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t. JNTRODUCTION

The role of NMR in the study of com-
pounds of biological importance is
widely recognized and appreciated.
There can be few categories of such
substances, however, to which NMR has
made such substantive contributions as
it has to the wunderstanding of the
chlorophylls and the corrins. The
chlorophylls are indispensible agents
in the conversion of the energy of
light te chemical oxidizing and reduc-
ing capacity. The natural corrins are
coenzymes for a number of enzyme
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systems involved in important isomeri-
zation and methyl group transfer reac-
tions, and are intimately involved in
protein and probably also in lipid and
carbohydrate metabolism. Vitamin Bi2
plays a very important part in hemo-
poiesis (stimulation of red blood cell
formation), and together with folic
acid participates in the formation of
deoxyribonucleotides from ribonucleo-
tides. Applied to the <chlorophylis,
NMR has provided information relevant
to such aspects as the sites of
exchangeable hydrogen, keto-enol tau-
tomerism, the biosynthetic pathways of
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chlorophyll formation, hyperfine inter-
actions in chlorophyll cations and
other paramagnetic chlorcphyll species,
as well as more conventional NMR infor-
mation useful in establishing the chem-
ical identities of several chlorophylis
~of previously unknown structure. Per-
haps the most important contribution
from NMR to an understanding of .chloro-
phyll behavior is the delineation of
the coordination donor-acceptor proper-
ties of the chlorophylls that largely
determine the state of chlorophyll in
viva. For the corrins, clarification
of the path of biosynthesis and the
variables that affect their coenzyme
activities has up to now been the most
significant contribution from NMR stud-
ies.

{1. THE CHLOROPHYLLS

The chlorophylls constitute a small
group of closely related compounds
whose function in nature is to collect
light quanta and to use the subsequent
electronic excitation energy to effect
charge separation. The oxidizing and
reducing power so produced is then used
to drive redox reactions that would
otherwise not proceed spontaneously.
Useful introductions to the role of
chlorophyll in photosynthesis have been
provided by Govindjee and Rabinowitch
(1}, by Clayton {2), and by Govindjee
(3).

A. Structural Features

The chlorophylls are cyclic tetra-
pyrroles, and thus belong to the por-
phyrin family. There are both important
similarities and differences between
the chlorophylls and the more widely
studied porphyrins. The side chains of
the tetrapyrrole macrocycle |, i.e.
methyl, ethyl, vinyl, and propionic
acid, are much the same in both porphy-
rins and chlorophyllis. The side chain
positions likewise for the most part
appear to be identical, arguing for
similar biosynthetic pathways. The
chlorophylls, however, all have an ali-
cyclic 5-membered ring V (Figure 1),
which contains a keto carbonyl function
at position C-9. Most of the chloro-
phylls contain a carbomethoxy group at

L
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Figure 1. Structure and numbering of

the chlorophylls. 1, Chlorophyll a (Chi
a); 2, pyrochlorophyll a (Pyrochl a);
3, chilorophyll b (Chl b); L, bacter-
iochlorophyll a (Bchl a). The methyl
chlorophy!lides have the same macrocy-
cle as the chlorophylls, but the phytyl
moiety is replaced by -CHas. The removal
of the central Mg and its replacement
by 2H from chlorophylls and methyl
chlorophyllides forms pheophytins
(Pheo) and methyl pheophorbides,
respectively. Chlorophylls ¢ and ¢
have an acrylic acid side chain at
position 7 in structure 1; in Chl ¢c2, a
vinyl group is also present at position
L. Both Chl cy and c2 lack any esterif-
ying alcohol at position 7C. Bacter-
iochlorophyll b has only an ethylidene
group, =CH-CHa at position b in struc-
ture 4.  Protochlorophyll a is identi-
cal with 1 except for the absence of
protons 7 and 8. The protons at posi-
tions 7 and 8 are also missing in Chl
¢y and co2.

Bulletin of Magnetic Resonance



the 10 position, but in several
important chlorophylls the carbomethoxy
group is repiaced by an H atom. Ring V
is a structural feature unique to the
chlorophylis. it is this feature that
is mainly responsible for the rich and
complex chemistry characteristic of the
chlorophytls. The proton at C-10 in
chlorophylls containing a carbomethoxy
group is part of a B-keto ester system,
which can undergo enolization. Enoliza-
tion is associated with epimerization
at the chiral center at C-10, and is
implicated in a very complicated set of
oxidation (allomerization) reactions by
molecular oxygen that occur at position
C-10, which ultimately results in the
rupture of ring V. txcellent reviews
on the chemical properties and reac-
tions of the chlorophylls by Seely (4)
and more recently by Jackson (5) are
available.

The central magnesium atom chelated
by the chiorophyll macrocycle is a reg-
ular rather than a transition metal ion
such as is present in porphyrin-con-
taining respiratory pigments, oxidases,
and the like. The Mg atom of the chio-
rophylls has significant electrophilic
properties found to a distinctly lesser
extent in the corresponding transition
element compiexes. The keto C=0 group
at C-9 in ring V endows the chlorophyll
molecule with nucleophilic properties
that have no parallel in the porphy-
rins. Esterification of the propionic
acid by phytol, a long-chain aliphatic
alcohol, makes for solubility proper-
ties different from those of heme,
which contains the free acid. The
chlorophylls are for all practical pur-
poses insoluble in water and must be
studied in organic solvents. There are,
of course, many other important differ-
ences between chlorophylls and porphy-
rins, but those indicated here are per-
haps the most significant in terms of
their consequences for NMR spectros-
copy. By far the best studied chloro-
phyil is chlorophyll a (Chl a) the
principal chlorophyll in green plants
and blue-green algae (cyanobacteria),
and most of the discussion in this
review will deal with this chlorophyil.

B. Experimental Aspects
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The susceptibility of chlorophylls
to oxidation by molecular oxygen neces-
sitates special precautions in record-
ing NMR spectra. Reaction with oxygen
in polar organic solvents, particularly
methanol , rapidly produces sufficient
allomerized chlorophylls to complicate
spectral interpretation. The allomer-
ized chlorphylls are similar in chemi-
cal structure to chlorophyll itself,
and the spectrum of a mixture of
closely related but not identical com-
pounds may show broad, poorly resoived
resonance peaks. Even 1% by weight of a
compound of low molecular weight can
produce an equimolar concentration of
an impurity resonance. Samples for NMR
are preferably dissolved in purified
and inert solvents, and the sample
tubes sealed off in a high vacuum after
thorough degassing. The manipulation
of chlorophylls is best carried out in
ni trogen-atmosphere gloved boxes. Chlo-
rophyll samples for NMR kept in air may
be altered so rapidly that they can no
longer be safely used after only a few
hours, but NMR samples prepared from
pure components in sealed tubes show no
changes for months or even years. *H
and '3C chemical shifts are given in §,
ppm, relative to TMS, unless otherwise
indicated.

C. Chemical Shift Assignments

Despite the structural complexity of
the chlorophylls, chemical shift
assignments are straightforward, and
indeed, more readily accomplished than
in the case of many simpler appearing
compounds. There are many protons on
the chiorophyll macrocycle sufficiently
isolated not to experience spin-spin
interactions sufficient to complicate
the spectra; the methine protons, the
proton at position C-10, the methyl
groups (in Chl a) at positions la, 3a,
Lb, and 10b are well-separated and thus
appear as singlets. Where spin-spin
interactions occur, as in the vinyl
group at position 2, the protons of
ring 1V, and the ethyl group at posi-
tion Lk, the resonances are still well
separated, and their multiplicity con-
tributes to. the assignment. Where a
high-field resonance originating in a
macrocycle side chain is overlaid by
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resonances from aliphatic protons in
the phytyl chain, the phytyl group can
be replaced by transesterification with
methanol. The methyl pheophorbides
(Mg-free derivatives) and methyl! chlo-
rophyllides (obtainable in situ enzy-
matically) have simple spectra in which
all of the macrocycle proton resonances
are clearly visible.

