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Studies on the Chemical and Photochemical Oxidation 

of Bact~riochlorophyll 1 

J h R L . . ~ . t' 2 d " 1 c , o n • l.nasay .OoJmJ. n an ;';e vin a.1.vin 

Laboratory of Chemical Biodynamics, University of California, 

Berkeley, California. 

Abstract 

A simplified proc~dure is described for the preparati6n of cry-

stalline bacteriochlorophyll from B.· rubru~. T'i1e chemical dehydro-
I 

gcnation of bacteriochlorophyll ~;ith quinones is shovm to give high 

yields of 2-desvinyl-2-acetyl-chlorophyll _£, whereas the photo-

oxidation of bacteriochlorophyll results in a mixture of products 

of which 2-desvinyl-2-acetyl-chlorophyll a is only a minor constituent. 

A number of interesting results have been observed spectrophotometrically 

during these oxidations under d~fferent reaction conditions. These 

observations are discussed and ~ossible reaction mechanisms are 

outlined. 

The proton magnetic resona;1ce spec'l:.rur.1 of 2-desvi;:;f;.-2-clcetyl-

chlorophyll ~ in deuteroacetone and the visible absorption spectra 

of this pigment and its magnesiu~-free derivative in acetone arc 

reported. As expected, these spectra o~hibit a marked resemblance 

to chlorop:;.yll ~ and. pheophytin ~. 
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Introcluction · 

Most of thB ~ecent research into the structure and physical and 

chemical properties of photosynthetic pigments has been limit~d to 

chlorophyll ~ and ::?_, whereas bacteriochlorophyll,owing to its insta-

bility in organic solution, has largely been neglected. The degre8 of 

instability of bacteriochlorophyll vc.ries enormously with the physical 

state of the pigment and with the conditions of storage; thus, 
7 

~rystalline bacterochlorophyll is st&~l~ when kept in the dark,~ while 

the stability of solutions of 'ci1is pi.:;::.;:;nt cun vary over a hundred

fold depending on the nature o:~ the s.olv.:mt. 4 

'l'he changes that might :::..:.-:.co du:..~in0 storage of oacteriochlorophyll 

can be classified under two :::;8:-~er.::tl he:.:.C.in.::;s: first, the loss of 

magnesium i a:-• .:l secondly, oxidation, Hl"..ic::.. includes allomeriza tion 

of the isocyclic ring and dehydroc;onF'- ·cion of tr.e tv:o reduced pyrrole 

rings. ·rhis work is conccrr • .::C: ,.iith th0 latter class of d-2G:::-adation 

and, i~~ particular, the dehyci::-og0na tior. of the tetrahydropor:p::.y:.~in 

to a <iihydroporphyrin or chlorin. 

There have been reports that durinG the chromatographic purific~tion 

of crude extracts of bacteriochlorophyll from photosynthetic b~ctcria 

a minor band of a green pigment appears on the column. 5 'I'h.:: o:·igin :;..nd 

structure of this_pigment have not been conclusively proved, but the 

~vidence available §uggests that it is probably 2-desvinyl-2-acetyl-

chlorophyll E:,, for:ned possibly by photo-oxidation of b~ctcrioc:'lloro~~;-,yll 

in solution during the purification procedure. In confirmation of th.is 

• 

/ 
I 



I' 

·~· 

I 

- 3 -

conclusion, both chemical and nhoto-oxidation of bact~r-iochloro"Ohyll 
' .A. • .... 

solutions have been reported to zi ve a green chloro;,1hyll-lilw pic;;>W:1 t 

with an absorption spectrum similar to that of the chromatographic 

. . .. 5,6 
~mpun .. ._y. 

Results from a recent investigation on the selective chemical 

oxidative bleaching of bacteriochlorophyll in R. rubrum chromatophores 

indica ted that a green chlorophyll-like pigment \vas forr..ed vJhic:-. when 

extracted into organic solution had spectral properties apparently not 

identical to any previously reported pi;:;;·i:e:1t. 7 ':"he. similarity of the 

absorption spectrurn of this product to that of the ;:;roen pir;r.:cn t :-los-

cribed earlier v:arranted a further investigation into ;:he .::hc::mical 

and photochemical oxidation o: bacteriochlorophyll solutions and the 

structure of the green pigment produced. 

Exnerimental 

The solvents acetone and ether Here Baker and Adamson reagent grade, 

and \-Jere used without further purificat:i.on. Commercial 2,3-dichloro-

5,6-dicyanoquinone, £- chloranil, E-chloranil and £-benzoquinone were 

purified either by recrystallization from benze:1e or by sublima.tion. 

Polyethylene used for chromatography was of a loVJ melt index C:~.I. 

