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The structure and spectroscopy®fluorophenetole (2-phenoxy-1-fluoroethane, RCH,OPh) have been
studied by X-ray crystallography and Raman scattering of the solid and by resonance-enhanced multiphoton
ionization (REMPI) excitation spectra of a supersonic-jet-cooled gaseous sample, as well as by ab initio
calculations. Fluorine and oxygen are synclinal (with an FCCO torsion angle n&ain7the dominant
conformational isomer for both the crystalline and gas phases. The minor conformer observed in the gas
phase has antiperiplanar substituents (FCCO torsion and(’), with a relative abundance comparable to

that previously inferred from NMR measurements in solution. HartFemck-based computations, as well as
second-order MgllerPlesset and density functional geometry optimizations, predict the structural features
closely, and the computed (unscaled) normal mad®@s0 cn? have frequencies not far from those measured

by vibrational spectroscopy. Cl singles calculations give reasonable estimates of the isomeric differences in
the UV absorptions and fit the observed overtones well, though they err in predicting the absolute wavelengths.
Ab initio calculations of the electronic ground states do not give a useful ordering of the relative energies of
the conformational isomers, for they predict high stability for a highly nonplanar structure for which no
experimental evidence is seen. Atoms-in-molecules analysis of theoretical electron densities correlates the
preferences for synclinal versus antiperiplanar geometries (in 1-phenoxypropane agiakeibasphenetole)

with double bowing of the bond paths between two methylene carbons, which (in-planar conformations with
Cs symmetry) cut across the lines of centers. Time-of-flight mass spectrometry of isotopically substituted
analogues ionized by REMPI shows that deuterium substitution does not decelerate the rate of decomposition
of radical cations nor do different conformers manifest any differences in their fragmentation patterns.

Chemists conventionally describe the three-dimensional carbons in thg-positions. The most stable structure (sometimes
structure of saturated chains in terms of the stable conformationscalled thetrans,trang has only antiperiplanar orientations,
of each pair of singly bonded, tetrahedral atoms. When two

adjacent atoms have unique substituents (represented as X and dco
Y in the Newman projections below), there are three regions of \ o
Y Y. - zcocc
£CCO ce
trans, trans-diethyl ether
Y
synelinal antiperiplanar synclinal despite the fact that entropy favors synclinal geometries that

have no symmetry (by a factor of 2 from mixing two mirror

stability for the torsional angle between the bond to X and the images and by a factor of 2 from the symmetry number for
bond to Y! The terminology for these regions of stability —overall rotation of therans,trang.

specifies domains of30°. Two of the stable conformations An atoms-in-molecules analysis of theoretical electron densi-
represent nonsuperimposable mirror images, in which the ties indicates that the extrema between nuclei do not lie on the
substituents X and Y are synclinal (torsional angle ne&f’ lines of centers. Instead, the bonds bow slightly, with saddle

or —60°), as depicted. In the third conformation, designated as points in the electron densities (referred to as bond critical
antiperiplanar, the two substituents are separated by a dihedrapoints} indicated schematically by the heavy dots superimposed
angle of approximately 180 on the structure afrans,transdiethyl ether. The two equivalent
This description pertains if the chain contains at least four carbon-oxygen bonds bow toward one another, and the two
atoms other than hydrogen. When X and Y correspond to €quivalent carboncarbon bonds bow toward the central
saturated carbon centers, thermodynamics favors the antiperipladxygen. The distances of the bond critical points from the lines
nar geometry. Consider the example of diethyl ether, a molecule Of centers (represented @so anddcc) are typically= 0.02 A,
that prefers to hav€,, symmetry. The carbons directly attached ~With the latter being much smaller than the former.

to oxygen are often said to be in theposition and the adjacent Figure 1 portrays a less stable conformation of diethyl ether
viewed down one of the €0 bonds (with the oxygen in back
* Deceased 19 March 1997. and its lone pairs protruding). A GHyroup and a Ckligroup
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Figure 1. Schematic representation wans,gauchaliethyl ether. Figure 3. Lowest energy conformational isomers (conformers) cal-
culated forg-fluorophenetole.
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y electronegative atoms decreases to zero, as expéealed, in
bowed doubly bowed conformity with that model, NMR provides evidence that

Figure 2. Schematic representation of a bowed bond path in a synclinal £-fluorophenetole (FCLCH,OPh) in solution prefers a synclinal
conformer and a doubly bowed bond path in an antiperiplanar conformer Orientation of oxygen and fluorinfeWe inquire whether the
(curved lines). The heavy dots represent bond critical points. qualitative picture depends on the relative electronegativity of
TABLE 1: Di ¢ Bond Critical Points f he Li the substituents. To address this question requires knowledge
of Centers (dfctaz?ﬁg%;) a?]r(‘j B orrllt(ljc,in g%gtgf {ﬁ? (t)p?imlirz]gfj of the geometries of th_e molecules to be compared. The IO\_/vest
Geometries (B3LYP/6-31G**) of Diethyl Ether energy structure predicted f@fluorophenetole on the basis

of ab initio calculations was termed the gauche conformer. In
this structure, the gpC—0 bond forms a dihedral angle with

trans,gauche

syn anti trans,trans the s C—C bond,1COCC= 95—-100 (depending on the level
deo 0.0207 0.0181 0.0169 of the calculation), while the plane of the benzene ring forms a
e 0.0058 0.0025 0.0026 dihedral angle in the rangg CCOC = 25-40° with the sj§
bcco 114 108 108 C—0 bond, as Figure 3 represents schematically. The orientation
gcocc 76 174 18C

of the benzene ring resembles that of the methyl group in one
of the major conformers of FG&H,OCH;z inferred from13C
NMR spectroscopy in solutiol. Nevertheless, the high-
resolution excitation spectrum gffluorophenetole in a super-
sonic jet reveals the two other geometries summarized in Figure
3 as being preferred.

