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48. A Study of Intramolecular Energy Transfer in Conformationally
Rigid Molecules with Stereoisomerically Oriented Donor and
Acceptor Groups

by Walter Amrein?) and Kurt Schaffner
Département de Chimie Organigue, Université de (vendve, 1211 Genéve 4

(3. XII. 74)

Summary. The indanono naphthaleno compounds 1, 3, 5 and 7 exhibit, on both irradiation
in the 'Ly band (315 nm) and the # — % transition (> 340 nm) in EPA at 77° I, neither fluor-
escence from naphthalene nor phosphorescence from indanone, but exclusively phosphorescence
from naphthalenc, and quenching in liquid solution with 1, 3-pentadicne results in triplet energy
transfer from the naphibaleno group only. The naphthalene phosphorescence exhibited by the
ketones (1, 3, 5, 7) has an enhanced quantum efficiency with respeet 1o that on direct ¢xcitation
of the corresponding hydrocarbons (2, 4, 6, 8), and more strongly in the exo than in the endo
oricntation. In order to account for the cmergy wasting in the intramolecular triplet encrgy
transfer in the endo compounds, a transfer route wvie a weak triplet donor-acceptor exciplex,
specific to through-space intcraction in the endo configuration (providing for additional radiation-
less T — § encrgy dissipation through vibrational coupling), competing with an efficient through-
o-bond exchange transfer mechanism operative in both configurations is proposcd.

During the last 13 years numerous studies of the transfer of electronic cnergy
between non-conjugated donor and acceptor chromophores within the same molecule
have been published. The interest in this ficld is motivated by both photophysical

1) Part of the doctoral thesis of W. 4., ETH Zirich, 1974.
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Scheme 1. I'niramolecular energy transfev study: compounds with donor or acceptoy chromophores and
molecular cndofexo combinations
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and photobiological reasons. Most results are comprehensively summarized in recent
reviews [1]. The model compounds studied in these investigations can be roughly
divided on the basis of constitution into two classes, one comprising compounds
with the chromophoric groups linked by aliphatic, conformationally flexible chains
[2] and the other with rigid molecular frames holding donor and acceptor at a fixed
distance [3] [4]. The studies were carried out by either spectroscopic methods [2a-c]
[3] [4] or using the acceptor group as a photochemical probe [2d-f]. (Near-)quanti-
tative transfers of singlet andjor triplet energy were observed for small spatial
separations of donor and acceptor, and an appreciably lower efficiency in triplet
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energy transfer was found [3b] in cases where donor and acceptor were separated
by near to Ermolaev’s critical radii Rpa [5].

Among the compounds containing donor and acceptor groups in conformationally
rigid geometric orientation, only orthogonal combinations — apart from tribenzo-
trypticene [4a] — have been investigated so far [4d—f], and no stereoisomeric models
for direct comparisons have been available. The goal of our present work envisaged
a study of stereoisomeric compounds in which the two groups are held in such posi-
tions as to avoid or to provide for head-on orbital overlap, respectively, and to
explore possible differences in energy transfer within such pairs of stereoisomeric
donor-acceptor combinations.

The choice of donor and acceptor in such a molecular combination should fulfil the following
spectroscopic conditions: (i) the Sy— S, transition of the triplet donor should be energetically
lower than that of the triplet acceptor and thus be amenable to selective excitation in the presence
of the latter chromophore, (ii) a small §; — T, separation in the triplet donor in order to assure
a high intcrsystem crossing yield (@ise), (iil) 2 high phosphorescence quantum yield ($p) of the
triplet donor which should facilitate the observation of any residual donor phosphorescence in the
presence of the triplct acceptor, (iv) the singlet donor/triplet acceptor must show fluorescence and
phosphorescence, and (v) the acceptor T, state must lic sufficiently below that of the triplet donor
to provide for an essentially irrcversible triplet energy transfer. A combination of the 1-indanone
and naphthalene chromophores adequately satisfies these conditions for triplet donor and aceeptor,
respectively. Indanone has its §; —+ S; (» - z*) transition sufficiently separated from the aromatic
absorption range, a quantitative S - T intcrsystem crossing, and a @p = 0.56 (total phospho-
rescence) in ether/isopentanefethanol 5:5:2 (EPA) at 77°K [6]. Naphthalene cxhibits both
emission from $; and T, (Pe ~ 0.6 [7]) under the same conditions, and T, (naph) (with 3L,
symmetry) is 15 kcal/mol lower than T, (ind) (¢f. also Tables 1 and 2 and Fig. 6). The second triplet
of naphthalene (with 8By, symmetry) is estimated at ca. 13 kcal/mol above T, (ind) and the tran-
sition 3Bp— %L, is symmetry-forbidden. Jfurthermore, indanonc and naphthalene are photo-
chemically reasonably stable.

Compounds 1, 3, 5 and 7 (Scheme 7) represent two pairs of stereoisomers, each
with an indanone and a naphthalene moicty held in a conformationally rigid endo/
exo orientation on a bicyclic hydrocarbon frame?). The change of the spatial orbital
overlap of the chromophores within each pair, 1/3 and 5/7, keeps the number of the
remaining structural parameters constant. An eventual difference in the intra-
molecular triplet energy transfer between endo and exo isomer could thus be inter-
preted in terms of the exchange mechanism. Furthermore, the two pairs are formally
interconvertible by an in-plane rotation of 90° of the naphthalene system. Any
difference in triplet energy transfer as a consequence of this «rotational» isomerism
could be indicative of a dipole-dipole interaction character of the transfer originating
from a singlet contribution owing to spin-orbit coupling.

