
6888 

(8) A. R. Lepley, J. Am. Chem. Soc, 90, 2710 (1968). 
(9) G. A. Ward and J. C. W. Chien, Chem. Phys. Lett., 6, 245 (1970). 

(10) A detailed discussion of the reaction mechanisms involved and of the 
parameters determining the signal direction11 or the multiplet phase11 of 
the vinylamine goes beyond the scope of this communication. We note, 
however, that the results indicate two different pathways. The signal di­
rections observed in the reaction of 3a with 4a suggest an escape 
mechanism (n > 0; J\g< 0; aCn < 0 < 3CH3; rCH < 0 < T0H2 •'- e < 0) 
whereas the multiplet effect observed during the reaction of 3b, c with 
4a indicates an in-cage mechanism (n > 0; aCH < 0 < aCH3; <r > 0; J 
> 0; T < 0 .'. t > 0). 

(11) R. Kaptein, Chem. Commun., 732 (1971). 
(12) A. A. Lamola, M. L. Manion, H. D. Roth, and G. ToIIIn, Proc. Nat. Acad. 

Sci. U.S.A., 72, 3265 (1975). 
(13) E. de Boer and H. van Willigen, Prog. Nucl. Magn. Reson. Spectrosc, 2, 

111 (1967). 
(14) R. W. Kreilick, Adv. Magn. Reson., 6, 141 (1973). 
(15) Assigned in analogy to the dimethyl-p-toluidinium radical ion, E. T. Seo, 

R. F. Nelson, J. M. Fritsch, L. S. Marcoux, D. W. Leedy, and R. N. 
Adams, J. Am. Chem. Soc, 88, 3498 (1966). 

(16) Assigned in analogy to the triethylaminium radical ion.6 

Heinz D. Roth,* Marcia L. Manion 

Bell Laboratories 
Murray Hill, New Jersey 07974 

Received July 2, 1975 

Bonding Interactions in Anhydrous and 
Hydrated Chlorophyll a 

Sir: 

The currently accepted models1"3 for anhydrous and hy­
drated ChI a aggregates are respectively given by (a) un-
symmetrical ChI a-Chl a interactions involving the inter-
molecular C-9 keto C = O - M g linkage1'2 and (b) un-
symmetrical ChI a-I-hO-Chl a interactions, C-10 ester 
C = O - H O ( M g ) H - O = C keto C-9, involving the ring V 
cyclopentanone ester and keto carbonyls.1,3 

A survey of the literature reveals that there are difficul­
ties with both suggestions. Trifunac and Katz found4 that 
lanthanide-induced-shift NMR observations demand an 
equivalence of the two ChI a molecules in the anhydrous 
dimer. They alluded to the difficulties of reconciling the un-
symmetrical interaction (a) with the observed symmetry, 
and concluded that "a final detailed dimer structure still el­
udes" them. 

The hydrated ChI a model (b) leads to the stoichiome-
try1'3 (ChI a-H20)„, and appears to be in conflict with the 
conclusions derived from the elemental analysis by Holt and 
Jacobs5 and the x-ray study by Strouse6 that the hydrated 
ChI a crystalline precipitate is the polymeric dihydrate (ChI 
a.2H20)„. 

In this communication, we propose that the probable mo­
lecular configuration for the anhydrous dimer is given by 
the symmetrical adduct shown in Figure 1, and offer experi­
mental evidence that the long-wavelength (743 nm) absorb­
ing ChI a-HjO adduct is in fact most probably (ChI a-
2H2O),,, in agreement with earlier analyses.5-6 

Chlorophyll a was extracted from spinach and purified 
using standard procedures.7 Absorption spectra of the puri­
fied ChI a in anhydrous ether (AR grade) solutions had ab­
sorption maxima at 4286 ± 1 and 6604 ± 1 A with blue/ 
red absorbancy ratios of 1.29 ± 0.01. These data have been 
consistently reproduced and they agree with established cri­
teria for ChI a purity.7 Solid ChI a, which under reduced 
pressure deposited from CCI4 solution on the walls of a ves­
sel, was heated under vacuum (~1 n) at 750C for time peri­
ods up to 24 hr. From room-temperature fluorescence inten­
sity measurements, using the procedure after Livingston et 
al.,* it was found that hydrocarbon solutions prepared from 
samples heated for periods longer than 30 min at this tem­
perature do not show any appreciable changes in the 
amounts of adventitious water. The two component solvents 

