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Correlation Analysis of 31P NMR Chemical Shifts 
with Substituent Effects of Phenols 
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Over 60 lignin-related model compounds were phosphitylated with 2chloro-4,4,5,5-tetramethyldioxaphospholane, a 
sterically hindered analogue of 2-chloro-1,3,2-dioxaphospholane used in earlier work, and their 31P chemical shifts 
were recorded. Excellent resolution between the chemical shifts of phosphitylated carboxylic acids, phenols and 
aliphatic alcohols was obtained. The correlations of the phosphorus chemical shifts with the chemical environments 
of lignin-related phenols using the Hammett principles provided an excellent linear relationship between the reso- 
nance substituent constant, a:, and the corresponding "P NMR chemical shift values for para-substituted lignin- 
related phenols. In addition, a correlation between 31P NMR chemical shifts for ortho- and para-substituted 
phosphitylated phenols was obtained. A set of empirical parameters that permits the accurate prediction of "P 
NMR chemical shifts of lignin-related phenolic compounds derivatized with Zchloro-4,4,5,5- 
tetramethyldioxaphospholane was thus obtained. 
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INTRODUCTION 

Correlation analysis has been extensively practised in 
chemistry since the early 1930s after Hammett' dis- 
covered that for a number of systems linear relation- 
ships apply between the logarithms of rate and 
equilibrium constants. Such analyses have also been 
applied to demonstrate that correlations exist between 
substituent effects and chemical shifts in nuclear mag- 
netic resonance spectroscopy, mainly involving ' H or 
19F nuclei2 Several reviews of such treatments have 
been published3-' and the theories governing the 
shielding mechanisms and substituent effects have been 
reviewed by Goren~tein.~,' 

Our laboratory's needs to identify and quantify func- 
tional groups in lignins have prompted us to examine 
NMR-active nuclei other than proton and carbon 
which, when covalently linked to lignin by appropriate 
derivatization procedures, may provide novel and rapid 
routes to new structural information for these heter- 
ogeneous biopolymers. In a series of papers with the 
general title '31P NMR in Wood Chemistry' we have 
been examining the potential of 'P NMR spectroscopy 
toward the characterization of model compounds,' 
carbohydratesg and lignins,"-' ' after derivatizing their 
labile protons with 2-chloro-1,3,2-dioxaphospholane I. 
This reaction was proved to be a novel and powerful 
means to determine quantitatively the three principal 
types of phenolic hydroxyls, the primary hydroxyls, car- 
boxylic acids and the erythro and threo forms of arylgly- 
cerol P-0-4-ether structures present in lignins. Prior to 
using this method quantitatively, we investigated the 
31P spin-lattice relaxation behaviour of phosphitylated 

* Author to whom correspondence should be addressed. 

lignins and certain solvent effects known to operate in 
"P NMR." Further work using two-dimensional 31P 
NMR spectroscopic techniques clarified the assign- 
ments of one-dimensional 31P NMR spectra of 
lignins.' Extensive evidence was obtained confirming 
the absence of 31P-31P and 31P-1H through-bond and 
through-space couplings from within a 31P NMR spec- 
trum of phosphitylated lignins." All signals in such 
spectra are clear singlets arising in their respective posi- 
tions in accordance with earlier reports on model com- 
pounds and lignin~.'*~*' Detailed measurements of the 
phosphorus spin-lattice and spin-spin relaxation times 
at various static magnetic fields and temperatures 
allowed the detailed analysis of the spin relaxation 
mechanism of 31P nuclei to be made. The predominant 
spin relaxation mechanism of phosphorus in phos- 
phitylated lignins was thus found to be due to chemical 
shift anisotropy.' ' This background information was 
then used to design an experimental protocol for 
obtaining quantitative 31P NMR spectra of phos- 
phitylated lignins.' The quantitative reliability of our 
methodology was recently verified by participating in 
an international round robin analytical effort with 
lignin  standard^.'^ 

However, early efforts, examining about 80 lignin- 
related model compounds including phenols, alcohols, 
aldehydes and carboxylic acids,' for their ~tructure-~ 'P 
chemical shifts relationships, after their labile protons 
were phosphitylated with I, revealed no systematic 
trends that would permit any detailed correlation 
analyses to be carried out. In this paper we present 31P 
NMR chemical shift data of over 60 lignin-related 
model compounds phosphitylated with 2-chloro-4,4,5,5- 
tetramethyldioxaphospholane 11, a sterically hindered 
analogue of reagent I. It is demonstrated that simple 
and significant empirical parameters exist which allow 
the accurate calculation of "P chemical shifts for 
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lignin-related phenolic compounds phosphitylated with 
11. 

