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Abstract The biosynthesis of the pyrrolidine ring of nicotine has been studied using short-term steady-state
exposures of Nicontana gluttnosa seedhngs to '*CO, The pyrrohidine ring of the labeled nicotine has been
degraded 1n a systematic manner to ascertain the radioactivity at each carbon, and a new method has been
developed for obtamning C-2' with complete radiochemical integrnity Some of the labehng patterns obtained were
symmetrical while others were clearly unsymmetrical The duality of the labeling patterns found m these **CO,
biosyntheses together with other data on pyrrohdine ring biosynthesis which are critically examined, 1s best
rationalized by postulating two biosynthetic pathways for formation of the pyrrohdine ring, one involving a
symmetrical precursor and the other an unsymmetrical one

INTRODUCTION

THE BIOSYNTHETIC pathway forming the pyrrohidine ring of nicotine (1) in Nicotiana has
been the subject of intensive study '~* Based upon precursor feeding experiments alone, a
reasonable pathway has been developed Both glutamate-2-*#C%+® and ornithine-2-14C7~?
are mcorporated only into the pyrrolidine ring of nicotine, C-2' and C-5' contained all
the radioactivity and were equally labeled, requiring the intervention of a symmetrical
intermediate A logical intermediate between ornithine and glutamic acid in the bio-
synthetic sequence 1s glutamic y-semialdehyde,'® !'! and the incorporation of 1-pyrroline-5-
carboxylate, the cyclized imine of glutamic y-semialdehyde, has been reported !?

From ornithine, the next step 1n the biosynthesis of the pyrrolidine ring presumably
involves decarboxylation to give putrescine an established precursor of the pyrrohdine
ring '3~ Subsequent methylation would give N-methylputrescine, which was found to be
incorporated unsymmetnically as expected ! Transamination of N-methylputrescine
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would give 4-methylaminobutanal which would be m equihbrium with 1its cyclized
imimum form, a I-methyl-I-pyrrolinium salt, the I-methyl-1-pyrrolintum salt has been
shown to be ¢ metabolite of ornithine and to be an efficient precursor'* 1> 17 '8 of the
pyrrohidine ring of nicotine The remaiing steps in the biosynthess presumably mvolve
condensation of the 1-methyl-1-pyriohnium salt with a 1 6-dihydronicotinic acid deriva-
tive!? followed by oxidative decarboxylation to give nicotine

In addition to the above precuisors of the pyrrolidine 1ing of nicotine the incorpotation
of a large number of less immediate precursors has been examined '! =" ** The majorty
of these latter precursors have been cither tiicarboxylic acid cycle or glycolysis inter-
mediates In general the labeling pattern m the pyrrolidine 1ing of nicotine after the
administtation of these compounds indicated an incorporation scquence mvolving the
Embden-Meyerhof glycolytic pathway the tricarboxylic acid cyele and glutanuce acd
However there were unexplaimned mnconsistencies which have been noted *° *° the most
striking of which was i the incorporation of acetate-2-'*C as a function of time The
labehing patterns in the pyrrolidine ring from acetate-2-'*C feedings were not always
consistent with metabolism via the TCA cycle to give glutamic acid This result indicated
either an alternate biosynthetic pathway for formation of glutamate or another precursor
of the pyvtrolidine 11ing

A distinction between a major, munor ot aberrant pathway may be dithcult to ascertain
from precursor feeding experiments alone For example most of the TCA cycle o
glycolysis intermediates gave imncorporations into the pyrrolidine ring of nmicotine con-
sistent with metabolism via the TCA cycle to x-ketoglutarate which could be trans-
aminated to the established precursor, glutamic acid An examination®” of the labeling
pattern of glutamic acid 1solated trom Nicotana 1ustica after exposure to '*CO, however
indicates that the major normal biosvnthetic pathway of formation 1s not via the mter-
mediacy of the TCA cycle The labeling patterns were dithcult to rationalize with an -
ketoglutarate precursor formed via the TCA cycle and the formation of glutamate from
a-ketoglutarate via glycolate, glyoxylate, oxalmalate and -hydroxy-z-ketoglutar ate was
indicated

Additional doubt hdas been cast on the exact inteipretation of precursor feeding
experiments with Nicotiana as a result of numetous contradictory teports On the basis of
feeding experiments with - and &-'*N-labeled ornithines the o-mitrogen was reported®
to be utilized m the biosynthesis of the pyttolidine 1ing, and the x-nitrogen of ornithine
was not mcotporated In other work however the y-nittogen of ornithine-2-'"N was
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utilized i the biosynthesis of the pyrrolidine ring ?° Another contradiction has arisen
with regard to the mode of incorporation of a- and 6-N-methylornithmes 3°:3! o-N-Methyl-
ornithine-N-'*CH; was incorporated more efficiently into the pyrrolidine ring than was
&-N-methylornithine-N-'*CHj5, 1n addition, the N-methyl group of nicotine resulting from
a-N-methylornithine had four times greater radioactivity than from 6-N-methylornithine 3°
In other experiments,®! a-N-methylornithine was a less efficient precursor than 6-N-
methylormithine A double-label experiment with the N-methylornithines indicated that
o-N-methylornithine was not incorporated intact, while the d-compound was incorporated
intact, but 1n an unsymmetrical manner In addition to these contrasting results, the
mcorporation of a- and §-N-methyl ornithines represent the incorporation of compounds
generally considered not to be normal biosynthetic precursors of nicotine *! The observed
symmetrical incorporation of these precursors might have been the result of minor or
aberrant pathways

