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A molecular mechanics study of small saturated hydrocarbons (up to C-6) substituted by up to six fluorines
has been carried out with the MM4 force field. A parameter set has been developed for use in the calculation
of bond lengths, bond angles, torsion angles, conformational energies, barriers to rotation, dipole moments,
moments of inertia, and vibrational frequencies for these compounds. The results are mostly in fair to good
agreement with experiment and ab initio calculations. The high electronegativity of fluorine leads to serious
geometric consequences in these compounds, but these consequences can be dealt with adequately by suitable
cross-terms in the force constant matrix, and by recognizing that some of the reference bond lengths and
angles Ip, 6o) and the corresponding stretching and bending constant paramieteks) that are usually
thought of as constants must in fact be treated as functions of the electronegativity of the substituents.
Additionally, the heavy mass of the fluorine (relative to the mass of hydrogen in alkanes) leads to large
values for other cross-terms that were found to be unimportant in hydrocarbons. Conformational equilibria
for polyfluorinated compounds are affected by tfedta-two effectvell-known in carbohydrates. A few larger
fluorinated and polyfluorinated alkanes, including perfluoropropane, perfluorobutane, and Teflon, have also
been studied.

Introduction effects were not dealt with very well by MM2or MM3.30
ooy . .
The MM3 force field-2 has been the workhorse of small The quonnél contains que pairs of electron.s., and thus can
show negative hyperconjugative effeétsAdditionally, the

molecule calculations for quite some years. While it has given h ¢ fuori lati hvd lead h
pretty good results for most molecules and molecular properties "€avy mass of fluorine relative to hydrogen leads to changes

studied, it has some clear limitations. In an effort to overcome N the vibrational spectra of these compounds, relative to
the major known limitations in MM3, the MV 26 force field hydrocarbons.
was developed, starting with hydrocarbdn&.The structures With most classes of compounds, heats of formation provide
and physical properties of hydrocarbons (alkanes) can be wellyseful information for describing the location of structures on
described by molecular mechanics. That is, they behave in athe energy axis of the energy surfaces. However, in the case of
very classical way. They form the backbone of organic the fluoro compounds, adequate experimental information
molecules, and hence, itis important that they be well described oo cerning heats of formation is not available. Attempts were
by any.force field .that IS to pe generally usgd. AD initio made to utilize such information as it exists, but these com-
calculayons at the triplé-level W|th_some correlation (MP2 or pounds combust poorly, and the accuracy of the available infor-
DFT) give fairly good representations of structure that can be . .
reasonably well corrected to equilibrium) geometries, that mation falls far s_h_ort of that obtained for most other classe_s _of
compounds. Additionally, because of the strong electronegativity

can in turn be converted into experimental structurgs, ro) ) - . .
with the aid of vibrational correctiorid:28 The experimental effect of fluorine, many terms describing the interactions be-

structures, plus these ab initio structures, have been used as th&veen fluorines would be required to develop a bond-energy
basis from which MM4 has been developed. The MM4 type of heat of formation calculation. Accordingly, we had to
calculations were subsequently extended to the structures andorego the use of this type of information for this class of
properties of several classes of functionalized derivafivés. compounds.
(See the Appendix for some definitions and an explanation of T extend the applicability of molecular mechanics treat-
some abbreviations used throughout the paper.) ments, we have in the present work developed an MM4 force
Fluorine compounds form a much more complicated set of fie|q and parameter set for fluorinated hydrocarbons. The MM4
substances to deal with in molecular mec_hanlcs than ,mostgeometries, including moments of inertia, dipole moments,
compound classes, for several reasons. First, the fluorine 'S conformational energies, and vibrational frequencies, are re-

highly electronegative, so where in most other classes of com- . . )

- e ported here for a wide variety of fluorinated hydrocarbons and
pounds the substituents exert small electronegativity perturba-com ared with extensive experimental and ab initio results. The
tions on the hydrocarbon skeleton, in fluorine compounds, these P P '

perturbations tend to be quite large. Second, there are manyab initio caIcuIaFions were car.ried out at the MPZ/%],HG'
known compounds which contain not just one or two but many (2d:2p) level using the Gaussian 94 progr&rthis basis set

fluorines up to Teflon (perfluoropolyethylene) in the limit. Ob- IS referred to locally as “big”, and referred to in writing as “B”,
Vious|y’ e|ectr0negativity effects from the fluorines become Or MP2/B. Earlier studies have shown that this kind of calcu-

extremely strong in highly fluorinated compounds, and these lation givesre single bond lengths between C, N, O, and F atoms
with small systematic truncation errors (approximately 0:003

*To whom correspondence should be addressed. 0.007 A too longP’ Hence, these big basis set calculations,
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with the appropriate bond length corrections, are called “BC or something of a plateau in the development of molecular
MP2/BC calculations” and are so referred to throughout this mechanics, and that MM3 had almost, but not quite, reached
paper. that plateau. After this became clear, it was decided to develop
In using experimental data to develop parameter sets for MM4 to fully reach that plateau. We define that plateau as what
molecular mechanics methods, the accuracy and reliability of might be calledexperimental accuracwith respect to geometry
those data need to be known. For experimental measurement@nd energy. Thus, we would like in general to calculate bond
in general, this information is available because of extensive lengths with an accuracy of about 0.003 A and bond angles to
analogous independent studies. Unfortunately, the accuracy toabout F. Energies within the same molecule (conformational
be expected from BC calculations is generally less well-known. energies, rotational barriers) should be within a few tenths of a
On the whole, we feel that in the present case the uncertaintieskilocalorie per mole for stationary points that are within a few
in the structures and energies from BC calculations are generallykilocalories per mole of the global minimum. Additionally, to
similar to or somewhat greater than those from the best get good thermodynamics, we need to have the vibrational
experimental values. spectra calculated with an overall root mean square (rms) error
The Energy Surface and Force FieldThe initial objectives ~ ©f no more than about 25 cth To reach this level of accuracy,
of a molecular mechanics calculation are ordinarily to determine We had to add several previously unused cross-terms into the
the spatial coordinates and energies of the stationary points offorce constant matrix. Additionally, after some years of experi-
the system at hand. These are the points on the energy surfac€nce, certain features of the MM3 force field were found to be
where the first derivatives of the energy with respect to the less accurate, or less complete than would be desired, so

coordinates are all equal to zero. The remainder of the energysimultaneously, these small items were taken into account in
surface is of limited interest. the development of MM4. Major changes in MM4, relative to

The second thing that we want to know is the value of the MM3, included the addition of beretorsion—bend interactions
second derivative of the energy with respect to the coordinatest® improve the spectroscopic frequency calculations and of
at each stationary point, as these establish the vibrationaltorsion—bend interactions to improve the geometric calculations.
properties, and hence much of the thermodynamics, of the The former have a pronounced effect on spectra, as they allow
system. The vibrational spectra required for most of the the coupling of bending motions (especially the 1,4 bending
compounds discussed herein have been previously determinednotions) to vary as a function of torsion angle. While this was
experimentally, and are recorded in the literature with full an important thing to include in a force field in order to fit
interpretations. There are occasional errors in this interpretations,vibrational spectra, it had almost no effect on structure. On the
which were uncovered and corrected by using ab initio calcula- other hand, the torsiorbend interaction (unimportant in
tions. This work will be described later, in the section labeled hydrocarbons) is also important for bond angles where the atom
Vibrational Frequencies. at the end of an angle supports a lone pair of electrons. Such

To define that portion of the energy surface which is normally angles, of course, are ubiquitous in compounds of oxygen,
of interest then, we have to determine the set of coordinatesNitrogen, and sulfur, each of which is commonly found in
corresponding to the stable structures and transition states an@rganic molecules, and especially in biologically interesting
the force constant matrix(matrix) for each. The latter tellus ~ Molecules. However, many other atoms contain lone pairs, and
about the variation of the energy around the stationary points. this particular type of interaction is important for those as well.
In developing a force field to describe a set of compounds, in The |ncIu§|on of this interaction permits one to account for
this case fluorocarbons, we need to develop two groups of @ngular differences by up to°Sor so in cases where such
parameters, one of which involves coordinates and the secondvariation is observed upon torsion. Such large variations are
of which involves how the energy changes with the coordinates. outinely encountered, and this is part of what might be called
And, of course, these are coupled. a negatve hyperconjugatie effect(which includes the ano-

We want to consider the MM3 treatment of fluorinated al- meric* and Bohlmann effect$®). Ifit is not properly included,

kanes as a starting poiftThere are several differences between major geometric errors in the calculated structures result.
the MM4 and MM3 force fields that are important for the There are torsionstretch interactions analogous to these
present work, and these will be outlined here. Of course, it has torsion-bend interactions. Again, they occur when there is an
been many years since MM3 was developed (198%), and atom that has a lone pair of electrons attached to a bond being
more and better data and methods have become available sincétretched. This interaction can lead to bonds being appreciably
that time. It was desirable to try to fit with MM4 not only ~ stretched as a function of torsion angle, and this in turn can
everything that was looked at with MM3 but also any available have a significant effect on the energy of the system. The
newer or significant previously unconsidered data as well. In anomeric effect is probably the best known example here, where
particular, it has now become much easier to do higher level bond length and energy changes of about 0.02 A and 2 kcal/
ab initio calculations than it was when MM3 was being devel- mol may occur. These changes are far beyond ordinary
oped. While we believe that at present molecular mechanics experimental errors and must be included in any force field that
still needs to ultimately refer back to experimental data, we can is to be of experimental accuracy.
use ab initio (BC) calculations to fill in many gaps in those There are some parts of the calculations that are carried out
data, and occasionally to correct inaccuracies in the experimentaldifferently in MM4 from the way they were with MM3. If we
information. take the Bohlmann effect as an example, this is an effect wherein
When MM3'2was originally being developed from MM2, the bond length of a €H bond is more or less stretched as
we spent some years gradually improving the MM2 results by torsion occurs about the bond that attaches the carbon to an
adding to the force field various terms that had been omitted atom carrying a lone pa#. The Bohlmann effect was calculated
from MM2, and which were subsequently found to be important. with MM3 using the standard equations from the initial
When the results were deemed to be sufficiently improved over geometry and the torsion angle in question. However, as the
MM2, we stopped, defined that level as MM3, and used that geometry optimization proceeds, the torsion angle changes, and
standard subsequently. It was recognized later that there wagherefore, the effect has to be recalculated at every iteration.
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Thus, when one optimizes the effects of the forces acting, one have numerous lone pairs of electrons, and hence, some of these
is also changing the values of the “constants” in the equations off-diagonal terms become important.

that define those forces. Hence, the optimization has to be itera-  There is something of a hierarchy in the parameter optimiza-
tive, and it tends to be rather slow. A more efficient method is tion routine, as we carry it out. The moments of inertia of the
to calculate the Bohlmann effect (and other similar things) with  molecules are most important for determining the structures,
the aid of a matrix element that goes directly into the force from our point of view. The stationary point energies are the
constant matrix. The latter scheme was used in Mi#ow- other equally important feature, and they determine the important
ever, the latter scheme, while mathematically more precise andpart of the vertical dimension of the potential surface. The
efficient by virtue of its noniterative nature, also has a drawback. moments of inertia are not Optimized direcﬂy_ Rather’ the bond
With the MM3 method, one aCtUa”y obtains numerical values |engths’ angleS, and torsion ang|es are varied as they and the
that can be specifically assigned to each of these different effectsstationary point energies are optimized, to indirectly optimize

for each bond for the molecule at hand. Such numbers are notthese moments. Since these things are weakly coupled with the
readily available from the MM4 calculation because of the way yjprational spectra, the latter must also be included in the

they are mixed together with other things such as van der Waalsjterative sequence.
and electrostatic interactions in the matrix element.

With these new features in MM4, one would expect in general
to be able to fit the geometric and spectroscopic data much bette
for molecules containing one or a small number of fluorines.
Indeed, this was found to be the case. The vibrational spectra,
are better calculated with MM4, as are the structures, as is Mosty 4 numerical values were chosen for the cross-terms. After

clearly evidenced by the moments of inertia. On the other hand, y,o spectra were roughly correct (the average rms errors in the
with only these improvements, the MM4 calculations on goq encies of about 14 compounds were approximately 80
fluorides were .Stl|| not very good_ for highly fluorlnated_ cmY), the geometric parameters were adjusted so as to give
molecules. Obviously, there were things that were happening nore nearly correct values for structures, torsional barriers,
in these molecules that led to much larger distortions in the dipole moments, and moments of inertia. Refinement then
geometries, energies, and spectra than had previously beemqeqded iteratively, until all of these things were optimized
recognized. Another important item was the van der Waals yiihin the limitations imposed by the terms included in the force
interaction function between fluorine and hydrogen. The avail- fg1q Al of the available pertinent experimental data were
ability of better ab initio calculations (BC) made it possible to considered, as were BC calculations for important stationary

refine this funct|on|_ re]l(atlve to that usedhm Mf?/IS T?e H/'r']' points on the potential surfaces of key molecules, especially
interaction was earlier found to be somewhat different from that | o, gych points were not covered by experimental information.

. 3 .
used in MM3? and important for the present purposes, the F/H \yhan we were satisfied that the optimization had been

interaction was als. completed, we arrived at the parameter set given in Supporting
Information Table S1.

Parameter Set.Supporting Information Table S1 contains

Parameter Optimization. MM3 was parametrized to fit data  the MM4 parameters for the fluoroalkanes, including torsional
from experiment, and ab initio data were used only to a quite parameters for FCCH, FCCF, and FCCC torsion anglesi C
small extent, as the accuracy of the available ab initio data at stretching parameterks and natural bond lengthk), and the
that time was quite limited. When we did the parametrization electronegativity correction factors for shrinkage of C and
of hydrocarbons with MM4, we tried to fit the parameters mainly C—F bonds, for use when the hydrogens of a hydrocarbon are
to experimental data but made use of such ab initio data as wergeplaced by fluorines. (The original hydrocarbon force field itself
available, which were mainly at the MP2/6-31G* level. We now was, of course, used here unchangedlso included are the
routinely use the MP2/6-311+G(2d,2p) level. electropositive correction factors for lengthening-E bonds

The parameters required for the force field calculation can as one goes from a primary carbon atom, to a secondary carbon
be divided into groups, depending on whether they directly effect atom, and to a tertiary carbon atom. Similarly, the natural bond
the coordinates or the force constant matrix. Those that effectangles ¢o) and bending parameterk,) for HCF, CCF, and
the coordinates include such things lasand 6o, the normal FCF bond angles were included. The rotational barriers for
strainless values for bond lengths and angles, for example. Thesgimple compounds were also fit using torsional parameters.
things can be approximately determined for different atom Since fluorine contains lone pairs of electrons, the torsion

As is customary, a preliminary (trial) parameter set has to be
obtained somehow. In the case of the present work, it was
'obtained from MM32% The bending, stretching, and torsional
parameters were subsequently modified somewhat in order to
reproduce better the vibrational spectra of several molecules,

Results and Discussion

combinations from simple molecules. The changdsg bfought bend and bendtorsioq—bend parameters involving fluorine are
about with electronegativity changes are known to be important important=s and are included.
from previous worke® It is also known that the changes flg With hydrocarbons, a stretetbend interaction where the

brought about by electronegativity can be important in some bond being stretched was attached to the center atom, but outside
cases? and the present work emphasizes that fluorine is one of the angle being bent, was found to be unnecessary. However,
of those cases. with the molecules that contained three or four fluorines attached
TheF matrix can be thought of in terms of two components, to a single carbon, that term becomes import&At,and was

the diagonal part (stretching, bending, and torsion) and the off- included here. The comparison of the vibrations of tetrafluo-
diagonal part (coupling). The diagonal elements are normally romethane with those of methane itself is instructive. As the
much larger than the off-diagonal elements, and they need toHCH angle in methane bends during a vibration, the carbon
be assessed first. The off-diagonal elements, usually neglectednoves very little, and there is very little interaction between
for the most part in simple force fields (except for the van der that bending and the stretching of the CH bonds that are not
Waals and electrostatic components), can have a strong influencenvolved in the angle being bent. However, with tetrafluo-
on molecular geometries, especially so if the molecules containromethane, the mass of fluorine and carbon are similar. Thus,
atoms that have lone pairs of electrons. Fluorocarbons, of coursewhen the FCF angle is being bent, the carbon moves quite a
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lot. Hence, the interaction between the FCF bending and the TABLE 1: C —F and C—C Bond Lengths (A) in Simple
CF stretching (where the latter bond is not included in the angle Fluoroalkanes

being bent) becomes more important. Also, the spectrum of A. Methyl-, Ethyl-, Isopropyl-, andert-Butyl-
tetrafluoromethane cannot be fit even marginally well, unless Compared to Experimental Data
that explicit interaction is included. compound exptl MM3A MM4/A

