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Interconversions of C5Hlo0 + * Ions with the Oxygen 
on the First, Second and Third Carbons: 
Approximately 60 Communicating Isomers 

David J. McAdoo and Charles E. Hudson 
Marine Biomedical Institute, University of Texas Medical Branch, Galveston, Texas 77555-0843, USA 

The structures of the C,H,O+ and C3H60+'  dissociation products from selected CSHIoO*' isomers with the 
oxygen on the first, second and third carbons were determined. The first product is CH,C(OH)CH=CH2+ and the 
second is CH3C(OH+)CH,' and CH,'CHCHOH+ in various proportions. These results demonstrate that ions 
with the oxygen on the first and third carbons isomerize partially to isomers with the oxygen on the second carbon. 
This and CSHloO+' isomers expected to be accessible to each other suggest that there are traversable pathways 
between about 60 C,H,,O+' isomers, demonstrating how extensive interconversions of aliphatic radical cations 
can be. 

INTRODUCTION 

C,H2,0+', C,H,,O:' and related ions isomerize exten- 
sively.' For example, interconversion of more than a 
dozen C,H,,O+' isomers with the oxygen on the 
second carbon [C(2) ions] has been proposed,' and a 
comparable number of additional structures are known 
to be accessed by C5HI ,0+ '  ions with the oxygen on 
the first3 [C(l) ions] and third4 [C(3) ions] carbons. 
Losses of methyl from C(l)3 and C(3)4 ions to form 
CH3C(OH)CH=CH2+ (u) suggests that fractions of 
those ions isomerize to species with the oxygen on the 
second carbon. If so, most C,H,,O+' isomers other 
than cyclic and unsaturated ether ions are accessible to 
each other, at least in one direction. We investigated 
whether C(l) and C(3) isomers access C(2) structures, 
primarily to determine the scope of the interconversion 
of C5H,,0t '  isomers and thereby to obtain an indica- 
tion of how extensively aliphatic radical cations can 
isomerize in the gas phase. Another objective was to 
characterize better shifts that occur in the position of 
oxygen in C,H,,O+' i ~ o m e r s . ~ - ~  

RESULTS 

Metastable dissociation spectra of the distonic C( 1)  
isomers CH,'CHCH(CH,)CHOH + (1) and 
CH3CH,CH(CH2')CHOH' (2) are given in Table 1. 
These ions are previously uncharacterized species 
which, by analogy with mechanisms proposed for 
related isomeri~at ions,~.~ are expected to be important 
in the conversions of C(l) to C(2) and C(3) ions. Meta- 
stable l and metastable 2 both dissociate to m / z  71 

* Paper prepared for publication in Organic Mass Spectrometry. 

(-CH,), m/z 68 (-H'O), m/z 58 (-C,H,) and m/z 57 
(-C2H5). Previous s t ~ d i e s ~ . ~  found that both C(l) and 
C(3) ions other than ionized pentan-3-one dissociate to 
products at m/z 71, 68, 58 and 57 [ionized pentan-3-one 
dissociates almost exclusively to m/z 56 on metastable 
decomposition because it lacks enough energy to under- 
go the reactions observed for the other C(3) ions, which 
dissociate primarily following energized isomerizations 
to ionized pentan-3-one4]. C(2) ions dissociate to m/z 71 
and 58., The metastable dissociation patterns of both 
1 and 2 differ quantitatively from those previously 
reported3 for the C( 1) isomers ionized cyclopentanol, 
CH,CH,CH,'CHCHOH +, CH,CH,'C(CH,)CHOH +, 
CH3CH2CH2CH2CHO+', CH3CH2CH(CH3)CHO+', 
(CH,),CHCH,CHO+' and (CH,)3CHO+', and from 
those for C(3)  structure^.^ This is evidence that I and 2 
are generated as unique structures. 

