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entirely to the optimum affinity of cyclohexaamylose
for the activated complex. This is equivalent to saying
that, in the ground state, a portion of the free energy
gained from association of cyclohexaamylose with 1 is
used to impose the orientational restriction, thereby
decreasing the stability of the inclusion complex by an
amount equal to the rate acceleration.

In conclusion, orientational catalysis by cyclohexa-
amylose supports the suggestion that binding forces
between an enzyme and its substrate can be used to
overcome part of the free-enérgy barrier to activation.?
The cyclohexaamylose-induced rate acceleration, how-
ever, is much smaller than rate accelerations which can
be achieved by converting intermolecular to intramo-
lecular reactions.® Consequently, when the reacting
groups in an intramolecular reaction can assume a
mutually favorable orientation without introducing
strain elsewhere in the system, the imposition of rigid
orientational restrictions apparently leads to only a
small additional rate acceleration.
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[7]Paracyclophane!
Sir:

The smallest known [m]paracyclophane? is the m =
8 isomer, first described over 11 years ago.? The syn-
thesis of [8]paracyclophane was an indirect one and not
obviously extended to the lower homologs.* A more
conventional ring contraction route succeeded in pro-
viding [8]paracyclophanecarboxylic acid,?® but [7]para-
cyclophane (1) has evaded synthesis for over a decade.*

We report here a simple, one-step synthesis of 1 and
a few of the properties of this smallest of the known
[m]paracyclophanes.

Our route was suggested by the observation that
4,4-dimethylcyclohexadienylidene” rearranged to p-
xylene on generation in the gas phase.® Accordingly,
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(2) For reviews see: D, J. Cram and J. M, Cram, Accounts Chem.
Res., 4,204 (1971); and B. H. Smith, “Bridged Aromatic Compounds,”
Academic Press, New York, N. Y., 1964.

(3) D. J. Cram and G. R. Knox, J. Amer. Chem. Soc., 83, 2204
(1961); D.J. Cram, C. S, Montgomery, and G. R. Knox, ibid., 88, 515
(1966).
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prior to publication and for pointing out that [7]- and [8]paracyclo-
phanes contain protons which resonate at extremely high fields in the
nmr, N. L. Allinger and T. J. Walter, J. Amer. Chem. Soc., 94, 9267
(1972).

(5) N. L. Allinger, L. A. Freiberg, R. B, Hermann, and M, A, Miller,
ibid., 85, 1171 (1963),

(6) A, T. Blomquist and L. F. Chow, cited in A. T. Blomquist and
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we synthesized? spiro[5.7]trideca-1,4-dien-3-one (2) and
converted it to the lithium salt of the corresponding
tosylhydrazone. Flash pyrolysis of this material at
360-380° (0.1 Torr) gave a material which was resolved
by gas chromatography into two peaks in the ratio
1.4/1. The yield was approximately 20%.!! The
first product was a mixture of I-phenylheptane and 7-
phenylheptene-1 (nmr analysis), and the second was the
anticipated 1.

Li*
O N-—N—Ts

A
- - @
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2

A precise mass measurement established the formula
as Ci3Hys (caled, 174.14084; found, 174.14078). The
nmr spectrum, which closely resembled that of [9]para-
cyclophane!? (CCly, singlet, 7 2.93, 4 H; triplet, 7 7.36,
4 H,J = 6.5 Hz; sym mult, 7 8.5-9.5, 8 H; sym mult,
7 10.3+10.9, 2 H), is consistent only with 1. Benzo-
cyclononene is eliminated by a comparison of nmr
spectra,!® and one would not expect a singlet for the
aromatic protons of [7]metacyclophane.’* Further,
the ultraviolet spectrum reported for [8]metacyclophane
(266 nm, log ¢ 2.4)'* does not compare well with that of 1.

The ultraviolet spectrum of 1 (EtOH, nm (log e),
216 (4), 245 (4), 283 (3)), does match well with that pre-
dicted by Allinger and coworkers,*5 210 (4), 247 (3),
288 (2), and thus the aromatic ring is probably sub-
stantially deformed. A precise determination of the
amount of bending must await the determination of
the structure of 1 or a derivative, however.

