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Activation barriers AHwye") for adding methyl radicals to ions of the general formula;CR=OCH;" have

been measured by looking at the threshold energies for the reverse reaction, dissociative photoionization of
ethers of the general formula RC(gEDCH;. Dissociation by loss of a methyl radical has more favorable
thermochemistry than loss of R/et the onset of Ross occurs at lower energies than loss of;Chh other

words, the more endothermic dissociation exhibits a lower appearance energy. Contrathermodynamic ordering
of appearance energies is observed for=REt, nPr, iPr, tBu, and neopentyl. The sum of the appearance
energy difference)AAE, and the thermochemical differenc®AH, calculated using G3 theory) gives a lower
bound for the barrier for adding methyl radical to €HR=0OCH;". More specifically, the difference between

that activation barrier and the one for addingt® (CHs).C=0CHs", AHu." — AHR', equalsAAE + AAH

and has values in the range-2B4 kJ mot? for the homologous series investigated. There is no systematic
trend with the steric bulk of R, and available evidence suggestsAhat does not have a value5 kJ

mol~. The difference in barrier heightAHwe" — AHip," for CHz* plusiPrC(CH)=0X" vsiPr + (CHz),C=

OX"*, has the same value, regardless of whether=Xd or CHs;. Mixing of higher energy electronic
configurations provides a qualitative theoretical explanation for some (but not all) observed trends in barrier
heights.

Introduction adjacent cationic center, conferring a high degree-oharacter

Methyl radicals are among the most reactive transient speciest0 the carborroxygen bond. Equation 2 depicts that variant of

I ' A
encountered in chemical reactions. The approach of two alkyl Eg; mg;eth(zxggcgittli)gnWhereSHMe stands for the activation
radicals to form a carboencarbon single bond is widely believed gy )

to be barrier free, so long as the reactants have no net angular

momentum Similarly, theory predicts that the addition of a . oMo AHI:e CH T\C_OCH +e @
methyl radical to a methyl cation (to form ionized ethah#), CHg®  C=OCH, o, 3

an ethyl cation (to form ionized propangdr to an isopropyl CHs CH;,

cation (to form ionized isobutarfeplso takes place without

potential energy barriers. By contrast, it has been known for  As first pointed out nearly two decades ago by Hammerum
half a century that methyl radicals encounter significant activa- and DerricR in the case of X= NH", a barrier exists for
tion barriers when adding to carbeparbon double bonds to  addition of a methyl radical to the $parbon. They observed
form larger alkyl radical§. For example, attack of the more that carbor-carbon bond cleavage irrt-butylamine radical
substituted end of the double bond of isobutene by methyl cation, (CH);CNH;**, must have an energy barrier for the
radical to form neopentyl radical has an activation energy of reverse reaction, since the metastable ion decomposition of
AH* = 44 kJ mot1® within experimental error of the value  (CHs)sCNH," displays a large kinetic energy release for methyl
predicted by ab initio calculations, 41 kJ maf Equation 1 loss. In other words, addition of methyl radical to the (8=
represents this reaction, wheresRmethyl and X stands foran ~ NH" ion has to surmount a potential energy maximum.

sp>-hybridized CH group. By extension, one would suspect that radical cations from
tert-alcohols and their ethers might also encounter barriers to
R, R dissociation that exceed the thermodynamic threshold. Such is
CHy C=X —>=  CHyC-X M the prediction of ab initio calculations on carbecarbon bond
R R cleavage in methytert-butyl ether? An experimental test cannot

be performed by the method of Hammerum and Derrick,

This paper reports experimental determinations of the barriershowever, since the molecular ion intensities from saturated
for addition of methyl radicals to oxygen-stabilized carbocations, tertiary alcohols and ethers are far too weak for their metastable
in which the group X corresponds to a charged methoxy group jon decompositions to be observed in a conventional double-
(OCHg™). In terms of resonance theory, a lone pair on the focusing mass spectrometer. The present work explores an
oxygen donates electron density to the vaqawtbital of an alternative approach for studying energy barriers, namely, by

