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SUMMARY 

ChIorophylI CI, a’ and b were reduced with sodium borohydride in Pyridine 
and the desoxo-chlorophyll alcohols (DOCA) produced were separated on a sucrose 
column. Reduction of chlorophyll a (Chl a) for 15 min resulted in one principal 
product, the 9(R) IO(R) DOCA CI. Similar treatment of Chl Q’ yielded as the prin- 
cipal reduction product a different piastereomer, presumably the 9(S) 10(S) DOCA 
u. IMore unreduced Chl remained also in the latter instance. This was interpreted 
as an indication of the steric hindrance of the 9-0~0 group by the methoxycarbonyl 
group in Chl a’. Reduction of Chl a for 30 min resulted in three diastereomeric 
DOCA as evidenced by the separation on a sucrose column. These were presumably 
the 9(S) 10(S), 9(R) IO(R) and 9(S) iO(R) forms of DOCA Q. The 9(R) 10(R) 
form was, however, the principal reduction product also in this instance. When Chl 
Q’ was reduced for 30 min, the separation on sucrose yielded possibly four di- 
astereomeric DOCA which were thought to possess the 9(S) 10(S), 3(R) 10(S), 
9(R) IO(R) and 9(S) IO(R) configurations. The 9(S) IO(S) form was still the prin- 
cipal reduction product. Chl a’ also yielded appreciable amounts of magnesium-free 
pigments, which was interpreted as further evidence for the higher pheophytinization 
tendency of Chl a’ in comparison with that of Chl d_ The separation of the products 
from the reduction of Chl b for 30 min yielded five components. Two of them were 
lo-epimers of Chl 6-3-methanol and the three others, different diastereomers of 
DOCA 6-3-methanol. 

INTRODtiCrION 

In methanol 
reduces the 9-oxo 

or pyridine-methanol, 
and 34ormyl groups 

sodium borohydride (NaBH,) selectively 
on chlorophylls (Chl), chlorophyllides -. . 

(Chid) and their corresponding ma,onesium-free derivatives (Fig. 1)‘~‘. Applying the 
NaBH, reduction to methyl-Chld a, Holtl reported only one reduction product, the 
M,o 9-desoxo-9-hydroxymethylpheophorbide a. Dilute solutions of NaBI& in 
methanol converted methyl-Chld b into Mg methylpheophorbide b-3-methanol, while 
larger amounts of this rea_gent yielded Mg 9-desoxo-9-hydroxymethyIpheophorbide 
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b-3-methanol’. No stereochemical specification was given by Holt for these reduction 
products. Apparently. his chromatographic procedure did not separate the potential 
stereoisomers of the reduction products. Wolf and Scheer’ applied NaBH, reduction 
tc methylpheophorbide a and were able to separate three different diastereoisomers 
as reduction products by preparative thin-layer chromatography (TLC) on silica gel. 
These were characterized spectroscopically as the 9(R) IO(R), 9(S) IO(R) and 9(S) 
IO(S) configurations of 9-desoxo-9-hydroxymethylpheophorbide a (Fig. 1). The 
formation of the fourth isomer. possessin g the 9(R) IO(S) configuration, could not 

be detected. 

Fig. 1. Structures of chlorophvlk and derivatives. In the compounds of the b-series. the methyl Sroup 
at C3 must be replaced with a formyl group. In methylchlorophyllides. the phytyl group at CTc must 
be replaced with a methyl group. PhrophFtins have 3-i in place of Mg. Methglpheophorbides have a 
methyl group instead of phytyl at CT< and 1H in place of Mg. Chl chlorophyll: DOCA = deroxo- 
chlorophyll alcohol. 
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O(R) 10(R) DeOCA ~1 -= Y-~~soso-9(R)h~drosy- 
IO(R)Chl <J 

Y(S) IO(R) DOCA (I =- Y-desoxo-Y(S)h?;droxg- 
10( RKhl u 
9(R) IO(S) DOCA (J = 9-desoxo-9( R)hydrosy- 
lO(S)Chl N 

Y(S) IO(S) DOCX (I rr 9-desosc-9(S)hydroxy- 
lO(S)ChI n 

In rhis investigation. 
in pyridine lvere compared 

the reactivities of chlorophyll G. n’ and b with NaBH, 
by separating the products formed in each instance on 

