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MASS SPECTRA OF QUINONEMETHIDE PRODUCTS
DERIVED FROM REACTION WITH PHENOLICS,
ANTHRONE AND ANTHRAHYDROQUINONE

Donald R. Dimmel and Donaline Shepard
The Institute of Paper Chemistry
Appleton, Wiscomsin 54912

ABSTRACT

Several experiments have been performed to show the effects of
anthrahydroquinone (AHQ), the reduced form of anthraquinone (AQ),
on the self-condensation reactions of simple lignin models. These
experiments were aimed at understanding the role of AQ as a wood
pulping catalyst. The experiments led to some very complex pro-—
duct mixtures. A detalled analysis of the product mixtures by gas
chromatography - mass spectrometry (GC/MS) was undertaken in order
to understand how AHQ retarded phenolic-quinonemethide conden-—
sation reactions. The interpretation of the mass spectra is
reported here. Two principal classes of compounds are discussed:
phenolic condensation products and adducts derived from the reac-—
tions of quinonemethides with AHQ and anthrone. A method of vola-
tilizing the sample prior to GC/MS analysis, namely derivatization
with dimethyl sulfate in alkaline THF, produces by-products which
contain incorporated THF.

INTRODUCTION

Gas chromatography — mass spectroscopy (GC-MS) is an extremely
useful technique for detecting trace components in complex mix-
tures and providing information as to the nature of the
components. Modern instruments generally have a data base of
"library” spectra, which can be searched in an attempt to provide
a match with a sample spectrum. For unique samples, the library
searching routine, at best, provides only clues as to possible

structural features. One is then left with deducing reasonable
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structures from the molecular ions and fragmentation ions observed
in the spectra.

In the previous paper,1 we discussed briefly the charac-
terization of vanillyl alcohol condensation products by GC-MS.
The library searching routine was not very successful in this case
and structures were principally deduced from fragmentation pat-—
terns and molecular weight determinations. We would like to
discuss here our spectral interpretations, hoping that this infor-
mation may also prove valuable to the interpretation of mass
spectra of wood pulping components having similar structures.
The main focus of this report centers around three classes of
compounds: (1) the condensation products of vanillyl alcohol, a
simple lignin model, (2) the addition products obtained from
anthrahydroquinone (AHQ) reacting with quinonemethides (QMs) and
(3) the by-products of derivatizing with dimethyl sulfate (MepSO4)
in alkaline tetrahydrofuran (THF).

RESULTS AND DISCUSSION

Condensation Products

Phenolic dimers, trimers, and tetramers have been generated
from the alkaline reactions of vanillyl alcohol (1) and p-hydroxy-
benzyl alcohol (2) or precursors of these, namely chloroacetates 3
and ﬁ,l Potential intermediates in these reactions are quinone-
methides 5 (from 1 or 3) and 6 (from 2 or 4). ProducF mixtures
were derivatized with MepSO4/NaOH/THF to give the more volatile
methyl ethers and then analyzed by GC-MS. The derivatization
procedure often gave THF by-products (to be discussed later) and

partial methylation of alcoholic hydroxyl groups.

CH,0H CH,Ct CH,
R R R
OH OAc 0
1, R = OMe 3, R = OMe 5, R = 0Me
2, R=H 4, R=H 6, R=H
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Besides methylation of known samples, the principal source of
the compounds under discussion were derived from methylation of
the products obtained from the reactions outlined by equations a-e

below. The detailed chemistry behind these reactions is discussed

CH,OH
173°, X
+  (additives) 173, 2hrs. (a)
H -
ocH, ,0/OH
OH
1
CHxcHer o
' O‘O e (o
90° .
CH,0 0, 2 hrs,
OAc
7 8
o] CH,C2
H,0/0H-
+ —_——
100°2hrs. {c)
OCHJ
HO” “cH,
3
OH
S
s H O/OH'
100 100%5hrs. (d)
o
9 +4 H,0/0H"
100°3hrs (e)
o-

(AHQ™?)
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elsewhere;l™3 therefore only a brief discussiom will be given here.
The reaction described by equation a gemerates phenolic con-

densation products via intermediate quinonemethide 5 (additives
refer to glucose, AQ and combinations of these).2 The conditions
of equation b generate a quinonemethide of 7 which then either
attacks anthrone 8 or condenses.3 The reactions described by equa-
tions c-e have a common feature; adduct 9 is known to fragment at
temperatures above 60°, generating anthrahydroquinone dianion
(AHQ'Z) and quinonemethide 6. Therefore, equation c depicts a re-
action of AHQ'2 with quinonemethides 6 and 5 (from 3) giving rise
to mixed adducts and condensation products.3 3,5-Dinitrobenzoic
acid rapidly converts AHQ'2 to anthraquinone (AQ); thus, the pro-
ducts of equation d are principally condensation products of 2 and
_2.3 Reduction products are observed in the reaction outlined by
equation e.3

