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with 4c or d, nor were products of reaction with 2 mol
of oxygen (3) observed (by nmr) under these conditions.
Dioxetanes 5a-d chemiluminesce when CHCI; solutions
are warmed with 9,10-diphenylanthracene or 9,10-
dibromoanthracene. They decompose explosively
above their melting points on rapid heating. The nmr
spectra of 5a-d and 6a-d are shown in Table I1.

Table II. Chemical Shifts of the Protons of 5 and 6
(8, TMS, CDCl;, 60 MHz)=
Cpd Hg Hc Hp CH;, i-PrCH +CiH,
5a 3.64 3.64
5b 3.54 3.54 1.64
S5¢ 5.88% 3.0e 3.2 0.69¢  2.44
1.334
5d 5.88 3.08¢ 1.81 0.87
6a 4.56 4.56
6b 4.52 4.52 2.53
6¢ 9.71/ 3.84 3.84 1.15 3.47
6d 9.91¢ 4.62 2.55 1.00

@ Aromatic protons omitted for clarity. * X portion of ABX
spectrum: Jpe = 3.8 Hz, Jsp = 1.5 Hz (coupling with the iso-
propyl CH (J = 0.7 Hz). © Assigned as H¢ based on the larger
value of Jpe (3.8 vs. 1.5 Hz); Jop = 18 Hz. ¢ Two equivalent
doublets (J = 7.5 Hz) due to center of asymmmetry. ¢ Expected
stereochemistry based on the hindrance of the fers-butyl group, in
agreement with the lack of observed coupling with Hs. 7 Jscp)
=17Hz. 2Jgp = 2.2 Hz.

The dioxetanes cleave smoothly to dicarbonyl
products 6a—d, which were used for their further charac-
terization. A preliminary determination of the rate of
decomposition of 4a by nmr gives kg = 3.1 X 10—
sec™! at 35° in CDCl;. This rate is faster than that for
tetramethyl-1,2-dioxetane by a factor of 10.}?

The products (6) were isolated and gave characteristic
ir bands for the carbonyl groups: 6a (neat), 1689 and
1662 cm—!; 6b (KBr), 1682 cm—!; 6c (neat), 1683 and
1730 cm—!; 6d (neat), 1690 and 1725 cm—!; 6¢ and 6d
each had two bands characteristic of an aldehyde CH
stretching vibration at 2768 and 2874 and 2740 and
2860 cm—!, respectively. The mass spectra of 6a-d
were in agreement with the assigned structures. Com-
pound 6b, mp 103-104°, gave a satisfactory analysis.
Crystalline pyrylium perchlorate salts were prepared
from 6a, ¢, and d (which were liquids); 8a, orange, mp
244-245° dec (lit.'* 244-245° dec). Both 8¢, pale
yellow, mp 133.5-134.5° dec, and 8d, pale yellow, mp
195.5- 196.5° dec, gave satisfactory microanalyses.

Ry
NO* 0l
@TCGHs P
OOH R
7 R
8

These results provide a useful synthetic approach to
at least some indene-derived dioxetanes. Itisnot known
whether these dioxetanes are formed from a methanol-
promoted rearrangement of an endoperoxide inter-
mediate (2), a possibility which is suggested by the
work of Le Roux and Basselier!’ and Rigaudy et al.,!¢

(13) N. 7. Turro and P. Lechtken, J. Amer. Chem. Soc., 95, 264 (1973).

(14) R. L. Shriner and W. R, Knox, J. Org. Chem., 16, 1064 (1951).

(15) P. Le Roux and J.-J. Basselier, C. R. Acad. Sci., 271, 461 (1970).

(16) J. Rigaudy, P. Capdevielle, and M. Maumy, Tetrahedron Lett.,
4997 (1972).

or from a solvent-dependent reaction involving a
perepoxide intermediate, as proposed by Hasty and
Kearns.* The role of solvent in these processes is still
obscure. It is known that polar solvents increase the
ratio of dioxetane formation to ene reaction in at least
one case,!” but it is likely that this is not related to the
present findings.
(17) P. D. Bartlett, G, D. Mendenhall, and A. P. Schaap, 4nn. N. Y.
Acad. Sci., 171, 79 (1970).
Paul A. Burns, Christopher S. Foote*
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Fluorescence Detected Circular Dichroism
Sir.

