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ABSTRACT 

PART I. SEARCli FOR UNSTABLE INTERHEDIATES IN THE CARBOXYLATION 

REACTION OF PHOTOSYNTHESIS 

Carboxydismutase (extracted from chloroplasts of Spinacea oleracea 

and fractionated .with ammonium sulphate) was carboxylated with 

Hll+co3 in the presence of Mg++ ions, and the complex was isolated 

in about 45% yield by passage through a Dowex 1 column. 14co2 was 

quantitatively transferred from 14co2Nenzyme to ribulose-1,5-diphosphate 

(RuDP) yielding 14c-labeled phosphoglyceric acid (PGA). 

The carboxylation of carboxydismutase was Mg++_dependent. 

The rate of 14co~enzyme formation was dependent on the concentration 

of enzyme·. Mg++; and bicarbonate. It was also temperature dependent. 

The formation of the complex was not inhibited by avidin or ATP 

and it was not ATP-dependent. 

Preincubation studies with the substrates and inactivation 

of the enzyme with cold methanol before incubation showed that 

Mg++ with bicarbonate stabilized the enzyme against methanol while 

RuDP did not. dhen the enzyme plus Mg++ is preincubated with 

bicarbonate, then treated with methanol followed by incubation 

with RuDP, some PGA is obtained• but when the enzyme is preincubated 

with RuDP, no PGA is formed. 

All efforts failed to produce any evidence for the existence 

of the postulated diphosphate ester of a beta-keto acid intermediate 

in the carboxylation reaction of RuDP. This can be explained 

by any of the following: the amount present is very smalli the life 

time very short; or the free beta-keto acid does not occur at all• 

and the reaction goes through an enzyme .... co2--.RuDP complex, These 
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efforts included treatment of the products with liquid ammonia 

and then separation by low temperature paper chromatography, 

and treatment of the photosynthetic material or the carbaxydismutase 

. system ~ith diazomethane. 

The results of this study provided conclusive evidence that 

the overall ca~boxydismutase reaction proceeds in two or prob~bly 
'" 

in three steps. with the enzyme-bound co2 as an intermediate. 

PART II. SOME REACTIONS OF DIAZOMETIIANE lN AQUEOUS SOLUTION 

Carbon dioxide was allowed to react with diazomethane 

prepared by alkaline hydrolysis of N-methyl-N-nitroso-N'-nitroguanidine. 

The different products were separated, and identified as dimethyl 

carbonate, methyl carbamate• N-methyl methyl carbamate, and 

·'' N-dimethyl methyl carbamate. 

The presence of ammonia was necessary for the formation of 

methyl carbamate 1 N-methyl methyl carbamate, and N-dimethyl methyl 

carbamate when carbon dioxide was allowed to react with diazomethane 

prepared by alkaline hydrolysis of N-methyl-N-nitroso-p-toluenesulfonamide. 

Ammonia was found to be present in the ethereal solution of 

diazomethane prepared by alkaline hydrolysis of N-methyl-1~-nitroso-N'-

nitroguanidine. 

The products of the reaction between ammonia 0 carbon dioxide and· 

diazomethane in aqueous soluti~n are dimethyl carbonate, methyl 

carbamate, N-methyl methyl carbamate 8 and N-dimethyl methyl carbamate. 

A mechanism for their formation is proposed. 

-------------

.• 
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I. INTRODUCTION 

It has been well established that ribulose diphosphate is the 

carbon dioxide acceptor in the carboxylation reaction of photosyn-

thesis in green plants, and that phosphoglyceric acid is the stablo 

product of the reactionl-7~ This reaction has the following 

stolchiometry3,7,8t 

H copo--
2! 3 

C:aO 
I 

HCOH 
I 

HCOH 
t HCOj 

I --H2copo3 

ribulose-1,5-diphosphate 

coo· 
carboxydismutase I 

2 HCOH + H+ 

I --H2coPo3 

a-phosphoglycerate 

Calvin9a10 has suggested that the reaction proceeds via an 

intermediate• a six-carbon sugar beta-keto acid diphosphate 

(2-cat-boxy-3-ketopentitol•1,5-diphosphate), an unstable compound, 

1 

which is hydrolyzed easily to form two molecules of PGA, The 

proposed mechanism of the carboxylation reaction is the following11: 

CH20(P) CH20(P) CH20(P) CH20(P) 

b=o · I I I 
COH ·o2CCOH -o2CCOH 

I ~ I + oH- · l 
HCOH COH + C02 C=O + H+ H 
I I , I 

HCOH HCOH HCOH + 

bH20(P) !H20(P) 
I co· CH20(P) I 2 

HCOH 

6H20(P) 

An electrophilic attack of the carbon dioxide on the enollc 
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form of RuDP occurs 1 to form the beta-keto acid, which in turn is 

hydrolyzed to form two molecules of PGA. 

Many attempts have been made to demonstrate the existence of the 

beta-keto acid or of any other unstable intermediate 1 which is 

probably formed in the carboxylation reaction of photosynthesis. 

Moses and Calvinl2 were able to isolate two radioactive substances 

from Chlorella evrenoidosa after 3 min of photosynthesis with 

14C-bicarbonate. They characterized these substances as belonging 

to a carboxyketopentitol diphosphate type. They had been 

tentatively proposed as the diphosphates of 2-carboxy-4-ketopentitol 

(I) and 2-carboxy-3-ketopentitol (II), a gamma-keto acid and 

beta-keto acid respectively. 

CH20H 
o I 
't-c ... oH 

HO I 
H-C-OH 

!.o 
!H20H 

(t) (II) 

COOH 
I 
C=O 
I 

HO-C-H 
I 

u-c .. oH 
I 

HO-C-H 
I 
CH20H 

(III) 

Both of them are isomers. and it was suggested that the gamma-keto 

acid was formed from the beta-keto acid, the proposed unstable 

product of the carboxylation reaction of RuDP. Recentlyl3• it was· 

found in this laboratory that the gamma-keto acid was really the 

dipho$phate of the 2-keto-aldonic acid (III)~ and it was not an 

intermediate in the carbon reduction cycle of photosynthesis. 

but was formed from glucose. It is not known if the compound once 

,., 
' 

' 

., 
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proposed as beta-keto acid is really the compound (II), because its 

identification was based on the identification of compound (III) as 

gamma-keto acid. Shkolnik and Domanl4 used liquid nitroRen to stop 

the photosynthetic reactions in loaves, liquid ammonia to extract 

and stabilize some unstable acids in the ground leaves, and low 

temperature chromatography (-30°) to separate the different radio-

active products, When this technique was used on geranium leaf, after 

one second exposure to labeled co2, radioactivity was observed on 

chromatograms at the beginning of the diphosphate zone, If the same 

material were treated leas carefully this radioactivity was absent. 

They were not able to reproduce these experiments on all plant 

species tested• but only on geranium and, to a lesser extent, on beans. 

As far as it is known this radioactive compound observe~ by Doman 

has not yet been identified, Pon7 made many attempts to demonstrate 

the existence of this beta~keto acid in the isolated enzyme system. 

He used many methods to slow down the reaction, to stop it or 

stabilize and separate the products. Despite these extensive 

studies 0 he failed to produce any evidence for the existence of the 

beta-keto acid. 

It 'ts well known that the RuDP carboxylation reaction is an 

enzymatic reaction, A eell~free extract of alRae capable of 

yielding phosphoglyceric acid from ribulose diphosphate and 

l4co2 was obtained in this laboratory in 19542, About the same 

time• Weissback et al. obtained a soluble spinach extract capable --
of forming phosphoglyceric acid from 14co2 and ribose-5-phosphate 

in the presence of adenosine triphosphate and· triphosphopyridine 
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nucleotide3. Many studies of the ribulose diphosphato carboxylase 

(or carboxydismutase as it is called) that was derived from different 

sources followed, and the requirement of a metal ion (Hg++) as 

cofactor was established3•7, 

7 Pon studying the carboxydismutase system found that 

preincubation of the enzyme with Mg++ ions and bicarbonate increases 

ita activity. He suggested two possible interpretations of thls 

phenomenon1 {1) the enzyme combines with the metal ion and 

bicarbonate to form a complex (active C02)• and then reacts with 

ribulose diphosphate; or (2) the metal ion or bicarbonate activates 

the enzyme by reaction at soma site other than the active site. 

A comformation change of the enzyme is induced accompanying the 

activation process6•1S. 

Various forms of (active co2 ) have been suggested as 

intermediatea in different enzymically catalyzed carboxylation 

reactions, such as the carboxylation of (1) propionyl CoA to 

form methyl-malonyl CoA16, (2) beta-methylcrotonyl CoA to form 

beta-methyl•glutaryl CoA17
8 etc. Lynen ~~·17 were able to 

prepare a co2~biotin unstable complex by adding biotin as 

substrate in place of methylcrotonyl CoA in the methylcrotonyl CoA 

carboxylase system. This complex was stabilized by conversion to 

the dimethyl ester with diazomethane. It was also found that only 

the d-biotin reacted and formed ·the complex, the !-enantiomorph 

being inactive. Lynan et al. explained their results with the --
assumption that the methylcrotonyl CoA carboxylase can ~ind 

d·biotin in a dissociable fashion• and that the "C02" combined 
.. 
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with biotin covalently bound to the enzyme can be tranferred to 

the dissociably bound biotin to form the co2~biotin complex. 

Recently Ochoa .!:.! !!_. 18 •19 prepared and separated a co2 """ enzyme 

complex (propionyl CoA carboxylase)• using Dowex 1-Cl (XB,200 to 

i+OO mesh) ion exchange column which was eluted with 0,02 M-Tris-HCl 

buffer, pH o.o, containing 0.001 M-GSH, This complex was relatively 

stable near 0° and very unstable at higher temperatures. All the 

above enzyme systems require ATP, Lynen' s C02"' biotin and Ochoa's 

C02~enzyme complexes are not formed in the absence of ATP, 

It is possible that a co2 ~enzyme complex is also formed as 

5 

an intermediate in the carboxylation reaction of ribulose diphosphate, 

which subsequently reacts with RuDP to form phosphoglyceric acid, 

but no evidence is hitherto reported, 

The purpose of this study was: 

1) To aearch for the proposed beta-keto acid or any other 

unstable intermediate formed in the carboxylation reaction of 

ribulose d!phosphateo 

2) To search for a co2 ~enzyme complex of the carboxydismutase 

system. 

3) To prepare • isolate and study the co2.-v enzyme complex 

of the carboxydismutase system. 

4) Finally, to study the effects of various additions 

(e.g. activators and inhibitors) on the carboxydismutase system 

related with the co2"' enzyme complex formation. 



6 

II, EXPERIMENTAL PROCEDURE 

Abbreviations, The following abbreviations are henceforth used 

throughout the first part of this text. 

cpm : counts per minute ppt : precipitate 

dpm 1 disintegrations/min, rpm 1 revolutions/min. 

G·M a Geiger-Mueller soln 1 solution 

g 1 gram, or acceleration due hr 1 hour 
to gravity 

uC microcurle(s) temp 1 temperature 

me millicurie(s) sec 1 second 

l liter(s) EtOH 1 ethanol 

ml milliliter(s) MeOH 1 methanol 

ul microliter( a) GSH t glutathione 

uM micrornole(s) Co A coenzyme A 

mg milligram(s) PGA t phosphoglyceric acid 

mH millimole(s) PS photosynthesis 

M molar PEPA 1 phosphoenolpyruvic · 
acid 

N 1 normal SMP 1 sugar monophosphates 

min m!nute(s) SOP 1 sugar diphosphates 

EDTA t ethylenediaminetetraac~tic acid TRP a triose phosphate 

ATP 1 adenosine-S'•triphosphate suprn 1 supernatant liquid 

PPO r 2.5-diphenyloxazole '(primary scintillator "fluor) 

POPOP a 1,~-bia-(2-(5-phenyloxazole))benzene (secondary scintillator 
''fluor") 

tria tris(hydroxymethyl)aminomethane 

1 ratio of distance travelled by spot to distance travelled 
by solvent front - distance is measured from the origin to the 
densest portion of the spot. 

v 

,..,. 
' ( 
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Apparatus 

Homogenizer: A Waring blender operated at hir,h speed was used for 

the rupture of spinach leaves • 

Centrifu1rez For preparative purposes the following centrifur,ea were 

used: 1) International Clinical Centrifuge (up to 2 1 500 X g); 

2) International Portable Refrigerated Centrifuge 1 Model PR-2 

(up to 21 500 X g)l and 3) Spinco Ultracentrifuge 1 Model L (from 

31 000 to 145 1 000 X g). All g-values wore maximum values. 

Radioactive countersl The radioactivity of samples was measured 

either with a flow counter equipped with a thin window.G-M tube 

or with a scintillation counter. (1) G-M counters: An automatic 

counter 1 equipped with a G-M tube with a Micromilic window 1 was used 

for precise counting. The automatic counter consisted of. a 

Nuclear-Chicago scaling unit (model 183) 1 an automatic sample 

changer (model C·llOA) and a printing timer (model C-lllB). The 

quenching gas (Q gas) flowing through the system wns composed 

of 99.05% He and 0.95% isobutane. For counting individual samples 

or radioactive spots on chromatographic paper a G-M scaler 

(Nuclear Chicago 1 model lBlA) 1 equipped with a modified G-M tube 

(Scott) covered with a Mylar** end·window20 and flushed continuously 

with Q gas was used. 

The samples were spread out on thin aluminum planchets. The 

planchets were first cleaned by ~insing with alcohol, and then the 

sample,aaidified with acetic acid, was transferred to the planchet on 

a rotating table21 with the aid of a micropipette. One or two drops 

*** ) i of detergent (Aquet -1120 1 11500 w/v were added n the sample in 

* Supplied directly by the Nuclear Chicago Corp. 

** Mylar b DuPont'n reglstered trademark for its polyester film. 

**it From the Emil Greiner Co. • 22 N, r,oore St. • New York. 



order to facilitate the spreading of material on the planchet, The 

counters were corrected for coinlcdence, and an "infinitely thin" 

Bal4co3 plate covered with a film of shellac was used as a stable 

reference standard, 

(2) Scintillation counter: The liquid scintillation counter 

used in this study was a coincidence anticoincidence counter; 

* ' 22 "Tri-Carb" t described earlier • THo scintillation solutions were 

used, No, 2 for aqueous samples, and No, 6 for nonpolar samples. 

The composition of No, 2 wass Toluene (2,0 1)• p-dioxane (2,0 l)e 

8 

absolute EtOH (1.2 1)• naphthalene (260 g), PPO (26 g)• and POPOP 

(0.5 g). The composition of No. 6 wast Toluene (l.O 1), PPO (4,5 g) 0 

and POPOP (0~1 g), 

For the determination of the radioactivity• aliquots of 

radioactive material to be counted (not exceeding 0.5 ml) were 

plpetted accurately with a micropipette into 20 ml glass vials 

with aluminum-lined screw tops. which contained 10 ml of the 

scintillation solution No, 2 or No, 6, Each sample wa~ counted 

in the scintillation counter a sufficient number of times to 

obtain the desired statistical accuracy. The variability of the 

composition of the sample t4as controlled by the use of an internal 

standard. The internal standard used was toluene-1-l4c, which had been 

distilled and diluted to an appropriate concentration. 0.2 ml of 

toluene-14c (1,23 x 105 dpm/ml) was pipetted into the counted 

sample and the vial was recounted. The first count, minus the hackr,round, 

is termed c1 ; the second count minus the background is termed C2• 

* 11Tr!-carh11 liquid scintillation spectrometer. model 21'~• Packard 
Instrument Co., Inc,, LaGrange, Illinois. 

'"' .. 

(,/ 
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Efficiency of countin~ = ~2 - C1 •• 
std. act~v. added 

dpl!) of sample 
2.46 X 104 X Cl 

c2 - cl 

= c2 - cl 
2.46 X 104 

9 

The glass vials were used only once, in order that their contamination 

mipht be prevented. To prevent also inaccurate measurements due to the 

variability of the composition of the sample and the solvent, and 

the"colour quenching"~; of some coloured samples, interhal standard 

was added to every sample that was counted. 

Dialyzerl Dialysis of the enzymic solution a~ainat a very 

dilute buffer was nece;>sary in order to remove salts and low 

molecular weight material present in it. The sample to be 

dialyzed was placed within a dialysis bag made of Visking 

cellulose acetate tape, and both ends were knotted. For complete 

dialysis~ the .external buffer solution was changed 5 to 6 t.imes, 

once every two hours. 

Rotating evaporator~ Solutions of relatively large volume 

were concentrated under reduced pressure using a Rinco·rotating 

evaporator (Rinco Instrument Co., Greenville, Ill.) in conjunction 

with dry ice and liquld 'nitrogen traps. 

Low temperature chromator,:raphy bmo A special chromatography 

box-freezer combination made by Lahline Inc. (Chicago, Ill.) was 

used for low temperature chromatography. The dimensions of the 

( 
box were 78 x 54 x 70 em. The i~strument was capable of holding 

8-10 papers each time, for one or two-dimension chromatography. 

The temperature of the box could; range from room tempet'ature to 

'/; "'colour quenching" 1 Strongly coloured samples tend to absorb some 
of the light emitted by the scintillator fluor, and subsequently 
lo~1er the sensitivity of the scintillation counter, 
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-40° c, and it could be kept constant (+ 1°C) during the run and 

the drying of the chromatograms, A preliminary drying of the 

chromatograms was dona under a forc~.~d current of dry cold air at 

the temperature of the run, and then they were removed to another 

box at room temperature for complete drying, 

Analyses. 

Paper chromatography: After a reaction or a photosynthetic 

experiment was co~pleted, the usual method used to separate the 

products was paper chromatography. Whatman No. 4 papers were used 

after being washed with oxalic acid according to Benson23 , Descending 

chromatograms were mad~ in tho boxes usually used in this 

laboratoryll, The material was spotted on an origin 3 inches 

from the top and the side of the paper. Water saturated phenol and 
1 

butanol-propionic acid-water were used as developing s~lventsll, 23. 

