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FIGURE 1. Concept of photomodulating axial accessibility and
therefore catalytic activity in azobenzene-substituted metalloporphyrins.

catalyst, we targeted photocontrol over the accessibility to
metalloporphyring,which are ubiquitous in Natutesince they
perform important binding, activation, and catalytic processes.
Our design involves the direct incorporation of an azobenzene
unit into the framework of anesetetraphenylporphyrin in such

a way that twoo-phenylazo substituents can occupy the space
above and below the plane of the metalloporphyrin leading to
an effective shielding of the catalytically active metal center
(Figure 1). We expected that, upon irradiation, the large
structural reorganization accompanying EreZ-isomerization

A versatile synthetic method has been developed to incor-of the azobenzenes would open the pocket and dramatically
porate photochromic azobenzene moieties into tetraphen-increase access to the axial positions of the metal center, thereby

ylporphyrin frameworks in an orthogonal fashion, positioning

enabling binding and catalysis to oc@Here, we report the

the phenylazo substituents above and below the plane of thefficient synthesis as well as structural and photophysical

macrocycle. Surprisingly, photoisomerization is completely

suppressed in the resulting azobenzene-confined porphyrins

characterization of a novel bisazobenzene-substituted porphyrin
derivative.

Some examples of azobenzene-containing (metallo)porphyrins
have been reported. However, they mostly carry the azobenzene

The creation of stimulus-responsive molecules and materials unit either in the para position of threesephenyl groug, via
capable of undergoing reversible property changes is of greata flexible linker? or by axial coordinatiod.In the reported cases,
interest for future technology. Light represents perhaps the mosteither no or contradictory findings with regard to the photo-
attractive external stimulus because it can be applied in aisomerization have been given. To test our design concept, we

noninvasive fashion, i.e., without production of byproducts, and
with exquisite control over time and location of exposure. In

targeted porphyri® (Scheme 1), in which only two azobenzene
units were introduced into the porphyrin skeleton via orese

this context, photochromic molecules are of great interest since[2,6-bis(phenylazo)phenyl] group to limit the number of possible
geometrical and electronic changes upon switching can be usedswitching states, i.eE,E vs E,Z vs Z,Z. The meta relationship

to affect structure and function at the molecular Iéviguably,

catalysis is among the most attractive functions to photoswitch.

However, reversible photomodulation of catalytic activity has
thus far been poorly explored, and the few reported éasdfer
from a lack of generality and low on/off-ratios, i.e., small

changes in activity. In search of a more general photoswitchable
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(3) The Porphyrin HandbogkKadish, K., Smith, K. M., Guilard, R.,
Eds.; Academic Press: New York, 1999.

(4) Milgrom, L. R. The Colors of Life Oxford University Press: New
York, 1997.

(5) An alternative supramolecular approach base#o#-photoisomer-
ization of a stilbene-type pyridine ligand leads to photomodulation of axial
ligation in aluminum porphyrins and hence catalytic activity in the
copolymerization of carbon dioxide and ethylene oxide: Sugimoto, H.;
Kimura, T.; Inoue, SJ. Am. Chem. S0d 999 121, 2325-2326.

(6) () Hombrecher, H. K.; Ldtke, K. Tetrahedron1993 49, 9489-
9494. (b) Autret, M.; Le Plouzennec M.; Moinet, C.; SimonneauxJG.
Chem. Soc., Chem. Commu894 1169-1170. (c) Hunter, C. A.; Sarson,
L. D. Tetrahedron Lett1996 37, 699-702. (d) Tsuchiya, S1. Am. Chem.
Soc.1999 121, 48.

(7) (@) Neumann, K. H.; Vgtle, F.J. Chem. Soc., Chem. Commi888
520-522. (b) Yamara, T.; Momotake, A.; Arai, Tetrahedron Lett2004
45, 9219-9223.

(8) Otsuki, J.; Harada, K.; Araki, KChem. Lett1999 28, 269-270.

(b) Reddy, D. R.; Maiya, B. GChem. Commur2001, 117-118. (c) Reddy,
D. R.; Maiya, B. G.J. Phys. Chem. 003 107, 6326-6333.

