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The Structure of Bonell in and its Derivatives. 
Active Chlorins from the Marine Echurian Bonellia viridis 

Unique Physiologically 

By James A. Ballantine, Alexander F. Psaila, and Andrew Pelter,* Department of Chemistry, Swansea 
University, Swansea SA2 8PP 

Peter Murray-Rust, Department of Chemistry, University of Stirling, Stirling FK9 4LA 
Victor Ferrito and Patrick Schembri, Department of Chemistry, University of Malta, Malta 
Victor Jaccarini, Fort St. Lucian Marine Station, University of Malta, Malta 

The structure of bonellin, the physiologically active pigment of the marine echurian worm Bonellia viridis, has been 
established as (1 Oa), a unique type of alkylated chlorin, by a combination of physical methods. The structure was 
confirmed by an X-ray crystallographic study on anhydrobonellin methyl ester (1 2b). 

Bonellin is accompanied in the organism by a series of mono-amino-acid conjugate derivatives of general 
structure (1 4a) in which valine, leucine, isoleucine, and alloisoleucine are the major amino-acid constituents. 

THE marine echurian worm, Bopzellia viridis, has long 
been of particular interest to  marine biologists, geneti- 
cists, and chemists in that i t  produces indifferent 
larvae, the eventual sex of which is determined after 
hatching by environmental  factor^.^^^ Furthermore, 
the otherwise highly vulnerable adult female has an 
in tegument (a)  which is highly unpalatable to representa- 
tives of both invertebrate and vertebrate animals, and (b)  
extracts of which are highly toxic to a wide range of 
organisms from protozoa to amphibian tadp0les.~-7 

The animal exhibits marked sexual dimorphism, as the 
female has a trunk ca. 5 cm long, with a forked proboscis 
that may be 1-1.5 m long when extended for feeding, 
whilst the male is but 1-3 mm in length. The trunk of 
the female is normally held in a burrow away from light, 
as the aminal, which is deep green all over, is negatively 
phototactic. For each female there are several males 
which live parasitically within the female after ari 
initial period of settlement on the proboscis.* 

Eggs are fertilised inside the female and hatch after 
laying into sexually undifferentiated larvae which have 
a marked tendency to  settle on the proboscis of the 
female. If this occurs they rapidly differentiate male 
characteristics and cease to gr0w.l. 8-10 After leaving the 
proboscis a colourless spot is left a t  the site of settle- 
mcnt,l suggesting that pigment is actively ingested 
and may be associated with masculinisation. The 
suggestion is strengthened in that if larvae are removed 

from the proboscis after only a short stay, then inter- 
sexes result, with characteristics dependelit on the 
contact time of the larvae with the probo~cis . l l -~~  
Aqueous and other extracts of the proboscis of the B. 
viridis can produce masculinisation of the indifferent 
larvae,14 whilst irritation of an adult female causes the 
release of a green secretion which is highly effective as a 
masculinising agent (L. Agius, unpublished results). If 
the larvae settle some way away from an adult female 6'. 
viridis then they slowly develop into females. 

Whether the inasculinisation of the larvae is associated 
with the inhibition of cell division is not clear, but it is 
interesting to  note that crude extracts of R. viridis show 
anti-tumour activity.7 Clearly the chemistry of R. 
viridis merits examinatioll in order to understand the 
remarkable chemico-physiological niechanisms that en- 
able the organism to survive. 

Early investigations indicated that the green pigment 
of B.  viridis,  named bonellin, was not identical with 
chlorophyll 1 5 9 1 6  though it was suggested that dietary 
chlorophyll was the precursor for b0ne1lin.l~ From the 
extracts, Lederer l8 obtained bonellin as a crystalline 
green pigment, C31H36+,N40,, from which he made a 
crystalline diniethyl derivative a i d  zinc, copper, and 
iron complexes. He noted that the absorption spectrum 
(Table 1) was almost identical with that of rnesopyrro- 
chlorin (la) and tentatively suggested that Lonelliii had 
structure ( lb) ,  which is mesoyyrrochlorin modified by 

TABLE 1 
Visible spectra of bonellin derivatives and related compounds (in CHC1,) It 

590 620 (sh) 641 

Mesopyrrochlorin (la) (ref. 18) c 484 492 518 54  1 588 612 640 

Bonellin ( l0a)  394 488 (sh) 494 523 542 
(1 49) (8.0) (8.3) (1.9) (1.3) (2.5) (2.7) (15.9) 

BDME ( lob)  394 488 52 1 539 590 G20 ($11) 641 

trans -0 octaethylchlorin (ref. 21) 391 487 496 520 544 693 617 647 

Methyl phaeophorbide a (2a) 506 535 560 610 666 

(197) (14.6) (2.4) (1.4) (3.3) (5 .7)  (38.6) 

(1 88) (12.5) (13.4) (4.1) (1.8) (4.0) (4.5) ( 73.2) 

(ref. 21) (11.0) (9.3) (2.8) (7.8) (52.7) 

Anhydrobonellin methyl ester (12b) 404 470 (sh) 502 536 572 (sh) 627 676 
(218) (3.4) (11.8) (7.6) (1 .7)  (5.9) (373) 

Arihydromesopyrrochlorin (1 3) 499 532 621 676 
(ref. 32) 

low5 M. in nm, E values in parentheses. No E values quoted in literature. 
a As bonellin and its derivatives do r o t  obey Bccrs law, measurements were made in the concentrations range 5 x 10 "1.5 x 
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substitution of two hydroxy-groups at C-13 * and C-15.lS 
Degradation of the carbocyclic ring of chlorophyll was 
suggested as the cause for oxygenation at  C-13 and C-15. 
I t  is now quitc clear that oxygenation of either C-13 or 

3b Me 
3a/ H Me 7a 

b;R = O H  
Me 12a 

18a Me 

/ 
17c CO,H 

C-15 would profoundly modify the spectrum of meso- 
pyrrochlorin 19-21 and the suggested structure for 
bonellin, though widely accepted in the literature,22 
could not be correct. In view of tlie possible involve- 
ment of bonellin with tlie defence mechanism s arid 
~nasculinisation process 1 of B. viridis a structural re- 
investigation was called for. 

