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Abstrati-The study of metastable carboxylic acid cation radicals (lifetime 10. 5 s) in the gas phase provides 
a detailed insight into a chemistry which is best described in terms of “free radical chemistry”. In addition 
to the well-known I,n-hydrogen migrations (n = 4,s) of radicals evidence is presented that even the long- 
sought 1,2-hydrogen migration may take place in appropriate cases. Examples for I,n-migrations of 
protonated carboxyl groups (n = 2,4,5) are also discussed, while (1.n) alkyl migrations do not occur. 
For all n-alkyl elimination processes studied, ene-t,l-diol cation radicals were identified as the essential 
intermediates; the mechanism of dissociation is the exact counterpart to the addition of nucleophilic alkyl 
radicals to deactivated double bonds. The study of metastable carboxylic acids in the gas phase provides 
the following ordering of relative leaving group abilities for n-alkyl radicals: C?H, B C,H, > C,H, 
> CJH,, > C,H,$ > C,H ,) > C,H,, >>> CH, 

INTRODUCTlON 

in this contribution we will present an overview of 
our recent work on the gas phase chemistry of car- 
boxylic acid cation radicals, employing sophisticated 
mass spectrometric methodologies, such as MSMS,’ 
combined with time-honoured labelling experiments 
and aided by moieular orbital calculations. We aim 
to provide evidence that many of the intriguing fea- 
tures of isolated alkyl radicals can be conveniently 
studied by analyzing the unimolecular dissociation 
reactions of ionized carboxylic acids generated upon 
70 eV electron impact ionization of appropriate neu- 
trals. In particular, we should like to make the fol- 
lowing points. 

(1) In all C-C bond cleavages observed, the alkyl 
radical is eventually eliminated from the cation radical 
of an ene-I,1 -dial. Neither direct C-C bond cleavage 
nor &i-type reactions play a role in the chemistry of 
metastable RC02H+’ (lifetime f 2 IO-’ s). Dis- 
sociation of the ionized enediols constitutes the rever- 
sal of the addition of nucleophilic alkyl radicals to 
electronic deficient w bonds. From the gas phase 
study of decomposing cation radicals a relative leaving 
group ability of n-alkyl radicals is derived, showing 
that methyl is the poorest and ethyl is the best alkyl 
radical leaving group. 

(2) Insight into the mechanisms of homolytic (1 ,n)- 
rearrangements (n = 2-5), in which the migrating sub- 
stituents could be either H, alkyl or protonated car- 
boxy1 groups, is also provided by the gas phase study 
of ionized carboxylic acids. Evidence is presented for 
the occurrence of t$e long-sought 1,2-migrations of 

both hydrogen and C(OH),; 1,Zmigrations involving 
alkyl groups are unlikely to compete with the former 
ones. The operation of the remarkable 1,Zhydrogen 
shift is, however, limited to those cases in which a 

TDedicated to Professor Ferdinand Bohlmann on the 
occasion of his 65th birthday. 

methyl radical is subseqently eliminated. For systems, 
in which a better leaving group, e.g. C2HS,, can be 
split off from the parent cation radical, l&hydrogen 
migration does not play any role. The overall chem- 
istry reflects that typical for free n-alkykl radicals. 

A detailed account of all experimental aspects- 
inst~mentation, labelling data, product analysis by 
collisional activation (CA) mass spectrometry’-will 
not be given here; instead, the reader will be referred 
to the original references where appropriate. Before 
turning to the discussion of selected examples, the 
generation of the cation radicals and their principal 
isomerization modes are mentioned briefly. 

GENERATION AND ISOMERIZATION 
OF CATION RADICALS 

As already mentioned, ionization in the gas phase 
is brought about by electron impact (l--t 2); for those 
species 2 which eventually decompose via loss of alkyl 
radicals (>, 90% of all metastable ions) the initial 
ionization of the carboxyl group is followed by an 
irreversible 1 &hydrogen migration (2 -+ 3) ; from the 
study of deuterated isotopomers it was concluded3 
that the i&hydrogen shift 2 -+ 3 is associated with a 
significant kinetic isotope effect, kH/kD > 1. For 
example, pivalic acid showed an isotope effect of 
kH/kD = 7.0. 