10.1021/jo0612877 CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/29/2006



SCHEME 1. Synthesis of Target Azoporphyrin
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remaining threemesopositions were occupied by spectator
groups, i.e., 2,4,6-trimethoxyphenyl groups. The use of ortho-
disubstitutedmesesubstituents is key to the design in order to
ensure their orthogonal orientation with respect to the plane of
the metalloporphyrin. It should be noted that accessibility could
in principle be readily tuned by adjusting the size of the spectator
substituents (Ar in Scheme 1) and by enlarging the phenylazo
groups via substitution in the 4- or 3,5-positions.
Initial attempts to synthesize target porphyBnfrom the

corresponding 2,6-bis(phenylazo)benzaldehyde failed due to the

illusive nature ofo-formylazobenzene¥. Instead, porphyrir8
could be accessed by starting from the nonsymmetric zinc
5-(2,6-dibromophenyl)-10,15,20-tris(2,4,6-trimethoxyphenyl)-
porphyrinl, which was readily prepared via a mixed condensa-
tion'! of 2,6-dibromobenzaldehyde and 2,4,6-trimethoxyben-
zaldehyde with its corresponding dipyrrometh&rellowed by
oxidation of the formed porphyrinogen and zinc insertion. The
sterically hindered aryl bromide functionalities ih were
converted to the corresponditeyt-butyloxycarbonyl-protected

FIGURE 2. Structure of3(CH;CN) crystallized from CHCN, showing
the near-orthogonal arrangement of thesearyl substituents to the
porphyrin ring. (Solute CECN and disorder of one methoxy group
are omitted for clarity. Zn: orange; C: green; N: blue; O: red.)
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FIGURE 3. Absorbance (solid), excitatiortdn = 590 nm, dotted),
and emissionAexc = 424 nm, dashed) spectra ®f(blue) and3 (red)
in CH:CN.

proximately orthogonal to the plane of the porphyrin ring,
presumably due to the presence of the ortho substituents, with
plane angles in the range#50°. The absence of close contacts
between the aryl substituents in the crystal suggests that the
structure is representative of the system in solution. Indeed,
inspection of thelH NMR spectrum in CRCN (see the
Supporting Information) corroborates the crystal structure, most

phenylhydrazides via a Pd-catalyzed cross-coupling reaction tonotably by revealing the loss of the planar symmetry due to

yield 2, which after subsequent deprotection/oxidation afforded
the desired zinc porphyrir8 in good yield (Scheme 2§
Importantly, this porphyrin postfunctionalization procedure
allows in principle for the preparation of a large array of
azobenzene-substituted porphyrin structures.

The structure of targe3 was unambiguously characterized
by single-crystal X-ray analysis of its GBN complex (Figure
2). Crystals were grown from acetonitrile and from acetonitrile/
cyclohexane (reservoir) by the hanging drop method. The
acetonitrile molecule is terminally bound to the zinc center,
giving rise to a square pyramidal complex in which the zinc
atom has moved out of the plane of the porphyrin ring by ca.
0.28(7) A. Themesq[2,6-bis(phenylazo)phenyl] as well as all
three mese2,4,6-trimethoxyphenyl groups are oriented ap-
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(13) This useful protocol for azobenzene formation has been devel-
oped: Lim, Y.-K.; Lee, K.-S.; Cho, C.-Q0rg. Lett.2003 5, 979-982.

acetonitrile ligation and exhibiting an unusual upfield shX8(

~1 ppm with regard to non-porphyrin model compounds) of
the terminal phenyl protons of the azobenzenes due to their
specific location with regard to the ring current of the porphyrin
macrocycle.

Inspection of the absorption spectrum 8f (Figure 3)
corroborates the presence of porphyrin and azobenzene chro-
mophores. Comparison wi) displaying the negligible intrinsic
porphyrin absorption in the UV, validates the possibility of
selective excitation of the azobenzene moieties around-300
350 nm. However, irradiation of solutions 8funder various
conditions, i.e., various solvents (@EN, CHCl,, THF),
excitation wavelengths (313 and 365 nm), and concentrations
(105 — 1077 M), led to no observable change in the UV/vis
spectra. Clearly, photoisomerization of the azobenzene moiety
does not occur in this system. Exchanging the central metal
atom did not alter the photochemistry.

To understand this unexpected behavior and to qualitatively
elucidate excitation energy migration in this multichromophore

(14) Only in THF photochemistry was observed, giving rise to irreversible
production of as yet unidentified photoproducts.
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system, fluorescence emission and excitation spectBaamid

the corresponding azobenzene-free model compdunctre
recorded (Figure 3). The excitation spectrum Dfreveals
significant participation of the azobenzene moieties in populating
the emitting state and thereby points to efficient fluorescence
resonance energy transfer (FRET) from the azobenzene moietie
to the zinc porphyrin chromophoté.Interestingly, while2
displays a fluorescence spectrum and quantum y®d=t 2

x 1073) typical for zinc porphyring, 3 shows a qualitatively
similar emission spectrum yet with a greatly diminished intensity
(@5 = 6 x 10°9). Obviously, the presence of the azobenzene
moieties leads to efficient fluorescence quenching, most likely
due to photoinduced electron transfer (PET). Furthermore, it
should be noted th&displays a rather broad Soret band (fwhm
= 23 nm) as compared @ (fwhm = 13 nm), which indicates
some sort of yet unexplained electronic interaction in the ground
state.

