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THE RCLE OF CHLOi\OPFYLL AS A CEE~HO\L PJTER<~DIATE Il'.f PhOTOSYNTI-IESIS 

j)8p2.r"'l.mcn_t of C~1.cmis tnr 
L~\\TC:i1co lZadiutiorl LG:hboi .. a~toi·y 

Ur.~.itrcrs.Lty· of C(lliforr~ia 
Berkeley, C~1li£o:rnia 

For several decades the central question of ptotOS)'T!.thesis has been 

ti-:a.t o£ the ri1ccha>'1isn of the pr:iJr,ary qua..J.tum conversion; or, to nhrase the 
4. 

question dif:fercatly ~ whc..t is the mccr..anJ.sm of chlorophyll participation 

i.J."1 converting electromagnetic energy into chemical energy? The old prob-

le;·n. of chemical vel~SllS purely r:physical" sensitizi.J.g action for cr.Joro-

phyll participation in photos)~thetic energy conversion remains ~J. elusive 

one. The ea::tliest proposc::.ls iclcntificcl chlorophyll as a chemical i.'lter-

mediate in lvhich the molecule acts as a reducing agent (hydrogen donor) 

the scpa:c~""tion. of tl1e prin:.aTy oxidant Lack of 

supporting cvider-;.ce for Si..lch chemical theo:::ics led to the, r:1orc recent 

proposals for chlorophyll as a.."1 energy tr.:msfer agent in. which the mole-

cule rc1nain.s cb.ernicall y - -tL.~cr~a::.gcci. in this thesis evaluates 

seve:ral chemical. mech::mis:ns proposed in the literature using isotope 

its favor is p:rcscntcd. 

fcur1:::. J:.:llc clclt~ positior1 r1ot to 

SCl:Cr::c o 

t
'. 
•, 
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' . Oxygen 18 and in£r<l'.i."ed were the mcar-~.s of evaluating l1l"Oposals 

involving th(; carbonyl group of the isocyclic ring of chlo:rophylls a 

ai!d b. Model compounds relat:inr, to the structure of cb.lorophyll (cyclic 

1 • ..,., ~ ., , .. .t-. k' ' ) .. ·d. d t . . 
~etoncs1 aromatic a.J..acnyues ana bCU.l-.-ccoescers were scu 10 ·o aetermme 

the lability of carbonyl groups to hydration. Chlorophylls ClJ.J.d chloro

phyll derivatives were then exavnined cmd their exchange properties are. 

discussed in relation to the model compounds~ 

Oxygen 18 biological e:>..-peri.,11ents t\·ere. carried out usi.Ttg the green 

algae Chlorella. The chlorophyll$ 1\'cre extracted and analyzed with 

infrared to determine the amount of incorporation. It \vas fou.~d that 

the carbonyl functions do not participate as chemical intennediates in 

either the Hater splitting reaction or in oxidative· photophosphorylation. 

Finally, a mechClJ.J.ism is proposed a.'ld 01.-perimcntal evidence presented 

for· the role of chlorophyll as a chemical LJ.termediate in photosynthesis. 

The notion is that the 3,4 positionsof ring II are involved in a reversible 

oxida'cion-reduction cycle. This proposal cannot be tested on the green .. 

algae~ s1J.ce the chlorophylls a ~J.d b are isolated in the oxidized state 

and woUld not contain the photosynt1:etically importa..J..t .,hydrogens. The 

e:;...-periJncnts are carried out on R. rLtbrum, a photosynthetic bacteria, which' 
'. - . 

is allowed to photosynthesize in tritiated '·:ater, the bacteriochlorophyll 

is isolated~ and the rur~ount of tritiU:ll h:.corporation is determined. A 

selective oxidation procedure requir:LJ.g 2 ~3-dich.\.oro-5 ;6-dicyr"""lobeJ.zo.-

quinone is found :to remove 60-90% of the incorporated tritiu.i1; thus 

demonstrating that the 3,4 positions arc involved in the photosynthetic 

scheme. Investigations were carried out to determine that the incorpora-
' 

tion 1·<'3.5 not biosynthetic by attcm-utin(T to clctc:··:11ine the rate 
. . .::;. 
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. "of biosynthesisand rate of photosynthesis, and by doing double illumi-
:. . - ... ·. . . . 

·, .nation experiments in l'ihich the tritiated bacteria are allowed to photb-

.. · synthesize in rion=tritiated media for an equal period of illumination .. 

. . The question o.f biosynthetic versus photosynthetic incorporation is 

: discussed .a~ great length. A mechanism is proposed for the involvement .. 
·. · of the 3~4 positions of bacteriochlorophyll in the photosynthetic schemeo 

·'"· .· . This includes a ~ggestion for "migratory active sites" 1n which a small 
.... ·. 

""!' ·_, •. 

. ..... percentage of the bacteriochlorophyll carries out the oxidation-reduction . . . . . 
... _.,!. 

' . . cycle and. these molecules are in equilibrium with the larger bacterio-

·· · ; chlorophyll pool,· as distinguished from being "fixed" active sites . 
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CHAPTER I. INTRODUCTION 

For several decades the central question of photosY-nthesis has been 

that of the mechanism of the primary quantum conversion; or~ to phrase 
\ . 

. the question differently, .what is the mechanism of chlorophyll partici-

pation in converting electromagnetic energy into chemical energy? The 

old ·problem, of chemical versus purely "physical" sensitizing action for 

chlorophyll participation in photosynthetic energy conversion remains an 

· elusive oneo The e~rliest proposals identified chlorophyll as a chemical 

intermediate in which the molecule acts as a reducing agent (hydrogen 

donor) in the separation of the primary oxidant and primary reductant. 

Lack of supporting evidence for such chemical theories led to the more 

.·. :·· .. recent proposals for chlorophyll as an energy transfer agent (resonance 

transferand/or electron-hole migration) in imich the molecule remains 

chemically unchangedo The absorbed electromagnetic energy is ultimately 

transferred to acceptor molecules which then undergo .the sequence of 

chemical reactions which ultimately reduce carbon dioxide and liberate 

oxygen from water., Despite the collection of evidence which has increased ·. 

the popularity of the "physical" :interpretation of the primary quantum 

conversion act~ there is a persistent gnawing in the minds of some photo-
' ' . 

synthesis research workers that chlorophyll l\Uuld~ should, or could 

· perform as a hydrogen transfer agent in the water splitting reaction. 
. ' . . . 

It is i·lith the belief that new techniques might finally offer evidence 

_for the chemical-participation of chlorophyll in the photosynthetic 

mechanism that the. work described in this thesis was undertaken. 
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Proposed Chemical Mechanisms ·-
One of the earliest proposals for a reversible oxidation~reduction 

· p1echanism ivas that of Dixon and Ball~ 1 who suggested that chlorophyll a 

(Ch1-H2) is .oxidized to c.1.lorophyll £. (Chl-0). 

Chl-Hz -v- C0
2 

+ light ---7 C.nl-0 + 1/n(HzCO)n 

and b in turn is reduced to a as follows: 

' .. . 
. . 2 
Conant.~ aL proposed that the pigment might act as a bvo electron 

. reducing agent ·in a dark reaction 

enzyme 
12 Chl~H2 + 6 C0

2 
----__;;;> 12 Chl + C

6
H12o6 + 6 H

2
0 

with the chlorophyll being regenerated by a photochemical process 

12 ·Chl + 12 H20 + light.,: I. ?> 12 ·Chl-I-!2 .+ 6 02 • 

Sto113 .a.Ild Willstlitter
4 

considered.chlorophy11 to ftmction·as a hydro-

gen·donor in a photochemical reaction producing monodehydroc.1.lorophyll 

: . (Chl-H) c .. This free radical then rev.erts. to . the .. originaLpigment via 

another photochemical process 

Chl-H + H20 + light ~ Chl-H
2 

+ OH & 

·Fra11.ek5 =6 has proposed a somewhat similar schemep but has suggested. 

the following chlorophyll regeneration in which R'OH is different from water. 

\; 

I 
' -
' 
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Abotit a decade later, Franck7 made an even more specific proposal 9 

by identifying the ring V beta-ketoester as the sight of hydrogen dona ... 

tiono The previous proposals for reversible oxidation-reduction cycles 

were primarily centered on the 79 8 positions of ring V9 the reduced 

pyrrole moiety. Franck 9 s proposal of 1955 suggested that the c9 carbonyl 
.. · • . • OH 

group 1vould hydrate~ H-Chl( then light light absorption would ex-
OH 

. cite to the first excited state and energetically permit the reaction 

*/00 /OH 
quinone + H-Chl -----semiquinone + -Chl 

'OH 'OH 

One of the hydroxyls. of. this radical could be removed by an enzylffie and 

utilized for oxygen evolution in a reaction which should be slightly 

exothermic. This concept was described more definitively in 1957 9 and 

·. ·can be expressed in the follmving form: 8 

:··· 

: ·Hring.v .. _.· 
H . . 

. ·. 0 

co2me . <'t . 

~ 
1,. 

I-I 0 
2 

% 
~· 
~ .· 

~· 
~ 

·.' 

) 

+ [OxH•] 
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A similar proposal is one by Calvin 9

9 
which introduces the possi-

. bility that the site of oxidative photoy.>hosphorylation is the ring V of 

chlorophyll. If the enol form of chlorophyll were to add orthophosphate · 

in a light reaction p an enol phosphate could be produced upon dehydra

tion, which preswnably would be capable of phosphorylating ADP to make 

the required ATP. 

/ 
CO?me 

.... 

The most recent suggestion has been that the delta methine position 

· of the macrocyclic ·ring might be the site of photosynthetic hydrogen 

transfer~ This proposal came about from the discovery by Woodward of 

the lability of the delta position in chlorins (dihydroporphyrins) •10 

. . 

Norris~ Ruben and Allen11 carried out the first eA~eriments to test 

the proposed chemical mcchal1isms stipulating chlorophyll as a hydrogen 

traJlSfer agent. They surmised that if photosynthesis is al~owed to pro

ceed for a sufficiently long time in water containing HTOD that chloro

phyll containing tritium should be formed if the ideas suggested above 
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are correct. They used a suspension of Chlorella pyren()idosa» and allmved 

it to photosynthesize for 3 hours in labeled water. They concluded from 

several experiments that less than 5% of the theoretical radioactivity 

· .·expected for complete exchange of one hydrogen was incorporated. 

Hov;ever D before they concluded that chlorophyll does not act as a 

hydrogen donor they had to consider bvo possible objections: (1) loss 

of tritium from chlorophyll by therrr~l exchange during the extraction 

processp and (2) an isotope effect--that isP tritium is not an ideal 

tracer for hydrogen of mass one. They investigated the possibility that 

chlorophyll contained labile hydrogen v1hich can undergo photochemical or 

thennal exchange. They concluded that there is no thennal exchange ob

served between purified chlorophyll and 80% methanol containing I-ITO (an 

experimental conclusion 1vhich is later shmvn. to be incorrect). Thus D 

they concluded that any incorporation which may have taken place could 

not have been lost during the purification procedure. The question of 

isotope separation is more difficult to analyze. The low amounts of in

corporation. do .not exclude the possible existence of a cycle in which a 

.· photoactivated chlorophyll Chl*Hz acts as a donor of hydrogen to some 

unknmm substance (A)~ 

· Chl-Hz + light + --;> Chl*Hz + A -~> Chl-H + HA 

and the clllorophyll free radical (Chl-:"H) fonned in this process is re--: 

duced to native chlorophyll by a thermal reaction such as 

C.).~H + ROH ------:> Chl-Hz + RO • 

This second process very likely has a lmver activation energy than the 

· analogous reaction involving an oxygen-tritium bond 

Chl-H + ROT-----> Chl-I-IT + RO • 
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The difference in energies of activation could be of the order. of 2 kcal 9 

and consequently.the normal specific reaction rate should be20 times 

greater than that for the tritium isotope. In the photochemical reactions 

the absorption of a l.ight quantum would raise the photo'activated chloro

phyll to an energy level well over the top of th€r energy barrier~ and 

therefore the specific reaction velocities would be the same for tritium 

and hydrogen and no isotope separation would occuro HoweverP if the 

donation of the proton fron1 chlorophyll to substance A is a thernlal 

reaction, then the isotope separation vmuld result in which Chl-I-:iT \vould 
I 

tend toaccumulate over Chl-Hzo Moreover, if the second step is photo-

chemical, no. isotope separation.would occur. 

This discussion simply points out the difficulties 1n evaluating 

the type of isotope effect to expect in a complex biological system •. The 

means of evaluating the isotope effect were not available~ although the 

rate of photosynthesis in D2o was known relative to the rate in \vater. 

· Hmvever ~ it is possible that photosynthesis involves several thermal 

reactions in which isotope separations may occur; thus in the tritium 

· experiments~· where there is competition bet\veen ROH and ROT, the isotope 

separation may be greater or less than one would expect from a simple 

consideration.of the rate in pure deuterium oxidee 

. Similar experiments were carried out by Calvin· and Aronoff 9
12· using 

deuterated water. In this way the isotope effects could be reducedD al

though the difficulty with re-excha!!ging. labile hydrogen could not be 

avoided. Therefore, their experiments were applicable only to non-labile 

, hydrogene The combustiOI). method of analyzing for deuterium shmved that 

there· 1-vas , no deuterium incorporation into chlorop:;,yn due to· photosyn

thetic hydrogen transfero Thus~ the possibility that the 7,8 positions~ 

·' 

'•;. 
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or any other non=labile hydrogens of chlorophyll ~' are involved in the 

photosynthetic s~he:rn,e is.eliminatedc 
• ·: -~: .. ::·-:::· • tf. '· ~ . . 

. A decade later 9 .Vishniac and Rose13 . again attempted a series of 
. · .. 'r/j .. :: . . 

tritium exoeriments using both 01lorella whole cells and chloroplastso 
~ . . 

They detected a small amount of light induced tritium incorporation in 

the chlorophyll 9 which they presumed to be in the c10 positions even 

though the radioactivity remained intact under acid treatment and was 

.lost under treatment with alkalio The amount of incorporation attained 

was only a.small fraction.of.the .activity expected for complete equili-
. . I 

bration of one position with the hydrogen of waters In 1963 9 Colman and 

Vishniac14 ~eported further 1110rk on the chloroplast experiments p but no 

definite conclusions could be reached. 

There is 9 in additionD an important consideration 11hich should be 

.. discussede Emerson and Arnold15 proposed from .saturation effects .. in 

flashing light experiments that there is a photosynthetic unit in which 

only a small fraction of the chlorophyll acts as an active site 9 while 

the remainder of the c~lorophyll serves as a funnel for electromagnetic 

e_nergy .... The. ·mo.st .r.e.cent . .summary_ of. this proposal has been made by Clay

tons 16 in. which he suggests that one of every .200 molea:iles·.·(l/2.%) of 

chlorophyll ! are active sites. If this proposal is to be accepted9 

than an inhe~ent limitation is introduced into any. experiments .. designed 

to evaluate the participation of chlorophyll as· a hydrogen transfer agent 

at the active site. In the experiments described previously, only 1/2% 

· of the theoretical amount of incorporation could be expected on the theory 

. of active sites 9 rather than 100% on the basis of exchange of 1 mole of 

··hydrogen--an incorporation far belm11 the limit of detection in the ex-

periments described. This is a problem which the reader should bear in 

! 
1: 

i 
l 

·• .... !: 
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mind; and one which will be handled in detail in the final tvm w~apters. 

ThisD then 9 is the totality of the experimental work carried out to 

evaluate the chemical mechanisms in which chlorophyll is proposed as a 

;· hydrogen transfer agent. The conclusions of these experiments neither 

support nor refute the proposals, because of L~e difficulties mentioned: 

isotope effect and re-exchange of labile protonso The unexplained small 

amounts·of incorporation (less than that to account for 1 mole of hydrogen 

for complete exchange) have continued to entice speculation and research 

1 in this field. 

Thesis Propo~al. 

It is the purpose of this thesis to further evaluate the mechanisms 

that have been suggested for the chemical participation of chlorophyll 

in the photosynthetic scheme. Three isotopes of the constituents of 

water will be used: deuterium~ tritium, and oxygen 18. The three 

approaches to this problem will be treated separately in the following 

foUr' chapters~ including both chemical and biological studies. 

