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ABSTRACT: Mechanochemical treatment of Indulin AT kraft lignin by ball-milling with KOH and toluene produces significant
carbonyl functionality, among other changes. The chemical reactivity of the lignin is increased, resulting in greater lignin
degradation from porphyrin oxidation followed by Baeyer−Villiger oxidation. The mechanochemical treatment produces a level
of lignin oxidation that is similar to that produced by porphyrin-catalyzed oxidation. Combining mechanochemical treatment
with porphyrin oxidation has a synergistic positive effect on the depolymerization of lignin, as demonstrated by a significantly
higher yield of monomers. The methyl ester of vanillic acid was obtained as the main monomeric product (after methylation),
along with of methyl 5-carbomethoxyvanillate, in a 10% yield, which is among the highest reported from kraft lignin.
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■ INTRODUCTION

Lignin is a natural organic polymer that is characterized by high
chemical stability and structural complexity. Owing to its
aromatic nature and high energy content (lignin represents
about 40% of lignocellulosic biomass by energy content),1 it has
been targeted for years as a renewable source of aromatic
platform chemicals2 and biofuels.3−6 However, practical usage
and application of lignin requires a cost-effective method for
depolymerization of the polymer into small molecules, a goal
that has been shared for decades by numerous research
groups.2,7−25 Due to the assortment of linkages within the
combinatorial polymer, depolymerization as well as separation
of the newly cleaved units presents a significant challenge.
The first step in lignin utilization is isolation of the polymer

from lignocellulosic biomass. This typically involves pretreat-
ment,26−34 usually including milling which pulverizes the raw
biomass, reducing the particle size to 0.8 mm or less, and helps
maximize the amount of extracted lignin.35 In general, the more
extensive the milling, the more lignin can be extracted from the
biomass.36 However, mechanical treatment of biomass is
known to alter the lignin. This includes a decrease in molecular
weight37 and polydispersity,38 as well as an increase in the

carbonyl functionality,37 and cleavage of aryl ether (β−O−4)
linkages,39−42 with an accompanying increase in phenolic−OH
content.38 When applied in the presence of alkali (e.g., NaOH,
KOH), mechanical treatment facilitates depolymerization of
lignin into oligomers and monomers,43 as well as depolyme-
rization of cellulose and hemicelluloses into monomeric
carbohydrates.42 Mechanical treatment also makes cellulose
more accessible to enzymatic hydrolysis and fermentation, due
to decreased particle size and a loosening of the cellulosic
fibrillar structure.44−47 However, due to the associated cost
arising from the high energy requirement in reducing particle
size,44,47 milling is not recommended for use as a stand-alone
pretreatment approach, but can be combined with other
methods including chemical and physicochemical procedures.47

In this work, we apply a mechanochemical method as a
strategy to promote lignin depolymerization. Herein we present
evidence on how mechanochemical treatment can improve the
reactivity of lignin, as manifested in the isolation of aromatic
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compounds. We applied mechanochemical treatment to lignin
by ball-milling in the presence of potassium hydroxide and
toluene, and monitored changes in the structure of the lignin
using IR and HSQC NMR spectroscopies. Finally, we
determined how the changes in lignin structure and
functionality that are brought about by the mechanochemical
treatment affected the success of an oxidative approach to
depolymerization. We used a two-step oxidation in which
benzylic alcohols present in the lignin structure were oxidized
to carbonyls via porphyrin oxidation, and the resulting products
were then subjected to Baeyer−Villiger oxidation. The second
oxidation step produces esters that can be hydrolyzed, resulting
in cleavage of linkages between lignin monomeric units.

■ RESULTS AND DISCUSSION

Mechanochemical Treatment of Indulin AT Kraft
Lignin. Mechanochemistry typically involves solvent-free
reactions in the solid state and is often performed in ball-
milling equipment, where reactant mixtures can be efficiently
mixed and subjected to significant energy input.42 In this study,
Indulin AT kraft lignin (KL) was ball-milled with KOH (lignin/
KOH = 2:1 w/w) and toluene (enough to cover the steel ball
bearing) at a rate of 25 Hz. It was found that toluene helped
with vibratory milling by preventing the material from adhering
around the steel ball bearing. After 1−2 days, IR spectra
(intensities normalized to a lauronitrile internal standard)
showed significant enhancement of the band at 1715 cm−1,
indicating an increase in the carbonyl functionality (Figure 1).
Two-Step Oxidative Lignin Depolymerization. Taking