EXPERIMENTAL 

Phosphitylating reagent 

2-Chloro-4,4,5,5-tetramethyldioxaphospholane I1 was 
prepared from pinacol (Aldrich) and phosphorus tri- 
chloride (Aldrich) in the presence of triethylamine 
(Aldrich) according to the method of Zwierzak.” The 
yield after distillation was 34% and the product had a 
j1 P chemical shift at 176.0 ppm in CDC1,. 

Solution preparation 

A solvent mixture composed of pyridine and deuterated 
chloroform (Isotec) in a 1.6: 1 (v/v) ratio was prepared 
based on considerations outlined by Argyropoulos.’ 
The solution was protected from moisture with molecu- 
lar sieves 3A and kept in a sealed container under nitro- 
gen. 

NMR spectroscopy 

The j lP  NMR spectra were obtained in 5 mm sample 
tubes on a Varian XL-300 or a Varian XL-500 NMR 
spectrometer (operating at 121.5 and 202.3 MHz, 
respectively), by using methods identical with those 
described previo~s ly .~~’  All chemical shifts reported are 
relative to the reaction product of water with 11, which 
has been observed to give a sharp signal in 

Secondary OH 
Erylhro 

pyridine-CDC1, a t  132.2 ppm. For each spectrum 128 
transients were acquired with a pulse width correspond- 
ing to a 45”flip angle and a pulse delay of 0.5 s. Acquisi- 
tion and processing parameters for the spectrum in Fig. 
1 were concentration 3.6%, spectral width. 70052.5 Hz, 
number of data points. 70080 and line broadening 1.00 
Hz; zero filling and decoupling were not used. 

Lignin model compounds 

P-Aryl ether models 1-5 were synthesized from 8-aryl 
ether quinonemethides using base-catalyzed conden- 
sations.I6 2-(4-Hydroxy-3-methoxybenzyl)-6-methoxy- 
4-methylphenol (model 6) was synthesized using the 
method of Harkin.” 2,2’-(6,6-Dimethoxy-4,4-dimethyl) 
diphenylmethane (model 7), 2,2’-(6,6’-dimethoxy-4,4- 
dimethy1)diphenol (model 13) and 3,3’-(6,6‘-dimethoxy- 
4,4‘-dimethyl)diphenylmethane (model 14) were pre- 
pared according to the method of Kratzl and Vierhop- 
per.18 Stilbenes 8-12 were obtained by the method of 
Gierer and Nilvebrant.” 3,4-Dihydroxyphenylethanol 
(model 15) was commercially available. 

RESULTS AND DISCUSSION 

The phosphitylation reaction of labile protons in model 
compounds employing reagents I and I1 is depicted in 
Scheme 1. 

The 31P NMR spectrum of a mixture of model com- 
pounds 4 and 5 is shown in Fig. 1. 

A variety of lignin-related model alcohols, carboxylic 
acids and phenols were derivatized with I1 and their ”P 
NMR chemical shifts were recorded (Tables 1 and 2). 
The actual structures of lignin-like model compounds 
whose 31P NMR chemical shifts are identified as num- 
bered models in Tables 1 and 2 are shown in Fig. 2. 

Secondary OH 
7hreo 

- 7  

148 6 148 4 148 2 148 0 I4j 8 147 6 147 4 147 2 

3‘P (Ppm) 

Figure 1. 31P NMR spectrum of a mixture of model compounds 4 and 5 obtained at 500 MHz on a Varian XL-500 NMR spectrometer 
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Rl.1, Rl.11 

Scheme 1. Where R-OH the labile protons of the examined 
model compounds. R, = H, 2-chloro-l,3,2-dioxaphosphospholane 
I; R , ,  = CH,, 2-chloro-4.4.5.5-tetramethyl-1.3.2-dioxaphos- 
pholane It. 

