COMMUNICATIONS

183(2) K. Enraf-Nonius CAD4, graphite monochromatized Moy,
radiation, A=0.71069 A, @ scans, Aw=0.8° ((Sin O)/A) oy =
0.592 A-', hkl range: +37, +18, —39— +35. Of a total of 13282
measured reflexions, 13008 were unique (R;, = 0.027) and 7920 were
“observed” with 7> 20(I). Refinement of 797 parameters was done on
F? of all unique reflexions leading to R(F)/wR(F?)=0.064/0.190,
GoF=1.06, w=1/(0*(F2)+(0.1086 P)*), P=(max(F20)+2F2)/3.
Apsi, (max/min) =0.62/ — 0.69 eA-3. In the refinement all non-H
atoms were refined anisotropically, except the C atoms of the
coordinated molecule Et,O which were treated in a split atom model.
H11, H21, H31 were refined freely with individual isotropic displace-
ment parameters. While one of the interstitial hexane molecules could
be refined satisfactorily, the second one was found to be severly
disordered, thereby impeding any meaningful refinement. Therefore,
it was excluded from structure factor calculations with the routine
SQUEEZEM as included in PLATON.! Restraints were applied to
the bonds between the disordered ether and hexane atoms. Programs
used: SHELXS-97 (structure solution),') SHELXL-97 (structure
refinement),l'”) ORTEP-III (molecular drawings).!'!]

[8] P. vander Sluis, A. L. Spek, Acta Crystallogr. Sect. A 1990, 46, 194 —
201.

[9] A.L.Spek, PLATON, A Multipurpose Crystallographic Tool, Utrecht
University, The Netherlands, 2000. See also: A.L. Spek, Acta
Crystallogr. Sect. A 1990, 46, C34.

[10] G. M. Sheldrick, SHELXS-97, SHELXL.-97, Programs for the Deter-
mination of Crystal Structures, Universitdt Gottingen, Germany, 1997.

[11] C.K. Johnson, M.N. Burnett, ORTEP-III (version 1.0.2), Rep.

ORNL-6895, Oak Ridge National Laboratory, Oak Ridge, TN,

1996; Windows version: Louis J. Farrugia, University of Glasgow,

UK, 1999.

Crystallographic data (excluding structure factors) for the structures

reported in this paper have been deposited with the Cambridge

Crystallographic Data Centre as supplementary publication

no. CCDC-148258 (3) and CCDC-148259 (4). Copies of the data can

be obtained free of charge on application to CCDC, 12 Union Road,

Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@

ccde.cam.ac.uk).

[13] For a regular octahedron tr=60°, for a trigonal prism 7=0°: K. R.
Dymock, G.J. Palenik, Inorg. Chem. 1975, 14, 1220-1222.

[14] M. N. S. Hill, W. Clegg, K. 1zod, P. O’Shaughnessy, Organometallics
2000, 79, 4531-4535; F. Paul, D. Carmichael, L. Ricard, F. Mathey,
Angew. Chem. 1996, 108, 1204—1206; Angew. Chem. Int. Ed. Engl.
1996, 35, 1125-1127; M. D. Fryzuk, X. Gao, S. J. Rettig, Can. J. Chem.
1995, 73, 1175-1180; G. Lin, W.-T. Wong, Polyhedron 1994, 13,3027 -
3030; P. B. Hitchcock, M. F. Lappert, I. A. MacKinnon, J. Chem. Soc.
Chem. Commun. 1993, 1015-1017; H. Schmidbaur, U. Deschler, B.
Zimmer-Gasser, D. Neugebauer, U. Schubert, Chem. Ber. 1980, 113,
902-911.

[15] In the tmeda analogue of 2 a Na—P distance of 2.945(4) A was
found.l®!

[16] J. Cioslowski, P. Piskorz, M. Schimeczek, G. Boche, J. Am. Chem. Soc.
1998, 120, 2612-2615.

[17] Alkyl calcates() with a [CaO,C]~ and a [CaCs]~ core have been
synthesized before.*

[18] The only other structurally characterized calcate(tn) is the s-complex
[Ca(cod),]*~ (cod = cyclooctadiene dianion): S. A. Kinsley, A. Streit-
wieser, Jr., A. Zalkin, Organometallics 1985, 4, 52-577.

