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Ahsfmc-The “C NMR spectra of the methyl esters of phaeophorbides-a and -b, mesophaeophorbides-a and -b, 

pyrophaeophorbide-a, mesopyrophaeophorbide-a, chlorin-eb, mesochlorin-e,, chlorin-p,, rhodin-g,, mesorhodin-g,, 
phaeoporpbyrin-a,, 2-vinylphaeoporphyrin-ol, rhodoporphyrin-XV, and 2-vinylrhodoporphyrin-XV, and of trans- 

octaethylchlorin, in deuteriochloroform and/or tritluoroacetic acid solution are reported. On the basis of comparisons 
within this comprehensive series and proton off-resonance decoupled spectra, assignments of most resonances are 
made; complete assignment of the quaternary “pyrrole” ring carbons was difficult 10 accomplish. A downfield shift of 
the o- and pmescxarbons of chlorins in trilluoroacetic acid relative to deuteriochloroform is used to conlirm that the 
C/dombium chlorophylls (660) from Chforopseudomonas rthylicum are mesemethylated at the b-position. 

Carbon-13 NMR spectroscopy has been widely used in 
studies of biosynthetic pathways to the pyrrole pigments 
and vitamin B12.= In connection with our own studies on 
the biosynthesis of chlorophylls from various sources, we 
required specific assignments of carbon resonances, not 
only in the chlorophylls themselves (which have already 
been investigate&~ but also in the common degradation 
products from the natural pigments, because these are 
usually easier to handle and the degradative chemistry of 
this class of compounds is efficient and well- 
understood.‘O.” We now report the “C NMR spectra and 
assignments of a number of chlorins and other degradation 
products from chlorophyll, in deuteriochloroform (CDCl,) 
and/or trifluoroacetic acid (TFA) so1ution.t In some 
instances, specific deuteriation was used as an aid in 
assignment of resonances. Only tentative assignments of 
the “quaternary pyrrole” carbons could be made in most 
cases, but from the biosynthetic point of view this is not a 
serious drawback because the broad outline of the 
biosynthesis of the tetrapyrrole nucleus from por- 
phobilinogen is now known; in the chlorophylls it is the 
subsequent transformations of the sidechains which are of 
particular interest in our investigations. 

Spectra were obtained with samples (50-IoOmg) of the 
appropriate compound dissolved in 1.5 ml CDCI, and/or TFA (i.e. 
0.OW.I M), with 5% ThfS added as an internal standard. Proton 
noise decouphxi spectra were obtained using a Varian XL-lMI5 
FT spectrometer with 8K computer memory, using 12 mm sample 
tubes carrying an inner 5 mm tube of D,O for the field-frequency 

towing to solubility difficulties in CDCI,, the spectra of the 
phaeoporphyrib and rhodoporphyrin esters were recorded in TFA 
dOlIt% 

lock. Spectra were routinely recorded on 5120 Hz sweeu widths at 
25.197 MHz using the fast Fourier Transform technique. The 
accuracy of the “C chemical shiis with 2048 olot data ooints was 
22.5 Hi Proton off-resonance decoupled speka werd also used 
for assignment. 

trans-Octaethylchlorin was obtained” from the corresponding 
porphyrin and the chlorophyll degradation products were obtained 
from phaeophytins using literature methods’o or variations of 
them.” Methyl d,-pyrophaeophorbiie-a was prepared according 
to Inhoffen’s method” and then further deuteriated in the 
&position by heating in deuterioacetic acid.” 

RESULTS AND DISXESION 
The nomenclature used, and compounds investigated 

are shown in Fig 1. Tables 1 and 2 show the chemical shifts 
and assignments in CDC5 and TFA respectively. 

1. Aryl methyl substituents 
(a) CDCI3 spectra. On the basis of single frequency 

off-resonance decoupled spectta, Katz’ assigned the signal 
at IO.4 ppm in methyl phaeophorbide-a to C-3a, and that at 
1106ppm to C-la and C-Sa. The shift diflerences were 
explained in terms of C-3a being electronically the most 
dissimilar, because it is the only methyl group attached to a 
“pyrrole” ring flanked by two other pyrrole rings. The 
spectra of methyl mesophaeophorbide-a and methyl 
mesopyrophaeophorbide-a possess signals at 10.8, 1 l-1, 
and 11.6 (kO.1) ppm; this suggests that there is an upfield 
shift of an aryl methyl carbon associated with the 
conversion of vinyl to ethyl (i.e. on passing from the 
normal to “meso” series). Throughout the chlorins 
investigated herein, a methyl adjacent to an ethyl group 
resonates in the range 11-O kO.3 ppm. Comparison of 
methyl phaeophorbide-a with methyl phaeophorbide-b 
and rhodin-g7 trimethyl ester (the last two having no signals 
upfield of 11.8 ppm) adds further confirmation. The signal 
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Table 1. “C NMR spectra” and 

