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The pathways in the microbiological transformation of pyridine and its derivatives 
(alkylpyridines, hydroxypyridines, pyridinecarboxylic acids, alkaloids, and con- 
densed systems with a pyridine ring) under the influence of various microorganisms 
and several enzyme systems are examined. It is noted that oxidation, reduction, 
hydrolysis, and destruction of the aromatic ring are the most characteristic pro- 
cesses. 

In the last decades microbiological methods in organic chemistry have been undergoing 
intensive development for both the regiospecific and stereospecific synthesis of substances 
that are difficult to obtain [I] and as a result of the necessity for the purification of 
waste waters by removal of impurities [2]. In addition to this, a study of the pathways of 
metabolism under the influence of microorganisms makes it possible to draw conclusions re- 
garding the transformations of medicinal compounds and pesticides in plants and animals, 
since many of the enzymes in them are similar [3]. 

Several reviews in Russian have been devoted to microbiolo~ica! transformations (for 
example, see [4-6]), but they are general in character. There is virtually no information 
on the use of microorganisms in a recently published review on the application of isolated 
enzymes in the chemistry of heterocycles [7]. However, a great deal of material on pyridine 
and its derivatives has accumulated and deserves to be discussed, since these compounds are 
toxic waste products of a number of industries, and many of them have substantial signifi- 
cance in the lives of plants and animals. 

Pyridine 

In 1914 it was established that pyridine is decomposed rapidly by soil microorganisms. 
A number of bacteria (Aerobacter aerogenes, Serratia marcescens, and Bacterium herbicola) 
that are capable of growin~ in a medium containing 0.1-0.5% pyridine were isolated as a re- 
sult of its use as a source of nitrogen, and several forms of microorganisms (Proactinomyces, 
Actinomyces, and Pseudomona8) have also assimilated carbon from the pyridine ring [8]. Al- 
though the maximum growth in the biomass was observed only after 70-90 days, it was found 
that it was possible to free waste waters of pyridine, present in concentrations of up to 
0.3%, after only 16 h when an active slurry was used [9, I0]. 

It was later found that the above-indicated strains of bacteria and actinomycetes are 
capable of decomposing pyridine but have virtually no effect on 2- and 3-methylpyridines and 
do not assimilate the isomeric lutidines and collidines [II]. 

The primary reaction in the microbiological metabolism of the benzene ring is hydroxyla- 
tion to give a dihydroxy compound with subsequent ring opening [12]. In the case of pyri- 
dine the reaction is a more complex process. For example, the Nocardia Zl strain, which is 
capable of decomposing pyridine, has virtually no effect on various monohydroxy and di- 
hydroxypyridines or on pyridine N-oxide. Correspondingly, pyridine did not undergo reaction 
in experiments with a hydroxylating system (ascorbic acid, Fe 2+, ethylenediaminetetraace- 
tate, and oxygen [13]) that models the function of oxygenase [ii]. 

The study of the pathway of pyridine degradation was complicated by the fact that cell- 
free extracts were found to be incapable of metabolizing pyridine even after the addition of 
various cofactors. Similarly, treatment of the cells with toluene, which disrupts cell 
permeability, leads to a loss in the ability to oxidize pyridine~ It was found that it was 
possible to establish the products of ring opening only by means of several inhibitors. For 
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example, a decrease in the absorption of oxygen by a cell suspension of Noruard~ Zl and the 
formation of glutaric acid half-aldehyde semlcarbazone (TI) were observed when semlcarbazide 
(a reagent for the keto group [14]) was introduced [15, 16]. 

When labeled 2,6-Z4C-pyrldine was used, it was established that the percentage of 
radioactivity included in aldehyde II was in agreement with the calculated value. The car- 
bon skeleton of aldehyde TI was consequently formed directly from the pyridlne ring. This 
aldehyde is subsequently metabolized to glutaric acid. Dialdehyde I is also rapidly oxi- 
dized by cellular suspensions of Noo~iu Z1 incubated in pyridlne. However, it was not 
isolated, and the question as to whether aldehyde I is an intermediate in the metabolism of 
pyridine remained unanswered [16]. The formation of glutaryl-coenzyme A, which is finally 
converted to acetyl-coenzyme A, probably takes place during the subsequent metabolism of 
the products of oxidation of pyridine. 

The metabolism of the pyridine ring proceeds in a different manner in the case of 
microorganisms that belong to various systematic groups. Thus, in contrast to Nooc~dia ZI, 
succinlc acid half-aldehyde (liT), which was isolated by the action of semicarbazlde on a 
8aci~Z~ B3 mutant strain, was identified as an intermediate in the degradation of 8a~lus 
strain 4 [16]. This half-aldehyde is subsequently converted to succinic acid. 

