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Synthesis, Structure and Photoreactivity of Several Cinnamophane Vinylogs!*!
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In preceding papers, cinnamophanes 1la-d (two cinnamic es-
ter units locked in a [2.2]paracyclophane skeleton) were de-
scribed. In particular, the pseudo-gem isomer 1a was shown
to produce in solution an intramolecular cyclobutane photo-
cycloadduct with stereospecificity and very high efficiency,
following the topochemical rule observed in the solid state.
Here are reported the synthesis and X-ray structure determi-
nation of their vinylogs 5a-d. The photoreactivity of the
pseudo-gem isomer 5a was especially investigated in order
to examine whether the same specificity would be main-

tained for the longer dienic substituents. It was found that,
depending on the irradiation wavelengths, different bicyclic
(8) and tetracyclic (9 and 10) intramolecular photocycload-
ducts (ladderanes) were produced, but with reduced effi-
ciency as compared to that of 1a. The pseudo-ortho- and
pseudo-para isomers 5b and 5d form the oxetenes 11 and 12,
respectively, on irradiation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

1. Introduction

The [2n + 2m] photocycloaddition of alkenes is a very
well documented process.>®! In particular, the photoreac-
tivity of cinnamates and related compounds continues to
attract great interest.”3% Cinnamates are used in various
media (solution, molecular assemblies, polymers etc.) for in-
stance as UV screen components!!? or crosslinking agents
(photolithography).l® ' In fluid solutions the major photo-
chemical process is the cis-trans-isomerization,>! whereas
the competing [2n + 27] cycloaddition becomes significant
when the two reacting centers are close to each other, i.e. in
concentrated solutions, in mesophases, in tethered bichro-
mophores or in the solid state. In some crystals this is the
sole reaction and complete stereocontrol can be achieved
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Scheme 1. General structure of cinnamophanes; stereospecific pho-
tocycloaddition of 1 with quantitative chemical yield in solution or
in the solid state according to refs.[23-24]

according to the topochemical reaction principle established
by Schmidt and co-workers.*®!

In preceding papers,'-23-24 it was shown that topochem-
ical control could be transferred to fluid solutions when the
cinnamic units are locked in a [2.2]paracyclophane skeleton;
the resulting compounds were therefore termed “cinnamo-
phanes” (Scheme 1).

Thus, the pseudo-gem diester 1a (R = Et) was found to
undergo, in methanol solution, a very efficient (quantum
yield ca. 0.8) stereospecific, intramolecular photocycload-
dition to 2a (Scheme 1) in 100 % chemical yield.”?*! Similar
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Scheme 2. The preparation of dimethoxy derivatives 5 of vinylog-
ous cinnamophanes

results were obtained with the pseudo-gem diacid 1a (R =
H),¥ to yield 2b as also shown in Scheme 1.

The formation of a cyclobutane derivative in 2 induces a
significant hypsochromic shift;>¥ in an attempt to split 2a
back to la (R = Et), as observed in similar compounds
displaying photochromic properties,* irradiation was car-
ried out with a low pressure mercury lamp (emitting essen-
tially at 254 nm). Under these conditions the diester 2a
underwent chemical degradation of the cyclophane skeleton
as described previously for [2.2]paracyclophane itself.[3! It
was considered that this undesirable reaction would be avo-
ided at larger wavelengths, i.e. in a more extended conju-
gated system. Hence we set out to prepare vinylogous deriv-
atives of 1.

For synthetic reasons, the methoxy derivatives Sa-d
(Scheme 2), incorporating two conjugated double bonds,
were investigated first. In this contribution we describe their
synthesis, structure determination, spectroscopic, and pho-
tochemical properties.

2. Results and Discussion

2.1 Synthesis

The derivatives 5a—d were prepared in one step from the
respective dialdehydes 3a—d 3% using a Wittig-Horner reac-
tion with the anion derived from ethyl (E)-diethoxyphos-
phoryl-2-methoxycrotonate (4)1*31 known to provide trans-
olefins (Scheme 2).

The yields for the pseudo-ortho, -meta, and -para isomers
(5b-d) were found to be ca. 80 %, whereas the pseudo-gem
derivative Sa was isolated in 44 % yield only. One reason for
this discrepancy lies in the formation of varying amounts of
the side-product 7, a bis-lactone which could result from
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Scheme 3. Formation of the bis(lactone) 7 from the pseudo-gem
hydroxy acid 6

the hydroxy acid 6 (Scheme 3). That 3a, because of the close
proximity of its two functional groups, readily undergoes a
Cannizzaro-type reaction, has been known for a long
time.’¥ It appears reasonable to assume that the amount
of 6 formed depends on traces of water in the reaction flask.
This could hydrolyze the sodium hydride and generate so-
dium hydroxide, necessary to initiate the disproportionation
process of 3a.

The synthesis of 5a was not optimized, because a suf-
ficient amount was available to perform the photochemical
studies.

The structures of 5a-d were established by the usual
spectroscopic and analytical data which are summarized in
the Exp. Sect. NMR spectroscopy was of particular impor-
tance in determining the stereochemical situation at the
double bonds of the cinnamophanes 5.

Thus, the symmetry in the '"H NMR spectra of all four
isomers indicates that both dienic substituents must have
the same stereochemistry. The protons at the first double
bond next to the paracyclophane core are shifted to low
fields (0 = 7.7-7.9 ppm). Their coupling constant (ca.
16 Hz) is typical for a trans-configured double bond. The
single proton of the second double bond is shifted to higher
fields, absorbing in the 5.0-5.2 range. In addition, for three
of the four isomers (5a, b, and d) as well as for the interest-
ing lactone 7, a product type previously not observed in
cyclophane chemistry, unambiguous structural evidence
was obtained by X-ray structural analysis as described in
the following section.

2.2 X-ray Crystal Structures

All single crystals were grown from dichloromethane/
ether solution by the vapor-diffusion method; the crystallo-
graphic data are summarized in the Exp. Sect.

Derivative Sa displays a typical [2.2]paracyclophane ge-
ometry with the bridgehead carbon atoms C3, C6, C11, and
C14 out of the plane of the other ring atoms by 15-17 pm.
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Figure 1. Structure of compound 5a in the crystal. Ellipsoids repre-
sent 30 % probability levels

Figure 2. Structure of compound 5b in the crystal. Ellipsoids repre-
sent 30 % probability levels

The distances between the midpoints of the double bonds
facing each other amount to ca. 345 and 386 pm, respec-
tively (Figure 1). According to the topochemical rule, they
both favor an intramolecular [2n + 2m] cycloaddition, in
particular the shorter distance, i.e. between C25=C26 and
C17=CI18.

Diester 5b displays a pseudo-ortho geometry (Figure 2)
and intramolecular addition between the double bonds
seems unlikely owing to the prohibiting distance between
the reacting centers (> 400 pm). However, the proximity
(C19---C21: 299 pm) and coplanarity between the carbonyl
group (C21/01) and the double bond (C19/C20) are inter-
esting to note.