Having an initial parameter set, and a large trial set of C—lg Bond Lengths
compounds to be described with MM4, the structures and g::jSFF(r(?Z) i:gg%ggl 1:288%%832 11'?3%%%/8:88613
properties of the trial set were calculated in the usual way, and (CH,),CHF(;)  1.405(2}2 1.408/0.003 1.408/0.003
the parameters were adjusted in order to best fit those properties (CHz)sCF(ra) 1.425(24%32 1.413/- 1.411/-
(structures, energies, vibrational spectra, etc.), as is ordinarily signed av +0.001 —0.001
done. Additional compounds were then added to the trial set, 'ms 0.003 0.004
to try to cover all eventualities. Various items came to our CHE 150 ZCZ? Bond Lfé’@é?é 006 L505/0.003
fattentlon durlng this stage of the Work,'and particularly important (éHi)zga&F(rg) 1:51422;2 151210002  1.514-0.000
is the following. Molecular mechanics normally makes the  (cH,);cF(.) 1.520(24832  1.513/- 1.517/-
assumption that one can study small molecules, .determlne signed av 10.001 10.001
parameters, and use those parameters for the studies of largerms 0.004 0.002
molecules. These parameters (those that go into the force B. Methyl-, Ethyl-, Isopropyl-, andert-Butyl-
constant matrix and those which determine the coordinates) are Compared to MP2/BC Calculation
thought of as transferable constants. However, it became compound MP2/BC MM44
increasingly clear many years ago as we tried to improve our C—F Bond Length
model that in some cases these items are not constants but CHsF 1.387 1.380+0.007
functions of other variables. For examplg, the length of a CoHsF 1.395 1.393/0.002

: ; . S (CHg)2CHF 1.404 1.402+0.002

bond of a given type, varies with the electronegativity of (CHs)sCF 1413 1.407+0.006
substituents that are attached to atoms forming that bond.  gjgeq av —0.004
Normally, the variation of most of these constants with their rms 0.004
environment is relatively small, and in the past, it has typically C—C Bond Length’
been neglected by others. However, if we want a model that CoHsF 1.507 1.50%+0.006
gives calculated results with an accuracy comparable with Egﬂgzg?': 1510 i:gggjg:ggg

experiment, then in at least some cases we must take into
account the variability of these constants with environment. An
important quantity with fluorocarbons is the variation of the ) o S
C—C stretching constant with the number of fluorines attached _° The experimental error in this value is quite large, and the MM4
in the o and/orf3 positions of the bond (the total electronega- value is in good agreement with that from BC calculation. Accordingly,
. . p 9 this value is omitted in the calculation of the averadesll values are
tivity effect). This item was noted and commented on eaffler,

and will be discussed below under the-C bond lengths.

When parameters are fit to a collection of experimental and substituted for the hydrogens in all possible ways, fluoroethane,
ab initio data, there is always the problem of how to weight the 1,1-difluoroethane, 1,2-difluoroethane, etc., up to hexafluoro-
various pieces of data. There is no really well-defined way for ethane. At the time we developed MM3 (late 1980s), ab initio
doing this, because the data are so diverse in nature, and thealculations (small basis HartreEock) were of some use, but
accuracy of a specific piece of data is often uncertain. Generally they were not of high accuracy. More recently, we have been
speaking, however, we feel that moments of inertia are the mostusing MP2/6-31%+G(2d,2p) calculations (herein abbreviated
important pieces of structural information. They are typically as MP2/B or B) as our standard. With these calculations, we
measured with high accuracy (five or six significant figures), find that there are small systematic errors due to basis set and
and there is no uncertainty considering assignments (as there islectron correlation truncation, of the order of a few thousandths
with spectroscopic frequencies or radial distribution functions, of an angstrom in bond lengths for bonds between first row
for example). Thus, moments of inertia must be reproduced atoms and carbon. Since the errors appear to be systematic, they
accurately if structures are to be reproduced accurately, andcan be corrected (MP2/BC or BC). Our best value for the
accordingly, they are heavily weighted. How much error one is correction is—0.0063 A for the G-F bond. No corrections are
going to accept in one piece of data relative to another is a needed for bond angles. When we made our comparisons
judgment call. We have accordingly weighted the fits of the between experiment and MM4 calculations for the two series
data, and the evaluation of the parameters, according to our besbf small molecules mentioned above, we simultaneously made
judgment. The results will be presented in the tables that follow the corresponding comparisons between the MM4 and BC
and will be discussed. calculations. The resulting information is all summarized in

Molecular Geometries.While we were dissatisfied with the ~ Table 1.
overall treatment of fluoroalkanes by MM3, there were parts C—C and C-F Bond LengthsThere are only three kinds of
of the treatment that were quite satisfactory, particularly those bond lengths in this series of molecules;C, C—F, and C-H.
parts that involved rather simple compounds. When we redid The C—H bond lengths are poorly determined by the ordinary
the study of fluoro compounds with MM4, we wanted to fit experimental methods. They are best determined indirectly from
the data that we had previously fit with MM3, that we regarded the corresponding stretching frequencies. We have not explicitly
as satisfactory. There were two sets of compounds that westudied C-H bond lengths in the present work, as they were
looked at first. One was the set of simple monofluorides where studied in detail earliet* Thus, we will begin by looking at
the alkyl group becomes increasingly complicated, namely, C—C and C-F bond lengths in the two small sets of molecules.
methyl-, ethyl-, isopropyl-, antert-butyl fluorides. The second In Table 1A are given the experimental data and MM4 results
set consisted of the ethanes, where successive fluorines werdor the monofluoroalkanes with differing degrees of branching.

signed av —0.003
rms 0.003



7206 J. Phys. Chem. A,

Vol. 110, No. 22, 2006

TABLE 2: Moments of Inertia of Fluoro Compounds (r,)?

ref

44 exptl MM3/% MM4/%

CHsF a Ib,c 19.7908 19.879/0.45 19.86D.05
CHaF> b la 10.2838 10.356/0.70  10.257.30
b 47.6559 48.047/0.82  47.692/0.08

Ic 54.6363 55.154/0.95  54.5460.17

CHR; c la 48.8151 49.342/1.08  49.049/0.48
Ib 48.8151 49.342/1.08  49.007/0.39

CH d lab,c 88.1740 88.947/0.88  88.380/0.23
CoHsF e la 14.0108 14.403/2.80  14.046/0.25
Ib 53.9665 53.655/0.58 53.9070.11

Ic 61.6328 61.621/0.19 61.612+0.03

CHRCHs f la 8.8413  8.996/1.75 8.8240.19
Ib 9.3634  9.284/0.85 9.3540.10

Ic 16.2309 16.285/0.33  16.1440.54

4.8447 4.913/1.41 4.852/0.16

CH,FCH,F (gauche) g la
Ib

Ic

CHiCRs h Ib,c

CRCHR, i la
Ib
Ic

CsH/F (trans) j la
Ib

Ic
C3H+F (gauche) k la
Ib
Ic
2-fluoropropane I la
Ib
Ic
2,2-difuoropropane m la
b

Ic
t-butylfluoride n la
Ib
fluorocyclohexane o la
(eq)
Ib
Ic
fluorocyclohexane p la
(ax)
b
Ic
1,1-difluorocyclo- q la
hexane
Ib
Ic

signed av
rms

16.7407 16.627#0.68 16.777/0.22
19.1513 18.865/1.50 19.142+0.08
16.1812 16.096/0.56 16.127+0.34
136.921 134.348/1.88 136.8620.04
208.859 212.681/1.83 209.206/0.47
251.934 254.502/1.02 250.9383.40
18.7269 18.903/0.94  18.636/48
134.6264 135.449/0.61 134.783/0.12
143.9846 144.691/0.49 144.067/0.06
34.8445 34.7540.26 34.842+0.01
99.3699 101.263/1.91  99.780/0.41
117.5830 118.192/0.52 117.464).15
58.1303 59.518/2.39  58.325/0.33
62.3722 61.716f1.06 62.422/0.08
105.1824 105.878/0.66 105.607/0.07
98.1355 99.516/1.41  98.69604
104.4144 102.916/1.44 103.9270.47
105.1637 104.114/1.00 105.373/0.20
107.250 108.201/0.89 107.268/04
107.250 108.201/0.89 107.2243.02
117.1650 117.216/0.04 117.519/0.30

230.8944 233.052/0.93 230.983/0.04
317.5257 319.400/0.59 318.217/0.22
141.8418 141.6810.11 142.573/0.52

192.2603 195.193/1.53 192.453/0.10
255.1289 257.836/1.06 255.083).02
158.3370 158.2870.03 158.684/0.22

287.1839 289.520/0.81 285.5311.58
334.1793 334.659/0.14 332.915).38

+0.52 +0.010
1.108 0.266

Chen et al.

experimental data quite well, both for the-€ and for the G-C
bond lengths. The MM4 data are similarly good, with the
exception of methyl fluoride, which will be discussed explicitly
below.

When we turn to Table 1B, the results are very similar. The
MM4 value for the C-F bond in fluoromethane is again too
small, and the other €F and C-C bonds scatter about
somewhat but in general are in satisfactory agreement with the
information in Table 1A.

Itis, of course, necessary to fit the bond lengths not only at
the energy minima but also across the remainder of the potential
surface. This means that we must include torsisimetch
interactions if necessary, to account for bond length changes
which occur as a function of torsion angle. The bond length
changes for the €C bond (0.016 A), and for the -€F bond
(0.0015 A) in ethyl fluoride, are shown in Supporting Informa-
tion Figures S1 and S2, respectively. There is a tendency of
the bond lengths to stretch when the molecule is in an eclipsed
form, relative to when it is in a staggered form, and part of this
comes from van der Waals repulsion (or dipetipole repulsion
in more complicated cases). The stretching from these sources
is explicitly included in MM3 and MM4. The remainder is
brought about with the torsierstretch interaction. This latter
stretching here comes partly from hyperconjugation and from
the Bohlmann effect and was neglected in MM3.

Next, we examined the data involving the fluorinated ethanes
(Supporting Information Table S2A) and noted that the agree-
ment of MM4 with experiment is quite satisfactory, and slightly
(insignificantly) better than it was with MM3. When the MM4
data are compared with the BC data (Supporting Information
Table S2B), the results for the<G bonds are satisfactory but
the MM4 C—C bond lengths seem to be systematically too short
by 0.007 A. Overall, those €C bond lengths agree adequately
with experiment, with the signed average beir®.002 A
(Supporting Information Table S2A), and the moment of inertia
data discussed later are well fit. Hence, it would seem that the
systematic shortness of the MM4 calculated-C bonds
compared to those from the BC calculations (Supporting
Information Table S2B) comes largely from a systematic error,
with the BC values being too large. Some of this error may

@The moments are in atomic units except for 1,1-difluoroethane,
1,2-difluoroethane, and 1,1,1-trifluoroethane, which are in units of g
x cm? x 10739,

arise from the vibrational corrections required to get from the
former set of numbers to the latter. If we examine the individual
errors in the G-C bond lengths between MM4 and BC
(Supporting Information Table S2B), the only MM4 number
which is larger than the BC value is that from hexafluoroethane.
This molecule is a special problem discussed later in this
manuscript, for which the error i$0.004 A.

In Table 1B are given the corresponding BC data compared
with the MM4 data for the same set of compounds. In
Supporting Information Table S2A are given the MM4 data for
the fluoroethanes compared with experiment, and in Supporting
Information Table S2B are given the same data compared with ) ) i o ]
MP2/BC calculations. The experimental data in Table 1 and We would like at this point to e>§pI|C|tIy consider the structure
Supporting Information Table S2 were all well fit with MM3, of 1-fluoropropane. A number of important features are present

fit as well by MMA4. equilibrium between anti and gauche forms. We wish to

It should also be mentioned at this point that, in fitting the accurately fit the structure of these two conformations and

geometries of these small molecules, it is very important that €specially their moments of inertia. The pertinent structural
the moments of inertia of the molecules also be fit at the same information is given in Table 11, and the moments of inertia
time. All of the experimental data available concerning moments are given in Table 2. First, we will simply note that the moments
of inertia of small fluoride molecules are assembled in Table of inertia are adequately fit, with no moment for either
2. These data will be discussed later, but we call attention to conformation being in error by more than 0.5%. Besides the
the fact here that the data fit in Table 1 and Supporting various effects which cause changes in bond lengths in ethyl
Information Table S2 need also to produce structures that agreefluoride, the addition of the £-Cs bond leads to further kinds
with the data in Table 2. of torsion—stretch interactions and tifeelectronegativity effect.

In Table 1A, which compares the MM4 calculations (and also In Figures 13 are shown the bond length variations for the
MM3) with experimental bond lengths, for methyl-, ethyl-, three skeletal bonds with respect to torsion angle. The bond
isopropyl-, andtert-butyl fluoride, the MM3 numbers fit the  length agreement between the MM4 results and the MP2/BC
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TABLE 3: Molecular Structure of Fluoromethane

J. Phys. Chem. A, Vol. 110, No. 22, 2006207

exptl (ro)? MM3 (rg) MM4 (1) exptl (rg)%° MM4 (rg) exptl (re)®® MP2/BC (¢) MM4 (re)
C—F 1.3890(8) 1.389 1.385 1.391(1) 1.385 1.383(1) 1.387 1.380
C—H 1.0947(11) 1.108 1.099 1.108 1.108 1.086(2) 1.090 1.090
HCF 108.9 109.0 108.7(2) 109.0 108.8(3) 108.6 108.7
HCH 110.32(12) 110.0 110.0 109.9 110.2(3) 110.3 110.2

aEggers, D. FJ. Mol. Struct.1976 31, 307.

