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kening met de specificiteit van het protease en de verdeling van hydrofobe
aminozuren over het substraat.

K.H. Ney, Fette, Seifen, Anstrichmittel, 80, 323 (1978).
J.P. Roozen en J. de Groot, Sixth Intern. Congress Food Sci.
Technol., Dublin, September 18-23 (1983).

5. De wijze waarop Branddnge en Lindblom Ki-waarden berekenen voor het
1'(5")
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1 INTRODUCTION

1.1 GENERAL

The use of enzymes in organic synthesis has been a research subject in the
Departments of Organic Chemistry and Biochemistry since 1975. A group of
hydroxylases, belonging to the class of oxido-reductases were chosen as model
enzymes because of their broad substrate specificities towards azaheterocycles.
The chemistry of the latter is a major topic in the laboratory of Organic
Chemistry1-5. Representatives of this group of enzymes, xanthine oxidase and
xanthine dehydrogenase have been employed succesfully, both in free and immobiliz-

6-11

ed form, in laboratory scale oxidations of azaheterocyclic compounds . Further-

more, the application of free and immobilized bovine milk xanthine oxidase in the
develaopment of anti-gout drugs was and remains an important area of research12’13.
To date aldehyde oxidase, another hydroxylase within this group of enzymes, has
not been studied for its applicability in synthetic organic chemistry. The enzyme
possesses a markedly different substrate specificity compared to xanthine oxidase
and xanthine dehydrogenase. The utilization of this enzyme should therefore
greatly increase the synthetic prospects of this group of biocatalysts. This
thesis presents a study on the use of rabbit Tiver aldehyde oxidase in organic

synthesis.
1.2 IMMOBILIZED ENZYMES IN SYNTHETIC ORGAKIC CHEMISTRY

The application of enzymes in synthetic organic chemistry offers enormous poten-
tial, a fact already recognized for a long time. The first examples of profitable
use of biocatalysts have been reported in the early fifties14. In general the

most important feature of enzymes is their potential ability to catalyze reactions
which are chemically difficult or impossible to perform,

Other important aspects of a more practical nature of the use of enzymes, such

as a fast reaction rate, a high reaction specificity and mild reaction conditions,
are also very propitious.

In spite of the promising prospects, the application of enzymes in this area has
progressed rather slowly in the past thirty years. This was due to numerous
factors such as availability of purified enzymes in sufficient amounts, instabili-
ty of isolated enzymes and limited recovery of functional enzyme from usually



aqueous reaction mixtures. Accordingly, an efficient utilization of enzymes was

very desirable, but hardly possible.

The immobilization of enzymes proved to be a proper solution to overcome many

of these prob]ems15. As most important advantages of immobilized against soluble
enzymes we stress the possibility of repeated use, their greater stability, the
feasibility of a continuous mode of operation, the formation of Tess contaminat-
ed products and a minimal work-up.

In the past ten years the interest in and the efforts towards the applicatian

of immobilized enzymes and microbial cells in organic synthesis has increased
substantially, and general criteria for the acceptance of an immobilized bio-
catalyst have been formu]ated16. The documentation and availability of purified
enzymes have been improved and many immobilization techniques using various

15,17-20

supports were developed . Special fields of interest for the application

of immobilized enzymes/microbial cells are found at present in the synthesis of
antibiotics, steroids, optically pure amino acids and peptide521-24.

Although much more is known nowadays about the theoretical aspects of enzyme
immobilization and stabilization, the best choice of a support/immobilization
method combination for a specific enzyme (or microbial cell) still has to be
made by a process of trial and error. Furthermore, the demands set by the system

under study will always dictate the choice of the approach15.
1.3 ALDEHYDE OXIDASE

Aldehyde oxidase (E.C.1.2.3.1) along with xanthine oxidase (E.C.1.2.3.2) and
xanthine dehydrogenase (E.C.%.2.1.37) belongs to a group of closely related
molybdenum iron-sulfur containing flavoproteins. The reaction catalyzed by
these enzymes can formally be described as a hydroxylation.

RH + H,0 —> ROH + 2%+ M

®

In this schematic representation RH is the substrate to be oxidized and the
oxygen introduced into RH is not derived from molecular cxygen but from water,
This aspect distinguishes these enzymes from other types of hydroxylases. The
physiological electron acceptor is moTecular oxygen in the case of the oxidases
and coenzyme NADQ for the dehydrogenase, which are reduced to H202 and NADH,
respectively. However, many other compounds can serve as an artificial electron
acceptor for these enzymes, both under aerobic and anaerobic conditionszs-zg.
Biochemical studies of this class of enzymes have mainly been concerned with
xanthine oxidase and xanthine dehydrogenase. The former was usually isolated

from bovine milk and the latter from avian 1iver525.



Aldehyde oxidases have been investigated far less extensively. The enzyme isolat-
ed from rabbit Tiver is as yet the best studied among the mammelian aldehyde oxi-
dases. This is probably due to both the easy availability of rabbit livers and
the relatively high level of aldehyde oxidase activity in the 1iver530.

Rabbit 1iver aldehyde oxidase is located in the cytoplasm of the ce11s31 and can
be isolated in a rather simpie manner31-34. Table 1.1 summarizes some properties
of highly purified rabbit liver aldehyde oxidase and bovine milk xanthine oxidase

and shows the similarities between both enzymes.

Table 1.1 Composition and speetral properties of rabbit liver aldehyde

oxidase (AQ) and bovine milk xanthine oxidase (X0)

Enzyme Mol.wt. Angn/Auso Al°_ (280)  eg50 Mol/mol FAD Ref.
(per 2 FAD) Mo Fe S

A0 280,000 - - 63,000 1 & - 31,35
A0 270,000 5.2 12.4 - 0.33-0.57% 3.96 - 33
A0 346,000 5.5 - 69.400 0.87 4.10 - 34
X0 283,000 5.0 11.7 72.000 1 4 4 36
X0 362,000 5.4 - 76,000 1 4 4 37
X0 303,000 4.8 - 72,500 - - - 38

a. Low values because of molybdenum loss during purification33

Like the other hydroxylases in this group aldehyde oxidase consists of two equi-
valent but independent subunits and contains one atom of molybdenum, one molecule
of flavin and two spectroscopically distinct FeZS2 centres per subunit39’40.

The molybdenum centre of aldehyde oxidase contains a pterin cofactor, as found

in xanthine oxidase/dehydrogenase40. The function of this cofactor is still not
understood.

In its functional form the molybdenum centre of aldehyde oxidase possesses a
cyanalyzable sulphur atom34. Removal of this sulphur atom gives inactivation of
the enzyme, which can be reversed by incubation of the desulfo enzyme with sodium
41. Branzeli and Massey34’42
provided evidence that the oxidation of substrates occurs at the molybdenum

centre, while reduction of oxygen takes place at the FAD, a reaction sequence
43,44

disulfide and dithionite under anaerobic conditions

analogous to the mechanism of xanthine oxidase




Further proof for the close structural relationship between rabbit liver aldehyde
oxidase and bovine milk xanthine oxidase was presented recently by EPR and poten-

tiometric studiest0»45-47

. This work suggests that the striking differences in
substrate specificity for both enzymes must be primarily related to structural
differences of the active centre with regard to the substrate binding site, not
involving the catalytically important molybdenum site46.

A kinetic and chemical mode! for the catalysis by aldehyde gxidase has not yet
appeared in the literature but for the time being the model presented by 0lson

et a2.44 for bovine milk xanthine oxidase seems to be a fair approximation
because of the close structural relationship (Figure 1.1). The basic concept of
this model will, therefore, be used in the interpretation of our results obtained
with rabbit liver aldehyde oxidase.

The model proposes a chemical mechanism in which the substrate is attacked by a

nucleophile, in actual fact a persulfide group, in the Michaelis complex I.

HN 5—S
J\ | />—H + 95— = | e Bsd — |
07~y N B“f’
i . n . “E[_
—MUHT —Mo—T —Mu—T
1 I
\
o 0
HN
(5
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m

Figure 1.1 Representation of the oxidation of xanthine by xanthine ozidase as
proposed by Olson et al.%%. Complex IT is introduced as additional
intermediate complex to make the model chemically more feasible.




2—carbon by proton abstrac-

Subsequent rehybridization of the sp3—carbon to a sp
tion and electron transfer then takes place (II), and finally the persulfide
linkage to the reaction intermediate is hydrolyzed by a water molecule with
release of the product {III}. It is still not clear whether the electron transfer
actually occurs as a coupled proton/electron transfer or as a hydride transfer25.
Various other proposals have been made for the nature of the nucleophilic
specie548'51 and of the proton acceptor25’48’51, although none of these modifica-
tions basically alter the concept of the mechanism presented. Some evidence that
pteridine substrates can react with the active site molybdenum producing a
catalytically important charge-transfer complex has recently been presented for

xanthine oxidaseSz.
1.4 SUBSTRATE SPECIFICITY OF ALDEHYDE OXIDASE AND XANTHINE OXIDASE

Aldehyde oxidase catalyzes, like xanthine oxidase and xanthine dehydrogenase, the
hydroxylation of a wide variety of purines, pteridines, pyrimidines, other hetero-
cyclic nitrogenous compounds and aliphatic, aromatic or hetercaromatic aldehy-
d9525,53-56_ The rates at which these compounds are oxidized by these enzymes
differ widely.

Table 1.2 Effects of a second C-substituent on the rates o oxidation of

azaheterocycles by aldehyde oxidase (40) and xanthine oxidase (X0)

Substrate Initial rate of oxidation®
AD X0
6-mercaptopurine 16 17
2-hydroxy-6-mercaptopurine <1 4z
2-hydroxypurine 140 53
2,4-dihydroxypurine <1 170
6-amino=-2-hydroxypurine <1 27
4-hydroxypteridine 164 86
2,4-dihydroxypteridine <1 80

a, Arbitrary units.




Comparison of rabbit liver aldehyde oxidase and bavine milk xanthine oxidase
shows the following most distinct differences:

a. Both enzymes readily oxidize a variety of unsubstituted and C-monosubstituted
azaheterocycles, but the introduction of a second C-spbstituent always decreases
the activity of aldehyde oxidase, while the activity of xanthine oxidase usually
remains unaffected and, in some cases actually increases (Table 1.2)53.

b. Introduction of an alkyl substituent at a ring nitrogen often obliterates the
activity of xanthine oxidase, whereas in many cases aldehyde oxidase exhibits an
ingreased activity. The effects of N-methylation on the substrate activity of

hypoxanthine with both enzymes are compared in Table 1.3 as an examp]esg.

Table 1.3 Effects of N-methylation on the substrate activity of hypoxanthine
with aldehyde oxidase (A0} and xanthine oxidase (X0)

Position of N-methylation Initial rate of oxidation?®
of hypoxanthine AQ X0

ngne 3 130

N-1 34 19

N-3 710 <3

N-7 27 4

N-9 2 <3

a. Arbitrary units.

N-Alkylazinium salts are usually more reactive than the corresponding azines,
which is reflected by the increased rate of oxidation of e.g. 3-pyridinecarboxa-
mide or guinoline by aldehyde oxidase upon N-met’ny]ations3

e. The position of hydroxylation in the substrate can differ substantially for
both enzymes. Furthermore with substrates such as purines and pteridines, which
have more than one site available for oxidation, xanthine oxidase often performs
a sequence of hydroxylation reactions, whereas aldehyde oxidase frequently ex-
hibits a high site selectivity. In the oxidaticn of purine for example, the
substrate is converted to uric acid in three successive steps by xanthine oxidase,
whereas aldehyde oxidase oxidizes purine to 8—hydroxypurine25. It has been
reported however, that isomeric products are formed with some substrates in the

oxidation of N-alkylazinium compounds by aldehyde oxidasea3’57.




1.5 OUTLINE OF THIS THESIS

In general the hydroxylation of N-alkyl{aryl)azaheteracycles by rabbit liver
aldehyde oxidase is scarcely documented and very little information is available
on the factors determining the site of oxidation. The aim of this study is
elucidation of the effect of N-alkyl and N-aryl substituents in relation to
steric and electronic factors on the site of oxidation in these compounds.
Special attention is paid to the formation of isomeric products in the oxidation
of N-alkyl({aryl)azinium salts.

In context with this study it is investigated whether immobilized aldehyde
oxidase can be profitably applied in synthetic organic chemistry.

The oxidation of 1-alkyl-3-aminocarbonylpyridinium chlorides is reinvestigated

in chapter 2, especially with regard to the occurrence of isomeric oxidation
productssg.

This aspect is studied in more detail on description of the aldehyde oxidase-
mediated oxidation of the l-aryl analogues in chapter 3. Important information is
presented on the rate-limiting step in the oxidation mechanism of aldehyde oxida-
se. A comparison between the action of bovine milk xanthine oxidase and aldehyde
oxidase on these substrates is made59.

Chapter 4 deals with covalent addition of 1-alkyl{aryl)-3-aminocarbonylpyridi-
nium chlorides as a potential model for the covalent addition step in the

enzymic oxidation mechanism60.

The oxidation of 1-alkyl{aryl)quinolinium chlorides by aldehyde oxidase and
comparisen to the covalent amination model is presented in chapter 561.

Chapter 6 describes the oxidation of 1-methyl- and 1-benzylpyrimidin-2- and
-4-ones by aldehyde oxidasesz.

Chapter 7 comprises the immobilization of aldehyde oxidase by various methods
and their utility in terms of (operational) stability and productivitysa.

A general discussion on the catalytic centre of aldehyde oxidase based on the

work in this thesis supplemented with miscellaneous results is given in chapter 8.
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2 THE OXIDATION OF 1-ALKYL-3-AMINOCARBONYL-
PYRIDINIUM CHLORIDES BY ALDEHYDE OXIDASE

2.1 INTRODUCTION

In our laboratories we are interested in the use of immobilized enzymes for the

synthesis of heterocyclic compounds on a preparative sca1e1'5

. In this study we
report on the oxidation of 1-alky1-3~ aminocarbonylpyridinium chlorides 1 by
free and immobilized rabbit liver aldehyde oxidase {Scheme 2.1). The oxidation
of these pyridinium salts 1 by alkaline ferricyanide has been described6’7.
From the 3- aminocarbonyl-1-methylpyridinium salt la two products, Z.e. 1,2-
dihydro-1-methyl-2-oxo-3-pyridinecarboxamide {2a) and its 6-oxo isomer {3a},

were derived in a ratio of about 1 : 1; no production of the 4-oxo isomer (4a)

f i i o
C C C
B:::ii]//"x\NHZ ] RN :’[iift:ﬂ,/fc\\\NHZ ‘ ‘ “NNH,
[P — — -
N N0 0™ N
| - | | |
R R R R
1 2 3 4
R= B:CHg . biCsz , C:n-EJH';, d: i-[;H'] - f-c;.Hg
Scheme 2.1

was observed. In contrast, the oxidation of la by rabbit liver aldehyde oxidase
was reported to yield a mixture of 6-oxo (3a} and 4-oxo iscmers (4a)} in a ratio
of about 100 : 1; no indication for the presence of the 2-oxo isomer (2a) was
foundg’g. When the n-propyl derivative 1c was used as substrate, the ratio of
products 3c and 4c decreased to 4.1 : 1, indicating that an increase in the size
of the alkyl substituent at position 1 in compounds 1 makes oxidation at posi-
tion 4 more favourab1e9. Initial experiments in our laberatories concerning the
oxidation of 1a by aldehyde oxidase showed no formation of the 4-oxo compound
{4a) at all and this result, being in contradiction to the reported results,
induced us to investigate the enzymic oxidation reaction of 1-alkyl-3-amino-
carbonylpyridinium salts la-e with free and immobilized aldehyde oxidase in
more detail. Special attention was paid to the effect of alkyl substituents on

11



product ratios with respect to the hydrophobicity of the substituents and the
possible steric hindrance caused by increasing the size of these substituents.
A possible application of immobilized aldehyde oxidase as oxidizing agent for
laboratory-scale preparations was also considered.

2.2 RESULTS AND DISCUSSION

As already mentioned in the introduction incubation of compound la with aldehyde
oxidase gave the 6-oxo compound (3a} as single product. This result was found by
analysis of the reaction mixture with HPLC, utilizing conditions in which separa-
tion of Za, 3a and 4a could be achieved, as shown by the use of independently
prepared samp1e56’10. Similarly in the enzymic oxidation of the 1-ethyl and 1-
n~propyl salts 1b, 1c, only formation of the corresponding 6-oxo compounds 3b,
3c was observed.

The fact that the enzymic reaction resulted in only one product and not in a
mixture of products prompted us to investigate whether 1-alkyl-1,6-dihydro-6-
oxo-3-pyridinecarboxamides 3 could be prepared on a small laboratory scale
(about 100 mg) by oxidation with immobilized aldehyde oxidase. As substrate we
used 3- aminocarbonyl-1-n-propylpyridinium chloride (1c}. The reaction appeared
to occur rather slowly: a few weeks at 4% resulted in conversion of 1c into 3c
in about 85% yield. The structure of the product was established by comparison
of the 1H NMR data (Table 2.1) and mass spectrometric data with those of an
authentic specimen, obtained by oxidatien of 1c with alkaline ferricyanide. Al-
though 3c can be acquired in a pure state by using immobilized aldehyde oxidase,
the Tong reaction time is a disadvantage of this method of preparation.

The enzymic oxidation of 3- aminocarbonyl-1-isopropylpyridinium chloride (1d)
yielded two products as shown by HPLC, but from 3-aminocarbonyl-1-terit-butyl-
pyridinium chloride {1e) only one product was obtained. Since no reference
compounds of any of the 1-isopropyl- or 1-tert-butyldihydro-oxo-3-pyridinecar-
boxamides are known, we prepared the products obtained in the enzymic reactions
on a preparative scale using immobilized aldehyde oxidase in order to determine
their structures.

GC-MS analysis of the reaction mixture acquired from compound 1d revealed that
both products are isomeric {-isopropyldihydro-oxo-3-pyridinecarboxamides. After
isolation we were able to unambiguously establish the identity of the two
products as the 6-oxo (3d) and the 4-oxc isomer {4d). These structural assign-
ments were based on UV and 1H NMR spectroscopic data. The UV spectrometric method
is based on the experimental finding that the spectrum of 3d is almost pH
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independent while that of 4d is pH dependent (see Figure 2.1).This behaviour has
been found to be of diagnostic value for differentiating 4- and 6-oxo compounds1t
Confirmation of the structures 3d and 4d was obtained by 1H NMR spectroscopy
using the difference in magnitude of the ortho and meta coupling constants as
found in the reference compounds 3a (J4,5= 9,2 Hz and J2’4= 2.7 Hz) and in 4a
(J5,6= 7.5 Hz and J2,6: 2.4 Hz; see Table 2.1).

Table 2.1 Chemical shifts and coupling constants of the ring protons
of compounds 3a-d, 4a and 4d-e in CD 40D

Compound H-2 H-4 H-5 H-6 Jo 4 745 Jo 6 Jg g
» » » [

3a B.30 7.30 6.50 2.7 9.2
3b 8.26 7.79 6£.53 2.7 9.2
3c 8.20 7.84 6.55 2.7 9.2
3d 8,33 7.92 6.53 2.7 9.2
da 8.51 6.53 7.72 2.4 7.5
ad 8.88 6.65 7.98 2.4 7.5
de 8.82 6.60 8.14 2.4 7.5

From the peak heights in the HPLC pattern of the reaction mixture a product ratio
3d/4d of approximately 3.5 : 1 was calculated,

The product isolated from the reaction of 1e with immobilized aldehyde oxidase,
using the same methods was shown to be 1-tert-butyl-1,4-dihydro-4-oxo-3-
pyridinecarboxamide {4e). The results of our experiments seem to indicate that
increasing the size of the 1-alkyl group increases the steric hindrance to oxida-
tion at position 6 of the ring, making oxidation at position 4 more favourable

or the only alternative. In the case of the tert-butyl group, the latter seems

to be the only possible reaction.

Experiments using 3- aminocarbonyl-1-methylpyridinium salts (Scheme 2.2) showed
that methyl substituents at position & and/or 4 prevent the formation of oxo-3-
pyridinecarboxamides. When position 6 is substituted by a methyl group, we

found that 5a and also the 4,6-dimethyl compound 5¢ gave no product. From the
4-methyl derivative 5b we obtained, in a very slow reaction, a trace of a single
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product (as observed by HPLC} which is probably the corresponding 6-oxo compound.

ool
Ny a: R'=CHy , R®=H , X =C(~
5 NH; b-R'sH, Rz CHy , X =1°
RANES c:R':=CHy , R®=CHy , X=1"
| %7
(Hy
5

Scheme 2.2

It has been suggested9 that the formation of the 4-oxo derivatives in the enzymic
reaction could be due to a different binding orientation of the substrate. We
examined this hypothesis more clesely by determining the kinetic constants v and
Ky for some of these substrates. Assuming simple Michaelis-Menten kinetics12,

we obtained the results summarized in Table 2.2. As one can see, the maximum

rate V drops rather drastically to about 6% when the 1-alkyl substituent is
changed from methyl to ethyl to n-propyl. The very low rates for 1d and 1le

(the oxidation rate for 1d is about 7% of that of fc at a substrate concentra-
tion of 0.8 mM) prevent accurate kinetic assays with these compounds, We assume
that the mechanism for oxidation by aldehyde oxidase is analogous to that
proposed by 0lson et al.13 for the oxidation of xanthine by bovine milk xanthine
oxidase, .. an initial nucleophilic attack at position 6 of the substrate
(1a-c). This position is the most suitable for nucleophilic attack, as can also
be seen from the experiments with the 4- and/or 6-methyl derivatives 5,

The considerable drop in oxidation rate observed in going from la to T¢ cannot

be explained simply by a decreased reactivity towards nucleophilic attack
resulting from the somewhat more electron-donating character of the ethyl and
n-propyl substituents since the effective size of these groups must also play

a role. The Michaelis constant L decreases with increasing size of the alkyl
substituent suggesting that the association of the enzyme-substrate complex for
compounds 1b and 1¢ increases with larger hydrophobic substituents. These results
point to the existence of a hydrophobic site in the vicinity of the active centre
of rabbit liver aldehyde oxidase; this proposal parallels that of Baker et al.ls
for bovine milk xanthine oxidase.

