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tudies on the Chemical and Photochemical OXlQaulOﬂ

of Bacte’riochlorophyll1

John R. Llnusay ~m1tn2 and Melvin Calvin
Laboratory of Chemical Biodynamics; University of California,

Berkeley, California.
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A simplified procedure is described for the preparation of cry-

stalline bacteriochlorophyll from R. rubrum. The chemical dehydro-
rcnation of bacteriochlorophyll with cuinones is shown to give high

yields of 2—desv1nyl-2-acetyl-cnlorophyll a, whereas the photo¥

oxidation of bacterlochlorophyll resu lt° in a mixture of p*oaucts

'of which 2-de$vinyl—2—acetyl-chlorcphyll a is only a minor constituent.

A number of interesting results have been observed spectrophotometrically

N

during these oxidations under aiiferent reaction conditions. These

"observations are discussed and rossible reaction mechanisms are

outlined.
The proton magnetic resonance spectrum of 2-desvinyi-Z-acetyl-
chlorophyll a in deuteroacetone and the visible absorpiion spectra

of this pigment and its magnesium~frec derivative in acetone arc

-
~

reported. As expected, these spectra cxhibit a marked resemblance

to chl ropayll a and. pheophyt*n e




Introduction7

Most of the recent research into the structure and physical and
chemical progperties éf photosynthetic pigments has been-limites to
chlorophyll a and b, whereas bacteriochlorophyll,bwing to its insta-
bility in organic solution, has largely been neglected. The degree of
instability of bactériochlorou“yll varies enormously with the vhysical
state of the pigment and with the conditions of storage; thus,

: 2,
rystalline bacterochlorophyll is steble¢ when Aept in the dark,” while

the stability of solutions of nt can vary over a hundred-

The changes that might arisc during storage of bvacteriochlorophyll

~

can be classi 1' ed under two seneral hesdings: Jirst, the loss of

magnesium; and secondly, oxication, which includes allomerization

the *socycllc ring and dehydrogenation of the two reduced pyrrole

(=)

o
rings. This work is conccrnced with the latter class of cdegradation
and, in Dartlcular, the dehydrogenaticn of the tctrabyu oporyayrin

ta a dihydroporphyrip or chlorin.

There have'been reports that during the chromatographic purification

o crude extracts'of‘bacteriochlorophyll from photosynthetic badtgria
& minor vand of a green pigment appears 6n the column.5 The origin and
tructure of this pigment have not been ;onclusively proved, But'the
evidencé évailable-suggests that it.is probably Zfdesvinylé2—a¢etyl—

D

chlorophyll a, formed possibly by photo-oxidation of bacteriochloronhyll

in solution during the purification procedure. In confirmation of this

»




conclusion, both chemica; and ﬁhétoéoxidation of bdcteriéchlorophyll
solutioq;'have‘beén reported to give a green chl&rophyll-like pigment
with an absorption spectrum similar to tnat of tnu c“romatog aphic
impuriﬁy.5’6

Results from a recent 1nvesL1mau¢on on the selective chemical
oxidative bleaching of bacteriochlorophyli in R. rubrum chromatophore
indicéfeavthat'a green chlorophyll-liike pigmént was fofmed which when
extracted into orgénic solution had spectiral nropert es apparently not
identical to any previous*y reported »nizment. The similarity of the

absorption:spectrun of this product f to th at of the sreen pigment des—

- cribed earlier warranted a further investigation into the chemical

’

and pnotochemical oxidation of bacter ochlorophyll solu: and the

ructure of the green pigment preduced.

Exverimental
The solvents acetone and ether were Baker and Adamson reagent grade,
and were used without further purification. Commercial 2,3-dichloro-

5,6-dicyanoquinone, o= chloranil, p-chloranil and E-benzoquinone were

purified either by recrystallization Irom benzene or by sublimation.

Poljuuhy‘ene used for chroma»ogranhy was of a low melt index (M4.I

0. 0#4) fron Dow Chnmlcal Co. Acetone d6 was commercial material

PO)

Tonm Vurlan Assoc.

Spectrophotometric Studies. Al Vlb+ble and near ;n;‘dLud absor ption

spectra were recorded using a Cary 14R spectrophotometer. Nuclear

magnetic resonance spectra were measured with a Varian A-50 Spectrometcr.




