BF-227 in diabetic AD patients

Table1 Demographic data of the study participants

Diagnostic group

Normal control AD alone AD with DM
n 14 11 ‘ 4
Sex {male/female) 717 4/7 2/2
Age 64.5+2.9 78.5 3.9 77.5+35.2
MMSE 29.9+0.1 20.5+0.8 19.4+2.8
ApoE €4 allele (%) 0.12 0.35 0.37
HbA: (%) 5.7+0.1 5.8+0.1 7.2+04

AD, Alzheimer’s disease; DM, diabetes mellitus; HbA;,, glycated hemoglobin;

MMSE, Mini-Mental State Examination.

In order to clarify etiology and dementia subtypes in
diabetic patients, we took a unique approach to visualize
amyloid B protein (AB) deposition by positron emission
tomography (PET) in living diabetic patients with
dementia. The AP accumulation is successfully and
non-invasively visualized by a recently-developed novel
amyloid imaging probe called BF-227.7-*' We used this
tracer and applied it to “diabetic” and “non-diabetic”
patients with clinically-diagnosed AD, to obtain more
insights into differences in the extent and distribution of
AP accumulation between diabetic and non-diabetic
groups.

Methods

A total of 14 normal controls (NC), four diabetic
patients with AD (AD with DM) and 11 non-diabetic
patients with AD (AD alone) were examined. All the
dementia patients were clinically diagnosed as probable
AD according to the clinical criteria by “the National
Institute of Neurological and Communicative Disorders
and Stroke — Alzheimer’s Disease and Related Disorders
Association”.?? Brain MRI (1.5 Tesla; General Electric,
Fairfield, CT, USA) was carried out on all the partici-
pants to exclude other causes of dementia. All the DM
types of diabetic patients with AD were type 2. The
study protocol was approved by the Committee on
Clinical Investigation at Tohoku University School of
Medicine and the Advisory Committee on Radioactive
Substances at Tohoku University. After a complete
description of the study to the patients and subjects,
written informed consent was obtained.

The PET procedure using BF-227 is described else~
where.?®# BF-227 and its N-desmethylated derivative
(a precursor of [""C]BF-227) were custom-synthesized
by Tanabe R&D Service (Osaka, Japan) ["'C]BF-227
was synthesized from the precursor by N-methylation
in dimethyl sulfoxide using ["'Clmethyl triflate. The
["CIBF-227 PET study was carried out using a PET
SET-2400W scanner (Shimadzu, Kyoto, Japan). After
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intravenous injection of 211-366 mBq of ["C]BF-227,
dynamic PET images were obtained for 60 min with
each subject’s eyes closed. Standardized uptake value
(SUV) images of ["C]BF-227 were obtained by nor-
malizing tissue radioactivity concentration by injected
dose and bodyweight. Regions of interest (ROI) were
placed on individual axial MR images in the cerebellar
hemisphere, striatum, frontal, lateral temporal, medial
temporal, parietal, occipital, anterior and posterior cin-
gulate cortices. The ROI information was then copied
onto dynamic PET SUV images, and regional SUV
were sampled using Dr.View/LINUX software (AJS,
Tokyo, Japan). Because there were neither senile
plaques nor glucose hypometabolism in the cerebel-
lum of AD patients, the ratios of regional SUV to cer-
ebellar SUV (SUVR) were calculated as an index of
['CIBF-227 retention. Neocortical SUVR was calcu-
lated by averaging SUVR in the frontal, lateral tempo-
ral, parietal and posterior cingulate cortices.
Apolipoprotein E genotyping was carried out as previ-
ously described.*®

The difference of Neocortex SUVR between the
group of AD with DM and other groups was assessed
with Student’s #-test. The performance of diagnostic
indices to discriminate among groups was assessed
using receiver operating characteristic (ROC) analysis.
Areas under ROC curves (AUC) were calculated and
compared using GraphPad Prism Software (GraphPad
Software, San Diego, CA, USA). Statistical significance
was defined as P < 0.05.

Results

The clinical features of the three groups, NC, AD alone
and AD with DM, are described in Table 1. Severities of
dementia assessed by Mini-Mental State Examination
were not significantly different between AD alone and
AD with DM. Three patients were treated with only oral
DM medications (patient A glimepiride + pioglitazone;
patient B glimepiride + metformin + voglibose; patient
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Figure 2 Representative BF-227 positron emission tomography images of each diagnostic group. (a) Normal control without
diabetes mellitus (DM; 67-years-old, male, no complication; neocortical ratios of regional standardized uptake value to
cerebellar standard uptake value ratio [SUVR] = 1.122). (b) Normal control with diabetes mellitus (67-years-old, female, insulin
user; neocortical SUVR =1.012). (c) Alzheimer’s disease (AD) alone (75-years-old, female; neocortical SUVR = 1.230). (d) AD
with DM (79-years-old, female, insulin user; neocortical SUVR = 1.240). (e) AD with DM (78-years-old, male, non-insulin

user; SUVR = 1.18).
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Figure 3 Box and scatter plots of ratios of regional
standardized uptake value to cerebellar standard uptake
value ration (SUVR) values with BF~227 in aged normal,
Alzheimer’s disease (AD) alone and AD with diabetes
mellitus (DM) participants. Each circle indicates the mean
SUVR from the mean neocortex. Red colored circle
represents insulin user, whereas blue colored circle
represents non-insulin user. There are no DM patients in
the aged normal group shown with the blue circle. The filled
circle represents the participants with Mini-Mental State
Examination score less than 20. Although both AD with
DM and AD alone showed significantly higher SUVR than
the normal control group (P < 0.05), the difference between
AD with DM and AD alone was not significant (n.s.).

Table 2 Characteristics of insulin users

Subject 1 Subject 2
(no. 4) (no. 6)
(normal (AD patients)
cognition)

Age 67 79

Sex Female Female

MMSE 28 21

ApoE genotype 3/3 3/3

CSF total tau (pg/ml) - 334

BMI 24.7 19.8

HbA,. (%) 7.6 8.2

Medication Insulin only Insulin,

metformin
Hypoglycemic event several none
Duration of insulin 11 7

use (years)

AD, Alzheimer’s disease; BMI, body mass index; CSF,
cerebrospinal fluid; HbA,., glycated hemoglobin; MMSE,
Mini-Mental State Examination.

C metformin + voglibose), whereas only one AD with
DM patient used insulin in addition to metformin. One
DM patient was present in the normal control group.
This patient in the control group had no oral medica-
tion. Insulin injection was the only medication.
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MRI scans showed no or very few ischemic or hem-
orrhagic lesions observed in any of the participants.
These small lesions were not strategic. White matter
lesions (both periventricular and deep white matter) are
all less than mild according to the Fazekas criteria (data
not shown).?

After we obtained demographic information, we ana-
lyzed PET images with BF-227 among the three groups,
and representative brain PET images are shown in
Figure 2. As indicated in the figure, both the patients
with AD alone and AD with DM showed significantly
more robust retention of BF-227 than NC. Statistical
analysis showed a significantly higher SUV-R of BF-227
(P<0.05) in the cerebral cortex of AD alone and AD
with DM than NC, as shown in Figure 3. Neocortical
SUV-R of BF-227 in AD alone and AD with DM are not
significantly different. Both the patients with AD alone
and AD with DM showed increased BF-227 uptake in
frontal, temporal, parietal, occipital and cingulated
gyrus. The pattern of uptake was similar between the
DM patients with insulin use and those without the use
of insulin (Fig. 2). A similar pattern of uptake between
insulin users and non-insulin users was seen both in the
control group and the AD with DM group.

