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SUMMARY 

Three isomeric enol ethers are among those constituents apparently unique to mouse urine as 
identified by gas chromatographic analysis. These compounds appear to be artifacts arising from 
the cyclization and dehydration of 6-hydroxy-6-methyl-3-heptanone. Identification of the tri- 
methylsilyl ether of 6-hydroxy-6-methyl-3-heptanone in the silylated ether extract of mouse urine 
indicates that the precursor keto alcohol is indeed present in the urine. Since similar heterocyclic 
compounds are often identified in urine samples analyzed by gas chromatography, formation of 
various analysis artifacts arising from analogous cyclization and dehydration reactions is likely. 

INTRODUCTION 

Numerous heterocyclic compounds have been reported as constituents of 
various physiological fluids which have been sampled by purge-and-trap tech- 
niques and analyzed by gas chromatography (GC ) [ l-91, including some (par- 
ticularly cyclic enol ethers) which would not be expected to enjoy prolonged 
existence in an aqueous environment. Accordingly, we reason that many of 
these cyclic compounds may be analysis artifacts, being formed by dehydration 
of various hydroxy ketone, hydroxy aldehyde and hydroxy acid precursors ini- 
tially present in such specimens. The high temperatures usually found in the 
injection port of a gas chromatograph can be expected to promote such dehy- 
dration reactions. 

A series of three cyclic enol ethers of the nominal molecular weight 126 are 
among those constituents unique to mouse urine [ 1,2] and whole-body odors 
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[lo]. At this stage, it is not clear whether these compounds fluctuate with 
testosterone concentration in males. However, in female mice, the concentra- 
tions of the cyclic enol ethers oscillate in accordance with the estrous cycle, 
having a higher concentration during estrus than at other phases of the cycle 
[ 11,121. Depressed urinary levels observed in pregnant and lactating mice fur- 
ther emphasize the endocrine dependency of the cyclic vinyl ethers in females 
[ 12,131. There is a possibility that these compounds may be involved in chem- 
ical communication. The substances are invariably detected among the volatile 
constituents of mouse urine obtained by purge-and-trap sampling followed by 
GC analysis [ 1,2 ] ; they have not been encountered in urine samples from other 
mammalian species analyzed in this laboratory. While their function is not 
presently clear, their ubiquitous presence in mouse urine may represent a fun- 
damental biochemical process important in the physiology of the mouse. 

The structures of these cyclic enol ethers [ 1,2], on the basis of their logical 
relationship via dehydration to the independently synthesized tautomeric mix- 
ture of 6-hydroxy-6-methyl-3-heptanone (open-chain hydroxy ketone) and 5,5- 
dimethyl-2-ethyltetrahydrofuran-2-01 (cyclic hemiacetal or lactol), are shown 
in Fig. 1. The lactol can undergo dehydration to form a double bond either 
inside or outside the ring. If dehydration occurs exterior to the ring, the re- 
sulting olefin can have a cis or tram configuration; hence, the appearance of 
three isomers with nearly identical mass spectra is explained. 

A similar reaction has been reported in the literature and is known to occur 
under the dehydrating conditions found in the injection port of a gas chroma- 
tograph [ 141. While studying the metabolism of 2-hexanone in the guinea pig, 
DiVincenzo et al. [ 141 identified 2,5-dimethyl-2,3-dihydrofuran in the sera of 
animals injected with this ketone, when the samples were analyzed by GC. It 
was further shown that the dihydrofuran derivative was a product of the de- 
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Fig. 1. Reaction scheme outlining the cyclization and dehydration of 6-hydroxy-6-methyl-3-hep- 
tanone to form the three cyclic enol ethers of molecular weight 126. 



29 

hydration of the cyclic tautomer of 5hydroxy-2-hexanone that occurred upon 
injection of the sample into the GC inlet system. 

Although Schwende et al. [2] showed that the three isomeric enol ethers 
originated from the synthetic lactol-hydroxy ketone mixture, the authors had 
not established the presence of the latter in urine. Our objective in the current 
study was to do so, as well as address the question of whether the mixture might 
be solely responsible for the abundance of the cyclic enol ethers seen in the 
purge-and-trap analysis of mouse urine. If the keto-alcohol were present at a 
concentration comparable to other urinary volatile constituents (roughly ppm 
levels [ 151) , it would be problematic to hypothesize that the keto-alcohol alone 
can account for the amounts of enol ethers observed. The keto-alcohol would 
not be expected to be sufficiently volatile, because of its molecular weight and 
rather polar nature, to be readily sparged into the Tenax pre-column; hence, 
contrary to observation, one would expect deceptively small peak areas of the 
enol ethers when analyzed by GC. 

