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Abstract: High level ab initio calculations performed at the G2 level have been used to characterize the potential
energy surface for rearrangement and fragmentation o QELOCH,] . lon—neutral complexes play a crucial

role in the lowest-energy decomposition leading to elimination of water. RRKM calculations on the G2 surface
are found to give results consistent with the experimentally observed metastable ion elimination products and
with the results of various deuterium- akiC-labeling experiments. The consequences of producing{CH
CH,OCH,]™ by isomerization from [CRCHOCH;]™ and of producing [CRCH,CHOHJ" by isomerization

from [CH3C(OH)CH] ™ in relation to the rearrangement/fragmentation behavior are examined and found to
be nicely consistent with experimental observations. Experimental thermochemical quantities such as rate-
limiting barriers and heats of formation are found generally to be in good agreement with calculated values.

Introduction Scheme 1

It is more than 40 years since Myerson invoked-oreutral CHaCH,0=CH,~ H2¢—CH2--0:CH2» cl:iH_Z,,‘;;-'O=CH2
complexes to explain the loss of identity of labels in the benzyl 1 H U CHz ,
ions produced frontert-butylbenzené. Since that time, ior e J
neutral complexes have been found to be ubiquitous in gas- " + +
phase ionic reactiorfs.Simple electrostaticdemandshat when CHZCH,CHOH—~ HoGrCHy CHp0H 1O PH2
an ion encounters a neutral species in the gas phase, the energy 4 3 HoC-CH,

initially decreases. This means that either the product is formed |

dlre_ctly without a barrier or there is th_e mltlal involvement of CHAGHCH,OH = CHy=CHCH,OH, — ,,,'c_';_}
an ion—neutral complex before a barrier is surmounted on the 4 5 HoC"+°CH,
way to the product. A classical example is th@3eaction of H;O
X~ with CHgY, for which the gas-phase reaction profile involves

a reactant iorneutral complex [X--CHsY]™ leading to @  gchemes such as Scheme 1 represent true intermediates on the

transition structure [X-CHg*--Y]™ and then a product ion potential energy surface as opposed, for example, to transition

neutral complex [XCH-Y]™ In contrast, the text book  gyrycrures. The term “transitional species” has been used to

reaction profile of the & reaction in solution does notinvolve  4accrine some of the less well defined entifiesAlthough

ion—neutral complexes but proceeds simply from reactants 10 gjfficult to answer experimentally, such issues be addressed

the transition structure [X-CHg'--Y]™ and then to products.  theoretically. Both the iorneutral complexes and the transition

The ion—neutral complexes lose their relevance when com- gy ctures of Scheme 1 can be fully characterized, and the

plexation with solvent, that is, solvation, is possible. ~ reaction path joining the individual species can be followed.
lon—neutral complexes have been postulated as intermediates The dissociation of the [CHCH,OCH,]* cation represents

in elaborate mechar_ﬂsms that attt_em_pt to explain the formation 5 attractive prototype for the study of the involvement ofion

of unusual produgts in ge}s-phase ionic reactforr exgmple, neutral complexes in gas-phase chemical reactions. There have

the means by which 4 is lost from [CHCH,OCH]" is not  peen a number of relevant experimental studies on this system.

at all obvious. However, its formation has been rationalized in Tsang and Harrison reported the metastable mass spectrum of

terms of an imaginative mechanism involving the participation [CHsCH,OCH,]* and [CHCHOCH]* ions in 197G After

of a series of ior-neutral complexes (Scheme “4)lt is not several other studiég/28including an experimental determi-

straightforward to experimentally verify the involvement of the  5tion of energy barriefsthe rearrangement and dissociation

postulated ior-neutral complexes and to characterize them in nechanism of Scheme 1 was proposed by Bowen and Williams
detail. In addition, it is not clear which species in mechanistic
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Fragmentation of [CHCH,OCH;,]*

in 19784 Extensive labeling experiments and studies of other
[C3sH;0]" isomers have been perfornié& 12 and alternatives
to Scheme 1 have also been propo¥edlrheoretical work

reported on these systems includes calculations of the structures

and energies of many of the §8;0]" isomers at the MP3/6-
31G(d)//HF/3-21G levek while a recent important stuéfhas
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theory??2 which can be formulated as

@

whereE is the internal energy (relative to the reactaBt)is the energy

examined in detail the rearrangement and dissociation processesf the transition structures is the reaction path degenerady* (E —

at the MP2/6-31G(d)//HF/6-31G(d) level.

