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Lignin. XVI. Synthesis, Nuclear Magnetic Resonance, and Mass
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Lignin-like Sulfonates?

Wolfgang G. Glasser,?2 Josef S. Gratzl,?? Juanita J. Collins,2¢ Kaj Forss,29 and

Joseph L. McCarthy*2e

Department of Chemical Engineering, University of Washington,
Seattle, Washington. Received January 5, 1972

ABSTRACT: Eight monomeric and seven dimeric lignin-like sulfonates were synthesized. The methods of Geller-
stedt and Gierer were used to acetylate hydroxyl and to esterify sulfonic acid groupings in order to cover these
polar configurations. The resuitant derivatives normally were purified by recrystallization from organic solvents
and were studied with respect to the chemical shift of their respective protons in nmr spectroscopy, and with re-
spect to fragmentation patterns in mass spectroscopy. The ranges of r values of protons in lignin-like sulfonate
preparations were compared to those for unsulfonated preparations. In mass spectroscopy, all compounds exhib-
ited peaks for the parent ions in the range of 1-64% abundance relative to the base which was taken to be the
most abundant peak. Acetyl, sulfonate, and ether groups proved to be main targets of fragmentation and tended
to be eliminated upon electron impact. Cleavage of carbon-carbon bonds was mainly observed for three-carbon-
side-chain S-aryl ethers. The general fragmentation pathways have been discussed. In general, the feasibility of
application of nmr and mass spectroscopy in structural studies of sulfonated lignin-like model compounds after
covering the polar sulfonic acid and hydroxyl groups is demonstrated.

Further knowledge is needed of the structure and reac-
tions of lignin, and the now-reported research has been di-
rected to this end. The basic mechanisms of the sulfona-
tion reactions of lignin have become well established by
extensive model experiments and were recently confirmed
by the isolation of several sulfonated monomeric phenyl-
propane derivatives from spent sulfite liquor.3-2 However,
analytical methods attempting to elucidate side-chain
structures and types of linkages between the lignin units
have not yielded decisive results mainly because of dif-
ficulties arising as a result of the polyelectrolytic and poly-
disperse nature of the material. Lignin sulfonates and
sulfonated lignin models commonly have been isolated
and characterized as sodium as well as barium or quater-
nary ammonium salts. Owing to the insolubility in organic
solvents and the thermal instability of these derivatives,
the procedures of nmr and mass spectroscopy, extensively
used in structural studies of organic natural compounds,
have not given useful results when applied to lignin sulfo-
nates.

One objective of the present studies, therefore, was to
develop procedures for conversion of lignin sulfonates,
fractionated into molecular weight groupings, into.deriva-
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tives with certain desired physical and chemical proper-
ties by converting polar groups, and hydroxyl and sulfonic
acid groups into esters, without altering the original side-
chain structures. Another objective was to collect infor-
mation concerning the nmr and mass spectroscopic be-
havior of certain molecular configurations present in the
subject molecules, as a basis for later studies of lignin sul-
fonates themselves.

Although differences of opinion have been reported re-
garding the possibility of acetylating lignin sulfonates,®10
we anticipated that low molecular weight fractions might
be acetylated completely by use of the pyridine-acetic an-
hydride procedure at room temperature. To cover sulfonic
acid groupings, conversion to derivatives such as acid
chlorides, acid amides and esters was considered. How-
ever, previous attempts to characterize acetylated
monomeric lignin like sulfochlorides by mass spectrosco-
py, were unsatisfactory.l? Thus we sought a satisfactory
method for esterifying the labile and reactive sulfonic acid
groups, such as those of the benzylsulfonic acid type
which may occur predominantly in the « position of side
chains of lignin-like molecules.

King, Brauns, and Hibbert!2? reported the preparation
in about 10% yield of methyl esters of lignin sulfonates,
previously methylated with diazomethane, by reacting the
silver salts suspended in dioxane with methyl iodide. Re-
cently Gellerstedt and Gierer,13:14 applied a similar proce-
dure in order to characterize sulfonated dimeric lignin
models prepared in the course of their sulfonation studies,
and showed that the original side-chain structures were
not changed by the preparation procedures. (After com-
pletion of this manuscript the two Swedish authors pub-
lished a further paper on their studies!® with sulfonated
lignin model compounds.)

The use of nmr spectroscopy as a valuable method to
study the overall structure of lignin preparations has been

(9) C. Dopee, and L. Hall, J. Soc. Chem. Ind., London, Rev. Sect., 43,
257(T) (1924).
(10) K. Freudenberg and F. Sohns, Chem. Ber., 66, 262 (1933).
(11) J.R. Parrish,J. Chem. Soc. C, 1145 (1967).
(12) E. G.King, F.J. Brauns, and M. Hibbert, Can. J. Res., 13B, 88 (1935).
(13) G. Gellerstedt and J. Gierer, Acta Chem. Scand., 22, 2510 (1968).
(14) G. Gellerstedt and J. Glerer, Acta Chem. Scand., 22, 2029 (1968).
(15) G. Gellerstedt and J. Gierer, Sv. Papperstidn., 74, 117 (1971).
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Figure 1. Reactions for preparation of acetylated lignin-like sul-
fonate methyl esters.

demonstrated by Ludwig, Nist, and McCarthy in this
Laboratory.16.17 When compared to the chemical shifts of
lignin-type model compounds, the spectra of the lignin
preparations “allowed semi-quantitative estimates to be
made on the number of condensed aromatic systems free
benzylic hydroxyls, aliphatic and aromatic hydroxyls, and
total aliphatic hydrogens.”17 After acetylation, all prepa-
rations were found to be sufficiently soluble in deuter-
iochloroform for nmr determinations. The use of nmr
spectroscopy in lignin chemistry has recently been re-
viewed by Ludwig.1®

The behavior of monomeric and dimeric lignin structur-
al units in mass spectroscopy has been studied recent-
ly.19.20 General fragmentation patterns and relative sta-
bilities of several types of linkages upon electron impact
have been proposed. The data reported increased the un-
derstanding of lignin degradation products but, the results
cannot be applied in general to sulfonated lignin-like mon-
omers and dimers which might be isolated from spent
sulfite liquors. The acetylated and methylated sulfonates
appear to be the only known derivatives with sufficient
stability and volatility to be successfully studied in mass
spectroscopy. Attempts to analyze the acid chlorides were
unsuccessful insofar as no parent peaks could be detected
in the mass spectra of the sulfonates.1?

In this context, a number of lignin-like lignin sulfonates
were prepared as acetylated and methylated derivatives,
and the nmr and mass spectra of these compounds were
studied.

Results and Discussion

Synthesis. Attention was devoted mainly to monomeric
and dimeric guaiacyl- and veratryl-type sulfonates featur-
ing several side-chain structures of phenolic and non-
phenolic lignin-like sulfonate structural units. In general,
the appropriate benzyl alcohols were prepared and sulfo-
nated following procedures described in the literature. For

(16) C. H. Ludwig, B. J. Nist, and J. L. McCarthy, J Amer. Chem. Soc.,
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(19) V. Kovacik, J. Skamla, D. Joniak, and B. Kosikova, Chem. Ber., 102,
1513 (1969).

