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Abstract The identification of epoxide regioisomers of arachi- 
donic acid (EETs) as methyl esters is difficult because they co- 
elute during gas chromatography and possess similar mass spec- 
tra. In the present study, EETs and their hydrolysis products, 
dihydroxyeicosatrienoic acids (DHETs), were analyzed as penta- 
fluorobenzyl ester derivatives and their properties were com- 
pared to other esters. The four EET regioisomers were not 
resolved by gas chromatography as pentafluorobenzyl, tri- 
methylsilyl, I-butyldimethylsilyl, or methyl esters. However, 
after being hydrolyzed to DHETs, three of the four regioisomers 
were resolved as (/is)-t-butyldimethylsilyl ether, pentafluoro- 
benzyl esters. The fourth regioisomer (5,6-DHET) was resolved 
after being converted to a 6-lactone. Thus, the EETs could be 
resolved by capillary gas chromatography once converted to 
DHETs. Pentafluorobenzyl esters of both EETs and DHETs 
(15-40 ng) provided diagnostic spectra when analyzed by elec- 
tron ionization mass spectrometry. The mass spectral interpreta- 
tions that indicated epoxide and diol positions were validated using 
synthesized EETiDHET [17,17,18,18-d,, 5,6,8,9,11,12,14,15 d8] stan- 
dards. Lesser amounts of DHETs (5-150 fg) also indicated 
molecular weights when analyzed in the negative-ion chemical- 
ionization mode. In summary, EETs in nanogram quanti- 
ties were identified as pentafluorobenzyl esters using electron 
ionization mass spectrometry. EETs in femtogram-to-picogram 
quantities were also identified after conversion to DHETs and 
analysis by gas chromatography-mass spectrometry in the nega- 
tive ion-chemical ionization mode.-VanRollins, M., and H. R. 
Knapp. Identification of arachidonate epoxides/diols by capil- 
lary chromatography-mass spectrometry. J. Lipid Res. 1995. 36: 
952-966. 
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phospholipids (4). A sensitive method to identify small 
amounts of endogenous EETs is thus critical to establish 
the presence of these eicosanoids in tissues. 

To analyze EETs by gas chromatography-mass spec- 
trometry (GC-MS), the four regioisomers must first be 
isolated by reversed-phase and normal-phase HPLC be- 
cause they are poorly resolved by capillary GC, at least as 
methyl or pentafluorobenzyl esters (5, 6). Due to the low 
sensitivity of UV detection and adsorptive losses, stan- 
dard HPLC techniques require pg amounts of EETs and 
other fatty epoxides (7,  8). Once isolated, ng amounts of' 
EETs can be used to establish the molecular weights when 
pentafluorobenzyl esters are analyzed by GC-MS in the 
negative ion-chemical ionization (NICI) mode (6). How- 
ever, due to a lack of chromatographic resolution, this 
GC-MS approach does not differentiate between in- 
dividual isomers possessing the same molecular ion. Like- 
wise, GC-MS studies on EET methyl esters using con- 
ventional electron ionization techniques do not readily 
differentiate the regioisomers because the ions indicating 
the position of the oxirane ring occur at low masses and/or 
are weak in intensity (< 3%) (9). When the methyl esters 
are ionized by CS2", one fragment (150-220 m/z) is in- 
tensified that characterizes the oxirane ring position (10). 
Unfortunately, the amount of EET required for this novel 
ionization technique is unknown. In contrast to methyl 
esters, use of the picolinyl esters of EETs and conventional 
electron ionization techniques results in spectra that are 
readily diagnostic, Le., identify the oxirane ring position 
with ions of moderate mass and intensity (11). However, 

The  metabolism of arachidonic acid by cytochrome 
P450 monooxygenases results in three types of products: 
epoxyeicosatrienoic acids (14,15-, 11,12-, 8,9-, and 5,6- ~ . 

EETs); 20- and 19-hydroxyarachidonic acid; and cls-trans 
hydroxyeicosatetraenoic acids such as 12-(R)- 

HETE (1, 2). TO date, only the EETs have been reported 
to occur in 1.0 nM as unesterified acids, and 
300 nM as phospholipid esters in lipoproteins (3). The 
EETs in solid tissues also occur primarily esterified to 

Abbreviations: EET, epoxyeicosatrienoic acid; DHET, dihydroxy- 
eicosatrienoic acid; HPLC, high performance liquid chromatography; 
GC-MS, gas chromatography-mass spectrometry; NICI, electron cap- 
ture negative chemical ionization; ECL, equivalent chain length. 

'To whom reprint requests should be addressed at: Division of Clinical 
Pharmacology, Department of Internal Medicine, C31-0 GH, Univer- 
sity of Iowa, Iowa City, IA 52242 
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in our hands this technique lacks reproducibility unless 
pg quantities are derivatized (8). In the present report, a 
method to identify EETs in fg to pg quantities is described. 

EXPERIMENTAL 

Derivatization 

Deuterated arachidonic acids [17,17,18,18-d4 and 
5,6,8,9,11,12,14,15-d8] were purchased from Medical Iso- 
topes (Concord, NH) or were a generous gift from Mr. 
Eric Petty (Vanderbilt University). EET standards were 
purchased from Cayman Chemical Co. (Ann Arbor, MI) 
or synthesized using standard methods (7, 8). DHETs 
were prepared by acid-catalyzed hydrolysis of EETs with 
yields ranging from 63- to 94% (8). Catalytic hydrogena- 
tion was done as before using 5% Rh on A1203 to 
minimize hydrogenolysis (12). Methyl, trimethylsilyl, t -  
butyldimethylsilyl, and pentafluorobenzyl esters were 
prepared by standard methods (6, 13, 14). Diazomethane 
was synthesized using a macro-generator (Aldrich Chem- 
ical Co., Milwaukee, WI). The t-butyldimethylsilyl chlo- 
ride, N-methyl-N-trimethylsilyltrifluoroacetamide, and 
1% t-butyldimethylsilylimidazole in dimethylformamide 
were purchased from Aldrich Chemical Co., Pierce 
Chemical Co. (Rockford, IL), and Supelco (Bellefonte, 
PA), respectively. All solvents used were Optima grade 
(Fisher Chemical Co.). 

