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Changes induced by stepwise substitution of hydrogen for fluorine in neutral and protonated dimethyl ethers
are analyzed in the light of the Atoms in Molecules (AIM) theory. AIM atomic and bond properties were
computed by using B3LYP/6-31+G(d,p)//B3LYP/6-31G(d,p) wave functions. The effects brought about

by fluorine substitution on the atomic and bond properties of th€dDEC chain were analyzed. Fluorine
substitution was found to strengthen the-i& bonds. The computed proton affinities were related to the
charge and energy of the proton. Reorientation of thgHgF groups upon protonation was explained in
terms of the balance between anomeric and steric interactions. This interpretation and lackittd) lndid

paths allow the rejection of the previously proposed hydrogen bondinlg-OF linkages in these systems.

The fluorine substitution destabilizes C atoms in neutral and protonated forms, whereas the O is stabilized in
the neutral molecule and destabilized in the cation.

1. Introduction work deals only with part of this series; (ii) to systematically

_— examine the effects of stepwise fluorination on the atomic and
After signing OT the Montreal Protocbbn _September 1987, .. _bond properties of fluorinated dimethyl ethers; (iii)) as the

V.Vh'Ch sets Fhe ehmmanoq of ozone depletion substances as 'tssystems under consideration present a different number of
final quectlve, research into .chlorofluorocarbons (C.FCs) al- C—O-C—F anomeric units, this work also deals with the
ternatives bec‘?me very active. CF_CS were considered asinterpretation of the anomeric effect in the light of the AIM
important contributors to the depletion of the ozone layer, theory.
e TLoLocaons . The anomerc effec can b defined as he Galche confr-
the lack of chlorine, HFCs do not contribute directly t;) the ozone mational pr_eference e_xh|b|ted bY_R('A_Y units, V\_/here X 'S
depletion, but their’ reactivity with free hydroxyl radicals is not an atom W'th !one pairs _(Ip), Ais an atom W'.th |ntermed|ate_

’ . : ) : electronegativity, and Y is more electronegative than A (as it
as good as desired. The strategy of introducing oxygen into an

HFC usually, though not always, leads to an enhancement ofiS the case in €0—C—F)." Though the first description of
) ) H 14t H
its reactivity with hydroxyl radicals, by weakening the adjacent the anomeric effect was presented 45 years'aggs explanation

. ) s has been a source of controversy in chemical literdfiseveral
\?var?wirt:ggd& thereby reducing their contribution to global models have been employed to study the origin of the confor-

. . . mational preferenc®; 13 however, electrostatic interactions and
A number of theoretical and experimental studies have been -\, qe delocalization models seem to be the most widely
performed in order to determine the potential reactivity of employed. Studies on several systems by using natural bond
hydrofluoroethers. In a theoretical kinetic study employing g analysis (NBO) to analyze the delocalization effett 15
DFT calculations, Bartolotti et &l.concluded that hydroxyl

e . pointed to a complex origin of the generalized anomeric effect,
reactivity of hydrofluoroethers (HFEs) decreases as fluorine ot cannot be rationalized in terms of the electrostatic theory,
atoms replace hy'drogens.. A theoretical study of theHbond where delocalizations (of whichxr=o*c_y hyperconjugation
strength of fluorinated dimethyl ethers has also shown that ;o only one contribution) play a crucial role. The Theory of
heavily F-substituted dimethyl ethers possess strongeHC  Atoms in Molecule (AIM) was also applied to study the
bonds that that their fluorethane counterpél}sanother Paper,  anomeric effect in dimethoxymethaieThe results of this
Good et af have also measured the lifetimes and warming g ,qy. which included a topological analysis of the Laplacian
potentials of fluorinated ethers, showing that increasing fluorina- ¢ e charge density, were not in keeping with the view that
tion is accompanied by slower rates of reaction with hydroxyl §_~_ anomeric effect derives exclusively fromo* c_y
radicals and ultimately longer lifetimes. charge delocalization.

Ab initio molecular structures have been reported on neutral
CH30CR3,8 (CH2F),0,” (CHF,)20.87 (CF3);0,”° and (CH)0"8 2. Theory of Atoms in Molecules
and protonated (C}F),OH",” (CHF,),OH",” (CF3),OH",78and
(CHs),0H.”8 The aim of the present paper is 3-fold: (i) to The theory of atoms in molecules is an extension of quantum
perform a study of the structure and proton affinities of the Mechanics to subdomains which allows one to split a molecule

whole series of fluorinated dimethyl ethers, since the available into its constituent atoms full-filing quantum-mechanical
postulateg®18 This division is achieved by the zero flux