Ions 1 and 2 were obtained by ionizing 2,3,4,5- 
tetramethyl- and 2,5-diethylcyclopentanol. Homologous 
ions have been generated by dissociations of other sub- 
stituted cyclopentanol B-Distonic ions are gen- 
erated from cyclopentanols by the general reaction 
shown in Scheme 1, where R = H or CnH2n+l. A related 
pathway forms 'CH,CH,CO+ from ionized cyclo- 
p e n t a n ~ n e . ~  

To obtain information on the structures of disso- 
ciating ions, collisionally activated dissociation (CAD) 

Table 1. Field-free region dissociations of CSH,,O+' 
ions 

miz CH;CHCh(CH,)CHOH+ (1) CH,CH,CH(CH,')CHOH+ (2) 

56 1 4 
57 15 93 
58 25 37 
68 82 100 
71 100 93 
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Scheme 1 

spectra of fragments of some C(l) and C(3) ions were 
recorded, together with spectra of reference ions, to 
determine the identities of those products. To ensure 
that fragments studied were from C,HIoO+' precursors, 
CAD spectra of products of first field-free region disso- 
ciations were obtained. Such spectra are not presented 
for dissociation products of 2 because the spectra for 
mlz 58 and 71 were too low in intensity to be useful. In 
some instances, only characteristic regions of the 
spectra were scanned to obtain useful signal-to-noise 
ratios. Any value greater than 25% relative abundance 
is estimated to be accurate to within 20% of the report- 
ed abundance. 

CAD spectra of pertinent C4H70f  ions are given in 
Table 2. The CAD spectra of the products of methyl 
loss from 1 and CH,'CHC(OH+)CH,CH, (3) match 
reasonably that for a, and are distinct from the spectra 
of CH,CH,CH,CO+ (not shown, but has's3 much less 
intense peaks at m/z 31, 53,55 and 70 than the observed 
spectra), CH,CH=CHCHOH+ (which has a substan- 
tially less abundant m/z 43) and CH,=C(CH,)CHOH+ 

(which has a more abundant mlz 51 and a less abundant 
mlz 70). However, the matches are not perfect, and it is 
possible that a fraction of the dissociations of 1 and 2 
produce C4H70+ isomers other than a. 

CAD spectra of C3H60+ '  products are given in 
Table 3. CH3C(OH+)CH2' (b) and CH,'CHCHOH+ (c) 
are the likely C3H60+ '  products of low-energy 
C,H, oO+'  dissociation^.^^^ Other structures are theo- 
retically possible,8p10 but b and c are the most stable 
possibilities and therefore the most likely products of 
metastable decompositions. Furthermore, b and c are 
mechanistically the most plausible C,H60+' products. 
Spectra of b and c formed in the ion source (the last two 
entries in Table 3) provide reference spectra. A very 
intense peak at mlz 43 and a substantial peak at mlz 42 
are present in the CAD spectrum of b, whereas the rela- 
tive intensities of these peaks in the CAD spectrum of c 
are 4% and 6%, respectively, of that of m/z 57. There is 
probably a small contribution of b to the reference spec- 
trum of c because published abundances, of m/z 42 and 
43 for c are both 2% of m/z 51. Intense peaks at m/z 42 
and 43 relative to mlz 39 in the CAD spectra of 
C,H,O+' formed from 1 and 
CH3CH2'C(CH3)CHOH+ (4) demonstrate that those 
isomers dissociate mostly to b. The peaks at m/z 42 and 
43 are of low intensity in the CAD spectrum of 
C,H,O+' from the C(l) ion CH3CH2CH2CH2CHO+', 

