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SUMMARY 

Positional isomers of aliphatic keto carboxylic acids (C6-C1 J) in marine aero- 
sol samples collected in the North Pacific Ocean have been identified by using cap- 
illary gas chromatography-mass spectrometry (GC-MS). The keto group was deter- 
mined to be in the y- to (w - 1)-position. These keto acids were isolated from aerosol 
filters by extraction with methanolic potassium hydroxide and derivatized to their 
corresponding methyl esters. The keto acid methyl esters were purified by silica gel 
column chromatography prior to GC and GC-MS analysis. The results showed that 
5oxoundecanoic, lo-oxoundecanoic, 5-oxononanoic, 4-oxononanoic, S-oxounde- 
canoic and 9-oxoundecanoic acids were dominant keto acids in the marine aerosol 
samples studied. This paper presents the structural identification of the positional 
isomers of aliphatic keto acid methyl esters by electron-impact mass spectrometry. 

INTRODUCTION 

In a previous studyl, we reported the discovery of a homologous series of w- 
oxocarboxylic acids from remote marine aerosol samples using gas chromatography 
(GC) and GC-mass spectrometry (GC-MS). It was suggested that these oxoacids 
were photo-oxidation products of unsaturated fatty acids in the marine atmosphere 
and surface ocean. However, many GC peaks were unidentified. in the polar fractions 
of some samples. It was hypothesized that these fractions contained carboxylic acids 
with an additional functional group. 

Recently, we succeeded in identifying these polar compounds as mid-chain 
keto carboxyhc acids. Here, we describe the isolation and structural elucidation of 
keto acid positional isomers in remote marine aerosol samples by using liquid chro- 
matography and high-resolution GC-MS methods. 

l Present address: Department of Chemistry, Faculty of Science, Tokyo Metropolitan University, 
Fukasawa, Setagaya-ku, Tokyo 158, Japan. 
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EXPERIMENTAL 

Reagents and materials 
Organic solvents were redistilled in our laboratory prior to use. Redistilled 

water was prepared by the distillation of distilled water with potassium permanga- 
nate. A 0.1 M potassium hydroxide in methanol solution was prepared after the 
surfaces of potassium hydroxide pellets were washed with methanol. Organic con- 
taminants in 6 A4 hydrochloric acid solution and 14% boron trifluoride in methanol 
(Supelco) were minimized by extracting them with dichloromethane and hexane, and 
hexane, respectively. 7-Oxononanoic acid was purchased from Aldrich. 

Silica gel (Bio-Sil A, 200+00 mesh), purchased from Bio-Rad Labs., was ex- 
tracted with methanol and dichloromethane and dried under vacuum using a rotary 
evaporator, then activated at 210°C for 24 h. The silica gel was deactivated with 
water (1% of silica gel weight) with occasional shaking and was stored in hexane 
until use. Liquid column chromatography was performed using silica gel packed with 
quartz wool in a Pasteur pipette (I.D., 5 mm; height, 4 cm; volume of the gel, ca. 1 
ml in hexane). 

Samples 
Marine aerosol samples were collected with pre-combusted (550°C) Pallflex 

quartz-fiber filters using Hi-vol air samplers in the North Pacific Ocean during R/V 
Moana Wave cruise 86-04 and 86-05. North Pacific Air Sample (NPAS) 16 was 
collected at 45557”N, 152-l 53”W on May 13-l 7, 1986. Blank filters were exposed to 
the air in the sample shelters during sample collection. Details of the sample collection 
are described elsewhere2. 