..... ; 

,.// 
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Q-IAPTER II. DEUTERHJlvl EXCHANGE REACfiO!'!S OF GILOROPHYLL a 

· The development of nuclear magnetic resonance spectroscopy spurred 

a new wave of interest in the chemistry of photosynthesis. It was 

· irrun.ediately apparent that with this technique of isotope analysis the 

isotope effect problem in the tritiu~ experiments could be.considerably 

reduced with the use of deuterium rather than tritium. The availability 

· of solvents with high isotopic purity and the lower deuterium bond 

energies contribute to reducing isotopic selectivity. A further adVa.J.J.-

.. ·. tage of using deuterium and analyzing by NfviR is the possibility that it 

may not be necessary to obtain the pigments in an extremely pure state~ 

. thus partially eliminating the serious drawback of re-exchanging labile 

hydrogens. Thus 9 the aim of this research is to follmv a biological 

exchange reaction in D2o with the green algae Chlorella. The pigments 

will be extracted and the extent of deuterium incorporation will be 

deteimined by NMR. Prior to the biological experiments, it is necessary 

to understand the type of exchange behavior that could be expected in 

,. -·the biological experiments and in the . extraction . procedure; therefore~ 

the exchange reaction.sof pure chlorophyll ~ in a variety of organic 

solvent systems was undertaken. The previous literature on this sub

ject was incomplete and inconsistentp and is reviewed in tlle following 

section. 

Exch~1ge Reactions o~~hlorophrll a 

· .Norris, Ruben and Allen11 concluded in 1942 that a mixture of 

. chlorophyll ~ and b did not possess exchangeable hydrogen after a 30 

. minute exposure to tritium in 80% aqueous ethanol. In 1952 9 IITeigl and 
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Livingston17 made a detailed search for exchangeable hydrogen in chloro

phyll using neutral organic solvents containing an excess of deuterium 

oxide. A reaction time of 2 hours was employed and the deuterium: Has 

&"lalyzed by infrared after the chlorophyll had been combusted. Weigl 

and Livingston also concluded L~at no exchangeable hydrogen was present 

in the u~lorophyll. · 

The first investigator that did not exclude the possibility that 

chlorophyll possessed exchangeable hydrogen was Kutyrin. 18 In 1960 9 

Kutyrin found a small amount of hydrogen exchange bettveen chlorophyll 

and aqueous acetone in a 3 hour period. The first definitive evidence 

for exchangeable hydrogen came. from Katz et al.~ 19 in 1961. After 48 

hours in a solution of methanol in carbon tetrachloride~ both chloro-

. phylls a and b showed one hydrogen atom exchanged. Although the infrared 

analysis could not designate a particular position for exchangeP the 

investigators implied that from the structural formula it C&"l be antici

pated that the hydrogen atom at position 10 is in a favorable position 

. for enolization and should~ therefore P be both labile' and exchangeable. 

At the outset of this projectp the most recent·work by Katz et a1. 20 
. --

' stated that when d1lorophyll is treated \vith methanol in carbon tetra-

chloride 9 the ~1R results demonstrate unequivocally that only one 

hydrogen atom undergoes exchange and that the. labile hydrogen is 

located on the porphyrin ring at the delta position. Their results~ 

relating the observations by Woodward_and Skaric10 on the exchange 

behavior of chlorins to include the chlorophylls~ had profound influence 

in furthering investigations on the mechanism of photosynthesis. (In

vestigations reported during the progress of this research indicate that 

·both.the 10 and delta positions are labile. 21 ~ 22 ) 

l 
t 
I 
I. 

f. 

I 
t " 
I 
~ 

t 
' J ! 
I 
f I " 
l 
I "' I 
! 
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. The solvents (CC14D OiC13P and CH
3
0H) chosen by other researchers 

for experiments designating chlorophyll as possessing labile hydrogens 

' are not those solvents used in the pigment extraction procedure (ai3COCH3 

c:==:J and H20). Thus 9 it appears imperative to further establish the 

lability of chlorophyll in aqueous .. acetone. and .. to , fur.ther . investigate 

.the exchangeability-of the 10 and delta position. 

E?perimentaJ... 

Chlorophyll ! was isolated from spinach using powdered polyethylene* 

and sugar chromatography according to the method of Calvin and .Anderson. 23 

The eluate f~om the sugar column was evaporated and transferred from an 

acetone solution to· isooctaneo This was an additional precaution to 

·.·.remove colorless impurities derived from the final columno The absence 

of other pigments from the chlorophyll preparations vvas determined by 

visible absorption spectra. The absence of colorless impurities was 

determined by elemental analysis. 

Deuterated solvents were obtained commercially except for the heavy 
'"> .· 

•.. "\<later~ which was obtained from Livermore Radiation Laboratory.· 

The Nr·1R spectra to determine the deuteriu~ exchange· were taken on 

a: VarianA.:.6o spectrometerp supplemented by a Mnemotron Computer of 

Average Transients •. This made it possible to use low concentration~ 

(2 x 10-2 t!) ~£.chlorophyll in some binary solvents D and to check the 

coMpletion of the exchange reaction. The peak assignments for chloro- · 

*Powdered polyethylene: Dow has discontinued manufacturing this form of 
polyethylene of melt index <2, and has given its.remaining stock of six 
60 lb. dnnns to Prof. H. Rapoport. U.S.I. polyethylene powder 9 desig
nated 'IJvri.crothene FN"SOO" J can be substituted for the Dow product. Not 

. all prn<1dered polyethylene will separate the xanthophylls from the chloro
phylls9 and examination of several lots is generally recommended. 

; .. , . '" ""''·"·· ... ~ .... , ... ,, 
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phyll were made by Anderson P and more recently have been supported by. · 

the work.· of Katz. 25 All NtviR sarrrples were prepared on the vacUUJ1l line. 

·The binary solvents 9 usually half a milliliter in volumep were degassed 

and distilled into the NtvlR tubes which were then sealed under N2• 

exchange reactions were then followed \vi th time using NMR. 

At the completion of the reactionP all samples v,rere c.l-J.ecked by 

visible absorption ( 400-700 mll) to ensure that degradation had not 

taken place. 

Dark experiments were carried out by covering the ~~~ probe and 

darkening the room.. The samples were prepared on the vacuum line in a 

dark room. The effect of light was then tested by placing the tube in 

a water temperature bath between two photoflood lamps. Table II -1 lists 

all the experiments which have been completed. In the following dis

cussion9 the experiments are referred to by the number given in Table 

II-L 

, 
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TABLE II-1 
Chlorophyll a~Deuterium Exchange Reactions 

c 
_ Sol~nt ~~s:_ture. NMR tube "'10 Delta-Hydrogen _ . 

complete complete F1nal 
Solvent E .. '<c· . ..E.~~ Gas Sealed temp. t~l/2 ·exchange temp$ . t-1/2 exchange state . 

1 -. • • ., • -

1. acetone 10% D2o N~ Yes 32 9 3 h l: 13 h 25° None in 9 mos. ·No oxi~. 
2 3 

11 11 a1r No. " 11 11 
· 

11 11 Some ox1d. 
3.. " " ·_ + DOAC, 0.01 M Nz Yes. 11 ·rapid 1 h' " 4 mos. 
4. · " " + DOACD 0.04 :g N2 Yes " " 1/2 h 75° 11 h 24 h No oxid. 
------------------------------~---------r--------------------r--------------------r--------1 s. acetone 30% rn

3
oD . N2 Yes 75° rapid -~ 75° >193 h None No oxid. I 

6.ll CDC13 10% o13oD -- -- 3? 0 6.4 h -- 38° 100 h --
7. " " Nz Yes 32° 24 h -- 32° 150 h --
s.22 II 30% O-I30D - II Yes 75° -- -- 75° 16 h -- No oxid. 
9. 11 11 11 Yes ·" rapid· 1 h " 12 h 22 h No oxid. 
10. " 11 0 Yes " ;, " ". , _ " 18' h Oxid. 
11..; 11 11 c32 Yes " ·" 11 

" "· 46 h J'Jo __ Q__~.iQ'! 
12. · " " r<;>om No 32° 76 h -- 32° 1/2 h 2-8 h _ -----~' _____ _) 

a1t 
13. " 30% rn3oH 11 No 11 

" 
11 

- · 
11 1-'1/2 h S1ight 

, oxid. 
14. 11 11 air No " None None " None None No oxid. 
15. II 30% Q-I30D + DOAC~ 0.01 M N2 Yes 75° rapid 1 h 75° 4 h 12 h No oxid. 
16. 11 

" + n2o 9 trace - " Yes " " 11 
" 10 h _ 45 h No oxid. 

17. CDC13 10% D2o N2 Yes 75° rapid 1 h 75° 13 h >46 h No oxl.d. 

-· - ·-v 

f 
>-' 
VI 

I 

,"( . 
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Results 

Acetone-D20was the first solvent system in which the exchange 

reaction was studied~ The choice of this system was made because of 

its applicability to the later biological reactions in which the ex~ 

· change media will be n2o and the extraction of the chlorophyll will· 

be carried out using acetone. 1nus~ ,it is of importance to be aware 

of the hydrogen 1ability to be expected in the isolation of the pig

ments~·· Results showed (#1) that the c10 proton exchanged 'lvith· a half 

life of 3 hours at. the NI~ probe temperature, 32°. There is no evidence 

that the delta position exchanges after nine months. 

Rapoport 22 (#8) and then Katz21 (#6) reported exchange reactions 

using the solvent system CDC13-G-I30Dp in which they found very slmv 

delta exchange at 38° and at 75°. Because of the general discrepancy 

in our results betwe~n the solvent systems (CDC13-MeOH shows delta. ex

change while acetone-D2o does not)~ their experiments were repeated in 

this laboratory to make certain that there \vas not an error in tech11ique. 

The restilts:were comparable (#7~ 9)~ thus leaving the problem of ex

plaining the qualitative difference in the behavior ofchlorophyll in 

these two solvent systems. 

It is proposed that the more acidic nature of the chloroform system 

is causing the .delta exchange; or~ conversely, .that the. more basic nature 

of the acetone carbonyl. group inhibits the delta exchange. This proposal 

is based on the· finding that when traces of acetic acid are added to 

either solvent system, a rate enhancement is fotmd for the delta ex

,change (#3~ 4v 15). Rapoport22 suggested that the delta exchange could 

be explained by an eneamine tautomerization~ \vhich is acid catalyzed; 

there is.other evidence of methine position exw~ange of chlorophyll 

I 

)r.' 
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. derivatives in acetic acid.l0 Electron density calculations show that 

the methine position which is adjacent to a reduced pyrrole ring should 
1 

.be subject to electrophilic a~tack.26 

' Other __ solvent systems used in this study are acetone-GI30Dp and 

CDC13-u2o. As would be e:A-pected from the acid catalysis theory 9 no 

delta exchange was 'found in the acetone system (#5); but the CDCi3-u2o 

shmved excharige with a half life comparable to that in the CDC13-rn3oD 

system (#17). 

In the course of trying to explain the difference between the 

exchange behavior in various solvents, an extremely interesting rapid 

exchange of the delta position was found .. (#l2). If the· NI'v1R sainple was 

not prepared and sealed on the vacuum line but simply mixed. using 

CDC1
3
-rn

3
oD in the open airp the half life of the delta position at 

room temperature is half an hour. This. is extremely rapid 9 in com~ 

parison to a half life of 12 hours at 75° when the tube is sealed under 

N2• This phenomena does not occur with the acetone solvent system. 

It was first shown that the rapid excha~ge reaction is not a simple 

oxidation.which selectively removes the delta·proton. This was accom

plished by looking at a .sample in CDC13~MeOH. (#14). If it 1vas a sirr1Ple 

oxidation 9 then the delta peak would have been removed from the ~~ 

·. spectrum in this experiment. Further evidence against oxidation is 

found in the reversibility of the reaction (#12 9 13). ~~en the exchange 

is complete at ti1e delta positionp the solvent is evaporated, and CDC13-

MeOH is added. The delta peak returns with a half life of half an hour. 

Thus, the loss of the delta peak under these conditions is in fact an.· 

accelerated excha~ge reaction. 

i 

l: 
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Because of tl1e potenti~l biological significance of a rapid 

hydrogen transfer reaction 9 the investigation was continued, to try 

to understand this phenomena. Samples prepared on the vacuum line 

under oxygen and carbon dioxide failed to shm·; a rapid exchange • 

. The possibility that water vapor in the air could be the cofactor 

was eliminatedD since no rate enhancement was fourid (#16) by adding 

·n
2
o to the system. 

It had been assumed that the "air" in some fashion catalyzes 

this reaction 9 but it was also possible, that the catalyst was a vola

tile impurity in the chloroform ".'Jhich is removed to some extent during 

the degassing of the solvents. Thus 9 the exchange reactions take _ 

place only very slowly even when air is admitted to the vacuum line 

·tube before sealing. To test the possibility of a volatile impurity~ 

a tube was prepared as usual on the vacuum line and sealed under nitro

gen. The delta position ~vas found to be completely intact. The tube 
. . 

~vas then opened to the air and· shaken thoroughly; no delta. ~xehange 

was found L'l two hours following which .. slight decomposition took place • 

Thus, it appears that the solvents could have a volatile impurity which 

is catalyzing the reaction. 

At this point it ~vas also found that the immediate. exchanges ·which 
. . . 

had.been consistently reproducible in the past, did not.occur in-some 

of the other samples of deutero .. chloroform in the laboratory~ Since 

it was known that the exchange reaction can be acid catalyzed in the 

acetone-n2o system9 and that the irrunediate exchange could be catalyzed 

by such volatile impurities as HC1 9 acetic. acid (0.01. ~D was. added and. 

the immediate exc...'l-).ange was carried out. It-~as found that in the samples 

of chlorofonn in 1vhic.'fJ. the im.'llediate exchange reaction would not take 

,.. 

... 
...... 
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place~ the reaction proceeded normally (maximum half life of 30 minutes) 

.lvhen acetic acid was added. 

22 
Tnusp .it seems that not only can the results of Rapoport and 

·. Katz21 be ~ttributed to acid catalysis, but that the immediate exchange 

found in this laboratory is also a consequence of acid catalysis. Both 

Rapoport and Katz state that their exc...~ange reaction vessels and solvents 

had been carefully purged wit..1. nitrogen~ so that it is reasonable that 

their rates of reaction ivould be slow in comparison to the irrnnediate ex-

change~ but comparable to the vacuum line experiments. 

The conclusion of the study of the organic solvent exchange reactions 

is that acetone is the best solvent for the ex.traction and purification 

of the pigments P since the delta position does not exchange u.11der these 

conditions. It should also be noted that there was no rate enhancement 

due .. to light •. 

Biological Experiments 

With the knmvledge that the delta position would not re-excha11ge 

. during the isolation procedure of the biological experLments~ the pro-

posed work was started. During the course of the experiments" Katz et aL 27 

published results for the proposed biological experiments. Their findings 

. shmv that there is no delta incorporation and no evidence of incorporation 

in the reduced pyrrole ring in the 7p8 positionsp although these signals 

would be very broad a1·1d d~fficult to detect. Their work went one step 

further than our pla1'1s: they did the reverse experiment using completely 

deuterated Chlorella and ,Photosynthesizing in H2o. In this mar~'1er 9 

detection of exchangeable hydrogen should.be easier because the remainder 

of the hydrogen atoms do not appear in the spectrum. 

:;::.--::-;-:" ... ;;:;::~.-- -.. , . ..--........... ~.,-. ··-·~--- .... ~-... ~ .. ·-····--·--··· 
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There is no evidence concerning the 10 position, because this 

proton would re~exchai"J.ge during their purification procedure. Katz 

completely purified the pigments in order to take the spectrum9 al

though this would not be n.ecessarf. A spectrum of t}:le algal extract 
-

shm'ls the delta position clearly; the 10 position is not identifiable» 

being hidden under a number of other signals from extractable material. 

Because of the. difficulty in evaluating the role of the 10 position 

in photosynthesis usinghydrogen isotope tracersp the next chapter will 

consider the role of the 10 position using oxygen isotope tracers in 

conjunction with the. enolization of the beta-ketoester. 

l, 
·'· 

.· 

1/ 
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. CHAPTER III. OA'"YGEN 18 EXCHAl'JGE REACfiONS: 

. * ALDEHYDES KETONES. At'm Q·ILOROPHYLLS 
' ' 

This investigation of the exchange reactions of aldehydes and 

ketones with o18 enriched \vater has been undertaken in order to be 

able to examine the participation of chlorophyll carbonyl groups as 

chemical . .intennediates in the oxidation of water during photosynthesis. 