Capillary gas chromatography and mass spectrometry 

EET and DHET derivatives were examined using two 
Hewlett-Packard quadrupole systems: models 5970B 
(MSD) and 5989A (Engine). Studies of various ester 
types were done with the 5970B interfaced to a 5980 GC 
with on-column injector U&W, Rancho Cordova, CA). 
Samples were dissolved in 1.0 p1 isooctane or tridecane 
and injected into a wall-coated (0.25 pm film of dimethyl- 
polysiloxane; DB-1, J&W), fused-silica column [0.25 mm 
(i.d.) x 28 m]. The linear velocity of carrier gas 
(99.9999% helium) was 25 cm/sec with the oven at 230OC. 

One min after injection, the oven temperature was 
ramped 70°C/min from 90°C (isooctane) or 225OC 
(tridecane) to a final constant temperature. The transfer 
line was maintained at 5OC above final oven temperatures. 

A Hewlett-Packard 5989A, interfaced to a 5980 GC 
(Series 11) with on-column (“duckbill”) injector and 
programmable flow rates, was used for analysis of penta- 
fluorobenzyl ester derivatives. The temperatures of the 
ion source and the analyzer were 2OOOC and 100°C, re- 
spectively. Electron ionization experiments (70 eV) were 
carried out using a linear velocity of 60 cm/sec, and a 
DB-1 column (0.25 mm (id.) x 6 m with a 0.25 pm thick 
film). Negative ion-chemical ionization (230 eV) studies 
(NICI) were done using methane at 1.6 torr. Samples 
were dissolved in 1.0 p1 isooctane and injected into a wall- 
coated (0.25 pm film of 5% diphenyldimethylpolysiloxane; 
DB5-MS, J&W), fused-silica column [0.25 mm (Ld.)]. For 
optimal sensitivity, a 15-m column with helium flowing at 
90 cm/sec was used; 1.0 min after injection, the oven tem- 
perature was ramped from 90°C at 30°C/min to 280OC. 
For optimal resolution, a 60-m column with helium flow- 
ing at 24 cm/sec was used; 1.0 min after injection, the 
oven temperature was ramped from 23OOC at 70°C/min 
to 300OC. 

To characterize the retention times of various deriva- 
tives, a plot of carbon number versus log (retention time) 
was generated using 20:0, 21:0, 22:0, 23:0, 24:0, 25:0, 
26:0, and 27:O as methyl, trimethylsilyl, t-butyldimethyl- 
silyl, and pentafluorobenzyl esters. Individual equivalent 
chain length (ECL) values were determined from the in- 
terpolated log,, (retention times). 

Signal-to-noise measurements (root mean square) were 
performed using the Hewlett-Packard software. 

RESULTS AND DISCUSSION 

Gas chromatographic properties 

EEE. The ECLs of the pentafluorobenzyl esters of the 
four EET regioisomers ranged from 20.47 to 20.57, which 

TABLE 1.  The equivalent chain lengths (ECL) of DHETs as determined by capillary gas chromatography 

(bts)Trimethylsilyl Ether, (bL)Tnmethylsilyl Ether, (bir)Trimethylsilyl Ether, (bir)-l-Butyldimethylsilyl Ether, (bis)-r-Butyldimethylsilyl Ether, (bir)-I-Butyldimethylsilyl Ether, 
Reaioisomer Methyl Ester‘ Trimethylsilyl Es te t  Pentafluorobenzyl Este; Methyl Estera r-Butyldimethylsilyl Esterd Pentafluorobenzyl Ester‘ 

14,15-DHET 22.72 22.59 22.37 26.96 26.85 26.80 
11,12-DHET 22.54 22.40 22.19 26.75 26.59 26.55 
8,9-DHET 22.54 22.38 22.16 26.76 ’ 26.49 26.49 
5,6-DHET 22.65 (22.92)’ 22.46 (21.85)’ 22.21 (18.17)’ 26.86 (23.14)y 26.49 (19.42)y 26.44 (18.61y 

“-lrarious derivatives of synthetic DHETs were injected onto a non-polar column, and eluted isothermally at 250°‘,2600b, 280°‘, 290°d, and 
295’C‘,respectively. A plot of carbon number versus log (retention time) was generated using fatty acid standards of the same ester type, and ECL 
values were determined from the interpolated log (retention times). 

’The value in parentheses is for the 6-trimethylsilyl-5-lactone and is relative to fatty acid standards as methyl, trimethylsilyl, and pentafluorobenzyl 
esters. 

YThe value in parentheses is for the 6-~-butyldimethylsilyl-5-lactone and is relative to fatty acid standards as methyl, t-butyldimethylsilyl, and pen- 
tafluorobenzyl esters. 
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were distinctly less than the methyl (20.89-20.93); 
trimethylsilyl (20.85-21.76), and t-butyldimethylsilyl 
(20.85-21.06) esters. Thus, determination of the ECL of 
pentfluorobenzyl and methyl ester derivatives permits a 
chromatographic identification of EETs as a group. 
Hydrogenation increased the EET retention times, e.g., 
to 21.52-21.65 for the methyl esters. Yet, hydrogenation 
yielded little improvement in the separation of individual 
EETs. Thus, the use of pentafluorobenzyl and methyl 
esters permits only the chromatographic identification of 
EETs as a group. However, the ECLs of regioisomers are 
too close to differentiate individual EETs. 

DHETS. The diol regioisomers were better resolved 
than the parent epoxides. The retention times of various 
ester derivatives were greatest when the vicinal diol oc- 
curred close to either end of the molecule (Table 1). This 
effect of diol position was most pronounced in the methyl 
ester series, and was true whether the diols were deriva- 
tized as trimethylsilyl or t-butyldimethylsilyl ethers. The 
difficult to separate 8,9-DHET and 11,12-DHET were 
nearly baseline-resolved when derivatized as the t-butyl- 
dimethylsilyl ether, pentafluorobenzyl esters (Fig. 1, 
Table 1). Thus, three of the four DHETs could be resolved 
by capillary GC after conversion to t-butyldimethylsilyl 
ether, pentafluorobenzyl esters. 