1 2 3 

Whereas the ionization of carboxylic acids is a con- 
venient way to generate cation radicals of type 3, it 
should be mentioned that much higher yields of rad- 
ical ions are provided by a McLafferty-type process’ 
(4 -+ 5), in which a cation radical expels a closed-shell 
neutral, usually an alkene, in a stepwise elimination 
to generate the enediol cation radical 5. As will be 
shown later, the non-conjugated intermediate 3 will 
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rearrange to the conjugated one (5) prior to dis- 
sociation. 

-nG, (2) 
R 

4 5. 

With regard to the isomerization modes of alkyl 
radicals carrying a protonated carboxyl group e.g. 6, 
we observe migration of both hydrogen and the 
C(OH);‘ group. The probabjlity of hydrogen 
migration decreases in the order of ring size, 
6 > 5 > 3. There is no evidence that four-membered 
transition states play a role. The observed dependence 
of the hydrogen migration upon ring size is in line 

PRINCIPAL DECOMPOSITION 
PROCESSES 

Metastable carboxylic acid cation radicals are char- 
acterized by the fact that their gas phase behaviour is 
entirely governed by the formation of n-alkyl radicals, 
which depending on the substrates, are formed in 
SO-99% yield. What is the structure of the products 
formed, by which mechanism is the n-alkyl radical 
expelled? ~ete~ination of the product ion structure 
by means of CA mass speetrometry clearly rules out 
simple direct C-C cleavages, such as 9 -+ 10 or 
9 -+ 11. Similarly, there is no evidence that the dealky- 
lated cationic products have either cyclic (12) or non- 
conjugated (14) structures. Consequently, the S&type 
reaction (9 + 12) can be ruled out as can the hidden 
hydrogen ~gration7 induced process 9 -+ 13-+ 14. 

R 
-+-- l f? 

H 

9 

(4) 

: * 
1-e 

+ cs-0 H 

112 

with the analogous trend in the gas phase chemistry 
of neutral alkyl radicals. ’ However, there is no com- 
pelling example of a 1,2-hydrogen migration in alkyl 
radicals. It should also be mentioned that the 1,2- 
hydrogen migration+6 F? 7 p: 8 is co&red to those 

cases, in which the C(OH), group is adjacent to the 
r$ical centre. With regard to the mi~ation of the 

C(OH)2 group, we observe that in line with predic- 
tions of ab initio calculations“ ayd semi-empirical MO 

studies3 the 1,Zmigration of C(OH)* is more facile 
than that of a hydrogen. Quantitative $ata for a wm- 

parison of (1 ,n)-migrations of X = H, C(OH)z are not 
available as yet. 

6 z s 
(3) 

14 

Instead, multi-step processes take place which com- 
prises combinations of hydrogen rearrangements 
within the alkyl radical chain and migrations of the 
C(OH): group leading to species of the general struc- 
ture 15. Ion 15, an enol cation radical, serves as the 
actual precursor for the C-C cleavage, 3.8 from which 
17 is eventually generated. We never observed C-C 
cleavage for the cation radical 16 which is isomeric 
with 15. In line with MO calculations,3*s the fragmen- 
tation 16 I+ 18 has a higher barrier than the multi- 
step process 16 -+ 15 + 17. In fact, species generated 
initially as 16 rearrange. to 15 prior to dissociation, 
although the product ions formed are not always the 
the~~~amically most favoured ones. For example, 
cation 18 with substitutuents R2 = CH3 is calculated 
to be 1.4 kcal mol- ’ more stable than the wr- 
responding cation 17 (R’ = CH&;” nevertheless, 17 
is the only cation formed from 16. 