The clinical profiles of the two insulin users are
shown in Table 2.

Discussion

The present study had two major findings. First, the
uptake of BF-227 was significantly higher in both AD
groups than that of the normal control group, regard-
less of DM complication. Second, the amount and
pattern of the uptake was not affected by the use of
insulin, both in the control group and the AD with DM
group.

The first result that the severity and extent of the
deposition did not differ significantly between the two
groups suggests that both AD with DM and AD alone
have robust deposition of senile plaques or typical AD
pathology. In addition, all the participants we examined
showed no or very few vascular lesions observed with
MR, indicating that we could exclude vascular demen-
tia. The present result showed that the cause of
developing dementia in DM patients cannot be fully
explained by vascular mechanism. From the results of
previous studies,’®'* we assumed that either extra or less
deposition of amyloid plaques would be seen in the
brain of AD patients with DM complication. However,
the brains of AD patients with DM showed a similar
pattern and severity of the amyloid deposition to that
seen in the brains of AD without DM complication.
One possible explanation is that some kinds of protein
that cannot be detected by BF-227 play a more impor-
tant role than the classical aggregated plaque. Soluble
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AP oligomers, which cannot be detected by BF-227,
were shown to lower insulin receptor responses to
insulin and cause substantial loss of neuronal surface
insulin receptors.®> Another possibility is that the
additional effect of DM complication appears mainly
through the increase in phosphorylation of tau, instead
of an increase of A plaque.

The second result of AD patients is in conflict with
those reported by Beeri et al.'® According to their con-
clusion, the AD patient with insulin and metformin
use (subject 4 in Fig. 2) should have shown fewer
senile plaques (lower uptake) as compared with
diabetic patients with other medication status or
non-diabetic subjects. One explanation for this incon-
sistency is that he/she was an APOE €4 non-carrier.
The occurrence of neurofibrillary tangles and amyloid
plaques in people without the APOE €4 allele were
similar to those with and without DM in the autopsy
population of the Honolulu-Asia Aging Study.” It is
assumed that the effect of insulin and other medication
use on reducing the plaques might only be effective in
reducing the extra deposition of amyloid plaques in
APQE €4 carriers.

It was also found that the insulin user with normal
cognition (subject 2 in Fig. 2) showed no difference in
uptake. This subject was not obese, and started insulin
injections 11 years before she undertook the PET pro-
cedure. Her glycohemoglobin level was 7.6%, and she
had experienced several hypoglycemic events just
before participation in the present study. From these
clinical features, we assume that one of the main com-
ponents of her DM were fluctuations of her blood
glucose level (hyperglycemia and hypoglycemia). The
interaction with ApoE &4 might also be thought to be
an explanation.

A limitation of the present study was that we could
not adjust some factors, such as age, due to the small
sample size. Because of the small sample size, the
present study should be treated as a preliminary report.
In addition, we could not measure the value of their
homeostasis model assessment ratio, which is one of the
key indicators of insulin resistance. We could not
measure this indicator of insulin users, because they
already had started insulin before admission to our
clinic. Further studies are required to clarify the present
report.

In conclusion, the present study provided new and
important preliminary findings that a similar patho-
mechanism, which is the deposition of robust aggre-
gated AP in the brain, is shared in both AD with DM
and AD alone.
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Abstract

Background: Although donepezil, an acetylcholinesterase
inhibitor, has been proved to be effective in ameliorating
cognitive impairment in Parkinson’s disease with dementia
(PDD), the responsiveness of patients to donepezil therapy
varies. [5-"'C-methoxy]donepezil, the radiolabeled form of
donepezil, is a ligand for positron emission tomography
(PET), which can be exploited for the quantitative analysis of
donepezil binding to acetylcholinesterase and for choliner-
gic imaging. Objectives: To investigate the deficits of the
cholinergic system in the brain in PDD and its association
with response to donepezil therapy. Methods: Twelve pa-
tients with PDD and 13 normal control subjects underwent
[5-"C-methoxyldonepezil-PET imaging. For patients with
PDD, daily administration of donepezil was started after
[5-""C-methoxyldonepezil-PET imaging and continued for 3

months. Results: In the PDD group, the mean total distribu-
tion volume of the cerebral cortices was 22.7% lower than
that of the normal control group. The mean total distribution
volume of the patients with PDD was significantly correlated
with improvement of visuoperceptual function after 3
months of donepezil therapy. Conclusion: The results sug-
gest that donepezil therapy is more effective in patients with
less decrease in acetylcholinesterase, a binding site of done-
pezil, at least in the specific cognitive domain.

Copyright © 2012 S. Karger AG, Basel

Introduction

Patients with Parkinson’s disease (PD) often show cog-
nitive deficits, including in the domains of memory, ex-
ecutive, visuoperceptual, and visuospatial functions,
even early in the course of the disease [1]. Dementia is
common among patients with PD, with a prevalence of
40% in cross-sectional studies [2] and a cumulative prev-
alence approaching 80% [3].
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The cholinergic system is involved in the manifesta-
tion of cognitive impairment. The activities of choline
acetyltransferase, the enzyme that synthesizes acetylcho-
line, and acetylcholinesterase, the enzyme that degrades
acetylcholine, are decreased in the neocortex and hippo-
campus in PD with dementia (PDD) [4]. A significantloss
of cholinergic neurons in the nucleus basalis of Meynert
is noted in PDD [5]. Based on these findings, several ace-
tylcholinesterase inhibitors, which potentiate cholinergic
neurotransmission, are widely used to treat dementia.

[5-1'C-methoxy]donepezil ([*!C]donepezil), the radio-
labeled form of the acetylcholinesterase inhibitor done-
pezil, is a ligand for positron emission tomography (PET),
which measures donepezil binding to acetylcholinester-
ase to examine cholinergic function [6, 7]. A study involv-
ing ["'C]donepezil-PET that was carried out on patients
with Alzheimer’s disease (AD) showed significant reduc-
tion of donepezil binding in the brain in AD, compared
with the normal elderly subjects [8].

Although donepezil has been proved to be effective in
ameliorating cognitive impairment in PDD [9], the re-
sponsiveness of patients to donepezil therapy varies, for
reasons that have not been clarified. We hypothesized
that responsiveness to donepezil therapy has an associa-
tion with the degree of cholinergic deficit in the brain. In
this study, we investigated the deficits of the cholinergic
system in PDD by quantifying acetylcholinesterase dis-
tribution, and the relationship between the deficits of the
cholinergic system and clinical response to donepezil
therapy.

