ANNALS OF
THE NEW YORK ACADEMY VOILUME 206
OF SCIENCES

THE CHEMICAL AND PHYSICAL BEHAVIOR
OF PORPHYRIN COMPOUNDS
AND RELATED STRUCTURES

_Editor
Alan D. Adler

PUBLISHED BY THE NEW YORK ACADEMY OF SCIENCES
ANYAA9 206 1-761 (1973)




THE NEW YORK ACADEMY OF SCIENCES
(Founded in 1817)
BOARD OF GOVERNORS, 1973

KENNETH WADE THOMPSON, President
E. CUYLER HAMMOND, President-Elect

Honorary Members

I. B. LASKOWITZ BORIS PREGEL
MARGARET MEAD H. CHRISTINE REILLY
Vice-Presidents
HERMAN COHEN SEYMOUR MELMAN
JOEL L. LEBOWITZ ETHEL TOBACH
Recording Secretary Treasurer Corresponding Secretary
PHILIP FEIGELSON GORDON Y BILLARD GEORGE I. FUJIMOTO

Elected Governors-at-Large .
1971-1973 RS .v,,.;....«.‘
M. JACK FRUMIN PAUL MILVY T SIDNEY A. SAVITT
1972-1974 o
DETLEV W. BRONK HAROLD D. LASSWELL g ROSS F. NIGRELLI
1973-1975
CHARLOTTE FRIEND SIDNEY ROTH _J PHILIP SIEKEVITZ
Past Presidents (GOMErnors. .-
SERGE A. KORFF MINORU TSUTSUI
BERT N. LA DU, JR. IRVING J. SELIKOFF N. HENRY MOSS
LLOYD MOTZ JACOB FELD
Financial Counselor Executive Director Legal Counselor
FREDERICK A. STAHL FRED G. ARMSTRONG EDWARD D. BURNS

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES
Volume 206

EDITORIAL STAFF

Executive Editor
BILL BOLAND

Associate Editors

MILLY MONGE
JUSTINE CULLINAN

This conference was
sponsored by The
Academy's SECTION OF
CHEMICAL SCIENCES

Chairman
MARVIN L. POUTSMA

Vice-Chairman
RICHARD W. FRANCK

and SECTION OF
PHYSICAL SCIENCES

Chairman
VITTORIO CANUTO

Vice-Chairman
JOEL L. LEBOWITZ



"O \ S ;‘
f‘{t,_x* SRS (205
ANNALS OF THE NEW YORK ACADEMY OF SCIENCES
VoLUME 206

October 22, 1973

THE CHEMICAL AND PHYSICAL BEHAVIOR OF PORPHYRIN
COMPOUNDS AND RELATED STRUCTURES*

Editor and Conference Chairman
ALAN D. ADLER

CONTENTS
DEAICALION o vttt et e e e e e e 5
Prefatory Remarks. Alan D. Adler ... ... ... e 6
Part 1. Structural Aspects
Porphyrins as Model Systems for Studying Structural Relationships. By Alan D. Adler .. 7
Some Aspects of Metalloporphyrin Stereochemistry. By J. L. Hoard ................... 18
Relationships between Porphyrin Structure and Reactivity. By Everly B. Fleischer and
M. Krishnamurthy . ... ... . e s 32
The Structure of Free Base Porphine: An Average of Three Independent Structures. By
AL TUINSKY « oottt e e 47
Angular Momentum, Magnetic Interactions, Jahn-Teller and Environment Effects in
Metalloporphyrin Triplet States. By Martin Gouterman . ......................... 70
Part I1. Synthetic Aspects
Thermodynamic Aspects of Porphyrin Synthesis and Biosynthesis. By Philip George .. ... 84
On the Chromophores of Porphyrin Systems. By Alfred Treibs......... ... ... .. ... 97
Metal Complexes of Octaethylporphin: Preparation, Axial Ligand Substitution and
Reduction. By Johann Walter Buchler, Lothar Puppe, Klaus Rohbock and Hans
Henning Schneehage ......... ... i i i e 116
Synthetic Studies on Porphyrin Systems. By G. W. Kenner and K. M. Smith ........... 138
N-Methylporphyrins. By A. H. Jackson and G. R. Dearden .............. ... ... .... 151
The Chemistry of Porphyrin n-Cations. By D. Dolphin, Z. Muljiani, K. Rousseau, D. C.
Borg,J. Fajerand R. H. Felton. . ... ... ... . . i 177
Part III. Spectroscopic Aspects
Interpretations of Porphyrin Spectra. By Alsoph H. Corwin ........... .. .. ... ...... 201
Polarized Single Crystal Absorption Spectra of Carboxy- and Oxyhemoglobin. By Marvin
W. Makinen and William A. Eaton ....... ... . i 210
The Magnetic Circular Dichroism of Porphyrin Dications. By Giinter Barth, Robert E.
Linder, Edward Bunnenberg and Carl Djerassi......... ..., 223

* This series of papers is the result of a conference entitled Conference on the Chemical and
Physical Behavior of Porphyrin Compounds and Related Structures, held by The New York
Academy of Sciences on April 3-6, 1972.



