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solved in 20 ml of tetrahydrofuran, the mixture was cooled to 0°, 
and 5.0 ml of methanol (122 mmol) was slowly introduced. There 
was a vigorous reaction and 92.5 % of the theoretical hydrogen was 
evolved by the time the addition had been completed. The solution 
was stirred at room temperature for 2 hr. The total hydrogen 
evolved increased to 98.5% of the calculated quantity. 

The flask was immersed in an oil bath and the temperature raised 
to 165° as the tetrahydrofuran and possible B-methoxyborolane 
was collected. However, glpc examination of the distillate revealed 
only traces of B-methoxyborolane. 

The flask containing the product was connected to a vacuum and 
heated. At 85-90° bath temperature and a pressure of 15 mm, 
distillation of a volatile product was observed and 2.82 g was 
collected in a trap cooled to —78°. Glpc analysis showed the 
presence of solvent (15%) and two peaks with retention times of 
3.8 and 6.2 min. By raising the bath temperature to 180-200°, 
a larger fraction was collected, 3.58 g. Glpc analysis showed the 
presence of B-methoxyborolane, 62%, retention time 2.0 min, and 
the previous two peaks of longer retention time, 3.8 and 6.2 min. 

Reaction of the 1:1 Dimer with Methanol. Freshly distilled 
1:1 dimer, 5.73 g, 42.1 mmol, was dissolved in 15 ml of tetrahydro­
furan at 0° and 5.0 ml of methanol (122 mmol) added. There 
was an initial evolution of 80 ml of hydrogen (3.57 mmol, 4.25%). 
Further evolution was very slow, the total being 97 ml (5.13%) 
after 24 hr. The solution was then refluxed for 24 hr, causing 
the slow liberation of 1380 ml of hydrogen (61 mmol, 73% of 
theory8). Glpc analysis showed the presence of 18% unreacted 
1:1 dimer. 

The tetrahydrofuran was removed at atmospheric pressure. 
Depolymerization with vacuum distillation gave two fractions: 
3.62 g, with one major peak (70%) on glpc examination, exhibiting 
a retention time of 2.5 min, and three minor peaks with retention 
times of 5.2, 8.2, and 14 min, and 2.42 g, with glpc showing the 
presence of six peaks. Redistillation of the larger first fraction 
at atmospheric pressure, bp 92-96° (747 mm), yielded 2.14 g. 
However, glpc analysis showed no improvement in apparent purity. 
Nevertheless mass spectral examination of this fraction showed 
one parent peak at low voltage (15 eV) at mje 97 and 98, in accord­
ance with that expected for B-methoxyborolane. 

Triplet-triplet energy transfer is a basic process in 
both photochemistry and molecular spectroscopy. 

It was first observed in rigid solutions in which the donor 
and acceptor molecules were present as cosolutes at 
77 0K, when selective excitation of the donor led to phos­
phorescence emission from the acceptor.2'3 Later, 
flash spectroscopy allowed observation of the phenom­
enon in fluid solution at room temperature by deter­
mination of the T-T absorption of the acceptor.4 Other 

(1) Taken in part from the Ph.D. thesis of J. R. D. submitted to the 
Graduate School of The George Washington University, 1968. 

(2) A. N. Terenin and V. L. Ermolaev, Trans. Faraday Soc, 52, 1042 
(1956). 

(3) V. L. Ermolaev, Soviet Phys. Usp., 80, 333 (1963). 

In another experiment, «-dodecane was added as an internal 
standard and the reaction followed by glpc analysis, as well as by 
hydrogen evolution. The 1:1 dimer, 1.33 g (9.8 mmol), freshly 
distilled in 4.0 ml of tetrahydrofuran containing 0.725 g of n-
dodecane. Then 1.0 ml (24 mmol) of methanol was added, causing 
the liberation of 18 ml of hydrogen (0.80 mmol, 4.1 %) in 85 min. 
The solution was brought to a gentle reflux and the evolution of 
hydrogen was observed as samples were removed with a syringe 
for glpc examination. The results are shown in Figure 2. 