TABLE 4: Molecular Structure of Difluoromethane

TABLE 9: Molecular Structure of 1,1,2,2-Tetrafluoroethane

exptl )2 MM3(rg) MM4(r) MP2/BC (e MMA4A (re) ED (r)”® MM3(rg) MM4 (r5) MP2/BC (o) MM4 (re)
C—F 1.360(1) 1.359 1.354 1.356 1.349 Trans
C—H 1.097(5) 1.108 1.094 1.089 1.087 C—F 1.350(8) 1.349 1.353 1.351 1.349
HCF 109.9 109.1 108.6 109.1 c-C 1.518(5) 1.519 1.507 1515 1.502
FCF  108.11(16) 108.8 108.6 108.5 108.3 C-H 1.098(6) 1.104 1.096 1.085 1.084
HCH 113.67 108.3 111.8 113.8 112.3 CCF 108.2(3) 109.2 108.4 108.4 108.3
i FCF 107.3(3) 107.5 107.4 108.4 107.2
& Hirota, E. J. Mol. Spectrosd978 71, 145. CCH 110.3(10) 112.0 115.1 112.3 115.3
wH—C—C—H 180 180 180 180 180
TABLE 5: Molecular Structure of Trifluoromethane Gauche
exptl MM3  MM4 exptl MP2/BC  MM4 C—Fave 1.354 1.354 1.350 1.348
(% (g () (ro (ro (ro c-C 1510 1510 1.518 1.506
C—F 1.335(1) 1.340 1.333 1.3284(31) 1.329 1.329 EEE 1'11002 1.10092 ib0988 1'18002
C-H 1.097(7) 1.108 1.091 1.091(14) 1.088 1.084  FoE 107.7 107.7 108.8 1075
HCF 1103 1100 1105 1102 = ccy 1122 1122 1118 1123
FCF 108.49(15) 108.6 109.0 108.97(57) 108.5 108.8 wH—C—C—H 78(2) 69 69 65.6 69.2
TABLE 6: Molecular Structure of Tetrafluoromethane TABLE 10: Molecular Structure of Perfluoroethane
eXptI (r0)44d MM3 (rg) MM4 (rz) MP2/BC (re) MM4 (re) ED (rg)a MM3 (rg) MM4 (rg) MP2/BC (re) MM4 (re)
C—-F 1.319253(14) 1.325 1.320 1.317 1.316 CC 1545(6) 1554 1548 1537 1541
C-F 1.326(2 1.321 1.328 1.325 1.322
TABLE 7: Molecular Structure of Fluoroethane FCF 109.1( ) 107.5 109.3 109.3 109.3
ED MM3 MM4 MW  MM4 MP2/BC MM4 CCF 109.8 1114 109.6 109.6 109.7
% (r9) (ra) ) (9 (re) (re) aGallacher, K. L.; Yokozeki, A.; Bauer, S. H. Phys. Cheml974
C—F 1.397(4) 1.401 1.398 1.398(5) 1.395 1.395 1.393 78, 2389.
C-C 1.502(5) 1.510 1.505 1.504(4) 1.503 1.507 1.501
86Eav 11?83((22)) ll-éél% 11-384‘11 1.095(2) 116%9; 11(-)%92 11(.)(2;312 TABLE 11: Molecular Structure of 1-Fluoropropane
CCH 113.6(4) 110.7 111.2(GH 1111 1119 1111 MW (r)*  MMA4(r) MP2/BC (o)  MMA4 (ro)
111.5 111.8(Ch) 1115 1103 1115 Trans
) C—C 1.534(1 1.529 1.527 1.527
TABLE 8: Molecular Structure of 1,1,2-Trifluoroethane Ci—Cz 1_501%23 1.505 1.509 1.503
C—F 1.401(3) 1.400 1.394 1.399
(rEa)Ql '\?:"')3 ""(:\:')4 M'?f/)BC '\"(:\")4 Ca—H(alg) 1.084/1.093(2) 1.095/1.095 1.092/1.094  1.095/1.095
g © © Co—H 1.095(1) 1.097 1.094 1.094
Gauche Ci—H 1.094(1) 1.093 1.094 1.091
Ci—Fay 1.353(4) 1.355  1.359 1.358  1.355 cce 110.6(3) 110.3 110.8 110.1
Cr—F 1.387(8) 1.383 1.385 1.380  1.381 CCF 110.0(4) 110.0 110.5 110.0
c-C 1.500(5) 1.507 1.499 1.505 1.495 wCCCF 180 180 180 180
C—Hay 1.088(11) 1.105  1.099 1.091  1.087 Gauche
CCFay 109.0(5) 109.1  109.0 108.8  108.8 CrCs 152603) 1599 1525 1527
FCF 106.8(7)  108.0 107.2 108.0  106.9 -
C—C, 1.506(2) 1.507 1.509 1.505
CCHay 108.9(14) 1112 1129 1107 1128 -
oH—C1—Co—F 4.8 50.8 53.8 50.7 Ci—F 1.380(5) 1.400 1.397 1.399
1752 : : : : Cs—H(a/ghy 1.102y 1.095/1.095 1.092/1.093  1.095/1.095
Anti Co—H 1.099, 1.097 1.095 1.095
Ci—F 1.353(4) 1.356  1.357 1.356  1.353 Ci—Hay 1097 1.094 1.094 1.091
Cr—F 1.387(8) 1.384 1.383 1.375  1.379 ccc 113.0(3) 111.6 112.5 111.4
c-C 1.500(5) 1506  1.503 1.505  1.498 CCF 110.1(6) 109.7 109.7 109.7
C—Hay 1.088(11) 1.105 1.100 1.087  1.088 wCCCF 62.6(5) 65.2 62.9 65.3
CCFay 109.0(5) 1101  111.0 110.1 1108
FCF 106.8(7 108.7 107.6 107.8  107.4 .
CCHay 108_9((131) 1106 1114 111.0 111.3 average and rms values-$0.0004 and 0.0086 A, respectively.
wH—C;—Co—F 180 180 180 180 The largest errors here come from the fluorocyclohexanes, where

calculations, and experiment (microwave), as well as the
moments of inertia, are all satisfactory.

Armed with the above information, we now wish to look at
the bond lengths in the structures of all of the compounds

the experimentalists assumed that the@bond lengths in each
molecule all had an identical value. (They could measure the
average value but not the individual values, which are not
resolved in the radial distribution function.) The MM4 calcula-

examined in this work, apart from perfluoro compounds which tions show_this is not correct, of course, because the presence
will be discussed separately later. These structures are giverf the fluorine shortens nearby bonds. If those (experimental)

individually in Tables 3-14 and Supporting Information Tables ~ €rrors are removed from the calculation, the rms value would

S3-S17. When we examine the-€ bonds and compare them Pecome smaller, and the signed average error would still be

with experiment, over the full set of compounds listed for which negligible.

there are experimental data, there are 35 differen€C®onds, We can also make a comparison between the MM4 and BC

and the MM4 values, relative to experiment, show a signed values for the €C bond lengths. Here, we find that over 63
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Figure 1. Propyl fluoride CtF bond length variation with C3C2—C1—F torsion angle.
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Figure 2. Propyl fluoride C+C2 bond length variation with C3C2—C1—F torsion angle.

bonds the signed average and rms errors-&®©043 and 0.0065  average over 43 bonds and rms valuesia®ed027 and 0.0067

A, respectively. Thus, again, as in Table 1, the MM4 values A, respectively. If we look at a similar comparison of the MM4
for the C-C bond lengths are systematically smaller than the values to the BC values, we find that the signed average and
BC values by about 0.006 A. However, since the MM4 values rms values aret+0.0004 and 0.0045 A, respectively. Thus,
fit well to experiment, and especially to the moments of inertia, overall, the experimental (mostly electron diffraction) values
the errors appear to be primarily in the BC values, not in the are systematically a little smaller (0.0023 A) than the ab initio
MM4 values. The large fluorocyclohexane errors between MM4 values, and the latter have been fit more accurately, as required
and experiment mentioned above are not seen in the MM4 BC by the moment of inertia data. The rms value for the MM4
comparison, as expected. For the Ebonds, if again we look ~ C—F bond lengths relative to the BC data-9.0045 A. The

first at the comparison of MM4 with experiment, the signed somewhat larger value when MM4 is compared with experiment
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Figure 3. Propyl fluoride C2-C3 bond length variation with C3C2—C1—F torsion angle.
TABLE 12: Molecular Structure of 2-Fluoropropane ones, it would appear that we need a correction factor of about
ED (s MM3(r9 MM4(ry MP2/BC () MM4 (ro) —0.005 A for C-C bc_)nds to convert the MP2/B calculation to
C—F 1405(6) 1410 1.408 1.404 1.402 an MP2/BC calculation.
C-C 1.514(2) 1.512 1.514 1.510 1.508 Let us now discuss explicitly the molecular structure of
CCC 114.6(15) 111.9 113.3 113.7 113.0 iate i ian i ; ;
CCF 108.5(3) 1087 1080 1078 1079 fluoromethane. The app'ropnate mformatlon is summan;ed in
Table 3. There is considerable disagreement concerning the
TABLE 13: Molecular Structure of tert-Butyl Fluoride length of the G-F bond by various experiments and calculations.

The experimental value far, is 1.383(1) A, and we have no

ED (r*2 MM3(rg) MM4(r) MP2/BC (e MM4 (re) . |
reason to question this value. However, the MP2/BE\alue

8:2 }g‘%ggﬁg ijgii ig% 12%2 i:g% is 1.387 A. (This includes a correction that has already been
C—Hay 1.09(2) 1.110 1.105 1.092 1.092 added to this latter value 6f0.0063 A.) Then, the MM4 value
8%2 i%gggg }‘ﬂ? iggz ﬂ’gg i(l)g-g is 1.380 A. One would conclude that the MM4 value is too
CCHa 111.6(15) 1117 111.9 110.2 1115 short, by either 0.003 or 0.007 A, depending on which of the
HCH,y 107.2(15) 107.7 107.0 108.7 107.4 previously cited values one prefers. Then, if we look at the

experimentarg value, we find 1.391(1) A, while the, value
from MM4 is 1.385 A, a discrepancy of 0.006 A. However,
when we look at the moments of inertia determined experi-
mentally, ourr, value (1.385 A) givesy, andl. values that are

(0.0067 A) is larger mainly because the signed average value
is larger, so overall, the results are approximately equivalent.
Our conclusions are that the BC values for theFCbond
lengths are comparable in accuracy to those from experiment . .
after the basis set/correlation error is taken into account and 1©° long by 0.05%, which corresponds to about 0.0004 A. Itis

that MM4 reproduces both to approximately within the experi- difficu_lt_ to change the moments of inertia_ very much by
mental error. The experimental work normally determines not '€POSitioning the hydrogens, because of their small mass. The

only the structure but also some estimate of the error associatedYdregen positions for all of these calculations agree very well.
with that structure. The MM4 errors that we have here are 'he datawith which we have to work clearly contain significant
reasonable in magnitude and similar to the errors quoted in thelNtérnal inconsistencies, and we cannot see how to fit this
experimental papers. The ab initio accuracy is less certain, butStructure better with MM4. We were unable to improve the
with the stated corrections, it appears to be generally competitive MM4 results by further parameter adjustment, because of the
with experiment. It is our view that overall the accuracy of the "€quirement of fitting the experimental moments of inertia.
MM4 calculations is generally consistent with the error limits ~ Electronegatiity Effect.Previous molecular mechanics pro-
in the structural information available. Special cases will be grams (MM2*and MM3!) include corrections for thprimary

discussed individually. electronegatiity effecton bond lengths® This effect has been
If we compare the data in Tables 1A and B and Supporting used to describe the shrinkage of-C, C—H, and C-F bond
Information Tables S2A and B, we find that the-€ bond lengths upon the substitution of hydrogen atoms by fluorines

lengths given by experiment are close to those from the BC (or other electronegative substituents). An additional smaller
calculations. For the €C bonds, the MP2/B calculations give  shrinkage is observed in bond lengths when a fluorine (or other
bond lengths that are approximately 0.005 A longer than those substituent) is substituted on a bond once removed, and this
from experiment (Tables 1A and B and Supporting Information has been referred to as tifeor secondary electronegaitty
Tables S2A and B, where the comparisons are made via MM4). effect31-37 This additional correction factor is also used in MM3

If we accept that the experimental values are the more accuratefor substitutions of electronegative atoms, including for mutual
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TABLE 14: Molecular Structure of Fluorocyclohexane

Eq Ax
MW (r)44n MM4 (1) MP2/BC (e) MM4 (r¢) MW (ro)*4° MM4 (1) MP2/BC (re) MM4 (re)
C-F 1.404(20) 1.413 1.400 1411 1.399(20) 1.414 1.406 1411
C—Ca 1.526(fixed) 1.528 1.524 1.523 1.526(fixed) 1.528 1.524 1.524
C—Hav 1.096(fixed) 1.100 1.096 1.095 1.096(fixed) 1.100 1.095 1.095
CCCw 111.4(15) 110.9 110.8 110.7 111.7(15) 1115 111.3 111.4
CCF 108.7(20) 108.9 109.1 108.8 110.0(20) 108.8 108.1 108.7
HCF 109.2(20) 107.1 106.3 107.4 107.9(20) 106.8 106.0 107.0

bond length shrinkages that occur due to vicinal fluorine is increased. Thus, on the basis of the general applicability of
substituents. The equation used in both MM2 and MM3 for the numbers cited earlier, we might expect that whatever electro-

primary electronegativity correction constant is negative shortening results from attaching a fluorine to ethane,
it would be only 0.38 times that much if a secondC bond
.=l a) + 0.62(b) + (0.62)2Ie(c) + ... were involved, as in isopropyl fluoride. Of course, one bond

would not shorten by 1.0 units, and the other by 0.38 units, but
wherele is the primary electronegativity correction constant and the effect would be averaged out, to 0.69 units. The fluorine
a, b, c, ..., correspond to the first, second, third, ..., electroneg- added to isobutane to yietért-butyl fluoride would similarly

ative atoms attached to the bond under consideration. have a bond shortening effect of 1400.38+ 0.144= 1.524
The secondary electronegativity correction constant is gener-units, and if additivity is assumed, and the three bond lengths
ally given by shorten equally, each would be shortened by 0.508 units, not

by the 1.0 units previously assumed. Taking these changes into
account improves the MM4 bond lengths over those in MM3
for secondary and tertiary fluorides and for the corresponding
geminal difluorides.

Electropositvity Effect. The general treatment of electrone-
gativity effects on bond lengths was discussed earlier, and the
general equation for multiple substitutions (with the same

lg =lo+ 1.+ 1y substituents) was describ&lf the substituents were to differ

in electronegativity, that with the largest effect is put first, and
wherelg is the ordinary natural bond length. The value of the the others in order, according to diminishing electronegativity.
constant 0.62 was originally chosen to fit MM2 structures to Of course, it may be that there are electropositive atoms
the data on the series of fluoroethad®and is in accord with ~ attached, in which case the effect is in the opposite direction,
the approximate values used by physical organic chemists longand causes the bond to lengthen. In MM2 and MM3, these
ago to represent the electronegativity effect in changing the electronegativity and electropositivity constants were simply put
acidities of halogenated acetic ack$or the mutual interaction  in decreasing order of their absolute values. Since we studied
between vicinal fluorines with MM4, the best value for this no cases with both electronegative and electropositive substit-
constant is 0.67, and for the interaction of the fluorines with uents on the same bond, no problem was observed using this
the C-C and G-H bonds, the values are 0.38 and 0.55, while scheme until recently. However, the physical cause for this effect
the general value used elsewhere remains 0.62. The value ofs that the electronegative substituent pulls electrons away from
0.4 was similarly chosen as a universal secondary constant tothe bond, and as one pulls more and more electrons from the
fit MM2 and MM3 data, and is in accord with data gh bond, the process becomes increasingly difficult; hence, the
substituted acetic acid derivativ&These values are reasonable effect diminishes with further substitution. However, if one then
measures of the “inductive effect” in organic molecules histori- adds an electropositive atom into that group, it tends to donate
cally. However, the8 substituent constant has been found (with electrons, so its effect is certainly not diminished, and rather
the better MM4 force field) not to be really a constant either has an increasing effect on the overall result. Accordingly, in
but to vary over the range 0.6%.38, depending on the set of MM4, if there are both electropositive and electronegative
atoms involved (Supporting Information Table S1). substituents on the same bond, they are treated separately by

The electronegative shortening of the-C bonds by the  the method discussed above. A total effect is calculated for
attachment of fluorine was earlier studied in detail with the electronegativity and another total effect for electropositivity
fluoroethaned? and these numbers were then applied to other for each bond, and then these effects are summed tolgive
cases. However, actually, we should have (but did not) also Bohlmann EffectThis effect (which is a hyperconjugative
examined what happens when the fluorine is attached to a carboreffect) was originally discovered by Bohlmann, and was useful
that is involved with more than one-€C bond. Thus, isopropyl  in stereochemical assignments in alkaloids. As discovered, this
fluoride andtert-butyl fluoride would have their €C bonds effect produces changes in the stretching frequencies-dfl C
shortened by the electronegativity effect of the fluorine, but one bonds, if they are properly oriented with respect to the lone
would expect that this shortening should not be the same as itpair on an amino nitrogen attached to the carBo8ince a
would be in fluoroethane. The reason is the same as the reasoffluorine contains lone pairs of electrons, it will exert a
that the first fluorine added to an ethane molecule causes a largenyperconjugative effect in the usual way. A difference between
shortening but the second one causes a smaller shortening, etdluorine and nitrogen is that the lone pairs on fluorine point
As electron density is withdrawn by the fluorines, and positive equally in all directions radially to the bond, and hence do not
charge piles up on the carbon or carbons, the electronegativityhave the usual stereospecific result that is associated with the
effects become increasingly smaller with further substitution. Bohlmann effect with nitrogen. However, they would be
A similar phenomenon is expected to occur when the number expected to lead to bond length and bond angle changes, as is
of carbor-carbon bonds involved at the center being substituted normally found with the Bohlmann effect.

| =0.45],

where the summation is over all substitutions once removed
from the bond in question.

