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The 12.1 eV 7 5 ° C  electron ionisation mass spectra of 25 saturated dialkyl ethers containing 
between six and eight carbon atoms are reported and discussed in energetic terms. Dissociation by  
a-cleavage of  M+' typically gives rise to intense peaks in these spectra. However, rearrangement 
processes, leading to eventual 1,3-O-alkyl shifts and subsequent ethyl radical loss, are also 
important for ionised ethers in which both alkyl groups have primary structures. Other significant 
ions in the spectra of  n-C,H,,+,OR ethers include those formed by loss of ROH or C,H,L-, 
from M". lonised ethers containing one secondary alkyl group tend t o  dissociate by  &-cleavage of  
this group, or to a lesser extent by loss of  the corresponding alkane, without undergoing such 
extensive rearrangements. Distonic ions and ion-molecule complexes play key roles in the 
isomerisation and dissociation steps involved in these fragmentations. Simple cleavages dominate 
the spectra of  ethers containing a tertiary alkyl group. These ethers show very small or negligible M" 
peaks. Ions corresponding to rupture of  the C-0 o-bond, with charge retention by the hydrocarbon 
fragment, appear in the spectra of  some ethers. There is evidence, however, that these ions may 
originate, at least in part, b y  secondary dissociations of the primary daughter ions, rather than by 
direct decomposition of M". 

The reactions undergone by ionised dialkyl ethers of relatively 
high internal energies were documented over thirty years ago.' 
It subsequently became apparent that a great simplification 
in the spectra of large dialkyl ethers could be effected by 
recording the mass spectra at low ionising electron energies and 
low  temperature^.^.^ More recent work has uncovered curious 
and noteworthy features of the chemistry of ionised ethers, 
especially at internal energies close to the threshold for fragmen- 
t a t i ~ n . ~ ~ '  ' Thus, for example, many metastable [n-CnHZn+ ,O- 
n-C,H2, + + species expel an ethyl radical.' This remark- 
able process, which must involve extensive rearrangement, 
has been carefully studied using 2H-labelling experiments for 
ionised ethyl butyl  ether^.^*^.^.','^ Other intriguing reactions of 
ionised ethers include alkane expulsions 7 3 8 * 1  and production 
of protonated alcohols by elimination of a radical having one 
unit of un~a tu ra t ion .~ .~  

The recognition that distonic l 2  ions (radical-cation struc- 
tures in which the formal charge and radical sites can be con- 
sidered to be localised on separate atoms) 13-2' and ion- 
molecule complexes (IMCs) 22-25 often play important roles in 
the chemistry of isolated ions has led to a renewed interest in the 
behaviour of ionised e t h e r ~ . ~ ~ - ~ O  Very recent definitive experi- 
ments have shown that alkane loss from certain ionised ethers 
proceeds via ion-molecule complexes,29 and that rearrange- 
ment and dissociation of n-C4H,0C2H,f' and related species 
occurs via distonic intermediates and IMCS.~' In view of these 
developments, it seemed of interest to survey the low-energy, 
low-temperature mass spectra of dialkyl ethers of moderate 
size in order to discover the extent to which rearrangements 
involving distonic ions and IMCs participate in the reactions of 
ionised ethers at these internal energies. 

Results and Discussion 
The 12.1 eV, 75 OC electron ionisation mass spectra of the four 
isomeric C,H,OC,H, ethers, the three isomeric C3H70C3H7 
ethers, and eight larger ethers containing butyl or pentyl groups 
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Figure 1. Mass spectra (12.1 eV, 75 "C) of C,H,OC,H, ethers. 

are shown in Figures 1,2, and 3, respectively. The spectra of ten 
other ethers of diverse structure are given in Table 1, 

(1) Reactions of Metastable C4H,0C2H,f' Ions.-Since meta- 
stable C4H,0C2Hf' radical-cations have been extensively 
s t ~ d i e d , ~ , ~ , ~ , ~ , ' ~  it is helpful to discuss their reactions, so as 
to shed light on the behaviour of larger ionised ethers. The 
enthalpies of formation of reactants, distonic intermediates and 
likely combinations of products are given in Table 2. These 
data represent a combination of experimental values and those 
obtained by using estimation procedures based on group 
equivalent methods, hydrogen atom and hydride anion abstrac- 
tion energies, and proton affinity rneas~rements. '~~ '-" Where 
comparisons are possible, the agreement between the values 
given in Table 2 and those utilised in earlier 8 * 1 0  work is good. 

t SERC Advanced Fellow. 



148 

I 1 I - 
a CH3C H2CH20CH(C H3)2 

50 - (6) 

100- I 
I 1 I I I I 

[(CH3)2C HI20 

45 
50- (7) 

I I I  
I 

J. CHEM. SOC. PERKIN TRANS. 2 1990 

I I 

87 M 
(102) 

I 
. I  1 1 

87 
M 

(102) 

(102) jN 

100 

!=In - 
I I 1  I ,  1, I I  

M 
130 

1 I 1 I 

57 
[(CH3)2CHCH2] 20F7 I 

'O0l c 

45 [CH3CH2(CH3)CH] 2 0  
57 59 (12) 50- 

100- 

50- 

100- 

I ,  I. 
1 I I 1 1 

CH,(CH2),OCH(CH,)C, H, 
45 

57 (13) 

I ,I I I I .  