While the gauche structure gives the lowest energy in
electronic structure calculations, experiments show no evidence
for it. In the preferred structure, all the carbons are very nearly
coplanar with the oxygen, and the fluorine is synclinal. For the
sake of convenience, this conformational isomer will be
designated simply as the synclinal structure. Correlation of
observed and predicted vibrational progressions in resonance-
enhanced multiphoton ionization (REMPI) spectra demonstrates
the predominance of the synclinal conformer in the gas phase,
which X-ray crystallography confirms in the solid. One other
conformer is detected in the gas phase. It is assigned as having
C; antiperiplanar geometry, in which all the carbons are coplanar
with the oxygen and the fluorine, and will be termed the planar
conformer, to distinguish it from the anti conformer previously
reported® for which we see no evidence.

The supersonic jet expansion used in these experiments cools
molecules to approximately 30 Kwhere their conformations

re essentially frozen. The detector makes use of a time-of-

are synclinal, and one of the methyl hydrogens lies ap-
proximately 2.35 A away from one of the methylene hydrogens.
These two hydrogens conte 0.125 A closer than any other
pair (aside from hydrogens bonded to the same atom). The
interaction through space offzhydrogen on one side with an
o-hydrogen on the other (an example of a gauche interaction)
has a net repulsive character. Diethyl ether with one antiperipla-
nar and one synclinal methyl group (known taans,gauche
diethyl ether) is 4.8 0.5 kJ mot™ less stable thatrans,trans
diethyl ether Table 1 compares the bond critical points, CCO
bond angles, and CCOC dihedral angles for the synclinal and
antiperiplanar halves dfans,gauchealiethyl ether andrans,-
transdiethyl ether. The bowing of the synclinal half is much
more pronounced than that of the antiperiplanar half.

This paper discusses the effect of substitutingAtposition
of alkyl phenyl ethers. Wiberg and co-workers have suggested
that the bowing of bonds in the vicinity of electronegative atoms
stabilizes synclinal orientatiorfsn opposition to gaucheinter-
actions through space, which destabilize them. Their model
proposes that the bond path (the unique gradient path of the
electron density between two bonded atoms, which passes
through a bond critical point) becomes doubly bowed when

substituents are antiperiplanar, as portrayed by the exaggerated. ; A
representation in Figure 2. The relative stability of conforma- ight mass spectrometer to monitor the ionization. In favorable

tional isomers therefore depends on a trade-off between theaSes: the mass spectometric_ fragmentation pattern can be
energetic cost of a doubly bowed gradient path between bondedex""mmeOI quantltat|vely_. In looking at deuteratgq analogues of
atoms versus the interactions between nonbonded atoms. ﬂ-fluorophe_netole, we f'f‘d that the decomposition pattern of
The nonbonded repulsive interaction of the gauche hydrogensmmecm"jlr lons fo"'.‘ed in the REMPI shows no ygmﬁcantl
in trans,gauchaliethyl ether is exemplified by the distortion _dependence on .Wh'Ch conformer of the neutral_ precursor 1S
of the synclinal CCO bond angle away from a tetrahedral angle |on|_zed. As described belovy,_we have 6?'50 determined by means
and by the deviation of the corresponding COCC dihedral angle of |nt.err.nolecular competition experiments that qleuterlum
away from 60. However, in the absence of gauche interactions SUbStItutIOI.W. does not decelerate the rate of unimolecular
between pairs of hydrogens (or larger ligands), synclinal decomposition.
orientations can become more favorable than antiperiplanar ones

Calculations on difluoroetharfen-propanol 1-methoxypro- Experimental Section

pane® and 1-phenoxypropanhillustrate this. In 1994, we pB-Fluorophenetole and its dideuterated analogues were pre-
reported an experimental confirmation (using REMPI spectros- pared by reaction of 2-phenoxyethanols with (diethylamino)-
copy of molecules in a supersonic jet) in this last case. sulfur trifluoride (DAST), as previously describ@dThe d,

Recent structural results for substituted difluorocubane con- analogue was synthesized by reducing 2-pher)yd,-acetic
firm the increase in bowing when the dihedral angle between acid with lithium aluminum deuteride, reaction of the corre-
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sponding alcohol with DAST in CCl,, washing the crude
reaction mixture with 10% aqueous KOH, removal of solvent
under reduced pressure, and sublimation under vacuum to yield
white crystals, mp 3941 °C. GC/MS (70 eV): m/z (relative
intensity) 142 (27), 109 (13), 96 (8), 95 (100), 81 (7), 77 (27),
67 (29), 65 (14), 63 (8), 51 (30), 49 (8).

Crystal data for undeuteratgefluorophenetole were collected
at 158 K: orthorhombic, space grolibca a = 6.6799(9) A,
b=12.256(3) Ac=17.611(4) AV =1441.855) R, =8,
Deaicd = 1.291 mg/m, # = 0.101 mn7?, GOF (onF) = 1.47,
Mo K, radiation, 1137 reflections (888 independent; 848 with
F > 20). The structure was solved by the direct method
(hydrogens located from a difference Fourier synthesis and
included with isotropic thermal parameters) and refined by using
the UCI-modified UCLA Crystallographic Computing Package
and the SHELXTL PLUS program set. The fin},(F) was
0.036 with conventionaR(F) = 0.031 for 128 parameters.