The electronegativity corrected natural bond lendth (s
then
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Figure 4. Propyl fluoride CG-C—F angle variation with €C—C—F torsion angle.

The Bohlmann effect by the fluorine on hydrogen is mixed we found with propyl fluoride the €C—C angle shrinks, as
in with the electronegativity effect, which it opposes. It cannot demanded by the theory of electronegativity, so that to represent
be separated from the latter in a unique way (see however refit adequately requires reduciflg for C—C—C by —2.45. This
30), so it is simply given the value zero, and the observed effect is a sufficiently large number that, if it is not taken into account,
is assigned totally as the electronegativity effect. one simply cannot fit the moments of inertia of propyl fluoride,

Bond AnglesThe general theory of geometric changes with or of other molecules that contain three carbons in a row with
electronegativity holds that the replacement of a hydrogen by fluorine attached on the end (propyl fluoride derivatives). In
an electronegative substituent, for example of methane to giveour present set of compounds for which experimental moments
methyl fluoride, leads to bond length and angle changes in the of inertia are available, the only other compounds affected are
following way #2 The electronegative substituent pulls electrons the cyclohexyl fluorides. When the magnitude of the effect is
toward it, and since p electrons are more polarizable than sadjusted so as to fit the propyl fluoride data, the cyclohexyl
electrons, the bond from carbon to the fluorine obtains higher fluoride data are also fit. Since fluorine is the most electroneg-
p character, which leaves higher s character for the remainingative element, the corresponding changes induced by oxygen
(H—C) bonds. The increased s character leads to shortét C  and other less electronegative elements are expected to be
bonds. These bond length effects were well taken into accountsmaller than this, but not necessarily negligible. Indeed, the
already with MM2 and MM3, and they are similarly taken into  corresponding number for oxygen 4s1.80°.20
account here. However, note that according to theory, these As bond lengths are affected by torsion angle, so are bond
changes affect not only bond lengths but also bond angles, andangles. In fact, the effect generally tends to be much more
these expected angular changes were not explicitly examinedconspicuous with the bond angles than with the bond lengths.
with MM3 or other force fields. In the present case, the extra s Thus, there are torsierbend interactions which need to be taken

character in the €H bonds will cause the HC—H angles to into account. In Supporting Information Figure S3 is shown the
open up and the HC—F angles to close down. If the angular variation of the CG-C—F angle with torsion in ethyl fluoride.
change from this effect were to be small, since theG+F The total variation here is rather small, about a&nd it is

value for 6y is an adjustable parameter, its adjustment would adequately taken into account as shown. The corresponding
be adequate to account for what is observed. Thus, in MM3, variation of the G-C—H bond angle with torsion is much larger,
and in all other existing force fields known to the present over 3, and this is shown for ethyl fluoride in Supporting
authors, no account of this bond angle deformation was Information Figure S4. TheV, shapé® of the curve is
explicitly allowed for, as the parametrization @f appeared to characteristic of hyperconjugation {8=CF").

adequately take care of the problem. However, if one considers The C-C—F angle in propyl fluoride varies with the torsion
this effect as it occurs in propyl fluoride, the geometry about angle over about?2 and this is shown in Figure 4. There is
the carbon to which the fluorine is attached can be dealt with some steric repulsion at°0leading to the angle opening
as previously, but what about the-C—C angle? Earlier work maximum. However, there also is & component to this
has shown that thg carbon is affected to about 0.4 the amount change, which is clearly a result of a resonance effect. The
that thea carbon is affected by electronegative substituents with C—C—C bond angle also varies considerably with torsion angle,
respect to bond lengf, but the corresponding bond angle over a range of about°3Figure 5). In this case, the curve is
changes were previously ignored. These bond angle changesomewhat more complicated, with significavif, V., and Vs

are pretty small, but when they involve heavy atoms and highly components. There is an apparent discrepancy in th@0D
electronegative substituents, they may not be negligible. Thus,torsion range between the MM4 and BC calculations, but this
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is required to fit the moments of inertia of propyl fluoride trifluoroethane, where the two attached atoms are fluorine, 2,2-
derivatives, specifically the fluorocyclohexanes. Thus, it is difluoropropane, where one attached atom is fluorine and one
believed that the error here is more from the BC calculations is carbon, or isopropyl fluoride, with one fluorine and two
than from the MM4 calculations. carbons. These are all considered the same angle type by the
Next, we may examine the bond angles that MM4 calculates program, and hence, a single bending paramé@n@alue has
for the alkyl fluorides overall, compared to the experimental to be used for the FC—F angle of each type and for the
values (Tables 314 and Supporting Information Tables-S3 C—C—F angle of each type. We know now that when electro-
S17). The situation can be summarized rather easily. The negative substituents are attached, they change the values for
accuracy is similar for the €C—C, C-C—F, or —C—F 6o, and as shown later in this paper, to some extent they are
angles. In each case, the MM4 values differ from the experi- also expected to change the value for the bending constant. Thus,
mental values with a rms value of abodt They similarly differ we are trying to represent four different kinds of structures with
from the BC values by about’1When all of the bond angles  a single set of parameters. As it turns out, this works pretty
between heavy atoms are compared, the MM4 values showwell, although it introduces a little error into the force field that
discrepancies from experiment of greater tham3nly 4 cases cannot be removed, as long as one retains these present angle
(out of 105). There are discrepancies ef2 for an additional type constraints. In practice then, we average out the parameters
5 cases. However, all of these cases involve molecules for whichas best we can to accommodate everything at the same time.
it would be difficult to accurately determine the bond angles = Moments of Inertialf the necessary experimental data are
by the methods used. Hence, we turned to the BC calculationsavailable, as they are in the case of fluoroalkanes, then the most
for these angles. It was found that MM4 showed differences important thing to fit in determining the structural parameters
for all of those angles from the BC values of less tharf.1.6 for the force field is the set of moments of inertia data. Various
Thus, it would seem that the largest discrepancies in bond anglesexperiments that determine geometries are subject to a wide
in these molecules between MM4 and BC/experiment are lessvariety of problems and resulting errors. The ab initio calcula-
than 2, and mostly less than°1The still larger discrepancies tions, although in principle accurate, with real current-day basis
between MM4 and experiment are due to experimental error. sets and electron correlation treatments are not usually as good
However, we also know that changing bond angles between as the best experiments, although they are often better than many
heavy atoms by°lcan lead to rather large changes in moments experiments. Certainly, they augment the experiments. However,
of inertia. Thus, it in fact seems unlikely that there are many the moments of inertia of molecules are typically measured to
errors even as large as.1 five or six significant figures. They are clear, unambiguous, very
An item that limits the accuracy to which MM4 can calculate accurate, and thus need primary consideration. The comment
bond angles in the present case stems from the way the differents often made that a molecule has only three moments of inertia,
types of angles were specified in MM4 (as inherited from MM3 so that a wide variety of structures can fit those moments of
and MM2). We consider a bond angle of the type©-X and inertia. Hence, one cannot tell if the structure is correct, even if
assign it an angle type, depending on the other two atomsthe moments of inertia are well fit. That is certainly true.
attached to the central carbon. Types 1, 2, and 3 respectivelyHowever, if one does not fit the moments of inertia, then for
are defined as having zero, one, or two hydrogens in those twosure the structure is wrong. Thus, the moments of inertia are a
positions. In the case of fluorocarbons, if one has no hydrogen necessary, but not sufficient, condition for establishing the
attached at that central position, one is dealing with an angle structure. When one has as much data as we have in the case
of type 1. Thus, the structure in question couldtba-butyl of the fluoroalkanes, to fiall of the moments of inertia with a
fluoride, where the two attached atoms are carbon, 1,1,1-transferable force field does not leave much room for error in
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the structures. Accordingly, we feel that fitting these data is of not only by the inherent accuracy of the molecular mechanics
primary importance. While the word “geometry” is usually approximations but also by the accuracy of the experimental
thought of as being indicative of bond lengths, angles, and and ab initio data, and the accuracy of the vibrational corrections
torsion angles, the moments of inertia limit in a demanding way that are required to convert those data to common units. We
the amount of parameter adjustment that is possible. have done about as well as we can do with all of these problems.

We made use of moment of inertia data for 15 molecules It has often been remarked that one should simply optimize
and 17 total conformations (Table 2). In some cases, one oreverything simultaneously by least-squares methods, but that
more of the moments of inertia cannot be measured by the usualcan be done adequately only when the errors in the various
method using microwave rotational frequencies because thequantities are known. In the case of MM4, the accuracy of the
molecule lacks a dipole moment, or because of the orientation Molecular mechanics is approximately down to the accuracy to
of the dipole moment with respect to the principal axes. While Which these errors are known, and hence, it does not seem
such moments have sometimes been determined in various waysP0ssible at present to determine the MM4 force field and the
we have not ordinarily used such numbers, because they mayresults calculated from it, much more accurately than we have
not be comparable in accuracy with the rest of the moment of done up to this point, with the exception of vibrational
inertia data. (Ab initio moments of inertia as normally reported frequencies (and a few special cases to be discussed later). With
also lack the required accuracy. Such accuracy can be obtaineddditional small transferable cross-terms, too small to affect
if one uses an infinite basis set and complete correldfion. Structures, it would presumably be possible to improve the
However, few such numbers are presently available.) Thus, thefrequency calculations with negligible effects on everything else.
total number of independent experimental moments of inertia However, this improvement would be labor intensive, and of
is less than 3« 17 and is in fact 47 in the present work. These limited use, so we have not pursued it.

47 moments of inertia were calculated with MM4, and the values  For the fluoride moments of inertia overall, the MM4 signed
were compared to those determined by microwave spectroscopyaverage error was-0.00%, and the rms error was 0.27%. The
These are normalli, quantities. Even if the structure determined largest absolute error was 0.58%. Thus, the MM4 moments of
is rs, the moments themselves ageOur molecular mechanics  inertia over this set of compounds are similar in accuracy to
programs all usey as the standard, since at the time the decision those determined by MM4 for other classes of compounds. By
was made as to what kind of units to use for bond lengths (about way of reference, over the same set of compounds, MM3 gave
1970), the most data, and the most accurate usable data, thaindividual signed errors that ranged fromil.88 to +2.80%.
were available were img units from electron diffraction. We  The signed average and rms errors wei@52 and 1.119%,
continue to use this as the standard. Hence, we have torespectively. Most of the large errors in the MM3 moments of
interconvertrg andr, here. Additionally, we make use of other inertia resulted from the lack of torsieibend (Bohlmann)
kinds of microwave data), older electron diffraction data, interactions in MM3 that made it impossible to fit simulta-
X-ray data ), and ab initio datarg). To utilize all of these neously the moments of inertia of different conformations for
data, since there may be differences of up to 0.005 A or so in a molecule even as simple as fluoropropane.

going from one to the other for most bonds measured (and Conformational Energies. Torsional AnglesTheVy, Vs, and
differences sometimes of as much as 0.030 A), one must havev; torsional parameters were optimized for MM4 to give the
a fairly accurate interconversion scheme in order to obtain best fit to experimental and BC values of the conformational
meaningful numbers. Most of these interconversions were energies and rotational barriers for the fluoroethane series,
worked out by Kuchitzu, and they are published in various following the same scheme that was previously used for MM3.
places, most conveniently in the book by Cy¢%#m computer With MM3, the torsional barriers were generally calculated to
program for carrying out these interconversions was written by be somewhat lower than the experimental values in order to
Hedberg and Millg” These interconversions were formulated get better vibrational frequencies. In MM4Vg term has been

in the days of hand calculation, and some of them contain added to change the shape of the potential well slightly, so one
assumptions and approximations that proved not to be the besican now calculate both better rotational barriers and torsional
after computer calculations became available. We have gonefrequencies simultaneously (see later). (These torsional frequen-
through this work again, and in some cases were able to obtaincies are important because they are very low, and hence affect
somewhat better formulas for carrying out the interconversions. the entropies and the thermodynamics of the molecules.)

These are all included in the MM4 program, so that the  Rotational Barriers and Conformational Energies (Mono-
interconversions are made automatically. fluorides). The torsional energies are most important in deter-

Ab initio calculations with currently used basis sets and mining the relative energies of the stationary points, that is, the
electron correlation treatments normally do not give very conformational energies. (We loosely use the term “energy”,
accurate values fare bond lengths. (An excellent example of but MM4 calculates the energy, enthalpy, and free energy of
how accuratere bond lengths can be calculated has been molecules routinely, and the comparisons that need to be made
published by Stanton et &2 However, such calculations are  between MM4 and experiment are sometimes one or the other
very computationally intensive, and have so far been applied of these, depending on the experiment. (When no comment is
to only small molecules containing no more than three first row made, the appropriate quantity was always fit to the experimental
atoms.) Thus, correlation and basis set truncation errors needvalue.) The details of these calculations are outlined in earlier
to be corrected for, before making comparisons of the ab initio papers’* It is indicated in Table 15 just exactly what it is that
values with the MM4r values. In the present work, we have is being compared in each case. Unfortunately, the word
made all of these corrections to the best of our current “energy” is sometimes used in the literature to represent any
knowledge. It is impossible to accurately know just what all of one of the three options mentioned, and it is not always clearly
these errors amount to. In a way, the MM4 force field is a test indicated which usage is meant, but this can usually be
of how well all of these corrections can be made, because thedetermined from the experimental details. The energy results
numbers all have to be converted to a common basis beforeobtained in the previously described geometric optimizations
comparisons can be made. The accuracy of MM4 is then limited, will be summarized here (Table 15).
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TABLE 15: Rotational Barriers and Conformational
Energies of Fluoro Compound$

exptl MP2/B MM3 MM4
CoHsF 2.30-4.26 3.42 2.87 3.07
CHRCHj3 3.21 3.35 3.28 3.89
CHFCHF AHig  0.80(9)7 0.18 0.76
AE; g 0.70 0.19 0.66
AEg  2.36 3.19 212  2.67
AEg-g 5.72 8.12 6.62 5091
CFRCHs 3.45-4.06 3.33 3.62 413
CHF,CHyF AE g4 1.45 0.95 0.82
AHP_g  0.90(30§* 1.02 0.89
AEg+ 2.60 1.04 2.52
AEg 5.60 595 4.96
CHRCHR, AE gt 1.54 0.06 1.50
AHS—  1.17(20)° 0.16 1.56
AEc+ 7.31 7.30 6.37
AEi—g 3.93 243 451
CRCHF 4.2 4.15 3.65 4.20
CoFsH 3.5-4.4 4.02 3.48 4.28
CoFg 3.91 4.33 3.02 4.45
CsH/F AH4 0.47(31) 0.16 0.27
AEtg 0.26 0.18 0.22
AEg g 4.93 474 451
AEg— 3.86 270 3.64
2-fluoropropane 3.65(30) 3.34 3.15 334
2,2-difluoropropane 3.45 3.31 3.61 3.68
fluorocyclohexane AGa. 0.4(3)f -0.35 0.03
AEa ¢ 0.04 -0.49 0.11

aEnergy (or enthalpy or free energy) differences between conforma-
tions are subscripted with a minus sigr-§), whereas energy barriers
between two conformations are subscripted with an arrewgle® At
265 K. ¢ At 253 K. 9 Wiberg’s best value from QM calculation is 0.15
kcal/mol and exptl number is 0.26(2) without reference.