Materials and Methods

Subjects

Twelve patients with PDD and 13 healthy control subjects
matched for age, sex, and education were enrolled in this study.
The patients were selected from amongst those attending PD
clinics at Miyagi National Hospital and Tohoku University Hos-
pital. Board-certified neurologists made the diagnosis of PD ac-
cording to the diagnostic criteria of the UK PD Society Brain
Bank, based on clinical, laboratory, and radiological findings [10].
To select subjects with dementia, patients with a score of 1 or
above in at least one of the sub-items of the Clinical Dementia
Rating (CDR) [11] (even if overall CDR was 0.5) were included in
this study. The exclusion criteria were a history of other neuro-
logical or psychiatric diseases, focal brain lesions, such as tumors
and infarctions on magnetic resonance (MR) imaging, treatment
with acetylcholinesterase inhibitors, anticholinergic drugs, or
cholinergic drugs, and diagnostic criteria of dementia with Lewy
bodies [12], i.e. development of the first signs of dementia before
or within 1 year after the onset of motor symptoms.
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Table 1. Demographic and clinical data of subjects studied with
UC-donepezil PET

PDD Control p value

n 12 13
Sex (M:F) 9:3 10:3 N§?
Age, years 69.8+64 69.5+6.7 NS°
Education, years 12+32 13.8+27 NSb
MMSE (max. 30) 21.8+42 29.8%04 <0.000001°
UPDRS part III (max. 108) 23.1+9.6
Symptom duration, years

Parkinsonism 11.3+7.2

Dementia 2t1.6
Antiparkinson medication - Number of Dose range

treated patients mg

Levodopa 12 300-700
Pramipexole 6 0.5-3
Cabergoline 3 2.0
Amantadine 2 150-200
Pergolide 3 0.5-0.75
Droxidopa 4 300-900
Entacapone 3 300-800
Selegiline 7 2.5-10
Risperidone 1 4.0
Quetiapine 4 25-150

Values are expressed as mean %+ 1 SD.
2x? test. ® Two-tailed t test.
NS = Not significant (p > 0.05).

The healthy control subjects were recruited from the local
community through advertisements. Subjects with a history of
neurological or psychiatric disease, a history suggestive of cogni-
tive impairment, abnormal findings on neurological examina-
tion, <28 points on the Mini Mental-State Examination (MMSE)
[13], abnormal findings on MR imaging, or medication with cen-
tral nervous action were excluded.

Demographic data for the subjects are shown in table 1. The
two groups did not show significant difference in terms of sex,
age, and educational attainment. Mean score on the MMSE was
significantly lower in the PDD group than in the control group.
All patients received antiparkinsonian drugs. Four patients with
PDD had been receiving antipsychotic drugs. Patients were clini-
cally evaluated and scanned ‘on’ medication.

The Ethics Committee of Tohoku University School of Medi-
cine approved the study protocol, and written informed consent
was obtained from all healthy subjects and from patients with
PDD or their family members when necessary.

Clinical Assessments and Donepezil Therapy
In the PDD patients, cognitive function and clinical symp-
toms were assessed by means of various cognitive tests in advance
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of [V'C]donepezil-PET imaging. The MMSE was used to assess
general cognitive function. The Digit Span task in the Wechsler
Adult Intelligence Scale-Revised (WAIS-R) [14] was used to eval-
uate attention. The Verbal Fluency task [15] and the Trail-Making
Test-A (TMT-A) [15] were used to assess frontal lobe functions.
Memory function was assessed by the Recall and Recognition task
in the Japanese version of the Alzheimer‘s Disease Assessment
Scale (ADAS) [16]. Visuoperceptual function was assessed by
complex visual tasks, including object-size discrimination, form
discrimination, overlapping figure identification, and visual
counting tasks [17]. Neuropsychiatric symptoms were assessed by
the modified version of the Neuropsychiatric Inventory (NPI)
[18]. Motor dysfunction was assessed by the Unified Parkinson’s
Disease Rating Scale Part III (UPDRS Part III) [19].

After ['C]donepezil-PET imaging, donepezil therapy was ini-
tiated for all patients. Initially, patients were given donepezil 3
mg/day for 2 weeks and then the dose was increased to 5 mg/day,
which is the standard dose given for AD in Japan, and continued
for the next 3 months. Any drugs that the patients were already
taking, such as antiparkinson drugs, were not changed during the
3 months of donepezil therapy, and they were not given any other
additional drugs during the period. After the 3 months of done-
pezil therapy, the same evaluations were repeated.

Radiosynthesis of [''C]Donepezil and PET Procedures

Radiosynthesis of [!Cldonepezil and PET procedures have
been described previously [6, 7]. Briefly, tetrabutylammonium
hydroxide was added to 5'-O-desmethylprecursor (M2) dissolved
in methylethylketone. ['!Clmethyliodide was produced from {!'C]
CO, and then converted to [M'C]methyl-triflate ([!!C]MeOTf).
[1'C]donepezil was produced on the loop from [M'C]MeOTf and
purified in preparative high-performance liquid chromatography
(HPLC). The obtained radioactivity of [''C]donepezil was 319.2
+ 149.0 MBq (mean * SD), and the radiochemical yield was es-
timated to be 25-30% based on [''C]MeOTf after decay-correc-
tion. The specific activity of [''C]donepezil at the end of synthesis
was 332.9 £ 115.0 GBg/pmol. Radiochemical purity was higher
than 99%. The injected doses were 200 = 118 MBq (5.4 % 1.6
mCi). The PET scanner SET-2400W (Shimadzu Co., Kyoto, Japan)
was used. The scanner acquires 63 image slices at a center-to-
center interval of 3.125 mm and has a transaxial resolution of 3.9
mm full width at half maximum (FWHM), and an axial resolu-
tion of 4.5 FWHM at center of field of view [20]. Initially, 7-min
transmission data were acquired with a rotating [3Ge]/[**Ga] line
source for correcting attenuation. Then, after intravenous injec-
tion of [!C]donepezil, a 60-min dynamic scan in three-dimen-
sional (3D) mode (30 s X 5 frames, 60 s X 5 frames, 150 s X 5
frames, 300 s X 8 frames) was performed. Subjects were scanned
under standard resting conditions. During the scan, arterial
blood samples (2.5 ml each) were collected from each patient’s
radial artery at 10-second intervals for the first 2 min, and subse-
quently at intervals increasing progressively from 1 to 10 min un-
til 60 min after the injection of [*'C]donepezil. 8 ml of additional
blood was obtained at 5, 15 and 30 min for analysis of labeled me-
tabolites. The plasma obtained by centrifugation was weighed and
the radioactivity was measured. The metabolites of [''C]donepe-
zil in the extra plasma samples were analyzed by HPLC. Briefly,
sampled plasma (4 ml) was treated with 1 M HCIO4:MeCN (7:3)
and centrifugated at 3,000 g for 3 min. The extracted supernatant
solution was injected into a semipreparative HPLC column (YMC
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ODS A-324, YMC Co. Ltd., Kyoto, Japan; 10 mm ID X 30 cm
long)withasolventsystemof0.1 Mammoniumformate:acetonitrile
(60:40) at a flow rate of 5.0 ml/min. The eluates were collected at
30-sec intervals, and radioactivity was counted with a y-counter.
Metabolite correction was performed on pTAC using a previously
described method [7]. Briefly, the empirical function for express-
ing the fraction of untransformed tracer remaining at time t,
1/(1+(at)?)B, was fitted with a Nelder-Meads simplex algorithm
[21] using a least-squares method with initial guesses of 0.1 for
both « and B. The acquired PET and metabolite-corrected blood
data were analyzed using software PMOD (PMOD Technologies
Ltd., Adliswil, Switzerland), which calculates quantitative param-
eters based on kinetic modeling. Parametric 3D maps of total dis-
tribution volume (tDV) in the brain were generated using the clas-
sical Logan plot [22] as implemented in PMOD software.

PET Image Analysis

Images were analysed using software SPM8 (Wellcome De-
partment of Cognitive Neurology, London, UK [http://www.fil.
ion.ucl.ac.uk/spm/software/spm8/]) and Image] 1.42q (National
Institutes of Health, Bethesda, Md., USA [http://rsb.info.nih.
gov/ij/]), based on built-in functions.