The biosynthesis of the pyrrolidine ring of nicotine has also been studied with
14C0O,. ® 32 which 1s a normal precursor Exposure of N glutinosa to 1*CO,. followed by
degradation of the radioactive nicotine gave a clearly unsymmetrical labeling pattern 1n
contradiction to the observed incorporation of mtact precursors Other incorporation
experiments** with 1*CO, gave a symmetrical (uniform) labeling pattern in the pyrrolidine
ring The labeling patterns found in the pyrrolidine ring were correlated with the labeling
patterns found 1n glutamic acid, however such a correlation may be fortuitous since these
exposures were performed under non-steady-state conditions

Tasrt 1 THE CONDITIONS UTILIZED FOR FXPOSURES OF Nicotiana glutiiosa SETDLINGS 10 '*CO,

Length of Light % CO, (**C + '2(Q)
Expt exposure (hr) Intensity (1x)* Start End
17 20 6200% 018 002
2 05 17 000§ 003 002
3 20 17 000§ 004 005
4 05 170008 004 005
5 20 5500% 005 005
6 20 5500% 022 022

* The hight intensity was measured with a Weston Hluminator Meter (Model 756)

+ Expt | was carried out using a modified steady-state apparatus **

1 The light source was a bank of Nu-hfe Ultra Lux fluorescent bulbs

§ The hght source was a bank of Sylvania Gro-Lux fluorescent bulbs

The present series of steady-state exposures was undertaken 1n an attempt to clanfy this
paradoxical status of the biosynthesis of the pyrrolidine ring Nicotiana glutinosa seedings
(6-day-old) were used throughout since the seedlings could be grown under reproducible,
controlled conditions in a growth chamber In order to mimimize interpretative difficulties,
the exposures of the seedhngs to '*CQO, was planned so that the CO, concentration and
light intensity could be precisely controlled The specific activity of '*CO, was kept
constant (1€, steady-state conditions)®® throughout the total exposure pertod n all the
experiments so that the labehng patterns obtained would unambiguously reflect the
labeling pattern of the pyrrolidine precursors (Table 1)
29 Lovkova, M Y and ILyiN, G S (1967) Biokhumya 32, 812
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RESULTS
Degiadation of 1adioac tive nicotine

The radioactive nicotine (1), putified by preparative GLC, was diluted with carrier
nicotine and systematically degraded as shown m Scheme 1. to obtam the labeling
pattern 1n the pyrrohdine ring The established procedure used without modification
in degrading the radioactive nicotine trom expt | (Table 3) was partially modified for
the degradation of nicotines from expts 2 6 in order to expedite the degiadation and to
improve the radiochemical integrity However, the natuie and magnitude of the improve-
ments in radiochemical mtegrity are not sufficient to change any previous results or
mterpretations
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ScHime | Degradation of the pyrrohding ting of nicotine fo1 carbons ¥ 4 and §

The nicotine (1) was heated with benzoyl chloride to give V-benzoylmetanicotne (2) and
1ts unconjugated isomer 3 i 839 yield, the presence of 3 does not interfere with the
utilization of the mixture of 2 and 3 as the base compound for scintillation counting
The unconjugated 1somer 3 was present to the extent of approximately 5°7 as shown by
subsequent degradation of the minture
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Periodate-permanganate cleavage of 2 and 3 gave N-benzoyl-N-methyl-f-alanine (4) and
N-benzoylsarcosine (5) and, by 1on exchange chromatography, nicotinic acid (6) and 3-
pynidylacetic acid (7) The presence of pyridylacetic acid 1n the micotinic acid fraction was
established by GLC of the corresponding methyl esters, prepared by acid-catalyzed
esterification with methanol Comparisons with known GLC standards established that
7 was present to the extent of 4 6% in 6 The unconjugated isomer 3 probably arises by
acid catalyzed 1somernization of 2 The possible presence of 8 the other 1somer of 2, was
eliminated by the absence of methyl 3-(3-pyridyl)-propionate (9) in the GLC of the
mixture of methyl esters of 6 and 7