MM4 gave a barrier of 3.07 kcal/mol for fluoroethane, which
is within the range of values found experimentally (2-3026
kcal/mol*9-52-63) and slightly lower than the MP2/B value (3.42
kcal/mol). The barrier calculated by MM3 was still smaller, 2.87
kcal/mol.

The next higher homolog, fluoropropane, has-a@-C—F
torsion profile which is qualitatively well-known, having stable

Chen et al.

While one might have anticipated that the anti form would be
more stable than the gauche form, it is actually the other way
around, although the energy differences are small. The numbers
are given in Table 15.

The 1-Fluoropropane Cyclohexyl Fluoride ProblenThere
has been a long recognized problem concerning 1-fluoropropane
and cyclohexyl fluoride. (A similar problem also exists for the
corresponding compounds of the other halogens, and some other
substituents (including hydroxyl) as well, and what follows is
probably very general.) It is quite certain from experiment (gas
phase) that 1-fluoropropane has a lower enthalpy in the gauche
conformation than in the trans conformatitnand ab initio
calculations agree. Since the gauche conformationdspair
of molecules, while the trans is a single molecule, the free energy
difference favors the gauche conformation by even more. On
the other hand, cyclohexyl fluoride has been found to be
somewhat more stable (lower enthalpy) in the equatorial (trans)
conformation by low temperature NMR studies, both in solution
and in the gas phag&The principles of conformational analysis
suggest that this really should not be. If the gauche fluoropro-
pane is more stable, then the corresponding conformation (axial)
of the cyclohexyl fluoride should also be more stable. Thus,
there has simply been a disagreement here for a long time,
between the conformational analysis calculation and experiment.
The values for the enthalpies in question are of modest size,
with the gauche 1-fluoropropane being lower in enthalpy by
0.47 (31) kcal/mol, and the equatorial cyclohexyl fluoride more
stable by 0.4 (3)AG) kcal/mol2° Since there are two gauche
interactions in the latter, from conformational analysis, they
would lead to a calculated expected enthalpy difference of 0.94
kcal/mol, while the observed value is 0.4 kcal/mol with an
opposite sign, leading to a discrepancy of 1.34 kcal/mol between
what would be expected and what is found. The simple
conformational analysis calculation thus appears to be wrong
by about this amount. The experiments have been carried out
many times and by using different techniques, in different

anti and gauche conformations, separated by syn and skewsolvents, different temperatures, etc., with similar results.

barriers, of which the former is somewhat higher (Figure 6).

Overall, the average experimental errors here are expected to
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Figure 6. Propyl fluoride CG-C—C—F torsion potential.
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total not more than about 0.3 kcal/mol, so there has clearly beenpylX unit. However, when two of these are placed together in
a problem here for a long time. such a way as to generatg-€Cp,—CX —Cy—C,, those two units

When we did the MM3 work on alkyl fluorides, our best (Ca—Co—Cc—X and X—Cc—Cq—Ce) interact in a way that we
estimation of the situation was that the problem here was can represent with a torsiertorsion interaction element in the
probably due largely to solvation. Subsequently, however, high force constant matrix. Thus, in a sense, this solves the pro-
level ab initio calculations by Wibefghave convinced us that ~ blem. However, this example illustrates both a strength and a
the equatorial cyclohexyl fluoride is indeed the stable conforma- Weakness of molecular mechanics. We solve the problem, and
tion in the gas phase, as well as in solution, and that the solvationWe can apply this information to other related cases, as is usual
energy is not really significant in shifting the conformational With molecular mechanics. However, we do not from this
equilibrium with these compounds. Despite a lot of tinkering information alone gain any understanding of just why it is that
with parameters in MM2 and MM3, we were never able to these two torsion units interact as they do. Thus, there §t|||
reproduce the experimental results, i.e., propyl fluoride stable 'emains a gap between what we know and what we would like
gauche and cyclohexyl fluoride stable equatorial. The same t0 know.
qualitative situation was also observed experimentally and by  Rotational Barriers and Conformational Energies (Polyfluo-
ab initio calculations for the corresponding systems where F rides). The barriers in 1,1-difluoroethane and 1,1,1-trifluoro-
was replaced by ClI, or by OH or OGHAdditionally, the N—-H ethane are somewhat larger than that in fluoroethane, and
of piperidine has the H preferentially equatorial (and the lone unexceptional. A similar situation exists with 2-fluoropropane
pair axial) while the predominant conformation of ethylamine and 2,2-difluoropropane (see Table 15).
has the lone pair in the anti position. Thus, there are numerous The barrier in 1,1,1,2-tetrafluoroethane calculated by MM4
examples where the stable cyclohexyl conformation is found (4.20 kcal/mol; Table 15) agrees with experiment. The MM4
to be opposite that predicted by conformational analysis basedresult for the pentafluoroethane barrier (4.28 kcal/mol; Table
on small molecule analogues. 15) is in good agreement with experiment (3464 kcal/mot?),

Our inability to fit the propyl fluoride/cyclohexyl fluoride  as is the perfluoroethane barrier (4.45 kcal/mol; Table 15)
conformational data with MM2 and MM3 was been a long- compared to the experimental result (3.91 kcalfollt is
standing puzzle. However, in 1993, Houk sugge®tadth ref- noteworthy that this barrier (and the barriers of the fluoroalkanes
erence to the propyl alcohol/cyclohexanol case that the problemin general, with the conspicuous exception of 1,2-difluoroethane)
might be due to induced charges and that it might be solved by is not much larger than that for ethane itself. Additional data
allowing for the effects of these charges in an explicit way. on rotational barriers are given in Table 15.

MM4 does include effects of induced dipoles that were not  Gauche Effect.It has been known experimentally for a long
included in earlier force fields, and indeed, recent MM4 studies time that 1,2-difluoroethane is more stable in the gauche
on propanol/cyclohexanol showdhat the induced dipoles  conformation than in the trans conformation. A similar effect,
caused the problem for the hydroxyl case to disappear with thisor at least the tendency, is observed for some other 1,2-
force field. The experimental data were fit without any special dihaloethane derivatives, and for other compounds where the
effort. A detailed examination of the MM4 calculations showed halogens are replaced by other electronegative atoms. The
why. The induced dipoles included in MM4 (but not in earlier relatively uncommon situation of having a gauche conformation
force fields) stabilized the equatorial cyclohexanol conformation more stable than a trans conformation has been referred to as
by about 1 kcal/mol relative to the axial conformation, without “the gauche effect® Early ab initio calculations were unable

a corresponding change in propyl alcohol, which caused the to reproduce this result at the Hartreléock level and consis-
problem to disappe&f. What about the present case (propyl tently calculated (with small up to modest (douli)ebasis sets)
fluoride/cyclohexyl fluoride)? We were surprised to note that that the anti conformation was more stable.

here the induced dipoles, while large, have a negligible effect 1 7_pifluoroethane was used to examine the FCCF torsional
on the equilibrium. The propy! fluoride/cyclohexyl fluoride  parameters, and the resfftare listed in Table 15 and shown
problem remained. in Figure 7. In 1,2-difluoroethane, the gauche efféstabilizes

If we accept the above as correct, then the only way that we the gauche conformer relative to the trans one (vide infra). To
have been able to devise that will enable us to fit simultaneously reproduce this effect, a large positive term was used for the
both the propyl fluoride data and the cyclohexyl fluoride data FCCH torsional parameter. TN&/V,/\V3 FCCH parameters were
is with the aid of a torsiorrtorsion interaction. There is as€ chosen so as to give a trarsgauche enthalpy difference of
C,—C;—F/Gs—Cs—Cy—F interaction with the fluorine in cy- 0.76 kcal/mol for the difluoride, which is close to the results
clohexyl fluoride, but not in fluoropropane. Accordingly, we from both experiment (0.80(%)and large ab initio calcula-
chose a value for that interaction (Supporting Information Table tions8 The MMS3 result was clearly too low (0.18) but was a
S1) so that after we first fit the propyl fluoride data by adjusting compromise required to fit other results. These other results were
the torsion potential the results of the cyclohexyl fluoride calcu- substantially affected by the delta-two effect (later), which had
lation could be made to match the observed energy difference.not been recognized as being important at the time. That effect
We expect that the value of this interaction constant will be was properly included in MM4, and hence, a better fit was
torsion angle dependent. Since we have only two points on thepossible here.
curve (anti and gauche), it could be fit with eithevaor aV. The gauche-to-trans barrier in 1,2-difluoroethane calculated
term. We arbitrarily chose &, term, as it seems physically by MM4 (2.67 kcal/mol; Table 15) was in fair agreement with
more reasonable. (We can similarly fit the other C-C—X the microwave (2.00 kcal/m®) and ED (2.36 kcal/madf)
data for the other cases previously mentioned with appropriateresults and a little too low when compared with the MP2/B
torsion-torsion terms.) In principle, these terms also affect the result (3.19 kcal/mdP). MM4 calculates the cis barrier height
vibrational spectra, but such effects appear to be negligible. to be 5.91 kcal/mol, while MP2/B gives 8.12 kcal/mol. We noted

Thus, we can say that we have a general solution for the this discrepancy but were unable to improve it without other
propylX/cyclohexylX problem that has plagued molecular mech- undesirable consequences. The MM4 values are mostly close
anics for many years. One obtains a certain result with the pro-to the experimental values and differ more from the ab initio
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Figure 7. 1,2-Difluoroethane FC—C—F torsion potential.

values. Other consequences stemming from the gauche effecsimultaneously. These lead to torstestretch and torsionbend
will be discussed below. results, as shown in Supporting Information Figures-S3.

To reproduce the gauche effect in molecular mechanics, one The MM4 data do not fit the ab initio data as well as one would
can adjust the torsional energy profile for a linkage such as like, which suggests that more may be going on here than meets
F—C—C—F so as to fit experiment. Negati¥g and/orV, terms the eye.
can yield this result. However, since there is clearly a strong  While our interpretation of the nature of the gauche effect is
hyperconjugative effect which tends to make hydrogen more Still incomplete, its energetic results can easily enough be
stable in a position either cis or trans to fluorine, one can reproduced in molecular mechanics by adjusting the torsional
alternatively express the effect in terms of the-&-C—F potential. We did this earlier with MM3. However, it has turned
torsion. We have chosen to have a large component of the latter,out that that was not the whole story. There were a few more
for reasons of having a more physically understandable d#el.  highly fluorinated compounds that remained distinct problems

In a recent study, Wiberg et al. examined the gauche effect after this treatment. Two such compounds that we have studied
using very large basis sets and correlated levels up to ¥1P4. here are 1,1,2-trifluoroethane and 1,1,2,2-tetrafluoroethane.
They concluded that the gauche effect is not due to any type of

stabilization in the gauche conformation but is due to a desta- . _{ A . oo
bilization of the trans conformation by highly electronegative F f
substituents. In the trans conformation, the electronegative sub F F F F
stituents tend to bend the centrat-C bond in opposite direc- F
tions, so that the bonding orbitals from the carbons do not point L 2-Diflworo. R

,2-Difluoro. ,1,2-Trifluoro- 1,1,2,2-Tetrafluoro-

along a common line and the bond is bent. In the gauche confor- FLUOROETHANES
mation, they are bent in a similar direction, remain more nearly

collinear, and overlap better than in the trans conformation, consider the energy difference between @e(trans) and
where they are bent in opposite directions. Thus, there is a destac, (gauche) conformations in 1,1,2-trifluoroethane (Table 15).
bilization of the trans conformation relative to the cis conforma- | the gauche arrangement leads to stability, we would expect
tion. the conformation called trans would be more stable than the
The MM4 calculated torsional potential for 1,2-difluoroethane one called gauche (see the Newman projections). The confor-
is generally satisfactory and shows the gauche effect correctly, mational energy difference is (6:4..5 kcal/mol by experimerit
but there is a rather large and unexplained discrepancy in theand 1.45 by ab initio calculations), favoring the gauctig) (
energy at the cis conformation. The MM4 calculation gives a form. This is contrary to what is suggested by conformational
barrier height of only about 6 kcal/mol here, somewhat higher analysis and the MM3 results with 1,2-difluoroethane. With the
than butane (about 5.2 kcal/mol). However, the MP2/B value |atter, the conformation with the fluorines gauche is more stable,
is much higher, 8 kcal/mol. While this could be fit better by put in the present case, the conformation with the more fluorines
MM4, such alarge energy cis relative to gauche (or trans) would gauche is the less stable (Table 15).
carry over to compounds such as hexafluoroethane, predicting A similar problem also exists in the MM3 results for 1,1,2,2-
enormous rotational barriers, which are not observed. Thus, thetetrafluoroethane (Table 15). Experimentally, the trans con-
discrepancy here is unexplained. former (i.e., hydrogens are trans) was found to be more stable
There are torsionstretch and torsionbend effects here,  (AH) by 1.162and 1.17% kcal/mol. The BC calculations agree
which carry over from those described under fluoroethane, andfairly well with the experiments and give the gauehieans
there is an extra torsierbend effect involving both fluorines  energy difference as 1.54 kcal/mol. However, as in the 1,1,2-

gauche trans trans gauche trans gauche
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trifluoro example above, the gauche conformation has more added to the force field. If this extra stability is not from a steric
gauche interactions, and a negative energy is expected hereeffect, it would seem to be from a stereoelectronic or electro-
The problem for molecular mechanics was to fit 1,2-difluoro- static effect. However, electrostatics has already been included
ethane in such a way that 1,1,2-trifluoroethane and 1,1,2,2-in MM4, including induced dipoles. Thus, it would appear
tetrafluoroethane could be well fit simultaneously. We were not that these results stem from still another stereoelectronic
able to adjust the torsional parameters for MM3 so as to get effect.
more than a qualitative agreement with the experimental results. The physical situation which underlies the conformational
If the “experimental” values foAH between the two conforma-  behavior of 1,2-difluoroethane and the related tri- and tetrafluoro
tions in the above tri- and tetrafluoroethanes were taken as 0.90compounds described in the preceding paragraphs can be
and 1.17 kcal/mol, and the gauche difluoroethane@s30 kcal/ summarized as follows. If there are just two fluorines in a gauche
mol, the overall best MM3 values were 1.02 and 0.16 a0dL8 conformation, as in the case of 1,2-difluoroethane,gheche
kcal/mol, respectively. These gave errors of 0.22,01, and effect stabilizes the gauche conformation (or alternatively
0.62 kcal/mol for the three compounds, which in turn gave a destabilizes the anti conformation). With the other two more
distressingly large rms error of 0.69 kcal/mol. What is the highly fluorinated derivatives discussed above, from this
problem? information and by the usual rules of conformational analysis,
Delta-Two Effect. The 1,1,2,2-tetrafluoroethane shows an the conformation with the larger number of gauche effects
unexpected stability of conformations that at first sight is Should be the more stable one. However, this is not the case.
reminiscent of 1,1,2,2-tetramethylethane. In the case of the Thus, with those two compounds, something else occurs, the
fluoro compound, the trans conformatia®y(is unusually stable. ~ result of which wipes out the stabilizing influence of the gauche
The C, conformation has one additional gauche interaction efféct, and in factintroduces a corresponding destabilizing effect.
between fluorines, and since gauche interactions are stabilizing AS it turns out, there is a long known and well established
here, it might be supposed that tBe conformation would be ~ @nalogy in the carbohydrate field where a similar stereoelectronic
unstable by 0.5 kcal/mol or so, whereas in fact it is more stable &ffect is called thedelta-two effect The latter specifically
by 1.0 kcal/mol. In the corresponding tetramethylethanes, the INVolves conformations with three interacting oxygen atoms,
gauche conformation between methyls is typically unstable by Instéad of fluorines as in the present case. However, one would
0.8 kcal/mol. One might therefore suppose from conformational Certainly expect similarities between oxygen and fluorine in any
analysis that theSs conformation, which has one less gauche Stereoelectronic effect.
conformation, would be more stable by 0.8 kcal/mol. Actually, L€t us firstreview this delta-two effect. In the hexapyranose
the stabilities (enthalpies) are equal. structures of carbohydrates, the anomeric hydroxyl group (for
Although there is a superficial resemblance between the example, the one at C-1 in the _glucose structure showr_l) IS
; normally somewhat more stable in the alpha position (axial),
tﬁtraftl)uoro;\;md tetframett_hyl elth_'imets, the unciebrlylngtreg?fons f?ras shown. This tends to be true in general, no matter what
the above two conformational situations must be quite different. , '
The alkane case is easily understood. The bulk of the instability stereochemistry the rest of the molecule has.
in the gauche conformation comes from van der Waals repulsion CH,OH
between gauche methyl groups. The isobutane structural units HO 0
are not exactly tetrahedral, and the tertiary centers are flattened
somewhat (the EC—C bond angles are about 1’)1In the Cs HO 3 2
conformation, this flattening brings the gauche methyls a good HO
deal closer to one another, and they cannot get away from one
another by twisting. Any twisting to relieve the strain on one
side increases the strain on the other side. Thus, the symmetrical
conformation has its enthalpy raised by this extra repulsion. The

unsymmetrical conformation can twist the methyls apart to some ;11 s an energy of about-2 kcal/mol in the gas phase
extent and reduce this repulsion. Thus, the stabilities of the tWo t1o .1 axial hydroxyl is usually more stable, but te

conformations are found to be quite similar, as the wo (more (equatorial) isomer is also usually found in equilibrium with it.