For jet/REMPI experiments, a molecular beam from a free
expansion of gaseoysfluorophenetole seeded into helium was
intersected at right angles by the focused beam of the excitation
laser in an apparatus that has been previously descriBédl/
absorptions were monitored by the resonance-enhanced forma-
tion of ions observed by means of a time-of-flight (TOF) mass
spectrometer. The excitation source was the frequency-doubled
output of a dye laser (Spectra Physics Model PDL-2) pumped
by a Nd:YAG laser (Spectra Physics Model DCR-3) in which
the transverse beam profile is nearly Gaussian. Frequency &
doubling of dye fundamental lines was performed using a Figure 4. ORTEP drawing of the X-ray structure ffluorophenetole
Spectra Physics Model WEX-1 wavelength extender, and UV with a comparison of experimental with calculated (in italics) bond
from the WEX-1 was focused by a 20-cm focal length convex lengths in A. Heavy dots symbolize the positions of the bond critical
lens into the excitation region in the vacuum chamber. lon points from theory but with the distances from their respective lines of
intensity ratios for complete jet/REMPI TOF mass spectra were centers dec, doc, anddeo) greatly exaggerated for pictorial purposes.
determined from data blocks that represented averages of 500 70.9°
mass spectra, each spectrum containing 501 data points over . 67
the mass range 50150. Them/z 94:m/z 95 abundance ratio >
from PhOCHCD.F was closely examined as a function of
photon energy at three laser wavelengths, 273.96, 273.34, and
273.07 nm. For these experiments, each mass spectrum consisted
of 501 data points over thevz 93—96 mass range, and 3000
mass spectra were analyzed at each wavelength. The distribution
of ion peak intensity ratios was found to be highly skewed, so B
statistical comparisons were performed as follows. Each of the 52.3°
501-point mass spectra was least-squares fit as the sum of two 49.9°
Gaussians plus a constant, varying all parameters (amplitude Figure 5. DFT-calculated (in italics) and X-ray dihedral angles for
center position, and standard deviation for each Gaussian, ag-fluorophenetole. The position of the bond critical point for thé-sp
well as the constant baseline). The mass ratio was then compute@? carbon-carbon bond is indicated by the heavy dot.
as the ratio of the integrated areas of the two best-fit Gaussians,
which generated 3000 ratios for each wavelength. These setdhe calculated normal-mode harmonic frequencies reported here

of ratios came closer to normal distributions (skewre€s88— have not been scaled. Bond paths and extrema of electron
1.05; kurtosis= 4.8-5.1) than did the distributions of ion peak ~ densities were evaluated using the PROAIMS suite of programs
intensity ratios. (from the AIMPAC program package kindly provided by J.

All ab initio calculations were performed with the 6-31G** Cheeseman and R. F. W. Bader).

basis set using the GAUSSIAN94 (Gaussian, Inc.) program
system on Cray YMP, C90, and T90 mainframes. Ground-state
geometries were optimized using Hartrdeock-based methods Ab initio calculations predict three low-lying conformations
(SCF), while excited-state geometries were optimized using ClI of S5-fluorophenetole: one with a completely planar skeleton
singles (CIS}):® Normal-mode calculations were performed at (the planar) with fluorine antiperiplanar to oxygen and Get
these levels and animated using SPARTAN (Wavefunction, Inc.) symmetry, one in which all the carbons in the side chain lie far
to display the effects of deuterium substitution. Additional outside of the plane of the ring (the gauche), and one in which
ground-state geometry optimizations were performed using all the carbons and the oxygen are very nearly coplanar but the
second-order MgllerPlesset (MP2) and density functional fluorine is synclinal to the oxygen (the synclinal). X-ray
(B3LYP) methods. SCF normal-mode calculations give stretch- crystallography shows that the solid consists only of the
ing frequencies that are too high but show no systematic synclinal structure (structural data summarized in Figures 4 and
deviation for the low-frequency modes discussed below; hence,5 and Table 3). Bond lengths and angles for the FCH} side

Results
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TABLE 2: Calculated Electronic and Zero-Point Energies for the Conformational Isomers of f-Fluorophenetole in Its Ground
and First Excited Singlet States, Along with 300 K Entropies and a Comparison of ab Initio with Experimental Vertical
Electronic Transition Energies

SCR MP22 CIS(S)P B3LYP? exptF

—Eq, au

synclinal 482.483 64 483.898 76 482.260 29 485.326 50

gauche 482.482 80 483.898 95 482.259 13 485.326 51

planar 482.485 02 483.898 99 482.261 34 485.326 57
vertical Es; — Egg, cm™t

synclinal 49638 (MP2) 36 502

gauche 49687 (MP2) not obsd

planar 49707 (MP2) 36 584
ZPE kJ/mol

synclinal 434.6 421.2

gauche 434.4 422.1

planar 434.8 421.3
300 K vibrational entropy,J/(mol K)

synclinal 93.3 109.5

gauche 95.2 105.8

planar 94.0 110.4

aGround electronic state {5 ° Geometry optimized for the first electronically excited singlet statg ($-rom jet/REMPI excitation spectrum,
corresponding to the first excited singlet) S Based on unscaled harmonic frequencies.

TABLE 3: Selected Bond Angles from the X-ray Structure A S
of f-Fluorophenetole and from DFT Geometry 0.0 a2 47 135 1.4 20 27 OCD,CDF
Optimizations (B3LYP/6-31G**)2

207 2% 0.6 5.8 13.5 1.8 0.5 3.9

calcd (B3LYP/6-31G**)
obsd (X-ray) synclinal ~ synclinal gauche  planar

OFCC 110.2 110.4 111.9  108.r
gcco 108.3 108.r 113.6  106.4
gcoc 117.7 118.7 120.0 118.6
gocc 124.8 124.¢ 1243 1244

aCCO denotes the $pC—sp® C—O bond angle andJOCC sp
C—sp C—0 corresponding to the edge of the ring on the same side as
the chain.
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Figure 6. Jet/REMPI excitation spectra @grfluorophenetole, along
with one ds analogue and twal, analogues, with the origin bands

orientation of the ring about the 3£—0O bond, 1CCOC = designated aa andb. The dotted lines indicate the peaks350 cnr?
2.3, is not far from the value seen in the crystalCCOC = assigned to the minor (planar) conformer, while the dashed lines indicate
4.5°. The predicted orientation of the chain about the GO the overtones assigned to thgand 7o normal modes of the major

bond,JCOCC= 177.5, comes close to the value in the crystal, (synclinal) conformer. Comparisons of observed and ClIS-calculated
[COCC= 176.6. By using these angles (and rounding to the isotopic shifts made for thd, analogue (relative tdy) based on our

d d desi h peak assignments are tabulated in the top panel. Comparisons of
nearest quadrant), we cou esignate syncfiriiorophene- observed and calculated isotopic shifts (contrasting synclinal and

tole as a [0,180] structure. The corresponding angles predictedgauche) for thed, analogues are tabulated in the middle two panels.
by DFT for gauches-fluorophenetole would b&lCCOC =