Protonolysis of the 1:1 Dimer. Freshly distilled dimer, 1.44 g, 
was dissolved in 10 ml of glacial acetic acid at room temperature. 
No gas was evolved. The solution was brought to reflux tempera­
ture and maintained there for 4 hr. There was evolved 490 ml of 
gas. The solution was evaporated to dryness in vacuo and 5.0 ml of 
diethanolamine added, followed by the addition of n-octane. The 
«-octane was distilled until the distillate showed no trace of acetic 
acid (1:1 «-octane-acetic acid azeotrope boils at 109 °). The residue 
was treated with acetone, precipitating 338 mg (1.08 mmol) of 
1,4-butanediboronic acid bisdiethanolamine ester, mp 244-250°. 
Four recrystallizations from Cellosolve gave the analytically pure 
sample, mp 261-263° (lit.11 245-247°). 

Anal. Calcd for G2H26B2N2O6: C, 50.74; H, 9.22; N, 9.86. 
Found: C, 50.91; H, 9.43; N, 9.60. 

The 60-Mcps nmr spectrum in D2O shows two distinctive mul-
tiplets centered at 5 3.0 (8 H) and 3.82 (8 H), two broad peaks 
centered at 0.6 (4 H) and 1.3 (4 H), and an enlarged water peak 
resulting from the exchange of the NH hydrogens. The infrared 
spectrum shows a band at 3144 cm-1, characteristic of the NH 
grouping in diethanolamine esters of boronic acids.23 

Reaction of the 1:1 Dimer with (3-DimethyIaminoethanol. The 
freshly distilled 1:1 dimer, 0.711 g (5.22 mmol), was dissolved in 
4.0 ml of dry tetrahydrofuran and 0.930 g (10.45 mmol) of /3-di-
methylaminoethanol was introduced with a syringe. There was 
an immediate evolution of hydrogen corresponding to 85 % of the 
calculated amount. Removal of the solvent gave an oil which 
could not be crystallized. 

(23) S.-O. Lawesson, Arkiv Kemi, 10, 171 (1956). 

efficient ways to investigate the migration of triplet en­
ergy in solution were provided by the use of a-dike-
tones5'6 or lanthanide-ion acceptors,7-9 which exhibit 
quantitatively measurable luminescence in fluid solution 
corresponding to transitions involving a change of mul­
tiplicity of two. 

(4) G. Porter and M. R. Wright, /. Chem. Phys., 55, 705 (1958). 
(5) H. L. J. Backstrom and K. Sandros, Acta Chem. Scand., 12, 823 

(1958); 14,48(1960). 
(6) K. Sandros and H. L. J. Backstrom, ibid., 16,958 (1962). 
(7) A. Heller and E. Wasserman, /. Chem. Phys., 42,949 (1965). 
(8) W. J. McCarthy and J. D. Winefornder, Anal. Chem., 38, 848 

(1966). 
(9) N. Filipescu and G. W. Mushrush, J. Phys. Chem., 11, 3516, 3522 

(1968). 
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Triplet-triplet energy transfer is presumably due to an 
exchange mechanism which requires spatial overlap of 
donor and acceptor orbitals.10 Therefore, the probabil­
ity of triplet energy transfer should decrease exponen­
tially with donor-acceptor separation distance and 
should depend on relative orientation of the two chro-
mophores. A vaguely defined "sphere of quenching" 
or "active volume" has been postulated to account for 
T-T energy transfer observed3 at average separation dis­
tances of 15 A. 

A preferential donor-acceptor orientation has been 

Scheme I 

reported in only one case for the benzophenone-phen-
anthrene-</10 pair at 77 0K.11 As in most previous 
work, the two chromophores had random geometrical 
distribution and photoselection12 had to be used to eval­
uate orientation. Considerable concentration depolar­
ization in both donor and acceptor molecules and ad­
mitted possibility of association might have made the 
results inconclusive. Several attempts have been made 
to investigate electronic energy transfer between non-
conjugated chromophores incorporated in the same 
molecule.13_17 Inflexible molecular systems present the 
advantage of known donor-acceptor separation distance 
and mutual orientation. 