,,i 
101 

M 
(130) 

1 I 

101 

M 
(130) 

I 1 .  I. 

50- 

100- 

50- 

o-t 

-- I 

115 57 (CH,),CHCH,OC(CH,), 

M 59 (14) 

I .I. 1 L 1  I (1 30) I 

11 I 

ll? (,YO) 

I 

' 57 CH$H;(CH3)CHOC(CH3$01 
(15) 59 

1 I 1 1 I I  

m l z  
Figure 3. Mass spectra (12.1 eV, 75OC) of selected C,Hl6O and 
C 8 H 1 8 0  ethers. 

The mechanisms whereby low-energy C4H90C2H,f' species 
are thought to rearrange and dissociate are given in Schemes 
17,8,10,26-30 and 2. Starting from (l)+*, a 1,4-hydrogen shift 
yields the distonic ion (IS); a similar process in (2)" gives (28). 
Both these processes are approximately thermoneutral. Inter- 
conversion of (1s) and (26) can occur by 1,2-shifts in the radical 
chains. Alternatively, this rearrangement can be envisaged as 
occurring via an IMC, (A), comprising ionised methyl cyclo- 
propane and ethanol. The total enthalpy of formation of these 
components is 7OO3l kJ mol-'; the IMC (A) ought to be 
significantly stablised by ion-dipole and related  interaction^,,^ 
possibly by 50 kJ mol-' or All the species (lS), (2S), 
and (A) should, therefore, be energetically accessible to (1)" 

and (2)" at energies below those needed to effect dissociation of 
either by simple cleavage (CH; and C3H; losses), Table 2. 
Rearrangement of (A) to (3S), followed by hydrogen transfer 
from oxygen to carbon, affords (3)". This provides a 
mechanism for C,H; loss from (1)" and (2)", since (3)+' can 
undergo simple cleavage to form a favourable daughter ion. 

The isomerisation steps converting the distonic ions (lS), (2S), 
and (36) into the complex (A) (or vice versa) are more readily 
visualised if it is kept in mind that ionised methylcyclopropane 
shows some of the characteristics that would be expected 
for the ring opened distonic isomers [CH36HCH2kH2 and 

&H2(CH3)CHkH2] of C4Hz'. Whilst these species, if regarded 
as classical cation-radicals, are almost certainly inaccessibly 
high in energy [AHf(est) for CH36HCH2kH, = 965 kJ mol-', 
compared with AHr (CH3CHCH2CH2)+' = 935 kJ mol-'I, 
they are helpful in describing the reactivity of the C,Hz' species. 

Loss of H 2 0  from CH,CH2CH20H+' has been explained in 
terms of isomerisation to an IMC comprising ionised cyclo- 
propane attached to a water m~lecule .~ '  This is consistent with 
CID meas~remen t s ,~~  which show that the structure of the 
resultant daughter ion is ionised cyclopropane. ab initio 
Molecular orbital calculations revealed that the most stable 
geometry of this IMC corresponds to a structure in which one 
C-C bond in the C3H;' moiety is substantially longer (1.868 A) 
compared with the other two (1.476 A). These conclusions 
support the view that the ionised cyclopropane entities in IMCs 
of this kind show some structural resemblance to their ring- 
opened distonic counterparts. 

Further evidence in favour of a unified mechanism for the 
decomposition of (l)+* and (2)" involving isomerisation to a 
common intermediate such as (A), as outlined in Scheme 1, is as 
follows. 

(i) The MIKES4, spectra of (1)'. and (2)" are essentially 
iden tical. 

(ii) The behaviour of CH3CH2CH2CD,0C2Hl' and 
CH3CH2CD2CH20C2H~*, both of which expel C2H3D; with 
high specificity 8,10 (> 98%) in ethyl losses, suggests that the 
methylene groups in positions 1 and 2 of the butyl chain of (1)'- 
become equivalent prior to dissociation. The intermediacy of 
(A) naturally accommodates this observation. Similarly, the 
finding that CH,CD,CH2CH20C2H~' loses mainly C2H4D' 
and that CD,CH,CH,CH,OC,H~' expels almost exclusively 
C,H; is also rationalised using Scheme 1. Similar remarks 
apply to the behaviour of (CH,),CHCD,OC,Hf ', (CH3)2- 
CDCD20C,Hl', and (CD3),CHCH20C2H~', which respect- 
ively lose C,H,D; (essentially exclusively), mainly C2H3D; 
(90% specificity), and mostly C,H,D; (59% specificity)," in 
ethyl eliminations. 

(iii) Studies of CH,CH,CH,OCH;* and CH3CH2CH2- 
OCH,CH;' show that losses of ethyl and ally1 radicals take 
place after extensive or complete interchange of the hydrogen 
atoms in the propyl chain has o~curred.~'  Moreover, collision- 
induced dissociation of non-decomposing CH3CD2CH20CH2- 
CH;' ions results in the production of CD2=OfCH2CH3 as 
well as the expected CH,=O+CH,CH,.30 All these results can 
be logically interpreted given the intermediacy of the complex 

(iv) The estimated energetics of the steps postulated in 
Scheme 1 are in accord with the finding that (1)" and (2)+' 
interconvert or rearrange to a common intermediate before 
isomerising irreversibly to (3)"; the rate-determining step is 
probably (A) --+ (38). In contrast, (3)'' dissociates via a- 
cleavage, or a-cleavage and associated hydrogen transfer, in 
preference to isomerising to (1)" and (2)". The effects of this 
rate-determining isomerisation of (l)+' and (2)+' to (3)+' are 
manifested in the greater tendency of rearranged ions of 

- 

- 
[CH2CH2CD2*HOC2H5] +*. 
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Table 1. Mass spectral (12.1 eV, 75 "C) of the ethers (16)-(25). 

