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be reduced via the aldehyde to the corresponding alco-
The high degree of selectivity observed in the incor- hol. In principle, lignin may be formed from any combi-

poration of phenylpropanoids into ligninmay be a con- nation of these acids, alcohols, and their intermediates
sequence of the influence exerted by methoxyl substit- (1, 2), but in practice the polymerization processes ap-
uents on the ambident radicals generated during bio- pear to involve a high degree of selectivity (3, 4). The
synthesis. Since unpaired electron distributionmay be relative proportions of the monolignols incorporated
regarded as an important factor in determining posi- into lignin and the nature of the interunit bonding em-
tional selectivity during oxidative coupling, electron ployed, however, vary considerably with cell type, age,
spin resonance spectroscopy and Austin Model 1 mo- and phylogenic origin (5). Typically, the nonme-
lecular computation were used to study the effects of thoxylated 4-hydroxycinnamyl alcohol is detected only
methoxyl substitution on unpaired electron distribu- in small amounts and in combination with 4-hydroxy-
tion in lignin precursor radicals. The data obtained

3-methoxycinnamyl alcohol early in the developmentwere used to predict the effect of substitution on cou-
of the secondary cell wall, whereas the dimethoxylatedpling and were compared with the linkage types ob-
derivative is found in high concentrations toward theserved in complementary dehydrogenation polymer-
end of the lignification process (6). As a result, hetero-ization studies employing each of the lignin precur-
geneity of lignin structure appears common, evensors. We report that methoxyl substitution increases
within a single cell wall (7). The functional significanceunpaired electron density on the phenolic oxygen of
of the different structural forms of lignin remains un-the precursor phenylpropanoid radicals and that this

subsequently determines the nature of the bond for- clear.
mation during polymerization. q 1996 Academic Press, Inc. In the cell walls of grasses, cereals and plants from

closely related families, 4-hydroxycinnamic acid and 4-
hydroxy-3-methoxycinnamic acid are also incorporated
into the lignin structure. Most, if not all, of the 3-me-

Phenylpropanoid oxidative coupling is believed to be thoxylated derivative is ester-bound to cell wall poly-
the predominant process in lignin biosynthesis and pro- saccharide before transport to the wall (8). Once part
ceeds via a radical mechanism that is catalyzed in situ of the wall, 4-hydroxy-3-methoxycinnamic acid is be-
by peroxidases and, possibly, monooxygenases (1, 2). lieved to act as an initiation site for lignification and,
Lignin precursors for this process are generated by the in the process, forms a bridge between the polysaccha-
phenylpropanoid pathway in which cinnamic acid is ride to which it was originally linked and the newly
hydroxylated to generate 4-hydroxycinnamic acid, formed lignin polymer (9, 10). Similar bridged struc-
which is in turn progressively methoxylated giving 4- tures may be formed to a limited extent with 4-hydroxy-
hydroxy-3-methoxycinnamic acid and 4-hydroxy-3,5- cinnamic acid in some plants, but NMR evidence sug-
dimethoxycinnamic acid (Fig. 1). All of these acids may gests that the bulk of the nonmethoxylated acid is es-

ter-linked to the primary hydroxyl function of terminal
phenylpropanoid units (11).1 To whom correspondence should be addressed. Fax: /44 1224

715349. In reactions involving free radicals, the ability of an
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lignification process. The purpose of the present study
was to determine the effects of the substituent me-
thoxyl groups on unpaired electron delocalization in
phenylpropanoid radicals. Phenoxyl radicals were gen-
erated using CeIV as a one-electron oxidant and ob-
served directly using electron spin resonance (ESR)
spectroscopy. From comparisons with complementary
polymerization product studies, we report that the na-
ture of bond formation during the polymerization of
lignin is determined by the pattern of unpaired electron
distribution in the phenylpropanoid precursor radicals,
which is determined in turn by the pattern of me-
thoxylation in the parent phenylpropanoids.

MATERIALS AND METHODS

General laboratory reagents, cerium(IV) ammonium nitrate, diiso-
butylaluminum hydride, substituted 4-hydroxycinnamic acids, and
acetophenones were from Aldrich (England). Horseradish peroxidase
(Type II) and hydrogen peroxide (27.5%w/v)were from Sigma Chemi-
cal Co., Ltd. (England). Reported melting points are uncorrected.
Evaporation was under reduced pressure at temperatures not ex-
ceeding 407C. NMR spectra were recorded using a Jeol LA-300 spec-
trometer (Jeol UK, England), fitted with a 5-mm multinuclear, nor-
mal geometry TH5 probe. Operating field for broad band waltz decou-
pled 13C NMR was 75.4 MHz with a 307 pulse flipping angle (2.4-s
pulse width) and 963.4-ms acquisition time. The sweep width em-
ployed was 17,000 Hz. Standard DEPT 135 pulse sequences were
employed (13). All samples were dissolved in (CD3)2SO (0.5 cm3) con-
taining tetramethylsilane (0.03% v/v) internal reference and run
with a probe temperature of 407C unless otherwise stated. Spectra
recorded for polymers (ca. 40,000 scans) were exponentially broad-
ened by a factor of 6.