Although the two chromophores in rigid compound I 
are less than 10 A apart, we previously found that 
neither singlet nor triplet transfer could be detected. 
The absorption and emission spectra of the two TV sys­
tems were very similar to those of a dilute mixture of sep­
arated chromophores.18 The lack of triplet-triplet 
transfer was intriguing, since the two chromophores were 
wello within the reported T-T interaction distances of 
15 A. It strongly suggested either that these distances 
were inaccurate or that an orientation effect was respon-

(10) D. L. Dexter, J. Chem. Phys., 21, 836 (1953). 
(11) J. K. Roy and M. A. El-Sayed, ibid., 40, 3442 (1964). 
(12) A. C. Albrecht, / . MoI. Spectry., 6, 84 (1961). 
(13) A. A. Lamola, P. A. Leermakers, G. W. Byers, and G. S. Ham­

mond, / . Am. Chem. Soc, 85, 2670 (1963); 87, 2322 (1965). 
(14) S. A. Latt, H. T. Cheung, and E. R. Blout, ibid., 87, 995 (1965). 
(15) R. A. Keller, ibid., 90,1940 (1968). 
(16) D. E. Breen and R. A. Keller, ibid., 90, 1935 (1968). 
(17) L. Stryer and R. P. Haugland, Proc. Natl. Acad. Sci. U. S., 58, 

719(1967). 
(18) J. R. DeMember and N. Filipescu, / . Am. Chem. Soc, 90, 6425 

(1968). 

sible for the lack of both singlet-singlet and triplet-
triplet transfer. Presently we report evidence for intra­
molecular triplet energy migration between tetralin-1,4-
dione (D) and fluorene (F) chromophores in compound 
IV (Scheme I). To our knowledge, this is the first re­
port of triplet-triplet energy transfer between two chro­
mophores whose separation and relative orientation are 
accurately known. In addition, the magnitude of the 
separation places the two interacting chromophores at a 
critical distance between molecular contact (collision) 
and separations much larger than molecular diameters. 

Results 

Model compound IV was prepared by addition of 9-
diazofluorene to olefin II and subsequent thermal de­
composition of the resulting 1-pyrazoline III. The 
steric configuration of IV was derived from the nmr 
spectrum and confirmed by its uv absorption. The nmr 
spectrum was found to be similar to that of other spiro-
cyclopropanes known to have exo orientation.19 

Molecular models (Dreiding) of IV in which F is endo 
with respect to the norbornene frame suggest that the 
pronounced overlap of the F and D -w systems should be 
reflected in the uv spectrum. Instead, the absorption of 
IV was very similar with that of an equivalent mixture of 
V and VI, consistent with an exo orientation of F. The 
known endo positioning of D in the Diels-Alder adduct 
II is maintained in IV. Of the two possible endo con-
formers, the nmr spectra indicate that the products con­
tain only that conformation shown in Scheme I for com­
pounds H-V. Chemical shifts of norbornene vinyl 
protons in the nmr and similarity in uv absorption 
spectra of II and V indicate absence of benzene-olefin 
transannular interaction expected in the alternate con-
former. Elemental analysis and ir and nmr spectra 
were consistent with structures displayed in Scheme I. 

The excitation and emission spectra of F and D chro­
mophores separately attached to the norbornane frame 
are displayed in Figure 1. A 10 -3 M solution of VI in 
ether-isopentane-ethanol (EPA) glass at 770K showed 
both fluorescence (Xmax 320 rmx) and phosphorescence 
(\max 460 van) whereas diketone V in the same conditions 

(19) N. Filipescu and J. R. DeMember, Tetrahedron, 24, 5181 (1968). 
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Figure 1. Excitation and emission spectra of separated chromo-
phores, 1O-3 M in EPA at 770K: (1) excitation of F phosphores­
cence inVI(emission at 427 m,u), (2) exictation of D phosphorescence 
in V (emission at 440 m,u), (3) fluorescence of VI excited at 310 m^, 
(4) phosphorescence of V excited at 297 ntyt, and (5) phosphores­
cence of VI excited at 310 m/u. Relative intensities refer to each 
curve separately. 

exhibited only characteristic carbonyl phosphorescence 
(Xmax 414,442,471, and 510 m,u). 

The phosphorescence and excitation spectra of one-
to-one mixtures of V and VI in EPA at 770K revealed 
no interaction between the two chromophores in the 
1O-5—1O-3 M concentration range. Each chromophore 
was selectively excited and displayed its characteristic 
phosphorescence. 