Eo) is the number of states in the transition structure with energy less

The present study aims to examine the mechanism of Schemehan or equal td, p(E) is the density of states of the reactant, &nd
1 and other related processes using levels of theory higher tharS Plank’s constant. In the present study, both the sum and density of

those previously applied to the problem. We characterize
rigorously the various species encountered on the potential
energy surface as equilibrium structures or transition structures

and, with the aid of RRKM calculations, compare our results
with available experimental information.

Methods and Results

Standard ab initio molecular orbital calculatiéheere carried out
with the GAUSSIAN 945 and MOLPRG® programs using a slight
modification of the G2’ level of theory. G2 theory was introduced
by Pople and co-workers with the aim of predicting thermochemical
data to so-called chemical accuracy, roughly 10 kJolt corre-
sponds effectively to calculations at the QCISD(T)/6-8T(3df,2p)
level on MP2/6-31G(d)-optimized structures together with a zero-point
vibrational energy (ZPE) correction calculated at the HF/6-31G(d) level

and a so-called higher-level correction (HLC). For the potential surface

states were obtained via direct count of the vibrational states using the
Beyer-Swinehart algorithni??® These calculations employed calcu-
lated MP2/6-31G(d) frequencies scaled by a factor of 0.94Because
there is no formal transition structure for direct formaldehyde elimina-
tion from [CH;CH,OCH;]* or ethylene elimination from the ien
neutral complexes, the transition structure frequencies for these
dissociations were obtained from the calculated frequencies for the
appropriate reactant by removing one frequency corresponding to the
reaction coordinate and scaling the lowest five frequencies to give a
value for AS* (600 K) of approximately+15 J K- mol~1.22024
Calculated G2 total energies are listed in Table S1 of the Supporting
Information. Selected geometrical features are displayed in Figure 1,
while complete geometries are presented in the form of GAUSSIAN
archive files in Table S2. A schematic potential energy profile is
displayed in Figure 2. Unless otherwise stated, all relative energies in
the text refer to G2 valueg @ K obtained in the above manner, and
all geometric information refers to MP2/6-31G(d)-optimized structures.

examined in the present study, we have found some significant Discussion

differences between the HF/6-31G(d) and MP2/6-31G(d) results and

we have therefore used MP2/6-31G(d) frequencies (scaled by 019646)
in place of HF/6-31G(d) (scaled by 0.8929) in the G2 analysis. This

Structural and Energetic Features of the Potential Sur-
face. The most notable geometrical feature for the startingsfCH

procedure (which requires a modified HLC) has been referred to as CH,OCH,]* cation (1) is a C—O bond length (1.522 A, Figure

G2(ZPE=MP2)}!° but for brevity we simply use the G2 label in the

present paper. The MP2 geometry and frequency calculations are

performed with all electrons correlated, that is, MP2(full).
Heats of formation at 298 K have been calculated using the

atomization method, with temperature corrections applied as described

by Nicolaides et af® using scaled (by 1.008% MP2/6-31G(d)
frequencies.

The dependence of the rate constgi) of a unimolecular reaction
on the internal energyH) of a species can be calculated using RRKM

(9) Bowen, R. D.; Williams, D. H.; Hvistendahl, G.; Kalman, J.&g.
Mass Spectroml978 13, 721.

(10) Holmes, J. L.; Rye, R. T. B.; Terlouw, J. Krg. Mass. Spectrom.
1979 14, 606.

(11) McAdoo, D. J.; Hudson, C. Ent. J. Mass Spectrom. lon Processes
1989 88, 133.

(12) Bouchoux, G.; Penaud-Berruyer, F.; Audier, H. E.; Mourgues, P.;
Tortajada, JJ. Mass Spectronl997 32, 188.

(13) Nobes, R. H.; Radom, 1Org. Mass Spectronl984 19, 385.

(14) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory Wiley: New York, 1986.

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,

G. A,; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P. P.; Head-

Gordon, M.; Gonzalez, C.; Pople, J. A. GAUSSIAN 94, Revision D.1;
Gaussian Inc.: Pittsburgh, PA, 1995.

(16) MOLPRO is a package of ab initio programs written by H. J. Werner
and P. J. Knowles with contributions from J. Aimlof, R. D. Amos, M. J. O.
Deegan, S. T. Elbert, C. Hampel, W. Meyer, K. Peterson, R. Pitzer, A. J.
Stone, P. R. Taylor, and R. Lindh.

(17) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
Chem. Phys1991 94, 7221.

(18) Pople, J. A.; Scott, A. P.; Wong, M. W.; Radom, lkr. J. Chem.
1993 33, 345.

(19) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Physl995
103 4192.

(20) Nicolaides, A.; Rauk, A.; Glukhovstev, M. N.; Radom,X.Phys.
Chem.1996 100, 17460.

(21) Scott, A. P.; Radom, L. Phys. Chem1996 100 16502.