The solvents were run for eight to twelve hr in each dimension, and 

then the papers were dried under a forced current of air at 
i 

room tamp. The- temp during the development of the chromatogram 

was 20 to 25° c. The butanol·propionic acid-water solvent was 

prepared just before it was used, by mixing equal volumes of 

butanol-water (1,24~&94 v/v) and propionic acid-water (620a790 v/v). 

Fo~ the separation of the phosphorylated esters another set 

of solvents was also usedt Butanol ... propionic acid-water in the first 

dimension and isobutyric aaid-wate.r-concentrated ammonia-EDTA 

(2520aH50rlOO v/val.l75 g) 24 in the second dimension. 

Butanol-acetic acid-water (~1115 v/v) and isobutyric acid-water-

concentrated ammon!a-EDTA were also used for the separation of the 

methylated products. The methylation was carried out with diazomethana. 

~I 



' I ,. 

11 

Hany solvents were tried for tho separation of the products at 

low temp and two of them \-lhich gave the best results were used z methanol-

water-liquid ammonia ( 80 s20: 20 v /v) and acetorw-methanol-water-liquid 

ammonia (30:2!lzl2zl30 v/v). The temp during the developm13nt 

of the chromatograms \-laS -30° to -35° C. 

Radioactive compounds on the chromator,ram were located by 

exposinr, the paper to single coated Kodak x-ray film. The Identity 

of the chromatographically separated compound was established 

by its Rf value, and confirmed by cochromator.;raphy of the eluted 

radioactive compound with an authEmtic marker compound. The 

identity of phosphate esters wa9 further confirmed by treating the 

eluates with acid phosphatase purified from Polidase-S ( Schvtartz 

Laboratories. Inc.). The enzymic hydrolysate was cochr('lmatographed 

with authentic marker compounds. In each case, exact coincidence 

of the radioactivity with the marker compound was taken as 

criterion of identity. 

For the detection of tho authentic marker compounds on the 

chromatogram. either the paper was sprayed with an acidified 

ammonium molybdate reagent and then exposed to sunlight25 ( detoc·tion 

.of organic phosphates), or the paper was dipped into an aoetonic solution 

of silver nitrate and then sprayed with ethanolic NaoH26 (detection 

of sugara and sugar acids). 

Anion exchange column: The separation of tha co2 ..., enzyme complex 

was accomplished by passing the reaction mixture through a Dowex 1 

column 1 as described by Ochoa et al.l8, Dowex l·Cl (Xa, 200 to 400 
. --

mesh) was washed and equilibrated with 0.02 !! 'l'ris-HCl buffer• pH a.o. 

and then packed into a 0,8 x 4,0 em column. The column was washed 
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with tris-HCl buffer pH a.o, 0,02 ~' and immediately before use 
' 

with 3 ml of 0,02 ~ tris-HCl buffer, pH 8,0, containing 0.001 ~ 

GSH. Tite column was loaded with the reaction mixture (usually 0. 5 ml) 

ans subsequently washed with 0,6 ml 0,02 M tris-HCl-GSH buffer·. 0,02 M -· 
tris-HCl-GSH buffer (1.8 ml)• pH 8,0, was used for the elution of 

the column. The eluate contained 45% (w/w) of the initial protein. 

An aliquot sample of the eluate (0,2 ml) was placed in a liquid 

scintillation counter for determination of 14c content. Preliminary 

expo'riments showed that all free bicarbonate ion from a reaction 
I 

mixture which contained all the components except the enzyme 

stayed in the column after elutionwith 8,0 ml of 0,02 M tris-HCl-GSH 

buffer, pH 8,;0, In the presence of enzyme the 1.8 ml eluate contained 

all the enzyme which could be eluted, the effluent, wash and 

further eluate being free of enzyme. All the operations were 

carried out in the cold room (0 to 2° C). 

Plant Material 

The plant material used in our experiments were (1) unicellular 

green algae; Chlorella £Yre9oidosa' (2) leaves of horse beans, 

Viola ~' (3) spinach leaves, SRinacea oleracea. 

Green algae (~hlorella J?Yrenoid?~) I. Chlorella is being continually 

cultured in this laboratory in Myer•s medium27 and tho methods 

used were those described earlier11 e28 • With these methods of culture 

the conditions of growth are the· same from day to day. The 

harvested algal suspension was centrifug~d at about 1600 x g, then 

suspended in a buffer solution. and centrifuged again, The algae 

was then resuspended in the same buffer, to a concentration of 
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from 1% to 4%• depending on the nature of the experiment. The buffer 

uaed was 2.5 x l0-5 !:!_ K2HP04-KH2P04 (3a2). The algae were washed with 

the buffer solution because the initial nutrient solution contained 

a quantity of salts which often lnterferred with the analysis of 

biochemical compounds formed following expos~re to the tracer element. 

The above particular buffer was used becctuse the small amount of 

added phosphate improves the subsequent chl"omatography. The 

resuspend&~ algae were aerated at room temp in weak light until the 

time they were used. A small amount of' the fin~l euspension of algae 

(2 to 6 ml) was used in each photooynthetic: experiment. 

Leaves of horse beans (Vida ·taba) 1, Small. l.u.yoa wer• taken 

about 40 days after germination of the plant, washed whh col~ tap 

wa.ter • drain•d and then used in the photosynthetic oxpe'r:'tment • 

Leaves of this particular plant were used because th~y were easily 

extractable• they had a high photo~ynthetie rate• and they were 

more sui table for our e,xperiments. 

Spinach .~!'.ave,s, ~Splf!a,c~~~ ~leracea) 1 f'resh spinach leavel!f obtained 

from the market were used ~or preparation of chloroplasts. and for the 

isolation of the ribulose diphosphate qarboxylaae (oarboxyd!amutase) 

from the chloroplal!lt extract. The chloroplasts WIU'e first bo~ated 

and then lysed osmotically to yield the chloroplast extre~.ct, Thb 

e~tract waa fractionated with ammonium sulfate. 

Preparation of Carboxydismutase 

Tho following methods for preparing spinach chloropla1:1ts and 

carbox,ydiamutase wern uaad7• 29 , Fresh spinach leaves with petloles 

and some of the midribs removed were washe<l in cold tap water twice • 
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drained dry by tumbling in a wir~ basket, and placed i~ a cold room 

for several hours to allow the leaves to become turgid. All subsequent 

operations were carried out at or near oe c. All glassware and 

centrifugation apparatus were precoole4 to about 0° ~· 

One kilogram of leaves was used for each experiment. The 

leaves were cut into strips Q.5 to 1 em wide and wore d!ylded into 

eight equal portions~ Each pordon ( ~25 g). wae groun~ in· • blender 

.at full speed for 30 ueo, together ~ith 250.m1 of aucrose·bbffer 
• • • t. -' ' • ·, ·,. ' . 

aol"'tion,, (SUcrose-buffer a 0~ 5 !i auorose in Q-,1 i po~a~tsiufll · 

phosphate arid 0,01 H EDTA 1 pH 7,4,) Tho atepra foJ' thtl 'Preparation are 
. ~ ( i J ; • . ' • 

given in Fig~ 1 and Fig~ 2~ 

Preparation of Ribulo'~ Dlphosphate 

·Ribulose diphosphate (f{uDP) .,oluth~~ l'filll prepare4· ~rOltl ~he 

barium aalt of RunP*. In a 10 ml centrifuge tub0 oontainins o~~o ml 
. .• : . ·.. . 

wa~er a~d 0~60 ml of 0~10 !!, t!Cl, 30 mg of Jla·R~DP "f@J,'f.P suspend~d• 

Tpe larger particles were crushed with the aid of a small glase 

rod. The mixture, was cooled in em ice. bath and l, :tO ml of 0 ~ lQ M . . ...... -
Na~so4 plus 0,60 ml of 0.10 !!, NaOH were addad~ The mlxtu.-e waliJ 

allowed to stand for 10 to 16 min heforo eef\trifug!.n~ ~411'pr'o~p1tat•• 

.The supernatant liquid containing the RuDP was a~or•d !p a 

frozen state. 
. ' 

RuDP-14c was prepared by extraetion·fro\ll dgaq, 4fte:r pdng 

allowed to undergo photosyntheai.s in the pr~senoe of ~af1l4co~ for 

2 to 3 min4 •7! The radioactive products extro!lCtf)d from the al~ao 

were separated by paper chromatography, and the separated R~DP~~4c 

was eluted from the paper~ 

* Kindly supplied by Dr, N.G. Pon. 
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1 kg.Splnacea oleracea leaveaa 

2 1 sucro~a~buffer soln 
(0.5 M sucrose in 0.1 H potaaslum phosphate 
and o7ol M EDTA, pH 7,4) .,... 

blender at full speed for 30 sec 
I 

green homogenate 

I B layers of' cheesecloth 
I I 

green filtrate 

1200 X !!JI 5 minb 
. . I . , 

precipitate (d!aaardod) 

reeidue (discarded) 

I 
precipitate 

I 
supernatant 

1900 X g& 12 min 
I 

supernatant (discarded) 

500 ml fresh sucrose-buffer 
900 X tU 15 min 

supernatant 
(discarded) 

precipitate 

"chloroplast fragments" 

precipitate (chloroplasts) 

25 ml 0.01 H potauium phosphat
buffer• pH '7.~ (no euoros• Pr 
EDTA) at 0° for about 2 ~r 
3~tooo X g; lO mine 

supernatant 

a) A!+ oper~tions were carried out ata or near. oo. C, 

b) International Portable Refrigerated Cantdi'ugeQ modttl PR .. 2o 

c) Spinco Ultracentl'!.f'uge, model L, r.otor numbe~ 40. 

fig, 1, The preparation of the ahloroplat5t extraot. 



25 ml "chloroplast extract" 8 

Precipitate (discarded) 

6,0 R (NH4)2so'* plus 6 .!!_ (NH40H) 
to make a final pH of ca, 7,0, 

supernatant 

2,58 g (NH4)2so4 

36.000 X g& 5 min 
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precipitate supernatant 
(discarded) 

dissolved in 4 ml 
of 0,01 M potassium 
phosphate pH 7.4 

solution 

dialyzed against a 0,001 M tr!s bUffer, 
pH 8,0 at 0° for 24 hr. Changed to fresh 
buffer 6 times during this !nterval. 

carboxydisrnutase0 

a) All operations were carrie<\ out at, or near. 0° c, 

b) Spinco Ultracentrifuge, model L, rotor number 40• all accelerations 
due to gravi,t.y (g) are maximum values. 

c) The enzyme stored at oo c. 

rig, ~. Ammonium sulfate fractionation of tho chloroplast ~xtr~.t,Qt. 
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P.roparation of Dlazomethane 

Dlazomothane was prepared by alkaline s~ponification of 

N-methyl-N~nitroso-N'-nitroguanidine 0 as is described in the second 

part of this thesis. The ethereal solution of diazomethane was either 

used immediately or \-tas stored for a shor>t time in the deep freezo 

(~16°) befor~ use. 

Pho~osynthesis Experiments with Algae 

Tha harvested Chlorella cells were. washed and reauspsnded in the 

phosphate buffer to give a.2 to 4% aolution (in ml of wet paoked 

algao/vol. of auapanrdon) • l to 10 ml of the cell sus pen$ ion were 

plpetted either into the vassals Jllustrated in fish 3 or into 

the vessels illustrated in 'rirr3. tt and 5~ The neuJEil. ~n fig, 3 h 

a modi.fied "lollipop" dol!;ligned to aUow Guffiolent light. to illuminate 

a omall volume of' alga~. An addi tiqnal advantag~ of tlH~ modified 

''lollipop'' ~s th~t it ~llowa thEt rapi<i killing of the al.gae by meano 

of cold { .. £lQ 0 ) MeOll poured. into 'the extfi\ yol\,J.tiiEiir Illumtnation was 

provi.dad by reflector spotlights, ~rthich e~ve l:l H~ht lntetu;ity· qf 

about 7 5 000 foot cancUee on either &ide of the VQijsel. Exce5eive 

heat was avoided by the use of infrared, water"oooled ttlters 

placed between the reflector spotlightfJ and tha photosynth~sis 
' I 

vessel (Fig. 6). 

The algae were preillwnlnatqd tor 30 min in tha lighlt while 

a continuous stream of 1.5% co2 l~ air (v/v) was bubbl~d through 

the. algae suspension ( 11 pt'(l-a,laptation" period), then swept with 
. ' " . . . . ' ·. lit . 
nitrogen gas for 1 min. Afterwards a solution,of c~labele4 

bicarbonate was addacl and the mixture wa$ allowed to FJti!nd for 1 to 5 seo. 
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ALGAE SUSPENSION 
-~---~--(5 mm THICK) 

COOLING WATER 

! 

EXTRA VOLUME FOR 
ALGAE SUSPENSION 

(CYLINDRICAL) 

TO DRAIN 

WATER JACKET 
(CYLINDRICAL) 

MU-13695 

Fig. 3. Modified ''lollipop" for short time photosynthesis 
experiments with algae. 

.. 

... 
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ZN -1 867 

Fig. 4. Illumination vessel for exposing algal suspensions 

to H
14co; under several conditions . 
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ZN -1868 

Fig. 5. Apparatus for exposing algal suspensions to 
14 -

H C03 under several conditions. 
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The algae were killod by lnjoction of a sufficient amount of cold 

MoOH ( -60°) to niva a final solution of BO% in ~1eOH. Durlnll the time 

of photosynthesi8 with H14co; the cell suspension wa$ stirred by 

bubbling nitrogen gas through it. Tho killed algae were el ther 

extracted or reacted first with diazomethane and then extraoted, 

The vessels in Fig, ~ and the apparatus in Flij• 5 are designed30 

to provide for a simultaneous photosynthesis experiment with a number 

of samplea under conditions which are identical save for one eystemutl• 

cally varied factor. 

The vessels were constructed from glass tubing of about 

3,5 em internal diameter and 7 em long, to which a flat glass dlao 

was rigidly attached to form a bottom, A removable lid was 

provided with an outlet and inlet tube' the latter .reaches nacarly 

to the bottom of the vessel, 

The apparatus shown in fig. 5 conslat'd of a rectangular glaas 

water bath• fittad with inlet and outlet tubes to permit a constant 
I 

stream of cooling water to pass through it, so that the t~mp could 

be kept constant during the time of the experiment. The rectangular 

glass water bath was arran ged over a bank of, eight 6-watt 

fluorescent lights. At the top o( the water bath two ralls were 

fitted, along which ran a small carriage consisting essentially 

of four wheels fixed to a plate having six holes punched in it. 

Six of the glass incubation ves~els were suspended from thi~ plato 

so that the bottoms of the vensels nearly reached the bottom of the 

water bath, The veBsels were prevented from fHlling through the 

rlata by three glass "ears" on each vessel arranged near its top. 



The whole carriage was made to run back and forth ~long its ralls 

by means of a connecting rod att3chod to an eccentric on the drive 

shaft tit' a stirrer motor, The carriage oscillatetd about 3 em at 

approxinmtely 250 eye/min, The light intensity at tho bottom of the 

glass was about 2000 foot candles, While .illumination to .. ach 
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vessel was fairly constant, there was some variation betweon different 

positions on the shaker. for this reason the samples were supplied 

with radioactive bicarbonate one at a time in a •erial manner, each 

flask baing moved to one particulav poaitlon on the shaker for the 

period of incuhation with labeled bloarbonate. 

During the "pf'a .. adaptation" period before the tlXpQriment 1 in 

which the cells were alluwed to come to a ateady metabolic rate, the 

cell suspension (1.5 ml of 4% algal suspension) waq shaken in th~ 

light for 30 min, while air contnining 1,5% (v/v) co2 wae blown 

over the surf'ao~ of the cell auapension. Th~ gas mixture w~t~ 

pre-wotted by bubbling through water to minimize evaporation from the 

cell susptmed.on and to serve aa a control mlbaiSUf'& for ths rate of 

aeration, After the "pre .. adaptat!on" pc.rlod 1 the~ algal tSUIIpauaion 

was swept with a $trea~ of nitrogen for 1 mint and then a ~olution 

of 14c .. laboled bic<:Srbonate was added. The~ ~tlgao Wt'lrct allovH'Hi to 

incubate for l to 5 soc • before beln~~ killed by adding It ml cold 

(-700) ttoOH, The shakGr was kept ln motion while both additions 

ware made to ensure rapid miMlnn. The killed alga~ wars either 

oxtractec\ or reaoted first with d.t.azomethane and then extracttld, 

In the case •1hen low temp chroroatograplly was us"d f'or the sep!!tration 

of tho radioactive compounds formed in the ahort time of th~ 



incubation of the algM with u14coj, the algae were killed by 

pouring the algal suspension into a flask containing liquid nitrogen. 

Photosynthesis. Bxperiments with Leaves of' Doan Plant 

A elngle excised leaf' from a "horeca bean" plant• about 

750 mg/leaf• waa used in anch experiment. The apparatus used 1~ 

shown in Fig, 61, The leaf was placed in the circular flat 

lllumlnatlon chamber with a det~chable face, with the stem of' the 

leaf immersed .i.n water. The oharnber waa equipped with two tubes• 

the one at the top le&ding through a two-way stopcock to a loop 

containing l4co2• and to a tank containing 1,5\ co2 in ~lr. 

Illumination was provlded by reflector spotl.tghts • which uave a 

liRht intensity of about 7•000 foot candles on eithor sid• of the 

leaf, l~xcessive heat was avoided by the use of infrared• water• 

coolod filterSI placed betwoen tha raflector spotlight$ and the 

illuminatlon chamber. The leaf was illuminated for ~ mint while a 

continuous stream of 1.5% co2 in alr (v/v) was passed through tha 

illumination chambor. Then the l4co2 waa swept into thta ohamln:lr 

by the C02-air mixture. The leaves were exposad to l4co2 for 1 to 

5 sec. and then plunged into liquid nitrogen. 

Carboxydismutase Assay 

Thera were two $taps in the oarboxydismuta~e assay1 

1) the preliminary incubation (preincubation) stop and 2) tho 

incubation step 7 , The oonati tuents of the incubation mixtul'f;l were 1 

Enzyme solutionJ MgC12 (0.2 ~); l4c-labeled blcarbonat•, and RuDP. 

