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coated Cu grid, and wicking away the excess. TEM was performed on a
Hitachi H-8100 microscope operating at 100 kV.

Mineralized gels in EHMA were prepared by placing the DRC (10 mg) and
EHMA (1 g, in some cases containing 1 mgmL~! of divinylbenzene) in a
sealed vial and heating to about 75 °C to dissolve the DRC. A 0.2 M solution
(20 mg) Cd(NO;),-4H,0 in THF was then added to the solution, and the
vial was capped and allowed to cool to room temperature and gel. We note
that some of cadmium nitrate precipitated and settled to the bottom of the
vial prior to gelation, thus reducing the actual concentration of available
cadmium ions. This precipitate was avoided when working up the gels after
exposure to H,S(g). Gels were aged for approximately one week prior to
exposure to H,S(g) for 30 min, after which time the gas had diffused
through most of the gel, as evidenced by a change to a yellow color. After
aging the samples again (typically one week). TEM samples were prepared
by removing excess organic material by dissolution of the gel in THF (the
DRC is soluble in THF) and isolation of the inorganic product by
centrifugation. The CdS was resuspended in THF, cast onto a TEM grid,
and imaged at 200 kV.

DRC ribbons from EMA gels were mineralized from a suspension of a 3 or
5 wt.% gel (about 100 mg) in EMA (2 g). A 0.2m solution (20 mg) of
Cd(NOs),-4H,0 in THF was added to this suspension, and after one hour
the sample was exposed to H,S(g) for 15 min. TEM samples were prepared
S min after exposure by depositing a drop of the suspension onto a holey
carbon grid and wicking away the excess.
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Assignment of Stereochemistry of Facially
Protected Bis-porphyrins by Use of a
“Molecular Ruler”**

Maxwell J. Crossley* and Pall Thordarson

Herein we introduce a “molecular ruler” concept that can
be used to unambiguously assign two stereoisomers of
dizinc(11) bis(C,-capped porphyrins) that could not otherwise
be assigned by conventional techniques such as 'H NMR
spectroscopy. In essence the molecular ruler concept involves
measurement of the distance between binding sites in a
ditopic host molecule by determination of the binding of
bidentate guest molecules in which the recognition groups are
separated by spacers of different length. In a relatively rigid
host molecule, the bidentate guest molecule that best fits the
host should be most tightly bound. If the bidentate guest
molecule is too short to span the binding sites, an energy
penalty will have to be paid to distort either the host or the
guest to achieve binding at both sites. The energy penalty will
appear as a lower association constant. Similarly, when a host
is too long it will have to distort itself to bind at both ends.
Again this is at an energy cost.

In the present case we use a rigid dizinc(11) bis-porphyrin
system and measure the distance between the zinc atoms by
examining the molecular recognition of a,w-diaminoalkanes.
The molecular ruler concept is used here to discriminate
between two structural isomers of a facially protected bis-
porphyrin. Discrimination is possible because although the
zinc(n) -+ zinc(ir) distance is the same in each case, the
distances between the sites of complexation are very different.
In the synisomer 4 the capping superstructure of both
porphyrin units lie on the same face of the conjugated bis-
porphyrin skeleton (C,, symmetry) and hence the sites of
complexation of the bidentate ligand both lie on the other
unprotected face. In the anti isomer 5 (C,, symmetry), the
capping superstructures lie on opposite faces of the conju-
gated bis-porphyrin skeleton, and, therefore, so do the
diagonally opposed binding sites.

We sought the dizinc() syn- and anti-bis(7,8-C,-capped
porphyrins), 4 and 5, respectively, for our studies towards self-
replication of 4. These stereoisomers were prepared by the
sequence outlined in Scheme 1. The zinc(i1) 7-nitro-C,-capped
porphyrin-2 1 prepared by Baldwin etal. was readily
available from the unsubstituted C,-capped porphyrinl>* by
our modified method for porphyrin synthesis.’! Hydrogena-
tion using sodium borohydride and palladium on active
carbon!-? gave the unstable zinc(i) 7-amino-C,-capped
porphyrin 2 that was immediately photooxidized following
our methodology!® to give the zinc(ir) 7,8-C,-capped porphy-
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Scheme 1. Conditions: a) NaBH,, Pd/C/CH,Cl, and MeOH; not isolated; b) hv, O,/CH,Cl,; 36 % yield from 1; c) 1,2,4,5-benzenetetramine tetrahydro-
chloride/refluxing pyridine, preparative HPLC; 21 % and 19 % yield, respectively, for 4 and 5 from 3.

rindione 3 in 36 % yield from 1. Following the method of
Crossley and Burn,! condensation of two equivalents of 3 and
one equivalent of 1,2,4,5-benzenetetramine in refluxing
pyridine for two days, gave a 1:1 mixture of 4 and 5 in 42%
yield. The two isomers where separated efficiently by
preparative HPLC into the more polar compound 4 and the
less polar compound 5 (Scheme 1).