The presence of N-benzoylsarcosine in the N-benzoyl-N-methyl-$-alanine fraction was
established by hydrolysis to sarcosine and N-methyl-f-alanine hydrochloride (10), res-
pectively TLC on kieselgel revealed the presence of sarcosmme Prior to carrymmg out
further degradation of the nicotine, the sarcosine, 1solated 1n 6°; yield, was separated from
10 by 10n exchange chromatography For scintillation counting, a small portion of N-
methyl-f-alanine hydrochloride was converted to the p-bromobenzenesulfonamde
derivative

The pyridylacetic acid was quantitatively removed from the nicotinic acid by oxidation
with alkaline permanganate Conversion of an aliquot of oxidized 6 to the methyl ester
followed by GLC analysis showed a single peak and the complete absence of methyl
3-pyridylacetate

The N-methyl-g-alanine hydrochloride (10) was degraded essentially as previously
described ° Reductive methylation of 10 gave N,N-dimethyl-$-alanine hydrochloride (11)
which was converted to acid chloride and used in Friedel-Crafts acylation of benzene
to give the Mannich base, f-dimethylaminopropiophenone (12) After converting 12 to the
sulfate, oxidative cleavage with chromium trioxide 1n acetic acid-trifluoroacetic acid gave
benzoic acid (C-3') and N,N-dimethyl glycine hydrochloride The yield of N,N-dimethyl-
glycine hydrochloride was improved to 57% from the reported® 30% by the above
modification Lead tetraacetate oxidation of N,N-dimethylglycine hydrochloride®** gave
CO, (C-4"), formaldehyde (C-5'), and dimethylamine (N-Me) which were 1solated as BaCO,,
the dimedone derivative, and N,N-dimethyl-p-bromobenzenesulfonamide. respectively

Nicotinic actd hydrochloride was degraded by a combination of methods in order to
obtain C-2" of the pyrrolidine ring and the pyridine ring Thermal decarboxylation of
nmicotinic acid in CaO gave pyridine which was 1solated as the perchlorate The classical
procedure for 1solating C-2" of nicotine has been by regeneration of the decarboxylation
carbon dioxide from the CaO to give BaCO; To test this procedure, the decarboxylation
of a sample of nicotinic acid-7-'#C (50660 dpm/mmol) was carried out and gave BaCO,
of 48 130 dpm/mmol, indicating a lack of radiochemical integrity i this mode of decar-
boxylation due to partial decomposition of the pyridine ring, as has been found by
others 2435 Alternatively, the decarboxylation of nicotinic acid has been reported®* using
a copper chromute catalyst, however, this latter method also lacks complete radiochemucal
integrity As a consequence, an alternate completely rehable method for obtaiming C-2'
was needed and was developed

The method for obtainmg C-2' of nicotine (1¢ the carboxyl of nicotinic acid) 1s shown
m Scheme 2 Nicotmic acid hydrochloride was converted to the acid chlonde, the acid
chloride was then converted by Friedel-Crafts acylation of benzene to 3-benzoylpyridine

34 LieBMAN, A A, MiNDY, B F, RueppeL, M L and RaroprorT, H (1972) J CS Chem Commun 1022
35 ARONOFF, S (1957) Plant Phisiol 31, 355
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(13). and the quaternary pyridinium salt 14 was obtained quantitatively from 13 and methy]
1odide Permanganate oxidation of 14 gave benzoic acid (15) m an over-all yreld of 50°,
The oxime 16 was prepared?® as a solid derivative of 13 for scintillation counting In
addition, Beckmann rearrangement of 16 with thironyl chloride in methylene chloride gave
benzoic acid (38°,) and nicotinic acid (57°,) corresponding vields of antline and 3-
aminopytidine were also obtaied The reported *® sterospecificity in the preparation of the

two possible oximes of 16 would appedr to be lacking
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ScHEME 2 Determimation of C-2 of nicotine

To check the radiochenmucal mtegrity of the degradation of nicotinic acid, two different
samples of nicotinic acid-7-'*C were degraded TLC and radioautography were used to
verify the homogeneity of the radiochemicals The 1esults of the two degradations are
shownin Table2 Clearly, the method for obtaining the carboxyl of nicotinic acid as benzoic
acid proceeds with complete radiochemical mtegrity In addition, benzoic acid 1s a more
suitable dertvative for scintillation counting than BaCO,

TaABIT 2 Dt GRADATION OF NICOTINGG ACID-7-14C HCL (6)

Sp act
Compound (dpm mmol) ¢, of VI

Sample |

Nicotinic aad-7-*C HCI 93 600 1000

Phenvyl 3-pyrid«l ketoxame 94 500 101 1

Benzoiwe acid 94 650 101 1
Sample 2

Nicotinic acid-7-'*C HCl 48550 1000

Phenyl 3-pvridyl ketoxime 47250 973

Benzoic aud 48270 99 5

36 Jriterts B (1896) Monatsh Chem 17,5158



Biosynthests of the pyrrolidine ring of nicotine 147

Labeling patterns in the pyrrolidine ring

The labeling patterns 1 the pyrrolidine ring of nicotine from six different '*CO,
exposures are shown m Table 3 Both symmetrical and unsymmetrical labeling patterns
were obtained as a result of steady-state biosynthesis with *4CO,