Preparation of substituted ethyl cinnamates. 4-Hydroxycinnamic
acid (16.4 g, 100 mmol), was converted to its ethyl ester by treatment
with ethanol (500 cm3) and acetyl chloride (50 cm3). After complete
disappearance of the acid (16 h) the solvent was removed in vacuo
and the crude product redissolved in ethyl acetate and extracted
with sodium hydrogen carbonate (3% w/v). The organic layer was
then left to stand over anhydrous sodium sulfate and filtered and
the solvent removed in vacuo. Crystallization from ethyl acetate/FIG. 1. Structures of the substituted cinnamic acids, substituted
petroleum ether (bp 40–607C) gave ethyl 4-hydroxycinnamate (yieldcinnamyl alcohols, 1a, 4-hydroxycinnamic acid (R and R1 Å H); 1b,
68%): 1H NMR (CD3OD), 1.1 (t, 3H, CH2CH3 , J Å 7.1 Hz), 4.1 (q,4-hydroxy-3-methoxycinnamic acid (R Å H and R1 Å OCH3); 1c, 4-
2H, CH2CH3, J Å 7.1 Hz), 6.3 (d, 1H, CH|CH, Jtrans Å 16 Hz),hydroxy-3,5-dimethoxycinnamic acid (R and R1 Å OCH3); 2a, 4-hy-
6.7 (d, 2H, H3, and H5, Jo Å 8.4 Hz), 7.4 (d, 2H, H2, and H6, Jo Ådroxycinnamyl alcohol (R and R1 Å H); 2b, 4-hydroxy-3-methoxycin-
8.4 Hz), 7.6 (d, 1H, CH Å CH, Jtrans Å 16 Hz) ppm. The mono-namyl alcohol (R Å H and R1 Å OCH3); 2c, 4-hydroxy-3,5-dimethoxy-
and dimethoxylated derivatives were prepared in the same manner.cinnamyl alcohol (R and R1 Å OCH3); and models of the predominant
Crystallization from ethyl acetate/petroleum ether (bp 40–607C)linkages found within lignin, 3a, 8–O–4 (R and R1 Å H), 3b, 8–O–
gave ethyl 4-hydroxy-3-methoxy cinnamate (yield 74%): 1H NMR4 (R Å H and R1 Å OCH3), 3c, 8–O–4 (R and R1 Å OCH3); 4a, 8–5
(CD3OD), 1.3 (t, 3H, CH2CH3 , J Å 7.1 Hz), 4.2 (q, 2H, CH2CH3, J Å(R and R1 Å H); 4b, 8–5 (R Å H and R1 Å OCH3); 5a, 8–8 (R and
7.1 Hz), 6.3 (d, 1H, CH|CH, Jtrans Å 16 Hz), 6.8 (d, 1H, H5, Jo ÅR1 Å H); 5b, 8–8 (R Å H and R1 Å OCH3), 5c, 8–8 (R and R1 Å
8.2 Hz), 7.1 (d,d, 1H, H6, Jo Å 8.2 Hz, Jm Å 1.6 Hz), 7.2 (d, 1H, H2,OCH3); 6, 5–5 (R1 Å OCH3). Jm Å 1.6 Hz), 7.6 (d, 1H, CH|CH, Jtrans Å 16 Hz) ppm. Ethyl 4-
hydroxy-3,5-dimethoxycinnamate was crystallized from ethyl ace-
tate/petroleum ether (bp 40–607C), (yield 82%): 1H NMR (CD3OD),

unpaired electron to delocalize has a significant effect 1.3 (t, 3H, CH2CH3 , J Å 7.1 Hz), 4.2 (q, 2H, CH2CH3, J Å 7.1 Hz),
3.9 (s, 3H, OCH3), 6.4 (d, 1H, CH|CH, Jtrans Å 15.9 Hz), 6.9 (s,on reactivity and product formation (12). By influenc-
2H, H2, and H6), 7.6 (d, 1H, CH|CH, Jtrans Å 15.9 Hz) ppm.ing the delocalization of unpaired electrons in radicals

Preparation of substituted cinnamyl alcohols. Ethyl 4-hydroxy-generated on phenylpropanoid lignin precursors by
cinnamate (0.36 g, 2.4 mmol) in anhydrous toluene was cooled underperoxidases, substituent groups would be expected to
nitrogen in an ice-water bath and reduced by treatment with diisobu-influence the products of radical coupling reactions and tylaluminum hydride (4.2 eq), added slowly via a dropping funnel

thereby to give purpose to the substrate selection ap- over ca. 10 min. The reaction was complete after 1 h at which time
it was carefully quenched with ethanol. After partial removal of theparently exerted by the plant at different stages in the
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under vacuum at 407C and addition ofwater, the product was exhaus- (C8), 56.00 (OCH3), 70.98 (C9), 85.23 (C7), 103.72 (C2,C6), 131.42
(C1), 134.90 (C4), 147.80 (C3,C5) ppm.tively extracted into ethyl acetate. 4-Hydroxycinnamyl alcohol (Fig.

