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Abstract: Mass spectra for eight ubiquinones ranging in molecular weight from 250 to 862 have been obtained. 
These spectra reveal a highly characteristic fragmentation pattern; the dominant feature is the appearance of an 
intense peak at mle 235 due to the formation of a highly stabilized cyclohexadienone-1-pyrylium ion. The region 
between mle 235 and the peak owing to the parent ion reveals a rhythmic pattern of low-intensity peaks characteris
tic of the breakdown of the polyisoprenoid side chain. An additional feature of each spectrum is the presence of 
peaks (most notably at mle 197 and at M + 2) arising from the hydroquinone species. 

The indispensable role of ubiquinone, Qn (I), in 
biochemical electron transfer and coupled oxida

tive phosphorylation has been recognized,3 and con
siderable effort4-7 has been directed toward the isolation 
and structural elucidation of such naturally occurring 
quinones and their biosynthetic precursors. Limited 
stabilities and small quantities of isolated substances 
have often made structural determinations difficult. 
High molecular weights and low volatility have severely 
limited the role of mass spectrometry in these studies. 
Recently, advances in instrumentation have made 
possible the study of such high molecular weight poly
isoprenoid quinones by mass spectrometry. Mass 
spectral data for plastoquinone-3 were reported by Mi-
siti, et al.,b and data for plastoquinone-9 and plasto-
quinones B, C, and D have since been described.8 A 
detailed investigation of the mass spectra of vitamin 
K1(J0) and various derivatives has appeared.9 Bohlmann 
and Kleine6 reported mass spectral data for 2-(3'-
methyl-2'-butenyl)-l,4-benzoquinone, a metabolite of 
Phagnalon saxitale Cass. Other studies are concerned 
with the mass spectra of nonisoprenoid benzoqui-
nones10-12 and naphthoquinones.13 

The mass spectra of a series of eight ubiquinones 
have now been obtained.13* Examination of these spec
tra has revealed a characteristic fragmentation pattern. 
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This knowledge has been significant in the structural 
elucidation of precursors in a complete biosynthetic 
sequence fromp-hydroxybenzoic acid to ubiquinone.14 

Results and Discussion 

The mass spectra of each of the ubiquinones studied 
(I, n = 0, 1, 2, 4, 5, 6, 7, 9) are similar and relatively 
simple. The spectra of Q3 and Q10, shown in Figure 1, 
are representative. The characteristic feature in each 
spectrum is a prominent peak at m/e 235, and a sur
prising lack of intense peaks between m/e 235 and the 
parent mass (M). The region between m/e 235 and 
M reveals a characteristic rhythmic pattern of extremely 
weak peaks due to successive loss of isoprene units 
(M — 69 — (68)„). Peak clusters are evident for each 
side-chain carbon atom; peak clusters corresponding to 
the loss of an entire isoprene group are more intense 
than peaks corresponding to fragments resulting from 
cleavage within an isoprene unit. This rhythmic pat
tern is evident in the spectra of the ubiquinones and 
the plastoquinones8 and is particularly striking in the 
spectra of the polyisoprenoid alcohols.15 

High-resolution mass measurement of the intense 
peak at m/e 235 indicated that the ion corresponds to an 
elemental composition of C13H16O 4 (Table 1). This ion is 

Table I. High-Resolution Mass Measurement for Ubiquinone-6 

Measured 
mass 

235.0982 
197.0796 
135.0465 
135.0823 
135.1200 
81.0698 
69.0704 
66.0475 

Assignment 

CnHi s04 
C10H13O4 

C8H7O2 
C9HnO 
G0H15 

CeH9 
CsH9 
CsHg 

assigned as the 7,8-dimethoxy-2,5-dimethyl-6-cyclo-
hexadienone-1-pyrylium ion (II) which possesses ex
ceptional stability owing to extensive charge derealiza
tion. 

It has been noted12 that the mass spectra of noniso
prenoid methoxybenzoquinones exhibit a diversity of 
fragmentation patterns. However, for polyisoprenoid 
quinones the preference for the formation of the py-

(14) P. Friis, G. D. Daves, Jr., and K. Folkers,/. Am. Chem. Soc, 
88,4754(1966). 