advantage of the observed enhancement of the carbonyl

functionality upon mechanochemical treatment, we applied a
two-step oxidative approach to lignin depolymerization of ball-
milled kraft lignin (KLBM) in parallel with the same reactions
on untreated KL. The method consists of initial oxidation of
the benzylic hydroxyl groups to carbonyl groups using a
TPPFeCl/t-BuOOH catalyst system. This is followed by
Baeyer−Villiger (BV) oxidation of ketones to esters with
HCOOH/H2O2, followed by in situ hydrolysis of the esters to
carboxylic acids and phenols (Scheme 1).48 Oxidation of the
primary alcohol group at Cγ was not observed when the
TPPFeCl/t-BuOOH catalyst system was applied to β-O-4
model compounds.48

Porphyrin Oxidation of KL and KLBM. In order to
determine how the mechanochemical treatment affects the first
oxidation step, KLBM (treated for 2 days) was oxidized with
the TPPFeCl/t-BuOOH catalyst system in parallel with
oxidation of KL (untreated). This was done by stirring
TPPFeCl, t-BuOOH (70% aqueous), phosphate buffer (pH
3), and MeCN for 26 h at room temperature (Scheme 2).48

We followed the progress of porphyrin oxidation by
measuring IR spectra at several time intervals. After 26 h of
stirring, we observed that the intensity of the carbonyl spectral
band for KL (1693 cm−1) had significantly increased and
shifted to 1734 cm−1, whereas that for KLBM (1734 cm−1)
increased only slightly (Figure 1). We then performed HSQC
NMR experiments to examine changes in the lignin after
mechanochemical treatment and after subsequent porphyrin
oxidation. The resulting spectra are divided into aliphatic
(Figure 2) and aromatic (Figure 3) regions. The aliphatic
region is where lignin units with their characteristic interunit
linkages are typically profiled, whereas the aromatic region
provides insight into possible oxidation of the α-carbon, the
effect of which is observed on the aromatic ring.
Frame I in Figure 2 shows the HSQC spectrum for KL,

where units characterized by linkages including β−O−4 (A),
β−5 (B), and β−β (C) are visible. Similar units are also evident
in KLBM (Frame II). After porphyrin oxidation (Frames III
and IV), the cross-peaks representing the aforementioned units
were of noticeably lower intensity (in most cases completely
absent), suggesting that nearly all of the aliphatic alcohols, or at
least all of the benzylic ones, present in KL had been oxidized.
Indeed, the absence of a cross-peak representing Aβ of the β−
O−4 unit suggests that the peak at ca. 4.9/71 (δH/δC, Frames
III and IV of Figure 2) does not represent Aα but rather some

Figure 1. IR spectra of kraft lignin (KL, gray) and ball-milled KL
(KLBM, green), porphyrin oxidized KL (Porp-KL, blue) and
porphyrin oxidized KLBM (Porp-KLBM, red), NaBH4 reduction
products of Porp-KL (NaBH4 Red. Porp-KLBM, orange) and Porp-
KLBM (NaBH4 Red. Porp-KLBM, yellow).

Scheme 1. Reaction Sequence for Two-Step Oxidative
Lignin Depolymerization

Scheme 2. Porphyrin Oxidation, The First Oxidation Step
Toward Lignin Depolymerization, Converts Benzylic (Cα)
Hydroxyl Groups to Ketones
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Figure 2. HSQC spectra of lignin samples, aliphatic region. Key: (I) KL, (II) KLBM, (III) porphyrin-oxidized KL, (IV) porphyrin-oxidized KLBM,
(V) NaBH4-reduced porphyrin-oxidized KL, (VI) NaBH4-reduced porphyrin-oxidized KLBM, and (VII) NaBH4-reduced KL. Relative percent
abundance of units A, B, and C were determined via volume integration of their respective α-C/H correlation peak divided by the sum of the three
linkages.
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unknown structure. Furthermore, COSY of the porphyrin-
oxidized sample shows that the peak at 5.9 ppm correlates to

the cross-peaks at 4 ppm (Supporting Information), clearly
identifying it as a β-C/H correlation. This was further