1, 2a) crystallized on evaporation from the dried solvent to give white Preparation of 8–5 models. The 8–5 dehydrodimers were also
crystals, mp 88–90.57C (yield 78%): 1H NMR (CD3OD), 4.1 (d, 2H, prepared from the cinnamyl alcohols (Fig. 1, 2a–c) by one-electron
CH2OH, J Å 5.8 Hz), 6.2 (d,t, 1H, CH|CH, Jtrans Å 15.9 Hz, Jv oxidation withAg2O (1.5 eq), the solvent being substituted for CH2Cl2
Å 5.8 Hz), 6.5 (d, 1H, CH|CH, Jtrans Å 15.9 Hz), 6.7 (d, 2H, H2, (anhydrous), which favors 8–5 bond formation (15). Processing and
and H6, Jo Å 8.9 Hz), 7.3 (d, 2H, H3, and H5, Jo Å 8.9 Hz) ppm; purification by flash chromatography on silica (Merck 109385), elut-
13C NMR [(CD3)2SO], 61.59 (C9), 115.24 (C3,C5), 127.07 (C8), 127.2 ing with CH2Cl2/methanol (95/5) gave the 8–5 coupled product of 4-
(C2,C6), 127.82 (C1), 128.58 (C7), 156.67 (C4) ppm. The mono- and hydroxycinnamyl alcohol (Fig. 1, 4a) (yield 18%): 13C NMR, 53.03
dimethoxylated cinnamyl alcohols were also prepared by this (A8), 55.76 (AOCH3), 55.80 (BOCH3), 61.68 (B9), 63.03 (A9), 87.25
method. Crystallization from dichloromethane/petroleum ether (bp (A7), 110.53 (A2), 115.01 (A5), 115.41 (A6), 118.58 (B6), 128.06 (B8),
40–607C) gave 4-hydroxy-3-methoxycinnamyl alcohol (Fig. 1, 2b) as 128.56 (B5), 128.65 (B7), 130.56 (B1), 131.55 (B3), 132.42 (A1), 147.19
pale yellow plates, mp 76.5–787C (yield 72%): 1H NMR (CD3OD), 4.1 (A4), 146.48 (B4), 147.62 (A3) ppm and of 4-hydroxy-3-methoxycinna-
(d, 2H, CH2OH, J Å 5.8 Hz), 6.2 (d,t, 1H, CH|CH, Jtrans Å 16.1 myl alcohol (Fig. 1, 4b) (yield 26%): 13C NMR, 52.74 (A8), 61.70
Hz, Jv Å 5.8 Hz), 6.5 (d, 1H, CH|CH, Jtrans Å 16.1 Hz), 6.7 (d, (B9), 63.21 (A9), 86.75 (A7), 108.73 (B3), 115.06 (A3,A5), 122.44 (B2),

127.03 (B6), 127.12 (A2,A6), 127.71 (B8), 128.73 (B5), 128.80 (B1),1H, H5, Jo Å 8.2 Hz), 6.8 (d,d, 1H, H6, Jo Å 8.2 Hz, Jm Å 1.8 Hz),
129.69 (B7), 132.05 (A1), 158.01 (A4) ppm.7.0 (d, 1H, H2, JmÅ 1.8 Hz) ppm; 13C NMR [(CD3)2SO], 55.65 (OCH3),

61.72 (C9), 109.92 (C2), 115.52 (C5), 119.43 (C6), 127.53 (C8), 128.56 Preparation of 5–5 model. 4-Hydroxy-3-methoxybenzaldehyde (5
(C1), 129.00 (C7), 146.22 (C3), 147.75 (C4) ppm. Crystallization of g, 32.9 mmol)was 5–5 coupled by treatment with horseradish peroxi-
4-hydroxy-3,5-dimethoxycinnamyl (Fig. 1, 2c) was from dichloro- dase (2025 units) and H2O2 (2.82 cm3 in 27.5% water) in citrate/
methane/petroleum ether (bp 40–607C) as yellow needles, mp 66.5– phosphate buffer (0.1 mol dm03, pH 4.2) at 36.57C (yield 82%) and
687C (yield 58%): 1H NMR (CD3OD), 3.8 (s, 6H OCH3), 4.2 (d, 2H, acetylated by treatment with acetic anhydride and sodium acetate
CH2OH, J Å 5.8 Hz), 6.2 (d,t, 1H, CH|CH, Jtrans Å 15.7 Hz, Jv (yield 79%) (16). Condensation of the product (0.5 g, 1.2 mmol) with
Å 5.8 Hz), 6.5 (d, 1H, CH|CH, Jtrans Å 15.7 Hz), 6.7 (s, 2H, H2, malonic acid (0.50 g, 4.8 mmol) was achieved in pyridine with aniline
and H6) ppm; 13C NMR [(CD3)2SO], 56.05 (OCH3), 61.68 (C9), 104.05 (0.04 cm3) and piperidine (0.04 cm3) at 557C for 1 h. The product was
(C2,C6), 127.99 (C1), 129.24 (C8), 133.59 (C7), 135.37 (C4), 148.14 precipitated with HCl and crystallized from acetic acid (yield 80%).
(C3,C5) ppm. Conversion to the ethyl ester by treatment at reflux with acetyl chlo-

ride in ethanol (yield 51%) and reduction of the product (0.2 g, 0.5Preparation of 8–O–4 models. Methyl 4-[2-hydroxy-2-(4-hy-
mmol) with diisobutylaluminum hydride (6 cm3, 1.5 mol dm03 indroxyphenol)-1-(hydroxymethyl)ethyl]coumarate (Fig. 1, 3a) was
toluene) gave the 5–5 dehydrodimer of 4-hydroxy-3-methoxycinna-prepared from 4-hydroxyacetophenone (25 mmol) by acetylation in
myl alcohol (Fig. 1, 6) (yield 75%): 13C NMR, 55.76 (OCH3), 61.60pyridine/acetic anhydride (yield 85%) and conversion to 4-acetoxybro-
(C9), 107.88 (C2), 115.25 (C5), 121.75 (C8), 126.00 (C6), 127.10 (C1),moacetophenone with bromine (1 eq) in CCl4/CHCl3 (yield 53%). The
127.40 (C7), 129.21 (C4), 148.10 (C3) ppm.4-acetoxybromoacetophenone was then added slowly to methyl cou-