RESULTS A N D  DISCUSSION 

Our material was initially derived from the proboscides 
of B. 71ividi.5 collected in Marsaxlokk Bay on tlic Maltese 
coast. The yroboscides were macerated with ethanol 
to give a green solution with a visible spectrum virtually 
identical with that of pure boncllin. The pigment was 
purified first by extraction into ammonia, then into 
dilute hydrochloric acid followed by esterification and 
column chromatography. From this process boncllin 
dimethyl ester (BDME) was obtained as a dark crystal- 
line solid which could be hydrolysed to yield boncllin. 

Bonellin dimethyl ester had an intense molecular ion 

Me f /  

Me fi 
Me 

at m/e 554.292 8 & 0.004 corresponding to C33H3SN404, 
a formula supported by elementary analysis. The 
diethyl ester, CajHqdNp04, was also produced. Bonellin 
itself is the corresponding di-acid, C,,H,N40,1. Various 
metal derivatives (Cu, Zn, arid Fe) of bonellin were made 
and had spectra differing strongly from both bonellin and 
the crude ethanol estracts of B. viridis. Hence boneZZin 

* See formula (1 )  for the numbering scheme used throughout. 

i s  a naturally occurring chlorin lacking a cozntlexed m d a l  
atom. Our pure samples of bonelliri dimethyl ester were 
always contaminated with <a. 1% of tlie copper deriva- 
tive and 0.01%) of the iron dcrivative. W’e confirm the 
great similarity of the spectra of bonellin and meso- 
pyrroclilorin, wliich, most significantly is a chlorin 
lacking a C-15 substituent and with only simple alkyl 
or hydrogen substitution at  all positions of the chlorin 
nucleus. 

The absorption spectra of bonellin arid some of its 
dcrivatives are shown in Table 1 together with the spectra 
of somc other chlorins.21 

The presence of a carbocyclic ring as in methyl plieo- 
pliorbide (2a) raises the long-wave absorption maximum 
to 660 nm, whilst even tvuns-octaethylclilorin, in which 
all the position (3, 8,  13, and 18) have methyl substituents 
has a bond at  647 nm. Only mcsopyrrochlorin, ( la )  
lacking three P-substituents (at C-3, C-8, and C-13) has a 
spectrum similar to bonellin, suggesting that bonellin 
too lacks all or some p-substituents. Certainly tlie 
similarity must 13:: accounted for in any proposal for the 
structure of bonellin. 

Bonellin and its simple derivatives art. optically active, 
and some c.d. mcasureinents are sliown in Table 2. 

TABLE 2 
Circular tlichroism of boilellin and its derivatives * 
Bonellin 

’h hE 
G43 -6 .00  

7 A 

391 4-8 .60  
343 -0.89 
290 -0 .76  
276 -2.16 
249 -2.41 

HDME Bonellin-2 HC1 
-A- 7 r - A -  -7 

A AE A OE 

643 -5.45 643 -0 .19  
618 -4 .59 

391 1-12.00 392 $13.89 
340 -1 .20  

275 - 2 . 7 3  873 -0.37 
248 $2 .73  245 -1.49 

%23 +0.62 

A B M E  
r L - 7  

A A E  

685 +0.79  
679 -11.27 
540 -0.86 
405 -14.8 
354 -+ 1.80 
326 f1 .64 
291 $2.75 
272 +1.27  
252 -0 .32  
220 $1.91 

* We thank Dr. 1’. bl. Scopes, Wnstfielcl College, London, for 
taking these spectra. 

The lH n.1n.r. of boriellin dimethyl ester was corn- 
pared with chlorin e, trimcthyl esters (3),21 isochlorin e4 
dimethyl ester (4),23 and deuteroporpliyrin IX diinethyl 
ester (5) 21.24 (Table 3).  

Clearly bonellin dimetliyl ester contains no vinyl or 
ethyl groups. There are however two groups of methyl 
singlets, five between T 6.4 and 6.7 and two at  T 7.94 and 
8.26. Chlorins exhibit a doublet at  T 8.29 for the C-18 
methyl group, and hence the peaks at  T 7.94 arid 8.26 
may be assigned to a gem-dimethyl group on a reduced 
five-membered ring. This inference was confirincd in 
that irradiation of the multiplet stretching from T 7.2 to 
8.1 (17a- and 17b-CIIJ reduced the triplet a t  T 5.6 (H-17) 
to a singlet, showing that this proton cannot be flanked 
by other ring protons. This evidence defines sub-unit 
(6), unique in chlorin chemistry but appearing as ring C 
in vitamin BIZ. 

The spectrum contains siu one-proton absorptions 
between T 0.40 and 1.48, of which four are sharp singlets 
(0.40, 0.50, 1.12, and 1.15) in the correct. region for the 
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TABLE 3 

‘13 N.m.r. data for bonellin derivatives and related compounds 
Atom no. 

[see formula (l)] BDME (101,) 
Chlorin 

T M E  (3) 6 

{ :::: 
6.88 

8.27 (d) 
2.17 
3.94 
6.27 
8.31 

5.77 
8.36 (m) 
7.72 ( i n )  
6.41 

5.60 
5.60 

0.60 
0.40 

1.29 

12.50 

Isochlorin e4 Bonellin amino-acids 
LIPDME (5) 

6.67 
1 6 . 6 0  6.69 

} 6.54 

5.90 (t) 
6.93 (t) 

5.90 (t) 
6.47 

6.93 (t) 
6.47 

1.27 (br) 
1.31 (br) 

0.42 
0.39 
0.39 
0.34 

14.44 (br) 

DME (4) 

6.40 
6.53 } 6.70 

8.39 (d) 
1.89 
3.84 
6.27 
8.31 

8.31 
7.69 
6.41 

6.49 
5.49 

1.23 (br) 