The solution to this seemingly puzzling result is 
surprisingly trivial when one analyzes the reverse pro- 
cess, i.e. the addition of alkyl radicals to deactivated 
double bonds. Addition of (nucleophilic)‘“+’ ’ alkyl 
radicals R’ will undoubtedly prefer attack at C(8) and 
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Talde 1. Relative bming group abihtia (LGA) of n-alkyl rediab R 

R Ch WI CJG CJ% Cd,, C&I,, C,H,, WIT 
LGA 0.022 1.m 0.709 0.658 0.551 0.463 0.393 0.348 
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II 
H 

1 
= .R’ . 

H 

(5) 

not at C(a),” simply be4zause of the fact that the 
transition state to 8enerate 15 from 17 will be lower 
in energy than that for the fortxmtion of 16 from 18. 
Conversely, and 4lp&itl8 the principk of microawpic 
mversibiht~ Wation of the enol cation radical 15 
is kinetically favoured over that of 16 in line with all 
experimental and theoretical tindings we are going to 
present below. 

A quantitative assessment of the relative leaving 
group abilities of n-alkyl radicals was obtained by 
studying the unimolecuhu dissociation of a series of 
enediol cation radicals, 19, which can lose either of 
two different groups, R’ or R’, from two equivalent 
carbon atoms. I3 The ratio of the rates, k,/k,, cor- 
responds to the ratio of the signal intensities of the 
ions 28 and 21. The resulting ions do not decompose 
further and their structures were independently deter- 
mined by using CA mass spectrometry. By systematic 
variation of the substituents, R’ and R2, in cation 
radical 19 we obtained the relatin leaving group abili- 
ties of several n-alkyl radicals (Table 1). 

(6) 

19 

r 

indicate that C-H hype- 

Fig. 1. Tmasition stnuztum for lees of an alkyd group from 
aaene-l.ldiolmtion radicsl. 

The s&&ant difkence between ,the LGAs of 
CH; and C2H; can he explained readily in terms of 
~-I~jugation of the incipknt positively 

$” 
cent.te in the transition state (Fig. 1) 

for loss of ’ from the en01 cation radical. As CH, 
cannot be st,ab&ed by C-H hypercon&gation, the 
uansition state for loss of CH, is leas favourabk by a 
factor of cu. SO than the corresponding transition 
state for loss of C&I5 (Fig. 1). However, 8_CH hyper- 
conjugation cannot account exclusively for the sta- 
bilization of the transition struchue. Otherwise, one 
would predict comparable LGA-values for .all n- 
C,Hh+ I radials (n 23 3).t Inspe&on of our data 
(Table 1) reveals, however, that from n = 3 to 8 the 
relative leaving group abilities diminish by a factor of 
two. It remains to beestablished whether this deuease 
in LGA with mumming chain length can be accounted 
for by sixe effects. 

The low leavin8 group ability of C-II> is associated 
with a quite substantial activation energy for the dis- 
sociation step, enediol +’ -+ CH’, + product cation. As 
a consequence, dissociation is often preceded by high- 
energy rearrangement processes, like the above men- 
tioned 1,Zhydrogen migration. Moreover, unimol- 
ecular loss of CH; is limited to relatively small-sired 
carboxylic acids (Q C,). For larger systems elim- 
ination of CH; cannot compete with loss of higher 
alkyl radicals and is frequently difficult to observe at 
all. Ik In the following section we wig discuss specific 
exampks to ihstrate the diversity of processes 
depending on the size of the starting carboxylic acid 
cation radical. 

10NlzxD C(6) cAlmoxYLlc 
ACIDS4’* 

It has already been stated that the gas phase pro- 
perties of metastabk cation radicals can be described 
in terms of alkyl radicals in which one hydrogen is 
replaced by the protonated carboxyl group. The latter 
serves thtee functions : 

(a) it carries the species through the mass speu 
trometer, * 

(b) the C(OH), Rmction participates actively as a 
&@in8 BrouP in (14) autangemsnts, and 

fc1 the diasocmtiou s&n involves an intermediate. 
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in which the radical site is located a to the &OH), 
group (enediol cation radical). 