The highly characteristic features
of the chlorophyll 'H NMR spectra are,
however, to a considerable extent the
result of interatomic induced fields
. originating in the highly aromatic mac-
rocycle. Such ring current effects have
long been known to be important in the
H NMR spectra of aromatic compounds,
and were early recognized by Becker and
Bradiey (6) and Abraham (7,7a) to have
particular significance for porphyrin
and chlorin NMR. The ring current cal-
culations of Janson et al. (8) for oli-
gomeric silicon and germanium phthalo-
cyanins have been successful in
calculating ring current
these compounds, but this method has
yet to be applied to the chlorophylls.
Abraham et al. (7a) have advanced a
double dipole model of the macrocyclic
ring current in the dehydroporphyrin
ring of chlorophyll derivatives. This
" model accounts reasonably well for !H
chemical shift differences between cor-
responding protons in methyl pyropheo-
phorbide a and its. porphyrin analog
2-vinyl-phylloerythrin methyl ester, in
which the additional hydrogen atoms
present in Ring IV of the methyl pyro-
pheophorbide a have been removed by
oxidation. In a qualitative way ring
current effects account for the unusu-
ally broad range of chemical shift val-
ues typical of the chlorophylls. The !H
NMR chemical shifts of Chl a have a
range of 10 ppm, and the Mg-free pheo-
phytins a range of 12 ppm. The methine
protons in the plane of the macrocycle
are deshielded and appear at unusually
low field. The ring methyl, vinyl, and
propionic acid protons are likewise
deshielded to a significant extent. |In
the pheophytins {chlorophylls in which
the Mg is replaced by 2H}) the H atoms
attached to the pyrrole N are strongly
shielded by the ring current and come
into resonance several ppm above TMS.
The ring current model of Abraham et
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shifts in-

al. (7a) suggests that the alicyclic
ring V has no appreciable effect on the
macrocyclic ring current, but that the
keto C=0 group at position 9, and the
addition of 2k atoms in ring IV in the
chlorin both reduce the ring current by
about 6 and 10% respectively. The sen-
sitivity of the ring current effects to
geometry is primarily responsible for
the unusual amount of structural infor-
mation that can be deduced from NMR
data on chlorophyli-nucleophile and
chlorophyll-chlorophyli interactions _
(cf. sections |1.D.3 and 4).

1. *H NMR Chemical
Pheophorbides

Shifts of Methyl

A1l of the macrocycle ring protons
of Chl a (33 of the 72 protons in the
molecule} have been assigned. The com-
plete spectral assignment of Chls a and
b depends to a considerable extent on
the assignment of resonances of the
corresponding methyl pheophorbides
{chlorophylls ‘in which the central Mg
atom is replaced by 2H and the phytyl
chain by a methyl group). Partial
assignment of the *H NMR of the chlor-
phyll derivatives chlorin es (9), and
rhodochlorin dimethyl ester (9), and of
the methy! pheophorbides of the chloro-
phylls from green photosynthetic bacte-
ria (10) had been made prior to the
full assignment of the methyl pheophor-
bide a and b chemical shifts by Closs
et al. (11). A review of chlorophyll
NMR work prior to 1966 describes the
rationale of the chemical shift assign-
ments of the methyl pheophorbides (12},
and more recent reviews (13-15) cover
subsequent developments.

Table 1 summarizes *H NMR chemical
shift data for the methyl pheophorbides
derived from a number of important
chlorophylis. The low field chemical
shifts originate from the methine
bridge protons and the proton of the
formyl group in methyl pheophorbide b.
The methine assignments for methyl
pheophorbide a are based on the consid-
erations that the proton lies between a
pyrrole and a pyrroline ring and
should, therefore, be the most shielded
methine proton (6,9), and that the B
methine proton, because of its proxim-
ity to the ring V keto carbonyl group

Bulletin of Magnetic Resonance
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Table 1

'H NMR Chemical Shifts?of Methyl Pheophorbides in C*HC1a(12)

Methyl Methyl Methyl Methyl Methyl 2-vinyl
Pheophorbide a Pyropheophorbide a Pheophorbide b Bacteriopheophorbide a Bacteriopheophorbide cb

Proton (0.06M) (0.06M) (0.08M) (0.04M) (0.05M)
@ g.15 9.20 9.76 8.96 9.44
[5] 9.32 9,32 8.89 8.47 9.49

] 8.50 8.50 8.47 8.40 -

2a 7.85 7.98 7.75 - 7.90
2b 6.12/6.04 i 6.25/6.15 6.16/6.08 3.15° 6.22/6.09

10 6.22 . 5.13 6.22 6.08 5,23

8 4.40 4.42 4.45 4,289 4.57

7 4.13 4.23 4.15 4.02¢° n.r.

6-CHa - - - - 3.86

10b 3.88 - 3.95 3.84 -

Sa 3.62 3.58 3.46 3.48 1.96f

7d 3.57 3.58 3.62 3.57 3.60

4a 3.48 3.50 3.37 2.20 1.67

fa 3.32 3.35 3.28 3.44 3.48

3a 3.15 3.13 10.58 1.72 -

8a 1.82 1.72 1.88 1.79 1.48

ab 1.60 1.55 1.48 1.10 {1.67
N-HS -1.75 -1.85 0.83 0.46 -

-2.15 -0.96

a) In &6, ppm, downfield from TMS. b) A mixture, with position 4 occupied by ethyl, n-propyl, and i-butyl, and posi-
tion 5 occupied by methyl and ethyl. The a~-hydroxyethyl group normally present in Bcht d has been converted to vinyl
(32). <) The methyl group of the acetyl group at position 2. d) Includes the proton at position 3. e) Includes the

proton at position 4. f) The methyl! group in an ethyl group at position 5. g) The pyrrole nitrogen atoms. The 2 pro-
tons are not equivalent and may appear as two resonances. A minus sign indicates a shift at higher field than TMS.



is more strongly deshielded than the a
proton. i{n methyl pheophorbide b, the
assignment of the a« and B protons is
reversed on the presumption that the
formyl group should strongly deshield
the a proton so that its resonance in
the b series appears at the lowest
field for the methine protons. In
methyl bacteriopheophorbide a, all
three of the methine protons are posi-
tioned between a pyrrole and pyrroline
ring, and all three resonances are at a
relatively high field. The a proton
must be the least shielded because of
.the acetyl C=0 group at position 2, and
the assignments of the B8 and & reso-
nances are based on the arguments used
for the assignment in methyl pheophor-
bide a. These methine assignments are
consistent with the results of disag-
gregation titration experiments
described in section 11.D.4,

The resonances in the region 5-8 ppm
are assigned to vinyl or to other
strongly deshielded substituents. The
vinyl group at position 2 in methy!l
" pheophorbides a and b and methy! pyr-
pheophorbide a are easily recognized as
an AMX spin-splitting pattern, from
which by a standard analysis, the fol-
lowing coupling constants for methyl
pheophorbides a and b respectively (in
Hz) can be extracted: 194 (x) 1 () |
18.7, 18.3; ldex)H(g)l 10.9, 11.2;
and IJH(A)H(B)I 1.0, 1.6.

The C~10 proton in methyl pheophor-
bide a and b, is assigned to a sharp
resonance at ~6.2 ppm, which coincides
in many solvents with the high fielid
portion of the vinyl proton resonances.
Assignment is made on the basis of ring
current considerations and the proxim-
ity of deshielding functional groups;
the exchange behavior of this proton
confirms the assignment. Iin methyl
pheophorbide a2 and b, there are two
protons at the C-10 position, and these
are not magnetically equivalent, having
chemical shifts that differ by about
0.12 ppm. These two protons yield a
highly distorted AB pattern (Aé 6 Hz, J
~ 20 Hz) in which the two central reso-
nances . of the expected quartet are the
most prominent features. The magnetic
non-equivalence of the two proton sites
at the tetrahedral C-10 provides impor-
tant information about the epimers of

8

the natural
11.C.3).

The 1low intensity multiplets near
4.35 ppm in all the methyl pheophor-
bides have been assigned to the protons
at position 7 and 8 (and positions 3
and 4 in Bchl a and its derivatives) on
the basis of shielding considerations
and the complicated splitting patterns
expected for these protons. These
assignments have been confirmed by
decoupling experiments that show the
J-proton is coupled to the methylene
protons of the propionic acid side
chain at ~2.50 ppm, and the 8-proton to
the high field methyl group doublet at
~1.80 ppm. A maximum coupling constant
of ~2.8 Hz has been estimated for the
spin-spin interaction between the 7-
and 8-protons, which is consistent only
with a trans relationship between the
proton and the alky! groups in ring 1V.
The chemical shift difference between
the 7- and 8-protons is surprisingly
large. Originally it was attributed to
the deshielding effect of the adjacent
carbomethoxy function at position 10.
However, the difference in chemical
shifts occurs also in the pyro-deriva-
tives of chlorophyll, in which the car-
bomethoxy group has been replaced by H.
The chemical shift difference between
the 7- and 8-protons probably arises
from the anisotropy of the macrocyclic
ring. As the macrocyclic ring is not
planar, the 7- and 8-protons may occupy
positions that place them at different
distances from the ring and so subject
them to differing ring current desh-
ielding. Another possibility is that
the chemical shift differences between
the ring |V protons are the result of
substitution at the v methine position,
as Abraham et al. (16) have shown that
the effects of methine substitution in
porphyrin NMR spectra are much larger
than can be accounted for by the
resulting changes in bond anisotropies.