Preparation of dehydrogenation polymers (zutropfverfahren). 4-marate treated with K2CO3 in acetone under reflux to give methyl
Hydroxycinnamyl alcohol (130 mg, 0.56 mmol) was dissolved in phos-4-[2-oxo-2-(4-acetoxyphenyl)ethyl]coumarate (yield 94%), which on
phate buffer (88 cm3, pH 6.5, 25 mmol dm03) to give solution A.treatment with K2CO3 in 1,4-dioxane was hydroxymethylated with
Solution B was prepared by dissolving hydrogen peroxide (0.076 cm3,H2CO (2 eq), (yield 50%). Reduction and concomitant deacetylation
0.67 mmol, 1.2 eq) in phosphate buffer (88 cm3, pH 6.5, 25 mmolwas achieved by treatment overnight with NaBH4 in methanol/wa-
dm03). Both A and B were added to a solution of horseradish peroxi-ter. Purification was obtained by flash chromatography on silica
dase (275 units, 2.4 mg) in phosphate buffer (24 cm3, pH 6.5, 25(Merck 109385) eluting with CHCl3/ethyl acetate (1/1) (yield 68%):
mmol dm03) at a rate of 2 cm3 h01 under nitrogen with continuous13C NMR, 51.11 (CO2CH3), 60.12 (A9), 71.08 (A7), 83.86 (A8), 114.42
stirring. After 24 h a further aliquot of peroxidase was added (125(B3,B5), 116.12 (A3,A5), 126.24 (B8), 126.60 (B1), 127.66 (A2,A6),
units, 1.1 mg). After 48 h the precipitate was filtered on a 0.45-mm129.70 (B2,B6), 132.27 (A1), 144.25 (B7), 156.28 (B4), 161.23 (A4),
membrane, resuspended in water, and again filtered and thoroughly166.82 (B9) ppm. Methyl 4-[2-hydroxy-2-(4-hydroxy-3-methoxyphe-
washed. A grayish powder (yield 62%) was obtained on freeze drying.nyl)-1-(hydroxymethyl)ethyl]ferulate (Fig. 1, 3b): 13C NMR, 51.24
Dehydrogenation polymers containing 4-hydroxy-3-methoxycinna-(CO2CH3), 55.54 (BOCH3), 55.86 (AOCH3), 60.28 (A9), 71.08 (A7),
myl alcohol (beige powder, yield 62%) and 4-hydroxy-3,5-dimethoxy87.55 (A8), 111.24 (B2), 111.46 (B5), 114.11 (A2), 115.24 (A5), 119.11
cinnamyl alcohol (orange powder, 32%) were also prepared.

(B8), 122.58 (A6), 126.85 (B6), 132.40 (B1), 142.91 (B3), 144.68 (B4),
Preparation of dehydrogenation polymers (zulaufverfahren). 4-145.58 (B7), 147.04 (A3), 149.70 (A4), 166.96 (B9) ppm and methyl

Hydroxycinnamyl alcohol (130 mg, 0.56 mmol) was dissolved in phos-4-[2-hydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-1-(hydroxymethyl)-
phate buffer (200 cm3, pH 6.5, 25 mmol dm03) along with horseradishethyl]sinapate (Fig. 1, 3c): 13C NMR, 51.34 (CO2CH3), 56.02 (AOCH3), peroxidase (275 units, 2.4 mg). While being continuously stirred un-56.24 (BOCH3), 60.48 (A9), 71.74 (A7), 86.90 (A8), 104.58 (A2,A6),
der nitrogen, hydrogen peroxide (0.076 cm3, 0.67 mmol, 1.2 eq) was106.23 (B2,B6), 116.94 (B8), 129.17 (B1), 132.15 (A1), 132.55 (A4),
added and the reaction mixture left stirring for 24 h. The precipitate138.52 (B4), 144.69 (A3,A5), 147.47 (B7), 152.78 (B3,B5), 166.81 (B9)
was filtered on a 0.45-mm membrane, resuspended in water, and

ppm were prepared in similar yields by the same method (14). again filtered and thoroughly washed. A pale grayish powder (yield
Preparation of 8–8 models. The cinnamyl alcohols (Fig. 1, 2a–c) 78%) was obtained on freeze drying. Dehydrogenation polymers con-

were treated with Ag2O (1.5 eq) in CH2Cl2/water (1/1) (15). Standard taining 4-hydroxy-3-methoxycinnamyl alcohol (pale beige powder,
processing and purification by flash chromatography on silica (Merck yield 68%) and 4-hydroxy-3,5-dimethoxycinnamyl alcohol (pale or-

ange powder, yield 30%) were also prepared.109385), eluting with CH2Cl2/methanol (95/5) gave the 8–8 dehy-
drodimers of 4-hydroxycinnamyl alcohol (Fig. 1, 5a) (yield 10%): 13C Radical generation and ESR spectroscopy. Radicals were gener-
NMR, 53.46 (C8), 70.61 (C9), 84.87 (C7), 114.90 (C3,C5), 127.29 ated in a two-stream ESR flow cell (Bruker UK, England), positioned
(C2,C6), 131.52 (C1), 156.59 (C4) ppm; 4-hydroxy-3-methoxycinna- in the cavity of a Bruker E106 spectrometer, via the continuous
myl alcohol (Fig. 1, 5b) (yield 16%): 13C NMR, 55.35 (C8), 56.12 mixing of substrate (1002 mol dm03 in 50% v/v methanol) and ammo-
(OCH3), 72.64 (C9), 85.19 (C7), 110.94 (C2), 116.03 (C5), 118.67 (C6), nium cerium(IV) nitrate (1003 mol dm03 in 0.25 mol dm03 sulfuric
133.74 (C1), 147.28 (C4), 149.10 (C3) ppm; and 4-hydroxy-3,5-di- acid) solutions. Flow was maintained using a Watson–Marlow Flow

505S/RL pump (Watson–Marlow, Ltd., England) placed before themethoxycinnamyl alcohol (Fig. 1, 5c) (yield 22%): 13C NMR, 53.57
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can be observed by ESR due to spin polarization. Proton
coupling results from spin polarization of the valence
electron of the hydrogen atom with the unpaired elec-
tron. According to the McConnell relationship, aH Å
rQ, the hyperfine coupling constant (aH) to a proton is
proportional to the density of the unpaired electron (r)
on the carbon atom to which it is directly bound (18).
The proportionality factor, Q, varies depending on the
environment of the unpaired electron and lies between
20 and 30 Gauss. In this study, a Q value of 22.5 Gauss
was used, which is considered to be the best estimate
assuming the value is constant for all the C–H bonds
(20). In a given radical, the Q value for neutral carbonFIG. 2. ESR spectra and computer-simulated spectra of radicals
atoms can vary within a range of approximately 10%.obtained from hydroxycinnamic acids. 1a, 4-hydroxycinnamic acid;

