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Photoionization mass spectrometry of isotopically substituted 2-phenoxypropane (iPrOPh), 2-phenoxybutane
(sBuOPh), and 3-phenoxypentane (3AmOPh) permits the analysis of branching ratios for competing pathways
by which the radical cations expel neutral alkene to yield ionized phenol. lonization energies (IEs) of
2-phenoxyalkanes do not differ significantly between 2-phenoxypropane and 2-phenoxyoctane and are
unaffected by deuterium substitution. IEs for 3-phenoxyalkanes are 0.04 eV lower than for the 2-phenoxy-
alkanes. Measurements of Ph@PhOH™ ratios from deuterated analogues as a function of photon energy
lead to a dissection of two mechanisms: direct syn elimination via four-member transition states (which
differentiates between stereochemically distinct positions on an adjacent methylene group) and formation of
ion—neutral complexes (which affords hydrogen transfer from all positions of the side chain). Syn elimination
from ionized sBuOPh partitions amotgns-2-butenecis-2-butene, and 1-butene in a ratio of approximately
6:5:4, exhibiting no systematic variation with internal energy. The proportion efri@utral complex formation

for sBuOPh increases with energy, from virtually nil at 9.6 eV to about 20% at 9.81 eV to slightly more than
one-half at 11.92 eV. loaAneutral complexes from sBuOPh yield nearly equal proportions of 1-butene and
2-butenes, with little variation as a function of internal energy, while those from 3AmOPh yield abeut 80
90% 2-pentenes. DFT calculations confirm the preference for syn elimination from ionized iPrOPh at low
internal energies. The computed energy of that transition state agrees with published experimental
determinations. Analysis of the electron density using the atoms-in-molecules approach shows that the transition
state does not possess cyclic topology, unlike vicinal eliminations from neutral molecules (which pass through
bona fide cyclic transition states). Cyclic topology is seen for a structure that precedes the potential energy
maximum, but that ring disappears at the top of the barrier. Both syn elimination andeatral complex
formation from the radical cation proceed far along the pathway for bond heterolysis before arriving at a

point at which the two types of mechanism diverge from one another.

Photochemically promoting an electron to the continuum  This paper examines deuterated analogues of the three
(instead of to an unoccupied virtual orbital) does not funda- simplestsecalkyl phenyl ethers: 2-phenoxypropane (iPrOPh),
mentally alter the physical processes that operate in isolated2-phenoxybutane (sBuOPh), and 3-phenoxypentane (3AmOPh).
molecules. As in other areas of molecular photochemistry, the The abbreviations come from trivial names commonly applied
majority of reactions apparently take place from the lowest to the respective alkyl groups: isopropgé&cbutyl, and 3-amyl.
electronically excited state of appropriate multiplieity this It turns out that all three ethers have nearly the same adiabatic
case, the ground state doubteegardless of the orbital from ionization energy. All of them give a single fragment ion upon
which an electron initially emerged. Photoions formed in the low energy 12 eV) photoionization: ionized phenol. How-
gas phase often fragment faster than they collide with other ever, that ostensible uniformity belies an underlying complexity
molecules, but vibrational energy tends to randomize internally of mechanism, which deuterium labeling reveals by means of
prior to dissociation. Collections of molecules undergoing the relative proportions of PhOHand PhOD" observed as a
unimolecular decomposition in the absence of intermolecular function of internal energy. We find that no single mechanism
collisions will not, in general, display single-exponential decay accounts for the results. Branching ratios and isotope effects
(since they contain a distribution of internal energiebyt a are extracted from the experimental data and interpreted with
subset having a uniform internal energy will obey first-order the aid of DFT calculations.
kinetics? In the latter instance the steady-state approximation
proves useful in using first-order kinetic analyses for elucidating Experimental Section

ti th .
competing pathway$ 2-Phenoxythreo and erythro-3-d;-butane and 2-phenoxy-

* Dedicated to Bryan Kohler, in memory of his outstanding scientific 2-d1-butane were prepared as previously descrfb@tﬂiaC_H-
accomplishments and the honor of his friendship. (OPh)CDCH;3 was prepared by k€CuCl-catalyzed couplingy
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of CHsMgl with 2-phenoxy-1,1d,-n-propyl tosylate, while 60 F = ' T T ]
CH3;CH(OPh)CHCD3 was prepared by bCuCl-catalyzed ‘ e PhOCD(CH,)CH.CH,
coupling of CDsMgl with 2-phenoxyn-propyl tosylate. In ‘ —=— PhOCH(CH;)CH,CD;
similar fashion, CHCH,CH(OPh)CDCD; was prepared by o —4— PhOCD(CH,CHy), ]

coupling COyMgl with CH3CH,CH(OPh)CDOTs. CD:CH-
(OPh)CHCHj3 was prepared by conversion of 2-phenoxybutyric
acid to its methyl ester, reduction with LiApconversion of

the resulting alcohol to C4€H,CH(OPh)CDOTSs, and a second
reduction with LiAID;. CD;CH(OPh)CDBCHs; and (CHCD,).-
CHOPhHh were prepared by repetitive exchange of 2-butanone
and 3-pentanone, respectively, with@ followed by reduction
with LiAIH 4, conversion to the tosylates, and displacement with
sodium phenoxide in refluxing THF. (CBMCHOPh and
(CH3CH,),CDOPh were prepared by reduction of epibromo- 10 -
hydrin and 3-pentanone, respectively, with LiAlllowed by
conversion to the tosylates and displacement with sodium 10 1 12
phenoxide in refluxing THF. 2- and 3-Phenoxyoctane were Photon Energy /eV
prepared by conversion of the corresponding alcohols to their
tosylates and displacement with sodium phenoxide in refluxing ciency ratios for 2o-2-phenoxybutane (solid circles). 4,4i42-

T.H'.:' A." compounds were purified by at least t,WO succe;;ive phenoxybutane (open circles), andli33-phenoxypentane (solid tri-
distillations and found to be free from chemical impurities angles).

(except for traces of volatile solvent) by GC/MS. Deuterium
incorporation was found to be98 atom % in all compounds
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Figure 1. First differential PhOF:PhOD™ photoionization effi-

except for CRCH(OPh)CDCHs, which was 97 atom % D. —o— erythro-PhOCH(CH3)CHDCH;
. . . . _ —e— threo-PhOCH(CH3)CHDCH3
The apparatus for measuring photoionization efficiency (PIE) + PhOCH(CD3)CHaCHs

(=)
T

curves has been described in detail elsewRérgriefly, the
microcomputer-controlled photoionization mass spectrometer
makes use of the hydrogen pseudocontinuum and a Seya-
Namioka monochromator equipped with a holographically ruled
diffraction grating. The resolution of the monochromator was
fixed at 1.35 A, and the absolute energy scale was calibrated
with atomic emission lines to an accuracy of better than 0.003
eV. All experiments were performed at ambient temperature
(297 K) with sample pressures of 10Pa in the ion-source
region. Flight time between the ionization source and the mass
selector is estimated to be on the order qi Experimental 3r
adiabatt 0 K ionization energies (IEs) were measured for : : '
selected compounds and correspond to the first observed 10 5 12
vibrational progression peak in the molecular ion first differential Photon Energy /eV

PIE curve. All first differential PIE curves were obtained from  rigure 2. First differential PhO:PhOD™ photoionization efficiency
the experimental data using a 25-point Fourier transform filter ratios forerythro- (open circles) anthreo-3-t;-2-phenoxybutane (solid
for smoothing with the program HORIZON (Star Blue Software, circles) and for 1,1,1k-2-phenoxybutane (solid triangles).