Whether 5,6-DHET and 5,6-EET occur in vivo is un- 
certain, largely due to technical difficulties in their 
analyses (15). When biological samples are concentrated 
at pH 7.4, 5,6-DHET acid-catalyzes its own lactonization 
with formation of a stable, six-membered ring (6). More- 
over, when derivatized for 16 h at 25OC under basic condi- 
tions [N-methyl-N-trimethylsilyl-trifluoroacetamide and 

400 

200 

600 8oo f 
- 

- 

0 + 

pyridine (13)], at least 5-10% of 5,6-DHET is converted 
to a 6-lactone (data not shown). Once the C6 hydroxy 
group is silylated, the 6-silylether, 1,5-lactone product 
elutes before the external ester (Table 1, bottom row). The 
one exception to this elution pattern is the 6-trimethyl- 
silylether, 1,5-lactone which comes after the correspond- 
ing (bzs)trimethylsilylether, methyl ester. In each series 
described in Table 1, the 5,6-DHET lactone was readily 
resolved from the other DHET regioisomers. Thus, pre- 
treating 5,6-DHET with acid and trimethylsilylation of 
the resulting product permitted the chromatographic 
identification of 5,6-DHET. 

Like 5,6-DHET, 5,6-EET also spontaneously forms 
6-hydroxy-1,5-lactone and this conversion is catalyzed by 
acid; less than 10% of 5,6-EET remains intact when in- 
cubated 4 ha t  25OC in the presence of dilute aqueous acid 
(data not shown). Upon silylation and capillary gas chro- 
matography, the 1,li-lactone is readily resolved from exter- 
nal esters of DHET (Table 1). Depending upon the type 
of silyl moiety at C6, the &lactone elutes either before (6-t- 
butyldimethylsilylether-1,5-lactone) or after (6-trimethyl- 
silylether-1,5-lactone) the corresponding 5,6-EET ester. 
Perhaps more importantly, either 1,5-lactone derivative is 
readily resolved from the other three EET regioisomers 
(Table 1). Thus, treating 5,6-EET with acid and forming 
a 6-t-butyltrimethylsilylether-1,5-lactone allows the chro- 
matographic identification of 5,6-EET. Because, under 
these same conditions, the other three EET regioisomers 
form DHETs that can be converted to pentafluorobenzyl- 
esters and separated by gas chromatography (Fig. l), all 
four EET regioisomers may be chromatographically 
identified once converted to t-butyldimethylsilyl ethers. 

1 I, 12-DHET 

14 .15-DHET 

10 15 20 25  30 35 

Time (min) 
Fig. 1. Gas chromatography of DHET regioisomers. DHETs (82 pg each) were converted to a (his)-t-butyl- 
dimethylsilyl ether, pentafluorobenzyl ester, injected into a 60 m non-polar column, and chromatographed isother- 
mally at 300°C. The m/z 565 (M-C,F,CH,) was monitored in the negative-ion, chemical (CH,) ipnization mode. 
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spectrometry. The electron ionization spectrum of 6-t- Mass spectral properties of EETs and DHETs as 
lactones (internal esters) butyldimethylsilyl ether-1,5-lactone was diagnostic (Fig. 

As noted above, both 5,6-DHET and 5,6-EET were 2A) and readily interpretable. A molecular weight of 434 
converted by acid-catalyzed hydrolysis to a common was established by multiple fragments: d' 434 (M), 419 
product, the 6-hydroxy-1,5-lactone. For further identifica- (M-CH3), 377 (M-C[CH3I3), and 359 (M-[C[CH,], + 
tion, the lactone product was silylated, gas chromato- HZO]). The molecular weight plus prominent ions 
graphed, and subjected to electron ionization mass like m/z 73 ([CH,],Si), 75 (HOSi[CH3],), and 131 

100 

75  

50 

25 

0 
100 200 300 400 

Mass/Charge A 

100 

75 

50 

25 

0 

i 201 I I 
I 

100 200 300 400 

B Mass/Charge 
Fig. 2. Electron ionization (70 eV) mass spectra of (A) 6-t-butyldimethylsilyl- and (B) 6-trimethylsilyl- 1,5-lactones 
of 5,6-DHET. 
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(OSi[CH3],C[CH3J3) indicated that a single t-butyldimethyl- 
silyl moiety had been added to the lactone (16). Fragments 
335 (CH3[CHz]4[CH=CHCHz]3CHOSi[CH3]zC[CH3]3), 
333 (CH3[CH&[CH=CHCHz]&HOSi[CH3]2C[CH3]3- 
H2), and 243 (M-CH3[CH2I4[CH=CHCH2l3) also indi- 
cated that the OSi[CH3I2C[CH3l3 was in ether linkage at 
Cg. The intensity of the 243 fragment was much greater 
than that of m/z 335, probably because of two factors: a 
loss of two hydrogen atoms at Cfi and C, from m/z 335 
generated a stable conjugated diene byproduct (m/z 333), 
and m/z 243 delocalized the positive charge over three 
oxygen atoms while m/z 293 and 291 only localized the 
charge over a single oxygen (12). Because of such intense 

fragments, the spectra of the 6-t-butyldimethylsilylated, 
1,5-Iactone was strikingly different from that of other EET 
and DHET regioisomers (see below). 

The electron ionization spectrum of 6-trimethyl- 
silylether-1,5-lactone was also diagnostic (Fig. 2B) and 
readily interpretable. A molecular weight of 392 was indi- 
cated by m/z 392 (M), 377 (M-CH3), 359 (M-[CH3 + 

[ C H3 ] ,Si0 H), 2 81 (M -C H3( C H&C H = C HC H z), and 
2 5 5 (M-C H3[ C H2] 4C H = C H2C H sC H = C H) (16). Like- 
wise, the presence of a single trimethylsilyl group was 
indicated by a prominent m/z 73 ([CH3I3Si) and weaker 
m/z 75 (HOSi[CH,],), 103 (CH2=OSi[CH3I3), 117 

HZO]), 305 (M-CHS[CH2]+CH=CHCH2), 302 (M- 

100 200 300 400 500 100 200 300 400 500 

Mass I Charge Mass I Charge 

327 

100 200 300 400 500 

Mass I Charge 

Fig. 3. Nepative Ion Chemical (CH,) Ionization (NICI) mass spectra 
of the pentafluorobenzyl ester of 14,15-EET (A) protium, (B) [17,17,18,18- 
d,], and (C) [5,6,8,9,11,12,14,15-da] isotopes. 
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(CH2CH20Si[CH3I3), and 129 (CH2 =CHCH,OSi[CH,l3). 
The trimethylsilyl group was bound to C6 in ether 
linkage, as suggested by m/z 293 (CH3[CH2I4[CH= 
CHCH2]3CHOSi[CH3]3), 291 (CH3[CH2],[CH=CHCH2]3 
CHOSi[CH3I3-H2), and 201 (M-CH3[CH2I4[CH= 
CHCH,],). The intensity of the 01 fragment 201 was 