Additivity of the UV, absorptions of triplet donor and acceptor chromo-
phores. — The aromatic absorption spectra of the naphthaleno ketones 1, 3, 5and 7

?) In a previous communication [8] we have briefly described a study of the intramolccular
energy transfer in indanono naphthaleno o-benzeno compounds (Scheme 2: 15 and 17). While
the preliminary emission results in that series were similar 1o those reported in this work,
we decided to replace the o-benzeno by the ethano bridge (— 1, 3) in order 10 eliminate both
any interpretative ambiguity arising from a possible participation of the o-benzeno systcm
in the mixing of elcctronic states, and certain experimental difficulties causcd by the low
solubility of the benzeno derivatives.
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are roughly composed of the sums of the cxtinctions of the individual indanono
and naphthaleno chromophorcs. Thus, mixtures of the appropriate modcl compounds,
11+12 and 11413, gave the spectra of 1/3 and 5/7, respcctively, in reasonably good
approximation (see Fig. 1 and 2)3), The extinctions of the carbonyl # —> z* bands,
however, are appreciably greater in the exo naphthaleno Ketones (3 and 7) and also,
less pronounced, in the exo benzeno ketone (10) than in the endo isomers (1, 5, 9).
Moreover, the # — #* extinction coefficients of the naphthaleno ketones 3, 5 and 7
are greater than those of the indanone 11. These cffects seem to indicate that the

10%

104 .

I
200
Fig. 1. UV. absorption spectva of hetones 1 and 3 and of an equimolar mizture of 11 + 12 in iso-octane
solutions (Concentrations adjusted for quantitative comparison)

8) The different substitutions on naphthalene in the two pairs (2,3-ortho and peri) are reflected
in a bathochromic shift of ihe 1Ly (0-0) band in the peri-annclated ketones, i.e. S; (5,7) <
$, (1, 3).
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n — x* transition is somewhat less symmetry-forbidden owing to mixing of the
carbonyl » orbital with the arylene » wavefunction, which process is more favorable
in the exo configuration with coplanar donor and acceptor z systems than in the
endo arrangement.

Despite this — relatively modest — deviation from strict additivity of the indi-
vidual donor and acceptor absorptions in the naphthaleno ketones, strong electronic
interactions, in particular such with charge-transfer character, are not apparent,

and sufficiently meaningful independence of the two chromophores can a priori be
assumed.

Emission properties of the triplet acceptor components, — The radiative
properties of the naphthaleno acceptors were studied using the endo/exo hydrocarbon
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Fig. 2. UV. absorption spectra of ketones 5 and 7 and of an equimolay mixture of 11 + 13 in iso-octane

solutions (Concentrations adjusted for quantitative comparison)
26
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pairs 2/4 and 6/8 and comparing them with the annelated naphthalenes 12 and 13,
respectively. All compounds exhibited fluorescence and phosphorescence on irradia-
tion in the 1L, band at ca. 315 nm and 77°K in EPA. A comparison of the emission
data of these compounds with those of the parent naphthalene reveals some influence
of the alkyl substitution on the emission properties, and in particular on phos-
phorescence (see Table 1). While the fluorescence quantum yields (Pr) are quite
similar for naphthalene and for 2, 4, 6 and 8, @, is distinctly lower for the latter
compounds., Alkyl substitution on naphthalenc thus either lowers the S — T inter-
system crossing tendency or enhances the non-radiative triplet decay. The dif-
ferences within the ewdo/exo pairs are negligible, but @p for the peri-annelated
naphthalenes 6 and 8 is still lower than for the 2,3-ortho-annelated isomers. Further-
more, the triplet energies are ca. 1 kcal/mol smaller with peri substitution and greater

Table 1. Fiuorescence and phosphorescence data of naphthalene and the kydrocarbons 2, 4, 6, 8, 12,

and 138)
Compound Fluorescence Phosphorescence
0-0 Band Es 10N 00 Band Eg Tp @, D/ Dy,
(nm) (kcal/ (nm) (kcal/ ()
mol) mol)

Naphthalene  314.5 90.8 0.39%) 469 60.9°) 2.6¢) 0.0601) 7
2 315.5 90.6 0.45 463.5 61.7 3.6 0.015 30
4 316 90.5 0.27 462.5 61.8 3.4 0.012 25

12 316 90.5 - 463 61.7 3.5 - -
6 322 88.8 0.45 481 59.4 2.7 0.006 75
8 321.5 88.9 0.55 479 59.6 28 0.009 65

13 320.5 89.2 - 483.5 59.2 2.4 - -

s) Excitation in the 1Ly band at 77°K in EPA.  b) Data from [92]. ¢} These values are com-
parable to literature data; ¢f. [9]-

with 2,3-ortho substitution than in the parent naphthalene, whereas only in the
2,3-ortho compounds the phosphorescence lifetime (vp) also differs, showing an
increase of ¢a. 1s over 7p (naph).

Emission properties of the triplet donor chromophore. — The properties
of the donor in the absence of acceptor were investigated with the indanono models
9-11 and 14. Asin 1-indanone, ®yge in all these compounds is practically quantitative
in EPA at 77°K, and they exhibit a similar dual phosphorescence ascribed to simul-
taneous emission from both the #,7* and n,n* triplets, with the phosphorescence
from the T(n,n*) statc as the predominant component when cxcited in the # — z*
absorption band at 340 nm (see Table 2 for a summary of the previously reported

data [10])4).

