fectively than C (Figure 1). This is not surprising;
the anionic end of B can be readily included within the
electrical double layer of surfactant F micelles. Since
B is more water soluble than C, it is clear that the
affinity of n-dodecyltrimethylammonium ion micelles
for B is in reality larger than for C. The small sub-
strate A shows a modest rate increase above the CMC,
which is consistent with inclusion of the ester within the
outer aqueous portion of the micelle interior or else
directly on the micelle surface. An interesting feature
of Figure 3 is that the hydrolysis rates of the long-chain
esters are enhanced below the CMC, while p-nitro-
phenyl acetate is not affected in this concentration range.
The rate of basic hydrolysis of benzylideneacetophenone
also increases in a cationic surfactant solution below the
CMC.* This was explained by association of the Schiff
base with one or more surfactant molecules to form a
positively charged complex which reacts readily with
hydroxide ion. Our findings are in agreement with this
rationale since the only substrates which display pre-
CMC rate perturbations are ones which possess large
hydrocarbon moieties that can hydrophobically bind
to surfactant. Perhaps the small rate drop below the
CMC in Figure 1C is also caused by nonmicellar com-
plexation.

n-Dodecylpyridinium ion (G) has either a small effect
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(Figure 4A) or no effect at all (Figures 4B and 4C) on
the esters. Therefore, k, is nearly equal to k. (eq 1) or
else there is little substrate adsorption (K is a small
number). Some complexation is taking place because
the solubilities of esters B and C are increased in the
presence of n-dodecylpyridinium ion micelles. We con-
jecture that, because of the bulk and flatness of the sur-
factant ‘‘heads,” the micelles are unusually loose
structures containing considerable amounts of water.
Association constants and rate perturbations are con-
sequently not large. In any event the properties of
solutions of r-dodecylpyridinium ion and n-dodecyl-
trimethylammonium ion are appreciably different de-
spite the structural similarity of the surfactants.

A great deal remains to be learned about the effect of
micellation upon reaction rates. In addition, virtually
nothing is known about how surfactants affect the
stereochemistry and product distribution of thermal
and photochemical reactions. These important aspects
of molecular aggregate chemistry are also currently
under investigation in these laboratories.
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The self-aggregation of divalent nickel, copper, and zinc methyl pheophorbides a and b has been

examined by infrared spectroscopy. Of these, only the zinc compounds show significant coordination aggrega-

tion.

Nmr measurements on zinc pheophytin a and zinc methy! pheophorbide a and b show that both coordina-
tion aggregation and w-m aggregation occur in nonpolar solvents,

Nmr and infrared measurements indicate

that under comparable conditions in nonpolar solvents the zinc chlorophylls are aggregated to a considerably

lesser extent than are the magnesium chlorophylls.

Visible and infrared spectra of nickel, copper, and zinc methy!
pheophorbides a and b are reported, and tentative band assignments are made.

Considerations of absorption

position and relative intensities suggest that the extent of metal-ligand interaction follows the order: Ni > Cu >

Zn > Mg.

Metal ions play a decisive but little understood role
in the photosynthetic unit. For example, the
most important compound of photosynthesis, chloro-
phyll, is a magnesium(II) complex of a dihydropor-
phyrin (chlorin) ligand. Examination of chlorophyll
derivatives in which magnesium is replaced by other
metal ions (metallochlorophylls) are valuable in that
they provide information about the contribution of the
metal to the various properties and functions of chloro-
phyll. The state of aggregation of chlorophyll is one
property in particular that is a subject of keen interest
today.? Association of chlorophyll molecules in solu-

(1) Based on work performed under the auspices of the U. S. Atomic
Energy Commission.

(2) Resident Research Associate, 1964-1966.

