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The abundant [C.,H,O]' (m/z 69) ions found in the 70 eV mass spectra of a series of acetylenic, allenylic and 
unsaturated cyciic ethers are shown to have the following structures: HCEC-~H-OCH, (e), 

H2C=C=C-OCH3 (f), O-CH===CH=CH-CH, (g) and H-C=C-CH,-OCH, (h). Of these, the cyclic 
ion g is the most stable: its ion enthalpy ( ~ 1 6 5  kcal mol-l) is close to that found for the acyclic C,H,&=O 
isomers identified in a previous study. Evidence that these four isomeric [C,H,O]' ions are stable species 
with lifetimes >lO-'s is obtained from their collisional activation spectra, the shape of the metastable peaks 
and the associated kinetic energy release values for the common loss of CO, thermochemical information and 
analysis of deuterium and carbon-13 labelled precursor molecules. It is further shown that loss of X' from 
ethers of the type X-C=C-CH,OCH, involves isomerization into energy rich allenyl type ions 
[(X)HC==C=CHOCH,]". These ions undergo loss of X' by simple bond cleavage, yielding e type product 
ions, when the C-X bond strength is relatively low (X=I, Br). When X=Cl and especially CH, or H, X' is 
only lost after rearrangement yielding the cyclic product ion g. The mechanism for this cyclization reaction is 
related to that proposed in a previous study for the ester + acid isomerization in the molecular ions of the 
esters of (Y, 0-unsaturated carboxylic acids. 

+ + 

INTRODUCTION 

In the first paper of this series' it was established that 
a number of non-interconverting isomeric [C,H,O]+ 
ions exist in the gas phase. Of these, the four 
c ,H ,~=o  isomers, H,c=c(cH,)~=o ( a ) ,  

(c) and D-C=O ( d )  were shown from their charac- 
teristic collisional activation (CA) spectra to be stabie 
for SIOps s. It was further concluded from the kinetic 
energy (KE) release values for the spontaneous loss of 
CO in the metastable time-frame and thermochemical 
information, that this loss from a and b type ions 
yields directly the stable [C,H,]+ product ions [2- 
propenyi]+ and [allyl]', respectiveiy. 

The present communication deals with the structure 
of the intense [C,H,O]' ions observed in the spectra 
of unsaturated ethers, i.e. acyclic ethers containing one 
triple or two double bonds and cyclic ethers having 
one doubie bond, a class of compounds whose gas 
phase ion chemistry has not yet been reported. 

The strategy used to identify the structure of the 
ions generated was to combine the information found 
in the intensity distributions in the CA spectra with 
the kinetic energy released in the common decomposi- 
tions of the metastable ions, thermochemicai data and 
additional evidence from the behaviour of specifically 
deuterium and 13C labelled precursor molecules. 

lt will be shown that four stable [C,H,O]+ ether 

+ + 
H,C=CH-CH,-C=O ( b ) ,  CH,CH=CH-C=O 

+ 

+ 
type ions exist: HeC-CH-OCH, ( e ) ,  H,C=C= 

C-OCH3 ( f )  the cyclic ion O-CH=&H-CH-CH2 
(g) and probably also HC=C-CH,-OCH,' ( h ) .  
Evidence will be presented that the cyclic ion g is also 
generated from the acyclic ether molecular ions via a 
mechanism related to that proposed earlier for the 
ester + acid isomerization in the molecular ions of 
methyl esters of unsaturated carboxylic acids.2 

l 

RESULTS AND DISCUSSION 

General considerations 

The ether type precursor molecules used in this study 
are given in Table 1. It is seen that the [C,H,O]+ 
(m/z  69) ion is of high intensity in al1 spectra and that 
it forms the base peak in the spectra of the acetylenic 
ethers. Ethers of the type R,-CkC-OR, (Rl,  R,= 
alkyl) which could generate ions of the type CH,- 
C%C-OCH2' and H2C=C=C-OCH, have not 
been included because the mlz 69 ion intensity is very 
iow and these compounds decompose readily in the 
m a s  spectrometer inlet system to yield ketenes., 

The precursor molecules studied can be divided 
(see also Table 4) into compounds of the types 

+ 
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Table 1. Principal fragment ions in the 70 eV mass spectra 
of some acetylenic, allenyüc and unsaturated cyciic 
ethers 

Compound 

1 H&C-CH(CH3)OCH3 

2 H CEC-CH (CCH,)OCH, 

3 HC=C-CH(OCH,)OCH, 

4 H,C=C=C(I)OCH, 

5 H,C=C=C(CH,)OCH, 

6 ICEK-CH~OCH, 

7 BrCEC-CH,OCH, 

8 CikC-CH,OCH, 

9 CH$K-CHzOCH3 

10 2,5-Dihydrofurana 

11 (CH,)HC=C=CHOCH, 

12 H,C=CH-CH=CHOCH, 

13 HCEC-CH~OCH, 

14 H,C=C=CHOCH, 

15 HkC-CH,OCH,I 

16 HkC-CH,OCH,CH, 

17 H,C=C=CHOCH,CH, 

18 H,C-CH-CH=CH, 

\ /  
O 

19 4,5-Dihydro-2- 
methylfuran 

rnlz ( 1 )  

69(100) 83(10) 54(7) 53(20) 
43(20) 41(5) 39(15) 27(15) 

69(100) lOl(27) 85(25) 53(5) 
45(15) 41(5) 39(20) 29(5) 

69(100) 99(6) 53(10) 41(5) 39(14) 
38(7) 31(6) 29(12) 

69(100) 196(20) 181(10) 54(23) 
53(12) 39(8) 38(7) 26(25) 

69(10) 84(60) 83(24) 54(20) 
53(37) 43(100) 41(37) 39(77) 

69(80) 196(90) 165(35) 41(50) 
39(100) 38(60) 37(20) 29(30) 

69(100) 119165) 117168) 41(70) 
39(95) 38(55) 37(20) 29(10) 

69(100) 75(30) 73(90) 61(15) 
42(45) 41 (45) 39(45) 29(30) 

69(100) 83(5) 53(45) 42(5) 41(20) 
39(55) 29(5) 27(10) 

69(35) 70(100) 42(73) 41(100) 
40(30) 39(95) 29(20) 27(15) 

69(100) 84(40) 55(15) 53(23) 
41 (50) 39(65) 29(20) 27(25) 

69(53) 84(100) 53(15) 41(93) 
40(8) 39(85) 29(15) 27(30) 

69(100) 42(30) 41 (40) 40(20) 
39(90) 38(15) 29(20) 27(15) 

69(37) 70(90) 42(36) 41 (32) 
40(25) 39(100) 29(50) 27(80) 

691100) 165(6) 55(5) 41(17) 40(6) 
39(100) 38(14) 29(9) 

69(40) 83í10) 55(40) 43(20) 
41(30) 39(100) 29(15) 27(25) 

69(10)84(24)83(13)56(28)55(100) 
41(11) 39(34) 27(37) 

69(20) 42(55) 41 (25) 40(28) 
39(100) 31(17) 29(10) 27(11) 

69(3) 84(30) 83(15) 43(100) 
41(15) 39(25) 31(30) 27(20) 

a The doubie bond isorner, 2,3-dihydrofuran yieids the same 
mass cpectrum. 

HC%C-CH(X)OCH,/HzC=C=C(X)OCH,, 
XeC-CHzOCHJXHC=C=CHOCH,, 

the two cyclic unsaturated ethers 2 5  and 2,3- 
dihydrofuran and 

HkC-CH,OCHzX/HzC=C=CHOCHzX 

in which X represents simple groups (CH,, OCH,, 
SCH3) or atoms (H, C1, Br, 1) of which the C-X bond 
dissociation energy varies considerably. This, was done 
to account for a possible effect of the method of ion 
preparation, in particular the occurrence of isomeriza- 
tion preceding the generatiori of the [C,H,O]+ ions, 
which will lead to ion structures differing from those 
expected on the basis of the loss of X' by a simple 
cleavage reaction from the original unrearranged 
structure. 