Table I presents the important signals seen in the mass spectra

of some simple monomers done by the electroan impact (EI) and chemi-

TABLE 7

Mass Spectral Nata for Monomers

R
OMe
ox
Compound  Source X R Mol. Wt. Type ofe (Z)
1 Commerc. B ~CH,0H 154 EI 154(100) 137(45) 93(77) 65(82)
CI 165(11) 155(46) 154(9) 153(14) 137(100) 125(20)
10 HMe of 1 Me ~CH0H 168 EI 168(100) 151(26) 139(36) 138(25)
- - cl 197(5) 169(42) 168(13) 167(13) 151(100) 139(14)
11 Me of 1 Me ~CH0Me 182 EI 182(47) 181(11) 151(100)
- - ci 211(5) 183(26) 182(13) 181(5) 151(100)
13 Me of 12 Me -CHO 166 EI 166(100) 165(61) 95(21) 77(16)
- - OH CL 195¢12) 167(100) 166(8) 165(2) 151(12)
14 Rx b Me -éﬂcu; 182 EL 182{42) 180(48) 167(54) 165(100) 139(48)
- CI 209(20) 183(40) 182(21) 181(l00) 165(61) 139(24)
15 Me of 1 Me —CH20(CHp ) 40Me 254 EL 254(42) 167(80) 151(100) 87(52) 45(28)

CI 255(1) 254(4) 151(100)
16 Me of 12 ~(CHz)40Me ~CHO 238 EI 238(3) 151(20) 87(100) 45(72)
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cal ionization (CI) techniques. The table and subsequent ones do
not list signals that are obviously just 13C—isotope analogs of

the species one unit lower in weight. The term Me in the source
column of the table signifies methylation by Me2504/0H'/THF- The
compounds shown in Tables I and IV containing a -(CHp);OMe group

are solvent derived by-products, which will be explained later.

The CI data were obtained using methane as the reagent gas.
The "softer” ionization that occurs during CI generally gives rise
to large M + 1 signals (equation f), without much fragmentation,

thereby pin-pointing the molecular mass of the species.4'5

cpd + At — cpa—at {f)
for A=H, M+ 1
A = CoHg, M + 29

A = C3Hs, M + 41

Methane CI also produces weak M + 29 and M + 41 signals; these are
included in the tables when the intensities were reasonable.
Fragment ions can occur in CI by extraction of a functional

group (OH, OR, etc.) by a positive ion (equation g) or loss of

Frag—OR + At — 5 Fragh + AOR (g)

(M-OR)

H70, CH30H, etc., from the M + 1 species; these can be very impor-
tant processes when highly stable fragment ions result. Occasion-
ally, the M + 29 was as strong or stronger than a (weak) M + 1
signal; in these cases we assume that the M + 1 ion was relatively
unstable and fragmented to a mwore stable ion.

In gemeral, both the EI and CI spectra reported in Table I
show that these simple compounds give rise to strong molecular
ions (M + 1 in the CI case) and benzyl ions. [The term "benzyl"
will be used for simplicity sake, when in reality "tropylium” ions
are probably the better description.6] The derivatives of
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vanillin (12), namely 13 and 16, are not really “benzyl" type com-
pounds and thus do not show much strength at m/e 151. The typical

benzyl ions seen throughout our studies are shown below.

R'\1:ri+
R

0X
X R R' m/e
17 H H H 107
I Me H H 121
19 H OMe H 137
20 H OMe Me 151
21 Me OMe H 151
22 Me OMe Me 165

Many of the monomers, especially 14, displayed reasonably strong M -
1 signals in the CI spectra. The ion responsible for the M - 1
signal is probably an oxygen stabilized benzyl carbonium ion derived
from hydride extraction of a benzyl hydrogen by a reagent gas ion.

Table II lists the spectra of some head-to—head dimers that
were obtained from several reactions. Compound 25a and 25b are
erythro, threo isomers. Benzyl ion fragments are very dominant
for most of the compounds listed in Table II. The molecular ions
also show up well in each case. The CI mode produces two kinds of
fragments, namely a symmetrical splitting of the benzyl carbons
and a cleavage of a benzyl-aryl bond.