To obtain further support for this proposal, we performed inhibition experiments
utilizing 1b-e as inhibitors of the oxidation reaction of 1a. The inhibition

constants Kilz are given in Table 2.2. We established competitive inhibition
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which increased with the size of the alkyl substituent at position 1, pointing
to a growing affinity of the enzyme for these compounds (1b,fc).

Table 2.2 Kinetie data for the oxidation of compounde la—d by free
aldehyde oxidase at pH=9.0

Compound Ky? P E P
1a 310 + 14 0.330 = (.020
1b 100 £ 6 0.020 + 0.002 124 £ 6
1c 14 £ 0.020 £+ 0.003 21+ 2
1d - - 100 £ 6
le - - 39+ 3

a. In pmol/1.
b. In umol/min.mg.

¢. The small contributions of the rate of the oxidation
of the inhibitors to the oxidation rate of la were
neglected.

When a branched alkyl group was present (1d,le}, the competitive inhibition de-
creased [K1{1d) versus X, (1c)1,although 1e gave rise to greater inhibition in
this reaction than did td. These results seem to support the hypothesis that,
due to affinity of the hydrophobic site close to the active centre of the enzyme
and due to the size of the tert-butyl substituent, the binding orientation has
changed in such a wav that attack of the nucleophilic group is only possible

on the C-4 position.

2.3 EXPERIMENTAL SECTION

Melting points are uncorrected. 1]-l NMR spectra were measured using an Hitachi
Perkin Elmer R-24B or a Varian EM 390 spectrometer, with TMS or DSS as internal
standard (8 = 0 ppm). The mass spectra were recorded on an AEI MS 902 instru-

ment and GC-MS analysis was performed on a VG-Micromass 7070F apparatus, equipped
with a 3% OV-17 column (programmed 170-240°C, 6°C/min). UV spectra were determined
using an Aminco DW-2a UV-VIS spectrophotometer. HPLC analysis was performed using
a Varian 5000 instrument equipped with a Micro Pak MCH-10 column (30 x 0.4 cm),

a Schoeffel GM 770 monochromator and a SF 770 spectroflow monitor. Operating
conditions were: Ap = 17.2 MPa {2587 psi), eluent water/methanol 70/30 (v/v) and
flow rate 2.0 ml/min. For preparative HPLC a Polygosil 60D 10C18 column {25 x
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0.9 cm) was used. Column chromatography was carried out over Merck Silica gel
60 (70-230 mesh ASTM). (NBr-activated Sepharose 4B and DEAE Sepharose CL 6B
were purchased from Pharmacia Fine Chemicals. Hydroxylapatite (Bio-Gel HT)
was obtained from Bio-Rad.

Preparation of starting materials

I-Methyl—, I-ethyl- and l-n-propyl-3-aminocarbonylpyridinium chlorides (la-c)
were prepared from their iodide or bromide 5a1ts16 by passage over a Dowex 1-
X2 column.1,2-Dihydre-I1-methy l-2~oxo-3-pyridinecarbozamide (2a)6 and 1,4-
dihydro-1-methyl-4-oxo-3-pyridinecarboramide (4a)10 were synthesized using
known synthetic procedures.

S-Amincearbonyl-1-tsopropy loyridintum chloride (1d)

3- Aminocarbonyl-1-(2,4-dinitrophenyl}pyridinium ch1or1‘de17 (6.5 g, 20 mmol)

was dissolved in 30 ml of methanol and 3.5 g of isopropylamine was added. After
heating for 10 min at 40-45°C, the precipitate (2,4-dinitroaniline) was filtered
off and ether was added to the filtrate until no further precipitation occurred.
Filtration and recrystallization of this residue from ethanol/ether gave 2.2 g
of 1d {yield 55%); m.p. 245-247°C. Anal.caled. for CgH13C1N20: C,53.86, H, 6.41;
found: C,53.87, H, 6.53.

3=-Aminocarbonyl-1-tert-butylpyridinium chloride (le)

This compound was prepared by treatment of 3- aminocarbonyl-1-{2,4-dinitro-
phenyl)pyridinium chloride ~ with tert-butylamine using the same procedure as
described above. Yield: 57%; m.p. 221-222°¢ {1it.18 201°C). Anal. caled. for
CigHy5CIN0: C,55.94, H,7.04; found: C,56.22, H,6.94.

3=Aminocarbonyl-1, 6-dimethylpyridintum chloride (5a)

19 (0.5 g, 3.7 mmol} was refluxed for 4 h with

6-Methyt-3-pyridinecarboxamide
an excess of methyl jodide in 20 ml of acetophenone. After evaporation of the
solvent and recrystallization of the residue from ethanol/ether, 0.93 g of 5a
{as iodide) was obtained (yield 90%). This compound was converted into the
chloride salt 5a using the method described above. M.p. 265-266°C. Anal, calcd.

for 08H11C1N20: C,51.48; H, 5.94; found: C,5%.35, H,6.04.
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S-Aminoccarbonyi-1,4-dimethylpyridinium iodide (5b)

4-Methyl-3-pyridinecarboxamide?® was methylated to 3-aminocarbonyl-1,d-di-
methylpyridinium iodide, using the same procedure as described for 5a. Yield
83%; m.p. 214.5-216.5°C. Anal. calcd. for CSH11JN20: C,34.55, H,3.99; found:
C,34.37, H,4.00.

3-Amincearbonyl-1,4,6-trimethylpyridinium Todide (5a)

Ethyl 4,6-d1‘methy1pyridine-3-carb0xy1at921 (1.5 g, 8.4 mmol) was added to

25 mt of conc. ammonia, After standing for 24 h at room temperature, a precipi-
tate was formed. This precipitate was treated with a cold solution of sodium
carbonate; 4,6-dimethyl-3-pyridinecarboxamide was obtained by filtration, The
isolated . product was converted into 5¢ by refluxing with an excess of methyl
jodide. After recrystallization from ethanol/ether, 0.94 g of 5¢ was obtained;
yield 37%; m.p. 168-170°C. Anal, calcd. for C9H13JN20.% Hp0: C,35.90, H,4.69;
found: C,35.93, H,4.97,

I-Alkyl-1, 6-dihydro-6-oxo-3-pyridinecarbozamides (3a-c)

1-Methyl1-{3a),1-ethyi- (3b) and 1-n-propyl-1,6-dihydro-6-oxo-3-pyridinecarboxa-
mide {3¢) were obtained in a small yield by oxidation of la, 1b and 1c, respecti-
vely with alkaline ferricyanide using the procedure of Pullman and ColowickG.
The crude products were purified by column chromatography, eluting with
chloroform/methanol (30:1).

3a:m.p. 213-215% (1it.% 213-215%); 3b:m.p. 159-160°C, Anal. caled. for
C8H1UN202: €,57.82, H,6.07; found: C,57.64, H,6.02; 3c:m.p. 19?—198°C. Anal.
calcd. for 69H12N202: C,59.98, H,6.71; found: C,59.83, H,6.71.
Enzyme isolation

Rabbit Tiver aldehyde oxidase (E.C. 1.2.3.t1} was partially purified by perform-
ing four of the six purification steps described by Felsted et al.g. Instead of
calcium phosphate gel, hydroxylapatite was used and the enzyme was eluted from
this material with a Tinear gradient of 0-200 mM potassium phosphate buffer,
pH=7.8 containing 0.1 mM EDTA. Fracticns with main aldehyde oxidase activity
were combined and the protein was precipitated by addition of ammonium sulphate
(0.60 saturation). After centrifuging, the material was resuspended in Tris-HCI
(I=0.01} pH=7.8, containing 0.1 mM EDTA, dialyzed and stored at —ZSDC until
required.
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HPLC analysis

Substrates were incubated with aldehyde oxidase (protein concentration about

8 ug/ml} at a concentration of 2mM in Tris-HC1, pH=7.8, containing 0.1 mM EDTA
at 4%C for several weeks. The course of the reactions was followed by direct
injection of 6 ul of the reaction mixtures into the HPLC ststem. Registration
of the oxidation products was carried out by UV detection at 254 nm (log e for
2a: 3.006; for 3a: 4.04; for 3b: 4.08; for 3c: 4.12; for 4a: 3.97).

Each week, fresh enzyme was added to the incubation mixtures to promote the
conversion reactions. Product identification was carried out by comparison with
authentic materials.

Preparative scale conversion with aldshyde oxidase

Immobilization. Aldehyde oxidase was immobilized by absorption onto Sepharose

4B substituted with n-octylamine, using a procedure analogous to that previous-
ly describedl’zz, or by absorption onto DEAE Sepharose CL 6B. Aldehyde oxidase-
containing protein (15 mg) was applied per gram of freeze-dried CNBr-activated
Sepharose 4B or to 3.5 ml packed gel of Sepharose CL 6B in a total volume of 30
ml 0.03 M borate buffer, pH=9.0, containing 0.1 mM EDTA. Adsorption was
accomplished by rotation of the mixture in a round-bottomed flask overnight at
4%. After washing the material several times with the same buffer, the aldehyde
oxidase preparation was packed into a column and again washed with an appropriate
buffer. In the case of DEAE Sepharose CL 6B, 5mM Tris-phosphate buffer pH=7.8
(0.1 mM EDTA) was used.

Oxtdation. A buffered substrate solution (1.5-2.5 mM) was recirculated through

the column using a pump and the conversion of substrate was detected by measuring
the formation of product at 292 nm. When complete conversion was required, several
columns with fresh immohilized enzyme were employed until all the substrate was
consumed. After termination of the reaction, the column was run dry, the effluent
evaporated and the product dried weighed and analyzed.

3¢: W, m/e 1805 TH NMR (D,0) § 6.55(H=5, d), 7.84 (H-4, dd), 8.20 (H-2, d)s J, 4=

2.7 Hz and J4’5= 9.2 Hz.

The residues of the reactions with 1d and 1e were purified by column chromatogra-
phy eluting with chloroform/acetone (1:1). The solvent was evaporated and the
isolated products were redissolved in minimal amounts of methanol, After a second
purification, utilizing preparative HPLC, the collected samples of respective
products were combined, the solvent evaporated and the products dried and
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characterized.

3d: GC-MS: M', m/e= 180. Exact mass measurement gave for Coty M50, (M*):

180.0902 (theoretical: 180.0899). UV (HZU) Avax 261 (log ¢ 4.05), 298 (0.58);

UV (1N HCT) A : 261 (4.00).

4d: GC-MS: M+, mfe= 180.Exact mass measurement gave for C9H12N202{M+) 180.0905
{theoretical: 180.0899).U¥ (H20) hmax: 259 (log ¢ 4.04), 282 (3.63); UV (1IN HC1)
Amax: 239 (3.90).

de: GC-MS: M+, mfe= 194, Exact mass measurement gave for C10H14N202(M+): 194.1039
(theoretical: 194,1055). UV (H20) Aax® 258 (log £ 4.03), 281 {3.63), UV (N HC1)

Amax: 240 (3.89).

Kinetic assays with aldehyde oxidase

The method used was a slight modification of the procedure described by Felsted
et al.g. The assay mixture contained oxygen as final electron acceptor, 0.1 mM
sodium EDTA, Tris-HCT buffer {ionic strength I=0.01) pH=9.0 and the substrate

to be oxidized at appropriate concentrations in a final volume of 2.5 ml.

Each assay (performed in duplicate) was initiated by addition of 0.1 ml of
enzyme solution {approx. 1.5/mg/ml in Tris-HC1 (I=0.01, pH=9.0)). The temperature
of the assay mixture was maintained at 25°C. The oxidation of substrates was
followed at 292 nm using an Aminco DW-2a spectrophotometer operating in split-
beam mode. The rate was determined from the initial slope of the absorbance
versus time, representing the rate of the formation of product. The molar
differential absorption coefficients (log ¢) at this wavelength are: la-3a, 3.64;
1b-3b, 3.68; 1¢-3c, 3.67.

The inhibition of 1a oxidatien by its homologues was determined under the same
assay conditions as described above. Kinetic data and inhibition constants were
calculated from Lineweaver-Burk12 plots and replots, respectively.
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3 THE OXIDATION OF 3-AMINOCARBONYL-1-ARYL-
PYRIDINIUM CHLORIDES BY RABBIT LIVER
ALDEHYDE OXIDASE AND BOVINE MILK XANTHINE
OXIDASE

3.1 INTRODUCTION

In a recent puincation1 we described the oxidation of 1-alkyl-3-aminocarbonyl-

pyridinium chlorides (1, R = alkyl} by the enzyme aldehyde oxida592 derived
from rabbit liver. Depending upon the size of the 1-alkyl substituent, 1-alkyl-
1,6-dihydro-6-oxo-3-pyridinecarboxamide {2, R = alkyl} and/or its 4-oxo isomer
{3, R = alkyl) were formed; the formation of product shifted from the 6-oxo to
the 4-oxo compounds on increasing the size of the alky) substituent, The oxida-
tion of 3-aminocarbonyl-1-methylpyridinium chloride (1, R = methyl) by bovine
milk xanthine oxidase and by aldehyde oxidase, both of which are molybdenum
iron-sulphur flavin hydroxy]asesz, only occurred at the C-6 position1’3. In
contrast, oxidation of 1-arylpyridinium salts with xanthine oxidase yielded
only the corresponding 4-oxo compounds™. We therefore decided to investigate
the oxidation of 3-aminocarbonyl-1-arylpyridinium chlorides 1 (Scheme 3.1)

with both enzymes.

0 0 o9
Z | “SNH, ﬁc\wz ) CnH,
N _ _
N e 0 'f‘ )
R R R
1 2 3
R = X= o:H R =
b: CH, H3E EHa
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f: OH 3
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HyC CH,
h i
CH,

Scheme 3.1
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These compounds contain large substituents on the ring nitrogen atom and our
aim was to see whether the steric effect of the substituent would direct the
oxidation (in particular by aldehyde oxidase) to position 4 of the pyridinium
ring., In addition, the effects of para substituents in the aryl group on the
oxidation rates of aldehyde oxidase and xanthine oxidase were studied. The
preparation of 4-oxo and 6-oxo products of several 3-aminocarbonyl-1-aryl-
pyridinium chlorides using immobilized aldehyde oxidase, as well as both free
and immobilized xanthine oxidase, are also described.

3.2 RESULTS AND DISCUSSICN

3.2.1 Produet analysis

HPLC analysis of the reaction mixtures, obtained by incubation of the 3-amino-
carbonyl-1-arylpyridinium chlorides (1a-f) with aldehyde oxidase, showed the
formation of two products with one product being preferentially formed.

In contrast, the substrates 1g-i gave only one product; for 1h the product was
identified as 1-benzyl-1,6-dihydro-6-oxo-3-pyridinecarboxamide (2h) by compari-
son with an authentic sample. Two products are also formed on reaction of the
substrates la-f with xanthine oxidase, corresponding - based on retention times -
with the products formed by aldehyde oxidase. However, there is a significant
difference between both enzymic reactions with respect to the ratio of the two
products formed: the main product formed by aldehyde oxidase is the minor product
in the xanthine oxidase reaction and vice versa. No oxo products are formed on
oxidation of compounds 1g-i by xanthine oxidase.

3.2.2 Ensymic oxidation on a preparative scale

In order to establish the structure of the compounds obtained in the enzymic
oxidations we performed reactionson a small preparative scale, using both free
and immobilized enzyme, and isolated each of the products. The enzymic oxidation
of compounds la-f with immobilized aldehyde oxidase was carried out at pH=7.0,
The most favourable pH for xanthine oxidase ranges from about ¢ to 11. Below
pH=9.0,this enzyme hardly showed any activity towards compounds 1, as was also
observed for some 1-arylpyridinium sa1t54. Above pH=11.2, rapid inactivation

of xanthine oxidase occurred and at these pH values the pyridinium salts are sub-
ject to amide hydrolysis and nucleophilic attack by hydroxyl 10n55’6, The
experiments with this enzyme were therefore carried out at about pH=10. At this
pH, the rate of oxidation is sufficiently fast and no chemical degradation of
the substrates is found in solutions containing no enzyme {UV detections).
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A. Oxidation of compounds Ia—i with {mmobilized aldehyde oxidase

Table 3.5 summarizes the yields and analytical data of the 6-oxo {2} and 4-oxo
products (3), obtained in the reactions with immobilized aldehyde oxidase. Oxida-
tion of substrates fa, 1b and 1d-f afforded mainly the 6-oxo products (2) to-
gether with a minor amount of the corresponding 4-oxo compounds (3). Exceptions
were 1c, which gave a higher yield of the 4-oxo analogue than did the other
compounds, and 1g, which gave exclusively the 4-oxo compound. Rabbit liver
xanthine oxidase, which is also present in the enzyme preparation used7, does
not contribute to the oxidation of the substrates since isolated rabbit tiver
xanthine oxidase showed no activity under the experimental conditions employed.
The yields of the enzymic oxidations vary from 12 to 88% (Table 3.5). The
relatively low yields of 1e, 1h and 17 are possibly due to the formation of
by-products during the reaction. To what extent these "by-products" originate
from other minor enzymic activities present in the enzyme preparation and/or
have been caused by inadequacy of the aldehyde oxidase reaction is not clear.

B. Oxtdation of compcunds la-f with free and {mmobilized zanthine oxidase
Oxidation of the substrates fa-f with free xanthine oxidase at pH=9.8 gave main-
ly the 4-oxo products; the yields of isolated product and the analytical data of
the compounds obtained are given in Table 3.6. In all the reactions small amounts
of 6-oxo products (< 5%) were formed. Oxidation of substrate 1a with xanthine
oxidase at pH=9.1 , rather than at pH=9.8, did not improve the yield of 3a.

When an aqueous solution of substrates l1a or 1b {pH=10.2) is passed through a
column packed with Zmmobilized xanthine oxidase , product yields of 27 and 18%
(Table 3.6) are obtained. With this enzyme the formation of "by-products" is also
observed,

3.2.8 Structure assignment of the oxidation products

The structure assignment of the oxidation products is based upon W NMR data
{Table 3.1) and upon UV spectroscopy {Figure 3.2). The ortke coupling constants
of the pyridine ring protons in the 'H NMR spectra are of diagnostic value in
the assignment of the position of the oxo group in the ring’. The coupling
constant is 9.6 Hz for all 6-oxo compounds and 7.5 Hz for the corresponding
4-oxo isomers, This is in agreement with the values determined for the related
1-alkyl-1,6-dihydro-6-0x0-3-pyridinecarboxamides (2, R = alkyl) and their 4-oxo
analogues {3, R = aiky1)1.
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Table 3.1 Chemical shifts of the pyridine ring protons of the owidation
products in CDSODa

Compound H2 H4 H5 H6
2a 8.27 8.01 6.60
3a 8.80 6.72 8.10
2b 8.24 8.03 6.65
3b 8.67 6.62 8.00
2¢c 8.24 8.00 6.60
3c 8.60 6.60 7.93
2d 8.26 8.01 6.60
3d 8.70 6.65 8.02
2e 8.25 8.00 6.60
3e 8.76 6.69 8.08
2f® 8.22 7.85 6.40
3P 8.43 6.48 8.07
39 8.32 6.69 7.72
Zh 8.37 7.92 6.55
2i 7.66 7.8% 6.57

a. For compounds 2: J2’4= 2,5 Hz, J4’5= 9.6 Hz; compounds 3:
J2,6= 2.4 Hz; J5,6= 7.5 Hz.

b. In DMSO-d.

Angther criterion is the chemical shift value of H2, which is at Tower field in
the 4-oxo compounds than in the corresponding 6-oxo compounds1. It is of interest
to note that the chemical shift of H2 in compound 2i exhibits an upfield shift

of about 0.7 ppm in comparison to H, in 2h. Calculation of AS(HZ-H5) and

2
ﬂé(Hz-H4) for the compounds 2h and 2i gives 1.82 and 0.45 ppm for 2h and 1.09
and -0.23 ppm for 2i, yielding a net difference between both compounds of 0.73
and 0.68 ppm, respectively. This upfield shift may be rationalized by assuming
a strong shielding effect of the 2,4,6-trimethylibenzyl group. Two extreme
conformations, in which both ring planes A en B face each other (I) or are at
right angles (II}, are shown in Figure 3.19a’b. These conformations are trans-
formed into one another by a rotation of ring B 90° about the C-N bond. As a
consequence of steric hindrance it is to be expected that, especially for
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Figure 3.2 UV speetra of the enzymic oxidation produsis 2a (0.060 mM) and 3a
{0.037 mM) <n water (A} and IN HCL (B).
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R = CH3, conformation II will be more favourable than I, leading to the shielding
effect of H2 of the pyridine ring by the 2,4,6-trimethylbenzyl group.