- examining differences in appearance energies for competing
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(methyltert-butyl ether, R=CHj). These include TAMEtért- a pentane solution ofert-butyllithium (Acros) at—78 °C
amyl methyl ether,1, R=CH3;CH,) and TOME (ert-octyl followed by distillation of the recovered alcohol and conversion
methyl etherb, R = (CHs3)3CCHy). This investigation looks at  to the methyl ether as described abo2eMethoxy-ds-2,4,4-
the homologous seriek—5, along with selected homologues trimethylpentane (5-d3) was prepared by the acid-catalyzed

and deuterated analogues. addition of methanoti; to 2,4,4-trimethylpentane, as previously
described for the unlabeled analogdéH NMR spectra were
Chs AHg R e recorded at 76.77 MHz on a General Electric GN-500 instru-
Re  C=OCH; —>  CHy~C—OCH, 3)
/ ment.
CH, CH;

Photoionization efficiency curves were measured on an
The activation energy\Hye* is measured relative to the —apparatus that has been described elsewfietéThe source
activation barrier\Hg* for addition of a larger radical R to the ~ ©f @ microcomputer-controlled magnetic sector mass spectrom-
(CHs),C=OCHs* ion, as illustrated in eq 3. Equations 2 and 3 €ter makes use of the hydrogen pseudocontinuum and a Seya-
produce the same radical cations. In determining the thresholdNamioka monochromator equipped with a holographically ruled
energies for the dissociations corresponding to the reverse ofdiffraction grating. Resolution of the monochromator was fixed
egs 2 and 3, we have previously noted that the thermodynami-at 1.35A, and the absolute energy scale was internally calibrated
cally most favorable cleavage has a higher appearance energyVith known reference emission lines to an accuracy of better
than the less favorable oA&The contrast between thermo- than 0.001 eV. All experiments were performed at ambient
chemical expectations and observed onsets provides experiiemperature with sample pressures of1Ba in the ion-source
mental evidence of an activation barrier for eq 2. In combination region. The 298 K appearance energies (AEs) were obtained
with theoretical estimates of relative stabilities, the experimental from a simple linear extrapolation of the PIE curves to zero
data provide lower bounds fatHye* for the homologous series ion current in the threshold region. AEs were adjusted to 0 K

R = ethyl, n-propyl, isopropyl tert-butyl, and neopentyl. using unscaled vibrational frequencies computed at B3LYP/6-
31G**, as described previousl. The uncertainties in AE
Experimental Section differences AAE values) aret0.01 eV.

TAME (1) was purchased from Aldrich and used without Calculations using density functional theory (DFT) and G3

further purification. Except where otherwise specified, the other theory Were run using the G,AUSSIA'\,'QB and GAUSS!ANO3
methyl tert-alkyl ethers were prepared by converting the (Gagssmn Inc.) program su.|tes. Vertical triplet energies and
corresponding alcohols to their alkoxides by refluxing with vertical neutralization energies were calculated at B3LYP/6-

sodium hydride in THF, followed by addition of an excess of 3G using geometries optimized for the corresponding ions.
iodomethane and further reflux. All synthesized ethers were Thermochemical calculations for neutral ethers and ground state

purified by two successive distillations at atmospheric pressure, 10NS were performed at both G3 (which uses MP2/6-31G*
the second one from lithium aluminum hydride to remove optimized geometries) and G3//B3LYP (which uses B3LYP/6-

unreacted alcohol and other active hydrogen impurities. 31G* (l)é)timized geometries and is commonly abbreviated
1,1,1-Trifluoro-2-methyl-2-butanol was prepared as de- G3B3);}> methods that have been shown to be effective for

scribed in the literatufé and purified by distillation2-methyl- ~ cation and for radical thermochemistriésThe difference
2-methoxybutane-4é; (1-d;) was prepared from commercially betwee_n G3 and G_3BS results is taken_ to represent _the
available 3-methoxy-3-methyl-1-butanol (Aldrich) by conversion uncertainty of theoretical the_rmochemlcal estimates. Topologlcal
to the corresponding tosylate and reduction with lithium analyses of electron de_nsmes were performed by the Atoms in
aluminum deuteride 2-Methoxy-2-methylpentane (3 was Molecules approacfi using AIM2000 (SBK Software). AIM
prepared from the corresponding commercially available alcohol, Pond orders have been conventionally defined asetemrd,
2-methyl-2-pentanol (Avocado Research Chemicals, Ltd.), as wherep represents the elc_actron density at the b_ond critical point
described above8-Methoxy-3-ethylhexane (5 was prepared ~ @ndpo the electron density for a referenced single béhds
from the commercial alcohol, 3-ethyl-3-hexanol (Avocado W€ have elsewhere noted, this definition dpes not give a bond
Research Chemicals, Ltd.), as described ab8wdethoxy-3- ordern = 0 for p = 0.1% Therefore, we redefine the AIM bond
methyl-ds-hexane (7) was prepared by addition of methg- ~ Order asn = €*¢™® — &8, whereA and B are determined
magnesium iodide (Aldrich) to 3-hexanone, followed by distil- 0ased on referenced single and double bdf@sr B3LYP/6-
lation of the resulting alcohol and conversion to the methyl ether 31G** wave functions, the consta@tfor carbon—oxygen bonds