—27.3 andJCOCC= 99.9, so it would be designated as a COC bond angles open up further, and the CCO bond angle is
[0,90] structure. However, the gauche is not detected in any of larger than the tetrahedral value (rather than smaller, as it is in
the experiments reported here, so the quality of the theoreticalthe synclinal). The calculated dihedral angIECCO= 77° is

predictions cannot be assessed for that conformer. substantially larger than for the synclinal. Given this evidence
Distortions of bond angles provide evidence of steric repulsion for increased steric repulsion, it is surprising that the computed
within g-fluorophenetole. The angles that include the@bond electronic energies at MP2 and B3LYP are lower for the gauche
from the ring deviate substantially from 120Vhile the CCC than for the synclinal. The following analysis of the jet/REMPI
bond angles within the ring range from 119 120.8, the excitation spectra demonstrates that the experimental preference

CCO bond angle opposite the chain is 125while (as tabulated  for synclinal versus gauche pertains to the gas phase as well as
in Table 3) the angle on the same side as the chain is muchto the solid and does not result from crystal packing forces.
larger than 120 The DFT calculations give excellent agreement ~ REMPI Excitation Spectra and Vibrational Analysis.
with experiment and imply that the Gldroup bonded to oxygen  Figure 6 reproduces the jet/REMPI excitation spectra of
repels the CH of the ring that is closest to it. Similarly, the p-fluorophenetole and its deuterated analogues. The most intense
torsion angles summarized in Figure 5 exhibit the repulsion of peak occurs at 273.96 nm, with no features at longer wave-
the oxygen and fluorine, with an experimental dihedral angle lengths. This band is labeledn Figure 6. Six major overtones
OFCCO= 72° that is more than “Llarger than predicted. appear in the domaig 250 cnt! to the blue ofa. Assignments

The angles calculated for gaucfdluorophenetole exhibit of the conformations ofs-fluorophenetole are based on a
even greater distortion, as Table 3 summarizes. The FCC andcomparison of the observed vibrational progression with cal-
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TABLE 4: Comparison of Raman Vibrational Frequencies others are too low. The net deviation is close to zero, although

for Crystalline f-Fluorophenetole between 175 and 750 cm the average RMS deviatiodyRMS = [(Z(Av)2/7]¥2, corre-

with SCF Normal-mode (6-31G**) Calculations for the 0 y

Synclinal and Gauche Conformations sponds t.o 4% of the average frequency. Table 4 al§o compares
the predicted frequencies for the gauche isomer with those for

obsd synclinal gauche the synclinal. The average RMS deviation for the gauche is
188 189 192 nearly 7%, and the sum of the seven frequencies is 50'cm
251 266 275 higher than for the synclinal.
303 314 354 . . .
426 458 439 The overtones observed by jet/REMPI represent the vibrations
472 462 466 of the first excited singlet state (S1) and are tabulated in Table
517 511 522 5 and assigned based on &%alculations. The sum of the
614 571 573 first six observed normal-mode frequencies (relative to band
2 2771 2771 2821 a) is Zv; = 860 cnt! for PAOCHCH,F. CIS for S1 givesy;
ARMS 0 15.8 27.1 = 845 cnt for the synclinal an&y; = 897 cnt? for the gauche
TABLE 5 Calculated Unscaled Harmonic Vibrational confor'mgrs.'That result by itself does not' lead to an unambigu-
Frequencies for $ and S; States of Three Conformers of ous distinction between the two candidates for the major
p-Fluorophenetole Compared with Experimental Values for conformer. Moreover, two other bands appe&50 cnt?! from
S, from the Overtones of the Jet/REMPI Excitation Spectra ain PhROCHCH.F, at 176 and 192 cm. We assign the latter
in Figure 6 to the in-plane, in-phase COC/FCC bend of the planar con-
SCH CIS(s)° exptP former, the only vibrational overtone below 350 chthat is
synclinal n 45 46 42 not Franck-Condon forbidden by thé&s symmetry of that
2 65 62 57 conformation and its excited state. On this basis, pedk
T3 136 131 122 ascribed to the (0,0) band of the planar, with an in-plane bending
Ta 189 185 171 frequency of 110 cmt.
16a 267 207 222
16b 314 215 246 The four lowest normal modes of the nonplanar conformers
gauche 71 33 48 not obsd have such large torsional components that they are identified
72 69 69 not obsd as torsiong1—t4. Deuterium labeling clarifies the assignments
;31 13‘21 igi 28: gggg of the overtones< 200 cni* for the major conformer. In
16a 275 220 not obsd pam_cular, the torsmn/bgndlng modaga_ndu exl_1|b|t the shift
16b 354 248 not obsd predicted for the synclinal structure in passing from the
planar 74® 42 46 not obsd compound to the twd, analogues. The agreement between the
_ ° 107 91 not obsd calculated and observed shifts allows us to assign laazd
in-phase bend 117 117 110 its associated overtones to the synclinal conformer. The
Téae %gg ;gg ﬂgi gg:g predicted shifts of these two normal modes differ markedly for
16k 320 213 not obsd the gauche conformer, as tabulated in the middle pair of spectra

