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Abstract - The divinyl structure of protochlorophyllide (pk43 F%25) and of 
its chlorophyllide 8 (E458 F674) photoreduction product was ascertained by 
nuclear magnetic resonance epcctroecopy and by fast atom bombardment mass 
spectroscopy. These two phorbins are two nevly discovered intermediatea 
of the chlorophyll 5 biosynthetic pathway in higher plarts. Both tetra- 
pyrroles exhibited recognizable ABX spin-spin eplitting patterns which are 
characteristic of divinyl tetrapyrroles. Fast atom bombardwnt maan epec- 
troscopic data further confirmed the preoence of two vinyl groups per 
molecule of protochlorophyllide (E443 I%251 and of chlorophyllide 1 (E458 
F6741. 

It has recently been demonstrated that, 

contrary to previous beliefs, most of the 2-N 

chlorophyll a (Chl a) of green plants is - - 

formed via a divinyl (DV) biosynthetic route, 

i.e. via DV protochlorophyl lide (Pchlide) 

(E443 F625) (lb, Fig. 1) and via DV chloro- 

phyllide 5 (Chlide a) (E458 F674) Czc, Fig. 1) 

(1, 2). In this context, E and F refer to the 

Soret excitation and fluorescence emission 

maxima of the two tetrapyrrolee, in ether at 

77’K. DV Chlide a (E458 F674) is then reduced 

to 2-W Chlide 4 (E447 F674) (zb, Fig. 1) (2) 

which in turn is converted to 2-W ChI a (za, 

Fig. 1) by eaterification of the propionic 

acid residue at position 7 of the macrocycle. 

The preliminary identification of Pchlide 

(E443 F625) and of Chlide a (E458 F674) as 

DV tetrapyrroles, i.e. with vinyl groupa at 

position 2 and 4 of the phorbin macrocycle 

(Pig. 11, vas recently reported (3). Etiolat- 

ed cucumber cotyledons were first induced to 

accumulate massive amounts of PchIide (I%43 

F625) which uaa then photoconverted to Chlide 

2 (E458 F674) by a 2.5 q s actinic light pulse. 

The presence of two vinyl grrarps in the 

newly formed ahide A (I%58 F674) was then 

demonstrated by catalytic hydrogenation and by 

primary chemical derivatization coupled to 

epectrofluormtric analysir of the reaction 

product6 (3). Finally DV QIIide 1 t&%58 P674) 

wa6 converted back to DV Pchlide (I?443 F625) 

by chemical oxidation (3). Because of the 

very important biorynthetic implicat iona of 

the ubiquitous occurence of DV Pchlide and of 

DV Chlide 5 in green( ing) plant tireues ( 11, 

it is very desirable to further substantiate 

the DV nature of theae two important phorbin 

intemdiates by rorae independent techniques, 

euch as nuclear magnetic reronance (HIR) and 

ma08 epectromtry (MS). In what follovr, we 

mass rpectrorcopic profiles of these two 

phorbino. Altogether, the chemical deriva- 

tization results reported in (3) and the N¶R 

and MS data reported in this paper ascertain 

unambiguourly the DV chemical nature of 
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I Protochlorophyllide Derivatives 2 Chlorophyllide Derivatives 

RI Compound 

la CHzCH2 CH2-CH3 H MV Pchlide 

Ib CH=CH2 C”=CH2 H DV Pchlide 

za CH=CH2 CH2-CH3 C20”39 MV Chip 

Zb CH=CH2 CH2-CH3 H MV Chlide a 

5% C”=CH2 CH=C”2 H DV Chlide g 

Fig. 1. Chemical rtructutes of some relevant protochlorophyllides (Pchlides) 
and chlorophyllidee (Chlides). 

Pchlide (E443 F625) and of Chlide r (eCS8 

F674). 

RESULTS AND DISCUSSION 

NMR Aualysie of Pchlide (E443 F625) and of 

Chlide i (E458 F674). 

Vinyl groups at poeition 2 of various 

tetrapyrroleo usually exhibit an easily 

recognizable ABX spin-#pin splitting pattern 

(4). The possible presence of a second vinyl 

group at poritioo 4 of the macrocycle is like- 

ly to complicate thir ABX pattern however. 