* Departamento de’Sica Aplicada. boundary condition of the vector field of the gradient of the
* Departamento de Quica Fsica. charge density. This condition can be derived in strict terms
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TABLE 1: Total Energies, Virial Coefficients, and Errors in the Integration: See Text for Details

compound E (au) y=—VIT E— YE(Q) (kJ molY) N — YN(Q) (au) SL(Q) (au)
1 CH:OCH, —155.04135 2.00955 1.21 0.0019 0.0014
2 CH:OCH,F —254.29221 2.00859 2.42 0.0037 0.0038
2t CH:OCH,F (anti) —254.28412 2.00859 -0.28 0.0009 0.0007
3 CH:OCHR, —353.54733 2.00815 -0.41 0.0012 0.0012
4 CH:OCF; —452.79798 2.00793 0.81 0.0042 0.0058
5 CHFOCHF —353.53782 2.00817 1.13 0.0025 0.0031
6 CH,FOCHR —452.78896 2.00792 0.05 0.0000 —0.0004
7 CH,FOCR, ~552.03834 2.00778 ~2.20 ~0.0042 ~0.0064
8 CHR.OCHR, —552.03521 2.00777 1.45 0.0038 0.0053
9 CHR.OCF; —651.28449 2.00767 1.60 0.0031 0.0043
10 CROCF; ~750.53195 2.00761 1.66 0.0037 0.0055
1+ CH:OH*CHs —155.35427 2.00964 0.34 0.0002 0.0001
2+(a) CH:OH*CH,F —254.58526 2.00865 -0.21 —0.0008 —0.0012
2+(b) —254.58146 2.00865 0.04 —0.0007 —0.0009
3+ CH:OH*CHF, —353.82377 2.00820 —0.60 —0.0004 —0.0008
4+ CH:OHCF; ~453.06154 2.00797 2.71 0.0033 0.0046
5+ CHFOH"CH,F —353.81249 2.00822 1.50 0.0020 0.0026
6+(a) CHFOH'CHR, —453.05193 2.00797 0.51 0.0002 0.0004
6-+(b) —453.04926 2.00797 2.55 0.0020 0.0030
7+(a) CHFOH"CF; —552.28922 2.00783 —0.26 ~0.0021 —0.0032
7+(b) ~552.28592 2.00783 1.13 ~0.0004 ~0.0001
8+ CHR.OH*CHR, ~552.29000 2.00782 3.35 0.0062 0.0090
9+ CHR,OH*CF; —651.52535 2.00772 ~2.05 ~0.0029 ~0.0051
10+ CROH'CF; ~750.76170 2.00765 3.13 0.0074 0.0105

an the protonated species (a) and (b) denote two non equivalent forms: In (@) proton is at the same side of the COC plane that the fluorine atom
bonded to the monohalogenated C. When both carbons are monohalogenated (a) denotes the protonated form in which proton and fluorine bonded
to C1 are at the same side of the COC plane.

from Schwinger’s principle of stationary actidhEach of the nonlocal correlation provided by Lee, Yang, and PAB3LYP)
fragments thus obtained possesses an attractor (usually avas used in all instances. Geometry optimizations were
nucleus) for the charge density and a baQinthroughout which  undertaken with the 6-31G(d,p) Gaussian type basis. The
trajectories ofVp spread. For every propert, represented  resulting geometries were then used in a single point energy
by the operatorP, its atomic value,P(Q), is obtained by  cajculation to obtain the corresponding wave functions and
integrating the corresponding three-dimensional property de”Sityenergies at the B3LYP/6-3:+G(d,p) level.

pp (eq 1) over the basin of the atom (eq 2). The atomic basins

are well-defined quantum subspaces, wherein the virial theorem For the partially fluorinated ethers, F atoms were placed in
holds, and atomic contributions can be added up to obtain thethe way they presented the largest number of gauche dispositions
value of the overall system (eq %) Properties of interest for  with regard to the €O—C plane. It has been checked that this
the work reported here are the electron population of an atom, is the lowest energy conformation. For example, the molecule
N(2), and total energy=(Q2). N(Q) is obtained by integrating  CH;OCH,F with fluorine atom in trans arrangement (denoted
the electron charge density over the atomic basin. For moleculesin Tables a£t) was calculated to be less stable by 21 kJthol

in equilibrium geometrie€(2) is provided by the integration  than its gauche conformer at this computational level. This
of the kinetic energy density function. For convenience, we have ggrees with the far-infrared spectrum of gaseous fluoromethyl
also used the net charge of an atajf?), which is defined as  \othy| ether,2, obtained by Durig et &8 which showed no

its nuclear charge minus its basin electron population. evidence for the high energy trans conformer. It is also in
N A . _ agreement with the conformational preference that could be
p(T) =§fdr'{w*(r)Pw(r) + [Py ()} (1) predicted according to the anomeric effect. In molechle
fluorine atoms were placed at opposite sides of theOcS-C
P(Q) = fgdt pe(T) @) plane. This was also checked to be the most stable rotamer.

The proton affinities (PAZ}27were estimated by taking the
P= Z P(Q) (3) energy difference between the protonated and neutral forms. In
= this work, none of the energy calculations were explicitly
Along the bond path connecting two bonded atoms there existsCOrrected for zero-point vibrational energy (ZPVE), as the near
a (3~1) critical point for the charge density, known as a bond constancy of the difference of ZPVE between the protonated
critical point. Various properties at this point are also of and neutral forms was previously fouficand only relative
interest: charge density.; eigenvalues of the Hessian of the Vvalues are needed for our purposes. The topological analysis

charge density}: < 1, < 13, ellipticity of the bond,e = 11/, of charge distribution and numerical integrations over atomic

—1 and the total energy densith,. basins were carried out by using the AIMPR@rogram series.
For those systems where asymmetric fluorination gives rise to