I -x20 
386 (I 1.4%) - 100 E 

a, 

m a 
E 
1 50 

x 

9 
a, > 
crl 
.3 .L - 

100 200 300 400 500 

Mass I Charge 

r -'12 

100 200 300 400 500 

Mass I Charge 

C 

much greater than that of m/z 293, probably because of 
the same two factors discussed above: m/z 201 having 
more capacity than m/z 293 and 291 to delocalize the posi- 
tive charge, and the formation of m/z 291 at the expense 
of 293 (12). In summary, both the chromatographic prop- 
erties and the electron ionization spectra of the 5,6-EET 

r -'12 

100 200 300 400 500 

Mass I Charge 

i t  

7- ----) X 25 

'i'l 309 (7.1%) 

I 

100 200 300 400 500 

Mass I Charge 

Fig. 4. Electron ionization mass spectra of the pentafluorobenzylester of (A) 14,15-, (A) 11,12-, (C) 8,9-, and (D) 5,6-EEI. 
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and 5,6-DHET &lactones are characteristic, and readily 
differentiated from the other EET and DHET regio- 
isomers. Absent in the 5-HETE &lactone (16), the 
presence of a silyl group at c6 directs the major cleavage 
to occur between C6 and C7. 

Mass spectlal properties of EETs and DHETs as 
pentafluorobenzyl esters: NICI spectra of 
EET-pentafluorobenzyl esters 

An important consideration in metabolite identification 
is the minimum amount of sample required for mass 
spectral identification. To determine this limit, standards 
were injected in decreasing amounts until the relative in- 
tensities of diagnostic ions changed by more than 15%. 
Under our experimental conditions, the proportions of 
major diagnostic ions were altered before diagnostic ions 
of ca. 2-396 relative intensity disappeared from the spec- 
trum, Le., the weaker diagnostic ions became less than 3 
times the background intensity. At this minimum concen- 
tration, the signal-to-noise level for the summed ions 
(total ion current) was recorded for correlative purposes. 

The NICI spectra of the four EETs resembled pub- 
lished results (6, 17-19). Moreover, 20 pg of each EET 
was enough to duplicate the relative intensities of m/z 319, 
303 and 301 generated with 200 ng EET. At 20 pg, the 
total ion current produced a signal-to-noise ratio of 29 & 
8 to 1.0. The spectra from 14,15-, 11,12-, and 8,9-EET 
regioisomers contained the following fragments in com- 
mon: 482 (M-H,O; 0.0-0.1% relative intensity), 480 

303 (M-OCH2C6F5; 8.2-13.8%), and 301 (M-[CH&~FS + 
(M-[H,O+H,]; 0.0-O.l%), 319 ( M - C H ~ C ~ F S ;  loo%), 

H,O]; 13.6-29.0%) (Fig. 3A). To validate the spec- 
tral interpretations, synthetic deuterated DHET stan- 
dards were studied. As predicted, the masses of m/z 480 
(or 4-82.), 319, 303, and 301 increased by 4 daltons when 
EETs[17,17,18,18-d4] were examined (Fig. 3B). Likewise, 
m/z 319 and 303 increased by 8 daltons in the spectra of 
all EETs[5,6,8,9,11,I2,14,15-ds] (Fig. 3C). However, de- 
pending upon the regioisomer, varying amounts of HDO 
were lost, and the m/z 301 and 480 fragments would in- 
crease by only 7 daltons instead of 8 daltons (Fig. 3C). 
Together, these mass shifts validated the spectral interpre- 
tations, and confirmed a common molecular weight of 
500 for all four EET regioisomers. A molecular weight of 
500 was also evident when 150 fg was injected and only 
m/z 319 was monitored; at this level of injectate, the signal- 
to-noise of the total ion peak was 31 & 5 to 1.0. 

Electron ionization spectra of EET-pentafluorobenzyl 
esters 

Pentafluorobenzyl esters of eicosanoids are normally 
examined in the NICI mode because of high sensitivity, 
and because the (M-CH2C6F5) fragment tends to be the 
base peak (see above). We tested whether pentafluoro- 
benzyl esters provide additional structural information 
when subjected to electron ionization by conventional 
techniques, as done earlier for 5-HETE (20). Unlike the 
NICI spectra, the electron ionization spectra were diag- 
nostic, that is, standards of the four EETs could be 
differentiated (Fig. 4). All the spectra contained ions that 
identified the 500 molecular weight: m/z 500 (M; 0.2- 

r - - X 2 0  

100 200 300 400 500 

Mass I Charge 

v loo r 

B 

100 200 300 400 500 

Mass I Charge 

c ---r437 
I H 

115:---s--&392 
I !  

L--->409 
D f  I Mwt 508 1 

Fig. 5. Electron ionization mass spectra of the pentafluorobenzyl ester of 14,15-EET (A) [17,17,18,18-dn], and (B) [5,6,8.9,11,12,14,15-d,] isotopes. 
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1.5%), 482 (M-HzO; 0.5-1.2%), 332 (M-[C~FS+H]; 
0.0-1.9%) and 301 (M-[C6F5CH2+H20]; 1.4-2.9%). 
However, in contrast to the NICI spectra, the electron 
ionization spectra indicated the position of the oxirane 
ring. Fragments in the 14,15-EET spectrum indicated 
cleavages (Y to the oxirane ring: 429 (M-CH3(CH2),), 411 
(M-[CH3(CHz)++ Hzo]), 386 (M-CH~(CHZ)~CH(~)CHZ), 
and 113 (CH3(CHZ),CH(O)CH) (Fig. 4A). Other 
fragments indicated transannular cleavages: 401 (M- 
CH3(CH2)&O) and 99 (CH3(CH2)4CO) (21, 22). Com- 
parable ions in the spectra of the other EET regio- 
isomers similarly suggested alpha and transannular 
cleavages, and thus oxirane ring positions: 11,12-EET 
389 (M-CH,(CHZ)4CH=CHCH2), 361 ([CH,],[CH= 

