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New experimental data on the rearrangement reaction of various phenoxyethyl halides to give [c6&0] +. are 
presented and compared with previous studies so that a coherent picture of this process can be developed. By 
examining the metastable kinetic energy release for low energy decomposing molecnlar ions of the 
phenoxyethyl halides, it has been conduded that formation of [c6&0] occurs by competitive 1,2 and 1,3 
hydrogen shifts from the aikyl carbons to oxygen followed by a rate determining C-O bond cleavage. This is 
substantiated by the absence of a pnmary hydrogen isotope effect. For more highiy activated molecular ions, 
a new mechanism comes into play as evidenced by the appearance of a small hydrogen isotope effect. It is 
postulated that this thud mechanism involves transfer of the akyl hydrogen to the ortho position of the ring 
by a rate determining 1,5 shift, followed by a 1,3 hydrogen shift from the ortho methylene group to oxygen 
and rapid C-O bond cieavage. This 1,3 hydrogen s h i  to oxygen appears to be 'catalysed' by the haiogen 
atoms yieldmg phenol ions. No indications have been found for the formation of tautomeric 2,4- 
cyclohexadienone ions. Furthermore, more highiy activated moiedar ions produce [c6&0] +. which can 
undergo metastable decomposition to lose carbon monoxide. Kbetic energy release measurements for the 
latter reaction show that the majority of these [C,&O]+' ions have been formed as phenol ions as weU. 
These arguments are supported by energetic measurements and by comparisons with previous ion cyclotron 
resonance and collisional activation studies. 

INTRODUCTION 

In recent years numerous studies have been reported 
which deal with the elimination of neutral olefins from 
ionized alkyl phenyl ethers. The objectives of these 
studies have been twofold: (1) to understand the 
mechanism by which the neutral olefin expulsion oc- 
curs, and (2) to determine the structure of the resulting 
[C6H60]+' radical cation. The importance of this uni- 
molecular rearrangement reaction is illustrated by the 
abundant (often 100% relative intensity) [C6H60]+' 
radical cations observed in the mass spectra of ethyl 
phenyl ether (phenetole) and related compounds. 

It has been suggested that two structural forms of 
[C6H60]+' are produced in the unimolecular process, 
namely phenol ( a )  and 2,4-~yclohexadienone (b).  

a b 

On the basis of deuterium labelling experiments, 
Djerassil originaliy suggested that the [C6H6O]+' ions 
formed from n-butyi phenyl ether involve hydrogen 
transfer transition states of varying ring sizes giving 

t Authors to whom correspondence should be addressed. 

rise to the two tautomeric forms a and b. Further 
support for this idea of hydrogen transfer has been 
found by Harrison' in a detailed study involving 
deuterium labelling of n-propyl phenyl ether. Harri- 
son also reports a small but significant primary isotope 
effect for the hydrogen transfer process to form 

The results from the recent field ionization study of 
Borchers and Levsen' lend additional credence to the 
hypothesis that the rearrangement occurs via non- 
specific hydrogen transfer as opposed to randomiza- 
tion of the alkyi hydrogen atoms prior to a specific 
hydrogen rearrangement. 

Additional ion structure and reaction mechanism 
techniques have been directed at this rearrangement 
reaction and the structure of the [C6H60]" ion. The 
studies have involved isotopic labelling,'-3 isotope 
effect mea~urement,',~ substituent e f f e ~ t s , ~ , ~  kinetic 
energy r e i e a ~ e , ~ ~ ~ ~  ion cyciotron resonance ( I C R ) , ~ ~ - ~ ~  
collisional activation (CA),10*14 analysis of the neutral 
species expelled in the rearrangement with an electron 
bombardment flow reactor'' and appearance energy 
studies.16 With the possible exception of kinetic 
energy release measurement, these studies suggest that 
both the stable and decomposing [C6H@]" ions pro- 
duced via the rearrangement or by direct ionization of 
phenol are present predominantly as the phenol ion 
(a). Tautomerism to the keto form ( b )  appears to  be 

[C6H6 o]'-. 
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1.5a 

precluded by the significant difference in kinetic 
energy release for loss of CO from a and b. 

