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Table II. Comparison of the Energy of the First CT Band (Eu)
of Various Pyridinium Iodides (in CH;Cl,) with ¢ Substituent
Constants and Calculated Charges (Qn) on the

Pyridinium Nitrogen

Ring Euns®

substituent kcal/mol  ox? o op° On¢
H 76.7 0 0 0 1.00
3-CN 65.6 +0.56 1.54
2-CN 60.1 1.717
4-CN 58.5 +0.66 +1.00 1.57
3-COCH; 70.6 +0.38 1.29
2-COCH; 64.7 1.31
4-COCH; 63.8 +0.50 40.87 1.37
4-CH;, 80.7¢ -0.17

3-CH; 78.0¢  —0.069

3-COOC;H; 71.3 +0.37
4-COOC;H; 65.2 +0.45 40.68
2-COOCH;  67.8

e Reference 2. ?J. Hine, “Physical Organic Chemistry,” Mc-
Graw-Hill, New York, N. Y., 1962, p 87. <H. H. Jaffé, Chem.
Rev., 53, 191 (1953). ¢ The calculated charges on nitrogen are
normalized to the unsubstituted 1-methylpyridinium ion. ¢ From
CHCl; data, ref 18, as ““corrected”” to CH:Cle.

III are +0.48, +0.65, and +0.89, respectively. These
fall in between the values of ¢, and ¢~ for the corre-
sponding para substituent.

A reasonable correlation also exists between ¢ values
(sp and om) and the calculated charges on the nitrogen
(Qn). However, from a plot of these data (given in
Table III) and the calculated values of Qx for the 2-
substituents, ¢, for the CN appears to be larger than
op.cn While ¢o.cocn, is less than oy.cocn, and approxi-
mately equal to owm cocr,. Though the data are inter-

esting their interpretation in terms of the various pos-
sible effects is difficult to achieve satisfactorily without
additional results with more compounds.

Summary

SCEH calculations for 1-methylpyridinium ion and
2-, 3-, and 4-cyano- (and acetyl-) l1-methylpyridinium
ions give data on energy differences between the lowest
and next highest vacant molecular orbitals of the pyri-
dinium ion which are in good agreement with the ob-
served separation of the two pyridinium iodide CT
bands in methylene chloride. This supports previous
indications that the higher energy CT band results from
charge-transfer to the second vacant molecular orbital
of the pyridinium ion.

Calculated electron affinities of the pyridinium
ions show expected trends in plots with the low energy
pyridinium iodide CT transition. A reasonable corre-
lation was also found to exist between ¢ values (o, and
om) and the calculated charges on the pyridinium nitro-
gen.

A possible explanation for the failure to observe
three CT bands has been proposed which, if valid,
allows prediction of relative intensities from simple
group theoretical considerations using idealized sym-
metry.
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man for the use of their program and for assistance in
the performance of the calculations, and to Mr. Phillip
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Abstract: p-Dimethoxybenzene (D) and phenanthrene (P) chromophores have been attached to an inflexible
o-bond molecular frame composed of two norbornane and one cyclopropane rings. The two w systems in the
model compound have a center-to-center separation of 9 A and their orientation is fixed, mutually perpendicular,
and nearly bisecting. The energy levels of D and P are appropriate for both singlet-singlet and triplet-triplet energy
transfer from D to P. Each chromophore, when separately attached to the frame, emits easily detectable and
characteristic fluorescence and phosphorescence. The absorption, emission, and excitation spectra of the model
molecule in dilute solution closely resembled those of an equivalent equimolar mixture of the two chromophores.
Since the D~P separation is well within ranges of efficient S-S and T-T transfer, it is obvious that the D-P relative
orientation in the model compound is responsible for their weak interaction. Tentative explanations related to the
exchange and resonance transfer concepts are offered. Special precautions have been taken to make sure that the
spectrophotofluorometric measurements were not altered by spurious light-induced reactions or eventual photo-
products.