The shortest relevant intermolecular distances are
C17--C27': 401 and C18---C28": 425 pm, respectively, and
intermolecular reactions in the solid state should hence not
be excluded.

Compound 5d (Figure 3), which displays crystallographic
inversion symmetry, possesses pseudo-para geometry, which
makes intramolecular coupling between the double bonds
impossible. As for Sb, one observes a short distance also
between C11 and O1 (297 pm). The shortest intermolecular

560 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Structure of compound 5d in the crystal. Ellipsoids repre-
sent 30 % probability levels. Only the asymmetric unit is numbered

distance between the two closest double bonds (C11=C12
and C-11'=C-12") is 392 pm.

Finally, the structure of the bis-anhydride 7 is reproduced
in Figure 4. It possesses approximate twofold symmetry, but
the reliability is reduced by disorder (see X-ray experimen-
tal).

Figure 4. Structure of compound 7 in the crystal. Ellipsoids repre-
sent 30% probability levels. The minor disorder component is omit-
ted

2.3 Spectroscopic Studies

Electronic Absorption: The UV absorption spectra of
5a—d in methanol solution are reproduced in Figure 5. Simi-
larly to the four cinnamophane isomers la—d (R = Et),
compounds 5a—d can be divided into two subgroups: (i) Sa

2]

Absorbance

0 ,

200 300 400 A/nm
Figure 5. Electronic absorption spectra of 5a-d in methanol (ca.
10 m); the intensities are not to scale. ——— 5a; ------ 5b; +-+-+- Sc;
...... Sd
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Figure 6. Electronic absorption spectra of pseudo-gem derivatives
la (------ ) and 5a ( ) in methanol (10> M) at ambient tempera-
ture. The more intense band undergoes bathochromic shift, AV =
-2750 cm™! (289-314 nm, AL + 25nm) and Av ca. -3650 cm!
(326-370 nm, AL + 44 nm). The intensities are not to the same
scale for 1a and Sa

and 5d in which the substituents form between themselves
angles of 0 and 180°, respectively; the partial dipole mo-
ments being directed essentially along these directions are
assumed to lead to an exciton splitting of the electronic
transition.®3! The pseudo-gem isomer 5a shows two absorp-
tion maxima at 314 (more intense) and ca. 370 nm (less in-
tense), respectively. (i) Compounds 5b and 5S¢ where the
substituents form an angle of ca. 60 and 120° between
themselves. These two derivatives display a single intense
peak with a maximum at 335 and 345 nm, respectively.

As expected, the UV spectra of 5a-d are red-shifted as
compared to those of 1a-d (R = Et). Since our main interest
in this study concerns the pseudo-gem isomer Sa, a superpo-
sition of the UV spectra of 1a and 5a is shown in Figure 6.
It is noticeable that the more intense band is shifted by ca.
2750 cm ' (289 to 314 nm) and the long wavelength shoul-
der by ca. 3650 cm™! (326 to 370 nm). Although the empiri-
cal tables concerning a,B-unsaturated estersi*® are not
meant to apply to strained cyclophanes derivatives, one ob-
serves that a double bond extending the conjugation in-
duces an average shift of AL of ca. 30 nm (AV ca. 3200 cm™})
in apparent agreement with the tables. However, the
methoxy substituent, supposed to induce a further batho-
chromic shift of 35nm, has virtually no influence,
presumably because it inhibits the coplanarity of the conju-
gated system.

Fluorescence: Derivatives Sb—d emit a weak fluorescence
(Table 1) with quantum yields about an order of magnitude
(1-5 x1073) lower than those of 1b-d (R = Et, 2-6 X
102);12324] those of 5a and 1a were found to be less than
103. These data are not surprising because diene derivatives
provide more deactivating channels than monoolefinic sub-
strates.’”) The spectra are structureless with maxima at ca.
450 to 490 nm. The fluorescence decays were found to be
single exponentials and the lifetimes are listed in Table 1, in
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which the quantum yields and lifetimes of 1a-d (R = Et)
are also listed for comparison (see caption of Table 1).

Table 1. Fluorescence maxima (4 ,y.), quantum yields (@ g), and
lifetimes (7) of Sa-d in methanol (107> M); A .. = 315 nm at ambient
temperature. The quantum yields and lifetimes of la-d are also
listed for comparison.

Amax. P x 107 7 (ns)
(nm)
Compound 5 5 1 (R = Et) 5 1 (R =Ey
a 470 <1 0.6 - -
b 489 4 30 8.0 15
c 465 <1 20 0.8 15
d 453 5 60 9.9 18

2.4 Photoreactivity

2.4.1 The pseudo-gem Isomer 5a

As suggested from the X-ray structure (Section 2.2),
compound 5a is conducive to the formation of intramolecu-
lar [2n + 2n] photocycloaddition. Irradiation of an etha-
nolic solution (1073 M) through Pyrex at ambient tempera-
ture was found to lead to the monocycloadduct 8, isolated
in 95 % yield [Scheme 4, conditions (a)].

Compound 8 was characterized by spectrometric meth-
ods (Exp. Sect.) and X-ray structural analysis (Figure 7); it
crystallizes with two independent but similar molecules
(Mol 1: C17-C25: 161.3, C18-C26: 159.5, C19-+-C27: 295,
C20---C28: 388 pm. Mol 2: C17-C25: 162.0, C18-C26:
158.6, C19---C27: 301, C20---C28: 423 pm).

Although the intramolecular distances between the unre-
acted double bonds of 8 are short enough to allow a second
photocycloaddition, this reaction does not take place, pre-
sumably because 8 absorbs at much shorter wavelength than
5a. This is shown in Figure 8 where the UV spectra are
recorded as a function of time, during the irradiation at
320 nm.

Under these conditions, 8 was not found to be reactive;
in parallel, the quantum yield for the 5a—8 conversion,
measured at 320 nm, was found to be 0.2. Interestingly,
crystals of 5a (50 mg) in a 1 mm-thick quartz vessel, after
irradiation with a 450-W high pressure mercury lamp for 48
h, were found to yield 8 (45 mg) as the sole characterizable
product, accompanied by small amounts of oligomeric ma-
terial [Scheme 4, conditions (a)]. Again, the second poten-
tial cyclobutane ring was not formed. Obviously, this pho-
toaddition is too sterically hindered by the solid state envi-
ronment. Consideration of the X-ray structure of 8 suggests
a possible Cope rearrangement (this is the reason why 5a
was irradiated in quartz at low temperature). But 8 was not
found to undergo such an isomerization up to 200 °C (DSC
analysis), presumably for steric reasons as well.