For exaqlc, ia highly aaaymctrical phorbins 

such as DV Pchlide and DV &hide 5 two adja- 

cent sets of ABX splitting profiler may be 

expected, one for the 2nd position and one for 

the 4th porition of the macrocycle, as was 

observed for chlorophyll 3 (5) and for 

Chl 1. (6). 

2,4-DV 

One of the characteristic featurea 

tetrapyrrolee consists in the dowof ield 

peurance of meao-proton singlets (4). 

Furthermore it is well eotablished that 

moo-proton resonances in porphyrins 

of 

.P- 

the 

experience (a> a stronger ring current than in 

chlorins, in which the 7-8 double bond hae 

been reduced (Fig. 1, 1 va 21, (b) are there- 

fore more deshielded and (cl are observed at 

lower fields than in chlorins. The same 

phenomenon wae also observed in this work, 

with the mceo-proton einglets oE Rhlide (E443 

F625) being observed ut lower fields than in 

(;hlide 2 (e458 F674) (Table I). The order of 

the 6, a, 6 reeouance assigmtent was by analo- 

gy to that of C&l a (7). As expected the y- 

meoo proton signal is missing from these 

profiles, since in phorbine the y-position is 

part of ring E (Fig. 1). In the 8.20 - 8.30 

ppm region, the NHR profiles of Pchlide (E443 

F625) were characterized by two sets of 

doublet of doublets, inetead of the single set 

of doublet of doublets usually observed in MV 

tetrapyrrolee (4). From an analysis oE the 

ABX splitting pattern (Fig. 2 A) and an evalu- 

ation of the spin-spin coupling constants (J) 

of Pchlide (E443 F625) (Table I) this particu- 

lar profile is best rationalized by the 
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Table 1, Chemical shifts and coupling constants of the me60 and vinyl protons of methyl 
Pchlide (E443 F625) and wthyl Chlide a (US8 FI574). The chemical shifts (6, pp) 
were reported domfield Erom TMS. 
2X CDjOD by veight l 

T’hepigmentr were dirrolved in CDCl3 containing 
The data for QII 5 is from ref. 7. 

Proton 
Pchlide (E443 F625) 

f&ethyl es er 
(7.9 x 10 -6 n) 

Chlide a (E458 F674) 2-W Chl a 
Metliyl co er 

(3.6 x 10 4 
(5 x 10-2 

M) 
M in aTetone - d6) 

B-H 10.19 (8) 9.80 (0) 9.57 (6) 
a-H 10.01 (6) 9.43 (8) 9.27 (8) 
,j-H 9.84 (a) 8.39 (01 8.40 (8) 

4-H 
2-H; 8.01 (1) 

4-H0 
2-HB 

6.35(d; JBX=18.0)* 
6.33(d; JBXc18.1)* %::j&l.47, Jgx=17.6) 

-1.47; J@7.8) 

-_ 
8,04(dd; JAX-12.0; J&8.0) 

_- 
,6.14(dd;JAb=l.O; J,-18.0) 

4-HA 6.14(d;J =11.2)* 
2 -HA 6.12(d;~;=ll.8>* 

6.04(dd;JAg-1.47; J ,+.5) -- 
6.01 (dd; JAB-l .47; J’+1.7) 5.92(dd;JAB-1.0; JAx=12.0) 

*At LlZ of CD30D, geminal AB spin-spin splitting was ob&erved and the following coupling 
conetants vere calculated: 4 - JAB = 1.83 and 2 - Ja 1 1.52 

A _ _ 
4-H, 

CHCI~ B 

4- JBX 

’ l’ I ’ r ” I ” ” I ’ 

10.0 915 9.0 8.5 8.0 7.5 7.0 6.5 6.0 

llrlr[~l’lll~‘ll 
I I I 8.4 8.3 a2 8.1 

4-HB 4-HL, 

JAX 

I lllll III 

6.6 6.4 6.2 6.0 
PPM 

Fig. 2. WR profile of the vinyl proton6 of khlidc (E443 l%25). The amtrical signals 
centered on CHC13 (7.26 ppar> are #pin ridebandr. The two insert a represent the 
expundcd regions of the lix protonr and the grrinal HA, Hb protons. 
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presence of two groups of X-vinyl protons i.e. 

