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stituted ‘““vinylcarbene.””® Hydrogen shift in either 8 or
9 leads to acyclic products; further rotation and cycli-
zation regenerate 1.

Thermochemical analysis!® predicts that the heat of
formation of carbene 9 is +68 kcal/mol. That of 1
can be reliably estimated to be +42 kcal/mol,!! and the
racemization transition state is then [AH;°]; + AH¥ =
473 kcal/mol. If one assumes that AH;° for diradical
8 is +79 kcal/mol (one allylic resonance energy!? higher
than 9), 8 is predicted to lie Aigher in energy than the
racemization transition state. It therefore seems likely
that configuration 8 is stabilized by some 1,3 bonding;
i.e., that rotation and ring closure are synchronous
processes and perhaps the only true intermediate is 9.
A quantitative estimate of the overall favorability of
recyclization can be obtained by kinetic analysis of the
simplified Scheme II. The unimolecular rate constants
kpr, and kp can be extracted from &, and k; (Table I).
Application of the steady-state assumption to the set of
intermediates X shows that [kpp/kp] = [k_/k:]. Our
data give 8.8 as an average value for this ratio.

In summary we feel that the most reasonable inter-
mediate for racemization of 1,3-diethylcyclopropene is
a substituted vinylcarbene. Because the cyclization—
hydrogen shift selectivity calculated for the set of in-
termediates X is only a factor of three different from
that estimated'® for the trimethylene diradical (22), it

(9) See, for example, (a) G, L. Closs and L. E. Closs, J. Amer. Chem.
Soc., 85, 99 (1963); (b) G. L. Closs, L. E. Closs, and W. A, Boll, ibid.,
85, 3796 (1963); (c) H. Diirr, Chem. Ber., 103, 369 (1970); (d) T.
Severin, H, Kridmer, and P. Adhikary, ibid., 104, 972 (1971); (e) M. E.
Hendrick, W, J. Baron, and M. Jones, Jr., J. Amer. Chem. Soc., 93,
1554 (1971); (f) M. E. Hendrick, ibid., 93, 6337 (1971); (g) M. Franck-
Neumann, Tetrahedron Lett,, 15 (1969); (h) G, Baum, R, Bernard, and
H. Shechter, J, Amer. Chem. Soc., 89, 5307 (1967); (i) G. Biichi and
J. D. White, ibid., 86, 2884 (1964); (j) G. Snatzke and H. Langen,
Chem. Ber., 102, 1865 (1969); (k) L. Schrader, ibid., 104, 941 (1971);
M G. L. Closs, L. R. Kaplan, and V. I. Bendall. J. Amer. Chem. Soc.,
89, 3376 (1967); (m) 3,3-dimethylcyclopropene, on pyrolysis in olefin
solution, gives a cyclopropane product which can be understood to have
arisen by addition of 2-methylpropenylcarbene to the olefin; Professor
G. L. Closs, private communication,

(10) The approach is that used by H. E. O’Neal and S. W, Benson,
Int, J, Chem. Kinet., 2, 423 (1970), and references cited therein.

(11) S. W. Benson, “Thermochemical Kinetics,” Wiley, New York,
N.Y., 1968.

(12) Reference 11, p 215,
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seems unlikely that any barrier associated with ring
closure has the onset of ring strain!4 as its source.
Finally, the fact that vinyl diazo compounds have long
been known® to yield cyclopropenes on thermal and
photochemical decomposition suggests, in light of our
observations, that such reactions proceed via intermedi-
ates very similar to those involved in the racemization
of cyclopropene 1.
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Chlorophyll-Chlorophyll Interactions. Ring V Keto
Carbonyl Donor Properties from Carbon-13 Nuclear
Magnetic Resonance

Sir:
It has become increasingly evident that the state of
chlorophyll in solution is largely determined by the co-
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Figure 1. 13C chemical shifts of keto carbonyl carbon-9 from titra-
tion of 0.22 M chlorophyll a (159, 13C) in CCl, with tetrahydro-
furan (THF, C;Hs0). THF was introduced through a serum cap
into the previously evacuated 5 mm sample tube from a micro-
liter syringe. The !3C-enriched chlorophyll was obtained by bio-
synthesis (R. A. Uphaus, E. Flaumenhaft, and J. J. Katz, Biochim.
Biophys. Acta, 141, 625 (19€7); E. Flaumenhaft, R. A. Uphaus,
and J. J. Katz, ibid., 215, 421 (1970)). Spectra were recorded
at 55 MHz on a Varian HR-220 in C. W. mode.

ordination properties of its central magnesium atom.
Absorption spectroscopy in the visible! and infrared,>"
proton magnetic resonance,®~!! and molecular weight
determinations by vapor phase osmometry!? and ultra-
centrifugation!?® all support the view that the central
Mg atom in chlorophyll always has a coordination
number larger than 4, contrary to the way its structural
formula is usually written (Figure 1), and that one or
both of the Mg axial positions must always be occupied
by an electron donor group.!'* In polar media (Lewis
bases), solvent molecules act as electron donors and
occupy the axial positions to form the monomeric
chlorophyll species, Chl-L; and Chl-L;. In the ab-

(1) T. M. Cotton, K. Ballschmiter, and J. J. Katz, manuscript in
preparation,

(2) 1. J. Katz, G. L. Closs, F. C, Pennington, M, R, Thomas, and
H. H. Strain, J. Amer, Chem, Soc., 85, 3801 (1963).