Cireular dichroism (CD) is a powerful technique for
investigating molecular structure. The local structure
near a chromophore in a macromolecule can be studied,
if the CD of the chromophore can be isolated: We re-
port here a new method, fluorescence detected circular
dichroism (FDCD), which is capable of measuring the
CD spectrum of a single chromophore in a macromole-
cule, provided the chromophore is fluorescent. Prelimi-
nary experimental results are given which show good
agreement with theory for simple model systems.

The method is based on the usually valid assumption
that the excitation spectrum of a fluorescent chromo-
phore parallels its absorption spectrum.! This is
generally true for systems in which energy transfer is
negligible. In FDCD, the difference in absorption for
left and right circularly polarized light is obtained by
measuring the difference in fluorescence intensity for
left and right circularly polarized excitation.? A
schematic of the experimental arrangement is shown in
Figure 1. The detection system of a Cary 60 spectro-
polarimeter with Model 6001 CD attachment is modi-
fied by placing a S5-cm diameter Hamamatsu R375
photomultiplier at 90° to the excitation beam. This
photomultiplier is followed by a preamplifier and the
resultant signal is processed by the Cary 60 electronics
and displayed on the recorder chart. The pen position
is digitized and smoothed in a manner described pre-
viously.* A colored glass filter is used to discriminate
against scattered excitation light, and a standard quartz
fluorescence cell is employed. In order to collect more
fluorescence, the wall of the cell holder opposite the
photomultiplier is made highly reflecting. Baselines
are recorded by placing an optically inactive, fluorescent
solution in the cell. For compounds with a large
FDCD, sodium fluorescein proved adequate. How-
ever, for compounds with a small FDCD it is necessary
for the baseline solution to approximate the fluorescent
characteristics of the solution being measured. This
is because the baseline seems to shift a small amount
for different fluorescent species. The reasons for this

(1) G.Weber and F. W. I. Teale, Trans. Faraday Soc., 54, 640 (1958).

(2) Note that the polarization of the fluorescent light is not measured.
This is a different method which gives information about the excited
state of the chromophore.?

(3) J. Schlessinger and 1. Z. Steinberg, Proc. Nat. Acad. Sci. U. S.,
69, 769 (1972).

(4) A. D. Blum, O. C. Uhlenbeck, and I. Tinoco, Jr., Biochemistry,
11, 3248 (1972).
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Experimental set-up for measuring FDCD.

Figure 1.

shift are not yet understood, but thus far it has been a
minor inconvenience.

The spectrometer measures S = (Fr — FL)/(Fr +
F1) as a function of excitation wavelength, where Fgr
and Fy, are the fluorescence emission intensities for right
and left circularly polarized exciting light, respectively.
If one assumes that the quantum yield for fluorescence
is independent of the wavelength and polarization of the
exciting light, then for a solution containing only an
optically active, fluorescent species, the CD is related to
the FDCD by

-850 — 104
LR = (cdlo—A : M
where ¢, and er are the extinction coefficients for left
and right circularly polarized light, A4 is the absorbance
due to the optically active molecule, ¢ is the concentra-
tion, d is the pathlength, and S is the measured value
of the FDCD, which is equal to the ellipticity reading
from the chart divided by 33.0 to give the correct units
for e — er. This equation was tested by measuring
the FDCD of morphine, d-10-camphor sulfonic acid,
and L-tryptophan. Excellent agreement was obtained
in each case. This agreement is strong evidence for
the validity of our assumptions in these systems. The
results for d-10-camphor sulfonic acid are shown in
Figure 2. For this case, the absolute magnitude of
er, — er at the 290 nm peak derived from the FDCD
agrees with the previously published value to within
29.5
The extraction of the CD spectrum from the FDCD
spectrum is considerably more complicated when opti-
cally active, nonfluorescent species are present in addi-
tion to the fluorescent chromophore. Application of
Beer’s law results in the following equation for the CD
of the fluorescent species