The Molecular Structure of Porphyrin Complexes in Solution: The Interaction of Metal
Porphyrins with Various Steroids. By H. A. O. Hill, P. J. Sadler, R. J. P. Williams
AnNd C. D, BAITY . oottt
The Zeeman and Stark Effects in Porphyrin. By M. M. Malley........................
Infrared Spectroscopy of Porphyrins. By James O. Alben, S. S. Choi, Alan D. Adler and
Winslow S. CaUughey . ... oottt
Spectroscopic Studies of Cis and Trans Effects in Hemes and Hemins. By Winslow S.
Caughey, Clyde H. Barlow, David H. O’Keeffe and Mary C. O'Toole .............

Electron Paramagnetic Resonance Studies of Iron Porphin and Chlorin Systems. By

J. Peisach, W. E. Blumberg and A. Adler ......... ... ... . ... i i
Nuclear Magnetic Resonance Studies of Ferric Porphyrins. By F. Ann Walker and Gerd
N LA MaAT o e e
ESR Studies of Porphyrin m-Cations: The 2A,, and 2A,, States. By J. Fajer, D. C. Borg,
A. Forman, R. H. Felton, L. Vegh and D. Dolphin ............ .. ... ... ... ...
Carbon-13 NMR Spectroscopy of Tetrapyrroles. By Nicholas A. Matwiyoft and Bruce F.
BUINRAM oo e
Mossbauer Spectra of Hemichromes and Hemochromes Derived from «,f,y,8-Tetra-
arylporphins. By Darel K. Straub and William M. Connor .......................

Part IV. Physical Chemical Structures

Synthesis and Structures of Novel Metalloporphyrins, By M. Tsutsui, D. Ostfeld, L.
Hoffman, T. S. Srivastava, K. Suzuki and R. A. Velapodi........................
Induced Redox Reactions of Metalloporphyrins and Their Implications in Biological
Systems. By M. Tsutsui and T. S. Srivastava.............. ... ... ...
Manganese Porphyrin Complexes. V. Axial Interactions in Manganese(I11) Porphyrins. By
L. J. BOUCHET . . oottt e e e e
Kinetic Studies on Metal Chelation by Porphyrins. By Frederick R. Longo, Eleanor M.
Brown, Daniel J. Quimby, Alan D. Adler and Michael Meot-Ner .................
Aspects of Metal Ion Incorporation into Porphyrin Molecules. By Peter Hambright ... ..
Metal-Metal Interactions Involving Porphyrins: Iron-Iron Spin Exchange and lron-
Chromium Electron Transfer. By Irwin A. Cohen .......... .. ... ... .. .. ... ....
Ligand-Binding in Porphyrin Systems. By W. A. Gallagher and W. B. Elliott............
Why Chlorophyll? By D. Mauzerall .......... . e
Electrochemical Studies on Metalloporphyrins. By Karl M. Kadish and D. G. Davis ....
Oxidation of Ferric Porphyrins. By R. H. Felton, G. S. Owen, D. Dolphin, A. Forman,
D. C. Borgand J. Fajer. . ... .o
Photochemistry and Redox Activity of Some Metalloporphyrin Complexes. By David G.
Whitten, Thomas J. Meyer, Frederick R. Hopf, John A. Ferguson and Gilbert Brown
The Photooxygenation of Mctalloporphyrins and Metallochlorins. By P. K. W. Wasser and
J-H. Fuhrhop ...
Stereochemistry and Chiroptic Properties of Phecophorbides and Related Compounds. By
H. Wolfand H. Scheer . ... o e
Cyclic Voltammetry of Porphyrins and Metalloporphyrins. By George S. Wilson and
Bruce P. Neri. . oo
Chlorophyll-Chlorophyll Interactions from 'H and '3*C Nuclear Magnetic Resonance
Spectroscopy. By Joseph J. Katz and Thomas R. Janson .........................
Chemistry of Water-Soluble Hemes. By Gerald B. Kolski and Robert A. Plane .........
Aggregation Properties of Water-Soluble Porphyrins. By Robert F. Pasternack..........
N-H Tautomerism in Porphyrins and Chlorins. By Carlyle B. Storm, Yohannes Teklu and
Edward A. SOKOIOSKI . ..ottt
Elcectron-Impact Mass Spectrometry of Porphyrin Systems. By Michael Meot-Ner, James
H. Green and Alan D. Adler .. oo
Laser Flash Photolysis Studies of Chlorin and Porphyrin Systems. 1. Encrgetics of the
Triplet State of Bacteriochlorophyll. By John S. Connolly, Donald S. Gorman and
Gl RSy

247
268

278
296
310
328
349
365

383

397
404
409

420
443

453
463
483
495
504
516
533
549
568
579
604
614
631

641

Copyright, 1973, by The New York Academy of Sciences. All rights reserved. Except for
brief quotations by reviewers, reproduction of this publication in whole or in part by any

means whatever is strictly prohibited without written permission from the publisher.