0.044) 8 from·Dow Chemical Co. Acetone d6 was commercial mat~riul 

· from V.::..rian Assoc. 

Snectronhotomctric Studies. All visible and near infrared ab~orption 

spectra were recorded using a Cary 14R spectrophotor:1etex·. Nuclear 

magnetic resonance spectra were measured with a Varian A-60 Spectromot0r. 
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Isolation of Bocteriochloronhyll. R. rubrum culture (10 lit~rs) 

VJOS c,:.mtrifugcd using a Sharples 11SUlJcr'' continuous flow centrifu[:;c 

(2.500rp:n). The bacteriochloro:l)hyll ';as extracted' from the buct..:·ria 

Hi th acetone (200 ml) in a 'daring Blender. The acetone extract \vas 

diluted with distilled water to a 70:30, acetone:water mixture and 

chromatographed on a tightly packed polyethylene colu~n (4 x 50 cm) 8 

previously washed with acetonc:Hater (60:40). Some vacuun: was applied 

to the end of the column to incrcase tr.e rate of percolation. The 

pigment was eluted with acetone:water. (70:30) and colle:ctcd in a 

Buchner flask (500 ml). As the pit;ment was collected, p<>l~t o: the acetone 

in the flask was pumped off by the vacuum, which increucod th(; 

proportion of water and reduced the te~~erature of the salven~ in the 

flask, causing the bacteriochlorophyll to crystallize. The solid 

was coll~cted, re-cry~tallized from aquoou~ acetone and stored in the 

dark under vacuum. All operations desc;:-i0ed above Wt;)re carrioci out 

either in the dark or under conditions of low light, to minimize 

photobleaching of the pigment. 

(Analysis found: C, 70.99; H, 7.83; ·N, 5.93; Mg, 2.60. Calculat,:cl for 

Tl10 crystall;Lne material obtained, vlhich gave a clear X-ray 

diffraction powder ~attern, 9 was s~able for more than six months, in 

agrt:ement with the findings of Jacobs ~ ~.3 

.. 
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Ab.:;orptivities of bacteriochlorophyll in etl1er, c;: (in Litcr/m.mol0./cm) 

and absorption max::..ma, A (in m
1
u.. ) . 

A [ A t ~ C' ;_ Itef0rnl1cc '-

(770) 22.0 (573) 47."1 (392) 73.4 ()57) 1fhis 

(773) 20.9 (577) 48.1 (391.5) 73.4 (353.5) 10 

(767-70) 20.2 (574) 46.8 l392) 70.7 (357) 5 

(772) 22.1 (575) 52.d (391) 85.5 (358) 11 

Pre-paro.tion o{ 2-desviny~-2-acetyl-cl].lo_EE.E.Si:ll ~· A 10-
2 !< 

solution 

added to 

of 2,3-dichloro-5,6-dicyanoq_uinone (6 ml, 6ormoles) ~·ms 

bacteriochlorophyll (45 mg,N50rmoles) in aceton.;; (100 rr.l). 

study 

The absorption spectr~~ of this mixture showed that the bactcriochloro~hyll 

had been com}')letely oxidized. Ether (100 n1l) was a.dd.::C. and. tho 

acetone was washed out with distill,z;d water. · The ether solu~ion was 

dried with magnesium sulphate' evaporated to dryness ar.d the crc.:::n 

residue was then dissolved in a minimum of acetone diluted with iso-

octane (150 ml) and chromatographed on a sugar column (4 x LTO cr.l) 

previously washed with iso-oc tane. 'l'ho mixture was developcC. ':Ji th 

iso-octane. containing 0. 75~~ ~-propylalcohol. The main green bond 
. 

which was preceded by a trace of a brown compound was collected and 

concentrated undervacuum, whereupon the greer. pigment precipitated 

,?;iving 23 mg of dried material. A simpler method of purification of 

2-desvinyl-2-acetyl~chlorophyll ~' involving chromatography of 

the acetone solution of the reaction mixture directly on polyethylene, 
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1vas found to be equally satisfactory. The visible absorption spec trw'!'! 

iG recorded in Figu.re 1, and the w.:::.velcnGths and molar ;;.bsorptivi'ties 

of the principal absorption bands are sur:.marized in Table II. 

(Analy.si~> found: c , 71.60; H, 7.25; N, 5.1:$5, 
,, 
J."!g, 2. Ll-8. Calculated for 

C55H72N406MgH20: c, 71.22; H, 1:$.04; N, 6.04; 
,, 
''"'J.g, 2.62.) 