Inc.) before simple first derivatives were taken. Experimental

m/z 95:mV/z 94 ratios were corrected for 6.6% natural abundance ionized iPrOPh &) and the isotope effect for proton transfer
13C to obtain PhOM:PhOD™ ratios, but no corrections were  from an alkyl cation ) among the adjustable parameters and
made for incomplete deuteration. Mechanistic models were fitted assumed the primary isotope effects fbelimination from a

to the experimental ion ratios (PhOHPhOD™ or PhOD™: methyl () and from a methylene to be equal. Another model
PhOH™, depending on which represented a valgg) using was identical in all respects except thavas assumed to equal
the MINSQ iterative nonlinear least-squares program in the zero andu andx were allowed to vary independently. Neither
SCIENTIST package (Micromath, Inc.). Branching ratios for of these models was able to give an exact fit to the 11.92 eV
each mechanistic model were determined at three wavelengthsiata. The preferred model, which gave exact solutions at all
corresponding to extrema in the fragment ion intensity ratios three photon energies, made use of the valug pfeviously

in the first differential PIE curve. Phendl was the only reported from photoionization of 1-phenoxypropanesd
fragment ion observed at all energies, and its percent of theincludeda, u, andx among the independent parameters varied
total ionization did not vary significantly among tisecalkyl to fit the data. Estimated uncertainties in the derived branching
phenyl ethers, neither as a function of chain length nor as aratios are based of-5% uncertainties in the experimental
function of deuteration: 1530%X at 9.81 eV and 4655% PhOH*:PhOD" ratios and were determined by Monte Carlo
at 10.36 eV; however, these ion abundances do differ signfi- methods as follows. Using MATHEMATICA (Wolfram Re-

w
T

First Differential PIE Ratio
o~

cantly from those measured for 1-phenoxyp_ropane:—0.8%2 search, Inc.), 1200 data sets were generated as random fluctua-
at 9.81 eV and 1812% at 10.36 eV (again independent of  tions (using a normal distribution with standard deviation of
deuteration). 5%) about the values from Figures-4 at a given photon

Several mechanistic models were examined, of which three energy, and best fit solutions found for each data set. Uncertain-
were were given special scrutiny. One model included the ties are reported as the standard deviations among the derived
branching ratio for formation of ionneutral complexes from  values. Highly negatively correlated values (such as the 1- and
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14l ' : ' ] TABLE 1: Adiabatic lonization Energies Measured for
. PROCHCH,CD.CH, SelectedsecAlkyl Phenyl Ethers

12k —e— PhOCH(CD»CH3)» i Compound IE (eV)
- erythroPhOCH(CH)CHDCH; 7.97
& ok j PhOCH(CR)CD.CHs 7.98
= PhOCH(CH)CH,CDs 7.99
%‘ | 2-phenoxyoctane 7.97
Fosf (CH3CD;)CHOPh 7.94
o 3-phenoxyoctane 7.93
[
406 [ 1
a algorithm became prohibitively expensive above 0.5 eV internal
Boal . energy, so the theoretical estimate is compared with experiment
S

only athv = 9.81 eV.

o
)

Results

t L 1

10 11 12
Photon Energy /eV

lonized alkyl phenyl ethers expel neutral alkenes to produce
ionized phenol via two general decomposition pathways. One
pathway, illustrated schematically in eq 1, proceeds via a pair
Figure 3. First differential PhOk:PhOD™ photoionization efficiency of steps: heterolysis of a carbenxygen bond to form an ica

ratios for 3,3e-2-phenoxybutane (solid circles) and 2,2,d,43- neutral complex (in which at least one of the partners can rotate
phenoxypentane (open circles). independently of the other) followed by proton transfer from
. : . the cationic partner to the neutral phenoxy radical. As will be
1 discussed below, intervention of iemeutral complexes ac-
—e— PhOCH(CH;D), counts for the formation of PhOD from the o— andy-deu-
5t —o PROCH(GH9(CDs)] -] terated analogues of sBuOPh, PhOCD{CHH,CH; and PhOCH-

(CH3)CH,CDg3, as well as from ther-deuterated analogue of
3AMOPh, PhOCD(ChCHj),. As Figure 1 summarizes, PhO©D

is virtually undetectable at the lowest ionizing energies studied
but becomes steadily more abundant as the parent ion’s internal
energy increases.

IS
T

proton transfer
-

H+ bond heterolysiT PhOH+ +

alkene (1)

w
T

1 ROP R* PhQ]

First Differential PIE Ratio

The other pathway involves a 4-center elimination specifically
from the S-positions (the hydrogens on the carbon adjacent to
0 " 5 one to which oxygen is attached). This inference comes from
the fact that the fragment ions have the structure of phenol
(rather than one in which the itinerant hydrogen attaches to the
Figure 4. First differential PhOR:PhOD* photoionization efficiency ~ ing)® and from the fact that (as Figure 2 depicts) the two
ratios for 1,3d,-2-phenoxypropane (solid circles) and 1,1,1,8s3- diastereomers of PhOCH(GHCHDCH; give different PhORt':
phenoxypentane (open circles). PhOD™ ratios. As has previously been argueteq 1 would
not permit one to distinguish such stereocisomers mass spectro-
2-butenes from either decomposition pathway of ionized metrically.
sBuOPh) have uncertainties symbolized-byand F. Photoionization Efficiency Measurements and Kinetic
Ab initio calculations were performed with the 6-31G** basis Analysis. Table 1 summarizes adiabatic ionization energies (IEs)
set using the GAUSSIAN94 (Gaussian, Inc.) program system measured for selecteskcalkyl phenyl ethers. The IEs of the
on a Cray T90 mainframe. Geometries were optimized using 2-phenoxyalkanes are found to be within experimental uncer-
Hartree-Fock based and DFT (B3LYP) methods. DFT- tainty (£0.02 eV) of the value we have previously reported for
optimized geometries and unscaled DFT zero-point energiesiPrOPh (7.98 eV¥.The IEs for 3-phenoxyalkanes are slightly
were chosen for energetic estimates, since unrestricted Hartree lower, 7.94+ 0.02 eV. The position where phenoxy attaches
Fock based methods gave unacceptably high valuesaf to an-alkane affects the IE, but deuteration and chain length
Points along thg-elimination reaction path were calculated by apparently do not. The 298 K appearance energies for alkene
performing DFT geometry optimizations with constrained expulsion, determined by threshold linear extrapolation, are 9.58
O—CH distances. Bond paths and extrema of electron densitieseV for iPrOPh, 9.39 eV for sBuOPh, and 9.34 eV for 3BAmOPh
were evaluated using the PROAIMS suite of programs (from (£0.03 eV). These values can be compared with the appearance
the AIMPAC program package kindly provided by J. Cheese- energy for PhO# from 1-phenoxypropane, 9.87 eV, for which
man and R. F. W. Bader). Theoretical estimatek®f,/kcp, we have previously published the PIE cufve.
for ionized CHCH(CD;)OPh were based onN3-8 DFT Figures 4 plot the curves for deuterated analogues as ratios
harmonic vibrational frequencies for each of the two transition of the first differentials of PhOH and PhOD' photoionization
states corresponding to alternative positioning of the methyl efficiencies (PIEs) in order to portray the effective product
groups (with the internal rotation of the benzene ring about the distributions as a function of internal energy of the molecular
phenoxy C-O axis treated as a free rotor), followed by direct ion.? The energy spread of the parent ion at a given photon
counts of integrated densities of states to obtain the isotope effectenergy in a first differential plot is on the order of the thermal
as a function of internal energy. Use of the direct count vibrational energy content of the parent neutral at 298 K, about