In a recent study, Russell, Gross and Nibbering17 
have demonstrated, contrary to previous r e p o r t ~ , ~ ' ~ ~  
that the difference in kinetic energy release for a and 
b is only sustained for rapidly decomposing ions. As 
longer-lived ions are sampled, the energy releases 
become nearly equal. This phenomenon has been in- 
terpreted to indicate that structures a and b sample a 
common potential energy surface prior to fragmenta- 
tion. That is, structure a undergoes a rate determining 
isomerization to b prior to decarbonylation to form 
[C,H6]". Because of the high energy requirement for 
the tautomerism, the rate constant is remarkably in- 
sensitive to interna1 energy, and that gives rise to an 
unprecedented decrease in kinetic energy release as 
longer-lived metastable ions are sampled. 

Because the nature of decomposing [C,H,O]" radi- 
cal cations is now better understood, the rearrange- 
ment reaction to produce [C&&O]+' can be examined 
in greater detail. As a starting point, we note the 
report of Nibbering et a1.,18 who have shown on the 
basis of combined ICR and deuterium labelling exper- 
iments, that [C6H6O]" ions are generated from 2- 
phenoxyethyl halides via 1,2 and 1,3 hydrogen shifts 
to oxygen, and via a 1,5 hydrogen shift to one of the 
ortho positions of the aromatic ring (cf. Scheme 1, 
reactions A to C). 

The percentage of the 1,5 hydrogen shift is about 
15% for 2-phenoxyethyl fluoride and rises to about 
70% and 90% for the corresponding chloride and 
bromide, respectively. These observations have been 
taken as evidence that a substantial part of the 
[C6H60]" ions generated from 2-phenoxyethyl 
halides initially possesses the structural form b. It was 
not known, however, whether or not tautomerism to 
the enol form ( a )  of these [C6H60]" ions has taken 
place within the ICR time scale (milliseconds). More 
recently, Maquestiau et al." and Levsen in co- 
operation with Nibbering et al.'4 have shown indepen- 
dently by CA that ions a and b are distinct, stable 
species in the gas phase up to times 2 lO-'s. From 
the latter study, there is evidence that after the 1,5 
hydrogen shift in the molecular ions of 2-phenoxyethyl 
halides (especially chloride and bromide), a direct 
C-O cleavage to generate ions b competes with 
proton transfer from the original ortho position, prob- 
ably via the halogen atom to the oxygen atom, fol- 
lowed by expulsion of C,H3X to generate ions a (cf. 
Scheme 1, reaction D). On the basis of the CA re- 
s u l t ~ ' ~  it has been suggested that [C,H60]" ions gen- 
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erated from 2-phenoxyethyl halides are present as a 
mixture of both a and b, a conclusion which was also 
reached in the previous., JCR study? The proportion 
of b would range from about 10% to 30% according 
to the CA re~u1ts . l~  This set of substituted phenetoles 
presents an ideal opportunity to study by metastable 
kinetic energy release measurements'' the mechan- 
isms of unimolecular decompositions involved in both 
the formation and decomposition of [C6H60]*' ions, 
particularly those formed from phenoxyethyl halides. 
Moreover, the sensitivity of metastable kinetic energy 
release for the detection of isomeric species may be 
evaluated further. This paper is a report of these 
studies. 

RESULTS AND DISCUSSION 
~~ ~ 

Elimination of CzHJX from 2-phenoxyethyl halides 

It may be anticipated that formation of two structural 
forms of [C6H60]+' ions wiil be accompanied by com- 
posite metastable peaks whose intensities can be re- 
lated to the relative importance of each reaction chan- 
nel in the metastable time window. For phenoxyethyl 
halides this is not the case, as revealed by the kinetic 
energy release for the formation of [C&60]'' (Table 

Table 1. Kinetic energy release (meV) accompanying formation of 
[C,H,O]' and [C,&O]" from [C,H50CH,CH,X]" (X = H, F, 
CI, Br) 

Cornpound 

C,H,OCH,CH, 
C,H,OCH,CH,F 
C,H,OCH,CD,F 
C,H,OCD,CH,F 
C,H50CH,CH,CI 
C,H,OCH,CD,CI 
C,H,OCD,CH,CI 
C,H,OCH,CH,Br 

[ M  -CH,Xl' IM -CO,Xl' 

- 26 

27 - 
17 - 
16 16 
19 20 

- 18 

[M-C,H,XI" 

16 
39 
- 
- 
27 
- 
- 
19 

- - 
33 28 
28 34 

22 26 
- - 

25 28 
- - 
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1). Al1 of the various phenoxyethyl halides, as well as 
phenetole, giving narrow Gaussian metastable peaks 
for the loss of C,H,X, and this indicates that the final 
step in the mechanism is common to al1 the metastable 
decomposing precursors o€ [C&O]". From the pre- 
vious experimental studies, four competitive mechan- 
isms for olefin elimination have been suggested as 
summarized in Scheme 1: reactions A, B and D form 
exclusively a, whereas reaction C would generate ex- 
clusively b. 