Figure 1. The Ci symmetrical Ch! a-Chl a adduct: (a) scaled model 
representation displaying the self-aggregating C-IO ester C = O - M g 
linkages; (b) aggregation map of methyl chlorophyllide a from ref 1. 
The boldface numbers indicate the change in parts per million in the 
indicated resonance between dimer and monomer chlorophyll a. The 
solid semicircle centered on the ester carbonyl represents, the circle of 
influence of the upfield ring current in the symmetrical structure 
shown in (a). The dashed semicircle which gives a poor fit of the up-
field shifts at the protons of C-8a and the methoxy group at C-7c cor­
responds to the Katz model invoking the C-9 keto C = O - M g linkage. 

used in this study, methyl cyclohexane and «-pentane, were 
rigorously dried by distillation over LJAIH4 in a dry nitro­
gen atmosphere. The solvent, a 1:1 mixture of rigorously 
dried methylcyclohexane and /j-pentane, was transferred 
into sample tubes through vacuum-tight septa using sy­
ringes. A stock solution (suspension) of high purity water in 
methylcyclohexane was prepared by sonication. Aliquots of 
this solution were added along with the solvents to obtain 
solutions of known added water and ChI a concentrations. 
The solution employed in the present study contained 2 X 
10-5AZChIa. 

In agreement with Livingston et al.,8 we find that the ad­
dition of water to hydrocarbon ChI a solutions activated the 
fluorescence intensity U of the chlorophyll. This intensity 
increases monotonically with increasing water concentra­
tion Cw. At Cw = 3 X 10~3 M, the value /f for the 2 X 10~5 

M ChI a solution is approximately half that of /f,max for the 
fully activated (Cw = 1.5 X 1O-2 M) sample. The ratio TJ = 
!(/If.max (representing the fraction of ChI a in the form of 
the monohydrate8) is found to be 0.18 for the "dry" prepa­
ration. This result is in excellent agreement with the corre­
sponding values obtained by Livingston et al.8 who found 
that 7) (^0.18) remains practically invariant in "dry" ben­
zene solutions of ChI a ranging in concentration from 4.8 X 
10~5 to 2.3 X 10 -4 M. From water titration experiments 
using dilute (Co ~ 1O-6 M) ChI a solutions, in which ap­
parently only the monomeric anhydrous and hydrated 
species, ChI a and ChI a-H20, are important, it was estab­
lished8 that the driest ChI a sample contained 0.5-1.0 molar 
equivalent of water. 
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The absorption spectra of six representative samples with 
varying amounts of added water are shown in Figure 2. The 
spectrum of the "dry" sample (Figure 2a) is qualitatively 
similar to that of a rigorously dried benzene solution of 
comparable ChI a concentration.4 Two salient features of 
this spectrum are the main peak at ~663 nm (A663) and 
the shoulder at 678 nm (A678). The 678-nm shoulder is 
seen to diminish with increasing water concentration and 
apparently vanishes at Cw £ 1O-2 M (Figure 2e). The dimi­
nution of the 678-nm shoulder is accompanied by a corre­
sponding increase in the 663-nm peak (Figures 2a-e). The 
interconversion of the 678-nm shoulder and the 663-nm 
peak thus manifests the dynamical equilibrium that exists 
between the anhydrous ChI a species and the hydrated 
species ChI a-H20, respectively. 

Of particular interest is the observation of the A743 at 
high water concentrations. At Cw = 2 X 1O-2 M, a signifi­
cant portion of the chlorophyll exists as the A743 in the 
freshly prepared solution (Figure 2f). At Cw £ 5 X 10 -3 M, 
the A743 appears as a major component upon aging of the 
sample (see Figure 2e,e')- In all cases, we observe that the 
appearance of the A743 is accompanied by the precipitation 
of ChI a, the latter presumably in the form of crystalline 
chlorophyll a dihydrate (chl a-2H20)„.56 

The appearance of A743 under excess-water conditions 
(Figure 2e',f) is accompanied by a diminution of the A663, 
which we may ascribe to the equilibrium 

Kl 
wChl a • H2O + «H20 & (CHl a • 2H2O) (0 

The monohydrate structure (ChI a-H20)„ proposed13 for 
A743 appears inconsistent with the results shown in Figure 
2 in that the corresponding equilibrium 

wCChl a • H2O *± (ChI a • H2O)n (2) 

does not depend on the water concentration. 
The appearance of the A743 concomitant with the obser­

vation of the crystalline precipitate lends support to (1) be­
cause the crystalline precipitate of hydrated ethyl chloro-
phyllide a has been found6 by x-ray diffraction analysis to 
be a polymeric aggregate of the ethyl chlorophyllide a dihy­
drate. The present finding is also consistent with the 1954 
work of Holt,6 who concluded from an elemental analysis 
that in crystalline hydrated chlorophyll, the chlorophyll ex­
ists as the dihydrate. 