The macrocycle ring methyl groups at
positions la, 3a, b5a, and 10b have
resonances located between 3 and 4 ppm
and have been assigned with considera-
ble certainty. In the methy! pheophor-
bides, the resonance of the CHa-group
on the propionic side chains can be
differentiated from the methyl group of
the carbomethoxy function at position

chlorophylls (section
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10 by the synthesis of [C'H3]-2H methy]
pheophorbide by transesterification of
the phytyl group of fully deuterated
Chl a with methanol of ordinary isto-
topic composition; under the usual
transesterification conditions only the
propionic ester function undergoes
reaction. The isotope hybrid methyl
pheophorbide in which the position of
the C*Ha-group is independently estab-
lished makes possible an unequivocal
assignment of the ester methyl groups
in the methyl pheophorbides, and illus-
trates one of the ways in which fully
deuterated chlorophyils (17) find use
in NMR spectroscopy. The assignment of
the remaining macrocycle methyl groups
is largely from the disaggregation
titration studies described below.

The assignment of the high-field
proton resonances of the methyl pheo-
phorbides is completely straightforward
and follows directly from double reso-
nance experiments. The elimination of
the large group of resonances from the
phytyl moiety greatliy simplifies the
spectra and does not significantly
affect the position of the macrocycle
proton resonances. The chemical shifts
of the pheophytins are to a good first
approximation the sum of the methyl
pheophorbide and phytol chemical
shifts. As the capabilities of modern
NMR spectrometers have improved it has
become possible to see many more highly
resolved phytyl resonances. This is
particularly the case when chlorophylis
or pheophytins of suitable adjusted
isotopic composition are used. In
2H-Chl a containing 1% H, all the
methyl resonances of the phytyl moiety
can be seen under 2H-decoupling, as
well as a number of the -CH2- reso-
nances. These are at present unas-
signed, but there is no reason to sup-
pose that an assignment will not be
forthcoming in the future. The phytyl
resonances are given in Table 2.
Because of the near identity of the
chemical shifts of the pheophytins and
the methyl pheophorbides, those of the
pheophytins are not tabulated here.

A solvent sometimes employed in NMR
studies because it contains no protons
is trifluoroacetic acid~ds, CF3C022H.
This is an excellent solvent for the
pheophytins, and as it is free of

Vol. 5, No. 1/2

non-exchangeable protons, finds use in
'H NMR work. It should be pointed out
that the pheophytins are di-protonated
in this strong acid, and form dica-
tions, pheoH2’". Trifluoroacetic acid
has also been employed as a solvent for
the chlorophylls, on the unfounded
assumption that the central Mg atom is
retained. In fact, the chlorophylls
dissolved in trifluorcacetic acid lose
their Mg atom and are protonated and
converted to the dication of the corre-
sponding pheophytin. Not only are the
optical properties of pheoH:'' remarka-
bly similar to those of the correspond-
ing chlorophyll, but the ?H chemical
shifts of the two are also very similar
(18) .

Unlike the case of the Mg-containing
chlorophylls, the chemical shifts of
the Mg-free pheophytins and pheophor-
bides are strongly concentration depen-
dent. As the concentration increases,
w-r stacking occurs to an increasing
extent (11,12), but as stacking occurs
with only partial overlap, selective
ring-current chemical shifts are
observed. The coordination interactions
between chlorophylls yield products of
rather different geometry, and the
effects of concentration on chlorophyll
NMR spectra are considerably smaller
than for the Mg-free derivatives.
Brockmann et al. (19) have examined the
concentration dependence of the *H NMR
spectra of methyl pheophorbides poss-
essing an a-hydroxyethyl group (deriva-
tives of Bchl ¢). At high concentra~
tions (>0.1 M) doubling of many of the
resonance lines is observed, which is
interpreted by Brockmann et al. to be a
consequence of aggregate formation.
This conclusion is somewhat suprising,
as aggregates produced by either n-w or
coordination interactions involving Mg
form and disaggregate on a much faster
time scale than that of the NMR meas-
urements. Consequently, at ambient
temperature only one set of lines has
been observed in these systems. Pheo-
phorbides containing a-hydroxyethyl
groups, however, appear to show line
doubling, and this has been attributed
to hindered rotation around the C-C
bond attaching the hydroxyethyl group
to ring |. Whether hindered rotation is
responsible, or whether some other

9
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*H NMR Chemical Shifts*®

and Pyrochlorophyll a (13)

Table 2

of Monomer Chlorophylis a, b, ¢1, c2

shifts enclosed in parentheses have
with other chlorophyllis.

He . e)
g) in TFA (22).

c) in C2H3C1/C2Ha0%H
In tetrahydrofuran-2Hs

(22,23) . f)

(an. d)

Proton Chl a° Pyrochl a¢ Chi b€ Chl ¢ Chl ¢i®
Methine « 9.23 9.22 9.87 (9.95) (10.10)
B 9.50 9.46 9.55 (9.90) (10.00)
8 28 8.37 8.18 (9.80) ( 9.92)
. 3-CHO - - 10:92 - -
2-Vinyl Hy 7.92 7.99 7.85 8.28 8.33
Ha 5.97 5.99 5.98 6.34 6.35
Hg 6.13 - 6.15 6.0k 6.06
L-Vinyl H, - - - - 8.33
Hy - - - - 6.32
Hg - - - - 6.0k
7-Acrylic
VE - - - 8.89 8.99
7b - - - 6.61 6.67
10-H,,, 6.22 L.33 6.10 6.72 6.84
7 L.1y! 4.21 L.15 - -
8 k.27 k.09 .45 - -
la 3.28 3,22 3.22 (3.5-4)° (3.5-4)°
3a 3.25 3.16 - (3.5-4)° (3.5-4)°
Lb 1.72° 1.58 n.r. 1.67 -
5a 3.60 3.22 3.52 (3.5-4)° (3.5-4)°
8a 1.78¢ 1.64 n.r. (3.5-4)° (3.5-4)°
10b 3.97 - 3.95 (3.5-4) (3.5-4)°
7a 2.0-2.5 ~2.09 ~2.35 n.r. n.r.
7b 2.0-2.5 ~2.40 ~2.35 n.r. n.r.
P-1 .4 L.38
P-2 L.89 4.97
P-3 1.42 1.45
P-4 1.74 1.75
P-CH2's 1.18 1.17
1.16 1.12
P-CHs's 0.78 0.77
0.75 0.7k
0.7k 0.70
0.71 0.67
0.68 0.6L
a) Chemical shifts in 6, ppm relative to internal TMS. b) Chemical

been assigned from intercomparison
Iin acetone-
In pyridine-2Hs (24,47).
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cause must be sought for the line doub-
ling still is not clear.

2. H NMR Chemical Shifts of the Chlo-
rophyllis

Proton chemical shifts of Chl a,
Bchl a and the important derivative
Pyrochl a are listed in Table 2. The
rationale of the chlorophyll assign-
ments is very much the same as for the
methyl pheophorbides. As indicated
below, the 'H NMR spectra of the chlo-
rophylls are strongly solvent depen-
dent, and the relationship between the
spectra in polar (nucleophilic) and
non-nucleophilic solvents provided
valuable information for the assignment
of the resonances observed in nucleo-
philic solvents.

It should be noted that phytol is by
no means the universal esterifying
alcohotl in the chlorophylls. While all
samples of Chl a and b so far examined
appear to be esterified primarily by
phytol, Bchl a derived from Rhodospi-
rillum rubrum is esterified principally
by geranyl geraniol (a Czo0 alcohol with
L double bonds) (20). it has long been
known that the chlorophylls from green
photosynthetic bacteria (Bchl ¢) con-
tain farnesol {a Ci1s alcohol with 3
double bonds}). The presence of addi-
tional vinylic protons or methy! groups
in farnesol or geranyl geraniol pro-
duces additional olefinic resonances in
the region 6 L-5 ppm and this possibil-
ity must be kept in mind in the analy-
sis of pheophytin and chlorophyll spec-
tra.