4-Hx and 2-Hx , per Pchlide molecule, instead 

of only one group of X-vinyl protonr, either 

at position 2 or at position 4 of the macro- 

cycle8, of an isometric mixture of two co* 

pounds (Fig. 2 A, Table 1). This assigmeat 

ie further substantiated by a 1:1:1:2 ratio of 

integration of the three meao protons to the 

Hx vinylic protons a6 veil as by the abeence 

of an ethyl resonance in the higher field 

region. It is furthermore justified by the 

observation that the Pchlide (E443 P625) and 

the filide 2 (E458 F674) used in this work 

vere free of 2-vinyl, 4-ethyl and of 4-vinyl, 

2-ethyl contaminants (3). Since the putative 

4-vinyl protons of Pchlide (II443 P625) are 

closer to the electronrithdraving groupr of 

ring E (Lb, Fig. 11, they are more deshielded 

than the vinyl protons at position 2 of the 

macrocycle, and are therefore more likely to 

resonate at lower fieldo, a8 depicted in Fig. 

2A and in Table 1. A simi lar mult iplet 

profile centered at 8.01 ppm was alro observed 

for the X-vinyl protons of Chlide a (E458 

F674) (Table 1). The center of this multiplet 

occurred at a slightly higher field than in 

Pchlide (E443 F6251, probably due to the 

weaker ring current experienced by the Chlide 

d protons as a result of the C7-C8 bond 

reduction in this chlorin (2c, Fig. 1). The 

extent of overlap of’the 4-Hx and 2-Hx rignals 

in Chlide 5 (E458 F674) made it difficult to 

analyze in detail8 the variouo proton 

reaonancea aa vaa done for the 2- and 4-H 
X 

signals of Pchlide (E443 F625). 

In the 6.10 - 6.40 ppm region each one of 

the geminal vinyl protons (AB part of the 

vinyl resonances, Fig. 28) of Pchlide (E443 

P625) exhibited two well separated lets of 

doublet of doublets, instead of the one set of 

doublet of doublete, vhich ir usually observed 

in MV tetrapyrroles (4) (Fig. 2B, Table 1). 

The lower field doublet of doublets are 

assigned to the tvo HB proton6 which are 

trans-coupled with the Hx protonr, while the 

higher field doublet of doublets are aesigned 

to the two HA protons which are cir-coupled to 

the Hxprotons (Table 1). The geminal coupling 

constante (JAB) were not resolved at the CD30D 

concentrationa (2% by weight) used in these 

experiments. However when the concentration 

of CD30D was raised to 11% by weight, geminal 

coupling conrtants of 1.83 AZ (4-JM) and 1.52 

Hz (2-J,) were observed (Table 1). Here 

again the ratio of integration of the meso 

proton6 to each of the geminal AB protons 

amounted to 1:2. This in turn further 

confirmed the presence of tvo vinyl groupa, 

one at porition 2 and the other at porition 4 

of the Pchlide (E443 F625) macrocycle. In 

this case too, since the 4-vinyl protons are 

clorer to the electronqithdrawing groups of 

ring E (Lb, Fig. 1) they are more deshielded 

than the 2-vinyl proton6 and their resonance8 

were therefore observed at lower fields, as 

depicted in Pig. 28 and in Table 1. 

In ollide fi (I%58 F674), the two setr of 

geninal vinyl protons were each veil resolved 

into two adjacent sets of doublet of doublets, 

a typical ABX spin system (Table 1). Finally 

the proton chemical shifts of ChIide d (E458 

P674) vere invariably obeerved at slightly 

lover fields than for 2-N oil p (4, 7, Table 

11, most likely as a result of the stronger 

ring current generated by mlide 2 (E458 

F674). This is also consistent vith the 

presence of two vinyl groups instead of one 

vinyl group in Chlide 8 (E458 F674). 

Altogether, the foregoing l?4R results 

etrongly indicated that Pchlide (E443 F625) 

and Chlide d (E458 F674) vere 4-vinyl-4- 

deoethyl phorbins. 

Starr Spectroocopic Analysis of Demetalated 

Pchlide (E443 F625) and of Demetalated 

mlide i (I%58 F674). 

Further confirmation of the molecular 

structure of Pchlide (E443 F625) and of Chlide 

P (U58 F674) was derived from FAB mass 

spectroscopic analysis, after their respective 

conversion to ethyl pheoporphyrin a5 and 

methyl pheophorbide 4 following ester if icat ion 

and demetalation. 