Using a quartz filter [Scheme 4, conditions (b), ethanol]
allows absorption in the far UV region, particularly in the
band culminating at 230 nm (see Figure 8). The photopro-
ducts were separated by column chromatography into two
fractions. The first fraction (41 %) was identified as 10 by

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 561



FULL PAPER

H. Greiving, H. Hopf, P. G. Jones, P. Bubenitschek, J.-P. Desvergne, H. Bouas-Laurent

5a

hv, Pyrex (a)

or in crystal

hv, quartz (b)

OMe
OMe

EtO,C
CO,Et

2

8

Figure 7. Structure of compound 8 in the crystal. Only one of the
two independent molecules is shown. Ellipsoids represent 30 %
probability levels

2

Absorbance

T T T =
200 250 300 350 400  A/nm
Figure 8. UV spectra of 5a (107 M in methanol), upon irradiation

at 320 nm, as a function of time; spectra were recorded every 15 s

mass and nmr spectral analysis, and the second to be a mix-
ture (unseparable by chromatography) of 8 and 9; the latter
was characterized by mass spectrometry and nmr (‘H, 13C
NMR, and COSY correlation, see Exp. Sect.) spec-
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troscopy.*® In the NMR spectrum of the mixture, the sig-
nals of 8 could be subtracted and the remaining signals
were attributed to 9, in accordance with its molecular sym-
metry (see Exp. Sect.). By integration, the ratio of 9 and 8
in the mixture was determined to be 2:1, the chemical yields
amounting to 34 and 17 %, respectively. The total yield of
the photoproducts under these conditions is hence 92 %.

It is likely that the formation of 8 by direct irradiation
involves the S; state in analogy to that of 2a from 1a (R =
Et).12324 The subsequent cyclization may be in competition
with cis-trans photoisomerization of the second double
bond; the nature of the states (S; and/or T;) responsible
for the reaction was not investigated. The present results,
essentially structural, show that, despite the steric hin-
drance of head-to-head methoxy groups, the tetracyclic
photoproducts 9 and 10 are stable at ambient temperature.

2.4.2 The pseudo-ortho and pseudo-para Isomers 5b and 5d

Irradiation of single crystals of Sb (50 mg) in a quartz
vessel with a 450 W high pressure mercury lamp led to

hv

B ———
-

room temp.

5b

hv
-
room temp.

5d Eto2 C

OEt
OMe

12

Scheme 5. Oxetene formation during irradiation of pseudo-ortho
derivative S5b and pseudo-para derivative 5d, respectively
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oxetene 11 (Scheme 5) as the main photoproduct (5 mg,
10 %), accompanied by traces of several noncharacterized
by-products; 35 mg of the starting material was recovered.

The structure of 11 was established by mass spectrometry
(IM™*] 516, 45 %) and nmr spectroscopy. The '"H NMR spec-
trum lacks the symmetry of that of Sb. New singlets at 0 =
4.00 (3 H, OCH3) and 5.30 (H, ethylenic proton of the oxet-
ene ring) point to the presence of an oxetene derivative. As
a chemical proof the slow cycloreversion of 11 back to 5b
can be regarded; this takes place at ambient temperature,
as expected.[® The characterization and isolation at room
temperature and after column chromatography of a ther-
modynamically unstable species such as an oxetene is re-
markable. Its formation very likely is facilitated by the prox-
imity and coplanarity of the reacting functional groups (see
Figure 2).

Similarly, the pseudo-para isomer 5d produced a small
quantity of oxetene 12, after 1 h of irradiation (Scheme 5);
in CDCl; solution, 5d was irradiated in an NMR tube and
12 was also characterized by 'H NMR analysis in the mix-
ture of 5d/12. The thermal back reaction of 12 was moni-
tored by NMR spectroscopy.

Although the photoreactivity of the regioisomers of 5a
was not explored further, it is noteworthy that the main
reaction observed in the crystalline state is not cis-trans-
isomerization (presumably because of lack of free volume
due to tight crystal packing) but that of an unusual cycload-
dition as a result of minimum movement, expected in media
of extreme viscosity such as molecular crystals.

3. Conclusion

The synthesis of compound 5a (in addition to 5b-5d) was
carried out in order to extend the conjugation of previously
studied cinnamophanes 1a that lead very efficiently to [2n
+ 2 m] photocycloadducts. It was shown that the UV spec-
trum of 5a undergoes a significant red-shift, and that irradi-
ation at 320 nm leads to monocycloadduct 8 with a lesser
efficiency than 1a (R = Et) generating 2a. In ethanol solu-
tion in a quartz vessel with a polychromatic lamp, 5a was
found to yield a mixture of 8 and two tetracyclic com-
pounds 9 and 10. These results provide for the first time
some insight into the ladderane formation by intramolecu-
lar photoadditions between two parallel unsaturated chains
hold in position by a rigid spacer unit (the cyclophane
core).[40]

Experimental Section

General: Melting points: Biichi melting point apparatus, uncor-
rected. TLC: Macherey—Nagel Polygram SilG/UV254 and Poly-
gram Alox N/UV 254. Column chromatography: Merck Kieselgel
60 (70-230 mesh). IR: Perkin—Elmer 1420 and Nicolet 320 FT-IR.
NMR: Bruker AM 400.12 MHz (‘H) and 100.6 MHz ('3*C), Bruker
AC 200.1 ("H) and 50.3 MHz (3C) and Bruker AC 250.1 ('"H) and
62.9 (13C) in CDCl; and TMS as standard for 'H (6 = 0 ppm) and
CHCl; (6 = 77.05 ppm) for '3C. UV/Vis: Beckman UV 5230 and
Hitachi U 3300 using a Mettler UM3 balance (sensitivity 1077 g)
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for weighing. Fluorescence spectra (corrected for absorption and
emission): Hitachi F 4500. Fluorescence quantum yields were de-
termined using quinine sulfate in 1 N H,SO, as external reference
(Dps = 0.55).[41:4%] Fluorescence decays: Applied Physics single pho-
ton counting equipment.l’2324 The analysis of the fluorescence
curves was performed using the DECAN 1.0 programme.[*3 All
decays observed were found to be single exponentials. Reaction
quantum yields were determined as described elsewhere.*4 Irradia-
tions were conducted with high pressure mercury lamps (150 or
450 W). Appropriate filters were employed for selecting regions of
the UV emission.[*”]