4)  The n,n* and x,7* triplets of thesc indanones do not rapidly equilibrate at 77°K despite
thoir energetic near-degeneracy, and they exhibit characteristically different phosphorescences
which can be selectively generated under appropriately chosen conditions of excitation and
detection; cf. Amrein et al. [10] and refercnces therein.
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Table 2, Phosphorescence data of 1-indanone and the ketones 9-11 and 14%)

Compound Phosphorescence from T (7,7% /71, %)
Eq (kcal/mol) tp (ms) @y (tot)
1-Indanone 76.2/75.6 4.0/270 0.56
9 75.0/75.2 2.3/170 0.45
10 75.0/74.5 1.8/160 0.45
11 74.5/75.0 1.7/170 0.60
14 74.8/74.6 2.4[155

8) Data taken from [10].

Energy transfer study with ketones 1, 3, 5, and 7, — Irradiation of the four
ketones in either the carbonyl # — z* or the aromatic absorption range, at 77°K in
EPA, gave in each case total emission spectra which are essentially identical in
shape, energy and lifetime with the phosphorescence spectra observed for the cor-
responding naphthaleno acceptors of the hydrocarbons 2, 4, 6, and 8 (see Fig. 3 and 4
and Table 3). However, the quantum yields are markedly higher for the naphthaleno

T I L T

k

+
. \ i 2

450 500 350 600 nm

Fig. 3. Total emission spectra (phosphorescence) of the cndojexo ketone pair 1/3

ketones by an average factor of 4 in the 2, 3-ortho-substituted pair 1/3 and 9.5 in the
peri-compounds 5/7. No fluorescence was detected from these ketones at any excita-
tion wavelength. The lack of any important qualitative dependence of the intramole-
cular energy transfer processes on the endo/exo sterecisomerism was further substan-
tiated by the results of dynamic quenching experiments using 0.2M 1,3-pentadiene
at room temperature. The photostationary #rans-cis ratios of the diene obtained are
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Fig. 4. Total emission spectra (phosphorescence) of the ecndofcxo kelone pair 5/7

Tablc 3. Phosphorescence dala of the cndofexo ketone paivs 1/3 and 5[79)

Compound Phosphorescence

0-0 Band Eq (keal/mol) Tp (8) L8 x®)
1 464.5 61.5 3.4 0.05 3
3 462.5 61.8 3.5 0.07 5
5 480 59.6 2.6 0.05 8
7 478 59.8 2.8 0.10 11

a) Irradiation at 340 nm and 77°K in EPA glass.
o ®,, (ketone/n — n* excit.)
)z ", (hydrocarbon 1Ly, excit.) ©

practically equal for the components of each pair of naphthaleno ketones (1: 1.72,
3:1.76, 5: 1.85, 7: 1.86), but differ from the ratio resulting with the benzeno ketones
9 (1.26) and 10 (1.29). Rather, they correspond closely to triplet sensitizer encrgies
representative for those of the naphthalenc moicties of 1, 3, §, and 7 (see Fig. 5)).

The results of the emission and sensitized isomerization studies are evidence
that, irrespective of the geometric donor-acceptor arrangement, (i) aromatic excita-
tion of the napbthaleno ketones (irradiation at <{320 nm only) is followed by singlet
energy transfer from the naphthalene to the indanone chromophore, and (ii) the
singlet-cxcited ketone undergoces intersystem crossing and acts as a triplet donor to
the naphthalene moiety. To the extent that neijther fluorescence from the naph-
thalene nor phosphorescence from the indanone partial structures are observed,

8 For the method sec Hammond et al. [11].
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Fig. 5. Sensitization with ketones 1, 3, 5 and 7: photostationary trans-cis ralios of 1,3-pentadiene.

Irradiation at > 322 nm and room temperature in pentane solution, Refercnce sensitizers:

@& = peri-naphthindone, b — l-acetonaphthone, ¢ = 2-acctonaphthone, o = Michler kctone,
= 2-phenylchromone, f -~ benzophenone, g = acctophenone

these processes, as summarized in Fig. 6, are quantitative, and the limiting values
for the rates of the radiationless energy transfers are at least three orders of magni-
tude greater than the rates of the competing radiative processes, i.e., kun(!A — D) >
10° 71 3 ke(A), and kpp(®D — 2A) > 108 5! » ku(A)%). However, the values are
probably substantially greater?). Based on the large energy gap between triplet
donor and acceptor (4 Ex ~ 15 keal/mol), kgp(®D — *A) ~ 10'0s-1 can be estimated,
using a virtual acceptor concentration of ca. 5 mol/l (derived from an average donor-

%) The designations D (for triplet donor) and A (for iriplet acceptor) are used henceforth. for the
indanone and naphthalene partial structures, respectively, in our compounds.

") Morrison et al. (2d] estimate kgr(®D — %A) > 10® s for the intramolecular encrgy transfcr
in 1-phenyl-2-butene.
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Fig. 6. Intsrsystem crossing (isc), energy transfer (ET), and emission (fluor, phos) in 7-indanone,
naphthalens, the ketones 1, 3, 5, 7, 9, and 10, and the hydrocarbons 2, 4, 6, and 8

acceptor separation Rpa ~ 4 A) and the bimolecular quenching constant kqr =
1.2 - 10° I/mol « s for the benzophenone-naphthalene system in benzene at 25° [12].
This relatively high value for kgr(3D — 3A) appears reasonable in the light of the
substantially greater critical radii of 12-20 A for 50%, efficiency of intermolecular
triplet energy transfer which have been determined by Ermolaey [5] by static quench-
ing experiments. Furthermore, the exponential distance term in the Dexter equation
for the exchange mechanism [13]8) will strongly increase with small Rp, values and,
together with the favorable spectral overlap integral in our naphthaleno ketones
(Fig. 7), will render great kgx(®D — 2A) values plausible.