Region of Interest Analysis

The tDVs of the total cerebral cortices were calculated using a
semi-automatic method. Axial, three-dimensional spoiled gradi-
ent echo images or magnetization-prepared rapid gradient echo
images were obtained from a 1.5-T MRI unit (Signa Horizon LX
CV/i; GE Healthcare, Milwaukee, Wisc., USA, or Magnetom
Symphony; Siemens, Tokyo, Japan) for anatomical reference,
which were segmented into gray and white matter using the SPM8
prior probability templates. The intensity nonuniformity bias,
which is caused by a smooth, spatially varying artifact induced by
the scanner, was corrected to aid segmentation. The total cerebral
cortices in the probability maps of the gray matter were extracted
by tracing with a manually driven mouse cursor on Image] with
threshold of the probability maps set at 0.5. They were co-regis-
tered to the tDV images of each subject. The co-registered images
were used as mask images of the cerebral cortices, and were pro-
jected to tDV images of each subject to extract the cerebral corti-
ceson the tDV images. Finally, the mean tDV value of the cerebral
cortices was calculated using the histogram function of Image].

The two-tailed t test was used for group comparison. Spear-
man’s simple correlation and then partial correlations covarying
out the effects of sex, age and education were used for correlation
analysis between mean tDVs of the cerebral cortices and the re-
sults of the cognitive tests at baseline and the cognitive improve-
mentsafter 3 months of donepezil therapy. The software SPSS 17.0
(SPSS Inc., Chicago, IlL., USA) was used for the statistical analysis.
The statistical significance level was set at p < 0.05. The signifi-
cance level for multiple comparisons was not corrected because of
the explorative nature of this study.

Statistical Parametric Mapping (SPM) Analysis

The template image of tDV was created using the 3D gradient-
echo MR images in the 13 healthy control subjects. Using SPM8,
the MR images were coregistered to tDV image, and both MR and
tDV images were spatially normalized to a standard anatomic ori-
entation (Montreal Neurological Institute space) by obtaining pa-
rameters from MR images. Then, the template tDV image was
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Table 2. Results of clinical assessments before and after 3 months
of oral administration of donepezil in patients with Parkinson’s
disease dementia (n = 12)

Pre-

Score Post- P
range  treatment  treatment = value*
MMSE 0-30 21.8*42 23.0%34 0.187
Digit span (WAIS-R) 0-28 8.1%3.1 7.8%3.0 0.536
Fluency
Phonetic - 11.6£43 13.0%x6.3  0.402
Animals - 8.3+3.3 89%34 0457
TMT-A - 162.8 £81.8 166.7£110.7 0.896
Recall test (ADAS) 0-10 56+1.7 56+1.4 1.000
Recognition test
(ADAS) 0-12 3326 39133 0.549
Visuoperceptual test 0-90  76.6+23.5 834%58 0.320
NPI 0-144 132*119 73%7.7 0.058
UPDRS part III 0-108 23.1x9.6 22.7*121 0.798

Values are expressed as mean * 1 SD.
* Paired t test.
NS = Not significant (p > 0.05).

generated by averaging these 13 normalized images and smooth-
ing the averaged images using an 8-mm Gaussian kernel, as 8-mm
smoothing is used for the estimation of normalization parameters
in SPM8. Parametric tDV images were normalized using the tDV
template and written using bilinear interpolation. Finally, a
Gaussian kernel of 8 mm was used in smoothing of the paramet-
ric images. As tDV is an absolute value, SPM analysis was per-
formed without global normalization. The between-group com-
parison that examines the difference in tDV values at voxel level
was performed using analysis of covariance (ANCOVA) with sex,
age, and education as covariates as an explorative analysis cover-
ing the whole brain without any a-priori hypothesis.

Correlation analyses between tDV and cognitive assessments
at baseline, and between tDV and cognitive improvements after 3
months of donepezil therapy in PDD patients were also performed
for each voxel with and without covarying out the effects of sex,
age, and education and using the general linear approach. Statisti-
cal significance level was set at p < 0.005 without correction for
multiple comparison and cluster extent threshold was 100 voxels.

Results

The results of cognitive and clinical assessments at
baseline and after 3 months of donepezil therapy for pa-
tients with PDD are shown in table 2. The MMSE, verbal
fluency, complex visual tasks, and NPI showed an im-
provement; however, the changes did not reach statistical
significance. The mean tDVs of the cerebral cortices in
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Fig. 1. Regions with significant ['!C]donepezil tDV decrease in the
group of PDD as compared with the normal control group. Coro-
nal (upper row) and sagittal (lower row) views in projection onto
a standard MRI as 3D surface projection (SPM8, Puncorrected <
0.005, cluster extent threshold 100 voxels).

the PDD group (7.9 * 2.2 ml/ml) were significantly low-
er than those of the control group (10.2 * 2.7 ml/ml) in
the mean decrease rate of 22.7% (p = 0.028). In the SPM
analysis, the PDD group exhibited a widespread tDV re-
duction as compared with the control group, comprising
nearly the entire brain (fig. 1).

In the Spearman’s simple correlation analysis, mean
tDVs of the cerebral cortices did not show significant cor-
relation with cognitive improvements after 3 months of
donepezil therapy. In the partial correlation analyses (ta-
ble 3), the improvement of the visuoperceptual test score
showed significant positive correlation with tDVs of the
cerebral cortices (correlation coefficient = 0.837, p =
0.005). SPM correlation analysis without covarying out
the effects of sex, age and education did not show signifi-
cant correlation between tDVs and the cognitive improve-
ments after 3 months of donepezil therapy. SPM correla-
tion analysis with covarying out the effects of sex, age and
education did not show a localized correlated region in the
brain, but showed diffuse positive correlation between
tDVs and change in visuoperceptual test after 3 months of
donepezil therapy. Neither region of interest analysis (ta-
ble 3) nor SPM analysis showed significant correlation be-
tween the cognitive assessments at baseline and tDV.
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Table 3. Correlation matrix contrasting mean tDV of the cerebral cortices against the results of cognitive tests at baseline and change

in the cognitive tests after 3 months of donepezil therapy

k MMSE 'Digit span Fluency TMT-A  Recall task Recognition Visuoper- ~ NPI
(WAIS-R) g (ADAS) task (ADAS) - ceptual test’
Baseline
Correlation coefficient 0.185 -0.457 -0.618 0.030 0.223 -0.621 -0.402 0.147
p 0.634 0.216 0.076 0.954 0.564 0.075 0.283 0.705
Change
Correlation coefficient -0.207 -0.036 0.165 0.116 -0.406 0.207 0.837 -0.091
p 0.593 0.928 0.672 0.827 0.278 0.594 0.005 0.817
Discussion reduction of donepezil binding in the neocortex and hip-

Our study showed that acetylcholinesterase in the ce-
rebral cortices decreased in PDD. The density of acetyl-
cholinesterase in the cerebral cortices of patients with
PDD significantly correlated with improvements in vi-
suoperceptual function after 3 months of donepezil
therapy.