1. 4,15-Bis|(1E,3E)-4-ethoxycarbonyl-3-methoxybuta-1,3-dienyl]-
[2.2]paracyclophane (5a): NaH (60% in paraffin oil; 0.64 g,
16 mmol) was suspended in 150 mL of anhydrous THF at 0 °C.
Nitrogen was bubbled through the reaction vessel and ethyl (E)-
diethoxyphosphoryl-2-methoxycrotonate (4, 4.7 g, 16.7 mmol) was
added slowly. The reaction mixture was stirred at ambient tempera-
ture for 45 min. The color changed from slightly yellow to orange
and finally became red-brown. Solid 4,15-diformyl[2.2]paracyclo-
phane (3a, 0.85 g, 3.2 mmol) was added, and the reaction mixture
was stirred for another 30 min at room temp. The reaction was
quenched with 100 mL of saturated aqueous NH4Cl solution, and
the layers were separated. The organic phase was concentrated to
dryness. The remaining solid was dissolved in CH,Cl,, the solution
was washed with water twice and dried with MgSO,. The desired
product crystallized (yellow rhombs) from CH,Cl, when Et,O was
added. Yield: 0.72 g (1.4 mmol, 44 %). M.p. 162°C. '"H NMR
(400.1 MHz, CDCl3): 6 = 7.74 (d, J = 16.0 Hz, 2 H), 7.29 (d, J =
16.0 Hz, 2 H), 6.80 (m, 2 H), 6.50 (m, 4 H), 5.02 (s, 2 H), 4.16 (q,
J =7.1Hz, 4 H), 3.70 (s, 6 H), 3.65-3.60 (m, 2 H), 3.10-2.97 (m,
6 H), 1.31 (t, J = 7.1Hz, 6 H) ppm. 3C NMR (100.6 MHz,
CDCl3): 6 = 167.30 (s, 4 C), 139.64 (s, 2 C), 138.99 (s, 2 C), 136.59
(s, 2 C), 134.88 (d, 2 C), 133.60 (d, 2 C), 133.27 (d, 2 C), 130.89
(d, 2 C), 120.57 (d, 2 C), 91.38 (d, 2 C), 59.46 (t, 2 C), 55.21 (q, 2
C), 39.90 (t, 2 C), 33.00 (t, 2 C), 14.48 (q, 2 C) ppm. IR (FT-IR,
KBr): v = 3082 cm™ (w), 2970 (m), 2935 (m), 2856 (w), 1700 (s),
1630 (s), 1579 (s), 1443 (m), 1379 (m), 1283 (m), 1148 (s), 1135 (s),
1064 (s), 1043 (m). MS (70 eV): m/z (%) = 516 (32) [M*], 470 (12),
455 (14), 424 (14), 409 (26), 327 (8), 257 (8), 225 (14), 211 (76), 185
(32), 171 (100), 153 (24), 129 (26), 115 (8). UV (MeOH): 4 .. (Ig
g) = 212 nm (4.55), 243 (4.26, sh), 314 (4.61), 370 (3.89, sh). UV
(toluene): Apax. (Ig &) = 248 nm (4.28), 313 (4.62), 322 (4.60), 370
(3.91, sh). Ry (CH,Cly) = 0.17. C3,H3604 (516.68): caled. 74.39, H
7.04; found C 73.95, H 7.04.

2. 4,16-Bis|(1E,3E)-4-ethoxycarbonyl-3-methoxybuta-1,3-dienyl]-
[2.2]paracyclophane (5b): Same experimental conditions as above.
From 3b (1.0 g, 3.8 mmol) was obtained 1.6 g of 5b (81 %). 'H
NMR (400.1 MHz, CDCl;): 6 = 7.83 (d, J = 16.1 Hz, 2 H), 7.31
(d, J = 16.1 Hz, 2 H), 6.90 (m, 2 H), 6.50 (m, 4 H), 5.06 (s, 2 H),
4.21-4.00 (m, 4 H), 3.79 (s, 6 H), 3.66-3.60 (m, 2 H), 3.16-3.10 (m,
2 H), 2.97-2.89 (m, 2 H), 2.85-2.78 (m, 2 H), 1.30 (t, J = 7.1 Hz,
6 H) ppm. '3C NMR (100.6 MHz, CDCls): 6 = 167.09 (s, 2 C),
167.00 (s, 2 C), 139.68 (s, 2 C), 139.19 (s, 2 C), 135.94 (s, 2 C),
135.03 (d, 2 ©), 132.85 (d, 2 ©), 131.67 (d, 2 C), 128.65 (d, 2 C),
120.22 (d, 2 C), 91.87 (d, 2 C), 59.24 (t, 2 C), 55.39 (q, 2 C), 34.31
(t, 2 C), 33.95 (t,2 C), 14.39 (q, 2 C) ppm. IR (FT-IR, KBr): v =
3087 cm! (w), 2938 (m), 1706 (s), 1699 (s), 1630 (s), 1440 (m), 1378
(m), 1296 (m), 1284 (s), 1230 (m), 1135 (s), 1069 (s), 1049 (m). MS
(70 eV): mlz (%) = 516 (69) [M™*], 469 (44), 424 (15), 397 (15), 372
(11), 258 (19), 212 (75), 197 (33), 185 (44), 171 (100), 153 (83), 129
(70), 115 (29), 69 (34). UV (MeOH): Zpax. (Ig &) = 210 nm (4.46),
273 (4.37), 310 (4.38, sh), 335 (4.46). M.p. 158 °C (yellow platelets
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from CH2C12) R £ (CH2C12) = 0.19. C32H3606 (51668) caled. C
74.39, H 7.04; found C 74.39, H 7.29.

3. 4,13-Bis|(1E,3E)-4-ethoxycarbonyl-3-methoxybuta-1,3-dienyl]-
[2.2]paracyclophane (5¢): Same experimental conditions as above.
From 3¢ (1.0 g, 3.8 mmol) was obtained 1.6 g of 5¢ (81 %). 'H
NMR (250.1 MHz, CDCly): 0 = 791 (d, J = 15.9 Hz, 2 H), 7.33
(d,J=15.9Hz 2 H), 6.80 (d, J=1.5Hz, 2 H), 6.61 (d, J= 7.8 Hz,
2 H), 6.43 (dd, J; = 7.8, J, = 1.5Hz, 2 H), 5.16 (s, 2 H), 4.22 (q,
J =7.1Hz, 4 H), 3.78 (s, 6 H), 3.54-3.41 (m, 2 H), 3.14-2.91 (m,
4 H), 2.84-2.71 (m, 2 H), 1.31 (¢, J = 7.1 Hz, 6 H). '3C NMR
(62.9 MHz, CDCl;): 0 = 167.59 (s, 2 C), 167.23 (s, 2 C), 140.08 (s,
2 C), 139.40 (s, 2 C), 136.78 (s, 2 C), 132.88 (d, 2 C), 132.43 (d, 2
), 131.70 (d, 2 C), 130.58 (d, 2 C), 120.47 (d, 2 C), 92.13 (d, 2 C),
59.68 (t, 2 C), 55.59 (q, 2 C), 34.87 (t, 2 C), 33.50 (t, 2 C), 14.54
(g, 2 C) ppm. IR (FT-IR, KBr): ¥ = 3084 cm ™' (w), 2954 (m), 2929
(m), 1699 (s), 1632 (s), 1582 (s), 1378 (m), 1253 (m), 1191 (m), 1146
(s), 1065 (s). MS (70 eV): m/z (%) = 516 (20) [M™*], 471 (14), 455
(12), 442 (10), 409 (24), 257 (8), 211 (80), 185 (30), 171 (100), 153
(30), 129 (36). UV (MeOH): Ay (Ig €) = 210 nm (4.50), 273 (4.36),
345 (4.54). m.p. 176 °C (amorphous powder from CH,Cl,). R ¢
(CH,Cl,) = 0.21. C3,H3405 (516.68): calcd. C 74.39, H 7.04; found
C 74.47; H 7.16.