Photosyntheticmechanisms~ presented inChapter !p have been proposed 

by' Calvin9 and Franc:k8 in which the separation .of oxidant and reduc

t~t, required for oxygen evolution and carbon dioxide fixation 9 is a 

photocatalytical chlorophyll reaction. Essential to these mechanisms 
'·, 

are the ability of a chlorophyll carbonyl group to undergo hydration~ 

and the enolization of the 10 position. The present work evaluates 

the exchange abi}ity of chlorophyll in comparison with simple ketones 9 · 

aldehydes, and beta-ketoesters •. 

Yne literature on the o18 exchange reactions of carbonyl functions 

indicates that aldehydes exchange very rapidly in comparison to ketones. 

Acetaldehyde exchanges completely at room temperature in neutral solu

tion within 24 hours~ 28 while acetone exchange is incomplete after 24 . 
29 . 

hours at 100°. A comprehensive sur~ey of the literature by Samuel 
'• 

and S:i.lver30 gives exchange rates in various solvents 9 acidic and basic~. 

for acetone 9 acetaldehyde~ acetoacetate, para-substituted benzophenones 9 

methyl cyclohexanones, ru1d substituted benzaldehydes. 
' 

. 
1
:The contents of this chapter appear elsewhere: Marianne Bym and 

· Melvin Calvin 9 J. Am. Chern.; Soc. §!9 1916 (1966). 



-22-

(+) I C-) 
H - x• o ·c· .:.·o·. ·H·. ·A 

I 
(1) 

·. +~I ~0- fast I 
H - X - C - 0 - H A ;;;:=====~~ H+ + A + X - C - OH 

I I 

General base catalysis involves the concerted removal of a proton from the 

attacking reagentp to facilitate attack at the carbonyl groupp as shown in 

Equation 2. 

(2) 

In the back reactionsP the roles of the acid and base catalysts are reversed 9 

thus completing the o18 exchange. 35 

Exoedmental 

Tetrahydrofuran (TI-IF), which is freshly distilled from lithium 

aluminu~1ydride» was found to be the only suitable solvent for ·the hydro-

chloric acid catalyzed exchange reactions. It is miscible \vith water~ 

transparent in the infrared from 1500-1800 cm-1
P and dissolves chloro

phyll, chlorophyll derivatives~ ketones~ aldehydes and beta-ketoesters. 

Piperidine \vas. used as th.e sol vent and catalyst for the basic reactions. 

Pyridine was w~e only other basic solvent examined which did not possess 

' . 

ll 
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.interfering.absorption in the infraredp but it was not even strong 

enough .a. base. to catalyze the exchange rea~tion for acetone. In all 

cases, 10 Jll or .• 01 g of the substrate,.and 10 Jll of 60.7% n2o
18 

(analysis.by Weizmann Ins.titute) '\.vere used. A high deuterium content 

-water was.used because normalized water absorbs in the infrared at 

1650 cm-le . A control sample using n2o
16 1-vas run for each compotmdv 

to ensure that spectral changes were not due to chemical change or 

deuterium exchange. The molar excess of o18 in the water over ex

changeable o16 was of the order of 25- to 50-fold for the ketones, 

·.and 100-fqld for the aldehydes. For the ketones~ 50 Jll of TIIF or 

piperidine were used, whereas the aldehydes were less soluble and re-

quired 150 Jll of solvent. 

Infrared cells (0.025 mm path length} with IR-tran windmvs were 

used as'the'reaction vessels, since these windows are resistant to 

aqueous solutions, both acidic and basic. This enabled the exchange 
~ .. ' 

to be,followed usingaBeckman.IR-7 spectrometer as the reaction pro-
• ' ' ' • j. 

ceeded at room:temperature. The first few minutes of reaction time 

are spen~ in order to fill the cell and obtain.the first spectrum~ 

thus making it impossible to obtain a "zero time" reading. Because 

as much as 5 min may have elapsedp in several instances the reaction 

was complete by the time the first spectrum was obtained. In such 

cases~ the designation in the following tabl'es is for an immediate 

reaction (Imin.). For the remainder of the cases the time is stated 

·for the earliest spectrum which shows no subsequent change in the car

. bony! bands, this.· .being the time required for the substrate and o18 

enriched lv(lter to have come to equilibrium within the sensitivity of 

the observations •. The type of spectra obtained is illustrated in 

' .> 
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.. Fi~re III-2, depicting a mixture of benzaldehyde in ~001 N HCl L~ TI~F. 
J . 

The exchange time of 20 1nin is in the optimum range for observational 

accuracy using this teclmique. As the exchange times become longer t 

they are more difficult to determine because the kinetics are exponen

tial in o16 remaining in the carbonyl and o18 being incorporatedp and 

as the end point is approached the spectroscopic changes become very 

. · . smalle · If the exchange time is greater than an hour, spectra tru<en 

every 10-15 min show little change after the first fewobservations. 

,.''• 

High temperature exch&~ge reactions were accomplished in sealed 

tubes in an oil bath. • At the completion of the reaction, the solutions 

were evaporated a~d the materials purified using thin layer chromate-

graphy. 

Using this infrared techniqueP .it is impossible to determine the 

exact extent of incorporation; the molar extinction coefficient for 

the heavy isotope band has been shmvn in previous research not to be 

the same as for the o16 carbonyl band 9 and the extinction coefficients 

d .. bl 32- 34 A h . f h ak . . d. are· not· pre 1.cta · e. roug · companson o t e pe s1zes m J.-

cates the exchange approaches 100% of the ·theoretically possible o18 . 

incorporation, but in some cases the equilibrium appears to be at about 

-'-60-80% exchange.; This could be a solvent effect on the extinction co

efficiente However a the extent of incorporation of o18 in several of 

the compounds was determined using low voltage. on the CEC Mass Spectro

meter 21-130~ • Ten vl of cyclopentanoneP cyclohexanoneD and benzaldehyde 

were respectively mixed in 100 11l of acidic TI-IF and 10 vl' of D2o
18

'p . and 

allowed to stand. until completion of the exchangee Fifty vl 1vere used 

· for an IR spec~r...li11~ and .50 11l were taken for a mass spectrum. The 

tetrahydrofuran had to be evaporated in order not to drmvn. out the car-
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BENZALDEHYDE IN .001 N HCI IN THF AFTER 20 MIN . 
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Figure III-2. Benzaldehyde in .001 N HCl in THF after 20 min • 
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bonyl compotmd mass spectrum. From the ratio of the peak heightsp 

the extent of o18 incorporation was determined: 

(M+2) 100 
M + U·1+2f 

The limit of detection of C=o18 by infrared was evaluated by 

preparing benzaldehyde samples using successively smaller amounts 

of ol8 and determining the extent of incorporation by mass spectro

scopy. It was found that a 2% o18 incorporation is barely detectable 

above t~e noise level, assuming the spectrum is intense and the lo

cation of the isotope absorption is known. For less ideal conditions, 

5-10% .. incorporation can easily be detected. 

The assignments for the bands of the beta-ketoesters were taken 

from the work by Rhoades et a1. 36 The simple ketones and aldehydes 

showed single bands in the carbonyl region, and presented no diffi

culty. Cyclopentan:one is an exception to this fact in some aqueous 

·solvent systemsp .in which case t1-ro peaks are fotmd. Two peaks are also 

fotmd for several othe.r .. compotmds 9 as noted on the tables. The infra

red spectrum of chlorophyll l1as been recently studied by Anderson24 and 

Katz, 37 and their assignments are in agree~cnt. The carbonyl region is 

clear in polar: solvents, and allows for relatively easy analysis· of an 

isotope shift of 30 cm-1• 

The kotoncsp aldehydes and betaMketoesters were obtained from 

commercial sources and used without further purification. The chloro

phylls were prepared by the metl1od of Calvin and Anderson. 23 The Pyre 

compounds were prepared.by the method of Pennington et al.P 38 although 

. a single homogeneous product was not obtained as their procedure stated. 

Separation from starting materials using thin layer chromatography 
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·yielded the pu~e products possessing the correct spectral propertiese 

t. •. 
Results and. Discussion 

.. 
' . ' An unfortunate limitation in detennining exchange time with this 

infrared technique is the very small range (5 to 60 min) which can be 

determined with appreciable accuracy~ thus making it necessary to change 

ac,id concentrations in order to bring the exchange t:i.me into a measurable 

regione 

Since the C=ol8 molar extinction coefficient is not known, nor is 

the equilibrium constant for the exchange kno'Wil~ I was unable to deter

mine the absolute kinetic constants for each compound as would have been 
I 

·desirable in order to compare reactions of diffe:rent:.compotmds at various 

acid concentrations. Presumably the rate law in acid might be expected 

to obey the relation ~~16 = _ k [H+] [ol6] • For t.wu compounds~ 

·. :indanone and anthraldehyde ~ the acid concentration .was varied in an 

empirical fashion, keeping the exchange times within the. region mentioned . 

above; and then expressing the apparent time for equilibrium as some func

tion of the hydrogen ion. concentration. The equilibrium time observation 

appears to have been made in such a marmer as to give the empirical rela

tion shown in Figure III-3. This was used to determine relative exchange 

rates when necessary. 

'Aldehydes 

The :results of the acid catalyzed reactions of a series of aldehydes 

are sumnarized in Table III-1. For the series of aromatic aldehydes which 

exchange in 0.001 N HCl, t.he results are consistent with.the mechanism 

discussed earlier. The effect of the protonation of the oxygen is to 

increase the electrophilicity of the carbonyl carbon and make it more 
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Figure III-3. Exchange time versus acid concentration for indanone 

and anthraldehyde. 
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TABLE IIIol 

Acid Catalyzed Exchm1ge Reactions of Aldehydes in Tetrahydrofuran 

Empirical 
Concn of Time, ------ v, cm- 1 ---.. resonance 

Compound HCI,N min C=Q18 C=()13 energy 

Acetaldehyd~ CHaCHO 0.001 Imm 1720 1692 .0 

Benzaldehyde.& 
00 

0.001 20 1703 1675 36.0 

2-Naphthaldehyde 
WCHO 

0.001 25 1697 1668 61.0 

1-"Naphthaldebyde CHO 0.001 35 1692 1664 61.0 

c6 l 
N 
l.O 
I 

9-AnthraldeQjde CHO 0.001 45 1676 1650 83.5. 

OCo 
9-Phenanthraldehyde CHO 0.001 55 1691 1661 91.3 

d=b 
3-IndoJe aldeb-jde WCHO 

0.005 20 1667 1641 

Chlorophyll b< 0.005 20 1665 1637 

Pheopeytin b"' 0.005 20 1663 1636 

a Decomposes rapidly. b 41% 01a determined by mass spectroscopy. • Purification of C=018 compound on mannitol tlc us~ng 2% 
methanol in isooctane.. d Purification of C=Qls compound on mannitol tlc using 13% acetone in isooctane. Frequently, a constderable 
amount of the labeling was lost during purification. 
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reactive tOi\rard addition reactions. Opposing this increased electro

philicity is the effect of the extensive aromatic system~· ivhich acts 

as an electron donor to delocalize the positive charge on the carbonyl 

carbon$ and hence, reduce the reactivity of the group in addition 

reactions, as sho·h1i1. :in the .follo·wing resonance fonn: 

j)H .oc-H 
This ability of an aromatic system to delocalize charge can be measured 

as the empirical resonance energy ,39 which is directly related to the 

I~O delocalization energy and corresponds to the resonance hybridD40 

For the exchange reactions of these aromatic aldehydes, a good corre-

· lation exists between the empirical resonance energy, the time of the 

exchange reaction$ and the frequency of the carbonyl absorption, both 

for C=ol6 as.1d C=ol8 (see Fig. I II -4). The relationship between the 

. frequency of absorption and the rate of reaction is a reflection of the 

well knm~n effect of conjugation on carbonyl stretching frequencies. 

The three remaining heterocyclic aldehydes~ indolealdehyde$ chloro

phyll b and pheophytin b~ have identical exchange times. For indole= 

aldehyde this exchange ti..11e: wrJ.ch is three times slower than benzalde .... -

hydep is not caused by the aromatic rh1g since it is not directly 

conjugated with the carbonyl group. The slow rate can be attributed to 

a very stable resonance form involving the nitrogen atom, which '"uuld 

. inhibit carbonyl addition reactions. 
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Relation of equilibrium exchange time to the aromatic 

hydrocarbon empirical resonance energy and stretching 

frequency for aromatic aldehydes. 
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·The same type of resonwt.ce structure can be drmvn for both chloro-

·phyll b and pheophytin ba However, suc;::h contributors are much less stable 

than the one for ihdolealdehyde because of the electrostatic repulsion of 

the chelated magnesium and the positively charged nitrogen. With indolealde-

hyde the hydrogen C8.!"'1 be easily removed from the positively charged nitrogen, 

while this is not true of u~e magnesium. It follows then· that the hydrogens 

which replace the magnesium in pheophytin b must also be unable to freely 

leave the heterocyclic nucleus since the exw~ange times for the two compounds 
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are identicaL Thus the slow exchange time for chlorophyll b and pheo

.. phytirt b is due to the extensive chlorin aromatic system, Hhereas indole 

aldehyde exchange is inhibited by the presence of the nitrogen atom. 

Base catalyzed aldehyde exchange reactions .were attempted using 

.. t'vo different solvents~ pyridine and piperidine. Pyridine was not suf-
. . 

ficiently.basic to cat(llyze the reactions at a rate which can be detected 

using the infrared technique. Piperidine was f9und to be so strongly 

basic that it formed an addition product, removing the carbonyl absorp-

. · tion bande InorganiC hydroxides were not ·used because they are knovm to 

allomerize chlorophyll 0 

·Ketones 

The results of a series of base catalyzed ketone exchange reactions 

and several beta-ketoester exchange reactions are summarized in Table III-2. 

There are no direct correlations between the exchange times~ the stretching 

. frequencies, or any other readily measurable quantity. Cook41 has found a 

relationship between the XX!C=O bond angle, the ionization potential and 

the carbonyl stretching frequency; but these·relationships cannot be 

extended to encompass the exchange times. Hmvever, these results can be 

qualitatively analyzed accordli1g to the mechanism presented above, on the 

basis of both electronic and steric considerations. 

Acetone has the fastest exchange time, hav:i?g neither steric inter

ference nor electron donating groups to reduce the. electrophllicity of 

the carbonyl carbon. Nmhydr:in (1;2,3-triketohydrindene) is also 

' ·. 'extremely rapid, as could be expected with the electron withdrawing 
·~· . ' . ' 

effects of the opposed keto groups and the lack of any steric interference. 

The series cyclohexanone,.cyclobutanone, cyclopentanone can be 

.. - -- --~-,.·-·---.-~----· 
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TABLE iii -2 

Base Catalyzed Exchange Reactions of Ketones· in Piperidine 

~----v, cm- 1 

Compound Time C=()l~ C=()IO 

Acetone ~ 
CHa-C-cHJ Imm 1708 1678 

Ninhydrin '*0 Imm 1714" 1692 
1739 

.0 

Cyclohexanone 6 10 min 1707 1978 

Cyclobutanone c(o 10min 1780 
\ 1747 

I 
0 vl 

Cyclopentenone 0 15 min 1739 
+>-

1708 I 

0 
Cyclopentanone 0 1 hr 1735 1702 

0 

Fluorenone 1 hr 1716 1685 cCo· .# 

Indanone oJ 3. 5 hr 1713 1683 

Ethyl acetoacetate 0 0 
10 min 1711 1684 II II 

CH3-C-cH.-C-o-Et 

Carbcthoxycyclopentanoneb 
0 0 

1735 6-11 . ... 
C-OEt 

'.~· 

" Two carbonyl frequencies are observed for ninhydrin, as they often are for anhydrides. b The ester carbonyl and keto carbonyl stretching~ 
frequencies are both in the same region and overlap; therefore, it is impossible to determine a rate for the reaction. ·' 

t i ·" ~-
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evaluated by conside:rin.g the amount of ring strain which is lost when 

~e sp2 carbonyl bond is hydrated to form an sp3 tetrahedral carbon in 

the intennediate, · 

·, 
' C=O 
/ 

HzO '- /OH 
-~-~ c . 