1) which is significantly greater than that of typicaHO bonds
(e.g., 1.424 A in CHOH at MP2/6-31G(d)). In this sense, the
geometry is part of the way toward a [@EH,:--OCH,]™
structure, that is, it is intermediate betwelandl' of Scheme
1. We do not find a separate minimum correspondind.'to
althoughTS:1—2 resembles the proposed structurelbf

A 1,3-hydrogen migration vial'S:1—2 at 109 kJ mot?!
(Figure 2) leads to structur2 which is best described as a
complex between protonated formaldehyde and ethylene. lon
2 is characterized by long ‘©H bonds, with the hydroxyl
hydrogen atom of the [CK¥DH]* fragment bridging the ethylene
unit. The G--H bonds (1.946 and 1.977 A) are significantly
longer than those in the nonclassical ethyl cation (1.305 A at
MP2/6-31G(d)) while the [CHOH]™ and GH4 moieties are only
slightly perturbed from their structures as isolated species.
Complex2 is bound with respect to [C¥DH]" plus GH4 by
73 kJ mot?, and it lies 65 kJ moti* higher in energy thad.

Rotation of the [CHOH]™ moiety in 2 leads to structur®
via TS:2—3 at 104 kJ mot. lon 3 may also be described as
an ion—neutral complex between protonated formaldehyde and
ethylene, but now the bridge is provided by the carbon atom of
[CH.OH]* rather than the hydroxyl hydrogen, leading to long
bridging G--C bonds. Structur8 lies 75 kJ mot! abovel
and 10 kJ moi! above2.

We do not find any evidence for the discrete involvement of
the primary 3-hydroxyprop-1-yl cation, [GBH,CH,OH] ™ (4,

(22) For a discussion of RRKM theory, see: (a) Gilbert, R. G.; Smith
S. C.Theory of Unimolecular and Recombination ReactjoBgckwell
Scientific Publications: Oxford, 1990. (b) Baer, T.; Mayer, P. MAmM.

Soc. Mass Spectron997 8, 103.

(23) Beyer, T.; Swineheart, D. Eommun. ACML973 16, 379.

(24) The entropy of activationrAS) for the dissociation process should
be positive because of the expected loose transition structure. The actual
magnitude ofASf is chosen to be typical of bond cleavage reactfhs.

The ASF is not explicitly required, but the frequencies obtained by this
fitting procedure are used in the RRKM calculations.
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Figure 1. Selected MP2/6-31G(d) geometrical parameters. Bond lengths are in angstroms; bond angles are in degrees.

Scheme 1). Instead, the lowest-energy path consists of aat 119 kJ mot?, and thus is energetically less favorable than
concerted ring opening and 1,3-hydrogen shift T#3—7 at the pathway viar.

93 kJ motf, forming protonated propionaldehdye, [@EH;- A 1,4-hydrogen migration id leads viaTS:4—5 at 112 kJ
CHOH]* (7), which lies 55 kJ mol' below1. A 1,2-hydrogen  mol1to protonated allyl alcohol, [ClH=CHCH;OH,]* (5). This
shift in 7 results in the secondary 1-hydroxyprop-2-yl cation, structure is characterized by a long-@ bond (1.584 A).
[CH3CHCH,OH]* (4), which lies 44 kJ mol! above 1. However, the GC bonds in the allyl moiety ob may be
Although 4 is located at a potential minimum on the MP2/6- distinctly recognized as single (1.469 A) and double (1.343 A)
31G(d) surface (as reflected in all the vibrational frequencies so thats cannot really be described as a complex between allyl
being real), the energy afS:7—4 drops below that ofl at the cation and water. Isomés lies just 11 kJ mol! abovel.

G2 level (including zero-point vibrational energy). This sug- The H,O component o6 can move to a bridging position,
gests tha#t at best lies in a very shallow potential well. An  as in6, via TS:5—6 at 48 kJ motl. Complex6 corresponds
alternative direct pathway fror@ to 4 involves concerted ring  to an ion-neutral complex between the allyl cation and water.
opening and a 1,2-hydrogen shift. This proceedsi8a3—4 It is bound with respect to these species by 49 kJfolThe
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6

energy of6 is just 45 kJ mot! abovel, but 6 lies in a very
shallow potential well, being separated fr&by a barrier (via
TS:5—6) of just 3 kJ mofl. Because of the shallowness of
the potential well in which it resides, it is not clear whetler
plays a significant role in the rearrangement/fragmentation of
[CH3CH,OCH) .