Competition between inter- and intra-molecular triplet encrgy transfer could be enforced in
static quenching experiments with 2, 5-dimethyl-2,4-hexadienc in EPA glass at 77°K, which were
carried out with the ketones and hydrocarbons 14 (Scheme 7) and 15-19 (Scheme 2), the o-benzeno-
bridged analogucs of 1-4, 9, 10 and 12. From the phosphorescence quenching data thus obtained
the critical radii R, were calculated and are summarized in Table 4%), The naphthalene parts of

%)  kgr(D*—> A*) = (2n/k) [K-exp(— 2Rpa/L)] fwPD (%) « ca (9) d¥, with K = cnergy constant,
0

Rpa = distance between centres of donor and acceptor, L == average effective Zohr radius
of electronic ground and excited states of donor and acceptor, Pp (#) = cmission spectrum of
donor, ey (¥) = absorption spectrum of acceptor.

%) For the calculation of the R, values (Table 4) the expressions I,/Iq = exp(a - [Q]) and
Ry = VTOE » o described by Perrin & Vaviloy [15] and Ermolaev [5], respectively, were used;
I, and Iq = intensitics of donor phosphorescence without quencher and with quencher
concentration [Q)], respectively, and a = slope of linear plot In (Iy/Zq) vs. [Q].
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Fig. 7. Spectral overlap in the naphthaleno hetones as exemplified by the S — T absoyption spectrum of
acenaphthene (according to Kearns et al. [14]) and the I'— S lotal phosphorescence spectrum of ketone
11 (on excitation at 340 nm)

Table 4. Static quenching expeviments with compounds 14-19 and 2,5-dimethyl-2, 4-hexadiene:
critical radii R for 50% efficiency of intermolecular triples enevgy transfers)

Hydrocarbon Re (A) Kctone Ro(A)
19 16.4 + 0.2
exo: 18 16.3 + 0.2 17 15.5 .£ 0.2
endo: 16 154 + 0.1 15 16.4 1 0.2
14 14.0 + 0.05

8) Excitation in the *Ly band (hydrocarbons) and at 340 nm (ketones) at 77°K in EPA glass.
For calculation of R. see footnote 9.

the hydrocarbons 18 and 19 are similarly free of steric shiclding and they possess the same Re
values, whereas in the endo compound 16 the protection by the indano group of one face against
quenching by diene is reflected in a smaller Re. Although the aromatic ketone in 14, with the smal-
lest R, proves to be a less efficient triplet donor than naphthalenc in this series, its donor capacity
toward external guencher can compete with intramolccular transfer in the endo compound 15
and thus compensates its steric inhibition effcct sufficiently for placing 15 in the same R, group as
the hydrocarbons 18 and 19, The ‘active volume’ of the sxo ketone 17 again ranges betwcen 14
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Scheme 2. Static quenching experiments with 2,5-dimethyi-2,d-hexadiene : donoy compounds
(+ ketone 14)

15 R=O 17 R=0
16 R=H, 18 R=H,

19

and 15/18/19. As a consequence of the exo configuration in 17, the competition betwcen inter- and
intra-molecular deactivation of the indanone system now results exclusively in competition with
the quenching of the sterically unhindered naphthalene group.

Quantitative conclusions concerning the rate constants of the energy transfers obscrved here
and a mechanistic differentiation of the intramolecular processes based on the interprctation of
these static quenching results are not possible, however, as the latter reflect primarily the topolo-
gically determined relationship between donor and acceptor molecules,

The finding that the ketone donor consistently increases the naphthalene phosphore-
scence quantum yield more strongly in the exo configuration than in the corresponding
endo ssomers (see factors y in Table 3) s quite probably significant and requives that
the triplel energy transfer is more efficient in the cxo than in the endo configurationl®),

«thraugh-bond» «through-space»

exo endo endo

Fig. 8. Through-o-bond (in compounds 1, 3, 3 and 7) and through-space interaction (in compounds
1 and 5) between indanone and naphihalene chromophores

10) This conclusion is subject to the validity of the assumptions that corrcctions of the y factors
of Table 3 for back-transfcr and for radiationless deactivation of triplet naphthalene to ground
state may be neglected here. Both assumptions appear rcasonably safe in view of AEp ~ 15
keal/mol and the invariance of ¥p within each hydrocarbon-ketone pair (¢f. Tables 1 and 3),
respectively.
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We tentatively propose, as one possible explanation of this observation, that in
both configurations an efficient through-¢-bond exchange transfer mechanism is
operative, and that in the endo configuration an additional mechanism, e.g. one based
on through-space interaction, competes with the population of the triplet naphthalene
state. An estimatc based on simple Hiickel calculations of the ground state of the
endo-ketone 5 (using the bond lengths and angles determined by X-ray diffraction
analysis [16]) indicates that through-bond interaction may be of ca. fivefold greater
importance than through-space orbital overlap in the endo case (¢f. Fig. 8)1).