8.74 (d, 2 H3J = 4.5 Hz), 8.71 (s, 4 H, pyrroléd), 8.50 (d, 2 H,
3] = 4.5 Hz, pyrroleH), 7.96 (d, 2 H3J = 8.1 Hz, Pha+H), 7.45
(t, 1 H, 3] = 8.1 Hz, Php-H), 6.54 (s, 6 H, Ph-3,54), 4.07 (s, 9
H, Ph-OHs), 3.46 (s, 18H, Ph-ORB3), —2.53 (s, 2H, NH); MS

(ESI)m/iz = 1040 (M + HJ*); HRMS (ESI)m/z = 1041.169917

écalcd 1041.170459 for £H47N4OgBr>).

Zinc 5-(2,6-Dibromophenyl)-10,15,20-(2,4,6-trimethoxyphen-
yl)porphyrin 1. A flask was charged with 152 mg (0.150 mmol)
of 1¢g dissolved in 80 mL of chloroform/methanol (1:1). Then, 167
mg (0.75 mmol) of zinc acetate dihydrate was added and the
solution was stirred at 58C overnight, during which time a color
change from wine red to pink was observed. The solvent was
evaporated. The solution was washed with aq Nakl&@l water
and dried over MgS@ and the solvent was removed in vacuo to
yield 159 mg of a dark pink solid (95%)*H NMR (CDCl;, 400
MHz, 27°C) ¢ (ppm)= 8.78 (broad s, 6 H, pyrrole}), 8.57 (broad
s, 2 H, pyrroleH), 7.98 (broad s, 2 H, 3,5-PH), 7.43 (t, 1 H,3J
= 8 Hz, 4-PhH), 6.56 (broad s, 6 H, 3,5-PH), 4.08 (s, 9 H, 4-Ph-
OCHs), 3.50 (broad s, 18 H, 2,6-Ph-®); MS (ESI)m/z= 1103

These observations suggest that the dominant pathway fory + Hj+), 1125 (M + NaJ*), 1145 (M + K]*); HRMS (ESI)

excitation energy migration if8 is: initial FRET from the

m/z = 1103.08360 (calcd 1103.083951 fogs845N40sZNBI>).

azobenzene donor to the zinc porphyrin acceptor, subsequent zjnc 5-(2,6-Bis(\-tert-butoxycarbonyl-N'-phenylhydrazino)-

PET from the zinc porphyrin core to the azobenzene moiety,
followed by final charge recombination to relax to the ground
state. The efficient FRET process, preventing photoisomerization
in the system, is strongly facilitated by the close distance and
the significant spectral overl&pof the azobenzene donor and
zinc porphyrin acceptor and most likely dominated by the
Forster mechanist. PET has been observed in a related
systenfP Comparing our results with various other reports on
azobenzene-appended porphyfinswe believe that successful
photoisomerization can only be achieved by moving the
azobenzene photochrome further awdsom the porphyrin
moiety or by electronically decoupling both chromophdrehis
finding is particularly important for the design of photo-

phenyl)-10,15,20-(2,4,6-trimethoxyphenyl)porphyrin 2Under an
argon atmosphere, a sealed tube was charged with 105 mg (0.095
mmol) of 1, 75 mg (0.38 mmol) of ZXert-butoxycarbonyl-1-
phenylhydraziné? 23 mg (0.114 mmol) of Pd(OAg)186 mg (0.57
mmol) of CsCO;, 0.23 mL (0.114 mmol) of triert-butylphosphine
solution (1 g in 10 mL toluene), and 4.5 mL of toluene. The mixture
was stirred at room temperature for 30 min and was then heated to
110°C for 5 h. After short filtration over Celite, using GBI, as

the eluent, column chromatography (hexane/THF, 2/1) afforded 60
mg of the product as a purple solid (509 (THF/Hex, 2/1)=
0.56;H NMR (CDCls, 300 MHz, 27°C) 6 (ppm)=8.94 (s, 2 H,
pyrroleH), 8.82 (s, 6 H, pyrroléd), 7.45 (t, 1 H,3] = 8.2 Hz,
p-PhH), 7.23 (d, 4 H, PH), 7.03 (t, 4 H,2) = 8.2 Hz, PhH),

6.85 (t, 2 H:3) = 7.2 Hz, PhH), 6.71 (d, 2 H3J = 8.2 Hz,m-Ph-

switchable porphyrin-based catalysts such as proposed here akl), 6.55 (s, 2 H, PtH), 6.58 (s, 4 H, PiH), 4.11 (s, 6 H, Ph-

well as other molecular devices in which mechanical motion is
powered by azobenzene photoisomerizatfon.