DISCUSSION

The most striking support for the formation of the pyrrolidine ring of nicotine via an
unsymmetrical intermediate 1s evident 1n the labeling pattern obtained in expt 1 Carbon-2’
of nicotine had 19 29 of the total activity while C-5' had only 2 0% Asymmetry 1s also
evident when the labeling of C-3" and C-4' 1s examined, C-3 and C-4' had 28 and 0 8%,
respectively Clearly, 1n the case of expt 1, the major pathway of biosynthesis of the
pyrrolidine ring of nicotine was via a pathway m which the carbon skeleton was not
symmetrized Experiments 2-6 also contain small degrees of asymmetry, however, the
asymmetry found 1n expts 3-6 may be within experimental error

As a consequence, expt 3-6 may be consistent with formation of the pyrrolidine ring
via a symmetrical precursor, C-2, C-3', C-4’ and C-5' are all nearly equally labeled in each
case For example, C-2', C-3', C-4' and C-5' had 30, 34, 31 and 3 29 of total activity of
nicotine 1 expt 4 The observed labeling patterns i expts 3-6 can be correlated with
the steady-state labeling pattern obtained previously?” for glutamic acid A simular correla-
tion has been made®* based upon non-steady-state labeling patterns in the pyrrolidine ring
of nicotine, this latter correlation 1s not defimtive since the possible kinetic effects of an
incorporation of '2CQ, after '“CO, apparently were not considered

Although labeling patterns in glutamic acid after a non-steady-state exposure?* were
stmilar to those obtained under steady-state conditions,?” several significant differences can
be noted For example the trend?” of increasing label in C-1 relative to C-4 and C-5 of
glutamate as a function of time was not observed ** The labeling pattern in glutamate from
N glutinosa also differs significantly from the glutamate pattern observed for N rustica,
n particular, the %, **C in C-1 relative to C-2 and C-3 was greater in the former while
less 1n the latter These discrepancies may reflect species differences and/or the kinetic
effects due to non-steady-state exposures with 1*CO, 1n the one case

The possibility exists that uniform labeling, resulting from saturation of all pyrrolidine
ring metabolic precursors with C-14, has been mismterpreted®* as symmetrical labeling,
however the variety of conditions utilized and the low percentage of the total C-14 1n the
pyrrolidine ring 1n each of the present experiments makes this interpretation unlkely
The possibility that the difference 1n the two types of labeling patterns observed 1s due
to degradative errors also seems highly unlikely in view of the many examples of both
symmetrical and non-symmetrical labeling in the pyrrolidine ring of nicotine, excellent
activity balances have been obtamed 1n all the reported degradations with the exception
of expt 1 which contains a minor discrepancy due to the lack of complete integrity in the
decarboxylation of nicotinic acid

The effect of CO, concentration was examined 1 expt 6 (%, '*CO, = 022) since the
possibility existed that the very high incorporation of label mto C-2" of nicotine mn expt 1
was the result of a direct fixation of '*CQO, into an immediate precursor of the pyrrolidine
ring Although no effect other than kinetic was observed in expt 6 due to the high
concentration of '*CQ,, the possibility that an unsymmetrical biogenetic pathway involv-
ing direct fixation of CO, exists in Nicotiana 1s an attractive explanation for the labeling
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TasLl 3 DIGRATATION OF NICOTINIS BIOSYNTHESIZFD UNDER STIADY-STATE

Sp act *,of 1ct
Compound (dpm mmol} m 2  ompound
Fapt ! Fxpt 2
N Benzosimetmeotne (2) N0 1000 N\ Benzosimet tnicotine (2)
Mcthyl mcotinute 42110 514 Nieotinie aad hvdrochlond
Pyridime 34590 669 Pyridine perchiorate
BaCO, (€ 21 9930 192 Bensoic wad(C 2
A Benzovi \ methvl § alinine 100~0 194 A p Bromobenzenosultom]
A methy] falaming
Bunvzoie acd (C 3) 1460 RS Benzow acid (€ 3
BaCO (C 4y *RY 0% BCOC 4
Fotmaldehvde dimedonc (C 5} 1080 20 Formaldehvde dimedone (C 5)
N N Dimethvl p bromoberzone v A Dimethy! p bromobenzene
sultonimide (v CH ) 6120 1S sulfonamde (N CHyY

i expt | Previously,” nonsymmetrical labeling was obtained mn the pyrrolidine ring using
lower levels and a pulsed exposure to *CO, followed by '*CO, as chaser