4.  4,12-Bis|(1E,3E)-4-ethoxycarbonyl-3-methoxybuta-1,3-dienyl]-
[2.2]paracyclophane (5d): Same experimental conditions as above.
From 3d (0.5 g, 1.9 mmol) was obtained 0.8 g of 5d (79 %). 'H
NMR (200 MHz, CDCl;): 6 = 7.88 (d, J = 15.9 Hz, 2 H), 7.39 (d,
J=159Hz 2 H), 6.75 (d, J = 1.6 Hz, 2 H), 6.61 (dd, J = 7.8, J
=1.6Hz 2 H), 6.41 (d, J = 7.8 Hz, 2 H), 5.18 (s, 2 H), 4.21 (q, J
= 7.1 Hz, 4 H), 3.82 (s, 6 H), 3.45-3.32 (m, 2 H), 3.10-2.90 (m, 6
H), 1.32 (t, J = 7.1 Hz, 6 H) ppm. '3C NMR (50.3 MHz, CDCls):
0 =139.53 (d, 2 C), 133.71 (d, 2 C), 133.22 (d, 2 C), 130.92 (d, 2
), 120.58 (d, 2 C), 91.99 (d, 2 C), 59.57 (t, 2 C), 55.49 (q, 2 C),
3438 (t, 2 C), 33.15 (t, 2 C), 14.45 (q, 2 C) ppm. None of the
signals of the quaternary C atoms were observed due to the poor
solubility of the compound. IR (FT-IR, KBr): ¥ = 3088 cm™! (w),
2978 (w), 2935 (m), 1690 (s), 1631 (s), 1577 (s), 1443 (m), 1378 (m),
1280 (s), 1192 (s), 1147 (s), 1061 (s), 1042 (s). MS (70 eV): m/z (%)
= 516 (100) [M*], 470 (46), 424 (34), 397 (24), 372 (22), 299 (18),
258 (18), 213 (70), 212 (70), 211 (60), 197 (34), 171 (76), 153 (40),
129 (38), 71 (16). UV (MeOH): Apa.y. (Ig &) = 210 nm (4.19), 250
(3.84), 322 (4.24), 334 (4.24). M..p. 232 °C (colorless platelets from
CH,Cl,). R (CH,Cl,) = 0.23. C3,H3404 (516.68): caled. C 74.39,
H 7.04; found C 74.16, H 7.14.

5. Irradiation of 4,15-Bis|(1E,3E)-4-ethoxycarbonyl-3-methoxybuta-
1,3-dienyl][2.2]paracyclophane (5a) in Ethanol: 5a (100 mg,
0.19 mmol) was dissolved in 250 mL of ethanol and the solution
irradiated with a 150-W high-pressure mercury light source (Pyrex
glass) for 30 min, while nitrogen was bubbled through the solution.
For work-up the solvent was removed by evaporation and the resi-
due recrystallized from CH,Cl,/Et,O. The photoaddition product
8 was isolated as a colorless solid in 95 % yield (0.95 g). "H NMR
(400.1 MHz, CDCl;): 6 = 6.52 (d, J = 1.5 Hz, 2 H), 6.47 (dd, J ,
=77,J,=15Hz 2 H), 6.21 (d, J =7.7Hz, 2 H), 5.41 (m, 2 H),
5.01 (s, 2 H), 4.73-4.72 (m, 2 H), 4.12 (q, / = 7.1 Hz, 4 H), 3.71
(s, 6 H), 3.23-3.18 (m, 4 H), 3.02-2.98 (m, 2 H), 2.59-2.55 (m, 2
H), 1.28 (t, J = 7.1 Hz, 6 H) ppm. '*C NMR (100.6 MHz, CDCl;):
0=173.12 (s, 2 C), 166.80 (s, 2 C), 140.36 (s, 2 C), 139.47 (s, 2 C),
139.37 (s, 2 C), 134.37 (d, 2 C), 133.13 (d, 2 ©), 128.73 (d, 2 C),
91.62 (d, 2 C), 59.36 (t, 2 C), 55.59 (q, 2 C), 44.09 (d, 2 C), 38.01
(d,20),36.32(t,2C), 32.52 (t,2 C), 14.41 (q, 2 C) ppm. IR (FT-
IR, KBr): v = 3084 cm™! (w), 2974 (m), 2936 (m), 1712 (s), 1624
(s), 1380 (m), 1244 (m), 1191 (s), 1147 (s), 1140 (s), 1067 (s). MS
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(70 eV): mlz (%) = 516 (28) [M™], 471 (16), 455 (15), 424 (16), 409
(24), 257 (10), 225 (12), 211 (80), 185 (28), 171 (100), 153 (26), 129
(30). UV (MeOH): Ay (Ig &) = 228 nm (4.18), 292 (3.17). m.p.:
201 °C (colorless crystals from CH-Cl,). Ry (CH,Cl,) = 0.19.
C3,H3604 (516.68): caled. C 74.39, H 7.04; found C 74.42, H 7.09.