Figure 2 shows the emission and excitation spectra of 
model compound IV in rigid matrix at 770K. The rel­
atively weak F fluorescence at 320 m/x was virtually un­
changed with respect to that of the isolated chromo­
phore. Regardless of excitation wavelength, the phos­
phorescence spectrum of model compound IV was al­
most identical with that of isolated F chromophore in 
VI. Even upon selective excitation of the D chromo­
phore in IV at 251 mix, the Ti -»- S0 emission closely re­
sembled the phosphorescence from VI with only a minor 
contribution from D (curve 5, Figure T). 

Discussion 

The 0-0 vibrational bands in the phosphorescence 
spectra of isolated chromophores locate the first excited 
triplet states of D and F at approximately 24,000 and 
23,000 cm -1 , respectively. The excitation spectra sug­
gest the same order for the v = 0 levels of lowest ex­
cited singlets, namely about 33,600 cm - 1 for D and 32,-
700 cm - 1 for F (see Figure 3). 

Singlet-Singlet Interaction. Apparently the two 
chromophores in compound IV are noninteracting 
entities in their ground and first excited singlet states. 
This is shown by the mentioned eIV = ev + «vi extinc­
tion coefficient additivity and by virtually identical fluo­
rescence quantum efficiency of F in IV and in dilute 
V + VI mixtures. Absence of S-S resonance transfer 
from D to F in IV and in 10-s—10—3 M one-to-one mix­
tures of V and VI suggests that intersystem crossing in 
diketone D is faster than inductive coupling to the Si 
state of F. An apparent alternative for lack of S-S 
interaction between the two chromophores at close dis­
tance in IV may be the mutual perpendicularity of the 
S0

F *-» SiF and S0
D <-» SiD transition moments. The w 

systems of F and of the benzene nucleus of D are mutu­
ally perpendicular in IV. Polarized absorption and 
emission measurements suggested that the transition 

200 300 400 300 «00 
WAVELENGTH, mil 

Figure 2. Excitation and emission spectra of model compound IV, 
10"3 Mm EPA at 770K: (1) excitation of phosphorescence at 454 
m/j, (2) fluorescence excited at 265 mix, (3) phosphorescence excited 
at 304 m/x, and (4) phosphorescence excited at 251 m̂ u. The intens­
ity units are valid only for each curve separately. 
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Figure 3. Energy level diagram for F and D chromophores in com­
pound IV; selective absorption at 251 tityj. 

vector for ir -*• w* singlet-singlet transitions in aromatic 
hydrocarbons lies in the molecular plane. Assuming 
that the first excited singlet state of D is primarily lo­
calized in the plane of the aromatic ring, the mutual 
orientation of the two S0 <-> Si vectors could be, as in I, 
perpendicular. At the same time, the angle made by 
the transition vector in F with the interconnecting line 
would be 90 ± 5°.6 This orientation would be enough 
to determine a vanishingly small value for the resonance 
interaction term in the absence of vibronic coupling or 
molecular distortions. However, since the lowest ex­
cited singlet state of D is probably n,7r*, the assumption 
that the transition moment of S0

D <-» SiD is in the plane 
of the aromatic ring of D is not justified. That S D -*• S F 

transfer does not take place to any significant extent is 
proved by the large decrease in $tF/$p

F in IV compared 
to the value in VI. Approximate calculations using 
integrated areas under corrected emission spectra gave 
<t>f

F/<i>p
F values of 0.6 X 10~2 for VI and 0.5 X 10~2 to 

10 -3 for IV depending on the excitation wavelength. 
If D —*• F transfer in IV would occur primarily at the ex­
cited singlet level, $f/$p f° r t n e fluorene chromophore 
would remain essentially unchanged (see Figure 3). 

Triplet-Triplet Transfer. The phosphorescence and 
fluorescence excitation spectra of compound IV dis­
played in Figure 2 clearly reveal efficient tripleten-
ergy migration from D to F. The transfer efficiency, 
calculated from data obtained on excitation with light 
of 251 iriM (where eD

261 = 12,000 and eF
251 = 6000 1. 

mol - 1 cm -1), was 83 ± 5%. The two chromophores 
in compound IV are less than 10 A apart in a fixed ori­
entation at a distance intermediate between independent 
separation and collision. Since triplet sensitization 
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Figure 4. Stereographic view and D-F overlap in compound IV. 
The nonbonding 2p orbital of the carbonyl oxygen represents the 
edge of the T chromophore closest to F. Conversely, the 2p orbital 
on fluorene carbon atom 1 is nearest to D. 

from carbonyl donors is known to occur in solution 
with a rate close to the diffusion-controlled value,6'20_22 

it seems appropriate to compare the molecular system 
of IV with a collision situation. 