(20) V.Kovacik and J. Skamla, Chem. Ber., 102, 3623 (1969).
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Figure 2. Monomeric lignin-like sulfonate derivatives.

acetylation and esterification, the methods reported by
Gellerstedt and Giererl3.1¢ were used although in some-
what modified form as indicated in Figure 1 and Table I,
and described in the Experimental Section.

Normally, the sodium sulfonates were acetylated by
pyridine-acetic anhydride. The aqueous solution of the
free acids—prepared by cation exchange—was neutralized
with silver oxide and the silver sulfonates were reacted
with methyl iodide in acetonitrile to form the correspond-
ing acetylated methyl sulfonates.

Monomeric Lignin-like Sulfonate Derivatives. Many
proposals for the structure of lignin sulfonates have placed
a sulfonate group in the « position and thus 1, 2, 3, and 4
of this type were prepared as indicated in Figure 2.

Compounds 5 and 6 were prepared since, in prior re-
search in this Laboratory, the two sulfonated phenylpro-
pane-type monomers 5% and 6* (the asterisk after the nu-
meral distinguishes a compound as unacetylated, unester-
ified sodium sulfonate) were isolated from spent sulfite
liquor of preextracted hemlock,3:4:21-28 and these sub-
stances were found to be unsaturated in the side chain.
Further studies indicated that these compounds originate
from coniferyl alcohol groups in lignin.22.2¢ Parrish8.11 iso-
lated six monomeric lignin sulfonic acids of the syringyl
type from cooking liquor of wattle wood (Acacia mearnsii)
and among them was the syringyl analog to 5* and 3*.

Parrish® also isolated two monomeric disulfonates, the
1,2- and 1,3-disulfonates, which he synthesized by react-
ing sinapyl alcohol with sulfite ions over a wide pH range
(pH 4-7.4). As model for monomeric disulfonates, we pre-
pared 7 following a similar route. This substance was syn-
thesized by refluxing 3,4-dimethoxycinnamyl alcohol in a
solution of 10% NaHSO;. Compound 8 was prepared by
sulfonation of veratrylpropane-1,2-diol 2-acetate to yield
introduction of the sulfo group in o position and deacety-

(21) V. F. Fulicetta, D. W. Glennie, and J. L. McCarthy, Tappi, 50, 197
(1967).

(22) 8. W. Schubert, M. G, Andrus, C. H. Ludwig, D. W. Glennie, and J.
L. McCarthy, Tappi, 530, 186 (1967).

(23) S.W. Schubert and J. L. McCarthy, Taeppi, 50, 202 (1967).

(24) D.W. Glennie, Tappi, 49, 237 (1966).
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é e §‘ < £ 5% lation; after reacetylation and esterification the two diaste-
- - S % s reomeric forms of 8 were formed and these were separated
SR by column chromatography.
- <ES Dimeric “3-0-4-" Type Lignin-like Sulfonate Deriva-
o~ g8 tives. The presence of both «- and S-aryl ether linkages
o AR
‘3';; = between structural units in lignins appears to be well es-
= . S22 tablished. The S-ether linkages (3-0-4) are considered to
@ 5 g = 52 be stable toward hydrolysis under the acidic condition of
£ =g war
°:’ §A £ EE = bisulfite delignification?® and thus should be of special
£8 £85 %% R significance in the structure of lignin sulfonates.
ST =% O« %’ 5 Important evidence for the presence of sulfonated aryl-
£E2 £z E: 2 < glycerol aryl ether configuration in lignin sulfonic acids
&5 &3 =T = has resulted from the anaerobic alkaline hydrolysis studies
§E B g°¢ 2 of lignin sulfonates and sulfonated models by Kratzl et
£ 2 _fg e al.26.27 These studies indicated that the fragmentation
g g = cZ products vanillin and acetaldehyde originate from arylgly-
j@; cerol B-aryl ether type, and consisted of compounds 9-14
. . as shown in Figure 3. Thus these substances were of inter-
W ] ) 2 = est and were prepared and studied in the present investi-
Q e Q < gation. The preparation of two sulfonic acid esters similar
:: :: :zi:: :: to 9 and 10 has been reported recently.13
S S S & The literature on the sulfonation of $-guaiacyl ether of

a-(4-hydroxy-3-methoxyphenyl)glycerol?6 and of «a-(3,4-
dimethoxyphenyl)glycerol,2# indicates that under the con-
ditions of an acid bisulfite delignification, the correspond-
ing a-sulfonic acids were formed which were isolated as
Ba salts. In our work, the sodium salts were acetylated
and then converted into the methyl sulfonates which were
purified by recrystallization from organic solvents. '

In the present study, nmr spectra revealed that 11 and
12 were obtained as mixtures of their diastereomers. In
both cases the stereoisomer which exhibited the doublet

New York, N.Y., p619. ¢ B. O. Lindgren, Acta Chem. Scand.,

(25) J. Gierer, Su. Papperstidn., 73, 571 (1970).

(26) K. Kratzl, W. Kisser, J. Gratzl, and H. Silbernagel, Monatsh. Chem.,
90, 771 (1959).

(27) K. Kratzl and E. Risnyovsky, “Chimie et Biochimie de la Lignine, de
la Cellulose et des Hemicelluloses,” Act. d. Sympos. Int. de Grenoble,
July 1964, p. 151.

(28) E. Adler, B. O. Lindgren and U. Saeden, Sv. Papperstidn., 55, 245
(1952).

propyl-a-methyl)bibenzyl-«’-sulfonic

acid methyl ester
Diacetate of dimethyl dehydrodivanillyl-

4-methyl-phenoxy)propanol-1-sulfonic

acid 3-methyl ester
(2,4’-Diacetoxy-3,3’-dimethoxy-5-

4-methylphenoxy)propanone-1-

sulfonic acid 3-methyl ester
1-(3,4-Dimethoxyphenyl)-2-(2-methoxy-

1-(3,4-Dimethoxyphenyl)-2-(2-methoxy-
disulfonate

15
16
17
8
a Upper line in column for each substance refers to values found (F), lower line to values required (R). ¢ Refers to

61, 509 (1939). / H. Nimz, Chem. Ber., 102, 3803 (1969). * E. Adler, S. Delin, and G.

Adler and H. D. Becker, Acta Chem. Scand., 15, 849 (1961). " K. Freudenberg and
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Figure 4. Dimeric carbon—carbon-linked lignin-like sulfonate
derivatives.

for the a-methine proton with the smaller coupling con-
stant (A, probably erythro) was formed in a higher yield
than its counterpart (B, probably threo). The ratio of for-
.mation between erythro and threo was 3:1 in 11 and 3:2
in 12. For both erythro forms of 11 and 12, the coupling
constants of the a-methine proton doublet amounted to 4
Hz compared with 7 Hz for the threo forms. Both com-
pounds were prepared from the erythro forms of their cor-
responding alcohols, obtained by sodium borohydride re-
duction of the ketones, and the alcohols exhibited the
smaller coupling constants in the nmr spectra compared
to the threo forms. The separation of the erythro form of
11 was achieved by fractional crystallization.