H.’ H 

x . 

25 
(7) 

Mono-substitution of &OH), for hydrogen in an 
n-pen@ radical results in several isomers, four of 
which (Z-25) are of interest in the present context. 
Isomer 22 is available via ionization of hexanoic acid, 
following the sequence outlined in IQ. (1) ; the remain- 
ing cation radicals were generated via McLafferty- 
type rearrangements according to Eq. (2). From the 
chemistry of free n-petityl radicals 26 it is known 5 that 
they undergo the degenerate isomerixation 26 it 26 
via l&hydrogen migration, and to’s smaller extent 
isomerization to the thermochemically more stable 2- 
pentyl radical 27. l,2- ,oi l,,3-Hydrogen migrations 
have not been observed. In view of the fact that the 
hydrogen and the C(OH)Z group have, to a 6rst 
approximation, corn 
cation rGlicals,‘~~U 

pble migratory aptitudes in 
I3 it was not surprising to learn 

that 22-94 -prior to dissociation fotm a common inter- 
mediate, i.e. 24. This is evidenced by a nearly complete 
positional loss of hydrogens attached to C- 1, C-2, C- 
4 and C-5, but not of C-3 and the carboxyl group of 
22 and 23. Complete H scrambling is prevented by the 
fact that loss of C,H; (U+29) from the enediol 
cation radical 24 competes etIIciently wiqh intra- 
molecular hydrogen migration which’ would trans- 
form 24 to the less stable cation radical 28 

1.5-H_ 1.c-H_ 
-* c- _- - d 

26 26a 21 

(8) 

Furthermore, “C labelling indicates that the 
C(OH); group originaUy bound to C-l (2.2) “freely” 
migrates between C- 1, C-2, C-4 and C-5. 

(9) 

It is interesting to note that greater than 90% of 
metastable 22 and 99% .of me&stable 23 and 24 tm- 
dago loss of C2H; to yield 29 while loss of a C,H; 

radical from 23 is leas favourable on two grounds : 

(a) C,H; is a less efficient leaving group than 
C2H’J (Table l), and 

(b) C,H; loss from 23 would generate a product 
(17, R’ = H) which is significantly less stable than 29. 
-rh;. 1*~.....,A.-:,“l n-“.....a..* .A,.- I.,...,.,, ..,.* llUJ LU~LLII”~“8XlucQ, aAgLuuG”L &WC+ U”WG”GL, U”L 
apply to higher homologues of 17 (R ’ 2 CH ,), since 
their stabilities seem to be of minor importance for 
the actual dissociation pattern. The conclusion that 
loss of CIH; from 22-24 is preceded by the radical- 
like reactions described above is clearly evidenced by 
the result of a comprehensive ’ ‘C-labelling study.& 
Two conclusions can be derived from these results : 

(a) the CIH; radicals eliminated from 22 and 23 
originate, to approximately the same extent as 
C(4)/C(5)1 and as C( 1)/C(2) ; and 

(b) the two carbon atoms remain bonded together 
in the overall rearrangement/dissociation process. 

The enediol cation radical 24 behaves exceptionally in 
that it is prone to split off the C(4)/C(5) unit directly 
(> 95%) and undergoes rearrangement to 28 only to 
a minor extent (< 5%). 

The gas phase chemistry behaviour of 2!lj is fun- 
damental different from that of the isome* cation 
diCdS 2% 24. (4 As (I,n)-isomerizations via low-lying 
transition states are precluded on structural grounds, 
the only options available to 25 are the unfavourable 
1,2- or I ,3-migrations or elimination of the poor leav- 
ing group CH;. Our results unambiguously show that 
CH, loss is tbe favoured route in that greater than 
n-s, 
~370 of metastabll El dissociates to G-I; and 39. 
Labelling experiments *%’ b clearly demonstrate that 
there is no hydrogen exchange within the aIkyl chain 
preceding the dissociation 25 + 30. Obviously, 25 is 
separated by substantial barriers from 22 to 24 and 
also from species which would be formed via 1,2- or 
I ,3-hydrogen migrations. 