1b, 4-hydroxy-3-methoxycinnamic acid; 1c, 4-hydroxy-3,5-dimethoxy- In this study, since similar compounds were compared,
cinnamic acid. The simulation of spectrum 1b contains a broad signal and because any contribution resulting from the small
from a polymer-derived radical. The hyperfine coupling constants of numerical differences would remain constant betweenthe radicals are given in Table I.

the parent radicals, the value of Q was allowed to re-
main constant. Applying the McConnell relationship
with a Q value of 22.5 Gauss, spin density values were

cell and producing a combined flow rate of 4.8 cm3 s01. The postreac- obtained for each carbon center in the radicals ob-
tion pH values were measured using a meter (Corning, United King-

served. However, polarization is not accounted for anddom; Model 220) positioned in the output stream from the ESR cell
therefore it is not possible to distinguish between posi-and were typically 0.5–1.5. Spectra (X-band) were recorded using

the following instrument settings: modulation frequency, 100 kHz; tive and negative spin density (i.e., a and b electrons).
center field, 3479 Gauss; sweep width, 40 Gauss; modulation ampli- Positive and negative spin densities were distinguished
tude, 0.8 Gauss; time constant, 41 ms; sweep time 90 s; power, 20 using computational methods available to calculate the
mW; and a suitable receiver gain setting (typically 6.3 1 104).

theoretical total spin density (a–b). Geometry optimi-
Spectral simulation and computation of unpaired electron spin

zation was performed to achieve the equilibrium struc-density. Computer simulations of spectra, giving the hydrogen
tures by entering approximate structures into the Hy-hyperfine coupling constants (aH), were performed using the SIM-

EPR program, which sequentially varies all the parameters for perChem molecular simulation program (21, 22). The
each radical species until a minimum in the error surface is located semiempirical method AM1 was then selected (23, 25),
(17). Goodness-of-fit was determined by visual comparison and as which is an altered version of the modified neglect ofa minimum in the sum of the squared residuals. The density of

the differential overlap method (26, 27) in which manythe unpaired electron (r) at each carbon atom was calculated from
of the approximations are similar but the overall accu-the hyperfine coupling constants using the McConnell relation-

ship, aH Å rQ (18), in which Q is the proportionality factor (see racy of the method is significantly improved. Compen-
below) (19). The unpaired electron density on the ESR-silent posi- sation for the radical center was achieved by deletion
tions was then calculated by difference. Graphical plots of spin of the phenoxyl hydrogen and setting the specificdensity and numerical values for the a and b electrons were ob-
tained by a quantum mechanical method using the HyperChem
molecular simulation program (20, 21). Ab initio methods were
not feasible due to the size of the molecules and the requirement
for a large basis set; therefore, the semiempirical method Austin
Model 1 (AM1)2 was selected (22, 23). AM1 molecular orbital calcu-
lations have been demonstrated to support spin density values
derived from ESR hyperfine coupling constants (24).

RESULTS AND DISCUSSION

ESR spectra were observed following the one-elec-
tron oxidation of various phenylpropanoid lignin pre-
cursor cinnamic acids (Fig. 2) and cinnamyl alcohols
(Fig. 3). Hyperfine coupling constants were determined
directly from the experimental spectra by computer
simulation (Figs. 2 and 3, Table I). Although the proba-
bility of unpaired electron spin density at the nucleus FIG. 3. ESR spectra and computer-simulated spectra of radicals

obtained from hydroxycinnamyl alcohols. 2a, 4-hydroxycinnamyl al-is zero, hyperfine coupling to proton and other nuclei
cohol; 2b, 4-hydroxy-3-methoxycinnamyl alcohol; 2c, 4-hydroxy-3,5-
dimethoxycinnamyl alcohol. The hyperfine coupling constants of the

2 Abbreviation used: AM1, Austin Model 1. radicals are given in Table I.
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TABLE I

ESR Hyperfine Coupling Constants (aH) for Radicalsa Generated from
Hydroxycinnamic Acids and Hydroxycinnamyl Alcohols

aH(2) aH(3) aH(5) aH(6) aH(7) aH(8) aH(9) aH(OMe)

1a 1.68 5.26 5.65 1.68 3.06 6.36 — —
1b 1.53 — 5.56 1.70 2.64 5.28 — 1.69
1c 0.95 — — 1.26 1.69 4.82 — 1.33
2a 1.41 4.97 5.36 1.17 2.57 6.40 4.31 —
2b 1.16 — 5.33 1.86 2.32 5.50 3.92 1.38
2c 1.18 — — 1.11 1.39 5.89 4.78 1.15

a Radicals were generated via oxidation with CeIV in a two-stream fast-flow system, as described under Materials and Methods. Hyperfine
coupling constants (in Gauss) were measured directly from the observed spectra and optimized by computer simulation (Figs. 1 and 2). The
structures of the parent compounds are shown in Fig. 1. 1a, 4-hydroxycinnamic acid; 1b, 4-hydroxy-3-methoxycinnamic acid; 1c, 4-hydroxy-
3,5-dimethoxycinnamic acid; 2a, 4-hydroxycinnamyl alcohol; 2b, 4-hydroxy-3-methoxycinnamyl alcohol; 2c, 4-hydroxy-3,5-dimethoxycinna-
myl alcohol.

charge to 0 and spin multiplicity to 2. An unrestricted prompted the development of methods to polymerize
monolignols in vitro. Although such structural repre-Hartree–Fock wave function was then selected to allow

for the unpaired electron. Once optimized, a single sentations of higher molecular mass models can differ
substantially from native lignin, the use of dehydroge-point calculation employingAM1 was performed to give

a graphical distribution of the total spin density with nation polymers is extremely valuable when probing
the mechanism of incorporation of different precursorsthe x axis aligned with the primary structure (Fig. 4).