Table 2. Collisionally activated spectra of C4H,0+ ions 

Precursor 

mlz CH,.CHCH(CH,)CHOH+a (1) CH;CHC(OH+)C,H, (3)b CH,COH+CH=CH, (a)' CH,CH-CHCHOH+ CH,-C(CH,)CHOH+ 

27 
29 
31 
39 
41 
43 
51 
53 
55 
69 
70 

46 
16 
13 
39 
32 

100 
<11 

26 
33 
16 
58 

38 
13 
12 
31 
18 

100 

34 
25 
15 
37 

39 
9 
7 

23 
28 

100 
7 

19 
54 
22 
65 

27 
26 

6 
50 
51 
25 
13 
50 
24 
77 

100 

21 
11 

33 
27 

100 
59 
16 
11 
23 
13 

Precursors of ions were: a 2,3,4,5-tetramethylcyclopentanol; 
of but-3-en-2-one; methane CI of but-2-enal; methane CI of 2-methylprop-2-enal. 

4-methyl-3-heptanone; methane chemical ionization (CI) 

Table 3. Collisionally activated spectra of C,H,O+' ions 

mlz 
Precursor 27 29 31 39 42 43 55 57 

CH,'CHCH(CH,)CHOH' (l)a,b 
CH,(CH,),CHO+' 
CH,CH,CH,'CHCHOH' a,d 

CH,CH,'C(CH,)CHOH+ (4) 
CH,CHC(OH+)CH,CH, (3)".' 
(CH,),CHCH,CHO+' 

CH,CH ,CH (CH,)CHO +' 

CH,C(O +')cH ,cH,cH,~,~ 

31 
10 44 16 10 

100 
7 47 23 45 

70 
28 59 25 27 
17 42 21 36 
17 40 17 18 

42 
4 

40 
35 
60 

9 
34 

6 

100 
7 15 100 

60 
100 12 36 
100 

16 24 100 
100 6 12 

4 14 100 

a Scanned only from rnlz 38 to 44. 
Sources of ions were: 2.3.4.5-tetramethylcyclopentanol ; n-pentanal; 2-propylpentanal ; 

enol acetate of 2-methylbutanal; ' 4-methylheptan-3-one; 3-methylbutanal; pentan-2- 
one; ' 2-methylbutanal; product of ion source decomposition; all other results are for pro- 
ducts of first field-free region dissociations. 



494 D. J .  McADOO AND C. E. HUDSON 

demonstrating that this product is largely c. Elevations 
in the abundances of m/z 42 and 43 indicate that vari- 
able amounts of b are formed from most other C(l) 
isomers. CH3'CHC(OH+)CH2CH3, the only C(3) ion 
from which m/z 58 was examined, produced predomi- 
nantly b. 

A CAD spectrum of the m/z 57 product of the meta- 
stable decomposition of 2 was obtained. This spectrum 
had its most intense peak at m/z 29 and an undetectable 
(less than 10% of the intensity of the m/z 29 peak) m/z 
31. Hence this product was CH,CH,CO+ rather than 
CH,=CHCHOH+," supporting conversion of C( 1) to 
C(3) ions by 2 -+ CH,=CHCH(OH)CH,CH:'. 

DISCUSSION 

One of our goals was to identify better the mechanisms 
whereby oxygen shifts position in C,H,,O+' ions. 
CH3C(OH)CH=CH2+ is formed on methyl loss from 
1, C(2) ions,' the C( 1) isomers ionized cyclopentanol 
and 3-methylbutanal elsewhere,, and 3, that is, in all 
examined methyl losses from metastable C5Ht0O +' 

ions that have been examined. This product can only be 
formed directly from CH,C(OH+)'CHCH,CH 
CH,C(OH+)CH(CH,)CH,' or (CH,),COHCH=CH;': 
all C(2) ions. This therefore argues that C(l) and C(3) 
isomers rearrange to a C(2) structure or structures 
before losing methyl. Oxygen shifts position in 
C,H,,O+' ions by alkyl rather than 0 shifts,' but the 
pathways are not clearly characterized." 