2Ground electronic state ¢5° Geometry optimized for the first reproduced in Figure 6. The agreemen_t between _the calculated
electronically excited singlet statefS°¢ First excited singlet state (5 and observed shifts for tf anaIOgu?S is summarized for the
4 Not observed fot, compound:; extrapolated from overtones observed [OP SPectrum. Overtones corresponding to the two lowest normal
for deuterated analoguesA” symmetry, Franck Condon-forbidden modes 1 andz) are too weak to detect in thi compound
transition. but are observed in the deuterated analogues (though their

intensities are too low for them to be seen in Figure 6). Thus,

culated ClI-singles normal-mode frequencies. Computed zero-all six of the lowest normal modes (including the out-of-plane
point energy differences predict that (0,0) bands should shift deformations of the ring, which correspond to modés and
by < 1 cnt! as one goes from PhOGEH,F to PhOCRCD,F. 16b in benzen®) for synclinal -fluorophenetole contribute
Band a does not shift at all, and only one other peak within overtones to the jet/REMPI spectra.
400 cm! of a exhibits a comparably small shift. That peak, The only bands in the jet/REMPI of PhOGEH,F < 300
labeledb, lies 82 cn1! to the blue ofa and is assigned as the  ¢cm1 that cannot be assigned based on harmonic vibrational
(0,0) band of a minor conformer. Badhas an intensity 0.18  calculations are the 176-crh overtone ofa and the small,
that of a. Overtone frequencies relative to the corresponding poorly resolved shoulder approximately4.5 cnt? to the blue
(0,0) bands are listed in Table 5 and are compared with Cl of a. The former band exhibits a large isotopic shift (greater
singles calculated values. than the sum of the shifts far, and 73 individually), which

Ab initio normal-mode frequencies do not give perfect rules out its being the (0,0) band of a third conformer. The
agreement with experiment at currently affordable levels of observed isotopic shifts are also not consistent with assigning
theory. Ordinarily the predicted total zero-point energy is too it as an overtone of the gauche conformer for which the shoulder
high. Here, however, we find that the sums of low-frequency of a represents the (0,0) band. It could conceivably ke &
vibrations deviate only slightly from experimental measurement. 73 combination band froma, although the isotope effect is

This is demonstrated for crystalline PhO&HH,F, where greater than that of either of the individual fundamentals. The
there is no question as to which conformation is present. Table intensity of this band increases markedly in going fromdbe
4 compares 7 of the 10 lowest calculated frequencies for the to thed, compound, which is consistent with its arising from
electronic ground state of synclinafluorophenetole with those  absorption by a vibrationally excited ground state. We note that
measured by Raman spectroscopy on a solid sample (the thre¢he geometry of the excited state is closer to planarity than the
lowest frequency bands are obscured by the exciting line andground state:[JCOCC gets larger andCCOC gets smaller,
are therefore not included). While individual frequencies differ which corresponds to the motion of thgevibration. Therefore,
between experiment and theory, their subhg are equal. In Franck-Condon overlap for thei-excited ground-state mol-
other words, some calculated frequencies are too high, while ecule (which ought to be present in the jet at nonneglible
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TABLE 6. Percent of Total lonization (% X) for lons from
273.96-nm REMPI on a Mixture of f-Fluorophenetoled,
and -d, (Sample Standard Deviations Given in Parentheses)

ion mass m/z94 m/z95 m/z140 m/z 144 m/z107 m/z109

%> (SD)  5.2(0.6) 4.6(0.5) 48.8(1.2) 39.3(1.6) 1.1(0.4) 1.1(0.2)

mean ratio 1.14 1.25 0.97
%{_/ \—/_/

kiy/kp(SD) 0.91(0.11) 0.78(0.19)

concentrations) should be no less favorable. Contributions from

this hot band could account for the small shoulde#d®b cnt
to the blue of band, whose position agrees qualitatively with
the calculation that; has a higher frequency in the electronically

excited state than in the ground electronic state and whose

intensity relative toa accords with the Boltzmann factor
expected for ther = 1 level of a 45-cm? vibration at 25 K.
Strong anharmonic coupling betweenand 4 might explain
why the overtone from the latter in the hot band is comparatively
large and why its intensity varies with isotopic substitution, but
confirmation of the assignment of the 176-chpeak to a hot
band will require additional studies, which vary the temperature
of the jet.

CIS calculations do not reliably predict the energies of

J. Phys. Chem. A, Vol. 103, No. 14, 1998307

@/o\) @/O\/\ @/OY
[0,180] gauche nPrOPh planar nPrOPh
Figure 7. Lowest energy conformational isomers of phenoxypropanes.

chiral iPrOPh

normal distributions, which complicated the statistical analysis.
A more robust approach (described above in the Experimental
Section) fitted individual spectra using Gaussian functions and
gave ratios of peak areas of 1.49 ($P0.25), 1.50 (SD=
0.26), and 1.50 (SB= 0.22), respectively. The area ratios did
not give normal distributions, and no signficant differences were
found among them (as measured by skewness or kurf@sis).

Discussion

Two conformational isomers gf-fluorophenetole are ob-
served in the gas phase by jet/REMPI spectroscopy. Analysis
of vibrational overtones demonstrates that the more abundant
one corresponds to the synclinal geometry, the same structure
as is found by X-ray structural analysis of a crystalline sample.
The minor conformer corresponds to the planar isomer, which
has Cs symmetry, where the benzene ring lies in the mirror

electronic absorptions, but the ab initio difference between the plane. There is no evidence for the gauche structure, even though

vertical transition energies of the planar and synclinal conforma-
tions, 69 cnt! (using MP2-optimized ground-state geometries),
is not far from the 82-cm! difference betweemb anda. The

geometry optimizations at the MP2/6-31G** or B3LYP/6-
31G** level predict it to be more stable than the synclinal one.
REMPI spectroscopy in a supersonic jet not only probes the

gauche conformer, were it present, should have had a (0,0) bancelectronic transitions of isolated molecules but it also gives mass

predicted betweera andb, in a region where no peaks appear
above the noise level in the jet/REMPI of PhOSHH,F.

REMPI TOF Mass Spectra. Time-of-flight mass spectra
from single-wavelength REMPI were examined in order to probe
ion decomposition processes. At low laser powet6.01 mJ
per 8-ns pulse), only molecular ions are seen fr@#fiuo-
rophenetole. At higher intensities, pheridbk observed, as well
as a fragment corresponding to the loss of fluoromethyl radical.
For thedy compound, the molecular ion occursmafz 140 and
the fragment ions atvz 94 and 107. For FCECD,OPh, the
molecular ion occurs atvz 144 and the fragment ions atz
95 and 109. For FCECH,OPh, the molecular ion occursratz
142 and fragment ions at/z 94, 95, and 107. The formation
of both PhOHM" and PhOD* from thed, precursors has been
shown to result from the competition of three different mech-
anisms for expulsion of neutral fluoroethylene.