Ox.~NH2
—7] NH
R /2 R
B H
w—“ 3&[‘\0 o [
\\‘C’// H ““\c,/’hp
R Ay H, 0

Figure 3.1 Two conformations of compounds 2h and 21 resulting
from rotation about the C-N bond.

The UV spectra of the corresponding 4-oxo and 6-oxo products are different in the
range 220-360 nm (Figure 3.2) and therefore are of diagnostic value. The 6-o0x0
products obtained here showed hardly any spectral change and the 4-oxo compounds
altered only to a minor extent when the spectra were recorded in 1 N hydrochloric
acid instead of water. This is in contrast to the large effect found with 1~
alkyl-1,4-dihydro-4-oxo-3-pyridinecarboxamides {3, R = a]ky1)1. The spectral data
of the products are summarized in Tables 3.5 and 3.6.

3.2.4 Influence of aryl substituents on the vate of oxidation with

aldehyde oxidase
Kinetic data obtained with free aldehyde oxidase at pH=9.8 are collected in
Table 3.2. The legarithmic plot of the relative maximal oxidation rates at the
C-6 position by aldehyde oxidase versus the substituent constant g of X is shown
in Figure 3.3 for substrates la-e.
A reaction constant p of approximately 3.6 can be calculated from the slope of
the line. This large positive reaction constant indicates that the rate-1imiting
step in the reaction is facilitated by a Tow electron density at the reaction
site and is very sensitive to substituent effects. When we assume a mechanism of
oxidation by aldehyde oxidase, analogous to that proposed for milk xanthine

0x1dase10, on the basis that the two enzymes are structurally closely reTated11’1%
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then our data strongly indicate that nucleophilic attack by a persulfide grouplo
or a terminal oxygen ligand of mo]ybdenum13 at the catalytic site of the enzyme
significantly influences the rate of oxidation.

The nature of the nucleophilic species at the active site is comparable with that
of a methoxide ion, since for the addition of these ions to 1-(3- or 4-substituted
phenyl)pyridinium salts at C-6 (or C-2) a p-value of 3.55 was found14.

Table 3.2 Maximum rates for the oxidation of Z-aminocarbonyl-I-arylpyridiniuwm
chlorides by free aldehyde oxidase and xenthine oxidase at pH=3.8

Substrate Aldehyde axidase Xanthine oxidase
V6-ox0® Vg-ox0%°P Y6-0x0%¢ V4-0x02+¢4
la 0.43 + 0.02 - 0.41 + 0,02
1b 0.151 + 0.008 - 0.30 + 0.01
1c 0.058 + 0.008 0.023 + 0.003 0.34 + 0.01
1d 1.46 + 0.23 - 0.39 + 0.02
le 2.92 + 0.53 - 0.32 + 0.01
1g 0.56 + 0.03
1h 0.050 + 0.003
1i 0.133 + 0.007
AMpe  0.48% + 0.02 0.34 + 0.01
0.62 + 0.03%
a. In pmol/min mg.
b. No accurate data could be determined for substrates la, lb, 1d and le.

Ferricyanide was used as terminal electron acceptor.

[+ ]

The small contributions of the oxidation to 6—oxo product were neglected
(< 5%7).

e. AMP = 3-aminocarbonyl-i-methylpyridinium chloride.
£. KM = (0.131 + 0.005 mM.
g. This value was obtained using O

Ky = 16.9 % 0.7 mM.

, as final electron acceptor;
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Figure 3.3 Hammett plot for the oxidation at the (-6 position of 3-amino—
carbonyi-1-ary lpyridinium chlorides. Orvidation by free aldehyde
oxidase at pH=8.8

It is remarkable that only in the case of the p-methoxy substituent it was also
possible to measure the maximum rate of formation of the 4-oxo product . The

rate was found to be about 2.5 times Tower than that for oxidation at C-6.
However, it is unlikely that the increase in the rate of oxidation at C-4

arises from the electron-danating character of the para substituent in the

phenyl ring, since incubation of substrate 1f, containing a strong electron-
donating hydroxy substituent, showed no increased formation of the 4-oxo product
as compared to that of the substrates la-e (HPLC analysis). At pH=9.8 the

hydroxy group in this compound (pKa= 9,25 £+ 0.05) is to a large extent ionized,
which increases the electron-donating properties even more. Therefore, the rates
of oxidation at C-4 and C-6 with substrate 1f were very low at this pH and no ac-
curate rate data could be obtained. Testing of substrate la in the pH-range 6.4
to 10.2 gave, after correction for buffer effects, a constant maximal oxidation
rate in the pH range 7.5-10.2. At values below pH=7.5, a gradual decrease in reac-
tion rate was observed. At pH=6.4, the maximal rate was about 75% of the value
determined between pH=7.5-10.2. The oxidaton at the C-4 position of substrate

1g by aldehyde oxidase occurred at a rate about 24 times higher than that at

C-4 in 1¢ and much higher than for substrates 1a,1b,1d-f, for which no kinetic
data for the oxidation at C-4 could be obtained. This effect may be ascribed
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to a strong preference of 1g for a conformation in which both aromatic rings
are out of plane. We assume that this conformation will be partially retained

in the enzyme-substrate complex since it is energetically most faveurable. As

a consequence, the orientation of the 2,4,6-trimethylphenyl group in the hydro-
phobic pocket of the enzyme1 may force the nucleophilic species ¢,13 in such a
position that only attack at C-4 is possible,

To cenfirm whether or not oxidation at both the C-4 and C-6 positions originates
from catalysis by aldehyde oxidase we carried out inhibition experiments using
menadione (2-methyl-1,4-naphthoquinone), which is a very potent inhibitor of
aldehyde oxidase7’15. With a menadicne concentration of 10 uM, and substrate
concentrations for which almost maximum oxidation rates had been found, the
activity for the substrates 1a and 1g, for instance, completely disappeared.

The maximal oxidation rate at the C-6 position of substrate 1h is rather Tow

in comparison to the rate of oxidation for compound ta: compared to the oxida-
tion of 3-aminocarbonyl-1-methylpyridinium chloride (1, R = methyl}, the rate

is only 10%. As previously noted for a number of alkyl Substituents‘, this
effect is probably due to steric hindrance, caused by the N-1 substituent,
towards nucleophilic attack. The effect is not present or masked for compounds
la-f by the overriding electronic effects on the oxidation site. In this way the
fact that the oxidation rates for lh and 1i differ by a factor of 2.5 can be ex-
plained by the disparity in accessibility of the C-6 position in both substrates.

Table 3.3 Chemical shifts of the pyridinium ping protons of compounds
Th and 14 in DO

2
Hydrogen Compounds
1h 1i As®
H2 9,52 9.09
Hy 9.07 8.93
He 8.39 8.19
H6 9.29 8.80
H2 - H4 0.45 0.16 0.29
Hy - He 1.13 0.90 0.23
H6 - Hy 0.22 -0.13 0.35
H6 - H5 0.90 0.61 0.29

a. Upfield shifts relative to I1h.
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This phencomenon is illustrated by the 1H NMR data {Table 3.3), which show upfield

shifts for the H2 and Hg protons in the pyridinium ring of compound 1i compared
to 1h. The upfield shifts are in agreement with data which have been found by
Verhoeven et aZ.ga for 1-benzylpyridinium compounds (A§=0.25 ppm). The explana-
tion of the effect is analogous to that given for the oxidation products 2h and
2i. Accordingly, it is concluded that the steric conformation of substrate fi
tends to approximate structure II (Figure 3.1}, which we presume to be partial-
1y retained in the enzyme-substrate complex, Thus, in 1i, C-6 is more accessible
towards nucleophilic attack than it is in compound 1h. Compared to 1g, the inter-
action of the aryl substituents of 1h and 1i with the hydrophobic site of the
enzyme1 results in oxidation at C-6 because of the different stereochemical
distortion induced by the methylene group. These results support our assumption
that steric factors control the position of nucleophilic attack in the reaction
pathway of the oxidation of these compounds by aldehyde oxidase.

3.8.5 Influence of aryl substituents on The rate of cwidation

with zanthine oxidase
In the kinetic assays using free xanthine oxidase the oxidation rate was determin-
ed by following the reduction of ferricyanide. The assay of product formation was
less feasible, since the high substrate concentrations (0.3-4 mM) required at
pH=9.8 caused high UV absorptions at potential assay wavelengths,
The influence of substituent X on the maximum oxidation rate at C-4 by this
enzyme is rather small {Table 3.2). As a single effect the rate of oxidation
shows a moderate decrease when a substituent larger than hydrogen is introduced.
With substrate 1f, no maximal rate could be determined because of the inter-
ference of ferricyanide reduction (.,e.decolouration) and the yellow colour of
the substrate in solution at pH=9.8. Compared to the oxidation of 3-amino-
carbonyl-1-methylpyridinium chloride (1, R = methyl}, the substrates la-e are
oxidized at a similar rate by xanthine oxidase. It is obvious that both enzymes,
in spite of their close structural relationship, exhibit a different behaviour
towards the substrates 1 with respect to the oxidation site. This is also re-
flected in the different affinity of both enzymes towards 3-aminocarbonyl-1-
methylpyridinium chloride {1, R = methyl). For aldehyde oxidase and xanthine
oxidase, Michaelis constants (Zy) of 0.131 = 0.005 mM and 16.9 + 0.7 nM were
found, respectively.
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3.3 EXPERIMENTAL SECTION

Melting points are uncorrected. Mass spectra were determined using an AEI
MS-902 mass spectrometer, equipped with a VG ZAB console. The 1H NMR spectra
were recorded on a Hitachi Perkin Elmer R-24B, a Varjan EM-390 or a Bruker
CXP-300 spectrometer, with TMS or DSS as internal standard {&=0 ppm). UV
spectra were recorded on an Aminco DW-2a UV-VIS spectrophotometer. HPLC
analyses were performed using a Varian 5000 instrument equipped with a Micro
Pak MCH-10 column (30x0.4 cm), a Schoeffel GM-770 monochromator and an SF-770
spectroflowmonitor. Operating conditions were #Ap= 17.6 MPa, eluent water/
methanol 50750 {v/v), flow rate 2.0 ml/min. The ionization constant of 3-amino-
carbonyl-1-(p-hydroxyphenyl)pyridinium chloride was determined by titration.
Column chromatography was carried out over Merck Silica gel 60 (70-230 mesh
ASTM). Bovine milk xanthine oxidase (E.C.1.2.3.2) was purchased from Boehringer.
Partially purified aldehyde oxidase {E.C.1.2.3.1) was prepared from frozen
rabbit Tivers as previously described1. This type of preparation was used for
kinetic assays. A less purified enzyme preparation, acquired by ommission of
the hydroxylapatite step in the purification procedure, was employed for use

in organic synthesis.

Rabbit 1liver xanthine oxidase (E.C.1.2.3.2) was isolated according to the same
procedure as used for aldehyde oxidase, except that xanthine oxidase was eluted
from the hydroxylapatite column by a Tinear gradient of 200-400 mM potassium
phosphate buffer, pH=7.8 containing 0.1 mM EDTA. Only fractions free of detect-
able aldehyde oxidase activity were pooled.

Preparation of starting materials

i1-Benzyl- {1h) and I-methyl-3-aminocarbonylpyridinium bromide or iodideS were
converted into the corresponding chlorides by passage over a Dowex 1-X2 column.
Menadione {98%) was obtained from Aldrich and purified by recrystallization
from ether.

3-Aminocarbony l-1-ary lpyridinium chlorides (la-g)
3-Aminocarbonyl-1-{2,4-dinitrophenyl)pyridinium chloride!® {3.25 g, 10 mmol)

was dissolved in 15 ml1 of methanol and an equimolar amount of the appropriate
arylamine was added with stirring. The colour of the solution immediately turned
dark-red, but soon became orange-red and a precipitate was formed. If necessary,
the reaction was completed by refluxing the mixture for 30-60 min. After cooling,
the precipitate (2,4-dinitroaniline) was filtered off and the filtrate diluted
with ether. The precipitate thus formed was filtered and recrystallized twice
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from absolute ethanol or acetone. The yields and analytical data of the products
are summarized in Table 3.4.

S-Aminocarbonyl-1-(2, 4, 6-trimethylbenzyl)pyridinium chloride (11)

Nicotinamide (1.22 g, 10 mmol} was dissolved in tetrahydrofuran (25 m1) and
2.08 g (11 mmol) 2,4,6-trimethylbenzyl chloride was added. The mixture was
refluxed and stirred for a few hours. The precipitate thus obtained was filter-
ed (1.45 g) and recrystallized twice from acetone. Analytical data are given in
Table 3.4.

I-Benzyl-1,6-dihydro~6-oxc-3-pyridinecarboxamide (2h)
This compound was acquired in a small yield by oxidation of 1h with alkaline

19. The crude product

ferricyanide according to the procedure of MShrle and Weber
was purified by column chromatography with chloroform/methanol (30/1) as eluent,

m.p. 172-173% (19t.20 173-173.5%).

HPLC analysts

The HPLC analysis of reaction mixtures was performed as described previous]y1.
The enzymatic reactions with xanthine oxidase were carried out in a borate
buffer, pH=9.8 (I=0.05; 0.1 mM EDTA). Registration of the oxidation products
occurred by UV detection at 254 nm (log ¢ for 2a: 4.14; 3a: 4.07; 2b: 4.20;
3b: 3.95; 2c¢: 4.10; 3¢: 4.00; 2d: 4.13; 3d:3.98; 2e: 4.12; 3e: 3.86; 2f: 4.12;
3f: 3.89; 3g: 4.15; 2h: 4.12; 2i: 4.09),

Enzymic synithesis of products

4. Aldehyde oxidase was immobilized by adsorption onto DEAE Sepharose CL 6B

as previously described1, with the exception that the quantity of protein
applied during immobilization was increased three- to fourfold. The immobilized
enzyme preparation was packed in a column and washed with 10 mM potassium phos-
phate buffer, pH=7.0 {0.1 mM EDTA) at 4°C. It was established that the yield of
products was maximal when the reaction was performed at neutral or slightly
acidic pH, Z.e. pH=6.4-7.0. The amount of aldehyde oxidase used per column for
each conversion was 12 units. {for definition see Kinetic assays). After de-
pletion of the aldehyde oxidase activity, the ion exchanger was regenerated as
described e1sewhere21.

300 m] of a 0.5 mM substrate solution (in the same buffer) was slowly {0.25
ml/min) passed through the column at 4°C and the conversion of substrate detect-
ed by registration of the formation of product(s) at 254 nm (HPLC). In the

case of a rather slow reaction, the solution was recirculated using a pump. The
collected effluent was evaporated to dryness and the residue purified by column
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chromatography (chloroform/methanol 19:1) to separate both oxidation products
and coloured by-products. After evaporation of the solvent, the crude product(s)
was({were) weighed and recrystallized two or three times from distilled water.
The yields of the crude products and the analytical data of the recrystallized
products are given in Table 3.5.

B. Xanthine oxidase was used in free and immobilized state. A xanthine oxidase
solution (2.5 m1 containing 1 mg protein per ml} in borate buffer, pH=9.8
(I=0.05; 0.1t mM EDTA) was added to 15 ml of a 2 mM substrate solution in the
same buffer and the mixture carefully stirred at 4°C. After 8 h, a further 2.5
ml of the enzyme solution was added and the reaction allowed te continue over-
night. However, a much longer reaction time (72 h) was reguired for compound
1f, and consequently the enzyme preparation was added in aliquots of 0.5 ml at
intervals during this period. After completion of the reaction, the mixture
was brought to about pH 6.5 and evaporated to dryness. The work-up procedure
of the residue was identical to that described under 4. Five incubation mixtures
were started at the same time to obtain enocugh product. Xanthine oxidase was
immebilized according to the methed of Tramper et aZ.S. For each conversion,
500 ml1 of fresh whole milk (obtained from the University farm) was used.

The immobilized enzyme preparation was packed into a column and thoroughly
washed with carbonate buffer, pH=10.2 (I=0.05;0.1 mM EDTA) at 4%, Fifty ml

of a 5 mM substrate solution (in the same buffer) was slowly (0.25 m1/min)
recirculated through the column at 4°C and the conversion of substrate monitored
using HPLC. When the reaction was completed, the column was run dry, the ef-
fluent acidified to about pH=6.5 and evaporated to dryness. Product isolation
was carried out as described under A, The yields and analytical data are
summarized in Table 3.6.

Kinetic assays

The assay for aldehyde oxidase was performed as previously described1. Each
assay was carried out at least in duplicate and, with substrates 1d and le,

in quadruplicate. Sodium borate, pH=9.8 with an ionic strength [=0.05, contain-
ing 0.1 mM EDTA (tetrasodium ethylenediamine tetraacetate), was used as buffer.
Buffers of the same ionic strength 22 were employed for assays in the pH range
6.4-10.2. In the case where the formation of twe products from one single sub-
strate was followed, the initial reaction rate was monitored at two suitable
wavelengths. The appropriate wavelengths (A in nm} and corvesponding molar
differential absorption coefficients (log Ac) at pH 9.8 are: la-2a: 318 (3.46),
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1b-2b: 254 (4.08), 270 (3.84); 1b-3b: 254 (3.71}, 270 (4.%1); 1c-2¢c: 254 (3.82),
288 (3.60); 1c-3c: 254 (-), 288 (4.10); 1d-2d: 316 (3.48); le-2e: 316 (3.46};
1g-3g: 288 {3.73); 1h-2h: 3.06 (3.62}; 1i-21: 304 (3.72). These parameters are
constant over the pH range studied, Z.e. 6.4-10.2.

Substrate inhibition of free aldehyde oxidase with derivatives la-g at pH=9.8
was observed above 0.03-0.05 mM, depending upon the substrate employed. At lower
pH, for example pH=7.0, the inhibition is observed at higher substrate concentra-
tions (0.1-0.2 mM),

For aldehyde oxidase, one unit of enzyme activity is defined as the amount of
enzyme which oxidized 1 umole of 3-aminocarbonyl-1-methylpyridinium chloride
per min at 25°C. The assay conditions were: 5 mM substrate in 50 mM potassium
phosphate buffer, pH=7.8 (0.1 wM EDTA} with the reaction being monitored at

292 nm (log Ac=3.64). Xanthine oxidase activity at pH=9.8 was determined under
the same conditions as used for aldehyde oxidase, with potassium ferricyanide
(0.4 mM) as final electron acceptor3. The reactions were followed spectrophoto-
metrically by monitoring the change in absorbance at 420 nm (log 2Ae=3.01). No
substrate inhibition was established in the concentration range employed.

With 3-aminocarbonyl-1-methylpyridinium chloride as substrate, the xanthine
oxidase activity was also measured at 292 nm using oxygen as electron acceptor.
A1l assays were performed in duplicate.

Kinetic data were calculated from Lineweaver-Burk p10t523.
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4 COVALENT AMINATION OF 1-ALKYL- AND 1-ARYL-
3-AMINOCARBONYLPYRIDINIUM CHLORIDES AS
“MODEL" FOR THE ENZYMIC ACTIVITY OF
ALDEHYDE OXIDASE

4.1 [INTRODUCTION

In previous papers the oxidation of 1-alkyl-(1a-e) and t-aryl-3-aminocarbonyl-
pyridinium chlorides (1f-h) by rabbit liver aldehyde oxidase into 1-alkyl({aryl)-
dihydrc-oxo-3-pyridinecarboxamides has been described1’2{5cheme 4.1).

It was found that the nature of the substituent on the ring nitrogen (N-1) has

a significant influence on the site of oxidation by the enzyme. In cases where
the substituent at position 1 is a methyl , ethyl or n-propyl group the site

of oxidation is exclusively position 6. If the N-1 substituent is ¢-butyl, only
position 4 is 0xidized1. This result indicates that the site of oxidation shifts
from position 6 to position 4 with increasing size of the alkyl substituent, The
aryl compounds show a somewhat different behaviour. They are oxidized predominant-
ly at position 6, however some oxidation occurred at position 4, especially in
3-aminocarbonyl-1-{p-methoxyphenyl)pyridinium chloride {1g). Exclusive oxidation
at position 4 was found with 3-aminocarbonyl-1-(2,4,6-trimethylphenyl)pyridinium
chloride (1h)2.

0 D 0 0
lI Il H_ NH, y il
C C t
= | “NNH, = | NH, B TSNH, | RS NH.
3 HaN—A . __JNm,
I ® Ho | W h
R R R R
1 2 3 4

R= a:CHy . b: CaHs , c: n-C3Hy , d:i-CaHy , @ : t-C Hy

f:CgDg . g: 4-0CH;-CeH, . h: 2,4,6-1ri-CHy-CH,

Scheme 4.1
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The mechanism for the oxidation by aldehyde oxidase2 is assumed to involve an
initial nucleophilic attack by a persulfide group3 or a terminal oxygen ligand
of mo]ybdenum4 at the catalytic site of the enzyme, Teading to an intermediary
covalent o-adduct. The position at which this adduct is formed determined the
site where the oxo group is introduced in the substrate.