One observation that must be accommodated in pro- 
posing pathways to methyl loss from C(l) ions is that 
ionized cyclopentanol-0,2,2,5,5-d, loses nearly identical 
amounts of CD, and CH,D and smaller amounts of 
CHD, and CH,., Isomerization of ionized cyclo- 
pentanol to 1, followed by interconversion of 1 with 
itself, would equalize the two major methyl losses 
(Scheme 2). Analogous isomerizations are well estab- 
lished in other C,H,,O+' and related  system^.'^-'^ 
Methyl loss from ionized cyclopentanol produces a,, 
consistent with 1 being in the pathway to that methyl 
loss. Ionized cyclopentanol also undergoes substantial 
conversion to C(3) structures following ring opening, 
supporting the intermediacy of 2 proposed in Scheme 2. 

Another important clue to the pathway from C(l) 
and C(3) to C(2) ions is that 1 and 4 are the only C(l) 
ions examined which dissociate predominantly to b 
rather than to c. Other C(l) ions for which results are 
available (Table 3 and Ref. 3) produce predominantly c 
on losing ethene, demonstrating that those dissociations 
occur primarily from C( 1) structures. The latter disso- 
ciations probably occur by 

'CH2CH2CH(CH3)CHOH+ + 

CH,'CHCHOH+ + CH,=CH, 

However, the presence of elevated m/z 43 peaks in all of 
the C3H60+' products of first field-free region decom- 
positions examined suggests that varying fractions of 
the ions undergoing those dissociations do isomerize to 
C(2) structures before eliminating ethene, 

C 

*OH 'CHD 
I 

CD,CH2CH- CHOH' ' c-- CD3CH2CHCHOH' 
It - 

CDjCH2 'CHCHDCH - 
CH2D CH2D CD, 
1 -  I - __ I 

C D , C H ~  'CCHOH' CD, .CHCHCHOH- CD,CH-CHCH,D *HOCH'CCH,CH,D 

4 / l  4 

J 
' OH ' OH CDI I - 1  

'HCKHCH 'CHCH2D 

1 

CD,CHCH=CHCH, 
I 

CDICH=CHCHCH2D 

\ \ 

'OH * OH 
I1 

CD3C 'CHCH,CH,D 
I1 

CD3CH2 'CHCCH2D 

J J 
*OH 'OH 

I 
CD,CCH=CH2 + 'CH2D 

I 
'CD,  + CHi=CHCCH2D 

Scheme 2 

The more specific formation of b from 1 than from 
most other C(l) ions implies that 1 is close to the point 
of conversion of C(l) to C(2) ions. This supports the 
proposal (Scheme 2) that C(l) ions convert to C(2) ions 
by 1 -+ CH,CHOHCH=CHCH:'. The enol ion 4, an 
intermediate inferred in the equilibration of the methyls 
in ionized cyclopentanol-0,2,2,5,5-d5 (Scheme 2), also 
produces predominantly b. This is consistent with the 
interconversion of 1 and this ion, and with generally 
observed interconversions of enol and fl-distonic ions. 

Preferential dissociations to b or c demonstrate a 
division of metastable C(l) ions in the degree to which 
they isomerize to C(2) ions. CH3CH2'C(CH3)CHOH+ 
and 1 probably do not dissociate to c because they 
would have to do so through their carbonyl isomers, 
and P-distonic ions often do not isomerize to carbonyl 

Also, some carbonyl isomers are less able to 
reach their fl-distonic isomers than their y-distonic 
isomers near the thresholds for decomposition,'6b a 
pattern that the dissociation of the C(1) carbonyl ions 
predominantly to c rather than b shows is repeated 
here. 