Dissociation from eitheb or 6 leads to the allyl cation plus
water at an energy of 94 kJ mdl This is the lowest-energy
pair of dissociation products. The highest-energy point on the
reaction path leading from [GEH,OCH,]™ (1) to these
products isTS:4—5 at 112 kJ mot?, that is, their formation
involves a reverse barrier of 18 kJ mél

The potential surface of Figure 2 reflects the reaction
mechanism displayed in Scheme 2. There are only minor

Schematic G2 energy profile for water elimination from £H,0OCH,™ (1). Relative energies (kJ nd)) are given in parentheses.

theory being used in the present study. It is very satisfying

that the intricate rearrangements postulated by Bowen and
Williams* on the basis of a limited amount of experimental data

are essentially confirmed by the theoretical calculations.

Related Mechanisms. An additional isomer not included
in Schemes 1 or 2 but which is very relevant to the rearrange-
ment and dissociation pathways, as discussed below, ig-[CH
CHOCH;] ™ (8). This is found to lie 50 kJ mol below1. Two
possible isomerization pathways fro® to 1 have been
postulated@ namely a direct 1,3-hydrogen shift or a two-step
process involving a 1,2-hydrogen shift to give [{HH,OCH;] *
followed by a 1,4-hydrogen shift. We find that the 1,3-hydrogen
shift occurs viaTSa:8—1 at 159 kJ mot? (relative to 1),
corresponding to a barrier fd8—1 of 209 kJ mot. Our
calculations indicate that in the second pathway the 1,2- and
1,4-hydrogen shifts can occur in a concerted manneil @k
8—1 at a considerably higher energy, corresponding to a barrier
of 275 kJ mot?. There is no involvement of [C4€H,OCHz] ™
as a discrete intermediate (minimum energy structure)T 8bt
8—1 does resemble such a structure.

Another [GH;O]* isomer not included in Schemes 1 or 2 is
protonated oxetan®). It is characterized by quite long-€D
bonds (1.533 A) and lies 20 kJ mélabovel. ltis of relevance
to labeling experiments since it could allow exchange of
hydrogen and carbon labels3nvia the transition structurés:
3—9 at 118 kJ motl. This is also discussed below.

It has been suggest€dthat it may be possible fol to

differences between Scheme 2 and the originally postulatedisomerize to4 via protonated methyloxirand ) in a pathway

mechanisrh of Scheme 1. The main differences are the
noninvolvement as discrete speciedoand4’, as noted above,
and the bridged (rather than open-chain) structure3foirhe
slightly lower-energy pathway made possible by the involvement

involving no ion—neutral complexes. The pathway that we have
characterized for this transformation begins with a 1,2-hydrogen

shift via TS:1—10 with a barrier of 396 kJ mot, to form the

high-energy species [(I@HOHCH,]* (10) at 332 kJ mot?,

of 7 in the transformation o8 to 4 was also not included in  followed by ring closure to give protonated methyloxirath#)(
Scheme 1. Our potential surface is very similar to that obtained Although10is a true minimum on the MP2/6-31G(d) potential
by Bouchoux et al? at the MP2/6-31G(d)//HF/6-31G(d) level.  energy surface, the energy 66:10—11 drops below that of
There are no qualitative differences, and even the quantitative 10 at the G2 level (including ZPE), indicating little or no barrier
agreement is very good, despite a significantly higher level of for the 10—11 cyclization. ThusTS:1—10 is effectively the
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Table 1. Theoretical and Experimental Heats of Formation 10 T
(AtH299) e
Ethylene loss + .~
species G2 experiment 8 from 3 /7" Ethylene loss ]
- 1/ from 2
[CH3CH,OCH;]* (1) 612 593 = i
[CH,CH, HOCH,]* %)) 678 2 o L /
[CH2CH, CH,OH]* ©) 684 T [ Waerlos :
[CHsCHCH,OH]* (4) 654 (673Y = g4 { Formaldehyde,” 1
[CH.CHCH,OH,* (5) 620 (602Y i loss from 1/
[CH.CHCH, OH;] * (6) 659 .1 | P
[CH5CH.CHOHJ" ) 554 550 . ;
[CHsCHOCH* ®) 561 562 |
[CH,CH.CH,OHJ* ) 626 625 %00 110 120 130 140 150 160 170 180
[CH;CHOHCH,]* (10 942 Ion Internal Energy (kJ mol-1)
[CHsCHCH,OH]* (12) 633 620 Figure 3. RRKM rate constants (lo§) calculated as a function of
[CHsC(OH)CHy* (12 495 490 internal energy k) for ethylene loss fron2 and3, formaldehyde loss
H,0 + [CH,CHCH;] ™ 709 709 from 1, and the rate-determining step—+¢5) for water loss. Energy is
CH,CH, + [CH,OH]* 752 755 measured relative to that df
CH;O + [CH3CH]* 784 793
a All experimental values are taken from ref 25 unless otherwise the Calculated_ value of 209 kJ méj as found also in other
noted.b Estimated in ref 9. recent theoretical work’
Experimental appearance energies for the elimination,6f H
transition structure for the transformation fralrto 11. Pro- and GH, from 12 are found to coincide at a value of 26820
tonated methyloxiranel() lies 26 kJ mot? abovel. A ring kJ mol%7 again consistent with the fact that both are