/ 'oH 

. ·The angles are 117° ~ 94 o, and 108° respectively, for the carbonyl bond~ 

whereas' the. bond formed for the hydrate is 110°. Thus~ cyclopentanone . 

is the slowest because it loses the least amotmt of ring strain. The 

. •. relationship between acetone, cyclohexanone 9 and cyclopentanone can be 

· seen in other carbonyl addition reactions such as semicarbazone forma-

• tion.35 Additional views are those of Price and I-Iammett42 who note the 

increased reactivity of cyclohexanone compared to acetone as almost 

· entirely due to a lower .heat of activation. Brmvn, Fletcher, and 

Johannessen43 have pointed out that a cyclohexane rl?g in \-.rhich all of 
. . . . : - . 

the carbon atoms are tetrahedral may exist in the particularly stable 

chair form, in which all of the valences are staggered, but that \vhen 

one of the· carbon atoms is trigonal, as in cyclohexanone, this stable 
. . . I 

configuration .is i~possible. Since the rate~controlling step involves 

. the transformation of a trigonal carbon atom to a tetrahedral configura

tion, the reaction occurs particularly easily \vith cyclohexanone. In 

· · the case of cyclopentanone, the valences are more easily staggered in 

the ketone than in the reactive intennediate, and a decrease in reactivity 

is observed. 

In the remaind~rof the compounds, cyclopentenone, fluorenone~ and 

indanone, the ring. strain. is approximately ,the same since cyclopentanone 

rings are the ftmdamental units involved. The exchange times can be con

. sidered on .the· basis of the ntnnber of hydrogens which are eclipsed in the 
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intennediate and', the effect of aromatic rings in reducing the electro-

. philici ty of the carbonyl carbon. Cyclopentenone is faster than 

cyclopentanonep although a decrease in reactivity could be expected 

from the additional unsaturated bond of cyclopentenone. However, the 

unsaturated compound has one less hydrogen to sterically interfere in 

the intermediate hydrate. 

HO')<"OH 

u 
Another example of the predominance of steric interference over elec

tronic inhibition is the difference in exchange times between indanone 

and fluorenone. Fluorenone, lvith t\vo aromatic rings adjacent to the 

cyclopentanone ring~ is 3.5 times faster than indanone~ which has one 

adjacent aromatic ring, but two hydrogens 1vhich interfere. 

· The results of the acid catalyzed exchange reactions· of ketones 

_ and several beta-ketoesters are summarized in Table III~3. It is 

·immediately obVious that the sequen<:=e of compounds from' the fastest to 

the slowest r·acid catalyzed reaction is quite different from th~ base 

. catalyzed reactions. 'fnis reversal of order on going from acid to 

base catalysis 'tvas also noted by Menon44 when studying· p-substituted 

benzophenones. 

Tne inversion of cyclobutanone and cyclopentanone can be explained 

on the basis of the basicities of the ketones. ~e pKBH+ for cyclo

hexanoneD acetone~ cyclopentanone and cyclobutanone are -6.8, -7.2, 

~7.Sp and -9.5 respectively. 45 1he rate of exchange correlates ivith 

;; 
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TABLE III-3 

Acid Catalyzed Exchange Reactions of Ketonesin Tetrahydrofuran - . 

Concn of v,cm- 1 Relative 
0Jr.'1i.)·:mnd HCl,N Time C=()l8 ~18 rates 

---·~··---

Cydd.1c.x.anone• 6 0.001 Imm 1705 1682 <0.3 

Acetone 
~ 0.001 Imm 1710 1680 cn,-c-cn3 <0.3 
0 

Cyclopentanonec Q, 0.005 10 min 1745ci 1706 1 
1728 

Cyclobutanone• cfo 0.01 Imm 1782 1749 1.2 

Ninhydrin ~ 0.01 1.5hr "173Qa 1704 11 
1757 

I 
vl 
-....] 

1 
0 

Cyclopentenone 0 0.1 10 min 1664/J 1647 12 
1703 1682 

Indanone . o) 0.1 15 min 1713 168{? 19 

0 

Fluorenone4 c6o 0.01 2.5 hr 1719 1686 >76 
~ 

0 0 

Ethyl acetoacetate 
II II 0.005 20min 1719 1688 CH,-c-cn,-c-o Et 

Carbethoxy- 61" 0.1 Imm 1750 
cyclopenmnoneb 

-QEt 

a Shows two ketone peaks in some solvents. b The keto peak of carbethoxycyclopentanone is a shoulder of the larger ester carbonyl 
peak, making it difficult to follow the exchange. The reaction time was determined from the disappearance of the 0 16 shoulder. •46% 

• . ..--· 0 18 determined by mass spectroscopy. d 65°; at room temperature in acid concentration of 1 Nsome exchange takes place immediately, 
but the spectrum is very broad and difficult to interpret. • Decomposes rapidly. 
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·the increasing basicity of the ketones; the least basic~ cyclobuta

none, is least stable in the hydrated form and thus has the slowest 

exchange rate. 
. •.: 

Campbell and Edward45 showed that the basicity of cyclic ketones 

. paralleled changes in stretching frequency; this correlation can be 

made 1vith exchange rates for the first. four compounds 9 although for 

the remainder of the compounds there is no relationship between 

·· stretching frequency, exchange rates 9 and basicity. 

Ninhydrin is quite slmv 9 and could be compared in basicity to a 

diketone. For diketones» basicity decreases as n decreases 

.r:, .... 

and when n=Os basicity is less than typical ketones--that is, the.form: 

.· .. 42 
is very unlikely. Since ninhydrin has· three consecutive.keto groups 

(2-hydrate), it follows that the reaction rate should be slower than 

the simple ketones. The fact that ninhydrin is faster than indanone 

reflects the electron withdrawing effect of the additional keto group 

to increase the reactivity of the. opposed carbonyl group. 

For the remainder of the acid catalyzed ketone exchange reactions, 

the balance between electronic and steric effects are the reverse of 

those for the base catalyzed reactions. Cyclopentenone is considerably 

slower than cyclopentanone and refle.cts the importance of the addi

tional unsaturated bond and the relative unimportance of the steric 
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.. effects of the additional hydrogen. [Dahn46 found the rate of choles-
. . 3 
tanone (cyclohexanone) to be 10 times faster than cholestenone (2-

cyclohexenone}, which again demonstrates the effect of one alpha-beta" 

unsaturated bond.]· Another inst~~ce of the predominant effect of elec-

tron donating ftmctions is the very slow fluorenone exchange ti.llle 

relative to indanone. The aromatic ring hinders the reaction more 

than the additional hydrogens on the indanone moiety. This predominate 

· effect of electron. donating aromatic rings over sterically interfering 

hydrogen atoms in the acid catalyzed reactions is reasonable, since the 

stability of.the.conjugate acid towards the formation of the hydrate 

. _will. be dependent on the electronic effects. 

Beta-ketoesters 

Cohn and Urey29 showed that the exchange reaction of acetone does 

not follm.,r the oath of enolization, but is faster than enolization. 
. ... -.. . 

The enol form is not subject to electrophilic attack and would decrease 

the rate of exchange. This is demonstrated with both ethylacetoacetate 

and carboethoxycyclopentanone 9 which are considerably slower than 

acetone and cyclopentanone. 

Biological model c9~ounds 

Table III-4 summarizes the exchange reactions that \<!ere attempted 

with chlorophyll and c.."'llorophyll derivatives. 

.. The exchange reactions that were attempted with chlorophyll a and 

. chlorophyll derivatives generally were unsuccessful. The pigments are 

unstable in basic solution and the magnesium is removed in acid solution. 

However,. those compounds for which there were stable exchange conditions 

were quite resistant to hydration and exchange. The reactions were 

carried out under much more vigorous conditions than the model cornpoundss 
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TABLE III-4 

. Exchange Reactions of Biological Model Compounds 

Compound 

Chlorophyll ~ 

Pyrochlorophyll ! 

Pheophorbide ! 

Pyropheophorbide ~ 

: ' ~ · .... 

·. : 

.• '>'. 

Acid 

Pheophytinization in HCl. 

No incorporation in 10% 

HOAC, 66 hr. 

Pheophytinization 

No incorporation in .·1 N · 

HCl in TIIF; 1 day at 65~ . 

Incorporation in .01 N 

HCl in TI1F; 1 day at 65°. 

Base 

Decomposition 

No incorporation 

in piperidine 

1 day; 65° 

Decomposition 

·Decomposition 

·~ . ' 
•'' 
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using temperature·s.,of 65°. For the acid exchange reactions it appears 

._that the large aromatic ring of the porphyrin nucleus has considerably 

-decreased the reactivity of the c9 carbonyl beyond that of any of the 

model compounds. The· large difference in rate of hydration bet\veen 

chlorophyll'~ and carboethoxycyclopentanone is further evidence that . 

cyclic beta-ketoesters are extremely poor models for the ring V struc

ture. This disparity has been noted previously in the keto-enol equili-

br1·um. 37 ' 47 .;.., the rate f h f th h d · th 10 ·t· 19 • ~~ o exc ange o e y rogen 1n e pos1 1onp 

in the inversion of the infrared stretching frequencies for the carbonyl 

functions 9
36

e
48 arid in the difference in solvent effects. 37 

From the results of the ketone exchange reactions in basic solution, 

it was expected that the sin~le ketone derivative of chlorophyll ap 
' '-

· pyrochlorophyll ~ would show some exchange reaction under these strong 

conditions. Steric hindrance of the two c10 ·hydrogens is no greater 

than for indanone, although the electronic effects are considerably 

greater. Nevertheless, there is no_ obvious reason for such complete -· 

lack of reactivity of the carbonyl group. It is, however 9' clear that 

the isocyclic carbonyl oxygen atom would be stable to exc~ange during 

the course of any nonnal isolation procedure from the biological material.. 

' ... ,' 

\'I' 
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o-IAPTER IV. OXYGEN 18 EXPERIJ\1EJ\1TS WITH G-ILORELlA 

.This report is conc~med with a series of in vivo experiments in 

Hhich th~ green algae Chlorella J2Yrenoidosa is allmved to photosyn

thesize in oxygen 18 enriu~ed water in a Warburg apparatus such that 

oxygen evolution can b~ measured~ the gas analyzed for o18
P and then 

the chlorophyll extracted from the algae and also analyzed for oxygen 

18 content. Extensive work on the exchangeability of the carbonyl 

functions of chlorophyll put forth evidence to shmv that during the 

extraction procedures to be· presented here there will be no re-exchange 

of any oxygen 18 which may be incorporated. 

iviethods of Analysis 

The methods of analysis reviewed previously in Chapter III indi

cated that the 30 cm-l isotope shift in the infrared for oxygen 18 

·. · lab~ led . carbonyl functions t..;as the most sui table technique for .the 

model compolli~d study. Hm-.rever e it tV'as thought that a second method P 

which was sensitive to small amount~ of iso.top.e .. and .. vV'hich .. \vas quanti

tative9 would be more valuable for the biological experiments in 

which it is necessary to know absolute amounts of incorporation. 

For the model compound experiments, the infrared technique was satis~ 

. factory because the o18 enrichme~t was very high ("'50%) and quanti

tative results v'lere not necessary; although, in severa~ cases where it 

was feasible 9 results that could be examined with mass spectroscopy 

were analyzed and follild to be in agreement with an infrared estimation 
. . 18 

of the amount of incorporation. . Assuming the C = 0 molar extinction 

- .. : ' ·~ ~ .. .· . '·. ' : . 
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coefficient is the same as that for C = 016 ~ it ',ITaS found that the 

compounds were labeled to nearly the same extent as the water. 

Mass spectroscopy was also tried with chlorophyll b which had 

been labeled in the c2 aldehyde position. It was assumed, on the 

basis of the previous model compound \vork, that chlorophyll £. would 

also label to the same extent as the 1vater; thus P chlorophyll .!2, 

labeled in· the aldehyde position with 95%, 50%, 10% and 5% oxygen 18 

enriched water were examined in the infrared and found to contain 

approximately that amount of oxygen 18. These labeled compounds 

were then analyzed .. by various mass spectroscopic techniques. 

Several attempts were carried out to make a direct analysis of 

the chlorophylls in the high resolution fust-rumeiit 1·.ri th a direct inlet 

* system. However, the results were useless. As other investigators 

had found P 
49 , 50 an interpretable spectrum cannot be obtained \ITi th 

the means available. Thus it was necessary to attempt several pyroly

sis techniques convertL"lg chlorophyll to co2, which can be readily 

analyzed. 

For the purpose of chlorophyll analysis, pyrolysis introduces 

·an inherent limitation» because chlorophyll !: contains 5 o)cygen atoms,_. 

. and chlorophyll b contains 6 oxygen atoms; thus, you cannot specify 

the position of the incorporationp as in infrared, and there is a 

· large dilution factor which considerably reduces an ability to analyze 

. extremely small amounts of incorporation. That is 9 if there is 0.5 

·atom% incorporation in one. carbonyl function, the co
2 

which is ana

lyzed will have only an' incorporation of 0.083 atom% in excess of 

* . Analyses attempted by A. Burlingame in the Space Sciences Laboratory. 

i 

I 
j 

I 
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the natural abundance of .204%. Thus~ this method begins with an 

important limitation in case the incorporation is small. This be

comes a:significant problem because in the proposal of the photosyn

thetic unit15 »16 it has been postulated that only one of every two 

hundred chlorophyll molecules participates as an.active site. In 

this case, the .. maximum GL"l10W1t of incorporation to be expected would be 

0.5 atom% if.the experiments were carried ou~ in pure H2o
18• Despite 

these initial limitationsg a series of an~lyses were completed. 

Generalmethods for the analysis of organic and. inorganic com'"' 

pounds include those of Rittenberg and Ponticorvo 9
51 and Anbar and 

Guttman. 52 The procedure of Rittenberg and Ponticorvo requires that 

the 'sample be pyrolyzed for several hours at 400°C in a sealed tube 

containing mercuric chloride. The tube is then· opened on the vacuum 

line and the hydrogen chloride is removed by distilling the gas mix

ture through a column of 5 96-dibenzoquinoline into another tube immersed 

in liquid nitrogen. This tube is sealed and.~hen opened on the mass 

spec inlet systemo Anbar and Guttman used the additional reagent 

·mercuric cyanide· (which is necessary as a carbon source when water is 

analyzed) and instead of the quinoline colurnnD the gas mixture was 

distilled into a tube containing a zinc-mercury amalgum. TI1is tube 

is sealed and .then heated at 200°C for n~o hours •. The contents ·are-.· 

then analyzed on the mass spec. Variations of these general methods 

were also carried out by changing the source of reagentsp amounts of 

. reagent$. and sample size." It was also possible to eliminate the vacuum 

line step in which the HCl is removed from the pyrolyzed gases by 

.opening the sealed ampoule 1n a glass tube containing silver sulfate 

which is attach.ed to the mass spectrometer. This not only saves time 
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but also reduces the possible loss of sample in the vacuum line tran-

sfer. It appears to be equally as reliable as the other methods P as 

seen fromwater analyses. In general, there was no improvement in 

the results with any particular method. The results for chlorophyll b 

were routinely 60 to 30% low and the scatter __ was extremely large. The 

best results obtained are illustrated in Figure IV-1 for t\V'O series of 

analyses in which various chlorophyll £. sarnple sizes were used. The 

methods for the two series are slightly different; one is t.,rith HgC12 
and the other is with HgC12 + HgCN2• It was concluded~ after 30-40 

samples had been analyzed, that these pyrolysis techniques were not 

applicable to chlorophyll analysis. Similar difficulties have been 

encountered with·ph~nol53·and ...;ith quinones, such as vitamin K. 54 

For some unknown reason. ~ll~se few. compounds do not show accurate·· re- : 

sults 1.,rhen analyzed by pyrolysis. The oxygen 18 content of vitamin K 

was finally determined by cracking and analysis of the CO released. 

: . . However~ this is impossible 1.-vith chlorophyll because the large amoi.mt 

of nitrogen interferes with the .carbon monoxide peak. 