Any process which might compete with the intramolecular triplet cnergy transfer
must take place at some stage beyond that of the parent indanone triplet donor,
With @ye0('D) ~ 1 and Pp ~ 0.5 (¢f. Table 2), kigo(*D) can assume a maximum value
of ca. 10®s~! and thus is substantially smaller than the estimated Zgr(*D — 3A) (vide
supra). Consequently, the lower transfer efficiency in the endo compounds is to be
ascribed rather to the transfer process, and the corresponding part of the diagram
given in Fig. 6 requires a further refinement when applied to the endo compounds 1
and 5. A weak intramolecular exciplex, T(DA) in )iig. 9, would introduce a mecha-
nistically plausible route for additional radiationless energy dissipation specific to
through-space interaction in the endo configuration. The formation of such a weak
exciplex is anticipated to involve strong coupling with vibrational states of the

,‘ )
p” J’J
@ DA kN
"y
kCpA+3A) a
3
kisc(ao) klsc(SDA) klsc( A) 3
g ko(CR)
2 i

3
& — H H

Fig. 9. Intervention of a weak intvamoleculay exciplex in the endo triplet energy transfer introducing
a route for enevgy wasting in the kefone 1

1) We thank Professor R. Gerdil for helpful discussions on this point. Work is currently in
P y

progress to probe experimentally the possibility of through-bond interaction in the ground
atate,
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entire molecular skeleton through angle deformation between the donor and acceptor
planes, concurrently favoiing radiationless deactivation to ground state, Aygo(*DA),
at this level. Triplet energy transfer via exciplex would thus explain satisfactorily
the observed energy wasting, provided that 2((DA - > 3A) and kyse(3DA) arc of a
similar order of magnitude'2).

Other attempts to rationalize the transfer results, e.g. based on dipole-dipole
interaction (by extension of the Férster concept to the donor-acceptor triplet term
through spin-orbit coupling with singlet states |17]) and on a correlation of the
triplet transfer efficiency with the oricntation of donor and acceptor planes [18]23),
adcquately account for the observed exo > endo difference in efficiency. They fail,
however, to provide a mechanism for an endo-specific competitive radiationless
deactivation.

Financial support by the Fonds National Suisse de la Recherche Scientifique and Firmenich S, 4.,
Geneva, is gratefully acknowledged.

Experimental Part

Compounds. - For gencral remarks consult the accompanying paper [20] which describes
the synthesis of compounds 1-10 and 12. The hydrocarbons 13 [21} and 19 [22] arc described in
the literature.

1,2,3,4.4a,9a-Hexahydro-1, d-ethano-fluoren-9-ome (11). A mixture of 3.20 g freshly distilled
indenone [23], 50 mg trinitrobenzenc and 3 ml 1, 3-cyclohexadicne was hcated to 50° for three
days and then taken up in cold hexane. After decanling from insoluble material and evaporation
of the solvent, the residue was treated with charcoal in McOH and chromatographed with ben-
zencfethyl acetate 25:1 : 3.8 g (59%) endo-7, 4, 4a, 9a-tetrahydro-1, 4-ethano-fluoven-9-one (20). The
analytical sample was distilled at 120°/0.01 Torr. — IR.: 763 s, 1064 m, 1160 m, 1258 m, 1294 m,
1340 m, 1470 m, 1613 m, 1715 5, 2880 m, 2915 m, 2945 m, 3060 m. — NMR.: 1.24-1.90/m, two
H,—C; 2.69)dxd, J1,00 = 3.5, Jaa,0a == 7.5, H—C(9a); 2.93-3.26/m, H—C(1 and 4); 3.40/dx d,
Ja, 48 = 3.0, Jta,0a = 7.5, H—C(4a); 5.71 + 5.96/4A4°'MM’, double resonance with 2.93-3.26 —
AB, Js,3 = 8.0, H—C(2 and 3); 7.20-7.82/m, [our arom. H. - MS.: 210 (C;sH,,0%, 27%), 181 (%),
165 (5%), 133 (10%), 732, 131 (19%}), 80 (97%), 79 (36%).

4b

10a

21

12) Experimenial cvidence in support of the intramolecular cxciplex mechanism considered
above is not availablc at present, and we are not aware of firmly cstablished analogies in the
literature. Iowcver, observations reported, e.4., for tribenzotrypticene [4a] may be interpreted
on the basis of similar weak exciplex and/or vibrational interactions.

18) The exo > endo difference in triplct energy transfer efficicncy follows, e.g., directly from the
application of the expression emanating from several investigations of the dependence of the
triplet energy transfer on donor-acceptor oricntation [18] which, for the greater part, are
bascd experimentally on studies of solid solutions of benzophenone and phenanthrene by the
photosclection method [19]: ker (D — 3A) {g) = }zr D — 3A) - cos™p [18c], with ¢ = angle
between donor and acceptor plancs, A% 7 (®D - *A) = rate constant of encrgy transfer at
optimum @, m = constant (0-2) determining the response of gz (*D — 3A) (p) to changesofg.
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Hydrogenation of 2.50 g 20 with 500 mg Pd/C (10%,) in 25 ml ethy] acetate gave, after crystal-
lization from hexane, 1.55 g (62%) of kefone 11; m.p. 61-63°. — IR.: 720 m, 1105 m, 1260 m,
1287 m, 1470 m, 1612 m, 1717 s, 2880 m, 2920 m, 2950 s, 3080 w. - NMR.: 1.04-1.96/m, four
HyC; 2.04-2.34/m, H—C(1 and 4); 2.66/dXd, J1,8a = 3.5, Jau,0a = 8.4, H—C(9a); 3.39/dx d,
Jo,4a = 3.8, HC(4a); 7.25-7.85/m, four arom. 11. — UV, (isooctanc): 209 (23800), 238 (12900),
246 (11900), 276 (1600) 284 (2600) 294 (3300) 314 (27), 327 (34), 336 (37), 351 (29), 368 (12). -
MS.: 212 (C,, 11,40+, 489%,), 158 (169,), 132, 131 (329%,).