STEREOCHEMISTRY AND CHIROPTIC PROPERTIES
OF PHEOPHORBIDES AND RELATED COMPOUNDS*

H. Wolf and H. Scheer

Institut fiir Organische Chemie der TU
33 Braunschweig
and Gesellschaft fiir Molekularbiologische Forschung m.b.H.
3301 Stockheim, Federal Republic of Germany

Chlorophylls and hemoproteins contain closely related chromophores which are
derived from the aromatic tetrapyrrolic porphin nucleus. In both systems, the
absorption bands correlated with the macrocyclic chromophore are optically
active, i.e., they exhibit Cotton effects in the ORD spectra.'? Although in hemo-
proteins the heme Cotton effects are induced by interactions of the achiral chromo-
phore with the chiral protein environment,* the chromophoric systems of chloro-
phylls are themselves chiral.*-* Therefore, optical activity is lost in hemes but
preserved in chlorophylls, when they are isolated from the protein complex. In
the foliowing discussion, interest is focused on these chiral chromophores, especially
on chlorophyll a and b and on pheophorbides derived from these compounds.

Fischers'¢ first determined an asymmetric center at C-10 in chlorophyll a and
discussed the potential optical activity. A slight levorotation in the near infrared was

FiGure 1. Chlorophyll a and b.

* This work was supported by the Deutsche Forschungsgemeinschaft and the Institut fur
Molekularbiologische Forschung, Stockheim—Braunschweig.
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observed by Stoll and Wiedemann’ and was confirmed by Fischer and Stern® using
a polarimeter with greater light intensity. Except for the dextrorotatory purpurins,
they observed levorotation for a great number of chlorins. Although chlorins with
achiral C-10 exhibit optical activity too, derived porphyrins are inactive. As a
consequence, one or more additional asymmetric centers must be present. In the
final structure presented by Fischer* in 1940, chlorophyll a was proposed as a 7,8-
dihydroporphyrin with the additional asymmetric centers at C-7 and C-8. This
structure was proved by total synthesis® twenty years later. The relative trans-
configuration at C-7 and C-8 previously advanced by Fischer'® was verified by the
isolation of trans-dihydrohematinic acid obtained by oxidative degradation'' and
by the determination of the 7H,8H spin-spin coupling constant.’? The relative
7,10-trans-configuration was deduced from NMR and ORD measurements.'?
Finally, the absolute (7S, 8S) configuration was determined by correlation with
(—)-a-santonin'* and 2,3(S)-dimethyl-pentane.'*

As early as 1935, Fischer and Stern® observed that in certain reaction sequences
optical activity was apparently lost and subsequently reappeared. Further studies'®
revealed that in the vicinity of absorption bands the optical rotation strongly depends
on the wavelength. The authors emphasized the need for ORD measurements, but
instrumental difficulties were insurmountable at that time. After the development of
sensitive spectropolarimeters and CD instruments, the preliminary investigations'®
were resumed. The first genuine ORD spectrum of a chlorophyll a solution was
published by Ke.? In the spectral range between 700 and 350 nm several Cotton
effect (CE( curves of different sign and intensity were detected and correlated to the
pertinent absorption bands.

M\NM\/

400 500 600 A(nm)

FiGURE 2. ORD spectrum of chlorophyll a in diethyl ether.?

A year later, the ORD spectra of chlorophyll holochromes isolated from chloro-
plasts and of various photosynthetic microorganisms were reported.'”'® Both
absorption and ORD spectra of chlorophyll a and b in these preparations are super-
imposed on the transitions of the accompanying carotenoids in the blue region and
of the proteins in the ultraviolet. Nevertheless, in several regions at longer wave-
lengths and in spectra from carotene-poor mutants, Cotton effects inherent in
chlorophyll can be clearly seen. As compared with the free pigment spectra, the
intensity and complexity of the ORD spectra are enhanced. Various degradation
experiments with protein complexes'’ and studies of concentration effects'®:!®
showed that this was due to chlorophyll-chlorophyll exciton interactions rather
than to interactions with the proteins or carotenes.
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Furthermore, the chiroptic properties of the chlorobium chlorophylls’?, bacter-
iochlorophyll a,'8:2°-22 a5 well as protochlorophyll?3-24 and some C-10 disubstituted
chiral porphyrins derived from chlorophyll a2 were studied. Some theoretical work
was done with protochlorophyll, chlorophyll a and bacteriochlorophyll a that gave
the correct sign and relative intensities for the visible CD bands.22-23

ORD and CD spectra of an extensive series of phytol-free methylpheophorbides
and related compounds derived from chlorophyll a and b were reported by Wolf.'3-
25-28 Tn contrast to chlorophyll, the ORD and CD spectra of the pheophorbides
are changed to some extent due to the loss of the central magnesium atom which
lowers the molecular symmetry and, therefore, affects interactions between X- and
Y-polarized transitions.?* Since pheophorbides can be purified by simple chromato-
graphic techniques, and can be handled and stored without decomposition, they are
more suitable molecules than chlorophyll for structural modification. Thus, they
lead the way to more general studies of their chiroptic properties as a function of the
molecular structure of the chiral macrocycle.

