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H.Y. Hassi., H. P o y a ~ . ~ ,  D. Tai..., C.-L. Chen, and J.S. C r a t z l  
Department of Wood and Paper  S c i e n c e  

North Carolina State U n i v e r s i t y  
Raleigh, UC 27695-8005, USA 

Dedicated t o  Dr. D. A. I. Goring on t he  occas ion  of h i s  r e t i r e m e n t  
froa t h e  Pulp and Paper  I n s t i t u t e  of Canada. 

ABSTRACT 

S u b s t i t u e n t  effects on the chemical  s h i f t s  of a romat ic  
carbons I n  U g n i n  model compounds have been e l u c i d a t e d  frola 13C 
M s p e c t r a  of g u a i a c y l  and s y r i n g y l  type  monmer lc  and 8-0-4 
model compounds and g u a l a c y l  type 6-5 model compounds. Evalua t ion  
of t h e  observed v a l u e s  of s u b s t i t u h n t  chemical sh i f t  ( S C S )  for t h e  
aromatic carbons  l e a d s  t o  e l u c i d a t i o n  of a g e n e r a l i z e d  SCS 
a d d i t i v i t y  rule, f o r  a s t h a t i o n  of the chemical shlfts of aromatic 
carbons  i n  ring A of 8-0-4 and 8-5 type s u b s t r u c t u r e s  I n  model 
compounds and I n  ring B of 8%-4 s u b s t r u c t u r e s  in l i g n i n  
p r e p a r a t i o n s ,  v i t h  errors of less than  1 ppu. The rule is 
a p p l i c a b l e  t o  s u b s t r u c t u r e s  of both g u a i a c y l  and syrlngyl types ,  
u s i n g  an a p p r o p r i a t e  p a r e n t  compound as r e f e r e n c e  i n s t e a d  of 
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5 56 HASSI ET AL. 

benzene. 
0-0-4 and 0-5 t ype  Plodel compounds a m  reassigned on t h e  b a s i s  of 
t h e  observed SCS's as w e l l  as APT s p e c t r a  of t h e  compounds. 

Signals in t he  aromatic reg ion  of t h e  I3C NHR spec t r a  of 

INTRODUCTION 

Since  LudwuM and Nimz1s2 app l i ed  13C Nl4R spectroscopy for 
s t r u c t u r a l  analysis of l i g n l n  p repa ra t ions  a decade ago, t h e  

method has  become a pouerful tool for t h e  c h a r a c t e r i z a t i o n  of 
l i g n i n  I n  s p i t e  of t h e  progress  made i n  t h i s  

f i e l d  dur ing  the  pas t  decade, no unambiguous i n t e r p r e t a t i o n  of 
s i g n a l s  i n  sane reg ions  of l i g n i n  1% NUR s p e c t r a ,  p a r t i c u l a r l y  i n  

t h e  quar te rnary  aromatic carbon reg ion ,  has been a t t a ined .  The 

major c o n s t r a i n t s  i n  the  i n t e r p r e t a t i o n  of l i g n i n  13C NUR spec t r a  

are t r aceab le  t o  t h e  complex na tu re  of l i g n i n  in t e r n  of chemical 
s t r u c t u r e  causing over lap  of signals and, most impor tan t ly ,  the  

absence o f  s u i t a b l e  methods t o  d i s c r i a i n a t e  between signals in 
orde r  to a s c e r t a i n  the  c a r r e c t n e s s  of signal assignment. It is, 

t he re fo re ,  d e s i r a b l e  t o  e l u c i d a t e  a genera l ized  13C NpiR 

s u o s t i t u e n t  chemical s h i f t  (SCS) a d d i t i v i t y  rule by which the 

chemical s h i f t  of a p a r t i c u l a r  araaatic carbon i n  a limn 
subs t ruc tu re  can be predic ted  u i t h  a r sasonably  narrow margin of 

error, for example, an error of less than t l  ppm. 

The observed SCS a d d i t i v i t y  rule of benzene to  estimate 13C 
NHR chemlcal s h i f t s  of aromatia carborw in d i s u b s t i t u t e d  

b e a ~ e n e s ~ * ~  cannot be d i r e c t l y  app l i ed  t o  limn D D O G ~ ~  coopounds 
which am t y p i c a l l y  d e r i v a t i v e s  of e i t h e r  guaiacol (11; R = H) or  
syringol (V; R = HI, (1.e. 2-methoxyphenol or 2,6- 

dimethoryphenol), with an oxygenated propyl group s u b s t i t u t e d  

para to  t h e  phenolic hydroxyl group, because t h e  r u l e  cannot 
accu ra t e ly  p r e d i a t  chamical s h i f t s  of arcmatic carbons in tri- and 
po lysubs t i t u t ed  benzenes. Houever, it uas denons t ra ted  r ecen t ly  
i n  our l abo ra to ry  that chemical s h i f t s  of arcmatic carbons i n  

gua iacyl  type 1.ienin model compounds could be estlnrated by t h e  SCS 
a d d i t i v i t y  rule when guaiacol and its e t h e r s  u e r e  used as parent  
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CHEMICAL SHIFTS OF AROMATIC CARBONS 557 

compounds instead o? bea~ene.~r’~ 

therefore, conducted in our laboratory to detelntne whether the 
SCS additivity rule can also be applied to estiaate chemical 
shifts of arcaatic carbons i n  the syringyl type lignin model 
compounds. 
additivity rule by which chemical shifts of aromatic carbons in 
lignin model compounds and substructures in lignin preparations 
can be accurately predicted. 
effects on the chemical shifts of aromatic carbons in lignin model 

capounds, a genenlized SCS additivity rule for estimation of the 
chemical shifts of aromatic carbons in 8s-4 and 8-5 type lignin 
model canpounds, and the reassignment of signals in the aromatic 
region of the 13C NHR speutra of these compounds on the basis of 
the observed SCS data as well as APT spectra of the compounds. 