Some more recently characterized
chlorophylls merit comment. Chloro-
phylls c1 and c2 are auxililiary acces-
sory pigments in marine diatoms and
brown algae. These chlorophylils are
closely related to each other and to
€hl a. Unlike Chl a, however, they are
porphyrins, not chlorins, although an
intact ring V is present in both. Chl
ci1 and ¢2 are both free acids, and lack
an esterifying alcohol at the position
7 side chain. The side-chain substit-
uent at position 7 is a transacrylic
acid group (AX pattern). Chl ¢y and c:
differ from each other in that ¢i has a
vinyl and ethyl group at positions 2
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and k, as does Chl a, but Chl c2 has
two vinyl groups at positions 2 and b
(21,22) . Deconvolution and integration
of the methine proton region can be
used to estimate the relative amounts
of Chl ¢t and c2 in a mixture of the
two (23). Chemical shifts of Chl ¢1 and
cz2 are listed in Table 2.
Bacteriochlorophyll b is present in
Rhodopseudomonas viridis and a few
other photosynthetic bacteria. This
chlorophyll is responsible for the

extreme long wavelength light absorp-

tion in these organisms. The most
striking feature of the Bchl b struc-
ture is the ethylidene side chain at
position 4, which replaces the ethyl
group present in Bchl a. The main dif-
ferences in the *H NMR of Bchl b com-
pared to Bchl a are the resonances of
the ring Il protons (13,24). Both the
3a and bLa protons give rise to double
doublets (J1 = 2 Hz, J2 = 7 Hz) at low
field (6 = 4.93 and 6.84 ppm). Double
resonance experiments show them to be
coupled to each other (J = 2 Hz) and to
a high field methyl group each (J =7
Hz). The double bond in the ethylidene
group shifts the (B-proton resonance to
lower field. All other resonances are
identical with those ot Bchl! a (Table
3).

Green photosynthetic bacteria con-
tain very complicated mixtures of chio-
rophylils whose exact structures are
still under active investigation.
Referred to in early publications as
“"chlorobium" chlorophylls because of
their isolation from Chlorobium species
(25) they are more often called bacter-
iochlorophylls ¢, d, and e. These chlo-
rophylls are unique among all natural
chlorophylls in that each appears to be
a mixture of various homologs. Thus,
Bchl ¢, d, and e are each families of
chlorophylls containing homologous
alkyl groups at positions & and 5, Bchl
¢c and e in addition contain a CHa-group
at the 6 methine position. Recently,
another series of Chlorobium chloro-
phylls isolated from Chlorobium phaeo-
viroides has been investigated and
described by Brockmann and co-workers
(26,27). This family of chlorophylls
(designated Bchl e) contains a formyl
group {established by the appropriate
CHO resonances in both the *H and *3C

1
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Table 3

'H NMR Chemical Shifts? of Bacteriochlorophylis a arnd b,

and the Methyl Pheophorbides of Bacteriochlorophylls <, gj_énd e
Methyl Methyl . Methy1l
Bchi gb Bchl gb Bacteriopheophorbide gf Bacteriopheophorbide gé Bacter iopheophorbide gf

Proton (0.06M) (0.06M) (0.08M) (0.04M) (0.05M)
ce 9.23b 9.4 9.90 9.57 10.58
3 9.50 8.93 9.41 ’ 9.28 9.42
[ 8.28 8.39 - 8.45 -

10 6.44 6.43 5.17 5.04 ©5.20
3 4.10 4.93 (dd) - - -

4 3.86 - - - -

7 4.10 4.10 4,14 4.13 n.r.
8 4.21 4.21 4 .55 4.36 4.58
2a - - 6.47 (q) 6.31 (q) 6.56
4a ~2.5 6.84 (dd) 3.68 (q) 1.68 (t) 1.72
ia (3.33) (3.34) 3.48 3.38 3.53
2b (3.00) (2.99) 2.12 (d) - 2.08 2.1%
3a 1.58 (d) 1.66 (d) 3.26 ) 3.19 11.07
4b .. n.r. 2.01 (d) 1.68 (t) - 1.2
5a : (3.44) (3.45) 3.61 3.51 4.01
8a . 1.41 (d) 1.41 (d) 1.41 (d) 1.78 1.51
10b (3.66) (d) (3.66) - - - -
5-CHa ) - - 3.85 ) - 3.86
Ta ~2.5 ’ ~2.5 - - -

7b ~2.5 ~2.95 - - -

7d - - 3.58 . 3.62 3.62
5b - - - - 1.92

a) Chemical shifts in o, ppm relative to internal TMS. Chemical shifts in parantheses are assigned by interconversion

with other chlorophylls. b) In pyridine-?H, (24). c) In C!HCla. This sample contained methy)l groups at positions 3
and 5, and an ethyl group at position 4 (30). d) In C?HCla. This sample contains an ethy] group at position 4 and a
methyi group at position 5 (31). e) In C?HCl1as. This sample contained a mixture of ethyl, n-propy! or isobutyl side

chains at position 4 (3). d) Includes the proton at position 3.



NMR spectra) and, thus, has the same
relationship to Bchl ¢ and d as does
Chl b to Chi a. All of the Chlorobium
chlorophyils  have an (a-hydroxy-
ethyl) -substituent at position 2 char-
acterized by a low-field quadruplet at
6.1-6.6 ppm and a high-field doublet.
These chlorophyllis all lack a 10 CO2CHa
group and are, thus, pyrochlorophyll
derivatives. The AB double doublet
expected for the 10-CH:> protons is
often only poorly resolved (10). The
predominant esterifying alcohol in Bchl
c (the chiorobium-650 of Holt (28)) s
farnesol, but Strouse et al. (29) have
shown that small amounts of at least
five other esterifying alcohols are
present. Risch et al. (30) have like-
wise found that the chlorophylls from
Chicroflexus aurantiacus contains stea-
ryl (CieHaz), phytyl (Cz2oHas), and ger-
anyl geranyl (C20Has), and not farnesol
as the esterifying alcohols.

To simplify the application of NMR
and mass spectroscopy, it has been cus-
tomary to eliminate the 1long-chain
aliphatic alcohol by transesterifyica-
tion with methanol, a procedure during
which the Mg is lost. The methyl pheo-
phorbides of Bchl ¢, d, and e are more
easily separated by chromatography than
the chlorophylls themselves (31). Con-
sequently, all of the available NMR
data on Bechl ¢, d, and e is for the
methyl bacteriopheophorbides. Selected
data for some of the numerous homologs
of the bacteriomethylpheophorbides are
given in Table 3.

The methyl! pheophorkides of Bchl ¢
and d have been used by Trowitzch (32)
to assign the methine chemical shifts
in methyl pheophorbide a and methyl
pyropheophorbide a. In the Bchl ¢ and d
derivatives, the a and @ protons have
distinctly different neighbors, wunlike
the situation in methyl pheophorbide a
or methyl pyropheophorbide a, and
assignment of the a and § protons is
facilitated. Conversion of the hydroxy-
ethyl! group to vinyl! converts methyl
bacteriopheophorbide d to methyl pyro-
pheophorbide a, and the spectral
changes support the original assigment
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of the methine chemical shifts of
methyl pheophorbide a.

Sanders and co-workers (33,34 have
reported spin-lattice relaxation times
(T1), nuclear Overhauser enhancements
(NOE), and long-range coupling con-
stants for the chlorophylls. The T
values for the - methyl protons depend
largely on distance from the macrocycle
and steric crowding, but the T1 values
for the methine protons are dependent
on the substitution pattern (Table 4).
in the absence of any information on
the Ty error limits it is difficult to
judge the usefulness of relaxation
times that fall in a narrow range for
making chemical shift assignments. San-
ders et al. (33) attribute line-width
variations in the chlorophyll spectra
to unresolved long-range acyclic
couplings. The assignments of Sanders
et al. made on the basis of Ti, NOE,
and long-range coupling effects agree,
however, in all particulars with previ-
ous chemical shift assignments made
from ring-current and disaggregation
considerations.

3. Chlorophyll Related Structures

A number of structures related to
the chlorophylls have been character-
ized by *H NMR., These include the epim-
ers, .enol, and the Krasnovskii photore-
duction product of Chl a, and this has
contributed significantly to the clari-
fication of some longstanding problems
in chlorophyll chemistry.

it has 1long been known that Chl a
and b, in the course of column chroma-
tography on sugar, are accompanied by
small, faster- running sateliite bands,
designated a' and b' (35). The two sub-
stances are easily interconvertible,
and it was suggested by Strain (35)
that a and a' were diastereomers, epim-
eric at carbon-10. Experimental evi-
dence for this interpretation was pro-
vided by 'H NMR studies (36)., which
showed that the diastereotopic C-10
protons of a and a' had chemical shifts
closely resembling those of the two
C-10 protons of pyrochlorphyll a.
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Table L
Spin-Lattice Relaxation Times(s) fcr Chlorophylls

Protons Chl a Cht b Methyl Methyl Bcht a
Chlorophyllide a Chlorophyilide b

a 1.0 0.8 1.3 1.5 1.0
B 0.9 0.6 1.1 1.1 0.7
5 1.0 0.8 1.3 1.3 0.6
10 1.4° 1.2 1.7° 1.6 0.8
7 0.7 - - - 0.5°¢
8 0.6 0.6 - - 0.5°
la 0.7 0.6 0.9 0.9 0.5
2b. - - - - 1.3¢
3a 0.6 - 0.9 - 0.3
Lp 0.7 0.6 0.9 0.08 0.7
5a 0.7 0.7 1.0 1.2 0.5
8a 0.4 0.5 0.5 0.5 0.k
10b 1.0 0.8 1.1 1.3 0.8
7d - - 1.8 1.8 -

a) For Chl a', T+ = 2.0 s. b) For methyl chiorophyllide a', Ti = 2.0
s. c¢) Estimated by null point because of signal overlap. d) The
methyl group of the acetyl function at position 2.