0.88 
0.28 

1.13 

12.70 

conjugate esters (14b) 
(a) Side-chains 

2a 
7a 

12a 
cis-18a 

trans- 18a 
3a 
3b 
8a 
8b 

13a 
13b 
13d (C0,h 
17a 
17b 

6.85 
6.98 

7.95 
8.70 

1 6.58 
6.61 
6.62 
7.94 
8.26 

6.62 
7.89 
8.29 

5.68 (t) 
6.91 (t) 

} 4::7: yl1) 

6.42- 6.5% 

6.16 (111) 

6.64 (in) 

6.49 
} 6.97--7.50 (ni) 

5.86 (t)  
6.91 (t) 

} ::;““:,“,“,t Ill) 

6.4 3-6.5 1 17d (C( ),Mc) 

(b)  ‘ Saturated ’ ring 
17 
18 

6.6  (br t) 6.10 (br m) 5.7 (br) 

( 6 )  ‘Aromatic ’ rings 
3 
8 

13 

1.24 (br) 
1.48 (br) 

1.66 (br) 
1.86 (br) 

1.20 (br) 
1.41 (br) 

(d) meso 
5 

10 
15 
20 

0.40 
0.50 
1.15 
1.12 

0.87 
0.16 

1.86 

0.40 
0.49 
1.05 
1.26 

( E )  NHs 
21/23 

( f )  Amino-acid 
N-N 
-CH< 
-CH,- 
-CH, 

1 2.50br br 12.35 (br) 

3.7 (br) 
5.7 (br) 
8.8 (br) 
9.2 

n:eso-protons (H-6, H-10, H-16, and H-20) of known 
chlorins.21 There must therefore be a meso-hydrogen 
at C-15 in bonellin dimethyl cstcx, a further unicjue 

R’ Me 

6.7. The situation is strikingly like that in (5 )  and 
suggests that bonellin dimethyl ester contains two 
allylically coupled protons at  C-3 and C-8, and hence that 
units (7) and (8) are present, both rings being hitherto 
unknown in natural chlorins. 

Me ‘ NH N- 
H M e  

C 0 2 M e  

(31 R’ = CH=CH2 R2 = Et  ,R3= C O z M e ,  RL= CH2C02Me 
I 4 ) R ’  = C H = C H 2 ,  R 2 = E t  R 3 = H ,  R L = C H 2 C 0 2 M e  COzMe > <  C 0 2 M e  

feature in a naturallv occurring chlorin, as cliloropliyll and 
its naturally occurring derivatives are substitutcd at the 
C-15. The remaining two low-field proton signals are 
two broad singlets which art. sliarpcned considerably by 
irradiation of the ‘ aromatic ’ methyl region at 7 6.4- 

( 5 )  

The structure of the remaining sub-units (9) could be 
deduced from the presence of a methyl group ( T  6.62) and 
a propionic acid side-chain attached to an ‘ aromatic ’ 
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ring as in compound ( 5 ) .  This sub-unit is standard in poryhyrins.21 Thus bonellin dimethyl ester can be 
both porphyrins and chlorins. formulated as either (lob) or ( l lb ) ,  which formally cor- 

Units (6)-(9) can be put together via the four defined respond to the addition of methane across the peripheral 
meso-CH groups to form a variety of chlorins, none of 

H Me 

Me 

Me H Me 

R e  

( 7 )  

Me 
'C02Me 

(9 I 

which sliows a close relationship to chlorophyll, the parent 
compound hitherto for most known characteriscd 

Me 

Me 

(10) a;R = H (11) a; R = H 
b j R  = Me b; R = M e  

chlorins. In  order to preserve a relationship with known 
compounds and defined biogenetic pathways, we decided 
initially to confine our structural formulations to type 111 

positions of either rings c or n of (5). As bonellin 
dimethyl ester can be readily hylrolysed to yicld bonellin, 
the latter must correspond to either (loa) or (1 1 a). 

TABLE 4 
13C N.m.r.  data for boilellin derivatives and related compounds (CDCl,, p.p.ni.) 

(a) Side-chains 
Ba 
7a 

IBa 
cis- 18a 

trans-1 8a 
3a 
3 b 
8a 
8b 

13a 
13b 
13c 

17a 
17b 
17c 
17d 

i3a  

BDME /,lob) 
13.4 
13.4 
11.2 
32.0 
23.4 

21.6 
36.6 

173.8 or 174.2 
51.5 or 51.7 

31.8 
27.6 

173.8 or 174.2 
51.5 or 51.7 

A R N E  (1%) 
12.9 
13.0 
11.4 
27.0 
26.3 

23.4 
35.5 

175.0 
51.5 
39.2 
21.6 

198.5 

Range of various 
chlorin esters (rcf. 26) DL'DME (5) (ref. 25) 

13.4 10.8-12.0 
13.4 10.7-1 1.3 
11.3 11.7-12.3 

22.7-2 3.4 } 1 1 . 3  
J 

128.3-128.8 
vinyl { 121.0-122.6 
ethyl { 18.1-19.4 

17.1-10.2 
21.5 
36.7 

172.8 
51.4 
21.5 30.8-3 1.2 
36.7 2 0,5--3 1,3 

172.8 1 72.4-- 172.8 
51.4 5 1.2-51.5 

I3onellin amino-acid 
conjugate ester 
mixturc (14b) 

13.4 
13.4 
11.3 
31.8 
23.2 

21.5 
3 6 . 3 

172.1-173.0 
51.7-51.9 

31 .0 
27.9 

172.1-173.9 
51.7-51.9 

(b )  ' Saturated ' ring 
159.0-173.4 165.3 or 172 1 

128.0- - 144.2 50.8-5 2.0 57.9 
(aroma tic) 49.2 --50.0 49.9 

159.0- 173.4 165.3 or 172.1 

16 165.7 or 172.1 168.2 or 173.8 
17 67.8 56.8 
18 49.7 49.1 
19 165.7 or 172.1 168.2 or 173.8 