That complex rearrangements play an important 
role in the fragmentations of these unsaturated ethers 
already follows from a cursory examination of the 
spectra in Table 1. For example, the two isomeric 
ionized precursor molecules [HCkC- 
CH( CH,) OCH,]+' and [ H,C=C=C( CH,) OCH,]+' 
lose +C,HS' to yield intense peaks at m / z  43 
(CH,C=O). This must involve a complex rearrange- 
ment, which might occur via a cyclic ion, i.e. the 
molecular ion of 4,5-dihydro-2-methylfuran, in which 
the mlz 43 ions give rise to the base peak: 

Note that it follows from the spectra of H k C -  
CH(CH,)OCD? and HChC-CH(CH,)O"CH, 
(Table 2) that the CH,C=O ion contains the a -  
methyl group exclusively in agreement with this tenta- 
tive proposal. 

Similarly, the isomers [HCkC-CH,OCH,]+', 
[H,C=C=CHOCH,]+' the cyclic isomers [2,5- 
dihydrofuran]+' (2,5-DHF) and [2,3-dihydrofuran]" as 
well as ionized butadiene monoxide al1 yield intense 
ions at mlz 42 ([C,H,]+') by loss of CO, a reaction 
which also requires a complex rearrangement for 
which isomerization into a common (molecular) ion 
structure prior to the fragmentation should be consi- 
dered. 

Acetylenic type ions have much lower stability with 
respect to the allenylic and cyclic isomers, e.g. AH; 
HCSC-CH,OCH, = 1050 kJ mol-', whereas AH: 
H,C=C=CHOCH, and AH,f 2,5-DHF are 874 and 
816 kJ mol-', respectively. [From AHf values for the 

Table 2. Principal fragment ions ¡n the 70eV mass spectra 
of some "C and deuterium labeiied acetylenic and 
aiienylic ethers 

t 

Compound 

HC=C-CH(CH,)O'3CH3 

HCrC-CH(CH3)OCD3 

HC=C-CH,Ol3CH, 

H&C-CH,0CD3 

H ,C=C=C HOC D, 

HC=C-CH,OCD,CD, 

CH,kC-CH,0'3CH3 

CH3C~C-CH,0CD3 

mlz  ( 1 )  

70(100) 84(10) 54(6) 53(18) 43(20) 

72(100) 86(9) 55(8) 53(15) 43(15) 

70(100) 43(25) 42(40) 41(10) 40(25) 

72(90) 71(23) 45(30) 44(30) 43(10) 

72(31) 73(100) 45(48) 44(26) 43(16) 

71(30) 88(10) 60(15) 56(18) 45119) 

70(100) 84(5) 53(50) 43(10) 42(20) 

72(100) 87(4) 53(45) 45(10) 44(20) 

40(8) 39(9) 27(15) 

42(6) 41 (6) 27(15) 

39(80) 38(8) 29(15) 

41(15) 40(15) 39(100) 

41 (39) 40(32) 39(32) 

44(10) 43(27) 39(100) 

41(13) 40(16) 39(50) 

41(20) 40(20) 39(50) 
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neutral compounds estimated by group additivity4 and 
photoelectron spectroscopy ionization energy values of 
10.12 eV for HeC-CH,OCH,, 8.73 eV for 
H,C=C=CHOCH, and 9.14eVs for 2,s- 
dihydrofuran.] Therefore isomerization of the acetylenic 
ether molecular ions into energy rich allenylic or 
5-membered ring cyclic structures is especially likely 
when this rearrangement opens up a fragmentation 
pathway which leads to the formation of an isomeric 
product ion of higher stability. 

This implies with respect to the generation of the 
[C4HS0I1 ions, that the intense loss of CH,' from 
[HC-C-CH(CH,)OCH,]+* may well be a simple 
cleavage reaction from the intact molecular ion yield- 
ing product ions having the (initial) structure 
HC-C-CH-OCH, (e), because loss of CH,' from the 
allenylic (H,C=C=CH(CH,)OCH,) or the cyclic 
isomer (4,5-dihydro-2-methylfuran) (see above) cannot 
yield an ion of higher stability directly: loss of methyl 
from hoth stable isomers is of minor importance, 10 
and 3% of base peak, see Table 1. (The major part of 
the methyl loss from H,C=C=C(CH,)OCH, is prob- 
ably that of the methoxy methyl group: the [M- 
CH,]+ ion intensity in the spectrum of 
H,C=C=CHOCH, ([M - CD,]' in H,C=C= 
CHOCD,) is 12% of the base peak.) The fact that 
loss of X' from [H,C=C=C(X)OCH,]+' is again the 
base peak for X = 1 is possibly due to the weakness of 
the C-1 bond which allows its cleavage to compete 
with rearrangements leading to more favourable pro- 
cesses. The [C,H,O]+ ion thus generated would have 

the (initial) structure H,C=C=C-OCH, (f). 
Loss of H' from [HCkC-CH,OCH,]+' on the 

other hand could lead to HGC-CH-OCH, ( e )  and 
perhaps also HCC-CH,OCH, ( h )  type product 
ions by direct cleavage, but in this case isomerization 
into the allenylic isomer followed by a 1,4 H shift prior 
to the hydrogen radical loss can yield the resonance 
stabilized 5-membered ring product ion (g): 

+ 

+ 

The measured ionic heat of formation of the [M - H]' 
ion from 2,S-dihydrofuran, which most probably has 
the ion structure g (AH,'<690 kJ mal-'), is indeed 
considerably lower than that of the methoxy substi- 
tuted propargyl cation HCC-CH-OCH, (e) or 
the ion HC&C-CH,OCH, ( h )  for which AH; values 
of 774-816 and 837-879 kJ mol-' are calculated 
respectively, using the substitution method proposed 
by Lossing for saturated oxygen containing carbo ca- 
tions.' 

Similar arguments apply to compounds of the type 
XC-C-CH,OCH, where the loss of X' is the most 
important fragmentation pathway. Direct loss of X' 
from the unrearranged molecular ion is highly improb- 
able: AH;"C+C-CH,OCH,] is crudely estimated to 
be 628 kJ molF1 higher than that of ion g;  moreover, 
direct cleavage of X' cannot be expected to compete 

with other simple cleavage reactions such as the loss of 
'OCH, for which the reaction enthalpy is considerably 
lower. 

Isomerization via a 1,3 H shift (or two consecutive 
1,2 H shifts) would yield ions of the type 
[XHC=C=CHOCH,]+' (an analogous 1,3 H shift 
may explain the intense loss of CH,' from 
[H,C=CH-CH=CH-OCH,]"). These ions could 
lose X' to yield the same product ions e HC-C- 
CH-OCH, e= H&=C=CHOCH, generated upon 
loss of X' from the [HCrC-CH(X)OCH,]" ions but 
cyclization involving the more stable product ion g is 
also feasible: 

H1+' X? 

If it  plays a role, this mechanism may be expected to 
become more important when the C-X bond strength 
becomes higher. A related mechanism involving cycli- 
zation was proposed in a previous paper' to explain 
the intense loss of CH,' from trans-methyl crotonate, 
i(CH,)HC=CH-COOCH,]+.. 