The effect of aither '*CO, concentration or light intensity on the biosynthesis of the
pyrrohdine ring of nicotine appeais to be mainly kinetic The labeling pattern in each of
steady-state expts 3, 5 and 6 was essentially the same Each exposuie was carried out for
2 hr, only the light intensity and '*CO, concentration were varied Uthizing the fact that
C-14 from '*CO, 1s incorporated more rapidly nto the pyridine ring than into the
pyrrolidine ring of nicotine.?” the effect of these two vaiiables upon the rate of bio-
synthesis becomes evident Decreasing the measured light intensity from 17000 to 5500 Ix
gave 760 and 902°, of the activity in the pyridine ring respectively Clearlv a greater
fraction of the activity was ncorporated into the pyrrohidine ring in the same period of
time at the higher intensity. the amount decreased from 165 to 56°, on decreasing the
light intensity

Stmular decreases 1n the amount of CO, fixed and the activity in both the total alkaloid
fraction and nicotine also were observed with a decrease 1n light intensity using '*CO, of
the same specific activity At a light intensity of 53500 Ix fiom the same hight source, the
pyrrolidine ring contamed 56 and 7 5% of the total activity after biosynthesis at a
'4CQO, concentration of 0 05 and 0 22°, respectively. the pyridine ring had 90 2 and 86 4%,
respectively, of the activity Thus a change in light intensity has a much greater effect
upon the rate of biosynthesis in Vicotiana than a change in CO; concentration

The fact that the pyrnidine ring of nicotine 15 biosynthesized more tapidly than the
pyrrolidine ring 1s conststent with the hypothesis that the pyridine ring of mecotine 1s formed
from 3-phosphoglyceraldehyde and aspartic acid *” 3-Phosphoglyceric acid, closely related
to 3-phosphoglyceraldehyde has been shown*® to be essentially uniformly labeled m the
leaves of N tabacum after 1 min of photosynthesis in '*CO, Accordingly it seems
reasonable that the pyridine ring should mcorporate C-14 from '*CO, mote rapidly than
the pyrrolidine ring as 15 evident from the distribution of C-14 1 expts 3 and 4 At the
same light intensity and percentage of '*CO. the pyridine 1ing had 82 and 767, of the total
activity after 05 and 2 hr respectively

Two areas of potential experimental and interpretative difficulty deserve comment
First, since experiments have been carried out with several different species of Nicotiana
(glutinosa, tabacum and rustica), some of the observed contradictions n the precursor and
14C0O, experiments may 1esult from a species difference A species difference however has

Ziktkt H R RiNkt € M and ByirriM R U (1969) J Biol Chem 244, 95
¥ Hess T L oand Torsirt N F (19661 7 Biol Chom 241, 5703
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CONDITIONS LABFLLING PATTERNS IN THE PYRROLIDINE RING

Sp act ‘e of act Sp act @, of act Sp act of 1t Sp act Lolact Spact of 1wt

(dpmymmol) mn2 {dpm/mmol) mn2 {dpm;mmol) in2 {dpm/mmol) in2 tdpm mmol) m2
Expt 3 Expt 4 Exjt 5 Expt 6

55180 1000 178 400 1000 47000 1000 163300 1000 161000 1000
49710 90 1 144 400 810 39700 845 149 200 915 142 500 88 6
48 600 882 135500 760 38540 820 147200 902 139 500 864
475 09 7560 42 1425 30 2290 14 2760 17
6770 123 33260 186 7150 152 12800 78 17620 110
446 08 7750 44 1580 34 2350 14 3050 19
420 08 7210 41 1460 31 21590 13 2940 18
797 15 66350 38 1510 32 2520 15 3420 21
5260 95 10660 60 2655 56 5610 34 8470 53

not yet been definitely detected The incorporation of ormithine-2-14C into all three species
studied has been found to give equal labeling at C-2" and C-5' of the pyrrolidine ring '~°
As mentioned above, however, a species differences in N glutinosa and N rustica may
have been observed?* when differences in the labeling patterns of glutamate were obtained
Another difficulty, 1n attempting to correlate the multitude of biosynthetic experiments
concerned with the formation of the pyrrohdine ring of nmicotine involves the vanety of
Nicotiana plant matenals used by various workers Precursor feeding and '#CO, exposures
have been carried out with root cultures, de-rooted plants. seedlings, mtact plants, topped
plants, and excised rooted leaves In general, there seems to be little experimental justifi-
cation for the variety of modified plant materials used, the modifications merely introduce
other vanables into an already complex situation This would appear to be particularly
true 1f the potential influence on the enzymology of a plant 1s considered For example,
topping or partial defoliation of Nicotiana has been used by several workers**37 prior to
14CO, exposures Using several different plants, 1t has been established®® that partial
defohation leads to an increased photosynthetic rate under varying light intensities and
carbon dioxide concentrations, in addition, a corresponding mcrease in the level of
carboxylating enzymes was also noted Potentially other enzymuc and metabolic changes
might also occur and influence the experimental result of biosynthetic experiments