In Pyrochl! a, the two protons at C-10 protons (and other resonances as well)
are in magnetically non-equivalent in a' are easily resolved from those of
positions (37) and mixtures of Chl a a, and can often be clearly distin-
and a' have peaks in their 'H NMR spec- guished in the *H NMR spectrum of an
tra that can be assigned to analogous equilibrium mixture of Chl a and a'. In
diastereomeric C-10 protons. Recently, an 'H NMR study, Ellsworth and Storm
an alternative interpretation for the (41) have shown that the Mg-free methy!
structure of Ch! a' was revived (38), pheophorbide a' is much less prone to
which claimed. that Chl a' is the enol isomerization than is Chl a'. In chlo-
form of Chl a. To resclve the situ- roform solution at room temperature,
ation, Chl a and Chl a' were separated methy! 10-epipheophorbide a appears to
chromatographically at 0°C, and H NMR be stable indefinitely. The difference
spectra recorded on the eluted compo- in the rates of epimerization is
nents at low temperatures, where inter- attributed to conformational differ-
conversion between a and a' is very ences between the chlorophyll and pheo-
slow. Chl a and a' are clearly seen to phorbide. As in the case of Chl a and
have C-10 protons with different chemi- a', the methyl pheophorbides a and a'
cal shifts (Table 5), thus disproving have significantly different chemical
the enol hypothesis and establishing shifts for the methine, C-10, carbome-
Chl a' as the epimer of Chl a (40). In thoxy, and la, 3a, and 5a methyl pro-
further work, Hynninen and Sievers tons. .

(4oa) deduced from additional H NMR Ring V in the chlorophylls contains
data that conformational changes (puck- a B-keto ester function and is there-
ering) of the whole macrocycle occurs fore prone to enolization. In solution,
with epimerization at C-10. It is the keto/enol equilibrium in all of the
interesting to note that the methine chlorophylls is strongly displaced
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toward the keto form, and only a small,
stationary concentration of enol
appears to be present. The enol has
been implicated in the Molisch phase
test, which establishes the integrity
of ring V (42) as an intermediate in
the allomerization reactions of chloro-
phyil (4,5), and in hydrogen exchange
at position €-10 (43). |Interest in the
enol remains keen, for many models have
been advanced involving enol participa-
tion in photosynthetic oxygen evolution
{44} and in the primary events of pho-
tosynthesis (45).

Peripheral complexes are formed from
pheophytins or methyl! pheophorbides and
Mg * (46). Peripheral complex formation

-with Mg-containing chlorophylls does
not occur to a significant extent. 14
NMR shows that peripheral complexation
occurs with the enol form of the
B-ketoester system of ring V. The C-10
proton is no longer to be seen in the
1H NMR spectrum of the peripheral com-
plex. The ring-current induced shifts
in these complexes are smaller than in
the free pheophorbides. The 10-COOCHs
becomes more or less coplanar with the
macrocyclic systems, and the incremen-
tal low-field shift is wunusually low,
which is a direct result of the move-
ment of this group into a deshielding
region of the ring current. A compari-
son of the chemical shifts of methy!
pheophorbide a and its peripheral Mg
complex is shown in Table 6.

The enols of Chl a, Pheo a, and
methy! pheophorbide a have been trapped
as the tetramethylsilyl ethers (40).
The silyated enol of Chl a is labile,
and easily reverts to the original Chl
a, or s converted to the silylated
enol of Pheo a. The 'H NMR chemical
shifts of methyl pheophorbide a and its
enol trimethysilylether are compared in
Table 7. The largest changes are
observed in the chemical shifts of the
methine protons, which again implies a
large decrease in the ring current in
the stabilized enol.

The Krasnovskii photoreduction of
Chl a was the first and is possibly the
most widely studied photoreaction of
the chlorophyllis. Chl a dissolved in
pyridine can be reversibly reduced in
light by ascorbic acid to a pink photo-
product, which in the dark reverts to
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Chl a (48). The structure of the photo-
reduction product remains elusive, how-
ever, despite much study (49). *H NMR
studies have now made possible a struc-
ture assignment to the photo-product
(50) . The photoreduction of Chl a is
carried out with *H2S or 2H;S directly
in a sealed NMR' tube. When 2H2S is
used as the reductant, the already sim-
pie NMR spectrum of the photo-product
is even further simplified. From the H
NMR spectra it is immediately evident
that the photereduction of Chl a
results in the loss of the ring cur-
rent, i.e., the conjugation in the mac-
rocycle is disrupted. Most of the lower
field resonances of Chl a are shifted
to substantially higher field, while
the signals originating in the phytyl
moiety remain substantially unchanged.
The upfield sh'ift is most pronounced in
the resonances of protons closest to
the macrocycie. The upfield shifts are
of the order of 1.0-1.7 ppm for the
vinyl and ring methyl protons, and
about 6 ppm for the B and & methine
protons. As the integrated area of
these two resonances indicates the
presence of 2 protons, it is concluded
that the Krasnovskii reaction product
is B,6~dihydro-chlorophyll a. *H NMR
also establishes that the reversal of
the photoreaction in the dark restores
the original Ch) a. The increased sen-
sitivity of modern NMR spectrometers
makes it possible to study the effect
of light irradiation on chiorophyll
solutions sufficiently low in concen-
tration to permit photochemical inves-
tigations in the spectrometer probe,
and such investigations very likely
will open a new chapter in chlorophyll
photochemistry.

L. 13C NMR

All 55 carbon atoms in Chl a have
had their 13C NMR chemical shifts
assigned. General studies of the 3C
NMR spectra of chlorins have been
reported by Lincoln et al. (51), and
Smith and Unsworth (52), and Chl a
itself has been studied by a number of
research groups (53-59). Assignment of
the quarternary carbon atoms was car-
ried out by Boxer et al. (56), while
Goodman et al. (60) have assigned all
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Table 5

1H NMR Chemical Shifts® of Methine and C-10 Protons

in Chlorophyll a and a' (39)
In Pyridine-2Hs In Acetone—-2He
Proton Chil a Chl a' Chl a Chl a'
a 9.42 9.39 9.07 9.04
B 9.58 9.56 9.40 9.37
5 8.28 8.26 8.26 - 8.22
Cc-10 6.4 " 6.30 5.99 5.87

a) 6, ppm, relative to internal hexamethy

1 disiloxane.

Table 6

H NMR Chemical Shifts® of Peripheral Mg Complex of Methyl Pheophorbide a (47)

Proton Peripheral
Mg Complex®

Methyl
Pheophorbide a¢

@ 8.83
§ 9.01
é 8.00
Vinyl Hy - 7.77
Ha 6.06
Hg 5.87
10 -
7 4 .65
8 L.10
10b 3.83
7b 3.38
5a 3.1V
3a 2.95
la 2.83°
Ba 1.73,
La 3.29
Lb 1.39
N-H 2.44
N-H 2.04

9.47
9.75
8.1
8.08 .
6.23
6.05
6.61
4.29
k.42
3.76
3.52
©3.42
3.21
3.08
1.66
3.54
1.53
+0.7h
-1.48

a) Chemical shifts in 6, ppm relative

solution of pheophytin or pheophorbide a
of Mg(C104)2 in pyridine-2Hs. c¢) Spectr
regenerated by addition of 10 ul of 2H:0.

to internal TMS. b) Recorded on a
{7X10 * M) in a saturated solution
um of the free methyl pheophorbide a
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Table 7

'H NMR Chemical Shifts@ of Methy! Pheophorbide a
and the Trimethylsilylether of the Enol of
Methy! Pheopherbide a (LO)

Proton Methyl Pheophorbide a Trimethylsilyl
Ether of the Enol€
« . 9.25 8.19
B 9.33 v8.2h
é 8.18 7.03
Vinyl Hy 7.71 7.19
" H, 5.98 5.6k
Hg 5.78 5.46
10 : 6.20 -

7 : L.16 L.66
8 3.95 3.22
10b _ 3.37 3.60
7d 3.26 3.07
5a 3.18 2.73
La 3.13 2.98
la , 2.91 2.46
3a 2.90 2.37
]a 2.29 1.81
7b 2.06 1.73
8a 1.51 1.27
4 1.42 1.22
N-H 0.79 2.26
-1.38 2.4

a) Chemical shifts in 6, ppm. b)

In benzene~2He. Chemical shifts rela-
tive to internal hexamethylidisiloxane.