as described abov@-Methoxy-2,3-dimethylbutane (methyl ~ €quals 4.94, while the constamsandB have values of 3.25
tert-hexyl ether, 3)was prepared from commercially available and 0.0952, respectively. For MP2(full) wave functions, the
2,3-dimethyl-2-butanol (Aldrich) as described above. Tge  corresponding constants &fe= 5.33,A=3.75, and8 = 0.138.
analogue of that alcohol was prepared by addition of isobutyryl The two alternative ways to calculate bond order do not give
chloride (Aldrich) to excess methgl magnesium iodide V§|UGS very different from one another for the compounds under
(Aldrich) and converted to the corresponding et@emethoxy- discussion here. For example, the-OMe DFT bond orders
2,3-dimethylbutaneds (3-ds), as described above. The 70-ev for neutral tert-alkyl methyl ethers are = 0.91 and 0.89,
mass spectrum of thids analogue oB exhibitsn/z 79 (loss of respectively, for the two alternative definitions. For oxygen-
isopropyl radical) as the most abundant fragment avzl46 stabilized carbocations, th&/B parametrization gives values
as the next most intense peak. At high resolutionntfe46 is of n that are 0.03 greater than does ®kp, parametrization.
found to consist of two isobaric ions of comparable intensity, Both parametrizations give bond orders of 1.5 for the methoxy
separated by 0.033 amu. Exact mass measurements show thegiygen—carbon bond of RCMeOMe" ions and 1.6 for the

to be CRCO* and GDs* ions, an assignment confirmed by hydroxy-carbon bond of GEMe=OH".

the fact that the 70-eV mass spectruntesf-butanoles exhibits To calibrate computational estimates of thermochemistry, the
the same pair of isobaric ions, with a measured separation ofadiabatic ionization energy (IE) of 2,2-dimethylbutane was
0.034 amu2-Methoxy-2,3,3-trimethylbutane-ds (MTMB- ds, measured experimentally and compared to the predictions of

4-dg) was prepared by addition of excess acetdgéAcros) to G3-level calculations. The experimental IE has the value 9.82
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Figure 1. Schematic representation of potential-energy curves for competing dissociation pathways of radical céidraskgf methyl ethers,
illustrating that the barrier for addition of a methyl radical to RCEEHOCHs* (AHye) is equal to the sum of the difference in appearance
energies AAE), the thermodynamic enthalpy differenc&/AH), and the barrier for addition of*‘Ro (CHs),C=0OCHs" (AHg¥).

+ 0.01 eV (assuming that the observed onset for the weak parenthe lower limit of the barrier for adding methyl radical to the
ion signal does not represent a hot band). No other experimentalprotonated ketone (analogousAdye* in eq 2).
value has been published; the closest comparison is the adiabatic

IE reported for the isomer 2,3-dimethylbutane (9.79 eV) based R hv R\ hv

on charge-exchange equilibfi@The G3 value, 9.764 eV, and  CH,e /\C=O+H < CHyC-OH —>

the G3B3 value, 9.768 eV, for 2,2-dimethylbutane are taken as CXs © C/x3 ©

the differences between the respeeK energies of the neutral CHs

and the geometry-optimized radical cation. Both geometry- Re C=OH @)
optimized structures hawgs symmetry, but the radical cation 03(3

is calculated to have an elongated-@23 bond, 1.98 A at MP2/
6-31G* and 2.11 A at B3LYP/6-31G*. The large difference
between neutral (EC = 1.55A) and ion geometries suggests
that this comparison between experiment and theory comes clos
to a worst-case scenario. Thus, the accuracy of calculated ion
energies is taken to be the 5 kJ mbldifference between
experiment and theory for 2,2-dimethylbutane.