3. Computational Details two different protonations, we have computed the energy

All the molecular orbital calculations on the molecules here for both protonated forms (denoted asandb in Table 1).
studied (Table 1) were performed with the GAUSSIANGD4  We have always found that the protonated form with more anti
programs package using KohBham orbital density functional  Ip-O—C—F antiperiplanar arrangements was the most stable,
theory (DFT)?2 Becke's three parameter functioffalith the as could be expected according to anomeric interactions.
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TABLE 2: Bond Lengths (angstroms) and Angles (degrees) 2.83 i I I T
in Neutral (M) and Most Stable Protonated (MH") Species
M MH* 282 [ @ CH3 RO |

complex ro—ci fo-c2 Qcio-c2 fo-c1 fo-c2 Oci-o-c2 Weci-coF

1 1.410 1.410 112.3 1.495 1.495 1175 |

2 14251376 113.7 1509 1.501 117.1 . 2

2t 1.415 1.392 112.6 £

3 1438 1.354 1153 1517 1.521 117.8 = @ CH30CHF ]

4 1438 1.345 1154 1517 1511 118.8 & 280~

5 1.395 1.395 114.2 1.511 1539 116.5 1 < CH30CHF,

6 1.409 1.370 116.1 1.528 1.551 1194 16 Q x

7 1412 1361 1165 1.539 1529 119.7 2 O 279 s cHiocE ]

8 1387 1.387 1208 1.565 1539 119.8 89,97 *, (CHaPa 5

9 1.391 1.376 1204 1.582 1.539 121.3 34, 36 0 578 : N

10 1.381 1.381 120.2 1.556 1.559 121.9 21,32 . CH,FOCHF, CHF,OCHF,

2We—c1- -c2-F are the absolute values displayed by the dihedral angles
formed by the F-C bonds which are eclipsed in the unprotonated 277 CH,FOCF; CHF20CF3
species. Two values are indicated for those molecules with twb C *
bonds eclipsed in the most stable rotamer of the neutral form. | | | | | (ICF3 20 !

276
0 1 2 3 4 5 6

4. Results and Discussion n

Energies of neutral and protonated forms are shown in Table Figure 1. Combined CO bond distancegc{ot+rcz0) in fluorinated
1. It also displays virial ratios and integrations errors expressed dimethy! ethers versus the number of fluorine atamim the mol-
as differences between total properties and those obtained byecule. ®) (CHi)0, (®) CH;OCH;oFn, (4) CHFOCH; mFm, (%)
summation of the properties of fragment${ SN(Q), E — CHROCHs-iF, (W) (CF)0.

2E(Q)] and the summation of the integrated values of the 5ioms have different combined bond distances, according to the
Laplacian of the charge density over all the atomic fragments gifferent dihedral angles of fluorine atoms with regard to the
[ZL(L2)]. This value indicates the precisi_on with which the c_o—c molecular plane. This is also true for different
surfaces of zero flux have been determined, and hence, theconformers of the same molecule (trans and gauche conformers
precision for the integrated properties calculated for the frag- ¢ compound?). It is a well-known fact that FC bonds trans
ment. Atomic charges add up to an average of 0.003_ au with ayg gn oxygen lone pair are lengthened by anomeric interac-
maximum value of 0.007 au and the average energy discrepancyjn,g10.13 | fact, O-C, bond is shortened by 0.016 A in the
with the total energy has been of 1.4 kJ mlohith a maximum  ga,che conformer of with regards to the trans conformer
value of 3.2 kJ moil. These errors are acceptable for our (Table 2), whereas the-&F bond length lengthens from 1.365
purposes. A in the trans conformer to 1.391 A in the gauche. The
The electron populationsN(<2), are influenced by the  simultaneous, significant, and opposite variations ef@ and
accuracy within the zero flux surface has been determined, C,—F petween2 and 2t bond lengths can be ascribed to a
expressed by the integrated value of the Laplacian of the chargeny—g* _r hyperconjugative delocalization.
density in the fragment,(€2). An excellent degree of correlation The addition of more electron-withdrawing fluorine atoms
(r2=0.989) is found between the summation of Li{@) values  results in differing G-O bond lengths. Holding the fluorine
and the error in the additivity of the electron populations content on G fixed at any value and increasing the fluorine
N-ZN(Q), as was shown in previous work&3! content of G, C;—O bonds are appreciably stretched while
A. Geometries.Optimized C-O bond lengths and-€0—-C C,—O bonds are shortened;-€0 stretching is a consequence
bond angles for the neutral and protonated species are gatheredf more electron density being pulled up to thegfoup because
in Table 2. To the authors’ knowledge, experimental structures of its increased fluorine content.
are only available for (Ck),O and CHFOCH; molecules. The On going from GX—0—C,H,F to GX—0—C,HF,, C,—0O
electron diffraction data for (C§,0%? (rco = 1.410 A anducoc bond length exhibits a drop of about 0.02 A, while fully
= 111.7) compare well with the calculated geometrical fluorination on G leads to a drop of about 0.01 A on-€0
parameters optimized at the B3LYP/6-31G(d,p) level. For the bond distance. As noted above, the latest F-substitution,on C
molecule CHFOCH;, microwave spectroscopy yielded the corresponds to the hydrogen atom in trans position, where the
valuesrco= 1.368 A rcio= 1.426 A, andxcioce= 113.5,% shortening of the €-O bond length is not favored by anomeric
which also show a reasonable good agreement with theinteractions.
optimized values, bearing in mind the different physical meaning  The calculated €O0—C bond angle is also found to increase
of the r® andre structures? as hydrogens in gauche arrangement to théOSC unit are
Because of the strong electron-withdrawing nature of fluorine replaced by fluorine atoms. The variations presented by this
atoms, F substitution leads to a substantial shortening of thebond angle when anti hydrogens are replaced by fluorine are
C—0 bonds, as it can be seen from Table 2. To analyze the much smaller. The evolution of the-D—C bond angle can
effect of the progressive fluorination on~© bond distances, be interpreted as the combined result of anomeric and steric
Figure 1 shows a plot of thecio + rc2o combined bond effects. In fact, the optimized values of this angle (Table 2)
distances against the number of fluorine atoms in the complex. increase as the number of anomerie @—C—F arrangements
The combined bond distances are found to decrease in athat favor a s—o* c—r hyperconjugative delocalization (gauche
nonlinear manner as the number of fluorine atoms increases.arrangement) increases: zero in moleculeand 2t, one in
This is a consequence of the reduction of the oxygen atomic moleculel, two in molecules3-5, three in molecule$-7, and
basin imposed by the non additive inductive effect of the nearby four in molecules8-10. The magnitude of the steric interactions
fluorine atoms*#3> Molecules with equal number of fluorine  depleted when the angle-@®—C is opened is expected to
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TABLE 3: Calculated Properties at the C—H Bond Critical TABLE 6: Calculated Protonation Energies at B3LYP/