In a previous communication? we compared the ab-
sorption and emission spectra of model compound 1
with those of 3/,6’-dimethoxybenzonorbornane (2) and

(1) Taken from the Ph.D. dissertation of D. S. C. Chang, George

Washington University, 1970.
(2) (a) N, Filipescu, Symposium on Radiationless Transitions in

2,3 - exo-(4',5' -methylenephenanthrene- 11’ -spiro-1"/-
cyclopropane)bicyclo[2.2.1]heptane (3) which represent,
respectively, the constituent p-dimethoxybenzene (D)

Molecules, Paris, France, May 1969; (b) N. Filipescu, J. R. DeMem-
ber, and G. R. Howard, J. Chim. Phys. Physicochim. Biol., 67, 84 (1970).
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and phenanthrene (P) = chromophores of 1 separately
attached to the inflexible norbornane o-bond frame.
The energy levels of the D and P chromophores lend
themselves to both singlet-singlet and triplet-triplet
energy transfer from D to P. Both 2 and 3 emit fluo-
rescence and phosphorescence at different wavelengths
with little spectral overlap and appropriately accurate
detectability. Unlike spiro-linked fluorene,® the P-on-
the-frame chromophore in 1 and 3 is a very efficient
emitter from both S; and T, states.

In the present paper we report on the spectro-
photofluorometric properties of endo,exo-5,8-dime-
thoxy-1,4-methano-9,10-methano-2,3-exo0-(4’,5’-methyl-
enephenanthrene-11’-spiro-1/'-cyclopropane)-1,2,3,4,-
4a,9,9a,10-octahydroanthracene, model compound 4.

This molecule contains the same two D and P 7 chromo-
phores as 1, also in a perpendicular but somewhat
different relative orientation and one norbornane unit
further apart.

Preparation and Structure of 4. By a simpler pro-
cedure, 3’,6’-dimethoxybenzonorbornadiene 5§ was ob-
tained directly from the Diels-Alder cyclopentadiene—
benzoquinone adduct by enolization and etherification
with NaOH and (CH;),SO. without going through the
diacetoxy stage.2* The sealed-tube reaction of 5 with
dicyclopentadiene above the dissociation temperature of
the latter yielded endo,exo-5,8-dimethoxy-1,4-methano-
9,10 - methano - 1,4,4a,9,10,10a - hexahydroanthracene-
(6). The elemental analysis, moelcular weight, and nmr
spectrum of 6 confirmed that 1,4 addition of 1 mol of
cyclopentadiene to 5 has taken place but provided in-
sufficient clues as to which one of the four possible
stereoisomeric adducts was formed. The exo,endo

(3) (a) J. R. DeMember and N. Filipescu, J. Amer, Chem. Soc., 90,
6425 (1968); (b) A. A. Lamola, ibid., 91, 4786 (1969).

(4) (a) J. Meinwald and G. A. Wiley, J. Org. Chem., 23, 3667 (1958);
(b) N. Filipescu and J. M. Menter, J. Chem. Soc. B, 616 (1969); (c)J. M.
Menter and N, Filipescu, ibid., 464 (1970).
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conformation was established with the additional help
of the ir and uv spectra of 6 and those of its photo-
product.? On standing for about 2 months, an ether
solution of 6 and 11-diazo-4,5-methylenephenanthrene?
separated relatively pure crystals of pyrazoline adduct.
Since the preparation of 4,5-methylenephenanthrylene
ketone, the precursor of the diazo compound, from
tetrahydronaphthalene was long (13 steps), tedious,
and of low overall yield,® we have developed a shorter
new synthesis which begins with the ozonolysis of
pyrene as shown in eq 1. Details are given in the Ex-

perimental Section.
I CHO

COOH (). Ca(OH),
COOH (@) a,-C0,

(1. AgO
COONa @).H*

Thermal decomposition of the pyrazoline adduct of
6 and 11-diazo-4,5-methylenephenanthrene yielded spi-
rocyclopropane compound 4.

The nmr spectrum of 4 displayed a complex pattern
between 6 7.0 and 8.0 ppm which resembled that of
the spirocyclopropane moiety of molecule 1. An exo
orientation of the cyclopropane with respect to the nor-
bornane frame is shown not only by spectroscopic sim-
ilarities with 1 but also by scale molecular models
which indicate that an endo disposition is virtually im-
possible because of resulting steric interference between
phenanthrene and the middle bridge carbon (Cy). The
remainder of the nmr spectrum of 4 shows six equiva-
lent methoxy protons, reflecting the molecular sym-
metry, and a complex aliphatic region. All analytical
data were consistent with the designated structure of 4.