Table II 

2-desvinyl-2-acetyl-chlorophyll ~ 

in acetone A <mr) 677 628 591 538 505 436 388 
max 

t (liter/mmole/cm) 

for monohydrate 65.2 12.8 8.06 4.27 2.75 76.1 51.3 

The compound 2-desvinyl-2-acetyl-pheophytin ~ was prep~red by 

adding 1% of dilute hydrochloric acid to an acetone solution of 2-

desvinyl-2-acetyl-chlorophyll ~· Excess acid converted tl:e pheophytin 

into the protonated form. The visible absorption spectrum of the 

pheophytin is recorded with the chlorophyll in Figure 1 and the 

spectral data of the magnesium-free derivative ~re described below 

Table III together with the values for 2-desvinyl-2-acetyl-phcophor'oide 

12 
a. 

Table III 

2-desvinyl-2-acetyl-pheophorbide a 

in ether A max. <mr) 681 620 544 511 4?6 

2-de.svinyl-2-acctyl-phcophytin a 

in acetone A max. (ml) 680 619 542 510 475 411 

Eand ratios 0.43. o.o8 0.11 0.12 0.05 1.00 

380 

0.74 

• 

.. 

• I . 

. I 
r. ,, 
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Prenaro.tion of Oxyr;en-free SoJution.s c;f Bacte::-iochJ..o::-opi":vl1. 

Acetone was successively evacuated at liquid nitrogen temperature, sealed and 

thavted at room temperature until the 1inal pressure obtained at liquid 

nitrogen temperature was less than 10-5m~ Hg. The deox~genated acetone 

was then distilled under vacuum into a cuvette for spectrop:-wto:net:::ic 

studies, or an NHR tube for magnetic resonance studies •.. The cuvette 

or NMR tube was sealed under vacuum. 

Photo-oxi~'\tion of Bact.c:l~j ocl:.lo::-o-;:;hyll Solutio:-:.s. A tunc;.sten 

filarr.ent bulb (300 watts) \·las ,~:;•played to illu;ninate solutions of 

bacteriochlorophyll in a stoppered ; ·em cuvette. The light path 

between the bulb and the cuvette was maintained at 35 em in all the 

experiments, and by means of a cut-off filter (Corning 2,600) only 

light with wavelength) 700 mr 'viaS used. The filter ·was attaci-.ed to 

a light-proof box in the form of a windovl, there by i_r.surin~ ti-.:::.. t 

only light of wavelength) 700 mf-4 reached the solution o:t." bactc::riochlorophyll. 

The extent of photo-oxidation of bacteriochlorophyll and production 

of the oxidized green pigment in the reaction mixture was measured 

spectrophotometrically. The intensity of the light in the Cary 14R 

spectrophotometer was found to be too low to induce photo-oxidation at 

a measurable rate. Thus errors that misht have arisen from photo-

oxidation during spectroscopic measurements could be neglected. 

Results 

Part I. Photo-oxidation 

Storage of Bacteriochlorophyll. Crystalline ·bacteriochlorophyll 

. I 

. ' . ' 

I 
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kept in the Q.ark was found to be stable for more than six month::;, 

\1hile acetone solutions of the pigment \.;ere unchange1i after two '.vecks 

in tho dark. No precautions w.::r.:: taken to degas or remove oxygc::1 

from the samples. 

Illumination in the Prcse:nce ar:C. Absence of Air. A '~.:::c;assed 
. (: 

solution of bacteriochlorophyll in acetone (2.8 x 10-..; Jj) vto.:s illu;r.i::1atcd 

using the method described above. Spectrophotometric exa~1no.~1on after 

two hours showed that the bacteriochlorophyll was not measurably 

destroyed, nor was any ·Of the oxidized pig:nen t formed. Ail' Ha..s then 

admitted into the cuvette, and after ·ten minutes illumination the 

bacteriochlorophyll was more than 7Cf;J, destroyed. and. some o: t:-:.u 

green oxidized pi~.ent was form.::d. 

Photo-oxidat:Lon of Bacterioc:hloronhyll in the I'resence: of 

p-benzoquinone. Bacteriochlorophyll in acetone (2.15 x ~o-5 ~) was 

illuminated in a cuvette in the absence and presence of equi:;;olar 

and excess _E-benzoquinone (7.7 x 10-3 ~) and the rate of photo-oxid.ation 

was recorded for the three solutions. No precautions were made to 

eliminate air from the reaction. Equimolar quantities of .?_-

benzoquinone have little effect, but excess quinone can be seen to 

have a marked inhibiting effect on the photoreaction (Figur-e 2). •rn.us, 

in the absence of the quinone the bacteriochlorophyll was 25~,; dostroy0d 

in 1.0 min, and the time required for an equivalent oxidatiorJ. in the 

presence of excess _E-benzoquinone was 35 min. 

The spectra of the reaction mixtures recorded at intervals during 

the,photo-oxidation showed four unambiguous ~sosbestic pointe at 691, 

·' 
'' 

I 
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605' 556 and 402 m r ('Figure 3). 

