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ABSTRACT 

Several ions in the mass spectra of wax 
esters were related to the molecular struc- 
tures. Assigned structures of ions were 
confirmed by deuterium labeling. A 
simple, direct method for quantitative 
analyses of mixtures was developed. The 
method involved a comparison of sets of 
three ions, RCO2 H+, RCO2H2 + and 
[R'-I]  + from all compounds in the mix- 
ture. The method was found applicable 
for mixtures of unsaturated wax esters 
a f t e r  r e d u c t i o n  with tetradeuterio 
hydrazine. 

INTRODUCTION 

The mass spectra of esters of  long chain 
fatty acids and short chain alcohols (1) and of 
short chain acids and long chain alcohols (2) 
have been thoroughly studied and reviewed 
(3,4). Although they occur widely in nature, 
esters of long chain acids and alcohols have 
received much less attention and the mass 
spectrum of only one such wax ester has been 
published (3) previously. Wax esters are en- 
countered in the lipids of a wide variety of 
species and they occur in a range from C 26 to 
C40 and in a variety of isomers. The mass 
spectra of a series of synthetic wax esters were 
measured and studied for the purposes of ident- 
ification and of quantification of individual 
components in mixtures of such esters. The 
spectra of some specifically labeled wax esters 
were recorded to determine the atomic com- 
position of some ions. 

Shorthand formulae for wax esters have 
been used, i.e., hexadecyl octadecanoate is 
denoted as 16-18, listing the alcohol moiety 
first. However, in the general formula RCO2R' , 
R and R' are the alkyl moieties of the acyl 
group and the alcohol group, respectively. 
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EXPERIMENTAL PROCEDURES 

The mass spectra were obtained on a Hitachi 
Perkin-Elmer RMU-6D instrument at 70 eV and 
a pressure of approximately 10 -7 torr. Wax 
esters, individually or in mixtures, were intro- 
duced through the direct inlet system. The 
spectra were recorded at temperatures that gave 
constant total ion concentration between 60 C 
and 250 C, depending on molecular weight. 
High resolution mass spectra were measured on 
an AEI MS9 double focussing mass spectro- 
meter. 

Mixtures of wax esters were analyzed by 
temperature-programmed gas chromatography 
mass spectrometry, using a 0.3 x 90 cm column 
packed with Gas Chrom P (100-120 mesh) 
coated with 2% Versamid 900. 

Long chain acyl chlorides and alcohols were 
purchased from The Hormel Institute Lipids 
P r e p  aration Laboratory. Deuterium-labeled 
fatty acids and 2,2-dideuteriotetradecanol were 
prepared as previously described (5). 1,1-Di- 
d e u t e r i o - o c t a d e c a n o l  was prepared by 
r educ t ion  of methyl octadecanoate with 
lithium aluminum deuteride (6). Wax esters 
labeled in the acyl moiety were synthesized by 
heating a mixture of the labeled fatty acid and 
an excess of the long chain alcohol at about 1 
mm and 80-90 C for 3-4 hr in the presence of 
p-toluenesulfonic acid as catalyst. Other wax 
esters, nonlabeled or labeled in the alcohol 
m o i e t y ,  were  synthesized as previously 
described (7), or were prepared by treating the 
alcohol with excess acyl chloride for 3-4 hr at 1 
mm and 60 C. The esters were purified by 
preparative thin layer chromatography (TLC) 
and recrystallized twice from petroleum ether. 
Yields and melting points are given in Table I. 