ORD and CD of 1,8-trans-Pheophorbides: Configurational
Assignment at C-10—the Influence of the Substitution
Pattern

In the last two decades, experimental studies with pertinent physical methods
such as electric birefringence and dichroism, fluorescence polarization, linear and
magnetic dichroism, together with theoretical considerations (four-orbital model:
Longuet-Higgins; Platt; Seely; Gouterman), led to a relatively good understanding
of the absorption spectra of porphyrins.23:22:3° The results will be summarized
briefly: all absorption bands are ascribed to 7-7* transitions of the aromatic system
isoconjugated to the [18]-annulene. In porphyrins of full D4, symmetry such as por-
phyrin dianions, dications and metal complexes with uniform substitution patterns
around the framework, both the highest occupied and the lowest unoccupied mole-
cular orbitals are degenerate. The resulting electronic transition is split by con-
figuration interaction and gives rise to one absorption band in the visible region
(Q band) and one in the near ultraviolet region (B band). In derivatives of lower
symmetry, such as porphyrin-free bases and chlorins, the degeneracy is lifted and
both bands are split by polarization along the X (Q*, B*) and Y-axes (Q’, B¥), and by
vibronic transitions: (0—0, 0 — 1, 0 — 2), although the B states remain more or less
degenerate.

FIGURE 3 shows the absorption spectrum of pyromethylpheophorbide a (1), a
typical chlorin spectrum with four well-resolved Q bands of lower intensity and the
strongly allowed overlapping B-or Soret-band system around 400 nm. Further
absorption bands are located in the UV region that have not yet been completely
correlated with defined transitions.3' The absorption spectrum remains practically
unaltered over the entire spectral region (700-200 nm) when a third chiral center is
introduced as demonstrated by the epimeric 10(S)-methoxy-(4a) and 10(R)-methoxy-
pyromethylpheophorbides a (4b) (FIGURE 4) whose absolute configuration at C-10
(relative to C-7) was determined by NMR spectroscopy.!3:23

On the other hand, the ORD and CD spectra'?®-?* (FIGURE 5) of both epimers
show remarkable differences. Three of the four CE curves corresponding to the Q
transitions are clearly discernable in the ORD spectra. Only the weak Q}.,-CE
curve around 610 nm, which may be detected with the aid of the CD spectrum, is
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FIGURE 3. General formula of chlorins with X and Y polarization axes: absorption spec-
trum (dioxane) of pyromethylpheophorbide a (1).
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FIGURE 4. Partial structures (ring E) of the 7,8-trans-pheophorbides a.

hidden under the short wavelength tail of the strong Q3%.,-CE curve.t The Q%., band
is strongly affected by the configuration at C-10; in the 10(S) epimer 4a, the intensity
is increased by a factor of three.

t The reduced intensity of the Qq_,-CD bands as compared with the Qq_o-CD bands is
explained by mixing of the X and Y polarized components.?3
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FiGure 5. Absorption, ORD and CD spectra (dioxane) of the epimeric 10(S)-methoxy-
(4a: —) and 10(R)-methoxy-(4b: ---) pyromethylpheophorbides a.

Two strongly overlapping CE curves appear in the Soret band region (450-370nm)
of the ORD spectra, the one with long wavelength being positive for both epimers
4a and 4b, while in the CD spectra at least three bands can be detected corresponding
to the different B* and B transitions. The CD bands at 422 and 390 nm have different
signs for both epimers. Another series of partially superimposed CE curves is located
in the UV region (370-220 nm). Again, the CD spectra immediately demonstrate
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FIGURE 6. (a) CD spectrum of pyromethylpheophorbides a (1: —) and CD difference
spectrum for the 10a-COOCH; substituent (2a-1: ---). (b) CD difference spectra for the
10¢-OCH3 (4b-1: —) and IOB-OCHS (4a-1: ---) substituent. (c) CD spectra of 10(S)-
methoxy-(3a: —) and 10(R)-methoxy-(3b: ----) methylpheophorbide a as compared to the
increment spectrum of 3a—(calculated from 1 -+ A g,—coocus + Aiop—ocus). All spectra were
measured in dioxane.
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that three of the four CD bands (at 262, 287 and 357 nm) have opposite signs for the
epimers 4a and 4b.

The usefulness of chiroptic measurements for configurational assignments (by
means of increment calculations of the C-10 substituents) in the series of pheophor-
bides may be demonstrated for the epimeric 10-methoxymethylpheophorbides a
(3a, 3b). For this purpose, ORD as well as CD spectra may be used.

FIGURE 6a shows the CD spectrum of pyromethylpheophorbide a (1) together with
the CD increment spectrum for the 10x-1 carbomethoxy substituent (Ao.-coocus)
obtained as difference spectrum from 2-1. The CD increment spectra for the 10x-and
108-methoxy group (FIGURE 6b) were derived in the same manner (4b-1; A oa-0cu3
and 4a-1: A, op.0cn3). It is noteworthy that the two increment spectra of the 10-OCH 3
group are almost perfect mirror images of each other over the entire spectral range,
thus indicating a chiroptic contribution of equal magnitude for both configurations.
Both the 10a-OCH 3 and the 10e-COOCH; group give a negative increment to the
Q%.o band (and a positive one to the rectangularly orientated Qb%.o transition as
shown by ORD measurements§ TABLE 1; FIGURES 5,6). The reverse is true for the
108-OCH; group of 4a. This is in agreement with calculations using the Kirkwood
polarizability approximation and point monopole transition moments.??