The experimental behavior of the hydration-dehydration 
of ChI a observed here and elsewhere3'5'68"10 can be sum­
marized as follows. The two waters of hydration in (ChI a-
2H2O)n are not equivalently held. Only the more loosely 
bound water of hydration can be readily set free under the 
conditions adopted in all the published drying procedures. 
This simple hypothesis accounts for the irreducible fluores­
cence first observed by Livingston et al.8 and reproduced in 
the present work as well as the Ballschmiter and Katz ob­
servation3 that the A743 aggregate yielded one water of hy­
dration upon drying." 

The (ChI a-H20)„ model1-3 for A743 is based on the as­
sumption that the driest available ChI a samples are com­
pletely anhydrous, which is contrary to earlier conclu­
sions.8' I2'13 That the "anhydrous" ChI a solutions described 
in ref 1 contained water appears likely from an inspection of 
Figure 8 of that reference. In this figure, the 662 and 678 
nm components of the absorption spectra of "anhydrous" 
hexane solutions of ChI a are attributed to the equilibrium 

(662 nm)//Chl a2 ^ (ChI a2)„(678 nm) (3) 

550 650 , 750 
W/VELENGTH (nm) 

If this were the case, the 678 nm/662 nm peak area ratio 

Figure 2. The effects of water titration on the room-temperature ab­
sorption spectrum of ChI a solution (2.0 X 1O-5 M) in 1:1 methylcy-
clohexane and «-pentane: (a) "dry"; (b) 4.0 X 1O-4A/ added H2O; (c) 
2.0 X 10-3 M added H2O; (d) 7.0 X 10"3 M added H2O; (e) 1.0 X 
10"2 M added H2O; (e') 1.0 X 10~2 M added H2O; (f) 2.0 X lO"2 M 
added H2O. The solid curves are for freshly prepared samples. The 
dashed curve (e') illustrates the spectral changes observed in the sam­
ple in (e) upon aging for 2 weeks in the dark at room temperature. 

would depend sharply on the total concentration Co of ChI a 
according to the polynomial relationship 

[(ChI a2)„] = K3(SC0 - 2«[(Chl a2)„])/2)" (4) 

This dependence is not obtained in the sequence of five ChI 
a concentrations given in Figure 8 of ref 1, where we ob­
serve that the 678 nm/662 nm peak area ratio practically 
remains invariant over two orders of magnitude change 
(from 1.3 X 10~6to 1.3 X 10~4 M) in C0. 

In reality, of course, one must incorporate the role of 
H2O in order to explain the complex behavior. The assign­
ment1 of the 662-nm component to the anhydrous dimer 
ChI a2 in the 1.3 X 1O-6 M solution appears to conflict with 
the work of Livingston et al.8 who found that approximately 
20% of the chlorophyll exists as ChI a-H20 and ruled out 
dimer participation at Co ~ 1O-6 M in a detailed analysis 
of a large number of water titration experiments. 

The structure (Figure la) for the anhydrous dimer ChI a2 
involves two reciprocal C-IO ester C = O - M g linkages that 
are generically related to the symmetrical interactions pro­
posed14"16 for the primary molecular unit (ChI a-H20)2 of 
P700, the photosystem I photoactive ChI a dimer that acts 
as the ultimate energy trap in photosynthesis.17 These sym­
metrical interactions account for the observed4 symmetry of 
ChI a2 and appear to be consistent with the result' that ChI 
a oligomers are comprised of dimeric ChI a2 units. 