Several research groups have studied the self-condensation
reactions of vanillyl alcohol (1) and several products have been
characterized, mostly as their acetate or methyl ether deriv-
atives.l,7,8 These compounds correspond to structures 26-31.

Table III lists the principal mass spectral signals of a number of
phenolic condensation products derived from vanillyl alcohol or p-

hydroxybenzyl alcohol (2) or the mixture of the two.
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TABLE 11

Mass Spectral Data of Head-to-Head Dimers

R R R’ R
MeO CH——&H OMe
Compound Source R R Mol. Wt. Type m/e (%)
23 Rx e H H 242 EX 242(19) 121(100)
C1 271(7) 243(44) 135(100) 121(30)
24 Rx a OMe H 302 EI 302(100) 287(30) 271(30) 165(20) 151(13)
[+44 331(15) 303(100) 302(23) 301(12) 165(50) 1S51(96)
25a Rx b OMe Me 330 EI 330(11) 165(100) 150(5)
c1 359(15) 331(74) 330(21) 329(12) 193(100) 165(40)
25b Rx b OMe Ye 330 EI 330(8) 165(100) 1506(5)

C1 355(14) 331(56) 330(20) 329(9) 193(100) 163(31)

Many of the structural assignments given in Table III are based
on chemistry and MS fragmentation patterns analogous to the known
vanillyl alcohol system. For example, vanillyl alcohol and alkali
yield a major dimer (26, mol wt 288) of low GC retention time and

a minor dimer (Zl, mol. wt. 332) of long GC retention time. The
alkaline condensation reactions of p-hydroxybenzyl alcohol afford

a major, low mass, low retention time dimer and a minor, high
mass, high retention time dimer. Since the two starting materials
only differ by an aryl methoxyl group, analogous structures 36 and
38, were proposed for the dimer products; the mass spectra showed
many similarities, too.

Benzyl ions, m/e 121 and/or 151, are present in all the
spectra recorded in Table III; they were somewhat more dominating
in the CI mode than the EI mode. Reasonably intense signals due
to M - 15 (CH3) and M -~ 31 (OCH3) were seen in most of the EIL
spectra; also, M - 121 or 151 (benzyl) were prominent in the tri-
mers and tetramer spectra.

The spectra of isomer pairs 27/28, 29/30 and 31/32 show remark-
able differences, which we believe are related to the interactionm
of a benzyl substituent with an ortho-methylene. The reactions in
Scheme I offer an interpretation of the EI and CI spectra for dimer

28. 1In the first two stages we propose ionization of a methoxyl
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oxygen followed by a 6~membered ring transition state loss of meth-
anol. Analogous fragmentations are known to be quite favorable for
alcohols.? A Cope rearrangement and eventual loss of a methoxyl
radical are proposed for the latter stages of the fragmentation
process to afford a highly stabilized, "dibenzyl," carbomnion ion,
m/e 269. The CI spectrum is dominated by a m/e 301 signal, presum—
ably a benzyl ion resulting from either loss of CH30H from a M + 1
species or extraction of methoxide by a positive ion in the system.

The ELE 269 fragment 1is an important signal in the spectra of
dimer 29 and trimer 32. This fragment could arise by a process
similar to that proposed in Scheme I in which either water (for
dimer 29) or an aromatic ring (for trimer 32) is initially elimi-
nated, again via a 6-membered ring transistion state. Dimer 29
was not observed by us in our work and its mass spectrum is the

only data in the tables taken from another source.B

Scheme I
CHy'.-MeOH
P
MeO 2 OMe MeO OMe
I EI
= .-
MeO cH OMse MaO CH OMae
+ ~ 1 _~ [
A+, -AOMe OMe

28

+
~OMe . | MeO OMe | MeO OMe
- M
T T Jow| |, IO
MeO H MeO OMe
m/e 269
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We observed three dimers of mass 318 from the reaction
outlined by equation a; none of these showed a m/e 269 signal in
their mass spectra. One of these ELS 318 dimers was tentatively
assigned a structure, namely 30, based on the unusual appearance
of a strong ELE 152 signal in its spectrum; the latter fragment
probably arises via a cleavage and transfer of a hydrogen atom
from a phenolic hydroxyl group to an ortho-methylene group. The
other two isomers, which show two principal signals, 318 and 151,
were found in very small amounts and are probably analogous (less
methylated) versions of dimer 27.

The m/e 269 signals which appear in the CI spectra of trimers
44-46 are probably simple benzyl ions resulting from loss of 107
units (PhOMe). Analogous losses of 107 units for 39 and 137
(1,2-diMeOPh) units for 30 are seen in other CI spectra.