‘ Isolation of Bacteriochlorophvll. X. rubrun culture (10 liters) -

was cqntrifuged using a Sharples "super! continuous.flow centrifuge

. {2.500rpm). The bééteriochlorophyll was extrdctedffrém the bacteria
with acetone (200 ml) in'a Waring Blendor. The acetone extract was
diluted with distilled water to a 70:3C, acetone:waier @ixture and
chfpmatographed én‘a tightly packed pblyethy;eﬁe coiumnv(G x 50 cm)8
previously washgd.with gcetone:water (60:40), vSémé.vacpum was applied

to the end of the column to increase the rate of percolatvicn. The

)

vigment was eluted withvaéétone:watep (70:3@)'§nd collected in'
.BuChner‘flask (500 ml). As the pigment was collected,.part of the acctone
in the flask was pumped.off by fhe.vécuum, which incfea;od the

proportion of watef and reduced‘the ﬁemwefature of the Sdlvent in the
flask, causing.the baéteriochlérophyll to crysfalliZe. The solid

was coll

o

cted, fé;crystallized from agquccous acetone and stored in the
dark under vacuum. Ail operations described above were carricd out
either in the‘aark 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. Calculated for
-c55H7466N4MgHZO:' C, 71.06; H, 8.24; N, 6.03; Mg, 2.62.) o
The crystalline material obtained, which gave a clear X-ray

, 5 ,

diffraction powdéer pattern,” was stable for more than six months, in

3

| agreement with the'findings of Jacobs et al.”




5
Table I.
Absorptivities of bacteriochlorovhyll in ether, € (in Litér/u.mole./cm)
| and absorption maxima, A (in m~ ). o
¢ A€ N € Y €. A Refercnce
96.0 . (?770) 22.0 (573) L7 .1 (392) 73.4 - (357 This study
9“, (773) 20.9  (577) 8.1 C(391.5) 73k (3584.55 10
93.4 | (767-70) 20.2  (s7k)  L6.8  (392)  70.7  (357) 5
95.7 C (772)  22.1 (575)  s2.8  (391)  85.5  (358) 1

Preparation of 2-desvinyl-2-acetyl-chlorophyll e A 10—?

l.~(4
.38

sélution_of 2,3-dich19ro-5;6-dicyanpquinon¢ (6 mL, 6O/Amoles) was
 added to bacteriochlorophyll (4s mg,n;BOfkmoles) in acetone (jOO ml) .
The absorption specfrum'of-this‘mixture showed that the bacicriochlorophyll
had Been completel& oxidized. Zther (100 ml) was addec and the S
acetoﬁe was waéhea out with distilled water. The ether sélutidnvwas
“dried Qith ﬁagﬁeéium suiphate, evapqrated to dryneSs and the green |
residue was then dissqi&ed'in'a minimum of acetone diluted with iso;
octane (150 ml) and chromatographed on a sugar column (4 x 40 cm)
previbusly washed with iso-octane. The mixture was developcd with
iso—octane_contain;ng 0.75% g—prop&lalcohol. The main green band
which was precéded by a trace bf a brown compound was'collected énd
concentrated under- vacuum, whereupon the green pigment precipitated
zgiving 23 mg of'dried material. ‘A simpler method of purification of
.Z—desvinyl-Z-écety;—cﬁlorophyli a, involving chromatography of

the acetone solution of the reaction mixture directly on_polyethylcne,




was found to be equally satisfactory. The visible absorption spectrum
is recorded in Figure 1, and the wavelengths and molar absorptivities
of the principal absorption bands are summarized in Table II.

(Analysmu found: C, 71.60; H, 7.29; N, 5.85, Mg, 2.48. Calculated for

o

Cgsily N, OgMaH 00 €y 71.22; K, 8.0l; N, 6.04; Mg, 2.62.)