(3) See, for example, J. J. Katz, R, C. Dougherty, and L. J. Boucher

in “The Chlorophylls,” L. P. Vernon and G. R. Seely, Ed., Academic
Press Inc., New York, N, Y., 1966, p 186.

tion can occur in a number of ways. One mechanism,
designated coordination aggregation, involves the inter-
molecular coordination of the ketone oxygen of one
chlorophyll molecule to a magnesium atom in another
molecule.* An important question then is: is co-
ordination aggregation a unique property of mag-
nesium-containing chlorophylls, or do other metallo-
chlorophylls show similar behavior? The aggregation
properties of metallochlorophylls in solution appear
not to have been previously studied.

This paper presents some new information derived
from infrared and nmr measurements on the aggrega-
tion behavior of divalent nickel, copper, and zinc
chlorophylls. The structural formulas, nomenclature,
and proton numbering of the materials studied are given

4) 1. J. Katz, G, L. Closs, F. C. Pennington, M. R. Thomas, and
H. H. Strain, J. Am. Chem. Soc., 85, 3801 (1963).
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Figure 1. Structure, nomenclature, and proton designation of
metallochlorophylls. * Referred to in the text either as zinc pheo-

phytin or zinc chlorophyll.

in Figure 1. Nomenclature for the metal derivatives of
the methyl pheophorbides and pheophytins is quite
straightforward. However, the naturally occurring
magnesium derivative of pheophytin is often called
magnesium chlorophyll, and so we find ourselves re-
ferring to zinc and the other metal pheophytins (Figure
1) also as zinc, nickel, or copper chlorophyll when it is
important to emphasize the relation to natural chloro-
phyll. All the metal derivatives of the pheophytins
and methyl pheophorbides are simply designated
metallochlorophylls.

Experimental Section

Materials. Methyl pheophorbide a and pheophytin a were pre-
pared from chlorophyll a by standard procedures.? Methyl pheo-
phorbide b was obtained from Fluka A.G. Chemische Fabrik
Buchs/S. G., Switzerland. Methy! chlorophyllides a and b were
prepared from cockleburr by the in situ reaction with methanol.®
All other chemicals were reagent grade and were used without
further purification. Destabilized chloroform was prepared by
washing commercial chloroform with water several times to remove
ethanol and then drying over Drierite,

Preparation of Complexes. The compounds were prepared by
standard procedures.® The ligand (~50 mg) dissolved in chloro-
form and a fivefold excess of the metal acetate dissolved in meth-
anol were refluxed for 30 min in dim light under a nitrogen blanket.
The rate of formation of complex is so slow that the nickel complexes
cannot be conveniently prepared with the chloroform-methanol
solvent system. A chloroform-glacial acetic acid mixture and a
reaction time of 1 hr proved satisfactory in this case. The cooled
reaction mixture was then washed several times with water to re-
move unreacted metal salts. The chloroform solution of the re-
action mixture was evaporated to dryness and the residue was
extracted with benzene. The benzene solution was adsorbed on a
dry packed sucrose column (5 X 30 mm) and eluted with benzene
and 0.19 1-propanol-benzene mixture. Usually four green frac-
tioas were collected, and a small dark green zone remained ad-
sorbed on top of the column. The second fraction, which contains
the desired product, was then washed with water to remove any

(5) H. Fischer and H. Orth, “Die Chemie des Pyrrols,” Vol. II,
Part 2, Akademische Verlgsgesellschaft, Leipzig, 1940.

(6) F. C. Pennington, H. H. Strain, W. A. Svec, and J. J. Katz,
J. Am, Chem. Soc., 86, 1418 (1964).

ABSORBANCE

Figure 2. Visible spectrum of zinc methyl pheophorbide a in
chloroform.

dissolved sucrose and dried. The volume of the solution was re-
duced and a green solid was precipitated by addition of petroleum
ether (bp 30-60°). Thin layer chromatography on silica gel G
generally showed traces of fractions one and three in addition to
the metallochlorophyll. The impure solid was then rechromato-
graphed on sucrcse until tlc indicated only one component. The
pure green solid was dried by repeatedly dissolving in carbon tetra-
chloride and then removing the soivent on the vacuum line. The
dried solids were stored in the dark in evacuated containers.
The vyield of pure product was around 509 for the copper and zinc
and about 20 % for the nickel complexes.