CHC~2~,(CH2)3CooCHzCg,), 346 (CH[CH=CHCH2]2- 
( C H Z ) ~ C ~ H ~ C ~ F S ) ,  and 153 (CHs(CH&CH=CHCH2- 
CH(0)CH) (Fig. 4B); 8,9-EET: 349 (M-CH3(CH2)4- 

193 (C H3(C H2)4[ C H =C HC H2] pC H(0)C H) and 150 
(CH,(CH2),CH = CHCH2CH = C HCH) (Fig. 4C); and 

[CH=CHCH,]*), 337 (M-CH~(CHZ)~[CH=CHCHZ]&), 

5,6-EET 309 (M-CH3(CHz)+[CH=CHCH2]3), 297 
(M-CH3(CH&[CH=CHCH,],C), 281 (M-CH3(CH&- 
[CH=CHCH2]3CO), 233 (CH3(CHz)4[CH=CHCHz]3- 
C H( 0)C H), 219 (C H3(C H2)4[ C H = C HC H2] &O), 203 
(CH3(CH2)4[CH=CHCH2]3C) and 190 (CH3(CH&- 
[CH = CHCH2I2CH=CHCH), respectively (Fig. 4D). 
Due to these cleavages, the electron ionization spectra 
were diagnostic and readily differentiated between the 
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Fig. 6. NICI mass spectra of the (hi)-trimethylsilyl ether, penta- 
fluorobenzyl ester of 14J5-DHET (A) protium, (B) [17,17,18,18-d,], and 
(C) [5,6,8,9,11,12,14,15-da] isotopes. 
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E E T  standards. However, it should be emphasized that 
when biological samples are analyzed, some of the diag- 
nostic ions that occur in low intensity may not be readily 
detectable due to matrix contributions. 

To validate the above interpretations (which were based 
on spectra derived from methyl and picolinyl esters, as 
reviewed in ref. 7), deuterated EETs were synthesized, 

converted to pentafluorobenzyl esters, and similarly ana- 
lyzed. In the spectrum of 14,15-EET[17,17,18,18-d,], m/z 
500, 482, 301, and 99 increased by four daltons, but 
m/z 429, 411, 401, and 386 did not increase in size 
(Fig. 4A vs. Fig. 5A). In the spectrum of 14,15- 
EET[5,6,8,9,11,12,14,15-d8], m/z 500, 482, 429, and 401 
ions increased by eight daltons while m/z 411, 386, 332, 
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Fig. 7. Electron ionization mass spectra of the (his)-trimethylsilyl ether, pentafluorobenzyl ester of (A) 14,15-, (Bj ll,lZ-, (Cj 8,9-, and (Dj 5,6-DHET. 
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and 301 increased to 418, 392, 336, and 307, respectively; 
m/z 99 remained unaltered (Fig. 4A vs. Fig. 5B). In addi- 
tion to confirming the molecular weights, the ion shifts 
documented that m/z 429, 411, 401, 386, and 113 charac- 
terized the position of the oxirane ring. Moreover, spectra 
of the d8 standards demonstrated that not all hydrogen 
atoms in the water losses came from the oxirane ring car- 
bons: 418 = 508-[CH3(CH2)4+HOD], 419 = 508- 
[CH3(CH2)++ H 2 0 ] .  Comparable results were obtained 
when deuterated standards of the other three EET regio- 
isomers were also examined (data not shown). Thus, the 
electron ionization spectra of EET pentafluorobenzyl 
esters contained fragments that identified the oxirane 
position, and may, depending upon the contributions 
from the biological matrix, be used to differentiate be- 
tween isomers. Moreover, 40 ng of each EET was enough 
to generate a full electron ionization spectrum; the cor- 
responding signal-to-noise ratio was 126 _+ 12 to 1.0 for 
the four regioisomers. 

NICI spectra of (bis) trimethylsilyl ether-DHET-PFB 

Two hundred fifty pg of each DHET was enough to 
generate a representative spectrum; under these circum- 
stances, the signal-to-noise ratio for the corresponding 
total ion current averaged 20 to 1 for the regioisomers. AS 
shown for 14,15-DHET (Fig. 6A), each DHET spectrum 
contained m/z 481 (M-CH2C6F5, loo%), 409 (M- 
[CH2C6F5 +CH,=Si(CH,),]; 4.8-8.8%), 393 (M- 

100 200 300 400 500 600 

Mass I Charge 

2794- - - ,  
I 
I 

-----+591 

[OCH,C6F5+CH2=Si(CH3)2]; 0.2-0.5%), 391 (M- 
[CH2C6F5+ HOSi(CH3)3]; 0.1-0.2%), 319 (M-[CH2C6F5+ 
CH2=Si(CH3)2+HOSi(CH3)3]; 1.6-4.7%), 303 (M- 
[OCH2C6F5+ CH2=Si(CH3)2+HOSi(CH3)3]; 0.9-1.9%), 
and 301 (M-[CH2C6F5 + 2 x HOSi(CH,),]; 1.1-2.0%). 
In contrast to previous results (6), the present spec- 
tral interpretations were validated using synthetic, deu- 
terated DHET standards. In the spectrum of 14,15- 
DHET[17,17,18,18-d,], the masses of the fragments all in- 
creased by 4 daltons (Fig. 6B), suggesting that these frag- 
ments do not lose carbons from the methyl end. Likewise, 
in the spectrum of 14,15-DHET[5,6,8,9,11,12,14,15-d~], 
fragments 481, 409, 393 increased by 8 daltons (Fig. 6C), 
and indicated that they possessed an intact carbon skele- 
ton. In contrast, m/z 391, 319, 303, and 301 increased by 
both 7 and 8 daltons, and documented that deuterium 
atoms from C I 4  and CIS,  as well as protium atoms from 
non-contiguous carbons, were lost as DOSi(CH3)3 and 
HOSi(CH3)3, respectively. Comparable patterns of mass 
shifts were noted when spectra from the three other 
DHET regioisomers were examined (data not shown). 
Thus, in addition to the base peak m/z 481, multiple 
minor fragments in the NICI spectra confirmed the 
molecular weight of 662. When only m/z 481 was moni- 
tored, 5.0 fg DHET was enough to generate a detectable 
peak with a signal-to-noise ratio of 15 to 1.0. Thus, 5.0 fg 
of the (bix)trimethylsilyl ether, pentafluorobenzyl ester 
derivative was sufficient to establish a DHET molecular 
weight of 662. 