Figure 3. HSQC spectra of lignin samples, aromatic region. Key: (I′) KL, (II′) KLBM, (III′) porphyrin-oxidized KL, (IV′) porphyrin-oxidized
KLBM, (V′) NaBH4-reduced porphyrin-oxidized KL, (VI′) NaBH4-reduced porphyrin-oxidized KLBM, and (VII′) NaBH4-reduced KLBM.
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confirmed by HSQC NMR spectroscopy of an authentic lignin
model compound (Supporting Information).
In order to confirm that lignin has indeed been oxidized, we

treated both the porphyrin-oxidized KL and KLBM with
NaBH4. To our delight, some of the cross-peaks for the normal
units reappeared in the HSQC spectra (Figure 2, Frames V and
VI). The changes in the cross-peaks in the aliphatic region of
the HSQC spectra (before and after porphyrin oxidation, as
well as after subsequent treatment with NaBH4), are consistent
with oxidation of lignin by the porphyrin catalyst and
demonstrates that such oxidation can be reversed by
borohydride reduction.
The positions of cross-peaks that appear in the aromatic

region of the spectrum (Figure 3) reflect the oxidation state of
the α-carbon, and thus give direct evidence of oxidation of that
carbon. To illustrate, in Figure 3, cross-peaks associated with
the oxidized form of guaiacyl units (G′: G′2, G′5, and especially
G′6) are nearly absent in the spectrum of the unmodified KL
(Frame I′) but are noticeably present in that of KLBM (Frame
II′). This indicates that partial oxidation of KL had occurred
during ball-milling. After porphyrin oxidation (Frames III′ and
IV′), the cross-peaks corresponding to unoxidized guaiacyl (G)
units became smaller whereas those corresponding to oxidized
guaiacyl units (G′, especially G′6), became significantly larger,
as is consistent with nearly complete oxidation of the α-
carbons. Then, after treatment with NaBH4 (Frames V′ and
VI′), most of the signals for oxidized guaiacyl (G′) disappeared,
indicating that those units had been reduced back to normal
guaiacyl (G) units, lending support to the porphyrin oxidation
of lignin, and at the same time reaffirming that such oxidation
can easily be reversed by borohydride reduction.
The effects of mechanochemical treatment of KL are clearly

demonstrated in IR experiments (Figure 1), as well as in the
aromatic region of the HSQC NMR spectra, as explained in the
preceding paragraph. The HSQC results are also consistent
with IR spectra of KL and KLBM after porphyrin oxidation and
after sodium borohydride reduction of the resulting porphyrin-
oxidized samples (Figure 1). These IR spectra show that the
intensity of the carbonyl absorption band at around 1700 cm−1

increased significantly after porphyrin oxidation, and then
decreased, also significantly, after borohydride reduction.
We then investigated the effect of the initial mechanochem-

ical treatment on the outcome of the Baeyer−Villiger (BV)
oxidation step of the two-step lignin oxidation (Scheme 3), to
determine whether mechanochemical treatment of the starting

lignin is beneficial. As a starting point, we looked at the extent
of Cα oxidation of the lignin samples at the beginning of the BV
oxidation. As shown in Figure 1, the intensity of the carbonyl
absorption band of KL (around 1700 cm−1) is low to start with,
those for Porp-KL and Porp-KLBM (1734 cm−1) are much
higher. A 50% greater excess of oxidant was used in the
oxidation of KL in order to see if the more heavily oxidized KL
produced better yields of monomer products than Porp-KLBM,
even without mechanochemical treatment.
The lignin samples (KL, KLBM, Porp-KL, and Porp-KLBM)

were subjected to BV oxidation by heating with formic acid and
hydrogen peroxide at 50 °C for 70 h. After oxidation, each
reaction mixture was treated with BF3·OEt2 and methanol to
esterify any carboxylic acids that had been formed, then
extracted with water and with ethyl acetate. The water-soluble
fractions were back-extracted with ethyl acetate producing four
fractions from each BV reaction mixture: material that is only
water-soluble, material that is both water and ethyl acetate
soluble, material that is only soluble in ethyl acetate, and
insoluble material. The amount of material in each fraction is
given in Table 1.

The amount of the water-soluble fraction (Table 1 column 1,
presumably small, polar compounds) obtained from the
product mixtures correlates with the degree of Cα oxidation
at the start of the BV oxidation. Analysis of the material that
was soluble in both water and ethyl acetate (Table 2, column 2)

was revealing. From each of these samples we were able to
isolate two compounds, one of which was readily identified as
methyl vanillate 1. The other was identified by NMR
spectroscopy and X-ray crystallography (see Supporting
Information) as methyl 5-carbomethoxyvanillate 2. Compound
2 is an electrophilic substitution product of 1. When pure 1 was
subjected to Baeyer−Villiger oxidation, a small amount of 2 was
formed. The identity of 2 was confirmed by 1H NMR (see
Supporting Information) and mass spectroscopy.49 It is also
possible that 2 partly resulted from C5-linked structures in
lignin like β−5, or perhaps 5−5. The yields of 1 and 2, isolated
from the reaction mixtures, are shown in Table 2. Due to the
solubility of the products in water and ethyl acetate, we
presume that the rest of the material in these fractions is likely
to be dimeric/trimeric/oligomeric products.49