EXPERIMENTAL 

The volatile constituents of mouse urine were analyzed by the previously 
described purge-and-trap method [ 161. Urine samples of 1 ml, containing 0.300 
g (NH4)&S04, were sparged with a 100 ml/min flow of purified helium. The 
volatile components were adsorbed on a precolumn packed with 3.0 mg Tenax- 
GC (60-80 mesh, Enka, Amsterdam, The Netherlands ). After a l-h sampling 
period, the precolumn was removed from the purge-and-trap apparatus and 
placed in the heated injection port (220-240 “C ) of a gas chromatograph. The 
volatile constituents were thermally desorbed from the Tenax precolumn for 
a lo-min period and condensed at the head of the analytical column. The col- 
umn, 70 mx250 pm I.D., coated with UCON 50-HB-2000, was temperature- 
programmed from 30 to 160°C at B”C/min. 

In order to detect the keto alcohol intermediate (Fig. 1) in mouse urine, we 
silylated the urinary extract with a mixture of hexamethyldisilazane (HMDS ) 
and trimethylchlorosilane (TMCS ) (commercially available under the name 
Tri-Sil from Pierce, Rockford, IL, U.S.A.). A 20-ml aliquot of a 24-h collection 
of male urine from the C57BL strain was used in this study. The urine was 
extracted with two equal volumes of diethyl ether. The combined ether extract 
was dried over anhydrous Na,SO, for 12 h. After removal of Na,SO, through 
filtration, the extract was concentrated, using a Kuderna-Danish apparatus, 
to a volume of about 1 ml. The concentrated urine extract was placed in a 
mixture of 1.0 ml dimethylsulfoxide (DMSO) and 300 ,ul of a 1: 1 mixture of 
HMDS and TCMS. As the reaction proceeded, the diethyl ether was slowly 
removed in successive portions over a period of 4 h with a stream of dry nitro- 
gen. At the end of the 12-h reaction period, the trimethylsilyl (TMS) deriva- 
tives were extracted with 4.0 ml of pentane. The solution was concentrated to 
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200 ~1, as measured gravimetrically, with a stream of dry nitrogen and injected 
into a gas chromatograph provided with a 20 m x 0.25 mm I.D. glass capillary 
column, coated with an SE-30 elastomer. 

A modified Varian 1400 gas chromatograph was used throughout the GC 
experiments, while the compound identification was carried out with a Model 
5980A Hewlett Packard combined gas chromatograph-mass spectrometer us- 
ing an Incas Nova 3 data acquisition system. 

Supercritical fluid chromatography (SFC ) of the synthetic mixture of cyclic 
enol ethers employed a Model 600 Series Lee Scientific (Salt Lake City, UT, 
U.S.A.) instrument. The separation was performed on a 10 m~50 pm I.D. 
capillary column containing a 0.50-pm film of methylsilicone stationary phase 
(SB-Methyl-loo, Lee Scientific). The mobile phase was supercritical nitrous 
oxide at 100’ C, and detection was accomplished by the flame ionization method. 

The donors of urine were normal male mice of the following strains: ICR 
albino (Ward’s National Science Establishment, Rochester, NY, U.S.A. ); 
BALB/cWt, C57BL, DBA/2, and AHE/J (Jackson Lab., Bar Harbor, ME, 
U.S.A. ). 

RESULTS AND DISCUSSION 

A typical chromatogram of C57BL male mouse urine is shown in Fig. 2. The 
three cyclic enol ethers are indicated by arrows above chromatographic peaks 
(identifications of other components are described elsewhere [ 1,2] ). 

Some indirect evidence for the existence of the keto-alcohol can be inferred 
by examining the peak areas of the enol ethers found during the purge-and- 
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Fig. 2. Capillary gas chromatogram of the urinary volatile components of male mouse urine. 
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trap sampling and GC analysis of various mouse urine samples. If these three 
compounds arose from independent biochemical pathways, there would be no 
reason to expect the relative peak areas to remain constant among different 
samples that originate from the animals of different strains and sex. On the 
other hand, if the keto alcohol is present in the urine and gives rise to the enol 
ethers as an artifact of GC analysis, a constant ratio of the three peak areas 
would be expected. As seen in Table I, the ratios of the peak areas of the enol 
ethers remain fairly constant among different urine samples. Table I also pro- 
vides the ratios of the enol ethers observed for the purge-and-trap sampling 
and GC analysis of three different aqueous samples spiked with 200 ppm of 
synthetic 6-hydroxy-6-methyl-3-heptanone [ 171. It is evident that these sam- 
ples decompose to give the three enol ethers with the same characteristic peak 
area ratios which are seen in the pooled urine samples. These data strongly 
argue against an independent biochemical origin of the enol ethers and toward 
the existence of a common intermediate. 