The formation of aldehyde IIl constituted evidence for cleavage of the pyridine ring 
between the 2-C and 3-C atoms. In fact, formamide, which is subsequently cleaved to formic 
acid and ammonia, also accumulates in the biomass [15]. The formation of formic acid from 
the 2-C atom of the pyridine ring was rigorously proved in the assimilation of 2,6-~4C- 
pyridine [16]. Similar data were obtained for Corynebaoterium sp. and Brevibaoterium sp. 
[17-19], but the rate of oxidation of aldehyde III by ~z, evi~cte~wn sp. did not exceed 
25-30% of the rate of oxidation of pyridine. Decomposition through a step involving half- 
aldehyde lll probably plays only a minor role in this case, although other metabolltes were 
not detected in the biomass [19]. 
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Opening of the pyridine ring should have initlally led to the formation of t h e  corre- 
sponding unsaturated compounds; however, the presence of half-aldehydes constitutes evidence 
that reduction of pyridine is the primary process. Since 1,2,3,6-tetrahydropyridine and 
piperidlne were not oxidized by cells grown in pyridine, it is completely likely that di- 
hydropyridine is an intermediate in the degradation of pyridlne. For comparison, let us 
note that nlcotinamlde is resistant to the action of ozone; however, ozonolysis to give 
4- (N-formylmethyl-mlno)buten-3-al proceeds readily after reduction to the i, 4-dlhydro de- 
rivative. 

Alkylpyridines 

It was shown relatively recently that the soil strains Arthr~baeter and B~vibuete~wn 
can grow at the expense of 2-picoline, 2-ethylpyridlne, 2,4-1utidine, and 2,4,6-collidlne, 
during which they absorb air oxygen [21, 22]. These cultures dlsplay rigorous selectivity 
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with respect to the substrate on which they were isolated and usually do not affect other 
alkylpyridines. The optimum concentration of the base ranges from 0.15 to 0.20%; higher 
concentrations are toxic. 

Data that make it possible to present the principal scheme for the metabolism are 
available for some alkylpyridines. For example, hydroxylation is not the primary process 
in the degradation of 2-picoline by means of Arthrobacter sp. [23], since this culture does 
not assimilate either 2-picoline N-oxide or one of the isomeric hydropyridines, particularly 
2-hydroxy-6-methylpyridine. Picolinic acid is also not an intermediate, since Arthrobacter 
does not oxidize the ~-methyl group. 

Pyruvic acid and aldehyde III, which is subsequently readily oxidized to succinic acid, 
were identified as intermediates when some metabolic inhibitors were used. 

H 
C1  co0H  cooHT 9 
"N" "CH 3 ~-.N-C--CH~ SH 2 ~ CHO /'~ COOH 

+ NAI] NADH H Gtu NI 
CH3COOH CHsCOCOOH 

N-Acetyl-y-aminobutyric acid and y-aminobutyric acid are evidently precursors of alde- 
hyde III, since these compounds are readily metabolized by Arthrobac%dr cells, and enzymes 
responsible for the hydrolysis of N-acetyl-y-aminobutyric acid and the metabolism of y- 
aminobutyric acid are present in the cell-free extracts of this culture grown in 2-picoline. 
As in the case of the degradation of pyridine, the presence of fully reduced intermediates 
makes it possible to assume that reduction of the ring precedes ring opening; however, the 
nature of the hypothetical intermediate could not be established [23]. 

The fungi Penicillium pusillum and Aspergillu8 terreus are capable of utilizing up to 
40% 2-methyl-5-ethylpyrldine [ 24]. 
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In contrast to 2-picoline, the primary process here was oxidation of the alkyl groups, par- 
ticularly subterminal oxidation of the ethyl group to a carbinol (IV), the oxidation of 
which to 2-methyl-5-acetylpyridine and subsequent replacement of the acetyl group by a 
hydroxy group give 2-methyl-5-hydroxypyridine, which is a probable intermediate in opening 
of the pyridine ring [25]. 

The oxidation of the methylene group in 2-methyl-5-ethylpyridine by P. pusiIlum pro- 
ceeds stereoselectively to give the levorotatory isomer of IV. However, if racemic 2-methyl- 
5-(l-hydroxyethyl)pyridine (IV) is used as the substrate, the fungus selectively oxidizes 
only the (--) form, leaving the dextrorotatory antipods untouched [26]. Thus it was found 
to be possible to obtain both the dextrorotatory and levorotatory isomers of carbinol IV by 
means of the same microorganism. The fungus P. pusillum also oxidizes the ~-methyl group 
of 2-methyl-5-ethylpyridine to give 2-hydroxymethyl-5-ethylpyridine (V) and also forms the 
N-oxide; however, these pathways lead no further, since the N-oxide is reduced under the 
influence of the enzymes of the fungus to the starting base, and the 2-hydroxymethyl deriva- 
tive V, although it is oxidized further, does not lead to 5-ethylpicolinic acid, which is 
toxic to the fungus, and this brings the metabolism to a halt. 

