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teractions deduced for the (ChI a-2H20)„ aggregate. The 
observed19 downfield 13C N M R effect observed for C-9 is 
thought to provide unequivocal evidence for the unsymme-
trical interaction (a). However, reexamination18 of the 13C 
NMR data of Boxer et al.20 reveals that the C-IO resonance 
has apparently undergone an even larger shift upon ChI a 
aggregation.22 

Acknowledgment. We are grateful to Professor M. D. 
Kamen for a number of helpful comments. This research 
was supported by the National Science Foundation (Grant 
No. BMS7411919). 

References and Notes 

(1) J. J. Katz and J. R. Norris, Curr. Top. Bioenerg., 5, 41 (1973). 
(2) G. L. Closs, J. J. Katz, F. C. Pennington, M. R. Thomas, and H. H. Strain, 

J. Am. Chem. Soc, 85, 3809 (1963). 
(3) K. Ballschmiter and J. J. Katz, J. Am. Chem. Soc, 91, 2661 (1969). 
(4) A. D. Trifunac and J. J. Katz, J. Am. Chem. Soc, 96, 5233 (1974). 
(5) A. S. Hott and E. E. Jacobs, Am. J. Bot, 41, 710 (1954). 
(6) C. E. Strouse, Proc Nat. Sci. U.S.A., 71, 325 (1974). 
(7) H. H. Strain, M. R. Thomas, and J. J. Katz, Biochem. Biophys. Acta, 75, 

306(1963). 
(8) R. Livingston, W. F. Watson, and J. McArdle, J. Am. Chem. Soc, 71, 

1542(1949). 
(9) G. Sherman, and S. F. Wang, Nature (London), 212, 588 (1966). 

(10) G. Sherman, and H. Linschitz, Nature (London), 215, 511 (1967). 
(11) We are grateful to T. M. Cotton for clarifying the conditions of this deter­

mination. 
(12) R. Livingston, "Photosynthesis in Plants", Iowa State College Press, 

Cedar Falls, Iowa, 1949. 
(13) E. Rabinowitch, "Photosynthesis I", lnterscience Press, New York, N.Y., 

1945, p 450. 
(14) F. K. Fong, J. Theor. Biol., 46, 407 (1974). 
(15) F. K. Fong, Proc Nat. Acad. Sci. U.S.A., 71, 3692 (1974). 
(16) F. K. Fong, Appl. Phys., 6, 151 (1975). 
(17) B. Kok, Biochlm. Biophys. Acta, 48, 527 (1961). 
(18) F. K. Fong, "Theory of Molecular Relaxation: Applications in Chemistry 

and Biology", Wiley-lnterscience, New York, N.Y., 1975, Chapter 9. 
(19) J. J. Katz, T. R. Janson, A. G. Kostka, R. A. Uphaus, and G. L. Closs, J. 

Am. Chem. Soc, 94, 2883 (1972). 
(20) J. J. Boxer, G. L. Closs, and J. J. Katz, J. Am. Chem. Soc, 96, 7058 

(1974). 
(21) Visiting Professor of Chemistry, Department of Chemistry, University of 

Chicago, Aug-Dec 1974. 
(22) F. K. Fong, J. Amer. Chem. Soc, following paper in this issue. 

Francis K. Fong,* 21 Vaughn J. Koester 
Department of Chemistry, Purdue University 

West Lafayette, Indiana 47907 
Received November 23, 1974 

Ester and Keto Carbonyl Linkages in Chlorophyll a, 
Pyrochlorophyll a, and Protochlorophyll a 

Sir: 

In recent work, we concluded1 that the existing experi­
mental observations23 relevant to the primary light reaction 
can be interpreted on the basis of the Ci 1:1 (ChI a-H20)2 
adduct structure in which two chlorophyll molecules are 
held by two complementary ester C = O - H O ( M g ) H link­
ages. This conclusion presents an alternative to that of the 
earlier Katz-Norris postulate that the reaction center "spe­
cial pair"2c consists of two chlorophyll a molecules inter­
linked by a single water molecule through the unsymmetri-
cal interaction ester C = O - H O ( M g ) H - O = C keto. Inde­
pendently and simultaneously, Strouse4 found from single-
crystal x ray work that the unit interactions in ethyl chloro-
phyllide a-2H20 polymeric aggregate are given by 
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(See Figure 1 of ref 4). We observe that a symmetrical ad­
dition of a second ChI a molecule to A results directly in the 
self-aggregating interactions proposed1 for the symmetrical 
(ChI a-H 2 0) 2 adduct. 
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In both A and B, the coordination interaction occurs on 
the same side of the chlorin plane as the C-IO ester group, 
thus taking advantage of the 0.4 A displacement of the Mg 
atom in the same direction as the ester group.4 The Katz 
structure invokes water coordination from the direction op­
posite to that of the Mg atom displacement. 