, 
a sucrose column. Investigations described elseivhereJ had definitively established tne 
lo-epimer nature4.5 of Chl a’, formed through the keto-enol tautomerism of the 

fl-keto ester system in rins V. These investigations also suggested that the observed 
higher solubility of Chl u’ in non-polar solvents’. its reduced tendency to form 
chlorophyll-Lvater addticts5+6 and sreater tendency than Chl n to pheophytinize’ are 
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best interpreted in terms of the conformational alterations arising from the single 
stereochemical change at C,,. According to this interpretation, the 9-0~0 group of 
Chl a’ has a reduced coordination tendency owing to steric hindrance by the 
methoxycarbonyl Sroup which is on the same side of the ring plane as the phytyl- 
propionic acid residue at C,. The results of this investigation give further informa- 
tion on this effect in Chl a’. They also demonstrate that Chl a and Chl a’ yield dif- 
ferent diastereoisomers as principal products of reduction with NaBH, in pyridine. 
The chromatographic separations of the different diastereoisomeric reduction prod- 
ucts of the chlorophylls are described in detail. 

EXPERIMENTAL 

tsoiation of chlorophyll a mid b 

Chlorophyll a and b were isolated from frozen clover leaves (a mixture of 
Trifolittrn pratense, T. hybridam and T. repens) by the improved two-phase extraction 
method followed by precipitation and separation on a sucrose column’. The spec- 
troscopic properties of these chlorophylls matched closely those prev.iously de- 
scribed’. 

Chl a’ was isolated from a Chl a preparation that had been standing for cn. 
6 months in the dark at 4’ in light petroleum (b-p. 60-80’) containing 0.5:/; of l- 
propanol. Separation of the chlorophyll mixture on a sucrose column at 4’ provided 
Chl a’ in a yield of 380;; (see Fig. 2). Chl a’ could also be prepared more rapidly 

by the alternative methods described previously3-5-6. 

NaBH, (for synthesis, Merck. Darmstadt. G.F.R.) in pyridine (30 mg per 10 
ml) was used as reducing asent. The effluent solution of chlorophyll was evaporated 

to dryness in a rotary evaporator immediately after the chromato,oraphic separation. 
A lo-ml volume of the NaBH, solution \vas added to the residue. After standing 
for 15 or 30 min. the reaction mixture was evaporated to dryness, and the pigments 
in the residue were extracted into ca. 10 ml of the eluent to be used in the chro- 
matogaphic separation. 

A glass column (50 :-: 3 cm I.D.) vvas employed in all separations. The column 

\vas packed by the slurry method’. Light petroleum (b.p. 60-50’) (LP), containing 
0.5 “, of I-propanol (PrOH). was used as the eluent for separating Chl a and a’ as 
\vell as their reduction products. while 2”,;, of PrOH in LP was employed for the 
separation of the reduction products of the b series. The eluent solution of the 
nizments was introduced into the top of the sucrose column, which \vas eluted until 
;hi components of interest had emeqed from the column into the effluent. The ab- 

.orbances (A) of the collected fractions were measured at selected wavelengths by 
ngans of a Perkin-Elmer 139 UV-visible spectrophotometer. All chromatographic 
eparations were performed in the dark at 4’. @-Carotene was used as a reference 
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compound and the migation rate of a component was expressed in terms of the R, 
values’. 

Visible abscrptiorl spectra 

Visible absorption spectra ivere recorded with a Cary Model 118C spectro- 
photometer_ Measurements Lvere performed directly upon the effluent after the com- 
ponents had emerged from the column as well as after they had been transferred 
into diethyl ether by means of a Thunberg tube at reduced pressure. 

Formamide. required for the isolation of Chl n and 6, was purified by distiila- 

tion in ~~ffc’m”. The distilled product \vas used Lvithout fractional crystallization. The 
other solvents employed Lvere of analytical-reagent grade and were used without 
further purification. 

12 

10 

8 

A 

Camp Rc 

-I-- 
A 0.80 
i3 0.64 

Fig. 2. Separation of chlorophyll :I’ and u on zz sucrose column. Height of the sucrose lager. It = 43-C 
cm. E!uent z O.Syd I-propanol in light petroleum (b.p. 60-50’). Flo\v-rate, Ii = 0.9 mljmin. V, = 
effluent volume. A = chlorophyll a’ [= IO(~)-chlorophgli a], B = chlorophyll CI. R, = the elutior: 
volume of $-carotene divided by the elution volume of the component. 
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RESULTS AND DISCUSSION 

Separation of cldoroph_ytl a and a’ 
An example of a complete separation of Chl a’ (A) and Chl a (B) on a sucrose 

column is shown in Fig. 2. In this instance the mixture of the epimeric ch!orophylls 

vvas obtained as a result of prolonged standing of Chl u (7.0 m,o) in LP containing 