Some of the intermediates in the metabolism of alkylpyridines or the products of their 
chemical transformation are worthy of special attention. Thus 7-aminobutyric acid is used 
as a regulator of the central nervous system. The dimethylaminoethyl esters of pyridylcar- 
binols have antihistamine activity [27], and the (--) isomers are more active [28]. 2-Methyl- 
5-hydroxypyridine is of interest as a "geroprotector" (a substance which retards the aging 
process) [29] (see an earlier review [30] for the chemistry of 3-hydroxypyridines). 
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A co-oxidation method [31], which has been used for the oxidation of alkylbenzenes [32, 
33], has been successfully used for the partial rearrangement of the alkylpyridine molecule 
with retention of the pyridine ring. Thus some Nocardia and Arthrobacter strains oxidize 
the methyl group of 3-methylpyridine to a carboxyl group to give nicotinic acid (up to 80% 
when hexadecane is added) [34, 35]. As in the case of p-xylene [36], the process occurs 
through a step involving the alcohol, i.e., 3-hydroxymethylpyridine [37]. The co-oxidation 
method was also found to be successful in the preparation of picolinic acid from 2-methyl- 
pyridine [38]. 

The extension of the co-oxidation method to disubstituted pyridines led to unexpected 
results. Thus cultures of some paraffin-oxidizing microorganisms (Brevibacteri~ sp. 180, 
Nocardia sp. 279, Oa~i~ tropicali8 63, etc.) inthe presence of n-hexadecane oxidized 2,6- 
dimethylpyridine to the N-oxide [39] (the side chains were not affected). However, this 
N-oxide did not accumulate (the yield was 0.04%) but was subsequently utilized by the micro- 
organisms (in amounts up to 70% or higher) with complete destruction of the pyridine ring. 

Hydroxypyridines 

As stated above, the assumption by Houghton, Wright, and Cain [40] that hydroxypyri- 
dines are intermediates in the bacterial metabolism of the pyridine ring (in analogy with 
the oxidation of benzene derivatives [41])was unwarranted. Nevertheless, hydroxypyridines 
can be used by a number of microorganisms as the sole source of carbon and nitrogen [40, 
42]; the initial step in this process is hydroxylation to give dihydroxypyridines. For ex- 
ample, the oxidation of both 2- and 3-hydroxypyridines by Achromobacter gives 2,5-dihydroxy- 
pyridine [Ii, 40]. Achromobacter strain 7N is capable of accumulating large amounts (up to 
43%) of 2,5-dihydroxypyridine in the medium, and this fact may be of preparative value [ii]. 
The direction of hydroxylation of 2- and 3-hydroxypyridines by Achromobacter generally 
corresponds to the processes that take Place in a model (monooxygenase) system [13]. 

All of the strains that form 2,5-dihydroxypyridine from 2- and 3-hydroxypyridines de- 
grade it further [43]. The presence of intermediate compounds could be demonstrated only 
by the use of individual fractions of the degraded cells. These fractions converted 2,5- 
dihydroxypyridine to formic acid and maleic acid half-amide and catalyzed the hydrolysis of 
the latter to ammonia and maleic acid, which was subsequently converted to fumaric acid: 

H H COOH 

. L  ,+ HCOOH - - - ' ~  COOH " COOH 
HO O~/~'NH2 '~ NH 3 ' 

CO 2 

The enzyme that opens the dihydroxylated pyridine ring was isolated and partially purified 
[43]. 

4-Hydroxypyridine is hydroxylated by an Agrobacteriu~ sp. culture to give 3,4-dihy- 
droxypyridine [40, 42]. Under conditions of restricted aeration this compound accumulates 
in amounts sufficient for its identification. A washed cellular suspension of Agrobacteri~ 
also oxidizes 4-hydroxypyridine to the 3,4-dihydroxy compound, during which I mole of oxygen 
per mole of substrate is absorbed, in conformity with the monooxygenase reaction [44]. Ex- 
periments with *e02 and H2~eO confirm these data. In addition, oxygen absorption by cell- 
free extracts during the oxidation of 4-hydroxypyridine occurs only in the presence of re- 
duced nicotinamide-adenine nucleotide [45]. 

Pyruvic acid, formic acid, and ammonia were identified as the final products of the 
degradation of 3,4-dihydroxypyridine by cell-free extracts of Agrobacteri~ [42, 46]. For- 
mic acid (i mole) and 3-formyliminopyruvic acid (VI) were isolated at pH 8.5 [46]. 

OH ..... O O I 

/ / coo. "", .  =oo. c CC' coo, 
4 .,o-, ..% .c;o. 
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The enzyme responsible for opening of the pyridine ring is similar to oxygenases that par- 
ticipate in the opening of the dihydroxylated benzene ring [47]. 