TABLE 1
ORD AND CD DATA OF THE Qg_o TRANSITIONS
Compound Q3-0-CE Q%_o-CE Qi_o-CD

*

1 a*x~ —280 a= 1186 [O)max - 1073 = +15.7
2 a ~— 80 a=— 52 [O)max - 1073 = — 5.0
4a a x —620 a= 4315 [O)max - 1073 = +28.7
4b a ~ —-210 a= + 63 [Olmax ~ 1072 = + 6.3

* a= ([?S]hcxu. - [(]S]z-u",) . 10_2.

The CD spectrum of the 10(S)-methoxymethylpheophorbide a (3a) can now be
calculated as the increment spectrum shown in FIGURE 6. It corresponds rather well
to one of the experimental CD spectra except for minor deviations in the overlapping
B-band region at about 400 nm (slight shift and a negative band at 425 nm). It is
especially noteworthy that the CD bands at 226, 248, 286, 357 and 535 nm have the
same sign and comparable intensities both for the experimental and the calculated
spectra of 3a.

The discussion so far has shown that the entire spectral range (from 600-220 nm)
of the CD spectra of the pheophorbides may be used for configurational assignments
at C-10. This has been done for an extensive number of epimeric 10-alkoxy methyl-
pheophorbides of the a and b series.'3-25:2”7 The results are fairly consistent and
prove the validity of increment calculations. Modifications of the peripheral sub-
stitution pattern without affecting the chiral centers may, nevertheless, have a strong
influence on distinct regions of the ORD/CD spectra.?” Some pertinent examples
concerning the substitution at positions C-3 and C-6, which are equivalent with
respect to the X- and Y-polarization axes, are summarized in TABLE 2.

i aand B(asinterpenechemistry) mean below and above the molecular plane, respectively.
§ Due to instrumental limitations the Q%_,-CD band could not be measured, and the
a-value of the Q%_o-CE curves are only of qualitative significance.
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When the methyl group at C-3 is substituted by a formyl group (a — b series of
pheophorbides) the intensity of the Q¥.,-CD band becomes very weak for both
epimers (compare 3a/3b with 3A/3B); this band cannot be used for configurational
assignments at C-10. Nevertheless, the Soret and UV regions of the ORD and CD
spectra can be used for this purpose. The same is true for the meso-9-desoxo deri-
vatives of 3a, 3b (where both substituents C and D are alkyl groups; see TABLE 2)
and for the 9-desox0-9(R, S)-hydroxy derivatives of 3a, 3b with a fourth chiral center
at C-9. An explanation for these experimental findings has been advanced.?” Com-
parable effects, although less pronounced (probably due to the symmetry effect of
the central magnesium atom) seem to occur in the ORD spectra of protein-free
chlorophyll a and b reported by Ke.'”

TABLE 2

MOoLAR ELLIPTICITIES OF THE Q§_o BANDS AS A FUNCTION OF THE
SUBSTITUTION PATTERN AT C-3 AND C-6.

101S) R':z -COOCH, , R? = - OCH,

10(R) R'= -OCH; , R?: -COOCH,
x -3

Epimers Substitution pottern Qoo () oy * 1077}

29,3b la series) C  -CH, D X:0 10(S) ; +120 10R): + 380
”\ ~,
34,38 (b series ) ¢ c-o0 D -0 10(S) © +30 PR): <10
Meso- 9- desoxo derivates |
[ R

of 20,30 5 ) D cH, 10(S) 2 W0R) . <38
9-Desoxo-9-($,R)- » L] 10(S), 9(S) } 10(R), 9(R)
hydroxy denvatives of 3a,3b } ¢ —thy o Xl osiom ] =°28 om o5 § =71

A special comment should be given on the diastereomeric 9-desoxo-9(R,S)-
hydroxy derivatives of 3a and 3b (TABLE 2). Configurational assignments at C-10 can
be made using the Soret-band region, since in the ORD spectra the ap values of the
10(S) epimers are much smaller than those of the 10(R) epimers, regardless of the
C-9 configuration. Configurational assignments at C-9 (hydroxyl group) can only be
deduced from the CD spectra below 300 nm, where difterences in the CD band
intensities are due to conformational changes of the 10-COOCH; group (cis or
trans to 9-OH).3?2

Opening of the isocyclic ring between C-9 and C-10 gives dihydroporphyrin
derivatives with considerable steric repulsion between C-7 and C-y.° The increased
distortion of the macrocycle (inherent-dissymmetric chromophore) is immediately
reflected by strongly enhanced amplitudes of the CE curves, as evidenced by chlorin-
e trimethyl ester (5) and isochlorin-e4 dimethyl ester (6) as compared with pyrome-
thylpheophorbide a (1)2¢ (FIGURE 7). Similar effects are observed with meso-
alkylated chlorobium chlorophylls of the 660 series.'”