Nibbering" and Djerassi," working independently, 
have shown that [C6H60]+' ions generated from 
phenetole and phenyl acetate are present exclusively 
as phenol on the ICR time scale. Any significant initial 
formation of these ions as the dienone tautomer was 
excluded. 

In the n-propyl phenyl ether study of Harrison et 
al.,' the results were interpreted as a composite of 
three separate hydrogen transfer reactions involving 
hydrogens on each of the carbon atoms in the propyl 
chain. Preferential transfer from the terminal carbon 
atom in low energy ions is favoured. At high energies, 
al1 of the hydrogen transfer rates are approximately 
equal. The overall mechanism proposed by Harrison' 
is initial transfer of hydrogen to oxygen followed by a 
rate determining C-O bond cleavage to give 
[C,H,O]" ions as the phenol structure. However, the 
rearrangement reaction for n-propyl phenyl ether is 
accompanied by a small but definite primary isotope 
effect' (k , /k ,=  lS), which may indicate that C-H 
bond breaking, and not C-O bond cleavage, is the 
rate determining step in some stage of the rearrange- 
ment. The same is true for the generation of 
[C&60]'' ions from phenetole and the 2- 
phenoxyethyl halides within s and at  an electron 
energy of 70eV, where the following isotope effects 
(k , /k , )  are observed: 1.27 (H), 1.15 (F), 1.23 (Cl) and 
1.38 (Br). Thus, in these cases C-H bond breaking is 
also the rate determining step. But it should be stres- 
sed that this is not necessarily valid for al1 the reaction 
channels A, B, C and D in Scheme 1. 

Of course, isotope effects are sensitive to the inter- 
nal energy of decomposing ions and to the activation 
energies required for decomposition. Therefore it is 
essential to consider the energetics for the elimination 
of C2H3X via the reaction channels A,  B, C and D in 
Scheme 1 before any definite conclusion can be drawn 
about the nature of the rate determining step in each 
o€ these channels. The most suitable compound for 
this purpose is 2-phenoxyethyl fluoride, where 

Q '+. 
C 

deuterium labelling has shown that the two methylene 
carbon atoms retain their identity in the loss of CH2X 
from the molecular ion, a process which is in competi- 
tion with [C6H60]+' formation." Thus, the molecular 
ion of C,HSOCH2CD,F loses CD,F, but not CH,F or 
CHDF, so that hydrogen transfer from the a and p 
carbon atoms during the elimination of C,H,F can be 
distinguished. Such a distinction cannot be made for 
hydrogen transfer from the a and p carbon atoms in 
the cases of the chloride and bromide because the two 
alkyl carbon atoms become equivalent2' via inter- 
mediate c. The interchange is a time-dependent pro- 
cess as shown by the field ionization kinetic method." 

Energetics for the elimination of C,H,X 

Based on the relative metastable peak intensities for 
transfer of a hydrogen atom from the a and p carbon 
atoms in phenoxyethyl fluoride to form [C6H60]+' 
ions, as revealed by the two deuterium labelled com- 
pounds, hydrogen transfer from the a carbon atom 
appears to have the lower activation energy because 
this process is favoured for lower energy decomposi- 
tions (see Table 2). To  provide a quantitative measure 
of the relative activation energies for H-transfer from 
the a carbon atom and H-transfer from the p carbon 
atom, the appearance energy diff erences were meas- 
ured for [C,H,O]+' and [C,H,DO]+' formed from 
both the a-d,- and the p-d,-phenoxyethyl fluorides. 
In this way, it has been established that the H-transfer 
from the p carbon atom has a 0.3eV higher energy 
requirement. The trends noted in Table 2 are readily 
understood in terms of this energetic difference in 
favour of the larger ring transition state for H-transfer. 