Extraction and separation 
Filter samples were extracted with 100 ml 0.1 A4 methanolic potassium hy- 

droxide under reflux for 2 h and further extracted with methanol and dichlorometh- 
ane ultrasonically. The combined extracts were concentrated to ca. 2 ml by rotary 
evaporation under vacuum; 10 ml of redistilled water was then added. Neutral com- 
ponents were removed by extraction with hexane-dichloromethane (2: 1) (3 x 8 ml); 
the remaining alkaline solution was acidified to pH ea. 1 with 6 M hydrochloric acid. 
Carboxylic acids were extracted with dichloromethane (3 x 8 ml) and the acids were 
methylated with 0.5 ml 14% methanolic boron trifluoride at 100°C for 30 min. Re- 
distilled water (5 ml) was added to the reaction mixture and the methyl esters were 
extracted with hexane (8 ml). The hexane extracts were washed with redistilled water 
(2 x 5 ml) and concentrated by rotary evaporation under vacuum followed by ni- 
trogen blow-down in a sand bath. The concentrated ester fraction was divided into 
three subfractions on a silica gel column by eluting with 5 ml hexanedichlorometh- 
ane (1:2) (fraction A-l), 9 ml dichloromethaneethyl acetate (98:2) (fraction A-2), 
and 4 ml dichloromethane-methanol (95:5) (fraction A-3). Most keto acid methyl 
esters eluted in fraction A-2, however, some (w - 1) keto acid methyl esters were 
found in fraction A-3. The subfractions were concentrated and analyzed by GC and 
GC-MS. 
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GC and GC-MS analysis 
The A-2 and A-3 fractions were analyzed on a DB-5 fused-silica capillary 

column (30 m x 0.32 mm, J & W Scientific, Folson, CA, U.S.A.) installed in a Carlo 
Erba 4160 gas chromatograph equipped with an on-column injector and a flame 
ionization detector. Hydrogen was used as a carrier gas. The column temperature 
was programmed from 80 (2 min) to 310°C at YC/min. GC-MS analyses were con- 
ducted with a Carlo Erba 4160 gas chromatograph interfaced to a Finnigan 4500 
mass spectrometer. The GC conditions were similar to those described above, except 
that helium was used as a carrier gas. Electron-impact mass spectra were obtained 
every second and stored in an INCOS 2300 data system. Electron ionization energy 
was 70 eV and ion source temperature was 100°C. 

RESULTS AND DISCUSSION 

Fig. 1 shows a gas chromatogram of fraction A-2 separated from North Pacific 
aerosol sample (NPAS-16), as well as a chromatogram of a blank filter. Although 
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Fig. 1. Reconstructed capillary gas chromatograms for (a) fraction A-2 of North Pacific aerosol filter 
sample NPAS-16 and (b) fraction A-2 of the blank filter. See Table I for peak identification. 
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fraction A-2 contains a homologous series of a,w-dicarboxylic acid methyl esters3, 
they are not the major compound class in the aerosol sample. The major peaks were 
attributed to keto acid methyl esters as shown in Fig. 1 and Table I. The order of 
elution for the methyl esters of keto acid positional isomers was 4-0~0, 5-0~0, 60x0, 
7-0~0, etc. 

Fig. 2a presents the electron-impact mass spectrum of authentic 7-oxononanoic 
acid methyl ester. A base peak at m/z 57 is present which is derived from a-cleavage 
at the keto group. a-Cleavage at the other side of the keto group yields a mass 
fragment of m/z 157, which subsequently produces an m/z 125 ion (157 - 32) by the 
elimination of methano14. In a similar way, p-cleavage at the keto group produces 
the fragment of m/z 115 and by elimination of methanol, m/z 83. 7-Oxononanoic 

TABLE I 

MID-CHAIN KETOCARBOXYLIC ACIDS DETECTED IN MARINE AEROSOL SAMPLES COL- 
LECTED IN THE NORTH PACIFIC OCEAN 

For peak No., see Fig. 1. Although all the positional isomers, except for 2-0~0 and 3-0~0 isomers, were 
detected in the aerosols, minor species are not listed here (see text for minor isomers). 