Other information consistent with Scheme 2 is (1) 
ionized cyclopropanols and related species, such as that 
in the degenerate interconversion in Scheme 2, are 
common intermediates or transition s t a t e ~ , ~ . ' ~ . ' ~  (ii) the 
methyl shift proposed to convert C(l) to C(2) ions is 
similar to an ethyl shift that has been proposed to 
convert C(1) to C(3) ions3 and a methyl shift suggested 
to rationalize a similar process in C,H,O+' isomers5 
and (iii) the proposed immediate product of the 
1 + C(2) isomerization, i.e. CH,CH(OH)CH=CHCH;', 
dissociates to b., 

The C(3) ion 3 dissociates to a and b. C,H,O+ and 
C,H,O+' are also produced by other C(3)  isomer^.^ 
C(3) ions, including 3, undergo identical dissociations,4 
so all C(3) ions that lose methyl and ethene probably do 
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so through C(2) ions. There is not an obvious pathway 
directly from C(3) to C(2) ions, as no such isomerization 
can form a vinylic alcohol ion. The isolation of b and c 
from each other" supports the non-existence of path- 
ways such as a direct C( 1) -+ C(3) interconversion. 
Therefore, C(3) ions probably isomerize to C(2) ions by 
way of C( 1) ions. 

The demonstration here that C(l) and C(3) ions rear- 
range to C(2) ions, in combination with previous con- 
clusions regarding the dissociations of these three 
groups of  ion^,^^^,'^,'^ leads to Scheme 3 for the isom- 
erizations of CSHl,O+' ions. Scheme 3 contains 34 
isomers. 

A variety of ions not shown in Scheme 3 probably 
enter the pathways depicted there. A list of such species 
is given in the Appendix. Of these, the metastable 3- 
methylbutanal ion clearly enters the Scheme 3 pathways 
because it has a typical C(l)   at tern,^ so presumably the 
3-methyl distonic and enol C(l) ions would also. There 
are seven C,H,,O+' unsaturated alcohol ions in the 
Appendix that are not shown in Scheme 3. Some of 
these undergo reactions shown in Scheme 3,18*" and it 
is likely that the others do also. Some of the C(l) 
unsaturated alcohol ions also isomerize through one or 
more intermediates (for example, the 0'-containing 
species in the Appendix) to the structures in Scheme 3 
by pathways similar to the isomerization of ionized 
pent-4-en-2-01 to the pentan-2-one ion (top right of 
Scheme 3). All C(l) and C(3) ions (except ionized 
pentan-3-one) lose ~ a t e r . ~ . ~  This probably involves the 
OH: -containing species in the Appendix. The Appen- 
dix also contains five cyclic alcohol ions that would be 
expected to access the pathways in Scheme 3. Adding 
the 31 species in the Appendix to the 34 strucures in 
Scheme 3 gives 65 C,HloO+' isomers that may be 
accessible to each other near the thresholds for their 
lowest energy unimolecular dissociations. Even if some 
of the listed species do not access Scheme 3, approx- 
imately 60 C,H,,O+' isomers must be in communica- 
tion with each other. This is undoubtedly the most 

o* ' *OH 

' CH,CH2CH2CH2CH 
I1 

CH,CH2CH2CH2CH 

CH,'CHCH,CH,CH CH,CH,.CHCH,CH - CH,CH,CH, 'CHCH 

/ 
C H j ' C H  1 

'S 'T lHCH - FH 
CH3CH2 2 CH,CH, 

elaborate set of mutually accessible isomerizations ever 
proposed in gas-phase ion chemistry. 

Some unsaturated C,H,,O+' ether ions do not 
undergo reactions in Scheme 3,20 demonstrating that 
not all C5HlOO+'  ions access common pathways. 

The complexity of the C5HloO+' reactions arises 
from a combination of a relatively small number of 
types of reactions, five- and six-membered ring H- 
transfers, 1,2-H and C shifts between 0-bearing 
carbons, between carbons ct and fi to the 0 and to 
carbons formally bearing the charge and ring openings 
and closings interconverting distonic and cyclic struc- 
tures. The occurrence of these reactions and the absence 
of others that might be proposed (e.g., four-membered 
ring H-transfers and 1,2-shifts between fi and more 
distant carbons) has been summarized.21 

There are eleven distonic ions (ions with the charge 
and free electron formally on different atoms) in Scheme 
3. The intermediacy of such species in systems similar to 
that described here was well established22 before they 
were given a name.23 