(c) ' Aromatic ' rings 

} 122.0-154.4 127.4 1 130.7 
130.8-153.1 1 28.0- 1 44.2 131.5-151.6 

3 
8 

Other 10 atoms 131.6-151.5 

(d )  Meso 
98.7 95.4-102.1 102.4 

1 0 1.6- 105.4 
9 1.8--93.3 

I 99.5 101.7-105.9 1 102.0 1 %:: 5 
30 
15 
20 

106.4 
91.0 

(e) Amino-acid 
CO-NII 
CO,K 
CH, 
CH, 
CH 

173.9 1 172.5 
25.2 13 3.5 156.4 
18.9/17.8 
37.7 
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Thc 13C n.m.r. spectrum of bonellin dimethyl ester is the meso-carbon atoms of octaethyl porphin is at  S 

compared with that of (5) 25 and various chlorin esters 26 96.0, giving shifts on reduction of one ring of C-6, 
in Table 4. C-10 (remote from reduced ring) +2.3 p.p.m. and C-15, 

The signal assigned to C-18 is in line with that of other C-20 (adjacent to reduced ring) -3.5 p.p.m. 
chlorins, but remains a singlet in the off-resonance Addition of methane across ring D of compound (5)  
spectrum, confirming the presence of a gem-dimethyl (Scheme 1) gives rise to (lob) with the expected chemical 
group at  this position. The gem-dimethyl resonances 
were assigned as 18a-cis a t  6 23.4 and l$a-trai?s a t  6 32.0 
by means of single-frequency specific proton-tlecoupling 
experiments, using the widely separated proton fre- 
quencies of the ‘ aliphatic ’ methyl resonances for 
irradiation. The assignments are in line with those 
made to dicyanocobinamide.27 Sub-unit (6) is thus 
confirmed. 

The ‘ aromatic ’ methyl groups at  C-2a, C-7a, and 
C-12a appeared at comparable positions to those of rings 

and C-8, confirming the sub-units (7) and (8). 
The signals assigned to the propionate units attached 

to both reduced and non-reduced rings compare well with 
those for a range of chlorins and for compound (5) (Table 
4), confirming the final sub-unit (9). 

substantiates all the sub-units delineated by the lH 
n.m.r. spectrum and is in accord in either (lob) or ( l lb ) .  
In an attempt to distinguish between (lob) and ( l l b )  we Me 
extended observations that the chemical shifts of the 
meso-carbon atoms of porphyrins depend markedly upon 
the substitution of the two flanking P-substituents.28 Me 
When flanked by two alkyl groups, the meso-carbon atom Me 
gives a signal between 6 96 and 97.5, when by one alkyl 
group and a proton the signal shifts to ca. 6 99-100.5, 
and when flanked by two protons a further shift occurs 
to bring the signals to ra, 6 103-104.5. ( 1 0 b )  ( 6 ,  calculated) ( l l b )  ( 6, calculated)  

H Me 

A and B of compound (5), as do the doublets due to C-3 R R 

(5a) ( 6 ,  values) 

\ 
The 13C n.m.r. spectrum of bonellin dimethyl ester H Me 

Table 5 gives the signals for the nzeso-carbon atoms of 
R = CH2CH2C02Me 

TABLE 5 
13C N.m .r. chemical shifts for meso-carbon a toms of 

porphyrins and chlorins 

B D M E  ( 6 c  f o u n d )  102.5, 102.1, 93.0, 91.2 
SCHEME 1 

C-5 C-10 C-16 C-20 shifts shown. whilst addition across ring c of f6) gives 
L> \ f U  

Porphin (ref. 28) 704.4 104.4 104.4 104.4 ( I lb)  again with the expected chemical shifts displayed. 
DPIIME (5) (ref. 25) 99.5 08.7 95.1 96.2 
tvans-Octaethvlchlorin (ref. 26) 98.3 98.3 92.5 92.5 These shifts assume that a gem-dimethyl grouping is 
Chlorin eR trinietIIy1 estcr ( : j )  (rcf. 98.2 101.7 101.7 93.2 similar to that of a saturated CHMe grout) as seems 

V L  

26) probable, but this is not necessary for the argument. 
Clearly the calculated shifts for the meso-carbon atoms of 

bkthyl p’heophorbide a (da )  (ref. 06.4  103.6 104.8 02.6 

(ref. 26) 
Compound (2c)  08.1 99,2 93 ,0  dimethyl eSter’(102.5, 102.1, 91.2, and 93.0) than are the 

shifts calculated for ( l lb ) .  In  particular the mcso- 
various porphin and chlorin derivatives. Unfortunately 
most of the known chlorins had either substituents at 
C-15 or a carbonyl group at C-13a. The substituent a t  
C-15 would clearly affect the chemical shift of this carbon 
atom, but rather less obviously the carbonyl group at  
C-13a influences the chemical shift of C-10, as we showed 
by reducing methyl pyropheophorbicle (2b) to the cor- 
responding mixture of hydroxy-compounds (2c). We 
therefore took octaethylchlorin as our base-line for 

proton flanked by two methyl groups in ( l l b )  is 3 p.p.m. 
downfield from the nearest low-field signal. This gross 
discrepancy led us to favour (lob) rather than ( l l b )  for 
bonellin dimethyl although it is ring c in vitamin 
BIZ that is similarly modified. The assignment made was 
later confirmed by X-ray analysis of anhydrobonellin 
methyl ester 30 (see later). 

The mass spectrum of bonellin (Experimental section) 
contains a prominent M - 18 peak, ascribed to a de- 

calculating the changes to be expected in chemical shifts hydrative cyclisation of a propconic acid unit on to an 
on reduction of one ring of a porphyrin. The signal for adjacent meso-p~si t ion.~~ To emulate this reaction 
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chemically, bonellin was dissolved in concentrated sul- 
phuric acid, when an irreversible change in the spectrum 
occurred. One product only, anhydrobonellin, was 
obtained in high yield and purified as the monomethyl 
ester. The absorption spectrum of anhydrobonellin 
methyl ester (12b) compares well with that of the pre- 
viously prepared 32 anhydromesopyrrochlorin (1 3) (Table 
1). Analysis of the lH and I3C n.m.r. spectra (Tables 3 
and 4) of anhydrobonellin methyl ester shows that the 
major differences in chemical-shift positions compared 
with bonellin dimethyl ester arc associated with the C-17 
propioiiate side-chain. C-13 and, of course, C-15 (Table 6). 