However, a very important observation is that a 
difference of 0.3 eV was found for both the a-dZ- and 
the P-d,-phenoxyethyl fluoride. In other words, there 
seems to be no primary isotope effect for H versus D 
transfer during the elimination of C2H3_,D,X from 
molecular ions of deuterated 2-phenoxyethyl fluorides 

Table 2. Comparison of hydrogen/deuterium transfer from the a and p carbon 
atoms in labelied 2-phenoxyethyl fluoride and chioride to form 
[c6&0]+. and [C6H,DO]" iOnS" 

~~ ~ 

P . .  B a  B a  
Energy region C~HSOCD~CH~F C&,OCH,CD,F C&,OCDzCHZCI C,H,OCH,CD,CI 

IC~HSOI" IC,H,OI" IC6H,01' ICSH~OI'~ 
ICsH,DOl" [C6H,DOlf. ICsH5DOl'~ IC,H,DOl*~ 

- Ion cource (70 eV) 50/50 57/43 - 
1st field free 59/41 40160 46/54 56/44 

1st field free 66/34 35/65 45/55 - 

2nd field free 67/33 34/66 - 

* Al1 values are expressed as percent of total integrated area for al1 metastable decompocitions. 

region (70 eV) 

region (12eV) 

region (70 eV) 
- 
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Table 3. The isotope effect in 
the generation of 
[C&O]+. ions from 
[ 2-phenoxyethyl 
fluoride]'. as a func- 
tion of the molecu- 
lar ion üfetime' 

tGn SJ 

< 3.10-" 
3.1 O-'' 
6.10-" 
l.lO-1° 
2.10-'0 

- 1.10-6 
- 1.10-5 

I 

1.89 
1.80 
1.32 
1.16 
1.14 
1 .o0 
1 .o0 

"The isotope effects at times 
<1 g s  were obtained from 
field ionization kinetic measure- 
ments and those at times > 
1 p s  from the electron impact 
method (70 eV). 

decomposing at threshold energies. The absence of an 
isotope effect is also true for the metastable molecular 
ions, as indicated by the metastable peak intensities 
ratio for formation of [CoH60]+' and [C,H,DO]" icns 
from a -d,-phenoxyethyl fluoride. It can be seen that 
the intensities are just the inverse of that for formation 
of [C,H,O]+' and [C,H,DO]+' ions from P-d2-  
phenoxyethyl fluoride (Table 2). The same is true for 
the chloride (Table 2) and probably for the bromide 
(not rneasured), although the interchange of the 
halogen and the phenoxy groups in their molecular 
ions is an interfering factor (vide supru). Thus we see 
an unusual phenomenon; that is, the isotope effect 
operating in the generation of [C,H,O]+' ions from 
2-phenoxyethyl halides decomposing within s 
(high energy ions) becomes vanishingly small when the 
2-phenoxyethyl halides decompose in the metastable 
time window of to s (low energy ions). The 
decreasing isotope eff ect at ever increasing molecular 
ion lifetimes is also shown by field ionization kinetic 
measurements (see Table 3 ) .  

A decreasing isotope effect with a decreasing inter- 
nal energy of decomposing ions is an unexpected and 
unprecedented observation. A possible explanation is 
that one of the reaction channels A to D in Scheme 1 
is available only for high energy molecular ions which 
decompose by a rate determining C-H bond breaking 
step. Decompositions by this channel cannot compete 
with other fragmentations of low energy molecular 
ions. The rate determining step in the latter channels 
is certainly not C-H bond breaking because of the 
absence of any significant isotope effect. Furthermore, 
based on the metastable kinetic energy release, the 
amount of reverse activation energy observed as kine- 
tic energy release must not change significantly for the 
channels open to low energy molecular ions. In other 
words, the mechanisms for the low energy processes 
share a common step. We suggest that the common 
step is an ultimate transfer of a hydrogen atom to 
oxygen followed by a rate determining cleavage of the 
carbon-oxygen bond (Scheme 2). This interpretation 
implies a relatively rapid hydrogen transfer to oxygen. 
It may be argued then that alkyl hydrogen atom 

+ CH,=CHX U '  
Scheme 2 

randomization should be expected by reciprocal hy- 
drogen transfers between the oxygen atom and the two 
alkyl carbon atoms, which has not been observed.*' 
However, as soon as a hydrogen atom has been trans- 
ferred to oxygen, its character has been changed from 
an atom to a proton which may then serve as a bridge 
between the oxygen and halogen atoms. Thus, the 
possible reciprocal hydrogen transfers between the 
oxygen and alkyl carbon atoms (Scheme 2) have been 
inhibited. 