REMPI of a mixture ofdy and d; compounds permits a
measurement of the net kinetic isotope effect on molecular ion
decomposition, which cannot be determined from intramolecular
competition experiments owing to the complexity of the
decomposition pathway. A 5:4 mixture of FEH,OPh and
FCD,CD,OPh in the supersonic jet was ionized using 6:01

spectometric data for individual conformations. We have used
the mass spectra from the REMPI experiments to examine two
aspects of the fragmentation of ionizgdluorophenetole: the
kinetic isotope effect on the dissociation of the molecular ion
generated from the synclinal conformer and the dependence of
the competition between the formation of PhOldnd PhOD*

from FCD,CH,OPh upon ionizing wavelength. Assuming the
energetics of this fragmentation to be similar to the expulsion
of propene from ionized propyl phenyl etheionization is a
two-photon process, while ion decomposition requires at least
three photons in the energy range studied here. The discussion
below compareg-fluorophenetole with 1-phenoxypropane with
regard to both conformational analysis of the neutral molecule
and mass spectrometry of the ion.

The correlation between experiment and theory for the
phenoxypropanes can be compared to the present results for
S-fluorophenetole. For 1-phenoxypropam@(OPh), ab initio
calculations predict two low-lying conformers, planar and
[0,180] gauche, with nearly the same electronic energy, in
addition to four other conformations that lie approximatety76
kJ mol* higher. Three conformers are seen by jet/REMPI, with
a ratio of (0,0) band intensities of roughly 15:5:6 (Figure 7).

0.02-mJ 273.96-nm laser pulses and the proportions of parentThe first two geometries have been assigned to the [0,180]
and fragment ions measured in four independent trials. Table 6 gauche and planar geometrieghich correspond closely to the
summarizes the data and converts the ion intensity ratios to thesynclinal and planar conformers gffluorophenetole, in which

average isotope effectgi/kp = (m/z 94:m/z 95)/(m/z 140z
144) for expulsion of fluoroethylene andvz 107nvz 109)/
(m/z 140mvz 144) for expulsion of fluoromethyl radical.

The competition between the formation of PhOHand
PhOD™ was found to be independent of wavelength. REMPI
TOF mass spectra were recorded for RCH,OPh using laser
frequencies corresponding to bamdandb, and ther; overtone
of a (cf. Figure 6). Then/'z 94:m/z 95 peak intensity ratios were

a methyl group replaces the fluorine. Those assignments (based
upon isotopic shifts) are confirmed by CIS normal-mode
calculations. The third conformation cannot yet be assigned
unambiguously. Supersonic jet expansions tend to freeze out
the conformational distribution that existed in the gaseous
sample prior to expansior. For 1-phenoxypropane, theory
would thus have predicted two dominant conformations in the
jet: [0,180] gauche roughly twice as abundant as planar (due,

measured as 1.41, 1.64, and 1.52, respectively, by averagingor the most part, to the entropy of the former). Observation of

data blocks. The individual intensity ratios gave broad, non-

a third conformer (but no others) contradicts that expectation.
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CIS calculations confirm the assignment of the dominant acceptof® Therefore, the conflict between experiment and this
conformer of 2-phenoxypropand¢(OPh) to the chiral structure  level of theory must be attributed to an artifact of the latter,
and identify the six most intense overtones300 cnt* from which predicts a fictitious long-range attraction.
the origin (in addition to the higher frequency bands previously  wjith this caveat in mind, consider the atoms-in-molecules
assignetf). Thus, theory and experiment agree well for the analysis of synclinal versus planafluorophenetole. Virtually
purposes of conformational analysis based on low-frequency the same results are obtained regardless of whether optimization
normal modes and their isotopic shifts. However, the results \yas performed at SCF, MP2, or B3LYP. The following
for phenoxypropanes invite skepticism with regard to the distances come from B3LYP calculations. The £&H, bond
accuracy of the calculated energy differences between conform-ijn the synclinal is bowed toward oxygen (just as is the synclinal
ers. $-Fluorophenetole presents a case where the structureCH;—CH, bond intransgauchediethyl ether in Figure 1) such
calculated to have the lowest energy is not observed in the gasthat the bond path between the two singly bonded carbons is
phase. Ar = 0.000 43 A longer than the geometric distance between

The B3LYP electronic energy of plang#fluorophenetole is the bonded atoms. The bond critical point likg; = 0.0080 A
0.18 kJ mot?! above that of the synclinal. Zero-point energies away from the line of centers (cf. Figure 4). This is smaller
and vibrational entropies (computed at the SCF level and thandco or doc, which have values in the same rangedas
summarized in Table 2) are nearly the same so that the predictedor diethyl ether in Table 1. For plan@-fluorophenetole, the
equilibrium constant would be [synclinal]/[planaf} 2 near bond critical point lies closer to the line of centetlsd = 0.0016
room temperature, due principally to the entropy of mixing of A), on the side closer to oxygen (just as drawn for the@
the nonsuperimposable mirror images of the nonplanar structure.bonds oftranstrans-diethyl ether). The bond path for the planar
This does not represent a serious discrepancy from the observeds only Ar = 0.000 21 A longer than the geometric distance.
ratio of (0,0) band intensities, 5.5 (which does not differ greatly Unlike the bond paths in diethyl ether, however, the path for
from the ratio inferred from NMR measuremefsynclinal]/ the C-C single bond in the planar is doubly bowed, as
[planar] = 4). However, calculated electronic and zero point represented in Figure 2 (where=Xfluorine and Y= phenoxy).
energies favor the gauche, as does vibrational entropy. WereDouble bowing results from having antiperiplanar substituents.
the calculated energy correct for the gauche its abundance ought Qualitatively, bowing does not depend on the electronegativity
to have exceeded that of the synclinal, even though the of the substituents, since 1-phenoxypropane displays similar
geometrical distortion of the gauche from conventional bond effects. While the deviations of the GHCH, bond paths from
and torsional angles suggest that it has greater intramoleculargeometrical distances are lessr(= 0.00026 A for [0,180]
steric repulsions. gauche and 0.000 12 A for planar 1-phenoxypropane), the