Investigations have been, 

This wl l l  lead to the elucidation of a generalized SCS 

This paper describes substituent 

EXPERIXENTAL 

Synthesis of Lignin Model Compounds 

6-(4~ethyl-2-mathoxyphanory)-a-hydrory-a-(4-hydrory-3- 
aethorypheny1)ethane (2) 

Compound 3, colorlass rhombics (from EtOH), m.p. 93-94OC, 
was prepared from a-broao-4-acetoxy-3-methoxyacetophenone and 
creosol by way of 6-(4-methyl-2-methoxyphenory)~-oxo~-(4- 
hydroxy-3-methoxyphsyl)ethane (=I, colorless microcrystals 
(from MaOH), m.p. 95-96OC, according to the procedure of Kratzl 

Conpound l6, colorless rholnbics (from HsOH) , n.p. 74-’15°C, 
w a s  synthesized f m a  a-b~4-ethoxy-3-methaxyacetophenone and 
creosol by way of 6-(4-methy1-2-methoxyphenoxy)-a-oxo-a-(~-etho~- 
3-methoxyphsny1)ethane (Lk), colorless scales (from EtOH), m.P. 
.7a-190c, according t o  the procedure of Kratzl et al.11 
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558 HASSI ET AL. 

Compound x, colorless rhombics (from MOH),  n.p .  121.5- 

122.5OC, was synthesized from a-bromo-4-acetoxy-3,5- 
dimethoxyacetophenone and creosol by way of 844-umthyl-2- 

(=I, pale yellow rhombics (frcm HeOH), m.p. 121.5-123OC, in the 
same manner described for the synthesis of compound 15. 

methoxyphenoxy~~-oxo-a-~~-hydrory-3,5diPleUlo~PhenYi~ethone 

~-(4-Hethyl-2-lwtthoxypheno~~)~-hydrory-a-(4-ethory-3.$- 
diaethoxypheny1)etiaane (2) 

Compound 2, colorless needles (from He2CO-EtOH), m.p. 114- 
116OC, uas synthesized from a-brol~o-4-ethoxy-3,5- 
dimethoxyacetophenone and creosol by way of B-(@-wtthyl-Z- 
methoxyphenoxy~-o-oxo~-~~-ethoxy-~,5-dLmethoxyphenyl~ethane 
(Ida), colorless needles (from Me2C0), r . p .  121-123OC, i n  the same 

manner described for the synthesis of compound 5. 

~-(4-Carboxy-2-methoxyphenoxy)-a-hydroxy-a-(4-hydroxy-3- 
methoxypheny1)ethane (3) 

Compound 2, COlOrl03S rhombics (from H a ) ,  a.p. 156-157%, 
*as prepared fKwr a-broso-~-acetoxy-3-methoxyacatophenone and 
vanillic acid methyl ester by way of 6-(4-carboxy-2- 
methoxyphenoW)-a-oxo-a- (4-hydroxy-3-methoiyphenyl )ethane (=I, 
colorless rhombics (fmo EtOH), m.p. 141-148OC, according to the 
procedure of Chan at al.3 

-(4-Carbory-2-methoxyphenoxy)-a-hydroxy-a-(U-ethoxy-3- 
kthoxypheny1)ethane (g) 

Compound 20, colorless rhombics ( f r o m  MeOH), a.p. 146-l48OC, 
uas prepared frcm a-b~4-ethoxy-3-methoxyacetophenone and 
vanillic acid methyl ester by way of p(4-carboxy-2- 
methoxyphenoxy)-a-oxoQ-( ~-ethoxy-3-methoxyphenyl)ethane (Ma), 
colorless needles (flw MeOEI), m.p. 162-164OC, according to the 

procedure of Chen et al.3 
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CHEHICAL SHIFTS OF AROMATIC CARBONS 559 

Ccqmund 3, colorless rhombics (f- HeOH)  , n.p. 119.5- 

180. Sot, YBS prepared from a-bromo-Pacetoxy-3,S- 
dimthoxyacetophenoae and vanillic acid methyl ester by way of 0- 
(4-carboxy-2-oethoXyp~~)-o-oxo-a-(4-hydro~-3,5- 
dimethoxypheny1)sthane (*I, pale yellowish needles (from Me2CO), 
m.p. 157-15goC, in the same manner described for the synthesis of 

compound 3. 

0-(4-Carboxy-2-~thoxyphenoxy)-a-hydroxy-a-(4-ethoxy-3,5- 
dinethoxypheny1)ethane (22) 

Conpound 22, colorless fiabics (f- MeOH), m.p. 115-1 1T0C, 

was prepared from a-brooo-l(-ethoxy-3,5-dinethoxyacetophenone and 
vanillic acid methyl ester by way of 0-(4-carboxy-2- 

methoxyphenoxy~~--0~0~-~~-eth0ry-3,5-d~etho~yphenyl)ethane 
(z), colorless neePles (from He2C0), m.p. 162-164OC, i n  the same 
manner described for the synthesis of compound 20. 

~ - ( 4 - C a r b o r y - 2 - ~ ~ ~ p h ~ o ~ ) ~ - h y d r o x - ( 4 - h y d r o x y - 3 -  
methoxypheny1)ethane (3) 

-und 3, colorless rhombics (P- W H ) ,  m.p. 178-ld0°C, 

nas prepared from a-bromo-4-acetoxy-3-methoxyacetophenone and 
syringic acid methyl ester by nay of 0-(4-carboxy-2,6- 
dimethoxyphenoxy~~-oxo~-~~-hydroxy-~-methox~henyl~ethane (=I, 
colorless needies (from He2CO), m.p. 17Q-172°C, in the same manner 
described for the synthesis of compound 3. 

Ccapound 24, colorless needles (from W H ) ,  r.p. 172-174OC, 

was prepared f m  a-bromo-4-ethoxy-3-methoxyacetophenone and 
syringic acid methyl ester by nay of 6-(4-carboxy-2,6- 
dimethoxyphenoxy)-a-oxo-a-( 4-ethoxp-3-methoxyphenyl) ethane (&I) , 
colorless needles (from He2C0), m.p. 171-173°C, in the Same manner 
deacribed for the synthesis of compound 20. 
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560 U S S L  ET AL. 

Compound 25, colorless needles (lw MuOil), m.p. 192-19YoC, 
uas prepared lrm a-b~l(-acetoxy-3,5-d~thory;raetophenone and 
syrhgic aald methyl ester by way of $-(4-oarboxy-2,6- 
dimethoxyphenoxy )-a-oxo-a-(4-hydroxy-3,5-d~tho.ppheny1) ethane 
(*I, colorless rhombics (from He2CO1, m.p. 191-193OC, in the 
same manner described for the synthesis of compound 3. 