Table II

2- deuv1nyl-d—acetyl-chlorophyll _ ‘ '
in acetone A (mrk) ,677 628 591'_ 538 "_505v 536 388
€ (liter/mmole/cm)_v | ' | | | B

for_monohydfate 65.2 12.8 8.08 k.27 2.75 76.1 51.3

The compound 2-deav1nyl 2-uce»j1—yheoohyt1n a was prepared by
adding 1% of dilute hydroghlorlc»ac1a to an acetone‘solutlon of 2-
desvinyl42-acetyl-chléropﬁyll’g. Excess acid converted the pheophytin'
into the protonated form. 'The visible absorétion spectrum oi the
pheophytin is redorded withkthe chlorophyll in Figure'1 and the |
snec»rul data of the ma«ne51um—Aree derivative are described below
Table III togeuher w1th the values for 2-desvinyl-2-aCctyl-pncovhoro;de

12

2e . ) .
—

Table III

2-désviny1—2-acetyl-pheophorbide a
~in ether A max. (m{w) , 681 620 Sh4. 511 L6
'2—dcsv1nyl-2-acc»yl-pheophyuxn a

in acctone A max. (mr~) 680 619 : 542 '510 475 411 280

Pand ratios 0.53 0.08 0.11 0.12 0.05 1.00 0.74



&

o

Preparation of Oxygen-free Solutions of Bacieriochloronhvll.

Acctone was successively evacuated at liquid nitrogen itcemperature, sealed
thawed at room temperature until the final pressure obtained at liguid

enated accetone

o
o

nltrogen temperature was less than 10 5mm Hg. The deoxy
was then distilled under vacuum into a cuvette for spectrophotometric
studies, or an NMR tube for magnetic resonance studies.. The cuvette

or NMR tube was sealed under vacuum.

Photo-oxidation of Bactericchlorophyil Solutions. A tungsten

Paiy

filament bulb (300 watts) was e¢mployed to illuminate solutions of
bacteriochlorophyll in a stoppered 7 'cm cuvette. The light path
between the bulb and the cuvette was waintained at 35 cm in all the

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

to

£

light with wavelengthA> 700 mr.was used., The filter was attache

a light-proof box in the form of a window, thereby insuring tnzti

only light of'wavelengﬁh;>700 tm 4 reached the solution of bacteriochlorophyll.

The extent 6f phbto-bxidation of bacteriochlorophyll and production

of the oxidized green pigment in the reaction mixturevwas measured
spectrophotometrically. The intensity of -the light in the Cary 4R
spectrophofometer was found to be.too low to induce photo-oxidation at

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

oxidation during spectroscopic measurements could be neglected.

Results

Part I. Photo-oxidation

Stéragé of Bacteriochlorophyll. Crystalline'bacteriochlorophyll



kept in the dark was found to be'sfable for more than six months,

while acetone solufions of the pigment were unchanged after two weeks
: . '

in the dark. " No precautionS’were.taken to degas»or remove oxygen

from the samples..

Illumination in the Presernce and Absence of Air. A degassed

solution bf baéteriochlorophyll_in écetone (2.8 x 10-5 E) was illuminated
using the method descriﬁed above.I;Spectrophotometric examination after
two hours showed that'the bacteriochloropbyll was not measurably
destroyed,'nor wasvanyvof the oxidized pigment férmea. _Air was then

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

bacteriochlorophyll was more than 70% destroyed and some of i

iy

Photo-oxidation of Bacterioshlorovhyll in the Presence o

=5

p—bénzbquinoﬁe. Bactefioéhlorophyil in acetone (2.?5 % 10 ﬁ)'was
illuminated in'alduvette'in'the absence andipresence of equimoliar

and excess p-benzoquinone (7.7 x 1072 M) and the rate of photoéoxidatioh
was\recorded'for'tﬂe three solutions. No precautions were made to
eliminaté air from the reaction. Equimolar gquantities of -
benzocguinone have little effect, but excess‘qﬁinone danvbe seen to

have a marked inhibiting effect oﬁ the photoreaction (Figure 2). ‘Thus,
in the absence of the quinone the bvacteriochlorophyll was.25% acsfroyed

in,T,O min, and the time required for an equivalent oxidation in the

presence of excess p-benzoquinone was 235 min.

The. spectra of the reaction mixtures recorded at intervals during

the,photo-oxidation showed four unambiguous isosbestic points at 697,



605, 556 and 402 mr& (Figure 3).

