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The geometric structures and conformational properties of bis(fluoromethyl) ethelGTHHLF, bis-
(difluoromethyl) ether, CHFOCHF;, and pentafluoromethyl ether, @FCHF,, have been studied with gas
electron diffraction and quantum chemical methods (B3LYP/6-31G* and MP2 with 6-31G*, cc-pVTZ or
6-311G(2df) basis sets). IR(matrix) spectra have been recorded fgd@HF,. The most stable [sc,sc]
conformer of CHFOCH,F possesse€, symmetry with the G F bonds of both CkF groups in synclinal

(sc, counterclockwise) orientatiopp(C—O—C—F) = 70(2)). A small contribution £14%) of the [sc-sc]

form with Cs symmetry cannot be excluded-$c = synclinal, clockwise). CHFOCHF, exists in the gas
phase as a mixture of two forms. In the main [ap,sp] conformer (82(8)%) onld Gond is oriented
antiperiplanar (ap), the other one synperiplanar (sp). This lattéfl 6ond nearly eclipses the opposite-O

bond with¢(C—O—C—H) = 18(2). Nearly eclipsed orientation of the- bond is also favored in GF
OCHFR, with ¢(C—0O—C—H) = 19(3). According to IR(matrix) spectra a small (8(3)%) contribution of the
[ap] conformer with the €H bond antiperiplanar relative to the opposite-O bond is present at room
temperture. The conformational properties of these fluorinated dimethyl ethers can be rationalized by orbital
interaction energies derived from a natural bond orbital (NBO) analysis.

Introduction of this conformer could be assigned in the MW spectrum.

B hlorofl b CEC found to ol Although Suenram et &P. determined rotational constants for
. ec;au;selc .Ortﬁ u(?rolca:.r onfs (t ; s)r1wgre oun ﬂo playtag six isotopomers'fC, 180, and’H), it was not possible to derive
important role In the depletion of stratospheric 0zone, fluonnated 5, ¢, ngjstant geometric structure from these data.

ethers have gained great interest as alternative refrigerants.
Further_mor_e, such ethers can act as _mhalatlon anaesthetlchuamum Chemical Calculations
Determination of thermodynamic properties of these compounds _
require the knowledge of their structural and conformational — Geometric parameters of stable structures of the three
properties. The most simple compounds in this class are fluorinated dimethyl ethers have been optimized with the
fluorinated dimethyl ethers. B3LYP/6-31G* method and MP2 approximation using 6-31G*
The geometric structures and conformations of three members@nd cc-pVTZ basis sets. Furthermore, potential curves for
of this series, CHFOCH;,! CFsOCHs,2 and CROCFs,3 have internal rotation around ©C bonds and vibrational frequencies
been determined by microwave spectroscopy (MW) and/or gasfor stable c_onformers were derived with both methods and
electron diffraction (GED). In the present study we report gas- 6-31G* basis sets. The various conformers of these compounds
phase structures and conformational properties of bis(fluoro- @ré hamed according to the orientation of the uniqud-®ond
methyl) ether, CHFOCH,F, bis(difluoromethyl) ether, CHF ~ in CHzF groups and the unique-€4 bond in CHF, groups.
OCHFR,, and pentafluoromethyl ether, @BCHF, applying All quantum chemical calculations were performed with the
GED, quantum chemical calculations, and IR matrix spectros- GAUSSIAN98 program packageand vibrational amplitudes
copy. Several quantum chemical studies with different compu- Were derived from the Cartesian force field with the program
tational methods have been reported in the literature for theseSHRINK.* _ S
compound<® Whereas no experimental investigations about =~ CH2FOCH:F. Depending on the orientation of the-&
the geometric structures and/or conformational properties havebonds, three stable conformers, [ap,ap], [sc,sc], ane-{sx,
been reported for CHFOCHF and CEOCHR, two independent occur in this ether (See Chart 1 and ref 12 for definition of ap,
MW investigations combined with ab initio calculations have SC.—SC, ac, and ap). The [ap,sc] conformer does not correspond
been performed for CHOCHR,.1211 Both studies agree with ~ t0 @ stable structure and a geometry optimization started with
respect to the most stable conformer of this compound, which Such a structure converges to the [sc,sc] form. The relative
possesse€; symmetry with antiperiplanar orientation of one ~energies of the stable forms which were derived with the
C—H bond and synperiplanar (sp) orientation of the othetC ~ B3LYP/6-31G* and MP2/cc-pVTZ methods and the relative
bond2 Horn et alll observe a small amount of a second Gibbs free energies are listed in Table 1. The results of these
conformer in the IR(matrix) spectra, but no rotational transitions Calculations are in strong contrast to those of Orgel énahich
predict the [ap,ap] form to be most stable. The potential function
tLa Plata and Lja. for simultaneous internal rotation of both @Hgroups (struc-
*Tibingen. E-mail: heinz.oberhammer@uni-tuebingen.de. tures with C; symmetry), which is shown in Figure 1,
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Figure 1. CH,FOCHF: Potential function for simultaneous rotation
around both G-C bonds (structures wit, symmetry), derived with
B3LYP and MP2 approximation and 6-31G* basis sets. The MP2 curve
is shifted by 2 kcal/mol.
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TABLE 1: Relative Energies (kcal/mol) of Stable
Conformers of CH,FOCH,F, CHF,OCHF,, and CF:OCHF,