Photon Energy /eV
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SCHEME 1
phoD™*
-
B—elimination
D ck/w + 3bk +
opyt —— PhOH
dk/z
threo-d;-sBuOPh D b
—_— + p—— Din:
= PhO | == .
+ PhO- , Fo
3k’+ek’/ \‘ek'/y 3k’ +2ek'l 3K +ek’/ \ek’/y
phoH'* phoDt PhOH'* phoHt phoD*
+
PhOD _ 2dewx + wz (9y + ey + 2e)
PhOH'+ dwxy (9 +4e) + (3bwxz + cxz)(9y + dey + 2e)
SCHEME 2
(roks phoD*
-C wx
D, / B—elimination
INZ 3bk "
oph — PhOH
sz
3,3-dy-sBuOPh D,
D = | DX+ po. =|DPX+ po-
+ PhO - D D
3K’ / \Zek'/y 3K+ ek/ \ek'/y 3K+ ek/ \ek ly
phog't  PhoD™ phon"* phopt  PhoH Yt phoD™"
phoD't ddewx + 71 +¢)(9y + 2ey + de)
phon't dwxy (9 +2e) + 3bwxz X9y + 2ey + de)

0.2 eV. Figure 1 shows results for compounds containing SCHEME 3

deuterium elsewhere than in tifepositions. Very little deu- PhoH"T

terium transfers in the fragmentations at the lowest ionizing (1+o)k

energies. Figures 2 and 3 reproduce the ratios of the first dif- B-elimination
ferential PIE curves for compounds containing deuterium only é_ -+ Wby phop*

in S-positions. The oscillations in Figure 2 appear somewhat OPN™

exaggerated, owing to the scale chosen fornythaxis. Figure CDs

3 exhibits results on a scale that gives a better idea of the1,1,1-d5-sBuOPh
magnitude of the oscillations (upon whose origin we do not

speculate). + PhO- PhO -

A straightforward interpretation of Figure 1 would suggest ¢D CD;
that the contribution from eq 1 increases with internal energy. 2ek” 3k ly 3k + 2ek”
At the lowest internal energiedw{ = 9.6 eV) ionization of / \ 1
1,1,1,3,3e5-sBuOPh (CRCH(OPh)CDCHas, curve not shown
since it is virtually identical to the curve for (GBD,),CHOPh PhOH" * PhOD™ PhOH"*
in Figure 3) gives>8 times more PhOD than PhOHK", and +
we suspect that much of the PhGHt this energy results from PhOD'+ - 3duy +3b2°(3 + 3y +4ey )
incomplete deuteration of the starting material. If we neglect PhOH' duvy (3 +4e) + uvz (1 + ¢)(3 + 3y +4ey)

ion—neutral complex formation at this internal energy (consis-

tent with Figure 1), the results for the oth@rdeuterated PhOD™ ratio for erythra Mechanistic analysis provides a
analogues of sBuOPh imply that ionized sBuOPh eliminates quantitative assessment of the relative contributions of compet-
1-butene much less often than 2-butene and that the ratio ofing pathways at higher internal energies. Schemeillustrate
expelledcis-2-butene totrans-2-butene approximately equals first-order kinetics for decomposition of three deuterated
the PhOH™:PhOD™ ratio for threo divided by the PhOM: analogues of ionized sBuOPh (one of thethed,, and one of
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the d; isomers) by which branching ratios and isotope effects SCHEME 4
can be extracted from the experimental ratios.

The analysis of the fragment ion ratios for iPrOPh and 3k/uv
sBuOPh employs 10 parameters chosen from among five DAC / B-elimination
branching ratiosg—e) and Six independerity/kp values (— _ opnt 3k phon-+
2). Three models were examined and gave comparable branching
ratios for sBUOPh. The first moded & 0) supposes that ien
neutral complexes do not intervene at all in the decomposition 1,1,1-d;-iPrOPh \
of ionized iPrOPh (since previous studies have shown no evi-
dence for exchange between the methyl and methine giups
Three of the isotope effects were determined from the ratios
measured for deuterated analogues of iPrOPh3GEHOPh)- 3k'/ \3“'@
CD;H and CQ3CH(OPh)CH, for which we have previously
published PIE ratios, and (CQHCHOPh, whose first dif- PhOH"" PhoD"*
ferential PIE curve is reproduced in Figure 4. The ratio for this
last compound depends on two consequences of deuterium PhoD+ 33+ 1) + auv
substitution, a primaryu) and a secondary isotope effeat)( ot
affecting s-elimination.

+ PhO -

phoH'" 3uvz 30’ +1) + auvy

TABLE 2: Fraction of Decomposition of Undeuterated
PhOD" 1 _ w secAlkyl Phenyl Ether Radical Cations Taking Place via
m “owW  2u (2 lon—Neutral Complexes, Determined from Ratios of First

Differential PIEs (Uncertainties Given Only for the y-Fixed

. Model) for Various Mechanistic Models?
We then take the ratio for the othéranalogue, CECH(OPh)- )

CD:H, to depend on the combination of those two isotope effects lon internal energy
as well as a third one, the secondary isotope effect resulting  ion model 19ev 24eV 4.0ev
from having two deuteria attached to the same methyl group iproPht u=x 0.65 0.64 b
(v). The primary (1) times the secondaryV isotope effect gives y=121 052+0.12 0.62£0.10  0.60+0.05
the netky/kp for transfer of deuterium from the CHyroup. y=10  041+0.16 056£0.09  0.550.05
The ratio for CHCH(OPh)CDH thus equals SBUOPR™ ~a=0 013 0.22 b
q u=x 0.33 0.30 b
N y=1.21  0.1910.011 0.326+0.020 0.518t 0.025
PhOD™ _ 2w _ 2v 3) y=10  0.15%.014 0.279:.016 0.451+ 0.017
+ uw =+ 3uow 3AMOPHT a=0 0.13 0.32 b
PhOH™  (1/2) +3 u=x 034 0.36 b

Finally, the deuterium isotope effect for transfer from asCD y=1-14 01880017 0.384:0.039 0.557:0.064

versus a Chiresults from the combined primary isotope effect 2 Internal energies correspond to the three photon energies at which

u and the secondary isotope effectaivin data analyses were performed (9.81, 10.36, and 11.92 eV £h@®
y P el 9 model assumed the fraction to be zero for ionized iPr&Mo solution

Phoo* 3w _ 1 found to fit the data.