Decomposing [C,&O]+' radical cations 

As was discussed in the introduction, [C,H,O]" 
formed as the phenol ion undergoes a rate determin- 
ing isomerization to the keto tautomer ( b )  prior to 
decomposing to [C,H,]". The evidence for this inter- 
conversion is the rapid decrease in kinetic energy 
released for this reaction as longer-lived ions are 
sampled by a straightforward decrease in the source 
accelerating field.17 

As a result of this property of [C6&0]+' ions which 
have been formed initially as the phenol ion, we have 
available three criteria by which we can judge the 
structure of metastable decomposing [C,H60]+' 
forrned from the various phenoxyethyl halides. They 
are metastable abundance ratios, metastable kinetic 
energy release and variation of kinetic energy release 
as a function of ion lifetime in the metastable time 
frame. 

The metastable abundance ratios and the kinetic 
energy release data [C6H60]+' generated from the 
phenoxyethyl halides, from phenol and as the 2,4- 
cyclohexadienone are tabulated in Tables 4 and 5. For 
each of the precursors, the metastable characteristics 
of the [C,H,O]t' radical cations are nearly identical 
both in terms of relative metastable abundance and 
kinetic energy release. These results can be under- 
stood by invoking a common potential energy surface 
for al1 metastable decomposing [C,H,O]+' radical ca- 
tions. We now know that the lower kinetic energy 
released for the keto form (355 meV) does not violate 
this conclusion (vide supru). 

The third criterion is sensitive to the initial structure 
of the decomposing [C6H60]+'. That is, if the rear- 
rangement reactions yield a phenol ion, the kinetic 
energy released is expected to vary with ion lifetime in 
the metastable time frame. However, if the keto 
tautomer ( b )  is formed, the kinetic energy release will 
be constant as different metastable ion lifetimes are 
sampled. Thus, the time dependence for kinetic energy 
release is unique to [C,H,O]+' ions initially formed 
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Table 4. Metastable abundance ratios for decomposing [C&o]+' ions formed from 
phenol, bicyclo[2,2,2]-oct-2-en-5,7-dione, phenetole and 2-phenoxyethyl 
halides" 

- 2.7 - 
2.5 

C,H,OCH,CH, 94 - 3.3 
C,H,OCH,CH,F 94 - 3.5 
C,H,OCH,CD,F 50 46 3.0 0.6 0.6 - 
C,H,OCD,CH,F 55 40 3.0 1.2 0.8 - 
C,H,OCH,CH,CI 92 - 4.6 - 3.4 
C,H,OCH,CD,CI 60 35 3.0 1 .o 1 .o 1 
C,H,OCD,CH,CI 58 36 3.0 - 2.0 1 

- - 

- 

- C,H,OCH,CH,Br 92 - 5.0 - 3.0 

a Al1 values are expressed as percent of total integrated afea for al1 metastable decom- 
positions. 

Table 5. Metastable kinetic energy release for decomposing [c6&0]+' ions formed 
from phenol, bicyclo[2,2,2]-oct-2-en-5,7-dione, phenetole and 2- 
phenoxyethyl halides (in meV) 

_ _ _ _ _ _ ~  ~ 

IC,H,Ol" lC6H5DOl+ LC6HsOl" lC6H5WI" iCeH,Ol+' ICeHsDOI+ 

Compound IC5HKI" IC,H,Dl'' ICSH51+ IC5H51' [C,H,OI' IC3H301" 
1 L 1 1 1 1 

C,H,OH 455 465 150 1 54 27 28 

C,H,OCH,CH, 
C,H,OCH,CH,F 
C,H,OCH,CD,F 
C,H,OCD,CH,F 
C,H,OCH,CH,CI 
C,H,OCH,CD,CI 
C,H,OCD,CH,CI 
C,H,OCH,CH,Br 

492 
480 
492" 
452" 
483 
470 
480 
480 

446" 
478" 

458 
477 

- 

- 

160 
170 
150 
142 
150 
152 
140 
165 

32 
30 
30 
29 
31 
35 
22 
30 

~ ~~ ~ 

a These differences'in kinetic energy release are also observed as 0.3eV differences in 
appearance energies of the [C,H,OI+- ions. 

