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A-d: ‘Ibe tluce-dimensional HMQC-HOHAHA experiment wax successfully applied to an 
scctylstod %emichcd poplist wood lignin prepamdon. The resolution of this technique proved to be 
sufficient to give uaambiguous aasigmneMa for most of the side-chain structures. which overlap 
heavily in one- and two-dime&oual NMR spectra. By this technique it was possible to show, fur the 
first fime, that a&diary1 ether structures exist in lignin, although in low abundance. These structures 
have been considered to be of importance in ligain structum, since they may act as reactive CTDSS- 
linking groups providing the lignin polymer with a branched network structure. 

Lignin is the second most abundant terrestrial biopolymer, and it plays a central role in the structure 

and dcfence system of vascular plants. Lignificatioa in plants is an enzyme initiated radical reaction, often 

referred to as dehydrogenative polymerisation. 1.2 Lignin is comprised of phenylpropane units which are 

linked together to form a polymer network lacking regularity, optical activity or crystallinity. Lignin is unique 

among natural polymers in that there is little enzymatic control over its biosynthesis and the factors guiding 

this process are as yet not fully understood. l.3 The isolation of intermediate products from DHP 

(&hydrogenation polymer, a synthetic lignh# syntheses, and of oligomeric fragments from lignin, has led to 

the proposal of a number of side-chain bonding types for lignin (Fig. l).l,4*5 

Figure 1. Proposed bonding types in ligoin. 
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By the application of one- and two-dimensional NMR spectroscopy, most of these structures have 

been reliably ident5ed.d15 The one-dimensional NMR techniques suffer from strong signal overlap, and only 

tentative assignments can be made using reference data from model compounds.13 Moreover, the tH 

linewidths are broader than the scalar coupling constants, therefore preventing the use of coupling 

information.13 By two-dimensional techniques.o-15 especially using inverse detected t H-13C correlation 

(HMQC. Fig. 2) and homonuclear Hartman-Hahn (HOHAHA. Fig. 3) in concert.t2-15 it has been possible to 

trace out most of the side-chain spin-systems present in hgnin, and assign them unambiguously. However, 

even in two-dimensional NMR spectra some of the correlations overlap heavily. and it is not always possible 

to trace out the whole spin-system. 13114 In this paper we make a prehminary report of the successful 

application of the three-dimensional HMQC-HOHAHA experiment to an acetylated *3C-enriched milled 

wood lignin (MWL) isolated from a hardwood species. It is shown here that a,&diaryl ether, 6, structures 

exist in lignin. but probably at very low abundance. These structures may be of importance in lignin structure 

(even though their abundance seems quite small), since they can act as reactive cross-linking groups in 

lignm. t 
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Figure 2. Expansion of the ZD HMQC s 
rc 

trwn of acetyiated 13C-enriched poplar wood MWL. The correlations are IabeIled 
analogously to our previous publications. * -I4 The asterisks denote correlations that originate from bemicellulosc (xylan).14,15 
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Figure 3. Expansion of the 2D HOHAHA spectrum of acetylated ‘%cnriched poplar wood MWL. 
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As an illustration, the assignments of the side-chain spin-system of p-1 structures, 4, provide a good 

example of the resolution power of the 3D HMQC-HOHAHA experiment. In a previous study,13 it was not 

possible to assign the chemical shifts of Ca and Cy as the expected 2D HMQC HalCa and H7/C7 

correlations of structures 4 were overlapped by the strong correlations from structures 1 and 2.13 In the 2D 

HMQC spectrum there is a correlation at 3.35150.5, (T in Fig. 2) which we have previously assigned to the 

HP/Cl3 correlation of [3-I structures, 4. 13,14 The F2F3 plane of the 3D experiment selected at 6 of Cp in 

structure 4 (50.5 ppm in Fl. Fig. 4a) reveals the whole tH spin-system. The HP proton at 3.35 ppm has 

HOHAHA correlations to 6.07 ppm (III in Fig. 4a) and to 4.12-4.45 ppm (IV in Fig. 4a). which am the 

correlations of Hfl/Cp to Ha (III) and to two diasterotropic H?fs (IV), respectively. The chemical shifts of the 

carbon, to which the protons at 6.05 ppm and 4.12-4.45 are attached to, can now bc obtained from the FlF3 

planes of the 3D HMQC-HOHAHA spectrum, and are 74.7 (Co) and 63.7 (CT) ppm, respectively (data not 

shown) in good agreement with model compound data. Thus, the 3D HMQC-HOHAHA experiment provides 

unambiguous assignments of all protons and carbons belonging to this spin-system. 
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Figure 4. Expansions F2F3 planes from tht 3D HMQC-HOHAHA spectrum (mixing time 30 ms) of * 3C enriched poplar wood 
MWL. a) plane at F140.5 ppm. b) plane at FldJl.0 ppm. 

Of particular interest to us was to trace out the spin-system(s) of the 2D HMQC correlation at 

5.42Bl.S (Z in Fig. l), which we have previously observed in another hardwood (birch) MWL sample. 13 The 

protons at 5.42 ppm have a HOHAHA correlation to 4.55 ppm (I in Fig. 3) (partially overlapping with the 

Ha/H7 correlations of structure 2)t3, and the HMQC correlation (Z in Fig. 2) was assigned to HlXp 

correlations from structures 8. 13 However, in addition to the HOHAHA correlation at 5.42/4.55, there is a 

very small HOHAHA correlation at 5.45-5.53/4.75-4.80 (II in Fig. 3) in this %-enriched poplar wood lignin 

preparation, which could in principle be assigned to structures of type 6.16 However, in the 2D HMQC (Fig. 

2) spectrum, no resolved correlations from structures 6 were observed. Thus, the assignment of correlation II 

in the HOHAHA spectrum (Fig. 2) remained uncertain. The F2F3 plane of the 3D HMQC-HOHAHA 

spectrum at 81.0 ppm in Fl (Fig. 4b) reveals that in addition to structures of type 8, there is an other spin- 

system which is giving arise to the HMQC correlation at 5.42Bl.S (2 in Fig. 2) but whose correlations are 

much less intense than the correlations of HP/Cl3 to Hy correlations of structures 8 (V in Fig. 4b). The 

correlation of 5.47-5.60/80.5-81.0 to 4.73482 ppm in the 3D HMQCHOHAHA spectrum matches well with 

expected correlations of Ha/Ca to HP in a a$-diary1 ether, 6, structures (HoEa = 5.41-S-48/80.2-80.7, 

Hp/Cp = 4.69-4.78/80.7-81.9 and Hy/Cy = 4.13-4-7/ 63.4-65.9 for a model compound)t7 and therefore 
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confirm that these structures are present in this lignin preparation, but clearly in very small amounts. Attempts 

to observe the HalCa correlations to Hy by using longer mixing times were unsuccessful, probably because 

the expected correlations may overlap with the conelation of HB/Cp to Hy (V in Fig 4b) of struc~s 8. 

In conclusion, the 3D HMQC-HOHAHA NMR experiment offers a very powerful tool for the 

structural investigation of %-enriched soluble lignin samples .I8 In this paper we have shown that a&diary1 

ether structures exist in lignin (at low abundance) and that by increasing the number of dimensions of NMR 

spectra it is possible to produce unambiguous assignments for the spin-systems of lignin. Thus, the 3D 

experiments provide structural information not obtainable by any other available technique. 
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