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Mass Spectra of Aliphatic Dicarboxylic Acids and
their Dimethyl Esters: Cyclic Structures for the
[M—-H,0]"" Ions from the Diacids and
[M—-MeOH]* " Ions from the Dimethyl Esters

Alex. G. Harrison, R. Krishna Mohan Rao Kallury, Ulrich J. Krull and Michael Thompson
Department of Chemistry, University of Toronto, Toronto, Ontario M5S 1A1, Canada

Methyl 2-oxocycloalkane carboxylate structures are proposed for the [M — MeOH]*" ions from dimethyl adipate,
pimelate, suberate and azelate. This proposal is based on a comparison of the metastable ion mass spectra and the
kinetic energy releases for the major fragmentation reaction of these species with the same data for the molecular
ions of authentic cyclic f-keto esters. The mass spectra of a,a,x’,a’-d,~pimelic acid and its dimethyl ester indicate
that the a-hydrogens are involved only to a minor extent in the formation of [M — ROH]** and [M — 2ROH]*"
ions, while these a-hydrogens are involved almost exclusively in the loss of ROH from the [M — RO]* ions
(R = H or CH;). The molecules XCO(CH,),COOMe (X = OH, Cl) form abundant ions in their mass spectra
with the same structure as the [M — 2MeOH]*" ions from dimethyl azelate.

INTRODUCTION

Aliphatic dicarboxylic acids are not reported to occur
widely in nature, but they are frequently encountered as
oxidation products from oils, fats and lipids.* Their pre-
sence in human fluids such as blood, serum and urine
has been demonstrated by derivatization as their
dimethyl esters followed by gas chromatography/mass
spectrometry (GC/MS).2> A compound of particular
interest is nonanedioic acid (azelaic acid), which is iso-
lated as the oxidative degradation product from a
variety of natural materials containing oleyl chains.®
This Cy-diacid, along with its esters, finds wide applic-
ability as a plasticizer and resin.’ Recently, its pharma-
cology in humans and animals has been reviewed.” In
addition, this diacid and its derivatives are used exten-
sively in the synthesis of complex organic products.®
The mass spectra of the homologous series of linear
dicarboxylic acids, HOOC(CH,),COOH, were investi-
gated by Holmes and St Jean.® An interesting feature
in these spectra is the appearance of an abundant
[M —~ 2H,0]"" ion from pimelic acid (n = 5), whose
abundance increases for the homologues n=6 and
n=7 and then decreases as the carbon number
increases further. Adipic acid (n=4) and lower
members of the series do not exhibit this ion. The
dimethyl esters of the linear dicarboxylic acids (n = 0 to
8) display a similar behaviour in their mass
spectra.!®!3 Thus, dimethyl adipate (n = 4) exhibits an
insignificant [M — 2MeOH]*" ion in its mass spec-
trum, but this ion is a major fragment ion in the mass
spectra of esters with n =5, 6 and 7, with the abun-
dance of the ion increasing in that order. Winnik'# pos-
tulated a mechanism for formation of [M — 2MeOH1*"
which involved participation of the a-hydrogens exclu-
sively. With the exception of this proposal, no other
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report deals with the structure of the [M — 2MeOH]*"
ions resulting from the dimethyl dicarboxylates.

We have investigated the mass spectra of pimelic acid
(1), azelaic acid (3) and their dimethyl esters (2 and 4,
respectively) using deuterium labelling and metastable
ion studies, with emphasis on the mechanism(s) of for-
mation and structure(s) of the [M — 2H,O]"" ions
from the acids and the [M — 2MeOH]*" ions from the
corresponding dimethyl esters (see Scheme 1). The
current study includes the dimethyl esters of adipic (5)
and suberic (6) acids for comparison. The azelaic acid
derivatives 7-10 also were included.