Finally, compounds of the type H G C -  
CH,OCH,X and H,C=C=CHOCH,X are candidates 
for the generation of two isomeric C,H,-OCH, pro- 
duct ion structures HCkC-CH,O&H, ( h )  and/or 
H,C=C=CH-OCH, (i), but the generation of the 
cyclic product ion (cf. the behaviour of ethyl acrylate') 
should also be considered: 

+ 

/ H l +  
H-C-CH l+' H,C=C=C 

\2 1.3 H+ 1 '0 '."o"-, 
H\/ 
(X)HC 

/O --c 
(X)H,C 

H 

g 

Another possibility is that g type ions are generated 
from the h or i product ions: 

H 

H-CEC-CH I+ -' / --o-+ 8 
H,C-O 

g 

Apart from this discussion of the possibility of 
generating ions of a certain initial structure the ques- 
tion of conversion among the product ions should 
also be considered. Although the barrier for intercon- 
version among isomeric even electron ions seems to be 
much higher than in odd electron species, it is often 
difficult to extract detailed information about this from 
the ion structure probes used, ¡.e. metastable ion (MI) 
and CA spectra. These contain information about the 
reactions which the reactive species undergo. Unfortu- 
nately, these reactions sometimes are of a complex 
nature, ¡.e. not directly related to the  structure of the 
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Table 3. Kinetic energy releases (meV) for the mimolecdar loss of co from [C4H50]+ ions 
generated from unsaturated ethers 

Neutral Neutral 
Precursor Molecule X' iost To.5 To., Precursor Molecule X' lost T,, Jo, 

HC=C-CH(X)OCH, CH,, SCH, 150 515" XHC=C=CHOCH, CH, 60 290 
OCH, H,C=CH-CH=CHOCH, CH, 70 270 

400 620 HCeC-CH,OCH, H 30 200 
140 440a H,C=C=CHOCH, H 30 230 

H,C==C=C(X)OCH, I 
XkC-CH,OCH, I 

Br 105 380" 
CI 80 320 HbC-CH,OCH,X I 75 350 
CH, 40 255 CH, 60 310 

CH3CH=CH-CO-Xb' OCH, 32 114 H,C=C=CHOCH,X CH, 50 280 
2,5-dihydrofuran H 40 225 H,C-CH-CH=CH, H 35 210 

\ /  
\ l  

a These metastabie peaks are cleariy composite. 
bThis metastable peak is of a Gaussian shape, see Ref. 1. 

non-reacting ions, like the forTation of [C,H,]+ ions 
in the CA spectra of C3H5C=0 isomers (second 
largest peak)' and the [C,H,]+ ions found in the MI 
and CA spectra of the [C,H,O]+ ions investigated in 
this study, for example. 

Metastable ion and collisional activation spectra 
Al1 compounds investigated have m/z 41, correspond- 
ing with the loss of CO as the base peak in the MI 
spectrum of their [C,H,O]+ ions. Other fragmenta- 
tions are of no importance except for the loss of CH,O 
which is prominent in the spectra of the [M- X]' ions, 

HeC-CH-OCH, ( e ) ,  generated from [H-C- 
CH(X)OCH,]+' (ratio CO : CH,O loss = 1 : 1) but also 
for ions formed by loss of X' from [ X e c -  
CH,OCH,]+' when X=I and to a lesser extent for 
X = Br. When X = C1, CH, or H and also for the ion 
derived by loss of H' from [H,C==C=CHOCH,]+' 
loss of CH,O is a minor process (ratios CO : CH,O 
losses are = 10 : 1). 

No loss of CH,O was observed in the MI spectra of 
the [M-11' ion generated from [CH,=C==CI- 
OCH,]" (which suggests that the ion generated is not 
e ) ,  the ion generated upon loss of H' from ionized 2,5- 
(and 2,3-) dihydrofuran and also not for the [M-X]+ 
ions- derived from the [C,H,OCH,X]" isomers (al- 
though this loss involves a single bond rupture if the 
structure of the ions is C,H,OCH,, h or i ) .  

Loss of CO is the reaction of lowest calculated heat 
of formation ZAH,, of the products. Using AH,(CO) = 
-110 kJ mol-' ' and values of 946 and 
992 kJ mol-' fqr the two stable [C,H,]' isorners 
known, CH,-CH-CH, and CH,-&=CH,,6 reac- 
tion enthalpies of 837 and 883 kJ mol-' are calcu- 
lated. For the loss of CH,O these values are 958 and 
1059 kJ mo1-l (from AH, CH,O = -117 kJ mol-' and 
AH,[C,H,]+ is 1075 (cyclopropenium ion) or 1176 
(propargyl cation) kJ mol-l'). 

However, contrary to the behaviour of two of the 
stable C,H,C=O isomers i.e. CH,=C(CH,)C=O ( a )  
and CH,=CH-CH,-&=O (b ) ,  for which the loss of 
CO- the only reaction of the metastable ions - is a 
simple cleavage reaction yielding either of the stable 
[C,H,]' product ions directly, this loss must involve a 
(complex) rearrangement for the [C,H,O]' ether ion 
structures envisaged so far. 

+ 

Depending upon the nature of the rearrangement 
the energy barrier for loss of CO may become so high 
that generation of either of the stable [C,H,]' product 
ions cannot occur at or near the thermochemical 
threshold. As a result the amount of kinetic energy 
released in the field free regions will be larger than 
that found for the loss of CO from a and b type ions 
(T0.5 = 5-10 meV) and the metastable peaks may be- 
come of a composite nature. Moreover, when the loss 
of CO involves a rearrangement with unfavourable 
energy and entropy factors, reactions with a higher 
calculated reaction enthalpy (like the loss of CH20) 
may become competitive in the metastable tirne- 
frame. The kinetic energy (KE) release values ob- 
served for loss of CO from the ether type ions, meas- 
ured from the width of the metastable peaks at 50 and 
10% of the height, are given in Table 3 .  It is seen that 
al1 [C,H,O]' ether type ions are characterized by a 
much higher energy release than that observed for a 
and b type ions. 

This indeed indicates that the loss of CO from the 
[C,H,O]+ ions examined in this study occurs via 
mechanisms with energy and entropy requirements 
which prevent the generation of stable [C3H,r pro- 
duct ions at or near threshold. The metastable peaks 
for loss of CO and the associated energy releases 
(Table 3) can be roughly divided into three groups: 

(1) Peaks with rather low (TO., = 30-70 meV) 
half-height KE releases are observed for the loss 
of CO from the ion generated by loss of H' from ion- 

ized 2,5-dihydrofuran (O-CH-CH-CH-CH,, g), 
the [M-H]+ ions from [HC%C-CH,0CH3]+', 
[H,C=C=CHOCH,]" and ionized butadiene monox- 
¡de, as well as the [M-CH,]+ ions generated from 

[(CH,)HC=C=CHOCH,]+*, 

[CH3CkC-CH,OCH,]", 

[ H2C=CH-CH=CH-OCH,]+', 

[HeC-CH,OCH,CH,]+' 
and [H,C=C=CHOCH,CH,]". The [M- I]' ion 
from [HC=C-CH,OCH,I]+' displays a metastable 
peak for loss of CO which is markedly broader at the 
base. These peaks al1 have a non-Gaussian shape as 
indicated by the relatively large T,,., values 
(T0.,/T0.,=3.32 for a Gaussian shaped peak) and 
probably consist of more than one component. 
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( b )  

- 
Figure 1. Metastable peaks for the loss of CO from: (a) the 
[M-XI' ions from HkC-C(X)OCH, (X=  CH,, SCH,, OCH,); 
(b) the [M-Hl' ions from 2.5-dihydrofuran. 

(2) Clearly composite metastable peaks (see Fig. 1) 
of a similar shape with a much higher+KE release are 
observed for the [M-X]+ (HChC-CH-OCH,, e) 
ions derived from [HCC-CH(X)OCH,]+'. Ions 
generated by loss of X' from [XCC-CH,OCH,]+' 
yield an almost identical metastable peak for X = 1; for 
X = B r  and especially for X=C1 the energy release 
values become lower, whereas for X = CH, the peak 
shape is similar to that described above for the g type 
ion from ionized 2,5-dihydrofuran. These results sup- 
port the suggestion presented earlier that loss of X' 
from [XC=C-CH,OCHj]'. involves isomerization 
into [XHC==C=CHOCH,]+' followed by rupture of 
the C-X bond-thus yielding e type ions-when this 
bond is relatively weak (X=I ,  Br). When the C-X 
bond strength becomes higher (X = Br 3 X = C1- 
X =  CH,) a second [C,H,O]+ ion is co-generated in 
the primary loss of X', probably g via ring closure of 
[XHC=C=CHOCH,]+' as proposed above. This pro- 
cess is still of only minor importance for X = Br but it 
prevails for X = CH,. 

Note also that loss of CO from the proposed ion 
structure e requires a complex rearrangement not 
inconsistent with the high energy release observed for 
this loss and also the competition of the loss of CH,O. 
This point will be elaborated further when the results 
of the I3C and deuterium labelled ions are discussed. 