Another goal of this study was to try to match unambiguously cyclic enol 
ether structure with each of the three GC peaks. The three compounds have 
been targets for ongoing synthetic efforts in this laboratory [ 171. To date only 
one, the endo isomer, has been obtained under conditions excluding the other 
two. The tosylate derivative of 5,5-dimethyl-3-ethyl-tetrahydrofuran-3-01 was 
prepared and exposed to alumina at room temperature [ 171. Barring double- 

TABLE I 

RATIOS OF PEAK AREAS OF THE CYCLIC ENOL ETHERS FROM DIFFERENT 
URINE SAMPLES AND DIFFERENTLY PREPARED AQUEOUS SOLUTIONS OF 6-HY- 
DROXY-6-METHYL-3-HEPTANONE RELATIVE TO THE FIRST ELUTING COMPOUND 

Sample type Peak 1 Peak 2 Peak 3 

ICR normal male’ 1 .oooo 0.3157 
ICR normal male” 1.0000 0.3197 
ICR normal male’ 1.0000 0.3130 
ICR normal male” 1.0000 0.3102 
ICR normal male” 1.0000 0.3173 
ICR normal male” 1.0000 0.3097 
BALB/cWT normal maleb 1 .oooo 0.3106 
BALB/cWt castrate maieb 1.0000 0.3035 
C57BL normal maleb 1 .oooo 0.3074 
DBA/S normal maIeb 1 .oooo 0.2846 
AHE/J normal maIeb 1.0000 0.3925 
200 keto-alcohol ppm 1.0000 0.3141 
200 keto-alcohol ppm 1.0000 0.3301 
200 keto-alcohol ppm 1.0000 0.3126 

“Urine samples from different individual ICR mice. 
bPooled 24-h urine samples collected from six to twelve mice. 

0.1112 
0.1115 
0.1127 
0.1058 
0.1057 
0.1057 
0.1096 
0.1182 
0.1258 
0.0870 
0.1208 
0.1327 
0.1492 
0.1127 
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bond isomerization (observed during our synthetic efforts to be frustratingly 
facile), one should, in agreement with our subsequent gas chromatographic- 
mass spectrometric (GC-MS) result, obtain only the endo isomer. The reten- 
tion time and mass spectral characteristics of the synthetic compound matched 
the first-eluting and most abundant cyclic enol ether found in the purge-and- 
trap analysis of mouse urine. Unequivocal structure assignment has been pas- 

sible only for this cyclic vinyl ether; assignments for the other two compounds 
are not yet possible. 

Our strategy in attempting to detect the keto-alcohol intermediate in urine 
was to derivatize the molecule so as to preclude cyclization and, hence, the 
dehydration. Our choice of silylating agent for the tertiary hydroxyl group of 
the hydroxy ketone was influenced by several considerations: (1) too strong a 
silylating agent [ N,O-bis (trimethylsilyl) trifluoroacetamide or N-trimethyl- 
silylimidazole] would be expected to attack the carbonyl site of the molecule 
as well (through its enol form); (2) a common moderate agent, TMCS, even 
in the presence of HMDS, has been known to yield unwanted side-effects. 
Therefore, we settled on the method of Friedman and Kaufman [ 181 which 
employed DMSO as a solvent for silylation of tertiary alcohols. These inves- 
tigators found that the reaction of 2-methyl-2-butanol with HMDS in DMSO 
proceeded rapidly and quantitatively to completion, with the TMS derivative 
forming a separate layer on top of the DMSO layer. 

A chromatogram of the blank (Fig. 3, top) represents 40 ml of ether which 
was dried over Na,SO,, reduced in volume, and further treated in the same 
manner as the ether extract of mouse urine. The lower chromatogram in Fig. 
3 shows the TMS derivatives of the diethyl ether extract of mouse urine. The 
labeled peak primarily attracted our attention; its mass spectrum is given in 
Fig. 4. The fragmentation pattern agrees well with that expected for the TMS 
ether of the keto-alcohol, as shown by the arrows. The m/e 73 and 75 fragments 
are characteristic of mass spectra of TMS derivatives of alcohols. Other peaks 
observed in Fig. 3 correspond to additional compounds from mouse urine which 
are carried through the extraction-derivatization scheme, by-products of the 
silylation reaction, and impurities which are concentrated from the organic 
solvents and reagents. Interestingly, we found no mass spectral evidence for 
the TMS derivative of the cyclic intermediate. Evidence for any di-TMS by- 
product derivative was likewise absent. 