6. Irradiation of 4,15-Bis|(1E,3E)-4-ethoxycarbonyl-3-methoxybuta-
1,3-dienyl]|2.2]paracyclophane (5a) at —30 °C in Quartz Glass: Sa
(150 mg, 0.29 mmol) was dissolved in 250 mL of ethanol and the
solution irradiated with a 150-W high-pressure mercury light
source for 30 min. The quartz glass irradiation vessel was immersed
into a —30 °C cold bath and nitrogen was bubbled through the solu-
tion during the reaction. For work-up the solvent was removed by
evaporation under vacuum (water bath, 60 °C). Silica gel chroma-
tography of the residue with petroleum ether, CH,Cl,, and Et,O
(11:7:1) provided two fractions: Fraction 1: unsymmetrical [3]lad-
derane 10, 60 mg (41 %); Fraction 2: 1:2 mixture of starting mate-
rial 5a and symmetrical [3]ladderane 9, 80 mg (52 %). Unsymmetri-
cal [3]Ladderane 10: 'H NMR (400.1 MHz, CDCl;): 6 = 6.47 (br.
d, J = 7.8 Hz, 2 H), 6.27 (br. s, 1 H), 6.22 (d, J = 7.8 Hz, 1 H),
6.21 (d, J = 7.8 Hz, 1 H), 6.20 (br. s, 1 H), 4.54 (br. s, 2 H), 4.38
(d, J=69 Hz, 1 H), 4.31-4.23 (m, 2 H), 4.20 (q, / = 7.1 Hz, 2 H),
3.67 (d, J = 6.9Hz, 1 H), 3.53 (s, 3 H), 3.36-3.35 (m, | H), 3.24
(s, 3 H), 3.19-2.93 (m, 7 H), 2.59-2.54 (m, 2 H), 1.32 (t, J= 7.1 Hz,
3 H), 1.24 (t, J = 7.1 Hz, 3 H) ppm. '3C NMR (100.6 MHz,
CDCl;): 0 = 171.08 (s, 1 ©), 170.22 (s, 1 C), 140.08 (s, 1 C), 140.04
(s, 1 C), 139.81 (s, 1 C), 139.76 (s, 1 C), 139.73 (s, 1 C), 139.46 (s,
1C), 134.64 (d, 1 C), 13445(d, 1 C), 133.20 (d, 1 C), 132.84 (d, 1
), 128.66 (d, 1 C), 84.12 (s, 1 C), 83.15 (s, 1 C), 61.33 (t, 1 C),
61.02 (t, 1 C), 52.62 (q, 1 C), 52.24 (q, 1 C), 47.28 (d, 1 C), 45.60
(d, 1C),43.58 (d, 1 C), 42.70 (d, 1 C), 40.85 (d, 1 C), 36.65 (d, 1
), 36.10 (t, 1 C), 36.01 (t, 1 C), 32.46 (t, 1 C), 31.69 (t, 1 C), 14.28
(q,10), 1412 (q, 1 C). IR (FT-IR, KBr): ¥ = 3083 cm™! (w), 2939
(m), 2839 (w), 1726 (s), 1307 (s), 1274 (s), 1213 (s), 1194 (s), 1032
(s). MS (70 eV): mlz (%) = 516 (20) [M*], 501 (10), 470 (16), 455
(18), 442 (15), 424 (16), 409 (38), 379 (15), 365 (10), 327 (8), 225
(12), 211 (76), 197 (14), 185 (24), 171 (100), 153 (20), 129 (22). UV
(CH3CN): Amax (Ig &) = 222 nm (4.26), 262 (3.23, sh). M.p. 149 °C
(colorless rhombic crystals from CH,Cly). Ry (petroleum ether
ether: CH,Cl/Et,0O, 11:7:1) = 0.50. C3,H3404 (516.68): caled. C
74.39, H 7.04; found C 74.24, H 7.21. Symmetrical [3]Ladderane 9:
381 'TH NMR (250.1 MHz, CDCls): 6 = 6.47 (dd, J, = 7.8, J, =
1.6 Hz, 2 H), 6.27 (d, J = 1.6 Hz, 2 H), 6.22 (d, J = 7.8 Hz, 2 H),
4.58 (br. s, 2 H), 423 (q, J = 7.1 Hz, 4 H), 3.87 (s, 2 H), 3.54 (br.
s, 2 H), 3.25 (s, 6 H), 3.23-3.12 (m, 4 H), 3.03-2.98 (m, 2 H), 2.60—
2.54 (m, 2 H), 1.29 (t, J = 7.1 Hz, 6 H) ppm. '3C NMR (62.9 MHz,
CDCl3): 6 = 170.17 (s, 2 C), 140.12 (s, 2 C), 139.91 (s, 2 C), 139.82
(5,2 C), 134.89 (d, 2 ©), 133.03 (d, 2 C), 128.81 (d, 2 C), 81.76 (s,
2 C), 60.74 (t, 2 C), 51.47 (q, 2 C), 45.54 (d, 2 C), 43.20 (d, 2 O),
36.33 (d, 2 ©), 36.10 (t, 2 C), 32.18 (t, 2 C), 14.36 (q, 2 C) ppm.
All values were obtained by subtracting the signals for the unsym-
metrical [3]ladderane from the composite spectrum.

7. Irradiation of 4,16-Bis|(1E,3E)-4-ethoxycarbonyl-3-methoxybuta-
1,3-dienyl]|2.2]paracyclophane (5b) in the Solid State: Single crystals
of  4,16-bis[(1 E,3E)-4-ethoxycarbonyl-3-methoxybuta-1,3-dienyl]-
[2.2]paracyclophane (5b, 50 mg) were placed in a quartz glass cell
(thickness: 1 m) and irradiated with a 450-W mercury high pressure
lamp for 24 h. The color of the crystals changed from slightly yel-
low to slightly brown. The crystals were dissolved in CH,Cl,, a thin
insoluble residue remaining on the surface of the quartz cell facing
the light source. Silica gel chromatography of the solution with
CH,Cl, provided starting material 5b (35 mg) and the oxetene 11.
'"H NMR (200 MHz, CDCl5): 6 = 7.89 (d, J = 16.0 Hz, 1 H), 7.31
(d, J =16.0Hz, 1 H), 7.19 (d, J = 15.7Hz, 1 H), 6.87 (m, 1 H),
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Table 2. Crystallographic data for compounds Sa, 5b, 5d, 7, and 8

FULL PAPER

Compound 5a 5b 5d 7 8

Formula C3,H3606 C3,H3606 C3,H3606 C36H3204 C3,H3606
M . 516.61 516.61 516.61 528.62 516.61
Habit yellow tablet colourless tablet colourless block colourless prism colourless plate
Crystal size (mm)  0.4X0.4x0.2 0.4%0.4%0.18 0.4x0.4x0.3 0.34x0.3x0.25 0.6%0.3%x0.12
Crystal system monoclinic monoclinic triclinic monoclinic monoclinic
Space group P2,/n C2/c P P2y/n P2/c

Cell constants:

a(A) 8.408(2) 26.928(7) 7.487(4) 11.863(5) 11.533(5)
b (A) 14.794(4) 8.654(3) 8.542(4) 13.106(6) 33.692(12)
c(A) 21.731(4) 24.680(7) 11.600(5) 16.795(6) 13.987(5)
a () 90 90 68.65(4) 90 90