All spectroscopic data for 4 and 5 were fully consistent with
the expected structures of these compounds but unambiguous
assignment of the stereochemistry (syn or anti) of the two
fractions could not be made because the two compounds
displayed very similar spectra. The largest difference in the
chemical shifts between corresponding signals from the two
compounds is only 0.09 ppm.

Molecular modeling (HyperChem,® MM + force field
modified for porphyrins®!1) of 4 and 5 indicated that the
zinc(1) -+ zinc(11) distance for both compounds was essentially
the same, 15.3 A. Therefore, a ligand which is just long enough

1710 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

to span the two zinc(u) binding sites (15.3 A) will form a
strong intramolecular complex with the syn isomer 4 only
(Figure 1). Clearly the same ligand would be too short to wind

= ﬁﬁm

HaN—™ AoAvmaaan-NH,
4:6

Figure 1. Schematic representation of the expected complexation between
syn and anti isomers of dizinc() bis(C,-capped porphyrins) and a a,w-
diaminoalkane ligand (for example, 6) acting as a molecular ruler.
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itself around the anti isomer 5 and form such a intramolecular
complex involving both faces. Binding to the second zinc(1n)
center by threading the ligand through the superstructure of
the cap requires substantial steric interactions and distortions,
and has not been observed with 7,8-capped porphyrins.

The bidentate ligands 1,12-diaminododecane (6) and 1,8-
diaminooctane (7) and the monodentate ligand, 1-amino-
dodecane (8), were used. Ligand 6 (span 16.4 Al¥l) can easily
bind between the two binding sites of the synisomer 4
whereas 7 can only span 11.3 AB!, which is too short to bind
between the binding sites of 4.

HoN Ao
2 NH,

UV/Vis and 'H NMR binding studies (see Supporting
Information) confirmed this. Drastic differences were seen in
the binding isotherms (by UV/Vis titration) of the two
fractions obtained from preparative HPLC with 6 (Figure 2).
On the basis of this result, the more polar fraction was

Equiv 6 ——

Figure 2. UV/Vis (from the Soret region, in toluene at 25°C) binding
isotherms showing the effect of titration of dizinc(11) syn- and anti-bis(7,8-
C,-capped porphyrins), 4 and 5, respectively, with 6. The lines drawn
between the experimental points are the calculated isotherms for the 1:1
binding model.

assigned as the syn isomer 4 and the less polar fraction as the
anti isomer 5. The 1:1 (empirical) binding constants for the
complexation of the ligands 6, 7, and 8 to hosts 4 and § further
highlight these differences (Table 1). Ligand 6 binds to isomer
4 approximately 2100 times more strongly than it does to
isomer 5. This is in contrast with the binding of 4 and 5 to the
monotopic ligand, 8, the binding constants of which are very
similar in magnitude. The approximately fourfold stronger
binding of 7 to host 4 compared to its binding to host 5 can be
explained by the apparent formation of a 1:2:1 “sandwich”

Angew. Chem. Int. Ed. 2002, 41, No. 10
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Table 1. Calculated 1:1 (empirical) binding constants for the complexation
of hosts 4 and 5 and the ligands 6-8 as measured by UV/Vis titration in
CH,;C¢H; at 298 K.

Host 6 7 8
Km] Km] K[m]
4 72x107+18% 1.7x10°+6% 4.1 x10* £ 6%

5 34%x10°+9% 38x10°+7% 3.3 x10*£33%"

[a] "H NMR titration in CDCl; at 300 K gave K =1.7 x 10* Mm~L. [b] 'THNMR
titration in CDCl; at 300 K gave K =2.5 x 10* M™%,

complex between 4 and 7, similar to those reported by
Anderson and Taylor,l'> 3 which, because of geometric
restraints, isomer 5 cannot form.