A synthetic mixture of isomeric unsaturated 
wax esters, octadecyl octadec-9-enoate, 56.5 
mg, and octadec-9-enyl octadecanoate, 64.1 
rag, was reduced with tetradeuterio hydrazine 
as previously described (8,9). Residual un- 
reacted wax esters amounted to about 20%, 
judging from a peak at m/e 534, and were 
removed by subjecting a 20 mg portion to 
ozonolysis (10). The mass spectrum of the 
product (10.1 mg) which was obtained after 
preparative TLC, had no peak at the molecular 
weight of the parent unsaturated esters (m/e 
534) but a prominent molecular ion for the 
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TABLE I 

Melting Points and Yields o f  Wax Esters a 

5 0 3  

Ester Alcohol-acid Melting points,  C Yield 

Octadecyl 2,2-dideuteriotetradecanoate 18-14(2,2-d2) 51.8 84% 
Octadecyl 3,3-dideuteriopentadecanoate 18-15(3,3-d2) 55.2-55.6 90% 
Octadecyl 4,4-dideuteriohex adecanoat  e 18-16(4,4-d2) 59.5-60 62% 
1,1-Dideuteriooctadecyl octadecanoate 18(1,1-d2)-I 8 52.5-52.9 95% 
2,2-Dideuteriotetradecyl octadecanoate 14(2,2-d2)-18 61.5-61.8 60% 
Octadecyl dodecanoate 18-12 43.5-44 59% 
Octadecyl decanoate 18-10 37.5 43% 
Dodecyl octadecanoate  12-18 44.4-44.8 74% 
Decyl octadecanoate 10-18 37.5-38 74% 
Octyl octadecanoate 8-18 32 66% 
Hexyl octadecanoate 6-18 27.5-28 61% 
Butyl octadecanoate 4-18 27 59% 
Propyl octadecanoate 3-18 30.5-31 33% 

aSee also reference 7. 

d i d e u t e r i o -  a d d i t i o n  p r o d u c t  ( m / e  536) .  

RESULTS AND DISCUSSION 

S t e n h a g e n  et  al. (3 )  f o u n d  t h e  d i a g n o s t i c a l l y  
i m p o r t a n t  i o n s  M +, R C O 2 H 2  +, CO2 R '+  a n d  
[ R '  - 1 ] + .  O u r  d e u t e r i u m - l a b e l e d  a n d  n o n -  
l abe l ed  w a x  es te r s  p r o d u c e d  i o n s  a g r e e i n g  w i t h  
t h e  p r e v i o u s l y  p o s t u l a t e d  (3 )  s t r u c t u r e s .  In  
a d d i t i o n ,  five m o r e  c h a r a c t e r i s t i c  i o n s  w e r e  
o b s e r v e d  a n d  t h e i r  s t r u c t u r e s  h a v e  b e e n  p o s t u -  
l a t ed .  T h e  e l e m e n t a l  c o m p o s i t i o n s  o f  t h e s e  i o n s  

we re  c o n f i r m e d  b y  h i g h  r e s o l u t i o n  m e a s u r e -  
m e n t s  in t h e  case o f  octadecyl o c t a d e c a n o a t e  as 
f o l l o w s :  i o n  [ R C O 2 H - p r o p y l ]  +, m e a s u r e d  
2 4 1 . 2 1 6 2 5 ,  c a l c u l a t e d  2 4 1 . 2 1 6 7 4 ;  [ R � 9  +,  
2 5 2 . 2 8 0 9 6 ,  2 5 2 . 2 8 1 6 8 ;  R C O  +, 2 6 7 . 2 6 7 1 0 ,  
2 6 7 . 2 6 8 8 0 ;  R C O 2  H+,  2 8 4 . 2 7 2 1 2 ,  2 8 4 . 2 7 1 7 3 ;  
R C O 2 H 2  +, 2 8 5 . 2 7 8 4 5 ,  2 8 5 . 2 7 9 5 4 ;  CO2 R ' + ,  
2 9 7 . 2 7 8 7 2 ,  2 9 7 . 2 7 9 5 4 ;  C H 2 = C O H - O R  '+, 
3 1 3 . 3 0 8 9 0 ,  3 1 3 . 3 1 0 5 5 .  