0.5 p/: of PrOH in the dark at 4’. The mixture contained 2.2 mg (38 %) of Chl a’ and 
3.6 mg (62 %) of Chl a. A molar absorptivity of 8.63.10” 1 - mole-l - cm-’ vvas used for 
the determination of the amounts of Chl a and af9,10. Small amounts of oxidation (al- 
lomerization) products, not further characterized, remained on the sucrose co!umn 
in this separation_ 

Separation of the pro&m from the rehction of ci~loropl~_dl a aid n’ for 15 tnin 
When Chl CI (3.6 mg, B in Fig. 2) was reduced with NaBH, in pyridine for 

!5 min at room temperature, the separation of the products on sucrose yielded the 
results shown in Fig. 3. The qeen components A and C were spectroscopically 

1.a 
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_ -I-- 0.54 
D 0.50 
E 0.43 
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ig. 3. Separation of the products from the NaBH, reduction of chlorophyll a for 15 min. h = 43.0 
:?I. Eluent as in Fig. 2. 1 = 1.0 ml/min. _ AJlo; L , 9, &*. A = Chlorophyll n’; B = IO-propoxy- 
litone derivative: C = chlorophyll u; D and E = 96) IO(S) and 9(R) 10(R) configurations of 
IOCA P, respectiively. 
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TABLE i 

P. H. HYNNINEX 

VISIBLE ABSORPTION SPECTRA OF CHLOROPHYLL DERIVATIVES 

1 IO(R) Chl a (2B)“$ 

2 lO( R) Chl a (SE) 

3 10(R) Chl u (6F) 

e 10(R) Chl (I t 
impurity (3Cy3D) 

274-362 

.~ 
0.5 y-, PLP 

305 0.5 ;, PLP 

339 0.5 S, PLP 

316-380 EE 

5 lO(Rj Chl N (7F) 2. 
impurity (7E) 

372 0.5 :, PLP 

6 10(S) Chi u (2Aj 215-263 0.5 y, PLP 

7 10(S) Chl LZ (3.4) *227-x-F EE 

S 10(S) Chl u t-K) 137 0.5 :, PLP 

Y 10(S) Chl u (6B) 250 0.5 ;, PLP 

10 10(S) Chl u (78) 24s 0.5 “/, PLP 

11 10(S) Chl (I (7B) -:- 
impurity (7C) 

763 0.5:, PLP 

12 Y(R) IO(R) DGCA <I 
(JE) 

103-492 

13 Y(R) 10(R) DOCA u 

(4G) 
14 9(R) 10(R) DOCA (I 

(6H) 
I5 Y(R) !O(R) DOCA LI 

(6Hj 
16 9(R) IO(R) DOCA (I 

(71) 
17 9(R) 10(S) DOCA <I 

(7H) 
iS Y(S) Id(R) DOC.4 (I 

(61) 

19 Y(S) IO(R) DOCA (I 
(.61) 

447 

439 

339 

MY 

-l-IO 

as7 

-Is7 

EE 

0.5 y. PLP 

0.5 7, PLP 

EE 

0.5 p. PLP 

0.5 p,, PLP 

0.5 “” PLP 

EE 

Peak positions (rmr)) peak ratios ( R) O, and half- 
widths of the red ahsorptiott bard and the Sorer 
hmd, wlliZ arrd wSli2 (ntn) 

661.0(1.27j, 613(7.97), 575(15.0), 530(29.9), 496 
(59.81, 4ZS.5(1.00). 409(1.54), 381(2.52), I(‘,,~~ 

16.4, wsl/2 38.0 

661 .0(1.29), 614(7.54), 575( 15.5). 530(30.5),496 
(48.4). 429.0( 1.00). 409( I .50), 382t2.37). ,s.,, .? 
17.2, Kg:2 40.3 

660.5(1.71), 61X7.66). 576(15.7), 529(29.2), 491 

(51.1), 42S.O(l.OOj, -1OY(1.23), 352(2.27), w,~,~ 
16.1, wsliL 41.5 

660.5(1.44), 636(6.14), 616(7.73), 577(14.4), 527 
(75.8), 496(46.5), 410(1.0), 384(2.14), ,I‘,,,~ lS.Z. 
wsx. 2 43.6 

660.0( 1.40), 635(7.17). 614(8.6), 574(X7), 531 

(X.3), 599(19.5), 428.0 (1.23). 408.G(l.GOj, w,~.~ 
17X, w~,.~ 61.7 

661.0(1.25), 613t7.44). 574(1-1.3), 531(2&O), 44’6 

(45.1). 4X5(l.G0), 4G9(1.39), 353(X6), II.,, z 
17.3, 11‘6,. 2 40.7 

660.5(1.43), 6l-US.O2), 575(15.9), 529(29_Oj, 494 

(52.6), 429.O(l.Oc), 409(1.36), 383(2.29), I<‘,, 
15.6, IU~~,~ 40.7 
661.0(1.26). 614c7.73). 574(20.2),531(47.2), 496 
(85.0), 4X5(1.00). 439cl.46). 383t2.37). wI1 : 
17.6, \csliz 39.9 