The metabolism of hydroxypyridines proceeds in a different manner in some cases. For 
example, an Arthrobacter cz~stallopoiete8 culture, which uses 2-hydroxypyridine as the only 
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source of nitrogen and carbon, decomposes the ring, and crystals of a blue pigment accumu- 
late as the side product [48]. Other forms of Arthrobacter form a similar pigment when they 
are grown in 2-hydroxypyridine [49, 50]. This pigment probably has a structure of the aza- 
quinone type (VII) and is apparently the product of autooxidation of 2,3,6-trihydroxypyri- 
dine [51, 52]. 

o OH 

o o 

vii 

Nicotinic Acid 

Nicotinic acid in 0.2-0.4% concentrations can sustain the growth of many microorganisms 
[53-55]. The first step for Pseudomona8 fluorescen8 is hydroxylation of the pyridine ring 
to give 6-hydroxynicotinic acid (VIII) [56]. It is interesting that a suspension of cells 
of P8. fluoreseen8 also oxidizes 5-fluoro-, 2-fluoro-, and 5-chloro-substituted nicotinic 
acids in addition to nicotinic acid; the initial step in all cases is hydroxylation of the 
pyridine ring both in work with both the whole cells and the cell-free preparations [57]. 

The mechanism of the hydroxylation of nicotinic acid [58] differs substantially from 
the mechanism of hydroxylation of hydroxypyridines. When cell-free extracts of Pseudomona8 
~uorescen8 and labeled *'0~ and H21'O are used, product acid VIII becomes labeled only when 
the source of *'0 is H2*'O rather than oxygen [59]. The reaction consequently includes co- 
valent hydration and subsequent dehydrogenation~ 

H H\ I/OH k /OH 
\C / c C 0 2 

LI § H,o - _ _  I " 11 § �9 

H/I\H 
The latter is evidently associated with the cytochrome system of terminal oxidation, since 
the cytochromes are reduced in the case of the oxidation of nicotinic acid [60]. The hy- 
droxylase responsible for the oxidation of nicotinic acid to 6-hydroxy derivative VIII was 
isolated from the cells of Pseudomona8 fluorescens [61]. The terminal oxidase of nicotinic 
acid, isolated from Pseudomona8 ovalis, has also been studied [62]. The cells of Ps. 
~uorescen8 grown in nicotinic acid rapidly (without a lag period) oxidize acid VIII fur- 
ther. By means of metabolic inhibitors or by work with individual fractions of the de- 
graded cells it has been established that oxidative decarboxylation to give 2,5-dihydroxy- 
pyridine occurs in this case. The 2,5-dihydroxypyridineoxidase isolated from the cells 
rapidly oxidized 2,5-dihydroxypyridine to formic acid and maleic acid half-amide (IX) [60, 
63]. 

co, 1 
U J 

VIII X 
§ H 20 + H~ 

IX Maleic acid - Fumaric acid -HCOOH -NH3 L 

The participation of dioxygenase in the step involving opening of the pyridine ring is con- 
firmed by the fact that labeled reaction products are formed in the oxidation of 2,5-di- 
hydroxypyridine in an *'02 atmosphere [64]. The hypothetical product (X) of the dioxygenase 
reaction could not be isolated. The problem of the structure of this compound still remains 
unsolved [65]. 

Only the first step -- the formation of acid VIII -- is similar in the degradation of 
nicotinic acid by other microorganisms (for example, Bacillus sp. [66]). 2,6-Dihydroxy- 
nicotinic acid (XI) [66], the product of the metabolism of which is evidently 2,3,6-tri- 
hydroxypyridine, which readily forms a blue pigment, was isolated as a subsequent inter- 
mediate. As in the case of Pseudomonas, the products of opening of the pyridine ring in 
this ease are probably half-amide IX and maleic acid. 
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= x - H " ~  IX -NH~ acid Furnaric acid 

As in the case of the aerobic process, 6-hydroxynicotinic acid (VIII) is formed in the 
anaerobic metabolism [67] of nicotinic acid by Clostridium [68, 69]. The mechanism of 
hydroxylation is evidently related, since the entering oxygen atom comes from water. The 
subsequent conversion of acid VIII by Clo~tP~di~ proceeds in a more complex manner than in 
the case of aerobic processes [70, 71]. Thus acid VIII vanishes in the reaction of pyruvic 
acid with cell-free extracts of Clostridi~, and 1,4,5,6-tetrahydro-6-oxonicotinic (XII) and 
a-methyleneglutaric (XIII) acids accumulate, a-Methyleneglutaratemutase and methylitaco- 
nateisomerase, which catalyze the conversion of acid XIII to methylitaconic acid (XIV) and 
isomerization of the latter to methylmaleic acid [72, 73], were isolated from cells of 
ClostP~di~. These acids were isolated and identified on the basis of the mass spectra [74]. 
Propionic, acetic, and pyruvic acids and CO= are formed as the final products of the metabo- 
lism of nicotinic acid. 

~ OOH TPN ~,,~OOH Reduction f~O0. --~ C-~I~OOH 
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L '. OM C H3CH2 OOH 
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HOOC COOH 
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Correspondingly, Clostridlum extracts brought about the fermentation of 7-14C-nicotinic acid 
to 14C0= and a mixture of volatile and nonvolatile acidic substances, among which '~C-XIII, 
'aC-XIV, and Z~C-dimethylmaleic acid were determined, whereas labeled propionic and acetic 
acids and CO=, respectively, were formed in the fermentation of labeled a-methyleneglutaric 
(XIII) and dimethylmaleic acids [75]. 