HOOC(CH,);COOH 1 Heptanedioic acid (pimelic acid)
MeOOC(CH,);COOMe 2 Dimethyl pimelate
HOOC(CH,),CO0H 3 Nonanedioic acid (azelaic acid)
MeOOC(CH,),CO0Me 4 Dimethyi azelate
MeQOOC(CH,),CO0Me 5 Dimethyl adipate
MeOOC(CH,),COCMe 6 Dimethyl suberate
HOOC(CH,),COOMe 7 Monomethyl azelate
MeOOC(CH,),COCI 8 Monomethyl azelate acid chloride
HOOC(CH,),CHO 9 9-Oxononanoic acid
HOOC(CH,),CH,OH 10 9-Hydroxynonanoic acid
HOOC(CH,),CO0CD, 11 Monomethyl-d ;-azelate
D;CO0C(CH,),CO0CD, 12 Dimethyl-d¢-azelate

HOOCCD,(CH,),CD,CO0H 13 aa0'0’-d,-Pimelic acid
MeOOCCD,(CH,),CD,COOMe 14 Dimethyl a,0,0".2'-d ,-pimelate

Scheme 1

RESULTS AND DISCUSSION

The low-resolution mass spectra of 7-14, hitherto unre-
ported, are presented in Table 1; the mass spectra of
1-6 were in good agreement with spectra previously
reported.>~!3 Table 2 presents the relative abundances
of the [M — RO’ —ROH]* and [M —2ROH]*
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Table 1. Low-resolution mass spectra of 7-14

Monomethyl azelate (7, RMM 202):

m/z 185 184 171 1563

%RA 15 5 15 6

miz 74 69 60 59 55
%RA 100 26 13 24 65
Monomethy! azelate monoacid chloride (8, RMM 220):
mjz 189 (191) 185 163
%RA 14 (5) 32 11
mjz 69 67 59 55 43
%RA 1" 1 53 97 43
9-Oxononanoic acid (9, RMM 172):

mjz 155 154 144 136
%RA 5 10 21 6
mjz 69 68 67 60 57
%RA 64 30 20 60 33

162
54
43
44

152
70
41
67

129
28
55
83

143
10
41
50

143

45
26

137

125
13

1M
56
43
37

126 124 111 98 97 87 84 83
6 13 24 19 14 23 26 3
124 111 98 97 87 84 83 74 69
31 31 31 23 16 3 3% 100 20
101 98 97 95 94 87 84 83 81 73
17 21 8 16 10 14 14 52 12 100
41
83

9.Hydroxynonanoic acid (10, RMM 174):

mjz 144 138 112 110 101 97 96
%RA 21 13 12 17 16 30 17
Monomethyl-d ;-azelate (11, RMM 205):

mjz 188 187 171 153 152 146
%RA 1.5 1 18 6 53 7
m/z 73 69 55 45 43 41

%RA 7 25 53 10 41 39
Dimethyl-d¢-azelate (12, RMM 222):

m/z 188 187 1563 1562 146 125 124
%RA 30 5 9 61 31 10 19
mjz 55 43 41

%RA 100 61 65

a,a,0' a - Tetradeuteropimelic acid (13, RMM 164):

m/z 147 146 145 129 128 127
%RA 3 1 0.5 15 14 6.5
mjz 74 73 72 71 63 62 60
%RA 16 19 22 14 14 64 9
Dimethyl o, 2" - Tetradeuteropimelate (14, RMM 192):

mjz 161 160 159 132 131
%RA 46 6 3 23 10
mjz 73 72 7 59 58 57 56
%RA 82 29 1 65 9 51 32

RMM, relative molecular mass; RA, relative abundance.

125

M

126

128

83 8 73 69 69 60 55 45 43 41
18 12 B3 39 35 55 100 18 26 60

124 111 104 98 97 80 84 83 77
18 26 5 17 15 28 29 36 100

98 97 90 84 83 77 76 69
11 24 33 3 63 9N 12 43

118 117 116 103 88 85 84 75
39 7 15 44 13 58 7 15
58 57
16 100

127 117 113 102 101 100 89 85 76
5 100 15 14 23 13 18 40 72
43 42 4
10 15 17

(R=H or Me) ions in the mass spectra of 1-14
expressed as a percentage of total ionization. The ratio
[M — MeO" — MeOH] " :[M — 2MeOH]*" is 5:3 for
2 and 1:7 for 4. The esters 2 and 4 both show abundant
[M — MeO’]* ions in their mass spectra, while the
abundances of the [M — HO"]* ions from the diacids 1
and 3 are insignificantly small. Further, the
[M — 2H,07]*" ion abundances for the diacids 1 and 3
are nearly the same, while that for [M — 2MeOH]*"
from dimethyl azelate (4) is three times that of the
corresponding ion from the pimelate (2). Within the
azelaic series itself (3, 4, 7, 8), the abundance of [M
— 2ROH]*" (m/z 152) from the parent acid 3 (R = H)
is only a third of the abundances of the corresponding
ions from 4, 7 and 8 (sce Table 2). In contrast, the abun-
dance of the [M — 2H,01*" ion from pimelic acid (1) is

nearly the same as that of the [M — 2MeOH]*" ion
from the pimelate ester (2). Given these chain length
dependences, it is possible that open chain structures
may not promote methanol elimination. The differences
discussed above can be interpreted as requiring an addi-
tional driving force for the pathway to [M — 2ROH]*"
(R = H or Me for 1-4, 7; [M — HCl — MeOH]™*" for 8)
beyond participation of y-hydrogens, namely cycliza-
tion.