PhOH™ -3 uv ) Schemes 3 and 4 attenuate formation offoeutral complexes
by a factor ofZ® relative to their undeuterated analogues). Since
The second model/fixed) takes the isotope effegtfor the secondary isotope effects do not necessarily act cumulatively,
acid—base reaction within an iemeutral complex (the second this assumption may lead to systematic error.
step of eq 1) to have the same valyes 1.21+ 0.03, as we The third model supposes that the same primary isotope effect

have reported for [iPr PhO] complexes from ionized 1-phe-  operates for a monodeuterated methyl group fQHas for a
noxypropenesFor the higher homologues of iPrOPh, parameter monodeuterated methylene (CHD), i.a.&= x. In two of the
y represents a composite effect, based on the assumption thatmodels the fraction of ionized sBuOPh decomposing via
the isomericsecbutyl cations from a given precursor (such as complexes increases with internal energy, as Table 2 sum-
those drawn within the ionneutral complexes in Schemes3) marizes, but in thet = x model that fraction does not change
all contribute equally. Similarly, the use of this single parameter significantly between 9.81 and 10.36 eV. Neither the= 0
for secpentyl cations supposes that isotopic label distributes model nor theu = x model succeeds in fitting the 11.92 eV
itself randomly among the middle three carbons. first differential ratios, but the-fixed model does. Hence we
Sincey is not a variable in thg-fixed model, we can solve  believe they-fixed model to give the most credible results and
for a parameter not included in ttle= 0 model, namely the  report the branching ratios determined usjrg 1.21 in Scheme
branching ratio §) for decomposition of ionized iPrOPh via 5. In part this choice is justified by our finding thatda10%
[iPrt PhO] ion—neutral complexes. Instead of using egs42 variation iny contributes no more to the uncertainty of the
to extract isotope effects, v, andw, they-fixed model derives derived values than does a 5% uncertainty in the experimental
more complex expressions, as illustrated in Scheme 4 for for ratios. As Table 2 shows, neglecting this isotope effect altogether
1,1,1ds-2-phenoxypropane. The three new expressions for (i.e., y = 1.0) has a comparatively small effect on the
deuterated iPrOPh were combined with those from sBuOPh contribution of ion-neutral complexes inferred from the
(identical to those used in the = 0 model, except that a  experimental data.
constant is subsituted fg) and solved for the branching ratios The branching ratios derived using tisdixed model § =
a—e and the isotope effects—x and z. In both models, 1.21) for sBuOPh are tabulated in Scheme 5 and those for
parametez symbolizes the averagesecondary isotope effect  3AmOPh in Scheme 6. The latter are based on results (plotted
on bond heterolysis (the first step of eq 1) and is assumed to bein Figures 1, 3, and 4) for 8, 2,2,4,4d,, and 1,1,1,2,24
multiplicative (such that, for example, the thrgeleuteria in analogues of 3AmOPh, in which the isotope effectfealim-
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SCHEME 5
PIE PIE 15! Differentials
curve A
r N\
9.81eV  9.81eV  10.36eV  11.92eV
l-butene  0.30  0.244%.063 0.193%.040 0.100+.024
o -elimination t-2-butene  0.31 02997035 0.254%023 0.210%.019
opht c-2-butene 0.25 0.265%031 0.227%022 0.173%018
l-butene 008 0.099+.027 0.163+.047 0.274%.062
+ PhO-
2-butenes 0.06 0.093%.026 0.163%.046 0.2437.055
SCHEME 6
Parent lon Internal Energy
A
4 N\
1.9eV 2.4 eV 4.0 eV
B-elimination 2-pentenes  0.812+.017 0.606%.039 0.443% .064
ot
OPh +
\ = 2-pentenes  0.173%.026 0.3147.047 0.4257.069
Pho-]
U/ l-pentene;  0.015%+.008 0.069+.010 0.132+.002
\ / ethylcyclopropane
H .
[/
H
H

TABLE 3: Kinetic Isotope Effects for f-Elimination of Deuterium versus Hydrogen Derived from Steady State Analyses of the
Lowest Energy PIE Data (Ratios of lon Abundances) and of the Experimental First Differential PIE Curves of 10 Deuterated
Analogues of iPrOPh and sBuOPh based on thg-fixed model

PIE internal energy for first differentiats
symbol definition 9.6 eV 9.8 eV 1.9eV 2.4eV 4.0eV
u primary isotope effect for iPrOPh 1.41 1.80 1480.08 1.76+ 0.91 1.69+ 0.49
uy keny/Kep, for a methyl group 1.56 5.32 3.181.76 2.27+0.91 1.80+ 0.36
X methylene primarkcu,/keqo in SBUOPh 2.33 1.10 1.240.24 1.52+0.21 1.46+ 0.14
WX ker/Kep, for sSBUOPh methylene 2.10 0.71 0.880.27 1.09+ 0.23 0.72£0.12

2 From ratios of ion abundances in the photoionization efficiency cuffesom ratios of the first differential PIE curves.

ination from a CD group (symbolized af is not assumed to  cation and interconverts easily withtitTherefore, the difference

be the same as for sBuOPh. Thaleuterium isotope effects  betweenkcn,/kep, for a 3AmOPh methylenet)( and for a

on ion—neutral complexesg (per-deuterium), are taken to be  sBuOPh methylenen), though statistically significant, may

the same as for the lower homologues: 0010.03 at 9.81 reflect systematic errors introduced by the necessity of using

eV, 0.94+ 0.03 at 10.36 eV, and 0.86 0.03 at 11.92 eV. The  single parametery,andz, to characterize the consequences of

uncertainties in Scheme 6 (and for isotope efteethich has deuteration on the rates of creating and destroyingiaeutral

a value of 2.5 at all internal energies, but whose uncertainty complexes. Given the magnitude of the experimental uncertain-

ranges for+0.2 at 1.9 eV tot0.6 at 2.4 eV tot-1.8 at 4.0 eV) ties, there is no evidence that any of the isotope effects changes

reflect the variation in derived branching ratios resulting from significantly as a function of internal energy.