There are previous studies of cholinergic PET imaging
utilizing radiolabeled acetylcholine analogues, such as N-
[!'C]methyl-piperidin-4-yl propionate ([''C]PMP). In the
studies of Hilker et al. [23] and Bohnen et al. [24] using
[1C]JPMP, PD with dementia showed 20.0-29.7% reduc-
tion of cortical acetylcholinesterase activity and PD with-
out dementia showed 10.7-12.9% reduction of cortical
acetylcholinesterase activity compared with normal sub-
jects. It is possible that the results using [''C]donepezil-
PET may differ from those of PET imaging studies using
radiolabeled acetylcholine analogues because [''C]done-
pezil-PET may have an advantage in that it directly mea-
sures the density of acetylcholinesterase in the brain tis-
sue regardless of acetylcholinesterase activity, whereas
PET imaging using radiolabeled acetylcholine analogues
measures acetylcholinesterase activity as the acetylcho-
line analogues are catabolized by acetylcholinesterase
and then trapped in the brain tissue. However, the reduc-
tion rate of the mean tDV value of the cerebral cortices in
the PDD group was similar to that of cortical acetylcho-
linesterase activity in the previous studies [23, 24]. SPM
analysis in this study revealed a global reduction of ace-
tylcholinesterase density in the brains of PDD patients,
which was also similar to the results of previous studies
[23, 25].

In the study involving the use of [''C]donepezil-PET
on patients with AD [8], patients with mild AD (n = 5,
mean MMSE = 25.0) exhibited an approximately 18-20%
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pocampus, and patients with modererate AD (n = 5,
mean MMSE = 15.4) exhibited an approximately 24-30%
reduction of donepezil binding throughout the brain
compared with the normal controls. The PDD patients in
our study showed reduction rates in line with those of AD
patients in the previous study [8] in the light of dementia
severity, although previous pathological and cholinergic
imaging studies [24, 26] showed that cortical cholinergic
function is more severely affected in PDD than in AD.
This may be due to the fact that the mean age of the sub-
jects was not sufficiently matched between the groups in
the AD study [8].

The mean tDVs of the cerebral cortices significantly
correlated with changes in visuoperceptual test score af-
ter 3 months of donepezil therapy, which indicated that
more improvement in visuoperceptual functions was ob-
served in the patients with relatively higher density of
acetylcholinesterase in the cerebral cortices. As the cor-
relation was overshadowed by covariates, partial correla-
tion analysis revealed the correlation, whereas simple
correlation analysis did not. This would probably make it
difficult to identify responders prospectively using PET
in clinical situations. However, donepezil-PET is useful
in research into pharmacokinetics of donepezil, condi-
tion of the cholinergic system in the brains of dementia
patients, and their association with the therapeutic effect
on dementia patients. Density of acetylcholinesterase,
which islocalized predominantly in cholinergic cell bod-
ies and axons [27] and may be downregulated as a com-
pensatory action in the face of cholinergic degeneration,
was measured as a marker of cholinergic function. How-
ever, a proportional relationship between acetylcholines-
terase density and cholinergic function is unproven, and
it is possible that some patients have the same degree of
cholinergic degeneration but relatively higher acetylcho-
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linesterase density and further acetylcholine reduction
than others. In patients with relatively higher density of
acetylcholinesterase, donepezil therapy may be more ef-
fective because there are more binding sites for donepezil.
The specific correlation between cortical tDVs and im-
provement of visuoperceptual function after donepezil
therapy indicates that visuoperceptual deficit has pro-
found relevance to cortical cholinergic deficits, which is
in accordance with some researchers’ suggestion that
cortical cholinergic deficits underlie the temporoposte-
rior type of cognitive phenotype, while dysexecutive syn-
drome is mediated mainly by fronto-striatal dopaminer-
gic dysfunction in PD [1, 28]. Although it seems that vi-
suoperceptual deficit, one of the core features of cognitive
dysfunction in PD [1, 29], may have deteriorating effects
onactivities of dailyliving ability in PDD patients, wheth-
er or not the improvements in the subgroup of PDD pa-
tients with high donepezil binding actually make a clini-
cal difference is unknown, as we evaluated global clinical
status only at baseline using the CDR and did not evalu-
ate changes in global clinical status after donepezil ther-
apy.

There are some limitations to this study. The first is
that ['!C]donepezil-PET was performed without washing
out daily medications, including antiparkinson drugs,
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Abstract

The direct anodic oxidation of non-phenolic lignin model
compounds was investigated to understand their basic behav-
iors. The results of cyclic voltammetry (CV) studies of mon-
omeric model, such as 1-(4-ethoxy-3-methoxyphenyl)etha-
nol, are interpreted as the oxidation for C,-carbonylation did
not proceed in the reaction without a catalyst, but a base
promotes this reaction. Indeed, the bulk electrolyses of the
monomeric lignin model compounds with 2,6-lutidine
afforded the corresponding C,-carbonyl compounds in high
. yields (60-80%). It is suggested that deprotonation at C,-H
in the ECEC mechanism (E =electron transfer and C=che-
mical step) is important for C,-carbonylation. In the unca-
talyzed bulk electrolysis of a $-O-4 model dimeric com-
pound, 4-ethoxy-3-methoxyphenylglycerol-3-guaiacyl ether,
the corresponding C,-carbonyl compound was not detected
but as a result of C,-Cgycleavage 4-O-ethylvanillin was found
in 40% yield. In the electrolysis reaction in the presence of
2,6-lutidine (as a sterically hindered light base), the reaction
stopped for a short time unexpectedly. These results indicate
the different electrochemical behavior of simple monomeric
model compounds and dimeric $-O-4 models. The conclu-
sion is that direct electrooxidation is unsuitable for C -car-
bonylation of lignin.

Keywords: C,-carbonylation; cyclic voltammetry (CV);
direct electrooxidation; ECEC mechanism; lignin.

Introduction

The kraft pulping process is known to proceed via initial,
bulk, and final delignification phases (Sjoblom 1996). The
main delignification occurs during the bulk phase, but its
drastic conditions cause appreciable degradation of carbo-

hydrates. Therefore, a pretreatment to facilitate the deligni-
fication in the bulk phase would be desirable for high-yield
pulping. The rate-determining step in the bulk delignification
is thought to be cleavage of non-phenolic B-O-4 linkages
(Ljunggren 1980). On the other hand, it has been reported
that the alkali cleavage of non-phenolic 3-O-4 linkages is
significantly accelerated by the presence of a-carbonyl
groups (Gierer and Ljunggren 1979; Gierer et al. 1980). The
positive effect of a-carbonyl groups has been also found in
alkaline hydrogen peroxide bleaching and oxygen alkaline
cooking (Aoyagi et al. 1980; Hosoya and Nakano 1980).
Accordingly, the introduction of a-carbonyl groups into non-
phenolic B-O-4 substructure is one of the targets of a pre-
treatment for kraft pulping. In this context, pretreatment with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (Gierer
and Norén 1982) and pyridium dichromate (PDC) (Ljung-
gren and Olsson 1984) was reported. Electrooxidation (an-
odic oxidation) could be an environmentally friendly method
to introduce a-carbonyl groups (C,-carbonylation) in lignin,
which could avoid the utilization of expensive and/or haz-
ardous reagents. :

However, it is well known that C,-Cgcleavage (leading to

aldehyde formation) often takes place simultaneously as a
result of oxidation of B-O-4 linkages (Baciocchi et al. 2000).
The reaction is also important for the formation of phendlic
substructures which are degraded in the initial phase under
milder conditions in the case of high-yield pulping and yield
vanillin. The electrooxidation of lignin for the production of
vanillin was also reported (Smith et al. 1989; Lalvani and
Rajagopal 1993; Parpot et al. 2000). But even in this case,
the cleavage of non-phenolic B-O-4 substructure is a key
reaction. There are a few reports concerning electrooxidation
of lignin in alkali medium (Limosin et al. 1986; Libbecke
et al. 1990) for non-energetic lignin utilization, but they did
not discuss C,-carbonylation. Many fundamental studies on
electrochemical oxidation were performed with lignin model
compounds (Steelink and Britton 1974; Britton and Steelink
1974; Chabaud and Sundholm 1978; Sundholm 1982; Limo-
sin and Canquis 1985; Pardini et al. 1991, 1992). However,
these papers were dealing mainly with phenolic model com-
pounds; the aspects of non-phenolic compounds were
neglected.
- The present study focuses on the electrooxidation of lignin
and lignin model compounds, mainly from the point of view
of C,-carbonylation as a pretreatment for kraft pulping. The
direct electrooxidation of non-phenolic lignin model com-
pounds without a mediator will be described to understand
the basics of this type of reaction.
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Figure 1 Non-phenolic lignin model compounds investigated in
the present study.