Table 6. Variation of metastable kinetic energy release' (in meV) as a function of average ioternal 
energy for the reaction [C&O]+.+ [C,&]"+CO 

Accelerating 
voltage 

4200 
3600 
3000 
2500 
2000 
1500 
1 O00 

CeH50H 

501 
452 
436 
41 4 
393 
388 
366 

Compound 
CKHKOCHzCH, C6H.0CHzCH2F 

b - 530 525 
355 480 480 

- 446 
350 430 422 
351 405 - 

- 386 
342 364 - 

- 

- 

C6H50CH2CHzCI 

528 
482 

41 9 

381 

- 

- 

- 

C,H,OCH,CH,Br 

- 
475 

464 

369 
352 

- 

- 

a Measured on a Hitachi RMU-6D instrument. 
Values not determined for this accelerating voltage. 
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Table 7. Caidated metastabie kinetic 
energy release for the reaction 
[C,&O]+. [C5&]+-+ CO in 
mixtures of 2,4-cyciohexa- 
dienone and phenol ions 

96 Dienone 

1 O0 
80 
67 
50 
45 
33 
20 
11 
0 

Calc. Ti (meW 

375 
380 
404 
432 
455" 
452 
466 
476 
486 (100% phenol) 

a Experimental data point (see text), meas- 
ured on an AEI MS 5076 instrument." 

with the phenol structure. The results of the study of 
metastable kinetic energy release as a function of ion 
acceleration (ion lifetime) are given in Table 6. It is 
readily seen that, in each case, an unusual variation in 
kinetic energy release is detected. We interpret these 
resuits to mean that the majority of [C6H60]+' (or 
[C,H,DOI") ions which decompose with rate con- 
stants of lo5 to 10, s-' (i.e. as metastable ions) do so 
from a structure which was initially the phenol radical 
cation. This is further corroborated by analysis of 
metastable peak shapes for loss of carbon monoxide 
from ionized phenol ( a )  and 2,4-cyclohexadienone 
(b ) .  The resultant peak shape can then be calculated 
by adding various ratios of the two peaks together, 
giving rise to the values in Table 7. As can be seen, 
the kinetic energy release is quite sensitive to the 
composition of the metastably decomposing mixture of 
[C,H,O]+' structures. Note the experimental data 
point in Table 7 which was obtained by mixing phenol 
and 2,4-cyclohexadienone in the ion source and 
assuming that the metastable peak/molecular ion inten- 
sity ratio is the same for both phenol and 2,4- 
cyclohexadienone (this is approximately true; the 
ratio for phenol is 1.3 times greater than that for 
2,4-cyclohexadienone). The interpretation given in 
this section is consistent with the conclusion drawn in 
the previous section; that is, the rearrangement reac- 
tion of metastably decomposing phenoxyethyl halides 
(and other alkyl phenyl ethers) produces a significant 
fraction of [C,H6O]" as the phenol ion. 

Summary of experimental detaiis-formulation of 
mechanistic models 

Based on a large amount of experimental work, we are 
now able to construct the following detailed surnmary 
of our knowledge of decomposing phenoxyethyl 
halides. A convenient way of discussing the data is in 
the form of a hypothetical energy distribution function 
for [C,H,OCH,CH,X]'* as shown in Fig. 1. The 
distribution is divided in five sharply defined regions 
for purposes of discussion 
Region 1. These are stable (non-decomposing) 
C,H,OCH,CH,X]+' radical cations. 

Figure 1. Hypothetical energy distribution function for 
[C,H,OCH,CH,XI" ionc. 

Region 2. A narrow energy region of higher energy 
includes [C,H,OCH,CH,X]+' ions which decompose 
to [C6&0]+' as metastable ions. The decomposition 
occurs without any detectable isotope eff ect for trans- 
fer of a hydrogen atom from both the <y and /3 carbons 
of the sidechain. We postulate that the mechanism is a 
rapid, unidirectional transfer of a hydrogen atom to 
oxyg%, followed by rate determining C-O bond 
cleavage. The [C,H,O]+' ions formed at these energies 
possess, within the limits of detection, only the phenol 
structure. The trend in kinetic energy release values 
F > Cl > Br (Table 1) can be understood by examining 
the excess energy (E*)  for these threshold [C,H,O]+' 
ions. An estimate of E* can be made using Eqn (1). 