This plot of unpaired electron density is directly compa- (28). As polymerization occurs, structural variations
are dependent on the static concentration of radicalsrable to the measured ESR hyperfine coupling con-

stants (Table I). Having determined the sign by compu- and the species of monolignol present. Two procedures
are reported for synthesis, of which the zutropfverfah-tational methods, summation overall gives an unac-

counted value for each lignin precursor which follows ren (drop method) is the most successful in yielding a
high molecular weight product most closely resemblinga general trend for each series (Fig. 5). This value indi-

cates the delocalization of the radical to the non-carbon lignin (28, 29). This method requires the addition of
separate solutions of the substrate and hydrogen perox-nuclei and ESR-silent positions in each radical. In gen-

eral, these values are best regarded only to an order of ide simultaneously and slowly to a buffered solution of
the enzyme. In the second method, the zulaufverfahrenmagnitude, as the Q values are approximated and the

McConnell equation has its own limitations. However, (mixing method), the substrate and oxidant are added
together in one addition. Both methods of polymeriza-similar compounds differing only in their degree of sub-

stitution can be compared with confidence. To investi- tion were employed in the present study. Interpretation
of the NMR spectra (Fig. 6 and Table III) was made bygate the effect of the ESR-silent positions on the overall

electron spin population, the theoretical distribution of comparison with both published data (30, 31) and
model compounds which were synthesized to containthe unpaired a-electron for each of the precursor radi-

cals was calculated. This was achieved by obtaining each specific linkage type (Fig. 1). Zulaufverfahren
polymerization of all three monolignols resulted in pre-values for both the a and the b electrons from log files

within the HyperChem program collected during sin- dominantly 8–5 (Fig. 1, 4) and 8–8 (Fig. 1, 5) coupling
for substrates with unsubstituted ortho positions. Onlygle-pointAM1 calculations. Summation (a–b) provided

values for spin density within each orbital and there- for the 4-hydroxy-3,5-dimethoxycinnamyl alcohol poly-
mer were 8–O–4 linkages (Fig. 1, 3) distinguishable.fore the overall unpaired electron distribution. Al-

though all the spectroscopically blind positions (with This type of polymerization represents monolignol cou-
pling in the presence of a high concentration of mono-the exception of the phenolic oxygen) are not available

for coupling, the spin densities on the carbon-centered meric radicals and tends to produce low molecular
weight fragments due to initial coupling to dimers fol-atoms have a significant effect on the overall a-electron

distribution. From these values the percentage a-elec- lowed by further polymerization which successively
lowers the reactivity of the radical species, resulting intron on the phenoxyl radical was calculated (Table II)

and shows that the contribution from the spin density eventual termination.
By maintaining the radical concentration at a steadyon phenolic oxygen accounts for only 23–47% of the

total spin density not accounted for by ESR. and low state as in zutropfverfahren polymerization,
there are more monomer–monomer coupling reactions,The inability to isolate lignin in its natural state has
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FIG. 4. Plot of total unpaired electron spin density calculated for the geometrically optimized structures of phenylpropanoid radicals
obtained using the Austin Model 1 on HyperChem. The x axis is aligned with the primary structure and positive spin densities are
represented by intact lines. 1a, 4-Hydroxycinnamic acid; 1b, 4-hydroxy-3-methoxycinnamic acid; 1c, 4-hydroxy-3,5-dimethoxycinnamic acid;
2a, 4-hydroxy-cinnamyl alcohol; 2b, 4-hydroxy-3-methoxycinnamyl alcohol; 2c, 4-hydroxy-3,5-dimethoxycinnamyl alcohol.

resulting in higher molecular weight polymers. This atom. Therefore, under conditions which favor mono-
mer–monomer coupling, (i.e., steady flow and low con-process reflects the intrinsic electronic delocalization

of the monolignol precursor, and the products demon- centration of radicals), the phenoxyl radical should be
involved in bonding. Due to the reversible nature of O–strate a higher resemblance to lignins produced in vivo.

The main features observed from the products of zu- O coupling, peroxide linkages are unstable; therefore,
the most available site for coupling to the phenoxyltropfverfahren polymerization were the decrease in res-

onances due to the 8–8 linkage for the 4-hydroxy-3,5- radical is with C8, accounting for the predominant for-
mation of the 8–O–4 linkage (Fig. 1, 3). The polymerdimethoxycinnamyl alcohol polymer (Fig. 1, 5) and the

incomplete saturation of the exocyclic double bond, resulting from 4-hydroxy-3-methoxycinnamyl alcohol
(Fig. 1, 2b) contained primarily 8–5 (Fig. 1, 4) and 8–showing the nonparticipation of some C8 positions

within this polymer. The 8–8 linkage (Fig. 1, 5) has 8 (Fig. 1, 5) linkages, with possibly a small contribution
from 8–O–4 linkages (Fig. 1, 3). This is consistent withbeen shown to be the predominant mode of bonding in

dilignols of this species (1) and also when there is a the spin densities at positions C5, C8, and the phenoxyl
oxygen (Fig. 4 and Table II). The polymer formed fromhigh concentration of monomeric radicals present, as

for zulaufverfahren polymerization. The signal assign- 4-hydroxycinnamyl alcohol (Fig. 1, 2a) consisted of pri-
marily 8–8 bonding (Fig. 1, 5). Also evident were 8–5ments indicate a high degree of 8–O–4 bonding (Fig.