Transesterification of the propionic methyl ester side chain by various aliphatic
alcohols, cyano ethanol, p-bromophenacyl! alcohol, and 3-benzimidazolyl propanol
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FiGUre 7. The effect of steric strain on the main CE curves (dioxane) in the Soret band
region of y-substituted chlorins.

leaves the ORD/CD spectra of the macrocyclic chromophore practically unaltered
or has a minor influence (menthol, phytol.?>? This may be expected, since these
structural modifications are remote from the chromophoric system.

ORD and CD of 7,8-cis-Pheophorbides: Absolute Configuration—the Influence
of C-7 and C-8

Pheophorbides of natural origin and those obtained by racemization'® or
synthesis® have the thermodynamically favored 7,8-trans configuration. The com-
bined contributions of both asymmetric centers C-7 and C-8, substituted by different
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groups, are therefore inherent to their chiroptic properties as analyzed by ORD and
CD measurements. In order to be able to differentiate between the chiroptic effects
of these two asymmetric centers, one must have at hand the corresponding 7,8-cis-
pheophorbides. It is known that alkyl-or aryl-substituted porphyrins can be stereo-
selectively reduced to either the corresponding 7,8-cis-chlorins®? or to the racemic
7,8-trans-compounds.3#

We utilized the stereoselective reduction of suitable porphyrins in an indirect
approach to cis-pheophorbides, using the following reaction sequence (FIGURE 8):
trans-pheophorbides were dehydrogenated to the corresponding pheoporphyrins by
HI isomerisation or treatment with Pd in glacial acetic acid. The pheoporphyrin
zinc complexes were subsequently rehydrogenated by a Krasnovskii type photo-
reduction with ascorbic acid and DABCO in ethanol.?* Since the 2-vinyl group was
reduced in the first reaction step, this group was also catalytically hydrogenated in
the reactant trans-chlorins used as reference compounds for configurational as-
signments.

. ) .
7(S),8(S) -trans-Chlorins Bheoporphyrins 2 Rem LY
188 R':COOCH; RZ.0CH)

1g R'.0CHy  R?.COOCHy

H5€00C

/1. C00CH; R?: OCHy
R 00Hy  R2.COOCHy

coock,

1 viag

1Rk LA 5 Rm L

28 R'iCOOCHy R2.0CH, 29 ' CO0CH; RZ.0CH,

W R 0CHy  R2.CO0CHy W R 0oy #2. CO0CH, TR, 81S)
X :einyt

g ®m ”.u

g R': CoOCHy A2 OCHy

S
5

R': 0CHy A2: CO0CHy

FIGURE 8. Reaction sequence for the preparation of 7,8-cis pheophorbides.

Starting with pyromethylpheophorbide a (1), racemic 7,8-cis|l-mesopyromethyl-
pheophorbide a (7a, 7b) was obtained by this dehydrogenation-hydrogenation
sequence (via phylloerythrin methyl ester 14). 7a, 7b was free of the trans epimer
within analytical error (less than 5%, as measured by NMR). The racemate 7 was
partially resolved by chromatography on acetylated cellulose. According to their
“mirror image type”’ of ORD spectra, the enantiomers 7a and 7b have somewhat
different enantiomeric purities.®®

In order to obtain optically pure 7,8-cis-pheophorbides, we started with reactants
with an additional asymmetric center. The epimeric 10(S,R)-methoxy methylpheo-
phorbides a (3a/3b) of known absolute configuration (see above) were best suited for

Il Evidence for the relative cis configuration was obtained from the absorption spectra
(bathochromic shift of the visible bands), the NMR spectra (enhanced anisochrony of the
10-methylene protons) and the mass spectra (strong (M-2)* peak.3°
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this purpose since, under basic and slightly acidic conditions, they are configuration-
ally stable at C-10.32 The 10(S,R)-methoxy pheoporphyrins 9a and 9b obtained by
HI isomerization of 3a and 3b turned out to be optically pure enantiomers, as
demonstrated by NMR data¥ and their mirror image ORD spectra (FIGURE 9).
Photoreduction of 9a and 9b resulted in the formation of two pairs of diastereomeric
7,8-cis-chlorins, 10a/10b and 11a/11b, respectively. As indicated by the schematic
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FiGURE 9. ORD spectra (dioxane) of the enantiomeric 10(S)- and 10(R)-methoxy pheo-
phorphyrins 9a and Sb.

drawings (TABLE 3), these four diasteromeric cis-pheophorbides a form two pairs of
enantiomers (10a/11b and 10b/11a). Their CD (FiGURE 10) as well as ORD spectra
are, therefore, mirror images of each other.