Since pimelic acid (1) and its dimethyl ester (2) are the
first in the homologous series ROOC(CH,),COOR
(R = H or Me) to show abundant [M — 2ROH]"" ions,
the mass spectra of the deuterated analogues 13 and 14
were studied. The low-resolution mass spectra of 13 and
14 (Table 1) indicate that H,O (for 13) and MeOH (for
14) loss from the corresponding molecular ions are
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Table 2. Abundances of the [M — 2ROH]*" and [M — RO — ROH}*

ions in the spectra of 1-14

[M —2ROH]*" {R=H or Me) [M -RO - ROH]* (R=H or Me)
Compound mjz %Y. 40 mjz %Y.a0
1 124 25 125 0.6
2 124 3.0 125 4.8
3 162 35 163 0.5
4 152 10.0 153 15
5 110 01 111 100
6 138 7.0 139 1.4
7 152 10.0 163 1.0
8 152 10.0? 153 1.6°
9 136 01 Not detected
10 138 2.0 Not detected
1 152 9.0 153 0.8
12 152 8.5 153 1.3
13 128 28 129 0.4
14 128 3.0 128 3.2
2 Represents the [M — MeOH — HCI}** ion.
b Represents the [M ~ Ci ~ MeOH]* ion.
favoured by a 2:1 margin over the loss of HDO (13) or The metastable ion mass spectrum of the

MeOD (14). The metastable ion mass spectra of the
[M — ROH]"* ions (Table 3) show predominant loss of
H,0 (13) and MeOH (14). Thus, it appears that the a-
deuteria are not involved significantly in either the first
or second ROH loss from 13 (R = H) and 14 (R = Me),
in contrast to Winnik’s assumption.'* Dimethyl o,a,0,
o'-tetradeuteroadipate has been reported to lose MeOD
exclusively from its molecular ion,'? while o,,0/,o/ -tetra-
deugeroadipic acid loses only H,O from its molecular
ion.

[M — MeO]* ions from 14 contains ion signals of
equal intensities for the loss of MeOD and D,0 (see
Table 3). Similarly, equal intensities were recorded for
the ion signals corresponding to the elimination of
HDO and D,0O in the metastable ion mass spectrum of
the [M — HO]" ions from 13 (Table 3). These results
indicate that only the a-hydrogens (along with the R
group) contribute to the elimination of ROH (R = H or
Me) from the [M — RO1" ions. It is difficult to visual-
ize a mechanism for D,O loss from the [M — RO]}*

Table 3. Metastable ion spectra of selected ions from pimelic acid (1), dimethyl pimelate (2) and their deuterated derivatives 13 and

14
Pimelic acid (1)
Uni } | dv\.. {2
lon Product Neutrai
(m/z) ion (m/z) lost %
[M - OH]* 125 H,0 100
(143)
[M - H,0]* 124 H,0 50
(142) 114 co 5
97 COOH 45
[M-OH-H,0]* 97 co 100
{M-2H,0}* 123 H 5
96 co 95
a0, o -d - Pimelic acid (13)
[M - OH]* 128 HDO 52
(147) 127 D,0 45
119 Cco 3
[M-H,01* 128 H,0 55
(146) 127 HDO 15
126 D,0 3
118 co 12
101 COOH 8
100 CO +H,0 7
[M~—-2H,0]* 127 H 4

(128) 100 co 96

Dimethyl pimelate (2}
Unimolecular decomposition

lon Product Neutral
(m/z) ion (m/z) tost %

[M - MeO] * 139 H,0 a8

(157) 125 MeOH 52

[M - MeOH]* 124 MeOH 80

(156) 97 COOMe 10

[M — MeO — MeOH]* 97 co 100
(125)

[M - 2MeOH]* 123 H 5

(124) 96 co 95

Dimethyl a,0.a",«'-d ,-pimelate (14)

[M - MeO7* 141 D,0 45

(161) 128 MeOD 55

[M — MeOH]* 128 MeOH 66

(160) 127 MeOD 13

101 COOMe 7

132 cO 6

{M - 2MeOH]* 127 H 4

(128) 100 co 96
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ions from 13 and 14 if these fragment ions are represent-
ed as open chain structures.