The unsuccessful attempt at a quantitative analysis through mass 

spectroscopy necessitated improvement in the detection of oxygen 18 

via infraredp at least an improvement .in sensitivity, even though the 

. method could not be quantitative. This was first attempted by taking 

the difference spectra between labeled and unlabeled chlorophyll b 

with variable. path length cells •. This \V'as unsuccessful because the 

cells do not hold organic solvents for a sufficient period of time 

(10-15 minutes are needed). A more sensitive analysis was accomplished 

by using a Beckman IR-9, which has a scale. expansion unit (the intnnnent 

belongi:q.g to Dick Diamond, LRL, Bldg. 70) rather than the Beckman IR-7. 
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Figure IV-1. , Pyrolysis of chlorophyll b rno18 and mass speco analysis 

vs. sample size. 

o, HgClz; s ~ HgClz + ~rgCN2 ~ o 
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This scale expansion unit allows any pa-r:t of the absorbance spectrum 

to be expanded approximately ten-fold. i.Yi th this attachment to the 

infrared, it became possible to detect as little as 1/2% oxygen 18 in. 

a peak at 1635 cm-1, which is the area where the C = o18 stretching 

. frequency of chlorophyll.~ would be expected (see Figure IV-2). Since 

it was never possible to label chlorophyll~ in the carbonyl group·of 

the isocyclic ring, ·a test of the limit of detection of o18 ivas carried 

out using a mixture of chlorophylls. ~ and b. The aldehyde function of 

chlorophyll b absorbs at 1635 cm-1, which is where the C = o18 of chloro

phyll ! would be expected. . In Figure IV-2 ~ the peak at 1635 em -l is 

1/2% of the peak of the chlorophyll ! isocyclic ring carbonyl. This 

· allows an approximate analysis of a very small amount of oxygen 18 and 

the position of incorporation, although an exact amount cannot be deter

' mined since the molar extinction coefficient cannot be determined. In 

the model compound study it was assumed that the extinction coefficient 

is the same for oxygen 16 and oxygen 18, although previoQ~ discussion 

has made it clear that this is not necessarily true. 
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fua?erimental 

. Warburg Procedure 

_ Three hundred. cc of the green alga~ Chlorella pyrenoidosa were 

taken from a tube in which they were grmm under low light intensity. 

The algae were centrifuged in_the International Centrifuge for 10 

minutes~ 1700 rpm, and then resuspended in 10 m1 of.bicarbonate 

. media5 (5 m1 0.1 MNa2co3 and 95 ml 0.1 ~NaHco3 ~ pH 8.7). This tube 

is: centrifuged for 10 minutes at 3000 rpm, yielding 1-1.2 ml packed 

cells. 

The algae are then resuspended in 5 ml of oxygen 18 enriched 

media. The media wa5 prepared 12 hours preceding the eXperiment ·by 

weighing out 2.6 mg Na2co3 and 40 mg NaHC03 into a senun bottle. To 

this is added 5 ml of oxygen enriched water for which the high deu-

terium content has been normalized to less than 0.1% D. The medium 

is pr:epared ahead of .time so that the carbonate may become labeled to 
I 

the same extent as the water~ such that if any oxygen 18 is incorporated 

in the chlorophyllp the amount of enrichment in_the water would not be 

diluted by a slow exchange 1-.,rith the carbonate of the medium. 

The ~lgae suspension is then quickly transferred to a specially 

designed Warburg flask, to which is attached an evacuated gas tube 
'· 't1. 

with a stopcock connectionp such that at the end of the experiment a ·· 

saiT1>lc of gas may be admitted to the evacuated tube, and this sample 

analyzed in the mass spectrometer to determine the amount of oxygen 18 

evolved during the experiment. The Warburg flask is round, with an 

. area: o£.63 on2 
8 such that the algal suspension, .which has a very high 

optical density, can be spread very thin .(0.1 on). The flask is 

• .• i' ~ ' 

.; 
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:allowed, to equilibrate in the 20°C water bath for 15 minutes until the 

manometer has reached an equilibrium value and the algae are respiring 

at a very slow rate. The lights are turned on to an intensity of 4p000 

footcandles and the algae allm.,red to photosynthesize for 45 minutes. 

Tne manometers are read every S minutes (see data in Figure IV-3). The 

lights are turned off, a s&~ple of the gas admitted to the evacuated 

tube, the manometers and flasks rapidly r.emov.ed. from. the. water bathD 

and. the algal suspension pipetted into a fre~ze-dry flask immersed in 

liquid nitrogen. This procedure takes approximately 2 minutes. Tne 

.flask is placed on a small freeze-dry apparatus attached to a high 

. vacuum line~ in order to recover the enriched water • 

· Pigment Extraction arid Purification 

The water .. free algae are then placed in a Vertis blender flask to 

.which is added S cc of finely powdered glass, S cc of glass microspheres · 

(210-297 microns) 9 and SO cc of acetone. The Vertis "4S" blender was 

.·operated at a ~peed of 20, sufficient to keep the algae and added 

material grinding for 1-1/2 hours. 

This procedure was the only method found suitable for extracting 

pigments from lyophilized cells. Chlorella pigments can be extracted 

by :lysing with organic solvents if water is presentD but the pigments 

are not !reed in non-aqueous solvents. The addition of water to the 

lyophilized cells was of only a little assistance in freeing the 

.pigments. 

The acetone solution of extracted pigments was filtered and eva

porated. . TI1e pigments were redissolved in 4 cc of acetone and 1 cc of 

water, applied to a powdered polyethylene colullU1, and purified according 

to the method of Calvin and Anderson. 23 The eluent containing the 
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figure IV-3. Evolution of oxygen during biological experiment with. 
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. chlorophylls 1s evaporated~ redissol~ed in 200 ~1 of acetone and 2 mls 

of isooctane (2 9 2 t 4-trimethyl pentane) , applied to a pm-vdered sugar 

. columnp·and the purification completed according to the above mentioned 

procedure. Very little. chlorophyll ivas obtained, and attempts at re-
.. 

crystallization proved that too much valuable pigment was lost. Thus, 

· the pigments lvere carefully water washed while in a.."l ether-acetone 

solutionp and the ether evaporated. A·'visible spectrum vms then taken 

. and the amount of pigment (ether: Chl ~ e:428 = 8 .x 104; Chl b e: 453 = 

15 x 104) was detennined by extinction coefficient. The pigment was 

dissolved. in freshly distilled tetra..~ydrofuran and the arnount of oxy

gen 18 incorporated was analyzed on the Beckman IR-9 in a 1.0 mm path

length barium floride cell •. ... 

··Oxygen· is Enriched Vvater Analysis 

Water analyses· follo~ed· the method of Anbar ··and·Gutt~cin. 52 Sample 

.tubes .. with a constricted .. neck 1-.rere made and dried at 200°G overnight to 

ensure: that.· alL. the. moisture was removed. A 10 ~1 sample· of lvater 9 100 mg 

mercuric cyanide and 100 mg mercuric chloride (lvhich had been sublimed 

and stored in a dessicator) were placed in an ampoule which·was ~va

cuated and sealed. · The se~led tube is heated for 2 hours at 400°C, arid 

then opened on a vacuum line and the volatile contents condensed by 
.· . . . 

cooling with liquid nit~ogen into a seco~d tube containing 2 grams of 

saturated zinc amalgum. After pun~ing off the-non-condensable gases, 
~~ ...... ~ ~-

the second tube is sealed and heated for 2 hours at 200°C. This treat-

ment removes impurities including HClt HCN and cyanogen, leaving purified 

co2 for analysis in the mass spectrometer. 

The zinc amalgum obtained from commerc.ial sources was, found to re

lease considerable quantities of co2 during the .procedure, and was not 

.• 
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. useful for these analyses. The zinc amalgum can be made by refluxing . 

mercury \'l~th zinc granules for approximately 12 hours~. A liquid paste 

111ill be formed and can be pipetted into the constricted tube. 

The atom % of oxygen 18 incorporated is calculated from the 

f 11 . t" . 56 o ow1ng equa 1ons: 

96 
to 5% A= (46) 

(44) 
(0.011 + !) B 

6 to 50% = A 
2.08 + 1.02 B.+ A 

B = ( 45) - • 011 
(44) 

D = (46) _ . [C45) (44)] 
(48) *

011 [C48) -.• on (48)] 

51 to 99% = 100 0-~1.925 +. ~98 E •+ D 

"""!-.. 9""'5-. -:-+...,E~' E--;+--:r-1-.. o~z:"""'r:"n) 

Analysis of·axygen 18.Mixture 

. (47) 

. E = (48). 
(46) 

• 011 ( 48) 

The 61.ange in gas pressure in the Warburg vessels· is ·measured with 

the micromanometer; these micromanometer.readings then can be converted 

iiito llmoles of oxygen released 9 after correction· for· changes· in the atmos-
' ' 

pheric_pressure measured according to· the. :thermobarometer flask. The 

·flaskvolumeswere measured according to the mercury method recorranended 

by TJmbriet~ a:nd.the flask constants calculated: 55 

Vg = volume ·of gas = 242.7 cc 

Vg' = 1238.6 cc 

Vf = volume of fluid. = 6 ml 

··Po· = Brodie's manometer fluid constant = 104 
_\ 
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T 

0.031 for 02 in Ringer's solution 

273°K 
2 __ Vg T + Vf (a) 

k . ~-~~--:......::.. 
· 0 Po 

I<c/ = (for algae flask) = 22.63-8 

.. 1-~2 
~'V = . (for thennobarometer) = 22.259 

J.Jmoles ox-ygen evolved = h (manometer reading) x ko 2 / 22. 4 

J.Jmoles oxygen evolved in algae flask = h x 1.01 . 

From these equations the amount of oxygen given off during the period 

of-photosynthesis can be calculated. Tne amount of the gas which contains 
\ 

oxygen 18 is determined from the mass spectru.rn, according to the following 

equations:(brackets designate the peak height of that mass number): 56 

concentrations up to SO atom % 

concentratl.ons of si to 99% 

(33) 
2 

= 100 • 2(36) + (35) + (34) -0.25 T32J 
--z . l32) + (33) + (34) + (35)-+ (36) 

= 
(35)

2 

100 • 2(36) + (35) + (34) .:.Q.25. T3DT 
. (:32) + (33) + (34) + (35) + (36) 

'These calculations ,will not directly lead to the amount cif o:x.')rgen' 18 re

leased by the algae. since the gas mixture which is analyzed contains · 

both the air in the flask before photosynthesis and. that oxygen ivhich is 

released. Thus, a dilution of the photosynthetic oxygen occurs which is 

accounted for in the following way. The total .gas. volume of the flask 

is known, and the.number of moles of oxygen evolved is calculated from 

·' the micromanometer data. Tne amount of oxygen in the total gas S?ffiple 
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analyzed is determined from the mass spectrum by simply taking the oxygen 

peaks as a percentage of the total spectrum. This can be done for the 

algae flask and the thermobarometer~ such that the values obtained for 

the thennobarometer gas mixture are assumed to be the values for the 
-

algae flask minus the photosynthetic oxygen. Thus 9 the amount, of oxygen 

in the flask before'photosynthesis can be calculatedD added to the total 

amount evolvedD and the atom percent oxygen 18 which is evolved can be 

caiculated: · 

18 l~mm. 18 
18 __ 0 _ (0 . evolved) + natural 0 abundance 

atom % 0 . (gas mixture) total 0 - 016 + al8 

' I 

Culture of Chlorella 

The. chlorella was grown in: modified Meyers medium57 at pH 5.3, with 

carbon dioxide constantly bubbled through.· The density \v-as controlled 

· at 0.6% v/v. 

Because a large amount of chlorophyll is required for the infrared 

analysis •. and. it was not desireable to increase. the volume of enriched 

.·.water for the algae suspension used in these experiments, it was neces

sary to increase _the chlorophyll. content of the Chlorella. It has been 

. shown that the plant compensates for a lm'/ light intensity by. generating 

more chlorophylL 58 Normally the Chlorella is cultured :in long cylin-

, drical. tubes illuminated .by fluorescent lamps. The lamps were removed 

one at a time~ the algae given an opportunity to adjust to the reduced 

. light ~ntensity, and th~n another lamp was removed. This process was 

· continued until the 01lorella would no longer respond to the reduced 

· ·light intensity and would not maintain· the usual turnover rate. of approxi

... mately 16 hours·. It was found that with 4 lamps the algae showed a good 

I 
I 
I 
I 

I 

J ,. 
I 
! 
' 
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turnover rate. The chlorophyll content was almost double that with 8 

lamps. The amount of chlorophyll extracted from 300 cc of culture 1vas 

sufficient for the infrared analysis. 

Results 

The results of'· the biological experiments using highly enriched 

water are summarized in Table IV-1. Numerous experiments were carried 

out l'lith non-enriched and slightly enriched \vaterD in order to. perfect 

the procedure. Since there lvas no significant difference in o2 evolu

tion, amount of chlorophyll extracted9 or gas analysis between the 

highly-enriched and slightly-enriched water experimentsp they are not 

reported in detail~ 

It is apparent, that suffi.cient water was oxidized f. such that 0 if 

the carbonyl functions participated in the water splitting reactionp 

they would.have become highly labeled. 

Tne infrared spectra in Figure IV-2 demonstrate that no oxygen is 

incorporated in the c9 carbonyl of chlorophyll a. · Both in the absence 

and presence of phosphate, the infrared spectra did not shovv any evidence: 

'for either chlorophyll !:_ or chlorophyll ~ involvement in the water 

splitting reaction or oxidative photophosphorylation. 

·'I 

_, 
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TABLE IV·l 

Results of o18 Biological Experiments 

1. . Cell pack, mls 

2. . ~2olS, atom % o18 

3. -KHP0
4

, 95 .atom % o18 

4. Total ~moles evolved 

So Gas Analysis: 

Algae flask: % 02 
Ato~· %' o18 

Thennobarometric % 02 

6. Total 1-1moles o2
18 

-07. llmoles.H2o
18 .oxidized 

8. Chlorophyll extracted: 

Chlorophyll ~ 

Chlorophyll £. 
9. moles of H2o

18 oxidized I 

moles of chlorophyll extracted 

II 

[H2ol8 + KHP0418] 

1.3 

59% 

None 

191 
· (see Fig. IV-3) · 

18.6 

7.4 

17.0 

147 

294 

17.7 mg 

15 

2.7 

14.8 

1.15 

47% 

0.02 M 

204 

18.9 

6.3 

17.2' 

125 

249 

-I 

14.4 mg 

12 

2.4 

15.5 

I 
I 

I 
I 
l 

·I 
I 
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rnAPTER V. TRITIUM STUDIES WI1H BAcrERIOQ-ILOROPHYLL 

In the previous chapters, evidence has been given for a lack of 

chlorophyll a participation as a hydrogen trai'lSfer (or a water splitting) 
I 

agente In these studiesc the chemical mechanism involved a reversible 

oxidation and reduction cyclep centered on. the 7,8 positions~ the delta 

hydrogen, the ring V c10 hydrogen,and the c9 carbonyl 9 and the c2 car

bonyl of chlorophyll b. 

In this· chapter~ the notion is introduced that the 39 4 positions 

, .of ring II are. photosynthetically importante If t11is is true p then in 

. the oxygen-producing green plants and algae, which contain the chlorin 

. type of pigments, it is possible that chlorophyll is reduced and then 

oxidized in the 39 4 positions. In. the anaerobic photosynthetic organ

isms, such as the purple bacteria, ~hich contain reduced chlorin pig

ments, the bacteriochlorophyll could be oxidized (see Figure V-1) and 

then reduced in the 3,4 positions as sho\in in the following scheme for 

··.a 2 hydrogen transfer: 

hv _ _..;;.._-;>-

. f:~Z(H] [

R . · ·· .R] .?/=/· 2 mc·. 
ENZ • 

~Z[X] 

'The· immediate impetus for such a proposal came from the work of Holt, 

et al.sg and Olson and Romano, 60 who demonstrated the presence of both 
.-- i ·• -~ 

.. chlor.in. and dihydrochlorin pigments in the green photosynthetic bacteria, 



-59-

.02 

H 

. . MUB-8686-A ! 

Figure ;v -1. . ·Structure of Bacteriochlorophyll and Oxidation Products. 

'1 

. . ~ 

· A. · · B~ctetiochlorophyll + 
B. ·2-;Desvinyl-2-acetyl chlorophyll a 
c.·. 2-'Desvinyl-2-hydroxyethyl chloroPhyll a 

i . -

f / 
I 
' i 

2 

+ 
+ 
- [-G1(0H)01 ] 

·. . ' 3 
.•. 
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Chlorobium. This proposal cannot be tested on the green algae~ since 

the chlorophyll is isolated in the oxidized state and would not contain 

the photosynthetically important hydrogens. However, with anaerobic 

purple bacteria 9 the bacteriochlorophyll is isolated.in the reduced 

state and Changes in the 3 »4 positions can be evaluatedo The recent 

discovery of the specific oxidation ofbacteriochlorophy1161 in the 

3p4 positions using 2p3-dichloro-5s6·dicyanobenzoquinone, converting 
. . . . 

the dihydrochlorin to the chlorinp makes it possible for us to deter-

mine ho\'1 much of the incorporated' tritium is in the 3,4 position. 