661.0(1.33), 613(7.44), 573(14.9), 530(19.S), 49Y 
(22.3). 429.O(l.C0), -m9Cl.24). 38’(1.98), w,, 2 
16.7, n’s,;2 55.6 

661.0(1.2lj, 613(5.29), 569(19.5), 525 (72.4),498 
(19.5). 42S.5(1.00), 4OS(1.04), 352(1.59), l“,* .’ 
17.2. ws,, 1 68.9 

660.5(1.36), 614(S.S9), 568(X.4), 527(22.4), 490 
(16.0). 4X1.19), 4O&O(l.C0). )1’,,:2 

66.9 
633.0(3.97), SS9(30.1), 5-IS(68.4), 
410.0(1.00), w,, 2 lS.6, ~s.s,,z 17.5 
634.Ot3.62). 590(42.7), 549c94.0). 
4lO.O(l.G0), )s’,l,: 17.S. w’g,;z 17.2 
633.5(3.51), 591t25.7). 550(31.6), 
410.5(1.00), w,,,~ 16.7, w~,,.~ 17.7 
633.5c3.99). 591t26.6). 550(42.S), 
?lOS(l.OO), )s’,I.z IS& ws,.~ 15.6 

635.Otq.52). 602f31.1) 7 S51(52.9), 
410.0( l.OO), b%‘,,,z 33.1) W’s*,1 25.8 
635.0(3.30). 593(47.0), 549t61.1). 
~OSS(l.00). us’,,.: 15.?., )1’s, z 19.6 
631.5(3.50), 59X32.0). 55Oc54.9). 

310.5(1.00), )(‘*,,.: 15-7. I(‘q,,2 17.5 

633.5(4.12), 59Oc36.5). 55C(43.1). 

410.5(1.00), I(‘,~,: 17.5, ws,;z 18.0 

15.4, It’s,:_ 

515(33.4). 

516(4;.0). 

516t31.6). 

516t26.6). 

jlS(4S.1). 

513t33.9, 

516(31-O,. 

516f31.6) 
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TABLE I (continued) 

No. Derivative’ 

20 

21 

2’ 

23 

‘4 

25 

26 

27 

28 

29 

30 

31 

32 

33 

35 

35 

36 

37 

3s 

b(S) IO(R) DOCA a 

(75) 
9(S) 10(S) DOCA a 

(4F) 
9(S) 10(S) DOCA u 

(6G) 
9(S) IO(S) DOCA a 
(6G) 
9(S) IO(S) DOCA a 

(7G) 
IO(R,S) Phtophytin a 
(4B) 
10(S) Pheophytin LI 
(7A) 

lO( R,S) Pheophytin a -L 

impurity (6A) 

DOPA u (4D) 

DOPA a (6D) 

DOPA u (7D) 

IO-Propoxylactone 
derivative (3B) 
IO-Propoxylactone 
derivative (6E) 
Mg unstable chlorin 7- 
methylphytyl ester 
10(R) Chl6-3-methanol 
(YD) 

IO(S) Chl h-3-methanol 
(8A) 

Y(R) 10(R) DOCA b-3- 
methanol (8F) 
Y(S) 10(R) DOCA b-3- 
methanol (SC) 
Y(S) 10(S) DOCA b-3- 
methanol (SE) 

V,” 

(ml) 

533 

369 

376 

376 

410 

214 

2’27 

230 

274 

287 

299 

278-3 16 

316 

4 I S-178 

263-296 2.0 p; PLP 

548-558 EE 

642-65 I EE 

460-469 EE 

0.5 “/, PLP 

0.5 :, PLP 

0 . 5 “,/ 10 PLP 

EE 

0.5 “/A PLP 

0.5 p; PLP 

0.5 7; PLP 

0.5 :,, PLP 

0.5 5, PLP 

0.5 7; PLP 

0.5 O0 PLP 

EE 

0.5 0; PLP 

EE 

EE 

Peak positions (nm) , peak ratios (R) 8, and half- 

widths of the red absorption band and the Sorer 
band, ~11~2 and ~~~~~~~ (run) 

635.0(4.43), 602(23.0), 552(48-l), 513(34.7), 
500(32.9), 410.5(1.00), )(‘,I,? 30.5, H’s1,2 28.2 

635.5(3.51), 596(33-l). 548(99.3), 514(38.6), 
408.~(1.00), )I’l,jZ 17.8, b(‘s,,z 20.1 