A crystalline diastereomeric form of 13 was isolated by
column chramatography. The nmr spectrum exhibits a
doublet for the «-methine proton, which has the same
coupling constant as the erythro forms of 11, 12, and 14.
No other isomeric form was indicated by examination of
the nmr spectrum of the crude reaction mixture, which
might be due to overlapping by the multiplet exhibiting
the y-methylene group.

Compound 14 was obtained as a mixture of its diaste-
reomeric forms. Separation of the crystalline erythro
form (higher R; value than threo form) was achieved by
column chromatography. Nmr spectroscopy indicated the
presence of erythro and threo forms in a ratio of about
3:2. The location and coupling constants for the doublets
exhibited by the diastereomeric forms of 14 are very simi-
lar to those of 11 and 12.

Related substances have been reported in the literature
and thus were of interest. Sulfonation in 4 position of a
ketol B-ether analog to 15* (Figure 3) was reported earlier
by Adler et al.28 The methyl ester 16 has recently been
subjected to anaerobic, alkaline hydrolysis studies.2®

Dimeric C—C-Linked Lignin-like Sulfonate Derivatives.
Several types of carbon—carbon linkages between lignin
structural units have been proposed including pinoresin-
ol-, phenylcoumaran-, and diphenyl-type linkages. The sul-
fonation of pinoresinol resulted in cleavage of the two cy-

(29) K.V, Sarkanen and A. F. A. Wallis, private communication.
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Figure 5. Nmr spectrum of 14.

clic dialkyl ether bonds and sulfonation of one « posi-
tion,25

Cleavage of a furan ring and sulfonation of the resulting
benzyl alcohol was observed in recent sulfonation studies
(neutral sulfite delignification) of phenylcoumaran models
by Gellerstedt and Geirerl* who isolated the diasterero-
mers of 17 as shown in Figure 4. This compound was sup-
plied by the Swedish authors for use in the present inves-
tigation.

To provide a model for the diphenyl-type structures, we
sulfonated dehydrodivannillyl alcohol and prepared the
corresponding acetylated methyl ester 18.

Nuclear Magnetic Resonance Spectroscopy. The
model compounds examined by nmr are listed in Fig-
ures 2, 3, and 4. The 7 values and coupling constants of
the compounds are compiled in Table II. The spectra of
all compounds were recorded in deuteriochloroform. In
general, the nmr spectra observed are found to be consis-
tent with the spectra expected from the compounds syn-
thesized. Certain generalizations may be made with re-
spect to the different types of protons present in lignin.

Aromatic Protons. The location of signals arising from
protons attached to aromatic rings of lignin-like sulfonates
is in good agreement with those for unsulfonated model
compounds. An unexpected difference however, was found
for the three-carbon side-chain §-ethers 11-14 which ex-
hibit a doublet at lower field than the aromatic protons. A
similar effect has long been known for aromatic protons
ortho to carbonyl groups.18.18 The shift of one proton ob-
served for the sulfonates contrasts with the deshielding of
two protons caused by carbonyls (see Figure 5). No final
explanation can be given as yet for this deshielding effect
observed with some sulfonates. Formation of a hydrogen
bond between the Cs-aromatic proton and the sulfonate
group, however, might be suspected as a reason.

Another unusual shielding to high r values was observed
with the threo form of 17. Nmr signals for all other aro-
matic protons are in accord with those reported by Lud-
wig et al.18

Aliphatic Protons. Whereas little interaction exists be-
tween aromatic and other protons present in lignin, the
aliphatic protons of the side chain may be spread over
nearly the total range of r values. Depending on the sub-
stituents, «-methine protons have been observed as far
downfield as 7 = 3.75 ppm, and methy! protons have been
reported to appear up to 9.35 ppm according to Ludwig.1®

a-Methine Protons. The present results indicate that
the locations of a-methine proton signals depend upon the
neighboring substituents. Ether linkages and hydroxyl
groups are the predominant substituents of the «-carbon
atom in unaltered lignins. The sulfonation reaction at-
tacks this position and substitutes ether and hydroxyl
groups for a SOszH group. This change of substituents
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Table ITI
Influence of Three Different Substituents on the Chemical Shifts of Adjacent Methine Protons in Nuclear Magnetic
Resonance Spectroscopy

YR, (IDHZ —X

BCH—Y CH

CH,—X  aCH—X CH
H
OAr=0
OCHj;- OCH, OCH, CH;
OR, OR, OR, 0CH,
1 2-4 and 8-14
Chemical Shifts for C,H(C,H; for §) for X =
Compound R,¢ Rat Y OAc OH SO,0CH;
1 H-Ac 4.95 (s) -5.43 (s) 5.65 (s)
2 H-Ac H H 4.14 (q) 5.09-5.94 (m) 5.60 (q)
3 Ac CH; H 4.34 (t) 5.53 (t) 5.86 (s)
4 CH; CH; H 4.41 (t) 5.55 (t) 5.85(q)
6{ CH; 5.32 (d) 5.78 (d)
H-Ac 5.05 (d)¢ 5.69 (d) 6.02 (d)
8A/B CH3; CH; OAc 4.10(d)/4.21 (d) 5.37(q) 5.59 (d)/5.78 (d)
9 CH; H OAr 3.87 (q) 4.98 (q) 5.37(q)
11A CH; CH3; OAr 4.17 (d) 5.16 (d) 5.63 (d)
13A CH3s CH;0H-Ac OAr 4.00 (q) 5.03 (m) 5.42 (d)
14A H-Ac CH;0H-Ac OAr 3.89 (d) 5.39 (d)

a If Ry = H-Ac, the compound with X = OH has R; = H, the compound with X = OAc or SO3CH;3 has R; = Ac. ¢ If R, = CH,OH-
Ac, the compound with X = OH has R; = CH20H, the compound with X = OAc or SO3CHj3 has Ro = CH30Ac. ¢ Acetylated coniferyl

benzoate (1). .

causes a significant change in chemical shifts of adjacent
methine protons as is shown in Table III. The acetoxyl
group is included in the table as a possible substituent
since most nmr spectra of lignin preparations have been
obtained from acetylated samples.17:30 According to these
data, the acetoxyl group has the strongest and the sulfonic
acid ester group the weakest electron-withdrawing effect
of the three groups.

The appearance of a-methine protons in nmr spectros-
copy is of interest for the stereochemistry of «,3-disubst-
ituted lignin model compounds. Although no general rule
for the assignment of structures to stereoisomers on the
basis of vicinal coupling constants (henceforth referred to
as J and measured in hertz) exists, “the extremely com-
mon problem of differentiation between threo and erythro
isomers can often be solved by consideration of the rela-
tive magnitudes of vicinal coupling constants.”31 A com-
pilation of Jy;. for a number of «,3-disubstituted lignin
model compounds will therefore aid in the evaluation of
the respective stereoisomeric forms (see Table IV). Since
an assignment of the compound with the smaller Jyi. to
the erythro form seems not to be justified in general, an
“A” form was assigned to those structures where the
erythro form had a higher probability based on the meth-
od of synthesis, chromatographic behavior, and coupling
constant.