Compounds 33-35 are mixed dimers and trimers produced from two
quinonemethides (5 and 6) and two phenols (1l and 2). Dimers
36-38, trimers 39, 42-46 and tetramer 40 or 41 were obtained from
the reaction outlined by equation d and Scheme IIL. The dinitro-
benzoic acid, which is a component in the reaction outlined by
equation d, apparently causes some oxidation of benzylic alcohol
groups to aldehydehydes, since dimer 37 and trimers 44-46 appear
to be aldehydes. The spectra of these trimers 42-43 and 44-46
were quite different from one another but not conclusive enough to
asgign structures; the structures in Scheme II appear to be likely
candidates. The interpretation here was also complicated by the
low levels of these trimers in the sample and the occurrence of

some GC retention time overlap.

QM-AHQ Adducts

Anthrahydroquinone (AHQ) reacts with quinonemethides (QM's) to
give addition products, known as (M-AHQ adducts.1:10,11  These com-
pounds may be important in explaining the rapid delignification
rates which accompany the pulping of wood with anthraquinone as a
catalyst.lvzrlo'12 Several articles have been directed at deter-

mining the fate of AQ during pulping;l3‘20 MS and GC/MS has played
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and will continue to play a major role in providing structural
information for the characterization of the trace reaction prod-

ucts derived from AQ.

Table IV presents the mass spectral data for a number of
QM—-AHQ adducts which we have observed in previous wrk.1-3 The
underivatized compounds (X = H, Table IV} have been extensively
characterized by other means;2’21 because of relatively low volatili-
ties, these compounds were directly inserted into the source by a
direct insertion probe in order to obtain their mass spectra.
Except for 64-66, the remainder of the compounds reported in Table
IV were produced by simple derivatization of known compounds with
MeoSO,/OH™/THF. The main products of the derivatization were
generally the fully methylated analog, but some partially methy-
lated and THF incorporated products were frequently observed in

small amounts.

One of the most prominent fragmentations observed in the EI

spectra of the adducts was cleavage of the Cjp-benzyl bond:

(o] o +
CH,
! ~N andfor | {h}
.\55) Ar
+
Ry ?Hz R, 69
Ar
68 m/e 107
&7 h m/e 121
m/e 193, Ry, = H m/e 137
m/e 209, Ry = OH m/e 151
m/e 223, Ry, = OMe m/e 165

The only time when significant ions were observed (EI mode) from
cleavage of the other Cjg-substituent (R;) was when R4 = methyl or
O(CH2)40Me. Molecular ions were not overly strong (EI mode)
unless the R4 substituent was methyl (48 and 51) or -CHpAr (52).
The CI mode for the adducts tended to produce large amounts of
benzyl ioms (69); generally the benzyl signal was the base peak.
The strength of the signals associated with the molecular ion in

the CI mode, i.e., M, M+ 1, M+ 29, and M + 41, varied con-
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siderably from one compound to the next. The aryl ions associated
with 68 were generally weak or nonexistent in this mode. Signals
associated with loss of the R4 substituent were often observed in
the CI mode; examples are M-17(OH) for 54, 55, 59, and 63, M - 31
(OMe) for 56 and 60, M - 103 (OCHpCHyCH;CHyOMe) for 57 and M - 59
(0Ac) for 58.
An extremely interesting fragment has been observed for the

free phenolic (underivatized) adduct. An even—ion mass correspond-
ing to loss of a benzyl group minus one of its hydrogens has been

interpreted in the following way:

m/e 194, Ry, = H
m/e 210, Ry = OH
m/e 300, p-HOPhCH,

]

3
Rl
|’}

The proton—NMR spectra of the adducts strongly suggests the
existance of folded—over conformations, such as in 1952:10 the mass
spectra lend added support for this postulate.

The fragmentation which expels a quinonemethide (72) was only
seen for the phenolic adducts. Apparently, the energetics are
unfavorable for the transfer of methyl groups (for the derivatized
adducts) to give analogous fragments. The dibenzyl adduct 52
displayed even-ion fragments at m/e 300 and 194 corresponding to
the loss of two quinonemethide units (72, Ry = Ry = H, mass 106);
possibly, after the first QM loss to give fragment ELE 300, struc-
ture Zl, re-enolization occurs and the process is repeated again.
Compound 52 was the only one studied in which the molecular mass

was not indicated by the CI technique. As was the case for all
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pure solid samples, this compound was heated from 60°-250° in a
direct insertion probe as spectra where recorded; at no time were
signals observed at 407, 435, and 447 (M + 1, 29 and 41).