Methyl phaeophorbidc-o 

Methyl mcsophaeophorbide-o 

Methyl pyrophaeophorbide-a 

Methyl mesopyrophaeophorbide-o 

Chlorin-p, tnmcthyl ester 

Chlorm-r, rnme!hyl ester 

Meswhlorin-c, trimethyl ester 

Methyl phacophorbldc-b 

Methyl mesophaeophorbidc-b 

Rhodin-g, tnmethyl ester 

Yesorhodin-g, Inmethyl ester 

tronr-Ochxthylchloriin 

la lb 2a 2b 3a 3b 4s 4b Ja 5b 6a 6b 7 

11.8’ 

(11.1) 

I iP 

(11.0) 

II.9 

128.3’ 121.8 IO.7 

19.3’ 16.7 (10.8) 

128.5 121.6 IO.8 

19.2’ 16.7 (10.7) 

128.5’ 121.6 Il.0 

12.0 

(IO.91 

11.8’ 

IO.7 

II.9 

IO.8 

(19.2) 

128.8’ 121.0 II.1 

(19.2) 17.0 (11.3) 

127.8 122.6 185.9 

l9.P 16.6 186.2 

128.2 122.0 186.5 

19.2. 16.9 186.9 

(17.9) (19.4) (18 3) (19.7) 

19.0 

19.3. 

19.1 

19.2’ 

19.4 

lY.4 

(19.6) 

18.1 

18.3 

(18.9) 

19.2’ 

(18.51 + 

17.1 

17.3 

17.2 

17.3 

17.5 

17.6 

17.7 

IS.9 

19.0’ 

(19.3) 

19.2’ 
+ 

11.8. 

II.9 

m* 

II.7 

12.4 

12.3 

12.3 

11.8. 

II.8 

12.3 

I2 3 

t 

SI.0 

50.8 

51.4. 

51.3’ 

172.2 52.5’ 51.9 

172.4 52.8’ 51.8 

172.4 52.7’ 51.9 

51.2 

51 I 

172.1 S2.P 52.0 

172.1 52.8’ Sl.9 
+ t W.5 

Table 1 

Compound 

122-6 126.1-132~0 132.1-136.0 

Methyl phacophorbide-o 
Methvl mcroohaeoahorbide-o 
Mcth;l pym~hae&orbkie-o 

Methyl meropyrophacopbbiic-a 
Chlorin-p. trimethyl ester 
Ch!ain-c. trimethyl ertu 

MesocNorin-r. t&ethyl ester 

Methvl ohacoohorbiie-b 

Rhodin-g, 
Me%xhodin-g, tithyl ester 
rmnActaethykhkrin 

76.7 128.3’. 128.3’. 131.1 

76.7 128~0.128.2.130~9 

76.7 127~4.129.7,13@‘/ 

76.7 127.0.129.5, IN.5 

76.7 122.0 128~5.129~1.130~3 

76.7 123.0 128.8.. 129.9 

76.7 122.4 128.3.129.8 

76.7 128~8,131~3’. 131.3’. 131.3’ 

76.7 12&8.131~2*, 131.2’. 131.5 

76.8 123.8 128% 130.7.131.8 

76.7 123.5 128~6.130~4.131~7 

76.7 131.6’. 131.6’ 

135.3.135.7*. 135.7’ 

135.1 

135~1.135~2.135~3 

134.8 

135.1’. 135.1*, 135.1’ 

IU.l.l34~7*. 134.7’. 135.3.135.8 

134~6.134.8. 135.3.135.7 

135.7.135.9 

133.6’, 133.6. 

‘Chemical shifts in ppm downfield from TMS. 
*Coincident resonances. 
towing to symmetry of OEC. only half of carbons listed. 
Signals in parentheses are ambiguous, and those underlined were either absent or significantly reduced in 

at 11 a8 ppm in methyl pyrophaeophorbide-a is assigned to 
C-la and C-Sa because &-labelled methyl 
pyrophaeophorbide-a ” showed considerable reduction in 
the intensity of this signal. Hence, throughout the series, an 
aryl methyl carbon adjacent to vinyl resonates at 
11*9+0-l ppm, as does a methyl adjacent to the 
carbocyclic (isocyclic) ring. Rupture of the carbocyclic 
ring, as in the triesters of chlorines, chlorin-pb, and 
rhoding,, causes a downfield shift of an adjacent methyl 
carbon of 0.5 2 0. I ppm. The spectrum of protoporphyrin- 
IX dimethyl ester’ also features two types of aryl methyl 
carbon resonance, one at Il.4 (adjacent to propionate) and 
one at 12.7 ppm (adjacent to vinyl); in contrast, the four 
coproporphyrin isomers show’ only one kind of aryl 
methyl, resonating at 11.5 kO.3 ppm. This also implies an 
upfield shift of ca 0.5 ppm associated with the change from 
the porphyrin to chlorin macrocycle. An upfield shift of 
C-3a with respect to C-la in methyl phaeophorbide-a and 
related compounds presumably reflects the differential 
steric compression suffered from sp’ or sp’ hydridised 
carbons on adjacent rings. 