B3LYP/6-31G*

MP2/cc-pvVTZ MP2/6-31G*

conformer AE AG° AE AE
CH,FOCHF
[sc,sc] C2) 0.00 0.00 0.00
[sc,-sc] Cs) 1.49 1.38 1.57
[ap.ap] Cz) 8.95 8.48 8.71
CHF,OCHR,
[ap,sp] C1) 0.00 0.00 0.00
[sc,sc] C2) 0.94 1.31 0.80
[ap,ap] C2) 1.16 1.68 2.02
CROCHR,
[sp] (Cy) 0.00 0.00 0.00 0.00
[sc] (Cy) 0.05
[ap] (Cy) 0.27 1.17 1.13 -0.22

demonstrates that a very shallow minimum occurs for the [ap,-
ap] conformer, whose energy is about 9 kcal/mol higher in
energy than that of the [sc,sc] form.

CHF,0OCHF. In principle, four conformations with staggered
arrangements of the two CHIgroups, [ap,ap], [ap,sc], [sc,sc]
and [sc;-sc] are conceivable for this ether. Theoretical calcula-
tions of Suenram et &P. and Horn et al}! as well as those
performed in our group, demonstrate that the [ap,sc] form is
distorted to an [ap,sp] form with one-®©—C—H dihedral angle
smaller than 30 According to all calculations, this conformer
with C; symmetry possesses the lowest energy. This is
confirmed by analysis of the MW specf&!! which result in
a dihedral angle of about 24or this CHR, group® Orgel et
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Figure 2. CHR,OCHF,: Potential function for simultaneous rotation
around both G-C bonds (structures wit8, symmetry), derived with
B3LYP and MP2 approximation and 6-31G* basis sets. The MP2 curve
is shifted by 1 kcal/mol.
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al® claim that the [ap,ap] conformer is lowest in energy.
Although the [sc;-sc] structure has been predicted to be a stable
conformer by Suenram et al. on the basis of MP2/6-31G*
calculationsl? this structure corresponds to a transition state,
as pointed out by Horn et 8. MP2/6-31G*, MP2/6-313-+G**,
and B3LYP/6-31G* calculations predict one imaginary fre-
quency for this structure. Thus, only three stable conformers
shown in Chart 2 exist for this ether. The potential function for
simultaneous internal rotation around both-O bonds (struc-
tures with C, symmetry) is shown in Figure 2 and that for
rotation of the CHEgroup with sp-oriented €H bond in Figure
3. The torsional motion of this group occurs in a very shallow
double-minimum potential with minima near °L(B3LYP) or
20° (MP2). The predicted barriers at the exactly eclipsed
orientation (0.018 and 0.033 kcal/mol fC1-0O—C2—H) =
0°) are below the zero point vibration (18 and 26 ©m
respectively). Relative energies and Gibbs free energies of the
three conformers are listed in Table 1. Gibbs free energies have
to be considered with caution, because the value for the lowest
torsional frequency depends on the computational method and
the approximation of harmonic vibrations is applied.
CF30OCHF.». Potential functions for internal rotation around
the O—CHF,; bond derived with B3LYP and MP2 methods and
6-31G* basis sets (Figure 4) differ appreciably. Whereas only
two minima for [sp] and [ap] conformerg(C—O—C—H) =
20.7 and 167.8, see Chart 3) are predicted by the hybrid
method, the MP2 approximation results in a third minimum for
an [sc] form with¢(C—O—C—H) near 60. Additional calcula-
tions with the MP2 approximation and larger basis sets (6-311G-
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Figure 5. CH,FOCH,F: Experimental radial distribution function and
Figure 3. CHR,OCHR: Potential function for rotation around both  djfference curve.