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

ester C-

Il 
9 

i 

Mg-

-Mg-

O 

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

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

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

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

Journal of the American Chemical Society / 97:23 / November 12, 1975 



6891 

Disaggregating 
Solvent 

(Acetone-d-6) 

C-9 

Propionic ester 

C-7c 

,Carbomethoxy 

C-IOa 

(A) 

"Aggregating" |' 

Solvent j' 

(Benzene-d-6) 

JU 
(B) 

IvA 

by Ballschmiter and Katz.5 For the reactions 

200 180 160 

PPM (ReI. TMS) 

Figure 1. The C-IO carbonyl question: The 22.63-MHz 13C NMR 
spectra (taken from ref 11) of 18% 13C ChI a, 0.1 M in (A) acetone-^6 
and (B) benzene-*^- The relatively small downfield shift of the C-9 line 
in (B) has been considered (ref 12) to be unequivocal proof of direct in­
volvement of only the C-9 keto carbonyl in ChI a dimerization. If line a 
in (B) originates both from C-7c and C-IOa, then the carbomethoxy 
group must play a dominant role in aggregation in the "downfield hy­
pothesis". If line a originates only from C-7, then one must account for 
the absence of the C-IOa line. Thus, the evidence does not unequivocal­
ly rule out the C-IOa carbonyl involvement in dimeric aggregation even 
if the C-IOa line turns out to be upfield shifted. Theoretical calcula­
tions based on simplified model interactions may be misleading in pre­
dicting the sign of the observed chemical shifts. 

ChI a2 + 2THF 2ChI a-THF 

pyroChl a2 + 2THF *=> 2pyroChl a-THF 

(D 

(2) 

these authors obtained K\/K2 ~ 10. This result can be un­
derstood in terms of simple statistical considerations if ChI 
&2 assumes the molecular configuration C. The equilibrium 
constant in (1) or (2) can be written13 K = o>2Q_1 exp(e/ 
k T), where o> and Q are the configuration degeneracies of 
the monomer and dimer, respectively, and «is the aggrega­
tion energy. In C, the two ChI a molecules are rigidly inter­
locked so that o)i ~ Q\. On the other hand, the two mole­
cules in pyroChl a2, being held only by a single keto C = 
O—Mg bond, retain partial orientational freedom with re­
spect to each other. We thus obtain u2

2 » ^2 » ^i ~ «2 ~ 
Qi. Since there are two aggregating interactions in C com­
pared to only one in pyroChl a2, we estimate |€a| ~0.5 |«i| = 
E and arrive at the inequality fi2/Qi > exp(+E/kT) for 
Kt/K2 > 1 • The Ballschmiter-Katz ratio KxIK2 ~ 10 is thus 
attributed to entropy effects favoring the dimerization of 
pyroChl a over that of ChI a in spite of the larger attractive 
aggregation energy of the latter process. 

In the Katz model, the two dimers have similar configu­
rations, i.e., Q] ~ Q2, and the requirement K\/K2 > 1 is tan­
tamount to the condition |«i| < \t$. It is tempting to ac­
count for the weakened interaction e\ by the rationalization 
that steric hindrance in ChI a forces the keto C = O - M g 
linkage to occur on the opposite side of the Mg atom dis­
placement, but this reasoning leads to an inconsistency in 
that it is corollary to the premise of Mg-atom-displace-
ment-strengthened ester linkages in B and C. 

ample, the ratios of the two long-wavelength positive and 
negative CD components in Figures 5 and 6 in ref 8a.) The 
Sauer model appears to conflict with the 13C N M R d a t a " 
displayed in Figure 1, in which the aggregation effects on 
the chemical shift differences of the C-9 keto, C-7 propionic 
ester and C-IO carbomethoxy ester carbonyl carbons are 
compared. If one speculates that the downfield effect of 
aggregation observed for C-9 implies direct involvement in 
aggregation, then the corresponding chemical shift observed 
for C-7c would suggest that the propionic ester plays a neg­
ligible role.12 The possibility that the carbomethoxy group 
is involved in aggregation cannot be discounted (especially 
in view of the apparent disappearance of the C-IOa line in 
Figure IB). The origins of the observed incremental shifts 
in ChI a remain obscure. Model calculations based on sim­
plified interactions are of questionable value in dealing with 
large molecules such as ChI a.12 