Spectroscopic evidence indicates that fraction 3 from column
chromatography contained the unreacted ligand. Absorption
spectra of fractions 1 and 4 showed a 10-15-mu blue shift of the
absorption bands and a doubling of the relative intensity of the
blue band, as compared to the metallochlorophylls. Further,
infrared spectra show no ketone carbonyl absorption. These
data indicate that these materials are metal complexes of altered
chlorophylls. The altered chlorophylls probably are of the chlorin
type with a ruptured ring V.7

The materials used in this study were chromatographically pure,
and their visible, ultraviolet, infrared, and nmr spectra are entirely
compatible with their presumed molecular structures.

Spectral Measurements. Absorption spectra were recorded with
a Cary Model 14 spectrophotometer on chloroform solutions of the
materials in 1-cm silica cells. Infrared spectra of the complexes
were recorded with Beckman IR-7 and IR-12 spectrophotometers.
Solid-state spectra were taken with the materials in potassium bro-
mide disks and checked with Nujol mulls, Solution spectra (0.05
M) were taken in 0.1-mm sodium chloride cells. Nmr spectra were
recorded on a Varian HA-100 nmr spectrometer in the field-sweep
mode. Chemical shifts are measured from hexamethyldisiloxane,
with chemical shifts to lower fields positive. The compounds were
dissolved in CDCl; or tetrahydrofuran-ds to which 105 HMS was
added. The solutions were then sealed in nnmr tubes under vacuum
after being degassed several times. A Mechrolab vapor pressure
osmometer Model 301A was used to determine molecular weights
of the substances in chloroform by procedures essentially the same
as previously described.*

Results and Discussion

Spectral Properties. A typical electronic spectrum
is shown in Figure 2, and the positions of the absorption
maxima for the methyl pheophorbide complexes are
presented in Table I. Data for the magnesium(Il)
complex (methyl chlorophyllides) are included for
comparison. The spectra show a strong absorption
band in the red (I) and a usually more intense absorption
in the blue (V). Three much weaker bands (II-1V)
appear between these two and are difficult to place
accurately. In some of the spectra a prominent
shoulder appears on the high-energy side of the blue

(7) H. H. Inhoffen, G. Klotmann, and G. Jeckel, Ann., 695, 112
(1966).
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Figure 3.

band. The absorption spectra are similar to those of
the chlorophylls® and consistent with the proposed
structure of the metallochlorophylls.

Table I. Absorption Maxima of Metallochlorophylls
Com- Peaks, my—m————
plex I 1I II1 v \'% VI Av/[Ax

Methyl pheophorbide a
Mg 664 617 574 532 432 415 1
Zn 658 608 556 514 426 408 1.
Cu 654 608 546 505 425 399 1.
Ni 652 608 539 494 423 394 0
Methyl pheophorbide b

Mg 647 598 570 545 458 437 2.67
Zn 638 593 564 540 448 2.61
Cu 633 587 556 522 444 2.31
Ni 632 593 553 516 430 1.93

Two pieces of information that can be obtained from
the spectra are of immediate interest. One is the posi-
tion of the maximum, particularly of the red and blue
bands, and the other is the relative intensities of these
bands. The A, of the red and blue bands move to
higher energy in the order Ni > Cu > Zn > Mg, The
shifts for the methyl pheophorbide a complexes are
somewhat less than for the methyl pheophorbide b com-
plexes. Ratios of the absorbances of the blue and red
bands are given in the last column of Table I. The
ratio varies for the series of compounds with Ni <
Cu < Zn < Mg. Finally, the ratio for the methyl
pheophorbide a complexes are considerably less than
for the methyl pheophorbide b complexes.