The microorganism NeuPospora crassa deaminates nicotinamide to nicotinic acid and 
ammonia [76]. 

Picolinic and Dipicolinic Acid 

Picolinic acid is an inhibitor of the sporulation of bacteria and, like its amide, was 
isolated as the product of photolytic decomposition of one of the most valuable herbicides -- 
diquat (XV) --which is resistant to biological degradation and accumulates in the soil [77]. 

CH2--CH2 / 

XV 

The i n i t i a l  step in the transformation of p i co l i n i c  acid by Aerococou8 QA, Rhodotoz~la M. 
R., and BaciZlu8 sp. microorganisms proceeds in the same way as in the oxidation of nico- 
tinic acid and leads to 6-hydroxypicolinic acid (XVl), which was isolated in the case of in- 
hibition of the process by sodium arsenite [78, 79]. The mechanism of hydroxylation of 
picolinic acid is evidently related to the mechanism for nicotinic acid [58]. 

Hydroxylase, which catalyzes the inclusion of the hydroxyl group of water in the 6 
position of picolinic acid, was isolated from the cells of Arthrobacter picolinophiZus [80]. 
A second (minor) product of fermentation was 3,6-dihydroxypicolinic acid (XVlI) [79]. 2,5- 
Dihydroxypyridine, and maleic and fumaric acids were recorded in the mixture by chroma- 
tography. The final degradation products --a-ketoglutaric and pyruvic acids --were isolated 
using semicarbazide as an inhibitor. 
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In general, the same intermediate compounds as in the case of picolinic acid were iden- 
tified in the metabolism of picolinic acid amide by Gram-negative bacilli isolated from soil 
[ 8 1 ,  8 2 ] .  

The metabolism of dipicolinic acid proceeds in a different manner [83], The primary 
reaction that is realized by Achromobacter soil bacteria is hydroxylation to the 3-hydroxy 
derivative (XVIII). This is followed by opening of the pyridine ring between the 2-C and 
3-C atoms. However, of the intermediates, only ~-ketoglutaric and oxalic acids were iso- 
lated and identified. 

COON 
I 

" i ~ -----V---------- CH z ~ 5 C 0 ~ +  3H20 _ 

HOOC COOH :" HOOC'~N'b"COOH COOH +NH3. CO t I 

COOH COOH 

Metabolism of Paraquat 

Researchers became interested in the microbiological decomposition of the herbi- 
cide paraquat (XIX) 10 yr ago [84] because of the fact that it is difficult to 

2CI- 

Xl• 

remove from the soil. Microorganisms isolated from soil previously treated with para- 
quat that can use this compound as the sole source of carbon nod nitrogen have been 
found; some of these microorganisms, such as, for example, Corynebacterium fascien8 and 
Clostridi~ pasteurianum decompose 20-40% of the herbicide in 3 weeks. Lipomyce8 8tarkeyi 
yeasts utilize even 95% of the available paraquat in 2 weeks [84, 85]. During the degrada- 
tion of paraquat, one of the pyridine rings is opened to give acid XX, which is also ob- 
tained by photochemical decomposition of paraquat [86, 87]. The next pathway in the metabo- 
lism of acid XX depends on the microorganism. In the case of degradation by Gram-positive 
4CI bacilli isolated from soil [88, 89] the pyridine ring is hydroxylated to give acid XXI, 
which then undergoes demethylation to 2-hydroxyisonicotinic acid. The methyl group is con- 
verted to formaldehyde, as confirmed by experiments with N-~4CH3-isonicotinic acid methyl- 
chloride (XX). 2-Hydroxy acid XXI is then hydroxylated by cell-free extracts to 2,6-di- 
hydroxyisonicotinic acid (XXII). Maleic acid half-amide and maleic and fumaric acids were 
identified as the final compounds in the metabolism of acid XX [89]: 

~oH gOH []ooH 

'~1~ / CI- HO,"'~N-" CI- HO'~:N" "OH 

CH 3 C H 3 ~  HC-.. H 
XX xxl XXtl 

ix = Maleic a c i d - - .  Fumaric acid 

The m e t a b o l i s m  o f  a c i d  XX by a n o t h e r  s t r a i n  (4C2i [89]  and by Achromobacter D [90-92]  p r o -  
ceeded  in a different manner. The necessity of NADH and 02 during the assimilation of acid 
XX, which is typical for oxygenase reactions, and the absence of hydroxylatlon indicated the 
possibility in this case of direct oxidative opening of the partially reduced pyridine ring. 
However, no products of direct ring opening or intermediate whatsoever were detected. 
Methylamine and succinic and formic acids were identified as the final products, in addition 
to C02. It was established that decarboxylation precedes the formation of methylamine and 
succinic acid. Wright and Cain [92] were able to isolate the precursor of succinic acid -- 
aldehyde III --by using an inhibitor (for example, semicarbazide). 
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H FC1 ~ 00"02 I~" ~dl ~CHO "~ H20 [/'~"C OOH ~ 20 NADH 

XX N-~AD+ ~ . . . .  ~NH ~ I I I  

CH3 ~H3 HCOOH .IcH~ CH3NH2 

In the c a s e  of the degradation by Achromobacter D of labeled acid XX it was demonstrated 
that the '402 is formed from the 4-carboxy group and that the methylamlne is formed from 
the N-methyl group [93]. Labeled formic and succlnic acids were formed from N-methyl-2,3- 
1 ~C=-isonlcotlnic acid. 