(b) TFA spectra. Most of the effects in CDCI, solution 
are mirrored in TFA; change from porphyrin to chlorin 
macrocycle causes an upfield shift of about 0.5 ppm in all 
types of aryl methyl carbon, and an aryl methyl adjacent 
to ethyl resonates upfield from one adjacent to vinyl. 
However, the degeneracy of C-la and C-Sa in methyl 
phaeophorbide-a and similar compounds is lost in TFA 
solution; C-Sa is shifted about 1 ppm downfield of C-la, 
probably due to the presence of the adjacent carbonyl 
function. The assignment of this signal to C-5a was again 
confirmed by reference to the spectrum of methyl d6- 
pyrophaeophorbide-a Rupture of the carbocyclic ring (as 
in rhodoporphyrin-XV dimethyl ester) causes a further 
downfield shift of I .4 ppm of this signal. This effect also 
occurs, though to a less marked extent, in CDCI, solution, 
and may be due to the carbocyclic ring reducing 
conjugation of the carbonyl group with the macrocycle. 

2. Aryl ethyl substituents 
(a) CIXI, spectra. In the “d’ series, the methyl carbon 

(C4b) of the ethyl groups resonates at 17.2 ? 0.5 ppm (cf 
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assignments of chlorins in CDCI, solution 

Assigned carbon reronancer 

la 7b 7c 7d 8 & 8b 9 IO IOa IOb ~a yb YC 0 B T 6 

31.0 29.8 172.6 51.4 49.9 22.9 188.7 fd.5 168.9 52 6 

310 29.0 172.6 51.4 JO.0 22.8 188.8 64.4 168.9 52.5 

30.9 29.7 172.8 51.4’ 49.7 22 9 195.2 j7Jl 

30.8 296 172.7 51.3’ 49 8 22.8 195.2 47.7 

31.3. 31.3’ 172.8 51.2 49 2 23.4 (166.6) 52.5’ 

31.0 29 5 172.8 51.4 49.2 22.8 38.4 168.8’ 

31 I 29.6 172.9 51.4 49 4 22.7 38 5 169.0 

31.2 29.6 172.6 Jl.? 49.9 23.0 l8lJ.5 64.3 168.6 52 8 

31.1 29 6 172.4 51.4 50.0 22.9 188.6 64.3 168.7 52 7 

31 0 29.5 l72.R 51.5 49 3 22.8 38.2 1643~3 

31 I 29.6 172.7 51.5 49.3 22.7 38 I 168.5’ 

30.8 IO.9 + + t 

%,4 103.6 KM.8 92.6 

95.8 103.9 104.7 92.1 

96.4 103.2 105.4 E 

95.4 103.4 105.2 91.8 

99.8 104~2 102.8 93 3 

52.8’ 98.2 1Ol.F 101.7’ 93.2 

52.7. 97.0 102 0 101.7 92.6 

100~4 105.5 104.3 92.7 

59.7 105.9 104.2 92.3 

52.P 102.1 103.7 101.9 93.3 

52 8’ 101~1 1042 101.6 92 7 

98.3 1 92.5 + 

-cont. 

Lnarrigned macrocyclic carbons 

(Ranges in ppm) 

C&LVS 

136.1-138 0 138~1-142~0 142~1-146~0 146~1-159~0 I7 and 18 

.e- 

137.2 

136.7. 137.0 

136.9 

136 2. 136.7 

137.2 

136.4.136.6 

136.8’. 136.8’. 136.8’ 

137-3 

136.8. 137.3 

l37.V. 137.0’ 

141.3 144.2 149.0. E&o. 155.0 

141.4 142 3.144.6 149~1.149~9.I55~0 

140.7 144.0 148.2.149.7. IWI 

140.9, 141.6 144.2 148.3.149.6.154~5 

140.6 144.6 148.O.IU~l 

138.8 144.4 148.2. WI 

139.9.140.4 144.6 147.9, E-43 

142.6. 145.6 149.6,157.8 

143.2.143 4. 145.6 150~0.158~1 

138.3.141.0 144.1 149.9.157.6 

138.1.142.0 142.6. 144.0 IW2.157~7 

138.5’. 138.5*, 141.7’. 141.7’ 148.7’. 148.7. 

160~5.171.4 

160.3.171.9 

159 5.170.4 

I59.0.170.8 

(166.4). 170.0 

166.2. 163.8’ 

165.7. 169.4 

163.2. 173 0 

163.0. 173.4 

168.8. 171.3 

168.5’. 171.8 

167 I*, 167.1’ 

intensity in the spectrum of methyl da-pyrophaeophorbiie-a 

trans-octaethylchlorin, OEC, at 18.2 kO.3 ppm). In the 

“b” series, the methyl carbon of the ethyls experiences a 
downfield shift to 19.1 to.2 ppm due lo the adjacent 
formyl group. The methylene signals (C-ta) in the “a” 
series are more constant at 19.2+0*2ppm, and corres- 
pond more nearly to the methylene signals in OEC 
(19.4 k 0.2 ppm). In the “6” series, this methylene moves 
upfield by about I ppm in methyl phaeophorbide-b and 
methyl mesophaeophorbide-b, but rupture of the car- 
bocyclic ring seems to negate this effect, since the upfield 
shift in rhodin-g7 trimethyl ester is only 0.3 ppm and it is 
0 ppm in mesorhodin-g, trimethyl ester. 