Compound m/z  and relative abundance' 

n-C,H,,OCH, 
CH,CH,CH,(CH,)CHOCH, 
(CH ,),CCH,OCH 

103 (3), 102 ( M ,  29), 74 (7), 71 (6), 70 (loo), 59 (15), 55 (7), 45 (25), 42 (13), 33 (18) 
102 ( M ,  12), 87 (17), 70 (12), 60 (5), 59 (loo), 58 (20), 57 (3), 56 (30), 45 (21) 
103 (6), 102 ( M ,  94), 87 (20), 70 (17), 57 (48), 56 (loo), 47 (27), 45 (3) 

CH 3(c2 .5)2C0CH 3 
CH3CH,CH20C(CH3), 

101 ( M  - CH3,7), 88 (7), 87 ( M  - CZH,, loo), 85 ( 5 ) ,  84 (7) 
102 (7), 101 ( M  - CH3, loo), 87 (4), 59 (37), 57 (18), 56 ( 5 )  

n-C,H90CH(CH,), 
n-C,H, IOCH(CH3)2 

(CH,CH,CH,),CHOCH, 
C(CH,),CHI,CHOCH, 

117 (2), 116 ( M ,  23), 102 (7), 101 (loo), 87 (3), 83 (5) ,  73 (16), 57 (11), 56 (4) 
13 1 (41,130 ( M ,  34), 1 16 (8), 1 15 (loo), 97 (5 ) ,  73 (2 l), 72 ( 5 ) ,  7 1 (51), 70 (16), 57 (21), 45 (22), 43 (1 1 ), 42 (8) 

130 ( M ,  8), 98 (3), 88 (7), 87 (loo), 86 (21) 
130 ( M ,  5) ,  88 (7), 87 (loo), 86 (36) 

(CH,),CHCH,CH,OCH(CH3)2 130 ( M ,  8>, 116 (6), 115 (59), 73 (14), 72 (4), 71 (51), 70 (loo), 60 (6), 59 (4), 58 (l8), 45 (8), 43 (6), 42 (6) 

" Values measured by peak heights and normalised to a value of 100 for the most abundant ion. Apart from isotope peaks and other significant ions, 
values of < 5 units were omitted. 

1.4-H + + 
4CH:CH:CHiCH20C2Hz' -- CH3tHCH CH OC2H5 [ C H ~ C H C H ~ ~ H Z  H O C Z H ~ ]  

2 H  

+ C2H5 CH3CH2' 

CH2 =CHOC* Htz" 
* 

CH 3CH3 + CH3CH3 

(3b) 

Scheme 1. 

structure (3)'' [formed from (l)+' and (2)"] to undergo the 
higher energy decay route (C,H; loss) available to (3)". In 
addition, the kinetic energy releases accompanying C2H; loss 
from (1)'. and (2)'' are very similar and slightly greater than 
that found for (3)+*.1° These trends are typical of those which 
are found when rate-determining isomerisations 

(v) In contrast to (3)", (1)" and (2)+* eliminate a small 
percentage of CH',. This indicates that (1)'- and (2)'' are able 
to reach transition states and product combinations which are 
inaccessible to (3)"; this is consistent with the view that (1)" 
and (2)'' rearrange to (3)'' through a transition state higher in 
energy than that involved in direct dissociation of (3)". Similar 
arguments apply to C,H,OH expulsion, which occurs to an 
appreciable extent for (l)+.  and (2)+', but not for (3)". 

(iv) Other reactions of (l)+*, (2)" and higher homologues 
can be interpreted in terms of IMCs such as (A). The loss of 
ROH is explained by separation of these IMCs to give C,H,f,' 

ions. Rearrangement of the C,H,+,' species within the IMC 
probably may occur at energies below the threshold for 
dissociation, thus permitting the production of the thermody- 
namically most favourable product structure.47 The related 
fragmentation by C,H;, - expulsion with formation of ROHZ 
is readily rationalised by invoking a hydrogen transfer between 
the developing C,H,f,' and ROH products. Finally, the loss of 
C2H; from [n-C,H2,+ 10-n-O-C,H2,+ +' species may be 
understood: an isomerisation analogous to (1)" - (3)'' 
affords an ionised secondary ether, from which C2H; is lost by 
simple cleavage. 

In contrast to (l)+' and (2)", which lose mainly C,H; 
together with minor amounts of CH', and C,H,OH in meta- 
stable transitions, (3)'' expels predominantly C2H6, with only a 
smaller contribution from C2H; elimination. Furthermore, 
,H-labelling experiments reveal that the expelled ethane 
originates from the ethyl group of the sec-butyl chain, with 
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CH, + CH,CH=CHOC,H:' 
- 751 525 
CH,CH=CHCHl' + C,H,OH 

C4H5 + C,H,OH; 
870f  -235' 

~ 120' 520k 

Table 2. Energy data" relevant to the decomposition of C,H,0C2H:' radical-cations. 