Spectroscopy. The uv absorption spectrum of 4 is
compared to those of its constituent = chromophores
individually attached to a truncated norbornane frame,
2 and 3, in Figure 1. Obviously, there is a great deal of
similarity between the absorption curves of 4 and 2 + 3.

(5) N. Filipescu and D. S. C. Chang, J. Amer. Chem, Soc., in press.
(6) K. G. Rutherford and M. S. Newman, ibid., 79, 213 (1957).
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Figure 1. Absorption spectra of compounds 2,3, and 4.

Figure 2 shows the emission and excitation spectra of
model compound 4 in ether-isopentane—ethanol (EPA)
at 77°K. Each of the two chromophores emits clearly
identifiable fluorescence and phosphorescence. Com-
parison with the individual emissions of *“half”’-mole-
cules 2 and 3 reported previously? allows specific as-
signment to each emission in Figure 2. The intense
phenanthrene fluorescence displaying characteristic
vibrational progression (Am.x 348, 365, 385, and 404
nm, curve 1) was recorded at low amplification since it
is much more intense than the partly overlapping broad
phosphorescence with Aax at 405 nm (see below). The
typical D fluorescence centered at about 310 nm (curve
2) was also unambiguously present. Curve 3, repre-
senting total phosphorescence, was recorded through
the rotating shutter phosphoroscope which removed
the short-lived fluorescence. The broad structureless
band centered at about 405 nm (curve 4) is charac-
teristically associated with the T, — S, emission of
the D chromophore. This emission was also re-
corded at higher gain, curve 4. The three narrower
bands in the green spectral region at 465, 502,
and 543 nm represent typical P phosphorescence. The
relative intensities of the four individual emissions
were within 8 7 the same as those from an equivalent
equimolar mixtue of 2 and 3. The excitation spectra
of P (curve 5) and D (curve 6) emissions are distinctly
different and have distorted mirror image relationships
with the respective fluorescences. The phosphores-
cence lifetimes at 400 and 500 nm were 3 and 2 sec,
respectively, again close to those of the isolated chromo-
phores. In fact, the entire emission and excitation of
compound 4 are remarkably similar to those obtained
from a mixture of 2 and 3 of equivalent concentrations.
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Figure 2. Emission and excitation spectra of model compound 4,
uncorrected: 1, phenanthrene fluorescence; 2, p-dimethoxybenzene
fluorescence; 3, total phosphorescence, recorded at X 15 compared
to curve 1; 4, p-dimethoxybenzene phosphorescence at X 5 compared
to curve 3; 5, excitation spectrum of P phosphorescence at 500 nm;
6, excitation spectrum of D phosphorescence at 400 nm; curves 3, 4,
5, and 6 were recorded while the rotating shutter phosphoroscope
was on.

Photostability of 4. We gave special attention to the
possibility of interference with the spectrophotofluoro-
metric results from undesired photoproducts. Conse-
quently we irradiated model compound 4 for extended
periods of times both in frozen glass and in liquid solu-
tion. Even after exposure in EPA at 77°K to uv light
of much higher intensity than in the emission spectrom-
eter more than 20 times longer than the time required
for recording, the emission and excitation spectra of 4
remained unchanged.

Separate experiments in which 2, 3, and 4 were photo-
lyzed for long time in fluid solution at 298°K showed
that D attached to a saturated frame in 2 and 4 is un-
reactive photochemically and that spirocyclopropane-
attached P in 3 (and 4) undergoes a clean photorear-
rangement’ to tribenzofulvene 7 in a manner analogous
to the 8 — 9 photoisomerization of spiro-linked fiuo-

rene (F).2%% However, regarding the influence of
3 — 7 and 8 — 9 photoreactions on spectrofiuoro-
metric measurements, there are three major differ-
ences: (i) unlike spiro-linked F in 8, P in 3 and 4 is
an intense and characteristic emitter of both fluores-

(7) N. Filipescu, F. L. Minn, and J. W. Pavlik, Anal. Chem., 43, 83
(1971).
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cence and phosphorescence; (ii) the quantum yield for
the 3 = 7 photoisomerization (<10~%) in fluid solution
is at least two orders of magnitude smaller than that
for the 8 — 9 reaction* (0.03) and negligible in frozen
glass; and (iii) fulvene 7 is a much poorer emitter
(more than 100 times) than 9. We conclude, there-
fore, that the emission spectrum shown in Figure 2 is
that of unaltered model compound 4 without inter-
ference from spurious photochemical reactions or
photoproducts.