Materials and methods

Materials

For substance abbreviations see Figure 1. Non-phenolic monomeric
lignin model compounds [1-(4-ethoxy-3-methoxyphenylethanol
(1G), 1-(4-ethoxy-3,5-dimethoxyphenyljethanol (1S), and 1-(4-
ethoxyphenyl)ethanol (1P)] were prepared from acetovanillone, 4-
hydroxy-3,5-dimethoxyacetophenone, and 4-hydroxyacetophenone
by conventional ethylation: [EtI/K,CO,/N,N-dimethyl formamide
(DMF)/room temperature (r.t.) for 2G and 2P, or 40°C for 25/6 h]
and reduction (NaBH,/MeOH/1.t./0.3 h), respectively. The non-phe-
nolic dimeric lignin model compound (4-ethoxy-3-methoxyphenyl-
glycerol-B-guaiacyl ether, 3G) was prepared from 4-hydroxy-3-
methoxyphenylglycerol-B-guaiacyl ether (Nakatsubo et al. 1975) by
conventional ethylation (BtI/K,COs/acetone/reflux/6 h). 1-(4-Eth-
oxy-3-methoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)- 1-propa-
none (4G) was prepared from 2G (Crestini and D’Auria 1997).

Other chemicals were purchased from Nacalai Tesque Inc. (Kyoto,
Japan) and used as received. ‘

Methods

Cyclic voltammetry Cyclic voltammetry (CV) measurements
were run in an undivided cell (5 ml) vusing a 1.6 mm diameter
platinum disk-working electrode by an ALS electrochemical ana-
lyzer (ALS 650B). The reference electrode was Ag/Ag* (0.1 M
LiClO,, 0.01 M AgNO, in CH,CN) and counter electrode was plat-
inum wire. The electrolyte was 0.1 M LiClO/CH,CN, and the sub-
strate concentration was 5 mM.

Bulk electrolysis of non-phenolic monomers (1G, 1S, or 1P}
The instrument for electrochemical oxidation was a divided cell
equipped with a 2.4X3.0 cm? carbon felt electrode and an Ag/Ag™*
reference electrode (0.1 M LiClO,, 0.01 M AgNO; in CH;CN) in
the anode chamber and a platinum wire electrode in the cathode
chamber. The anode chamber was filled with 0.1 M LiClO, in
CH;CN (20 ml) and the cathode chamber with 0.1 M tetra-n-butyl
ammonium perchlorate (TBAP) in CH,CN (5 ml). The model com-
pound was added to the anode chamber. Electrolysis was carried
out under stirring at a fixed potential (in Table 1) by the ALS elec-
trochemical analyzer equipped with a power booster (ALS 680)
until the current dropped to about 1 mA. After electrolysis, CH,CN
(0.5 ml) containing 36 pmol benzhydrol was added to the anode
chamber as an internal standard. The anolyte was extracted with
EtOAc, and the organic layers were washed with distilled water,
dried over Na,SO,, and concentrated to give colorless oil.

The product was dissolved in acetone and subjected to gas chro-
matography. A Shimadzu GC-18A system with a flame ionization
detector (FID) was used. Conditions: fused silica capillary column -
(OV-17, 25 mX0.25 mm id., coated with 0.25 pm 50% phenyl-
methylpolysiloxane, Shimadzu, Kyoto, Japan); temperature pro-
gram: 150°C (10 min)— 10°C min'—180°C. (10 min)—
10°C min™* — 230°C (10 min); injector temperature 270°C; detector
temperature 270°C; carrier gas He (0.1 MPa).

Bulk electrolysis of a non-phenolic dimer (3G) The instrument
was the same as indicated above. The anode chamber was filled
with 0.1 M LiClO, in CH;CN (20 ml) and the cathode chamber
was filled with 0.1 M TBAP in CH,CN (5 ml). Compound 3G was

Table 1 Bulk electrolyses of 1-(4'-ethoxyphenyl) ethanols (1G, 1S, 1P).

Potential Catalyst Yield®  EBlectricity  Efficiency
Entry Substrate (V vs. Ag/Agh) (eq)  Product (%) (Fmol™) (%)
1 1G 1.0 2,6-Lutidine 3 26 57.1 1.66 68.8
2 1G 1.0 2,6-Lutidine 5 2G 692 © 1.91 72.4
3 1G 1.0 2,6-Lutidine 10 2G 74.1 1.89 78.6
4 1G 10 2,6-Lutidine 20 6. 791 192 822
5 1G 1.0 2,6-Lutidine 30 26 78.6 1.83 85.8
6 1G 1.0 - - 2G Trace 1.43 -

7 18 10 2.6-Lutidine 5 25 43.1 2,01 43.1
8 18 1.0 2.6-Lutidine 10 28 56.4 2.00 56.4
9 1s 1.0 2.6-Lutidine 20 25 617 1.93 63.9
10 1P 1.4 2.6-Lutidine 5 2P 584 2.00 58.4
11 1P 1.4 2.6-Lutidine 10 2P 617 2.19 56.5
12 1P 14 2.6-Lutidine 20 2P 753 237 63.4
13 16 10 Pyridine 20 26 690 1.90 72.6
14 1G 1.0 24,6-Collidine 20 2G 91.0 1.93 94.0

*Yields were evaluated by GC using benzhydrol as an internal standard.
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added to the anode chamber. Electrolysis was carried out under
stirring at 1.1 V vs. Ag/Ag™ by the ALS electrochemical analyzer
equipped with the power booster (ALS 680) until the current
dropped to about 1 mA. The anolyte was extracted with EtOAc,
and the organic layers were washed with distilled water, dried over
Na,SO,, and evaporated. The products were purified on a silica gel
plate (Kisegel 60 F,s,, Merck; 2 mm X 20 cm X 20 cm), the fraction
(Rf=ca. 0.80; EtOAc/n-hexane 1:1) was isolated and subjected to
nuclear magnetic resonance (NMR) spectroscopy (Varian INOVA
300 FI-NMR, 300 MHz, spectrometer); the solvent was CDCl; with
TMS as an internal standard.

4-O-Ethylvanillin  "H-NMR (CDCL,): & 1.52 3H, t, /=6.9, -O-
CH,-CHj3), 3.94 (3H, s, OCH;), 4.20 (2H, q, /=6.9, -O-CH,-CH,),
6.97 (1H, d, J=8.4, Arom-Cs-H), 7.42 (1H, d, J=2.1, Arom-C»-
H), 7.45 (1H, dd, J=8.4 and 2.1, Arom-C¢-H), 9.85 (1H, s, CHO).