opening viaTS:11—7 at 83 kJ mot yields 7, which can iso- determined by the energy ofS:12—7. The experimental
merize to4 and then continue as described above. However. P&rrier is again somewhat higher than the calculated value of

due to the very high energy a0, this mechanism is not com- 232 kJ _mo‘rl._ )
petitive with that of Scheme 2 involving iemeutral complexes. Relationship to Observed Rearrangement/Fragmentation

Behavior. Th Iculated potential file (Fi 2
Finally, it has been suggested that it is possible for protonated ehavior e calculated potential energy profile (Figure 2)

" X and the results of RRKM calculations of rate constants for the
acetone, [CHC(OH)CH]™ (12), to rearrange t@. We find loss of ethylene from the ioAneutral complexeg and3 and

that protonated acetone, which lies 114 kJ mdlelow 1, can for the rate-determining steff-5) for loss of water from [Ch
isomerize directly ta@ via TS:12—7 at 118 kJ mot™. We find CH,OCH,]* (1) (Figure 3) can be used to rationalize a number
no evidence for the existence of [QEH(OH)CH,| ™, whichwas  of experimental observations. First, it is clear from Figure 2
proposed as an intermediate for this isomerizatioalthough  that the lowest-energy fragmentation processifoorresponds
TS:12—7 bears a strong resemblance to such a structure. Thetg the loss of a water molecule, requiring 112 kJ Mol This
consequences of formingfrom 12 are discussed below. is consistent with the observation that water elimination is the
Comparisons with Experimental Thermochemical Data. dominant reaction of the metastable ibf%° In addition, the
Calculated heats of formation at 298 KiH,gg) are compared results of Figure 3 show that, within the metastable time frame
with available experimental d&i#in Table 1. The agreement (k ~ 10°—1(° s1), water loss should take place over a much
between theory and experiment is generally within the G2 target wider energy range than ethylene loss, again consistent with
accuracy of+10 kJ moltl. Two species for which directly the dominance of water elimination. Figure 3 also shows that
measured experimental values are available that show somewha@s the time frame is changed to encompass larger valukes of
larger discrepancies afieand11, the differences being 19 and ~ Water loss becomes slow relative to ethylene loss. This is
13 kJ mot™, respectively. The heats of formation féand5 reflected in the ratio of water loss to ethylene loss increasing

are only estimated quantitiégnd these differ by larger amounts ~ Significantly in going from the first field-free region to the
from the G2 values. second field-free region of the mass spectromé&ter.

The calculated barriers for the formation of the various frag- The rate constant curves in Figure 3 are characteristic of a
) . 9" sjtuation in which there is a lower-energy rearrangement process
mentation products may be compared with values determined

f d . Th lculated val ; ?Water loss) and a higher-energy direct dissociation (ethylene
rom measured appearance energies. 1he caiculated values Ooss). Under these circumstances, the rearrangement process
the barriers for the formation of 40 and GH4 are 112 and

i . is favored by low-energy ions and the direct dissociation is
138 kJ mof*, which are somewhat higher than the reported 5y qreq by high-energy ions. It is therefore not surprising that,
experimental valués of 96 + 13 and 117+ 13 kJ mot*, in contrast to the dominant water loss in the metastable ion
respectively. We note, however, that obtaining the experimental spectrum ofl, the collision-induced dissociation spectrum is
values requires the use of heats of formation of the precursor dominated by ethylene loss and also shows some formaldehyde
neutral and the relevant parent ion, so the results would be|ggsse7agyen though these last two processes require 26 and
changed by employing updated values for these quantities. 56 kJ mot?, respectively, more energy than water loss.

