of 12.8 kcalmol ' is obtained for the enthalpy of
formation of the fert-butyl radical 8b, and this is precisely
in accordance with the most recent experimental mea-
surement.*’

Having established 298 K enthalpies of formation for
the alkyl cations and fluoride anion, when Eqn (4) is used
to compute the 298 K enthalpies of formation of the alkyl
fluorides for the mPWIN, MCQCISD and MCG3//
MCQCISD levels, the results for methyl fluoride 1 are
—60.0, —50.5 and —54.4kcalmol ', respectively, with
an error of 41.3 kcal mol ™ '; the results for ethyl fluoride
3 are —69.0, —61.1 and —64.2 +1.4kcal mol_l; the
results for isopropyl fluoride § are —74.2, —71.1 and
—74.4 £ 1.6kcal molfl; and the results for tert-butyl

Table 5. 298K enthalpies for 6a, 8a, 12 and 13 (absolute,
En) and Egn (7) (reaction, kcal mol~") at the B3LYP/6—
31+ G(d) and mPW1PW91/6-31 + G(d) levels of theory

Target B3LYP mPW1PW91
6a —118.118 25 —118.083 63
8a —157.431 29 —157.388 00
12 —158.325 58 —158.282 88
13 —119.039 24 —119.005 43
Eqn (7) 16.8 16.9

Copyright © 2004 John Wiley & Sons, Ltd.

fluoride 7 are —84.7, —82.6 and —85.9 & 1.6 kcal mol !
(all errors are computed simply as the r.m.s. error in the
experimental values for the relevant alkyl cation and the
fluoride anion). Only the MCG3 level is specifically
designed for high accuracy in thermochemical predic-
tions, so the other two values are listed simply to provide
an indication of how useful (or not) the other two levels
may be considered to be for this purpose.

Homolytic dissociation. At the MCQCISD Ilevel,
optimization of each of the alkyl radicals 2b, 4b, 6b
and 8b led to a single stationary point with zero imagin-
ary frequencies. The starting geometry of 8b was similar
to the fert-butyl cation 8a, structure having C; symmetry,
but optimized to a structure resembling the fert-butyl
cation 8aj structure having C3, symmetry. Energies of the
homolytic reaction products 2b, 4b, 6b and 8b and the
fluorine atom 9b at the MCQCISD and MCG3//
MCQCISD levels are given in Table 2.

In contrast to the heterolytic reaction products, fairly
reliable experimental 298 K enthalpies of formation are
available for the homolytic reaction products. These
values may be used to compute the 298 K enthalpies of
formation for the alkyl fluorides 1, 3, 5 and 7 using Eqn
(5), along with the values in Table 2 that permit computa-
tion of the 298 K enthalpies of reaction for Eqn (2). The
enthalpy of formation used for the fluorine atom 9b
was obtained from the NIST-JANAF thermochemical
tables.”® As for the enthalpies of formation of the alkyl
radicals, the experimental values of 35.14+0.2 and
22.0+0.5kcalmol ' used for the methyl radical 2b
and the isopropyl radical 6b, respectively, were taken
from a compilation by Tsang,”" the enthalpy of formation
of 28.9 +0.4kcalmol ' for the ethyl radical 4b comes
from a measurement by Seakins ef al.>> and the enthalpy
of formation of 12.8 +2kcal mol " applied for the rert-
butyl radical 8b comes from a recent measurement by
Srinivasan ef al.*

When Eqn (5) is used to compute the 298 K enthalpies
of formation of the alkyl fluorides for the MCQCISD,
and MCG3//MCQCISD levels, the results for methyl
fluoride 1 are —58.2 and —57.0 kcal mol ', respectively,
with an error of =+ 0.2kcal mol_l; the results for ethyl
fluoride 3 are —68.1 and —67.0+£0.4kcalmol '; the
results for isopropyl fluoride 5 are —76.9 and —75.9 +
0.5 kcal mol~"; and the results for tert-butyl fluoride 7 are
—88.0 and —87.0 & 2.0kcal mol .