Point. Distances in angstroms and the Remaining Properties 6-31++G(d,p) Level (AE), Proton Charges and Energies in

in au the Molecules Studied: Energies in kJ moi! and Charges in

compound I Oc Hec ad
+ +

CH:OCH,—H 1.093 02855  -0.2973 complex AE aH") E(HY)
CH,;FOCH—H 1.091 0.2871 —0.3005 1 —821.42 0.673 —813.64
CHROCH,—H 1.089 0.2884 —0.3035 2 —768.67 0.677 —800.51
CROCH,—H 1.089 0.2894 —0.3056 3 —725.66 0.679 —796.58
CH;OCHFH 1.094 0.2961 —0.3163 4 —691.85 0.691 —773.73
CH,FOCHFH 1.092 0.2976 —0.3199 5 —721.01 0.678 —795.53
CHROCHFH 1.092 0.2982 —0.3214 6 —690.29 0.682 —787.39
CROCHFH 1.091 0.2993 —0.3241 7 —658.56 0.690 —772.42
CH;OCR—H 1.093 0.3045 —0.3361 8 —668.82 0.687 —772.68
CH,FOCR—H 1.092 0.3059 —0.3398 9 —633.38 0.692 —766.91
CHROCR—H 1.092 0.3062 —0.3404 10 —603.21 0.700 —752.73
CROCR—H 1.092 0.3072 —0.3437

TABLE 7: Electron Population (au) of Atomic Basins in the
TABLE 4: Calculated Properties at the O—H* Bond Neutral Species
Critical Point. Distances in angstroms and the Remaining

Properties in au molecule N(C1) N(O) N(C2)
compex o5 100 h i & o LE s
1+ 0.9759 0.3493 2.46-0.6012 —1.9122 —1.8664 1.6033 2(t) 5.447 9.080 4.855
2+ 0.9770 0.3459 2.29-0.5939 —1.8913 —1.8490 1.5902 3 5.497 9.099 4.287
3+ 0.9814 0.3411 2.28-0.5907 —1.8813 —1.8394 1.5823 4 5.499 9.084 3.634
4+ 0.9828 0.3402 2.38-0.5890 —1.8807 —1.8370 1.5785 5 4911 9.091 4911
5+ 0.9799 0.3427 2.24-0.5863 —1.8674 —1.8264 1.5739 6 4.915 9.092 4.296
6+ 0.9814 0.3408 2.13-0.5839 —1.8599 —1.8212 1.5678 7 4.915 9.074 3.642
7+ 0.9828 0.3380 2.17-0.5818 —1.8581 —1.8185 1.5655 8 4.290 9.096 4.290
8+ 0.9838 0.3364 2.15-0.5759 —1.8380 —1.7993 1.5520 9 4.288 9.075 3.631
o9+ 0.9828 0.3369 2.26-0.5804 —1.8522 —1.8112 1.5585 10 3.624 9.053 3.624

104+ 0.9839 0.3342 2.31-0.5787 —1.8507 —1.8089 1.5558

fluorine atoms to an oxygen Ip8¢10), which reduces the
no—o*c—¢ hyperconjugative delocalization. In the neutral
molecule, the stabilization due to these hyperconjugative delo-

TABLE 5: Bond Ellipticities at the C —O Bond Critical
Points in the Neutral (M) and Protonated (MH™) Species

10% (0—-C1) 1Ge (0—C2) calizations is larger than fluorine/fluorine repulsions, which
complex M MH* M MH* yields F—C;---C,—F dihedral angles of zero degrees. After
1 25 15 25 16 protonation, the number of these anomeric antiperiplanar
2(9)(@) 14 15 182 277 interactions is reduced (from 4 to 2 8-10) and they do not
2(9)(b) 15 286 compensate for the-F- repulsions. This results in a reorienta-
2(1) 8 238 tion in the relative position of the terminal groups. This
3 0 37 47 103 . - - | lated ibleHD +-F
2 A 38 60 20 reorientation was previously related to a possi
5 206 47 206 281 hydrogen bond.This consideration, however, has never been
6(a) 222 308 63 129 confirmed. In this work, we have looked for the corresponding
6(b) 254 116 F—H* bond critical points, nevertheless no one of these points
7(a) 243 306 46 36 were obtained, though really unexpected attractor interaction
7(b) 288 37 lines have been previously described in several systér.
8 89 308 89 130 -
9 97 104 34 34 Thoug_h the full oppmlzed most stable rotamers of the neutral
10 33 129 33 34 symmetrically substituted molecules, 8—10) have C,, ge-