As a possible in-vitro model for covalent c-adducts formed between compounds 1
and aldehyde oxidase, we considered the aminodihydro-3-pyridinecarboxamides,
formed by reaction of 1 with Tiquid ammonia. In principle three c-adducts 7.e.
the 6-amino-1,6-dihydro-(2), the 4-amino-1,4-dihydro-(3) and the 2-amino-1,2-
dihydro-3-pyridinecarboxamides {4) can be obtained. It has already been report-
ed®®*? that 3-aminocarbonyl-1-methylpyridinium chloride (1a) gives exclusively
2a in the temperature range -40 to 0. Replacement of the methyl substituent
by a benzyl- or p-nitrobenzyl group does not change the addition patternSD;
with aliphatic amines exclusive addition at C-6 has also been observed for
these compound56’7. Addition of nucleophiles such as nitromethaneS, nitro-

8,10 "

methide 10n9, sulfite R ethanethio]ateg, ethoxide12,

8,12-14

. methanethiolate

8,11,12,15 to 1 usually takes a somewhat diffe-

cyanide or hydroxide ions
rent course, resulting in the formation of c-adducts in which the nuc]eophi]é

is attached to C-4 and/or to C-2 and C-6. The striking similarity between the
site of nucleophilic addition in fa with 1iguid ammonia and amines and the
position of oxidation of 1a by aldehyde oxidase induced us to study the covalent

amination of the pyridinium salts la-h in liquid ammonia in more detail.
4.2 RESULTS AND DISCUSSION
4.2.1 Covalent amination of l-alkyl-3-aminoearbonylpyridinium chlorides

The reaction of compounds la-c with liquid ammonia gives rise to exclusive
formation of the 6-amino-1,6-dihydro compounds 2a-c, as evidenced by 1]-I NMR
spectroscopy (Table 4.1}, A1l proton signals are shifted upfiéTd compared to
the corresponding signals of la-¢ in DZO' The shifts are most pronounced for
the hydrogens attached to C-6 (A8=4.32-4.51 ppm) due to the newly formed
tetrahedral centre at C-6. The correct signal assignment is based on the
chemical shift values and the coupling patterns and confirmed by the data,
obtained by measurement of the "y NMR spectrum of 3-aminocarbonyl-4-deuterio-
1-ethylpyridinium chloride in liquid ammonia. These data are in agreement with

values published5b.
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Table 4.1 !

H NME data of the ring protons for I-alkyl-6-amino-1,6-dihydro-
3-pyridinecarboxamides 2 and 1-alkyl-d-amino-1,4-dihydro-3-pyridine—

. . a
earboxamides & in liquid ammonia at -45%

Compound H-2  248°  H-4  as®  H-5 as® H-6 as®
2a 7.29 1.97 6.55 2.35 5.06 3.14 4.66 4.32
2b 7.33 2.05 6.49 2.44 5.04 3.22 4.72 4.39
2c 7.32 2.15 6.54 2.51 5.07 3.3 4N 4.51
2d 7.40 1.99 6.49 2.44 5.02 3.24 4.73 4.45
3d 7.16 2.23 4.15 4,78 c - 6.20 2.98
Ze 7.64 1.82 6.66 2.29 5.26 3.07 5.01 4,35
Je 7.47 1.99 4.26 4.69 c - 6.52 2.84
a. Adduct 2: J2’4= 1.5~1.8 Hz; J2,6= 1.1 Hz; J4,5= 9.1-9.8 Hz; J5,6= 4.8-5.4 Hz;
adduct 3: J2,6= 2.0 Hz; J4,5= 4.2 Hzg J5,6 could not be determined due to

overlap of signals.
b. Upfield shifts relative to the corresponding compounds 1 in D,0.
c. Difficult to interpret due to overlap by the H-6 signal of the

corresponding 6-adduct and to the low intensity for compound 3d.

Variation over a wide temperature range (-70 to 0°C) does not change the addition
pattern. Prolonged exposure of for instance 1b to Tiquid ammonia at room
temperature leads to dealkylation, yielding 3-pyrid1necarboxamide5a’b
be excluded that the dealkylation takes place by a nucleophilic attack of

ammonia on the N-ethyl group: reaction of 1b with 15N-Iabe1!ed ammonia {8.1% 15N)
resulted in a 15N excess in the 3-pyridinecarboxamide (about 8%). This proves

. It can

that during the dealkylation a degenerate ring transformation has taken place
which involves addition of the nucleophile as first step, followed by ring
ocpening and closure (ANRORC»mechanism)16 as presented in Scheme 4.2.

The 1H NMR spectra of compounds 1d-e in Tiquid ammonia are rather complex
(Figure 4.1). It is concluded that twe aminodihydro compounds are obtained
From 1d-e, viz. the C-6 adducts 2d-e and in addition the C-4 adducts 3d-e
(Table 4.1).

This is based on the chemical shifts of the C-6 adducts 2a-c, the upfield
shift values (A8), the coupling constants and especially comparison with a
more simple spectrum obtained from the reaction of 3-aminocarbonyl-1-i-butyl-
d-deuteric-pyridinium salt with liguid ammonia.
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The ratio of 2d/3d is 9:1, the ratio of 2e/3e 6:4. These ratios are independent
of the temperature in the range from -70° to 0°C. It is obvious from these
results that the position of nucleophilic addition is not only dependent on the
substituent at position 3, as was stated beforesa’b, but certainly on the nature
of the substituent at position 1 as well. Moreover, it is evident that with an
increasing size of the alkyl group at position 1, the addition at C-4 is
promoted at the cost of addition at the adjacent C-6 pesition. Covalent amina-
tion in Tiquid ammonia is apparently rather susceptible to steric effects. This
behaviour is also demonstrated by the addition pattern observed in the reaction
of 3,5-dicarbethoxy-1-ethyIpyridinium iodide (5) and its macrocyclic analogue

8 with liquid ammonia (Scheme 4.3). In compound 8 position 4 is less accessible
for addition of nucleophiles because of steric interference. The 1H NMR spectrum
of 5 in liguid ammonia at -45°C shows the presence of two o-adducts, viz. the
€-6 (or C-2} adduct & and the C-4 adduct 7 (ratio 3:1). Adduct 6 is easily
recognized by the appearance of three signals in the ratio 1:1:1, and adduct 7
by the presence of two signals with ratio 2:1 (Table 4.2}.

9 0 q 0 0
P L E
Hel 0 &~ | “\0C,Hg Hs(,0~" ﬁ 00 Hs  Hgl,07"
® HoN
\T 19 Fi F A
CaHs (Mg
L} -] 7

U/(EH;IE\U /—{EHZ)me

0
| | !
0 AN~ E*&o o F | 0
N HoN—A
¥ o nooy
CHs CHy
B 9

Scheme 4.3
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Table 4.2 Chemical shifts of the ring protons for compounds & and 8

and their o-adducts in liquid ammonia at -¢5°07

Compound solvent H-2 H-4 H-6

D20 9.73 9.47 9.73
NH 7.90 7.58 5.25
AS 1.83 1.89 4.48
7 NH3 7.49 4.55 7.49
AS 2.24 4,92 2.24
8 DMSO-d6 9.74 9.02 9.74
9 NH3 7.81 7.60 5.14
A 1.93 1.42 4.60
a. Adducts & and 9: J2 L= 1.5 Hz; adduct 7: J2,6 could

not be determined.”’

At temperatures lower than -450C, both adducts 6 and 7 are still present, but
no accurate determination of the adduct ratio is possible due to limited solubi-

Tity. At temperatures above -45°C the !

H NMR spectrum changes: the signals
attributed to 7 disappear and only the signals of adduct 6 remain. Apparently

at low temperature a kinetically favoured process leading to 7 takes place;

at higher temperature only the thermodynamically more stable adduct & is formed.
Crown ester 8 in which position 4 is sterically hindered for nucleophilic
addition gives exclusively the C-6 adduct in 1iquid ammonia at -45%C (Table 4.2).
This result shows that position 4 in 8 is less accessible and that additien at
C-6 is the most favoured process when no steric influence of the N-1 substituent
is operative.

In Table 4.3 the qualitative data of the covalent amination patterns with la-e
are compared with the oxidation patterns found for these compounds in reaction
with aldehyde oxidase1. Evidently a good agreement exists between the position
of addition by liquid ammonia and the nucleophilic species active in the
aldehyde oxidase-mediated reaction. Both reactions are susceptible to steric
interference of the substituent at position 1, the enzymic oxidation to a
greater extent than the amination reaction. This is understandable because the
nucleophilic species in the enzymic reaction is fixed in the catalytic site of
the enzyme molecule and therefore has a greater steric interaction with the

N-1 substituent.

46



Table 4.3 Comparison between the site of amination with liquid ammonia at

-45°C and the site of omidation by aldehyde oxidase of compounds

Ta-h

Compound oxidation amination
1a C-6 c-6
1b C-6 C-6
1c C-6 C-6
1d c-6/C-4 C-6/C-4
le c-4 C-6/C-4
1f c-6/C-4 Cc-6/C-2
19 C-6/C-4 C-6/C-2
1h c-4 c-6/L-2/C-4

In addition, the orientation of the substrate in the active site is of course
sterically governed, leading to exclusive oxidation into a 4-oxo product in the
case of the 1-¢-butyl derivative le.

4.2.8 Covalent amination of I-aminocarbonyi-l-arylpyridinium chlovides

The chemical shifts and coupling constants derived from the TH MR spectra of
1-aryl compounds 1f and 1g in Tiguid ammonia (Table 4.4) show that two c-adducts
are obtained from both compounds, viz. the C-6 adducts 2f,q and the C-Z2 adducts
4f,q.

The adduct structures have been assigned based on our knowledge of the 1H NMR
data of C-6 adducts (2a-e), the upfield shifts, the magnitude of the coupling
constants and especially the W NMR spectra of the 4-deuterio derivatives of

1f and 1g in liquid ammonia. The main difference between the covalent amino
adducts obtained from the 1-alkyl- and 1-ary] compounds is that the upfield
shift values {A8) of the hydrogens attached to the tetrahedral centres in the
adducts are significantly smaller for the 1-aryl compounds.

Compound 1h yields a more complicated 1H NMR spectrum which arises from the
presence of three o-adducts; the C-6 adduct is formed in excess.

Complete assignment of signals could not be made because of the complexity
of the spectrum. Additional proof for the fermation of the C-6, C-4 and C-2
adducts has been obtained from 13C MMR spectroscopy (Table 4.5).
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Table 4.4 ‘H WMR data of the ring protons for 6-amino-Il-aryl-1,6-dihydro-3—
pyridinecarbozamides 2 and S-amino-I-aryl-1,2-dihydro~3-pyridine—

carboxamides 4 in liquid ammonia at -450C2

Compound  H-2 As? W4 agb H-5 asP H-6 as?
2f 7.65 1.94 6.71 2.48 5.52 3.00 5.19 4.19
af 5.73 3.86 7.05 2.14 c - 6.93 2.45
29 7.55 1.97 6.70 2.46 5.45 3.03 5.14 4.19
4g 5.65 3.87 d - c - d -
a. Adduct 2: J2’4= 1.5 Hz; J4,5= 9.0 Hz; J5,6= 5.5 Hz; Jﬁ,6= 1.8 Hz; J2’6€1.0Hz,
adduct 4: J2,6= 1.8 Hz; J4’5= 6.0 Hz; J5,6= 7.4 Hz; Jé,4 €1.0 Hz; J4,6<1'0 Rz,

b. Upfield shifts relative tec the corresponding compounds { in D,C.

c. Difficult to interpret due to overlap by the H-5 signal of the corresponding
6—adduct,

d. These signals lie under the phenyl multiplet,

Tabie 4.5 230 NMR data of the ring carbons for compounds Ie—h and thelir
o-adducts in Lliquid ammonia at =550C

Compound solvent (-2 c-3 C-2 Cc-5 C-6
le D20 142.1 134.4 144 .2 128.9 144 .7
2e NH3 135.9 99.8 119.1 110.3 57.8

AS 6.2 34.6 251 18.6 86.9
3e NH4 131.3 103.4 40.9 106.4 122.5
A8 10.8 31.0 103.3 22.5 22.2
1f Do0 145.1 134.7 145.6 129.1 147.3
2f NH3 132.4 105.1 118.1 113.8 64.9
AS 12.7 29.6 27.5 15.3 82.4
a4f NH3 60.5 18.3 123.7 97.7 129.8
AS 84.6 16.4 21.9 31.4 17.5
19 Do0 144.6 134.5 145.0 129.3 147.0
29 NH3 133.7 103.6 118.3 112.8 62.7
A8 10.9 30.9 26.7 16.5 84.3
4q NH3 60.9 116.2 123.9 96.3 130.2
A8 83.7 18.3 211 33.0 16.8
1h D20 146.3 135.5 146.2 130.2 148.8
Zh NH3 138.8 93.0 119.7 111.8 64.7
A& 7.5 36.5 26.5 18.4 84.1
3h NH3 135.7 105.0 a0.4 105.9 125.8
AS 10.6 30.5 105.8 24.3 23.0
4h NH4 63.5 114.9 125.9 91.6 134.0
Ag B2.8 20.6 20.3 38.6 14.8
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Their chemical shifts are assigned by comparison with those of the 1-¢-

butyl derivative and by using the chemical shifts of related 1,4-dihydro
compounds11.

Yariation of the temperature from -70 to -20°C shows that the ratios C-2 adduct/
C-6 adduct obtained from compounds 1f and 1g alter. In Table 4.6 this is
illustrated for the c-adducts obtained from 1f. The amount of C-2 adduct de-
creases in favour of the C-6 adduct at higher temperature. It is interesting

to note that the ratio of the three g-adducts obtained from Th remains un-
affected by temperature variation over this range. At a temperature above 0%

a fast reaction to 3-pyridinecarboxamide occurs with all three aryl compounds.

Table 4.6 Isomer distribution of o-adducts from 3-aminocarbonyl-1-(penta-

deuteriophenyl)pyridinium chloride If at various temperatures

T (°C) C-6 adduct 2f (%) C-4 adduct 4 (%)
-70 60 20
-45 65 35
-20 80 20

Comparing these results of covalent amination of 1f-h with those obtained for
oxidation by aldehyde oxidasez, it is evident that the similarity between these
two reactions is very small {Table 4.3) and certainly less convincing as an

"in vitro-model" than the corresponding reactions of the 1-alkyl derivatives
(1a-e). This Teads to the conclusion that in the 1-aryl compounds besides the
steric influence of the aryl group, an electronic effect is operative which
strongly influences the site of amination. The combined effect of steric and
electronic effects makes comparison between g-adduct formation and oxidation

of limited value, since they probably operate in a different manner in both
reactions.

4.3 EXPERIMENTAL SECTION

Melting points are uncorrected. !

H NMR spectra were recorded on a Varian EM-390
spectrometer equipped with a Varian EM-3%40 variable temperature controller
using DSS as internal standard (5 = 0 ppm). Spectra in Tiguid ammonia were
measured in sealed thickwalled NMR tubes. The proton chemical shifts in 1iquid

ammonia were measured against the solvent signal {8 = 0.95 ppm)}. Isomer ratios
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13C NMR spectra were

were determined by integration of appropriate signals.
recorded on a Bruker CXP 300 spectrometer equipped with a B-¥T 1000 variable
temperature controller. In 020 dioxane (& = 67.3 ppm) was employed as internal
standard and in liquid ammonia a 3 mm capillary with acetone-d, was inserted,
which was used both for the lock signal and as internal standard (4 = 29.8 ppm).
Typical spectral parameters were: spectral width 15.000 Hz (1.85 Hz/point),
acquisition time 0.27 s, pulse delay 1 s (C-H decoupled spectra) or 2 s {C-H
coupled spectra} and pulse width 12 ps or 18 s, respectively. Selective de-
coupling with 1e and 19 was carried out to check 13C signal assignments. A1l

NMR data were converted to the DSS scale by addition of the indicated values.
The excess of '°N in the compound investigated, was calculated from the (M+1)/
M ratio, as determined on an AEI MS-3902 spectrometer equipped with a VG ZAB
console. Column chromatography was carried out over Merck silica gel &0

{70-230 mesh ASTM).

Preparation of starting materials

1-Alkyl-3-aminocarbony lpyridinium chlorides (Ia—e)l, 3-aminocarbonyl-1-
(;Pﬁethoxyphenyl)pyridinium chloride (Ig)z and 3-aminoeavbonyl-1-(2,4,6-tri-
methylphenyl)pyridinium chloride (1h)2 were synthesized as described before,
4-Deuterated compounds of 1a, 1b, 1e and 1g were prepared according to the
procedure of Caughey and Sche]]enberg17. NMR analysis indicated 85% deutera-
tion of compound 1a, 58% of compound 1g {both after one oxidation-reduction
cycle} and >95% of compounds 1b and 1e (three successive oxidation-reduction

cycles).
3, 14-Dioxg-18-methyl-18-azonia-bicycle[14. 3. 1] eicosa-1(20), 16,18-triene-
2,15-dione perchlorate (8) was a gift from Prof.Dr. R.M. Kellogg. 15N-1abe11ed

ammonia was prepared by reacting 15N—labe11ed ammonium nitrate {from VEB
Berlin-Chemie) with potassium hydroxide.

B-dmincearbonyi-I1-(pentadeuteriophenyllpyridinium chloride (1f)

This compound was obtained from the reaction of 3-aminocarbonyl-1-(2,4-dinitro-
pheny])pyridinium ch]oride18 with ani]ine—d5 {> 99% deuteration; from Merck),
according to the method described beforez. Yield 81%, m.p. 253-254°C.
Anal.Calcd. for C12H6D5C]N20: ¢, 60.12; H (+D), 6.72. Found: C, 59.89; H(+D),
6.67.
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3-Aminocarbony l-4-deuterio-I1-(pentadeutericphenyl ) pyridinium chioride

Two methods have been employed to prepare this compound:

1. Direct introduction of deuterium in 1f °, which gave a yield after one
oxidation reduction cycle of 1%. 1H NMR spectroscopy showed 70% deuteration.

2. An alternative procedure which involved first the introduction of deuterium17
and secondly the introduction of the correct substituent on the ring nitrogen,
using the ANRORC-mechanism'e.

3-Aminocarbonyl-4-deuterio-1-methylpyridinium chleride {4.4 g, 25 mmol) was
dissolved in 50 ml of liquid ammonia and reacted in sealed Carius tubes at

room temperature. After 4 days the tubes were opened, the ammonia evaporated

and the residue dissolved in absolute ethanol. This mixture was refluxed for

15 min and subsequently the solvent was distilled off. The residue was purified
by column chromatography, eluting with ethyl acetate/methancl (9:1). The yield
of demethylated productSa’b, 4-deuterio-3-pyridinecarboxamide {structure confirm-
ed by 1H NMR spectroscopy) was 58%. Reaction of this product to the desired
compound was performed analogously to known synthetic procedure52’1§

Starting with undeuterated 1a, the overall yield of the complete method was

26%. The 4-deuterium content of the end-product was 73%, as established by

1H NMR analysis.

3, 5-Dicarbethoxy—I-ethylpyridinium todide (&)

Diethyl-3,5-pyridinedicarbosylate’® (0.5 g, 2.2 mmo1) was refluxed for 12 h with
an excess of ethyl iodide in 10 ml of acetophencne. After evaporation of the
solvent and recrystallization of the residue from acetone/ether 0.76 g of 5

was obtained {yield 90%), m.p. 167-168°C.

Anal.Caled. for C13H181N04: C, 41.17; H, 4.78. Found: C, 41.22; H, 5.10.
15

N-labelling of 3-pyridinecarbozamide

3-Aminocarbonyl-1-ethyloyridinium chloride (43 mg, 0.23 mmol} was reacted with
3 ml of liguid ammonia (8.1% of 15N) according to the procedure described above,
Yield 93%. The '°N content of isolated 3-pyridinecarboxamide at N-1 was 8.0%.
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5 THE OXIDATION OF 1-ALKYL(ARYL)QUINOLINIUM
CHLORIDES BY ALDEHYDE OXIDASE

5.1 INTRODUCTION

The oxidation of azaheterocyclic compounds with the molybdenum iron-sulphur
containing flavoproteins xanthine ox'idaseT from bovine milk and aldehyde oxi-
dase1 from rabbit Tiver for synthetic purposes is a current subject of investiga-
tion in our 1aboratorie52’3’4. Rabbit liver aldehyde oxidase has been success-
fully used to oxidize a number of 1-alkyl(aryl)-3-aminocarbonylpyridinium chlo-
rides?’> under mild conditions. We established that the site of oxidation in
these compounds is greatly affected by the substituent on the ring nitrogen

atom. We also found evidence, by studying the influence of steric and electronic
effects of the substituent on the maximum rate of oxidation, that in the cataly-
tic mechanism the nucleophilic attack is the rate-limiting stepB.
As an extension of this work we report in this paper on the oxidation of 1-
alkyl(aryl}quinolinium compounds (Scheme 5,1) by rabbit liver aldehyde oxidase.
These compounds can be regarded as extended pyridinium analogues and therefore
very probably will be oxidized in the same manner with regard to the influence
of the N-1 substituent.

Ry R, 0
> R3 - Ra R;
@ - —_
N Ra 0 R,
| o | |
R, Cl R, R
1 2 3
G:R'|= CH3,R2=R3=R‘=H EZR[=EHZEGH5, R3=CONH2,R2=R£'=H
b:Ry= CHylgHs . Rz =R3 =R, =H f:Ry=Ry=CH;, Ry=R,=H
t:Ry= [Hy(2,6-di-Cl-CgH3}, R =R3 =R, =H g: R, :R‘=EH3| R2=R3=H
d:Ry= CHy, Ry =CONH, , R, =R, =H
Scheme 5.7
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Furthermore we present the results of our study on covalent amination of compounds
1, assumed to serve as a model reaction for the rate-limiting covalent nucleo-
philic addition occurring at the active site of the enzymes.