Photo-oxid.>tion of Buc~orioc:hlol~onhyll in. ~~t~er. An air snturuted 

ether solution of bacteriochlorophyll (2.15 x 10~5 M) was illuminated 

using the method described above. The unreacted bacterioc~~orophyll 

\vas measured at intervals during the illumination. The rn te of photo-

oxidation in ether ~as found to be about. forty times slower than 

the equivalent oxidat:.on in acetone (Figure 2). Once again fo-..r isosbcst~c 

points were recorded at 695, 595, 558 and 40~ m~, respectively. 

Chromatography of photo-oxidation products. The photo-oxidation 

of bacteriochlorophyll with oxygen produces a mixture of at least 

seven colored products, as determined by chromatography on a 

po~thylene column. The order of elution, using acetone:water (?0:30) 

as the eluent, was first brown followed by purple, blue (bacteriochlorophyll) 

and three green bands leaving a residue of two brown bands. The 

yield of the main green product collected never exceeded 2Cf); of the 

original b'lcteriochlorophyll used. 

Part II. Chemical Oxidation of Bacteriochlorophyll 

Oxidation Using Ferric Chloride. Solutions of bacterioc/1lorop~yll 

in acetone and in methanol were oxidized with small quantities of a 

dilute solut~on of ferric chloride in methanol in a cuvette. The 

spectroscopic changes accompanying the oxidation indicated that ferric 

chloride oxidatively bleaches bacteriochlorophyll without producing 

any measurable amount of the green pigment. 

'' . I •. 

••', I ··;' 
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Quino~e Oxidation of Bacteriochlorouhyll: 2,3-dichlcrn-5,6-

diq'£•no:!uinone. A 1.6 x 10-5 !:1 solution of bacteriochlorophyll 

in acetone in a cuvette was ex&m~no~ spectrophotometrically to determine 

the changes in the spectrum that resulted on addition of 100 ~ 

port:.ons of 10-
4 

N 2,3-dichloro-5,6-dicyanoquinone. The bacteria-

chlorophyll was oxidized and a green pigment was formed, th~ re~ction 

occuring in the dark. One mole equivalent of the quinone waG required 

to oxidize one mole equivalent of bacteriochlorophyll (Fie;ure 4). 

. The rate of oxidation was too cr0Rt to permit kinetic determinations 

with the experimental method employed.here. Neither the addition 

of excess E-benzoquinone, nor the substitution of ether for acetone 

as solvent had any measurable effect on the rate of oxidation of 
.\ 

bacterioch].orophyll by 2,3-dichloro-5,6-dicyanoquinone. 

Optimum yields of the green pigment are obtained, as measur0d 

spectroscopically and' chromato(;'raphically, by using equimolar anwunts 

of 2,3-dichloro-5,6-dicyanoquinone and bacteriochloror.>hyll. Under 

these conditions the bacteriochloro~hyll is oxidized completely and 

the major product ( 90%) is the green pigment. Excess of this 

quinone causes further oxidation, and a mixture of at least three 

green pigments res~ts. 

...Q:.9hloranil. o-Chloranil behaves like 2~3-dichloro-5,6-dicyanoquinone -
and one mole equivalent induces a rapid oxidation of one mole equivalent 

of bacteriochlorophyll into the green pigment. Excess quinone results 

in a mixture of green pigments. 

r 

/ 

• • 
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n-Chloranil. A 4.4 ·X lo-4 M acetone solution of bacteriochlorophyll 

(1 ml) was mixed with lo-2 M 12.-chloranil (50 1.11) in acetone in the dark; 

250 \.ll of this mixture was diluted to 5 ml with acetone and exn:::ined 

spectroscopically. The changes in absorption at 770 and 677 mv. with 

time were measured. The results fro~ this and two other si~ilar expcri-

ments were plotted to deter.mine the kinetic order of the reaction. First 

and third order plots showed marked deviations from linearity whereas 

the second order plot of 1/conc. bacteriochlorophyll aeainst tL~e gave 

a good linear relationship (Figure 5). This would imply the disap-

pearance of 1 mole of quinone for each mole of bacteriocr~orophyll 

disappearing. 