Could gauchg-fluorophenetole be present in the supersonic distances of the bond critical points from their respective lines
jet but have a (0,0) band that lies outside the domain of Figure of centers are nearly the same asgfetuorophenetoledcc =
67 Calculated differences in the UV absorption frequendies ( 0.0076 and 0.0016 A for the [0,180] gauche and planar
argue against this. CIS-calculated shifts do not differ vastly from 1-phenoxypropane, respectively). Planar 1-phenoxypropane
experiment, even though the energies of the vertical transitionsexhibits double bowing in the same sense as plgh#fiuo-
are greatly in error. The predicted blue shift of planar 1-phe- rophenetole, and the orientations of the bond critical points with
noxypropane with respect to its [0,180] gauche conformational respect to the oxygen are the same. The placement of substituent
isomer is not far from the experimental value/**'= 17 cnt?; X at the s-position of an alkyl phenyl ether (as illustrated in
AvC'S= 2 cm ! for SCF-optimized ground-state geometries). Figure 2, where Y= phenoxy) thus perturbs the bond paths
The calculated and experimental shifts of chiral 2-phenoxypro- relative to those of an ethyl group. Given the experimental result
pane to the red of [0,180] gauche 1-phenoxypropan&t= that the proportion of planar conformers is nearly the same for
120 cntl; AvCS = 257 cnt! for SCF-optimized ground-state  1-phenoxypropane and f@fluorophenetole and a theoretical
geometries) differ by roughly a factor of 2. The predicted shifts picture that shows only small differences between them, it seems
of gauches-fluorophenetole to the blue of synclinah¢®'S = reasonable to conclude that the energetic cost of double bowing
282 cnr! for SCF-optimized ground-state geometriég©'S is independent of whether substituent X is a fluorine or a methyl
= 49 cn! for MP2-optimized ground-state geometries) indicate group.
that the gauche conformer, had it been present, ought to have Now consider the outcome of the REMPI TOF mass
contributed a peak to Figure 6. spectrometric studies. The results fofluorophenetole contrast