Photo-oxidation of Bacteriochlorophyll in. Ether. An air saturated

é?her solution of bacteriochlorophyll (2.15 x 10;5 Ej'was illuminated

using the method described abové.r The unreacﬁed bacterioéhloro?hyll

was measured at intervals during thé illﬁhination., The ré#e of photo-
oxidation in eﬁher'waS'founa to be abduthfortj‘times sléWer than
the'equivaleﬂt oxidation in.aceﬁone (Figure 2). Once again fouf isosbestic

points were recorded at 695, 595, 558 and 402-mr~, respectively.

' Chromatography onghotd—oxidation prodﬁcts. The photo-oxidation
of bacterioch}orophyll with oxygen proéuces a.mixtdrevbf at leésﬁ
seven qolofed pfoducts, as détermined by chromatography oh a
po%ﬁthylenevcolumn. Thg order of elution; using acetone:water\(?O:SO)
as the eluent, was.firsfvbrown folldwed by pﬁrplé,_blue (vacteriochlorophyll)

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

" yield of the main greén product collected never exéeeded 20% of the

original bacteriochlorophyll used.

Part II. Chemical Oxidation of Bacterioéblorophyll

Oxidation Using Ferric Chloride. Solutions of bécteriobhlorophyll

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

dilute solution of ferric chloride in methanol in a cuvette. The

bpeCurOSCOPiC changes accompanying the oxidation indicated that ferric

chloride ox;datively bleaches bacterlochlorophyll without produczng

any measurable amount of the green pigment.

LA
L4
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Quinone Oxidation of Bacteriochlorovhyll: 2,3-dichlcoro-5,6-

dicyand45jnoné. A 1.6 x 1Of5 M solution of bacteriqchlorophyll
in acetone in a cuvette was examincd spectrophotometrically to détérmine ¥
the‘chdnges in £he»spectrum.thét resulted.én addition of 10Qf~i
portions Qf‘ﬁo—g ﬁ 2,3;dich10ro-5,6-dicyanoquinone. The bvacterio-
chlorophyll was oxidized and a green pigment was formed, the reaction
occuring in thé dark;~ Ong mole_equivalénf of the quihone was regquired
to oxidize one molé equivalent of bacteriochlorophyll (Figure &4). -
The rate of oxidation was too great to pérmit‘kinetié determinétio;s
with the expérimental me thod empibyed'here. Néithér the addition
of excess Efﬁenzéquinone, éor the substitution bf'ethervf;r acetone
.as solveﬁt nad any‘measﬁrable effect on the rate of oxidation of
béctériéchlqrophyll-by'é,3-dichloro—5,6;di¢yan§§u£none.

vOﬁtiﬁum yieids 6f the green pigmenﬁ are ébiained, és measured

. / .

spectroscopically énd’chrométographically,'by ﬁsing equiﬁola: amounts I
of 2,B-diéhléro-B)6-dicyanquinCné and bacteriochlorophyll. Under
these conditions the bacteriochlofophyll ié oxidized completely and
the major product (. 90%) is the green pigment. Excess of this
quinone causés further oxidation, and a mixture of at least three‘
green pigments results. - |
_g:ghloranii,v SEChioranil behaves like 2;3-dichloro-5,6-dicyanoquinone
and one mole-equivalent induces a rapid oxidatioﬁ.of one mole gquivalent

of bacteriochlorophyll into the green pigment. Excess quinone results “o

in a mixture of green pigments.
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~11-
p-Chloranil. A k.4 x 10-% M acetone solution of bacteriochlorophyll
(1 ml1) was mixed with 102 M p-chloranil (50 ul) in acetone in the dark;
QSQ_ul of.thislmixture was diluted to 5 ml with acetone and examined
spectroscopically.~ The changes in absorptioh at 770 and 677 mu with

time were measured. The results from this and two .other similar experi-

ments were plotted to determine the xinetic order of the reaction. First

and third order plots showed marked Geviations from linearity whereas-
the second prder plot ofvl/conc. baqteriochlorophyll agalnst time gave
a good linear relationship (Figuré 5).. This would imply the disap-
pearancé of 1 mole of gquinone for each mqle of bacteriochlorophyll
disappeafing;