In the present investigation» Rhodospirillum rubrum is allowed 

to photosynthesize in tritiated media for 15 minutes. The bacterio-

. chlorophyll (BChl) is extracted~ purified~ counted and then: se1ectively 

oxidized in the 3p4 positions to form 2-desvinyl-2-acetyl chlorophyll a 

(OxBChl) (see Figure V-l)o 61 .The oxidized pigment is purified and 

counted, and in this manner it can be determined whether or not the· 

radioactivity is specifically incorporated in the 3,4 positions. An 

attempt was made to distinguish photosynthetic and biosynthetic incor

poration by taking bacteria which had incorporated tritium and resus

pending them in non-tritiated media ;for an equal period of illumination. · 

The question of biosynthetic versus photosynthetic incorporation is . 

. discus·sed at· great lengtir. ·A mechanism is proposed for the involvement. 

of the 3,4 positions of bacteriochlorophyll in the photosynthetic de-

composition of water •. 
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' E~erimen tal 

Materials 

The acetone, methanol and ether were Baker and Adamson reagent 

grade, and were used without further purification. The isooctane 

(2,2,4-trimethylpentane) was Phillips 76 high grade. Polyethylene 

used for ch!omatography was a low melt index (M.I. 0.444) and the 

. mannitol was Baker and.Adamson reagent grade. 2,3-dichloro-5,6-

benzoquinone from K&K laboratories was recrystallized. 61 

Thin iayer chromatography 

... ·· . A suspension of 25 g of powdered polyet..~ylene in 125 ml of acetone 

.. were mixed in ~ blender, spread 'without binder 0. 25 mm thick, and . 

allowed .to :dry at. room tempe.r.ature. The mannitol plates62 were pre-- .. 

pared in an identical manner using 65 g in 100 ml of acetone and 1 cc 

of a solution of 5 g of corn starch in 10 cc of water. 

Procedure 

Rhodospirillum rubrum (R.r.) was cultivated anaerobically at 3l°C 

in small batches of 125-500 ml using modified Hutner's media. 63 After 

a designated period of growthp the bacteria were centrifuged in the 
. ' ) ., . 

InternationaL Centrifuge at 3,000 rpm for 20 minutes, resuspended in 

· 12 m1 of medium and centrifuged~ The 1vet pack of L 0 to 1. 2 ml was 

suspended in medium to make a total of 6 ml of suspension. For ea~~ 

single experiment,. 0.5 to 0.6 ml wet pack in 3 ml of suspension lvere 

placed in a small lollipop (flat cell of .. 5. mm. path .length), to which 

was.added ISO or 200 pl 'of 1HO, such that the final suspension con

tained 1.64 or 1.52 x 10-Z mole% T, which. is equivalent to a molar 

.· specific·activity of 1.09 x 1013 or 1.02 x 1013 dpm/moleD (0.92 or 

·' 
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Oe86 curies; the second figure pertains only to the final experiment 

· in 1vhich a fresh THO sample had to be used). In double experiments, 

6 ml of· susnension were· used and placed in a larger lollipop of the 

. same thiclmess as the small one (5 nun), with the appropriate amount 

of tritium added. ·Nitrogen was bubbled through the solution to stir 

the mixture, and the lollipop ivas illuminated from both sides with a 

total intensity of 23 9 000 foot candles of white light at the surface& 

The bacteria lvere allowed to photosynthesize for 15. minutes. 

In the first.two experiments the solution was run into a bac-

terial filter attached .to .a.vacuum line •. The lollipop was thoroughly 

washed with 1vater and the bacterial filter rinsed and sucked dry. 

For the remainder of· the experiments the bacteria were separated by 

centrifugation for 10. minutes in an International Clinical Centrifuge •. 
. . 

The ·1vet pack \vas resuspended in. media twice more and centrifuged. By 

. the third wash, the supernatant contained a maximum of 0.2% of the 
. . . 

·original triti].liiJ.. :For experiments 4b, 5b, 7c, and Sc, the wet pack 

was resuspended in 3 m1 of media and photosynthesized for an additional 
. . : . . . . 

15 minutes· in the absence of tritium. The· work-up· procedure was then 

the same as for the other sample. During the experiments in which 

there lvere three parts (a, b, and c) care was taken that the same time 

intervals elapsed between centrifugation and photosynthesis. This 

ensures that any physiological effect of the separation procedure and 

the period in darkness would oe the same. 

The extraction of the pigments, and cili. further lvork, \vas carried 

out: in a dark room under orange light from a 15 watt bulb. The asbes

tos· mat filter \vas removed fr?121 the?_a_cter_ial filter holder, torn apart, 

suspended in acetone, and the solution filtered. The mat 1vas 1-vashed 

f 

r 

I 
I . 
f 
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until it no longer contained any pink coloring. The bacteria obtained 

from centrifugation were suspended in acetone and allowed to stand for 

a few minutes. The cell debris was filtered off and washed with 

several aliquots of.acetone. 

The acetone extracts were transferred into ether and washed with 

water several times to remove all readily exchangeable tritium. The 

· pigment extract was then evaporated and dissolved in a small amount of 

acetone~for spotting on powdered polyethylene thin layer chromatograms. 

The blue spot, which is bacteriochlorophyll~ (F'f of 0. 2 7 in 70: 30 

acetone:water) was scraped from the plate, the pigment dissolved in 
' . . . . 

. acetone, the solvent evaporated and the bacteriochlorophyll redissolved 

in 1 ml acetone. 1m aliquot was taken for a visible spectrum on a 

Cary 14 spectrophotometer P and the bacteri-ochlorophyll concentration 

was determined from the absorptivity at 770 m~ (E 770 = 6.8 x 104 

1/mole/cm). n~o aliquots·were taken for counting on a Packard liquid 

·scintillation counter. 

The remainder of the material was oxidized using 2,3-dichloro-

5,6-dicyanob~nzoquinone, ~ccording to the procedure developed by 

. Lindsay Smith. 61 The oxidized pigment .was purified on mannitol TLC 

with zg., methanol· in isooctane. The main green band, 2-desvinyl ... z

a~etyl Chlorophyll ~' has an Rf of 0.40 and is occasionally followed 

by two small bands of lpwer R:f• The main spot was remov0d and eluted 

v;ith ether~ the solvent evaporated, and the oxidized pigment redissolved 

in 0. 6 ml of acetone~ from which aliquots '~ere taken for a spectnllTl 

(£678 ·= 6. 4 x 104 1/mole/cm) and cou.Tlting. 
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Results 

The results of seven experiments are surrrrnarized in Table V-1. 

These experiments indicate that the tritium which is incorporated is 

largely located in the 3,4 positions of bacteriochlorophyll (last 

columnt Table V-l)t and that for 4 day old bacteria, from 1 to 2.7% 

of the bacteriochlorophyll have been labeled (column·? of Table V·l). 

A dark control experiment shmved less: than 0. 03% incorporation. Since · 

it has.been proposed by Jones10 that the final steps. in the biosyn• 

thesis· ·of· bacterioc..~lorophyll involve reduction of the I I pyrrole 

ring in the 39 4 positions, the question then is whether this photo 

induced tritium incorporation arises from a cyclic reaction as a part 

of the photosynthetic ftmction or is due to unidirectional biosynthesis 

of ne\v bacteriochlorophyll. 
. . . . . . 

Rate of Photosynthesis and Bacteriochlorophyll Synthesis 

·:The possibility qf determining the rate· of photosynthesis or 
:, : ~ 

growth. rate of~ rubrum is complicated by the. fact that there is no 

.·. · .. ·. gas exchange for .a ready measure of the ·evolution of photoproducts as 

in the oxygen 18 experiments. Double labeling.experiments. are pre-

. carious, since 1i ttle is knovm. about the. metabolism of the substrates 
. . . 

upon whic..1 the bacteria grow~ 65 The method employed in this investi-
' 

gation involved Ineasuring the increase in the spectroscopic maxi~n 

at 880 m~ of in vivo bacteriochlorophyll with respect to time (see 

Figure V-2); this was achieved by removing aliquots from a dense sus

pension of 4 day old photosynthesizing bacteria a~d taking difference 

spectra with , a- salilJ?le kept in the dark. The in vivo· extinction co

efficient (E880 = L 88 x 105 1/mole/cm) was found from a comparison of 

I 
I 

I 
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TABLE V-1. Incorporation of lritium in "Rhodospirillum rubnun 

EXp. Water R.r. age BChl Non-trftiated Effect of % of theor. Ox. BChl % T lost on 
· No. · -Days dpm/mo~e retention centrifugation incorp. a dum/mole oxidation 

b . . 
2 1HO. 4,.,6 Z.Oxloll 1.8 l.SxlolO 90b 

3 

4a 
4b 

Sa 
Sb 

6 

7a 

7b 
7c 

8a 

8b 
8c 

THO 

THO 
H20 

1HO. 
H20 

~g 
HO 
~0 
1HO 

. H
2
0 

HO 
TAo 
1HO 
H 0 · 

2 

4~6 

2 
2 

4. 
4 

4 
4 

4 
4 
4 
4 

3 
3 
3 
3 

1. 7x1011,. 

2.9xlo12 
2.6xlol2 

3.0x10l1 
2.4xl011 

---
7.8x1010 

i 

---
1.41x1011. 
l.llxloll 
z.o4xlo11 

---
8.S7xl0n·.·· 

87.8% 

79.8% 

184%c 

6.9Sxloll. 
s.z6xloll 75,8% 

26% of Sa 
30% of Sb 

127% of 7b 

123% of 8b 

1.6 

27 
24 

2.7 
2. 2 . 

. ~71 

1.29 
1.02 
1.87 

,_ 
8.4a' 
6. 7a' 
s.za' 

3.2x1010 

7.lxl012 
3.3xlol2 

S.SxlOlO 
5.9xl010 

3.i~io9 

z.ox1olO 
5.13xl09 
1.27xl0l0 

3.14xloll 
S.OSxlalO 
8.74xlo10 

<\ 

llSd 

c 
c 

81.6 
75.2 

96.0 

85.8 
95.4 

l06.ocl 

62.4 
106.7d 

83.4 

a Ratio of specific activity of BCh1 to specific activity of water. Assuming all 3,4 hydrogens are labeled to 
, the same extent as the water, the BChl Hou1d conta:in 1.09 x 1013 dpm/mole. 

a;1.02 x 1013 dum/mole. . 
b The BChl was over oxidized and gave several green pigments. This figure represents the total for all green 

,, pigments. . · · 
c The amount of tritium in the second step is greater than the amount started with, andis probably due to con

tamination or a volumetric error. 
d Bacteriochlorophyll was not completely oxidized, ·and samples had to be corrected for cmmts due to BChl. 

I 
Q\ 
V1 
I 
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MU 8·10526. 

· Figure V-2.. Rate of increase in bacteriochlorophyll in R. rubrum. 
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the absorption .of i.E. vivo bacteriochlorophyll at 880 IDlJ with that of an 

equivalent acetone extract at 770 mll• From the rate of increase in the 

bacteriochlorophyll absorption maximum it was calculated that n~w BChl 

was synthesized. at the rate_of 6.0 x 10-9 moles/1 "(dense suspension)/sec; 

that is, for the 15 minutes of illumination, an increase of 1.3 moles of 

bacteriochlorophyll in a suspension containing a. total of 4.14 :X 10-4 

moles/1. From the rate of synthesis of new bacteriochlorophyll 9 the 

rate of photosynthesis Has calculatede The ratio of bacteriochloro-

phyll to dry weight of bacteria was determined to be i.6 x 10-7 g BChl 

per g dry weight bacteria. a value which remains quite constant as seen 

by the ·parallel increase in turbidity (/.. 650) and BChl absorption 

during nonnal_ grmvth. (Figure V-3); the dry '~eight of the cellular 

material. was then expressed as moles of 0{20. by using an average· mole-. 

cular .weight of. 30. Since the ratio of BChl to dry weight of bacteria 

crnzo) remains constant$ the increase-in new bacteriochlorophyll is 

equivalent to an increase of 1.3 x 10-2 mole~ules of 0120/sec/molecule 

of Behl. For the 15 rrinute period of illUmination, this is equivalent 

to 11 two-hydrogen reductions accomplished per molecule .of bacteria-

chlorophyll ti starting from CO.., •. 
1.. 

·~ ' ' 

These calculations are not intended to be a rigorous description 

-of the physiology of the organisms under scrutiny since, as stated 

previously, the means are not presently developed for such purpose. 

However, the intention was to attempt a gross approximation of the 

cellular processes. As can be seen in Figure V-2, the data from which 

these calculations were made show cons-iderable scatter, and the total 

d1ange in O.D~ is only 1%. A 1% error could easily be expected con

sidering the.small volumes.used (150 lll) and the fact that difference 
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spectra tvere taken on a 0 to 0.1 slide 1vire on the Cary 14 spectra-

photometer. These results appearedmore doubtful since the slope of 

the line which was dravm, an increase of 1.3%, was comparable to an 

increase of. 1. 7% obtained by direct spectroscopic measurements follm.;

. · ing the grm;th of a batch of R. rubrum in a dilute suspension, over a 
· · (Fig. V-3). -
period· ·of. daysL It is unreasonable that the growth of a much older 

(4 days), extremely denseD optically strongly absorbing suspension 

should show a growth rate nearly as fast as that of a culture which 

·~ is dilute, young, and optically transparent. This is especially im

portant since it was fotmd that the initial doubling time of .&_ rubrum 

cultures became longer when the suspensions were more dense66 (see 

Table V-2). Thus it could possibly be that Figure V-2 represents an 

unlmovm artifact which is being measured or is simply· a larger experi:

n~ntal error and not true bacteriochlorophyll synthesis. Although it 

. TABLE V-2. 

Rate of Growth of R. rubrum as a Function of Cell Dttnsity 

.Density 

1 
1 

10 

1 
ioo 

....... 

DOubling Time .. in :Exponential. Grm~1:h (hrs) 

12 

7.5 
,., ... 

5~5 

is questionable • the .shape of the curve· could be interpreted as a slm.,r 

induction for building metabolic intermediates and then a short spurt 

of near normal maximum growth tapering off when the substrates are con~ 

sumed. If this interpretation is correct, then the· information of 

I 

I 
l 
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interest.is the slope of the initial growth in the first 30 minutesp 

as seen in. Figure. V-:-2 •... This represents a growth increase of 0.06% in· 

bacteriochlorophyll, and is equivalent to 0.5 two electron reductions 

of co2 per molecule of bacteriochlorophyll during the 15 minutes of 

photosynthesis. 

. From this discussion it appears that even the spectroscopic method 

of determining the rate of photosynthesis or bacteriochlorophyll syn-

thesis is of no. use •.. The .best interpretation that .can .be .made .is .. to ... · ..... 

say that the rate must be considerably less than a 1.7% increase in 

bacteriochlorophyll, and is probably no more than .1%. 

Bios~thetic Incorporation. 

Assuming all the tritium incorporated is biosynthetic in origin, 

. the increase in bacteriochlorophyll by synthesis, calculated from th~ 

amount of incorporation, is 1.6 mole % (for experiment #3 on 4 day old 

·.· bacteria) , which is considerably larger than the increase in bacterio

chlorophyll by synthesis discussed earlier, as obtained from spectro

scopic measurements. . Thus, from this comparison it appears . that the 

tritium incorporation is not biosynthetic, and that, although the last 

step ill the biosynthesis of bacteriochlorophyll may be.reduction of 

· . the 3, 4 positions, this is probably only siightly reflected in these 

experiments. However, this conclusion is tenuous because it rests on 

the probablistic argument: ... that the rate of. biosynthesis in the dense 

suspension is less than 0.1%, whereas this figure is in fact an un

proven experimental qu~tity. 