The anomalous spectroscopic behavior83 of PChI a can be 
rationalized also. An examination of CPK molecular mod­
els reveals that the loss of the asymmetrical center at C-7 in 
PChI a makes possible closely fitting self-aggregating C-7 
ester C = O - M g linkages in PChI a similar to those given in 
C. Such linkages are sterically impossible in ChI a and py­
roChl a due to the fact that the propionic ester group is 
trans to the C-IO carbomethoxy group. It is clear that while 
aggregation with either the C-9 keto group or the C-IO 
ester group can lead to approximately "similar" overlap of 
the region about ring V, the self-aggregating C-7 ester link­
ages would lead to drastically different regions of overlap 
for the two PChI a molecules. 

The equilibrium constants for the disaggregation of the 
ChI a dimer and the pyroChl a dimer have been measured 

Acknowledgment. I am grateful to Professors M. D. 
Kamen and G. L. Closs for several helpful suggestions. This 
research was supported by the National Science Foundation 
(Grant No. BMS7411919). 

References and Notes 

(1) (a) F. K. Fong, J. Electrochem. Soc., 121 , C117 (1974); (b) J. Theor. 
Biol., 46, 407 (1974); (c) Proc, Nat. Acad. Sci. U.S.A., 7 1 , 3692 (1974); 
(d) "Theory of Molecular Relaxation: Applications in Chemistry and Biol­
ogy" , Wiley-lnterscience, New York, N.Y., 1975, Chapter 9; (e) Appl. 
Phys., 6(2), 151 (1975). 

(2) (a) J. R. Norris, R. A. Uphaus, H. L. Crespi, and J. J. Katz, Proc. Nat. 
Acad. Sci. U.S.A., 68, 625 (1971); (b) J. R. Norris, M. E. Druyan, and J. 
J. Katz, J. Am. Chem. Soc., 95 , 1680 (1973); (c) J. J . Katz and J. R. 
Norris, Curr. Top. Bioenerg., 5, 41 (1973). 

(3) (a) J. D. McElroy, G. Feher, and D. C. Mauzerall, Biochim. Bhphys. 
Acta, 267, 363 (1972); (b) G. Feher, A. J. Hoff, R. A. Isaacson, and J. D. 
McElroy, Biophys. J., 13, 61a (1973). 

(4) C. E. Strouse, Proc. Nat. Acad, Sci. U.S.A., 7 1 , 325 (1974). 
(5) K. Ballschmiter and J. J . Katz, J. Am. Chem. Soc., 9 1 , 2661 (1969). 
(6) (a) J. J . Katz, H. H. Strain, D. L. Leussing, and R. C. Dougherty, J. Am. 

Chem. Soc., 90 , 784 (1968); (b) G. L. Closs, J. J. Katz, F. C. Penning­
ton, M. R. Thomas, and H. H. Strain, ibid., 85 , 3809 (1963); (c) A. D. Tri-
funac and J . J . Katz, ibid.. 96, 5233 (1974). 

(7) F. K. Fong and V. J. Koester, J. Am. Chem. Soc, preceding paper in 
this issue. 

(8) (a) C. Houssier and K. Sauer, J. Am. Chem. Soc., 92 , 779 (1970); (b) K. 
Sauer, J. R. L. Smith, and A. J. Schultz, ibid., 88, 2681 (1966). 

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

(10) Sauer and his co-workers did not rigorously dry their solvents8 and, ac­
cording to Ballschmiter and Katz,5 the presence of water contamination 
in Sauer and co-workers ' samples apparently led to large errors in their 
estimated monomer-d lmer equilibrium constants.5 Also, Sauer and co ­
workers ' calculated absorption spectra for dimeric ChI a appear to dif­
fer qualitatively and quantitatively f rom the corresponding spectra given 
by Katz and Norris.20 (Compare, for example, the dashed curve of Fig­
ure 1 in ref 8b and Figure 8 of ref 2 c ) . 

(11) S. G. Boxer, G. L. Closs, and J. J. Katz, J. Am. Chem. Soc, 96, 7058 
(1974). 

(12) L. L. Shipman, T. R. Janson, G. J . Ray, and J. J. Katz, Proc. Nat. Acad. 
ScI. U.S.A., 72 , 2873 (1975). 