(b) TFA spectra. The methyl carbon of the ethyl groups 
resonates at 16.8 2 0.2 ppm in both chlorins and porphy- 
rins. However, the methylene carbon, which resonates at 
21.1 kO.1 ppm in chlorins, is shifted downfield in porphy- 
rins by about 0.5 ppm (cf comparable shift in aryl methyl 
carbons). 

3. Carbons associated with the partially reduced ring 
(a) CDCl, spectra. The methyl group attached to the 

reduced ring (C-8a) resonates at 22.9 5 O-2 ppm through- 
out the chlorins, excepting chlorin-p, trimethyl ester, 
where a downfield shift of 0.5 ppm is observed. Katz’ was 
unable to differentiate C-7a and C-7b in methyl 
phaeophorbide-a using single frequency off-resonance 
decoupling, but he tentatively assigned C-7a to the 
low-field signal. Measurements of relaxation times en- 
abled Allerhand9 to contirm these tentative assignments. 
Further corroboration comes from the spectrum of OEC, 
where C-7a(8a) resonates at 30.8 ppm, corresponding well 
with C-7a in the series (with the exception of chlorin-ps 
trimethyl ester), resonating at 31.0~0.2 ppm; C-7b 
appears at 29.620.2 ppm throughout the series. In 
chlorin-p, trimethyl ester, C-7a and C-7b are degenerate 
at 31*3ppm. Throughout the series, C-7 and C-8 are 
constant at 51.1 20.3 and 49.8kO.2 ppm respectively 
whilst the carbocyclic ring is intact; its rupture causes an 
upfield shift in C-8 of about 0.6 ppm and a downfield shift 
in C-7 of about 0.7 ppm. The equivalent signal in OEC for 
C-7(8) occurs dowcfield of both of these lines, at 
54.5 ppm. 
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Table 2. “C NMR spectra* and assignments 

Compound la lb 2a 2b 3a 3b 4a 4b 5a Sb 

Methyl phaeophorbide-a 12.2 In.8 129.7 II.3 21.2 16.7 13.2 

Methyl pyrophaeophorbidc-o 12.1 127.7 129.4 Il.2 21.0 16.6 13.1 - 

trons-&taethykhlorin (20.6) (17.1) (20.9) (17.7) (21.1) (17.9) t t t t 

Rhodoporphyrin-XV dimethyl ester 12.0’ 21.4’ 16.8. 12.v 21.4, 16.8’ 14.9 

2-Vinylrhodoporphyrin-XV dimethyl ester 13.1 128.4 130.0 12.2 21.6 17.0 15.1 

Phawporphyrin-a, diithyl ester 12.1. 21.6’ 16.9’ 12.1’ 21.6’ 16.9’ 13.6 

2-Vinylphaeoporphyriorin-a, diiethyl ester 13.0 128.2 130.2 12. I 21.6 16.9 13.6 

Table 2 

centrcs r 
Compound TFA I 2 3 4 5 

Methyl phrssophorwe-a 115.9 
162.7 

t 133.4 138.5 139.4 140.2 

Methyl pympheeophorbiic-a 115.8 
162,s 

t 134.7 138.3 139.1 139.8 

rmwOctaethykhkrin 116.2 
163.5 

139.0 t 139.3 t 141.8 

Rhcdoporpbyria-XV dimethyl ester 
I IS.8 
162.3 127.2 140.3 140.9 141.5. 141.5’ 

2-Vinylrhodoporphyrin-XV dimethyl ester 
116.1 
162.5 128.0 140.8 141.5 142.0’ 142.0’ 

Phaeopcqhyrin+ dimethyl ester 
116.0 
162.4 136.8 139.9 141.9. 141.9’ 142.2 

2-Viiylphemporphyrin-a, dimethyl ester 
116.0 
162.4 136.8 140.2 142il’ 142.0’ 142.0’ 

“Chemical shifts in 6 ppm downfield from TMS. 
*Coincident resonances. 
towing to symmetry of OEC, only half of carbons are listed. 
Signals in parentheses are ambiguous, and those underlined were either absent or significantly 
SOne macrocyclic Carbon signal not observed. 

(I$ TFA spectra. Carbons 7a and 7b can be assigned for 
the chlorins at 32.0 and 30.2 ppm respectively on the basis 
of the OEC C-7a@a) resonance at 31.7 ppm. Change from 
the chlorin to porphyrin macrocycle shifts C-7b to 
36.7 k 0.6 and C-7a to 23-S f 0.4 ppm. C-7 and C-8 are 
assigned from the CDCI, spectrum, C-8 being shifted 
utield (by I.2 ppm) and C-7 downfield (1*9ppm) with 
respect to the CDCl, spectrum. Again, both signals are 
upfield of the equivalent C-7(8) in OEC. 