(1) 
The AHf([C6H,0]") was calculated from the ioni- 
zation energy of phenol as determined by photo- 
ionization." The AH,(C,H,X) values were taken 
from thermochemical determinations.22 The 
AH,(C,H,OCH,CH,X) values were estimated by the 
group additivity method of Ben~on. '~  The appearance 
energies, measured by the semilog r n e t h ~ d , ~ ~  and the 
calculated values of the excess energy E*, are tabu- 
lated in Table 8. The increase of E* from X = Br to 
X = F is in agreement with the increase in the kinetic 
energy ielease values in the same order. The threshoid 
excess energy of 88 kJ moi-' for [C6H60]" ions gen- 
erated from 2-phenoxyethyl bromide is smaller than 
the energy difference of 109 kJ mol-l between 
dienone and phenol ions.I4 This is consistent with the 
observation that only phenol ions are formed at 
threshold energies. 

Table 8. Heats of formation, ionization energies, appear- 
ance energies of [C,E&O]'. and threshold excess 
energy, E*, for various 2-phenoxyethyl halides in 
kJ mol-' 

A([C,H,O]+')= A&([C,&jO]+') 
- bH~(C6H50CH2CH,X) + AHf(C,H,X) + E* 

Compound AH; (M) I(M) A([CEHEOJ'7 AH: (C,H,X) E" - - C,H,OH -99.2b 824b - 

C,H,OCH,CH,F -251.5 833 1079 -117.Zb 222 
C,H,OCH,CH, -84.gb 787b 1033b 52.3b 171 

C,H,OCH,CH,CI -105.0 820 1042 351.6~ 176 
C,H,OCH,CH,Br -54.8 812 937 71.1b 88 

a E* calculated accuming that [C,H,O]+' has the phenol struc- 
ture as described in text. 

Literature vaiues. See Ref. 22. 
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Region 3. These are stable [C,H,O]" ions observed 
at m/z 94 in the mass spectrum. Collisional activation 
results can be interpreted to show that the majority of 
the ions possesses the phenol structure. Formation of 
these [C6H60]+' radical cations is accompanied by a 
small primary hydrogen isotope eff ect, and from this 
observation, we suggest the onset of a new mechanism 
which is now competitive with the direct 1,2 and 1,3 
hydrogen transfer to oxygen. 

Additional information about these [C6H60]+' iOnS 
is available from the ICR study." Irrespective of 
whether the 2-phenoxyethyl bromides and chloride 
are labelled with deuterium in the (Y or p position, the 
stable [C6H,DO]'v ions which are formed at these 
energies exhibit both transfer of H and D to a base. 
This result has been interpreted to indicate a signific- 
ant fraction of dienone structure (b ) ;  however, an 
equally valid explanation is to represent these ions as a 
mixture of phenol structures, i.e. [C,H,DOH]+' and 

d,- and p -d,-phenoxyethyi chloride and bromide 
show loss of OD and OH, which confirm the presence 
of [C,H,OD]+' and [C6H4DOH]+' structures as stable 
ions. 

The mechanism which is in accord with these data 
and is shown in Scheme 1 (reaction D) first involves a 
rate determining 1,5 hydrogen shift to the aromatic 
ring to give a dienone-type intermediate, followed by 
transfer to oxygen and fast C-O bond cleavage. The 
absence of any ortho-Hla-H exchange process in the 
molecular ions of phenetole and of the phenoxyethyl 
halides prior to or during formation of [C&O]" ions 
is in agreement with a rate determining 1,5 hydrogen 
shift. 

The fact (ICR evidence) that a 1,5 hydrogen shift 
occurs for the phenoxyethyl halides and not for 
phenetole might to some extent be due to an electros- 
tatic repulsion between the electronegative oxygen 
and the halogen atom which will be beneficia1 to this 
hydrogen shift. However, the increase of the 1,5 hyd- 
rogen shift in the order, F, C1, Br suggests that the 
increase in radii of these atoms is the dominating 
factor in promoting the reaction. This may be under- 
stood quite well, if the molecular ions populate the 
rotamer d, shown below, to a large extent: A model of 

[C&,OD]+'. The CA spectra of [c,HsDo]+- from <Y- 

d 

this rotamer has shown that the hydrogen atoms from 
the methylene group, adjacent to the halogen atom, 
are ideally situated to be transferred to the ortho 
positions of the phenyl ring via a 1,5 hydrogen shift. 