O—C2 bond in the [ap,sp] conformer derived with the B3LYP and

MP2 approximation and 6-31G* basis sets. The MP2 curve is shifted Structure Analyses

by 0.3 kcal/mol. ) _
Although these fluorinated ethers are small molecules with

F 0 ;p N P only nine atoms, the determination of their geometric structures
5 \q/ \é\ /C.., /c% 5 and conformational properties by GED is difficult for three
F/ F H F F FF reasons: (1) All bond lengths (& and G-C) and all one-
I angle nonbonded distances-{F and O-F) are similar and
-4 difficult or impossible to resolve. (2) The contribution of
nonbonded distances, which are characteristic for a certain
conformer, is small. (3) Low-frequency torsional vibrations
cause large amplitude motions. The torsional frequencies
predicted for CHROCHF, and CROCHF,; (see above) suggest
-2 the use of a dynamic model in the analysis of the GED
intensities. For both compounds double-minimum potentials of
the typeV = Vo[1 — (¢/¢e)?]? were used for the torsion of the
CHF, groups with an sp-oriented-€H bond.V, corresponds
to the barrier atp(C—O—C—H) = 0° and ¢. is the dihedral
. , — 0 angle at the potential minimum. Attempts to refine such a
0 30 60 90 120 150 180 dynamic model demonstrated th& and ¢. are strongly
¢ (C-O-C-H) correlated and cannot be determined simultaneously. Depending
Figure 4. CROCHF: Potential function for rotation around-G@CHF, on the assumption 0¥, ¢e varied in a range of T0 The fit of
bond derived with different methods. The MP2 curves are shifted by the experimental intensities with dynamic models did not
1 and 2 kcal/mol, respectively. improve compared to that with rigid models. Therefore, we
decided to use rigid models for these ethers. Because the
CHART 3 calculations of vibrational correctionAr = ry — ro from
F o Fr F o H theoretical force fields are not reliable, as pointed out above,
N c N C/ N, \c we determined, structures, in which the dihedral angles derived
/> \ /= /™ correspond to “effective” values. Constraints for geometric
p F H g F g F parameters, which are made in the least squares analyses, are
based on MP2 results with large basis sets (cc-pVTZ). Because
(sp) (ap) calculated geometric parameters are in close agreement with
the final experimental values, calculated differences between
such parameters are expected to be reliffbhessumptions for
(2df)) confirm the existence of only two minima corresponding vibrational amplitudes are based on force fields derived with
to [sp] and [ap] forms, however. The relative energies of these the MP2/6-31G* approximation. Scattering amplitudes and
conformers are listed in Table 1. Besides the potential functions, phases of ref 16 were used. _
also the frequencies for the torsional vibration around the —CH2FOCHAF. The radial distribution curve derived by
O—CHF, bond derived with B3LYP and MP2 methods and Fourier transformation of the molecular intensities with an
6-31G* basis sets differ strongly (17 and 37-crespectively).  atificial damping function exptys?), y = 0.0019 R (Figure
. N . 5), is reproduced best with an [sc,sc] conformatiOpoverall
This strong dependence of vibrational frequencies on the

. . .~ symmetry was assumed in the least squares refinement. Dif-
computational method and the shape of the potential funCt'On'ferences between bond angles that describe the position of

which deviates strongly from a harmonic potential, makes the hydrogen atoms were set to theoretical values. Calculated
values derived for Gibbs free energies rather uncertain. Simi- _c_H angles differ by less than°land were set equal.