Speculation on the mechanism of formation of 1 is
premature, but leading possibilities include direct ring
migration or carbon—carbon insertion to give a bridged
Dewar benzene that subsequently opens to 1.
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Electron Nuclear Double Resonance of
Bacteriochlorophyll Free Radical in Vitro and in Vivo!
Sir:

This is a preliminary account of the first electron
nuclear double resonance (endor)? studies of bacterio-

(1) Work performed under the auspices of the U. S. Atomic Energy
Commission.
(2) G. Feher, Phys. Rev., 103, 834 (1956).
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chlorophyll free radicals generated both in vitro and
in vivo in photosynthetic purple bacteria.

The bacteriochlorophyll free radical generated by
oxidation in vitro has a line width (AH ~ 13 G) sig-
nificantly different from the free radical associated with
photosynthesis in vivo (AH >~ 9 G). This discrepancy
has been widely observed®—!! but only rarely dis-
cussed.*” In a recent proposal to explain the nar-
rowing of the in vivo electron paramagnetic resonance
(epr) signal, it has been suggested* that the primary
photochemical oxidation product of photosynthesis is
a special pair of chlorophyll molecules over which the
unpaired electron is delocalized. Studies on !3C-
labeled algae’ support this hypothesis, as does the recent
work of McElroy, et al.® Delocalization of the un-
paired electron spin over two molecules reduces the
spin density at each site by a factor of ~2 and thus
halves the coupling constants, i.e., effectively narrows
the line width of the signal. The endor technique pro-
vides a direct test for the “special pair’’ model.

We have recorded endor signals at ~—170° for
bacteriochlorophyll (ex. Rhodospirillum rubrum), Rhodo-
pseudomonas spheroides and Rhodospirillum rubrum
cells, and Rhodospirillum rubrum chromatophores with
a Varian E-700 endor spectrometer. Monomeric
bacteriochlorophyll dissolved in 129 methanol in
methylene chloride (v/v) was oxidized by elemental
iodine to BChl-+.'t The free-radical signal of intact
R. rubrum or chromatophores prepared from this or-
ganism?!3 was generated by oxidation with K3;Fe(CN)s,
a standard technique used to produce an epr signal that
is generally agreed to be identical with that associated
with the primary act of photosynthesis.® !4-16

Figure la shows a typical in vitro BChl-+ endor spec-
trum. It has a pronounced peak near 13.7 MHz, the
so-called matrix endor signal.'? The endor spectrum
of oxidized R. rubrum chromatophores has a stronger
signal, but is otherwise essentially identical with that
from intact R. rubrum and R. spheroides. These in
vivo spectra (Figure 1b) exhibit a weak matrix endor
signal. The lack of intensity for the matrix endor sig-
nal from R. rubrum chromatophores is significant be-
cause our experience has been that the matrix endor
signal at —170° is commonly the most intense signal
observed. We, therefore, conclude that as there ap-

(3) E. C. Weaver, Annu. Rev. Plant Physiol., 19, 283 (1968).

(4) J. R, Norris, R. A. Uphaus, H. L. Crespi, and J. J. Katz, Proc.
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(5) J. R. Norris, R. A, Uphaus, and J. J. Katz, Biochim. Biophys.
Acta, 275, 161 (1972).

(6) J. D. McElroy, G. Feher, and D. C. Mauzerall, ibid., 267, 363
(1972).

(7) J. D. McElroy, G. Feher, and D. C. Mauzerall, /bid.,, 172, 180
(1969).

(8) J. R. Bolton, R. K. Clayton, and D. W. Reed, Photochem. Photo-
biol., 9, 209 (1969).

(9) P. A. Loach and D. L. Sekura, Biochemistry, 7, 2642 (1968).

(10) P. A, Loach and K, Walsh, ibid., 8, 1908 (1969).