The results discussed above are consistent with the
generation of cyclic structures (such as ¢ in Scheme 2)
obtained by the closure of distonic ions derived from
the molecular ions of 1-8 prior to fragmentation. Such a
closure requires prior hydrogen abstraction from one of
the a-carbons by an ionized oxygen at the other end of
the chain. It is known from solution chemistry!®-1¢ that
free radical reagents can abstract an a-hydrogen from
esters of the type MeOOC(CH,),COOMe and that the
rate of this reaction increases linearly with increasing

value of nn.
OR OR

i |
c=0 ** c=4u

(CHZ)n\-l (cHyY, 4
CH - H \CH‘
{
COOR COOR

¥
(I)R
c-on 1

e

+ .

(CH) 3
(I:H
COOR

Scheme 2

Initially, we attempted to adduce unequivocal evi-
dence for the formation of the rearranged structures a
by comparing the metastable ion mass spectra of the
primary fragment ions from the dimethyl esters 2, 4, 5
and 6 (they do not exhibit molecular ions) with similar
ions from the hemiacetals of the cyclic 2-oxo esters
15-18 (Scheme 3). Unfortunately, none of these hemi-
acetals are stable. As an alternative we investigated the
metastable ion mass spectra of the molecular ions from
15-18 in comparison with the metastable ion mass
spectra of the [M — MeOH]" ions derived from the
dimethyl esters 2, 4, § and 6. The data, presented in
Table 4, indicate good agreement between the meta-
stable ion mass spectra of the [M — MeOH]" ions
from the adipate (5) and suberate (6) esters and the
metastable ion mass spectra of the cyclic keto esters 15
and 17, respectively. There are substantial differences in
the metastable ion mass spectra of the [M — MeOH]*
ions derived from the pimelate (2) and azelate (4) esters
compared to the metastable ion mass spectra of the
molecular ions of the C4 (16) and C; (18) cyclic oxo
esters. The differences observed may have several
origins. Factors of 2-5 in metastable ion abundances
can arise from differences in the internal energy dis-

0 t(i ?l ?' COOMe
1" COOMe UOOM& OCOOMe @
15 16 17 18

Scheme 3

tribution of the fragmenting ions;'”'® this may be par-
ticularly important in the present case where one set of
ions involved in the comparison is formed in a disso-
ciative ionization process and the other set of ions is
formed in a simple vertical ionization process. In addi-
tion, as shown in Scheme 4, the distonic ion e, initially
formed by loss of ROH, must undergo a further hydro-
gen migration to become isomeric with the cyclic keto
ester molecular ion ¢’ and some fragmentation from the
distonic structure e may occur on the metastable ion
time-scale. In addition, the keto esters, with the excep-
tion of 15, exist, at least to a minor extent, in the enol
form in the gas phase'® and some of the observed frag-
mentation may occur from the ionized enol.

/C-OR
OR (CHZ)n—l “
+
C-OH c-C=0
/ —HZO
()’
~ROH
™ c-c=o" c-oH
-RO’ T OR (CHZ)n—l
I + ™ Cecaot
///C-OH
(CHZ)n—l
~ e
COOR
a
-ROH 1
CH CH
2 2 7+
" (CH.) ’43:/ \\\b—SH (cH )/// \\\c~o
2'p-2 /// - — 2°p-2 /// a
\CI:H \ ?H
COOR COOR
e e
Scheme 4

Further support for the identity of the structures of
the [M — MeOH]" ions derived from the esters and
the molecular ions of the cyclic keto esters comes from
a comparison of the kinetic energy releases associated
with the major metastable ion fragmentation reaction of
each species. For the [M — MeOH]" ions of 2, 4 and 6
and the moiecular ions of the corresponding keto esters
16, 18 and 17 the major fragmentation reaction is loss
of MeOH. As the results in Table 5 show, the kinetic
energy releases are the same, within experimental error,
for each pair. For the [M — MeOH]" ion derived from
5 and for the molecular ion of 15 the major metastable
ion fragmentation reaction is elimination of CO and, as
shown in Table 5, the kinetic energy releases are the
same within experimental error.