~-(4-Carboxy-2.6~~thoryphenoxy)~-hydrory~-(r(-ethoxy-3.5- 
dhethoxypheny1)etnane (26) 

Compound 26, colorless rhombics (from W H ) ,  m.p. 165.5- 
166.5OC, was prepared from o-broro-4-ethoxy-3,S- 
dimethoxyacetophenone and syriagic a c i d  methyl ester by way o f  B- 

(4-carboxy-2,6-dinethoxyphenoxy)-a-oxoa-(4-ethoxy-3,5- 
dimethoxypheny1)ethane (*I, colorless needles ( f r a  Me2C0), m.p. 
162.5-163.5OC, in the saw, manner described lor the synthesis of 
compound 20. 

Dehydrodiisoeugenol (27) was synthesized fnw isoeugenol 
according to the procedure of Krdtmant2, colorless needles (from 
M O M ) ,  m.p. 131-132OC. 4-0-Hethyldehydrodilsoeugenol (3) YBs 

prepared by methylation of Compound 1 with (CH3)p4 in alkaline 
solution, colorless needles (from E t O H ) ,  m.p. 113-115OC. 4-0- 
Ethyldehydrodiisoeugenol (3) was prepared by ethylation of 
coapound 2 with BtI in DUF in the presence of anhydrous K2C03, 
pale brownish rhoahics (from W E ) ,  r.p. 124-125.SoC. 
Dihydrodenydrodilsoeugenol (s), 4-O-nethyl~1.B'-dfnydrodeh~dro- 
diisoeugenol and 4-O-Eth~l-o'.B~dihydrodehydrodIisoeugenol 
(2) were prepared from compounds 27, 28 and a raspeCtivaly, by 
catalytic hydrogenation in EtOfi in the presence of 10% Pd/C and 
few drops glacial AcOH vith Adam's hydrogenation apparatus at mom 
temperaCure. CoPpound s, colorless needles (frong-hexme), a.P. 
91.2-92.5OC. Compound 2, aolorless needles (from 2-heme), n.P. 
93-94OC. Compound 2, colorless needles (from phexane), a.p. 95- 
96OC. 

a'.$'- 
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CHEMICAL SHIFTS OF AROMATIC CARBONS 561 

Guaiacol Ethyl Ether (IV; R = HI, Syringol Ethyl Ether (VII; 
R = H) and Ethoxpbenzene (3) uere prepared fm guaiacol, syringol 

and phenol by treatment with EtI in DHF in the presence of K2CO3, 
respectively. Compound VII (R = A), colorless rhombics (fm 

EtOH) , m.p. 42-44OC. Syringyl alcohol (21, colorless needles 
(from EtOH), m.p. 13O-13l0C, was prepared frm syringaldehyde by 
catalytic hydrogenation in the same manner described for the 
synthesis of compounds 2-z. 

a-Hybroxy- (2), a-liydroxy-a-(9-hpdroxy-3- 

methoxypheny1)ethane (lo), a-Hydroxy-a-(3,4-d~thoxyphenyl)ethane 
(111, g-Bydroxy-a-(4-ethory-3-m?thoryphenyl )ethane ( 2 1 ,  a- 
Hydroxy-a-(3,4.5-trimethoryphenyl)ethane (3) and a-Hydrorpd-(rl- 

ethoxy-3,54~ethoxyphenpl)ethane (2) uere prepared from aceto- 
phenone, 4-hydmxy-3-nethoxyacetophenone, 3,44imethoxyaceto- 

phenone, 4-ethoxy-3-rnethoxyacetophenone, 3,4,5-trimethoxyaceto- 
phenone and ~-ethoxy-~,5-dimethoxyacetophenone by reduction with 
NaBH4 in alkaline EtOH solution. 

Other Chemicals -- Other chemicals uere reagent grade, 
obtained f r o m  comercia1 sources. 

136 NHR Spectra 

The ’3C NHR spectra of tae model caapounds uere obtained with 
a Bruker-IBM 100 AF Fourier transform spectrometer at 25.2 Mfi 
with broadband-noise decoupling technique. Deuterated 

run in 5 mm (O.D.) glass tubes with conoentrations of the samples 
dlmethylsulfoxide ( M 4 6 )  Uas Used as solvent. The spectl% 

c8. 100 in 0.5 d O f  (s. 20% E/I). The Signal for the - - 
CD3-group of K!USO-d6  as locked to the spectrometer. 

has a 6 value of 39.6 ppn relative to tetramethylsilane. 
uidth was 8 or 12 p s e c .  (30’ or 60’ pulse) with data acquisition 
time of 0.745 sec., pulse repetition tlme of 1 or 2 sec., an 
average number of scam beings. 1000. Selection of the 

operational parameters depended on the nature of compound to be 
investigated. 

The signal - 
Pulse 

The APT spe~tra’~9’~ of the compounds uere also 
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562 HASSf l!T AL. 

obtained i n  order t o  discriminate signals f r o m  primary and t e r t i a r y  

carbons froa those f o r  secondary and quaternary carbons. 

RESULTS AND DISCUSSION 

Parent Compounds 

Among the parent compounds, benzene (I; R z a) belongs t o  
symmetry species  point group Dbh, while guaiacol methyl ether 

(111; R = HI, syringol  and its methyl and e thy l  ethers ( V - V I I ;  

a l l ,  R = H) belong t o  s m e t r y  species  point  group +.15 The C2 
axis of guaiacol methyl e the r  passes through the bonrbetween C - 7  

and C-4 w i t h  the V i C i M l  methoxyl groups ( f o r  numbering, see Table 
1) and t h e  opposite bond between C-1 and C-6, bisect ing the 

Plolecule  i n t o  two equivalent p a r t s , . w h i l e  t h e  C2 axis of syringol 
and its methyl and e thy l  ethers passes through c-1 and C-4, 

bisect ing the molecules i n t o  tw equivalent par ts .  Thus, as shown 

in T a b l e  1 ,  s ix  aromatic carbons of benzene have an i d e n t i c a l  
chemical shirt, while C-1, C-2 and C-3 of guaiacol methyl ether 
have c h d c a l  s h i f t s  i d e n t i c a l  t o  C-C, C-5 and C-4, respectively,  
and chemical s h i f t s  f o r  C-2 and C-3 of syr ingol  and its methyl and 
e thy l  ethers are identical t o  those f o r  C-6 and C-5, 

respectively.  I n  con t r a s t ,  guaiacol ( X I ;  R = H) and its e thy l  
ether ( I V ;  R = H) belong to s m t r y  species,  point group C1. 
cuapounds am, the re fom,  asmetric, and their  ammatic carboas 
do not have chemical shifts i d e n t i c a l  t o  one another,  except when 
add i t iona l  contr ibut ions by steric in t e rac t ion  and other  eSSects 

of subs t i t uen ta  affect t h e  d i s t r i b u t i o n  of e l ec t ron ic  charge 
densl ty  for  the aromatic carbons. For example, the chemical 

s h i f t s  f o r  C-1 and C-6 i n  cospound I V  (R z H) a r e  the same. This 
probably arises syne rg i s t i ca l ly  from the 4 effects of C-3 
methoxyl and 6 4  ethoxyl groups i n  the  compound on their  

carbons, i . e .  C-6 and C-1, r e s u l t i n g  in a shielding of the same 
magnitude for C-6 and C-1, 