In some casas 1 ~ trls-buffar, ~~ 8.3 waa added. In tho pr9lncubatlon 

\,. 

,. 

.. 
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step all but one or two of the componnnt!'l of tha Assay system were 

mixed and allowed to stand either at 0° or 25° C for a prodeterm!nod 

time. At the end of thin period the rest or thH component (&) wa9 

added (tlte lnoubation step) and the complet~ sys tum was lnaubatod 

for a fixod tima at 25° c. (In Borne casea where two cornponenta were 

preinoubated with the enzyme, the first component was allowed to be 

in contact with the enzyme for a time "a", followed by preliminary 

:incubation with the second component for a time 11 b11 , The flrot 

oomponont ~wuld then bo prdncuba~eJ wlth the enzyme for a total. 

time (a+ h),) The reaction was stopp6d eithor by adding cold 

(-60° C) MeOH to give a final volume of' 80% in Me0fl 0 or by adding 

acetic acid, or liquid ammonia. 

Carboxylation of Enzyme 

each reaation mixture contained 1:rlo-but'ftllr (pH a.s),enzyme 

uolution, MgC1 2 and l4c.b!carbonate, Th•r~ ware two stept ln 

the reaction of carboxylation of' th~ anz.yme. In the f'h-"'t atep 

all the compon~nts but bicarbonate were mixed ~nd allowed to 

stand at 0° C for a predetermined tlmf!. At tbs end of this 

period the ul4co3 W<lS adddd and the oornpleta system etayed for 

a fixed tirne at 0° C (or at another fixed tem1)), Afterwards• the 

co2,., enzyme complex wafi separated by anlon exchangit oolumn 

chromatography, 

Reaction of Algae, Loaves or Products of Enzyme Asusay with CH 2N2 

a) T,reatmFmt of' l<i,l,led al))ae ,with ,di~z.omethan~.' The cold, 

80% MeOH au3ponslon of the killed algae was dlvl~ed into two equ~l 

portions. The one of them was evaporated under r~duceJ pressure 



almost to dryness at a bath temp of -10° c. To the residue a cold 

ethereal solution of diazomethane was added until the yellow color 

persisted, and the reaction was allowed to proceed for 24 hr at 

0° ' c, and 2 hr at room temp {23° C). The ethereal solution was 

separated from the residue and it was concentrated at room temp 

to a small volume. An aliquot was put on chromatograms for 

chromatographic analysis of the radioactive compounds, The residue 

was extracted first with pure MeOHe then with a solution of 
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80% MeOH 1 again with a solution of 20?6 MeOH and finally with water at 

60 to 70° C, for 30 min each time, The extracts \'lere pooled and the, 

residua discarded, The extracts 1~ere concentrated to a small volume 

in vacuo below 30° C, and the radioactive compounds were separated 

by paper chromatography. 

To the second portion of the killed algae suspension which 

served as a control, 1 ml of 10% acetic acid solution was added and 

the mixture was evaporated almost to dryne8S in vacuo at bath 

te11p of 40°, The rest of the proceduro was the same as above, 

b) Treatment of leaves with d.iazomethane: The leaves that were 

killed by liquid N2 after having beun exposed to labeled C02 for 

1 to 5 sec, were carefully grounJ in a ceramic mortar under liquid 

nitrogen and the powder thus obtained was divided into two equal 

portions. To one of them was added 2 ml of cold (-40°) MeOH, 

followed by 15 ml of an ethereal solution of diazomethane. To the other 0 

which served as a control, 4 ml of 10% acetic acid in MeOH were 

added, and the mixture was left at 50° C for 10 min. Afterwards, the 

mixture was evaporated to dryness in Vilcuo at a bath temp of 40° C, 

To the residue was added 2 ml of MeOH 1 followed by 15 ml of an 
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ethereal solution of diazomethane , Both samples were left •t oo 

for 24 hr and at room tomp for 2 hr. The samples were centrifuged 

and the ethereal solutions wera separated from the residues~ The 

residues were extracted first with pure MeOH 1 then with & soln 

of 80% MeOH, aeain with a soln of 20% MeOH and finally with wat r 1 

at 60 to 70° C for 30 ~in each time. The ethereal soln 1nd the 

extracts of ·each sample were pooled and concentrated to a small 

volume in vacuo at room temp. The radioactive compounds of each 

sample were separated by paper chromatography. 

c) Treatment of the enzyme assay systom with diazomethanea 
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The enzyme S\lSpansione a:fter incubation·with l4c-la.beled bicarboq1te 

in the presence of MgCl2 and RuDP for l to 10 min, and inactivation 

with cold (-60°) MeOH , was divided into two equal portions. ·TO one 

of them 15 ml of an ethereal soln of d!azomethane was added an4 the 

mixture left at 0° C for 24 hr and at room temp for 2 hr. The 

residue was separated from the ethereal soln and extracted first 

with a soln of 80% ,p,teOH 1 then with a moln of 20% MeOH and 

finally with water at 60° to 70° for 30 min each time. The 

extracts and the ethereal soln were pooled and concentrated to 

a small volume _!!!. vacuo at room temp, The other portion • which 

served as a control , was centrifuged and the residue extracted 

with a soln of 80% ~1eOH 8 then with a soln of 20% MeOH and finally 

with water at 60 to 70° f or 30 min each time. The extracts and 

the supernatant were pooled and the residue discarded'\ To the 

extracts 1 ml o.f a 10% acetic acid aoln was added and the mixture was 

concentrated to a small volume in vacuo at 40°. To the concentrated 

extracts 15 ml of an ethereal aoln of diazomethane was added. 

The mixture was left at 0° C for 24 hr and at room temp fo·r 2 hrl. 



and then it was concentrated to a small volume at room te~p. The 

radioactive · components of both samples were separated by paper 

chromatography, 
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Separation of the Radioactive Products by Low Temp Paper Chromatography 

In the case when low temp paper chromatography was used for the 

separation of the radioactive compounds which were formed after a 

short time photosynthesis in the presence of 14c-carbon dioxide, 

the algae or leaves were first killed by liquid nitrogen. and then 

they were carefully ground in a ceramic mortar under liquid nitrogen• 

The powder thus obtained was dividod into two portions. To one 

of them was added 8 ml of liquid ammonia and after 10 min the 

residue was separated from the supernatant liquid, A part of the 

residue was evenly applied on the origin of a chromatographic 

paper, and the chr omatogram was run !n the low temp box, using 

non-freezing solvents. The supernatant liquid was concentrated to 

approximately 1 ml, and the radioactive components were separated 

by low temp paper chromatography, During this procedurs the temp 

did not rise above ·30° C, ·The chromatographic p'il't)e~ was kept in 

the cold chromatographic box for 2 hr before !t wae used~ The 

temp during the development of the chromatogram was ·35 to ·30° C, 

The solvent s were run for fourteen to sixteen hr. This procedure 

is approximately the same with the one described by Dom_an14, 

The same procedure was also ·followed for the other portion, 

which served as control, except that the powdered algae or leaves 

were heated to 75° C for 1 hr and then cooled to -30° C 

before the addition of liquid ammonia. 

• 
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Low temp chromatography was al so used tor the a paration of 

the radioactive products of the carboxydismutase ~•••Y ayate., 

~nzyme soln, MgC12 and 14c-bicarbonate were added into two 

centrifuge tubos, and after 5 min preincubation at o• C RuDP 

was added, The concentration of enzyme, MgC12, b!carbonato 

and RuDP was the same in both tubes, Aft•r $ min incubation, the 

reaction mixture of one of the tubes w•• immerse4 in~o 11qul4 

ammOnia (4 ml) 1 and the radioactive components were ••parated bf 

low temp (-30°) paper chromatography, To the mixtur• of the oth•r 

tube • . which IUtPved as . a control• two dt:""opa ot aeetlo acld were 

added, and the mixture was allowed to stand at 60° C to~ 

30 min. Afterwards, the mixture was cooled to oo C an4 then 4 ~l 

liquid ammonia were added. The radioactive compon•nts wore ~lso 

separated by low temp (-30°) paper chromatography • 
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III. RESULTS AND DISCUSSION 

Search for the Unstable Beta-keto Acid, 

As stated in the introduction section of the tir•t pa~t of 

this t,hesia, one of the objectives of thi• reaearch waa to .aearcb for 

the unstable beta-keto aoid, postulated by Calvin •• ·~ intermediate 

in the carboxylation reaction of RuDP. Beta•keto aoi<\l .are generally . . 

unstable compounds, and the· beta~keto acid formed fr~ RuDP 

and co2 with two phosphoria groups preaent• ~· expect•d to be 

even more Unsta~l•• Therafora 1 special method• ar. ne-de4 .fof . 1~• 

detection, 

Many attempts were made to demqnatrate the exiateqce of thi• 

unstable comp,ound in dgaae ( Chlorell,a . :£Y.,~no14~a~) • i~ .le&Vfll ~ ~t 

"horse. bean" plant, and ln the isolated enzyme tY•t•._ (car)!Joxy• 

dismutase). Algae had the disadv<mtage . that 1t ,.,as accompanied by 

a large amount of free . 14c-hiaarbona'J;e ··which int.rferred with the 

separation of the smali amount of radioaadya prod\40tQ fo.med after 

a short time photosynthesis, Tl;le use of the isolated enzyme .syl!lte._ 

had the advantage that even with a crude extract of th~ apinach 

chloroplasts the only stable radioactive product fo11med after a 

short time of incubation (1 to 15 min) was PGA. This m"de h 

easier to look for and distinguish any other radioactivity present. 

In each experiment the killed material was divided into two equal 

portions, the one serving ao a control was treated leGs carefully. 

Conditions for the photosynthetic experiment and incubation varied. 

For example, in one case a high concentration of 14C-bicarbonate 

in the algue suspension and a vary short time of exposure were 

applied. In another caae us e of high concentration of enzyme 
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(2 to 3 mg) was made. In the last case the enzyme was preinaubated 

with Hl4coj at 0° C for a long time (2 to 3 hr) and then incubated 

with RuDP at 25° C for a short time (l to 2 min), It was hoped 

that in each case tho amount of the keto acid intermediate would 

increase. Two analytical methods wet'a used in this search1 

1) Treatment of the material at low temp• and separation of the 

radioactive products pt'esent by low ·temp paper chr~matography. 

The material was also treated with liquid ammonia before the run 

of the chromatogram, so that the mora stable salts of unstable 

acid.s should be formed, It was hoped that under thesa conditions 

the rate of ·dissociation of <tny unstable compound present would 

be very slow and would make its detection easier, 2) Treatment of 

the material killed with cold (-60°) M~OH with an ethereal solution 

of diazomethane, so that the stable methyl esters of unstable aoida 

should be formed, and separation of theradioactive products by 

paper chromatography, 

Despite a great number of experiments and t he mi ld conditions 

used, no evidence was produced for the existence of the postulated 

beta-keto acid intermediate, Either the amount of this acid i s too 

small to be detected even with tracer techniques , or the acid is 

not present as a free acid but as a compl~x combi ned \-dth the 

on.zyme, the complex being hydrolyzed to give PGA and ftee enzyme . 

Another possibility iS that the ~eta-keto acid doe$ not exist at 

all, .!.·~· the formation of PGA from RuDP 1 co2 and H20 proceed!$ 

through another mechanism. 

It was mentioned earlier that Doman and Shkolnik14 obrserved 

a small amount of radioactivity at the beglnnin~~ of the diphosphate 
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area on a chromatogram of geranium leaves which was run at low 

temp. The leavos Here previously treated with liquid ammonia under 

mild cond.itions. This radioactivity was not present if the material 

was treated less cnrefully. They were not able to reproduce this 

experiment with other plants, except with geranium and to a lesser 

extent with beans. As far as is knm-m this compound has not yet been 

identified. We were not ablo tG roproduce the abov~ experiment 

Hith algae, "horse bean" leaves .or the isolated enzyme from spinach 

chloroplasts. Before making an~ speculations on th~ above experiment, 

the radioactive compound has to be identified, or at ~east some of 

its ·properties and its relation with the carbon reduction ~)cle 

of photosynthesis be studied, 

It is interesting to· note that when algae or leaves were 

treated at low temp,, and lovl temp paper chromatography was used for 

.the separation of the radioactive compounds, a difference in the 

relative radioactivity of the stable compounds was observed, 

compared to radioactive compounds of the control nystem_. Th;:tt was 

probably due to the difference in the equilibrium of the reactions at 

differc~nt temps. 

In the experiments with diazomethan<~, algae was used initially 

as th(~ photosynthetic material, and later the isolated enzyme system 

was chos en as being more convenient. Some experiments with leaves of 

"hors e bean" vrere also conducted. In the first experim·ents with diazo

methane and al!!,ae it was observed that a (Creat number of radioactive 

compounds w~re formed when algae was exposed to 14c-bicarbonate 

for 1 to 5 sec and then treated with diazomethane. The total stable 
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radioactivity was many times higher than in the control sample. This 

is shown in ·.Figs. 7 and 8,. The amount of radloaot!vity which was 

~Jtabilized with diazomethane depended c;m the concentrat~on of 

bicaronhate present in the algae auspension 8 ae 1a ahdwn by comparing 

fir,s. 9 and 10 with Fig, 7. Fip,. 11 is a radioautograph Of the 

chromatogram of the control sample of the experiment described in 

the legend to Fig. 9, 

In order to show if the unstable complexes formed from bicarbonate 

and algae were related to the carbon reduction cycle of photosynthasi'• 

a number or experiments were done with dead algae, In these experiments 

an alp,al suspension was prelllumlnated for 30 min ¥tth,l.5\ C02t 

swept 1 min with N2 gas and then killed with hot or cold MeOH. After 

30 min 14c..:i:,icarbonate was added and the mixture waa concentrated 

at low temp before the addition of diazomethanet ae deaor!be<i 

in tha experimental section, Figs. 12 and 13 are radio~uttt>graphs 

of two chromatograms (extract of the residue, and e~hereal supernatant) 

showing the results of one of these experiments, A grGat number ot 

radioactive compounds are present on both chromatograms.- Needless . 

to say, no radioactivity wa~ found on the chromatogram of the control 

of the above experiment with dead algae~ This showed that unstable radio~ 

active compounds stabilized with diazomethane were not r$1ated to 

the carbon reduction cycle of photosynthesis, but were carbon dioxide 

addition products. These are usually present in a solut!on of 

the precursors or the above products and bicarbonate, 

Arninea, amino acids• paptones, proteinQ etc. are typical compound• 

uhich .form addition products with carbon dioKide ot the carbamate 
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Fig. 7. Radioa utograph of the chromatogram o f the 
extracts of algae which had been treated with 
diazomethane. E x perimental conditions : 2 ml 
of 4% algal suspension were preilluminated 30 min 
with CO , swept 1 min with N , 3. 5 sec PS with 
0.4 ml ftl4co3 soluti on (2 mctml, 0.20 ~), killed 
with 8 ml cold (- 60°) MeOH, cone. at -lOO. Addition 
of CH2N 2 . Extraction of residue with a soln of 80% 
MeOH , again with a soln of 20% MeOH and finally with 
H 20 at 65°C. Cone. of e x tracts and supernatant to a 
s.mall v olume . 
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Fig. 8. Radioautograph of a chromatogram of algae extract 
after 3. 5 sec PS. Control of experiment in Fig. 7. 
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Fig. 9. Radioautograph of the chromatogram of the extracts 
of algae which had been treated with diazomethane. 
Experimental conditions: 2 ml of 4% algal suspension 
were preilluminated 30 min with C02_' swept l min 
with N 2 , 5 sec PS with 0.25 ml Hl4 -co3 soln (2 mc/ml, 
0.06 M), killed with 8 ml cold (-60°) MeOH, cone. at 
-10°-. -Addition of CH2N 2 , separation of supernatant. 
Extraction of residue with 80% MeOH, 20% MeOH, water, 
at 650. Cone. of extracts to a small volume. 

, 
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. Chlore/lo pyrenoidosa 
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After 1/2 hr Addition of NoH 1 CC3 
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Fig. 10. Radioautograph of the chromatogram of the supernatant 
of experiment in Fig. 9. 
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Fig. ll. Radioautograph of a chromatogram of algae extract 
after 5 sec PS. Control of experiment in Fig. 9. 
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Chlore!la pyrenoidosa 
Killed With MeOH {-60") 14 

' After 1/2 fir Addition of NaH C~'J 
Cone. of -10". Addition of CH2 N2 iff Ether 
Water Phase 

\ ' 

(I) PHENOL- HtP 
ORIGIN 

ZN-3172 

Fig. 12. Radioautograph o f a chromatogram of extracts 
of dead algae, after being treated with Hl4col 
and CH2N 2 . Experiment al condit ions: 2 ml oi 
4o/o algal suspension w e r e preilluxninated 30 min 
with C02 ,_ swept 1 min with N 2 , killed with 8 ml 
MeOH. After 30 min con e . to initial volume and 
0.5 ml Hl4co3 soln (2 mc/ml, 0 . 06 ~) were added, 
cone. at -10°. Addit ion o f CH

2
N 2 , separation of 

supernatant. Extracti on of res1iiue with 80o/o MeOH, 
ZOo/a MeOH and water at 65°C. Cone. of extracts 
to a small volume. 
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Fig. 13. Radioautograph of the chromatogram of the 
supernatant of experiment in Fig. 12. 
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f 31,32 orm • Experiments with a soln of cryst~line bovine albumin or 

with solns of seven different amino acidal confirmed the formation 

of carbon dioxide addi don products.,_ 'Dhese products were stabilized 

with diazometbane and s.oparatotl, by paper chromatography, The 

amino acids used were:. D,.n,..aspartic acid • L-asparaginet L•glutamlc 

acid, glycine, L-cystine~ D~t-leus!ne and D1 L•proline. In the 

amino acids or protelin, solns 14C-bicarbonate was added and the 

mixture Has t:Veated with an ethereal soln of' dlazomethane, After 

concentration the radioactive products 1--1ere separated by paper 

chromatop.raphy, Two radloacttve spots were observed on many of 

the chromatograms of the am.ino acids, probably due to the mono-

and dimethyl estors of the carbamates, Radioactive spots were also 

observed on the chromatogram of the protein Hhich was partially 

hydrolyzed with HCl. 