A typical infrared spectrum is shown in Figure 3. The
frequencies of the prominent absorption peaks for the
methyl pheophorbide a and b complexes in the 4000-650-
cm~! region are collected in Table II. Data for the
methyl chlorophyllides are again listed for comparison.
The assignments given in Table II follow those given
previously for the chlorophylls® and metalloporphyrins.®
The infrared spectra obtained are entirely consistent
with the proposed structures of the metallochloro-
phylls. Most of the ligand absorption positions are
more or less independent of the metal ion. On the
other hand, C-C and C-N stretching absorptions of the
chlorin macrocycle are sensitive to the particular metal
ion present. The complexes show two prominent
medium-intensity absorptions in the 1500-1700-cm—!
region. The frequency of the bands at 1670-1600 cm—?

(8) J. C. Goedheer, ref 3, p 147,
(9) L. J. Boucher and J. J. Katz, J. Am. Chem. Soc., 89, 1340 (1967).

Infrared spectrum of copper methyl pheophorbide a in potassium bromide pellet.

and 1585-1535 cm™! is in the order: Ni > Cu > Zn >
Mg. The relative intensity of the macrocycle stretch-
ing vibration and metal ion dependence of the frequency
are greater for the chlorophylls than for the correspond-
ing metalloporphyrins.® Far-infrared spectra of the
copper chlorophylls show the strongest absorption
below 650 cm~! at 304 cm~—!. This band is absent from
the spectra of the metal-free ligand and probably arises
from a copper-ligand vibration.’® This absorption
band is at a higher frequency for the metallochloro-
phylls, which may be interpreted to indicate a greater
stability for the copper complex than for the magnesium
complex.

The electronic and vibration spectra vary considerably
in the series of metallochlorophylls. Frequency shifts
and relative intensity variation give rise to the order:
Ni > Cu> Zn > Mg. Spectroscopic evidence leads to
an identical order for the metalloporphyrins.!! The
chemical stability of the metal-ligand linkage also varies
in a similar way for the metalloporphyrins. It is not
unreasonable to suppose that the stability of the metal-
ligand band is related in the same way to the spec-
troscopic order for the metallochlorophylls. Un-
fortunately, no thorough study of the stability of the
metallochlorophylls has as yet been carried out. Bear-
ing on this point is the report that zinc chlorophyll is
more stable to acid demetalization than is the mag-
nesium compound!?* and that the stability of metallo-
chlorophylls to photochemical decomposition is in the
order Cu > Zn > Mg.!?

Aggregation Properties. Examination of the sol-
vent dependence of the carbonyl region (1750-1600
cm~Y) infrared absorption can furnish useful informa-
tion about the coordination aggregation of chlorophyll
compounds.* In nonpolar solvents, and in the solid,
chlorophyll a exists primarily in the aggregated state.
The C-9 ketone absorption appears as two peaks: one
is the normal ketone absorption at ~1700 cm~!; the
other, originating in the ketone oxygen coordinated to
magnesium, occurs at somewhat lower frequency
(~1650 cm~'). The latter may properly be termed an
aggregation peak, and its occurrence in an infrared
spectrum is a valid diagnosis for the presence of chloro-
phyll-like aggregates. In polar solvents such as tetra-

(10) L. J. Boucher, H. H. Strain, and J. J. Katz, ibid., 88, 1341
(lg(f% J. N. Phillips, Rev. Pure Appl. Chem., 10, 35 (1960).

(12) “Problems of Photosynthesis: Reports of the Second All-Union
Conference on Photosynthesis, Moscow, 1957,” U. S. Atomic Energy
Commission Translation AEC-tr-4501, Office of Technical Services, De-

partment of Commerce, Washington, D. C., Aug 1962: (a) N. V.
Vostrilova and V. I, Dulova, p 155; (b) I. L. Kukhtevich, p 170.
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Table II. Infrared Absorption Bands (cm~!) in Metallochlorophylls®
Methy! pheophorbide a Methyl pheophorbide b——m———