4. Other signals in the diphatic region 
(a) CDCl, spectra. Katz’ used randomly distributed IS% 

13C enriched chlorophyll and methyl phaeophorbide-a for 
his assignments; because the methyl ester carbon was 
introduced synthetically into the phaeophorbide, it 
possessed “C at natural,abundance only, and no signal 
was observed. C-7d occurs at 51.4 + 0.2 ppm throughout 
the series of chlorins (cf 5 l-6 + O-2 in the coproporphyrin 
methyl esters’ and protoporphyrin-IX dimeihyl ester’). 
The other methyl ester carbons (carbocyclic ester, 

yacetate, ycarboxylate, nuclear peripheral carboxylate) 
resonate within the range 52.7 k 0.2 ppm. 

The assignment of the C-10 methylene in the 
pyrophaeophorbides was confirmed in the spectrum of 
methyl ds-pyrophaeophorbide-a. The methylenes of the 
triesters of rhodin-g, and chlorin+ were assigned as 
indicated in the Table, by elimination. 

(b) TFA spectm The methyl ester C-7d resonates in 
both chlorins and porphyrins in the range 54.6 f O-1 ppm, 
and the carbocyclic methyl ester (C-Mb) at 56.0 + 0.2 ppm 
in both macrocycles. Again, the assignment of the C-10 
methylene in the pyre-compounds rests on the spectrum of 
the &-labelled material. 

5. Aromatic-olt$nic region 

(A) Vinyl substituents 
In CD& the methylene C-2b resonates at 122.12 0.5 

and the methine C-2a at 128.3 kO.5 ppm for all the 
chlorins (cf 120.3 2 0.1 and 129.8 + 0.1 ppm respectively 
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of chlorins and porphyrins in TFA solution 

- Assigncdcarbonresonanccr 
6a 6b 7 7a 7b 7c 76 8 8a 8b 9 10 IOa lob a B Y 6 

52.7 32.0 30.2 178.3 54.6 48.7 22.8 190.6 66.0 170.7 55.8 105.7 113.0 104.9 94.1 

52.4 31.9 30.2 178.4 54.5 48.4 22.5 198.8 j@ 105.3 112.8 106.5 93.9 - 

t t 33.9 31.7 IO.7 t t t 106.1 t 93.5 t 

168.4 55 I 23.1 37.1 178.2 54.4 12.3 (100~2) 102.Y 102P (101.0) 

168.7 55.4 23.3 37.3 178.5 54.7 12.5 (101.1) 102.94 102.P (102.3) 

23.9 36.2 177.7 54.6 it.6 189.6 68.7 171.3 56.0 (101.1) 105.6 112.1 (101.6) 

23.8 36.1 177.6 54.6 12.6 189.6 68.7 171.3 56.2 (101.9) 105.4 III.9 (102.6) 

-Cont. 

Unassigned macrocyclic carbon resonances (Signal numbers) 
6 7 8 9 IO II 12 13 14 IS 16 

142.6 143.2 143.8 144.7 146.6 150.6 153.4 154.0 158.4 

142.6 143.0 143.0 144.7 146.2 Ml.2 151.4 153.6 158.7 

143.3 t 144.9 t 150.2 t 150.9 t 

141.8 142.3 143.6' 143.6. 144.4 145.8' 145.8' 145.8' 148.6' 148.6. 149.0 

142.2 142.8 143.6 143.8 144.1 145.1 145.7 146.3 149.0' 149v t 

142.7 144.1 144.7 145.3 146.4 146~9 147.2 147.9 149.0 149.8 153.7 

142.3 142.5 144.3 144.9 14s.1 145.3 145.9 147.3 149.1 149.3 153.6 

reduced in intensity in the spectrum of methyl &-pyrophaeophorbidc-o. 

in protoporphyrin-IX dimethyl ester’). Thus, the 
methylene carbon is shifted upfield by I.8 and the methine 
carbon downfield by 1.5 ppm in going from chlorin to 
porphyrin. Changing solvent to TFA causes a large 
downfield shift of the methylene C-2b of 8k I ppm, but 
the shift of C-2a is unaltered. 

(B) Meso-carbon atoms 
(a) CDCI, spectra. In the series of chlorins, the 

quatemary y-mes+carbn is easily identified; it is the 
only singlet in the mcso-crubon region of the undecoupled 
spectra and has lower intensity in the decoupled spectra. 
The &carbon is assigned from its chemical shift and this 
was unambiguously confirmed using methyl &- 
pyrophaeophorbide-u. The main difficulty was in differen- 
tiation of the a- and @-meso carbon atoms. 

Four structural Change8 in the series of chlorins were 
examined (see Table 3). These were the differences 
between the same chlorins of (1) the -0 and -b series, (2) 
the normal and “meso” series, (3) the normal and “pyre” 

series, and (4) the normal series of phaeophorbides and 
those with the cleaved carbocyclic ring (as in chlorin-es 
trimethyl ester). It was found that these structural 
changes correlated closely with change-s in chemical shift 
of individual meso-carbons in different chlorins. 
Reversal of any of the a and /I assignments shown in 
Table 3 gave no correlation in either direction or 
magnitude of the shift change. These assignments 
correspond with those of Katz”.‘6 for methyl 
phaeophorbide-a. 