larly, vibrational amplitudes and vibrational corrections for vibrational amplitudes, which either caused high correlations
torsion dependent interatomic distances derived with the two with geometric parameters or were badly determined in the GED
methods differ strongly and cannot be considered reliable.  experiment, were fixed to calculated values. The amplitudes for

MP2/6-311G(2df)

A E in Kcal/Mol

MP2/6-31G*

B3LYP/6-31G*

N
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TABLE 2: Experimental and Calculated Geometric °
Parameters for the [sc,sc] Conformer of CHFOCH F2 Q
GED B3LYP/6-31G* MP2/cc-pVTZ e Ca®
o-C 1.395(6 pl 1.395 1.388 (F2)(F) d
C-F 1.374(6) p2 1.383 1.378
(C—H)mean 1.097(8) p3 1.093 1.088
c-0-C 115.9(14) p4 114.4 113.2 565
O—-C-F 110.4(3)  p5 110.7 110.4
O—-C—H(ap) 108.1(17) p6 106.3 106.8 ap;sp
O-C—H(sc)  113.2(1A 111.3 111.6
(F~C—H)mean  109.3(17Y 108.3 107.8 T e
$(C-0—-C—F) 70.2(21) p7 69.3 72.8 193000 100y T 1
aValues in A and decf r, values with 3 uncertainties¢ Uncertainty IO FTMaTon ahdhn 37
includes possible systematic error due to constraints of vibrational
amplitudes (see texty.Difference to previous angle fixed to calculated : - : - y g
value (MP2). 0 1 2 3 4 5
o o R/A
X'rAnBlﬂF g’ésl?\}\ﬁ{ﬁéoﬂ\(l:o[r)lll:?é%r&ce%sIgirs]?axggsatllr?\rl]cﬁlvin Figure 6. CHROCHF: Experimental and calculated radial distribution
piitu u 9 a functions and difference curve for mixture. Interatomic distances for
Hydrogen Atoms) for the [sc,sc] Conformer of CHLFOCH,F [ap.sp] conformer
distance ampl (GED) ampl (MP2)
TABLE 4: Experimental and Calculated Geometric
C—H 1.10 0.083(8) 11 0.076 a
C_F 137 0.046[3] 0.046 Parameters for the [ap,sp] Conformer of CHR,OCHF;
Oo-C 1.40 0.047[3 0.047 GEDP B3LYP/6-31G* MP2/cc-pVTZ
o-F 22 0:098(3) 12 9000 o-c1 1.366(1) pl 1374 1.368
: ’ ’ O—-C2 1.385(79¢ 1.394 1.387
ClL-F2 2.88 0.137(10) 13 0.137 Cl-F 1346(5) p2 1359 1350
Fl---F2 3.64 0.210(35) 14 0.300 Co_F 1.336(5)¢ 1348 1340
aValues in A with 3r uncertainties. For atom numbering see Figure C—H 1.109(17) p3 1.090 1.084
5. Not refined, but varied within the range given in brackets (see text). C—0-C 118.4(17) p4 1164 1153
¢ Not refined. (O—C—F)mean 108.5(15) p5 109.6 109.7
(O—C—H)mean 110.3 110.4 110.5
the C—F and O-C distances were varied b¥0.003 A, to g:z:g::;'))mean 139-%(9) p6 1%17%0 1%)171i0
estimate possible systematic errors for the refined bond Iengths.(/,l(cz,ofeé"l,,_') 179.3(18) p7 178.5 176.8
This systematic error is included in the uncertainties for these g,(c1-0—-C2-H) 18.4(17) p8 11.9 18.1

bond lengths. With these assumptions seven geometric param- . ) . .