The mass spectrum of AHQ has never been reported. This is
probably due to its great reactivity in air. If one subtracts
the m/e 316, 209 and 107 signals from the mass spectrum of 54, the
remaining spectrum will probably be that of AHQ, namely a strong
210 signal and lesser signals at m/e 181, 152, and 77. For com-
parison, AQ displayed the following spectrum, m/e (%): 208(100),
207(16), 180(66), 152(43), 151(25), 150(12), and 77(27). The loss
of fragment 28 from either the molecular ion, M - 1 ion or frag-
ments probably corresponds to loss of CO. Anthrone shows similar
losses: 194(100), 193(32), 165(77), and 82(23). The 28 unit dif-
ference also occurs in some of the adduct spectra, especially the
m/e 193/165 pair.

The larger the size of the quinonemethide structural unit of
the adducts, the greater the fragmentation towards benzyl jons
(equation h). The spectra of dimer quinonemethide adducts 64-66
are dominated by M - 223 benzyl ions, m/e 271 or 30l.

The analysis of complex mixtures can be simplified by per-
forming selective ion monitoring of the aryl and benzyl fragments
68 and 69; this technique is shown for the reaction outlined by
equation d, where aryl fragments ELS 223 and benzyl ions ELS 121
and 151 are monitored (Figure 1). The signal at 9.5 min
corresponds to QM-AHQ adduct 56 (mol. wt. 344, fragments 223 and
121). The one at 10.8 min is adduct 60 (mol. wt. 374, fragments
223 and 151). Several of the signals in Figure 1 are due to
quinonemethide condensation products; the signal at 31.2 min and
subsequent ones are due to diQM-AHQ adducts.

The location of MeO(CHj);— groups in 61 and 62 was easily
deduced from the appearance of a ELE 151 ion in the one case and a
m/e 223 in the other. This again shows the importance of
C1o-benzyl fragmentation process (equation h). The diacetate
derivative 58, which has been fully characterized by other means,

was the only compound that did not show this type of fragmen-
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Figure 1. Partial display of the total ion chromatogram and
selective ion monitoring for the products of the reac—
tion described by equation d, after derivatization.
The Y-scale has been expanded by a factor of four to
more graphically display the minor components.

tation. Its spectrum appears to be a successive loss of acetate
groups as ketene (CHCO) and then a spectrum somewhat similar to

the underivatized analog 54.

Derivatization By-Products

The method which we chose to derivatize our products prior to
GC/MS analysis was that of treating the sample, dissolved in THF,
with NaOH/Me2S04. This method has been used extensively for deri-

vatizing carbohydrates.22

its advantage over diazomethane is
that aliphatic hydroxyl groups are also derivatized, leading to
more volatile products. Its disadvantages are that the alkaline
conditions can lead to undesirable sample decomposition and, as
we shall show, to by-products incorporating a unit of THF between

the hydroxyl group and the methyl group to be added.
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In our discussion in the previous two sections, we have
described compounds containing -0(CHy);0CH3 groups. These com-—
pounds, produced in minor amounts, probably arise by the reaction

shown in equation j. Thelr mass spectra characteristically show

Me
o MeSO, A+
4
() MeSO C Y RO MO\ (i)
N OR
3 74

intense ELE 87 (73) and 45 (MeOCH2+) ions. Significant ions also
occur at M - 87, M - 103 or M - 104 (HOCH2CH7CH9CH20Me); see
spectra for compounds 15, 16, 57, 61, and 62.

Selective lon monitoring of a product mixture can clearly show

which components are THF derived; an example is given in Figure 2

i
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Figure 2. Partial display of the total ion chromatogram and
selective ion monitoring of ELS 87 for the products of
the reaction described by equation d, after derivatiza-
tion. The arrows on the lower trace are THF derived
products.




13: 47 25 January 2011

Downl oaded At:

166 DIMMEL AND SHEPARD

of selective iou monitoring the ELE 87 ion for the THF derived
components produced from the reaction outlined by equation d.
Based on our experience, the incorporation of the THF during
derivatization occurs to a much greater extent with aliphatic,
rather than phenolic, hydoxyl groups. This is probably a result
of the aliphatic hydroxyl group's lower acidity and, therefore,

slower rate of reaction.

EXPERIMENTAL

The HP 5985 GC/MS equipment and techniques were explained in
the previous paper.1 The reactions giving rise to the various
products discussed here have been described elsewhere.l=3 Samples
of wvanillin, vanillyl alcochol, anthrone, and anthraquinoune were

purchased from Aldrich Chemical Company, Milwaukee, Wisconsin.
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