The term collision for two separate particles in solu­
tion is normally associated with encounters between two 
neighboring solute molecules within a solvent cage. 
The average number of individual encounters which 
such neighboring solute molecules undergo in ordinary 
organic solvents before they separate to distances out­
side the collisional state is estimated to be between 10 
and 100.23 Since these encounters between a donor and 
a neighboring acceptor molecule take place in a variety 
of random relative positions, all orientation parameters 
are essentially removed. 

Ermolaev and coworkers have claimed that triplet-
triplet energy transfer took place in rigid matrix in solu­
tions in which the separated donor and acceptor mole­
cules were at average separation distances of up to 15 
A. However, we believe that the concept of average 
separation distance, well defined for dilute solution in 
which no complexation or other type of association 
occurs, is rather misleading at very high concentrations 
at 770K. Polar interactions and microcoprecipitation 
cannot be ruled out at such close proximity and low 
temperatures. In addition, the heat liberated by rad-
iationless transitions from excited solute molecules may 
cause local melting of the glass matrix and thus decrease 
the actual distances of approach with respect to the 
values calulated assuming random distribution.24-

The "active volume" concept first proposed by Perrin 
for sensitized fluorescence25 seems to account for some 
of the cosolute triplet-triplet transfer experiments.3 

However, since it is based on the assumption that mole­
cules are spherical and in a random Herzian distribu­
tion, it is obviously inadequate for the much better de­
fined molecular system IV. 

Except for vibronic deactivation of electronically ex­
cited chromophores, the connecting saturated frame in 
IV is not expected to be instrumental in the T-T transfer 
mechanism, since its excited electronic energy levels are 
essentially localized in the a bonds and at least 15,000 
cm - 1 above those of the chromophores (see below, how-

(20) G. S. Hammond, J. Saltiel, A. A. Lamola, N. J. Turro, J. A. 
Bradshaw, D. O. Cohen, R. C. Counsell, V. Vogt, and C. Dalton, / . Am. 
Chem. Soc, 86, 3197 (1964). 

(21) G. Porter and F. Wilkinson, Proc. Roy. Soc. (London), A264, 1 
(1961). 

(22) P. J. Wagner and I. Kochevar, J. Am. Chem. Soc, 90, 2232 
(1968). 

(23) E. F. Caldin, "Fast Reactions in Solution," John Wiley & Sons, 
Inc., New York, N. Y., 1964, p 283. 

(24) A. C. Albrecht,/. Chem.Phys.,21,1411 (1958). 
(25) F. Perrin, Compt. Rend., 178, 1978 (1924). 

Figure 5. Relative orientation of the n orbital of oxygen (2po) and 
the 2p orbital of nearest carbon in fluorene (2pc). 

ever). It is clearly shown that the rigid glass solvent 
does not play a role in triplet-triplet transfer.26 

Figure 4 shows the stereographic view of compound 
IV. The oxygen atoms of the carbonyl groups and the 
1' (or 8') carbon atom of fluorene represent the edges of 
the D and F chromophores nearest to each other. The 
distance between the O and Cr atoms is 5.2 A. The 
closest orbital parts of the two chromophores are the 
nonbonding 2p orbital on oxygen and the 2p orbital on 
the aromatic carbon 1'. 