Reactant 
and AHf 

CH,CH,CH,CH,OC,H~ 
615' 

(CH,),CHCH,OC,H:' 
605 ' 

CH,CH,(CH,)CHOC,H: 
605 ' 

(CH3),COC2H:' 
585 ' 

Intermediate 
and AHf 

CH3~HCH,CH,6HC,H, 
595 

'CH,(CH,)CHCH~OHC,H, 
580d 

'CH2CH,(CH3)CH6HC2H, 
605 

'CH2(CH,),C6HC, H, 
590 

(CH,),C+ + 'OC2H5 

CH; + (CH,),C=OC,H, 
140f 435 
CH, + CH,=(CH,)COC,Hl' 1 -75s  525 

695 ' - 2 y  

(CH,),C=CHl' + C,H,OH 

EAHf 

720 

705 

630 

715 

685 

630 

705 

630 

545 

635 

450 

635 

640 

69 5 

670 

575 

450 

640 

640 
" All values in kJ mol-' and rounded to the nearest 5 kJ mol-'. Value calculated from that of the corresponding carbonium ion using the 
equation AHf(R'OC+R2R3) = - 159 + 0.931 [AHf(R'CH,C+R2R3)]; this algorithm is derived from the correlation between the known 
enthalpies of formation of lower members of the homologous series of oxonium and carbonium ions. The structures of these oxonium ions are 
represented in the text and schemes as R1+O=CR2R3, so as to emphasise that they contain an incipient carbonyl compound 0=CR2R3. The 
alternative canonical form, R10-C+R2R3, emphasises the resemblance between the oxonium ions and the corresponding carbonium ions 
R'CH,C+R2R3. ' Value estimated from those known (ref. 31) for related ionised ethers using a group equivalent approach (ref. 32). Value 
obtained using the proton affinity (ref. 33) of C,H,OC,H, and known values for hydrogen abstraction energies (ref. 34). Value estimated from 
that reported (ref. 8) for CH,=CHOC,H:' on the assumption that homologation confers the same stabilisation as is found for ionised alkenes 
(ref. 31). Ref. 31. Ref. 35. Ref. 8. Refs. 36, 37. j Ref. 38. Ref. 33. 

abstraction of a hydrogen atom from the adjacent methyl group. 
Thus, CH3CH2(CD3)CHOC2Hl' loses C,H,D with high 
specificity, whereas CH,CH2(CH,)CHOCD2CH$' eliminates 
mainly C2H6.8 This may be interpreted as a 1,2-elimination, 
occurring with a low degree of concert [(3)+' --+ (3a) + 
products].26 The species (3a) can be regarded as an IMC of 
ethyl radical and C,H@+. Hydrogen transfer between the 
developing products to form ethane and CH2=CHOC2Hl 
is significantly exothermic and irreversible, thus allowing no 
opportunity for exchange of hydrogen atoms as (3a) decomposes. 

Further evidence for the intermediacy of IMCs in alkane loss 
from ionised ethers is found in the dissociation of higher 
homologues of (3)+' for which the complexes corresponding to 
(3a) and (3b) are of comparable energy. In such circumstances, 
specific hydrogen exchange occurs owing to the interconversion 

of the complexes containing a radical and an alkane.29 There 
is also a distinct diminution in the kinetic energy release 
associated with alkane loss in these cases.29 These observations 
are consistent with the intermediacy of interconverting pairs of 
IMCs in loss of alkanes from certain ionised ethers. 

Three other points concerning the decomposition of (3)+' 
deserve mention. First, if hydrogen migration (3)'' + (38) 
occurs, then reversion of (38) to (3)" must be fast compared 
with the rate of hydrogen exchange between the methyl and 
radical site in the C4H8 chain of (38). If this were not so, then 
(38) e (38') would destroy the positional integrity of the 
CD, group in CH,CH,(CD,)CHOC,H~' and lead to C2H,D, 
loss; experimentally, only a very small amount of C2H,D2 
loss is observed.* Secondly, the expulsion of CH, from (3)+' 
appears to be energetically favourable, especially when assessed 
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in terms of product stability. Yet CH, loss does not occur to an 
appreciable extent from metastable (3) + *. This discrimination 
against CH, loss from ionised ethers containing a 2-alkoxy 
group appears to be general.' A probable explanation is that 
formation of the developing IMCs containing methyl radicals is 
less favourable than production of their counterparts contain- 
ing ethyl and larger radicals. 

Loss of CH4 and CH; occur in competition from metastable 
(CH,),COR+' species.28 However, CH; expulsion (uia a- 
cleavage) rapidly outstrips CH, elimination [occurring uia 
hydrogen transfer within an IMC such as (4a)] in importance as 
R becomes larger or the internal energy of the (CH,),COR+' 
ions increases, even though CH, loss yields the energetically 
more favourable products. 

CH3 
I 
I 
CH3 

CH3-C -OC2 H l '  

p" 
CH2 
I +  

CH,-C-OC, H5 
I H  
C"3 

(46) 
Scheme 2. 