The second argument against the incorporation being biosynthetic 
. . . 

in origin rests on the absen~e of biological precursors. If the in-

crease in bacteriochlorophyll is 1. 6 mole % as determined by the.· t:ri tium 
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· tn L~e 3n4 positions, one would expect to find that amount of 3p4-

dehydrobacteriochlorophyll (OxBChl) as precursor present in the bac- . 

teria. During the separation procedure there was no indication of 

the presence of additional pigments P in contrast to the Chlorobiuln59 ' 60 

ca.Se ""'here there is a detectable amo'unt of a dehydro PI'ecursor. An 

isolation of such precursors from Rhodopseudomonas suheroides \!laS 

.accomplished by Jones64 witi1 the aid of inhibitors to the biosynthesis 

of bacteriochlorophyll. OUr attempts to identify the presence of a . . 

precursor as 2-desvinyl-2-acetylchlorophyll a by spectroscopic measure

ments on crude acetone extracts of bacteria were unsuccessful. The 

precursor (Ox.BChl) has an· absorp.tion at 678 mll» which is in a relatively 

. clear region of the spectrum of the crude extracts; although it is on 

· the slope of the much larger absorption of the bacteriochlorophyll 

P'max = 770). A possible explanation for our inability to detect the 

precursor as OxBChl is that the larger precursor pool exists as the 

2-hydroxyethyl pigment (see Figure V-1) rather than the 2-acetyl com

pound. ·The 2-hydro:xyethyl pigment is the.preeursor identified by 

JonesP and could be converted to bacteriochlorophyll ~th the addition 

of hydrogen occuring only in the 3, 4 positions. The absorption maximum 

of this . compound. l.s at 660 fill, which is not' a clear region in the. spec

·. trum of the crude extract of the bacteria and thus this earlier pre

cursor cannot be readily detected. 

From this discussion~ it appears that .. the absence of evidence for 

the presence of acetyl precursor~ and the inability to determine the 

. presence of ·hydro:xyethyl precursor in; crude extracts as \'Vell as its · 
. '\ . ' . 

·failure to appear on cl1romatography, is furtiler negative evidence on 

the possibility that the tritium incorporated.is biosynthetic in origin. 

t • 
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Thirdlyg ~~e conclusion that the tritium incorporation is biosyn

thetic in origin can be questionedt since all tritium isotope effects 

. have been neglected. Generally, the isotope effect from tritium in 

an organic reaction is in the range of 6 to 20, and a more typical 

· 67 n· · 1 1 f · · f value 1s 10. 1ere are severa examp es o enzymat1c react1ons or 

ltJhich isotope effects have been demonstrated. Succinic dehydrogenase 

involves -a deuterium isotope effect, 68 and uracil hydrogenase, which 

is a NADH linked enzyme, shm.,rs a considerable isotope effect in tritium • 

. Deuterium. isotope effects have also been· obtained with other NADH linked 

. enzyrnes. 69 For this reason, one 1.vould expect the rate of bacterio

chlorophyll synthesis calculated directly from tritiu~ incorporation 

studies to be 'considerably smaller than the actual rate; that is, 2% 

tritium incorporation represents a 20% increase in bacteriochlorophyll. 

This consideration further strengthens the argument that the source 

. of the tritium is no:t, biosynthetic, because there can be· no doubt that 

20% of a pigment precursor would be visually detected, and that the 

·rate of biosynthesis even under the most ideal conditions never reaches 

this high a value. 

Photosynthetic Inco!'£oration · 

·an the other hand, if the trititll!l in bacteriochlorophyll is photo-

synthetic in origin~ the cause of the low trititun incorporation of 1 to 

·· · 2.7% could be due to the fact that there is a tritium isotope effect 

and that the actual rate of electron turnover is 20% and/or only a 

small percentage of the bacteriochlorophyll is involved in hydrogen. 

transfer reactions. With the younger bacteria (experiment ·#4) there 

·was considerably more tritium incorporated, as much as 20%. It is 

probable that some of this is biosynthetic..in origin; but, in addition, 
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that the younger cells are in a grm,ring phase rather th&'1. in a de-

clining phase (see Figure V-3), and that the rate of photosyntl-.tesis 

would be expected to be much greater for the younger cells than the 

older ones. Certainly, this incorporation could not be biosynthetic 

at this high a value, which would represent an enonnous increase in 

new bacteriochlorophyll even excluding an isotope effect. 

Thus, the argwnents put forth all indicate that the tritium in-

corporation is not biosynti1etic, but rather photosynthetic in origin. 

·.~Moreover, additional experiments involving re-exchange of hydrogens 

were carried out in an attempt to clarify the mechanism· which allmvs 

.fo-r hyd-rogen'_ exchange during photosynthesis. 

In four ·eA'periments, 4ab, Sab ~ 7bc, and 8bc, the bacteria which·· 

had incorporated tritium were resuspended in non-tritiated media and 

allowed to photos)rnthcsize for an additional IS minutes. To ensure 

that the bacteria had not undergone some physiological change .. due to 
. . 

the centrifugation and·period·in darkness between the photosynthetic 

periods, (eA'Periments 6, 7a, and 8a) controls were run in ivhich the 

·bacteria·were illuminated·in non.,.tritiated media forTS minutes, 

.isolated by·ceri.trifugation in the same mam1er as the tritiated bac

teria~ and then illuminated for 15 minutes in tritiated··media. Ex-
I . ' 

periment #6 indicates that ti1e incorporation of tritium is only 25% 

. -~ of the amount incorporated before 'centrifugation; hm.;ever ~ this ex

periment could not be repeated since D'IO additional experiments, 7bc 

and 8bc, demonstrate that the tritium uptake is 125% after centrifu-

. gation, in experiments 7b and Sb. These results indicate that there 

is no deleterious effect on the bacteria from the procedure followed 

during the double illumination experiments» and that the physiological 

condition of the bacteria is similar before and after centrifugation. 

I 

I 
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48 
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Figure V-3. Growth rate of normal density of &., rub~. 

~, 650 m~ (turbidity)· 
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The interpretation of the double illumination experiments has 

been summarized in Table V-3·. The three possible mechanisms to 

account for the tritium incorporation -- biosynthesis, a ~wo elec

tron cyclic process, and a one electron cyclic process -- have been 

considered in terms of the amount of incorporation to be expected, 

and the a11ount of tritium which tvould be retained when the tritiated 

bacteria are illuminated in non-tritiated media when only hydrogen 

atoms. are available. 

For biosynthesis, only .1% incorporation would be expected from 

comparison with the value obtained in the spectroscopic measurements 

for the rate of biosynthesis. If there is an isotope effect, then 

only .01% incorporation·would be· expected. In the case of the bio

synthesis, all of the tritium should be retained during the second 

period of illumination 9 since the rate of bacteriochlorophyll turnover 

' is very small. These values do not compare favorably with those ob-
. . 

tained experimentally. The double illumination experiment carried 

out on 4 day bacteria indicates 2.7% incorporation and only 80% reten

tion in non-tritiated media. In addition, the two experiments on 

younger bacteria do not at any time sho\v a retention of 100%, which 

.would be expected, especially considering that the increase in in

corporation (as great as 20%) may be somewhat· due to increased bio

synthesis. (An approximation of the amount 9f tritium to be attri

buted to biosynthesis for the younger bacteria is unknown; and for 

that reason, only the 4 day experiment is discussed with reference 

. to Table V-3). Thus, the very large discrepancy beb,reen the values 

expected and those experimentally determined for both incorporation 

and retention indicate that the tritium uptru<e cannot be interpreted 

in terms of biosynthesis. 
·. ' 
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TABLE V-3 
I 

J 
I 

Analysis of Tritium Incorporation and Isotope Effects for Biosyilthctic"arici Photosynthetic ~'Cchar:isms 0 roposed for 4 day old 3.:. ~ 

The values expected for various mechanisms proposed and isotop~ e~fects. . specific activit ~f Bchl 
' \ 1ncorporat10n = . . . . r X 10( 

spec1f1c act1v1ty of >Jater 

Bios);!!thesis: Photos);!!thesis: 
a· 

t1·10·e lect ron red. Photosvnthesis:a one-electron red, 

OxBchl HTO ?;>Bchl~l < h [R' /jllm (.'II (II h [~}I "/R] liTO . /II 
Enz llch ~ C=\ ~llch , Bch 't 4 c--c ~ch'r 

T 1 I Enz T I I \ ;nz; 

% Incorporated T \ Incorporated T % Incorporated T 
Alternative Assumptions Incorporation Retained in II20 Incorporation Retained in 1120 Incorporation Retained in 1120 

1. No tritium discrimination 
b 

.1 100 100 0 200 0 

2. Normal isotope effect for 
organic reactions (10) .01 100 10 0 20 0 

3. 2.5% active sites - Fixed --- --- 2.5 0 5 0 

4. 2.5% active sites - Fixed 
Ni th isotope effect --- --- 0.25 0 0.5 0 

s. 2.5% active sites -
Complete equilibration --- --- 100 0 200 0 

6. 2.5% active sites • 
Complete equilibration --- --- 10 0 20 0 
Nith isotope effect 

7. 2.5% active sites • 
Partial equilibration --- --- 2.5 - 100 97.5 - 0 5 - 200 97,5 - 0 

s. 2.5% active sites • 
Partial equilibration --- --- 0,25 - 10 97.5 - 0 0.5 - 20 97.5 - 0 
Ni th isotope effect 

.• 

9. Values obtained for 4 
day bacteria: Expt. R5 1.0 - 2.7 so 1.0 - 2.7 80 1.0- 2.7 so 

a There is at least one two-electron reduction accomplished per molecule of bacteriochlorophyll in the pcriod,of photosynthesis, and for 
2.5% active sites there arc at least four turnovers per active site, 

b Value assigned on the basis of a spectroscopic determination of the synthesis of new bacteriochlorophyll, which is • n for 4 day old 
· ~ rubrum, __ ___ ________ __ _.____ · 

I 
-....) 

V1 
i 
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The alternative explanation for the tritium incorporation is that 

of photosynthesis. 11.-.ro related mechanisms are suggested by which the 

bacteriochlorophyll may function in either a one electron or tlv·o elec-

tron cyclic process. 

"l . ' 
·. . ·· h h\1\/ ~.. \ .... ·~.HTOEE~nzz ••. · .• 

\'H ~~-. t" ····.~ 
. . c/ z [H~ J , . . [OJ 

·~\ H 

\·H····. -c/ .· 

c/ ··7"- . . . [H·] . 
-~·.·~:··~ \/H 

. \·' T 
.. ; . ·jc:'.· 

. .. ·.: .. ···•·[OJ ... ·. . \ 

~ . . -c 
. . h\1. . ·. \ . 

·c- . 

I' 

.. HTO 

.... · Enz. '· .. 

· · Pertinent to this discussion is the number of th·o-hy9,rogen reduc-
: . ' . ·.f' 

tions accomplished per molecule of bacteriochlorophyll. From the cal-

culations presented earf.ier, it was noted that a L 3% increase in . . / ' . 

bacteriochlorophyll. is equivalent to at least eleven t1vO~electron. reductions 

per molecule of co2; for the more reasonable value of a 0.1% increase 

in bacteriochlorophyll, there .are calculated to be at ·least one t\'IO-

. electron reduction per molecule of bacteriochlorophyll. · ·It should be 

noted that these are approximations, and represent a minimu~ value. 

For the twoelectron process, 100% incorporation snould be ob

tained if each molecule of bacteriochlorophyll is involved in the 

process, since there is at least one two-hydrogen reduction accom-
. . . 

plished per molecule of bacteriochlorophyll during the period of 

photosynthesis. All of the incorporation should be lost when the 

bacteria are illuminated in non-tritiated media, since both hydrogens 

~· 
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are presumed removed ln a light reaction and the incremental energy 

of activation .for tritium is easily overcome by the photon energy. 11 

For the one electron process~ in which both the 3 and 4 position can 

randomly participate (assuming a sufficient number of cycles·~ at least 

'b<lo), then each position should become labeled to the. same extent as 

the ,.,rater, and the bacteriochlorophyll will show a total of 200% in

corporation. In the non-tritiated illumination, all of the tritium 

should again be lost, since the 3 and 4 positions can ea~~ again par-

.· ticipate randomly and there are a sufficient number of cycles so that 

all the tritium would be removed. If the 3 and 4 positions do not 

· participate equally in the ·one electron. reduction, but: there is a 

specificity towards one position, then the values obtained lll'ould be 

the same as for the two electron reduction process. In any case, the. 

experimental values. are not consistent 1<1ith either alternative, even 

including the isotope effect, if each molecule of bacteriochlorophyll 

participated as a hydrogen transfer agent. 

A further alternative to be considered is that only a small por

tion of the bacteriochlorophyll molecules participate as "active sites'' 

in the cyclic process. Clayton16 has concluded from flashing light 

· experiments that only one out of 40 bacteriochlorophyll molecules is 

involved in the electron· transfer process, and perhaps the remaining 

molecules act as energy funnels to the active site. If this is true 

then &~ L~corporation of 2.5% tritium would be reasonable, since only 

2.5% of the bacteriochlorophyll acts as hydrogen transfer agents. 

However, one must again 'consider the isotope effect, which could make 

the incorporation only 0.25%, and the a~ount of tritium retained during 

the second period of illumination would be 0%. However, to consider 
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· the active sites as completely fixed is unlikely since there is a 

small but definite turnover of bacteriochlorophyll during ti1e life-

time of tile organism and there is no reason to assume that particular 

molecules are exempt from this dynamic system. . This brings us to the 

possibility that tilere is a migration of the active s~tes throughout 

the bacteriochlorophyll pool. The extreme point of view 1vould be that 

there is a complete· equilibration of the active sites with the bacterio

chlorophyll pool, such that each molecule participates as an active 

.·site during the 15 minutes of illumination. If this is true, then the 

same values would be obtained as for the first case mentioned in Table 

V-2. There is reason to believe that the equilibration of. the active 

sites is not that rapid; the original postulation of a photosynthetic 

unit15 from saturation effects in flashinglight experiments on green 

-'plants also means that the active sites are not regenerating rapidly 
< . 

enough.to.accomodate all the light energy absorbed. Therefore, the 

most ligical point of view is that. there··is an equilibration between 
... 

··· the 2.5% of active •sites and a portion o£ the bacteriochlorophyll pool~ 

.... Suppose that the z.s%. active s,ites:can ·exchange vdth 25% of the bac-· 

teriochlorophyll pool during the period bf ·illUmination. . Then you 

would expect an incorporation of 25%, or, 2.5% considering isotope 

effects. During the interval (90 minutes) ·between the two periods of 

illumination, the 25% equilibrated pool becomes homogenized with the . 

bacteriochlorophyll pool such that during the second period of illUmi-

nation in non-tritiated media the tritium lost is only 25% because that 

is the fraction of equilibration between the active sites and the pool. 

Then, the retention is 75%. 

I 
i 
i ... 
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Conclusion 

The conclusion of this investigation is that there is a definite 

photo induced incorporation of tritium in the 3~4 positions of bac-

. teriochlorophyll which cannot be accounted for in terms of biosynthesis • 

The experimental data imply that there is an involvement of the 3,4 

positions of bacteriochlorophyll in a cyclic process during photosyn

thesis. The results do not allmV' a distinction between a one and two 

electron reduction, although photo induced ESR signals would suggest 

a one electron process.70 

The arguments presented are by no means rigorous; nor are they an 

exclusive solution to an interpretation of the data. There may be 

other explanations, such as an unknown enzymatic exchange, which 

would completely re-open the issue. It is not impossible that a 

highly labeled contaminant could be co-chromatographed during the 

purification, although this is improbable because highly labeled con

taminants are unlikely to be present. in the double illumination ex

periments carried out in non-tritiated medium. Our conclusions rest 

on the belief that the isotope effect must be taken into consideration 

and that there is a partia1 equilibration between the active sites 

and the bacteriochlorophyll pool. Separate means of answering these 

questions are being.sought. 

One of the greatest problems in this work is understanding and 

interpreting the physiology of the .. living organism during the experi

ments. In the oxygen 18 work, considerable knowledge is readily ob

tained from a feiV' simple experimental measurements. For this work, 

it 'vould be advantageous to develop steady state bacteria, as for the 

Chlorella, such that each exp~riment could be carried out on organisms 
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in the same physiological state. In addition, methods are necessary 

to measure the rate of bacteriochlorophyll synthesis and the rate of 

electron turnover. It would also be best if dilute, rather than ex

tremely dense suspensions, could be used. These could later be pooled 

with steady state bacteria so that there would be enough bacterio~ 

chlorophyll to work with and yet avoid the problems of using such 

dense solutions. In principle, the isotope question could be answered 

by studying the relationship of the rate of incorporation of tritium 

and deuterium, and from this knm\fledge determine the absolute tritium· 

isotope effect. 68 A very preliminary report by Katz and Cr~spi71 

indicates that deuteri~~ labeling in bacteriochlorophyll is under 

investigation, although the 3,4 positions are not mentioned. An K~ffi 

investigation·of'the deuterium labeled compound would ease the problem 

of the isotope effect in the tritium experiments. It may be possible 

to ·detennine the .degree of equilibration of the active sites by doing · 

· a kinetic study of the percent of incorporation versus time. A change 

in slope with time might reveal the point at which the rate of equili-. 