635.5(3.16). 590(29.3), 449(61.6), 514(30.8), 
4OY.O(l.O0), IV,,,~ 15.9. w~,,~ 17.6 
633.5(3.81), 591(33.7), 550(75.7), 515(35-O), 
-wY.5(1.00), W’11.2 17.4, 1(‘5*,2 17.9 
635.5(3.26), 595(33.9), 550(96.2), 515(36-l), 
408.5(1.00). M’,,~~ 15.3, w~,,~ 19.6 

668.0(2.10), 611(14.2), 559(55.5), 532(13.2), 504 
(10.5). 408.5(I.O0), IV,,,,~ 17.8, ~,,,~‘50.1 

668.0(1.82). 610(14.3), 56C(44.5), 532(11.1), 
504(Y.27).465(27.8),408.5~1.00), IC~,,~ 15.7, ~~~~~~ 
52.1 
669.5(2&O), 635(1O.Y), 613(15.0), 563(34.1), 530 

(13.8), 496(10.4), 399.0(1.00), 1t*,1,~ 21.7. ~5,;: 
4s.5 

653.5(2.94), 605(29.4), 549(106), 498(10.6), 395.0 

%~(z;~; l~~~~~~)~5;650(37.Q), .520(3X4), 

495(10.3), 397.0(1.00), is*l,;z 16.1, wsI,2 41.3 
653.0(2.57), 624(47.4), 597(38.5), 549(103), 495 
(9.81), 395.0(1.00), WI/T 12.5, H’S1,Z 34.1 
654.0(2.65), 609(10.9), 5W244.4). 520(21.8), 500 
(25.4), 413.5(1.00), ~c-,t/r 37.6. I(‘~,,~ 25.2 
653.5(1.81), 609(10.8), 564(23.8), 522(27.8), 436 
(55.6). 415.5(1.00), IV,~,~ 21.0, wsliz 36.4 
650.0(2.52),610(12.3),566(23.2), 522(31.4),417.0 
(l.OO), w,~,~ 24.3, wsl,z 34.2 
654.5(1.75), 614(9.1’), 576(22.6), 530(31-Z), 495 
(51.5), 429.0(1.00), 411(1.51), 382(3.08), WI],2 

15.8, Il’l;,,L 37.2 
65+.5(l.S7), 617(7.03). 575(19.7), 533(2S.l), 501 
(40.3). 43o.q1.cKq, 413(1.17), 373(2.99), WIljZ 
20.7, iCSI,2 42.7 

629.0(5.01), 58355.1). 517(48.4), 413.5(1.00), 
1(‘11,1 19.4, W’s,,2 14.9 
629.0(4X6), 580(50.0), 517(38.6), 413.5(1.00), 

I(‘,,,2 20.9. 1Fs*,2 15.3 
6X5(5.01), 580(67.8), 516(52.4), 413.0(1.00), 
H’,,,~ 20.6, IV~,,~ 16.1 

. Chl = chlorophyll: DOCA x desoxochlorophyll alcohol; DOPA = desoxopheophytin 
alcohol. 

. . l/ m = etlhtent volume. 
-** 0.5p, (200) PLP = 0.5p, (2”;) I-propanol in light petroleum (b-p. 60-So’); EE = diethy 

cthsr. 
’ R = quotient of absorbance at Sorer band divided by absorbance at wavelength indicated. 

r1 The number and letter in parentheses refer, respectivrly, to the figure number and to the 
‘Wmponent in that figure. 
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closely similar to Chl Q (Table I: 1, 6). As both components also reacted positively 
to the Molisch phase test, they probably represent Chl a’ and Chl a. A trace amount 
of another component (B) appeared between A and C. The R, vaiue, the negative 
phase test and the visible absorption spectrum of B sugest that it may be a IO- 
propoxylactone derivative. The principal component E (blue) showed a visible ab- 

sorption spectrum ‘(Table I: 12) closely similar to that described for 9-desoxo-9- 
hydroxymethyl-Chld ai_ At first, component E appeared to be the only reduction 
product. Re-examination of the absorption spectrum of C, however, revealed that 
it \vas contaminated by a component that had a red band at 636 nm. In addition, 
the spectrum measured at V, = 380 ml showed a stronger red band at 636 nm than 
that expected on the basis of the elution profile of E. It seemed likely, therefore, 
that a small amount of another reduction product (stereoisomer), in addition to E, 
was located between C and E. The approximate amount and position of this com- 
ponent (D) was estimated from the measured spectra. Small amounts of oxidation 
products remained in the upper part of the column. The main oxidation product 
was a bright-green component that was almost immobile_ The slow migration rate 
and the nature of the absorption spectrum (Table I; 33) of this component suggest 
that it is presumably a IO-hydroxylactone derivative (Mg-unstable chlorin 7-methyl- 
phytyl ester)“~“. 