1, 3). This can be rationalized by consideration of the linkages (Fig. 1, 4), but in smaller quantities than
found in the 4-hydroxy-3-methoxycinnamyl alcoholESR hyperfine coupling constants which suggest that,

for positions available for coupling, a large amount of polymer, which had only one unsubstituted ortho posi-
tion. The preference of 4-hydroxycinnamyl alcohol (Fig.the unpaired electron density is present on the oxygen
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The nonmethoxylated 4-hydroxycinnamic acid (Fig.
1, 1a) is found in small amounts esterified to arabinoxy-
lans during primary cell wall formation and more ex-
tensively to lignin in the later stages of development
(32–36), where it has been shown to be esterified exclu-
sively by reaction with the primary hydroxyl on lignin
side chains (11). Despite the possibility of subsequent
reactions with monolignols, esterified 4-hydroxycinna-
mate does not appear to participate in further oxidative
coupling (11). Spin density measurements revealed the
distribution of the unpaired electron on the carbon nu-
clei to be greater for the nonmethoxylated acid (Fig. 1,
1a), predicting a preference for C–C bond formation,
which was indeed observed in the polymerization ex-
periments. This high degree of C–C bonding was also
demonstrated by the structure of the 4-hydroxycinna-
myl alcohol polymer and its resistance when treated
at high temperature with sodium hydroxide (data not
shown). In the later stages of lignification 4-hydroxy-FIG. 5. Unpaired electron spin density at the carbon nuclei of phe-

nylpropanoid radicals calculated from ESR spectra (Figs. 2 and 3) 3,5-dimethoxycinnamyl alcohol (Fig. 1, 2c) is the pre-
using the McConnell equation with Q Å 22.5 (see Materials and dominant alcohol present. Due to deactivation of 4-hy-
Methods). The signs were calculated computationally using Austin droxycinnamate radicals by delocalization, coupling
Model 1 on HyperChem (see Fig. 4). The value for the spin density

with the dimethoxylated alcohol is essentially pre-not accounted for by ESR is given in parentheses.
vented. This allows the competing 8–O–4 polymeriza-
tion of the dimethoxylated alcohols to proceed. The es-
terified 4-hydroxycinnamic acid can be seen as a termi-1, 2a) to form 8–8 (5) and 8–5 (4) linkages, rather than

8–O–4 (3), is unusual because the thermodynamic bar- nal unit. This function would be less readily fulfilled
by 4-hydroxy-3-methoxycinnamic acid (Fig. 1, 1b) andrier imposed by methoxyl substitution and favoring 8–

8 bonding (5) in disubstituted monolignols is lifted. 4-hydroxy-3,5-dimethoxycinnamic acid (1c) since the
increased electron density on the phenolic oxygen, forControl of this mechanism may therefore be kinetic and

can be rationalized by the spin density results which the these acids, would allow further development of the
lignin molecule to occur.indicated that the combined proportion of time spent

at the carbon nuclei was greater than the indicated The temporal sequence of monolignol production ob-
served in most plants, in which the nonmethoxylatedvalue for electron spin density on the oxygen (Fig. 1

and Table II). The generally low spin density on the (Fig. 1, 2a) and monomethoxylated (2b) lignin precur-
sors are replaced by the dimethoxylated lignol (2c) (6),phenoxyl oxygen may account for the predominant

involvement of C8 in the synthetic oxidative coupling results in a spatial distribution of lignins with a differ-
ent composition within the wall. Antibody probesexperiments.

The regiochemical association of 4-hydroxy-3-me-
thoxycinnamic acid (Fig. 1, 1b) to function as a cross-
linking agent between polysaccharides and polyphe- TABLE II
nolics has received considerable attention (32, 33). Theoretical Valuesa for the Percentage Unpaired a-Electron
Cross-linking is facilitated by the ability of 4-hy- Occupying Orbitals on the Phenolic Oxygen
droxy-3-methoxycinnamic acid (Fig. 1, 1b) to form
both ester and ether linkages. Although this property % unpaired a-electron
is shared by the non- (Fig. 1, 1a) and dimethoxylated

1a 16.05(1c) cinnamic acids, bridging appears to be restricted
1b 23.54to the monomethoxylated compound (1b). The reason
1c 38.74for the selection of 4-hydroxy-3-methoxycinnamic acid 2a 15.54

(Fig. 1, 1b) over 4-hydroxy-3,5-dimethoxycinnamic acid 2b 22.81
2c 36.82(1c) is not known. However, it might relate to the later

expression of enzymes responsible for the hydroxyla-
a Values calculated by AM1 method (see Results and Discussion)tion and methylation of 4-hydroxy-3-methoxycinnamic

for 1a, 4-hydroxycinnamic acid; 1b, 4-hydroxy-3-methoxycinnamicacid (1b) and to the consequential nonavailability of acid; 1c, 4-hydroxy-3,5-dimethoxycinnamic acid; 2a, 4-hydroxycinna-
the dimethoxylated substrate during early stages of myl alcohol; 2b, 4-hydroxy-3-methoxycinnamyl alcohol; and 2c, 4-

hydroxy-3,5-dimethoxycinnamyl alcohol.wall development.
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FIG. 6. 13C NMR spectra (50–160 ppm region) of dehydrogenation polymers. Zulaufverfahren polymers: (a) 4-hydroxycinnamyl alcohol,
(b) 4-hydroxy-3-methoxycinnamyl alcohol, (c) 4-hydroxy-3,5-dimethoxycinnamyl alcohol. Zutropfverfahren polymers: (d) 4-hydroxycinnamyl
alcohol, (e) 4-hydroxy-3-methoxycinnamyl alcohol, (f) 4-hydroxy-3,5-dimethoxycinnamyl alcohol.
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TABLE III