Peak No. Compound 

1 Pentanedioic acid 
2 4-Oxoheptanoic acid 
3 5-Oxoheptanoic acid 
4 Hexanedioic acid 
5 4-Oxooctanoic acid 
6 5-Oxooctanoic acid 
7 6-Oxooctanoic acid 
8 Heptanedioic acid 
9 4-Oxononanoic acid 

10 S-Oxononanoic acid 
11 6-Oxononanoic acid 
12 7-Oxononanoic acid 
13 Octanedioic acid 
14 5-Oxodecanoic acid 
15 8-Oxodecanoic acid 
16 9-Oxodecanoic acid 
17 Nonanedioic acid 
18 4-Oxoundecanoic acid 
19 5-Oxoundecanoic acid 
20 6Oxoundecanoic acid 
21 7-Oxoundecanoic acid 
22 I-Oxoundecanoic acid 
23 9-Oxoundecanoic acid 
24 lo-Oxoundecanoic acid 
25 Decanedioic acid 
26 Undecanedioic acid 
27 4- and 5-Oxotridecanoic acids 
28 6-, 7- and 8-Oxotridecanoic acids 
29 9- and lo-Oxotridecanoic acids 
30 1 1-Oxotridecanoic acid 
31 12-Oxotridecanoic acid 
32 Dodecanedioic acid 
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Fig. 2. Mass spectra of 7-oxononanoic acid methyl ester for (a) authentic standard and (b) marine aerosol 
sample NPAS- 16. 

acid methyl ester also produces a mass fragment of m/z 72, which is a McLafferty 
rearrangement ion for (o - 2)-keto acid methyl esters. The molecular ion (m/z 186) 
can be seen in the spectrum as well as m/z M - 3 1, which is a common fragment ion 
of methyl esters. Fig. 2b presents the mass spectrum for the 7-oxononanoic acid iso- 
lated from marine aerosol sample NPAS-16, fraction A-2. The spectrum of the sam- 
ple is identical with that of the authentic standard. Identification of 7-oxononanoic 
acid methyl ester was further confirmed by co-elution of the sample with that of the 
standard by GC. 

Identification of other positional isomers of the Cg keto acids was performed 
by examining their mass spectral fragmentation (Fig. 3). 4-Oxononanoic acid methyl 
ester yields a major McLafferty rearrangement ion (m/z 130) and its secondary ion 
m/z 98 (130 - CHJOH). a-Cleavage between Cq and C5 produces a fragment ion of 
m/z 115. Another a-cleavage between C3 and Cq produces ions of m/z 99 and m/z 
87. The 5-0~0 isomer shows an intense McLafferty rearrangement ion at m/z 144 
(130 + 14) and its methanol-eliminated fragment (m/z 112), as well as a-cleavage 
ions at m/z 87, 85, 101 and 129 (Fig. 3b). By contrast, the 6-0~0 isomer yields only 
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Fig. 3. Mass spectra of the positional isomers of C9 keto acid methyl esters separated from marine aerosol 
sample NPAS-16. (a) 4-Oxononanoic acid methyl ester, (b) S-oxononanoic acid methyl ester, (c) 6-0x0- 
nonanoic acid methyl ester, (d) S-oxononanoic acid methyl ester. 

a weak McLafferty rearrangement ion (m/z 158) due to the keto group at (w - 3) 
position. However, the 6-0~0 isomer produces characteristic a-cleavage ions at m/z 
71 and 143. The m/z 143 ion yields a methanol-eliminated ion (m/z 111). On the other 
hand, (w - 2)- and (o - 1)-keto esters do not exhibit McLafferty rearrangement 
ions at the ester position. Instead, they yield McLafferty rearrangement ions (e.g. 
m/z 58) characteristic of a keto group position. The 8-0~0 isomer has an intense CI- 
cleavage ion at m/z 43 (not shown in Fig. 3d) as well as a b-cleavage ion at m/z 129. 