TABLE 6 
Chemical-shift changes in the n.m.r. spectra of anhydro- 

bonellin methyl ester relative to  bonellin dimethyl 
ester * 

Position lH n.m r. (p.p.m.) I3C n.m.r. (p.p.m.) 
13a - 0.3 + 1.9 
13b -1 0.27 - 1.1 
17 - 0.5 - 1.0  
17a +0 .3  + 7.4  
17b + 0.45 - 6 . 0  
17c +24.5 
15 + 13.4 

czs- 18a -0.1 $ 4 . 1  
trans- 1 Xa - 0.44 - 2.9 

1 Ba -0.2 -0 .2  
* h plus sign indicates a shiit to  low field in ABME. 

analysis was racemic and hence the absolute configur- 
ation of anhydrobonellin methyl ester (and bonellin) 
remains to be established. Presumably some degree of 
racemisation can occur in acid media by a series of 
protonation-deprotonation reactions as in Scheme 2. 

An X-ray study of a single crystal of anhydrobonellin 
methyl ester 3o led to the projection formulae shown in 
Figures 1 and 2 (R-factor of 14%). The ester group 

...... ..... . . .. . .. .. ...... ? 

Thus although there are two propionate units flanking 
the C-15 position, cyclisation has specifically involved the 
C-17-propionate group, leading to structure (12b) for 
anhydrobonellin methyl ester. This remarkable select- 
ivity must be due to the extra flexibility in the transition 
state conferred by the sp3 carbon at C-17 as compared 
with the sfi2 carbon at  C-13. A kinetic study indicated 
that the transformation from bonellin to anhydro- 
bonellin (12a) was direct, without any intermediates.* 

& 

, Me 
H+ 

__c 
Me 

S C H E M E  2 

The bulk sample of anhydrobonellin methyl ester 
produced was chiral as shown by its c.d. spectrum (Table 
2) but the crystal (ex ether-pentane) suitable for X-ray 

* We thank Dr. P. Carnilleri, University of Malta, for this 
study. 

FIGURE 2 

attached to C-13b is disordered and consequently the 
methyl group (C-13d) is shown doubly (dotted, irregular 
lines). The hydrogen atoms were all located and refined 
but for clarity, only those on the pyrrole rings are given. 

The structures produced from the X-ray study agree 
in every detail (including the. location of hydrogen atoms) 
with structure (12a) for anhydrobonellin methyl cster and 
hence with (lea) for bonellin itself. It is interesting that 
one of the C-18 methyl groups of anhydrobonellin 
methyl ester is almost a t  right angles to the planar 
chlorin nucleus. 

In  the proboscis extract i t  was observed that there was 
a small quantity of pigment differing from bonellin in 
chromatographic behaviour but with the same chronio- 
phore. This led to a re-examination of the body walls, 
which on the basis of the absorption spectrum we had 
previously assumed to contain only boncllin. In  fact 
the body walls contained large quantities of the new 
pigments, isolated as their dimethyl esters. Mass 
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spectrometry indicated that although the new material 
ran as a single spot on t.1.c. and gave one band only on 
h.p.1.c. using a wide variety of systems, it was neverthe- 
less a mixture. 
0.003 3 and 653.357 4 -j-- 0.003 3 indicated that the new 

Major molecular ions at  nz/e 667.373 2 

R’ Me 
I I 

Me m.1 

( 121 a; R’ = H, R 2 =  C H 2 C H 2 C 0 2 H ,  R3= Me 
b ;  R’ = H,R2=CH2CH2C02Me,R3= Me 

(13) R’ = Et, R2= H, R3= H 

pigments had valine and leucine residues conjugated to 
bonellin, and also that no dipeptides were present in the 
mixture. We were unable to resolve the mixture into its 
components but acid hydrolysis gave bonellin together 
with an a-amino-acid mixture consisting of valine 
(62.7%), isoleucine (23.0%), leucine (5.9’33, and alloiso- 
leucine (4.0%), together with some minor components 
totalling 4.4%. The proportions of amino-acids present 
were confirmcd and their configurations assigned by g.1.c. 
analysis of the N-pentafluoropropionyl amino-acid (-)- 
3-methylbut-2-yl esters * on a high efficiency glass 
capillary column. 7 9 3 3  The amino-acids present were 
L-valine, L-isoleucine, L-leucine, and D-alloisoleucine. 

H Me 

NH - CH -CO,R 

( 1 4 )  a; R = H 
b; R=Me 

An intense peak at m/e 467.244 7 & 0.002 3 (C,,H,,N4- 
0,) resulting from loss of a propionyl amino-acid side- 
chain (CH,CH,~CONHCHRCO,Re) was observed in 
the mass spectrum of the mixture. It has previously 

* We thank Professor W. A. Konig for his generous gift of a 
sample of (-)-3-methylbutan-2-01. 

been noted that chlorins lose the complete propionate side 
chain from C-17, but that porphyrin esters undergo a 
benzylic cleavage with loss of CH,C0,Me.31 In the mass 
spectrum of the amino-acid conjugate esters there was 
no significant benzylic loss of CH,CONHCHRCO,Me to 
give an ion at Pn/e 481. 

Hence the amino-acids are attached only to C-17c and 
the conjugates must be represented by (14a), the esters 
being (14b). This formulation is in accord with the IH 
n.m.r. of the mixture of amino-acid conjugate esters 
(Table 3) in which the signals due to the C-13 propionate 
side-chain are unaffected by conjugation, whereas those 
due to the protons on C-17a and C-17b are both broadened 
and modified in shape. 