Instrument for monitoring experiments: a divided cell equipped
with a 1.0 X 1.0 cm? platinum plate electrode and an Ag/Ag™ ref-
erence electrode (0.1 M LiClO,, 0.01 M AgNO; in CH;CN) in the
anode chamber and a 1.0X 1.0 cm? platinum plate electrode in the
cathode chamber. The reaction mixture (50 wl) was sequentially
sampled, diluted with 450 1 of watet/CH,CN (8:1, v/v) and sub-
jected to high-performance liquid chromatography (HPLC) (Shi-
madzu LC-20AT LC system equipped with a photodiode array

detector, SPD-M20A). Conditions: Cosmosil column 5CI8MS -

(4.6 X250 mm, Nacalai Tesque Inc., Kyoto, Japan); eluent water/
CH,CN (80/20, v/v); flow rate 1.0 m! min"; column oven temper-
“ature 40°C; detection at 280 nm.

Results and discussion

Electrooxidation of non-phenolic monomers

Before the bulk electrolyses of the monomers 1G, 1S, and
1P at a constant potential, cyclic voltammetry measurements
were carried out to determine the oxidation potential. Figure
2(A) shows the cyclic voltammogram (CV) of compound 1G:
and Figure 2(B) the corresponding a-carbonyl compound 2G
in 0.1 M LiClO,/CH;CN without catalyst. In the former, the
first oxidation peak (a) at 1.1 V' was found, but a second
peak, corresponding to the oxidation peak (b) of compound
2G at 1.3 V, was not clearly observed. Accordingly, com-
pound 2G was not formed in the system.

Then, CV measurement of compound 1G in 0.1 M Li-
Cl0,/CH;CN with trifluoroacetic anhydride (TFA) was per
formed to understand the CV of compound 1G without
catalyst, because it has been reported that addition of TFA
was effective to detect unstable radical cation or dication
intermediates in CV (Hammerich and Parker 1973). In the
CV of compound 1G (Figure 3E), oxidation peaks (c) at
1.2 V and (d) at 1.8 V are visible. These correspond to the
potentials of single-electron oxidation of compound 1G to
radical cation 1Ga on the one hand, and to single-electron
oxidation of compound 1Ga to dication 1Ga+, on the other
hand (Figure 6a). A reduction peak (¢') at 1.1 V by reduction
of radical cation 1Ga to 1G was also found in CV of com-
pound 1G in the range of 0.9-1.6 V (Figure 3F).. The oxi-
dation peak (a) in the CV in the system without a catalyst is
due to single-electron oxidation of compound 1G to radical
cation 1Ga. On the other hand, the current of peak (a) in the

2 (A {€) 1
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Figures 2-5 Cyclic voltammograms of the compounds presented
in Figure 1. If not otherwise indicated, the reaction conditions were:
in 0.1 M LiClIO/CH;CN; scan rate 0.1 Vs, (2) Compounds 1G,
2G, without (A, B) and with 2,6-latidine (C, D). (3) Compound 1G
in TFA in 0.1 M LiCIO//CH,CN; scan rate 0.1 Vs, (4) Compounds
18, 1P, without (G, H) and with 2,6-lutidine (I, J). (5) Compounds
3G and 4G without (K, L) and with 2,6-lutidine (M, N).

CV in the system without a catalyst was almost twice as high
as peak (c) in the CV in the system with TFA; probably, a
single-electron was further withdrawn at 1.1 V in the system
without a catalyst. However, it is difficult to withdraw a sec-
ond electron from a radical cation (Sawyer et al. 1995). The
exidation potential of radical cation 1Ga to dication 1Ga+
was 1.8 V, as described above. It is supposed from these
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Figure 6 Proposed electron transfer and reaction mechanism for
the compounds indicated (key in Figure 1). (a) Mechanism in the
TFA system. (b) ECEC mechanism of compound 1G. (¢) Reaction
mechanism of compound 3G.

observations that radical cation 1Ga, which was formed by
single-electron oxidation of compound 1G, was rapidly con-
verted to an unknown intermediate, which is not 1Gb in the

ECEC mechanism described in Figure 6(b), and was rapidly
oxidized further via single-electron oxidation at 1.1 V.

To obtain a-carbonyl compound 2G, the reaction should
proceed via the ECEC mechanism presented in Figure 6(b),
which consists of four steps: (E) first single-electron transfer
step (first single-electron oxidation), (C) chemical step
(deprotonation at Ca-H), (E) second single-electron transfer
step (second single-electron oxidation), and (C) chemical
step (deprotonation at Ca-OH). The deprotonation of radical
cation 1Ga at Ca-H before the second single-electron oxi-
dation seems to be important to form compound 2G via the
ECEC mechanism. 2,6-Lutidine as a mild alkaline compound
is known to be a catalyst in the electrooxidation of lignin
model dimers (Pardini et al. 1991). This is the reason why

2,6-lutidine was added to the system to accelerate deproto-

nation. Figure 2 (C, D) shows CV of compounds 1G and 2G
in 0.1 M LiClIO/CH,CN with 2,6-lutidine (5.0 eq of the

_ substrate). In the CV of compound 1G, the oxidation peaks

(e) at 1.1 V and (f) at 1.4 V are perceptible. The latter cor-
responds clearly to the peak (g) at 1.4 V in the CV of com-
pound 2G, indicating that compound 2G is formed in the
system with 2,6-lutidine. The current of the former was
approximately same as that of peak (a) at 1.1 V in the system
without a catalyst. The interpretation is that single-electron
oxidation occurred twice at that potential. As expected, this
result means that the conversion of radical cation 1Ga, which
was formed by first single-electron oxidation, to 1Gb by
deprotonation and the following second single-electron oxi-
dation of 1Gb to 2G, proceeded rapidly in the presence of -
2,6-lutidine.

Figure 4 (G, H) shows CV of compounds 1S and 1P in
0.1 M LiClO,/CH;CN without catalyst. The potentials of the
oxidation peaks (h) and (i) of 1S and 1P were 1.1 V and
1.4V, respectively (for comparison: 1.1 V for 1G). Thus, no
significant difference was detected in oxidation potentials

_ between non-phenolic guaiacyl and syringyl compounds. In

contrast, in voltammetric studies of phenolic monoligols by
Tobimatsu et al. (2008) and Bortolomeazzi et al. (2007) the
potential of the first peak decreased with increasing numbers
of methoxy groups, i.e., in the order P>G>S. The CV pat-
terns of 1G, 1S, and 1P are different to some extent. The
current of the low-voltage peak of 1S (h) is lower than that
of 1G (a), while the current of 1P (i) is higher than that of
1G. These results indicate that different chemical reactions
and a second oxidation occur after the first single-electron
oxidation step in a system without a catalyst.

Figure 4 (I, J) shows the CVs of compounds 1S and 1P
in 0.1 M LiCIO/CH,CN with 2,6-lutidine (5.0 eq of the
substrate), respectively, in which the first (j, 1) and second
oxidation peaks (k, m) are visible. The latter peaks are in the
range of the oxidation peaks of compounds 2S and 2P (data
not shown). The current of the first oxidation peaks (j, 1) is
approximately the same as that of peak (e) in Figure 2 (C).
The conclusion is that the reactions proceed via the ECEC
mechanism, as expected. )

Next, the bulk electrolyses of compounds 1G, 1S, and 1P
were carried out in the system with 2,6-lutidine near the
potential of the first oxidation peaks in their CVs, although
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the potentials of 1G and 1S were slightly changed to prevent
a further electrooxidation of the oxidation products 2G and
28S. The results are listed in Table 1.