(3) The [C,H,O]' ion generated upon loss of X' 
from [H,C=C=CXOCH,]+' shows, for X=Il-, a 
very broad metastable peak for loss of CO ( T o s =  
400 meV, To.l = 620 meV), whereas no loss of CH20  
is observed. This points to the generation of a unique 
structure, probably the ion resulting f roq  direct cleav- 
age of the weak C-1 bond, CH,=C=C-OCH, (f), 
although formation of the isomeric methoxy cyclo- 
propenium ion cannot be ruled out. 

The CA spectra of the [C,H,O]+ ions investigated 
are shown in Table 4. The spectra were obtained by 
t Loss of methyl from H,C==C==C(CH,)OCH, does not seem to 
yield f type ions: T,, for loss of CO is only 40 meV. Moreover, the 
CA spectrum (54(36), 53(20), 41(100), 40(17), 39(58), 38(24), 
37(13), 29(6), 26(7) is completely different from that of the [M-I]+ 
ion from H,C=C==C(I)OCH, and it also differs from the other ion 
structures identified. Possibly, a considerable fraction of the [M ~ 

CHJ' ions is generated by loss of the methoxy methyl group, 
yielding ions having the (initial) structure H,C=C-C-CH3. 

ll 
O 

applying an externa1 voltage (see Experimental) across 
the collision chamber. This has the effect of separating 
the peaks for metastable ion decompositions (losses of 
CO/CH,O) from those due to collision induced dis- 
sociations in the cell (Fig. 2). Comparison of the 
spectra with those reported in our previous study' 
provides further support for the conclusion that none 
of the precursor molecules described in this paper 
yields a [C,H,O]+ ion of the type C,H,C=O. 

It is further seen from the data in Table 4 that the 
CA spectra of the [M-X]+ ions generated from com- 
pounds of the type HChC-CH(X)OCH, and also 
those derived from XCC-CH20CH,  for X = 1 and 
Br, are similar, but largely different from the spectra 
observed for the other ions. The spectra are charac- 
terized by intense peaks at mlz 53 (loss of CH,), 
mlz 39 (loss of CH,O). mlz 38 (loss of 'OCH,, 

CH,O+H'), mlz 29 (HC=O) and mlz 15 (CH,+), 
whereas loss of CO is greatly suppressed. 

These observations strongly support the tentative 
conclusion derived from the MI data that the ions 
generated upon loss of X' from [HCkC- 
CH(X)OCH,]+' and [XC=C-CH,OCH,]+' (for X = 1, 
Br) have the common structure HCC-CH-OCH, 
( e ) .  Loss of X' from [XCC-CH,OCH,]+' probably 
yields a mixture of ions (e and g) when X = C1, but for 
X=CH,  the CA spectrum is close to that of the g 
type ion derived from ionized 2,5-dihydrofuran. The 
latter CA spectrum is characterized by an intense 

+ 

+ 

- V€SA 

t x t  t , t  t t 
41 41 39 39 38 37 

rn /z  

Figure 2. Partial CA spectra of mlz69  [C,H,Ol' ionc (frorn 
cornpound 3) recorded at a collision gas cell potential of O V (a) 
and -320 V (b). The negative potential on the cell cauces a shih 
to lower energies of al1 peaks resulting from collision induced 
dissociations in the cell. The position of peaks (denoted with an 
asterisk) which (largely) result from unimolecular discociations 
outside the cell remains unchanged. 
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Tabie 4. Coiiisionai adivaüon spectra of [C,H,O]+ ions generated from unsaturated ethers 

Neutral rnlz of daughter ion' Struc- 
Precursor rnolecule X lost 54 53 52 51 50 49 43 

1 HCEC-CH(X)OCH, CH, 7 100 6 1.5 1.5 0.5 5 
2 
3 
4 H,C=C==C(X)OCH, 
6 XC=C-CH,OCH, 
7 
a 
9 

11 XHC=C==CHOCH, 
12 H&==CH-CH=CHOCH, 

HC=CH 
l l  
\o/ 

A 

10 H,C CH, 

13 HC=C-CH,OCH, 
14 H,C==C==CHOCH, 

18 H,C-CH-CH=CH, 
15 HCeC-CH,OCH,X 
16 
17 H,C===C==CHOCH,X 

SCH, 3 
OCH,' 3 
l 1 O0 
I 3 
Br 3 
CI 1 
CH, 1 
CH, 2 
CH, 2 

Hd 0.5 

H" 2 
H" 3 

H -  
le 0.5 
CH' 0.5 
CH, 1 

95 
1 00 
25 

1 00 
90 
25 
8 
8 
6 

2 

11 
1 3  

8 
4 
3 
4 

5 
5 

6 
5 
2 
1 
2 
2 

- 

- 

1 
1.5 

1.5 
- 
- 
0.5 

1 0.5 - 2 
1 1 0.5 3 

3 
1 1 -  2 
1 2 -  2 

1.5 4 1.5 1 
3 6 2 -  
3 5 2 1  
3 6 2 2  

- _ -  

3 5 2 2  

2 3 2 0.5 
3 4 2 2  

3 5 2 2  

0.5 1 0.5 - 
3 4 1 1  

- _ - _  

42 
2 

<2 
1 2  
<5 
2 
2 
5 
5 
6 
5 

7 

4 
5 

6 
1 
3 
5 

41b 40 
1560)  <6 
iO(55)  <5 
9(20) <4 
<5(7) - 

<15(45) <4 
65(120) (7 

lOO(220) 12 
85(85) 1 8  
95(70) 17 

100(160) 20 

lOO(150) 20 

100(200) 15  
lOO(170) 1 5  

lOO(250) 1 8  
35(20) 2 
55(75) 6 

85(140) 16 

39b 
95(65) 

lOO(80) 
90(35) 
10 
80(50) 

lOO(35) 
75(25) 

lOO(  13) 
1 O0 
90 

38 37 29 27 26 25 15 ture 
74 32 30 2 9 7 18 e 
75 31 35 2 11 8 14 e 
7 5  30 35 2 10 8 1 3  e 

5 4 2 - 1 3 3  6 f  
72 32 31 2 10 7 11 e 
72 35 32 3 10 7 10 e 
35 17 18 3 6 2 3 efg 
3 3 1 6 1 8 5  6 2  2 9  
3 0 1 9 1 8 5  8 2  2 9  
3 0 1 6 1 4 5  6 2  2 9  

90 27 14  14 4 5 1.5 0.5 g 

80(20) 23 11 12 5 6 2 1 g 
90(23) 25 12 14  4 6 2 1 g 

90(25) 26 14  14  5 8 2 - g 
100 18 10 9 0.5 2 1 - h / g  
100 17 9 12 1 3 1 - h f g  
100 25 11 17 4 5 1 - g 

a Abundances (average of three runs) relative to the base peak= 100%; peaks at m/z  68 have been omitted because interference 
makec them of little diagnostic value: the MI cpectra of several ions have a sharp m / z  68 peak due to MI decompositions in the first 
field free region. 

Values in parentheses refer to the intensities of MI decompositions in spectra which were run with a gas cell voltage of -320 V; 
differences among the ratios are due in part to variations in the amount of collision gas used (which does not affect the intensity 
distributions in the CA spectrum, see Experimental.) But differences in ion structure also have an effect, see aiso Ref. 1. 
"lonization with iow energy electrons (c. 12eV) has no effect on the CA spectrum and the peak shape for loss of CO in the Mi  
spectrum. 

"These ions also have CA peaks at m/z  44 and 30 (3% of base peak). 
The double bond isomer 2.3-dihydrofuran yields identical MI and CA spectra. 

collision induced loss of CO. Not unexpectedly, con- 
sidering the proposed structure, loss of CH,O 
(mlz  39) is also important, but other principal peaks in 
the spectra of e type ions are of only minor intensity. 
This CA spectrum is also close to the spectra of the 
[C,H,O]' ions generated from compounds 11-18. 

In view of the similar CA and MI spectral charac- 
teristics, the high stability of the g type ion and the 
rationale for its formation by the cyclization mechan- 
isms under 'general considerations', we propose that 
the major fraction of the ions generated from the 
abovementioned compounds have the cyclic structure 
" 
e;. 