This c;:trbamination roaction is of particular importance for 

the transport of carbon diox.tJo by the blood33 ,3 4 but it is not 

known whether it is of great importance in photosynthesis as 

sugp,ested by Slegfriect35 • Probably thu formation of carbon uioxide 

addition products in algae or other plants helps in the increase of 

carbon dioxide concentration and consequently in an increase 

in the rate of . photosynthesis, 

It is of interest to note that one of the radioactive spots 

on the chromatogram of the ethereal supernatant of the algae 

treated with diazomethanc (rigs. 10 and 13) was green, and a 

.coincidence of the radioactivity and color was observed, which 

mr:ty be clue ·to a carbon dioxide ::iddl tion to chlorophyll compound. 

It is known that an affinlty of chlorophyll for carbon dioxide 



exists31, but the question of the observed green radioactive 

compound being a co2-chlorophyll complex requires further 

experimentation. 

The isolated enzyme system was used more extensively in the 

search for the unstable keto acid, using diazomethane as a 

stabilizing reagent. These experiments also failed to produce 

any evidence for the existence of the keto acid intermediate, 
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There were many radioactive spots on the chromatogram of the 

extracts of the onzyme system 1-1hich had been treated with 

diazomethane, as is shown in Fig. 14. Exactly the same radio

active compounds were obtained ·with the enzyme · system which was 

inactivated w.tth cold (-60°) or hot (65° C) MeOH and treated with 

diazomethane , or with PGA eluted from paper and treated with 

diazomethane. This means that the different radioactive compounds 

are derivatives of PGA, formed by the action of diazomethane on .f.t, 

Fir,. 15 ls a radioautograph of a chromatogram of the control of 

the experiments with the i~olated enzyme system. 

Search for a co2 ~>J enzyme Complex 

The carboxyctiamutase system is a complicated one 

because of the fact that therfl are present two substrates 

(C02 and RuDP) and one cofactor (Hgtt). An analysis of the 

carboxylation reaction of RuDP presents many difficulties- In any 

enzymically catalyzed reaction ·two $tepa have to be taken into 

account 1 the activ.ution and the reaction step. The activation 

of the enzyme involves, in its simplest form, tho formation of 

the enzyme-substrate complex, Hhereas in the more complicated 

8ystcms, the sequence of combination of the various constituents 

of the enzyme system is involved. 
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Enzyme from Spinach Chloroplasts 
Enzyme +- Mg+r +- H 14coj + RvDP 
After 22 sec Addition of MeOH (-60"} 
And Ethereal Solution of C1_,N
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Fig. 14. Radioautograph of the chromatogram of the 
extracts of the isolated enzyme system after 
being treated with diazomethane. Experimental 
conditions: enzyme (carboxydismutase), 2 mg; 
MgCl , 4 uM; NaH14co3, 10 uM (2 mc/ml, 0.06~) ; 
RuD:fi; 0.8 uM; final volume, 400 ul. Preincubation 
of the enzyme with Mg++ and Hl4co3 at oo for 1 hr; 
the Hl 4 co3 was added 5 min after the addition of Mg++. 
Incubation with RuDP at 25° for 22 sec. Addition of cold 
MeOH (1.6 ml, -60°), then 5 ml of an ethereal soln of 
CH2 :t'{2" Extraction of the residue (protein ppt) with 80o/o 
MeOH; 20o/o MeOH and water at 65°. Cone . of extracts 
and supernatant to a small volume. 
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Enzyme from Spinach Chloroplasts 
Enzyme + Mq ~+ t Hl4coj + R(/OP X 
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Fig. 15. Radioautograph of the chromatogram of the extracts of 
the enzyme system after 5 min incubation at 25°. Experi
mental conditions: enzyme, 2 mg; MgC1 2 , 4 uM; 

14 NaH co3 , 10 uM (2 mc/ml, 0.06 M); RuDP, 0.8 uM; 
final volume, 400 ul. Preincubation at 0° for 1 hr. 
Incubation at 25° for 5 min. Addition of 1.6 ml MeOH. 
Extraction of the residue (protein ppt) with 80o/o MeOH, 
20% MeOH, and water at 65°. Cone. of extracts to a 
small volume. 
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A tertiary enzyme system containing a metal ion eofactbr, M• 

a substrate, s, and an enzyme, E, may have at least two 41ffarent 

7 sequences of combination : 

Hechanlsm I Mechanism II 

1) E + M EM 1) M + s MS 
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2) EH + s EMS 2) MS t E 'EMS 

3) EHS EH + p 3) Et~S E + P + M 

where P 1 EM and EMS are product:, enzyme-metal ion complex and 

enzyme-metal ion-substrate complex, respectively. The mathematical 

treatment of these two sequences gives the same results, namelyt7•36•37,38 

where v is the velocity of the reaction; k is the specific rate 

constant of the decomposition of Et1S into EM or E and P' Km is the 

Hichaelis constant; Kx,m is the association constant for the formation 

of either EH or MS; (E)
0

, (H) and (S) are the concentrations of 

enzyme, metal lon• and substrate, respectively. 

Th1!re is also a third mechanism for the formation of the 

enzyme-substrate-metal ion comple><. This can be written as followsa 

E + S~=-= ES; ES + M EMS---~E + P + M 

whore ES is the enzyme-substrate complex and the rest are the same 

as above. 

Analysis of the kinetic data or the measurement of the rate of 

the reaction in both the forward and reverse dlrections so that 

tht~ value of Kx.m Hould be obtained kinetically 9 have boan applied 

for the stuctv of m,lny enzyme systems. 

Pon7• in his study of the carboxydiBmutase system, used another 

ar>proach for the study of the mechanism of the activation of the enzyme. 



He observed a time effect ln the activation of the enzyme 

(preincubation effect), and the time required for the activation 

could be extended over a measureable time !n,erva1 by lowering 
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the preincubation temperature. He performed a aerlea of experiments. 

in which carbOKydismutase.was preincubated With Mg++, RuDPi and 
H14co3, in various sequences and combinations at 0° C and for different 

intervals of time, and then incubated for 5 min •t 25° c. The results 
. ' . 

are shown in .Table I and Fig. 16. It can be seen clea~ly that the 

enzyme is more active when it is preincubated with either metal ion 

or bicarbonate first than when it la praincubated with RUDP first 

(Table 1). Moreover, in the presence of metal 1on 1 the activity of 

the enzyme increases with increasing time of.preincubation wlth 
~ ' ! ' 

bicarbonate, whereas the activity decreases with increasing time 

of preincubation with RuDP (see Fig. 16). 

As was mentioned in the introduction section of this thesi~t 

Pon7 suggested two interpretations of this phenomenon. one of 

which is that the enzyme combines first with the meta! and bicarbonate 

and then reacts with RuDP. A proof of the above !nte~pretation 

would be the isolation of a "co2,.. enzyme" complex which would 

subsequently react with RuDP. Two approaches were used for the 

study of this problem: first, inactivation of the enzyme with 

. MeOH after being preincubated with Mg+f and nl4coi,followed by 

addition of RuDP to the mixture' and second, the isolation of a 

14co2 .v enzyme complex using anion exchange column, similar to that 

used by Ochoa et al.lB for the separation of the C02,.. enzyme complex --
of the propionyl CoA carboxylase, and subsequently reaction with 

RuDP fo form PGA. 

·-

-· 



'~ 

--
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E+M-EM~ s1 EMS2 _____.__.. PGA 

Preincubation 
(eoch tO min, o•cJ 

lncubotion 
(5 min, 25°C) 

E: Corboxydismutose 
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Toto I 
counts/min 

24,000 

13,000 

24,000 

13,000 

9,400 

10,000 

Preincubation 
(eoch 10 min, o•cJ 

Incubation 
(5 min, 25•cJ 

52 : Rib~lose-1,S:diphosphote 

M: Mg++ PGA: 3-Phosphoglyceric Acid-1-c'4 

Toto I 
counts/min 

23,000 

11,000 

MU-16949 

Table I.. The. Preincubation of Cq.rboxydisniuta~e with 
Substractes {S1 , S 2) and cofactor {M). (From N. G. Pon 
{7), p. 159) . . .· 
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20o~---------,~o~------~z~o~------~3~0~--~ 

Preincubation Time (Min) 

~Enzyme plus Mg++ 10.01 M> 
preincuboted with HC14o3- (0.0067 M> 

0--0 Enzyme plus Mg++ preincuboted with 
RuDP 

() Enzyme preincuboted with RuDP 

All incubations at 25°C, 5 min. 

MU-16943 

Fig. 16. The preincubation of carboxydismutase with 
substrates at oo. (From N. G. Pon (7), p. 160). 
Preincubation conditions: temp, 0° C. Enzyme 
plus Mg++ case: enzyme preincubated 1 min at 
room temp with MgC1 2 and tris, then preincubated 
with one of the substrates; reaction started by 
addition of the second substrate. Enzyme case: 
enzyme preincubated with one substrate shown 
above; reaction started by addition of the other 
substrate plus MgC12. Incubation conditions: 
5 min. at 25°C. 



The results of the first method used are shown in Table II .. it'can 

be seen clearly that some PGA is fomed when the enzyme is preincubated 

with Mg++ and Hl4COj first, then inactivated with Me0H 1 and afterwarda 
. ',' I 

incubated with RuDP~ No PGA is present when the enzyme is preincubated 

with l1g++ or with Mg++ and RuDP first and the Hl4co'* is added afte~ the 3 

inactivation of the enzyme (Table II). 

One interpretation of this phenomenon is that the·enzyme combine• 
' ' . 

with bicarbonate and Mg++ to form a complex which ls stable at low 

temps even in the presence of so% MeOH •. and which can react ~ith RuDP 

to form PGA. Once the co2 has been transferred from the complex to the 

RuDP• the free enzyme molecule is not·capable of combining with another 

molecule of CO~ and the reaction stops. 

Another interpretation ls,that the presence of bicarbonate 

increases the resistance of the enzyme against MeOH, and the·r~acdon 
' 

goes on for a short time until all the molecules of the enzyme present 

in the solution are inactivated. 

The result of the B-e experiment does not favor the secC)nd 

interpretation. (See Table II.) Aftet" the preincubation of the enzyme 

with Mg++ and bicarbonate, and addition of MeCHe the mixture was 

c(;}ntr.tfuged and tha supernatant was discarded. The residue was 

resuspended in tris buffer and then 14c-b!carbonate and RuDP wore 

added. There is an increase in the amount of radioactivity fixed compared 

with the results of the other experiments· (B-a and B-b). However, 

this cannot be explai.ned by assuming that some of the enzyme molecules 

were still active after. separation from the MoOH solnt because in that 

case one should expect even high~r radioactivity than was observed. 
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Table II. Preincubation of Carboxydismutasn with ·;;ubstrates and 

Cofactor and Inactivation of the Enzyme with MeOH 

Before Incubation. 

total 
dpm/mg protein 

MeOH s2 
A a (a) E + r.t + s 1 EMS1 EMs1 + MeOH PGA 20.000 

(-40°) 
MeOH s2 

(b) E + M + s1 EHS1 EMS1 + MeOH PGA ss.soo 
(-490) 
MeOH s2 

(c) E + M + s 1 EMS 1 . EMS
1 

+ MeOH PGA. · ·36,ooo · 
(•40°) 
MeOH sl 

(d) E + M + s 2 EMS2 EMS
2 + MeOH PQA .. ------(-40°) 

MeOH s1 t s2 .. · (e) E + M EM E~f + Meon· . PGA .... .. ..... 
(~40°) 
MaOH s2 

Ba (a) E + M + sl EMS1 EMS1 + MeOH PGA 28.000 
(·40°) 
MeOH sl 

(b) E t M t s2 ')EMS2 EMS2 + MeOH PGA 600 
(-40°) 
MaOH t(tris + Sl +.S2) 

(c) E + rt + s1 )EMS1 EMS1 t MaOH PGA 52,000 
(·400) .. auprn 

c Preincubation 
lf1t , 2nd 

> -< Incubation Inactivation 
3rd 

El Carboxydismutase, 

Ma Mg-t+, PGAa 3-Phosphoglyceric acid-1-14c 

Experimental Conditions: AI Each reaction mixture contained (umoles)a· 

Enzyme, 3,4 mg (dry \-reighth Mg++, 5~ HaH14co3 , 4 (specifie activity 31 uC/uMh 
' 

RuDP, o.o; 1-feOH, to make a final cone. 80% in 'MeOH~ rinal' volume of the 

preincubation mixture, 0.2 ml. Preincubation (lst) 2 min at room temp. 

Inactivation with cold MeOH (-40°) stayed 30 min at -10° (2nd). Incubation at room temp 

for 1 hr (a), or 2 hr (b, d and e) or 16 hr (c), Extraction of the residue 
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table II (cont.). 

(protein ppt) with 80% MeOH, 20% MeOH, water at soo, for 30 mln 

each time. Separation of the PGA formed by paper chromatography, 

Br Each reaction mixture contained (umoles)l Mgt+ • 5& NaH1 .. co3• 9 

(21 uC/uMh RuDP• o.~, enzyme 0 3.6 mg (dry weighth MeOH• to make 

a final cone. of 80% in HeOII. Final volume of the preincubation 

mixture 0.25 ml. Preincubation at 0° C for 10 min (b) and for 2 hr 

51 

(a and c). Inactivation 10 min at 0°. Incubation 18 hr at room temp~ 

The acid stable radioactivity was counted on planchets with a 

G-M counter tube. In the experiment B-e the inactivated mixtur~ waa 

centrifuged• supernatant discarded and in the residue 200 uM of trls 

buffer, pH 8.1, s1 (3 uM) and s2 were added, final volume ~ ml. 

Incubation 18 hr at room temp. 
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Using a Dowex l•Cl (X B, 200 to 400 mesh) anion exchange column 

we were able to separate a 14co2"" enzYllle complex from a reaction 

mixture containing enzyme • Mg++ • n14co; and tril.,;buffer (pH 8.3), 

which subsequently reacted with RuDP:and fo~med 14c-PGA. P~el~mi~ry 

experiments nhowed that the above column retained all the radioactivity 

from a reaction mixture containing all the componenta of the·· 

carboxylation system except the enzyme• and in the aame concentration 

as the complete system. The carboxylation of the enzyme was carried 

out as described in the experimental se~tlon and ln the legends 

to the tables and figures (Tables III• IV and Vi Figs. 16. 19; 

21, 22). The isolation of the 14co2 ,,;enzyme complex from the 

reaction mixture by passage through a Dowex. 1 anion exchange column 

!S· described in the experimental section. Tris buffer·( pH B.3) 

was used in the carboxylation system because, aa wa~ observ$d by 

Pon7 (see Fig. 17) 1 the activity of carboxydismutase desmnds on 

the pH, and there h a ma~imum of its activity around pH 8, 

The l'+co2"' enzyme complex h relatively stable at 0° c, 

and upon incubation of the complex with RllDP at room temp :tor 

10 or more min, approximateiy-.~all radioaettthy1·swas found in the. 

PGA formed, In some experiments the 14co2 "J enzyme complex was 

incubated with RuDP and a large amount of non-labeled bicarbonate 

at r.oom temp for 5 to 10 min. In this caae approximately 35% 

of the rad.ioactivity was found as aoid-stable, !•.!• in PGA. 

The acid-stable rad.ioactlvi ty ijaa dropped in thet latter case b0·cause 

two competing reactions were taking place in the incubation mixture• 

the carboxylation of RuDP• and the exchange of 14co2 in the 

complex with 12co2 from the soln. 
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Table III. Carboxylation of Carboxydismutase (Carboxylation by Hg++ + 

Hl4coj). 

Enzyme + Mg+t + nl4co2n 
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System 1 Radioactivity of System 2* Radioactivity of 
enzyme& dpm/mg enzyme 1 dpm/mg 

Complete 352.000 Complete 460.000 

No Mg+t 19,600 No Mg+t 37.400 

Experimental conditions• System 11 Each reaction mixture contained 

(umoles)l Mgt+, s, trls buffer (pH 9,3) 150& NaHl4co3 (specific 

activity 21 uC/uM), 125 enzyme, 2 mg (dry weight). Final vo:tume 

0.5 ml. Preincubation (without bicarbonate) 5 min at OP. lncubaticm 

2 hr at 0°. Separation of the 14co2 ~enzyme complex by anion exchange 

column at 0°. 

Syatom 2: Each reaction mixture contained (umoles): trb buffer 

(pH 8.3)• 200& Mg++• 10, NaH14co3 (specific activity 21 uC/uM)a 9& 

enzyme, 2,4 rng (dry weight). Final volume o.s ml. Preincubation 

(without bictirbonate) 5 min at 0°, Incubation 3 hr at 0°. Separation 

of the 14co2 Nenzyme coMplex by anion exchange column at 0°. 

* The enzyme of sy~tem 2 is fram·a different p~eparation. 