I- - X 25 
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Mass / Charge 
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r----*599 

Fig. 8. 
[5,6,8,9,11,12,14,15-d8] isotopes. 

Electron ionization mass spectra of the (his)-trimethylsilyl ether, pentafluorobenzyl ester of 14,15-DHET (A) [17,17,18,18-d+], and (R)  
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Electron ionization spectra of (bis) trimethylsilyl 
ether-DHET-PFB 

Fifteen ng of each DHET generated a representative 
electron ionization spectrum that was associated with a 
total ion current signal-to-noise ratio of 260 to 1.0. In con- 
trast to NICI spectra, the electron ionization spectra were 
diagnostic and this derivative permitted differentiation of 
the regioisomers (Fig. 7). As found for the NICI spectra, 
the electron ionization spectra revealed a molecular 
weight of 662 for all four regioisomers: 662 (M), 647 
(M-CH3), 572 (M-(CH,),SiOH), and 483 (M-C7F5). In 
addition, the electron ionization spectra contained ions 
that reflected cleavages CY to the trimethylsilyl ether 
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Mass / Charge 

- 
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pi-i* 0 

+ +  Ipzq A 

573 
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Mass / Charge 

groups. Thus, in the spectrum of 14,15-DHET, the posi- 
tions of the trimethylsilyl ether groups were indicated by 
m/z 591 (M-CH3(CHz)4), 501 (M-[CH3(CH&+ 
HOSi(CH3),]), 489 (M-CH3(CH2)4CHOSi(CH3)3), 460 
(M-CH3(CH&CHOSi(CH3)3CHO), 399 (M-[CH3(CH2)+- 
CHOSi(CH3)3+HOSi(CH3)3]), 386 (M-[CH3(CH2)+- 
[CHOSi(CH3)3]2+H]]), 381 (M-[CH3(CH2),CHO+ 
CHZC~F,]), 275 (CH,(CH2)4[CHOSi(CH3)3]2), 185 (CH,- 
(CH~)4[CHOSi(CH3),],-HOSi(CH3),)) and 173 (CH,- 
(CH2)+CHOSi(CH3)3) (Fig. 7A). The d z  460 and 381 
fragments may have reflected cleavages following the 
migration of a (CH3)3Si moiety to the carbonyl oxygen 
based on studies involving (hi)-trimethylsilyl ether, methyl 
esters (see references in ref. 12). The trimethylsilyl ethers 

3 W loo r 
c 

100 200 300 400 500 600 700 

Mass f Charge 

B + +  

Fig. 9. NICI mass spectra of the (bir)-f-butyldimethylsilyl ether, 
pentafluorobenzyl ester of 11,lZ-DHET (A) protium, (B) [17,17,18,18-d+], 
and (C) [5,6,8,9,11,12,14,15-d8] isotopes. 
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also directed electron-induced cleavages for pentafluoro- (M-[CH3(CH2)4CH = CHCH2 + 2 x HOSi(CH,),]), 359 
benzyl esten of the other EET regioisomers, and there- (C[CH&H=CH]2(CH2)3COOC6F5), 315 (CH3(CH2),- 
fore facilitated the identification of the original (uic)diol CH=CHCH2[CHOSi(CH3)3]2), 225 (CH3(CH2)4CH = 
position: 11,12-DHET 551 (M-CH,(CH2)4CH=CHCH2), CHCH2CHOSi(CH3),C), and 213 (CH3(CH2),CH = 
461 (M-[CH3(CH2),CH=CHCH2 + HOSi(CH3)3]), CHCH2CHOSi(CH3),) (Fig. 7B); 8,9-DHET 511 (M- 
449 (M-CH3(CH2)4CH=CHCH2CHOSi(CH3)3), 420 CH3(CH2),[CH=CHCH2],), 482 (M-CH3(CH2),[CH= 
( M-CH3(CH2),CH =CHCH2CHOSi(CH3)3CHO), 3 71 C HCHzIpCHO), 421 (M-[CH3(CH2)4[CH = CHCH2I2 + 
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Mass I Charge 

359 4---- : 399 +--I 
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Fig. 10. 
5,6-DHET. 

Electron ionization mass spectra of the (hi)-t-butyldimethylsilyl ether, pentatluorobenzyl ester of (A) 14,15-, (B) 11,12-, (C)  8,9-, and (D) 
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HOSi(CH,),]), 409 (CHOSi(CH3)3CH2CH=CH(CH2)3- 
COOCH2C6F5), 380 (CH2CH=CH(CH2)3COSi(CH3)3- 
OC H,CsF5), 3 5 5 (M-C H2C H C H(C H2)3COOC H2- 
CsF5), 265 (M-[CH2CH=CH(CH2)3COOCH2CsFS+ 
HOSi(CH3),]), 253 (CH3(CH2)4[CH=CHCH2]2- 
CHOSi(CH3)3), and 163 (CH3(CH2)4[CH=CHCH2]2C) 
(Fig. 7C); and 5,6-DHET 471 (M-CH3(CH2)4[CH= 
CHCH2I3), 442 (CHOSi(CH3)3(CH2)3COSi(CH3)3- 
OCH2C6F5), 395 (CH3(CH2)4[CH=CHCH2]3[CHOSi- 
(CH3)3]z), 381 (M-[CH~(CHZ)~[CH=CHCH*]~+ 
HOSi(CH,),]), 369 (CHOSi(CH3)3(CH2)3COOCH2- 
CsF5), 293 (CH3(CH2)4[CH=CHCH2]3CHOSi(CH3)3), 
and 279 (C(CH2)3COOCH2C6F5) (Fig. 7D), respectively. 
Thus, the electron ionization spectra of (bis)trimethylsilyl 
ether, pentafluorobenzyl esters of DHETs were diagnostic 
for the individual regioisomers. 