- 

The - 

On the basis oS the  observed subs t i t uen t  chemical s h i n s  

(SCS's) f o r  the aromatic carbons of phenol (11, methoxybenzene (2) 
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CHEnICAL SHIFTS OF AROMATIC CARBONS 563 

TABLE 1. 13C Chemical S h i f t s  of Aroutic Carbon8 in Parent 
Colpouds in mso-dd - 

(R A)  

I 
11 

111 
IV 
V 
VI 
VII 

chemical shift (6 in p p )  

c-1 c-2 c-3 c-4 c-5 c-6 

128.3 128.3 128.3 128.3 128.3 128.3 
119.5 112.7 147.9 146.8 115.8 121.4 
120.8 112.1 149.2 149.2 112.1 120.8 
120.7 113.5 149.3 148.3 113.5 120.7 
118.3 105.8 148.3 135.9 148.3 105.8 
123.6 105.6 153.3 137.8 153.3 105.6 
123.4 105.5 153.5 136.6 153.5 105.5 

R R 

bR'  

11, R' H V, R' - H 
111, 8' CH3 VI, R' - CH3 

and ethoxybenzene (2) as shown in Table 2 ,  the chemical shifts of 
aromatic carbons ln the parent compounds were estimated and 
summarized in Table 3.  In general, the estimated chemical shifts 
are not i n  good agreement with the observed values for the 
corresponding carbons and have errors in the range of 0-7.4 ppm. 

The errors are particularly large for quaternary aromatic carbons 

with oxygenated substituents ortho to each otnar, except for C-3 
of compound 11 (R = HI and C-3/C-5 of compound V (R = a). 
polysubstltuted benzenes, the presence of bulky ortho substltuents 
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gives rise to distortions of the molecular geometry through 

sterically produced bond angle changes, and neighboring group 
anisotropy. 

carbons, particularly on the ips0 carbons. ? g 0  

large discrepancy between the estlmated and observed chedcal 
shifts for the oxygenated quaternary a r m t i c  carbons of syringol 
and its methyl and ethyl ethers am attributable mainly to the 
steric interaction of three vicinal oxygenated substituents at C- 
3, C-4 and C-5, and the neighboring group anisotropy. 

These affect the substituent effects on the aromatic 

Thus the rather 

A s  demonstrated above, it is evident that the observed SCS's 
of monosubstituted benzenes cannot be directly applied to estimate 
chemical shifts of aromatic carbons in lignin model compounds and 
substructures in lignln preparations. However, it can be observed 
that the sequence of tne estimated c n d c a l  shifts for aromatic 
carbons in the synnmtric parent compounds Is in agreement with the 

observed signal sequence in the 13C NMR spectra of the 
compounds. Conceivably, this could also be true for  the 
asyrmnetric parent ccmpounds. 
compound IV (R = HI, the signals at 6 149.3 and 148.3 ppm are 
assigned to C-3 and C-4 respectively, according to the sequence of 
the estimated chemical shifts for the carbons. The corresponding 
signals in the 13C N?iR spectra of 4-G-alkylated guaiacyl type 
model compounds are also assigned in the same m8nner. This Is a 
reversal of previous signal assignments , 2-4 and required further 
elaboration. 

Thus, in the 13C NUR spectrum of 

As given in Table 4, the '3C NHR spectra of benzyl alcohol 
(3) and a-hydroxyphenylethane (2) show that hydroxpethyl and a- 
hydroxyethyl groups Cause shielding of ortho-, s- and para- 
carbons. 
carbons are more pronounced than those on the *-carbons. 

both cases, the observed SCS fo r  a- and paa-carbons are -0.3 
ppm and -1.8 ppm, relative to benzene, respectively. 

Consequently, C-4 of parent canpound I11 (R = E) should experience 
an appreciably greater shielding effect than C-3 upon introduction 

The effects o? the substituents on the ortho- and para- 
In 
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of  a C-a oxygenated a l k y l  group on C-1. 
oP C-3 and C-4 i n  t h e  parent  compound are i d e n t i c a l ,  both 6 149.2 

ppm, the  signal for C-4 should undergo an  up-field s h i f t  i n  
greater -itude than the  s i g n a l  for C-3. 
t r u e  for parent  compound I V  (R = HI, s i n c e  t h e  chemical s h i P t s  of 

C-3 and C-4 i n  t h e  parent  compound are 6 149.3 and 148.3 ppm, 
respec t ive ly .  Thus, i n  t he  4-2-alkylated gua iacyl  type  model 

compounds, t h e  signal for C-4 should appear up-field of  t h e  signal 
for C-3 i n  t h e  I3C IU¶R spec t r a  of the compounds. 

Because chemlcal s h i f t s  

The same should be 

Subs t i t uen t  E f f e c t s  on 13C Chemical S h i f t  of Aromatic Carbons 

Subs t i t uen t  e f f e c t s  on t h e  chemical s h i f t s  of aromatic 
carbons i n  l i g n i n  model compounds, r e l a t i v e  t o  t h e  corresponding 

carbons of  t h e  appropr ia te  parent  compound, uerc e luc ida ted  from 
t he  13C NMR s p e c t r a  of  t h e  compounds. 

l i g n i n  model compounds, only the  s u b s t i t w n t  e f f e c t s  on t h e  

aromatic carbons i n  ring A were studied. The s u b s t i t u e n t  e f f e c t s  
observed i n  monomeric model compounds are summarized i n  Table 4, 
while those observed i n  6-9-4 and 6-5 type d h e r i c  model compounds 
are givan i n  Tables 5 and 6 ,  respec t ive ly .  