Whilst our work on the amino-acid conjugates was in 
progress,34 and after our preliminary publication of the 
structure of bonellin itself 2 9 7 3 0  we were informed by Dr. 
G. Prota (University of Naples) that  he had in- 
dependently examined the body walls of B. viridis 
collected near Naples and characterised the 17c-isoleucine 
conjugate of bonellin as the overwhelming componcnt 
of the mono-yeptide conjugates present (ca. 93%,).35 
Thus the composition of the amino-acids conjugated to 
bonellin can vary with the geographic provenance and 
presumably genetic constitution of the B. viridis studied. 

Parallel investigations, showing that boncllin in the 
light is capable of lysing erythrocytes and immobilising 
echinoid spcrrnatozoa, and presumably is involved in 
masculinisation of the larvae of R. viridis,  are being 
reported ~epara te ly . l9~~ The effect of light is of intcrcst 
and it is possible that an intermediate in the oxidation of 
bonellin rather than bonellin itself is the active physio- 
logical chemical. This possibility is under active 
investigation. 

The biochemistry of bonellin remains to be explored. 
Clearly, however, bonellin is a chemical that is certainly 
responsible for the defence of B. viridis, and is possibly 
involved in the mechanism of sex-determiriatiori. This 
external influence on a differentiation which in most 
organisms is preponderantly genetically determined is of 
wide general importance. 

EXPERIMENTAL 

All melting points were measured 0x1 a hot stage micro- 
scope. Visible spectra were recorded on a l’ye-TJnicam 
model SP 800 spectrophotometer. (Solutions of bonellin 
and its derivatives were found to deviate significantly from 
Beer’s law and measurements were made for solutions in the 
range 5 x 10-6-1.5 x 1 0 - 5 ~ ) .  Circular dichroism graphs 
were obtained by Dr. M. Scopes at the S.R.C. c.d. unit a t  
Westfield College, University of London. lH N.m.r. 
spectra were recorded on a Varian model HA-lOOD instru- 
ment and 13C n.m.r. spectra on a Varian model XL-100 
instrument fitted with a Gyrocode module. Mass spectra 
were measured on a modified AEI model MS 9 spectrometer 
with a Mass Spectrometry Services console and Instem Maxi 

7 We thank Drs. R. J .  Laub and K. Williams for technical 
assistance with the g.1.c. determination. 

1 We are grateful to Dr. Prota for supplying u s  with this 
information prior to publication. 
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data system. H.p.1.c. apparatus employed Altex pumps and 
flow-control systems and a Cecil model CE 272 variable- 
wavelength spectrophotonieter as detector. Experimental 
X-ray crystallographic information for anhydrobonellin 
methyl ester has been reported,29 and atomic co-ordinates 
are available on request from the Director of the Cambridge 
Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge CB2 1EW. 

Extraction of the Chlorin Pigments from Bonellia v i~ id i s . -  
Female specimens of the marine worm Bonellia viridis (20 
animals) were collected in Marsaxlokk Bay on the Maltese 
coast a t  depths of 1-20 m and were dissected to obtain 
separate samples of the proboscides, viscera, and body wall 
which were extracted separately as follows. The wet tissue 
was macerated in ethanol (200 cm3) and after removal of the 
cell debris, the filtrate was diluted with water (400 cm3) and 
then extracted with ether (3  x 150 em3) until the last ether 
extract was colourless. Both the aqueous fraction A and 
the ether fraction E were retained in each case. 

(a) Treatment of the ether fraction E .  The green ether 
layer (450 cm3) was extracted with hydrochloric acid 
(3 x 100 c1n3 of a 6% solution), the resultant blue aqueous 
layer was neutralised with ammonium hydroxide solution 
(3%) and the pigment extracted into ether (2 x 100 cm3). 
This green ether extract was shaken with ammonium 
hydroxide (3 x 100 cm3 of a 1% solution) and the aqueous 
layers neutralised with hydrochloric acid (6%) before the 
pigment was extracted into ether (2 x 100 cm3). The 
ether layer was washed with water (100 cm3) and the solvent 
removed under reduced pressure to leave a green residue of 
crude pigments which were esterified by treatment with a 
solution of 10% concentrated sulphuric acid in absolute 
methanol (50 om3) overnight at room temperature. The 
solution was shaken with a mixture of water (100 cm3) and 
dichloromethane (100 cm3). The solvent layer was washed 
with water (100 cm3) and on evaporation yielded a mixture 
of crude fraction E esterified pigments as a green solid. 

(b) Treatment of the aqueous fraction A .  The green 
aqueous solution was run through a short column (2 x 5 cm) 
of neutral alumina (Merck), the pigments being strongly 
absorbed. After washing the column with water, the 
column was dried, extruded, and the pigment recovered 
from the alumina by treatment with a solution of 10% 
concentrated sulphuric acid in absolute methanol (50 cm3). 
The esterification was allowed to  proceed a t  room tempera- 
ture overnight and the solution was shaken with a mixture of 
water (100 cm3) and dichloromethane (100 cm3). The solvent 
layer was washed with water (100 cm3) and on evaporation 
yielded a mixture of crude fraction A esterified pigments. 

Each of the crude 
ester mixtures was analysed on a lop Partosil column 
( 2 5  cm x 4 mm i d . )  using a solvent system of toluene- 
methanol (97.5/2.5) with a flow rate of 2.5 cm3 min-l a t  a 

(c) H.p.2.c. analysis of the crude esters. 

pressure of 300 lb inP with U.V. monitoring a t  400 nm. Each 
of the methylated fractions from B .  viridis separated into 
two resolved bands which were quantitatively analysed 
(Table 7). 