RCO2H2 + 

T h i s  i o n  was  f o u n d  t o  be  t h e  b a s e  p e a k  in  all  

TABLE II 

Intensities of  Characteristic Ions Containing the Alcohol Moiety in Mass Spectra of  Saturated Wax Esters, 
RCO2R' ,  Expressed as Per Cent of  RCO2H2 + to Indicate Dependence of  Abundance  Upon Chain Length 

/ O H  /OH 2 
Wax ester [R ' - I ]  + CO2 R'+ CH2=C\o+_R CH2=CNo+R 

- �9 - t 

Alcohol Acid Mass Intensity Mass Intensity Mass Intensity Mass Intensity 

18 14(2,2-d2) 252 21.9 297 5.0 314 1.3 315 1.2 
18 15(3,3-d2) 252 25.4 297 6.0 312 1.2 313 1.5 
18 16(4,4-d2) 252 24.6 297 6.2 313 1.2 314 2.2 

18(1,1-d2) 18 254 29.8 299 7.1 314 1.5 315 2.7 
14(2,2-d2) 18 a 43.9 a 243 7.2 258 1.9 259 5.0 

18 10 252 17.7 297 4.3 312 0.8 313 0.3 
18 12 252 20.5 297 5.0 312 1.0 313 0.6 
18 14 252 22.7 297 4.8 312 1.1 313 1.1 
18 16 252 26.3 297 6.1 312 2.3 313 1.8 
18 18 252 27.7 297 6.6 312 1.4 313 2.7 
16 18 224 36.6 269 6.7 284 b 285 b 
14 18 196 53.0 241 12.8 c 256 1.4 257 5.5 
12 18 168 70.5 213 8.5 228 1.5 229 6.4 
10 18 140 91.7 185 13.5 200 1.7 201 9.8 

8 18 112 113.3 157 8.4 172 2.1 173 10.5 
6 18 84 125.6 129 22.6 144 7.3 145 13.7 
4 18 56 194.9 101 20.5 116 44.1 117 29.2 
3 18 42 d 87 38.9 102 160.0 103 68.6 

a[R'-D] + + [R'-H] +. 
bCoinciding with RCO2 H+ and RCO2H2 +. 
CCoinciding with [RCO2H-propyl]  +. 
dNot present. The base peak was found at rn/e 61, 359%. 
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cases except those in which the alcohol moiety 
was shorter than 10 carbon atoms (Tables II 
and liD. It is apparently formed directly from 
the parent ion, M +, judging from a cor- 
r e s p o n d i n g  metastable peak. Hence, the 
cleavage of the O-R' bond and the transfer of 
two hydrogens from the R' moiety must be a 
concerted reaction. Using deuterium-labeled 
n-butyl propionates, Djerassi et al (11) estab- 
lished that in these compounds the double 
hydrogen transfer involved positions 2 and 3 of  
the alkoxy group to a higher degree than any 
other position. The spectra of wax esters 
labeled in positions 1 or 2 of the alcohol 
moiety revealed increased (RCO2H+I) + ions 
indicating transfer of some deuterium. The 
ratio RCO2H2+: RCO2HD + was found to be 
90:10 and 77: 23, respectively. 

RCO2 H+ 

The ion formally equivalent to the car- 
boxylic acid might be formed by a McLafferty 
rearrangement. Djerassi et al. (11) found, how- 
ever, that in the cases of butyl propionate and 
benzoate the transferred hydrogen originated to 
some extent from positions other than the 2 
position of the alkyloxy group. The spectrum 
of  2 ,2 -d ideu te r io t e t r adecy l  octadecanoate 
showed the ratio of RCO2H+:RCO2 D+ to be 
85:15. This implies that alkoxy fission with 
transfer of one hydrogen atom from position 2 
(McLafferty rearrangement) is responsible for 
this ion only to a small degree. 

[R'- I ]  + 

The ratio of the ions [R'-H] + to [R'-D] + 
in the spectrum of 2,2-dideuterio- 
tetradecyl octadecanoate was found to be 
70:30,  indicating that the main port ion of the 
ion [R'-I]  +, is not formed in a McLafferty 
rearrangement with charge retention on the 
hydrocarbon. This corresponds with the finding 
of Djerassi et al. ( I1)  for butyl benzoate that 
only 25% of this ion is produced by a McLaf- 
ferty rearrangement. At least part of this ion is 
produced by fragmentation of  [CH2=COH- 
OR'] + since a corresponding metastable peak 
was always found. 