(11) D. C. Borg, J. Fajer, R. H, Felton, and D. Dolphin, Proc. Nat.
Acad. Sci. U. S., 67, 813 (1970).

(12) BChl- * is the symbol for the oxidized bacteriochlorophyll radi-
cal cation, It has no particular structural significance but indicates
that the chlorophyll is in monomeric form.

(13) A. W. Frenkel and R. A. Nelson, Methods Enzymol., Part A,
23,256 (1971).

(14) J. C. Goedheer, Biochim. Biophys. Acta, 38, 389 (1960).

(15) M. Calvin and G. H. Androes, Science, 138, 867 (1962).

(16) H. Beinert, B. Kok, and G. Hoch, Biochem. Biophys. Res.
Commun., 9, 349 (1962).

(17) J. S. Hyde, G. H. Rist, and L. E. G. Eriksson, J. Phys. Chem.,
72,9269 (1968).
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Figure 1. Endor spectra from protons in BChl in vitro (2.5 ml of
10-3 M BChl) and in situ at —170°, The two peaks, a1/2 and a2,
from the matrix signal are assigned to two methyl groups. The
inset is the BChl molecule, where R the esterified alcohol stands for
geranylgeraniol in the case of R. rubrum(and phytol in R. spheroides).
(a) Endor spectrum from BChl oxidized by I (0.75-to 4 mequiv) in
CH:Cl; with 129 CH;OH (v/v). (b) Endor spectrum from R.
rubrum chromatophores. The BChl has been oxidized in situ by a
minimal amount of K ;Fe(CN);. The coupling constants are about
1/, those in a. The peak assigned to ai/2 is very sensitive to mag-
netic field strength, a common phenomenon in high power endor
studies. Features of spectra from intact cells are virtually identical
but the signals are weaker.

Table 1. Endor and Esr Parameters Observed for BChl:+
(ex. R. rubrum) and R. rubrum
Epr
AHp,, G a;,* MHz a2,* MHz

In vitro

BChi-+ 13 4.6 9.4

In situ

R. rubrum 9 1.7 (3.4 4.3(8.6p

e See Figure 1 for significance of a; and a.. Only isotropic methyl

coupling constants are listed. ? Values in parentheses are twice
the observed hyperfine coupling constants.

pear to be relatively few protons near the unpaired
electron, active center bacteriochlorophyll in the intact
organism is in an essentially anhydrous environment,
with perhaps only a few water molecules present. The
delocalization of the unpaired electron over a ‘“‘special
pair’” of chlorophyll molecules is also expected to de-
crease significantly the intensity of the matrix endor
signal, and probably both effects are involved in the
diminution of the in vivo matrix endor signal.

We observe symmetrical displacement of all endor
resonances about the free proton frequency (~13.7
MHz), indicating such signals arise from protons. We
assign the peaks indicated by the coupling constants a,
and a, in Figure | to methyl groups. The skewed bell
shape of these signals is characteristic for methyl group
interactions,'” and rotating methyl groups are known
to be the most readily observed endor signals under the
conditions of our experiments.” The coupling con-
stants determined by the endor experiments (Table I)
show that the in vivo coupling constants are slightly less
than one-half the coupling constants observed in the
in vitro system, in accord with predictions from the
“special pair’” model. The assignments are also con-
sistent with experimental and theoretical work on

Communications to the Editor
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methyl hyperfine coupling constants of dimer cat-
ions. 1819