(2) Mass Spectra (12.1 eV, 75 "C) of C,H,0C2H, Ethers.- 
The conventional 70 eV spectra of dialkyl ethers typically con- 
tain prominent peaks corresponding to a-cleavage of M"; ions 
arising by further decomposition of the primary [ M  - alkyl] + 

fragments are also commonly of high abundance.' It is clear 
from Figure 1 that x-cleavage processes remain characteristic- 
ally important in the 12.1 eV, 75 "C spectra of C,H,0C2H5 
ethers. Nevertheless, a significant percentage of the molecular 
ions in the 12.1 eV spectra are produced with very low internal 
energies. These ions tend to undergo the rearrangement and 
fragmentation processes which are characteristic of metastable 
C,H,OC,H, +'species. This generalisation is illustrated by the 
following specific points: 

(i) The spectra of (1) and (2) show peaks at m/z 73 
corresponding to C,H; loss from M+' .  The formation of this 
ion can be explained using the mechanism of Scheme 1. 

(ii) Similar remarks apply to the ions at m/z 56 ( [ M  - 
C,H,OH]+') in the spectra of (1) and (2). Since the [ M  - 
C2H5] + and [ M  - C2H50H] +' peaks are of greater intensity 
in the spectrum of (l), it is evident that rearrangement of 
C4H90C2Hl '  to (A) occurs more readily in the spectrum of 
n-butyl ethyl as opposed to isobutyl ethyl ether. Indeed, in the 
spectrum of (l), the intensity of the peaks at m/z  56 and 73 rivals 
that of the peak at m/z 59 arising by m-cleavage. 

(iii) A peak of moderate intensity is present at [ M  - C,H,] +' 
(m/z  72) in the spectrum of (3). The production of this ion may 
be rationalised using the mechanism of Scheme 1. 

Both (1) and (2), which contain primary butyl groups, show 
prominent M+' peaks in their spectra. The relative intensity of 
the M+' peak in the spectrum of (3), which contains a sec-butyl 
group, is considerably reduced. The spectrum of (4), in which a 
t-butyl group is present, does not contain an appreciable 
molecular ion. This reflects changes in the energetics [(4)+' is of 
comparable energy to the products of simple cleavage] and the 
shorter chain length [rearrangement to the distonic ion (4) 
requires a 1,3-hydrogen shift, which is infeasible geometrically]. 
There is no appreciable [ M  - CH,] +' peak, even though CH, 
loss produces lower energy products than those derived from 
CH; expulsion. 

The abundance of ions formed by C-0 cleavage of 

C4H,0C H+* is extremely low. Even for the most favourable 
case, (4)+', &e peak at m/z 57 (C,H,f) is only weak. There is, 
however, a peak of moderate intensity at m/z 59 (C,H70f) in 
the spectrum of (4). This is logically interpreted as arising by 
C2H4 loss from [ M  - CH3]+, since there is metastable peak 
(m* 40.0,87+ - 59+ + 28) for this process. 

(3) Mass Spectra (12.1 eV, 75 "C) of C3H70C3H7 and Larger 
Ethers.-(a) Ethers containing only primary alkyl groups. The 
main features of the mass spectra of these ethers are as follows: 

(i) Molecular ion peaks of medium to very high intensity are 
present . 

(ii) The abundance of ions formed by a-cleavage of M+' is 
also great. 

(iii) Elimination of R' OH from [R 'OR'] +' becomes impor- 
tant when R2 contains a linear chain of at least four carbon 
atoms attached at one end to Thus, for example, 
n-C,H, ,OCHl', (16)+', expels CH,OH in both relatively fast 
(ion-source) and slow (metastable ion) dissociations.' ' Other 
C5Hl1OR compounds exhibit [ M  - ROH]" as the base 
peak in their spectra." Similarly (n-C4H9),0+', (lo)'', shows 
[ M  - C4H,0H] +' as an intense peak. 

(iv) The third common decomposition pathway for 
[R'OR'] + *  radical-cations is ethyl elimination. Again, this 
process is preferentially associated with ethers containing at 
least four contiguous carbon atoms attached to oxygen (except 
for n-propyl ethers, for which [ M  - C2H5]+' arises, with or 
without prior rearrangement, by nominal a-cleavage). Ethyl 
loss becomes more important as the average internal energy of 
the ionised ethers decreases; indeed, for metastable ions, it is 
often the dominant fragmentation. Thus, (n-C,H9)20f' and 
[n-C5Hl,0-n-C,H2,+,]+' (m = 1-5) all expel C2H; in slow 
 dissociation^.^.^. ' 

(v) Loss of a radical having one unit of unsaturation 
(C,H;,- 1) occurs for some CnHZn+ ,OC,H,,+ species, 
especially at very low internal energies. Thus, metastable 
(n-C,H,),O+' and (iso-C,H,)z' lose C,H; (m* 36.5, 102' 
--+ 61' + 41) and C,H; (m* 43.3, 130' - 75' + 5 9 ,  
respectively; moreover, the spectrum of n-C,H, , 0CH3 
contains a moderately intense peak at m/z 33 (1 8%). 

Processes (iii), (iv), and (v) may be explained using 
mechanisms involving distonic ions and IMCs. The abundances 
of [ M  - alcohol]+' and [ M  - C2H5]+ ions in the spectra of 
isobutyl alkyl ethers is noticeably smaller than those found for 
the isomeric n-butyl compounds. This indicates that the ionised 
n-butyl ethers rearrange to the IMCs more readily at relatively 
high internal energies than do the corresponding isobutyl 
species. The enhanced abundance of [ M  - C2H5]+ and [ M  - 
ROH]+' ions in the spectra of n-C,H,,+,OR+' is analytically 
useful since it allows a clear differentiation to be made between 
n-C,H,OR and iso-C,H,OR compounds. Nevertheless, at 
energies appropriate to decomposition of metastable ions, 
C2H; loss from iso-C4H,0R +' radical-cations becomes more 
pronounced, as shown by the behaviour of (iso-C,H,),O+' (m* 
78.5, 130' - 101 + + 29). 