a(t) and (g) respectively denote trans and gauche conformers of ometry, the asymmeiry infroduced by the protonalti nd

molecule2. (a) and (b) denote two possible protonations (see Table the reorientation of the GHs— experienced |r_8+ and 5+
1). lower the symmetry to & structure. So, the different values

of Ip-O—C;—F and Ip-O—C,—F dihedral angles in these

increase in the orderl and2t (no F/F or F/H 1,5-dispositions),  protonated molecules originate differing-@; and C-C, bond
2 (one F/H),3-5 (two F/H), 6-7 (one F/F and F/H)8-10 (two lengths (Table 2). The shortest@ bond lengths are displayed
F/F 1,5-dispositions). On the contrary, the evolution of the by those carbons with the largest number of Ip-O-F
C—0-C bond angle cannot be related to the magnitude of the antiperiplanar arrangements.
positive charges(C), of the carbons (Table 7). Protonation also opens the-©—C bond angle, with the

As we have previously reported for a series of protonated exception of compoun8. The different values can be explained
unbranched alkyl monoethef%,protonation induces an ap-  as the result of a simultaneous increasing of the steric repulsions
preciable stretching on-©0 bonds. However this is not the and decreasing of the hyperconjugative delocalizations. The
most meaningful geometrical effect introduced by protonation. specific behavior of compoun@ for the evolution of the
As it has been previously reportédye have also found that C—O—C angle in the protonation process can be rationalized
some of the polyfluorinated compounds experience a substantialby considering a decrease from 4 to 1 antiperiplapa®—
relative reorientation of the Gz, groups upon protonation.  C—F arrangements. Two of them are lost because of the
The extent of this reorientation is measured by Wecy-- formation of the G-H* bond and another one due to the
C2—F parameter (Table 2). It can be observed that the largestCKH3z-, subsequent reorientation.
values take place in those molecules where the protonation B. Bond Properties. The ability of HFEs to reacte with
results in a larger decrease of the antiperiplanar dispositions ofhidroxyl radicals is relatédto the strength of the €H bonds.
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Figure 2. Plot of the charge density at the CH bond critical point Figure 3. Variation of the ialculated protonation energyg) with
versus the numbar of fluorine atoms in the molecule®) CHs_Fq- the charge of the protorg(H™)).

OCH,—H, (@) CH3_,F,OCHF—H, (a) CH;_,F,OCR—H.

values of the Hessian at the-®i* bond critical point1; and
Local properties of €H bonds (hydrogen atom in trans position 42 along the series. The values of the ellipticity of the bend
with regard to the €O—C plane) have been summarized in (related in the AIM theory to the character of the bonthare
Table 3. It can be observed there how stepwise-fluorination found, however, to be remarkably constant. The curvature
induces noticeable changes or 8 bond properties. As derived ~ parallel to the bond patii, is found to decrease as the fluorine
from the calculated values of bond distance, charge density andcontent increases, consistently with the values of the bond order
total energy density at the bond critical point, the strength of previously discussed, which indicates that the *Obbnd in
C—H bonds rises as the overall number of fluorine atoms in dimethyl ether is more resistant to the changes in the molecule
the molecule increases. This is in accordance with the resultsenvironment than in the fluorinated forms. The calculatkd
of the above-mentioned thermochemical study efHfCbond values, as corresponding to a covalent interaction, are negative
strengthg. Holding the number of fluorine atoms on a methyl and their absolute value decrease with increasig(i.e., the
group fixed at any value (0, 1, or 2) and increasing the fluorine bond order decreases).
content on the other methyl group, a reasonable linear correlation The ellipticities of the G-C bonds (Table 5) display
is found between the calculated values of the charge demsity substantial changes along the series. Though these changes
and the number of fluorine atoms, as illustrated in Figure 2. should be expected according to an interpretation of th€OF
The slopes of the linear regression equations fors GFh- anomeric effect made exclusively in terms of+o*cr
OCH,—H, CH;_\FyOCHF—H and CH_,F,OCF,—H series are hyperconjugative delocalization, they do not follow the relative
0.0013 au, 0.0010 au and 0.0009 au, respectively, which arechanges predicted by this interaction. In fact, according to that
very similar, within the numerical precision of the calculations. effect O-C; ellipticity should be larger in gauche rotamerf
Predictably, the effect of geminal fluorination on-& bond than in the anti one, and the reverse is found. Also protonation
properties is more marked than vicinal F-substitution. We have at the opposite side of the-@®—C plane (with regard to the F
computed a rising of about 0.01 au in the calculated value of atom) should reduce ©C, ellipticity, whereas it is really
pc per adjacent fluorination step against an average incrementenlarged in magnitude that is almost the same for any proto-
of about 0.001 au per fluorination step on the other methyl nation site. All these facts lead us to conclude, as Werstiuk et
group. The total energy density at the bond critical pdih, al. did for O—C—0," though based only on the analysis of the
has proven to be a useful parameter to classify the character ofcharge density topology, that the-E—O anomeric interaction
atomic interactiong? H values along this series also reflect cannot be derived only from agtro*c—¢ hyperconjugative
how the strength of the €Han bond rises with increasing  delocalization.