Discussion

The near identity resemblance between the uv ab-
sorptions of 4 and those of 2 + 3 strongly suggests
that there is no 7 delocalization or even weak electronic
interaction extending over both p-dimethoxybenzene
and phenanthrene chromophores in rigid model com-
pound 4. The very small deviations from superimpos-
ability are easily accountable by a minor perturbation
of the vibronic levels of D and P brought about in 4
by the additional interconnecting ¢ bonds.? The lack
of distortion in the emission spectra of the individual
D and P chromophores of 4, when compared with those
of separated 2 and 3, tends to confirm the noninter-
acting relationship in 4. In addition, the separate ex-
citation spectra and the unambiguous detection of the
individual S; — S, and T, — S, emissions of each chro-
mophore in virtually the same intensity relationship
and with the same decay times as in the “isolated”
state established both the correctness of referring to
electronic ground and excited states localized on D
or on P and absence of electronic energy transferin 4.

The energy levels and emissive properties of the D
and P chromophores are ideal for spectrophotofluoro-
metric experiments involving both singlet-singlet and
triplet-triplet energy transfer. Thus, the D fluorescence
(Amax ~310 nm) overlaps extensively with the excita-
tion (or absorption) spectrum of P (Amax 304, 329, and
345 nm) and therefore satisfies the resonance condition
for D to P S-S transfer.* From spectral data one can
estimate that for a random orientation of D and P
chromophores (K% = ?*/3) the “critical radius” R, would
be of the order of 32 A. In other words, at average
separation distances of less than 32 A in a random dis-
tribution the singlet energy transfer from D to P should
exceed 50%;. Undoubtedly, at separatlons of 6A were
it not for the special rigid orientation in compound 4,
the transfer would be virtually complete.

The 0-0 bands of the phosphorescence spectra place
the lowest triplet states of D and P at about 23,260
(415 nm) and 21,190 cm—! (473 nm), respectively, again
ideally suited for T-T transfer from D to P. The fluo-
rescence and phosphorescence of each chromophore
are sufficiently intense to allow accurate measurements
far from the maximum instrumental sensitivity, appear
in different wavelength regions, and are characteris-
tically different (vibrational progression for P, near
structureless bands for D).

The absence of energy transfer in 4 in spite of favor-
able energy level and interchromophoric separation
distance is quite remarkable. Thus, most previous
work with either model compounds or mixtures in
which appropriate donors and acceptors were brought

(8) For a recent review see A. A, Lamola in “Energy Transfer and

Organic Photochemistry,” Techniques of Organic Chemistry, Vol. XIV,
Interscience, New York, N. Y. 1969.
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together at distances less than 20 A indicated either
total or very efficient singlet-singlet resonance and/or
exchange transfer.® No less unusual is the absence
of D to P triplet energy transfer since the “edge to edge”
separation between the nearest = carbon atoms is only
6 A, less than half the distance at which T transfer was
reported to have been complete from experiments with
binary mixtures. !0

It is quite obvious that the only possible explanation
for the absence of energy transfer in 4 is related to the
mutual orientation of the two-component = chromo-
phores.