The spectra of the reaction mixture, which were recorded at different 

times throughout the oxidation, ·showed four isosbestic points at 698, 

603, 535 and 391 ml-1 (Figure 6). These points correspond closely to 

the cross-over points in the complete oxidation of bacteriocr~orophyll by 

2,3-dichloro-5,6-dicyanoquinone (Figure 4) and by o-chloranil. 

p-Bcnzoquinone. The oxidation of bacteriochlorophyll using excess 

E_-benzoq_uinone is very slow; for example, an acetone solution of 

bacteriochlorophyll (8.8 x lo-5 ~) was less than 35% oxidized after 

twelve days. Two of the isosbestic points in this oxidation are 

identical with those in the 12.-chloranil oxidation, ~~d the third and 

fourth at 535 and 391 mll are obscured by the end-absorption of 

:e.-benzoquinone. Sfnce the quinone is in excess, the oxidation might 

be expected to obey pseudo-first order kinetics with respect to 

.. 
' .. . ' 

I I'•', 
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bacteriochlorophyll, but a first order plot of log
10

(Bchl) ar;ainst 

time does not give a straight lin.::; th<:! cause of this deviatio:l 

is probably the instability of the .E_-be:-:zoquinone in solut:Lon. 

Nuclear Magnetic Resonance S cudies. Spectra of the sa:npl<!S 

\vere recorded in the absence of oxygen using chlorophyll pic;mcnts 

(15-20 mg) dissolved in fulJ.y deut:erated acetone (400 rl) with 

tetramethylcilane as an intern.:ll .standard. The NMR spect-rum of 

oxidized bacteriochlorophyll is recorded (Figure 7) and the major 

peaks are assigned to the proposed structure: 2-desvinyl-2-acetyl-

chlorophyll~ (Table IV). 

(Note to editor) Place structure of 2-desvinyl-2-acetyl-chlorophyll (A 

at this point. 

'l'able IV. Chemical Shifts cps from TMS = 0 for 2-desvinyl~2-acetyl-

chlorophyll a Proton Assignment 

o( ~ 6 10 phytyl 7 and 8 11 1 5 3 2 phytyl 

598 587 527 376 309 265 232 219 216 200 291 

The three methine protons cannot be unambiguously assigned, but by 

. . . 13 
comparison with t.he reported spectra of chlorophyll ~ and .£ the bvo 

peaks at 598 and 587 cps are probably the o! and F protons. The 0( : 

resonance would be expected to occur at lower field than the p , since 

the acetyl group in the 2-position should give rise to considerable 

deshioldinz of the former but the effect should be.negligible on the 

.. , ,·,· 

l(' ' 

~7 

I 
I 

~j 
j 
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latter. Thus thed methine is assir,n8d to the resonance at 598 cps 

and the p to 5·37 cps. The S ~1roton \./r,ich is in .the proximity of only 

one pyrrole ring should be the most shlcldcd and is conside-red to be 

the resonance at 527 cps. The c10 proton is assicncd to the line ut 

376 cps close to the value for this proton in chlorophyll ~ and E_. 

Again by analogy with chlorophyll ~ and b the multiple rc:son:--:..nc<:: 

centered at 309 cps arises from the olefinic hydrogens in the phytyl 

chain. The weak resonances centered around 265 cps might aris.:: from 

the 7 and 8 protons. 

The five l-ines between 235 und 190 cps can be assigned to the 

ring methyls on carbons l, 3 and 5, the ester methyl on c,_ and the 
... .L 

acetyl methyl on c2 • The peak at 232 cps is almost certainly the 

ester methyl on c11 , the resona."lce being very close to that of the 

same groups in chlorophyll ~ and ~· The line at 216 cps is probably 

the c
5 

methyl, since this group should be virtually unaffected by the 

2-acetyl group and the resonance should therefore arise at the same 

position as in the spectra of chlorophyll ~ and b. The c1 methyl 

resonance is shifted down field from the values obtained for cruorophyll 

~ and ~ to 219 cps due to the close proximity of the carbonyl of the 

acetyl group. These last two assignments for c1 and c
5 

methyls a~e not 

unambic~ous, and could be in the reverse order. The resonance at 200 cps 

most probably. arises from the C .. methyl: this value is dovm field froiT. 
;; 

that quot8d for chlorophyll a by 5 cps, and this effect might well arise 

from the deshieldine· of the carbonyl of the acetyl croup on C2 o By 

elimination, the acetyl methyl resonance arises at 191 cps, 11 cps doH:-, 

field from the value found for this methyl resonance in bacteriochlorophyll 

'' < 

' ··' ,, 
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( 180 cps). 
14 

The possible cause for this shift dovm field is the 

increaccd resonance in 2-desvinyl-2-acctyl-chlorophyll ~ over 

bacteriochlorophyll resulting in a greatc;r deshielding of the methyl 

protons on the acetyl group of the former. 