fluorination. C. Protonation Energies.The calculated protonation ener-
Local properties at the ©H* bond critical points for the  gies, uncorrected for the zero-point vibrational energy (ZPVE),

cation series are given in Table 4. In contrast teHCbonds, at the B3LYP/6-3%+G(d,p) level are presented in Table 6,

the calculated values of the-®H* bond distance;op, are found which also displays the chargeg(H™), and energiesz(H"),

to increase as the overall number of fluorine atoms increaseson the proton. These values are obtained by integrating the

(on going from (CH)20 to (CR)20, ron undergoes anincrease  corresponding density property function over theé Hasin

of 0.008 A). This is expected, since, in contrast to alkyl groups, (Figure 5). Experimental gas-phase PA is only available for

fluorine atoms are not electron donors and they withdraw (CHjz),O moleculet! (792.0 kJ matl). The uncorrected proto-

electron charge from ©H" bond, destabilizing it. nation energy for this complex-821.4 kJ mot?), decreases
As was previously found by Wiberg and Brenentérhe after ZPVE correction te-786.9 kJ mot?, which gives a closer
values ofp. at the bond critical point are correlated witby agreement to the experimental value. To compare with previous

since a shorter bond leads to increased overlap and thereforecalculations, it is worth adding that Orgel et’diave reported
larger values op.. Examination of Table 4 reveals substantial a proton affinity of 810.7 kJ mol computed at the MP2/6-
variations in the calculated values of the two negative eigen- 31G(d,p) level, further from the experimental value. As a general
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40 I I T somewhat 573 kJ.mol, which is between ethane (596.3
kJ.molY) and methane (543.5 kJ.md) PA.#2

According to the AIM study, after protonation, a substantial
0k _ positive charge (always larger th&@f au) remains on the
hydrogen atom attached to the oxygen, as it is illustrated by
N Table 5 and also found in the oxygen protonation of other series
S of compound£®43 This result exactly means that the atomic
40— 0\\ . I basin of that hydrogen (Figure 5) carries a very small electron
N re=0957 population. A similar result is found for the f@]* cation at
. the same levelN(H) = 0.272 au,N(O) = 9.184 au). So, the
80 NP _ AIM results do not support the widespread description of
~ protonated ethers as dialkyloxonium cations with ah—®
* . bond (RRO*H), and suggest that the charge distribution in the
}\ (RROH)* species is closer to a RBH* structure than to a
-120 1= A I RRO™H. Both RROH™ and RRO"H structures correspond to
the initial and final states of the formal process RGRH™ —
‘e (ROR)* + H. Its reaction energy is the difference between the
|
6

E(HM)-AE /kJ-mol ™
»

~ ROR and H ionization potentials (IP). Though ROpresent

lower IPs than H (they are estimated to range from 6.8 ia

n 10.6 eV in10 by using Koopman'’s theorem), the position of

Figure 4. Plot of the energy of the proton minus the calculated the energy minimum (represented by the amount of charge
protonation energyH(H")—AE) against the number of fluorine atoms  transferred to H basin) in this formal process is placed
in the molecule. (according to the AIM results) closer to the R4+ form. Once
more, the AIM theory yields results that are not in keeping with
the view of the traditional resonance theory. In this line, Wiberg
and Laidig concluded that no charge transfer from the nitrogen
to the carbonyl oxygen is involved in the nature of the interaction
between an amino group and a carbonyl in an arffide.

As it has been reported for a series of protonated linear alkyl
monoetherg we find a linear correlation between the calculated
protonation energAE and the charge on the protq(H™). This
is in agreement with the fact that the most important contribution
to proton affinities comes from charge transfer, rather than dipole
interaction? The charges at all other atoms are affected by the
molecule environment and hence their charge is roughly
correlated with the protonation energies. Protonation energies
can also be related to the proton energies, which are given in
Table 5. In the case of dimethyl ether, the energy of this atom
accounts for 94% of the protonation energy. For the fluorinated
species, the energy of the proton exceeds, in absolute value,
that of the computed protonation energy and the magnitude of
this difference increases with the fluorine content in the
molecule. This means the rest of the system is destabilized
because electron charge is withdrawn from it (a subsystem
containing several electronegative atoms).

Figure 5. Superposition of the contc>3ur Iings (thi5n) of the csharge density D. Electron Atomic Populations. Due to the electron charge
(10,08,06, 04,02 0.1, 19 10° 10 10°° and 10° au from withdrawal from carbon atoms, the oxygen has a negative charge

the most internal to the most external contours) with the projection of L o
the molecular graphs (bold) and interatomic surfaces (bold) over the of 1.082 au in dimethy! ether. Table 7 shows that the substitution

plane defined by the G2C1, 02-C3, and O2-H10" bond critical of only one or two of the hydrogen atoms (gauche to the
points for the OH region of dimethyl etherl. Projection of the nuclei C—0—C chain) with fluorine yields to a very small increase of
are represented b®j and @) represents the locations of bond critical  the oxygen negative charge, whereas the substitution of the
Fl’?riQtS-N(H? a”(IJ!E(H?tﬁre irf]‘tewaéed O_‘t’yef trlietﬁpacf bOtUHO!Ed b>]ﬁ the hydrogen closest to the-@0—C plane results in an, also very
au contourtine of the chargé density and the INeratomic SUraces g1 - decrease dfl(0). This fact is also againstorro* c—¢
containing H10 nucleus. Plot made with MORPHY98. hyperconjugative delocalization is the dominant effect in
aliphatic —C—O units.