Absence of exchange transfer between D and P im-
plies a vanishing exchange integral. Since the two
chromophores are well within® the “sphere of quench-
ing” it is doubtful that the spatial overlap of the TP
and S,® wave functions is vanishingly small. The
reason for a zero exchange integral may well be the re-
sult of symmetry properties of the product of wave func-
tions. Thus, the plane of symmetry of the molecule
which coincides with the phenanthrene group is per-
pendicular to the dimethoxybenzene plane. The can-
cellation of the exchange integral would be only natural
if the ground state of P is antisymmetric with respect to
the molecular plane of symmetry (as it would be in un-
substituted phenanthrene) whereas the T, wave func-
tion would be symmetric. Apparently, neither the
small distortions introduced by the vibrations within
the interconnecting ¢ frame (maximum amplitude of
C-C single bond ~0.1 A) nor its contribution, if any,
to the interchromophoric overlap are able to modify
the vanishing symmetry properties of the exchange
integral.®» Actually, the lack of triplet energy transfer
between D and P in 4 at small separation is not unique;
we have recently reported that the norbornylene =
bond failed to quench the phosphorescence of the
tetralindione chromophore in model compound 10 in
spite of adequate triplet energy level energies and less
than 4 A separation. 4 Apgain, the symmetry of mole-
cule 10 is conspicuous and may well explain why com-
pound 10 and its norbornane analog 11 exhibit com-
parable phosphorescence quantum efficiencies,

)
S

0 0

10 11

(9) (a) O. Schnepp and M. Levy, J. Amer. Chem. Soc., 84,172 (1962);
(b) A. A. Lamola, P. A. Leermakers, G. W. Byers, and G. S. Hammond,
ibid., 85, 2670 (1963); (c) S. A, Latt, H. T. Cheung, and E. R. Blout,
ibid., 87,995 (1965); (d) R. A. Keller and L. J. Dolby, ibid., 89, 2768
(1967); (e) ibid., 91, 1293 (1969); (f) R. D. Rauh, T. R, Evans, and
P. A. Leermakers, ibid., 90, 6897 (1968); (g) R. A. Keller, ibid., 90, 1940
(1968); (h) D. R. Roberts and E, H. White, ibid., 92, 4861 (1970);
(i) D. F. Roswell, V. Paul, and E. H. White, ibid., 92, 4855 (1970); (i) A.
A. Lamola, ibid., 92, 5045 (1970); (k) R. P, Haugland, J. Yguerabide,
and L. Stryer, Proc Nat. Acad. Sci. U. S., 63,23 (1969); (1) N. Filipescu
and J. R, Bunting, J. Chem. Soc., B, 1498 (1970) (m) ibid., 1750 (1970);
(n) N. Filipescu, J. R. DeMember and F. L. Minn, J. Amer Chem. Soc.,
91, 4169 (1969)

(10) (a) V. L. Ermolaev, Sov. Phys. Dokl., 6, 600 (1962); (b) A. N.
Tererin and V., L Ermolae, Bull. Acad. Sci. USSR, Phys. Ser., 26, 21
(1962); (c) S. Siegel and H. Judeikis, J. Chem. Phys., 41, 648 (1964),
(d) V. L. Ermolaev, Sov. Phys. Usp., 80, 333 (1963); (e) F. L. Minn and
N. Filipescu, J. Chem. Soc. A, 1016(1970)
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Figure 3. Orientation of S, « S, transition vectors in P and D of
model compounds 1 and 4.