Experimental Section

Synthesis of Azoporphyrin 3. 5-(2,6-Dibromophenyl)-10,15,
20-(2,4,6-trimethoxyphenyl)porphyrin 1gg. Under an argon at-
mosphere, a flask was charged with 577 mg (2.94 mmol) of 2,4,6-
trimethoxybenzaldehyde, 776 mg (2.94 mmol) of 2,6-dibromo-
benzaldehyde, and 1.84 g (5.88 mmol) of 2,4,6-trimethoxyphenyl-
dipyrromethan® dissolved in 577 mL of chloroform, and argon
was passed through the solution for 10 min. Subsequently, 0.25
mL (1.94 mmol) of BR-OEt was added, and the solution was
stirred at room temperature for 1 h. Th@yg (8.82 mmol) of DDQ
was added, and the reaction mixture was stirred overnight. The
solvent was removed under reduced pressure. Purification by
column chromatography (Gl — 2 vol % EA in CH,Cl,) gave
141 mg of the product as a dark purple solid (59%8:(CH,Cl,/

EA, 50/1)= 0.46;H NMR (CDCls, 400 MHz, 27°C) 6 (ppm)=

(15) Due to experimental reasons, i.e., spectral overlap with the overtone
band, low emission intensity, and residual porphyrin UV-absorption, the
FRET efficiency could not be determined quantitatively.

(16) Although azobenzene is not fluorescent at room temperature, its

emission spectrum has been determined; see: Fujino, T.; Arzhansev, S.

Y.; Tahara, T.J. Phys. Chem. 2001 105 8123-8129. The emission
maximum is located around 390 nm, thereby exhibiting significant spectral
overlap with the intense zinc porphyrin Soret band.

(17) Scholes, G. DAnnu. Re. Phys. Chem2003 54, 57.

(18) Muraoka, T.; Kinbara, K.; Aida, TNature (London)2006 440,
512-515.
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OCHy), 4.08 (s, 3 H, Ph-0O83), 3.49 (s, 12 H, Ph-OC}), 3.47 (s,
6 H, Ph-OQ®3), 1.29 (s, 18 H, Bodd); MS (ESI)m/z= 1358 (M"),
1381 ([M + Nal*); HRMS (ESI) m/z = 1387.455675 (calcd
1381.455896 for @H74NgO13Nazn).

Zinc 5-(2,6-Bis(phenylazo)phenyl)-10,15,20-(2,4,6-trimethoxy-
phenyl)porphyrin 3. Under an argon atmosphere, a flame-dried
Schlenk tube was charged with 21 mg (0.016 mmol2,027 mg
(0.13 mmaol) of Cul, 44 mg (0.13 mmol) of g80;, and 0.25 mL
of dry DMF. The reaction mixture was heated at £@for 4.5 h.
Column chromatography (GEI,/EA, 50/1) provided 9 mg of the
product as a purple solid (49%)R: (CH,CI,/EA, 20/1)= 0.54;'H
NMR (CDsCN, 400 MHz, 27°C) 6 (ppm)= 8.64 (m, 4 H, PyH)
8.58 (m, 4 H, PyH), 8.20 (d, 2 H2J = 8 Hz, PhH), 8.07 (t, 1 H,
3)J = 7.4 Hz, PhH), 6.91 (t, 2 H,3J = 7.3 Hz, PhH), 6.68 (m, 6
H, PhH), 6.59 (m, 8 H, PHH), 4.06 (s, 3 Hp-OCHs), 4.01 (s, 6
H, 0-OCHg3), 3.52 (s, 6 Hp-OCHs), 3.40 (s, 12 H, d@CH;); MS
(ESI)m/z= 1154 (M"), 1177 ((M+ Na]*); HRMS (ESI): m/z=
1155.337316 (calcd 1155.337797 fogs855NsOsZn).

Crystal Structure Determination. Crystal data foB(CHsCN):
[Ce7H57N9OZN]-2.25[GH3N], M = 1289.96, monoclinica =
16.481(2) Ab = 27.466(4) Ac = 14.888(2) A5 = 103.509(6),
U = 6553(2) B, T = 100 K, space group2,/c (No. 14),Z = 4,

#(Cu Ka) = 1.07 mnt1, 19323 reflections measured, 2746 unique

(Rint = 0.14), which were used in all calculations. Refinement on
Fo2 The finalR(F) = 0.0953 (1609 reflections> 20(1)), wR(F)

= 0.2852 (all data)A pmawmin= 0.449/-0.359 eA3. A second crystal
3(CH3CN) grown from acetonitrile/cyclohexane (reservoir) con-
tained both solute acetonitrile and cyclohexane. Despite the slightly

(19) Wolters, M.; Klapars, A.; Buchwald, S. Qrg. Lett.2001, 3, 3803~
3805.
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