The presence of a stable hydrogen bond between the o-
hydroxyl hydrogen and the 8-oxygen to form a five-mem-
bered ring in which the 3-protons are nonequivalent was
postulated on the basis of the fact that 1-(3,4-dimethoxy-
phenyl)-2-(2-methoxy-4-propylphenoxy)ethanol exhibited
a quadruplet for its a-methine proton, whereas its acetate
showed an almost normal triplet.16 Since all three deriva-

(30) B.L. Lenz, Tappi, 51, 511 (1968).
(31) S. Sternhell, Quart. Rev., Chem. Soc., 23(2), 236 (1969).

tives of 9 (alcohol, acetate, and sulfonate) show quadru-
plets as coupling pattern for the a-proton signal (see
Table III), the nonequivalence of the §-protons must be
due to factors other than hydrogen bonding. The possibili-
ty of free rotation about the C,—C; bond might be pre-
cluded by steric factors caused by the bulky X substitu-
ents.

Other Aliphatic Protons. Aliphatic protons appear over
a wide range of 7 values, as mentioned above. By re-
stricting the presence of aliphatic protons to S-methine
and vy-methylene groups, the aliphatic proton signals can
be expected to appear in more limited areas. The y-meth-
ylene group, which is generally connected to an oxygen or
sulfur atom, seems to appear with, or very near, the
methoxyl region whereas 3-methine protons interfere with
the region designed for the a-methine protons.

Methoxy! Protons. Methoxyl group signals usually ap-
pear over a small area of the nmr spectrum. The separa-
tion of ester from ether methoxyl group signals would be
most valuable for structural analysis. The average location
of these two types of methoxyl group signals, however,
provides only slightly different 7 values. Figure 6 suggests
the distribution of methoxyl group signals of the com-
pounds listed in Figures 2-4. The curves represent three
major areas between 7 6.00 and 6.50 ppm. Methoxyl
groups in 3 and 4 position of monomeric lignin-building
units yield signals in the region of lowest r values. The
next higher 7 values are associated with signals from
methoxyl groups in the 2 position of phenoxy substituents
of B-ethers. Ester methoxyl groups give signals with the
highest 7 values.

In general, methoxyl groups linked to sulfonic acid
groups as esters yield signals at higher r values than those
attached to the molecules as ether groups. This was indi-
cated by our observation that ethyl esters of 3 and 8 (ob-
tained by reacting the sodium salts with ethyl iodide in-
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Table IV
Coupling Constants in Nuclear Magnetic Resonance Spectroscopy of Benzylmethine Protons of Some Selected
a,3-Disubstituted Lignin-like Structural Units
R
RO QH-—ClldH—Rg
ocp, X Y
J(“A” or J(“B” or Author or
Ry Rz Rs X Y Erythro), Hz Threo), Hz Compound
CH3 H CH3 SOaCHs OAc 9 12.5 8
CH; H CH; OH OAr 3 8 Precursor of 11
CH3; H CHs OAc OAr 4 7 Precursor of 11
CHj; H CH3 SO3;CH; OAr 4 7 11
Ac H CH3; S03;CH; OAr 4 7 12
CH; H CH20Ac S03;CH; OAr 4 ? 13
Ac H CH:0Ac OAc OAr 5 6 Precursor of 14
Ac H CH,0Ac SO;CH; OAr 4 8 14
CHj; H CH,S03CH;3; OH OAr 3 5.5 15
Ac OCH3; CO2CoHs OAc OAc 7 4 Parrish (ref 8, 11)
H OCHj; CH,0OH SO3Na OH 6 10 Parrish (ref 8, 11)
Ac H CH20Ac S0O3CH3 OAr 4.1 7.9 Gierer (ref 15)
CH; H CH,0Ac SO3;CH; OAr 3.9 8.1 Gierer (ref 15)
a a a OAc OAr 4.9 6.1 Ludwig (ref 18)
a a a OH OAr 3.6 7.9 Ludwig (ref 18)
a Substituents not stated.
M [i7) »
o o™ oW | “:Ha-
gr i3 5 0': .5 oo CHa
=) W= W= L |
= E 8 z3 5; CH—50,—R
2 w & we W
< OCH3 i §
¥ 0.C0-CHy i :
= |
a / R x OCHz " Ji‘ b AU
1 1 L 1 1 i . 1 1
605 6.0 6.20 6.30 6.40 6.50 l
PPM (7) | i
Figure 6. Distribution of signals reflecting methoxyl groups of “‘n M
compounds investigated. I
p g MJ"‘,JJI.‘ )

stead of methyl iodide) raised methoxyl signals with lower
7 values than the corresponding methyl esters (see Figure
7).
Acetoxyl Groups. Generally, the ranges now observed
for 7 values of acetoxyl groups in different positions of the
Co unit compare well with the data reported earlier.16-18
Acetyl groups of phenolic hydroxyls raise signals at lower
7 values than those ot aliphatic hydroxyl groups. Phenolic
acetyl groups ortho to biphenyl linkages, however, are
shielded upfield and cannot be distinguished from their
aliphatic counterparts. Weaker shielding is observed for
compounds with aliphatic substituents ortho to the phe-
nolic acetyl group as is demonstrated by 17.

Since the signals of acetoxyl groups show little interfer-
ence with other protons present in lignin preparations,
they may serve as quantitative measures for hydroxyl
groups originally present. Ludwig et al. and Lenz showed
that the results of phenolic hydroxyl determinations by
nmr spectroscopy are in good agreement with the results
obtained by classical methods.17.30

Adjustment of Ranges of v Values for Lignin Sulfonate
Preparations. Ranges of 7 values in the nmr spectra of lig-
nin preparations were assigned to the various protons by

R = OCHpCH: I
N 2CH3 AM‘ g
i 2'0 370 4,‘0 D‘IO GfO TIO BI.O 5‘0 )OfD
PPM (1)
Figure 7. Nmr spectra of methyl vs. ethyl guaiacylpropanesul-
fonate.

Ludwig et al. These have been widely used in lignin
chemistry30.32.33 and were based upon proton signals ob-
served for model compounds.