The lack of resonance transfer at the singlet level in
4 in sharp contrast to the total D to P transfer in 1 is
probably caused by a change in the relative orienta-
tion of the two aromatic groups rather than a change
in separation distance. The centers of the two chromo-
phores are about 9 A apart, a distance much smaller
than those found to be limiting the S-S transfer in
mixed solutions.® The symmetry properties considered
responsible for the absence of triplet transfer are not
applicable to S-S resonance transfer since, if valid here,
they would have also precluded singlet transfer in 1
which has similar symmetry to 4. There is an impor-
tant structural difference between model compounds
1 and 4. Scale molecular models indicate that in 4
the plane of D is approximately bisecting the phenan-
threne, whereas in 1 the p-dimethoxybenzene plane
intersects P at about C,. This difference in orienta-
tion may well be responsible for the absence of reso-
nance transfer in 4. The D fluorescence at 310 nm
has been found to be polarized in plane of the benzene
ring, perpendicular to the line of the methoxy groups.!!
The absorption of P overlapping the D fluorescence
around 300 nm is polarized!? in the plane of phenan-
threne perpendicular to its second plane of symmetry,
from C, to C;, as shown in Figure 3. According to
Forster’s formulation of the inductive resonance the-
ory,® the transfer rate (or efficiency) includes an orienta-
tion factor K = cos ¢pa — 3 c0s ¢p COs pa where ¢pa
is the angle between the transition vectors of the donor
(D) and the acceptor (A), and ¢p and ¢, are the angles of
the transition vectors of the donor and acceptor, respec-
tively, with the line of centers of the two chromophores.
Since in 4 the plane of D bisects the phenanthrene group,
it is apparent that both ¢ps and ¢a are 7/2 and there-
fore X = 0. In contrast, the second term of the ex-
pression for K above did not vanish for the orientation
in compound 1 since ¢4 % 7/2. We are perfectly aware
of the limitations associated with extrapolation of
the Forster theory to smaller donor—acceptor dis-
tances®»1® and the mixed polarization character of
many transitions in organic chromophores.®:1* There-
fore, the above interpretation of the absence of trans-
fer in 4 represents merely a reasonable rationalization
within the existing theories of electronic energy trans-
fer. On the other hand, it seems obvious that the high
symmetry and unique relative orientation of the two
chromophores in 1 and 4 are responsible for lack of

(11) A. C, Albrecht and W, T. Simpson, J. Chem. Phys., 23, 1480
(1955).

(12) D. P. Craig and R. D. Gordon, Proc. Roy. Soc., Ser. A, 288, 69
(1956).

(13) T. Forster in “*Modern Quantum Chemistry,” Vol. III, O,
Sinanoglu, Ed., Academic Press, New York, N, Y., 1965.

(14) F. Dorr, Angew. Chem., Int. Ed. Engl., 5, 478 (1966).

triplet transfer in 1 and of both singlet and triplet trans-
ferin4.

It may be important to point out that the D and P
chromophores, whether free or attached separately
to the norbornane frame in 2 and 3, when used for en-
ergy transfer experiments in mixed solutions behave
like any appropriate donor-acceptor pair.’® However,
when the same two chromophores were incorporated
in rigid model compounds 1 and 4 at close separation
and distinct relative orientation they showed re-
markable “anomalies.” Gradual increase in the sep-
aration distance between a selected donor and acceptor
by increasing the size of the interconnecting molecular
frame in model compounds is a logical method of study-
ing delocalized excitation, exchange transfer, and more
distant energy migration regardless of whether the in-
vestigative method is spectroscopic® or photochem-
ical.*®#16  Inflexibility in the model molecule is es-
sential in determining both the separation and the rela-
tive orientation of the two chromophores, the two most
important parameters governing the energy transfer
process between selected donors and acceptors. This
restriction is rather severe and may impose substantial
hardship on the investigators who have to develop rather
elaborate synthetic routes. It often happens, especially
at small separation, that in some of these compounds the
energy transfer from donor to acceptor is complete. The
only conclusion in such cases is that there is strong in-
teraction between the two chromophores. On the
other hand, the most interesting rigid model molecules
are those in which the two nonconjugated chromo-
phores, though in close proximity, do not interact
strongly and exhibit either partial transfer or no transfer
at all. Compounds 1 and 4 are good examples. Spec-
troscopic and photochemical studies of such systems
are expected to contribute not only to a better under-
standing of the mechanism of energy transfer but also
to a more accurate description of electronically ex-
cited organic molecules.

Experimental Section

Uv and ir absorption spectra were determined in double beam
mode with the Cary 15 and Beckman IR-5A spectrophotometers,
respectively. Nmr spectra were recorded with a Hitachi-Perkin-
Elmer spectrometer with TMS internal standard. Molecular
weights were determined with the Mechrolab vapor pressure os-
mometer, Model 301A. Emission and excitation spectra were
obtained with the Aminco-Bowman spectrophotofluorometer at
77°K. In these experiments, the EPA (ether-isopentane-ethanol)
solutions were placed in 3-mm quartz tubes which were lowered in
the cold finger of the dewar in liquid nitrogen.