severe) gauche repuls[ons i.n the anti formju§t balange the threq-mwever, there was long ago found one partial exception to

(more modest) repulsions in th@, form. This case is well yho ahove in that if there were &hydroxyl at C-2 (axial),

understood, and the correct result was given automatically by i1 Jittle or none of the C-1 isomer would be found. The

MM3_' ] ) conclusion drawn by Reev&sas early as 1956 was that there
With the tetrafluoro compound, first, the fluorine atom has a was some kind of a destabilizing effect if there wgraydroxyls

much smaller van der Waals volume than does the methyl group,at C-1 and C-2 at the same time. He referred to this adeha-

so that any steric effects would be expected to be relatively two effect This can be most easily understood with the aid

small. Second, the bond angles are close to tetrahedral, so thagfNewman projections. Looking down the G-C-2 bond of

any steric effects do in fact appear to be small. The results in g-p-glucose andi-p-mannose, we see the following:

the alkane case are completely determined by steric effects, but

that cannot be the case with the fluorides. Theonformation

H H OH OH

is not destabilized in 1,1,2,2-tetrafluoroethane, as in the alkane, H o H O H O H o

but is stabilized, by about 2 kcal/mol. (Instead of being 1 kcal/

mol less stable than the gauche conformation from the gauchen ¢ H ¢ H C H C
OH H OH H

effect, it is 1 kcal/mol more stable.) Thus, the question is where

does this extra stability come from? Conformational analysis g-D-Glucose B-D-Glucose  -D-Mannose  B-D-Mannose
offers us no clue. Conformational additivities suggest that the

Cs conformation will be less stable, and detailed MM4 calcula- TheS-p-mannose alone shows the delta-two effect (the vicinal
tions bear out this conclusion, unless something additional is oxygen between the geminal oxygens). It is destabilized by 0.8

1

OH
o-D-Glucose

This stability is due mainly to theanomeric effectwhich
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kcal/mol, relative to the glucose ca¥eNo physical interpreta-  TABLE 16: Dipole Moments of Fluoro Compounds

tion of this effect appears to have been given previously in the 0.87
literature. However, whatever the cause, the nature of the effect exptt  MP2/B MP2/B MM3 MM4
can be calculated in molecular mechanics as being due to acp,r 1.79(10) 2177 1.894 182 1614
torsion—torsion interaction, involving three electronegative CHF> 1.96(2) 2299 2.000 213 1773
atoms (where two are geminal and the third is vicinal to the CHFRs 1.64509) 1912 1556 193  1.469
geminal pair). This effect appears to be related to the gauche ng5F 1.96(1) 2253 1947 182  1.773
) NS i FHCH; 2.30 2610 2271 215  2.300

effect and is of opposite sign with respect to the energy. CF:CHs 2.35(2) 2653 2308 205 2571

We were able to show with model studigé$*that this effect CoHFs 1.54 1836 1597 185  1.557
can be represented by a torsigorsion interaction between the iC3';'gF(t|%|uori e 11-%%((23)) 22-3;%3 21-%%71 11-8822 11-%‘:376
two O—C—C—O0 groupings, and it has a (gas phase) value of 2,p2-dFi)f)I/uoropropane 240(2) 2735 2331 219  2.545
about 2 kcal/mol, which adds into the other energy terms present t-putylfluoride 1.959(5) 2.249 1.954 1.82 1.926
in the calculation in MM4. The delta-two effect is an apparent fluorocyclohexane (eq) 2.11(3) 2.492 2168 1.82 2.067
consequence of the electronegativity of the atoms involved, as (@) 181(3) 2085 1813 1.82 1815
it also occurs here with the analogous fluorine compounds. What 11-difluorocyclohexane 2.556(10)  2.961 2577 220 2.858
is needed here to make the MM4 calculations agree with Signedav +0.006 —0.068 —0.015

experiment is a similar effect, a torsietorsion interaction 0070 0213 0148

between two FCCF groupings, where the two groupings differ ~ # Microwave values only.
only by the position one atom, which is a fluorine of the geminal
difluoro grouping. Thus, the interaction here involves fluorines
instead of oxygens but is otherwise the same as in the mannose IR(@™ B.P3 MM3/A  MM4/A sym assignment
case discussed above. The numerical values used for the fluoride3006 2984 3017/11  3016/10 E C—Hstr.
(11 1 11 1 11 in Supporting Information Table S1) have the 29645 2912 2913/52 2954/11 Al C-Hstr.
values 0.319 and 0.205 f&f, andV, for the fluorine case. In 1466.5 1447 142346 144819 E CHsdef.

. . 1464 1467 143#27 1552/88 Al CHgdef.
the oxygen case, only the gauche conformation was fit, notthe 11853 1169 1043/139 1172¢10 E HCF bending
whole torsion potential, and only & term was used, with a 1048.6 1045 1035/14 1072/23 Al C—F str., HCH bending
value of 0.570. Thus, the sign of this term is the same for s 72 32
fluorine and oxygen, and the magnitude of the effect is quite signed av —48 +7
similar at the gauche conformation. Thus, the delta-two effect o )
in carbohydrates is also found here with fluorines. In each case, TABLE 18: Vibrational Spectrum of Difluoromethane
the effect destabilizes the delta-two conformation by about 2 IR(g)* B.P3 MM3/A MM4/A sym assignment

kcal/mol. 3015 2086 2992/23 30150 Bl C—Hstr.
Consequently, we added this delta-two torsitorsion 2949 2926 2939/10 3001/52 Al C—Hstr.
interaction term into the MM4 calculations for fluorides. As 1508 1495 1428480 143078 Al HCH bending

. . . . - 1430 1458 1530/105 1502/72 B2 HCF bending
shown in Table 15, with this term included, the conformational 262 1240 1256+6 1324/62 A2 HCF bending

TABLE 17: Vibrational Spectrum of Fluoromethane

results.for 1,1,2-tr|f|u0roethane and l,1,2,2-tetraf|u0roethane are 1165 1162 934/231 986/~179 Bl HCE bending
much improved from the MM3 values. For MM4, the best 1090 1091 107419 1060~30 B2 C—FEstr.
values for the conformational energies of the tri- and tetrafluo- 1070 1084 1097/27  1150/80 Al C—Fstr.

rides and for the 1,2-difluoride were 0.89, 1.56, and 0.76 kcal/ 529 517 570/41  533/4 Al F-C—Fbending
mol, respectively. The errors were ther0.01, +0.39, and rms 91 80

—0.04, rms 0.19 kcal/mol, so the fit is now satisfactory. (The signed av —22 -2

MM3 errors were+0.12, —1.01, and+0.62, rms 0.69 kcal/ aLiquid Raman spectrum.

mol, without the delta-two effect term.)

Dipole Moments. The dipole moments of 14 fluorinated vibrational frequencies. With the earlier MM3 work, there were
hydrocarbons were calculated by MM4 and compared with the occasional discrepancies with the experimental frequency as-
available experimental ddfsand ab initio calculated values at  signments. Recently, Baker and Pulay published a study of the
the MP2/B leveF? and the results are summarized in Table 16. vibrational spectra of some simple alkyl fluorides determined
The experimental measurements utilized here for comparisonby DFT(B3PW91/6-31G*) methods, applying a direct scaling
were determined from the Stark Effect by microwave spectro- of force constants technigd&We will refer to this as the B. P.
scopy. (The measurement of dipole moments by polarization method throughout this manuscript. Their results agreed well
methods is complex and subject to considerable error, so wewith experiment over a range of compounds, with an rms error
have not used such data here.) The fit of MM4 to experimental in the calculated spectra of about 9 TThe present work
data was improved by including induced dipoles (polarization) suggests that, with a larger and more diverse set of fluoro
in MM4. The MP2/B calculated dipole moments are also listed. compounds, the rms error is somewhat larger, in the range 20
Note that they are quite poor, being some-18% too large. 30 cnT?, but the results are good enough to be very useful.
This is largely a basis set/correlation truncation problem, and Accordingly, we carried out B. P. vibrational calculations for
these values can be empirically corrected, since the bulk of thethe substituted methanes and ethanes studied herein. The
error is systematic. In Table 16 are given the corrected MP2/B calculations lead to the conclusion that a few of the experimental
moments, where the factor 0.87 is used. Note that these correcteqlrequencies were misassigned. The MM4 comparisons with
MP2/B values have a rms deviation from experiment of only experiment were changed accordingly. The MM4 spectra of 14
0.07 D, which is approximately the experimental error. The rms alkyl fluorides are listed in Tables ¥22 and Supporting
deviation of MM4 from experiment is a reasonable 0.15 D.  |nformation Tables S18S25, compared with the observed

Vibrational Frequencies. Force parameters derived for MM4  datd”°° and the calculated B. P. resutsThe earlier MM3
were adjusted in order to get the best fit to the associated results are also giveit.
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TABLE 19: Vibrational Spectrum of Trifluoromethane

J. Phys. Chem. A, Vol. 110, No. 22, 2006219

TABLE 22: Vibrational Spectrum of Perfluoroethane?

IR()* B.P3  MM3/A MM4/A  sym  assignment » - MMC4/ )
3035 3009 3006/29 3058/33 A C—H st IR(g) B. P: MM3/A MM4/A  A® sym assignment
1375 1392 1487/112 1407/32 E HCF bending 1417 1387/-30 1281136 131899 /—69 Ayy C—F str.
~1152 1138 1136/16 1126426 E C—F str. 1250 1221429 1350/100 1271/21 /50 Eu C—Fstr.
~1152 1114 1040/112 1172/20 Al C—Fstr. 1250  1221/-29 1454/204 1331/81 /110Eg C—Fstr.
699.2 679 599+100 609~90 Al  FCF bending 1116 1102414 1115+1 1188/72 /86 A, C—Fstr.
507.6 498 554/46 577/70 E FCF bending 807 77730 647+52 73374 [|-44 Alg C*C, C—F str.
714 69321 62094 609+~105 -84 Ay, CRsdef.
rms 7 50 619 597/-22 56554 580~39 /~17 Eg CRsdef.
signed av +5 +13 522 503/-19 562/40  575/53 /72 Eu CFRsdef.
372 373/2 378/6 343t29 /-30 Eg CRsrock
TABLE 20: Vibrational Spectrum of Tetrafluoromethane 349 3399 31236 350/2 /11 Ay FCF bending
IR(gY* B.P3® MM3/A MM4/A sym assignment gég ggﬁq%o égl’? 624(/)3/4-117 ;127 /Iii. gfscwt%?sion
1283 1267 1468/187 1294/11 T2 C—F str.
908.5 869 734-175 89910 Al  C—Fstr. Comed wae iy o0 22
637.1 614 560+77 589/48 T2  FCF bending
433 427  523/88 532/97 E FCF bending a Also called hexafluoroethane and ethfordhBaman gas spectrum.
rms 136 54 ¢ MM4 fit to B. P. values instead of the experiment.
signed av +36 +8

aGas Raman spectrum.

TABLE 21: Vibrational Spectrum of Fluoroethane

IR
(9 B.P33 MM3/A MM4/A sym assignment

than those that are needed for the hydrocarbons themselves. Such
terms were not included in the MM3 force field.

The result of all of this is that if a hydrocarbon is lightly
fluorinated, it may be treated as a perturbed hydrocarbon as
has been customary in the past, and the accuracy of the
vibrational calculations is usually similar to what has been

3012 3002 2996/16 2990/-22 A" CHzand CHstr. previously found for other classes of compounds with MM4,
3003 2992 3000/3 2086/-17 A’ CHsand CHstr. and somewhat better than that from MM3. However, when one
3003 2947 2973430 2977+26 A" CHgstr. ; X ;
2041 2925 2023/8 29487 A CHpand CH str. considers heavily fluorinated hydrocarbon structures, rather
2015 2910 2902413 2899/16 A’ CHzstr. different terms and treatments of the interactions are required,
1479 1501 1512/33 1538/59 A' CHzand CH def.; C-F, in addition to those used in hydrocarbons, if one is to obtain
1449 1470 1463114  1494/45 A CHSE;S;;d CH Sci. reasonable accuracy..The MM4 force field has .been developed
C—F str. in such a way as to improve the spectroscopic results of the
1449 1454 1453/4  1451/2 A" CHsdef. fluorocarbons relative to those from MMS3.
1395 1409 1434/39  1453/58 A CH,and CH def.; C-C str. Stretching Frequencies and Force ParametersEarlier
533 11327743 11327432’1[835 113%%%% 2,, g:z ?\L‘gtc'* def.; C-F str. MM3 work on the G-H stretching frequencies in substituted
1171 1173 1100/71 109873 A' C—F str. molecules showed that the electronegativity of substituents
1108 1037 103276 1068/31 A C—C str., CHwag affected not only the bond lengths but also the stretching force
1048 1115 1003/45 1126/78 A" CHsrock constants for these bonds as wéllThe C-H frequencies were
328 %; ggggg ?géﬁ; 2:, g:3 wag, C-C str. restudied with MM4. As shown in Table 23, over the group of
415 404 423/8 2105 A cc?:\gigletal bending compounds studied, there are 41 CH frequencies, and these are
274 261 24038 240~38 A’ CHstorsion calculated with a signed average error8 cnt ! from MM4.
ms 35 20 We have not carefully studied the couplings of these vibrations
signed av -9 5 with each other and other vibrations, so the overall rms error is

2 Liquid Raman spectrun®.Pulay’s value was used because of the
experimental ambiguity.

In hydrocarbons, some of the ordinary—@& bending
frequencies are similar in magnitude to some of the usaaCC

27 cntl. This probably could be improved but is adequate for
our purposes and similar to what was obtained with MW¥3.
We earlier presumed that the variation of the stretching
parameter with electronegativity is general and that it applies
to C—C bonds as well as to-€H bonds, although the latter

stretching frequencies, and there is much coupling between thewere the only kinds of bonds previously studied. Our MM3
two sets of vibrations. To obtain good predictions of the work on fluorocarbor® showed the desirability of extending
vibrational spectra, these couplings are explicitly taken into the variation of stretching constant with bond length te@©
account with cross-terms in the force constant matrix. With bonds in fluoroalkanes, but this effect was not taken into account
fluorocarbons, since the mass of fluorine is similar to that of in the original MM3 work. Without taking this effect into

carbon, and quite different from that of hydrogen, theFC

account, the €C stretching frequencies are calculated with

bending frequencies in general are much lower than those forreasonable accuracy for molecules containing up to about three

C—H, and do not couple in a major way with the—C
stretching frequencies. On the other hand, theFGtretching

fluorines. However, as the number of fluorines increases further,
the calculated frequencies become much too low (by over 100

frequencies do tend to couple with each other, and with the wavenumbers in several cases). Calculated over the set of fluoro
C—C stretching frequencies. There is also a particular type of compounds shown in Table 24 in the ordinary way with MM4,
C—F stretching frequency that couples rather strongly with a the rms error for the €C stretching frequency would be 63
F—C—F bending frequency (discussed later). Thus, the fre- cm™1, and importantly, the signed average error wouldH23
guency coupling problem with fluorocarbons is similar in cm™1. This means that, overall, these frequencies would be
severity to what is observed with hydrocarbons, but there are calculated too low, and in a rough way, the errors are larger
different sets of frequencies involved in the two cases. This when the number of fluorines is larger.

necessitates the use of different kinds of explicit cross-terms in  As the earlier work with the €H bond showed, we expect
the force constant matrix for polyfluorinated hydrocarbons, other that we can represent the electronegativity effect of the fluorine
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TABLE 23: C—H Stretching Frequencies of Fluoroalkanes

Chen et al.