(3) A. F. H. Anderson and M, Calvin, Arch. Biochem. Biophys., 107,
251 (1964).

(4) L. J. Boucher, H, H, Strain, and J. J. Katz, J. Amer. Chem. Soc.,
88, 1341 (1966).

(5) L.J.Boucher and J.J. Katz, ibid., 89, 1340 (1967).

(6) L.J.Boucher and ], J. Katz, ibid., 89, 4703 (1967).

(7) M. Henry and J.-P. Leicknam, Collog. Int. Cent. Nat. Rech. Sci.,
No. 191, 317 (1970).

(8) G. L. Closs, J. 1. Katz, F. C, Pennington, M. R, Thomas, and
H. H. Strain, J. Amer. Chem. Soc., 85, 3809 (1963).

(9) 1. J. Katz, R. C. Dougherty, and L. J, Boucher in ““The Chloro-
gl;iflls,” Academic Press, New York, N. Y., 1966, Chapter 7, pp 185-
(10) J. J. Katz, H. H. Strain, D. L. Leussing, and R. C. Dougherty,
J. Amer. Chem. Soc., 90, 784 (1968).

(11) J.J. Katzand H. L. Crespi, Pure Appl. Chem., in press.

(12) K. Ballschmiter, K. Truesdell, and J. J. Katz, Biochim. Biophys.
Acta, 184, 604 (1969),

(13) T. M. Cotton, D, McNamara, and J. J. Katz, to be published.

(14) J. J. Katz, Dev. Appl. Spectrosc., 6,201 (1968).

sence of extraneous nucleophiles, as in nonpolar sol-
vents, the keto C=0 function in ring V of one chloro-
phyll molecule acts as donor to the Mg atom of another
to generate chlorophyll dimers and higher oligomers.!2
Pmr has proved to be a very serviceable tool in the in-
vestigation of the acceptor properties of Mg in chloro-
phyll because the large ring current associated with the
dihydroporphyrin ring causes large upfield shifts in the
protons of a ligand positioned above the plane of the
ring by coordination to Mg.!® Inferences on the donor
properties of the keto C=O0 function from pmr have
necessarily been indirect and have been based mostly on
the ring current effect on the C-10 and other protons in
the vicinity of the keto group of ring V. Because the
chlorophyll oligomers formed by keto C=0---Mg in-
teractions appear, on the basis of electronic transition
spectra, to be very similar to if not identical with “an-
tenna’ chlorophyll in the plant,! a more direct assess-
ment of the donor properties of the keto C=0 function
in chlorophyll is highly desirable. We show here that
13C nmr is very well suited for this purpose.

We have followed the disaggregation of chlorophyll
dimers by the base tetrahydrofuran (THF), which pro-
ceeds by the equilibrium CHI, + 2THF = 2Chl- THF,
by observing chemical-shift changes of C-9 in the keto
C==0 group as a function of the Chl/THF ratio (Fig-
ure 1). Only the weighted average of the C-9 chemical
shifts is observed as the equilibration rate between
chlorophyll monomer and dimer is fast on the magnetic
resonance time scale. In Chl,, the C-9 resonance is ob-
served at very low field as an ill-defined lump which
sharpens and moves to higher.field as successive incre-
ments of THF are added. The chemical-shift differ-
ence between C-9 in Chl,, where the keto C==0 is acting
as donor to Mg, and the C-9 resonance in Chl-THF,
where the keto C=0 is free, is 2.42 ppm. This reso-
nance in chlorophyll @ monomer appears at the lowest
field of any of the 55 carbon atoms of chlorophyll a.
Its position, and the large shift that accompanies the
disaggregation of chlorophyll dimer, make the assign-
ment of this resonance to the C-9 keto carbon quite
certain.

At first sight, it is surprising to observe an upfield
shift in the keto !3C=0 resonance as disaggregation
occurs. When two chlorophyll rings are juxtaposed
in the dimer, those protons that are eclipsed by the ring
of another chlorophyll experience an upfield shift, and
move to lower field as the dimers are disaggregated.
The '3C nmr result can readily be rationalized by the
assumption that the chemical shift of the C-9 keto
C==0 carbon in Chl; is the resultant of an upfield shift
due to the ring current, and a downfield shift resulting
from the keto C=O---Mg coordination interaction,
with the latter effect the larger. This interpretation
receives support from observations that the chemical
shift of the keto C=0 carbon in a 1 M solution of cyclo-
pentanone (natural abundance) in benzene or CCl, is
shifted to lower fields by no less than 8.71 (in benzene)
and 8.02 ppm (in CCl,) by the addition of an equivalent
amount of magnesium hexafluoroacetylacetone (Mg-
HFAA,). The keto 3C=0 resonance of a 2 M solu-
tion of cyclohexanone (natural abundance) in benzene is
shifted downfield 6.46 ppm by 0.5 equiv of MgHFAA,,
Strong hydrogen bonding agents such as trifluoroeth-
anol likewise shift the carbonyl carbon resonance of
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cyclopentanone to lower fields by as much as 6 ppm, re-
inforcing the conclusion that the keto carbon reso-
nance is exceedingly sensitive to coordination or hydro-
gen-bonding interactions when the keto group acts as
electron donor.