·.bration becon;es' faster or slower tha.."l the rate of incorporation. With 

this knowledge, a more complete analysis of the experimental data 

might provide a more definitive concept of the role of bacteriochloro

phyll dur~g photosynthesis. 
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CHAPTER. VI; A: Sl][\~J\RY OF THE ROLE OF CHLOROPHYLL 

PS. A GIEMICAL INTERMEDIATE IN PHOTOSYNTHESIS 
. ' 

Although :chlorophyll has been shown to have t1-vo labile hydrogens, 

the delta and 10, experiments have shown that neither of these posi- · 

·· tions nor the 7,8 positions of chlorophyll act as chemical intermediates 

during photosynthesis. From the .. earliest tritium experiments in 1942 

·to the· most recent deuterium experiments, the results have consistently 

shmm no isotope incorporation which could be attributed to a photo

synthetic mechanism. . In those cases in which .. a .small amount of incor

poration was found, there was no investigation to determine that it 

.could be excluded on the basis of new chlorophyll synthesis, nor was 

there any evidence for the position of incorporation except in ~~ 

experiments. 

It is important to recognize that although it is extremely doubt-· 

ful that chlorophyll acts as a chemical intermediate via the delta, 10,. 

or 7,8 positions, one cannot make an unequivocal statement~. The ex-

. periments reported in the literature 'vere not designed to evaluate 

the chlorophyll participation at the "active site"; their conclusions 

simply state that there was "less than 5% incorporation"11 and other 

similar remarkds, such that if only one out of 200 molecules (1/2%) 

are active sites, then 1/2% incorpo~ation ~s the expected theoretical 

value. A 1/2% incorporation is far below the exoerimental error ex""' . . 

pressed by the investigators in the experiments described in Chapters 

I and II. 
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The oxygen 18 investigation with Chlorella clearly shows that the 

carbonyl function of the isocyclic ring does not participate in the 

water splitting reaction, nor is it the site of oxidative photophos

phorylation. ·The evidence is quite clear that this is also true for 

the active site theory; the oxygen 18 incorporation did not approach 

1/2%. Because the evidence is quite clear with regard to· the carbonyl 

function, this implicates the 10 positio~ as also being excluded from 

the photosynthetic scheme.. Certainly~ any mechanism which included 

_the lO.position could not do so onthe basis of hydration of the car~ 

bonyl follmved by enolization. Thus, the proposals by both Franck and 

by Calvin are incorrect descriptions of the photosynthetic scheme. 

The first concrete ~vidence for the participation of chlorophyll 

as a chemical intermediate is that put .forth in the preceding chap

ter, in which bacteriochlorophyll shows 2% tritium incorporation when 

.&.. rubrum is allowed to photosynthesize in tritiated water. The tri-

' tium incorporation. and· subsequent bacteriochlorophyll oxidation shows 

.·that the 3,4 positions are involved in the photosynthetic mechanism, 

and that only a yery small percentage of the bacteriochlorophyll acts 

as active sites. ·This is consistent with Clayton's conclusion that 

most of the chlorophyll. ~'funnels" the electromagnetic energy to the 

position ·of energy conversion which takes place in 2-1/2% (one out of 

· · 40) bacteriochlorophyll ·molecules, arid 1/2% (one out of 200) chloro

phyll ~molecules in green plants. 

The idea of a "migratory active site" was presented in order to · 

accourit for a normal tritium isotope effect, and to account for the· 
! 

fact that there was only a partial loss of .the incorporated tritium 

when the cells were resuspended in non-tritiated medium. A 2% incor-

I; 
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poration reflects a 20% hydrogen exchange when an isotope effect of 

10 is taken into consideration. This 20% incorporation is less than 

that expected for one mole of exchange, and greater than the 2-1/2% 

incorporation expected on the basis of 2-1/2% active sites. Thus 

the suggestion that the 2-1/2% of active sites are in equilibrium 

with the larger pool of bacteriochlorophyll molecules. 

This proposal of "migratory active sites" should be considered 

not only in terms of these isotope experiments, but should be extended 

to experiments with green algae photosynthetic systems. Perhaps the 

action spectrum measurements, flashing light experiments, and other 

techniques in use in the study of photosynthetic systems may in the 

future contribute added evidence for this proposal. 

1~e proposal of a migratory active site presents a new inter

. pretation to the earlier tritium and deuterium experiments on 

· Chlorella relating to t..'1.e chemical mechanism of photosynthesis. 

That is, one \\"Ould expect a greater amount of incorporatton than 

that assumed on the basis of 1/2% active sites. This is of little 

assistance in terms of the tritium experiments, because one still 

rust contend with a large isotope effect and lack of kn01>lledge on 

the site. of incorporation; however~ 1.,rith the deuterium experiments, 

there was no if!-corporation of reasonable magnitude in the delta posi-. 

tion to be consistent with' the proposal of a "migratory active site". 

If further experiments do bear out this suggestion of a migratory 

active site, the proposal for the chemical mechanism involving an 

oxidation and reduction cycle at the 3t4 positions is strenghened. 

Unfortunately, the mech~ism cannot be tested for the.green algae· 
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since chlorophylls ~'and b isolated in the natural state do not 

contain the hydrogens -at.the ·3P4 uositions~ .Howeverp it is never-
- • ':· '.' ,' , A 

theless possible that these system$ undergo reduction and oxidation, 

at the 3 '4 positions' to carry out the \;Tater splitting reaction of 

·,photosynthesis. 

·:·'-··· 

·-;. ,,-~ .. ·. -·.-

-·;, 1• 

.· ... ,· 

: ~-~-

' .. ~-

·~- -. 
. ·:. 

·.;, 

•·.'. 

: • < -~ 

; .. -

'{; ... 

... ;· .' 

· ... - •, 

-.-:-·· .. · 

. ,·:·. 

. '·:,· 

' ·• ,~·, .. · . 

: :' 

... ··, 

,· 

.',' ,_ ... 
. ·.·. 

-; ,: 

.. \ .. , .~.- \ : 
·, 

·, , .. 
:-·· 

. . ·:. :.; .. ·. 

·\ 

_·; 

'• '· 

.' :·-·_.·.· 

·',• 

'I,· 

·:-: 

: .. ·: 

···'·.·· 

. .· ~! .· .·,. -

·. ·' 
·-:_::--. 

'I ."• 

-: . 

-.. ·.-, .·· 
/ ,• ' . 
1,-,·· 

.... 
'' 

_.$_.;. 
.·._. 

.. .... · 

"=-·=-' 

,., 
". 

k 
I 
I~·-

Vi 
~~~· 
lji 

'·l-
lj; 
" '1•-
1:. 

F 
I r -; 

!H 
T 
! 
1 
I 

fl 

t 
I 
I 

<I 

' 

I 

i 
!j 
tr 
[l 
!1' 
~:-

I 
I 

~
-. 

:: 

:' 

i 
I 
L 



,!, 

-85-

BIBLIOGRAPHY 

-' 

. ,.. . 

1. 

2. 

3. 

·4. 

. 5. 

6. 

Dixon and Ball, Sci. Proc. Roy. Dublin Soc. 16, 435 (1922). 

·Conant, Dietz and Kamer1ing, Science, 73, 268 (1931). · 

Stoll, Naturw. £Q_, 955 (1932); 24, 53 (1936). 
II 

Wills tatter, ibi~. ~ 252 (1933). 

J. Franck and Herzfield, J. Phys. Ol.em. 45, 978 (1941) • 

J. Frank and H. Gaffron, Advances in Enzymology, Vol. I (Inter

science Publishers, Inc., New York, 1941) p. 215. 

7. F. L. Allen 2nd J. Franck, Arch. Biochem. Biophys • .?!~ 125 (1955). 

8. J. Franck, Research in Photosynthesis, (H. Gaffron, ed., Inter

. science Publishers, Inc., New York 1957), pp. 19, 142. 

, 9. · M. Calvin, .Horizons in Biochemistry (Kasha and Pullman, eds., Academic 

Press, Inc., New York, 1952), p. 34. 

10. R. B. Woodward and V. Skaric, J. Am. Chern. Soc. 83, 4676 (1961). 

11.· T. H. Norris, s. Ruben and M. B. Allen, J. Am. Ol.em. Soc. 64, 

. 3037 (1942) ~ 

12. · ·. M. Calvin and s. Aronoff, University of California Radiation 

. Laboratory Report· 263, December 1948. 

13. w. Vishniac and I. A. Rose, Nature, 182, 1089 (1958). 

14. B. Colman and w. Vishniac, Phot2,synthetic Mechansism of Green Plants 

(National Academy of Sciences-National Research Council, Washington, . 

.. D.C., Publication #1145, 1963). p. 213. 

,15. . R. Emerson and w. Arnold, J. Gen. Physiol. £, 391 (1932); 16, 

191 (1932). 



-86-

16. R. K. Clayton, · ' 7Molecular _ _Ehy:sics in Photosynthesis, Blaisdell 

17. 

18. 

19. 

20. 

21. 

22. 

Publishing Co., New York, 1965, p. 19. 

J. w. Weigl and R. !..:Livingston, .J. Am. 

v. M. Kutyrin, Fiziologia l~tenii, !, 
J. J. Katz, et al., J. Am. Cnem. Soc. 

J. J. Katz 9 et al., J. Am. Chern. Soc. 

J. J. Katz, et al., J. Am. Chern. Soc. 

J. H. Mathewson, W. R. Richards and H. 

Res. Comm. ·13 , No. lv 1 (1963). 

Chern. Soc. 74, 4160 

133 (1960). 

83, 4180 (1961). 

84, 3587 (1962). 

85, 3089 (1963). 

Rapoport, Biochem. 

23. A.F.H. Anderson and M. Calvin, Nature~ 194, 285 (1962). 

(1952). 

Biophys. 

24. A.F.H. Anderson~ Tl1esis, University o£ California, UCRL-10951, 1963. 

· 25. J. J. Katz, et al., J. Am. Chern. Soc. 85, 3809 (1963). 

26. A. E. Pullman~ J. Am. Chern •. Soc. 85, 366 (1963) • 

. 27 •. J. J. Katz,~ al.~ J. Am, Chern, Soc.~, 4220 (1964). 

28. J.B.M. Herbert and I. Lauder, Trans. Faraday Soc. 34, 433 (1938). 

29. M. Colm andM. C. Urey, J. Am. Chern. Soc. 60,679 (1938). 

30. D. Samuel and B. L. Silver, "Isotope Exd1ange Reactions of Organic 
· Vol. 3 

Compoundsu, from Advances in Physical Organic 01emistry/(Gold, ed. 

Academic Press,. Inc., New York 1965), p. 123. 

31. M. Halmann and s. Pinchas, J. Chern. Soc. 1958, 1703. 

32. s. Pinchas, D. Samuel and M. Weiss-Broaday, J. Chern. Soc. 1961, 2566. 

· 33. G. J. Karabatsos, J. Org. C'lem, _£, 315 (1960). 

34. A. Lapidot, S. Pinchas and D. Samuel, J. Chern. Soc. ~~ 1128, 

35. W. · P. Jencks, "Mechanism and Catalysis of Simply Carbonyl Group 

Reactions", from Progress in Physical Organic 01emistry, Vol. ~, 

(Cohen, ~ al., eds., Interscience Publishers, New York, 1964), 

p. 63 and refs. therein. 

',: . 
. , . 



~ .. 

" 

, 

36. S • .J., Rhoacls~ .J. C. Gilbert~ A., W" Decoras R • .J. Spangler and 

M. T Urbigkit$ Tet ra.1),edron P 19n 1625 (1963)" J. --· 
37. J. J. Katz~ et~ ~L P J. illn. Cbem. Soc. 85 0 3801 (1963) 0 __ ... 

1:; 
~ . Co Pennington~ H. H. Strain~ '·/ ~ \ ~ A. Svec and J·. J. Katzt J. hn. 

Chem. Soc. _86 ~ 1418 (1964). 

39. G. w. Vvhelan.d~ He~e .in_O~a.'1ic 01.~mistry~ John Wiley & Sons~ 

New York, New YorkP 1955p p. 98. 

John Wiley & Sons, New Yorkp New Yorkp 196lr p. 24L 

4L D. Cook~ Canad • .J. Chem. 3~9 31 (1961). 

42. F. P. Price~ Jr. and L. P. Hmmnett 9 J. illn. Chern. Soc. 63P 2387 (1941). 

43. H~ c. Brmvnt R, s. Fletcher and R. B. Johannesen, J. Am. Chern. Soc, 

7_3_~ 212 (1951). 

44. See Ref. 30; Menonp Ph.D. Thesis~ University of Arkansas~ 1964. 

45. H.,, J. Campbell and J. T. EdwardP Canad. J. Chem. 38 ~ 2109 (1960). 

46. H. Dahn, Proceedings of the Conference on Marked 1-'lSJlecules ~ Brussels~ 

. 47. M. I. Kabachnik 9 s. L Yaffe~ and K. '.". Vatsuro~ Tetrahedron~ l.~ 

317 (1957). 

48. ·N.· J. Leonard~ H. S. Cutowsky; lV • .J. Middleton and E. lvi. PetersonP 

J. A .. 11. 01em. Soc, 74 ~ 4070 (1952). 

49. D.· R. Hoffmanp J. Org. Chem. 30~, 3512 (1965). 

50. A. H. Jackson~ G. Vi. Kenner~ K. M. Smithp R. T. Aplin~ H. Budzikie-

· ·wicz and C. D)erassi, Tetrahedro:nt 21~ 2913 (1965). 



51. D. Rittenberg and L, Pontico:rvo~ Intern, J" J';:~~pL Ibdiation arKt 

Isotopesp 1-..~ 208 (1956). 

M. Anbar and s. Guttman~ ibid.~ 4 ~ 233 . (1959). ---· '-
53. Priva-te conum:mication~ David Samuel, Weizmann Institute~ H.ehovothp 

IsraeL 

54. Private corrnnunication~ C. Snyder and H. Rapoport P DepaTtment of 

ChemistryP University of California~ Bcrkeleyo 

3rd edition~ Burgess Publishing Co. P (vlinneapolis ~ NiirJJJ.., 1957 ~ PPe 2-5 ~ 

46. 

56. F. s. Klein, 11Catalog Cp Stable Isotopes of Oxygen11
, Weizma•·m Insti-

tute of Science" Rehovoth ~ IsraeL 

Carnegie Institution of Washington Publication 600D 1953~ p. 94. 

58. w. Noddack aD.d H. J. Eichoff ~ Z. Pbysik. Chem. Al85 ~ 241 (1939). 

590 A. S. Holt~ D. W. Hughes~· H. J. Kende and J, ·~v. Purdiev Plant 

and Cell Physiol. 4 49 rl963) __ 9 ' ~ 

60. J. lvi. Olson and C. A. Romano~ Biochim. Biophys. Acta$ _?9 ~ 726 (1962). 

61. Jol1r1 R. Lindsay Smith~ LCBQ-Sr March 1965P p. 58; in process of 

publication in J. Am. Chern. Soc. 

62o · L. W. Smith" R. M. Breidenbac...~ and D. Rubensteins Science~ !:'US~~ 

508 (1965). 

63. G. Cohen.,·Bc:.zire~ R. Sistrom and R. Y. Stanier~ J. Cell. Compo Physiol. 

t19_ zq rln'7) r ~· -- : ... ~ ::-.r..) ey __ , 
64. O.T.G. Jonesv Biochem. J. 89, 182 (1963); 91 9 572 (1964-). 

65. J" G. Orme::rodp Arch. Biochem. Biophys. ~!_~ 23 (1963). 

I 
f ' 



65. 

67. 

68. • 

• 

70. 

71. 

-89-
... ,;' 

a~d D. L. Willis~ 

N.J. 1965~ p. 213. 

,. f": N" • 

J ~~ l.l o iJ~orn:·.;o11, Pcr;:~amon Press, 

693 (~957) • 

R •. H. Ruby~ 11Quantwn ConvcrsioYl in Pi10tos)'nthesis·: EPR Investiga-

tions" ~ UCRL 16492 ~ Jant!Clr)' .19~6. 
'::..llCi 

J. J. ICatz,/H. L. Crespi, Sde:ncc~ 151, 1192 (1966). 

. \ 

. · . 

. '; 



I~ 

• 

'• 

•• 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of th~ information contained_in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting-on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 