RCO + and CO2 R'+ 

These ions are formed by normal cleavage 
(12) of  the bonds adjacent to the carbonyl 
group. Absence of [RCO-1] + and [CO2R'-I]  + 
ions in the spectra of deuterium-labeled wax 
esters indicates that if scrambling takes place 
between the alkyl moieties, RCO + and CO2 R'+ 
are formed prior to the scrambling. This agrees 
with reports for diglycerides (13) and trigly- 
cerides (5) labeled in the acyl moieties in which 
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the deuteriums apparently were also confined 
to their original acyl groups. 

[RCO2H-C3H7 ] + 

All unlabeled wax esters exhibited a rela- 
tively weak ion 43 mass units lower than the 
RCO2 H+ ions. In the cases where positions 3 
and 4 of the acyl group were gem. deuterated 
this interval increased to 45 mass units. When 
the 2 positions were occupied by deuteriums a 
cluster corresponding to loss of 43, 44 and 45 
was observed. This pattern is analogous to 
earlier findings for long chain methyl esters 
(14,15) and triglycerides (5 )which  apparently 
expel three methylene groups adjacent to the 
carbonyl group plus one hydrogen. A similar 
extrusion must take place with wax esters too. 
The cluster of three peaks in the case of labeled 
2 positions is the result of partial loss of 
deuterium due to exchange reactions. 
Deuterium adjacent to the carbonyl group in 
long chain methyl esters (14,15) and trigly- 
cerides (5) is known to be exchangeable with 
hydrogen atoms in positions 5, 6 and 7 of the 
acyl chain. In the case of 14-18 this ion coin- 
cided with CO2 R'+ at m/e 241, relative inten- 
sity 12.8%. These ions were found at different 
masses, m/e 241 and 243, respectively, in the 
spectrum of 14(2,2-d2)-18, and the sum of 
their relative intensities, 12.2%, is nearly the 
same as that of the double ion. 

OH + OH 2 + OH 2 + 
I I I 

CH2=C=OR' , CH2=C-O-R' and CH2=C-OH 

The formation of the first two ions involves 

TABLE IV 

Quantitative Analyses of Mixtures of Wax Esters 

Molecular Gravimetric Found 
Alcohol-acid weight composition % 

18-16 508 48.3 48.9 
18-16(4,4-d2) 510 51.7 51.1 

18-10 424 49.4 52.1 
10-18 424 50.6 47.9 

18-12 452 41.1 43.4 
12-18 452 58.9 56.6 

18-14 480 46.4 47.9 
14-18 480 53.6 52.2 

18-16 508 62.3 62.8 
16-18 508 37.7 37.2 

14-16 452 34.3 34.7 
18-12 452 27.0 27.2 
12-18 452 38.7 38.1 

16-14 452 21.0 22.0 
14--16 452 27.1 26.4 
18-12 452 21.3 20.9 
12-18 452 30.6 30.8 
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transfer of one and two hydrogen atoms, 
respectively, from the acyl moiety. Both ions 
showed retention of the deuterium atoms when 
the position adjacent to the carbonyl group was 
doubly labeled as in 18-14(2,2-d2) , suggesting 
that fission of the /3-bond occurred prior to 
exchange reactions. Retention of these labile 
deuterium atoms indicates that a McLafferty 
rearrangement is involved (5,14,15). Further 
evidence for such a rearrangement was found in 
the retention of one deuterium atom in both 
ions when positions 4 of the acyl moiety were 
labeled. The origin of the second hydrogen 
transferred is unknown.  

The base peak in the spectrum of propyl 
stearate was found at m/e 61 rather than the 
expected m/e 42 ([R'-I]  +, see Table II). This 
ion,, [CHz=C(OH2)-OH]+, which involves a 
triple hydrogen transfer (16,17), is probably 
formed from [CH2=C(OH)-O-R'] +, m/e 102, 
since a corresponding strong metastable peak 
was found at m/e 36.5 (Calculated 36.48). This 
ion was also found in spectra of other wax 
esters but to a much smaller extent. The 
increased relative intensity of this ion in the 
case of propyl might be due to absence of steric 
hindrance. 