Compounds 1 and 2 are methylated derivatives of
monomeric products that have previously been identified

Scheme 3. Baeyer−Villiger Reaction, the Second Oxidation
Step, Further Oxidizes Cα Ketone to an Ester and Cleaves
the Cα−Cβ Bond Through Hydrolysis of the Resulting Ester

Table 1. Fractionation of Baeyer−Villiger Oxidation
Mixtures by Solubility

Sample
H2O
(BV-1)

H2O and EtOAc
(BV-2)

EtOAc
(BV-3)

Insoluble
(BV-4)

KL 31% 20% 0.2% 46%
KLBM 38% 17% 2% 42%
Porp-KL 65% 19% 7% 12%
Porp-KLBM 44% 19% 6% 32%

Table 2. Yields of 1 and 2

BV Sample 1 2

KL 1.5% 0.2%
KLBM 2.2% 0.5%
Porp-KL 2% 0.6%
Porp-KLBM 7.8% 2.2%
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from oxidized lignin. Indeed, Villar obtained vanillin and
vanillic acid from alkaline oxidation of softwood lignin, as well
as syringaldehyde and syringic acid from hardwood lignin.50

Under acidic oxidation conditions, Werhan detected vanillin
and 1 as the major product from an unextracted softwood,
along with methyl dehydroabietate and five additional
monomers, one of which was believed to be 2.49 Assmann51

adopted Werhan’s acidic oxidation procedure for a supercritical
extraction study and recovered similar monomer products.51

Voitl likewise obtained vanillin and 1 from the oxidation of
kraft lignin52,53 whereas Araujo demonstrated that vanillin can
be obtained from controlled oxidation of lignin in a batch
reactor.54

As shown by the results in Tables 1 and 2, all the lignin
samples we investigated underwent depolymerization to some
extent, including the as-received lignin KL (1.7%). For KLBM
and Porp-KL, total yields of 1 and 2 were the same, suggesting
that mechanochemical treatment and porphyrin oxidation have
more or less the same effect on the efficiency of the two-step
lignin depolymerization process. However, the significantly
higher total yield of 1 and 2 (10%) obtained from BV oxidation
of Porp-KLBM is notable because the yield was nearly
quadruple that obtained from BV oxidation Porp-KL and
KLBM. These results demonstrate what appears to be a
synergistic positive effect of mechanochemical treatment and
porphyrin oxidation on the overall lignin depolymerization. In a
large and complex molecule like lignin, a high degree of Cα

oxidation is not sufficient for the BV reaction to efficiently
produce monomeric products. Reduced particle size brought
about by mechanochemical treatment, or potentially mechan-
ical shearing of the polymer itself, significantly improved the
efficiency of the two-step oxidative lignin depolymerization.
Scalability and Economic Outlook. One of the key

challenges with any lignin utilization process is scalability.
Addressing the chemical reactions performed in this study, the
benzylic oxidation was performed at ambient temperature using
a minimal amount of porphyrin catalyst and t-BuOOH as the
oxidant. Under optimally designed reactor conditions, the
solvents and catalyst would be reused, whereas the t-BuOOH
can be regenerated via dehydration of t-BuOH to isobutylene
followed by acid-catalyzed oxidation with H2O2. Moreover,
future endeavors in our lab aim to optimize the amount of t-
BuOOH used (currently used in excess) and/or replace t-
BuOOH with a greener oxidant such as hydrogen peroxide or
O2. Baeyer−Villiger oxidation was performed at 50 °C using in
situ generated performic acid. Consequently, the coproducts of
the reaction are water and formic acid, which can be reused.
Thus, the terminal oxidant is H2O2. Any acid or solvents used
during workup can be reused or neutralized to innocuous
byproducts (e.g., KCl).
Whereas the chemical processes used here are mild, the

mechanical degradation of the lignin is quite energy intensive,
due to the extensive ball-milling involved. Though we used a
ball-mill due to the scale of the reaction, we envision that future
scale-up will involve shatter milling. This should allow for
significantly larger batches of biomass to be processed and
should considerably decrease the milling time. Although we did