The question arises whether methyl losses always have higher
eAES than losses of larger radicals. To address that issue, two
compounds were examined, where it turns out that methyl loss
does not have a higher AE than ethyl loss. According to the
literature, 2,2-dimethylbutane exhibits an AE for methyl loss
lower than the AE for ethyl los¥.In that hydrocarbon (as well
as the oxygen-containing compounds reported below), alkane
expulsions have appearance energies that are substantially lower

This work was prompted by the observation that photoion- than those for associated alkyl radical losses. This means the
ization thresholds for competing bond cleavages do not always °C natural abundance peaks from methane and ethane loss from
reflect the difference in reaction endothermicities. Figure 1 the ionized hydrocarbon overlap with the peaks from methyl
illustrates the logic of this investigation. Addition of an alkyl ~and ethyl loss from precursors that contain oHig. Because
radical to an oxygen-stabilized carbocation produces a radical the published photoionization curves do not appear to have been
cation, as egs 2 and 3 depict above. The reverse reactioncorrected for this effect, photoionization efficiencies for 2,2-
corresponds to the dissociation of that radical cation, as Figure dimethylbutane were reexamined. After correction’f@, the
1 depicts going from left to right. If the radical cation has onset curves for methyl loss and ethyl loss were found to be
competing dissociation pathways, the appearance energies (AEsYirtually superimposable.
reflect not only their relative thermochemistry but also any  Trifluorinatedtert-amyl alcohol (1,1,1-trifluoro-2-methyl-2-
intervening energy barriers. The difference between AEs for butanol: R= ethyl and X= F in eq 4) provides a more clear-
competing ion decompositions represents the difference in cut example of aert-alkyl system for which the thermody-
barrier heights, regardless of whether the reaction is viewed from namically more favorable fragmentation exhibits a lower AE.
left to right (dissociation) or right to left (addition of a radical At 298 K, the AEs are 10.83 eV for methyl loss and 10.94 eV
to an oxygen-stabilized cation). for ethyl loss. Theoretical calculations predict the thermochemi-

Equation 4 illustrates the competition in a tertiary alcohol, cal AE for methyl loss to be 11.065 eV (G3) or 11.067 eV
where the photon energiéw; andhv, stand for the observed  (G3B3) at 0 K. When corrected to 0 K, the experimental AE
onsets of the respective dissociations. Recently we reportedfor methyl loss is 11.06 eV. The AE for ethyl lods;, — hvy
photoionization efficiency curves for 2,3-dimethyl-2-butanol = 0.11 eVhigherthan for methyl loss, can be compared with
(thexyl alcohol: R= isopropyl and X= H) and noted that loss  the predicted thermochemical AE values, 11.221 eV (G3) and
of the isopropyl radical has an AlBwer than loss of a methyl 11.213 eV (G3B3). While the difference in experimental AE
radical,hv; — hv, = 0.07 eV The observed onset energies at values is not quite as great as the difference between thermo-
which competing dissociations occur contrast with G3 calcula- dynamic thresholds predicted by G3 (0.156 eV) or G3B3 (0.146
tions performed in the present study, which predict that the eV) calculations, the experimental result demonstrates that
thermochemical threshold for loss of the larger radical ought methyl loss from a tertiary alcohol does not always have a higher
to be 0.15 eVhigherthan for the smaller one. The difference AE than loss of a larger radical. Parenthetically, it should be
between observed and thermochemical thresholds signifies thanoted that G3 and G3B3 calculations predi® K AE for Ck
methyl loss has an activation energy in excess of its endother-loss of 10.35 eV. The difference between this and the experi-
micity. By microscopic reversibility, this difference represents mental value (10.66 eV at 298 K, which converts to 10.89 eV

Results
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Figure 2. Photoionization efficiency curves near onset for loss of Figure 4. Photoionization efficiency curves near onset for loss of
methyl radical (vz 87) and for loss of ethyl radicah{z 73) from methyl radical vz 101) and for loss of g4, radical Wz 73) from
TAME (1) showing 298 K appearance energies. The observed 298 K methyl tert-hexyl ether 8) showing 298 K appearance energies. The
threshold for loss of ethane is 9.15 eV. observed 298 K threshold for loss of propane is 9.06 eV.
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Figure 5. Photoionization efficiency curves near onset for loss 0§ CD

radical fwz 118) and for loss of ¢Hg radical Wz 79) from 4-ds
olshowing 298 K appearance energies. The 298 K thresholds for loss of

C4HgD and for loss of CHradical are 9.04 and 10.38 eV, respectively.