The remaining three large resonances can be assi[Y!ed with a high 

degree of certainty. Tne multiplets at 87 cps and the quintet at 

120 cps arise from the. aliphatic methylene groups of the phytyl 

chain and the proton in the solvent impurity pentadeuteroacetone, 

respectively. The broad peak at 161 cps is assigned to traces of water 

associated with the pigment. Con:firm~J.tion for this last assignment 

comes from two pieces of work: first, trace quantities of water 

added to the solvent hexadeuteroacetone cause a broad multiplet at 

163 cps; and secondly, the results from a study on the temp..::rflture 

dependence of the NMR spectrum of bacteriochlorophyll showed that the 

only resonance to give ari apprE:ciable shift with temperature \vas a 

.· . 0 
multiplet at 154 cps at 40 and which shifted down field to 1()4 cps 

. 0 . 
at -45 • Thus this' resonance is considered to be due to the water of 

. .. . 15 
crystallization of bacteriochlorophylL . 

Discussio:l 

The ori..ginal :rurpose of this research was to prepare the green 

oxidation product of bacteriochlorophyll reported by previous worker;:;;, 

and to elucidate its chemical structure. However, several interesting 

observations arose while trying to determine the optimum conditions for 

the oxidation. The conclusion from these observations and others regarding 

the structure of the oxidized pigment are discussed below. 

.. 
!t' 
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The })reparation of crystallinE: bacte:ciochlorophyll described 

r,bovc has the advan:tac;e of bcinc; both .simpler and quicker th.:m tho 

. ' . ' . 3-5 16 . mctnoaG prev~ously aescr~bed; ' furtnermore, acetone is used 

throuc;hout in place of methanol as the orc;anic colvent. These 

modification-5 in the experimental method reduce the possible extent 

of photo-oxidation and allomerization during purification. 

Photo-oxidation of bacteriochlorophyll 

Bacteriochlorophyll solutions are readily bleached when exposed 

to light in the presence of air. The active wavelength of the light 

extends into the near infrared where only the long wavelength band 

of bacteriochlorophyll can absorb radiation. In the absence of O)~c;cn, 

the pigment is stable for periods of illumination which would completely 

destroy. it in the presence of air. Similarly, air-saturated 

bacteriochlorophyll solutions are stable in the absence of light for 

.s0veral days. 

The rate of the photo-oxidation of bacteriochlorophyll in air 

is 
. . . 4 

very dependent on the nature of the solvent. In this investigation 

the results from the photo-oxidation of bacteriochlorophyll in two 

solvents, ether and acetone, have been described. Further qualitative 

results not included in this paper became apparent during a recent study 

of the dimerization of bacteriochlorophyll in carbontetrachloride.14 

It was found that ·photo-oxidation in this solvent is concentration 

dependent: the rate of photo-oxidation decreases considerably as the 

concentration of the.bacteriochlorophyll increases.15 This last 

observation is of interest in connection with the concentration dependent 

13 14 17 aggregation of chlorophylls in non-polar solvents. ' ' Finally, 

· .. I 
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the photo-stability of bacteriochlorophyll in acetone is markedly 

increased by the presence of excess E.-benzoquinone; anobsc::-v.;;.tion 

first recorded by Goedheer.
4 

These results show that the rate of photo-oxidation of 

bacteriochlorophyll depends greatly on the environment of the 

chlorophyll molecules. In acetone the photo-oxidation rate is 

thirty five to forty~fold.faster than it is in ether or in acetone in 

the presence of excess .E.-benzoquinone. Despite these large differences 

in photo-oxid~tion rates the visible absorption spectra of .l.' 
rcac~.~on 

mixtures all show isosbestic points and ·the wavelengths of the points 

are barely affected by these environmental changes. The sigrlificancc 

of the isosbestic points in the spectra of the reaction mixtures is 

twofold: first, the photo-oxidation does not involve any appreciable 

u.mount.s of long-lived intermediate species; and secondly, the products 

of the photoreaction must be formed in a fixed ratio throughout the 

reaction. Further, since the positions of the isosbestic points are 

~lmost the same in acetone in the presence or absence of excess E-bcnzo-

quinone or in ether, the mechanism of the photo-oxidation is most probably 

the same under these three conditions. Thus, although the rate of photo-

oxidation of bacteriochlorophyll is markedly altered by these changes in 

reaction conditions the direction of the reaction and the nature of the 

products formed seem unaffected. 

At present too little is knovm about solvent-chlorophyll interactions 

&:ld there is insufficient·experimental evidence to propose a detailed 

!'<·:action mecha.nicm for tho photo-oxidation of solutions of bacturiocLlvro;;hyll G 

'l'hv initi~l step is probably a light absorption by a bacteriochlorophyll-

• !'.' '.' 