Table IVe Dependence of the Amount of 14co2N enzyme Formed on Mg++ 

Concentratione 

Concentration Df Mgt+ 

No Mgtt 

1 )( 10-4 M 

1 X lo-3 M ..... 

2 X 10 .. 3 M 

1 )( 10-2 M 

5 x 10 ... 2 M 

1 )( 10-l M -

Radioactivity of 
l4co2N enzyme (dpm/m~) 

19,600 

32.500 

104.000 

148,,500 

352,000 

425,000 

480,000 

Experimental conditionst Each reaction mixture contained (umoles)a 

tris buffer (pH B.3) 1 150' Mg++, aee table' NaH14co3 (spacit!c 

activity 21 uC/uM} 11 12, enzyme, 2 mg (dry weight). r!nal volume 
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o.s ml. Preincubation (without bicarbonate) 5 min at 0°, Incubation 2 

hr at 0°. Separation of the 14co2..., enzyme complex by anion exchange 

column at oo, 
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Table v. Carboxylation of Carboxydismutase in the Presence of Avidin or ATPe 

System 1 System 2 

Complete systems enzyme, Avidin• Complete systema enzyme• ATP, Mg++ 

Mg++ o NaH14co 3• tria buffer (pH B.l) Nanl'lco3, tria buffer (pH 9.1) 

Radioactiv~ty of Radioactivity of 

14co2 .... enzyme • dpm/mg . l4co2 ...., enzyme • 

Complete aso.ooo ' Complete 430~000 

No Avidin 430,000 No ATP 430.000 

No Enzyme 7o.ooo 

Complete t Biotin lt2o.ooo " 

Experimental conditionsr System 11 Each reaction mixtur$·contained 

(umoles)a tris buffer {pH s.l). 150& Mgt+• lOi Natfl4co3 (specific 

activity 21 uC/uM) 0 12l enzyme (when present), 2 IDiU Ayidin (when 

present) 6 units, biotin (when present)• 6 ug, Final volume 0,5 ml, 

dpm/mg· 

Defore preincubation the mixture of enzyme, Avidin, tris buffer and 

biotin (or without biotin) stayed 30 min at 0°. Preincub~tion 5 min 
I 

at 0°. Incubation 2 hr 30 min at 0°. Separation of the 14co2"" l!mzyme 

complex by anion exchange column at 0°. 
System 2z Each reaction mixture contained (umoles)& trh buff'er (pll 8.1)& 

150; Mg++, 10 • Nall14co3 (specific activity 21 uC/uM) • 12; enzyme, 2 mg 

(dry weight}t ATP (when present), 0.25 mg. Final volume 0,5 ml. 

Preincubation 5 min at 0°. Incubation 2 hr 30 min at 0° •. Separation of 

the 14co2 ,.., enzyme complex by anion exchange column at 0° • 
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Fig. 17. The effect of pH on the activity of 
carboxydismutase. (From N. G. Pon (7} p. 139.} 
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14 
Fig. 18. The dependence of the amount of C02rv enzyme 

formed on enzyme concentration. Carboxylation of 
enzyme: Each reaction mixture contained (umoles): 
tris buffer (pH 8.3), 125; MgC1 2 , 5; NaH14co3 
(specific activity 21 uC/uM), 7.5; enzyme, see curve. 
Final volume 0.4 ml. Preincubation (without bicarbonate) 
1 min at 25°. Incubation 10 min at 0°. Separation of 
the 14co2 "LL enzyme complex by anion exchange column. 
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formed on bicarbonate concentration. Carboxylation 
of enzyme: Each reaction mixture contained (umoles): 
tris buffer (pH 8.3), 125; MgC1 2 , 5; NaH14co3, see 
curve (specific activity 21 uC/uM); enzyme (extracted 
from chloroplasts of Spinaces oleracea and fractionated 
with ammonium sulphate), 2 mg (dry weight). Final volume, 
0. 5 ml. Preincubation (without bicarbonate) 5 min at 0°. 
Incubation 10 min at 0°. The 14co2 "' enzyme complex 
was isolated by anion exchange column. 
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co2""' enzyme formation. Carboxylation 
of enzyme: Eacli reaction mixture contained (umoles): 
tris buffer (pH 8.3), 125; MgC1 2 , 5; NaH14co3' 18 
(specific activity 21 uC/uM), final concentration of bi
barbonate 36Xlo-3 M; enzyme (extracted from chloro
plasts of Spinacea oleracea and then fractionated with 
ammonium sulphate), 2 mg (dry weight). Final volume, 
0. 5 ml. Preincubation (without bicarbonate), 5 min at oo. 
Incubation time and temp, see curve. The 14co

2
-venzyme 

complex was isolated by anion exchange column. 
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enzyme formation at 0°. Carboxylation 

of enzyme: Eacli reaction mixture contained (umoles): tris 
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2
, 7; NaH1 4 co3 , 1.8 (specific _

3 
activity 21 uC/uM), final concentration of bicarbonate 3.6Xl0 
M; enzyme (extracted from chloroplasts of Spinacea oleracea 
and fractionated with ammonium sulphate), 2 mg (dry weight). 
Final volume, 0.5 ml. Preincubation (without bicarbonate) 
5 min at 0°. Incubation time, see curve. Incubation temp 0°. 
The 14co2 -v enzyme complex was isolated by anion exchange 
column. 
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Dependence of 14co2 I'J enzyme Formed on Mg++ Concentration 

It is known7 that Mg++.ions are necessary for the activation of carboxy• 

dismutase• and furthermore that the activation depends on the concentration 

of t1g++ ions. In order to find out whether these Mg++ ions are necessary for 

the carboxylation of the enzyme 1 or fo1• the transcarboxylation fl'om the 

co2 ,... enzyme to the RuDP 1 experiments were performed in ·the presence and 
' 

absence of Mg++. The resultsare shown in Table III~ Thus carboxylation of 

the enzyme is dependent on the presence of Mgt+ ions. The small radioactivity of 

the enzyme incubated in the abs~nce of i1g++ ions may be due to the presence of 

a small amount of metal ions in the enzyme preparation, w~ich were not possible 

to separate even after 24 hr of dialysis, and to the formation of carbamino 

compounds. 

Table IV.ahous the dependence of the complex formed on the concentration 

of Mg++ ions. There is an increase in the complex formed as the concentration 

of M~+t ions increases. 

Many other metal lonG besides Mg++ were test<3d in the carboxylation of 

the enzyme, These are the following! Ni++, Mn++, Jig++, Fe+~, rett+, eu+tt zn++e 

cr+++ and co++. All of these ions were tested at a final concentration of 

0.01 M. Tho carboxylation system was preincubated (without bicarbonate) at 0° 
- c 

for 5 min and incubated 2 hr ~t 0° c. Hith each m€Stal ion a control experiment 

waa run; a reaction mixture containing al_l the components of the carbmtylation 

Gystem except the enzyme and in the same concentration as in the complete 

system, was paused through the column and the eluate tested for radioactivity. 

Hg++ • cu++ and zn++ gave no increase i.n the radioactivity of the enzyme 

compared to the rndioactivity presenc when the enzyme was incubated in the 

absence of any metal ion. All of the other cations except Nt++ gave a great 

increase in the radioactivity present in the eluate. However, the same amount of 
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radioactivity was present in the eluate whether the enzyme 

was there or not. NfHgave the following results~& complete system• 

275.000 dpm/mg proteinl no enzyme, a total of7S,OOO.dpm. l .. c-labelad 

PGA was. formed when the eluate of the experiment with ·enzymet Nt+t 

and ul4coj wa~ incubated with RuDP. 

The high radioactivity present in the eluate in the experiments 

with, Mnt+, fa+++, fe++, cr+++ and co++ in the presence or~,: absence of 

enzyme is probably due to the formation of different chelate 

compounds. The results of the experiments with Nt++ are in agreement 

with the results of Pon7, who found a substantial fixation of 

radioactivity when oarboxydismutaae was incubated with Nit+,· 

u14co- RuDP and tria buffer. 
3' 

Dependence of' l'lco2 ~ enz~e formed on Enzyme and 'Bicarbonate 

Concentrations 

The rate of 14cQ2"' enzyme formation follows a linear dependence 
• 

with respect to the enzyme concentration, fig. 18
1 

which is in agreement 

with the results found by Pon7, Pon studied the rate of C02 fixation 

by the carboxydlsmutase system !:! enzyme concentration, 

The effect of bicarbonate concentration on the rate of l4co2N enzyme 

formation ia shown in fig, 19, The reaction was carried out at 

0° C for 10 min, and as the rate of the reaction at that temp was 

slow, it may be considered the initial rate, Thf:) rate increased 

as the concentration of bicarbonate was increased up to 34 x 10 .. 3 M. 

At greater concentrations the rate was approximately constant. The 

value of Michaelis constant for bicarbonate (the bicarbonate concan-

tration at which the carboxylation of the carboxydlsmutase rate is 

one half the maximum rate) is 0,009 :_ 0,001 !!.• This value compares well 

with those quoted by other investigators, ~·• 0,01 to 0,02~3 • 5 , 
7 or greater than O,OOG M • 
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A similar curve was obtained by Pon7 for the dependence ot 

. the enzyme activity on bicarbonate concentration (see Fig.. 20) •. Pon 

measured the 14co2 fixation by the carboxydismutaae system !!. 

bicarbonate concentration. 

Hy using a high concentration of bicarbonate and leaving_the 

miXture to react for a long time (see Fig. 21) • we would expect 

that all the active sites of the enzyme would be virtually,saturated 

~.ith carbon dioxide, It was found th•t 1 mg of enzyme protein 

had bound approximately 11,5 x 10 .. 3 uM of bicarbonate. Aasumin~ 

that the molecular weight of the enzyme is 400.000• 1 mg of protein 

contains about 2.5 x 10-3 uM, which corresponds to 5 molecules of co2 

per molecule of protein •. rhe number is probably higher because of 

·the impurity of the enzyme preparation and the fact tnat the amount 

of complex formed depends also on·ttbecooncen~nation .of Mg++ ions • 

Rate of 14co2 ~enzyme formation 

Fig. 21 shows the rate of 14co2 Nenz}rme f~rmation at 0° c, 

4° C and 8° c. The reaction is complete after two to three hr 

at 0° C and goes much faster. as the temperature increases. 

Fig. 22 shows again the rate of the reaction at 0° C but at 

smaller bicarbonate concentration. 

A time effect on the activity of carboxydismutase was 

observed by Pon7, as was mentioned earlier. Pon observed an increase 

in the activity of the enzyme when it was preincut}ated with bicarbonate 

in the presence of Mg++ at 0° C, The activity of the enzyme increased 

as the time of preincubation increased (Fig. !G), This is in accord 

with our .observations on the rate of,·oomplex formation at 0° c. 
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Carboxylation of Carboxydiamutasa in the Presence of Avidin or ATP 

Exp«:lrimenta were performed (carboxylation of carboxydiemutase) · 

in the presence of Avidin, or Avidin plus biotin, or ATP. Biotin 

is a cofactor for many carboxylases17 •39• Avidin is an inhibitor for 

biotin dependent enzyme systems17 •40 • ATP is a cofactor for ATP-dependent 

biotin containing enzymes such as (1) propionyi aarboxy1ase41 •42 • 

(2) beta-methylcrotonyl ~arboxylase17,43, acetyl carboxylase44•45 e46 • 

and ATP-dependent pyruvic carboxylaao 47 , With beta-methylcrotonyl 

carboxylase Lynen et al. • ·prepared a co2 "' biotin complex, and Ochoa 
-:-"" - complex 

!!, !!.• isolated a co2"' enzyme/of propionyl CoA carboxylase, 

The results of our experiments are shown in Table v. There is 

no decrease or increase in the amount of complex formed in the 

prefience of or absence of ATP. Thh is in accord with the 

observation that the carboxydismutase is not an ATP-dependent enzyme. 

Furthermore, Pon7 observed an inhibition inthll enzyme activity 

of cat•boxydismutase system by ATP, A similar inhibition in the 

enzyme activity was also observed with other phosphorylated eaterst 

such as thiamine pyrophosphate, 3-phosphoglycerio acid, threose-2,4-

diphosphate 1 etc. The inhibition of the above phosphorylated eaters 

may be due to a phosphate effect• and probably they inhibit the 

transcarhoxylation of RuDP from the co2 fJ enzyme complex and not 

the carboxyl'ltion of the enzyme, 

There is a decrease in the .amount of co2 ..... enzym«t formed in 

the presence of Avidin 1 hut the deci•ease is nQt as high aa one 

should expect it to be if carboxydismutase was a b!otin•dependent 

enzyme. Tho small decrease is probably due to the decrease in tho 

concontr.:-ttion of 14g+-t ions because of the presence of avidin. Thh ie 

ln agreement with the reoults obtained by Pon7• who found that avidin 

had no effect on the carhoxydismutase act:it-l,ilt:u,~ 
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It is worthwhile to mention hero that carboxydismutase may have 

-SH functional groups because• as was observed by Mayaudon et a1. 4• --
carboxydlsmutase was inhibited by p-chloromercuribenzoatee and 

the reaction was reversed by a.ddition of cysteine. An inhibition by 

p-chloromercurlbenzoate was also observed by Fager40 on enzymic 

extracts of Chlorella. 

Mechanism of the Carboxydismutase Reaction 

Indirect evidence obtained by Pon7 in accord with evidence 

from the present work indicates that the carboxydismutaae reaction 

involves two or perhaps more separate steps. The first· step is.the 

formation of the C02""' enzyme complex. The rate of this reaction 

depends on the concentration of enzyme, bicarbonate• Mg++ ions and 

the temp. The second step is the transcarboxylatlon from the C02'"' enzyme 

complex to the RuDP. The mechanism is the following& . 

suma "C02" t enzyme + RuDP + H20 -----~enzyme + 2 PGA 

whether the metal ion (Mg++) forrns a complex with the enzyme 

before bicarbonate, or ~versa. is uncertain. 

The proposed mechanism for the carboxylation reaction of RuDP, 

via an unstable beta-keto acid 0 is described in the experimental 

section. There is no evidence so far for the existence of this 

postulated keto acid intermediate. Either the amount present is very 

small or the life time very short and so very difficult to detect, 

... .. "C02" denotes the reacting species of bicarbonate in the 

carboxydismutase system. 

... .. 
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or it does not exist at all. There is also another possibility, 

as was mentioned earl!er 11 that the beta-keto acid is not formed aa 

a free J.ntermediate but as a complex·oombined with.the enzyme 1 .wh1ch 

is hydrolyzed to yield PGA, enzyme and Mg++ ions. 

According to the above hypothesis the mechanism of the carboxy• 

d!smutase reaction can be indicated as follows• 

enzyme + Mgt+ + "C02
11 ~========~ (enzymc:s~Mg++) ... co

2 

.(onzyme-Mg++) ... co2 t RuDP ( (enzyme ... Mg++).co2 )•RuDP 
H2o 

((enzyme-Mg++) ... c02 )-RuDP enzyme + Mg++ + 2 rGA 

Experiments with enzyme 1 l~g+t and l'+c-labeled RuDP in the 

absence of bicarbonate showed either that a RuDP ... enzyme .c:ompleK 

is not formed• or it' it is formed• the bond between RuDP and enzyme 

is not stronger than the bond between RuDP and the ion exchange 

. +t 1'+ resin. Experiments with enzyme, Mg t C-labeled RuDP and 

unlabeled bicarbonate also showed no evidence for an enzyme-co2-.RuDP 

complex, either because. the bond between RuDP and tha enzyme-co2 

is not stronger than the bond between RuDP and the ion exchange 
I 

column or the·rata of hydrolysis of the comple2¢i.h faster than the 

rata of elution of the column. 

It ia worthwhile to ,mention here that in the experiment$ with 

the carboxydismutase system and diazomethane it was observed that 

when the enzyme was .inactivated with cold MeOH• then treated with 

diazomethana and the residue (protein) extracted first with a 

soln of 80% MeOHa then with a soln of 20% MeOH and finally with 

water at 65° c, somo radioactivity remained in the residue, which 

was not susceptible to extraction. When the residue was hydrolyzed 

1dth HCl and the hydrolysate chromntographed• some PGA was observed 
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on the paper in add~tion to other radioactive compoundf1 1 probably 

carbamino compounds • The amount of PGA was much·. less when the 

carboxydismutase was inactivated with hot MeOH and then treated 

with dlazomethane. 

One interpretation of this phenomenon is that PGA forms a 

complex with the enzyme which is stabilized by diazomethane~ The 

other interpretation. is that an enzyme-co2-RuDP complex is formed 

which is stabilized by diazomethane and which after hydrolysis 

with HCl gives PGA. 

• 
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SUMMARY 

All efforts failed to produce any evidence for the existence 

of the postulated diphosphate ester of a beta-ke.to acid intermediate 

in the carboxylation reaction of RuDP, This can be explained by any 

of the following1 the amount present 1a very small' the life time 

is very short~ the beta-keto acid does not. occur at alll or the reaction· 

goes through an enzyme-co2-RuDP co~plex.·These efforts included. 

treatment of the products with liquid ammonia and then ~eparat1on 

by low temp paper ,chromatography, and treatment of the photosynthetic. 

material or the oarboxydismutase system with diazomathane, 

Carboxydismutase (extracted from chloroplasts of sp!na9.ea ol,eracea 

and fractionated with ammonium sulphate) was carboxylated with· 

14c-labeled bicarbonate in the presence of MR++ ions, and the complex 

was isolated in about 45% yield by passage through Cl Dowex 1 anion 

exchange column. Approximately 5 moles of 14co2 wer~ taken up 

per mola of enzyme. 14co was quantitatively transferred from 
2 

14co2N enzyme to RuDP yielding 14c-labeled PGA. 

The carboxylation of carboxydismutaae was Mg++.dependent 

and the amount of complex formed increased aa the concentration 

of Mf~t+ ions increased. The rate of 14co2enzyme formation was 

linearly dependent on enzyme concentration. Bicarbonate also 

exhibited a similar behavior at low substrate conoentration• but 

at high concentrations, a typieal saturation curve was obtained. 

The rate of the complex formation was also temperature d~ttpendent, 

A value of' 0,009 M bicarbonate was calculated for the 

Michaelis constant, in accord with the values obtained by other 

investigators with tho complete carboxydismutaae system, 
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The formation of the 14co2Nenzyme compleK is not inhibited 
' ,· 

by avidin or ATP'and it is not ATP•dapendent •. 

Preincubation studies with the substrates and inactivation of 

tho enzyme with cold MeOH before incubation showed that Mg++. with 

bicarbonate stabilized the enzyme against MeOH, while RuDP did not. 