Thus, both the metastable ion abundance data and
the kinetic energy release data support the postulate
that the initial step in the fragmentation of the molecu-
lar ions of the dicarboxylic acids and their methy] esters
is a cyclization process, with subsequent elimination of
MeOH leading to a cyclic 2-keto ester ion. As shown in
Scheme 4, such a cyclization reaction also can rational-
ize the observation that the [M — MeO] " ions derived
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Table 4. Metastable ion spectra of the molecular ions from the
2-oxo cycloalkane carboxylates 15-18 and the
M — MeOH]* ions from the dimethyl dicarboxy-
lates 2,4,5and 6

Unimolecular decomposition from

Product M* of 16 [M —MeOH]* from §
ion (m/z) {m/z 142) (m/z 142)
127 10.9 1.0
114 77.8 80.7
110 8.3 9.2
83 3.0 8.0
Unimolecular decomposition from
Product M* of 17 [M - MeQH]* from 6
ion (m/z) {m/z 170) (m/z 170)
165 3.8 1.3
152 75 2.0
142 115 4.0
138 75.8 89.5
ERN 14 3.2
Unimolecular decomposition from
Product M* of 16 [M — MeOH]* from 2
ion (m/z) (m/z 156) {m/z 156)
141 7.0 5.7
138 3.2 0.6
128 8.1 1.3
124 66.8 90.3
97 16.0 1.8
Unimotecular decomposition from
Product M+ of 18 [M — MeOH]* from 4
ion (m/z) (m/z 184) {m/z 184)
169 038 -
166 37 1.2
156 218 124
155 11.2 0.9
152 41.4 77.8
142 79 1.5
141 1.7 0.7
128 0.9 —
125 1056 5.4

from 14 lose both D,0O and MeOD in metastable ion
fragmentation reactions, while the [M — OH]" ions
derived from 13 lose both HDO and D,O in metastable
ion fragmentation reactions.

EXPERIMENTAL

Compounds 1-7, 15 and 17 were obtained from Aldrich
Chemical Company and were purified by recrys-
tallization or by distillation under vacuum. The mono-
ester acid chloride (8) and 9-hydroxynonanoic acid (10)
were made by known procedures.?® Dimethyl o,a,0 '
d,-pimelate (14) was prepared by the esterification of
oo o -d,-pimelic acid (13) (MSD Products, Montreal)

Table 5. Kinetic energy release com-
parison between the M™* of
methyl  2-oxocycloalkane
carboxylates 15-18 and the
M — MeOH]* ions from
dimethyl dicarboxylates 2,
4, 5 and 6 for the loss of
methanol (loss of CO for 15

and 5)
M* or [M — MeOH]* from Tm(:H meV)
2 21.3
16 201
4 238
18 225
6 23.6
17 21.8
5 16.9
15 15.8
with methanol under standard conditions.

Dimethyl-d¢-azelate (12) was synthesized from azelaic
acid by esterification with CD,;OH. Monomethyl-
d-azelate (11) was prepared by partial demethylation of
the dimethyl-ds-azelate following a procedure for
making the unlabelled monoester.?! The cyclic 2-o0xo
esters 16 and 18 were prepared by treating cyclo-
hexanone and cyclooctanone, respectively, with
dimethyl carbonate in the presence of sodium hydride
following literature directions.?? The 9-oxo compound
(9) was made by the oxidation of 9,10-dihydroxystearic
acid.??

Low-resolution mass spectra were obtained using
either a DuPont 21-490 single-focusing mass spectro-
meter or a VG Analytical ZAB-2FQ double-focusing
mass spectrometer operating at 70 eV ionizing electron
energy and a source temperature of 200°C. Liquid
samples were introduced through a heated inlet system,
while solid samples were introduced through a direct
insertion probe. Spectra obtained on the two instru-
ments were in good agreement.

The metastable ion fragmentation reactions of se-
lected ions in the electron impact (EI) mass spectra were
examined by the mass analysed ion kinetic energy
(MIKE) spectrometric technique?*?° using the
reversed-geometry ZAB-2FQ mass spectrometer?® at 8
kV accelerating potential. The kinetic energy releases
(Ty,) associated with the unimolecular ion fragmenta-
tion reactions were evaluated from the peak widths at
half-height after correction for the main beam width
according to the relation?’

VVcorr = (lenet - Wﬁ\b)l/z
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