TABLE 24: C—C Stretching Frequencies of Fluoroalkanes

compound sym exptl MM4 compound sym exptl B.P. MM3/A  MM43A ks

fluoromethane E 3006 3016/10 ethane Ay 995 968 960+35 96728 4.550

A 2965 2954411 fluoroethane A 1108 1037 1006108 1068#40 5.710
difluoromethane B: 3015 3015/0 1,1-difluoroethane A 1129 1107 1028/89 1115+14 6.265

A 2949 3001/52 1,2-difluoroethane(g) A 1079 1080 98694 1101/22 6.265
trifluromethane A 3035 3058/23 1,2-difluoroethane(t) Ay 1052 1120 979+152 1067/15 6.265
fluoroethane A 3012 2990422 1,1,1-trifluoroethane Ay 828 801 727101 884/56  6.476

A 3003 2086+17 1,1,1,2-tetrafluoroethand 843 816 720+123 863/20  6.556

A 3003 2077426 1,1,2,2-tetrafluoro- Ay 1106 1120 9294177 1072+34 6.556

A 2941 2948/7 ethane(t)

A 2915 2899116 1,1,2,2-tetrafluoro- A 906 888 815+91 930/24  6.556

. ; ethane(g)

1.1-difluoroethane A 3018 3026/18 pentafluoroethane A’ 867 847 716/151 830/37 6.587

A 3001 300071 perfluoroethane Aig 807 777 647+160 733/-74 6.598

A 2979 3002/23 2-fluoropropane A" 1144 1133 1086/58 11359 5.258

_ A 2963 2919F44 A 819 799 812+7  862/43 5.258

1,2-difluoroethane(g) B 3001 29938 2,2-fluoropropane By 1269 1253 1202/67 1284/15 5.641

A 2995 2992+3 Ai 780 752 71862 837/57 5.641

B 2995 2952+-43

A 2958 2965/7 e P
1,2-difluoroethane(t) A 2974 2979/5 signed av
1,1,1-trifluoroethane E 3042 3010+-32 aMM4 and B. P. assignments are based on the potential energy

A 2974 2934440 distribution contributions? The original assignment was 865 chnin
1,1,1,2-tetrafluoroethane N 3015 3009+-6 fact, these two motions are strongly coupled together and could be

A 2981 2985/4 assigned either way. We prefer this assignment.
1,1,2,2-tetrafluoroethane(t) Bu 3001 3057/56

Ay 2995 3059/64 compounds, even though the additional fluorines are causing
11,2, 2-tetrafluoroethane(g) 'é gggg gggéﬁg still further electronegativity increases. In the final column of
pentafluoroethane A 3008 3047/39 Table.24,_the value for the stretching force constant of th€C
2-fluoropropane A 2996 200244 bond is given for each molecule. Note that these vary substan-

A’ 2996 299046 tially in fluoroethanes, from a minimum value of 5.710 in

A 2989 29881 fluoroethane (compared to 4.550 in ethane itself) up to a

ﬁ, gggg gggg’g maximum value of 6.598 in the perfluoroethanes. However,

A 5931 5901430 these stretching frequencigs are now calculated with an accuracy

A 2031 2000~31 comparable with that obtained for the other frequencies, with
2,2-fluoropropane A 3018 3004414 signed average rms and errorsie8 and 38 cm?, respectively,

B> 3018 3002116 over the whole series of fluoro compounds listed in Table 24.

A 3018 3002+16 Since the increase in the stretching constant of th€®ond

By 3018 3002/-16 with increasing fluorine substitution was not accounted for in

By 2959 2920#-39 . .

A 2959 2919440 MM3, we should expect that th_e{C st_retchlng frequenme_s
ms 97 calculated by MM3 will become increasingly too small relative
signed av 3 to experiment as the degree of fluorination increases. This is

on the stretching constant as a linear relationship, as shown in
eq 1.

8mc?

+— 9 4 6.0x (I,— 1.639)x
(—0.000 102 3) °

AIOC—C + kC—C (1)

whereksc-c) is the stretching parametdsg,is the standard €C
stretching parameter (4.550 dyn/cro)is the velocity of light,

6.0 is the reduced mass of the-C bond,—0.000 102 3 is a
parameter that correlates bond length and frequency fad C
bonds3! which we have used unchanged hdgéyas the value
1.5270 A for the G-C bond, 1.639 is a parameteX)oc—c is

the change in bond length frotg, and kc—c is a stretching
parameter with the value-0.30. In Table 24 are given the
calculated C-C stretching frequencies for a set of fluoroalkanes,
following the value for the reference compound ethane. Addition
of fluorines causegsc-c) to initially increase, as we go down
the table, from the bond length shrinkage due to the attached
fluorines. However, after we reach the tetrafluoroethanes, adding
still further fluorines causes the-GC bond to stretch slightly,
because of the combined van der Waals and dipole/dipole

ks(C—C) =k

what is found. If we look at the errors in the calculated MM3
C—C stretching frequencies (for compounds having only one
conformation and an unambiguous structure), we find for the
following compounds the respective errors as given. For
fluoroethane, 1,1-difluoroethane, 1,1,1-trifluoroethane, 1,1,1,2-
tetrafluoroethane, pentafluoroethane, and perfluoroethane (Table
24), the corresponding errors arel08, —89, —101, —123,
—151, and—160 cn1t. Some of this error is due to the lack of
sretch-stretch interaction cross-terms between theGCand
C—F bonds and other problems, but the calculated frequencies
are systematically too small, and the major trend is clearly an
increase in frequency as one goes along the series. The
corresponding MM4 errors are40, —14,+56,+20,—37, and

—74 cnl,

We also studied the spectra of the four fluorine substituted
methanes (Tables +20) with MM4. The substituted methanes
are special cases, and they were not studied earlier with MM3.
In MM4, relative to MM3, we have added stretebtretch and
bend-bend interactions, both of which are important for these
compounds. Additionally, stretetbend interactions have been
specifically parametrized in MM4, whereas just some general
atom-independent parameters were used in MM3. As would be
expected, these coupling vibrations between the fluorines and
carbon have a substantial effect on the calculated vibrational

repulsions between the fluorines. This causes the value of thespectrum. The rms errors for these four compounds with MM3
parameter to decrease somewhat in the penta- and hexafluoravere 72, 91, 77, and 136 cry for an average rms error of 94
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cmL. The corresponding MM4 errors were 32, 80, 50, and 54 TABLE 25: Molecular Structure of Perfluoropropane

cm L, for an average rms error of 54 cf (Special Parameters)

Overall, MM4 does not calculate the vibrational frequencies ED (ra)%® MM3 (rg) MM4 (r)) MP2/BC (o) MM4 (re)
for fluorocarbons very well, but it does better than MM3 did. c-F,, 1.330(2) 1.332 1.334 1.329 1.328
In lightly fluorinated compounds, the accuracy of the MM4  CiF, 1.329 1.330 1.325 1.325
results is similar to that obtained for hydrocarbons, but for more CiFg 1.326 1.328 1.325 1.324
highly substituted fluorocarbons, the MM4 results are less good. CoF 1.346 1.342 1.339 1.338
The rms errors for 14 structures obtained over 250 vibrations < 1.546(4) 1.536 1.539 1.540 1.534

. C,C,Cs  115.9(7) 116.8 116.0 115.7 116.0
are 53 cm, compared to 65 crt with MM3. These numbers  c,c,F  108.4(7)  108.4 107.9 107.9 107.9
show that the spectra of this group are in poorer agreement withFG,F ~ 107.0(13)  106.1 109.2 109.6 109.1
experiment than were the alkanes (35 and 25'cmespectively, FGFa 109.3(2)  107.4 109.6 109.1 109.5
for large sets of molecules with MM3 and MM4). Many reasons FeC1Fg 107.3 1095 109.2 109.4
for this poor agreement are evident, as discussed earlier, an gzcllfza ﬁgg 182:; igg:g 182:2
they could presumably be at least partly overcome with the aid ¢, c,F, 111.0 109.9 110.5 109.9

of a more complicated force field than MM3. Clearly, more

and/or stronger significant sretebtretch interactions are  strycture (Supporting Information Table S26). Those portions
needed, perhaps including vicinal in addition to geminal. Also, of the structure that could be determined experimertatiye

the variation of the force constants with the changing electrone- 5150 listed in Supporting Information Table S26, and they are
gativity of the total substitution appears to be important for bond n satisfactory agreement with the BC structure. However, the
angle bending as well as for bond stretchings. In both MM3' strycture of perfluoropropane as calculated by MM4 at this point
and MM4, there is a serious limitation which we imposed long  shows some major discrepancies when compared with the BC
ago, in the atom type numbers. We recognized long ago that instrycture, and these discrepancies can be divided into two
some cases we could use general parameters for a group ofroups. First, there are angular errors, and second, there are
atoms, rather than specifically parametrizing them one by one. pond length errors. Taking these in order, the @-C bond
Hydrogen was a special case from the start, but other first row angle from MM4 is too large by 2°9Second, the-CFs groups
atoms were frequently lumped together, and assigned identicalare tilted in toward each other by £8.0° too much, increasing

parameters. Thus, we had type 1, type 2, and type 3 atomsithe hond angle of the &C,—F. angle, and decreasing the-€
where a carbon atom was attached to zero, one, or two C,—Fg angles.

hydrogens. With a hydrocarbon force field, the non-hydrogens
are carbons. When MM2 was developed, we simply carried over
these atom types to include other first row (and later second
row) atoms. Accordingly, the substitution pattern on the fluorides

The special parameter set for perfluoro compounds must deal
with these angular errors. We know that fluorination causes
stretching force constant increases, so the0=-C bond angle
: > ) ; would reasonably be expected to have its force constant
as we use it here does not differentiate carbon and fluorine for increased somewhat in this molecule. The bending frequency

many of these parameters. T.h's. IS C'?a”y a limitation and may calculated with the regular MM4 parameters for this molecule
in fact be the most serious limitation with respect to the accuracy is 123 cnTl whereas the BC value is 151 cfn While this

of the vibrational frequencies calculated by MM4. This limita- error is not alarmingly large, if the bending constant were

r.'or.] C(.)md’. ochlazrse, ge ren;oved. HO_V\;]ever, it Iks a deﬂned increased from the present value of 0.74 to a trial value of 1.25,
f|m|(';at|on Inl h » an Wr? fo notf_vvlg to hr_na e_sucl @ the calculated frequency would be increased to 138%¢cra
undamental change in the force field at this point. It IS ;qgigeraple improvement. Also, the-C—C angle would close

accordingly retained. _ down to approximately the correct value. However, this change
Perfluorocarbons. The simplest perfluorocarbons would be i of negligible help with respect to the €FHilt problem.

perﬂuoromethane (Carbon tetraﬂuoride) and perﬂuoroethane Apparenﬂy, the latter can be improved On|y with a torsion
(hexafluoroethane). These two compounds have been discusseglend interaction, and such an interaction for the torsion angle
earlier in some detail. They have no structural features that C—C—C—F was therefore tried. It was also noticed that@he
require comment, other than to note the anomously lonwCC values for the &C—F and F-C—F angles had to be changed
stretching vibrational frequency calculated by MM4 for per- somewhat simultaneously. When these two things are changed
fluoroethane. in the calculation (Supporting Information Table S29), the tilt
For our discussion of the higher perfluoro molecules, we will became acceptable (Table 25). It was also noted that the
proceed as follows. First, we will discuss perfluoropropane, C—C—C angle was adequately corrected during the process.
where various bond angles come into importance. SubsequentlyHence, it was decided not to change the@-C bending
we will discuss perfluorobutane, wherein conformational prob- constant. In view of the quality of the data that we have for
lems arise. Finally, we will discuss Teflon. In each case, we perfluoro compounds, anything more than a rather approximate
will proceed by starting with the molecule as calculated with fit is probably not meaningful.
the present parameter set developed to this point. In each case, After these changes were made in the parameters, tH@ C
the results are not satisfactory. We will then discuss why we pond lengths were found to be reasonable, but thé®ond
think this is the case and how the situation may be improved. |engths were systematically too long by some 0.008 A.
We will simultaneously derive a revised parameter set for accordingly, the value fol, for the G-F bond was correspond-
perfluoro compounds, which will attempt to account for the jngly reduced (Supporting Information Table S29). The structure
major parts of these errors, and produce acceptable MM4 then found for perfluoropropane using the complete set of special
structures and properties for these compounds. parameters (given in Supporting Information Table S29) is given
Perfluoropropane. Perfluoropropane seems like it would be in Table 25. We feel that the MM4 structure here fits to within
a straightforward molecule for molecular mechanics; however, the accuracy of the available data. Accordingly, the perfluoro-
the structure that is calculated using the MM4 force field alkanes (special parameters) as described above were used for
developed to this point is not in good agreement with the BC compounds of this group. However, more is still needed here.