Infrared and NMR spectroscopic data offered' as evi­
dence for models (a) and (b) have been interpreted respec­
tively in terms of relative frequency and chemical shifts. 
These interpretations are often ambiguous. Sherman and 
Wang observed9 that spectral changes in the 1600-1800-
cm_1 region accompany the long-wavelength shift of the 
ChI a red absorption band upon hydration of the chloro­
phyll.910 Ballschmiter and Katz3 attributed the ir spectral 
changes to the unsymmetrical interaction (b). It appears 
that these changes are also consistent18 with the bonding in-
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teractions deduced for the (ChI a-2H20)„ aggregate. The 
observed19 downfield 13C N M R effect observed for C-9 is 
thought to provide unequivocal evidence for the unsymme-
trical interaction (a). However, reexamination18 of the 13C 
NMR data of Boxer et al.20 reveals that the C-IO resonance 
has apparently undergone an even larger shift upon ChI a 
aggregation.22 
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Ester and Keto Carbonyl Linkages in Chlorophyll a, 
Pyrochlorophyll a, and Protochlorophyll a 

Sir: 

In recent work, we concluded1 that the existing experi­
mental observations23 relevant to the primary light reaction 
can be interpreted on the basis of the Ci 1:1 (ChI a-H20)2 
adduct structure in which two chlorophyll molecules are 
held by two complementary ester C = O - H O ( M g ) H link­
ages. This conclusion presents an alternative to that of the 
earlier Katz-Norris postulate that the reaction center "spe­
cial pair"2c consists of two chlorophyll a molecules inter­
linked by a single water molecule through the unsymmetri-
cal interaction ester C = O - H O ( M g ) H - O = C keto. Inde­
pendently and simultaneously, Strouse4 found from single-
crystal x ray work that the unit interactions in ethyl chloro-
phyllide a-2H20 polymeric aggregate are given by 

H H 
\ / 

O - H 

-Mg-

• 0 

/ \ 
H 

O 

-C ester 

(See Figure 1 of ref 4). We observe that a symmetrical ad­
dition of a second ChI a molecule to A results directly in the 
self-aggregating interactions proposed1 for the symmetrical 
(ChI a-H 2 0) 2 adduct. 

ester C-

O, 

M g -
I 
i 
i 

VH H - O 
\ / / \ 

0 - H H 

-Mg- -C ester 

B 

In both A and B, the coordination interaction occurs on 
the same side of the chlorin plane as the C-IO ester group, 
thus taking advantage of the 0.4 A displacement of the Mg 
atom in the same direction as the ester group.4 The Katz 
structure invokes water coordination from the direction op­
posite to that of the Mg atom displacement. 

In a reexamination of the current literature on the in­
frared5 and NMR 6 spectra of ChI a, it has been pointed 
out7 that self-aggregating ester C = O - M g linkages may 
play an important role in ChI a dimerization. A probable 
structure for the ChI a dimer can be given by the bonding 
interactions:7 

ester C-

Il 
9 

i 

Mg-

-Mg-

O 

. ester 
C 

We note that in C the self-aggregating interactions again 
take advantage of the out-of-plane displacements of the Mg 
atoms. Structure C is a modification of the earlier conclu­
sion that the ChI a dimer occurs through the asymmetrical 
keto C = O - M g linkage. Both the present model C and the 
Ballschmiter-Katz model are distinctly different from yet 
another model by Houssier and Sauer8 who proposed that 
ChI a dimerization involves both the C-9 keto oxygen and 
the propionic ester at C-7. In this communication, we at­
tempt to evaluate the validity of the various dimer models. 

In pyrochlorophyll a, no ester C = O - M g interactions are 
allowed due to the absence of the ring V carbomethoxy 
group. The upfield 1H N M R shift difference9 (produced by 
intermolecular aggregation) of the proton at C-IO is 50 
ppm. This value is remarkably lower than the corresponding 
shift difference 185 ppm observed in chlorophyll a,2c6a and 
reflects the probable role of the carbomethoxy carbonyl 
group in the dimerization of ChI a molecules. 

From a qualitative comparison of the optical properties 
of dimeric ChI a, and pyroChl a and protochlorophyll a 
(PChI a), Sauer and co-workers8 arrived at the conclusions 
(i) that the ring V carbomethoxy group has no significant 
influence on the dimer structure and (ii) that the C-7 propi­
onic ester and the C-9 keto function are both involved in di­
merization. These conclusions were based on the fact that 
while the circular dichroism (CD) and absorption spectra of 
dimeric ChI a and pyroChl a are "similar", the correspond­
ing spectrum of PChI a is dramatically different.10 

A reexamination of Houssier and Sauer's data reveals 
that the spectroscopic differences and similarities between 
the dimers of ChI a, pyroChl a, and PChI a appear to be a 
matter of degree. The CD spectrum of PChI a is different 
from those of ChI a and pyroChl a, but the CD spectra of 
ChI a and pyroChl a dimers are less so. (Compare, for ex-
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