In the preparation for quantitation of the precursor in mouse urine, the pu- 
rity of the synthetic keto-alcohol was first evaluated. Preliminary GC-MS 
studies of the synthetic mixture indicated the presence of 4-hydroxy-4-methyl- 
pentanoic acid lactone as a major impurity, an identification which was further 
verified by infrared spectrometry. Due to the demonstrated ability of SFC to 
analyze mixtures containing labile compounds [ 19, 201, this technique was 
utilized for determining the purity of the synthetic mixture. A separation of 
the crude synthetic mixture by SFC is shown in Fig. 5. In this chromatogram, 
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Fig. 3. Chromatogram of blank (top) and the trimethylsilyl ether derivatives (bottom) of a di- 
ethyl ether extract of mouse urine. 

the lactone impurity elutes first, followed by what was initially believed to be 
the intact enol ether precursor. In a run at 75” C (not shown here ), the lactone 
impurity was followed by three peaks displaying the characteristic relative peak 
areas of the enol ethers, indicating that the keto-alcohol has undergone dehy- 
dration even under these milder chromatographic conditions. Likewise, the 
keto-alcohol was not eluted at 100” C, but now a single peak believed to contain 
all three enol ethers was observed. By comparing the peak integration of com- 
bined dehydration products with that of lactone, an estimate of 80% keto- 
alcohol and 20% lactone impurity was obtained. 

Aqueous solutions spiked with 6-hydroxy-6-methyl-3-heptanone and car- 
ried through the derivatization and analysis scheme allowed for an estimation 
of the concentration of about 160 ppm. This figure is well over 100 times those 
of the multifunctional mouse pheromones 3,4-dehydro-ero-brevicomin and 2- 
set-butyl-4,5_dihydrothiazole [ 15,21,22]. The unusually large concentration 
of the keto-alcohol precursor thus accounts for the large quantities of enol 
ethers observed during the GC analysis of the mouse urine. 
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Fig. 4. Mass spectrum of the peak labeled m Fig. 3. 

We realize the possibility exists that the derivatization reaction could have 
disturbed whatever equilibrium may exist in urine between the enol ethers and 
their precursor, resulting in ultimate conversion of enol ethers to silylated hy- 
droxy ketone. Yet, literature data indicate that 2,5-dimethyl-2,3-dihydrofuran 
is readily hydrolyzed in aqueous solution [ 231, and it has been shown by NMR 
studies that 2,4-dimethyl-2,3-dihydrofuran dissolved in deuterated chloroform 
is gradually converted to 5-hydroxy-2-hexanone upon the addition of ‘Hz0 
[ 141. We thus believe that the lactol-hydroxy ketone precursor, rather than 
the enol ethers themselves, predominates in the mouse urine. 

Verification of the artifactitious nature of the enol ethers prompted us to 
review the many diverse urine samples we have analyzed in this laboratory for 
similar types of compounds. The identification of heterocycles which could 
arise from dehydration during sampling and analysis seems to be the rule rather 
than the exception among these samples. For example, Boyer et al. [5] found 
a series of lactones to be present in the urine of pine voles. The presence of y- 
octanoic, y-nonanoic, y-decanoic, and 8-decanoic lactones may well be ex- 
plained by the cyclization and dehydration of the corresponding hydroxy acids. 
Several furan derivatives tentatively identified from human and rat urine by 
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Fig. 5. Supercritical fluid chromatogram of crude synthetic 6-hydroxy-6-methyl-3-heptanone. 

mass spectral data could likewise originate from the cyclization and dehydra- 
tion of unsaturated hydroxy aldehydes and ketones [ 6-81. Analysis of urines 
from deer, opossum, tomcat, and several special species of canids have also 
indicated the presence of various oxygen heterocycles [ 91. It is not entirely 
clear whether these ethers and lactones are present in the urine, or if they are 
formed as artifacts. However, the present study emphasizes the fact that de- 
hydration reactions of hydroxycarbonyl compounds may be of a more wide- 
spread occurrence than many investigators realize. 
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