B () 94.13(2) 103.88(3) 87.18(4) 96.42(5) 90.60(3)

v () 90 90 72.73(4) 90 90

V (A3) 2696.1 5583 658.4 2595 5435

Z 4 8 1 4 8

D (Mgm?3) 1.273 1.229 1.303 1.353 1.263

M (mm™) 0.09 0.08 0.09 0.09 0.09
F(000) 1104 2208 276 1120 2208

T (°C) -130 =70 -100 -130 -100

20 max. 50 50 50 50 50

Refl. measured 5419 6437 2599 6194 10118
Refl. indep. 4724 4942 2315 4578 9558

R, 0.123 0.054 0.060 0.027 0.080
Parameters 347 347 174 394 693
Restraints 332 353 157 552 805

wR(F 2, all refl.) 0.202 0.196 0.223 0.169 0.211

R[F, >4c(F)] 0.073 0.058 0.064 0.065 0.063

N 1.04 0.95 0.98 1.06 0.98

max. Ap (erA-3) 0.44 0.30 0.31 0.24 0.28

6.73 (m, 1 H), 6.53 (m, 2 H), 6.51 (m, 2 H), 6.27 (d, J = 15.7 Hz,
1 H), 5.30 (m, 1 H), 5.18 (s, 1 H), 4.22-4.09 (m, 4 H), 4.00 (s, 3
H), 3.83 (s, 3 H), 3.74-2.83 (m, 8 H), 1.30 (t, J = 7.1 Hz, 3 H), 1.27
(t, J = 7.1 Hz, 3 H) ppm. MS (70 eV): m/z (%) = 516 (42) [M*],
470 (34), 424 (14), 397 (22), 372 (18), 299 (18), 211 (68), 185 (46),
171 (100), 153 (66), 129 (72). m.p. 40-45 °C. R; (CH,Cl,) = 0.07.

8. Irradiation of 4,12-Bis|(1E,3E)-4-ethoxycarbonyl-3-methoxybuta-
1,3-dienyl]|2.2]paracyclophane (5d) in Solution: A solution of 5d in
CDCl; (2-3 mg per 1 mL) was irradiated with monochromatic light
(366 nm) for 1 hin a NMR quartz glass tube. A 'TH NMR spectrum
measured immediately after the irradiation showed two new signals
indicative of the oxetene 12: = 5.19 (probably oxetene proton)
and 0 = 4.4 ppm (CH; protons of the methoxy group at the oxetene
ring). Furthermore, the NMR spectrum became more complicated,
especially in the aromatic range (0 = 6.80-6.30 ppm). The intensity
of the vinyl protons diminished. After the sample had been stored
for 48 h in the dark, 'H NMR analysis no longer showed these
signals. Rather, the NMR spectrum of the starting material 5d (be-
fore irradiation) was registered.

9. X-ray Structure Determinations. Data Collection and Reduction:
Crystals were mounted in inert oil on glass fibres and transferred
to the cold gas stream of the diffractometer (5a,7: Stoe STADI-4;
5b, 5d, 8: Siemens P4, with appropriate low temperature attach-
ments). Measurements were performed with graphite-monochro-
mated Mo-K,, radiation. Structure Refinement: The structures were
refined anisotropically against /> (program SHELXL-97, G. M.
Sheldrick, University of Gottingen). Hydrogen atoms were in-
cluded with a riding model or rigid methyl groups. Because of the
generally moderate crystal quality, displacement parameters were
restrained with the commands DELU and SIMU to improve sta-
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bility of refinement. In compound 7, the chains C17(=01)-02-C18
and C17'(=01")-02'-C18" are disordered, whereby their antiparal-
lel counterparts are occupied to the extent of 14.2(5)%. Appropri-
ate similarity restraints were applied. Crystallographic data
for compounds 5a, 5b, 5d, 7, and 8 are collected in Table 2. CCDC-
243747 (for 5a), -243748 (for 5b), -243749 (for 5d),
-245428 (for 7) and -243750 (for 8) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Acknowledgments

We are grateful to the Deutscher Akademischer Austauschdienst
(DAAD) and the Ministere des Affaires Etrangéres (France) for a
PROCOPE grant. One of us (H.B.L) is also indebted to the Alexan-
dert von Humboldt-Stiftung for financial assistance. We (H. H. and
H. G.) extend our thanks to the Fonds der Chemischen Industrie
for continuing financial support of our studies. We are obliged to
Prof. H. Butenschén (Hannover) for DSC measurements.

[11 U. Meyer, N. Lahrahar, P. Marsau, H. Hopf, H. Greiving, J.-P.
Desvergne, H. Bouas-Laurent, Liebigs Ann./Recueil 1997, 381-
384.

[2] a) P. A. Wender, in: Photochemistry in Organic Synthesis (Ed.:
J. D. Coyle), The Royal Society of Chemistry, London, 1986,
chapter 9; b) W. L. Dilling, Chem. Rev. 1969, 69, 845-877;c)
W. L. Dilling, Chem. Rev. 1983, 83, 1-47.

[3] A. Gilbert, J. Baggot, Essentials of Molecular Photochemistry,
Blackwells, Oxford, 1992.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 565



FULL PAPER

H. Greiving, H. Hopf, P. G. Jones, P. Bubenitschek, J.-P. Desvergne, H. Bouas-Laurent

[4] J.-P. Desvergne, H. Bouas-Laurent, Cycloaddition reactions in-
volving 4n-electrons: [2+2] cycloadditions, in: Photochromism,
Molecules and Systems (Eds.: H. Diirr, H. Bouas-Laurent), El-
sevier, Amsterdam, 2003 (revised edition), chapter 13.

[5]1 G. Kaupp, [2+2]Cyclobutane Synthesis, in: CRC Handbook of
Organic Photochemistry and Photobiology (Eds.. W. M. Hor-
spool, Pill-Soon Song), Boca Raton, 1995, chapter 3 (liquid
phase), pp. 16-49; chapter 4 (solid state), pp. 50-63.

[6] T. Bach, Synthesis 1998, 683-703.

[7] S. A. Fleming, C. L. Bradford, J.-J. Gao, Regioselective and
Stereoselective [2+2 | Photocycloadditions, in: Organic Photo-
chemistry (Eds.: V. Ramamurthy, K. S. Shanzer), M. Dekker,
New York, N. Y., 1997, vol. 1, chapter 6, pp. 187-243.

[8] S.A. Fleming, S. C. Ward, C. Mao, E. E. Parent, The Spectrum
2002, 15, 8-14.

[9] a) P. L. Egerton, J. Trigg, E. M. Hyde, A. Reiser, Macromole-
cules 1981, 14, 100-104; b) P. L. Egerton, E. Pitts, A. Reiser,
Macromolecules 1981, 14, 95-100; c¢) P.L. Egerton, E. M.
Hyde, J. Trigg, A. Payne, P. Beynon, M. V. Mijovic, A. Reiser,
J. Am. Chem. Soc. 1981, 103, 3859-3863.

[10] M. Shirai, T. Orikata, M. Tanaka, J. Polym. Sci. Polym. Chem.
Ed. 1985, 23, 463-477.

[11] K. Takagi, T. Shichi, H. Usami, Y. Sawaki, J. Am. Chem. Soc.
1993, 115, 4339-4344.

[12] C. Noutary, A. Castellan, R. S. Davidson, J. Photochem. Pho-
tobiol. A: Chem. 1994, 84, 317-326.

[13] W. Kohler, K. Novak, V. Enkelmann, J. Chem. Phys. 1994, 101,
10474-10480.