The largest deviation from the CA spectrum of the 
2,S-DHF product ion g is observed in the spectra of 
the [M-X]' ions from H-C-CH,OCH,X where 
the loss of CH,O (not found in the MI spectrum) 
is much more intense than that of CO (I(CO)/ 
I(CH20)=0.35 for X = I  but higher for X =  
CH,: 0.55). This may be taken as+evidence for the 
co-generation of HGC-CH,-OCH, ( h )  type pro- 
duct ions. Note also that the CA spectra of these ions 
contain unique peaks at m/z  30 (3%,  [CH,O]+') and 
m/z  44 (2.5%, loss of H-C=C'). (Although the data 
do not allow a clear distiqction to be made between 
the two isomeric C,H,OCH, ions, this second loss 
points to the presence of h rather than i type ions.) 
Finally it is seen from the CA spectrum of the [M- 11' 
ion from [H,C=C=CTOCH,]+' that this ion indeed 
represents a unique structure. The spectrum is domi- 
nated by loss of CH,', whereas the loss of CO (base 
peak MI spectrurn) is largely suppressed. These obser- 

vations are consistent with thq proposal that the struc- 
ture of the ion is H,C=C=C-OCH, (f). 

The metastable ions dissociate via the pathway 
which is energeticaily most favourable, i.e. by loss of 
CO. A plausible mechanism is 

H,C-C=C r+ 
f \  \ $0 ----  + H , ~ - - c H , + c o  

H3C 

At higher interna1 energies (CA spectrum) entropy 
factors become more important, thus favouring the 
simple cleavage loss of CH,' over the rearrangement 

Summarizing, we conclude that the unsaturated ethers 
investigated in this study yield four diff erent [C,H,O]' 
ions which are stabie for >lOp5s: HChC-eH- 
OCH, ( e ) .  H-C=C=?-OCH, (f), the cyclic ion 
*CH==CH=CH-CH, (g) and HCC-CH,- 
OCH, ( h ) .  The proposals for the generation of these 
ions from the various precursor molecules studied are 
summarized in Scheme 1. 

Further evidence for the structure identity of e type 
ions and the generation of g type ions from the acyclic 
unsaturated ethers was obtained from the examination 
of a few seiected deuterium and I3C labelled precursor 
molecules (see Tabie 2). The resuits will be given in a 
separate discussion of both ions. 

I + I 
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: /x 
CHZ=C-C 

? 'OCH, 

HC=C-~-OCH, 
H 

XHC=C==CHOCH, 

t 

XC%C-CH,OCH, 

l+' t 

1' -lt 
l 

- X'(Me, OMe, SMe) 

/ 

x 
' \  

'+Y '+' 

CH2=CH-CH=CHOCH, l+' 

b / 

Scheme 1. Proposals for the generation of [C,H,O]+ ions from unsaturated etherc. 

Reactions of ions e 

Four of the most intense peaks in the CA spectrum of 
the [M-X]' ion generated by loss of X' from 
[HChC-CH(X)OCH,]+', viz. those at rn/z 53, 39, 38 
and 15, can be related to the proposed ion structure e 
by the following reactions: 

H 

HC=C-C L ----+ H G C - 6 4  (m/z  53)+CH, (1) 
+/ 

'OLH, 

CH2-@ 
\+ + 

C-H - - - - - *  H(I=-C-CH, (m/z 39)+CH,O (2) 
H'\ H - 9  / (or[c-C,H,l+) 

HGC-6Hf-O-CH, - - - - .* [C3H2]+' (3) 
HC=C-CH-~CH, - - -  - *  [CH,]' (m/z  15) + C,H20 (4) 

(m/z  38) + CH,O' 

However, the CA peak of sizeable intensity at m/z 29 
(HC=O) as well as the base peak at m/z 41 ([C,H,]+) 

in the MI spectrum cannot simply be explained on the 
basis of the proposed structure e. Moreover, the possi- 
bility should be considered that the reactions pre- 
sented above do not occur from the methoxy substi- 
tuted propargyl cation e but rather from the 
cyclic isomer, the methoxy cyclopropenium ion. 
b O C H , .  (Note that irrespective of the structure of 
the precursor molecule used, [C,H,]+ ions generated at 
threshold are always cyclopropenium ions6.) 

Therefore, we have examined the MI and CA 
spectra of the following deuterium and I3C labelled 
analogues of the precursor molecule H-C- 

CH( CH,)OCD, and HC=-C-CH( CH,) O-' 3CH3 
(Tables 7, 6 and 5 respectively). In agreement with the 
proposal given above [reaction (l)], methane is exclu- 
sively eliminated as 13CH, from the 13C labelled ion 
HC%C-CH-O-'3CH3 and as CD,H from the 
OCD, labelled ion H-C-CH-OCD,. Moreover, 
the label is not involved in the methane loss from the 
[M-CH3]+ ion derived from the acetylenic deuterium 

CH(CH3)0CH, DMC-CH(CH,)OCH,, H M C -  
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Table 5. Metastable ion and collisional activation spectra of 13C labelled m/z 70 [C,H,O]' ions generated from H e C -  
CH(CH,)O"CH,, CH3C=C-CH20"CH3 and HCEC-CH~O~~CH, 

~ ~ ~~ 

Precursor 

molecule M I  spectrum CA spedruma'b 

mlz42 41 40 39 54 53 42 41 40 39 38 37 30 29 28 27 26 25 16 15 

HC=C-CH(CH,)Ol3CH, 100 1 50 75 3 100 7 6 75 30 80 30 7 22 1.5 2 9 7 18 1 
CH,CEC-CH,O'~CH, 100 23 8 11 3 12 100 55 100 80 40 15 13 16 5 7 8 2 1 0.5 
HC=C-CH,0'3CH, 100 17 6 9 3 16 100 40 60 50 30 10 6 9 3 4 5 1.5 1 0.5 

a Abundances (average of three runs) relative to the base peak= 100%. 

peaks at m / z  50-52 have been ornitted. 
Peak intensities at m/z 42-39 have been corrected for the contributions of MI decompositions; peaks at m / z  69 and the low intensity 