(iv) Ions produced by dissociation of the primary fragment- 
ation products become increasingly prominent in the spectra of 
larger ethers. Thus, both (n-C,H,),O and (iso-C,H,),O display 
intense peaks at m/z 57. This peak is probably not always 
produced directly from Mt'; instead, m/z 57 may arise by 
CH,O expulsion from the C,H:O=CH, ions (m/z  87) formed 
by a-cleavage of (n-C,H,),O+' and (iso-C4H9),0+'. This 
explanation is supported by the observation of the associated 
metastable peak (m* 37.3, 87'- 57+ + 30) and by the 
known behaviour of C,H;O=CH, ions, each of which expels 
C H 2 0  in slow  dissociation^.^^ Other ions which may be 
ascribed to the secondary decomposition of primary daughter 
ions include m/z  83 in the spectrum of (n-C,H,),O (H,O 
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loss from [ M  - C2Hs]*), and m/z 55 in the spectrum of n- 
C,Hl 10CH3 (CH; loss from [ M  - CH,OH]+'). The presence 
of these peaks is consistent with the reported reactions of n- 
C4Hi  O=CHCH348,49 and C5Hl+d 

Certain ROCH;' radical-cations undergo another reaction 
in which an ally1 radical is lost and (CH3),0H' (m/z 47) is 
produced. Whilst this fragmentation is not of general im- 
portance, it can be energetically very favourable for ionised 
ethers in which the principal alkyl group is branched at the 
P-carbon atom. Thus, both (CH3)2CHCH,0CH,9 and 
(CH3)3CCH,0CH351 show appreciable peaks at m/z 47 (C,H; 
and C,H; expulsion, respectively, from M") in their spectra; 
furthermore, (CH,),CHCH,OCH,f' eliminates C,H; in slow 
dissociations (m* 25.1, 88' 47' + 41).9 The general 
mechanism of this process has been the subject of con- 
t r ~ v e r s y , ~ , ' ~ , ~ ~  but it now seems clear that the related loss of 
CH30CH3 from metastable (CH,),CCH,OCH;' does in- 
volve two IMCs containing incipient (CH3),C+ attached to 
*CH,OCH, and (CH,),C=CH;* co-ordinated to CH,0CH,.29 

Ionised neopentyl methyl ether is unique amongst the species 
studied in this work in showing an abundant ion (C,Hl at m/z 
57) which apparently arises from C-C o-cleavage of M+' with 
charge retention by the hydrocarbon fragment. This reflects the 
energetic factors which come into play in this system in which 
the P-carbon atom possesses a quaternary substitution pattern. 

(6) Ethers containing at least one secondary alkyl group. The 
spectra of these ethers are somewhat different from those of the 
isomeric ethers containing only primary alkyl groups. The 
principal features are as follows. 

(i) Molecular ion peaks are present, but they are usually of 
only moderate intensity. For example, the relative abundance of 
M" in the spectrum of CH,CH,CH,(CH,)CHOCH, is only 
12%,comparedwith29%in thespectrumofn-C5H, 10CH,. Even 
ethers in which both alkyl groups are secondary, however, show 
appreciable M" peaks. Thus, [CH,CH,(CH,)CH],O exhibits 
M+' ions at a relative abundance of 8%. 

(ii) The dominant primary daughter ions arise by a-cleavage 
with loss of the larger alkyl group from the branch point. 
Expulsion of C2H; from [CH,CH,(CH,)CH],O" (m/z lOl), 
and loss of C,H; from CH,CH,CH,(CH,)CHOCH,* (m/z 59) 
accounts for the base peak in the spectra of these ethers. Loss of 
the smaller radical from M" is responsible for only a minor 
peak (5% and 17%, respectively, of the peak attributable to loss 
of the larger alkyl group). 

(iii) A related fragmentation of M+',  which occurs to a 
limited extent in source reactions, is loss of an alkane derived 
from the larger alkyl group at the branch point together with 
a hydrogen atom from the a-carbon atom of the smaller 
alkyl group. For instance, n-C4H90CH(CH3)C2H, and 
[C,H?(CH,)CH],O both show minor peaks (4 and 3% relative 
intensity, respectively) at [ M  - C,H,] +*. Similarly, the 
spectra of the larger ethers, (CH3CH2CH,),CHOCH3 and 
[(CH,),CH],CHOCH,, both contain sizeable (21 and 36%, 
respectively) peaks at m/z 86 ( [ M  - C,H,]+'). Alkane loss 
often dominates the chemistry of metastable ionised ethers. 
This is illustrated by the behaviour of metastable n- 
C4H90CH(CH,)C2H~' and [C2H5(CH3)CH]20+', both of 
which expel C2H6 (m* 76.9, 130+ ---- 100' + 30) with high 
specificity. 