[14] D. Bassani, The dimerization of cinnamic acid derivatives, in:
CRC Handbook of Photochemistry and Photobiology, 2nd ed.
(Eds.: W. Horspool, F. Lenci), Boca Raton, 2004, chapter 20,
pp. 1-20.

[15] T. Cabrera, M. Engel, L. Haussling, C. Metersdorf, M. Rings-
dorf, in: Frontiers in Supramolecular Organic Chemistry and
Photochemistry (Eds.: H. J. Schneider, H. Diirr), Wiley-VCH,
Weinheim, 1991, pp. 311-316.

[16] S. Kurihara, T, Nonaka, Mol. Cryst. Liq. Cryst. 1994, 238, 39—
45.

[171R. Mukkamala, C.L. BurnslJr., R. M. Catchings III, R. G.
Weiss, J. Am. Chem. Soc. 1996, 118, 9498-9508.

[18]F. D. Lewis, J. D. Oxman, J. C. Huffman, J Am. Chem. Soc.
1984, 106, 466-468.

[19] M. Kuzuya, N. Yokota, A. Noguchi, T. Okuda, Bull. Soc.
Chem. Jpn. 1986, 59, 1379-1385.

[20] S. Akabori, T. Kumagai, Y. Habata, S. Sato, J. Chem. Soc. Per-
kin Trans. 2 1989, 1497-1505.

[21]H. Maeda, A. Sugimoto, K. Mizuno, Org Lett. 2000, 2, 3305-
3308.

[22]J. Nishimura, Y. Nakamura, Y. Hayashida, T. Kudo, Acc.
Chem. Res. 2000, 33, 679-686.

[23]H. Greiving, H. Hopf, P. G. Jones, P. Bubenitschek, J.-P.
Desvergne, H. Bouas-Laurent, J. Chem. Soc. Chem. Commun.
1994, 1075-1076.

[24]H. Greiving, H. Hopf, P. G. Jones, P. Bubenitschek, J.-P.
Desvergne, H. Bouas-Laurent, Liebigs Ann. 1995, 1949-1956.

[251H. Zitt, 1. Dix, H. Hopf, P. G. Jones, Eur. J. Org. Chem. 2002,
2298-2307.

[26] D. M. Bassani, V. Darcos, S. Mahony, J.-P. Desvergne, J. Am.
Chem. Soc. 2000, 122, 8759-8796.

[27] D. M. Bassani, X. Sallenave, V. Darcos, J.-P. Desvergne, Chem.
Commun. 2001, 1446-1447.

566 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[28]a) D. M. Cohen, G. M. J. Schmidt, J. Chem. Soc. 1964, 1996
2000; b) M.D. Cohen, G. M.J. Schmidt, F. 1. Sonntag, J
Chem. Soc. 1964, 2000-2013; ¢) G. M. J. Schmidt, J. Chem.
Soc. 1964, 2014-2021.

[29] V. Enkelmann, G. Wegner, K. Novak, K. B. Wagener, J. Am.
Chem. Soc. 1993, 115, 10390-10391.

[30] K. S. Feldman, R. F. Campbell, J Org Chem. 1995, 60, 1924—
1925.

[311G. Kaupp, E. Teufel, H. Hopf, Angew. Chem. 1979, 91, 232~
234; Angew. Chem. Int. Ed. Engl. 1979, 18, 215-217.

[32] H. Hopf, E-W. Raulfs, D. Schomburg, Tetrahedron 1986, 42,
1655-1663; cf. H. Hopf, I. Bohm, J. Kleinschroth, Org. Synth.
1981, 60, 41-48.

[33] K. Natsias, H. Hopf, Tetrahedron Lett. 1982, 23, 3673-3676;
L. Ernst, H. Hopf, K. Natsias, Org. Magn. Reson. 1984, 22,
296-300.

[34] D. J. Cram, R. B. Hornby, E. A. Truesdale, H. J. Reich, M. H.
Delton, J. M. Cram, Tetrahedron 1974, 30, 1757-1768.

[35]a) S. Davydov, Theory of Molecular Excitons (M. Kasha, M.
Oppenheimer, Jr., translators), McGraw Hill, New York, 1962;
b) W. J. Kauzmann, J. E. Walter, H. Eyring, Chem. Rev. 1940,
26, 339-407.

[36] D. H. Williams, 1. Fleming, Spectroscopic Methods in Organic
Chemistry, McGraw-Hill, London, 1966, pp. 24-26.

[37]B. Valeur, Molecular Fluorescence, Wiley-VCH, Weinheim,
2002, chapter 3.

[38] Our spectroscopic data do not allow an unambiguous structure
determination of ladderane 9. Rather than the shown orienta-
tion of the four substituents these could be arranged in all-cis
fashion. We prefer the orientation presented in Scheme 4
though, since in all cases investigated so far where the relative
stereochemistry of the four-membered rings could be deter-
mined by X-ray structural analysis, we observed all-transoid
annelation of the four-membered rings (see the following publi-
cation). In other words, a twofold cis-trans photoisomerization,
which would be the prerequisite for the all-cis arrangement of
the four substituents (functional groups or hydrogen atoms),
has never been observed. That this process can take place once,
however, is demonstrated, by the formation of the unsymmetri-
cal [3]ladderane 10 — assuming that the cyclobutane derivative
8, the structure of which was established by X-ray structure
determination (see above, Figure 7) is the precursor for 9 and
10, respectively.

[39]1J. A. Barltrop, J. Coyle, Excited States in Organic Chemistry,
Wiley, London, 1975, pp. 211-221.

[40] [n]Ladderanes are linear oligomers of cyclobutadiene units,
with 7 indicating the number of cyclobutane rings, see: H.
Hopf, Angew. Chem. 2003, 115, 2928-2931; Angew. Chem. Int.
Ed. 2003, 42, 2822-2825; cf. R. N. Warrener, G. Abbenante,
C. H. L. Kennard, J Am. Chem. Soc. 1994, 116, 3645-3646.

[41] C. A. Parker, Photoluminescence of Solutions, Elsevier, Amster-
dam, 1968, pp. 208-214.

[42] J.-P. Desvergne, N. Bitit, A. Castellan, H. Bouas-Laurent, J. C.
Soulignac, J. Luminescence 1987, 37, 175-181.

[43] DECAN (1.0), Programme for decay curve analysis (T.
de Roeck, N. Boens, J. Dockx, K. U. Leuven, Belgium, Copy-
right, 1991).

[44] A. Castellan, J.-P. Desvergne, H. Bouas-Laurent, Nouv. J.
Chim. 1979, 3, 231-237.

[45]). C. Calvert, J. N. Pitts Jr., Photochemistry, John Wiley & Sons,
New York, 1966, pp. 728-747.

Received August 20, 2004

WWW.eurjoc.org Eur. J. Org. Chem. 2005, 558-566