CATION RADICAIS OF 
D-PENTANOIC ACID’L’~ 

For I-butyl radicals the only feasible isomerixation 
is that of a degenerate l+hydrogen migration 
(31 # 318). 

d 
1.L” 

E .- (11) 
11 na 

What is the situation for the corresponding &OH)*- 
substituted cation radical 32, which is accessible via 
McLatTerty rearrangee.lent? More than 99% of these 
radical cations eliminate C2H’, under formation of 
protonated acrylic acid as the only ionic product 
(,,)*h*“. '3r-lakllino rrvrala""'~ &g t& CiHj 

-----P ----- 

radical comprises the original C(3)/C(4) position to 
59%. and C(l)/C(2) to 41%. Deuteration of either 
C(2) or C(3) leads to specific losses of CH,CD;. thus 
precluding exchange of these positions with C( 1) and 
C(4). The latter, however, undergo a partial loss of 
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pfdtional ident&y prior to dissociations The oanplete 
anal*ofalliabettingdata~‘~sllggeststhatda19% 

the CH and CHt group. The labelling data & pro- 
vi& evidence tbAt tbe OWXall m&ion commences 

dire&y, while 8 1% undergoes a with hydrm tram& from the methykne group to 
32 * 3S prior to formation 

of 33. bot& 6fkts M tmlmIxP’k to be operative 
the ionized carhcmyMmc&ns (S’+ 36). Son 36, which 
is not an enedioi cation radicai, ddes not dissociate 

in the diaso&aW stop: for the de&rated com- to 38, but rather undergoes l,&migration of both 
po$$& -)&gj :.ah, aaL+i L- IL .&-*** tree 

~~n~rh “’ ‘JJ-‘*~ 
were obser&, which.ua~mainiy due to rc-hyb- 

hydrogen and &OH),. The former leads to the ion- 

ridization sp3 + spz in the coume of ethyl radical for- 
izctl eaediol J7 and thelatter bring8 about the degener- 

mation. 
ate isometition (36 * 36a) which accounts for the 
involvement of both original CH, group in the dis- 

CATION BADICAIS OF ZMDWYL 
BUTANOIC AND PNALIC AC@” 

The examples discussed so far involved transition 
state sizes of rearrangements characterized by the 
operation of 1,4- and 1 $-hydrogen migrations, while 
for the C(OH); group.evidence was presented that in 
addition to these familiar ring sizes 1,2-migration is 
also operative. The following examples were chosen 
to indicate that under certain circun&ances even 1,2- 
hydrogen migrations to a radical centre do occur. 

Tbe metastable 2-methyl butanoic acid cation rad- 
icals dissociate almost exclusively (98%) to CH; and 
protonated methacrylic acid (29). The thermo- 
chemically more stable isomer 38 is not formed. 
Extensive “Cc- and ‘H-labelling experiments prove 
that both original CH f groups of 35 are eliminated to 
the same extent without prior hydrogen exchange with 

sociation step 37 --, 29. E&i0137 can aiso be gen- 
erated directly via McLa&rty rearrangement, and 
labelling studies indicate that the ion generated in this 
fashion is indiStinguishable from the one formed via 
the sequence 35 -+ 36 + 37. This observation makes it 
mandatory to assume that the barrier for the dis- 
sociation step 37 + 29 is as high (if not higher) as the 
one for the I,2-hydrogen migration ; MNDO ad- 
culati~ns,~ indeed, indicate this to be the case : for the 
reaction 37 -+ 29 a barrier of cu 50 kcal mol- ’ is 
calculated, while the process 37 436 is associated 
with a barrier of ca 48 kcal mol - I. As entropy factors 
in general favour dissociation over rearrangement 
reactions it is not surprising that 36, generated 
directly, splits off the methyl group C(4) to 94%, and 
only 6% are provided by the methyl group, attached 
to C(2). As stated above, however, complete pos- 
itional loss of the two CH 3 groups is observed for 35. 
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It should be cmphasizad that th! process 36 -+ 37is 
thetirstprovatcasefortheoptra&nofatlunimol- 
ect+u, uncataiymd 12-hydqen migration to a 
t&.&j centm$:Q!? 73be _&&j irvoiing 