(15) R. F. Muraca and J. S. Whittick, unpublished data. 
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Figure 1. Mass spectra of ubiquinones 3 and 10. 

rylium ion (III) is pronounced. A peak due to this 
species will presumably be a prominent feature of the 
mass spectra of all isoprenoid quinones. Accordingly, 

CH3O 

CH3O' CH3 

CH3
>,CH2(CH2CH=CCH2)ftH 

I 

the base peak in the spectrum of each of the compounds 
in the ubiquinone (I) and plastoquinone5 '8 series, of 
vitamin K1G0),9 and of 2-(3'-methyl-2'-butenyl)-l,4-ben-
zoquinone6 arises from a common fragmentation in 
which the bond 5 to the ring is cleaved with separation 
of the side chain and subsequent ring closure to form the 
generic pyrylium ion III. 

+ -CH2R 

+ 6 , 
CH3̂ CH2R 

Cleavage of the alternative 5 bond with expulsion of 
a methyl radical would produce the pyrylium ion IV.16 

In the spectra of the ubiquinones, the peak at M — 15 
is very small; the relative intensities of the peaks at 
mje 235 and at M — 15 are clearly in accord with the 
known strong preference for expulsion of a primary 
alkyl radical rather than a methyl radical.9 1 7 

+ 0 ^ CH3 

CH2(CH2CH=CCH2)„H 

IV (M-15) 

The spectrum of ubiquinol-6 (V, n = 5) (Figure 2) is 
characterized by a single intense peak {mje 197) due to a 
ring fragment and a lack of intense peaks at higher 
mje values. The peak at mje 197 corresponds to an ion 
(C10H13O4, Table I), which can be represented as the 
benzyliumion VI. 

(16) The observation' of an additional M - 18 peak in a study using 
2-methyl-ds-3-phytyl-l,4-naphthoquinone indicates that two processes, 
loss of ring and side-chain methyls, are contributing to the M - 15 peak 
in the spectrum of vitamin Ki(2o). 

(17) F. D. Greene, M. C. Savitz, F. D. Osterholtz, H. H. Lau, W. N. 
Smith, and P. M. Zanet, J. Org. Chem., 28, 55 (1963). 
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Figure 2. Mass spectrum of ubiquinol-6. 

Comparison of the spectra in Figures 1 and 2 shows 
that none of the ubiquinones has been found to be 
free of their corresponding hydroquinones V when 
examined in the mass spectrometer. The mass spec
tra of the plastoquinones also exhibit peaks at M + 2, 
and because the intensities of these peaks increased 
with time, the suggestion was made6 that the corre
sponding hydroquinones are present owing to dismuta-
tion reactions occurring in the mass spectrometer. 
In the present study, the peaks at M + 2 in the spectra 
of the ubiquinones showed little tendency to change 
with time.15 

OH 

CH3O 

CH3O. 

CH3 

CH2(CH2CH=CCH2)nH 

V VI m/el97 

Accurate masses were obtained for selected fragment 
ion peaks at m/e values below 235 (Table 1). Absence 
of oxygen from ions of masses below 100 indicates that 
these ions are derived from the isoprenoid side chain. 
It is particularly pertinent that the peak at m/e 69 is 
due entirely to the hydrocarbon species C5H9; no 
contribution from ion VII was noted. Since fragmenta
tion with the formation of ion VII is general for non-
isoprenoid methoxybenzoquinones12 it is evident that 
few correlations can be made between fragmentation 
patterns of the ubiquinones (I) and nonisoprenoid 
quinones. 

H 
+ _ _ l 

VII, m/e 69 

Instrumentation. A Model 21-103C mass spec
trometer of the Consolidated Electrodynamics Corp. 
(CEC) was used. It was modified to provide an in

creased magnetic field, an electron-multiplier-Wien-
filter detection system, and 1-mm slits to permit unit 
resolution at m/e values as high as 1000. A special 
recording system permitted measurement of molecular 
ions to within ±0.005 amu. The sampling system 
was modified to permit direct sample introduction by 
means of a heated probe. A Model HOB mass spec
trometer (CEC) was used with direct introduction of 
samples at a resolution of approximately 15,000-20,000 
to measure the masses of fragment ions in the spectra. 
The probe temperature used for the ubiquinones are 
shown in Table II. 

Table TL. Mass Spectra of Ubiquinones 

Ubi
quinone 

MoI 
wt 

Probe 
temp, 

0C 

Qi 
Q2 
Q3 
Q6 
Q6 
QT 

Q S 

Qio 

250 
318 
386 
522 
590 
658 
726 
862 

35 
75 

125 
145 
145 
170 
190 
300 

Materials. Samples of Qi, Q2, and Q3 were synthe
sized. 18 Purification was achieved by thin layer chro
matography on silica gel G plates developed in chloro
form-benzene (1:1) followed by thin layer chroma
tography on alumina plates developed in hexane-ace-
tone(19:l). 