7222 J. Phys. Chem. A, Vol. 110, No. 22, 2006 Chen et al.

Perfluorobutane. Using the regular parameters in Supporting TABLE 26: Molecular Structure (re) of Perfluorobutane
Information Table S1, the trifluoromethyl groups on butane (Special Parameters)

tended to tilt incorrectly, as they did with perfluoropropane MP2/BC MM3 () MM4
(Supporting Information Table S27). When using the parameters Anti
developed for perfluoropropane (Supporting Information Table C—Fzav 1.325 1.327 1.324
S29), however, that tilt and the-€C—C bond angles were Ci—Fa 1.325 1.328 1.325
corrected, as shown in Table 26, so the perfluoropropane C1=Fo 1.326 1.326 1.324
parameters are transferable to perfluorobutane, as expected. gl—_F'Zg;':IV 11%2% 11?,5166 113;31‘:1%
In addition to the structural features found in perfluoropro- C—Fy 1.344 1.346 1.343
pane, the butane analogue also has a torsion potentieC{C Co—Fy 1.341 1.346 1.343
C—C) which is of considerable interest. A few quantum GG 1.544 1.540 1.536
. . . . C—Cs 1.544 1.531 1.541
mechanical studies have been published previously on per-  ccc 1142 1174 114.8
fluorobutane®> %8 and there are a number of interesting features.  Fc,F av 109.1 107.4 109.5
One is that the anti conformer has aC—C—C torsional angle FgGFg 109.3 107.3 109.4
of about 168 instead of 180, Another is that a third unexpected FaGFg 108.8 107.4 109.5
stable conformer was found in addition to the gauche and anti EaczCling iggé %82'3 iggi
forms. It has been called ortho and has-a@-C—C torsional C,CiF av 110.0 111.5 109.5
angle of about 95 The existence of this form was confirmed C.CiFa 108.6 111.8 108.3
experimentally by nitrogen matrix-isolation IR spectroscépy. C.CiFg 110.3 111.4 110.1
From the temperature-dependent gaucheti relative infrared CCiFg 110.7 111.4 110.1
intensities analysis, it was found that the gauche form is about CiCF av 107.6 108.3 107.0
. ' . . CiCoFg 107.5 108.3 107.0
0.9 kcal/mol higher in enthalpy than the anti form, in a frozen CiCoFg 107.7 108.3 107.0
nitrogen matrix. Quantum mechanical calculations by Michl at »wCCCC 165.4 180 180.0
the MP2/6-311G*//MP2/6-31G* level agreed and showed that Gauche
the anti form is more stableAE€) by 0.85 and 2.12 kcal/mol Ci—Fsav 1.325 1.327 1.324
than the gauche and ortho conformers, respectifeie Ci—Fa 1.324 1.329 1.326
repeated these calculations in the present work with geometry gl:Egv ig%g iggg 122‘21
optimization at the MP2/B level and found a similar result, with Cl_,:zgav 1.340 1.348 1.344
AE values of 0.37 and 1.71 kcal/mol. The MM3 and MM4 C—F 1.341 1.350 1.345
calculated structures for these three conformers are summarized Co—Fy 1.340 1.346 1.342
in Table 26, along with the most recent ab initio (BC) results. €1~ Cz 1.540 1.539 1.540
In Table 27 are given the conformational energies at all of the SE—CCs 1117"5648 111é'5739 1117'.5152
stationary points by MP2B, MM3, and MM4. MM3 gives the FC,F av 109.1 107.3 109.6
anti form at a G-C—C—C torsional angle of 180 Earlier FgGFa 109.1 107.3 109.8
workers have suggest®d® the van der Waals interactions FgCiFa 108.7 107.2 109.5
between fluorine are responsible for the actual distortion. This E?:Cé':g igg-g igg-g igg-g
problem might be corrected in molecular mechanics by adding C2(2:1F av 109.9 111.4 109.3
a smallVs term in the torsional parameters (which option is C,CiFa 108.7 112.3 108.4
included in MM4 but not in MM3). The molecular structures C:CiFg 110.7 110.9 110.5
in general are not very well calculated by MM3 either. Both C.CiFg 110.2 110.9 109.1
C—C and G-F bond lengths are calculated too short, and the =~ S&Fav 107.5 107.7 106.9
. L C,CoFt 107.5 107.9 107.0
C—C—C and F-C—F angles are too big. The relative MM3 C.CoFg 107.5 107.4 106.8
energies of the gauche and ortho forms are too high, but the @cccc 53.5 62.1 56.1
MM3 calculation did find that the ortho form is a stable Ortho
conformer with a G-C—C—C torsional angle of 85 Note that Ci—Fsav 1.327 1.327 1.331
this stable ortho result was not put into the calculation with the ~ Ci—Fa 1.326 1.329 1.324
aid of parametrization. It came out of the calculation automati- ~ €1=Fo 1.330 1.327 1331
cally, mainly due to the van der Waals characteristics assigned gfp'zgév 11331% 11?:3% 11'.333;11
to fluorine in the original version of MM3 (1989), which were Co—F 1.337 1.349 1.342
based on scattering data for neon. Co—Fy 1.342 1.345 1.345
If we compare the MM4 structure ainti-perfluorobutane s 1.544 1519 1.545
. . . . C—Cs 1.559 1.540 1.568
given in Supporting Information Table S27 from the regular cce 115.3 118.6 114.8
parameters with that in Table 26 from the special perfluoro FCF av 109.0 107.3 109.6
parameters, we note that the significant angular errors analogous FgGFg 109.4 107.3 109.6
to those which occurred in perfluoropropane have been removed, FaGFg 108.8 107.3 109.6
. . FaGFg 108.9 107.3 109.7
and the bond lengths have also been improved. In Supporting FCF 108.9 106.0 108.6
Information Table S27, with the bond angles opened muchtoo  ¢,cF av 109.9 111.6 109.3
widely. The BC calculations indicate that the-C—C—-C C,CiFa 108.4 112.0 108.4
torsional angle is 165%at the energy minimum, but the barrier C.CiFg 1105 111.6 110.1
at 180 is only 0.1 kcal/mol. Niether the BC nor MM4 gzglE%v 11%%82 11%1717 11%%“‘1
calculations are expected to be accurate to 0.1 kcal/mol, so our Cicth 106.8 107.0 106.1
interpretation is that they agree that the potential surface is flat  c,c,Fg 107.7 108.3 106.7

in the 160-18C° range. »wCCCC 97.7 84.5 103.2
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Figure 8. C—C—C—C torsion potential of perfluorobutane (MM3 and MM4 perfluoro parameters vs MP2/B).

TABLE 27: Conformational Energies for Perfluorobutane
(kcal/mol)

TABLE 28: Structure of Teflon (Poly(tetrafluoroethylene)
Cig) (Special Parameters)

conformation MM3 MM4 MP2B fe Iy I
Ecl (0°) 10.26 6.85 7.11 C-C 1.554 1.562 1.559
gauche 3.14 0.26 0.37 C-F 1.349 1.354 1.350
ortho 3.44 1.94 1.71 C-C-C 113.6 112.9 113.2
1200 4.16 2.13 2.23
165 2 0.45 0.15 0.00 exptk MM3P MM4P
180° 0.00 0.00 0.10 wCCCC 168.0 c10 1795 158.6
a See footnote of Table 28 and discussion. C12 178.6 158.6
C18 176.8 158.6
. . . : C24 174.8 158.6
In Figure 8 is shown the MM4 potential for rotation about pitch? 30 30 17

the central G-C bond in perfluorobutane. Also shown are the

MP2/B calculated stationary point energies. (The MM4 geom-
etries can be converted to the corresponding MP2/B values with
the aid of vibrational corrections that are only valid at stationary

aAt25°C. P C10to C18 areC2 symmetry and C24 i€1 symmetry
by MM3 and MM4. It is of interest that although the MM4 value puts
the anti conformation of perfluorobutane with a 18@rsion angle about
0.1 kcal/mol more stable than one twisted to 1,86e Teflon segment

points.) The agreement is satisfactory. Itis noted, however, that c,) is calculated to be more stable at 158i6an at 180 by 1.1 kcal/

the ortho conformation with MM4 results purely from the

mol, or by about 0.1 kcal/mol per GRgroup.¢ The number of Cf

induced dipole interactions in the molecule. If those are omitted units per turn of the helix.

in the calculation, there would be no energy minimum at that

point in the MM4 calculation. The MM3 curve is also shown.
Itis qualitatively similar to the others, but3 kcal/mol higher

discuss here the structure obtained with the special perfluoro
parameters. The structure of teflon obtained with the regular

relative to the others, which was in reasonably good agreementMM4 fluorine parameters is poor, and shows the same errors

with the best quantum mechanical calculations avaifdkae
the time it was developed.

Teflon. The crystal structure of poly(tetrafluoroethylene)
(Teflon) has long been known from X-ray diffraction stud?s.
This polymer has a double helix conformation with a 188.0
C—C—C—C torsional angle (at 25C). The X-ray structure also
showed that there is a twist of 36Per 30 Ck groups with a
repeat distance of 39.0 A per tuthA series of compounds
has been studied with MM3 and MM4 (g5, C1oF26, CigFzs,
and Gg4Fsp), to mimic the structure of Teflon. With MM3
studies, it was found that the central-C—C—C torsion angle
is twisted more away from 18(see Table 28) with increasing
chain length, but with MM4, the limiting torsion angle (158.6
was already reached with the;dCanalogue. (We will only

as were seen earlier in perfluoropropane and perfluorobutane.
That structure is given in S28 for reference, but will not be
discussed.)

With perfluorobutane, the most stable conformation by all
guantum mechanical calculations is anti, but twisted somewhat
away from the 180torsion angle found in simple systems. This
twisted form should naturally lead to a helix in Teflon. The
MM4 calculated energies in the perfluorobutane have a structure
at 180 more stable (by 0.1 kcal/mol) than the twisted one.
Accordingly, one wonders if MM4 then would make the
prediction that the Teflon conformation would be preferentially
zigzag Cs symmetry), rather than helicaCf). It turns out that
the MM4 calculation still predicts the helical conformation to
be more stable. It might be thought that the reason is that, with
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the isolated Teflon molecule, the helical conformation is more mol) of the MM4 calculation. This situation leads to the apparent
compact. The ends of the molecule are much closer togetherinconsistency in the discussion and tables, where perfluorobutane
than in the zigzag conformation. The compact molecule would is given as having different geometries for the anti conformation.
have higher van der Waals attractions, and these might outweigh Looking at the twist of Teflon in Table 28, one might
the small energy required to twist the anti conformation from conclude that the MM4 and experimental torsion angles do not
180 to 167 in torsion angle. For our {gF2; model molecule, agree very well. However, the MM4 structure is an isolated
the steric energies are respectively calculated by MM4 to be molecule, while the experimental structure is a double helix,
112.16 kcal/mol for the zigzag conformation and 111.04 kcal/ with hexagonal packing into a crystal lattice. To twist the MM4
mol for the helical. This amounts to an energy difference of model from a torsion angle of 158.6 to I8@quires only 0.16
0.16 kcal/mol per CFunit. However, closer examination of  kcal/mol per CEk group. Thus, the energy difference between
the model shows that the van der Waals attraction between thel58.6 and 168 Owould be very small, and beyond the accuracy
adjacent loops of the helix cannot stabilize the helix in a that one tries to achieve with molecular mechanics.
significant way. The intracoil distance is 19.5 A, and the coil

is only about 5.1 A thick (from the van der Waals surfaces). Conclusions

Thus, the helix is not tightly twisted like a protein but slowly
twisted. Why? The small observed twist in Teflon is quite
similar to the twist in isolated molecules of polyperfluoroeth-
ylene units. Thus, the twist is already present in the single
molecule, and these pack to form a double helix without much
distortion in the crystal. The perfluorobutane itself is a borderline
case, and the MM4 energy difference between the 180 and 167
conformations is only about 0.1 kcal/mol. However, the per-

Fluorinated alkanes have been studied with the MM4 mo-
lecular mechanics program with respect to structure, including
conformations, and some physical properties, including vibra-
tional spectra. The earlier use of a secondary electronegativity
correction factor in MM3 improved the calculated-€ bond
lengths over those produced by MM2 or other simple force field
calculations. Further improvements were obtained with MM4
: ; . y by adding the secondary electronegativity correction to bond
fluorobutane differs from Teflon in that the "end effects” present 5105 The vibrational results obtained with MM3 also indicated
in the former are absent in the latter. Of course, these areéy, . ¢ rther significant improvements were needed. There appear
expected to be quite small, and they are. However, they tend oy, e several reasons why the MM3 calculated frequencies were
stabilize very slightly the 180anti conformation in perfluo-  aredly poorer for fluorocarbons than for hydrocarbons.
robutane itself, and their absence stabilizes the slightly twisted goc5se the masses of carbon and fluorine are similar, the C
conformation in Teflon. It should be pointed out that there is 5nq G-C sretch-stretch interactions that are rather unimportant
an additional small complication her_e. When MM4 was being jn hydrocarbons become-& and G-C stretch interactions,
developed, many years ago, the induced dipoles were notynq these are important here. For the same reason, couplings
originally included. When it was decided to add them a few patween G-C stretchings and hydrogen bendings that are
years later, sample calculations on a variety_ of molecules of important in hydrocarbons are less important here. Hypercon-
the sort that we normally study (up to about eight carbons, and jygation and electronegativity of the fluorine lead to force
two or three dipoles in the total molecule) showed that the total ~gnstants for stretching (and probably also for bending) that
change in the induced dipole energy was usually of the order gre not really constants but are functions of both of these
of 1 or 2 kcal/mol, and the difference in energies between guantities. Thus, to obtain rms errors for fluorocarbon frequency
different conformations of the molecule were generally changed cajculations that are comparable in accuracy to the hydrocarbon
by a few tenths of a kilocalorie per mole. Hence, it was decided counterparts, the inclusion of additional cross-terms proved to
that, instead of trying to include these induced dipoles in the pe essential. This also meant that additional parameters were
energy optimization scheme, we would simply calculate the needed. Another source of error in the calculated frequencies
induced dipole energies after the rest of the computation was arises from the fact that the bending parameters are taken to be
finished and add those energies to the total energy to obtainthe same for what are actually different angle types in MM4.
the conformational energies. (This corresponds to the schemeSince electronegative substituents have noticeable effects on
often used in quantum mechanics, where the molecular structurebond lengths and stretching frequencies, lumping carbon and
is optimized with a particular basis set, and the energy is then fluorine together and assigning them common parameters is not
calculated at that point using a larger basis, the so-called single-a very good approximation. It is, however, the way that MM4
point calculation.) This means that the structure which is actually works.
optimized does not contain the induced dipole energies, which  Dipole moments were reproduced marginally well by MM3,
are added later. We have applied this method to many but moments of inertia, which are key quantities, were not fit
calculations over the years, with no obvious problem to this very well (rms error 1.11%). This was an indication of
point. These perfluoro compounds, however, are something of significant remaining errors in the structures. Some of these
a special case, compared with our usual studies. Here, thereerrors come from terms omitted in the MM3 force field already
are many dipoles in the molecule, and the total induced dipole discussed above (sretebtretch, stretchbend, and torsion
energies become quite large. The difference between them instretch interactions), and these things were added or improved
different conformations is usually pretty small. However, in the in MM4. Additional errors are probably present also. The
case of perfluorobutane, the most stable conformation beforemoments of inertia are well reproduced with MM4 (rms error
the induced dipole energies are added has a torsion angle 00.27%), indicating overall better structures than those given by
167. After the relative induced dipole energy is added, the MM3. The dipole moments were also improved somewhat by
energy at 167goes up so that it is now slightly higher than the the inclusion of induced dipoles in the electrostatic calculations.
energy at 180 Hence, as in Figure 8, the energy calculated at The MM3 force field was of only marginal accuracy for
167 by MM4 is actually higher than the energy at 280  compounds containing multiple fluorines. The problem was not
although the former is the position to which the calculation the parametrization but rather that an accurate treatment of these
optimized the geometry. This can only be viewed as a glitch in compounds requires terms in the force field that are not present
the calculation, which is beyond the accuracy (less than 0.2 kcal/in MM3. Several of the appropriate terms have been added to



MM4 Study of Fluorinated Hydrocarbons J. Phys. Chem. A, Vol. 110, No. 22, 2008225

MM4, and indeed, the overall results are improved relative to vibrational motion from the different experiments or calcula-
those from MM3. tions. The difference in bond lengths between one kind of
It is important to note that in molecular mechanics the structure and another is usually in the range 0-60205 A
assumption is always made that parameters are transferabléut may be as large as 0.015 A in some cases. To compare
between structures. It is also normally assumed that thesestructures determined by different methods, one needs to be able
parameters are constants. It is now abundantly clear that somdo interconvert these different kinds of structures. Because the
of the parameters are not constants but are functions of otherrelationship between the structures and vibrational motions is
things, such as electronegativities of substituents. known in each case, this can be done, and is routinely done in
Note that the general force field described herein, which is the MM4 program. The latter useg as the standard quantity
an addition to the ordinary MM4 hydrocarbon force field, when no other description is given. The interconversions are
produces the results as indicated, with one special case. That i$omewhat tedious and will not be given here, but they are
the case of perfluorocarbons which contain three carbon atomsdescribed and discussed in detail in various places, particularly
or more. For that group, a special parameter set (given in the book by Cyvin (ref 46). In the tables of the present
separately) is required. The difference in these parameter setgnanuscript, the headings list exactly what kind of structure was
is significant, although not terribly large, and in our opinion reported in the experimental paper, and the MM4 calculated
most likely comes from the neglect of the fact that some of the Values that are being compared always refer to that same kind
parameters, especially the bending parameters, should better bef structure. In the figures, the MM4 plots referrpstructures
treated as functions of the degree of fluorination to properly but the quantum mechanical plots arg These cannot be
reproduce the ab initio calculations. Since that has not beeninterconverted except at the stationary points.
done, one can imagine highly fluorinated, but not completely

fluorinated, compounds for which neither of these parameter ~Supporting Information Available: Tables showing MM4
sets may be as good as one would like. parameters, bond lengths, molecular structures, and vibrational

spectra and figures showing bond length and bond angle
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