. . . Values in A and deg; for atom numbering, see Figurergvalues
ete_rs (pl_ to p7) and four vibrational _amplltud_da]_s ©14) were with 3¢ uncertainties® Uncertainty includes possible systematic error
refined simultaneously. Two correlation coefficients had values qgye to constraints of vibrational amplitudes (see texBifference to
larger than|0.7]: pl/p2 = —0.94 and p4/p7= —0.84. The previous parameter fixed to calculated value (MPXNot refined.
results of the least squares refinement are listed in Table 2 o o
(geometric parameters) and Table 3 (vibrational amplitudes) XAB%E&S: Inte_rﬁtomﬁ Dlgtaréc%sgnd V|brat||onall _
together with calculated values. Refinements for mixtures of H?dprgger?%\c/)vrlrt'ns())l%r t?n?a [%?) aep] Clgﬁgrcrﬁzr %¥° ving
[sc,sc] and [sersc] conformers resulted in a contribution of  cHF,OCHF.2 '

6(8)% of the [sc-sc] form. Experimental uncertainties given

in parentheses are in all cases @alues. This contribution distance ampl (GED) ampl (MP2)
corresponds tAG® > 1.1 kcal/mol, in agreement with the value ~ €—H 111 0.078 0.075
of 1.38 kcal/mol, derived with the B3LYP method. 8:'; ig:;:igg 8'8228% 8'822
CHF,FOCHF,. The lowest energy conformer [sp,ap] fitsthe  E...p 216-2.18 0.061(6) 11 0.057
experimental radial distribution curve (Figure 6) best among 0---F1,2 2.22 0.061(6) 11 0.057
the three possible forms, which are predicted by quantum O-F1,2 2.20 0.066(6) 0.062
chemical calculations. In the least squares refinement the two C:**C 2.36 0.0683 0.063
sc-oriented C:F bond lengths and the two anticlinal (ac)- &2~ F12  2.762.77 0.121(37) 12 0.228
. Cl---F3,4 3.11+3.34 0.093(25) 13 0.131
oriented C2-F bond lengths were set equal. The calculated £..¢ 302352 0.214(65) 14 0514
differences are less than 0.003 A. Angles, which differ by less  F...p 3.81-4.02 0.121(37) 15 0.205

than T according to the calculations, were set equal and the . . - . .

. Values in A with 3r uncertainties. For atom numbering, see Figure
mean O-C—H and F__C_F angles were constrained to 6. Not refined.c Not refined, but varied within the range given in
calculated angles. The differences between the two typesBf C  prackets (see texty.Difference to previous amplitude fixed.
bond lengths and between the twe-O bond lengths were fixed
to calculated values. Similar assumptions as described aboveThe dihedral angle and vibrational amplitudes were fixed to
were applied for the vibrational amplitudes. Eight geometric calculated values. The results of the least squares refinement
parameters and five vibrational amplitudes were refined simul- are listed in Table 4 (geometric parameters) and Table 5
taneously. Two correlation coefficients had values larger than (vibrational amplitudes) together with theoretical values. The
|0.7): pl/p2 = —0.76 and p34 = —0.95. The fit of the conformational composition corresponds\@° = 0.9(3) kcal/
experimental intensities improved if 18(8)% of [sc,sc] conformer mol, slighly smaller than the value predicted by the B3LYP
were addded. The agreement fad®decreased from 0.057 to  method (1.31 kcal/mol, Table 1). Because the energy difference
0.051. Bond lengths and angles of this conformer were tied to predicted by the MP2 approximatiohE = 0.80 kcal/mal) is
those of the prevailing form using the calculated differences. slightly smaller than the B3LYP value, the correspondh(@®
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Figure 7. CROCHF,:: Experimental and calculated radial distribution
functions. Difference curve and interatomic distances for [sp] conformer.

TABLE 6: Experimental and Calculated Geometric
Parameters for the [sp] Conformer of CRROCHF 2

GEDP B3LYP/6-31G* MP2/cc-pVTZ
o-C1 1.356(7 pi 1.364 1.360
o-C2 1.389(7e 1.399 1.392
C—Fe 1.335(4) p2 1.345 1.336
C1-F1 1.315(4%e 1.326 1.316
C—H 1.100 1.092 1.086
c-0-C 118.6(11) p3 116.6 115.3
O-C—F1 108.3(5) p4 107.8 107.7
0-C-F23 112.4(5) 111.8 111.8
O-C—F4 109.9(5) 109.1 109.3
O-C—F5 107.2(5) 106.9 106.6
O-C—H 112.8 112.6 112.5
H—C—F4,5 108.9(13) p5 110.0 110.0
®,(C2-0—C1-F1) 178.4(30) p6 175.8 176.6
®,(C1-O—C2—H) 18.6(28) p7 20.7 24.7

aValues in A and deg; for atom numbering, see Figurergvalues
with 30 uncertainties¢ All C —F distances except GF1. ¢ Uncertainty
includes possible systematic error due to constraints of vibrational
amplitudes (see texty.Difference to previous parameter fixed to
calculated value (MP2).Not refined.

value is expected to agree with the experimental result within
the experimental uncertainty.

