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Figure 1. 41.4-MHz *H NMR spectrum of [19,19-*H]vitamin D3 ( l b ) ,
after 14-h heating at 80 O C .

Table I. Mass Spectrometry of C-19-Deuterated Vitamin D3 (lb).
Deuterium Distribution in Fragment a (m/e 136-1 38) at Various
Periods of Heating at 80 O c a

time,
h

ion a deuterium content, %
do
di
dz
atoms

0
2
4
6
8
14

9
12
14
16
23
21

30
38
45
49

53
52

61
50
41
35
24
21

1.5Ic
1.38
1.27
1.19
1.01
0.94d

deuterium label
retained in
ion a, %b
IO0
91
84
79
66
62

The percentage are corrected for the I3C isotope;estimated error
Relative to the labeled fragment a,
derived from nonequilibrated vitamin D3. Deuterium content in
molecular ion, percent: do, 5; d l , 24; d2,7 I ; atoms, 1.66. Deuterium
content in molecular ion, percent: do, 8; dl, 24; d2,68; atoms, 1.60.
a

was 7% of the value quoted.

tween C-19 and C-9 was not reached even after 14-h
heating.
From the change of distribution of do, d , , and d2 in the ion
a on heating, we have calculated the approximate isotope exchange rate, and found it to be 2.6 X
S - I , which can be
related to the rate of the deuterium transfer from C- 19 of 2b
to C-9 of lb. Considering that the corresponding rate of protium migration was found to be 1.2 X
s-i,2 the isotope
effect k H / k D is -45.13
To establish whether a kinetic preference exists in the
previtamin-vitamin reaction, we have measured the 'H N M R
spectra of the deuterium-labeled vitamin Ib. We have observed
two signals whose chemical shifts a t 4.7 and 4.9 ppm were
identical with those of the protons a t C-19 in the IH N M R
spectrum of the unlabeled vitamin lae6After heating for 14
h a t 80 OC and separating the vitamin from the reaction
mixture, two additional signals appeared a t 1.68 and 2.70 ppm,
the former identified as the deuteron a t C-9a and the latter as
the deuteron a t C-9/36b37(Figure I ) . The integration ratio of
the two signals was found to be -2: 1, indicating a preference
for deuterium migration to the 9 a position.14 This preference
was also observed in the *H N M R spectrum after 2-h heating
which revealed, in addition to the signals due to 'H a t C-19,
also a weak signal at 1.68 ppm of 2H a t C-9a, while the signal
due to H a t C - 9 p was undetectable.
It seems reasonable to assume that the transition state for
the vitamin D3-previtamin D3 isomerization has a preferred
conformation, in which the cis-1,3,5-triene system of the two
compounds is twisted in a right-handed sense, ring A lying
below the plane of the C / D rings.I5
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A Structural Model for the Photosynthetic
Reaction Center
Sir:

We describe here the synthesis and characterization of the
solution conformation of a molecule which brings into close
proximity the principal molecular components believed to
participate in the initial photoinduced electron-transfer
reaction of photosynthesis. Comparison of the spectroscopic
properties of the anion and cation radicals of bacteriochlorophyll and bacteriopheophytin (metal-free bacteriochlorophyll)
with optical transients elicited from bacterial photosynthetic
reaction centers has led to the widely accepted view that bacteriopheophytin serves as the first electron acceptor following
photoexcitation.' The photoexcited electron donor has been
shown to consist of a pair of bacteriochlorophylls* whose detailed structure remains elusive, though the subject of extensive
speculation and m ~ d e l i n g .The
~ identity of participants in
green plant and algal photosynthesis is much less certain owing
to the complication of two photosystems and unavailability of
simple, low molecular weight reaction centers. I n spite of this,
an increasing body of evidence is developing which suggests
intermediate transient electron acceptors in both photosystem
I and 11,4,5 and pheophytin and chlorophyll monomers are very
reasonable candidates5 The central question which then
emerges is the nature of the spatial relationship among these
components which facilitates efficient forward electron
transfer, and synthetic model compounds can provide the first
steps toward an answer.
The covalently linked array of metal-containing and
metal-free pyrochlorophyll macrocycles6 shown in Figure 1
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Figure 1. Structure, ring labels, and numbering system for synthetic models; M = Zn or Mg.
00