not see any obvious toluene oxidation products from our
milling process, further scale-up will likely eliminate toluene
from the process. Moreover, the KOH used can be neutralized
to environmentally benign KCl.
To address the sustainability of the depolymerization

process, the E-factor (kg waste/kg product)55 was calculated
for each step of the process. It should be noted that the
calculation was performed disregarding the water generated and
assuming the ability to reuse our catalyst and solvents. Also,
because the amount of HCl used to acidify the reaction solution
past neutral in the workup steps of milling and porphyrin
oxidation was not measured, only the amount of HCl needed to
neutralize KOH from milling was used in the calculation. Lastly,
the residual/waste lignin was not incorporated in the
calculation due to its likely use as fuel for generating process
heat/energy. As such, the E-factor for the milling process was
0.82, assuming an 81% recovery of lignin. In comparison, the E-
factor for the porphyrin oxidation process was 8.73, this value
being typical of E-factors associated with the synthesis of fine
chemicals55 such as vanillic acid. However, the E-factor could
be substantially decreased by optimizing the amount of t-
BuOOH used (currently used in excess) and/or by
regenerating the t-BuOOH as indicated above.

■ CONCLUSIONS

Mechanochemical treatment in KOH and toluene resulted in
an increase in the carbonyl content in Indulin AT kraft lignin,
as shown via the absorption band at 1690−1735 cm−1 in the IR
spectra of KLBM. Treatment of KLBM with NaBH4 caused a
decrease in intensity of the carbonyl absorption band,
consistent with reduction of the carbonyl functionality, and
demonstrating that oxidation of lignin produces structures that
can be reduced back to their original forms.
The enhanced carbonyl content, and presumably the reduced

particle size of lignin brought about by mechanochemical
treatment, or potentially mechanical shearing of the polymer
itself, improved the efficiency of two-step oxidative depolyme-
rization, as demonstrated by HSQC NMR experiments and by
the isolation of monomeric products. Lignin unit degradation,
particularly of β-ether units, was promoted through a first
oxidation step using the TPPFeCl/t-BuOOH catalyst system,
whereas depolymerization to aromatic monomers was achieved
via subsequent Baeyer−Villiger oxidation. To the best of our
knowledge, a 10% production of two discrete compounds is
among the highest reported in the literature on oxidative
depolymerization of kraft lignin.2 Furthermore, the work
described here provides a significant starting point for other
mechanochemical methods of lignin depolymerization. Further
work, involving mechanochemical degradation of less-recalci-
trant lignins and characterization of the solubilized lignin
fractions via techniques such as GPC, TGA, and 31P NMR, will
be subject of future investigations.

■ EXPERIMENTAL SECTION
Ball-milling was carried out at 25 Hz in a Retsch ball-mill model MM2
equipped with a 1 cm diameter stainless steel ball. Indulin AT kraft
lignin was obtained from Ingevity (formerly MeadWestvaco). Indulin
AT kraft lignin is a commercial lignin derived from softwood (pine)
and has been extensively characterized.55,56

FT-IR Spectroscopy. FT-IR spectroscopy was performed on a
Nicolet 6700 using KBr pellets. KBr pellets were made with 3.7 ± 0.1
mg of lauronitrile obtained from TCI America, 1.0−2.3 mg of lignin,
and ca. 100 mg of KBr. Pellets were formed via bolt press. IR spectra

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b04597
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/acssuschemeng.7b04597


were collected (32 scans, resolution 4 cm−1), background subtracted
with a KBr background, and baseline corrected (using the automatic
baseline correction feature) with OMNIC 8.2.388 software. Samples
were then normalized to the internal standard peak at ca. 2247 cm−1.
Finally, because the samples should follow the Beer−Lambert
equation, the concentrations of lignin were normalized to the highest
concentration (2.3 mg). IR spectra were then plotted with Excel.
Preparation of KLBM for Baeyer−Villiger Oxidation. Kraft

lignin was ball-milled with KOH (KL/KOH = 2:1 w/w) and toluene
(enough to cover the steel ball) at 25 Hz for 3 days. The ball-milled
lignin was dispersed in water, then acidified with 0.2 M HCl until
precipitation of lignin took place. The precipitated lignin was
recovered by vacuum filtration, washed with deionized water until
the washings were at neutral pH, and then dried in a vacuum oven
overnight at 80 °C, producing a brown solid in an overall yield of 81%.
Reduction of KLBM. To a solution of KLBM in 1% NaOH was