CF3OCHF,. The experimental radial distribution curve
(Figure 7) is reproduced better with the [sp] than with the [ap]
conformer. All C-F bonds, except the GIF1 bond, have very

similar lengths and deviate from their mean value by less than
0.003 A. Therefore, they were set equal in the least squares

refinement. The ap-oriented €F1 bond is shorter and the
difference to the other €F bond lengths, as well as the
difference between the ©C bond lengths were fixed to
calculated values. Bond angles that differ by less tHawdre

set equal, and larger differences were constrained to MP2 values

The C-H bond length and ©6C—H bond angle were not
refined. Asumptions for vibrational amplitudes were analogous

Ulic and Oberhammer

TABLE 7: Interatomic Distances and Vibrational
Amplitudes (without Nonbonded Distances Involving
Hydrogen Atoms) for the [sp] Conformer of CFsOCHF 2

distance ampl (GED) ampl (MP2)
C-H 1.10 0.078 0.075
C-F 1.32-1.33 0.044[3] 0.044
o-C 1.36-1.39 0.047[3] 0.047
F--F 2.14-2.15 0.052(6) 11 0.056
0-+--F1,2,3 2.19-2.23 0.052(6) 11 0.056
O---F4,5 2.23 0.056(8) 0.060
C---C 2.36 0.068 0.063
C2---F3 2.79 0.100(27) 12 0.131
C2---F2 281 0.100(27) 12 0.147
C1:++F5 3.12 0.110(49) 13 0.171
Cl---F4 341 0.103(31) 14 0.093
C2---F1 3.48 0.068 0.063
F3--F5 3.07 0.296(218) 15 0.290
F2---F4 3.66 0.296(218) 15 0.270
F3--F5 3.86 0.110(49) 13 0.230
F3---F5 4.07 0.103(31) 14 0.133
F3---F5 4.15 0.234(167) 16 0.148
F3---F5 4.37 0.150(76) 17 0.087

aValues in A with 3r uncertainties. For atom numbering, see Figure
7. Not refined.® Not refined, but varied within the range given in
brackets (see texty.Difference to previous amplitude fixed.

at 1195 cm?, which corresponds to the asymmetric :CF
stretching vibration of the [sp] conformer, has been analyzed
in detail. According to the B3LYP method, its frequency in the
[ap] form is shifted by 33 cm® (from 1226 to 1259 cmt). A
weak band at 1229 crd, which is shifted by 34 cmt from the
band at 1195 cmmt, is readily assigned to the asymmetric:CF
stretch of the [ap] conformer. The intensity of this weak peak
increases, if the temperature of the compound/Ar mixture is
increased from 21 to 16%5C before the gas is trapped in the
matrix. This temperature dependence correspondsHd =
0.8(2) kcal/mol. The B3LYP method predicts very similar line
strengths (450 and 428 km/mol, respectively) for this vibration
in both conformers. From the relative areas of the two peaks at
21°C and the calculated ratio of the line strengths we obtain a
contribution of 8(3)% of the [ap] conformer. This corresponds
to AG°= 1.5(3) kcal/mol. Error limits are estimated from
uncertainties in the areas and in calculated intensities. The
difference betweerAH® and AG®° is due to different entropies

of the two conformers. The above experimental valueg\df

and AG® correspond toAS’ = —2.3 cal/(K mol), in good
agreement with the calculated (B3LYP) value-68.2 cal/(K
mol). Calculated energy differences depend strongly on the
computational method and predicted values vary betwe®a2
and-+1.13 kcal/mol (Table 1). According to the B3LYP method
AE andAGe differ by 0.9 kcal/mol. Thus, predictediG® values
range from about-0.7 to +2.0 kcal/mol, in agreement with
the experiment.