Table 6. Metastable ion and collisionai activation spectra of deuterium 1abeUed m / z  72 [C,H,D,O]' ions generated from 
HC=C-CH(CH,)OCD,, CH3CrC-CH,0CD3, HC=C-CH,OCD, and H,C=C=CHOCD, and the m / z  71 ion 
denved from HCEC-CH,OC,D, 

~~~ 

Precursor 
Molecule M I  spectrum CA spectrume.b 

d z 4 4  42 41 40 54 53 44 43 42 41 40 39 38 37 30 29 28 27 26 25 18 17 16 

HC=C-CH(CH,)OCD, 100 8 21 52 3 100 10 4 20 50 30 15 55 25 7 30 3 3 10 10 18 - - 
CH,CEC-CH,OCD, 100 2 5.5 9.5 5 15 100 15 35 90 45 25 20 10 15 15 7 7 4 1.5 2 2 1.5 
HCSC-CH,OCD, 100 1.5 3.5 6.5 3 16 100 10 20 55 35 15 15 7 7 10 4 4 3 2 2 1 0.5 
H ,C=C=CH OC D, 100 2 5.5 9 5 20 100 10 20 60 40 20 20 10 9 13 5 5 3 1.5 2 1 0.5 
HCEC-CH,OC,D, 100 (rn/z43) - 0.5 5 - 70 6 15 20 100 20 12 10 5 1 1 0.5 - - - - 

a Abundances (average of three runs) relative to the base peak= 100%. 

intensity peaks at m/z 50-52 have been omitted. 
Peak intensitíes at m/z 44-40 have been corrected for the contributions of MI decompositions; peaks at m / z  71,70 and the low 

Table 7. Metastable ion and collisional activation spectra of deuterium IabeUed m/z  70 [C,I&DO]' ions generated from 
DC=C-CH(CH3)OCH,, DC=C-CH,OCH3 and DGC-CHzOCHZCH3 

Precursor 

molecule M I  spectrum CA spectruma.b 
rnlz42 40 39 54 53 42 41 40 39 38 37 30 29 28 27 26 16 15 

DC-C-CH(CH,)OCH, 100 100 10 100 5 12 7 75 90 25 15 - 34 - 14 10 - 14 
DC= C-CH,OCH, 100 9 2 11 3 100 15 60 45 20 10 2 10 4 6 5 1 2 
DC =C-CH,OCH,CH, 100 - - 3 -  65 5 100 20 15 6 3 10 1 2 1.5 - - 

a Abundances (average of three runs) relative to the base peak= 100%. 

intensity peaks at m/z 50-52 have been omitted. 
Peak intensities at m / z  42-39 have been corrected for the contributions of MI decompositions; peaks at m/z 69, 68 and the low 

labelled ether. This rules out the possibility that the 
product ions could have the methoxy cyclopropenium 
ion structure because these cyclic ions are expected 
to lose CH, and CH,D to the same extent. The CA 
spectra of the labelled ions are also in agreement with 
the proposals for the generation of the mlz 38 and 
mlz 15 ions given above [reactions (3) and (4)]. 

Loss of formaldehyde, on the other hand, can only 
be partially rationalized by the pathway- 
reaction(2)-envisaged so far: the rnetastable 13C 
labelled e type ions, HC=C-6H-O-13CH3, not 
only show the expected loss of 13CH20, but "CH,O is 
also lost to an appreciable extent (c .  40% of the total 
formaldehyde loss). Furthermore, the shapes of the 
metastable peaks and the associated K E  release values 
are different for both losses: for loss of 13CH,0 To = 
40meV and T o i =  160meV; for the loss of "CH20 
higher values are observed, T,, = 90 meV and To,l = 
280 meV. 

These observations strongly suggest that two distinct 
pathways are involved in the loss of formaldehyde. We 
propose that the loss of 13CH,0 occurs directly from 
e type ions via reaction (2) shown above and that the 
loss of "CH,O involves rearrangement of e into e' 
type ions followed by a 1 ,3H transfer of a methoxy 
hydrogen to the aldehyde moiety: 

t 
( e )  (e') HGC-CH, + CH,O 

The proposed (partial) rearrangement of e into e' type 
ions also explains the formation of the HC=O ions 
found in the CA spectrum (both the 13C and the 
deuterium labelled ions largely retain the label in the 

+ 
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+ 
formation of HC=O) and predominant loss of CO in 
the MI spectrum which specifically occurs as "CO. 
For the loss of CO from e' type ions severa1 mechan- 
isms can be envisaged, one possibility being thqgener- 
ation of the stable [C,H,]+ product ion CH,-C=CH, 
via 

The metastable peak for this process is composite (Fig. 
1) which suggests that two pathways are available. 

In agreement with the mechanistic proposals for the 
loss of formaldehyde are the observations that the 
deuterium labelled metastable ions HGC-CH- 
OCD, show a high preference for the losses of CHDO 
and CD,O over that of CH20, whereas the acetylenic 
deuterium labelled ion, DCkC-CH-OCH, almost 
exclusively eliminates CH,O. Moreover, the mutually 
different shapes of the metastable pea@ for the losses 
of CHDO and CD,O from HCkC-CH-OCD, are 
superimposable on those found for the losses of 
"CH,O and l3CH,O respectively from H e C -  
CH-O-13CH3. However, the acetylenic hydrogen 
does participate in the formaldehyde loss when the 
average internal energy content of the dissociating 
ions becomes higher, i.e. for the collision induced 
dissociatiops. For example, the CA spectrum of 
HeC-CH-OCD, shows that 20°/0 of the total 
formaldehyde loss occurs as CH,O, probably from e' 
type ions in which the acetylenic hydrogen has exten- 
sively exchanged with the methylic hydrogen atoms. 
(It can be seen from Tables 5 and 6 that the sum of 
the peak intensities for the losses of CHDO and 
CD,O relative to that for the loss of CO from 
HGC-CH(CH,)OCD,, is considerably lower than 
that found for the losses of 12CH,0 and "CH,O from 
HGC-CH(CH,)OCH,, thus showing that an ap- 
preciable deuterium isotope effect is involved.) 

+ 

+ 

13 

Formation and reactions of g type ions generated from 
X-C-CH,OCH, (X=H, CH,) and H,C=C= 
CHOCH, 

Based on evidence from the MI and CA spectral 
characteristics of the product ions, it was proposed 
that loss of X' from precursor molecules of the type 
X-CrC-CH,OCH, only occurs after isomerization 
into allenyl type ions [X-HC=C=CHOCH,]" with 
a high internal energy content. These ions undergo 
loss of X' by direct cleavage to yield e type ions when 
X=  1 or Br. When the C-X bond strength becomes 
higher, however, this direct loss is replaced by a 
competitive mechanism, probably that depicted below 
in which a 1,4 methoxy H transfer initiates loss of X' 
via a displacement reaction ( g c +  g) yielding the 
stable cyclic product ion g .  A further indication that 

,H1+ 

the loss of H' from [HC%-CH,OCH,]" and 
[H,C=C=CHOCH,]" may well yield the cyclic pro- 
duct ion g is found in the observed [M-H]+/[M- DI' 
intensity ratios for the specifically deuterium labelled 
analogues presented in Table 8. 

It follows that al1 hydrogen atoms participate in the 
primary loss of a hydrogen radical. For the labelled 
methyl propargyl ethers, HGC-CH,OCH,, it is 
inferred from the data in Table 8 that the hydrogen 
radical loss cornprises the methoxy C-1, methylenic C-2 
and acetylenic C-3 hydrogen atoms in the ratio 
1 : 3 : 1. For the methoxy allenes H,C==C=CHOCH,, 
the corresponding ratio is 1 : 1 : 2. The results for 
methoxy allene are compatible with reaction ( 5 )  given 
above if it is assumed that the four hydrogens in the 
C,H, moiety of ion gc have become equivalent. For 
[HGC-CH,-OCH,]+' an additional pathway for 
the generation of g type ions has to be invoked, which 
accounts for the preferred loss of the methylenic C-2 
hydrogen atom (calculated ratio on the basis of reac- 
tion ( 5 )  is 1 : 2 : 1, observed 1 : 3 : 1). One possibility 
is that part (-20%) of the [HGC-CH,-OCH,]+' 
ions does not isomerize into methoxy allene molecular 
ions, but rather undergoes a competing 1,5 methoxy H 
shift to the terminal carbon atom concomitant with a 
1,2H shift and (specific) loss of the C-2 hydrogen 
atom: 

'H 

P 

Note also that the CA results do not rule out the 