In a l l  t h e  aases, the observed SCS's &e nea r  cons tan t  f o r  

I n  t h e  case of dimeric 

each aromatic carbon i n  model compounds of  the same class. 
Uoreover, t h a  observed SCS's for t h e  aromatic carbons i n  monomeric 
model compounds of the suae class are I n  r a t h e r  good agreement 
w i t h  the observed SCS's f o r  t h e  corresponding carbons of t h e i r  

benzene analogue. I P  t he  assignment of signals for C-3 and C-4 i n  
t h e  13C NHR s p e c t r a  of Q+alkylated gua iacyl  type  node1 compounds 
are reversed, then t h e  observed SCS's f o r  C-3 and C-4 i n  t h e  model 

compounds of the samei class would no longer  remain near  
constant.  In add i t ion ,  t h e  rev ised  SCS's for C-3 and C-4 i n  t h e  

compounds would no longer be i n  agreement with t h e  observed SCS's 
for C-3 and C-4 of t h e i r  benzene analogue. 
i n t e rp re t ed  as f u r t h e r  evidence for the co r rec tness  of  t h e  new 

signal assignment f o r  C-3 and C-4 i n  the s p e a t r a  of 4--hlkylated 
guaiacyl type  model compounds, as discussed previously.  

This  can be 
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As shown in Table 7, all of the substituents investigated 
cause strong deshielding of the --carbon, and shielding of the 
- ortho-, e- and para-carbons. The =-effects are, in general, 
insignificant. Thus, the results are in agreement with the 

electron-relefising nature of these substituents, and the Karplus- 
Pople theory. 16, l7 

Monomeric Lignin Model Compounds 

The following model compounds were investigated: benzyl 
alcohol (?), vanillyl alcohol (21, 4-+ethylvanillyl alcohol (51, 
syringyl alcohol (L), 4-+ethylsyringyl alcohol (a), a- 
hydroxyphenylethane (&), a-hydroxya-( 3-methoxypheny1)ethane (lo), 
a-hydmxy-a-(j, 4-dimethoxypheny1)ethane ( 2 1 ,  a-hydroxyd-(Q- 
ethorf-3-methoxypheny1)ethane (121, a-hydroxy-a-(3,4,5-trimethoxy- 
phenyllethane (B) and a-hydroxy-a-(4-ethoxy-3,5-dimethoxyphenyl)- 

ethane (3) 

Effects of Hydroxymethyl Group 

The spectral data of compounds 5-8 (Table 4) show that the 
*carbons (C-1) are deshielded by 14.2-14.9 ppm relative to C-1 
of the corresponding parent compounds 11, 111, V and VI (R = H I ,  

when a hydroxymethyl group is introduced into C-1 of the parent 
compounds. In contrast, C2/C-6, C-3/C-9 and C-4 undergo 
shielding of 1.1-2.0, 0.1-0.5 and 1.0-1.5 ppm, respectively. It 
is apparent that the *-effects are insignificant. On the basis 

of the observed SCS data, the effects of a hydroxylmethyl group on 
the chemical shift of aromatic carbons in the compounds of this 
class are given in Table 7. The evaluated SCS's are reasonably in 
good agreement with the observed SCS's for the aromatic carbons of 

benzyl alcohol (2) Caused by the effects of hydroxymethyl group, 
given in Table 4. 

Effects of a-hydroxyethyl group 

The SCS data of compounds 10-14 (Table 4) show that ipS0- 
carbons (C-1) undergo deshielding OP 19.1-19.8 ppm relative to C-1 
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CHEHICAL SHIFTS OF AROMTIC CARBONS 513  

of t h e  corresponding parent  compounds II-IV, VI and VII ( a l l ,  R = 
H) on in t roduc t ion  of an a-hydroxyethyl group i n t o  C-1 of  the  
parent compounds. In add i t ion ,  C-2/C-6, C-3/C-5 and C-4 a r e  

sh ie lded  by 2.3-3.6, 0.2-0.6 and 1.3-1.5 ppm, respec t ive ly .  Here 
aga in ,  t h e  --effects are i n s i g n i f i c a n t .  The observed va lues  of 

t h e  SCS f o r  the C-1 and C-2/C-6 are genera l ly  larger by about 

5 ppm and 1 ppm than  the  corresponding s u b s t i t u e n t  e f f e c t s  of the 

hydroxymethyl group. Thus, t h e  terminal methyl group i n  the  a- 

hydroxyethyl group affects only C-1 and C-2/C-6. 

t h e  a-hydroxyethyl group on the chemical shift  of  aromatic carbons 
i n  the  capounds  of  this class are given i n  Table 7. The 
evaluated SCS's are reasonably similar i n  magnitude t o  the 

observed SCSls f o r  the Corresponding carbons OP a- 

hydroxyphenylethane (9) caused by the  effects of an a-hydroxyethyl 
group, given i n  Table  4. 

The a f f e c t s  of 

Dimeric L i m i n  U o d e l  Compounds 

The l o l l w i n g  dimuric model compounds were inves t iga ted :  t he  

twelve e-o-4 type compounds 2 - 2 6 g i v e n  i n  Table 5 ,  and the six 
8-5 type compounds 21 - given i n  Table 6. 

E f f e c t s  of B-(4-methyl-2-methoxyphenoxy)- -hydroxyethyl group 

Ccapounds 15-18 correspond t o  in t roduct ion  of a 8-(4-methyl- 
2-methoxyphenoxy)-a-hydrox~ethyl group i n t o  C-1 of parent 
canpounds 11, IV, V and VII ( a l l ,  R = HI, respec t ive ly .  The 
observed SCS data (Table 5 )  show that --carbons (C-1) undergo 
deshielding of 13.8-14.8 ppm r e l a t i v e  t o  C-1 of  t h e  corresponding 
parent compounds. In  c o n t r a s t ,  C-2/C-6, C-3/C-5 and C-4 are 
shielded by 1.6-2.9, 0.5-1.0 and 0.9-1.4 ppm, respec t ive ly .  The 

evaluated SCS's for the aromatic carbons of ring A i n  t h e  
compounds of t h i s  class are given i n  Table 1. 
a r e  slmllar i n  magnitude t o  the  evaluated Scsls f o r  v a n i l l y l  

a lcohol  homologues, coppounds 2-5, rather than those  for Q- 

hydroxy-G( 4-hydroxy-3-methoxyphenyl )ethane h m l o g u e s  , compounds 

The evaluated SCS's 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



5 74 HASSI ET AL. 