5.2 RESULTS AND DISCUSSION
5.2.1 Bnzymic oxidation of 1-alkyl(aryliquinolinium chlorides

When substrates la-c are incubated with the enzyme and the reaction mixture is
analyzed by HPLC, it was observed that the N-1 substituent has a pronounced effect
on the site of oxidation. 1-Methylquinolinium chloride {(1a) is oxidized mainly

at €-2, yielding 1-methyl-2{1H)-quinolinone {2a); only a small amount of 1-methyl-
4(1H}-quinolinone (3a) is formed. Oxidation of 1-benzylguinclinium chloride (1b)
gives mainly 4-oxo compound 3b and 2-oxo compound 2b only in a small amount.
Compound 1-(2,6~dichlorobenzyl)quinolinium chloride (1c) is exclusively oxidized
at C-4. The quinolinones 2a and 3a-c are identified by comparison with inde-
pendently prepared samples; 2b has been identified after isolation by UV spectros-
copy, exact mass determination and melting point. The maximum rates of oxidation
at the different sites of the compounds 1a-c were measured at pH=9.0 and the
results are collected in Table 5.1.

Table 5.1 Maximum rates for the oxidation of I1-alkyl(aryl)quinolinium

ehlovides Ia-g by free aldehyde oxidase at pH=9.0%

Substrate Vs -oxo® Y -oxo?

la 0.66 + 0.03° d

1b 0.043 + 0.005 0.3 + 0.03
le 0.63 + 0.04
id d

le 0.015 + 0.002
1f 0.014 + 0.002
lg 0.180 + 0.011

a. The maximum oxidation rate for the reference substrate
3-aminocarbonyl-Il-methylpyridinium chloride? with this
aldehyde oxidase preparation was 0.42 + 0.02 umol/min mg.

b. In ymol/min mg.

c¢. The very small contribution of the rate of oxidation at
C-4 was neglected,

d. No accurate rate data could be determined for oxidation
at this site.
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It shows that in 1a the maximum rate of oxidation at (-2 is about 15 times
higher than that at C-2 in lb. In contrast, the rate of oxidation at C-4 in la
is very Tow {no accurate data couid be obtained) and the rate of the exclusive
oxidation at C-4 in lc is about two times higher than that at C-4 in lb. With
1b the maximum rate of oxidation at C-2 is 8 times Tower than at C-4. These
changes in site of oxidation combined with the corresponding rates of oxidation
can most likely be ascribed to a change of orientation of the substrates in the
active site of the enzyme when the size of the substituent has increased. This
has been observed before in the aldehyde oxidase-mediated oxidation of 3-amino-
carbony1-1-(2,4 ,6-trimethylphenyl)pyridinium ch]orides.

To obtain some information about the altered steric conformation of compound

1c in comparison to 1b, we measured the 1H NMR spectra of compounds tb and lc
and calculated the AS(H2~ H4) values. These 48 values reflect the steric in-
fluence of the N-1 substituent since the electronic effects of these substitu-
ents on the chemical shifts of H-2 and H-4 are almost equal.

The A6(H2— H4) value found was 0.29 ppm for 1b and -0.42 ppm for 1c, indicating
a strong shielding effect of the 2,6-dichlorobenzyl group at C- 2 . This results
in a net upfield shift of about 0.7 ppm. Two extreme conformations, in which
both ring planes A and B face each other (I) or are at right angles (II), are
shown in Figure 5.17. These conformations are transformed into one another by

a 90° rotation of ring B about the C-N bond. As a consequence of steric hin-
drance it is to be expected that, especially for R = C1, conformation II will
be more favourable than I, leading to the shielding effect of the H-2 of the
quinolinium ring by the 2,6-dichlorobenzyl group.

y H
B S
g B ¢
__ e N
o = =
R H; Hy

Figure 5,1 Two conformations of compounds 1b and lec resulting from
rotation about the C-N bond.
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Similar results were acgquired before for 3-aminocarbonyl-1-(2,4,6-trimethyl-
benzyl)pyridinium ch]oridea. We suggest that the grientation of the 2,6-di-
chlorobenzyl group as indicated in Figure 5.1 by conformation II will be at
least partly retained in the catalytic site of the enzyme, which for subsirate
1¢ results in an exclusive oxidation at C-4. The results obtained with 1-
methyl- and 1-benzytquinolinium chloride clearly show that the presence of an
electron-withdrawing substituent such as an aminocarbonyl group in the pyridine
moiety is not a requirement for oxidation. In contrast the analogues 1-methyl-
and 1-benzylpyridinium chloride do need the presence of such a group at C-38.
The enhanced accessibility of the quinolinium ring for oxidation in comparison
to the pyridinium ring is due to the fact that formation of the intermediate
adduct, as assumed in the enzyme mode13 requires less energy in the case of
quinolinium sa]tsg.

It was of interest to observe that the presence of an aminocarbony] group at
C-3 in substrates 1d and 1e directs the oxidation completely to C-4 irrespec-
tive whether the N-1 substituent is a methyl- or a benzyl group. .In spite of
the electron-withdrawing effect of the substitwent at C-3, the maximum oxida-
tion rates are very Tow for both compounds (Table 5.1). In fact no accurate
maximum rate determination is possible for substrate 1d. Apparently the sub-
strate molecule is oriented in the active site of the enzyme in such a way
that the molecule is no longer accessible for the nucleophilic species respon-
sibte for the initial attack at C-2. It has been established that interaction
of the C=0 moiety of the aminocarbonyl group with a (proton-donating) species
in the active site is an important factor in determining the orientation of
the substrate molecules in the closely related enzyme xanthine oxidase from
bovine mi1k10.

Oxidation of the 1,2-dimethylquinolinium salt 1f gave exclusive formation of
1,2-dimethyi-4(1H)-quinclinone (3f). If however the 1,4-dimethylquinotinium
compound 1g is oxidized, the oxidation only takes place at €-2. The maximum
oxidation rates with both quinolinium chlorides 1f and 1g are Jower than those
of the parent compound 1a {Table 5.1).

The Tow rate for the 1,2-dimethylquinolinium chloride 1f is of course due to
the fact that the favoured site C-2 is now blocked by the presence of a methyl
group. Moreover, the electron-donating character of the methyl group at C-2
diminishes the rate of oxidation at C-4, which is very Tow in compound 1a, as
we have already mentioned. This effect is also operative in the oxidation of
1,4-dimethylguinolinium chloride which shows a maximum rate of about 3.7 times
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lower than the rate for 1-methylquinolinium chloride. In the nucleophilic substi-
tution reaction of 2-chloroquinaline with methoxide ions a decrease in reaction
rate of a factor 2.5 was established by the introduction of a methyl group at
C—411. It is obvious from this latter reaction that the electron-donating effect
of the methyl substituent at C-4 Towers the enzymic oxidation rate considerably
and suggests that the nucleophilic attack is the rate-limiting step in the oxida-
tion of these substrates as well. The maximum oxidation rate for substrate la

has been determined over the pH range &.4-9.7. The rate gradually increases from
pH 6.4 to 7.7 and is about constant over the pH range 7.7-9.7. This pH profile

is quite similar to that found for 3-aminocarbonyl-1-phenylpyridinium ch1oride3.
With immobilized aldehyde oxidase2 oxidation of the guinolinium salts la-c to

the respective quinolinones was performed on a small preparative sca1e12. Total
product yields varying from 34 to 48% have been obtained (Table 5.4);these yields
are rather low compared to those acquired in the conversions of 3-aminocarbonyl-
1-arylpyridinium chlorides®.

5.2.2 Covalent amination

5

In a previous paper” we described the addition of Tiquid ammonia to 1-alkyl(aryl)

3-aminocarbonylpyridinium chlerides as a "model" for the formation of the initial

Table 5.2 IH NMR data of the protons of the pyridine ring moiety for o-adducts
of eompounds la, 1d, 1f and lg in liquid ammonia at -45%2

Compound H-2 Ac® H-3 48P H-4 Ag® N—CH3 As®

4a 4.65 4.69 5.82 2.26 6.54 2.62 2.89 1.85

4£¢ 5.62  2.36 6.43  2.49 2.89 1.63

agd 4.55 4,59 5,65  2.33 2.87 1.77

4d 5.05 4.63 i - 2.98 1.76

5¢ £ - 4.83  4.69 3.31 1.43
4. Adduct 4a: J2’3= 5.4 Hz, J3,4= 9.6 Hz; 4f: J3’4= 9.6 Hz; 4g: J2’3= 5.4 Hz.
b. Upfield shifts relative to the corresponding compounds 1 in D20.
c. C—Z(CHB): 1.6% ppm (A8 = 1,45).
d. C-4(CH,): 1.96 ppm (48 = 1.05).

®

After incubation at room temperature.

»-h

. Not interpretable due to overlap by the proton signals of the benzo ring.
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intermediate during the catalytic reaction of aldehyde oxidase3. The "covalent
amination-model" was found to match the oxidation pattern of the enzyme quite
well in the case of the 1-alkyl-3-aminocarbonylpyridinium chlorides and to a
lesser degree for the 1-aryl derivatives. Therefore we investigated the utility
of this model-system for some of the quinolinium substrates described in this
paper. In Tahle 5.2 the L NMR data of the addition products formed between the
substrates 1a, 1d, 1f, 1g and 1iquid ammonia are collected. The assignment of
signals for the addition products da, 4f and 4g is based on the upfield shifts
for the protons of the pyridine ring moiety and the blocking of potential addi-
tion sites by methyl substituents. The structure of adducts 4d and 5 was
established by measuring the ¢-adducts formed between 3-aminocarbonyl-4-deuterio-
1-methylquinolinium chloride and 1iquid ammonia. In addition 13C NMR data were
collected for these latter adducts and the parent compound 1d {Table 5.3),
which were compared with corresponding data of t-alkyl{aryl)-3-aminocarbonyl-
pyridinium chiorides and theijr U—adductss.

In Table 5.2 it is clearly shown that the covalent amination of compounds 1a,
1f and 1g takes place only at C-213, resulting in the corresponding adducts 4
{Scheme 5.2). It is interesting however that, despite the presence of a methy)
group at -2, the 1,2-dimethylquinolinium salt 1f also exhibits addition at
C-214. This is reflected by the larger upfield shift of the proton signal of
the 2-methyl group in adduct 4f in comparison to the corresponding shift of
the 4-methyl group in adduct 4g (Table 5.2). At room temperature adducts da,
4f and 4g are unstable; most 1ikely they undergo ring~opening reactions™.

The results indicate that the presence of an electron-withdrawing substituent
at C-3 in quinolinium salts is not required for amination. These compounds
differ from 1-methyl- and 1-benzylpyridinium chloride with respect to the
amination reaction15. Compound 1c does not give any adduct at -45%C. Obvious-
ly the steric orientation of the N-1 substituent prevents nucleophilic attack
on {-2 by ammonia. The important influence of steric effects on covalent amina-
tion in Tiquid ammonia has been established befores.

Covalent amination of compound 1d at -45% gives the C-2 adduct 4d. At higher
temperatures (> -40°C) 4 second adduct is formed, viz. 5 and at room tempera-
ture both adducts are present in a ratio of 35:65,respectively. The assignment
of adduct structures is also verified by 13C NMR (Table 5.3), which shows good
agreement with former data obtained for 1-alkyl(aryl)-3-aminocarbonylpyridinium
chlorides in liquid ammoniaS. Apparently 4d is a kinetically favoured adduct
which at higher temperature partly converts into its isomer 5.
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Scheme 5.2
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: Rz=R3 =Ry =H

: Ry=CONH, , Ry =R, =H
: Rz=CH;y ., R3=Rg=H
: Ry={H,y, Ry=R;3=H

130 NMR data of some carbon atoms in compound 1d and

ite O-adducts in liquid ammonia

Compound Solvent c-2 Cc-4 CH

the carbon

3
1d dmso-dc  149.8 145.3  45.9
44® NHy 66.0 127.7 35.2

AS 83.8 17.6 10.7
5P N 138.9  46.3 38.7
A8 10,9 99.0 7.2
a. At -50°C.

b, After incubation at room temperature.

The formation of two adducts has alsg been found in the reaction of 1-benzyl-
3-cyanoguinglinium bromide with hydroxide ions's. Adducts 4d and 5 are stable
for at least 24 hours in liguid ammonia at room temperature. Comparison of the
sites of oxidation in compounds ta, 1d, 1f-g with those of covalent amination
clearly shows a great diversity. The "covalent amination model" does not predict
oxidation at C-4 with compounds 1a and 1f since the formation of g-adducts
occurs predominantly at C-2 irrespective of the methyl substituent present at

atom. In the presence of a 3-aminocarbonyl groun addition takes

place at -2 and C-4, whereas oxidation only occurs at C-4. Therefore we have
to conclude that covalent amination in liquid ammonia is not a good model
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for description of the covalent addition step in the oxidation of 1-alkyl(aryl)
asinolinium salts by aldehyde oxidase,

5.3 EXPERIMENTAL SECTION

Meiting points are uncorrected. Mass spectra were determined on an AET MS-902
mass spectrometer equipped with a ¥G ZAB console. The 1H NMR spectra were
recorded on a Varian EM-390 spectrometer equipped with a Varian EM-3940 variable
temperature controiler with DSS or TMS as internal standard {§ = 0 ppm). Spectra
in liguid ammonia were measured in sealed thick-walled NMR tubes. The proton
chemical shifts in liquid ammonia were measured against the solvent signal

(6 = 0.95 ppm). Isomer ratios were determined by integration of appropriate

signals, 13

C NMR spectra were recorded on a Bruker CXP 300 spectrometer equipped
with a B-¥T 1000 variable temperature controller. In liquid ammonia a 3 mm
capillary with acetone-d6 was inserted, which was used both for the lock signal
and as internal standard (& = 29.8 ppm). Typical spectral parameters were:
spectral width 15.000 Hz (1.85 Hz/point), acquisition time 0.27 s, pulse delay

1 s (C-H decoupled spectra) or 2 s (C-H coupled spectra) and pulse width 15 us
or 18 us, respectively. A1l NMR data were converted to the DSS/TMS scale.

HPLC analysis was performed with a Varian 5000 instrument equipped with a Micro
Pak MCH-10 column (30 x 0.4 cm), a Schoeffel GM-770 monochromator and an SF-770
spectroflow monitor. Operating conditions were Ap=19.4 MPa (2814 psi), eluent
water-methanol 50:50 (v/v) and flow rate 2.0 ml/min.

UV spectra and kinetic assays were determined on an Aminco DW-2a UV/VIS spectro-
photometer. Column chromatography was carried out over Merck silica gel 60
{70-230 mesh ASTM). Partially purified aldehyde oxidase (E.C.1.2.3.1)} was pre-
pared from frozen rabbit liver as described previouslyz. This type of prepara-
tion was used for kinetic assays. For synthetic purposes a less-purified prepara-
tion, acquired by ommission of the hydroxylapatite step in the purification
procedure, was employed, Rabbit liver xanthine oxidase {£.C.1.2.3.2) was isolat-
ed as described previous1y3.

Preparation of starting materials and reference compounds

The quinalinium chlorides % were prepared from the corresponding bromides or
iodides by passage over a Dowex 1-XZ column.

I-R-quinolinium (R = methyl(fa)z?, benzyl(Ib)Ig, 2,S—dichlorobenzylfic))lg,
1,2—dimethy1quinolinium(2f)20, I,4—dimethquuinolinium{19)21, 3—aminocarbonyl-
1-R-gquinoiinium (B = methyl(ld}, benzyl(le))22 bromide or {odide, 3-amino-—

L, 2 . .
carbonyl-I-methylpyridiniun chioride” , Z-aminocarbonyl—4-deuteric—Il-methyl-
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quinolinium chloride (74% deuteration according to NMR analysis)zg, I-methyl-
2—(1H)-quinolinone(2a}24, 1,4-dimethyl-2(1H)—quinclinone (2g)25, I-methyl-4(1H)-
quinolinone (52)%¢ ana 1, 2~dimethy -4 ( 1H}-quinolinone (3jﬂ27 were synthesized
according to known synthetic procedures. 4(1H)-Quinolinone trihydrate was
purchased from Aldrich.

1=R-4(1H)~quinclinone (R = benzyl(3b), 2,6-dichlorobenayl(3c))

4{1R)-Quinolinone trihydrate (0.7 ¢, 3.5 mmoles)} was dissolved in 20 ml of
methanol containing 0.5 g (12.5 mmoles) sodium hydroxide. To this selution 21.5
mmoles of the appropriate arylbromide (benzylbromide, a-bromo-2,6-dichloro-
toluene) were added and the mixture was refluxed for one hour. The precipitate
formed was filtered off and the filtrate evaporated to dryness. The residue was
crystallized from absolute ethanol-ether (R = benzyl) or purified by column
chromatography {R = 2,6-dichlorobenzyl) with dichloromethane-ethyl acetate (1:1)
as eluent followed by crystallization from ethanal. R = benzyl: yield 48%; m.p.
123-124%C (19t.%% 128-125%). R=2,6-dichlorobenzyl: yield 60%; m.p. 198.5-199,5°C.

Anal. Calcd. for C16H11612N0: C, 63.18; H, 3.64, Found: C, 62.88; H, 3.65.

1-R-1, d=dihydro-4—omo-3~quinolinecarboxamide (P = methyl(3d), benayl(3e)}

1-R-1,4-dihydro-4-oxo0-3-quinolinecarboxylic ac1d26 was converted to the
corresponding aminocarbonyl compound accoerding to the method of Tanaka and
Pricezg. The acid {9.9 mmoles) was dissolved in a mixture of 10 ml of chloroform
and 20 ml of tetrahydrofuran containing 2 g (19.8 mmoles} of triethylamine. To
this solution 2 g (18.4 mmoles) of ethyl chloroformate was added dropwise with
stirring at -5°C. After one hour 30 ml of 33% ammonia was added, the precipitate
filtered off (yield 80%, R = methyl or benzyl) and recrystallized twice from
ethanol. R = methyl: m.p. 286-288°C.

Anal. Calcd. for C11H10N302: C, 65.33; H, 4.98, Found: C, 65.22; H, 4.82,

R = benzyl: m.p. 232-233°C.

Anal. Caled. for C17H14N202: C, 73.36; H, 5.07. Found: C, 73.52; H, 4.79.

HPLC analysis

The HPLC analysis of the reaction mixtures was performed as described previous-
1y2. Registration of the oxidation preducts occurred by UV detection at 254 nm
(1og € for 2a: 3.60; 3a: 3.57; 2b: 3.51; 3b: 3.61; 3c: 3.63; 3d: 4.33; 3e:4.37;
3f: 3.37, 2g: 3.57).
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Synthesis of the quinolincnes 2a, 2b, 3a-c¢ with immobilized aldehyde oxidase

Rabbit Tiver aldehyde oxidase was immobilized by adsorption onto DEAE Sepharose
CL 6B as described beforez, applying 45 mg of aldehyde oxidase-containing protein
per 3.5 ml packed Sepharose gel during immobilization. The immobilized enzyme
preparation was packed in a column and washed with 10 mM phosphate buffer,
pH=7.8 (0.1 mM EDTA) at 4°C. For each conversion 13 units of aldehyde oxidase
were used (for definition see Xinetie assays). The DEAE Sepharose was regenerat-
ed after depletion of the aldehyde oxidase activity as described e]sewhere3u.
200 to 350 ml of a 0.5 nmM substrate solutijon in the same buffer (32 mg of
substrate applied} was slowly (0.25 ml/min) recirculated through the column

at 4°C with a pump and the formation of product{s) was registrated at 254 nm
(HPLC). After depletion of the aldehyde oxidase activity, the collected effluent
was brought to about pH=6.5, evaperated to dryness and the residue purified by
coTumn chromatography {eluents dichloromethane and ethyl acetate).UV and mass
spectra of 2a and 3a-c were identical to those of authentic materials. For
compound 2b no authentic sample was available; after isolation the melting
point was identical with that reported. The yields and exact mass measurement
data of the crude products are summarized in Table 5.4.

Table 5.4 Product yields and exact mase data of some I1-alkyl(aryl)-quinolinones

obtained by oxidation using immobilized aldehyde oxidase

Product Yield (%) Formula Exact mass
Experimental Theoretical
2a 40 C1DH9ND 159.0684 159.0684
3a <3 C10H9N0 159.0683 159.0684
2p* 1 CyghyaNo 235.1006 235.0997
3b 37 C16H13N0 235.1009 235,0997
3c 34 C16H11C12N0 303.0222 303.0219

R

a. After recrystallization from ethanol m.p. 50-51°c (1it.”' 50-519C).
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Kinetic assays

The assay for aldehyde oxidase was carried out as described previous]yz. Each
assay was at least performed in duplicate. As buffer sodium borate, pH=9.0

with an ionic strength I = 0.05, including 0.1 mM EDTA, was used. For assays in
the pH range 6.4-9.7 buffers of the same ionic strength were empToyeng. In the
case where the formation of two products from one single substrate was monitored,
the initial reaction rate was measured at two suitable wavelengths. The
appropriate wavelengths {a in nm) and corresponding molar differential absorp-
tion coefficients (log Ae) are: 1a-2a: 273 {3.72); 1b-2b: 273 (3.69), 323 {(3.19);
1b-3b: 273 (~0.60), 323 (3.96); 1c-3c: 323 (3.89); 1e-3e: 305 (3.87); 1f-3f:

323 (3.41); 1g-29: 271 (3.76). These parameters are constant over the pH range
studied, Z.e. 6.4-9.7. For aldehyde oxidase one unit of enzyme activity is
defined as the amount of enzyme which oxidized 1 umol of 3-aminocarbonyl-1-
methylpyridinium chloride per min at 25°C. The assay conditions were: 5 mM
substrate in 50 mM potassium phosphate buffer, pH=7.8 (0.1 mM EDTA} with the
reaction being monitored at 292 nm (log Ae= 3.64). Kinetic data were calculated
from Lineweaver - Burk p10ts33.
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6 THE OXIDATION OF N-METHYL- AND N-BENZYL-
PYRIMIDIN-2- AND -4-ONES BY ALDEHYDE
OXIDASE

6.1 INTRODUCTION

The application of immobilized enzymes in organic synthesis is a subject of
current interest in our laboratories. The molybdenum iron-sulfur containing
flavoproteins xanthine oxidase/dehydrogenase1 isolated from bovine milk,

chicken liver or Arthrobacter cells and aldehyde oxidase‘J obtained from rabbit
liver were employed as immobilized biocatalysts in the oxidation of several
six-membered azaheterocyclic compound52'5. These enzymes are of particular inte-
rest since they possess broad substrate specificitiesl. The oxidation of hetero-
aromatic cations such as 1-alkyl{aryl)-3-aminocarbonylpyridinium ch]aridesa’4
and 1-alkyl{aryl})-quinolinium ch]orides5 was investigated using aldehyde oxidase
in particular.