. In this investigation, this type of data is being reported
for sulfonated lignin model compounds in order to make
the use of nmr spectroscopy applicable to lignin sulfonates
and their derivatives. The results indicate that estimates

_can be made of the extent to which a number of different
types of protons occur in lignin sulfonate preparations.
Generally the 7 values associated with particular species
protons in lignin-like sulfonates are the same or quite
similar to those observed in the unsulfonated analogs, ex-
cept in a few cases. Thus, aromatic protons in the 6 posi-
tions of a-sulfonated S-aryl ether compounds appear at

(32) D.E. Bland and S. Sternhell, Aust. J. Chem., 18, 401 (1965).
(33) B. F. Hrutfiord and J. L. McCarthy, Advan. Chem. Ser., No. 39, 225
(1966).
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Table V
Ranges of 7 Values for Chemical Shifts of Signals in Nuclear Magnetic Resonance Spectroscopy from Protons Found in
Model Compounds Adjusted for Lignin vs. Lignin Sulfonate Preparations

Lignin Lignin Sulfonates
Types of Protons Range Models Polymer Models Polymer Range
Aromatic 2 2.00-3.72 2.00-3.72 2
Ortho to C,=0 2.22-2.77 2.17-2.47 2.00-2.75 2a
Ortho to C.—S0O3CH3 2.43-2.51
Others 2.73-3,65 2.87-4.1 2.75-3.72 2b
«-Vinyl 3.26-3.73 3.28
3-Vinyl side chain 3 3.68-4.13 3.72-4.26 3.63-4.12 3.72-4.82 3-4
C,H-R,R = OAc 3.75-4.33
= OAr (cyclic) 4 4.42-4.53 4.26-4.82
= SO3CH3 5.04-5.85
CsH—R; R = OAc, OAr 5 4.82-7.50 4.05-5.42 4.82-7.50 5
‘R=Ar 4.5-9.35 5.6-6.2
C‘sz—R; R= OAC, SOgCHs 5.65-6.95
Other
Methoxyl, ether 6.06-6.45 6.06-6.28
ester 6.16-6.42
Acetoxyl ] ) 6
Phenolic 7.66-7.82 7.50-7.81 7.58-7.73 7.50-7.81
Ortho to “5-5” 5.90-7.93 7.89
Ortho to “8-5” 7.7
Aliphatic 7 7.89-8.20 7.81-8.42 7.89-8.06 7.81-8.42 7
Highly shielded 8 8.42-9.62 8.42-9.62 8
lower field, together with those aromatic protons adjacent Scheme I
to a-carbonyl groups. 0
Also, aliphatic protons of benzylic carbon atoms next to I
aryl (coumaran) or acetyl groups should be assigned to a C—Cs—C.—~8—0,—Cy—Cy
range of r values adjacent to the aromatic region. For sul- g
fonated lignins, this type of proton is deshielded to a :
higher field (see Table III) with loss of a division between
ranges 3 and 4. Other protons (vinyl groups, sidechain) Scheme I1
are distributed over most of the spectrum, but do not influ-
ence the divisions used previously for lignin preparations. . l ,
Table V lists the ranges of 7 values found for model com- 0 + R" + 'SI_OR
pounds and sets forth the ranges proposed for sulfonated I a I
and unsulfonated lignin samples. R—S—OR’
Mass Spectroscopy. Organic sulfur compounds have I 0
been studied with respect to their mass spectral behav- 0] N R+ £+_ OR’
ior.3¢ Fragmentation pathways of several sulfonates have I
been proposed by Truce, Campbell, and Madding3® and 0
these propositions may be summarized and our findings b
may be presented and discussed in terms of a number of
schemes which will now be set forth.
For alkanesulfonates, the parent peaks were found by Scheme I11
Truce et al. to occur in about 1-3% abundance relative to . OH
the base (most abundant) peak. Scheme I has been used . /O)\I:I\ — CH _é+ + CHO
as a basis for consideration of various bonds undergoing CH;—S. \CH, i I ?
cleavage where « cleavage means cleavage of the C—S8 O// Y s} d

bond, 3 cleavage refers to the C,—Cjg bond, etc. The most
abundant ions in the spectra of alkyl alkanesulfonates
have, in general, been attributed to fragments arising
from the alkyl group (a) obtained upon « cleavage, as
shown in Scheme II. The complementary fragment
(SO;0R’)* (b) has been observed to a varying degree.
The sulfonates were found to undergo several rearrange-
ment processes in their mass spectroscopic fragmentation
which depended mainly on the type of substitution pres-
ent.

(34) H. Budzikiewicz. “Mass Spectrometry of Organic Compounds,” Hol-
den-Day, Inc., San Francisco, Calif., 1967, Chapter 19.

(35) W. E. Truce, R. W. Campbell, and G. D. Madding, J. Org. Chem., 32,
308 (1967).

Methyl methanesulfonate (¢) was found to yield formal-
dehyde (d) after rearranging according to Scheme III.
Transfer of a y-hydrogen occurred with methyl ethanesul-
fonate (e) (Scheme IV). A protonated methyl bisulfite ion
(f) was recorded in the spectra of those compounds that
contained 8- and y-hydrogens (Scheme V). Another rear-
rangement of compounds possessing y-hydrogens involved
a six-membered ring and led to 8 cleavage and formation
of an olefin (g) (Scheme VI). The appearance of alkoxy
ions (h) as fragments in the spectra of some sulfonates
was explained as products of another rearrangement,
shown in Scheme VII. After rearranging to a dialkyl sul-
fite (i), cleavage was observed to occur at two alternate
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Scheme IV
) HO
H,Q L
H,C ~ §—O0CH, — CH,=CH, + 7“S—OCH,
A7
¢\ I
H, 0 0
e
Scheme V
H,Q T
H(ll\A/S\\t—OCHB ,— R—CH—CH=CH, + *S—OCH,
C
R——HC\Hz (O OH
| £
Scheme VI
HO™
R”—HC<H.4 ot I
u c'ﬁ g _OCH; — R"—CH=CH, + CH2=ﬁ—OCH3
VN g
TN g
H, O 0

positions. The formation of such alkoxy ions (h) was in all
cases accompanied by the formation of (R + CH0)+
ions. Since an ion-molecule recombination reaction is un-
likely, Truce, Campbell, and Madding explain this (R +
CH,0)*+ peak with “a three-centered rearrangement of
sulfonate (k) to an ether (1) with the expulsion of sulfur
dioxide” (Scheme VIII). Similar eliminations have been
studied with sulfides, sulfoxides, and sulfones.36

Lignin-like Sulfonates Studied. The lignin sulfonate
model compounds studied are listed in Figures 2-4,

Most compounds showed molecule peaks of low abun-
dance in agreement with the results obtained by Truce et
al.3% « cleavage, as indicated in Scheme II, and elimina-
tion of ketene or acetic acid from phenolic or aliphatic ac-
etoxyl groups, were found to be major fragmentation
paths of the molecules studied. All peaks exceeding 3% in
relative abundance were accounted for and, in general, all
mass spectra observed are consistent with those expected
in consideration of the structures of the compounds stud-
ied. The presence of metastable compounds and corre-
sponding peaks indicating a transition is marked by an
asterisk.

Monomers with Monosubstituted Side Chains. The
monomers 1-6 exhibit similar fragmentation patterns.
Only the relative abundances of the various fragments dif-
fer. o cleavage and ketene elimination predominate and
give rise to the base peaks. The general fragmentation
patterns are represented by Scheme IX. Neutral ketene
molecules are eliminated from acetates of phenols and
enols as was found earlier.37 A rearrangement reaction has
been proposed for this elimination.3® The relative abund-
ances of the molecule peaks and the fragments (M -
CH.CO)*, (M - SO3CHsz)*, and (M - CH,CO -
SO3CHg3)t for 1-6 are listed in Table VI.