The multitude of data and the resultant paradox imphes the existence of two different
pathways for the biosynthesis of the pyrrohdine rning, one symmetrical, the other un-
symmetrical There are several cases in which two different biosynthetic pathways are
known for the biosynthesis of a natural product, in fact, th Niconana alkaloids ana-
basine! 404! and nornicotine*? are cases i point A much greater understanding of the
system m Nicotiana will be required before the inconsistencies obtamned in precursor
feedings and ' *CO, exposures are resolved

EXPERIMENTAL

Growth of Nicotiana glutinosa seedlings The seedlings were grown in a modified Petr1 dish, half of which was
fitted first with a circular wick of Whatman No 1 filter paper and then with a crcular piece of Whatman
seed test paper On each seed paper was spread evenly 300 mg of N glutinosa seeds The seeds (8 g) had been
previously washed 1n a fritted filter with 500 ml 3°4 H,O, and 250 ml dist H,O subsequently the seeds were
dried on the filter by drawing sterile air through for 18 hr The wick assumbly was then placed on he other

3% WAREING P F, KHALIFA, M M and TRFHARNE, K J (1968) Nature 220, 453

40 MoTHeEs, K , ScHUTTE, H R, SiMoN, H and WEYGAND, F (1959) Z Naturforsch 14b, 49

“1 MoTtaEs, K (1964) 1in Abstracts [TUPAC Natural Products Symposium Kyoto Japan p 122
42 Mizusakl S Kisakt T and TaMant E (1965) 4gitc Brol Chem 29,714
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half of the Petri dish which was filled with dist H,O The sceds ware germinated mothe dask m a Perenval
growth chamber for 2 davs with v womp ovede of 21 tor 12 hr and 27 tor 12 hr the humidity was S0°,
After 2 days, the H,O was replaced with half-strength autrient soln®? and the scedhings were grown tor 4 days
with altcrnating 12 hr paiods of hight and dairk Atter 4 days 15 dishes of the best seedlings were selected from a
total of 25 dishes and (xposed to '*C O,

Exposure of seedlingy 1o '*C O, Steady-state exposures (except oxpt [) ol N glutinosa seedlings to '*CO, were
carrivd out m a specially designed scedhing biosynthetic chamber as described Y expt 1 was cartied out using a
modification of a previously described steadyv-state apparatus ** Directly abosve the chamber was a bank of
cither Silvama Gro Luxy o1 Nu-life Ultia Lux fluorescent bulbs The hight mtenaty was mesured with
Weston Hlunmination Meter (Modc] 7561 A crosed svstem contaming a arculating pump an IR €O, analvzer and
a4 vibratng reed cectiomater was used to monitor the atmosphere The €O anabzer was calibrated with
standatds obtaned rom the Pachc Oxvgen Company contaimng 004 008 and 018, CO_ The chambar was
first purged of CO_ by circulating 1ts atmosphete through a tube of ascariie The ™CO_ was then admutted
mto the cxposute chamber and the concentration of € Q, and C-14 was mamtamed ™ the presence o the
seedlings After the dosired exposute time the seedhngs wore 1emoved to a glove box and fiozen in ig N,
within 3 4 mun of removal The conditions used for cach exposure cyperiment aie given m Fable |

Isolation of tadioactize nicotme The oxtiaction and wsolation of the radioactive nicotine from the trozen
seedlings were carried out as previously desciibed -°

N-Benzovimetanicounc (2) The pravious” procedure was modified as follows To 162 ¢ (10 mmol) nicotne
was added 6 4 ml bensovl chlortde the mivtuie was heated at 150 for 12 hr after which 50 ml 4 ~ NaOH was
added and the resulting muxturc was catracted (6 > 20 ml) with CH,Cl, The combined extracts were oxiracted
(7 % 20 ml) with 10°, HCL the ag aadic extiacts wae taken to pH 6 and extracted (7 x 20 mb with CH,Cl
and the aq residual soln was then adjusted to pH 7 and cxtracted agam The pH 6 and 7 extracts were
combincd and evaporated to give impuice 2 which after digestion with cvelohexane was dissolved m ¢, H,, and
chromatographced on a column of 250 g of Mcarck aad washed alumma Jduting with 500 ml C H, 250 ml
50°, CHCl; in C H, and CHCI, Alta o reanstallizatons iom ovelohexane 2 melwed at 77 75y [t
np 78 79 ]