(13) S. L. Naberhuis and F. K. Fong, J. Chem. Phys., 56, 1174 (1972). 

Communications to the Editor 



6892 

(14) Visiting Professor of Chemistry, Department of Chemistry, University of 
Chicago, Aug-Dec 1974. 

Francis K. Fong14 

Department of Chemistry, Purdue University 
West Lafayette, Indiana 47907 

Received December 4, 1974 

A Carbon Dioxide Equivalent for the Diels-Alder 
Reaction 

Sir: 

Carbon dioxide does not undergo 4 + 2 cycloaddition 
with dienes1 (eq 1) nor is there a well-defined procedure 
which effects this transformation.2 This communication re­
ports a method which allows for a general synthesis of lac­
tones by use of a carbon dioxide equivalent and describes 
some useful transformations of these adducts. 

O 

Scheme II 

+ c V (D 

0 0 

The simplest members in the triad of carbon and oxygen 
cumulated systems, allene, ketene, and carbon dioxide 
( C H 2 = C = C H 2 , O = C = C H 2 , O = C = O ) are considered 
poor partners for the Diels-Alder reaction. Indeed, only al­
lene shows any propensity towards 4 + 2 cycloaddition. Re­
cently, however, new methods have been developed which 
allow for the facile introduction of the - C H 2 C C = C H 2 ) - 3 

and - C H 2 C ( = 0 ) - 4 grouping in a Diels-Alder sense. 
Clearly, the addition of a - 0 C ( = 0 ) - group to a diene re­
quires a substance with a strongly polarized carbon-oxygen 
double bond. Also attached to this carbonyl, must be a 
grouping which could readily be transformed into the lac­
tone carbonyl moiety. Furthermore the last step, the release 
of the lactone carbonyl, would have to be accomplished 
under mild conditions so as not to effect conjugation of the 
/3,7-double bond. We considered that diethylketomalo-
nate2,5 might well serve as a carbon dioxide equivalent, the 
unmasking step being a bis-Curtius degradation6 followed 
by hydrolysis (Scheme I). 

Warming acetonitrile solutions of dienes la -c and di-
ethylketomalonate with a trace of hydroquinone to 130° for 
4 hr, afforded the known adducts in good yield.1-7*8 Hydrol­
ysis of these adducts proceeded smoothly with KOH in 
aqueous THF at room temperature to afford the diacids 
2a-c in overall yields of 63-70%.8 

The conversion of these stable diacids to their corre-

Scheme I 
R i \ ^ O 
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Rf CO2Et CO2Et 

la, R1 — R2 — H 
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Q } • LiAlH. 

2. MnO, 

3c 
LiAlH, 

OH 

"OH 

sponding lactones could be accomplished in less than 5 hr, 
without isolation of intermediates. Treatment of the diacids 
with oxalyl chloride in benzene with a trace of pyridine at 
reflux for 2-2.5 hours afforded almost pure diacid chloride. 
Removal of the solvent at reduced pressure and redissolu-
tion in acetonitrile followed by the addition of excess acti­
vated sodium azide9 afforded, after 1 hr at room tempera­
ture, the bisacylazide. Filtration of the acetonitrile solution 
to remove excess sodium azide and replacement of the ace­
tonitrile with cyclohexane followed by heating the solution 
for 1 hr at reflux effected the rearrangement. It should be 
noted that benzene and other moderately polar solvents 
were inefficacious and led to little or none of the desired 
bisisocyanate. The final step, hydrolysis of the bisisocyan-
ate, was accomplished with 5% aqueous oxalic acid in THF 
at room temperature for 30 min. The overall yield of lac­
tone, after distillation, from diacid was quite acceptable 
(see Scheme I) . 1 0-" 

These adducts show promise as being versatile intermedi­
ates in synthesis. A few examples of their utility are de­
scribed below (Scheme II). Treatment of lactone 3c with 1 
equiv of potassium hydride in T H F at 0° afforded the di-
enoic acid 41 0 (mp 54.5-56°). The tetrasubstituted olefin 5 
(Xmax 3.0 /um), could be readily prepared by reduction of 3c 
with lithium aluminum hydride in THF at 0°. This diol 
could then be transformed to a new lactone 6 (Xmax 5.83 
Mm), simply by stirring a CH2Cl2 solution of S with activat­
ed MnO2 .1 2 

We are continuing to explore the chemistry of these ad­
ducts.13 
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