4b,5.70,10a- Tetrahydyo-5,10-0-benzeno-benzo[b)fluaven-11-ons (14)14). Addition of 3.5 g indenc
to 1.78 g anthracene in an autoclave under N, at 200° for 3.5 h gave, after chromatography with
petroleum cther and distillation at 140°/0.01 Torr, an 85% yield of 4b,5,70,10a-tetrakydyo-
5,70-0-benzeno-11H-benzo| b} fluorene (21), m.p. 115° (cryst. from benzcne/EtOH). - TR. (CHCl,):
942 m, 1025 s, 1119 s, 1170 s, 1464 s, 1485 5, 1588 m, 1909 w, 1948 w, 2840 m, 3000 s, 3060 s.
MS.: 778 (M*+ — indene), 152, 116.

CyHy, (294.37)  Calc, C93.84 H6.16%  Found C93.81 H6.18%

Oxydation of 10 g 21 with 30 g Na,Cr,0, in 5 m) 10% aqucous H;50, and 80 ml AcOH for
3 h at reflux temp. gave, after chromatography with petroleumn ether/CHCl, 3:1 and crystallization
from CHCl,;/petroleum ether, a 759, yield of kefone 14, m.p. 204.5-205°. — IR.: 660 w, 1206 w,
1278 m, 1455 m, 1464 m, 1602 m, 1712 s, 2940 m, 3020 m, 3065 m. - NMR.: 3.10/d x d, [4p, 10 =
7.5, J10,108 = 3.5, H-C(10a); 3.80/dx d, Jav,8 = 3.2, Jan,s = 7.5, H—C(4b); 4.62/d, Jan,s — 3.2,
H~—C(5); 5.80/d, [10,10a = 3.5, H—C(10}; 6.70-7.60/m, twelve arom. H. — UV. (dioxanc): 246
(11000), 266 {2350), 273 (2500), 288 (2200}, 297 (2100); (CHCL): 330 (70), 354 (25). - MS.: 308
(M+, 0.1%), 179 (15%), 778, 177 (4%), 176 (5%), 152 (3%), 138 (29%,).

CyeH,g0 (308.36)  Calc, C89.58 115.23%, Found C 89.58 H 5.29Y%,

endo- and exo-13-Ox0-4,5,12,12a-tetrakydro-5, 12-0-benzeno-indeno[2,3-blanthracenes 15 and
17%4)15), Freshly distilled indenone [23] was added dropwise to a solution of 2.28 g naphthacene
in 30 ml boiling decalin until the solution had turncd colorless (cz. 4.5 g ketone). After 30 min of
reflux the mixture was cooled to 0°. 2.68 g (75%, yield) of a crystalline mixturc of 15 and 17
precipitated, which was filtered through neutral ALO, (act. 11) in CH,Cl,. Chromatography in
benzene on 250 g silicagel impregnated with 39, AgNO, furnished 194 mg 15, 795 mg 17 and
665 mg of a mixed fraction.

15: m.p. 217-218° (eryst. from hexane/CH,Cly). - TR. (CHCL,): 839 w, 885 m, 1094 w, 1125 w,
1280 m, 1462 m, 1478 m, 1603 m, 1704 s, 2935 m, 2995 m, 3030 m. — NMR.: 3.15/d x d, Jav. 128 ==
7.6, 13.,13s = 3.6, H-C(12a); 3.85/dxd, Jav,s — 3.2, Jan,10a = 7.6, H—C(4b); 4.71/d, Jan,5 = 3.2,
H-—C(5); 4.88/d, J1s,13a — 3.6, H—C(12); 6.86-7.80/m, fourteen arom. H. — MS.: 358 (M+, 1%),
229 (18%), 228, 226 (9%). — UV. (CHClg): 320 (530), 342 (78), 356 (36); (ELOH); 234 (67000),
258 (12000), 266 (8000), 272 {6900), 280 (5300), 293 (3500).

CorHygO (358.44)  Calc. C90.47 H5.06%  Found C90.50 H 5.10%

17: m.p. 284-285° (cryst. from hexanc/CH,Cly). — IR. (CHCL)): 839 w, 889 m, 1128 w, 1150 w,
1282 m, 1463 m, 1586 m, 1603 m, 1704 5, 2935 m, 2990 m, 3030 m. — NMR.: 3.15/d x d, Jav, 128 ==
7.6, J12,12a = 3.6, H—C(12a); 3.86/d X d, Jan,6 = 3.2, Jap,120 = 7.6, H—C(4b}; 4.73/d, Jsv,5 = 3.2,
H~-C(5); 4.91/d, J1a,19a = 3.6, H—C(12); 6.65-6.98 ancl 7.02 7.88/2 m, fourtcen arom. H, — MS.:
358 (M*, 1%), 229 (18%), 228, 226 (9%). — UV. (CHC,): 320 (510), 339 (107), 357 (38); (EtOH):
238 (90000), 267 (10500), 279 (8600), 288 (6000), 297 (2900).