Isolation of mconmic aced fivdrochlonde (6) The aq soln from the punodate peimanganate oxidation” of
N -benzoyl-metanicotme remamming aftar the basic and acidic contmuous extractions with CH_C1_ was acidified 1o
pH 2 with 10°, HC This soln was placed on 31 of AG-50W-X8 (cation exchange 1esin 200 400 mesh H
form) The column was washed with dist H.O until ncutral then with 2 N wq NHy The first 2 1 of alkaline
eluite was cvaporated at 40 50 until the solutton had 4 pH of & and then was applicd to 300 ml of
AG-1-X8 (200-400 mesh OH form) Washing with dist H_O unul the ctiluent was ncutial was followed with
2N HCL the fust S00 ml ol the widie duate gnvimg impure nicottme aad hvdrochlonde which w s subhmed at
140 300 g to vicdd 160 g (66' ) ot 6 contamning ca S mol ¢ of 3-pyridvlacctic aad (7) To 152 ¢ 95 mmol)
of 6 and &7 mg (05 mmol) of 7 was added 50 ml H,O 20 mmol (277 ¢g) K.CO, and 9 mmol KMnQO,
After heating at teflux for 5 hr an additional 4 mmol KMnOy was added and this was repuaated at the end of
10 ht Aftcr 20 hr of 1eflun the MnO; was temoved by centrifugation the pH was adjusted 10 & and the aqg
soln was applied to a cation cxchange 1can (AG-1-X8 OH  form 200 400 mesh 300 ml resin) washing the
column with H.O unul ncutral and then cduting with 2 N HCL The fust 600 ml aadie cduate was
collected and cvaporated to dryness on atotary evaporator Sublimation at 130 20 gave | 28 g (80°,) of nicotmnic
actd hydrochloride mp 265 267

3-Benzoylpyiidine (8) Nicotinie acd hvdiochloride (230 mg | 43 mmol) and 10 ml SOCI, was heated untl all
the nicotinic acid hydrochlonde had dissolved Fxcess SOCT, was removed m tucuo 20 ml C  H, was added
{folloned by 480 me (36 mmoly of AICL, and the mixture was boiled for 23 h tollowed by cooling and
pouring onto 100 g e contunmg i micone HCE Alter cxtiaction with Ft_ O (2 < 15 mb the soln was adjusted
to pH 11 with 6 N NaOH and then evtiacted with CH_C1 (7 < 20 mb) Drving the CHLCL ontrwet onver
MgSO, and tiltanmg followed by removad of solvent ind distilfation at 110 25 mm gave 192 ma (72 ) of 3-
benszovipvnidme IR (thin fldm 1700 cm ' (C-O)p TV (957, LtOH) 255 nm NMR (CCLy 0 893 s [H)
871(d THyand 776 (m 7H) (Hdnal Calcd 1ot C;_HgNO C 787 H S0 N 76 Found C 786 H 31 N 735"

3-Bcnzor-N-methvpyridimum 1odidc (14) 3-Benzovipyitdine (5 mmol 916 mg) and 15 ml Mol were stired at
200 m o the dark for 16 hi Ivaporaton of the exeess Mel gave 163 g (1007} of XV mp 146 (48 altu
recrystallizatton friom TGO McOH NMR (CD,0OD)Y o928 (im 2HY 892 (i TH) R37 (4 TH) 787 (m 2H)
768 (m 3H) and 455 (« IHY (qnal Cded for CHLLINO C 481 H 3R 1390 N 43 tound C 81
H 40 T 38 N 437

Oxidanion of 3-benzorl-N-methvipydinum wodide (14) A soln ol 150 mg (0 46 mmol) of 14 m 10 ml 107,
NaOH was ticated with 102 g (6 S mmol) Kk Mn O, and the reaction mivtute was heated at icflux for 24 b After

P HoacLand D R and Arvon D! (1950) Cabforma Agricultural b xperimental Station Cucular 347
University of California Berkdlew

FBassHAN A and Carvis M (1957) [he Path of Carbon m Photosinthess pp 34 35 44 Prentice-Hall
Englewood-Cliffs New Terses
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cooling, sodium bisulfite was added to decompose any excess MnQ,, the MnQO, was removed by centrifuging,
and the aq soln was acidified with conc HCl The aq soln was then extracted with CH,Cl, (8 x 20 ml) and
the CH,Cl, extract dried over MgSO, Filtration, removal of the solvent and sublimation gave 40 mg (71%) of
pure benzoic acid, mp 119-120°

Chromic acid oxidation of B-dimethylamnopropiophenone hydrochloride (12) f-Dimethylaminopropiophenone
hydrochloride® (102 g, 475 mmol), 50 ml H,O, and 2 ml conc H,SO, were mixed and the soln was
evaporated to a viscous liquid in vacuo The remainder of the oxidation and 1solation was carried out as
previously described ©