The experimental appearance energies for the elimination of The decomposition of the metastable [{LHHOCH;] " ion
H,O and GH, from 8 are each found to be 248 13 kJ moi .72 (8) results in elimination of ethylene, formaldehyde, and small
The coincidence of these values is consistent with the fact thatamounts of watetf>7all of which may be lost after rearrange-
the energy barriers for both of these processes are determinednent to [CHCHOCH,]* (1). It has been observed that the
by the energy ofTSa:8—1 (Figure 2). Quantitatively, the =~ metastable spectrum 8fshows some similarity to the collision-
experimental barrier (249 kJ md) is somewhat higher than (26) Tortajada, J.; Audier, H. E.; Monteiro, C.; MourguesCRg. Mass

Spectrom1991, 26, 913.
(25) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, (27) Hudson, C. E.; McAdoo, D. J. Am. Soc. Mass Spectrof98
R. D.; Mallard, W. G.J. Phys. Chem. Ref. Data Suppf88 17. 9, 130.
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induced dissociation mass spectrumld¥’2 This result can W4 T T T T T
be readily rationalized by noting that the existence of a sub- 12k - 357
stantial barrier (209 kJ mot) for isomerization of8 to 1 will T T

—
=1
T

result in the formation ofl. with considerable excess energy.
The energy off S:8—1 is above that required for ethylene elim-
ination and is only marginally (9 kJ n1ol) below that required
for formaldehyde elimination. In fact, due to the large barrier,

log (k (s-1))
o

3 — Dissociation

| i

I !
it would be expected that the isomerization8ab 1 would not ar )
occur on the metastable time frame until energies significantly 2k i
above threshold have been reached. Thus, RRKM calculations T T
indicate that metastable isomerization will not begin until about %00 110 120 130 140 150 160 170 180
35 kJ moft above the threshold, well in excess of the energy Ton Internal Energy (kJ mol-1)

needed to eliminate formaldehyde. Hence, our calculated barrier

is consistent with significant loss of formaldehyde fr@n Figure 4. RRKM rate constants (log) calculated as a function of
internal energy ) for the isomerization processes 8f Energy is

Metastable protonated acetone, {CHOH)CH;] * (12), also _ measured relative to that af
loses water and ethylefé® However, the abundances are dif-
ferent from those observed for idnwith ethylene elimination ) )
being slightly favored over water eliminatiéri® This is again 4is found to.be comparably.sloyv. Our calculations thus support
readily explained by the fact that ions that have isomerized from the conclusion that isomerization 8fto 9 does not occur to
12 to 7 will have surmounted a large barrier (118 kJ ol any great extent and hence only small amountS@flabel ex-
relative to1) and hence have a significant amount of internal change should take place. Label exchange between the methyl-
energy. As noted above for the isomerizationlofo 8, the ene hydrogens and the ethyl hydrogens is predicted to be pre-

ions will actually have significantly more energy than this barrier dominantly caused by the reversible isomerizatiorg ahd?7.

suggests, with RRKM calculations indicating that metastable The_labeling experiments show that during water elimination
isomerization of7 to 12will not occur until an energy of about ~ there is a pronounced tendency ffrhydrogen transfer to

165 kJ mot ! abovel is reached. Because higher internal ener- 0XYgen to occur, whereas during ethylene elimination the labels
gies favor ethylene elimination, metastali2 thus shows a are distributed almost statistically among all the available

greater proportion of ethylene elimination than daest should sites?1112 |nteresting labeling behavior, which will be discussed
also be noted that metastati2 has sufficient energy to elimi-  1a(€r, is also observed faf and12. To address these issues,

nate formaldehyde. However, formaldehyde elimination is gen- W& have carried out an analysis of the reaction kinetics.
erally slow relative to ethylene and water elimination (Figure ASSUMing as before that ethylene elimination occurs only from
3) and is therefore not observed in metastable ion decomposi-2 21d3 and that the rate-limiting step to water elimination from
tions. At the higher internal energies represented in the first 1 IS iSOmerization off o 5 (via TS:4—5), which is consistent
field-free region, formaldehyde elimination becomes more with recent eXp.e”mentg,We can write the rate equatlons for
competitive and a small extent of formaldehyde elimination is "€ Processes involved in label exchange as follows:
observed® d[1]

Label Exchange Mechanisms and Kinetic Analysis.Ex- ot - ka1l k(2] 2)
tensive labeling studies have been reported for various deuterated
analogues ofl.%"12 |t has been found that exchange of the d[2]
hydrogen atoms within the ethyl group b{henceforth referred g - ket Kes T keg)[2] k1] + ko3 (3)
to as ethyl hydrogens) and exchange of the ethyl hydrogens
with those in the OCH group (referred to as methylene d[3]
hydrogens) occur at different ratts,suggesting differing = (keot Koy T kag)3] + ke 2] + ka7 (4)
mechanisms for the two processes. Exchange of the ethyl
hydrogens is straightforward and can be attributed to reversible d[7]
isomerization ofL and2. Methylene exchange can be caused gt = kst k7] +kerl3] T kiz A1 ()
either by reversible isomerization betwe®and7 or between
3 and9. The intervention of7 or 9 can be distinguished by d[12]
noting that the latter would have the added effect of causing “at = ked14 (6)
loss of identity of'®C-labels. Early experiments by Bowen et
al. indicated that significant amounts &iC-label exchange d[H,0]
occurs during ethylene elimination from labeled analogues of at 7ol 7] (7
1% and7.8> However, later labeling experiments &H and 710
and ICR experiments on mixtures ofCH,OH]" and CH- d[C,H,]
CH; have failed to observe significahC-label exchang#?26 ——— = Ky[2] + kg4l 3] (8)