[19] A similar ligand cleavage reaction of the phosphide ligand [(2-
MeO)CH,PR]~ (R =CH(SiMe;),) has been observed upon reaction
with Cal, and Ybl,, and was attributed to C—O bond activation by the
metal centers and nucleophilic attack of the phosphido phosphorus
atom at the methoxy carbon atom with formation of the methyl
phosphane: K. Izod, W. Clegg, S. T. Liddle, Organometallics 2000, 19,
3540-3643; W. Clegg, K. Izod, S. T. Liddle, P. O’Shaughnessy, J. M.
Sheffield, Organometallics 2000, 19, 2090-2096. It should be noted
that the phosphane phosphorus atom in I is less nucleophilic than a
phosphido group and that in the example above the ligand fragmen-
tation might have been caused by the iodide ion leading to Mel which
subsequently methylates the phosphido group.

[20] Crystal structure data of 4: C,H,,sCa,O5P,, M, =1722.06, tetragonal,
space group I4,/a (No.88), a=b=25.091(9), c=14.05009) A, V=
8845(7) A3,  Z=4, paa=1293gem=3,  u(Moy,) =374 cm,

[12

186 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

F(000) =3648, T=183(2) K. Enraf-Nonius CAD4, graphite mono-
chromatized Moy, radiation, A =0.71069 A, w-scans, Aw=0.8°
((SinO)/A) ey = 0.50 A-1, hkl range: +£25, +25, +14. Of a total of
10451 measured reflexions, 2369 were unique (R;, =0.122) and 1380
were “observed” with I>20(/). Refinement of 302 parameters on F?
of all unique reflexions leading to R(F)/wR(F?)=0.046/0.104, GoF =
1.01, w=1/(c*(F2)+(0.0456 P)*+ (10.2187P)), P=(max(F20)+
2F2)/3. Aps, (max/min)=0.22/—0.26 e A3, In the refinement all
non-H atoms were refined anisotropically. Some of the H atoms
including that at C1 were refined freely with individual isotropic
displacement parameters.

[21] K. M. Fromm, Chem. Commun. 1999, 1659-1660; V. C. Arunasalam,
I. Baxter, S. R. Drake, M. B. Hursthouse, K. M. A. Malik, D. J. Otway,
Inorg. Chem. 1995, 34, 5295 -5306; A. 1. Yanovsky, N. Y. Turova, E. P.
Turevskaya, V. G. Kessler, Y. T. Struchkov, Zh. Neorg. Khim. 1993, 38,
779-783; N. Y. Turova, E. P. Turevskaya, V. G. Kessler, A. I. Yanov-
sky, Y. T. Struchkov, J. Chem. Soc. Chem. Commun. 1993, 21 -23.

[22] H. H. Karsch, M. Reisky, Eur. J. Inorg. Chem. 1998, 905-911.

[23] Also in calcium phosphides the Ca—P bond lengths are comparable to
those in 4: M. Westerhausen, Coord. Chem. Rev. 1998, 176, 157210,
and refs therein; M. Westerhausen, M. H. Digeser, W. Schwarz, Inorg.
Chem. 1997, 36, 521 -5217.

The Unusual Photochemistry of Dendrimers
with an Anthracene Core**

Derong Cao and Herbert Meier*

Monodisperse dendrimers represent a link between organic
compounds with low molecular masses and polymers, and are
distinguished by a number of special properties.'l The
objective of the present work was to study the photochemistry
and the photophysics of anthracene when used as a core of a
dendritic structure. Thus, dendrons of the Fréchet typel were
attached in the 9 and 10 positions of anthracene. The
nucleophilic substitution of the halogen atoms in 9,10-
bis(chloromethyl)- or 9,10-bis(bromomethyl)anthracene (2)
with 3,5-dialkoxy-substituted benzyl alcohols la—c¢ in an
alkaline medium under phase-transfer conditions provided
yields between 66 and 30% (Scheme 1). An increase in the
branching makes the reaction less effective.®! For comparitive
purposes the methoxy compound 3d was prepared by an
analogous procedure.

The 'H and *C NMR data of the dendrimers 3a-c are
summarized in Table 1; they differ little from the model
compound 3d, apart from the presence of methoxy groups in
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Scheme 1. Synthesis of the dendrimers 3a— ¢ and the model compound 3d.

the latter. The chemical shifts of the OCH, groups (a to &,
Scheme 1 and Table 1) are most characteristic. Their chemical
shifts 6('"H) follow the sequence: a >¢>d >y > f3; however,
contrary to this, the f~-OCH, group has the highest and the a-
OCH, group the lowest chemical shift in the *C NMR
spectra, with the sequence being: f>e~d~y >a.