Discussion

The most interesting feature of these fluorinated dimethyl

to those described above. Seven geometric parameters and sigthers is their conformational properties. Intuitively, one expects

vibrational amplitudes were refined simultaneously. Only one
correlation coefficient had a value larger th@n7: pl/p2=

conformations with staggered arrangements around th€ O
bonds. The CHl groups in dimethyl ether possess staggered

—0.74. The results of the least squares refinement are listed inorientation and internal rotation is well described with g V

Table 6 (geometric parameters) and Table 7 (vibrational
amplitudes) together with theoretical values.

Unfortunately, the radial distribution curves for [sp] and [ap]
conformers (Figure 7) are rather similar and the contribution
of the [ap] form is badly determined (13(16)%). The IR(matrix)

potential and a barrier of 2.6 kcal/mblStaggered orientation
is observed experimentally also in the case of;BBICH:F,
where the [sc,sc] conformer with dihedral angl¢€—O—C—
F) = 70(2y is preferred. In the other two ethers, CIFCHF,
and CROCHF,, however, which contain one or two ChF

spectra, however, allow a more accurate determination of the groups, one €H bond nearly eclipses the opposite-O bond
conformational composition. The strongest band in this spectrumin the preferred conformation ([ap,sp] and [sp], respectively).
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25~ r25 SCHEME 1
1 I H o H 0
20- 20 A . N2
r» C-_ C~._ I — C». C’-,
3 ] n(0)— o*(C-F) i !y /- b /-~
< 151 -15 F F
®]
>§ TABLE 8: Skeletal Geometric Parameters in Fluorinated
W4 10 Dimethyl Ethers
< C1-0-C2 r(0-C1) r(0-C2) [O(C1-0-C2)
CHz—O—CHz 1.415(1) 1.415(1) 111.8(2)
5 . -5 CH,F—O—CHzP 1.362(6) 1.427(7) 113.6(6)
n(0)— o*(C-H) I CH,F—O—CH,F*  1.395(6)  1.395(6) 115.9(14)
CHR—O—CHF* 1.366(5) 1.385(5) 118.4(17)
O+—— — T 0 CR—O—CH? 1.347(9) 1.426(9) 115.5(4)
0 30 60 90 120 150 180 CFR—O—CHFES* 1.355(5) 1.390(5) 118.6(11)
¢ (C-O-C-X) CR—O-CR® 1.369(4) 1.369(4) 119.1(8)
Figure 8. Stabilization energies due to orbital interactions in,CH aReference 20 Reference 1¢ This work. @ Reference 2¢ Refer-
FOCH; for different dihedral angles. ence 3.

) ) . mol). On the other hand, steric repulsions between fluorine
The conformational properties of these ethers are mainly 5i0ms of the ap-oriented CHBroup with those of the opposite
determined by steric repulsions between the substituents of theC,:3 group lead to a stronger deviation of the £ffoup from
two methyl groups and by orbital interactions between the {he exact staggered arrangement. This decreases the stabilization
oxygen lone pairs (O) and (0)) and the antibonding™ energy for the CFk group form 39.5 kcal/mol in the [sp]

orbitals of the C-F and C-H bonds (anomeric effects). The  conformer to 37.3 kcal/mol in the [ap] form. Thus, according
stabilization energies due to these orbital interactions can beiy the B3LYP method. the sum of the stabilization energies

determined quantitatively by a natural bond orbital (NBO) tayors slightly the [sp] conformer (67.3 kcal/mol) over the [ap]
analysis;® whereas steric repulsions can be estimated only ¢,y (56.8 kcal/mol). This difference is close to the relative
qualitatively. Both effects depend strongly on the torsional angle gnergy derived with this computational method (0.27 kcal/mol).
around the G-C bonds. Stabilization energies n(©)0*(C—  The relative Gibbs free energy derived from the IR(matrix)
X) have been derived from the B3LYP/6-31G* wave function  gpecira AG° = 1.5(3) kcal/mol) is larger than relative energies
for the compound CHOCH; and their dependence on the  yeqicted by theoretical methods or th&® value obtained with
dihedral angles(C—O—C—X), X = F or H, is shown in Figure  {ho B3LYP approximation (Table 1).