¢) In benzene-2Hes. Chemical

shifts relative to the trimethylsilyl group of the compound.

of the carbon atom resonances in the
phytyl moiety. Argonne studies used
Chl a enriched to 15-20% !3C and Matwi-
yoff et al. (58,59) used Chl a of 90%
'3C enrichment, in both instances pre-
pared by biosynthesis with *3C02 of the
appropriate isotopic composition.
Chemical shift assignments for the
carbon atoms of methyl pheophorbide a,
methyl pyropheophorbide a, and Chl a
are listed in Table 8. The original
assignment by Boxer et al. (56) of C-6,
C-16, and C-17 have been revised by
Smith et al. (61), Wray et al. (62),
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and Latjanen and Hynninen (62a). The
revisions have been incorporated into
Table 8. Insertion of Mg into methyl
pheophorbide a produces downfield
shifts of carbon resonances in rings |
and 11, and upfield shifts for the
resonances associated with the carbon
atoms in rings Il and |V, Coupling con-
stants (J13C—H) for carbon atoms

bearing protons are listed in Table 9.
*3C NMR spectra recorded on Chl a and b
containing 90% ?C have been made it
possible to extract a number of 13C-13C
coupling constants, which are listed in
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Table 8

13C Chemical Shifts (6, ppm)2 of Monomeric Chlorophyll z,
Methyl Pheophorbide a, and Methyl Pyropheophorbide a

Carbon No.° Chlorophyll a® Methytl Methyl
Pheophorbide a®  Pyropheophorbide a®

la 4.9 or 15.0 11.8 11.8
2a 133.4 128.3 128.5
" 2b 121.2 121.8 121.6
3a 13.5 10.7 10.8
La 22.2 19.0 19.1
Lb 20.2 17.1 17.2
5a 4.9 or 15.0 11.8 11.8
7a 33.6 31.0 51.4
7b 32.6 29.8 31.0
7Tc 175.1 172.6 29.8
7d - 51.4 172.8
7 - 53.3 51.0 51.h
8 51.8 4g.9 Lkg.7
8a 26.1 22.8 22.9
9 191.9 189.0 195.2
10 68.2 64.5 47.8
10a 173.1 168.9 -
10b 54,3 52.6 -
P 103.0 96.4 96.4
B 110.1 103.6 103.2
¥ 108. 4 104.8 105. 4
6 95.2 92.6 92.4
1 137.6 or 136.4 131.1 130.7
2 141.7 135.7 135.1
3 137.6 or 136.4 135.3 135.2
L 146.6 144 .2 144 .0
5 137.6 or 136.4 128.3 127.4
6 164.5 (13¢.9)° 160.5 (128.3) 129.7
1 156.8 141.3 140.7
12 150.7 135.3 135.3
13 154 .1 155.0 154.1
14 148.7 150.7 (149.7)
15 150.6 137.2 136.9
16 158.6 (162.4)° 149.0 148.2
17 ~174.5 (156.3)° 172.6 (160.5) 159.5
18 170.2 171.4 170.4
p-1' 63.8
p-2 122.1
P-3 1hk.7
P-3a 18.5
P-_h k2.4
P-5 27.7
P-6 39.4
P-7 35.4
P-7a 22.3
P-8 40 .1
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Table 8 {(Continued)

13C Chemical Shifts (6, ppm) 2 of Monomeric Chlorophyll a,
Methyl Pheopborbide a, and Methy! Pyropheophorbide a

Carbon No.° Chlorophyll a° Methy]l Methyl
Pheophorbide ad Pyropheophorbide a®

-9 27.3
P-10 40.1
P-11 35.5
P-11a 22.3
P-12 40.1
P-13 27.7
P-14 §2.1
P-15 30.7
P-15a 25.2
P-16 25.2

a) Relative to hexamethyldisilane for chlorophyll a; relative to tet-
ramethylsilane (TMS) for methyl pheophorbide a. b) See Figure 1 for
numbering. <¢) In benzene/tetrahydrofuran solution. d) In C2HC13 solu-
tion (1L4). The values in parentheses are from the reassignment of Smith
et al. (61). e) References 52, 61. f) Phytyl carbon assignments are
based on those of Goodman et al. {60) and are relative to internal TMS.
g) Lotjonen and Hynninen (62a) have revised the assigrnments for carbon
atoms 6, 16, and 17. Note that their *3C chemical shifts are relative
to TMS and for acetone-ds solutions.

Table 10. 5. SN and 2H NMR
Smith et al. (61), in connection
with efforts to resolve the complicated Full assignment of the 5N chemical
questions surrounding the structure of shifts in Pheo a and Chl a have been
the Bchls ¢, have collected extensive made by Boxer et al. (56) (Table 11).
13C NMR data on the methyl pheophor- The Ch! a and Pheo a derived from it
-bides derived from the Bchls ¢, and contained §5% 15N, incorporated by
have presented more difinitive *2C NMR biosynthesis. The !35N spectrum of Pheo
assignments for methy! pheophorbide a a was recorded directly, but for Chl a
and methyl pyropheophorbide a. Assign- the '5N relaxation times were so long
ment is greatly facilitated by the use as to preclude direct observation of
of chlorophylls containing . 15-20% 3C. the spectra, and the 5N spectral
For Chl a and b, this is not difficult parameters were obtained indirectly by
to accomplish, but for the chlorophylls INDOR. Long-range coupling between *°N
from photosynthetic bacteria, 13(C and the methine protons was observed in
enrichment is a rather complicated the *H NMR spectra of both compounds,
task, which up to now has been fully as well as the expected 3N coupling
solved only for Bchl a. Prospects for with the inner protons in Pheo a. Anal-
obtaining the other bacterial chloro- ysis of the *5N NMR spectrum of Pheo a
phylls sufficiently enriched in *3C to also yielded all of the 1SN-15N
make a full assignment possible do, coupling constants (Table 12).
however, appear to be good. : 24 NMR spectra (at 15.4 MHz) have

been reported by Dougherty et al. (63)
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Table 9

Coupling Constants Jisgc.aiy for Chlorophyll a
and Methyl Pheophorbide a?

stc_lH (Hz)b

Carbon atom

Chlorophyll a Methyl pheophorbide a

Vinyl
C-2a 150
C-2b 158
C-Phy-2 152
Methine
a 150 .
B 148
é 152
Aliphatic
~-CH
c-7 . -
c-8 130
C-10 132
~CH>
C-ha. -
C-7a -
C-7b -
-CHs
C-Phy-1 153
C-la 128
C-3a 125
C-Lb -
C-5a 128
C-8a , -
C-10b 148

155
160

155
155
157

129
~130
136

125
130
126

a) Table from Janson and Katz (53).

for methy! pheophorbide a-dss and Chl
a-dr2. The line widths of 2 to 7 Hz for
methy!l pheophorbide a-dss were broa-
dened by quadrupole relaxation, but
were still sufficently narrow to permit
assignment of many of the 2*H reso-
nances.
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C. Appliications of NMR

Many applications of NMR to struc-
ture determination and conformation

‘studies have been made to the chloro-

phylls. In addition, NMR has been
largely responsible for major advances
in the understanding of chlorophyli
behavior, and has been particularly
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Some Coupling Constants Jis
for Chlorophylls a and b

Carbon atom

Chlorophyll a

Table 10
Gri°e

Chiorophyll b

1-1a L
2a-2b 68
3-3a L5
L-La 42
ha-4p 34
5-5a Ly
7b-7c 55
8-8a 46
10-10a 58

Ly
68
50
L2
3k
Ly

55
L6

58

a) In Hz. b) Table from Matwiyoff

and Burnham (59).