Fig. 4 shows the separation of the NaBH, reduction products of Chl CI’ (2.2 
mg, A in Fig. 3). The reduction and separation conditions employed were similar 
to those used in the separation shown in Fig. 3. A trace amount of an unidentified 
pigment (A) appeared first in the effluent. Components B and C were characterized 
as pheophytin n and Chl n’ on the basis of their R, values, positive reactions to the 

phase test and visible absorption spectra (Table I: S, 25). The spectrum measured 
at V, = 274 ml (Table I: 28) provided evidence that D was a small amount of 9- 
desoxo-9-hydroxypheophytin a (DOPA n)‘. The principal Sreen component E in the 
eflluent series Leas identified as Chl a [R, = 0.62, positive reaction to the phase test, 
visible absorption spectrum (Table I: 2) closely similar to that of Chl a]_ The blue 
pigments F and G exhibited visible absorption spectra (Table I; 13, 21) very similar 
to that of 9-desoxo-9-hydroxymethyl-Chld cl’_ F and G were, ho\vever, slightly dif- 
ferent from each other in the positions of the Soret bands. The Soret band of F 
shoxvs a blue shift of I-O-1.5 nm. Comparison of the R, values indicates that F and 
G in Fig. 4 correspond to D and E in Fig. 3. The relative amounts of the two re- 
duction products are. ho\vever, different in Figs. 3 and 4. In Fig. 3, the slower 
migrating blue component (E. R, = 0.43) is the principal reduction product, whereas 
in Fig. 4. the faster moving blue component (F, R, = 0.51) is the principal reduc- 
tion product. These results are best interpreted on the basis of stereoisomerism. The 
two blue components presumably differ from each other in the configurations at Cg 

and C,,. As Chl n possesses an R configuration at C,,, it would yield the 9(R) 
lO( R) DOCA u (?a) as the principal reduction product. In this case, the R configura- 
tion at Cg is more likely than th= S owing to the greater possibility for hydrogen 
bond stabilization in 2a than in Zb (Fis. 5). Bein,o epimeric with Chl CI at CrO, Chl 
(I’ Lvould yield the 9(S) IO(S) DOCA N (3b) as the principal reduction product. 
as now the 9(S) configuration is more favourable than the 9(R) on the basis of 
hydrogen bond stabilization considerations (see 3a and 3b in Fig. 5). The fact that 
there is a smaller amount of another stereoisomer, in addition to the principal re- 
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Fig. 4. Separation of the products from the NaBH, reduction of chlorophyll Q’ for 15 min. IZ = 42.3 
cm. Eluent as in Fig. 2. 0 = 1.2 ml/min. C, A 4l0; 8, AILS_ A = Pheophytin a’(?); B = pheophytin a; 
C = chlorophyll a’; D = DOPA CI (configurations unknown); E = chlorophyll a: F and G = 9fS) 
106) and 9(R) 10(R) configurations of DOCA (I, respectively. 

. 

duction product, in Figs. 3 and 4 can be explained by the enolization and epimeriza- 
tion reactions occurring in pyridine during the reduction period. The small amount 
of base probably present in the NaBH, preparation may be expected to accelerate 
these reactions. 

On comparin, m the results in Fi_gs. 3 and 4, it is also evident that there is 
more unreduced chlorophyll in Fig. 4 and that the difference between the amounts 
of the two stereoisomeric reduction products is smaller in Fig. 4. This is interpreted 
to imply that Chl a' is more resistant to reduction by NaBH, owing to steric hindrance 
of the 9-0~0 group by the methoxycarbonyl goup. The fact that there is more;Chl 
N than Chl a' in Fig. 4 is presumably due to the easy interchangeability of these 
epimers. Chl a' was probably converted into Chl a, partly during the reduction and 
partly during the preparation of the sample for chromatography. 

There is a third difference between the results in Figs. 3 and 4. In Fig. 4, 
the presence of the ma,onesium-free derivatives (pheophytin a and DOPA a, con- 
5,ourations unknown) was clearly demonstrated, whereas neither of these pigments 
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Fig. 5. Possibilities for intramoircular hydrogen bonding in the four diastereoisomers (2a_ Zb. 3a. 36) 
of DOCA ul. la = chlorophyll n; lb = chlorophyll u’; 3 = enol form of chlorophyll CI. 

could be detected in Fig. 3. This is further evidence for the greater tendency of Chl 
a’ to pheophytinize in comparison with that of Chl J’_ A small amount of oxidation 
products remained on the sucrose column also in the separation shown in Fi_e. 4. 
The slight shoulder marked H in Fig. 4 possibly signifies the presence of a small 
amount of a third diastereoisomeric reduction product of chlorophyll. 