It is apparent that for the three classes of compounds 
shown in Tables 1 and 2 the use of reagent I1 allows an 
excellent separation between the chemical shifts of car- 
boxylic acids, phenols and aliphatic alcohols. These 
shifts are positioned in the ranges 134.6-135.2, 137.6- 
144.0 and 145.1-148.4 ppm, respectively. It is also 
apparent that an excellent signal separation exists (of 
about at least 2 ppm) between disubstituted ortho- 
phenols and the chemical shifts of other phenols. An 
overlap between primary and secondary aliphatic 
hydroxyls is apparent in the region 147.8-148.0. There- 
fore, reagent I1 does not allow the distinction of 
primary and secondary hydroxyls present in arylgly- 
cerd P-aryl ether structures. Such structures are the 
most frequent links of the phenylpropane units in lignin. 
In this respect reagent I is of considerable value since it 
can resolve these environments and their erythro and 
threo diastereomers in model compounds and actual 
lignin  sample^.^*'^*'^ 

Similar observations have been reported by Wro- 
blewski and co-workers,21*22 who used this technique to 

OH Model 1 

OCH3 

Model 6 on 

C'HZOH 
I 

Model 2 R-OH (rryrhro) 

Model 4 R=OCH? (ervrhro) 
OCH3 Model 3 R=OH ( rhreo)  Y R 

Model 5 R=OCH; {th;eo) 

CH,O QCHZ@OCH3 OH OH 

Model 7 

R4 'H=CH 

,Model 8 R]=R2=OCH3 R3=R4=H 
Model 9 R I = R ~ - - R ~ = Q = O C H ~  
Model 10 R]=OCH3 R2=R3=Q=H 

R, 6- OH HZ Model Model 1 1  12 R ] = R I = R ~ = O C H ~  R I = R ~ = R ~ = R ~ ' H  R2=H 

CH3 
I 

Model 13 

OH 

Model 14 Model IS 

Figure 2. Structures of typical lignin-related model compounds. 
The numbers correspond to the compound numbers shown in 
Table 2. 

examine the functional group distributions of coal- 
derived materials. They discovered that 100% of the 31P 
chemical shifts of acids, about 95% of those of phenols 
and approximately 90% of those of alcohols derivatized 
with reagent I1 were free of mutual overlap. The corre- 
sponding overlap statistics for reagent I were 80%, 90% 
and 95%, respectively.22 These observations demon- 
strate that reagent I1 has the potential to be an addi- 
tional phosphitylation reagent that can provide well 
resolved structural information for lignin samples con- 
taining syringyl phenolic (2,6-dimethoxy), condensed 
(diphenylmethane, diary1 ether, biphenolic 5-5') and 
unhindered phenolic structural units. However, the 31P 
signals for tertiary alcohols phosphitylated with I1 are 
located in the range of phenols." Despite the fact that 
such environments are unlikely to occur in lignins, one 
must be aware that such a possibility exists. 

para Substitution patterns on phenols were found to 
influence the 31P NMR chemical shifts of their 4,433- 
tetramethyldioxaphospholanyl derivatives in the range 
- 0.64 to 0.70 ppm. Amongst these, the value for 

various typical lignin side-chain groups (including their 
different diastereomeric forms, i.e. models 1-3, 6, 11, 12 
and 15) is close to zero. 

The difference of 0.23 ppm in the 31P chemical shifts 
obtained between models 6 and 7, i.e. 2,4,6-trisubsti- 
tuted phenols (Table 2 and Fig. 2) may be due to the 
symmetrical nature of model 7 in which both OH 
groups are of identical chemical environments after 
phosphitylation. Such symmetry effects were also appar- 
ent in our earlier investigation.' However, the 31P 
chemical shift values of phosphitylated lignins are likely 
to be free of such effects owing to their irregular and 
rigid features. 