Our RRKM calculations of reaction rates assist in the dt
understanding of the label-exchange processes. A plot of thewherek, is the rate constant for isomerizationofo y andkq
log of the calculated rate constants versus internal energy foris the rate of dissociation of. It is possible to solve these
the possible isomerization processes of3aa shown in Figure equations and hence obtain the abundances of all species
4. 1t can be seen that at energies appropriate to metastablanvolved at any specified time. However, this does not tell us
ethylene elimination 138 kJ mot?), the rate constant for  anything about the behavior of labeled species.
isomerization oB to 9 is roughly an order of magnitude slower To examine the isotope distribution patterns, we have
than isomerization t@ and approximately 3 orders of magnitude therefore extended the system of rate equations to describe the
slower than isomerization back 2o The isomerization 08 to behavior of all the possible singly deuterated analoguek of
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+ + + Table 3. Calculated and Experimental Isotope Distributions for
CHyDCH,OCH, CH3CHDOCH, CHZCH,OCHD Ethylene Elimination
1la 1b 1c CH,CH, CHDCH,
g:?.::ﬁ--o:CHz G2 o-cH, §M2to-cHp E= E= E= E=
2 CH, CH, species  138.1 170 expt 138.1 170  expt
a 2b
CH CHD c:c 1a 43 2!
["2.CH,0D [ “CHoOH 2. CHDOH 1b 43 57
CHy 277 CH  ? CH, 1c 43 57
3a b 1 7c 43 42 57 58
. . . 7d 43 66 57 34
CH,DCH,CHOH CH3CHDCHOH  CHZCH,CDOH 12d 38 66 62 34
7a statistical 43 43 43 57 57 57

7b Tc

a Calculated values obtained using rate constants derived forlions
with internal energye (kJ mol?). Isotopomers are displayed in Figure
5. b Average of experimental values from refs 9, 11, and 12 unless
otherwise noted< From ref 6c¢.

CHaCH,CHOD CH30((+)D)CH3
7d 12d
Figure 5. Singly deuterated analogues of iohs2, 3, 7, and12.
statistical loss of HOD whildb and1cshow less than statistical

loss, consistent withp-transfer to oxygen being favored, as
experimentally observetl12 When the energy is increased

Table 2. Calculated and Experimental Isotope Distributions for
Water Eliminatiod

H.0 HOD - -

- e to 128 kJ mot?, the abundances approach their statistical value

species 120 128 170 expt 120 128 170 expt but _Sltl|| display a slight tendency fq@-tran_sfe_r. At 120 kJ
mol~%, 7d shows a much greater than statistical loss of HOD

iﬁ gi ?? gg gg while 7c shows a greater than statistical loss g0 consistent
e 78 75 5o o5 with a tendency for retention of the oxygen-bound hydrogen
7c 83 77 Y] 17 23 12 during water elimination, as is observed experimentalfy!2
7d 32 60 31 68 40 69 The calculated abundance of HOD elimination fr@m(17%)
12d 9 10 91 9oC is the same as that which would result from retention of the
statistical 71 71 71 71 29 29 29 29

oxygen-bound hydrogen along with random selection of the
second water hydrogen from the six other hydrogens, that is,
significant exchange of the carbon-bound hydrogens occurs,
again in agreement with experimét12 At the higher energy

of 128 kJ mot? the abundances for water elimination frafo

2, 3, and7 and the O-deuterated analoguel@f(see Figure 5 and7d also approach the statistical result but the trends observed
and egs StS18 of the Supporting Information). We have made at lower energies still remain to a lesser extent. At the energies
the additional assumption that there are no isotope effects.appropriate to water elimination frod® (170 kJ mot?), there
Equations S1S18 have been solved numerically and the results is a very pronounced tendency for retention of deuterium on
used to make gquantitative predictions of the abundances for theoxygen, that is, dominant loss of partially deuterated water is
eliminated species from the metastable singly deuterated ions.observed. Atthese high energies, isomerizationtof5, which
Since the decomposition of metastable ions occurs in a fairly leads to water loss, is of comparable rate to isomerizatioh of
narrow time window (10°—10-° s), we are interested in the to 3. Hence, dissociation occurs before significant label
change in abundance that occurs during this time interval. We exchange can occur, and the label remains predominantly
must also choose an appropriate energy at which to calculateattached to oxygen. In the cases where experimental labeling
the unimolecular rate constants. Because the rate-limiting stepsdata for water loss frorfh and7 exist, good agreement between
for ethylene elimination, namely dissociation of either complex theory and experiment is seen at the lower internal energy. Good
2 or complex 3, have no reverse barrier, the metastable agreement with experimental labeling results is also observed
elimination of ethylene will occur near threshold. Hence, for for 12d. The calculated distributions for elimination frof2
ethylene we have calculated the rates for an internal energy justof 29% HO and 71% ethylene are also in satisfactory agreement
above the thermochemical threshold (138.1 kJ ol For with the experimental results, ranging from 31 to 46%©Hand