Reduction of Chl a (6.8 m_g) by NaBH, in pyridine for 30 min at room tem- 
perature resulted in the formation of three different blue reduction products as shown 
by the separation on a sucrose column (Fi g. 6, components G, H and I). The ab 
sorption spectra (Table I: 14, 15, 22. 23) and R, values of G and H in Fig. 6 indicate 
that these components correspond to D and E in Fig. 3 and F and G in Fig. 4. 
Component I in Fig. 6 is new reduction product not detected in the previous separa- 
tions [except perhaps as a slight shoulder (H) in the separation shown in Fig. 41. 
Components G and H in Fig. 6 possessed slightly different absorption spectra_ Con- 
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&tent with the above results, the difference between the positions of the Soret bands 
of G and H was 1.0-1.5 nm. Components H and I, on the other hand, were spec- 
troscopically identical (Table I; 15, 19). The R, values, visible absorption spectra 
and hydrogen bond stabilization considerations su ggest that components G, H and 
I represent the 9(S) 10(S), 9(R) 10(R) and 9(S) LO(R) configurations of DOCA 
a (3b, 2a and 2b). The fact that the formation of the third diastereoisomeric DOCA 
(I) could be clearly detected in this instance was presumably due to the longer reduc- 
tion time used in the experiment. TLC on cellulose’3 using pyridine-light petroleum 
(1:9) as the solvent system separated a mixture of components G, H and I into three 
spots which exhibited red fluorescence under UV light. The probable character of 
the minor components, A-F in Fi g. 6, is indicated in the legend to this figure. The 
visible absorption spectra of these components appear in Table I (3, 9, 27, 29, 32). 

When Chlc1’ (4.1 mg) was subjected to reduction with NaBH, in pyridine for 
30 min, the separation of the reduction products on sucrose yielded the results shown 
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Fig. 6. Separation of the products from the NaBH, reduction of chlorophyll CI for 30 min. h = 43.1 
cm. Eluent as in Fig. 2. ii = 1.0 ml/mine 2, Adlo: e, Arzs. A = Pheophytin u’; B = chlorophyil a’; 
C = unidentified impurity; D = DOPA LI (configurations unknown); E = lO-propoxylactone 
derivative; F = chlorophyll a: G, H and I = 9(S) IO(S), 9(R) 10(R) and 9(S) IO(R) configurations of 
DOCA a, respectively. 
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in Fig. 7. The concentration profile seems to reveal the presence of four diastereo- 
isomeric DOCA (G, H1 I and J)_ The R, values, visible absorption spectra (Table 
I; 16, 17, 20. 24) and hydrogen bond stabilization considerations suggest that G, H. 
I and J represent the 9(S) 10(S), 9(R) 10(S), 9(R) IO(R) and 9(S) IO(R) con- 
figurations of DOC.4 CI (3b, 3a, 2a and 2b). Consistent with the results in Fig. 4. 
the component possessing an R, value of ca. 0.5 was the principal DOCA also after 
reduction for 30 min. The ratio of the amounts of components I and J in Fig. 7 is 
probably not correct, as the fractions from 500 to 550 ml contained some impurity 
\iith a red absorption band at 650 nm. This impurity is presumably an allomerization 
product (a lactone derivative?) which also absorbs at 410 nm. Consequently, the 
actual amount of DOCA in fractions from 500 to 550 ml is probably considerably 
lower than that revealed by the concentration profile in Fig 7. 

Another essential feature revealed by FI=. ‘(J 7 is the formation of large amounts 
of IO(S) pheophytin a (A) and DOPA a (D). Component A presumably has prin- 
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Fig. 7. Separation of the products from the NaBHr reduction of chlorophyll n’ for 30 min. h = 44.0 