Correlation analysis of 31P chemical shifts in phenols 

Linear relationships between substituent constants and 
'H and "F chemical shifts in phenols are not 
~ n u s u a l . ~  3 ~ 2  Linear or nearly linear correlations have 
been documented between Hammett and/or Taft sub- 
stituent constants and 31P chemical shifts for phos- 
phinyl compounds, such as substituted phenyl- 
phosphonic acids,26 phenylphosphonic dichlorides2' 
and difluorides,28 alkyl diphenylpho~phonates,'~ aryl 
diphenylpho~phinates~' and (C6H5)2P+YX [Y = 0-, 
N(CH3),]  compound^.^^ 

The availability of a significant number of 31P chemi- 
cal shift data for phosphitylated phenolic compounds 
coupled with the availability of substituent constants 
allowed the following correlation analysis to be made 
for phenolic environments related to lignins. Despite the 
fact that linear relationships have been demonstrated to 
exist between (rp and 'H and/or "F chemical shift for 
various phenolic systems,' in this work it was dis- 
covered that the resonance substituent constant (a:) is 
the one that displayed an excellent linear relationship 
with 31P NMR chemical shift values for para- 
substituted lignin-related phenols. 

Table 3 summarizes the 31P NMR chemical shifts 
and the corresponding resonance substituent constants, 
obtained for substituted lignin-related phenolic model 
compounds phosphitylated with 11. The plot of relative 
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Table 1. "P chemical shifts of alcohols and carboxylic acids phosphitylated with I1 

3rP chemical shift (ppm) Compound 

Alcohols 
1 4-Hydroxy-3-rnethoxylbenzyl alcohol 148.40 
2 Model 2 148.23(2")', 147.47(1 ")b  

3 p-lsopropylbenzyl alcohol 148.22 
4 Model4 148.20(2")e, 147.50(1')' 
5 Ethanol 147.99 
6 I-Malic acid (COOHCHOHCH,COOH) 147.96 
7 Model 3 147.87(2")', 147.47(1")" 
8 Model 5 147.80(2")g, 147.50(1")' 
9 Model 1 147.30 

10 /-Menthol (C,,H,,OH) 146.25 
11 Cyclohexanol 145.1 5 

Acids 
12 4-Hydroxy-3-rnethoxylcinnarnic acid [CH,OC,H,(OH)CH-CHCOOH] 135.1 5 
13 Salicylic acid (HOC,H,COOH) 135.1 3 
14 4- Hydroxy-3-rnethoxybenzoic acid 135.09 
15 3.5-Dirnethoxybenzoic acid 135.06 
16 I-Malic acid 134.98(1"), 134.79(3") 
17 o-Methoxyphenyl acetic acid 134.80 
18 Muconic acid (COOHCH-CHCH-CHCOOH) 134.78 
19 Phenylsuccinic acid (COOHCH,CH(C,HS)COOH) 134.79, 134.69 
20 (+) -3-Methyladipic acid [COOH (CH ,),CH (CH,)CH,COOH] 134.78, 134.73 
21 Acetic acid 134.63 

"3Jp,n = 9.4 Hz. 
3Jp,H = 9.5 Hz. 
,JP,., = 9.6 Hz. 
,J,, = 9.5 Hz. 

e3Jp,H = 9.5 Hz. 
' 3Jp,, = 9.0 Hz. 
,J,, = 9.7 Hz. 
,J,, = 9.0 Hz. 

chemical shift (Ad) as a function of substituent constant 
(a:) is shown in Fig. 3. The data points of this corre- 
lation are well described by a straight line whose slope 
is equal to - 1.769 and with an intercept of - 0.0843 
(correlation coefficient 0.996). 

This correlation suggested that the 31P chemical 
shifts of substituted phenols phosphitylated with I1 may 
provide a means for probing the electronic effects 
caused by a para substituent on various phenols. This 

0.80 

t + p u b .  

m 

0.60 1 

0.40 : 

0.20 

-0.20 1 

A m-sub. 

-0.40 
-0.50 -0.40 -0.30 -0.20 -0.10 -0.00 0.10 0.20 

Resonance substituent constant amo 

Figure 3. Relative 31 P chemical shifts (Ad) as a function of reso- 
nance substituent constants (0;).  

led to the calculation of some new resonance substit- 
uent constants (a:) for substituents whose a: values 
have not been reported to data. These constants are 
given in Table 4. 

When the chemical shift data for phenols possessing 
electron-releasing meta substituents were correlated 
with the substituent constant (arn) obtained from the 
data set for para-substituted phenols (Table 3 and Fig. 
3), another linear correlation (correlation coefficient 
0.991) was obtained. Although a limited number of data 
points were available for meta-substituted phenols and 
despite the fact that the deviations apparent in Fig. 3 
are associated with the electron-withdrawing meta- 
substituted phenols. (i.e. m-NO, and m-COCH,), this 
work may suggest that meta shifts are influenced by 
both the inductive and resonance effects and that para 
shifts are predominantly affected by the resonance 
effect. 