Bonellin Diinethyl Ester (BD-MF;) (lob) .--The combined 
methyl esters from the extraction of the proboscides (75 mg) 
were chromatographed on a column of neutral silica gel 
(500 g, Koch--Light 200-300 mesh) using dichloromethane 
as solvent. BDME was readily eluted leaving the other 
constituents as a green band a t  the top of the column. 
After evaporation of the eluant, the ester was further puri- 
fied by chromatography on a column of Kieselgel G (log, 
Merck for t.1.c. plates) in ether-pentane (3  : 1) a t  a nitrogen 
pressure of 10 lb inP. BDME was eluted in the first 20 c1n3 
as a sharp green band and after evaporation of the solvent 
was deposited as a green solid (65 mg) which was recrystal- 
lised from ether-pentane to  give bonellin dimethyl ester as 
lustrous dark prisms, m.p. 53-55 "C (Found: C, 71.3; H, 
7.0; N, 10.476; &I+, 554.292 8 f 0.004 0. C,,H,,N,O, 
requires C, 71.5; H, 6.9; N, lO.l"/b; M ,  554.288 3);  Amax. 
(6% HC1) 402 E 119), 523 (3.4), 587(sh) (4.6), and 631 
nm (24.4); vn/z 554 (lOOyo), 539 (13), 523 (4), 481 (4), 
467 (9),  465 (3), 393 (3), and 379 (6).  

Zinc Complex of BDME.-A solution of zinc(I1) acetate 
hydrate (0.5 g) in methanol (20 cm3) was added to BTIME 
(100 mg) and allowed to react a t  20 "C for 5 h. The resultant 
blue solution was poured into a mixture of water (50 cm3) 
and dichloromethane (50 cm3). The solvent layer was 
evaporated to dryness and the residue recrystallised from 
ether to furnish the zinc complex as deep blue prisms (87 nig), 
m.p. 70-73 "C (Found: C, 64.3; H, 5.9; N, 9.2. C33H36- 
N,O,Zn requircs C, 64.3; H, 5.8; N, '3.1%); A,,,. (CHCI,) 
402 E 119), 504 (2.2), 539 (0.7), 566 (0.7), 583 (2.8), 
and 612 nm (24.6);  C.D. A (A€) 612 ( -6 .9) ,  404 (+14.90), 

(+0.78), and 245 nm ( -  1.56). 
Bonellin (10a) .-BDME (100 nig) was hydrolysed by 

treatment with 25% hydrochloric acid (150 cm3) for 2 d a t  
20 "C. The resultant blue solution was neutralised with 
sodium hydrogen carbonate and the di-acid was extracted 
into dichloromethane (2 x 100 cm3), which was washed 
with water and the solvent removed. The crude bonellin 
was dissolved in ether (200 cn13) and extracted into am- 
monium hydroxide solution (3%). After neutralisation 
with hydrochloric acid (6%,), the pigment was extracted into 
dichloroniethane (2  x 100 c1n3). Removal of the solvent 
gave bonellin (YO ins) which was recrystallised from ether to 
yield dark micro-crystals which decomposed a t  ca. 300 "C 
(Found: C, 70.5; 13, 6.5; N, 10.6%. C3,H,,N40, requires 
C, 70.7; H ,  6.5; N, 10.6%); Amax. (6yo HC1) 402 E 

135), 526 (2.6),  540 (0.6), 548 (0.5), 586sh (2.7), and 636 nm 
(15); m / z  526 (330/,), 508 (4.54, 480 (loo), 465 (78), 453 ( Z O ) ,  
405 (16), 391 (16), 379 ( lo) ,  281 (14), 280 (23),  and 241 (21). 

380 (+2.43), 363 (-2.43), 310 (+2.40), 276 (-0,61), 263 

Extracts from 
20 animals 

Proboscides Ether extract E 
Aqueous extract 

Body wall Ether extract E 
Aqueous extract 

Viscera Ether extract E 
Aqueous extract 

Whole animal Ether extract E 
Aqueous extract 

TABLE 7 
H.p.1.c. areas Estimated wcights 

rph-___ r------h v 
Weight of crude Peak 1 Peak 2 Peak 1 Peak3  
methyl esters/mg % % mg g 

} 74.7 2.3 72 97 3 
A 5 96 4 

37 
A 20 } 28.5 28.5 66 3 3 

18 82 
} 0.36 0.14 0.35 85 15 

A 0.15 39 61 
109.4 

A 25.2 103.6 30.9 
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BonelZin Hydrochloride.-Bonellin ( 10 mg) was dissolved 

in 10% hydrochloric acid ( 1  cm3) and allowed to stand a t  
room temperature overnight. Dark blue prisms of bonellin 
hydrochloride (12 mg) were deposited, m.p. 236-240 "C. 

Bonellin Diethyl Estev.-Bonellin (50 nig) was esterified 
with ethanol (50 cm3) containing Concentrated sulpliuric 
acid (4  cm3) a t  20 "C and the diethyl ester isolated as 
described for the dimethyl ester. The product was re- 
crystallised from ether-pentane to furnish honellin diethyl 
ester as green prisms (45 mg), m.p. 103-104 "C (Found: C, 
72.4; H, 7.6; N, 9.5.  C3,H4,N404 requires C, 72.2; H, 7.2;  
N, 9.6%);  W L / Z  582 ( 1 0 0 ~ 0 ) ,  567 ( lo) ,  554 (4),  537 (8), 509 
(7 ) ,  495 (8), 481 (12), 393 ( 1 1 ) ,  and 379 (14). 

Anhydrobonellin Methyl Ester ( A  S A T E )  (12b) .-Bonellin 
(85 mg) was dissolved in concentrated sulphuric acid (!38%, 
2.5 cm3) a t  20 "C. The blue solution gradually turned green 
and after two hours absolute methanol (25 cm3) was adclecl. 
The solution was partitioned between dichloromethane 
(50 cm3) and water (50 cm3) and the dichloromethane layer 
was washed with water and the solvent evaporated. The 
crude product was purified by column chromatography on 
polyamide (2 x 25 cni) using dichloromethane as eluting 
solvent. A brown band was gradually eluted (30 cm3) and 
the recovered solid was dissolved in ether (20 cm3) and 
transferred into 6% aqueous hydrochloric acid (2 x 50 cm3). 
The aqueous layer was extracted into dichloroniethane, and 
the organic layer washed with water and evaporated to 
furnish a brownish solid. Recrystallisation from ether- 
pentane furnished anhydrobonellin ryzonomethyl ester as dark 
prisms, m.p. 216-217 "C (55 mg) (Found: C, 73.7; H, 6.3; 
N, 11.0. C3,Hs,N40, requires C, 73.5; H ,  6.6; N, 10.7%); 
m/z 522 (lOOo/o),  504 (48), 502 (13), 501 (22), 500 (46), 
485 (301, 449 (16), 447 (15), 446 (37), 442 (38), 428 ( l l ) ,  
427 (33),  and 224 (16). 