The electrolysis of compound 1G in the presence of 2,6-
lutidine (3.0 eq of the substrate) leads to 2G in 57.1% yield,
while the yield increases with increasing amounts of 2,6-
lutidine. The highest yield, 79.1%, was obtained with 2,6-
lutidine (20.0 eq), but in the presence of 30.0 eq 2,6-lutidine
no further yield increment was achieved. In any case, com-
pound 1G was entirely consumed. In case of a bulk elec-
trolysis of compound 1G without 2,6-lutidine as a control,
the initial colorless anolyte turned to purple during electrol-
ysis. Only a trace amount of compound 2G was detected in
the anolyte after the electrolysis, although compound 1G was
entirely consumed. The interpretation is that unknown side-
reactions must have occurred preferentially, as expected
based on the CV in Figure 2.

If the compounds 1S and 1P were oxidized in the presence
of 2,6-lutidine, the yield of the resulting compounds 2S and
2P was elevated in the presence of 20.0 eq 2,6-lutidine to
61.7% and 75.3%, respectively. The yield of 28 is lower than
those of compounds 1G and 1P. The reason might be that
the reaction rate in deprotonation at C,-H decreased in the
ECEC mechanism by the electron-donating effect of the two
methoxyl groups of the syringyl nucleus. Consequently, elec-
trooxidation of compounds 1G, 1S, and 1P proceeds proba-
bly in the presence of 2,6-lutidine towards the corresponding
a-carbonyl compounds 2G, 28, and 2P in high yields.

The electrolysis of compound 1G was performed with
bases, which have different pKa values to that of the corre-
sponding conjugate acid. Pyridine (pKa: 12.3), 2,6-lutidine
(pKa: 15.4) and 2,4,6-collidine (pKa: 16.8) were selected for
this purpose. The yield of compound 2G increased with
increasing pKa value, i.e., 2,4,6-collidine was found to be a
better base than 2,6-lutidine. Also here, a rapid deprotonation
at C,-H in the ECEC mechanism was needed to obtain com-
pound 2G.

Electrooxidation of the non-phenolic dimer 3G

The behavior of the non-phenolic -O-4 dimer 4-ethoxy-3-
methoxyphenylglycerol--guaiacyl ether (3G) was investi-
gated. Two publications have dealt with the electrooxidation
of a similar $-O-4 dimer (3,4-di-methoxyphenylglycerol-p-
guaiacyl ether) without a catalyst. Pardini et al. (1992)
reported that electrooxidation of the B-O-4 dimer at 50 mA
in 0.1 M NaOMe/0.2 M NaClO/MeOH-CH,CL, (70/30 =v/
v) gives veratraldehyde in 35.0% yield. Obviously, C,.-
Cgcleavage occurred. Rochefort et al. (2002) found that
electrooxidation of the 8-O-4 dimer at 0.9 V (vs. Ag/AgCl)
in citrate buffer (pH 4.5) afforded C,-carbonyl compound
and veratraldehyde in 6.0% and 3.5% yields, respectively.
Thus, C,-Cgcleavage (aldehyde formation) and C,-carbo-
nylation must have proceeded simultaneously (Figure 6c).
However, a direct comparison of the results in the quoted
papers and those in the present study is difficult, as the elec-
trooxidation conditions were critically different and the two
reports did not present CVs.

Yield (%)

¢ 20 40 B
Time {min}

Figure 7 Reaction profile for electrolysis of compound 3G (elec-
trolyte: 0.1 M LiCIO,/CH,CN, electrolytic potential: 1.1 V vs. Ag/
Ag™). Dotted line: yield of the degradation. product 5G (4-O-
ethylvanillin).

Figure 5 (K) shows CV of compound 3G in 0.1 M LiCIO,/
CH,CN without a catalyst. In the CV, the first oxidation peak
(n) at 1.1 V and second oxidation peak (o) at 1.5 V are
present, whereas the oxidation peak at 1.3V, which corre-
sponds to the first oxidation peak (p) of compound 4G, is
absent. Clearly, C_-carbonylation did not occur, as was the
case for the monomer 1G. A bulk electrolysis of compound
3G was also performed at 1.1 V (vs. Ag/Ag™) during 60 min
without catalyst. Compound 4G was not detected in the ano-
lyte, but 4-O-ethylvanillin (5G) was found. The result is in
agreement with that obtained under the conditions 0.1 M
NaOMe/0.2 M NaClO,/MeOH-CH,Cl, (70/30=v/v) by Par-
dini et al. (1992). Figure 7 shows the reaction profile of 3G.
The recovery yield decreases rapidly within 20 min and then
slowly approaches 0%, whereas the yield of compound 5G
(4-O-ethylvanillin) increases up to 30 min and levels off to
40%. An a-carbonyl compound 4G was not detected during
the electrolysis. Accordingly, C,-Cgcleavage of compound
3G preferentially occurs and yields 5G and an unknown reac-
tion becomes prevalent.

Figure 5 (M) shows CV of compound 3G in 0.1 M Li-
CIO,/CH,CN with 2,6-lutidine. The CV pattern is distorted
and shoulders (q) and (r) at 1.1 V and 1.5 V, which appar-
ently correspond to the oxidation peaks (s) and (t) of com-
pound 4G, are not. well pronounced. The oxidation peaks
from the B-ring of compound 3G may be overlapped. The
bulk electrolysis of compound 3G was carried out under sim-
ilar conditions as described for compound 1G. Surprisingly,
however, the current stopped within several seconds after
starting. The anode was deactivated, but a film was not
observed on the anode surface. The deactivated anode could
be activated by washing with CH,Cl,. Any other compounds
beyond the starting material 3G could not be detected by
TLC analysis in the anolyte. The use of 2,4,6-collidine or
pyridine instead of 2,6-lutidine gave the same results. The
interpretation is that the electrode is passivated by an
unknown rapid reaction in the vicinity of the anode. Elec-
trode passivation by polymerization of phenolic compounds
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is well established (Bruno et al. 1977; Parpot et al. 2000;
Ezerskis and Jusys 2001). Thus, one explanation of these
results may be that guaiacol (6G), which is a product of the
Cy-Cpcleavage of compound 3G, was polymerized on the
electrode surface. However, this hypothesis needs closer
investigation.

Conclusions

It is understood that C,-Cg cleavage (indicated by aldehyde
formation) is a competitive reaction of C-carbonylation (C,-
deprotonation). In the electrooxidation of the monomeric
model compounds 1G, 1S, and 1P at a constant potential in
the system with 2,6-lutidine as alkaline catalyst, C,-carbo-
nylation preferentially proceeded and gave the corresponding
C,~carbonyl compounds 2G, 28, and 2P, respectively. On the
other hand, without a catalyst unknown reactions occurred.
These results can be interpreted as acceleration of C,-depro-
tonation of a radical cation intermediate by 2,6-lutidine in
the ECEC mechanism (Figure 6b). However, in the elec-
trooxidation of the dimeric compound 3G at a constant
potential in presence of 2,6-lutidine, the reaction stopped
unexpectedly after a short time, although in the reaction
without a catalyst C,-Cgcleavage took place to give 4-O-
ethylvanillin (5G) in moderate yield. These results show the
different electrochemical behavior of simple monomers and
-0-4 model dimers. It is concluded that direct electrooxi-
dation is not suitable for the C,-carbonylation of lignin. In
the next paper, C,-carbonylation of lignin model compounds
by indirect electrooxidation with a mediator will be
described.
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