Mg Zn Cu Ni Mg Zn Cu Ni Assignment
2955 w 2960 w 2955 w 2955 w 2960 w 2950 w 2960 w 2955 w
2935 w 2930 w 2930 w 2925 w 2925 w 2925w 2930 w 2930 w [»(C-H)
2870 w 2865 w 2860 w 2860 w 2860 w 2865 w 2870 w 2870 w

2750 w 2750 w 2740 w 2740 w
1736 s 1739 s 1741 s 1742 s 1735 s 1740 s 1743 s 1741 s % g?:rhyde
1696 s 1693 s 1704 s 1707 s 1696 s 1708 s 1710 s 1712 s Ketone
1658 m 1663 m 1668 m 1665 5 | (C=0) Aldehyde
1607 m 1617 m 1638 m 1661 m 1603 m 1616 m 1642 m 1665 s
1607 w 1632 w 1612 wi .

1547 m 1552 w 1556 m 1576 m 1544 s 1556 s 1572 m 1585 m [*(ting)
1531 w 1539 m 1510 w 1521w 1517 w 1504 w 1516 WJ
1486 w 1498 w 1480 w 1480 w 1474 w 1489 w 1468 w 1484 w
1457 w 1450 w 1451 w 1452 w 1441 w 1449 w 1455 w 1452 w
1449 w 1439 w 1437 w 1437 w 1439 w 1438 w
1373 w 1378 w 1370 w 1382 w 1376 w 1380 w 1382 w 1380 w
1340 w 1347 w 1345 w 1347 w 1343 w 1349 w 1349 w 1348 w
1281 m 1288 m 1286 m 1283 w 1284 m 1292 m 1289 m 1287 m
1252 w 1240 w 1245 w 1244 w 1242 w 1238 w 1239 w
1194 w 1189 w 1208 w 1214 w 1189 w 1211 w 1218 w
1162 w 1160 w 1170 w 1169 w 1166 w 1169 w 1170 w 1169 w »(C-0) Ester
1134 w 1134 w 1143 w 1138 w 1132 w 1134 w
1086 w 1112 w 1108 w 1083 w 1107 w 1108 w
1064 w 1069 w 1073 w 1076 w 1062 w 1066 w 1070 w 1073 w
1049 w 1042 w 1038 w 1048 w 1051 w 1052 w

984 w 991 w 1003 w 1002 w 1002 w 1005 w 1008 w 1014 w

914 w 920 w 926 w 939 w 921 w 928 w 942 w 946 w

839 w 846 w 841 w 842 w 839 w 833 w 837w 843 w

799 w 797 w 798 w 798 w 799 w 798 w 801 w 798 w n(C-H) Meso

780 w 764 w 775 w 764 w 758 w 758 w 759 w 759 w

748 w 742 w 743 w 747 w 737w 736 w 740 w 743 w

693 w 709 w 695 w 697 w 702 w 704 w 704 w 705 w

e Potassium bromide pellets; s = strong, m = medium, w = weak,

hydrofuran, chlorophyll exists primarily in monomeric
form: the aggregation peak is completely absent from
the carbonyl region spectrum.

The infrared spectra of the metallochlorophylls both
in solution and in the solid form were examined. Typi-
cal spectra for zinc pheophytin a are given in Figure 4.
In nonpolar solvents, such as carbon tetrachloride and
chloroform, and in the solid, an aggregation peak is
easily seen at 1660-1655 cm~!. The spectra in polar
solvents on the other hand do not show an aggregation
peak. Zinc methyl pheophorbide a exhibits a similar
behavior. Here the aggregation peak is much more
intense for the carbon tetrachloride solution than for
a destabilized chloroform solution or for the substance
in the solid state. For chlorophyll b, both the aldehyde
and ketone carbonyl oxygens participate in aggregate
formation by coordination to the metal, and these
provide two sources of aggregation peaks in the infrared
at 1660 and 1610 cm=!. Thus, for the aggregated
species in nonpolar solvents: (1) the peak near 1660
cm-! is partially due to the aggregation (ketone) peak
and partially to the free aldehyde; (2) the peak near
1610 cm~—! is partially due to the ring vibration but also
contains a contribution from an aldehyde aggregation
peak.t The relative intensities of the bands (1700-1600
cm~!) in polar and nonpolar solvents support this inter-
pretation of the chlorophyll b infrared spectra. For
zinc methyl pheophorbide b the carbonyl region spec-
trum shows solvent dependence, which is consistent
with aggregation in nonpolar solvents and in the solid.
The relative intensity of the free ketone absorption is
less, while that of the peak near 1610 cm~! is greater in
carbon tetrachloride than in tetrahydrofuran. Molec-
ular weight measurements of zinc methyl pheophorbide