The spectra of the reaction mixture, which were recorded a£ different
times througﬁout the oxidatioﬂ,'showed-four isosbéstic points at 698,
663, 535 andv39l my (Figure 6). These péints correspond closeiy to
the crosé-over béints in thé complete oxidation Qf bacteriochlorophyll by

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

p-Benzoguinone. The oxidation of bacteriochlorophyll using excess

p~benzoguinone is very slow; for example, an acetone solution of
bactefiochlorqphyll (8.8 x ;0'5 ) was less than 357 oxidized after
twelve days. Two. of the isosbestic points in this oxidation are
identiéal with those in the p-chloranil oxidation; and the third and

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

. p~benzoquinone. Since the quinone is in excess, the oxidation might

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



L= 12 -

vacteriochlorophyll, but a first order plot of logjo(Bchl) against

time does not give a straight linc; the cause of this deviation
is probably the instability of the p~benzoquinone in solution.

Nuclear Magnetic Resonance Scudies. Spectra of the samples

were recorded inithe absence of oxygen using chloropﬁyll pigments
(15-20 mg) d;ssolvéd in fully deuterated acetone KQOOfAi) with-»
tetramethylsilane aé ah internal standard.. The NMR spectirum of
o#idized bacteriochiorophyil is recof&ed (Figﬁre 7) .and the major
peaks. are assigned to the proposed structure: 2—des§inyl—2-éce;yl—

chlorophyll a (Table IV).

<A

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

at this point.

Table IV. Chemical Shifts cps from ™S = O for 2-desvinyl-2-acetyl-

¢hlorophyll a Proton Assignment

ok .B e é‘_ 70 phytyl 7?7 and & 11 . 1 5 3 2' phytyl

598 587 527. 376 309 . 265 232 219 216 200 29

87

-

The three methine protons cannot be unambiguously assigned, but by
éomﬁérison with the repofted spectra of chlororhyllbg and 213.the two
veaks at 598 and 587 cps are probably‘thegﬁ and ? protons. The o« .
resonance wouid 5e éxpected to occur at lower field than the g R §ince
tﬁe acetyl group in the 2-position éhould givé rise to considerable

deshielding of the former but the effect should be negligible on the




@

'
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latter. Thus the & methine is assigned to the resonance at 598 cps

- . > - . . N . . . . ~
and the 5 to 2457 cps. The § oroton wiich is in the proximity of only

one pyrrole riﬁg shpuld be the most shielded and is qonsidered to be
ﬁhe resonance at 527 st. The ClO proton is assigned to the linc at
376 cps close té_the value for this proton in chlorbphyli a and b.
Again by analogy with'chlorOphyll a and b the multiple resonance
ceﬁtered atv309'cps arises'from the olefinic hydrogens in the phytyl
chain. Tﬁe weak resonances centered around 265 cps might arise fron
the 7 and 8 protons.

The five lines between 235 and 190 cps can be assigned to the
ring‘methylsyon carbons 1, 3 and 5, éhe ester methyl on Cll and fhc
acgtyl,méthyl on C,. The peak at 232 cps is almost certainly the

ester methyl on C the resonance being very close to that of the

11

same groupéxin chlorophyll a and E.' The line at‘216 cps is probably

the Cs.methyl, gihce this grdup'éhould be virfually.ﬁnaffectéd by the
2~acetyl group and the resonancé‘shéuld therefore arise at the same
position as in the spectra of chlorophyll a and b. The Cl methyl
resonance is shiftcd down field from the valﬁes obtained for chiorophyll
a and b to 219 cps due to the close proximity of the carbonyl of the

acetyl group. These last two assigaments for Cl and C_ methyls are not

5
unambiguous, and could be in the rovérse order., The resonancé at 200 cps
most probably.ar?ses frdm the C3 ﬁethyl: thi; §alu¢ is down field from
thdt‘quotéd,for chlorophyll a by 5 cps, and this effect might well arise
from the deshielding of the carbonyl of the acetyl group on C2° -By
elimination, the acetyl methyl resonance ariées at 191 cﬁs,‘ll cps cdown

field from the value found for this methyl resénance in bacteriochlorophyll




(’1536'01‘)&3').‘“+ The possible cause for this éhift down field is the
© increased resonance in 2—desvinyl—2—acetyl-chlorophyll a over
ﬁacteriochlorophyll résulting.in a gréater Geshielding of the methyl
protons on the acétyl group of the former.