. I ,, 
' '' 
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solvent complex to give the electronically excited pi~ment. This 

excited bacteriochlorophyll is c~publo of revcrtinc to the :round 

state by loss of energy or reacting with oxyrsen most probably by a 

z-udical mechanism to give a number of oxidation products. The relative 

ir:ll"lortancc and the nature of these tv;o pathvJays and the effect of solve:1t 

ch<>.ng.:::s and added quinone on them rerr.ains uncertain. The ra<iical 

~cchanism is indicated by the laree number of products and the reaction 

Since the photo-oxidation results in a mixture of several products I conditions. 

of which the main green pigment is only a minor constituent t:nis w::>z-k was 
• 

abandoned in favour of other more specific methods of oxidation 

Chemical Oxidation of Bacteriochlorophyll The work of Linstead 
. . 18 

and his co-workers on the oxidation of metal-free chlorophyll 

derivatives with high redox quinones suggested that these quinoncs might 

act as hiehly selective oxidants for bacteriochlorophyll. Initial studies 

showed t~at bacteriochlorophyll could in fact be oxidized by 2,3-dichloro-

5,6-dicyanoquinone to a greert chlorophyll pigment in high yield, the 

optimum conditions being one mole equivalent of the quinone to oxidize 

one equivalent of bacteriochlorophyll. 

Three other qu~nones were examined, and of these o-chloranil was 

found to resemble 2,3-dichloro-5,6-dicyanoquinone in that equimolar 

quantities rapidly oxidized bacteriochlorophyll, E-chloranil induced a 

slower oxidation, and.E-benzoquinone was the slowest. Similarly tc 

the p:t.oto-oxidation of bacteriochlorophyll, the spectrum of the reaction 

mixtures during chemical oxidation showed clear isosbestic points. The 

Havelen~ths of these points from the quinone oxidation ~:pectra were 

.... ' 

..... 
.. . ··.··· . '1('1. 

' ' ,, 
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~lmost the same for the four quinones studied. Several conclusions 

c~n be dravm from the quinone oxidations of bacteriochlorophyll: fh·st, 

the Jcactions are highly selective, ziving high yields of the oxidized 

c;rcen pigment; secondly, the rate at v1hich the different quinones 

· OY~dize bactcriochloropr~ll parallels tha redox potentials of the quinones; anG 

thirdly, the occurrence of isosbestic points in the absorption spectra o..f these 

reaction mixtures and the similarity of the wavelengths of the points from ~ 

tho different quinone oxidations suggest that tho mechanism and the 

oxidation products are the same for all the reactions. 

The most probable mechanism for the de:·,ydrogenation is that proposed 

by Braude and Linstead and their co-workers for the dehydrogenation of di

and tetra-hydroaromatic compounds with quinones, 19 and involves a hydride 

transfer from the bacteriochlorophyll to the quinone. The intermediate 

hydroqt<inonc union and partial~y oxidized bacteriochlorophyll cation then 

react furtherby proton shift to give the hydroquinone and oxidized bacteria-

chlorophyll. HO\vever, the alternative homolytic react.ion cannot be r~.<lod 

out. 

Two chlorins.could theoretically be formed, one involving dehydrogenation 

of the 3,4 bond of bacteriochlorophyll and the other the 7,8 bond. All 

the data suggest that the major product results from the former dehydogenation 

It is of interest to note that Golden et alolB(b) found that 'o.::.cteriochlorin 

e,. trimethylester ' Hith 2,3-dichloro-5,6-dicyanoquinone gave only one 
t> 

product, tho 2-desvinyl-2-acetyl-chlorin e,. trimethylester, the other product 
0 

involving dehydrogenation of ring IV was not formede. Thece worker::> concluded 

that the transition state for dehydrogenation of the IV ring involves 

considerable steric crowding between the methylene on c
7 

and the groups on 

/ 
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c10 of the isocyclic ring V, Hhcreas dehydrogenation of rinc II docs 

not involve this sterfc strain. The sar;.c ar1~ument can be applied to 

the dehydrocenation of bacteriochlorophyll itself. 

Structure of Oxidized Bactr:riochloroDh;yll The green pic:r .. :mt 

prepared by the oxidation of bacteriochlorophyll with 2~3-dichloro-5,6-

dicyanoquinone has a visible absorption spectrum similar, if not 

identical, to the picrnent reported by Holt and Jacobs. The evidence \oi:1ich 

is discussed below all points to it being 2~desvinyl-2-acetyl-chlorophyll ~' ~ 

which is the structure proposed by these workers. 

The mode of preparation of the pigment indicates it i:::; a dchyd.rogon-

ation product of bacteriochlorophyll. This evidence, combined vith the 

visible absorption spectrum, which is very similar to 2-desvinyl-2-forn•yl-

20 chlorophyll ,£, suggests that the oxidized bacteriochlorophyll is a ciuorin 

and most probably a simple derivative of chlorophyll a. Of the two chlorins 

that could be formed, the data suggests that the one involving 

dehydrogenation of the 3,4 bond of bacteriochlorophyll is the most likely. 