-- 10-14. 

hydroxyethyl group on t h e  aromatic carbons are similar to the  

affects of  hydroxymethyl group r a t h e r  than those  of an a- 
hydroxyethyl group, although t h e  subs t i t uen t  has somewhat greater 
- ortho- and --effects than t h e  hydroxymethyl group, probably due 

t o  the  effects of ~ - n e t h y l - 2 - w t n o x y p h a n o ~ ~ y l  group, 
subs t i t uen t  on t h e  carbon of t h e  hydroxymethyl group. 

Thus, t h e  e f f e c t s  of a B-(U-Pethyl-2aetho~htno.y).4- 

Effec t  of 6-(~-carboxy-2-methoxyphenoxy)-a-hydroryethyl groue  

Compounds 14-22 d i f f e r  from ccapounds 15-18 in t h e  

subs t i t uen t  a t  C-4 of  rlng B, carboxyl group i n s t e a d  of  methyl 
group, respec t ive ly .  The observed va lues  of SCS (Table 5 )  show 

t h a t  t he  tpso-carbons (C-1) am deshielded by 14.0-14.5 ppm, 

whereas C-2/C-6, C-3/C-5 and C-4 undergo s h i e l d i n g  of 1.5-2.6, 

0.3-0.5 and 0.8-0.9 ppm, respec t ive ly ,  a l l  r e l a t i v e  t o  t h e  
corresponding carbons of t h e i r  paren t  compounds. Uhile t he  

subs t i t uen t  effects on the -carbons are similar, t h e  e f f e c t s  
of t he  B-(4-carboxy-2-metnoxyphenoxy)~-hydroxyethyl group on the 

- ortho-, -- and para-carbons are gene ra l ly  smaller by about 0.6 

ppn than t h e  effwts Of t h e  ~-(4-methyl-2-methoryphanaxy)a- 

hydroxyethyl group, i nd ica t ing  that t h e  effects of methyl and 
carboxyl grOUps a t  C-4 on the  B-(2-rethoryghenoxy)-o-hydroxyethyl 
group are d i f f e r e n t ,  probably due t o  the +I effect and 4 4  effect, 
respec t ive ly .  

SCS's f o r  t h e  ammatic carbons of ring A i n  t h e  compounds of t h i s  

class are g iven  i n  Table 7. 

The --effects are i n s i g n i f i c a n t .  The evaluated 

Effeats of ~ - ( 4 - C a r & x y - 2 . 6 - d ~ t h o ~ h e n o ~ ) a - h y d r o x y e t h y l  group 

Ccapounds 3-E correspond t o  compounds 19-22 w i t h  an 

Aa shown i n  Table 5,  
add i t iona l  methoxyl group s u b s t i t u t e d  on t h e  carbon t o  the  

carboxyl group i n  ring B, respec t ive ly .  

ipso-carbons (C-1) undergo d a s h i d d i n g  of 13.5-14.2 ppm, whereas 
C-2/C-6, C-3/C-5 and C-4 are sh ie lded  by 1.5-2.9, 0.4-0.7 and 0.9- 

1.0 ppm, r e spec t ive ly ,  all r e l a t i v e  to t h e  corresponding carbons 

of parent  compounds. AS Compared t o  the B-(4-0PrbOm-2- 
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CHEHICAL S H I F T S  OF A R O M T L C  CARBONS 575 

methoxyphenoxy)-a-hydroxyethyl group,  the s u b s t i t u e n t  e f f e c t s  on 
t h e  ipso-aarbons are g e n e r a l l y  smaller by 0.5 ppm, v h i l e  t h e  

effects on t h e  OTthO-, aeta- and paa-carbons are similar. 
t h e  additional se thoxy group does n o t  s i g n i f i c a n t l y  affect t h e  

s u b s t i t u e n t  effects on t h e  aromatic carbons.  Here a g a i n ,  t h e  

- meta-effects are i n s i g n i f i c a n t .  

aromatic carbons of ring A i n  t h e  compounds of t h i s  class are 
g i v e n  in Table '7. 

Thus, 

The e v a l u a t e d  SCS's for t h e  

E f f e c t s  of 3-wthyl-5-(l-propenyl)coumar-2-y1 group 

Compounds 2'7-29 correspond t o  p a r e n t  compounds 11, 111 and IV 
( a l l ,  A = H) with a 3-methyl-5-(1-propenyl)coumar-2-yl group 
s u b s t i t u t e d  on C-1, t h e  carbon para to  t h e  p h e n o l i c  hydroxyl and 

corresponding mathoxyl and e t h o x y l  groups ,  r e s p e c t i v e l y .  The SCS 
data  (Table  6 )  snow tnat =-carbons (C-1) are deshie lded  by 

11.5-12.0 ppm, whereas C-2/C-6, C-3/C-S and C-4 are s h i e l d e d  by 

1.9-2.7, 0.1-0.5 and 0-0.2 ppm, r e s p e c t i v e l y ,  a l l  r e l a t i v e  t o  t h e  

corresponding carbons of p a r e n t  compounds. The s u b s t l t u e n t  

effects on both the e- and E - c a r o o n s  are i n s i g n i f i c a n t .  

compared to  the 0-0-4 t y p e  compounds, t h e  observed va lues  of SCS 
f o r  t h e  e- and --carbons are  g e n e r a l l y  smaller by 2 and 
1 ppm, r e s p e c t i v e l y .  The e v a l u a t e d  SCS's for t h e  a romat ic  carbons 

o f  ring A i n  the aompounds of t n i s  class are given  i n  Table  1 .  

As 

Effects o f  3-methyl-5-propylco~r-2-yl group 

C-0- 30-32 0 b - d  f w  c m o u n d s  2'7-29 on 
hydrogenat ion of t h e  double  bond in t h e  s i d e  cha in .  h shorn i n  

Table  6 ,  i p s o - c a r b o n s  (C-1) and C-5 am d e s h i e l d e d  by 11.5-12.0 

ppm and 0.1-0.2 ppm, r e s p e c t i v e l y ,  whereas C-2/C-6, C-3 and C-4 
am s h i e l d e d  by 1.5-2.8 ppm, 0.1-0.2 ppo and 04.3 ppn, 
r e s p e c t i v e l y ,  a l l  r e l a t i v e  to  t h e  cor responding  carbons  of t h e  

p a r e n t  conpounds 11, KII and I V  ( a l l ,  R = HI. I n  g e n e r a l ,  t h e  

effects o f  this s u b s t i t u e n t  on the aromatic carbons of r i n g  A are 

similar i n  aagnitude to  the effects of the 3-methyl-5-(l-propenyl) 
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5 76 HASSI ET AL. 

coumar-2-yl group. Thus, t he  conversion of t h e  1-propenyl group 

i n t o  a propyl group does not a f f e c t  t h e  s u b s t i t u t e n t  effects on 

t h e  aromatic carbons i n  r i n g  A s i g n i f i c a n t l y .  

fo r  t h e  anwatic carbons i n  ring A in t h e  compounds of t h i s  olass 
are given i n  Table 7 .  