\ihen the enzyme pl~s Mg+t is preincubated with 14c.b1carbonato, then 

treated with MeOH followed by incubation with RuPP, aom$ 14c·l•beltd 

PGA io.obtained• but when the enzyme is preincubated with RuDP, 

no PGA is formed.· 

The results of this study provided conclusive evidence tllat the 

overall carboxydlsmutase reaction proceeds in two.or probably 

three steps. with the enzyme-bound co2 as an intermed!atee 
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I, INTRODUCTION 

Diazomethane is a well known reagent, which is very often 

employed for the preparation of different organic compounds or their 

derivatives. It methylates compounds containing acidio hydrogen in 

a neutral medium and at room temperature& it reacts with unsaturated 

compounds as well as with aldehydes and ketones to form a variety of 

products& it can be used for the preparation of the derivatives of 

different naturally occurring organic compounds present· in very 

small amounts1 it can also be used for the stabilization of some 

unstable compounds, e.g., beta-~eto acids, by forming their stable 

derivatives. Diazomethane reacts under very mild conditions, and 

the by-products of lts reaction are generally~~latile compounds. 

Diazomethane. has been used in the search for~unstable. inter-

mediates in the carboxylation reaction of photosynthesis, i.e., the 

carboxylation of ribulose -1 1 5-diphosphate to give phosphoglyceric 

acid • the first. stable product in the carbon reduction cycle of 

photosynthesis. In all the experiments with diazomethane, cl4-

bicarbonate was present in the reaction mixture. It is known that 

dimethyl carbonate is the product of the reaction of bicarbonate 

and diazomethane. However• by the use of paper and gas chromate• 

graphy for the separation of the products of the above reaction, 
' .. ·, 

three other compounds were found in addition to dimethyl carbonate. 

76 
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The purpose of this study wasc 

1) To separate and identify the products of the reaction of 

diazomethane (prepared by alkaline hydrolysis of N-methyl-N-nitroso

N'-nitroguanidine) with bicarbonate or carbon dioxide. 

2) To study the mechanisms of the reaction • 

77 
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II. CHEMISTRY OF DIAZOMETHANE 

Constitution of Diazomethane 

Diazomethane like all the aliphatic diazo compcunda is one 

of the few organic compounds for which no one formula can be written, 

According to classical theory two formulas were suggested for it, the 

ring (I) by Curtius2 • and the linear one (II) by Angeli and Thiele3 • 

(!) (II) (III) (IV) 

4 s Langmuir • proposed the structure (III) • aa the Angeli•Thiele formu-

la containing a pentacovalent nitrogen atom could not be correct, 

and later the structure (IV) waa considered. In the (III) the 

middle nitrogen donates two electrons to the other nitrogen atom• 

an.d in the (IV) the two electrons are donated to the carbon atom. 

6 Electron diffraction • and infrared spectrophotometry studies 

have established conclusively a linear relationship for the carbon 

and nitrogen atom in diazomethane with the CN and the NN bond length 

of 1.34 +· 0,05 and 1.13 + o.o4 R. respectively. These values require 

that the CN bond has about 42% double-bond character, and the molecule 
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of diazomethana must be represented as a resonance hybrid of several 

charge-separated8-ll forms (V, VI• VIIl, none of which can be.rega~ded 

as a satisfactory approximation. 

(IV) (VI) (VII) 

Forms (V,VI,VII) come from the initial proposed formulas (I,III,IV) 

after the shifting of an ·electron pair. The fact that diazomathane 

is represented as a· mesomeric system with the extreme formulas ·<v, vt, 

VII) can explain its reaction with different groups of organic com .. 

pounds, and its reactivity. 

-Preparation of Diazomethane 

v. Pechwann1 prepared diazornothane first by treating differ-

ent nitrosoderivativos of methylamine, such as N-rnethyl-N-nltroso .. -. 

benzamidc • methylnitrosourethan • etc., \~i th alkali. Sinca then inany 

methods have been developed for the preparation of gaseous or solu-

tiona of diazonwthane. Diazomethanc solutions are normally ether ... 

eal. 

The follmdng methods are common unf!S for the preparation of· 

diazorncthane, and they can be arranged into tHo groupnl 
diazo 12 

Pt'epc.wation of gaseous/methane: . from chloroform and hydrazine 

according to the reaction: 



Preparation of diazomethane solutions By the alkaline saponifi-

10 cation of compounds having the general formula R-N(CH3 )tW• whore 

R represents groups such as CONH2 , co2c2H51 COC6H5, C(NH)NHN021 

so2c7H7 • etc. 

a) From nitrosomethylurethan13 according to the reaotionc 

b) 13 
From nitroaomethylurea according to the reactiont 

CH
3

N(NO)CONH
2 

t KOH __ ....,... 

c) l"rom N-methyl-N-nitroso-N'-nitroguanidine14 •15
a 

d) From N-methyl•N-nitroso-p-toluenesulfonamide16 a 

Reactions of Diazomethane 
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As was rnontioned aarlior 1 diazomethane is a very roact!ve com-

pound. It reacts with a/Variety of organic nnd i.norganio compounds 

forming diff(n•ent products, Because of its reactivity and the fact 

that it reacts under very· mild condi tiona, 1 t is used very often 

in synthetic and analytical organic chemistry. The use of diazomethane 

increased recently, becausa new reactions have been studied which are 

useful in obtaining important compoundo easily and inexpensively. 



Of all tlv."! reactions of di.:1zomethano the most common throe 

ncrios will be very h~ictly ~onsider~d hare; 
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Rei'lction \.,1 th addle hydrorr,cn r Acidic hydrogen is· the'· hydrogen which 

is able ~o l~avc a com~~und as n posltiveiy ~harged proton~ tho rest 

of the molo~ule bocominr~ il ner.atively charrted iori. Diazomethane Nl3Ctn 

wl th compourids· which hi.1V(1 an C]cidlc hydrogen and J forms their· methyl 

deri.vatiV<!S ~ Th<~ r\enora1 roactlon is 

XCII3 t Ni· 

+ 'CH2N2 --------+ X(Cil 3 ) 2 + u2 

The rnaction is irrevors:t'ble and uses up all tho dinzomt'tthane. The : 

rate of the reaction do ponds on the. ud.dl ty of tho compound. EisterlO 

sugger~ted ttie .follmsing mochanism f6r the abovo reaction r The moblle 

proton of tho acldic compound (XII) att<tchon to the lono'pairof elflctronrJ 

on the carbon atom'in tho oxtrame fot'mula (VII) of diazorriothano 

(nucloophilic st<ite) and form:<:J l'l llydror,en bond. If the compound ia. 

acidic fmouq,h 1 th(-~ h'fdrogtm m.igrateil to tho earbon ·atom Of diazomC·lthane t 

and <l methyldiazonium ·cation and tha anion X":" aro formed. The 

mHthyldlazonium c,1tion lmms ni tro.~~ .. m and the rnm;lining Cll 3 t. r.;roup 

(carboniuro cation) combinefl Hith the an.i.ori x- to form tha motllylcster 

derivative of the acid X-Cl1 3• 

, X-H + : -cHr +l'hl! 

CH 3 - +rtr:l•4: 



18 Kuhn and Reulius accept this theory for the reaction of dlazomethane 

with water or with aqueous solutions of acidic compoundse Arndt17 

finds the above theory unsatisfactory for the reactions of diazo-

methane with solutions of acidic compounds in nonpolar solvents, l,e, 8 

solvents ir. which the acidic compound (XH) reacts as it is, bccaruse 

(l) tho diazonium cation will give azo compounds with enols and 

phenols and not methyl derivatives, and (2) the methyl cation (CH3+) 

which is formed as an intermediate' in the reaction would be "freo 

to choose" a site of the anion \d th which to react • 

Arndt17 proposed the contirwous adiabatic process mechanism1 

In this theory, too, the first step is the formation.of a hydrogen 

bridge betueen the acid molecul~ ( Xll) and the carbon atom· of diazo-

methane (extreme formula (VII) of diazomethane) • the more acidic XH 

is the more the bridge proton is attracted to the carbon atom of 

dizanothane 1 and greater is the electronic shift within tho diazo 

group toward the diGtribution N N. This is not stable and splits 

off as nitrop,on. Tho remaining groupX-l!-CH 2 , after the loss of 

nitrogen, is rearranged in a "continuous adiabatic procens" due to 

hyperconjugation effects into X-CH3 • 

and 

This theory is nO\"i accepted by r:istert19 for the case of the reaction 

of diazomethane with acidic compounds in nonpolar solvents, but it 

is not posaihle to decide which mechanism applies in the case of 

aqueous solutions. 



Reaction with carbonyl compoundsr Diazomethane reacts with alde• 

hydes and ketones and forms a variety of products, depending on 

the nature of the carbonyl compound. The reaction follows scheme 

8 A1 n, or C 1 but for the most of the aldehydes and ketones, scheme 

A is followedr 

'Scheme A 

+ 

Scheme B 

H 

\ 
+ CN 2 

/ 
H 

Scheme c 

J H 

\=o "' + CN 2 
/ / 
R2 1-1 

R/ 
2 

H 

"'. /N~ 
C N 

H/ I 
c --c-/ >C=O 

R2 

H 
/ 

0 c, 

I I H 

c 0 

~ / 
0 

I 
R2 

+ 

.8.3 



The extreme formula (VII) of diazomethane is the effective 

one for the reaction according to sct1eme A.· In- this case nucleo• · 

philic attack of the diazomethane (extreme formula VII) occurs on 
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the carbonyl group to yield an addition COii1pound 1 currently exrressed 

as the diazonium betaine (VIII). The betaine (VIII) is decomposed 

and forms any or all of the three products (X 1 XI 1 XII) possibly 

through a labile intermediate (IX) which is stabilized by any or 

all of the three paths to yield, X, XI and/or XII. 20 •21•8 

H 

"'-c-+N=N -~~ 
H/ 

(X) (XI) 

qvnr > 

R1 ......-0"-..... H ;c....... r( 
R2 H 

(XII) 

Reaction r~ith unsatul"ated carbon bondGz Diazomethane reacts with un-
1 - ~ 

saturated carbon bonds and forms pyrazolines, pyrazoles and various 

10 other produ ots .· 

Alth~gh these r-:Jactions have receiv'ed little systematic in-

vestigation 1 it appears that the re~ction of the diaz~nothane with 

the cax•bon-carbon double bond is similar to that with carbonyl group. 

A nucleophilic attack of the diazomctliane (extreme formula VII} on 

the double bond forms a diazonium betaine (XIII) • This liitermediute 



can be stabilized either by migration of a proton from the methylene 

grou¢1 of diazom,ethane .with the formation. of a pyrazoline r.ing (XIV) & 
-~ • • • ' • .; • f,l • • 

or by splitting of nitrogen, and the remaining fragment formln~ CQm• 

10 pounds XV 1 :I:Vl, and/or XVII • 

H H 

R-~ ~ L. +w=t-1 

I . J 
R 1 .. c ,•-> 

1 
H 

(XIII) 

and 

H H 

I r 
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R ... C c .. H 
". r.-· T ...,.. 

" / c 
R/ ""-u 

(XV) -
H II 1-1 

I I 
- +n~.N R .. c - c 

I I 
H 

I 
R .. c .. c !-I 

II 
I 
H 

R' '"'CIH 

I 
R' .. c 

I 
H H 

1 (XIII) (XVI) 

H H 

H H 

RJ _ ________. L.H 
R t I I 
~c N 

/ ""/ H N ?"' 

I I c - c "' R 
I 
H 

R1 -C 
I 
H ( XVID) 

. (XIV) 
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Evidence for the existence of the addition product intermediate (XIII) 
22 . 

has been established by von Pechmann and Seel • 
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II. EXPERIMENTAL PROCEDURE 

Abbreviationsz The following abbreviations are henceforth used 

throughout the second part of this text. 

om zcentimeter temp a temperature 
' 

cpm a counts/mil DMC aDimet}lyl carbonate 

dpm &disintegrations/min t1CR 1Methyl carbamate 

eq(s) :equation( a) NHHCR rN•methyl-methyl-
.carbamate 

IR zinfrc;lred 
NDMMCR tN•dimethyl• 

me pnillicur ie ( s) methylcarbamate 

uC smicrocurie(s) MeOH a Methanol 

ug &microgram EtOH tEtlianol 

ml &milliliter BDTA ,Ethylenediamine .. 
te.traacetio acid 

ul :microliter 
V PC sVapor Phase Chroma-

ma c milliamperes tpgraphy 

mM tmillimole(s) EGS aEthyleneglycol.poly• 
ester of sucoin!o acid 

miQ rminute 
MNNG ,N-methyl-N•n.J.troso-

Mol.W, smolew lar weight N1 -nitroguanidine 

M IIDOlar Rf Ratio of dista~oe tra-
velled by solvent front. 

N znormal Distance is measured from 
tha ovigin to the densest 

sc.c. 1 scintillation counter position of the spot 

~-
sec. ssecond(s) 

soln a solution 

hr JhOUl:' 

v. :volt( a) 



88 

IlL GENERAL HETHODS 

Paper Chromatography 

For the separation of the products of the reaction of diazo ... 

methane with bicarbonate and the hydroxamate derivatives of them• 

Whatman No. 4 oxalic acid washed papers were used• with 95% EtOH· 

p•dioxane-water-acetic acid (60:26t9a5-~/v) 23 and butanol-acetic acid• 

water (L+Jl:5 v/v) 24 as developing solvents. Isobutyric aoid-water-

25 concentrated arnmonia-EDTA (2520rl450al00 v/vrl.l75 gr) and 

butanol-acetic acid-water were also used as developing solvents, 

The temperatura during the development of the chromatogram was 20°C 

to 25°C. The papers were dried under a forced current of air at 

room temperature • .Radioactive ccmpounds on the chromatop,ram.were 

located by exposing the paper to single coated Kodak x-ra):' _film, For 

the detectionof the nonradioactive hydroxamates• the chromatogram was 

sprayed after its development vlith a ~olution of 1% (w/w ferric 

26 chloride in 95% EtOH, containing 0.1% HCl • Hydroxamatos form 

an intense red purple complex with ferric chloride on a yellow back-

ground. 

The identities of the chranatographically separat•d hydroxa• 

mates were established by their Rf valueu. The radioactive compound 

was then elutad and coohromatographed with authentic marker compound 

(aa. 100 ug of marker) for confirmation. Exact coincidence of the 

t•adioaotivity with the marker compound was taken as criterion of 

identity. 



Vapor Phase Chromatography 

As the products of the bicarbona~:~-uia:.Gomethane reaction 

were relatively volatile, Wilkens standard gas chromatograph Mo• 

del A90, connected with a Drown recorder (Drown Potentiometer, 

Brown Intrument DlviGion, Philadelphia, Pennsylvania) and a 10 

foot l:GS column were used for the .separation and~ ide~;t!fication ,' 

of them. The collector shown in Fig. 23 Has used in co~junction 

with tho chromatography unit to coliect the different co1npounds 

separately, The collector' was cooled by a dry ice-acetone bath 

or by liquid nitrogen. The analytical conditiono were the.follow-

ing: 0 Injection port '!nd column tempel'ature, 150 c, detectol' 

voltogo, 12 v~ filament current in mat 140\ helium flow rato 0 

58 rnl/min' chart speed 8 l em/min; sample size 1 0,001 to 0.050 ml. 

Vapor Phase Chromatography in Conjunction with 

Proportional Counter 

Fol' the separation and detection of the radioactive products 

of the c14 -.bicarbona:t<~·dl::tzornethane reaction • .a gas qhromatograph 

in conjunction· with proportional counter Has used. vlolfgang and 
·. · · "7 · ·. · - 2a 
Rm-1land' and ilolfgang and Hackay have described proportional 

counters for use in conjunction with gas chromatography to detect 
radioactive 

/effluent materials. 
29 . 

vlhittemore has descx>ibed the one which is 

used in our laboratory 8 and which is similar to that descx>ibed in 

89 
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MU-26031 

Fig. 23. Collector used in gas chromatography 
A. Input from gas chromatography column 
B. Outlet to facilitate removal of trapping compounds 
C. Reservoir for the collection of separated compounds. 



Refs. 27 and 20 with certain modifications. Fig. 24 is a dia-

gram of the proportional counting tube• and Fig. 25 is a block 

diagram of the apparatus. 

The proportional counter enables one to determine total acti• 

vities in var.ious components of radioactive mixtures that can 

be separated by gas chromatography. It can detect the various 

radioactive components of a mixture even if ~hay are present in 

very small amounts which are not. detectable by the mass detector 

Combination of the mass and radioactivity measuramt'HitS. enables 

one to .calculate specific activities of cowponents without tho 

necensity of trapplng them, The chromatography unit is a Wilkans 

Model A90 .or ~lilkens linear programmed Model A350 (Wilkens In• 

strument and Research, Inc. , ilalnut Creek • California }.t 'rhe 

proportional counting tube is home-made and.it is described in 

the legend to Fig. 24, The printing register is a Hewlett-

Packard Hodel 560A digital recoi'der (Hewlett .. Packard Company, 

Palo Alto, California), .The printer ia set to print out the num .. 

ber of register pulses rt<COl'ded on thtt scaler in cef'tain inter-

vale (e.g., each 20 sec.), Thus every 20 sec a record of the count-

ing rate of the tube is printed in a quantitative fashion. This 
I 

eliminates the necessity of integ~ating the aroa under the acti-

vity peaks, and, in addition, enables·one to datoct small peaks 

with greater reliability than can be achieved through sole depen-

dence on the trace derived from the rate liletet• output. 
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' E 

MU-21334-A 

* Fig. 24. Proportional counting tube used in gas chromatography 
A. Connection to chromatography unit. 
B. Inlet for auxiliary counting gas 
C. 2 mil stainless steel wire solder

ed to receptable at one end and 
to washer at the other 

D. Teflon gasket 
E. Same connection as outlet of 

chromatography unit 

* zo From Whittemore 

F. Teflon sleeve 
G. Brass counter tube 
H. Grooved teflon 
I. Nylon 
J. Weak spring 
K. Pin 
L. UG-496/U receptacle 

(modified} 
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DUAL PEN. 
RECORDER 

METHANE 
~ 

L_SAMPLE 
INJECT 

o~ 

CHROMATOGRAPH COUNT ER s 
MASS 

DETECTOR 

RATE METER 

HIGH VOLTAGE 
SUPPLY AND 

....___----J SCALER 

D PRINTING 
REGISTER 

MU-21335 

Fig. 25. Apparatus used for detection of radioactive components 
in gas chromatography.* . . 