The Fréchet-type dendrons were selected so that the
“antenna effect” could be studied. ! The electronic transi-
tions in the dendrons 3a—c can be localized, to a first
approximation, in separated molecular regions: in the an-
thracene core A, in the middle benzene rings B, bearing

alkoxy groups, and in the peripheral benzene rings B,,. The
corresponding excitation energies [E(S;) — E(S,)] decrease
from the outside to the inside, and an effective singlet energy
transfer B, —B,, »A should, therefore, be possible. An
impressive proof of this hypothesis was provided by the
fluorescence quantum yields: @ increases by a factor of 2.24
for 3a and by a factor of 2.57 for 3b relative to unsubstituted
anthracene when solutions of the compounds in dichloro-
methane at room temperature are excitated at 4 =260 nm.[!
Solutions containing equal molar concentrations of anthra-
cene and the “arms” 1a or 1b the probes of 3a and 3b,
respectively, do not indicate an amplification effect at all.
Thus, an intermolecular energy transfer under the conditions
described can be ruled out.

The photochemistry of anthracene and its derivatives is
distinguished by wavelength-dependent dimerization reac-
tions. Apart form the [4m+4x]cyclodimerization of the
central rings, some examples of [4m+4n], [4n+2x], and
[2m+27t] cyclodimerization reactions are known in which the
outer rings are involved.™ 8 Trradiation in the near-UV region
(A>300 nm) of an approximately 10-3™ solution of 3a, b or
3d in benzene leads to the quantitative formation of similar
dimerization products; the '"H and *C NMR spectra of the
crude products do not reveal any side reactions occurred. The
structures of the photodimers do not fit into the known
reaction schemes. We established that in each case a
benzene ring at the B-OCH, group is involved in the
dimerization. This finding points to structures 4 and 4
(Scheme 2). Photocycloadditions between two benzene
rings!'”) or between an anthracene and a benzene ring
system'] are extremely rare; up to now they were only
observed in intramolecular reactions of a few rigid struc-
tures.

Provided that the inversion of the central 1,6-dioxacyclo-
decane ring in 4 and 4' is fast, 4 will show a C,, and 4 a C,,
symmetry; accordingly one can not distinguish between these
two structures on the basis of the number and the splitting of
the signals in the 'H and *C NMR spectra. A decision in favor
of 4a, b, d was possible with the help of nuclear Overhauser
effect (NOE) measurements. Irradiation into the signal of the
methine protons on the cyclohexadiene rings produces a
positive NOE in the signal corresponding to the a-OCH,
groups (and simultaneously an INDOR effect in the signal of
the olefinic protons). This result is compatible with structure 4
but not with 4. The photodimerization 3 —4 consists of an
intermolecular and an intramolecular [4rt+4mt] process. The
UV spectra measured during the reaction do not reveal an
intermediate. Whereas aggregation seems to be relevant for
the intermolecular step, the two 4w components of the
intramolecular step are already fixed in a spatial proximity.

Table 1. 'H and ®C NMR data of 3a—c¢ (6 values in CDCl;, TMS as an internal standard).

Anthracene core

Benzene rings

Oxymethylene groups

AA’ BB’ A, B AA’ BB’ C a-H p-H y-H 0-H e-H

C-1 C-2 C4a C9 CH CH C, C, 0 CH CH CH C, a-CH, p-CH, y-CH, 4-H, &-CH,
8.35 747 - - 6.64 6.55 - - 732 7.32 732 - 5.47 4.62 491 495 498

+0.02 £0.02 +0.01 +0.02 +0.04 =£0.04 £0.04 +0.02 +£0.03 =£0.06 +0.05

1251 1257 1309 1304 106.6 1017  140.1 160.1 1275 128.6 128.0 136.8 64.1 72.3 70.0 701 701

+£01 £01 £01 =01 +02 +0.1 +09 +£01 +£01 +01 £01 +0.1 +0.1 +01 £01 +0.1
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Scheme 2. Reversible photodimerization of 3a, b, d.

As a result of the loss of aromaticity in the central ring of
the anthracene and in the benzene ring which is involved in
the cycloaddition the 'H NMR spectra of 4a, b, d show
numerous changes relative to those of the starting compounds
3a, b, d.[¥] The methylene groups in the ten-membered ring
give singlet signals at 6 =4.75+0.05 (a') and 6 =3.84 +0.05
() in CD,Cl,. The protons on the cyclohexadiene ring
resonanate at very high field, namely at 0=4.37+0.10
(olefinic H) and 6 =2.19 4 0.20 (methine group). The AA'BB’
spin system of the original anthracene unit is also shifted to
high field: 6 =729+ 0.10 and 7.12 £ 0.05. Even the signals of
the side chains, which are not involved in the dimerization, are
affected and have o values of 4.29+0.15 (a H), 4.60 +0.05
(FH), 6.53+£0.15 (aromatic H), 735+£0.10 and 5.02+0.04
(benzyloxy), and 3.77 (methoxy). The AB spin pattern of the
benzyloxy groups attached to the cyclohexadiene rings (6 =
418 4+0.03 and 3.5540.03, 2J =— (10.8 - 0.3) Hz) are partic-
ularly striking in the '"H NMR spectra of 4a, b; the corre-
sponding methoxy groups in 4d lead to a singlet at 0 =2.86.