allowing y to take on values from 1.0 to 1.4. As Scheme 5 summarizes, the branching ratios for sBuOPh
Table 3 summarizes the deuterium isotope effects for derived athv = 9.81 eV are nearly the same, regardless of

f-elimination derived using thefixed model. Large uncertain-  whether one uses the ratio of experimental ion abundances

ties in theky/kp values accompany the comparatively small (where the least-squares program does not find an exact fit) or

uncertainties in branching ratios. The supposition that deuterium their first derivatives. This instills confidence in our use of first

in the y-position of ionized 3AmOPh does not affect its rate of differential values at higher photon energies. As Table 3

heterolysis is open to question, since computation indicates thatsummarizes, the isotope effects from the PIE ratios display some

corner-protonated ethylcyclopropane (drawn in equilibrium with peculiarities, though they do not differ significantly from the

the secondary cations in the ieneutral complex at the bottom  values derived from first differentials. Since the 9.8 eV PIE

of Scheme 6) has the same stability as the classical 3-pentylratios represent a superposition of ions with various internal
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energies, they must be considered less reliable. The data atomplex would display all the characteristics so far observed
energies below 9.8 eV (whether PIE ratios or first differentials) experimentally for3-elimination.
cannot be fit, even if one assumes no formation ofHorutral
complexes whatsoever and takes the ratios in Figure 1 all to be HCCC
zero (as well as the PhOHPhOD™ ratio from CD;CH(OPh)- " i
+ H— + ZHCCC

CD,CH). % %H 2+_

Theoretical Calculations. sBuOPh has five chemically H
distinct types of shCH bonds: the methyl near the oxygen 3 4 5 6
(position 1), the methyl further from the oxygen (position 4),
the hydrogen attached to the same carbon as the oxygen (thd ABLE 4: Calculated Electronic Energies and Dihedral
a-hydrogen, position 2), and the stereochemically differentiable Angles (B3LYP/6-31G**) for Isomeric secPentyl Cations

methylene hydrogengiythroandthreoat position 3). Formerly, ion isomer Eel (aU) OOHCCC (deg)
itwas thought that _substltutlng each of these |nd|V|du§1_IIy would "3 transtrans3-pentyl  —196.865 950 31
permit an unambiguous assessment of the positional and 4 cistrans-3-pentyl —196.864 567 41,162
stereochemical selectivity of a reaction in terms of the fractional 5 transtrans2-pentyl ~ —196.863 674 38
contribution from each site. Recently, however, we pointed out 6 cistrans-2-pentyl —196.862 372 162

that such a phenomenological interpretation can lead to con-
tradictions and that a mechanistic analysis is to be preferred, Similarly, complexes containing noninterconverting cations
even though it requires the study of additional isotopically could conceivably lead to exclusiyeelimination from ionized
substituted analoguésGiven a set of mechanistic hypotheses, 3AmMOPh. Density functional (DFT) geometry optimizations
the relative product yields from a unimolecular decomposition using the B3LYP approaéh show the all-trans structurd
can be dissected using a first-order kinetic scheme (either by (Which hasC, symmetry, even though that was not imposed as
solving a set of coupled differential equatiéher by means of a constraint) to be the most stable classical secondary pentyl
the steady-state approximatfrunder the following circum- cation, as Table 4 summarizes. Were the classical 3-pentyl
stances: the concentration of the reactant must decay exponencations,3 and its rotame#, the only cations in iofrneutral
tially (as when it rapidly equilibrates with an infinite heat bath complexes, exclusivg-elimination would be observed. Inter-
or consists of a set of isolated, monoenergetic moledutes ~ conversion with corner-protonated cyclopropanes (such as
else the reaction must have gone to completion (in which caseillustrated at the bottom of Scheme 6) would not necessarily
the result represents an ensemble average). While there are otheffect this. Isomerization to 2-pentyl catiorisqr 6) would have
circumstances where a steady-state analysis provides a satisfado have taken place for the-hydrogen to transfer to oxygen.
tory approximatiort3 the photoionization results analyzed above ~ The same arguments apply to ionized iPrOPh, since there is
correspond to collections of essentially monoenergetic reactantsno evidence for transposition of hydrogens at any en&t@ur

Our analysis of ionized sBuOPh discerns two mechanisms: distinction between the two most plausible ways to analyze the
B-elimination (in which hydrogen transfers specifically from experimental data, thg-fixed anda = 0 models, hinges on
positions 1 and 3 and which can differentiate erythro from threo) Whether -elimination from iPrOPH occurs without the
and complex formation (in which the itinerant hydrogen can intervention of complexes. On the basis of héixed model,
originate from any of the alkyl positions and where stereo- We conclude that about half the decomposing ions pass through
chemical distinctions are lost). One can conceive alternative [IPr™ PhO] complexes when the parent ion contains 1.85 eV
mechanistic options, but those two pathways have precedentgnternal energy. If, on the other hand, all dissociations of

and suffice to account for the data in hand. iPrOPhT take place via a single mechanism, thfixed model
does not pertain. Our surmise that complexes intervene less and
+ Hot less at lower energies has been tested by DFT calculations on
A s Ha, the consequences of elongating thé €s-O bond of ionized
{ A iPrOPh. Table 5 summarizes the outcome. Basis set superposi-
1 2 tion error (BSSE) was estimated using counterpoise for the

noncovalently bound structures in which the partners (phenoxy

Theoretical calculations probe what experiment cannot yet radical and isopropyl cation or ionized phenol and propene) have
ascertain definitively: whethgt-elimination might be proceed-  nearly the same structures as their free counterparts.
ing via ion—neutral complexes, in which the alkyl cations remain A four-member transition state is found f@relimination,
fixed in their most stable geometries. The two lowest energy structureA drawn in Figure 5, for which a DFT normal modes
computed structures fa@ecbutyl cation,1 and2, have bridging calculation shows one negative force constant. The energy of
atoms!* The accessibility of., with a bridging proton, explains  this transition state relative to ionized iPrOPh (the radical cation),
the low-barrier interconversions of classical structures repre- 1.15 eV (when unscaled zero-point energies are taken into
sented in Schemes 1-3 (for which condensed phase studies showonsideration), is consistent with the experimental valde33
ample precedef). On the one hand, it is apparent thation  eV.” The geometry of the transition state corresponds to syn
neutral complexes containiigcannot account fg#-elimination, elimination, which is our reason for correlating the expulsion
since the two methyl groups are equivalent in this ion. of trans2-butene with formation of PhOD from the threo
Experimentally 3-elimination from ionized sBuOPh excludes precursor and the expulsion of neutrais-2-butene with
one methyl (position 4) even as it includes the other (position formation of PhOD" from theerythra StructureA in Figure 5
1). On the other hand? (which has a bridging methyl and  will be denoted as the syn transition state.
corresponds to a corner-protonated cyclopropane) preserves the In contrast to this transition state we find the iemeutral
distinction among the five types of hydrogen and renders only complex to have a higher energy. teneutral complexes need
the erythro andthreo hydrogens (one being cis and the other not correspond to minima on the potential energy surface. Their
trans to thea-hydrogen) and the nonbridging methyl acidic hallmark is that one of the partners (the isopropyl cation, in
enough to transfer a proton to form alkenes. 2 PhO] this case) must rotate about an axis orthogonal to the bond that
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TABLE 5: Calculated Electronic Energies (in atomic units), Net Electronic Spin, and Geometrical Parameters (B3LYP/
6-31G**) for lonized iPrOPh in Its Most Stable Geometry (the Radical Cation), in Its Constrained foc = 2.6 A) Geometry, for
the p-Elimination (syn) Transition State, for the C, Symmetry Constrained lon—Neutral Complex, for the Aggregate of Propene
with lonized Phenol, and for Phenoxy Radical plus Isopropyl Catior