Synthetic, deuterated DHET standards were used to 
validate the interpretations of the electron ionization 
spectra. In the spectrum of 14,15-DHET[17,17,18,18-d4], 
m/z 662, 647, 572, 483, 275, 185, and 173 increased by 
4 daltons, while m/z 591, 501, 489, 460, 399, and 381 did 
not increase in size (Fig. 7A vs. Fig. 8A). In the spectrum 
of 14,15-DHET[5,6,8,9,11,12,14,15-d8], m/z 662, 647, 591, 
572, 501, and 483 increased by 8 daltons, while m/z 489, 
460, 399, 381, 275, 185, and 173 increased only to 
496 (M -C H3(C H2)4CDOSi(C H3)3), 466 (M-C H3( C H2)4- 
CDOSi(CH3)&DO), 405 (M-[CH3(CH2)4CDOSi(CH3)3+ 
DOSi(CH,),]), 388 (M-[CH3(CH2)4CDO+CH2C6F5]), 
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Mass I Charge 

403 +----7 
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y----+ 635 

277 (CH3(CH2)4[CDOSi(CH3)3]2), 187 (CH3(CH2)+- 
[CDOSi(CH,),]2-HOSi(CH3)3), and 174 (CH3(CH& 
CDOSi(CH3)3), respectively (Fig. 7A vs. Fig. 8B). The 
mass shifts confirmed the above interpretations and estab- 
lished that fragments 591, 501, 489, 460, 399, 381, 275, 185, 
and 173 identified the CI4Cl5 diol position. Comparable 
mass shift patterns were noted when the three other DHET 
regioisomers were studied (data not shown). Thus, penta- 
fluorobenzyl esters when analyzed in the electron ionization 
mode established both the molecular weight of DHETs and 
the position of the vicinal diol. 

NICI spectra of (bis)-t-butyldimethylsilyl 
ether-DHET-PFB 

An injection of 420 pg of DHET was adequate to gener- 
ate a representative NICI spectrum, which was associated 
with a total ion current signal-to-noise of 14 to 1.0. As illus- 
trated for 11,12-DHET in Fig. 9A, the spectra of DHETs 
contained the following m/z in common: 565 (M-CH2C6F5; 

435 (M-[CC6FS + HOSi(CH3),C(CH3)3], 0.2-0.4%); 433 
(M-[CH2CsF5+HOSi(CH,)2C(CH3)3]; 0.3-0.7%), 319 
(M- [ C H2C sF5 + HOSi(C H3)2C( C H3)3 + (C H3)3C Si( C H3) = 
CH,]; 2.3-4.6%), 303 (M-[OCH2C6F5+HOSi(CH3)2- 
C(CH3),+(CH3)&Si(CH3)=CH2]; 1.5-2.1%), and 301 
(M-[CH2C6F5 + 2 x HOSi(CH3)2C(CH,)3]; 2.2-3.2%). 
The NICI spectral interpretations were validated using syn- 
thetic, deuterated DHET standards. In the spectrum of 

loo%), 451 (M-[CH2C$5 + 2 x C(CH,),]; 2.2-3.2%), 
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Fig. 11. 
[5,6,8,9,11,12,14,15-ds] isotopes. 

Electron ionization mass spectra of the (hir)-l-butyldimethylsilyl ethrr, pcntafluorobenzyl ester of 11,lP-DHET (A) [17,17,18,18-d,], and (R)  
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11,12-DHET[17,17,18,18 d4], the mass of each of the above 
fragments increased by 4 daltons (Fig. 9B), suggesting that 
they did not lose C,, and c18 with attached deuterium 
atoms. Similarly, fragments 565, 451, and 319 increased by 
8 daltons in the spectrum of 11,12-DHET[5,6,8,9,11,12,14,15- 
d ~ ]  (Fig. 9C), and indicated that these fragments essen- 
tially retained the original carbon skeleton. In contrast, 
the weaker m/z 435, 433, 303, and 301 increased by both 
7 and 8 daltons, and suggested that deuterium atoms 
from CI1 and CI2, as well as protium atoms from non- 
contiguous carbons, may have been lost as DOSi(CH3)z- 
C(CH3)3 and HOSi(CH3)2C(CH3)3, respectively (Fig. 
9C). Similar mass shift patterns were noted in the spectra 
of the other DHET regioisomers (data not shown). Thus, 
in addition to the base peak m/z 565, the minor fragments 
in each NICI spectrum confirmed the 746 molecular 
weight. When only m/z 565 was continuously and selec- 
tively monitored, 50 fg (bir)-t-butyldimethylsilyl ether, 
pentafluorobenzyl ester DHET was adequate to establish 
the molecular weight of each DHET with a signal-to- 
noise ratio of 92 to 1.0. Nevertheless, none of the NICI 
spectra differentiated between the four DHET regio- 
isomers. However, because up to 80 pg of each DHET 
regioisomer was well resolved by capillary GC (Fig. l), fg 
to pg quantities of individual DHETs could therefore be 
identified by capillary gas chromatography and mass 
spectrometry in the NICI mode. 

Electron ionization spectra of (bis)-t-butyldimethylsilyl 
ether-DHET-PFB 

Twenty three ng of each DHET was enough to generate 
a full electron ionization spectrum (Fig. 10) that cor- 
responded to a total ion current signal-to-noise of 115 to 1.0. 
As with the NICI spectra, the electron ionization spectra 
contained ions that indicated a molecular weight of 746: 

(M-OSi(CH3)2C(CH3)3; 0.0-0.3 %), 557 (M-[C(CH3)3 + 
HOSi(CH3)2C(CH3)3]; 0.0-0.6%), and 483 (M- 
[HOSi(CH3)2C(CH3)3 +0Si(CH3),C(CH3),]; 4.1-19.8%). 
Additional fragments were also present in the electron 
ionization spectra that reflected CY cleavages to vicinal 
t-butyldimethylsilylether groups. For example, the spec- 
trum of 14,15-DHET contained m/z 543 (M-[CH3(CH2)4+ 
HOSi(C H3)2C( CH3)3]), 531 (M-C H3( CH2)4C HOSi(C H3)y 
C(CH3),), 399 (M-[CH3(CH2)4CHOSi(CH3)2C(CH3)3+ 
HOSi(CH3)2C(CH3)3]), 359 (CH3(CH2)4[CHOSi(CH3)2- 
C(CH3)3]z), 227 ( C H ~ ( C H Z ) ~ ( C H ~ ~ ~ ( C H , ) Z C ( C H , ) , ~ ~  - 
HOSi(C H&C( C H 3)3), and 2 15 (C H3(C H2)4C HOSi( C H3)2- 
C(CH3),) (Fig. 10A). The spectrum of 11,12-DHET con- 
tained m h  635 (M-CH3(CH2),CH=CHCH2); 577 

[ C H3( C H2)4CH =CHC H2 + HOSi(C H3)2C( CH3)3]), 491 
(M-CH,(CH&CH = CHCH2CHOSi(CH3)2C(CH3)3), 399 
(CH3(CH2)4CH=CHCH2[CHOSi(CH3)2C(CH3)3]2), 341 