2
A= D =104%| @
T Ag (S + D1 — 10741)

where er1, err, and er are the extinction coefficients of
the fluorescent chromophore for left circularly polarized,
right circularly polarized, and unpolarized light, re-
spectively; Ar and Ag are the absorbances for left and
right circularly polarized light due to optically active
material. The latter are obtained by measuring both
the absorption and CD spectrum for the solution. This
equation was verified by applying it to the FDCD
spectra of mixtures containing approximately 10— M
L-tryptophan and varying amounts of L-cystine in
0.025 M sodium phosphate buffer at pH 11. Under
these conditions L-cystine is not fluorescent whereas L-

€EFL — €FR = 2EF 1 -

1

(5) 1.Y. Cassim and J. T. Yang, Biochemistry, 8,1947 (1969).
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Figure 2. CD spectrum of d-10-camphor sulfonic acid: (——)
CD spectrum, (X) points derived from FDCD and absorption
spectrum using eq 1. Solution measured was 4.30 X 1073 M.

Baseline for FDCD was 2 X 10-5 M sodium fluorescein. Filter
was Corning 4-72.  Fluorescence cell had a 1-cm pathlength.
! T T 4
+25 - —— €D aL-cystines|L- fryplephan
-—— Ch L-tayptephen
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Figure 3. (----) CD spectrum of v-tryptophan, pH 11. (——) CD

spectrum of 1.37 X 105 M L-tryptophan plus 1.157 X 10¢* M
L-cystine, pH 11, per mole of L-tryptophan. (X) Points derived
from FDCD, CD, and absorption spectra of 1.37 X 107% M L-
tryptophan plus 1.157 X 10~* M L-cystine using eq 2. Baseline
used for FDCD was 1.37 X 10~% M pL-tryptophan, 0.025 M sodium
phosphate, pH 11. Filter was Schott WG 295-2 mm. Fluorescence
cell had a 0.3-cm pathlength. The error bar shows noise amplitude
prior to final smoothing. Similar results were obtained with
mixtures containing 1.37 X 1075 M L-tryptophan plus 5.79 X 1072
M L-cystine and 1.08 X 10~% M L-tryptophan plus 5.4 X 10-¢ M
L-Ccystine,

tryptophan has a quantum yield of about 50%7.6 At
the concentrations used, the CD of the mixture is re-
produced by the sum of the CD of its components im-
plying little or no interaction between the L-tryptophan
and L-cystine. By measuring the FDCD, CD, and
absorption spectra of the mixture, along with the ab-
sorption spectrum of L-tryptophan, it should be possible
to extract the CD spectrum of L-tryptophan in the mix-
ture. The FDCD baseline for this experiment was
provided by scanning a solution of 1.37 X 10—% M DL-
tryptophan. To test for artifacts, solutions with ten
times the concentration of DL-tryptophan and mix-
tures of 1.37 X 10~ M bDL-tryptophan plus up to
995 X 10~* M pL-cystine were also run. All these
baselines were essentially coincident. Figure 3 shows
a typical result derived from the FDCD of the active
mixture. As predicted for little interaction between
the components, the CD curve calculated from eq 2 is

(6) R. W. Cowgill, Biochem. Biophys. Acta, 75, 272 (1963).
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very close to the CD curve for pure L-tryptophan.
For comparison, the CD for the entire mixture is also
shown.

These encouraging results on mixtures have led us to
extend our experiments to macromolecules. Thus far
we have measured the FDCD spectra of lysozyme and
t-RNAFt,  Here the fluorescent chromophores are
the tryptophans and the anticodon loop Y base, respec-
tively.”® The signal-to-noise ratios in both spectra are
several times larger than for the mixtures reported above.
This is reasonable since the CD of free L-tryptophan is
rather small relative to the CD of a residue in a protein
or nucleic acid. To analyze these data, it will be neces-
sary to obtain a value of er for the chromophore in its
macromolecular environment. There are several pos-
sible ways to accomplish this, including measurement of
the corrected excitation spectra of the solutions.