8. These energies possess their maxima for dihedral angles Tpe nearly eclipsed orientation of the-& bond of CHR
around 80, and the n(O)~ 0*(C—F) stabilization is 23 times groups with effective torsional angle¢C—O—C—H) = 18(2
stronger tha_m the n(O_)* o*(C—H) _stabilization. Furthe_rrr_]ore, and 19(3 in CHROCHF, and CROCHF,, respectively, seems

the interaction energies for syncling} & 60°) and anticlinal 4 pe 5 characteristic feature of such groups in fluorinated ethers.
(¢ = 120) orientation of the &F bond are similar. Both values  gych an arrangement has previously been observed also for the
are considerably larger than that for antiperiplanar orientation jnnalation anaesthetic enflurane, CHF@F—O—CHF, with

(¢ = 180C). This explains, why only the [sc] conformer was $(C—O—C—H) = 22(4y.19

observed in the MW spectra of GFOCH;.! The experimental

; i X Trends in CG-F and G-C bond lengths in fluorinated ethers
dihedral angle ¢(C—O—C—F) = 69.2(167) is a compromise

e ) : can be rationalized by a combination of polar effects and orbital
between anomeric interactions, which favor an angle of ¢a. 80 jieractions. Because the positive net charge at the carbon atom
and steric repulsions, which favor an angle of abouft Ghe increases with increasing fluorination, polar effects;-&~ and

[ap] form is calculated to be higher in energy by 4.24 kcal/ O —C*, increase as well and cause shortening of both bond
mol. lengths. The anomeric interaction n(©)o*(C—F) corresponds

Anomeric effects also rationalize the strong preference of the tq 3 no-bone-double-bond mesomeric structure (Scheme 1) and
[sc,sc] conformer for ClFOCH,F over the [ap,ap] form. The  |eads to lengthening of sc- or ac-orientedE bonds and to
sum of all orbital interaction energies of the oxygen lone pairs shortening of ©-C bonds. The influence of the anomeric effect
with C—F and C-H bonds is 50.8 and 40.4 kcal/mol for these oy C-F bond lengths has been determined experimentally for
two conformers, respectively. The difference between these cr,0CH;,, where the sc-oriented-F bonds (1.336(5) A) are
anomeric effects (10.4 kcal/mol) is close to the relative energies longer than the ap-oriented-& bond (1.318(7) A%.Both polar
derived with the same computational method (8.95 kcal/mol, gnd anomeric effects lead to a large range efFtbond lengths
see Table 1). Anomeric effects are very similar for [sc,sc] and i, the fluorinated ethers, which vary from 1.374(6) A in €H
[sc,—sc] forms (50.8 vs 50.1 kcal/mol), but the former conformer FQCH,F to 1.315(4) A for the ap-oriented-& bond in CFk-
is favored by steric interactions. OCHPR. The effects of fluorination on ©C bond lengths and

In CHROCHF, anomeric effects are stronger in the [ap,sp] C—0O—C bond angles are summarized in Table 8.
conformer (62.7 kcal/mol) than in the sterically favored [sc,sc] . )
form (58.5 kcal/mol). Strong orbital interactions are present also Experimental Section
in the [ap,ap] conformer (61.2 kcal/mol), but steric repulsions ~ Samples of the three fluorinated ethers were obtained from
between the synclinal fluorine atoms apparently destabilize this commercial sources: GAHOCHF from Lancaster PCR (99%),
structure. CHF,OCHF, from Fluorochem Ltd. (97%), and GBCHF,

An NBO analysis for CEOCF,H shows that anomeric effects  from Matrix Scientific, Columbia, SC, (90)%. The last two
favor a CHF, group with ap-oriented €H bond and staggered  samples were purified by repeated trap-to-trap condensation.
arrangement (29.5 kcal/mol) over the CH&roup with sp- The purity of CROCHF, was checked by IR-22and®F NMR
oriented G-H bond and nearly eclipsed arrangement (27.8 kcal/ spectra®
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