In a study dealing with the substituent effects of flu- 
orobenzenes on their 19F chemical shifts, Taft et aLZ4 
considered that the meta shifts are predominantly 
affected by the inductive effect and the para shifts by the 
resonance effect. In an attempt to study the substituent 
effects on the 31P NMR chemical shifts of phenylphosp- 
honic acids, Mitsch et aLZ6 discovered that for these 
chemical shifts, the inductive effect was operative for 
meta substituents whereas both inductive and resonance 
effects were operative for para substituents. 

The data in Table 3 demonstrate that ortho substitut- 
ion on the aromatic ring of phenols has a considerably 
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Table 2. "P chemical shifts of various phenols phosphitylated with I1 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Compound 

Model 6 
Model 7 
2.6- Dimethoxyphenol 
Model 8 
Model 9 
3-Methoxycatechol[3-OCH3C,H,-1 ,2-(OH),] 
Model 13 
Model 14 
2-Methoxyphenol (guaiacol) 
4-Hydroxy-3-methoxybenzyl alcohol 
Model 10 
Model 11 
Model 1 
Model 3 
Model 2 
4-Hydroxy-3-methoxycinnamic acid 
4- Hydroxy-3-methoxybenzoic acid 
Model 15 
Catechol [C,H,-1,2(OH),] 
4- Methoxyphenol 
2.5-Dimethylphenol 
2- Nitrophenol 
3- Hydroxyacetophenone 
3,4- Dichlorophenol 
4-Chlorophenol 
4-Methylphenol 
3,4-Dimethoxyphenol 
4-tert- Butylphenol 
2-Chlorophenol 
4-Ethylphenol 
Phenol 
3-tert-Butylphenol 
Z,Z'-Biphenol 
Model 12 
3-Methylphenol 
3.5-Di-fert- butylphenol 
3- Ethoxyphenol 
3- Methoxyphenol 
Salicylic acid 
4-Nitrophenol 
4- Hydroxyacetophenone 

ObMNed 

143.94, 1 39.82 
143.71 
142.87 
142.82 
142.80 
142.72, 138.60 
141.87 
139.80 
139.78 
139.78 
139.73 
139.70 
139.60 
139.55 
139.49 
139.43 
139.1 4 
139.00, 138.85 
138.92 
138.72 
138.66 
138.61 
138.53 
138.40 
138.35 
138.1 5 
138.29 
138.1 1 
138.07 
138.06 
138.02 
138.02 
138.00 
137.98 
137.98 
137.92 
137.83 
137.72 
137.74 
137.66 
137.65 

3rP chemical shih (ppm) 
Calculated 

143.94, 139.82 
143.71 
142.87 
142.83 
142.83 
142.72. 138.72 
141.87 
139.80 
139.78 
139.78 
139.74 
139.74 
139.60 
139.60 
139.60 
139.43 
139.1 4 
139.00, 139.85 
139.03 
138.72 
138.59 
138.61 
138.52 
138.40 
138.35 
138.1 5 
138.41 
138.1 1 
138.07 
138.06 
138.02 
138.02 
138.00 
137.98 
137.98 
138.02 
137.82 
137.71 
137.72 
137.66 
137.65 

Obs. - Calc. 

0.00 
0.00 
0.00 

-0.01 
-0.03 

0, -0.12 
0.00 
0.00 
0.00 
0.00 

-0.01 
-0.04 

0.00 
-0.05 
-0.1 1 
0.00 
0.00 
0.00 

-0.08 
0.00 
0.07 
0.00 
0.01 
0.00 
0.00 
0.00 

-0.1 2 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

-0.1 0 
0.01 
0.01 
0.02 
0.00 
0.00 

greater effect on the magnitude of the 31P NMR chemi- 
cal shifts than that of para and/or meta substitution pat- 
terns. Hence it was of interest to correlate the 31P NMR 
chemical shift values with the substituent constants for 

ortho-substituted lignin-related phenols. Despite the fact 
that for ortho-substituted phenols no linear relationship 
was apparent between the Hammett or Taft substituent 
constants and the corresoonding 31P NMR chemical 