added NaBH4 (KLBM/NaBH4 = 1:2 w/w) and the resulting mixture
was stirred overnight at room temperature. The excess NaBH4 was
quenched with 0.2 M HCl and the reduced KLBM was filtered,
washed with deionized water until the washings were pH neutral, and
then dried in a vacuum oven overnight at 80 °C to produce a brown
solid in 60% yield.
Porphyrin Oxidation of KL and KLBM.48,57 A mixture consisting

of 26 mg TPPFeCl, 10 mL t-BuOOH (70% aq.), phosphate buffer
(pH 3, 30 mL), and 10 mL MeCN for every 1 g of lignin was stirred at
room temperature for 26 h. The mixture was acidified with 0.2 M HCl
until precipitation occurred. The precipitated, oxidized lignin was
recovered by vacuum filtration, washed with deionized water until the
washings were pH neutral, and the resulting solid was dried in a
vacuum oven overnight at 80 °C to produce a brown powder in 62%
yield. In the preparation of Porp KL for Baeyer−Villiger oxidation, the
same procedure was used except that a greater excess (15 mL) of t-
BuOOH (70% aq.) was used.
Baeyer−Villiger Oxidation. A mixture consisting of 2 mL

HCOOH (95%), 3.4 mL H2O2 (30%), and 2.7 mL H2O for every 1
g of lignin was stirred at 50 °C for 70 h. Deionized water was added
until the pH was ∼4. The resulting mixture was filtered by gravity
filtration through quantitative filter paper. The water-soluble and
water-insoluble fractions were each extracted separately with EtOAc (3
× 30 mL). The residue from each fraction was filtered by gravity
filtration through quantitative filter paper, washed with EtOAc, then
dried in a vacuum oven overnight giving a 19% yield of EtOAc-soluble
fraction (from Porp-KLBM sample).
EtOAc-soluble and water-soluble fractions were derivatized by

heating with 200 μL BF3·OEt2 and 20 mL MeOH for every mmol
substrate (computed based on theoretical methyl vanillate yield) at
100 °C for 6 h.8 The reaction mixture was evaporated to dryness, then
water was added and the resulting mixture was extracted with EtOAc
(3 × 30 mL). The combined EtOAc extracts were evaporated under
vacuum and the residue was subjected to column chromatography on
silica-gel (EtOH:hexanes 1:10) to give products 1 and 2: BV-1 (1.5%,
0.2% = 1.7%); BV-2 (2.2%, 0.5% = 2.7%); BV-3 (2%, 0.6% = 2.6%);
BV-4 (7.8%, 2.2% = 10%).
HSQC NMR of Lignin. The lignins were collected directly into

NMR tubes (ca. 30−40 mg for each sample, except NaBH4 Red. Porp-
KLBM which contained 10 mg) and dissolved using DMSO-d6/
pyridine-d5 (4:1).58,59 NMR spectra were acquired on a Bruker
BioSpin (Billerica, MA) Avance 700 MHz spectrometer equipped with
a 5 mm quadruple-resonance 1H/31P/13C/15N QCI gradient cryop-
robe with inverse geometry (proton coils closest to the sample). The
central DMSO solvent peak was used as an internal reference (δC 39.5,
δH 2.5 ppm). The 1H−13C correlation experiment was an adiabatic
HSQC experiment (Bruker standard pulse sequence ‘hsqcetgpsisp2.2’;
phase-sensitive gradient-edited-2D HSQC using adiabatic pulses for
inversion and refocusing).60 In the case of KL, KLBM, and NaBH4
Red. KLBM, HSQC experiments were carried out using the following
parameters: acquired from +11.5 to −0.5 ppm in F2 (1H) with 3366
data points (acquisition time 200 ms), +215 to −5 ppm in F1 (13C)
with 620 increments (F1 acquisition time 8 ms) of 16 scans with a 1 s
interscan delay; the d24 delay was set to 0.86 ms (1/8J, J = 145 Hz).

The total acquisition time for a sample was 3 h. For all other samples,
HSQC experiments were carried out using the same parameters except
for acquiring half the number (1682) of data points (acquisition time
100 ms) in F2, and 112 scans with a 500 ms interscan delay. The total
acquisition time was 12 h. In all cases, processing used typical matched
Gaussian apodization (GB = 0.001, LB = −0.5) in F2 and squared
cosine-bell and one level of linear prediction (32 coefficients) in F1.
Volume integration of contours in HSQC plots used Bruker’s TopSpin
3.5pl5 (Mac version) software. Integrals were from volume-integration
of C/H pairs with similar properties, the α-C/H correlations of A, B,
and C units.
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