An order-of-magnitude calculation of the transfer 
probability by an exchange mechanism can be made 
using Dexter's expression10 

PD*_A* = (2TT//I)Z2 f VD(£)eA(F)d£ 
Jo 

where J FD(E)eA(E)dE represents the donor-emission 

(T -»- S0) — acceptor-absorption (S0 -*• T) overlap (in 
e V ) - ^ n d 

Z2 = EE(SDgA*2)-1 

I F 
! / 

*i(eVr«)*FdT 

g being the vibrational degeneracy, K the dielectric con­
stant, and I and F referring to the initial and final states, 
respectively. Using the asterisk to denote the excited 
electronic state, <£ for the electronic part, and x for the 
vibrational part, the initial and final state wave func­
tions are given by ^ i = "JD^AXD4XA and ^ F = ^"D*A* 
XDXA*. Separating the electronic and vibrational in­
tegrals, we obtain 

= K-2 EEgD-
I F 

X S A - 1 I XD*XDXA*XAdr 

*D*C 1 >*A< S >(«Vru)*D< 8 )*A* ( 1 )dT 
! / 

An estimate of the exchange integral was obtained 
using MuUiken's approximation27 for <J?A*(1) "^D*0 ' and 
*A< 2 ) ^DC 2 )) Pople's point-charge approximation28 for the 
resulting two-center coulomb integrals, and an adapta­
tion of Pariser's approximation29 for the one-center 
coulomb integrals. Apparently, other approximate 
methods of calculation do not change the order of mag­
nitude.80 With a core-separation distance of 5.2 X 
1O-8 cm, the orientation shown in Figure 5, and con-

(26) S. Siegel and H. Judeikis, J. Chem. Phys., 41, 648 (1964). 
(27) R. S. Mulliken, ibid., 46, 497 (1944). 
(28) J. A. Pople, Trans. Faraday Soc, 49,1375 (1953). 
(29) R. Pariser, J. Chem. Phys., 21, 568 (1953). 
(30) J. Cizek, MoI. Phys., 6, 9 (1963). 
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sidering the fact that there are two equivalent carbonyl 
oxygens, the calculated exchange integral is of the order 
of 1O-ll eV. Assuming a Franck-Condon factor31 of 
roughly 10-1, one obtains Z2 ~ 10~26 eV. An esti­
mated spectral overlap of '/s (eV)-1 leads to PD*_»A* ~ 
20 sec-1. This value is in reasonable agreement with 
the experimentally determined transfer efficiency of 
~83 % and a donor triplet lifetime of ~10- 3 sec. 

The value of the exchange integral depends signifi­
cantly on the type of orbitals used in calculations. Thus, 
one may estimate anywhere from 10-11 to 102 eV on going 
from Slater-type to Rydberg orbitals.32 The interac­
tion energy depends also on orientation and could con­
ceivably vanish even at close separation distances be­
cause of spatial disposition. Vibrational distortions in 
the connecting frame, however, are not expected to 
modify the order-of-magnitude estimate, since the C-C 
a bond is a rather stiff spring with a maximum ampli­
tude in the fundamental stretching mode36 of 0.1 A. 
If anything, the norbornane-cyclopropane frame should 
increase the donor-acceptor orbital overlap. Whether 
the direct frame participation is essential for efficient ex­
change transfer via the a bonds is difficult to estimate. 
Such a mechanism seems to contradict the reported lack 
of solvent effect in triplet-triplet energy transfer.26 

However, the analogy between separating solvent mole­
cules and directly bonded saturated frame is not com­
plete. Intermolecular donor-(solvent)„-acceptor sep­
aration distances in mixed-solutes experiments are at 
least twice the bonding distances in the frame. There 
is one additional observation which makes the frame-
participation mechanism suspect. If this were the main 
path for triplet-triplet energy migration, there is no ob-

(31) W. Siebrand in "The Triplet State," A. B. Zahlan, Ed., Cam­
bridge University Press, London, 1967, p 31. 

(32) Some highly excited states and especially Rydberg and near-
Rydberg states are known to extend several angstroms beyond the 
atomic cores of the molecular chromophore.33'34 However, in low-
lying 7T* states such outwardly extended derealization is very small.34'86 

Specifically, the lowest n,7r* triplet of D is neither close to a continuum 
of states nor long lived enough to allow efficient biphotonic absorption 
to higher near-Rydberg states. 

(33) D. S. Kliger, J. D. Laposa, and A. C. Albrecht, J. Chem. Phys., 
48,4326(1968). 

(34) A. U. Hazi and S. A. Rice, ibid., 45, 3004 (1966), and references 
therein. 