Atomization energies. Energies and 298 K enthalpies
of the atomization reaction products fluorine (2P) 9b,
carbon (°P) 10 and hydrogen (*S) 11 computed at the
MCGS3 level are given in Table 2. These enthalpies were
used to compute 298K enthalpies of reaction for
Eqn (3), which were subsequently used to compute
the 298 K enthalpies of formation for the alkyl
fluorides 1, 3, 5 and 7 using Eqn (6). The enthalpies of
formation used in Eqn (6) for atomic fluorine 9b,
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carbon 10 (171.29 +0.11kcalmol ') and hydrogen 11
(52.103 +0.001 kcalmol ') were obtained from the
NIST-JANAF thermochemical tables.*”

When Eqn (6) is used to compute the 298 K entha-
Ipies of formation of the alkyl fluorides for the
MCG3 level of theory, the result for methyl fluoride 1
is —57.2kcalmol ™', the result for ethyl fluoride 3 is
—65.9kcalmol !, the result for isopropyl fluoride 5
is —74.9 kcal mol ' and the result for rerz-butyl fluoride
7 is —84.9kcal mol !, each of which has an associated
error of 4-0.13 kcal mol .

Enthalpies of formation. In all cases except feri-
butyl, the enthalpies of formation computed from homo-
Iytic dissociation and atomization [Eqns (5) and (6)]
agree with one another to within about 1kcalmol '
The agreement in the case of fert-butyl fluoride is within
2 kcal molfl, which is within the experimental error
associated with the heat of formation of 8b. Heats of
formation computed from heterolysis [Eqn (4)] are in
reasonably good agreement with the other two values for
fluorides 5 and 7, but fail to agree as closely for 1 and 3.
The disagreement for the last two cases may be asso-
ciated with difficulties in accurately measuring (or com-
puting) heats of formation for the highly unstable
carbocations 2a and 4a compared with the more highly
substituted and stable cations 6a and 8a. In any case, we
consider the optimal estimates for the alkyl fluoride heats
of formation to derive from taking an average of the
values computed at the MCG3//MCQCISD level for only
the homolytic and atomization processes, and the hetero-
lytic results are provided here simply for comparison. On
that basis, we recommend the following values for
the enthalpies of formation of the monofluoroalkanes
investigated in this study: AHf,,, (1)=-57.1%
0.2kcalmol ™', AHg,4 (3)=—66.5+0.4kcalmol ",
AH? g5 (5)=—75.4£0.5kcal mol ' and AH? 44 (7)=
—86.0 4 2.0 kcal mol ! (the uncertainties are taken to be
the largest r.m.s. error computed for either process).

Comparison of results. Our recommended enthalpies
of formation for methyl, ethyl, isopropyl and terz-butyl
fluoride are in reasonably good agreement with values
recently suggested by Luo and Benson’ and Smith' from
an electronegativity-based analysis and with values ob-
tained from the group additivity method of Schaffer’
(Table 6). None of these values, however, are compatible
with the values that would be estimated by use of the
well-established corresponding alcohol enthalpies of for-
mation'® and the Benson®*/Woolf>*>"/Liebman™3® iso-
thermal pair/thermochemical mimicry analysis, i.e. the
assertion that there is a roughly constant 6kcalmol '
enthalpy of formation difference between a gas-phase
species with a C—F bond and the isoelectronic, isosteric
analog with a C—OH bond. That analysis would
yield —48 —6=—54kcalmol™' for 1> —56—6=
—62kcalmol ! for 3,2 —65—6=—71kcalmol ' for

Copyright © 2004 John Wiley & Sons, Ltd.