The remaining three large resonances can be assigned with a high
degree of~certainﬁy} The'multipleté at 8?_cps and the quintet at
12C cps arise from the aliphatic méthylene groupSVOf the phytyl
chain‘and thé»prqton in‘ihevsolvent impurity pentgdeu?eroacetone,f
reSpectivély. The broad peak at 161 c¢ps is assigned'to traces of water
associatea Qiéh:the pigmenf. Confirmgﬁion for this last assignment
comes from two'pieces of work: first,_tface quantities of water
added to the solvént hexadeuteroacetone cause a broad multiplet at
163 cps; and'secondiy,’thé résults from a study on the temperature
dependehce of~the NMR spectrum of‘bactgriochldrophyll showed that the
only resonance to give an appreciable shift with temperature was a
multiplet at 154.cps(at HOoland which shifted down field to 184 cps
at -459.' Thus this’feéonancé is considered to se due to .the water of
crystallization of bacﬁériochlorophyll.1s
Discussion

The orLginal‘purpose of thié_reseérch was to prepare thé green
oxidatign product of bacteriochlorophyll reported by previous workefs,
andvto eiucidate its éhemical struéture. Howéver, 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,




=15~

The preparation of crystalline bacteriochlorophyll described
above has the advantage of being both simpler and quicker than the
e o B _3-5,16 . - , .
metinods previously described; furthermore, acetone is used
throughout in place of methanol as the organic solvent. These
modifications in the experimental method reduce the possible extent

of photo-oxidation and allomerization durihg purification.

Photo-oxidation of bacteriochlorophyll

Bacteriochlorophyll solutions are feaﬁily bleached’when exposed )/
to light in the presence of air. The active wévelength of the light
extends into thé near infrared where only the long wavelength band
of bacterioghlcrophyll can absorb.rﬁdiation. In the absence of oxygen,
the pigment is stablé for:periods of illuﬁinatioﬁ which would completely
destroy. it in‘the presence 6f air. Similarlj, air-saturated
bacteriochlorophyilis@lutions are éfable in the absence of light.for
several days. | | | |

Tﬁe faté of the photo-&xidation of bacteriochlorophyll in air
is vefy dependeﬁt.on the naéure of fhe solven‘t.l+ In this investigation
the results from £he photo-oxidaiioh of bacteriochlorophyll in th
solvents,veth;r and acetohe,}have been described. Further qualitative

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

of the dimerization of bacteriochlorophyll in carbontetrachloride.l

It was found thgt'photo-oxidation in this solvent is COncentratiqn
dependent: the rate of photo-oxidation decreaseévconsiderably'as the
concentration of the:bacteriochlorophyll increases.15 This last
observation is of interest in connection with the concentration dependent

aggregation of-chlorophylls in non=-polar solvents,lB’lq’l7 Finally,




the photo-stability 6f bacteriochlorophyll in acetonebis markedly
increased by the pfesgnce of excess D-benzoquinone; an. observation
first rcecorded by Goedheer, |

-Theée resulis show that the ratc of phdto-oxidati&n of
bacteriochlordphyll depends greatly on the enﬁironment of tne

chlorophyll molecules. - In acetone the photo-oxidation rate is

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

o

ifferences

£,

the presence of excess E-benzoquinone, Despite these large
in photo-oxidation rates the visible absofption épectra of the reaction
mixtures all show isosbestic points and -the wavelengths of the points
are barely'affected by:these environmentalxchéﬁges. The significance
of the_isosbéstic points in the Spectra of the.reaction mixtures is
twofold: first, the photo—oxidatidn does noévinvolvevany a@prgciable

amounts of long-lived intermediate specles; and secondly, the products

ry

c the‘phdtoreaction must'be‘formgd in a fixed ratio throﬁghbut'the_
reactione. Furfher, sincé the positions of the isosbeéﬁic D ints are
zlmost the same in.acetonq'ih the presence or absence of excess é—benzo-'
guinone 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 chanécs in
reqction conditioné the direction of the reaction and the nature of the
products formed seém unaffected,