'H NMR titrations of hosts 4 and 5 with 6 further
highlighted the difference between these two hosts. The
formation of the complex 4:6 is accompanied by large upfield
shifts (up to 6.2 ppm) for the ligand signals. In the much
weaker 5:6 complex, the ligand signals were in fast exchange
between the bound and unbound species and the maximum
observed upfield shifts for the ligand were therefore much
smaller (2.4 ppm). The much slower exchange in the complex

a)
b) q a b
_25-
d
-2.04
5/ ppm @
-1.5+
Q
-1.0-
0 e -
-0.5
0.0

T T T T T T T T T
92 90 88 86 84 82 80 78 76 74

< 6/ppm
Figure 3. a) Schematic representation, with labels, of the complex formed
between 4 and 6. b) The two-dimensional ROESY 'H NMR (400 MHz,
CDCl;) spectrum of the 4:6 (1:1) complex mixture. Only the peaks
corresponding to the NOE cross peaks are labeled.
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4:6 allowed two-dimensional COSY and ROESY 'H NMR
spectroscopy to be carried out at 260 K (uncorrected temper-
ature) and the spectra obtained were fully consistent with the
expected structure and symmetry of the complex. Most
importantly, the ROESY spectra (see Figure 3b) showed
clear NOE cross peaks between the ligand and the host. In
particular, the bridging protons (q in Figure 3a) showed NOE
peaks to the central portion of the ligand (CH, nos. 4-6,
Figure 3b). Moreover, the calculated interproton distances
(see Supporting Information) obtained from integration of
the cross peaks in the ROESY spectra are only consistent with
the structure 4:6.

In conclusion, a combination of UV/Vis and 'H NMR
binding studies using a simple bidenate ligand as a molecular
ruler have unambiguously demonstrated the structural differ-
ence between the hosts 4 and 5: only one (syn isomer 4) could
form strong intramolecular complexes with 6. In other words,
molecular recognition studies were used for the structural
determination of 4 and 5, something that could not be
achieved with conventional spectroscopic techniques on the
compounds themselves. In other work,[" we have shown that
the molecular ruler concept can be used also for determi-
nation of the cavity size in ditopic chiral porphyrin-appended
Troger’s bases.[!]
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A Four-Step Alternating Reductive
Dimerization/Bond Cleavage of
Indenocorannulene**

Ivan Aprahamian, Roy E. Hoffman, Tuvia Sheradsky,
Dorin V. Preda, Mihail Bancu, Lawrence T. Scott, and
Mordecai Rabinovitz*

The reduction of polycyclic aromatic hydrocarbons (PAHs)
with alkali metals yields negatively charged m-conjugated
molecules,!! which may undergo structural changes, from
structural distortions?! and aggregation, to the formation of
new chemical bonds.”! An anionic dimer is produced when a
new obond forms between two identical units.’] Such a
reductive dimerization process, that is, radical anion coupling,
was observed in the reduction of azulenel® and in the
reductions of certain benzofulvene derivatives.”! In the
former case, further reduction dissociates the newly formed
o bond to afford the azulene dianion and, to our knowledge,
this sequence was the first reductive dimerization/bond-
cleavage process ever observed.) The formation of aggre-
gates upon reduction of PAHs has been observed with the
lithium salt of the corannulene tetraanion,! which is the
smallest curved subunit of a fullerene. However, aggregation
was not observed in the reductions of corannulene derivatives
with extended m frameworks, towards fullerenes.!® Here we
report that a curved polycycle, indenocorannulene (1), under-
goes an unprecedented, alternating, four-step dimerization/
bond-cleavage process upon reduction with potassium.

Reduction of 1 with potassium, by successive one-electron
transfers, produces four diamagnetic reduction states. Each
reduction stage was visually apparent from the change in color
and this was monitored by NMR spectroscopy. The first and
third stages of reduction give ions 2 (dianion, dark brown) and
4 (hexaanion, green), respectively (Scheme 1), which exhibit
doubling of all the NMR resonance signals (Figure 1). The
second and fourth stages of reduction give ions 3 (dianion,
purple) and 5 (tetraanion, violet), respectively, which have the
same simple resonance pattern as the neutral 1 (Figure 1), and
their ®C NMR spectra (Table 1) indicate the presence of only
sp*-hybridized carbon atoms. The 'H NMR spectra of 2 and 4
did not show the presence of any dynamic processes over a
wide range of temperatures; their *C NMR spectra (Table 1)
each show an extremely upfield signal at 6=56.5 and
47.6 ppm, respectively (assigned to C3’, see Scheme 1). The
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