The absolute configuration at C-7 (and consequently at C-8) could be determined
(relative to C-10) by NMR spectroscopy; the C-7 proton cis to the 10-OCH; group
is more strongly deshielded than that c¢is to the 10-COOCH group, as shown for
a series of 10-alkoxy methylpheophorbides a and b .!3:25:27 Independent of the NMR
data, the absolute configuration at C-7 could likewise be derived from the CD or
ORD spectra in two different ways: as shown in FIGURE 11, the CD spectrum of the
7,8-cis pheophorbide 10a is very similar to that of the 7,8-trans compound 12a,
except for the Qb.o-band whose intensity is diminished to about one half of that in
12a. The same is true for the CD spectra of the two 7,8-cis/trans compounds 10b and

9 In the enantiomers, the corresponding methine hydrogens («, 8 and 8) become magneti-
cally nonequivalent by addition of / as chiral shift reagent.32



.0 '
o o
® ] . .‘.
308 404 e s ' hd
&l we co(e) : oo
1 o 28 :
R4 .T HLOOC  HEOOC .oc»q
1 CD(E) HyCOOC HLO COOCH, . * ’
. 2o « : g 7(S).8(R),10(R)
N 7(5),0(R),10($] : :
I o rELam0E o ! -
i) . .
S N Qg.0 . 433 .
I N ;m 3 Lo -
: Do ‘ g - '
1 N . ‘ B /\
' ‘ . . ’
' A \/ V ~ //_'
-1 | ’l ' ! ‘: \/
-2 L N 3 '
X o ;
A BT :
v
"y *
. -8 . =
-6 HLOOC MO COOCH,
- 0 7(R), 8(5).10(S)
R 7(R),8(5).10(R) 0
) 30 ry %00 Aom) 600 0 30 “o 5% Nom) 60
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12a and 13a.
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13a**. Since the C-10 configuration of all four compounds is known to be 10(S),
only one of the two remaining asymmetric centers C-7 or C-8 determines the spectral
characteristics of the molecule (signs of all CD bands as well as fine structure); the
other aysmmetric center merely affects the band intensities to a minor extent.

It appears reasonable to postulate that the more space-filling substituent deter-
mines the sign of the CD bands, i.e., the propionic methyl ester side chain at C-7
and not the C-8 methyl group. According to this argument, 10a has a 7(S) configur-
ation (as does 12a) and 10b has a 7(R) configuration (as does 13a). Since both com-
pounds 10a and 10b are cis-pheophorbides, their complete configurational as-
signment is 7(S)8(R)10(S), for 10a and 7(R)8(S)10(S) for 10b. Their enantiomers
11b and 11a must be denoted as shown in FIGURE 10 and TABLE 3.

TABLE 3
SCHEMATIC DRAWINGS OF THE EIGHT 10-METHOXY meso-METHYLPHEOPHORBIDES a
(LOWER PART OF THE MACROCYCLE VIEWED PARALLEL TO THE MOLECULAR PLANE).

17,8-trans 2.8-ci
COOCH; COOCH;
CHy H  OCHy H OCH, CH, OCH, H H OCH
=0 ¥—e0 - F—e0 R
H COOCH;  CHy H  COOCHy H H  COOCH, CHy C0OCH;
COOCH3 COOCH,
13a 120 10a 10
COOCH; 3
CHy H COOCH; H CH, COOCH, H H  COOCH,
R ) )ﬂ—-i’--u)ﬁ-—co ----- =0
H OCH, CHy H OCHy H H OCHy CHy OCH,3
COOCH; COOCH3
13b 12b Na 11b

There is yet another chiroptic argument for the configurational assignment of
the cis-pheophorbides. FIGURE 12 shows the CD spectra in the uv region (340-220nm)
of the 10(S) and 10(R)-methoxypyro compounds 4a/4b, the 7,8-trans 10(S) and
10(R)-methoxy mesomethylpheophorbides a (12a, 12b), and of the two 7,8-cis
pheophorbides 10a and 11a of known absolute configuration at C-10. The sign of the
CD band at 285 nm is clearly determined by the configuration of the 10-methoxy
group (negative in the 10(R) and positive in the 10(S) series, irrespective of the
presence of the 10-carbomethoxy substituent). The shorter wavelength band indicated
as CD(E) at 234 or 248 nm, respectively, must originate from the 10-carbomethoxy
group since these CD(E) bands are absent in both 10-methoxypyro compounds

** 13a and 13b were not prepared; their CD spectra are the mirror images of the known
12b and 12a, respectively.
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FIGURE 12. CD spectra in the uv region; assignment of the CD(E) band to the ,B,y-un-

saturated 10-carbomethoxy chromophore.

4a and 4b. Spectral position and intensity of these CD bands suggest that they are
due to an inherently disymmetric chromophorett formed by the 10-ester carbonyl
group and the C-7a, C-y double bond,'* 2% as shown in FIGURE 13a and b. The 10(S)

1 B-y-unsaturated carbonyl compounds (ketones, aldehydes) form an inherently dis-
symmetric chromophore if the geometry of the two groups is such that their orbital system
can overlap dissymmetrically*®; in pheophorbides this is only possible with the , 7a-double
bond. Further examples of f,y-unsaturated carboxylic esters were published by Snatzke.?”
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7(S),10(R)

neg.CD(E) band at 235nm

7(S),10(S)

pos. CD(E) band at 248 nm

FIGURE 13. Mirror image geometry of the inherently dissymmetric f3,y-unsaturated 10-
carbomethoxy chromophore.

configuration implies the geometry pictured in FIGURE 13b and, therefore, a posi-
tive CD band (248 nm); the 10(R) configuration indicates the mirror image
geometry (FIGURE 13a) and, therefore, a negative CD band (234 nm). §§