Figure 3. Photoionization efficiency curves near onset for loss of
methyl radical vz 101) and for loss of gH; radical fvz 73) from 2
showing 298 K appearance energies. The observed 298 K threshol
for loss of propane is 9.13 eV.

at 0 K) indicates that the GRoss threshold represents the onset ~ To confirm the origin of expelled methyl radicals, a variety

of ionization rather than a true AE. of deuterated analogues were prepared and examined. Photo-
In contrast to the foregoing examples, methyl radical losses ionization of CHDCH,C(CH;s),OCH; (a monodeuterated ana-
from photoionization of ethers of the general formula RC{zH logue of TAME) below 12.5 eV showed loss of methyl and of

OCH; have their onsets well above the thermodynamic thresh- monodeuterated ethyl radicals with the same appearance energies
old, as illustrated by the photoionization efficiency curves in as seen for undeuterated TAME but no loss of ,DHByY
Figures 2-6. For clarity, the figures omit the threshold behavior contrast, ethers with deuterateemethyl groups, (Ck).CHC-
for alkane expulsions, which have lower AEs than do losses of (CD3);OCH; and (CH)3;CC(CD;),OCHs, exhibited losses of
the corresponding alkyl radicals. For instance, the AE for ethane CDj3 radicals with the same AE values as for £ldsses from
expulsion from TAME (Wz 72) is 0.10 eV lower than the AE  the corresponding undeuterated analogues. In the latter ether,
for loss of ethyl radicalrp/z 73). It is therefore clear that the  CHjz loss (from thetert-butyl group) had an AE 0.8 eV higher
AEs for radical losses have values higher than the onset ofthan CQ} loss. Finally, (CH)3sCCH,C(CHs),OCDs;, a trideuter-
ionization. ated analogue of TOME, exhibited loss of €&hd no loss of

The AEs for R radical loss are lower than for methyl loss, CDs radical.
even though those cleavages are thermochemically less favor- With regard to photoionization of the ethers, the magnitude
able, as Table 1 summarizes. The valueaAlf," — AHR* are of AHR' (eq 3) remains uncertain. €0 K appearance energy
assessed, as Figure 1 depicts, as the sum of the difference irfior TAME is predicted to be 9.437 eV (G3) or 9.438 eV (G3B3),
appearance energieAAE) and the difference in 0 K heats while the experimental value (determined by correcting the 298
of formation of the dissociation productaAAH). For R = K AE in Figure 1 for the thermal vibrational energy of neutral
isopropyl, AHye* — AHR* for the methyl ether turns out to be  TAME) is 0.03 eV higher, as the first column in Table 1
the same as for ionized 2,3-dimethyl-2-butanol (thexyl alco- summarizes. If G3 theory makes a correct prediction, then the
hol),18 for which the difference in barrier heights (vide supra) comparison of experiment with theory yields a barrier for adding
equals 21 kJ mot. an ethyl radical to (CgC=0CHs" (R = ethyl in eq 3) of
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Figure 6. Photoionization efficiency curves near onset for loss of
methyl radical Wz 132) and for loss of §H;; radical Wz 76) from
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formation that differ by 6 kJ mof. One should therefore expect
the AEs for GH- radical loss to differ by 16- 6 = 4 kJ mol™!
if the ionization onsets correspond to thermodynamic thresholds.
The experimental AEs differ by 3.5 kJ mal

Addition of methyl radical to th&-methylated 3-hexanone
ion seems to behave differently from addition of methyl radical
to the O-methylated 2-pentanone ion. The AE for loss of LD
from n-PrC(CDs)EtOMe is the same as that for ethyl loss and
is 0.02 eV lower than for propyl loss. Thermochemical
calculations predict methyl loss to be 0.094 eV (at G3) or 0.075
eV (at G3B3) more favorable than propyl loss. The difference
in barrier heights\Hye" — AHqpf is much smaller for this ether
than for the examples listed in Table 1. This means that either
AHppf has a greater value or thAHye* has a smaller value
than for ethers of the general formula RC(§#DCHs.

Discussion
Addition of a free radical Rto the oxygen-stabilized ion

5-d; showing 298 K appearance energies. The observed 298 K threshold(CHz)2C=OCHs" is the reverse of the dissociation of the radical

for loss of GH1, is 8.97 eV.