New Preparation of 5. Cyclopentadiene-benzoquinone adduct
(100 g) in 500 ml of 10%; aqueous sodium hydroxide was stirred
vigorously under nitrogen while 118 mi of dimethyl sulfate was
added dropwise over a 0.5-hr period with cooling in an ice bath.
After addition was complete, the reaction mixture was allowed to
warm to room temperature, and stirred overnight. The next day
an additional 250 ml of 109 NaOH was added followed dropwise
by 59 ml of dimethyl sulfate with stirring and cooling.. After
another overnight stand, 100 ml of 109 sodium hydroxide was
added to destroy any excess dimethyl sulfate. The solution was
extracted with ether and the ether layer washed with aqueous NaOH

(15) S. Siegel, private communication.

(16) (a) H. Morrison, J. Amer. Chem. Soc., 87, 932 (1965):. (_b) H.
Morrison and R. Peiffer, ibid., 90, 3428 (1968); (¢) H. Kristinsson
and G. S. Hammond, ibid., 89, 5968 (1967); (d) P. A, Lccrmakers,
1. Montiller, and R. D. Rauh, Mol. Photochem., 1, 57 (1969); (¢) D. 0.
Cowan and A. A. Baum, J. Amer. Chem. Soc., 93, 1153 (1971).
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and water. After the ether extracts were dried, evaporation and
recrystallization from ethanol yielded 45 g of pure 5, mp 76.5-77.5°.
All other properties were reported.ts Synthesis of 6, the cyclo-
pentadiene adduct of 5, was described recently.®

New Preparation of 4,5-Methylenephenanthrylene Ketone. Py-
rene was submitted to ozonolysis by the normal procedure except
that the reaction was stopped at the sodium salt of 5-formyl-4-
phenanthroic acid since the next step was run in an alkaline solu-
tion. A mixture of 18 g of silver nitrate, 8 g of sodium hydroxide,
and 10.3 g of sodium 5-formyl-4-phenanthroate in 300 ml of 50 %,
ethanol was stirred and refluxed for 4 hr. The silver and excess
silver oxide were filtered off and washed with hot water. The fil-
trate and washings were acidified with hydrochloric acid and the
precipitated phenanthrene-4,5-dicarboxylic acid was collected and
recrystallized from ethanol, mp 277-278°; ir (KBr) 3250 (OH
stretch) and 1680 cm™! (conjugated acid carbonyl). The calcium
salt of the phenanthrene-4,5-dicarboxylic acid was prepared by
boiling to dryness a mixture of equal weights of calcium oxide and
acid in water. The calcium salt mixture was pyrolyzed in 30-g
batches by heating the powdered solid in a beaker which was sus-
pended inside another beaker containing boiling benzophenone (bp
306°). The subliming yellow 4,5-methylenephenanthrylene ketone
was collected in a pure state on an erlenmeyer flask containing ether
which kept the flask cool by refluxing from an efficient condenser
attached to the flask. The average yield from 30 g of crude calcium
salt mixture was 0.5 g, mp 167-170° (mixed with authentic ketone, 28
168-170°),