radical transition
cation constrained  state [iPrPhO] propene--HOPh* PhO and iPr

—Eq (au) 425.147118 425.099275 425.097805 425.089099 425.122060 425.057871
[®0 0.7672 0.7806 0.7783 0.7809 0.7666 0.7898
ZPE (eVy 5.143 d 4,949 4,926 5.046 4.869
distances (A)

roc 1.498 2.600 2.688 2.897 3.093 0

IoH 2.6# 2.180 1.748 3.701 1.012 co

rce 1.518 1.448 1.416 1.446 1.346 1.441

IcH 1.09 1.114 1.163 1.097 2.005 1.117

I'cve 1.522 1.456 1.460 1.446 1.497 1.441

I'ScaHa 1.093 1.089 1.091 1.101 1.091 1.094

I'sf—co 1.305 1.268 1.270 1.263 1.302 1.258
angles (deg)

OCsCuMe 114.6 124.2 125.4 124.8 125.6 126.1

H0OC.Cy 104.9 87.6 78.7 117.6 73.9

OOH;Cy 65° 121.7 145.0 86.2 172.5

OHECsCa 111° 102.1 92.3 111.9 79.7 102.8

OHEOCy 55° 48.7 43.7 37.8 23.9

OH.C.Me 111.8 117.9 117.0 117.6 116.1 117.0

OH.C,O 106.8 83.2 85.7 0 101.7

Osp-COG, 125.0 144.1 170.1 180 138.5
dihedral angles and angles of bonds with planes (deg)

0OC,CsHg +61° 0.4 3.0 375 2.4

Osp-COGCy 151.0 170.3 167.7 0 -36.1

n 54¢ 434 333 54.7 7.5 60.6

s 46.6 4.4 21 0 1.0 0

T 28.2 8.8 5.6 61.7 28.5

P 8.2 51.6 79.3 0 34.4

2 Symbols for geometrical parameters are defined in FigufeZero-point energy from unscaled B3LYP/6-31G** normal moti®ean of the
values for two different choices for ¢ Not an extremum, normal modes not calculate@ne negative force constant.

A B v PhO-

& iPr*

Foy,
s Foc
T, H r 0.77 eV
cH | rcc“ CMe CH //
H\\icﬂ—cm“.,,H 3 | B
H \/cw
nog A 022eV
AN TN propene & PhOH "™
Figure 5. Optimized geometries (B3LYP/6-31G**) ofA) the syn levl 3 \ 5

transition transition state fg#-elimination and B) the C,-constrained e
ion—neutral complex from ionized iPrOPh. ; wpropene T HOPL < 051ev
" LiSev N

has severeéf Therefore, we chose structuBedrawn in Figure ;
5 (constrained to hav€, symmetry) to represent the ien 0.58ev
neutral complex, and we calculate its energy to be 1.37 eV above !
that of the iPrOPH radical cation. This is slightly greater than o
the experimental upper bound measured for the barrier to
propene eliminatior With a counterpoise correction for BSSE 1.5A 27A  29A  31A o0
the electronic energy dB lies 0.80 eV below the electronic

energy calculated for free isopropyl cation and phenoxy radical, Figure 6. DFT energies (including unscaled ZPE corrections) relative
Figure 6 summarizes the energies of the relevant extremato ionized isopropyl phenyl ether (iPrOPh for extrema along the

along the reaction coordinate for elimination of propene from ompeting decomposition pathways, including transition structéres
the iPrOPH" radical cation, taking into consideration the andB in Figure 5.

unscaled DFT zero-point energies.and B both exhibit one

negative force constant, while the other structures display only for B, which exemplifies the importance of the polarizability
positive force constants. Subsequent to hydrogen transfer, theand dipole moment of the uncharged partner in stabilizing the
potential energy drops to a local minimum corresponding to a interactions between ions and neutrals. The calculated energy
cluster of propene with ionized phenol, properdOPH*. With of the separated products relative to iPrORPH.10 eV, does

a counterpoise correction for BSSE, the electronic energy for not differ greatly from the experimental value, 1.05 &V.

this aggregate lies 0.53 eV below that of the separated products, Along the reaction coordinate, a geometry optimized with
but we have no experimental evidence for its intermediacy. The the s C—O bond lengthr(oc) constrained to be 0.088 A shorter
potential well for propene-HOPH™ is shallower than the one  than that of the syn transition state has an electronic energy

/iproPn-*

sp3 C-0O distance (roc)
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1.30 eV above that of the iPrOPhradical cation. Figure 6

Traeger et al.

inferred on the basis of the photoionization experiments

does not include this constrained structure, because it does nosummarized in Scheme 5. lons within these complexes do not

correspond to a local minimum or saddle point. Between the
constrained structure and transition stafe several major
geometric changes take place: theB®distance (oy) shortens

by 0.43 A and the Chibond {cy) elongates by 0.05 A, along

undergo any carbon skeleton rearrangement, as free ioffs do.
The cis/trans ratio from the complex cannot be deduced from
the photoionization results, but ionized PhOLH,CH,CH3

yields a 50:50 mixture in the recovered neutral products. This

with the attendant changes in bond angles summarized in Tablecontrasts with the behavior of freeidy™ in the EBFlow, where

5. Torsion angler stands for the angle made by the-€Cs
bond with the plane of the ring. Some bond lengths do not vary
monotonically in passing from ionized iPrOPh to the syn
transition state. The bond from the central carbon of the
isopropyl to the nonreactive methylc{ue) and the bond from
the benzene ring to oxygemsg-co) both become shorter in

deprotonation with dimethyl ether (whose gas phase basicity is
comparable to that of a phenoxy radical) gives an isomer ratio
of 0.3 and yields even more methylcyclopropane toan2-
butene® Free GHo" ions behave as one would expect based
on ab initio calculations, which show the proton-bridged
structurel with transmethyls and the corner-protonated cy-

the constrained structure than in either the transition state orclopropane2 to be the most stable isomers of thecbutyl
the radical cation. These bond shrinkages are what would becation!4 The CHg* within ion—neutral complexes, however,
expected for an incipient heterolysis, where subsequent transfebehaves like the interconverting classical cation structures drawn

of Hg circumvents formation of an ieAneutral complex as the
sp® C—0O gets longer. An atoms-in-molecules analysis of
extrema in the electron density provides additional insight, as
the discussion below will present.

Discussion

lonizedsecalkyl phenyl ethers expel neutral alkenes via two
competing unimolecular pathways in the gas phase, as reveale
by isotopic labeling studies. One pathwag;elimination,

manifests a moderate degree of stereospecificity, which has

rendered it useful for mass spectrometric analysis of other
stereospecific reactiort8.The work presented here examines
the energetic dependence of this pathway relative to the
formation of [secalkyl cation PhC] complexes. The three

in Schemes 43.