Scheme 6.1
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A marked influence of the size and the electronic effect of the substituent

at the ring nitrogen atom on the site{s} of oxidation in these compounds was
established.

Up to now the reactivity of aldehyde oxidase towards uncharged substrates has
hardly been investigated with regard to the influence of N-substituents on the
site of oxidationﬁ. We therefore extended our research to the aldehyde oxidase-
mediated oxidation of N-methyl- and N-benzylpyrimidin-2- and -4-ones (Scheme 6.1).

6.2 RESULTS AND DISCUSSION

It is known that the compounds 2{1H)-pyrimidinone and 4(3H)-pyrimidinone are
readily oxidized by aldehyde 0xidase6. Analysis with HPLC showed that substrates
fa-c and 2a-c only give formation of the corresponding uracil derivatives 4a-c.
Substrates 3b-c yield the N-3 substituted compounds 5b-c as sole products. In
all these oxidation reactions no indication is found for the simultaneous forma-
tion of products isomeric with 4 or 5 and no barbituric acid or its derivatives
are detected either. This is confirmed by incubation of compounds 4 and 5 with
aldehyde oxidase; no conversion inte barbituric acid or its derivatives is
observed.
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The results indicate that in substrates 1b and 1c the position adjacent to the
unsubstituted nitrogen atom (C-4) is preferred to the position adjacent to the
substituted nitrogen atom {C-6) for oxidation. To understand these oxidation
patterns we may consider the intermediates formed on addition of the active

site nucleophilic species4 to these substrates {Scheme 6.2). Nucleophilic attack
on substrates la-c can take place either at C-4, yielding intermediates 6a-c

or at C-6, forming adducts 7a-c. Intermediate & possesses a p-quinoid structure
and intermediate 7 an o-quinoid structure.

Since in general the p-quinoid structure is more stabilized than the correspond-
ing o-quinoid structurey, it is comprehensible that fa-c are oxidized at the C-4
position. For 4-pyrimidinone it is well documented that the o-guinoid structure
is more stable than the p-quinoid structures. It is expected that from the two
possible adducts 10 and 11 obtained from 3, adduct 10 has the most preferred
structure: '
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Pigure 6.1 Maximun rates for the oxidation of substrates la-c, 2u-c and 3e
by free aldehyde oxidase as a function of pH at 25 "C.
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in adduct 10 there is more extended conjugation between both nitrogen atoms

than in 11, thus favouring 10 to 11. The addition of the nucleophile to 2
predicts preferred formation of adduct 8 to 9, since 8 is more resonance-stabili-
zed than 9,

These results are alsc in agreement with the observations that the presence of

a nucleophilic substituent at C-4 deactivates a nucleophilic attack at C-6 in
favour of C-2: for instance 2,6-dichloro-4-methoxypyrimidine only undergoes
dechlorination at C-2 by methoxide ions7.

The maximum oxidation rates for substrates la-c, 2a-c and 3¢ with free enzyme
are determined as a function of the pH in the pH-region €.5-7.8 (Figure 6.1).
For compound 3b we found a rather Tow oxidation rate at pH=7.0 and therefore

we did not determine the maximum rate for this substrate over the whole pH range.
A1l substrates studied show a pH-optimum in the pH-region of 6.5-7.8. The pH-
optima for substrates la-c shift from about pH=7.2 for compound 1a to pH=6.8

for 1b and 1c. For the 4-pyrimidinones substituted at N-1 the optimum shifts

to slightly higher pH values, whereas substitution at N-3 does not affect the
pH-optimum significantly. From these observations we conclude that the effect

of N-substitution by a methyl or a benzyl group on the pH-optimum of the maximum
rate is rather small.

For the pyrimidinones la and 2a the maximum rate of oxidation is found to de-
crease at higher pH, due to deprotonation (]it.9 la: pK,= 9.37 and 2a: pKz= 8.60)
leading to negatively charged species which are deactivated for nucleophilic
attack4.

It is interesting that on comparison of the results of these pH dependencies

of the oxidation rates with those obtained for the cationic substrates studied
befcre4’5, a remarkable difference in the shape of the pH curves is observed.
3-Aminocarbonyl-1-phenylpyridinium ch]oride4 and 1-methylguinolinium ch]oride5
for instance, exhibit a nearly constant maximum rate above pH=7.5, whereas we
here find bell-shaped pH curves for all substrates.

The magnitude of the maximum rates is strongly dependent on the nature and the
position of the N-substituent. Upon methylation or benzylation at N-1 of 4(3H)-
pyrimidinone the maximum rate increases drastically., This effect is comparable
to that obtained upon introduction of a methyl group in hypoxanthine at the

6 Introduction of substituents at N-3 of 4(3H)-pyrimi-

equivalent N-3 position
dinone results, irrespective of the size of the substituent, in a large de-
crease of the maximum rates (Table 6.1} over the whole pH-range. These results

can be partly explained by comparing the initial and intermediate structures of
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the substrate in the oxidation reactions. Compounds Zb-c¢ both possess the
p-quineid structure, but intermediates 8b-c with their azadiene o-gquinoid
structure are strongly resonance-stabilized. This will facilitate the initial
nucleophilic attack at C-2 in the oxidation of these substrates.

Table 6.1 Kinetie data for the oxidation of substrates Ila-¢, 2a-c¢ and
3b-c by free aldehyde oxidase at pH:7.0a

Substrate KMb’d g <»d
1a 244 1.63
1b 272 2.13
1c 78 1.33
2a {=3a) 543 0.62
2b 185 3.98
2c 66 2.51
3b 156 0.052
3c 61 0.158

a. The maximum oxidation rate for the reference substrate 3-aminocarbonyl-
1-methylpyridinium chloride3 with this aldehyde oxidase preparation was
0.36 + 0.02 umol/min.mg.

b. In umol/1l.
c. Tn umol/min.mg.

d. Accuracy for 2a, 3b-c was 4%, for la-b 7% and for 3e 14%.

The corresponding step in the oxidation of 2a, which is present in the o-quinoid
form 338 involves intermediate 10a and the adduct formation certainly reguires a
higher transition state energy than for 2b-c. For 3b-c the initial structures are
o-quinoid and therefore nc rate enhancement could be expected in comparison with
the oxidation rate for 3a. On the contrary a substantial decrease in maximum
rate has been observed for both compounds. It is apparent that other effects
must play an important role and a 1ikely possibility is that substrates 3b-c

are oriented differently in the active site of the enzyme because of inter-
action of the hydrophobic group at N-3 with the proposed hydrophobic region

in the enzyme3, possibly making C-2 less accessible for nuclegphilic attack.
Support for this suggestion comes from the considerably lower Michaelis constant
values (Ky) observed upon the introduction of large hydrcphobic substituents
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(Table 6.1).
For 2(1H)-pyrimidinone and its derivatives the situation is less clear. At Tow
pH the reasoning used for 1-R-4{1H)-pyrimidinones also shows some validity here,
but above pH=7.2 {R=methyl) and pH=6.9 (R=benzyl) the N-substituted 2(1H)-
pyrimidinones are oxidized at lower rates than 2{1H)-pyrimidinone itself.
Obviously other effects in the active centre of the enzyme play a predominant
role in the oxidation of these compounds at higher pH.

Oxidation of substrates 1b-c, 2b-¢ and 3b-c on a small preparative scale is
performed with immobilized aldehyde oxidase. The enzyme preparation used for
this purpose contained a low indigenous xanthine oxidase activity as well.
Therefore we isolated xanthine oxidase from rabbit Tiver and tested the activity
of this enzyme on these substrates. We established by HPLC analysis only very
small activities of xanthine oxidase for substrates 1b and 1c, which are oxidized
into the uracil derivatives 4b and 4c, respectively. The other subsiraies

{2b-c, 3b-c) are not converted by this enzyme. Consequently the yields in Table
6.2 for products 4b-¢ derived from substrates 1b-c may contain a very small
contribution from the xanthine oxidase~mediated reaction.

The product yields found are comparable with those obtained in the oxidation of
1-alkyl{aryl)quinolinium chIoridess, although the slowly converted substrates
3b-c give a significantly higher product yield. To obtain the products 4b-c

by this method the oxidation of substrates 2b-c is slightly more profitable

than starting from substrates 1b-c¢.

6.3 EXPERIMENTAL SECTION

Mass spectra were determined on an AEI MS 902 mass spectrometer equipped with

a VG ZAB console. HPLC analysis was performed with a Varian 5000 instrument
equipped with a Micro Pak MCH-10 column (30 x 0.4 cm), a Schoeffel GM-770
monochromator and an SF-770 spectroflow monitor. Operating conditions were
Ap=14.8 MPa (2146 psi), eluent water-methanol 80:20 or 70:30 (v/v) and flow

rate 1.6 ml/min. UV spectra and kinetic assays were determined on an Aminco
DW-2a UY/VIS spectrophotometer. Column chromatography was carried out over
Merck Silica gel 60 {70-230 ASTM). Partially purified aldehyde oxidase {E.C.
1.2.3.1) was prepared from frozen rabbit livers as described previous1y3. This
type of preparation was used for kinetic assays. A less-purified preparation,
acquired by ommission of the hydroxylapatite step in the purification procedure,
was employed for synthetic purposes. Rabbit liver xanthine oxidase (E.C. 1.2.3.2)
was isolated as described before4.
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Starting materials and refevence compounds

The following compounds were synthesized according to procedures described in

the literature: 4(3#)-pyrimidinone (2a)°°, I-methyl-4(1H)—pyvinidinone (2b)°7,
1-benzyl~4(1H)-pyrimidinone (ZC}IO, 3-methyl-4(3H)-pyrimidinone (Sb)lo, 3-benzyi~
4(3H)~pyrimidinone (3@)10, I-methyl-2(1H) -pyrimidinone (Ib)ll, I~benzyl-2(1H)-
pyrimidinone (10)12, I-methyluractl (4b)9, 3-methyluracil (Sb)g, I-benzyluracil
(40)13, F-benzyluracil (5@)14, 3-aminocarbony l-1-methy Lpyridinium chioride’.
2{1R)-Pyrimidinone, 4,6-dihydroxypyrimidine, uracil and barbituric acid were
purchased from Aldrich and purified by recrystallization from appropriate solvents

HPLC analysis

The HPLC analysis of incubation mixtures was performed as described previous]y3.
The substrate concentration in the mixture was 0.2 mM and 25 mM potassium
phosphate, pH=7.5 containing G.1 mM EDTA was employed as a buffer. Registration
of the oxidation products was carried out by UV detection at 254 nm (log e for
4a: 3.90; 4b: 3.80; 4c: 3.89; 5b: 3.83; 5¢: 3.83; 4,6-dihydroxypyrimidine: 3.89;
barbituric acid: 4.24).

Synthesis of the uractl derivatives 4b—c and Sb—c with immobilized

aldehyde oxidase

Rabbit Tiver aldehyde oxidase was immobilized by absorption onto DEAE Sepharose
CL 6B as described before3
per 3.5 ml packed Sepharose gel during immobilization. The immobilized enzyme

. applying 45 mg of aldehyde oxidase-containing protein

preparation was packed in a column and washed with 10 mM potassium phosphate
buffer, pH=7.5 (+ 0.1 mM EDTA) at 4°C. For each conversion 18 units of aldehyde
oxidase were used (for definition, see Kinetic assays!. The DEAE Sepharose was
regenerated as described e]sewhere15.

A solution of 28 mg substrate in 500 ml 10 mM phosphate buffer, pH=7.5 (+ 0.1 mM
EDTA) was pumped {45 m1/h} through the column at 49¢ and recycled ounce or twice
until the aldehyde oxidase activity was depleted. The formation of product was
registrated at a suitable wavelength (see Xinetic assays). After evaporation of
the collected effluent which was acidified to about pH=6.5, to dryness, the
residue was purified by column chromatography {eluent chloroform-ethanal 9:1
(v/v)). The UY and mass spectra of the jsolated products were identical with
those of authentic materials. Yields, melting points and exact mass measurement
data are collected in Table 6.2.

73



Table 6.2 DProduct yields, melting pointe and exact mass data of uracil
derivatives 4b-c and sb-c obtained by oxidation using tmmobilized

aldehyde oxidase

Substrate Product Yield M.p.(OOC) Formula Exact mass
(%) Exp. Theor.
1b db 43 231-2332 C5H6N202 126.0429 126.0429
b
1c dc 44 174-176 011H10N202 202.0747 202.0742
2b ab 49 230-2322 C5H6N202 126.0428 126.0429
b
2¢ 4c 52 174-178 C11H10N202 202.0742  202.0742
3b 5b 64 178-180° C5H6N202 126.0429 126.0429
d
3¢ 5¢ 78 180-182 C11H10N202 202.0742 202.0742
a. Lit.?: 232-233%.
b. Lit.'3: 173-174%.

Lie.”: 179%.

. Authentic sample: 182-183°C.

[P ]

Kinetic assays

The assay for aldehyde oxidase was carried out as described previous]y3 and

each assay was performed at least in duplicate. In the pH range studied (6.57.8)
potassium phosphate buffers with an ionic strength, I = 0,05, containing 0.1 mM
EDTA, were employed16. The wavelengths (A in nm) and corresponding molar dif-
ferential absorption coefficients (log Ac) at pH=7.0 are: 1a-da: 300 (3.71);
1b-4b: 302 {3.75); 1c-4¢: 302 (3.76); 2a-da: 258 (3.60): 2b-4b: 273 (3.72):
2c-4c: 246 {4.15); 3b-5b: 254 (3.68); 3c-5c: 258 (3.%4). These Ac values were
corrected for pH effects in the region pH » 7. For aldehyde oxidase one unit

of enzyme activity is defined as the amount of enzyme which oxidized 1 umol of
3-aminocarbonyl-1-methylpyridinium chloride per min at 25°C. The assay condi-
tions were: 5 mM substrate in 50 mM potassium phosphate buffer, pH=7.8 {+ 0.1 mM
EDTA) with the reaction being monitored at 292 nm {log Ac=3.64). Kinetic data
were calculated from Lineweaver-Burk p10ts17.
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7 THE STABILITY OF FREE AND IMMOBILIZED
ALDEHYDE OXIDASE

7.1 INTRODUCTION

The application of immobilized enzymes and cells in synthetic organic chemistry
is a promising subject of research. Enzymes can often catalyze reactions, which
are chemically not feasible or difficult to achieve, with a high specificity,
making work-up of the reaction mixtures very easy. Furthermore, the reaction
conditions required are usually very mild. The stability of free enzyme as well
as the regenerability of reactive enzyme, however, have prohibited the use in
organic chemistry for a long time. Immobilization of the enzyme can reduce these
drawbacks. Immobilized enzymes often show an improved operational stability in
comparison to their soluble counterparts, especially in the case of labile
enzymes. In the laboratory of Organic Chemistry there is a strong interest in
the chemistry of azaheterocycles. A study was initiated using these compounds as
substrates in the reaction of immebilized hydroxylases. The hydroxylases which
belang te the class of oxido-reductases, where chosen because of the broad sub-
strate specificities towards these compounds. The oxidation of the six-membered
heteroarenes by other methods is usually difficult, since the n-deficiency in
the rings makes elektron donation to an oxidizing agent less easy or even impos-
sible. The enzymes xanthine oxidase and xanthine dehydrogenase, isolated from
different species, were succesfully employed in free or immobilized form for
laboratory scale oxidations of azaheterocyclic compoundsl.

In recent papers we described the oxidation of N-alkyl and N-aryl azahetero-
cycles with immobilized rabbit liver aldehyde oxidasez_s. To date no report has
appeared of our work on the immebilization of this latter enzyme; in this paper
we present our first comprehensive study on this subject. Various immobilization
procedures, including those employed in previous studie52'5 will be discussed
and tested for their applicability in organic synthesis.

7.2 RESULTS AND DISCUSSION

7.2.1 Purification of aldehyde oxidase

The procedure used to purify the enzyme has been described by Felsted o¢ azs. As
already reperted in previous studies the partially purified aldehyde oxidase
preparations were devoid of indigenous xanthine oxidase activity2‘5 and therefore
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suitable for kinetic measurements. The purification procedure involves four
steps: a heat treatment, ammonium sulfate precipitation, acetone fractionation
and a hydroxylapatite column (used for preparations I-III). Preparations, which
were not purified on the hydroxylapatite column, were usually employed for small
scale conversions3_5; they also contained a low xanthine oxidase activity {pre-
paratien IV}. Both types of preparations were tested for their applicability in
organic synthesis.

In general the yield of the extracted total aldehyde oxidase activity, found
after heat treatment, is considerably lTower than the 365 units per 200 g of
rabbit livers reported beforeﬁ. The average value of eighteen purifications
carried out, amounted to 143 + 39 units of aldehyde oxidase per 200 g of Tivers.
We usually started from frozen rather than fresh liverss, and therefore the loss
of aldehyde oxidase activity due to the freezing/thawing process was determined.
A decrease in activity of about 18% was found compared to fresh livers. This
decrease in activity was independent of the storage time of the frozen livers.
Correction for the decrease gave an activity of 169 t 39 units for fresh livers.
The lower yield is partly due to the lesser sensitivity of the assay method
employed here (about 9%). Since our goal is to apply aldehyde oxidase as a bio-
catalyst for preparative purposes, the Tower yield of activity is a disadvantage
but not prohibitive for its use. The specifications of the various aldehyde
oxidase preparations used in this study are collected in Table 7.1. The degrees
of purification are less than those reporteds, but the total yields of activity
are comparable or significantly better. It is obvious that the application of a
less purified preparation (IV) offers certain advantages with respect to both
the yield of functional aldehyde oxidase and the time required for the purifica-

Table 7.1 Specifications of the applied aldehyde oxidase preparations

Specific

Preparation Purification activity Purificationa’b Yie]db AZBO/A450C
procedure (steps) {units/mg) (fold) {%)
I 4 0.27 15.0 (35.6) 40 (42) 13.1
II 4 0.33 19.9 (35.6) 54 (42) 11.8
II1 4 0.35 21.2 (35.6) 49 (42) 11.7
Iv 3 0,10 6.4 { 9.8) 76 (70) 17.3

a. Liver extract after heat treatment = |.
b. The values in parentheses represent data reported previouslyﬁ.

¢. Purity criterium. The lowest value reported6 for highly purified enzyme is 5.2.
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tion procedure. Therefore, the use of this type of preparation (IV} is preferred
under reaction conditions in which indigenous xanthine oxidase ¢. is inactive
towards the substrate applied3, iZ. does not interfere with the aldehyde oxidase-

3’4, or iit. yields the same product as aldehyde oxidases.

mediated reaction
During the course of our investigations we tried to improve the purification
method employed by applying bicaffinity chromatography as described by Chu and
Chayk1n7. Their method has been advocated to give a high yield of an aldehyde
oxidase preparation of high specific activity, completely devoid of any xanthine
oxidase activity. In addition the complete procedure should take only one day.
When we tested the described7 affinity ligand 3-aminocarbonyl-l-benzyl-6-methyl-
pyridinium bromide (1) with aldehyde oxidase, a similar competitive inhibition
constant X, was found as determined before (Table 7.2). HPLC analysis revealed,
however, that the affinity ligand is slowly converted by the emzyme. Application
of 3-aminocarbonyl-1-benzy1-4,6-dimethylpyridinium chloride (2} showed no oxida-
tion by aldehyde oxidase, suggesting that the oxidation of the former compound

Table 7.2 Competitive inhibition constants K. of potential bicaffinity ligands
for aldehyde oxidase™

Ligand X (uM)
PH = 7.8 oH = 9.0
1 25 + 2P 14 +1
2 - 59 + 4

a, In Tris-HCl (I=0.01), containing 0,1 mM EDTA,
b. K;=30 ui; determined ia 50 uM phosphate buffer’ .
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probably occurs, quite unexpected, at C-42’3.

tractive for application in bioaffinity chromatography. As shown in Table 7.2
the 4,6~dimethyl compound 2, although not oxidable by aldehyde oxidase, is not

This result makes ligand 1 unat-

very suitable as ligand either, since its inhibition of the enzyme is even
weaker. Therefore no further attempts to apply this type of purification proce-
dure were made at this stage.