Table 11

15N Chemical Shifts for Chiorophyll a and Pheophytin ga’b

" Nitrogen Chlorophyl}l a°® Pheophytin gd
- N-1 163.6 102.5
N-2 183.5 218.5
N-3 166.4 110.9
N-4 224 .0 272.8
a) Table from Boxer et al. (56). b) In ppm relative to externél 15NH4C1
in 2 N HCl. <¢) In acetone-?He. d) In C2HCls.
effective in defining the nature of was for long a subject of speculation.
chlorophyll-chlorophyll and chloro- Such an hypothesis implies exchangeable

phyll-nucleophile interactions. Some of
the more significant  applications of
NMR in chlorophyll chemistry are now
considered.

1. Exchangeable Hydrogen in Chlorophyll
A possible role for chlorophyll in
the 1light  conversion step in photo-

synthesis as a cyclic hydrogen donor

Vol. 5, No. 1/2

hydrogen 'in either the
excited states of chiorophyll.
has successfully addressed
these problems (6L,65).
and the o-methine protons
exchangeable in Chl a, Chi b,
a.
in pyridine,
much

ine carbon atoms is

Exchange at the 6

ground state or

1H NMR
both of
Both the C-10

are readily
and Bchl
With the hydroxy! group of methanol
hydrogen exchange at C-10
is rapid, whereas exchange at all meth-
slower.
position is strongly



influenced by the ©presence of Mg.

Removal of the Mg reduces
rate at the methine bridge
very low values. That
hydrogen atoms in ring |V
tion as reducing agents

process in photosynthesis

strated by the failure
hydrogen exchange when

the exchange
positions to
the ‘Yextra"
do not func-
in a cyclic
is demon-
to observe

‘green algae

grown in 99.5% 24,0 are transferred to
14,0 and allowed to conduct photo-
synthesis. Chliorophyll extracted from

these organisms is found

to contain no

_1H by 'H NMR, arguing against a role
for exchangeable hydrogen at the C-7,
C-8, and é-methine positions in photo-~

synthesis (65).

2. NMR of Paramagnetic
Species

The hypothesis that

Chlorophyll

the primary

electron donor in photosynthesis is a
special pair of chlorophyll molecules

was originally based on
analysis of the cation

Table 12

EPR lineshape
species that

15N Coupling Constants

in Pheophytin a2

Coupiing Constant Value (Hz)

|22 5n-nl
|*J1sN-methine Hl
|20asy,-aep, |
|2935y,-105p,]
|22 5png-25p, ]

!2J15N1_15N4‘

98
3.0
2.0
5.7
1.b

2.5

a) Table from Boxer et al.

(56) .

remains after electron transfer (66). A
comparison of the hyperfine coupling
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constants of in vitro Chl a’ and Bchl
a' and in vivo PJ00' and P865' by
ENDOR spectroscopy has provided consid-
erable support for the original conclu-
sions {67). ENDOR spectroscopy, how-
ever, is not without its problems, and
the chemical manipulations required for
the preparation of selectively deuter-
ated chlorophyll derivatves required
for ENDOR assignments are not trivial
(68) . Sanders and Waterton have,
therefore, undertaken the determination
of the hyperfine coupling constants of
the chlorophyl]l cations by NMR line
broadening in the fast exchange limit
(69,70) . NMR in principle is a far
superior method for determination of
the hyperfine coupling constants as
assignment follows immediately from the
chemical shift assignment, and no chem-
ical manipulations are required. Only
relative hyperfine coupling constants
can be deduced by NMR, and a reliable
value from ENDOR of at least a few of
the coupling constants is required for
conversion to absolute values. Water-
ton and Sanders (70) find that NMR
results with Chl a*  and Bchl a*  agree
well with ENDOR, but for Chl b'’,
agreement is poor. The experiments of
Waterton and Sanders were carried out
at room temperature or above to insure
the chlorophyll species were in fast
exchange. The Chl a' cation has a
half-1ife at room temperature of about
20 min. and at 310 K about 5 min. The
variation in Chl a' concentration dur-
ing the experiment may, thus, compli-
cate interpretation of the 1line broa-
dening data.

Brereton and Sanders (70a) have
studied the radical anion of bacter-
iochlorophyll a by observing differen-
tial electron transfer 1ine broadening
in the 'H NMR spectrum of diamagnetic
Bchl a in the presence of a small
amount of chemically produced anion,
formed by reaction with sodium sulfide.
From the observed line broadenings, it
was concluded that the protons at the
«,B,v,7,4,5a,1a,2b,3a, and 8a positions
have significant hyperfine interactions
with the unpaired electron in Bchl a” ,
but no hyperfine coupling constants
were calculated. In these experiments,
no chemical evidence is presented that
unequivocally establishes the chemistry
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of the reaction of Bchl a with S~
(see reference 50).

Closs and Sitzmann (71) have suc-
cessfully determined the hyperfine
coupling constants of radical cations

of chlorophyils and derivatives by
time-resolved CIDNP (chemically induced
dynamic nuclear polarization) studies.
In these experiments, polarized *H NMR
spectra are recorded on a chlorophyli-
benzoquinone system in which electron
transfer is induced by a nanosecond
laser light pulse. The hyperfine
coupling constants determined by this
procedure are relative, and require at
least one ENDOR-determined value for
normalization; the absolute hfc values
obtained by CIDNP (after normalization)
agree well with the ENDOR values. This
procedure should have wide applicabil-
ity. It would be desirable, however,
because of the importance of these
studies, to explore in more detail the
chemistry of the reaction used. Benzo-
quinone can oxidize Chl a by a dark
reaction, and nuclieophilic attack on
the cation can form alteration prod-
ucts. The presence of methanol in
these experiments raises the possibil-
ity that 10-methoxy Chi a could be
forming in the system during the course
of the experiment, which would conceiv-
ably complicate the interpretation of
the observations.

Selective line broadening by light
irradiation has been shown by Boxer and
Closs (71a) to occur in light-excited
molecules in an NMR probe, and they
have developed a method that success-
fully extracts information on spin dis-
tribution in photo-excited triplet
states from high resolution *H NMR
data. Some preliminary 'H NMR data on
the relative hyperfine coupling con-
stants in light-excited methyl chloro-
phyllide a have been reported (72).
Spin distribution in the Chl a' cation
free radical appears to be considerably
different from that of 3Ch} a. Rela-
tively 1little spin density is to be
found at the methine positions in doub-
let state Chl a* , whereas the methine
positions have the highest spin densi-
ties in the chlorophyll triplet.

Paramagnetic chlorophyll species are
formed in the primary light conversion
event in photosynthesis, and other
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paramagnetic species appear to be
invoived in the oxygen-generating side
of photosynthesis. Wydrzynski and co-
workers (73, 74, 75) have initiated
research in which the effects of param-
agnetic species on the *H and 170
relaxation times of water are being
explored in an effort to clarify the
oxygen-evolving apparatus in green
plants. Proton and 3?0 relaxation
rates (1/T+ and 1/T2) have been meas-
ured in chloropliast preparations, with
results that suggest that manganese in
a mixture of oxidation states is nor-~
mally present in dark adapted chloro-
plasts (74). The relaxation rates for
1H and 70 are for the most part deter-
mined by loosely bound Mn present in
the chloroplast membranes; it is esti-
mated that from one-third to one-fourth
of the loosely bound Mn is present in
dark-adapted chloroplasts as Mn(ll),
the remainder being in higher oxidation
states. The Mn appears to be located in
the interior of the photosynthetic mem-
branes (73). Experiments have also been
carried out in which the 3*H spin-spin
(transverse) relaxation rate of chloro-
plast suspensions has been measured
after each of a series of 2.4 usec
light flashes. The sequence of relaxa-
tion rates oscillates and has a maximum
value after every fourth flash. This
has been interpreted to indicate that
manganese participates in the charge
accumulation process during oxygen evo-
lution (75). However, the interpreta-
tion of the experiments of Wydrzynski
et al. (75) has been questioned by Rob-
inson et al. (75a). These investiga-
tors found that the changes in the pro-
ton relaxation rate can be abolished by
removal of Mn(l!) from the chloroplasts
with appropriate chelating agents with-
out affecting the evolution of 02. The
manganese that s involved in the
relaxation phenomena thus appears not
to be the manganese involved in the
literature evolution of - 02 during pho-
tosynthesis. In any event, the appli-
cation of NMR techniques would appear
to be of considerable promise for the
study of the oxygen side of photo-
synthesis. .