AHg = 3 kJ mol L. Given the accuracy of G3 theory and the
experimental uncertainty of the AE measuremeiit kJ mol™),

the experimental AE for ethyl loss does not definitively answer

cations RC(CH),OCHs**. Since that radical cation can rarely
be observed, inferences about potential energy barriers for the
forward and reverse reactions must be drawn from appearance
energy measurements of their dissociation fragments.

Mass spectrometry is the standard method for detettirtg

the question as to whether there is any barrier at all for the alkyl methyl ethers as environmental pollutants. Because these

addition of larger radicals.

compounds are used as gasoline additfélseir mass spectra

To explore this issue further, experimental AEs are compared have been recorded many times. Electron ionization of mol-

for the expulsion of ethyl vei-propyl radicals from ionization
of ethers containing both ethyl and-propyl groups. This
competition was examined far-PrCEEOMe (6) and n-PrC-
(CD3)EtOMe (7). Both ethers exhibit thresholds for ethane loss

ecules having the general structure RC{ZBCHs shows the
same base peakyz 73, regardless of the identity of the alkyl
group R. In the case of MTBE (RCHj), this fragmentation
corresponds ta-cleavage of a methyl radical, for which e

and for propane loss below the onsets of radical expulsions. Inand other$have reported the photoionization threshold. In the
the former ether, the 298 K AE for ethyl loss has a value 0.01 case of TAME (R= C;Hs), m/z 73 corresponds to loss of an

eV lower than fom-propyl loss. For the latter, the 298 K AE
for ethyl loss has a value 0.02 eV lower than ifepropyl loss.
Both G3 and G3B3 calculations predict that ethyl loss from

ethyl radical, which intuition (and, as noted in Table 1, theory)
suggests is more endothermic than loss of methyl radical.
Nevertheless, the 70-eV mass spectrum shows that loss of

ionization of the latter compound should be thermodynamically methyl radical from ionized TAME(Vz 88) gives a peak less

favored by between 5.5 and 6 kJ mbbver propyl loss. That

than a quarter as intense agz 731° Similarly, the mass

is to say, the experimental AE difference is not as large as the spectrum of TOME%, R = (CHz)3CCH,) also exhibitswz 73
thermodynamic value predicted by theory. On that basis (by as its base peak, the fragment frarrcleavage of a neopentyl
analogy to Figure 1), one calculates the difference in barriers group?°

for addition of ethyl versus propyl asHgf — AHp = 4 kJ

Isotopic labeling studies (e.qg., usileds and4-dg) confirm

mol~L. Hence, there must be at least a small barrier for addition that the lighter ions do not come from dissociation of the heavier

of ethyl radical to (CH),C=0OCH;".
In comparing losses of larger radicaldHip" — AHpp/

fragment ions. Hence, the observed intensity ratio reflects
competition between twa-cleavage pathways. Other classes

appears to be zero. Comparison of the appearance energies foof compounds have been described, for which the competition

2-methoxy-2-methylpentane2)( and its branched isome3

favors cleavage of large neutrals more readily than smaller ones

suggests that these larger radicals do not encounter differentat high internal energies, despite the fact that the thermochemi-

activation barriers in adding to ME=OMe". The most
abundant fragment ion from both ethers arises via loss;aif, C
radical, am-propyl radical in the former case and an isopropyl

cally more favorable cleavage of the smaller neutral predomi-
nates at low internal energiésIn the present work, however,
m/z 73 has a greater abundance than heavierleavage

in the latter. The heats of formation of those two radicals differ fragmentions at threshold and over the entire domain of photon
by 10 + 2 kJ moi%,1® and the isomeric ethers have heats of energies investigated (up to 10.5 eV).

TABLE 1: Appearance Energies for Loss of R from Photoionized RCMe,OMe Corrected to 0 K, Appearance Energy
Differences (AAE) between Methyl Radical Loss and R Loss, G3 and G3B 0 K Enthalpy Differences between Eqgs 2 and 3
(AAH), and the Resulting Difference in Activation Barriers for Addition of Radicals to O-Methylated Ketone lons AHye" —

AHR* = AAE + [AAHg3; + AAHG3s3/2)

R 0 K AEpm—ry* AAE AAHgs AAHg3zgs AHpef — AHR¥
ethyl 1) 9.47 eV 0.11eV 0.100 &V 0.086 e\t 19.6+ 1.7 kJ mot?
n-propyl 2) 9.49 eV 0.09 eV 0.159 eV 0.145 e\t 23.4+ 1.7 kJ mot?
isopropyl @) 9.45 eV 0.10 eV 0.118 eV 0.092 eV 19482.8 kJ mot?
tert-butyl (4-dg) 9.43 eV 0.14 eV 0.115 &V 0.087 e\? 23.3+ 3.0 kJ mot?
neopentyl §-ds) 9.42 eV 0.09 eV 0.167 eV 0.153 aVv 24.24+ 1.7 kJ mot?