possibility that a minor fraction of the molecular ions 
undergoes direct cleavage of the C-2-H bond to yield 
e type product ions. 

The most important MI and CA loss of the g type 
ions is that of CO. This reaction is most simply 
rationalized by a 1,2H shift in the ring followed by 
expulsion of CO yielding the most stable [C,H,]' 
product ion, [allyl]'. Another important loss in the 
CA spectra is that of CH,O for which it is not neces- 
sary to invoke a rearrangement. Ion g generated from 
[X~C-CH,-O-'3CH3]+' via loss of X' (X=H,  
CH,) is therefore expected to lose "CO in t h e  CO and 
I3CH,O in the formaldehyde elimination, unless the 
height of the energy barriers and the associated rate 
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Table 8. [M - H]*/[M - DI+ intensity ratios 
for various deuterium labelled 
HC.=C-CH,OCH, and H2C= 
C=CHOCH, molecuiar ions 

I [ M - H I ' / I I M - D I '  

Precursor molecule Calc." C a k b  Obs.' 

DC=C-CH,OCH, 3 4.0 4.5 
HC&C-CH,0CD3 3 4.0 3.8 
DC=C-CH,OCD, 1 1.5 1.6 
H&C-CD,0CH3 1 0.7 0.8 
HC=C-CHDOCH, 3 2.3 2.3 

3.3 
3.0 

DC=C-CHDOCH, 1 1.0 1.1 
H,C=C=CHOCD, 3 
H,C=C=CDOCH, 3 

- 
- 

a Assuming only reaction (51, see text. 
Assuming 80%of the hydrogen loss via reac- 

tion (5) and 20% specific loss from the 
methylenic position. 
70 eV mass spectra. 

constants for (1,2) H shifts are such that the isomeri- 
zation reactions shown below are feasible. Loss of CO 
in the MI spectrum consists mainly of "CO (80-85% 
of the total CO loss for X = H, CH?; a slightly lower 
value is found (-70%) for the collision induced loss), 
but for the loss of formaldehyde, whose activation 
energy is considerably higher, only a slight preference 
is found for the loss of 13CH,0. In the collision 
induced formaldehyde elimination the two carbon 
atoms adjacent to the oxygen atom have become 
equivalent: equal probabilities are found for losing 
12CH20 and 13CH,0. (The ratios calculated from the 
peak intensities in Table S are 50 : SO for H G C -  
CH(CH3)O"CH3 and 87 : 80 for CH,C=C- 
CH,013CH3. The m/z 41 peak intensity was corrected 
for the contribution of the loss of "HCO: the total 
amount (12HCO+13HCO) of HCO loss relative to that 
of formaldehyde follows from the CA spectrum of the 
unlabelled ion; the ratio for loss of "HCO' vs "HCO' 
was assumed to correspond with the 
['3HCO)'/['2HCO]' peak intensity ratio.) 

These observations indicate that isomerization of g, 
into g,' type ions (via g, and g,' intermediate ions, see 
below) does occur and that the associated energy 
barrier is slightly higher than that f a  loss of l2C0 
from g, but markedly lower than that for the loss of 

formaldehyde. For the metastable ions which lose 
CO this isomerization is rate determining. As a 

consequence the ions g,' have additional excess energy 
in the reaction coordinate and will eliminate CO with 
a relatively high rate in the metastable time-frame. 
This is reflected in the metastable peak shapes for the 

13 

losses of CO: the loss of I3CO is accompanied by a 
noticeably higher K E  release than that of l 2 C 0  
(T,,,(-13CO) = 55 meV, whereas To.s (-',CO) = 
35 meV.) 

These proposals also imply complete equilibration 
of al1 five hydrogen atoms in ion g prior to the loss of 
formaldehyde. Indeed, this is borne out in the relative 
probabilities for the (collision induced) elimination of 
CH,O, CHDO and CD,O from the various 
[C,(H,D),O]' ions given in Table 9. 

I t  is seen that the observed intensity ratios are close to 
those calculated for (A, B)s (z = 2) scrambling assum- 
ing no isotope effects. 

EXPERIMENTAL 

Mass spectrometric measurements 

Measurements were performed on a VG ZAB-2F dou- 
ble focusing mass spectrometer of reversed geometry. 
A 100 pAelectron beam of ionizingenergy 70 eV and an 
accelerating potential of 7920 V were used; sample 
reservoir and ion source temperatures were - 150 "C. 
For MI the magnetic field was set to select the mlz 69 
[C,H,O]+ ions under investigation; ionic products of 
their decompositions in the field free region between 
the magnetic and electrostatic analysers were detected 
by scanning the electric sector (ES) potential under 
conditions of good energy resolution (main beam 
width 0.2 V at an ES voltage of 422.1 V). K E  release 
values were calculated in the usual way without correc- 
tion for the main beam width. CA spectra were ob- 
tained in the same way after introduction of helium as 
a collision gas in  the collision chamber near the 0- 
foca1 point. An externa] voltage of -320V was ap- 
plied on the chamber in order to separate the normal 
metastable peaks and the CA peaks (see ref. 8 for a 
detailed explanation of this procedure.) For CA the 
pressure was 1-3 x lo-' Torr as measured by an ion 
gauge situated near the diffusion pump located be- 
tween the magnetic analyser and the gas cell; the 
actual gas cell pressure was higher by approximately a 
factor of lo3. The data in Table 10 show that the 

Table 9. Peak intensities in the CA spectra corres- 
ponding with the losses of CH,O, CHDO 
and CD,O kom [C4HxDqS-r,0]+ g type ions 

Precursor Neutral 
molecule l0St  x CH,O CHDO CD20 

DC=C-CH,OCD, H' 1 obs. - 47 53 
1 calc.b - 40 60 

CH,C=C-CH,OCD, CH,' 20bs. 21 53 26 
HkC-CHzOCD3 H' 20bs. 18 50 32 
D&C-CHzOCD, D' 2 obs. 20 53 28 

2 calc.= 10 60 30 

3 calc.= 30 60 10 

4 calc.b 60 40 - 

HC=C-CH,OCD, D' 3obs. 30 50 20 

DCEC-CH~OCH, H' 4Obs. 57 43 - 

a Calculated for A,B, ( z  = 2) scrambling, assuming no 
isotope effects. 

Calculated for A,B ( z  = 2) scrambling. 
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Table 10. Coiiisionai activation spectra of m/z 69 [C,H,O]' ions (from compound 3, Table 4) as a function of coüision gas 
pressure 

1 (%) 1 (%) 
Pressure rnain CA peak CA spectrurn r n l z  of dauqhter iona 

xlO-'Torr beam rn lz  53 54 53 52 51 50 43 42 41 40 39 38 37 36 29 28 27 26 25 24 15 14 13 17 

0.4 100 0.2 - 80 - - - - -30(700)" - IOO(800)" 40 10 - 30 -- 10 10 - - -- - 
1 .o 73 34 4 100 5 1 1 2 2 9(53) 4 94(75) 75 30 3 3 2 - 2  10 8 1 9 - - -  
2.2 40 87 4 100 5 1 1 2 2 7(17) 4 96(30) 77 34 3 34 - 2 12 10 1 11 1 1 - 
3.8 23 100 3 100 4 1 1 3 2 6(12) 4 94(25) 79 37 5 38 2 2 12 11 2 11 1 1 - 
6.5 7 91 3 100 7 1 1 3 2 6(8) 4 92(20) 83 48 11 41 3 2 13 14 4 12 1 1 0.5 

11.0 1.5 60 2 100 8 1 1 3 2 7(5) 4 91(16) 87 60 20 50 6 3 14 19 7 14 2 2 2 

"Abundances relative to the base peak= 100%. 
Valuec in parenthecec refer to the intensities of MI decompositions in the spectra, which were run with a gas cell voltage of -320 V. 

intensity distributions of the CA spectra do not change 
significantly within this range of pressures. 

Synthesis of the unlabelled compounds 

The purity and where necessary, the structure of the 
compounds synthesized was checked by NMR spec- 
troscopy. 

3-Methoxy-1-butyne (HG=C-CH(CH,)OCH,) 
was prepared from 1-butyne-3-01 using dimethyl- 
sulphate or methyl iodide (see synthesis of I3C labelled 
analogue) as a methylating agent.' 

1-Methylthio-1-methoxy propyne ( H k C - C H  
(SCH,)OCH,) was prepared by the method of 
Hommes and Brandsma." 

1,l-Dimethoxy propyne (HCC-CH(OCH,),) 
was synthesized by the procedure described in Ref. 8 
for 1,l-diethoxy propyne employing methyl ortho- 