As yet, we have not explained the significant intensity
in the wings (17-19 MHz) of the in vivo spectrum. If
a small amount of monomeric BChl-+ were present in
the ““/n vivo” systems, it could account for these wings.
An alternate interpretation seems more tenable. R.
rubrum cultured in *H,O with [!H]succinic acid as sub-
strate gives similar endor spectra to those in Figure |,
except that the wings are absent. The bacteriochloro-
phyll isolated from organisms grown in this way con-
tains no 'H at the methine positions.?*2! The endor
spectra from bacteriochlorophyll of this unusual iso-
topic composition indicate that only methyl groups give
rise to the peaks associated with ¢; and a;. In addition,
[*H]BChl in which the «- and §-methine protons have
been exchanged for 'H?? gives weak endor resonances
between 16 and 20 MHz. Furthermore, a weak endor
signal can be observed from [!H]BChl itself from 18 to
21 MHz when signal-to-noise is optimal. These ob-
servations support the view that the weak broad wings
in the endor spectra arise in part from anisotropic
methine protons and the intense narrow peaks arise
from isotropic methyl groups. The special pair model
predicts sharpening of these broad weak peaks such
that they would be more intense for in vivo systems.

As we have been unable to devise any other simple
model that appears to be consistent with both the endor
and epr spectra, we conclude that the 9-G epr signal
associated with photosynthesis in purple bacteria has
a line width consistent with delocalization of the un-
paired electron over two active-center bacteriochloro-
phyll molecules.?® We have carried out similar ex-
periments on chlorophyll a free radicals in algae and
have arrived at essentially similar conclusions.

(18) O. W, Howart and G. K. Fraenkel, J, Chem. Phys., 52, 6258
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(19) H. Yoshimi and K. Kuwata, Mol. Phys,, 23, 297 (1972).
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cules of bacteriochlorophyll or even bacteriopheophytin from being
present in each active center. OQOur present endor results neither con-
firm nor disprove a possible role for bacteriopheophytin in the active
center, as has been advanced by Clayton,2s

(24) R. K. Clayton, Photochen. Photobiol., 5, 669 (1966).

(25) K. Sauer, E. A. Dratz, and L. Coyne, Proc. Nat. Acad. Sci.
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Electron Spin Resonance of [**Mg]Chlorophyll a!
Sir:

The electron spin resonance (esr) signal from oxidized
chlorophyll is widely accepted to originate in a w-cation

(1) Work performed under the auspices of the U. S. Atomic Energy
Commission.

radical.»? The details of the = cation are still obscure.
While it has been assumed that the unpaired electron
is fully delocalized over the entire chlorophyll macro-
cycle as a true w-cation radical, the possibility that spin
on Mg (10.13 97 natural abundance)* might contribute
to the esr spectrum has not been previously investigated.
Esr studies of in vivo chlorophyll systems?3 or some
fraction of the photosynthetic apparatus®—!! have been
interpreted in terms of photooxidation of chlorophyll
in the photosynthetic reaction center.!* Whereas the
reversible photo-esr signal from green plants,!? signal
I, is characterized by a Gaussian peak, a g value of
2.0025, and a line width of about 7 G, the signals re-
corded from in vitro chlorophyll a monomer systems
are approximately 9 G in width.? The long-known
discrepancy between the signal from Chl a-+!4 and the
in vivo signal has recently been explained as arising
from spin delocalization over two adjacent chlorophyll
molecules positioned in a special way. 1

Analysis of esr spectra of m-electron radicals is facili-
tated by application of the theory of second mo-
ments, %Y particularly if applied to radicals of differ-
ent isotopic composition. Since in our experiments we
encounter only Gaussian line shapes, it is proper to
apply eq 1 to obtain the second moment, (A H%), where

(AH?) = Y{(AHyp)? (1)

AH,, is the first derivative, peak-to-peak, absorption
line width. Second moment analysis of esr signals
from chlorophyll of unusual isotopic composition may
then be formulated as follows?!?

<AH2>1H = 1591<AH2>2H (2a)

<AH2>total, 1H = <AH2>z + (0.1013)<AH2>25Mg +
(AH.x  (2b)

(AHY o111 = (AH?), + (0.1013)(AH)my, +
(AHY).u  (2c)

<AH2>total. 1H, Mg = <AH2>2: + (0'99)<AH2>95Mg +
(AH  (2d)

where (AH?), is the contribution to the second moment
from atoms other than hydrogen and *Mg, i.e., 1*N,
13C, and g anisotropy. The other subscripts identify
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