7.8.2 Immobtlization of aldehyde oxidase onto n—alkylamine-substituted Sepharose
and dlethylamincelhyl Sepharcse

A. Storage stability

For successful application in organic synthesis it is important that the immo-
bilized enzyme possesses both a good storage stability and a long operational
stability. The storage stability of aldehyde oxidase adsorbed to n-alkylamine-
substituted Sepharose 488’9 was tested in various buffers at pH=7.8 and pH=9.0
(Table 7.3); pH=7.8 represents the pH at which the aldehyde oxidase purification
is carried out and pH=9.0 is about the upper chemical stability limit of the
employed matrix materiallo.

It is found that the stability is less at pH=7.8 than at pH=9.0 for both free
and immobilized enzyme. Unexpectedly, free aldehyde oxidase is more stable on
storage than the immobilized enzyme, irrespective of the buffer system used. The
inactivation of immobilized aldehyde oxidase especially at 30%C occurs very

Table 7.3 Storage stability of aldehyde oxidase® in various buffers

Half 1ife (days)

bufferb pH Free enzymec Immobilized enzymed
4% 30% 4% 30°C
50 mM phosphate 7.8 34 5.3 2.1 1
50 mM pyrophosphate 7.8 31 3 4.9 1
50 mM pyrophosphate 9.0 87 13.3 13.5 1
50 mM borate 9.0 108 13 6.8 0.6
Tris-HC1 (I=0.01) 9.0 245 16.8 19.8 1.1

a. Preparation II.

b. All buffers contained 0.02%7 (w/v) NaN

¢. Protein content was 0.5 mg.mlpl.

3 and 0.1 mM EDTA.

d. Aldehyde oxidase adsorbed to n-octylamine-substituted Sepharose 4B. The
protein content was I3.4 mg.g~! freeze-dried Sepharose 4B.
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rapidly. The Tris-HC1 buffer system is as yet preferred for storage of immobi-
lized enzyme. Similar storage stabilities are found, when aldehyde oxidase is
immobilized onto n-hexylamine-substituted Sepharose 4B or diethylaminoethyl
(DEAE) Sepharose CL 6B, using the same amount of protein per gram of matrix
material, and stored in Tris-HC1 (I=0.01), pH=9.0. The results indicate that
studies on the kinetics of immobilized aldehyde oxidase with various (new)
substrates are very restricted. It is evident that for synthetic applications
the immobilization procedure must be performed directly prior to use in order to
obtain maximal substrate conversion.

Compared to bovine milk xanthine oxidase and chicken liver xanthine dehydroge-
nase immobilized to the same material, the results are completely opposite,
since thgsilenzymes show a substantial increase in storage stability upon immobi-
Tization™*~ 7,

B. Operational stability

A second important aspect of free and immobilized enzyme concerns the operational
stability. The operational stability and productivity of several aldehyde
oxidase/n-octylamine Sepharese 4B preparations are presented in Table 7.4. As
observed for bovine milk xanthine oxidase immobilization of aldehyde oxidase to
this matrix increases the operational stability considerably in comparison to
free enzyme incubated with a 0.5 mM substrate solution (protein content 0.2
mg.m]’l}. Rapid inactivation of free aldehyde oxidase upon incubation with this

substrate was also observed by Coughlan et al}z

. The fast inactivation is
probably not due to the loss of flavin, because incubation of partially inactive
enzyme with FAD under proper conditions”’14 did not restore activity. In the
first half 1ife the inmobilized enzyme yields 17 umoles of product per unit of
immobilized activity, which corresponds to about %5 umoles of product per milli-
gram of immobilized protein (Table 7.4). Compared to xanthine oxidase adsorbed
to this matrix (t; = 0.8 days, productivity = 29 umoles per mg protein)15 both
the half life andaproductivity of the immobilized aldehyde oxidase preparation
are very poor. During operation no significant leaching of protein from the
support occurred.

It has been well established that hydrogen peroxide and/or superoxide is produced
during the catalysis with hydroxylases. These compounds can exert a directly or

16’17. We therefore determin-

indirectly damaging effect on the enzymes themselves
ed the influence of catalase and superoxide dismutase on the half life and the
correspending productivity of immobilized aldehyde oxidase. Coimmobilization

with either catalase or superoxide dismutase shows an equally positive effect on
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Table 7.4 Operational stability and productivity of various aldehyde oxidase/
Sepharose 4B preparationsa at pH=9.0 and Lo

Pr'epar'ationb Half Tife t%c Productivity 1in t%c
{min) (mmol/unit)

free AD <15 -

adsorbed A 290 17
coadsorbed A0 and CAT 365 20.5
coadsorbed AD and SOD 360 19.5
coadsorbed AQ and CAT and SOD 390 23.5
coadsorbed AO and BSA 305 18

a. Preparation I immobilized onto n-octylamine-substituted Sepharose 4B.

b. Amount of protein offered per gram of freeze-dried CNBr—activated Sepharose
4B during immobilization: 7.5 mg aldehyde oxidase (AQ), 2 mg catalase (CAT;
3000 units.mg™!}, 2 mg superoxide dismutase (S0D; 2800 units.mg™1), 4 mg
bovine serum albumin (BSA).

c. Average of two determinations,

d. All aldehyde oxidase activity and 95% of the offered amount of protein was
adsorbed to the carrier for this enzyme preparation. The productivity value
is therefore identical to 17 x 0.27 x 1.05 = 5 ymol/mg protein.

the half 1ife, whereas the productivity increased more by coimmobilization of
catalase. This result is in full agreement with the limited stability of immobi-
1ized superoxide dismutase found under turnover conditions in a small xanthine
oxidase/superoxide dismutase reactorg. When both enzymes are immobilized together
with aldehyde oxidase, both the half 1ife and productivity improve even more. In
a control experiment with coimmobilized bovine serum albumin, the stabilization
effect of the inert protein is substantially, less and therefore, the protective
effect of catalase and superoxide dismutase has to be attributed to their mode
of operation. Moreover, the location of both enzymes close to aldehyde oxidase
is very important for obtaining a stabilizing effect on aldehyde oxidase during
catalysis, because free enzyme, upon incubation with substrate, was found to
remain unprotected against inactivation by the inclusion of soluble superoxide
dismutase and cata1ase12.

Despite the improved stability of immobilized enzyme, when catalase and/or
superoxide dismutase are included, the effect is still rather limited and
requires the use of the expensive and relatively unstable superoxide dismutase,
to obtain optimal results. Furthermore, the leakage of catalase and superoxide
dismutase from the column during operation is a substantial drawbackg. These
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aspects make the latter preparations less suitable for preparative scale con-
versions.

» '°>

20
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40

100 200 300
Time [min]

Figure 7.1 Effect of the rvate of oxidation on the operational stability of
aldehyde oxidase adsorbed to n-cetylamine-substituted Sepharose 4B
at pH = §.0. The ratio of the conversion at t=o (A )} and t(4) is
plotted. Per grom dry support 7.5 mg of protein (preparation I} was
applied. (e--a) 0.5 mM substrate solution, 4°C; (w—-m) g.5 mM sub-
atrate solution, 256C; (A——A} 5mM substrate solution, 4 C.

The inactivation of immobilized aldehyde oxidase during continuous turnover is
dependent on the rate of oxidation, which is demonstrated by increasing the
reaction temperature or the substrate concentration. As shown in Figure 7.1 the
operational half lives drop more than twofold compared to that of a preparation
tested under standard conditions (see Experimental Section). The corresponding
productivities in the first half life time are found to be 10 ymoles per unit of
immobilized activity at 25°C and 4.5 wmoles per unit of immobilized activity,
when & substrate solution of 5 mM is applied.
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C. Effect of the protein load on the cperational stability

Another approach to improve the efficiency of aldehyde oxidase/n-octylamine
Sepharose 4B preparations, consisted of increasing the Toad of aldehyde oxidase
preparation per gram of matrix material. In addition we also tested this method
for the analogous supports n-hexylamine-substituted Sepharose 4B and DEAE
Sepharose CL 6B. The latter matrix possesses a hydrophilic nature and adsorbs
proteins mainly by ionic bindinng, whereas n-hexyl- and n-octylamine-substituted
Sepharose 4B combine both ionic binding and hydrophobic propertiess. Moreover,
all these matrices can be regenerated in principle after depletion of the alde-
hyde oxidase activitylg'zo.

The concentration dependence of the protein adsorption and aldehyde oxidase
retention is depicted in Figure 7.2. It becomes evident from the protein adsorp-
tion isotherms (Figure 7.2a) that more protein can be loaded on the n-alkylamine-
substituted matrices as compared to the hydrophilic DEAE Sepharase, although the
difference in protein Toading capacity between n-hexylamine Sepharose 4B and
DEAE Sepharcose CL 6B is rather small. The units of aldehyde oxidase activity
bound decrease rapidly for the n-hexylamine-substituted matrix at higher protein
concentrations, whereas both n-octylamine-substituted Sepharose and DEAE Sepharo-
se adsorb the enzyme proportionally up to about 60 mg of protein offered per
gram matrix (Figure 7.2b).

The effect of the protein load on the operational half 1ife of these immobilized
preparations is shown in Figure 7.3. The operational half 1ife of aldehyde
oxidase adsorbed to n-alkylamine-substituted Sepharose is affected differently
than that of enzyme immobilized on DEAE Sepharose. Linear relationships indica-
ting that the half life is proportional to the amount of protein bound are
established in the case of the former matrices, while a maximum operational
stability is found with the latter.

The productivity per unit immobilized aldehyde oxidase in the first half life
exhibits a similar behaviour as found for the operational half life: it reaches
a maximum for aldehyde oxidase/DEAE Sepharose preparations at increasing protein
load, but is about proportional for both other immobilized preparatians.

Since saturation for DEAE Sepharose is attained at about 35 mg aldehyde oxidase
preparation adsorbed per gram of matrix (Figure 7.2a}, bovine serum albumin was
coimmobilized to obtain a higher protein load. It is clear from the productivity
curve of aldehyde oxidase/DEAE Sepharose preparations the protein load has
hardly any pasitive effect on the productivity above 20 mg of protein adsorbed
per gram carrier (Figure 7.3b). The difference between both types of matrices in
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Figure 7.2 (a) Protein adsorption isotherms of an aldehyde oxidase preparation
(IV) to various Sepharcse adsorbents at 4 ¢ and pH=§.0. (e—u)
n-octylamine~substituted Sepharose 4B (degree of substitution: 5.1
wnol Ponceau S/g dry support); (h——A) n-hexylamine—substituted
Sepharose 4B (degree of substitution: 5.3 umol Ponceau 5/g dry sup-
port); (w—a) DEAE Sepharcse CL 6B.

(b) Aldehyde cwxidase adsorption ieotherms for ensyme preparation IV
at 4°C and pH=8.0. Symbols, see (a).
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Figure 7.8 (a) Operational halfi life of aldehyde oxidase immobilized to various
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Sepharose adsorbents at 4YC. Feed: 1 mM substrate, pH=7.8. For symbols,
see Fig. 7.Z.

(b) Produstivity in the fivst half life of aldehyds oxidase immobili-
ged to various Sepharose adsorbents at 4°C., (0--0) enayme preparation
ITT adsorbed to n-octylamine—substituted Sepharcse 4B; (a—-a) enzyme
preparation III adsorbed to DEAR Sepharose CL 8B; (¥-—*) enzyme pre-
paration IV acadsorbed with bovine serum albumin to DEAE Sepharose CL
6B. For other symbols, see Fig. 7.2.




respect to the productivity of aldehyde oxidase, can be explained by the occur-
rence of hydrophobic proteins in the enzyme preparation, which stabilize the
aldehyde oxidase activity during catalysis, and which are not adsorbed to DEAE
Sepharose. No significant disparities are found between the productivities of
the n-hexylamine and n-octylamine Sepharose 4B/aldehyde oxidase preparations at
varying protein concentrations. Application of enzyme preparations of different
purity, Z.e. preparations III and IV, does not result in a significant effect on
the productivity.

Testing of regenerated n-octylamine-substituted Sepharose 4B showed that the
capacity of the support gradually decreases after repeated use, while the pro-
ductivity per unit of immobilized aldehyde oxidase remained equal to that of
enzyme adsorbed to fresh matrix material.

7. 2.3 Immobilisation of aldehyde oxidase to other supports

Aldehyde oxidase was also immobilized to other matrices and/or by other methods.
Some of the results are recorded in Table 7.5.

In gelatin entrapped aldehyde oxidase crosslinked with glutaraldehyde has a
longer half life than enzyme adsorbed to n-octylamine Sepharose 4B, but the
productivity is extremely low. We established that when gelatin was replaced by
bovine serum albumin about 50% of the aldehyde oxidase activity was lost during
the crosslinking procedure with glutaraldehyde at the protein concentration
applied (40 mg.ml'l). Since alifatic aldehydes usually are substrates for alde-
hyde oxidaseZI, it is very likely that the inactivation occurred by a chemical
reaction in the active centre of the enzyme, Moreover, the stabilization by
gelatin is negligible and correction for the initial loss of activity due to
crosslinkage would still yield a low productivity value of 7 ymoles per immo-
bilized unit of aldehyde oxidase. This result is completely converse to that
reported for bovine milk xanthine oxidase, which is excellently stabilized by
the gelatin matrix during turnoverlS.

Covalently bound aldehyde oxidase on silica possesses a very short half Tife and
the productivity has only slightly improved in comparison to the gelatin prepa-
ration. Furthermore, only about 60% of the offered aldehyde oxidase activity is
bound during immobilization.

Adsorption to controlled-pore titania results in a preparation with an extremely
short half life, although the productivity is equal to that of the aldehyde
oxidase/n-octylamine Sepharose 4B preparation (Table 7.4). The binding capacity
is low for the titanium material, since merely about 40% of the aldehyde oxidase
activity is adsorbed. Another disadvantage is the abrasion of matrix material
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Table 7.5 Operational etability and productivity of various immobilized
aldehyde omidase (A0) preparations at pH=9.0 and £Le

Preparation’ Half 1ife t3P Productivity in t3°
{min) {umel/unit)

Gelatin entrapped and glutaraldehyde 540 3.5
crosslinked AD

Covalently bound AO on silica 185 5.5

Titania adsorbed AQ 95 17

n-Gctyl Sepharose CL 4B adsorbed AQ 310 12.5

Phenyl Sepharose CL 4B adsorbed AQ 295 11

a. Fifteen mg of protein of enzyme preparation IIT was applied during immobili-
zation per gram of support or per 3.5 ml of packed Sepharose gel.

b. Average of two determinations.

during operation, despite of intensive washings with buffers of high ionic
strength prior to the run.

The pure hydrophobic supports n-octyl and phenyl Sepharose CL 4B both have a Tow
adsorptive capacity for aldehyde oxidase. Only 18% and 15% of the offered acti-
vity are retained on these materials, respectively. The half lives of the prepa-
rations are comparable to that established for the aldehyde oxidase/n-actylamine
Sepharose 4B preparation (Table 7.4), while the corresponding productivities. are
substantially less. Another drawback of this type of matrices is the small but
continuous leakage of protein from the column when no high salt concentration is
app]iedzo.

Various other supports and/or immobilization methods have been tested, like
covalent coupling to CNBr-activated Sepharose 4B, to Enzacryl AA, to carboxy-
methylcellulose and adsorption to activated carbon. The obtained preparations
were devoid ef, or showed hardly any aldehyde oxidase activity.

7.3 EXPERIMENTAL SECTION
Materials

Fresh rabbit Tivers were obtained from Wilco by {Culemborg, The Netherlands) and
used immediately or stored frozen at -25%¢ until required. Catalase from beef
liver (E.C. 1.11.1.6) was purchased from Boehringer and bovine erythrocyte
superoxide dismutase (E.C. 1.15.1.1) from Sigma. Bovine serum albumin was from
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Boehringer and hydroxylapatite (Bio-Gel HT} from Bio-Rad. Freeze-dried CNBr-
activated Sepharose 4B, Phenyl Sepharose CL 4B, Octyl Sepharose CL 4B and DEAE
Sepharose CL 6B were obtained from Pharmacia Fine Chemicals. Enzacryl AA was
from Koch-Light Laboratories, controlled-pore titania (500&, £5-60 mesh) from
Corning, activated carbon (28 mesh) from Pierce Inorganics, carboxymethylcellu-
lose hydrazide from Sigma and silica coated with N-hydroxysuccinimide-activated
carboxylgroups on Cg-spacers from Diosynth,

3-Aninocarbonyl-1-methylpyridinium chloride, 3-aminocarbonyl-l-benzyl-6-methyl-
pyridinium bromide, 3-aminocarbonyl-1l-benzyl-4,6-dimethylpyridinium chloride
were synthesized according to described methodsz’3 and were analytically pure.
Glutaraldehyde {Merck), gelatin (Merck), Ponceau S (Searle), n-hexylamine
(Fiuka), n-octylamine (Merck), Folin reagent (Merck) and all other materials
emplayed, were at least reagent grade.

Purification of aldehyde owidase

Aldehyde oxidase (E.C. 1.2.3.1) was purified from rabbit livers according to the
procedure of Felsted et al.s, by performing three (preparatiaon IV, Table 7.1) or
four (preparations I-III, Table 7.1) of the six purification steps. Hydroxyl-
apatite was employed instead of calcium phosphate gel and the enzyme was eluted
from this material with a linear gradient of 0-200 mM potassium buffer, pH=7.8
containing 0.1 mM EDTA. Fractions with main aldehyde oxidase activity were com-
bined and the protein was precipitated by careful addition of ammonium sulphate
(0.60 saturation). After centrifugation the material was resuspended in Tris-HC]
(1=0.01), pH=7.8 containing 0.1 mM EDTA and stored at -259C until use. The pro-
tein material acquired by the three siep-procedure was resuspended in the same
buffer directly after acetone fractionation, the suspension was clarified by
centrifugation, dialyzed and stored under identical conditions.

HPLC analyste

The HPLC analysis of incubation mixtures of the bicaffinity ligands with alde-
hyde oxidase (preparation I) was carried out as described previouslyz, using a
Varian 5000 instrument equipped with a Micro Pak MCH-10 column (30 x 0.4 cm), a
Schoeffel GM-770 monochromator and an SF-770 spectroflowmonitor. Operating
conditions were ap=17.2 MPa, eluent water/methanol 60:40 (v/v) and flowrate 2.0

ml/min. Registration of oxidation products occurred by UV detection at 254 nm3.
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Inmobilization of aldehyde cxidase

Covalent coupling to Sepharose 4B occurred analogously to a procedure described
beforeg. 7.5 mg of the enzyme preparation III were appiied per gram of CNBr-
activated Sepharose 4B.

For the adsorption to Sepharose matrices cne gram (based on dry weight of CNBr-
activated Sepharose 4B) of n-alkylamine-substituted Sepharose 488 or 3.5 ml
packed gel of preswollen material, corresponding to about one gram of dry
materia]18 {in the case of DEAE Sepharose and the hydrophobic Sepharoses) was
washed with 30 mM borate buffer, pH=9.0 (0.1 mM EDTA) on a sintered-glass funnel
with suction. The adsorbent was then transferred t¢ a round bottom flask and 30
ml of a protein solution in borate buffer added. Adsorption was accomplished by
rotation of the mixture during 5 hours at 4%C. The immobilizate was washed with
the same buffer several times. The degree of substitution of Sepharose 4B with
n-alkylamine was determined by the method based on the irreversible binding of
Ponceau S to this suppert material at low ionic strengthzz.

Entrapment in gelatin, followed by crosslinkage with giutara]dehydel5 and

coupling to carboxymethylcellulose hydr‘azide23

was carried out according to
described procedures.

Adsorption to activated carbon was performed after cleaning of the material by
the acidic pretreatment as described by Cho and Bai]ey24. One gram of cleaned
material was rotated after deaeration together with 30 ml of a protein solution
(0.5 mg.ml_l) in 30 mM borate buffer, pH=9.0 containing 0.1 mM EDTA at 4%,
After 5 hours the adsorption procedure was stopped and the activated carbon
washed thoroughly with the same buffer.

Controlled-pore titania was cleaned prior to use to remove easily grindable
particles by rotating the deaerated material in a round bottom flask in 25 ml of
0.1 M sodium citrate buffer, pH=5.5. After 30 minutes the supernatant was decant-
ed and the procedure was repeated three times. The material was then washed with
citrate buffer on a sintered-glass funnel, packed into a column and again washed
thoroughly with 3¢ mM barate buffer, pH=9.0 {0.1 mM EDTA). The enzyme solution
in borate buffer was lpaded ontoc the column and slowly soaked in until about one
void volume had eluted from the column. After standing overnight at 4°C the
column was washed thoroughly with borate buffer.

Covalent coupling to Enzacryl AA was essentially identical to the method employ-
ed for coupling to carboxymethy]ce]1u1osezs. The coupling time was extended to
24 hours. The immebilizate was stirred magnetically in an ice-cold solution of
(.01% phenol in 10% sodium acetate for 15 minutes before washing of the material.
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For coupling to silica coated with N-hydroxysuccinimide-activated carboxyl

groups on C5-3pacers, the dry beads were suspended in 0.1 M bicarbonate buffer,
pH=9.0 and the suspension transferred into a round hottom flask which was attach-
ed to a vacuum evaporator. The beads were carefully deaerated under rotation and
the enzyme preparation was then added to the suspension. The reaction was accom-
plished in 3 hours at room temperature, while the pH was measured and adjusted

at intervals of 30 minutes. After decantation of the suspension the buffer was
replaced by a solution of 0.1 M ethanolamine, pH=8.5. The reaction was complete
after 2 hours and during this period the pH was adjusted regularly (e.g. every

15 minutes). The immobilizate was next washed on a sintered-glass funnel with
coupling buffer, 0.1 M Tris buffer (pH=8.0 containing 2 M NaCl) and 0.1 M acetate
buffer (pH=4.0 containing 2 M NaCl), respectively.