endo,exo-5,8-Dimethoxy-1,4-methano-9,10-methano-1,4,42,9,10,-

10a-hexahydroanthracene(6). In a sealed tube were placed 11.3 g of
3’,6’-dimethoxybenzonorbornadiene (5) and 5.6 g of dicyclopenta-
diene. The tube was heated at 195° for 6 hr. The resultant oil
crystallized from heptane to give 8.4 g (60%) of off-white solid.
Several recrystallizations from heptane gave colorless needles,
mp 128-129¢; yin, 3030, 2950, 2850, 1490, 1480, 1430, 1350, 1270,
1250, 1175, 1105, 1080, 1060, 990, 910, 900, 850, 820, 795, 785, 755,
730, and 705 cm™!; nmr (CCly) § 6.27 (2 H, Hg,5, singlet), 598 (2 H,
H..3, triplet), 3.63 (6 H, OCH3, singlet), 3.20 (2H, Hy, 1o, triplet), 2.90-
2.57 (3 H, Hi,4,11a, complex), 2.19 (2 H, Hua,y, broad singlet), and
1.70-0.95 ppm (3 H, Hs.120.125, cOmplex).
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endo,exo-5,8-Dimethoxy-1,4-methano-9,10-methano-2,3-exo-(4',5'-
methylenephenanthrene-11’-spiro-1’’-cyciopropane)-1,2,3,4,4a,9,9a,-
10-octahydroanthracene (4). A mixture of 4 g of 4,5-methy-
lenephenanthrylene ketone, 6 ml of 95% hydrazine, and 100
ml of absolute alcohol was refluxed with stirring for 16 hr, The
reaction mixture was then cooled and the 11-hydrazo-4,5-methylene-
phenanthrene product collected, mp 214-215°, yield 3 g; ir (KBr
pellet) 3400 and 3325 cm~! (N-H stretch). 11-Diazo-4,5-methy-
lenephenanthrene was prepared by reaction of 0.3 g of 4,5-methy-
lenephenanthrene-11-hydrazone with 0.6 g of yellow mercuric oxide
and 0.2 g of anhydrous sodium sulfate in 50 ml of ether and several
drops of saturated alcoholic potassium hydroxide solution. After
the mixture was shaken for 30 min in the dark, the solution was
filtered and the precipitate washed several times with ether. Into
the combined ether solution of 11-diazo-4,5-methylenephenanthrene
and washings was dissolved 0.4 g of 6 and the solution was set aside
inthe dark. After 2 months at room temperature, the reaction mix-
ture had lost most of its color and the crystalline pyrazoline had
precipitated. Nmr spectrum of the crude precipitate in deuterio-
chloroform showed & 7.0-8.0 (8 H, Hy/—3, Her1or, complex), 6.43
(2 H, He,7, singlet), 5.6 (1 H, H, complex doublet), 3.76 (3 H, OCH,
singlet), 3.59 (3 H, OCH3), 3.2 (2 H, benzylic H, complex), and 1.5
3.0 ppm (9 H, complex).

The entire solution was evaporated to dryness and the powdered
residue covered with decalin. The solution was heated slowly to
160°, at which temperature the evolution of nitrogen ceased. Re-
moval of the decalin under vacuum resulted in a red oil which was
decolorized with charcoal in ethanol and recrystallized once from
heptane and once from chloroform-alcohol yielding colorless cubic
crystals, mp 210-211°; nmr (CDCl;) 6 7.0-8.0 (8 H, Hy/_y:, Heroyur,
complex), 6.54 (2 H, H,,;, singlet), 3.78 (6 H, OCHj, singlet). 3.63
(2 H, Hy,10, complex), and 1.0-3.0 ppm (10 H, complex).

Anal. Caled for CyHasO,: C, 86.84; H, 6.14, Found: C,
86.62; H,6.23.
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Abstract:

Phenylglyoxylic acid and five of its C-methylated derivatives have been studied by irradiation of iso-

propyl alcohol solutions of these compounds in the cavity of an electron paramagnetic resonance spectrometer,
Ketyl radicals are produced when the aromatic ring has no ortho substituents or when both ortho positions are oc-

cupied by methyl groups.

bimolecular radical decay are reported.

In previous papers in this series we have described our
studies of structure-reactivity relationships of ketyl
radicals, demonstrated by the rates of radical termina-
tion as measured by the esr-light intermittency tech-
nique.’"* We have now extended these studies to

(1) Part V: T. Fujisawa, B. M. Monroe, and G. S. Hammond, J.
Amer, Chem. Soc., 92, 542 (1970).

(2) S. A, Weiner and G. S. Hammond, ibid., 91, 986 (1969).

(3) S. A, Weiner, E. J. Hamilton, Jr., and B. M. Monroe, ibid., 91,
6350(1969),

A single o-methyl group prevents the formation of a detectable concentration of radi-
cals, presumably because of a competitive photoenolization reaction.

Hyperfine coupling constants and rates of

include the effect of methyl substituents on the photo-
chemistry of the phenylglyoxylic acids, 1a-f, and ketyl
radicals, 2a-f, derived from some of them.

Experimental Section

Materials.
material.

Phenylglyoxylic acid (Aldrich) was commercial
Methyl-substituted phenylglyoxylic acids were prepared

(4) S. A, Weiner and G. S. Hammond, ibid., 90, 1659 (1968).
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