Quantitative Analysis of Mixtures 

Since several of the pronounced, character- 
istic ions of wax esters are readily recognized, a 
method was sought for quantitative analyses of 
mixtures. Analyses of mixtures by means of 
mass spectrometry have been performed pri- 
marily on hydrocarbons (18,19) and amino 
acids (20), but this method should be appli- 
cable to lipids as well. 

Wax Esters Having the Same Molecular 
Weight. Ions characteristic of each wax ester 
component in model mixtures were used singly 
or in combination as bases of calculations of 
composition. The most favorable results were 
obtained when the sums of the heights of the 
ions RCO2H +, RCO2H2 + and [R'-I]  + for each 
component were compared. The following 
relationship was derived and empirically veri- 
fied: 

100 ~a %a 
~a + Eb +... En 

where E a = the sum of the peak heights of ions 
RCO2H +, RCO2H2 + and [ R ' -  1] + for com- 
ponent  a, etc. The results obtained using this 
method are given in Table IV. Calculations 
based upon individual ions gave greater devia- 
tions from true values. For instance, the 
observed content of 18-10 (49.4%) in the mix- 
ture (18-10, 10-18) was calculated to be 22.9%, 
65.6% and 52.3% when ions [R'-I]  +, RCO 2 
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H2 + and RCO2H +, respectively, were used as 
the single bases of calculation, whereas 52.1% 
was calculated (Table IV) using the formula. 
Differences in running conditions did not signif- 
icantly influence the results either. The mixture 
(18-16, 16-18) was repeated one month later 
and the composition, 62.1% and 37.9%, was 
found to be consistent with the earlier finding, 
62.8% and 37.2% (Table IV). Several more 
examples are given in Table IV proving the 
validity of the method. It must, however, be 
used with caution when one or several of the 
components of the mixture are present in very 
small quantities. 

Wax esters Having Different Molecular 
Weights. The method outlined above was not 
applicable for wax esters having different 
numbers of carbon atoms. For instance, the 
four-component mixture (18-18, 18-16, 18-14, 
18-12) gave 6.9%, 11.5%, 31.0% and 60.5%, 
respectively, whereas the gravimetric compo- 
sition was 22.9%, 19.5%, 29.9% and 28.4%. The 
deviations are probably due to differences in 
volatility. Wax esters having different molecular 
weights are, however, readily separated by chro- 
matographic (GLC) methods (21). Combined 
gas chromatography-mass spectrometry was 
applied on a synthetic mixture (18-18, 18-14, 
14-18) with known composition. Using the 
method outlined above, the mass spectrum 
obtained for the GLC peak representing 18-14 
and 14-18 gave the ratio 46.1:53.9 whereas the 
known composition was 43.9: 56.1. 

Unsaturated Wax Esters. Unsaturated wax 
esters can be separated by argentation chro- 
matography into groups having different 
numbers of double bonds (22). Subsequent 
deuteration of the double bonds with tetra- 
deuterio hydrazine followed by gas chromato- 
graphy-mass spectrometry allows quantitative 
analysis of each group provided residual un- 
reduced esters have been removed either by 
a r g e n t a t i o n  chromatography (22) or by 
ozonolysis (10). 

A synthetic mixture consisting of 18-18:1 
and 18:1-18 was treated accordingly. When the 
contribution of 13C and the presence of an 
[M-l] + ion (2.2% of M +) in the spectrum of 
18-18 were taken into account, the ratio of do, 
d 1 and d 2 in the wax esters were 3.3:17.8:78.8. 
The peak heights of the appropriate ions were 
corrected for isotopic impurities (13C, do and 
d I wax esters) giving m/e 252 29.1 mm, m/e 
254 22 mm, m/e 284 27 mm, m/e 285 113.2 
mm, m/e 286 23 mm and m/e 287 91ram. 
Using the formula described above, the content 
of 18 d2-18 was thus found to be 53.1% 
[100(22 + 27 + 113.2/305.3)]. The original 
mixture consisted of 18-18:1 and 18:1-18 in 
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the  ra t io  4 6 . 8 : 5 3 . 2 .  Since all t he  i ons  used  in 
the  ca lcu la t ion  are f o r m e d  by  loss  or  c ap t u r e  
of  one  or  t w o  h y d r o g e n s ,  an  i s o t o p e  e f fec t  
migh t  i n t e r f e r e  w h e n  cer ta in  d o u b l e  b o n d s  in 
the  chain  are d e u t e r a t e d .  