Nicotine and Other Pyridine Alkaloids 

Soil bacteria are also capable of degrading nicotine. The pathways of the metabolism 
of this alkaloid differ for various microorganisms and depend on the conditions. For ex- 
ample, some forms of Pdeudomonad, which utilize up to 60% nicotine, attack primarily the 
pyrrolidine ring to give a number of intermediates some of which have been identified [94]: 

CO(CH2)3 NCH 3 
Pseudomonos 

N J X X I I I  

~ COiCH2)2COOH the ~nal produc~ 
" were not identified 

X X I V  

Other forms of Pseudomona8 (for example, P8. nicotinop~ga [95]) affect not only the 
pyrrolldine ring but also the pyridlne ring to give, in addition to pseudohydroxynicotine 
(XXIII) and 3-succinoylpyridine (XXIV), 6-hydroxy-3-succinoylpyridine (XXV), which in in- 
dividual cases [96] accumulated in up to 12% yields. 

Arthrobacter o~dan8 P-34 bacteria begin degradation of nicotine immediately with oxi- 
dation of the pyrldine ring, namely, with 6-hydroxylation [97, 98] to 6-hydroxynlcotine 
(XXVI). In a rapidly fissionable Achromobacter nicotinopha~m culture nicotine is converted 
to aliphatic substances through the intermediately formed 6-hydroxynicotine (XXVI). How- 
ever, the quiescent cells attack primarily the pyrrolidine ring to give XXIII, XXIV, and, 
finally, XXV, which is not metabolized further [99]: 

~k.~H 3 I/2 0 2 ..,,- 

HO 
XXVl 

Aliphatic 
substances 

1/2 02 ~,.~CO (CH2)2 COOH 
= X X I I I - - ~  XX lV  - -  

I 4-  H O  ~ ~N" 
CH3NH 2 XXV 

The metabolism of 6-hydroxynicotine (XXVI) by Arthrobacter oxydans P-34 [100-102] leads 
to 6-hydroxypseudohydroxynicotine (XXVlI), which is subsequently oxidized to 2,6-dihydroxy- 
pseudohydroxynicotlne (XXVIII) [103]. The hydrolysis of this compound by the enzymatic 
fraction of Arthrobacter oxydans leads to 2,6-dihydroxypyridlne and y-methylaminobutyrlc 
acid. Both of these substances were oxidized further by A. oxydan8 [103]. 

. x x v l  ~ ~ ' , ~  -~ 

Horn ~ c ~ ,  .o'~-o " 
X X V l l  

,~'"h/C(cH2)3NHCH3 H20 I ' ~  1/202 Maleic 

xxvl. Fumaric 
acid 

Malelc acid half-amlde (IX) was not isolated, but the pure compound is oxidized by A. 
o~c~nd. An oxidase that catalyzes the oxidation of 2,6-dlhydroxypyridlne was isolated from the 
cells of A. o~d~n8 and purified [104]. Some forms of Arthrobaeter convert nicotine to 
6-hydroxynicotine (XXVI) [105, 106] in 50-83% yield. L-6-Hydroxynicotlne and D-6-hydroxy- 
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nicotine, respectively, are formed (in 80% yields) from L- or D-nicotine during incubation 
with Bacillus sp. [I07]. The enzymes of A. oxydans are responsible for the further oxida- 
tion of D- or L-6-hydroxynicotine to D- or L-6-hydroxypseudohydroxynicotine [108]. 

Some Pseudomona8 strains are capable of separating racemic nicotine. For example, one 
of the strains that was unable to metabolize nicotine via the usual pathway decomposed ap- 
proximately half of D,L-nicotine, and D-nicotine was isolated from the reaction mixture in 
60-80% yield [109]. 

The initi8l steps in the metabolism of nornicotine and anabasine by forms of Pseudo- 
mona8 are also dehydrogenation of the saturated ring and hydroxylation of the aromatic ring 
[96, 110]. 

Citric and fumaric acids were identified [112] as the final products of oxidation of 
anabasine by Pseu~monas Ch-23 [Iii]. The reader is referred to the book by Klyshev, 
Nurakhov, and Umirbaeva [113] for a more detailed discussion of the metabolism of anabasine. 

Pyridoxine and Related Compounds 

Oxidation reactions also predominate in the case of the metabolism of vitamin B5 by 
forms of Pseudomonas. Thus Pseudomonas sp. IA soil bacteria, which transform pyridoxine 
(XXIX) [114], first oxidize the 5-hydroxymethyl group [115] to give isopyridoxal (XXX), af- 
ter which 5-pyridoxic acid (XXXI) and its lactone (XXXII) are obtained. The pyridine ring 
then opens to give a-hydroxymethyl-e'-(N-acetamidomethylene)succinic acid (XXXIII) [I16]. 