Why does theory err with regard to the stability of gauche with those reported for 1-phenoxypropane. First, ionized phenol
pB-fluorophenetole? An atoms-in-molecules analysis of the is the only fragmentation product seen from phenoxypropanes
computed structure reveals a hydrogen bond between thein the range of laser powers corresponding to those used here.
fluorine and the ring hydrogen (represented in Figure 3) that is In the case of3-fluorophenetole, we could not reproducibly
closest to it. These two atoms are 2.25 A apart, but the observe the formation of phenblwithout competition from
calculation portrays their interaction as being attractive rather loss of fluoromethyl radical (roughly 20% of phenigl Second,
than repulsive, since there is a bond critical point (i.e., an whereas the PhOH:PhOD* ratio from CD3CH,CD,OPh
extremum in the electron density that has one positive secondexhibits a significant variation (ANOVAF = 14.00, df= 37)
derivative and two negative second derivatives). The atoms-in- depending on which of the three most prevalent conformers is
molecules analysis also locates a ring point (i.e., an extremumionized, no conformational dependence is detected in FCD
in the electron density that has one negative second derivativeCH,OPh. Finally, if the isotope effect from intramolecular
and two positive second derivatives), besides the one within competition in 1-phenoxypropane (normal isotope effégfs
the benzene ring, which corresponds to the seven-memberedy = 1.24-1.33, depending on which (0,0) band the laser
ring formed by the hypothetical fluorirehydrogen attraction. irradiates) is compared with the intermolecular deuterium isotope
The calculated CH-FC interaction (which appears at all levels effect measured here, kinetic isotope effects are smaller for the
of calculation investigated) contradicts the well-documented dissociation ofi-fluorophenetole: an inverse effect of deuterium
reluctance of carbon-bound fluorine to act as a hydrogen-bondon the formation of phenti as well as an inverse secondary
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effect on fluoromethyl loss (though neither of these differs gauche) lower than that of the synclinal. The only other
significantly fromky/kp = 1). Since the slight enhancement of conformational isomer detected has the planar structure, with
decomposition for the, analogue might result from an increase oxygen and fluorine antiperiplanar to one another.
in the cross section for absorption of a third photon, the (3) Double bowing of the bond paths calculated for planar
intermolecular competition experiment implies only that there alkyl phenyl ethers, an effect that has been proposed to
is no evidence for a large normal isotope effect that deceleratesdestabilize antiperiplanar geometries relative to their synclinal
decomposition (unless it happens to be fortuitiously canceled isomers, occurs to a nearly equal extent when the phenoxy is
by an equal and opposite increase in absorption cross section)antiperplanar to a methyl as when phenoxy is antiperiplanar to
lonized B-fluorophenetole dissociates to ionized phenol via fluorine.
three competing mechanismg-elimination (which transfers (4) Ab initio normal-mode calculations (unscaled) at the SCF
only deuterium to yield PhOD from ionized FCRCH,OPh), and CIS levels display no systematic bias toward overestimating
bridging to form ionr-neutral complexes containing bridged or underestimating the low-frequency vibrations (which make
fluoronium ions (which transfex- andS-hydrogens with equal  the major contributions the entropy differences among isomers)
probability), and hydride shift to form ieaneutral complexes  and predict isotopic shifts that accord well with experiment.
containing fluoroethyl cations (which transfer andj-hydro- (5) REMPI time-of-flight mass spectra reveal no significant
gens in a 1:2 ratio). Photoionization studies have shown that deceleration of the rate of decomposition of ionized deuterated
similar types of competing pathways operate in the decomposi- -fluorophenetole.
tion of ionized 1-phenoxypropari&.Hence, one might have (6) The synclinal conformation of FGIBH,OPh exhibits a
expected an analoguous conformational dependence of frag-mass spectrum from multiphoton ionization at its origin band
mentation ratios. But we can see no conformational effect for that is indistiguishable from the mass spectrum produced by
pB-fluorophenetole. However, the observed fragment ion ratios REMPI at itstz overtone or by REMPI of its planar isomer.
from REMPI on jet-cooled FCECH,OPh, PhOM:PhOD*=1.5,
have such large standard deviations that they turn out to be Acknowledgment. This work was supported by NSF Grant
within experimental error of the value reported from 70-ev CHE9522604. We are grateful to Dr. Joseph Ziller (UC Irvine)
electron impact on heated samples, 1.33. The present experifor performing the crystal structure and to the San Diego
ments required comparatively low laser intensities in order to Supercomputing Center/NPACI block grant for providing
minimize the competition from other dissociation pathways (e.g., computer time.
formation of free fluoroethyl cations, which appear at higher
powers). The large errors in measuring relative abundances of Supporting Information Available: X-ray crystallographic
ions produced by< 0.02-mJ laser pulses may limit our ability ~data (11 pages). Ordering information is given on any current
to monitor the subtle consequences of the conformation of the masthead page.
precursor neutrals.
Photoionization (both single photon and multiphoton) displays Réferences and Notes
aspects of the ground states, electronically excited states, and (1) Eliel, E. L.; Wilen, S. H.Stereochemistry of Organic Compounds
radical cations of the phenyl ethers. These compounds absorbJohn Wiley & Sons: Chichester, 1994.
UV in a domain convenient for laser spectroscopy, which (with don_(zszBfg?der'lgéj WAtoms in Molecules, a Quantum ThepGlaren-
the help of deuterium substitution) reveals the variety of (3) Kanesake, |.; Snyder, R. G.; Strauss, HJLChem. PhysL986
structures accessible as a consequence of single-bond torsions4, 395.
The lowest frequency vibrations of the first excited singlet (4) Wiberg, K. B.; Murcko, M. A;; Laidig, K. E.; MacDougall, P. J.
become visible in the overtones of the excitation spectra, Phy(ss')caﬁ&lrg?&_gé;?l?fr%koy M. AJ. Am. Chem. So98q 111, 4821,
fundamentals that are usually difficult to observe directly in (6) Houk, K. N.; Eksterowicz, J. E.; Wu, Y.-D.; Fuglesang, C. D.;
the ground electronic state. These normal modes are reasonablyitchell, D. B. J. Am. Chem. Sod993 115 4170.
well predicted by ab initio calculations, as are structural features Socqz)9s40:rL]%é,K4i1\5/a5n'II'Er:J:’v?b';r ;i*:)an'glﬂozé ﬁgn'\(/leolgct]:d L-S 'E‘r-sAiT-T ggffeml- of
of the grpund state. An atoms-in-molecules analy5|s of Cqmputedthis reference correéponds to frequencies 20%chigher than the values
electronic structures accounts for the relative stability of tabulated.
synclinal conformations even though their through-space steric ~ (8) Irngaringer, H.; Strack, Sl. Am. Chem. Sod998 120, 5818.
repulsion exceeds that of their antiperiplanar isomers. Calculated 14(%)1;‘79“%”' V.; Cheng, X.; Morton, T. HI. Am. Chem. S0d992
energetic orderings of conformational isomers do not yet agree ™ 10y Bakke, J. M.; Bjereseth, L. H.; Rannow, T. E. C. L.; Steinsvoll, K.
as well with experiment, and atoms-in-molecules analysis helps J. Mol. Struct.1994 32, 205.
interpret the limitations of the theoretical results. Photoionization _ (11) Ci, X.; Kohler, B. E.; Moller, S.; Shaler, T. A.; Yee, W. A. Phys.

. hem.1993 97, 1515.
mass spectra of deuterated analogues confirm the occurrencé (12) (a) Foresman, J. B.: Head-Gordon, M.: Pople, J. A.; Frisch, M. J.

of multiple decomposition pathways for ions possessing enough j. phys. Cher1992 96, 135. (b) Hadad, C. M.; Foresman, J. B.; Wiberg,
internal energy to dissociate. The relationship between structureK. B. J. Phys. Chem1993 97, 4293. (c) Wiberg, K. B.; Hadad, C. M.;

and reactivity of this class of compounds remains a subject of Ellison, G. B.; Foresman, J. B. Phys. Chem1993 97, 13586.
Y P ) (13) Jones, P. G.: Kirby, A. J.: Parker, J. Kcta Crystallogr.1992

an ongoing inquiry. C48 841.
(14) (a) Becke, A. DJ. Chem. Physl993 98, 5648-5652. (b) Kohn,
Conclusions W.; Becke, A. D.; Parr, R. GJ. Phys. Chem1996 100, 12974.

(15) Varsanyi, G.Vibrational Spectra of Benzene Dediives Aca-
(1) p-Fluorophenetole is the smallest known molecule demic: New York and London, 1969.

L - . (16) Press: W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
containing a monofluoroethoxy group that remains solid at room ;merical Recipes in GCambridge University Press: 1988; p 472.

temperature without any hydrogen bonding. Its crystal structure  (17) Ruoff, R. S.; Klots, T. D.; Emilsson, T.; Gutowsky, H.5Chem.

accords with the structure predicted by ab initio calculations. Phys.199Q 93, 3142.
(2) The dominant conformer in the gas phase, the synclinal, Ch(elrﬁ) g)ﬁggg’é (131'7H'2'5'?§”bar' R. C.; Song, K.; Morton, T. §i.Am.
has the same structure as in the crystal, despite theoretical™ (19) punitz, J. D.: Taylor, RChemistry-Eur. J1997 3, 89.

calculations that place the energy of another structure (the (20) Traeger, J. C.; Morton, T. H. Am. Chem. S0d.996 118, 9661.