Both chlorophyll 4 and bacteriochlorophyll possess
two electron donor groups available for coordination
to Mg. 13C nmr should have particular value for de-
termining the relative electron donor strengths of the
two donors in the self-interactions of these two chloro-
phylls. Such experiments are in progress. !°

(15) This work was performed under the auspices of the U. S. Atomic
Energy Commission.
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Trapping of Valence States in a
Ruthenium(IL,IIT)-Pyrazine Complex

Sir:

Creutz and Taube! have measured the electronic
spectra of the ions I in which valence states of the ru-

(NH,);RuN () NRu(NH,);"*
1(n=4-6)

thenium atoms may be written as (I1,II), (ILIII), and
(IILIII). They concluded that an absorption band at
6.5 kK in the (IL,IIT) complex, which is not present in
either of the other two complexes, arises from a specific
interaction between the mixed-valence Ru atoms. A
band about 17.5 kK observed in the (II,II) and, with
approximately half the intensity, in the (IILIIT) complex,
but not present in the (III,III) complex, was ascribed
to Ru(Il) — pyrazine =* charge transfer. That this
band should be present in both the single valence
(IL,II) and mixed valence (ILIII) complexes indicates
that in the latter the valences are “trapped,” i.e., that
the complex belongs to class II in the classification of
Robin and Day.?

Since identical ligands surround each Ru atom in
the (ILIII) complex, it seems surprising at first sight
that the two Ru valences should be firmly localized.
In this note, we wish to indicate a general condition for
valence trapping in a mixed valence system and also to
show that the condition is indeed satisfied by the ruthe-
nium complex I. Figure 1 shows the reaction coordi-
nates for a valence interchange M(X,Y) = M(Y,X).
Electron transfer by a Frank-Condon process at the
points x = 0, 1 produces a Y+ ion in the environment
of an X+* ion, and vice versa. If the coordination
spheres about the mixed-valence atoms A and B are
distorted by Ags and Agg

Erc = k(Ags® + Ags?) @)

(1) C.Creutzand H. Taube, J. Amer. Chem. Soc., 91, 3988 (1969).
(2) M. B. Robin and P. Day, 4dvan. Inorg. Chem. Radiochem., 10,
247 (1967).
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Figure 1. Reaction coordinates for valence interchange (X,Y) =
(Y, X): (a) (—) energy surface for (X,Y), (Y,X) in the absence
of resonance interaction between the sites; (b) (— — —) energy
surface with Hres > Eag; (€) (-—--——- ) energy surface with Hres <
Eag.

On the other hand, if the electron transfer is adiabatic,
at x = !/, the distortions of the coordination spheres
about atoms A and B are Aga/2, Agg/2 (= —Aga/2).
Now Eaq = k[(Aga/2)? + (Aggp/2)?] and with eq 1

Erqg = Epc/4 @)

a relationship originally demonstrated by Hush.? At
the point x = !/, the complex is in a delocalized state
formed by an equal combination of states (X,Y) and
(Y,X). If the resonance interaction between (X,Y)
and (Y,X) is H,.,, the energy of this point is given by

E(X = 1/2) = Epq — Hpes = EFC/4 — Hie (3)

and the energy of any point between x = Oand x = 1
by the solution of a secular determinant. Then it is
clear that if H,.., > E,q we have complete delocalization
and hence class II1? behavior, but if H.., < Eaq We have
valence trapping and class II behavior. This criterion
is analogous to the one which determines whether a
small polaron or band model is most appropriate to
describe the conduction properties of a crystal.*

In principle an a priori calculation of the class of a
mixed-valence complex is therefore possible. The trap-
ping energy Esq depends upon the relaxation of the
metal coordination spheres upon the valence change
X =Y. Eaqisthen calculablein terms of metal-ligand
force constants and the differences in metal-ligand
stretching frequencies and bond lengths between the
valence states X and Y. The resonance stabilization
energy of the delocalized state (x = !/;) might also be
estimated by a molecular orbital calculation for the
complex.

Unfortunately, for the particular case of the diru-
thenium(IL III)-pyrazine complex the only relevant ir
data relate to the difference in Ru-N stretching fre-
quencies in Ru(Il) and Ru(Ill) hexaammine com-
plexes®8 so that a priori calculation of the mixed-val-
ence class is not yet possible. However, for the special
case of a binuclear complex in which the ligands sur-

(3) N. Hush, Progr. Inorg. Chem., 8,391 (1967).

(4) 1. G, Austin and N. F. Mott, Science, 168, 71 (1970).

(5) W.P. Griffiths, J. Chem. Soc. A4, 899 (1966).

(6) M. B, Fairey and R, J.Irving, Spectrochim. Acta, 22, 359 (1966).
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