(iv) Alcohol expulsion occurs from ionised ethers which have 
a chain of at least four carbon atoms attached to oxygen in the 
principal alkyl group. For instance, (CH,CH,CH,),CHOCH, 
shows a small peak (3%) at [ M  - CH,OH]+' (m/z 98) and a 
metastable peak at m/z 73.9 (130+ ---+ 98' + 32) corres- 
ponding to CH,OH loss from M+'. In contrast, [(CH,),CH],- 
CHOCH;' does not expel CH,OH to an appreciable extent, 
either in source reactions or in metastable transitions. 

(v) Ions corresponding to elimination of H,O, alkenes or 

ions, respectively. 

carbonyl compounds from the [ M  - alkyl] + ions produced by 
a-cleavage of M" appear with increasing frequency in the 
spectra of larger secondary ethers. Thus, the ions at m/z 83, 
59, 57, and 45 in the spectrum of [CH,CH,(CH,)CH],O can 
be ascribed to loss of H,O, C3H6, CH,CHO, and C,H,, 
respectively, from [ M  - C2H5]'. These reactions are consis- 
tent with the known behaviour of metastable C4H10=CHCH, 

The ionised ethers containing a secondary alkyl group show 
less tendency to undergo skeletal rearrangement than do their 
primary isomers. This is not unexpected in view of their inferior 
stability with respect to dissociation by a-cleavage. Neverthe- 
less, some ionised secondary ethers do undergo isomerisation of 
the carbon and oxygen framework at low internal energies. This 
is shown by the loss of a methyl radical from C1 or C5 from 
metastable CH,CH,CH,(CH,)CHOC,H,+' ions,,' which 
indicates that a formal 1,3-alkoxy shift competes with simple 
cleavage in this system. Metastable n-C4H90CH(CH,)t ions 
expel an ethyl radical as well as the expected methyl radical 
(a-cleavage). The ethyl radical loss probably occurs by re- 
arrangement to CH,CH,(CH,)CHOCH(CH,); *, which then 
expels C2H; by a-cleavage. Similarly, the base peak at m/z 70 
(C,H,+d) in the spectrum of (CH ) CHCH,CH,OCH(CH,), 
corresponds to [ M  - C3H70H]f3*.21t may be seen, therefore, 
that in some circumstances, isomerisation processes involving 
distonic ions and IMCs are able to compete with a-cleavages for 
metastable ionised ethers containing secondary alkyl groups. 

(c) Ethers containing a tertiary alkyl group. The spectra of 
these ethers do not show several of the general features which 
are observed for their counterparts with primary and secondary 
alkyl groups. The following trends are evident. 

(i) Molecular ion peaks are of very weak (< 1%) or negligible 
relative intensity. 

(ii) Ions arising by a-cleavage account for almost all the peaks 
produced by fragmentation of M". Other reactions, which are 
sometimes observed for ionised ethers with only primary and 
secondary alkyl groups, are no longer able to compete 
effectively. This effect originates from the reduced stability of 
M'., the enhanced ease of a-cleavage, and the shortened chain 
lengths of the tertiary alkyl groups which renders hydrogen 
transfers to oxygen from carbon more difficult. 

In general, the dominant a-cleavage takes place in the tertiary 
alkyl group. Thus, for example, [ M  - C,H,]+ is only 4% of 
the relative intensity of [ M  - CH,]' in the spectrum of 
CH,CH,CH,OC(CH,),. There is also a strong preference for 
eliminating the larger alkyl group, when such a choice exists, 
from the tertiary alkyl function. Thus, CH3(C2H5),COCH3, 
C2H,0C(CH,),C2H5, and (CH,),CHOC(CH,),C,H, display 
peaks at [ M  - C2H5]+ which are much more intense than 
those at [ M  - CH3]+ (ratio of relative intensities 14: 1, 7.3: 1, 
and 1 1 : 1, respectively). 

(iii) Peaks formed by secondary fragmentation of the primary 
daughter ions are present in many of these spectra. These peaks 
usually correspond to alkene or aldehyde loss from the primary 
oxonium ions CnHZn+ there are, however, smaller peaks 
produced by water elimination from the oxonium ions. 

For example, the peaks at m/z 57 and 59 in the spectrum of 
(CH,),COCH,CH(CH,), are attributable to [ M  - C3H7 - 
CH,O]' and [ M  - CH, - C4Hs]+, respectively. Similarly, 
in the spectrum of (CH,),CHOC(CH,),C2H5, the ions at m/z 

( [ M  - CH, - CH,CHO]', and 59 ( [ M  - C2H5 - C3H6]') 
can all be ascribed to secondary dissociations of the primary 
daughter ions. Several of the secondary fragmentations give 
rise to metastable peaks; for instance, 115' --+ 73' + 42 
(m* 46.3) and 101 + + 59' + 42 (m* 34.5) in the spectrum 
of (CH,),CHOC(CH,),C,H,, and 101' - 57+ + 44 (m* 
32.2) in the spectrum of (CH,),COCH(CH,)C,H,. 

87 ( [ M  - CH3 - C2H4]+), 73 ( [ M  - C2H5 - C,H,]+), 71 
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An example of a peak of lower intensity which originates from 
water loss from CnH2"+ oxonium ions is m/z 83 [ M  - 
C2H5 - H20]+ in the spectrum of (CH3),COCH(CH,)C2H5. 
Metastable (CH,),C+O=CHCH, ions are known to eliminate 
predominantly (97%) H20;49 it is clear, however, that water 
loss competes only poorly with aldehyde and alkene expulsion 
when these C,H2,+ oxonium ions dissociate in reactions 
occurring in the ion source. 