Assignments for 13C Spectra of Dehydrogenation Polymersa

Signal Assignment ppm Signal Assignment ppm

1 A 8–5 (B4) 158.80 46 A 8–8 (C3, C5)* 115.03
2 A 8–5 (A4) 156.77 47 B 8–8 (C5)* 115.02
3 A 8–8 (C4) 156.70 48 B 8–5 (A5) 115.02
4 C 7,8–O–4 (B3, B5) 152.59 49 B 8–8 (C2)* 110.61
5 C 8–O–4 (B3, B5) 152.20 50 B 8–5 (A2)* 110.61
6 B 8–5 (A4) 149.73 51 B 8–5 (B2)* 110.12
7 B 8–8 (C3) 149.39 52 A 8–5 (B3)* 108.74
8 C 8–8 (C3, C5) 147.93 53 C 7,8–O–4 (B2, B6)* 106.97
9 C 7,8–O–4 (A3, A5) 147.47 54 C 8–O–4 (B2, B6)* 106.39

10 C 8–O–4 (A3, A5) 147.47 55 C 7,8–O–4 (A2, A6)* 105.03
11 B 8–5 (A3) 147.14 56 C 8–O–4 (A2, A6)* 104.30
12 B 8–5 (B4) 146.46 57 C 8–8 (C2, C6)* 103.77
13 B 8–8 (C4) 145.98 58 B 8–5 (A7)* 87.00
14 B 8–5 (B3) 143.72 59 C 7,8–O–4 (A8)* 86.81
15 C 7,8–O–4 (B4) 141.15 60 A 8–5 (A7)* 86.59
16 C 8–O–4 (B4) 141.15 61 C 8–O–4 (A8)* 85.98
17 C 7,8–O–4 (A4) 134.98 62 C 8–8 (C7)* 85.43
18 C 8–O–4 (A4) 134.98 63 A 8–8 (C7)* 85.01
19 C 7,8–O–4 (A1) 134.47 64 B 8–8 (C7)* 84.94
20 C 8–O–4 (A1) 134.47 65 C 7,8 saturated (C7)* 83.26
21 B 8–5 (A1) 134.27 66 A 7,8 saturated (C7)* 83.24
22 C 8–8 (C4) 134.09 67 A 7,8–O–4 (A7)* 82.44
23 C 7,8–O–4 (B1) 132.48 68 B 7,8 saturated (C7)* 81.88
24 C 8–O–4 (B1) 132.49 69 C 8–O–4 (A7)* 72.32
25 B 8–8 (C1) 132.25 70 C 8–8 (C9)** 71.26
26 A 8–5 (A1) 131.60 71 B 8–8 (C9)** 71.05
27 C 8–8 (C1) 131.52 72 A 8–8 (C9)** 70.86
28 B 8–5 (B1) 130.67 73 A 8–5 (A9)** 63.18
29 A 8–8 (C1) 130.36 74 B 8–5 (A9)** 63.02
30 B 8–5 (B7)* 129.99 75 C 8–O–4 (B9)** 62.05
31 A 8–5 (B1) 129.65 76 A 8–5 (B9)** 61.67
32 A 8–5 (B7)* 128.80 77 B 8–5 (B9)** 61.67
33 B 8–5 (B5) 128.59 78 C 7,8 saturated (C9)** 61.15
34 A 8–5 (B5)* 128.48 79 B 7,8 saturated (C9)** 60.17
35 A 8–5 (B8)* 128.32 80 A 7,8 saturated (C9)** 60.12
36 B 8–5 (B8)* 128.10 81 C 8–O–4 (A9)** 59.73
37 A 8–8 (C2, C6)* 127.42 82 C 7,8–O–4 (A9)** 58.79
38 A 8–5 (A2, A6)* 127.42 83 C OCH3* 55.91
39 A 8–5 (B6)* 127.10 84 B OCH3* 55.82
40 A 8–5 (B2)* 122.42 85 B 8–8 (C8)* 53.69
41 B 8–8 (C6)* 119.07 86 C 8–8 (C8)* 53.62
42 B 8–5 (B6)* 118.26 87 A 8–8 (C8)* 53.59
43 A 8–5 (A3) 116.16 88 B 8–5 (A8)* 53.10
44 B 8–5 (A6)* 115.78 89 A 8–5 (A8)* 52.73
45 A 8–5 (A5)* 115.71

a Polymers were prepared as described under Materials and Methods. Assignments from Fig. 6 are for polymers derived from 4-hydroxycin-
namyl alcohol, A; 4-hydroxy-3-methoxycinnamyl alcohol, B; and 4-hydroxy-3,5-dimethoxycinnamyl alcohol, C. From DEPT experiment, *,
17 and 37 carbons; **, 27 carbons; and all other signals are for quaternary carbons.

raised against 4-hydroxycinnamyl alcohol (Fig. 1, 2a) antibodies prepared with a mixed dehydrogenation
polymer formed from the mono- (Fig. 1, 2b) and dimeth-have confirmed earlier autoradiography studies that

nonmethoxylated units are restricted to the earliest oxylated (2c) lignols are highly active, particularly in
the secondary wall layers, the last region of the wall tosites of lignification in the middle lamella (37, 38).

Those raised against the 4-hydroxy-3-methoxy dehy- become lignified (38). Our spin density measurements
suggest that a consequence of this temporal sequencedrogenation polymer are more generally distributed

but show very limited reactivity, suggesting that bind- would be a transition in lignin structure from a prepon-
derance of 8–8 (Fig. 1, 5) and 5–5 (6) bonding in theing epitope(s) are not readily available (37). In contrast,
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186.
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