CyHyO (358.44)  Calc. C90.47 H5.069% Lound C90.17 H 5.07Y

endo- and exo-4b,5,72,12a-Tetrahydyo-5,12-0-benzeno-13H-indeno[2, 3-blanihracenes 16 and
1814)15). - a) Dicls-Alder dddition of indene and naphthacene. A solution of 2,28 g naphthacene and

14) Compounds 14-18 werc prepared for the first time by D. Karanaisios (¢f. [8]).
16) Numbering of the 4b, 5,12,12a-tetrahydro-5,12-0-benzeno-13H-indeno| 2, 3-bJanthracene
system:
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4 ml indene in 10 ml decalin was refluxed under N, for 2 h, then cooled, diluted with CH,Cl, and
filtered through neutral AL,Oy4 (act. 1). 3.40 g (9 Q% yield) of a mixture of 16 + 18 were obtained.
Chromatography in benzene/hexanc 3:2 on 367 g silicagel impregnated with 3%, AgNO, afforded

HEeLveTica CHiMIcA AcTa — Vol. 58, Fasc, 2 (1975)

593 mg 16, 1.215 g 18 and 1.50 g of a mixed fraction.

16: m.p. 190--191° (cryst. from hexane). — TR.: 880 m, 889 m, 950 w, 1020 w, 1452 m, 1460 1,
1478 m, 1485 m, 1609 w, 2835 w, 2930 m, 3040 m. - NMR.: 2.60{m, 11.-C(12a); 2.90-3.28/m,
3.82/dxd, Jan,s — 2.8, Jab,12a = 8.5, H—C{4b);
4.58{d, [4n,s -~ 2.8, H—C(5); 6.58-7.70/m, fourteen arom, If. .
228, 226 (109%,), 202 (2%), 116 (3

Hy;—C(13);

233 (65000), 260 (6100), 270 (8200), 276 (7600), 290 (3300).
Found C94.25 H 5.939%

CgyHyg (344.43)

Cale. C94.15 H 5.859%,

— Nr. 48

4.31/d, Jia,190 = 2.5,
- MS.: 344 (M+, 0.1%), 229 (18%,),
9,), 115 (3%). — UV. (CLICL): 305 (620), 319 (590); (EtOH):

H—C(12);

—+-
-

l

. T T . . —T ﬁ!. r/___._
15 17
%
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7

Fig. 10. NMR. spectra of compounds 15-18: aromatic prolon patierns

6
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18; m.p. 222--223° (cryst. from hexanc). — 1R.: 887 m, 950 w, 1022 w, 1460 m, 1478 m, 1501 m,
1607 w, 2925 m, 2990 m, 3030 m. — NMR.: 2.55/m, H—C(12a); 2.90-3.28)m, ,—C{13); 3.80/d x d,
]‘b.ﬁ —= 3.0, ]lh, 13q — 7.8, H——C(‘”J) H 4.33/(1, ]12,1%, = 25 H -C(] 2), 4.58/d. _/4!),5 = 3.0, H—'-C(5);
6.78-7.45 and 7.62-7.84(2 m, fourteen arom, H. — MS.: 344 (M*, 0.1%), 229 (18%,), 228, 266
(10%), 202 (2%,), 116 (3%). 115 (3%,). — UV. (CHCly): 306 (700), 320 (650); (EtOH): 235 (88 000),
259 (7800), 269 (10500), 277 (9000), 291 (4500).

Corblyg (344.43)  Calc. C94.15 H5.85% Tound C94.26 H5.82%

b) Huang-Minlon reduction of 17. A solution of 36 mg 17 in 2 ml ethylene glycol, 3 ml EtOH
and 1 ml N;H,, 11,0 was refluxed for 4 h under N,. 200 mg of finely powdercd KOII were then
added to the cooled mixture. The volatile components were distilled off until the reflux temp. had
reached ca. 200°. The work-up after 3 h reflux, filtration of the crude product in CH,Cl; through
ncutral Al,Oy (act. I) and chromatography in benzence gave 30.5 mg (889, yield) 18; m.p, 222-223°
after crystallization from hexane (identification by mixed m.p., IR. and TLC. impregnated with
AgNO,).

endo/exo Assignments fo Compounds 15-18 by NM 2. The keto group in 15 and 17 quite general-
ly deshields the aromatic indanono erthe proton and shiclds anisotrapically onc aromatic proton
of the naphthaleno (in 15) or the benzeno group (in 17). In the hydrocarbons 16 and 18 the cight
benzcno protons and the two naphthaleno g-protons appear at relatively high field, and the four
naphthaleno a-protons are at lower field. In the endo-ketone 15 one of these latter lowficld protons
is shifted upfield which, together with the downfield shift of the upficld indanono orthe proton,
results in a narrower aromatic proton pattern in the endo-ketone 15 than in the corresponding
hydrocarbon 16. Alternatively, in the exo-ketonc 17 the additional anisotropic shielding of one

Table 5. Triplet sensitization of 1,3-pentadiene: phosphovescence data of sensitizers in EPA glass
at 77° K and photostationary trans/cis vatios in peniane at 20°%)

Sensitizer Phosphorescence Sensitized dicne isomerization

0-0 Eyp Tp concentration of irradia- frans/cis®)

band sensitizer dienc tion

—————————  time})