alonic fragment from methyl loss has; symmetry.
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Why do ethers of the general formula RC)Me all give all other things being equal, the barrier heighid* should
the same base peak? The combination of photoionization become lower as the energies of the vertical triplet and the
threshold measurements and calculations reported herein implycharge-transfer electronic configuration decrease relative to the
that expulsions of methyl radicals have to overcome a20 ground electronic state. The net thermochemistry of the reaction
kJ mol! energy maximum in excess of the thermochemical must also play a role, but that is harder to gauge, since the radical
threshold, while larger radicals encounter much lower barriers. cations cannot be observed. It remains to be seen if reliable
In other words, the addition of methyl radicals to oxygen- energies for these molecular ions (and the transition states for

stabilized cations encounters higher barriers than does additiontheir bond homolyses) can be calculated ab initio.

of radicals with>2 carbons, as portrayed by the qualitative
curves drawn in Figure 1.

The AHwe" — AHR* values summarized in Table 1 can be
compared with the activation barrier for addition of a methyl
radical to a neutral carbonyl group. Reported barriers for
decomposition of theert-butoxy radical lie in the range 57
64 kJ mot .22 This reaction is endothermic by only about 10
kJ mol1.24 Subtracting the value oAH from this activation
barrier gives a barrier for addition of methyl radical to acetone
on the order of 50t 4 kJ mol™.

The C-0 bond orders for oxygen-stabilized cations are close
to n = 1.5 (as noted in the Experimental Section), compared
with a bond order oh = 2 for simple ketones. At the same
time, the barriers for addition of methyl radicals have values of
AHwe' on the order of one-half the activation barrier for addition
to a ketone (assuming that the values Addg* are not much
greater than 5 kJ mot). Thus, it is tempting to infer a
relationship between the-€0 bond order and the activation
barrier.

Photoionization results for tertiary alcohols contradict infer-
ences that might be drawn from this waisupposition. Replac-
ing ann-alkyl group attached to a carbonyl with a trifluoro-
methyl group increases the=€© bond order, yet it decreases
the experimental value oAHye* — AHR*. Protonated triflu-
oromethyl ketones have DFT=€D bond orders oh = 1.6. In
comparison of thexyl alcoholRrCMeOH) with EtC(CR)-
MeOH (trifluorinatedtert-amyl alcohol), the value oAHye*

— AHjp/* for ionization of the former is the same (within
experimental error) as for the corresponding methyl ether (R
isopropyl in Table 1). By contrast, the value®Hye" — AHg*
cannot be greater than 5 kJ mblfor photoionization of the
latter alcohol.

A more systematic model for activation barriers provides a
qualititative interpretation of the appearance energies for frag-
ments from the RC(CkJ,OCH; homologous series. Three sorts
of effects are believed to modulate the barrier for adding a
radical to a multiple bond: the exothermicity of the reaction,
mixing with excited states, and charge-transfer electronic
configurationg® The Configuration Mixing model put forth by
Shaik® and Pros% (often called the curve-crossing mo#ef-30)
addresses these latter two contributions in terms of vertical

energies. In regard to eq 3, the relevant excited state is the lowes

triplet of the double bond in its ground-state geometry. The

relevant charge transfer state corresponds to electron transfe

from the radical Rto the cation. For neutral systems, two

charge-transfer configurations need to be considered; however
for the cationic systems considered here, transferring an electron
to the radical can be neglected, because it would correspond to

removal of an electron from a cation.
Viewed from right to left, Figure 1 depicts the comparison

between eqgs 2 and 3. The experimental difference in barrier

heights, AHwe" — AHg?, is substantially larger than the
difference in exothermicity. The curve-crossing model asserts

When radicals attack double bonds of neutral molecules, the
calculated differences in barrier heights are smaller than the
differences in net exothermiciti$2% In comparison of egs 2
and 3, Table 1 shows that the differences in barrier heights,
AHyet — AHR*, are approximately twice as large as the
differences in enthalpy changes. At the same time, however,
the vertical ionization energies of the neutral radical decrease
by at least 1.4 eV in going from methyl to larger alkyl
groups3132 That is to say, the energy of the charge-transfer
electronic configuration drops substantially when £Hs
replaced by Rradicals containing> 2 carbon atoms. This
interpretation suggests whyHg* values are lower when R is
not methyl and provides a qualitative explanation as to why
the barrier heighAHye* is so much larger.