Table I. Magnitudes of Largest Chemical-Shift Changes

Accompanying Folding of Model Compounds
protona
A-5

B-5
A-P

C-lY

C-4a

c-P

c-3
C-4b
A-4b
B-4b

A chemical shiftb
Zn? model
Mg? model
+2.53
t 1.73
tO.8 1
t0.76
f0.64

t0.48
t0.44
t0.42
-0.24
-0.27

t2.59

t2.00

90

e0

'

'3

60

50

43

3r0- - ,
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Figure 2.360-MHz 'H N M R spectra of Zn2 model, I .8 X
M (benzene-ds) which are (A) 0.6 M in methanol-dd; (B) 0.3 M in pyridine-ds.
See text for assignments and Table I for magnitudes of largest shift
changes. Mgz model gives a similar spectrum, but is less well resolved for
presentation.

tO.58

+0.44
t0.51

+0.43
t0.35
t0.25
-0.38
-0.31

See Figure 1 for numbering. Data for solutions which are 1.8
M (C6D6) with A chemical shift defined as the chemical shift
in parts per million in the presence of pyridine-ds minus that in the
presence of methanol-&.
a

X

has been prepared as follows. Pyropheophorbides a and b (PPa
and PPb) are prepared from spinach by standard procedures.'
PPb is esterified to the glycol monoester (ethylene glycol-HCI,
70 "C), which is coupled to an equivalent of the activated ester
of PPa in methylene chloride using 2-chloro-N-methylpyridinium iodide a t 40 O C S to give the A-B linked dimer: ' H
N M R (CDC13) 6 10.9 (s, 1 H , aldehyde), 4.2 (br s, 4 H, glycol
link), and all other expected resonances. The aldehyde function
a t position 3 in ring B is selectively reduced9~10('H N M R
(CDC13) 6 5.6 (s, 2 H, methylene, loss of aldehyde)) and both
rings are metalated with either Zn" or Mg.12,13a
To complete
the synthesis, a molecule of the activated ester of PPa is coupled
to the alcohol a t position 3 in ring B . 1 3 b
Proof that the correct molecule has been synthesized comes
from the NMR spectrum of this molecule in pyridine (Figure
2a, vide infra) which exhibits all expected resonances in correct
proportion, notably two N H protons from ring C (6 0.4 and
- I .7) and the glycol and methylene14 linkages (6 3.8 and 6.3,
respectively). Complete unambiguous assignment of resonances in the 3 6 0 - M H z N M R spectrum is accomplished by
substituting perdeuterated PPa15 in the synthesis for rings A
and/or C, decoupling in the enormously complex region between 3.2 and 4.1 ppm, and the fact that proton assignments
within each ring are well established.I6
Striking solvent-dependent chemical-shift differences are
observed for these compounds, as shown in Figure 2, which

compares the spectrum in the presence of an excess of
methanol-d417 and a large excess of pyridined5. The former
spectrum is completely assigned by titration to the latter with
pyridine,16 selective deuteration, and decoupling. The assignments are presented in Figure 2 and the magnitudes of the
largest chemical-shift changes are tabulated in Table I.
Our structural interpretation of these enormous chemicalshift changes depends on the well-established characteristics
of ring-current-induced shifts for this type of macrocycle.
Pyridine strongly coordinates the central metal atom, disrupting macrocyclic interactions which depend on metal
coordination. By contrast, the large chemical-shift changes in
the presence of a hydroxylic ligand indicate specific ligandmediated interactions. The pattern of chemical-shift changes
in rings A and B is similar to what is observed with simpler
symmetric dimers: the 5 methyl and I O protons are shifted
upfield while the 4b methyls shift d ~ w n f i e l d .This
~ ~ , combi~
nation of shifts is readily shown to be consistent only with an
average C2 symmetrical, folded, solution conformation for this
fragment. This structure is stablized by hydrogen bonding to
the keto carbonyl group and coordination to the central metal
by the hydroxyl-containing ligand. Two striking exceptions to
this pattern are the much greater upfield shift for the A - 5
methyl relative to B-5 and the A$ upfield shift. To our surprise, several metal-free ring-C protons also exhibit substantial
upfield chemical-shift changes, especially the CY, B, 4a, 4b, and
10 protons.
All of the chemical-shift data can be combined with the aid
of molecular models to provide a unique description of average
intermacrocyclic interactions in the presence of methanol as
illustrated schematically in Figure 3.18 Metal-free ring C shows
a specific preference to fall over the A ring, causing the upfield
shift for the ring A - 5 methyl and p protons. The C- I O , C- IO'
protons are located over the center of ring B, while the C-6
proton lies approximately over the center of ring A . The 8a
methyl and 8 protons of each macrocycle shift downfield, as
predicted from molecular models, as these protons are found
in the deshielding region adjacent to another macrocycle. All