746 (M; 0.0-O.l%), 689 (M-C(CH,),; 1.6-10.5%), 615 

(M-[CH3(CH2)4CH=CHCH2+HC(CH3)3]); 503 (M- 

(CHCH=CHCH2[CHOSi(CHS)2C(CH3)3]2), 267 (CH3- 
(CH2)4CH=CHCH2CHCHOSi(CH3)2C(CH3)3CH), and 
255 (CH3(CH2),CH =CHCH2CHOSi(CH3)2C(CH3)3) (Fig. 
10B). The spectrum of 8,9-DHET contained the diagnostic 

(CH2)4[CH=CHCH2]2+HO(CH3)2SiC(CH3)3]), 451 
(M-CH3(CH2)4[CH=CHCH2]2CHOSi(CH3)2C(CH3)3), 
439 (M-CH,(CH,),[CH = CHCH2]2[CHOSi(CH3)2C(CH3)3]2), 

HC(CH3),), 307 (CH3(CH2)4[CH=CHCH2]2[CHOSi(CH&- 
C(CH3)3]2-HO(CH3)2SiC(CH3)3), and 295 (CH3(CH2)+- 
[CH = CHCH2]2CHOSi(CH3)2C(CH3)3) (Fig. lOC). Fi- 
nally, the spectrum of 5,6-DHET contained d z  555 
( [CHOSi(CH3)2C(CH3)3] 2(CH2)3COOCH2C6F 5), 423 
( [CHOSi(CH3)2C(CH&]&H2)3COOCH2C6F5-HOSi(CH3)2- 
C(CH,),), 411 (CHOSi(CH3)2C(CH3)3(CH2)3COOCH2- 
C6F5), 353 (CHOSi(CH3)2C(CH3)3(CH2)3COOCH2- 

CHOSi(CH3),C(CH3),), 291 ([CHOSi(CH3)2C(CH3)3]2 
(CH2)3COOCH2C6F,-2 x H0Si(CH3),C(CH3),), and 
203 (CH3(CH2)4[CH=CHCH2]3CHOSi(CH3)2C(CH3)3- 
HOSi(CH3),C(CH3),) (Fig. lOD). Thus, analogous to the 
trimethylsilylethers, the t-butyldimethylsilyl ethers directed 
electron-induced cleavages for the pentafluorobenzyl esters 
and generated diagnostic spectra of individual DHETs. 

Deuterated standards were used to validate the inter- 
pretations of the electron ionization spectra of the t- 
butyldimethylsilyl ether derivatives. In the spectrum of 
11,12DHET[17,17,18,18-d,], m/z 689, 557, 483, 399, 341, 
267, and 255 increased by 4 daltons while m/z 635, 577, 
503, 491, 181 (C6F&H2), 147 (CH2=Si(CH3)0Si(CH2)- 
(CH3)0H) and 73 (OSi(CH3)=CH2) did not increase in 
size (Fig. 10B vs. Fig. 11A). As expected from the spectral 
interpretations, those fragments that increased by 4 dal- 
tons contained C17 and c18, whereas fragments without 
mass increases did not contain these carbons and their 
attached deuterium atoms. In the spectrum of 11,12- 
EET[5,6,8,9,11,12,14,15-d8], ody  d. 697 (M-C(CH3)C) and 
491 (M-[OSi(CH3)2C(CH3)3+HOSi(CH3)2C(CH3),] 
showed an 8 dalton increase (Fig. 10B vs. Fig. 11B). How- 
ever, m/z 564 (M-[C(CH3)3 +DOSi(CH3)2C(CH3)3] showed 
a 7 dalton increase, while d z  641 (M-CH3(CH2),CD= 

and 509 (M-[CH3(CH2)4CD=CDCH2+HOSi(CH3)2- 
C(CH3),]) demonstrated a 6 dalton increase. Moreover, 
m/z 496 (M-CH3(CH2)4CD=CDCH2CDOSi(CH3)2- 
C(CH3)S) showed a 5 dalton increase, while m/z 403 
(CH3(CH2)4CD=CDCH2[CDOSi(CH3)2C(CH3)3]2, 345 
(CHCD=CDCHZ[CDOS~(CH~)~C(CH~)~]~, and 271 
(CH3(CH2)4CD=CDCHCDOSi(CH3)2C(CH3)3CD) or 
m/z 258 (CH~(CHZ)~CD=CDCH~CDOS~(CH~)~C(CH~)~) 
demonstrated 4 or 3 dalton mass increases, respectively. 
The predictability of the above mass shifts validated our 
interpretations of the non-deuterated compounds. Thus, 
the electron ionization spectra of t-butyldimethylsilyl 

m / ~  595 (M-CH3(CH2)4[CH=CHCH2]2), 463 (M-[CHs- 

381 (CH,(CH&[CH=CHCH2]2[CHOSi(CH3)2C(CH3)3]2- 

C6F5-HC(CH3)3), 335 (CH3(CH2)4[CH=CHCH2]3- 

CDCHZ), 583 (M-[CH3(CH&CD=CDCH:!+HC(CH3)3]), 
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ether, pentafluorobenzyl esters produced diagnostic a n d  
readily interpretable spectra of the four DHET regio- 
isomers. Moreover, DHETs could still be identified by the 
more conventional electron ionization techniques, even 
when the necessity for higher (ng) amounts  reduced the 
gas chromatographic resolution of the regioisomers. 

In summary, only n g  quantities of EET regioisomers as  
pentafluorobenzyl esters were required for identification 
by GC-MS when examined in  the electron-ionization 
mode. In contrast to  other derivatives, the spectra of the 
pentafluorobenzyl esters had multiple diagnostic ions in  
the high mass range with moderate to  low intensities. 
Significantly lesser amounts  of EETs (femtogram-to- 
picogram) could also be  identified when EETs were first 
converted to DHETs and analyzed as  (hi)-t-butyldi- 
methylsilyl ether, pentafluorobenzyl esters. Comparisons 
with the spectra of standards generated in  this report a n d  
analysis of the pentafluorobenzyl esters in both positive 
a n d  negative ion modes dur ing  capillary gas chromatog- 
raphy will facilitate the identification of endogenously 
produced EETs and DHETs . l  
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