The data in the right-hand column of Table 1 display no
significant overall trend as the bulk of the R group increases.
However, there are differences between isomeric systems, for
which the curve crossing model provides a qualitative explana-
tion. The value ofAHyet — AHnpf for 2-methoxy-2-methyl-
pentane %) is 3.6 & 0.6 kJ mof?! greater than the value of
AHpme" — AHipf® for its branched isomes. This is consistent
with expectation: while DFT calculations give the same vertical
neutralization energies for the two isomerigHzC(CHg)=
OCHs™ ions, the vertical triplet of then-propyl isomer is
calculated to lie 4.6 kJ mot higher than that of the isopropyl
isomer.

The curve-crossing model can account for trends in Table 1,
but it is not easy to generalize more widely. As noted in the
Introduction, ab initio calculations predict that there are no
energy barriers in the addition of methyl radical to methyl, ethyl,
or isopropyl carbocations. Likewise, the photoionization of
1,1,1-trifluoro-2-methyl-2-butanol, reported above{Rethyl,

X = F in eq 4), does not show evidence of a large barrier for
adding methyl radical to EtC(GF=OH™", when compared with
theory, even though published experiméhtand calculations
presented here) do indicate a barrier of 22 kJhfdr addition

of methyl radical taiPrC(CH)=0H".

In the O-methyl compounds, the loss of mettdg-vs ethyl
radical fromn-PrC(CD;)EtOMe does not parallel the competi-
tion observed fom-PrC(CHs),OMe: the barrier for adding
methyl radical ton-PrCEE=OMe" is significantly lower than
he barrier for addition to-PrCMe=OMe". Whereas the barrier

eights in Table 1 are all nearly the same and can be rationalized
pased on the difference in ionization energies between methyl
and larger radicals, the deviation in barrier height in response
to a comparatively subtle change in the substitution pattern of

the ion (e.g.n-PrCEE=OMe" vs n-PrCMe=0OMe") suggests

that there is a great deal more to be learned regarding the factors
that control activation energies.
Conclusions

The experiments described above demonstrate that cleavage
of alkyl groupsa to an ionized ether oxygen display a distinct

that relative barrier heights reflect the relative energies for charge energetic preference. When there are two methyls and one larger

transfer and of the vertical triplet states. This model for the origin
of activation barriers makes a specific qualitative prediction:

group, loss of the larger group occurs at a lower threshold
energy, even though methyl loss is thermochemically more
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favorable. This leads to the conclusion that the reverse activation (10) Chambreau, S. D.; Zhang, J.; Traeger, J. C.; Morton, Tnt1J.

barrier for methyl loss is at least 20 kJ mbigreater than for Maslslsﬁ/lecéronggoﬂlga 1728' R - Higgins. J.EAm. Chem. Sod95
loss of a larger radical, i.e., that addition of a methyl radical to 74(17)3&‘1733’. - T.s Pierce, O. R Higgins. JJ-Am. Chem. S04952
oxygen-stabilized cations of the general form_U|a CR= (12) Traeger, J. CRapid Commun. Mass Spectrof®96 10, 119-
OCH;* encounters a substantially higher barrier than does 122.

addition of a radical with=2 carbon atoms. The curve-crossing (13) Traeger, J. C.; Morton, T. H. Am. Chem. So.996 118 9661~

- : P ; 9668.
mpdel prowdgs an explan'atlon fpr thlsf difference, in terms of (14) Harvey, Z. A.: Traeger, J. O. Mass Spectrom2004 39, 802—
mixing of excited electronic configurations. 807.

There is no evidence that steric crowding affects the barrier  (15) (a) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;
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which suggest the transition state to have-aCdistance>2 J. A. J. Chem. Phys200Q 112, 7374-7383.
A, quite elongated relative to the geometry of the ionized éther. (16) (a) Hammerum, Shem. Phys. Letf.999 300, 529-532. (b) Feng,
Sufficient data are now in hand to permit future theoretical Y. Liu, L., Wang, J.-T.; Zhao, S.-W.; Guo, Q.-X. Org. Chem2004 69,

: P, : 0 3129-3138.
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