(om)  (keal/mal) (s) (m) M ()
Derinaphthindone (@) 525 54.5 0,075  1.60-107% 0.20 40 2.83 -+ 0.03
1-Acctonaphthonc (b) 503 56.8 0.137 2.35:10 % 0.20 24 3.78 + 0.03
5 d) ) d) 0.13-10-% 0.07 80 1.85 .- 0.04
2-Acetonaphthone (¢) 478 59.8 0.93 2.35-107% 0.20 24 2,16 4 0.05
7 a) ay %) 0.90+10-% 0.20 18 1.86 |- 0.04
Michler Ketone (d) 465 61.5 0.13 ca. 102 0,20 18 1.53 -1- 0.03
1 4) d) q) 0.58 102 0,20 80 1.72 4 0.01
3 Q) 4) q) 0.94-1003 0.20 40 1.76 £ 0.01
2-Phenylchromone (¢) 457 62.5 0.425 1.80-10°% 0,20 24 1.33 4. 0.01
Benzophenone (f) 412 ' 68.5 0.0047 1.65-10-2 0.20 18 1.30 - 0.01
Acctophenone (g) 392. 73.5 ~0.004 410-10"2 0.10 5 1,30 + 0.04
9 €) ¢) 0.85-10-% 0.20 34 1.26 + 0.03
10 e) e) 1.54 - 10~ 0,20 36 1.29 ;. 0.03

8) Cf. also Fig. 5. ®) Four sample solutions each with cis- and #rans-1, 3-pentadiene werc tun
with each scnsitizer. Irradiations were conducted until the average differences in percentage
diene composition between the ¢is and frans yuns were smaller than 1%. ¢) Experimental
standard deviation < £ 0.5%, trans dicne. ) Sec Table 3, ¢) Sec Table 2.
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upficld benzena proton is practically compensatcd by the deshielding of the upfield indanono ortho
proton, and the widths of the aromatic proton pattern are almost the same in the exo-compounds
17 and 18 (sce Fig. 10).

Instrumentation for absorption and emission spectroscopy. — The UV. absorp-
tions (Fig. 1 and 2) were measurced on a Beckman ACTA ITI spectrophotometcr. ~ A detailed
description of the instrument and techniqucs employed for phosphorescence mcasurements has
been given in [20]. Supplementary informations: Fluorescence (total emission) at 77°K was
recorded with thc phosphoroscope and the shutter removed from the light path. Luminescence
quantum yiclds arc based on benzophenone (Pp == 0.59 (9]) and naphthalene (P¢ = 0.39 [9]) as the
references for the phosphorescence of the ketones (excitation at ¢a. 340 nm) and the fluorescence
of the hydrocarbons (cxcitation in the 'Ly band), respectively. The phosphorescence quantum
yields of the hydrocarbons 2, 4, 6 and 8 were determined by direct comparison with @ of the
corresponding ketones (1, 3, §, 7). The reproducibility of all mcasurements (Tables 1, 2 and 3,
Fig. 3, 4 and 7) is better than 1+109%,.

Photostationary trans-cis ratios of 1,3-pentadiene on sensttizatiom. -~ Experi-
mental conditions and resuits including phosphorescence data of the sensitizers are summarized
in Table 5 (¢f. also Fig. 5). The samples solutions were irradiated in an argon atmosphere in Pyrex
tubes of 1.2 ml content in a merry-go-round apparatus equipped with a 250 W Philips Hg medium-
pressure lamp placed in a water-cooled Pyrex finger surrounded by a cylindrical filter compart-
ment (i.d. 1 c¢m) filled with acetone (wavelcngth cut-off < 322 nm). The érans-cis ratios of 1, 3-
pentadiene were determincd by gas chromatography using steel columns (4 mm x 4 m) packed
with chromosorb (/5% (benzyl cyanide/AgNQO, 2:1); {emperatures 15° (column) and 50° (in-
jector); carrier gas 50 ml helium/min; flame ionization detector; clectronic peak area integration;
retention times 5.6 min for frans- and 7.0 min for cis-dicne. Blind runs with 0.2M c¢is- and trans-
diene without sensitizer gave lcss than 29, isomerization after 80 h irradiation.

Determination of the R, values of 14-19, — The phosphorcscence intensity I (mea-
sured at the maximum emission band) of compounds 14-19 in EPA glass at 77° K (concentration
2.5 - 10~5m1%)) was dctermined as a function of quenchcer concentration [Q] (0-0.15M 2, 5-dimethyl-
2,4-hexadiene18)). Excitation wavelength: 345 nm for the kctones 14, 15 and 17, 290 nm for the
hydrocarbons 16, 18 and 19. A linear plot for In (I;/1q)/[Q] was obtaincd in cach case, with
a = 6.8 + 0.05 (14), 11.0 £ 0.4 (15), 9.1 4 0.2 (16), 9.2 4 0.4 (17), 10.8 4 0.4 (18), 11.0 - 0.3
1fmol (19) (experimental standard deviations from the scattering of all measured values)®). For
the R, values see Table 4.

The elemental analyses were carried out in the microanalytical laboratory of ETH Zurich
under Mr., W. Manser. Thc NMR. and mass spectra were run by Dr. U. Burger and Professor
A. Bucks (University of Geneva), respectively.
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49, *H- and BC-NMR. Studies of the Molecular Conformations
of Cyclo-Tetraglycyl [1]
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(5. X1L. 74)

Summary. The *H- and 3C-NMR. spectra of cyclo-tetraglycyl show that the four peptide
groups are magnctically cquivalent, and different from vither a standard rans or a standard cis
peptide group. It is suggested that the observed NMR. features correspond to a non-planar form
of the peptide groups. On the one hand these data confirm the carlier conclusions from theoretical
investigations of the molecular geometry, that cyclic tetrapeptides could not contain four standard
trans peptide groups. On the other hand they are not consistent with a previously suggested
alternative molccular conformation according to which cyclo-tetraglycyl would adopt a con-
formation similar to cyclo-tetrasarcosyl, with two c¢és and two frans peptide bonds. The differcnt