H CH20H 
CH2OH CH2OH CH2OH CH2--? >C~ ~..CO OH 

HO CHzOH COOH HO C~O HOOC C 

c. 3 -. c.~-~. I~  CHiN ~ c.~ - ." H 
xx,x xxx xxx, xxx, xxx,,, 

Pseudomonas sp. M. A. [117, 118] metabolize pyridoxamine via a similar pathway to give 
~-(N-acetamidomethylene)succinic acid [25], which is converted to C02, NH3, acetic acid, 
and succinic acid half-aldehyde by means of Pseudomonas sp. M. A. hydroxylase [119]. 

Other Compounds with a Pyridine Ring 

The dissimilation of tryptophan by forms of Pseudomonas includes anthranilic or 
kynurenic (4-hydroxyquinoline-2-carboxylic) acid as the intermediate [120, 121]. The metab- 
olism of kynurenic acid (XXXIV) to the final products has been followed by various methods 
[122-124] : 

OH OH + + OH 
+ I NAD . . ~ - . . . ~  NADH,H ,0 2 , ~ " x ~ J ' ~ .  k,~ NADH,H . [ 

~ " ~ . ' ~ c o o .  .Ao H O ~ o ~ ~ c o o .  H o " ~  "~ " .~  coo. 
HO 

XXXIV XXXV 

OH + OH OH 
H I NADP~H NADP CH I r~ CH i 

.ooc.COw<. coo. .oo0.Co o . c0o. 
H 

XXXVl 
OH OH 

NAD + H~O NADH~H § CH~. ~ CH 2 ~ 

HOOC HO.~'N/.~.L.COOH HOOC H O C O  H2N/CH--COOH 

Oxidation of the benzene ring leads to 7,8-dihydroxykynurenic acid (XXXV), after which the 
ring undergoes meta cleavage to give a substituted dihydroxypicolinic acid (XXXVI). Fi- 
nally, the pyridine ring is cleaved to give ~-ketoglutaric and L-aspartic acids. The in- 
dividual steps of this conversion are realized not only by Pseudomonas but also by other 
microorganisms (for example, forms of Aerococcus [78]). 

In the case of quinoline it is known that Moraxella microorganisms are capable of using 
it as the sole source of carbon and energy [125], during which 2-hydroxyquinoline accumu- 
lated. The whole cells of Moraxella oxidized not only 2-hydroxyquinoline but also 2,6-di- 
hydroxyquinoline and 2,7,8-trihydroxyquinoline just as rapidly as quinoline itself, and this 
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constituted evidence for the possible participation of these compounds as intermediates. 
Some soil Pseudomona8 are also capable of utilizing 4-hydroxyquinoline [126] to initially 
give probably 4,7,8-trihydroxyquinoline. In some cases the quinoline ring is not affected 
by microorganisms, and only the substituents undergo conversion. For example, Aspergillu8 
8olerotior~m selectively oxidize the methyl group in the antimalarial preparation XXXVII to 
a hydroxymethyl group [127]: 

NH-- CH2--CH2--N(C2Hs)2 

CH 3 HCI 
XXXVll 

NH-- CH2--" CH2--N(C2Hs) 2 
�9 , C I ~  

e, HzOH 

Sporotrichum 8ulfure8cen8 fungi introduce a glycoside radical in substituted monohy- 
droxy- and dihydroxyquinolines [128]. A number of microorganisms (Escherichia coli, Candich 
utilis, Asper~Zlu8 niger, etc.) reduce 4-nitroquinoline N-oxide. In this case both the 
N-oxide group and the nitro group are reduced to give 4-aminoquinoline [129]. Since the 
starting substrate has antimicrobial activity, this process should evidently be regarded 
as a detoxication process. 

Among other condensed systems one should note the transformation of nalidixic acid 
(XXXVIII), an antibiotic used in diseases of the kidneys. Penici!lium adametzi fungi 
selectively oxidize the methyl group in the e position of the pyridine ring of this acid to 
a hydroxymethyl group (in 60% yield). Acid XL was isolated in addition to carbinol XXXIX 
[130]: 

O O O 

~ COOH ~ ~ C O O H  L ~ . . ~ C O O H  

CH 3 "N" "N" HOH2C- "N" "?" HOOC- ~N" "N" 
CH2CH 3 CH2CH 3 CH2CH 3 

(60%) 
XXXVIII XXXIX XL 

A structural analog of nalidixic acid -- 3-carboxy-7-methyl-l-ethyl-4-quinolone -- undergoes 
a similar transformation [131]. 

A number of microbiological reactions are not a part of any metabolic pathway but arise 
in response to the presence of substrates that are toxic to microorganisms, and in this case 
processes of this sort can be regarded as detoxication reactions. For example, Mycobac- 
te~ tuberculosis strains that are sensitive and resistant with respect to isoniazid 
metabolize it to isonicotinic acid and 4-pyridylcarbinol [132, 133]. 