(35) S. A. Rice, "Reactivity of the Photoexcited Organic Molecule," 
Interscience Publishers, New York, N. Y„ 1967, p 298. 

(36) The maximum displacement for a C-C bond was evaluated from 
A = Qhcu/kcc)1/' with h = 6.624 X 1O -" erg sec, c = 3 X 10" cm 
sec-1, u ^ 1000 cm"1, and kcc 0^. 5 X 105 dyn cm-1. The result was 
A = 0.089 A. 

vious reason why it should not take place in compound 
I. Since it does not, we must assume a direct exchange 
mechanism between the separated donor and acceptor 
chromophores. 

Some additional contribution to the D -»- F triplet 
energy transfer should be expected to come from a res­
onance-type mechanism. So *-* Tx transitions in un­
saturated organic molecules are electric-dipole transi­
tions which become partly allowed by mixing appro­
priate singlet states into the "pure" triplet states under 
spin-orbital interaction. The extent of Forster-type 
T-T transfer is only very limited for our separation dis­
tance since the R0 value estimated from S0 <-* T1 spectra 
of the D and F chromophores is less than 3 A. 

Experimental Section 
General. Ir and uv spectra were determined in double beam 

with the Beckman Model IR5A and the Cary Model 15 spectro­
photometers, respectively. Nmr spectra were recorded on a 
Varian A-60 spectrometer with TMS internal standard. Emission 
and excitation spectra were determined with an Aminco-Bowman 
spectrophotofluorometer. EPA solutions in the 3 mm o.d. quartz 
tube were lowered in the cold-finger dewar in liquid nitrogen. 
Elemental analysis were performed in our laboratory with an 
Aminco C & H analyzer. The IBM 360/40 computer was used in 
the calculation of the integrals. 

l,4-Methano-2,3-exo-[fluorene-9 '-spiro-3' '-l-pyrazoline]-9,10-di-
keto-ll,12-dihydroanthracene (III). 9-Diazofluorene (5.0 g, 26.2 
mmol) was dissolved in 20 ml of dry benzene containing 5.0 g 
(22.3 mmol) of l,4-methano-9,10-diketo-ll,12-dihydroanthracene 
(II). After standing at room temperature for 37 days, 4.6 g (11.0 
mmol; 50%) of III was obtained as white prisms, mp 156° dec; 
vKB*: 1532cm-1; nmr (CDCl3): S 1.49 (2 H; C-15s,a) AB (per­
turbed); 1.96 (1 H; C-3) doublet (J = 6.3 cps); 3.02 (1 H; C-Il) 
broad singlet; 3.25 (1 H; C-12) doublet (J = 4.3 cps); 3.40 (1 H; 
C-4) doublet ( / = 5.1 cps); 3.92 (1 H; C-I) doublet (J = 5.1 cps); 
5.20 (1 H; C-2) doublet (J = 6.3 cps); 6.45 (1 H; C-8') doublet 
(J= 8cps); 6.80-8.30(11 H; aromatic)complex. 

l,4-Methano-2,3-exo-[fluorene-9 '-spiro-1' '-cyclopropane]-9,10-di-
ketoanthracene (IV). Freshly prepared pyrazoline III (4.6 g, 11.2 
mmol) was decomposed in /ra/u-decalin at 160°. After 30 min 
the solution was cooled and 3.65 g (9.53 mmol; 85%) of light 
brown prisms of IV were obtained. Recrystallization from acetone 
yielded colorless prisms of IV, mp 205-206°; xKBr 1032 cm - 1 ; nmr 
(dioxane-rfs): 5 1.60 (1 H; C-15a) doublet (J = 11 cps); 1.88 (2 H; 
C-2,3) singlet; 1.72 (1 H; C-15a) doublet (J = 11 cps); 2.72 (2 
H; C-11,12) singlet; 2.75 (2 H; C-1,4) singlet; 4.93 (1 H; C-8') 
doublet (doublet) (J = 8 (0.4) cps); 5.88-7.50 (11 H; C-5-8 and 
l ' - 7 ' ) complex. 

Anal. CaMfOrC 2 8 H 2 0 O 2 : C, 86.56; H, 5.19; O, 8.23; mol 
wt, 388. Found: C, 86.42; H, 5.08; 0 ,8 .50 ; mol wt, 388M+. 
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