The evalua ted  SCS's 

Addi t iv i ty  of Evaluated 13C Subs t i tuent  Chemical S h i f t s  

Table 7 summarizes the  evaluated 13C s u b s t i t u e n t  chemical 

s n i f t s  ( S C S 1 s )  of l i g n i n  model compounds, relative to  t h e  

corresponding carbons of an appropr ia te  parent  compound. 

Uethyl-2-methoxyphenyl)guaiacylglycerol (a) and 6-*(4-carbory-2- 
methoxyphenyl)-4~-ethylguaiacylglycerol methyl ester (2) are 
used for testing a d d i t i v i t y  of t h e  evaluated SCS's because t h e i r  

s t r u c t u r e s  are similar to compounds fi and 20, r e spec t ive ly .  

0<-(4- 

Chemical s h i f t s  for t h e  aromatic carbons in ring A of 

compound a w8re ca lcu la t ed  from t he  evaluated s u b s t i t u e n t  e f f e c t s  

of the ~-(4-nethyl-2-a1ethoxyphenoxy~~-hydroxyethyl group, using 

compound I1 ( R  = H) as the  parent  compound. 

chemical s h i f t s  are 6 133.8, 110.5, 147.0, 145.6, 115.0 and 119.2 

ppa for C-1, C-2, C-3, C-4, C-5 and C-6 of  ring A ,  respec t ive ly .  

The observed values for t h e  corresponding carbons a m  6 133.4, 

111.3, 147.1, 145.5, 114.1 and 119.2 ppn for t h e  th reo  f o m .  The 

ca l cu la t ed  chamical s h i f t s  are i n  good agreement with t h e  observed 

values with an e r r o r  of less than 0.8 ppm. 

The oa lcu la ted  

C h d c a l  s h i f t s  for t h e  arosatic carbons in ring A of 

compound 2 were calculated fro0 t h e  evaluated s u b s t i t u e n t  effects 
of 8-(4-,rboxy-2-methoryphaaoxy)d-hydroxyetbyl group, compound 

IV (R = H) being t h e  parent  compound. The ca l cu la t ed  ohemical 
s h i f t s  are 6 135.0, 111.7, 148.9, 147.4, 113.1 and 118.9 ppm f o r  

C-1, C-2, C-3, C-4, C-5 and C-6 of ring A ,  respec t ive ly .  The 
observed values f o r  t h e  corrasponding carbons of  t h e  compound are 

6 134.6, 111.0, 148.6, 147.2, 112.4 and 118.9 ppm for t h e  t h m  

forn.3 
t h e  observed va lues  w i t h  an error of less than 0.7 ppm. 

The ca lcu la t ed  chamloal s h i f t s  are i n  good agreement with 
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CHEHICAL SHIFTS OF AROMTLC CARBONS 577 

33 - 

I 
CHW 

c- 3 

36 

Similarly,  chemlcal s h i f t s  For the aromatic carbons i n  ring B 

of 84-4 type SUbstZWCtWeS can be e s t h a t e d  by using e i ther  threo 
or erythro form of 6-~-(2-aethoxyphenyl)~-guaiacylgylcerol (2) 
as the parent oompound and the substituent effects of an 
appropriate substituent.  

- threo form of  compound 2 have chemical s h i i t s  o f  6 121.1, 112.7, 

149.8, 148.5, 115.9 and 120.8 ppn for  C-1, C-2, C-3, C-4, C-5 and 

C-6 in DHSO-dd, respectively.  For the corresponding carbons in 

The a m t i c  carbons o f  ring B i n  the 
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5 78 HASSI ET AL. 

the e ry th ro  form of compound 2, the values  are 6 121.4, 112.8, 
149.8, 148.2, 116.0, and 120.7 ppa, r a spec t ive ly .  Chemical s n i f t s  
for the aromatic carbons i n  ring B i n  t h e  threo form of t r i m e r i c  
&*4 substructure 
o f  t h e  ~-(4-methyl-2-methoryphenoxy)-a-hydroxyethyl group, using 
the t h m  form of compound 2 as t he  pa ren t  compound. 
ca l cu la t ed  va lues  are 6 135.4, 110.5, 149.0, 147.3, 115.1 and 

1 18.6 ppm f o r  C-1 , C-2, C-3, C-4, C-5 and C-6, r e spec t ive ly .  Very 
r ecen t ly ,  Bardet a t  al.lb determined the chemical s h i f t s  of t h e  

aromatic carbow i n  ring B of 6-0-4 type  s u b s t r u c t u r e  i n  uniformly 

13C enriched Aspen d i l l e d  uood l i g n i n  (MUL) from a 13C enriched 

uood of  Aspen (X Populus euramerlcana),  grown under l3COZ enriched 
atimsphere,  through establishing the c o n n e c t i v i t i e s  between 
d i r e c t l y  bonded 13C-13C by 13C NUR ZD-INADEQUATE technique. 
observed va lues  are 6 134.8, 111.8, 149.4, 147.7, 115.7 and 119.4 
ppa f o r  C-1, C-2, C-3, C-4, C-5 and C-6, r e spec t ive ly .  This 
result implies that a trlmeric 8 - 0 3  s u b s t r u c t u r e  o f  the type  36 
is presen t  i n  t h e  Aspen MdL. 

from wood OP Spruce (P icea  g l auca ) ,  signals corresponding t o  the  

a m t i c  carbons of  ring B i n  the 8-0-4 s u b s t r u c t u r e  were observed 
a t  6 135.0, 111.8, 149.3, 141.2, 115.2 and 119.5 ppm f o r  C-1, C-2, 
C-3, C-4, C-5 and C-6, r e spec t ive ly .  Thus, t h e  c a l c u l a t e d  
chemical s h i f t s  are i n  good agreement with the observed va lues  
with an error of less than 0.9 ppm, except for the  va lue  f o r  C-2 

which has an error of  1.3 ppm. 

were calculated from the  s u b s t i t u e n t  effect 

The 

The 

I n  t h e  13C NWI spectrum of a PM. 