The trends displayed by carbon charges, that show a big

160 L | | 1 | |

trend, computed PAs decrease as the fluorine content in the

molecule is |ncrgased: Though it ha; to be bor.n n m',nd that variation (clearly due to the high electronegative nature of F
any neutral species with a lone pair is a potential Lewis base, 5:oms bonded to them), parallel those concernirgdChond
it can be said, as it has been previously predictédt under  gjistances. Thus, increasing the fluorine content pyi€lds to

usual circumstances a heavily fluorinated ether would act as ajncreased values d(C,), whereas the electron population on
relative poor Lewis base. In fact, if we assume that the difference C, decreases. There is also an effect due to the HEOF

between experimental PA and ZPVE uncorrected computed PAarrangement. Table 7 shows that whenev& atom is placed
in 1 is a good estimation of this difference along this series, in a Ip-O—C—F gauche arrangement it gives rise to an O charge
the PA of the perfluorinated ethetO would decrease to  depletion with regard to the most similar compound without
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TABLE 8: Variation of the Electron Population (au) of Atomic Basins upon Protonation?

atom 1 2 3 4 5 8a 10
c1 0.201 0.188 0.171 0.170 0.115 0.059 —0.025

o) ~0.054 —0.084 ~0.114 ~0.105 ~0.106 ~0.142 -0.121

c2 0.199 0.131 0.055 —0.020 0.112 0.056 —0.026

1t —0.099 —0.095 ~0.100 —0.089 —0.091 -0.111 —0.026(F)
1ga ~0.126 —0.096 —0.105 —0.100 —0.109 —0.019(F) —0.021(F)
1gb ~0.110 -0.117 —0.085 —0.086 —0.024(F) —0.022(F) —0.021(F)
2t —0.099 —0.097 —0.092 —0.029(F) —0.091 —0.099 —0.024(F)
2gb —0.110 -0.123 —0.024(F) —0.024(F) ~0.096 ~0.020(F) —0.021(F)
2ga —0.126 —0.027(F) —0.027(F) —0.026(F) —0.030(F) —0.016(F) —0.024(F)

aEvery H or F atom is denoted by indicating the carbon to whom it is bonded (1 or 2), its disposition te-@eCchain (gauche, g, or trans,
t), and their position with regard to the-<®—C plane and the H(same side, a, opposite side, b). When a fluorine atom occupies the site, an F
atom in brackets indicates it.

TABLE 9: Energy, E(Q), of the Main Atomic Basins in the -36.2
Neutral Species (M) (au) and Variation of Its Energy upon E/au x X
Protonation, AE(R) (kJ mol-2) 36.4 | CF) 8 © © &
molecule E(C1) E(O) E(C2) AE(Cl) AE(O) AE(C2) 366

1 —37.6939 —75.8616 —37.6935 —340.0 4.5 —341.3 .

2 —37.6857 —75.8466 —37.3169 —308.2 149.9 —201.4 -36.8 -

3 —37.6869—75.8626 —36.8885 —284.9 279.1 —17.9 i g =m & (@ CHF)

4 —37.6809 —75.8735—36.3795 —284.6 305.9 126.3 -37.0 -

5 —37.3294 —75.8511 —37.3296 —159.6 251.0 —143.6

6 —37.3137 —75.8772 —36.8855 —168.3 3754 —7.4 .37.2 1

7 —37.3079-75.8865-36.3726 —175.1 397.8 1376 o O O CH:F)

8 —36.8659 —75.8909 —36.8654 —44.6 409.3 —34.7 -37.4 X @ ] [

9 —36.8609 —75.9033 —36.3543 —20.5 4739 1221

10 —36.3425—-75.9126 —36.3425 116.6 487.0 1174 -37.6 -

@ O O 0O CHy
this substitution (i.e., compaié(O) for 2t and1 or those of4 -37.8 - x . ° .
and3 in Table 7). The reverse holds whenever the F atom is
placed in a Ip-G-C—F trans arrangement. -38.0 ‘ ' ’ 7
18 34 50 66 82

Protonation leads to a sizable distortion of the neutral
molecule charge density, which is reflected in noticeable changesfigure 6. Energy of the carbon atoms in protonated and unprotonated
in the computed electron populations. After protonation, the SPECies Vs. sum of the atomic numbers in the moleczjle (
negative charge of oxygen atom decreases. The charge of carbon . .
atoms becomes less positive, except for the fully fluorinated number of fluorine atoms Ilnke(_:i to the other c_arbon an_d toa
carbons. As was previously deduced for aldehydes, kettines, mych greater extent by increasing its own fluorine substitution
and ethera® the hydrogens are the atoms most affected by the (Figure 6).
charge withdrawal accompanying protonation. Also, the pro-  (C) Regarding the protonation process, the oxygen atom is
tonation of HO results in reducing(H) from 0.421 to 0.272 always destabilized. A larger number of fluorine substituents
au (in this caseN(O) is even increased by the protonation in results in a larger oxygen destabilization. On the other hand,
2.6-x 1073 au). Table 8 shows the changes exhibitecd\(§2) carbon atoms are stabilized after the protonation process when
dimethyl etherl, protonation takes place by increasing the as fluorine replaces a larger number of hydrogens and results
electron population of C atoms and decreasing the remaining.in destabilizing perfluorinated carbons (Table 9). The percentage
The |argest loss of Charge Corresponds to the hydrogensldue to O or C destabilization in the total protonation energy
especially those in gauche aadrrangements (Table 8). When Present large variations along this series, in contrast to what
a C is partially fluorinated it also increase$(C) upon happened to the energy of the proton.
protonation while the F atoms lost electron charge. Nevertheless,
in those compounds with perfluorinated C, the electron popula- 5. Conclusions
tion on that C is reduced by the protonation (C2iar C1 and ] o
C2 in 10). In the perfluorinated molecul0, the charge lost A detailed examination of the effects brought about by
for every carbon atom is about the same as the one lost forfluorine subsytutlon on t_he properties related to the electron
every F, while 40% of the charge withdrawal comes from the charge density of fluorinated dimethyl ethers yielded the
oxygen atom. It is worth to mention thaiN(F) presents much  following major conclusions.