The molecular ions [M+H]* of the monomeric and the
dimeric structures can be obtained in the mass spectra using
field-desorption (FD) conditions. Electron-impact measure-
ments induce a dissociation of the photodimers in the
ionization chamber.

The unusual photodimerization of 3a, b, d can be explained
by an aggregation of the dendrimers and the model compound

188 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

in solution. Presumably, a m-m interaction of the anthracene
unit and the electron-rich, alkoxy-substituted benzene rings is
more favorable than the anthracene —anthracene interaction.
Until now, cycloadducts of anthracene and benzene rings
could only be obtained by multistep procedures.'* ] Irradi-
ation of 4a, b, d with UV light of short wavelengths!!‘l or
heating above 100°C leads to a quantitative reverse reaction.

Received: July 19, 2000
Supplemented: October 6, 2000 [Z15489]

[1] a) G. R. Newkome, C. N. Moorefield, F. Vogtle, Dendritic Molecules,
Wiley-VCH, Weinheim, 1996; b)J. M. Fréchet, C.J. Hawker, I
Gitsov, J. W. Leon, J. Macromol. Sci. Pure Appl. Chem. 1996, A33,
1399.

[2] C.J. Hawker, J. M. Fréchet, J. Am. Chem. Soc. 1990, 112, 7638; C.J.
Hawker, J. M. Fréchet, J. Chem. Soc. Chem. Commun. 1990, 1010.
The different halogen atoms in 2 do not directly affect the yields. A
reaction temperature above 60°C is not effective as shown by the
chromatographic purification on silica gel with ethyl acetate/dichloro-
methane/cyclohexane 25/1000/1000 becoming more difficult.

[4] A. Bar-Haim, J. Klafter, J. Phys. Chem. B. 1998, 102, 1662.

[5] M. R. Shortreed, S. F. Swallen, Z.-Y. Shi, W. Tan, Z. xu, C. Devadors,
J.S. Moore, J. Phys. Chem. B. 1997, 101, 6318.

[6] The values refer to solutions that show the same absorption at 260 nm
as a 7.92 x 10-8m solution of anthracene and demonstrate the ratio of
the integrated fluorescence bands.

[7] H. Bouas-Laurent, A. Castellari, J.-P. Desvergne, R. Lapouyade,

Chem. Soc. Rev. 2000, 29, 43, and references therein.

H. Bouas-Laurent, J.-P. Desvergne in Photochromism, Molecules and

Systems (Eds.: H. Diirr, H. Bouas-Laurent), Elsevier, Amsterdam,

1990, p. 561.

Under the same irradiation conditions 3¢ shows a dimerization

reaction as well; for unknown reasons the reaction remains incom-

plete. The favorable planar structure of the dendrons is certainly

present more in 3b than in 3¢; see also B. Karakaja, W. Claussen, K.

Gessler, W. Saenger, A.-D. Schliiter, . Am. Chem. Soc. 1997, 119,

3296.

[10] G. Sedelmeier, W. D. Fessner, C. Grund, P. R. Spurr, H. Fritz, H.
Prinzbach, Tetrahedron Lett. 1986, 27, 1277.

[11] M. Usui, T. Nishiwaki, K. Anda, M. Hida, Chem. Lett. 1984, 1561.

[12] An efficient thermal back reaction is already present at the melting
point.

[13] The assignment of the signals is based on the comparison of 4a, b with
4d and on homo- and heteronuclear 2D-NMR measurements.

[14] N. C. Yang, M. J. Chen, P. Chen, K. T. Mak, J. Am. Chem. Soc. 1982,
104, 853.

[15] N. C. Yang, M. J. Chen, P. Chen, J. Am. Chem. Soc. 1984, 106, 7310; see
also M. Kimura, H. Okamoto, S. Kashino, Bull. Chem. Soc. Jpn. 1994,
67,2203.

[16] The irradiation of 4a, for example, was performed into the absorption
band with 4, =261 nm (¢=2.00 x 10*), which is superimposed by
another band with 4,,,, =280 nm (e =1.56 x 10%).

3

—

(8

=

[9

—

1433-7851/01/4001-0188 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2001, 40, No. 1