Q6 and Q8 were isolated from E. coli,1* Q6 was iso-

(18) O. Isler, R. Riiegg, A. Langemann, P. Schudel, G. Ryser, and J. 
Wursch in "Ciba Foundation Symposium on Quinones in Electron 
Transport," G. E. W. Wolstenholme, and C. M. O'Connor, Ed., J. and 
A. Churchill, Ltd., London, 1961, pp 79-96. 

(19) P. Friis, G. D. Daves, Jr., and K. Folkers, Biochem. Biophys. Res. 
Commun., 24, 252 (1966). 
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lated from Saccharomyces cerevisiae,20 Q7 was isolated 
fromTorula yeast,21 and Q10 was isolated from Rhodo-
spirillum rubrum.14 The isolated samples were purified 
by thin layer chromatography as described previously.19 

Ubiquinol-6 was prepared from rigorously purified 
Q6 as follows. An ether solution of 10 mg of Q6 was 
vigorously shaken with an aqueous solution of sodium 

(20) R. L. Lester, F. L. Crane, and Y. Hatefi, / . Am. Chem. Soc, 80, 
4751 (1958). 

(21) J. Stevenson, P. J. Hayward, F. W. Hemming, and R. A. Morton, 
Nature, 1291 (1962). 

hydrosulfite. When the color in the organic layer was 
completely discharged, this layer was carefully removed 
and evaporated under a stream of nitrogen. The 
sample was maintained under nitrogen until used, and 
was then introduced into the spectrometer with a mini
mum of handling. 
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Nuclear Magnetic Resonance Studies of 
Meisenheimer Complexes 

Kenneth L. Servis1 
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Abstract: The addition of methoxide to 1-substituted 2,4,6-trinitrobenzenes has been shown to occur both at the 1 
and 3 positions in dimethyl sulfoxide solvent. Similarly, mono-N-substituted 2,4,6-trinitroanilines react both by 
NH proton loss and by addition at the 3 position. Diethylamine has been shown to react with either 2,4,6-trinitro-
benzene or 2,4,6-trinitroanisole in a 2:1 molar ratio to give an ammonium salt of a Meisenheimer type complex. 
An unusual zwitterionic compound was prepared by the addition of triethylamine to 2,4,6-trinitroanisole. 

The structures of the highly colored complexes ob
tained from the reaction of aromatic nitro com

pounds with bases have been of interest to chemists 
for more than 80 years.2 Despite numerous investiga
tions the structures ofmany of these compounds remain 
unsettled.3 The structure (1) proposed by Meisen
heimer4 has been extensively used as a model for 
the occasionally detectable intermediate6 in nucle-
ophilic aromatic substitution reactions.6 In addi
tion, many of the polynitroaromatics have been 
of interest as acidity indicators where anions of struc
ture 2 are presumed to be formed.7 Formation of 
charge-transfer complexes 3 have been proposed to 
account for the frequent observation of rapidly formed 
transient intermediates.8 Direct ionization to form the 
phenyl anion, 4, has been suggested to explain the er
ratically reported9 deuterium exchange into nitroben-

(1) The author gratefully acknowledges support by a grant from the 
Petroleum Research Fund of the American Chemical Society (PRF-563-
Gl). 

(2) P. Hepp, Ann. Chem., 215, 345 (1882). 
(3) For a review see J. Kapecki, University of Illinois Seminar 
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Appl. Chem., 16, 61 (1966). 
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Soc, 84, 493 (1962). 
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ibid., 2375 (1959); (d) J. B. Ainscough and E. F. Caldin, ibid., 2528, 
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zenes upon treatment with base. Treatment of m-
dinitrobenzene with base leads to the well-charac
terized radical anion 5;10 similar intermediates have 
been proposed in the reactions of trinitroaromatics.'1 

Zwitterionic intermediates such as 6 have also been 
proposed to account for the reaction of polynitroaro
matics with amine bases.83'12 

H3TO OCH2CH3 

O 2 NwSfN 0 Z 

H l! H 

NO2 

1 

R 
I 

O 2 NvX^NO 2 

X X >R' 
NO2 

charge-transfer complex 
3 

H 
H N J ^ N O 2 

H^V-Sl 
NO2 

5 

e 

O2N •NO, 

H^AH 
H 
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