In chlorophyll-a the a and /I mesmbons resonate at 
100 and 107 ppm respe.ctively;‘-9 they are both 3 ppm 
downfield of the corresponding atoms in methyl 
phaeophorbide-a.’ Application of the substituent shift 
differences in Table 3 (I) to chlorophyll-b predicts the Q 
and /3 carbons to resonate at 104 and 109ppm respec- 
tively. Resonances at 102 and 109ppm are observed by 
Matwiyoff et ok* for chlorophyll-b, but these are assigned, 
with the help of single frequency off-resonance decoupl- 
ing, to the f3 and Q mesa-carbons respectively. Using 
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Methyl &-pyrophaeophorhide-a 
(showing nomenclature) 

Me 

Methyl phaeophorhide-a : R’ = V, R’ = Me 
Methyl phaeophorbide-b : R’ = V, R2 = CHO 
Methyl mesophaeophorhide-a : R’ = Et, R’ = Me 
Methyl mesophaeophorbide-b : R’ = Et, R’ = CHO 

trans -0ctaethylchlorin 

Methyl pyrophaeophorbide-a : R = V 
Methyl mesopyrophaeophorbide-a : R = Et 

Chlorin-e, trimethyl ester: R’ = V, R’ = Me, R’ = CH,CO,Me 
Mesochlorin-es trimethyl ester: R’ = Et, R’ = Me, R’ = CH2COIMe 
Chlorin-p, trimethyl ester: R’ = V, R’ = Me, R’ = CO*Me 
Rhodin-g, trimethyl ester: R’ = V, R’ = CHO, R’ = CH,COIMe 
Mesorhodin-g, trimethyl ester: R’ = Et, R’ = CHO, R’ = CH,COIMe 

Rhodoporphyrin-XV dimethyl ester: R = Et Phaeoporphyrin-a, dimethyl ester: R = Et 
2-Vinylrhodoporphyrin-XV dimethyl ester: R = V 2-Vinylphaeoporphyrin-a, dimethyl ester: R = V 

P”’ = CH,CH2COIMe V=CH:CHz 

Fig 1. 
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Table 3. Correlation of mesa-carbon shift differences with structural changes in the methyl esters of 
chlorophyll degradation products 
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Shift difference’ 
a B Y 6 

(1) 3-Mefhyl with respecr 10 3-jotmyl 
Phaeophorbide-a to phaeophorbide-h t4.0 t1.9 -0.5 
Mesophaeophorbide-a to mesophaeophorbide-b +3.9 t2.0 -0.5 
Chlorine, to rhodin-g, +3.9 t2.0 +0.2 
Mesochlorin-en to mesorhodin-g, t4.1 +2.2 -0.1 
Mean value +4.0 +2.0 -0. I 
Range of values ro. I IO.2 20.4 
(2) 2-Vinvf wifh respect to 2-ethyl 

Phaeophorbide-a to mesophaeophorbide-a -0.6 to.3 -0.1 
Pyrophaeophorbide-o to mesopyrophaeophorbide-a -1.0 +0.2 -0.2 
Phaeophorbide-b to mesophaeophorbide-b -0.7 to.4 -0.1 
Chlorin-es to mesochlorin-en -1.2 +0.3 0.0 
Rhcdin-g, to mesorhodin-g, -1.0 to.5 -0.3 
Mean value -0.9 to.4 -0.2 
Range of values 20.3 20.2 TO.2 
(3) “Normal” corbocyclic ring with respect to “pyre” ring 

Phaeophorbide-a to pyrophaeophorbide-a 0.0 -0.4 to.6 
Mesophaeophorbide-a to mesopyrophaeophorbide-a -0.4 -0.5 +0.5 
Mean value -0.2 -0.4 to.5 
Range of values 20.2 20. I +o. I 
(4) “Norma/” carbocyclic ring with respect IO dmethoxycarbonyl or y-methoxycarbonylmethyl 

Phaeophorbide-a to chlorine, t1.8 -1.9 -3.1 
Mesophaeophorbide-n to mesochlorin-en +1.2 -1.9 -3.0 
Phaeophorbide-6 to rhodin-g, t1.7 -1.8 -2.4 
Mesophaeophorbide-b to mesorhcdin-g, t1.4 -1.7 -2.6 
Mean value +I.5 -1.8 -2.7 
Range of values 20.3 z0.I TO.4 

to. I 
to.2 
to. I 
+o. I 
to.1 
+o. I 

-0.5 
-0.6 
-0.4 
-0.6 
-0.6 
-0.5 
kO.2 

-0.2 
-0.3 
-0.2 
-co. I 

to.6 
+o.s 
to.6 
to.4 
to.5 
20.1 

“In ppm. positive values referring to a downfield shift. 