EXPERIMENTAL 

Spectra were obtained on a mass spectrometer of EBE 
geometry (Kratos MS50TAZ4) using established pro- 
cedures. Spectra were signal-averaged for up to 150 
scans to obtain acceptable signal-to-noise ratios. 2,3,4,5- 
Tetramethylcyclopentanol was prepared starting by 
reacting 1,l-dimethylhydrazine with 3,4-dimethyl- 
cyclopentanone. The resulting dimethylhydrazone was 
methylated with two equivalents of lithium diisopropy- 
lamide and two equivalents of methyl iodide.25 The 
product was oxidized to the ketone with periodate and 
reduced to the alcohol with lithium aluminum hydride. 
2,5-Diethylcyclopentanol was similarly prepared start- 
ing with cyclopentanone and using ethyl bromide as the 

0.  0 -  

CH,CHCH,'CHCH, I - CH,CH'CHCH,CH, I CH3% 

*OH @ 
CH,CCH,CH, 'CH, 

II 
0' .  I 
II 

CH,CCH2CH2CH, 

OH 
- - - + I  

CH,CHCH-CHCH,' ' 

CHICH-CHCH, 

' OH 
I 

CH2 =CHCHCH,CH, CH,CCH 

'CHI 

O* 
n 

'OH *OH 

CH3.CHCCH2CH, 11 =s=e CH,CH,CCH,CH, II CH3CH2CCH2CH, I1 

- I1 
CH,CCH2 'CHCH, 'CH,CCH2CH2CH, 

CHjC.CHCH2CH, * .OH 
I 

S' iCH2 
CH,CCH 

'CH , 

I 
' .OH 

I 
I 
CH, 

CH3CCH=CH2 

CH,C- CHCH, 
I /  

Scheme 3 
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alkylating agent. Other compounds used were obtained and the Midwest Center for Mass Spectrometry for the use of the 
MSSOTA mass spectrometer. from commercial sources. 
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Additional C,HIoO+' isomers not included in Scheme 3, but likely to access some portion of that scheme 
3-Methyl C(l) ions: 

(CH,),CHCH,CHO+', 'CH2CH(CH3)CH2CHOH+, (CH,),'CCH,CHOH+, (CH,),CH'CHCHOH+, 
Unsaturated alcohol ions: 

CH3CH=C(CH,)CH20H+', CH,=C(CH,)CH,CH,OH+', CH,=CHCH2CH2CH20H+', 
CH3CH=CHCH2CH20H+', CH3CH,CH=CHCH20H+', (CH,),C=CHCH,OH+', 
CH,=C(CH,)CH(OH)CH:' 

(CH2)CH2(CH2)CH(OH+')CH3, (CH2)CH2CH2(CH)CHOH+', (CH,)CH(CH,)CH,(CH)OH+', 
CH3(CH)CH2(CH)CH20Hf', ( C m H ) C H 2 C H 2 0 H + ' ,  

Cyclic alcohol ions : - - - 
Intermediates in water eliminations or in isomerizations of unsaturated alcohol ions : 

- - - - - - - 
CH,CHC(CH,)CH,OH, ', Ce;CHC(CH,)CH,OH, +, CH,CH,'C(CH,)CH,O', 

CH3+CHCH(CH3)CH20', CH2C(CH2)CH20H2+, CH,CH(CH,)+CHCH,OH, (CH,),+CCH,CH,O', 

(CH3),CH+CHCH20', CH,CHCHCH,CH,OH,+, CH,CHCHCHCH,OH,+, CH,CH2+CHCH,CH,0', 

(CH3),CH +CHCH20', (CH,), +CCH,CH,O', CH,CH,CH, +CHCH20', CH ,CH ,CHCHCHOH,+ 

--.-__-- 
- - - - - - __._____ 

_ _ _ _ _ _ _ _  