Our analysis of the photoionization experiments dissects
[-elimination away from the component that proceeds via eq 1
and permits a quantitative determination of the stereospecificity
of the former. The branching ratm(the ratio oferythroversus
threohydrogen transfer for sBuOPh) translates directly into cis/
trans ratio of 2-butene expelled Byelimination. This ratio does

dot depend on which of the three mechanistic models is used

to extract it from the data, and it does not vary significantly
with internal energy:c = 0.89+ 0.05, 0.90+ 0.05, and 0.83

+ 0.06 at the three photon energies studied (not far from the
ratio of PhOD™:PhOH™ ratios from theerythro- andthreo-d;
isomers at those energies). We infer that the net preference for
expulsion oftrans-alkene vigs-elimination does not change very

simplest examples correspond to molecules in which the central™Much over the energy domain from onset to 4 eV internal

carbon is flanked by two methyls, iPrORhMeCH(OPh)Me;
a methyl and an ethyl, sBuOPs MeCH(OPh)Et; and two
ethyls, 3AmOPh= EtCH(OPh)Et. Assumptions about the
transferability of isotope effects among these three leads to
experimental determinations of branching ratios, as tabulated
above in Schemes 5 and 6.

The choice of mechanistic model determines the outcome of

energy.
We have computed the isotope eff&egti/kep, for -elimina-

tion from ionized CHCH(OPh)CL (based on normal modes

calculations for the syn transition state). The experimekial

kep, values (Table 3) have such large uncertainties that no

meaningful comparison can be made with the theoretical rate

of transfer from the Cklrelative to the CB. We predictkch,/

the data analysis. This choice hinges on whether ionized iPrOPhKep; = 1.47 for the syn transition state at an internal energy of
decomposes by a single pathway or via competing mechanisms0.5 eV (the internal energy corresponding to 9.81 eV minus

A plausible theoretical picture has been computed for iPrQPh
which will be discussed below in greater detail. It portrays two

the experimental upper bound for the barrier height), a value
that looks plausible and lies within one standard deviation of

competing mechanisms separated in energy by approximatelythe experimental value afv based on thg-fixed model. The

0.2 eV. The relative proportions ¢f-elimination (relative to
formation of ion—neutral complexes) ought to decrease as

9.81 eV values okcpy/kep, from thea = 0 model (1.49) and
from the u = x model (1.36) also do not differ significantly

energy content increases until a plateau is reached, consistentrom the theoretical prediction.

with our interpretation of the experimental data (cf. Table 2).
For ionized sBuOPh and 3AmOPh, kinetic analysis shows that
approximately 20% of parent ions with 1.9 eV internal energy
dissociate via iofrneutral complexes. With 2.4 eV internal
energy 36-40% of the decomposing ions pass through com-
plexes. With 4.0 eV the fraction is 560%.

The present results for iemeutral complexes can be com-
pared with data from neutral product studies of gaseous ions.
lonized 1-phenoxybutane decomposes seeBut PhO] ion—
neutral complexed’) and the expelled alkenes have been exam-
ined by EBFlow analysid! The reported distribution of deu-
terium in the 2-butenes recovered from PhQCB,CH,CHj3
is consistent with complete scrambling of 1 hydrogen with 2
deuteria?®22 as Scheme 2 depicts for a different starting
material. Very little methylcyclopropane is recovered from
ionization of 1-phenoxybutane, and the ratio of 1-butene to
2-butenes among the EBFlow products is close to unity, in
excellent agreement with the proportions frose¢But PhO]

Atoms-in-Molecules Analysis.Now consider the extrema
of the electron density within the syn transition sta#.Two
types of saddle points inare found for iPrOPt: bond critical
points (one positive and two negative second derivatives), which
occur between bonded atoms, and ring points (one negative and
two positive second derivatives) which correlate with cyclic
topologies. Ring points are found inside the benzene ring
(coplanar with the 6 sjcarbons) but nowhere else in the radical
cation or in the syn transition state (represented by struéture
in Figure 5). That is to say, theory shows no evidence that the
syn transition state contains a second ring. The constrained
structure withroc = 2.6 A does have cyclic topology, with bond
critical points between Cand oxygen and betweengHnd
oxygen (as well as a second ring point), but the former has
disappeared by the time the top of the barrier is reached. The
atoms-in-molecules picture gfelimination can be summarized
as follows. The isopropytoxygen bond in ionized iPrOPh
stretches until the alkyl group begins to resemble an alkyl cation,
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TABLE 6: Electron Densities (p in atomic units) and Laplacians (V?p) at the Bond Critical Points of lonized iPrOPh, the
Optimized Geometry with the O—C, Bond Length Constrained toroc = 2.6 A, the Transition State for p-Elimination, and the
lon—Neutral Complex with C, Symmetry, Based on B3LYP/6-31G** Wave Functions

O*Ca/O*Hu O*Hﬁ C/}*H/} Cafcﬁ
P VZp P VZp P VZp P VZp
iPrOPh* 0.1986 —0.2064 no bcp 0.2795 —0.9797 0.2550 —0.6192
constrained 0.0177 0.0466 0.0166 0.0640 0.2572 —0.8709 0.2871 —-0.7777
transition state no bcp 0.0421 0.1245 0.2259 —0.6881 0.3028 —0.8372
[iPrt  PhO] 0.0334 0.1176 no bcp 0.2547 —0.8325 0.2897 —0.7869
propene:-HOPH™* no bcp 0.3090 —1.7048 0.0313 0.0451 0.3397  —0.9772

a0—C, bond critical point; no bcp between,tand oxygen? O—H, bond critical point; no bcp between,@nd oxygen.

with the C-O bond getting steadily weaker. At some point culated geometric changes, thaelimination parallels bond
before the GO bond distance reaches62A a bifurcation heterolysis until just before the syn transition state, at which
occurs. Continued elongation leads to arn-ioreutral complex point an acidic hydrogen moves within bonding distance of the
(the higher energy pathway, represented by stru@ureFigure oxygen.
5). Alternatively, one of thg-hydrogens bonds to the oxygen, Experiment demonstrates that ionized sBuOPh and 3AmOPh
replacing the bond to carbon. In this lower energy pathway a lead to ion-neutral complexes in competition withelimina-
new cyclic structure forms, but that ring opens prior to the syn tion. By analogy to the computational results for iPrORh
transition state. expulsion of GHip from ionized sBuOPh commences by
It is clear from the atoms-in-molecules analysis that the syn elongation of a &0 bond, with development of cationic
transition state does not possess cyclic structure. This conclusiorcharacter in the alkyl group. At some critical extension the
may seem contrary to expectation, particularly since DFT reaction branches among four pathways. At low internal
calculations shoyg-elimination of HX from neutral alkyl halides  energies, any one of three types@hydrogen interacts with
to take place through bona fide cyclic transition states. For the oxygen: the threo, the erythro, or one of the methyls.
example, DFT optimizations of 2-fluoropropane and its transi- Statistically, the proportions should be 1:1:3, but experimentally
tion state for HF expulsion show that the latter bears some the proportions are roughly 6:5:4, with no systematic variation
resemblance to the syn ransition state from ionized iPrOPh. Thewith energy. In the fourth pathway, which dominates at higher
calculated DFT electronic energy difference between reactantinternal energies, the bond extension continues past the point
and transition state for HF elimination is 2.67 eV, with an where g-hydrogen transfer takes place, and an-ioeutral
unscaled zero-point energy correction -80.20 eV. The net complex forms.