Table 6. Calculated 298K enthalpies of formation for
methyl fluoride (1), ethyl fluoride (3), isopropyl fluoride (5)
and tert-butyl fluoride (7)

—AH;° (kcal mol 1)

Alkyl This work Luoand  Smith">  Schaffer
fluoride Benson’ et al’
1 57.1+0.2 559+1

3 66.5+0.4 66.3+1 65.1 65.7

5 754405 762+1 75.5 75.4

7 86.0+2.0 86.9+1 87.5 86.4

5% and —75 — 6= —81kcalmol ! for 7.>2 Of course,
key to this analysis was the difference in the isomeric n-
and isopropyl fluorides, which, as discussed earlier, are
suspect. Using the values for the enthalpy of formation of
the alkyl fluorides computed here and estimated from the
other analyses noted above results in an average differ-
ence of ca 10kcal mol ' between the alkyl fluorides and
the corresponding alcohols.

Is the rule suspect, or is it perchance valid but with a
different roughly constant difference? Schaffer et al.’
reported the enthalpies of formation of 1-fluorononane,
-dodecane and -tetradecane to be —101.2+0.5,
—116.940.1 and —127.4 4+ 0.2 kcal mol ™", respectively.
These three values are roughly internally consistent in
terms of the ‘universal methylene increment’ of ca
—4.9kcal mol ! per —CH,— (see, for example, Ref.
59). The enthalpies of formation for the related alcohols
are —90.0 + 0.3 kcal mol ' (summing the liquid enthalpy
of formation® and the enthalpy of vaporization®"),
—104.3+0.4kcalmol ' (summing the liquid enthalpy
of formation®® and the enthalpy of Vaporization6]’62) and
—113.54+0.6kcalmol %% It would appear that the
difference in the enthalpy of formation of fluorides and
the corresponding alcohol is closer to ca 12 than
6 kcal mol~!. Moreover, it should be remembered that
the 6kcalmol ™' was generally derived by reference to
C—F bonds involving carbons bonded to electronegative
groups and/or sp2 carbons, features that are expected to
decrease the C—F/C—OH enthalpy of formation differ-
ence using the logic suggested by Kunkel ez al.”®

If we assert that there is essentially a constant differ-
ence for the enthalpies of formation of arbitrary alkyl
fluorides and their corresponding alcohols, we can derive
the following relationship:

AH?,z% (R'F) = AHF,298 (RF)
+ [AHF 205 (R'OH) — AH; 95(ROH)|
9)

for all alkyl groups R and R’. Letting R =i-Pr and R’ = n-
Pr, we can derive the enthalpy of formation of n-propyl
fluoride to be —71.2 & 0.5 kcal mol " from our calculated
enthalpy of formation of isopropyl fluoride, —75.4 £0.5
kcalmol ', and the archival enthalpies of formation of
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n-and isopropyl alcohol, —61.0£0.1 and —65.2+
0.1kcalmol~!. Likewise, letting R=7Bu and R’ =n-
Bu, we can derive the enthalpy of formation of n-butyl
fluoride to be —77.0 4 2.0 kcal mol ' from our calculated
enthalpy of formation of fert-butyl fluoride, —86.0 &
2.0kcalmol ', and the archival enthalpies of formation
of n- and tert-butyl alcohol, —65.74+0.1 and —74.7 +
0.2kcalmol™'. The resultant difference between n-
propyl and n-butyl fluoride is —5.8 +2.1 kcalmol ™",
slightly larger than the —4.9 kcal mol ' value associated
with the ‘universal methylene increment’, but within the
experimental error associated with our values.

Interestingly, there is a measurement in the literature
for the enthalpy of ionization of tert-butyl fluoride,
—27.3+0.6kcal mol ', that refers to the solution-phase
value from reaction with SbF5 in SO,CIF at low tem-
perature.”® In the same paper, the corresponding values
are available for some other alkyl fluorides and chlorides.
Based on these data, and assuming complete ionization
and cancellation of solvation effects for the organic
halides, we would conclude that the difference in the
heterolysis energies for any fluoride and the correspond-
ing chloride would be roughly independent of the affixed
alkyl group: for the isopropyl case the difference is
—1.5+1.1, for tert-butyl —1.9£1.0, for 1-adamantyl
—1.3 4 1.2 and for exo-norbornyl —2.2 & 1.1kcal mol "
The same difference is also found for the sec-butyl case,
at both —75 and —25°C, corresponding to the cases
where there is not and where there is rearrangement of
the resulting sec-butyl carbocation to its tert-butyl iso-
mer, namely —1.7+ 1.2 and —2.0+ 1.1 kcal mol !, re-
spectively. This constancy suggests that there is
essentially a constant difference between the enthalpy
of formation of an arbitrary alkyl fluoride and the
corresponding chloride and, in turn (and extrapolating
further), between an alkyl fluoride and the corresponding
alcohol.