Monomers with Disubstituted Side Chains. Aliphatic
acetates and alcohols have a pronounced tendency to
eliminate acetic acid or water.38.32 This elimination may
be either thermal or induced by electron impact. In the

(36) J. Madsen, C. Nolde, S. Lawesson, G. Scholl, J. H. Bowie, and D. H.
Williams, Tetrahedron Lett., 4377 (1965).

(37) E.M. Emery, Anal. Chem., 32, 1495 (1960).

(38) G. Spiteller, “Massenspektrometrische Strukturanalyse Organischer
Verbindungen,” Verlag Chemie, Weinheim/Bergstr., 1966, p 160.

(39) H. Budzikiewice, ref 34, pp 468-471.
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Scheme VII
I
([)' C|> RO" + RO—S
h
R—lsl*—OR' — RO-—-S:—OR’
0 I’ ROﬁ+ + RO
0
Scheme VIII
i
{8/=0 — RO™R + 80,
R” (TOR’ 1
k
Scheme IX
R
!
CHS*0,CH,
R R

-COCH,

|
CHS04CH, /

OCH, SOCH; |
OCOCH, ™ CH

-SO,CH,
OCH; \ ~-COCH,
OCH, /

HO+%:>=CH——R

case of 1,2 elimination of acid or water, this question can-
not be decided with certainty. It “may be visualized as a
McLafferty rearrangement, except that the charge re-
mains with the olefinic rather than the carbonyl-contain-
ing moiety.”’3® Compound 8 eliminates acetic acid in such
a rearrangement reaction (Scheme X). The ion (M -
S0O3;CHgs)*, however does not follow this same mecha-
nism, but rather eliminates ketene. This difference indi-

OCH,

OH 0.COCH;,

‘cates the formation of a tropylium ion as intermediate,

which in analogy to benzylium acetate eliminates ketene
rather than acetic acid.*® Further breakdown of this tro-
pylium fragment (m/e 195), which signs as base peak,
leads to a dehydrated and a demethylated derivative. The
formation of the dehydrated ion at m/e 177 can also be
explained with desulfonation of the (M — CH3z — COH)+
ion in accordance with Scheme II.

The disulfonate 7 exhibits a parent peak with less than
1% abundance. The fragment (M — 2803CHj3)* is record-
ed with 95% intensity. The base peak at m/e 221, how-
ever, cannot be interpreted using the usual fragmentation
mechanisms. It originates from a m/e 316 fragment (m/e
221 + SO3CHj3)* (22% abundance), as is substantiated by
a metastable peak.

B-Ether Dimers. The principal fragmentation of alkyl
aryl ethers is similar to alcohols and acetates. Cleavage
occurs at the oxygen according to Scheme XI under for-
mation of a phenol and an olefin, where the charge re-
mains with the phenol,#! or according to Scheme XII

(40) M. E.Wacks and V. H. Dibeler, J. Chem. Phys., 31, 15657 (1959).
(41) H. Budzikiewicz, ref 34, p 241.
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Table VI
Relative Abundancese in Mass Spectroscopy of Molecule
Peaks and Some Typical Fragments of Lignin-like
Sulfonate Monomers with Monosubstituted Side Chains

(M - 137)+
(M - 42)+ (M - 95)+ (SO3CHs
Compound M+ (COCHsy) (SO;0CH3) + COCH,)
1 26 95% ¢ 4 100*
2 2 3* 1 100%*
3 9 12% 23 100*
4 10 100*
5 8 6% 19* 100*
6 13 28% 3 100*

a In per cent of the base peak (100%). ¢ An asterisk indicates the

presence of a proper metastable peak for the transition.

Scheme X
8
m/e 332 (14)
i
(le
CH*S0,CH,
== m/e 237 (41)
CHO OCH,
OCH, OCH,
mje 272 (12)
“CH, | e
& l +|-COCH,
m/e 246 (6)
CH,
l CH,
CH |
| CHOH
CH -H,0
(-‘—
OCH.
. OCH3 0CH3 s
OCH;, m/e 195 (100)

m/e 177 (35) ~-‘CHl
. 15

m/e 180 (10)

without hydrogen rearrangement under formation of a
phenoxy ion or radical and an alkyl radical or ion. Frag-
ments resulting from major fragmentation mechanisms of
B-ethers are listed in Table VII.

Compounds 9 and 10. Ketene elimination, a cleavage
according to Scheme II or IV and ether bond rupture
(Schemes XI or XII) are the dominant reactions occurring
upon electron bombardment of the compounds of this se-
ries as outlined in Scheme XIII. The base peaks (m/e 138)
of the spectra result from the aryl ether substituents in 8
position after rearranging according to Scheme XI. The
second largest peaks (m/e 137) represent fragments origi-
nated in an ether-bond fission as outlined in Scheme XII.
Fragmentation of the (M — HSO3;CH; ~ CH>CO)+ ion
may proceed via side-chain elimination to a phenoxonium
ion at m /e 163 as a minor alternative.

Compounds 11 and 12. The methyl substituents in the 8
position of these compounds introduce two fragmentation
pathways that occur in addition to the ones outlined in

Macromolecules
Scheme X1
[ j—O"fT’CI:HR1 O*H |C,HR1
Hl(fHRq — @ v
R; R
Scheme XII
O+
o4 o
©/ + Rt
Scheme XIII
10
m/e 424 (16)
‘l—oocm Ar= CH,
m/e 382 (12) OCH,
6= OH
OCH;,
” *CH,
CH CIH (IlHSO3CH3
© ©)
OCH, m/e 286 (8) m/e 245 (11)
TOH -oar A @ '&"soscm
m/e 287 (6) v
©—CH=C'H ArO*==C=CH, *(@—CH=CH,
m/e 149 (67) m/e 163 (13) m/e 150 (50)

Scheme XIII for 9 and 10. One of them is the pronounced
cleavage of the C—C bond between « and 8 position of
the sidechain, which gives rise to the base peaks at m/e
165 and 151 for 11 and 12, respectively (c¢f. Scheme XIV).
Sano and Sakakibara found a similar fragmentation for
1,2-bisguiacylpropane-1,3-diol.#2 The second pathway is
an elimination of sulfur dioxide according to Scheme VIII,
involving a three-centered rearrangement and the forma-
tion of a benzyl methyl ether. The low intensities of the
respective peaks (M — SQO;)*+ signify the instability of the
compounds formed toward electron bombardment. §-Aryl
ether cleavage of these (M — SO2)+ ions helps to form ox-
onium ions with 21 and 15% relative abundance for 11 and
12, respectively.

Another remarkable difference between the two groups
of B-ethers (9 and 10 vs. 11 and 12) was noted in the nmr
spectra of the compounds, which indicated that 3-aryl
ethers of phenylpropanes with sulfonate groups in a posi-
tion (such as 11-14) deshield one aromatic proton.