3. Chlorophyli-Nucleophile interactions
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Chiorophyli NMR spectra are
remarkably solvent dependent, being
very different in nucleophilic and
non-nucleophilic solvents. This solvent
dependence was early recognized to be a
consequence of nucleophilic interac-
tions at the central Mg atom of the
chlorophylls (11,76). All lines of
spectroscopic investigation support the
view that Mg with coordination number &
in chlorophyll is coordinatively unsa-
turated, and that there is in conse-
quence a driving force to acquire
-electron donor functions (i.e., lone
pair electrons on oxygen, nitrogen, or
sulfur) in one or both of the Mg axial
positions. Chiorophylls dissolved in
typical nucleophilic, polar (Lewis
base} solvents such as acetone, diethyl
ether, pyridine, tetrabydrofuran and
the like occur as monomeric chlorophyll
with one or two molecules of solvent,
depending on basicity, in the axiai
positions of the Mg. In weak donor sol-
vents such as acetone or diethyl ether
the Mg occurs largely with coordination
number 5, and in more basic solvents
such as pyridine, the coordination num-
ber of the Mg approaches 6.

The coordination interaction at Mg
positions the ligand in the center of
" the chlorophyil macrocycle , where it
is subject to the full force of the
ring current. Chlorophyll is in effect
2 natural NMR shift reagent. The chemi-
cal shifts of the protons of a ligand
bound to Mg will therefore experience
an upfield ring current shift to an
extent determined by the distance of a
particular proton from the center and
plane of the chlorophyll macrocycle.

Katz et al. (77) have made a quanti-
tative study of chlorophyll-nucleophile
interactions by observing the ring cur-
rent effect on proton chemical shifts
of the ligands bound to chlorophyll.
The use of fully deuterated chlorophyll
simplifies interpretation of the spec-
tra. Pentacoordinate Mg(l|) appears to
dominate the equilibrium with aliphatic
alcohols, the equilibrium constant for
the formation of Chl 2aeCH3OH in CCla
solution being K1y = 56 1 mol~* (Figure
2). Georghe et al. (78) have studied
the chlorophyli-water interaction by !H
NMR. Water as a nucleophile is observed
to have about the same base strength as
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Figure 2. Chlorophyll a-methanol inter-
action in carbon tetrachloride solu-
tion. Chemical shifts of CHa{(0) and
c-10 (A protons as a function of
CHa/*H-Chl a (0.064 M) ratio. Addi-
tional C-10 points (B) are derived from
a methanol titration of ordinary Chl a.
The solid lines are calculated curves.

methanol as measured by coordination to
the Mg atom of Chl a.

Quantitative observations have been
made on coordination interactions
between . chlorophyll and various com-
pounds present in thylakoids and likely
to be near neighbors of <chliorophyll
(77) . As expected, B-carotene does not
appear to experience any interaction
with chlorophyll that results in plac-
ing any of its protons near the chloro-
phyl! macrocycle. The H NMR spectrum
of fB-carotene in C2HCl3 solution is the
same in the presence or absence of
ZH-Chl a. With lutein, a dihy-
droxy-B-carotene, the situation is very
different, for there are major
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differences in the !H NMR of lutein
when 2H-Chl a is present. These differ-
ences are consistent with the coordina-
tion of the hydroxyl groups to the Mg
of Chl a, which results in a marked
difference in the magnetic environment
of the ring methyl groups of the
lutein. Similar changes are observed
with other carotenoids carrying nucieo-
philic groups. Another important class
of <chloroplast components are the
galactolipids, sulfolipids, and phos-
pholipids. These compounds might rea-
sonably be expected to coordinate to Mg
by way of ester (=0, -0H, or -SOsH
functions present in these molecules.
However, in C?*HC13 solution, plant lip-
ids, particularly the suifolipid char-
acteristically present in green plant
photosynthetic membranes, show only a
weak tendency to compete for coordina-
tion to Mg. This may be due to the
presence in chloroform solution of both
the chiorophyll and the sulfolipid as
inverted micelles, in which the polar
regions of both substances are buried
in the center of the micelle. With cur-
rent interest in the photosynthetic
membrane, further studies of chloro-
phyli-lipid interaction would appear to
merit attention.

Larry and VanWinkle (79) have made
an 'H NMR study of the interactions of
Cht a2 and b with sym-trinitrobenzene.
The interactions were studied in chlo-
roform solution containing methanol so
that the chemical shift changes must be
attributed to generalized w-w forces
rather than to coordination interac-
tions at Mg. At a molar ratio of 1:1,
the largest paramaghetic chemical shift
differences are observed for the methy-
lene protons bound to the oxygen of the
phytyl moiety and the diamagnetic
shifts cbserved for the a- and
B-methine protons. The methyl protons
at positions 3a and 5a both show diam-
agnetic shifts while little or no
change is observed for the protons at
positions la, 10b, 10, or 6. The trini-
trobenzene protons experience a large
upfield shift. These observations are
consistent with the formation of a Chl
a-trinitrobenzene complex in which the
trinitrobenzene lies on the surface of
the macrocycle with two of its nitro
groups extended over the a- and
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B-methine protons. The shift in the
phytyl may then be due to displacement
of the phytyl chain from the diamag-
netic zone of the macrocycle.

k. Chlorophyll-Chlorophyll lInteractions
14 NMR spectra of Chl a in non-nu-

cleophilic solvents are very different
from those in nucleophilic solvents

?
11 L 1 I 1 L L '

10.0 80 6.0 4.0 20 o]
3,ppm

Figure 3. *H NMR spectra of chlorophyll
2 in nucleophilic and non-nucleophilic
sclvents. (A) in tetrahydrofuran (0.13
M); (B) in carbon tetrachloride (0.06
M); (C), in n-octane-2His (0.0k M). The
monomer spectrum assignments are:shown
in A, Spectrum B is the spectrum of
(Chi g) 2.

(Figure 3). In the polar solvent tet-
rahydrofuran, Chl a occurs as the mono-
solvate, Chl aeTHF, but in CCla or
n-octane, Chl a occurs as a dimer or an
oligomer, respectively. Evidently, in
these solvents a mobile equilibrium
nChl a ¢ (Chl a), exists. The extent
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of aggregation is then determined by
solvent, chlorophyll concentration, and
temperature. The equiiibrium constant
for aggregation is very large, probably
greater than 10¢ mol~* 1 for the dimer,
so that the concentration of monomer
Ch1 a in systems free of extranecus
nucleophiles is very small. |In polari-
zable, non-nucleophilic solvents such
as carbon tetrachloride, chloroform, or
benzene, Chl a occurs predominantly as
the dimer, whereas in difficultly
polarizable , non-nucleophilic solvents
“such as aliphatic hydorcarbons, oligom-
ers, (Chl a),, with n > 20 occur in
0.1 M Chl a solutions. It is, there-
fore, not surprising that the 3IH NMR
spectra refiect the differences in the
Chl a species present in the different
solvents. *H NMR spectra of even the
dimer are distorted, and for larger
oligomers are obliterated. However, 'H
NMR studies on dimerized solutions
yield important information that bears
on the structure of the dimer. A
detailed review of chlorophyll-chloro-
phyll interactions can be found in ref-
erence 14.

Addition of a nucleophile to a solu-
tion of (Chl a)2 in CCl4 changes the H
. NMR spectra to an extent determined by
the molar ratios of Chl a/nucleophile
(11). When a molar excess of nucleo~
phile has been added, the !H NMR spec-
trum in & non-nucleophilic solvent
becomes identical to that of Chl a in a
neat base. Because the chemical shifts
are fully assigned in the monomer spec-
trum, ‘it is possible to ascertain the
positions of the corresponding proton
resonances in the self~-aggregated (Chl
a2 by a titration procedure in which
*H chemical shifts are recorded as a
function of Chl a/nucleophile ratio.
Such an experiment makes possible
structural conclusions about the nature
of the chlorophyll aggregate.

A typical titration experiment, in
this case on aggregated Bchl a, is
shown in Figure 4 (80). The addition of
incremental amounts of the strong base
pyridine to a solution of (Bchl a)
results in a larger change for the
a-methine resonance than for the 8 and
6 protons. The C-10 proton, the protons
of the methyl groups at positions la,
5a, and 10b, and the CHa-group of the
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Figure L. Titration of bacteriochloro-
phyll a (0.03 M) in benzene solution
with pyridine-?Hs. Chemical shifts in
d, ppm relative to internal hexamethyl-
disiloxane. See Figure 1 for proton
numbering.

acetyl function at position 2 likewise
experience a large downfield shift as
base is . added. All of the changes in
chemical shift on disaggregation are to
lower field, indicating that in the
aggregate the resonances of many of the
protons are at higher fields than in
the monomer. A reasonable hypothesis
for this effect is a diamagnetic ring
current effect on the protons experi-
encing a high field shift in the aggre-
gate. The protons fall roughly into
two classes, one in which the proton
resonances are essentially the same in
both monomer and aggregate, and the
other in which the protons are shifted
to varying degrees upfield. it follows
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