At present too little is knovm about solvent-chlorophyll interactions

and there is insufficient ‘experimental evidence to .propose a detailed

riaction mechanism for the photo-oxidation of solutions of bacteriochilorophylle

Thé iﬂiti&l-étep is probably a light absorption by a bacteriochlorophyll-

iy
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solvent complex‘to give the electrdnically excited pigment.v.This
excited bacteribchldrophyll is capablo of reverting fo the ground
state by loss of_enefgy or reacting with oxygen most probably by a
radical mechanism to give a numbér of oxidation‘products, The relative
importance and the nature of these two pathways and the effect of solv;nt
changes énd added quinone‘on thgm remains uncertain. The radical
mechanism is indicatcd by the largé number of prodﬁcts and the feaction
chditiohs,

Since thé phdto—oxidation results iﬁ & mixture of.sevéral.products
of which the main‘green fiément‘is oﬁly.a minor constituent thiswork was
abandoned ih favour of other more specific methods of oxidation

Chemical Oxidation of Bactefiéchlorophyll The work of Linstead

and his co-workers 18 on £h¢ oxidation of metal-free éhlorophyll ‘ .
derivatives wifh high redox quinones suggeéted that these quinones might
act as highly selective oxidants for bacterioéhlorophyll. Initial studies
chowed that bdcteriochlorophyll could in fact be oxidized by-2,3—dichloro-
S,6-dicyanoquinbne to a green chlorophyll pigment in high yield, the
optimum conditioﬁs.béing one mole equivalenﬁ of the quinohe to oxidize
one equivalent of bacteriochlorophyl1. | .
Three othér_quinones were examinea; and of these o-chloranil Qas
found to resemble 2,3—dichloro-5,6-dicygn9quinone in that equimolar
quantities rapidl& oxidized bacteriochlofOphyll, E—cﬁloranil induced a
slqwer oxidation, éné.ﬁ~benzoquinone was the sloWest. Similarly to
the proto=-oxidation of bacteriochloréphyll, the spectrum of the reaction
mixtures during chémical oiidation showéa élear'isosbéstic points. "The

wavelengths of these points from the quinone oxidation spectra were

/
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almost the same for the four guinones studied. Severél conclusions
can be drawn ffom the quiﬁoneboxidations of bacteriochiorbphyll: first,
'ﬁhczcactions are highly selective, giving high yieids of ﬁhe oxidized
grégn'pigment; secondly, the rate at which,the aifferent quinones
'oxidize bacteriochlorophyll parallels the redox potegtials of the quinones; arnd
thirdiy,:thé qccuréence Qf isoébeétic pointé in the absorption spectra Qf.these
reaction mixtureé énd'the similarity of the wavelengtns of the points from
the different quinone OXidations'suggest that the_mechanism and the
oxidation products are:the‘same for 511 thé‘reactioné. |
The'mqst probable meqhanism for the dehyd:ogénaﬁion is that proposed

by Braude and Linstead gpd.their co~-workers for thg.dehydrogenation of di-
and tetra-hydroaromatic compoun&s with quinqnes,19 and involves a hydride
transfer from the bagteriochlorophyll to the quinone. The intermediate
nydroquinone anion and p&rtiaily oxidizea bactérioéhloropbyll cation then
react further by pfoton4shif£ tovgiQe the hydroquinone and oxidized bacterio-
éhloréphyli. pre?ér, fhe élternative homolytic reaction cannot be ruled
out.

- Two chlofins-couid theoretically be formed, one involving dehydrogenation
of the 3,4 ﬁohd of baﬁteriochlorophyll and the other the 7,8 vond. All
the data suggest that the major product results from the former dehydogenation
_It is of interest to nqte that Golden et 2&.18(b) found that bacteriochlorin
eC frimethylesteff»with 2,3~dichloro-5,6-dicyanoquinone gave only one
product, the 2~dégvinyi—Z-acetyl-chlorin eg trimethylester, the other product
invoiving dehydrogehﬁtion.of:ring v wds not formed. These workers conciuded
that the transition state for déhydrogenation of the IV ring involves

‘considerable steric crowding between the methylene on C, and the groups on

7
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ClO of the isoc¢yclic ring V, whereas dehydrogenation‘of.ring II does
not involve this steric strain. The same argument can be applied to
the dehydrogenation of bacteriochlorophyll itself.