* . 20 From Whittemore 



\-lith the Hilkens Model A90 chromatography unit the analyti

cal conditiona were the same as with the VPC wit)1out proportional 

COUnter,.:xcept that methane was used as B carrier and COUt\ting 

fF!S, Hith the Vlilkens ~1odel A3150 linear programmed chromatography 

unit, the analytical conditions were the following& Injector port 

temp. l95°C~ detector temp, 215°C& column temp. 150°Ct collector 

temp, l75°C; detectorrvnltage 1 12 v~ f1lau1ent current in ma• 

140; rnothane flow rnte, 60 ml/min' chart speed 6 1 em/min& sample 

size, O,OQl to Q,OOB ml; high voltage of scaler, 2800 v~ 

The identities of the chromatographically separated compounds 

were established by cochromatography wlth authentic marker compounds 

(ca, 100 uc of marker}. Exact coincidence ~f tha radioactivity 

peak with the mass peak of the marker compound was ta·ken as cri

terion of identity, 

Infx·arecl Spectroscopy 

Infrared spectru·m analyoes of the different compr.>Unds 1 from . 

2,5 to 15 microns, were carried out using an Infra•f<ed Heckman 

Spectrophotometer Modal IR7 (Beckman Instrumonts, Inc., Fullerton, 

California), equipped wit!1 NaCl liquid cells 0,1 em path. The ab..:. 

sorption cells were exactly matched for transmissivity. Carbon 

tetrachloride'was used ~s solvent and reference. Exact coinci

dence of the infrared spectrum of an unknown compound with that 

of an <nl.thentlc marker was taken as crl terion of idontity • 
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Mass Spectrometry 

Hass spectrometric analysea of the unkno\m compounds wel"e 

carried out uslng a Consolidated Electrodynamics Corporation 21• 

130 mass spectrometer. The hiahest mas!l value of the spectrum was 

taken as the molecular Height of the compounds. It \'las then com• .. 

pared with thevalue found from osmotic pressure differences. 

Helting Point 

ThE< mel ti.ng point d~terminationof one of the t unknown compounds 

which Has soli.d at room temperatui'e was ce:.~rried out using a Flt'ilher 

micro melting point apparatus (Fisher Scientific Co •• Eimer and 

Amend, Nm1 York), No significant change of the melting pOint of 

an unkno\'m cornpounq. in a mixture of an authentic marker was taken 

as a criterion of identity. 

Chemical Analysis fot• C, H, N and Dutarminutlon 

of Moleculat• Weig-ht 

The determinatlon of the molecular 1;1cight u<>ing osmotic pressure 

differences• and the analyses for carbon 1 nitrogen and hydrogan were 

carried out at the Analytical Chemistry Lahoaatoz·y of the Ch:Umistry · 

Department of the Univ~rsity of California, The oxygen content was 

detet'm:i.ned by subtracting the sum o.f C, H and N content from one 

hundred, 



Preparation of Diazomethano 

Diazornethane was prepared by alkaline saponification of 

N-methyl-H-nitroso-N'-nitroguanidine, or N-mothyl-N-nitroso-p ... 

toluenosulfonamide (Aldrich Chemical Company, Inc.). 

Frorn N-methyl-N-nitroso-N'•nltro~uanidino14 • 15 a Crystals of N .. 

methyl-N-nitroso,..N' ... nitroguanidine weJ."e added slowly to a 50% 

solution of aodium hydroxide cov:ered with ether in a 250 rnl dis• 

tilling flm>l< fittod Nith an efficient •Jondansar, set d?wn~o~ard 

for distlllat:lon, The .condens~r was connected to a receiving· 

flask which contained 70-100 ml ether. The inlet tube of the re-

ce:Lver dipped below the surface of the ether. Both flasks were 

Cool"'d to 89.c. " .. Hhen the :reaction was terminated, the ethereal 

solution-of·diazomethano was either used immediately or it Has 

stored for a short tlmB in the deep freez~ (-16°C) before use. 

16" From N-n'\ethyl-N-nitro9o-p-~oluenosulfonillnide (DIAZALD) : 100 ml 

of 95~o t:t01l was added to 1+0 ml of 60% potassium hydroxide solution 

in c'l 250 ml distilling f'laak fitted wlth dropping .t•unn<3l and an 

efficient condenser 3<3t downward for distillation, Tho condeneer 

was connected to tHo receiving flasks in series, tho second of 
I 

which contained 70-100 ml ether, The inl~t tube of tha second 

receiver dipped belovt the surface· of the ether, and both receiVDr6 

were cooled to 0°C, The flask containing the alkalii1a uolution 
\ 

was heated in a water bath to 65°C 1 and a soll tion of 66 gr. 
the 

11 Diaz.alrl" in 400 ml of ether was added through/dropping funr.~:l• 
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slowly. The rate of add.i.i.ion was equal to the r.:1te of distillation. 

• 
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When the . dropping funne·l was empty 1 another 50 ml of ether was 

added and the distillation was continued until the distilling' 

ethor was colorless, The ethereal solutions of diazomethane were 

combined. and used immediately. The solution of diazometharie pre-

pared this way always contained some EtOH. 

Reaction of Diazomethane with Cat,bon Dioxide 

In tlw re(.l<":tlon of d tazomethanc with carbon dioxide 1 ei 1;her 

14 l~ n solutiort of blcarbOIHtfl-C or gas(l!ous carbon dioxidf1•C W«:ra 

Reaction of 11c14o - with Diazomethane 3 

0,50 ml of Hc
14

o
3

- solution (1.98 mC/ml~ 0,06 !:!.) Wel'lil mixed 

with an ethere.:.d E;olut ion CJf diazomethan<:: until the y{llloH color 

pePsL>ted. 'l.'h.e X'eactior, mixtur•~ ~;·tts left for a for~ houd> at rooi/1 

cemp, and overnight in~he deep freeze (-lG°C). In some axperirnents 

a S1nall amount of i"•eOH • HCl, or ammonia was added. Tho solution 

was concontN.tted under ~1 r.urront of ah' at 5°C and~llt1 diffurt~nt 

radiOilCtive components of the mixture Wf1l'"' separdt~d by g<w 

chronwtor,raphy .i.n conjunction 1-1ith a proportional countor. 

97 . 



Reaction of Carbon Dioxide with Diazomethane 

Gaseous carbon dioxide (100%) was bubbled through an inlet 

tube into the ethereal solution of diazomethane, 11the receiving 

flask of the diazomethane preparation apparatus, at 5°C until 

the solution became colorless. The.flask contained also a small 

amount of water (2.5 ml). The inlet tube was dipped below the 

surface of the water layer. In somo experiments, small amounts 

of Meml, ammonia, methylamine, or dimethylamine were present. 

The solution was concentrated at 5°C undel' d. current of air 

and the different components of the reaction mixture were separ-

ated by vapor phase chromatography and collected separately. 

Preparation of Methyl Carbamate (11CR) 
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Methyl carbamate (methyl urethan) If/as prepared from methyl 

Chlorocarbonate and methylamine as described by Hartman and Brether30 

with the exception of using smaller amounts of reagents. Into a 

250 ml flask fitted with a mechanical stirrere a thermometer, two 

dropping funnels, and cooled by an ice-salt mixture, 30 ml of 

ether and 18.6 gr of a 33% aqueous methylamine solution was 

placed, When the stirred mixture had cooled to 5°C 0 18.9 gr of 

methyl chlorocarbonate was added slowly, keeping the temperature 

to below s0 c. \olhen almost half of the methyl chlorocarbonate had 

been added, a cold solution of 8 p,r of puro sodium hydrpxide in 

12 ml of water, was added gradually together with the rest of 

the methyl chlorocarbonate while stlrri.ng continuously at such a 



rate that the last of the two solutions were added simultaneously. 

After standing for 15 min• the ether layer was separated and the 

aqueous s~lution was extracted with 15 ml of ether. The combined 

ether solutions were rapidly dried by shaking for a short time with 

about 1,0 gr of potassium carbonate which was added in two portions. 

The ether was removed and the residue Has distilled under reduced 

pressure. A small portion of the methyl carbamate was further 

purified by gas chrornator,raphy, 

The methyl chlorocarbonate (carbomethoxychloride) was prepared 1 

by the procedure described hy Bel'8mann and Zerva~ for the prepara-
' 

. 31 32 tion of carbobenzoxychlorJ.de • The phosgene, necessary for 

the preparation of the methyl chlorocarhonate 1 was prepared by the 

33 . 
procedure described by Vogel • 

Anaysis %C %0 ( Calcd) 

b,6G 18.66 42.66 

Found for MCR 31.79 6,5H 17.95 43.50 

Preparation of N-f'lethyl-methyl Carbduktlt.: { ·:Ni'1MCR) 

NMHCR was prepared :from dimetrty 1 carbonate and me thy lam inc, 

a "' ·~es • b d b. D 1 · · -" " l · 34 · ' ..., '-' · cr1. e . y e ernne -dnu .,c w tng • A m1.xture of 3.1 gr of 

methylamine in 100 ml benznne and_ 'J gr of dimethyl carbonate were 

kept in~ he cold for four to five hours. The N1·1MCR was prec·ipi tated 

with 20 ml water and the aqueous solution was extracted with 30 ml 

of ether. The ether was removed and the residue was distill~d 
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under reduced pressure. The N-methyl .. methyl carbamate was further 

purified by gas chromatography, 

Analysis %C 

Calcd for CaH7o2N 40.45 

Found for NMHCR 40.57 

%H 

'7.94 

%N 

15.73 

15.60 

Preparation of N-Dimethyl-methyl Carbamate (NDMMCR) 

%0 (Calcd) 

35.95 

35.89 

The ND1111CR was prepared from· dimethyl carbonate and dimethyl

amine as described by Delepine and Schving34 • Dimethylamine (4.5 gr) 

in 100 ml of benzene and 9 gr of dimethyl carbonate were refluxed 

for twelve hours. The prodlcts were precipitated with 15 ml of 

water a~~- the a~ue~s ~elution extracted with 30 ml of ether6 The 

ether was then removed and the residue vtas distilled. The NDMl-1CR 

was further purified by gas chromatography. 

Analysis %C 

Calcd for c4H902N 46.60 

Found for NDMMCR 46,86 

%H 

8.74 

8.52 

Preparation of Hydroxarnates 23 

%N 

13.59 

13.17 

%0 (Calcd) 

31.07 

31.46 

Two ml of a .freshly mixed alkaline solution of hydroxylamine 

wene added to: (1) an alcoholic soluti.on of the radioactiua products 

of the reaction of diazomethane with cl4-bicarbonate' or (2) 1 mg of' 

the methyl ester of an acid in ?4eQH. Sodium hydroxide (2.25 N in 
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absolute MeOH) and hydroxylamine hydrochloride ( 1. 67 N in abso-

lute MeOH) = ltl v/v was cooled to 0°C and the NaCl formed was 

removed by centrifugation. The salt was washed once with methanol, 

and the washing was added to the supevnatant to restore the original 

volume of the hydroxylamine solution. The mixture of the methyl 

esters and the alkaline solution of hydroxylamine was maintained 

at room tf~mperature for one hour. The solution~: of the hydroxa

mates was concentrated over steam and separated by paper «:hromato

f~i'aphy • 
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IV., RESULTS 

Separation of the Products of the co2 , CH2N2 Reaction 

Paper chromatography was initially used for the separation 

of the products of the reaction between c14-bicarbonate and diazo

methane. The fact that after radioautography of the developed 

chromat_o~ram 1 . several radioactive spots were found instead of 

only one or none (as the dim~thyl carbonate is a volatile compound) 

was the reason for this study. 

Figs. 26 and 27 are rad!oautographs of paper chromatograms 

of the products of the above reaction which have been developed 

Wlth two different sets of solvents. 

By counting the radioactivity on the chromatogram before and 

after its development, it became evident that some or all of the 

products were relatively volatile. The total activity that re

mained on the paper after the development of the chromatogram was 

only a small fraction of the initial radioactivity that was 

applied on the origin. This became more evident wl)en the products 

were tr~ated with an alkaline solution of hydroxylamine, such 

that the nonvolatile hydroxamates of the diffaront acids would be 

forrned and then chromatographed. fig. 28 is a radioautograph of 

the chromatogram of the products a.fter treatment with hydroxyl

amine. Approximately 75% of the initial radioactivity remained 

on the chromatogram after its development. 
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PlitJDUCTS OF THE REACTION 

H14cOj + C~N2 

3 

2 

~ -
(I) EtOH-DIOXANE-¥-ACETIC ACID 

Fig. 26. Products of the action of diazomethane which 
it was prepared by alkaline hydrolysis of 
N-methyl-N-nitrose-N 1 -nitroguanidine, on 
aqueous solution of radioactive bicarbonate. 
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PRODUCTS OF THE REACTION 

H
1
4cOj +- CHzNz 

4 

5 

(I) BUTANOL-ACETIC ACID-WATER 

Fig. 27. Products of the action of diazomethane, which 
it was prepared by alkaline hydrolysis of N
methyl-N-nitroseo-N1 nitroguanidine, on 
aqueous solution of radioactive bicarbonate. 
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ACID 

CARBAMIC ACID, 
HYDROXAMATE 

HYOROXAMATES OF THE PRO[){JCTS 
OF THE REACTION H14i::Oj r C1>N_c 

, ... \ 
.·~ 

ORIGIN 
E tOH- DIOXA~E -WATER-ACETIC ACID:::;...,.---~ 

ZN-3180 

Fig. 28. Products of the action of diazomethane, which 
it was prepared by alkaline hydrolysis of N
methyl-N-nitroso-N 1 nitroguanidine, on aqueous 
solution of radioactive bicarbonate, after 
they have been treated with an alkaline solution 
of hydroxylamine. 
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The use of vapor phase chromatography in conjunctl.on with a 

proportional counter was found to be a more suitable method for tho 

separation of the different components of the radioactive mixture. It was 

found that the mixture consisted of five radioactive compounds, all of them 

using 14c-bicarhonate as precursor. as shown in FiR• 29 where five 

radioactive peaks are present. Compounds I, II, III, IV and V were named 

depending on their emergence time from the VPC. The same products were 

always formed (compounds I, II, III, IV and V) hy the action of diazomethane, 

prepclred from MNNr., on aqueous solution of lL~C-blcarbonate. 

Gas and paper chroma to r rnphy of the untreate~ aqueous solution of 

14C-bicarhonate s l1owed that th er e were no r ad ioactive impurities present, 

and tl1at t he bi carGonate was the precursor of all five compounds which 

were fo rrned by t ;1e action of <1 i .Jzom<~ t h<we on !•!alf14co3 • 

Cochromatogr<Iplly ( VPr.) oF t ne rad loactive r1ixture with different 

authentic marke r comnounr.is , s uch a;; dirnc~thyl carbonate 1 carbon dioxide, 

methyl acetate , methyl ~lvoxylate, met hy l ~lycolate , methyl pyruvate• etc., 

assisted th0 preliminary i denti f icat ion oF two out of the total of fivo 

compounds . Compoun l I >~<1r; identiFied i1S c<1rton dioxide and compound II 

as climet1·1yl car bona t e, Dt"'C l '> U11~ prorl uc t that on(~ s hould expect to be formed 

from the r cacti m of hic•-t d )oni1 te t-J.i.t h ,JLizomethane, and co2 is one of the 

rea gent s . li ovH~ver, it v-m c; .i.rnpo~ : ::; i"1Jl e to ident.i fy any of tb8 other 

unknown compounds ([II,TV,V). 

Tre~tment of each compounrl , after serardtion and collection, with 

an ctherPal s olution of dLlzomc)thdne s howed that compounds II, III, IV 

and V rema ined unchanged, hut compound I yie lded a mixture of 

all five. That expe rime nt nh01--1erl that none of the compounds 

... 
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29. Gas chromatogram of the radioactive mixture 
of the products of the reaction of NaHcl4o3 
with diazomethane prepared from MNNG. Unknown 
compound III was identified as N-dimethylmethyl 
carbamate. 



II. III, IV or V were precursors of any of the others, and that 

Compound I yielded a mixture of all of them with diazomethane 1 

pecause it was carbon dioxide. They were hydrolyzed relatively 

easily with sodium hydroxide or hydrochloric acid, and they 

yielded C02 as the only radioactive product. 

For the identtdcation of the other three unknown compounds• 

relatively higher amounts of them (nonradioactive) were prepared 

from gasoue carbon dioxide {100%) and diazomethane 1 as described 

if\ the experimenta.l section,· The components of the reaction 

mixture were separated by gas chromat~raphy, and collected 

separately in the collector shown in Fig. 23. Fig. 30 is a gas 

prepared from MNNG), and the peaks shown are the mass peaks of 
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each component of the mixture, Fig. 31 is a gas cochromatogram of 

the radioactive mixture. prepared from NaHc14o3 and CH2N2 and the 

12 nonradioactive producte; prepared from C o2 and·CH2N2 • Coincidence 

of the radioactive and mass peaks shows that in either case 

the products of the reaction are the same. Compounds II, III and 

IV are liquid .at room temperature and compound V is solid. 

Using chemical and physical methods, such as molecular 

weight determination, carbon-nitrogen-hydrogen-oxygen analysis. 

infrared spectrophotometry and mass spectrometry& melting point 

determination and ttochromatography with authentic marker compounds, 

it was possible to identify all of them. Compound I is carbon 
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31. Gas cochromatogram of the radioactive mixture 
of the products of the reaction NaHc1 4 o3 + CH2N 2, 
and the nonradioactive products of the reaction 
CO · + CH N . Diazomethane was prepared from 
M~G. · 5ili~ line is the radioactivity recording; 
dotted line is the mass recording. 
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dioxide& compound II is dimethyl carbonate (DMC); compound III is 

N•dimethyl-rnethyl carbamate (NDt1MCR); compound IV is N-methyl

methyl carbamate (NH11CR)' and compound V is methyl carli•amate (MCR). 