b are informative, as the assessment of the extent of
aggregation from the infrared spectra is not entirely
straightforward. Solutions of zinc methyl pheophor-
bide b in destabilized chloroform with a calculated
molarity of 0.040 and 0.020 M have an observed molar-
ity of 0.025 and 0.012 M, and this is clearly indicative of
substantial aggregation in these solvents.

There is no evidence from the infrared spectra to indi-
cate coordination aggregation for either nickel or cop-
per methyl pheophorbide a or b, and the carbonyl
region spectra of these compounds show no solvent
dependence. The spectra, in fact, are identical in non-
polar solvents, in the solid state, and in polar solvents.
The far-infrared spectra of copper chlorophylls also
show no solvent dependence.

Proton magnetic resonance measurements on solu-
tions of the zinc chlorophylls likewise yield information
about the state of aggregation of these substances. In
chloroform, the nmr spectra are poorly resolved. In
tetrahydrofuran solution, the spectra become sharp,
and a number of the proton resonance signals are ob-
served to show changes in chemical shifts. These
solvent-dependent shifts are particularly noticeable in
the methyl and methine resonance regions and in the
behavior of the C-10 proton signal. Nmr data are sum-
marized in Table III. Chemical shift assignments are
based on previous assignments of the nmr spectra of
the chlorophylls.!® The nmr spectra of the zinc chloro-
phylls in tetrahydrofuran, it may again be noted, are
entirely consistent with the proposed structure of the
materials.

(13) G. L. Closs, J. J. Katz, F. C. Pennington, M. R. Thomas, and
H. H. Strain, J. Am. Chem. Soc., 85, 3809 (1963).
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Figure 4. Infrared spectra of zinc pheophytin a: (A) in carbon

tetrachloride; (B) in destabilized chloroform; (C) in potassium
bromide pellet; (D) in tetrahydrofuran.

The large paramagnetic shifts experienced by some of
the proton resonance in nonpolar solvents can be at-
tributed mainly to specific solute-solute interactions.!?
In chloroform the zinc chlorophylls are aggregated and

Table III. Chemical Shifts for Zinc Chlorophylis
Dissolved in CDCl; (A) and THF-ds (B)?

4, ppm®
Pro- Ia. 11a 11t
ton® A B A B A B
[ 8.46 9.24 8.64 9.17 9.22 10.15
B 8.78 9.51 8.92 9.40 9.07 9.58
] 8.24 8.46 8.27 8.38 8.22 8.44
10 5.42 6.07 5.64 6.08 4.93 6.12
11 3.66 3.68 3.70 3.75 3.53 3.58
5 3.15 3.54 3.24 3.48 3.19 3.45
1 3.11 3.26 3.15 3.28 3.15 3.18
3a 2.55 3.14 2.69 3.15
3b 9.12 11.06
e From hexamethyldisiloxane. ?* Concentrations: Ia, 0.08 M;

Ila and IIb, 0.06 M. ¢ Proton numbering and compound designa-
tion are given in Figure 1.

in tetrahydrofuran the materials are monomeric (dis-
aggregated). The observed solvent dependence of the
nmr spectra entirely parallels the solvent dependence of
the infrared spectra. In the aggregated form, protons
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Figure 5. Nmr dilution shifts of zinc pheophytin a in deuterio-
chloroform.