DFT activation barrier is thus not far from the reporlEg_lof_ How ﬁ-eﬁmination distinguishes threo from erythro hydro-
2.35 ev, and_ the four-member transition state looks qual_ltatlvely gens remains to be discovered. Published mass spectrometric
like the cyclic model that has been proposed fdt® i ring studies demonstrate that virtually all othsecalkyl phenyl

point occurs in the transition state (there is none in the reactant),ethers exhibit a higher degree of stereospecificity than sBEOPh.
and a new bond critical point emerges between fluorine and One plausible explanation might have supposed that formation
the itinerant hydrogen without loss of any of the bond critical of jon—neutral complexes masks a much higher selectivity, but
points of the reactant. the dissection presented here rules out such an interpretation
Weak bonds arise in a transition state either because newfor sBuOPh. While detailed computations have yet to be done,
bonds are forming between previously nonbonded atoms orit seems likely that the energy gap between four-member
because formerly strong covalent bonds are loosening. Thetransition states and the corresponding-ioeutral complexes
qualitative criterion of a weak bond is that the Laplacian of its for secalkyl cations with<3 carbons will be found to differ
electron density be&v?p > 0 at the bond critical point. For  from the 0.2 eV calculated for iPrOPh but an increasing
instance, both bonds to fluorine have positive valueS4fin fraction of complex formation may not necessarily correlate with
the transition state for HF elimination from neutral 2-fluoro- an attenuation of stereospecificity. Further exploration of this

propane, indicating that the covalent-€ bond has weakened  competition may bring us closer to a predictive model for mass
considerably while the HF bond is developing. spectrometry.

Table 6 summarizes the changes that take place among the
four atoms when ionized iPrOPh approaches the syn transitionconclusions
state. The bond between oxygen and the central carben (O
C,) transforms from a covalent bon&?p < 0) to a weak bond 1. 2-Phenoxyalkanes exhibit ionization energies of 498
as it stretches to a bond lengthc = 2.6 A. The comparatively ~ 0.02 eV, regardless of chain length (up to eight carbons) or
slight elongation in going from there to the syn transition state deuterium substitution, but 3-phenoxyalkanes have ionization
(Whereroc = 2.688 A) leads to loss of bonding character. At €nergies 0.04 eV lower.
the same time the weak bond between the itinerant hydrogen 2. Photoionization of sBuOPh yields ionized phenol via two
and the oxygen strengthens concomitant with a dramatic competing pathways. Low photon energies £ 9.8 eV) favor
shortening of the distance between thems.]. At the top of p-elimination from sBuOPH via a syn transition state, which
the barrier the oxygenhydrogen interaction has nearly the same displays a measurable degree of stereospecificity (expelling
p and V%o as the interaction between oxygen and the central trans2-butene preferentially oveis) as well as regioselectivity
hydrogen of the isopropyl cation in the [i[PPhO] complex. (expelling cis-2-butene preferentially over 1-butene).

The bond critical points for the &-Cy and G—Hpg bonds at 3. Higher photon energies increasingly favor the intermediacy
roc = 2.6 A havep and V2p close to those of free isopropyl  of ion—neutral complexes, whose decomposition exhibits neither
cation (whose bond critical points are virtually identical to those stereo- nor regiospecificity. Nevertheless, the proportion going
of iPrt within the ion—neutral complex). The atoms-in- by this pathway never becomes so great as to mask completely
molecules analysis concurs with our inference, based on cal-the specificity off-elimination.
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4. Theory (consistent with our interpretation of the experi- (5) Schlosser, M.; Bossert, Hetrahedronl991, 52, 6287-6292.
ments) suggests that ionized iPrOPh prefers to dissociate via___(6) Traeger, J. CRapid Commun. Mass Spectrofi®96 10, 119~
the syn tran§|t|on state (structure) at the lowest mterng.l (7) Weddle, G. H. Dunbar, R. C.: Song, K.. Morton, T. B Am.
energies. V\_/hlle structur bears a resemblance to the transition  chem. Soc1995 117, 2573-2580.
states for vicinal elimination from neutral haloalkanes, it differs (8) Taphanel, M. H.; Morizur, J. P.; Leblanc, D.; Borchardt, D.; Morton,
qualitatively from them, in thap-eliminations from neutral T. H. Anal. Chem1997 69, 4191-4196.
molecules pass through cyclic transition states, while the _ (9) Hurzeler, H.; Inghram, M. G.; Morrison, J. D. Chem. Physl958
structure at the top of the barrier for the radical ion has acyclic (10) Harnish, D.: Holmes, J. G Am. Chem. Sod991, 113 9729-
topology. - _ _ 9734,

5. DFT calculations indicate that formation of an tameutral (11) Giner, J. L.; Buzek, P.; Schleyer, P. v.RAm. Chem. Sod995
complex (exemplified by structu®) from ionized iPrOPh has 117 12871-12872.

a barrier only 0.2 eV higher than the syn transition state. (192) Shaler, T. A.; Morton, T. HJ. Am. Chem. Sod991 113 6771~
T_herefqre, we infer th_at propene ellmlnatlon Ea:ompetes_at (13) (a) Kondrat, R. W.: Morton, T. FDrg. Mass Spectroni.991 26,
higher internal energies, and we reject the= 0 hypothesis, 18-23. (b) Audier, H. E.; Morton, T. Hint. J. Mass Spectromin press.
which posits that formation of ionized phenol takes place only  (14) (a) Carneiro, J. W. de M.; Schleyer, P. v. R.; Koch, W.;
via structureA. Raghavachari, KJ. Am. Chem. Sod99Q 112 4064-4066. (b) Sieber,

; i SN S.; Buzek, P.; Schleyer, P. v. R.; Koch, W.; Carneiro, J. W. deJMAm.
6. The general mechanism for decomposition of ionizeel Chem. S0c1093 115 259-270.

alkyl p.henyl ethers corresponds to txéixed model, in which (15) Dannenberg, J. J.. Goldberg, B. J.; Barton, J. K.; Dill, K.:
deuterium exerts a small normal isotope effect for proton transfer weinwurzel, D. H.; Longas, M. QJ. Am. Chem. Sod.981, 103 7764
from carbon to oxygen in an iemeutral complex. 7768.

(16) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Kohn,

: : W.; Becke, A. D.; Parr, R. GJ. Phys. Chem1996 100 12974-12980.
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