The FDCD technique makes it possible to measure
the CD of only the fluorescent chromophores in a
macromolecule, provided there is little or no energy
transfer. This greatly enhanced specificity for CD
measurements is very difficult, if not impossible, to
obtain by other methods.? Unique structural informa-
tion on selected regions of biologically important macro-
molecules may thus be obtained.
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9,9/,10,10’-Tetradehydrodianthracene. Formation,
Protection, and Regeneration of a Strained Double Bond

Sir.

We wish to report the synthesis, characterization, and
X-ray analysis of a novel, highly strained diene, 9,97,10,-
10/-tetradehydrodianthracene (I).!

Previously, we have described the strained olefin 1V,
9,9’-didehydrodianthracene.2? The isolation of this

(1) Acknowledgment is made to the donors of the Petroleum Re-
search Fund, administered by the American Chemical Society, for the
support of this research.

(2) N. M. Weinshenker and F. D. Greene, J. Amer. Chem. Soc., 90,
506 (1968).

(3) According to IUPAC, Nomenclature of Organic Chemistry, Rule
C — 41.2, loss of two hydrogens from a compound is denoted by the pre-
fix “‘didehydro.” In common usage ‘“‘dehydro” is often used in place of
“didehydro” (e.g., benzyne is called ‘‘dehydrobenzene”). Compound
IV was originally called ‘‘dehydrodianthracene (ref 2); however, we
think that confusion will be minimized by calling compound IV 9,9’-
didehydrodianthracene and compound I 9,97,10,10’-tetradehydrodian-
thracene (also known as the Viavattene-Greene Diene). A more com-
plete name is 3,4:7,8:9,10:11,12-tetrabenzotricyclo[4.2.2.22-5]dodeca-
1,3,5,7,9,11-hexaene,

compound interested us in the possibility of synthesis of
the tetradehydro compound and in the question of
whether such a compound would exist as the diene I
and/or the propellane II or conceivably some structure

(70 P

intermediate between the two.

The approach taken to the synthesis was to devise a
way for the formation, protection, and subsequent re-
generation of a highly reactive bridgehead double bond.
A successful sequence (and a new synthesis for 9,9/-dide-
hydrodianthracene (IV)) is shown in Chart I: dehy-

Chart 1

LU
A P

Pb(OAC),
CgH,, 25°

N
N# “N-—NH,

H Br
Il = H
N

e —
-]
mp 180 dec
£-BuO 15* P
N, Na +-BuO K’ DME
DMSO0, 25° mesityl-S0,-0-NH,
2 days
N N

ﬂ N~ NZ N mo NZ "N—H
—_— —_—
S———— Se————
mp 149° dec

drohalogenation of 9-bromodianthracene (the product
of cross dimerization of 9-bromoanthracene and an-
thracene)* to the bridgehead olefin and capture of the
olefin by azide ion (in thé absence of azide, the base adds
to the olefin); conversion of the triazoline®: to the N-
aminotriazoline® by Carpino’s reagent, hydroxylamine
O-mesitylenesulfonate;? oxidation of the N-amino
derivative with lead tetraacetate.®

(4) D. E. Applequist, R, L, Litle, E. C. Friedrich, and R. E. Wall,
J. Amer. Chem. Soc., 81, 452 (1959).

(5) Reaction of the triazoline anion with trimethyloxonium fluoro-
borate afforded the N-methyltriazoline, identical with the product of
addition of methyl azide to olefin IV, mp 234-235° dec; analysis for
C, H, and N was satisfactory.

(6) The free triazoline and N-aminotriazoline are thermally unstable
and acid sensitive.

(7) L. A. Carpino, J. Amer. Chem. Soc., 82, 3133 (1960).

(8) The latter two steps of the synthetic sequence parallel a benzyne
synthesis of C. D. Campbell and C. W. Rees, J. Chem. Soc. C, 742, 748,
752 (1969).
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