Identification of Compounds II,III,IV and V 

The identification of the unknown compounds II,III,IV and V 

was based on: (1) the analysis for c,H,N,O and the determination 

of molecular weight; (2) the study of the mass and infrared 

spectra, and their comparison with the mass and infrared spectra 

of authentic marker compounds' and (~) the cochromatography of 

the unknown compounds, or their hydroxam~te derivatives, with 

authentic marker col!tpounds. 

Gas cochromator,raphy of the separately collected radioactive 

compounds II,III,IV and V with authentic dimethyl carbonate, 

NDMHCR, Nf1MCI\ and 11CR 1 respectively, showed in each case an ex

act coincidence of the radioactivity with the mass peaks. There 

was also an exact coincidence of the radioactivity with the marker 

compound, in the c;:tse of paper cochromatography of the ( 1) hydrox

amate of c14-II with the hydroxamate of carbonic acid; ( 2) hydrox

amate of c14-rrr with the hydroxamate of N-dlmethyl carbamic 

acid~ (3) hydroxamate of c14-rv·with the hydroxamate of N-methyl 

carbamic acid; and (4) hydroxamate of c14-v with the hydroxamato 

of carbamic acid. 
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Analysis of compounds II,III,IV andV for- C,H,N,O and molecular 

weight determination-showed the following results. 

Analysis for 

Found for cornp. II 

Calcd for C3H6o3 ( DMC) 

Found for comp. III 

40,00 

45.48 

Found for comp. IV 40.63 

Found for comp. V 3l.bl 

%H 

5.72 

6.66 

8.86 

8,74 

7.82 

7.86 

6.71 

%u %0 
(Calcd) 

53.1+7 

53.34 

13 e 25 31.41 

13.59 31,07 

15.49 36.06 

15.73 35.95 

17.75 43.93 

18.66 42.66 

Mol. rlt. 

88,0 

90,0 

109.0 

103.0 

84,0 

89.0 

74.0 

75.0 

Tho mass spectra of c~1pounds II, III, IV and V had a highest 
. 

mass value of 90 1 103, B9 and 75, respectively. (Calcd mol. wt. cf 

DMCe 90; of NDNt·1CH., 103; of }lMMCRg 89; and of MCRg 75) The compar-

ison of the mass spectra of compounds II, III 1 IV and V with the 

mass sp•ctra of DMC, ~DMMCR, NMMCR and MCR, respectively 8 sho~ed 

an exact ·coincidence in the place and number of peaks, and in 

the relative abundance of each peak. 

Figs. 32, 33 11 34 and 35 sho\~- the infrared- spectra of compounds 

II• III, IV and V,hnd DMC, NDHMCR 1 NM!•1CR a'nd t·1CR, respectively. The 
/ 

study of these spectra clearly confirms thaf>mpound II is dimethyl 

carbonate, compound III is N-dimethyl-methyl carbamate 8 compound 

IV is N-methyl-methyl carbamate, and compound V is methyl carbamate. 
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.•. As aas mentioned earlier, compound V is solid at room temper-

ature. 0 The melting point \.J'as found to be 51,5 c. The melting 

point of methyl carbamate is 53°C. A mixed melting point deter-

mination of compound V and methyl carbamate showed no change in 

its value. 

All the above results show conclusively that the prciducts of 

the reaction of carbon dioxide and diazornethane (preparedfrom N-

methyl-N-ni troso-H '-nitroguanidine), in the p1•esence of small · 

amounts of water, are dimethyl carbc;,nate, methyl carbamate, N-

methyl-methyl carbamate 1 and N-dimethyl-r.tethyl carbamate. The 

yield of each product is ap~roximat,:ly 40% Dt-IC 1 35% MCR 1 .20% NMI'lCR 

and 5% NDMMCR. 



V. DISCUSSION 

Formation of Products 

As far as .it is known, in all reactions of diazomethane, 

either the products contain both nitrogens of the diazomethane 

molecule or none, in which case nitrogen gas is evolved. In the 

case of the reaction under study • three of the products (MC,R 1 

NHI>ICR and NDMMCR) contain one nitrogen atom in their molecules 

and one (DMC) • none. If the nitrogen atom originated from the 

diaz.omethane molecule, then a splitting of the two nitrogena 

had to occur and a neH ki.nd of diazomethane reaction had to take 

place. On the contrary, if the ni troRen atom did not originate 

from diazomethane, then a by':'"product of the diazomethane forma-

tion reaction had to be present in the ethereal solution of 

diazomethane, Hhich could react ~lith carbon dioxide and diazo
to 

methane/form tne nitrogenous products. 

In ordei' to elucidate the above problem, diazomethane was 

prepared by alkaline hydrolysis 0f an alcoholic solution of N-

methyl-N-nitroso-p-toluenesulfonamide, as described in the experi-

mental section, and its ethereal.solution reacted with gaseous 

carbon dioxide. After evaporation of the solvent. the products 

ware separated by gas chi'omatography. figure 36 is a p,as chro-

matogram of the products of the above reaction. As it can be 

seen, the only common product of the two reactions is dimethyl 

carbonate. Compounds 8 lab~ led unknown I and II, are different 
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Fig. 36. Gas chromatogram of the nonradioactive 
mixture of the products of the reaction of carbon 
dioxide with diazomethane. Diazomethane was 
prepared by alkaline hydrolysis of N-methyl-N
nitroso-p-toluene-sulfonamide. 
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from NDMMCR• NMMCR or HCR 0 as their emergence time in the VPC 

is different from the emergence time of any of the other com-, 

pounds. This was confirmed by comparing the IR spectra of the 

unknown compounds I and II (Fig. 37) with the IR spectra of the 

other compounds (Figs. 33, 34, 3 5). Using Nanc14o3 instead of 

c12o2 in the above reaction, it was established that carbon 

dioxide was not the precursor of the unknown compounds I and 

II. The gas chromatogram of the radioactive mixture showed car

bon dioxide and dimethyl carbonate as the only radioac~ive com• 

ponents present. Unknown compounds I and II were not radioactive 

and they wero only by-products of the diazomethane formation re-

action. 

It can be concluded from the above experiments that the three 

nitrogenous compounds (MCR, ;;;<t1CR and NDMMCR) are not formed by 

the action of diazornethano on carbon dioxide alone• but also 

another compound is necessary. Th.is compound is formed by the 

alkaline hydrolysls of N-methyl-N-nitroso-N '-nitrogtianidine, as 

a by-product of the diazomethane formation react.ton. The only 

product that is ahtays formed by the act ion of pure diazomethane 

on pur·e carbon dioxide is dim€thyl carbonate. 

It ia· knmm that salts of carbamic acid or N-derivatives 

of carbamic acid are formed by the action of NH3 or amines on 

b i • 35,36. i L " car on d ox1de , accord ng to t11e react 1ons 1 
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where R is any organic gr·our. It i.:l also known37 • 38 that diazo

methane reacts witlt a::1monium, amine~ or other salts of ort;anic 

or inorgDnic acids to form the corresponding methyl esters. 

Ammonia or the corr2spondhr, amine or base is evolved. Thus • 

ammonium carl!aillcrtf: aud amine saltr> of' !~-derivatives of carbamic 

acid react with diazomethane to t•,ivr: methyl c.Jrbamllte and N

derivutives of methyl C3rl·,arnat<!, re~pE!cti.vely. 

Addition of a sr.mll umount o!' din11~thylarnine in tho ethoreul 

solution of diazornt~thane, before the addition of carbon dioxide • 

resulted in an increa~>c in ti:e m:w~tnt of NUrH'ICP formed, cornparud 

with the orther products. M1 incrP.ase in the amount of NMMCR 

was noticed \olhen methylamine Has added in the ethereal solution. 

In the case of ammonia 1 a large lncN~dS£! in the amount of MCR 

formed '"3as obvious, but there '-'as also a larr:;c increasn in the 

amount of tHH1Cl!., and a r;;11aller incrc,as<~ in ttie <:~mount of ND!~MCR, 

compared with the amount of Di'1C formed. 

It \·~as W·Hltioned earlier that •.:h•:! only r·a::!:i.onctive product 

formed by the action o~" diazoncthane ( prep<wed .frora ll-rnethyl-N

nitroso-p-toluenesa " . ..For:am.ide) on :f,l11C14o3 ·~,'iS di.methyl carbonate. 

\.>.'hen a nmall amount of concentrat e(j ammonia solution was added 
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in the ethereal sol1,1tion of dlazomethane• before the addition of 

bicarbonate, then MCR, NMHCR and NDMMC~ were formed in addition 

to DMC. The· gas chromatogram showedfive·radioactive peaks, In 
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other words, .the products .of a reaction mixt\2, containing ammonia. 

carbon dioxide and diazomethane, allof them.containlng•carbon 

atom origlrtatcd from co21 are: (l) Dimethyl'carbonate, (2) ·methyl'' 

_carba~ate~ ,(3) N-methyl-methyl carbamate, and '(4) tl-dimethyi- ',. :'-

methyl carbamate. The above experiments suggested the possibilit'y' 

of ammonia being tho by-product present in tho ethereal solution 

Of diazomethane, and formed by the alkalira~ hydrolysis of MNNG .• 

Search for ammonia in the ethereal solution of diazomethane; 

prepared from HNNG, gave positive results. limmon.i:ti can be ex-

plained as being forllled .by the Hlkaline hydrdysis Of the· lrnf;:fe' 

group o.f N-rnethyl-H-nitroso-li '-nitroguanidine. The hydrolysis 

can take place befc>re or after the format ion· of d ia:z.omethane. 

In the first case, !'1-IJlethyl-n-nitroBo"'"N'.;;nitr·ourea -is formed,· 

according to th~ reaction 

which is further' hydrolyzed to yield diazcmethanc. In the U(;ltond 

case. diazomethane is formed first,·and tlte r<!!oiduc is further' 

hydrolyzed to giVt:t ammonia. 

;o ! 



Mechanism of the Reaction 

The reaction of carbon dioxide with diazomethane in the 

presence of ammonia yielded MCR• NNMCR and ND~IMCR in addition to 

DMC, DMC was formed by the action of diazomethane on carbonic . 

acid ( re'action of diazomethane with acidic hydrogen) according 

to Arndt or Eister mechanisms as described in the introductory 

section. Methyl cat'bamate was formed by the action of dia.zomethane 

on carbmnic acid or ammonium carbamate', which are present in a mix• 

ture of carbon dioxide and ammonia. Three hypotheses were consider

ed for t.he explanation of NHHCP. and ND11MC1{ formation ft~om ammonia, 

carbon dioxide and diazomethane: 

{a) Methyl carbamate waG. formed fJx:st • ~thich· then reacted 

with diazomethane to give its. H-methyl derivatives. 

(b) Diazomethane reacted Hith ammonia to p,ive methylamine 

and dimethylamine, which. formed N-n .. ~ti"lyl carbamic acid and N

dimethy~ carbamic acid inthe presence of carbon dioxide. The acids 

were further methylated by the action of diazomethane 1 to yield 

NMMCR and NDMMCR. 

(c) The carbamic acid, present in a mixture of ammonia and· 

carbon dioxide, reacted with diazomethane to form its N-methyl 

derivatives (N-methyl carbamic acid and N-dimethyl car!Jamic acid), 

and the products were further methylated to yield the corresponding 

methyl esters. 

The first (a) hypothesis was not corr·ect • because 1 ( l) exten-

sive action of diazomethane on the reaction mixture did not show 



.. 
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an increase in the amount of NMMCR and NDMMCR• as would be the caae 

if they were formed by methylation of methyl carbamate& (2) action 

of·diazomethane on c14-HCR 1 or unlabeled HCR• showed 1\0 formation 

of any N-methyl derivative of methyl carbamate. 

The second (b) hypothesis also was not correct becausea . (l) The 

same relative amount of each product was formed when either a 

new or an old preparation of diazomethane was useds (2) all 

attempts to prepare methyl derivatives of ammonia by the action 

of diazomethane on gaseous ammonia, or ammoniacal solution• . or 

solutions of ammonium salts, were unsuccessful. 

The third hypothesis was the only one which remained to bo 

used for the explanation of the N11NCR and NDMMCR formation from 

ammonia, carbon dioxide and diazomethane. 
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Biltz and Paetzole have observed that betaine was formed 

by the action of diazomethane on an aqueous solution of glycine. 

In the absence of water no reaction took place. Kohn and 

• 18 1 . 1 ' . f' d . th Reullus stud ed more systemat1cal y t•\e react 10n o · u1zome ane 

vtith amino acid~1 in the prest~nce of water or alcohol. They found 

that an extensivo action of diazornethane on the aqueous solution 

of amino acid produc~d as final product tli~ corresponding betaine. 

Som<:! intermediates \vere present in the case when the reaction 

was allm·1ed to proceed for a short timf:l Olllj. They followed only 

the rata of formation of the methyl ester of the amino acid, and 

they observed that there was an increase in the concentration of 

the methyl ester up to a rnaximurn and then, as the reaction con-



tinued• it decreased slowly to zero. The.time for reachina the 

maximum was 30 min for glycine and about 45 min for alanine. 

After approximately 90 min for glycine and 120 min for alanine trOll 

the beginning of the reaction. no ester was present. 

When the methyl ester of an amino acid and diazomethane 

were used • no reaction occurred in the absence of watel't but the 

addition of a small amount of water caused the slow conversion of 

all the methyl ester to the corresponding b~taine. The reaction 

did not start illlruediatEly i:lfter· the addition of water, but a 

short time later. 

For the explanation of the above reactJnns, they proposed 

that diazcmethnne rr:!acted >lith the zwitterion ion of th.a amino 

acid to form first th£: N-metltyl derivatives and finally ,the-· 

betaine, The action of diaL-omet~::>:Je on the cal'lwxylic gx•oup 

caused the formation of the ester 9 and at th<• beginning there 

was a competi11onbetween these two x·eactlons. In the pres•3ncu 

of water, because of the basicity of the amino gl'oup, a self

hydroly(ds of the methyl ester occurrcu, f orrning again the free 

acid, and causing the quantit;:u:ive transformation of the a.1aino 

acid to~taine. When the metnyl ester was used in the presence. 

of water, a self-hydrolysis firnt occurred to i'orm the free 

amino acid, which consequently reacted with the diazomethane to 

yield the betaine. 

Table VI shows the probable reactions that take piace be• 

tween diazomethane and glycine in the presence of water, which 

lead to the formation of betaine as the final product. 

. .[ 

.. 

... 



<· 

I>· 

• 

129 

Table VII Mechanism of the Reaction of D~azometbane with an 

Aqueous .. Solution of a .H.i~t'ure ·of Carbon .Dioxide ,. 
., . - ••• t • ~· . •' ,., . • : '. ' . ... •• . :.. '·. • ... - . ·;: 

and Ammon !a 

. . ' .. , ~ .• .. .--~: "• :- ; .. ! .. ' ·, ·\ : ,., ' ~- ~- • 

, H2o . CH2N2 · ' 
C02 ~ H2co3 - ,_ (CH3o) 2co 

(I) (III) 

(V) 
'· 

lcu2N~ ' 

cH;~H2co0- ,-----"-____..,.· 

(VI) 

CH3NHCOOH · 

(VII) 

1Cli2N2 . 

(CH~)·~~l1COO-<;~·. 
.l ~ ,_ r 

(IX) 
' .. ·- ~ .... 

. _\._ _;: ·~· 

' {"'' ~- .: ., .. .' 

t ··-·
·' "· 

(X) 

. :'(; 

- ;} . . . -~ .. -

(XII) 

,J. •• i . 

, ··: . 
, '·. 

. ' ,,: :~ j : 

(XIII) 

'i '· ~· ' 

H2NCOOCH3 

(IV)· 

CH3NHCOOCH3· 

(VIII) 
,I<. 

··-

~ ..... 

; ' 

·:· ·, ~ -,__; 

H It is not known if trimethylamine is really formed because 

no attempts were made for detecting it, 

Yield 

20\ 

5% 



A. 

and 

B. 

and 

H + 
-oocN'tH-CH2-N-==.. N 

H 

H 
-OOCN+-H-CH

2 
H 

H2NCOOH + 
+ aCH 2-N--N 

+ 
H2NCOO·H-CH2-N=-Nz 

H2NCOO-H-CH2 

H 
__ __,. ·oocNtH-CH2-~=Na 

H 

H - ... OOCN-H-CH2 + N
2 H . 

+ ., H2NCOO-H-CH2-N N1 

H2NCOO-H-CH2 + N2 

H2NCOOCH3 

The methyl ester of carbamic acid, and the methyl esters 

of the N-methyl derivatives of carbamic acid (compounds IV, V!II 

and XI) once formed they cannot be self-hydrolyzed, even in the 

presence of water, because the amide group is not as strong a 

basic group as the amino group of amino acids• and so the mix-

ture of these compounds is the final product of the above 

reaction. 
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VI. SUMMARY 

Carbon dioxide was allowed to .react wl th diazpmethane 8 

prepared by alkaline hydrolysis of N-methyl-N-nitroso-N8 -, 

nitroguanidineo The different products were separated by 

gas chromatography 8 collected separately 11 and. identified as . 

1.31 

dimethyl carbonate, methyl carbamate, N-methyl-methyl carbamate 8 

and N-dimethyl-methyl carpamate. The presence of ammonia was 

necessary for the formation of HCR& NMMCR and NDMMCR ~hen_ 

carbon diox.ide reacted with diazomethane w~ich was prepared 

by alkaline hydrolysis of H-methyl-N-nitroso-p-toluenesulfonamideo 

Ammonia was found in the ethereal solution of di~zomethane 8 form• 

ed as a by-product- of the alkaline hydrolysis of N-methyl-N-

nitl'ioso-N ° -ni troguanidine •. Dimethyl carbonate, methyl carba-
; ' 

mate 9 N-rnethyl-methyl carbamate and ~~-dimethyl-methyl carbamate 

were found to be the products of the reaction between an~on~a 9 

carbon dioxide and diazomethane • in aqueous solut.ion. A mechim-

ism for the.forrnation of N•rnethyl-methyl carbamate 8 and N-dimathyl• 
' . ' 

methyl carbamate from ammonia. carbon dioxide and diazomethane 

in the presence of water is proposed. 
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