smaller variations along the series thAN(C) or AN(O) (in 1.T_he topologica_l anz_ﬂysis of the charge density reveals that
fact, the charge lost by the oxygen atom is normally increased there is no interaction line between the proton and any of the
with the number of fluorines). fluorine atoms in the protonated forms of fluorinated dimethyl
E. Atomic Energies. The atomic energies of the-&C—0 ethers. Reorientation of the Gf;-n groups upon protonation
unit (Table 9) allow us to describe the following trends. is explained as result of the balance between steric and anomeric

(@) A larger number of fluorine atoms in the molecule interactions.
stabilizes the oxygen in the neutral molecules and destabilizes 2. The values of the atomic and bond properties computed
it in the protonated species. with the AIM theory have been applied to rationalize some
(b) As a general rule, the carbon atoms (both in the neutral anomeric geometrical and conformational trends. These values
and protonated forms) are slightly destabilized by an increasing are in agreement with a complex origin of the-O—F anomeric
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effect, which cannot be exclusively interpreted in terms of J (16) Bfadder, R. F. WAtoms in Molecules. A Quantum ThepGlaren-
_ i ; i ati on: Oxford, 1990.
No ilch.hypergomugatlvle dc?locahzayon' of KT bond (17) Werstiuk, N. H.; Laidig, K. E.; Ma, JThe Anomeric Effect and
3. Fluorine substitution ea. s to a.m increase oftC bon Associated Stereoelectronic Effedd€S Symposium Series 539; American
strengths and therefore heavily fluorinated methyl ethers, when Chemical Society: Washington, DC, 1993; Chapter 10, p 176.
used as refrigerants and because of their lower affinity for 88; Eagef, S- E VWvghemARfli- é??l 221582926 s
; - ; ader, R. F. ure Appl. Chem , .
hydroxyl radicals, may cont_rlbute to Fhe global warming. (20) Shrenik, S.: Bader, R. F. W. Nguyen-Dang, TJTChem. Phys.
4. The calculated protonation energies were found to correlate 1975 68 3667.
well with the charges on the proton, which supports the fact  (21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
that protonation is mainly determined by charge transfer. JAOh&%%qégrhg-i Fjogb’ yég/?{; (;f;ﬁ:f?n}ganAlJL;gr*;eKAh';-izF’:ktref:SZrllg G.
. . . . . y, J. A, Vi i, K.; Al- zewski,
. 5.Increasing the fluorine content results in sgbstantlal changes,, G.. Ortiz, J. V.: Foresman. J. B.: Cioslowski, J.. Stefanov, B. B.:
in the computed values of the electron populations of the oxygen Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
and carbon atoms, though the fluorine atoms undergo signifi- \éVOHQD, f\f] V\I/3-; Aklndrei, % Lb; F;eploglg, E SE;; Eomferés, R.; Mirtlg, F:—i L.;OI
inti H 7 ox, D. J.; binkley, J. 5.7 belrees, D. J.; baker, J.; tewart, J. P.; Head-
cantly smaller Varlatlon_s of their electron popula_ltlon. Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision C.3; Gaussian,
6. After the protonation process, thg proton is attached t0 |nc.: pittsburgh, PA, 1995.
the molecule keeping a very high positive charge. Its electron  (22) Kohn, W.; Sham, L. JPhys. Re. A 1965 140, 1133.
population is withdrawn mainly from hydrogen and oxygen gig EeCk% A\-{ DJ. (\3/\?9?- Ph}éﬂg’;}? 98'R 56?38.1988 a7 785
; : : ; : ee, C.; Yang, W.; Parr, R. ®hys. Re. \ .
atoms, while car_bon atoms even increase th_elr atomic population (25) Durig.. R.: Liu, J. Guirgis, G. A.. van der Veken, B. Struct.
in this process if we exclude heavily fluorinated compounds. chem.1993 4(2)103.
7. Fluorine substituents destabilize the carbon atoms (espe- (26) Lias, S. G.; Liebman, J. F.; Levin, R. D. Phys. Chem. Ref. Data
cially the one linked to them) in neutral and protonated species, 1984 13, 695.

- e . (27) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
whereas the oxygen is stabilized in the neutral form and D..’ Mallard, W. G.J. Phys. Chem. Ref. Datt988 14 Suppl. 1.

destabilized in the protonated one. (28) Vila, A.; Carballo, E.; Mosquera, R. &hem. Phys. Let200Q In
press.
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