a Calculated values obtained using rate constants derived forlions
with internal energye (kJ mol™?). Isotopomers are displayed in Figure
5.b Average of experimental values from refs 9, 11, and 12 unless
otherwise noted: From ref 6c¢.

water elimination, however, the choice is not so obvious. Our
RRKM calculations indicate that metastable water elimination
can occur over a range of internal energied.ofanging from
approximately 120 to 138 kJ midl, at which stage ethylene
elimination becomes more favorable (see Figure 3). lItis likely
that significant changes in the isotope distribution will occur

69 to 54% CHCH,.6:7P

For ethylene elimination, our calculations (Table 3) predict
a statistical distribution of labels for all species shown, which
is consistent with experiment for all but two related cases. In
contrast to the predicted statistical behavi@d is found
experimentally to show a much greater than statistical loss of

over this energy range, so the rate constants have been calculateBH,CH,. A possible explanation for this behavior is that some

at two internal energies, 120 and 128 kJ mol Isotope
distributions for both water and ethylene elimination have also
been calculated at 170 kJ mé just above the onset calculated

other pathway is in operation that allows i@nto eliminate
ethylene with retention of the deuterium label on oxygen. This
is supported by experimeAfswhich suggest an additional

for metastable isomerization (see above), to examine label pathway for ethylene elimination faid ions, with the measured

exchange in the dissociation of metastabke

Calculated isotope distributions for water elimination from
the deuterated analoguesladind for7c, 7d, and12d (see Figure
5) are compared with available experimental data in Table 2.

kinetic energy release for ions where label exchange has
occurred being different from that of ions that retain the label.

These experiments also show that the kinetic energy release of
those ions that exhibit label exchange is the same as that for

Statistical results are also shown for comparison. It can be seerethylene elimination from iorl.1° This suggests that label

that, at an energy of 120 kJ m@) l1a displays a greater than

exchange in iofrd occurs via a common intermediateldi.e.,
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via 2 or 3), while a separate mechanism applies for eliminations (Scheme 2) is very similar to that originally proposed by Bowen
of ethylene where the label is retained on oxygen. It has and Williams (Scheme 1) and strongly supports the results of
previously been suggestethat a competing mechanism for recent calculations carried out at a somewhat lower level of
ethylene elimination fron¥ is sequential 1,2-hydrogen shifts theory. The reaction profile, along with an RRKM study of
from 7 to form [CH;CHCH,OH]™ (4) and then [CHCH,CH,- the reaction kinetics, shows that Scheme 2 can account for the
OHJ™ (4'), with the latter dissociating by a simple bond cleavage results of extensive deuterium- af¥C-labeling experiments.
resulting in loss of (label-retaining) ethylene. This mechanism There is generally good agreement with available experimental
would result in an increase in label-retaining eliminations for thermochemical data.

7d and would also account for the different kinetic energy

release value for ethylene eliminated with the label retained on  Acknowledgment. We gratefully acknowledge generous
oxygen. A similar argument can account for the difference allocations of time on the Fujitsu VPP300 and SGI Power
between our calculated results and experimentld. Thus, Challenge computers of the Australian National University
sincel2d initially isomerizes to7d, the above mechanism would ~ Supercomputing Facility. We also thank Dr. Paul Mayer and

also be consistent with the observed preference for label- Dr. Michael Collins for many helpful discussions and for
retaining eliminations. comments on the manuscript.

Concluding Remarks Supporting Information Available: Total G2 energies
(Table S1), GAUSSIAN 94 archive entries of the MP2/6-31G-
(d) optimized geometries (Table S2), and rate equations for the
kinetic scheme (eqs S1S18) (11 pages, print/PDF). See any
current masthead page for ordering information and Web access
instructions.

The decomposition of [CECH,OCH,]™ proceeds via a
mechanism in which the involvement of ieneutral complexes
as intermediates plays a crucial role. Mutual reorientation of
the two components of the iemeutral complex2 to form 3
allows a rearrangement that would be considerably more difficult
via conventionally bonded species. Our proposed mechanismJA9741786