~ 0.80 - 
'0 

I 0.60 c 
4 0.40 
0 .- g 0.20 

5 
0 0.00 

9 -0.20 
2 

-0.40 

> .- - 

shift data, a plot of versusA(b), for some ortho- 
substituted phenols resulted in the curve in Fig. 4. The 
deviation from linearity is in the direction of large A@), 
values. Similar results were reported by Traynham and 
K n e ~ e l ~ ~  and Thomas and T r a ~ n h a r n ~ ~  in an attempt 
to correlate the relative proton chemical shifts of the 
hydroxyl groups in para-substituted phenols with those 
of the corresponding ortho-substituted phenols. In 
accord with our results, extreme deviations for the cases 
of o-NO, and o-COCH, substituents were apparent.', 

Calculation of the 31P chemical shifts of phenols after 
phosphitylation with I1 

-0.20 0.20 0.60 1.00 1.40 1.80 

Relative chemical shift A(% 

Figure 4. Relative "P chemical shifts of para-substituted 
phenols as a function of those obtained for the corresponding 
ortho-substituted phenols. 

The successful correlation analyses illustrated so far 
demonstrated the potential of using such an approach 
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Table 3. 31P chemical shift data for a variety of substi- 
tuted phenols after phosphitylation with I1 and 
the corresponding substituent constants 

Relative chemical Substituent constants. 
No. Substituent shift. Ma (pprn) 0". or o", 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

p-COMe 
P - N O ~  
p-Et 
p-r-Bu 
P-CH, 
p-CI 
p-OMe 
p-OH 
m-t-Bu 
m- Me  
m-OMe 
m-COMe 
m-NO, 
m-OH 
o-Phenol 

o-COMe 
0-Et 

o-CH, 
0-NO, 
0-OH 
o-OMe 

-0.37 
-0.36 

0.04 
0.09 
0.1 3 
0.33 
0.70 
0.32 
0.03 

-0.04 
-0.31 

0.50 
0.59 

-0.26 
-0.02 
-0.1 2 

0.29 
0.61 
0.64 
0.93 
1.76 

0.1 6 
0.1 5 

-0.0934 
-0.0834 
-0.1 1 
-0.23 
-0.61 

-0.0934 (-0.07)d 
-0.06 (-0.05) 

e - 

0.1 0 (0.27) 
0.36 (0.20) 
0.71 (0.65) 
e - 

a Obtained by subtracting the 31 P chemical shift value of 
the examined phosphitylated compound from that of 
phosphitylated phenol. 

Forpara substituent (from Ref. 32). 
For mera substituent (from Ref. 33). 
Numbers in parentheses are ui (from Ref. 33). 
Not available. 

toward calculating the 31P NMR chemical shifts of 
various phenolic environments for a variety of substitut- 
ion patterns as they may be present in lignins. The fol- 
lowing account describes our efforts to specify the 
various parameters that will allow such detailed calcu- 
lations to be made. This effort allowed the development 
of a set of empirical parameters that permits the accu- 
rate prediction of 31P chemical shifts of lignin-related 
phenolic environments phosphitylated with 2-chloro-4, 
4,5,5-tetramethyldioxaphospholane. These parameters 
are given in Tables 5 and 6. 

Table 5 lists the parameters that can be used for the 
calculation of the substitution on the 31P chemical shift 
of phenol, derivatized with reagent 11. These parameters 
were obtained directly from the data in Table 2, 
although they can also be calculated from the corre- 

Table 4. New u: constants derived from the data in Table 2 
and the equation At5 = - 1.769~: - 0.0843 

4 Substituent 

p- CH=CH C6C5 -0.03 
p-CH=CH (3,5-OCH3),C6H3 0.00 
p-CHOHCH,OH 0.01 

p-CHOHC(CH,0H)(H)O(2-OCH,)C6H4 (threo) 0.1 1 

p-CHOHCH,0(2-OCH3)C6H4 0.05 
p - C H 0 H C ( C H ,O H ) ( H ) 0 ( 2 - OC H 3) C, H (eryrhro ) 0.08 

'The OH groups in these substituents were all phosphitylated 
with reactent Ill). 