C1 1 keto acids were major compounds detected in fraction A-2 of the marine 
aerosols. Fig. 4 shows mass spectra for the positional isomers of mid-chain C1 1 keto 
acid methyl esters. Generally, 01-, @- and other cleavage ions have odd-numbered 
masses whereas McLafferty ions give even-numbered fragment ions. When the keto 
group is located in the center of the molecular chain, mass spectra were characterized 
by a strong McLafferty rearrangement ions as well as its CH30H-elimination ion: 
m/z 144 and m/z 112 for Soxoundecanoic acid methyl ester, m/z 158 and m/z 126 
for 6-oxoundecanoic acid methyl ester, and m/z 172 and m/z 140 for 7-oxoundecanoic 
acid methyl ester. When the keto group positions are near the terminal end of the 
molecule, McLafferty rearrangement ions are generally weak or absent and instead 
a- and P-cleavage ions dominate (see Fig. 4 for 8-oxoundecanoic acid, 9-oxounde- 
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Fig. 4. Mass spectra of the positional isomers of C , 1 keto acid methyl esters separated from marine aerosol 
sample NPAS-16. (a) 5-Oxoundecanoic acid methyl ester, (b) 6-oxoundecanoic acid methyl ester, (c) 7- 
oxoundecanoic acid methyl ester, (d) 8-oxoundecanoic acid methyl ester, (e) 9-oxoundecanoic acid methyl 
ester, (f) IO-oxoundecanoic acid methyl ester. 

canoic acid, and IO-oxoundecanoic acid methyl esters). McLafferty ions at m/z 58, 
m/z 72, m/z 86 are also characteristic fragments of (o - l)-, (o - 2)- and (w - 3)- 
keto acid methyl esters, respectively (Fig. 4). 

Using the characteristic mass fragments discussed above, we identified posi- 
tional isomers for Cs-C15 keto acids with keto group positions ranging from y(C-4) 
to o - 1. However, 2-0x0- and 3-oxocarboxylic acids were not detected in the aerosol 
samples. In addition, w-oxoacid methyl esters were not detected. They were, however, 
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identified as acetal esters in fraction A-3 since w-0x0 acids were derivatized to acetal 
methyl esters during boron trifluoride-methanol treatments. Although keto groups 
of oxocarboxylic acids are stable during acid treatmenP, very minor amounts of 
(U - 1)-0x0 acids (less than 1%) were found as ketal methyl esters as a result of 
addition of methanol to the keto group. They were identified by their characteristic 
mass fragment ion at m/z 89 [CH&+(OCH&]. 

Positional isomers of keto acid methyl esters up to C1 1 are very well separated 
on a fused-silica DB-5 capillary column. However, some higher carbon numbered 
positional isomers, e.g. 9-oxotridecanoic acid methyl ester and IO-oxotridecanoic acid 
methyl esters, co-elute from the capillary GC column. Because the number of posi- 
tional isomers increases with an increase in carbon chain length of the molecule, GC 
separation is difficult for isomers of high molecular weight. Mass chromatography 
with a specific mass fragment ion either from a MeLafferty rearrangement or a- 
cleavage is potentially a powerful technique to detect individual positional isomers 
of higher-molecular-weight keto acids. For example, mass fragment ions of m/z 115, 
m/z 129, m/z 143, and m/z 157 (a-cleavage) yields the mass chromatograms for the 
homologous series of 4-0~0 acid, 50x0 acid, 60x0 acid and 7-0~0 acid methyl esters, 
respectively. 

The mid-chain keto acids (C6Cr5) studied here have not been reported in 
remote marine atmospheric samples, although 4-oxopentanoic acid has been detected 
in continental aerosols’ and lo-oxoundecanoic and 13-oxotetradecanoic acids have 
been detected in ancient sediments*. Mid-chain keto acids have been reported in 
plants, however, they are of higher molecular weight: C16-CZsg. Since we have not 
found a specific biogenic source for the mid-chain C6-C1 5 keto acids in marine aero- 
sols, it is likely that they are photo-oxidation products of biogenic compoundslo. 

CONCLUSIONS 

Mid-chain keto acids (C6-Cr5) have been isolated from aerosol samples and 
were identified by capillary GC-MS. The locations of the keto group were found at 
C-4 to (o - I)-positions of the carboxylic acids. Mass spectra of keto acid methyl 
esters were characterized by a predominance of a-cleavage and McLafferty rearrange- 
ment ions; the intensity of these ions depended on the position of the keto group. 
These characteristic ions provide a useful mass chromatographic technique to detect 
homologous series of keto acids with keto groups at specific sites. 
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