MatwiyotT’s assignments, the a carbon would be shifted 
downfield by 9 ppm and the /3 carbon upfield by 3 ppm in 
chlorophyll-b compared with methyl phaeophorbide-b; 
reversal of Matwiyoff’s assignments leads to downfield 
shifts of both the a and /I mesa-carbons of 2 and 4ppm 
respectively, which correlates more satisfactorily with the 
effects observed in the “a” series. These data suggest that 
the o and /3 methine assignments in the “C spectrum of 
chlorophyll-b* should be reversed. 

As would be expected, examination of the mean values 
of the chemical shift difference accompanying a specific 
structural change shows the largest values for the 
meso-carbons adjacent to the site of the structural 
modification. For example, the a and /3 carbons are 
shifted downfield by 4.0 and 2.0ppm respectively on 
going from the “a” to “b” series, whilst the y and 6 
carbons each shift by only about 0.1 ppm. 

Comparison of the spectrum of chlorin-es trimethyl 
ester with that of OEC gives an indication of the 
magnitude of the shift at -& caused by introduction of a 
bulky meso-acetate substituent (viz downfield by 
9.2 ppm). 

(b) TFA specfro. Use of TFA as solvent causes a 
downfield shift of I.1 ppm for the y(S)C in OEC, and one 
of 7.8 ppm for d/3). Similar shifts occur in methyl 
phaeophorbide-a and methyl pyrophaeophorbide-a. The 

7 and S-carbons experience small downfield shifts, 
whereas the a-C signal moves downfield by 9. I * 0.2 and 
/SC by 9.5 20.1 ppm. A spectrum of methyl 
phaeophorbide-a in CDClr containing 6 equiv. of TFA is 
intermediate between those of the two pure solvents and 
help, to contirm the TFA assignments. The chemical 
shifts of this protonated methyl phaeophorbide-a in 
CDCh are quite close to those of chlorophyll-o itself in 
CDCL solution (cf lOO*l, 107.1, 106.2 and 92.8ppm for 
the a, p, y and &carbons of chlorophyll-a’S”6 and 101.9, 
108.5, 104.2 and 93.5ppm for the same carbons in the 
partially acidified sample of methyl phaeophorbide-o). 
This indicates an interesting correlation between metalla- 
tion and protonation upon chemical shifts. 

6C is unambiguously assigned using methyl Q- 
pyrophaeophorbide-o (see Table 4). 

Partial assignment of the mesa-carbon signals in 
rhodoporphyrins and phaeoporphyrins could be achieved; 
as in chlorins in CDCh (Table 3), conversion of 2-vinyl 
into ethyl caused small upfield shifts in the a- and 
&carbons. Here, two mes+ttals in both rhodo- and 
phaeoporphyrins are shifted upfield by hydrogenation of 
the 2-vinyl group, and these are assigned to a- and S. The 
other two meso-carbons are unaltered. The y-carbon in 
the phaeoporphyrins can be further identified from the 
undecoupled spectrum. 



374 K. hi. %mi and 3. F. Uwswox~)~ 

Table 4. Mu&&bon resonances of chiorins in CDCl, and TFA 

mesa-carbons 
Compound (Solvent) (I B Y 6 

OEC (CL%) 98.3 92.5 
CTFA) 106.1 93.5 

Methyl phaeophorbide-a (CDCI,) 96.4 103.6 104.8 92.6 
(CDCI, + 6 eq. TFA) 101.9 108.5 104.2 93.5 

(TFA) 105.7 113.0 104.9 94.1 
Methyl py-rophaeophorbide-a (CDCI,) 96.4 103.2 105.4 92.4 

105.3 112.8 106.5 93.9 
Methyl mesophaeophorbides 

WA) 
(CDCI,) 95.1(d)b 102.3(d) 105.3(s) losqs) 

from C. tthylicum. U’FA) 105.8(d) 11 l-l(d) 1054(s) 1054(s) 

“In 6 @pm), downfield from TMS. Multiplicity of undecoupled spectrum is shown in parentheses. 
bSignal absent in sample pre-treated” with deuterioacetic acid. 

(C) Carbonyl carbons 

(a) CLXI~ spectra The C-Ma and C-7c sipals in methyl 
phaeophorbide-a were assigned by Katz at 168.9 and 
172*6ppm, on the basis of similar intensities. A third 
signal, assigned as a macrocyclic carbon appears at 
171.4 ppm. Comparison with meth 

g 
I pyrophaeophorbide- 

a and methyl mesopyraphaeophor ide-a shows no signal 
around 169ppm, whereas one is present in methyl 
phaeophorbide-b and methyl mesophaeophorbide-a; 
thus, this signal is assigned to C-Ma. The line which is 
constant at 172*6? 0.2 throughout is assigned to C-7c, and 
the lowest field carbon resonance in chlorins bearing a 
carbocyclic ring is assigned to C-9. The formyl carbon in 
the “b” series is readily identified from the undecoupled 
spectrum. 