Table 5. Parameters for the calculation of the 
substitution effect on the "P chemical 
shift of phenolic hydroxyls phos- 
phitylated with 2-chloro-4,4,5,5- 
tetramethyl-l,3,2-dioxaphospholane 

Substituent 

OH" 
OCH, 
OC2H5 
CH, 
C2H5 
r-Bu 
CH,OHa 
CHOHCH,OH" 
CHOHCH,OPha 
CH,Ph 
CH=CHPh 
CH=CHCOOH" 
Phenol" 
COOH" 
COCH, 
CI 
NO, 

onho 

1.01 
1.76 

0.61 
-0.1 2 

- 

- 
- 
- 
- 
- 
- 
- 

-0.02 
-0.30 

0.29 

0.64 
- 

mera psra 

-0.26 0.32 
-0.31 0.70 
-0.20 0.44 
-0.04 0.13 
- 0.04 

0.00 0.09 
- -0.02 
- -0.1 1 
- -0.18 

-0.11 0.04 
- -0.04 
- -0.35 

- -0.64 
0.50 -0.37 
0.05 0.33 
0.59 -0.36 

- - 

"The OH groups in these substituents were all 
phosphitylated with reagent II. 

lation equation shown in Table 4 and the Taft substit- 
uent constants (&), when available. These parameters 
are valid only for phenols which do not posses substit- 
uents at both ortho positions. For such a case the 
parameters listed in Table 6 may be used, i.e. the effect 
of a variety of second ortho substituents on the 31P 
chemical shift of guaiacolic hydroxyls (2-methoxy- 
phenol) derivatized with reagent I1 may be calculated. 
For example, for model 6 (Fig. 2), which contains two 
kinds of phenolic environments, the following calcu- 
lation may apply. The 31P NMR chemical shift of the 
2,4-disubstituted phenolic environment will be equal to 
138.02 (value for phenol) + 1.76 (value for o-OCH, sub- 
stituent from Table 5) + 0.04 (value for p-CH,Ph sub- 
stituent from Table 5). The 31P NMR chemical shift of 
the phenolic environment with two ortho substituents 
will be equal to 138.02 (value for phenol) + 1.76 (value 
for 0-OCH, substituent from Table 5) + 0.13 (value for 
p-CH, substituent from Table 5 )  + 4.03 [value for the 
second ortho substituent of 4-hydroxy-3-methoxybenzyl 
[-CH2(4-OH)(3-OCH,] from Table 61. 

Such calculations were carried out for all phenolic 
model compounds examined in this work and the 
results are given in Table 2. The calculated 31P NMR 
chemical shifts are in excellent agreement with the 
observed values within an error margin of about k 0.12 
ppm. These results indicate that the 31P NMR chemical 
shifts of phenolic hydroxyls for various lignin-related 
phenols depend strongly on the nature of the substit- 
uent and their substitution patterns. Further, these sub- 
stituent effects seem to obey the additivity p r i n ~ i p 1 e . l ~ ~ ~  

Although the parameters described in Tables 5 and 6 
allow the prediction of the "P chemical shifts for 
various lignin-related phenolic environments with rea- 
sonable accuracy, our conclusions are based on a rela- 
tively limited amount of experimental data. This work 
has laid the foundations for similar future efforts that 
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Table 6. Substituent effects of a second ortho substituent on the "P chemi- 
cal shift of guaiacol (2methoxyphenol) phosphitylated with 2- 
chloro-4,4,5,5-tebamethyl-l,3,2-dioxaphospholane 

Substituent' Effect 

2.94 
3.18 
3.09 

OH 

OCH, 
CH, 

CH3 

C H 3  c@ OH 

- H 2 V  
OCH3 

1.96 

3.80 

4.03 

CH ,N(CH 2 )  5 4.55 

"The OH groups in these substituents were all phosphitylated with reagent II. 

are needed to obtain other parameters aimed at  explor- 
ing more structural features in lignins. 

- 
CONCLUSIONS 

2-Chloro-4,4,5,5-tetramethyldioxaphospholane is 
another useful phosphitylating reagent for the quanti- 
tative 31P NMR analysis of lignins and related com- 
pounds. It permits the excellent resolution of the 
various hydroxylic environments, especially those 
belonging to lignin-related phenolic hydroxyls. The 31P 
chemical shifts of phenolic hydroxyls with various sub- 

stitution patterns depend strongly on the nature of the 
substituents and can be calculated using the parameters 
developed herein. 
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