As demonstrated above, the eva lua ted  SCS's can be app l i ed  t o  
e s t d t o  ohwriaal s h i f k  of aromatic carbons i n  ring A of 0-0-4 
t ype  d i m r i c  model oocppounds a5 well as i n  ring B of the 

s u b s t r u c t u r e  in MWL's by a gene ra l i zed  SCS a d d i t i v i t y  rule, us ing  
an  appropriate pa ren t  compound as reference  i n s t e a d  of benzene. 
However, i t  wt be noted that t h e  above c a l c u l a t i o n s  are  only  
first approxinations.  
~thoxypheaoxy)-o-hydroryethyl and 6-(4-carbo~-2-methoxyphenoxy)- 

o-hydroxyethyl droups are wed in the a s t i m i t i o n  of the chemical 

The evaluated SCS's o f  B-(4-methyl-2- 
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CHEMICAL SHIFTS OF AROMATIC CARBONS 579 

s h i f t s  o f  aromatic carbons i n  ring A o f  compounds 11 and 2 as 
w e l l  as in ring B of 0+-4 s u b s t r u c t u r e s  i n  14yL's, i n s t e a d  of 
t h o s e  of B-(~-~thyl-2-oethoxyphenoxy)-a1y-dihydroxypropyl and 0- 

( 4-carboxy-2-aathoxyphenoxy) -a, y-dihydrorypmpyl  groups,  
r e s p e c t i v e l y .  
carbons i n  ring A of compounds 
s u b s t r u c t u r e s  i n  Hn's can  be predic ted  even =re a c c u r a t e l y  when 
eva lua ted  SCS's o f  t h e  lat ter two s u b s t i t u e n t s  are used i n  t h e  

es t imat ion .  A t  p r e s e n t ,  our l a b o r a t o r y  does n o t  have s u f f i c i e n t  
13C WR s p e c t r a l  data t o  e v a l u a t e  SCS's caused by these 

s u b s t i t u e n t s .  

It is l i k e l y  that the chemical  s h i f t s  o f  aromatic  

and 2 and i n  ring B o f  6-0-4 

Assignment or signals in '3c NHR SpWtra o r  DHP'S from C o n i i e r y l  
Alcohol 

E l l u a r d t  e t  a d 9  o b t a i n e d  the  13C NMR spectrum o f  the 
dehydrogenation polymer (DHP) prepared from c o n i f e r y l  a l c o h o l  
s p e c i f i c a l l y  '3C-enriched a t  C-4 (13C-enrichment, z. S atomic 

2) .  
DHP s p e c i f i c a l l y  13C-enriched a t  C-4 exhibits enhanced signals at 
6 149.7, 148.2, 147.6, 147.3, 146.3 and 143.6 ppm in t h e  

oxygenated q u a r t e r n a r y  aromatic  carbon region.  

a t  6 149.7 ppm, t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e s e  signals are 

remarkably s t r o n g .  Houever, t h e s e  signals have n o t  been 

assigned.  According t o  t h e  genera l ized  SCS a d d i t i v i t y  r u l e ,  the 

signals a t  6 148.2 ppm and 143.6 ppm are a s s i g n e d  t o  C-4 of  rings 
A and B in a 4-&alkylated 8-5 s u b s t r u c t u r e ,  r e s p e c t i v e l y ,  
a l though t h e  lat ter a l s o  corresponds t o  C-4 o f  a 4+alkylated 5-5 
subs t rua ture .M 
are ass igned  t o  C-4 of 4 + a l k y l a t e d  e d - 4  and 0-0 
s u b s t r u c t u r e s .  The signal at  6 146.3 ppm corresponds  t o  C-4 of 
ring A i n  non-e ther i f ied  0 s - 4 ,  0-5 and 0-8 s u b s t r u c t u r e s .  The 

origin of  t h e  signal a t  6 149.1 ppm is n o t  known. 

corresponding t o  C-3 i n  ring A of  e i t h e r  non-e ther i f ied  or 4-9- 

a l k y l a t e d  8 - 5 4 ,  0-5 and 0-0 s u b s t r u c t u r e s  are not d i s c e r n i b l e  due 
t o  the enhancamftnt of signals oormsponding to C-4 of t h e  

As compared t o  13C n a t u r a l  abundance DHP, the spectrum o f  t h e  

Ercept  f o r  signal 

Similarly, the signals a t  6 147.6 and 147.3 ppm 

S i g n a l s  
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580 HASSI ET AL. 

aforementioned subs t ruc tures .  However, t h e  signals for C-3 of 
t hese  4-+.l.kylated subs t ruc tu res  should be p re sen t  at  6 values 

around 149 ppm while those f o r  C-3 of t h e  non-etherfied 
subs t ruc tu res  should appear a t  6 values around 147 ppm. 
NHR spectrum o f  I3C natural abundance DBP e x h i b i k  r e l a t i v e l y  

i n t e n s i v e  signals a t  6 53.6 ppm and 53.1 ppn, c o r r e s p o n d i w  to C- 
of 6-6 and 6-5 sub3tructures, respectively." 

OP D H P ' s  Prom c o n i f e r y l  alcohol indicate t h a t  t h e  DW is 
s t r u c t u r a l l y  q u i t e  d i f f e r e n t  from softwood milled wood lignins 

(ML 's ) .  

6-5 and 6-6 subs t ruc tu res  than the  latter. 

The l3C 

Thus, t h e  s p s c t m  

The f o m r  conta ins  cons iderably  g r e a t e r  q u a n t i t i e s  of 

CONCLUSION 

The SCS a d d i t i v i t y  rule of mono- and d i s u b s t i t u t e d  benzene 

can be appl ied  to estimate chemical s h i P t s  oP aromatic carbons i n  
l i g n i n  model compounds of t he  f3-o-4 and 8-5 types  when the 

evaluated SCS's e luc ida ted  i n  this paper are used with gua iacol ,  
sy r ingo l  and t h e i r  ethers as parent  compounds. 

parent  compound is selected on the  b a s i s  of t h e  na tu re  of t h e  

model compound or l i g n i n  subs t ruc tu re  to  be examined. I n  
add i t ion ,  t h e  genera l ized  SCS a d d i t i v i t y  r u l e  can estimate 
chemical s h i f t s  of aromatic carbons i n  lignin model compounds and 

l i g n i n  p repa ra t ioas  with reasonable accuracy. 
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