Enzyme stability

The storage stability of free and immobilized enzyme was determined by incuba-
tion of a series of enzyme samples in the buffer studied, containing 0.02% {w/v)
sodium azide at two different temperatures. The activity of the samples was
assayed as a function of time.

For the determination of the operational stability, 1 g of the freshly prepared
immobilizate (for the gelatin preparation 5 g), based on the dry weight of the
carrier, was packed into a column (i.d. 0.5 or 2.5 cm, the Tatter only being
employed for the gelatin preparation) and washed with Tris-HC1 (I=0.05), pH=7.8
or Tris-HCT (I=0.01), pH=9.0, both containing 0.1 mM EDTA. The buffer used is
specified by the pH given in the Figures and Tables.

After the washing procedure (A230=0) an 0.5 mM solution of 3-aminocarbonyl-1-
methylpyridinium chloride {unless specified otherwise) in the corresponding
buffer was pumped at a constant flow rate (15 m].h'l) through the column and the
abscrbance of the eluate at 300 nm, <.z, the formation of product {log ae=
3.62)6, was measured as a function of time. The columns were run at 4°C {unless
specified otherwise), avoiding normal levels of room light.

. Protein determination

A1l protein determinations were performed with the modified Lowry microprocedu-
rezs, using bovine serum albumin as standard. This method was also suitable for
determination of protein immobilized to n-alkylamine-substituted Sepharose 4B.
The samples were incubated with the Lowry reagents at room temperature in the
dark and the mixtures were shaken occasionally. After about 24 hours the mix-
tures were filtered and the absorbance at 700 nm measured. The assays were
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performed in duplicate. If necessary the washings were concentrated and desalted
by dialysis prior to the determination.

Enzyme-activity assays

In the standard activity assay for soluble aldehyde oxidase the reaction mixture
contained 5 mM 3-aminocarbonyl-1l-methylpyridinium chloride as a substrate in 50
mM potassium phosphate buffer, pH=7.8 (+ 0.1 mM EDTA) and a suitable amount of
enzyme in a final volume of 2.5 ml. The temperature of the assay mixture was
maintained at 25°C. The oxidation of substrate was monitored at 292 nm (Teg 2e=
3.64) using an Aminco DW-2a UV-VIS spectrophotometer, which operated in split-
beam mode. The rate of oxidation was determined from the initial slope of the
absorbance versus reaction time curve, representing the rate of the formation of
product. For aldehyde oxidase one unit of enzyme activity is defined as the
amount of enzyme which oxidized 1 umol of the substrate per minute at 25°C.

The activity assays for free aldehyde oxidase in other buffer systems for deter-
mination of storage stabilities were carried out analogously in the corresponding
buffers.

The assay of the immobilized enzyme was performed under the same conditions as
for free enzyme, but the sample volume was always 0.5 m] taken from a suitable
diluted homogencus suspension with an Eppendorf pipet {analogous to the procedure
develgped by Mort et al.za)‘ The mixture in the cuvet was stirred rapidly
during the assays so that a homogenegus suspension was obtained and external
diffusion Timitation (i.e. diffusion Timitation of substrate from the bulk into
the gel) was minimized.

Activity assays were always performed in duplicate for free aldehyde oxidase and
in triplicate for immobilized enzyme. The catalase activity assay was essential-
1y that described by Beers and Sizer27 and superoxide dismutase activity was
determined by the method of McCord and Fridovichzs.

The inhibition of the oxidation of 3-aminocarbonyl-l-methyipyridinium chloride
by the bipcaffinity ligands was determined under the same assay conditions as
described beforez. Inhibition constants were calculated from Lineweaver—Burk29
plots and replots.
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8 GENERAL DISCUSSION

In this thesis interesting results are presented on the catalytic activity of
rabbit liver aldehyde oxidase towards N-alkyl(aryl) substituted pyridinium,
quinolinium and pyrimidine compounds, in which the alkyl(aryl) substituents

differ in size and/or electronic effects., Comparison of the substrate specifici-

ties of aldehyde oxidase and bovine milk xanthine oxidase shows quite distinct
differences for both enzymes with regard to N-alkyl{aryl)azinium compounds
(Scheme 8.1). A survey of these substrate specificities based on data present-
ed in the previous chapters and supplemented with some unpublished results is
given in Table 8.1. It is obvious that aldehyde oxidase possesses a broader
specificity towards these compounds than xanthine oxidase.

i
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Moreover, xanthine oxidase only significantly converts N-alkyl(aryl)azinium
salts at pH » 9.01, whereas aldehyde oxidase can operate in a wider pH-range
(6.5-10; chapters 3 and 5). The variation in size and thus steric conformation
of the N-substituent restricts the oxidation of these compounds by xanthine
oxidase more than by aldehyde oxidase. Substitution of the pyridinium or quino-
Tinium ring at other positions than at the ring nitrogen atom affects the

substrate specificity of xanthine oxidase to a much lesser degree1’2.

Table 8.1 Comparison of the substrate specificities of aldehyde oxidase (AQ)

and xanthine oxidase (X0) for various N-alkyl(aryllazinium salts

Compound Oxidation Site of oxidation?
AD XC AD X0
1a + +P 6 Gb
1b + + 6 6
1c + - 6 -
1d + - 6(4) -
le + - 4 -
1f + - 6 -
19 + + 6(4) 4(6)
1h + - 4 -
?a + P 2(4) 2P
2b + - 4(2) -
2c + + 4 4
3 . _c 6 _c
4¢ . 4P 4 4°

a, Site of oxidation of minor product in parentheses.
b. In agreement with reference 1.

c¢. Reference 2.
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The interaction of a (proton-donating) active site species in xanthine oxidase
with these substrates1’2 exhibits a less pronounced effect on the site of
oxidation than that established for aldehyde oxidase (chapter 5). Oxidation of
both the 1-phenylpyridinium salt and the corresponding 3-aminocarbonyl analogue
by xanthine oxidase occurs exclusively or predominantly at C-4, whereas with
aldehyde oxidase the predominant (exclusive) site of oxidation shifts from C-4
to C-6 upon the introduction of a 3~CONH2 group. Obviously the relative loca-
tion of this interactive species with regard to a hydrophobic region, which

is very likely an important site in determining the binding of substrates in
the active centre3’4(chapter 2) and the catalytic nucleophilic group (chapter 3)
is different in both enzymes,

As an extension of the work on the 1-alkyl(aryl)-3-aminocarbonylpyridinium
salts we also investigated the oxidation of pyridinium derivatives by aldehyde
oxidase in dependence of the presence, the position or the nature of the C-
substituent. Semi-quantitative results of these reactions are collected in
Table 8.2.

Table 8.2 Oxidation of various pyridinium compounds by aldehyde
oxidase at pH = 7.8

Compound Oxidation rate® Site of oxidation

1a ++4+

3 +

4a - -
4b - -
4c + 4
Sa 4 6
5b e+ 6
5¢ L 6
5d ++++ [
ba - -
6b - b

a. Rate of owidation: ++++ = fast, +++ = moderate, ++ = slow, + = very slow,
- = no oxidation.

b. Not determined.
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1-Methylpyridinium derivatives which contain a 3-alkanoyl(benzoyl} substituent
(5a-d) are found to be oxidized at a higher rate than 3-aminocarbonyl-1-methyl-
pyridinium chloride in l1a. Oxidation of these compounds occurs exclusively at
C-6, showing that the enzyme has a great steric "tolerance" at this site {C-3).
The presence of a phenyl group instead of a benzoyl group at C-3 (Z.e. in com-
pound 3} results in a low rate of oxidation by aldehyde oxidase, indicating the
importance of the carbonyl moiety.

As mentioned before this moiety, most probably orientates the substrate mole-
cule in the catalytic centre of the enzyme through interaction with a (proton-
donating} active site species. In the case of substrates 3 and 5d the accessibi-
lity of C-6 for the enzymic nucleophile evidently is much better for the latter
compound, due to this interaction.

Further proof for this suggestion is obtained from the reaction of pyridinium
salts 4 containing no substituent at C-3. Compounds 4a and 4b are not converted
at all and with the 1-phenyl analogue 4c oxidation takes place at a very low rate
exclusively at £-4, which is comparable to the oxidation of 1-(4'-pyridyl}pyridi-
nium chloride by this enzyme®.

Oxidation of 1-methylpyridinium compounds with an aminocarbonyl substituent at
C-2 or C-4 is not feasible or occurs very slowly (Table 8.2}, indicating that
these compounds are not oriented in the right fashion in the catalytic centre
due to interaction of the carbonyl moiety with an active site species.

Figure 8.1 Schematic representation of the orientation of two Z—aminocarbonyl-I-
arylpyridinium substrates in the active centre of aldehyde oxidase
during catalysis. Nu: enzymic nucleophilic species; X : interactive
species.
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A very simplified schematic representation of the orientation of two different
azinium substrates in the catalytic centre of aldehyde oxidase is illustrated

in Figure 8.1, based on the three important features of the active site suggest-
ed in this study, viz. the presence of a hydrophobic region {chapter 2), a
rate-limiting nucleophilic attack (chapter 3) and the interaction with a (proton-
donating) active site species {chapter 5). For the sake of simplicity only two
pyridinium substrates are depicted, which differ in their steric conformation
due to the presence of methyl substituents. In the oxidation of 3-aminocarbonyl-
1-phenylpyridinium chloride the pyridinium ring is rotated in a position which
brings about a favourable interaction of the carbony! moiety of the 3-amino-
carbonyl group with the active site species (I}. The pheny! substituent inter-
acts with the hydrophobic region in the vicinity of the catalytic site. In this
orientation C-6 is much better accessible for nucleophilic attack than C-4, as
has been established from the respective maximum rates of oxidation (chapter 3}.
The conformation of the aminocarbonyl group in the substrate and in the inter-
mediate formed after nuclecphilic attack at C-4 can have an effect on the
overall orientation during catalysis as we11878,

The substrate 3-aminocarbonyl-1-(2,4,6-trimethylphenyl)pyridinium chloride has

a steric conformation in which both ring planes are nearly perpendicular,
because of the interaction of the ortho-methyl groups. This conformation will be
at least partly retained in the active centre during catalysis. The approach of
the nucleophilic species at C-6 (or C-2} is now severely hindered by the ortho-
methyl groups and therefore, the oxidation appears to occur exclusively at C-4
{II). Because of the difference in hydrophobicity of the N-substituent it can

be expected that the interaction of this substituent with the hydrophobic region
of the enzyme will be stightly different, resulting in another orientation of
the substrate molecute. This may lead to a greater accessibility of the C-4

site for the enzymic nucleophilic species and correspondingly the maximum rate
of oxidation is much higher than that for oxidation of 3-aminocarbonyl-1-
phenylpyridinium chloride at this site (chapter 3).
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SUMMARY

Aldehyde oxidase isolated from rabbit liver is studied in this thesis with
regard to its application in organic synthesis. The enzyme has a broad substrate
specificity towards azaheterocycles and therefore offers great potential for
profitable use.

The oxidation of 1-a1kyZ(aryl)—3~am1lnocarbonylpyr"£dim'um chiorides by aldehyde
oxidase shows that reaction can occur in principle at two different positions in
the pyridinium ring. Only the 1-alkyl-1,6-dihydro-6-oxo-3-pyridinecarboxamides
are obtained with the l-methyl, l-ethyl and l-n-propyl derivatives. The corres-
pending 4-oxo compound is found as sole product with the l-¢-butyl analogue,
while the 1-Z-propyl derivative yields a mixture of 4- and 6-oxo compounds.
Evidence for the presence of a hydrophobic region in the vicinity of the enzymic
active site has been acquired from the kinetic data of the oxidation reactions
{chapter 2). Oxidation of the l-aryl analogues results predominantly in l-aryl-
1,6-dihydro-6-axo-3-pyridinecarboxamides, together with the corresponding 4-oxo
compounds as minor products. In general the site of oxidation is determined by
steric factors, although the maximum rate of oxidation by aldehyde oxidase is
very sensitive to electronic effects. A more electron-withdrawing aryl substi-
tuent increases the reaction rate for oxidation at C-6. Consequently a positive
p-value of about 3.6 is calculated for free aldehyde oxidase, indicating that a
nucleophilic attack is the rate-limiting step in the oxidation mechanism of
these azinium compounds. The oxidation of the l-aryl derivatives by bovine milk
xanthine oxidase yields mainly 4-oxo products. The maximum rate of oxidation
with xanthine oxidase is only slightly affected by the nature of the aryl substi-
tuent (chapter 3).

1-Alkyl(aryl)quinolinium chlorides are alse oxidized by aldehyde oxidase essen-
tially at two positions, C-2 and C-4. The site and the maximum rate of oxidation
are dependent on the size and the steric conformation of the N-substituent. The
presence of an aminocarbonyl group at C-3 directs the oxidation completely to C-4,
irrespective of the size of the N-substituent {chapter 5).

A comparison is made between the site(s) of oxidation of several azinium compounds
by aldehyde oxidase and the covalent amination pattern in liquid ammonia. It is
shown that covalent amination is particularly valuable as a model reaction with
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those substrates in which the enzyme reaction is predominantly controlled by
steric factors. Thus the oxidation positions of the 1-alkyl-3-aminocarbonylpyri-
dinium chlorides are predicted quite accurately by the model reaction (chapters
4 and 5).

N-Methyl and N-benzyl derivatives of 2(18)- and 4(3H)-pyrimidinone {at N-1 or
N-3) are oxidized at the same site by aldehyde oxidase. Despite the difference
in steric size only one type of product has been cbtained from all substrates
studied, viz. the corresponding N-1 or N-3 substituted uracil. The maximum rates
of oxidation with this enzyme exhibit an optimum in the pH range 6.5-7.8, which
is little affected by the site and the size of the N-substituent (chapter 6).

A study of the inmobilization of aldehyde oxidase to several supports by various
methods in order to make continuous operation feasible and to improve the enzyme
stability, was undertaken. This showed that of the various matrices and coupling
methods tested, the activity of aldehyde oxidase is best retained upon adsorp-
tion to modified Sepharose matrices. It is established that the storage stabili-
ty of enzyme adsorbed to n-alkylamine-substituted Sepharose 4B or diethylamino-
ethyl Sepharose 6B is significantly lower in comparison to free enzyme. The
operational stability of the immobilized enzyme preparation, however, has improv-
ed substantially compared to soluble enzyme, although the corresponding pro-
ductivity is still very poor. The inactivation of aldehyde oxidase during
turnover is dependent on the rate of oxidation. Coimmobilization of catalase
and/or superoxide dismutase provides a further increase of the operational
stability and productivity. A positive effect on both parameters is also found
for aldehyde oxidase/n-alkylamine Sepharose 4B preparations by increasing the
amount of enzyme adscrbed per unit weight of support (chapter 7). The aldehyde
oxidase/Sepharose preparations were used throughout this study to perform small
scale syntheses (chapters 2, 3, 5 and 6).

Despite the interesting oxidative capabilities, it is concluded that the appli-
cation of aldehyde oxidase as an immobilized biocatalyst in organic synthesis is
still unattractive at present and awaits further research on the stabilization
of this enzyme.
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SAMENVATTING

Aldehyde oxydase geTsoleerd uit konijnelever wordt in dit onderzoek bestudeerd
met het oog ¢op de toepassing van dit enzym in de organische synthese. Het enzym
bezit een brede substraatspecificiteit voor azaheterocyclische verbindingen en
biedt zodcende goede vooruitzichten voor een nuttig gebruik.

De oxydatie van I-alkyl(aryl)-3-aminccarbonylpyridiniumchloriden door aldehyde
oxydase laat zien dat de reactie in principe op twee posities in de pyridinium-
ring kan plaatsvinden. Van de l-methyl-, l-ethyl- en l-n-propylderivaten worden
enkel 1-alkyl-1,6-dihydro-6-pxp-3-pyridinecarbonamiden verkregen. De overeenkom-
stige 4-oxo-verbinding is het enige produkt in de oxydatiereactie met de t-butyl-
verbinding, terwijl het Z-propylderivaat een mengsel van 4- en 6-oxo-produkt
oplevert. De kinetiek van de oxydatiereacties levert aanwijzingen voor de aanwe-
zigheid van een hydrofoob gebied in de nabijheid van het aktieve centrum van het
enzym (hoofdstuk 2).

Oxydatie van de l-arylderivaten levert voornamelijk I-aryl-1,6-dihydro-6-oxo-3-
pyridinecarbonamiden op en in geringe mate ook de overeenkomstige 4-oxo-produk-
ten. In het algemeen wordt de oxydatiepositie bepaald door sterische faktoren
alhoewel de maximale oxydatiesnelheid van de reaktie met aldehyde oxydase erg
gevoelig is voor elektronische effekten. Naarmate de arylsubstituent sterker
elektronenzuigend is, neemt de oxydatiesnelheid op C-6 toe. Op deze manier wordt
voor vrij aldehyde oxydase een positieve p-waarde van ongeveer 3.6 gevonden, wat
aangeeft dat een nucleofiele aanval de snelheidsheperkende stap is in het oxyda-
tiemechanisme van deze aziniumverbindingen. Oxydatie van de l-arylderivaten door
xanthine oxydase uit koeiemelk geeft voornmamelijk 4-oxo-produkten. De maximale
oxydatiesnelheid wordt voor dit enzym slechts in geringe mate beTnvloed door de
aard van de arylsubstituent {hoofdstuk 3).

1~Alkyl(aryl)ehincliniumehloriden worden door aldehyde oxydase eveneens in
principe op twee plaatsen geoxydeerd, namelijk op C-2 en C-4. De oxydatiepositie
en de maximale oxydatiesnelheid zijn afhankelijk van de grootte en de sterische
conformatie van de N-substituent. Echter bij aanwezigheid van een aminocarbo-
nylgroep op C-3 richt de oxydatie zich volledig op de C-4-positie, onafhankelijk
van de grootte van de N-substituent (hcofdstuk 5).

Het oxydatiepatroon van verschillende aziniumverbindingen met aldehyde oxydase
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wordt vergeleken met de resultaten van covalente aminering van deze verbindingen
in vioeibare ammoniak. Hieruit blijkt dat covalente aminering vooral bruikbaar
is als een modelreactie voor deze substraten in het geval dat de enzymreactie
voornamelijk wordt gecontroleerd door sterische faktoren. Op deze wijze kunnen
de oxydatieposities van de l-alkyl-3-aminocarbonylpyridiniumchloriden vrij goed
met deze modelreactie voorspeld worden (hoofdstukken 4 en 5).

N-Methyl- en N-benzylderivaten van 2(1H)- en 4(3H)-pyrimidinonen {(met de sub-
stituent op N-1 of N-3) worden door aldehyde oxydase op een overeenkomstige
positie geoxydeerd. Onafhankelijk van de grootte van de substituent krijgt men
&én type produkt van alle geteste substraten, namelijk het overeenkomstige N-1-
of N-3-gesubstitueerde uracil. De maximale oxydatiesnelheden voor deze verbin-
dingen geven een optimum te zien in het pH-gebied van 6.5-7.8, dat weinig beTn-
vloed wordt door de positie en de grootte van de N-substituent {hoofdstuk 6).
Immobilisatie van aldehyde oxydase aan diverse dragermaterialen werd uitgevoerd
met behulp van verschillende methoden om een continue procesvoering mogelijk te
maken, alsmede om de enzymstabiliteit te verbeteren. Van de bestudeerde drager-
materialen en koppelingsmethoden blijkt adsorptie aan gemodificeerde Sepharose-
matrices de beste retentie van aldehyde oxydase-aktiviteit te geven. De bewaar-
stabiliteit van aldehyde oxydase geimmobiliseerd aan n-alkylamine-gesubstitueer-
de Sepharose 4B of diethylaminoethyl-Sepharose 6B is aanzienlijk Tager dan van
vrij enzym. De operationele stabiliteit van deze aldehyde oxydase/Sepharose-
preparaten is daarentegen beduidend beter dan van vrij enzym, ofschoon de bij-
behorende produktiviteit nog erg laag is. Inaktivering van aldehyde oxydase
tijdens de katalyse is afhankelijk van de oxydatiesnelheid. Coimmobilisatie van
katalase en/of superoxyde dismutase draagt bij tot een verbetering van de opera-
tionele stabiliteit en produktiviteit. Een hogere belading van het dragermate-
riaal met enzym heeft eveneens een gunstige invloed op deze beide faktoren
(hoofdstuk 7). De aldehyde oxydase/Sepharose-preparaten werden in dit onderzoek
gebruikt voor het uitvoeren van synthesen op kleine schaal (hoofdstukken 2, 3, 5
en 6).

Ondanks de interessante oxydatiemogelijkheden met aldehyde oxydase, is op het
moment de toepassing van dit enzym als geimmobiliseerde bigkatalysator in de
preparatieve organische chemie nog onaantrekkelijk. Verder onderzoek met betrek-
king tot de stabilisatie van het enzym is daarom geboden.
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