Similar results were obtained in the decomposition of nicotinic acid hydrazide by M. 
~berculosi8 [134]. However, one should note here the microbiological reduction of pyridine 
N-oxldes to the corresponding bases. The N-oxide of pyridine itself is reduced by ordinary 
baker's yeast to give pyridine (in 16% yield). The reaction proceeds specifically, since 
4-picoline N-oxide was not reduced under the same conditions [135]. Esoheriohia ooli 9723 
[136] and E. ooZi 11303 [137] catalyze this reaction for substituted N-oxides. 

Individual microbiological reactions are of interest, since they model processes in- 
volved in the conversion of a medicinal preparation that occur in the human organism. For 
example, the microorganism Botryodiplodia theobromae Pat. reduces ketone XLI (metirapon) to 
the corresponding alcohol (metirapol). The reaction proceeds stereospecifically and leads 
to the virtually optically pure levorotatory isomer of XLII in up to 90% yield [138]. 

H CH~ 
O CH. A ~ .  ~ ~ ~ -- 
C--C J ~ < j ~ I - - I H ~  ~ 

Xll Xlll 

A similar process in the human organism leads to the formation of racemic alcohol XLII. 

Individual forms of P8eudomona8 grown in the alkaloid ricinine contain the enzyme 
ricininenitrilase, which catalyzes the hydrolysis of the nitrile group of ricinine [139, 
140]: 
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OCH 3 OCH 3 

I I 

CH 3 CH 3 

I t  i s  important to note that  the n i t r i l e  group of r i c i n i n e  is  v e t  7 s tab le  and is  not 
hydrolyzed by ord inary  methods and tha t  the 4-alkoxy group i s  sens i t i ve  to the act ion of 
alkalis. However, the enzymatic hydrolysis proceeds smoothly without affecting the other 
substituents. 

The examined literature data demonstrate the peculiarity of the transformations of 
pyridine compounds under the influence of the enzymatic systems of microorganisms; hydroxy- 
!ation, reduction, hydrolysis, and opening of the aromatic ring are the most typical pro- 
cesses. The character and specificity of these transformations depend on the microorganism 
selected~ Some of the processes have already shown promise for practical application. 
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NEW REACTION FOR THE PREPARATION OF LOWER OXODIHYDROFURANS 

L. A. Badovskaya UDC 547.722.3'724.07 

A reaction for the preparation of lower oxodihydrofurans by oxidation of formyl- 
furans with hydrogen peroxide is proposed. The mechanisms of their formation and 
transformations are discussed. 

Oxodihydrofurans are widely used in organic synthesis [I, 2] and to obtain polymers for 
special purposes [3, 4] and have high and diversified physiological activity [i, 2, 5]. 

Of the lower lactones, 2-oxo-5-methyl-2,3-dihydrofuran III (8,y-angelica lactone) is 
the most readily available compound and has been the subject of the greatest study. It is 
obtained by dehydration of levulinic acid [6, 7]. The more simply constructed 2-oxo-2,5- 
dihydrofuran has been obtained from 8,y-dihalo- and hydroxyhalobutyric acids [8], from 
butyrolactone through bromobutyrolactone [9], by pyrolysis [I0] of 2,5-diacetoxy-2,5-di- 
hydrofuran, or by acid hydrolysis of 2-acetoxyfuran [Ii]; however, all of these methods are 
based on the use of a starting compound that is difficult to obtain and are laborious and 
give the products in low yields. 

During an investigation of the oxidation of furfural with hydrogen peroxide we detected 
oxodihydrofurans I and IV in the intermediate reaction products; in the case of oxidation 
of 5-methylfurfural we detected 5-methyl-2-oxodihydrofurans II and III (see the scheme be- 
low, Figs. i and 2, and Table i). The formation of I-IV during the oxidation of formyl- 
furans with hydrogen peroxide occurs during the hydrolysis of ester VI [12], which is the 
product of rearrangement of hydroxyhydroperoxyfurfural V [13]. It is known [II] that 
acetoxyfuran is also hydrolyzed to give lactones I and IV. The immediate hydrolysis prod- 
uct -- hydroxyfuran VII -- could not be detected in the reaction mixture because of its in- 
stability [14, 15]. Methods for the preparation of the hydroxyfuran are indicated in the 
literature [16, 17], but other researchers have found that they could not reproduce them. 
It has been assumed that e-hydroxyfuran is formed in the radiative oxidation of the furan-- 
water system (I:i000) [18]. The oxidation of formylfurans with hydrogen peroxide gives, in 
addition to VII, formic acid (VIII), which probably catalyzes the conversions of hydroxy- 
furan and its homologs of isomeric forms of oxodihydrofurans I-IV [13]. 
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Thus hydroxyfurans of the Vll type are present in the oxo form in the reaction mixture. 
This constitutes one of the differences between the peroxide oxidation of formylfurans and 
the oxidation of aromatic aldehydes. In the latter ease the resulting phenols are stable 
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