formate instead of ethyl ortho-formate (b.p. 112 "C/ 
760 mm, noZo 1.4138, yield 6O%.) 

1-Methoxy-1-iodo propadiene (CH,=C=C(I)- 
OCHJ was a gift from Mr J. Oostveen (Department 
of Organic Chemistry.) 
3-Methoxy-1,2-butadiene(CHz=C=C(CH3)OCH3). 

To a solution of ethyl lithium (0.1mol) in dry ether 
(80 cm') was slowly added (nitrogen atmosphere) 0.1 
mole methoxy propadiene at -60 "C. After raising the 
temperature to -30 "C, CH,I (6.5 cm') in ether (50 cm') 
and hexamethyl phosphoric acid triamide (HMPT, 
10 cm') were slowly added. The mixture was agitated 
for 1 h and subsequentlypoured into ice water (100 cm3). 
The aqueous layer was extracted three times with 
ether (50cm') and the combined organic layers were 
dried over potassium carbonate. Distillation yielded a 
colourless liquid (b.p. 26 "C/138 mm, nD2" 1.4314, 
yield 80% .) 

The halogenated methyl propargyl ethers I e C -  
CH,OCH, (b.p. 34 OClO.07 mm, nD2' 1.5 163, yield 
70°/0), BrC=C-CH,OCH, (b.p. 30 "U15 mm, no2" 
1.4684, yield 80%) and CIC=C-CH,OCH, (b.p. 
66 "C/50 mm, nD20 1.4231, yield 70%) were prepared 
from LiC=C-CH,OCH, following the general 
procedure described in Ref. 8 for the synthesis of 
halogenated acetylenes employing iodine, bromine 
and chlorosulphonic acid as halogen donors. 

1-Methoxy-2-butyne' (CH,CC-CH,OCH,) was 
prepared from LiCC-CH,OCH, and CHJ. The 
compound was also synthesized from 2-butyn- 1-01 

using the procedure described below for the synthesis 
of the labelled analogues. 

2,5-Dihydrofuran was purchased from Merck. Its 
double bond isomer 2,3-dihydrofuran was obtained 
therefrom by the method reported by Paul et al." 

l-Methoxy-1,2-butadiene ((CH,)HC=C=CHO- 
CH,) was synthesized from 1,1 -dimethoxy propyne 
analogous to the procedure described by Tadema et 
al.', (b.p. 77 "C/760 mm, nD2(' 1.4308, yield 40% .) 

l-Methoxy-1,3-butadiene (H,C=CH-CH=CHO- 
CH,)'' was a gift from Dr R. H.  Everhardus. 3- 
Methoxy propyne (HWC-CH,OCH,), methoxy 
propadiene (H,C=C=CHOCH,), 3-ethoxy propyne 
(HCC-CH,OCH,CH,) and ethoxy propadiene 
(H,C=C=CHOCH,CH,) were synthesized as de- 
scribed in Ref.'. 

1-Iodomethoxy-2-propyne (HGC-CH,OCH,I). 
A vigorous stream (2-3Imin-') of gaseous H1 was 
introduced to a solution of paraformaldehyde (15 g) 
and propargyl alcohol (30 cm'). Introduction of HI  and 
stirring were stopped when copious fumes evolved. 
The mixture was extracted four times with 
ether/pentane (2 : 5, 10 cm3). The combined organic 
layers were dried over magnesium sulphate. After 
removal of the drying agent careful fractional distilla- 
tion yielded a sample (5 ml, b.p. 32 "C/0.07 mrn) con- 
taining 80% 1-iodomethoxy-2-propyne and 20% 
propargyl iodide. This sample was used without 
further purification. Butadiene monoxide and 43-  
dihydro-2-methylfuran were obtained from Aldrich 
Europe and used without further purification. 

Synthesis of the deuterium and 13C labeiled ethers 
3-Methoxy-d,, 3-ethoxy-d,, and 3-meth0xy-~~C 
labelied ethers 
The acetylenic alcohols R,C%C-CH(R,)OH 
(10 mmol; R, = H/R, = H ;  R, = CH,/Rz = H; R1 = 
H/R, = CH,) which were a gift from Dr L. Brandsma 
were added in a nitrogen atmosphere to a mixture 
(room temperature) of sodium hydride (10 mmol) 
and dimethylformamide (DMF, 10 cm'). The mixture 
was stirred for 2 h at 40°C. After cooling to 0°C  
CD,I, C,DJ (Merck, Sharp and Dohme 99.5 and 99 
atom '/O D respectively or "CHJ (Prochem, 96.8 
atom%) (8 mmol) was added. After 1 h of stirring at 
room temperature the yellow coloured reaction mix- 
ture was filtered. Careful distillation at atmospheric 
pressure yielded pure samples with the expected 
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isotopic contents. (The purity of the compounds was 
checked by rnass spectrometry against sarnples of the 
unlabelled compounds prepared in the same way.) 

A small sarnple of methoxy-d, propadiene was ob- 
tained by isomerization" of 3-methoxy-d, propyne. 

The D-CkC- labelled ethers were prepared by 
exchange of the acetylenic ethers (25 mmol) (vigor- 
ous agitation for 2 h at roorn temperature) with a 
solution of NaOD in D,O (1 M, 25 cm3). After removal 
of the aqueous layer the procedure was repeated with 
a fresh sarnple of the NaOD/D,O solution. Subse- 
quent distillation yielded sarnples with deuterium con- 
tents better than 97%. Prolonged storage in the mass 
spectrometer inlet system was found to result in a 
noticeable loss of the label. 

3-Methoxy propyne-1,3-d2 (DGC-CHDOCH,).  
To a solution of LiGC-CH(Li)OCH,. (0.1 mol, 
prepared from 3-methoxy propyne (0.1 mol) and 
ethyl lithium (0.2mol in 180cm3 of dry ether) at 
-15 "C) was added excess DzO at -5 "C. Distillation 
yielded a rnixture of 90% 3-methoxy propyne-1,3-d2 
and 10% 3-methoxy propyne 1-d,. 

3-Methoxy propyne-3,3-d2 (HkC-CD,-  
OCH,). To a solution of LiAlD, (Aldrich Europe 98 
atom '/O D, 10 mmol) in dry ether (10 crn3) was added 

(nitrogen atrnosphere) ethyl propiolate (Aldrich 
Europe, 10mmol in 10cm3 of dry ether). The 
mixture was refluxed for 1 h. After cooling to O "C a 
small amount of powdered NaOH (40rng) was added 
along with CHJ (10 mmol). The reaction mixture was 
filtered and carefully distilled. Yield: 60% 
of the d, labelled ether with a deuterium content of 96 
atom%. 

Methoxy propadiene-l-d, (H,C=C=CDOCH,). 
To a solution of H,C=C=C(Li)OCH, (0.1 rnol, pre- 
pared from methoxy propadiene (0.1 mol) and ethyl 
lithium (0.1 mol in 90 crn3 of dry ether) at -15 "C) was 
added excess DzO at -5 "C. Distillation yielded a pure 
sarnple. Yield 90%, deuteriurn content better than 
97%. 

Acknowledgement 

The authors wish to thank Dr L. Brandsrna for his synthetic advice, 
Professor G .  Dijkstra, D r  W. Heerma and Professor J.  L. Holmes 
(University of Ottawa) for valuable discussions and Mr D. W. In der 
Maur for the synthesis of several compounds. 

REFERENCES 

1. H. Hornrnes and J. K. Terlouw, Org. Mass Spectrom. 14, 51 
(1979). 

2. P. C. Burgers, J. K. Terlouw, P. C. Vijfhuizen and J. L. 
Holmes, Org. Mass Spectrom. 13, 470 (1978). 

3. J. K. Terlouw, P. C. Burgers and J. L. Holmes, J. Am. Chem. 
Soc. 101, 225 (1979). 

4. S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. 
Haugen, H. E. O'Neal, A. S. Rodgers, R. Shaw and R. Walsh, 
Chem. Rev. 69, 279 (1969). 

5. A. D. Bain, J. C. Bünzli, D. C. Frost and L. Weiller, J. Am. 
Chem. Soc. 95, 291 (1973). 

6. H. M. Rostenstock, K. Draxl, B. W. Steiner and J. T. Herron, 
J. Phys. Chem. Ref. Data, (Suppl. No. 7 )  6, (1977). 

7. F. P. Lossing, J. Am. Chem. Soc. 99, 7526 (1977). 
8. R. P. Morgan, J. H. Beynon, R. H. Bateman and B. N. Green, 

Int. J. Mass Spectrom. Ion Phys. 28, 171 (1978). 

9. L. Brandsma, Preparative Acetyienic Chemistry, Elsevier 
Publishing Cornpany, Arnsterdarn (1971). 

10. H. Hommes and L. Brandsma Red Trav. Chim. Pays-Bas in 
preparation. 

11. R. Paul, M. Fluchaire and G. Collardeau, Bu// .  Soc. Chim. Fr. 
668 (1950). 

12. G. Taderna, P. Verrneer, J. Meijer and L. Brandsma, Recl 
Trav. Chim. Pays-Eas 95, 66 (1976). 

13. R. H. Everhardus, A. Peterse, P. Verrneer, L. Brandsma and 
J. F. Arens, Red  Trav. Chim. Pays-Bas 93,90 (1974). 

Received 27 Decernber 1978; accepted 2 March 1979 

@ Heyden & Son Ltd, 1979 

398 ORGANIC MASS SPECTROMETRY, VOL. 14, NO. 7, 1979 @ Heyden & Son Ltd, 1979 