of gaseous C,H; which origi~lly’~ had been 
attributed to a 1,Zbydrogen migration, ‘was later 
interpreted’” as a surfaoe catalyned reaction. 

The gas phasechemistry of ionized pa&c acid (39) 
has also been studied in great detail. *Iti Metastable 
39 is found .to dissociate ,to 89% to CH; and pro- 
tonated crotonic acid (3g). Again, extensive “C- and 
*H-labelling in conjunction with CA studies allow the 

. 

following coociusions to be drawn: The it&al 
hydrogen transfer step, 39 4 40, is rate&WmKng 
and irreversible. This maction has 8 tietic isotope 
e&t, L&o = 7.ij. Consecutive i ,2-migrat.ions of the 
C(ON)f group (40 4 41) and hydrom -(41-+ 42) 
generate the enediol cation radical 4& &om which the 
dissociation takes p&e. The fact t&at the fotmaticm 
of 42 is irreversible is particularly notcwohy, bccanse 
theisotncticcation radicals36,37and3&,JI*derived 
from methylbutanoic acid are readily interconve~W. 
In contrast, ion 42, once formed, dissociates without 
rearranging back to 41. I9 This is demonstrated con- 

H JJiJ . a.. * 
H 

41 

?A nfnw: has argued that the 1,Zhydrogeo migration 
36@37 should not be viewed as an exampk for a “pure” 
radical reaction because considerable positive charge had 
been calculated for the radical amtres C(3) and C(4) in the 

ions CH,CH$I&OH)CH, and CH$HCHzE 
fOH)CH,. which any also found” to underito 12h~drom 

&igr&io~~ prior to dissociation. However,-for the q&m 
36rr37 hSND0 calculations (H. Halim and H. Schwarz, 
unoublishai reauita) clearly show that there is no positive 
dirge located at the rcqktive radical ccntrcs; for 36 we 
obtain a value of -0.16 for C(3). and for 37 a value of 
-0.03 has been calculatfd for ‘C(2). The positive charge 
resides mainly at the carbon and hydrogen atoms of the 
carboxyl group. 

$ Note, however, that cation radicals of polycyclic hydro- 
carbons upon photoexcitation may undergo 1.2~alkyl 
migrati~n.‘~ See also Ref. 2 I. 

vincingly by directly generating 42 via h&Lafferty 
rearrangement. The enediol cation radical formed in 
this fashion dissociates to 38 without having inter- 
changed the hydrogens attached to C(2)/C(3). It is 
worth recalling that neither the degenerate iso- 
merization 40 p 4Oa, nor isomerixation 40-r 37, 
nor dissociation 40 -+ 29 were found to occur. Thus, 
1 ,fhydrogcn rearrangement (40 + 49a), 1,2-alkyd 
migration (40 -P 37)$ and dissociation from a non- 
enolic cation radical intermediate (49 -+ 29) must have 
energy requirements substantially higher than that for 
the 1,Zmigration of a protanated COIH group. 

The results described in this article for the gas phase 
chemistry of ionized carboxylic acids are oot confined 
to atkyl groups bearing the. carboxyl functionality. 
Preliminary studies 1b clearly show that groups, like 
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-C(OH)X (X = OCH ,, NH2, dkyl) and the 1,3- 
dioxolanyl substituent, exert effects comparable to 
that of C(OH):. 
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