fifethyl Esters of Bonellin Amino-acid Conjugates (14b) .- 
The combined methyl ester fractions from the body wall 
extracts of R. viridis (57 mg) were applied in ether (1.5 cm3) 
solution to a column of Kieselgel G (10 g, Merck for t.1.c. 
plates) and eluted with ether-pentane ( 3 :  1) under a 
nitrogen pressure of 10 lb in-2. Two sharp bands were 
separated on elution; the first (15 cm3) was shown to be 
bonellin dimethyl ester by H.p.l.c., and the seconcl (20 cm3) 
gave a mixture of the methyl esters of the aniino-acid con- 
jugates of bonellin as a green solid on evaporation (28 mg). 
One further pass through the column yieldecl the mixture of 
esters, as green crystalline material. Vurther chroniato- 
graphy merely caused decomposition to give bonellin 
(Found: A f t ,  667.373 2 & 0.003 3 and 653.357 4 f 0.003 3. 
C39H49N505 requires 667.373 2 ; C3,1-14,N,05 requires 
653.357 4 ) ;  m/z 667 (40y0), 654 (31), 653 (loo), 639 (9) ,  636 
(7), 621 ( Y ) ,  607 (2) ,  593 (4), 555 (2),  480 (20), 467 (12), 465 
(D),  453 (5), 407 (2), 393 (4), and 379 (8); Anyax. (CHCI,) 394, 
494, 523, 539, 590, 62O(sli), and 641 nni. 

Hydrolysis and Amino-acid Analysis of Bonellin Amino- 
acid Conjugate Esters.-The mixture of bonellin amino-acid 
conjugate methyl esters (44 mg) was treated with 6~ 
hydrochloric acid (2 cmS) in a sealed tube a t  120 "C for 15 h. 
After opening the tube, the solid residue was removed by 
filtration and extracted into dichloromethane, which was 
waslied with water and the solvent removed. The crude 
product was dissolved in ether and extracted into am- 
monium hydroxide solution ( 3'y0). After neutralisation the 
pigment was extracted into dichloromethane. Removal of 
the solvent gave a dark green solid (24 mg) which was 
identical in all respects (u.v., mass spectra) with bonellin. 

The aqueous hydrochloric acid filtrate from the sealed tube 
was evaporated to dryness a t  0.1 mmHg, and the residue 
dissolved in water and analysed on a Beckman Model 120 
automatic amino-acid analyser . The retention times of the 
aniino-acid peaks were compared with those of a mixture of 
standard amino-acids and indicated the presence of four 
significant amino-acids; valine (62.7%), isoleucine (23.0y0), 
leucine (5.9y0), and alloisoleucine (4.00/,), as well as a num- 
ber of minor constituents which together totalled 4.4% of 
the mixture, 

Con$gurntion of the Amino-acids.-The dry mixture of the 
aniino-acid hydrochlorides above (5 mg) was heated with a 
saturated solution of dry hydrogen chloride in (-)-3- 
methylbutan-2-01 (1.0 cm3, ca.. 96% optical purity, obtained 
from Professor W. A. Konig 33) for 90 niin a t  100 "C. After 
removal of the excess of reagent in vacuo, the sample was 
acylated with pentafluoropropionic anhydride (0.5 cm3) in 
dichloromethane (2 cm3) for 30 min at 20 "C. Removal of 
the excess of reagent in vacuo gave the diastereoisomer mix- 
ture as a residue which was dissolved in ethyl acetate (1 cm3) 
for g.1.c. analysis. A Pye niodel-104 gas chromatograph, 
modified to accept a 25-m glass capillary PLOT column 
coated with SE-30 (LKB type 2101) and fitted with an all- 
glass falling-needle injector 37 was used for the analysis. A 
flow rate of 2 cms niin-l of helium was used with a tempera- 
ture-rise programme of 2' minP from 85 to 220 "C with N, 
make-up gas (18 cm3 min-l) being fed into the detector 
stream. The system was standardised with mixtures of 
derivatised uL-amino-acids when sharp completely resolved 
peaks were obtained for all of the 11- and L-amino-acid di- 
astereoisomers. The efficiency was 45 000 theoretical 
plates for the L-valine derivative. The elution order for the 
standards, with relative retention times (r.r.t.), was: L- 

valine (r.r.t. 1.0, 12 min), u-valine (r.r.t. 1.05), L-leucine 
( 1.20), ~-alloisoleucine ( 1.24), D-leucine ( 1.25), L-isoleucine 
(1.26), D-alloisoleucine (1.28) and ~-isoleucine (1.31). The 
derivatives of the bonellin amino-acids gave four major 
peaks corresponding to L-valine (r.r.t. 1.0, ca. 60%), L- 
leucine (1.20, ca. 5 % ) ,  L-isoleucine (1.26, ca. 25%), and D- 

alloisoleucine (1.28, ca. 5%). 
Methyl 2 l-hydroxypyrophaeophorbide a .3s-Methyl pyro- 

phaeophorbide a 39 (50 mg) in dichloromethane (15 cm3) and 
methanol (15 cm3) was treated with a solution of sodium 
boroliydride (20 mg) in sodium hydroxide (8 cm3 of 0 . 0 0 5 ~ )  
under reflux for 2 h. After neutralisation the product was 
purified by chromatography on neutral alumina and re- 
crystallised from ether-pentane to yield the mixture of 
(20R,S) epimers 43 as green microcrystals, m.p. 146-148°C 
(35 mg) * 

We thank the I.U.C. for financial assistance during the 
course of this work. 
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