Compounds 13 and 14. The spectra exhibited by these
two compounds are very complex due to a variety of ini-
tial cleavage reactions, as outlined in Scheme XV for 13.
The common rupture of the C—S bond proceeds in accor-
dance with Schemes II and IV and is in agreement with
observations made with 9-12. Also, elimination of SOz by
a mechanism outlined in Scheme VIII was observed. §-

(42) Y. Sano and A. Sakakibara, Mokuzai Gakkaishi, 16, 121 (1970).
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100% /-
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Fragment A

BY/(B-Y)+

Ab/(A-X)!
Base peak

-/~
Fragment (A-X)
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C.—Y
C,—X
M ob—on ®
8 r
2 e OCH,
0—7Z

Ether cleavage follows the principles of Schemes XI and
XII and raises the two most abundant peaks at m/e 137
and 138.

Rupture between «- and B-carbon atoms of the side-
chains of compounds 13 and 14 is one of the most pro-
nounced reactions following the electron impact in the
mass spectrometer, as had already been found for 11 and

8

Scheme XIV

1
m/e 410 (33) Ar =—Q~CH3

m/e 314 (5)
:lﬂom

1

46

CH,

I
CH=0—Ar
+

I
(|:H
I CHOCH, m/e 165 (100) CH

CH—O-Ar
|7

31

OCH; OCH,
*OCH,
mfe 177 (33)

5 OCH,
m/e346 (1)
l'OAr

*OCH,
mje 178(93)

33

--CH,
C=0CH, —> m/el94 (13)
* l ~CH,

c=0"*

OCH;

OCH,

m/e 209 (21) OCH
3

OCH;
m/e 165
»l—co

m/e 137 (37)

12. This cleavage had not been observed with the phenyl
ethanesulfonates 9 and 10. Aliphatic acetoxy groups are
being eliminated either as ketene, or as acetic acid (14),
or as methyl acetate (M — CH3;CO2CHj3)+. Overall, the
two compounds showed dissimilar fragmentation behavior
possibly caused by a thermal instability of 14, the spec-
trum of which varies with the time elapsed between injec-
tion into the ion source and recording of the spectrum.
Compounds 15 and 16. The spectra of these two com-
pounds closely resemble their a-sulfonated counterparts.
Like all other g-aryl ethers of phenylpropanes, fission of
the C,—Cj3 bond of the sidechain is relatively pronounced.
In case of the +v-sulfonated models, however, the charge

Parent peak
@ With only the most abundant peak within m /e £2 listed. * See adjoining column for structures A and B.
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Scheme XV
13 Ar= CH,
m/e 468 (46)
= OCH;
-CHOAc . » (szoAC
(M — 'SO,CHy)™ (1) CH—OAr oo
(M - HSO,CHy™(2) Q—Ar
M = SOY* (1) CSOCHs /e 223 (59)
(ArOH)™ (63) -Cchol~
(M — COCHy*(©) CH.O
H
OCH, | -
OCH; CH=0QAr
m/e 394(3) m/e181(16)
C,?HQ'O'AC
CH
| *0—Ar
C—SO,CH, m/e 137 (100)
OCH,
*OCH,
m/e 331 (18)
"soacml
(IJHQOAC ?[;H2
(ﬁH (IZ—OAr
CH < {COCH2 )* o CH
M —_— 2
SO,CH,
OCH, ™m/e 331 (18) OCH;
QCH, "OCH,
m/e 236(21) m/e 313 (48)
'l_'COCHV "l-'OAr
m/e 193 (66) mje 175 (34)

tends to stay with the oxygen-containing moiety (cf. Table
VII).

The fragmentation pattern represented by 16 is indicat-
ed in Scheme XVI. It shows «a cleavage and elimination of
water or the 8-aryl ether substituent according to Scheme
XI. Most of the charge seems to remain with the eliminat-
ed 8 substituent which is represented by the peak at m/e
138. 4 cleavage between «- and (-side-chain carbon
atoms, which has been noted for all prior phenylpropane
B-ethers gives rise to the base peak at m/e 165 and 167 for
15 and 16, respectively, the corresponding fragments of
which subsequently yield CO. Some charge remains with
the rest of the molecules after vy cleavage, signified by the
fragments at m/e 259. They then undergo « cleavage to
form fragments at m /e 164.

Dimeric Model Compounds with C—C Linkages. Mass-
spectroscopy of carbon—carbon linked dimeric lignin
model compounds is of particular interest for structural
studies of low molecular weight lignin degradation prod-
ucts. Dimer 17 which has been derived from sulfonation of
dehydrodiisoeugenol (14) has the fragmentation pattern
indicated in Scheme XVII.

Compound 17. The conjugated system, of the fragment
(M — HSO3;CHj3)t may be the cause of predominance of
elimination of the sulfonate group as a bisulfite radical
after hydrogen rearrangement (Scheme IV) as compared

Macromolecules

Scheme XVI

16
m/e 426 (8)

m/e 331(8)

+ N .
CleSOBCHs CH,SO;CH, CH—OH
CH CH=Q Ar
C—0OH + ArO*H m/e 239 (1) ocH,

m/e 138 (28) l«sodcas *OCH,
CH, m/e 167 (100)
Ar= cH, .o
OcH oct C/ " CH—OAr |
e 288 (1) OCH, mre16a(er) Hy M
CH,
*OCH,
m/e139 (24)

with « cleavage (Scheme II). Elimination of two neutral
ketene molecules and one bisulfite radical leads to a frag-
ment which signs as base peak. Another ion, which yields
a peak exceeding 10% relative abundance (m /e 193), origi-
nates from C,—C; bond rupture and loss of ketene from
its phenolic acetoxy group. No fission between C; and the
pheny! group can be observed.

Compound 18. Several peaks in the upper region of the
spectrum are caused by fragments that have been formed
from the molecular ion by losses of ketene and the sulfo-
nate group with or without hydrogen rearrangement
(Schemes II and IV) (see Scheme XVIII and Figure 8).
The ion at m/e 367 indicates the presence of a fragment
that has lost two ketene molecules and one sulfonate radi-
cal. Subsequently, the residual sulfonate group might be
eliminated as bisulfite ion according to Scheme IV to form
the diquinone methide ion (m/e 271) which appears as
base peak, or as neutral fragment with 94 mass units
(SO3CHy) which causes a peak at m/e 273. Both fragmen-
tation concepts are supported by metastable peaks. The
loss of the SO3CH; mass unit has not yet been observed
with sulfonates but can be explained with hydrogen rear-
rangement in a five-membered ring as indicated in
Scheme XIX. Further breakdown of the ions at m/e 367
and 315 involves elimination of carbon monoxide, formal-
dehyde, and methyl radicals. A minor fragmentation
pathway of the molecular ion starts with the elimination
of carbon monoxide to yield an ion with 518 mass units.
Similar fragmentations have been observed before with
unsaturated esters.*3 Further breakdown of the (M -
CO)+ ion occurs in analogy to the (M — COCHjy)* ion.
The spectra of both dehydrodieugenol and dehydrodivan-
nillin reportedly show intense peaks accounting for (m/2)*
ions.28 The absence of similar fragments in the spectra
of 17 and 18 is noteworthy, since arylaryl linkages and
alkyl—aryl bonds seem stable against electron bombard-
ment.