ACKNOWLEDGMENTS 

This investigation was supported in part by Public 
Health Service Grants HE 03559 and AM 13424 from 
the National Institutes of Health, Public Health Service 
Research Grant HE 08214 from the Program Projects 
Branch, Extramural Programs, National Heart Institute 
and The Hormel Foundation. Mass spectra by H.W. 
Hayes. 

REFERENCES 

1. Ryhage, R., and E. Stenhagen, Ark. Kemi 13:523 
(1958). 

2. Ryhage, R., and E. Stenhagen, Ibid 14:483 
(1959). 

3. Ryhage, R., and E. Stenhagen, J. Lipid Res. 1:361 
(1960). 

4. Ryhage, R., and E. Stenhagen, in "Mass Spectro- 
metry of Organic Ions," Edited by F.W. McLaf- 
ferry, Academic Press, New York, 1963, p. 399. 

5. Aasen, A.J., W.M. Lauer and R.T. Holman, Lipids 
5:869 (1970). 

6. Brown,W.G., Org. React. 6:649 (1951). 
7. Iyengar, B.T.R., and H. Schlenk, Lipids 4:28 

(1969). 
8. Rohwedder, W.K., C.R. Scholfield, H. Rakoff, J. 

Nowakowska and H.J. Dutton, Anal. Chem. 
39:820 (1967). 

9. Lauer, W.M., A.J. Aasen, G. Graft and R.T. Hol- 
man, Lipids 5:861 (1970). 

10. Privett, O.S., and E.C. Nickell, JAOCS 41:72 
(1964). 

i 1. Djerassi, C., and C. Fenselau, J. Amer. Chem. Soc. 
87:5756 (1965). 

12. Budzikiewicz, H., C. Djerassi and D.H. Williams, 
in "Mass Spectrometry of Organic Compounds,"  
Holden-Day Inc., San Francisco, 1967, p. 175. 

13. Morrison, A., M.D. Barrat and R. Aneja, Chem. 
Phys. Lipids 4:47 (1970). 

14. Dinh-Nguyen, Ng., R. Ryhage, S. St~llberg-Sten- 
hagen and E. Stenhagen, Ark. Kemi 18:393 
(1961). 

15. Dinh-Nguyen, Ng., Ibid. 28:289 (1968). 
16. McFadden, W.H., L.E. Boggs, R.G. Buttery and 

D.R. Black, Read before the 13th Annual Confer- 
ence on Mass Spectrometry and Allied Topics, St. 
Louis, May 16, 1965. 

17. McFadden, W.H., L.E. Boggs and R.G. Buttery, J. 
Phys. Chem. 70:351 (1966). 

18. Brown, R.A., and F.W. Melpolder, Amer. Chem. 
Soc. Div. Petrol. Chem. Symp. 32:25 (1955). 

19. Young, W.S., R.A. Brown, and F.W. Melpolder, 
"Proceedings of the Third Petroleum Congress, 
The Hague, 1951, Section 6, p. 94. 

20. Biemann, K., and W. Vetter, Biochem. Biophys. 
Res. Commun. 2:93 (1960). 

21. Iyengar, B.T.R., and H, Schlenk, Biochemistry 
6:396 (1967). 

22. Haahti, E., T. Nikhari and K. Juva, Acta Chem. 
Scand. 17:538 (1963). 

[ Received O c t o b e r  27, 1970]  

LIPIDS, VOL. 6, NO. 7 