(b) TFA spectra. The carbonyl carbons are more easily 
assigned by comparison than in the case of the CDCI, 
spectra, due to the upfield shift of the low field 
macrocyclic carbon atoms. C-1Oa resonates at 170.7 in 
methyl phaeophorbide-a compared with 171.3 ppm in the 
phaeoporphyrin esters, a shit downfield of ca 3 ppm 
relative to the CDCb spectrum. In both chlorins and 
porphyrins, C-7c appears at 178.l-tO.5 ppm, indicating a 
similar downfield shift of ca 5 ppm. Downfield shifts also 
occur at the cartx~yclic ring carbonyls and these are 
compatible with a small proportion of protonation of 
these groups. 

(D) Macrocycle carbon atoms 
There are far too many variables to allow any accurate 

assignments of these carbons in either CDCI, or TFA. 
However, no broadening of the carbons adjacent to 
nitrogen occurs in chlorins in CDCl~ or TFA, or in 
porphyrins in TFA, unlike the cases of porphyrins in 
CDCI,.“” ” This has been shown to be due to NH 
tautomerism in the porphyrin ring’.” which is excluded in 
acid solution by diprotonation. The broadness is presuma- 
bly not observed in chlorins in CIXlj because of differing 
exchange rates. In TFA the low field macrocyclic carbon 
atoms are shifted upfield considerably. 

Correlation between the shifts of macrocyclic carbon 
atoms and identical structural changes in different 
chlorins, as achieved with the mesa-carbons, was 
impossible to interpret fully. A characteristic feature of 

conversion of a normal (2-vinyl) chlorin to its meso 
(2ethyl) analogue is downfield shifts of two resonances in 
the 134-14Oppm region--one downfield by about 7 and 
the other by about 1 ppm, and assigned to carbons 2 and 1 
respectively (e.g. in methyl phaeophorbide-a, the two 
signals at 135.7 ppm are shifted downfield in methyl 
mesophaeophorbide-a to 136.7 and 142.3 ppm). The 
remaining twelve signals are more or less constant. 

In the spectra of the methyl esters of chlorin-e6, 
chlorin-ps, and rhodin-g,, and their mesa-derivatives, a 
high-field resonance at co 122-124 ppm is observed; this 
is presumably a carbon in ring C. Comparison of the 
spectra of methyl phaeophorbide-a with methyl pyro- 
phaeophorbide-a, and that of methyl mesophaeophorbide- 
a with methyl mesopyrophaeophorbide-a shows only 
four signals which shift more than 1.0 ppm (viz for methyl 
phaeophorbide-a, those at 160.5, 171.4, and the two at 
128.3 ppm). The significant shift differences of the high 
field pair suggests that they are carbons from ring C. The 
low field pair are assigned to carbons 17 and 18 by 
comparison with the spectra of OEC, which exhibits a low 
field carbon [presumably C-17(18)]. This is further 
conlirmed by comparison with the spectrum of 
cyanocobalamin,” in which the five unsaturated carbons 
of the corrin ring resonate in the region 180-l!Bppm 
downfield from HMDS. Rupture of the carbocyclic ring, 
as in chlorin-es trimethyl ester, shifts both of these signals 
very close to the value of 167.1 ppm found in OEC. 

Diagnostic use of the meso-carbon TFA shift (see Table 
4) 

The downfield shift of the a- and ,9-mesocarbon 
resonances of chlorins in TFA relative to CDCI, can be 
used as a diagnostic effect for identification of the site of 
meso-methylation in the methyl mesophaeophorbides 
(Chlorobium mesophaeophorbides (660)) from Chloro- 
pseudomonas ethylicum.‘9 There has been some argument 
over the position of the novel mesemethyl group in these 
compounds,P.2’ though the &position was strongly 
favoured by synthetic and degradative work.n.*’ Exami- 
nation of the “C NMR spectrum of the methyl 
mesophaeophorbides (ca 70% fraction 5) showed the 
signals indicated in Table 4. Substantial downfield shifts 
of the two mes+carbons bearing hydrogens, in TFA 
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solution, contirmed them as a- and /3-mesocarbons, ‘C. E. Strousc, V. H. Kollman and N. A. Matwiyoff, Biochim. 
proving that the methyl substitution is at the &position in Biophys. Acta 46, 328 (1972); N. A. Mahviyoff and B. F. 

Chlorobium chlorophyll (660) band 5, and therefore in all Bumham, Ann. New York Acad Sci 206,365 (1973) 

of the (640) series.” Thus, methyl substitution at the %. A. Goodman, E. Oldfield and A. Allcrhand, J. Am. Chem. Sot. 

&position in these mesophaeophorbides shows a down- 95, 7553 (1973) 

field shift of 12.6 ppm relative to OEC, compared with a 
‘“H. Fischer and A. Stem, Dir Chemie des Pyrrols, Vol. Ilii. 

downfield shit of 9.2 ppm due to meseacetate substitu- 
Akadcmischc Verlag, Leipzig (1940) 

tion which occurs in the rposition in chlorin-es trimethyl 
“G. W. Kenner, S. W. McCombie and K. M. Smith, 1. C. S. Perkin 

I, 2517 (1973); 527 (1974) 
ester. “H. W. Whitlock, R. Hanauer. M. Y. Oester and B. K. Bower, 1. 
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