General. A number of generalizations may be suggested
concerning the mass spectral elimination of acetyl, sulfo-

(43) J. H. Bowie, D. H. Williams, P. Madsen, G. Scholl, and S. O. Lawes-
son, Tetrahedron, 23, 305 (1967).
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Scheme XVII

17
m/e 508 (2)

——-|-+

OCH,
*OAc
OCH m/e 235 (4)
3
+|-COCH,
OAc tH 0730, l

CH,0 OCH, m/e193(59)
i

b

OAc
m/e 412 (1) CH.O

D

OR,
=H,R, =
or
R,=AcR,=H
m/e 466 (17)

~HSO.CH. | _-COCH,

>

m/e 370 (21) m/e 424 (7)

COCH ~~HS80,CH,

—v

<

OCH,
OH
CH,O
OH
m/e 328 (100)
’ﬁ/]\cf*

m/e313(7) m/e 299 (10)

nate, ether, and other prominent groups related to the
structure and reactions of lignin sulfonates.
Monosubstituted monomers are characterized by cleav-
age of the C—S bond (« cleavage) and, if any phenolic ac-
etoxy groups are present, by expulsion of ketene. Loss of
both groups gives rise to the most abundant peaks in the
spectra of six models studied in this category. Secondary
aliphatic acetoxy groups are expelled either as acetic acid
from the parent ion, or as ketene from the (M -
SO3CHs)* ion. Primary aliphatic acetoxy groups from +-
methylol substituents of 3-ethers are eliminated as ketene
or methyl acetate molecules rather than as acetic acid.
However, the main electron attack against 3-ether com-
pounds seems to be directed toward the aryl ether linkage.
The phenol radical ion or the phenoxy ion might be liber-
ated in such a cleavage reaction. A third possibility in-
volves the formation of a fragment after cleavage of the
a—f-carbon bond of the side chain where the charge re-
mains partly with the aryl ether part. v-Sulfonates like 15
and 16 might be recognized by means of this fragment.
a-Cleavage and related fissions of the C—S bond seems to
be widely suppressed by aryl ether eliminations. Expul-
sion of sulfur dioxide from the molecular ion could be ob-
served only with 3-carbon side-chain g-ethers sulfonated
in the a position. Carbon—carbon linked dimeric lignin
sulfonate model compounds did not show any significant
splitting into their monomeric partners. Loss of the sulfo-
nate and acetyl groups gave rise to the most abundant
peaks. Fission occurred between alkyl—alkyl bonds rather
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Scheme XVIII

18
m/e 546 (<1)

-co  CH,SO,CH; CH,SO,CH;

L

“*OCH, Ac
m/e 518 (3)

-HSO,CH,

-COCH,

m/e 504 (24)

-cocH, L _-socH, CH;0

m/e 462 (80) m/e 410 (12)

-COCH,, H
*1-80,CH,

H, CH2803CH3

CH,0 OCH, CH 0

m/e 367 (85)

--80,CH,

»

CH, CH, CH, CH,
CH,0” t_:lj]t “OCH, CH.0’ ‘ ‘ "0CH,
0 *OH *OH O

m/e 273 (62) m/e 271(100)
Scheme XIX
0
(ll
Ar—CH,*
Ar—CH; |I QO — +
S0,CH,

H—CHQ

than between alkyl—aryl and aryl—aryl linkages.

It is anticipated that the results of these mass spectros-
copy studies as well as the above-reported nmr spectrosco-
py studies, will be helpful in future studies of the struc-
ture and reactions of lignin sulfonate polymers.

Experimental Section

Detailed listings of syntheses and characterization of individual
compounds has been deleted in favor of tabular compilations of
their physical data and chemical shifts in spectroscopy, in Tables
I and I, respectively. In Table I, yields are listed after sulfonation
and after conversion of the sulfonates to acetylated and methy-
lated derivatives. All melting points were taken on a Kofler
micro-hot-plate apparatus and are uncorrected. Molecular
weights were determined by mass spectroscopy (conditions as
stated later). Elemental analyses were carried out by Alfred
Bernhardt, Mikroanalytisches Laboratorium, Elbach, West Ger-
many, where possible. In some instances, purification procedures
vielded insufficient quantities for complete elemental analyses to
be performed; in these cases, the elemental composition could not
be obtained. Sulfonations were conducted following the standard
procedure outlined later. Where this procedure was abandoned,
modifications were stated in column 8 of Table I. In column 9 of
the same table, reference is made to the syntheses of starting ma-
terials, as described in the literature.

Thin-Layer Chromatography. Sulfonic acid salts were sepa-
rated by tle using silica gel grade Fzs4 and butanol-water (92:8)
as developer. The acetylated and esterified sulfonates were sepa-
rated using benzene-glacial acetic acid (5:1), benzene-ethyl ace-
tate (1:1), or cyclohexane-ethyl acetate (1:1).
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Figure 8. Mass spectrum of the dehydrodivanillylsulfonate (18).

Column Chromatography. Sulfonic acid esters of model com-
pounds were separated on activated silica gel (Davison, grade 200
X 325) in benzene-ether (95:5).

Sulfonation Procedure. Unless otherwise stated, the cooking
liquor was prepared by dissolving 10 g of NaHSOj3 in 100 ml of
distilled water and adding 6 g of SOz to this solution. About 1.5 g
of the model compound dissolved in 5-10 ml of dioxane was
sealed in a 100-ml test tube together with 60 ml of cooking liquor.
The mixture was kept at 105° overnight.

Working-Up Procedure. After sulfonation a stream of nitrogen
was passed through the reaction mixture to remove the dissolved
sulfur dioxide. Extraction with chloroform removed the unsulfo-
nated starting material. The extracted aqueous solution was

Macromolecules

evaporated to dryness under reduced pressure and the residues
were extracted with aqueous butanol (92%). The extracts were
evaporated to dryness and acetylated with pyridine-acetic anhy-
dride (1:1) (12 hr at room temperature) if OH groups were pres-
ent. Then, the reaction mixture was evaporated to dryness,
avoiding bath temperatures above 50°. The residues were dis-
solved in a few milliliters of absolute methanol, acetates were dis-
solved in water, eluted through a column of Dowex 50W-X8 (H+)
cation-exchange resin and neutralized with silver oxide. After fil-
tration, these solutions were freeze-dried. The crude silver sulfo-
nates were then methylated using an excess of methyl iodide in
acetonitrile at room temperature for 24 hr. (All operations with
silver lignin sulfonates present were performed in the dark.) The
solutions were filtered and evaporated, and the remaining materi-
al was recrystallized.

Nuclear Magnetic Resonance Spectra. Spectra were obtained
using a Varian A-60 nmr spectrometer. Samples were analyzed as
10-15% solutions in deuteriochloroform. MeySi was used as an in-
ternal standard.

Mass spectra were recorded on an AEI MS9 mass spectrometer
with a direct inlet system, an ionization energy of 70 eV and a
source temperature at 120 or 10° above the melting point of the
compound studied.
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