Structure of Oxidized Bacteriochloronhyll The greea pigment

preﬁared by the oxidation of bacteriochlorophyll With'2,3—dichloro-5,6-
.dicyanoqﬁinoné has a visible absorption spectrum similar, if not

identical, to the pigment reported bvaolt and Jacobs. The evidence wh%ch
is discussed'below all‘points to it being 2~desviny1-2-acefyl—chlorophyll a, //
which is the étrgcture-proposed by these workérs;" | |

The mode of preﬁaration bf the pigment indicates it i; a déhydrogen-
ation prodﬁcﬁ of'bacférioéhlorophyll. This evidence, combined with the
visible absorptioﬂ speétrum, wnich is very similar to 2fdesvinyl—2—formyl—
chlofdphyll 3,20 suggééts tﬂat the oxidized badﬁeribchlorbphyll is a chlorin
and most prdbébly a simple.derivative of chlorophyll Ef‘ Of the two chlorinﬁ
that could be formed, the détavsﬁggests that the one involvin
dehydrogenation. of tﬁe 3,4 bond of bacteriochlorophyll is the most likely.

The magnesium=free derivative of the oxidized pigment has a spectrum
similar to‘2~desvihyi—é—formyl-pheophytin 3;30 but more important, the

spectrum is almost identical to that of 2-desvinyl~-2-acetyl-pheophorvide
12 '

-

Table III). It is well knownthat the phytyl chain of chio}ophyll
pigments has l;t;le effect on the absorption spectra of the pigments;

fhus it is:not-uh;eaéonable'to expect that 2-desvinyl-2-acetyl-pheophytin
a woﬁld have,é viéible absorption spectrum almost identical to E-desvinyl-
Z—acetyl—pheophorbiée ay énd fufther that the pheophytin of the grecn‘ . :f
pigment is probabiy Z;desvinyl~2—ace£yl¥pheophytin ae

Confirmation that the green oxidized bacteriochlorophyll is 2-desvinyl-
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2-acetyl-chlorophyll a comes from the NMR spectrum of this product

inl

(Figure 7). .The peaks in the spectrum were assigned by compuarison with
e NV e : o 13 N N X
the NMR spectra of chlorophyll & and b and bacteriochlorophyll.

The positions of the methine hydroren resonances indicate clearly that
~the pigment is a chlorin; this evidence combined with the vands arising
" proton suggest

from the phytyl group, the C,, ester methyl and C

‘ 1 _ 10
that the pigment is a chlorophyll derivative.

The five sharp bands‘betweenv235 and 190 cps cannot be assigned
:unamﬁiguously, but éach is clearly equivalent and corresponds to oﬁe of
the five lowfield methyl singlets ex?ééted.from‘thc‘compound 2-desvinyl-2
acetyl-chlorophyll é. 

.In conclus;on; the majdr green oxidatidh producﬁ ofvbacteriochlofophyll
is 2-dé§vinylf2~ace£yl—chlorophyil a, the strucfure propdsed'for the compound

by Holt and Jécobso5

- The biological’importance of this pigmént as a logical
biosynthetic precursor;fqr bacterioéhlorophyll.remains doubtful, since
acetone extracts of R. rubrum bacteria when chromatographed in the dark show
no sign of any green pigment,Zl perhaps thevconcentration is too low for
detection by this,méthod (less than ~ 1% of the concentration of

. bacteriochlorophyll). Furthermore, it is unlikely that this éigmcnt is

the same as the one reported by Gould et 25.,7 for although the absorption
'spectra are.similar they are nét_identical; and the visible spectrum of

the mégnesium—frée'deri&ative and the NMR spectrum in acetone22 are ~
clearly different from'thos described ébove. The chlorophyll-like pigment

of Gould et glav is prbbably one of the lesser pigments detected both in

the photo = and chemical oxidations of bacteriochlorophyll.
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