There is an additional check of this analysis. A cor-
ollary of our analysis is that the difference in the ioniza-
tion enthalpies of sec-butyl chloride at —25°C (when it
rearranges) and of fert-butyl chloride should be the
difference of the enthalpy of formation of the two
(liquid-phase) chlorides since the final product after
ionization is the same. The difference in the reaction
enthalpies is 4.6 4 1.1 kcal mol~'.'* The difference in the
enthalpies of formation of the two condensed-phase alkyl
chlorides is 3.1 4 0.7 kcal mol ~',** which is in acceptable
agreement with our analysis. By the identical argument,
the difference between the ionization enthalpies of sec-
butyl fluoride at —25°C (where it rearranges) and tert-
butyl fluoride should be equal to the difference in the
enthalpy of formation of the two (liquid-phase) fluorides.
The difference of the reaction enthalpies is
—4.7+ 1.0kcal mol~"."* Making plausible estimates for
the enthalpies of vaporization of the two species65 results
in the prediction that the difference of the gas-phase
enthalpies should be —3.9 + 1.0kcalmol~'. The same
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difference would be deduced for the corresponding alco-
hols under our assumption that the C—F/C—OH heat of
formation difference is constant for all aliphatic fluorides
and corresponding alcohols. Experimentally, the differ-
ence between the gas-phase enthalpies of formation of
sec- and tert-butyl alcohol is —4.7 4+ 1.2kcalmol ',
again in satisfactory agreement.

If on this basis we accept an ~ 12kcalmol ™" differ-
ence between the enthalpy of formation for n-alkyl
fluorides and their corresponding primary alcohols,
and we apply it to all alkyl fluorides and their corres-
ponding alcohols, we deduce enthalpies of forma-
tion of —48 — 12 =—60kcal mol™" for methyl fluoride
1, —56—-12=-68 kcalmol™! for ethyl fluoride 3,
—65—12=—77kcalmol™" for isopropyl fluoride 5
and —75—12=—87kcalmol " for tert-butyl fluoride,
results that are similar to those from our quantum
chemical calculations but slightly more negative in
every case, with the magnitude of the difference being
1-3 kcal mol ™.

CONCLUSIONS

MCG3//MCQCISD quantum chemical calculations lend
support to electronegativity-based and group additivity
methods in predicting 298 K standard enthalpies of for-
mation for monofluoroalkanes. Our predicted values of
AHp 55 (1)=-57.1£0.2, AHp,95 (3)=-66.5+0.4,
AH s (5)=-754405kcalmol ' and  AH}q
(7) = —86.0 £ 2.0 kcal mol " assist in evaluating the uti-
lity of other predicted values [a referee, for instance,
reports having used Eqn (6) to compute AH{,q, values
for 1, 3, 5 and 7 of —56.4+1.3, —65.0+1.3, —74.8
+1.3 and —85.1 & 1.3kcalmol ', respectively, at the
G3MP2B3 level.®® The generally good agreement be-
tween these data and our benchmark values suggests that
the less expensive G3MP2B3 level may prove useful for
the prediction of enthalpies of formation for larger alkyl
fluorides, where MCG3 calculations might become pro-
hibitively demanding in terms of resources] and have also
led to the conclusion that there is an empirical 10—
12kcal mol ' difference between the computed enthal-
pies of formation of these monofluoroalkanes and their
respective alcohols.

Supplementary material
MCQCISD optimized cartesian coordinates (A) for 1-8
are available in Wiley Interscience.
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