The question arises of why these CD bands occur at different wavelengths (at
234 nm for both 7(S) and 10(R) epimers 12b/11a, and at 248 nm for both 7(S) and
10(S) epimers 12a/10a). The answer is that this must be due to deviations from the
perfect mirror image geometry of both inherently dissymetric chromophores. The
equilibrium conformation of the 10-carbomethoxy group will certainly be deter-
mined by the configuration of the neighboring space-filling 7-propionic ester side
chain, which can be orientated cis or rrans. The spectral position of the CD(E) band
then indicates the relative configuration between the 10-carbomethoxy group and
the 7-propionic ester side chain. We therefore assign both cis-pheophorbides of
FiGURE 12 the 7(S) configuration (cf. 11a/12b and 10a/12a). The configurations of
the two other cis-pheophorbides 10b and 11b are deduced from their mirror image
CD spectra (FIGURE 10). This configurational assignment is in agreement with the
first one.

Conclusions

The results discussed so far indicate a dominant influence of the C-7 configuration,
as compared to that of C-8, on the entire spectral range of the CD spectra of pheo-
phorbides. The Q.o band is the only strongly affected one (FIGURE 11). Recent
calculations of Sauer?? predicted that C-7 and C-8 would make contributions of
nearly equivalent magnitude to the rotational strength of both Qq.¢ transitions of
chlorophyll a. The Q%.o-band is reduced to about one half in the CD spectra of the
metal-free cis-pheophorbides as compared to the trans compounds (FIGURE 11),

§§ This correlation presents independent evidence for the absolute configuration of the
10-carbomethoxy group.
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and the same is indicated for the Q3., CE from ORD measurements. ||| Nevertheless
the chiroptic effect of C-8 on the Q bands is much weaker than that of C-7.

The strong influence of the C-7 configuration may be explained by some con-
formational details of the macrocylce which can be deduced from x-ray analyses.
The macrocycle has been shown to be slightly nonplanar in various porphyrins.4°-4!
The atoms belonging to the aromatic system stick out of the least-squares plane by
some hundredths of an angstrom and the double bonds are also distorted to some
extent. However, the deviations from planarity are so small that the 7-orbital overlap
is kept at a maximum. Since the macrocycle behaves as a rigid system, local distor-
tions caused by steric strain are transmitted over the entire macrocycle. Thus, the
molecular geometry may be described as that of a shallow saucer.

Within the framework, the phylloerythrins (porphyrins with an additional ring
E) investigated by Petterson*' behave normally. Ring D is completely included in the
aromatic system and is planar in the above sense, although considerable steric strain
is introduced by the y-substituent (ring E). In contrast, ring D is strongly distorted
in methylpheophorbide a (2).28:3° Flexibility is much enhanced by sp?® hybridization
of C-7 and C-8,99 C-7 is bent up and C-10 is pushed down below the plane. These
deviations are markedly greater than in porphyrins.

In 2, C-7 is located 0.29 A above and C-10 0.14 A below the least-squares plane,
and the dihedral angle C,o — Cy-C7,-C5 is 16°. The values for vanadyl deoxophyl-
loerythroetioporphyrin are 0.11 A, 0.05 A and 5°, respectively.*®

The molecular geometry of y-substituted chlorins may therefore be compared to
one turn of a very flat coiled spring or helix, which takes on properties of an in-
herently dissymmetric chromophore. The configuration of the space filling 7-pro-
pionic ester side chain then determines whether C-7 is bent up or down. This induced
chirality of the macrocycle determines the sign of the main CD band or CE curve,
corresponding to the Soret band maximum at about 410 nm, as well as that of the
longwave Q%.o Cotton effect (footnote on the previous page). Therefore, only the
7(R) pheophorbides 10b, 11b, 13a, b have a negative main CD band FiGuUres 10,11)
whereas all pheophorbides investigated until now with natural 7(S) configuration,
have a positive one, irrespective of the configurations at C-8, C-9, and C-10. In
addition, this band is strongly enhanced by an increase of steric repulsion due to the
opening of ring E, as shown by the y-substituted chlorins 5 and 6 in FIGURE 7.2¢

On the other hand, the sign of most CD bands in the uv region, and of some
weaker B bands is determined by the C-10 configuration (compare 3a/3b, 4a/4b,
10a/10b, 11a/11b). The same is true for the Q%., band, if the C-10 substituent has a
large perturbation effect (compare 1/2). However, the geometry of the macrocycle
seems to remain unchanged by substitution or configurational inversion at C-10,
as shown by the additivity of the CD increment spectra (FIGURE 6).
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1l Semiquantitative results of the longwave Q}%_, transitions were obtained from the
ORD spectra.32 The amplitude values are reduced to about one half in the cis pheophorbides
as compared with the zrans compounds. In the 7(S), 8(R) cis diastereomers 10a and 11a, the
sign is negative as in all 7(S), 8(S) rrans pheophorbides examined until now. In the 7(R),
8(S) diastereomers 10b and 11b, however, the sign of the long wavelength transitions is
positive.

49 In addition to the displacement of the 7,8-substituents out of plane,® the enhancement
of ring flexibility is an important factor for the release of steric strain.
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