Alkene and aldehyde losses are thought to occur from at 
least some of these oxonium ions via IMCs.23,47*49 This is 
illustrated for the decomposition of ions derived from 
(CH,),CHOC(CH,),C,H,* in Scheme 3. Thus, (9a') and (9a"), 
which are derived from (9)" by expulsion of CH; and C,H;, 
respectively, both lose C,H6 in a way that is logically inter- 
preted as involving IMCs in which propene and acetone or 
butanone are co-ordinated to a common proton. Since these 
ketones have a much greater proton affinity than propene,,, the 
IMCs break down with retention of the proton by the carbonyl 
compound. In contrast, the ion, (9a), produced by cleavage in 
the isopropyl group in (9)", expels acetaldehyde; this reflects 
the lower proton affinity 3 3  of aldehydes compared with ketones 
and heavily substituted alkenes. 

A final general point concerns the presence of peaks cor- 
responding to C,HZn+l carbonium ions. These ions may be 
formed from M f *  by cleavage of the appropriate C-0 bond 
[eg.  m/z 71, C5Hlfi, from (9)", Scheme 31. It is unlikely that 
these ions originate wholly in this fashion, since formation of 
C,H;,+, ions would then be expected to be particularly 
favoured for tertiary ethers; however, this is not the case. 
Thus, the spectrum of (CH,),COCH,CH,CH, shows only a 
moderate peak (relative intensity 18%) at m/z 57, (CH3)2- 
CHOC(CH 3)2C2 H and CH ,CH ,OC(CH 3)2 C 2  H display 

ions of only low abundance at m/z 71 ([C5Hll]') in their 
spectra, and the ion at m/z 85 ([c,H,,]') in the spectrum of 
CH3(C2H5)2COCH3 is of minor importance. It is likely, 
therefore, that at least some of the C,Hln+ ions in these spectra 
usually arise from secondary dissociations of the oxonium ions 
produced by a-cleavage of M". For instance, part of the 
moderate intensity peak at m/z 71 in the spectrum of (9) 
probably originates via the sequence (9)" - (9a) 
-+ C5HTl + CH,CHO (Scheme 3). 

Conclusions 
Rearrangements involving distonic ions and IMCs play a 
significant role in the 12.1 eV, 75 "C mass spectra of dialkyl 
ethers. These isomerisations provide a unifying mechanism for 
interpreting various fragmentations of ionised ethers which 
cannot be explained as simple cleavages of the molecular ions. 
The rearrangements are most noticeable in the spectra of di-n- 
alkyl ethers, but they also occur to a lesser extent in the spectra 
of other ethers in which the alkyl groups are primary or 
secondary in structure. Ionised ethers derived from tertiary 
alcohols show essentially exclusive a-cleavage. 

Isomerisations compete much more effectively with tc- 
cleavages in the reactions of metastable R1R20+' species. This 
effect is most clearly evident for metastable ionised ethers 
containing two primary alkyl groups, but it is also apparent 
when one or both of the alkyl groups has a secondary structure. 

Experimental 
The 12.1 eV, 75 "C mass spectra were recorded on a modified 
AEI MS9 double-focussing mass spectrometer equipped with 
a water-cooled source. Details of the experimental procedure, 
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(CH,),CHCH,OH 2 (CH3),CHCH20C,H, (1) 
. . .  

(CH,),CHOH (CH,),CHOC(CH,),C,H, (2) 

(CH,),COH 2 (CH,),COC,H, (3) 

(CH,),CHCH,Br (CH,),CHCH,OC(CH,), (4) 

Scheme 4. Reagents: i, NaH; ii, C,H,I; iii, Hg(OCOCF,),; iv, 
(CH,),C=CHCH,; v, NaOH, NaBH,, H,O; vi, C,H,OH, KHSO,, 
slow distillation; vii, Mg, (C,H,),O; viii, PhCO,C(CH,),. 

including the method of accurately calibrating the ionising 
electron energy, have been published elsewhere.53 

Di-n-butyl ether was commercially available. The other ethers 
were synthesised by one of four routes depending on the nature of 
the constituent alkyl groups. These routes involved condensation 
of the sodium alkoxide and the appropriate alkyl iodide or 
bromide,54 reductive solvodemercuration,55 slow distillation of 
a mixture of t-butyl alcohol and a second alcohol, 56 and 
reaction of an alkyl Grignard reagent with t-butyl perbenzo- 
ate.57 Illustrative examples are given in Scheme 4. The crude 
ethers were isolated either by distillation of the reaction mix- 
ture or by extraction into pentane after aqueous work-up. 
Careful refractionation then afforded samples of the ethers 
containing no detectable impurities. The redistillation of the 
heavily branched ethers, particularly those containing t-butyl 
groups synthesised from t-butyl perbenzoate, was conducted 
with special care under a nitrogen atmosphere behind a safety 
screen. CAUTION! An explosion occurred during the 
distillation of one sample of t-butyl isobutyl ether, even though 
the usual tests on the material in the distillation flask did not 
reveal the presence of peroxides. It is advisable to conduct these 
distillations behind a safety screen and to distil a maximum of 
only three-quarters of the crude material. 
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