The maes spectrum of demetalated Chlide r 

(E458 F674) methyl ester (2~ - Mg, R3 - CH3) 

exhibited molecular ions at m/z 605 (FBI+‘) and 

604 (I@* 1 (Fig. 3A). The latter was fully 

consistent with the calculated 604 molecular 

weight (HW) of DV pheophorbide & methyl ester 

(C36H36N405)m The lability of the peripheral 

rubetituente at Cl0 (ring E) and at C7 (ring 

D) was rather obvious in this chlorin. The 

fragmentation pattern of the protonated free 

base vas assigned aa follows: at m/z 545 from 

the loss of HCOOCH3, 519 from the loss of 
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A 

rr 

550 
471 561 

602(M+‘) 

1 603( MH-) 

I 

450 “550 600 

Fig. 3. Positive ion region6 of the PAB IMIII rpectra of (A) demtalated Glide d (U58 F674) 
methyl ester and (8) demetalrted PchIide CL443 P625) ethyl eater. 

CH2CH2COOCH3 and the acquieitioa of a proton, 38) the latter use coa#irtent with the 

457 frm the loss of HCOOCH3 plur Ctl2CH2COOCH3 calculated 602 MU of DV pheoporphyrin a5 

plus Ii, 445 from the loss of C4H403 (ring E) ethyl ester (C36834N405). lhis also iadicat- 

plus HCOOCH3 and 417 from the loss of C4H403 cd that this compound differed from DV pheo- 

plus CHzCH$OOCH3 plus H. phorbide 5 only by the presence of an ddi- 

Demetalated Pchilde (E443 F625) methyl tional double bond, probably at the C7_C8 

ester (lb - Mg, R3 = CH3) exhibited mlecular porit ion8. The FAB mall rpectrum of thie 

iona at m/z 603 (HH+’ ) and at 602 (M+.) (Fig. tetrapyrrole l lro exhibited 8n intereating 
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fragmentation pattern (Fig. 38). Two 

fragments were observed at m/z 577 and 561, 

vhich vere tentatively attributed to the loss 

of an acetylene group and a ketene group 

respectively from the protonated free base. 

The largeet framnt peaks occurred at m/t 

471, 453 and 435 and could have been produced 

by the losa of ring E (C4H403) plus CH30H 

(471) followed by the elimination of one (453) 

and two (435) vater molecules rerpectively. 

There was no evidence for the loss of either 

the carbomethoxy group at Cl0 or the -thy1 

propionate group at C7. 

Altogether the I?4R and MS data concurred 

in ascertaining the divinyl nature of Pchilde 

(E443 F625) and of its photoproduct, i.e. 

Chlide a (E458 F674). 

EXPERIWENTAL 
Cucumber eeedu, Cucumis sativur L. cv. 

Beit Alpha were germinatcdn Proistened 
vermiculite, i n the dark for 4 day8 (8). 
Pchlide (E443 P625) accumulation Vas induced 
by subjecting 5 g batches of excised, hook- 
lea I, cotyl edone 
(2. 5 IMl- dark ( 
temperature (9 1. 

three successive 1 ight 
min) cycles at room 

The accumulated Pch 1 idc 
(E443 F625) vas then converted to ml ide a 
(E458 F674) by a fourth 2.5 II light pu1rc 
(9); in that case the tissue vas immcdiatcly 

about 2X CD30D 
10’3 to 

by weight to a concentration of 
about 10-4 M. The recording vas 
usually terminated after 200 to 2000 pulses 
and a 0.2 Hz line broadeninn bnc t ion was 

applied to each free inductron decay prior to 
tranrformat ion. All chemical shifts vere with 
reference to an internal standard of tetra- 
methylrilane (THS). The PAB mass spectra were 

recorded on a VC ZAB-LF mass rnectrometer. . 
Mg-free pigwznto were prepared by acidifica- 
tion of ditthyl ether solutions of the 
methyluted pigments vith 2 N HCl . The reac- 
tion mixturtr vere then ntutrali xed with 
sodium bicarbonate and vashed vith water until 
neutral. The resulting ethereal eolut ions 
vere concentrated under nitrogen gas and 
purified by chromatography on thin layers of 
silica gel H, developed in toluent: ethyl 
acetate: ethmol (8:2:2 v/v/v) at 4°C. The 
purified ravltr vere dissolved in thio- 
glycerol and gave satisfactory positive ion 
rpectra. 
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