Furthermore, the intermediate formed by the initial 
1,5 shift of a hydrogen to the ortho position can be 
stabilized via an interaction such as that depicted in 
structure e. By virtue of this interaction in structure e, 

the halogen atom may act as the catalyst for the 1,3 
hydrogen transfer from the ortho methylene group to 
the oxygen atom to eventually yield phenol ions. This 
is analogous to the 'catalysed' 1,3 hydrogen shift 
which occurs in the enolic ions of o-hydroxy- 
acetophenone, generated by elimination of CzH4 
from the molecular ions of o-hydroxy- 
butyrophenone.2s 
Region 4. Based on the kinetic energy release meas- 
urements discussed earlier and presented in Tables 5 
and 6 ,  it is clear that the majority of the metastable 
[C,H,O]+' ions, which originate from even higher 
energy states of the molecular ions, have predomin- 
antly the phenol structure. 
Region 5. The highest energy regime pictured in Fig. 
1 is made up of the stable fragments from [C,H,O]"; 
i.e. [C,H,]+' and [CsH5]+. We have no information on 
the nature of the original [C,H,OCH,CH,X]+' precur- 
sors of these fragments. 

CONCLUSION 

Based on al1 the experimental results to date, we 
believe a coherent and internally consistent picture of 
the rearrangement reaction in phenoxyethyl halides 
has emerged. The formation of [C6H60]+' from 
molecular ions having a relatively low internal energy 
occurs by 1,2 and 1,3 hydrogen shifts to oxygen fol- 
lowed by a rate determining C-O bond cleavage to 
yield the phenol radical cation. For molecular ions 
having higher internal energies, a new mechanism 
becomes competitive involving a rate determining 1,5 
hydrogen shift, followed by a 1,3 hydrogen shift from 
the ortho methylene group to oxygen and rapid C-O 
bond cleavage to yield a phenol radical cation. The 
hydroxyl hydrogen of the phenol is either the original 
ortho hydrogen or one of the alkyl hydrogen atoms. 
This interpretation is in agreement with the original 
ICR studyl' and recent CA study.14 

No indications have been found for a direct C-O 
bond cleavage after the 1,5 hydrogen shift generating 
2,4-cyclohexadienone ions. Therefore, this reac- 
tion, if present, must be a minor process in the metast- 
able time frame of to s. This is not inconsis- 
tent with the CA study,14 which has indicated that 
only 10 to 30% 2,4-cycIohexadienone ions are 
present in the total fraction of stable [C&H,O]+' ions. 

More generally, it should be noted that metastable 
kinetic energy release measurements can be a basis for 
developing a detailed picture of the potential energy- 
reaction coordinate relation along which ions decom- 
pose. However, other methods, like ICR and CA, are 
essential to complete the mechanistic picture as has 
been shown in the present study. 
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EXPERIMENTAL 

Mass spectrometry 

Mass spectra were obtained with an AEI MS-5076 
and a Hitachi RMU-6D double focusing instrument 
with source and inlet temperatures at 200 "C. Metasta- 
ble ion studies were made using the defocusing techni- 
ques of accelerating voltage scans. Kinetic energy re- 
lease was calculated from the peak width at half 
height, with these values being corrected for the 
energy distribution of the main ion beam. Since begin- 
ning this study, the geometry of the Hitachi instrument 
has been reversed and the kinetic energy release val- 
ues have been remeasured by the m a s  analysed ion 
kinetic energy (MIKES) technique. Typical conditions 
for both normal and MIKES geometry are ionizing 
energy 70 eV, emission 100 pA, ion accelerating vol- 
tage 3.7 kV (MIKES 5.5-6.5 kV) and p slit width 

on a Varian MAT 711 double focusing mass spec- 
trorneter equipped with a combined EI/FI/FD 
source.26 

Ionization and appearance energies were deter- 
mined using the sernilog m e t h ~ d . * ~  Only the region of 
the ionization efficiency curve below 10% of the 30 eV 
ion current was used. The electron energy scale was 
standardized using benzene and furan, introduced 
simultaneously with the sample, for each determina- 
tion. In order to minimize error due to sample deple- 
tion, measurernents were recorded as the ionizing 
energy was lowered and again as it was raised. 

Materiais 

The synthesis of al1 compounds studied has been de- 
scribed p r e v i o ~ s l y . ' ~ ~ ~ ~  
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