in regions of the molecule that involve mutual overlap
are expected to be highly shielded. In fact, aggregates
of the zinc chlorophylls appear to have two highly
shielded regions: (1) in the region of ring II for the
a, B, and 3a (3b) protons; (2) in the region of ring V
and the ketone carbonyl as deduced from the behavior
of the 5, 10, and 11 protons. The first region coincides
with what is observed for the m—7= aggregation of the
metal-free methyl pheophorbide. The relatively large
shifts of the aldehyde protons may also indicate that the
aldehyde oxygen is involved in coordination aggrega-
tion. The second region of mutual overlap in the
aggregates is consistent with coordination aggregation.?
However, the small change in chemical shift of the C-11
protons as the aggregate is dissociated to monomer may
indicate that the extent of coordination aggregation is
not large. At any rate, the nmr spectra are consistent
with the idea that two kinds of aggregates exist in non-
polar solution of the zinc chlorophylls.

The change of chemical shift values with dilution of
chloroform solutions of zinc pheophytin a is shown in
Figure 5. The extent to which aggregated species occur
in solution is strongly concentration dependent. From
the maximum concentration to about 0.05 M the chemi-
cal shift values for the 11, 10, and 5 protons appear to
be independent of concentration. On the other hand,
the « and 3a protons, and to a lesser extent the 3 proton,
show chemical shifts that vary significantly with con-
centration. The w—7 aggregation of the metal-free
methyl pheophorbides is also strongly concentration
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dependent, with the «, 3a, and 8 proton chemical shift
values varying in a similar way as for the zinc com-
pounds. Coordination aggregation of the chloro-
phylls, however, is not concentration dependent in this
concentration range. Below 0.5 M for zinc pheophytin
a, the chemical shift values of the «, 3a, 8, 10, and 5 pro-
tons are all clearly concentration dependent. In the
high concentration range only the =—-r aggregates dis-
sociate appreciably, while in the lower concentration
range both the m—m and the coordination aggregates
are dissociating. Since only one set of lines exists for
the protons in the aggregated solution, labile equilibrium
must exist among the two types of aggregates and the
monomeric unit.

The solvent dependence of the infrared spectra show
that the only metallochlorophylls that undergo sig-
nificant coordination aggregation are the zinc com-
plexes. Copper and nickel methyl pheophorbides,
mercury and cadmium pheophytin a, and silver pyro-
pheophytin'¢ do not undergo aggregation via the co-
ordination  mechanism. Metallochlorophylls, like
metalloporphyrins, undoubtedly experience =—m ag-
gregation in nonpolar solvents. Recent esr spectral
evidence'® indicates that copper and silver methylpyro-
pheophorbides a form 7= aggregates. The nmr dilu-
tion shift measurements for zinc pheophytin a also
testify to the importance of this type of aggregation
in metallochlorophylls.

The relative intensity of the infrared aggregation peak
for the zinc chlorophylls in the most favorable solvent
is only about one-third that for chlorophyll itself. The
concentration dependence of the chemical shift values
for zinc pheophytin a is consistent with the substantial
dissociation of the coordination aggregates in the con-
centration range near 0.02 M. At this and lower con-
centrations, chlorophyll aggregates are virtually un-
dissociated. These data thus indicate that the stability

(14) A. S. Holt, Proc. Vth Intern. Congr. Biochem., 6, 59
(1961).

(15) A. MacCragh, C. B, Storm, and W. S, Koski, J. Am. Chem. Soc.,
87, 1470 (1965).

of the zinc chlorophyll aggregates is much lower than
the magnesium-containing chlorophylls under similar
conditions. In fact, the zinc chlorophyll coordination
aggregates are quite likely not much more stable than
their m—= aggregates. Further, the zinc chlorophylls
appear to be (from infrared) only slightly aggregated in
the solid state, whereas coordination aggregation ap-
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