1885

Communications to the Editor

(2) (a) J. D. McElroy, G. Feher, and D. C. Mauzerall, Biochim. Biophys. Acta,
267,363 (1972);(b) J. R. Norris, M. E. Druyan, and J. J. Katz, J. Am. Chem.
SOC., 95, 1680 (1973).
(3) (a) S.G. Boxer and G. L. Closs, J. Am. Chem. Soc., 98, 5406 (1976);(b)
M. R. Wasielewski, U.H. Smith, B. T. Cope, and J. J. Katz, ibid., 99,4172
(1977);(c) M. R. Wasielewski, M H. Studier, and J. J. Katz, hoc. NaN. Acad.
Sci. U.S.A., 73, 4282 (1976);(d) F. K. Fong, J. Am. Cbem. SOC.,97, 6890
(1975).
(4) (a) P. Heathcote, D. L. Williams-Smith, and M. C. W. Evans, Biochem. J.,
170, 373 (1978);(b) G. C. Dismukes, A. McGuire, R. Blankenship, and K.
Sauer, Biophys. J., 21, 239 (1978); (c) S.Demeter and B. Ke. Biochim.
Biophys. Acta, 462, 770 (1977).
(5) I. Fugita, M. S. Davis, and J. Fajer, J. Am. Chem. Soc.. 100, 6280

(1978).
(6) Pyrochlorophylls are used to avoid the enormous complexity of the NMR

Figure 3. Schematic of average solution structure proposed for Mg2 and
Znz model compounds i n the presence of hydroxylic ligands which i s
consistent with all NMR data.

4a methylene protons are diastereotopic (AB part of an ABX3
multiplet), with the largest chemical-shift difference in ring
A,I9 consistent with their close proximity to two chiral centers
in the reduced pyrrole ring of ring C. The distance from a point
defined by the intersection of a line drawn between the metals
and the Cz axis of the A-B fragment and the center of ring C
is estimated to be -7-8 A.2oThough qualitatively similar the
Mg and Zn compounds exhibit a substantial difference in the
ease with which the folded form yields to displacement by
pyridine. Whereas a 102-fold molar excess of pyridine fully
disrupts the folded Zn model, a (2 X IO3)-fold molar excess
is required for the Mg model. We believe that the specificity
of the observed interaction between ring C and the A-B
fragment is stabilized by the transient substitution of a hydrogen bond between the carbonyl oxygen in ring C and the
hydroxyl ligand for the hydrogen bond to the ring-B carbonyl,
in concert with r-r interactions.
In contrast to all other porphyrin-protein interactions, where
strong axial ligation to the central metal or direct covalent
linkages position the macrocycle in combination with nonpolar
interactions, there is no evidence for a covalent linkage between
chlorophyll or pheophytin and reaction center proteins. Presumably, nonpolar interactions and weak coordination to the
central magnesium atom (for the chlorophylls) play crucial
roles in determining reaction center chromophore structure.21
Therefore an analysis of ligand-mediated spontaneous selfassembly among components which are crucial to the primary
photochemistry can provide a useful working model for their
relationship in vivo. These molecules provide a model of defined
structure which is amenable to study, and we are encouraged
by the remarkable strength and specificity of the interactions.
In a forthcoming paper, we will report a detailed analysis of
the photochemistry and photophysics of these moleculesz2 with
particular emphasis on time-resolved optical absorption,
emission, and ESR spectroscopy, which have been widely applied to in vivo systems, and extensions of the synthesis to
bacterial chlorophylls and secondary electron acceptors.
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On the Ease of Base-Catalyzed Epimerization of
N-Methylated Peptides and Diketopiperazines
Sir:

N-Methylation of peptides promotes base-catalyzed epimerization a t the adjacent c, position,' complicating the
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