cm. Eluent as in Fig. 2. 12 = 1.0 ml/min. C, &,,: 8, Aaza. A = Pheophytin a’; B = chIoroph$l u’: 
C = unknown impurity; D = DOPA u (configurations unknown); E = IO-propoxyyiactone deriva- 
tive (?): F = chlorophyll a; G, H, I and J = 9(S) 10(S), 9(R) 10(S). 9(R) IO(R) and 96) 10(R) ccn- 
figurations of DOCA a, respectively. 
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cipally the IO(S) configuration. as it is derived from Chl a’ through the loss of-the 
magnesium atom. D possibly contains more than one stereoisomer which do not 
separate owing to the hi_gh R, values. Two reasons can account for the larse amounts 
of the magnesium-free pigments produced in the reduction shown in Fig. 7. Firstly, 
magnesitim may be released from Chl a’ as a result of the formation of a transient 
complex between NaBH, and Chl n’. Secondly, pyridine. which was used as a solvent, 
is capable of coordinatin g to the fifth and sixth positions of the central magnesium 
atom. This may be sufficient to abstract the magnesium from Chl n’. Comparison of 
the results in Figs. 6 and 7 appears to indicate more clearly than the results in Figs. 
3 and 4 that the bonds between the magnesium atom and the nitrogen atoms are 
vveaker in Chl a’ than in Chl a. The observed greater tendency of Chl a’ to pheo: 
phytinize vvas previously3 interpreted to arise from the conformational alterations 
caused by the single stereochemical change at CrO_ These alterations presumably also 
affect the bonds between the magnesium atom and the nitrogen atoms. The X-ray 
measurements by Chow et a/-r4 show that in ethylchlorophyllide a dihydrate the 
five-coordinate magnesium is displaced by 0.39 A from the plane of three nitrogen 
atoms. In this compound, a vv’ater molecule occupies the fifth coordination site of 
the magnesium. The conformational alterations occurriq with Chl CI’ may be ex- 
pected to increase this perturbation. which results in weakening of the bonds between 
the magnesium atom and the nitrogen atoms. On this basis. it seems likely that. 
ligands such as pyridine or water, which can form relatively strong bonds with the 
fifth coordination site of the magnesium atom. are liable to cause the abstraction 
of the magresium from Chl n’. 

Reduction of Chl b (1.3 mg: the preparation may have contained some Chl 
b’) with NaBH, in pyridine for 30 min at room temperature yielded five different 
reduction products which could be separated on a sucrose column employing 3:;; 
PrOH in LP as the eluent (Fig. S). The visible absorption spectra (Table I: 35-38) 
of the separated components su gest that components A and D represent the IO(S) 
and 10 (R) configurations of Chl b-3-methane!. respectively: components E, F and 
G are three different diastereoisomers of DOCA b-3-methanol. This result is an- 
alogous to that obtained in the a-series. The stereochemical configurations of com- 
ponents E, F and G presumably are 9(S) IO(S). 9(R) IO(R) and 9(S) IO(R). 
respectively_ The relative amounts of the last stereoisomer (G in Fig. 8) seems to be 
higher than the amount of the correspondin, = isomer in the a-series (I in Fig. 6). 
This slight difference may be accounted for by the potential presence of Chl 6’ in 
the Chl b preparation. 

Stability* of ~I~~soso-i.llloropfl~.Il alcohols 
The DOCA do not show the reactions typical of phorbins possessing an intact 

$keto ester system in ring V. Accordingly. they are not solvolysed, epimtrized or 
nllomerized in methanol. Further. they do not yield pyro-compounds (derivatives 
lacking the methoxycarbonyl group at CrO) on heatins in pyridine” or collidine’h 
and they give ne,oative reactions to the phase testrs. These properties o.f the DOCA 
ran be explained by considerin, 0 the fact that the enolization of the p-keto ester 
.ystem is involved as a preliminary step in all of the above reactions. There is no 
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Fig. S. Scporarion of the products from the NaBH, reduction of chlorophyll 6 for 30 min. It = 42.1 
cm. Efuent mm. 20, 1-propanol in light petroleum fb.p. 6040^). 1 = 0.9 ml/min. < . zI~,~; 8, .443,1. A : 
ChIorophl;!l h’-3-methanol: B and C --- unknoan impurities; D = chlorophyll h-3-methanol: E. F 
and G _ 9(S) IO(S). 9(R) IO(R) and 9(S) 10(R) configurations of DOCA 6-3-methanol, respectively. 

possibility for enolization in the DOCA and. consequently. these compounds do 
not exhibit the reactions typical of chlorophylls and their magnesium-free derivatives. 

In one respect. ho\vever. the DOCA seem to be more labile than their parent 
compounds. ri-_.. they lose the mapnesium atom more readily than Chl n and 6. Thus. 
as a result of prolonged standin g in light petroieum. the DOCA lvere converted into 
the corresponding magnesium-free compounds as indicated by the visible absorption 
spectrum and separation on a sucrose column. The fact that standin? in a polar 
solvent. ct.g.. methanol. did not produce these magnesium-free pigments sug_gests that 
the formation oT hydrogen bonds (Fig. 5) in DOCA causes additional strain and 
conformational alterations xvhich affect the bonds bet\veen the magnesium atom and 
the nitrogen atoms. 
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