The niagnesium;.;.free derivative of the oxidized pi~ment has a spectrum 

similar to 2-desvinyl-2-formyl-pheophytin ~, 20 but more important, the 

spectrum is almost identical to that of 2-desvinyl-2-acetyl-pheophorbide 

12 
,£ (~able III)v It is well ~~ovmthat the phytyl chain of chlorophyll 

pigments has little effect on the absorption spectra of the pi0mcnts; 

thus it is not unreasonable to expect that 2-desvinyl-2-acetyl-pheophytin 

a would have a visible absorption spectrum almost identical to 2-dc.svinyl-

2-acctyl-pheophorbide a, and further that the pheophytin of the erecn 
. -

p~gmcnt is probably 2-desvinyl-2-acetyl-pheophytin ~· 

Confirmation that the green oxidized bacteriochlorophyll is 2:dcsvinyl-

··~· .. ·. 
''' 

I. . ' 
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2-acetyl-chlorophyll ~ corr.cs from the r;·;-;2 spectrum of thi.s 1n·oduc t 

( Fi~ure 7).. The peaks in tho s_:;octru:-:: \ve:re D..ssigncd by co;np::.rison \lith 

the NMR spectra Qf chlorophyll~ and~ l3 and bacteriochlorophyll .. 14 

'I'r•e positions of the methine hydrcije::-, resonances indicate cl.:::.'<rly that 

the pismen.t is a chlorin;· this evidence combined with the bands arising 

from the phytyl group? the c
11 

ester methyl and c
10 

proton ::;uggest 

that the pigment is a chlorophyll derivative. 

The five shar)? bands bet\·Jeen 235 and 190 cps cannot be assigned 

. unarr.bieuously, but each is clearly equivalent and corresponds to one of 

".:he five lowfield methyl sinf3lets expected from thC compound 2-dcsvinyl-2 

acetyl-chlorophyll ~· 

In conclusion, the major green oxidation product of bacteriochlorophyll 

is 2-dcsvinyl-2-acetyl-chlorophyll ~'the structure proposed·for the compound 

by Holt and Jacobs.,5 The biological importance of tl:'.is pigment as a logical 

biosynthetic precursor for bacteriochlorophyll remains doubtful, since 

acetone extracts of R. rubrum bacteria when chromatographed in the dark show 

no sign of any green pivnent, 21 perhaps the concentration is too low for 

detection by this .method (less than N 1% of the concentration of 

bacteriochlorophyll). Furthermore, it is unlikely that this pigment is 
7 

the sn.me as the one reported by Gould et al., for although the absorntio:q. -- ~ 

spectra are similar they are not identical, and the visible spectrum of 

the magnesium-free derivative and the ~~R spectrum in acetone
22 

are 

clearly different from thos described above. The chlorophyll-like pigment 

of Gould et al.. is probably one of the lesser pigr.wnts detected both in 

tho photo - and chemical oxidations of bacteriochlorophyll. 

The authors would like to thank Profes.sor Kenneth 

:, ' 

--
I 

• 



,. 21 -
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Fig. l. Absorption spectra of 2-de.svinyl-2-acetyl-chlorophyll a (----....,. __ -) ,-

and its pheophytin (--~-------) in acetone. 

Fig. 2. Photodegradation of bacteriochlorophyll in non-desasscd solutions: 

x~----x; bacteriochlorophyll alone in acetone; a .......... Cl, 

bacteriochlorophyll \.Jith :e.-benzoquinone in equimolar quantities; 

o------0, bacteriochlorophyll with excess ,:£-benzoquinone; and 

o----------•--o, bacte'riochlorophyll alone in ether. 

Fig. 3. Photo-oxidation of bacteriochlorophyll in acetone. Time of illu-

mination in seconds~---------- 0, 30, --- --- --- 90, 

------.270. 

Fig. 4., Chemical oxidation of bacteriochlorophyll v.rith an equimolar 

quantity 2,3-dichloro-5,6-dicyanoquinone in acetone:------ --

bacteriochlorouhyll alone --------------
- • I 

reaction mixture after 

the additi:m of an equal molar qunntity of 2,3-dichloro-5,6-

dicyan6quinone. 

Fig. 5. Rate of oxidation of bact'criochlorop:Pyll in the presence of an. 

equimolar quqntity of :e.-chloranil. 

Fig. 6. Chemical oxidation of bacteriochlorophyll with an equimolar 

amount of :e.-chloranil. Time or reaction in minutes: ----- ----·-

4 ••.••• 8 •• ~.· ••. 25 50 
' ' . , ----. --;----- - ' ------ l02. 

Fig. 7. The proton magnetic resonance spectrum of 2-desvinyl-2-acctyl-

chlorophyll~ in acetone d6• 
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