Ion exchange chromatography of sarcosine and N-methyl-B-alamne (10) The10n exchange column of AG-50W-X8
(sulfonic acid resin, H* form, 200400 mesh, 5 x 58 cm) was washed first with 201 6 N HC], then 11 dist H,O,
and finally 4 015 N HCl The crystaline muixture of 89 mg sarcosine (I mmol) and 220 g (15 mmol)
N-methyl-g-alanine hydrochloride was dissolved 1n 50 ml 1 S N HCI and applied to the column Using a flow
rate of 200 ml/hr and collecting 50 ml fractions, the column was eluted with 0 15 N HCl (2 1), 025 N HCl
(31), 040 N HCl (31) and 075 N HCl Each fraction was analyzed by TLC spraying with ninhydrin
solution and heated at 105° for a few mun Evaporation of fractions 114-12% gave sarcosine hydrochloride, and
evaporation of fractions 130-145 gave N-methyl-$-alanine hydrochloride, cornpletely separated from one another

Methvl 3-(3-pyvridvi)-propionate (9) Ethyl 3-(3-pyndyl)}acrylate dissolved m EtOAc was hydrogenated at
3 kg/em® over Pd-C The theoretical amount of H, was absorbed 1n 2 hr the soin was filtered, the solvent was
evaporated and the residue of ethyl 3-(3-pyridyl)-propionate was dissolved in MeOH and heated at reflux for
96 hr after adding 130 mol %, p-toluenesulfonic actd Evaporation of the MeOH and addition of satd NaHCO,
soln was followed by extraction with CH,Cl, The dried solvent was evaporated and the product purified by
molecular distillation at 100-120°/2 mm to give methyl ester UV max (95% EtOH) 262 nm NMR (CCl,) o
850 (m 2H), 742 (m 1H) 720 (m, 1H), 3 58 (s, 3H), and 271 (m 4H) An analytical sample was prepared by
GLC using 30°, QF-1 on Chromosorb P (AW) (24 m x 13 mm column temp 156 flow rate 130 ml'mun,
R, 224 min) (Anal Caled for CoH,{NO, C,654,H 67 N,85 Found C 654, H 67, N 84°)

N-p-Bromobenzenesulfonyl-N-methyl-f-alanine In a centrifuge tube was placed 028 mmol of N-methyl-f-
alanine hydrochloride dissolved in 2 ml H,O then 150 mg p-bromobenzenesulfonyl chloride was added along
with 1 ml 6 N NaOH and the resulting aq slurry was sonicated at 20~ for 1 hr The sold was removed by
centrifugation and the liquid was decanted into another centnfuge tube acidihed to Congo red with 10% HCl,
and cooled After centrifugation, the liquid was decanted, and the resulting ppt was recrystallized from aq EtOH
to give 15 mg of XI mp 107-109° (A4nal Caled for C,oH,,BrNO,S C 373,H,38 Found C, 373, H,37%)

Phenyl 3-pyridyl ketoxime (16) 3-Benzoylpyridine (3 mmol, 549 mg) was chssolved in 20 ml EtOH, after which
125 g (18 mmol) NH,OH hydrochloride and 155 g (18 mmol) NaHCO; were added After heating at reflux
under N, for 5 hr, the reaction mixture was cooled and 60 ml ice was added The ppt was removed by
filtration, dried, and recrystatlized from EtOH to give 500 mg, 84°%, of 16 mp 145-148° [it>® mp 141-143°,
161-162°]

Beckmann rearrangement of phenvl 3-pyridvl ketoxime (16) To 100 ml CH,Cl, and 596 g (30 mmol) phenyl
3-pyndy! ketoxime was slowly added 8 ml SOC1, and the mixture was heated at reflux for 18 hr Solvent and
excess SOCI, were removed i tacno 80 ml 6 N HCl was added ind the nustuie was heated at reflux for
65 hr After cooling the pH was adjusted to 11 with 10°, NaOH and the ag soln continuously extracted with
CH,Cl, for 60 hr Evaporation of the CH,Cl, gave 306 g of a iquud GLC examination of this hquid on a
column of 309, QF-1 on Chromosorb P 3 m x 16 mm, column temp 186 , flow rate 100 ml/min, aniline R,
45 mun, 3-aminopyridine R, 113 mun) and comparison with known standards showed the presence of 174 g
(57%) aniline and 1 32 g (439%) 3-aminopyridine The pH of the aq soln was then adjusted to 1 with 109, HCl
and continuously extracted with CH,Cl, for 48 hr Removal of the solvent gave 138 g (37 8%;) benzoic acid
Ton exchange chromatography of the aq soln as described previously gave, after sublimation, 275 g (57%)
nicotinic acid hydrochloride

C-14 determinations The degradation compounds were assayed for by hquid scintillation employing a Nuclear-
Chicago Mark I counter Sample quenching was determined with the external standard attachment for this
mstrument All sample counts were corrected for background When multiple counts were performed repetitive
counts agreed within 2°; 1n all cases When counting samples of low sp act sufficient sample was counted so
that each scintillation sample was at least 50 cpm above background Each compound regardless of sp act was
also subjected to hquid scinullation counting until @ minimum of 20000 total counts had been amassed, as a
consequence, the sp act obtained has a 99°; probability of being with 29; of the actual value
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